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ABSTRACT

ELECTRON SPIN RESONANCE STUDIES OF

RADICALS IN IRRADIATED ACETATES
By

Richard Clark Schoening

Electron spin resonance studies of radicals produced
in irradiated single crystals of sodium acetate have been
carried out. In CH3COONa'3D20 crystals three radicals are
formed; the methyl radical predominates at 77° K, the
'CH2COO_ radical becomes the dominant species at 198° K
and at room temperature the -COZ- radical is found. The
ESR parameters for each radical were determined. In ad-
dition, 'CD3 was studied in irradiated single érystals of
CD3COONa'3D20 at 77° K. Both the 'CH3 and -CD3 radicals
are T-electron radicals undergoing rotation about their
threefold axes at 77° K. Changes in relative intensities
of the lines of the spectra on cooling to 4.2° K indicate
some restriction of rotation at low temperatures.

Anhydrous sodium acetate single crystals produce only
-CHZCOO- radicals at 77° K. 1In addition, a triplet spectrum
was observed which was attributed to a radical pair with

approximately 5.77 R distance between the two unpaired

electrons. Although the components of the pair appeared
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to be different the spectra did not permit their positive
identification.

The electron spin resonance spectra of radicals produced
in irradiated fluorine-substituted ammonium acetates were
also studied. Irradiation of single crjstals of ammonium
monofluoroacetate produced -CH2COO- and °*CFHCOO™ in the
approximate ratio of 4:1. On warming to room temperature
only -CFHCOO~ was present. This room-temperature radical
was found to occupy two magnetically inequivalent sites.
On cooling, two °*CFHCO0  radicals were observed each with
different A(F) and A(H) tensors and each occupying two
magnetically distinct sites. The g, and the fluorine and
the hydrogen hyperfine splitting tensors,were evaluated
for both radicals at -140° C and for the radical at room

13¢ hyperfine interaction

temperature. In addition, the
tensor was also obtained for the room-temperature radical.

An oscillation of the CHF group of the °*CFHCO0™ radical
about the C-C bond was postulated to account for the de-
pendence of the ESR spectra on temperature. However, changes
in crystal structure may also occur.

Irradiated single crystals of ammonium difluoroacetate
produced two radicals, *CFHCOO™ and 'CFZCOO-, in approxi-
mately equal proportions at room temperature. Measurements
of the maximum components of the 13C hyperfine splitting

tensors gave estimates of the isotropic components. The

*CFHCO0™ radical was found to be planar, while the 'CFZCOO-
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radical is bent approximately 8° from a planar structure.

At 77° K,relatively low concentrations of ‘CF2H are believed
present in addition to more abundant *CFHCOO and possibly

a third radical. A maximum fluorine coupling of 211 G was
assigned to the Azz(F) principal component of 'CF2H by
analysis of the powder spectrum.

The °CF3 radical has been tentatively identified as
probably arising from irradiation of CF3COONDu. A long-
range coupling of 14.7 G from a neighboring atom was not
eliminated in the deuterated salt as would be expected
from a previous assignment of the radical to [CF3COOH--NH3]-.

Single crystals of ammonium chlorodifluoroacetate were
irradiated,and the ESR spectra observed, at 77° K. These
show the presence of at least two radicals, one showing
chlorine and fluorine hyperfine splitting and the second
fluorine hyperfine splitting only. The radicals were

assigned the structures *CF,Cl and 'CcmOO'.



ELECTRON SPIN RESONANCE STUDIES OF
RADICALS IN IRRADIATED ACETATES

By

Richard Clark Schoening

A DISSERTATION

Submitted to
Michigan State University
in partial fulfillment of the requirements

for the degree of

DOCTOR OF PHILOSOPHY

Department of Chemistry

1973



To

My wife, Margaret



ACKNOWLEDGMENTS

The author wishes to thank Dr. Max T. Rogers for his
guidance, encouragement and patience during the course
of this investigation.

Special thanks also go to Dr. S. Subramanian of the
Indian Institute of Technology, Madras, India and to Dr.
Roger V. Lloyd of the University of Connecticut for
assistance with some experimental parts of this work.

To Dr. William G. Waller, appreciation is expressed for
use of computer programs and for helpful discussions.

Financial support provided by Michigan State University,
Department of Chemistry and by the Atomic Energy Commis-
sion is gratefully acknowledged.

Thanks also go to my colleagues and in particular,
to Robert F. Picone for helpful discussions and constant
encouragement throughout this study.

Finally, I am indebted to my parents for their under-
standing and support and to my wife without whose encourage-

ment and love this study could not have been possible.

1ii



TABLE OF CONTENTS

Page

LIST OF TABLES . . . + &« ¢« ¢ ¢ &« « o o « o o « « vi

LIST OF FIGURES . . . . « ¢ ¢ + ¢ « o o o o« « o« vii
CHAPTER

I. Introduction . . . . . .+ ¢ ¢« « « « « & . 1

II. Theoretical Considerations . . . . . . . 20

A. Spin Hamiltonian . . . . . . . . . . 20
B. Hyperfine Interactions . . . . . . . 26
III. Experimental Aspects . . . « « « « « . . 32
A. Sample Preparation . . . . . . . . . 32
B. Crystal Morphology . . . . . . . . . 33
C. Sample Handling. . « . « « « « « + o+ 33
D. Instrumentation. . . . . . . . . . . 36
E. Studies Below 77° K. . . . . . . . . 37
F. Analysis of Data . . . . . . . . . . 4l

IV. Irradiated Sodium Acetates . . . . . . . 44

A. CH3COONa'3D O. & ¢« ¢« v ¢ « &« ¢« « « o Lu

2
1. Analysis of Spectra at 77° K . . ui
2. Analysis of Spectra at 198° K. . 50

3. Analysis of Room Temperature
Spectra. . . . . . . « « ¢+ « . . 53

4. Analysis of Reaction Scheme. . . 589
B. CD3COONa’3D20. . . Ll . L) . . L] . L] . 60
C. BNDOR Studies. . . . . L] L . . L] . . 61

iv



D. Anhydrous Sodium Acetate. . . . .
1. The Doublet ESR Spectrum. . .
2. The Triplet ESR Spectrum.
E. Methyl Radical Below 77° K. . .
V. Irradiated Fluoroacetates . . . . . .
A. Ammonium Monofluoroacetate. .

