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REACTIVE INTERMEDIATES IN THE CONDENSED PHASE:
RADIATION CHEMISTRY AND PHOTOCHEMISTRY

A. D. Trifunac, D. M. Bartels, M. V. Barnabas, K. R. Cromack, C. D. Jonah, Y. Lin, A.-D. Liu,
D. M. Loffredo, P. Hart, M. C. Sauer, Jr., K. H. Schmidt, D. W. Werst, P. D. Walsb

Outside Collaborators: R. Cooper, V. V. Krongauz, S. Mezyk, P. W. Percival, E. Roduner,
C. Romero

I I

The research described in this survey represents a compared with that of classical monatomic ions by
multifaceted and comprehensive approach to the study way of thermodynamic and transport properties. In a
of transient intermediates and chemistry induced by study in which ions are produced by both laser excita-
energetic radiation. The goal is to determine the fun- tion and pulse radiolysis, we examine the dynamics of
damental chemistry that occurs when ionizing or solvent reorganization around transient ions.
photoionizing radiation interacts with condensed- Highlights of the past year include:
phase matter. The various short-lived intermediates, (1) The iu'st observations of aromatic radical an-
radicals, radical ions, electrons, and excited states ali ion dimers were made. Dimer formation is hindered

play a role in transforming high energy from photons by solvation effects, even in nonpolar solvents such
andparticles intodifferent stablechemical products, as aromatic hydrocarbons.

The simultaneous goals of this research are (1) (2) Significant progress has been made in defin-
the understanding of the chemical transformations ing the distribution of spur sizes in the radiolysis of
induced by energetic radiation via the delineation of alkane liquids by measuring the time-dependent yields
the overall framework of reactions; (2)the identifica- of solute anions, solute triplet states, and solute
tion and description of reactions of transient species; excited singlet states.

and (3) the development of novel tools to allow better (3) Product studies, including isotopic labeling,
pursuit of such elusive reaction intermediates. State- and flash photolysis experiments have helped to
of-the-art electron accelerators, ultra_fastlaser tech- establish the occurrence of ion-molecule reactions of

niques, and novel detection means for the study of excited radical ions in photoionization.
ultrafast processes and transient species are continu- (4) The use of zeolite matrices has allowed
ously being developed and improved, observation and control of ion-molecule reactions of

This survey is presented in two major pans. Part radicalcations.
A describes several research efforts in which we study (5) A combination of experiments, analytical
ions, excited states, and other transients in the con- theory, and computer modeling have provided new
densedphase. These include studies of radical cations insights into the structure, energetics, and dynamics
and ion-molecule reactions by the techniques of mag- of ion solvation in polar liquids.
netic resonance, picosecond emission, and picosecond (6) A careful study of the reaction of H atoms

absorption, which probe the role of ions in high- with benzene in water has tested the validity of transi-
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

Part B outlines the work on the role of solvents described as a proton transfer.The possibility of pro-
in chemical reactivity. Hydrogen anddeuterium atoms ton transfer from Bronsted acids to the solvated elec-

have been used as probes of the short-time events in tron has implications for other reactions involving
the radiation chemistry of water. The nature of the this species.

solvation structure around hydratedelectrons has been



A. Chemistry of Ions in the Condensed Phase
A. D. Trffunac, C. D. Jonah, D. W. Werst, M. C. Sauer, Jr., K. R. Cromack, M. V. Barnabas, D. M. Loffrcdo,
Y. Lin, A.-D. Liu, R. Cooper

1. Structure and Reactivity of Condensed- ThespecWumobservedin n-hexanecontaining10-3 M
Phase Radical Ions A. D. Trit'unac, C IOF8 is shown in Figure 1. This spectrum is
D. W. Wcrst describedby two quintetcoupling constants,al = 23 G

and a2 = 20 G, as appropriate for two sets of four
The goals of our radical ion studies are to dis- equivalentspinone-half 19Fnuclei. Whatappears as

cover theoriginsand fatesof radicalion intermediates a nine-line spectrumat low resolution clearly sepa-
inradiationchemicalprocesses,learnthedetailedelec- ratesinto the25-line patternat slightly higher resolu-
tronic andstructuralfactors thatdetea'mineradical ion rien (expanded view of inner three-line groupings,
reactivity, and define the role of the medium in ion Figure 1).
chemistry.The combined use of pulse radiolysis and
time-resolved magnetic resonance techniques is a
majorstrength in this effortbecauseof the versatility
of radiolysis forgenerating radicalcationsandradical
anions and the excellent structural information

obtained via magneticresonance.Radical ions can be
unequivocally identified,and manynuancesof struc-
ture and intermolecularinteractionsaxe revealed to

increase 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- Jj _

actionsbetween radicalions andsolventmoleculesor
neuwal solutemolecules. Such interactionsarecharac-
terized by the open-shellnatureof radicalions andare
often bonding interactions, that is, covalent bond
formationvia electronic orbitalmixing. In section a,

we discuss the formationof rarelyobserveddimerrad-
ical anions. Although radical cations of olefins and
aromatichydrocarbonsreadilyreactwith their neutral
parentmolecules to form dimers, the corresponding

Figure 1. FDMR spectrum observed at 190 K in
dimers of the radical anions have been virtually n-hexane containing 10.3 M CIoF8 and 10"'1 M
umeponed.We have foundstrongevidence fordimeri- dl0-anthracene(lower experimental trace), no di 0-
zation of two fluorinatedaromatic radical anions. In anthracene(upperexperimentaltrace).The uppertrace

section b, we explore solvationeffects on radical ion was obtainedat higherresolution.The stick spectrum
was simulated with the parameters,a(4F) = 23 G,

reaction mechanisms, in particular,electron transfer a(4F)=2OO.
anddimer formation,by comparingresults in alkane
andaromatichydrocarbon solvents. Relatedresultsof
a preliminary nature for radical ions in alkene sol- Fluorine substituentshave a significant effect on
ventsarediscussed in section c. the energies of the unoccupiedmolecularorbitals of

aromatic compounds. In a series of fluorine-
a. Radical Anion Dimers substitutedbeazene and pyridineradical anions, it has

been shown that fluorine substitution stabilizes the

Theoctafluoronaphthaleneradicalanion(C10F8-") lowest o* orbital,destabilizes the lowest _* orbital,
wasobserved in electron-irradiateddilutesolutionsby andgives rise to o*-_* crossover.That is, in heavily
fluorescence-detected magnetic resonance (FDMR). fluorina!edbenzene and pyridine radical anions, the
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odd electron occupies a delocalized a* orbital rather

than a rc* orbital. The main signature of the o* a)
ground state anion is that the hyperf'me splittings are

/

larger for the radical anion than for the radical cation;
this ordering is opposite to the behavior found for
lightly or unsubstituted aromatic compounds.

The reported coupling constants for C10F8°+ are I I
19.0 and 4.8 G. Thus, on this basis alone we would

conclude that the LUMO of C10F8 is 0*. The rela-
tively small differences between the coupling con- I

for the cation and anion, however, leave some Jslants

roomfordoubtandsuggestthatthee*and.'t* b)orbitals are close in energy. This finding may explain _,
the small temperature dependence of the hyperfine
splittings, for example, if the mixing of the a* and
rc*states has a vibronic component. We cannot rule
out a predominantly _t* ground state with partial a
character from mixing of a nearby a* state, which

might be sufficient to explain the observed coupling
constants.

Figure 2 shows how the FDMR spectrum t
changes with increasing C10F8 concentration. The
original spectrum is gradually replaced by a spectrum

(Figure 2b) consistent with coupling to 16 nearly __,
equivalent nuclei (a = 7 G). This spectrum is assigned 1_) - -
to the dimer radical anion, (C10F8)2"-, based on the t
(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 40GJ.._._._..m_
react with neutral solute molecules to form dimers,
equation 1. We propose that (C10F8)2""has a sym-

Figure 2. FDMR specura observed at 200 K in n-hexane
metric sandwich-type structure based on the equiva- containing a) 3 x 10-3 M, b) 5 x 10 -3 M, and c) 10-2
lence of the hyperfine couplings. M C10F 8. The markers in a) locate the average

positions of the inner seven groups of lines of the

CIOF8 "- + CIOF 8 _ (C10F8)2 .- (1) CIOF8"" spectrum. The stick spectrum in b) was simu-
lated with a single coupling constant, a(16H) = 7 G.

Figure 3 illustratesthe concentrationdependence

of the FDMR spectrum of the radicalanion derived as shoulders on the central, scintillator ion peak. By
from 1,2,4,5-tetrafluorobenzene (C6H2F4)in n- analogy to the foregoing example, this is also
hexane. Figure 3a shows the inner nine lines of the attributedto formationof a dimer anion radical.
(C6H2F4°-) spectrum (a4F= 41 G, a2H = 5.5 G). The The observation of dimer radical anions is inter-
unresolved EPR lines of the anthracene radical ions esting in light of the dearth of previous reports of

and the toluene solvent radical cation mask the central such species, contrasted with the ease of observation
triplet of C6H2F4"-. Analogous to the behavior of dimers formed from n radical cations. The only
observed for C10F8, the C6H2F4°" spectrunl dis- previous example of an anion-molecule dimerization

appears with increasing solute concentration lind is reactionthat has beenstudiedby EPR is the tetrafluoro-
replaced by a narrower spectrum (Figure 3b). The ethylene radical anion, which undergoes cyclization

high-concentrationspectrum is not resolvedand aPlxars with a tetrafluoroethylene molecule to give c-C4F8"-.
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Radical anions of other ethylenes with strong Figure 4 shows an expanded view of one of the H2

electron-withdrawing groups are thought to react to triplets (see asterisk in Figure 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

........ ailso decreases. The rate constant for exchange is

a) _ approximately 109 M-1 s-1.

a)

b) b)

--J
Figure 3. FDMR spectra observedat 190 K in
n-hexane containing 1 0-4 M dl0-anthracene and
a) 10"3 M C6H2F4, b) 10"2 M C6H2F4. The inset shows /
thesuperpositionof thecentralportionsofthesame .,¢'
two spectra.

Figure4.Exchangeeffectsobservedforone H2 triplet
in theFDMR spectru_ofC6H2F4"'.The solventis

b. Solv©nt Effects oa Radical Ion toluene; T = 190 K. The C6H2F4 concentration was a)
Reactions: Arene Solvents 10"2 M, b) 3 x 10"2 M, and c) 10"1 M.

