: NOotict
bls fEROIl was pivpased 2% ah accauMl of work
poniated by the United Stafes l;alu:nmh Nekhes
(B United States not the Uaited States Atomic Energy
((;::lamhllnn. far any 6f Ihely emplayess, mor aky af
. b . of thely
mMakes 3Ry WAIRIRTY. express o¢ implied,
. , of MAUPNES B4

h.pl Hability or sospumitility fos Ihe acrwiacy, ::‘n{

© uf any
product or process diclowd, of represents Ml .
would o, infringe privately awned sights, 1 e -ii-

SOLID-STATE CHEMISTRY OF IRRADIATED CHOLINE CHLORIDE

Table of Contents

P—a_&'.:.

ACKNOWLZDGEMENTS iv

ABSTRACT vi

1. GENERAL INTRODUCTION AND REVIEW 1

1. ELECTRON SPIN RESONANCE STUDIES OF
v-IRRADIATED CRYSTALLINE CHOLINE

CHLORIDE ANS SOME CF ITS ANALOGS 7

Experimental 8
Resulix and Discussion

A. Choline Chloride i1

B. Choline Analogs 24

Conclusion 35

I'I. THE ROLE QF FREE ELECTRONS IN THE RADIOLYSIS

OF CHOLINE CHLORIDE 36

Exper: -ental 37
Results and Discussicn

A. Thermocluminescence 44

B. Prior Thermal Treatment 46

C. Electron Accepting Gases 48

D. Effect of Doping with Potassium lodide 49

E. Solid Electron Acceptors and Donors 49

F. Phototransfer of Electrons 50

G. Crystal Size 53

H. Effect of Thermal Electrons 54

55

Conclusion

o

-y



1v,

Vi.

VIL

~iki~
FURTHER INVESTIGATIONS INVOLVING
RADICALS AND ELECTRONS
A. Effect of Free Electrons on the Radical Decay
B. Saturation Radiolysis Phenvmznon

C. Edffect of Dose and Temperature on Radiolysis
Kinetics

D. Effect of Temperature on the Radinlysis of
Choline Bromide

E. Kinetics of Radiolysis at Room Temperature

F. Quantitative Radical Decay and Radiolysis Kinetics

p

Abscrptior Properites of y-irradiated
Choline Chloride

H. Photochemical Transformation of Ethanol
Radicals in [rradiated Choline Chloride

ELECTRICAL CONDUCTIVITY AND INFRARED STUDIES
OF CHOLINE CHLORIDE AND ITS ANALOGS

A. D. C. Conductivity
B. Microwave Conductivity Measurements
C. lInfrared Absorption Studies

EFFECTS OF H-ATOM AND VACUUM ULTRAVIOLET
IRRADIATION ON THE RADIOLYSIS OF CHOLINE
CHLORIDE

PROPOSED RADIOLYSIS MECHANISM AND
FUTURE INVESTIGATICNS

REFERENCIS

T4
72

74

76

76

85
100

103

124

134



-ive

ACKNOW LEDGEMENTS

1 wish 1o lake this opportunity to express my gratitude to Profes-
sor Melvin Calvin for his constant inierest, constructive criticism,
and encouragement.

This work would not have been possible without the continuous
advice and guidance of Dr. Richard M. Lemmcn., [ have enjoyed my
close associations with him throughout the periud of this work and
learned a great deal from him about scientilic and nonscientific life.

I will always cherish the memories of these few wonderful years with
him.

] started my research career in India under the guidance of
Professor Amar Nath and continued here. I am indebted to him for
his invaluable guidance on the choline problem.

During the course of this work, I have had the pleasure of being
associated with Dr. Yaffa Tomkiewicz for a short time. She has con-
tributed greatly in the development of some of the work presented here,
and I am grateful.

1 armn also thankful to Professor Alan M. Portis, Drs. Roberto
Bogomolni, V. Subramanyan, Hashim A. Makada, and Miss Lucy
Marton for their help and fruitful discussions.

I express my thanks to the entire staff of the Laboratory of
Chernical Biodynamics, in particular to Messrs. Bill Hart, Wally
Erwin, Mike Press, Bill McAllister, Dick O'Brien, and Mrs. Johanna

Onffroy, for their help.



There are many others, who have contributed, in different forms,
to wards the completion of this work. It is hard to name them speci-
fically, but 1 do extend my thanks to all of them,

This work was supported, in part by the U. S. Atomi: Energy

Commission.



-Vl -

SOLID-STATE CHEMISTRY OF IRRADIATED CHOLINE CHLORIDE

Rameshwar D, Agarwal
Lawrence Berkeley Laboratory

University of California
Berkeley, California

August 1973

ABSTRACT

The remarkable and unique sensitivity of crystalline choline
chloride towards ionizing radiation has been further investigated. ES3R
studies at -196° indicate the presence of a biradical, (CH3)3!\+J ..
CHZCHZOH ---- Cl7, that diffuses apart with rising temperature.
These studies also indicate the presence of an ethanol monoradical.
Thermoluminescence studies indicate that during y-irradiation electrons
get trapped on crystal imperfections. These electrons are released
upon warming above room temperature. It has also been found that
(1) the radiolysis can be induced at low temperature by transferring
electrons from photodonors; (2) the radical decay is enhanced in the
presence of photodonated electrons; (3) the radiolysis is retarded by
the electron-accepting ambients; (4) the radiolysis is also retarded
by doping the crystals with KI; (5) heating at 150° before irradiation
leads to diminished radiolysis; (6) large. slowly grown crystals are
more resistant to radiovlysis than are microcrystallites; (7) the extent

of decomposition i5 increased for a given radiation dose if the dose
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delivery is interrupted by periods of heating at 5¢”; (8) the radical de-
cay is faster than the radiolysis; (9) tune radiolysis can be enhanced by
exposure to thermal electrons. These observations are interpreted as
reflecting a prominent role for detrapped electrons in the radiolysis
mechanism. It has alec been found that choline chloride and choline
bremide are the only analogs that give ethanol radical upon irradiation.
This coupled with the fact that these are the only compounds which are
abnormally radiation sensitive suggest that ethanol radicals are neces-
sary for the chain mechanism. This is further confirimed by photore-
duction of ethanol radicals at temperatures where the chain does not
propagate, and the subsequent diminished radiolysis. Exposure to
atomic hydrogen produces a large decomposition of chsiine chloride.
These observaiions indicate that (a) radicals are formed and elyvctrons
are trapped upon irradiation and (b) during the subsequent thermal
treatment, the detrapped electrons interact with ethanoli radicals to
form hydrogen atoms, which propagate the chain decomposition. A
raechanism to explain these observations is proposed.

We have also made dc and microwave conductivity measurements.
Our results suggest that electrons are the charge carriers in the a-form,
while protons are probably the carriers in the B-form. It is proposed
that the protonic conductivity may be responsible for the radiation-
resistant nature of the B-form. The infrared studies support the
ph~te transformaticn in choline chloride and further indicate that

O-methylene protons play a key role in the radiolysis mechanism.



CHAPTER 1

GENERAL INTRODUCTION AND REVIEW



Compounds labeled with radioactive nuclei are extensively used in
both physical and biological studies. In 1953 it was suggested by
Tolbert EE.EE;} that such compounds should be checked for radiopurity
prior to use, as they may undergo self-radiolysis to an appreciable
extent upon storage. A striking example is choline chloride,
[(Gis)sNCHZGi£OH]+C1'. This compound was synthesized with a 1C label
in a methyl group, with a specific activity of 13 nc/mg. After it had
been stored for only nine months, at room temperature, it was found to

14C. That the compound is

be 63% decomposed by the f-rays from the
extraordinarily sensitive to ionizing radiation was later confirmed

by the irradiation of the unlabeled compound by 60¢o y-rays. ‘The main
products were found to be trimethylamine and acetaldehyde. Quantita-
tively this self-irradiation sensitivity was given by G(-M) = 500 (the
G(-M) is defined as the number of molecules decomposed per 100 eV of
energy absorbed). The normal range of G(—M) for non-vinyl compounds
{which are susceptible to radiation-induced polymerization) ranges
from 0.1 to 20.2 In fact, with respect to simple molecular decomposi-
tion, choline ¢hloride is the most radiation sensitive compound known.
Under certain conditions of irradiation the G(-M) can be as high as
55,000.3 Since choline chloride is thermally stable at temperatures
up to about 200°, a minimum activation energy of the order of 1.0 eV
for thermal decomposition is indicated. The observance of reaction

with mach smaller average energies in radiolysis can only be inter-

preted as evidence for a chain-decomposition mechanism.



The free radicals that are formed upon irradiation of choline
chloride were investigated by Lindblom gg_gl;? A tentative structure
was assigned to the radical as HZC‘CHZOH. The electron spin resonance
signal obtained by irradiation of selectively deuterated choline
chlorides at the methyl, N-methylene, O-methylene, and hydroxyl posi-
tions supported this assignment. A chain decomposition mechanism was
proposed, which required the observed radical to be in the form cf a
stabilized radical rather than the chain propagating species.

In an effort to find structural features that could be related
to the anomalous radiation sensitivity of choline chloride, lLcnmon
et al. investigated the radiation sensitivity of nineteen different
analogs of choline chloride.4 Although a wide selection of different
anions was tried and the methyl and ethanol groups were replaced with
a wide variety of similar and differing groups, only the choline
bromide showed an interesting sensitivity. Its G(—M) was about one-
third that of choline chloride. Choline fluoride was not tried as it
decomposes very quickly at room temperature (1-2 days), and is
extremely deliquescent.

It was also reported in the same paper that the radiolysis can
be deferred indefinitely at -196°. At room temperature the half life
of radiolysis is about 4 hours. It was also found that the radiation
sensitivity of choline chloride is observed only in the crystalline
form. Lemmon et al. reported G(-M) = 3 in solutions of varying con-
centrations (10 mg/ml to 400 mg/ml) in water and ethanol.4

Serlin reported that the radiolysis of crystalline choline

chloride is depuadent on temperature.5 He obtained an increasing



G(-M) up to about 50° and a sudden drop in G(—M) somewhere between 50°
and 150°. Luter shanley and Collin reported a phase transition at
about 78°, wherein the choline chloride went from an orthorhombic to a
disordered face centered cubic crystal form.6 They found that the
density of the high temperature polymorph (B-form) is about 10% lower
than that of the <78°, radiation-sensitive crystals (referred to now
as the a-form). They irradiated choline chloride at temperatures from
30° to 90°; G(—M) values increased up to about 73° and dropped markedly
between 73° and 80°.
The crystal structure studies were extended by Senko and Tcnmleton7
and more recently by lijortas and Sorum.8 It was inferred frem the
bond length and angles that the nitrogen-methylene carbon bond (where
the cleavage takes place during radiolysis) is unusually longer than
normal, and that there is hydrogen bonding between the oxygen and
chloride.
Lemmon and Smith used 14C and deuterium labeling to study the

radiolysis mechanism of choline chloride.9 The 14C radioactivity
was found in the trimethylamine product when they started with methyl
14C-labeled choline chloride, while it was entirely in the aldehydic
carbon of acetaldehyde when O-methylene 14C-labeled choline chloride
was used. They inferred that the carbinol group of the ethanol
moiety becomes the aldehyde group of the resultant aldehyde, and

that the carbon atoms of the ethanol moiety and of methyl groups
mairtain their identities during the mechanism leading to the produc-
tion of acetaidehyde and trimethyl amine. The acetaldehyde obtained

as the decamposition product from selectively deuterated choline



chlorides was studied by the use of a mass spectrometer. lrom the
intensity and positions of mass peaks obtained. they inferred that,
during the radiolysis, (a) no hydrogens are transferred to or from
the trimethyl amino group, (b) the hydrogens of the ethanol moiety
are highly mobile for intramolecular exchanges, and (c) some inter-
molecular hydrogen transfer takes place.

In a search for the radical termination mechanism, Smith and
Lemmon reported that the possibility of radical termination by the
dimerization to a butanediol or disproportionation to ethanol is very
small.10 Under conditions of irradiation where one would expect sub-
stantial chain terminations to occur, they found negligible amounts
of butanediols and ethanol. Based on their results they suggested
that the chain propagating radical terminates by reaction with
another radical (possibly (013)3ﬁ-) that propagates into its vicinity.

Ackerman and Lemmon continued work to make a detailed product
inventory of the products formed upon radiolysis of crystalline
choline chloride.11 At least 95% of the products were accounted for
by trimethylamine and acetaldehyde. Among the minor products were
HZ’ approximately 2.7%; CH4, approx. 2.3%; CH3C1, approx. 0.2%;
polymers and Clz, <1%. It was inferred that trimethylamine and
acetaldehyde are the result of chain decomposition, while the minor
products come from ordinary, random, radiolytic processes.

The extreme radiation sensitivity of crystalline choline chloride,
which is dependent on its crystal form, and the very simple radiolysis

products make it a unique system for the study of energy-transfer



mechanisms in crystals. Choline and its derivatives are very impor-
tant biological components (for example, in the transmission of nerve
impulses). If one were to assume precise, though as yet unknown,
alignments of choline molecules in nerve synapses, one can speculate
that our studies of energy transmission in choline crystals may

sameday be understood to be of importunce to biology.



CHAPTER II
ELECTRON SPIN RESONANCE STUDIES OF y-IRRADIATED

CRYSTALLINE CHOLINE CHLORIDE AND SOME OF ITS ANALOGS



It was reported by Lemmon et al. that free radicals are formed
upon the e - or y-irradiation of choline chloride.‘: Lindblom, Lem-
mon and Calvin extended the studies to assign a structure to the radicals
formed, 3 The ESR spectrum obtained was not well resolved at -196"
and, therefore, all their results were obtained at room temperature.

It was also suggested that these radicals participate in the chain mecha-
nism resulting in the radiolysis of choline chloride. However, other
analogs, with the exception of choline bromide, are radiation resistant.
In order to investigate the role of radicals formed upon y-irradiation

in the radiolysis mechanism, we have extended these studies of choline
chloride to a temperature range from -196° to 106° and also to some of

its analogs in the same temperature range.

