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Tim COVER FIGURE

Combustion dynamics in the gas phase is being investigated both theoretically and experimentally at the level
of individual elementary reactions. Detailed investigations of key prototypical reactions as well as broader studies of
classes of chemical reactions lead to the extensive and varied data base necessary to model practical combustion sys-
tems. Equally important, this research reveals the underlying fundamental features of chemical reactivity that me
operational in many other areas of chemistry.

The cover figure shows the results of one highly detailed theoretical study of the thermal dissociation of the
methyl radical CH3. This radical is the smallest radical of combustion interest that can dissociate by atomic elimina-
tion (CH2+H products) or molecular elimination (CH+H2 products). In order to calculate the thermal dissociation
rate constant, the minimum energy path to both sets of dissociation products must be known. The cover figure
shows the computed minimum energy path for atomic dissociation. The red solid bonds connect the H-C-H fragment

in CH3 that is largely unchangedduringthe courseof the dissociation.The checkered bond indicatesthe C-Hbond in
CH3 that is being brokenin the dissociation. The redarrowinterruptedby H-atom representationsshows minimum
energy pathfor atomicdissociation. The plane in the figure and the two-tone coloring of the atoms emphasize that

the reactionpath breaksthe planar symmetry of the original CH3but retainsthroughouta plane of reflection sym-
metry.

These results are obtained by multireference configuration interaction electronic structure calculations in which
the most highly bound state of all the electrons is determined to a high degree of accuracy as a function of the posi-
tions of ali the atoms. The positions of the atoms are then varied to find the most energetically favorable reaction
path. Such calculations are highly computer intensive. However, they can accurately predict results that are not ini-

tially chemically intuitive, such as the out-of-plane nature of the atomic elimination reaction path, a feature not cor-
rectly anticipated ia ali previous theoretical or experimental studies of this reaction.
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INTRODUCTION

Surveys oi'Research, 1992 reviews the research activities of the Argonne National Laboratory's Chemistry
Division during the fiscal year that concluded on September 30. Broadly speaking, the Chemistry Division conducts
a fundamentalresearchprogram that addresses scientific problemsin the chemical and nuclear sciences that are related
to the mission-oriented activities that are elaborated in the strategic plan of the Energy Research Department of the
Department of Energy and other national interests of the United States as expressed in the National Energy Strategy.

Currently, the Division has a permanent staff of 70 research chemists and 10 technical support personnel, and a
temporarystaff of 21 postdoctoral appointees and 15graduate students.Their activitiesare aided by six administrative
staff members and eight secretaries. Three members of the Chemistry Division hold joint appointments at The

University of Chicago. Four chemists from The University of Chicago, Northwestern University, and The University
of Illinois-Chicago have joint appointments at Argonne National Laboratory. In addition, about 100 other chemists
from academic, government, and industrial laboratories interact with the Division's scientists on a regular basis.

The RadiationChemistry and Photochemistry Group has made advances indelineating ion-molecule reactions in

condensed-phase photoionization. Related studies of radical cations in zeolite matrices reveal that the role of the zeo-
lite matrix is due to more than pore size alone because control of ion-matrix interaction can dramatically influence
electronic levels and reactions of absorbed ions. In other studies, new insights were obtained about the structure,
energetics, and dynamics of ion solvation in polar liquids. The first measurement of time-dependent yields of both
singlet and triplet excited states of solutes makes a significant contribution to the understanding of the role of multi-
plet ion-pair events in radiolysis.

Work has continued in the ElectronTransfer and Energy ConversionGroupon basic electron-transfer chemistry.
A novel temperaturedependencewas observed in which the activationenergy was substantialat low temperatures and
became small at room temperature, and an internal reorganization energy for the twisting motion of biphenyl is
responsible for a factor of about five in intramolecular electron transfer to naphthalene. Inert salts (Na+, Bu4N+, etc.)
have large effects on ET rates, but, unexpectedly, the larger sized ions have larger effects on the rates. Further
advances have been made in the theory of electron transfer. Small basis sets were found to be adequate for calculation

of electronic couplings through straight-chain hydrocarbons. Studieson electron transfer from quantized semiconduc-
tor particles to molecules bound at their surface revealed significant differences between the absorption spectra, redox
potentials, ionization potentials, and _ifetimesof the radicals at the surface relative to the free radicals in solution.
The rates of electron transfer from radical ions in solution to small chalcogenide particles were also studied as a func-
tion of the free energy of the reaction, lt was shown that the electrons localize on surface states in these particles and
that the transfer is not into the conduction band.

The Photosynthesis Group explores both natural and artificial photosynthesis. Progress in understanding both

naturaland artificial photosynthesis is advancing rapidly. The complete description of the spin dynamics associated
with radical pairs in a charge-separation process has been finished this year. Because of these efforts, CIDEP and
CRPP are now complete, powerful, versatile tools for the study of charge separation in natural and artificial photo-
synthesis. We have developed a Redfieid approach for the theoretical calculation of electron transferto compute three-

state electron transfer, which is believed to occur in the primary process of photosynthesis. A method to explore the
relationship between rate and energetics in the initial charge-separation step of bacterial photosynthesis has been
developed by using genetically altered reaction-center protein in combination with femtosecond spectroscopy.
Another highlight this year has been the detection of protein-relaxation processes following quinone reduction in

reactioncenters of Rhodobacter capsulatus.The structure of an exctted, charge-transfer state hasbeen determined for
the first time by using X-rays on light-irradiated eyclopentadienylnickelnitrosyl.

The Metal Cluster Chemistry program has refined its use of the uptake of nitrogen molecules to determine the
geometrical structure of small nickel clusters. Chemical reactions are now routinely studied as a function of tempera-
ture from -150 to 150 °C. Photoionization studies have focused on metal cluster-van der Waals complexes, and

include the first measurements of optical absorption spectra of polyatomic clusters of transition metals. Theoretical
studies of cluster dynamics have investigated the dependence of reactivity on cluster-adsorbate binding energy, and
have identified for the first time resonance phenomena in cluster-molecule collisions.
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In the ChemicalDynamics in the Gas Phaseprogram,severalnew developmentshave occurredin both theory
andexperimentin the last year. In theory, a novel "tree"classification scheme forhighly excited spectraof chemi-
cally activa_-_lmolecules has been testedandappfiedto both experimentaland theoreticalspectra.A scaleable,highly
parallelizedfull configurationinteracUoncode hasbeen develoi_.dandapplied to problemsin bondstrengthson mas-
sively parallel computers.On the Touchstonecomputer with 512 processors, applicationsthat would have takena
month of computertime can now be accomplished in a few hours. In experiment, kinetic studies of the thermal
decomposition of chlorinated hydrocarbonshave been initiated. The measurements indicate unusually large low-
pressurelimits. Molecularbeam studies on NCO+He offer one of the clearest cases of Hund'sc_se (A) inelastic
scattering.The results stronglysuggest the differentradialextents of the two potentialenergy surfaces that mediate
the scattering.

Studiesby the Photoioni_aUon-PhotoelectronGroupof the transientspecies CH3S, CH2S, CH2SH,and HCS,
the latter two performed for the first time, have established the C-H and S-H bond strengths in these molecules,
therebymaking a significantcorrectionto other recentexperimentaldeterminations.The dissociation energyof BiF,
a proposedmediumfor a visible-UVchemical laser,andpreviouslyverypoorlyknown,has beendeterminedby three
independentmethods.Studiesof the species Pnn (Pn= As, Sb, Bi; n = 1-4) are in progress,andhave alreadyrevealed
some systematicbehavior in structure,bonding, ionization potentials, and the dynamicsof photoionization.

Achievementsby the Coal Chemistryprograminclude the discovery of an abundanceof molecules with several
heteroatoms in lower rankcoals, and at least one heteroatom in middle-size molecules in bituminouscoals; the pre-
sentationof a new, comprehensive classificationscheme for resinites that evaluates the extent of coalification; the
lh'St3-D NMR images of a solvent-swollen coal, determinationof more accuratefa values by solid 13CNMR, and
quantitationof the selective removal of organic sulfurusingsynchrotronX-rayspectroscopy. Additionally, new syn-
thetic layered silicate clays have been preparedin the presenceof many templating molecules, and the mannerin
which metalions are solvated in clays has beenelucidatedby XAS.

The demand for the ArgonnePremiumCoal Samples continues to be strong. Total shipments rose to 18,200
ampoules while the numberof shipments climbed by 180 to a total of 678. Over 320 researchworkers are making
use of the samples. An additional82 paperswere published on work done with these samples to bring the total to
360.

The Chemical SeparationsScience Programstudies on the design of bifunctionalextractions of the carbamoyl-
methylphosphoryi class have yielded new insight into the influenceof the amidic substituents on the solubility of
theextractionin hydrocarbons.Basic studiesof the strontiumextraction(SREX)and _ansuranic extraction(TRUEX)
processes have led to the development of a single combined process thatenables one to simultaneouslyextract and
recover strontium-90, technefium-99, americium, plutonium,neptunium, and uraniumfrom acidic nuclear-waste
solutions. The combined process enhances our capability to chemically pretreat the high-level nuclear waste
presently containedin storagetanks.Adaptationof plant-scale solvent-extractionprocesses to extractionchromato-
graphic use has led to the developmentof a uranium/tetravalentactinide-specific resinfor use in the monitoringof
uraniumin bioassay and environmentalsamples.

The HeavyElements CoordinationChemistryprogram on thermally unstablecomplexants has found that exten-
sive intramolecular hydrogen bonding partlyaccounts for the unusualstrength of f-element-diphosphonate com-
plexes. Unlike typicalchelating ligands, differencesin complex stability foruranyl-diphosphonatesnesultfromvari-
able formationrates, ratherthan changing dissociationrates.New synthetic pathwaysto sulfonatoandamino deriva-
fives of methanediphosphonates have been found, as has informationon the kinetics of peroxide degradation of
TUCS.

The Heavy Elements Photophysics and Photochemistryeffort is employing photoexcitation to perturb as well
as probeactinide ions and their interactionwith surroundingions. Currentwork has focused on investigation of an
unusualphenomenon, excitation line narrowing,in electronic transitionsof Cf4+ in CEF4,and on related nonreso-
nant fluorescenceline narrowingand spectralhole-burningstudies. To providebenchmarkspectral datafor trivalent
actinide ions in fluoride phases, a detailed studyof the energy-level structureof Es3+ in crystalline LaF3 has been
undertaken.
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The f-ElectronInteractionsGrouphasused inelasticneutronscatteringdata to determinethe electronicproperties
of selected rareearths in the RPO4matrix.Comparingthese results to those obtainedby electronic and resonant
Raman spectroscopy,we clearlydemonstratethatproblems in understandingresonantRamanresultsarise from the
treaunentof theexcited, virtualstates.

The Radiation Chemistryof High-Level Wastes programhas respondedto a problemof nationalconcernthat
exists in nuclear-and mixed-waste storage tanksat the Hanfordsite. An interdisciplinarytaskforce was assembled
and hasbeen in operationduringthe last two years.The missions of the taskforce areto identify the role of radiation
in the production of hydrogenand other gases in the waste tanks,and to propose remediation strategiesto mitigate
_e risks involved in the generationof these flanlmablegases.

The feasibility of building molecular electronic devices based on organic electron douor-acceptormolecules is
being investigated by the UitrafastMolecularElectronicDevices Group. Several new molecules have been synthe-
sized that act as opto-electronic switching components on a picosecond time scale. One particularelectron donor-
acceptor-donormolecule alreadycharacterizedundergoesultrafastoptical switching in I0 ps. These new materials
may proveuseful in developing optical computers.

The NuclearMedicine ResearchGroupcompleted severalprojects in the pastyear that will have an impact on
the field in general. First,theycompletedthe constructionand testingof a facilitycapableof producingclinical quan-
tities of 9Oy, which will satisfy the user community for some time. Second, they optimized the production and
purificationof 87y. This isotope can be used in preclinical andclinical biodistributionstudiesof radiopharmaceuti-
cals designed to deliver 90y for therapy. To date, there has been no satisfactory isotope of Y for this purpose.
Finally,several improvementsin the technology of labelingwith iodineandastatine have been accomplished.

Collaborationsbetween the members of the ChemistryDivision and the scientific researchersin otherArgonne
Divisions have been veryrewarding.The collaborativeefforts includethe ChemicalTechnology Division, Materials
and Components Technology Division, Biological and Medical Research Division, and the Materials Science
Division. lt is also pertinentto notethat the Argonne NationalLaboratory-Amococooperativeresearch programis
continuingandthatcollaborations arealso developingwith otherprivatecompanies including NAI,CO.The collabo-
rativeactivitiesof theresearchgroupsarenotedat theend of eachchapter.

Finally, it is an especial pleasureto mention the recognitionthathas been grantedto membersof the Division
duringthepastyear. MarionThumauerandJoe Michael were promotedto SeniorChemist.KarlVorresreceived the
DistinguishedService Awardof the ACS Division of Fuel Chemistry.The workby Jim NorrisandJoe Katz on the
natureof the primarystructureof the photosynthetic apparatusled to receipt of The RumfordPremiumawardedby
the AmericanAcademy of Artsand Sciences. Phil Horwitzwas the 1992 recipientof the GlennT. Seaborg Actinide

SeparationsAward foroutstandingandlasting contributionsto the development and applicationof actinide separa-
tions processes andmethodology.Joseph Gregar receiveda Universityof ChicagoOutstandingServiceAwardforhis
exceptional skill as Argonne'spremiumglassblower and for his ability to design and fabricate the most complicated
andintricatedevices in glassor quartz.
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The researchdescribedin this survey_sents a compared with that of cla_:sicalmonatomic ions by
mullifacetedandcomprehensivea_proachto thestudy way of thermodynamicand transportproperties. In a
of transient intermediatesand chemistry inducedby study in which ions areproducedby both laser excita-
energeticradiation.The goal is to determinethe fun- lionand pulseradiolysis,we examine the dynamicsof
damental chemistry that occurs when ionizing or solventreorganizationaroundtransientions.
photoionizing radiation interacts with condensed- Highlightsof the pastyear include:
phase matter.The various short-lived intermediates, (I) The lh'stobservationsof aromaticradica_an-
radicals,radical ions, electrons, andexcited slates all ion dimers were made. Dimer formationis hindered
play a role in transforminghigh energyfromphotons by solvation effects, even in nonpolar solvents such
andpanic_esinto differentstablechemicalproducts, asaromatichydrocarbons.

The simultaneous goals of this research are (I) (2) Significant progresshas been made in del'm-
the understanding of the chemical transformations ing the distributionof spursizes in the radiolysis of
induced by energetic radiationvia the delineation of alkane liquidsby measuringthetime-dependentyields
theoverall frameworkofreaclions; (2)the identifica- of solute anions, solute triplet states, and solute
rien and descriptiono_reactionsof transientspecies; excited singlet states.
and(3) the developmentof novel tools to allow better O) Productstudies, including isotopic labeling,
pursuitof such elusive reaction intermediates.State- and flash photolysis experiments have helped to
of-the-an electron accelerators, ultrafast laser tech- establish the occurrence of ion-molecule reactionsof
niques, and novel detection means for the study of excited radicalions in photoionization.
ultrafastprocessesand Wansientspecies are conlinu- (4) The use of zeolite matrices has allowed
ouslybeing developedandimproved, observationand control of ion-molecule reactions of

This survey is presented in two majorparts.Pan radicalcations.
Adescribesseveral researchefforts in whichwe study (5) A combination of experiments, analytical
ions, excitedstates,andother transientsin thecon- theory,andcomputermodelinghaveprovidednew
dtmsodphase.Theseincludestudiesof radicalcations insightsintothe structure,energetics,anddynamics
andion-moleculereactionsbythetechniquesof mag- of ionsolvationinpolarliquids.
nelicresotmnce,picosecondemission,andpicosecond (6) A carefulstudyof thereactionof H atoms
absorption,whichprobethe role of ions in high- withbenzenein waterhastestedthevalidityof Iransi-
energy chemistry, and studies of ions and their tion state theory.

reactivity in specialized matrices such as freons and (7) Examination of the (H)aq _-_ (e')aq inter-
zeolites, conversion reveals that the mechanism is best

PartB outlines the work on the role of solvents described as a proton transfer.The possibility of pro-
in chemical reactivity.Hydrogenanddeuteriumatoms ton transferfrom Bronstedacids to the solvated elec-
have been used as probesof the short-limeevents in tron has implications for other reactions involving
the radiation chemistry of water. The natureof the this species.
solvationstructurearound hydratedelectronshasbeen
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A. Chemistryof Ionsin the Condensed Phase
A.D. Trifma¢,C.D.Jonah,D. W. Werst,M. C.Sa_er,Jr.,K.R.Cromack,NI.V.Barnabas,D.M. LoHredo,

Y.Lin,A.-D.Liu,R. Cooper

I. Structure snd Reactivity of Condensed- Thespectrumobserved in n-hexanecontaining10.3 M
Phase Radical Ions A. D. Tri£unac, CIOF8 is shown in Figure I-I. This spectrum is
D. W. Worst descgibedbytwo quintetcoupling constants,al = 23 G

and a2 = 20 G, as appropriatefor two sets of four
The goals of our radical ion studies are to dis- equivalent spin one-half 19Fnuclei. Whatappearsas

covet the originsandfatesof radicalion intermediates a nine-line spectrumat low resolution clearly sepa-
in radiationchemicalWocesses, learnthedetailedelec- ratesinto the 25-line pauematslightly higher resolu-
tmnic andstructuralfactorsthatdetamine radicalion tion (expanded view of inner three-line groupings,
reactivity, and define the role ofthemedium in ion FigureI-1).
chemistry. The combined use of pulse radiolysis and
time-resolved magnetic resonance techniques is a
majorstrengthin this effortbecause of the versatility
of radiolysisforgeneratingradicalcations andradical
anions and the excellent structural information

obtainedvia magneticresonance. Radical ions can be
unequivocally identified, andmany nuancesof slruc-
tare and intermolecular interactions are revealed to

increa_ our understanding of chemical reactivity
beyond what can be learned from kinetic studies
alone.

Recent studies have revealed thatnovel types of
intermediates are formed by intermolecular inter- ylO _
actionsbetween radical ions and solvent molecules or
neutralsolute molecules. Such interactionsarecharac-

terizedby theopen-shellnatureof radicalions andare
often bonding interactions, that is, covalent bond
formation via electronic orbitalmixing. In section a,
we discuss the formationof rarelyobserveddimerrad-
ical anions. Although radical cations of olefins and
aromatichydrocarbonsreadilyreactwith theirneutral
parent molecules to form dimers, the corresponding

Figure I-I. FDMR spectrumobserved at 190 K in
dimers of the radical anions F_ve been virtually n-hexane containing 10.3 M CIoFs and 10 .4 M
unrepmu_ We have foundstrongevidence fordimeri- dl0-anthracene (lower experimentaltrace), no dlO-
zation of two fluorinatedaromaticradical anions. In anthracene(upperexperimentaltrace).The uppertrace

section b, we explore solvation effects on radical ion was obtainedat higherresolution.The stick spectrumwas simulated with the parameters,a(4F) -- 23 G,
reaction mechanisms, in particular,electron transfer a(4F) - 20 G.
and dimer formation,by comparingresults in alkane
andaromatichydrocarbonsolvents. Related resultsof
a preliminarynature for radical ions in alkene sol- Fluorine substituentshave a significant effect on
vents arediscussed in sectionc. the energies of the unoccupied molecularorbitalsof

aromatic compounds. In a series of fluorine-
a. Radical Anion Dimers substitutedbenzene and pyridineradicalanions, it has

been shown that fluorine substitution stabilizesthe

The octafluoronaphthaleneradicalanion (CIOF8"') lowest o* orbital, destabilizes the lowest g* orbital,
was observed inelectron-irradiateddilutesolutionsby and gives rise to o*-z* crossover.That is, in heavily
fluorescence-detected magnetic resonance (FDMR). fluorinatedbenzene and pyridine radical anions, the



odd electron occupies a delocalized o* orbital rather

than a _* orbital. The main signature of the o* a)
ground state anion is that the hyperfine split_ingsare
larger for the radicalanion thanfor theradicalcation; _A
this ordering is opposite to the behavior found for [f_
lightly or unsubstitutedaromaticcompounds.

The reportedcoupling constantsforC10F8"+are I I I
19.0 and 4.8 G. Thus, on this basis alone we would
conclude that the LUMO of CloF8 is o*. The rela-
tively small differences between the coupling con- I
stants for the cation and anion, however, leave some I
room for doubt and suggest that the o* and _* D) ^/
orbitals are close in energy. This finding mayexplain |!_

the small temperature dependence of the hyperfine [l_/
splittings, for example, if the mixing of the o* and t_t
n* states has a vibronic component. We cannot rule
out a predominantly _* ground state with partial o
character from mixing of a nearby o* state, which

might be sufficient to explain the observed coupling [
constants. IFigure I-2 shows how the FDMR spectrum [ _ .

changes with increasing C10F8 concentration. The
original spectrum is gradually replaced by a spectrum
(Figure I-2b) consistent with coupling to 16 nearly f

equivalent nuclei (a = 7 G). This spectrum is assigned {_'_1 d _II
to the dimer radical anion, (C10F8)2"',based on the
(i) reduced hyperfine splitting, (ii) increased number

of equivalent nuclei, (iii) concentration dependence,
and (iv) kinetic behavior. By delaying the time win-
dow of observation, the ratio of dimer signal to

monomer anion signal increases, as monomer anions 0
react with neutral solute molecules to form dimers,

equation 1. We propose thai, (C10F8)2"" has a sym-
Figure 1-2. FDMR spectra observed at 200 K in

metric sandwich-type structure based on the equiva- n-hexanecontaininga) 3 × 10-3 M,b) 5 x 10-3 M, and
lence of the hyperfine couplings, c) 10-2 M CI0F 8. The markersin a) locate the average

positions of the inner seven groups of lines of the

C10F8"- + C10F8 _- (C10F8)2"- (I) CIOF8""spectrum.The stick spectrum in b) was simu-latedwith a single couplingconstant,a(16H)= 7 G.

Figure I-3 illustrates the concentration depen-

dence of the FDMR spectrum of the radical anion as shoulders on the central, seintiUator ion peak. By
derived from 1,2,4,5-tetrafluorobenzene (C6H2F4)in analogy to the foregoing example, this is also
n-hexane. Figure I-3a shows the inner nine lines of attributedto formationof a dimer anion radical.
the (C6H2F4"-)spectrum (a4F= 41 G, a2H = 5.5 G). The observation of dimer radical anions is inter-
The unresolved EPR lines of the anthracene radical esting in light of the dearth of previous reports of
ions and the toluene solvent radical cation mask the such species, contrasted with the ease of observation

central triplet of C6H2F4"-.Analogous to the behav- of dimers formed from n radical cations. The only
ior observed for CIoF8, the C6H2F4"-spectrum dis- previous example of an anion-molecule dimerization

appears with increasing solute concentration and is reactionthathas beenstudiedby EPR is the tetrafluoro-
replaced by a narrower spectrum (Figure I-3b). The ethylene radical anion, which undergoes cyclization
high-concentrationspectrum is not resolvedand appears with a tetrafluoroethylene molecule to give c-C4F8"-.
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Radical anions of other ethylenes with strong Figure I-4 shows an expanded view of one of the H2

electron-withdrawing groups are thought to react to triplets (see asterisk in Figure I-3a). As the concentra-

form dimers based on optical and kinetic evidence, tion and exchange rate increase, the lines broaden and

the hyperfine splitting decreases. The 19F splitting

also decreases. The rate constant for exchange is

A approximately 109 M-1 s- 1.a I

a)

b) b)

,4oa ._
I "-

Figure I-3. FDMR spectra observed at 190 K in
n-hexane containing 1 0"4 M dt0-anthracene and
a) lO"3M C6H2F4,b) 10.2 M C6H2F4. The inset shows
the superposition of the central portions of the same
two spectra.

Figure I-4. Exchange effects observed for one H2
triplet in the FDMR spectrum of C6H2F4". The sol-

b. Solvent Effects on Radical Ion vent is toluene; T - 190 K. The C6H2F4 concentration
Reactions: Arene Solvents was a) 10.2 M, b)3 x 10.2 M, and c) 10"1M.

The dimer radical anions, (C10F8)2 °" and

(C6H2F4)2 .', observed in n-hexane are not observed
ir toluene solvent. At low solute concentration We conclude that there is a change of mechanism

(1D-3 M), the radical anion FDMR spectra are the in the arene solvents compared to alkane solvents.

same in n-hexane and toluene for both CIOF8"" and Encounters between the radical anions and neutral
solute molecules do not produce dimers in toluene;C6H2F4"'. However, the concentration dependence for
rather, electron exchange is favored. Although evi-both anions in toluene is different from that in n-

hexane. In the case of CloF8 °', the spectrum is dence for self exchange is not observed for C10F8,
invariant between 10-3 and 10"1 M; that is, nodimer our results do not rule out the possibility of

is formed. Likewise, in the case of C6H2F4*" in exchange. The spectra only indicate that exchange

toluene, no dimer is formed, and the dependence of must be slower than the characteristic EPR timescale.

the spectrum on concentration indicates the occurrence The slower exchange rate for C10F8 compared to

of the electron self-exchange reaction, equation 2. C6H2F4 is consistent with the more positive electron
affinity of CIOF8, which should increase the activa-

C6H2F4*" + C6H2F4 _ C6H2F4 + C6H2F4 °" (2) tion barrier for electron transfer.



Any solvent effect that impedes close encounter interactions between TME"+and solvent because the

(orbital overlap) of the anion with neutral solute EPR parameters of TME"+are the same in n-hexane
molecules might impede dimer formation, but what and toluene.
solvent effect can explain the difference between the

two nonpolar solvents, n-hexane and toluene? We c. Radical Ions in Alkene Solvents
have previously explained the contrasting behavior of
thioether rddical cations in these two solvents based Preliminaryexperiments were also carriedout in
on electron donor-acceptor interactions between alkenes to characterizetheir solvent effects on radical
toluene solveot molecules and solute radical cations ions and radical ion reactions. For example, FT)MR
that lead to th:: formation of solvent radical cation spectra of perfluoronaphthalenein 2-methyl-l-butene

complexes. The FDMR evidence (changes in hyper- reveal the formation of (C10F8)2""as in n-hexane.
fine splittings) of spin and charge transfer between On the other hand, FDMR spectra of TME in 2-
solute radical cations and solvent molecules provides methyl-l-butene and 2-methyl-2-butene exhibit
a mea_me of such orbital interactions. However, slightly reduced (-16%) hyperfine coupling con-
charge transfer be,ween radical anions and toluene is stants. This result is indicative of orbital interactions
unfavorable because the donor/acceptor roles are between the solute radical cations and solvent
reversed, and toluene is a poor electron acceptor, molecules and suggests electron donation from sol-
Consistent with this fact, we observe no significant vent HOMOs to the TME"+SOMO; that is, similar
differences in the anion coupling constants in toluene to our previous observations of solvent complexation

compared to n-hexane, of thioether radical cations inarene solvents.
Charge transfer from toluene solvent molecules The effect of solvent interactions on the solvent

to the neutral soluge molecules is more plausible, as radical cations is an equally important issue. In alkane
charge-transfer complexes between arene solvents and liquids, this has been difficult to address because the
strong electron acceptors have been observed. Ground- solvent radical cations are very short-lived. In arene

state charge-transfer complexes give rise to new solvents, one observes a single narrow line in the
absorption bands shifted to longer wavelengths com- spectrum, attributable to the solvent positive ion.
pared to the parent absorption. However, the minimal This can be interpreted as delocalization of the hole
red shifts observed in the UV spectra of ClOF8 and via aggregate cation formation or via electron hop-
C6H2F4 in toluene show that charge transfer to the ping. Experimental differentiation between the two
neutral solutes is very weak. processes is lacking. In TME, we have observed, for

On the other hand, nonspecific solvation via ion- the first time in a pure liquid, a resolved spectrum

dipole a_ldion-i_duced-dipole interactions between the indicative of a localized solvent radical cation. As
anions and solvt.,at molecules is not expected to be found for TME in other alkene solvents, the hyperfine
significantly different in toluene and n-hexane. The coupling constant for TME"+in pure TME is reduced
dipole moment of n-hexane is near zero, and that of (-13%) compared to the value in a noninteracting

toluene is negligibly small (0.36 D). The polarizabil- solvent (e.g., n-hexane).
ities of toluene (a/4rte0 = 12.3 A3) and n-hexane The observation of a localized hole in pure TME

(cc/4neo= 11.9 A3) are also very similar. Perhaps the is remarkable in light of the proclivity of olefin radi-
strength of the anion-solvent interaction is not accu- cal cations to form delocal"gedaggregatesin dilute solu-
rately predicted from the polarizability derived from tions, equation 3. One wonders if TME is a special
the refractive index. Nevertheless, the source of the

solvent effect remainsa puzzle. TME"++ (TME)n _ (TME)n+1"+ (3)
The solvent effects in nonpolar solvents described

above are not limited to radical anions. A radical case. We have not foundanother example among ser-

cation example that closely parallels the anion study eral related alkenes. The high symmetry of TME
is the tetramethylethylene radical cation (TME'+). (only one lH coupling constant) is a distinct advan-
Like C10F8""and C6H2F4"',TME"+reacts with neu- tage for EPR detection. We plan future experiments
tral TME solute molecules to form dimer ions (and to address the relative stabilities of other alkene radi-
higher order aggregates) in n-hexane, but not in tolu- cal cations to define their ion-molecule reactions with
ene. We have also ruled out electron donor-acceptor solvent molecules.



No explanation is available at present for the Muchof condensed-phaseradicalcation chemistry
puzzlingconcentrationdependenceof tetramethylethy- is bimolecular: dimerization reactions, ion-molecule
lene radical cations, which shows spin delocalization reactions, etc. In order to control radical cation
in small clusters and sr_inlocalization in large clus- reactivity, it is essential to control encounters

ters. The behavior of the solvent holes as dictated by between radical cations and neutral reactants, the rate
the interactions between the solvent radical cations of which is normally determinedby the concentration

and neutral solvent molecules has far-reaching impli- and diffusion rate. Zeolites offer more versatility pri-

cations for condensed-phase radiation chemistry, marily because of the ability to vary substrate mobil-
Solvent interactions with the solvent radical cations ity more discretely and selectively, by adjusting the

influence the lifetime, mobility, and oxidizing pore sizes and temperature. In the limit that a close

strength of the solvent hole. These interactions also match is obtained between the size and shape of a
change the properties, for example, the oxidation cage or channel structure and the substrate species,
potential, of the solvent, radical cations can be virtually immobilized in the

zeolite matrix.This can greatlyenhanceradicalcation
2. Transformations and Reactions of stability, because ion-molecule reactions can only

Radical Cations in Zeolites occur in the presence of smaller reactant molecules
A. D. Ttiftmac, M. V. Barnabas thatare able to diffuse to the adsorptionsite.

In addition to size restrictions on diffusion, spe-

The study of transient radical ions by time- cific guest-host interactions (e.g., electrostatic inter-
domain methods is closely coupled to the study of actions b',tween radical cations and metal ions of the

such species by matrix-isolationmethods. The ability lattice)can affectradicalcation mobility andstability.
to stabilize radical ions and to controltheir reactivity Adsorption sites that differ in size, shape, polarity,
is crucial to obtaining a comprehensiveoverview of etc., often exist in the same zeolite. This inlroduces a
theirstructureand reactivity.We haverecentlydevel- heterogeneity in the zeolite matrices that does not
oped zeolites as the matrixof choice. We have shown normally occur in other matrices, and that can lead to
that the reactions, structm'cs,and electronic states of a duality of radical cation reactivity within one matrix
radicalcations canbe infl,_,:ed by the zeolite matrix due to stabilizationof differentelectronicstatesor dif-
and experimentalpar_a:,eters,such as substrateload- ferent accessibility of adsorptionsites. A benefit of
ingand temperature, the remarkablesynthetic versatilityof zeolites is that

Radical cations havebeen studied extensively in size, shape, and polarity parameterscan be varied,
variousmatrices, wherea solutionof the molecule of allowing one to "tune" the environment to promote
interestis preparedand then frozen, or the solute and or inhibitreactions.
solventare coaeposited on a low-temperaturesurface. Pentasil-type zeolites (ZSM-5s) are medium-
Matrices stabilize radical cations by separating the pore-size zeolites, which allow one to monitor pri-
geminateelectron or anion and the radical cationand marilythe guest-guestor guest-host interactionsover
by reducing the probability of recombination, a wide temperature range dependingon the substrate
Zeolites have the added advantages that they have concentration. Four pentasil zeolites that have

uniqueandconstrainedframeworksand are rigidovera approximatelythe swne channel/pore size, but vary in
wide temperature range. Thus, although substrate the Si/Al content, _nd hence the counterion content,

molecules in most frozen matrices are rigidly trapped were used in our stady. This parameter has a signifi-
except very near the melting point of the solvent cant effect on the reactionsof the radical cations.

(usually considerably below room temperature), Radical cations were produced by "tirradiation of
adsorbed molecules in zeolites explore an open-pore, solutes in zeolites at 77 K. The radical cations of

interconnected surface, the dimensions of which do tetramethylethylene (TME), quadricyclane (Q), and
not change significantly with temperature and which norbornadiene (NBI)) were examined by EPR in the

remains rigid well above room temperature. The fact zeolites at different temperatures and concentrations.
that the volume available in the adsorption site for The chemistry of TME"+involves dimerization and
translational or rotational motion of solutes does not ion-moleculereaction, whereas the radical cations Q'+
change with temperature has manifold implications and NBD"+undergo a variety of rearrangements and
for the study and control of radical cation reactivity, transformations. The differences in the zeolite interior



surface topology and composition are invoked to hyperfineparameters.Scheme I-1 depicts the probable
explain the new radical cation chemistry, reaction sequencethat connects the three TME radical

species observed in zeolites.
a. Ion-molecule Reactions: TME

Figure I-5 shows the EPR spectra for TME in
ZSM-5 "afterTirradiationat 77 K with observationat
10 K: (a) 0.1%, (b) 1%, and (c) 7% w/w TME. The 77K

spectrum of TME "+ consists of 13 lines (11 are It) ....
observable in Figure I-5a) with a hyperfine coupling
constant of 17.2 G. When the TME concentration is

>5%, the dominant species in the spectrum is the .11

dimer radical cation, (TME)2"+,witha hyperfine cou- 11oK _
piing constant of 8.3 G. This result is consistent

with the formation of dimer radical cations only at b) i _ _r_
higher substrate concentrations. The samples with Vconcentrations between 1 and 5% show that both

speciesare present in different proportions.

It) A A .,_,._..

/_¢_ "" " Figure I-6. EPR spectra of 5% w/w TME in silicalite
a) at 77 K and b) at 110 K. c) is the simulated spec-

-1%w_,1 tnlm of the trimethyl-llyl radical.

b)
Tetramethylethylene(TME):

7 *'
(CH_C(CH)3 2 ...... _ (CH__CC(CH)3_,

c)
[(CH_zCC(CH)32]2

H CHa

Figure I-5 EPR spectraof TME in ZSM-5 at 10 K (CH_-..G/CHa._ (eH-a)_3,_x,_'
a) 0.1%,b) - 1%,andc) 7% w/w TME. + %

_CHa CH2
Trimethylallylradical

EPR spectra recorded for 5% TME in silicalite Scheme I-1
S115 at 77 K and 110 K are shown in Figure 1-6.The
spectrum at 77 K is clearly due to the monomer radi-

cal cation. In the temperature range 90-110 K, the Figures 1-5 and I-6 offer simple illustrations of
spectral change indicates the formation of a neutral the effects of changing the substrate concentration and
radical through an ion-molecule reaction. At 110 K changing the rate of diffusion via the temperature.

the dominant species in the spectrum is thetrimethyl- However, things can get more complicated. For

allyl radical. Figure I-6c is a simulation of the spec- example, the dimer radical cation formation from the
trum of the trimethylanyl radical using the reported monomer was found to be reversible at low
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temperatures. The exact behavior depended on the _._[_*" _
individualzeolite. Gamma irradiationof TME in Na- O _
ZSM-5and silicalite Sl 15 gives rise to a dimer radi-

cal cation below 50 K, when the concentration of (i)radicalcationof Q

TME is >1% w/w. EPR spectra in the temperature _.,_,___range 50-110 K correspond to the monomer radical _1" L"-__ _
cation. Above -110 K (the exact temperature depend- NBD
ing on the TME concentration), only the neutral radi-

cal is observed in the case of silicalite, whereas in (ii)radicalcationof_/ _,, /?
ZSM-5 both monomer radical cation and neutral ra(ii- _ '#

¢.A.Jcal are observed. EPR spectra inNa-[2-5 show the co-
existence of ali three radical species in varying pro- (iii)bicyelo[3.2.0.]hepta-2,6 (iv)cyclopentadiene-dieneradicalcation radicalcation
portions at different temperatures.

Although it is difficult to unravel ali of the SchemeI-2
matrix-specific chemistry, the variations in Si/Al
content in these isomorphous zeolites lead to dramatic The EPR spectra for radical cations of Q and

effects on the radical cation chemistry. These effects NBD (i and ii in Scheme I-2) were identical in ali of
include some or ali of the following: (1) sites that the zeolites, with hyperfine coupling constants:
stabilize TME"+to different extents, (2) different rates a(4H) = 8.0 G and a(2H) = 3.0 G. They are labeled as
of diffusion of TME, (3) different activation barriers (i) and (ii) in the central portions of the spectra in

for the ion-molecule reaction to form trimethylallyl Figures 1-7 through I-9. Figure 1-7 shows the spec-
radical, (4) sites that facilitate dimer cation formation trum observed at 240K for Q (0.07% w/w) in sill-
or stabilize (TME)2"+to different extents. Although calite-Sll5 (which has the same framework as
it is possible to "tune" radical cation reactivity with- ZSM-5 with Si:Al > 1000:1). The spectrum was
out a complete understanding of the factors that bear unchanged from 77 K to 290 K.
upon the chemistry, greater understanding would The rearranged radical cation (iii) in Scheme I-2
allow tuning to be done in a rational and efficient was not observed in the zeolite with high Al content
manner. (Si:Al = 170:1), but it was observed in a narrow tem-

perature range, 100-150 K, in the other three ZSM-5s
b. Radical Cation Transformations: (Si:Al = 400:1,980:1, >1000:1) with varying inten-

Q and NBD sity in comparison to the parent radical cation.
Figure I-8 shows the EPR spectrum observed at

The radicalcation chemistryof quadricyclane(Q) 100K forNBD (0.07% w/w) in ZSM-5 (400:1).
andnorbornadiene(NBD) is of interestbecauseof the

potential utility of this system for energy storage. /

Previous studies in freon matrices found several con- |
ventional and photoinduced radical cation transforma-
tions. Scheme I-2 gives some of the transformations

possible for the radical cations of Q and NBD.

Despite vigorous study by several researchers, the t_l
reaction mechanism connecting the isomeric species
remains elusive. We have undertaken the study of this
system in zeolite matrices.

One barrier to solving the Q/NBD system has
been the inability to unambiguously distinguish Q'+
and NBD"+ by EPR. Fast isomerization of Q'+ to
NBD"+ may render the lifetime of Q'+ too short to
allow observation. On the other hand, calculations

indicate that the hyperfine coupling constants forQ'+ sweep width= 100 G

and NBD"+ should be very similar, and we have Figure1-7.EPRspectrumof quaddcyclane(0.07% w/w)
assumed this to be the case. in silicalite at 240 K.



Otherspecies formed by rearrangement (including
(iii) photoprocesses) and/or deprotonation of Q'+ and

NBD*+in freon matricesincludethecycloheptatrienyl

radical cation, tol_ene radical cation, 7-norbomadienyl
radical, and bicyc.'o(3.2.0)heptadienyl radical. How-
ever, our preliminary results have not revealed any of

these speeies in the zec,r ',es. We have observed an
additional species in ZSM-5 (170:1), a cycioreversion
product, namely cyclopentadienyl radical cation (iv),
at temperatures above 200 K. Figure 1-9shows (a) the
spectrum of Q'+ and (b) the spectrum correslaonding
to the eyclopentadienyl radicalcation. The persistence
of the parent radical cation spectrum at 200 K elimi-
nates the possibility of the formation of cyclopenta-
diene before the T irradiation (i.e., by the catalytic

effect of zeolite). A thorough study including the(iii) determination of the dependence on concentration,
sweep width= 200 G temperature, and time of equilibration (i.e., the time

between the adsorption of the solute and the irradia-
tion) is underway.

Our preliminary studies indicate that the diversity
and varietyof quadricyclane/norbomadiene chemistry
in zeolite matrices are quite different than in the con-

Figure1-8.EPRspectrumof norbornadiene(0.07%w/w) ventional freon matrices.
in ZMS-5 (400:1)at 100K.

3. High-Bnergy Chemistry
A. D. Triftmac, D. M. Loffredo, A.-D. Liu

The use of intense UV lasers to induce

(i) condensed-phase photolysis opens new avenues forthe examination of novel photochemistry. When
energy input into a condensed-phase system is in
excess of that needed to ionize a solute, what happens
to the energy excess? Thus far, virtually no work has
been done in delineating transient intermediates and

products in such "high-energy" regimes. Due to the
obvious parallels that can be drawn to radiolysis stud-
ies, we have embarked on a comprehensive examina-
tion of high-energy chemistry of aromatic molecules

in hydrocarbon and alcoholsolvents.
(b) Ultraviolet photolysis of an aromatic molecule,

AH, in a hydrocarbon or alcohol .solvent (RH and
ROll) is known to result in ionization, equation 4,

2hv
Ali---,- AH+.+e - (4)

sweep width= 100G but little is known about other chemical processes
and the dependence of these processes on the energy

Figure I-9. EPR spectra of quadricyelane in ZSM-5
(170:1) at (a) 130 K and (b) 80 K after being warmed input. Two other processes could result from the
to :200K. excess energy input: hemolysis, equation 5, where a
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AH ---> AI-l** -- ._,.+ H. (5) One sees from Table I-1 thatthe extent of prod-
uctformationis differentfordifferentaromaticcom-

neutralexcited state undergoeshomolytic cleavage to pounds.Moreproductsare formedwith higherenergy
yield two radicals, _d ion-molecule reaction of an photons,andthe productformationis greaterin alco-
excited radicalcation, equations6-8. lt is known that
groundstate ions, AH+.,arequite stable in this regard, hol solutions (Scheme I-4).This last observation is consistent with the ion-

AH ---> AH*'. + e" (6) molecule reaction, equations 7 and 8, but not with
neutral excited state homolysis, equation 5, as one

AH*'+ + RH _ A. + RH_ (7) wouldnotexpect significant solvent polarityand pro-

AH*'+ + ROH -4. A. + ROH'_ (8) toa affinityinfluenceon neutralexcited statehomoly-
sis. However, the natureof the solvent should influ-

Ineither instance, the aromaticradical,A., is formed, ence the ion-moleculechemistry.
Homolysis also yields hydrogen atoms. We can dis- Furtherevidence thatneutralexcitedstatehomol-
tinguishbetween these proce_s,_sby carefulexamina- ysis cannot be important is obtained by examining
tion of reactionproducts, the H2 and HD yields. The hydrogenyield following

Productanalysis. When an aromatic molecule in photolysisof variousaromatichydrocarbonsin cyclo-
a hydrocarbonor alcohol solution is irradiatedwith hexane is 20-40% lower than the H2 yield following
intense UV photons fr._ma pulsed excimer laser at photolysis of cyclohexane alone--opposite to the
2,*8 and 308 nra, t:,'.*solute is consumed. Several trendpredictedfrom the homolysismechanism.
productswere observed,andtheirrelativeyields were The H2productionin cyclohexane is presumedto
determined. The products revealthe formationof the involve both neutral state homolysis and the loss of
arylradical(A.) and its subsequentreactions, molecular hydrogen from thec-C6H12 radical cation

In the appropriately isotopically labeled solute to yield the olefin radical cation.Even thoughthereis
and solvent (hydrocarbon),incorporationof H (or D) considerably more light absorption by the solute
atoms in the aromatic molecule was detected.Results molecule, one does not completely eliminate solvent

aregiven fornaphthalene(Table I-1and Scheme I-3). photolysis. Solvent-derived products, such as cyclo-
These dataindicatethatthe naphthylradicalis formed hexene and bicyclohexyl, areobserved with or with-
and that its principalreactionsarewith the cyclohex- out an aromatic substrate present. Cyclohexene is
ane solvent, equation 9, resultingin a series of other always the more abundantproduct,but the bicyclo-

A. + RH -4. AH + R- (9) hexyl yield is considerablyincreased(TableI-2) when
an aromatic solute is present.Previous workershave

products derived from solvent radicals. Ali of these shown that if only the cyciohexyl radical were
products were detected andidentified by GC-MS or involved, then one would obtaina 1:1 ratio of cyclo-
HPLC-UVmethods, hexene to bicyclohexyl.

I II

Table I-1. Product and isotope distributions after photolysis of perdeuterated polycyclic aromatic hydrocarbons in
various solvents at 248 nm.a

substrate/solvent parent ion isotopic ion A%b % yield of cyclo- % substrate
hexylradicalsc consumed

naphthalene/cyclohexane C10148 C10HTD 0.1 1O.9 43
naphthalene/cyclohexane(di2) CIoH8 CIoH7D 8.0 11.0 41
naphthalene(dg)/cyclohexane CIoD8 CIoHD7 7.9 11.4 44
naphthalene(dg)/cyclohexaned C101)8 C10HD7 2.2 3.2 26
naphthalene(d8)/isopropanol C10D8 C10HD7 8.6 -
p-terphenyl(d14)/cyclohexane C18I)14 C18HDI3 4.7 -
aThesamplesconsistedof 3.0 ml solutionin"a'i_-cmpath-lengthcell, satulatedWithS!_6. The concentrationof each'
substratewas as follows: naphthalene,4 × 10""M;p-terphenyl,2 × 10""M.

bA% was determined by subtracting the relativeabundanceoft he isotopic ion before _r/adiationfrom the relative
abundanceof the isotopic ion afterirradiation,takingintoaccount the contributionof 'JC isotopes.

CDeterminedby multiplyingthe yield of bicyclobexyiby foul',and then dividing by the initialconcentrationof aro-
matic substrate(assumingbicyclohexylyield is representativeof the overallradicalyield).

dphotolysiscarriedout at 308 nra.
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, 2hv _ + e" (a) Assuming one product molecule formed per dihydro-
e D gen molecule, the maximum relative yield of HD in

• _HI--.-----..2-2_, + C6Ht2D' Ca) tral data indicate a much lower value, merely 1.5%.

The effect of SF6 on product formation is also

• v__ O indicative of an ion reaction, not excited state homol-(_ + _ _ + " (c) ysis. SF6 increases the yield of radical-derived prod-

D D ucts. Because electron scavenging reduces ion-electron

recombination, it increases the yield of ion-molecule

reactions (Table I-2). The effect of SF6 on excited
"O _r_dother state homolysis would be exactly opposite; one

+ _ _ prodaeu (03 would expect a decrease in the yield because SF6

quenches the excited state.

iii i

4°[_1_ _ 0-04" _ . [_ (C) Table 1-2. Relative yields of bicyclohexyl from thev V photolysis of cyclohexane at 248 nm with and without
naphthalene and SF6.

Scheme I-3. Aryl and cyclohexyl radical formation and bicyclohexyl yield bicyclohexyl yields
subsequent reactions with isotopically labeled during photolysis during photolysis of
naphthalene, of cyclohexane cyclohexane in the

only presence of naphthalene

D D D no SF6 5.3 4.3

D__,,_D SF6 1.0 , 10.0
The degassed samples consisted of 3.0 ml solution in a

D D D 1-cm path-length cell. The naphthalene concentration

/_2hv was 1 x 10"3 M. Product yields are relative to the yield

of bicyclohexyl in SF6-saturated solvent alone (actual
yield,-3 x 10.5 M).

Flash photolysis and DC-conductivity studies.

•The transient optical absorption spectrum of All • can

in cyclohe isopropanol be measured by nanosecond flash photolysis. The

electron yield can be measured by conductivity in

" _ hydrocarbon solutions or by optical absorption in_]_ + C.H,2D* + (C_)_OHD + alcohols (Figure 1-10).

_CtI.tl2 1(CH3)_L-HOH la hydrocarbons, one observes that the yields ofAH +.and e" diverge with increasing photon energy;+
D H D lhc electron yield increases, but less AH- is formed at

o D higher photon energies. The experiments in alcohol
D

D D D D D D D solutions indicate that, at high light intensities, the

8% 15% ratio, e-/AH +., can be quite large, as illustrated in
Figure I-11 for anthracene/2-propanol photolysis.

Scheme I-4. Aryl radical formation during flash These observations suggest the emergence of aphotolysis (248 nm) of dl0-anthracene in cyclohexane
or isopropanol, three-photon process at high intensities. In other

words, the initial radical ion formed by biphotonic

ionization absorbs another photon to form an excited
2hv •+ hv ,o+

If homolysis were the only pathway, photolysis radical ion (AH ---,- AH _ AH ), leading to

of a perdeuterated substrate would result in the forma- even more products. Also, the product yields are

tion of a substantial amount of HD. For photolysis qualitatively correlated with the larger esol/AH +.ratios
of clio-anthracene in cyclohexane, 1.6 mM bicyclo- at high light intensity.
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In conclusion, these studies indicate that multi- What is clearis thata common pathway of chemistry
photonabsorptioncan induce ion-moleculechemistry opens with intenseUV light for a varietyof aromatic
in aromatic molecules in hydrocarbon and alcohol compounds in very diffcrcnt solvents, and that this
solutions. It is not yet clear to what extent two- or pathway must involve ion-molecule reactions of an
three-photon processes are involved, and what the excited AH**+aromaticradicalcation.
excitedstatesof the aromaticradicalcationAH**+arc.

60
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Figure 1-10. Spectrum of solvated electrons and anthracene radical cations observed at 50 ns after 248-nm laser flash
photolysis of 5 x 10 -5 M anthracene in 2-propanol.
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4. Ions and Excited States in Radiolysis yields are larger,resulting in a bettersignal-to-noise
and Photolysis M. C Sauer,.lr., ratio.
C. D. Jonah,A.-D. Liu, D. M. Loffrcdo, We measuredthe time profile of the optical
A. D. Tr/fm)ac absorbanceof triplet naphthalene (3N) following a

30-ps pulse, and converted the results to G values
Wc have carriedout experimentson the decay of (number per 100 eV absorbedenergy) by using the

ions and the formationof excited states in solutions known absorptivity of 3N. The time profile of the
of aromatic molecules in alkane liquids. One objec- fluorescence from the first excited singlet state of
tire was to determine the ratio of excited states biphenyl(IBP)was measuredand convertedto a 1Bp
formed to solute anions recombined; the extent to formationcurve by a simplemathematicalprocedure

which this is less than unity tells us the extent of using the known fluorescence lifetime of IBp. This
transformationof solvent cations to species thatcan- was converted to G(IBP) on the basis of our previous
not yield excited solutes. Another objective was to measurementsof G values of aromaticsinglets. The
determine the ratio of solute triplet states to solute derivativesof these G vs. time profileswere then cal-
excited singlet states; this gives us a measure of the culatedand plottedvs. time.The resultsare illustrated
cross-recombination occurring in multiple-ion-pair for isooctane solutions in Figures 1-12and1-13.
spursand therefore allows a comparisonwithpredic- Values of d/drtaken fromFigures 1-12 and 1-13,
tions of the distribution of spur sizes made on the and fromsimilar plots forcyclohexane and n-hexane,
basis of other experimental and theoretical informa- were usedto calculate the fractionof triplet,ftriplet(t)
tion. Ourexperiments providethe firstdetermination from 1-70 ns. ftriplet(t) is the ratio of the rate of
of the triplet*to-singletratioas a functionof time. tripletformation at time t to the sum of the rates for

singlet and triplet, lt represents the probability of
a. Ion-Recombination in Spurs triplet formatioilin the ion recombination occurring

at time LThe resultsareshown in Figure 1-14.
The nonhomogeneouskinetics of ion-recombina- Thereare threemain features. (1) The formation

lion resulting from the radiolytic ionization of an of the tripletstate and formationof theexcited singlet
alkane liquid pertain mainly to the time regime of state is equally probable when ion recombination
0-100 ns. The recombinations occur in single ion occurs in the timeregime 1-70 ns, with the following
pairs and in multiple-ion-pair"spurs". For a single caveat: the values of [triplet(t) dependon the calibra-
ion pair,the recombinationis called "geminate", and tion factors used for both the singlet and triplet G-
will producea singlet state product(whetherelectron value scales; hence, the vertical scale could have an
or positi'Te-ionscavenging hasoccurredor not) unless errorof as much as 10-20%. (2) Within the experi-

spin dephasing has occurred.Spin dephasing/evolu- mental error, there is no tendency of ftriplet(t) to
tion is generally expected to occur after tens of ns. increasewith time. This finding indicatesthe absence
For a multiple-ion-pair spur, cross-recombination of an appreciableeffect of spin dephasingin thegem-
events are expected to produce triplet state products inatepairsover the time regime 1-70 ns. (3) The val-

75% of the time. Measurementof the triplet yield in ues of ftriplet for isooctane seem to be significantly
the first 10-20 ns is thereforeof prime importanceto higherthanfor cyclohexane and n-hexane.This result
a._sessthe extentof cross recombinations, suggests that the known greateraverage separation

Experiments to address this question have been between the geminatepartnersin isooctane is respon-
completed with isooctane,cyclohexane,and n-hexane sible, that is, that greater separation favors cross-
solutions containing 0.1 M naphthalene or biphenyl, recombinationin multiple-ion-pairspurs.

The high concentrationis advantageous for threerea- Most of the values of ftriplet(t)are in the range
sons. First, the electrons, positive ions, and solvent of 0.5 :!:0.1. This value can be comparedwith the
excited states are captured by the solute in sub- results fromcloudchambermeasurementsand theorct-
nanosecond times, and the ratesof tripletand singlet ical calculationsof the numbe_of ion pairs per spur,
formationfromone to tens of nanoseconds represent as shown in Table I-3.
those from the spur recombinations. Second, more In Table I-3, it is assumed that Ns, and hence,

recombinationstake place at early times, before spin ftriplet, is independent of t. The last two columns
dephasing is significant;and third, the excited state give the ftriplet values for spurs of various sizes
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(numbers of ion pairs) for two different theories In view of the possibility that an error in the rci-

(Mage_ and Brocklehurst). Column 2 gives the frac- ative scaling of the 3N and 1Bp G values could have

tion of the total ion pairs that arc created (by a high- a significant effect on the value of ftriplet, another

energy electron) in spurs of the size indicated in col- method has been used to derive the value of ftriplet
umn 1. The sum of the numbers in the last two from experimental observations. The formation of 3N

columns is the resultant ftriplet. Our experimental has been measured with subnanosccond time re,Iu-
values, 0.5 + 0.1, are somewhat higher than the val- lion (approximately 0.3 ns) from 0.1-1000 ns, and
ucs of 0.39 and 0.45 from Table I-3, but are within the results have been fitted to a mechanism that takes

experimental error, into account the known reactions, with ftriplet as a
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Figure 1-12. G(3N) and d/dt of G(3N) vs. time for 0.I M naphthalene in isooctane. Electron pulse: 30 ps. 5.4 krad.
(a) 0-9 ns; (b) 0-85 ns.
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Figure 1-13. G(IBp) and d/dt of G(IBp) vs. time for 0,1 M biphenyl in isooctane. Electron pulse: 30 ps, 4.0 krad.
(a) 0-8 ns; Co) 0-50 ns.
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1.o - date, and is the f'urstto examine specifically the time
dependence of ftriplet. The values of ftriplet are
consistent, within experimental error, with expecta-

o.o- tions based on analyses of the energy-deposition

events in terms of spur-size distribution and cross-

_" o.s - recombinationsamong geminatepairs.
_s

.E04- 16

Isooctane 1.4
0.2- --0.- cyclohexane

-A-n-hexane :_o1.2
0

0.0 o- ,-- 1.0
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Figure 1-14. Fraction of excited states formed at time t _,
that are triplet; 0.1 M solutions of naphthalene or (P 0.4
biphenyl in the indicated solvents. [ , fit [

0.2 ..."/ I s Experimental]
i" •

0.0
fitted parameter.The experimental G(BP-) vs. time

-10 -g -li -7 -6

results are used to specify the rate of ion recombina- 10 10 lO 10 1o
tion. The long lifetime of the Vn'stexcited singlet Time, s

state of naphthalene (95 ns) makes this solute ideal Figure 1-15. G(3N) vs. time for 0.1 M naphthalene in
for this analysis; the tripletobserved in the furstfew iu_octane;experimentaland calculatedresults.
tens of nanoseconds must originate mainly from ion
recombination(ratherthanfrom intersystem-crossing
from the singlet). The results for 0.1 M naphthalene b. Anion Decay vs. Excited State
in isooctane are shown in Figure 1-15. The value of Formation

ftriplet derived from this method is 0.52 + 0.05,
which is in good agreementwith the values from the In conjunction with the measurementsof G val-
derivative analysis. Note that the quality of the fit ues of solute excited singlet and triplet states
was not improved by allowing ftripletto vary with describedabove, we also measuredtheG value of the
time,also in agreementwith the derivativeanalysis, biphenyl anion, BF', as a function of time for 0.1 M

The analysis of ftripletin radiolysis that we have biphenyl in isooctane, cyclohexane, and n-hexane.
presented here is the most complete and decisive to Values of d/di of G(BP-) were determinedin the same

I IIII

Table 1-3. Predicted values of ftriplet.

n, ion pairs fraction (_ of ion singlets per sinlglets per ftriplet = ftriplet =
per spur pairs (Hummel) recombin., Ns recombin., Na F x (1 - Ns) F x (1 - Ns)

(Malice) (Brocidehurst) (Magee) (Brocklehurst)

1 0.30 1.000 1.000 0 0

2 0.17 0.500 0.625 0.085 0.064

3 0. I0 0.400 0.500 0.060 0.050

4 0.05 0.357 0.437 0.032 0.028

>4 0.38 =0.29 =0.33 _=0.27 ---0.25

sum = 0.45 sum = 0.39
IIIII
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manneras describedfor3N and IBP. Comparisonof c. Formation of Aromatic Radical Cations
the rate of BF"decay with total excited state (3N + in Alcoholic Solutions; the SFs"
IBP) formation rate is shown in Figure 1-16, where Radical as an Oxidizing Species
fex is the ratio of the sumof the rates of excited state
formationdividedby therateof BF" decay. We havedeterminedthat aromaticradicalcations

are formed in large yields in the pulse radiolysis and
laser flash photolysis of SF6-saturatedalcoholic solu-
tions of aromatic molecules. Intense, long-lived

1.4- absorptions are observed when SF6 is present. The

1.2- rate of formationof the absorption is proportionalto
theconcentrationof the aromaticmolecdle.As an

1.o- example, Figure 1-17 shows the spectra, at three

tim_safterthe laser pulse, observed for SF6-saturated.... 0.s- 5 × 10-4 M anthracene in methanol using 308-nra
o.e- laser flash photolysis. The 720-nm absorption corre-

0.4- I spends to the known absorption maximum for the

[_.._ _oo_ano [ anthraceneradicalcation. The spectrumlabeled 20 ns
o.2- ewSohexam[ I (essentiallydeterminedduringthe laserpulse) consists

-t- n-he_ ] of the firstexcitedsinglet stateof anthracene(600nm),

o.0- t ' ' ' I ' ' ' I ' ' ' , , ' the anthracene radical cation (720 nm), and a broad
0 20 40 so underlyingabsorption due to the steady-stateconcen-

t, ns trationof solvatedelectrons.

Figure1-16.The ratioof excitedstate formationto BF" o.2o
decay from1-70 ns.

Them areratherlarge variationsin fex withtime. oJs

Theveryhigh valuesat 1 nscouldbe theresult of 8

experimentalerrors, or they could indicate the trans- i o.loformation of solvent radical cations,priorto scaveng-
ing by the solute, to species unable to provideexcited <
solute. The variations at later times, and differences o.oe

between solvents, aremost likely due to experimental
error.The fact thatmost fex values are in therangeof o.o0

0.7-0.9 means that 70-90% of the solute radical an- e4o seo e_o eeo 7o0 740 Tee _o

ions recombining in the 1-70 ns regime yield excited wave_,oth,nm

states. This finding means that70-90% of the radical FigureI-17. Absorptionspectrafor 308-rimlaser flash-
photolysisof SF6-saturated5 × 10.4 M anthracenein

cations that recombine in the specified time regime methanol.
cannothave been convertedto a formthatis unableto

yield excited solute. Thus, at 0.1 M solute, only a The slow formation (Figure 1-18) occurringover
small fraction of the solvent radical cations have about800 ns was analyzed; the pseudo-first-orderrate
undergone ion-molecule reaction with the solvent, constants obtained were linear with [anthracene],
This is not surprising,because at 0.1 M solute, trans- yieldinga rate constantof 8 x 109M-,1s-1 for forma-
fer of charge from the solvent radical cation to the tionof the anthraceneradicalcation.

solute shouldbe veryrapid(tl/2 < 0.7 ns). Therefore, The absorptionof the anthraceneradicalcation in
ion-molecule reactions of the solvent radical cation thecaseof pulseradiolysisof SF6-saturated5 x 10.4 M
with the solvent to form cations unable to yield anthracenein 2-propanolis shown in Figures1-19and
excited states,which are aboutan orderof magnitude 1-20.

slower, do not consumea large fractionof thesolvent In pulse radiolysis (Figure 1-20), the radical

radicalcations, cation is formed only by the "slow" process, which is
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thought to be the reaction of SFs', which results photolysis gad pulse radiolysis with other important

from the dissociative captureof a solvated electron by aromatic molecules and different electron scavengers

SF6, with the aromatic molecule, in different solvents will make it possible to delineate

The G values and rate constants in Table 1-4 indi- the energy dependence of these reactions and to assign

cute that the efficiency of oxidation of the aromatic the role of the solvent in the reactions.

molecules by SFs" depends strongly on their ioniza-

tion potentials and the solvent polarity. SF5'appears o.osI

to react with the aromatic molecules via two different |
pathways, one of which forms the aromatic radical °'°41 I..-27, I

I i°-o.I
cation and the other of which leads to unidentified _ 0.os_ [_.,50,°[
products, i_' __ I

Further study will be needed toreveal key details _ o.o2'
of primary and secondary processes initiated by the

UV irradiation or ionizing radiation in the condensed o.oi-
phase. The formation of long-lived aromatic radical

cations in alcoholsby laserflash photolysisandpulse o_o do 7oo 72o 74o ?so ?so
radiolysis provides a convenient method to generate wavoter_m,nm
the aromatic radical cations and enables the study of Figure 1-19. Absorption spectra at four times following

an electron pulse (1.8 krad dose per pulse) in SF6-
their properties and reactions in the liquid phase at saturated 5 X 10.4 M anthracene in 2-propanol.
room temperature. A systematic investigation of the

formation of aromatic radical cations by laser flash

0
O.16" 09tlca1320 nm

,=

0.12

720 nm0.08 ,_)

'< 0.04 , ;_

o.00- _

Time,ns 0 1.0
Time, ILlS

Figure 1-18. Absorption at 720 nmvs. time for 308-nm Figure 1-20. Time profile at 720 nm following an
laser flash photolysis of SF6-saturated 5 x 10.4 M electron pulse (1.8 krad dose per pulse) in SF6-
anthracene in methanol, saturated 5 × 10.4 M anthracene in 2-propanol.

II

Table I-4. G-values and rate constants derived from the formation of aromatic radical cations in the pulse radiolysis of
SF6-samrated 2-propanol and methanol solutions?

solute lP _Lmax £ O (oer 100 eV) 10.9 k 0Vi"1s"1)

(eV) (mn) (M"1cm "i) 2-propanol methanol 2-propanol methanol

perylene 7.0 540 3.5 x IO4 1.74 -- 4
anthracene 7.5 720 1.2 x 104 1.72 -- 8 8c

hexamethylbenzene 7.9 500 2.33 x 103 0.56 4.26 2 1.7

naphthalene 8.1 690 2.70 x 103 <0.1 0.44 b m
alP is the gas-phase ionization potential Of the aromatic molecule from the literature. Xmax is the abso_tion maximum
of the solute radical cations. _ is the molar absorptivity of the solute radical cations from the literature.°This value was
obtained at 0.01 M naphthalene; G is approximately proportional to [N]. CMeasuredby laser flash photolysis.
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B. The Role of Solvent in Chemical Reactivity
A. D. Trifuna¢, D. M. Barrels, C. D. Jonah, Y. Lin, K. H. Schmidt, P. Han, C. Romero, E. Roduner

I. Reaction of H Atoms with Benzene in the transition state, but the reaction of Mu must

Water D. M. Barrels,E. Rodtmer occurtoo quicklyfor the waterto equilibrate.
ESR measurementof the H-atom reactionrateby

Solvent effects on chemical reaction rateshave the biD attenuationmethod was chosen becauseof its

beeninvestigatedin detail for manyyearsand general simplicity, and the ability to measure H and D
trendsareunderstoodformanyreactiontypes in terms reactionssimultaneously.Figure 1-21 shows a repre-
of dielectricity andionic strengthof the medium.The sentativeexampleof a scavenging plot of FID attenu-
primary interest is the extent to which a given sol- ation rate vs. benzene concentration.The slope of the
vent,dependingon itsdielectricpropertiesandmolec- plot gives directlythe H (or13)atom scavengingrate.
ularstructure,mightenhanceorretardparticulartypes The data were obtained with a mixture of 10%
of reaction. The transition state theory of reaction H20/90% D20, so that H and D atoms were both

rates is generally invoked to understand solvent observedin the same experiment.The differentslopes
effects, in termsof "stabilization"or "destabilization" show clearly thatthere is an isotope effect thatfavors
of reactants or products or a postulated transition the reactionof H over thatof D. Furthermore,thereis
state. A fundamentaland largely untestedassumption a small but significant difference in the interceptof
is made in the applicationof transitionstate theory to the two lines. Inasmuchas H and D data points were
reactions in solution. This is the assumption that obtained altematinglywith riteidentical solution, the
equilibriumthermodynamicsappliesto the transition 8.6% larger value of the intercept shows that H is
state as well as to the reactantsand products. In view slightly more efficient in second-orderspin exchange
of the highly transient nature of the transition state processes. This fact indicates that diffusion is slightly
configuration,it is questionable thata solvent would faster forH thanforD.
have time to fully equilibrate about the transition
state. In this case, correlation of reaction rates with
equilibrium solvent properties may be based on a
shakytheoreticalfoundation.

To investigate this issue, we undertooka study 3.0

of the addition reactionof hydrogen isotopes to ben- H
zene in aqueous solution. Reliable data for this
reactionin the gas phaseare available,anda studyof 2.5
the analogous light muoniumatom _+...e') reaction
with benzene in several solvents has also been pub- ?

m ra
lished. In the gas phase, the reaction of H with ben- ::I.
zene occursby addition,with a negligible amountof _ 2.0.

abstraction at temperatures below I000 K. The TE..,m
reactionis one of the few simple hydrogen additions D
that arc significantly activated. Additionof the light
muoniumatom (mass one-ninth of IT)has a ratecon-
siderablyenhanced by tunneling through the barrier,
as evidenced by a much lower activation energy and
lower frequency factor. Our invention of the EPR- 1.0
based free induction decay attenuationmethod makes
feasible a studyof the H- and D-atom reactionswith
benzene simultaneously in the same aqueoussolvent 0.0000 0.0005 0.0010 0.0015 0.0020

environment.The resultsallow a testof the transition [CeHe] / M
state theory assumptions for this system. As we

Figure 1-21. Inverse relaxation time as a function of
dcscribebclow, theresults suggest thatreactions of H benzene concentration for H and D in a mixture of 10%

and D may occur with nearly complete hydration of H20/90% D20 at 297.5 K.



19

The temperature dependence of k H is displayed in where q.T includes universal constants and has the

an Arrhenius plot in Figure 1-22 (open symbols), units of k. This may lead to a curved Arrhenius plot,

There is no systematic deviation between the points in particular when activation entropy and enthalpy are

obtained in neutral solution with t-butanol scavenger temperature dependent. Assuming a constant heat

(squares) and those measured in acidic solution with capacity difference between reactants and transition

methanol scavenging (crossed squares). The points for state and using standard thermodynamics, we obtain
H in the H20/D20 mixture lie on the same line, but equation 11,

those representing kD are clearly lower. There is a ASe_
slight curvature, but the average Arrhenius parameters In k(T) = ln(q.To) + ---rf-- +
are Ea = 19.1 kJ/mole and log (A/sec) = 12.34 (full

line inFigureI-22).Theactivationenergyiswithin (A__)(T"£o)" Att:+ACI_('I"To)(11)error the same in aqueous solution as in the gas + 1 In T RT '
phase. The enhanced rate constant in solution is

reflected almost entirely by the larger frequency factor, A_"

A(aq)/A(g) = 54. where In(q°T) +-_ is the natural logarithm of the
Transition state theory gives the rate constant for Arrhenius frequency factor at To. The broken line

bimolecular reactions as equation 10: in Figure 1-22, a fit of the experimental data to equa-

tion 11, is clearly a better representation of the exper-

k = q*T°exp _ ° exp[,_) , (10) imental points thanthe straight line.
For interpretation of the solvent effects on the

reaction rate we compare the reaction in the gas phase
with that in solution as in Scheme I-5:

! i | | ! 1 ! 1 I I

9.6- Gas: H + C6H6 _ [C6H6"*'H] #:

l C6H6 _ AG;elyaGHolv,aGsolv

9.4 X_. ' Solution: H + C6H6 kH(aq).__[C61"I6*'*I-I]_

%_" Scheme I-5r
_1 9._ Based on transition state theory, equation 10, the

enhancement due to solvation is given by equation 12:

O

= AG:olv + akisolv +""9.0 k._ = ___ ex

G) RT
A (12)

8.8 ,_ The solubility of benzene in wateris well estab-
"ii lished as a function of temperature, and has been criti-

& cally reviewed. The solvation properties of the transi-
, , ,. , , ...... , , ., , , tion state are, of course, not known, but may be esti-

2.8 3.0 3.2 3.4 3.6 mated by averaging the results for benzene and for

1000 T-t / K -1 1,4-cyciohexadiene. Previously, the solvation prop-

Figure 1-22. Arrhenius plot of the rate constant for the eny of the hydrogen atom has been estimated by aver-
reaction with benzene. H in H20 (open squares, crossed aging the free energy of solvation of H2 and of He.
where methanol was used to scavenge hydroxyl radi- We propose to use the values of H2 alone for the rea-
cals), H (filled circles), and D (filled triangles) in a son outlined here. The solvation enthalpy is governedmixture of 10% H20/90% D20. Normal Arrhenius (full
curve), modified with heat capacity term (broken curve, largely by dispersion forces and is therefore a strong
see text), function of solute polarizability. The polarizability of
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H atoms (alpha = 8.7 × 10"31 m3) is much closer to the hydrogen atom, equation 13:

that of H2 (7.9 x 10-31 m 3) than to that of He /s°//'AGHIv"x
(2 × 10-31 m3). The entropy of solvation is a large _ = exp [- _-_ j = L-1 (13)negative number for ali noble gas atoms and small k(g) -
molecules (46.7 J/r:,ol.deg for H2 at 298 K, nearly
the same number as forbenzene and cyclohexadiene). Comparison of the two lines in Figure 1-25

Assuming that the entropy of solvation is the same demonstrates that 80% of the enhancement effect can
for H as for H2, we conclude that the free energy of be ascribed to solvation of the H atom. The remain-
solvation of atomic hydrogen is approximated well by ing deviation between the best prediction and the
that of molecular hydrogen, experiment can easily be ascribed to experimental

The predicted values of k(aq)/k(g) based on equa- error and the approximations made in estimating the
tion 12 and the strategy outlined above are compared solubility of H and of the transition state, lt should
with experiment (squares) in Figure 1-23 (solid line), be noted, however, that the curve is shifted to much
The agreement is striking in that the experimental higher values and thus far from our experimental data
points fall only about 10% short of the prediction, for k(aq)/k(g) when H solvation is approximated by
Also shown (broken curve) is the predicted behavior He instead of by H2.

based on the approximation (found to apply to muon- The preceding analysis suggests that essentially
ium reactions in previous studies) that the benzene the full solvent enhancement effect for the reaction of
molecule and the transition state are sufficiently simi- H with benzene in water is explained in terms of equi-
lar with respect to solvation so that the corresponding librium solubility of reactants and transition state.

free energies cancel. In that case, the enhancement fac- The same conclusion has been reached previously for
tor is given solely by the free energy of solvation of the reaction of benzene with muonium in methanol

and in hydrocarlxm solution where the enhancement
was less drastic. This implies that the transition state

60 L L I , , , , , , , is alSOfully equilibrated for the muoniumaddition in
these less polar solvents. However, the muonium

.. -- - - -- ... reaction in water is different, as indicated by the

50 ,.." " -- .. points in Figure 1-23. The solvent enhancement is
f

,, -- only a factor of four ratherthan the predicted factorof

40. The question then arises, why is the muonium

40 reaction rate enhanced less than the rate for H and D

I"l [] in aqueous solution?
_" The negative solvation entropies indicate that
_- both the hydrogen atom and the benzene molecule
"_ 30

reside in "clathratelike" hydrophobic cages. The two
cages must merge prior to the reaction. In order that
advantage can be taken of the full free enthalpy of

20. solvation, there has to be complete relaxation of the
solvent around the transition state on the time scale

of barrier crossing. Comparison between the experi-

10. mental and predicted values in Figure 1-23 indicates

A that this is the case for H but suggests that it mayMu
not be so for the light muonium atom (atomic mass

C ZSO ' 31)0 ' 320 ' 8,_0 ' 360 ' 0.11). Because the addition reaction is exothermic and

T / K the transition state early, the effective mass moving
along the reaction coordinate will essentially be that

Figure 1-23. Enhancement factor of the rate constant in of the adding hydrogen isotope. Based on the mass
aqueous solution over the corresponding gas-phase dependence of the imaginary frequency that describes
value. The broken line gives the predicted curve based

the degree of freedom corresponding to the reactionon AGhy d of H 2 alone, equation 13, and the solid curve
represents the full equation 12. coordinate, the light Mu atom is expected to move
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over or throughthe barrierabout three times faster sl

than H. This motion is effectively a low-frequency ':. lH'+ OH"- (e')n + HaO]
vibration that occurs on a time scale similar to the ._ 2.
libration of the water molecules. It is thus conceiv- -,_
ablethatwe havea borderlinecaseinwater,where .._ _°°12:
relaxation of the cage, involving reorientation of _ '!
waterdipoles, is nearly complete for H but too slow "_ '.

M

forMu. Only the high-frequency (electronic)partof ,= 2.

the solvent polarizability would then be able to fol- _o_ [-- previous workI
low Mu through the transition state.Because in water s:
thisisonlya fractionofthetotaldielectricresponse, ,

I I I I I
solvation of the transitionstate would be incomplete 2.s 3.o 3.z 3.4 3.6
and the assumptionof equilibriumbetween reactants ]rr z]O! (K"_)
andtransitionstatenotappropriate.

Figure1-24.Arrheniusplotforreaction14 (light
water),asmeasuredbytheFIDattenuationmethod.The

2. Mechanism of the (H)aq _ (c')aq solid line is the least-squaresresult reportedin previ-
Interconversion D. M. Barrels and P. Harm ous work.

The hydrated electron is arguably the most
importanttransient species in the radiolysis of water, provement in the precision. Least-squaresanalysis of
and is certainly the most interestingand unusual. In the new FID attenuationdata gives A = 1.32 + 0.17 x

yearspast, investigations in this group have focused 1014M1 sec'l,andEa= 38.36 + 0.32 ld/mole.
on the dynamics of electron energy loss as the elec- In a recentpublication dealing with the hydrated
wonbecomes trappedand then fully solvated. More electronthermodynamics,Schwarzraised the possibil-
recently,we have addressed the equilibrium thermo- ity that the FID attenuationmethod mayoverestimate
dynamic and transportpropertiesof the fully solvated the rate of reaction 14 if there is also a "base-
species, to contrast the prototypicalquantumion with catalyzed"chemicalexchange processoccurring.That
morecommon classical species. The thermodynamic is to say, H atoms may combine with OH" to form
propertiesof the hydratedelectron werededuced from an intermediate H20", which dissociates rather than
the highly unusual reactionof H or D with OH'/OD', proceedingto the (e')aq product. If the "other"proton
equation 14, in mixtures of light and heavy water, canemergefromthe intermediatetoreformthe H atom,

the proton-exchangeevent would be indistinguishable
k14

H (D) + OH" (OD) k74 (e)aq + H20 (D20) (14) from a forwardreaction event, so faras FID attenua-tion is concerned.To examine this possibility, we per-
formed optical transient absorption experiments toA very old, but still unresolved, importantques-

tion concerns the mechanism of this ('H)aq'_ (e')aq measurethe rise of (e')aqabsorption dueto reaction14.
interconversion. Is the reaction (particularly the back Figure 1-25 displays a sample of the data for a
reaction) an electron transfer similar to most other 0.0467 M NaOH solution at 49.6 °C. The absorption

reactions involving (e')solv, or does the equilibrium increase seen in the first microsecond(s) of Figure
involve a proton transfer? If it involves proton trans- 1-25 is the signal of interest. The second-order decay
fer, ideas about the mechanism of other hydrated elec- of the signal was slow (half-life at least 10 times

tron reactions may need to be modified. Our goal in longer than 1/kl[OH']), butnot negligible on the time-
the further investigation of equilibrium 14 has been scale of reaction 14. We approximate the important
to resolve this question, kinetic processesas in Scheme I-6.

In Figure 1-24we display new results for the H + (e')aq kd products
OH" reaction in light water that were obtained with

improved methodology and equipment.Superimposed (l_l)aq k...,d products
is the least-squares Arrhenius fit obtained in our pre-
vious work. Clearly, the average result has not (H)a q _kg (e')aq

changed significantly, but there is a significant im- SchemeI-6
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o.os- ks=9.7_7 0a'l.e "t) four times smaller initial CIDEP signal of D atoms

in D20. This required larger radiolysis pulses and

i much longer signal averaging to achieve equivalent
0.06--

results.Ontheotherhand,theopticalexperimentwas
'a k,-9.30n7Oa's°,') nomoredifficult in heavywater.Asisobviousfrom
cl 0.04-- j__ _--_
._ - - .-....... -.-- ..:.,. Figure 1-27, both methods agree to within their

0.02- _e,9.07a7 _., °,t) signal-to-noise limitations. The global least-squares., _ . ......... -............ , fit gives A = 1.19 ± 0.22 x 1014 M"1 sec -1, and
'¢ Ea = 38.16 ± 0.47 LI/mole for the D + OD" reaction,

o.oo-_ The global least-squares result for the light water
'3 H+ OH" reaction is also superimposed as a solid line

.0,02- ....... in Figure 1-27. lt is clear from this comparison thatI I I I
1 o 1 2 3

TimaOts )

Figure 1-25. Hydrated electron absorptionfollowing ,: [ + OH" (e')w+ HaO[pulse radiolysis of 0.01 M Na2SO3, 0.046 M NaOH 4: _ lH' = I
solution at 49.6 *C in triply distilled heavy water. " _ E
Three different radiolysisdoses of ca. 400, 200, and ._ a.

