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CONTRACT EY-76-S—02-1385—M003 DOE DOCUMENT C00-1385-76
ELECTRON SPIN RESONANCE STUDIES OF RADIATION EFFECTS

ABSTRACT .

The discovery of new free radicals, largely in irradiated single crystals

of nonmetallic solids, and the determination of the molecular and electronic
structures of these paramagnetic species by, electron spin resonance (ESR)
spectfoscopy, have been carried out using a wide variety of organic and
inorganic materials. The mechanisms of production of radicals in solids,
their motions, and their reactions have been investigated and some applicable
general principles deduced. Emphasis has been on aliphatic free radicals
from irradiated carboxylic acids and amides and their halogen-substituted
derivatives, 6rganometallic radicals and substituted cyclic hydrocarbon
radicals; inorganic radicals studied include V centers, hypervalent radicals
and electron adducts. Extensive investigations of paramagnetic transition
metal complexes, particularly cyanides and fluorides, have been made. .In
all cases quantum mechanical calculations have been employed as far as
possiblevin interpreting the data. An improved method for analyzing
experimental ESR spectra of single crystals has been developed and a number
of crystal Stfuctures have been determined to supplement the ESR studies.
Applications of nuclear quadrupole resonance spectroscopy to the study
of structure and bonding in inorganic solids have been made and a method
for using nuclear magnetic relaxation data for estimating quadrupole

coupling constants in liquids has been developed.



ELECTRON SPIN RESONANCE STUDIES OF RADIATION EFFECTS

This project was started to carry out complete single-crystal ESR
studies of paramagnetic species and to advance our knowledge of the electronic
aﬁd molecular structures of free radicals. Also, to build up some knowledge
of the mechanisms of radiation damage in crystals, of the motions and

reactions of radicals in solids and of the nature of radiation damage in

~a wide variety of materials - both organic and inorganic. Although solution

or powder ESR data are very much easier to collect and interpret they
ordinarily do not provide the details of structure that single-crystal spectra
do, particularly when the crystal structure of the host is known. We have

frequently either determined the necessary crystal structures or have arranged

to have them carried out here through a departmental crystal structure service.

in addition to the main part of the research program we have carried
out a ﬁumbervqf related magnetic resonance studies by NMR and NQR spectroscopy
and have examined by ESR some transition metal complexes prepared by doping
single crystals as well ag by irradiation. These contributions are also
discussed-in this report (Sections III, VIII and IX).

The first analyses of single-crystal ESR data for organic compounds were
made in 1959 [Ghosh and Whiffen; Cole, Heller and McConnell; Miyagawa and

!

Gordy] and only a few amides or carboxylic acids had been studied at the

time this project‘began (1964). Through continued support from AEC, ERDA

and DOE we have been able to make significant contributions to this growing
' area of research. The principal investigator believes that the original

. aims of the project have been met to a very satisfactory degree:




o ¢

;.

SUMMARY 1964-79

I. Radiation damage in single crystals of organic compounds studied by ESR

" Initial successes were the discovery of the methyl radical in irradiated
sodium acetate, the trifluofomethyl radical in irradiated trifluoroacetamide
and the.trichloromethyl radical in irradiated trichloréacetamide. Although
thesé radicais, among the simplest and most fundamental of all for theoretical
study, had been reported in solutions or powders, we were the first to obtain
detailed ESR'data for them and provide the‘accompanying details of their
molecular and electronic structures. This work is described in reports
C00-1385-14, 16, 17, 23 and 47 (seven years were required to analyze the

spectra of °CC13 and of *CF,CO0 to our satisfaction).

2

We ;hen made detailed ESR studies of the radiation products of the very
important sefies of organic acetates and amides. A knowledge of the radicals
produéed-frqﬁ these single acids and amides was required'before radiation
damage in more complex biological molecules such as proteins could be

understood. A broad initial survey of irradiated organic amides was first

made (CO0-1385-9) followed by single crystal ESR studies of °CH2COO— in

'CHSCOONa, 'CFZCONHZ in CFSCONHZ, °CF2COO in CFZCICOONa, 'CClZCONHZ in

CC1,CONH,, and ’CHICONHz'radical in CHZICONH2 [C00-1385-9, 13, 14, 16, 17, )

3 2
18, 35, 47 and 55]. In addition a detailed investigation of radicals
produced by irradiation of the series of ammonium fluoroacetates was carried
out. These include *CHFCOO , "CFH, 'CFZCOO— and *CF; and their relative
proportions oBserved show that a C-F bond is broken in preference to a C-H

bond (COO-1385—56). In order to locate the directions of the radical axes

in the crystal structures, the x-ray analysis of sodium acetate trihydrate,

- ammonium monofluoroacetate and ammonium difluoroacetate were carried out at

A



Michigan State University (D. L. Ward). The methyl radical appears to.undergo
a tunneling rotation aﬁoUt the threefold axis when trapped in the sodium
acetate lattice and a theoretical study to explain the ESR and ENDOR spectra
was carried out (C00-1385-67).