The dimer radical anions, (CloFg)2"- and

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

(10 -3 M), the radical anion FDMR spectra are the in the arene solvents compared to alkane solvents.
Encounters between the radical anions and neutral

same in n-hexane and toluene for both C I0Fg'- and
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-
dence for self exchange is not observed for CIOFg,hexane. In the case of CIOF8", the spectrum is
our results do not rule out the possibility ofinvariant between 10-3 and 10-1 M; that is, no dimer

is formed. Likewise, in the case of C6H2F4"- in exchange. The spectra only indicate that exchangemust be slower than the characteristic EPR timescale.
toluene, no dimer is formed, and the dependence of

The slower exchange rate for CIOF 8 compared to
the _ on concentrationindicatestheoccurrence

of the electron self-exchange reaction, equation 2. C6H2F4 is consistent with the more posittve electron
affinity of CIoFg, 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 radical cations in these two solvents based Preliminary experiments were also carried out in
on electron donor-acceptor interactions between alkenes to characterize their solvent effects on radical

toluene solvent molecules and solute radical cations ions and radical ion reactions. For example, FDMR
that lead to the formation of solvent radical cation spectra of perfluoronaphthalene in 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-1-butene and 2-methyl-2-butene exhibit
a measure of such orbital interactions. However, slightly reduced (-16%) hyperfine coupling con-
charge transfer between 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 neuu'al solute molecules is more plausible, as radical cations is an equally important issue. In alkane
charge-transfer complexes between arene solventsand liquids, this has been difficult to address because the

strong electron acceptors havebeen 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 CIOF8 and via aggregate cation formation or via electron hop-
C6H2F 4 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 and ion-induced-dipoleinteractionsbetween the indicative of a localized solvent radical cation. As

anions and solvent molecules is not expected to be found for TME inother alkene solvents, the hyperfine
significantly different in toluene and n-hexane. The coupling constant for TME.+ inpure 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 (ot/4rw_0= 12.3 ]k3) and n-hexane The observation of a localized hole in pure TME

(ct/47te0= 11.9 A 3) 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 delocalizedaggregatesin 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 remains a puzzle. TME"+ + (TME)n _ (TME)n+I "+ (3)
The solvent effects in nonpolar solvents described

above are not limited to radical anions. A radical case. We have not found another example among sev-

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 CloF8"- and C6H2F4"-,TME.+ reacts with neu- rage for EPR detection. We plan future experiments
tral 'IME solute molecules to form dimer ions (and toaddress 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 Much of condensed-phaseradical cation chemistry
puzzlingconcentration dependenceof 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 spin localization 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 determined by 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 greatlyenhance radical cation

2. Transformations and Re_tions of stability, because ion-molecule reactions can only
Radical Cations in Zoolites occur in the presence of smaller reactant molecules
A. D. Ttifunac, M. V. Barnabas that are able to diffuse to the adsorption site.

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 between radical cations and metal ions of the

such species by matrix-isolation methods. The ability lattice) can affect radical cation mobility and stability.
to stabilize radical ions and to control their reactiv'ity Adsorption sites that differ in size, shape, polarity,
_._crucial to obtaining a cgmprehensive overview _f etc., often exist in the same zeolite. This introduces a

their structure and reactivity. We have recently derek- heterogeneity in the zeolite matrices that does not
oped zeolites as the matrix of choice. We have shown normally occur in other matrices, and that can lead to
that the reactions, structures, and electronic states of a dualityof radical cation reactivity within one matrix
radical cations can be influencedby the zeolite matrix due to stabilizationof different electronic states or dif-

and experimental parameters, such as substrate load- ferent accessibility of adsorption sites. A benefit of
ing and temperature, the remarkable synthetic versatility of zeolites is that

Radical cations have been studied extensively in size, shape, and polarity parameters can be varied,
_,ariousmatrices, where a solutionof the moleculeof allowing one to "tune" the environment to promote
interest is prepared and then frozen, or the solute and or inhibit reactions.

solvent are codeposited on a low-temperature surface. Pentasil-type zeolites (ZSM-5s) are medium-
Matrices stabilize radical cations by separating the pore-size zeolites, which allow one to monitor pri-
geminate electron or anion and the radical cation and marily the guest-guest or guest-host interactions over

by reducing the probability of recombination, a wide temperature range depending on the substrate
Zeolites have the added advantages that they have concentration. Four pentasil zeolites that have
unique and constrain.cdframeworksand are rigidovera approximately the same channel/pore size, but vary in
wide temperature range. Thus, while substrate the Si/Al content, and hence the counterion content,

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

(usually considerably below room temperature), Radical cations were produced by "/irradiation 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 (NBD) were examined by EPR in the
remains rigid well above room temperature. The fact zeolites at d.ifferent 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 cationsQ'+
change with temperature has manifold implications and NBD°+ undergo a variety of rearrangements and
for the study and control of radical cationreactivity, transformations.The differences in the zeolite interior



surface topology and composition are invoked to hyperfine parameters. Scheme 1 depicts the probable

explain the new radical cation chemistry, reaction sequence that connects the three TME radical
species observed in zeolites.

a. Ion-molecule Reactions: TME

Figure 5 shows the EPR spectra for TME in

ZSM-5 after 7 irradiation at 77 K with observation at I[
10 K: (a) 0.1%, (b) 1%, and (c) 7% w/w TME. The 77K

spectrum of TME "+ consists of 13 lines (11 are a) .... (

observable in Figure 5a) with a hyperfine coupling [_
constant of 17.2 G. When the TME concentration is

>5%, the dominant species in the spectrum is the .]1
dimer radical cation, (TME)2 "+, with a hyperfine cot]-
piing constant of 8.3 G. This result is consistent

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

species are present in different proportions.

-" e)
8)

Iv Figure 6. EPR spectra of 5% w/w TME in silie_ite
a) at 77 K and b) at 110 K. c) is the simulated spec-

~1%w/w trum of the trimethylallyl radical.

b) __/_ Tetramethylethylene(TME):
_l (CI"_)2CC(CHa)2 _ (CI'_),CC(CHa);c)

[(CH3)2cc(cH3)212

H CHa

Figure 5 EPR spectra of TME in ZSM-5 at 10 K (CHa)2:t.,.c/ CHaC_ (Clae)2C'%'/
a) 0.1%, b) -1%, and c) 7% w/w TME. "_

_CHa + CH:,
Trimethylallylradical

EPR spectra recorded for 5% TME in silicalite Scheme 1
Sl 15 at 77 K and 110 K are shown in Figure 6. The

spectrum at 77 K is clearly due to the monomer radi-

cal cation. In the temperature range 90-110 K, the Figures 5 and 6 offer simple illustrations of the

spectral change indicates the formation of a neutral 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 the uimethyl- However, things can get more complicated. For

allyl radical. Figure 6c is a simulation of the spec- example, the dimer radical cation formation from the

tnun of the trimethylaUyl radical using the reported monomer was found to be reversible at low



tm  turesTheexact  vioronOeindividual zeolite. Gamma irradiationof TME in Na- O--_ -'_
ZSM-5 and 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 temperat_e _j__._range 50-110 K correspond to the monomer radical _1+-- ___.-_'__
cation. Above -110 K (the exact temperature depend- NBD

ing on the TME concentration), only the neutral radi- (ii)radicalcation of NB_" K /t
cal is observed in the case of silicalite, whereas in 9

ZSM-5 both monomer radical catiot_andneutralradi- 1[---'_"_-'_
cal are observed. EPR spectra inNa-Q-5 show the co- IL._..L.J (iv) cyclopentadiene

(iii)bicyclo[3.2.0.]hepta-2,6 radicalcationexistence of ali three radical species in v_,ryingpro- -dieneradicalcation
portions at different temperatures. Scheme2

Although it is difficult to unravel ali of the
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 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) differentrates a(4I-l)= 8.0 G and a(2I-I)= 3.0 G. They are labeled as
of diffusion of TME, (3) different activation barriers (,/and (ii) in the central poltions of the spectra in
for the ion-molecule reaction to form trimethylallyl Figures 7 through 9. Figure 7 shows the spectrum

radical, (4) sites that facilitate dimercation formation observed at 240K for Q (0.07% w/w) in sil'_calite-
or stabilize (TME)2"+to different extents. Although Sl15 (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 understandingof the factors that bear unchangedfrom 77 K to 290 K.
upon the chemistry, greater understanding would The rearranged radical cation (iii) in Scheme 2
allow tuning to be done in a rational and efficient was not observedin the zeolite with high Al content
manner. (Si:Al = 170:1),but it was observed in a narrow tem-

perature range, 100-150K, 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 8 shows the EPR spectrum observed at

The radical cation chemistryof quadricyclene(Q) I00 K forNBD (0.07% w/w) in ZSM-5 (400:1).
and norlxanadiene (NBD) is of interest becauseof the

potential utility of this system for energy storage.
Previous studies in freon matrices found several con-

ventionalandphotoinducedradicalcationtransforma-

tions. Scheme 2 gives some of the transformations [_ | j (i)
possible for the radical cations of Q and NBD. Ac

Despite vigorous study by several researchers, the Jl_
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 hyperfinecoupling constants for Q'+ sweep width=100 (_
and NBD"+ should be very similar, and we have Figure 7. EPR spectrum of quadricyclane (0.07% w/w)
assumed this to be the case. in silicalite at 240 K.



Otherspecies formedby rearrangement(including
(iii) photoprocesses) and/or depmtonation of Q'+ and

NBD"+in freonmatricesincludethecycloheptatrienyl
radicalcation,tolueneradicalcation,7-norbomadienyl

' radical,andbicyclo(3.2.0)heptadienylradical.We have
observed an additional species in ZSM-5 (170:1), a

__j cycloreversion product, namely cyclopentadienylradical cation (iv), at temperatures above 200 K.
...... Figure 9 shows (a) the spectrumof Q'+ and (b) the

spectrum corresponding to the cyclopentadienyl
radical cation. The persistence of the parent radical
cation spectrumat 200 K eliminates the possibility
of the formation of cyclopentadiene before the ¥

irradiation(i.e., by the catalytic effect of zeolite). A

thorough study including the determination of the
dependenceon concentration,temperature,andtimeof
equilibration(i.e., the timebetween the adsorptionof

sweepwidth= 200G thesoluteand the irradiation)isunderway.
Our preliminary studies indicatethatthe diversity

and varietyof quadricyclane/norbornadienechemistry
in zeolite malricesarequite different than in the con-
ventional freon matrices. We observe many radical
cation transformations,which were hithertoobserved

t,tt _ 8. EPRspectrumof norbornadiene(0.07%w/w) and/orsuggested in the gasphasestudies.
inZ.MS-5(400:1)at 100K.

3. High-Energy Chemistry
A. D. Trffumc,D. M. LoffteOo, A.-D. Liu

if, The use of intense UV lasers to induce
(i) condensed-phasephotolysis opens new avenues for

the examination of novel photochemistry. When
energy input into a condensed-phase system is in

F_ o°o-oio
to the energy excess? Thus far,virtuallyno work has
been done in delineating transientintermediates and
products in such "high-energy" regimes. Due to the
obviousparallelsthatcanbe drawnto radiolysis stud-
ies, we have embarkedon a comprehensiveexamina-
tion of high-energychemis_'y of aromaticmolecules
in hy(_:adx)n andalcohol solvents.

(b) Ultraviolet photolysis of an aromatic molecule,
AH, in a hydrocarbon or alcohol solvent (RH and
ROll) is known to result in ionization, equation4,

2by
AH-'* AH+.+e- (4)

sweepwidth= 100G but little is knownabout other chemicalprocesses

andthedependenceoftheseprocessesontheenergy
Figure 9. EPR spectraof quadricyclancla ZSM-5
(170:.I)at (a) 130 K and (b) 80 K aftzrbeing warmed input. Two other processes could result from the
to 200 K. excess energy input: homolysis, equation5, wherea
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AH ---> AI-I** --,- A. + H. (5) One sees from Table 1 that the extent of product
formation is different for different aromatic com-

neutral excited state undergoes homolytic cleavage to
pounds. More products are formed with higher energy

yield two radicals, and ion-molecule reaction of an
photons, and the product formation is greater in alco-

excited radical cation, equations 6-8. lt is known that hol solutions (Scheme 4).
ground state ions, Ali +-,are quite stable in this regard. This last observation is consistent with the ion-

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

AH *'+ + RH --- A- + RH'_ (7) would not expect significant solvent polarity and pro-

AH *'+ + ROH -.- A. + ROH_ (8) ton affinity influence on neutral excited state homoly
sis. However, the nature of the solvent should infh.