Experimental

Choline chloride was purchased from J. T. Baker and Company.
It was dissolved in 96% ethanol and converted to choline hydroxide,
[(CH3)3NCHZCH20H]+0H‘, in a darkened flask (to avoid light exposure)
by the addition of a slight excess of AgZO. After being thoroughly
agitated, the solution was filtered through a very fine sintered glass
funnel protected by a layer of celite. It is difficult to remove the last
traces of the AgCl that is formed; it is also difficult to remove all of
the AgZO. Therefore, to rernove these last traces the filtrate is
shaken with activated charcoeal and refiltered through another very fine
sintered glass funnei. The {iltrate is now converted to choline bro-
mide, [(cu3)3NCHZCH20H]*Br‘, choline iodide [(CH4);NCH,CH,OH] T,

and choline sulfate, [(CH3)3NCH2CHZOH]2+SO4 ~, by the addition of the
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tguivalent amounts of HBr, HI, and HZSO4' The solution is then
evaporated to drynese in a rotary evaporator at room temperature,
giving polycrystalline choline bromide, choline iodide, and choline
sulfate. The propyl analog, [(CH3)3NCHZCH2CHZOH]+Cl°, chloro
analog, [(CH3)3NCHZCH2c1]*c1‘, and the ethyl analog,
[(CZHS)3NCH2CHZOH]+C1'. were prepared earlter in this laboratory. 4
The choline choride and these analogs were purified by triple crystalli-
zation out of ethanol solution by slow evaporation. The purified com-
pounds were redissolved in absolute ethanol in a dry box and precipitat-
ed by the addition of tenfold excess of precooled (-78°) anhydrous
diethyl ether. The precipitated material was washed with cold ether
and dried on 2 vacuum line, The dried pure compounds were stored
in a dry box. The material thus obtained was of very small particle
size and will be called polycrystalline hereafter, The compound's
purity was ascertained by the quantitative elemental analysis; the C,
H, and N analyses were always within 0.2% of the calculated values.
The storage and handling of these compounds in a dry box is necessi-
tated by the fact that they are all extremely hygroscopic.
Approximately 50 mg of each of the samples were filled in ESR
signal-free quartz tubes, obtained from Varian Associates, and fused
to standard 14/35 quartz vacuum joints, The tubes were then attached
to a vacuum line via a "cow' (capable of attaching six tubes at a time),
and the samples were dried for 1 hour at 100° under a pressure of
10"% torr. The small amounts of sample stiéking to the side of the
tube was removed by heating the tubes with a hot flame (vaporizing

and removing such material) and the tubes were then sealed under
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vacuum.

The sealed tubes were then irradiated at -196° in a dewar by a
3000 curie 6C’Co y-ray source for 4 hour. The 6OCo y-ray source
consisted of a rotaing stage surrounded by sixteen concentric 60Co
rods. To assure maximum unifcrmity the sample tubes were arrang-
ed concentrically in the dewar by a tube holder. The dose was calcu-
lated from the exposure time and the dose rate. The latter had pre-
viously been determinec by FeSO4 dosimetry. 12 The dose rate from
the bOCo source could be varied by changing the radial position of the
60Co rods. The maximum dose rate used was 5 Mrads/hour. 60Co
has a half life of approximately 5.3 years and thus a correction to take
account of the decay of 60Co radioactivity was applied in calculating
the dose. The samples used here received a total dose of 5 Mrads.
Although signal-free quartz tubes were used for ESR studies, they de-
veloped F-centers and other radiation damage due to the highly pene-
trating y-rays and the large doses. The signals from these centers
wera eliminated in the following way. The upper cleaned end of the
irradiated tube was heated to about 400° while cooling the lower end,
containing the sample, with liquid nitroéen at ~196°, thus annealing
the signal from the upper end. Then the tubes were inverted (still in
liquigd nitrogen), transferring all the sample to the annealed end. 1In
this way the ESR signal recorded was due only to the sample.

The ESR spectra at various temperatures were recorded on a
Varian Model E-3 spectrometer. The sample temperatures were

varied using a variable temperature assembly associated with the spec-

trometer.
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Results and Discussion

A. Choline Chloride

It has been generally assumed that the radical created in the
sample during the y-irradiation at -196" and the one cbserved at room
temperature are identical, the 2nly difference being the loss, at the
low temperature, of the motional narrowing of the ESR spectrum, If
this is tzue, then the ESR spectrum of a sample irradiated at -196°
should be similar to the one which is irradiated at -196°, warmed to
some higher .cmperature,andthen cooled to -196° (the motional nar-
rowing is reversisle), Figure 1 shows the ESR spectrum of a poly-
crystalline sample of choline chloride y-irradiated at -136° and re-
corded at the same temperature (no warm up). Figure 2 shows the
corresponding spectrum of an identical sample irradiated at -196°,
warmed to -20", and then recooled to -196°. It is obvious that some
irreversible changes occur during the warming; for instance, the
shoulders indicated by the arrows in Figure { have completely disap-
peared. These changes have been recently observed by Symons,
who interpreted them as reflecting the disappearance of - CLOH" radicals.
However, we believe that they are more likely explained by the diffus-
ing apart of spin-coupled radicals and by a change in the nature of the
monoradicals. In addition, the formation of «+ CIOH ™ radicals would
depend upon the presence of water, but we have found unchanged ESR
spectra regardless of whether our deliquescent crystals were exposed
to atmosphere or to conditions of rigorous moisture exclusion (24

hours evacuation at < 10-7 torr pressure at 100°), Futhermore,



-12-

i 1 | A !

3100 3200 3300 3400 3500
H (Gauss)

XBL726-4673
Figure i. The ESR spectrum of y-irradiated polycrysteiline choline

chloride: irradiation at -196°, spectruh at -196°.
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Figure 2. The ESR spectrum of y-irradiated choline chloride: irradiated
at -196°, warmed to -20°, and spectrum recorded at -196°

after recooling.
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Symons found that his signal dur to - CIOH ™ radicals disappeared upon
warming to -163°, The shoulders in our spectrum did not decay com-
pletely up to about -40° (see below). The 'Clz' radical signal re-
ported by Symons, and found by us also, does indeed decay at about
-116°. However, it is possible that a small part of the shoulders may
also be due to - CIOH™ radicals.

In Figure 3 we have recorded the ESR spectrum (at -166°) oi a
y-irradiated polycrystalline sample in magnetic field range correspond-
ing to microwave power absorption by biradicals. Here the signal
corresponds to a simultaneous [lip of two electron spins on different
radicals coupled by a ¢spin-spin interaction ( AMS = 2). 14 The two
most plausible explanations for this interaction appear to be (1) 'pair-
wise trapping'’ of the two radicals formed from the choline chloride
molecule, as indicated by the previously given formula, 3 (CH3)3N+ .
CHZCHZOH - -Ci”, or (2) an interradical interaction between two
ethanol radicals. We believe that the second explanation is not probable,
because Smith and Lemmon10 had searched for, but found only insigni-
ficant amomnts of, eithe: 1,4- or 2, 3-butanediol as products of the
choline chloride radiolysis. If the biradical was HO-CHZ -HZC- .

CH,-CH,OH, then its "dimerization'' reaction would be expected to

2 2
give either or both of the butanediols. It therefore appears that our
AMS = 2 absorption is by an intraradical coupling, namely, by a bi-
radical with the formula given above. No trimethylamine radicals
were seen, presumably because of excessive broadening by the nine

protons or rapid spin-lattice relaxation. However, Symons has re-

ported that these radicals are observed in his ESR spectrum of
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The biradical ESR spectrum in y-irradiatea choline chloride at -166° corresoonding

Figure 3.

to the aMg = 2 transition.
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y-irradiated choline chloride, 13 The existence of such "pairwise

trapping'' has been frequently reported. 15-20

In general, the zero-field splitting parameters (D and E)21 for

paramagnetic species are given by

2
gp(D? + 3B /2 < [3 2L _3(gpn)?] /2

where hv is the energy of the absorbed microwaves, g is the dimen-
sionless proportionality constant between the electron's magnetic
moment and angular momentum, B is the Bohr magneton (0.927X 10'20
erg/G), and H is the magnetic field at which the biradical is observed.
For radical pairs, E is usually assumed to be zpproximately zero.

For our case D was found to be 140 G, D is related to R, ihe inter~

radical distance by the equation (for random orientation)
R 3
D - 3ﬁg/2R

For our spectrum at-196*, this distance was found to be approxi-
mately 6 4&.

The biradical also has an absorption in the AMS = 1 (monoradical)
region. The ratio of the biradical transition probabilities at AMS =2

and AMS = 1, respectively, is given by (also for random oriemation)22

L.+ pyp
I, - 15 Uy

where I-I0 is the field value for the AMEi = 4 transition. This ratio is
found to be 5X 10”4 in our case (D being 140 G). By performing

double integration of the measured AMS =4 and AMS =2 ESR
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derivative curves one can find the relative weight of the monoradical
and biradical AMS = 1 transitions. The method is the following. If
12 is the measured intensity of the biradical at the AMS = 2 position,

I, is intensity of the biradical at AMS = 1, and IM is the intensity of

i
the monoradical, then the value Q ({(intensity of the AMS = 2 transition/

intensity of the AMS = 1 transition) is

4 D 2
q-—2 _hmtg) IM=i(2_)21
Iutly Lyt I, 15Q 'H,
-4 I
For our case Q = 10 ~, which gives 1 = 4, meaning that 20% of the
1

measured intensity at the AMS = {4 transition can be attributed to the
biradical. Thus, the marked peaks in Figure 1 may belong to the
biradical, since the separation between them fits the calculated zero-
field splitting parameter of 140 G. 22
Temperature effects were also observed in the AMS =1 and
AMS = 2 transitions. An irradiated (160°) sample was warmed at a
given temperature for approximately 10 min., recooled to -166° (the
lowest temperature attainable in the variable temperature assembly),
and the spectrum recorded. The same sample was then warmedto another
annealing temperature (10 min. ) and again recooledto -166° for another re-
dording of the ESR spectrum. This way we eliminated influences of such rever-
sible temperature effects as motionalnarrowing and magnetic susceptibility.
In Figure 4, curves (a) and (b) give the intensity in arbitrary
units (peak to peak height) of the AMS = 4% and AMS = 2 transitions,

respectively, as a function of the annealing temperature. The signals
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Figure 4. (a) ESR intensity of the monoradical at -166° in

y-irradiated choline chloride (irradiated at -196°) as
a function of annealing temperature; {b) ESR intensity
of the biradical at -166° in choline chloride

(irradiated at -196°) as a function of anrealing tem-

perature.
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decay simultaneously up to about -110°, However, at higher tempera-~
tures the biradical signal continues to show considerable decay while
the monoradical signal stays almost constant. The fact that the AMs =1
transition signal stays practically constant for annealing temperatures
higher than -110" indicates that the change in the region -130° to -110°
is probably not due to a crystalline phase transition; if it were, we
would expect successive losses in radical signal each time we passed
through that temperature range. It, therefore, appears plausible to
relate the AMS =1 change from -130° to -110° to a change in the nature
of the monoradical. Comparison of Figures {1 and 2 clearly shows the
change in the radical spectrum upon warming .the spectrum of Figure

2 is no different if the sample is warmed only to -110° before the re-
cooling to -196°); however, there are gradual changes from -196" to
-130°.

We visualize the radical formatisn as follows: The ionizing
radiation creates at -196° a ''precursor' monoradical. It is essent-
ially stable up to -130° but could not be identified because of its broad
spectrum and because that spectrum overlaps the biradical AMS =1
transition. In the -130° to -110° range the precursor radical is trans-
formed into another monoradical {the change may be only conformational)
that is vtable up to temperatures {about 0°) where its hyperfine is re-
solved. This radical was identified as the ethanol radical. The cor-
responding decrease in the biradical signal as one goes through the
-130° to -140° region is also presumed to be relaied to the monoradi-
cal's transformation.

The explanation for the continued decreas in the biradical's
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sighal above -110° can be that the two monoradicals (the ethanol and
the trimethylamine radicals) are diffusing away one from the other
and, therefore, the interaction between the coupled spins decreases.
In crder to test the validity of this explanation, the values of the zero-
field splitting parameter D were calculated for different annealing
temperatures (after cooling back io -166°). Within the limit of our
accuracy, D was found to decrease with an increase in the annealing
temperature. This implies that the interradical distance R increases.

We Lave alsu plotted in Figure 5 (a} the ratio R (= peak to peak
height of the AMS = 2 transition/peak to peak height of the AMS = 1
transition) at various annealing temperatures (no cooling back to -166°),
Figure 5 (b) gives the same ratio after the sample has been recooled
from the annealing temperature back to -166" (claculated from Figure
4). The difference between the Q values clearly indicates that the
biradical interaction is temperature dependent.

We need to comment on our failure to observe trimethylamine
radical. This failure may be due to a low transition probability of this
radical. In addition, this monoradical may disappear by interaction
with the trapped electrons that are depopulated below -10" (see next
chapter).

The ESR observations are in accord with the mechanism that
was proposed earlier3 to account for the radical formation in irradiate
choline chloride: The radis ion excites the molecule, leading to a
partial homolysis of the nitrogen to methylene bond. The biradical's
subsequent fission seems to be apparent in our temperature studies.

The biradical disappears upon warming before the chanin propagation
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Figure 5. (a) The ratio R of peak to peak height of the biradical

and the monoridical in choline chloride {irradiated at
-196°) at various temperatures; (b) the same ratio at
-166° after the sampie is recooled from various annealing

temperatures.
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begins, while the monoradical participates in the chain radiolysis.
Much of the foregoing observations concerning the biradical in irradiated
choline chloride have been published. 23

In order to shed more light on the radical which participates in
the radiolysis process, room temperature studies were made of y-
irradiated single crystals of choline chloride. The spectrum obtained
at room temperature {c-axis perpendicular to the static magnetic
{ield) is a quintet with intensity ratios of 1:2:2:2:1, Figure 6 (a). At
certain orientations the main lines of the quintet exhibit an additional
doublet splitting with a 1:1 intensity ratio, Figure 6 {(b). The splitting
of the quintet lines is found to be 12 G while the doublet splitting of the
main lines is 4 G. Similar observations were also reported by Finger-
man and Lemmon. This type of spectrum corresponds to four protons
with interaction constants 1:3:3:6. It is hard to visualize such inter-
action constants of the four protons, but there are other evidences for
such an assignment. Lindblom suggested, on the basis of NMR spec-
tra of selectively deuterated choline chlorides, that the N-methylene
has less of a barrier to rotation than the O-methylene. 25 In addition,
the ESR spectrum of N-methylene deuterated choline chloride obtained
by Lindblom et al. 3 may be considered as a four-line spectrum rather
than a three-line. Two unequivalent protons would indeed give a four-
line spectra. Therefore, our single crystal work and Lindblom's re-
ported results fit quite well with the assignment in which N-methylene
protons are equivalent and the O-methylene protons inequivalent. One
of the O-methylene protons has interaction twice as strong as the N-

methylene proton, while the other only one-third as strong. This could
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a)
b)
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XBL722-4553
Figure 6. Curves a and b correspond to the ESR spectra of a

y-irradiated cheline chloride single crystal at two
different orientations of the a-b axis with respect
to the static magnetic field (c axis is perpendicular

to the static magnetic field). Spectra recorded at 23°.
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happen if the unpaired electron is closer to one of the protons belonging
to O-methylene group. The rotating N-methylene group protons would
have equal interactions.