I _

100 rads to the same solution are shown. _ looE

The initial slow rise and roughly the first one- '_ ,. I

quarter to one-third of the subsequent decaywere fit to _' to- I--" _°_' _*'kl INTL ,,_the corresponding first-ordergrowth/first-orderdecay ':e:

function, equation 15, _:
I 1 I I !

A(0 = Ao[(¢+1)exp(-_t)- Cexp(-kgt)l 2.8 3.o 3.2 3._ 3.6
I/T xlO3 fK")

C = fHkd/(kd + kg), (15)
Figure 1-26. Arrhenius plot for reaction 14 (light

where kg is the rate of growth, kd is the rate of decay, water), as determined optically by the rise of (e')aqabsorption. The solid line is the least-squares result
fH is the ratio of yields G(H)/[G(I-I)+ G(e-aq)] imme- obtained by the FID attenuationmethod.
diately after the pulse, and Ao is the initial absorp-

tion. As indicated in Figure 1-25, the values of kg _! [ . ]extracted from this analysis proved to be slightly _. D"+ Off = (o),_ + lhO
dose-dependent, and 5-15% larger than the k12 rate 3.
constants derived in the EPR experiments. The values ,,-, _'

of kg were plotted vs. Ao, and the (zero dose) inter- _ zoo-
cept of the plot was taken for the "best" experimental "

estimate of k 12. _'o _3!

Results of the optical absorption experiment for "_ _" _a__P'R]

light water are pl°tted in Figure I'26 together with "_ [ ns Ithe least-squares result of the EPR experiments. The _o- _.OPT
good agreement of the two methods makes it clear ,:
that a correct result has been obtained, and no s.4.,

chemical-exchange process contributes to the FID ' I I I I' ' I' '

decay. This conclusion is significant in the following 2.8 3.o 3._ t) 3.4 3.61/T xlO 0_"
discussionof the reactionmechanism.

EPR and optical experiments were carriedout in Figure 1-27. Arrhenius plot for reaction 14 (heavy
heavy water, and the combined results areplotted in water). Both FID attenuationand optical experiments

are indicated. The solid line is the least-squares result
Figure 1-27.The FID attenuation experiment in heavy obtained in the light water reaction, for purposes of
water was far more difficult because of the roughly comparison.



23

there is very little H/D isotope effect on the rate of product state. If the transition state in reaction 14
reaction 14, and within the precisionof our measure- were symmeffic or near-symmetricwith respectto the
mcnts, we areunable to clearlydel'meany differences two protons,thenan exchangeof protonsbetween the
in activationenergy andpre-exponentialfactors.This H atom and the OH" ion should often occur in those
result contrasts with the order-of-magnitudeisotope encounters that fail to proceed to product. The FID
effect favoringH20 over D20 in reaction-14, attenuation rate would be the sum of the forward

With these experimentalresults in hand, we pro- reactionrate and one-half the protonexchange rate.
ceed now to considerationof the reactionmechanism. The experimentsindicatethatno "base-catalyzed"pro-
The encounterof the H atom and hydroxide ion can ton exchange occurs. Therefore, the transition state
most easily be envisionedin termsof hydroxidediffu- should more properlybe formulated(H.,.OH)-, with
sion by protontransferto a hydrophobicH-atomcar- the locationof the "excess" chargestill to be specified.
ity. The proton-transfer diffusion mechanism will In fact, the transition state of equilibrium 14
bring the hydroxide into a configuration where the should be inherentlyasymmetric by virtueof the sol-
central oxygen and its three strong H bonds form a vent cavity or void occupied by either the H atom
sideof the H-atomcavity. At this point, a sufficiently (left side of equilibrium 14) or by the electron (right
high--energycollision of the H atom and the oxygen side). In termsof the picturewe have described for the
of the hydroxide ion, together with appropriatesol- encounterof H and OH', a watermolecule will likely
vent rearrangement,can form a water molecule and format the boundary of thecavity, which defines the
liberate an electron, asymmetry. The key is to ask where the excess elec-

The question we wish to address is how this tron can most easily localize, lt makes no sense ener-

interconversion of (H)aqand (e')aq is accomplished,or getically that the H-atom solvation cavity should
in other words, what is the nature of the uansition fully collapse, followed by the creation of a new sol-

state in equilibrium 147 The simplest postulate con- vent cavity for the electron. By analogy with the pre-
sidersa discrete, H20", intermediate as shown in equa- solvated electron problem, electron localization can
tion 16. most easily occur in a "pre-existing" region of low

(H)aq+ (OH')aq '_ (l'120")aqt _ H20 + (e')nq (16) solvent density: the H-atom cavity. Similar considera-
tions apply to the reverse reaction. Simulations indi-

Starting from the left side of the equilibrium, one cate that electrons are solvated on average with one

envisions a H atom in a hydrophobic cavity, with the OH bond of each solvating water molecule pointing
OH" ion strongly hydrated and incorporated into the in toward the negative charge, and the other forming a

hydrogen-bond network. The encounter occurs when hydrogen bond to the next solvation shell. In the
the OH- diffuses to become part of the wall around reaction -14 of an electron with one of these H20

the H atom. One postulates that the H atom adds to molecules, an OH bond near the electron charge center
the OH" ion, forming a transient H20" ion, which can dissociate, leaving a proton to combine with the

then ionizes to give H20 and an electron that unpaired electron and to form a hydrogen atom within

becomes solvated. Starting from the right side of the the pre-existing cavity. This formulation avoids some
equilibrium, the electron must somehow become of the work needed to create a new void in the solu-

localized on a single H20 molecule, giving the H20", tion, and requires only rearrangement of the walls of
which then fragmentsto give the H and OH- product the solvent cage. When these complementary pictures

The simple picture can be rejected based on the are connected by a common transition state, it

results obtained in this study. Any transition state or becomes clear that in the (I-l)aq_ (e')aq equilibrium,
intermediate that suggests an equivalence of protons, the unpaired electron does not "move" from the sol-
for example, the (H20")t formulation, is incompatible vent cavity; rather, the transformation is effectively
with the observation that the overall forward rate (mea- accomplished by proton transfer between a water

sured optically) is exactly equal to the (EPR) rate of molecule and the nucleophilic electron charge center
FID attenuation. Modem theories of reaction rates in within the cavity. The energetics and primary isotope
solution emphasize the diffusivequality of reactivetta- effects in the forward and reverse reactions are most

jectories near the transition-state barrier. The reactants easily explained in these terms. A two-dimensional
may often cross over the free-energy barrier and then representation of the overall process is shown in
cross back again without ever reaching the final Figure 1-28.
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H + OH- _ (e')aq + H20 No H atoms are produced in this reaction, which
means that spin pairing must occur prior to or in
concert with the actual creation of the singlet H2

t _ " molecule. When the spin factorof 1/4 is included inH i o " o"
H .o ] H .--to / t the Debye-Smoluchowski rate expression for,-°-.. I , .,,,

_" ' H I O,,. .,:;_::::__ , o,,. ,_,!,:i:i:::_,.so diffusion-limited reaction of charged species, one
H..--p. , e_ ¢"- ". i_::_:_:!_%::(i deduces a reaction distance for the hydratedelectron

H/ %H,,. H" H 1H '=':"'" '
" o , 0,,, °t .....:::_,::_:_,,"o" pair of approximately 10 A. This would seem to

. ". _,,,. _e 7 imply a long-rangeelectron-transferprocess,and it is
o,.. difficult to imagine any "acceptor"site other than the

existing hydration cavity of one of the electrons. The
Figure1-28. Proton-transfermechanismenvisioned for isotopic enrichment favoring H over D in the H2,
equilibrium14. D2, and HD productmixture is quite large, suggest-

ing an intermediate that lives long enough
(picoseconds?) to thermally equilibrate with protons

If protontransfer fromwaterto the solvatedelec- anddeuteronsof the solvent. The second-orderelec-
tron is possible in the case of reaction-14, there is no iron recombinationproceeds at a rate that is nearly
reason to think that similar proton-transferreactions diffusion limited, below ca. 150 °C. At higher tem-
from stronger Bronsted acids should not occur. The peratures,the disappearancerate actuallydecreases,
most obvious example is the well-known reactionof which suggests that the activation energy for the
(e')aq with hydroniumion,equation 17. reverse step of the pre-equilibrationis much higher

than the forward reaction step, and at a sufficiently
(e)aq + (l'130+)aq _ (l'l')aq+ H20 (17) high temperature the dielectron dissociation competes

kinelically with the next step in the reaction. What is
Reaction 17 is very fast (k17 = 2.3 x 1010 M-1 see-I), the next step? If proton transfer limits the lifetime of
but five to 10 times less than diffusion limited. The the hydrated electron, it may well also limit the
hydronium ion is an exceptionally poor scavenger of (much shorter) lifetime of the hydrated dielectron.
presolvated electrons. Thus, like water itself, it has Thus, we suggest that a water molecule reacts by pro-
no tendency to act as an excess electron acceptor in an ton transfer to the dielectron, forming H'.
electron-transfer reaction. The properties of reaction

17 can readily be explained in terms of a proton trans- _2 - "

fer from hydronium to the weak base (e')aq, but are n,o+
hard to reconcile with an electron-transfermechanism. 1o- ll'_ IGOO4

A number of moderately slow (e')aq reactions ._ -,,,,,,_"
with Bronstedacids that give H atoms as products can 'o ,. "_c_Scoo

a HF _ HSO s"

be correlated by a Bronsted plot of reaction rate vs. " H2pO_-pKa. An updated version of this Bronsted plot for '5 $., _NH4 +
hydrated electron reaction with aqueous acids appears _ H,_o, -_,,_ =

v 4m

in Figure 1-29. One can probably conclude that ali ,m.

Bronsted acids that are poor electron acceptors will 2-

react by proton transfer to (e')aq at the minimum rate H_OII
suggested in this Bronsted correlation, o -

The possibility of proton transfer to the weak t _ _ _ _ _ i _ _ i t.4 .2 o 2 4 6 a _o t2 _4 _6

base (e)aq may have further interesting implications pK, - log(q)
for the unique bimolecular recombination reaction of

Figure 1-29.Bronsted correlation of reaction rates and
two hydrated electrons. Evidence suggests that this acid/base equilibrium constants for acids that transfer
reaction occurs by a two-step mechanism, very possi- protons to hydrated electrons. The variable q is the
bly involving a dielectron, as in equation 18. number of equivalent proton-accepting sites on the

conjugatebase. In the case of acetic acid, the rate is
corrected to separate the competing electron-attach-

(e')aq + (e')aq _ (e')2 -,- H2 + 2OH" (18) ment and proton-transferrates.
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(e')2aq+ H20 -,.H- + OH- (19) achangeintheenergyoftheprobemoleculeorion
thatchangestheemissionorabsorptionspectrum.

H" + H20 _ H2 + OH" (20) We selected the benzophenone anion as the micro-

The hydride ion then reacts immediately with another scopic probe for the following reasons: (1) The anion
watermolecule to form I-t2,as in the generallyaccepted spectrum is separated from that of the triplet and

"hydride" mechanism for the H + (e')aq reaction, excited state, and is strongly shifted by a polar sol-
vent. (2) The anion can be produced very quickly by a

3. Solvent Relaxation Dynamics reaction with the "dry electron", which can conve-
Y. Lin, C. D. Jonah niently be producedby electronbeam radiolysis.

How do the structures of the solvent molecules

The effects of solvation and solvent dynamics on determine the dynamics and energetics of solvation?

chemical reactions and, especially, on charge-transfer We studied the transient absorption spectra of ben-
processes, have long been a subject of great impor- zophenone anion in linear alcohols, branched alco-
rance in radiation chemistry. In the past, attention hols, and acetonitrile. Our results demonstrate that

was focused primarily on equilibrium solvent effects, solvent reorganization strongly affects the electronic
such as the effect of solvent polarity on the reaction, structure of the solute ions, and changes the absorp-
Two questions that have only recently come to the tion spectrum of the ions. Figure 1-30 shows the
forefront in this area of research are, (1) how do sol- benzophenone anion absorption spectrum in n-octanol

vent molecules react to the sudden creation of a at 50 ps, 300 ps, and 3 ns after the electron beam
charged species? and (2) how is this response con- pulse. The blue shift of the spectrum is quite obvi-
trolled by microscopic factors in the molecular struc- ous. The time-dependent behavior in other alcohols is
ture of the charged molecule and in the solvent struc- similar, albeit faster for the smaller alcohols. The

ture. In the past decade, a number of researchers have absorption maximum of the benzophenone anion
employed picosecond time-resolved absorption and spectrum shifts from 675 nm to 635 nm and then to
emission spectroscopy to probe the dynamics of elec- 625 nm for the three different times. The final broad
tron solvation or the solvation of a large molecular absorption band has been assigned to the relaxed ben-
dipole created in a polar liquid. However, until we zophenone anion in alcohol, whereas the spectra at
began our studies, the solvation dynamics of anions early times are assigned to the anion before solvent
in room-temperature liquids had not been measured, rearrangement. As shown in Figure I-31, the final
This is a major deficiency because many chemical absorption peak position and width are practically the
processes that occur in the condensed phase involve same throughout the linear alcohol series. Only the

ions or ionic intermediates. The solvation of these timescale for the blue shift depends on the chain
charged species can greatly affect chemical events. In length of the alcohol.
fact, prior to our studies, the only information that
has been obtained about the anion solvation dynamics

has come from trying to understand chemical reactiv- o..1e

ity in different solvents by using models for the role 0.'14
of solvation on the total reactivity--thus deriving the

effect from the consequences. The studies described _ 0.12
here focus on the structural and dynamical properties _ 0.'10

of ion solvation. I o.oo

a. Ion Solvation and Solvent Structure _ 0.06

0.04
Experimentalstudies of solvation dynamics are

usually carried out by instantaneously creating a 0.o_
dipole or charged species in a polar solvent and subse- 600 650 700
quently monitoring the emission or absorption spec- Wavelen_h(nra)

trum of this species. As solvation of this species Figure 1-30.Benzophenone anion absorption at 50 ps,
progresses, the solvent structure rearranges, leading to 300 ps, and 3 ns after the electron pulse in n-octanol.
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0.12 0.16 ' ..._._"%.. '

OlO ,/.__7 --\._ 0.08 _ 0.14 n:octanoq -

o.o, i o.1, /
_ 0.04 i 0"10/S f "_ "_-,oo, -L/ 1

600 650 700 0.06k...f i -I I

Wavelength (nm) 600 650 700
Figure l-3l. Transient absorption spectra of benzophe- Wavelength(nra)

none anion in three different linear alcohol solvents / '_"'_ '(n-propanol,n-octanol, and n-decanol) at 3 ns after the

The situation is very different when the solvent n

is changed from a linear to a branched alcohol. Figure 0.0S

1-32 plots the absorption of the benzophenone anion t0.04
in n-octanol and 2-octanol. As shown in Figure 1-32
(top), the absorption spectra are very similar for the 0.e_ _ t t600 650 700

primary and secondary alcohols at very early times, Wavelength (nra)
times prior to solvation. Both reflect newly created

Figure 1-32. The transient absorption spectra of benzo-
ion species in random (unrelaxed)solvent configura- phenone anion in n-octanol and 2-octanol solution at
tions. The absorptionspectraarevery different for the 50 ps (top) and 3 ns (bottom) after the electron pulse.
fully solvated species in linear and branched alcohols.

The shift of the spectrum of the benzophenone anion
i ' ' ' '/_,_

n  Onoim orO n,nn °o,an Oo n,o.1oIspectral position is about 35-nm red-shifted from
what is observed in the normal alcohol. Similar sol-

vation behavior was also observed in other branched _ o.ee

alcohol systems such as 2-butanol and2-propanol. ._

"lhctransientabsorptionspectraofthebenzophe- i 0.06.
none anion in acetonitrile are shown in Figure 1-33.
The absorption maxima at 50 ps, 300 ps, and 3 ns are 0.04
the same; unfortunately, the time-dependent solvation

process in this system is too fast for us to observe, o.o_

However, the final position of the anion absorption SS0 so0 eS0 700 "iSo

shows that the equilibrium local solvent structure and Wavelen_h (am)
energetics in acetonitrile are significantly different Figure 1-33. The transient absorption spectra of benzo-
from those in linear alcohols. The absorption spec- phenone anion in acetonitrile. The center of the
trum at 3 ns is 90-rim red-shifted compared to the lin- absorption peak is at 720 nra.

car alcohols and 55-nra red-shifted compared to the

branched alcohols. The red shift of the probe absorp-

tion spectra in going from linear alcohols to branched however, be explained by the steric factors that will

alcohols and to acetonitrile was also observed for the prevent a close packing of secondary alcohols around

solvated electron, an anion. For a primary alcohol, there isonly a single
The differences between the primary and sec- carbon chain attached to the carbon atom bonded to

ondary alcohols cannot be explained by the concentra- the OH dipole. The OH dipole can point towards the

tion of dipoles because the dipole concentrations of n- anion and the carbon chain extend in the opposite
octanol and2-octanoi are the same. ThedJfference, can, direction. There will thus be little interference
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between alcohol molecules. However, for the The process of "relaxation to equilibrium" was
secondary alcohol, there are two carbon chains monitored through the calculation of the solvation
attachedto thecarbonatom bondedto the OH dipole, energy Vs, which is the electrical potential at the
The second carbonchain (in the experimentsdescribed solute site. This was done as a function of the num-
here, a methyl group) will interferewith a neighbor- ber of configurations for several different initial con-
ing alcohol molecule, and thus the OH moieties will figurations.After the system has reachedequilibrium,
not be as near to theanion fora secondaryalcohol as the values of solvation energy obtained fromdifferent

for a primaryalcohol. Modelingstudies in supportof initial configurations are within the statistical fluctua-
these ideas are given in lhcnext section, tion. The influence of the initial configuration dis-

agveared after 30,000 configurations.These calcula-
b. Monte Carlo Simulations of Solvation lions have been done fora series of cluster sizes from

Ignergetics 26 to 342, and the results were foundto be indepen-
dentof clustersize.

The potential well arising from the arrangement
We haveusedMonte Carlo(MC) simulationsto

of the solvent molecules around the anion was caicu-
evaluate our hypothesis that the difference between lated. The results of these calculations are shown in
primaryand secondary alcohols is due to the differ-
ences in the packingof the solvent molecules around Figure1-34. The differences in the potentialsareevi-

dent for the three differentplacements of the dipole
an anion. In this simulation, we have used a simpli-
fied model thatencompasses the linearandbranched group in the model solvent molecule. In these calcu-
chain alcohols andacetonitrilewithin a simple frame- lations, the centralcharge is assumed to be the anion.

As can be seen in Figure 1-34,curve I (primaryalco-
work and mapped the energetics of the system as a
functionof the relevant solvent properties, hois) shows thedeepest and narrowestpotential weil:

hence, the absorptionof the anion in this kind of sol-
We have explored the equilibrium propertiesof

the anionsolvation i_-ocessin a model dipolarcluster, vent would occur at higher energy. This indeed is
The model consists of N solvent molecules around a what we observed experimentally. Curve 2

(acetonitrile) displays a relatively shallow and widecentralchargedentity (anion). Studieswere done as a
function of N (hl _<342), and no significant differ- potentialweil. Curve 3 (branchedalcohols) shows a
enccs were found.The solvent molecules areassumed deeperpotential than foracetonitrilebut the potential

is notas narrownoras deep as curve 1. From Figure
to have the shape of three linearly connected hard
spheres. Three different dipole distributionsof the 1-34, red shift is expected to occur on going from

linear alcohols to branchedalcohols to acetonitrile.
solvent molecules were used. In the first case, the
solvating dipole is at the end of the molecule with its
positive chargeat the exposedend. This describes the o-
iincar alcohols.The secondcasecorrespondsto the .10
situationin acetonitrile,wh_e thedipole is at the end ,t
of the moic:ule, and the exposed end is negatively o .2og
charged. The third case simulates the situationin the 40

branched alcohols, where the dipole is located in the _i
center of the molecule (centerball in our model) and _ 40

is perpendicularto theaxis of the molecule. _4e ._
The degrees of freedom that are involved in the

calculation of the energetics are the position and ori- 5 40 model1
entationof the solvent molecules as weil as the post- .7o

I i f'

tion and orientation of the solvent dipole moments. 0 10 20 ao 40
Ali electrostatic interactions among the solvent and R/ao
solute molecules are considered explicitly. Other Figure 1-34. Monte Carlo simulationof the distance
molecular interactions are simply replaced by hard- dependenceof the dipolepotentialenergyfor three dif-
sphere repulsive potentials thai keep molecules from ferentmodelfluids.The parametersusedin these calcu-lations are q0 = -1 (a.u.), Pl = 1.5 D, T = 300 K, and
overlapping. N = 124.
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Our simulation qualitatively explains the _ed areAm,Xs,and icr.Because of the early formationof
spectral shift as a function of solvent, and (lemon- benzophenone triplet and ketyl radical product,Aoo
strates that the charge distribution of the solvent cannotbe accuratelydetermined from the f'malspec-
molecules determines the structureand en_getics of u_m, so it appearsas an adjustableparameter.Figure
the solvation process. 1-35 shows the results of the calculation for the trait-

sient absmp'_ondata of thebenzophenoneanion in n-
c, Solvation Dynamics in Alcohols octanol. The parameters,Zs, Am,andkr are listed ig_

TableI-5. TheL_,_values for threedifferentlinearalco-

To compare the experimental solvation times of hols arcverysimilar. The valueof _r(l/kr) is =3 ns,
lhc anion and the electron in the same solution, or to which is two orders of magnitude longer than the
relate the solvation times to the solvent dielectric characteristicsolvation time (xs) in the same solvent.
relaxation times, it is necessary to develop an Therefore,the solvationprocesseswe arestudyingare
approach to extract solvation parameters from the not influencedby subsequentchemicalpr_.
experimentaldata.This cannotbe done by fitting the lt is interesting to compare and contrast the
decay curve at a given wavelength, because the time dynamicsmeasuredherewith those foundfor electron
dependenceof the absorptionsaredifferentat different solvation. The initial solvent arrangementa_%_unda
wavelengths. To obtain the desired information, a benzophenoneion shouldbe favorablefor theneutral
more complete analytical method for obtaining the
solvationtimehas beendeveloped.

To findthe solvation time xs, we assume thatthe
I I ¢ I I ,

aniongroundstate relaxesexponentiallywith theclmr- o.la . ._.

actcristictime _s. During the solvent reorganization _ /process,thecenterandwidthof theanionabsorption o.oo ...,_,;_.,_

l Jspectrumcanbe descn'bedbyequations21and22,
0.04- /

_.(t)= ;k,.,+ ('Xo-L)e_s C21) _,f,e/0.00 i I
A(t)= Am+(_ -Am)e-t/_s, (22) .0, o:o o._ 0.4 o.o

Time(ns)
where ).0and _ arethe anion absorptionmaximafor

1 " " | ' J'" ii -

species, respectively, and AOand Amare the corre- so

sponding absorption band widths. The expressions I 4o " "in(21) (22)aiJowthe wve- [" .

length-dependent anion absorption to be written as _ a0]- z" " _-''_'_'-_equation23, o'LI_'_ , I ,
._ .0= o.0 o= 0.4 o.s

1 2A2(0 e-_t (23) Time (ns)_e

1_,t)-_-,_(0 ! ' I.- I I t

where kr is the ratefor the subsequentchemical proc- 4o

ess, such as charge recombination. To accurately so- _" :A_: "
., :.._: • .obtain the solvationtime '_s,the magnitudeof kr 20- . .:.._,_ .,. . ..:.....
,.,;... __._,.:.".,.,,:" ,,:...,.,.."

should besmall compmcdto the rate of solvation. 10 -...: ._. - ,_,¢.,,.:. , :......>,.._.
For comparisonwith the experimentaldata,equa- 0 t,..f"_:, • ""_.:.. "": • • -

tion 23 must be convolved with the instrument .10 ': t , , ,
•02 o.o 02 0.4 0.6

r_ponse function.The parameters).0 andAOin equa-
Time(ns)

tion 23 are independentlyobtained from the absorp- Figure1-35.Time-dependentabsorptionof the benzo-
tion of the benzophenone anion in nonpolar solvents phenone anion at several different wavelengths in

= 790 nra, AO= 105 nm in n-hexane). The value n-octanol.Thelines correspondto the calculationsfrom
equation23, and the dots are the experimentaldata.In

of _ is obtainedfrom the long time limitof the an- these calculations 'gs= 55 ± 5 ps, A_ = 68 ± 2 nra,
ion absorption.The parametersleft to be determined and (1/kt) = 2.8 ± 0.3 ns.
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Table I-5. The characteristic benzophenone anion sol- than XLl, but are slower than XL2. The observed sol-
vation time gs and final spectral bandwidth A. in sev- vationtime is a blend of several solvent motions and
eral linear alcohols. The rates for the subsequent chem-
ical reaction are also given for comparison, a combination of differentdielectricrelaxation times.

1 Because it takeslonger to move an alcohol molecule
Solvents _s(ps) A, (nra) _ (ns) if a hydrogenbond mustbe broken, the longer time
n-butanol 35 66 2.0 for the anion solvation suggests thatthe initial struc-
n-octanol 55 70 2.8 turearoundthe anion requiresa greaterrearrangement
n-decanoi 90 70 3.0 of the solvent molecules than the structurenear an

IIII I

electron, and that part of the reorganization will
requirethebreakingof hydrogenbonds.

benzophenone molecule, whereas the electron solva-
tion begins from a configuration that is particularly d. Dymunl©s In Salt Solutions
favorable for the electron (otherwise the electron
would not be trapped in that particularlocation). To The experimentsdescribedabove probethesolva-
assess these effects and to give an ideaof the kind of tion of ions in dipolar, nonconducting solutions.
solvation mechanism that may be operating,we have However, in many chemical systems, counterions
preparedTable I-6to summarize(1) the benzophenone play an important role in the chemistry. Although
anion solvation times obtained from this study; (2) ionic effects arewell known in chemistry, the quanti-
the electronsolvationtimes;and (3) solventdielectric tative understandingof the role of ions at high con-
relaxationtimes. The results indicate that anion sol- centrations is still fragmentary. This section repre-
vation is slower than electron solvation. For exam- sents an extension of our studieson solvation dynam-

pie, the solvation time for the benzophenoneanion in ics into the realm of ionic solutions. In some ways,
n-decanol is approximately90 ps, whereas the elec- ionic solutions might be viewed as simply more
tron solvation time is 55 ps. These values can be polarversions of lhcpure solvent counterparts.They
compared to the dielectric relaxation times for n- could, therefore,be expected to influence reactionsin
decanol forxi-x3 of 2 ns, 48 ps, and 3.3 ps. The three a similarmanner.Dynamically, however, ionic solu-
Debye relaxation times Xl, x2, and x3 are associated tions are very different from pure polar solvents.
with the timescales of hydrogen-bondingdynamicsin Whereasdynamicsin a pure solventinvolves primar-
molecular aggregates, the molecular rotation, and ily the reorientationof solvent molecules, the time
rotation about the terminal C--OH bond, respec- dependenceof salt-solute interactionsarises fromthe
tively. For both dipole solvation and electron solva- translationalmotion of ions.
tion, the solvation time correlates best with x2, the We have used both picosecond and nanosecond
monomerdielectricrotationtime of the alcohol, pulse radiolysis techniquesto examine the behaviorof

A more rigorous description can be given by benzophenone anion in several ionic solutions with
using the longitudinal relaxation time XL, which is Li+, Na+, and Ba2+ in acetonitrile. Transientabsorp-
defined as (_Jr_)XD, where _._ and sOare the infinite tion spectra of the benzophenone anion in the pres-
frequencyand staticdielectricconstants,and_Dis the ence of 0.5 M NaCIO4 in acetonitrile are shown in
Debye dielectricrelaxationtime. Because of the com- Figure 1-36. In the absence of salt, the solvation
plicated dispersion behavior in alcohols, a single dynamics of the benzophenone anion in acetonitrile
valueof XLdoes not exist. The experimentallymea- are too fast to be observed, and the absorptionmaxi-
sured solvation times in alcohol solutions are faster mumof the final solvated species is 720 nm. In the

Table I-6. The benzophenone anion solvation times obtained from this experiment and electron solvation times in
several linear alcohol systems. Dielectric data are given for comparison.

solvents gs (ion) 'cs (electron) dielectric relaxation times (ps) XL.! _!/--"(e_"_'t)= _L2

(ps) (ps) ¢1 x_ ¢_ (ps) (ps)

n-butanol 35 30 670 27 2.4 127 21

n-octanol 55 45 1780 39 3.2 406 30

n-decanol 90 51 2020 48 3.3 565 42
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presenceof 0.5 M NaCIO4,the absorptionmaximum Two other researchgroupshaverecently studied
of the radicalanion of benzophenoneis blue-shifted dipole solvation in salt solutions. These experiments
from 720 nm to 650 nra, and the dynamics are con- show, consistent with our results, that solvation is
siderablyslower. As in the puresolvent, the spectral much slower in ionic solutions and depends on the
dynamicscannotbe describedby a "two-state"kinetic salts and their concentration in the solution. They
model; instead,the spectralchangeappearsto be con- have interpreted their results by using two different
tinuous as the environmentaroundthe benzophenone models, one based on the Debye-Falkenhagen (DF)
rapidly alters from the original unstable state to the theory and the second based on specific ionic inter-
final state. Figure 1-37 shows that solvation is a actions. Both models appearto be unsatisfactoryto
nanosecondprocess.The solvationdynamics observed explain their observation. The solvent times calcu-
arestronglyaffectedby the identityand the concentra- lated fromDF theory are aboutan orderof magnitude
tion of the cation. The differentrelaxationtimes for faster than the experimentalmeasurements, whereas

different cation solutions may indicate strong cou- the concentrationdependenceexpected from the ionic
piing between the benzophenone anion and a cation, interactionsis not in agreementwith the experimental
or may indicate the formationof contact ion pairs: data. We believe that our findings provide a better
benzophenoneradicalanion-cation, guide for the interpretationof this family of obscrva-

lions, and we arenow studyingthis importantissue.

Solvation Maxima

0.12- 0.12._ In acetonitrile

0.10- 0.08
0.04 E & 0.25MNa*

>' I ' ' ' _ E= + 0.5MNa*
"= '; "_ o 0.75MNa*v_ 0.08- 500 ,:r- a
m ,,9 =f !"1 0.5M Li+
,", ,_._ ,'.. \_
-- ;--- t , 1. = X 0.5M Ba+2
¢_ #_'y_ • • 1. O
._ 0.06- ,,._,/_. _ . _ --O ,;y/------ atpulse ': '_ o

.5 nsafterpulse :, =
0.04 - 2 nsafterpulse \ ',, n<
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_f" "' (I, 'zt,

u
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Figure 1-36. Fits to the absorptionof the benzophe- Time (ns)
none anion in acetonitrilein the presenceof 0.5 M Figure 1-37. Maximaof the benzophenoneabsorption
NaCIO4. The insetshows the experimentaldataat the in acetonitrilein the presenceof differentsalts at var-
pulse end and the fittedabsorption.Thepeakat550 nm ious salt concentrations.Lines are least-squaresfits to
is assigned to the ketyl radical, an exponentialdecay.
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COLLABORATIONS

R. Cooper, University of Melbourne, Australia

Studies of transient species created in gases, liquids, and solids are being carded out. Recent efforts have concentrated
on the spectra and dynamics of excited species created in solids, such as sapphire, which are investigated via time-
resolved measurements of emitted light using the techniques of pulse radiolysis and laser flash photolysis. Sapphire

is a prime contender for a lining material of the containment vessel in fusion reactors, and these studies are useful in

understanding radiation effects.

V. V. Krongauz, DuPont de Nemours Company, Inc., Wilmington, DE
Several related efforts using laser flash photolysis, EPR, and picosecond laser techniques are being carried out to
study the photochemistry of photopolymer initiation. Emphasis has been on the dissociation mechanism of the free-
radical initiator HABI (hexaarylbiimidizole) and the role of dye sensitizers.

S. Mczyk, Atomic Energy of Canada, Ltd., Pinawa
Reaction rates of H atoms with I- and other iodine-containing solutes are being measured for the purpose of predict-

ing the spread of radioactive iodine in potential nuclear accidents.

*Not affiliated with the Chemistry Division or affiliated on a temporary basis.
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P. W. Percival, Simon Fraser University and TRIUMF, Burnaby, British Columbia, Canada
Investigationof H and D atomsin ice by time-resolvedEPR has allowed determinationof diffusion rates,and the
developmentof a model H atom-H20 interactionpotential.The aim of thecollaboration is improvedunderstanding
of H-atom transport and reactivity in solid lattices.

E. Roduner, Physical Chemistry Institute, Zurich University, Switzerland
Reaction of H atoms with benzene in water has been investigated in a test of the validity of transition state theory
for reactions in aqueous solution. Precision measurements of the hyperfine coupling of H and D atoms in water have
been made to elucidate the nature of hydrophobic hydration, and effects of water "structure" on reaction rates.

C. Romero, University of Santiago, Chile
The properties of the hydrated electron are being studied via molecular dynamics simulations. A computational pro-
gram has been developed to simulate aqueous LiC! solutions, and the results are compared to the experimental opti-

cal absorption spectrum. Water molecules are treated classically, and the electron is given a full quantum treatmenL
This is an important step towards simulating chemical reactions in ionic solutions.
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This programexplores fundamentalquestionsof theory,as exemplified in the recent striking success
electron-transfer(ET) reactions and redox catalysis of them3,inwedicting temperaturedependence.Redox
thatcould lay foundations for new energy technolo- catalysis by small semiconductor particles is being
gies. Electrontransferis studiedwitha close coupling studied in a fundamentalway by ritedevelopmentof
of experimentand theory.Special experimentaltools newknowledgeof the electronicandsurfaceprcve_es
enablemeasurementsof how ratesof electrontransfer of the particles.Recent advances allow productionof
betweenmolecules dependon distance,energy,polar- particlesof controlled sizes. Careful measurementsof
it),, angular orientation,and temperature.These mea- particle sizes, their absorptionand emission spectra,
surements are unusual in their ability to investigate and the dynamics of chargetransferin these particles
the effect of each of these critical variableswithout allow insights into present,rudimentarytheories that
interferencefromthe others in a quantitativeway that relate size to band-gap. Recent efforts focus on elec-
enables fundamentalexaminationanddevelopmentof Irontransferatthe surfaceof the particles.

A. Intrutolecular Electron Transfer

J. R. Miller, N. Lian&,P. Piotrowiak, G. L. Cioss, P. Eaton, B. Paulson

1. Temperature Dependence of Blectron-
transfer Rates J. R. Miller, N. Liang,
G. L. Closs

Weakly exoergic electron-transferreactions in
polarsolvents areexpected to havea substantialtem-
perature_ce of the Arrheniusform.Ourearlier
results forweaklyexoergic electron-transferreactions
havesupportedthese expectations:theactivationcrier-
gies were substantialand constant.A contraryexam-
ple has now been found in cis-2-(4-biphenylyl)-7-(2- cis-2,7BDN
naphthyl)transdecalin (cis-2,TBDN) in which both
substituentsoccupy axial (ax) positions, at room temperature.These resultswere obtainedin

The tem_ dependenceof ETin the anionof 2-methyltetrahydrofuranfrom -100 to 28 °C. Nothing
this molecule was of interest because a small solvent in electron-_ransfertheoryled us to expect thisbehav-
reorganizationenergywas expecteddue to the proxim- ior. Two generalexplanationsseem conceivable.One
ity of the biphenyl and naphthylgroups,which are in is that the electronic coupling is not constant, but
a nearlyparallelconformation.The observedtempera- changes with temperature due to direct interactions
ture dependence was surprising: the Arrheniusplot between the biphenyland naphthyl groups.The other
was strongly curved.The activationenergy is large at is that the solvent reorganization energy is strongly
temperaturesapproaching-100 °C butbecomes small temperaturedependentdue to serious failures of the

*Collaborator from another ANL Chemistry Division group.
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dielectriccontinuummodel ofsolventreorganization, 3. Internal Reorganization Rnergies of
whichneglectsthemolecular size andshapeof the sol- Rotation J. R. Miller, B. Paulson, G. L. Closs
vent molecules. To obtain more informationwe will

measuretemperatmede_ to higher temperatures Molecular orbital calculations have provided
and use molecularmodelingto examine thequestions estimates of internalreorganizationenea'giesfor sev-
of whetherone solvent molecule can fit between the eral donor/acceptormolecules. Forbiphenylyl, which
biphenylandnaphthylgroupsandof whetherthermal has been ourfavoriteelectron-donorgroupbecause its
ejection of that solvent molecule might be anion is a strong electron donor and has excellent
responsiblefor theunusualtemperaturedependence, spectral features,the calculations have suggested the

presence of an internal twist. The dihedral angle
2. Calculation of Blectmn Tunneling between the two rings in the biphenyl group is about

Pathways J. R. Miller, L. A. Cm't/ss, 40° for the neutral molecule, but only _bout 15° for
C. A. Na/eway, A. F. Wagner the radicalanion. This structuralchange gives rise to

an internal reorganizationenergy that could have a
Calculations of electronic couplings for long- substantialeffect on the energetics controlling elec-

distance electron transferrequire knowledge of the tron transfer.We, therefore, replaced the biphenyl
tailsof molecularwavefunctions.Importantquestions group with its planar analog, the 9,9'-dimethyl-2-
of how to adequatelycalculate long-rangeinteractions fluorenyl (2F) group,in molecules thathave naphtha-
must be clearly resolved to approach experimental lene as the acceptorandeither 1,4-cyciohexane(C)or
puzzles suchas thoseoutlined i: sections below. Last the steroid3,16-andmstane(S) as the spacers.For the
year, applicationof a new method forab initio calcu- 2F group, the interringangle is 0° for both the neu-
iationof pathways for transmissionof electroniccou- Iral molecule and the anion, so no reorganization

plings throughmolecular material led to the conclu- energyof twistingis expected.
sion thatlong-range interactionsare importantdue to
pathways that "skip" over one or more bonds.
Because the tailsof wavefunctionsaffect mostmelee- t _ _, _,,,g_l_ /
ularwopenies only weakly, they are not well deter-
mined in presentelectronicstructurecalculations_

One approach to this problem is to study the
effect of thesize of the basis set used in the electronic The electron-transfer rates to naphthalene for
structurecalculations. We have performedab initio anions of the molecules 2FCN and 2FSN in tetra-
HF-SCF calculations to determine the electroniccou- hydmfuran_ were increasedby a factorof about
plings between twoCH2, radicalsconnectedby planar five relative to ratesin the correslxn_ng biphenyl(13)
zig-zag (extended)saturatedhydrocarbonchains from derivatives. Inasmuchas this change is not expected
butane to octane. Increasingthe basis set from STO- to affect the electronic coupling, the increased
3(3 to 3-21G, 6-31G, 6-31G*, 6-31G **++ showed electron-uansferratesimply an internalreorganization
thatthe _.ncreasingsophisticationof the basis sets did energy of twisting in biphenyl of 0.1-0.15 eV. This
not have any substantialeffects on the computedelec- result is in verygood agreementwith the amount cal-
tronic couplings past the 3-21G level. Although the culated by semiempirical molecular orbital theory
basis sets may notbe similarlyadequate in ali cases, using the AMI Hamiltonian.The internalreorganiza-
ourresultsdo imply thatpotentially serious errorsare tion energy of twisting in the biphenylyl group is
not being made in the present application. The thenpredictedby theory and verified by experimentto
methodology forcalculations of superexchangepath- have a substantialeffect on El" rates. Previous inter-
ways from the Hartree-Fockresults has been exam- pretationsof rate vs. AG° data for a series of com-
ined. Comparisonsof two different types of localized pounds containing the biphenylyl group were fitted
orbitals,the NBO (naturalbond orbitals)and NLMO withoutconsiderationof such a reorganizationenergy,
(naturallocalized molecularorbitals), indicatedthat and it will be necessary to correct the previous sol-
the pathways constructedfrom the NBOSgave some- vent reorganizationenergies.
what betteragreement with the SCF calculationsthan
did theNLMOs.
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4. Effect of Symmetry on Electron,- When pulse radiolysis was used to attachan electron
transfer Rates 1. R. Miller, B. Paulson, to the biphenyl group, the observed electron-transfer
G. L. Closs rate (preliminary result) is about 2 x 109 s-1. This

molecule has the unique ability to complex an ion

The highly symmetric anionic 9-fluorenyl group between the donor and acceptor group. With a Na +
participates in fast electron-transfer reactions. Unlike ion complexed inside the crown, the electron-transfer
the anion, the wavefunction for the cation is anti- rate increases to greater than 1010s"1. Although the

symmetric about the point of attachment to the structure has conformational flexibility, which

cyclohexane: for every MO coefficient in the upper enhances the rates, its importance is not clearly under-
half of the 9-fluorenyl (9F) group in the picture, a stood at this time. Our preliminary interpretation of
symmetrically related atom in the lower half of the the result is that the sodium ion does not substan-
9F group has an equal and opposite MO coefficient, tiaUypromote electronic coupling by superexchange.

J. R. Miller, P. Piou'owi_

Electron-transfer reactions in synthetic chemistry,

9F electrochemistry, or in energy conversion often occur

Therefore, in the positive ion of the molecule 9FCB in ion pairs, in which an inert counterion neighbors a
containing a spire 9F group bound via the 1,4..eyclo- radical ion. lt is clear that in salt-free solutions the
hexyl spacer to a biphenylyl (B) group, the carbon pulse radiolysis technique produces free ions. Our
atoms in the left half of the spacer group should, by approach has been to study first the simpler process

symmetry, have no interaction with the 9F group, so of electron transfer in free ions, and to use the infer-
through-bond interactions would have to occur with- mation that can be obtained in this way as a basis for
out the help of those atoms, as is schematically indi- understanding more complex systems. We anticipated
cated in the right half of the picture where those that ion pairing might have substantial effects on the
atoms are omitted. In the strict through-bond picture rates of weakly exoergic intramolecularelectron-trans-

in which coupling interactions pass between adjacent fer reactions because motion of the cation would be
bonds, the electronic coupling would be zero. The required for electron transfer tooccur. Accordingly, we
observed rate, however, is not reduced. We believe have measured the effects of salts on the rate con-

that the electronic coupling that keeps this rate high stants for intramolecular electron transfer in the
will be understood in terms of the idnds of "skipping" biphenyl-cyclohexane-naphthalenestructure.

pathways discussed last year, although it seems very

surprising that no reduction in rate can be detected. _ " M. _ M. ,_
We intend to explore this quantitatively with pathway
calculations in FY1993.

Current measurements show that inert salts can

5. Superexchange Through Metal Ions decrease the electron-transferrate constant by as much
Between Electron Donor and Acceptor as a factor of 1000 for this weakly exoergic
Groups J. R. Miller, 7'. lyoda (AGO= -0.06 eV) electron-transfer reaction. The

cations used ranged from Li+ (0.6 A) to tetraoctyl-

In the molecule shown, a biphenylyl group and a ammonium (4.4 A). Cations that have larger radii
nitrobenzene group are attached to a [2,2] crown ether, caused larger decreases in the rate (see Figure II-1).

The effect of cation size is contrary to our expecta-
o tions. Smaller cations such as Li+ would be expected

_o to bind more strongly to the aromatic radical anions
of biphenyl or naphthalene due to the stronger_N

_ ''f _i __" _ J I" _ ° _" Coulomb force of the merc concentrated charge in
small ions. Consequently, the smaller ions would be
expected to cause larger decreases in the ET rates.
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That the opposite occurs maybe rationalized, in part, To help understandsalt effects on ET rates, opti-
as a consequence of a competitionbetween solvation cal electron-transfer(OET) spectra were observed for
of the cations and ion pairing with the aromatic the anion of the symmetric difunctional molecule,
anions. Small cations may be very strongly solvated dihydropcntacene.
by the THF solvent molecules so that they pair less

strongly with anions. _T Y "_ "_ "_

INTRAMOLECULARET RATE REDUCTION
vs. CATIONRADIUS These spectracontaintransitionsfor transferof an

I I I I I I
electronfromonenaphthylgroupto the other.The

Neat THF maximumof theOET bandis in the infraredregion
with a maximum at. a wavelength longer than100 ,-
2000nm in THF. Whenthe naphthaleneanion(N-)Continuum limit, dielecltic constant., -

,,, in thismoleculeis pairedwitha Na+ or a tetrabutyl-
l Os ammonium+ ion(NB_), theopticalelectron-transfer

_o band shifts to the blue, because ion pairingstabilizes
gLi" the N'. The much larger shift in the case of the

"_lO7 gNa" sodium indicates that Na+ pairs more strongly with
N" than does NB_. This is opposite to the trend

,,,_I_(TM)A" observedin theET rates, in which sodium caused a
0e II-

TBA"_LI'OA* O smaller decrease in ETrate thandidNB_. This new
1

TOd_ information tells us that the larger reduction of ET
rates causedby ion pairing with NB_ is not due to a

lOS"! I I I strongerion pairingwith NB_ than with Na+, which0 1 2 3 4 5 6
mighthavebeen understoodas strongsolvationof

R (A) Na+ by THF, so that it is effectively the larger ion.
FigureII-1. Intramolecularelectron-transferrate as a The observationthat large cationsreducethe ET rates
functionof cation radius, more than small ones is still a mystery.

B. Energy Conversion in Microheterogeneous Systems
D. Meisci, C. Luangdilok, D. Yogev, M. S. Matheson, P. Mulvaney, F. Gricser, D. Lawless, IV.Scrpone

The design of a system to use light energy to parametersthatgovern the physical propertiesof such
producefuels or other valuablechemicals will require systemsand the rate and efficiency of charge transfer
some microorganization of a large numberof func- to/fromthese particles are not well understood. We,
tionalities. These functionalities will include light- therefore, study the detailed mechanisms that control
harvesting antenna,cascading unidirectionalcharge- these processesin an effort to providea rationalbasis
transfer moieties, and catalytic entities ali prearranged for the design of energy-conversion devices. The tech-

in an optimal microenvironment similar in principle niques utilized in this program include the linac facii-
to the organization in the natural photosynthetic ity in conjunction with laser flash photolysis and
apparatus. Our program investigates the potential time-correlated single photon counting techniques for
application of microheterogeneous assemblies in the the study of charge transfer andphotophysicaldynam-
design of photochemical energy conversion systems, ics in these systems. Electron microscopy, electron
In recent years, the program focused on solid particles diffraction, and a variety of colloid chemistry tech-

and the solid/liquid interface of colloidal aggregates, niques are used to characterizethe microheterogeneous
These particles were shown to be effective in many of systems and the interfaces involved.
the stages required for energy conversion, but the
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This year, the program focused on the photo- Two distinct modes of attachment of the func-
physical propertiesof size-controlled, capped, small tionalized thiolates to the particles were discovered:
chalcogenide semiconductorparticles.In the past, we covalent binding and physical adsorption.The latter
have shown that the evolution of chalcogenide parti- dominates when inert thiols occupy the majority of
cles can be initiated by using radiation chemistry binding sites. The different absorption spectra of
techniquesthat allow controlof the resultantparticles nitrothiophenolbound to CdS in these two modes is
over a broad range of particle sizes. This year, the shown in Figure II-2. The ratio between the two
same methodology was applied to several transition modes of bindingcan be controlled by manipulating
metal chalcogenides with a variety of capping thiols thz, ratio of the two thiols, the inert thiol (RSH in
at the surface of the latter particles. In an effort to Figure II-2) and the functionalized thiol (NTP in
understandthe mechanism by which band-gapexcita- Figure II-2), during the particle synthesis. In both
tion of transitionmetaloxides leads to efficient oxida- cases, electron-transferquenchingof the particle fluo-
tions, we were able to show thatdirect hole scaveng- rescence was observedas describedbelow.
ing by water molecules or organic substrates is a
majorpathway in these light-inducedoxidations.

1.4.

1. Size Control and Surface Modification ta. [_]

In previous years, we developed techniques to t_ ( 'stp _r_| .ca
0.8. CdJ-P.SH-N'I_synthesize chalcogenide particles, primarily CdS, of

weil-defined and a prioricontrolled sizes. The size _ o_.
control is achieved via a competition between H:S o.,"
and thiols (RSH) for cadmium ions at the surface of ez
the growing particles. The effort this year focused on

modificationof the surfaceof these particleswith var- o_., , , ,
ieus functionalities. Several long alkyl chain thiols ase 3oo 3_o 4oo ,_o see sso mx,m
were tested for their ability to control the growth of
the particles. It was found that the alkyl chain length, az. "lt

in the range of C3-C12, is not important in this
regard. Yet the resultant particles are now coated with v_
a highly hydrophobic layer. These particles can be t.5-

separated from the colloidal solutionas solid powders _ c._ -__

and can be redissolved in nonpolar solvents. Despite ¢ tz-

the extensive manipulation involved in the coagula- _ "._r---.--- C.,_S-STr
tion of these particles, their absorption and fluores- c,_ma,_m_,'_,_.'",,,,
cence spectra and their size and size distribution are o.s- L _'" '_ ,_,,

maintained. In addition to their growth-controlling _ ,, _ ,, 4 .,._,'-., ,, _ _ _. "
effects, the thiols also stabilize the particles against o.o." .... _ _ -__:_""-'"'-'"="'""-'"'-""
anodic photocorrosion. Removal of the caps by 250 30_ 3_o ,_ 4._" s_ s_o de
extensive dialysis and replacementwith inch stabiliz- k m

ers (e.g., hexametaphosphate) lead to rapid deteriora-
tion of the sol during photolysis. Organic electron Figure 1I-2. Two modes of size control and surfacemodification.A (top): Absorption spectra of CdS, size
donor/accepters (e.g., nitrothiophenol, thioquinoline) controlled by 1-hexanethiol(RSH)and surfacemodified
as well as inorganic functionalities (e.g., Cd 2+ or by nitrothiophenol (NTP). The absorption spectrum of

Ni2+ bis-dithiolates) could easily be attached to the CdS-RSH-NTP minus CdS-RSHis identical to that of
NTP. B (bottom):Absorption spectra of CdS, size con-

particles. Ali of these substances are able to control trolled and surface modified by NTP. The absorption
the size, in a similar way to the inert thiols, spectrumof CdS-NTPminus CdS is identical to that of

the Cd(II)-NTPcomplex.
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2. Electron Transfer From Excited donors.Nonetheless, trapsforcarriersdo exist in par-
Particles ticles asevidenced by the red emission that we invari-

ably observe from these particles.
The organic accepters such as nitrothiophenoi

efficiently quench emission from the particles. Much - An

of the quenchingoccurs on time scales faster than the _ uJ_m_l-a.a
resolution of our presentequipment. This process is Triphmiylmm-t.96
believed to involve transfer of the electron prior to its
trapping in defect sites and in competition with the /_ =="="_ lP_lnmmoBiphenylene-l.$11-1.711
trapping process. Fluorescence quenching via the

transfer of trapped carriers is also observable and its t.2s-
dynamics could be studied. The rate of transfer of the
trapped electron to the acceptor was found to depend
on its energy level. Electrons in shallower traps are _u,

_ 1._
transferred faster than those in deeper traps. The for-
mation of the radical ion that results from this

quenching has been verified by flash photolytic o.7_
observation of its spectrum, which was essentially
identical to the spectrum obtained from the pulse

radiolytic reactionof e[tq with the acceptor. In those o._ =---,--. 9-Plnormw -0.40
cases where neither charge nor energy transfer is pos-
sible, that is, when inert thiols are used to control the ----- za-,_.mut-m,m,qum,_-o.3t

size, the quantum yield of fluorescence from the patti- o._.

cles increases substantially.This was shown to arise r_vt_ --- u_-n=,_,=,..oas
from a decrease in the rate of nonradiative decay mt,, __ v,mam,_=_**-oao
modes in the particles. Because these nonradiative - o.o B,,,_qm,n,,-0.09
decay modes involve recombination of charge carriers

trapped in various defect sites (in particular, surface Figure 1I-3. Redox potentials of organic radical ions
(against NHE) and the position of the energy levels of

states), it is believed that the bound thiols contribute the CdS particles. Valuesfor the radicalions (shownin
electronic charge to some of these traps. Once these figure)arecorrected for the Nernstfactor.
traps are filled, trappingat these sites is preventedand
the quantum yield increases.

4. Radicals at the Surface of the Panicles

3. Electron Transfer to the Particle
The radicalions of the functionalizedthiols could

' Nanometer-size CdS particles were preparedin be generatedby eitherpulse radiolysis or flash pho-
THFby the method describedabove andwereallowed tolysis as describedabove. The chemicalpropertiesof
to react with a series of organic radical ions. The these radicals,however, are notably altered from those
redox potentials of these radical ions span the range of in the solution. Figure II-4 illustrates the effect of
-2.10 to -0.1 V, from well above the conduction band surface binding on the lifetime of the radical anion of
edge to deep within the band gap of the particles, as nitrothiophenol (NTP). Clearly, the lifetime at the

illustrated in Figure II-3. Surprisingly, in ali these surface is much longer than for the free radicals. Two
cases the rate of electron transfer from the radical ions main causes were identified for the increased stability
to the particles was at the diffusion-controlled limit of the radicals on the surface. First, the availability of
(1.7-5.0) × 10-11 M-1 s-l). This observation indi- radicals and parent NTP molecules close to one an-

cates that the Fermi level of the particles must be other at the surface inhibits their disappearance. The
located at least 0.8 eV below the conduction band. radicals in solution disappear by dimerization with the

For the intrinsic semiconductor, the Fermi level is at parent molecule (reaction 1) followed by dispropor-
mid-gap, ca. 1.0 eV below the conduction band. The tionation (reaction 2). The scarcity of mobile mole-
particles are, therefore, essentially free of impurity cules and radicals at the surface inhibits these



41

reactions substantially. Second, the surface potential

changes the local pH by approximately two units, o.to h__.,/fn_
Consequently. proton transfer to radical ions

(reactioh 3) is reduced significantly. Because dispro-

portionation of the radicals proceeds faster for the neu- o.0s - t . - ..

tral species, their stability increases. Changes in the

acidity of the radical ions and their redox potentials I]V '_ t .,,, ,. • ,vv_...ms[
also impact this chemistry. 0.06- I

o

NTP"+ .- (1)
0.04 =

2NTP" -- PP. (2)

NTP- + H+ -" NI'PH (3) o.o2.

0.00
I I I I I
0 1 2 $ 4

TIMBxlO s , see.

Figure 11-4. Effect of surface binding on the stability
of the radical ion of nitmthiophenol. Dotted curve -
free radical ion in solution. Solid curve - radical ion at
the surface of CdS.
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42

RADIATION INDUCEDGROWTHOFMICROCRYSTALL_
D. Meisel
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D. Meisel
Proceedings,Symposiumon "ElectronicandIonic _ of Silver Halides",44rhAnnualConferenceof the
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COLLABORATIONS

IV.SerlxTne,ConcordJaUniversity,Montreal,Canf_
OurcollaborationwithSerponeand his students focusesontwoaspectsof theoxidativecyclesinphotoinducedredox
processesincolloidalsemiconductors:identifyingthemechanismsof photooxidationmetal-oxidecolloidalparticles
andcontrolof lhc spectralresponseandcharge-carrierrecombinationratesin TiO2 particles.We utilizethelinac
facilityandlaserflashphotolysis/single-photoncountingtechniquesinthesemechanisticstudies.

F. GricscrandT. Hcaly, Universityof Melbourne,Australia
In thiscollaborationwiththeUniversityof Melbournegroup,thepulseradiolysistechniqueis utilizedtoquantita-
lively delineategeneralmechanismsof chargetransferto/bom transitionmetal-oxidecolloidalparticlesof well-
definedcrystalstructure,morphology,andsurfacecompositions.The interactionofeleclrondonorswiththesurface
of the particles is studiedusing pulse-radiolyticallygeneratedmdieals in an effort to understandthe parametersthat
controltheir rateof reactionwith the particles.

E. Pelizzetti, University of Turin, Italy
E. Borgarello,Ehi Research Center, Enin'ccrche,Milan, Italy
This three-prongedcollaborationconcentrateson the growthof noble-metal and metal-oxideparticles initiatedby
radiationchemical techniques.The growth is studied by conductivity,absorptionandemission spectroscopies,and
light scattering.The reactivity of the small clusters, during the growth process, is studiedby a linac-laser synchro-
niT_l system. The mechanisticaspects of their applicationin photoredox systems, primarilyin photodegradationof
pollutants, is explored using flash photolysis.

D. Mcycrstcin, Ben Gurion University, Israel
J. Espcnson, Iowa State University, Ames
The role of metal-carbonbonds in catalytic processes has been recognized for a long time, yet only a few of the
reactive intermediatesinvolved in the formationand dissociationof suchbonds areknown. In this collaboration,the

formationof carbon-transitionmetal (primarilyCr(lll)) bonds is studiedusingpulse radiolysis.

S. isled, Rutgers University, New Brunswick, NJ
We will attemptto measurerates of electrontransferinbinuclearmetal complexesseparatedby aminoacidspacers.

C. A. Naleway, American Dental Association Laboratory, Chicago, IL
Methodsarebeingdevelopedto calculatelong-distanceelectronic-couplinginteractionsforelectron-transferreactions.
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The Photosynthesis and Solar Energy Conver- sis, have been synthesized and also probed by fem-
sion Groupseeks to understandthe ingredientsthat tosecond spectroscopy and time domain EPR. The
control rapid, efficient, long-lived photoinduced detailsof photon-drivencharge separationhave been
charge separation. Our investigations emphasize a examined in bacteria as well as in green-plant sys-
quantitative,molecular-levelunderstandingof mural tents. A rathercomplete theoretical understandingof
and artificial photosynthesis, associated electron- spin dynamics and associated spectroscopy has
transferreactions, and photochemistry.The crucial emergedfromourstudiesof radicalpairsgeneratedin
foundation for the proper understandingof photo- the bacterial reaction center. Finally, a recipe for
inducedelectron transferrests on ourdetailed three- understandingthe initialact of photosynthesisis sug-
dimensional structureof the reactioncenter.Ultrafast gested throughthe studiesof bacterialreactioncenters
photochemistryis experimentally exploredby femto- modifiedby site-directedmutagenesis.These focused
second optical spectroscopy and time domain EPR. projectsof the photosynthesis group have resultedin
Varioussynthetic chemical models, including special working artificial systems as well as in a more
andunuluesystems mimickingartificialphotosynthe- detailedunderstandingof chargeseparation.

A. Studies of Bacterial Photoreaction Centers

_. R. Nom_, M. K. Bowman, L. C_cn, II. L. C_pi, L Tang, ,VI.C. T_urna_er, D. M. T_ode,
NI. R. Wasielewski, U. H. Smith, D. Hanson, P. Thiyagarajan,NI. Schiffer, T. DiMagno, Z. Wang

1. Control of Photochemical Pathways and ine the role of the protein in the reorganization
Assembly of Photosynthetic Strt_ctures reactionsthatarerequiredto activate thisreaction.
D. NI. T/ode, P. Thiy_garajan,J. R. Norris The formationof the QA and QBanions produces

distinctive optical absorptionshifts of the reaction-
This project examines the mechanisms for con- center bacteriochlorophyli and bacteriopheophytin

trol of reaction pathways in bacterial photosynthesis molecules in static, photochemicaily trapped PQ"
by proteinenvironments.One highlightthis yearhas states. These shifts can be understood as a through-
been the detectionof proteinrelaxationprocessesfol- space electrostatic interactionbetween the transition
lowing quinone reduction in reaction centers of moments of these molecules and the electric fields
RhoOobacter capsulatus. The thermally activated, associated with the quinone anions. One intriguing
microsecond-time-scaleelectrontransfersbetween the feature is thatQA"and QB"induce characteristicbut
two reaction-centerquinones,designatedQA and QB, different absorbancechanges despite the structural
provide a useful contrast to the activationless, pico- symmetryof the reactioncenter.
second-time-scale primary reactions. The quinone In this work,we havemeasured the time-resolved
electron-transferreactionsarebeing studied to exam- electrochromic shifts of the bacteriochlorophylland
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bec_ytin molecules associatedwiththe for- region. In contrast, the most prominentchange pro-
marion of the quinone anions in the reactio, center, duced by the formationof QB"is a red-shiftcentered
These experiments provide a vehicle for measuring at 750 nm that can be assigned to the photochemi-
the electric field propagation through the reaction- tally inactive bacteriopheophytin,BphB.QB"is seen
center protein, and identify reorganizationwocesses to cause only minorperturbationsof the other chro-
thataffect this propagation, mophores.

The optical absorbance changes associated with The strongerperturbationof BphA by OA"and
the formationof the static I_A" and PQB"states in BphB by QB"makes intuitivesense because thecrys-
Rb. c_muMtus reactioncentegsare shown in the top tal structuresshow thateach quinone is closely asso-
portionof Figure III-1. The most prominentchange ciated with a single bacteriopheophyrin. However,
producedby the fot_mmtionof QA"is a red-shift of a there is no obvious structuralfeature to explain the
transition centered around 760 nta. This can be difference in perturbationof the bacteriochlorophyll
assignedto thebectegiophoophytin,designatedBphA, absorptions by QA" and QB" in light of the nearly
thatfunctions as an elecuronacceptorduringthe wi- equivalent positions of the quinones with respect to
ma_ reactions. Additional shifts are also seen for a the bacteriochiorophylls. In this project we have
bacteriochlorophyil transition, centered around found an explanationfor these anomalies by measur-
815 mn, and for the special pair in the 850-900-nm ing the time-resolved spectra associated with the

quinoneanions.

PQ" - PO Spectra The static spectrashown in Figure III-1 predict
"Wild-Type" Rb. capsulatus Chromatophores that electmntransferfromQA"to QB shouldbeaccom-

.. paniedbyabsm_on changesshown by thedifference
spectrum in the lower portion of this figure. Dif-

" ferencespectrarecordedduringtheOA"to QBelectron
transferareshown in Figure 111-2.The QB'-QA"dif-

I|

ference spectrummeasured 100 ps following excita-

lO tion diffev_maAedlyfromthatpmdictedinFigure11I-1.

o-ii P.O'nmm" P*QA" Spectrum, "Wild-'P41_" Rb. clq_mlattm ChromiitoOhomm

• I0 .... I .... ! .... l ! 12 ! n_,

: "m,g.=. ©

QB" " QA" z • ", ,'".,,.
_ • o
< 4, •

'" -so Legend
/ II 100 #s

-$ii .... :_ o 1.8 ms
-Iii , ' • I .... I .... I • • ' 700 760 lO0 ii50 000
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wavelength, nm
Figure Ili-2. Transient QAQB"QA'QB difference spectra

Figure m-l. Difference spectra associated with quinone in chromatophores of Rb. capsulatus. The spectrum
reduction in Rb. capsula_us. The top portion of the marked by the filled squares is the difference between
figure shows the absorbance changes measured upon the absorbance of the P+QAQB" state measured at 100
the static reduction of QA, m, and QB, Q. The lower ;ts following laser excitation and the initial P+QA'QB
portion of the figure shows the difference between state, measured at 2 gs. The unfilled squares mark the
these two spectra. This is the predicted speclrum of the absorption difference between the P+QAQB" state mea-
abszrban_ changes expected to accompany QA" to QB sured 1.8 ms after laser excitation, minus that of the
electron mmsfer, initial P+QA'QB state.
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Only the bacteriopheophytin absorption bands are The time evolution in these spectracan be inter-
seen to respond promptlyto the electron transfer from preted asdue to a charge reorganization in the vicinity
QA"to QB. This is also illustrated by the absorption of quinone anions that leads to a stabilization of
transients measured at single wavelengths, shown in charge and attenuation of the electric field propagation

Figure I11-3. through the protein. The pH dependence of the relax-
In contrast to the prompt response of the bacteri- ation kinetics in the bacteriopheophytin bands

opheophytin absorption bands, the eleetrochromie implies that at least part of the quenching mechanism
shifts of the bacterioehiorophylis are initially un- involves proton transfer. In addition, variations in

affected by the electron transfer from QA" to QB. this relaxation phenomena in reaction centers contain-
These results suggest that initially both quinone ing mutations at single amino acid sites suggest it

anions produce equivalent absorption shifts on the may be possible to identify the involvement of spe-
bacterioehlorophylls, as expected from the reaction- cific residues in the relaxationprocess.
center structure. However, following the formationof
the P+QAQB" state, relaxation processes with a 2. Investigation of Artificial Photosyn-
response time of about 400 ItSare found to attenuate thesis Using Unnatural Photosynthesis
the electrochromic shifts in the bacterioehlorophyll- J. R. Norris, L. Chen, H. L. Crespi,
band region. A similar relaxation is seen for the G.R. Fleming, T. DiMagno, D. Hanson,
P+QA" state when its lifetime is extended by blocking M. Schiffer, U. H. Smith, A. Wagner
electron transfer to QB. However, the quenching of
the electrochromic shift is found to be greater for OB" Recently, we have addressed two major issues of

than OA'. the primary events of photosynthesis: Why is only a
single side (the A-side) of the highly C2 symmetrical
reaction center active? How does the electron get from

the special pair donor (P) to the bacteriopheophytin

acceptor (HA)? To probe these questions we have ex-
plored the correlation between the reduction potential
of the primary donor and the initial charge-separation
rate measured by femtosecond spectroscopy in a series

"Wild-Type" Rb. capsulatus Chromatophores of mutated reaction centers from Rb. capsulatus.
Differences remaining after subtraction of 860 mm kinetics A usual method for determining the rate of

e-..............._ 760°m photoinduced electron transfer in the primary events
'_-_"_"'_--'--" of photosynthesis is via the lifetime of the excited,

singlet state of the primary donor, P*. Most determi-nations of this lifetime are based on stimulated emis-
815 nm

sion, and are interpretedwith a singleexponential
process.In this survey,usingimprovedsignal-to-

_ 1 noise, the lifetime of P* as measured by monitoring. . o.oo2_A either stimulated emission or spontaneous emission

is never characterizedby a single exponential process.That the decay of P* is not a single exponential

780,,, process complicates the interpretation of the primary
events of bacterial photosynthesis. Is the data bi-

exponential, multiexponential, stretched-exponential,
or another possibility? Here we treat the decay of P*

as a biexponential process. Additionally, the possible
origins of the nonsingle exponential decay must be

Figure 11I-3. Absorbance transients remaining after contemplated. At least four following possibilities
subtraction of the decay kinetics for P+, measuredat exist: (1)incomplete vibrationalrelaxation after exci-
860 rim. These traces show the kinetic components
that are present at selected wavelengths,but absent in tation, (2) sample heterogeneity, (3) intrinsic nonsin-
the 860-nra transients, gle exponential decay, and (4) undoubtedly, to some
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extent, coexistence of the three previous classifica- reaction centers, the free-energy gaps GOVT) and
tions. G(Mutant),respectively, between P* and the initial

Currently,differentiatingamong the various pos- product,perhapsP+BHA,can be approximatedby the
sibilities is premature. Instead, in this survey the following equations:
consequencesof assumingthat the observeddecay of
P* is an intrinsic biexponentialprocess arising from G(WI')= -ED(WT)+ EA(WT)+ Ec(WT) + Gp,(W_

homogeneous reactioncenters,thatis, case (3) above, (la)
is discussed. Additionally, the correlation between
reduction potential of the primary donor and the G(Mutant) = ED0dutant)+ EA(Mutant)+

reactionrateof the primaryevent is explored. Ec(Mutant) + Cp,(Mutant), (lh)
To examine the nonsingle exponentialdecay, we

have investigated a series of symmetry-related where,in equationla, ED(WI') is the reductionpoten-
mutantsof Rb. capsulatusby assuming thatthe wild- tiedof the donor,EA(WT) is thereductionpotentialof
type Rb. sphaeroidesR-26 reaction-centerstructureis therelevantacceptor,Ec(WT) is a Coulombiccoffee-
an accuratemodel for the mutated,reaction-centerpro- tion factorandGp,(WT) is thefree-energyoffset from
teins of Rb. capsulatus. The manipulations of the P*. Because the optical spectrum of P is virtually
amino acid sites L181 and M208, related by C2 unchangedby the mutations,therelativeenergy of P*
symmetryas shown in Figure III-4,producemodified is assumed not to be changing with the mutation.
chemical kinetics for the initial charge-separation Equation lb, the same as equation la, is written
event. Because the L181 group,located primarilyon explicitly formutatedreactioncenters.
the inactive B side, has almost the same effect in Previously, we have documented that the major
altering the chemistry as does the M208 moiety on effect of the M208 and L181 amino acids is not on
the activeA side, we have also assumed thatthe dom- the acceptorsbut, by default, on the special pair.Con-
inant role of these two sites is via the special pair. sequently, the effect of both the M208 and the LI81
Finally, we assume thatthe mutations create no sig- sites on BA and HA will be neglected such that only
nificant structuralmodifications for influencing the the reduction potential of the donor changes (i.e.,
electron-transferrates. EA(WT)_ EA(Mutant))andEc(WT) ---Ec(Mutant)).

In order to explain the kinetic differences pro- By subtractingequationlb fromequation la, the free
ducedby these mutations,we have correlated electron- energycan be expressed solely in terms of the reduc-

transfer rate with the free energy of the initial chem- tion potential of the donor and the energy offset from
istry by measuring the reduction potential of the pri- P*, Gp,, as described in equation 2b,
mary donor in the dark. In wild-type and mutant

AG(Mutant) - G(WI') - G(Mutant) =

-ED(WI3 + ED(Mutant) + Gp,(Mutant) - Gp,(WT)

(2a)
or

fiG(Mutant = -ED(WT) + ED(Mutant) + GO, (2b)

_ where Go - Gp,(Mutant) - Gp,(WT) is a reference
free energy. In other words, the absolute free energy
for either wild-type or a particular mutant reaction

-_\ center is not needed, only the difference in the reduc-

tion potential between the donor in wild-type and the

donor in mutated reaction centers. Finally, by assum-
ing that the reorgan_ation energy,_,,and the electronic
matrix element for electron wansfer,V, are independent

of mutation, a Marcus parabola correlates reduction

Figure III-4. Rb. sphaeroidesR26 reaction.center strut- potential to the log of the rate based on equation 3
ture with the C2 related residues phenylalanine L181
(left) and tyrosine M208 (right) along with the other Inasmuch as the experimental data accurately fits a
chromophores.The active A side is on the right, parabola the assumptions appear to be reasonable.
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xi 4kBT_L }2]/ As shown in Figure III-5, the logarithm of the

2x {AG(WTorMutant)_, rate versus the measured reduction potential of the
k - 1/2 V2e "dark"donorspecialpaircanbe describedratheraccu-

fi(4nkBT) J rarely by a parabola. A variety of theoretical
(3) approacheswill result in such a parabolic relation-

Ten different reaction centers have been con- ship. For simplicity of interpretation,we have used
the simple, nonadiabatic electron-transfertheoryof

structedandmeasured.Thus, we have 10equationsto
determineonly four parameters(G(WT), GO,_,,and Marcus.
V). Given these four parametersand the measureddfr- The correlationin FigureIII-5whendescribedby
ferencein reductionpotential, the rateof any reaction- Marcus theory gives a GOVT)for wild-type reaction
center mutant can be estimated. By definition, GO centers of Rb. capsulatus of approximately 50 cm1.
will represent the offset in free energy between the Not as evident, but perhaps more important, the
putative intermediate state and P* in wild-type apparentlow-frequency reorganizationenergy, _,, is
reactioncenters.

Rate constants and redox potentials for 10 10
reactioncenters,includingwild-typeRb. capsulatus,
arepresentedinTableIlL 1. In mostcasesthat have
been probed by both stimulated and spontaneous 1 oFH

emission, the fast component of the spontaneous [__ "*-YYITY

emissionagreeswith the single rate constantby _ °.1 _ i!!i! i !!!! !!!i!! !!!! Istimulated emission reported in the past. The redox : !!!! i ! i _ EY

potentials were determined chemically with a potas- o.oi 1!!!::!!!!! i _::!: [ !!!!!!_:!!!:!!! !:!!;!:!!:!!!:l = _slum ferricyanide/ferrocyanideredox couple.The state

of oxidation of the special pair was monitored by 0.001 __i!:[ o TT

optical absorption spectroscopy.Thereference poten-

tial forTable III-1 is the standardhydrogenreaction. 0.0001
Typically, reproducibilitywas better than +5 mV and .400 .200 0 200 40o
the valuedeterminedfor wild typeis in reasonably REDUCTIONPOTENTIAL(cm")

good agreement with other laboratories.Experiments Figure III-5. Experimental rate versus reduction
are in progressto establishthe accuracyof the reduc- potentialforreactioncentersfromRb. capsulatus.Left
tionpotentialsreportedin TableIH-I. letter= L181.Rightletter= M208.WT = wild type.

TableIII-1. Kineticand redoxproperties.ofmutatedreactioncenters.
mutation lifetime ps lifetimeps redox potential

., inactive-active /fastl % (long) , % (mV)
Phe-His 3.7* 466

Tyr-Tyr 2.3 x 84.4 10.5 15.6 477
Thr-Tyr 3.2* 476
Glu-Tyr 2.8' 485

Tyr-Phe 3.5x 59.5 24.2 40.5 497
Phe-Tyr(WT) 2.7x 72.3 11.1 27.7 502
1H sphaeroides 2.7'¢ 80.8 12.1 19.2 530
2H sphaeroides 3.2 x 82.6 16.5 17.4 ---
Lys-Tyr 4.2* 509
Phe-Phe 5.4 x 53.3 40.0 46.7 513
Phe-Thr 10.0x 38.0 70.0 62.0 518
Thr-Thr 8.0* 51.8 56.3 48.2 527
*Measuredby stimulatedemission.
ZMeasuredby spontaneousemission.
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=100 cm "1 or less, that is, extremely small. Within P* B H __ t'l
the confines of our assumptions, the small reorgani- A A
zation energy suggests that an explanationother than

simple Marcustheory maybe needed. As one alterna- -1 P + B A"five, the electron-transfer process may involve a HA
nearlydegeneramintermediatecharge-separationstate
in resonancewith P*. For example, if the intermedi-
ate is operatingpartiallyvia the supcrexchangemech-
anism, then the relevant superexchangeenergygap is
close to zero. Consequently, the maximum of the

parabolicrelationshipshownin FigureIII-6wouldbe
enhancedby a resonancephenomenonassociatedwith
the three-leveldegeneracy (initial state, intermediate
state, and final state). In such a case, the steepnessof

the rate versusreductionpotentialarisesfromthe res- P+ e H "
onanceandnotfroma small reorganizationenergy. A A

The homogeneous kinetics of Figure III-6previ- Figure III-6. Kinetic scheme incorporating an interme-
ously invokedfor thereactioncenterresultsin bipha- diate state to producethe complexbiexponendalkinet-
sic kinetics with the assumption that kl/k.1 = its observedin the fluorescencespectra.
exp{-G(WT)/(kBT)}. Previous interpretationsof the

kinetics were basedon a dominant,single exponential
process of P*, where k2 > k1, and the energylevel of as the effects of solventdynamics on electrontransfer,
the intermediatestateP+BHA is more thankBTaway thecompetingsuperexchangeand sequentialelectron-
from the energy level of P*. But if the intermediate transfer mechanisms in photosynthesis, and the
state is nearly within kBT of the energy of P*, then effects of fluctuatingelectronic coupling on electron
the amplitudeof thesecondcomponent shouldbecome transferfora nonrigidsystem.
experimentallydeterminableas shown in Table III-1.
For the relative amplitudes of the two components a. General Treatment of Dynamic Solvent
in Table III-1, k2 for wild-type reaction center is Effects in Electron Transfer at High
required to be smaller than kl, that is, k2 < kl. In Temperature
other words, the electron-transferchemistrybecomes
dominated by the superexchange process where To improveourunderstandingof electron-transfer
P+BHA (or whateverthe intermediatestate is) serves reactionswe havedevelopeda theoreticalapproachfor
as a superexchange coupling state and as a "parking the treatment of the solvent effects on the electron
state". However, one alternative explanation is the transfer at high temperature.Unlike earlier work of
more conventional view with k2 > kl. In this others, the treatment is generaland covers the whole
descriptionof the observations,the observed biphasic span of the solvent relaxationtime. In ourapproach,
or muitiphasic decay of P* is the result of reaction- we have employed the nonpcrturbativeZusman equa-
center heterogeneity and/or incomplete vibrational tion. In the hybrid equation there is a classical
relaxation. Smoluchowski diffusion operator describing the

effects of over-dampedsolvent on the electron, anda
3. Treatments of Excitation and Bleetron quantummechanical partdescribing themixing of the

Transfer Using the Redfield Formalism donor and the acceptorvia the electronic coupling.We
Y. R. Norris, g. Tang, Z. Wang have performednumericalsolutions for such an equa-

tion using various time scales for the solvent relax-
Electron-transferreactions play an essential role ation. In the normalnonadiabaticlimit when the sol-

in chemical andbiologicalprocessessuchas oxidation- vent relaxationis fast, our resultconfirms the predic-
reductionand photosynthesis. To improveour under- tion of the famous Marcusequation. In the adiabatic
standingof these processes we have developeda more regime in which the solvent friction slows down the
general theoretical approachto tackle problemssuch electron-transferprocess, our calculation agrees well
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t'q

with Jormer's results, which include an adiabaticity
factor in the Marcusrateexpression. In addition,we

have identifiedan interestingnew regime of ultrafast
nonadiabaticsolvent relaxationin which the electron-

transferrate is enhancedwith an inverse dependence

on solvent relaxation time different from Kramer's

classical results of chemicalreactionratein the small ._
viscosity limit. The enhanced electron-transferrate in
our calculation results from extensively induced
energy-level overlap by the uncertaintybroadening o_-
due to a shortsolvent relaxationtime.

b. Superexchange and Sequential Electron- o -- •
Transfer Mechanisms in a Three-site -a_o .w_oo .coo s_o I_o 26o0

S ystem AE (cm")
Figure III-7.Calculatedsuperexcbangeelectron-transfer
rate vs. the directverticalenergygap AEas shownby

We have extended our approach using the the bottomcurve.The topcurveusing the second-order
Zusman equation to investigate the mechanisms of perturbationtheoryshows a divergenceat the center.
superexchangeversussequentialelectron transferin a
three-sitesystem involving reactant,intermediate,and
product. Unlike many previous works using the c. Effects of Fluctuating Electronic
second-orderperturbationtheory, which assumed the Coupling on Electron Transfer
direct vertical energy gap between the donorand the
intermediate is much larger than the electronic cou- In most theoretical treatments of electron trans-
plings, our approachis nonperturbativeand the con- fer, the Condon approximation is usually made
tributionsfrom ali higherordertermsof the electronic assuming that the electronic coupling is not affected
coupling are included inherently. Thus, it allows us by the solvent dynamics. It is a good approximation
to examine a widerrangeof conditions from nonadia- if the electron transferinvolved is in a rigid system.
batic to adiabaticcases as well as from nondegenerate However, for long-distance intermolecular electron
to degeneratecases when ali threeMarcusparabolas transferin liquid solution or intramolecularelectron
cross at the same point so that the direct vertical transferinvolving a highly flexible molecular frame,
energygap vanishes. We have identified a new "reso- the electroniccoupling can be modulatedin time and,
nance-shaped" effect on superexchange electron- thus, the ordinary Condon approximation to factor
transferrate(shown in Figure III-7) thatresults from out the electronic coupling from the Frank-Condon
energy-level crossing. Our calculations also indicated factormay not be valid. We have developeda model
that the sharp curvature in the Marcus plot of the to describe the effects of fluctuatingelectronic cou-
observedelectron-transferrates versusfee energyfor piing on electron transfer.Our calculations indicatea

photosyntheticreactioncentersof Rhodobacter capsu- diminished electron-transfer rate in the limits of a
latus wild type and mutantsmay be related primarily very short correlation time for the electronic cou-
to the "resonance"effect of the superexchange, and piing. However, under certainfavorable conditions,

may notdirectlyreflectthe truereorganizationenergy, depending on the correlation time, the reorganization
The observed mild temperaturedependence for the energy, and the flee-energy gap, the electron-transfer
electron-transfer rate is also consistent with the rate can be enhanced by the fluctuating electronic

activationlesssuperexchangcmechanism, coupling.
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B. Structural and Energetic Factors in Photoinduced Charge Separation
M. C. Thumauer, J. R. Norris, S. W. Snyder, A. L. Morris, [I. H. Smith, H. L. Crespi, Y. Zhang,
S. Bondcson,A. Barkoff

Ourworkfocuses on understandingthe structural -k
andenergetic featuresthatare requiredfor a system to D _x_ Y_Z

undergoefficient photoinduced charge separation,that '_
is, the conversion of light energy into electrochemical

potential. This process typically occurs by the D4-AIIs_t nt

in Figure III-8. A so-called donor (D) is excited by
light, and from its excited state, D*, rapidly transfers N_,

an electrondown an energycascadeof electron accep- L._, _r-_r_'l"/& x nyA"tors until the distance between the electron and hole is

such that recombination is prevented forhundreds of hv
microseconds to milliseconds. The efficiency of this '_
process is determined, in large part, by the energetic

and structural properties of the system. The natural "_----LJ'l=_x_y Az
pl,,otosyntheticsystems carry out charge separation
very efficiently. By studying and comparing the
charge-separation process in several photosynthetic
systems, we expect to determinethe criticalstructural

and energetic features required for high-yield charge _)AX_Y_Z
separation.