In either instance, the aromatic radical, A., is formed, ence the ion-molecule chemistry.
Homolysis also yields hydrogen atoms. We can dis- Further evidence that neutral excited state homol-

tinguish between these processes by careful examina- ysis cannot be important is obtained by examining

tion of reaction products, the H2 and liD yields. The hy0rogen yield following

Product analysis. When an aromatic molecule in photolysis of various aromatic hydrocarbons ip ,=': ",o-

a hydrocarbon or alcohol solution is irradiated with hexane is 20.40% lower than the H2 yield foi_;_,,ing

intense UV photons from a pulsed excimer laser at photolysis of cyclohexane alone--opposite to the

248 and 308 nra, the solute is consumed. Several trendpredicted from the homolysis mechanism.

products were observed, and their relative yields were The H2 preduetion in cyclohexane is presumed to
determined. The products reveal the fomu_tion of the involve both neutral state homolysis and the loss of+
aryl radical (A-) and its subsequent reactions, molecular hydrogen from the c-C6H [2 radical cation

In the appropriately isotopically labeled solute to yield the olefm radical cation. Even though there is

and solvent (hydrocarbon), incorporation of 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

are given for naphthalene (Table 1 and Scheme 3). photolysis. Solvent-derived products, such as cyclo-

These data indicate that the naphthyl radical is formed hexene and bieyclohexyl, are observed with or with-

and that its principal reactions are with the cyclohex- out an aromatic substrate present. Cyclohexene is

ant solvent, equation 9, resulting in a series of other always the more abundant product, but the bicyclo-

A. + RH --- AH + R° (9) hexyl yield is considerably increased (Table 2) when
an aromatic solute is present. Previous workers have

produc'_s derived from solvent radicals. Ali of these shown that if only the cyclohexyl radical were

produc,_:swere detected and identified by GC-MS or involved, then one would obtain a 1:1 ratio of cyclo-

HPLC-I.Iv" methods, hexene to bicyclohexyl.

Table 1. F_,.'xluctand isotope distributions after photolysis of pcrdeuterat_d polycyclic aromatic hydrocarbons in
various solvents at 248 nma

substrate/solvent "pe"_ention isotopic ion A%_ % yield ofcyclo- % substrate
hexyl radicals c consumed

naphthalene/cyclohexane .... CIoH8 CIoH'7D 0.1 10.9 43

naphthalenedcyclohexane(dl2) CIOHg CIoHTD 8.0 11.0 41

naphthalene(d8)/cyclohexane CIoD_ Ct0HD7 7.9 11.4 44

naphthalene(d8)/cyclohexane d CloDs CIoHD7 2.2 3.2 26

naphthalene(dS) ftsopropanol Clol_ CtoI-ID7 8.6 - -

p-terptw_yl(d 14)/cyclohexane C18D14 CIsHDI3 4.7 - -

aThe samples consisted of 3.0 ml solution in a 1-cre path-length cell, saturated with SF:6. The concentration of each
su_tratc was as follows: naphthalene, 4 x 10-4 M; p-terphenyl, 2 x 10-4 M.

hA% was determined by subtracting the relative abundance of the isotopic ion before i/'_adiation from the relative
abundance of the isotopic ion after irradiation, taking into account the contribution of t_C isotopes.

CDetermined by multiplying the yield of bicyclohexyl by four, and then dividing by the initial concentration of aro-
matic substrale (assuming bicyclohexyl yield is representaUve of the overall radical yield).

dphotolysis carried out at 308 run.
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D D hexyl and 7.0 mM cyclohexene were formed.

v + e (a) Assuming one product molecule formed per dihydro-

D D gen molecule, the maximum relative yield of HD in

[(_] .* (_ the H2 + HD yield w°uid be ab°ut 37%' Mass spec"• _H12_ + C6HI2D . (b) tral data indicate a much lower value, merely 1.5%.

The effect of SF6 on product formation is also

• D__ O indicative of an ion reaction, not excited state homol-_ + a,_ _ + " (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 2). The effect of SF6 on excited state
[_ "O matt lm homolysis would be exactly opposite; one would+ _ _ proaum (d) expect a decrease in the yield because SF6 quenches

the excited state.

4"I"_ _ _+ff'_+ II_ (e) Table 2. Relative yields of bicyclohexyl from thex.../ X.../ '_4' photolysis of cyclohexane at 248 nm with and without
naphthalene and SFfi.

Scheme 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,_C,_,D SF6 1.0 10.0

III IIli

The degassed samples consisted of 3.0 ml solution in a
D D l-cm path-length cell• The naphthalene concentration

v
2hv was 1 × 10" M. Product yields are relati e to the yield

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

Flash photolysis and DC-conductivity studies.

xJ _,, transient optical absorption spectrum of AH can

in cyclohe isopropanol The +.

\ be measured by nanosecond flash photolysis. The

electron yield can be measured by conductivity in

• • hydrocarbon solutions or by optical absorption in. Ccd)_l-tot-tD•
alcohols (Figure 10).

_C6HI2 /(eH3)_cnon In hydrocarbons, one observes that the yields of

/

AH+ and e" diverge with increasing photon energy;

D n D the electron yield increases, but less AH + is formed atD _D higher photon energies. The experiments in alcohol
D D'"q_ _r'_ r_"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 11 for anthracene/2-propanol photolysis.

Scheme 4. Aryl radical formation during flash These observations suggest the emergence of aphotolysis (248 nm) of d I0-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 o+ hv ,.+If homolysis were the only pathway, photolysis radical _on (AH ---- AH _ AH ), leading to

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

tion of a substantial amount of HD. For photolysis qualitatively correlated with the larger e_ol/AH+-o ratios
o_ dl_:_ranthracene in cyclohexane, 1.6 mM bicyclo- at high light intensity.



12

In conclusion, these studies indicate that multi- Whatis clear is thata common pathwayof chemistry

photonabsorptioncaninduce ion-moleculechemistry opens with intense UV light fora varietyof aromatic
in aromatic molecules in hydrocarbon and alcohol compounds in very different solvents, and that this
solutions, lt 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 Ali *'+ aromatic radicalcation.
exeitedstates of the aromaticradicaleatioa Ali *'+ are.

6O
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Figure 10. Spectrum of solvated electrons and anthracene radical cations observed at 50 ns after 248-nm laser flash
photolysisof 5 x 10.5 M anthrac.znein 2-propanol.
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•u Figure 11. Quantum yields of

solvated electron and anthracene
_' radicalcation as a function of laser

20 intensity during248-nm laser flash4,0

,_" 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 better signal-to-noise
and Photolysis M. C. Sauer, Jr., ratio.

C. D. Jonah, A.-D. Liu, D. M. Loffredo, We measured the time profile of the optical

A. D. Trifunac absorbance of triplet naphthalene (3N) following a

30-ps pulse, and converted the results to G values

We have carried out experiments on the decay of (number per 100 eV absorbed energy) by using the

ions and the formation of excited slates 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 slate of

tire was to determine the ratio of excited slates biphenyl (tBp) was measured and converted to a tbp

formed to solute anions recombined; the extent to formation curve by a simple mathematical procedure

which this is less than unity tells us the extent of using the known fluorescence lifetime of 1Bp. This

transformation of solvent cations to species that can- was converted to G(IBp) on the basis of our previous

not yield excited solutes. Another objective was to measurements of G values of aromatic singlets. The

determine the ratio of solute triplet states to solute derivatives of these G vs. time profiles were then cal-
excited singlet slates; this gives us a measure of the culated and plotted vs. time. The results are illustrated

cross-recombination occurring in multiple-ion-pair for isooctane solutions in Figures 12 _nd 13.

spurs and therefore allows a comparison with predic- Values of d/dr taken from Figures 12 and 13, and

tions of the distribution of spur sizes made on the from similar plots for cyclohexane and n-hexane, were

basis of other experimental and theoretical informa- used to calculate the fraction of triplet, ftriplet(t) from

tion. Our experiments provide the first determination 1-70 ns. ftriplet(t) is the ratio of the rate of triplet
of the triplet-to-singlet ratio as a function of time. formation at time t to the sum of the rates for singlet

and triplet. It represents the probability of triplet

a. Ion-Recombination in Spurs formation in the ion recombination occurring at time

t. The results are shown in Figure 14.

The nonhomogeneous kinetics of ion-recombina- There are three main features. (1) The formation

tion resulting from the radiolytic ionization of an of the triplet state and formation of the excited singlet

alkane liquid pertain mainly to the time regime of slate is equally probable when ion recombination

0-100 ns. The recombinations occur in single ion occurs in the time regime 1-70 ns, with the following

pairs and it, multiple-ion-pair "spurs". For a single caveat: the values of ftriplet(t) depend on the calilra-
ion pair, the recombination is called "geminate", and tion factors used for both the singlet and triplet G-
will produce a singlet state product (whether electron value scales; hence, the vertical scale could have an

or positive-ion scavenging has occurred or not) unless error of 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. increase with time. This finding indicates the absence

For a multiple-ion-pair spur, cross-recombination of an appreciable effect of spin dephasing in the gem-

events are expected to produce triplet state products inate pairs over the time regime 1-70 ns. (3) The val-

75% of the time. Measurement of the triplet yield in ues of ftriplet for isooctane seem to be significantly
the Ira-st 10-20 ns is therefore of prime importance to higher than for cyclohexane and n-hexane. This result

assess the extent of cross recombinations, suggests that the known greater average separation

Experiments to address this question have been between the geminate partners in isooclane 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, recoml_ination in multiple-ion-pair spurs.

The high concentration is advantageous for three rea- 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 compared with the
excited slates are captured by the solute in sub- results from cloud chamber measurements and theoret-

nanosecond times, and the rates of triplet and singlet ical calculations of the number of ion pairs per spur,
formation from one to tens of nanoseconds represent as shown in Table 3.

those from the spur recombinations. Second, more In Table 3, it is assumed that Ns, and hence,

recombinations take piace at early times, before spin ftriplet, is independent of t. The last two columns
dephasing is significant; and third, the excited slate 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 en'or in the rel-

(Magee and Brocldehurs0. Column 2 gives the frac- ative scaling of the 3N and 1Bp G values could have

lion of the total ion pairs that are 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 subnanosecond time resolu-
values, 0.5 :t:0.1, are somewhat higher than the val- tion (approximately 0.3 ns) from 0.1-1000 ns, and
ucs of 0.39 and 0.45 from Table 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

7
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Figure 12. G(3N) and d/dt of O(3N) vs. time for 0.1 M naphthalenein isooctane.Electronpulse: 30 ps, 5.4 krad.
(a) 0-9 ns; (b) 0-85 ns,
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1.0 - date, and is the first to examine specifically the time

dependence of ftripletThe values vf ftripletarc consis-
tent, within experimental error, with expectations

o.8 - based on analyses of the energy-deposition events in

terms of spur-size distribution and cross-recombina-

o.6 - tions among geminate pairs.