Although the ethanol radical is essentially stable up to 0%, it
starts decaying with increasing temperatures. At room temperature
‘the half life is approximately 4 hours, at 50° approximately 4.5 min.,
at 70° approximately 1 min., and the signal disappears instantaneously
at about 80, where the phase transition takes place. The spectrum of
the radical at 5° is well resolved and is shown in Figure 7. The nature
of the spectrum remains unchanged for wide variations in irradiation
doses and also if the radical decays by a hundredfold. Power-satura-
tion experiments also showed that all the lines were saturated to the
same extent. These observations indicate that the ESR spectrum cor-

responds to a single radical, which we have referred to as the ethanol

radical.

B. Choline Analogs

The ESR studies of choline analogs were carried out similarly
to the studies of choline chloride. The samples were y-irradiated at
-196° and the spectra also recorded at -196°, They were then annealed
at some higher temperature for 5 min., cooled back to -160° and the
spectra recorded. Since the specira were better resolved at 5°, the
samples were recooled only to 5°, from the higher (than 5°) annealing
temperatures, to record the spectra. In these studies the main goal
was to compare the radicals formed in these analogs, and the tempera-
ture effects on them, with the radicals formed in choline chloride.

The results of these studies, in the main, are the following. The few
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The ESR spectrum of palycrystalline choline chloride: irradiated at -196°, warmed

Figure 7.

to 5°, and spectrum recorded at 5°.
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spectra presented are only those that show changes in spectral charac-

teristics.

+ -
{1) Choline bromide, [(CH3)3NCH,CH,OH] Br™.  The ESR

spectrum of y-irradiated choline bromide at -196° is shown in Figure
8a. The hyperfine splitting (marked by arrow) at low magnetic field
may be due to Brz-' or Br- radicals. The hyperfine splitting decays
upon sample warming and disappears completely at -60° in 5 min.
There is also a small signal due to biradicals (beyond the magnetic
field range of the spectrum shown). The spectral characteristics
change slowly by annealing the sample for 5 min. at temperatures up
to 5° (Figure 8b and 8c). Although not shown in Figure 8, the general
decay is small in the temperature range -160" to -90°. The decay
between -90° and 25° is faster than that of the radical in choline chloride
and above 25° is slower than in the chloride. The signal disappears
instantaneously at 100° (probably due to a phase transition). The
nature of the radical also changes by annealing at about 80° (Figure
8d). The svectrum recorded at 5° (Figure 8e) is similar to that ob-
tained with choline chloride (cf. Figure 7).

{(2) Choline iodide, [(CH3)3NCH2CHZOH]+I-. The ESR spectrur

of y-irradiated choline iodide at -196° is shown in Figure 9a. There
is also smail microwave power absorotion at magnetic fields of approxi-
mately 2600, 2650, 2800, and 2950 G, possibly due to I., disappearing
at -140°, There is no detectable Liradical signal, The nature of the
radical seems to change by annealing the sample up to -907, above
which the signal remains unchanged (Figures 9b and 9¢). However,

it decays slowly up to -10° and above room temperature decays very
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The ESR spectra of y-irradiated polycrystalline choline
bromide: (a) irradiated at -196°, spectrum at -196°;
(b) spectrum at -160°; (c) annealed at 5°, spectrum at
-196°; (d) annealed at 80°, spectrum at 5°; (e) annealed

at 5°, spectrum at 5°.
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The ESk spectra of y-irradiated polycrystalline choline
indide: (a) irradiated at -196°, spectrum at -196°;

(b) spectrum at -160°; (c) annealed at -90°, spectrum at
-160°; (d) annealed at 5°, spectrum at 5°.

Figure 9.
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fast, disappearing at 50" within 5 min. The spectrum recorded at 5~
(Figure 9d) has no similarities to the ethanol radical in choline chloride.

{3) Choline sulfate, [(CH3)3NCH,CH,OH]}SO,>. The ESR

spectrum of y-irradiated choline sulfate is shown in Figure 10a. The
small side bands disappear upon annealing at -140°, The biradical
signal at -196° also disappears at -160°. The central part of the spec-
trum does not change significantly upon annealing at temperatures up to
25°, and the decay is also small. However, annealing above 25" brings
in substantial decay and change in the nature of the radical. The trans-
formed radical is stable even at 100° (Figures 10b, 10c and 10d).

(4) Chloro analog, [{CH;)3NCH,CH,Cl]'Cl™. The spectrum of
5 33 20,

the chloro analog recorded at -196° is shown in Figure 11a. The low
intensity side bands continue to decay, but disappear only at an anneal-
ing temperature of -30°, There is no biradical signal. The spectral
characteristics change quite significantly by annealing up to -90~
(Figures 11b and 11c}). However, the signal continues to decay above
-90* and disappears completely by annealing for 5 min. at 40°. The
spectrum recorded at 5° has no similarities to the radical in choline
chloride (Figure 11d}.

(5) Propyl analog, [(CH3)3NCH3CHZCHZOH]+C1-. The ESR

spectrum of y-irradiated propyl analog at -196° is shown in Figure 12a.
There is very small biradical signal decaying at -160° completely.

The spectral characteristics change very significantly upon annealing

at -160° and -130° (Figure 12b). Above -130" the signal decays
slowly up to the annealing temperature of -30°., Above this tempera-

ture it starts decaying faster, but slower compared to the ethanol
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Figure 10. The ESR spectra of y-irradiated polycrystalline choline
sulfate: (a) irradiated at -196°, spectrum at -196°;
(b) annealed at 5°, spectrum at 5°; (c) annealed at 50°,
spectrum at 5°; {d) annealed at 100°, spectrum at 5°.
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Figure 11. The ESR spectra of y-irradiated polycrystalline chloro

analog of choline chloride, [(CH3)3NCH,CH c1Yci-:
(a) irradiated at -196°, spectrum at -796%; {b) spec-

trum at -160°; (c) annealed at -90°, spectrum at -160°;
(d) annealed at 5°, spectrum at 5°.
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The ESR spectra of y-irradiated polycrystalline propyl
analog, [(CH3)3NCH2CH CHZOH]"CI‘: (a) irradiation at
~196°, spectrum at -196°% (b) annealed at -130°, spectrum

at -160°; {(c) annealed at 50°, spectrum at 5°; (d) annealed
at 80°, spectrum at 5°.
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radical. The spectrum at 5° is similar to the one at -160°. However,
annealing above room temperature changes the characteristic spectrum
again (Figure 12c¢). The signai continues to decay but is still present
at 100° after heating for 5 min. The spectrum after annealing at 80°
for 5 min. is shown in Figure 12d.

(6) Ethyl analog, [(C,Hs);NCH,CH,OH] Cl™. The ESR spec-

trum of ethyl analog at -196° is as shown in Figure 13a. There are
two very weak side bands at magnetic field values of 3040 and 3080 G.
These disappear upon annealing at -160°, but a new broad peak is
found at H = 2975 G. This peak is stable up to -90°, decaying above
that, and disappears at -30°. There is biradical signal decaying at
-460°, The main radical shows some decay and change in spectral
features by annealing up to -30° (Figure 13b). Above -30° the radical
decays very fast up to 5°. The spectrum recorded at 5° is shown in
Figure 13c. Above 5° the signal seems to build-up to 50°, and shows
some changes (Figure 13d), above which it decays and transforms into

a different radical which decays only slowly even at 100" (Figure 13e).
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Figure 13. The ESR spectra of y-irradjated polycrystalline ethy?
analog, [(CoHg)aNCHoCHOHITC1™: (a) irradiation at -196°,
coectrum at -?98"; %b) annealed at -30°, spectrum at -160°;
{c) annealed at 5°, spectrum at 5°; (d) annealed at 50°,
spectrum at 5°; (e) annealed at 100°, spectrum at 5°.
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Conclusion

From the results of the electron spin resonance studies, it ap-
pears that the radical formed upon y-irradiation of choline bromide is
also the same ethanol radical as in choline chloride (at least abave 5°).
The small differences may be due to different matrices in the two ana-
logs (Br~ anion in place of C17). However, the radicals formed in
the rest of the analogs are not ethanol radicals. This is very interesting,
because choline chloride and choline bromide are the only choline
analogs which are radiation sensitive. Therefore, it can be safely
proposed that ethanol radicals are essential for the radiolysis of y-
irradiated cholines and that they are the ones which participate in the

chain mechanism.
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CHAPTER III

THE ROLE OF FREE ELECTRONS IN THE
RADIOLYSIS OF CHOLINE CHLORIDE



237~

It has been reported earlier that the radiolysis of choline chloride
will not take place if the irradiation {and subsequent storage) is done
at -196~. 4 The radiolysis develops gradually over several hours at
room temperature and much faster at higher temperatures (but below
78%). At 78°, choline chloride undergoes crystal phase transformation
from an ¢« form (orthorhombic) to a f-form (face-centered cubic) and
the radiolysis rate is drastically reduced. Since the radiolysis of the
a-form does not proceed at -196°, it appears that thermal stimulation
is required either for the diffusion of radicals {or other reactive species)
or for the release of trapped electrons. Thr trapping of electrons in
solid organic compounds upon irradiation is a common phenomenon,
It is probable that elc :trons are trappwed during irradiation, either on
pre-existing crystal defects or ones creat=d during irradiation. We
have found evidence for such electrons in y-irradiated choline chloride.
Such electrons would be released upon warrni-ng of the sample. In
order to investigate a possible involvement of detrapped electrons in
triggering a chain decomposition, we have observed the effects {on the
a-form's radiolysis) of prior thermal treatment, of added electron
accepting ambients, of photoelectron transfers, of different crystal

sizes, and of free thermal electrons.

Experimental

Thermoluminescence. The instrument used for the study of

thermoluminescence was a Harshaw Thermoluminescence Analyzer

(Model 2000). In its original form, the heating rate was very fast
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(about 150° /min. ) and non-linear; in addition, the temperature readings
were incorrect. Therefore, an external temperature programmer

was assembled in this laboratory, in which the rate of heating was

linear and also variable from slow to high rates (7.5° to 120° /min. ).

It also made possible steady-state temperature studies. The sample
could be heated quickly to any predetermined temperature, and then

left at that temperature for kinetic s udies. Temperature calibrations
were made with compounds of known melting points. All thermolumines -
cence experiments were done with a temperature rise rate of 20° /min.
The instrument's photomultiplier tube hasa S-11 response (300-640 nm).

Choline chloride purification. For the experiments involving

determination of the extent of radiolysis we used the methy1-14C—la-
beled choline chloride. It was obtained, in ethanol solution with a
specific activity of 3.8 mCi/mmol, from the New England Nuclear Co.
The labeled compound was diluted with ordinary choline chloride to
bring it to a convenient specific activity of 140 uCi/mmol. The solu-
tion was converted to the base form by adding a slight excess of

AgZO (to avoid photolysis of the silver salt and choline base, the flask
was covered with a black cloth); the filtrate was then evaporated to
dryness in a rotary evaporator, This procedure helped to remove
most of the trimethylamine hydrochloride present as radioimpurity in
the original choline chloride. The residue was redissolved in 96%
echanol; to this solution was added slightly more than 1 equivalent of
12 N hydrochloric acid. This was used as a stock solution and, for
each experiment, an aliquot was withdrawn, evaporated to dryness, and

the residue was dissolved in the minimum amount of absolute alcohol.
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The latter was mixed with a large excess (1:10) of cold (-78"} diethy!
ether to give a precipitate of finely divided polycrystalline choline
chloride. To prepare large crystals of choline chloride (2-3 mm
along the c-axis), the solution was allowed to evaporate slowly. To
minimize self-radiolysis, the precipitation or crystallization was car-
ried out only a few hours before use. In all samples there was a resid-
ual 0.1-0.3% of radioimpurity —— mostly trimethylamine hydrochloride
(TMA). This resulted principally from self-radiolysis of the material
during handling at room temperature. For experiments where radio-
lysis was not to be determined we used ordinary choline chloride.

Unless otherwise specified, irradiations were carried out in
sealed, evacuated tubes, for 1 hour, at -196*, in the 60Co y-ray source
at a dose rate of approximately 3 Mrads/hour.

The analyses for amounts of decomposition were accomplished by
unidirectional paper chromatography followed by autoradiography and
liquid scintillation counting. An approximately 5 M aliquot out of the
1 ml solution of choline chloride in methanol, containing 1 mg TMA
carrier aau acidified with concentrated HCI, is spotted on Whatman
#1 paper; this is chromatographed for 48 hours with a solution of
n-BuQOH-12N HCI—HZO (8:1:1). The paper is then allowed to dry ovez-
night in the chromatography box to evaporate all of the solvent. The
dried paper is left on X-ray photo graphic film for 60 hours; the film
is then developed. Two well-separated radioactive spots are observed:
undecomposed choline chloride and the trimethylamine {TMA) radio-
lysis product, These are traced with carbon paper from the film orto

the paper, and cut accordingly. The pieces of paper are immersed
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separately in 18 ml of liquid sciniillator (toluene containing PPO and
POPQOP) and the 14C activity counted. The percent of formation of
TMA is taken as equivalent to the percent of decomposition. The pro-
cedure described above has developed into this form after several modi-
fications since it was used in the early observations of the radiolysis

of choline chloride in 1953.

As reported earlier, the choline chloride radiolysis takes several
hours at room temperature. Therefore, to speed it up, we have used
heating at 50° for 2 hours as post-irradiation treatment. Under these
conditions choline chloride's radiolysis does not go beyond about 12%.
Possible explanation for this "saturation' of radiolysis are given in the
next chapter.