1. Analysis of Room Temperature
Spectra . . . . . .

2. Analysis of Spectra at 77° K.

3. Variable Temperature Studies.
B. Ammonium Difluoroacetate. . .

1. Room Temperature Radicals .

2. Analysis of °*CFHCOO~ and
-CF,C00” Spectra. . . . . . .

3. Spectra at 77° K. . . . . . .
C. Ammonium Trifluoroacetate .
D. Ammonium Chlorodifluoroacetate.
E. Radical Formation
VI. Summary

REFERENCES. . . . . . . « « « « « .« .

3

Page
62
63
66
73
80
81

81
9y
95

114

114

119
122
123
125
125
129

133



LIST OF TABLES

Table Page

1 A summary of motional averaging effects
observed for radicals in irradiated
organic single crystals by ESR
methods . . . ¢« ¢ ¢ ¢« ¢ ¢ ¢ ¢« o ¢ o o W 9

2 Summary of ESR results obtained for
radicals trapped in irradiated single
crystals of fluorine-containing
organic compounds . . .+« + + &+ o & o+ o 1y

3 Isotropic hyperfine coupling constants
and g values for fluorinated methyl
radicals. . ¢« ¢« ¢ ¢ ¢ e 4 e e e e e o . 18

4 ESR parameters for radicals produced
in y-irradiated single crystals of
CHyCOONa-3D,0.. . . . . o o o« .« o . . 47

5 Summary of ESR results reported for
methyl radical. . . ¢« ¢« ¢ « ¢ ¢« o + o« . 48

6 Summary of ESR results reported for
*CHoCO0™ radical found in single-
crystal matrices. . . . . ¢ ¢ 4 e . e 54

7 Principal hyperfine splitting values
and direction cosines for the +CH,CO0~
radical produced at 77° K in irradiated
single crystals of anhydrous sodium

acetate . . . . . 0 0 e e e e e e e e 65
8 ESR studies of radical pairs found in

irradiated single crystals. . . . . . . 70
9 Principal values and direction cosines

for A(F), A(H), g and A(13C) for the
+CFHCOO0™ radical produced by room
temperature irradiation of ammonium
monofluorocacetate . . . . . . . . . . . 87

10 Principal values and direction cosines
for A(F) and A(H) for the two :CFHCOO~
radicals produced at room temperature
and observed at -140° C by irradiation
of ammonium monofluorocacetate . . . . . 108

vi



Figure

5a

Sb

LIST OF FIGURES

Liquid helium quartz Dewar for "flow-

method" studies below 77° K. . .

Schematic diagram of the Andonian

Associates variable-temperature

throttle-system Dewar.

Second-derivative ESR spectra of °CH
radical in y-irradiated single crystals
of CH3COONa'3D20 at 77° K. . .

Second-derivative ESR spectra for two
orientations of the magnetic field

with respect to the :CH2C00” radical

produced in irradiated CH3COONa-‘3D,0
single crystals which have been warmed
to 198° K for five minutes. .

Second-derivative ESR spectrum of -CO,
radical produced in irradiated single
crystals of CH3COONa- 3D20 at room
temperature. . . . . . .« o .

Second-derivative ESR spectrum of °<CD
radical produced in irradiated single
crystals of CD3COONa-3D,0 at 77° K . .

Structure of the -COZ' radical . . . .
ESR spectra of radicals produced in

irradiated anhydrous sodium acetate
at 77° K

8(a-c) Second-derivative ESR spectra for

*CH3 and -CDg4 radicals at temperatures
below 770 K. . L] . . L] L] L] L] . . L] L]

Second-derivative ESR spectra for
+CFHCOO0™ radical produced in irradiated
single crystals of ammonium monofluoro-
acetate at room temperature. . . . . .

10(a-c) Variation with magnetic field orien-

tation of the ESR hyperfine lines for
the -CFHCOO~ radical in irradiated
single crystals of ammonium mono-
fluorocacetate at room temperature.

vii

Page

39

40

46

52

56

56
57

67

76

82

84



Figure Page

11 Plot of hyperfine splitting with
respect to magnetic field direction
for fluorine coupling in the -CFHCOO~
radical in irradiated single crystals
of ammonium monofluorocacetate at
room temperature . . . . ¢ ¢ ¢ ¢ o o o 88

12 Plot of hyperfine splitting with
respect to magnetic field direction
for proton coupling in the +CFHCOO~
radical in irradiated single crystals
of ammonium monofluoroacetate at
room temperature . . . ¢ ¢ ¢ o o ¢ o o . 89

13 Plot of g values with respect to
magnetic field direction for the
+CFHCO0~™ radical in irradiated
single crystals of ammonium mono-
fluoroacetate at room temperature. . . . 90

1y Plot of hyperfine splitting with
respect to magnetic field direction
for carbon-13 coupling in the °<CFHCOO~
radical in irradiated single crystals
of ammonium monofluoroacetate at
room temperature . . . . . ¢ ¢ ¢ ¢ o . . 92

15(a-1) Variation with temperature of the
fluorine and proton hyperfine split-
tings for the °*CFHCO0~ radical . . . . . 97

16 Second-derivative ESR spectra for
+CFHCOO0~™ radical produced in single
crystals of ammonium monofluoro-
acetate irradiated at room tempera-
ture and observed at -140° C . . . . . . 102

17(a-c) Variation with magnetic field
orientation of the ESR hyperfine
lines for the °*CFHCOO~ radical
in irradiated ammonium monofluoro-
acetate at =140° C « v ¢ ¢ o o o « o« « o« 104

18 Plot of hyperfine splitting with
respect to magnetic field direction
for fluorine coupling in the °<CFHCO0O™
radicals in irradiated single crystals
of ammonium monofluoroacetate at
=140° C. & & ¢« v v v e e e s e s e & & « 109

viii



Figure Page

19 Plot of hyperfine splitting with
respect to magnetic field direc-
tion for proton coupling in the
-CFHCO0~™ radicals in irradiated
single crystals of ammonium mono-
fluorocacetate at -140° C . . . . . . . . 111