•= 0.4 1.6

•-C]- isooctane 1.4
0.2 - .-'O- cyclohexane

-A-n-hexane > 1.2cD
o

o.o- o•-- 1.o
' ' ' I ' ' ' I ' ' ' I ' ' "_

0 20 40 60 w"6o,e
t, ns E

.-_0.6

Figure 14. Fraction of excited states formed at time t _

that are triplet; 0.1 M solutions of naphthalene or O 0.4

biphenyl in the indicated solvents. I ' fit I
0.2 I • Experimental J

. ,m_eu

0.0

fitted parameter. The experimental G(BP-) vs. tune
-10 -9 -8 -7 -O

results are usedto specify the rate of ion recombina- 1o 1o 1o lo 1o
tion. The long lifetime of the first excited singlet Time, s

state of naphthalene (95 ns) makes this solute ideal Figure 15. G(3N) vs. time for 0.1 M naphthalene in
for this analysis; the triplet observed in the Iu'st few isooctane; experimental and calculated re.'.t,lts.

tens of nanoseconds must originate mainly from ion

recombination (rather than from intersystem-crossing

from the singlet). The results for 0.1 M naphthalene b. Anion Decay vs. Excited State
in isooctane are shown in Figure 15. The value of Formation

ftriplet derived from thi_ method is 0.52 + 0.05,

which is in good agreemen_ with the values from the In conjunction with the measurements of G val-

derivative analysis. Note that the quality of the fit ues of solute excited singlet and triplet states

was not improved by allowing ftriplet to vary with described above, we also measured the G value of the
time, also in agreement with the derivative analysis, biphenyl anion, BP', as a function of time for 0.1 M

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

II I

Table 3. Predicted values of ftriplet

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

(Ma_eeI _Brocklehurst! _Magee) (Brocklehurst)
1 0.30 1.000 1.000 0 0

2 O.17 0.500 0.625 0.085 0.064

3 O.10 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
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manneras describedfor 3N and 1Bp. Comparisonof c. Formation of Aromatic Radical Cations

the rate of BP- decay with total excited state (3N + in Alcoholic Solutions; the SF 5.
1Bp) formationrate is shown in Figure 16, where rex Radical as an Oxidizing Species
is the ratio of the sum of the rates of excited state

formation divided by the rate of BP- decay. We have detemlined that aromatic radical cations

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

1.4- absorptions are observed when SF6 is present. The

1.2- rate of formation of the absorption is proportionalto
the concentration of the aromatic molecule. As an

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

o.s- after the laser pulse, observed for SF6-saturated 5 x10-4 M anthracene in methanol using 308-nm laser
o.6 flash photolysis. The 720-nm absorption corresponds

to the known absorption maximum for the anthracene
0.4- radicalcation. The spectrum labeled 20 ns (essentially

o.a- _ck_oxano determined during the laser pulse) consists of the first
n-hox4mo excited singlet state of anthracene (600 nm), the

0.0-
"' ' ' I • ' ' I ' ' ' I • ' anthracene radical cation (720 nm), and a broad

0 20 40 60 underlyingabsorption due to the steady-stateconcen-
t, ns trafionof solvated electrons.

Figure 16. The ratioof excited state formationto BP" o_o
decay from 1-70 ns.

There are rather large variationsin fexwith time. o._s
The very high values at 1 ns could be the result of !:=18

experimental errors, or they could indicate the trans- [ 0.lo
formation of solvent radical cations,priorto scaveng-
ing by the solute, to species unableto provideexcited
solute. The variations at later times, and differences 0.0s
between solvents, aremost likely due to experimental
error.The fact thatmost fox valuesare in the rangeof 0.00
0.7-0.9 means that 70-90% of the solute radical an- s_o ,o _,o ees 7oo 74o 78o
ions recombiningin the 1-70nsregimeyieldexcited Wavek_n_h.nm
states. This f'mdingmeans that 70-90% of the radical Figure17. Absorptionspectra for 308-nm laser flash-

photolysis of SF6-saturated 5 x 10 -4 M anthracene in
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 18) occurring over
small fraction of the solvent radical cations have about800 ns was analyzed; the pseudo-f'trst-orderrate
undergone ion-molecule reaction with the solvent.

constants obtained were linear with [anthracene],
This is not surprising,becauseat 0.1 M solute, trans- yieldinga rate constantof 8 x 109M-1 s-1 for forma-
fer of charge from the solvent radical cation to the tim of the anthraceneradicalcation.

solute should be very rapid (tl/2 < 0.7 ns). Therefore, The absorptionof the anthracene radicalcation in
ion-molecule reactions of the solvent radical cation the caseof pulse radiolysisof SF6-saturated5 × 10.4 M
with the solvent to form cations unable to yield anthracene in 2-propanol is shown in Figures 19 and
excited states, which are about an order of magnitude 20.

slower, do not consume a large fraction of the solvent In pulse radiolysis (Figure 20), the radical cation
radical cations, is formed only by the "slow" process, which is
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thought to be the reaction of SF5", which results photolysis and pulse radiolysis with other important

from the dissociative capture of a solvated electron by aromatic molecules and different elecu'on scavengers

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

The G values and rate constants in Table 4 indi- the energy dependence of these reactions and to assign
cate that the efficiency of oxidation of the aromatic the role of the solvent in the reactions.

molecules by SF5" depends strongly on their ioniza-

tion potentials and the solvent polarity. SFs- appears o.os
to react with the aromatic molecules via two different

pathways, one of which forms the aromatic radical 0.04. 1..-2r ,,, ]
I°--I

cation and the other of which leads to unidentified _ o.oa- I"°'4s°"l
products. _ l 4. ,s _, I

Further study will be needed to reveal key details _ 0.02-
of primary and secondary processes initiated by the

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

cations in alcohols by laser flash photolysis and pulse o sso _ roe ra0 740 76o 700
radiolysis provides a convenient method to generate Wavelength,nm

the aromatic radical cations and enablesthe study of Figure 19. Absorption spectraat 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 × 10"4 M anthracene in 2-propanol.
room temperature. A systematic investigation of the
formation of aromatic radical cations by laser flash

0.04

0.16 Optical,720_ _--.*v--_ur_--_ %0.12 lD

.e o.08 ._

.0 •

< 0.04 .

e

0._

Time,na
0 1.0

Time, gs
Figure 18. Absorption at 720 nmvs. time for 308-nra Figure 20. Time profile at 720 nm following an
laser flash photolysis of SF6-saturated 5 x 10"4 M electron pulse (!.8 krad dose per pulse) in SF6-
anthracene in methanol, saturated 5 x 10.4 M anthracene in 2-propanol.

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

solute IP gmax E G (per 100 eV) 10-9 k (M"1 s-1)

leV) _nm) ZM-1 cm"1) 2-propanol methanol 2-propanol methanol
perylene 7.0 540 3.5 x 104 1.74 -- 4 --

anthracene 7.5 720 1.2 x 104 1.72 -- 8 8 c

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 -- --

alp is the gas-phase ionization potential of the aromatic molecule from the literature. _,max is the absorption maximum
of the solute radical cations. E is the molar absorptivity of the solute radical cations from the literature.I/This value was
obtained at 0.01 M naphthalene; G is approximately proportional to [N]. CMeasured by laser flash photolysis.
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B. The Role of Solvent in Chemical Reactivity
A. D. Trifunac, D. M. Barwls, C. D. Jonah, Y. Lin, K. H. Schmidt, P. Hart, C. Romero, E. Roduner

1. Reaction of H Atoms with Benzene in of the transitionstate, but the reaction of Mu must
Water D. M. Barwls, E. Rodtmer occurtoo quicklyfor the waterto equilibrate.

ESR measurementof the H-atomreactionrate by
Solvent effects on chemical reaction rates have the FID attenuationmethod was chosen because of its

been investigatedin detail for manyyearsandgeneral simplicity, and the ability to measure H and D
trendsare understoodformany reaction typesinterms reactions simultaneously. Figure 21 shows a repre-
of diclectricityandionic strengthof the medium.The sentativeexample of a scavenging plot of FID attenu-
primary interest is the extent to which a given sol- ation rate vs. benzeneconcentration.The slope of the
vent,dependingon its dielectricpropertiesand melee- plot gives directly the H (orD) atom scavenging rate.
ulm"structure,mightenhanceor retardparticulartypes 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 different slopes
effects, in termsof "stabilization" or "destabilization" show clearly thatthere is an isotope effect that favors
of reactants or products or a postulated transition the reactionof H over thatof D. Furthermore,thereis
state. A fundamentaland largely untested assumption a small but significant difference in the interceptof
is made in the applicationof wansition state theory to the two lines. Inasmuchas H and D data points were
reactions in solution. This is the assumption that obtainedaltematinglywith the identical solv:,ion, the
equilibriumthermodynamicsapplies to the transition 8.6% larger value of the intercept shows that H is
state as well as to the reactantsand products.In view slightly moreefficient in second-orderspin exchange
of the highly transient natureof the transition state processes. This fact indicates that diffusion is slightly
configuration,it is questionablethata solvent would fasterforH thanforD.
have time to fully equilibrate about the transition
state. In this case, correlation of reaction rateswith

e_ ,ilibrium solvent properties may be based on a

shakytheoreticalfoundation. 3.0
To investigate this issue, we undertooka study

of the addition reactionof hydrogen isotopes to ben- H
zene in aqueous solution. Reliable data for this
reaction in the gas phase areavailable,and a studyof 2.5,

the analogous light muonium atom (tt+...e-) reaction T
with benzene in several solvents has also been pub- _. O
lished. In the gas phase, the reaction of H withben- _ 2.0
zene occursby addition, with a negligible amountof ,.,
abstraction at temperatures below 1000 K. The ['_
reaction is one of the few simple hydrogenadditions D
that are significantly activated. Addition of the light 1.5
muoniumatom (mass one-ninth of H) has a ratecon-
siderably enhancedby tunneling throughthe barrier,
as evidenced by a muchlower activation energy and 1.O
lower frequency factor. Our invention of the EPR-
based free inductiondecay attenuationmethodmakes
feasible a study of the the H- and D-atom reactions 0.0000 0.0005 0.0010 0.0015 0.0020

with benzene simultaneously in the same aqueous [CeHsI / M
solvent environment.The results allow a test of the

transition state theory assumptions for this system. Figure 21. Inverse relaxationtime as a function of
As wedescribebelow, the results suggest that reactions benzeneconcentrationfor H and D in a mixtureof 10%
of Hand D may occm"with nearly complete hydration H20/90% D20 at 297.5 K.
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The temperaturedependenceofkHis displayed in where q-T includes universal constants and has the
an Arrheniusplot in Figure 22 (opensymbols). There units of k. This may leadto a curved Arrhenius plot,
is no systematic deviation between the "-tints in particularwhen activationentropy and enthalpy are
obtained in neutralsolution with t-butanolscavenger 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) = In(q-To) + --rf--- +
are Ea = 19.1 kJ/mole and log (A/see) = 12.34 (full

line in Figure 22,. The activation energy is within _ACR_ ) (_oo) AH°_+ACff(T-T°'error the same in aqueous solution as in the gas + 1 In T " RT , (11)
phase. The enhanced rate constant in solution is
reflectedalmost entirely by the larger frequency factor, A_A

A(aq)/A(g)= 54. where ln(q.T) + _ is the natural logarithm of the
Transition state theory gives the rate constantfor Arrhenius frequency factor at To. The broken fine

bimolecular reactions as equation 10: in Figure 22, a fit of the experimental data to equa-
tion 11, is clearly a better representation of the exper-

k= q-T-exp_ARS-_)• oxp('-_),'AH_ (10) imentalpoints than the straight line.For interpretation of the solvent effects on the
reactionrate we compare the reaction in thegas phase
with that in solution as in Scheme 5:

L I I I I I I I I I

9.49.6"_ . .__"_

(;as: H + C6_ ht(g) [CcrH6...I¢I_

; C6H6 _AGs_olv Aaol, Aa,ol,

Solution: H + C61"I6 Iq-i(aq) [C6H6,.,.H]_

gO

T _ Schemo5
9.,2

x Based on transition state theory, equation 10, the
enhancementdueto solvation is given by equation 12:

pCAGsolv+ AG
_ _S_solv -I- J

k(g) K(_) RT
(12)