Eiffect of prior thermal treatment. A few milligrams of choline-

methy1-14C chloride were sealed into Pyre; tubes after the tubes and
contents had been dried at 100° and 10-4 torr for 4 hour. After the
sealing, some of the tubes were given no further thermal treatment;
others were heated at 70, 100, or 150° for varying periods of time.
All tubes were then subjected to 3 Mrads of y-rays ina 6060 source.
The post-irradiation treatment consisted of keeping the tubes at -78°
{control), or heating at 50° for either 20 or 120 min.

Effects of added electron-accepting gases. The effects of the

four electron-accepting gases, 02. SFb' NZO’ and 12, on the a-form's
radiolysis were determined as follows., Very finely divided (to maxi-
mize surface area) choline—methyl-i4c chloride was prepared by the
method of rapid precipitation from absolute ethanol solution on the
addition of a large excess of cold dry ethyl ether. Pairs of samples

were sealed in tubes under vacuum, or under 700 torr of 02, SFb’ or

I
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NZO' In the case of the 12, the choline was exposed to the vapors
(<1 torr) for a few minutes before the tube was sealed. The samples
were then irradiated as usual. Post-irradiation treatments consisted

of heating at 50° for 20 or 120 min.

Effect of doping with potassium iodide. Potassium iodide was

dissolved in MeOH and the solution was injected onto a mass of cho-
line chloride crystals under conditions where the methanol rapidly evap-
orated before any more than a very small fraction of the choline dis-
solved. The resultant mixture was 1.0% (by weight) KI and 99% cho-
line chloride. It was then transferred into irradiation tubes, dried at
100 for 2 hours, and irradiated as usual.

Effects of added solid electron acceptors and donors. Samples

of labeled choline chloride were mixed, before irradiation, with ten
times by weight of the electron acceptor, o-chloranil (Aldrich Chemical
Co. ), or the electron donor, the triphenylmethane dye Brilliant Grezn
(Matheson, Coleman, and Bell). Experiments were also performed

in which the o-chloranil and Brilliant Green were added to the choline
chloride after, rather than before, the irradiation.

Phototransfer of electrons. Samples of finely divided, y-irradiat-

ed choline chloride were mixed with approximately equal weights of
powdered Brilliant Green, cadmium sulfide, or ¢hlorpromazine {Smith,
Klein and French Labs), and a small amount of the mixture was sand-
wiched, in a glove box, between a brass and a quartz disc. The brass
disc contained a cylindrical groove of 0.01 inch and a hole in the side to
embed a Chromel-Alumel thermocouple. The sandwiched samples

were mounted in a chamber, with a quartz window, through which cold
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nitrogen could be passed. Different temperatures were obtained by
varying the flow rate of the nitrogen. The cell was illuminated for

4 hours with light from a 1000-watt, G.E. Model AH-6, high pressure
mercury lamp. The distance from lamp to sample was about 18 cm.
The lamp has emission only above 200 nm. Experiments were also
carried out with unirradiated choline chloride-Brilliant Green mixtures.
Longer time illumination, different intensities o” illumination (by inter-
position of neutral density filters), and visible light illumination (by
interposition of Corning 1-69 filter) were also done. Brilliant Green
and cadmium sulfide have absorptions in the visible, while chlorpro-
mazine has absorption only in the ultraviolet.

14C labeled choline bromide was prepared as reported before,
except that the starting material was 14C labeled choline chloride.
Phototransfer experiments were also done for y-irradiated choline
bromide-Brilliant Green mistures.

Effect of different crystal sizes. The sensitivity toward y-

irradiation was observed in (a) choline-14c-chloride that had been
crystallized slowly from EtOH-EtZO to give reasonably large crystals
{2-3 mm along the c-axis) and (b) samples of very finely divided cho-
1ine-14C -chloride prepared by very rapid precipitation from an EtOH
solution on the fast addition of a large excess of chilled diethyl ether.
To avoid the crystal-phase transition at 78°, both these samples were
dried at 70°. -

Injection of thermal electrons. The experimental set-up is

shown schematically in Figure 14. The details of its operation are re-

ported by Loveiock. 27 Samples of choline chloride were exposed to a
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Figure 14. Apparatus used for the injection of thermal electrons.
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current of thermal electrons of about 2 A ior an hour. The voltage
varied foom 5-8 kV depending on the geometry of the sample and

electrodes.

Results and Discussion

A. Thermoluminescence

Irradiation of crystals liberates electrons, somc of which become
localized in traps. As soom as a high enough temperature is reached,
these electrons are released. They can freely migrate in the conduc-
tion band and combine with trapped holes, a process that results in
photon emission. With increasing temperature, the emission will
rise to a peak and then decay as the traps are emptied. The relation
between the curreut and temperature is called a glow curve, the theory
of which is discussed by Randall and Wilkins28 (for constant rate of
rise of temperature. Several ways of calculating trap depth energy
from these glow curves have been reported. 29-31 We have found this
thermal emission for y-irradiated choline chloride. Two traps were
identified. From one of them the electrons are released between -40°
and -10° (not shown in Figure 145). Accurate energy determination of
this trap was not attempted, because the emptying of the trap affects
neither the radical decay nor the radiolysis, The other trap has a peak

" emission at 67°; this corresponds to an energy depth 2+0.2 eV. 29

Figure 15 shows the glow curve characteristice of samples ir-

radiated for 1.25 Mrads (curve a) and 15 Mrads (curve b). The

higher dose sample has, in addition to the discrete trap sets, a
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Figure 15. Thermal emission glow curves of irradiated choline chlorids

irradiated with (a) 1.25 Mrads and (b) 15 Mrads of y-rays.
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continuous luminescence reflecting a broad spectrum of trap depths,
probably due to the defects create 1 during irradiation.

An attempt was made to determine the spectral range of the
measured thermal emission. The determination was not accurate
since the photomultiplier currents which are involved were of the order
of 10°1% amp. By using a Kodak Wratten A-2 filter, we estimated
that the thermal emission peaks were above 410 nm. We tried to im-
prove the efficiency of current by doping choline chloride with Mn++
ions, but this technique dic not enhance our light emission, contrary

to what has been observed in other systems.

B. Prior thermal treatment

It is reasonable to assume that crystal imperfections in choline
chloride constitute potential electron traps and that these are populated
with electrons during y-irradiation. These traps are relatively shal-
low and, apparently, can be depopulated completely within 2 hours at
50*. This is indicated by the fact that a maximum decomposition of
12-13 percent is attained in that time and it is not exceeded even if the
irradiated sample is heated at higher temperatures (but below the 78°
transition temperature). This is also supported by thermoluminescence
studies. It might be expected that a thermal treatment prior to radio-
lysis might anneal crystal imperfections that would otherwise serve as
electron traps (and, subsequently, as donors). However, the data of
Table I indicate that 70° may not be a high enough temperature to
achieve significant annealing. Prior thermal treatment at 100° also

shows no effect — a possible explanation is that there is extensive



~-37 -

Table I. Effect of Thermal Treatment Prior to y-Irradiation of
Choeline Chloride

Time of post-irradiation heating
{50%)

Prior thermal treatment 20 min 120 min
Percent decomposition?

Ncne 8.2 12.2
2 hr at 70° 8.2 12.3
30 min at 100° 8.2 12.4
8 hr at 100° 8.3 12.2
24 hr at 100° 8.2 12.5
30 min at 150° 6.9 9.4
6 hr at 150° 6.2 8.5
48 hr at 150° 6.5 8.6
144 hr at 150° 5.8 7.8

2a11 analyses are believed accurate to within units of +£0.2 percent.

reorganization of the crystal structure as the material cools down
through the 78° transition temrerature. In contrast, prior thermal
treatment at 150° leads to a marked decrease in the radiolysis. What-
ever happens at this higher temperature appears to survive the '"re-
organization'' of the subsequent cooling through the phase-transiticn
temperature. We believe that the 150° treatment produces a de-
crease in radiolysis because of slight thermal degradation, leading to
species that act as chain terminators or as deep electron traps. In

the latter case, these electrons are not detrapped at 50° and thus do

not contribute to radiolytic decomposition,
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Table II. Effect of Gaseous Ambients

Time of heating at 50°

Without

Ambient - 20 min 120 min
heating

Percent decompositsiona
Control (vacuum) 0.2 8.4 12.1
O2 (700 torr) 0.2 7.9 11.1
SF6 (700 torr) 0.2 8.0 10.7
NZO (700 torr) 0.2 8.0 10.6
IZ (<1 torr) 0.3 4.9 5.6

2all analyses are believed accurate to within units of 0.2 percent,
except for the 120-min IZ results —— the latter are accurate only to

within *1.0 percent.

C. Electron accepting gases.

The effects of the presence during irradiation and post-irradiation
thermal treatment of the added gaseous electron acceptors, 02, SF6’
NZO’ and 12, are shown in Table IIL

It is apparent that the gaseous electron acceptors have a real,
though small, effect in retarding the radiolysis. The I, has a par-
ticularly large effcct. This could arise from any of a number of rea-
sons: {a) it is more efficiently absorbed on the choline chloride
{(whose surface became visibly yellow on exposure to the I, vapor);

(b) I2 acts as both a radical and electron acceptor; and (c) I atoms,

formed in small yuantity during the radiolysis, also have a large
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affinity for electrons,

1. Effect of doping with potassium iodide

Doping with 1 percent by weight of KI, Lefore irradiation, was
found to reduce the radiolysis from the usual 12 to 8 percent (two
separate experiments)., The iodine atoms formed during radiolvsis
apparently compete with radicals for electrons, and thereby inhibit the

chain decomposition.

E. Solid electron acceptors and donors

Addition, before irradiation, of an excess (10:1 by weight) of the
powdered electron acceptor, o-chloranil, to finely divided choline
chloride was found to retard the latter's v-radiolysis by a* least 0
percent {e.g., a measured 10.8% decomposition under conditions that
give 12% decomposition for the pure compound). In cont-ast, a simi-
lar addition of the clectron doner, Britliant Green, led to a 7 percent
increase in the decomposition. These results appear to support
strongly the notion of an important role for free electrons in the radic-
lysis mechanism. However, it was found that addition of either of
these compounds after irradiation produced no obserable effect, i.e.,
the radiolysis was neither advanced nor retarded. It appears that the
effects observed on addition before irradiation are due to radiolysis
products of the acceptors or the donors, rather than to the intact com-
pounds. Such radiolysis products may both retain the overall electron
acceptor or donor characteristics of the added parent compound, and,
in addition, may have a much higher diffusion rate, permitting a greater

effect on tha radiolysis.
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F. Phototransfer < electrons

If electrons are participating in the chain decomposition, we
should be able to observe radiolysis (even at temperatures too low for
thermal detrapping of electrons) by phototransferring electrons from
an external electron donor such as Briliiant Green, 33 cadmium sulfide,
or chlorpromazine, 34 At -40°, even though the phototransfer agent,
Brilliant Green, is presumably providing electrons, the radiolysis
chain cannot propagate (Table Ill}. However, somewhere between
-40° and 12" the chain can propagate when the electrons are made
available, owing to higher mobility of the energy-rich, chain-propagat-
ing species, or to increased internal energy in a choline cation.  Be-
cause strong illumination was used, it was possible that heat, rather
than photoelectrons, caused the increased radiolysis. However, ex-
posure of the choline chloride-Brilliant Green mixtures to different
rates of AH-6 illuminations (by using neutral density filters giving
one -fourth photon flux}, but to the same total number of photons, gave
the same amounts of radiolysis. Evidently, heat plays no r-le in the
Brilliant Green enhanced radiolysis; otherwise the temperature of the
sample exposed to a higher photon flux would have been higher than
that of the sample exposed to a lower photon flux. This difference in
temperatures would have caused different amounts of radiolysis. In
the absence of tﬁe dye the origin of free electrons is probably thermally -
depopulating traps. We have also tried experiments in which y-
irradiated choline chloride-Brilliant Green mixtures were illuminated
for 48 hours., The radiolysis obtained was still about 12%. The radio-

lysis of samples irradiated for longer times and heated also for longer



Table Ifl. Radiolysis of Choline Induced by Phototransfer of Electron

Percent decomposition

y-~irradiated choline y-irradiated choline y-irradiated chcline y-irradiated
Temperature chloride mixed with chloride mixed with cadmium chloride mixed with chlor- choline
(approx. ) Brilliant Green (1:1) sulfide (1:1) promazine {1:1} chloride
deg. illum. 4 hrs
Illum. 4 hrs Dark 4 hrs Illum, 4 hrs Dark 4 hrs Nlurm. 4 hrs Dark 4 hrs in absence of
photodonors
120 1.520.2 1.520.2° 1.040,2
-40 1.820.2 1.620.2° 1.640,2
12 10.5%0.8 Z.O:tOQZb 6.0+0,2 2.0£0.2 2.1+0.2
12 (with 169 9.340.4 2.0£0,2° n
filter™) =
30 12.0£0.8 5.0+0.1 8.5%0.5 5.520.5 5.0+0,5
30 {with 1_.-69 11.720.5 5.0£0.5 7.8x0.2 5.020.5
filter "}

2
All these data are averapes of at least four analyses.

b - . . . .
The 1.5-2% decomposition represents the radiolysis that occurs during the prief period of handling at room
temperaiure in the dry box.

“Restricts illuminating iight to the 406-800 nm range.




-52-

times also saturates at about 12%.  There is also no icrease of the
radiolysis (beyond 12%), if the illuminated mixture is heated at 50°
after photoelectron transtfer has taken place. This saturation radioly-
sis behavior has also been reported by Lindblom et il.' 3 The vxplana-
tion seems to lie in strains developing in choline crystals due to exten-
sive damage, which are discussed in the next chapter.

The other photodonors, cadmium sulfide and chlorpromazine, al-
so show the effects of enhancing the radiolysis by phototransferring
electrons. The enhancement is less, probably due to a lower quantum
yield of electrons from cadmium sulfide and chlorpromazine. The
Brilliant Green is known to be a dye with very high quantum yield.

Phototransfer experiments done with mixtures of y-irradiated
choline bromide and Brilliant Green also gave enhanced radiolysis up-
on illumination.

When unirradiated choline chloride-Brilliant Green mixtures
were used, the radiolysis obtained by illuminating the mixture was the
same ({approximately 0.2%) as that for mixtures kept in the dark. This
suggests that radicals and electrons are both necessary for the radio-
lysis to occur, probably a radical-electron interaction leading tu the
formation of highly excited species, which participate in a sclf-propagat-
ing chain reactien iavelviag choline chloride.