Radiation damage in more complex carboxylic acids and cérboxamides
were then carried out to determine the effects of structure on the products
and to study the structures of more complex radicals; particularly those
containing halogen substituents. An ESR study of a bromine-containing
radical believed to be 'CHBrCONHZ, in a single crystal of CHBr(CONHz)2 was
carriéd out along with the crystal structure determination of bromomalonamide.
This and 'CHICONHz.were the first simple bromine- and - iodine-substituted
amide radicals to be investigated (C00-1385-51, 53). A detailed investiga-
tion of the a-hydroxybenzyl radical»(C6H56H0H) in irradiated single crystals
of mandelic acid provided the first study of a radical of this type in a

solid matrix (C00-1385-54). The crystal structure of mandelic acid was also

redetermined here for this purpose (D. L. Ward). The radical COZ_CFQéFCO2

shows inferesting changes in the ESR spectrum as temperature is lowered.

A detéiled linéshape analysis showed that motion about the central C-C

bond occurs above 130°K leading to an averaging of the hyperfine splitting

tensors. This is one of the very few cases where the details of the motion
of a radical in a single crystal matrix have been worked out (C00-1385-33).
The effects of hydrogen bonding in the host lattice leading to preférential
breaking of a C-C bond to give °CH3 in hydrated acetates, versus breaking a
C-H bond in anhydrous metal acetates, was noticed and reported in detail

(CO00-1385-22).



Some other simple organic radicals were investigated by ESR including

'a single-crystal analysis of the ESR spectra of the 'CHZC(NH2)2+ and Clz_
radicals in irradiated acetamidine (C00-1385-31) and detailed study of a
series of cyclic radicals in adamantane, where both isotropic and anisotropic
spectra are observed depending on temperature. It was shown by Fessenden

et al. (1963, 1964, 1967) that barriers to inversion in cyclic radica;s in
liquid solutions could’be determined from temperature dependence of the ESR
lineshapes. Sincé.this provides the only known method for measuring these
interesting barriers, we have studied by the same method a series of cyclic
radicals produced by irradiation of organic molecules in solid solution in
adaﬁantane where the radicals are reasonably long-lived. Hydrocarbon radicals
(cyclopentyl, cyclohexyl), heterocyclic radicals (tetrahydrofuranyl, tetra-
hydropyranyl, tetrahydrothiophenyl, 2-pyrrolidynl, tetrahydrothiopyranyl),
various substituted radicéls (1,-cyclopentanecarboxylic acid, l;cyclohexane—
carboﬁylic acid, 2—cyclopentanonoyi, 2-cyclohexanonoyl), and others, were
'studied in this way and the inversion barriers related to the structures of

thé radicals and the natures of the substituents (CO0-1385-70, 72).

" II. Radiation Damage in Single Crystals of Inorganic Compounds Studied by ESR

Irradiation of inorganic compounds may lead to the production of new
radical species by oxidation,reduction or bond breakage and we have examples
of all three. Potassium oxyfluoroiodate gives IOZF_ by breakage of an I-F
bond and the g and hyperfine splitting tensors from the ESR spectra provide
detaiis'of the structure and orientation in the crystal of the radical

~ (C00-1385-34). On the other hand As_F3 and AsC13 appear to add an electron
on irradiation and the reduced species AsFS—,lASCIS_ were identified

through their powder ESR spectra (C00-1385-36). Irradiation of hydrazinium




dichloride and dibromide leads to the oxidation products Clz— and Brz—
(V centers), identified through single crystal ESR spectra (C00-1385-32).
A more complex Vt center, F3_, is observed on irradiation of KAsF6

(C00-1385-37).

III. Péramagnetic transition metal complexes studied by ESR»

A substanfial part of the effort of this project over the last 15 years
has been devoted to single-crystal ESR studies of transition metal complexes,
‘combined with‘quantum ;heéry. In most caseg the species studied result from
- radiation damage of either a host crystal or a complex in solid solution in
a host; a few have been produced directly by doping the deéired host.” We
have emphasized ligand hyperfine splittings in the more ionic fluorides and

more covalent cyanides since these provide maximum structural information.

[?] Complex Cyanides and Fluorides of Chromium and Cobalt
The greater ¢ covalent bonding to chromium in [Cr(CN)é]S- compared to
that in [CrF6]3_ was demonstrated in an early ESR study from this laboratory of
[cr("*cN) 1% doped into diamagnetic KyCo(CN)q (C00-1385-4) and it was
.1ater shown that the same was true for the Cr-C bonds in [Cr(CN)SNO]S_
(C00-1385-3). ESR studies of single crystals of alkali halides doped with
[Cr(CN)SNO]S— were used in the latter study which appears to be the first use
-in ESR of substitution of an MX65- unit from an alkali halide by an approxi-
‘mately octahedral paramagnetic species (C00-1385-6). This technique has
since been widely employed. | 9
When a hexacyanide is doped into an alkali halide lattice.and irradiated,

paramagnetic species are observed showing hyperfine interaction with one or

two nitrogen atoms. To settle a controversy concerning whether the distortion




so observed results from turning around one or two nitrogens to give M-N-C

bonds, or whether it results from bending and moving out of one or two

cyanide ligandsA(M-C\N), we carried out a single-crystal ESR study of

[Co(ISCN)6]4- in irradiated NaCl and KCl crystals. The data indicate that
carbon remains bonded to metal but that the Co-C bond is weakened; a similar
conclusion presumably applies in the many other cases where this behavior

is observed (CO0-1385-62).