20 Variation with magnetic field
orientation in the ac plane of
the ESR hyperfine lines for the
-CFHCOO™ and °CFoC00~ radicals
produced in irradiated single
crystals of ammonium difluoro-
acetate at room temperature. . . . . . . 116

21 Second-derivative ESR spectra
of the room-temperature radicals,
-CFHCO0~ and CF,C00~, produced in
irradiated singze crystals of am-
monium difluorcacetate . . . . . . . . . 117

22a Second-derivative ESR spectrum
of the radicals produced in
single crystals of ammonium
difluoroacetate at room tempera-
ture . . . ¢ ¢ 0 i e e e e 4 e e e o« . . 118

22b First-derivative ESR powder
spectrum of ammonium difluoro-
acetate irradiated at 77° K. . . . . . . 118

23 Second-derivative ESR spectrum
of radicals produced in a single
crystal of ammonium chlorodifluoro-
acetate by irradiation at 77° K. . . . . 126

ix



CHAPTER I

INTRODUCTION

It has been almost thirty years since the discovery
of electron spin resonance (ESR) spectroscopy, generally

attributed to Zavoisky in 19us.l

In the intervening

time studies in spin resonance have ranged from para-
magnetic transition metals and other inorganic systems

to organic radicals in solution and irradiated organic
single crystals. Perhaps the most information to be
gleaned from ESR can be obtained by studying single crys-
tals. Geometric and electronic structure along with bond-
ing and hybridization are among the types of information
gathered through electron spin resonance studies. Much
literature now exists in the area of ESR studies and
several excellent reviews and books concerning inorganic

2,3,4 5,6

radicals, transition metal ions, and organic

systems, including radicals in solution,7’8

9,10

single crys-

tals, 11,12

and substances of biological interest
are available.

Accumulation of data and information about radicals
and structures has generated interest in applications

of ESR to chemical, biological and pharmacological areas.

For example, a new area of research in spin labelling



13 14

has been created by McConnell and others which now
has general application to many investigations. Studies
of polymers and macromolecules have entailed the use

15

of the spin resonance technique. Studies of photolytic

16,17 have

reactions, aging processes and drug detection
utilized the electron spin resonance phenomenon.

With organic molecules it is usually necessary to
generate the paramagnetic (free-radical) species. This
can be accomplished in a number of ways. Various flow
systems have been used for generating transient radicals

18

in solution. UV photolysis is widely used and experi-

ments with hydrogen atoms generated in a hydrogen discharge

have been successful in producing radicals.19

Generally,
for organic solids the most widely used method for pro-
ducing unpaired spins has been irradiation. Perhaps the
most convenient of these have been X-rays and y-rays,

but high energy electrons or neutrons are also employed.
This thesis will be concerned with only those aspects
applicable to organic single crystal ESR studies.

In early work,20

single crystal studies were con-
ducted on stable room-temperature radicals. However,

to better understand radiation processes, a considerable
amount of attention has been focused on radicals generated
at low temperatures (usually 77° K and 4.2° K) which

tend to be unstable, yielding secondary stable room-

temperature radicals by reactions in the solid. It is



necessary, then, to understand the radiation damage
processes resulting from ionizing radiations.

Initial processes are relatively well-understood.
The total absorption coefficient may be given as a sum
of three coefficients due to photoelectric absorption,

21 The interac-

Compton scattering and pair production.

tion of the absorber with photoelectrons, Compton elec-

trons or Compton photons has become of considerable
interest to the chemist.

Studies seem to show that the main primary process
induced by ionizing radiation is the ejection of an
electron from a molecule leaving a positive hole trapped
in a preferred site (molecular cation). This is followed
by capture of the electron by another molecule and the
formation of a molecular anion. These species should
be detectable by ESR methods at low temperatures. Neutral
radicals may then be created by a series of reactions
from these ionic primaries until a stabilized room-tem-
perature species is formed or, in some instances, until
a diamagnetic species is formed by recombination or dis-
proportionation. Quite often, the secondary room-tem-
perature radicals are short-lived and to study them they
are quenched by cooling and data collected at this lower
temperature.

Studies of carboxylic acids and amino acids irradiated

at low temperatures have produced examples of molecular



cations and anions. Typical examples of each are given

22-24

by irradiation of succinic acid and its salts, and

25-27

by alanine, which seem to be rather general; the

molecular anions produced are:

0= H o°
. l/
HOOC-CH,.CH.,~C and H.C-C-C
2CHy 3579
OH NH; OH

Observation of molecular cations, on the other hand, is
more difficult. It appears that they react spontaneously

by transfer of the acidic proton to a neighboring molecule

to form the neutral species:22

o+ 0
/ /
HOOC-CHZCHZ—C —t- HOOC-CH2CH2-C

OH 0

There is still some confusion concerning the existence

of a positive center in alanine.28

The radicals produced from these ionic primaries have

been studied extensively in numerous carboxylic acidszg_au

and amino acidsss-38

in attempts to elucidate the nature
of the secondary radicals. Several reaction mechanisms
have been proposed. However, there is considerable
ambiguity and a general reaction sequence has not been
found. The following process has been proposed, for
example, in glycine39 using the positive primary:

+ T / hv ? ./p '

_C-C —— +NH3_C_C + e~

RTRAN |
H 0o~ H 0~



H o0
L 7 below 77° K +

+ .
NH,-C-C NH4-CH, + co,
I\,
H O
0
~110° K + - + I //
- NH,-CH + NH, -C-C
+ 3 3 |\
NH3CH2COO H 0~
~120°K /
> NH3—C-C
I\
H O-

(stable at room temperature)

Similar decarboxylations have been observed in radicals
from malonic acid (e.g. 'CHZCOOH),,40 but there is still
some ambiguity in these proposed sequences. Similarly,
negative primaries have been used to explain the produc-
tion of secondary radicals through dissociative electron
capture followed by hydrogen abstraction. Thus, in the
malonic acid example:u1
o-

R-CH,-( == R-CH.C(=0 + OH' — RGHCOOH

2 2
\
OH
Again, there has been considerable discussion as to
whether 'COZ- radicals play a role in these reactions.