Fiom our thermoluminescenve results we conclude that the shal-
low traps are at least as populated as the deep traps.  However, both
the radiolysis and the radical decay are neglibibic in the termperature
range (up to about 0°) where the shallow traps are depopulated. A

resonable explanation is that at these low temperatures, radical-electron
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interactions are much less probable than hole-electron interactions.
But if this is the case, by releasing the electrons from the shallow
traps at high enough temperatures, one can enable them to participate
in the radiolysis process. Again, from thermoluminescence data we
know that sudden (about 15 sec) heating of a sample from -80 to 50" re-
leases electrons from the shallow traps even at 50*, while slow heating
already depopulates the shallow traps at about 0°. Therefore, we gave
different thermal treatments to two samples of y-irradiated choline
chloride. One sample was warmed from liquid nitrogen temperature
to 0°, kept at this temperature for 15 min., then warmed up to 50° and
kept at this temperature for 15 min. The second sample was warmed
up suddenly from liquid aitrogen to 50°. In the first case the shallow
traps will depopulate before the radiolysis can take place, while in the
second case they could participate in the radiolysis. We found the re-
sults of the radiolyses to be identical for both samples. [t is thercfore
evident that clectrons from the shallow traps arc not participating in
the radiolysis. As reported earlier, the ethanol radical decay was
found to be extremely slow for temperatures below 10°.  Since we know
from our thermoluminescence studies that electrons are released below
10°, the conclusion is that the ethanol radicals are not reacting wiht
these electroens.  These observations may result from a preferential

reaction of the detrapped electrons with trimethylamine radicals present.

G. Crystal size
It was found that large, sluwly grown crystals of choline chloride
show a significantly decreased radiolysis in comparison with the rapid-

ly precipitated compound that had the same (usual) radiation treatment.



_54_

Although no significant diminution of radiolysis was observed on 20 min.
of post-thermal treatment at 50°, 2 hours at the same temperature re-
sulted in 10.0 and 9.9% decomposition {two experiments) for the larger
crystals and 13.5 and 13.3% decomposition for the finely divided
material. This is probably due to a lower density of defects in the
large crystals and, consequently, a smaller number of donors are
formed by the y-radiation. Similar results in the case of choline
chloride were reported by Lemimon and Soltysik35 and for succinic

acid by Miyazaki et al. 36

H. Eifect of thermal electrons

In our ESR work we did not see any signal from trapped electrons.

One of the reasons could have been that the signal might be masked by

a large signal from the ethanol radicals. We did not see any ESR
signal from unirradiated choline chloride that was subjected to the
thermal electrons. Even a small signal due to trapped electrons could
have been seen as we have no ethanol radicals in unirradiated choline
chloride. This may be due to a very small concentration of trapped
electrons, or the spin lattice relaxation time is too short to permit us

to see the signal. We also looked for thermoluminescence in the

thermal-electron zxposed samples. We were without success sug-
gesting that indeed there are, if any at all, very few traps populated.

A sample of choline chloride which was iliuminated by vacuum
UV for 2 hours at temperature below 0° was subjected to the thermal

electron injection at room temperature for 2 hours. The vacuum UV

illumination produces ethanol radicals and causes radiolysis (see
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later). A control was also illuminated by UV, but not subjected to the
electrons. The one subjected to the electrons gave a radiolysis of
0.35 percent compared to the control value of 0.15 percent. Another
set of samples were treated just as in the previous experiment except
that they were further heated at 50° for 2 hours. The radiolysis for
electron-injected samples was 0.80 percent compared to 0.45 percent
for controls. In contrast with y-irradiated samples, we were unable
to find any effect of subsequent thermal electron-injection, probably
due tothe much larger radiolysis in the y-irradiated samples. The
radical decay in these samples was also the same regardless of later
exposure to electrons.

The observations suggest that thermal electrons do increase
radiolysis, although the effect is rather small. This may be because
the concentration of thermal electrons interacting with choline chloride
is small,

Some of the results presented here have been published. 23,37

Conciusion

From the experiments described here it seems that the radiolysis
of choline chloride proceeds as follows: Upon y-irradiation of cho-
line chloride at low temperatures, radicals are formed and electrons
are also trapped. Upon warming, these electrons are released, and
interact with the radicals to form some excited species that participate
in self-propagating chains. The acceptors will compete for these elec-
trens and thercby retard the radiolysis, while donors will increase the
density of free electrons and sou enhance the radiolysis. A detailed

mechanism to account for these results is proposed in the last chapter.
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CHAPTEER 1V
FURTHER INVESTIGATIONS INVOLVING

RADICALS AND ELECTRONS
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it has been proposed in the previous chapters that both ethanol
radicals and electrons participate in the radiolysis mechanism of cry-
stailine choline chloride. In what follows, experiments involving both

the radicals and the electrons will be presented.

A. Effect of free electrons on the radical decay.

Unlabeled choline chloride, in Pyrex tubes sealed under vacuum,
were y-irradiated at -196" for 1 hour (5 Mrads) by the é’OCo y-ray
source. The irradiated choline chloride was thoroughly mixed with
powdsred Brilliant Green, approximately in the ratio of 1:1 by weight,
in a dry box at room temperature. Approximately 50 mg portions of
this mixture were placed in quartz tubes, which were then sealed under
vacuum (10.4 torrj. The entire operation took about 15 min. The
sample was placed in the ESR cavity and the ethanol radival devay
kinetics were investigated by locking the ESR spectrometer at the mag-
netic field of the most intense peak of the ethanol radical. The kinetics
were followed as a function of illumination of the sample in the visible-
light region of a 450-watt Xenon lamp by interposing Corning 1-69
(300-800 nm) and 3-69 (510-3500 nm) filters. The sample was main-
tained at 12°, where the radical decay in the dark is known to be small,
at all times, both during illumination and in the dark. The lamp was
kept at a distance of 15 c¢cm from the sample {(as close to the cavity as
possible, and with optirnal focusing).

If the radical-electron interactions are the only interactions re-

sponsible for the radical decay, then



S9R kR L], [e7] = -dR/dt
dt kR

where k is the rate constant, R is thie radical concentration, fe~] is

the electron concentration, and - QB

at is the rate of decay of the radi-

cals. Therefore

[e”] illum R dt] illum

"1 dark  [1 &K
[e7] dar [R dt) dark

[1 dR]

The radical decay of the choline chloride-Brilliant Green mixture upon
illuminatien and dark is shown in Figure 16. From the data the ratio
of the electron concentration for illumination/the electron concentration
for dark comes out to be approximately 3. We attribute this enhanced
electron concentraticn in the case of the illuminated sample (or the same
thing as enhanced radical decay) to the electrons donated by the dye.

it should be mentioned that the radical decay upon illumination by visible
light of pure irradiated choline chloride is identical to the radical decay
of choline chloride kept in dark at the same temperature. As we have
mentioned before, at 12° electron detrapping is small (the shallow

traps would have depopulated already during room temperature handl-
ing), leaving the number of eiectrons in the traps virtually unchanged,
the radical decay will follow first-order kinetics. Also, during il-
lumination, the number of electrons donated by the dye will remain
constant and therefore the radical decay during illumination should also
follow the first order kinetics. The plots of the logs of the radical

concentrations against time (done for 42 min. ) were found to be
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Figure 16. The radiral decay in a mixture of choline chloride and Britliant Sreen (3:1) et 12°:
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straight lines for both the illuminated and the dark cases, as we have
seen earlier ia Figure 16.

Additicnal evidence was obtained for the participation of electrons
in the radical decay. We studied the ethanol radical decay kinetics
for two samples (no Brilliant Green present) —— one was irradiated
with 1.25 Mrads and the second was irradiated with 15 Mrads. The
decay of the radical signal at 50" in the sample irradiated with the
higher dose was found to be faster than the decay in the sample irradiat-
ed with the lower dose, even after the concentration of the radicals in
the "higher dose'” samples was lower than the concentration of the
radicals in the "lower dose’. Simultaneous studies of the thermal
emissions of the samples irradiated with 15~ and 1.25-Mrad doses
showed that the free-electron concentration is greater in the higher-dose
sample than in the lower-dose sample, even after the concentrations
of the radicals become equal in both of the samples. Therefore, it
seems plausible that the enhanced radical decay in the high-dose samgle,
even after the ''crossing point' of radical concentrations, is due to
the excess of free electrons in ithat sample. It should be mentioned
at this point that Lindblom et al. 3 reported that the radical decay
obeyed a 3/2 order (-dR/dt = K[R]3/2) law. However, insufficient
total-dose and time data was used in arriving at this conclusion. We
now know that the radical decay does not fit a 3,2 order; neither does
it fit first- or second-order kinetics. However, all features of these
kinetics can be explained on the basis of electron-radical interactions.

The decrease of the slop of the logarithm of the radical concentration

as 2 function of time (at a given temperature) can be explained by a
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decrease of the free electron concentration due to a lowering of the
population in traps (Figure 17). The higher initial slop and its more
pronounced decrease at higher temperatures can also be explained by
faster therrnal depopulation of the traps. An additional possibility
for explairing the time dependence of the radical decay rate is that the
products (mostly trimethylamine hydrochloride and acetaldehyde)} are
jquenchers for the free electrons. (They can a0t be quenchers for the
radicals since, if they were, the radical decay —ate would increase

with time. )

B. Saturation radiolysis phenomenon,

It has been reported earlier that choline chloride decomposes to
an extent of 63 percent upon storage at room temperature for 9 months.1
Lindblom et al. irradiated the samples over a wide range of doses only
to find that the radiolysis saturates at about 12 percent. 3 We have
also found in all our experiments that the radiolysis saturates at about
12 percent. In the original observation the radiolysis was due to self-
irradiation from 14C B-rays and the dose rate was small, although
the sample was being irradiated and decomposing over a long period
of time. In our case the dose rate is high and the irradiation is done
for a short time. The explanation for this hehavior seems to be that
the radiolysis products formed react with intermediates in the chain
mechanism, thus reducing chain length. In order to tesi this explana-
tion, certain cyclic experiments were conducted. Aliquots of choline
chloride were subjected to repeated cycles of y-irradiation and heating

at 50°, The percent decomposition was compared in each case with
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Radical decay at 50° of the y-irradiated choline chloride.
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that of an aliquot subjected to the same dose of y-irradiation (in a
single irradiation), followed by heating. For example, in a five-cycle
experiment the samples were subjected to 1 hour of y-irradiation
followed by heating at 50° for 2 hours; this was repeated five times,
and the percent decomposition was compared with that from 5 hours

of steady y-irradiation fcllowsd by 10 hours of steady heating at 50°.
The latter data are shown in Table IV under the heading 'continuous,"

while the former are shown under the heading ''intermittent. "

Table IV. Effects of Repeated Cycles of Irradiation and Heating

Percent decompositicn

No. of cycles Intermittent Continuous
1 12.4 x+ 0.5
2 17.6 = 0.1 12.1 = 0.3
3 22.7 £ 0.6 12.8 £ 0.2
5 333 +0.2 13.0 £ 0.3

It appears that no matter how long we irradiate or heat beyond
2 hours, the maximum radiolysis attained in a single cycle does not
exceed 13 percent, while the radiolysis in the 'intermittent” case is
increasing with the number of cycles. A similar observation was
made in the case of the phototransfer experiments (reported earlier).
It is also interesting to note that almost 50 percent of the decomposi-
tion occurs in the first 40 min. of heating at 50° and 90 percent in

60 min. (see next section). All these observations clearly suggest
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that the chain length diminishes rapidly with time of heating. It sevms
that at least one of the products of radiolysis is acting as & chain
terminator. Experiments have shown that post-irradiation thermal
treatment yields lower decomposition in an ambient of acetaldehyde.
The experiments were conducted similarly to the experiments with
gaseous ambients reported earlier. Choline chloride samples were
exposed to the vapors of acetaldehyde at room temperature and they
were sealed; the samples were then y-irradiated at -196° and heated
for 2 hours at 50°. The radiolysis obtained was only 6.5 percent
{(compared to about 12.4 percent {or the samples without acetaldehyde).
A possible explanation of the saturation radiolysis could be that once
all the traps are populated during y-irradiation, further irradiation
may have no effect in promoting radiolysis. But this is unlikely as
our thermoluminescence results have showm that the density of trapped
electrons in a sample receiving 15 Mrad is at least twice that of the
sample receiving 1.25 Mrad. In view of the above observations, we
can rationalize our cyclic experiments in the following manner. In
the initial stages of heating, a small fraction of the radicals decay via
interaction with electrons, with the propagation of long chains. As the
concentration of products of radiolv«is huilds up, the chain lengths
diminish. During the later stages of heating, say, beyond 1 hour, the
dominant process seems to be the diffusion of acetaldehyde to the sur-
face of the microcrystallites. Consequently, if this heated material
is y-irradiated again, the initial stages of the second post-irradiation
thermal treatment would involve much long: . chain lengths than the

heating during the latter half of the 2 hours period of the first cycle.
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(It is also interesting to note that, within the range studied, every
cycle subsequent to the lirst appears to result in an additional 3 percent
decomposition. ) In short, one obtains a much larger radiolysis via
cyclic irradiations and heatings as compared to a single continuous
experiment, because relatively longer chain lengths are tnvolved in
the former case.

Additional evidence {or the reduction of chain lengths as the radio-
Iysis proceedsis obtained 2y comparing the radical decay xinetics and
the radiolysis kinetics. 1f the decay of radicals is taking place entire-
ly due to the radical-electron interaction and there is no alternative
competing mechanism for decay of radicals, then we would expect
correspondence between the kinetrcs of radiclysis and radical decay.
What we found, on the contrary, is that the radical decay was faster
than the radiolysis, At a temnperature of 50° the radical decay half-
time is 4.5 min., and that of the radiolysis is 6.0 min. We believe
that this lack of correspondence is due mainly to the fact that the chain
lengths decrease with increase in decomposition. However, there is
also the possibility that a fraction of the radicals are undergoing decay
by an alternative mechanism, for example, radical-radical reactions

between close neighbors (see below).