Irradiated Comblex Cyanides of Iron and Ruthenium (1977-1979)
Sinéle'crystals of several alkali halides, including RbCl, RbBr, KCl
and KBr,.haQe been grown from aqueous solution doped with.[Fe(CN)é]4-.
Irradiation with both x rays and Yy rays at room temperature leads to the
production of a number of paramagnetic species. We have obtained ESR spectra
for all these crystals at a series of orientations when the crystals are
rotated about a cubic axis. From the resulting plots of magnetic field

versus orientation the principal components of the g tensors have been

.determined. In nearly all cases hyperfine interactions with ligand nuclei

are observed and the ligand hyperfine tensors are also obtained.

| All.the paramagnetic complexes appear to result f?om addition of an
electron on irradiation to [Fe(CN)6]4- to give [Fe(CN)6]5 which suffers
weak tetragonal distortion to give [Fe(CN)S(CN)']S_ or [Fe(CN)4(CN)é]5_
radicals in which one or both of the axial cyanide ligands move out slightly
and the FeCN bonds bend. Annealing leads to exchangé of these weakly bonded
axial cyanidés wifh halide ions of the lattice to give [Fe(CN)SX]S' and
[Fe(CN)4X2]5_, where X = Cl or Br. The ESR parameters have been used to

obtain spin densities on the ligands and to discuss the structures of the

complexes. In some cases the same radical is observed in more than one

matrix and the effect of matrix on structure can be evaluated.



Prolongéd jrradiation also leads to the formation of a protonated
radical [Fe(CN)SCNH)S_ in which both proton and nitrogen hyperfine splittings
are‘observed.

This work has Been prepared for publication and a preprint is enclosed
(COO-1385-75);

© A dgtailed single crystal ESR study of ruthenium cyanide complexes in
‘alkali halide matrices has also been completed. The ESR parameters lead
to detailed information concerning the electronic structures of these
complexes apd permit direct comparison with the first-row énalogues, the
" iron cyanide complexes.

Slngle crystals of KCl doped with [Ru(CN)6] Qere irradiated at roém
temperature and the species [Ru(CN)6] [Ru(CN) (CN) ] [Ru(CN)SCl]S_,
[Ru(CNj4(CN)'C1]5f, [Ru(CN)4C12]5- and [Ru(CN)SCNH] were detected by ESR.

The g tehsors and some ligand hyperfine splitting tensors were obtained

from apectra taken on rotation about a cubic axis. Spin density distributions
on the ligands were derlved and the resuls compared with those for the
analogous Fe(I) cyanide complexes.

This work was published in abstract form for the American Chemlcal

Society/Chemical Society of Japan Congress, Honolulu, April, 1979 (C00-1385-74).

ESR Studies of Oxyfluoro Complexes of Vanadium and Molybdenum
" We have completed an extensive ESR study of oxyfluorovanadium and
oiyfluofomolybdenum complexes in single crystals of (NH4)ZSbF5. The host
was chosen since it appears to favor, on suitable doping, the formation of
square pyramidal paramagnetic complexes Qith five ligands,rather than
Aoctahedral complgxeg,since the impurity ion replaces a square pyramidal

SBFSZ_'ion in the lattice. Crystals of (NH4)28bF5 doped with VO2+ show
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the presence of V6F42- ions which have the dljconfiguration and give

good ESR spectra showing both vanadium and fluorine hyperfine splittings.
ESR spectra recorded as a function of orientation about three mutually
perpendicular axes were used to obtain the g and A tensors; g|| = 1,9330,
gl.= 1.9810, A||($1v) = -200 G, ﬁLF61V) = -73.5 G. Similarly crystals of
(NH4)ZSbF5 doped with MoO3+ show the presence of MoOF41-, also a d1 species.
ESR spectra were again recorded as é function of single crystal orientation
and the g and h);perfine interaction tensor§ extracted; gll = 1.8948,

are doped

5

with Mo0>* the ion MoOC14_ is obtained and the ESR spectra lead to the

.parameters g|| = 1.9650, %l.= 1.9461, A|| = 81.5 and A, = 40.75 G.

%L = 1(9250? All(gsMo) = 95.5 G. When crystals of (NH4)28bC1

Interpretation of the g and hyperfine tensors in terms of structure
is underway and will be combined with some'quantum mechanical calculations
for these complexes (also in progress). A complete anélysis of the single-
crystal ESR specfra of Y—irradiate& K2Nb0F5°H20 was carried out and it was
shown that the hole'species [NbOFS]- and NbOF4 are present. These have the
odd electron_in a degenerate orbital of e symmetry with'mostly oxygen 2pTr

- character (C00-1385-64).