Figure III-9 shows the reactants that participate srRucrugE
in initial charge separation in two different photosyn- Figure 1II-8. General description of photoinduced

electron transfer leading to stabilized charge
thetic bacteria and the two photosystems of plants, separation.
The sequence of events leading to successful energy
conversion is well defined in the case of the purple

photosyntheticbacteria.The primaryelectrondonor Purple P B I QA Fe QB
(P) is composedof a pair of bacteriochlorophyll Bacteria BChl2 BChi BPh Quinone
molecules.Electrontransferproceedsthrougha series

ofacceptors,includinga bridging,monomericbacteri- PSII P I QA Fe QB

ochlorophyU,a bacteriopheophytin(I), anda quinone Chi2 Ph Quinone
(QA), which interactsmagneticallywith a nonheme
iron (Fs2+).Thereducedquinoneis consideredtobe PSI P Ao A1 [FxFaFb]
the first "stabilized"acceptor.Comparisonsbetween (Chi) Chi Quinone Fe-Scenters

photosystems reveal that the electron-transfer Green P Ao A1 [FxFaFb]
sequenceis highlyconservedin terms of typesof Bacteria (BChl) BChl Quinone Fe-Scenters

species involved in formationof the stabilized charge- FigureIII-9. Comparison of the reactants that partici-
separated state. However, speculation increases in pate in the initial charge-separationsteps in fournatu-
descending order for the photosystems presented in ral photosyntheticsystems.
Figure III-9. For example, there is no definitive proof
that A1 is involved in electron transfer along the
same pathway as AOand Fx in PSI. In green-sulfur of the similarities and differences in structure and
bacteria, the electron-transfer sequence is primarily function in these photosystems.
based upon analogy with PSI. By applying time- The purple photosynthetic bacteria are best
resolved EPR techniques to study these systems, we defined because the crystal structureof the reaction-
are working to verify the identity of the donors and centerprotein(the site of charge separation)has been
acceptors,andconcurrently,to study the significance determined. Therefore, this system provides a basis
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forcomparisonof the naturalphotosystems. Because ..,1t_.R_,..,._

the initial "stabilized" charge separation takes piace spIQ _ S(P+l'--r_'Q)"--" (P+I"Q)betwecn P and QA, the purplebacterialreactioncen-
ters show thatat least two electron-transfersteps are
needed for efficient charge separation. The critical

structural factors required to producethis charge sepa- hv

rationalso confer unique magnetic resonanceproper- P-'-, Q"
.A_

ties thatdevelop on the transient paramagnetic species RP2

produced in these early energy conversion steps. In PIQ
particular, the charge-separatedstate exhibits a charac-
teristic electron spin polarization (ESP) when studied Figure m-lO. Schematicof the reactions which lead tostabilized charge separation (P+IQA') in purple bacte-
by time-resolved electron paramagnetic resonance rial reaction centers, file model of ESP in sequential

techniques. In fact, one measure of successful replica- electron_ansfer ineiudesali decay routes of RPl.

tion of charge separation in artificial photosynthetic
systems is duplication of the ESP behavior.
Therefore, a major goal of this research is to follow more intense than when the ESP from RP2 domi-
and characterize the ESP developed in the early hates (lifetime of RP1 < 700 ps). In the latter case,
electron-transfer steps of photosynthesis. A complete systems with relatively broad linewidths, such as pro-

understanding of the phenomenon will make it possi- tonated samples compared to deuterated samples, will
bio to further define these reactions in several of the have strongly attenuated ESP signals. In other words,
photosynthetic systems that are poorly characterized, if the lifetime of RPl is slightly lengthened from
and todevelop an understanding of artificialphotosyn- what it is in intact, native reaction centers (200 ps_,

thetic systems, the spectrum strongly resembles the case where ESP
We have formulated a theoretical model that is developed solely on RP 1. This point, and the

describes how ESP evolves in a system undergoing smooth transitionof the spectrum as a function of the

sequential electron transfer. Application of the model lifetime of RP1, would not have been evident without
to the electron-transfer reactions that take place in our complete model for ESP in sequential electron

purple photosynthetic bacteria makes it possible to transfer.
test the model and demonstrate its sensitivity to strut- Previously, we have studied the ESP found in
tural and kinetic variations. The reactions under con- iron-depleted purple bacterial reaction centers (Figure

siderationare shown in Figure III-10. III-1 la). In these systems, we have varied either the
Our model considers ESP development onradical lifetime of RP1 or its magnetic interactions by iso-

pair 1 (RP1) that is then projected onto radical pair 2 topic substitution (P+, QA" either both deuterated,

(RP2), the state that is observed by EPR. lt differs protonated, or one deuterated and the other proto-
from other models that only consider ESP develop- nated), obtaining spectra at more than one microwave
ment on either RP1 or RP2. The model clearly frequency, and substituting the Fe2+ with diamagnetic
demonstrates that the extent to which RP1 or RP2 Zn2+. In summary, the complete model is required

contributes to the ESP observed on RP2 depends on because ali the results cannot be explained with ESP
the relative magnitudes of the magnetic interactions development solely on RP1 or RP2. Our recent

on RPl compared to the lifetime of RP1. This point results on iron-containing purple bacterial reaction
is illustrated in Figure III-11, which shows how the centers demonstrate clearly that our complete model is
EPR spectrum of the charge-separated state in purple necessary in order to fully understand the ESP inpur-
bacterial reaction centers (P+QA') depends on the life- piebacterial reactioncenters.
time of RPl for both Fe2+-depleted (Figure III-1 la) The lifetime of RP1 can be changed by replacing
and Fe2+-containing(Figure III-1lh) reactioncenters, the native ubiquinone-10 with quinones that have dif-

Several illuminating conclusions can be drawn ferent redox potentials, thereby changing the free
from the calculated spectra of Figure III-11. For the energy of the electron transfer from RP l to RP2. In

relatively "broad" linewidths of theradicals found in collaboration with Gunner (City College of New
the photosynthetic systems, when the ESP from RPl York) and Dutton (University of Pennsylvania), we
dominates (lifetime of RP1 > 2 ns), the spectrum is have studied the ESP in purple bacterial reaction
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Figure III-II. Calculated dependence of the ESP-EPR spectra from the charge-separatedstate P+QA"in (ll) iron-depleted
reaction centers of purple photosynthetic bacteria (protonated samples, X-band, microwave frequency). Signal due to
overlavping lr+ and QA'. DpI = -8.5G; Dpn = -2G; Jpl= 7G; ]pQ = O;ks = 3e6s'n; kT - 4egs'_; I) kQ = legs'n; 2) kQ =
3egs'l'; 3) ko=SeSs'T; 4) ko = TeSs'l; 5)Ico = le9s"l; 6) ko = 2e9s"l. (b) Iron-containing reaction centers from pur-
ple photosyn'thetic bacteria _protonated, X-band). Dpi = -4.5_; DpO = .1.50; J.PI= 7.0(3; JpQ = 0; kS = le6; kT = 6e8;
I) kQ = 5e9; 2) kQ = 2e9; 3) kQ = l.Oe9; 4) Signal due to P+ only. The QA'Fez+ signal is broad and is not observed in
the spectral range of the figure.

centers containing a variety of quinones. Several much like that of the one that would be obtained for

examples of the spectra obtained are shown in Figure ESP development solely on RP1.

III-12. The spectra and plots of spectral intensity vs. Recently, we have obtained ESP-EPR spectra

yield of P+"QA'" (related to lifetime of RPl) can be from native iron-containing purple bacterial reaction

simulated with the assumption that ESP develops centers. The spectra found in both protonated and

solely on RP1 (P+I'), and with no magnetic inter- deuterated reaction centers are shown in Figure Ill-

actions on the observed charge-separated state (with 13a,b. The distinct ESP pattern clearly resembles the

the exception of the samples that have high P+"QA'" pattern predicted for a 200 ps lifetime of RP l and

yield and give very weak signals). This result is sur- magnetic interactions between P+ and QA" (Figure Ill-

prising because, from the crystal structure of the 1lb). Note also the weak signal in the high-yield

reaction-center protein, the distance between P and QA sample (Figure III-12) shows [he same pattern as pre-

is known, and a small dipolar coupling is expected, dic_l. Thus, we can accommodate ali the results with

The result, however, is only understood in the context one model.

of our complete model. As discussed above and Another test of the model is to compare spectra

shown in Figure III-1 lh, when the lifetime of RP1 is at more than one microwave frequency. Figure I11-

600 ps or longer, the ESP spectrum of P+ looks very 14a,b shows the spectra for the case of reaction
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centers reconstitutedwith 2,7-dimethyl anthraquinone

obtained at 9.5 (Figure Ill-14a) and 35 GHz (Figure _) /,-_
IIl-14b). Although the change in ESP going from
low- to high-frequency(shift to more absorptive) can
be interpreted by ESP development solely on RPl,
the good fits shown in Figure III-14areobtained with
ourcompletemodel.

Now that we are confident that we understand ,_ I_
ESP in sequentialelectron transferwe are beginning b J

to apply this understandingto study photosynthetic
systems other thanthe purplephotosyntheticbacteria.
Examples from plant PSI, the green-sulfurbacteria,
and site-directed mutantsof the purplebacteriumRb.
caps_atos atc presentedhere.

In the case of PSI, we have shown recently (in
collaboration with Biggins, Brown University) that
the charge-separated state that exhibits ESP is due to ._,,,,,,,,,, .... , .... ) .... , .... , .... _

P+AI" (Figure III-9), and that A1 is phylloquinoneor z.0t7 2.012 2.007 2.002 1.997 t.992 t.987 1.9S2
vitamin K1. The characterization of the signal g-factor

Figure III-13. Electron spin polarization of I_'[QFe2+]"
in native iron-containing zeaction centers of Rb.
sphaeroides, a)protonated sample, b) deumrated sample.

_q=t.Ol Kb=25.2 2,3-dimethyl-NQ
oooeo @q=0.90 Kb=7.4 unsubstituted-AQ
*=""o _a=0.78 Kb=7.5 l-methyl-AQ g-factor
" " * _ = @Q=0.53 Kb=ILg.5 2-ethyl-AQ 2.020 2.000 1.980
ooo0o ,_c1=0.49 KbLT15000 2,7-dimethyl-Aq , , j ..... , , , , i .........
***** _q=0.29 Kb=t0.2 2-amino-AQ
..... @q=0.26 IQ=5.8 1-amlno-Aq
..... @Q=0.15 KbLTI5000 2,7-dimethoxy-AQ
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,W_, Figure I11-14. ESP-EPR spectrum of P+ in iron-contain-

: " , ing reaction centers of Rb. sphaeroides R26 in which&

__d _.L-L-L-..t i I, _,, , _ .... :a__ _, ,, ,, : .... the native ubiquinone-lO has been replaced with 2,7-
2.017 2.012 2.007 2,002 1.997 1.992 1.987 1",982 dimethylanthraquinone. (Note: spectra obtained with

g- fa ctor light-modulation EPR technique and therefore are thederivative of absorption mode.) (a) X-band (9.5 GHz)

Figure III-12. Examples of ESP-EPR spectra of P+ in spectrum. (b) Q-band (35 GHz) spectrum. The fits are
iron-containing, quinone-replaced reaction centers of obtained using the general model of ESP in sequential

Rb. sphaeroides. The yields q)Q of P+QA" are related to electron transfer with the following relevant parame-
kQ. ters. kT = 4egs "1, ks = 3e6s "1, kQ = 6e7s "!, DpQ = -2 G.
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involved experiments in which the native quinone A generalanalogy between the electron-acceptor
was extractedfrom the reactioncenter with organic pathwaysin green-sulfurbacteriaand PSI is believed
solvents andreconstitutedwith deuteratedphylloqui- to exist. Although ESP behavior is readilyobserved

none. Recently, we havedemonstratedthatthe native in a varietyof PSI samples, ESP is much more diffi-
¢,uinoneis labile in that it will exchange with deuter- cult to observe in green-sulfur bacteria. We have
atedphylloquinonewithoutan initial extractionof the observed ESP in membrane fractions of the green-
native quinone. Figure 1II-15gives an example of a sulfur bacterium Chlorobium vibrioforme under
fully deuterated PSI sample in which the "native" reducingconditions.The observed ESP behaviormore
deuterated phylloquinone has been exchanged with closely resembles the ESP observed in the quinone-
protonatedphyiloquinone. As expected (see above), replaced,iron-containingpurplebacterialreactioncen-
the intensity of the protonated quinone signal is ters thanthat foundwith PSI (Figure III-16). We are
severely attenuated.This is verified by the prelimi- investigating the meaning of this similarity in terms
nary fits to the data using the sequential electron- of the nature and role of the electron acceptors in
transfer ESP model. Thus, we can study intact green-sulfur'bacteria.
reaction centersof mixed isotopiccomposition. Another interesting application of ESP in

Although the PSI reactioncenter has been crys- sequential electrontransfer is to the understandingof
tallized, its crystal structure is not available. In addi- kineticsand structure in site-directedmutantsof pur-
tion, the kinetics of electron transfer is not well pie photosynthetic bacteria. In collaboration with
defined in PSI. The availability of the protonated, Hansonand Schiffer, BIM Division, Argonne,we are
deuterated,and the mixed isotopiccases for P+AI"in studying chromatophoresand reaction centers from
basically intact reaction centersshouldmake it possi- the bacteriumR. capsulatus that have been modified
ble to obtain the structuralfeaturesof Al" in its bind- aroundthe quinone bindingsites (see Table III-2). In
ing pocket in PSI reactioncenters, some of these mutants, the QA binding site is

J

I...,--4

!_ _ i mT
1 mT 1

1 "
' • I ' ' ' ' ' ' ' ' ' I i , , , , , , , f

,-r--r-_--_.,..... ' _-I-'_....... , 2.020 2.000 1.980

2.020 2.000 1,oeo g- factor
g-factor

FigureIII-15.Top:ESP-EPRspectrumof P+AI"in fully FigureIH-16.Comparisonbetweenthe ESP-EPRspec-
deuteratedPSI particles.Bottom:ESP-EPRspectrumof trumobtainedin (a) green-sulfurbacteriaunderreducing
P+AI" in PSI particles as above except that the conditionsand thatfound in (13)iron-containingpurple
"native"deuteratedAl hasexchangedwith a protonated photosynthetic bacteria that have the native
phylioquinone. The -preliminary fits (circles) were ubiquinone-lOreplacedwith 2-tert-butyl-anthraquinone.
obtainedwith our ESP model assumingthat an inter-
me.diarypairdoes notcontributeto the ESP.
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modified so that it has an amino acid sequence like Table III-2. Quinone binding-site mutants of Rb.

the native QB binding site. (In a completely active capsulatus
BPM BPL

reaction center, the electron moves from QA to QB wild type QB Fe QA
(see Figure III-9)). After two excitation events, Qe is QeQA L213 Asp Ala M247

doubly reduced and leaves its binding site to be L212 Glu Ala M246
BPM BPL

replaced by another quinone from a quinone/hydro- "212" QB Fe QA
quinone pool. Thus, QB is considered labile in its "QAQA" L213 Ala Ala M247
completely reduced state.) Table III-3 describes how L212 Ala Ala M246

we assay for the effects of modifying these sites by BPM BPL
"246" QB Fe QA

observing the EPR spectra of the oxidized P+ and the "QBQB" L213 Asp Asp M247
triplet state of P+. High-yield P+ is obtained when kQ L212 Glu Glu M246
(Figure III-10) is fast as in native reaction centers. BPM BPL

Triplet is obtained when kQ slows down and kT can "RQ" QB Fe QA

compete with kQ, or when QA is reduced or absent "QAQB" L21L2123AlaAla GIuASpM246M247

from the reaction center. We are examining the ESP BpM BpL
of the charge-separated state in these mutants in order "1L" QB Fe QA

to determine if kQ is modified or if QA is missing "QBQA/B" L213 Asp Asp M247L212 Glu Ala M246

from the mutant reaction centers. This aspect of our BpM BpL
work is also related to understanding the quinone "sp" QB Fe QA
exchange process (labile quinone) that we have dis- "QBQx/B" L213 Asp Asp M247

L212 Glu GI_,M246 ,
covered in PSI. Al..___ine -CH3

_tic acid -CH2CO2H
Glutamicacid -CH2CH2CO2H
G_Q_Icine -H

I

Table 111-3.Summaryof results of EPR assay of chromatophoresof mutants of _2b. capsulatus

no additions reduced BQadded UQoadded

P+ triplet !rt- triplet Irt triplet P+ triplet
WT s., rev. v.w. n.s. s. s., rev. v.w. s., tev. n.s.
212 s., rev. n.s. n.s. s. s., tev. v.w.
246 var. var. n.s. s. m., l.rev s. n.s. s.

n.s.-m, m.-s.
RQ s., rev. m. n.s. s. m., rev. s. s., tev. w.
IL s., rev. w. n.s. s. s., rev. n.s.
5P s., rev. n.s. n.s. s. s.y rev. n.s. ,s._ tev. n.s.
s. = strong; w. = weak; v.w. = very weak; m. = medium; n.s. = no signal; rev. = reversible; 1. rev. = less reversible;
var. = variable

C. Artificial Photosynthesis
NI. R. Wasielewski, W. A. Svec, M. P. O'Neil, G. P. Wiederrecht, M. P. Niemczyk

1. Background and, second, to use this understanding to develop

donor-acceptor molecules that improve upon the natu-

The primary step of natural photosynthesis is a ral system. These improvements focus on the ability

rapid, photoinduced charge separation that is followed of donor-acceptor molecules to efficiently separate

by a series of nonphotochemical electron-transfer charge and maintain their chemical integrity over

steps that store chemical energy. The principle goals extended periods of time. Our approach to this prob-

of our research in artificial photosynthesis are, first, lem is to synthesize biomimetic models that possess

to understand the molecular details of how energy- and multiple donors and acceptors within a well-defined
electron-transfer reactions are carried out in nature, overall molecular structure. These molecules are used
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to study the physics of excitation energytransferand synthetic reactioncenter is a good example of vecto-
the chemistry of photoinduced electron-transfer rial electron transport in a system wherein the
reactions in thecontextof molecularstructure, motions of the donors, the acceptors, and the sur-

The chlorophyllandquinoneelectrondonorsand roundingmediumarerestricted.Thus,a criticaldesign
acceptorsin photosyntheticreaction centers are posi- criterionfor any such system is the achievement of a
tionedat precisedistancesandorientationsto promote high quantumyield of photochemicalchargesepara-
efficient charge separation and to impede charge tion that is independentof the surroundingmedium.
recombination.Moreover, the natureof the medium One of the principalgoals of our modeling work
that lies between the donorandacceptor is thoughtto is to increase the lifetime of the charge-separatedion
have a large influenceon the observed ratesof elec- pair,while maintainingan overall high quantumeffi-
tron transfer.We have studiedextensively covalently ciency for thereaction.For ion pairs to be long-lived,
linked porphyrin-quinonemolecules as modelsfor the the electronic coupling between the individual ions
light-initiated charge separation in photosynthesis, needs to be very small. To achieve this in nature.
Studiesperformedto datehave beenconcernedp_mar- chargeseparationin bacterialphotosyntheticreaction
ily with the dependence of the electron-transfer centersproceedsin threesteps from the lowest excited
reactionson free energy,distance,and solvent, singlet state of the dimeric bacteriochlorophyllelec-

Recent interest in the role of the solvent in trondonor to yield a weakly interactingdimer cation-
electron-transfer reactions has focused on ultrafast quinone anionradicalpair,P+-Q', separatedby 28 A.
photoinducedelectron transfers,highlightedby inves- The chromophoreswithin thereactioncenterare posi-
tigations into the primaryevents of bacterial photo- tioned at precise distances and orientationsto insure
synthesis. In contrast to photosynthesis, which thatthe electronic coupling betweenP+andQ"is suf-
exhibits aquantumyield of primarycharge separation ficiently weak to allow p+-Q" to live for about
near unityat cryogenic temperatures,most photosyn- 100 ms. Thus, an importantfocus of our research is
thetic model systems based on chlorophyll or por- the design of molecules that minimize the electronic
phyrin electron donors exhibit significantly reduced interactionbetween the oxidized donor and reduced
efficiencies of light-initiated, singlet state electron acceptor.This minimizationcan be attainedby careful
transfer whenever they are dissolved in rigid glass design of the spacer groups linking the donor and
media. This occurs because solvent dipoles reorient acceptor, and by using more than a single electron-
around an ion pair in a polar liquid, decreasing the transferstep to increase thedistancebetweenthe sepa-
energyof the ion pair,whereassolvent dipoles cannot ratedchargesas is done in nattwalphotosynthesis.
reorientaroundan ion pairproduced within a frozen Semiclassical electron-transfer theory predicts
solvent, and thus, provide little stabilization of the that the rate constant for charge recombination,kcr,
ion pair. As a result, the energy level of the ion pair depends both on the electronic coupling matrixele-
is muchhigher in the rigid glass than in the liquid. In ment,V, between the radicalswithin the ion pair,and
fact, the ion-pair state energy may be so high that it the Franck-Condon weighted density of states,
lies above the energy of the excited state, in which FCWD. The FCWD termdepends on the free energy
case photoinducedelectrontransfercannotoccur.We of the recombinationreaction, as originally given by
recently reported that the ion-pairstates in a series of Marcus:

14 structurally related porphyrin-triptycene-acceptor kcr = (2n/h)V2"FCWD (4)
molecules are destabilized by 0.8 eV in going from a
polar liquid to a rigid glass. This quantitative study For an optimized free energy of reaction, equation 4

gives us the information that we need to design predicts that a radical ion pair that lives for millisec-
molecules that undergo efficient photoinduced charge onds should possess V < 0.001 cm"1. Under these
separation in rigid media, conditions, the electron-electron exchange interaction

lt is very important to develop electron donor- between the radicals, 23, which is on the same order
acceptor systems that photochemically separatecharge of magnitude as V, is sufficiently weak that differ-
in the solid state because the integration of molecules ences in local magnetic fields sm'rounding each radical

that carry out charge separation into complete sys- result in singlet-triplet mixing of the radical pair spin
terns for energy storage will require environments subleveis. This mixing produces a non-Boltzmann
wherein molecular motion is restricted. The photo- population of the spin sublevels of the radical pair



59

and may result in the appearance of spin-polarized mote long-lived, unidirectionalelectron transfer.We
EPR spectra. Achieving high quantumyield charge have developed synthetic methods to rigidly fix a
separationin low-temperature solids is a prerequisite chlorophyll chromophore such that its _t system is
for observing structure-dependent, anisotropic spin- perpendicularto that of an adjacent porphyrin.This
spin interactions,such as the dipolar interaction,D, limits the electronic interaction between these low-
in radicalpairs. We have recently repottedthe obser- lying orbitals. In addition, we are able to selectively
ration of such spectra for the first time using a positiona quinonemolecule at a fixed orientationrel-
moleculartriad in the solid state. This workhas been ative to the porphyrin. Moreover, this quinone is
extendedby the preparationof 1 and2, Figure Ill-17, electronically decoupled from the _ system of the
the first molecules based on a chlorophyll electron porphyrin by using a rigid hydrocarbon spacer
donor to exhibit spin-polarized EPR spectra analo- molecule betweenthe porphyrinand the quinone.
gous to those observed in photosynthetic reaction Compounds 1 and 2 were preparedas shown in
centers fromboth greenplants andpurplebacteriain Figures Ill-18a and III-18b. Diels-Alder reaction of
the solid statein a low-temperatureglass, benzoquinonc with the appropriate substituted

anthraldehydcresultsin theadductsshown.The adduct

__ is rearrangedand the resulting hydroquinone is pro-

tected as the diacetate by treatment with acetic
- anhydridein pyridine.The resultant protectedquinone

o -(._ aldehyde is condensed with one mole of methyl
pyropheophorbide d and two moles of 3,3'-diethyl-

.._/ 4,4'-dimethyldipyrrylmethane in CH2CI2using BF3-H

Et20 catalyst to yield the statistical mixture of por-
phyrinogens.The porphyrinogens are oxidized to por-
phyrins with chloranil at room temperature and sepa-

MC MP 2-BO

rated on silica gel. The 9-keto groups of the resultantl

o chlorophyll-porphyrin-protectedquinone. _ere reduced
selectively with NaBH4; the hydroquinone was
unmasked with acid, and oxidized to the quinone with

o _ _,.,_,, chloranil. Metalation of the macrocycles with Zn pro-

,,o/L__ /_..2/ ceeds readily to yield the final products shown in
M Figure III-17.

_/M \N "_

3. Photophysics and Photochemistry of
Photosynthetic Model Systems

Mc MP _-BO M. R. Wasiclewski, M. P. O'Ncil,

z G.P. Wiedcrmcht

Figure1II-17.Structuresof ZC-ZP-2-BQ,1, andZC-ZP-
I-BQ, 2, M = Zn. Recent interestin the role of the solventin

electron-transferreactionshasfocusedon ultrafast

photoinduccdelectrontransfersandtheoreticalmodel-

2. Synthetic Photoreaction Centers ing of solvation. The vast majority of work in this
M. R. Wasielewski, IV. A. Svcc, area involves donor-acceptor systems in which the

M. P. Nicmczyk donorand acceptoreither freely diffuse in solutionto
form a complex following excitation, or are already

We have prepareda new series of chlorophyll- complexed in their ground state prior to excitation.
porphyrin-quinone model systems for the study of Many difficulties in the analysis of electron-transfer
photoinducedchargeseparationacrosslong distances, rates as a functionof reaction free energy arise due to
The strategy that we have used in designing these translational degrees of freedom within such com-
molecules is to piace the electron donorsand accep- plexes. A particularlycontroversialaspect of this work
tors at fixed distances relative to one another to pro- for manyyearswas the theoretical predictionderived
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o from the work of Marcus and amplified by the work
(a) ./-_._....---_ i c._o. of manyothers that a decrease in rate constantshould

occur when the free energy of reaction became very
large. This is the so-called "inverted region" in the

o z,. N., rate vs. free-energy relationship. Recently, Kakitani

and Mataga have proposed an alternative view inwhich selective solvation of the donor-acceptorpair

c.o _,c_o. _c.,o. influences the rate vs. free-energy dependence as a-- _ functionof whether ion pairsarecreated or destroyed
in the reaction, or whether charge is merely shifted

_ b.._oqo,.o.o from the donor to the acceptor in the reaction.Experimentalstudiesdesigned to test these theoretical
models have, to date, involved mostly noncovalentOAc

onorpOcompO.nwous_,o/.. on the use of fixed-distance,covalent donor-acceptor
c.o _ c.o molecules to study the influence of solvent polarity

both in liquid and solid solution on the free-energy
dependence of photochemical charge-separation
reactions.

Inpolar liquidsthe free energiesof chargesepara-
tion in a donor-acceptor molecule, AG'cs, can be
estimated with reasonable accuracy using the one-

(b) j/j... Jtf_0,_ electron oxidation, Eox, and reduction, Ered, poten-tials of the donor and acceptor, respectively, and the
o _ _, .,_..,.,_..%__,, ._ _-%__?.3 Coulomb stabilization of the ion pair:

\o

*" AG'cs= Eox "Ered - eo2/esrl2 - Es, (5)

,,,,,.,_ where eOis the chargeof the electron, es is the static,,,-._ dielectric constant of the high-polarity medium, rl 2 is
the center-to-center distance between the ions, and Es
is the energy of the lowest excited singlet state of the

0, porphyrin donor determined from the frequencyof the
(0,0) band of its fluorescence spectrum. We deter-

* ' mined AG'cs for the 36 compounds presented in
""° Figure III-19 in benzonitrile at 295 K containing

i / _ ,,__f_"" .'_'_ _" / 0.1 M tetra-n-butylammoniumperchlorate.
*_ Rate constants for electron transfer in benzoni-
i/ """ trile, chlorobenzene, and toluene were determined

,,.,,,, using picosecond transient absorption and emission
,,_._._ spectroscopyalong with fluorescence-quenchingmea-

surements.The ion-pair transient absorption spectra
o closely match those reported for the various porphyrin

o _ cation radicals.The rateconstants for electron transfer
o ° from the lowest excited singlet state of the porphyrin

to the acceptor are plotted as a function of free energy
in Figure III-20. Note that equation 5 is adequate for
estimating the free energy of the ion pair in polar
liquids likebenzonitrile. In this case, the electrochem-

Figure111-18.(a): Synthetic pathwayfor compounds1 ieal determinationof AG'csand the rateconstant mea-
and 2. ('b): Synthetic pathwayfor compounds1 and2. surements are both performed in the same solvent.
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0o,_: However, our earlier results showed that the free

( I_ j energyof a charge-separationreactiondeterminedfromelectrochemical redox potentials of the donor and

_/___ acceptorin a high-static dielectric constantmedium is

_' " ,,-,,_, ,=_.,o_ not accurate in the solid state or even in other sol-

. vents, for that matter.We needto relatethe changein
free energy measured in polarmedia to that in other

J mediasuch as nonpolarsolvents andsolids. In classi-
cal Marcus electron-transfer theory the activation

t: t4 *, 214, I_, M _ Zn C: M ,* 2H, O:M I Zn

energy for the charge-separationreaction is given by
,,.,,o.: equation6.

_._-_._.___,/ co _o.o, where _,is the total nuclearreorganizationenergy of
the reaction. The truevalue of AGes in a particular

o _. -"_ _'%" mediumcan be given as
_t 0 O

AGes = Eox " Ered - Es + AGd, (7)

_, o _ o _o, .. where AGd is the energy by which the ion pair is
destabilized when it is taken from a medium with

. , . _:, high ts to one in which es is low.
Using the Born dielectric continuum model of the

_ /__ solvent, Weller derived equation 8 to calculate the

ion-pair destabilization energy, AGd, in a solvent
_ ,. oo_ o _ _ with an arbitrary value of es and high-frequency

o ,_, dielectric constant Co,if the redox potentials of the
c r J donorand acceptorare measured in a medium with a

li

high dielectric constant, es.

Figure III-19. Thirty-six different donor-acceptorcom-
binations using one each of four donors (A-D) and nine AGd= eo2[(1/2rl) + (1/2r2)- (I/rl2)]/es -
acceptors (A-/_.

eo2[(1/2rl) + (l/2r2)]/_s', (8)

where rl and r2 are the radii of the two ions, and the

remainingparametersare defined above.
RATE vs FREE ENERGY DATA FOR ZINC Marcus dissected the total nuclear reorganirationP-S-¢ MOLECULES AT 294 K

energy for electron transfer into two terms: ks. the
10 's

change in energy due to nuclear motion of the sol-

-,,, lo" ._, vent, and _,i, the change in energy due to nuclear

_o" ._'_;:* ; _ + e_c,z. motionwithin the donorandacceptor.Thus.
• ..c, z. _, ks + _.i. (9)

., lO' Later, Marcus usedthe same Born model of the sol-
i=.
,_ V- 35cre" vent to derive an expression forks:n. 10'

10' ks = eoZ[(1/2rl) + (l/2r_ - (l/rl_l[l/eo) - (l/es)].

0.00 O.SO 1.00 1.60 (10)

.aa, If we define AGE = Eox- Ered- Es and C =
Figure 111-20. Rate vs. free-energy dependence for the

zinc porphyrindonor-acceptormolecules shown in eo2[(1/2rl)+(l/2r2)-(1/r12)], equations 6-10 can be
Figure III-19. combinedto yield equation11:

J
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Ea = [AGE+ (C/_) + _,i]2/4[C[i/eo] - [I/es] + _4] completion of measurementson ali 36 molecules in
(11) six differentsolvents. Inasmuchas theenergylevel of

theion pairis stronglymodulatedby the solventpolar-
Each term that comprises AGE can be measured ity, this modulation can be used to furtherexamine
experimentally, whereas C can be estimatedreason- theratevs. free-energydependenceof these reactions.
ably well from the molecular structureof the donor- Currentwork in our laboratoryhas focused on
acceptorsystem. Equation11 predicts that plots of in the influenceof solvent motion on the ratesandener-
kcs vs. -AGEin a series of structurallyrelated com- getics of photochemical charge separation in glassy
pounds will possess maxima at the same value of solids. The efficiencies of manynonadiabaticelectron-
-AGE independent of the static dielectric constant of transferreactions involving photochemical electron
the medium in which kcs is measared. This occurs donors with relatively low excited state energies, such
because eo is always about 2 for typical organic as porphyrins and chlorophylls, are poor in the solid
media, and C and 2qare values that are approximately state. Recent work has shown that placing a

constant for a given structural type. Moreover, since porphyrin-acceptor system in a glassy solid at low
the denominator depends both on eo and es, changing temperature significantly raises the energy of its ion-

es will generate a series of nested rate vs. free-energy pair state. This destabilization can be as much as
curves with widths that depend on the static dielectric 0.8 eV relative to the ion-pair state energy in a polar

constant of the solvent liquid. This contrasts sharply with photosynthetic
Figure III-20 shows that the rates of charge sepa- reaction centers, which maintain medium-independent

ration within the porphyrin-triptycene-acceptor series electron-transfer rates with relatively small free ener-

increase dramatically with increasing free energy of gies of charge separation. Using this information we
reaction and remain very fast throughout the high- have designed chlorophyll-porphyrin-quinone mole-

driving-force regime. The experimental rate constants cules I and 2 that produce long-lived radical ion pairs
remain above 1011 s"1 ali the way out to -AGes = in glassy solids with high quantum efficiency. These
1.5 eV, which is 75% of the total energy available systems maintain their efficiency when placed in
from excitation of the porphyrin to its lowest excited other glassy matrices, such as polymers.

singlet state. Equation 11 predicts that changing the The EPR spectraof the radical ion pairs produced
static dielectric constant of the solvent should not within 1 and 2 can be used to examine how the elec-

result in a change in the maximum of the rate vs. tronic coupling matrix element, V, changes with
free-energy profile if the data is plotted against -AGE. molecular structure, and how the surrounding medium
In addition,equation 11predicts that a series of nested influences the FCWD term in equation 1. The 7t sys-

curves will result if the rate constants are measured in tem of the chlorophyll electron donor, ZC, in com-
solvents wherein es is varied. Although the data set pounds 1 and 2 is rigidly positioned 90° to that of
that we have obtained thus far is incomplete, the data the adjacent porphyrin, ZP. The methyl groups sur-

in Figure III-20 show that the maxima of In kes vs rounding the attachment positions in both macro-
-AGE curves for data obtained in toluene, chloroben- cycles serve to fix the geometry by providing steric
zene, and benzonitrile are approximately the same. constraints. This serves to electronically decouple the

This behavior is predicted by equation 11. Moreover, n systems of these two macrocycles. In addition, the
the plot clearly reveals the nesting of the rate vs. free- ring E keto group is reduced to a hydroxy inZC. This

energy curves that is predicted by the treatment produces two changes that combine to greatly increase
derivedabove, the free energy available for charge separation in this

Our studies on photoinduced charge separation molecule. First, the lowest excited singlet state of ZC
within fixed-distance donor-acceptor molecules as a increases to 2.00 eV from the usual 1.86 eV in the

function of solvent polarity show that the rate con- keto-containing molecule. Second, reduction of the

stants for charge separation remain large well into the ketone to a hydroxy makes the macrocycle 0.24 V
inverted region of the rate vs. free-energy profile, easier to oxidize. Thus, the total free energy available

Although the rate vs. free-energy dependence can be for photoinduced charge separation increases by
modeled by se_aiclassical electron-transfer theory, a 0.38 eV by simple reduction of the ring E keto group.
more thorough look into the theoretical models that The triptycene benzoquinone moiety is also
can be used to describe this phenomenon will await spatially fixed relative to the porphyrin. In 1 this
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results in about a 60° angle between the 0-0 axis of a

the benzoquinone and the porphyrin macrocyclic _ 30K, MTHF
plane, whereas in 2 the O-O axis is parallel to the 1

o DATA
plane of the porphyrin.The benzoquinonereducesat . ...... j,_ ! _ ........

-0.47 V vs. SCE in butyronitrile.Thus, the total free o _ .... _'_ I _ 7m, w..---_,-- -. _ FIT

energy available for the charge separationI*ZC-ZP-
BQ -* ZC.-ZP-BQ" is 1.13 eV in polar solvents. In .1 _ J-o. o..so
a low-temperatureglass such as 2-methyltetrahydro- .a ..........
furan(MTHF), this valueshoulddecreaseto about ssoo saao sa4o ,__.ao szeo ssoo
0.3 eV. Thus, both 1 and 2 should readily undergo MAONETICFIELDG
charge separationin the low-temperatureglass.

Figure111-21.Spin-polarizedEPRspectrumof ZC+-ZP-
Femtosecond transient absorptionand emission BQ- from1.

measurements with no applied magnetic field show
that 1 and 2 undergo a single-step photoinduced
electron-transferreaction, I*ZC-ZP-BQ -* ZC+-ZP- lOOO
BQ', in x = 10 and 3 ps, respectively, at 77 K. The _10 K, MTHF
faster rate of reaction for 2 relative to 1 suggests that soo _ _1

V for the charge-separation reactionin 2 is somewhat _ zoe _ o ,,TA
larger than dtat in 1. There is no evidence forpartici- "=' ; - o . _ t l; ..... : _ PIT

pation of a distinct chemical intermediate of the por- _ .zoo _

-- J-O,D--eG

phyrin. Thus, the porphyrin functions to promote a 400
superexchange interaction between ZC+ and BQ'. .looo .... " ....
This behavior is consistent with the fact that the zzoo sazo sz4o 3ZeD _aso ssoo

energy level of ZC+-ZP'-BQ in the glassy solid is MAGNETICFIELDG
significantly higher than that of I*ZC.ZP.BQ. The Figurem-22. Spin-polarizedEPRspeclrumof ZC+-ZP-
recombinationreaction, ZC+-ZP-BQ"--,.ZC-ZP-BQ, BQ- from2.
for both 1 and 2 occurs with abouta l-ms time con-
stant at 77 K.

The time-resolvedEPRspectrumof ZC+-ZP-BQ" S-T0 mixing withinZC+-ZP-BQ"producespolarized
in 1 is given in Figure III-21,whereas thatof the eor- spectra.If ZC+-ZP-BQ"is a correlatedradicalpair,a
responding isomer 2 is shown in Figure 111-22.The pair of partially overlapping antiphase doublets is
spectrumis displayed in the first derivativemode. lt expected. The polarization patternobserved, R A la,
is readilyseen that irradiationof 1 and 2 producesan is similar to that observed for P700+-A1" in PSI of
intense EPR signal that consists of an emissive, E, greenplants, andP865+-Q" in bacterialreactioncen-
low field line and an absorptive, A, high field line. ters.Recently,theoreticalmodels havebeendeveloped
At 30 K the ZC+ and BQ"free radicalsdisplay gaus- to simulate these spectra.These models focus on the
sian lines: ZC+, giso = 2.0028, FWHM= 10G; BQ', influenceof Jr,D, andg anisotropy on the EPR spec-
giso = 2.0047, FWHM = 5 G. Replacement of either Ira of radicalpairs.In addition,some models consider
ZC or BQ in 1 or 2 by a p-tolyl group results in no the kinetics of radical-pair formation. The dipolar
observed EPR signals. The solid curves in Figures coupling, D, between the two radicals is strictly anal-
III-17 and III-18 show the simulation of the spin- ogous to a classical dipole-dipole interaction, and,

polarized spectrum. Using the known structures of 1 thus, depends on the distance and orientation of the
and 2, the gross features of the spectra can be radicals relative to one another. M_eover, these theo-
simulated reasonably weil. Thus, as expected, the ries explicitly include the anisotropies of the g ten-
anisotropic spin-spin interactions within the radical sots of each radical.

pair are a sensitive probe of structure. Spin polariza- In ZC+-ZP-BQ ", the g tensor of BQ', is quite
tion in ZC+-ZP-BQ" results from the fact that the rad- anisotropic because about 80% of the spin density in

ical pair retains a memory of the photoexeited singlet BQ" is centered on the oxygen atoms. The g tensor
state from which it was born, that is, the spins for ZC+ is much less anisotropic. The key parameters
within the radical pair rr;maincorrelated. In this case, that were included in the simulation are J = 0 G,
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D = -5 G for 1, and 1 = 0, D = -8 G for2, and the spin-spin interactions can be used to determine the
orientationof ZC relativeto BQ in both I and 2. The structure of radical pairs for which independent
dipolarcoupling, D, forZC+-ZP-BQ"was calculated detailed structural information is lacking. Further
usingthe classicalexpressionfor the magneticdipole- comparisons of the EPR signals from our supra-

dipole interaction,the ZC+-BQ"distanceandorienta- molecular arrayswith those from the donor-acceptor
tion, and the spin distributionsof ZC+ and BQ'. lt is arrayswithin photosynthetic reaction-centerproteins
importantto note that the distances and orientations for which no X-ray structuresare known will yield
between the BQ" _ system relative to that of ZC+ informationconcerningthe distancesand orientations
used in thesimulationswere determinedindewaidently of thedonorsand acceptorswithin these proteins.
from the known structures of 1 and 2. The simula- Ourobservationof spin-polarizedEPR spectrain
lions fit the observed spectrareasonablywell except 1 and2 depends on achieving a delicate balance of
for the wings of the spectra.The discrepancybetween s_t electronicinteractionsbetween the
experiment and simulation in these regions of the donorsand acceptorswithinthe supramoleculararmy.
spectracould be due to neglect of kineticmodelingin This strongly suggests that we now know how to
the simulation,or to the fact that an isotropic g value precisely mimic the weak radical pair interactions
was used for ZC+, because the g tensor for ZC+ is found only in natural photosynthesis. With this
unknown. Nevertheless, the rotation of the quinone knowledge, we will be able to design efficient bio-
relative to the primaryelectrondonor ZC is shown to mimetic supermoleculesthat can be used to probe the

cause a predictable change in the overall shapeof the influence of the surroundingmedium on the charge-
EPR spectrum.This agreement gives us confidence separationprocess.
that such theoretical descriptions of the anisotropic

i i

D. Advances in Instrumentation and Analysis
3. R. Norris, M. K. Bowman, ]. Tang, M. C. Thumaner, 14.Levanon, P. HiJfer, S. A. Dikanov,
Yu. D. Tsve_ov

High-Resolution Electron Paramagnetic o o

Resonance M. K. Bowman, M. C. Thurnauer, ._,,. _ _.
14.Levanon, J. R. Norris, P. HOfer,
S. A. Dikanov, Yu. D. Tsvetkov

I 0 R
We have used a varietyof high-resolution elec-

tron paramagnetic resonance (EPR) techniques to Figure m-23. Molecular structure of vitamin K3 (I) and
identify and characterize the reduced AI electron vitaminK 1 01), which is the acceptorA1 in PSI.
acceptor in green-plantphotosystem I (PSI). The Al

acceptorwas previously shown to be vitamin KI but
the chemical nature of A1 in its reduced state has higherdispersion from larger magnetic fields, the 2-
been the subject of considerable controversy. The mm band EPR spectra have much greaterresolution
reducedA1 has been assigned to the radicalanionof for the g factors than conventional EPR spectra.The
vitamin K1, the neutral radical of vitaminK1, as well anisotropic componentsof the g factorwere measured
as free-radicalrearrangementproductsof vitamin KI. for most of these radicals for the first time, although
We have used high-resolution EPR spectroscopy in the averageor isotropic g factorshad been measured
the 2-mmband to accurately measure the anisotropic previously at X-band or Q-band.We found that even
g factorsof several free radicals from vitaminK1and with the increased resolution of 2-mm EPR, the
its analog vitamin K3 (also known as menadione or isotropic g factorsarenot sufficiently differentto dis-
2-methyl naphthoquinone)(FigureIII-23). criminate between the different free radicals and to

EPR in the 2-mm band uses much higher identifythe reduced formof Al.
microwavefrequenciesand largermagneticfields than When the full, anisotropic g-factor matrices are
the usual X-band EPR. As a consequence of the examined (Table III-4), these free radicals can be
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TableIII-4. Principalvaluesof the g-factormatrix These high-resolution EPR experiments have
g, gv g, gi,, identified thereduced formof the A1 acceptor as the

vitaminK1+" 2.00439 2.00376 2.00227 2.00347 radicalanionof vitaminK1. These experiments also
vitaminK1O"2.00528 2.00528 2.00251 2.00343 demonstrated that 2-mm or similar high-frequency
vitaminKI" 2.00588 2.00496 2.00225 2.00436 EPR measurements can distinguish between very
reduced A 1" 2.0055 2.0046 -2.0023 2.0038- similar free-radical species. In this respect, the
......... _00,47 anisotropic g-factor matrix is much more powerful

than the average or isotropic value of the g factor. In
addition,these experimentsmeasuredthe threeprinci-

distinguished from each other. In particular, the pal values of the anisotropic g-factor matrix for
reducedA 1 foundin vivo has an anisotropic g-factor reduced A1 that are necessary for modeling of the
matrixthat agrees with the values measuredherefor electronspinpolarization (ESP)patternsin PSI parti-
the radical anion of the quinone form of vitaminK1. cles.

The agreement is even better if one corrects for an We made significant advances in understanding
apparentsystematicshift of the g factors of reduced coherent Ramanbeats (CRB) in EPR spectroscopy.
AI by 0.0003, which is comparable to the absolute We observedCRBs in an EPRexperimenta few years ,
accuracyof theg-factorstandardsusedforcalibration, ago, and showed that it contained the same sort of

We also characterized the same radical anion informationas an ESEEMexperiment but with better
sample using electron nuclear double resonance spectral resolution. However, we did not understand
(ENI:_R) and electron spin echo envelope modula- how to generate CRBs efficiently for quantitative
tion (ESEEM) spectroscopies to verify its identity, measurements.The CRBs originatefrom coherences
The ENDOR spectrum in liquid solutionshowed sev- in free radicals. The collerences can involve either

erai sharp lines that could be assigned to individual nuclei (which we originally observed) or electrons in
protons of the vitamin KI radical anion. The hyper- free radicals, triplets, and biradicals (which had not
fine coupling constants from this ENDOR spectrum been observed).
agree with couplings obtained by both EPR and We now understand quantitatively how nuclear
ENDOR in other laboratories. The ENDOR specWam coherences can be generated by microwave pulses for
was also recorded from a frozen solution of the radical CRB detection in an EPR experiment. The CRBs
anion of vitamin K1. A small, very ani_tropic cou- manifest themselves as a modulation of the convert-

piing was found to one or more protons that did not tional EPR signal caused by a quantum bearing phe-

correspond to any of the couplings measured in the nomenon between eigenstates of nuclei coupled to the
liquid phase spectra. We also observed this coupling unpaired electron spin. The generation of CRBs is
in ESEEM measurements on a sample in deuterated similar to the generation of ESEEM. We have pro-

solvent. Here, the coupled nucleus is adeuteron, indi- posed methods for duplicating many of the popular
eating that it is an exchangeable proton. The ESEEM ESEEM experiments with CRBs. The use of CRBs
spectrum is more easily quantifiable than the EN-DOR for the detection of ESEEM has two important advan-
spectrum, and the coupling involves a single proton tages with respect to conventional detection of

(or deuteron) in the radical anion of vitamin K1 and ESEEM: (1) the CRBs produce spectra with higher
two protons in the radical anion of vitamin K3. resolution because their modulation decays with a

Similar hyperfine couplings are found in the radi- time constant unaffected by spectral diffusion, which

cal anions of other quinones, and are assigned to sol- limits the ESEEM resolution in many cases; and
vent protons that are hydrogen bonded to the oxygens (2) the CRBs can be generated and detected efficiently
of the quinone. This indicates that, in solution, the without using coherent microwave pulses, which will

radical anion of vitamin K1 has one oxygen atom make experiments at very high EPR frequencies eas-
hydrogen bonded to the solvent whereas the radical icr.

anion of vitamin K3 has hydrogen bonds on both Recently, we have verified experimentally several
oxygens. The reason for this difference in these two of our predicted methods for generating CRBs from
closely related free radicals mayreflect steric crowding nuclear coherenees. We are able to duplicate stimu-
at the C4 oxygens in vitamin K1 by the adjacent lated echo ESEEM (Figure III-24) and ttYSCORE
hydrocarbon chain that vitamin K3 lacks. (hyperfine sublevel correlation spectroscopy)
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experimentsand have shown that theCRB technique 1
is applicable to nuclei with I > 1/2. Another impor-

I

rantexperimentalobservationwas made: CRBs from /
an electron spin coherence. We had previously pre- /
dicted these electron spin CRBs but they had never /

/

been observed.These CRBs may offer a betterway of /
detectingquantumbeats in both naturaland artificial
photosyntheticsystems.

lh

Figure III-24. A two-dimensionalspectrumfromCRBs
in crystallineSiO2. Peaksarisefrom "Li in three para-
magnetic centers. Highly resolved pairs of lines are
obtained fromeach center.

B. Synchrotron Investigation of Excited States
J. R. Norris, L. Chen, M. C. Thurnauer, M. K. Bowman, P. Montane, Y. Tang, H. Levanon, Z. Wang,
F. Lyt/e

One of the major unresolved questions in both provided by a laser. Thus, a major problem is the
chemistry and photosynthesis concerns the specific development of a suitable X-ray shutter that can be
role that structuralchanges in photoexcited molecules slaved to a pulsed laser.
and their surrounding solvent play in chemical _2) Exploration of excited state EXAFS. The
processes. Intense pulsed X-rays from synchrotrons ultimate experiment re.quiresthe short, brilliant X-ray
will allow direct measurement of excited-state pulses that can only be produced by the third-

molecularstructuresand dynamics.We have stared to generationsynchrotrons becoming available in 1996.
develop methods to determine molecular structures In order to determine the types of experiments that
wi/h a time resolution of ultimately 50 ps. Our will be feasible, we are measuring structures of
researchactivities on time-domainX-ray spectroscopy molecules in excited states with available synchrotron

have focused on developmentof an X-ray shutter and facilities. The main difficulty in these experiments is
on extended X-ray absorption fine structure(EXAFS) to find those few molecules that have excited states

experiments onexcited states of compounds. Our goal that can be fruitfully studied using the limited
is picosecond time-domain structure determination capabilities of existing synchrotrons.EXAFS spectra
with X-ray absorption spectroscopies (i.e., EXAFS have been obtained from two excited states and show
and X-ray absorption near-edge structure (XANES)) some significant structuralchanges.

andpicosecond time-resolved X-ray diffraction (e.g., The first problem was discussed extensively last
single crystal,powder, ormembrane), year.Structuralchanges can be mapped stroboscopic-

Our workis directlyaddressingtwo majoraspects ally by setting different time delays between a
of this goal: "pump"pulse (perhapsa laser) to generate an excited

(I) Methods to generate a single X-ray pulse, stateandthe synchrotron"probe",a standardtechnique
Third-generationsynchrotrons,such as the Advanced of time-domain spectroscopy. The time resolutionof
Photon Source (APS) now under construction at this "pump-probe"experiment is independentof the
Argonne, provide about six million pulses per sec- detectiondevice, dependingonly on the pulse widthof
ond. However, time-domain experiments typically the radiation source, about 50 ps for APS. For such

requirea single X-raypulse or pulses ata much lower experiments to work, the system for study must
rate,perhaps 100 per second. For many experiments, undergoreversiblechanges with relaxation times less
these X-ray pulses must be slaved to light pulses than the interval before the next "pump-probe" cycle.
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No synchrotronfacility can control the time interval nickel-nitrogenand thenickel-oxygen distancesagree
between single radiation bunches, and very few with those frommicrowave spectroscopy.In particu-
excited states can utilize the pulsed nature of syn- lar, the EXAFS spectra gave strong indications that
chrotron radiation. Modifying the repetition rate of the nickel-nitrogen-oxygen atoms were arrangedin a
the X-ray pulses is the key to a general method for straightline. We were able to maintain 57% of the
measuringsmscturalchanges in excitedmolecules, molecules in the excited state at 8 K and measured

We have proposeda shutterconsisting of a rotat- EXAFS spectra (Figure III-26). The excited state
ing mirror with its rotation locked to a multiple of EXAFS spectra show a lengthening of the nickel-
thesynchrotroninterpulseperiod. The synchrotronX- nitrogen bond by about 0.12 A and a rotationof the
ray pulses will be reflected to a 0.5-mm slit in front NO groupby an angle of about 30°. These are large
of the sample located 2 m from the mirror.We have changes in structurethatproduce obvious changes in
designed a shutterwith a 4-in. diameter mirrorrotat- the EXAFS spectrum. In order to prove that these

ing at 15,000 rpm. Using a muitilayer mirror, we changeswere due to excited state formationandnot to
will select a single X-ray pulse with a bandwidthof sample decomposition, we pumped the system back
up to 10% from an UndulatorA beamline. A slower andforthbetween the excited and groundstates using
mechanicalchopper placed before the shutterwill be 365-nm radiation (to produce the excited state) and
used fora dualpurpose: to reduce the energyfrom the white light (to produce the groundstate). The EXAFS
X-ray pulse trainabsorbedby the minor when a pulse spectrafollowed this cycle quantitatively,andwe were
is not being selected; and to furtherreduce the pulse able, reversibly, to generate the excited state and its
repetitionratebelow the 250 Hz that the shutterwill spectrumor to generatethe groundstateand its spec-
produce. The shutterdesign is nearly complete and trum over half a dozen complete cycles. This is
will be constructed this year for testing at existing importantproof that "pump-probe" experiments are
synchrotronfacilities, feasible on reversiblesystems.

Our first attempts at excited-state EXAFS We have also examined an iron complex that
involved the photoexcitedtripletof metalloporphyrins undergoestransitionsbetween high-spinand low-spin
in solid-state solutions. These experiments were not formswith long-lived statesat low temperatures.We
very successful because of the large mismatch haveobtainedEXAFS spectra from the ground-state,
between the X-ray cross section (needed forEXAFS) low-spin form and from the excited, high-spin form
and the opticalcross section (neededforexcited-state generated either by light or thermally. The EXAFS
production).In our firstattempts,we requiredsuch a spectraappearto show some reversibledifferencesbut
high concentration of ZnTPP (zinc tetraphenylpor- theyarestill undergoinganalysis.
phyrin) for good absorption of the X-rays that our

light was unable to penetrate the sampleand excite a Ni2+large fraction of the molecules, even with its rela- C[) Ni NO" NO
tively long triplet-state lifetime (e.g., 15-20 ms at

77K) and high quantumyield. As a consequence,we __ __

have switched to two other molecules with excellent

results.

Our first success came with cyclopentadienyl hv
nickel nitrosyl (CpNiNO). This is a molecule with a
simple, symmetric structure in the ground state.
When it absorbs light near 365 nm, an electron is Figure III-25. Structureof CpNiNO and its excited
transferredfrom the nickel atom to the NO group, state.
which thenbends from its initial end-onconfiguration
with the nickel (FigureIII-25).This charge-separated,

excited sutte has a long lifetime thatdepends strongly Table III-5. Interatomicdistances in CpNiNO in the
on temperature,exceeding two hoursat 8 K. _groundandexcitedstates

We have measured the structureof CpNiNO in Ni-C Ni-N Ni-O
its groundstate at both room temperatureand 8 K. ground state 2.15:t:0.02_, 1.65+0.03A 2.78:t:0.04A

Our results (Table III-5) for the nickel-carbon,the excitedstate 2.15+0.02A 1.77:i:0.03A 2.82+0.04A
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Figure IH-26.EXAFS spectra of CpNiNO(a) in the groundstateandCo)in theexcitedstate.
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The Metal Cluster Chemistry Group has three refinementof the nitrogenprobe for the determination
programs studying the fundamental properties of of small-cluster structure, A second experimental
isolated clusters of catalytically active metals. Such effort studies physical properties of metal clusters.
chemical propertiesas cluster reactivity andbinding These includethe formationof cluster-raregas vander
capacity,the natureand thermodynamicsof adsorbate Waals complexes and the measurement of clusterion-
binding, andcluster geometrical structurearestudied ization potentials. For the first time, the optical
in one experimentalprogram.Studiesof the reactions absorptionspectraof polyatomic clustersof transition
of first-row transition metal clusters with small metals have been measured. A third, theoretical,pro-
molecules such as nitrogen, hydrogen,ammonia, and gramis focused on dynamicalsimulationsof clusters
waterprovide informationaboutcluster structureand andcluster chemical reactions. These studies are the
changes in structurewith clustersize, with adsorbate first to identify resonance phenomena in cluster-
coverage,and with temperature.The most significant molecule collisions.
recent development in these studies has been the

I I II

A. The Chemical Reactions of Transition Metal Clusters

S. J. R//ey, E. K. Parks, E. A. Kemereit, L. Zha, _. Ho

Clusters are generated in a laser vaporization The clusters and their reaction products expand
source that is coupled to a continuous-flow-tube out of a nozzle at the end of the FTR, and are formed
reactor (FTR). Reagents can be introduced into the into a molecular beam. The beam is ionized by a
flowing gas streamat two ports located differentdis- pulsed :_xcimerlaser in the ion extractionregion of a
lances fromthe end of the FTR. Thisallows the time time-of-flight (TOF) mass spectrometer. In a typical
dependence of a reaction to be determined, which is experiment,FTR conditionssuchas reagent pressure,
important in identifying whether the reaction is at temperature,and interactiontime are systematically
equilibrium or is idnetically controlled. Also, the use varied, and the resultingchanges in the mass spectra
of two ports allows the study of two-reagent arerectxded.
reactions. The entire clustersource and FTR can be In the pastyear, we have concentratedon study-
heated (to 200 °C) or cooled (to -150 °C). From the ing the reactions of cobalt and nickel clusters with
temperaturedependence of a reaction at equilibrium, hydrogen and nitrogen. Both kinetics and saturation
thermodynamicparameterssuch as reactionenthalpy experiments have been done. The most significant
andentropycan be determined.If a reactionis kinetic- development has been optimization of the cluster
ally controlled, a measurementof rate constants as a source so that low temperaturescan be routinelyand
functionof temperatureallows a determinationof any reliablyattained.Kineticsexperimentsat low temper-
activation barriers. Continuous gas flows provide atureshaveshownthat temperau_re-dependentsticking
carefullycontrollableandcharacterizablereactioncon- probabilitiescan greatlyaffectreactionrates.Variable-
ditions, a situationessential for the quantitativestud- temperaturesaturationexperimentshaveprovidednew
iea we do and one not found in the more common and importantinformationaboutclusterstructure,and
pulsed-valveclustersources, also suggest thatphysisorptionprocesses can be used
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to probe structure.In fact, these results, togetherwith extremely weak, so that thedeterminationof N2 satu-
thecorrelationof chemical reactivitywith cluster-van rationlevels is not obscuredby multilayerN2 adsorp-
der Waals complex formation described in section B, tion. This is illustratedin Figure IV-l, which shows
have supportedan emergingrealizationthattrapping N2 uptakeplots Cmvs. the logarithm of the N2 pres-
an adsorbed molecule into a physisorbed precursor sure, where • is the average value of m) for
may play a crucialrole in determiningclusterreactiv- Nin(N2)m,n = 13, 14, and 19. Uptakeplots generally
ity. show three regions of behavior. At low reagentpres-

sure, the reactionis kineticaily controlledand uptake
1. Chemical Probes of Metal Cluster is fairly rapid. At intermediatepressures, the rate of

Structure E. K. Parks, $. 3. Riley, L. Zhu, uptakedecreasesas the reactionentersan equilibrium
J. Ho regime. At higherpressures, a plateauin the datamay

appear,indicatingsaturationof the cluster.Such satu-
Studies of metal cluster chemistry are increas- rationis evident at N2 pressuresabove 100 mTorrin

ingly revealing the importance of cluster structure Figure IV-l, and indicates thatNil3, Nii4, and Nii9
(i.e., the way the atoms arepacked together) in deter- saturatewith 12, 14, and 17 N2 molecules, respec-
t_ining chemical reactivity. Unfortunately,there are lively.
few experimentaltechniques fordetermining cluster
structure. Most probes, such as electron microscopy le ...... _, ....... _ ..... _ . ._...., .. ,_-, _, ....

and X-raydiffraction,requiresolidand/orhigh-density 16 Nin(N2)m _ktta_ ta & tsamples and cannot be applied to transition metal t •

cluster beams. A traditionalbeam-based structural t,, A• A_ _ o_o°°o oo o .
probe, the appearance of stability-induced "magic 12 o o o o o o • •, • • •
numbers" in cluster mass spectra, does not work for o ••• •

Io •

clustersmade in a laser vaporizationsource, because _ ,, ff
cluster growth is kinetically controlled and the s •

amountproducedof a given clusterdoes not depend e • • Nii9 (-80 °C) '

on the stability of that cluster. We were the first to 2 O Nii4 (-80eL") •

show that systematic variations in cluster chemical 4 e • Nip (-40ce)
li•

propertiescan point to certain structural motifs. For 2
• O0

example, the extent of an equilibnuia reaction with 0 , ","'J _.......' ..... J ..... _ .... " .......
weakly bound reagentssuch as water is dependenton .o ,I _ ,o 1oo 1ooo 10000
cluster-_ bindingenergies.Substantialcluster- pressure(reTort)
size dependence of these binding energies can occur Figure IV-I. Uptake plots for nitrogenreactionwith
and can be explained on the basis of particularcluster Nii3, Nii4, andNii9.
structures. Saturationof clusters with such reagents
as ammonia and nitrogen provides a count of the

numberof binding sites on cluster surfaces. Again, The data in Figure IV-I are representative of
patternsof these numbersoccur thatcan point to spe- extensive studies that we have carried out on the
cific packing schemes. In the past yearwe havedone reactions of small nickel and cobalt clusters with
extensive saturation studies of nitrogen on small nitrogenovera wide temperaturerange.The composi-
nickel andcobaltclusters,and have accumulatedcon- tion of Nin(N2)mclusters saturatedwith nitrogen has
siderableinsight into the structureof these clusters, been determined for 4 < n _ 20, and similar studies

on cobaltclustershave been completed.Small nickel

a. The Nitrogen Probe clusters tend to adsorb more than one N2 molecule
per metal atom. For example, Ni,; has two levels of

The adsorptionof N2 n_oleculeshas provento be N2 adsorption. Four N2 molecules are adsorbed at
a particularlyuseful probe of cluster structure. The low N2 pressureswith cluster-N2adsorptionenergies

cluster-N2 adsorption energy is relatively small, so of-0.5 eV, whereas at higherN2 pressuresfourmote
thatN2 adsorption usually causes little change in the molecules (with weakerbonds) areadded, so that the
metal cluster structure. The N2-N2 interaction is cluster saturatesatNi4(N2.38.The adsorption energies
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can be estimated by modeling the uptake plots (see One is madeof interpenewating19-atomoctahedraand
below). As cluster size increases, the saturationlevel the other of twinned 20-atom tetrahedrawith the two
becomes one N2 molecule adsorbedfor each surface apex atoms along the C3 axis of the cluster removed.
metal atom in the cluster. This is an important Ammonia saturation data for clusters in this size
observation,because adeterminationof the numberof region, which count the number of apex atom sites,
surfaceatoms allows us to choose between different show exactlythe behaviorexpected foreither of these

possible structures.Several clustershave noteworthy two structures.To distinguish the structure, we will
featuresin their uptakeplots. Ni7(N2)m,for example, attempt to saturatethe cluster with nitrogen. Because
has a plateau at m = 1, indicating that there is one the number of surface atoms is different for the two
unique nickel atom that has the highest binding clusters (26 forone and 27 for the other), saturation,
energy for a N2 molecule. This suggests that the if it can be achieved, will tell one structurefrom the
structure of Ni7 is not the most likely pentagonal other. We will also attemptto saturatethese clusters
bipyramid(which might show a plateauat m = 2, but with raregases. If this can be done, importantstruc-
not 1). Although Nii3 and Co13 saturate with the tural information could result, because rare gases
adsorptionof 12 N2 molecules, as expected for ser- should notalter clusterstructuressignificantly.
cml possible structureshaving one central atom,Nil4
saturates at m = 14, consistent with a tetrahedral 2. Kinetics of Cluster Reactions L. Zhu,
structure in which ali atoms are exposed. Co14, on J. Ho, E. K. Parks, S, J. Riley
the other hand, saturates at m = 13, indicating that
14-atom clusters of the two metals, when saturated a. Reactions of Nickel Clusters with D2
with nitrogen, have different structures. Nil9 satu-
rates at m = 17, consistent with a double icosahcdral The temperaturedependenceof thereactionkinet-
structure,whereasCoI9(N2)mshows a more complex ics of Nin clusters with deuterium has been deter-
behavior, suggesting several structuralisomers based minedin the range133-413 Kforclustersizes n = 9-14.
on fcc packing.Clearly,cluster structureis acomplex Except forNi9, thereaction rate constants are found
functionof cluster size as well as metal.The identifi- to be nearlygas-kineticand to be independentof tem-
cation of cluster isomers will be important to our perature over the entire temperature range studied,
futureattemptsto understandstructure-reactivityrela- suggesting that dissociative chemisorption of D2 on
tionships, nickelclustersis a directprocessandproceedswithout

an activationbarrier.Ni9, on the other hand,exhibits

b. Weakly Adsorbing Clusters a room temperature reaction rate constant that is
roughly an orderof magnitudesmaller than the other

Nickel clusters in the 20- to 50-atom size range clusters. Althoughthe temperaturedependence forNi9
show significant variations in the strength of their is similar to that of the other clusters above 213 K,
binding of adsorbate molecules. Because the ioniza- its reaction rate constants exhibit a significant
tion potentials of these clusters also show variations increase with decreasing temperature below 213 K.
in this size range, it is possible that the clusters are The absenceof a temperaturedependenceandthe low
adoptinga variety of structures.It is found, however, reactivityof Ni9 with D'2above 213 Kcan be ration-
that those clustersizes that show weakadsorption for alized in terms of a direct dissociative chemisorption

nitrogen generallyalso have weakadsorptionforother mechanism that is limited by the numberof available
reagents. One example of this behavior is Ni28. This active reaction sites or proper reagent orientation
cluster shows a distinct minimum in the adsorption ratherthan by the presence of an activation barrier
of Ar atoms, Kr atoms, N2 molecules, and H20. towardsreaction.Because thesame mechanismshould
There is emerging evidence that clusters that show also apply in the low-temperaturerange, the increase
such weak adsorption may have close-packed fcc in ratesobservedbelow 213 Kmust be due to an addi-
structures that have only (111) type faces, i.e., faces tional reaction mechanism that operates only at low
where n-fold sites are limited to n < 3. Such clusters temperatures.This mechanism apparentlyinvolves an

might be expected to bind raregases moreweaklyand increase in the sticking probabilityof D2 on Ni9 at
may in fact bind most reagents more weakly. There low temperatures,which then mediates the dissocia-
are two 28-atom clusters having only (111) faces, tire chemisorption.
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b. Reactions of Cobalt Clusters with I)2 3. Physisorption Processes L. Zbu, J. Ho,
E. K. Parks, S. J. Riley

The kinetics of the reactions of bare cobalt clus-

ters with deuterium have been studied in the past year. When I) 2 is dissociatively chemisorbed on small

Absolute reaction rate constants for the addition of the nickel clusters, the cluster ionization potentials (IPs)

fir._t D2 molecule to Con have been carefully mea- increase monotonically with coverage, to the point

sured at room temperature in the cluster size range where one-photon ionizationby an AtF excimer laser
n = 7-68. The rate constants are foundto be a strong is not possible. Yet at sufficiently low FTR tempera-
functionof clustersize, varyingby nearlythreeorders tures, we see peaks in the ArF laser-generatedmass
of magnitude over this size range. The size depen- spectra corresponding to NinDm species having m

dence is particularly evident in the n = 7-25 range, values larger than the known chemisorption satura-
where Co15 is the most reactive cluster, and Co7-9, tion values.This is clearly illustratedin FigureIV-2,
Co19, and Co20 are particularlyunreactivecompared which shows that two groups of productpeaks are
to the others. Abrupt changes in the rate constants seenfollowing thereactionof D2 with Nil3 at 133 K.
from one cluster to the next, such as from Co9 to One group of peaks with mmax values smaller than
COl0, Co14 to Co15, and Co18 to Co19, are the chemisorption saturationcomes from dissociative
observed. Between Co9 and Colo, the rate constant chemisorption of D2 on nickel clusters. This group
increasesby more than one orderof magnitude.For dies out in intensitybecausethe ArFlaser cannotion-
clustersaboven = 25, therate constantsshow several ize the saturatedspecies. The second group is appar-
less prominentmaxima and minimasuperimposedon entlydue to species havingD2 molecules physisorbed
a slow, nearly monotonic increasewith clustersize. on clusters already saturatedwith chemisorbed D
The rate constants roughly scale with n2/3 in this atoms. The physisorbed molecules lower cluster IPs
size region, which is consistent with a model of a sufficiently thatthey can be ionized by the AtF laser.
sphericalcluster having a constantreaction rate per This is the first time that molecularphysisorption of
unitsurfacearea(ornumberof surfacemetalatoms). this type has been clearly identified in gas-phase

Temperaturedependencesof the reactivitieshave metal clusterstudies.
been studied in the range from -100 °C to 100 °C for We can also quantify the physisorptionsaturation
the unreactiveclusters Co14, Co19, Co20, and Co21. of the clusters. By subtracting the corresponding
Certainpatternsare observed. The reactivity of Co14 chemisorption contribution (determined in a separate
increases slightly with increasing temperature, experiment using F2 laser ionization), the level of
Because the temperature dependence is so weak, it physisorptioncan be determined. For example, Nil3
providesno definiteevidence fora reactionbarrierin

lhc COl4-D 2 system. The rate constant for C020 is Nit3D+
nearlytemperature-independentabove293 K,but sud- m o + + . . _on _,,_. _. m._,
denly increases when the temperature approaches ] [ [ [ [ [ [ [ [ I [ [
173 K. This suggests that anotheradsorptionmecha-

I I I I _ I I I I I IInism emerges at low temperature,as was seen for

Ni9 + 1)2. The behaviors of Co19 and Co21 are even . I I I I J J I J I
more interesting. At low temperature (213-173 K), T I I ] [ I [ [ [
the kinetic depletion plots (plots of the logarithmic
intensityof the barecluster ions vs. 132density in the I i I I [ I I
FTR) are not linear, suggesting that there is more '_ [ ] I [ { ] ]
thenone cluster structurepresent for Co19 and Co21 '_ I . . _ I
andthatthe structureshave differentre,activities. This

result is consistent with the N2 saturationexperi-
menUsdescribed above, which also point to isomers time

for cobalt clusters above n = 18. These results again FigureIV-2. Portionof the mass spectrumrecordedat
demonstrate the importance of identifying structural an FTR temperature of 133 K and a D2 pressure of
isomers to help explaincluster chemical properties. 1 mTorr.



79

saturates with 14 chemisorbed D atoms, and uiti- Fe19,23,26,29,32,34.Our earlier studies have demon-
mately saturates with a total of 38 deuteriums. We strated that these polyicosahedral clusters ali saturate
thus conclude that 12 physisorbed D2 molecules can with the adsorption of 12 NH3molecules. Figure IV-3
bind to Nil3, the same as for N2. We believe that shows uptake plots for Fe23 reacting with ammonia.
such detailed physisorption studies, combined with The solid lines are the calculated uptake data for four
our well-established chemisorption studies, will pro- FTR temperatures, and the points are the experimen-
vide more insight into cluster structure and structure- tal data. The cluster-NH3 bond energies are found in
reactivity relationships, this case to decrease linearly with coverage from

roughly 0.95 eV at low coverage to 0.50 eV at satura-

4. Uptake Modeling E. K. Parks tion. The model shows a similar linear decrease in the
adsorption bond strength with coverage for the other

The uptake of a chemical reagent by a cluster is clusters in the polyicosahedral series, with the extent
analogous to an adsorption isotherm measured in sur- of the decrease larger for smaller clusters. These

face science studies, and can be analyzed to obtain results imply, in contrast to what was expected, that
absorption cross sections and cluster-adsorbate bir_d- steric interactions between the NH3 molecules do not
ing energies as a function of coverage. The rate of seem to play a significant role in the relationship

adsorption is modeled by assuming a cross section, between bond strength and coverage. Such modeling
and the rate of desorption with an RRK-type formal- calculations will be of great utility in extracting
ism. In our calculations the actual sequence of reagent kinetic and thermodynamic information from adsor-
molecule adsorptionsanddesorptionsfor an individual bateuptakedata.
cluster is followed statistically fora timeperiod corre-

sponding to the time that reagents interact with the le ....... , ........ , ........ , ........ , ....... , •.
clusters in the FTR. The calculation starts with a barc

cluster at the beginning of the FTR, and at the end of 14 Fe23(NH3)m
the reaction time the number of reagent molecules 12 _ s • 0• •_o oo# A

adsorbed on the cluster is determined. The calculation 16 o o o • • -
_ Jt

is repeated for roughly 1000 clusters in order to ra 6 •

obtain statistically significant values for the reagent
uptake. A fitting of the calculated results to the mea- e • .20,cO 24_

sured adsorbate uptake in the kinetics region deter- 4 • 6o,c

mines the adsorption cross sections. Fitting in the 2 ,, 100,c
equilibrium region determines the adsorption bond

I IIII_ i I I lllllf I | [ lllll| I I I illni • I I l. le_ • •

energies, which govern the desorption rates through °.01 .1 1 10 10o 100o l_oo
the RRK model, pressure(reTort)

This analysis has been applied to the reaction of Figure IV-3. Calculated (solid curves) and measured
ammonia with the six polyicosahedral clusters (datapoints)uptake of ammoniaby Fe23.

III I I

B. Photoionization and Optical Spectroscopy of Metal Clusters
NI. B. Knickelbein, W. J. C. Menezes

Over the past year we have refined and extended able for cluster photoionization. In addition, we have
our laser photoionization mass spectrometry studies added an ArF excimer laser that en.abiesus to do two-

that probe the physical nature of metal clusters and color pump-probephotodepletion spectroscopy exper-
cluster-adsorbate systems. The apparatus used in these iments. These have yielded the first optical absorption

studies is similar to that described in the previous sec- spectra recorded for transitionmetal clusters.
tion, except that a tunable ultraviolet laser is avail-
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1. Metal Cluster-Rare Gas van der Waals turccannot be neglected. A fuller delineation of the
Complexes: A Microscopic Model of interplaybetweenelectronic andgeometriceffects will
Physisorption M. B. Knickelbein, be essential toour understandingof clusterchemistry.
W. ]. C. Menezes

! ! ! ! !