8.8 _'N The solubility of benzene in water is well estab-
K3 lishcd as a functionof temperature,and hasbeen criti-

a, caUy reviewed. The solvation properties of the transi-

.......218 310 3.2 3'.4 3.6 tion stateare, of course, not known, but may be esti-
lO00 T-x / K-i mated by averaging the results for benzene and for

1,4-cyclohexadiene. Previously, the solvation prop-

Figure 22. Arrhenius plot of the rate constant for the elttyof the hydrogen atom hasbeen estimated by aver-
reaction with benzene. H in H20 (open squares, aging the free energy of solvation of H2 and of He.
crossedwhere methanolwm usedto scavengehydroxyl We propose to use the values of H2alone for the rea-
radicals),H (filledcircles), and D (fiUedtriangles)in a

son outlinedhere.The solvation enthalpyis governedmixtureof 10%H20/90% I>20. NormalArrhenius(full
curve),modifiedwith heat capacityterm (brokencurve, largely by dispersion forces and is therefore a strong
see text), function of solute polarizability.The polarizabilityof
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H atoms (alpha = 8.7 x 10-31m3) is much closer to thehydrogenatom, equation 13:

f"lthat of H2 (7.9 x 10-31 m 3) than to that of He _AGsolv
(2 x 10-31 m3). The entropy of solvation is a large _ = exp = L-I
negative number for ali noble gas atoms and small k(g) - _ _ j (13)
molecules (46.7 J/mol-deg for H2 at 298 K, nearly

same number as forbenzene and cyclohexadiene). Comparison of the two lines in Figure 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 hydrogenis approximatedwell by ing deviation between the best prediction and the
that of molecularhydrogen, experime_xtcan easily be ascribed to experimental

The predictedvalues of k(aq)/k(g) basedon equa- error and the approximationsmade in estimating the
tion 12 and the strategy outlinedabove arecompared solubility of H and of the transition state. It should
with experiment (squares) in Figure 23 (solid line), be noted, however, that the curve is shifted to much
The agreement is striking in that the experimental highervalues and thus far fromour experimentaldata
points fall only about 10% short of the prediction, for k(aq)/k(g) when H solvation is approximated by
Also shown (brokencurve) is the predictedbehavior He insteadof by H2.
based on the approximation(found to applyto muon- The preceding analysis suggests that essentially
ium reactions in previous studies) that the benzene file full solventenhancementeffect for the reactionof
molecule and the transitionstate aresufficientlysimi- H with benzene in water is explained in termsof equi-
lm"withrespect to solvation so that the_nding librium solubility of reactants and transition state.
free energies cancel In thatcase,the enhancementfac- The same conclusion has been reachedpreviously for
tor is given solely by the free energy of solvation of the reaction of benzene with muonium in methanol

and in hydr_n solution where the enhancement
was less drastic.This implies that the transitionstate60 " ' ' ' ' ' • ' ' ,
is also fully equilibratedfor the muoniumaddition in
these less polar solvents. However, the muonium

..-"-- -'" _ .. reaction in water is different, as indicated by the
50. ,, -, points in Figure23. The solvent enhancementis only

/ a factor of four rather than the predicted factor of 40.

The question then arises, why is the muonium

4,0 reaction rate enhanced less than the rate for H and D

,._ D D in aqueoussolution?

The negative solvation entropies indicate that
e, 30 both the hydrogen atom and the benzene molecule

reside in "clathratelike" hydrophobic cages. The two
cages must merge prior to the reaction. In order that

20 advantage can be taken ofthe full free enthalpy of
solvation, there has to be complete relaxation of the
solvent around the transition state on the time scale

:tO. of barrier crossing. Comparison between the experi-
mental and predicted values in Figure 23 indicates that

this is the case for H but suggests that it may not beMu
/x

so for the light muonium atom (atomic mass 0.11).
C lr ' • '"=' m . . s

280 300 320 340 360 ' Because the addition reaction is exothermic and the
T / K transition state early, the effective mass moving

along the reaction coordinate will essentially be that
Figure23. Enhancementfactor of the rate constant in of the adding hydrogen isotope. Based on the mass

aqu,_ous solution over the corresponding gas-phase dependence oft he imaginaryfrequency that describesvalue. The brokenline gives the predictedcurve based
on AGhydof H2 alone, equation 13, andthe solid curve the degree of freedom corresponding to the reaction
representsthe full equation 12. coordinate, the light Mu atom is expected to move
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over or through the barrier about three times faster ':

than H. This motion is effectively a low-frequency ':. lH'+ OH'= (e').q + H20[
vibration that occurs on a time scale similar to the .-. 2.
libration of the water molecules, lt is thus conceiv- -,.,

.., 1oo7..able that we have a borderline case in water, where - -
relaxation of the cage, involving reorientation of _ ':

water dipoles, is nearly complete for H but too slow _ ,."
for Mu. Only the high-frequency (electronic) part of .a I
the solvent polarizability would then be able to fol- _o;_ I-- p,_v_o.,_oaI
low Mu through the transition state. Because in water 6:

this is only a fraction of the total dielectric response, ': .-I I I I I

solvation of the transition state would be incomplete 2.s 3.0 3,2 3.4 3,6
and the assumption of equilibrium between reactants lfr xlO+ (K1)
and transition statenot appropriate.

Figure 24. Arrhenius plot for reaction 14 (light water),
as measuredby the FID attenuation method. The solid

2. Mechanism of the (H)aq _- (e')aq line is the least-squaresresult reported in previous
Interconversion D. M. Bartels and P. Hart work.

The hydrated electron is arguably the most
important transient species in the radiolysis of water, provement in the precision. Least-squares analysis of
and is certainly the most interesting and unusual. In the new FID attenuation data gives A = 1.32 ± 0.17 x
years past, investigations in this group have focused 1014M-1 sec-l,andEa=38.36± 0.32 lO/mole.
on the dynamics of electron energy loss as the elec- In a recent publication dealing with the hydrated
tron becomes trapped and then fully solvated. More electron thermodynamics,Schwarz raised the possibil-
recently, we have addressed the equilibrium thermo- ity that the FID attenuation method may overestimate
dynamic and transport properties of the fully solvated the rate of reaction 14 if there is also a "base-
species, to contrast the prototypical quantum ion with catalyzed" chemic,al exchange process occurring. That
more common classical species. The thermodynamic is to say, H atoms may combine with OH- to form
properties of the hydrated electronwere deduced from an intermediate H20-, which dissociates rather than

the highly unusual reaction of H or D with OH-/OD-, proceeding to the (e-)aqproducL If the "other" proton
equation 14, in mixtures of light and heavy water, canemergefrom the intermediateto reformthe H ztom,

the proton-exchange event would be indistinguishable
k14

H (D) + OH- (OD-) = (e')aq + H20 (D20) (14) from a forward reaction event, so far as FID attenua-
k.t4 tion is craw.creed.To examine this possibility, we per-

formed optical transient absorption experiments toA very old, but still unresolved, important ques-

tion concerns the mechanism of this (H)aq _ (e')aq measurethe rise of (e-)aqabsorption dueto reaction 14.
interconversion. Is the reaction (particularly the back Figure 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- 25 is the signal of interest.The second-order decay of
fer, ideas about the mechanism of other hydrated elec- the signal was slow (half-life at least 10 times longer
tron reactions may need to be modified. Our goal in than l/kl[OH-]), but not negligible on the timescale of
the further investigation of equilibrium 14 has been reaction 14. We approximate the important kinetic
to resolve this question, processes as in Scheme 6.

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

improved methodology andequipment. Superimposed (H)aq k___,dproducts
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 signh'_cant lm- Scheme6
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0.0s- ke,9.77n7 0a't.¢ t) four times smaller initial CIDEP signal of D atoms

in D20. This required larger radiolysis pulses and
es
o o.o6- much longer signal averaging to achieve equivalentO

'* results. On the other hand, the optical experiment was

'; _,-9.3oB7 0a",., ') no more difficult in heavy water. As is obvious from0.04-
es _- - --_ r:._ --
o - - ...... -:---""-- Figure 27, both methods agree to within their signal-..-

t 0.02- k#,9.07R7 oat,ee") to-noise limitations. The global least-squares fit gives
•g _ ........... -"--- A = 1.19 + 0.22 × 1014 M"1 sec -1 and<
., Ea = 38.16 + 0.47 kJ/mole for the D + OD" reaction.

,_ 0.00-_ The global least-squares result for the light water

H + OH- reaction is also superimposed as a solid line
-0.02 --

t t t t in Figm'e 27. It is clear from this comparison that
-1 0 1 2 3

Time(ps)

Figure 25. Hydrated electron absorption following '_ _ lH'+ OH'= (e').q + H20]

pulse radiolysis of 0.01 M Na2SO 3, 0.046 M NaOH _ _,,

solution at 49.6 °C in triply distilled heavy water. .,..
Three different radiolysis doses of ca. 400, 200, and 'u°

m 100

100 fads to the same solution are shown. ",_ _,:l

%.

The initial slow rise and roughly the first one- _ [ A ___,r
quarter to one-third of the subsequent decay were fit to _c_ ._
the corresponding f'Lrst-order growthffirst-order decay :1function,equation15, , t t I ,

2.8 3.0 3 2 3.4 3.6

A(t) = Ao[(C+I) exp(-kdt)-Cexp(-kgt)] l/T xi03 (K_)

C = fs kd/(kd+ kg), (15)
Figure26.Arrheniusplotforreaction14(lightwater),

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

tion. As indicated in Figure 25, the values of kg I-n" [+ OD" = (e').q + D_O
extracted from this analysis proved to be slightly 4. l" I

3o

dose-dependent, and 5-15% larger than the k12 rate 2o

constants derived in the EPR experiments, The values -,_"

of kg were plotted vs. Ao, and the (zero dose) inter- . g

cept of the plot was taken for the "best" experimental '_
estimate of k 12. "o '-

t,,,,I 3=
Results of the optical absorption experiment for

light water are plotted in Figure 26 together with the -_ _" lt_l_-m"!.least-squares result of the EPR experiments. The good o _.OPT

agreement of the two methods makes it clear that a _t
correct result has been obtained, and no chemical- _-I
exchange process contributes to the biD decay. This I t i , ,2.s 3.0 3.2 3.4 3.6

conclusion is significant in the following discussion I/T xl03 (K_)
of the reaction mechanism.