C. Effect of dose and temperature on radiolysis kinetics.

Approximately 5 mg samples of methyl-14C-labeled choline
chloride were vacuum sealed in 5-mm Pyrex tubes, The sealed tubes
were y-irradiated, receiving a dose of 1.25, 5.0 or 15.0 Mrads at

-196°, The irradiated samples were than heated at any one cof three
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temperatures, 22.5%, 50°, or 74", in a constant temperature oil bath,
for differcat lengths of time. The radiolysis in each sample was then
determined.

One would expect that the amount of radiolysis would increase
with dose due to increased production of radicals and trapped electrons.
For short times of post-irradiation storage this is true, but for longer
times this does not seem to be the case. At room temperature (where
the effect is most clear), the radiolysis occurring during 7 days
{= 10,080 hours) storage is less for a 15-Mrad sample than for a 1.25-
Mrad sample (Figure 13}. At 50° (see Figure 19), the 1.25-Mrad
sample will probably give a higher final radiolysis than the 5- and 15-
Mrad samples (the latter have reached the ''saturation radiolysis" of
about 13-16 percent, while the 1.25-Mrad sample's radiolysis is s1ill
increasing). We believe that the explanation for a greater final radio-
lysis in a sample that received less radiation is the following: In
samples that have received as high as 15 Mrads we have obssrved as
much as 0.3 percent radiolysis, even at -196*. Chromatographic
analyses nf the products formed under these conditions showed that
they were not the usual ones (trimethylamine hydrochloride and acetal-
dehyde). The products were probably polymers as the 14C-ac=:ivity
of these products was found at the paper-chromatographic origin
{where the solution is spotted). Such unusual products may be re-
sponsible for the diminished radiolysis.

However, as the data of Figure 19 show, the post-irradiation
treatment at 71° has brought about an expected faster attainment of

the ''saturation' radiolysis but at a lower value (around 10%) cornpared
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to the usual values of 13-16%. The reason is probably the occurence

of other radical and electron reactions that may not contribute tu the
radiolysis; examples would be radical-radical interactions {(such as
dimerization and disproportionation) and the capture of electron by
holes. These processes will have different activation energies, and

one or mere of them may become more important at a higher temperature
{such as 71”). These other proresses, whose mechanisms we do not

yet know, also make the kinetic analysis very complicated. This high-
temperature saturation-radiolysis behavior was confirmed by heating
samples at five different temperatures between 50° and 75° for 100 min.,
the time at which all samples should reach saturation radiolysis. The
results, which are shown in Table V, show clearly that the radiolysis

does indeed decrease with increase in temperature.

Table V. Dependence of Choline Chloride Radiolysis on Dose and

Post-irradiation Temperature

Temp. (For 100 min.) Dose (Mrads) Percent Radiolysis
51° 5 12.6
10 13.0
63" 5 12.2
10 12.6
67 5 12.0
10 12.1
71° 5 10.2
10 10.1
74° 8.7
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If trimethylamine hydrochloride is heated at 70*, under vacuum,
it evaporates slowly. This may offer an alternative explanatien for
the reduction in radiolysis for vost-irradiation heating at higher tem-
perature. But, that this is not sois verified in the fcllowing way: Two
irradiated choline chloride tubes were heated at 70° for 2 hours and then
cooled. From one tube a solid aliquot was dissolved in methanol (nor-
mal procedure) while from the other tube all of the sample was dissolv-
ed and the tube was thoreughly washed to extract all possible TMA
sticking to the walls. The two analyses gave the same radiolysis
value of 9 percent.

Shanley and Collin reported an increasing G(-M) value v.ith
tempe rature. 6 Our results show that the G(-M) value falls if the
radiolysis is carried out at higher temperature. The discreparcy lies
in the fact that they irradiated the samples at high temperature; this
permitted the rapid diffusing away (during the irradiation) of the
radiolysis products, whose presence inhibits the radiolysis mechanism
(see Saturation radiolysis phenomenon).

It may be of great significance that at 74 the radiolysis has only
reached about 9 percent. Ia the g-form, the form which is radiation
stable and exists at temperatures above 78”, the radiolysis was found
to be negligible. We have long suggested that the a- and B-forms
dirfer in some respect {e.g., distance between key atoms in adiacent
choline ions) that account for the differences in radiation sensitivity.
The above observations offer another possibility: that at 80" the pro-
cesses discussed above are so importarnt that the radiolysis does not

take place regardless of which crystalline form (« or f) is present.



So far, we have been unable to prepare (by quick freezing) a sample
in the f-form at any temperature delow approximately 78°. Nor does
there seem any possibility of getting the «-form at some temperature

above 78”7,

D. Effect of temperature on the radiolysis of choline bromide.

The sampies of choline bromide were sealed in vacuuem
(<2% 10"* torrj in 5-mm O. D. Pyrex tubes. They were irradiated
with 60C-o y-rays at -196° for 45 min., for a total dose oi 4 Mrads.
Differeat tvbes were then heated for 2 hours at 50°, 70°, 85, and
110° resp- ctively. The radiolysis products were then analyzed using
unidirectional paper chromateography. The results are shown in

Table VI.

Table VI. Radiolysis of Choline Bromide

Post-irradiation temp. Time f(hours) Percent Radiolysis
50° 2 6.75, 6.83
70° 2 8,06, 7.95
85° 2 6,27, 6.14
1457 2 1.55, 1.63

It is clear that choline bro.nide undergoes very small radioclysis
at 110°, suggesting that there may be a radiation-stable high-tempera-
ture polymorph, quite analogous to the situation with choline chloride.

The crystallography to ascertain this possibility has not been done, bat
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conductivity measurements and infrared studies do suggest that there
may be a phase transition in choline bromide at 91° (see next chapter).
It is also interesting to note that the radiolysis at 85° is less than the
radiolysis at 70°. A similar behavior was also found for choline
chloride except that the reduction in radiolysis started at a lower
temperature. The results can be explained by supposing that deeper
traps are populated with electrons during irradiation. In such a case
the clectrons can be depopulated only at higher temperatures. At
these temperatures competitive reactions like radical-radical decay,
or electron capture by a hole, may become more important than the
radical-electron reactions that are responsible for radiolysis. We
have already reported earlier that the radical decay of choline bromade
above 25° is siower compared to choline chloride. Also that there is
an ESR signal in choline bromide at about 80° (not correspondirg to
ethanol radicals) that may also be responsible for the reduced radiolysis

of the bromide.

E. Kinetics of radiolysis at room temperature.

The data of Figure 19 have bezn replotted on expanded linear
time scale for times up to 4 hours (Figure 20)., If the radiolysis pro-
ducts are interfering with chain propagation, then the rate of radiolysis
increase should decrease with time, i;e_._, with increased product
formation. It can be seen in the linear plot in Figure 20 that the rate
of radiolysis actually increases for some time. This time depends on
dose and temperature. For the 1.25-Mrad sample at room temn. ;erature,

the radiolysis rate appears to increase during the first 4 hours.
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During this time the amount of products formed is small and should
have no effect on the rate of radiolysis. The increase can be explained
on the basis of formation of a radical-electron intermediate. This
formation is fast, but the intermediate’s reaction with choline chloride
is slow (it may be that the intermediate, which would be highly excited
energetically, decomposes or is transformed very fast into species

A, B, C, etc., and one of them might be responsible for the chain

radiolysis of choline chloride):

ky
R. + e ———=—=[Re]"

K
[Re] ——2—A +B+C Ky > Ky

k
A + choline —-é-—vA + products

In such a case there will be a build-up of intermediates to a maximum
steady-state value, and the rate of precduct formation will increase up
to this time. The opposing effect of product interference will there-
after become important, finally causing the radiolysis to become so

slow that a "saturation radiolysis" is reached.

F. Quantitative radical decay and radiolysis kinetics.

We have reported earlier that attempts to fit our experimental
data of radical decay and radiolysis to any simple kinetics have failed.
The reason is that the concentration of electrons, [e”], that are re-
leased upon warming could be treated as ?ollows:28 The probability

"'p'" of electrons released from traps upon warming at any temperature



T is p=s exp(-E/KkT), where s is the frequency factor, E is the trap

depth, and & is the Boltzmann constant. Tharefore the rate of release

of trapped electrons is
dn/dt = -ns exp(-E/kT} or n = n, expl-st exp{-E/kT}],

n and n, being the trap density at t and 0 times, or the concentration
of electrons released = n, (1 -exp[-st exp(-E/kT)]), which in itself is a
complicated ¢xpression.  In addition, the radical-radical interactions
and electron-hole interactions make the analysis virtually impossible.
We thought it would be possibie to analyze the experimental data if we
could produce either trapped electrons or radicals in choline chloride.
The unsuccessful efforts to populate traps by thermal electrons have
already been reported. To investigate the possibility of having radicals
without trapped electrons incholine chloride we proceeded as follows:
The y-irradiated choline chloride samples were dissolved at -15°, in

a cold room, either in dimethylsulfoxide or in dimethylformamide;
nuartz tubes were filled with the solution, and the solution was frozen
at -196° by dipping the tubes in liquid nitrogen. The idea was that
once the choline chloride dissolves, the traps would vanish (the traps
are only due to crystal imperfections in the solid state), while the radi-
cals may survive in the solution. However, the frozen samples gave
no ESR signal, implying that radicals had sufficient mobility to interact
with each other, or with the solvent, and decay very fast {(before the
solution could be frozen). The radiolysis obtained was also very small.
Thus our attempts to study the radical decay and the radiolysis kinetics

quantitatively were unsuccessful,
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G. Absorption properties of y-irradiated choline chloride.

Radiczls are forimed and electrons are trapped upon y-irradiation
of crystalline choline chloride, and they may absorb ultraviolet or
vigible light in regions where there is no absorption by unirradiated
choline chloride. We used a Cary Model-14 spectrophotometer (with
scattering attachment) for our studies. A small amount of a y-irradiat-
ed sample of choline chloride was placed in an optical grade quartz
cell, and unirradiated choline chloride was used for the reference cell.
The absorption spectrum recorded is as shown in Figure 21. It seems
that there are two absorption bands: one at about 6000 A and the
other at 4400 A. The 6000 A absorption is equivalent to an encrgy of
ahout 2 eV and it seems that this corresponds to an absorption by
trapped electrons. Our thermoluminescence data gave 2 eV as the
trap depth, The other band at 4400 A may be due to the absorption
of energy by radicals. The absorption bands seem to decay with time,
i.e., as the radiolysis proceeds. The results reported here are not
very reproducible, probably due to much scattering by the polycrystal-
line powder. In addition, choline chloride undergoes radiolysis form-

ing trimthylamine hydrocholride and that will perturb the recording

of the spectra.

H. Photochemical transformation of ethanol radicals in irradiated

choline chloride.

A sample of y-irradiated choline chloride was sandwiched between
brass and quartz discs in a glove-box at room temperature, and illu-

minated through the quartz window with an AH-6 high pressure mercury
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lamp {(emission above 200 nm only) for 4 hours from a distance of
about 18 cm. During the illumination the sample was kept at about
-20°, and the quartz window was kept free of condensing atmospheric
moisture by a stream of room temperature nitrogen. In order to in-
vestigate the wavelength dependence of the photochemical transformation
of the ethanol radicals, we interposed Corning filters 7-54, 4-71, or
3-69 between the AH-6 lamp and the choline chloride samples. The
transmittance of these filters is in the approximate wavelength range
250-400, 350-570, and 530-1000 nm respectively, and is shown in
Figure 22. It took approximately 15 min. to prepare the samples for
illumination and therefore the controls were also kept at room tempera -
ture for 15 min. and at -20° for 4 hours. Similar experiments were
done to investigate the effect of photochemical transformation on radio-
lysis by using methyl-14C -labeled choline chloride. In radiolysis ex-
periments the illuminated and the control samples were given post-
illumination thermal treatment at 50° for 90 min. The ESR spectra
recording and radiolysis determination were carried out by the usual
methods.

ESR spectra of a control, non-illuminated sample and that of an
illuminated specimen (no filters interposed) are shown in Figures 23a
and 23b respectively. Both spectra were taken at ambient tempera-
ture. The concentration of the ethanol radicals is reduced by a factor
of about ten during illumination. In addition to the decay, a new radi-
cal is formed as a result of the phototransformation of the e¢thanol radi-
cal. The presence of the new radical (superimposed upon the ethanol

radical) is shown by the new peak marked '1" in Figure 23b. [t is



% Transmission

{00 B
|

0 __J__qu___l___l.._J__..L___
200 280 360 440 520 600 68C 760 840 920 1000
A {(nm)

XBL737 - 3602
Figure 22. Transmission characteristics of optical filters.
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Figure 23. Phototransformation of the ethanol radicals. {a) FSR

spectrum of y-irradiated, but unillumirated, chnline
chloride at 22°. (h) ESR spectrum of y-irradiated and

illuminated choline chloride at 22°,
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also observed that the peak marked '2'" has been shifted to higher
fields compared to what it was in the non-illuminated sample (Figure
23a), When the illuminated sample is heated at 70°, the ethanol radical
completely decays, and only the photo-transformed radical is observed
(Figure 24). The heating of the control sample at 70° leads to the loss
of all radical signal. The new radical is relatively stable and the
signal further decays, aver 16 hours at 70°, to about 2/3 of the origi-
nal value.

f.ccording to our earlier proposal free electrons interact with
ethanol radicals to form rea_:ive species that participate in a self-
propagating chain mechanism. It follows that if the concentration of
ethanol radicals was reduced by photo-decay at low ternperature (where
radiolytic decomposition does not take place) then the decomposition of
the compound by post-illumination thermal treatment would be diminished.
This is indeed what happens. We have found that irradiated and illumi-
nated samples (4 hours at -20°) of choline chloride are approximately
4.8 percent decomposed on subsequent thermal treatment {90 min, at
50°), On the other hand, samples treated in exactly the same way
(except for illumination) showed approximately 7.6 percent decomposi-
tion. The photo treatment reduces both the ethanol radical concentra-~
tion and the subsequent radiolysis. Therefore, the involvement of the
ethanol radicals in the radiolysis has been directly cbserved.

‘We found no effect on the radical decay or the formation of new
radicals in the cases of the 4-74 (350-570 nm) and 3-69 (510-3500 nm)
filter interposition. The use of the 7-54 (250-400 nm) filter led to a

reduction of the ethanol radical's intensity by a factor of three (the
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unfiltered illumination gave a reduction of a factor of ten), and the new
radical's intensity was abou: the same as in the unfiltered illumination,
This suggests that the decay of the ethanol radicals takes place within
the 200-350 nin range (the shorter wavelengths being more effective),
while the formation of the new radical takes place between 250 and
350 nm.