We have investigated several systems of raregas , 9.o.oo..o.o.

van der Waals (vdW) complexes of transition metal _ __.t/_j,..,4_

clusters,MnRm.These novel species areproducedby
seeding a few percent of argon or krypton into the " .

helium carriergas of our cluster source and cooling _..].q _] _ • Fe,,Ar,,,

the nozzle to 77 K. As shown in FigureIV-4, the rel- u, t" \ li / • Fe._m
' O

ative probability FvdW for Fen, Con, and Nin clus- q / kD2(arb.)
ters to form vdW complexes with rare gases is "_ •
strongly dependenton cluster size. For example, Ni9 "' _:o

is relatively "inert" toward vdW complex formation, _ : :_ : : :
whereas Nii3 forms complexes with high probabil- __ _'_

ity. Moreover, the nonmonotonicvari;_'./onsin FvdW _t_" _' ' _ /
.,are strongly correlatedwith thevar;_tionsobserved in 1 _ . o'_•, \

thechemicalreactivityof theseclusterswith molecu- d,¢:

lar deuterium,shown alongwith FvdWin Figure IV-4. _'_ __ ,lhr _

lt is likely that these variationsin complex formation

efficiency resultfromsize-dependent variationsin the _)¢_ _ ConArmsurface structure of the clusters: those clusters with _a, o kD2(arb.)
surface sites capable of binding rare gas atoms _ tl .._" I I I I I
stronglywill formcomplexeswithgreaterefficiency

than topologically "smooth" clusters that lack such _ /\0 ._ ,_ ..o_o
sites. The correlation between FvdW and deuterium , _i b-o%.'r _•_o" _.•
reactivitymay mean thatthose surfacesites thatmost ?,.L*" _-, ., ..
readilybind a raregas atomarethe most reactivesites q _/_ -_" /'"

for a direct (i.e., concerted) reactionwith hydrogen, i J -__

Another possibility is that these Mn + D2 reactions
• NinAr m

proceed through a long-lived intermediateMn'"D2 t, ,[ A NinKr m

van der Waals species,in which the hydrogen o kDa(arb.)
moleculeis trappedintoa physisorbedprecursorstate
priorto ,;ndergoingdissociativechemisorption: ,,_ J , , ,

I 10 1l _ li _ _MS

Mn + D2 "* Mn"'D2 n(atoms)

Mn"'D2 --* MnDD • FigureIV-4. RelativeprobabilityFvdWof raregasvan
In such a two-step mechanism, the overall reaction der Waals complex formationfor Fen, Con, and Nin

clusters (left scale, filled symbols)and rate constants
rate will be proportionalto the steadystateconcentra- forreactionswith D2 (open symbols).
tion of the Mn'"D2 intermediate, so that those clus-
ters thatreadily formthese intermediateswill bemore

reactive than those that do not. lt is reasonable to 2. The Optical Response of Niobium
expect that those clustersthat mosteasilyform rare Clusten M. B. Knickelbcin, W. ]. C. Mcnczcs
gascomplexeswill alsoformMn'"D2 vanderWaals
complexeswith thegreatestprobability. Theabilityto converta relativclylargefraction

TheFvdw-reactivitycorrelationsinFigureIV-4 of metalclustersto raregasvanderWaalscomplexes
arenotperfectfor the first-rowtransitionmetals,and hasled to the developmentof a new techniquefor
arc entirelyabsentfor niobiumclusters.This indi- determiningmetalclusteropticalabsorptionspectra.
catesthatotherfactorssuchasclusterelectronicstruc- Becausethesetransitionmetalclustersareproducedin
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very small amounts and with a wide distributionof 3. Bimetallic Clusters of Aluminum and
sizes, the traditional techniques of optical absorption Cobalt W.J.C. Mcnezcs, M. B. Knickelbcin

spectroscopyare notusable. However,we have found
that photon absorptionby metal clusterscan be fol- Therearenow manycases where electronicshell
lowed with high sensitivity by monitoringthe loss of effects areseen in the propertiesof clus_ers of nearly
rare gas atoms from metal cluster-raregas complexes free electron metals. These effects appear as sudden
followingphotoabsorption:MnRm+ hv -,. Mn+ mR. discontinuities in si;e-dependent propertiesfor clus-
Absorption spectra can be measured using the frac- ters containing certain magic numbers of atoms.
tional depletion of MnRm species in the molecular These effects are predictedby simple shell models in
beam as a function of laser wavelength. By concur- which delocalized electrons, confined to a spherical
rentlymeasuringlaserfluence, we canobtain absolute potential, cause the clusters to display quantumlevel
absorptioncross sections, enabling comparison with structurecharacterizedby shells composedof degener-
theoriessuch as the Mie model of metal particleepri- ate levels, similar to those shown by electrons in
cal response. The first photodepletionmeasurements atoms and by protonsandneutrons in nuclei. For the
on NbnArm complexes, from n = 7-20, have been spherical-square-wellpotential, electronic shell clos-
completed, spanning the 336-614 nm wavelength ings are predictedto occur when the numberof elec-
range. Spectra for NlyTArand Nb20Ar are shown in trons neequals one of the magic numbers of 2, 8, 18,
Figure IV-5. Our results indicate that niobium clus- 20, 34, 40, 58 .... Such shell closings have been
tcrs in this size range have broad,apparentlyfeature- observed in the IPs of alkali and coinage metal clus-
less absorption spectra, with oscillator strengths that tcrs, where sudden IP decreases follow the predicted
increase steadily into the ultraviolet, in qualitative shell closings. Deviations from the predicted shell-
agreementwith the predictionsof the Mie model (also filling pattern arc sometimes observed, however,
shown in Figure IV-5). These results represent the pointing to the limitations of simple "structureless"

first size-specific optical absorption spectra ever potentialmodels that neglect the discretenatureof the
recorded for polyatomic transition metal clusters, nuclearcharge distribution.
Such measurements are essential to a fuller under- lt is a significantobservationthat electronic shell

standing of clusterelectronic propertiesand as input effects are observed only in clusters of metals that
to theoretical treatments of =luster electronic states, should, by simple valence considerations,contribute

We plan to extend these studies to larger niobium an integral number of electrons to the collection of
clustersand to clustersof other transitionand coinage delocalized electrons comprising the "conduction"
metals, band of a cluster. For example, the IPs of aluminum

clusters, Aln, show many of the sudden jumps dis-
............................... played by clustersof monovalentnearly free electron

u NbTAr metals, with ne = 3n. Interestingly, as our studieso

,-, lJ A _li have shown, transition metal clusters do not display

_- _ such magic-number behavior in their ionization

1.0

x potentials. This is presumably because the valence

eJ electrons of transition metals, in particular the d elec-
,-, 0_ trons, are more involved in localizedbonding than the

-I ........................ outermost s electrons of the alkali and coinage met-

2., Nb20Ar als. As a test of these ideas, we have measured ioniza-

_l.s _"_ _t rienpotentialsof bimetallic aluminum/cobaltclusters

_1.0 AlnCom with n > m in order to determine the effec-
tive valency of cobalt atoms in small "aluminumclus-

0,8

ters. The IPs of AlnCom for m = 0-3 are shown in

..8 ............................ Figure IV-6. The electronic shell structure that has

wavelength (mn) been seen for aluminum clusters (three electrons per

Figure IV-5. Photodissociation action spectra for atom) is seen to be perturbed by the presence of the
Nb7Arand Nb20Ar from 336-614nra. Solid curvesare cobalt atoms, and the perturbation is consistent with
the theoretical spectrafrom Mie theory, cobalt contributing one electron to the clusters'



82

ii"!.................................conductionband, such thatne = 3nAl + nco. Thiscan ., .- .__

be seen most clearly by comparing the IPs of "pure"
aluminum clusters to those of clusters in which a

single cobalt atom is present: the large IP decrease
. . j..

from AII3CO(ne = 40) to AII4CO(ne = 41) remains...................................

butthereisa reversalof lhcodd-evenalternationpat- .,
tern for n = 15-20. Although some of these shell- _, M
closing features are seen forAInCo2andAInCo3,any _ MM
recognizable vestiges of the aluminumcluster shell ._ M

structure disappear for clusters containing four or _ M - ..............

mor  Iiiii iiiiilliIFurther studies of similar bimetallic clusters u
should prove to be useful in elucidatingthe natureof M$.|

bonding in clusters containing transition metal ..., M
LIatoms.

..... AlaCo3

Figure W-6. Vertical ionization potentials for AlnCo m, u0 s lo is m 2s 3o
m = 0-3. Apparent electronic shell closings are
denotedby arrows, n (atoms)

i,s,ll

C. Theoretical Studies of Cluster Structure and Dynamics
J. Jellinek, Z. B. Oflvcnf, M. J. Lopez, V. Bonati_-Koutcck_, S. F. Chekmarcv, F. W. Dcch, P. Fantucci,
I. L. Garzon, G. Lacucva, A. F. Voter

The theoreticalprogramfocuses on studiesof the theoretical arsenalin orderto use it in cluster-related
fundamentalstructuraland dynamical propertiesof problems. Moreover,the newness of the cluster field
clusters that include isomers (stable and metastable), calls for new theoretical methodologies. Our work
interconversion and coexistence of these isomers, involves general conceptual (analytical) develop-

pMses and phase changes (e.g., solidlike to liquidlike) ments, code development and optimization specifi-
in clusters, mechanisms of cluster-molecule inter- cally tailored to systems with a moderate-to-large
actions, and evolution of these properties with cluster number of degrees of freedom, and large-scale humeri-
size. Because these properties are ultimately deter- cal simulations that yield information on a broad
mined by the nature of the interatomic interactions, variety of physico-chemical properties characteristic
one of the major goals of our studies is to develop an of clusters.
adequate modeling of these interactions. We concen-

trateprimarily on metal clusters---the subject of the 1. Dynamics of Cluster-Molecule

experimental research in the group.The presenceof a Interactions J. Jellinek, Z. B. Gflvenf
theoretical and an experimental component within the

group provides a continued challenging and stimulat- In the past year we have continued our detailed

ing interaction between theory andexperiment, investigation ofcluster-molecule interactions using
The traditional concepts, approaches,and tools of the D2 + Nit3 collision system as a paradigm. We

theoretical chemistry and physics were developed to utilize the technique of quasiclassical trajectory simu-
study the gaseous, liquid, and condeT.,sedstates of mat- lations to study the reactive (dissociative adsorption
ter. The "microscopic" nature of clusters as intermedi- of the molecule on the cluster) and inelastic (scatter-

ates between isolated atoms and molecules, on the ing of the molecule from the cluster) channels of the
one hand, and solids/liquict_,on the other, requires a interaction. These are characterized as functions of
critical reevaluation and modification of the existing such parameters asthe initial (quantized)rovibrational
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state of the molecule, the collision energy, and the 14.o ..... " " " " ' ..... " " " " ' " "s "

structure and temperatureof the cluster. The inter- 1_
action between the Ni atoms is modeledby an _., • T-298 K,0K •

embedded atompotential, whereasthose between D-D ,_< t0.0 • T= 628 K *" • "_-_ * Tffi 856K "* "

andD-Ni arerepresentedbya LEPS(London-Eyring- ._ s.0 t •

Polanyi-Sato) function. The quantitative analysis is _ , ° , "carriedout in terms of a variety of physico-chemical *.0 • " ,
characteristics,which rangefromdetailedprobabilities 4.0 z •

1 •
through cross _ctions to rate constants and activation ,, •
energies. 2.0 I . "

Our results clearly indicate, for the first time in 0.0 "'----'--"-" * " ........ ' .............
the context of cluster studies, that both the molecule's o.00 o.2o o.40 o.m o_o 1.0o
dissociative adsorption and its scattering can be direct Etr (eV)
or indirect. The indirect processes involve formation Figure IV-7. Cross section of the dissociative adsorp-

tion of D 2 (vi = O, Ji = 3) on an icosahedral Nil3 as a
of transient cluster-molecule complexes, i.e., reso- functiov, of the collision energy for different initial
nances. We have formulated a new resonance analysis temperaturesT of the cluster.
scheme that allows one to calculate, in the course of

trajectory simulations,resonance formation probabili-
ties and cross sections, their lifetimes, and the branch- of the collision energy for different initial tempera-

ing ratios between the direct and indirect processes, tures of an icosahedral Nil3. The results show that

Typical results in terms of probabilities for the the cluster reactivity remains constant in the tempera-
reactive interaction of I)2 with Nil3 are shown in ture range T = 0-298 K. lt increases somewhat at
Table IV-I; the resonance lifetimes should be com- T = 628 K, and remains essentially unchanged (or pos-

pared to the zero-point vibrational period of D2, sibly even shows a slight tendency to decrease) at
which is -0.01 ps. It is clear that as the collision T = 856 K. lt should be noted that at these tempera-
energy increases, the lifetime decreases, and the frac- tures the cluster is below the isomerization threshold.
tion of the direct reaction increases. With increasing Its thermal motion, however, causes deformation of

impact parameter, the resonance lifetime decreases the initially (at T = 0 K) perfect icosahedral structure.
(not shown). The analysis of the cross-section data, The qualitative featuresof the temperature dependence
which includes the contribution from ali impact of the reactivity reflect an intricate interplay of the

parameters, indicates that in the reactive channel the cluster energetic and topological factors. Work is in
molecular sticking probability is a decreasing func- progress on extending these studies to higher tempera-
tion of the collision energy, tures.

We have also examined the effect of cluster tem- The resonance mechanism of cluster reactivity as

perature on its reactivity. In Figure IV-7, the dissocia- an alternative to the direct reaction, as well as the rel-
tive adsorption cross sections are plotted as functions ative independence of the reactivity on temperature

discussed above, have recently been confirmed, at

least partially, by experiments in our group (see sec-
Table IV-1. Probabilities of the direct (pDR) trod tionsAandB).

indirect (pIR) reactions, fractional contribution of the The cluster-molecule reaction mechanism(s) are
direct reaction (fDR), and reactive resonance lifetimes
(x) for the case of a !:)2molecule initially in the vi = I largely defined by the topology of the cluster-
vibrational and the Ji = 0 rotational state colliding molecule interaction potential. To gain information
with a zero-temperaturecuboctahedralNii3. The impact about this topology, we have mapped out the mini-
parameterb = 0.25 A.

mum energy LEPS interaction as a function of the
Eitr(eV) 0.038 0.30 0.50 0.90 cluster center-of-mass (c.m.)--D2 (c.m.) distance and
pDR 0.06 0.11 0.13 0.20 the D-D distance.The contourplot of the map for

pIR 0.44 0.39 0.52 0.57 icosahedral Nil 3 is shown in Figure IV-8. Six low-

fDR(%) 12 22 19 26 energy "lakes" separated by "ridges" can be clearlyidentified.The lake corresponding to the smallest D-D

x(ps) 0.07 0.03 0.02 0.01 distances represents the energies and location of the
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_o _,. clusters persist as a challenging aspect of cluster

li 4,'.,_ research.We haveextendedourearlierinvestigationof

_o these properties in Nin clusters, based on an

,0 '" embedded-atom potential (EAP) for modeling the. __ interatomiccohesion, from n = 12-14 to n = 9, 15,
_5

.... _.__ _ -__: _:-.... 18-20, 55. The differentisomeric formsof these clus-

,s, _ __ 400 ters were determinedby the technique of simulated

thermalquenching. As an example, we find that the
'_" 20

lowest energy structure for Ni9 determined by the
,0 electronic structurecalculations of Siegbahn et al. is

4,s _-_\//_ \ \ only the second most stable among the isomers we

e0 _ , , , ",s'_, _/!//!][1/ obtain from the EAP approach. The EAP lowest
0 5 t.5 2.5 3.5 4.5 &5 li.lt ?.5 IS.lt

o.o_su_,o(A) energy structureis only -0.09 eV more stable than
the next isomer,butit hasa verydifferent geometry.

Figure IV-8. Contourplots of the minimized LEPS As their internal energy increases, the clusters
interactionenergy of a D2 molecule with an icosa-
hedral Nii3 clusteras a functionof the D2 (c.m.)-- undergoa characteristicsolid-to-liquidliketransition.
Nii3 (c.m.) and the D-D distances.The numbersindi- The natureandthedifferent stagesof the Uansition,as
carethe well depthsand the barrierheightsin eV. well as the energies (or temperatures)corresponding

to these stages, areidentified throughthe analysisof a
varietyof characteristicphysical quantitiessuch as the

molecularadsorption potential weil. The other five short-time-averagedkineticenergy, the caloriccurve,
representthe topologically differentpairsof sites and root-mean-square(rms)bond P,ngth fluctuations,and
correspondingenergies of the dissociative (atomic) mean-squaredisplacements. Clusters of ali the sizes
adsorption of D2. The ridges arepotential barriers, studiedexhibita so-called "coexistence" (or isomeriza-
One notices that there is no barrier to molecular rien) stage over a finite range of energies
adsorption,and that the highestbarrieris forbreaking (temperatures).The time evolution of a cluster in this
theD-D bond. stage is characterized by intermittent spontaneous

lt turnsout that the reactionrateconstant(s) and isomerization transitions,with each isomersurviving
exothermicity calculated from the original LEPS long enough between the transitions to be identifi-
potential (DePristoand co-workers)do notreproduce able. The Ni20 cluster, the most stable isomer of
quantitativelylhc values deduced fromtheexperimen- which is adouble icosahedronwith an additionalatom

tal measurementsmade in our group.We examined decoratinga threefoldface, "melts" in two stages.The
how sensitively the calculated results dependon the isomerizationstage (T_, 1100-1300 K) is _ by a
parametersof the potential and foundquite a strong lower temperature"premellting"stage (I"- 400-700 K)
sensitivity. We have shown that a 10% increase of similarto that foundby us earlier for Nii4. Premelt-
the D-Ni bond strength in the LEPS potential pro- ing is a local melting of the cluster involving the
duccsagreementbetween theoryandexperiment.Our "extra" atom andatoms in its vicinity, lt is causedby
future work will furtherexplore the delicateproblem the locally destabilizing effect of this extra atom on
of fine tuning the cluster-molecule interactionpoten- the underl_,ingand otherwise very stable icosahedrai
tials. Questions such as dependence of the mecha- Nii9. We conjecture that thepremeltingphenomenon
nisms of cluster interactions, especially reactions,on is characteristicof nickel (or, more generally, transi-
the cluster size, effect of the cluster temperatureon rienmetal) clusters of those sizes thatformcomplete
the resonancephenomena,etc. will be addressed, icosahedrawith one (or, for largerclusters, possibly a

few) extra decoratingatom(s).
2. Structure, Phases, and Phase Changes An interestingfeatureof the melting mechanism

of Nickel Clusters from an Embedded- in Ni55 is the distinguishable stage of surface melt-
Atom Potential J. Jellinek, Z. B. OlJvenf ing. In Figure IV-9, the rms bond-length fluctuations,

averagedover the bonds between (a) ali the 55 atoms,
The structureand specificity of phases and phase Co)the 42 surfaceatoms, and (c) the 13 core atoms,

changes in small metal (especially transition metal) areplottedas functions of the cluster temperature,lt
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is clearthat the meltingtransition,the signatureof SOLIDLIKE(T:751K): Ni13: coreof NI55
whichistheabruptrisein thevalueof themisbond-
length fluctuations,startsbetweenT = 800 Kand900 K
andis caused by the increasedmobility of the surface

atoms. The icosabedral 13-atom core resists melting
up to T - 1100 K. "Snapshots" of the cluster and of
its core (Figure IV-10) takenfrom simulationruns at
differentenergies (temperatures)clearly illustrate the

solidlike, the surface-melted,and theliquidlikephases. SURFACE-MELTED(T:1060K):

0.40
*surface

O,_ • CO_I_ o • • • • • • •

"_ • overall •e.._

, Ni55O.26

'_ 0.16 .•e
• LIQUIDLIKE('1'=2176K): ,s_

"_ o.lo
E , ®

0.06 )e • • • See_e° A _
O.N • 1 • • t .... t , • • , I , • • • i . • * i

0 Silo 1000 1604 2400 2600

T_

Figure IV-9. Rms bond-lengthfluctuations averaged
over the bonds betweenali the 55 atoms, the 42 sur-
face atoms, and the 13 core atoms, respectively,as
functionsof the clustertemperatures. Figure IV-10. Snapshotsof the initially icosahedral

Ni55 and of its 13-atomcore at differenttemperatures
of the cluster.

3. The Effective-Medium Approach for
Chmtenl I. Jellinek, M. I. Lopez

We have initiated a new project, the goal of
One of the most important and most difficult ...._which is to formulate an effective-medium-like

aspects of theoretical studies of metal clusters is the approach that is internallyconsistent, computation-
problemof an accurate descriptionor, alternatively, ally efficient, andapplicable to the bulk as well as to

adequatemodelingof theinteratomicinteractions.The clusters. To achieve this flexibility, an optimal com-
so-called effective-medium approach is one of the promise between the fundamentaland fitted compo-
more fundamentalschemes for calculating the cohe- nents of the method must be introduced. In our
sive energy andother bulk and surface propertiesof scheme, the lattice bias is totally eliminated. The
metals. Unlike the embedded-atom method, the scheme still correctly reproducesnotonly the equilib-
effective-medium approach explicitly identifies the riumcohesive energy of the bulk but also the change
different interactionscontributing to the total energy of the cohesive energy with the lattice constant. The

and, in principle,avoids fittingof parameters.In prac- energyof the diatomic molecule is mimicked exactly
tical implementations, however, approximationsand as weil. We havederivedand utilizedanumberof new

fittings we1"•introduced.An importantfeatureof the fundamentalrelationships.Oneof these is the correla-
original effective-mediumscheme thatmakes it virtu- tion between the averageelectronic densities that any
ally inapplicable to clusters is the built-in assump- two atoms contribute to each other's environment.

tion of a lattice structure.Some modifications have We expect to complete theconceptualdevelopmentof
been considered, but they introduce furtherquestion- the new method in the nearfuture. The emphasis then
able approximations,and the entire method remains will shift to numerical implementations and applica-
extremely demandingcomputafionally, tions.
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4. Analysis of Molecular Dynamics retical cluster researchat Argonneby fostering long-

Schemes J. Jellinek, G. Lacueva termcoUabomtionswith theoreticalclusterresearch
groupsaroundtheworld.Themechanismof collabo-

When studyingclusters,whichare systemsfar ration includesvisits to Argonneof theoristsfrom
fromthe thermodynamiclimit, the constant-energy differentinstitutionsforperiodsof a fewmonths.The
(microcanonical)andtheconstant-temperature(canon- resultingcollaborationsthencontinuein the respec-
ical) moleculardynamics0rID) simulationsmaybe fivehomeinstitutions,withpossiblerepeatedperiods
inequivalent.In fact,in manycasesthecanonicalMD of joint work.
may be moreappropriatebecauseit is the tempera-
ture,rather than the total energy, of a cluster that is a. Ab Initio Molecular Dynamics for
undercontrol in experiments. Metal Clusters J. ]ellinek, V. Bonac_c-

Abouteightyea.rsago,Nos_introducedaningen- Koulecky;P. Fantucci
ieusconstant-temperatureMI) in whichthethermal
bath, to which the physicalsystemis coupled,is Thegoalof thiscollaborationistoproduceanab
mimickedby a singledegreeof freedom, lt was initio (asunderstoodby chemists)moleculardynam-
claimedthat thiswastheonlywayin whicha canon- icsschemefor studyingmetal clustersandcluster-
ical ensemblecouldbe simulatedby a continuous moleculesystems.The schemeis basedoncombin-
deterministic dynamics. About five years ago, we ing an ab initio quantumchemical calculationof the
generalizedNos_'sapproachand proved that there are electronic energies for a set of fixed nuclei with the
infinitely manysuch ways. In orderfor the dynamics classical dynamics of the nuclei. The latter evolve
to producethermallyaveragedpropertiesof the physi- under the forces defined as the derivatives of the
cal system, the dynamics of the extended system energy of the electronic groundstate with respect to
(which includes the extra "bath" degree of freedom) the nuclear coordinates. A major problem is to
has to be ergodic, lt turnedout that it may be prob- achieve a level of computational efficiency that will
lematic to satisfy this requirementfor systems with allow for carrying out simulation runs long enough
only a few degrees of freedom. In fact, the original for a meaningful dynamical analysis. A large effort
Nos_ dynamics cannot thermalizea one-dimensional has been invested in optimization of the code. This
harmonic oscillator, which is an illustration of its involved speeding up the calculationof the integrals,
limitations.Doubt has been cast in the literatureas to vectorization, using stored precomputed quantities,
whethercoupling to a single additionaldegreeof free- etc. The codes were ported to the massively parallel
dom can ever "mix up" a one-dimensional harmonic TouchstoneDELTA machine and successfully tested
oscillator.We haveanalyzed manydifferentcanonical for the Li6 cluster. The efficiency of the runs, as a
MDs generated within our generalization of Nos_'s function of the numberof processors used, has been
scheme and haveshown thatthey thermalize the har- mapped out, and it was found that for the particular
monic oscillator very efficiently. The implication of case of Li6 the optimum is provided by 128 proces-
this is thatthese dynamicsare moreefficient in samp- sors. The test runs unambiguously proved that the

ling the phase space of the physical system than the task is feasible, although further optimizations are
Nos_ MD. Our currentwork focuses on attemptsto needed. Workon these is in progress.
identify the factors that govern the sampling effi-
ciency of the different dynamics. Identification of b. Structure and Dynamics of Metal
these factorswill allow for a morejudicious selection Clusters from a Gupta-like Potential
of the dynamics that areoptimized to the specific sys- ]. ]ellinek, I. L. Garzon
tems and problemsunderstudy.

We continued exploration of the structuraland
5. Cluster Research Within the Theory dynamical properties of nickel and gold clusters of

_,.. J' J

Institute J. Jellinek, V. BonacJc-Koutecky, various sizes using a Gupta-like potential. This is a
P. Fantucci, I. L. Garzon, S. F. Chekmarev many-bodypotentialthatdependson five paramcters.

Two of these parameterscan be viewed, respectively,
The primary goal of our activity within the as an energy-scaling and a length-scaling unit,and we

Theory Institute is to facilitate an expansion of the.x)- interpretthem as depending not only on the material
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(clement)but also on the clustersize. The otherthree both equilibrium (thermodynamic) and nonequilib-

parametersare material-dependentonly. The goal of rium(kinetic) characteristicsof :hesystem. Often one
this study is to contributeto a global comparison of has to know the absolute (normalized) density of
the different potentials for metal clusters through a states. This quantity can be calculated analytically
comparisonof the structuraland dynamical features only for harmonic systems. Until recently, no cfff-
derived fromthem. cient way of obtaining this quantity for arbitrary

lt is reassuring, although somewhat surprising, anharmonicsystems hasbeen known.
that virtually ali the predictions for nickel clusters We have implementedtwo of the three different
derived fromthe Gupta-like potentialarethe same as ways of calculating the absolute density of states in
from the embedded-atom approach(section C.2). This numericalsimulations that we had suggested earlier.
includes size-specific features such as premelting in One implementationis based on molecular dynamics,
Nii4 and Ni20, and surfacemelting in Ni55. the other on a novel so-called microcanonicalMonte

The structuralfeatures of gold clustersare quite Carlo (MC) samplingtechnique.The microcanonical
different from those of nickel clusters. The most sta- MC proveda veryefficient techniqueof sampling the
ble geometries are usually of lower symmetry, and configuration space of a system with a fixed total
thcre arc many more isomers within a specified energy. (The traditionalcanonical Monte Carlo is a
energy range. Some of the gold clusters, e.g., Aul4, sample technique fora system with a fixed tempera-
exhibit quite peculiar features in their isomerization ture.) We have tested our implementations on argon
dynamics. Work is in progress on the analysis of clusters. This choice was dictated by the computa-
these, tional simplicity of the Lennard-Jones potential

describingthese clustersandby the abundanceof data
c. Configuration Space Sampling and on these clusters that cm_be used as a basis for com-

Density of States of Anharmonic parisonand evaluation.The tests provedthe reliabil-
Systems J. Jeilinek, S. F. Chelanarev it),andefficiency of the new techniques.We intendto

use them broadlyin our futurestudies.
The fundamentalrole of the density of states of Future plans for the Theory Institute include

any physical system stems from the fact that the expansion of theeffort to moreprojectsandmorepar-
knowledge of this quantity allows one to calculate ticipants.
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A knowledge of chemical dynamics provides the and kinetics/dynamics of chemical reactions. An
foundation for understanding and controlling such importantthrustis the calculation and use of realistic
complex chemical phenomena as the combustion of potentialenergysurfacesratherthanthe simplistic sur-
hydrocarbonfuels, the chemistry of the atmosphere, faces thathave formedthe basis for most earlierstud-
andthe developmontof new materials.Researchcarried ies of chemical reactions. Our activity in COM-
out overthe past20 yearshas led to rapidadvances in PUTATIONALCHEMISTRYprovides the computa-
both the fundamentaland applied aspectsof chemical tional tools needed to model chemical reactions theo-
dynamics, retically; special emphasis is placed on the develop-

The combinationof advancedexperimentalstudies ment of codes for modem minisupercomputers and
andmodem theorycan be an effective meansof obtain- supercomputerswith parallel architectures.The theo-
ing importantinsights into the mechanisms,energet- retical programis a uniquecombinationof expe_ti_ in
ics, anddynamics on thatmost fundamentalof chemi- the calculation of the energetics of molecular proc-
cal processes, the elementary chemical reaction.Our esses, the calculation of the dynamics of chemical
program in CHEMICAL DYNAMICS IN THE GAS reactions, and the application of computers to large-
PHASE provides just such a close collaboration scale chemical computations.
between experimental and theoretical efforts in the Two majorexperimentaleffortsareincludedin the
studyof chemicalreactivity.The emphasisof the pro- program.The effort in the KINETICS OF CHEMI-
gram is on investigations of molecular systems with CAL REACTIONSinvolves the use of shock tubes to
four to 10 atoms. Such sy.,ems are beginning to measure reactionratesandbranchingratios frombelow
becomeamenableto detailedexperimentalandtheoret- 1000 K to over 5000 K, including measurementof the

ical studies. The reactions of systems involving four elusive hydrogen atom produced in many important
to 10 atoms are significantly more challenging than dissociative processes. The effort in the DYNAMICS
the _riatomic systems for which a large number of OF CHEMICAL REACTIONS involves use of a
detailed andelegant studies have been reportedin the crossed supersonic molecularbeam machine to mea-
pastdecade.However_the diversityof chemicalbehav- sure both angle- and state-resolved cross sections for
icr evinced in polyatomic systems will greatlyenlarge polyatomic reactions. By using pulsed molecular
oer overall understandingof fundamentalfactorsthat beams, we are able to take full advantageof the sensi-
influencechemicalchange, tivity, resolution,and versatilityof pulsed laser spec-

Research in the THEORY OF CHEMICAL troscopic techniques.
REACTIONS involves studies of both the energetics
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A. Theory of Chemical ReacUons
A. F. Wagner, M. ]. Davis, L. B. Harding, R. ]. Harrison, R. L. Shepard, $. K. Gray, G. C. Schatz,
S.-W. Cho, F. LzOuere, M. 14.Alexander, J. M. Bowman, ]. Kiofer, B. Goldfield, 1. Nicholas

A detaileddescriplkmof the dynamicsof chemical With this approachwe are able to study reactions in-
reactions requires the calculation of potential energy volving asmanyas five to six atoms with errorsof just
surfaces, which accurately represent the interactions a few kcal/molin the predictedreactionen_rgetics.Pre-
between the species involved in the reaction,followed dictions to chemical accuracy,that is, to l kcal/mol or
by solution of the equations describing the motionof less, arebeginningto be feasible, althoughnot routine,
the nuclei on these surfaces. During the past decade, for small polyatomic species if advanced theoretical
great strides have been taken in the development of methodologyandcomputertechnologyareemployed.
theoretical models and computational algorithms for Most of the multiconfiguration self-consistent-
describing the energetics and dynamics of chemical field (MCSCF)methods in use today were formulated
reactions.Accurate theoreticaltechniques cannow be in the 1970s. (The advances since that time thathave
used to characterizethe potential energy surfacesfor been in the development of exceedingly fast algo-
three-,four- andfive-bodysystems. Methodsare avail- rithms to implement these methods.) We have found
able for locating transitionstates and for calculating the GeneralizedValence Bond(GVB; Ooddardandco-
the reactionpathsforchemical reactions.For selected workers), Fully Optimized Reaction Space (FORS;
reactionscomplete potentialenergy surfacescan even Ruedenberg and co-workers), and Complete Active
be determined.Once the potential energy surfacehas Space Self-Consistent-Field (CASSCF; Siegbahn,
been specified, the detailed dynamics of elementary Roos andco-workers)methods to be most useful. The
chemical reactions can be calculated,providing infor- GVB is the simplest MCSCF wave function thatpro-
mation on cross sections,angular distributions,energy vides a consistent theoretical descriptionof the associ-
consumptionanddisposal, etc. If only portionsof the ation and dissociation of atoms and molecules. The
potential surface have been characterized, it is still FORS and CASSCF wave functions eliminate many
possible to calculate the thermalratereliablyby using of the deficiencies of the GVB wave functionbut are
statisticaltheories, linearMCSCFexpansions thatgrow rapidlyin length

as the numberof correlatedelectronsincreases.

1. Theoretical Studies of the Energeties of Although multiconfigurationwave functions pro-
Chemical Reactions L. B. Harding, vide a qualitatively useful description of chemical
R. ]. Harrison,R. L. Shelmrd reactions,to obtainquantitativeresultselectron corm-
To calculate the energetics of chemical reactions lation effects neglected in these wave functions must

we must solve the electronic Schrtklingerequationfor be takenintoaccount.These effects can be includedin
ali molecularconformations sampled by the reactive the calculations by using configuration interaction
encounter.Substantialchanges occur in the electronic (CI) techniques.In the CI approach,we have foundthe

structureof a molecular system as the reaction pro- GVB+I+2, FORS+I+2 and CASSCF+I+2 wave
gresses from reactants through the transitionstate to functions, which includeali single and double excita-
products. To describe these changes, our approach tions relative to the above multireference wave func-
includesthe lc,flowing threeelements: tions (MRSDCI), provide useful predictions of the

(i) the use of multiconfiguration self-consistent- energetics of abroadrangeof chemicalreactions.This
field wave functions to provide a consistent approach has been developed by us and others in a
zero-orderdescriptionof theelectronicstructure robust, portable set of computer codes called

of the reactants,transitionstate,andproducts; COLUMBUSProgramSystem.
(ii) the use of configuration interactiontechniques We have also developedadvancedapproachesthat

to describe elecmm correlationeffects neededto go beyond MRSDCI. The first is a full-Cl technique
providequantitativepredictionsof the reaction that efficiently includes ali configurations for small
energetics;and basis sets. The second is a selected CI combined with

(iii) the use of large,optimized basis sets to provide a perturba_ontreatment(CI.PT) of unselectedconfig-
the flexibility _ed to describe the variations urations.Both of these methodsarenow being applied
in the electronic distributions, in ourapplicationsresearch.
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The number of configurations that must be degreesof freedomperpendicularto thepath, areaction
included in the CI and CC calculations increases valley approach.Detailed informationon the mecha-
rapidly with the size of the basis set. One goal is to nism, energetics,anddynamics of a chemical reaction
minimize the number of basis functions required to can be obtained by fully characterizing the reaction
achieve a given level of accuracy. This problem has valley.
been addressed by Ahlrichs and co-workers (1985), In the molecularsystems discussedbelow, several
Alml0f and Taylor (1987), and, more recently, Dun- of the electronic structuretechniquesdescribed above

ning (1989). Ali of these methods use compart con- have been applied to producerepresentationsof either
tracted basis sets of primitive Gaussian functions critical regions, reactions paths, or the entire global
optimized by correlated atomic calculations. Such potential energy surface. Several of these representa-
basissets arecalled correlationconsistent becausetheir tions, or those developed in past years,are used in the
construction is such that an increase in the basis-set following parts of this section to calculate the corre-
size systematicallydecreasesthecorrelationerror, spondingreactiondynamics.

Application of the electronic structuretechniques
describedabove to a particularmolecularsystem pro- a. Ground Potential Energy Surface for
duces theenergiesandotherpropertiesof the system at CH2 L. B. Harding
the selected molecular geometries. This is not the
same as a potential energy surface (PES), which is a Atomic carbon, CH, and CH2 are ali important
continuousglobal functionof the internalcoordinates, reactive species in hydrocarbon flames, lt has been
In other words, the electronicstructurecalculations do postulatedthat reaction (1),

not yield a continuous representation of the potential CH(21T)+ H(2S) -- [CH2] -,- C(3p) + H2 , (1)
energysurface but rathera pointwise representationof
the surface. For describing restricted regions of the is an important source of atomic carbon in fuel-rich

potential energy surface, for example, the regions hydrocarbonflames.
around the minima or saddle points, the calculated To aid in the detailedmodelingof the dynamicsof
energies can be adequately represented by a local this reaction, we have constructed a global, ground
expansionof the energy in eithera Dunham (1934) or state PES for methylene based on accurate ab initio
Simons-Parr-Finlan(1973) series. With such informa- calculations. The calculations consist of a
tion, it is in fact possible to estimate, the rates of CASSCF+I+2 wavefunction with a polarizedvalence
reactions by using transition-state theory methods, triple zeta, (4s,3p,2d,lf/3s,2p, ld), basis set. The cal-
However,for more detaileddynamical studies,such as culations predict that decomposition of CH2(3B1) to
classical trajectoryor quantumdynamics calculations, form C(3p) + H2 is 78.3 kcal/mole endothermic
a global representation of the discretized potential whereas decomposition to form CH('21-1)+ H(2S) is
energy surface must be determined. The fitting of a 105.2 kcal/mole endothermic. These results are in
PES, which requires a large number of electronic good agreement with experimental estimates of
structurecalculations, has proven to be a challenging 80.3 + 0.5 and 105.9 + 0.8 kcal/mole, respectively.
problem. These calculations have been carriedout at over

An alternative approach to determining a global 6000 geometries in orderto accuratelycharacterizeali
representation of the PES involves the calculation of energetically accessible regions of this PES. The
reactionpaths and valleys forchemical reactions.The points were then fit to a modified, many-body expan-
conceptof a reactionpath, which describes the contin- sion designed to accurately describe the cusps in the
uoustransfon'nationof reactants to products,is lrmnly groundstatePES resulting from intersectionsbetween
embedded in the lore of chemistry. The reaction path low-lying electronic states.
has been rigorously defined by Fukui (1970) as the The calculations show a very broad, attractive
pathof steepest descent from the saddle point to re,ac- entrance channel for the additionof CH to H with the
rants in one direction and to products in the other only orientations leading to repulsive interactions
direction. Miller, Handy, and Adams (1980) have put being those very close to linear. Even the colinearori-
forwarda theory of reactiondynamicsthat involves a entations are not predicted to be very repulsive. The
description of the system in terms of motion along barrier to linear addition, which occurs at a 3Y=-3H
the reactionpathcoupled with harmonicmotion in the surface crossing, is predicted to be 2.1 kcal/mole and
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the barrier to direct linear abstractionis predictedto be b. Excited Singlet Potential Energy
2.7 kcal/mole. The dissociation of CH2 forming Surfaces for CH2 L. B. Harding

C + H2 is predicted to occur with no barri_.rin the
reversedirection via n pathway Lhatinvolves crossing The C2v portions of the three lowest singlct sur-
from the 3Bl PES onto the 3A2 PES as the. R(C-H2) faces correlating with C(1D) + H2 have also been
increases. This crossing leads to a cusp in the ground examined using the same theoretical methods as for

state PES that appears to form the dynamical bottle- the triplet surface. The calculations show no barrier to
neck controlling the dissociation. The 3A 2 PES is insertion on the 1A1 PES. In fact this PES is suffi-
predicted to have a shallow (4.7 kcal/mole) minimum ciently attractive that it crosses the triplet PES close
at long range resulting from a dative bonding inter- to the iong-range,3A2, minimum (see Figure V-l).
action between ml empty carbon p orbital and the H2. The energy at the lowest crossing point is --5

A plot of the C2v portion of this PES is shown in kcal/mole below that of C(3p) + H2. The :BI and
Figure V-1. In this plot the cusp dividing the 3BI and lA 2 surfaces are similar to the corresponding triplet
3A 2 regions of the PES can be seen between surfaces except that the 1A2surface is significantly
R(C-H2) = 1.5 and 2.5 au. Trajectory studies of more attractive tha_ the 3A2 surface. The net effect is
reaction 1 inboth the forward and reverse directions are that lhc lowest energy crossing between the 1B1 and

now in progress in collaboration with Schatz. lA 2 surfaces occurs at an energy well below the
C(ID) + H2 asymptote, whereas the lowest crossing
between the 3B 1 and 3A2 surfaces was found to be

6 _ _ nearly degenerate with the C(3p) + H2 asymptote.

__x_,_x_\'__ .t: _ These results support the conclusion of Riesler ct al.

i_1_ . who have reported evidence that the C(1D) + H2 --

CH + H reaction proceeds on more than one electronic

_"r',.,.i3 "[_'-.';'.!:.:::]i:: 1 surface.

-I- ¢. R-CI Potential Curves L. B. Harding

l _ C-CI bond cleavage. One factor that affects the rate of
i_ The first step in the pyrolysis of chioroearbons is" bond cleavage is the long-range C-CI interaction

potential. We have now characterized C-C! interaction
_-=_ '_' _81- _A2 potentials for the series, C-CI, HC-CI, H2C-CI, a_d

H3C-CI. The calculations were carried out with both

polarized double zeta and polarized triple zeta basis
,.?..o4 sets. The only C-CI bond energy in this series known

_ accurately from experiment is the last one, H3C-CI.-r- Here, the double zeta, triple zeta, and experimental
oc D0's are 73.4, 78.6, and 82.0 4-0.2 kcal/mole, respec-

2 tively. The calculations predict the C-CIbond energies
of the radical species are all significantly stronger than

...... , .... , .... that of H3CCI, with the diatomic molecule CCi hay-
0 1 2 3 4 5 6

R C-H2 (au) ing the strongest bond, 94.0 kcal/mole. The trend here
is the opposite to that found for CH bonds where the

Figure V-l: The ground state, singlet and triplet, C + diatomic molecule has the weakest bond energy. The
H2, interaction potentials. The orientation is fixed at R-Ci long-range interaction potentials are now being
c2v. The contour increment is 5 kcal/mole. Solid lines used to estimate the high-pressure-limiting rate con-
denote energies higher than that of the C(3p) + H2
asymptote, dashed lines denote lower energies. The staat for R+CI addition.
dotted lines show the locations of the intersections
between the two surfaces.
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2. Theoretical Studies of the Dynamics quasiclassical trajectories (QCT) or exact quantum

of Chemical Reactions A. F. Wagner, (EQ) methods. Although, in principle, EQ methods
M. J. Davis, S. K. Gray, G. C. Schatz, provide the exact results, including tunnelingeffects,
S.-W. Cho, F. L_uere, NI. H. Alexander, in practice these methods have been in the pastcom-
J. M. Bowman, E. Goldfield, J. Nicholas putationally feasible only for systems with very few

degrees of freedom (_<3).In additionto expense, many
The most commonly used theories for the dynam- EQ methods havelimited regions of numericalstabil-

ics of chemical reactions are transition state theory ity. However, recent work in both close-coupled
(TST) fordirect reactions, statistical theories (ST) for hyperspherical (CCH) methods and L2 variational
loose_complex-formingor dissociative reactions, and methods have largely overcome these problems for
Rice-Ramsberger-Kassel-Marcustheory (RRKM) for systems with a few degrees of freedom. Nonreactive
tight, complex-forming or dissociative reactions. As EQ approaches have been developed for problems
conventionally applied, these theories require only involving multiple surfaces, for example, fine-
minimal information about the potential energy sur- structureand lambda-doublettransitionsin the colli-

face, namely, the structures, vibrationalfrequencies, siGns of radicals. Although not yet extended to
and energies of the reactants and transition states, reactions, such extensionsarefeasible.

Powerfulextensions of TSTdeveloped in recent years QCTremainsthe most frequentlyused method for
incorporatepotential energysurface informationeither detailed studies of reaction dynamics. However, for
along the minimum energy path (variational TST complex-forming reactions, the long-lived nature of
[TmhlarandGarrett,1979]) or within a reducedset of the complex makesthe trajectoriesboth time consum-
dimensions(reduceddimensionalityTST [Bowmanand ing and inaccurate.Furthermore,because trajectories
co-workers, 1981]; reaction path and reactionsurface are deterministic,the statistical approximationsof uni-
Hamiltonianmethods [Millerandco-workers,1980s]). form occupationof phase space mentioned above are
Theseextensions incorporatedynamicscalculationson notdirectlyexaminedby each trajectory.Nonetheless,
the includedportions of the smface to arriveat gener- with appropriateformulation,trajectoriescan be used
ally more accurate descriptions of direct reactions, to probe statistical behavior in detail. In particular,
Variational extensions for RRKM theories are also they can locate bottlenecks to the flow of flux in
available and are more accurate. Similar reduced phase space. If statistical theories apply, passage

dimensionality and reaction path variants of RRKM through these bottlenecks gives the rate for both
theoryarepossible, intramoleculare_ergytransferand intermolecularparti-

Both conventional and variationalforms of these cle transfer(i.e., dissociation and reaction).A modifi-
theories invoke two approximations. First, once the cation to RRKM theory (Gray and Davis, 1986)
reactantshave reachedthe transitionstate, thereaction exploits such trajectorycalculations.
proceeds with unit probability, that is, there is no In the reactions discussed below, the variety of
recrossing of the transition state back to reactants, dynamics methodsjust mentionedare appliedaccord-
Second, ali of phase space that is accessible to the ing to the specifics of each reaction. Most of the
reactantsduringthe course of the collision up to the potentialenergy surfacesused in these applicationsare
transition state is uniformly occupied. This implies provided by accuratecalculations such as those dis-
that the true transition state occurs at vibrationally cussed in the previoussection.
adiabatic barrierson the potential energy surface, lt

also implies for ST and RRKM theories that a. Theoretical Dynamics in the Formation
metastabledissociating molecules randomly explore and Dissociation of the Formyl Radical
ali of phasespace until they find that smallportionof S.K. Gray, A. F. Wagner, S-W. Cho,
it thatis at the transitionstate. Reduced dimensional. J. M. Bowman, E. Goldfield
ity or reactionpathvariantsof these theoriesallow for

eitherexactdynamicsfora restrictednumberof degrees Theoretical studies begun here several yearsago
of freedomor dynamics on approximatepotentialsfor on thegroundstate dynamicsandkineticsof
ali degreesof fieedmn.

To go beyond these approximations, the entire M
potential energy surface must be explored by either H + CO 1,- riCO* -, HCG, (2)
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where M is a buffer gas, have continued and been tion crosses the transitionstate region in a localized
expanded to include photodissociation on the first but asymmetricmanner(due to potentialanisotropy).
excitedsurface, lt is this localization of the density that leads to very

In studies on the ground state PES in collabom- distinct patternsin the rotationalproductdistributions.
tion with Bowman(Emory University), a nearlycom- Studies were begun last year to understandthe
plcte survey of _he 27 lowest isolated resonances for lifetimes and productdistributions that result when
total angular momentum J-I has been completed HCO is excited to its first excited PES, as in recent
using the LBH potential energy surface calculatedin experiments out of Houston'sgroup at Cornell. The
our group several years ago. These 27 resonances are excited PES has a linearequilibriumgeometry, andis
composed of nine families of three resonances that exactly degenerate with the ground PI_:Sat linear
emergeoutof the nine lowest resonancesforJ=0. Like geometries. The H + CO productscorrelate with the
the case forJ---0,theJ---Iresonanceshavebeen clmrac- groundelectronicstateandresultvia predissociationin
terizedby the stabilizationcalculationsand time-inde- the excited state via the Renner-Teller effect. The
pendent scatteringcalculations describedin previous Renner-Teller effect is a breakdown in the Born-
years.Significantbasis set problemswere encountered Oppenheimer approximation that results from the
wheneither methodwas extendedto J---1.These prob. interaction of electronic orbital angular momentum
lems were resolved with the realizationthatJ--1 cases and the bendingvibration.We have developeda time-
display greater sensitivity to CO vibrations that dependenttheoretic_ f,_rnalismcapableof describing
require an expansion of this part of the basis set. this process acctw,_!/. _e wave packet propagation
Results indicate that HCO resonances have a largely technique developed for the study of the ground elec-
symmetrictop pattern with modest, but measureable, tronicstateresonances in HCO,and the Pronymethod
distortionsin thepatternoccurringforresonanceswith of spectralanalysis, were also employed in these cal-
large amountsof HCObend. Ali the resonances were culations. An ab initio based excited state potential
foundto have lifetimes lower than,but within a factor surfacewas developedto complementthe groundelec-
of two of, the lifetimes for the correspondingJffi0res- ironic state surface that was already available.
onances. Foreach family of threeresonances, there is Extensive wave packet propagationshave been per-
a pairof veryclosely separatedresonancestha_canbe formed,correspondingto avarietyof vibrationalexci-
assignedby K = +1, where K is the projectionof J on rationsin the excited state (and several values of total
the symmetric top axis. Despite their similar widths angular momentum and its projectio, on the linear
and locations, the productdistributionsof these pairs HCO axis). Our calculated lifetimes are in very good
of resonancesarefound to be clearlydistinct, accord with experiment, but the calculated CO rota-

Workbegun lastyear on the time-dependentwave tional productdistributionstend to be somewhat nar-
packet dynamics of the decay of resonances on the rower than the available experimental results. This
groundPES of HCO was completed. This project led may point to the necessity of refinements in the
to both the development of novel theoretical methods potential surfacesforHCO,particularlyatand nearthe
that should be applicable to a wide variety of prob- collinear geometries. We have also predictedthatcer-
lems, and to mechanistic insights into the specific tain excitations in HCO should lead to distinct bi-
problemof the decay (to H + CO) of resonancesin the modalproductdistributions.
HCO radical. In terms of methodology, a novel and
efficient wave packet propagationscheme of general b. Thermal Dissociation of HCN
utility was developed. Also, the Prony method of A.F. Wagner, J. H. Kiefer

spectralanalysis was shown to be a particularlyuseful
approach for inferring resonance energies and decay A standardderivationof the bond energy from the
widths out of wave packet propagations.In particular, measuredthermaldissociationrate constantof HCN,

with appropriate initial condition selection, it was M
shown that wave packet propagationsas shortas 2 ps HCN -_ H+ CN, (3)
could yield resonance decay widths consistent with
lifetimes as long as 1000 ps. In termsof thespecific is more than 5 kcal/molc lower than the known
decay mechanismfor HCOradicals,it was shown that thermodynamicvalue. The standardderivationignores
the wave packetdensity associatedwith productforma- the hinderedrotationof H aboutCN from the usualH-
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CN isomer to the less stable CN-H isomer. The bar- studiesindicatethatthe vanderWaals minimaincrease

rier for this isomerization is quite high (>40 the inelastic cross sections only over an energy range
kcal/mole). However, in collaboration with Kiefer approximately three times the well depth above
(UIC), we performedan approximaterigid bendercal- threshold. This would imply that even doubling the
culation of the complete spectrumof hindered rotor computedvan derWaals well depth (probablythe lim-
states and showed thatthe density of these states dra- iting size of the error,given what is know experimen-
matically increased the A factor,allowing the deriva- tally about analogous systems) would only marginally
rienof thecorrect bond energy.The importanceof the improve the agreement between theory and experi-
hindered rotation is enhanced by the fact that: (1) the ment. The conclusion from ali the calculations on
vib_ionally adiabatic barrierto hindered rotation CH+He is that systematic disagreements still exist
decreases as the internalvibrationalenergy in the CN betweentheory and experimentwith angularandradial
and H-CN bonds increases, and (2) the moment of variations in the spin-orbit coupling elements being
inertia for the hindered rotation increases with the the most likely cause of any deficiency from the side
same increase in internal vibrational energy. This of theory.
dynamics is a simpler version of what is inferredin
the dissociation of acetylene and other small unsatu- d. Inelastic Scattering on Multiple
ratedmolecules. Surfaces: NCO + He A. F. Wagner

¢. Inelastic Scattering on Multiple The inelasticprocess
Surfaces: CH + He A. F. Wagner,
M. H. Alexander NCO(21I,N,Fi,_.)+He-,- NCO(21-I,N',Fi',_,')+He

(5)
The inelasticprocess

has recentlybeenmeasuredby Liuand Macdonald(see
CH(21-I'v'N'Fi'Z)+He-* CH(21"I,v',N',Fi"_')+He later sections of this survey). Though superficially

(4) similar to CH+He, NCO is a Hund'scase a molecule
requiresboth the A' and A" PESs in the exact close- while CH is Hund's case b. In Hund'scase a, it is
coupledquantumdynamicscalculationsof its inelastic known that spin-orbit changing collisions can only
cross sections. As described in previous years, such come aboutthroughthe differencePES formed by sub-
calculationscarriedout on a varietyof computedPESs tracting the A' and A" PESs that are sampled by the
revealed systematic, quantitative theoretical over- collision). In the case of NCO, this PES should be of
estimates of the dynamic thresholdfor excitation into much smaller range than that for the average PES. A
the higher N states as comparedto experiments done simplifying hypothesis to describe the overall reta-
in this group several years ago. This year, in collabo- tional scatteringwould be that the average PES con-
rationwith M. Alexander (University of Maryland), troisthe overall rotationaldistributionwhereas the dif-
final tests of changes in the van der Waals regions of ferencePES controls the branchingof the distribution
the PESs were carried out. This part of the PESs is into different spin-orbit manifolds. The first part of
known to be too shallow because the basis sets used this model was tested by: (1) constructing a simple
in the calculation of the surfaces did not include the parameterizedaveragePES fromthe knownsurfacefor
diffuse functionsnecessaryforanaccuratedescription. He+CO2, (2) calculating the rotationally inelastic
However, the well depth is computedto be very small cross section within the InfiniteOrderSuddenApprox-
(on the average surface [the sum of the A' and A' imationto closed shell quantumdynamicson theaver-
PESs] it varies from0.015 to 0.045 kcal/moledepend- age PES, and(3) comparing the results to the experi-
ing on the He angle of approach). Full quantum mental rotational distribution (with the distributions
dynamicscalculationson modified surfaceswith com- fromdifferentspin-orbitmanifoldscombined). Excel-
plctcly absentvan der Waals minimawere carriedout lentagreementbetween theory and experiment at five
anddo not improve the agreementbetween theory and differentcollision energies was obtained with modest
experiment.Furthermodelquantumdynamics calcula- modifications in the initial He+CO2 PES. The most
tions were carried out that treat the CH+He as a important modification was to off-set the center of
closed-shell system but allow a survey of alterations mass of the molecule from the centerof symmetryby
to the van der Waals region of the averagePES.These theexperimentalamountfoundin NCO.
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e. OH + CO Inelastic Dynamics G. C. Schatz for the reaction 1 in both directions. This reactionis
important in soot production in the pyrolysis of

The rotationalinelasticprocess hydrocarbons.Experimentalstudies of CH+H are in

OH + CO _ HO(j')+ CO (6) conflict withone measurementindicatingno tempera-
tun:dependenceabove 1500 K, and anotherindicating

has been studied by classical trajectoriesusing newly substantialtemperaturedependence at lower tempera-
developedA'andA"PESs(discussed_," year)thatare tures down to 300 K. Our results indicate no signifi-
based on extensive ab initio ealculafio:_ that cover canttemperaturedependenceover theentirerange300-
geometries that are importantto rotationalexcitation. 2000 K, and the magnitudes of the rate constants are
The results are in good agreementwith beam experi- ingood agreementwith two previoushigh-temperature
ments of Sonnenfroh, Liu, and MacDonald in our measurements. Our results for C + H2-* CH2 are
group. They show that chemical interactions are also in good agreementwith experiment.
important in nonreactive rotational excitation only
when the final OH is highly rotationallyexcited and h. Quantum Dynamics of Arl2 -* At + I2
the collision energy is relatively low. This conf'mns S.K. Gray
an e,perimental conjecture based on the fact that

OH+CO and OH+N2 (where no reaction is possible) The ArI2 system is computationally challenging
haveverysimilarinelastic cross sections, froma quantumdynamical viewpoint because of the

manyI2 vibration-rotationstates thatmust be included
f. CI + HCI Reaction Dynamics G.C. Schatz and the heavy Ar mass. Also, despite being a van der

Waals complex, its dynamics is particularlycomplex
Using the enhancedversionof the CCH code that owing to the presence of complicated resonances.

includes two or more coupled electronic potential Nonetheless, with the aid of techniquesdeveloped for
energysurfaces,we have studied our HCO resonancedecay work, we were able to carry

cr + HCI _ CI+HCI' (7) out a numericallyaccuratequantumdynamicsstudyof
thevibrationalpredissociation

including for all three PESs that correlate with the
groundstatesof the reagentsand products.With these Arl2(v') -* Ar + 12(v < v' -3) (8)

results we have rigorously determinedhow electronic in threedimensions.These results therefore represent
fine structureinfluences the reactiverateconstants.Ali excellent benchmarksfor testing out and developing
previous work has treated electronic fine structure moreapproximatetheoriesof resonance and unimolec-
througha statistical factor that is based on transition ular decay. Recent real-time experiments out of
state theory. The validity of this approximationhas Zewairs group on this reaction provide additional
never been rigorously tested, but it is possible that motivationfor this workand, indeed,our resultswere

errorsassociated with it could account for significant found to be consistent with these experiments.In addi-
errors in theoretical predictions of thermal rate con- tion, we found that closely spaced resonances, for
stants. Our results indicate that the validity of this example,resonance statesjust 1 cm-1 apartin energy,
approximationvaries with the size of the spin-orbit are importantin determining the overall dynamics in
splitting, with errors of 50%possible for Ci atoms. A this system, as shown in Figure V-2. These reso-
more signficant influence of spin-orbit splitting is nances lead to a two- or three-level IVR (intramolecu-
found in the rate constant for reaction from specific lar vibrational relaxation) phenomenon, similar in
fine-structurestates. Here the ratecons_t can varyby spirit to that recently seen in calculations by Halber-
orders of magnitudeeven for relatively smallsplittings stadtand co-workerson ArCI2.Experimentalimplica-
(<100 cm'l), tions of such resonances include the potential of

observingquantumbeats in real-timeexperiments and
g. Reaction Kinetics for CH + H and C + H2 complicated,su'ucturedproductdistributionsin energy-

G. C. Schatz resolvedexperiments.

The PES for the tripletCH2 radical discussed ear-
lier has been used to calculate thermal rate constants
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I .......................... me_:hanicsprevents a clear assignmentof the mecha-

Pr(t) _ _=18 nism. We also found one instance of closely spaced

o.7s resonances (as in the Asi2 study) complicating the
theoretical dynamics. Interestingly.recent real-time

experiments from Zewairs group on X2BC systems
0.5 _ _ is also point to the role of such resonances.

15 The methodology developed for these van der

0.zs /'_ .........-........... "" Waals clusters directlyapplies to chemically activated

_f -_ ,,¢. ,7 adducts formed in additionreactions.In the same wayo 1_ thatHCOstudies (see section a.) provideda methodol-
o so 100 150 zoo z.so ogy for studying triatomic van der Waals molecules

t/ps (see section h.), so we are currently applying the four-

FigureV-2. The probabilityof being in various internal atom me,thodoiogy most easily developed here to
12 vibrationalstates as a function of time for a wave chemicallyactivatedHOCOand HOOH.
packet preparedat t = 0 to be consistent with a v' = 18
excitation in ArI2(v'). Energyconservationrequirements
imply that Ar + 12(v) products form predominantlyfor j. Hierarchical Analysis of Molecular
v < v'-3 = 15 in this case (final rotationalstates are Spectra M. J. Davis
averaged over). Although one sees monotonic growth

in the v = 15 product channel, a quantum beating phe- Over the last decade, it has become possible to
nomenon is evident in the v = 18 and 17 channels, and
this is consistent with the presence of at least two experimentally generate highly excited vibration-rota-
closely spaced resonances, tion spectra of high resolution. The purpose of the

project has been to develop methodology to character-
ize, visualize, and understand the complexity of such

i. Wave Packet Dynamics of Four-Atom molecular spectra. The hierarchical analysis gives
Systems S. K. Gray, F. Le Qutr6 information concerning energy transfer in the particu-

lar molecule studied, through, for example, statistics

The dynamics of four-atom systems can be con- that estimate the number of time scales inherent in a
siderably more complicated and computationally thai- molecule in the range of energy sampled by a particu-
lenging than triatomic dynamics, particularly when lar spectrum. When a theoretical model of a spectrum
one wishes to describe the dynamics at the highest is available, one can also generate information con-

level of theory (numerically accurate quantum dynam- cerning energy-transfer pathways and unambiguous
ics). We have completed an initial project on the assignments of smooth spectral features, if these exist.
dynamics of the fragmentation of van der Waals clus- An interesting aspect of this type of analysis is that
ters of the formX2BC, where X - Ne or He, andBC = the assignments may be quite different than standard

a diatomie halogen molecule. The process of interest spectroscopic assignments (see below).
is X2BC -,. 2X + BC via vibrational predissociation. Figure V-3 summarizes some of the spectra we
Although it was necessary to freeze some degrees of have analyzed to establish the utility of the hierarehi-
freedom, our model included features, s,:ch as multiple cal analysis. The top row shows hierarchical trees gen-

continua, that can make four-atom dynamics particu- erated for three experimental spectra and the bottom
laxly difficult. We developed a formalism for estimat- row three theoretical spectra. The C2H2 spectrum is a
ing product distributions from our finite time and SEP (stimulated emission pumping) spectrum, the
finite grid-size wave packet propagations. Our esti- first NO2 spectrum is an electronic excitation spec-

mated lifetimes and BC product distributions were in trum, and the second NO2 spectrum is a microwave-
reasonable accord with experimental results from optical double resonance spectrum. The first NO2
Janda's group on Ne2CI2 and He2CI2. The relative spectrum is vibronic, being generated from the
importance of "sequential" X2BC -,. X + XBC _ vibronic band origins, and the second is rovibronic but

2X + BC vs. direct X2BC -* 2X + BC decay mecha- a pure sequence (single J). The first theoretical spec-
nisms was explicitly addressed by detailed inspection trum is a photodetachment spectrum (lower left), the
of the wave packet as a function of time. In several second theoretical spectrum is a vibrational spectrum
cases we found that the nonlocal nature of quantum for a model potential that exhibits classical chaos,
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j 9. ___i ........

I 207 1 189 I FI

Figure V-3. Trees for several systems for which hierarchical analysis has been undertaken.

and the final theoreticalspectrumis synthetic and is _ i=-,,

meanttotestthevariousmeasureswe haveusedto =-" I I 1 I

The type of information contained in the hier-
archical analysis is summarized in Figure V-4. The .......
left hand column shows either smooth features of a

model spectrum (first three rows) or portions of the _'_ L i_-_ I_'-"iii,

model spectrum (bottom two rows). This spectrum A, '_:

was used to generate the treeon the middlebottom of _
Figure V-3. The middle column shows portions of ......
the same tree (i.e., subtrees), and the third column
shows states associatedwith the smooth features.The

finaltwostates.e eigenstatesofthesystemandit A "" I__ I i
canbeobserved that thesearecomplicated. However, d, ,,_.the smooth states in the top three rows of the third
column areeasyto assign,becausethenodescanbe .........
counted. The top and middle states have nine nodes

along the y-directionand no nodes in the x-direction, ] _____ ]"ti__ _

whereas the second state has eight nodes in the y- I i'_

direction and one along the x-direction. The appear- , ,_,, !11 #
ance ofenergy transfercanbeobservedinthestatesof ....... ..,
column three by comparing the middle and bottom

states. Although the bottom state has a preponderance : =_

of density along the y-direction as does the middle " !1 ! i I :I _state, there is now clearly density in file x-direction t " I '%

" I' 21 I _l_) _
andthisextradensityrepresentsenergytransfer. ,_ ,_ ,, •One candiscern energy-transl'erpathwaysby fol- , ,.: ,,, :/
lowing specific paths down the same tree as was used

Figure V-4. An overview of the nature of the trees and
to generate Figure V-4. This is done in Figure V-5 smoothed eigenstates generated from a hierarchical
These are plots of quantum phase space and the analysis. See text for further details.
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Figure V-5. These plots demonstrate that the hierarchical ar_lysis can discern energy-transfer pathways. In the plot on
the upper left, density starts in a localized region and spreads. The plots are generated by following a path down a tree
and should be read from left to righi, with the top being read first.

_ peak 3 contours are ordered from low to high as: chain-
dashed,dashed, solid, chain-dot, and dotted.The path
down the treeis followed from left to right on the top
and continued from left to right on the bottom. One
can observe that the peak of the density that is cen-

, tered in the first picture spreadsout in the next two

! ! I.,..li.till.li
! [ eventually spreads further in the bottom three pic-

tures, with this being most evident in the last two

I Ililll_ .. I I I , , , , .i II I , II , , ]L As noted above, the assignment of smooth spec-
_ _ u tral featuresis an importantaspect of the hierarchical

analysis. The previouscase, FigureV-4, was straight-
forward,butFigures V-6 and V-7 show a case which
is much more difficult. The spectrum at the top of
Figure V-6 shows a spectrum generatedfor the same
system as Figures V-4 and V-5, but with a different

t 1 initial excitation. The spectrum has many lines of
[/ nearlyequal intensity, anda smoothed version of the

!ii i!l II v! spectrumin the lower plot of Figure V-6 shows no

apparentpattern. However, if one plots the states

II1,'i'1' i associatedwith the smooth features,a patternemerges
_: ] I in FigureV-7, thougha single state in the figure does"' _ not appearto be simple. It should be noted that these

FigureV-6. An exampleof a spectrum(top) thai does states are assignable, but lie on curvilinear coordi-
not give a simplesmoothspectrum(bottom). naresthatcross themselves.
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Figures V-8-V-I 1 show results for one of the
,s. z _ 9s _ NO2 cases plotted in Figure V-3, the vibronic spec-

-. _ _ trum.Figure V-Sa shows the full tree andFigures V-

_" m0_'_ __n..__,,, _ 8b-V-Sf show subtreescut from the full tree.One can

observe in the plots thatthereareseveral distincttime
0-

-_. e s scales present in this system as evidenced by the

"9_--_°eliWJ0a_ rangeof heights of the nodes of the trees. Figure V-9-dO. quantifies this by plotting a statistic that measures
the range of time scales. Two importantaspects of
the plots in this figure are the overall range of the x-

_. _o= _ _ axis of each plot andthe shape of each curve,particu-

m. 0 ___ larly any suddendrops The rangesof the curves indi-
•,. /7_A,.wj_,,0,,_:s catc thatthereis probablynotcomplete energytrans-

_¢¢_1_o(]_._ fer for NO2 and the sudden dropssignal the
presence0-

_,,. - ,.._ of distinct bottlenecks to energy transfer. We can
e/j_ _ quantifythelackof complete energy transferby com-

_" __ paring statistics for the NO2 tree with those of the
-_o-_ _ s m • m i m tree for the model system previously presented.This

is done in Figure V-10. In both cases, the statistics

_o. tj _ demonstrate that the NO2 spectrum (the solid line)

_l_ _ shows more localization than the model systemo. &_t_ anda highervalue in V-10b. The hierarchicalanalysis
-n. '_ i_L" - alsopointstoimportantaspectsofsmoothfeaturesof

-m __Je the NO2 spectrum,and this is presentedin Figure V-
11. The top plot shows a three-peakcase thatcan be

"m-m-_ _ _, m _0 m ,_ m assigned to motion on an electronically excited state

_- _- m _ of NO2 and points to a bend/stretch excitation,

m __j whereasthe bottomplot shows a very distinct feature
(asjudged by the hierarchicalanalysis), but this latter

•_- _ ._'._0_,

r_._..,"_ _ plot almost certainly corresponds to a time scale°" _t0,'ts_t_ev_ where there is coupling between two electronic sur-
-a- _tt ,sos ___ faces. Whatenergy-wansferp_ causes sucha dis-
-_o-_t _ql_O_ tinct structure represents an interesting, but

unresolvedaspectof ouranalysis.
"_-m-_ _ _ '& _ _o _

. °

Figure V-7. Although the smoothed spectrumat the
bottom of Figure V-6 ii complicated, the states
associatedwith the smooth structuredisplay a pattern.
The smooth states presented here, although
complicated, can be assigned quantum numbers based
on a curvilinearcoordinatethat crossesitself.
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FigureV-8. A full tree (a) and somesublr_s (b-f) for an NO2 excitation spectrum.
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Figure V-9. Statistics for the tree and subtrees of Figure V-8.
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Figure V-10. These plots comparestatistics for the FigureV-11. The hierarchicalanalysispoints to some
N0 2 spectrum with that of a model system and strongfeaturesin the smoothedspectraof NO2. These
demonstrate, for example, that the NO2 spectrum plots show two cases that are describedmore fully in
possessesmoreclusteringthan the model system, the text.

ii i

B. Computational Chemistry: Bnergetics and Dynamics of Chemical Reactions
R. L. Shepard, R. J. Harrison, R. Ahlrichs, M. F. Guest, H. Lischka, R. M. Pitzer, l. Shavitt, P. Smlay,
E. Stahlberg, T. Kovar, M. Ernzerhof

The work described in this section provides the There are four majorsets of electronic structure
computationaltools neededto addresstheapplications- codes used by the group: the MRSDCIprogram sys-
orientedworkdescribedin the precedingsection. The temcalledCOLUMBUS, a full-CIcode, a selected CI
work outlined there often strainsthe capabilities of plus perturbation theory (CI+PT) program, and a
modern computers for calculating the energetics and coupled-cluster(CC) program.Improvementsin two
dynamics of chemical reactions. Considerableeffort programs have occurredin the last year. In addition,
mustbe devoted to the developmentandupgradingof explorationof othermethods werecarriedouL
techniques and codes for chemical computations, to
the optimization of these codes on modern vector- 1. COLUMBUS Program System
oriented computers, and to the development of effi-
cient and effective interfaces to the large code sys- a. Maintenance and Developments
terns, such as the COLUMBUS package in use in R.L. Shepard, R. Ahlrichs, M. Ernzerhof,
this effort. T. Kovar, H. Lischka, R. M. Pitzer, I. Shavitt,

The group also attempts to lake advantage of P. Szalay

advances in computer technology, especially parallel
computing architecture,to addressimportantcompu- The COLUMBUSprogramsystem of electronic
rationalproblems;a considerableamount of work is, structurecodes has been maintainedon the various
however, often requiredto adapt this technology to machines used for production calculations by the
the problems of interest. In particular, the develop- Theoretical Chemistry Group, including the Sun
mentof efficient, portable implementationsof ourab workstations, the Kubota (Stardent) Titans, the
initio electronic structureprogramsfor parallel com- Alliant FX/2800, the Cray Y-MP at SCRIat Florida
putersrequiresa substantialeffort in the formulation State University, and on the Cray Y-MP and two
of effective parallelalgorithms. Cray 2 machines at NERSC at Livermore National
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Laboratory. The COLUMBUS program system is and matrix.,vector product, and uses a distributed-

maintained and developed collaboratively with several memory, message-passing programming model. Each

researchers including Shavitt and Pitzer (Ohio State CPU is responsible for only a subset of the possible

University), Lischka (University of Vienna, Austria), combinations of segment pairs. In the original

and Ahlrichs (University of Karlsruhe, Germany). implementation, each CPU processed the entire list of

A standard integral file structure (SIFS) has been coupling coefficients over the internal orbitals and the

developed, and has been incorporated into the com- complete _ _'.of integrals each iteration. In the current

plete electronic structure code system. This integral version, only the required coupling coefficients are

file structure includes self-de fining header records and generated by each CPU as needed during the diagonal-

allows efficient vectorization of the processing of the ization procedure, eliminating the associated I/O, and

integral file records, variable index packing methods, increasing the efficiency significantly in highly seg-

the flexible inclusion of various new integral types mented cases. In collaboration with Lischka, ongoing

(including, for example, dipole moment and spin- work is directed towards eliminating the integral I/O

orbit integrals), and the definition of low-level record- inefficiencies displayed in the current version of the

processing support routines that will promote porta- program.

bility. A supporting library, consisting of approxi- The COLUMBUS program system is now avail-

mately 3500 lines of FORTRAN, has been devel- able using the anonymous rtp facility of the internet

opcd, and is distributed with the COLUMBUS pro- from the server ftp.tcg.anl.gov. The announcement of

gram system (see below). This library may also be the availability of the program system on various
used within other electronic structure codes, for electronic bcUetin boards coincided with Columbus

example, as an interchange format. Day, October 14, 1991. In addition to the source

Two new utility programs have been developed code, the complete online documentation, installation

based on the SIFS. These programs, IRFMT and scripts, sample calculations, and numerous other util-

IWFMT, convert between binary and text-only repro- ities are included in the distribution. The entire pro-

scntations of integral and density matrix files. When gram system can be downloaded in tar format

combined with the remote shell capabilities of UNIX (optionally compressed), or individual files may be

workstations, these utility programs allow integral obtained from within the directory structure. The

files to be transferred from the binary representation codes have been distributed to over 30 outside testers,

of one machine to the binary representation of another along with the ongoing maintenance and testing

machine without explicitly storing the intermediate being performed by the programmers at approxi-

text-only representation. These utility programs are mately another dozen sites. Statistics of anonymous

included in the COLUMBUS distribution flies (see rtp connections have been kept since May 1992, and

below) as an illustration of the usefulness of the since that time the COLUMBUS codes have been

S IFS. accessed roughly 50 times per week. Initial responses

An initial version of program CIPC has been from these early users of the COLUMBUS program

developed in order to allow interactive analysis of system have been both positive and constructive.

large-scale multireference CI wave functions com-

puted with the COLUMBUS program system. This b. COLUMBUS-related Codes: MCSCF

program reads complete or partial lists of expansion Wave Function Optimization Using
coefficients, and allows them to be sorted and viewed Multidimensional Trigonometric

in various ways. CSFs may be viewed as (unitary Interpolation R. L. Shepard

group approach) step-vectors and, optionally, as com-
binations of Slater determinants. A new method of MCSCF wave function opti-

The initial parallel version of the CI diagonaliza- mization was developed in previous years. This
tion program CIUDG developed in the last two years method is based on a nonlinear transformation of the

has been ported to several parallel machines, including wave function variation coordinates along with the

our Alliant FX2800 to the Intel iPSC/i860. Using construction of a global interpolating function. This

the TCGMSG library, this program also runs on interpolating function is constructed for each MCSCF

networks of workstations. This version is based on a iteration in such a way that it reproduces exactly the

partitioning of the Hamiltonian matrix, trial vector, energy, gradient, and hessian at the expansion point,
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at an inf'mitenmrber of isolatedpoints, and at points resolution terms to be treatednaturally in the most
on the surfacesof an infinite numberof nestedmulti- convenient orbitalbasis. The only coordinate-depen-
dimensional balls within the wave function varia- dentquantitiesrequiredin the above approacharethe
tional_13ace.Currentworkis directedtowards theeffi- derivative integrals, and they are used only in trace
cient computationof the orbital corrections from the operations in the AO basis. This allows the entire
interpolating function. Using the known periodic gradientvector to be computed in such a way thatthe
behaviorof this interpolatingfunction,new iterative computational effort required is independent of the
methods are being developed in orderto reduce the numberof geometricaldegrees of freedom This is the
numberof expensivematrix-vector productsthatmust first time thatali of these features have been incorpo-
be formed. This new wave function optimization rated into a general muitireferenceCI energy gradient
method is being included into the production-level method.
MCSCF code used by the group, and eventually into In addition to the computation of analytic energy
the COLUMBUS program system, gradients, the new formalism lends itself to the com-

putation of energy-response properties. These are
c. COLUMBUS-related Codes: Analytical propertiesthatmay be writtenin the form dE/dklk._--0

Energy Gradients for MRCI Wave where_, is a measureof a perturbationto the standard
Functions R. L. Shepard electronic Hamiltonian operator. These properties

include the dipole moment, of a molecule (e.g.,
A ",ew formalism has been developed over the _tx=dE/dex,where ex is the strength of the x compo-

last few years forcomputing analytical energyderiva- nent of an external electric field _) and the dipole
tives and ener2,y-response properties for general moment derivatives (e.g., d_tx/dR,where R is some
MRCI wave function. This formalism is based on internal coordinate). Examples of both of these prop-
successive orbital transformationsin which the U'ans- ertieshave been demonstrated with the new method.

formation matrix from one intermediate orbitalset to Current workon this program includes the incor-
the next depends only on a single orbital condition or porationof the SIFS describedabove, and othermodi-
constraint. Lagrange multipliers are thereby elimi- fications in order to smoothly integrate this program
nated entirely from the formalism. This formalism into the rest of the COLUMBUS program system.
allows a subset of the doubly occupied orbitals to be Several shortcomings of the current implementation,
frozen in the MRCI wave function, it allows different including the limitation to s-, p-, and d-type basis

invariant-active-orbitalsubspaces tobe resolvedinde- functions and the inefficient treatment of generally
pendently, and it allows arbitrarysuct;essiveenergy- contractedbasisfunctions will requirereplacementof
optimized orbital transformations to b.¢applied. The the derivativeintegralprogram,and severalcandidate
MRCI energy gradient contributions from ali such codes are being examined for this purpose.
orbital transformations arc transformed back to the

AO basis ina displacement-independentmanner.This 2. FulI-CI R. J. Harrison, E. Stahiberg
allows the gradient elements to be computed with
computationally efficient trace operationswithout the Our fuli-CI program has been modified to be

explicit storage (or further manipulation) of the more effective on massively parallel machines, inpar-
derivative integrals. An initial implementation of this ticular the lntel Touchstone Delta Field Prototype.
method hasbeen completed The program explicitly recognizes data local or non-

The multireference CI energy gradient method local to a given processor, a feature found critical to
outlined above allows the computation of ali 3N effective implementation on distributed memory,

components of the gradient with very little additional massively-parallel computers like the Touchstone.
effort beyond the CI wave function evaluation itself. This code on large problems can achieve sustained
The most computationally demanding step is the production rates in excess of 4 GFLOP/s on the full
evaluation of the CI one- and two-particle density 512 processors of the Touchstone. This amounts to

matrices. This requires approximately the effort of about 20% of the peak rate and is one of the highest
one additional iteration of the iterative CI diagonaliza- sustained rates ever achieved for a production code. An

tion procedure. The successive orbital transformation improved diagonalizationprocedure and data compres-
approach outlined above allows any required orbital sion techniques minimize I/O.
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The code was applied to benchmarkcalculations .................................................

on Ne, CH3, andCI-I4.These calculationsprovide the _'x, month c_,
measure of error for the incompleteness of other elec- _ ,.--1 w_k Full.elEnergyst OneGeome_'y

ironic structuremethods employing truncatedconfigu- _ 1 02 ©©-pVOZBasisSet
_., _ gS Million Configurations

ration or perturbation expansions. The CH4 calcula- _ _k....,d,vtion is the largest CI calculation ever performed. In V-.

Figure V-12, the importance of a parallel implemen- [ 1 01
tation of the code in making the CH4 calculation fea-
sible is indicated.

3. New Methods: Electronic Wave Packets 1 o 0 ,_,,1 hour ---
..... , ......... ! ......... ! ......... ! ....... ;_

S. K. Gray, R. J. Harrison 0 100 200 300 400 soo# Processors

A new time-dependentapproach to directly solv- Figure V-12. The fuU-Cl calculation of the energyof
ing the Schroedinger equation has been developed, eH4 at one geometrypoint as a functionof the number

of processorsused in the TouchstoneDelta computer.
Relatively minor modifications of existing configura-
tion interaction electronic structure codes allow one to

construct directly electronic wave packets, that is, the
behavior in time of certain nonstationary electronic electron Be atom have been carried out with both a
excitations. One can create "interesting" electronic white light initial excitation and an initial state prepa-
states -- as might be prepared with short, intense laser ration that strongly mixes only two states. Both cases
pulses, for example -- and simply monitor the behav- produce autocorrelation functions that show recur-
ior of the electronic density. The major use of this rences, or beats, on the subfemtosecond time scale.

whole approach is to explore the short time dynamics Other initial preparations are being examined that
of various high-energy, nonstationary excitations in should lead to recurrences observeable by femtosecond

atoms or small molecules. Calculations on the four- spectroscopy.