Quantum Theory of Transition Metal Complexes (1Y77-79)
Theoretical'étudies.of the electronic structures and ESR parameters
of transition metal complexes have been carried out using the extended
Hﬁckel method. A series of iron cyanides and of oxyfluorovanadium complexes,
including those studied in this work by ESR, have been comparéd.
In order to obtain more reliable quantum mechanical results with these
rather large systems we are now using Slater's Xa-SCF method. A program |

has been adapted for our computer from one provided by Dr. W. Case (UC Davis)
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and we have begun a systematic study of.the series MOXSH- (M = v, Nb, Mo, Cr
énd X = F, C1, Br, I).. Other compiexes will be treated by this technique

as experience with.the method is obtained. It has the great advantage that
it can give ESR parameters for complexes of the second and third row
transition series where many other sophisticated methods, such as the pseudo-

potential method, cannot.

IV. ESR Studies of Organic Radicals in Irradiated Solutions

We have contributed to knowledge of the struétures and conformations
of organic radicals, particularly halogen-substituted species and organo-
metallic species, by a series of ESR studies of irradiated solutions.

The perfluoro radicals 'CFZCFS, 'CF(CF3)2 and °C(CF3) were prepared by
irradiation of the iodides and the observed fluorine hyperfine splittings
used to show that the radicals bend from planarity increasingly as the number
of o fluorines incréasesA(COO-1385—44). A similar investigation of the
isotropié hyperfine interactions for the series -Sn(CHS)nCIS_n (n=0,1,2,3)

. showed that these, along with -GeC13 and °SiC13, are nearly tetrahedral in
solution (C00-1385—46);‘other radicals of the type -M(CH?)Z(CHZX) with
M=2C, Si and X = H, Br, Cl were also shown to be nonplanar (C00-1385-41).

- The interestihg.B—chloro— and B-bromo-tert-butyl radicals in adamantane were
prepared_inlthis‘laboratory by irradiation of the isobutyl halides, the
latter being the firét well-characterized B-bromo aliphatic radical; the

bromine hyperfine splittings shows that the bromine is nearly in the nodal

plane of the odd electron orbital (CO0-1385-60). A study of the ENDOR spectrum

of 2-adamantyl radical in irradiated adamantane provided a value for the
proton-hyperfine splitting of a B proton in an alkyl radical with dihedral

angle 90° by symmetry (C00-1385-45).
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The only aromatic free radicals studied on this project were the radical
cations from octamethylnaphthalene and from two hexamethylnaphthalenes which
are of interest because crowding forces the methyl groups to be nonplanar
(C00-1385-25).

Quantum mechanical calculations, usually at the CNDO/INDO level,
were émployed in interpreting the ESR parameters and discussing radical

geometries in all the above cases (CO0-1385-25, 41, 44, 45, 46 and 60).

V. Analysis of Single-Crystal ESR Spectra'

In the course of work on this project, we noted that no systematié

. investigation of the methods for determining g and hyperfine interaction.

tensors from experimental spectra had been reported which made use of the

_inherent overdetermination of tensor elements in the usual method of rotating

a crystal about three mutually perpendicular axes. A series of three

- theoretical articles resulted in which we showed that rotations could be

_ about nonorthogonal sets of axes and that overspecification of tensor

elements could be used to estimate experimental crystal misalignments. An
accompanying set of computer programs was written and provided free to a

large number of laboratories (C00-1385-43, 52 and 59).

v VI. Reviews of ESR Studies of Radicals

A review of our investigations of radicals in irradiated single crystals
of amides and carboxylic acids was prepared for an international conference

(C0071385-20); A long book chapter covering the structure of inorganic

radicals as deduced from ESR data was prepared for the monograph ''Spectroscopy

in Iﬁorganic Chemistry, Vol. II'" (C00-1385-29).
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VII. X-ray Crystallographic Investigations

Complete interpretation of the ESR data for several irradiated single

crystals required details of the crystal structures not available in the

literature. We, therefore, determined the crystal structure of bromomalonamide

(C00-1385-63). ADr. D. L. Ward and K.-T. Wei, of the crystallographic service
group in the Department of Chemistry, determined the structures of mandelic
acid, ammonium fluoroacetate, ammonium difluoroacétate and sodium acetate
trihydrate. The complex hydrogen bonding Qetworks in the acetates and the
amide were discussed in detail in these articles (Acta Cryst. B32, 797,

2768; B33, 522).

VIII. Nuclear Quadrupole Resonance Spectroscopy

One of the most useful methods for the study of structure and bonding

in solids utilizes the directly observed nuclear quadrupolar transitions

which give, in turn, the electric field gradient at the quadrupolar nucleus.

We opened up a new area for research in NQR spectroscopy with the discovery
that a series of perrhenates and periodates with the Scheelite structure

4> MIO, with M = Na, K, Rb, Cs, Ag, NH,), and so containing ions with

" nearly tetrahedral configurations, showed rhenium (or iodine) nuclear

quadrupdle resonances (C00-1385-24, 27). Detailed investigation of the
tempera£§re dependenées of these revealed an unusual anomaly in that of
4ReO4 which is still the subject of intense investigation in a number of
other laboratories to provide a definitive explanation (C00-1385-49, 50).