The photo-detrapping of electrons is expected to occur in longer

about 2 eV or 600 nm — as indicated by our

wavelength regions
thermoluminescence studies reported earlier. Therefore, the radical
decay on illumination appears not to be due to interaction with photo-
detrapped electrons. In fact, there is no difference in the radiolysis
of the samples (a) illuminated with > 400 nm (Corning 3-73 filter) at
-20° and (b) kept in dark at -20°. This is surprising and we d¢ not
know why there is no photo-detrapping of electrons. A possible ex-
planation may be that there is a large amount of scattering by polycry-

stalline samples and thus enough light does not reach all the sample.
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CHAPTER V
ELECTRICAL CONDUCTIVITY AND INFRARED STUD1£S

OF CHOLINE CHLORIDE AND ITS ANALOGS



Since free electrons are playing an important role in the radiolysis
of cholinechloride, the study of the migration of electrons (conductivity
behavior) in its matrix may provide us with some valuable information.

Most crystailine organic solids studied thus far have been shcewn

to be semiconductors which follow the corductivity-temperature re-

lationship shown below.

UT =0, exp(-E/2 kT)

where OT is the specific conductivity at temperature T, O is the
specific conductivity at infinite temperature (also called preexponential
factor), k is the Boltzmann canstant, and E is the energy gap between
the valence and the conduction bands. E can be determined by the
measurement of the conductivity as a function of temperature. We
have also studied the conductivity behavior of the radiation resistant
{B) form of the choline chloride and extended studies to some other
choline analogs. The conductivity studies were done under the in-
fluence of dc voltages and also with electrodeless microwave techniques.
We have also investigated the infrared absorption by choline
chloride and some of its deuterated and undeuterated analogs, in order
to shed some light on the specificity of the radiation sensitivity of the

a-form of choline chloride.

A. dc conductivity.
dc conductivity measurements on choline chloride made on both
. ~ 4n=D Lo
pellets and powders in an evacuated (Z 10 ~ torr} conductivity cell.

Details of the apparatus and its use have been described by Eley and
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39

Pacini and shown in Figure 25, The pellets were made 1n a hydrau-
lic press under 10,000 kg/cm2 pressure using a Beckman KBr evac-
uable die. The current measurements were done on a vibrating reed
electrometer obtained from the Applied Physics Corp. (Cary Model-
401).

The conductivity data for the pelleted choline chloride are shown
in Figure 26. The powder (compressed to about 40 kg/cmz between
the electrodes) shows, in all respects, conductivity behavior similar
to that of the pelleted material. There is a sharp increase in con-
ductivity around 78°, which corresponds to the temperature of the
phase transition. The conductivity increases by about four orders of
magunitude. The evidence for the phase transition, on the basis of the
crystallographic and density measurements has already been reported
carlier. ™8

The conductivity in :he pB-forrn is high enough to cause its decom-
position, even though choline chloride is thermally stable up to 200*.
This decomposition behavior is shown by the pellet 1 data of Figure 26
{in addition, the pellet was visibly charred). Pellet 2 was not heated
beyond 90, and was subjected to five reproducible cycles of heating
and cooling (only one cycle is shown in the figure). Such sharp and
large changes in ccnductivity at the phase transition have not hitherto
been reported. An increase of an order of magnitude was reported
in chlorpromazine, 40 but we also studied this compound and found
that this increase is observed only if the conductivity measurements
are done without evacuation, i.e., the effect is due to the presence

of adsorbed atmospheric moisture. Wihksne and Newkirk have also
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reported large changes in conductivity of rnetal-free phtalocyanine,
but the decrease is non-reversible (actually the phase transformation
is non-reversible), and takes place over a large temperature range.
Conductivity in the a-form appears o be electronic (see below). Ohm's
Law is obeyed, i.e., the voltage-current plot is a straight line. The
measurements for this voltage-currenat plot were done to a temperature
of 70° and for voltages up to 22.L V, corresponding to an electric field
of about 300 volts/cm. The current reaches its final value within a
few seconds of the application of the voltage. On the contrary, in the
f-forin, i.e., above the 78° transition point, any increase in applied
voltage results in a geometric increase of current. For exzaple,
doubling the voltage results in a tenfold increase of current. Such
instances have been encountered only in systems where there are strong
indications of protonic conductivity. 42 In addition to this non-ohmic
behavior, a marked polarization is observed, i.e., the current slowly
decreases with time (e.g., from 8pA to 4.6 pA in 2L min. ) and
reaches a steady value after an hour, or even longer. Relaxation
times of such duration are characteristic of ionic conductivity as op-
posed to electronic conductivity where the relaxation times are of the
order of mitlisecunds to seconds. 43 Besides, on turning off the ap-
plied voliage, we noted a residual voltage (100 mV to 1 volt}) with sign
opposite to that of the initially applied voltage. This, again, could be
due to the overvoltage characteristic of systems displaying ionic
conductivity,

Collins hes inferred, from crystallographic symmetry considera-

tions, that the face-centered cubic form (B-form) has a highly disordered
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structure ard has sufficient room for spherical rotation about a number
of equilibrium positions. Therefore, it seems that the conductivity

in the B-form is probably protonic. Such conductivity necessarily
means easy interraolecular transfers of protons through hydrogen
bonds. There is crystallographic evidence for hydrogen bonds7' “ and
also evidence for some intermolecular hydrogen transfers in choline
chloride. 9 The free rotation of choline ion in the p-form would also
facilitate the intermolecular transfer of protons., It is possible that
these protons might be responsible for the radiation-resistant nature
of the P-form, if we postulate that the protons react with electrons to

give hydrogen atoms which in turn react with the ethanol radicals as

follows:

(a) - CHZCHZOH + H— CH3CHZOH
or (b) ‘CHZCHZOH + H‘—'CH3CHO + H2

In this way, the initiation of chain decomposition, resulting from an
electron-radical interaction, is prevented. 1t is possible to demon-
strate protonic conductivity by detecting the evolution of hydrogen at
the cathod, 45 and by the dc Hall effect. 46 But, due to experimental
problems associated with choline chloride's hygroscopicity, we have
not done it. However, we tried the microwave Hall measurements
for the sign of charge carriers (see below). The sharp increase in
the conduclivity at 78° could be due either to a sudden increase in the
number of charge carriers or to a sharp change in the mobility of the

majority carriers. Protonic conductivity in solids is not very common,



-91 -

but has been reported. 45,47

As pointed out earlier, the sharp increase in conductivity of
choline chloride corresponds to a phase transition. However, the
crystallographic work has not been done at any temperature other than
room temperature for choline bromide and iodide, and none at all for
the chloro analog, [(CH3)3NCH2CHZC1]+C1-. The dc conductivity
data (powders compressed to 40 kg/cmz) obtained for these compounds
are shown in Figure 27. The band energies, E, together with the
temperatue at which sharp changes in conductivity take place, have
been tabulated in Table VII.

Thus, though no independent investigations of phase transformation
in choline bromide, choline iodide, or the chloro analog have been made,
it seems very likely that these choline analogs display different crystal
structure beyond the transition point. It should be noted that this is
not characteristic of quaternary ammonium salts since tetramethyl
ammonium chloride shows no such behavior. Similar to choline chlo-
ride, these analogs also undergo rapid electrnlysis under low electric
fields (30 V/cm) when they are in the higi temperature form. They
also display polarization effects and non-ohmic behavior, suggesting a
protonic conductivity, just as in choline chloride, in their high tempera-
ture polymorphs.

There is, as yet, no direct relationship between radiation sensi-
tivity end electrical conductivity, Both choline chloride and bromide
are much more radiation sensitive at temperatures below their transi-
tion points w hile the iodide and the chloro analog are not sensitive to

radiation. In the chloride and bromide it is possible to attribute the
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Figure 27. Electrical conductivity of choline analogs.
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lack of radiation sensitivity above the transition temperature to protonic
mobility, while the same is not necessarily true for the chloros analog
and the iodide. In the latter two cases, further physical data (crystal
structure, c¢tc.) are necessary before one can speculate on their lack

of radiation sensitivity.

Table VII. Semiconduction band-gap energies and transition terupera-

tures of choline chloride and its analogs

No. Substance® E, eV Transition B
temperature °C
1 [MeBNCHZCHZOH]+C1' 2.7 78
i1 [Me3NCHZCH20H]+Br‘ 2.7 91
I [Me3NCHZCH20H]+1' 3.0 94
v [Me3NCH2CH2Cl]+C1' 2.5 137
+ .
v Me4N Cl 2.3 None

2 Me stands for (CHB) group

To find out if the precipitation procedure of choline chloride has
any effect on its radiolysis, we used petroleum ether (b.p. 60-80°)
in place of diethyl ether as the precipitating agent to get choline chlo-
ride out of ethanol solution. We noticed that the choline chloride's
hygroscopicity was far less than we encounteredin the diethyl ether

precipitated samples. We studied its radiolysis behavior and found
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that it decomposes as much as the conventional choline chloride (the
samples were dried on the vacuum line at 70Y, rather than 100*, for
2 hours). The ESR spectrum of these samples was also identical to
the ones from diethyl ether precipitated choline chloride. However,
the conductivity behavior is surprisingly different, The resistance
vs. temperature plot of the petroleum-ether precipitated choline
chlcride is shown in Figure 28, Here, the choline chloride has a lower
activation energy (1.2 eV at lower temperatures below 40° and 2.0 eV
at higher temperature between 40° and 73°, compared to 2.7 eV for the
diethyl ether precipitated compound in the entire temperature range),
shows electrical conductivity at room temperature that is several
orders of magnitude higher than that crystallized from EtZO, shows
non-linear current-voltage characteristics, and displays polarization
phenomena vrith relaxation times of more than an hour's duration. The
electrical properties return to normal if the sample is heated to 100°
and cooled. Thus, the effect of using petroleum ether for precipitat-
ing choline chloride appearsto alterthe latter's physical characteristics
without really affecting the radiation sensitivity. It is possible that
choline chloride precipitates out in a third crystal form from petroleum
ether, trnasforms into B-form at temperatures at or above 100°, and
then transforms back into a-form upon cooling to room temperature.
Although the conductivity data reported was very interesting, the
equipment used was not adequate with respect to the features detailed
below. Therefore, a new instrument was fabricated inccerporating
the following features. The design is similar to that reported by

Kakado and Schneider48 (and the details are shown in Figure 29).
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Fast and uniform rate of heating: The sample can be given a

linear rate of temperature rise, ranging from 1°/min. to 60° /min.
The electrical polarization effects, tnus, can be studied at different
pre-set temperatures. The conductivity behavior of irradiated choline
chloride can also be studied before its radiolysis is complete, and
from the data one can derive the population densities and the energy
depths of the trapped electrons.

Wide temperature range: The conductivitly can be measured at

temperatures from -150° to +200°.

Photo conductivity: .he samples can be illuminated, at any

chosen wavelength, during the conductivity mea .urem- s through

quatz windows.

Fast and high vacuum: The sample chamber can be evacuated

ery quickly to 10_6 torr pressure, and differe.t gases can be intro-
duced at known pressures. Thus, the effect of moisture and other
ambients on condurtivity can be studied.
Dummy Sample: A dummy sample is used to measure tempera-
tures and to ''sense'’ the temperature programmer, thus insuring a
linear rate of heating. This will obviate any effect of electrical dis-
turbances on the conductivity measurements.

Pressure and elecirode effects: The sample can be sandwiched

between different electrodes under pressure up to 2500 lb/sq. inch
and its conductivity measured at any chosen pressure.

Thé sample to be studied, and the dummy sample, are sandwiched
between two sets of metal sheet electrodes, and pressed by a set of six

high-tension chrome-~-vanadium springs. The spring tension is
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independent of temperature and the pressure on the sample can be
varied by compressing the springs to different lengths. The upper
electrode is insulated from the chamber and from ground by a quartz
disc, and is connected to a vibrating-reed electrometer through a high
resistance and vacuum tight feed-thru. The lower electrede is elec-
trically insulated from a copper disc by a thin mica sheet, which per-
mits a thermal contact between the two. The copper disc is a face of
a hollow cylinder, which is heated by a heater wound in the cavity. A
stream of cold nitrogen passing through a solenoid valve strikes the

bottom of the disc. The power to the heater and the solenoid is fed by

a temperature controller. The controller consists of two units a
power supply, made in our laboratory, to provide voltage for the heater
and the solenoid and a programmer (Data-Trak Model-5300) to control
the heating rate profile. The lower electrode is connected to a voltage
source through a vacuum tight feed-thru. The set of electrodes sand-
wiching the dummy sample are welded to two (one at each crystal face)
Chromel-Alumel thermocouple closed ends. The open ends f the
thermocouple pass through fee-thru's and sense the temperature pro-
grammer to give a linear rate of temperature rise and record the
termnzerature of the sample,

The sample is enclosed in a vacuum chamber by a double ~walled
stainless steel dewar. The dewar is equipped with quartz windows
through which the sample can be illuminated to study photoconductivity.
The vacuum chamber has large flange connections to a high speed oil
diffusion pump, thus permitting rapid evacuation.

A vacuum valve in the system allows the charnber to be filled
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with different gases. It also may be connected to the fore pump with-
out switching off the diffusion pump. Once the fore pressure is ob-
tained, high vacuum is produced by opening the valve to the diffusion
pump.

We have been abie to reproduce the data reported above (Table
VII) on the improved equipment. We also made some preliminary
observations on the kinetics of the thermally stimulated currents in
choline chloride. 48 The temperatures at which the trapped electrons
are released, compouns, should show enhanced conductivity superim-
posed on the normal conductivity vs. temperature behavior. A pel-
leted choline chloride sample was y-irradiated with a dose of 5 Mrads.
The sample was then enclosed in the conductivity chamber and evacuat-
ed to 10-(J torr pressure and filled with dry helium to above 1 atmos-
phere. The sample was exposed to ambient moisture for about 10
min. during this process. The chamber is then isolated from the
vacuum line. It is observed that the conductivity of the choline chlo-
ride sample decreased by a factor of 3 over a period of 24 hours at
room temperature. After this it started increasing slowly with time.
The chamber is pretty much air-tight and thus it can be safely assumed
that the outside air leaked into the chamber only very slowly. Thus,
the moisture absorptionby the sample was basically the amount ab-
sorbed during the loading procedure. In addition, if there is leak,
then the moisture absorption will only increase the conductivity as a
function of time. It may be that the sample takes 24 hours to equili-
brate with the absorbed moisture, but it is also possible that the de-

crease in conductivity during the first 24 hours is due to the decreased
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number of thermally detrapped electrons (the de..sity of population of
trappei electrons will decrease with time due to detrapping). The
conductivity of the y-irradiated choline chloride was 2-3 orders of
mangitude higher than that of the unirradiated choline chloride. This
could be partly due to the moisture absorption, but the decrease may
be due only (o the trappea electrons. This change seems very large
when compared with the normal conductivity of the unirradiated choline
chloride.