In any event, experimental results seem to indicate

that radical formation is stereospecific and is strongly



affected by the crystalline field, that is, molecular
packing, orientation of surrounding molecules, hydrogen
bonding and other weak interactions.

One interesting phenomenon found in irradiated organic
crystals has been pairwise trapping of radicals. If two
neighboring molecules, or the decomposition of a single
molecule, produce radicals in close proximity to one
another (approx. 5 to 10 ) a triplet state is formed
by the interaction between the two unpaired electrons.
These pairs are stable only at low temperatures. In
one recent study, a radical pair was believed to be
formed within a single molecule, the two radicals being

42 The mechanism

43

in different parts of the molecule.
of pairwise trapping has been discussed. Three possible
explanations are given: 1) hot hydrogen atom liberated
from a molecule reacts with a neighboring molecule; 2)
ion-molecule reaction followed by charge neutralization

of a cation and an electron; and 3) charge neutraliza-
tion of the anionic and cationic primaries to produce

a pair of radicals by charge migration in the lattice.
Support of the third mechanism arises from anion and

cation pairs found in maleic anhydrideuu

45

and potassium
hydrogen fumarate.

Another interesting phenomenon has been stereoselec-
tivity in the formation of the isolated radicals. It is

possible to distinguish two chemically equivalent species



if their orientations in the single crystal are different.
Horsfield and coworkers“0 have shown that two distinguish-
able -CHZCOOH radicals are formed from malonic acid

depending on which COOH group is lost. ELDOR analysis

46

confirmed these results. One of these two radicals

is predominantly favored. Further, it has been shown

u7

by Rogers and Kispert that water of crystallization

plays a dominant role in which type of radical is prefer-
entially formed. And, in addition, succinic acid gives

two stable radicals HOOCCHZéHCOOH and CH.,CHCOOH, while

48

3
gives the latter predominantly.

the disodium salt
Considerable mobility appears to be possible in the
solid state despite the close packing of the molecules
in the crystal. For example, a hydrogen-deuterium ex-
change reaction was first noted by Itoh and Miyagawal“g
in the stable radical formed in alanine. When the nor-
mally exchangeable NH3 protons are replaced with deuterons
by growing the crystals in heavy water, it was observed
that the protons bonded to carbon, which are normally
unexchangeable, were successively replaced by deuterons
to yield CD3éDCOO‘ radicals. Two other types of exchange
reactions have recently been observed in the alanine

system.50 However, when a similar radical formed in

a-ureidopropionic acid was studied51

only the a-proton
exchanged for a dueteron. Further evidence of crystal

field effects was obtained in the case of radicals in



irradiated aspartic acid,52

which exchanged protons for
deuterons, but not in the similar radical found in succinic
acid. And, in fact, the fumaric acid impurity found in
succinic acid53 was shown to selectively exchange protons
for deuterons.

A number of studies have shown that internal molecu-
lar motions may take place in the solid state. For
example, the methyl group in the CHSCHCOO- radical found
in alanine exhibits motional averaging of the protons
at room temperature.su On cooling to 77° K the motion
is hindered and different couplings from the three dis-
tinguishable protonsare observed. Interpretation of the
motion with a modified Bloch treatment proved successful
and an activation energy of 3.6 kcal/mole was determined.
A number of examples of hindered motion have been found
in single crystal ESR studies and Table 1 is presented
as a comprehensive review.

It may also be noted that motional averaging has
been observed in methylene groups such as in the radical

55 Hayes and coworkers58 have pointed

-CHchO- in glycine.
out that consideration must be made of changes with
motion in the principal axes of the coupling tensors.
Their analysis, based on the density matrix description,
showed the spectral changes which take place in 'CH2C00'

83

in zinc acetate. Bogan and Kispert extended the analysis

to motions in the-CFZCONH2 radical found in trifluoro-
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acetamide. These motions can be explained in terms of
site-exchanges or restricted oscillations of large ampli-
tude.

In some cases, motion cannot be quenched even at
4.2° K and a quantum mechanical effect has been postulated.

84

Rapid tunnelling was predicted by Freed theoretically

and subsequently was observed in acetylalanine radicals73
at liquid helium temperatures. For the methyi group, an
intensity ratio of 1:3:3:1 is predicted for the motionally
averaged system. However, tunnelling through a potential
barrier would yield a 1:1:1:2:1:1:1 pattern as predicted
by the theory. As can be seen from Table 1, a large

range of activation energies has been reported.

In the past decade, considerable ESR data have been
collected on fluorine-containing organic radicals. Most
of the studies have centered on irradiated salts and
amides of fluorinated carboxylic acids. The room-tem-
perature systems usually involve loss of fluorine from
the a-carbon atom. However, irradiation at low tempera-
tures often gives different radicals. Table 2 is a com-
prehensive list of fluoro-radicals found in organic single
crystals.

Considerable motional averaging is also exhibited in

these systems in certain cases. The -CF2CONH2 radical

86,87

has been studied by a number of workers. As pre-

viously mentioned, Bogan and Kispert83 have applied a
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density matrix treatment to the ESR data to analyze the
motions found in the system over a temperature range of
77°-290° K. An activation energy of 0.41 kcal/mole was
determined.

In addition to the *CF,CONH, radical found in tri-
fluorocacetamide, Rogers and Kispert87 have reported the
-CP3 radical at 77° K. The isotropic splittings of
fluorine and carbon-13 are reported to be 1u44.6 G and 271
G, respectively, in good agreement with those reported

37  The

for the same radical formed in liquid C,Fg-
radical exhibits nearly cylindrical symmetry, with equi-
valent coupling by the three fluorine atoms indicating
rotational averaging about the threefold symmetry axis.
The radical exhibits nearly tetrahedral geometry. It
would be of considerable interest to study the related
fluorine-substituted methyl radicals, -CFH2 and °CF2H,
to gain more information about structure and bonding in

97 have determined

the series. Fessenden and Schuler
isotropic coupling values from rapidly tumbling -CH2F
and *CF_,H in fluorinated methanes (Table 3). Schrader

2
101

and Karplus have derived an equation for degree of

bending in the methyl radical:

2

ac(8) = an(0) + 1190(2tan’® @) (1)

where g is the angle of bend from planarity (the angle

between the CH bond and the plane normal to the symmetry



18

€

0 Sh == h°¢l- 8200°C L°LE == €°¢2¢- 9200°C S°8¢ == 0°€Z- HO-
0°S L°26 €°TL 8°L- == == -- == Sh00°C 8°hS €°Hg T°TZ- mmmo.
L°CT T°ShT T°L8 ©b6°TC -= -- -= -- Th0o0°C 8°8hT C°h8 C2°CC+ mmmo.
8°LT 9°h8T S'6ST =-- 9€00°C TLZ 9°hhT --  TE00°Z 9°TLZ h'ZHT  -- €15.

mﬁmcm (Ogp)? (DHP (H)P B ()2 ()Y ()7 B (0g)? (I)Y (H)P TEOTPEY
00T¢66P°FEINOTED (TeishAad aT8uts) (uotintos)
g6 ¢ LgTRIULBWTIdXT L g TB3UsUTISdXT
*sTedTpRa
TAY3lsw pPa3PUTJONTI JOJ sanTea £ pue sjueisuod Jurrdnodo surjaadAy ordoazosy ‘¢ aT1qel



19

axis). Partial substitution of fluorine indicates an
increase in s character in the bond. These results are

99,100 (rap1e 3).

in accord with calculations by Pople

The present study was undertaken to further under-
stand the irradiation processes in organic, particularly
fluoro-organic, single crystals. This thesis is presented
in two parts. The first concerns studies of radiation
damage in sodium acetate and related compounds and motion-
al averaging of one of the resulting species, the methyl
radical. The second part concerns formation of radicals
in substituted fluoroacetate salts with particular em-

phasis on ammonium fluoroacetate and motions of the radi-

cals produced at room temperature.



CHAPTER 1II

THEORETICAL CONSIDERATIONS

There have been a number of excellent books recently

published which deal rather extensively with electron spin

102

resonance spectroscopy. A book by Poole deals com-

prehensively with the instrumentation involved. Several

103 104

books such as those by Alger and Ayscough have

thorough treatments of experimental techniques, analysis

of data and results. Perhaps Abragam and Bleaney's105

book is the most comprehensive on transition metals, while

2

that by Atkins and Symons® thoroughly investigates other

inorganic systems. And finally, several reviews are avail-

106

able which periodically survey the literature. Two

excellent books on theoretical aspects of electron spin

resonance are those by Carrington and McLachlan107 and

108

by Poole and Farach. This presentation will be a sum-

mary of the latter two sources.

A. The Spin Hamiltonian

For a single crystal ESR problem, the usual spin Hamil-
tonian for an electron spin interacting with an atom with

a nuclear spin 1is given by:

v

3¢ = 85-g-0 + J3-1, -1, - g8 h-T (2)
1

20
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The first term on the right is the electronic Zeeman term
which produces the main ESR transition, the second is the
hyperfine interaction term which splits the observed spec-
trum and the third is the nuclear Zeeman term which is
often small compared to the second term and so may be
neglected. The g tensor and the hyperfine coupling tensor,

T are second-order tensors with orientation dependent

i’
matrix elements. In degenerate perturbation theory the

usual Hamiltonian
J'C=J'CO+J'CI.’ (3)

is employed, where X, = 35-5-5 is the zero-order Hamilton-
ian whose solution is known and the perturbation JC' =
Z§'§£'Ti removes the degeneracy in first order.

i For organic radicals, the g factor is nearly isotropic,

hence the Hamiltonian simplifies to
¥ = Bgh-5 + 5.7.7 . (4)

The hyperfine interaction tensor, T, includes an isotropic
Fermi contact interaction term and an anisotropic dipolar
interaction term.

In the principal axis coordinate system (x, y, 2z),
which must be deduced from experimental angular rotation
data, the solution of the eigenvalue problem leads to the

hyperfine term

-
X' = ASxIm + BSny + CSzIz’ (5)
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where A4, B and ¢ include both dipolar (Ad’ By, Cd) and

isotropic (a) parts:

>
[

Q
]

Cd + a

Now the contact hyperfine term is given explicitly as

where

Iy is

(32”8) Iy by P(ry)s )

K is Planck's constant, g is the isotropic g factor,

the nuclear g factor, B and BN are the Bohr magneton

and nuclear magneton, and p(rN) is the electron spin density

at the nucleus whose radius vector is »r,. For the spatial

N

distribution of the electron over the p orbital wave func-

tion,

the dipolar components are given by:

- 9gBgyB _ .2 2
Ad— }iN Ivf o(r) (1-3 8in gcos ¢) dt
€ lr-rN|
gBgyBy (1-3 sin® o sin2¢) (8)
Bd =%—f p(r) II'-I’N|3 dt

€

9391\131\1[ o(p) (123 c0s20) dr

3
* |2-ry]

where (r - rN) is the vector denoted by the polar and
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azimuthal coordinates @ and ¢ between the electron and

the nucleus in the principal coordinate system (xz, y, 2)

wherein T is diagonal.

Since the principal directions are not usually known

at the outset, this dipolar term can be written in the

non-diagonal coordinate system as:

r2-3x2 -3xy -3x3
r5 r5 r5
gBgyB
7, = AN _3zy  r2-3y° -3yz
d # 5 5 s (9)
r r r
2
-3x2 -3yz r' -3z
1,,.5 r5 r5

There exists a real unitary transformation which can trans-
form T, into a diagonal matrix with eigenvalues Ags By

and Cd for which the trace vanishes

Ad + By + Cy =0, (10)

Hence the isotropic hyperfine interaction constant is given

by

a=%(A+B+C). (11)

One experimental difficulty in analyzing the ESR spectra
is the presence of the off-diagonal elements of the T,
matrix, since the principal directions are unknown.