EPR and optical experiments were carried out in Figure 27. Arrhenius plot for reaction 14 (heavy

heavy water, and the combined results areplottedin water). Both FID attenuation and optical experimentsare indicated. The solid line is the least-squares result
Figure 27. The FID attenualion experiment in heavy obtained in the light water reaction, for purposes of
water was far more difficult becauseof the roughly comparison.
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there is very little H/D isotope effect on the rate of uct state. If the transition state in reaction 14 were

reaction 14, and within the precision of our measure- symmetric or near-symmetric with respect to the two

ments, we are unable to clearly del'me any differences protons, then an exchange of protons between the H

in activation energy and pre-exponential factors. This atom and the OH- ion should often _cur in those

result contrasts with the order-of-magnitude isotope encounters that fail to proceed to product. The FID

effect favoring H20 over I)20 in reaction-14, attenuation rate would be the sum of the forward

With these experimental results in hand, we pro- reaction rate and one-half the proton exchange rate.

ceed now to consideration of the reaction mechanism. The experiments indicate that no "base-cataly'zr,,d" pro-

The encounter of the H atom and hydroxide ion can ton exchange occurs. Therefore, the transition state

most easily be envisioned in terms of hydroxide diffu- should more properly be formulated (H---OH)-, with

sion by proton transfer to a hydrophobic H-atom car- the location of the "excess" charge still to be specified.

ity. The proton-transfer diffusion mechanism will lb, fact, the transition state of equilibrium 14

bring the hydroxide into a configuration where the should be inherently asymmetric by virtue of 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-atom cavity. At this point, a sufficiently (left side of equilibrium 14) or by the electron (right

high-energy collision of the H atom and the oxygen side). In terms of the picture we have described for the

of the hydroxide ion, together with appropriate sol- encounter of H and OH-, a water molecule will likely
vent rearrangement, can form a water molecule a_l form at the boundary of the cavity, which def'mes 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)aq and (e')sClis accomplished, or getically that the H atom solvation c,,vity should
in other words, what is the nature of the transition fully colla: 'se, followed by the creation of a new sol-

state in equilibrium 14? The simplest postulate con- vent cavity for the electron. By analogy with the pre-

sidersa discrete, H20-, in--tc a,_shown in equa- solvated electron problem, electron Iocal_ation can

tion 16. most easily occur in a "pre-existing" region of low

solvent density: the H-atom cavity. Simila= considera-
(H)aq + (OH-)aq _ (H20-)aq t _ H20 + (e-)aq (16)

tions apply to the reverse reaction. Simulations indi-

Starting from the left side of the equilibrium, one cale 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 inco_ 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 fragments to 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 (H)aq _-'-(e')aq equilibrium,
intermediate that suggests an equivalence of protons, the unpaired electron does not "move" from the sol-

e.g., the (H20-) t formulation, is incompatible with vent cavity; rather, the transformation is effectively

the observation that the overall forward rate (measured accomplished by proton transfer between a water

optically) is exactly equal to the (EPR) rate of FID molecule and the nucleophilic electron charge center

auenuation. Modern theories of reaction rates in solu- within the cavity. The energetics and primary isotope
tion emphasize, the diffusive quality of reactive trajec- effects in the forward and revt_'se reactions are most

tories near the transition-state barrier. The reactants easily explained in these terms. A twmr-dimensional
may often cross over the free-energy t_rrier and then representation of the overall process is shown in
cross back again without ever reaching the final prod- Figure 28.
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H + OH" _ (e')Ki + 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
M

N J ,_ molecule. When the spin factor of 1/4 is included in
I o..._ o,

o0_ H 10 _l N 04... N,,_.N Nr • .- N%O , . 0 the Debye-Smoluchowski rate expression for
.,_:_.i::i_'i:':_.:. 0% .....::::::::::::::4::::::::. o,,_ ../:7': . .,o diffusion-limited reaction of charged species, one•:.:.....: :.ct,:.:.::..:.:. ..'_ ::- :.':::::::::::'
.,................ •:ii :i.: :. _ :'i: .:

::_::::.::_o_.:.._:_._:..? _0, .::::::::_.e_:::::_:_._:: deduces a reaction distance for the hydrated elecffon
o .::,:,:,,:,,:,yo, ................... ? ",o

N N. _,N N ?N ........ _NN O% _ pair of approximately 10 A. This would seem to°,,N O"N _ imply a long-range electron-transfer process, and it is
O... tC

difficult to imagine any "acceptor" site other than the

existing hydration cavity of one of the electrons. The

Figure 28. Proton-transfer mechanism envisioned for isotopic enrichment favoring H over D in the H2,
equilibrium 14. D2, and HD product mixture is quite large, suggest-

ing an intermediate that lives long enough

(picoseconds?) to thermally equilibrate with protons
If proton transfer from water to the solvated elec- and deuterons of the solvent. The second-order elec-

tron is possible in the case of reaction -14, there is no tron recombination proceeds at a rate that is nearly

reason to think that similar proton-transfer reactions diffusion limited, below ca. 150 °C. At higher tem-

from stronger Bronsted acids should not occur. The peratures, the disappearance rate actually decreases,

most obvious example is the well-known reaction of which suggests that the activation energy for the

(e')aq with hydronium ion, equation 17. reverse step of the pre-equilibration is much higher

than the forward reaction step, and at a sufficiently

(e')aq + (H30+)aq ,," (H)aq + H20 (17) high temperaturethe dielectron dissociation competes
I_ _:tically with the next step in the reaction. What is

Reaction 17 is very fast (k17 = 2.3 x 1010 M-1 sex-l), the next step? If proton transfer limits the lifetime of

but five to I0 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 elecmm acceptm"in an ton transfer to the dielectron, forming H'.
electron-transfer reaction. The _es of reaction

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

fer from hydronium to the weak base (e')eq, but are _s" _ .,o"

hard to reconcile with an electron-tramfer mechanism. ,.. _""_. _A number of moderately slow (e')aq reactions

with Bronstcd acids that give H atoms as products can '|'" .F_c_m _.
- _¢o,-_m,"be correlated by a Bronsted plot of reaction rate vs. _a s.

pKa. Au updated version of this Bronsted plot for _ "_'___hydrated election reaction with aqueous acids appears

in Figure 29. One can probably conclude that all |

Bronsted acids that are poor electron accepmrswill ..o -

v i
react by proton transfer to (c-)eq at the minimum rate o ._ .'2 i _ _ . i ,: _'s ,: ,.suggested in this Bronsu_ correlation.

The possibility of proton transfer to the weak Pg' "_(q)

base (e')aq may have further interesting implications
for the unique bimolecular recombination reaction of Figure 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

blyinvoiving a dielectron, as in equation 18. number of equivalent proton-accepting sites on the
conjugate base. 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-transfer rates.
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(e-)2aq_+ H20 _ H"+ OH" (19) a change in the energy of the probe molecule or ion
that changes the emission or absorption spectrum.

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

water moleculeto form H2,asin the generally accepted 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 produced by electron beam 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-

tance 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 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 beha_it:r 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 cleo- 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 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
I

has come from trying to understand chemical reactiv- O.lS

ity in different solvents by using models for the role 0.14
of solvation on the total reactivityuthus deriving the

effect from the consequences. The studies described ei o.12

here focus on the structural and dynamical properties o
of ion solvation. _ 0.10

_0.08

a. Ion Solvation and Solvent Structure _ o.o6

Experimental studies of solvation dynamics are 0.04

usually carried out by instantaneously creating a 0.1_
dipole or charged species in a polar solvent and subse- r_0 6_ 700

quently monitor!ng the emission or absorption spec- Wavelength(nm)

trum of this species. As solvation of this species Figure 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-octan_,l.
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Figure 31. Transientabsorptionspectraof benzophe- i ',_'_=_ 'none anion in three different linear alcohol solvents

(n-pmpanol,n-octanol,andn-decanol)at 3 ns afterthe 0.12[- /

The situation is very different when the solvent n
is changedfroma linearto a _ alcohol. Figure _ 0.06
32 plots the absorptionof the benzophenoneanionin 0.o4

n-octanol and 2-octanoi. As shown in Figure 32 0.o_ t ,
(top), the absorptionspectraare very similarfor the soc) ¢_so 700
primary and secondary alcohols at very early times, Wavelenglh(nm)
times prior to solvation. Both reflect newly created Figure 32. The transientabsorptionspectra of benzo-
ion species in random (unrelaxed) solvent configura- phenoneanion in n-octanoland 2-.octanolsolution at
tions. The absorption spectraare very different for the 50 ps (top) and 3 ns (bottom)after the electronpulse.

fully solvated species in linearand branchedalcohols.

The shift of thespectrumof the benzophenoneanion 0.1oI ' ' ' '

in 2-octanol is smallerOmnin n-octanol,and the fmal I _ _spectral position is about 35-nm red-shifted from

alcohol systems such as 2-butanoland2-propanol. 0.06.
The transient absorptionspectraof the benzophe-

none anion in acetonitrile are shown in Figure 33. O.O4
The absorption maxima at 50 ps, 300 ps, and 3 ns are

the same; unfortunately,the time-dependentsolvation o._ __ ._" "--"
process in this system is too fast for us to observe. _ i -- , "

SS0 600 _ 700 750
However, the final position of the anion absorption
shows thatthe equilibriumlocal solvent structureand Wavelenglh(nra)

energetics in acetonitrile are significantly different Figure 33. The transientabsorptionspectra of benzo-
from those in linear alcohols. The absorption spe(:- phenone anion in acetonitrile. The center of the
man at 3 ns is 90-nm red-shiftedcompared to the lin- absorptionpeak is at 720 nm.
ear alcohols and 55-nm red-shifted compared to the
branchedalcohols. The red shiftof the probe absorp-
tion spectra in going from linearalcohols 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 secondaryalcohols around
solvatedelectron, an anion. For a primaryalcohol, there is only a single

The differences between the primary and sec- carbonchain attachedto the carbon atom bonded to
ondaryalcohols cannotbeexplainedby the concentra- the OH dipole. The OH dipole can point towards the
tion of dipoles because the dipole concentrationsof n- anion and the carbon chain extend in the opposite
octanoland2-octanolarethe same.Thedifference,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

attached to the carbon atom bonded to the OH dipole, energy Vs, which is the electrical lx_tcntial at the
The second carbon chain (ha the experiments described solute site. This was done as a function of the num-

here, a methyl group) will interfere with a neighbor- ber of configurations for several different initial con-
ing alcohol molecule, and thus the OH moieties will figurations. After the system has reached equilibrium,

not be as near to the anion for a secondary alcohol as the values of solvation energy obtained from different

for a primary alcohol. Modeling studies in support of initial configurations are within the statistical fluctua-

these ideas are given in the next section, tion. The influence of the initial configuration dis-

appeared after 30,000 configurations. These calcula-
b. Monte Carlo Simulations of Solvation tions have been done for a series of cluster sizes from

Energeties 26 to 342, and the results were found to be indepen-
dent of cluster size.

The potential well arising from the arrangement
We have used Monte Carlo (MC) simulations to

of the solvent molecules aro_md the anion was calcu-
evaluate our hypothesis that the difference between

lated. The results of these calculations are shown in
primary and secondary alcohols is due to the differ-

ences in the packing of the solvent molecules around Figure 34. The differences in the potentials are evi-
dent for the three different placements of the dipole

an anion. In this simulation, we have used a simpli-

fied model that encompasses the linear and branched group in the model solvent molecule. In these calcu-
chain alcohols and acetonitrile within a simple frame- lations, the central charge is assumed to be the anion.