C. Kinetics of Chemical Reactions

J. P. Hessler, J. V. Michael, H. Du, K. P. Lira, P. J. Ogren

The objective of this program is to measure ther- simple reacting systems at high temperatures, 1000-
mal rate coefficients and branching ratios of elemen- 5000 K. In the second, flash photolysis is used to pro..
tary reactions that are important in combustion, duce reactive species in the temperature range between
However, the work may also be applied to the chem- 800-2000 K; the time-dependent behavior of these

istry of the atmosphere and to the development of new species is monitored by resonant-absorption methods.

materials, as many of the reactions are the same. These programs blend a unique combination of
To provide detailed information on molecular expertise in chemical kinetics and kinetic modeling

interactions, it is necessary to measure the rate of with molecular dynamics, quantum electronics, analyt-
chemical r,.actions over a wide range of temperature ical chemistry, and laboratory computer applications
and pressure. At the present time, there are competent fordata collection and analysis.
researchers who are continually presenting absolute

ratedata in the temperatureregion between 200-800 K. 1. Elementary Reaction-Rate Measurements
There is much less activity in the higher temperature at High Temperature by Tunable-Laser
range that is typical of combustion. Hence, the pro- Flash-Absorption J. 1>.Hessler, H. Du,
grams at Argonne concentrateon the higher tempera- P.J. Ogren
ture region. Two approaches, both utilizing shock-
tube techniques, are employed. In the first, state-of- For over three decades, kineticists have knownof
the-artlaser techniquesare used to measure the kinetic the deleterious effects correlatedreactions produceon
propertiesof atomic and diatomic species involved in theaccuracyof rate-coefficientmeasurements.To help
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minimize theeffects of this dilemma we developedtlm changes in the two ra_ecoefficients. If we assume

"correlation analysis" procedure for designing and Djj_ Dkk_ DMM, this angle is given by
evaluating kinetic experiments on complex chemical
systems. This procedure uses the temporal integral of 0kj(major)= .5*tan'l[2Dj_/(Dkk-Djj)] ± td2. (11)
products of sensitivity coefficients to (1) calculate the
relative importance of reactions that affect the kinetic Forthe reactionsj and k to be considereduncorrelated,
behavior of a specific observableover a given interval, it is a necessary, but not sufficient, condition that
(2) evaluate the correlation between any of the above 0kj(major) = r,/2, that is, Djk = 0.
reactions, and O) determine how the uncertainties in We have applied the correlationanalysis procedure

theratecoefficients of correlatedreactionsia'opagate in to the oxidation of the me,_hylradical:
an analysis of experimental data. The advantages of
this _oc_ure are that it is directlyrelated to theanal- CH3+O2 -* H2CO+ OH (12a)
ysis of experimentaldata,conceptually simple, easy to --*H3CO+O -,. H2CO+O+H. (121))

implement, and provides a quantitative means for The secondchannel is importantat high temperatures,
assessing the relative accuracy of different experi- T > 2000 K, and its rate is fairly well established.
ments. In addition, it provides a new, efficient, and

Measurements designed to monitor the first channel
systematic method for calculating the correlation

producedrate coefficients that range from immeasur-
betweenreactions, ably slow to 4 x 1012 cm3/molecule-sec at 2000 K.

Briefly, the procedurewas derived by expanding Using the correlationanalysis procedure,we designed
the chi-squared function about an initial set of rate

experiments to measure the formaldehyde plus
coefficients, {al* .... , aM*}. The relative importance hydroxyl channel. The analysis shows that, if the
of a reaction, that is, its weight, is determinedby the temporal behavior of the hydroxyl radical is moni-
curvature of the Ag2 surface in the M-dimension

toted, the rateof the formaldehydeplushydroxylchan-
hyperspacethat defines changesin therate coefficients

nels may be determined without interference fromof the reactions. The correlation between reactions is
other reactions if (1) we use a fast source for the

determined by the orientation of the principal axis of methyl radical, for example, azomethane, and (2) the
the ellipsoids of constant Ag2. If we measurea physi- initial concentration of oxygen is large enough to
cai observable Z, forexample, the hydroxyl concentra-

assure that oxidation of methyl proceeds much more
tion, as a function of a running variable, for example, rapidly than methyl-methyl recombination. Our pre-
time, over an increment At = tN - tl, the ellipsoids of
constant Ag2 may be described by a discrimination liminary results for the rate of the formaldehydeplus
matrix, [D(Z,At)]. The matrixelements of this matrix hydroxylchannel give

are given by kl2(T) = (8.86±0.88)x10 -10exp[-48321/'l'(K)]

N aj*ak*
Dj,k(Z,At) = _ Z2 Szj(ti;a,)SZk(ti;a,), fm 3 molec-1s -1 [13]

i=1 max (9) from 3450 to 5300 K.

In addition, we have used correlationanalysis to
where Szj(ti,a*) is the sensitivity coefficient at ti for show that measurements on stoichiometric systems
the observableZ with respectto the rate coefficient ai, are most sensitive to the rate of H + 02 -- OH + O.
and Zmaxis the maximumvalue of the observable in Also, measurements of CO in systems with a small
the intervalAt.The weights, w(aj), of the reactionsare amountof azomethanein pureoxygen arehinderedby
given by the diagonal elements of the normalizeddis- four highly corrclated reactions. The reaction of
crimination matrix, formaldehydewith the hydroxyl radicalto produce the

Dj,j(Z,At) formyl radical plus water, and the reactions of the

w(aj) = Tr[D(Z,At)] " (10) formylradicalwith molecularoxygen to produceeither
HO2 plus carbon monoxide or the hydroxyl radical

The correlation between two reactions is given by the plus carbon dioxide are highly correlated with the

orientation of the semimajor axis, 0kj(majo0, of the reaction thatproduces formaldehyde plus tl_ hydroxyl
ellipsoids of constant Ag2 in the plane that defines radical. The fact that these four reactions are highly
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comrela_Iprecludesdrawingany conclusiocsaboutthe exp(-5633 K/T) cm3 molecule-I s -I overthecombined
rateof the formaldehydeplus hydroxylradicalchannel temperaturerange,556-1485 K.
fromme_un_ne_ of the temporaldependenceof CO. The ARAS method hasbeen extended to monitor

N atoms at _,= 119.9 nm, and the rateconstants for
2. Flash Photolysis.Shock Tube Studies

of Chemical Reactions J. V. Michael, N + NO --, N2 + O, (15)
K. P. L/m have been measuredby the LP-ST techniquebetween

1251-3152 K. The results are best representedby the
Duringthe pastyear, theflash or laser photolysis- temperature-independentexpression, k15 = (3.7 + 0.8)

shock mbe (FP-or LP-ST) apperatushas beea used to x 10-11 cm3 molecule-1 s-1.
measurelhc temperaturedependenceof the tlmm_ rate The thermaldecompositionof N20 has beenstud-
constants for two bimolecular reaction. Unlike the ied by observing initial O-atom formation with the
lower temperature classical methods of gas-phase ARAS technique.This decomposition was also used
chemical kinetics, this method allows absolute ther- to calibrate two resonance lamp configurations,
real rate consUmts to be determined at combustion therebyallowing for the determinationof absolute O-
temp. lt can also be extendedto relatively low atom concentrationsundershock wave heating condi-
temperatm_ so thatresults, in favorablecases, can be tions. The results for the process

obtained over the large temperaturerange, 650-2500 N20 + M --- N2 + O + M, (16)
K. Her_e, the method allows for overlap betweenthe
classical lower temperature methods and the usual where M is eitherAl"or Kr,can be representedby the
high-tem_ shock-tubengtlu3ds. In addition,the Arrheniusexpression, k16 = 5.25 x 10"10exp(-27921
thermaldecompositionof N20 has beenstudiedby Ihe K/T) cm3 molecule-I s-l.
atomic rmmnmme_ spectroscopic (ARAS) Utilizing the Cl-atom ARAS technique,ratecon-
method. The LP-ST method has been extended to slants for the thermaldecomposition of CH3CI,

includeCI-atomzeagtka_ andthethemud decomposi- CH3C! -- CH3 + Ci, (17)
lion of CH3CI has also been studied by the ARAS
method. The thermal decomposition of CH3CI has have been measured, and the results from initial rate
thenserved as a source of CH3 radicals for an addi- analysis can be expressed in first-order by the

tionaistudy of the O + CH3 reaction. Because this is Arrheniusexpression, kit = 1.21 × 1010exp(-27838
a delayedphotolysis experiment,the methodhas been K/T) s"1. This measurementhas motivated the R-CI
namedthe pyrolysisplmtolysis-shocktube technique. PESanddynamicscalculationsdiscussedabove.

Rateconstantsfor thereaction, CH3 radicalsfrom reaction (17) serve as a source
for a subsequentstudyof thereaction,

O + CH3Ci -,. OH + CH2Ci, (14)
0 + CH3--_ H2CO + H. (18)

have been measuredby the O-atomARAS technique,
andthenumltsof 45 expet_ents can be representedby Oxygenatoms for the reaction 18 study were
the Arrhenf,as expression, k14 = 4.82 x 10-10 by the delayed photolysis of SO2. These were then
exp(-6574 K/T) cm3 molecule"1s-1 over the lempera- monitored in real time by the O-atom ARAS tech-
ture range,916-1485 K. These results have been com- nique. The results between 1609-2002 K showed that
binedwith lower temperatureresults from Rensselac_ therewas no temperaturedependence.The tempefalure-
PolytechnicInstitute(Ko and Fontijn),and the results independentrateconstant is kl8 ffi(1.4 + 0.5) x 10-10
are best given by a three-parmneterexpression of the cm3 molecule-1 S"1.

form k = ATnexp(-B/T) as k14 = 2.57 x 10-11 T0.31

D. Dymamics of Chemical Reactions
f. L_, R. G. Macdonald, Z. Ma

The goal of the experimentalprogramin chemical chemical reactions in a comprehensive fashion. This
dynamics is to characterizethcdetailed dynamics of requiresproductionof the radicalsof interest,conlrol
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of the reactanttranslational,rotational,_! vibrational investigationof the title process has been undertaken.
energies,measurementof theproductstateandangular Reportedhere is a new type of energy-transferwocess,
distributions, etc. This is a considerable challenge, a collision-induced inter-Renner-Teller component
However, recentadvances in experimentaltechniques transition. The results for ali the rovibronic energy-
now make it possible to begin to address these ques- transferprocessesbetween NCO(X21"i)+ He measured
tions in detail, in this work are summarized in Figure V-13. In this

To meet this challenge, a state-of-the-artcrossed figure, the relative cross sections areplotted in terms
molecularbeamapg_uatushasbeen constructedfor the of an energy-gap law expression. The insert indicates
studies of radical-moleculereactions, and a fast-flow the energy-level diagram and the rovibroniceaergy-
reactoris currentlyunder constructionfox the studies transferprocesses considered. Several interesting fea-
of radical-radicalreactions.Both apparatususe exten- tures are noted. First, the six collisional processes
sire laser-basedtechniques for the generationof radi- shown in the figure appearto be divided into two
cals and for the state-resolved detection of reaction classes, 1, 2, 4, and6 being one class and 3 and 5 the
products, other,characterizedby the energy-gaplaw with nearly

the same slopes, as indicatedby the dashedanddotted
1. Crossed-Beam Reaction Dynamics

K. Liu, R. G. Macdonald, Z. Ma lines, respectively. However, the processes where
(0010) 2&5/2is the final productstate appear to be 5-

The objective of this programis to investigate the 10 times less efficient than the others having similar
dynamics of radical-molecule collisions undersingle- energygaps. Second,although the T-V energy-transfer
collision conditionsat the state-to-state level of detail, processes (2 and4) are less efficient than theT-R ones
The radicalbeam is created by UV laserphotolysisof (not shown), this deficiency appears in accord with
a suitableprecursorin a strongpulsedmolecularbeam energetic considexations.In other words, even though
expansion. Both the reactantsand productsareprobed
in a state-specific mannerusing either laser-induced-

NCO(Ov gO) + He---_ NCO(Ov'g'O; J) + He
fltiorescence(LIF)or resonance-enhancedmultiphoton

ionization (REMPI) detection techniques. A unique _o._N _ _:_Igs'_"'_-l_a_t

featureof this crossed-beammachine is that the state- "" :" : _a

specific detector remains fixed while both beam _r. _..
sourcescan berotatedindependentlyaboutthe scatter- N

ing center. Thus, two types of experiments may be _' ¢ai_:_.performedfor the integralcross section measurements: _' -"_ []

(1) thebeam intersectionangle is t'ucedand the product -\
state distribution probed by varying the laser wave- \ 2n_

length; this provides state distributions at a selected _" \ 2n_

initial energy; and (2) the laser wavelengthis fixed and "_ o.t. • x

the beam intersection angle is varied; this measures _ ", \
tq. \

state-resolved integral cross sections as a functionof t_ "
initial translationalenergy. In addition,the implemen- "',. \

tation of Doppler-shifttechnique during the past year "'.. "_
allows state-to-state differential cross sectionto be o.o_. ,, ix
determined. By exploiting the polarizationaspects of "- X

this technique, at is demonstratedthat the azimuthal " ,_,_!_

dependence of the angular distributions can also be
revealed.

0.001.

a Vibronically Inelastic Scattering of 0 0.2 0.4 0.6 o.s 1 1.2 1.4 1.6 1.8 2• A E (kcaI/mole)

NCO + He: Dynamical Renner-TeUer FigureV-13. Semilog plot of cross sections for various
Effects K. Liu, R. G. Macdonald energy-transfer processes vs. energy gap between

reactant and product vibronic manifolds. Ali cross
As a continuing effort to understandthe inelastic sectionshavebeenmeasuredat Eo= 3.81 kcal tool "1. The

scattering of polyatomic free radicals, an extensive insertillustratesthe collisionalprocessesstudied.
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processes2 and4 representT-V energytransfer,prec., the e/f symmetry label is a manifestation of a coili-
ess 6 an inter-Renner-Tellertransfer,and process 1 a sionalpropensityto retainthe initialorientation of the
spin-orbit changing collision with rotationalexcita- nuclear angular momentum. Analogous to this 2y_
tion, ali these cross sections can be correlatedwith the diatomicradicalcase, one could anticipate thata colli-
energeticsof the process regardlessof itsnature.Third, sion resulting in a change of the initial orientationof
processes 5 and 6 are energy transfer between the nuclearangularmomentum (i.e., the vibrationalangu-
Rennet-Tellercomponentswith the formerbeing ener- lar momentum in the present case) would be less
getically favorable. Yet, process 6 is found to be six probable. As is evident from Figure V-13, this is
times more efficient, indicatinga strongpropensityfor indeed the case: the conision-induced inter-Renner-
this inter-Renner-Teilerpathway. Teller component transition for (0100)_t2:_---

Workis in progress to extend the exact quantum (0120)2A3/2is moreefficient thanthat for (01°0)m2y_
scatteringformalismdeveloped by Alexander for dia- -4. (0120)2&5/2despite their energeticdifference.This
tomic 213radicals + 1S atoms to the linear 21"1poly- intuitive argument for the conservation of vibrational
atomiccase by considering the bendingexcitation ex- angular momentum orientation is nicely borne out
plicitly. Here, a simpler, yet intuitive, argument will fromourformaltheoreticalanalysis.
be presented to rationalizesome of the findingsof this Furthermore, it is conjectured that the inter-
work. In particular, let us focus on the propensity Renner-Teller component process (Ol00)[t2E-,.
observed for the inter-Renner-Tellerpathways, process (0120)2A3/2 or (0120)2A5/2 -,. (0100)g:2y_,occurring
5 vs. 6. in the (010) vibronic manifold, is in fact analogous to

Considerable insight into the natureand under- the spin-orbit changing process, (0010)2133/2 ---
lying mechanismfor these inter-Renner-Tellercompo- (0010)2131/2,occurring in the groundvibronic mani-
nentprocessescan be gained by consideringthe wave- fold. This arisesbecause this inter-Rennet-Tellerproc-
functions of the vibronic states involved. These are ess involves only changes in A (and of courseJ), not
listed in Table V-1 as unsymmetrized basis set, in !, similarto the case of a spin-orbitchanging proc-
IA,l,Y..>.An examination of the basis functions shows ess,2FI3/2 _ 2111/2, in the vibronic ground state
that the collision-induced vibronic transitions, (0010). Hence, like the latter case, the collision-

(0100)m 2y. -* (0120)2A3/2 and (0100)m 2y_ -4, induced transitions (0100)tr2y_-* (0120)2A3/2 and
(0120)2A5/2 can be distinguished by whether A (for (0120)2A5/2-,. (0100)x2Z should also be inducedby
the (0120)2A3/2 product state) or I (for (0120)2A5/2) the difference potential between the two adiabatic
change sign as a result of the interactionwith He. The PESs VA" and VA'. Again, the formal theoretical
sign change of the angular momentum projection analysishas confirmed this notion. In this regard, it is
alongthe bond axis correspondsphysically to a change interestingto note that from a spectroscopic point of
in orientation of the angular momentum.In the case view the splitting of the (0120)2A5/2 and
of rotationally inelastic collisions of a 2y_diatomic (0120)2A3/2 vibronic manifolds is mainly determined
radical, an e --- e and f -- f spin-doubletstate propen- by the spin-orbitinteraction. On the other hand, from
sity has been well-established. From the formal theo- a collisional point of view, the (0100)tr 2y_ and
retical analysis, Alexander et al. were able to show (0120)2&3/2 vibronic manifolds (similarly
that the observed propensity toward conservation of (0120)2A5/2and (0100)_:2y_)behave more like a "pair

of spin-orbit manifolds", because the transition
Table V-1. Unsymmetrizedbasis set wavefunctions, between them is induced by the difference potential
IA,I,Y>,fordescribingthe vibronicstates for a 21"Itri- similar to the transition between (0010)21"[3/2and
atomic radical. (0010)21"I1/2in the ground vibronic manifold. Previ-

vibroniclevel basisset IA,I,Y_> ously, a termdynamical Renner-Teller effect has been
(0100)k2_ I-1,1,1/2> coined to representmany of the majorfindings from
(0120)2A3/2 t-l,-l,l/2> the studies on the rotationally inelastic collisions of
(0120)2A512 I1,1,1/2> 2rl radicals.Within the context of the proposedinter-
(Ol°O)tt2_ 11,-1,1/2> pretations, the findings in this work about vibra-
(0010)21"11/2 I-1,0,1/2> tionally excited 211radicals can be viewed as another
100!0)2r13/22 1170,1/2> dynamicalmanifestationof the Renner-Tellereffect.
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b. Angular Correlations in the Collision- radicalinteractions.Theseprocessesareveryimportant
Induced Fine-Structure Transition of in combustion,being chain-terminationsteps as well
O(3p) Atom With Argon K. Liu, Z. Ma as generating new molecular species. A new experi-

mental apparatushas been constructedto investigateThe collision-induced fine-structuretransition is
radical-radicaldynamics. In this new apparatus,one

the simplest nonadiabaticprocess among ali possible radical or atomic species will be produced with a
radicalreactions.The title process also playsa siguifi- known concentration in a microwave discharge flow
cant role in the development of excimer chemical

system. The otherradicalor atom will be producedby
lasers. Yet, its detailed dynamics is still not fully pulsed laser photolysis of a suitable photolyte. The
understood. By implementing a (2+1) REMPI tech-

time _ of the state-selectedproducts will be
nique for the state-resolved detection of O atom, the
process of O(3P2 -* 3PI,0) with Ar was investigated followed by absorptionof a continuous infraredlaser.

This aplwoachwill allow the reaction of interest to be
experimentallyfor the fh_ time. The angulardistribu- differentiated from other radical reactions occurring
tionsof scatteredproducts O(3Pl,0) were measmed by simultaneously. The experimental approach will be
Doppler-shifttechn_ue. By exploitingthe polarizatkm highly versatile, being able to detect a number of
of the probelaser, the mj-dependentangulardistribu- molecularspeciesofparticularinteresttocombustion
tionswerededuced.Preliminarydataanalysisclearly

processes,such as water, methane, acetylene, etc., at
indicatedthat ali three (j,mj) distributionswere quite the state-specificlevel. State-specific infraredabsorp-
similarin the forwarddirection,exhibitinga rainbow- tion coefficients of radicalscan be measured in situ,

like peak, whereas at larger angles, a strong depen- allowing for thedeterminationof the absoluteconcen-
dunceon mj was found. This mj-resolved differential trationsand, hence,branchingratios forreactionshay-
cross-section measurementrepresentsone of the few
cases in which the collision-induced angular-angular ing multiplereactionpathways.

As an initial test of the capabilities of this new
correlationswere investigated, apparatusthe dynamics of one of the most important

reactions in combustion chemistry H + 02-+2. Fast.Flow Reactor Studies of Radical-
OH(v,J) + O will be investigated. Although this

Radical Reaction Dynamics reaction has been extensively studied in the past, a
R. G. Macdonald complete product-statedistributionby a single exper-

The molecular beam chemistry project involves imentaltechnique has not been carriedout: thus, this
the elucidation of the detailed dynamics of radical+ studywill be agood testof the time-dependentinfrared
molecule interactions; however, there is very sparse absorption method as well as furtheringour under-
informationavailable about the dynamics of radical+ standingof thedynamicsof this reaction.
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COLLABORATIONS

M. H. Alexander, University of Maryland, College Park

A collaborative study on the inelastic scattering of CH off of He was completed. This study uses ab initio potential
energy surfaces and a coupled-surface quantum dynamics scattering program to produce inelastic cross sections for
comparison to measurements done by Liu and Macdonald in our program.

J. Iii. Bowman, Emory University, Atlanta, GA

A collaborative study on HCO unimolecular dissociation continues. Stabilization calculations and time-independent
scattering calculations are being used to describe isolated resonances and to modify the potential energy surface so as
to obtain better agreement with experiment.

E. Goldfield, Cornell University, Ithaca, NY

Time-dependent quantum and classical mechanics is being used to examine the photodissociation of HCO* in the
first excited state. This dissociation involves Renner-Teiler coupling with the first excited and ground state potential
energy surfaces. Comparisons are being made with experiment.
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I. Shavitt and R. M. Pii,.,r, Ohio State University
H. Lischica, University of Vienna, Austria
R. Ahlrichs, University of Karlsruhe, Germany
R. Kendall, Pacific Northwest Laboratory
The COLUMBUS program system is a collection of Fortran programs forperforming general multirefercnce single-
and double-excitation configuration interaction (MRSDCI)wave function optimization based on the graphical unitary
group approach. Since the original development effort (1980-1981), the program has been maintained and enhanced
separately at various sites by the different research groups of the original developers. During the past two years,
these various versions have been merged into a single version that combines ali of the important features of the vari-
ous separate versions. The source code is maintained in such a way that the code for any of the supported computers
may be generated automatically from the code corresponding to another computer by using a conversion utility
included in the program system. The program was made publicly available this year via the "anonymous ftp" facil-
ity of internet. Over 500 ftp requests for programs of the COLUMBUS suite have been logged in the first six
months of distribution.

H. Lischka, T. Kovar, and P. Szalay, University of Vienna, Austria
M. Emzcrhof, University of Bonn, Germany
Energy derivatives for MRCI wave functions. The theory of analytic energy gradient evaluation has made
remarkable progress in the past few years for MCSCF and CI wave functions. This progress has resulted in a new
formulation of energy gradients for MRCI wave functions that possesses several advantages over previous formula-
tions. During the past year, this formulation has been extended into a very general approach that may also be used
in the future for other wave function simplifications such as orbital localization. This method has been implemented
in the COLUMBUS program system and timings of this portion of the code clearly demonstrate the efficiency of
this approach.
Parallel implementation of the MRSDCI method. Using the portable message-passing tools developed in
the Theoretical ChemistryGroupby H_2crison,the MRSDCIdiagonalizationprogramCIUDG of the COLUMBUS
programsystem has been modified using a distributed-memoryprogrammingmodel to run efficiently on a wide
range of parallelcomputers. A productionversion of this code is available.

M. F. Guest, S.E.R.C. DaresburyLaboratory, U.K.
Development of the UK version of the GAMESS ab initio chemistry package. The UK version of
GAMESS is a very powerful and efficient package, maintained by Guest, and used by a very large community
worldwide. The program is workingon most of our group'scomputers. Guest and Harrisoncollaborate in porting
GAMESS to relevantnew machines, includingnew functionalitywithin the package(e.g., the fuli-Cl program).
Development of algorithms for parallel com_uters. Guest heads the Advanced Computing Research
Groupat Daresbury,where he has many parallelmachines,includinga large hypercube. We have mutualinterestin
the development of algorithms,particularlyfor post-Hartree-Fockmodels, which are suitable for massively parallel
machines.

R. A. Kendall, Molecular Science Research Center, PNL
We are collaborating on the development of parallel computer programs, focusing presently on integrals and SCF
and selected-Cl. This has resulted in two papers submitted for publication.

P. J. Ogren, Earlham College, Richmond, IN
Ogren prepares samples that are not commercially available, for example, azomethane and azoethane. In addition, he
assists with calculations on kinetic models used in analyzing the shock-tube measurements made in the group.
These include the sensitivity analysis of the reactions selected for study via the new technique of "correlation analy-
sis" developed by Hessler. Hessler is collaborating with Ogren on the development of a tunable-laser system to
measure the absolute intensity of opto-galvanic signals generated in a uranium hollow cathode lamp in research
funded by the National Science Foundation.
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Ourphotoionizationresearchprogramis aimedat are in agreementwith the ab initio calculations.As a

understandingthe basic processes of interaction of follow-up to this study, we have also examined the

VUV light with atoms and molecules. Ouremphasis transients CH2S and HCS, and determined their
in the last several years has been the generationand thermochemicallaepmies.
investigationof transientspecies, bothatomsand free 2. The molecule BiF has been of considerable
radicals.Varioustechniqueshave beenused to genef- interest for many years, because it has seemed to be
ate these species, including sublimation, pyrolysis, among the most promising candidates for a visible-
microwave discharge, and chemical reaction. The UV chemical laser. Vital to its use is the value of
chemical reaction method, in which H or F atoms Do(BiF'). Early work favored a value around3 eV,
producedin a dischargeflow into a reactionchamber, whereas two recent experimental studies provide
has woven to be particularlyfruitful for generating evidence for Do(BiF) near 5 eV. We have obtained
several transient species by successive abstraction three independent values for this quantity, utilizing
reactions, e.g., CH2SH, CH3S, CH2S, and HCS photoionizationmassspectrometry and the threelaws
from F + CH3SH. The experimental results impact of thermodynamics, to arrive at Do(BiF) = 3.76 +
upon thermochemistry, geometric and electronic 0.13 eV.
structureof neutralandionic species,anddynamics. In addition,we have embarkedon a detailedstudy

Ourmolecular studies have recentlyemphasized of the Group V molecular species Asn, Sbn,and Bin.
free radicals.Here, in additionto autoionizationstrut- These species areof practicalinterest for CVD prepa-
ture,we obtainwecise adiabaticionizationpotentials rationof microelectronicsdevices, andof fundamental
(lP) and fragment appearancepotentials (AP), from interest in clusterstudies. In additionto precisespec-
which we extractbond energies and heatsof forma- troscopic and thermochemical values, these studies
tion. These experimentalresultsareof utmostimpor- have alreadyprovidedtwo importantinsights.
rance in testing the most sophisticated current 1. Unlike thelinearN3, lhc heavier analogstee
ab initio molecular calculations (e.g., fourth-order triangular,nearlyequilateral.
Metller-Plessetperturbationtheory and its improve- 2. Excitations from the inner s orbitals of the

ments), which claim accuracies of :!:2kcal/mol for atoms give rise to window resonances. The diatomic
heats of formationand :L-O.IeV for IPs.The synergis- molecules P2, As2, and probablySb2 and Bi2, upon
tic interplay of ab initio theory and experiment has excitation from their SOuorbitals, also manifest win-
enabled us to arriveat unusual molecular structures dow resonances.This generalbehavior is not yet fully
andthe systematicsof molecularbonding, unde_to_L

This is underscored in our recent studies of the Ourphotoionization studies on each of the Bin
Si2Hn transientspecies and the correspondingcat- (n -1-4) species, not yet completed, are already
ions. For example, the structureof Si2H2 is inferred immenselysuperiorto recentlypublished synchrotron
to be cyclic, and thatof Si2H3+ tribridged,both very studiesof these species.
differentfromtheircarbonanalogs. Most of our researchis of a fundamentalnature,

In the past year, inter alia, we have focused our butthe processesand species we study are implicated
experimentalefforton two controversial issues: in a wide rangeof chemicalreactions,including cora-

l. The heats of formation of the important bustionof carbonandsulfur compoundsand halogen-
isomeric transient species CH2SH and CH3S, and containing substances, atmospheric and interstellar
their cations. Recent experimental results and chemistry, and plasma chemical vapordeposition of
ab initiocalculations differ substa_ttially.Ourresults, silicon, germanium, gallium arsenide, and indium
which includethe firstexperimentalstudyof CH2SH, phosphidematerials.
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A. Photoionization Studies of CH3S, CH2SH, CH2S, and HCS

1. Background

Recently therehas been an upsurgeof interestin _ ! '
t.tJ

simple mgano_fur species, focusing primarilyon the >--
determination of their thermochemical properties, z 6

These activities have been in part motivated by the _ -]
need to shed more light on the combustion of sulfur- _:° 1containing fuels and subsequent pollution-related o_ o.,1 .... , .... , .... , .... , .... , .... , .... _..
atmosphericchemistry. 13oo lsso 14oo 14so 1see isso t6oo tgso

The transi_t speciesCH3S,CH2SH,CH2S,and WAVELENGTH (A)

HCS me believed to play important roles as inter- Figure VI-I. The photoionyield curve of m/e = 47
mediates in the above processes. We have studied ali monitored during the reaction of F atoms with

CH3SH. The region -1340-1660 A is attributableto
OftheseIransientsby photoionizationmass8peclnlm- CH2SH + hu--CH2SH+ + e,whereasthe fpowthin the
etry. The species were prepared in situ by H region below --1340 A is primarily attributable to
abstractionwith F atoms from CH3SH. In addition, CH3S+ h_ -- CH3S+ + e.
CH2S was prepmed by pyrolysis of CH3SCI and
CH3SSCH3, whereas HCS was also wepared by an
abstraction/pyrolysis combination (F+CH2S). Our

studies of CH2SH and HCS represent the first direct 10 , . . , , , , , , , , , , , , I ,
photoionization measurements of these species,

whereas those on CH3S and CH2S arc improvements 9-
on priormmsmmms.

2. The Isomeric Transients CH3S and 8
CHaSH

7
The species CH3S and CH2SH areisomeric, and a

bothareformedduringtheF+CH3SH reaction.In w 6
photoionization massspectrometric measurements,

both appear at the same m/e=47 channel (Figure z
VI-I). The long-wavelength end of the pholoion yield O_ 5-CD
curve coaespoe_ to ionization from CH2SH.In the

CD #-
thresholdregion, a few steplike featmesappear,which -T-
areaim'billableto a vibrationalprogressionof 1020+ {:L
40 cm-1 in the cation. There is also a hint of another _"

ptoffreuion of 600_ cm- 1. The half-rise of the first
step occurs at 1645.3+ 0.7 A = 7.536:1:0.003 eV and 2-
correspondsto theadiabatic IPof CH2SH. At-1340 A a
another series of steps appears,coring tolong- I
zation from the isomeric species CH3S. The spacing

between the steps indicates thatthe active vibrationin 0 , , . , . , , , . , . , , , ,. , ,
CH3S+ has a frequency of 700:1:60 cm"I. The half- 1300 1320 1340 1360 1380

rise point ofthefirst stepoccurs at 1338.6:1:0.7 A =
9.262:1:0.005eV, and con_q_n_ to the adiabaticIP WAVELENGTH (,_)
of C_I3S. Figure VI-2. (a) The photoion yield craveat m/e = 50

The two species in question can be further dis- (CD3S+), monitoredduringthe reactionof Fatoms with
CD3SH. (b) An expanded portion of Figure VI-I,

tinguished by selective isotopic studies. Thus, the attributedto CH3S+ lm ---CH35+ + e. Note the simi-
reaction of F+CD3SH generatesCD2SH (which lm'irTin structurebetweencurves (a) and (b), and the
Ilplmlrsatm/e = 49) and CD3S (m/e= 50). FigureVg-2 muchlower"background"above 1340A in curve(a).
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compares the photoion yield curve of CD3S with the peaks. These peaks correspondtovibrational compo-

region of the m/e = 47 curve obtained during the nents of nd and/or ns and np Rydberg members con-

F+CH3SH experimentsand attributed to CH3S. The vergingto the _, and § states of CH2 S+.

two curves are very similar, hence confirming the ini- Figure VI-4b shows the HCS + fragment yield

tial inference. The adiabatic lP of CD3S is 9.268+ curve from CH2S. The AP of this fragment, impor-

0.005 eV (ffi1337.8±0.7 A), whereas the Franck- rant in determining the related thermochemistry, is

Condon active frequency in CD3 S+ has a value of Sl 1.533 + 0.021 eV (at 0 K).

730 ± 60 cre"1. Figure VI-3 depicts the photoion yield

curve of CD2SH, also obtained by starting from the

deuterated sample. This curve does not have any step- ; .... I .... I .... I .... I .... I '' r " ' I .... i _

confirming the earlier inference. Apart from this 9:

difference, its shape is very similar to that of its non- 8-
deuterated counterpart, CH2SH. The adiabatic lP of 7-

o 6-
CD2SH is 7.522 ± 0.003 eV (-1648.3 ± 0.7 A), and -J_w 51
the active frequencies have magnitudes of 900 + >-

o d4 ,om o° I lil i"l,o.r .... ' .... .... ' .... 1.

o 5- I- .............
5 If. . Oi .... , .... , .... , .... ,.._:I,,. , .-,-,-,--I--

('_ _-" 1000 1050 11O0 1150 1200 1250 1300 13503_

o. 1 WAVELENGTH(_)
O'l-i .... I .... I ' " " ' I i ' ' ' I .... I .... 1 .... I _-' i '

1.300 1350 1400 1450 1500 1550 1600 1650 Figure VI-4. Photoion yield curves of CH2S obtained by

WAVELENGTH(A) pyrolysis of CH3SCI at 370 °C. (a) Parent CH2S+. Co)
Fragment HCS+. The magnified inset in (b) shows two

Figure VI-3. The photoion yield curve of m/e = 49, linear regions (1060-1085 A and 1085-1120 A) and a
monitored during the reaction of F atoms with long exponential tail.
C D3SH. This curve is attributed to the process
CD2SH + hx)--..CD2SH+ + e.

Unlike the abrupt threshold of CH2S, the photo-

3. CH2S and HC5 ion yield curve of HCS (Figure VI-5) has a very broad
Franck-Condon region, consistent with a transition

The photoion yield curve of CH2S (Figure VI-4a) from bent HCS to linear HCS +. The underlying stair-

has a very abrupt threshold, indicating very little case structure, complicated by the presence of autoion-

change in geometry upon ionization. The adiabatic lp izing peaks, indicates that the bending frequency in

of CH2S is 9.376 ± 0.003 eV (-1322.3 ± 0.4 A). HCS + is 700 ± 30 cm "1. When the Franck-Condon

The prominent steplike onset of the 0 -* 0 transition envelope is as expanded as in this case, it is quite pos-

is followed by a much smaller step, corresponding to sible that the probability of the 0 --, 0 transition is

the0-* 1 transition. Their energy separation,-1050 + vanishingly small and thus virtually unmeasurable.

80 cm 1, indicates that the C-S stretch in CH2S + has Rather than relying on the apparent threshold in the

essentially the same value as in CH2S, whereas the experimental curve, we undertook a careful analysis of
ratio of their intensities indicates (by Franck-Condon the measured Franck-Condon distribution and con-

analysis) that the C-S bond length changes by only eluded that IP(HCS) is _/.499 ± 0.005 eV, and possi-

0.03 A upon ionization. Above the threshold, the bly one vibrational quantum lower, 7.412 ± 0.007 eV.

photoion yield curve displays a smooth plateau that at The analysis also indicates that the bond angle in HCS

shorter wavelength starts displaying autoionizing is-130°-135 °.
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11|1 """"'" "'' " ' .... _ .... ' " 5. Tkermochemistry of the CHriS Species
c_ From the adiabatic IPs of CH3S and CH2SH and
_w auxiliarydata(AP of CH2SH+ fromCtt3SH measured
)-

z 8- previouslyin this laboratory,andan independentAH_
o
5 of CH3S), we have determinedthe heatsof formation
or- 4 of these species and of their cations. We find that

cL_ 2 CH3S is more stable than CH2SH by 6.3 + 2.0
kcal/mol, and hence Do(H-CH2SH) = 92.4 + 2.0

0 , ............. ._ kcaYmol (<94.0 + 0.I kcallmol) is stronger than
_43o 15oo 133o leoo 16so Do(H3CS-I'_; = 86.1 ± 0.6 kcal/mol by the same

WAVELENGTH (A) quantity. Hewever, CH2SH+ is more stable than
FigureVI-5. Photoionyield curveof HCS+ fromHCS, CH3S+ by 33.5 + 2.0 kcal/mol. This lattervalue is in
obtainedduringF + CH3SHreactions,presumablyby
sequentialH abstraction, agreement with a recent ab initio calculation, but in

strong disagreement with other recently published
experiments. A careful analysis of the latter experi-
ments shows that they have been seriously flawed;

4. ThecH3SScH3FragmentationThresholds of AH_ (CH3S) and AH_o (CH3S+) were placed too
high°by -3-4 kcal/moi, whereas AH_o(CH2SH+)
was placed too low by 5-7 kcal/mol.

In order to provide independent data that would
The measurementsperformed on CH2S and HCS,

enable us to determine the pertinentthermodynamic together with those on CH3SSCH 3, enable us to

quantitiesjust discussed, we examinedthephotodisso- determine AI-_f_(CH2S) = 28.3 ± 2.0 kcal/mol
ciative ionizationof CH3SSCH3. In a narrowenergy (<_9.9 ± 0.9 kca_/mol)and AH__OICS) = 71.7 + 2.0
region, fournew fragmentationchannelsbccomepes- kcal/mol (<73.3 + 1.0 kcal_mol, >69.7 + 2.0
sible, each having a different m/e as signature: kcal/mol), as well as the heats of formation of CH2S _
CH2S + + CH3SH (m/e = 46), CH2SH+ + CH3S andHCS+.

(m/e = 47), CH3SH + + CH2S (m/e = 48), and Our heats of formation of the CHnS species,
CH3SH2+ + HCS (m/e = 49). The related photoion together with auxiliary data, enable us to calculate
yield curves display pronouncedcurvaturenear their

most of the C-H, S-H, and C-S bond energies within
respective thresholds and are subject to substantial

this system and observe some interesting trends. For
kineticshifts, which maketheir APs unreliableforuse

example, the values of C-S bond energies indicatethat
in thermochemical determinations. However, mea-

this is a single bond in CH3SH, CH3S, and CH2SH
suringthe relative energy differences, by shifting one

(with a bond orderslightly higher than one in the lat-
fragment curve alo,_ the wavelength axis until

ter case), it becomes double in CH2S and HCS, and
it is superposed on another, circumvents this

corresponds to a triple bond in CS. Also, starting
limitation, and provides valuable thermodynamic from CH3SH, the successive C-H (and S-H) bond
relations.Thus, forexample, thehypothetical reaction

energies oscillate between a high and a low value,
CH2S + CH3SH+ -- CH3S + CH2SH+ is found to

because every second dissociation is accompaniedby
be (at 0 K) thermoneutral (0.0 + 0.7 kcal/mol), the slrengtheningof the C-S bond.
whereas CH2S+ + CH3SH -,. CH2S + CH3SH+ is

Ali of the heats of formationandIPs of the CHnS
found to be endothermic by 1.3 + 0.6 kcal/moi. The

transient species determined by us experimentallyare
latteris a charge transferreaction,whose enthalpy can

in excellent agreement with recent ab initio calcula-
be readily calculated from IP(CH3SH) and our tions.
IP(CH2S) to be 1.48 ± 0.08 kcal/mol, in very good
agreementwith the above measurement.
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9. Photoioaiztfion Studies of Arxaic Clusters

A majorproblem in studies of clustersof neutral adiabatic lP awaits a different type of experiment,
species is the _ of a specific clustm',in the suchas chargeexdmnge tuckering.
absence of otherclusters. This canbe very impormt In Figure VI-6, the photoion yield curves of the
if dewction is performedby iom_ttion, because frag- various Ash+ (n = 1-3) fragmentsarealso shown. Of
mentation of a cluster ensemble could make the these, the lowest energyand most thermochemically
desiredclusterappearat a lower mature ratio reliable one is that of As3+ (As4). The threshold,
(m/e), where_ a higher cluster may appe_ at lhc reduced to 0 K, gives an AP of <11.23 eV, from

anticipatedm/e. Certain smmgly bound clustersare which we calculate AH_o(AS3+) <228.7:1:1.3
naturallyoccmTing, psniculm'ly those of Group IV kcal/mol.
(c., si,,, Oer, Croupv tYn,As_,Sbn),andGroup
Vl (Sn, Sen, Ten). By adjusting thermochemical

activities of precmsm_ ii is possible to make a spe- ,.- , ......---_, _ , 1..... ,.... ,......

cific clusterdmninmt in the vapor. We have under- _ _-: _i
o.s- l#m,--vjt .-ô ,;taken such a study of the Group V specim. In addition .-, ^,.

tical benefits. Fm"example, it has been found that -_

arsenicvaporcontains As2, ratherthanAst. :_
Ourinitial studies, wi,h the arsenic species, are o

oullinedbelow, o. o.2-
X5

Studyof As,, oo ,_; ,2's o ,55o

Whensolid arsenicis sublimed, the dominant Wavelength(Angstroms)

vapor species is As,. This species, like its isovalent FigureVI-6. Anoverviewof the photoionyield curves
of At,4+, As3 +, As2 +, and As+ from As 4. The ordinate

ItlMtiog P4, has Ictrlthedl_ structtlre. The uppermo_ is in arbitrary units, but the relative intensities are
OC_ orbitals,(al)2(t2)6(e)4, repleleat lhc molec- significant.
ulm"interaction of three p-type electrons per atom.
Ionizationfromeitherof the two uppenn(_ occupied
mbitals subjectsthe molecularion to Jahn-Tellerdis- By volatilizing the compoundInAs, we can shift
tortionfromthe tetrahedralstructm_ This, in mm, is the equilibrium among the Ash species so that As2
expected_ leadto sn extendedPrmu:k-Condondistri- dominates. The valence electronic configuration of

bution. As2 is (og4s)2(Ou4S)2(og4p)2(Zu4p)4.This is identi-
The photoion yield curve of Ast is shown in cal to that of P2, and similar to that of N2, except

FigureVI-6. Three broad autoionizingbands can be that the order of oS4p and zu4p is reversed. The
seen nearthreshold.These areattributedto Rydberg photoion yield curve of As2 (Figure VI-'/) displays
membersof a series converging to the secortdexcited two autoionizingRydbergseries (one about twice as
stale (132A1) of As4+, which does not suffer Jahn- intense as the other), both converging to the excited

Teller distortion. The photoion yield curve of As4+ (A2y,g+) slate of As2. Fromthe Rydbergformula,we
(As4) alqwoacbesthe backgroundlevel gradually,at candeduce a prectsevalue for this lP, 10.238 + 0.002
-1440-1460 k. At the extreme, this implies an eV. An analysis of the threshold region leads to an
a/qumrentadiabaticthresholdof -8.49 eV. Analysis of adiabaticlP, correspondingto formationof X211u,3/2
the photoelecln_ spectrum of As4, by Jahn-Teller of As2+, of 9.69 :!:0.02 eV. Finally, a deeper lying
modeling, has led others to predict thatthe true (but window resonance series (see section C., below)
unobserved)adiabaticlhresholdis 7.83 eV. Omrresult enables us to establish the IP of the second excited
is a rigorousupper limit; determinationof the "true" state, B2T._+, to be 15.37 eV.
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• , .... lently, the change in free-energy function), leads to a

lower limit for AH_._ (As3). The entropies of As2o

and As4 are readily calculated, but that for As3 is0,004

o problematic. The structure of the isovalcnt N3 is lin-

d ear, and prior workers had assumed that P3, As3, etc.,

are also linear. However, rccent ab initio calculations
had indicated that these latter species had triangular

ol. 00o2- " _ structures, deviating from equilateral by (weak) Jahn-
Q- Teller distortion. We assumed such a structure, and

used scaled internuclear distances and vibrational

frequencies to deduce S°(As3). After completion of
0OOO -

!180 t200 1220 1240 1260 1280 1300 OUg work, we learned that Balasubramanian ct al.

WAVELENGTH (_) [J. Chem. Phys. 9._., 3494 (1991)] had calculated

FigureVI-7. The photoionyield curveof As2+(At2)in SlX_OOS_C palameterssimilar to our assumedones.
the region near threshold. Two autoionizinllRydberg The results of our analysis lead to AH_o(AS3)
series ("short" and "tall") are observed, converging to 60.0 kcal/mol, and (from another analysis)

the excited A2Yg+ state of As2+. _I_, (As3) " 63 kcal/mol. This, in turn, leads to an
atomtPzation energy for As3 of 143.4 kcal/mol, sub-

The heats of formation of As2 and As4arewell stantiaily larger than the ab initio value of
Balasubramanian et al., 122 kcal/mol. For these

established by prior measurements. However, evi-
heavy systems, one expects that geometrical struc-

dence for As 3 is ephemeral. We did not observe con-

vincing evidence for its presence in the vapor, under trees may be calculated fairly weil, but bond energies,
vmi(ms conditions. However, we were able to estab- reflecting small differences in large quantities, are less

reliable.

iish a lower limit to AH ap_). Consider the hypo- From our limit AH__ (As3 +) <: 228.7 kcal/mol
thetical reaction in the ga and the deduced value for °/Ml° (As3), we can arrive

As2 + As4 2As3 ,o-* • at IP (As3) < 7.32 eV and < 7.19 eV. The ab initio

By determining the photoionization intensity of calculated value of Balasubramanian et al. is 7.1 eV.

As2+(As2) and As4+(As4) in the equilibrium vapor, Thus, althouf.h we were unable to detect As3 directly,

and an upper limit to As3+(As3), we can determine an we have arrived at very useful thermochemical values

upper limit to the equilibrium constant, for this species. The combined results of this study
have enabled us to make constructive criticisms of

= (As_)2 recent work on lhc clusters of ASh, Sbn, and Bin that

Keq (As2)(As4) ' were performed by supersonic expansion and photo-

and hence a lower limit to AF° for this reaction. This ionization with laser or synchrotron radiation.

value, together with the entropy change (or equiva-

II

C. On s-like Window Reaonaneea

Usually, resonances in photoionization are ...(4sag)2(4sou)2(4pog)2(4pxu) 4 As2+ht) --

observed as peaks supcrposcd upon a continuum, ...(4sag)24Sau(4pag)2(4pxu) 4 ns .
heralding a new channel. The interaction of this new

channel with the underlying continuum can occasion- Earlier, we had observed window resonances in lhc

ally result in a diminution in the continuum intensity photoionization of atomic As. Both series of window
at the resonance, which is referred to as a window res- resonances are displayed in Figure VI-8. In atomic

onance. In our recent studies of As2 (section B), we As, the window resonances can be identified with the

obscrved such a window resonance series, attributed to transitions

lhc transitions (core)(4s)2(4p) 3 + ht) -* (core)4s(4p)3mp.
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/r
'- t

_- , " : _: configuration interaction matrix element betweenquasidiscretestateandcontinuum.The conditionfora
g 3 As) window resonance is that q - 0. For Iql - 1, anoZ
o= _ asymmetricprofile results, dippingbelow the contin-

" uumlevel on one side, and enhancing the continuum>_
'- _ on the other. For Iql > 2, autoionization manifests
"_ _3(ss2).p itself as a peak surmountingthe continuum.

15 10 a ;[ 6
-_ _1111I [ I I Ourobservations on P, P2, As, As2, etc., con'e-

I I I I I I
7_o 760 780 eoo e2o e4o eeo spondto qnearzero.Fromthedefinitionof q,a plan-

sibleinferenceisthatlhc numerator,whichisrelated

o.o0i- jt to theoscillatorstrength(0 for the transition,isvery
[!¢ small. In a Rydberg series of transitions,the average
,lr oscillator strength, Af/AE, merges smoothly into the

o.oo_- .,
o i,¢_L ,_ correspondingcontinuum, dr/dE.In the presentcase

0005_ , _ lt _r" of window resonances, the implication is that ioniza-

.-> _,.__f_t_i_. ,_, tionfromsuchan s-likeorbitalalsohasa lowproba-
0.004 bility. Photoelectron spectroscopic studies bear this

_" - ._L+. ouLThe summed oscillator strength (excitationsplus
" (BEy)ns 8 7 6

o.oo3[-_ I I I ionization) is considerably less than what might be
/ ' l I _ J _ _ expected fora partialsum rule. For an ns shell thatis

800 820 840 860 880 900 920

WAVELENGTH(A) doublyoccupied,the f sumwouldbeexpectedto be

FigureVI-8. Upperpanel:windowresonancescone- 2; for Ne, asa knownexample,it is --0.75. Rather
sponding to the transitions ...(4s)2(4p) 3 + h_) --- complex calculations of a many-body variety have
...4s(4p)3mp in atomic As. Lower panel: window attributedthese window resonances in Ne, At, and ga"
resonances corresponding to the transitions
... ( 4 s o u )2 ( 4 po g ) 2 ( 4 p _ u ) 4 + hx) -- to a strong shielding effect from the outer p shell.
...4SOu(4pag)Z(41_u)*ns in As 2. This intershell correlation can influence the partial

oscillator strength, shifting some of the ns oscillator
strengthinto other shells.

Thus, in both As, where excitation from a 4s orbital The alkali and alkaline earthelements have no
is implicated, and in As2, where the ns electron has outer p shell, and manifest large oscillator strengths
been cxcited from a 4SOuorbital, the less frequently
encounteredwindowresonanceappearsto havea simi- for the first (i.e., intrashell) a'ansition. For example,
iar origin. Upon furtherresearch, this behavior was the well-known Na D line (3s -* 3p)has an oscillator
seen to be systematic. Thus, the correspondingspec- strength of 0.97.
Iraof P andP2, previously studied,also display these The large oscillator strength for this transitionin
window resonances. Similar resonances emanating the alkali and alkaline earthelements implies much
from the uppermost s-like occupied orbitals are smaller values for the higher membersof the respec-
knowninthe noble gases, the halogenand chalcogen rive series, i.e., 2s --- 3p, 4p ... and 3s --, 4p, 5p ...
atoms. This, in turn,can be attributedto the wesence of a

Fano has parameterizedthe interactionof excited, Cooper minimum somewhere in the region of higher
quasidiscretestates with the underlyingcontinuumby series members, or in the near continuum. The
theequation Cooperminimum is a consequenceof the cancellation/ i t _

_*[ T Ii) of positiveandnegativecontributionsto thedipole

< /'aV E* ¢_g[T li matrixelement. If this patternpersists in the p-blockelements, it could partially explain the low values of

where (_ T Ii) describes the transition from the the dipole matrix elements implied by the window
initial state i to the quasidiscrete state cb (T is a resonances.
transitionoperator,which for the presentpurposes is
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In summary,two effects appearto be operativein Similararguments can be given for the behavior
lhc photoexcitation and photoionization of ns sub- of nSOumolecularorbitals.An interestingdistinction
shells. For the noble gases, with complete outer p exists between thebehavior of Vn'stfull-rowelements
subshells, there is a shielding effect, which gives rise (N, O, F, Ne) and their heavier analogs, both atoms
to asymmetric and/or window resonances, and shifts andmolecules. The formerdisplay asymmetric reso-
some of the oscillator strength into other channels, nanceprofiles(Iql = 1-2) whereas the latterarecloser
For the alkali and alkaline earthelements, with no to purewindows (q- 0). We attributethis distinction
outerp subsheiis, there tends to be a shifting of the to the fact that 2s and 2p orbitalsare close in energy,
oscillator strength into the first ns -,. np transition, andoccupysimilar regionsof space, moreso than the
The available experimentaldata supporttheview that 3s-3p and 4s-4p combinations. Presumably, this
both effects arepresent for the intermediatecases. As makes the shielding not quite as effective in the first
the outer p shell fills, its shielding of the ns orbital row elements.
increases (greater intersheil correlation) and the
strengthof the intershelltransitiondecreases.

| i

D. Three Law| for Do(BiF)

In 1984, Hed_elinandKlingbergreactedNF(alA) phaseby volatilizing a mixtureof Bi andBiF3. In the

with bismuth atoms, in a search for an efficient vapor, we can detect Bi, BiF, and BiF3 by photoion-
pathwayforconvertingthe storedelectronicenergyof ization mass spectrometry. The wavelengths for pho-
NI=into laser light. During the courseof these stud- toionizationare so chosen thatthe ions observedcan
ies, they observed an intense blue flame that was only be attributable to parent (rather than fragment)
identifiedas the BiF (A -* X) emission system. They ions. A minor exception is that BiF2+ is chosen as
developeda kinetic model for theprocesses leading to the diagnostic for BiF3, because it is a much more
light emission, which "... appearsto approach 100% abundantion, but no confusion can result from this
efficiencyin convertingtheelectronic energystored in choice. We thenformulate the equilibriumreaction
NF (alA) into a blue-green (A-X) emission," making
this system an interesting candidate as a basis for 2Bi(g) + BiF3(g) -* 3BiF(g) .
developinga visible chemical laser." The equilibriumconstantfor this reaction is indepen-

The feasibility of utilizing BiF for this purpose dentof pressure,lt is proportional to the ion intensi-
depends upon its stability. Most early work up to ties (BiF+)3/(Bi+)2(BiF2+). We determinethe value

1981 favored a value of Do(BiF) hovering around of this quantityas a function of temperature,and then

3 eV, whereastwo recentexperimentalstudiesprovide plot In Keq vs. I/T. Fromthe slope of this function,
evidenceforDo(BiF) near5 eV. Anotherrecentexper- we obtaina value of AI-IV = 10.1 + 5 kcai/moi for the
imental study infers Do(BiF) < 3.14 eV, whereas an above reactionat the meanexperimentaltemperature,
ab initio calculated value by Balasubramanianyields or AHo = 11.4 + 5 kcal/mol. Then, with known val-

2.63 eV. ees for AH__(Bi) and AH_o(BiF3), we deduce
We haveapplied the three laws of thermodynam- Do(BiF) = 3.7_ + 0.13 eV.

ics in independentexperiments to determine Do(BiF). 3. The Third Law: Absolute Equilibrium
They areasfollows: Constant, Absolute Entropy. The photoionization

1, Conservation of Energy. We prepareBiF in cross section is dependentupon wavelength. In par-
the gas phase, and determine the AP of Bi+ fromBiF ticular, it is a rapidlyvaryingfunction in the vicinity
by photoionization mass spectrometry. Because the of resonances. In the present work, we eschew these
IP of atomic Bi is well known, we can subtract this resonances. The cross section is also related to the

quantity (7.28562 + 0.00004 eV) from the AP size of the atom (or molecule), because it is connected
(< 10.982 + 0.05 eV) to deduce Do(BiF) < 3.84 + to the total integratedoscillator strength(equal to the

0.05 eV. numberof electrons), and also to the polarizability,
2. The Equilibrium Constant, and its Variation which increaseswith the size of the species, The form

with Temperature. We prepare BiF in the vapor of the equilibriumconstant discussed above tends to
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cancel these variations. The number of molecules Thus, ali three laws of thermodynamics yield
appearing in the numerator is the same as in the very nearlythe same resultin ourmeasurements.The
denominator.Therefore, only relative cross sections flaws in prior measurements are discussed in our
are important.The smallestand largest species appear paper. In particular,various Birge-Sponer extrapola-
in the denominator,the intermediatesized one in the tions have been attempted, with widely varying
numerator,thusallowing for the possibility of further results. However, a modification that has been pro-
compensation in error.More detailed argumentscan posed that allows for the degree of ionicity in the
be given. If we nevertheless allow for an uncertainty molecule yields a result in good agreementwith the
of a factor 100 in the equilibrium constant (roughly presentvalue whenapplied to BiF.
equivalent to an uncertaintyof a factor 3 in the rela- We have also succeeded in determining a value
rive cross section of BiF, compoundedwith an uncer- fog _,H° (BiF2) froma studyof the equilibriumreac-

taintyof a factor 2 for Bi), the uncertaintyin _ = tion Bi(g'_+ BiF2(g) -, 2BiF(g). Thus, we conclude

-RTlnKeq is only ±0.13 eV. When the value of AF° that Do(FBi-F) = 3.50 _+0.15 eV and Do(F2Bi-F) =
(5.77 kcal/mol) is combined with the absolute free 4.51 ± 0.2 eV.
energy functions for Bi, BiF, and BiF3, we obtain During the above measurements, we also
AHo = 12.39 kcal/mol for the equilibrium reaction, obtained IP(BiF) = 8.658 + 0.012 eV, and IP(BiF2) =
or Do(BiF) = 3.76 ± 0.13 eV. 8.05 ± 0.05 eV. No prior values are known.

E. Additional Studies of Group V Clusters

Studies of the Sbn and Bin (n = 1-4) species are tion measurementclaims to observe these transitions.
in progress. One of the purposes is to test some of We now have preliminaryinformationin the window
the patternspredictedfromstudiesof otherrelatedsys- resonanceregion,demonstratingthe presenceof more

tems. For example, we want to look for window res- than one series, and peak profiles that look more like
onances in SI), Sb2, Bi, and Bi2. Bismuth is interest- asymmetricresonancesthan "pure"windows.
ing because it is heavy enough to manifest some The vaporizationbehaviorof Bi differs from that
departuresfromthe lighterelements of GroupV, pos- of P, As, and Sh. The tetramer species, dominant in
sibly due to relativisticeffects, and also because an L- the latter,is very weak in Bi. Instead,Bi and Bi2 are
S description of coupling is less likely to be valid, approximately equally abundant, with Bi3 and Bi4
The groundstate of ali GroupV atoms is 4S. For the abouttwo ordersof magnitudeweaker.Other methods
corresponding atomic ions with a p2 configuration, have consequently providedlittle information on Bi3
the possible L-S states are 3p, 1D, and 1S. Rydberg and Bi4. A recent synchrotronradiationstudyof these
states formedby addinga Rydbergelectron to thelat- species observed almost no signal above the noise

ter ion cores can give rise to quartet(from 3p) and level. By contrast,we have obtainedpreliminarypho-
doublet (from lD and IS) states. In the atoms N, P, toion yield curves for both Bi3 and Bi4. We believe
andAs, no evidence is observed forquartet-,. doublet this to be the firstdirectphotoionizationstudy of any
transitions.In Bi, it may be possible. A photoabsorp- of the triangularGroupV trim_s.
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Our collaboration with Pople and Curtiss continues to be mutually beneficial. In the past year, they have calculated
by G2 theory the properties of the CHnS speciesthat we have investigated experimentally. Balasubramanian has lhc
capability of calculating the properties of heavy atoms and molecules, including relativistic effects. He calculated the

properties of the Group V trimers coincidentally at the time we were performing some experiments. Now, he has
decided to examine the dimers and tetramers more extensively, to compare with our experimental results. Yarkony is
continuing to examine the peculiar case of CH30 +, which is unstable on our experimental time scale although
CD3 O+ is stable.
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Our research in the physical separation, chemical Argonne Premium Coal Samples, whose characteris-

degradation, and instrumental characterization of coal tics are given in Table VII-I.

provides new insights into its molecular structure. Major achievements during the past year include

Coal's hem'ogeneous structure adversely influences its the discovery that a vast majority of middle-size

reactivity, thereby complicating processing technolo- molecules in bituminous coals contain at least one

gies for the production of usable, high-quality fuels heteroatom, and that molecules with several hetero-

and chemical feedstocks. Therefore, we have been sys- atoms are very abundant in the lower rank coals. A

tematically studying physical methods for the sepam- new, comprehensive classification system for resin-

tion of coal into its fundamental organic constituents ites that evaluates the extent of coalification is pre-

(macerals) to reduceheterogeneity. Furthermore, chem- sented. New insights about coal structures have been

ical degradation methods are coupled with structural gained through laser mass spectrometric techniques.

and spectroscopic measurements, such as synchrotron The first 3-D NMR images of a solvent-swollen coal

radiation, solid-state NMR spectroscopy and imaging, have been obtained. More accurate fa values have been
desmption time-of-flight mass spectrontetry, and determined by solid 13C NMR. Selective removal of

high-resolution tandem mass spectrometry, to probe organic sulfur has been quantitated using synchrotron
coal structural elements, in particular large molecular X-ray spectroscopy (XAS) in collaboration with

building blocks. Research on the synthesis and char- Gorbaty. Finally, new synthetic layered silicate clays

acterization of large-pore, layered-clay catalysts for have been prepared in the presence of many templar-

heavy hydrocarbon upgrading is also underway with ing molecules, including transition-metal complexes

specific information being gained from neutron and and organic dyes, and the manner in which metal ions

X-ray scattering. Ali the coal work focuses on the are solvated in clays has been elucidated by XPS.

I II

Table VII-I. Elemental analyses for the coal samples.
% C per I00 carbons

sample name (dmmf) H N S O
8 Beulah-Zap lignite 74.1 79.5 1.35 O.36 20.9
2 Wyodak-Anderson $ubB 76.0 85.6 1.28 0.23 18.0
3 Hen'in hvCB 80.7 77.2 1.51 1.15 13.0

6 Blind Canyon hvBB 81.3 85.7 1.67 0.17 10.8
4 Pittsburgh hvAB 85.0 76.7 1.69 0.40 7.96
7 Lewiston-Stockton hvAB 85.5 76.3 1.62 0.30 8.93
1 Upper FreeportmvB 88.1 66.0 1.55 0.32 6.59
5 Pocahontas IvB 91.8 58.5 1.25 0.21 2.04

I II II Illl
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A. Separation of Coal Macerals
G. R. Dyrgacz, C. A. A. Bloomquist, L. Rustic

Despite a long history, efforts to understandcoal Unfortunately,DGCtechniquesarebatchmedals and
structurecontinue to be hamperedby itsphysical and usually only small amounts of pure material can be
chemical heterogeneity. Coal exhibits physicalvaria- obtainedfromeach separation.Thus, it would be use-
tions on a submicron scale. Furthermore,the rela- ful to have other separationsmethods to bypass this
tionship between this physical complexity and the problem.The two readilyavailabletechniquesare tta-
chemical complexity is unclear. One of our major ditional centrifugal sink/float (S/F) and continuous
researchgoals is to develop reliable methodsto sepa- flow centrifugation(CFC). The formertechniqueis a
rate coal into its fundamental constituents. These batch method, but it can producea large amount of
constituentscan thenbe used in studiesof the funda- material in each float/sink operation. Continuous
mental chemical and physical structureof coal to flow centrifugationseparationsallow large volumes
yield more detailedandless ambiguousinformation, of liquid slurry to be easily processed, and both the

Manyfactors influence the heterogeneityof coal, float andsinkfractionscan be continuously separate&
includingthe variety of organic plant materialsthat Our experimental studies on these separations
were present in the original swamp, the manner in methods werereportedin previous surveys. Thisyear
which the materialswere degradedand subsequently we have compiled and analyzed the results and con-
buried,andvariationsin metamorphosis.Ourprimary tributed four large manuscripts. Our efforts in this
interest has been the organic components.Ali of the areaarenowcomplete.
organic materialis present in macerals,which are the Manyof the protocolsn_ for routinesepara-
analog of minerals in rocks. They representthe pri- tions of micronizedcoals havebeen established. One
mary level of organicheterogeneity,andarecharacter- majorcontributioncenters on the ability to quantita-
ized by theircolor,reflectance,andmorphology.Each tively understandthe courseof these separations.We
of the three major groups of maceralsis subdivided have shownmathematicallyhow sink/floatseparation
into several individual types. The liptinite maceral intimatelydependson thedensity chosenfor the sepa-
group consists of organic material derived from ali- ration and the density distribution of the sample. In
phaticmaterialssuch as algae, spores, andresins.The addition,we have recognizedthatboth thenumberof
vitrinites, which agederived fromdegradedwoodytis- fractionationsandsb,,eof thedensity intervalbetween
sues, are the most common macerals in U.S. coals, successive separationscan have a profoundinfluence

andare widelyused forstructuralstudiesof coals. The on the purityof fractions.The work on CFC separa-
dfirdmaceralgroupis theineninites, tion has been particularlygratifying: this system is

Developing efficient methods for separationsof very effective for large laboratory-scale separations.
these macerals has been one of our primary goals. However, several subtle elements that are important
Ourearly workpioneeredthe developmentof density in the separationsare still not fully understood.
gradient centrifugation (DGC) techniques. Through In summary,the research at Argonne has estab-
oureffortsandotherswho havefoilowedourlead,DCK_ lished thatgreater than 85% pure sink or float frac-
has become almost a standard for high-resolution tions can be easily achieved. Second, the traditional
maceralseparationsfromcoal andoil shale. Recently, mediausedfordensityseparationsali cause agglomer-
we have used DGC techniques to evaluate the more ation of the particles, and consequently result in
traditionalcentrifugalsink/floatmethodandthenewer inefficient separations,but two media, which aredis-
continuousflow centrifugationmethod, cussed in this study,providedexcellent separations--

CsCl/Brij-35 and Ca(NO3)2/Brij-35. There is little
1. Continuous Flow ud Cen_fullal doubt that thc Brij-35 surfactantplays a majorrole in

Sink/Float Separation of Coal Macerals the wetting and maintainingof coal-particle disper-
sions, but the salt also plays a complex role. Third,

Density gradienttechniquesate unequaledin their fine float phase particleswere discovered to mix into
ability to producehigh-resolutionseparationsof coal the sink phase in centrifugal S/F separations. This
macerals. In addition, they providea directvisualiza- behaviorresults from minorvariationsin temperature
tion of the density distributionof the coal sample, and force fields duringcentrifugation. Panicles that
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are larger than 10 tzmdo not exhibit this problem, materials.Even so, the pyrolysis of lignin produces
Fourth, in the continuous flow centrifuge, the cen- manycompounds, a result thatmasks its underlying
trifugal and flow dynamics of the fluid within the simplicity. Because vitrinite is derived mainly from
rotorarevery complex, some zones in the rotorhave lignin, it is possible that its structuremay be more
little axial flow, while others are not spinning at the regular than most coal scientists now believe.
nominal rotor speed. Finally, in agglomerating There is littledoubtthatthe chemical structureof
media, differentdennityparticlesagglomeratein con- vitrinitemust be more complex than lignin. Some of
slant proportions. Consequently, recycling only the lignin must have undergone degradationreactions
marginally improvesthe purityof a fraction, before burial. The existence of humic acids is good

To complete the study,we investigatedlarge par- evidence for this. However, vitrinites in coal often
ticle separations (-30 tzm). Large particles should show distinct residual cellular structures. This fact
separate more efficiently by virtue of their size and suggests that the transformationof lignin to vitrinite
smaller surface-area-to volume ratio. However, S/F occurred by modification of the lignin polymer
and CFC separationsof float phases showed purities directly, withoutextensive macromoleculardegrada-
similar to the much finer micronized coals. These tion and repolymerization. One way to phrase the
resultsconflicted with our intuition and the analytical question of the chemical structureof coal is: Does
density gradients of float-phase materials. We rea- coal contain high-molecular-weight macromolecules,
soned thattheproblemwas due to the densitygradient each composed of many different subunits,or does it
monitoring system, which influenced the position of contain a small set of macromolecules, each with a
the large particles.Two methods were studied to cir- small set of different subunits?The formercase sug-
cumvent this problem. First, we did a preparative- gests that separation of the microscopic macerals is
level separationand directly measuredthe amountof aboutthe best resolution thatcould be achieved. The

material in each density fraction.The results showed latter case suggests thatfurtherliberationandsepara-
that ourintuition was correct:much less contaminat- tion of coal macerals may lead to furtherdelineation
ing material was observed. Unfortunately, the abso- of coal structure. This question may be difficult to
lute purity was still uncertain. Therefore, a different answer underany circumstances,but freerseparations
approachwas _ed. The gradientin the centrifugewas of the macerals is an essential first step.
photographed,and the gray scale of the negative read To accomplishhigherresolutionof coal material,
using a microphotometer.The results seemed to sup- it is necessaryto liberatethedifferent macromolecules
port the original analyticaldensity gradient data. from each other.Initially we tried to breakdown the
However, distortions in the photographs may impact solid coal particles. Startingwith a fluid energy mill
this interpretation.Thus, the absolute purity of the (FEM)product,we groundthe coal to submicronpar-
large particles is still an open question, ticle sizes, using a high-speed planetary ball mill.

' Two coals, PSOC-732 from the Pennsylvania State
2. Ultraresolution of Coal Macerals and University Coal BankandAPCS 7 from the Argonne

Hyperfine Grinding of Coal PremiumCoal Sample program, were studied. Both
are high-volatile bituminous coals and both contain

Work has also progressed on a new project to ali threemacemlgroups.
define limits on the heterogeneity of coal. Coal We foundthatlarge grindingmedia,such as l-cm
extractscontainhundredsof chemical species,but the balls, were completely inappropriate. However,
complexity of the insoluble macromolecularstructure 3.2-mm chromesteel balls reducedFEM groundcoal
of coal is not clear. The extractablematerial can be to submicronparticleswithin a few hours.As a male-
derived from many complex reactions during the rial is mechanically groundin the impact type mill,
metamorphic process, and may not faithfully reflect curious and complicating phenomena can occur.
an underlying regular structure of the macro- Particles may agglomerate by a process called cold
molecules. In many coals, lignin is the predominant welding. They may become plastic and no longer
chemical species that is transformed into vitrinite, shatteron grinding.Chemicalchanges in the structure
Lignin itself is a fairly complex three-dimensional may occur, resulting in the formationof new chemi-
macromolecule thatis formedby randompolymeriza- cal species. Crystallinematerialscanchange to amor-
tion from, at most, three simple phenolic starting phousor differentcrystalforms. Particlescan undergo
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densification,eitherby the eliminationof pores orby 0.025
the formationof new physical structures.Ali of these
processes may occur with coal. Ali are undesirable 0.020 orig.coal

1stcycleside effects. ,
2ndcycle

The quuntitation of submicron coal particles is _ o.o15
not straightforward. Althoughwe intendto useSEM _ /"',,i 3rdcycle

techniques to quantify the pa,rticle-sizedistributionin , _ii"i'i_

cc 0.010 \
the future, for the initial experiments we used an ,
optical microscope to measurerelative fineness and !:"

'.,

foundthattheparticlesdobecomeprogressivelyfiner o.oo5 ....... : .,,.
withlongergrindingtime. ", -.

J,' '..,,,

If,uponultrafmegrinding,anyoftheundesirable o.ooo , -";---_-_:::_", , , , ,...........
phenomena noted above were occurring, either the .1 1.2 1.3 1.4 1.5
densityor surfacearea wouldchange. Thus,we moni- t_ns_ o/cc
toted the density distributionto detect changes in the Figure VII-I. Calculationof particle accretion caused
particles.The initial grindingexperiments suggested by perfectplastic collision of monodisperseparticlesto form a new composite particle.Each cycle rewe-
thatthe density progressivelyshifted to highervalues sents single collisions of each particle.
with increasedtime.The shiftwas discoveredto corre-
late with the introductionof air into the mill. If the

samples were simply batch groundwithout intermit- spectroscopy were used. Unfortunately, there were

tent opening oi"the grinding bowl, the progressive large differences in the baselines between FEM and
shift to higherdensity_. Ali subsequentgrinding hyperfineground material. Diffuse reflectance mea-
was performed with degassed solvents in a sealed surementswereless affectedby this baselineproblem,
bowl. We then foundthatgrindingcauseda rapidini- which is undoubtedlydue to particlescattering.When
tial shift of the density distribution to a lower den- water was used as the grindingmedium, therewas a
sity, which then remainednearlyconstant.At present, definite increasein hydroxyl-groupconcentratimeven
we are not certain why the density of the coal when the grinding was done in nitrogen. When the
decreases. One possible reason is that some pores coal was groundin heptane,them was no increase in
havebecome sealed duringthe grindingprocess, the hydroxyl band. The results suggest that water is

Grindingalso causedan initial rapidnarrowingof reacting with the coal. Such oxidation reactions may
the density distribution. However, furthergrinding be catalyzedby the mill components. Along withrite
showed little subsequentchange. Such a change may increase in -OH in aqueous media, there were
be indicative of particleaccretion (cold welding). For decreases in bandsat 1600 cm.1, andin the aromatic
example, FigureVII-I displaysan idealizedmonodis- deformation modes in the 900-700 cm"1 region. The

persesystem whereeach particlecanaccretewith any band at 1600 cm"1 is believed to be due to C=C
other particle in the system. Each cycle representsa stretchingbands, enhanced by oxygen substitution.
perfect inelastic collision between two particles to What the significanceof these decreasedabsorptions
generate a third particle that will not accrete. The is in the groundcoals is not clear. We are not certain
result is a new particle-size distribution, which is whether the changesconstitute some real loss of ato-
then allowed to furtheraccrete in the next cycle. As maticcharacter,or aredue to changes in the physical
the numberof collision cycles increases thereis a nat'- structure.
rowing of the original density band, and a shifting of Another interesting finding was that there were
the distribution to the point representingthe density few spectraldifferencesbetweensamplesgroundin air
of the coal sample. Both coals experimentallyexhib- or in nitrogen. This result contrastswith the density
ited a similar phenomenon in that both the liptinite information, lt may be that thedensity changesparal-
and inertinite bands were rapidly lost. Surface-area lel changes in surfaceproperties,or contaminationby
measurements are currentlyin progress to determine iron species (fromthe mill).
otherphysical changes. Althoughthe particlesarebecomingsmaller,par-

FTIR work was carried out to detect chemical ticleaccretionis occurring.We arenow investigating
changes. Both diffuse reflectanceand transmission methods to circumventthis undesirablefeature.
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B. Characterization of Coals, Other Kero|ens, and their Extracts by Thermal Mus
Spectrometry
R. E. Winlms, P. E. Melnikov, R. L. McBeth, R. E. Bolto

The objective of this study is to elucidate the

natureof medium-sizemolecules (250-2000 daltons) [V.,,hc.,.,,_ .,J
C.mc. III'tIIIH} mlJ :u,I .IH't lib' IIIH} ,ni,

derived from coals in extractionsof differentseverity. _,...., .......tem..,,,,.......T,.....,,,,
,ittr,)tp,I fiir .lH hfs Ddut,:. filter, w:tsh

The Argonne Premium Coals have been extracted ....dr............ J,, _,_h....., ,,_'_
_r

withpyridineatreflux and with KOH/ethyleneglycol v...... ,,., , [-_-,...._ c.., l•t 4.',o.,_T.. /
at 250 °C. The results from these extractions and _°,._ tars atR'Y._[ _lM.q Extracted

P'J_MS pyridine forin|0 hrs.
stirred, rell g

vacuum pyrolysis are given in Table Vll-2. Details e,s_s ce..,f_
PABM8

on how the coals were treatedare shown in Scheme _s

VII-i. Thermaldesorption and pyrolysis mass spec- L [ _._Ns
trometrywere,hemajorapproaches chosento provide Is"; " I _ -'_-_detailed informationon structureand heteroatom I s._,.,., ..sh._ 5..c,,nk., , S_r,. 5'.HC,.,SO'C,m,.,,

l WlU_ w/rh wltar, vacuum l wash with water, vacuum dry

composition. Soft ionization techniques, including _ 16 hrs at 100 C dry _ 16 hN 100*C

desorption chemical ionization (DCI) and fast atom [vy,_, ,_,_., i [,_.,,,,, ,m"I
/)CIJl_ [ I_thyleae IlycolflO0 ml}, KOItClO I),

bombardment (FAB), were combined with high- _ , stir and heat lt 2S0"C for 2 hrs.
I Cml. dilute w_th water, acidify,

resolution and tandem MS techniques. The DCIMS , stir at 60"Cfor_1hfsandfilter

_ wash, vacuum dry at |00"C.

studies were performedon a KratosMS 50 triplearia-

lyzer with isobutane as the reagent gas. The solids , _u. 2h..*.
andextractswere]gateddirectlyin thesourceof the I _,.w,nJ_..

massspectrometeron a smallplatinumwirecoil. In r......._
I[_troct I _flUX 2 hrs. in

addition to the three-sector MS 50, tandem MS data r ac_ I b......_.eth...l,_..
fllt_r

have beenobtainedona four-sectorinstrumentlocated
at the University of Manchester,Instituteof Science [_,,_.,_,ou _.,,_ I [_
and Technology (UMIST). The four-sector (MSI- ocms I,.,-. _h,, ,.
MS2) spectrometer is a combinationof two Kratos _,_,_s , ,,.d,..,workup as above.

Concept-Hs, each with a 10,000 mass range. The lPYrld|aeS_m'sctI IWiu.lItueid_l
sensitiviW in MS-2, where the daughter spectra are oczus_acus
obtained,is e_ihancedby using an arraydetector. _,,_s

In this report we shall emphasize the differences SchemeVIi-i
in the nature of the unextracted coal, its pyridine
extract, and the extracted coal residue. With this

approach, the desorption-pyrolysis yields of the
exlractsandresidues combined were greaterthanthe
yields from pyrolysis of the starting material.

TableVII-2.Yields for thecoal samples. Although molecular-weight distributions exhibited
yields(wt%.dmmf*) only a minordependenceon rank,the natureof mole-
pyridineKOH/glycoi cules with the same nominalmass variedgreatlywith

sample name pyrolysis extract solubles rank.

8 Beulah-Zap lignite 23.6 17.9 89 Pyrolysis combined with a variety of mass spec-
2 Wyodak-AndersonSubB 39.3 29.3 88 trometric techniques has been used extensively to
3 illinois No. 6 36.8 29.0 77 study coals and separated coal macerals. High-
6 BlindCanyonhvBB 50.2 25.0 73 resolutionmass spectrometry elucidated thedistribu-
4 PittsburghhvAB 16.2 24.4 39 lion of heteroatoms in vacuum pyrolysis products,
7 Lewiston-StocktonhvAB 22.9 16.9 32 and resulted in the discovery of a large numberof
1 Upper Freeport mvB 14.3 3.6 22 products containing multiple heteroatoms. Initial

5 PocahontaslvB 12.1 2.6 4 results with the DCIMS approachon demineralized
• Dry-mineral-matter free. aiKIextractedArgonne coals have also been presented.
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This studyhas nowbeen extendedto include the pyri- 30 7
dine extracts, and tandem MS techniques have been e
used to elucidate the structureof larger molecules. _ •
The secondaryreactions thatoften occurin the pyroi- s

ysis have been minimized by focusing on extracts, i_•_ ao _i

Most of the Argonne coals contain abundanthetero- 4

atoms, which are going to play an importantrole in is a
their chemistry. The number of aromatic carbon ]_
atoms per heteroatomis shown in Figure VII-2. The 10 • a
four lowest rankcoals contain more thanone hetero- .,

atom per six-member ring. Except for the highest s , .= 1
rank coal, heteroatom species must be We.sent in t •

most middle-sizecoal molecules.The currentresearch o .... , .... , ..... • ........
on theextractsdemonstratesthis feature. 70 75 so es m se

The results, Table VII-2, indicate thatthe batch ,_,,moo(em_

pyrolysis yields and the pyridine extract yields are FigureVll.2. Aromaticcarbonsperhetermtomfor the
parallel,except for the Blind Canyoncoal (APCS 6). ArgonnePremiumCoal Samplesusing the aromaficity
The fact that this coal is rich in liptinites may values from Table VII-I. Carboxylic oxygens have

account for the greaterpyrolysis yield. However. the beensubstratedfor the two low-rankcoals (&).
yields of products observed in the DCIMS experi-
ments as a function of time and temperature for the

coal and the extract differed significantly. This is _,_,. E,__,_,e_ i_/l
shown for the Blind Canyon coal in Figure VII-3. m_w_ / ,00
The extractexhibits a much more bimodalcharacter .,o

with a significant yield of volatiles at the lower tem- ._
peratures. This is a general phenomena for ali the
coals but becomes more pronounced with the higher "_ o

rank coals. These data suggest that the thermally _ .mo

,jextractablematerialmaybe a subsetof the potentially | ._
extractablematerial.Inaddition,the extractsappearto _ ._
be more thermallystablethanthe solids. This may be
due to a Iranslxmproblem becausethe volatiles in the 'TM

solid move throughthe pore structureandcan expefi- ,o
ence secondaryreactions.Also, it maybe thatthereis m
moredonatablehydrogenavailable in theextracts..... , -,.,:....:.'"_.... , ..... , ..... , 7'":'

In some cases, theextractsyielded highermolec- , ,o ,, = = _o .Scan

ulm"weight products anda different set of compounds FigureVII-3.Total ion pyrogramsfor DCIMSof Blind
than the whole coal. Figure VII-,; illustrates an Canyon (APCS 6) pyridine extract and demineralized/

example of this resultfor the Lewiston-Stocktoncoal extractedresidue.
(APCS 7). The whole-coal spectrum shows well-
defined series at m/z < 250, whereas the extractcon-
tains two sets of seriesof peaks at m/z = 250-4(g)and further investigation by tandem MS. The daughter
m/z = 500-600. The high-mass set is expanded in spectrum of m/z = 535 is shown in Figure VII-6.
Figure Vll-4b. There arepairs of peaks separatedby This fairly complicated spectrum exhibits a large
two mass units and repeating every 14 units (methy- number of aliphatic fragments,lt is not a pmphyrin
le.e). Whatis even more interestingis thatthese prod- or a largepolycyclic aromaticcompound.There is the
ucts appearacross the whole temperaturerangeas is possibility that it could be an aromatized terpenoid
shown in Figure VII-5. Initially, it was thought that with the partial structureshown in Figure VII-6 for
these peaks could be a series of M+I ions resulting the fragmentat m/z = 255. A very different daughter
from porphyrins, but their unusual nature prompted spectrum is observed for parent ion m/z = 533,
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FigureVII-@Daughterspectrumfromparentm/z = 535
fromCIMSof pyridineextractfromLewiston-Stcckton
(APCS7) takenon UMISTfour-sectm'instrument.

demonstratingthatthese pairsof pe_s areapparently
not related. This is the first example of this class of
terpenoid biomarker molecules being observed in
bituminous coals. Another example of where bio-
markers are observed in the extract but not in the

pyrolysis of the whole coal is found for the subbitu-
loo 1so 200 2s0 300 3so ,0o _s0 soc ss0 800 8so minous coal. In the extract, long-chain fatty acids

m/z were observed, but not in the whole coal.
Obviously, the most abundantheteroatomis oxy-

Figure VII-4. Averaged DCI mass spectra for (a)
deminendizedLewisum-Stccktoncoal (APCS7) and(b) gen. A majorityofthe molecules identified in the low-
pyridineextractof the same coal. rankcoals, lignite and subbituminous,contain one or

more oxygens. Many of the molecules are similar to
the original lignin precursors. The scheme below

illustrates the progression in the types of oxygen-_, E__ containing molecules observed as a functionof rank.