The Hamiltonian may be represented by a matrix in

which Sz is diagonal. This hyperfine matrix has nine



2

terms:
[éx Sy S ] Ikx Txy sz Ix = TxxSxIx + T (S Iy + SyI )
Tyx Tyy Tyz Iy z(Ssz + SzIx) +
sz sz Tzz Iz Tnyny + T (SyIz + SzIy)
TzzSzIz (12)

With the simplification Sx=sy=0’ this may be written in

the much simpler form

JC = gBHS, + S, (T, I. + szIy +T,,1,) (13)

and the secular matrix becomes:

1 1 1 .
>lg8E + 57 ] .. - T, 0 0
1 : 1 1
e * ’“szJ ~(gp2 - 3r_,] 0 | 0
1 1 1 .
0 0 -zlo88 + 57,,) -7[T,, - 17,5,
1 . 1
0 0 _4[Tax * thy 'Z[QBH -2 zz]
(14)
from which, the eigenvalues are readily calculated as
.l 10, 2 2 2]%
E, = ¢ {ngH t 7 [sz + sz + Tzz] } (15)

for ¢ = 1,2,3,4. Accordingly, the ESR selection rules,
AM, = t1 and AM[ = 0, give two allowed transitions with

the energies

gBH +—‘Jsz + z + T, . (16)
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It will be necessary, then, to take a radical whose principal
axes x, ¥y, 3 are unknown at the outset relative to the
crystal axes aq, b,e¢ and find the rotation R which transforms
the principal axis system (xy2) to the crystal axis system

(abe):

T =RT R. (17)
abe Ty Ys 2>

The usual procedure is to rotate a crystal in the magnetic
field in three orthogonal directions, determining the
elements of the Td matrix by one of several methods,and
then diagonalizing the matrix to obtain the squares of the
eigenvalues. The transformation matrix then becomes the
direction cosines of the principal axes z, y, 2 relative

to the crystallographic axes a, b, e. That is,

cos eax cos eay cos eaz
R = cos ebx cos eby cos sz (18)
cos ecx cos ecy cos ecz .

In a completely analogous manner, the g factors may also
be determined. The spin Hamiltonian is written (without

the hyperfine term) as

J-C = [Hx Hy HZJ gxx gxy gzz Sx
19
Iyz  Iyy Iyz S, (19

92z gzy 92z 2



26

Again, measurements of g values for three orthogonal rota-
tions give the elements of the g tensor in the laboratory
axis system. Diagonalization of the tensor will give the
principal g values and the direction cosines which trans-

form the laboratory axes to the principal axis system.

B. Hyperfine Interactions

For many organic free radicals, the unpaired electron
is localized on a carbon P, orbital. Hyperfine structure
arises, then, from nuclei with magnetic moments (lHl/z’
lgFl/z, lle, etc.) bonded directly to that carbon (called
a) or to an adjacent carbon (called B). Long-range coup-
lings extending beyond the B position are usually negligibly
small unless brought about by delocalization of the odd
electron in a 7 system as in aromatic rings.

In a qualitative manner, hyperfine coupling of protons
may be accounted for in terms of valence-bond structures.
The dominant structure which gives rise to anisotropic
hyperfine interactions at the o and B protons through di-
pole coupling may be represented as

P10
R-C-C- (1)

I \H
H
82 a2
The isotropic proton hyperfine interactions may be ex-

plained as arising from a spin polarization of the elec-

trons in the C-H bond. That is, the spins of the two
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electrons forming the C-H o bond can be represented with
respect to the unpaired electron in the 2pz orbital of

carbon, as indicated in diagrams (a) and (b):

In the approximation of perfect pairing, both structures
would be equally important. However, the exchange inter-
action between the m electron and the carbon ¢ electron
slightly favors structure (a) for which the spins on car-
bon are parallel. If the odd electron has a spin a, there
is then a slight excess of o spin in the carbon ¢ orbital
and hence excess B spin in the hydrogen 1g orbital, which
gives rise to the isotropic proton splitting. It has been

109 110

shown both experimentally and theoretically that the

a-proton coupling constant is negative while the B-proton
coupling 1is positive.lll’112

The anisotropic contribution to the hyperfine coupling
arises from dipole-dipole interactions of the electron

with the magnetic nuclei. Its magnitude may be estimated

from the approximation

Ai = (ngNBN) <(3 c0326 - 1)/r3>, (20)

where 6 is the angle between the electron-nucleus vector
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and the magnetic field direction; for protons

2

A. = 28 (3”89'1> G (21)

1 1‘3

where r is in angstroms.

For an unpaired electron in a P, orbital which is
perpendicular to the C-H bond (Z.e., a p, orbital), the
principal directions are along the C-H bond, parallel to
the p, orbital and perpendicular to both the p, orbital
and the C-H bond.

The (3 cos® 8 - 1) term leads to a dependence of the
sign of the coupling on direction. The positive regions
may be designated by cones as shown below for the external

field oriented along each principal direction.

SN /, \\ + //
~ 7’ \\ 7
S, N ’
_,H\\— ’ ~
- -2
/L—--i\ / NS
g + o~ et )
7 S — .-~ \\ // Sa—— "
R +
rd
s .,
X7 plane XY plane XZ plane
(a) (b) (c)

-
Hence, for /' along the bond direction (a), the P, orbital

is in the positive region of the cone and the anisotropic
hyperfine component is positive. For ; along the p, or-
bital direction (c), the p, orbital is in both positive
and negative regions of the cone so the coupling is small.

And when the magnetic field is along the principal
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direction (b), the P, orbital is in the negative region,

so the anisotropic hyperfine component is negative.

Typical a-proton coupling constants are:89

Ag = -10¢G (along | to C-H and in plane)b A = -30G

B; = +#10 G (along C-H) B =-10G

Cd = 0 G (along p-orbital) C =-206G
and Coo = -20.

The isotropic interaction for B protons is comparable to
that for a protons, except that it is positive. For the
general case of an electron in the p, orbital on Cyrand
the Cg-Hg bond at an arbitrary angle,the contact hyperfine

interaction will vary according to the equation69

= Bo + Bzcosz 8,

where 6 is the angle between the projection of the C-Hg
bond on a plane perpendicular to the ca-CB bond and the

direction of the p . orbital in that plane:

1=~ 2p, ordital on
‘/"'OOMI corbon
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Typically, B, and B, have values approximately 2 G and

40 G, respectively. On the other hand, the dipolar inter-
action is only about one-eighth as large as for an a
proton because of the increased distance r.