As can be seen in Figure 34, curve 1 (primary alto-
work and mapped the energetics of the system as a

function of the relevant solvent properties, hols) shows the deepest and narrowest potential weil;
hence, the absorption of the anion in this kind of sol-

We have explored the equilibrium properties of
vent would occur at higher energy. This indeed is

the anion solvation process in a model dipolar cluster.
what we observed experimentally. Curve 2The model consists of N solvent molecules around a
(acetonitrile) displays a relatively shallow and wide

central charged entity (anion). Studies were done as a

function of N (N < 342), and no significant differ- potential weil. Curve 3 (branched alcohols) shows a
ences were found. The solvent molecules are assumed deeper potential than for acetonitrile but the potential

is not as narrow nor as deep as curve 1. From Figure
to have the shape of three linearly connected hard

spheres. Three different dipole distributions of the 34, red shift is expected to occur on going from linear
alcohols to branched alcohols to acetonitrile.

solvent molecules were used. In the first case, the

solvating dipole is at the end of the molecule with its

positive charge at the exposed end. This describes the o. --_t_ __- -
linear alcohols. The second case corresponds to the -lo-

situation in acetonitrile, where the dipole is at the end '_

of the molecule, and the exposed end is negatively ,_ -20-

charged. The third case simulates the situation in the _ .ao. ! model 3

branched alcohols, where the dipole is located in the _ 40. _-

center of the molecule (center ball in our model) and t_ .re.is perpendicular to the axis of the molecule. .I

The degrees of freedom that are involved in the _ .e0-
calculation of the energetics are the position and ori- model 1

entation of the solvent molecules as well as the posi- -7o- ,

tion and orientation of the solvent dipole moments. 0 10 2o ao 4o

Ali electrostatic interactions among the solvent and P/ao

solute molecules are considered explicitly. Other Figure 34. Monte Carlo simulation of the ,distance

molecularinteractionsare simplyreplacedby hard- dependence of the dipole potential energy for three dif-

sphere repulsive potentials that keep molecules from ferent model fluids. The parameters used in these calcu-lations are q0 = -I (a.u.), Pl = 1.5 D, T = 300 K, and
overlapping. N = 124.
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Our simulation qualitatively explains the observed are ,5**,'ts, and kr. Because of the early formation of
spectral shift as a function of solvent, and demon- benzophenone triplet and ketyl radical product, Ao,
strates that the charge distribution of the solvent cannot be accurately determined from the final spec-
molecules determines the structure and energetics of trum, so it appears as an adjustable parameter. Figure
the solvation process. 35 shows the results of the calculation for the tran-

sient absorption data of the benzophenone anion in n-

o. Solvation Dynamics in Alcohols oc.tanol.The parameters, 'ts, A.., and kr are listed in
Table5. TheAo. values for threedifferent linear alco-

To compare the experimental solvation times of hols are verysimilar. The valueof Xr(1/kr) is --3 ns,
the 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 characteristic solvation time ('ts) in the same solvent.
relaxation times, it is necessary to develop an Therefore, the solvationprocesses we are studying are
approach to extract solvation parameters from the not influenced by subsequent chemical processes.
experimental data. 'This cannot be cloneby fitting the lt is interesting to compare and contrast the
decay curve at a given wavelength, because the time dynamics measured here with those found for electron
dependenceof the absorptions are differentat different solvation. The initial solvent arrangement around a
wavelengths. To obtain the desired information, a benzophenone ion shouldbe favorable for the neutral
more complete analytical method for obtaining the
solvation time has 'been developed.

To find the solvation time Xs, we assume that the , , ,

aniongroundstate relaxes exponentially with the char- 0.la t __- " .acteristic time 'rs. During the solvent reorganization _
process, the centerand width of the anion absorption o.ee

spectrumcan be describedby equations21 and22, o.o4 fl

_,(t) = h**+ (k0- 2_.)e"t/'ts (21) _ f
0.00 #fak_ i I I

-0.2 0.0 0.2 0.4 0.6
A(t) = A**+ (Ao - A**)e"t/'ts, (22)

Time (ns)

where k0 and Xe. are the anion absorption maxima ao_ _ ' ' '

for the initial unsolvated ,species and final solvated 8 e°t /kS _ "

species, respectively, and Ao and A**are the terre- _

spending absorption band widths. The expressions _ 40 s,_ "_

given in (21) and (22) allow the time- and wave- , " ". " -d '
length-dependent anion absorption to be written as 2o
equation 23, _ o_":' ! I I

_ (_-_t))2 -0.2 0.0 Oa 0.4 0.1

I-----L-- 2A2(t) e-krt Time(ns)
I(_,,t)- "_-r_(t) e (23)

f' • I_ I I I

e; ,o .
where kr is the rate for the subsequentchemical proc- _ 40osss,,oas • 7 : , . °

obtain the solvation time 'Cs,the magnitude of kr _ I2° ' ":" "" ""_; " "':" ':" " _
should be small compared to the rate of solvation. _ lo :./...,.3,. ,._< ,, :..., .,._._.

Forcomparisonwith theexperimentaldata,equa- _ o_,¢,':_.. • - "...;,. •.- • • .
tion 23 must be convolved with the instrument x .lo i: i i J_', o.o oa 0.4 o.8

response function.The parameters X0and AOin equa- "nine(_)
rien 23 are independently obtained from the absorp- Figure 35. Time-dependent absorption of the benzo-
tion of the benzophenone anion in nonpolar solvents phenone anion at several different wavelengths in
(_3 = 790 rim, AO= 105 nm in n-hexane). The value n-octanol. Thelinescorrespondto the calculations from

equation 23, and the dots are the experimental data. In

of _,oois obtained from the long time limit of the an- these calculations % = 55 + 5 ps, A,,o= 68 -t-2 nm,
ion absorption. The parameters left to be determined and (l/kt) = 2.8:1:0.3 ns.
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|1 I

_able 5. The characteristic benzophenone anion sol- than xi.1, but are slower than "rL2. The observed sol-
vation time xs and final spectral bandwidth A.,, in sev- ration time is a blend of several solvent motions and
eral linear alcohols. The rates for the subsequent chem- a combination of different dielectric relaxation times.
ical reaction are also _;iven for comparison. ,.

1 Because it takes longer to move an alcohol molecule

Solvents 'rs(ps) Ao, (nm) _ (ns) if a hydrogen bond must be broken, the longer time

n-butanol 35 66 2.0 for the anion solvation suggests that the initial struc-

n-octanol 55 70 2.8 ture around the anion requires a greater rearrangement

n-decanol 90 70 3.0 of the solvent molecules than the structure near an
electron, and that part of the reorganization will

require the breaking of hydrogen bonds.

benzophenone molecule, whereas the electron solva-

tion begins from a configuration that is particularly d. Dyntmaies in Salt Solutions
favorable for the electron (otherwise the electron

would not be trapped in ft,at particular location). To The experiments described above probe the solva-

assess these effects and to give an idea of the kind of tion of ions in dipolar, nonconducting solutions.

solvation mechanism that may be operating, we have However, in many chemical systems, counterions

prepared Table 6 to summarize (1) the benzophenone play an important role in the chemistry. Although
anion solvation times obtained from this study; (2) ionic effects are well known in chemistry, the quanti-

the electron solvation times; and (3) solvent dielectric tative understanding of the role of ions at high con-

relaxation times. 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 studies on solvation dynam-

pie, the solvation time for the benzophenone anion in ics into the realm of ionic solutions. In some ways,

n.xlecanol is approximately 90 ps, whereas the elec- ionic solutions might be viewed as simply more
tron solvation time is 55 ps. These values can be polar versions of the pure solvent counterparts. They

compared to the dielectric relaxation times for n- could, therefore, be expected to influence reactions in

decanol for 'rl-X3 of 2 ns, 48 ps, and 3.3 ps. The three a similar manner. Dynamically, however, ionic solu-

Debye relaxation times xi, x2, and x3 are associated tions are very different from pure polar solvents.

with the time scales of hydrogen-bonding dynamics in Whereas dynamics in a pure solvent involves primar-

molecular aggregates, the molecular rotation, and ily the reorientation of solvent molecules, the time
rotation about the terminal C--OH bond, respec- dependence of salt-solute interactions arises from the

tively. For both dipole solvation and electron solva- translational motion of ions.
tion, the solvation time correlates best with x2, the We have used both picosecond and nanosecond

monomer dielectric rotation time of the alcohol, pulse radiolysis techniques to examine the behavior of

A more rigorous description can be given by benzophenone anion in several ionic solutions with

using the longitudinal relaxation time 'tL, which is Li+, Na +, and Ba2+ in acetonitrile. Transient absorp-

defined as (eode0)'rD, where cooand e0 are the infinite tion spectra of the benzophenone anion in the pres-

frequency and static dielectric constants, and XD is the ence of 0.5 M NaCIO4 in acetonitrile are shown in

Debye dielectric relaxation time. Because of the com- Figure 36. In the absence of salt, the solvation

plicated dispersion behavior in alcohols, a single dynamics of the benzophenone anion in acetonitrile

value of XL does not exist. The experimentally mea- are too fast to be observed, and the absorption maxi-
sured solvation times in alcohol solutions are faster mum of the final solvated species is 720 nm. In the

TABLE 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 "ts (ion) Xs (electron) dielectric relaxation times (ps, XLl ---xi'_ \e°°{e-_t _ XL2

_ps) (ps) 'rl 'r2 'r3 (ps) \_'7 (ps)
n-butanol 35 30 670 27 2.4 127 2 !

n-octanol 55 45 1780 39 3.2 406 30

n-decanol 90 51 2020 48 3.3 565 4 2
i i i i
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presence of 0.5 M NaCIO4, the absorption maximum Two other research groups have recently studied
of the radical anion of benzophenone is 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
siderably slower. As in the pure solvent, the spectral much slower in ionic solutions and depends on the
dynamics cannot be described by a "two-state" kinetic salts and their concentration in the solution. They
model; instead, the spectral change appears to be con- have interpreted their results by using two different
tinuous as the environment around the 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 appear to be unsatisfactory to
nanosecond process.The solvation dynamics observed explain their observation. The solvent times calcu-

are strongly affected by the identity and the concentra- lated from DF theory are about an order of magnitude
tion of the cation. The different relaxation times for faster than the experimental measurements, whereas

different cation solutions may indicate strong cou- the concentration dependence expected from the ionic
piing between the benzophenone anion and a cation, interactionsis not in agreement with the experimental
or may indicate the formation of contact ion pairs: data. We believe that our findings provide a better
benzophenone radical anion-cation, guide for the interpretation of this family of observa-

tions, and we are now studying this important issue.

t Solvation MaximaO.12 - o.12"l 720- in acetonitrile
-4

0.10- 0.08 -_ +
0.04 E 700-! _ A 0.25MNa

= R% + 0"5MNa*

"¢'_"0.08 50_t,_ E=>_680- ' _,_. 0 0.75MNa+

r_ gE "_k_(_ [] 0.5MLi*

,
0.06 ,,y/ ==

0.04 ' ,_ 640- 'u _,

• • 620- "%_0.02 - • "

-,,,.<I I I I I
550 600 650 700 750 I ' I ' I ' I '

nm 0 4 8 12

Figure 36. Fits to the absorptionof the benzophenone Time (ns)
anion in acetonitrilein the presenceof 0.5 M NaCIO4. Figure 37. Maxima of the benzophenoneabsorption in
The inset shows the experimentaldataat the pulseend acetonitrilein the presence of differentsalts at various
and the fitted absorption. The peak at 550 nm is salt concentrations. Lines are least-squaresfits to an
assigned to the ketyl radical, exponential decay.
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ACCELERATOR ACTIVITIES

C. D. Jonah, B. E. Clifft, G. L. Cox, D. T. Ficht, R. H. Lowers, A. C. Youngs, D. Werst

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 nC of charge to a 30-pspulse with 40 nC of charge
upgradedin both hardwareanddocumentationduring to a 9-gsec pulse with 10 gC of charge. The energy
the pastyear. Ali radiationdetectors in user-occupied of the beam, 20-MEV transient mode or 15-MEV
areas havebeen replacedwith "fail-safe"-typedetectors steady-statemode, is sufficiently high to easily pene-
that are suitable for high-peak-pulse machines. In trate a reaction cell or even an oven, but not so high
addition, a failure analysis for the interlocksystems that nuclear activation is a major problem. The
wasdone, new operatingIXocedureswere written,and machineis currentlybeing used to studythe pathways
new safety systems were installed. The results will by whichkineticenergy is transformed into chemical
appearin the Safety Analysis Report forthe linac, potentialenergy, to study electron-transferreactions,

This linac was built in the late 1960s for radia- to create and study unusualoxidation 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 AdvancedPhotonSourceare using the linacto charac-
picosecond pulse was increased approximatelyfour- terize the impedanceof the waveguidesand chambers
fold in 1978 by modifying the subharmonic bunching that will make up the light source. These experiments
to work on the 12th harmonic instead of the sixth arecritical to the design of the APSbecause the eddy
harmonic. In the late 1980s, a pulse-compression currents inducedby the positron beam going through
technique was devised that compressed the electron the cavities and chambers of the machine can defocus
pulse to 5 ps from 30 ps with the same beam current, the positron beam.
Studies are possible ranging over a 5-ps pulse with