........li i / _ At the very highest rank coal, the small amount of
_ _,, m,,.s_s li_i / 6_ oxygen that occurs is found in annelated furans.This

is observed in tandemMSexperimentsand is verified

.s_ by solid 13C NMR results. In Figure VII-7 is shown
Y

t • "400
R

/V/ "t _. OH OH

"". ,. X488 -300

•2_ R

2oo OH
s Io 15 2o _,3 3o 35

Scan

FigureVII-5.Totalandselected-ionpyrogxamsforDCI _MS of pyridine extract of Lewiston-Stockton coal
(APCS 7): solid - total ion, dotted - m/z = IO9, and
dashed- sumof m/z = 533, 535. Low Rank MediumRank High Rank
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the spectrum for the low-volatile Pocahontas coal ent. The discovery of large lignin-derivedfragments
(APCS 5). The resonances for furan structure are existing in the pyridine extractables suggests that
clearlyseen in a fairly simplespectrum, these extractsmay be quite representativeof thevitri-

Another importantresult is the suggestion from nile in whole coal.
the extract data that large molecules derived from
lignin sources are soluble in pyridine.InFigureVII-5,
the selected ion (m/z = 109) curve is shown, which
represents alkyiphenol fragments. The yield at low
temperatureis small, but as soon as high-temperature

pyrolysis begins, these fragmentsareobserved.Initial _ _'--_ ._
experiments with the base-solubilized material -y--.ot -V-
revealedthat the most abundantproducts in the low-

rankcoals were C2 andC3 alkylphenolsderived from _,,[ __w-N"A'

lignin. This demonstrates that coals are not simple
two-phase systems, ratherthey contain a continuum

of increasingmolecular weight species.
Thesedatasuggestthatfutureworkshouldplace 2_" """2oo....i_....ioo...._o.... o " "_--5o

emphasison theextractsandmilddegradationplod- Chem;col Shif_ (pprn)

ucts. Thermally extractable molecules and solvent Figure Vll-7. 13C solid NMR spectrumof the Iv
extractablemolecules are almostcertainto be differ- bituminouscoal (AI'CS5).

C. The Nature and late of Natural Resins in the Geosphere. Identification, Classification, and
Nomenclature of Resinites

K. B. Anderson, R. E. Winans, R. E. Botto

Sedimentary organic matter derived from the polymersof sesquiterpenoidhydrocarbons,especially
resins of higherplants is normallyreferredto as resi- various isomers of cadinene. Class III resinites are

nite by the general petrographic community, or by naturalpolystyrenes. FigureVII-8 is a comparisonof
the common name for these materials,"amber".Most total ion chromatograms obtained by pyrolysis of
resinites may be classified, on the basis of structural samplesof Class la, Class II, and Class III resinites,
characteristics, into one of four classes. In order to demonstratingthe ea._eof differentiationof these dif-
exclude the effects of structuralchanges that reflect ferent classes of resimte by Py-GC-MS. No reliable
differences in the relative maturityof different sam- samplesof Class IV resinite were available for com-
pies, classificationsarebasedon thestructuralcharac- parison. Class IV resiniles are the least well character-
ter of the original resin from which the resinite was ized of the four resinites, but appear to be largely
derived.Inali sampleschecaclerizedto date,this may be nonpolymeric materials, dominated by sesquiter-
reasonablyinferredfromanalyticaldataconceJ_ng the penoids based on the cedrane carbon skeleton.
structureandcomposition of the individualsample. Resiniles belonging to Class I are furthersubdivided

The classification system herein proposed is into three subclasses on the basis of their detailed
intendedto recognize anddelineate the existence of a composition. Class la resinites, which includesucci-
numberof discrete formsof resinitein the geosphere, nile and related "Baltic ambers", are derived from

and to provide a basis for uniformnomenclatureof resinsbased primarilyon communicacidand incoqx_-
structurallyrelated resiniles. The proposedclassifica- rate significant amounts of succinic scid into their
tion system is summarized in Table VII-3. Class I macromolecular structure.Class Ib resinites are also
resinites, which are by far the most abundantform of derived from resins based primarily on commurdc
resinite in the geosphere,arederived fromresinsbased acid, but do not contain succinic acid. Class lc
primarily on polymers of labdatriene (diterpenoid) resinites are derived from resins based primarily on
carboxylic acids, especially communic or ozic acids, labdatrienoicacids of the enantio series, especially
Class II resinites are derived from resins based on ozic and/orzanzibaricacids.
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Table VII-3. Proposed classification system fm"resinites.

CLASS I. All Class I resinites are derived from resins based mt polymers primarily of labdatriene carboxylic acids.

Class ts Delved from resins based primely on polymers of communic acid (I). partially copolymerized with
cmnmunoi. Siaaificant _on of succinic acid. probably as a cross-linking agent is characteristic°

Examples: succinite (Baltic Amber) and many mher (primarily)Europeanambers.

Class Ib Derived from resins based primarilyoa polymers of communic acid (I), with varying degrees of copoly-
mmizatim with coaunusml. Succinic acid is absent.

P_mnnles: New Zealand resinite,. Victorian Brown Coal resinites, and many others.

Class lc Dm'ived from resins based primm'ilyon polymers of ozic acid (lls) muf/orzanzibm'icacid orb).

Exmnles: resinites bom Mexico and Dmninican Republic, mine African resinites (Zanzibar, Kenya).

CLAJS 11. Derived from resins based oa polymers of bicyclic sesquitespeswid hydrocarbons, especially cadinene.
TritmTtenoid, includinll disesquitmlpem_ component, my sho be present, probably mostly as occluded
mmerials.

Fia/alglf.t: Utsh resinites, some Indonesian resinites.

CLASS m. Basic structural character is polystyrene.

Examples: some New Jersey resinites, some Gemum resinites (Siegbm'Bite).

CLASS IV. Basic smwttmd clmmct_ is sesquiterpenoid, especially based mt the cedrane (IX) skeleton. Appmently
noapolymeric.

F_tamples: Bovey-Tracy retinilite. Ionite. Mm'avianresinites.

. Like all other forms of sedimentary organic nunt-

I _ ] _lk.._l__!j !,!_ A tct. the resinites undergo structural systematicchangesoverthecourseofgeologictime.Theratesst

which these processes proceed are almost certainly

strongly temperature dependent, and, therefore, the

_.It..._.d.....L,_ _±'_ structure and composition of any given resinite will
-m m - - Q m - ,_ ....,_'-- dependon: (i)thestructureand compositionofthe

B original resin from which the resinite is derived;and
(ii) the age and thermal history of the sample. For
this reason, it is inappr_ to describe structural

changes in resinites as a function of the "age" of the

sample. Rather, it is more appropriate to describe

changes in the structure and composition of these
.. m _. ,. .. 1. materials as a function of their "maturity", which

discussions of the structural changes that occur in

other types of sedimentary organic maUcr.

jo,,,, 1T... ASa consequence of changes in the structures and_ compositions of resinites due to the effects of matm_

m _ ,. m ,, ,, tional "forces", it is not reasonable to develop a clas-

_- t,_j sification system for resinites that is based solely on

Fisure VII-8. Total ion chnmmtograms. Samples: (A) structural or compositional characteristics as they
Class l(a), Bitterfeldite (Germany), T y= 480 "C. " =• P presently occur, as such differences may reflect noth-dimethyl su¢cirmte; CB) Class II. Utah resinite
(showing abundant alkylnaphthalene isomers, includ- ing more thandifferences in the level of maturity of
in8 especially cadinene-derived and related structures); samples of closely similar origin. We have found

(C) Class III, Sayerville resinite (New Jersey). Data however, that even up to quite high levels of maW-
were obtained by using • 60-m DB-1701 rJpillary GC
column at Tpy = 540 °C for Utah and Sayerville rity, the degree of structural character retained by
resinites, resinite= is sufficient to reasonably establish the



138

nature of the original resins from which distinct obtained) is clearly apparentin these spectra. How-
classes of resiniteshave developed.The classification ever, the total relative abundance of olefinic carbon
system described in TableVII-3 is, therefore, eased on observed in the spectraillusuated in Figure VII-9 is
the principalstructuralcharacterof the original resin approximatelyequal for ali samples, which indicates
fromwhich any given resinitehasbeen derived, thatthe observedloss of intensityfromexomethylenc

The most readily_ effect of maturationon resonances is Wedominantly due to isomerizationto
the structureof Class Ircsinites is loss (by isomcriza- more stable, olefinic structures, as illustrated in
lion) of exomethyleue functionality. This type of Scheme VII-2. Hence_ although evidence for exo-
structureis readilyidentified by solid-stateI3CNMR methylene functionality is highly characteristic of
and EP.spectroscopy and, hence, labdatriene-based immatureClass I resinites, the absence of such evi-
resins and immatureClass I resinites may readilybe dence does notnecessarilyindicatean alternativecii-
recognizedandidentifiedby these specie analy- sifieation, because these structuresare progressively
ees. Carbon-13 remmmces _t 108 ppm and 148 ppm, lost as a functionof increasingmaturityand8revirtu-
andIR M_ux'mnceat 887 cm-1 ate highly specific for ally absent in "mature"samplesof Class I resinites.
exomethylene structures. (See. for example. Figure
VII-9.) On the basis of presently available data, it

Polymer Polymer

appears that the occurrence of detectable levels of _ . _

these sumctures in sed/menmry organic matter is c_o_R, v, c_o,s, _ P

unkluetoClasslresinites, and,thaefore, evidencefor Polymer Maturst io_ olymer

such stmcumd character stronglyindicatesa Class I SchemeVII-2
resinite. With increasing maturity, however,
exomethylene structureis progressively "lost" due to

_'on to more thennndynamically favorable Additionalevidence concerning thenatureof the
isomen. This effect is illustrated in Figure VII-9, effects of increasingmaturationon the structureand
which shows the solid-state 13C spectraof four Class compositionof Class Iresinites can be obtainedfrom
Ib resinites from New Zealand coal fields. Loss of theeomposition of theirpymlysates andsuggests that

exomethylene resonances (108 ppm and 148 ppm) in addition to isomerization of exomethylene func-
with increasingmaturity(measmed here in termsof tionality, maturation of Class I resinites also
the rankof the coals from which these sampleswere involves isomerization of the trisubstituted olef'm

located in the side chainof polycommunic acid (and
other polylabdatrienes) to the adjacent, more thermo-

i_ dynamically stable, tetrasubstituted position,

oo..,.. (illustratedin Scheme VII-2). This effect is crudely
illustratedby the ratioof threecharacteristicbicyclic
acids derivedfrom the A/B ring system of poly-

_..=f ._==_ communic acid (III, IV, and V) by cleavage of theside-chain. (Note: in Class lc resinites, the cone-ISO lH 100 100 60 0 -lO tie gO0 IJ0 let Jt O 40

spending enantio..compoundsVI, VII, and VIII are

n... of Class I resinites is apparentlycontrolled,at least in
part,by the position of the olefinic structure located

in the monomerside.chain, by pyrolytic13-bondscis-
sion. lt is also likely that formation of these acids

.... '*"' .......... ".... will be affected by location of the isomerizedlte tOO _|e t0o |o o 40 lie 800 t|o lee |e e -so

Chomk_ol 8hilt(ppm) Chomiool 8hilt (ppm) exomethylene_'oup;s_lies aimedat clarifyingthis
Figure VII-9. Cross polarization/magic-anglespinning issue are in progress.The ratioof these compounds is
solid-state13CNMR specuraoffourClassIbresinites illustratedinFigureVII-IO. The formationofthese

obtained fromcoal fields in New Zealand.Spectram acids is clearly maturitydependent, and thereforeplottedin orderof increasingmaturity(breed on toni
rank):Go,wins (ligniteA) < Giles Creek(ligniteB) < reflectschanges in thestructuralnatureof the resinite
Heaphy(subbituminous)- Reefton(subbituminous). as a functionof increasingmaturity.
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Understanding of the nature of sedimentary gatioofAcid_lll/(IV+V)

organic matter derived from theresinsof higherplants
has nowevolved to a pointwherea numberof chemi- t.s
cally distinct formsof these materialshavebeen rec-
ognized. Inpetrographicstudies,thegeneralclassifi- .................................
cation"resinite"isstillessential,However,ingeo=

! LigniteB
chemical studiesof resinites, it is desirableto indicate
the basic structuralcharacterof the resinite(s) being
described, in order to facilitate correlationwith data Subbituminous

obtained from comparableresinites from othersites. 0.s
lt is our intention that the classification system

deacribed above will provide a convenient nomencla-
ture for the description of the fundamentalstructural o
characterof rcsinites, lt is to be hoped thatthis will C,ood_n, GilesCreek Heaphy geeftonSampleOrigin(CoalField)
enhancerecognitionof thegenerallylimitedsUuctural
diversityofresinites. Figure VII-10. Ratio of characteristic trimethyll

tetramethylbicyclic acids (III/(IV+ V)), determinedas
their correspondingmethyl esters, in the pyrolysates
0_y-GC-MS)offourNew Zealandresinites.Samplesare
identicalto thosedescribedin Figme VII-9.

III I

D. Luer Desorption/IonizationMass Spectrometry
3.E.Hunt,D.E.Drinkwater,R.E.Winans

The objectiveof ourresearchistodevelop, I. Characterizationof Coals by Direct
improve, andapply laser-assistedmass spectrometric Laser Desorption and Postionlzation
methods for the analysis of large molecules. A key ]. E. Hunt, D. E. Dnnkwater, R. E. Winans

process for successful mass analysis of large non-
volatile molecules is, of course, to produce gas-phase Our investigation of the molecular structureof
ions. The more established methods of thermal coal using laserdesorptionmass spectrometrycontin-

desorption and ion bombardment are limited for ues. Ourgoal is to desorb ions thatarecharacteristic
molecular analysis by thermal decomposition and of the molecular species present in the coal sample
fragmentation. Laser techniques with variations in ratherthanto pyrolytically ablate material from the
wavelength,poise length, andpower density have the coal surface.To achieve this goal, the desorptionlaser
potential to overcome these limitations. Our early is intentionallyoperatednearthe thresholdforproduc-
work established time-of-flight (TOF) mass spec- tion of ions to minimize the fragmentation of the
trometry as the most flexible and viable method, desorbing material or below ionization threshold to
Accordingly, we have continued our study of this produceintactneutralspecies for subsequentlaser ion-
approach.An improvementin resolutionin our linear ization (postionization). Previous work has estab-
TOF by a factor of threeover our previous work has lished laser desorption as a method for obtainingthe
been achieved, resulting in a resolution of 3400 at relative molecular-weight distributionsof physically
mass 260. Resolution enhancements are a result of separatedcoal macerals. We have obtainedresults for
the productionof stable, well-behaved, low transla- demineralizedLewiston-Stockton coal (APCS 7) and
tionalenergy ions and carefullyoptimizedion optics, a pyridineextractof the same coal that are in agree-
including acceleration conditions andlaser focusing, ment with those found in DCI (see section VII-B1).
This highresolutioncan be achieved fora large range In accord with the DCI results, the LDMS of the
of species and we are using time-of-flightmass spec- pyridine extract not only shows a higher average

trometryfor analysisof rawcoal, extractedcoal, coal- molecular distribution (hereinafter referred to as
relatedmodel systems, polymers,andbiopolymers. AIVIW),but also shows mass peaks not observed in
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the demineralized coal. In continuationof this work

on coals and coal extracts, we now have establi_.ed

the chemical identity of some major components _, _ _
from the toluene-soluble liquefaction woducts of the |
liptinite and vitrinite from APCS 7. The coals were _i

separatedinto maceral groups by a continuous flow
trifugati iq ,J, ,,lcen ontechnue,andsubjectedtosmall-scale .._J,....,...........:....,..., •....

liquefactionintetralin,Thestructuralassignmentsare
summarizedinTableVII-4,Thesesuggestionsare

based on complementaryresults fromhigh-resolution hq_pmmr

try,Alimajorspeciescontainoneormoreoxygen
atoms,Furthermore,theyexhibitmore oxygen-

containingheteroatomspeciespercarboninlhc ,..t...........[::..._....:,,;_.......;_..=,
higher AMW vitrinite as compared to the lower o mo 4oe sm momeg

AMW liptinite. These oxygen-containingspecies are
productsfromthe liquefaction.However, theefficacy Figure VII-I1. Laserdesorptionmass spectraof iyn-

thetic (9-phenanthrolbased) coal-model compound.
of LDMS for mass analysis of these coal extracts is The upperpanel is low laser power (1 × 106 W/cre2).
clearlyestab_ The lower panelii highlaser power (5 × 107 W/cre2).

Althoughlaserdesorptionof coals produces use- Nine fragmentationin the lower panel.
ful and unique information,more work is _ to
clarify the chemistryand physics of the laserdesorp-
tion of high-molecular-weight species. To this end, lower (1100 at m/z 734) as a result of higheginitial
we have studiedsome model systems related to coal kinetic energyeffects at the sample surface,there we
andother selected pure compounds. One example is additional peaks in the spectrum. These peaks tee

the model synthetic coal molecule shown in Figure fragment ions of the parent molecule and serve to
VII-I 1. The mass spectrum produced at low laser _ngtumlly define the molecule.
power (top panel), shows a base peak at m/z 368, Ali of the studies mentioned thus far depend on
with smaller peaks at highermass, including a possi- prompt ion production, thatis, ¢k?,tectionof ions Wo-
ble covalent dimer ion at m/z 734. The resolution at duced directly by the laser desorption process itself.
mass 734 is in excess of 2000. At higher laser pew- This technique is useful in many instances,but it saf-
ers, the spectrum, Figure VII-I1 (lowerpanel), takes fers frommatrixeffect_ due to the strongdependence
on a different appearance.Althoughthe resolution is on surface ionization and surface neutralization on

both substratechemistryand the nature of the desor-
bate. Using purecompounds,we have sought to alle-

'1"ableVII-4. Possible assignmentsfor series seen in viate some of the inherent matrix effects by selec-
laserdesorptionand El HRMS. tively analyzing neutra/speciesthatare desor_ by

Lnm,,.... _ _ the laser. This is accomplished by a second laser

o, beam of variable wavelength and intensity. Modelro.ro.ao c.,,o ,'_ systems arepurearomatic compounds embeddedin a

cross-linked polyisoprene backbone: poly-(2,2,4-
_u,m.m_m.m0._ c,,_,_ (o_ trimethyl)-l,2-dihydroquinoline (MW = 346) and

N-(l,3-dimethylbutyl)-N'-l_henyl-p-phenylenediamine
_mm__ _ _ (MW= 268).

P'a

2,0,n,,ns,_ m,m _,.1_ _4_r I_
These compounds aic polar, containheteroatoms,

w
sre chemically complex, are present as complex mix-

m,m,m,m,_, m,m _le_ _ (OH_
tures,andare presentin minorconcentrations(inusu-

ally <1%). Our goal is to selectively ionize these

specific compoundsusinga secondlaserbeamfocused
tmMI_.ON

..... into the plume of neutralspecies created by the fu'st
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POL Y-TMDQ
poly.(?,2,4_trimothyl).1,?-dlhydtoquinollno 355 nrT_

HPPD __
N.(f,3.dttrmthylbutyl).N'-ptmnyl_ 308 nrn

desorption laser. An example is given in Figure VII-
12 for the two compounds in the model system.Four 266 nrn

differentionizationwavelengthsareusedtoaccentuate

different characteristicspecies in the sample. Laser
radiationat 355 nm selectively ionizes aromaticcom-
pounds, whereas 212 nm tends to ionize almost
everything except for low-molecular-weight species
(<100 mnu). Parentpeaks and some simple fragmen-
tation-loss peaksfor both compoundsareobserved in
the 355-nm spectrum,whereas 30g-nra and 266-nm

light selectively ionize only the diamine (MW= 268),
As a result of our studies with model com-

pounds, a clearer,morewell.defined pictureof effects 1oo 150 200 _,so 300 zso 400 ,,50 500
in laser desorption mass spectrometry of higher m/z
molecular weight species and mixturesof species is Figure VII-12. Laserdesorption/laser ionization sw,z- ,

trum of model compounds, poly-2(2,2.4-trimethyl)-
emerging.Theseresults providethe basis for applica- 102-dihydroquinoline (MW = 346) and N-(1,3-
tions of this techniqueto the complex systems found dimethyibutyl)-N'-phenyl-p-phenylenediamine (MW---
in coals andcoal extracts. 268), at four differentionizationwavelengths.Eachof

the wavelengths accentuates different characteristic

2. DNA and Biopolymer Analysis Using species in the sample.

Laser Mass Spectrometry Approaches
J. E. Hunt, D. E. Drinkwater, R. E. Winans sequencing methodologies than traditional chemical

and gel separation methods. At present, matrix-
We have begun an investigation into laser-based misted laser desorptionis an evolving technique,the

mass spectrometric methods to improve DNA- potentialof which has notbeen fully explored.
sequenceanalyses.This research°whichis supportedby A first step in this directionwas to produce posi-
LDRD funds,bears on the Human GenomeProject to tire and negative TOF spectraof a molecular weight
sequence the human genome in a timely and cost- 5733, bovine insulin. Figure VII-13 is the positive
effective manner.Traditionalsequencingtechnologies ion mass spectrum of a caffeic acid matrix/insulin
for biopolymers are tedious and time-consuming. As sample generatedby 30 shots of a 337-nm nitrogen-
an alternative sequencing technology, mass spec- laser desorption. For calibration accuracy, a small-
trometry offers speed, sensitivity, and, recently, the molecular-weightpeptide,luteinizing hormonereleas-
mass range for the analysis of large nucleic acid ing hormone (LHRH)(MW 1182) was added to the
fragments. In our approach, the mass spectrometer sample. Clearly visible in Figure VII-13 are the
would directlyanalyze the ionized components in an molecular ion of insulin, the LHRH spike, and an
unfractionatedmixture of sequencing reactions, by- insulin dimer ion of molecular weight 11466. Poly-
passingthe needforelectmphoreticseparation.We are nucleotide fragments in the mass region of 12000
studying matrix-assisted laser desorption ionization would _orrespondto approximately40-bases, a useful
(MALDI) mass spectrometry to provide faster mass rm_,_efor theproposedsequencingmethod.
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We obtainedsamplesof oligodeoxynucleotide10- fragmentationof the oligonucleotide.Wavelengthand
mers havingeach of the fourbases ateitherend of the matrixvariationscan reasonablybe expected to sine-
chain, inotherwords, the innereight basesarecapped iioratethis complicationand improvethe ion yield as
with A, T, C, or G on the 5' and 3' ends. This results well as the quality of the spectrum.These data sug-
in 16 possible sequenceswith 10 different molecular- gest that futurework shouldbe directedto improving
weight species. Using 337-nm radiation and 3,5- mass resolution.This will be done by changing sam-
dinitrobenzoicacidas a matrix,we have successfully pie preparationconditions, ion optics and detection,
detected negative molecularions of this rangeof base andlaserconditions.
compositions of oligodeoxynucleotide 10-reefs. A
remarkablystrong signal was obtainedfor the singly

charged parent molecules. The resolution was less
than that achieved for proteins, although the maxi-

mum in the peakconesponded well to theactual aver- _ _,_,_,,¢_Rj.%%
age mass of the 10-reefs.The molecular weightofthe |

average of the 16 possible sequence combinationsof J _._. I w,.a ]
this sample is 3009.5. To fully resolve the species in _m_,_dm,as.i

this sample, a resolutionofbetter than 1 partin 3000 "x_
is needed. For a low-resolution mass spectrum the .'::_,-'--:..... '....... _ '_'_ -_,--";:-.': .,. _.., -_, --,-.--:-'
mass distribution alone without isotopic contribu- M
tions corresponds to a peak that is 80 mass units Fisure VII-13. Matrix-assisted laser desorption of

bovine insulin using 337-nm N2 laserandcaffeic acid
wide. In the lowermass region, strongion signals of as matrix. The molecular ion and dimer ion are
ali the nucleotidebases areobserved,indicating some observedat a resolutionof -190 (m/Am).

III III

B. NMM mpectroscopy and Ima|In|
D. C. French, S. L. Dieckman, R. E. Botto

1. Solvent Swelling of Coals Studied by within a solid coal specimen, and image the distribu-
Three-Dimensional NMR Imaging lion of mobile macromolecular phases created by
Chemical Microscopy D. C. French, swelling the coal with pyridine-d5. Ratherthanimag-
S. L. Diockman, R. E. Botto ing the coal itself, importantinformationconcerning

the solvent accessibility to the macerals and other
Coal is a complex, heterogeneous,macromolecu- microlithotypes can be obtained by imaging a good

lm'solid that is primarily comprised of microscopi- swelling solvent, such as pyridine, in the coal. Our
cally discernible substances, termed macerals,which approachnow uses 3-D NMRI for spatiallymapping
afe derivedfromdifferentchemicallytransformedplant the solvent distribution in coals that have been
materials. The maceralsin coal exhibit highly diverse swollen with protic pyridine. The technique is based
chemical behavior, and thus their characterizationis on a 3-D gradientrecalledecho (GRE)pulsesequence
importantfor the developmentof futurecoal-process- fordata acquisition and image reconstructionby 3-D
ing technologies. Onemethod of coal characterization FourierTransform(FW).Images with a resolutionof
is the investigation of the solvent-swelling phe- 40 to 50 tlm show the presence of microlithotypes
nomenon, and microfractures, in addition to the distributionof

In previous studies,we reportedthe firstapplica- regions thatdiffer with regard to pyridine accessibil-
lion of lH NMRI techniques for spatially resolving ity.
the individual microlithotypes within a solid coal. The 3-D surface-rendered GRE images of the
Two-dimensional(2-D) NMRIproved to be a promis- Utah (APCS 6) and Lewiston-Stockton (APCS 7)
ing tool for the characterizationof maceraldomains in pyridine-swollen coals are shown in Figure VII-14.
a driedspecimen of Utah Blind Canyon coal (APCS Here, image contrast results from acquiringonly the

6). We also developed a three-dimensional (3-D) spin-echo from mobile protons with long spin-spin
method that was utilized to spatially map macerals relaxationtimes (I"2).Therefore,brightfeaturesresult
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The darkfeature, inaccessibleto pyridine,toward
a_ the center of the x-y projections (Figure VII-15) is

known, from X-ray data, to be a mineral nodule
buried in the interior of the Utah specimen. Figure
VII-16 shows sequential transaxial 504tm slices of
the interior of the Lewiston-Stockton coal. The

images show the presence of contrasting horizontal
bands in the z-y plane. When the coal was swollen
with pyridine, the secondary interactions binding
stratawithin the specimen were relaxed. Contrasting
bands in the images show thatdifferential swelling in
the bedding plane has produced microfractures and
regions with greateror lesser pyridine accessibility.

b) The darkvertical featurecorrespondsto the same that
appearsas a void in the 3-D surfacerenderingindicat-
ing that this interior structureruns throughthe object
to its surface. The dark structurein the images is a
region of low pyridineaccessibility.

The heterogeneity of the coal matrix produces
variations in the magnetic susceptibility throughout
the specimen. Diffusion of pyridine through areas
with susceptibilitydifferences, particularlyat organic-

FigureVII-14. 3-D surfacerenderingsof the (a) Utah mineralinterfacesandat the surfaceof microfractures,
(APCS 6) and (b) Lewiston-Stockton coals (APCS 7). substantially shortens the proton T2. Image contrast

resulting from susceptibility effects is enhanced by
utilizing the GREpulse sequencebecause magnetiza-

fromregions in the coals that contain a highdensity tion that is dephasedby susceptibility differences is
of pyridine,and the darkareas resultfromregions that not refocused by the readout gradient. Mineral

are inaccessible to the solvent. The artifactsvisible in deposits may containmetal atoms with unpairedelec-
the images arise from a local commercial FM broad- trons, which also enhance T1 and T2 contrastdue to

cast near the spectrometer-operating frequency, the paramagnetic susceptibility of these environ-
Featuresdevoid of pyridine,such as pits, cracks, and ments.Also, these darkfeaturesappearlargerthan the
gouges, appearmagnified in the image of the Utah correspondingphysicalstructuresdue to the suscepti-
specimen.The vertical feature on thefront face of the bility difference and the concomitant increase in the
3-D surfacerenderingof the Lewiston-Stocktonspec- proton-relaxationrate.
imen shows a microscopic structurecontiguous with

the surface of the specimen that is inaccessible to 2. Quantitative Solid 13C NMR of
pyridine. Argonne Coals R.E. Botto

Transaxialslices of the interior x-y planes of the

Utah and Lewiston-Stockton coals obtained with the Work carriedout in our laboratoryover the past
GRE pulse sequenceare shown in FiguresVII-15 and several yearshas clearlydemonstratedthat complica-
VII-16. The geometry of these slices shows a good tions associated with cross-polarization (CP) mea-
correspondencewith the 3-D surfacerenderings. Fig- surements cause signal distortion in 13C NMR, and
ure VII-15 shows sequential transaxial40-ixmslices pose a problem in the accuracy of measurements on
of the Utahcoal. The dark feature at the top centerof coal. lt was estimated that CP experiments under-
FigureVII-15dis imown to result from a microscopic estimate the carbonaromaticityof coal by as muchas

fracture. Bright features in the slices show areas of 10-15%. These findings prompted us to investigate
high-pyridine density.Dark featuresresultfrom areas single-pulse (SP) techniques combined with pretreat-
of low pyridinepenetration, microfractures,andvoid ment of coals to enhance relaxation, for improving
spaces, the reliabilityof the solid NMR measurements.
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Figure VII-15. X-y slices of the Utah coal (APCS 6) swollen with pyridine (a-d clockwise from upper left). The in-plane
resolution is 40 lain.

Initial studies focused on measurement of the high-Q probes (see Figure VII-17). SP-RIDE spectra

spin-lattice relaxation times (T1) for the entire suite of selected Argonne Premium coals is shown in Fig-

of eight Argonne Premium coals, so that optimum ure VII-18. Analysis of these spectra allows accurate

pulse recycle delay times (5 x T1) could be deter- almlysis of the different functional groups and carbon
mined for the analysis of each coal. Pretreatment of aromaticities for the Argonne Premium coals. Frac-

coal samples having long relaxation times (>20 s) tion of aromaticity values (fa) are tabulated in Table

prior to NMR analysis was found to be an effective VII-5. In general, carbon aromaticity values deter-

means of shortening T1, thereby reducing the total mined by SP-RIDE techniques are higher than the

accumulation time by a factor of four or greater, mean values from several laboratories (eleven) deter-

A solid-state NMR version of the ring-down mined by CP, and can be as great as 15% higher in

elimination (RIDE) pulse sequence was developed to the case of the Beulah-Zap lignite (APCS 8) and

reduce severe baseline distortion typically found in SP Wyodak subbituminous (APCS 2) coals.

experiments carried out at low frequencies and with
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......_o.... i_'• _ u '_ ....

FigureVII-18.SP-RIDEspectraof(top)Wyodak subbi-
tuminous(APCS 2), (middle)Illinoisbituminous

FigureVII-16.X-F slicesof theLewiston-Stockton (APCS _), and (bottom)Pocahontasbituminous
coal(APCS 7) swollenwithpyridine(atop;b bot- (APCS 5)coals.
tom).The in-planeresolutionis50 l_m.

Table VII-5. Carbon aromaticities of Argonne Premium
Coal Samples
coal APCS fa (SP-RIDE)a fa (CP)b
name sample no.

POC 5 0.89 0.85 _ 0.01
UF 1 0.84 0.80 + 0.02

LS 7 0.82 0.75 + 0.02

BC 6 0.70 0.63 :k 0.03

PHT 4 0.78 0.72:1:0.03

ILL 3 0.74 0.71 + 0.02

W 2 0.71 0.62 :l: 0.04

6%CO2H
BZ 8 0.77 0.69 + 0.05

....._ ...._o...._ ....,_o...._ ...._....;...._"" :/o/'' 4% C(_HI

"Single-pulse ring-down elimination pulse sequence.
Figure VII-17. SP-NMR spectrum of Pittsburgh #8 coal bMean values of carbon aromaticity and standarddevia-
(APCS 4). tions.
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F. XANES Evidence for Selective Organic Sulfur Removal from Illinois No. 5 Coal
K. Chatlerjee, M. L. Gorbaty, L. NI. Stock

In continuingour investigationof new combined free startingmaterialand the productsof the SET and
chemical andspectroscopicmethods for the investiga- BASE reactions by X-ray absorption near edge
tion of coal, we turnedour attention to the use of structure (XANES) spectroscopy at the National
selective chemical reactions and XANES spectre- SynchrotronLight Source at Brookhaven National
scopic analysis to distinguish between two different Laboratory. Gorbaty's previous work had already
classes of organically bound sulfur forms in Illinois established thatuseful informationaboutthe forms of
No. 6 coal, APCS 3. organically bound sulfurin coals couldbe obtainedby

The Illinois No. 6 coal was freed of pyrite by XANES spectroscopy. The XANES spectrum of the
treatmentwith lithium aluminumhydride.The prod- pyrite-freecoal is shown in Figure VII-20.
uct contained 1.8% S (mt'), 8.5% ash, and only
0.09% iron. There were no reflections for pyrite in
thepowder diffractionX-rayspectrum. RawIllinoisNo.6 Coal

Severalreactionsforselective organicdesulfuriza- s (ml).,4._%
tion wcrc investigated,but we soon began to focus on [

LAH

single electron-transfer(SET) reactions,equation(1), _.to-_ro.coa, _1

-$'ETS (rnf) = 1.77%for selective sulfurremoval. _BASE
Product(A) Product(C)

(1) S (ml) i 1"8%BASE s(mf)r 1'25%.SET

Product(B) Product(0)

SET reaction: potassium, naphthalene, s (ml) = 0.84"/. S (mf) = 0.72%

tetrahydrofuran,67 °C, 24hours.
Figure VII-19. Desulfurizationof Illinois No. 6 coal
through a combination of LAH, SET, and BASE

This approachseemed most appropriatebecause reactions.
the method, in principle, could be made catalytic or
photochemicaland,therefore,practical. Subsequently,
stronglybasic reagents, equation (2), were studied in
an attempt to eliminate sulfidic sulfur compounds. I I

Lochmann'sbase (BASE), which is a mixture of an (_
organometalliccompound and an alkoxide, provedto
be suitable.

BASE reaction:n-butyllithium,potassiumt- _J/
butoxide, heptane,98 °C, 6 hours.

The reactionof the Illinois coal with the SETreagent ______..____
reducedthe organicsulfur contentfrom 1.8%to 1.1%
(mO.In a separateexperiment,the pyrite-freematerial
was treatedwith BASE in heptane.Hydrolysisof the
reactionproductwith dilute aqueousacidgave a coal 1 I

2460 2470 2480 2490

with 1.2% S (mO. The results are summarized in E.,r.y I,vJ

FigureVll-19. Figure VII-20. XANES spectra (top) and the third

Working in collaboration with Gorbatyand his derivative (bottom) of the pyrite-free Illinois No. 6
associates, we studiedthe sulfurspecies in the pyrite- coal (APCS 3).
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The XANES spectrumand thethirdderivativeof 2470.5 eV, whereas BASE removes the forms that
this sample showed no evidence for thc preseRce of give rise to the featureat 2469.6 eV. The results are
pyritic sulfur,and reconstructionof the third deriva- exactly in accord with the chemical expectation that
five indicatedthatabout65% of theorganicallyboun_ the SETreagentshould be especially effective for the

sulfurcompoundshave heterocyclicor aromaticchar- removal of heterocyclic sulfur compounds, whereas
acter and about 35% suifidic character.These values BASE shouldselectively reactwith the sulfidic sulfur

are comparable to the values for the starting coal, compounds. To test this interpretation in another
indicating that the LAH treatmentdoes not alter the way, we treatedthe SET reactionproductwith BASE
organically boundsulfur forms. The thinlderivatives and the product of BASE reaction with the SET
of theabsorptionspectraof the pyrite-freesampleand reagenLThe sulfur contents decreased significantly
the two different reaction Woducts are displayed in after the second reaction;the values are0.8% in the
FigureVII-21. formercase and0.7% in the latter case. The spectro-

The third derivatives of the XANES spectrum scopicresultsareshown in FigureVII-22.
exhibit two key features near2469.6 and2470.5 eV. These experiments establish several important
The feature at 2469.6 eV arises from sulfidic sulfur generalpoints. First,selective organic reagentscanbe
compoundsandincludes aromaticand aliphaticthiols, designed to surgicallyremove differentorganic sulfur
aliphatic sulfides, and aryl alkyl sulfides. The feature compounds from coals. Second, the XANES methods
neat2470.5 eV is dominatedby sulfurbound to sp2- of Gorbatyand Huffmanarecapableof the speciation
hybridized carbon atoms such as thiophene and its of sulfidic and aromaticandheterocyclic sulfurcom-
derivatives including benzothiophene, dibenzothio- pounds. In addition, these experiments confirmsev-
phene,andother sulfur-containing heterocycles, and end independentsuggestions thatIllinois Basin coals
dimylsulfides, contain apweciable amounts of sulfidic sulfur com-

Comparisonof the thirdderivatives of thespectra poundsas well as the normallyabundantheterocyclic
of the reaction woducts with thatof the starting coal substances,andfurtherthatmild and selective chemi-
reveals that.dependingon the chemistryused,features cal strategies can accomplish appreciable organic
areselectively diminished.The SET reagentremoves desulfurization in this coal. In this connection, it
sulfur compounds that contribute to the feature near should be noted that the mass bal_ces and heat

''-r' ! '' ' ' I ' ' ' ' I .... I' ' ' '
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FigureV]1.21.(A) Third-derivativeXANESspectraof thepyrite-freeillinois No.6 _ (_:5_e0andtheSET.treatedcoal
(lower).Numbersontheleft-handsideof thetntr,esare% sulfur(nif).(B)Third-derivativeXANESspectraof thepyrite-
freel]ILnoisNo. 6 coal(upper)_,d theBASE-treatedcml (lower).Numberson theleft-handsideof the tracesare%
sulfur(m/).
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balances arevery favorable.Worthygoals for future practical reaction systems to accomplish organic
research center on improving the resolution of the desulfurization.
noninvasive spectroscopictechniques and on finding

; 1

2480 2465 2470 2475 2400 2485 ;_480 2465 2470 2475 2480 E485
Energy (eV} Energy teV)

FigureVII-22.(A)Fromtoptobottom:third-derivativesXANES spectraofthepyrite-freeIllinoisNo.6 coal,theSET-
treatedcoal,andtheproductobtainedonBASE treatmentontheSET-treatedcoal.Numberson theleft-handsideofthe
tracesare% sulfur(nrl').(]8)Fromtoptobottom:third-derivativesXANES spectraofthepyrite-freeIllinoisNo.6 coal,
the BASE-treatedcoal, and the productobtainedon SET treatmenton the BASE-treatedcoal. Numberson the left-hand
sideof the Inr,es are % sulfur(mO.

G. Novel SyntheticApproachesto CatalystDesign
£.A.Carrado,R.E.Winans,P.Thiy_arajan,:I.B.Nicholas,G.L.Keldsen,S.R.Wassermnn

Thisphaseof ourresearchevolvedfromthe thegelchemistryinvolved,(3)continuingtobuilda
investigationoftheroleofclaysincoalification,lt fl_oreticalunders_n_lingofthesurfacechemistryof
becameapparentthatmanynaturalclays promotedthe clays basedon molecularmodelingtechniques,and(4)
conversionof complex coal molecules.Consequently, obtaining precise structural information concerning
we undertooka programto investigate this chemistry such phenomena as solvation and diffusion within a
systematicallyin an attemptto prepareclay catalysts clay, because such understandingis critical to clay-
designed to upgrade low-quality petroleum residues surfacechemistryin suchapplicationsascatalysisand
and coal-derived heavy liquids. Novel chemical environmentaltransport.
approachesarebeing developedfor synthesizing these Smectite clay mineralsare two-dimensionallay-
crystallinemicroporouscatalysts, which are based on ered silicates that constitute a naturally occurring
layered silicate or otherporous oxide frameworks.In class of inorganic catalysts and supports. Two tetra-
general,metal oxide gels are Weperedhydrothermally hedral silicate sheets sandwiching a centralsheet of
in the presence of large organic or organometallic octahedral sites form a 2:1 smectite clay layer. The
templating molecules. Majorobjectives of this fun- octahedral sites are occupied by aluminum ions in
damentalprogramare (1) preparinglayered inorganic montmorillonite and by magnesium ions in hectorite.
frameworksthatpossess large pore sizes forcatalytic The (001) reflection along the c-axis as measuredby
applications, (2) establishinga betterunderstandingof X-ray powder diffraction (XRD) gives the distance
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between clay layers, and is a function of tile type of In the previous year, several synthetic hectorites
interlayercation present.These interlayercations are were preparedandcharacterizedvia microanalysisand
easily exchangeable. When bulky inorganic com- XRD. A much more comprehensive examination of
plexes such as the Keggin-type AIl3-Oxohydroxy the materials has now been completed, _ncludinga
clusterareexchanged into the interlayerregion, a so- comparison of their properties to natural hectorites
called pillared clay results because, upon heating, a ion-exchanged with the correspondingtemplates.For
thermally stable oxide pillar holds the layers apart, example, both a higher surface areaand lower overall
thus affording an appreciable microporous volume, uptake of template for synthetic vs. ion-exchanged
Oursynthetic strategy is to preparepillaredclays in clays resultfromexcess silica present in the synthetic
situ; in otherwords, to crystallize clay layers froma product (this is, in fact, the only impurity).Orienta-
gel in the presenceof a pillaringspecies to place new tions of templates within the clay galleries were also
structuretypes with differentcompositions and pore assigned from XRD and, in some cases, UV-visible
volumes directly in the clay. The feasibility of this diffusereflectance (DR) data(see Table VII-6).Ther-
method was demonstratedpreviously in our groupby real gravimetric analysis was also performed for ali
using hydrothe_nal crystallizationconditions to syn- systems, in both oxygen and nitrogen atmospheres,
thesizeporphyrin-containinghectorites.The reactions in order to determine thermal stabilities of the clay-
canbe carriedout in aqueousmediaby refluxinga gel organiccomplexes.
that contains a silica sol, freshly precipitatedmagne- Truly desirable templatesmust have a high ther-
sium hydroxide, lithiumfluoride,and an organictem- realstability.One approachis to derivatizean organic
plate (such as a ts3rphyrin), template with an inorganic functionality. In such a

This general method has now proven to be system, calcination would oxidize theorganicportion
amenableto a remarkablevarietyof templates,includ- to leave the inorganic structural unit behind in a
ing transition-metal complexes and organic-dye newly formedpillaredclay. Towardthis goal, we have
molecules. Necessarycriteriafora successfultemplate synthesized a porphyrin that contains peripheral
includewater solubility,positive charge,and thermo- siloxane units. The specific molecule is tetrapyridyl
chemical stability under reaction conditions. Pot- porphyrin (propyltrimethoxysilane) bromide,
phyrins were the initial template of choice because TPyP(silane)xBrx,where x = 3-4 (see FigureVII-23).
they are large planarmolecules that were thought to Because the trimethoxysilanefunctionalitywould be
help induce the layered-silicate formation. Further easily hydrolyzed in the aqueous hectorite sol gel, a
tests have shown that planarity is unnecessary, test hectorite crystallization reaction of tetrskis(N-
Templateshave rangedfrom nearlyplanarporphyrins methyl pyridyl)porphyrin in a 50% ethanol gel was
and phthalocyanines to somewhat bulkier aromatic fwstcarriedout. A largeexcess of magnesiumhydmx-
organicdyes, to sphericalIransition-metalcomplexes, ide was found to be necessary in orderfor an orgmo-
Such synthetic diversity is encouragingas work pro- hectorite to crystallize underthese solvent conditions.
gresses with largerand more complicated molecular The next step will be to try the TPyP(silane)x as a
templates. Our objective is to form materials with templatein the 50% ethanol gel.
extra-large(>15 A) pore sizes or galleryheights.

TableVII-6.XRDdatafor synthetichectoriteclays.
template size of templatel(A) Ad(001)*A orientation2
ethyl violet 15.9 x 15.3 x 6.1 11.9 tiltedoligomersor parallel dimers3
methyl green 14.3 x 13.8 x 5.3 6.3 parallel
alcianblue(AB) 19.2 x 16.6 x 5.0 4.4 parallel
AB, pyridinevariant 18.2 x 15.6x 5.0 6.1 parallel
Ru(ll)(o-phen)3 ca. 9.5 x 9.5 x 9.5 9.0 sphericaltemplate
Co_[lI_seFulchrate 7.9 x 4.2 x 4.2 4.5 parallel ,,,
IAscalculatedusingAlchemy IlL
d(001) nunusclay layerof 9.6 A to give galleryheightalone.

2Orientationof templatewithinclay gallery.
3Also suIvortedby UV-vis DR data.
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_N"%, ,/_'N',R subsequentlydialyzed in 55% I)20 to assurecompa-
sr" _ _.-/ r=x _ .,.} sr" rable solvents in each case. The SANS data have not

yet been analyzed, although a cursoryanalysis does
show that strongscattering fromlayered magnesium
hydroxideis absent XRD spectra of each aliquot (as
driedf'dms)show thatthe magnesiumhydroxidecon-

sr +_j ._...,. sr" tent decreases as a shoulder in the d(001) region of
R' 'R hectoritein_, as expected.

Theoretical chemistry methods have also been

R " -CH2CH2CH2S tO(CH 3 ) 3 appliedto thestudyof silicateclays.Propertiesth:_
cantc modeledin thiswayincludethestructureand

Figure V11-23.Structureof TpyP(silane)3.,iBr3.4, dynamics of the clay itself, interactionsof adsorbed
molecules with the clay surface, and aridic and
reactivepropmies of catalyticsites. An understanding

Crystallization mechanisms and organic- of thesepropertiesis fundamentalin the development
inorganicinteractionsin gel systems such as those of of new catalysts. In a continuation of work first
concern here are in general not well understood, reported last year, the endmlpiesof adsoq_on of 13
Small-angle neutron scattering (SANS) provides a hydrocarbons with five to 10 carbon atoms on the
unique method for examining how the silica sol and clay mineral montmorillonite were furtherinvesti-
magnesium hydroxide panicles interact in the pres- gated by computer simulation using energy mini-
enceoforganictemplafing molecules to forma layered mization (EM) and molecular dynamics (MD) tech-
magnesium-silicatestructure.SANS measurementsof niques.The disorderednmurcof successive 2:1 laycrs
a crystallizing hectorite gel were made using the in montmoriilonites precludes definitive structure
small-anglediffractometerat the Intense PulsedNeu- determination; consequently, atomic coordinates for
tron Source of Argonne National Laboratory. One this clay mineralwere adaptedfroma model thathad
experiment was carried out to assure that layered- been proposed for a closely related, but somewhat
silicate products, for example, magaadite, more ordered, Ascan smectite. As in our previous
NaSiTO13(OH)3.3H20,do not crystallizefrom a h¢¢- work, a 6 x 4 x 3 grouping of these unit cells with
torite gel Specifically, hectorite clay gels were pre- periodicboundaryconditionswas usedas the basis for
pared in aqueous solution with and without magne- the clay surface.
sium hydroxide. When the gel contained only tetra- Molecular dynamics equilibration was readily
methylammonium hydroxide, lithium fluoride, and achieved when ensemble-average MD calculations
silica sol, no layered products were detectedeitherby involving a minimum of 12 hydrocarbon molecules
XRD or by SANS. Underthe same conditions, crys- were carriedout(underconditionsof infinitedilutim).
tallization can be obtained by both methods when Calculatedheatsof adsorptiongave excellent cogrela-
magnesiumhydroxide is presenC tions with experimentalvalues based on gas claoma-

The scattering from unreacted magnesium tography retention data not only for the six non-
hydroxide (the layered mineralis called brucite)is so branched alkanes (R2 = 009992). but also for the
dominant that finer details in the scattering profile entire 13hydrocarbonset, whichincludedbranchedand
cannot be observed. This component thereforeneeds cyclic members (R2 = 0.9658), see FigureVII-24.As
to be contrast-matched, or made "invisible" in the in our earlier work, Hopfinger Lennard-Jonespoten-
neutron scattering profile. This is done by adjusting rials (ratherthan the more repulsive MM2 Lennard-
mixturesof heavy and light waterto precisely match Jonespotentials)were used to modelthe hydmcadoon-
the scattering power of a specific component. Previ- montmorillonite interactions.

ously, a contrastmatch value of 55% D20 was exper- In orderto design new clay catalysts for theWoc-
imentally determined for magnesium hydroxide. A easingof coal-derivedheavyliquids,an uadefslanding
solvent of this composition was then used to crystal- of the natureof the interactionbetween these fluids

lize hectorite from a precursor gel. Aliquots were and theclay is required.In addition, became clays are
taken from the hydrothermalcrystallization reaction majorcomponents of theearth'ssurface, the elucida-
after two, four, eight, and 22 hours.These were also tion of the structureof clays and the interactions of
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Figure VII-24. Heats of adsorption (Ali) of hydro-

organicandimxganiccompoundswiththeseminerals
isoffundamentalim_e inunderstandingthe o.u
hazardsthatsuchcompoundscanpresenttotheenvi-
ronment.Unfmlum_ly, the lack of long-rangeorder kzx0¢
within a clay IXCventsthe use of techniquessuch as o L
X-raydiffractionto analyze these interactions.How-
ever, X-my absorption spectroscopy (XPS) can be
used to wobe the local coordination environment .o.4s
(<5 A) of transitionmetalswithin a clay.

In smectite clays, thc 2:1 inorganiclattice layers sluny
are separated by a layer of water and charge- .o.o ....
compep._aingcations. These ions can be exchanged a 4 s s lo n
with transition metals to function as a probe of the k (t"_)

interlayerenvironment in the clay. In this research, FigureVII-25.Top:X-rey sbseq_onnearedge spectra
XPS was used to monitor the interaction of protic (XANES)of Cu(ll) in Benmlite:air-driedand slurryinwater. Bottom: Fourier-filtered EXAFS spectra of the
solventswithcopper-bentonite.FigureVll-25a shows Cn'stcoordinationsphere of Cu(lI) in Bentolite: air.
the X-ray _ nearedge sum:ture (XANES) driedandslurryin water.
before and after peaeustim of water into this clay.
The sharp feat_e at 8979 eV, which coacsponds to
the ls-4p electronic transition, becomes merely an atom is effectively in solution within the solvated
inflectionpoint for the solvated material.This change clay. lt cannot leave the clay, however, because of
is indicative of a transition from square-planarto Coulombic forces.This clay systemis one of thefew
pseudo-octahedralcoordinationas the solvent enters thathas been examinedby XAS in boththe solid and
the clay. Figure Vll-25b also shows the Fourier- liquidstate.
filtered inverse-trmmformfor the fkst coordination X-rayabsorptionsigctroscopy has also beenused

sphere about the copper atom. The change in phase todeterminewhethersequentialadditionof copperand
ctmespot_ to sn increaseof apwoximately .03 A as a water-solubleporphyrin to a clay yields the same
the copper atom encounters the solvent. Similar material as the direct introduction of a copper-
results are observed for methanol,ethanol,and ethy- porphyrin.Figure VII-26 shows the XANES spectra
lene glycol. Because of the different stcric require- for the copper-porphyrinboth as the salt and in rite
rights of these four solvents, the similarityin results clay interlayers, and a copper-clay subsequently
for each solvent probably indicates thatthe _ exchanged with free-base porphyrin.Figure VII-26
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_.4 Unfortunately, the metal complexes, for example
1.2 - Ni(II)(trithiacylononane)2,arenot stableto basic con-

'.... ditions (hectorite gel pH = 9-10). Nevertheless,
i - nickel, copper, and iron thioether complexes were

g successfullyion-exclumgedintonaturalhectoritcsandc 0.8"

montmorillonites, and their XRD, surface areas, and
g o.e - thamal behavior wererecorded,lt will be necessary tom _ CuBe.lolile

observe how these species decompose within theclay
0.4 "

o._ II i --. _:,,,_,n.,.,,,.,,,, laycn, in the interestof potentialformationof metal-

J I_ TAPICuBenlolIIe SUlfidepanicles. In the future,clay preparationsthatdo not require a basic pH (the silicon source ii
o tetracthoxysil&qeinstead of silica sol) will be epri-

, , , , mized for use with organometallic templates, espe-
.oso hT0 .oo oolo oo3o ooso ciallylhc transitionmetalthioethers.

• v The Co(III) scpulchrate-clays displayed unique

Figure VII-26. X-ray absorption near edge spectra behavioramongall the variousclays described in this
(XANES) of copper(ll)-tetrakis(n,N,N-trimethyl-4- project, and were thusexamined in furtherdetail. For
aniliniumyl)porphyrincomplexes in Bentolite. example, the ion-exchanged Co(III) sepulchrate-

hectorite was highly ordered(intense and sharp(001)
diffraction W._). In contrastto thesyntheticsample,

also includes the absorption specmun for the inter- the d-spring of 17.1 A indicates thatthe molecule ii
mediatecopper-clay in which the transitionmetal has in.calmed perpendicularto theclay layers ratherthan
aqueouscoordination.These spectrademonstratethat parallel(see Table VII.6). Inaddition,the surfacearea
placingthecopper-paphyrinintheclay does no/alter is more than double that of the other samples. The
the copper-porphyrin interaction. In addition, the synthetic sample also appearsto be merc crystalHne
sequential treatmentwith copper and perphyrinalso and pure for the selmlchntte than for any other tem-
yields the expected copper-porphyrin.These results plate examined, as evidenced by XRD, surface area,
arcpromising because they ilium'atchow XAS can andtemplate uptake.The most intriguing_ of
be Usedto Wobe the chemistry that occurs within a these samples is a color change that occurs upon
clay. either exposure to nitrogen or to slight heating. For

Varioustransition-metalthiocthercomplexeswere example, samples change reyersibly front orange in
also exploredas possible templatesfor hectoritecrys- air to purplein nitrogen,and back again. These spe-
tallization because metal suifgle particlescould pro- cies await furtherstudy by both EPRand UV-vis DR
vide remarkableprops with unusualcatalyticactivity, spectroscopy.
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Investigationof the thermalpropertiesof separatedmaomds.

I. De Leeuw, Delft UniversRy,The Netherlands
Analysisof pyrolysisproductsof separatedmacerals.

B. Johns, University ofMe/bourne, AusffaSa
Examinationof the pyrolysis productsof selmmtedAustralianmaceralsby FFIR,NMR andGC/MS.

7". Vassalo and M. Wilson, CSIRO, AusUalia
Examinationof the pyrolysis productsof separatedAustralianmaceralsby FTIR, NMR, andGC/MS.

A. Cohen, University of South Carolina
Separationof peatby density-gradientcentrifugationmeth(_.

M, Gorbaty,Exxon Research and Engineering, Annandale, NI
Suffer compoundsin syntheticcoals andseparatedmaceralsarebeing investigatedby usingXANES andXAFS.

G. L. Keldsen, Purdue University North Central, WesWille, IN
Interactionsbetween clays andhydrocarbonsarebeingstudiedby meansof molecular mechanics.Our initialeffom
havefocusedon geptoducingobservedtrendsin healsof absorption.

C. Venice, Pcnnzo8 Products Company,TheWoodlands,"rx
Verypurehigh-molecular-weighthydrocarbonsarebeing characterizedby high-resolutionmassspe_omeU3,. These
materialshave potentialforuse m the matrixfor fast atom bombardmentMS analysisof coal-derivedmaterials.

*Not affiliatedwith the ChemistryDivisionof affiliatedon a temporarybasis.
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T. O. Squires, Aucgiated Western Universities, Inc., Salt Lake City, UT
In this collaborativeeffort, we study chemicalandthermalre.activitiesof polymers designedto model structuralfea-
tures in coals. Techniques used to characterizecoals have been applied to polymers synthesized by Squires. The
resultshaveenabledus to betterunderstandcoal stngture andreactivity.

R. B. Johns,Universityof Melbourne,Australia
The density gradientseparationtechniqueis being used to study Australianbrowncoals. Initialresults have shown
thatthis approach works very well for these coals. Separatestudies on solid 3lp NMR of derivatized wools have
elucidatedsites of phoaphorylationleadingto flame-retardantWcq:mies.

J. Carnahan,Northern lllinois University, L_Kaib
Microwave-inducedplasmaemission spectrometrictechniquesarebeing developed to characterizelargeorganiccoal-
derivedmolecules.

E. Quin&a,Amoco Oil Company, Naperville, IL
Structureand reactivityrelationshipsin the liquefactionof ArgonnePremiumCoal Samples and separatedmacerals
arebeing studiedin a verytoad-based effm.

G. W. Zajac and 1. Z. Shyu, Amoco Oil Company, Nalgcville, IL
Surfaceanalysisof catalyticmaterials.

R. Oilendorff, Amoco Oil Company, Naperville, IL
The Amoco-Argonne Coal ChemistrySeminarSeries isbringing in a number of well-knownresearchers in the field.
The seminarsallematebetween Argonne and Amoco andoccuraboutonce a month.

D. Fishoi, Kent State University, Kent, OH
Large model compoundsarebeing designed andsynthesizedfor reactivity studiesand evaluationof new mass spec-
msneaic approaches.

M. Melchior, Exxon Research and Engineering, Annandale,NJ
NMRspin-diffusion measurementsarebeing utilizedto probedomainstructmesin coals,

J. Boon, FOM-Institute of Atomic and Molecular Physics, Amste:ffam,TheNetherlands
Solid-state 13C NMR spectroscopyandPyMS analysesof charredcrustsfrom Late IronAge potterysampleshave
revealed informationon thedietandfoodgatheringof prehistoricpeoples of northernEurope.



157

i   iii !  iii ii!i-i ! i ii!   !ii i   ii !i!i!iiii!!iiiii  . .!-.i i- i!.- !ii ii!!!iii i!-i!i!i i-i.ii.iiii i i!iii!i .!.iiii iii! i!iiii iii!iiii!iiii-iiiii!ii  ! i!i  ii!i!iii i!iii! ! i   i!!! !ii
_!i._.:._...:._.ii!_I_i!_!iiiiiiii!ii_I_i_ii_iiiii_ii!_i_iIii!_ii!i!!i_i_i_!i!!_iiiiiii_i_iiiii_iiiii!i!i_i_i!_ii_i!i!_i....iliiiiiiii!iiiiii!!iiiiii!iiiii!ili!!iiiiiii!iiiiiiiiii!iiiiiiiliiiiiiii!ii!iii!!i!iiiiiiiiiiii!il!!!!i!iii!iiiiii!iiiiiii!!i!!!!i!!!!ii!ii!iiiiiliiiililiiiiiiiiiii!iliiii!!!ili!!iiii!ii!!i!ii!iii!ii!iiiiiilili!iliiiii!!iiii!iiiii!!!iiiili!i!iiiiiiiiiiiiiliii!_ii!i!i!ili!

iiiiiiii!iiN!ii iiiii ilii!iiiiiiiiliiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii!ii!iiiiiiiliiii!i!iiiiiii!ilii!iiii!i!ii!iii!ii!iliiiiiiiii!i?i!iiiiiiiiiiiiiii!iiiii!!iiiiiiiili!?i!iiiiiiiiiiiiiiiiiiii!iiiiiiiiili?iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii!iiiii!!iiiiiiliiii
ii

A. Program Administration

The objectives of the Premium Coal Sample than 2,200 ampoules shipped raised the total over
Programare to make the best coal samples available 18,200.
forbasic coal research,and to encouragetheir useby The acceptance of the samples is strong and
the basic coal science community. These samples growing, with 20 new users replacing some who are

havebeen used for comparison,correlation,andgener- no longer active. The rate of ampoule shipmentshas
ation of new knowledge for the five to seven years continued relatively constant despite generally
since they first became available. EarlierSurveys of decreased levels of supportfor fossil fuel research.
Research described the activities involved in sample The number of shipments is increasing while the
selection, collection, transport, processing, packag- averagesize of the shipmentis decreasing.
ing, and distribution. The term "premium" in the An additional82 paperswere published to raise
name refers to the extreme care taken in each step the total to 360 reporting work done with the
from selection through distribution, including the Argonne PremiumCoal Samples. The Users Hand-
minimal exposure to oxygen, thorough mixing, and book has been continually expanded to incorporate

extensive inventory of ampoules for long-term sup- additionalbibliographicinformation.Anotheredition
plies, is planned for early 1993. The information growth

As a result of a strongeffort to rebuild the sam- will approximatelydouble the size of the Handbook.
pie inventory in the previous fiscal year, the inven- Separatechaptersprovidea descriptionof theprogram
tory is expected to meet normaldemandsfor samples and each sample; analytical data;references to Htera-
for 15-20 years for the most popularsamples (Illinois tm'edealing with the use of the samples; summaries
#6 andWyodak)andfor longer periodsfor the others, of the researchreported in the references; and other

An additional 180 shipmentswere madeto raise generally useful information. This document con-
the total to 678 shipments to over 320 coal tributessubstantiallyto the uniqueness and value of
researchersaroundtheworld. The growthin the useof the Program. This Handbook is periodically dis-
the samples is shown in Figure VIII-1. The more tributedto ali recipientsof samples and to otherswho

2o requestiL
The Quarterly Newsletter updates the biblio-.di

; , _ graphic information with new references. Selected
_5 i. __i i , , f! _ individualsare undertaking a summary of the work

_ _ i' _ : _-- _r-_ -'_ done in one of 17 different categories of research in
'4_. which the papershavebeen published,lt is plannedto,o_ _.._ ,n_o_ra__,__omm.__n,o_o..0_.o
_"_ _ _..,,_ i publish it in Energy & Fuels.

. _ ' , _ . '_ _ ) Symposia on Research with Argonne Premium5 _ .... _ _ _ ! ! _.... _ i _ _ I

_-_ • : _ Coal Samples will no longer be held as part of theprogram of the Fuel Chemistry Division in conjunc-
0 tion with AmericanChemical Society meetings. The1/875/879/87l1885/889/881/89518991891/905/909DOlf)lS/919/911/925/92

D_t_s use of the samples is now so widespreadthatpapers

4-Total -4. -100 Mesh .)_-20Mesh describingresearchwith them fit naturallyin symposia
Figure VIII-I. Total shipments of ampoules from related to topics of research, such as coal liquefaction.
January 1987 through July 1992
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The Wocessing facility equipmentis operatedon gen at a low level in the processing facility, which is
a weekly basis to confirm the olgrability of the com- now used to storespecial samples.
ponents. This operation also helps maintain the oxy-

l iii ii

B. Simple Stability

Sample stabilityis monitoredby annualanalysis Gradual changes in methane, carbon dioxide, and
of the gas inside of the ampoules. The new mass hydrogen contents have been measured consistent
spectrometernow being used by the ANL Analytical with earlier observations.The changes arcattributed
Chemistry Laboratoryhas achieved better limits of to diffusion of dissolved gas from the interiorof the
detectionfor the gases analyzed.Oxygenwas fomndto panicles into the void space of the ampoule. A sum-
be in concentrations either at or below the limit of mary of recent results was presented at the August
detection (10 ppm) and argon at constantconcentre- 1992 American Chemical Society meeting in
fions.Theseresultsindicatetheintegrityoftheseals. Washington,D.C.

ii

PUBLICATIONS

GAS EVOLUTIONFROMCOALIN SEALEDGLASSAMPOULES
K.S.Vones

proceedings.of1991InternationalConferenceonCoalScience,147-150(1991)

DRYING OF BEULAH ZAP LIGNITE.PRETREATMENT WITH SOLVENTS AND REHYDRATION
K.S.Vorres

Prewints, Fuel ChemistryDivision, AmericanChemicalSociety 37,988-1005 (1992)

GAS EVOLUTIONFROM COAL IN SEALED GLASS AMPOULES
K. S. Vorres
Preprints,Fuel ChemistryDivision, AmericanChemical Society 37, 1945-1950 (1992)

SUBMISSION

Coal
K.S.Vones

Kirk.4_hmm"EncyclopediaofChemicalTechnology,FourthEdition,J.Wiley& Sons,Inc.,60pp

COLLABORATIONS

C. louse, Illinois State Geological Survey, Chaml_dSn
The IHinoisBasin Coal Sample Programis headquarteredat the Illinois StateGeological Survey. Kruseadministers
this programfor the Survey, andVorres is servingas the chairmanof the advisorycommittee for the IBCSP.

B. Fatris, Columbia Academy, Columbia. TN

Farrisparticipatedin datareductionfor studies of the rate of drying of the lignite coal in dry and humidnitrogen.
Thisweek includedcorrelationsof dryingratewith gas-flow rate,temperature,andsampleweight.
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Our programhas as its objectives the develop- 1. Extractant-diluent interactions. Extractant-
merit of new and/or improved separation methods diluentinteractionsarestudiedto achieve majoralter-
based on new biphasic systems and new organic ations in extractantbehavior with respect to third-
extractants,and the elucidationof the basic chemistry phase formationor to eliminate the need for cation
involved in these systems. Ourstudies are directed and/or aniondehydrationto achieve extraction.
towardsfundamentalproblemsin separationsscience. 2. New classesof aqueousmetal-ioncomplex-
Solutionsto theseproblemsmaybeof importanceto ants.New classesof ion-exchangeresinsand non-
environmentalrestoration(ER) andwastemanage- phosphorus-basedaqueous-solublecomplexingagents
ment(WM). Separationsscienceis perhapstheone are under investigationbecausethey have unique
technologythat will likely havethe greatestrole in propertieswith respectto their ability to complex
achievingfinal solutionsto manyof the mostdiffi- metalionsinhighlyacidicmedia.
cult and costly ER and WM problems at DOE facili- 3. New concepts /'or the preparation of
ties.Liquid-liquida.d solid-liquidpartitioningproc- organophosphorusextractantsandcomplexants.New
esses,in particular,promiseto play a leadrole in methodsaredevelopedforsynthesizingstedcallyhin-
mainareasof ER andWM. deredor_ophosphorus extractantsandfor converting

Although partitioningprocesses are widely used directly phosphorus-oxygen bonds into phosphorus-
throughoutthe world, the need for new extractants, carbonor phosphorus-hydrogenbonds.
new reagentsto modifyand enhancethe efficiency of 4. Separation potential of new extractant sys-
separation processes, and new routes to synthesize terns.New extractantsand new complexant combina-
these reagents is greatertoday than at any time in the tions areevaluatedto demonstratethe achievementof
past. Our program on chemical separations science separation and to identify potential applications.
addresses a numberof the above areas. The major Emphasis is placedon new methods for nuclear-waste
subdivisionsof the programare: processing,by-productrecoveryfromhigh-level waste,

andtherecoveryof critical and strategicmaterials.

A. Simultaneous Extraction of TRUs, 90Sr, and 99Tc
E. P. Horwitz, H. Diamond, M. L. Dietz, R. D. Rogers

The chemical pretreatmentof stored high-level any separation process aregreaLPerhapsthe greatest
nuclearwaste forwaste minimizationis a majortech- difficulty for the separations chemist is to develop
nological challenge. In ali likelihood, this pretreat- processes that remove not only actinides (the most
ment will involve one or more solvent extraction toxic radionuclidesin nuclearwaste)but also selected
(SX) processes. The popularity of SX in the nuclear heat-producingand long-lived fission products, for
industrystems fromits ability to operate in a contin- example, 9°Sr and 99Tc, in a single process.
uous mode, to achieve high throughputs and high The basic problem in designing an SX process,
decontamination factors of product streams, and to or any other partitioning process, to achieve multi-
utilize relatively small quantities of very selective element extraction is thatno single ligand is capable
chemical compounds (extractants) as metal-ion com- of coordinating selectively to elements with such
plexants. Becau_ of the diversity and complexity of widely differing chemicalpropertiesas, for example,
nuclear wastes, especially those wastes contained in transuranicelements (Np,Pu, Am) and Sr. In the mid-
single-shell tanksat the Hanford site, the demandson 1980s, members of theChemical SeparationsScience
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Groupdeveloped a stand-aloneacid-side SX process tion of third-phaseformation,were solved as a result
(TRUEX) for the removal and recovery of uranium of basic research studies on extractant-diluentinter-
andtransuranicelements (TRUs) from nuclearwaste, actions. Thesestudiesshowed the importanceof utiliz-
Recently, we havedeveloped an acid-side SX process ing high concentrationsof a second moderatelypolar
(SREX) to extractand recover 9°Sr from high-level molecule, for example, tri-n-butylphosphate(TBP),
nuclear waste. Both TRUEX and SREX processes to reducedipole-dipoleordipole-induced-dipoleinter-
extractTc to a significantextent, althoughnot ascfff- actionsbetweenextractantmolecules thatcause aggre-
ciently as they extractTRUs and Sr.A possible solu- gation and third-phaseformation. The presence of a
tion to the multicomponent extraction is to mix the largeratioof TBP to crownetherand/orCMPOeffec-
extractantsused in TRUEXand SREX. tively eliminatedany solubility problemsandenhanced

In order to mix two different extractants and the extractionof Srnitrateby the crown etherto prac-
achieve the behaviors of each individually, both tical levels. Of equal importance is the fact thatwhen
extractantsmustbe essentially the same type, either CMPO andDtBuCHISC6 aredissolved in TBP their
neutral, liquid cationic, or liquid anionic. The first extractionefficiencies, as measuredby the distribution
two types arenot compatible because neutralextrac- ratio, DAmand DSr, are unchanged,whetherpresent
rantscontain basic donor groups thatform hydrogen individuallyor as a mixture.
bonds with liquidcationic (acidic) extractants.On the Unfortunately, undiluted TBP is too soluble in
otherhand,neutralandanionicextractantsarecompat- aqueous solutions and is too viscous to be useful in
ible because thereis very little opportunityfor inter- SX processes unless it is mixed with a hydrocarbon
action. The key extractants in TRUEX and SREX diluent. However, polar extractants in hydrocarbon
process solvents are octyl(phenyl)-N,N-diiso- diluents are prone to third-phase formation. Again,
butylcarbamoylmethyl-phosphine oxide (CMPO) our basic research studies in the area of extractant-
and 4,4'(5')bis-tertiary-butylcyclohexano-I8-crown-6 diluentinteractionsshowed the importanceof creating
(DtBuCHI8C6), respectively. Both compounds are cavities in hydrocarbonmedia to reduce third-phase
neutral extractants. However, DtBuCHI8C6 is dis- formation.Cavities are createdby utilizing branched-
solved in l-octanol in the SREX process solvent for- chain hydrocarbons.The creationof cavities or holes
mulation, and alcohols strongly hydrogen-bond to in the organic phase reduces the energy requiredby
phosphine oxides, which drastically reduces their large polar molecules to fit between diluent
effectiveness, molecules. The extractionof uranylnitratewas cho-

Another major problem that arises when extrac- sen to induce third-phase formation in mixtures of
rantsare mixed is the onset of third-phase formation. CMPO-DtBuCHlSC6-TBP-hydrocarbonbecauseura-
Third-phase formation,or the formationof a second nium is the most abundantextractableconstituent in
organic phase, is due to the greater attraction that dissolvedsludge waste fromsingle-shellstoragetanks
extractantmolecules have for one another than they at Hanford.TableIX-I shows the influence of carbon
have for the diluent.This cohesive attractionbetween chain length and flash point on the loading of uranyl
extractant molecules causes them to aggregate and nitrate in 0.2 M CMPO-0.2 M DtBuChI8C6-TBP
forma separate(usuallyheavy)organic phase, mixtures. The data in Table IX-I show the maximum

Bothproblems, thatis, thereplacementofoctanol concentrationof uranylnitrate thatcan be extracted
as the diluent for the crown ether and the minimiza- into the combined solvent without the formationof a

_lrlll

Table IX-I. Maximum loading of process solvent (process solvent 0.2 M CMPO--0.2 M DtBuCH18C6) (aqueous phase
3M HNO 3 - urmyl nitrate, 25 °C)

diluent no. of carbons flash point [U]org,M*

1.2 M TBP - Dodecane 12.0 71 0.021

1.2 M TBP - Norpm:M-12 11.5 69 0.038

1.2 M TBP - Impar'"-L 12.0 61 0.140

1.2 M TBP - IsoparTU-M 13.5 80 0.029

1.2 M DA[AP] - Is0par'U-M 13.5 80 0.20
III

*Maximum concentration of uranium in the process solvent without third-phase formation
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third-phase.NorparTU-12is a normalparaffinichydro- DAm is that DA[AP] is also coordinating to
carbon,whereas Isopar_-L and -M are isoparaffinic UO2(NO3)2fora mixedUO2(NO3)2-CMPO-DA[AP]
hydrocarbons. The data show that for a given chain complex. The net effect is that less CMPO is being
length, isoparaffinichydrocarbonsare moreeffective consumed aksU is extracted. A similar explanation
than normal paraffinic hydrocarbons at suppressing applies to the extraction of Bi although the mixed
third-phaseformation, complex may have the following stoichiometry:

Although the combination of TBP phase modi- Bi(NO3)3.2CMPO.DA[AP], which accounts for the
tier and Isoparn'-M diluent appears adequate for a greater decrease in DAm with Bi than with U. The
combined TRUEX-SREX solvent formulation, the DTcvalue increaseswithbothU andBi extractiondue
formationof a third-phase at 0.04 M U in the solvent to the tendency of TcO4"to complex with extracted
puts severe restrictionon the flowsheet design. The metal ions. Thus, the combined TRUEX-SREX
volume of organic to aqueous phase (O/A) in the
extractioncycle cannot be much below one without
overloading the solvent. However, again our basic 1°2 ....... ', ........ , ' ' ' '-....Am

researchstudies in the area of extractant-diluentinter-

actions have shown the importanceof the polarity of lo1 ,,

the phase modifier, as well as diluent structure, in

reducingthe third-phaseformation.Earlierstudies per- 1o0
formed during the developmentof the TRUEXproc- D
ess showed that the substitution of the more basic

dibutyl butyiphosphonate DB[BP] for TBP reduced 10-'
the tendencyfor third-phaseformation.Basedon these
earlier studies, we replaced TBP with diamyl 102
amylphosphonate, DA[AP]. (DB[BP] was not used
because of its solubility.) Table IX-I shows the sub- 10-_
stantial increasein the concentrationof U thatcan be 1°2 1°1 1°° 1°1

extracted without the formation of a third-phase. [Ht*hl,_U
Similar results are obtained with Bi and Fe, both of FigureIX-1, Distributionratiosof Sr, Am, andTc vs.

aqueous HNO3 concentrationfor combined process
which will be present in large concentrationsin dis- solvent(0.2 M DtBuCHIgC6--0.2 M CMPO---I.2M
solved sludge waste fromsUrage tanks. Da[AP]in Iso_Va-M.)

FigureIX-I shows the ni_ic aciddependencydis-
tributionratios of Sr, Tc, and Am using a solution
0.2 M in DtBuCHISC6 - 0.2 M CMPO-I.2 M
Da[AP] in IsoparTa-M.Ali three elements are suffi- 1°2

ciently extractable from 3 M HNO3 (the most likely open. u (v,)
concentrationof a feed solution) using the new for- ""_'(No_c,o_ I_) Filled= Bi (Iii)
mulation to warrant its use in a combined TRUEX- / Am

SREX process. Of even greater importance is the t .......
influence of macro concentrations of U and Bi on D 10_ Sr _"::,
DSr, DTc,and DU, shown in Figure IX-2. These data .-s_ ,..,......A

(NoUa_ou_mJton)
show that increasing concentrations of U and Bi in |
the solvent have very little effect on DSrbecause nei- KtherU or Bi is complexed by the crown ether. On the .._.
other hand, DAm is significantly affected by high qno.._..._,_)
concentrationsof U andBi because bothof these ele- 1001 ...... , s t t ' ' ' ' •

10-2 10"1 100

mentsare extractedas their nitratesalts by CMPO. [UC_(NCb)alor [Bi(NO3)3]in3M_HNO3

Fortunately, the decrease in DAm is not as large as Figure IX-2. The influenceof loadingon the extraction
expectedbased on a Am(NO3)3.3CMPO stoichiome- of Sr, Am, and Tc using combined process solvent
try. A possible reason for the lower dependency of (given in FigureIX-I). Aqueousphase= 3.0 M HNO3.
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process solvent formulation is effective even in the combined TRUEX-SREXprocess will make a major
most likely situation where macro concenlzations of impacton the economics of chemicalpretreatmentof
U andBi will be present, nuclearwaste because the combined process would

Workis in progresson testing the new combined requireless space andequipmentand wouldbe easier
solvent formulation in dissolved sludge waste simu- to conlxol comparedto individualTRUEX and SREX
lant and on developing and testing flowsheets. A processsescarriedout in tandem.

li. Extractant-diluent Interactions: The Influence of Sabstituents

R. C. Gatwne, E. P. Horwitz, M. L. Dietz

To achieve separationby means of partitioning structureof the amidic substituentof the carban_yl-
processes,forexample, liquid-liquidor solventexlrac- methylphosphineoxide extractantsinfluence solubil-
tion (SX), extractionchromatography(EXC), or ion ity of the extracted complex in normal parafflnic
exchange (IX), one mustexploit the inherentphysical hydrocarbonsolvents. Earlierstudies have shownthat
and chemical factors involved in the transport of the solubility of the CMPO-_omplex, as manifested
metal ions from an aqueous to a nonaqueousenvi- by the lack of third-phase formation on metal-ion
ronment. Although many of the chemical and physi- loading, is influenced by the substituents attachedto
cal principles of SX, EXC, and IX are well under- the amidic nitrogen. Our modeling efforts using the
stood, the interactionsoccurring between extractants computerprogramAlchemy TMhave suggested thatan
anddiluents and the role of waterin the nonaqueous increase in the steric hindrance around the amidic
phase are two of the least understoodaspects of the nitrogen improves the solubility of the extracted
three separationstechniques.Frequently, the utiliza- complex by shieldingthe effective positive chargeon
Lionof extractant-diluenteffects can bringaboutpro- the nitrogen atom. Shielding the positive charge
found (and oftentimes beneficial) changes in the interferes with aggregationof the molecule through
behavior of extractants. For example, the change in dipole-dipole interaction.Figure IX-3 shows the mod-
the behavior of octyl(phenyl)-N,N-diisobutylcarba- eling results for the NoN-diethyland NoN-diisobutyl-
moylmethylphosphine oxide (CMPO) when mixed acetamideportionof the n-octyl(l_henyl)-N,N-dialkyl-
with an excess of tributylphosphate(TBP) was tan- carbamoyimethylphosphineoxide obtained from the

tamount to the preparationof a new extractant.This program. We have qualitatively proposed that a
discovery led to the formulation of the TRUEX proc- decrease in the visible portion of the nitrogenatom in
ess solvent, the space-filling representationdue to an increase in

Recently, our studies on extractant-diluentinter- sterichindrancecorr_s to a decreasein thedipole-
actions have concentrated on how changes in the dipole interactionsandin third-phaseformation.