It might be thought that fluorine hyperfine couplings
would be similar to those of hydrogen, since the spins are
the same and the magnitudes of the magnetic moments are
similar. However, due to the mixing of the fluorine 2p
orbital with that of the unpaired spin, the actual hyper-
fine couplings are entirely different. Both the isotropic
and anisotropic couplings of a fluorines are much larger
than those of a hydrogens. Also, the principal directions
of the hyperfine tensor components are different.

The predominant contribution to the anisotropic fluo-
rine coupling arises from spin density in the fluorine
2p, orbital. The origin of this spin density is attributed
to the contribution from the excited sgin configuration

(b) to the ground state (a):

H

a b
The interaction between the CZp spin density and the
m
fluorine nucleus gives only a minor contribution and

causes the slight observed deviation from axial symmetry.
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The large isotropic coupling is due to spin density
in the fluorine 18 and 28 orbitals which arises from
spin polarization. Only small amounts of spin density
in the 18 and 28 orbitals give large isotropic couplings
since a pure I8 fluorine coupling is 321;000 gauss and a

20,104 The radicals with

pure 28 coupling is 16,400 gauss.
fluorine substituents show near cylindrical symmetry for
the fluorine couplings and the unique direction is taken
parallel to the 2p; orbital of fluorine.

The anisotropic hyperfine tensor for carbon-13 nuclei
depends mainly on the unpaired electron density in the
2p atomic orbital of the carbon atom and the isotropic

part is a measure of the CZ and C,, character of the odd

8
electron.

If the unpaired electron was entirely localized in a
2p, orbital on carbon, the dipolar tensor would be axially
symmetric. Since the electron is located in the positive
region of the expression (3 cos? o - 1), the sign of the
coupling is positive. Usually, there are small deviations

from axial symmetry due to some small unpaired electron

density being delocalized onto neighboring atoms.



CHAPTER III
EXPERIMENTAL ASPECTS

A. Sample Preparation

Most of the single crystals in this study were grown
from saturated ethanol-water solutions. Anhydrous sodium
acetate was the notable exception. Commercial anhydrous
sodium acetate (Matheson, Coleman and Bell) was placed

113 The

in an oven at 120° C for at least eight hours.
anhydrous salt was then transferred in a desiccator to
a dry box where it was dissolved in absolute ethanol and
returned to a desiccator for crystal growing. Thin
platelets of the salt were obtained. Care had to be taken
in handling the crystals since they were deliquescent.

The anhydrous salt was also used to grow crystals
of the deuterated trihydrate (CHscOONa-3D20) by dissolving
it in a solution of D20 (K &€ K Laboratories, Inc.) and
deuteroethanol, CH30H20D (Diaprep, Inc.).

The d3-sodium acetate (CD3COONa°3D20) was prepared
by neutralizing dy-acetic acid (Diaprep, Inc.) with NaOD
(made by dissolving NaOH in D,0) to a phenolphthalein end-
point and growing the crystals from D,0 solution.

The sodium and ammonium salts of the monofluoro, di-

fluoro and chlorodifluoro acetates were prepared by neutraliz-

ing CFH,COOH and CF,HCOOH (Columbia Organic Chemical Co.)

32

' —
"‘uu:zu.
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and CFZCICOOH (PCR, Inc.) with ammonium hydroxide or sodium
hydroxide, respectively. Crystals of the monofluoroacetate,
CFH2C00NDq, and the trifluoroacetate, CFscOONDu, were pre-

pared by neutralization of the acid with ND,OD (26% in D,0,

Diaprep, Inc.) followed by slow evaporation.

B. Crystal Morphology

The single crystals were observed with a polarizing

. . . . y
microscope to determine extlnctlons.ll

Using the crystal
morphology and extinction axes, preliminary crystal align-
ments were made for observation in the ESR Spectrometer.
In some cases the radical could be aligned using the maxi-
mum or minimum splitting features of the spectra as dis-
played on the oscilloscope mode of the spectrometer.

As far as is known, only the crystal morphology of
sodium acetate trihydrate has been studied. Grothl15

lists the crystal as monoclinic with eight molecules per

unit cell and B = 112.1° and C2/m space group.

C. Sample Handling

One of the difficult experimental techniques in ESR
is the accurate alignment of single crystals in the mag-
netic field. Ideally, one would like to mount a sample
and collect data for rotations about three mutually
orthogonal axes. Space requirements in the cavity and
irradiation techniques combine to make this rather dif-

ficult. Research workers in this laboratory have
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experimented with and modified procedures to arrive at
a fairly routine and relatively good technique for obtain-
ing the desired data.

Various irradiation sources were used. These included
a y-ray source which delivered a dose rate of 2 x 106
rad/hr., a 1 MeV G. E. Resonant Transformer which produced
accelerated electrons, a General Electric XRD-1 Model
X-ray unit operating at 20/50 kV and 12.5 ma, and a
G. E. mercury arc BH-6 capillary uv lamp operating at
900 watts power. In addition, several samples were ir-
radiated using the University of Michigan Ford Reactor
neutron source in the hope of producing different radicals.
In all cases, however, these irradiation sources yielded
essentially the same radicals. Since the y-ray source
proved to be the most convenient, the technique will be
described more fully.

Samples were either placed in a one-dram vial or
mounted with glue on a flattened copper wire attached to
a glass rod. They were then either left at room tempera-
ture or placed in a liquid nitrogen filled Dewar and
centered in the y-cell. Irradiations were carried out
for 2-6 hours.

Several methods for mounting crystals in the spec-
trometer were used. For room-temperature systems, the
crystals were mounted on a Teflon sample holder as pre-

d_llu

viously describe In the case of low-temperature
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studies two methods were generally used. In one, the sample
was placed between the prongs of a brass clip which had

been glued to a quartz rod. Mounting and aligning was

done under liquid nitrogen conditions as previously

116 This method afforded the use

thoroughly described.
of the same crystal for more than one rotation study;
however, alignment accuracy was slightly reduced. 1In
the second method, the crystal was aligned at room tem-
perature on a flattened copper wire attached to a glass
tube. The crystals were then glued (PlioBond Cement,
Goodyear Tire and Rubber Company) to the copper wire and
irradiated. Signals from the glue proved not to be a
significant problem. This method usually did not allow
use of a crystal for more than one alignment. However
accurate crystal alignments could be made at room tem-
perature with the aid of the polarizing microscope.