An investigation of structure and bonding in some molecular adducts

of POCl, was made (C00-1385-19) and analysis of the results showed that

3

Sternheimer antishielding factors for chlorine in these molecular crystals

are smaller than for chloride ion in alkali chlorides (C00-1385-66). NQR
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investigations of BiC13°H20 {(C00-1385-40), substituted ureas (C00-1385-39)

and organic hydrochlorides (C00-1385-28) have also been published.

IX. Nuclear Magnetic Resonance Spectroscopy

Keto-enol tautoherism in substituted acetylacetonates is unusually.

important in chemistry since these are widely employed for metal chelation.

We made an extensive investigation of the effects of structure, solvents and

témperature on the keté-enol equilibrium using NMR spectroscopy (COO—1385—2,.

7, and'10).A A method for analysis of complex NMR spectra by computer was

devised (CO0-1385-11) and a review of this complex subject prepared (C00-1385-12).
‘Nuclear relaxation measurements in deuterochloroform and bromoform

were émplo&ed‘to estimate the nuclear quadrupole coupling constants for

deuteriﬁm in the;e liquids; the Totational correlation times were obtained

independently from Raman lineshape analysis (C00-1385-61) providing a new method

for obtaining these parameters.
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J. Chem. Phys. 46, 221-223 (1967).

C00-1385-17
Trifluoromethyl and Other Radicals-in Irradiated Single Crystals of
Trifluoroacetamide '
M. T. Rogers and L. D. Kispert
J. Chem. Phys. 46, 3193-3199 (1967).

C00-1385-18 .
ESR Study of CF2C00-4Radicals in Irradiated Single Crystals of Sodium
Chlorodifluoroacetate .
M. T. Rogers and L. D. Kispert
J. Chem. Phys. 55, 2360-69 (1971).



®

C00-1385-19
Chlorine Nuclear Quadrupole Resonance Study of Some Molecular Adducts

M. T. Rogers and J. A. Ryan '

J. Phys. Chem. 72, 1340-45 (1968).

C00-1385-20
Electron Spin Resonance Studies of Radicals in Irradiated Crystals
M. T. Rogers and L. D. Kispert
- Proceedings of the International Conference on Spectroscopy,

Bhabha Atomic Research Center, Trombay, Bombay, India, 229-234 (1967);

Nucl. Sci. Abstr. 21, 21966 (1967).

C00-1385-21

Electron Spin Resonance Studies of Radiation Effects
M. T. Rogers
Annual Progress Report, U. S. Atomic Energy Commission Contract
AT(11-1)-1385, 11 p. (1967). ‘
C00-1385- 22

Some Effects of Crystal Structure on Production of Radicals in Irradlated

Crystals
Max T. Rogers and L. D. Kispert
Radiation Chemistry - II, Adv. Chem.. Ser. No. 82, 327-335 (1968).

. C00-1385-23

Trichloromethyl Radical in Irradiated Trichloroacetamide
Max T. Rogers and L. D. Kispert, 13 p. (1968).

CO0-1385-24
Rhenium Pure Quadrupole Resonance Spectrum of Potassium Perrhenate
M. T. Rogers and K.V.S. Rama Rao, J. Chem. Phys. 49, 1229-31 (1968).

C00-1385-25
An ESR Study of the Radical Cations from Octamethylnaphthalene and
Two Hexamethylnaphthalenes:
K.D.J. Root and M. T. Rogers
J. Magn. Reson. 1, 568-574 (1969).

' C00-1385-26

Electron Spin Resonance Studies of Radiation Effects
M. T. Rogers
Annual Progress Report, U. S. Atomic Energy Commission, 6 p. (1968).

C00-1385-27
Pure Quadrupole Resonance Spectra of Perrhenates and Periodates
M. T. Rogers and K.V.S. Rama Rao
J. Chem. Phys. 58, 3233-35 (1973).

CO0-1385-28 :
Nuclear Quadrupole Resonance Zeeman Studies of p-Bromobenzenesulfonyl
Chloride and p-Bromoaniline Hydrochloride
K.V.S. Rama Rao and M. T. Rogers
J. Magn. Reson. 8, 392-397 (1972).
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C00-1385-29
Electron Spin Resonance Spectra of Inorganic Radicals and Radical -Ions
K.D.J. Root and M. T. Rogers
Spectroscopy in Inorganic Chemistry, Vol. II, Edited by C.N.R. Rao
and J. R, Ferraro, Academic Press, New York, N. Y., 115-174 (1971).

- C00-1385-30
Electron Sp1n Resonance Studies of Radiation Effects
M. T. Rogers
Annual Progress Report, U.S. Atomic Energy Commission Contract
AT(11-1)-1385, 7 p. (1969); Nucl. Sci. Abstr. 24, 13869 (1970).

C00-1385-31
Radicals in Irradiated Acetamidine Hydrochloride

J. C. Watson and M. T. Rogers, 11 p. (1969); Nucl. Sci. Abstr. 24,
13870 (1970). L '""
C00-1385-32
V Centers and Hydrogen Atoms in Irradiated Hydrazinium Dihalides
M. T. Rogers and J. C. Watson
Magnetic Resonance and Related Phenomena, Edited by V. Hovi, North
Holland, Amsterdam, 532-534 (1973).