N,N-Dlethyl N,N-Di-lso-butyl N,N-Dt-sec-butyl
acetamide acotamido acetamide

FigureIX-3.Conformationsof selectedN,N-dialkylacetamidesas computedby Alchernyr"molecularmodelingprogram.
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To more quantitatively determine the effect of tions where the formationof a third-phasewould be
sterichindranceon the formationof a third-phasein a favored. After determinationof the minimum nitrate
nonpolar diluent, we synthesized a series of concentrationwherethird-phase formationwouldnot
octyl(phenyi)-N,N.dialkylearbamoylmethylphosphine occur, the derivativeswouldbe reexaminedusing ura-
oxides in which the degreeof steric hindrancearound nium ion to determine the maximumloading priorto
the nitrogen atom was systematically varied. The third-phaseformation.
compoundspreparedandyields obtained are listed in We examined the third-phase formation of the
Table IX-2. The most sterically hinderedcompound newly prepared CMPO derivatives by contacting
we wished to preparewas the carbamoylmethylphos- dodecanesolutionswith various nitricacid concentra-
phine oxide derived from 2,2_4,4-tetramethylpiper- tires followed by theadditionof a tracer-scaleamount
dinylacetamide, which is comparableto the bis-tert- of americium-241. We carefully countedthe organic
butyl derivative. We preparedthe requisite2-chloro- and aqueousphases to ascertainthe mass balance of
acetamide by reacting 2,2,4,4-tetramethylpiperdine Am-241. The nitricacid concentrationwherethe mass
with 2-chloroacetylchloride. Unfortunately,this par- balancewas Foot due to the formation of an almost
ficular acetamide is unreactive toward nucleophilic invisible quantity of heavy organic phase Ioeated at
(SN2) substitutionand does notreactwith the magne- the organic/aqueousinterfaceis recordedin TableIX-3
slum salt of octyl(phenyl)phosphineoxide, nor with as [HNO3]max.
iodide, thiocyanate, or sulfide anions; thus we were The results from Table IX-2 clearly confirmthe
unableto includea bis-tert-butylspecies in ourstudy, trendsexpected fromour molecular modelingdata,as
We may explain the unreactivenatureof the 2,2,4,4- third-phaseformationdecreases with increasingsteric
tetramethylpiperdinylacetamidetoward nucleophilic hindrance around the nitrogen atom. Furthermore,
substitution using the molecular models from the molecular modeling data for N,N-di,sec-butyi
Alchemy _. If we examine the pathway by which a
nucleophile must approach the carbon bearing the

chloride-leaving group, we see a significantincrease TableIX-2. CMPOderivativessynthesized.

in the interaction betweenapparentthearomaticgroUPenergyOnthe _/g,_

phosphoryl anion and the methyl groups on the
piperdinyl ring. This increase in in N_n_l
the groundstate of the displacementreactioncauses n-CsHlz

"_E

the addition reaction to fail. lt is interesting to note R R1 %yield purity(%)
that thebis-see-butyl acetamide,although still signif- Et Et 38" 98
icantlyhindered,does undergodisplacementin reflux- Et n-Bu 40* 99.6
ingbenzene, albeit more slowly thantheless hindered n-Bu n-Bu 25* 97.5
amides, i-Bu i-Bu 66 99

Despite our inability to prepare a bis-tertiary- t-Bu t-Bu ?
IIIII II III

butyl derivative, we felt that varyingthe series com-
pounds from diethyl to di-secondary butyl would
clearlydemonstratethe effect that increasingthe steric

Table IX-3.' Effect of amidicnitrogensubstitutiononrequirementswould have uponthird-phaseformation. third-phaseformation.
Our preliminaryexperiments were confined to third-

phaseformationduring the extractionof nitricacid. lt ___is well known that the basicphosphineoxide can . /R
extractsignificantquantitiesof nitricacidand that, n_CeH_z1" N_R ,

frequently,the extractednitrate complex is insoluble R R 1 [HNO3]mt x M*
in normal paraffinic hydrocarbondiluents. Because Et Et 0.02
tributylphosphatewas added to the TRUEX process

Et N-Bu 0.02
solvent to increase the observed solubility of the n-Bu n-Bu 0.51
O_D(iB_ and the O_D(iB)(_II_Am(HO_
complexes, dc preliminaryexaminationof the CMPO i-Bu i-Bu 0.62
derivatives listedin TableIX-2 was done undercondi- , sec-Bu Sec-Bu 3.07I I II I I
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a:etamide confirm thatthe octyl (phenyl)-N,N-di-sec- these CMPO derivatives, which parallel the third-
butylcarbamoyimethylphosphine oxide is the most phase formation that occurs under high metal-ion
sterically hindered of the substituted amidic deriva- loading conditions, suggest that the most hindered
fives. This is shown in Figure IX-3 where the most derivative, octyi(phenyl)-N,N-di-sec-butylcarbamoyl-
sterically hinderedamidic groups have the least visi- methylphosphine oxide, would be a viable candidate
hie nitrogen. As expected, it provides the best phase- to replace the commercially available diisobutyl
compatibility data on contact with nitricacid. Studies derivative. Collaborative studies to determine the
to determine the maximumloading of uraniumand/or optimum method of purifying the see-butyl CMPO
neptuniumare currentlyin progress, arebeing considered.

The preliminary results obtained for the third-
phase formationduringthe extraction of nitricacid by

C. Diphonix -- A New lon-Rxchang¢ Rosin for the Treatment of Industrial WaW Streams,
Contaminated Groundwatcrs, and Mixed Wastes
E. P. Horwitz, R. (7..Gatmnc, R. Chian'zia,$. Alcxandratos

9

Interest in the removal and recovery of heavy the vinylidene diphosphonate ester is incorporated
(toxic) metal ions from contaminated groundwater, into the polymer matrix.The copolymerization of the
mixed wastes, industrial waste streams, and contami- vinylidene diphosphonate ester is a major achieve-
nated drinking water continues to increase as envi- ment because of the steric hindrance imposed on the
ronmental laws become more stringentand permissi- vinylidene group by the diphosphonic group. This
hie discharge limits are lowered. Treatment of difficulty was obviated by using another relatively
contaminated water or industrial waste streams has small monomer (acrylonitrile in our case) as a "car-
frequently utilized precipitation and ion-exchange tier" to induce polymerization of the vinylidene
technologies. However, precipitation will not meet diphosphonate. However, the resultantdiphosphonic
the lower limits and requiresexcessive quantities of acid resin had rather slow metal ion-exchange rates
chemicals, and commercially available ion-exchange because of its hydrophobicity.We discovered thatby
resins do not have high affinities for many of the sulfonation of the diphosphonic acid resin, the
toxic metals relative to Ca and Mg. hydrophilicityof the resin is increased significantly

We have synthesizedand characterizeda new ion- and the metal ion-exchange rates arenow comparable
exchange resin that shows considerable potential for to the commercially available macroporous strong
environmental restoration, for the treatment of indus- acid cation-exchange resins (e.g., BioRad AGMP-50).
trial waste streams, and for the treatment of alpha- The structureof a segmentof the polyn_a"matrix
active mixed waste.The new resin contains geminally of Diphonix is shown in Figure IX-4. The resin is
substituteddiphosphonic acid functional groups.The actually trifunctional, that is, it contains three rune-
resin is called Diphonix for diphosphonic ion tional groups, a gem--diphosphonic group, a cat'-
exchange. Alkyl-l,l-diphosphonic acids are among boxylic acid group,and a sulfonic acid group.
the most powerful complexing agents for polyvalent Early experiments showed definitively that the
metal ions in aqueous solution, particularlyat pH < 2. diphosphonic acid functionality dominates the behav-

But heretofore, it has not been possible to synthesize iorofthe resin towardsmetal ions. FigureIX-5 shows
resins containing diphosphonicacid groupsbecause of
the difficulty of introducing this group into a pre-
formed polymer ma_ix. The synthesis of Diphonix

was accomplishedby the copolymerization of tetra- n
alkylvinylidene diphosphonate with styrene, divinyl-
benzene, and acrylonitrilefollowed by deesterificafion

of the resultant resin by refluxing with concentrated
HCI. During the latter step, the nitrile group is HOaS"

hydrolyzedto a carboxylic acid. Essentially 100%of Figure IX-4. Diphonixpolymer matrix.
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i0.=_ ycondonfos,n.cn eom
uo_(n) Diphonix involve the use of a solution containing

• • either hyckoxethane-l,l-diphosphonic acidor wefer-

q05_. ably the moreeasily deslroyedvinylidene-l,l-diphos-phonic acid. lt is noteworthy that the only efficient
Np( strippingagents forDiphonix involve anotherequally

strong complexingagent containingthe gem.diphos-

104 [ phonic acid functionality.

I i An importantpropertyof an ion-exchange resin

C3_ is its ability to remove heavy (toxic) metals in the
presence of high concentrations of Na+, Mg2+, and

10 `3 Ca2+ ions. Sodium, magnesium, and calcium salts
areusuallythe majorconstituentsof groundwaterand

mn(m) xq industrialwaste aside from the toxic metals. Figures
• IX-6and IX-7 compare the uptake of a number of

102 metal ions frompH 5 to 8 with Diphonix andBioRad
AGMP-50. Both resins were in theirCa2+ form. In

almost every case the distributionratio is at least 100
times higherwith Diphonix than on the commercial

101 ........ ' ........ ' ....... sulfonic resin.Table IX-5 comparesthe selectivity of
10"2 10"1 10° 101

Diphonix andIRC-718relative to Ca fora numberof
[HNO_], M_ toxic metal ions. (Rohm & Haas IRC-718 is the only

FigureIX-5. Uptakeof actinideions by Diphonix. commercially available ali-purpose chelating ion-

I

the distributionratio (the amountof activity pergram Table IX-4. Comparisonof the sorptionof U, Pu, and
of resin/amount of activity per mL of solution) of Am by sulfonic, monophosphonic, and diphmphonic

actinides in the tri-, tetra-,and hexavalent oxidation acid ion-exchange resins.
states as a function of the nitric acid concentration. 4 M NAN03- 0.1 M HNO3

The data show that Diphonix has extraordinarily sulfonic monophosphonic diphosphonic

strong affinities for the actinides in II, IV, and VI U 2.9 x 102 2.9 x 103 2.2 x 104

oxidation states, even in 10 M__HNO3. Equally pu 2.6 x 102 1.3 x 10 3 2.9 x 103
impressive is the ability of Diphonix to extract Am 4.8 x 101 2.4 x 101 5.7 x 103
actinides from high-salt concentrations. Tel)le IX-4
comparesthe distributionratios U (VI), Pu (IV), and
Am (III) forDiphonix, a commercially available sui- Table IX-5. Comparisonof the relativeselectivitieso("
fonic acid resin (BioRad AGMP-50), and a Diphonixandof an iminodiaceticchelatingresin.iminodiaceticacid
monophosphonic-sulfonic acid resin analogous to (AmberliteIRC-718) Diphonix
Diphonix except that a monophosphonicacid func- pH 4 pH 5
:ional group replaces the diphosphonic acid group. Ca i.0 1.0
The aqueousphase is 4 ]_ NANO3-0.1M HNO3.The Mn 1.2 4.1 x 103
data in Table IX.4 show that Diphonix is superior in Co 6.7 4._ x 102
its ability to sorb actinides from salt solution. These Ni 57 2.7 x 102
data translatedto a column mn would mean that 100

Cu 2.3x 103 • 103
tO I000 more displacementvolumescouldflow Zn 17 1.4x 104
througha Diphonixcolumnbeforebreakthrough

Cd 15 1.2 x 103
occurs than would be the case with the other two

resins. The strong retentionof actinides even at high HS 2.8 xlO3 3.5 x 103
acidity and high-saltconcentrationsis consistentwith Pb 1.2 x 103 9.9 x 103
the behaviorof a gem-diphosphonicacid functional- U 4.4 × 102 1.3 x 104
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exchange resin.)The superiorityof Diphonix is again tially the same physical characteristics as commer-
cially availableion-exchangeresins.

Diphonix resin can be readily regenerated by A patentapplicationon Diphonix has been flied
strippingwith either_ concentrabom of acid, by the ARCHDevelopmentCorponuionand licensed
for example, H2SO4 or HCI. or in the case of to EIChroMIndusu_s, Darien,IL, andEIChroMhas
actinides with slzong complexing agenLs.The resin madeplans for lhc comme_ciai productionof thenew

to be quite stable chemically and has essen- ion-exchangeresin.

IOs
A,(,,)

m Vipho.ix (Ca)

• Bio-R.dAOMP-S0(C,) I0'_'-
101 * ,, , - , , , , , __

5 6 7 8 5 6 7 8 5 6 7 8

pH pH pH

lo5
Co (11) Ni (11) Cu (11) Ag(I)

_I0 = : ._ ,

I i

5 6 7 85 6 7 85 6 7 85 6 7 e
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FiBum[X-6. Weilbt-dblzibudo.redo=of selectedmetalionsmini Ca.Diphonixresin(2.S*C).

I04'r

• [)iphoil_(CA) _ 10'I

e Bio-Psd AGMP-.S0(Ca) 102

101 , , ,
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105
f Sn(,)
F

_I03_-102 -101 , , _, , , r i
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Film IX-7. Weisht-distributimtraritaof selectedmeUdions rains Ca-Diphonixresin (25 *C).
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D. The Influence of the Radical Character of Organometallic Reagents on the Direction of
Addition to an a,_ Unsaturated Phosphoryl Group
R. C. Gatrone

The principalobjectives of our research are the center or by the hydrolysis of an aryl phosphonous
preparationof startingmaterialsthatareprerequisites dihalide,which may be preparedby theadditionof an
for the facile syntheses of a variety of potential organometallic reagent to phosphorus trichloride.
extractants, for example, unsymmetrically bis- Neither of these methods is completely satisfactory
substituted phosphine oxides, the development of for a general synthesis of this class of compounds
methods that will permit stereoselective control of becausethe reactionsaremultistepproceduresinvolv-
such reactions, and the understandingof the basic ing difficultseparationto isolate theproduct.
organicchemistryof these syntheses. The mechanism of the Grignard reaction with

Difficulties encounteredin the synthesis of new ketones has been suggested to proceed via a single
classes of extractantsfrequently hinderthe study of electron-transfer(SET) mechanism.As a SETmecha-
the relationship between extractant behavior and nism is favored by stableradicals, good coordinating
extractant structure. Often, many months may be solvents, and traces of transition-metalimpuritiesin
requiredto preparea single exampleof a classof com- the magnesium used to prepare the reagent, we felt
pounds with a uniquecombinationof substituentsand that a seriesof increasingly more stablealkyl radicals
properties, used to preparethe GrignardreagentshouldWont(Xea

The addition of a Grignard reagent to a phos- corresponding increase in the yield of the alternate
phoryl (P--O) containing compound is an extremely additionproduct.
versatile method for preparingunsymmetricallysub- If a SET mechanism is operatingin this reaction,
stituted phosphine oxides. Preliminary results the first step in the addition of a Grignardreagentto
obtainedon the addition of octylmagnesiumbromide ethyl phenyiphosphinate(Figure IX-8) must be pro-
to ethyl phenyiphosphinate suggested that this ton abstraction.Addition to phosphorusoccurs via a
reaction, like its carbonyl counterpart,woceeds via a SET from the o-complex formedby the additionof a
metal-ion-stabilizedradicallike intermediate species, secondequivalent of the Grignardreagent.This trans-
We wished to determine whether or not this inter- fer occurs to an anionic phosphoruscenter. Earlier,

mediate, if made more stable either by stabilizing the Hays and Hamilton have shown that the sodium or
radical or by solvation, would to react to generate magnesium salts of dialkylphosphites readily react
productsfrom the 1,4 or 1,6 mode of addition(Figure with Grignardreagents, althoughthey did not investi-
IX-8). Furthermore, if a degree of control over the gatethe natureof the mechanismof addition.
alternate addition reaction were attainable, this We have shown thatthe additionof one equiva-
reactionwould offer a single-steppreparationof alkyl- lent of methylmagnesiumiodide to an ethersolutior,
substituted arylphosphinic acids. Currently, these of ethyl phenyiphosphinateat room temperature ini-
compounds are only made by the direct addition of tially abstractsthe phosphorus proton.
hypophosphorous acid to an aromatic or olefinic The organometallic reagents we examined are

listed in Table IX-6 with the isolated yields of the
1,2, and 1,4 (or 1,6) addition products. The -/tel(/of

R__ the product from addition to the aromatic ring
incre_d with the corresponding increase in the sta-

Ct'la bility of the radical that would be derived from the
1,2-addition Grignard reagent. That is, we observe a significant

_ n increasein the yield of aromatic additionaccordingto
theseries:neo-pentyl> t-butyl > iso-propyl > primary

H/ " OEt OEt radicals,Inaddition,we observenearly a doublingof
the yield (neo-pentyl: __.-4% aromatic addition,

1.4-sddition 1,6-addition
t-butyl: ---3% aromatic addition)with morecoordinat-

Figure IX-8. Expected products from the Grignard ing solvents such astetrahydrofuran.
reaction.
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Although we cannot suggest that the reaction _l'ableIX-6.Yieldsof alternateadditionproducts.

will be useful syntheticallyfor the preparationof the FI-i_
aromatic-substituted phosphinic acids, the yields
observedcorroboratethe proposedmechanismfor the Et
generation of traces of acidic impurities during the R M + 1 * 3lp (ppm) ** % yield
preparationof (alkyl)phenylphosphineoxides. Me 185 39.9 0.2

Et 199 - -
n-Pr 213 41.8 0.3
i-Pr 213 41 0.8
n-Bu 227 - -
s-Bu 227 40.7 0.3
i-Bu 227 - -
t-Bu 227 41.1 1.2
neo-Pe 241 41.0 2.0

II I I

• Solid probe, chemical ionization. **300 MHzGEGN
Omega,5 mmbroadbandprobe,CDC!3.

II

E. U/TEVA-Spec_': A Novel Extraction Chromatographic Material for the Separation and
Pre,concentration of Uranium
E. P. Horwitz, M. L. Dietz, R. Chiarizia,H. Diamond

Numerousmethodshavebeendescribedfor the plished.In extractionchromatography,aninertsup-
determination of uranium in a variety of environ- port is impregnatedwith an organicextractant,either
mental, geological, or biological matrices. In many alone or in combination with a suitable diluent, to
instances, the low concentrationsof uraniumencoun- /_oduce a solid sorbentcapableof selectively remov-
teredandthe presenceof high levels of potentialinter- ing certain metal ions from aqueous solution. In
ferents precludeits directdetermination.As a conse- effect, EC combines the selectivity of liquid-liquid
queries,variousseparationandweconcentration tech- extraction with the multistage characterof a chro-
niques must often be employed prior to analysis, matographic process and the ease of handling and
Uraniumseparationis also requiredfor thecharacteri- convenienceof an ion.exchange resin.
zation of certain uranium-richsamples, among them Earlierstudies in this laboratmydesigned to Men-
various minerals,waste solutions, and uraniummetal tify the structural features governing the uranium
itself, because high uranium levels caninterferewith selectivity of various neutral organophosphorus
the accuratequantitationof varioustraceelements, extractantshave shownthat dipentyl pentylphospho-

Many methods have been describedfor effecting nate (DP[PPD, also called diamyl amylphosphonate
the separationof uranium from mixtures of cations. (DA[AP]), dissolved in dodecane (FigureIX-9), is an
Liquid-liquidextraction,for example,hasbeen widely efficient and selective reagent for the extraction of
applied. Extraction procedures, however, are time- uraniumfrom acidic nitratemedia. We have investi-
consuming,generateconsiderablevolumesof organic gatedt_ applicationof an extractionchromatographic
waste,and have ibnited effectivenessin removingcef- materialcomprisedof this extractantsupportedon an
tain common matrix constituents. These shortcom- inert polymeric substrate,to the isolation of uranium
ings makeliqu/d-liquidextractionumattractiveforroe- from various environmental samples for subsequent
line use on large numbers of samples. A variety of quantitation.This is appropriatebecause manyproce-
procedures based on ion exchange have also been dures for the determination of uraniumin such sam-
described.The lackof specificityof conventionalion- pies involve a digestion or leaching of the sample
exchange resins, however, often complicates sample withniuricacid.
trealmenL After preliminary studies demonsmued thatan

Extractionchromatography(T_L")provides a sim- extraction chromatographic resin consisting of
pie and effective means by which the separationand 40% (w/w) diamylamyl pbosphonate DA[AP] sod_
preconcentrationof various ca,Li,qnscan be accom- on Amberlite XAD-7 (henceforth referred to as
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e 104 ......., .... "':1
o.g,o o.a,,

Iwl_!

Diluent: None 103
Fu(IV)

Exlra¢lion Equillbrls:

UO_.+ 2NOj+ 2E _ Uoa(NOa);'E , 1 0 2 U
"1

Th_.+ 4NO; +'3"E _" Th(NOs)4'Es (IV)_
,.I

Figure IX-9. gxtractantand extractionequlibriafor %, _01 'Np (IV) .-J

U/TEVA'Spec'. iU/TEVA.Spec TMresin) could retain uranium from 10 0
solutions containing high nitric acid concentrations A_ (Itl'_

andthatretaineduraniumcould be readilyeluled from
the resin with either water or dilute nitric acid (as

anticipatedfromearlierliqtdd-liquidextractionstud- 10 "1 -
ies), a systematicexaminationof theuptakeof ura-
niumandvariousotheractinideelementswasunder-

taken.Figure IX-10 summarizesthe resultsof this
study, expressed as the capacity factor, k', for each 10 .2 , t ,,,,,,t , , ,,,,,,t , , .......
elementontheU/TEVA.SPOc"columnversusnitric 10 .2 10 "1 10 0 101
acidconcentration._' representsthenumberof free [HNO3]M_
column volumes to peak maximum and is related to FigureIX-lO. Nitricaciddependencyof k' for selected
the distribution ratio of the metal ion in the cone- actinides.

sponding liquid-liquidsystem by the following equa-
tion: k'= DVs/Vm, where Vs and Vm are the station-

an/and mobile phase volumes, respectively.) Several nium by a substantialmarginover the entirerange of
featuresof the dataare noteworthy. First,k' for ura- acidities considered. The behavior of both thorium
nium reaches a maximum (of -300) at -6 M nitric (IV) and neFiunium(IV)roughlyparallels thatof ura-
acid, then levels off. Equally significant from the nium(Vl), although at any given acidity, k' for rho-
point of view of chromatographicperformanceis the rium is typically a factor of 2-5 less than thatof ura-
fact that k' is substantial (-70) even at 1 M acid. nium. This difference in k' is sufficient to provide for
Thus, the resin will efficiently sorb uranium from a clean separationof the two ions.
any of a wide rangeof nitricacid concentrations.This Unlike U/Th separation,U/Np separationcannot
ability to load a samplecontaining any of a variety of be conveniently effected using only nitric acid,
acid concentrationsand to stripsorbed uraniumusing because at concentrationsyielding adequate uranium
only dilute nitric acid, it should be noted, makes ura- retention,the k' values of uraniumand neptuniumare
niumseparationusing the U/TEVA-Spec" resincon- verysimilar.Additionof an appropriateaqueouscom-
siderably simpler than with many previously plexing agent (e.g., oxalic acid) to the eluent, bow-
describedmethods.Moreover, U/TEVA.SpecTMoffers ever, reduces the sorption of neptunium (as well as
obvious advantages in terms of minimizing reagent thatof thoriumand plutonium)by morethan anorder
consumptionandwastegeneration, of magnitude,while producingonly a slight decrease

Figure IX-lO also indicates that several other in uraniumretention.
actinide ions show significant affinity for the Figure IX-II demonstrates thatthe utility of the
U/TEVA.Spec TM resin. The k' values for tetravalent U/TEVA.SpecTMresinis notconfined to acidic nitrat_
plutonium, forexample, actually exceed those of ma media,depictingthedependenceof k'foruraniumand
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1 0 4 In 4 M hydrochloricacid, however, this difference is=. ........ i ........ l ...... ,=
.: _ nearlya factorof 5. Such results suggest that elution

- _ sequences involving a crossover from nitric acid
" to hydrochkx'icacid (orvice versa)may offer a means

10 3 - = to isolate and sequentiallyelute severalactinides in a
: Np (IV) _ single run, further increasing the utility of the

U/TEVA.SpecTMresin.
U (VI) The large values of k' possible for uranium in102 .

nitricacid media andthe low retentionanticipatedfor
many mono-, di-, and trivalent metal ions indicate
that it should be possible to elute off many of the

101 commonly encountered constituentsof various sam-
"-= pies (e.g., transitionmetals, alkali and alkaline earth
: elements) from the U/TEVA.SPOcTucolumn prior to
- uranium breakthrough. Table IX-7 summarizes the

10 0 - elution behaviorof nearlythreedozenelements using
: 2 M nitricacid as the eluent. As can be seen, nearly
- ali of the test elements can be removed with only 10

Th (IV) - FCV of 2 M nitric acid. (Zr andRu each require-1510-1
: FCV.) As expected fromFigureIX-7, no traceof ma-
: niumis observedeven after30 FCV of the acid.

I -10"2 .... _r,,,I , , ......= ....... ,
10"1 10° 101 102 Table IX-7. Elutionbehaviorof selecte_element=on a

U/TEVA.SPecTM (fineparticle)columna
[HCI]M elution

volume_CV)b elements
FigureIX-II. Hydrochloricaciddependencyof k' for _5 Li, MS, K, Co, Rb, Sr, Ag, Cs, La,
selected actinides. Pr,Nd,Sm, Eu

<I0 Na, AI, Ca, Cr, Mn,Fe, Ni, Cu, Zn,
Y, Rh, Cd, Bit,Ce, Pb

_;15 Zr,Ru
severalotheractinides on hydrochloricacidconcenlra- >I00 U
t/on. Several similaritiesbetweenthe behavior of the aColumnparameters:Resinparticlediameter= 50-100
vario.s ions in hydrochloricacidandthatdescribedin microns;bed volume = I mL;bed height = 5.0 eta;
nitricacid areapparent.The k' value for uranium,for I FCV = 0.60 mL.bElementis 2 M nitricacid. "Elutionvolume"refersto
example, reaches a maximum at -7 M acid. More- the volume, in FCV,requiredto elute ca. 99% of the
over, this value is quite close to that seen in nitric indicatedelement.
acid, -300. Also, Am(II0 (not shown in Figure IX-
11) is poorly retained,as was the case in nitric acid.
There are,however, importantdifferences betweenthe The results presentedin Figures IX-10 andIX-I 1
capacity factordata in the two acids. For example, k' and in Table IX-7 suggest that the U/TEVA.SpecTM

for uraniumdeclines more steeply fromits maximum resin should be well suited to the separationand pre-
in hydrochloric acid as the acid concentration falls concentrationof uraniumfromenvironmentalor geo-
than it does in nitric acid. Thus, while k'u does not logical samples,The performanceof the resin in such
fall below 100 until -1.2 M nitric acid, it reaches applications was evaluated by examining the suit-
this value by 4 M in hydrochloric acid. As a result, ability of material for the isolation of a highly pure
the range of acidities suitable for sample loading is uraniumfractionfromseveralwater,sediment, or sou
narrower in the latter(ca. 4-6 M). Both the U/Np and samples for subsequent isotopic analysis by thermal
U/Th separation factors are somewhat better in ionization mass spectrometry(TIMS).This represents
hydrochloric acid, however. At 4 M nitric acid, !:_ a particularly demanding application of the resin

example, ki3and i_p differby less thana factor o' 2. because of the low-uraniumconcentrations typically
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present, the variability and complexity of the sample tope in the sample, not incomplete recovery of this
matrices, and the need for an extremely pure uranium isotope.)

fraction. Table IX-8 summarizes the results of trials U/TEVA-Spec TM' then, provides a simple and

designed to determine the recovery of uranium typi- effective method for the separationand preconcentra-

cally achieved using the U/TEVA.Spec TM resin. As tion of uranium from a wide range of environmental
can be seen, recoveries are both high (averaging 95%) and geological sample types. Application of the resin

and remarkably consistent, despite the different sam- is, in fact, limited only by the need to convert the

pie compositions and the substantial sample mass samp'_.eto a nitric or hydrochloric acid solution for

processed in some cases. In every instance, the ura- loading Ai,_,.oughwork to date has focused largely on

nium product obtained was extremely clean, leaving its en-'ironmentai applications, the excellent uranium
no visible residue in either the collection beaker or on selectivity of U/TEVA.Spec TM should make it suitable

the mass spectrometer filament. Table IX-9 summa- for use in a number of other situations, including

rizes the results of TIMS analyses of 14 samples of a bioassays, analysis of nuclear wastes and reprocessing
National Bureau of Standards standard reference soil. solutions, and the elimination of uranium interference

Measured isotopic abundances were found to be in in various trace-element determinations in uranium-

excellent agreement with the certified values for 234U rich samples. Work addressing some of these oppor-

and 238U. (The disagreement between the values for tunities is currently underway.

235U suggests nonuniform distribution of this iso-

• I

Table IX-8. Uraniumrecovery from actual and standardenvironmental samples.

weight or uranium present, gg recovery

sample description volume analyzed before column after column (%) _
water-NBS950a 5.0 mL 26.1 24.8 95.3

limestone gravel and sediment 3.12 g 18.3 17.6 95.9

limestone gravel and sediment 2.32 g 25.2 23.8 94.6

surface soil 1.03 g 23.5 22.3 95.1

glassblastin8 residue 1.49 g 35.1 33.8 96.2
Mean: 95.4

II I I IIIII iin

Table 1X-9. Uranium isotopic distribution in a standardsoil sample (NBS-SRM 4353).

activity a concentrationb isotopic abundance (wt.%)
isotope (Bo./g) _g/g) calculated experimental
U-234 0.0391 ±0.0014 0.000170+0.000006 0.0054±0.0002 0.0055±0.0003

U-235 O.O019c 0.024 c O.76c O.719±0.018

U-238 0.0389+0.0020 3.13±0.16 99.23 c 99.275±0.018

Total uranium _g/g): 3.15±0.16 (NBS certificate)

3.04x'-0.15lexperimental_
aFrom NBS certificate.
bCalculated by converting activities to masses via specific activities.
CNo uncertainty available from NBS certificate.
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COLLABORATIONS

S. D. Alcxandratos, University of Tennessee, Knoxville
The feas_ility of incorporatingthe geminally substituteddiphosphonic acid moiety into a polymer matrixto forma
new class of ion-exchange resins is being investigaled. Ion-exchangeresins containing the gem-diphosphonicacid
functional group should possess propertiesvastly superiorto commercially available cation-exchange resins and
should find wide-scale applicationsin environmentalrestorationand in waste management.

D. Nelson, Environmental Safety and Health Division, Argonne National Laboratory
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The broad aim of this programis to understand suited to testing of electrostatic bonding models of
those characteristicsof chelating agents (steric,elec- metal-ion coordination. The existence of the uplga

trostatic, and stntctural) that are associater]with the oxidationstatesof the light actinides as lineardioxo-
formation of the strongest and most soluble com- cationsin aqueoussolutionscreatesa uniqueopporta-
plexes with heavy metals. Ourfocus is on the bond- nity to investigatethe effect of geometricrestrictions
ing andreactivityof f elements in metalcomplexes in in design of chelatingagents. The small difference in
solutions, and the relationshipbetween the coordina- thestrengthof the interactionof 41"-and5f-metalions

tion geometriesof solvatedcomplexes andsolid com- with soft-donor atoms (like sulfur) allows us to
pounds. We are examining the thermodynamicsand investigate the involvement of these highly shielded
kinetics of metal complexation reactions, the solva- electrons in covalent bonding. Finally, the intrinsic
tion of complexes, coordination numbersand modes, radioactivityof the actinides, and the readilyinduced
and spectralpropertiesof f-elementcomplexes to bet- radioactivity of several lanthanides, permit study of
teaunderstandthe relationshipbetween the structural the coordinationchemistryof ligands and complexes
featuresof such complexes and theirbehaviorin solu- with very low solubility.
tion. Our ultimate goal is to achieve a fundamental Coordination chemistry of heavy metal com-
understandingof this chemistryto facilitatethedesign plexes pervadesmany areas of practical interest.For
of complexing agents and ligands tailoredto specific example, in chemical separations, the use of water-
metal ions, or classes of metal ions. To the extent soluble complexing agents can make possible metal-
thatsuch thermodynamicandkineticdatacanbe used ion partitioning that would not work without the
to predict their behavior, we are also interested in complexant. Innuclearmedicine, chelatingagents are

acquiringthe data necessaryforaccuratemodeling of essentialfor the deliveryof the radiotherapeuticagent
metal-ioncomplexationreactionsunderwocess, envi- to the targetorgan. The relative effectiveness of such
ronmental,or even biological conditions, reagents is governed by the thermodynamics and

In addition to their commercialutility in nuclear kineticsof the complexationreaction, and competing
energy (includinga centralrole in waste disposal and reagents are typically evaluated on this basis. An
waste processing), materials science, and nuclear enhancedunderstandingof thechemistryandthe struc-
medicine, the 4f and 5f series of elements possess a tural details of metal complexes can have major

uniquemix of properties useful for the evaluation of impact in designing new reagents for separations,
the most importantaspects of ligand design. The con- nuclearmedicine, water treatment chemistry, homo-
stricting radii of the trivalentlanthanidesandactinides geneous catalysis, and bioinorganic chemistry, to
are ideally suited to the evaluation of size-exclusion namea few.
(e.g., crown ether) type ligands. Structural details The thirdaspect of this programis aimed at rec-
(e.g., interatomicdistances) of complexes in solution onciling the continu_ need formetalchelatingagents
canalso be deri_,edfromlanthanide-inducedparamag- with current demands by society for environmental
netic shifts in NMR spectroscopy. Diamagnetic responsibility, lt is vital to recognize that the most
139LaNMR provides a directprobeof the innercoor- efficient reagent(e.g., EDTA) may notbe acceptable
dination sphereof lanthanide complexes. The multi- from an environmentalor toxicity perspective. Our
pie oxidation states of the light actinides are ideally approachis to design effective complexingagents that

*CollaboratorfromanotherANL ChemistryDivisiongroup.
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incorporatea degreeof thermal/oxidativeinstabilityto Ourpersonneland facilities provide the opportu-
ameliorate,waste.disposal problems associated with nity to investigatethe interactionof heavy metal ions
the use of chelatingagents. These organiccompounds with organicchelatingagents from manyexperimen-
retain theirability as complexants undernormalcon- tal perspectives. We combine expertise in solution
ditions,but arereadilydecomposedto inorganicmate- thermodynamics and kinetics, solid state structure
rials upon relatively mild subsequent treatment.We determination and thermochemistry, NMR spec-
call such compounds Thermally UnstableComplex- troscopy, and radiochemicalmethods with the ability
ants or simply TUCS. lt is also our objective to elu- andfacilities to handlemacroscopicconcentrationsof
cidate the mechanisms of oxidation of chelating actinides, to preparecompoundscontaining the trans-
agentsin orderto effectively "design-in"theappropri- americium actinides by microchemical synthetic
atedegreeof instability, andto examine thebasic chem- methods,to handlepowerful oxidantsandperoxidizing
istry of homogeneous destructionof chelating agents agents, and,in collaborationwith outside researchers,
in ordertodeterminetheir environmentalacceptability, to synthesizeorganicligands.

A. Phosphonic Acid Complexes of f Blements
K. L. Nash, L. R. Morss, P. G. RicketS, Z C. Sullivan, G. R. Choppin, L. F. Rao

The most widely studied class of chelating lig- 2s
ands for the f elementsare thosepossessingcarb- URANYl. EUROPIUM

oxylicacidfunctionalgroupsastheprimarybinding 2o
sitefor themetal ion.The wide varietyof structures

of polycarboxylic and aminopolycarboxylicacidcom- uuD J

plexants providesa numberof favorablecoordination _s, //
geometriesthatlead to the formationof complexesof m

/

moderate stability. However, carboxylase functional _ _o, ®•m 13gi

groups also have a moderately strong affinity for msD_
hydrogen ions. For most metal ions, the net free

energy forprotonation of these ligands exceeds that u._,.,.,.,.], _/_, , ,
for complexation(see, forexample, FigureX-I). As a
result, most carboxylate ligands do not fonn metal ' 0 . . •, •, • "

0 5 10 15 20 25 0 5 0'5"10"15"20_25

complexesin solutionsbelowpH_--2. Y-pKLiterature reportsindicate thatphosphonic acid
groups (-PO3H2) can be readily substitutedfor cafb- Figure X-I. Stability constants (log I_) for 1:1 tho-
oxylate groups in structures of known chelating rium, uranyl, and europium complexes with a variety of

carboxylate and aminopolycarboxylate(n), and phos-
agents. There is also evidence that certain ligand phonate (.) ligands vs. the total hydrogen-ionaffinity
geometries that are unstable as carboxylates canbe (_ pKa) for the ligands.
stabilized by the substitution of phosphonategroups.
The carboxylaSeand phosphonate groups differ in
threeprincipalcharacteristics: Outearlierstudiesof the complexatien of europ-
1. the geometry of the fmtctional group (planarfc.r ium, thorium,and uranyl(representing the tri-, tetra-,

-CO2H, O-C-O bond angle 120°, trigonal for and hexavalentoxidation states of the actinides), and
-PO3H2with O-P-Obond angle 109°), correlationof those datawith existing data for cafb-

2. an extraoxygen-donoratom in -PO3H2, oxylate andaminopolycaxboxylateligands,have esmb.
3. an additionalionizable proton in -PO3H2(pK1-= iished that the complexes between these metal ions

2.0, pK2 _--7.0 forphosphonatevs. pK _--4-6 for andl,l-diphosphonic acidsarestronger thanali known
caflx)xylate), carboxylate and aminopolycarboxylatecomplexes in

This combinationof factors leads to the formationof acidic solutions. This relationship is illustrated in
complexes of moderate stabilityin acidicsolutions. Figure X-I. In this figure, the free energy for
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complexation (representedby log [])andthe totalpro- The combinationof strong metal-ionaffinity and
tonation free energy C£pKa) for a large samplingof low protonaffinity accounts,at least superficially,for
carboxylateand aminopolycarboxylateligands (open the enhancedcomplexing abilityof the phosphonates
symbols) and phosphonicacid ligands (closed sym- (as compared with carboxylates). But, because f-
bols) are compared. The linear correlation indicates elementcomplexation is _;Jvernedalmost exclusively
the predominantly electrostatic nature of the inter- by electrostatic considerations, this combination of
action between the f elementsandhard-basedonorlig- characteristicsrepresents a dichotomy. How can the
ands. For a given free energy of protonation, the phosphonategrouphavesuch low hydrogen-ionaffin-
phosphonate ligands are two (europium(III)) to five ity while maintaining a strong attraction for poly-
(thorium (IV)) orders of magnitudestrongerthan the valent metal ions? We have attempted to reconcile
carboxylate ligands. We previously suggested the these observations through a series of experiments
existence of a correlationbetween the strengthof the designedto probe the innercoordinationsphereof the
complexes and the numberof oxygen-donor atomsin complexed metal ions.
the ligand.

lm i i

B. RuropiumPhosphonateComplexationHeats and Hydrationof the Complexes
K. L. Nash, G. R. Choppin, L. F. Rao

We have recently investigated the heats of com- thermodynamicparametersand residualhydrationval-
plexation of europiumdiphosphonatecomplexes and ues. As is typical of most f-element complexes, sta-
its fluorescence decay rate (2.0 M NaCIO4,25.0 °C). bility of the 1:1 complex is derived from a favorable
The former experiments addressthe energeticsof the complexation entropy, though opposed uy an
complexation reactions,whereas the latterassess the endothermic heat.The equilibriumfor the additionof
degree of innersphere dehydration of Eu(llI) upon the secondH3L"ligandis favoredby both an exother-
complex formation, mic heat and a slightly positive entropy. The degree

Europium complexes with each of the three of innersphere hydration of the metal ion in the

diphosphonat¢ligands studied,methanedipho_nic complexes, derived from the results of the fluores-
acid (MDPA, I), vinylidene-l,l-diphosphonic acid cence decay experiments, is indicated in equations 1
(VDPA, II), and l-hydroxyethane- 1,l-diphosphonic and2.

acid (HEDPA, III) are characterizedby very similar Eu(H20)93+ + H3L"

Eu(H3L)(H20)72+ + 2H20 (1)

/PO3 H2 =O/pO3 H2 Eu(H3L)(H20)73+ + H3L" _

H 2 \Cx H 2 C x\po Eu(I'I3L)2(H20)32++ 4H20 (2)PO3H2 3H2 The result in equation 1 is consistent with the

(1) 01) formationof a bidentate chelate complex that dis-
places two water molecules. Addition of the second
ligand results in apparen,excess dehydratio_of the
metal ion.

HO/PO aHz The thermodynamicdatafor the formation of• Eu(H3MDP)2+ are AH = +9.56 kJ/mol, AS = +102
J/moI-K, which compare favorably41_|th analogous,ox

HaC PO aH2 data for the nominally iu)structuraiEu-maionate
complex(Eu(mai)2+AH= +13 kJ/mol,AS = +113

(Ifr) J/moi-K). The degree of dehydrationreponedearlier
for the complexation reaction of europium by
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malonate is nearly identical to that for of fourwatermolecules (andtheirimplicitbondener-
Eu(H3MDP)2+. These dataareconsistent with simi- gies). To reconcile this expectationwith the observed
larbond sUrongthsfor the europium-oxygen bonds in small entropy, the 1:2 complex must adopt a highly
carboxylatesandphosphonates,and arestronglysug- ordered geometry. One possible explanation for this
gestive of similarcoordinationgeometries, observation is the formationof a 1:2 complex pos-

Comparison of the thermodynamic data for the sessing substantialinu'amolecularhydrogenbonding.
additionof the second ligand to the Eu-MDP and Eu- A possible structurefor this complex is IV:
malonatecomplexes indicatesthatthe complex struc-
turesareprofoundlydiffeaent.Thoughno fluorescence

dataaxeavailablefor theEu(mal)2"complex (to indi- 0_,,' HzO/u:.. O]Hcare residual hydration), the thermodynamic data 0HH20\H:/' 0Hz

(AH=+?kJ/mol,AS=+75J/ml-K)fortheadU- _< /utrienof thesecond ligandto Eu(mal)+ indicatea lower /
net enthalpyandsmaller entropycontributionthanfor H2C. / OH
formation of the 1:1 complex. For the additionof the __ _/ \ / 2

enthalpyis much kwer than foraddition of the first
ligand (AH = -7.] kJ/mol), whereas the entropy u OH ............. U Ul'l
changeis nearlyzero (AS= +16J/moI-K),despite the (13[)

apparentdisplacement of four watermolecules. One
should expect a large positive entropyfor reaction 2 This subtle additionalfavorable contributionto com-
as the craticcontribution (relatedtothe change in the plex strength may account for the exceptional stabil-
numberof species in the net reaction) to the entropy ity of protonated complexes of the type described
must be large. The exothermicheat is also consistent here, and may be a general featureof diphosphonate
with a net increase in bond strength,despite the loss complexants.

C. Thermodynamic tad Spectroscopic Investigation of Urtayl-MDPA et Elevated pH
K. L. Nash,L. R. Morss,P. G. Rickert

Literaturedata arenot consistent in theirpredic- (Marteli and Motekaitis). The titration results are
tion of the relativestability of phosphonateandcafb- shown in Figure X-2. Analysis is not yet complete,
oxylatecomplexesatelevatedpH. Some data indicate
continuedenhancementwithincreasedionizationof

thephosphonateligands,whereasotherresults 12

suggestthatpbosphonateligandsareactuallyweaker tl o-NoUe_
at high pH. The inu'amolecular hydrogen bonding +-t810 x-t6
postulate is impacted by this argument. To examine .- t4

this question and to elucidate details about the 9 =-t5
molecularity of phosphonate bonding, the complexes 8 o- t2,--, 7
of uranylby MDPAat elevatedpH havebeen studied :=.
by potentiometric titration, 3lp and 23Na NMR 6
spectrometry, and by titrationcalorimetry. Though 5,
lhc analysis of the datais not yet complete,the three (

discussion.setsof data appear consistent with the following 52.0NIIMILIjl_|
Potentiometric titrations of 0.005 M MDPA 1 _ _ _

solutions containing0 to 0.0025 M uranylwere con- MolesBoss/MoleMDPA

ductedat 0.1M ionic strengthand25.0 °C. The titra- Figure X-2. Potentiometrictitrationresults for the
rien results were analyzed using the programBEST uranyl-MDPAsystemat 0.005 M totalligand.
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but complementary distribution and NMR studies An example of the changes in the integratedareas of
indicate the following equih'briaare most importantat the peaks is shown in Figure X-3. Calculated
pH above 3: (average ligand number)values (assuming ali uranyl

UO22+ + 3H+ + 2L4. = UO2H3L23-, is bound) change from 2.0 at pH < 4 to a minimum
of 1.0 at pH 7, then increase to 1.5-2.0 at higherpH

log [_132 = 40.9 ; (3) (dependenton thetotalmetal-ionconcentration).

UO22+ + 2I-1+ + 2 L4" = UO2H2L24", 3 I

log _122 = 35.6; (4) [
UO2(HhLI2I

UO22+ + 2L4" = UO2L26" _ 2 8=23.opmco_m UO2[L}2.
log [3102= 21.3; (5)

Ix.

2UO22+ + 21.4" = (UO2)2L24", ._

log _02 = 35.9 ; (6) ,V 1

log p 213 = 48.8 (7) 0 , , _ ....." 2 3 4. 5 6 7 8 9 tO 11

One or two additional, as yet not fmmly identified, pH
speciesaxerequiredto completely reconcilethepoten- FigureX-3. Distributionof phosphonatespeciesin the

uranyl-MDPAsystem from pH 2-11 (0.005 M total
tiometricdata. ligandconcentration)as deducedfrom3"lp NMRspec-

To help identify the uranyl-MDPAcomplexes, a troscopy.
seriesof 31p and 23Na NMR spectrawere run.In the
3lp spoclra,a discrete singlet resonance for the free
ligand (17.0 ppm vs. 85% H3PO4), and two distinct To gain furtherinsight and to aid in identification
singlet resonances associated with the formationof andconfirmationof the species present in the system,
uranyl complexes (23.0 ppm and 27.2 ppm) were enthalpy titrationswere performed. Solutions of 1:2
observed. At pH below 5, the 23.0 resonance indi- mole ratios of uranyl:MDPA were preparedat high
rates the pretence of 1:2 complexes only. As th= pH pH and back titrated with standardHCIO4. Because
is increasedabove 4-5, the integratedareaof the 23.0 overlapping reactions contribute to the observed
resonancedecreaseswith a concomitantincreasein the heats, more extensive titrationsare requiredthanwe
free-ligandresonanceand theappemanceof the second have completed. The predicted speciation for these
metalcomplex resonance at 27.2 ppm. Good solubil- titrationsandtheresults areshown in FigureX-4.
it), is observed throughoutthe pH range2-11, imply- These results indicate that the 1:2 complexes
ing that ali of the uranyl ion must be bound in previously identifiedas dominant at pH < 2 actually
diphosphonatecomplexes. The integratedareaof the representthe majoruranyl-MDPA species up to the
27.2 peak is maximized at pH 7-7.5 underali condi- pH 4.5 region. Above this pH, coincident with the
tions. Above this pH, the areasof both the free ligand loss of the thirdhydrogen ion of MDPA, polynuclear
andthe 27.2 ppm complex decrease whereasthe 23.0 complexes, probablyinvolving MDPA ligands bridg-
peak again becomes more intense. At pH 11, the ing two metal ions, become the dominant species.
27.2-ppm resonance is not observed except at the The potentiometricand NMR datasuggest complexes
highesttotal metal-ionconcentration. Selected spectra having thegeneralform shown in FigureX-5.
run at 0 °C indicate splitting of the complex reso- The 23.0 ppm phosphorusenvironmentprobably
nances consistent with four to six slightly different includes both the ligands in the mononuclear 1:2
phosphorus environments in the metal complexes, complexes (at both low and high pH) and "capping"
Line broadeningof 23Naspectrasuggests the binding ligands bound to the open ends of the bridgeduranyl
of sodium ions by the uranyl-MDPA complexes cations, lt is conceivable thatmore thanone bridging
(many of which have high formal negative charges), ligand could be present in a given polynuclear
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complex, but the NMR results requirethat any such 0005
arrangement must be one of high symmetry to "W_ ._
account for the relative paucity of phos_ envi- . 0004
ronments. The line broodening in thf' 23Na NMR _

results strongly suggests the existenc' of ternary _ 0003

complexes at highpH. _ 0002

O' '/ \ "* _m**n* ,t

/ P"O...ii/.o"P_cu 6,.723.0 _)".-'''-'''_""H2C,_ n...U_o.,j ,_ ppm 00013

_J -- II II,.O,_ li .t _ in _L t (_t_ex. ., I._\,,to-- . -,,-- 27.2 '_,_,k_ ,*',_ _ --_

O O ,_._ ,,,_t, ,t •

Figure X-4. Probable s_rucmres for uranyl.MDPA "_ •m

complexes in the pH 2-11 range. (Free ligand "_ -_) •
resonance at =17.0 plan.)

-40
a_

Figure X-5. Top: species-distribution curve for .50 , , , , , , , , '
enthalpy titration experiments at 0.005 M uranyl, 3 4 5 6 .7 8 O 10 |l t2
O.01 M MDPA;bottom: observed heats per mole of pn
uranyl with probable contributing reactions.

D. Kinetics of UrsnyI-Diphosphonste Comploxstion in Acidic Solutions
I. C, 5ullivml, K. L. Nash

There are a few reportsof the kinetics of com- the disappearanceof the uranyl-arsenazo(III)com-
plexation of f elements for a numberof ligand sys- plex(es). Thekineticdatawere interpretedin termsof
terns, but insufficient results have been reported to a firstorderapwoach to equih'orium:
permit much systematic analysis of the data. To kf
complement our studies of complexation thermody- UO22+ + H3L" _'_ UO2H2L + H+ , (8)
namics, we have al_ attempted to investigate the kr
kinetics of metal-ion complexation reactions for where H3L"is the dominantform of the free diphos-
amenablesystems, phon_ ligand.Theoverallrateequationhasriteform:

One system moderately well characterizedwith
R = kf[UO22+][H3L']- kd[H+][UO2H2L]. (9)

respect to species and stabilityis the complexationof
uranylby 1,1-, and 1,2-diphosphonic acids in acidic Determinationof both forwardand reverse rate con-
solutions. Complexation reactions of the f elements stants was accomplishedas a ftmction of temp.
occurwith millisecondlifetimes suitablefor stopped- Thecomplete data set permits elucidation of not only
flow spectrophotometry. Our investigation of the rate and activation parametegsl,but also equilibrium
uranyldiphosphonatesystemwas accomplishedusing and thermodynamic parameters. The activation
arsenazo(iii) (2,2'-(l,8-dihydroxy-3,6-disuifonaptha- entropies for both complex formation and acid-
lene-2,7-bisazo)bisben_encarsonicacid) as a compet- promoted dissociation reactions are negative,
ing ligand. Arsenazo(III)forms colored complexes consistent with an associative mechanism. The

with tmmyl in acidic solutions, and formscomplexes thermodynamicparametersderived from the kinetic
comparablein stability to thediphosphonates, data are unique,as they proved inaccessible to mote

The experiments were conducted by mixing conventional determination.They are, however, con-
uranyi-arsenaz_(Ill) solutions with diphospbonate sistentwith earlierdatafor relatedcomplexes.
solutions of varying concentrations and monitoring
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E. Molecular Mechanics Calculations for f Blement Complexes
K. L. Nash

Computer modeling can be of great utility in Fortunately,molecularmechanics programspro-
facilitatingour abilityto design new complexantsfor vide for the opportunity to alter or supplement the
lanthanideand actinide metal ions. Previous investi- parametersrequiredfor the minimizationroutine.We
gations haveestablished the utility of such analyses, have introducedapprowiatecoordinationgeometries,
forexample, in the explanationof the complex stabil- new atom types, and the appropriateconstraints for
ity of various europium-polycarboxylatecomplexes, europium and uranyl as representative trivaient and
For calculations involving the f elements, the param- hexavalentf elements for Alchemy TMmodeling stud-
etersincorporatedin programslike Alchemy TMarenot ius. Testing and adjustment of the parameters are
adequatefor modelingtheircoonlin_on chemistry.In being done by comparing rite results from energy
solution, f elements typically demonstratecoordina- minimization with knowncrystalstructures,but rule-
rien numbersof 8-10 and are stronglyhydrated.The rant datafor dimensions in aqueoussolutionsarealso
penta- and hexavalent actinides exist in most solu- considered.Work is underwayto correlatemolecular
tions as the linear dioxocations (e.g., O-U-O2+ for mechanics with thermodynamicdatato funh_ estab-
uranyl(VI)). These physical constraints require the lish the foundationof this work.
modificationof thedatatablesused by theprogram.

F. Thermal/Oxidative Instability of Complexants/Complexes
K. L. Nash, E. H. Appolman, P. G. Rickcrt

Though metal ion _omplexants serve a useful The objective of this sut_tsk is to determine the
function in a varietyof areas,manyof the most com- ratesand mechanism of the decomposition reactions
men complexantspersist long aftertheirusefulness is of representativeligands,to correlatestructuralcharac-
ended. This resistance to degradationin the environ- teristics of the complexants with theirease of oxida-
ment has contributed to significant waste-disposal rien, and to develop genetic proceduresfor bemuse-
problems and even to potential safety hazaudsboth neous decomposition of chelating agents and their
within andoutside of the DOE complex, lt is toward metal complexes. We seek to establish the basic
the fundamentalchemistryof such problems that the chemistry so that two goals canbe realized: (1) to
nextaspect of this programis directed, devise oxidation proceduresthatare inherentlyclean,

SeveralClass A thermallyunstablecomplexants, thatis, they do notexacerbateexisting waste-disposal
basedon gem-diphosphonicacids,have beenprepared problemsor create new ones, and (2) to enhance our
and tested for their thermal instability. We have ability to design controllable instability into useful
observed thatthe relative easeof decompositionof the complexants.
diphosphonates is (in order of increasing ease of
decomposition): 1. Nitric Acid Oxidation of Vinylidene-

MDPA < HEDPA< VDPA< DHEDPA<<CHMDPA, 1, l-diphosphoaic Acid P. O. Rickert,
K. L. Nash

(DHEDPA:1,2-dihydroxyetlmne-l,l<liphosphonicacid;
CHMDPA:carboxyhydroxymethane-l,l-diphosphonic We have completed an investigation of the

acid). Theseligandsrequire,respectively,4, 4, 4, 3, and decomposition kinetics of VDPA by HNO3 at ele-
I equivalentsper carbonatom for complete oxidation vated temperature. The progress of the reaction has
to CO2andH3PO3. VDPA, DHEDPA, and_A been monitoredby NMR spectroscopy (lH, 3lp, and
decompose spontaneouslyin acidic solutionsat room 13C, as necessary) whereas the gaseous products
temperature, though at different rates, whereas (CO2, CO, N20, NO, etc.) were identified by
HEDPA and MDPA are resistant to oxidation, collection oft hereaction gases for mass_tric
Clearly,theobserveddifferencesinpersistencedepend analysis. Several importantintermediates (carboxylic
uponboth kineticandthermodynamicfactors, acids andphosphonicacids) have beenidentifw,d, and
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some details of the complex decomposition pathway results reported previously indicated that HEDPA
elucidated, could be oxidized at elevated temperaturesby hydro-

In the range of 60-80 °C and 6.0-8.0 M nitric gen peroxide in the presence of catalyticquantitiesof
acid, VDPA is quantitativelydecomposedin less than vanadium compounds. We have recently begun to
24 hrs by a complex reactionpathway. For the first examinethe reactionin greaterdetail,with the goal of
half-fife, VDPA is convened to a second diphospho- obtaining an in-depth understandingof the reaction
nic acid via a first-orderwocess, lH NMR spec- mechanism.
troscopy establishes that this intermediate is A preliminary survey of iron, selenium,
apparentlya simple hydrolysis productof VDPA, 2- osmium, molybdenum, tungsten, and vanadium as
hydmxyethane-l,l-dipl_ic acid. The activation potentialcatalystsindicatedthatonly the lastwas par-
energy(Es)for the first-orderhydrolysisreactionis 19 ticularly effective. In a typical reaction of 0.3 M
kcal/mol.The reactionis second ogderin [HNO3]. HEDPA with 0.1 M H202 at 50 °C in 1 M HCIO4

After the f'n'sthalf conversion is complete, the with 0.001 M VO2CIO4 present as a catalyst, the
rateof disappearanceof VDPA fromthe solutioncon- reaction proceededwith an initial half-timeof about
t/noes by a zero-orderprocess that is morerapidthan 40 min. One mole of phosphoricacid was produced
the originalreaction.Gaseous reactionproductsCO2, forevery two moles of hydrogenperoxideconsumed.
CO, NO, N20, and N2 are produced in the second The immediate direct attack on the phosphonate
stage of the conversion reaction.No gaseousproducts functionalityis in contrastwith the nitricacid oxida-
areobserved in the first stage of the reaction.Simul- tion of VDPA.
taneousiy with the evolution of gaseous decomposi- The reaction order with respect to H202 was
tion products, the firstevidence for H3PO4is seen in intermediatebetween 0 and 1. The course of individ-
the NMR spectrum. Both VDPA and the hydrolysis ual reactionswas fit by the f3110wingmodel:
productare decomposed in this stage of the reaction
sequence. The oxidation of VDPA can be induced fast
without the first-order induction period by the intro- VO2+ + H202 -* VO(O2)+ + 2H+ , (10)
ductionofethanol,NANO2,andNO2 orNO gases.

K

2. Vanadimn-catalyzed Oxidation of 1- VO(O_+ + H202 I," VO(O2)2"+ 2H+ , (11)

Hydroxyethsae-l,l-dlphosphonlc Acld k
01BDPA) by Hydro|en Peroxide VO(O2)2"+ HEDPA -- products+ VO2+ . (12)
E. H. Appe/man,A.W. Jache

However,analysisofmultipleexperimentsdoesnot
As apotentialTUCS reagent,HEDPA represents quantitativelyfitthemodel.The dependenceof

a moredifficultcase.Thoughitscomplexeswiththe reactionrateon vanadiumconcentrationisgreater

f elements are generallystronger, it is much moredif- thanpredicted,whereasthe dependence on [HEDPA]
ficult to decompose, lt is resistant to oxidation by and [H+] is substantiallyless thanpredicted.Further
HNO3, having served the role of internalstandardin refinementof the modelwill obviously be required.
the previous investigation of VDPA decomposition lt is also apparent from changes in the visible
kinetics.Earlierresearchhas establishedthatHEDPA absorptionspectraof the solutions that the vanadium

can be decomposedunder relatively mild conditions ions arenot simple aquo species,but are being com-
by hydrogen peroxide. Pursuant to our continuing plexed by the HEDPA. Speciation of the VO2+-
studies of practical means of oxidatively degrading HEDPA system has not been investigated. Further
diphosphonicacid chelatingagents, we havebegun to development of this kinetic study may include
examine thekinetic detailsof thereactionof hydrogen attemptsto "lock in" the form of the vanadiumspe-
peroxide with HEDPA. cies by introducingthevanadiumas a preformedcom-

HEDPA is one of the presentTUCS compounds plex with a strongly binding or substitution-inert
less readily degradable, as its structureprovides no ligand.
easy point of aRuck for an oxidanL Preliminary
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pp. 347-391
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TUCS: A NEW CLASS OF AQUEOUS COMPLEXINGAGENTS FORUSE IN SOLVENTEXTRACTION
PROCESSES
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Solvent Exu'action1990, T. Sekine, Ed., 1990, pp. 357-362
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CARBONATE SOLUTIONS

B. E. Stout*, G. R. Choppin*, and J. C. Sullivan
TransuraniumElements:A HalfCentury,Chapter23, L. R. Morss and J. Fuger, Eds., 1991
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THERMALINSTABILITY OFTHELIGANDS,AND APPLICATIONSIN ACTINIDE SEPARATIONS

K. L. Na,shand P. G. Rickcrt
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SEPARATION CHEMISTRY FOR LANTHANIDES AND TRIVALENT ACTINIDES (review)
K. L. Nash

_mdb¢ok for the Physics and Chonisgry of the R_pr_Earth_ (in press)
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A KINETIC STUDY OF THE REDUCTION OF Np(V0 AND Pu(VI) IN CARBONATE MEDIA BY TRIS [I,2-
BIS(DIMETHYLPHOSPHINO)ETHANE]COMPLEXESOF Tc(l) AND Re(I)
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COLLABORATIONS

G. R. Choppin, Ronda State University, Tailahassee
The thermodynamicsof complex formationreactionsof lanthanideandactinidemetal ions with chelatingagents that
formstrongcomplexes in acidic solutionsareinvestigatedby calorimetryandlmet fluores_nce.Theresults of such
studies provide insights into the coordinationgeometriesof the complexes and aid in the design of more efficient
chelatingagents.

D. D. Ensor and E. Lisic, Tennessee Technological Univenity, Cookcville
Synthesisof new chelating agents designed to enhancecomplex strengthand solubility areprepared,andthe ability
of these complexants for sequestering transitionmetalsare evaluated. These studies directly impact our ability to
preparenewcompoundsandto testfor theircomplexationefficiency throughoutthe periodictable.

J.L. Rim, Institute of Radiochemistry,TechnicalUniversityof Munich, Omnany
A collaborativeprogramonthechemistryantiphysicsof actinideelement&,primarilyinsolution,underconditions
relevanttoenvironmentalandradioactivewastestorageisbeingpursued.Emphasisiscurrentlypl_cedon thebehev-
ior of Hp,Pu, andAm.

*Not affiliatedwith the ChemistryDivisionor affiliatedon a temporarybasis.



185

i !i! i i!iiiiiiiiiiiiiiiiiiiiiiii!i

The excited electronicstatepropertiesof actinide physics of excited 5f-electron states in crystallineand
ions agethe centralfocus of this effort. We carryout amorphous fluoride-containingphases.These phases
complementary experimental and theoretical investi- arebeing probedusing laser-basedmethodsand theo-
gations thatstrive to achieve a wedictive underst_md- retical modeling whileconctment spectroscopicinves-
ing of the consequences of f-state excitation. We tigationsarebeing pursuedacross the actinide series.
examine a variety of excited state processes such as Our research impacts nuclear waste management
luminescence and nonradiative decay to lattice efforts and addresses such fundamental areas of f-
phonons, but emphasize unusual or novel processes element science as dynamical aspects of structural
such as photoinduced site distortion and excitation inhomogeneity, ion-ligand and ion-ion interactions,
line narrowing. Present emphasis is on the photo- andnonlinearexcited statedynamics.

A. Photophysics of 4+ Actinide Ions in CeF4
G. K. Liu, J. V. Beitz, C. W. Williams, W. 7".Carnall,J. Huang

Inhomogeneous broadening in the solid state dopantion and its local environment.Supportfor this
spectroscopy of dilute ions in solid phases is gener- hypothesis is found in the relationship of the widths
ally attributed to variation in the local environment of 5f-5f transitionsthatwe have observedwith litera-
around a given ion. Due to the resulting increased ture values for the ionic radii of 4+ actinide ions:
linewidth, inhomogeneous broadening has usually decreasing ionic radius correlates with increasing
been considered an impediment to detailed energy iinewidth.Ourcurrentworkhas focused on investiga-
level structureor homogeneous finewidth determina- tion of an unusualphenomenon, excitation line nar-
tions.A varietyof techniqueshavebeen developed to rowing, in 5f-state transitions of Cf4+ doped into
minimize or eliminate the static effects of inhomoge- CEF4, and on related nonresonantfluorescence line
neous broadening, but application of these methods narrowingandspectralholeburningstudies.
has given rise to new questions with respect to the We use the termexcitation line narrowing (ELN)
effects of structural inhomogeneity on the excited to denote observationof reducedexcitationlinewidths
statedynamics of ions in solids. Consequently,atten- when selectively monitoring fluorescence emission.
tion has focused on the microscopic nature of This effect previously had been reported only for
inhomogeneousbroadening, organic molecules in glassy hosts where the wide

The relatively localized nature of 5f states of rangeof local environmentsprecludeddetailed analy-
actinideions and the wide rangeof ionic radiiof such sis. An example of ELN observedin Cf4+ in CeF4 is
ions provide a unique opportunity for investigating shown in FigureXI-1. A linearrelation was observed

the.nature of inhomogeneous broadening. We are between the excitation energiesof crystal field states
exploiting this opportunityin systematic_'_periments of the 5G4, manifold of Cf4+ and the fluorescence
involving t,:travalent actinide ions. We employ wavelengths of the lower lying 5G6, state. Analysis
photoexcit_tion to perturb as well as probe the of these results by means of our extension of a
actinide dopantion and its interactionwith surround- microscopic theory of inhomogeneousbroadeningby
ing ions. Ourworking hypothesis is that differences LairdandSkineerhas providedinsightsinto the struc-
betweenthe ionic radiusof the actinidedopantion and turalpropertiesof Cf4+ in CEF4.For example, deter-
the host metal ion influence the stability of the minationthattheratioofmeasugedexcitationl_width



186

for the contribution of spectral diffusion to the
observed linewidths. Observationof persistentspec-

_ tral holes is attributedto photoinducedsite distortion

/__I (i.e., a change in the local envkonment surrounding

"-" Cf4+followingopticalexcitation).Thephotoinduced¢,n

"_ t site distortion was stable below 80 K and was
= _ reversedat highertemperatureby thermalactivation.

"_ . _ We firstobserved photoinduc_ site distortionin_u
--_ / _ 5f electronic states of Cm4+ in CeF4 and subse-

>" [ _ quently found evidence of this effect in Bk4+ in
cn / CEF4. Our observations to date are consistent with

-- "'_ / ,:"\___X thehypothesisthattheionicrsdiusofthedopantion

relative to that of the host metal ion in CeF4 influ-

[,..x _, ences the stability of the dopant ion and its local

_..,i.._:_ i,._., /__ environment.We havebegun opticalstudieson

. Am3+ in a hydroxidephase to testthe applicabilityof

-_,_" these methods to materials such as synthetic waste
20250 20300 20350 20400 forms and mineralized phases likely to form as

WAVE NUMBER (cm "1) actinides migratein thegeosphem.

FigureXI-1. Excitationspectraof thelowestlyingcom-
ponentsof the So4. stateof Cf4+ in CeF4 at 12 K. The
brokencurve it the spectrmnwith site remlution.The
clashedcurveshowsthe =pectrumof Cf4+ on theC2 site
andthe mlid curve it the correspondingexcitationline
ntrrowedspectrum.

o_
c

and the slope of the line shift is a constant equal to
the linewidlh of the emission line not only provides _ :'>- I

evidence that the perturbationof the energies of the _"tr)

two states is linearly correlated_tt also _ zkM
l--

toonelimitof the microscopictheory. _z I

Persistent spectral holes, readily evident in ..,
FigureXI-2, were burnedin inhomogoneouslybroad- \ened 5f-5f transitionsof Cf4+. In addition to a reso-
nanthole, satellite holes were observed in transitions ,. .......................
to differentelectronic states.The presenceof setellite 2o25o 2osoo 2o3so 2o4oo
holes provides definitive evidence of correlation WAVENUMBER(cm"1)

between energylevels of Cf4+ in an inhomogeneous Figure XI-2. Fluorescenceexcitation spectrashowing
environment.Analysis of these spectralholes estab- epectrslholes burntin the 5G4. state bandsof Cf 4+ in

CeF4 at 12 K. The dashedcurveis thespectrumbefore
lished the homogeneous iinewidth of several crystal high-intensitylaser excitation at 20293 cm'l; rite solid
field transitions of Cf4+ and evidence was obtained line curveis the spectrumaftersuchexcitation.

B. Spectra and Dynamics of Trivalent Actinide Ions in Fluoride Phases

J. V. Beitz. G. K. Liu. C. W. Williams. L. R. Morss. SV.T. Cartmll, R. 7".Brundage

Much interest currently exists concerning the OIMFG) containing LaF3. This interest arises from
properties of 4f electronic states of trivalent Ian- the high degree to which such glasses suppress 4f
thanides (Lh3+) in heavy metal fluoride glasses state nonradiative decay, demonstrated technical
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methods of drawingoptical fibers fromsuch glasses, of its excited 5f states. Lifetimes rangingfrom 1.6 to
and observationof opticalgain at near-infraredwave- 2.5 ms were observedwhen fitting the long time por-
lengths of interest in telecommunication. In prinei- tion of the observed fluorescence decay of the SF5,
pie, trivalentactinide(An3+) ions canprovidedistinct state of Es3+ in LaF3 to a single exponential decay.
advantagesoverLn3+-dopedHMFG decto thegener- Thesevaluesarein goodagreementwith the2.4 ms
ally moreopenenergylevelstructureof low-lyingf purelyradiativelifetime of the 5F5, stateof aquo
statesof An3+ ionsandthetypicallyorder-of-magni- Es3+calculatedfromJudd-Ofelttheory.A preliminary
tude-larger absorption cross-sections of An3+ ions. crystal field analysis of the observed bands has been
An additional motivation for this work comes from carriedout (see Figure XI-3). As might be expected
the largeamountsof radioactivelycontaminatedwaste from comparison of the energy-level structureof 4f
containing metal fluorides at DOE productionfacili- states of trivalent lanthanideions in LaCI3and LaF3,
ties. If such waste is converted to heavy metal fluo- the centers of gravity of 5f states of Es3+ are rela-
ride glass for storage, the spectroscopic and photo- tively insensitive to the host (LaCI3 or LaF3), but
physical informationgained in ourcurrentworkwill largercrystal field splitting is found in LaF3. These
wove of considerablevalue in waste formcharacteri- results provide a firm basis for future systematic
zation, investigation of the euergy-level structure of An3+

We are collaborating with R. Brundage ions in LaF3. In addition, this work and recent sys-
(MacalesterCollege)in studies of An3+-dopedHMFG. tematic investigations of the 5f states of An3+ ions
This effort has wovided the first evidence thatnon- in LaCI3will aid in estimatingthe energy-level struc-
radiativedecay of 5f statesof An3+ ions in HMFGis tureof lighter An3+ ions doped into LaF3 and heavy
suppressedto much the same degree as is the case for metal fluorideglassescontainingLaF3.
4f states of Ln3+ in HMFG. However, the compara-
tively broad5f-stateabsorptionandflutgew,ear,e bands
of An3+ionsinHMFG preventedaccuratedetermina- 2sooo_ _r= _F,

SG5 _G_ ifr
tion of 5f-state energy-level structure. To provide ,r, ........ _F_

_1r sf3

benchmarkdata for An3+ ionsin fluoridephases,we .-.20000eK5c,---- ss, _ 'Ko.'G,_ %,,r,

have undertakenthe firstdetailed studyof the 5f-state 'E % % '" ...... ,_-,
energy-level structureof a trivalent actinide ion in _ 15000 sr,
crystalline latF3. In additionto being a componentof _ % ------- %---'---
most heavymetal fluoride glasses of currentinterest, E_ % _ SD, ", .--..---- 'O,

cpc t0000 ............ _ 5Fs sf5

LaF3has long beenused as a carri_r in radiochemical
separationsandhas servedas thehost forNd3+ lasing * 5000 _

in thevacuumultraviolet.Our studyinvolveda few
microgramsof 253Esandnecessarilyinvolvedrapid

0 slc _1o

samplepreparationanddata collectiondueto the Es3*:LoCI5 OBSERVED PRELIM.CRYSTAL
20.47dayhalf.lifeof 253Es. (w.Cornoll. inpress) BANDS FIELDCALC.

Es 5+:LAV 3 Es s*:LOF

Time-andwavelength-resolvedlaser-inducedfluo-
rescencemethodswere employedin resolvingthe FigureXI-3. Comparisonof the5f-statecrystalfield

levels of Es3+ in LaC!3, the extentof observedpurely
groundstatesplitting of Es3+ in LaF3and determina- electronic bands of Es3+ in LaF3, and a preliminary
tion of the energiesof crystal field componentsof six calculationof thecrystalfieldlevels of Es3+in I_,F3.
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G. K. Liu, J. V. Beitz, and W. T. Camall*
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G. K. Liu andJ. V. Beitz

TransuraniumElements:A Half Centro3,, L. R. Morssand J. Fuger, Eds., AmericanChemical Society,
Washington, D. C., 1992, Chapter19, pp. 187-194
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G. K. Lie, J. Huang*, andJ. V. Beitz
Phys. Rev. B (1992)

COLLABORATIONS

Y. Huam8,Umiversityof Wiscomsinat Eau Claire
Spectraanddynamicsof 5f statesof actinide ions in solid phases arebeing determinedusingtime- and wavelength-
resolved laser-inducedfluorescence. Currentemphasis is on studies of trivalentactinide ions on sites of moderate
symmetry.

H. F. Brito, Uaiwrsidace de Sao Paulo,Brazil

A collaborativestudyon the spec_ of actinideand lanthanideions is being made to define crystal fieldparmne-
tem.The molarenthalpiesof selected lanthanidesesquioxidesarebeing determinedin calorimetricstudies.

R. T. BrMdage, Macalester College, St. Paul, MN

Investigmim of the optical propertiesof actinide-dopedamorphousphases is in Wog_ss. Staticanddynamic q_tical
propertiesof these nmtedalsarebeing probedusing laser-ba._ methodsto determinethe effects of systematicvaria-
tion of glass composition,temperature,anddopantcotr_n_rafion.

*Not affiliatedwiththe ChemistryDivisionor affiliatedon a tem_ basis.
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The emphasis of this programis on the exploita- tion states, large angular momentum of the valence
tion of the uniqueelectronicandbondingcharacteris- electrons, and a radial distributionof the Sf-valence
tics of f electrons to furtheran _ng of basic orbitals thatmakes them behave sometimes as local-

propertiesof the heavy elements importantto energy- izcd and someOmcsasdelocalized. Althoughnotwell
relatedprocesses in such diverse fields as wasteman- understood,it is this latterfeaturethatmanifests itself
agement and superconductivity.Details of the elec- in some of the unusualbulkpropertiesthat have been
tronicstructureof f ions in a solid, such as their oxi- observed, such as anomalously large electronic effec-

clarion states, energy-level splittings, and bonding tive masses, lattice instabilities, electronically driven
characteristics,can have a profoundinfluenceon the phase transitions, superconductivity, and unusual
physical properties exhibited by the materials that magnetic properties. The f-electron elements have,
contain them. The 4f electrons are generally well therefore, been the focus of wide recent interest
localized, and provide a good experimental test for because of the need to understandthe fundamental
single-ion theories. The electronic and bonding mechanisms responsible for several potentiallytech-
properties of 5f electrons are intermediate between nologic_ly importantapplications. The ultimate goal
the valence electrons of transition-metalions and the of this work is a fundamentalandpredictive under-
localized 4f-lanthanide electrons. This intermediate standing of the role of an f element in determining
behavior is much harder to model, but provides an properties of solids, along with an ability to tailor
importantbridge for furtheringan understandingof compoundsto specific applications.Towardthis end.
subtlebonding effects, we have focused our efforts on the projects listed

The characteristicsthat the 5f electrons provide below.
for exploitation includea varietyof accessible oxida-

III

A. The Electronic Properties of Rare-Earth Ions in High-Tc Superconductors

L. $oderholm, C.-K. Loong, C. W. Willis.ms,J. $. Xuc

The new families of high-Tc superconducting experimental standpoint,we are interested in deter-
oxides afford thefirstopportunitiesto studythe mag- mining if there is any observable effect of super-
netic properties of systems in which the interatomic conductivity on the magnetic properties of the rare-
magnetic interactions are much smaller than those earth ions, and also to see if the standardsingle-ion
responsible for superconductivity,lt is importantto theoriesusedtoaccount for the magneticpropertiesof
understandthe magnetic properties of f elements in insulatorscan be used to characterizethese materials.
thewesence of superconductivityforseveral reasons, Unfortunately, the CuO sublattice renders these
in particular because some of the mechanisms samplesopaqueto visible light. Attemptsto probethe
recentlysuggested toaccountfor theCuO conduction- localized rare-earth f-energy levels by using UV-
hole superconductivity invoke magnetic interactions visible techniques have notsucceededbecause of the
to account for Cooper-pair formation. From a more overwhelmingabsorptionof light by the CuO states.