These rods were then mounted in a specially designed

)ll6 and rotated

Dewar (previously described by Watson
in the magnetic field using a pointer and protractor.
Alternatively, a Varian variable-temperature Dewar was
used. In most instances, the crystals were rotated in
the cavity. However, provisions have been made for
rotating the magnet about the crystal and this method
was used in the case of the Q-band experiments.

Irradiated sodium acetate crystals were allowed to

warm to 198° K for five minutes by placing the samples
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in a test tube immersed in a dry ice-ethanol bathj; they
were then returned to liquid nitrogen temperatures in
order to maintain radical concentration. When these
experiments were completed, the crystals were warmed to
room temperature for five minutes and returned to liquid

nitrogen for further studies.

D. Instrumentation

Various Varian components comprised the ESR Spec-
trometer systems. Preliminary spectra weré recorded
on an E-4 Varian X-band system using a Fieldial calibra-
tion. The bulk of the experimental work was then car-
ried out on a Varian V-4502 X-band system with a 100
kHz field modulation control unit, Mark II Fieldial
regulation and a 12-inch magnet. Both first- and second-
derivative displays of the absorption were used. Spectra
were monitored on an oscilloscope display and recorded
on a Moseley 7000A or a Hewlett Packard 7005B X-Y recorder.
The field was calibrated with the NMR signal from water
using a marginal oscillator which, with a Monsanto counter,
gave the field value in frequency units. The microwave
frequency was determined by a calibrated TS-148/UP U.S.
Navy Spectrum Analyzer. Frequent checks of the field
and frequency measurements were made using the normal
ESR standards of pitch, DPPH (diphenyl picrylhydrazine)

and Fremy's Salt (peroxylamine disulphonate). A Varian
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V-4533 rotating cavity or a Varian V-4531 multipurpose
cavity was used along with the Varian V-4540 variable
temperature accessory.

Spectra were also recorded on a Varian V-4503 spec-
trometer system operating at Q-band frequencies (12,500
gauss and 35 GHz). There was no calibration system avail-
able for this range, so the field and frequency as in-
dicated on the spectrometer were used, with a significant
loss in accuracy. Information was also gleaned from
a Varian E-700 ENDOR accessory operating in conjunction
with the X-band spectrometer in the range 3-48 MHz and
using the Varian special large-access cylindrical cavity
modified to deliver 1 kilowatt of peak rf power at the

sample.

E. Studies Below 77° K

A considerable effort was made setting-up, modify-
ing and devising new experimental techniques for studies
at liquid helium temperatures.

The first system to be used was an Air Products
and Chemicals, Inc. AC2-110 Cryo-Tip refrigerator with
a Ventron Magnion cylindrical sample cavity. After a
considerable time adapting this Cryo-Tip to the ESR
system, including modification of the cavity, the feas-
ibility of using hydrogen gas from the point of view of
safety precluded the use of this equipment.

The second system,which proved to be the easiest
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to operate, involved what will be called the "flow-method".
A liquid helium transfer tube was designed and modified
from a version of that used in Dr. Richard Sands' labora-
tory at the University of Michigan. It consists of a
double-walled stainless steel tube wrapped with Mylar

film and provided with a port for evacuating the outer
chamber. The tube was designed for insertion in a thirty-
liter liquid helium Dewar. The boil-off gas, produced

by heating a resistor immersed in the liquid, was allowed
to pass through the transfer tube and into a specially
designed quartz Dewar as shown in Figure 1. Evacuation

of the Dewar was necessary before each run since the warméd
helium gas was shown to be permeable to the quartz. The
sample was then inserted from above and the temperature
was regulated by the rate of helium boil-off. With an
efficient transfer, it was possible to force liquid to

the tip of the transfer tube and hence approach 4.2° K

at the sample. Temperatures were recorded with a 0.07%
iron-doped gold-copper thermocouple. This method resulted
in large expenditures of liquid helium but proved to be
very stable.

The third system to be used was an Andonian Associates
variable-temperature Throttle-System Dewar (Model MHD/O0-
17/7M). This consisted of (Figure 2) a three-liter modular
liquid helium Dewar with liquid nitrogen shield, a tail

section with Suprasil quartz inner and outer tubing, a
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liquid helium throttling system and a removable sample
positioner and support tube with heat reflecting baffles.
With this system, after the vacuum jacket is cryo-pumped,
three liters of liquid helium are introduced into the body
of the liquid-nitrogen cooled Dewar. A throttling valve
then allows passage of liquid helium through a stainless
steel capillary to the sample port and an intimate flow
of evaporating helium around the sample allows for cooling.
Control of the valve is used for varying the flow of
helium and, under full throttling conditions, liquid
can actually be introduced at the sample. Since evaporat-
ing helium passes up through the sample port and out the
top, the sample support may be removed for changing
samples without seriously disturbing the system. This
Dewar had to be modified with a beryllium window to allow
for irradiation from the bottom and a mounting collar
was designed to allow for rotation of the sample in the
cavity.

Temperatures of 4.5° K were recorded with the iron-
doped gold-copper thermocouple. This thermocouple had
the advantage of greater sensitivity in the temperature
range 4-60° K (greater than 10 uV/°K). The thermocouple
was calibrated at several temperatures and the accuracy

of temperature measurements was estimated as about *0.25° K.

F. Analysis of Data

Generally, a single crystal was rotated about three
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mutually perpendicular axes in the magnetic field of the
spectrometer. A judicious choice of axes can make analysis
of data easier. The rotations were carried out over 180°
in steps of 5 or 10 angular degrees. In some instances
smaller steps were taken depending upon the complexity
of the spectra. A plot of rotations in degrees versus
absolute line positions in gauss gives an isofrequency
plot from which the nuclear coupling scheme can usually
be deduced. The couplings are then determined and a
tensor is set up and diagonalized to find the principal
values and direction cosines.

Several diagonalization routines are available for
computer analysis of the data. These were used inter-
changeably to assure consistency of results. One such
method, developed from programs written<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>