C00-1385-33
Temperature Dependence of the ESR Spectrum of COZCFZCFCO2 in Irradiated
Sodium Perfluorosuccinate
L. D. Kispert and M. T. Rogers
J. Chem. Phys. 54, 3326-35 (1971).

€00-1385-34
An ESR Study of the IOzF Radical in Y—Irradlated Single Crystals of
Potassium Oxyfluoroiodate

S. Subramanian and M. T. Rogers
J. Phys. Chem. 75, 3479-3485 (1971).

C00-1385-35 .
ESR Study of CF,C00 Radicals in Irradiated Single Crystals of
Sodium Chlorodifluoroacetate
M. T. Rogers and L. D. Kispert
'J. Chem. Phys. 55, 2360-69 (1971).

C00-1385-36

An ESR Study of Radicals in y-Irradiated Polycrystalllne AsFz and AsCl
S. Subramanian and M. T. Rogers
J. Chem. Phys. 57, 4582-89 (1972).

'C00-1385-37
ESR Studies of Radiation Effects
M. T. Rogers

Annual Progress Report, U. S. Atomic Energy Commission Contract
- AT(11-1)-1385, 7 p. (1970).
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© CO00-1385-38

An ESR Study of F32- in y-Irradiated KAsFg
S. Subramanian and M. T. Rogers
J. Chem. Phys. 58, 3082-88 (1973).

C00-1385-39
Nuclear Quadrupole Resonances in 1,3-Dimethylurea and Tetramethylurea
Dinesh and M. T. Rogers ‘
J. Chem. Phys. 57, 3726-28 (1972).

C00-1385-40
Nuclear Quadrupole Resonance Study of BiClz<H,0
Dinesh and M. T. Rogers
J. Inorg. Nucl. Chem. 34, 3941-44 (1972).
C00-1385-41 ’
ESR Study of B-Halogen- Substltuted Carbon and Silicon Radicals
R. V. Lloyd and M. T. Rogers, 24 p. (1971).

C00-1385-42
ESR Studies of Radiation Effects
M. T. Rogers
Annual Progress Report, U.S. Atomic Energy Commission Contract
AT(11-1)-1385, 6 p. (1971).

C00-1385-43
A Generalization of Methods for Determining g Tensors
W. G. Waller and M. T. Rogers
J. Magn. Reson. 9, 92-107 (1973).

.C00-1385-44

An ESR Study of Some Perfluoroalkyl Radicals
R. V. Lloyd and M. T. Rogers
J. Am. Chem. Soc. 95, 2459-64 (1973).

- C00-1385-45

CNDOR Study of Lhe 2-Adamantyl Radical
R. V. Lloyd and M. T. Rogers
Chem. Phys. Lett. 17, 428-430 (1972).

C00-1385-46
A Comparative ESR Study of Some Silicon, Germanium and Tin-Centered .
Radicals .
R. V. Lloyd and M. T. Rogers
J. Am. Chem. Soc. 95, 1512-15 (1973).

C00- 1385 47

Trichloromethyl and other Radicals in Irradiated Single Crystals of
Trichloroacetamide

L. D. Kispert and M. T. Rogers

. J. Chem. Phys. 58, 2065-70 (1973).
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C00-1385-48
ESR Studies of Radiation Effects
M. T. Rogers
Annual Progress Report, U.S. Atomic Energy Commission Contract
AT(11-1)-1385, 7 p. (1972).

C00-1385-49
Temperature Dependence of the NQR Spectra of Perrhenates and Periodates
R. A. Johnson and M, T. Rogers
Advances in Nuclear Quadrupole Resonance, Vol. 1, Edited by J.A.S.
Smith, Heyden and Sons, London, 297-313 (1974).

C00-1385-50 187 :
Anomalous Temperature Dependence of the Re Resonance Frequency in
NH4ReO,

R. A. Johnson and M. T. Rogers
J. Magn. Reson. 15, 584-589 (1974).

C00-1385-51
ESR Study of a Bromine-containing Radical in y-Irradiated Bromomalonamide
R. F. Picone and M. T. Rogers
J. Chem. Phys. 61, 4814-4819 (1974).

C00-1385-52
. Determination of g Tensors from Experimental g-Value Differences
W. G. Waller and M. T. Rogers '
J. Magn. Reson. 13, 53-55 (1974).

.C00-1385-53
The Crystal Structure of Bromomalonamide: Study of Hydrogen Bonding
and Thermal Motions
R. F. picone, M. T. Rogers and M. Neuman
J. Chem. Phys. 61, 4808-4813 (1974).

© C00-1385-54 o
An ESR Study of Radicals in Irradiated Single Crystals of Mandelic Acid
W. G. Waller and M. T. Rogers, 22 p. (1975).

CO00-1385- 55
An ESR Study of the CHICONH2 Radical in Y-Irradiated Slngle Crystals
of Iodoacetamide
R. F. Picone and M. T. Rogers
J. Magn. Reson. 15, 279-285 (1974).

C00-1385-56
Single Crystal ESR Studies of Radicals in Irradiated Ammonium Fluoroacetates
R. C. Schoening and M. T. Rogers, 24 p. (1973).