B, 3-MEV Van de Graaff Accelerator R. H. Lowers, A. C Youngs, D. Werst

The 3-MEV Van de Graaff accelerator supports the This year, considerable time has been spent
magneticresonance studiesof the RadiationChemis- reviewing control and safety systems with the goal of
try and Photochemistry Group.The machinecan pro- documenting the safety of the system. The activities
vide l-ns to 10-_ pulses of electrons or protons.The are very similar to those outlined for the linac. One
low noise of the machine makes it ideal for studyi,g majorstudywas a maximumcredible incidentanaly-
radical processes by using magnetic resonance and sis for a gas spill from the Van de Graaff tank.
optical-magneticresonance techniques. Such studies
aredescribedabove.
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EARLY EVENTS IN RADIATION CHEMISTRY AND IN PHOTOIONIZATION

A. D. Trifunac, D. M. Loffredo, and A. D. Liu
J. Rad. Phys. Chem. (1992)

OBSERVATION OF AN AROMATIC RADICAL ANION DIMER: (C10F8)2""
D. W. Werst

J. Am. Chem. Soc. (1992)

EARLY EVENTS FOLLOWING RADIOLYTIC AND PHOTOGENERATION OF RADICAL CATIONS IN
HYDROCARBONS

D. W. Werst and A. D. Trifunac

Radiat. Phys. Chem. (1992)

MECHANISM OF FORMATION OF TRANSIENT AROMATIC RADICAL CATIONS IN ALCOHOLS:
LASER FLASH PHOTOLYSIS AND PULSE RADIOLYSIS STUDIES

A.-D. Liu, M. C. Sauer, Jr., C. D. Jonah, and A. D. Trifunac
J. Phys. Chem. (1992)

SUBEXCITATION ELECTRON INTERACTIONS IN RARE GASES: PRODUCTION OF ELECTRONIC

EXCITED STATES IN HELIUM OR NEON MIXTURES WITH ARGON, KRYPTON, OR XENON
R. Cooper and M. C. Sauer, Jr.

Phys. Rev. A (1992)
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THE DEPENDENCE OF THE BENZOPHENONE-ANION SOLVATION ON SOLVENT STRUCTURE
Y. Lin and C. D. Jonah

J. Phys. Chem. (1992)

PICOSECOND DYNAMICS OF BENZOPHENONE ANION SOLVATION
Y. Lin and C. D. Jonah

J. Phys. Chem. 0992)

SOLVENT EFFECTS IN NONPOLAR SOLVENTS: RADICAL ANION REACTIONS
D. W. Werst

Chem. Phys. I._tt. 0992)

ON THE GENERATION OF H2 FROM FORMALDEHYDE IN BASIC AQUEOUS SOLUTIONS

S. Kapoot, F. Barnabas, C. D. Jonah, M. C. Sauer, Jr. and D. Meisel
J. Am. Chem. Soc. Comm. 0992)

THE DYNAMICS OF ANION SOLVATION IN ALCOHOLS
Y. Lin and C. D. Jonah

"Understanding Chemical Reactivity, John Simon, etl.; Kluwet Pub. 0992)
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PRESENTATIONS

DIFFUSION AND SPIN DYNAMICS OF H AND D ATOMS IN ICE
D. M. BaJ-tels

Physics Seminar, Argonne National Laboratory
December 3, 1991

EPR, SPIN DYNAMICS, AND DIFFUSION OF H AND D ATOMS IN WATER AND ICE
D. Bartels

University of Houston, Tcz_
February 17, 1992

EPR, SPIN DYNAMICS, AND DIFFUSION OF H AND D ATOMS IN WATER AND ICE
D. Barrels

University of Texas at Austin, Texas
February 18, 1992

EPR, SPIN DYNAMICS, AND DIFFUSION OF H AND D ATOMS IN WATER AND ICE
D. Barrels

Texas Technical University, Lubbock, Texas
February 20, 1992

RADIOLYTIC AND RADIOLYTICALLY INDUCED GENERATION OF GAS IN SIMULATED MIXED
WASTE SOLUTIONS

D. Meisei, H. Diamond, C. D. Jonah, M. C. Sauer, Jr., J. C. Sullivan, F. Barnabas,
E. Cemy, Y.-D. Cheng
Waste Management '92 Conference, Tucson, AZ
March 1-5, 1992

TRACK STRUC'IRJRE FROM LOW LET RADIATION
C. D. Jonah

Radiat|on Research Society - 40th Ar,nual Meeting, Salt Lake City, Utah
March 14-18, 1992

HIGH ENERGY CHEMISTRY: RADICM.. CATIONS IN RADIOLYSIS AND 1N PHOTOIONIZATION
A. D. Trifunac

Invited Speaker,University of Saskatchewan, Saskatoon, CANADA
March 14-20, !992

INTRODUCTION TO RADIATION CHEL|ISTRY: CHEMICAL PERSPECTIVE
A. D. Trifunac

Invited Speaker, University of Saskatchewan, Saskatoon, CANADA
March 14-20. 1992

EARLY EVENTS FOLLOWING RADIOLYTIC AND PHOTOGENERATION OF RADICAL CA,_IONS IN
HYDROCARBONS

D. W. Werst and A. D. Trifunac, invited talk
International Conference on Radiation-Tolerant Scint;llators and Detectors, Tallahassee, FL
April 28 - May 2_ 1992

RADICAL IONS IN RADIATION CHEMISTRY AND IN PHOTOIONIZATION: HIGH-ENERGY CHEMISTRY

A. D. Trifunac, invited speaker
75rh Canadian Chemical Conference and Exhibition, Edmonton, Alberta, Canada
May 31-June 4, 1992
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ION-MOLECULE REACTIONS INITIATED BY LASER PHOTOIONIZATION OF POLYCYCLIC AROMATIC
HYDROCARBONS IN ALKANE SOLUTION

D. M. Loffredo, A.-D. Liu, A. D. Trifunae

25th Great Lakes Regional Meeting, Milwaukee, Wist--_ain
June 1-3, 1992

EPR STUDY OF RADICAL CATION REACTIONS IN ZEOLITES
M. V. Barnabas and A. D. Trifurme

2Sth Great Lakes Regional Meeting, Milwaukee, Wisconsin
June I-3, 1992

HYDROCARBON RADICAL CATIONS IN ZEOLITES
M. V. Barnabas and A. D. Trifunae

Gordon Conference on Radical Ions, Wolfe,boro, NII
June 22-26, 1992

INTERACTIONS OF HYDROCARBON RADICAL CATIONS IN ZEOLITES
M. V. Barnabas and A. D. Trifunac

Gordon Conference on Radiation Chemistry, Newport, RI
July 5-10, 1992

HIGH ENERGY CHEMISTRY

A. D. Trifunac, invited talk

Gordon Conference on Radiation Chemistry, Newport, RI
July 5-10, 1992

EPR OBSERVATIONS OF TRAPPED HOLES ON "1"102COLLOIDS

K. R. Cromack, O. I. Micic, Y. N. Zhang, A. D. Trifunac and M. C. Thumauer

Gordon Conference on Radiation Chemistry, Newport, RI
July 5-10, 1992

HYDROGEN GENERATION FROM THERMAL REACTIONS OF RADIOLYTIC DEGRADATION
PRODUCTS OF CHELATORS

S. Kapoor, F. Barnabas, Y. Vojta, C. Jonah, M. Sauer, Jr. and D. Meisel
Gordon Conference on Radiation Chemistry, Newpork RI
July 5-10, 1992

THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE HYDRATED ELECTRON
D. B. Barrels, invited talk

Gordon Conference on Radiation Chemistry, Newport, RI
July 5-10, 1992

THE DYNAMICS OF ANION SOLVATION IN ALCOHOLS - A PULSE RADIOLYSIS STUDY
Yi Lin and C. D. Jonah

Gordon Conference oa Radiation Chemis_, Newport, RI
July 5-10, 1992

QUANTUM YIELDS OF AROMATIC RADICAL CATIONS IN ALCOHOLS -LASER FLASH PHOTOLYSIS
STUDY

A-D. Liu, D. Loffrado and A. D. Trifunac

Gordon Conference on Radiation Chemistry, Newport, RI
July 5-10, 1992
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TIME DEPENDENCES OF G-VALUES OF ANIONS, EXCITED SINGLETS, AND TRIPLETS OF AROMATIC
SOLUTES IN ALKANE LIQUIDS

M. C. Sauer, Jr. and C. D. Jonah

Gordon Conference on Radiation Chemistry, Newport, RI
July 5-10, 1992

SOLVENT EFFECTS ON RADICAL ION REACTIONS
D. Werst

Gordon Conference on Radiation Chemistry, Newport, RI
July 5-10, 1992

THE DYNAMICS OF ANION SOLVATION IN ALCOHOLS -A PULSE RADIOLYSIS STUDY
Yi Lin and C. D. Jonah

Gordon Conference on Water and Aqueous Solutions, Plymouth, NH
August 2-7, 1992

EPR, SPIN DYNAMICS AND DIFFUSION OF H AND D ATOMS IN WATER AND ICE
D. M. Bartels, P. Han, P. Percival, E. Roduner

Gordon Conference on Water and Aqueous Solutions, Plymouth, NH
August 2-7, 1992

HIGH-ENERGY CHEMISTRY
A. D. Trifunac

Invited Speaker, Institute of Nuclear Research, Shanghai, China
September 7, 1992

RADICAL CATIONS IN ZEOLITES
A. D. Trifunac

Invited Speaker, Institute of Nuclear Research, Shanghai, China
September 7, 1992

EARLY EVENTS IN RADIATION CHEMSITRY AND IN PHOTOIONIZATION
A. D. Trifunac

Invited Speaker, 8th International Meeting on Radiation Processing; Beijing, China
September 13-18, 1992

CHEMICAL CONSEQUENCES OF NON-HOMOGENEOUS ENERGY DEPOSITION BY IONIZING
RADIATION

C. D. Jonah

Invited Speaker, 11 th Symposium on Microdosimetry; Gatlinburg, TN
September 13-18, 1992

RADICAL ION PROBES OF SOLVENT EFFECTS IN NONPOLAR LIQUIDS
D. W. Werst

Invited Speaker, University of Alabama, Tuscaloosa
September 24, 1992
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COLLABORATIONS

R. Cooper, University of Melbourne, Australia
Studies of transientspecies created in gases, liquids,and solidsarebeing carried 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
understandingradiationeffects.

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 (hexams,lbiimidizole)and the role of dye sensitizers.

S. Mezyk, Atomic Energy of Canada, Ltd., Pinawa
Reaction rates of Hatoms with and other iodine-containingsolutes are being measured for the purpose of predicting
the spreadof radioactive iodine in potential nuclearaccidents.

P. W. Percival, Simon Fraser University and TRIUMF, Burnaby, British Columbia, Canada
Investigation of H and D atoms in ice by time-resolved EPR has allowed determination of diffusion rates, and the
development of a model H atom-H20 interaction potential. The aim of the,collaboration is improved understanding
of H-atom transportand 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 Iransition state theory
for reactions in aqueous solution. Precision measurementsof the hyperfine coupling of H and D atoms in water have
been made toelucidate the nature of hydrophobichydration, andeffects 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 computationalpro-
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 treatment.
This is an important step towards simulating chemical reactions in ionic solutions.
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