*Collaboratorfrom_aotherANLChemistryDivisiongroup.
**CollaboratorfrommotherANLdivision.
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We have overcome this problemby utilizing inela_ic TableXII-I.A comparisonof the_'ystal-fieldparameters
neutron scattering (INS) to probe the localize d f estimatedfromoursuperposifionmodelingandourbestfitto INS data.The model is a good approximationfor a
states. Unlike light, netltrons are scattered by an v_ety of oxidesthatwe havestudied,butdoe, notwell
interactionof their magnetic momentwith the local estimate experimentalresults in the orthophosphates,
moment on the rare earth.By measuring the energy indicatingfurtherworkis necessary.
lost (orgained) as a neutron passes throughthe sam- ErBa2Cu307 ErPO4
pie, informationis obtainedaboutboth the energyof SPModel Experiment SP Model Experiment

the localized statesand the transitionmatrixelements B40 -1852 -1942 614 390
connecting them. Unfortunately, for technical rea- B42 123 -4
sons, INS is limited to energy transfersof less than B44 1039 1338 1657 x14

about 250 meV, so that for the systems under study B60 595 458 -581 -696
here we can obtain information only about the B62 -1 -56

crystal-fieldsplittingof the Russell-Sannders ground B64 1254 1237 45 -62

multiplet. Depending on the magnetic transition B66 2 0
strengths connecting the various states within the
ground multiplet, this restrictioncan severely limit
the data available for analysis, lt should be noted, successfullyaccountedfor all the INS _ as well as
however, thatin termsof uaderstandingthe coopera- calculating the magnetic susceptibility and the elec-
tive behaviorof the superconductingsystem, it is the tronic specific heat arising from the rare_ sub-
low-temperatureelectronic behavior of the f element lattice. These calculated quantifies agree well with
thatis of most inte_st to us here. data available in the literature, and provide helpful

Although INS provides information about the insight intothe interpretationof these bulkproperties.
energy-level spacing within the Russell-Saunders The observed crystal-field transitions in the super-
ground term, there are often insufficient data to conductor Prl.85Ce.15CuO4 shift to slightly lower

uniquely determine the electrcmic properties of the energies and are broadened relative to the parent,
rare-earthion. To determine the correctcrystal-field nonsuperconductingmaterial. These changes can be
scheme from the limited data, we have developed adequatelyunderstood in termsof the chemical dis-
software programs based on the superpositioning ordering about the rare-earthsite as a result of Ce4+
modeling ideas suggested several years ago by doping.Thiswork clearlydemonstratesthatthe elec-
Newman. These programs permit the determination tronic behavior of the rare-earth sublattice can be
of intrinsiccrystal-field parameters,obtained froma understood in terms of a simple, single-ion model.
well-characterized series of rare-earthgarnets, and There is no evidence thatthe superconductivityof the
their subsequenttransference to a rareearthin a site CuO sublattice is interfering with the magnetic
of interest. These c_culated values are then used as responseof the rare_ sublattice.

startingparametersfor a fit to the available data by There is no evidence of broadeningof the Pr3+

using our modification of the computer programs crystal-field transitions as a result of interactions of
developed by Crosswhite at ANL. Thismodeling has f-electron delocalization, or the localized Pr f states
workedvery well for oxide systems, asdemonstrated with the CuO conductionstates, as observed forPr in
by the examples listed in Table XII-I. Also included the nonsuperconductorPrB2Cu3OT.We understand
in Table XII-I is an example of the modelingapplied this difference,together with the very differentinflu-
to our work on phosphates, where the agreementis ence of Pr on the superconductivityin the two series
poor. Clearly, more work on the intrinsic parameter RBa2Cu307andI_,1.85Ce.15CuO4'as arisingfromthe
determination is necessary before we have a good different crystal-field environmentsof the two series.
basis for predicting the crystal-field influence on a In the former case, the Pr3+ has a pseudo-triplet
rareearthin a variety of environments, groundstate, whereasPr in Pr2CuO4 has an isolated

We have used this modeling Wocedure to pro- singletgroundstate.The isolated natureof thesinglet
vide a set of startingcrystal-field parametersfor the groundstatedoes notpermitany spin-flipinteractions
superconductingmaterialsR2.xCexCuO4(R = Pr,Nd; with theCuOconductionelectronswithin kT, whereas
x = 0, 0.15). Using these parameters,and the limited this spin-flipping appears to occur in PrBa2Cu3OT,
data available from our INS experiments, we have and we suggestthatit suppressessuperconductivity.
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The work on undegstandingthe role select f ions terns, includingthe P_Sr2RCu308 series. This effort
play in the s_on of superconductivityis con- is providing information necessary to the overall
tinuing. We are examining the rare-earthelectronic understandingof the electronicbehaviorof rare-eanh-
woperties in a variety of othersuperconductingsys- containing,high-Tc superconductors.

IIIII I

B. The Blectmmic ud Mapetic 1_ of ILP04:"I_M04
L. Sodetho/m, C.-K. Looa&,M. M. Atm0mm,L. A. Brother,N. M. F,do/ste/n

The rare-earth orthophosphates, RPO4, have slly given to the higher energy states when fitting
been extensively studiedas possible ceramichosts for optical data. INS pmb_ only the low-lying states at
radioactive-wastestorage. During thecourse of these energies less than about4000 cm-1, whew_ optical
studies, it became clear that there are several basic spectroscopy is optimized for measurements of the
aspects of the eleetmttic behavior of these materials high_nm'gy levels with good resolution, lt is well
that make them unusually interesting. For example, known that fits to optical data often do not well
the lattice provides a good host for studying and reproduceIow-temlgratmeWoperties, such as mag-
modeling the mag_tic interactionsthatleadto long- netic susceptibility.There has been some questionas
range ordering. Also, the rare-eJu_ luminescence to whether there is some fundamental difference

in this host make thempotentialphosphors between optical datareal other, lower energy tech-
or laser matmials.With the outstandingneed for new niquessuch as INS. For example, some expansion in
phosphors for detector technology, we decided to the radialpartof the wavefunction is to be expected
focus someattentionon thestudyof the rare-earth with increasing energy of the excited state. Also,
electronic _ in these phosphate hosts. This there should be more admixture of higher energy
woject fits in wed with ouroverall woggmn because configurations into the higher energy states. Neither
it provides a new _ity to lest some of the of these effects aredirectly included whenfitting the
methodology thatwe developed for thehigh-Tc oxide optical data. Our method of fitting the INS data
nmtaials. The rareearthsin the phosphatesstill have weighs more heavily the lower energy transitions,
oxygens as near-neighbors,but the PO43-anions pro- and the fact that lhc overall fit is better than previ-
vide bonding different enough that our modeling ously reportedshows that, at least in this case, thege
ideas will have to be expanded, m shown by the is no need to invoke any othercontributions,such m

exm_le in Table XII-I. f-electrondelocalizt2ion, to the fitting of the crystal-
We d_.ded to begin this programby investigat- field parameters. The eigenfunctions and energy

ing the energy levels of Tnt in TmPO4. There are levels obtained by this method well reproduceboth
extensive optical,Rmnan,andresonanceRamandm the average magnetic susceptibility and the low-
availablein the lilemture to aid in oer initial studies, temperatureheat capacity, We arc not aware of any
We collected INS dataat two tem_, andsev- experimental data for the susceptibility of single-
oral incident energies, in _ to get an overall pic- crystal TmPO4in the literature,but thereare reports
tureof the magnetic response of the Tm. We were on large anisotropic magnetic interactionsin TmPO4
able to resolveali of the possible 13statesof the 3146 at low temps thatmay be rexponsible for the
Russell-Smmdas groundmultiplet.Symmetrieswere anomalies in the observed EPR spectrum and the
assigned to the observod trmmitionswith the aid of measuredelastic constants.

pmunet_, in partbecaag our attemlaSat There are some very interesting discrepancies
_tion modeling did net provide us with a betweenour INS resultsandthe dataobtainedby res-
good enough estimate to proceed. Surp_ingly, the onance Raman spectroscopy.The absence of the
optical and Rmnan dataprovided only a poor model expected transitions around250 cm-1 in electronic
of oer INS dm as weil, and fitting the pmmnetcrsto Ramanscattering for both diluted Tnt3+ in LuPO4

oer dataresulted in an agreement better tlumany of and pure TmPO4 is in contradiction to the strong
those previously re_ This improvement in fit intensifiesprcdictedfor these transitionsby the Judd-
over the fit to the optical and Raman data can be Ofelt theory. Electronic Raman scattering for rare-
explained in partby the heavy weighting that is usu- earthions in solids involves transitionsfroman initial
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Mfu,m) to a final ¼la,n) statevia excited intemedi- pie crystal-fieldmodel thatutilizesonly contributions
ate states [4fn'l,#). The scatteringamplitude givon from an £n configuration. This agreement implies
by second-order perturbation theory involves an thatthe woblem in understandingRamanintensities
_ntractablesumover the complex intermediatestates, does not involve the ground-statewavefunctions,but
The Judd-Ofelt approximation employs a closure rathercontributionsfromthe virtualexcited states.
relation to performa p_gewisc summation ova sub- We have demonstratedherefor the first time the
groupsof nonintomcfing intermediatestates, usually benefit of considering simultanemmlyboth neutron
assumed to be statesof the 4fn-l.Sd configuration.A and optical data in a crystal-field analysis. We will
serious inconsiste_y exists between the observed continue to analyze the rare-onrthmagnetic excita-.
and expected symmetryratios of all three lowest I"5 tions in RPO4 using inelastic neutron scattering,
transition lines that has been used as reason to argue combined with other optical data, with the expecta-
thatintermediatestatesof thetype 4fwlg shouldalso tion of furtheringour knowledge about czystal-field
be included in the summation. Our results clearly modeling and low-temperature thermodynamic
demonstrate that the positions and intensities of the behaviors of f electronsin a varietyof environments.
statesat about250 cm"1are in _reemont with a slm-
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The accumulationof radioactivehigh-level liquid recruited for this task. The task force has been in
wastes in tanks at temporarystorage facilities of the operation for nearly two years and is expected to
Department of Energy poses some risks that are of complete its studies early in 1993.

muchconcernto the public in general and to DOE in The lw_ram undertakenby the task force was
particular.Some of these mixedwastes were found to divided into two main subtasks, the natureof which
generate mixturesof gases (primarilyI"12,N20) that was dictated by the milestones and goals of the spon-
may spontaneously ignite under certain conditions, sots of the woject. The goal of the first subtask was
The ChemistryDivision was requestedto identify the to determine the yields of gases produced upon the
role of radiation in the Woduction of hydrogen and radiolysis of simulated waste solutions and slurries,
other gases in waste tanks,and to develop a mecha- and to Wopose mechanisms for the generation of
nistic understanding of the buildup of hydrogen, these gases. The objective of the second subtask is to
nitrous oxide, andother, undesirable,gases in waste conduct computermodeling of predictivecapabilities
tanks. To address this woblem of national concern, of the radiationandthermalchemistryof the complex
the Division organized a task force composed of waste mixtures. The activities of these two subtasks
experts, mostly in the fields of radiation chemistry, are described below. The problem of retention of
colloid chemistry, and electron transfer;ali are staff gases by the slurrypanicles has also beenstudiedby
from established groups within the Division, thetaskforce, but will not be discussed here.
reinforced with technical assistance specifically

A. Radiolyflc and Thermal Generation of OMes

1. gndiolytic Yields been devised (2.27 M NaOH, 0.86 M NaAIO2, 2.22
M NANO2,and 2.79 M NANO3and organic chelators)

The goal of this suMaskcomponent is to exper- to mimic the actual solutions in the waste tanks.
imentaily determine the identity and quantity of the lt was found thatthe intensity of irradiation(dose
gases generated radiolytically or by radiolytically rate) has no effect on the yield of any of the gases
induced reactions in simulated waste. Together with except N20. Two mechanisms for the radiolytic gen-
the other subtask, this effort is expected to result in emtion of H2 were identified: (a) H2 is Woduced by
the formulation of a quantitative mechanistic under- directabsorptionof the radiationby waterand intra-
standingof the processesthatleadto the generationof or intersl_r radical-radicalreactions,and(b) H2 is we-
thegases. When needed,quantitativeinformationcon- duced by hydrogen abstraction,reaction 1, from the

ceming the parameters that control the mechanisms H + RH -- H2 + R (1)
(e.g., rateconstants,initialyields of radicals, etc.) are
determinedandarethenutilizedas input parametersto organic constituents of the waste. The Cn'stmecha-
thecomputationsdescribedbelow, nism accounts for G(H2)=0.031. The secondsource,

Simulatedwaste solutions were irradiatedin ser- notably reaction 1, may account for up to G(H2) =

end radiationsources availablein theChemistryDivi- 0.1, depending on concentrationand identityof the

sion, and the yields (expressedas G values in unitsof organiccompoundsin the wastes. Both the identity
molecules per 100 eV) of gases determined gas- andconcentrationsofmost oftheorganiccompounds
chromatographically. A standardwaste solution has in the tanks are presently unknown. Rate constants
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for reaction 1 for several likely organic constituents decreasedto ca. half theirvalues in thecorresponding
in the wastesolutionsunderconditionsrelevantto the homogeneous simulant. This is due to partial trap-
actualwastehavebeen determinedandme sum_ pingof the radiolyticallyproducedspecies within the
in Table Xlll-l. Comparison with literaturevalues solid particles.Raising the temperatureof the slurry
(last column, Table Xlll-l) shows that the ratecon- to 60 °C restores the yield to nearlythe same level as
stants are strongly dependenton the pH of the solu- in the homogeneous solution. At higher temperature,
tion. With these rateconstants,and utilizingradiation the solubility of many of the slurry components
chemical models for the radiolysis of water,one can increasesandtrappingin thesolids decreases.
compute the yields of H2 expected under various
scenarios. ' 2. Radiolytic Degradation of Organics

Table XIII-I: Rateconstan_,forhydrogenabsUr_tion The composition of the organic compounds in
(reaction1) st 30 and60 _= the waste tanks is presently unknown. The organics

10"9×kl 10"9×kl 10_x kl that were fed into the tanks were mostly organic
st 30 _ st 60 'aC E at 25 'lC chelators (EDTA, HEDTA, etc.). In an attempt to

RH M-1 s-1 M-1 s-1 kcal _1"t andst identify the fate and consequences of long-term stor-
pH 1

(literature age of these organic compounds underthe irradiation
value) field, the yield of their destruction has been deter-

EDTA 1.2 2.7 5.4 0.065 mined. A yield of G(-RH) > 2.9 has been determined
HEDTA 1.4 1.6 0.9 for EDTAand HEDTA (at 0.065 M each) whereas a

NTA 0.6 1.3 5.2 0.0075 yield of G(-RH) < 0.3 was determined for citrate (at
0.1 M). Thus, only a negligible amountof the origi-IDA 0.55 0.85 2.9 0.00040

Glycolate 0.14 nal chelatorsshould remain in a tankaftera few years
of storage.Analysisof tankcore samples,specifically

Citrate ,,0.007 -0.02 7.1 0.00043 designed to check this point, confirmed our predic-
OH"a 0.033 0.13 9.2 lion. More importantly,the productsof theradiolytic_iAll reactionrate constants"inthe tablewere measured
using the competitionmethodfollowing yields of H2 degradationwere found to be more efficient in ther-
relativeto the reactionof H withOH'. Solutionscon- mally producingH2 andN20 than theoriginal chela-
rained0.1 M NaOH,1 mMNANO3,and 1M NaCI. togs.The dependenceof the rateof thermal ge_

o_H2on thedose of preirradiationis shown in Figure
XIII-I. Given thatthe rate declines withstoragetimes

In thepresenceof theorganic substrates,given in in excess of a few years, FigureXIII-I suggests that
Table Xlll-l, woduction of 02 (producedby thedirect radiolyticdestructionof the organic mattermay pro-
absmptionof radiationby NO_) is completely inhib- vide a remediationstrategy fm"the gas generation.
ited. In fact, 02 is destroyed with G(-O2) = 7.0, by

reactions with the organic radicals that are formed. 3. The Formaldehyde Reaction
This importantobservation implies that(32 is absent
fromthe gases generatedor retainedin thewaste tanks The results discussed in the previous section
and,therefore,neednot be of concent in the consuruc- show thata relatively long-lived intermediate(hours)
tion of flammabilitydiagrams.However,N20, which is generatedby radiolyticdegradationof the chelators.
is produced radiolytically andthermally, is an effec- This intermediateefficiently generates1-12,andefforts
tire oxidantand cansustainI-I2 burning, to determine its identitywere undertaken.Formalde-

The effect of temperature(the tempel_tturein the hyde andglyoxalateareknowndegradationproductsof
waste tanksreaches60 °C) on the yields of gases has the chelatorsandwere primecandidatesfor this inter-
been measured. In most cases, the yields of both 1"I2 mediate.We find thatformaldehydeindeed generates
andN20 increaseupon increasingthe temperatme.In H2 very ef _¢ientlyin highly alkaline solutions. The

slurries (nominally containing 2.3 M NaOH, 2.2 M rateandyiel, of H2 generationfromformaldehydeat
NaAIO2, 3.7 M NANO3,3.2 M NAN02, and 0.6 M several [OH-] are shown in Figure Xlll-2. Both the
Na2CO3 and the organic chelators), which simulate rate and yield increaseupon increasingthe hydroxide

some waste compositions, the yields at 30 °C are concentration.The rate also increaseson increasing
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Figure XIll-1. Rate of thermal generation of Hz at Figure XlH-2. H2 generation from 5 mM formaldehyde
60 °C u a function of dose of preirradiation. The solutions containing 1.0 M (triangles), 2.3 M (solid
dashed line indicates the rate in the tank. Standard squares), or 4.0 M (open squares)NaOH at 60 oC.
waste simulant containing 0.065 M HEDTA, EDTA,
and 0.1 M citrate.

4. Mechanisms of N20 Generation

theformaldehydeconcentrationbuttheyield,then, Inallcasesstudied,G(N20) isnearlyanorderof

dec_Bes. This is an indication that the H2 generation magnitude larger than G012). This contrastswith the

reaction competes with the well-known Cannizzaro situation in the waste tanks, where the ratio

reaction, which is second order in the aldehyde con- G(H2)/G(N20) is approximately unity.'One possible

ceMration. In ali cases studied, the rate and yield of explanation is that the concentration of N20 in the

I"12generation also increase on increasing the temper- tanks is much higher than in our experiments,leading
ature. Addition of aluminate, nitrate, and nitrite has to some destruction of N20 by secondary reactions.

only a minor effect on the reaction. Glyoxalate reacts So far, we have observed that: (a) organic substrates

similarly to formaldehyde, and it is likely that other are necessary for the production of N20; Co) the

aldehydes that do not contain hydrogen in the ct organic compounds do not necessarily have to contain

posit_on to the carbonyl will react in a similar lash- nitrogen moieties (e.g., glycolate); (c) the yield of

ion. The detailed mechanism of the H2 production N20 is nearly independent of [RH]; and (d) based on

reaclkm is presently under investigation; we speculate isotopic 1SN labeling experiments, none of the nitro-

that hydride transfer, similar to the Cannizzaro gen atoms in N20 come from the organic substrate.
reaction, is involved. There are many possible pathways from nitrite to

nitrous oxide under the radiolytic conditions (e.g., we

verified that hydroxylamine will efficiently generate

N20 in the waste simulants), but identifying the

exact mechanism will probably not be possible

within the lifetime of this project.
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B. Computer Modeling of Simulated Waste Solutions

I. Computation of H2 Yields 0.3

Because of the greatvariabilityin compositionof

the waste in various tanks,a computermodel of pre- _. 0 •

dictive capabilities was developed. The model will
allow rapidevalustion of theeffect of variousparame-
ters on radiolytic gas generation.A diffusion model, f_ 0.1
devei_ in the past to simulate the radiationchem-
istryof relatively dilute solutions, has been modified
to encompass the highly concentrated solutions 0.0
encountered in the waste under consideration by the
task force. This model simulates the three different 0 2 4 6

types of processes that occur immediately (10-13 s
and later) following the absorptionof radiationby a

solution: (a) recombinationreactionsamongradioly- kx[RH]xlO "e sec" 1
sisfragmentswithin spurs,Co)scavengingof these
fragmentsby solutes,and(c) diffusionof thefrag-
mentsout of the spurs.Pertinentto the chemistry in FigureXIll-3. Yieldof Hz as a functionof sate for theH-atomabstractionreactionfrom the organic solute.
the tanksarereactions I-4, which lead to the genera- Ali concentrationsof the inorganicsolute are the same
tion ofH2. as in thestandardsimulant.

H+H -" I"12 (2)

H20 during radiolysis. Even in the absence of organic
eki + e]tq --*" I"12 (3) compounds,thereactionscheme includeslg reactions.

The rate equations were solved using a conventional
eiq + H H_.20I"I2 (3) Gear.type integrator.The scheme does not address

reactions in the presenceof organicsbecause they are
RH + H --_ H2 + R" (1) unknown,but it does describe the relevantchemistry

in their absence. Results from such calculations are

A much largerset of reactions,which betterrewesent shown in Figure XlII.4. For ali cases studied, the
the Wocr_es in the tanks,was included in the actual steady-stateconcentrationof the various NOx radical
calculations.FigureXlll-3 shows the calculatedyield species will be in the 10-8 M range and the N2Ox
of H2 as a function of organic solutes, RH, in the conrcnlrations will be in the 10-12 M range. No
standardsimulant. The effect of RH is presented in re'Jultis presentedforN20 in the figurebecause none
this figure as kl × [RH] in units of s"1.As the con- Was obf_ined in the calculations. The depiction in

centrafionof RH (or the rate constant) increases,the NO_ andincreasein NO_ concentrationwill b_ small
formation(yield andrate)of H2 increases,due to the a_l <10% of the initial concentrationof NO'3could
increasedcontributionfromreaction 1. Fromthe val- have_.-_ depletedduringthe two decades of storage
nes of kl (e.g., Table XIII-I) one can calculate the in the tanks.The absence of N20 gas in Mc absence

expectedG(H2), providedthe identityof the chelators of organic compeonds was refUSe6 experimentally
andtheirconcentrationsareknown. (see section B.4) andt_.k core samplesshow, indeed,

that the nitrate and nitrite concentrations have not

2. Computation of the NOs System significantlychangedoverthe years.

The NOx system is very complicated because
severalstable,but reactive, ingegmedia_ are formed
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radiolysis of water will still remain. Addition of Addition of organic scavengers (at concentrations
chemicals to minimize generationof H2 (or to mini- above the few mM level) is not attractivedue to their
mize gas retention in the tanks) should be carefully deleterious effects (in particular,their effect on gas
thoughtout and testedpriorto execution in the field, retentionby slurrypanicles).

I I
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A. Bsc_sroud

The developmentof molecularelectronicdevices viable molecularelectronic devices.
is a rapidlygrowingenterwise thatseeks to use mole- Recent successful approachesto molecularelec-
cules as electronic switches, wires, microsensors for tronicdevices _.,_veconcentratedprimarilyon molecu-

chemical analysis, and optoelectronic components in lar wires, chemical sensors, and nonlinear optical
optical computing.The principaladvantagesof using (NI.O) polymers for switching and modulation.
molecules in these applications are high component Molecularwire research has focused mainly on con-
density, increased response speed, and high.energy ductive polymers, suchas polyacetylene, polypyrrole,
efficiency. The design and productionof encrgy-effi- andpolythiophene.These-low dimensional materials
cient,state-of-the-artek_tronicdevicesdependincreas- canbe doped to makethem highly conductive. Films
ingly on the ability to produce ever-higher densities of these materials are finding applicationas organic
of circuitelements within integratedcircuits.Contin- batteriesand e_ectrochromicdevices. Because thecon-
uing improvements in microfabrication techniques ductivityof these materials is very sensitive to chem-
have made 1 tun component sizes possible in semi- ical doping, electron donor-acceptormolecules have
condactormaterials.Thesesizes result in 4 Mbitcm-2 been attached to these polymers to modulate their
data-storagedensities. There has been a greatdeal of dopantlevel andtherebychangetheirconductivity.In
discussion regarding the possibility of increasingthe addition,thereis a significant literatureon polyarene

data-storage density to as much as 1018 bits cm-2 ladderpolymers and conductive polyimides that are
using molecular switches. However, such massive finding applicationboth as conductive materials and
size reductionwill most likely be limitedby quantum as (NLO)materials.
statisticalconsiderations,if reasonabledam-errorrates Chemicalsensors have been developed thatinter-
are to be maintained.Nevertheless, if light is used to facecrown ethers andothermolecules with molecular-
control molecular devices, the resultant advantages recognition properties to electronic devices such as
more than compensate for the statistical limitations field-effect transistors.The ability of one molecule to
on size reduction. Because energy- and electron- selectively recognize another is providing the basis
transferprocesses within molecules can takeplace on for developing practical molecular sensors. Optical
a picosecond time scale, it is possible to produce multiplexing has been demonstratedusing two-color
devices thatrespondvery rapidly.Althoughthewave- photon-gatedhole burningin electron donor-acceptor
length of light limits the spot size that can be molecules. In this work, narrow-frequencylasers are
ack_essedby a light beam, even for visible light this used to write and address informationin a matrix of
represents data densities of 2.5 × 109 bits cm"2. donor-acceptormoleculesat low temp.
Recent resultssuggest thatthreedimensionaladdress- Molecule-based optical switching research has
ing andthe use of excitonic waveguidescould greatly focused intensively on the preparationof polymers
increase this resolution. Anotheradvantage of using with NLO properties.Nonlinearoptical responsecan
light-driven molecular devices is the ability to per- be impartedto apolymer either by its intrinsicchem-
formoptical multiplexing, whereby light of specific ical structureor by appending organic molecules with
frequencies is used to selectively address molecular known NLO properties to preformed polymer back-
devices. Finally, employing high-quantumefficiency, bones. These polymers are finding application in
fast photodrivenprocesses will decreasethe heatload frequency conversion of light through second- and
producedby moleculardevices. Thisresults in a much third-ordernonlinearprocesses. Using these materials
moreenergy-efficient and reliable system.Theselatter in practicaldevices depends to a large extent on fred-
advantagesreadilymakeup for thesize considerations ing ways to deal with materialsproblemssuchas low
mentioned above and should result in economically solubilities andpoormechanicalproperties.
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Although there are a numberof theoreticaldis- duce arraysof electron-donormolecules in which the
cussions in the literature that strongly suggest that redox partnersarerigidly attached in specific spatial
electron-transfer reactions can form the basis for a arrangements relative to one another. Thus, photo-
molecularswitch, the design, synthesis, anddemon- excitation of a donor or acceptor will result in vectw
stration of such switches has not been forthcoming, rialelectrontransportto theredoxpartnersattachedto
We havedevelopedan aPWoachto a Ig_ticai molecu- the photoexcited molecule, provided that the free
lm"switch that makes use of high quantum yield, energiesof theelectron-transferreactionstakingpiace
picosecond time scale electron-transferWocesses to within them are optimized. These are fundamental
store informationandto recover it. requirementsfor any electrondonor-acceptormolecule

Oer fundamentalapwoach to achieving efficient, thatformsthe basisof a molecularelectronic device.
long-lived photoinitiatedcharge separationis to pro-

B. Concepts sn_ Designs of Molecular Switches

Three distinct types of molecular switch are oN
being developed. The first type of molecular switch en
uses two electron donors that can each transferan ooem ,owvoeoj ,oupve_ oo._ ,_m,vo.t,j ,_,-,o.¢m

electron !'., a common two-electron acceptor. This 4_ ----- '-----"
donor-acceptor-donor (DAD) switch undergoesa sin- t
gle electron-transfe,reactionwhenthedonoris excited .---.-- ----

by a laserpulse to yield D.-A'-D. Increasingthe light _ ----. --4---

intensity of the excitation light pulse results in ro_ag.._ __

/

absorption of a photon by the remaining uncharged ii
donor molecule. This results in transferof a second

electron to yield D+-A-2-D +. The light-intensity- lt I I

dependentswitching between woduction of A'and --_ --_
A-2 results in large photochromic changes to the A

molecule. Thesephotochromicchangescanbe used to ._ ._modulate light beams of differentcolors dependingon
the ability of the initial laser pulse to switch the
DAD moleculebetween thetwo reduceds_ttesof A. Figure XIV-I. Energy-leveldiagram of the BETA

The second type is a bistable electron-transfer switch showing the highest occupied and lowestunoccupied molecular orbitals of the donor and
array(BETA)switch.The basic design employseither accepters.
one or two chromophores in a triadelectron-transfer
array,donor-acceptor(l)-acceptor(2). An energy-level
scheme for this arrayis given in FigureXIV-I. In the recombination, thereby switching the charge sepa-
first variation, Figure XIV-I, which uses a single rated, "1" state of the molecule back to its original
cM0mophore,photoexcitationof acceptor(l) with vis- "0" state on a 10-ps time scale. This defines a color-
ible light results in picosecond electron transferfrom sensitive molecular switch that uses visible light
thedonor to acceptor(i) to yield donoO'-acceptor(l)-- with a switching time of about 10 ps or 100 GHz.
acceptor(2). Subsequentdark electron transferyields The second variation of the BETA switch is more
donor+-acceptor(l)-acceptor(2) ".The resultantlong- versatile because it makes use of different colors to
lived (aboutI ms) donor+-ac_(l)-acceptor(2)" ion set lhc "1" and "0" states. This switch requires the
pair is the bit set "1" state of the switch. This state lowest excited single_state of the donor molecule to

decays naturally to its original neutral, bit "0" state be below thatof acceptor(l). Excitation of the donor
on a millisecond time scale in much the same fashion with color 1 once again results in two sequential
as does semiconductormemory.However, the unique electron-transferstepsproducingdonor+-acceptor(l)-
feature of this switch is the intrinsic photoactive acceptor(2)-.A secondlight pulse with color 2 excites
natureof acceptor(1).Opticalexcitationof acceptor(l) acceptor(I) resulting in acceleratedion-pairrecombi-
with a second light pulse greatlyaccelerates ion-pair nation.
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A third type of molecularswitchthat we will DONOr(I)ACClPTORO) eONOn_)ACCaPVO.(:)

develop is a field-effect donor-acceptor(FEDA) .............................SWnCHmq'...............................
switch, Figure XIV-2. The FEDA switch consists of ----- .____ l

dmtor(l)-accepC_l)-donor(2).¢c_) array.Exci-
tationof donor(l) withcolor I resultsin rapidproduc- ------

tion of don_l)+-acceptor(l)--dmmr(2)-acceptm_). .._
The energetics of electron transfer within the --_ ..44.
donorC2)-acceI_r(2)pairis designedso thatrapidelec-
tron transferis inhibited in solid state. However, the ......................... mile ,rpt©voM ..........................

charge-separatedpairdonor(l)+-acceptor(l)- createsa _ ---- "--"-
106-107 V cm-1 electric field. This electric field is /
oriented vectorially to stabilize the ion pair state j, -----
donor(2)+-acceptor(2)".The added stabilizationpro- E .j-.- "H-vided by the field makes electron transferwithin the tim
donor(2)-acceptor(2) pair energetically favorable. "1"4"
Thus,if duringthe lifetimeof donor(l)+-acceptor(l) -, ..............-..--" ................ smv©ao# ...---........................
donor(2) is excited with color 2, a second electron

transferoccurs within donor(2)-acceptor(2) to yield _

donor(l)+-aceeptc_l)'-dmmr(2)+-ac_(2) ".Thetwo _donor-acceptorpairsaresufficientlyisolatedelectroni-
cally thatelectron transferbetweenpairs is notkineti- _ -4-4-
cally competitive with the desired processes. This

Figure XIV-2. Energy-level diagram of the FEDA
arrangementconstitutes a molecular AND gate that switch showing the highest occupied and lowest un-
dependson two colors to determineits logical state, occupiedmolecularorbitalsof the donorsandaccepton.

C. Development of an Electron Donor-Acceptor-Donor Molecular Switch

We havedesignedandwelmredan electron&,.",_r-
acceptor-donormolecule, 1, FigureXIV-3, consisting J"
of two free-basemeso-tripentylmonophenylporphyrins
(HP) rigidlyattached to N,N'-diphenyl-3,4,9,10-pery-
lenebis(dicarboximide) (PBDCI) that exhibits light-
intensity-dependent optical switching by means of
two ultrafastelectron-transferreactions.A correspond-

ing referencemolecule, 2, Figure XIV-3, possessing _t

only a single porphyrin donor was also prepared. _0_ r-'__C, •
PBDCI is an excellent, photostableelectron acceptor _-.,--..--.-.._ • -
thathas been employed in dyes, electrophotography, --X_
and,qua-ct/sm1 displays.

PBDCI derivatives 1 and 2 can be reversibly
reduced with either one or two eiectrons at thermo-

FigureXIV-3. Structuresof compounds1 and2.
dynamic half-wave potentials El/2- = -0.50 V and
El/2-2 = -0.73 V vs. SCE in pyridine, whereasEl/2+
forone-electronoxidationof the porphyrinis 0.92 V. electron transfersfrom donormolecules may be used
These datashow thatPBDCI is an excellent electron to selectively reduce PBDCI with ,,'.itherone or two
acceptorwith reductionpotentialssimilar to those of electrons. The resultant photochromic changes in
benzoquinone. The PBDCI- andPBDC1-2 ions pos- absorption from 713 nm to 546 nm could form the

se_ characteristicintense (e _, 105 M"1cm"1)optical basis for molecular switches based on optimized
absorptions at 713 nm and 546 nm, respectively, molecular absorption characteristics. Molecule 1 is
This opens upthe possibility thatrapid,photoinduced designed to test this hypothesis.
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Photoinducedreductionof PBDCI by the lowest 0.20

'excited singlet state of HP can be detected readily with =_ " U
transient optical absorption spectroscopy. Time- 0.18 j/_:_
resolvedtransientabsorptionspectra(160.fs timeres- . -_ " " _.... "_

0.,2 /.7- _., =. ,u
olution), Figure XIV-4, show that single-photon _o _1/" '_ ---
excitation of both 1 and 2 results in formation of
HP+-PBDCI",as characterizedby the intenseabsorp- _ 0.oe
tion of PBDCI" at 713 nra. The rate constant for

HP+-PBDCI" formation at low light intensities in 0.04

both 1 and 2 is 1.1 x 0.2 x 1011 S-I. The inset to r ................. .......
Figure XIV-4 shows a typical kinetic trace for the 0.00
formationanddecay of HP+-PBDCI"in 1. coo es0 700 750 coo 850

The lifetime of HP+-PBDCI" in both 1 and 2 WAVELENGTHam

was measuredas a functionof laser-excitation inten- Figure XW-4. Transientabsorptionspectraof 1 (--)
sity up to 20 photons per molecule, Figure XIV-5. and 2 (.... ) obtained 10 ps following a 160-fs laser
The lifetime of the HP.-PBDCI - ion-pair in 2 is flash. Inset:recoverykineticsat 713.nrafm"1.
independentof excitation intensity,whereas the life-
time of the same ion-pairin 1 decreases as the laser --A.- Hp_-+o --.{:3-- t-4p-oot:_

intensity increases, reaching a value that saturatesat
about half the lifetime of the ion-pair in 2. In addi- 1SO
tion, at high light intensities the rate constant for
formation of HP+-PBDCI" within 1 increases to 130
2.0 + 0.2 x 1011 s"l, whereas that for 2 remains _ c__ _....../

constant. W 110
Because we are monitoring the population of _ 00

PBDCI- at 713 nm, it is clear that another process
thatis competitive with HP+-PBDCI- ion-pairrecom- 70 _ .... _----
bination is depleting the PBDCI- population in 1 at

high light intensifies. At these intensities, the 160-fs sO ' ' ' ' ' ' '
0 § 10 15 20

durationof theexcitation flash ensures thatboth per-

phyrinswithin I areexcited simultaneously. PHOTONS/MOLECULE
Two-photon excitation of I yields HPI*-PBDCI- FigureXIV-5. Light intensity dependenceof absorp-

Hpl*, which has the 3.8-eV total energy of two HP tim changesat 713 mn in 1 and2.
lowest excited singlet states availableto performfur-
therreactions.Rapidelectron transferfollows in both
mechanisms to yield HP+-PBDCI--HP1. with a free A 546-nm absorptionband, which is characteris-
energy of formation of -0.5 eV. The 2.0 + 0.2 x tic of PBDC1-2,appearsat high light intensities in 1,
1011 s-I rate constant observed for this process is but not in 2, Figure XIV-6. The positive absorbance
consistent with rate versus free-energy relationships changeobserved for I at 546 nra,FigureXIV-6, sug-
for porphyrin-acceptor molecules that we have gem thatmechanismshown in equation 1 is primar-
observed previously. The fact that the rate constant ily responsible for the increased rate constant of
for the initial electron transferat high light intensity PBDCI" decay at high light intensities. The laser-
in 1 is twice that for electron transfer following power density required to switch molecule 1 from
single-photon excitation in either 1 or 2 is a conse- being a 713 nm absorberto being a 546-nm absorber
quence of the twofold increase in concentrationof is 2.5 × 109 W/cm2 (5 photons/molecule, Figure
1*Hp within HPl*-PBDCI-Hpl*. XIV-4). This compares favorably with other two-

AG = -0.5 eV AG= -0.3 eV
I*HP.PBDCI.HPl*_, Hp+.PBDCI-.HPl*_, Hp+.PBDCI-2.Hp+ (1)

3.8 eV 3.3 eV 3.0 eV
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o.o4 HP andexcitingthesampleat thiswavelength.The

I = power.demity requirementto effect this changewifl

_0.02 technology should be able to Irovide the puisus nec-
essary to switch molecules such as 1.

_o._ u_t4m__t _ switch. As the fight
intensityisinerumed,I switches_ beinga strong

c,_A _ transient absorber st 713 nm to mc in which the

.o.oa , , , , , . A, transient absorption occurs at 546 nra. Such
48o 47o 4oo 61o 6o0 66o molecule8could be usedto medulatetwo light beams

at diffaent mires on a picmecmxl time scale. MIne-
WAVELENGTHnm over, 1 slmuldbe ableto switchusingtwo different

excitationwavelengths.Becauelhc PBDCI molecule
Rjuro XIV,,6. Trmudmttahem]prietochanf_ 8 200 lm
foUowinlta hillh-intmmity,I60-fs laser flash for I Mxlor_ mmglyat 526 mn (e ffi105 M"! an "l) and
and2. Imee qppeam_ for546-nmfm in 1. _ a 2.3-eV lowest excitedsinglet state, exci-

mim of PBDa will initiate theful electron uamfer

to produce HP+-PBI_I'-HP. The second elecu_

photon _ systems, and can be improved mmsfer my be initiated by applicationof 8 second
even furtherby a simple change in excitalion wave- photon, for example, at 585 nm, that is abmrbed
length. Nearly quantitative (>95%) two-photon principally by the remainingground-matepmphyrin.
turnoverof I to yield HP+-PBDCI'2-Hp+ should be Thus, this molecule should be able to performlogic
able to beaccomplishedby adjustingtheconcentnt- operations.Thisopensupthepossibility of develop-
tim of I doa,na_lrd to give lm opticaldemity of I at ing molecularelectronicdevices based mlely on elec-
the 410-mn Sorerband (z ffi4 × 105 M"1m "1)of Ironmotionwithindonor-acceptorcomplexes.
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IX)NOR-ACC_EPTOR-IX)NORMOLECULF.
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The nuclear medicine researchWOgramfocuses pharmaceuticalsfor therapy.The aimsof these inves-
on thedevelopmentof radiopharmaceuticalsfor use in tigations include determinationof the parametersin
the diagnosis and treatmentof disease. Ourwogram optimal radionuclideproduction; the stability of the
includesthe woduction of radionuclides;thesynthesis radiopharnmceuticalsin vitro andin vivo; the toxicity
and testing of drugs with potential use in imaging, of the radiopharmaceuticals in vitro and in vivo;
particularlythose well suited to tomographic tech- structure-activityrelationships;the biologic effect of
niques;thesynthesisandtestingof drugswithpoten- thetherapeuticcompoundsandhowthiscanbemedi-
tial usesin the diagnosisand therapyof receptor- atedto improvetheoutcomeof treatment.Many of
positivetumors;theradiolabelingof monoclonalanti- theseaimsare only possiblethroughthe excellent
bodies for diagnosis and treatment of disease; andthe collaborations which we have established over the
development and testing of panicle-emitting radio- years.

ma

A. Production of Alpha Bmitters fog Use in Therapy
R. Vr'.Atchor, #. #. Hines, R. F. Bamos, D. $. Wilbur

Our research group has been involved for 18 Despite this productionproblem,astatineoffers a
years in the production of alpha emitters for therapy, significant advantage over the radiometals thatemit
Early work focused on the use of 21tAt, an alpha alpha panicles, lt can be bound to small molecules
emitterwith a 7-iu"half-life, because it was presumed withoutthe useof chelates. The largerhalogensareof
thatit would behave in a mannersubstantiallysimilar the same size as a methyl group.To offer an exam-
to iodine. In fact, its behavior was dissimilarenough pie, compoundsthatcan bind to receptors on cancer
thatthe attentionof the groupwas refocused on other cells, which aredescrt_e_xlin more detail in section D,
radionuclides.Anotherdrawbackof astatine was that have a molecular weight of about 300-500. The
it is only produced in high radionuclidic purity chelates, which areused in this work, havemolecular
by two reactions: 2°9Bi(4He,2n)211At and weights on the orderof 1000. Thus, chelation of the
209Bi(6Li.4n)21 lRn e._. 21lAt" Neither of these hormonewill increase the molecularweight substan-
reactions is within the capability of the cyclotrons t/ally. Furthermore,the chelates such as a derivative
commonly used to producepositron emittersfordial;- of diethylenetriaminepentaacetic acid (DTPA) will
nostic purposes. The production of astatine is only also introduce a net negative chargeon the molecule
within the realm of theresearchcyclotrons, that will impede its movement across cell mem-

tranes.

*Collaboratorfrom anotherANL ChemistryDivisiongroup.
**Collaboratorfrom anotherANL division.
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Workon the production of 21! At has proceeded operation,minimizing the efflux of radonand daugh-
slowly, however. Ourcollaborators have not had the tca'radionuclidesfrom the cell. This facility has been
funding to vigorously pursue work with this radio.- in operationforover a year and has been quite suc-
nuclide. We have been turningour thoughtsto facili- cessful.
ties in which we could test the productionof the we- We have received several shipments of several
cursor,211Rn"To date, we have not locateda facility hundred millicuries of 232U, which is the sourceof
thatis capableof accelerating a Li-7 beam withcur- the 228Th, which is, in turn, the source of the
rents high enough to test this reaction in batch as 224Ra. We designed a separation system for U-Th
well ascontinuousprocessing mode. that can be operated remotely. In fact, we use the

Ourwork with the 224Ra generatorhas contin- same hot cell for this work as we use for the 224Ra
ued. This radioisotope is still the workhorse of our production. This separation is done by using ion-
group. Most of the biological studies are done with exchangechmmatogl_y developed in theChemistry
this systemandare describedin detail later. Division. The yields andbreakthroughof 232U in the

The current focus on ensuring that the utmost 228Th have not been evident. This has enabled us to
care is takenin observing environmental,safety, and deliver larger generators as the user community is
health (ESH) concernshas requiredthe modifgation moving towardpreclinieal testing in largeanimals.
of the 224Ra generators and the production facility. Finally, we have begun preliminary _nvestiga-
Because there is a short-lived radon daughter in the tions into the Woduction of a different radionuclide

decay scheme, this has the potential for significant that_aipha particles.Actinium-225 hasa half-
undesirableemission of daughterproducts. We have life of 10 days anddecaysby several short-livedalpha
been progressively simplifying the separationsystem panicle emitters to 209Bi. One of the criticisms of
while simultaneouslyintroducingas manybarriersas the 211At and the 212pb is that the half-life is too
possible to minimize any FSH insults. This has pro- short to deliver the necessary dose via the bio-
ceeded quite weil; emissions from our system have molecules ourrently used for tumor targeting. We
been reducedby nearly a factor of 10. We have pm- havebegun testingthe separationchemistryof 225Ac
ceeded with anotherset of improvementsto improve from its parent. 229Th. These studies have shown
the flexibility of the hotcell thatis used for the sepa- that we can woduce the Ac free of Th using similar
ration, to minimize the waste generatedin the process chemistry to the Th-Ra system. We also are remov-
by recycling nearlyali of the waste, and to eliminate ing the intermediate225Ra to insure quick recovery
theneed for the operatorto enter the hotcell to make of the parent generate. In addition, 225Ac decays
repairs by institutinga system with pans that can be througha 213Bi, which has a 47-rain half-life. Thus,
replacedremotely. In addition,the separationsystem we can usethe same chemical techniquesfor conjuga-
is enclosed in a box that is sealed for most of the tion of this _ as we do for 212Bi.

B. Development of Alpha-Emittinlg Radiopharmaceuticals for Therapy
R.W. Archer,J.J.Him, D.J.Grdim,J.R.RoOnemch,7.L.Schwartz,F. $ltmr¢,R.Weichselbaum,
O.A.Gansow,M. Strand,D.S.Wilbur,R.M. IVlwklis,B.Shafii

The majority of the work in this project has The effectiveness of a colloid in treatingcancer
focused on the use of 212pb. We have continued to mightbe improved by injecting a dose of radioactiv-
refine the use of the radiocolloids with this isotope, ity severaltimes, or fractionating.This has two bene-
Collaboratorshave begun to test the ability to bind it fits. The first is to increase the potential for normal
to biomolecules using chelates. And we have begun tissue to recoverfromthe radiation.The second is for
animal tests that will examine the use of the 212Bi the cells killed by the priortreatment to be sloughed
conjugatedto monoclonalantibodies. In addition,we off andexpose new m cells for treatment.Inorder
have reportedon the stability of a 211At conjugate to test this hypo0w,sis, we injected 100,000 cells into

comparedto its iodinatedform in tumor-bearingani- mice and treatedthem a day later. We waited up to
reals, one week to give the second dose of activity. In this

treatment protocol, ali of the control animals died,



209

whereas those receiving the fractionateddoses sur- narystudiesof this approachhaveshown lower toxic-
rived. This wasexcellent proofof the value of such a ity to critical organs than were seen with systemic
protocol, therapy.

Ourcollaboratorsat Harvardhave takena differ- Finally, we have continued to pursuethe 211At
ent approachto this problem.Insteadof injecting the conjugates f_- !herapy.This workdemonstratedthat
isotope several times, they incorporated the 212pb 211At could be stably bound to an antibody and that
into a slow release polymerthat would degradeover it would ackieve nearly identical biodistributionin
the lifetime of the isotope. This protectsit from leak- tumor-bear_,ganimalsas thatseen with the iodinated
age from the body cavity while maintaining a con- counterpart.In earlierstudies, we hadobserved some
slant supply to the tumor bed. As an extra measure, strikingdifferences between the iodinatedandastati-
they have injected theanimal with antibodies thatare nated antibodies.We arebeginning to think that this
conjugated to a ligand that binds 212Bi. This was due not to the chemistry of astatine, but to the
enhances the targeting to the tumor by chemically biological processing of that particular antibody in
binding the 212Bi to the tumorsurface. The prelimi- vivo.

C. Monoclonal Antibodies for Diagnosis and Therapy
R. W. Archer, D. Colcher, 0. A. Gsnsow, J. R. Rotmonsch, M. J. Blond, T. K. DasGupt& J. A. Greager,
D. Kufe, D. Hayes, R. M. Macklis, M. Strand, G. Chert,J. Roeske, D. S. Wilbur, S. W. Had/oy, A. Fritzbor&,
V. AIvarez, C. Pelizzan, J. Schlom, R. Weichselbaum, ,7..Stcplewski

The use of monoclonal antibodies (MoAbs) for breast,and colon. Our interest in this antibody is for
diagnosisandtherapyof cancerhascreateda greatdeal the diagnosis and treatmentof ovarian cancer,which
of excitement. Ourwork in this area is done largely we are pursuing in collaboration with Schlom at
throughcollaborationswitha numberof investigators NCI. We are in the process of obtaining approvalfor

throughoutthe country.In generat,we have provided the use of this antibody with 90y for therapy. We
the expertise in radionuclideproductionand labeling have begun labeling studies with this conjugate to
chemistry, and they have provided the system in determineits ability to bind 9Oy, which is produced
which the therapyis developed, at ANL. Once the approvals are obtained, we will

Wehaveincreasedoursuccess in treatinga tumor begin patienttrialsin ovariancancer at the University
in the mouse with a specific antibody labeled with of Chicago.
212Bi. The nonspecific antibody treatment resultedin If necessary, we may use 87y produced at the
some life-lengthening but no cures. This was quite ANL cyclotron to perform imaging studies in
exciting inasmuch as 212Bi has such a short half-life, humans. These studies will focus on the biodistribu-

An additional finding in these studies was that the tion of the radioyttriumso thatwe may determinethe
chelate used is stable in vivo. Thus, there is less non- anticipated dose to the bone and bone marrow from
targettissue toxicity thanwe saw with earliergenera- this conjugate. We are in the process of obtaining
tion chelates. In particular,the marrowtoxicity was approvalfor this work at the University of Chicago
less than that expected from otherstudies with beta as weil.

emitters. We spent a significant amount of time in the
We anticipate that the NCI investigators will past yeardeveloping the productionand purification

begin toxicity tests in the next year in order to of87Y for this purpose.SterlingDrugapproached us
demonstrate the stability of the 212Bi conjugate, aboutthis isotope when it becameapparentthat other
These studies will be used to obtain approval from widely used radionuclides would not bind to their
the appropriate regulatory agencies for approval of chelate. This work is now in the preclinical testing
212Bi in humans, stages. More details on the isotope production are

One of the antibodies thathas been widely used providedbelow.
clinically is B72.3, a mouse MoAb thatrecognizes a In an effort to improve the application of halo-
high-molecular-weightmucinousantigen thatis pres- gens to immunoconjugates,Shafii has improved the
ent on many epithelial tumors including ovarian, synthesis of the para- and meta-substitutedtri-butyl
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tin N-hydroxy succinimidyl esters of benzoic acid. tissues. This work resulted in a Ph.D. dissertationby
These syntheses are both faster and higher in yield. Roeske at the University of Chicago. We utiliz_l
This will enable us to make these compoundswhile several experiments performed by us to test the
minimizing the waste in the process, assumptionsandthe calculations associated with this

Finally, we have devoted a partof our efforts to model. Most of them turnedoutto be correct.We are
improving the ability to use imaging data from now going to use this image-based treatmentplan-
patients to predict the dose to tumors and to normal ning in our patient studies.

i

D. Hormone Receptor Binding Drugs for Diajnosis and Treatment of Malignancy
R. W. Archer, B. Sltalii, E. R. DeSomlge, J. R. Rotmensch, I. L. Schwartz, R. Weichsolbaum, R. Hanson,
P. V. _. A. C. H_ost

Ourwork is based on the following fact: tumor Inaddition,we have completedourresearchon a
heterogeneity dictates that at any time, a significant novel system for halogenation. We have determined
percentageof thecells aredevoid of hormone (estro- theconditionsunderwhich halogenationis optimized
gen, androgen,or progestin) receptors. Because the using nitric acid as the oxidizing agent, ratherthana
presence of the hormonereceptor usually correlates mixtureof acetic acid andhydrogenperoxide.The dis-
with a good response to therapy,this is an important advantageof the lattersystem is that it also oxidizes
parameter.Chemotherapy, which is infused over a chlorideand bromide. These can also react with the
period of time, has a higher likelihood of killing Wecursor compound, diluting our radiolabeled sub-
these cells as they progressthroughthecell cycle and stancewithotherhalogenatedderivatives.If nitricacid
presentthe receptors.However,radionuclidetherapy is used, the oxidationpotentialis below thatfor chlo-
is delivered in a bolus and, as such, some cells will riue and bromine, so we do not form these com-
not receive the therapeuticagent if it is delivered by pounds.The added advantage of this system is thatit
using a biomolecule targeted to a receptor. We can will work with astatine as weil.
overcome this woblem if we use a panicle emitter Anotheravenueof researchhas been to examine

that has a range greater than one cell diameter.The precursorcompoundsother thanthe tributyltin com-
alphaparticle fits this requiremenL pounds as leaving groups for the halogen displace-

Our work on this project has focused primarily ment reaction. This is a rather labile bond at room
on the estrogen receptor.We have utilized two differ- temperature,making these compounds susceptibleto
ent compounds for this purpose.The first is an anti- degradation.Secondly, this bulky groupimpedes the

estrogen; this will bind to the receptorbut will not approachof the larger halogen molecules in the dis-
have any biological effect. The other is an estrogen- placementreaction.
like substance. The formercompound has the advan- We have synthesized trimethylgermanium and
tage of not having any physiologic effect. We have dihydmxygalliumderivativesin orderto overcome the

found that this compound also has some superior limitation of the tributyl tin compounds. Both of
characteristicswhen used in humans, these compounds form more stable precursorswhile

During the past year, we have improved the syn- being a smaller, less sterically hindering moiety for
thesis of this triphenylethylenecompound. We have displacement. Early tests of this Ge derivative have
succeeded in developing a synthesis thatis more cfff- shown it to behave as anticipated.
cicnt anduses less steps. Thishas theadded advantage
of requiringfewerpurificationsteps.

E. Cyclotron Production of Radionuclides for Research
R. W. Archer, 7. 7. Hines, G. L. Cox, A. C Youn&s,0. A. Gansow, D. S. Wilbur, E. Harvey, P. Loichner

As mentioned above, we have pursuedthe pro- focusedprimarilyon the 85Rb(4He,2n)reaction.Oer
duetion of 87y using the ANL cyclotron. This work cyclotron is also capable of making this isotope via
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the 87Sr(p,n) and Sr(d,xn) reaction. These reactions 95mTchas enabledus to meet this sporadic,but criti-
would requirethe use of an isotopically enrichedtar- cal, need.
get, which is not financiallyfeasible currently. Our work with radioisotopes of lead for therapy

We developeda targetthatis composed of rubid- has also alerted us to the need for an isotope of Pb
ium chloride as a pressed powder. This target can that can be used in biodistributionstudies as well as
withstand the heat load deposited by the beam,while humanimaging studies. We have focused our atten-
maintainingits physical form. An addedadvantage is tion on the use of 203pb. This isotope has a 52-hr
that it can be dissolved in water. This provides a half-life and emits a single photon at 280 keV. This
means of minimizing dissolution of the targetback- is ideal foruse in cancer imaging; the half-life is long
ing. The 87y and other multivalent cations are iso- enough to be used with monoclonal antibodies and
lated on a cation-exchange resin, separatedfrom the the energyis high enoughto notbe attenuatedduring
rubidium, stripped,and switched to a different ion- imagingof deep structures.
exchange resin to minimize other+3 cations from the We plan to begin productiontrials to determine
product.Finally, the87y is strippedfromthe column the best reactionpath to produce this isotope. Radio-
andconvertedto a diluteacid form. chemicalpurityandhigh specific activity areessential

.... We have found that the radionuclidecan be pro- if this isotope is to be used for labeling monoclonal
ducedin sufficientpurityto bind to the mostdemand- antibodies.
ing ligand systems. This has been a major focus of In addition, we have had several inquiries from
ourworkwith cyclotron-produced isotopes duringthe environmentalresearchersregardingthe productionof
last year. We are currently testing this isotope in isotopes of Pu and Np for use in isotope dilution
animals to determine its suitability for use in tomo- studies as well as radiotracerstudies. Plutonium-237,
graphic imagingsystems. 236pu, and 236Np have ali been produced on our

This has not been the sole isotope of utility, cyclotronandpotentiallycould be produced again.
however. As interest in the environmental fate of Finally, we have had requests from the nuclear
99Tchas increased,the need foran intermediate-lived physics communityfor two radionuclides,56Co and

Tc isotope that emits gamma rays has increased as 207Bi, to be used in gamma-spectrometry experi-
weil. We have had several inquiriesfrominvestigators ments. We have produced56Co forANL researchers.
in waste managementas well as the nuclearmedicine We areinvestigatingthepotentialof producing207Bi
field regarding this isotope. Our earlier work with for these investigatorsas weil.

F. Large-seale Production of 90y for Use in Radionuclide Therapy
R. W. Archer, J. J. Hines, R. F. Barnes, E. P. Horwitz, M. L. Dietz

The use of 90y as a therapeuticisotope has been at NCI (Gansow, Brechbiel, Pippin) have been valu-
expanding gradually over the past few years as the able indefining whatelements areproblematicfor the

technologyfor conjugatingproteins with chelates has "state of the art"chelates thatbind 90y stably to the
improved.This element is a bone seeker as is its par- proteins. This includes derivatives of DTPA as well
ent,9°Sr. The consequence is thatthe stableconjuga- as other macrocyclic chelates that are just beginning
tion of 90y to the protein is crucial to the success of tobe testedpreclinically andclinically.
the therapy. As new, more stable chelates have been Using a processoriginallydefined by the sepam-
developed, the requirementsfor higherpurity of the tions science groupat ANL, we developednew meth-
90y have become evident. In view of this need, we ods of removing 9°Sr from the daughter products,
havedeveloped anew productionprocessfor9Oy. including 90y. This technology has been reportedat

Thereare threemajorcriteriato be met in produc- the ACS meeting as well as in a published paper.
ing 90y: (1) Low breakthroughof the 9°Sr parent, Because this separation is to be done on a scale that
(2) high yield of the90y daughter,and(3) high radio- presentssignificantradiationhazards,the separationis
chemical purity as measured by the amount of ionic performedremotelyin hotcells. This techniqueintro-

Y presentas well as the minimization of cold metal duces constraintson how the extractioncan be done.
contamination.On this last point, our collaborators We have focused on column technology. The
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extmctantis adsorbedon an inertsupport.The capac- same solutions forboth the 9°Sr and the 90y extrac-
ity of these columns is clearly less than a batch tion.
extraction,but it is easier to perform the separation The solution to this problem was to begin the
remotely, separationby a precipitationstep. The 9°Sr is precip-

We originally modeled this system in a glove itated, which removes 99.9+% of the material. This
box operation. The separationwas cumbersome,but reduces the volume of solution thatis passed through
proved to be an excellent source of 9Oy. The decon- the column and reduces the need for large ion-
tamination factor from 90Sr was at least 1010. In exchange columns to retain ali of the Sr in the gener-
addition,lhc yield was good and the wocess did not atm'.The second modification that we used was to
sufferfromrepetitive_. back-wash the columns to insure that 9°Sr never

When this system was scaled up to multicurie passed through them. This had the advantage of
levels, severalproblemsbecame obvious. The first is extending column life and reducing 9°Sr break-
thatthe columns requiredto retainlhc 90Srand other through.The smellervolumes also enabled us to uti-
cold Sr arequite large. This results in large volumes lize the same process stream for the 9°Sr extraction
of liquidto be handled.The final analysisof this sys- and the 90y extraction. As an added bonus, we also
tem was that the volumeof liquid was too large to be have cut the processingtime by one day.
efficiently managed. A second consideration was to We have produced from millicurie to two curie
try to keep the volume of liquid small enough that quantitiesof 9Oyfor testsby _everal scientists. Even-
one could use columns in series, ratherthanevaporat- tually, this material will be used in trials of radio-
ing the solutions to reduce the volume for down- labeled monoclonal antibodies for therapyas weil as
stream operations. Finally, we wanted to use the in some other trialsof gOy in therapy.

i

PUBLICATIONS

ASTATINE-211LABELINGOF AN ANTI-MELANOMAANTIBODYAND ITS FAB FRAGMENTUSING N-
SUCCINIMIDYLPARA-ASTATOBENZOATE:COMPARISONSIN VIVOWITHTHEPARA-[1251]
IODOBENZOYLCONJUGATE

S. W. Hadley*, D. S. Wilbur*, M. A. Gray*,andR. W. Archer
BioconjugateChem. 2, 171-179 (1991)

INCREASEDNUCLEAR DAMAGE BY HIGHLINEAR ENERGYTRANSFERRADIOISOTOPES
APPLICABLEFORRADIODIRECrEDTHERAPYAGAINSTRADIOLOGICMALIGNANCIES

J. Rounensch*, J. L. Schwartz*, R. W. Au:her,P. V. Harper',and E. DeSombre*
Gynecol. ObsteLInvest_., 180-184 (1991)

ASSESSMENTOFDOSIMETRYAND EARLYRENALRADIOTOXICITYAFFERTREATMENTWITH AN
ALPHAPARTICLEEMITTINGILADIOPHARMACEUTICAL

M. T. Speidel*, J. Humm*,M. R. Bellerive*, R. Mulkem*, g. W. Archer,J. J. Hines, and R. M. Macklis*
Antibody,Immunoconjugates,andRadio_uticals 4, 681-692 (1991)

DIFFERENTIALLOCUSSENSITIVITYTO MUTATIONINDUCTIONBY IONIZINGRADIATIONSOF
DIFFERENTLETS IN CHINESE HAMSTEROVARY KI CELLS

J. L. Schwartz*,C. R. Ashman*, R. W. Archer,B. A. Scdita*, J. D. Shadley*, J. Tang*, J. L. Whitlock*,and
J. Rotmensch*
Carcinogenesis 12, 1721-1726 (1991)

*Not affiliatedwith the ChemistryDivisionor affiliatedon a temporarybasis.
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BIODISTRIBUTIONPARAMETERSAND RADIATIONABSORBEDDOSE ESTIMATESFOR RADIO-
LABELEDHUMANLOWDENSITYLIPOPROTEIN

R. V. Hay*, J. W. Ryan*, K. A. Williams*,R. W. Atcher,M. W. Brechbiel*, O. A. Gansow*,
R. M. Fleming*, V. J. Stark*,K. A. Lathrop*,andP. V. Harper*
Proceedings,5th InternationalRadiopharm.Dos. Symposium,Conf-910529, pp. 256-273 (1992)

INTERLABORATORYCOMPARISONOF DIFFERENTALPHA-PARTICLEAND RADON SOURCES: CELL
SURVIVALAND RELATIVEBIOLOGICALEFFECYl]VENESS

J. L. Schwartz*, J. Rotmensch*,R. W. Ateher, R. F. Jostes*, F. T. Cross*, T. E. Hui*, D. Chen*,
S. Carpenter*,H. H. Evans*, J. Mencl*, G. Bakale*,andP. S. Rao*
HealthPhys. 62, 458-461 (1992)

ANALYSIS OF ASCITESFROMPATIENTSWITHOVARIAN CARCINOMABY CELL FLOW
CYTOMETRY

J. R. Rotmensch*,R. W. Archer,J. L. Schwartz*, and D. J. Grdina*
Gynec. Oncol. 44, 10-12 (1992)

SUBMISSIONS

ALPHARADIATION-INDUCED G2M ARRESTIN MURINELYMPHOMA CELLS
S. T. Palayoor*,R. W. Archer,J. J. Hines, and R. M. Macklis*
Int.J. of Rad. Biol.

LOCALIZATIONOF SARCOMA XENOGRAFTSIN NUDE MICE WITHINDIUM-I11 LABELED
MONOC"L_3NALANTIBODIES

T. C. Chao*, M. J. Blend*, A. D. Lopes*, R. W. Archer,T. K. DasGupta*,and J. A. Greag_*
J. Surg. Oncol.

INDUCTIONOF MUTATIONSBY BISMUTH-212ALPHAPARTICLESAT TWOGENETICLOCIIN
HUMANB-LYMPHOBLASTS

N. F. Metring*, S. T. Palayoor*,R. M. Macklis*, R. W. Archer,H. L. Liber*, and J. B. Little*
Rad. Res.

AN IMPROVED AND FACILE METHODFOR THESYNTHESISOF I,I-BIS(4-HYDROXYPHENYL)-2-
PHENYLETHYLENEAND ITS DERIVATIVES

B. Shafii*, R. W. Archer,and E. R. DeSombre*
Nucl. Meal.Biol.

MURINEHEMATOPOIETICABLATIONBY ALPHA-PARTICLE-EMITTINGRADIOPHARMACEUTICALS.
TRANSPLANTATION

R. M. Macklis*, B. A. Beresford*, J. Y. Lin*, R. W. Archer,andJ. L. Humm*
Appl. Radial Isot.

AN IMPROVED METHOD FOR IODINATIONOFBIOMOLECULES
B. Shafii*, R. W. Archer,and E. R. De,Sombre*
BioconjugateChem. (1992)

*Not affiliatedwith the ChemistryDivisionor affiliatedon a temgerm3rbasis.
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COLLABORATIONS

J. Rotmensch and R. Weichselbaum, The University of Chic_o
We arecurrentlyinvestigatingthe use of colloids of 212ph and90y as radiotherapeuticagents in treatingovarian
cancer.Studies with 2°3ph show thatthereis a difference in whole-body clearance between differentpreparations,
which may be attributableto size and also to chemical state. Toxicity studies of these radiopharmaceuticalsare
underwayin orderto betteru-demand the resultsof thebiodistributionstudies.Studiesof thesecompoundsto treata
tumor in animals arealso underway.

F. Stuart and D. Smith, The University of Chicalgo
Our groups are working on methods to label cells and antibodies lo be used in the selective supwession of the
immunesystem. Because the alphaemittersoffer the potentialof cell-selective cytotoxicity, theyareoptimal for use
in temporarilys_ssing a particular subset of lymphocytes to facilitate the successful transplantof organs. To
date, the workhas focused on improvedmethodsof labelingcells with 212ph, which is then used tO immunize mice
for late="transplanLIf successful, this could improve the chances of graftsurvival and would free the constraintof
extremelyclosely matcheddonor andrecipienc

R. Hanson, Northeastern University, Boston, MA
We are collaborating on a study of estrogen-receptor-bindingcompoundsfor use in the diagnosis and therapyof
gynecologic malignancy.These studiesincludeBr-76 for PETimaging, Br-T/, 1-123, andAt-211 for therapy.

E. Harvey and A. Vessoy, Sterling Drug, Sharon Hill, PA
Sterling Drug has developed a chelate that is specific for yttrium(and presumably the rareearthradionuclides as
weil). We have been collaboratingwith them to develop a radionuclidethatcanbe used forbiodistributionstudies in
humansas well as to supplythem with 90y for theirtherapystudies.

O. A. Oansow, M. Brochbiel, andG. Pippin, National Cancer Institute, Bethes_, MD
Oer groupsare working on the developmentof chelates that will bind lead andbismuth-212 to proteins in order to
use these radionuclides effectively in vivo. Generator-producedbismuth has been complexed to antibodies with
derivativesof diethylenetriaminepentaaceticacid. Thesecomplexes havebeenshown to havelittle or no effect on the
functionof theantibodies. Testing of theradium-224generatoris also an ongoingwoject.

M. Slrmgl,Johns Hopkins University, Baltimore, MD
Ourgroups have been testing 212Bi-labeled antibodiesfor therapyin a leukemia model in mice. The results of the
woA thusfarhave been promising,althoughthe expectedcureof the tumor has been somewhatdifficult to achieve.
In vivo tests of the chelates developed at the NationalCancerInstitutearealso being conductedhere using 2°6Bi to
modelthephafmacokineticsof the label.

V. Alvaroz, Cyto&en Corp., Princeton, NI
Our groups have been testing bismuth-labeling procedures by applying a unique chelate system developed at
Cytogen. This chelate, which binds to the carbohydratemoiety of the immunoglobulin molecule, enables us to
maintainthe integrityof thebindingpan of the moleculewhile makingthese modifications.

D. Ordin&Biological and Medical Research Division, AJ'gonneNational
We are examining the use of radioprotectors,specifically WR2721, which is an alkylaminothiol, to be used in vivo
to protectnormaltissue when radionuclidic therapyis being used. In the past, gastrointestinaland marrowtoxicity
have been the dose-limiting factors in these forms of therapy.If the use of radioprotectorsenables us to use higher
doses of alphaor betaemitters,thenwe will havemade this formof therapymuchmorevaluable in theclinic. Simi-
larly, these compoundsmay also be valuable in reducing themutagenic_es of radionuclidetherapy.

A. C. Herbst and E. DeSombre, The University of Chicago
We are investigating the use of radiolabeled estrogen-receptor-bindingradiopharmaceuticalsto diagnose and treat
gynecologic malignancies that express the estrogenreceptor.Ultimately, we would like to treatpatients with Auger
electronemittingradionuclides,which areboundto the estrogenreceptorandinternalizedby thecells.
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I. SchwartzandR. Wciebsclbaum,BiologicalandMedicalResearchDivision,ArgonneNationalLaboratoryand
Universityof Chir_o
We arecurrentlytestingtheradiosensitivityof alpha¢mitlersof thosehumantumorcellsthatarcresistanttoeither
radiation, chemotherapy, or both. The theoryof high-LET radiation suggests that there should be no cell that is
"resistant"to the high-LETradiation.If this premise is borneout, the implications for treatmentof resistant tumors
with alpha emitters are enormous. In addition,we are examining the mutagenic potential of alpha emitters in terms
of theiruse in therapyand thedangers associatedwithenvironmentalradon.

T.DasOuptaandI.Oreagcr,UniversityofIllinoisMedicalCenter,Chicago
We areundertakinga studyof an antibody thatwas developed in the universitylaboratorythatrecognizes sotbtissue
sarcomas.Althoughthese tunmrs havereasonableresponseto surgery,an adjuvanttherapythatutilizes this antibody
would enable the cliniciantoeliminate the microfocimissedinsurgeryby labeling the antibody with a cytotoxic
radionuclide.

M. BlendandR. Scorers,MichaelRccs¢Hospital,Chic_o, IL
We are investigatingthe use of radiolabeledantibodiesto determine in patientsthe wesence of tumorsthatarenot
detectedby other methods.Improvedtechniquesfor labeling andadministeringtheantibodiesareunderdevelopmenL
These anU_xiy-imaging testscan be usedalso to predictthe dose to targettissue andnontargettissue if the antibod-
ies areto be used for therapy whe. labeledwitha particle-emittingisotope.

A. Fritzberg, S. Wilbur, and S. Hadley, NcoRx Corp.,Seattle, WA and The University of Washington, Seattle
We are collaboratingin the developmentof a procedureto halogenateantibodieswith astatine for therapyandwith
positron emitters for diagnosis. These are complementary techniques thatcould provide valuable information for
treatmentplanningwith radionuclides.

D, HayesandD. Kufo, HarvardMedical School, Boston,MA
We are collaboratingon the use of DF'3.a monoclonal antibody that recognizes a cell-surface antigen l_eSent on
gynecological cancers. This work is ongoing in cell culture tests; if these tests are promising, we will begin an
imaging trialwith this antibody with the aim of using it for therapy.

D. Colcher, University oi'Nebraska
]. Schlom, National CancerInstitute,Bethesda,MD
We arecollaboratingon an imagingtrial of theantibodyB72.3 for ovariancancer.Thesestudieswill tc usedto
obtainpermissionfromthe FoodandDrugAdministrationto usethis antibodyfor radionuclidetherapy,initially
withY-90.

C. Black andA. Russo,NationalCancerInstitute,Bethesd¢MD
We are collaborating on the use of ESR to determine the chemical species producedin treatingcancerwith alphaand
beta emitters.The data derived from this study will be used to assess the value of a variety of radiosensitizers for
tumorcells.

C. Clw,n and C. Pelizzari, The University of Chicago
We have beencollaboratingwith these investigatorson techniquesfor correlatingimages obtained by using nuclear
medicine techniqueswith those obtainedfromX-raycomputerizedaxialtomography and magnetic resonance imag-
ing. This correlationallows one to judge the anatomical site of uptakeof radiopharmaceuticalsin humans.

J. B. Mitchell, NationalCaner Institute,Bethesda,MD
We are collaborating on a study of the fundamentalradiobiology of radionuclide therapy.Aspects of this study
include tissueoxygenation, rateof dose deposition,cell cycle, growth kinetics, andhigh- and low-LET emittersas
the toxic agent.

D. Elmaleb, Massachusetts GeneralHospital, Boston
We arecollaboratingwith Eimalehon the use of positronemitlers for diagnosticpurposes.These include Br-76 and
1-124for labelingantibodiesandreceptor-bindingdrugsfor neurologicimaging.
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,5.J. Adelstein, A. lOtssis,and R. Macklis, Harv_d Medical School, Boston, MA
We are investigatingthe use of the alpha-emittingisotopes to treatbone morrowin vitro to eliminate any diseased
cells before injection back into the patient. The selectivity of the alpha emitters, especially when attached to a
monociotml antibodythat is directed against the tru'getcells, is optimal fm"this application. Bismuth-212 with a
l-ht half-life is particularlywell suited to this application.Thiswork would enable the patients to receive theirown
numw in enplant procedureswherethediseasehassprml to themarrow.
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A. 20..MEV Linac C. D. Jonah, B. E. Clifft, G. L. Cox, D. T. Ficht

The safety systems of the linac have been 6 nCof chargeto a 30-ps pulse with 40 nC of charge
upgradedin both hardwareanddocumentationduring to a 9-ttsec pulse with 10 I_Cof charge. The energy
thepastyear. Ali radiationdetectors in user-occupied of the beam, 20-MEV transient mode or 15-MEV
areashavebeenreplacedwith "fail-safe"-typedetectors steady-statemode, is sufficiently high to easily pene-
that are suitable for high-peak-pulse machines. In Iratea reaction cell or even an oven, but not so high
addition,a failure analysis for the interlock systems that nuclear activation is a major problem. The
was doqe, aew operatingwocedures were written,and machineis currentlybeing used to studythe pathways
new safety systems were installed. The results.will by which kineticenergy is transformedinto chemical
appearin the Safety Analysis Reportfor the linac, potential energy, to study electron-transferreactions,

This linac was built in the late 1960s for radia- to create and study unusual oxidation states of lan-
tion chemical studies, lt is uniquely suited to radia- thanides and actinides, and to study unusual short-
tion chemical experiments because both shortpulses lived molecules. In addition, scientists from the
and high powers are available. The current in the AdvancedPhotonSourceareusing the linac to charac-
picosecond pulse was increasedapproximately four- terizethe impedanceof the waveguidesand chambers
fold in 1978by modifying the subhannonicbunching thatwill makeup the light source. These experiments
to work on the 12th harmonic instead of the sixth arecritical to the design of the APS becausethe eddy
harmonic. In the late 1980s, a pulse-compression currentsinduced by the positron beam going through
technique was devised that compressed the electron thecavities and chambers of the machinecan defocus
pulse to 5 ps from30 ps with the same beam current, the positron beam.
Studies are possible ranging over a 5-ps pulse with

i1|

B. 3-MEV Van de Graaff Accelerator R. H. Lowers, A. C. Youngs, D. Werst

The 3-MEV Van de Graaff acceleratorsupports the This year, considerable time has been spent
magnetic resonance studiesof the RadiationChemis- reviewing control and safety systems with the goalof
tryandPhotochemistry Group.The machine can pro- documenting the safety of the system. The activities
vide 1-ns to 10-rtspulses of electrons orprotons.The are very similar to those outlined for the linac. One
low noise of the machine makes it ideal for studying majorstudy was a maximumcredibleincident analy-
radical processes by using magnetic resonance and sis fora gas spill fromthe Van de Graafftank.
optical-magnetic resonance techniques.Such studies
aredescribedabove.

C. 60-Inch Cyclotron G. L. Cox, A. C. Youngs, R. W. Archer

The cyclotron is a fixed-frequencymachinecapa- program.RadionuclidesProducedfm this programand
ble of accelerating protons, deuterons,3He, and 4He forother ANL groups and for external investigators

ions to 11, 21, 34, and43 MeV, respectively, include 87y, 206,5Bi ' 95Tc' 198Au' 139Ce ' and
The major use of the cyclotron has been radio- 56Co.

nuclide productionfor the nuclearmedicine research
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TheComputerServicesGroupisresponsiblefor ThecentralVAX andUnixsystemsprovidethe

designing,_dng, andmaintainingmcChem- compumional powerforgenrnl computatimandvar-
istry Division's in-house central computer systems ions graphicsactivities.The LSI-I 1 systems mc used
andnetworks."lhein-housecenlndcomputingneeds for experimentconlmi,datar,q_ anddatamud-
are _ by nine netwodr_ MicroVAXcomput- ysis. Eleven of the 13 UNIX systems areused mostly
ers and two IBM RS/6000 computm_ In additionto for_ and graphicalactivities. The other two
the centndizecl computers, the netwmk consists of sureused to consol dm acquisi,_v -,ms. The per-
eight DEC LSI-I I mk-mcempulcrs, II UNIX com- sonMcompul_ nrcused for _ __sing,
putersof varian types, and over 120 _ com- sheets, data bases, graphics, ,,.,_mions, experi-
putcrs.The manyinr,hudandexumudnetworkcon- meritcontrol, dam m_luisition,anddamanalysis.
nectionsextendthiscam_ nmwakworldwide.

iilll

A. Networking Computers

The ChemistryDivision'scomputernetwork willpermittheLocalAreaNetworksinthesebuild-

continuestogrow,A seventhFm_/t 4 bridgehas ingstoconnecttotheI00MbitpersecondFDDI nct-
boen addedto iI_ _ to pcovidathe occul_mtsof work. This is 100 times the transferrateof the exist-
Building 211 with directaccess to the _ net- ingPBX-Ethcmctsitewidenetworkcurrentlyin use.
wmk. Like the Building 200 Macintoshcomputers, In addition to connecting the Chemistry Com-
the Building 211 Macintosh computerscannow com- purerNetwork to the FDDI, a CISCO rontcr/bridge
municatedirectly with my computersystemthatsup- will be used to segment the Building 200 Ethernc_
pore TCP/lP. This permits easier access to the backbone.The foursegmentswill isolate some of the
Clzmistry Division'scenu_i compmen and facilitates existing traffic.Therewill be a VAX clustersegment,
the useof electnmk:mailbrAwannthetwobuildings, workstationsubnctsegment, PC network segment,

The C_mnisus'computernc_tworkis in lhc IXOC- and a separates_gmentforthetheoreticalchemists.
e,ss of being _t¢_l to the Lab¢_ Fiber Currently,Mlmessagesmc tnmsmittedon theb_k-

Dm Inlefface(FDDI)netwmk. Cuaenl/y, boneEtherneL The segme,nmtion of thebackbone

theremc onlya fewnodesontheFDDI netwe_.In Ethemetwillimproveperformanceby res_cting
September and October of 1992, tibet optic cables some of the communicationprotocolsto a single sng-

will be pulled to mostof the buildings on site. This menL

B. Experiment Control and Data Acquisition

Thegroupcontinuesto maintainthedataacquisi- version will movethe systemfrom a LSI-II com-
tion systems tlm arcmmth_ on the LSI-II computer putea to a new VAXstation 4000 computer. Of the

systcam. However, new applications mc no longer several options, thiswas considered the most cost

being developed for the outdatedLSI-I 1 ccmlmtcrs, effective. This new dataacquisition system will be
IBMP_s md App_ Macintmtlmarethe hard- easilymodif'mblcandextendible.

warepl_ems of choice.
Cuaemly, the group is phmningfor the coaver-

sion of emcof the damacquisitionsystems. This con-
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C. RISC UNIX Computers

The IBM RS/6000 series provides an excellent RS/6000 systems. The two model 220 systems, hay-
range of computersto serve the computing needs of ing no localdiskdrives, Ire supixxledby the serveras
the Chemistry Division. The Workstation network disk,less workstations.The othersystems areprovided
began with the installation of two IBM RS/6000 vmyingdegreesof s_'vice fromtheserver.
model 530 computers.These computershave proven Ali of these RISC workstationsarc on an Ether-
themselves to be reliable andwell suited to the com- net segment isolated from the Chemistry Division's
putatiomd needs of the Chemistry Division. They backbone Ethernet. This isolation is provided by a
have been so well accepted that the workstationnet- MicroVAX II with two EIIwanethardwareinterfaces.
wott has been augmentedwith two RS/6000 model To imwove perfmmance and reliability, the Micro-
220, two model 320H, end threemodel 350 systems. VAX IImuting functionwill be repiw_ by the soon-

One of the RS/6000 systems _ a model to-be-installedCISCOrouter_.
530, has been configured as a server for other