C00-1385-57
ESR Studies of Radiation Effects
M. T. Rogers
- Annual Progress Report, U.S. Atomic Energy Commission Contract
.AT(11-1)-1385, 11 p. (1973); Nucl. Sci. Abstr. 29, 18133 (1975).
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C00-1385-58
‘ The Kinetics of Some Gas Phase Reactions of Chlorine Monofluoride and
Chlorine Trifluoride
M. T. Rogers, J. C. Sternberg, and J. P. Phelps
J. Inorg. Nucl. Chem. Supplement, 149-153 (1976).

C00-1385-59
Methods for Determining Axial g Tensors
W. G, Waller and M. T. Rogers
. J. Magn. Reson. 18, 39-56 (1975).

C00-1385-60
EPR Study of Conformation in B-Haloalkyl Radicals
R. V. Lloyd, D. E. Wood and M. T. Rogers
J. Am. Chem. Soc. 96, 7130-7131 (1974).
C00-1385-61 ‘
Nuclear Quadrupole Coupling Constants in Liquids. Raman Lineshapes
and 2D Spin-Lattice Relaxation in CDClz and CDBr3
D. A. Wright and M. T. Rogers
J. Chem. Phys. 63, 909-914 (1975).

C00-1385-62
Carbon-13 Hyperflne Interactlons and Structure of the Complex Ion
[CO(CN)s]
J. R. Shock and M. T. Rogers
J. Magn. Reson. 18, 157-166 (1975).

C00-1385-63
Refinement of the Structure of Potassium Heptafluorotantalate
L. V. Guirgiu, B. L. Barnett and M. T. Rogers, 23 p. (1974).

C00-1385-64
An ESR -Study of Hole Species in y- Irradlated KoNbOFg *H,0
J. R. Shock and M. T. Rogers
-J. Magn. Reson. 19, 303-307 (1975).

C00-1385-65 *
Electron Spin Resonance Studies of Radiation Effects
M. T. Rogers
* Annual Progress Report, Contract E(11-1)-1385, 15 p. (1974);
Nucl. Sci. Abstr. 31, 22099 (1977).

" 'C00-1385-66
Calculations of Point-Charge Contributions to the Splitting of Pure
Nuclear Quadrupole Resonance Lines '

J. A. Ryan and M. T. Rogers, 20 p. (1975).

C00-1385-67

' ~Tunneling Rotation of the Methyl Radical in Solids
J. Y. Lee and M. T. Rogers
J. Chem. Phys. 65, 580-81 (1976).



© C00-1385-68
Electric Field Gradlents from X-ray Diffraction Data..
R. A. Johnson, M. T. Rogers and A. Tulinsky, 8 p. (1976).

C00-1385-69
Electron Spin Resonance Studies of Radiation Effects
M. T. Rogers
Annual Progress Report, Contract E(11-1)-1385, 12.p. (1975).

"~ C00-1385-70

Conformational Studies of Some Cyclic Radicals in Adamantane
M. T. Rogers and C. W. Song, 9 p. (1976).

C00-1385-71 _
Electron Spin Resonance Studies of Radiation Effects
M. T. Rogers
Annual Progress Report, -Contract EY-76-S-02-1385-001, 8p. (1976).

- CO0-1385-72

~ ESR Studies of Conformations and Inversion Barriers in Cyclic Radicals
M. T. Rogers and C. W. Song
Prepared for presentation at the Sixth International Conference on
Magnetic Resonance, Banff, Canada, 18 p. (1977).

C00-1385-73
Electron Spin Resonance Studies of Radlatlon Effects
M. T. Rogers
Annual Progress Report, Contract EY-76-S-02-1385-002, 9 p. (1977).

C00-1385-74
ESR Studies of Irradiated Single Crystals of KCl Doped with [Ru(CN)6]
A. K. Viswanath and M. T. Rogers
Abstracts of the American Chemical Society/Chemical Society of Japan
Chemical Congress , PHYS 401, Honolulu, April 2-6,1979.

C00-.1385-75
ESR Stud1esaof Irradiated Single Crystals of Alkali Halides Doped with
[Fe(CN) ]
A. K. Vlswanath and M, T. Rogers '
Preprint of article to be submitted for publication.

C00-1385-76
Electron Spin Resonance Studies of Radiation Effects.

M. T. Rogers
Final Report (including Annual Progress Report for 1978-79) for Contract
EY-76-5-02-1385-M003.
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' ABSTRACTS OF ARTICLES PRESENTED AT MEETINGS 1964-79

These were not assignea COO- numbers (except #16, 17)

10.

“Covalent Bonding in Cyanide and Fluoride Complexes of Transition
Metal Ions"
H. A. Kuska and Max T. Rogers
Abstracts, 148th Meeting, American Chemical Society, 47V,
Chicago, August (1964)

"Effect of Substituents on the ESR Hyperfine Splitting in Copper
Acetylacetonates"
H. A. Kuska and Max T. Rogers
Abstracts, 149th Meeting, American Chemical Society, SS
‘Detroit, April (1965)

"Electron Spin Resonance of Low Symmetry Vanadyl Complexes'
H. A. Kuska, T. Krigas and Max T. Rogers
Abstracts, 151st Meeting, American Chemical Society, 24N,
Pittsburgh, March (1966).

"ESR and Molecular Orbital Calculations of Vanadyl Complexes'
H. A. Kuska, P. T. Manoharan, Max T. Rogers and A. K. Fan
Abstracts, 154th Meeting, American Chemical Society, V-54,
Chicago, September (1967)

"Chlorine Nuclear Quadrupole Resonance Study of Some Molecular Adducts
of Phosphorus Oxychloride"
Max T. Rogers and J. A. Ryan
Abstracts, 153rd National Meeting, American Chemical Society,
41R, Miami Beach, April (1967) '

"Electron Spin Resonance of Copper Complexes"
H. A. Kuska, T. Krigas, R. E. Drullinger and Max T. Rogers
Abstracts, 153rd Meeting, American Chemical Society, 63R,
Miami Beach, April (1967)

"Pure Quadrupole Resonance Spectra of Perrhenates and Periodates"
Max T. Rogers and K. V. S. Rama Rao
Abstracts, 156th Meeting, American Chemical Society, PHYS-151
Atlantic City, September (1968)

"Solid-State Effects in Pure Quadrupole Resonance Spectroscopy"
Abstracts, International Symposium on Electron and Nuclear
Magnetic Resonance, Melbourne, Australia, August (1969)

"ESR Studies of Irradiated Crystalline KIOZFZ’ AsF3 and AsC13"
* S. Subramanian and Max T. Rogers -
Abstracts, Second Symposium on Electron Spin Resonance, F5,
Athens, Georgia, December (1970)

"ESR Studies of Inorganic Radicals and Transition Metal Complexes"
Abstracts, Third Central Regional Meeting, American Chemical
Society, 69, Cincinnati, June (1971)



11.

12.

13.

14.

15.

16.

17.
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/;/

"NMR of Nitrogen Compounds"
Abstracts, 163rd Meeting, American Chemical Society, ANAL 018,
Boston, April (1972)

"NQR Studies of Perrhenates and Periodates"
R. A. Johnson, K. V. S. Rama Rao and Max T. Rogers
Abstracts, First International Symposium on Nuclear Quadrupole
Resonance Spectroscopy, A2l, London, England, September (1972)

"ESR Study of Bonding in [NbOF ]3- Ion"
J. R. Shock and Max T. ﬁogers .
Proceedings of the XVth International Conference on Coordination
Chemistry, Moscow, U.S.S.R., Vol. I, 101, June (1973)

"Calculation of the Point-Charge Contributions to the Splitting of
Pure Nuclear Quadrupole Resonance Lines"
J. A. Ryan and Max T. Rogers
Abstracts, Third International Symposium on Nuclear Quadrupole
Resonance Spectroscopy, Al-2, Tampa, April (1975)

"ESR Study of Radicals in Irradiated Ammonium Fluoroacetates"
Max T. Rogers and R. C. Schoening
Abstracts, First Chemical Congress of the North American Continent,
PHSC-46, Mexico City, Mexico, November (1975)

C00-1385-74.

C00-1385-75.
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Ph.D. Theses 1964-1979

EY-76-5-02-1385
Supported, in part, through Contract AT(11-1)-1385
E(11-1)-1385
Henry Anton Kuska
Electron Spin Resonance of Tran51t10n Metal Complexes

Yuh-Kung Pan
Quantum Mechanical Analysis of High-Resolution Nuclear
Magnetic Resonance Spectra

Lowell Donald Kispert

Electron Spin Resonance of Irradiated Organic Single ‘Crystals
James Austin Ryan - ’
Nuclear Quadrupole Resonance Study of Charge-Transfer Complexes

James .Clyde Watson
An ESR Study of Radicals in Some Irradiated Single Crystals-

Richard Allen Johnson
Temperature Dependence of the NQR Frequencies of Periodates
and Perrhenates and Calculation of Electric Field Gradients
from X-ray Diffraction Data

John Robert Shock
ESR Studies of Transition Metal Ions in Unstable Oxidation
States

William George Waller.
Part I. An Electron Spin Resonance Study of Radicals in
Irradiated Single Crystals of Mandelic Acid.
Part II. A Generalization of Methods for Determining g Tensors.

Rlchard Clark Schoening
Electron Spin Resonance Studies of Radicals in Irradiated
Acetates

Robert Francis Picone
Part I. An X-Ray Crystallographic Structure Determlnatlon
of Bromomalonamide.
Part II. An ESR Study of Radicals in Single Crystals of
y-Irradiated Bromomalonamide and Iodoacetamide.

David Allen Wright
Molecular Motion. in Condensed Phases. Nuclear Magnetic
Relaxation and Raman Lineshape Studies of Several Small
Species.

John Choo Wang Song
ESR Studies of Alicyclic Radicals in Adamantane

Sunil Kunnethedathil
ESR and Theoretical Studies of Transition Metal Fluor1des

: ‘and Oxyfluorides (thesis in preparation)
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