We did not pursue the studies, but the field of the thermally
stimulated currents seems promising, especially if one cuuld load the

sample without exposure to ambient moisture.

B. Microwave conductivity measurements.

Due to inter-surface barriers in polycrystalline mate. *als and
possible electrode (charge carrier injection) effects in dc conductivi-
ty measurements, the results are questionable. Therefore we decided to do
electrodless conductivity measurements at microwave frequencies (=10 GHz).
At these frequencies inter-surface barriersdo not play any significant role.
The general procedure and detailed theory of this method has been discuss-
ed in the literature. 49,50 We can also measure the sign and mobility of
charge carrier independently using this method.

A bimodal cavity resonating at 9.5 GHz is used for the measure-
ment of charge carrier concentration, their signs, and their mobilities.
The detailed apparatus has been described by Bogomolni. ! We used
choline chloride in the form of a pellet compressed to 10,000 Kg/cm2 of
about 3 mm diameter and 0.5 mm thickness. The pellet is then sealed

between very thin films of polyethylene andloaded in the cavity. All
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operations are done in a dry box to avoid excessive absorption of mois-
ture. Further, the sample is heated in the cavity by the flow of preheated
nitrogen. The temperature is measured by a copper-constantan ther-
mocouple by placing it in the path of outgoing nitrogen. The results of
the experiments are reported below.

We found a sharp increase in conductivity at the transition tem-

perature at microwave frequencies too. The estimated increase is
at least two orders of magnitude. The changes are reversible during
heating and cooling of the sample. We could not exclude moisture in

these measurements as much as we could in dc measurements.
Moisture does increase dc conductivity of the a-form significantly
while not having mucn effect for tiie highly conducting B-form. This
may explain the smaller increase in the conductivity from the a-form
to the B-form in the present method. Futhermore, conductivities
tend to be larger in ac measurements due to the absence of effects of
inter-surface barriers in polycrystalline materials.

The mobility and sign of charge carriers can be estimated by

the following equations:

v
4Q | g g_s (1)
1 v
C
AQ
AP = K, 3w H (2)

where AQ is the difference in Q between the loaded and empty cavity
0 is conductivity, Vs and VC are volumes of sample and cavity, AP

is the change in power upon the application of magnetic field H, and
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i is the mobility of charge carriers. Q, the 'quality factor of a re-
sonator', is associated with microwave power losses due to the con-
ductivity »f the metal walls of the cavity and the backing material.

As one can see from the equations, for low conducting materials,
AP, the experimentally measured quantity, will be very small unless
the sample size is large. The sample size cannot be increased inde-
finitely due to difficulties arising by virtue of a large decrease in Q,
and thus in the tuning of the cavity. Also, the assumptions used to
derive (1) and (2), such as non-distortion of fields in the cavity, will
no longer be valid.

Choline chloride in the a-form has a very small conductivity
and, therefore, a compromise was made for the size of the sample.
It was found that the charge carriers in the @-form have at least an
order of magnitude larger mobilities than the mobilities of charge
carriers in the B-form. Furthermore, from the sign of AP, it was
inferred that the o-form has negative charge carriers. The mobility
values in the «-form varied between -0.3 to -1.0 cmz/volt-sec. The

mobility p is given by

(0]
<

(3)

£
n
3\'
k]

where 7 is the relaxation time, m¥* the effective mass of carriers of
charge e. The low mobility of charge carriers in the pB-form may be
due to the larger effective mass. An estimate of the mobility of pro-

8

tons in the @-form of the choline chloride is about 10~ cmz/volt-sec

(private discussion with Prof. A. M. Portis). The estimation is

i
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obtained as follows: The velocity of protons, v, at 350°K is
=(3 kBT/m)i/z -3 X 105 em/sec. I the mean free path, £, is

assumed to be 5 A, then the relaxation time,

-8
=4 ﬂ-i—os— = 1.6 X 10713 sec. Therefore,
v 3X 10
~19 -13
1.6 X 10777 X 1.6 X 10 ~10"8cm? /volt-sec.

1.66 x 10724
If this is so, the proposed protonic charge carriers fits the data well.

C. Infrared absorption studies.

The infrared spectra were determined as follows: One mg of the
crystals is mixed thoroughly with 100 mg of KBr, and the mixture is
ground with a mortar and pestle for 10 min. 1n a glove box; the latter
is filled with very dry N2 to avoid absorption of atmospheric moisture
by the deliquescent choline chloride crystals. The solid mixture is
then further dried on a vacuum line (10-4 torr at 100° for 2 hours).
The dried samples are sandwiched between KBr powder in a metal
die (The Barnes Engineering Company) and pressed into a pellet, and
the pellet is kept in the die for the IR measurements. The die is
wrapped with a4 heating tape connected to a variable voltage source,
and a Chromel-Alumel thermocouple is attached to the die for tem-
perature measurements. The spectra are recorded on a Perkin-Elmer
Model-137 infrared spectrometer. The deuterated cholines were
synthesized as described in a previous publication. 3 The preparation

of other analogs has been reported earlier,
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One would expect that the intermolecular interactions in the two
polymorphs (e- and p-forms) would be different. These differences
might be responsible for the extreme differences in radiation sensiti-
vity of the two polymorphs of choline chloride. Polymorphs are
known to exhibit different optical absorption spectra in the far infrared
region (2.5-15 p). 52,53

Figures 30 through 36, a and b, show the infrared spectra of
the choline analogs in the a- and f-forms, respectively (the different
forms are indicated by their conductivity behavior). As reported
earlier, the density changes upon phase transformation and therefore
the transparent pellets become transluscent upon phase transformation,
and scatter more lignt. Thus, spectra were also recorded after re-
pressing the pellet following phase transformation. This improves the
spectrum without changing its features. There is no change caused in
spectrum of any compound in a given crystal form by a change in the
temperature. Thus, the spectrum taken at a temperature just below
the phase transition temperature is almost identical to the one taken
at room temperature. The changes that do occur are due only to
phase transitions. These changes are reversible; that is, when a
spectrum changes on going from an a- to a B-form, the a-form's
spectrum reappears when the sample is cooled below the «-f3 transi-
tion temperature. The infrared absorption takes place due to the ex-
citation of \;ibrational modes of the atoms in a moleculé. These modes
could be either stretching or bending modes. The frequency, v, of

these modes is given by
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where f is the force constant of the bond and m_ e is the effective mass
of the bound atoms.

When heavier atoms like C, N, O are bonded to H, the effective
mass is 1. The force constants depend on the type of bond 2-d its
strength. Thus, the bonds in different types of atoms and different
kinds of vibrational modes absorb at different frequencies. Further,
if we substitute the H-atoms with deuterium, the frequencies are de-
creased by a factor of 1/’\/-2_ due to the increase of the effective mass
to 2. Therefore, deuterium substitution can be used to assign ab-
sorption peaks due to different types of bonds. The decrease in
frequency by 1/’\/?15 correct fur C-H stretching modes, but for bend-
ing modes the effect is complicated due to the interaction of mode ;
arising from different types of vibrations. This usually occurs when
the frequencies of these are close to each other. Thus, the bending
modes in the C-H bond have frequencies close to the stretching modes
of C-C, C-O, and N-C bonds and, therefore, the shift of frequencies
is not well defined. However, the disappearance of a peak upon
deuteration can be used to assign different frequencies to different
modes and bonds. The method of successive deuteration and com-
parison of respective spectra is used to give a tentative assignment
as shown in Figure 30. For example, [(CD3)3NCH2CHZOH]+C1-
shows no (or greatly diminished) peaks at 3.35, 6.7, 7.1, 7.6, or 9.9 u;

consequently, these peiks have been assigned to methyl C-H bending
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and stretching modes. [(CH3)3NCD2CHZOH]+CI- shows no peaks at
7.4, 9.4, or 10.5 y, and a much diminished peak (compared to the
undeuterated compound) at 6.8 . [(CH3)3NCH2CDZOH]+C1' shows no
(or greatly diminished) peaks at 3.5, 6.9, 9.1, or 11.4 p.

The principal differences between the infrared spectra of the
a- and B-forms of choline chloride appear to be in these O-CH2 peaks.
They are prominent in the a-form, and are lacking, or greatly reduced,
in the p-form. The vibrational differences thus indicated may be re-
lated to the fact that the a-form of [(CH3)3NCH2CD20H]+C1' is less
than half as radiation sensitive as the a-form of ordinary (fully pro-
tonated) choline chloride. 25 Selective deuteration in any of the other
three positions (methyl, N-methylene, or hydroxyl) leaves the radia-
tion sensitivity essentially unchanged, i.e., within 10% of the value
of the ordinary compound. It appears that a movement of hydrogen

and

atom out of the O-CI—I.2 group is a key process in the x.-adiolysis
both intramolecular and some intermolecular transfers of these hydro-
gen. have been shown by previous studies. I

The O-H bond stretching frequencies for hydrogen-bonded systems
are shifted towards longer wavelengths; the normal absorption for

4 The stretching frequency for the

free O-H groups is 2.74-2.79 p. >
choline compounds (al! of those studied here) comes at 3.0-3.1 p, a
substantiation of the hydrogen bonding that X-ray crystallography has
already indicated as being present in choline chloride. Choline iodide
seems to have less hydrogen bonding (the OH peak seems to have less

hydrogen bonding (the OH peak is at 3.0 u compared to 3.1 p for the

rest of them).
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The differences Letween the a- and f-forms of the other analogs
are also obvious. The bands in the p-form seem to be broadened,
probably due to molecular rota*ional absorptions superimposed upon
the normal vibrational modes. The a- and 3-forms of the bromide
have IR spectra that are virtually identical with those of the chloride,
an interesting observation since the bromide is the only choline
analog that shows any of the chloride's amazing radiation sensitivity.
On the other hand, the spectra of the iodide and of the chloro analog,
which show no anomalous radiation sensitivity, are considerably dif-
ferent from those of the chloride and bromide.

The temperature at which the changes in the spectra occur
agree with the temperature at which the conductivity changes sharply.

We have also examined the infrared spectra of ordinary choline
chloride (a-form) and of the y-irradiated {5 Mrads) compound. There
were no detectable differences in thkese spectra, indicating that no
absorptionbands, in 2.5-15 p range, are created in choline chloride

upon irradiation (at leastthey arenotpresent at room temperature).
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CHAPTER VI
EFFECTS OF H-ATOM EXPOSURE AND
VACUUM ULTRAVIOLET IRRADIATION

ON THE RADIOLYSIS OF CHOLINE CHLORIDE
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55,56 that the ESR spectra

It has been reported in the literature
resulting from H-atom irradiations of organic compounds are simpler
than those resulting from more conventional, ionizing radiation, such
as y-rays, X-rays, or electron beams., The reason for this appears
to be that the dominant mechanism is a simple hydrogen abstraction,
giving a radical and hydrogen gas: RH + H'* R" + HZ' Ackerman and
Lemmon have reported that hydrogen gas is produced in significant
amounts upon the radiolysis of choline chloride. 11 Lemmon and Nath
have investigated the effect of hydrogen atom exposure of choline
chloride and found that radicals so produced had characteristics simi-
lar to the ethanol radical that appears upon y-irradiations. 27 A pos-
sible mechanism for the production of ethanol radicals was also sug-
gested. It seemed, therefore, of potential value in understanding
choline chloride’s radiolysis mechanism to extend these studies and to
determine whether the H-atom exposures also initiate the same highly
efficient radiolysis as does the ionizing radiation.

It has also been reported earlier that unirradiated choline chloride
does not have any optical absorption above 200 nm and, therefore, it
does not undergo any decomposition upon irradiation with light of wave-
length above 200 nm. The production of H-atoms is accompanied by
production of light in the vacuum ultraviolet range (emission spectrum
of HZ) and, therefore, we also studied the effects of irradiation with
light below 200 nm (where choline chloride absorbs).

The apparatus used to expose choline chloride to atomic hydrogen
is shown in Figure 37. This is a slight modification of the apparatus

used by L.emmon and Nath. We have used a more powerful mi~rowave
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generator (2450 MHz and 1000 watt) supplied by a Litton Industries
Model L-3189 magnetron. In addition, a light trap is also used to iso-
late the effect of H-atoms from that of ultraviolet light. The UV light
does not reach the choline chloride due to multiple reflections by the
trap. The fine jet is provided to impart some speed to the flow of
hydrogen atoms. In a glove box the choline chloride crystals were
placed on the glass frit and then protected by a stopper from atmos-
pheric moisture. This assembly was then attached to the quartz tube
passing through the cavity. After the assembly was evacuated, H,
was passed into the system, and its pressure maintained at 100-250
microns, by continuously operating the mechanical pump, and by
suitably adjusting the needle valve. Th. microwave generator was
operated at about 1000 watts for 8 hours. Although we have made no
direct determinations of the hydrogen atom fluxes obtained in the ap-
paratus, we monitored its performance by occasionally substituting
malonic acid for the choline chloride. This gave us the 2-line ESR
spectrum, reported by Cole and Heller, 35 and interpretable as

. CH(COZH)Z' We found that the spectrum is stronger if we maintain
the pressure between 100-250 microns compared to higher pressure.
The samples were cooled (for some experiments) by directing a jet

of cold nitrogen at the outside of the tube. Since the H-atcms do not
have sufficient penetrating power, the powder sample was tapped nc-
casionally so that most of the sample was, at one time or another,
exposed to the atomic hydrogen. The apparatus used for vacuum UV
studies is shown in Figure 38. It is similar to the one used for H-atom

exposures except that the light trap is replaced with a straignt tube and
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the choline chloride (pelleted) is mounted vertically on a glass stopper.
The evacuation is done from the side tube. In this way the choline
'"looked' directly down the tube that passed through the cavity, getting
full irradiation by the UV. The hydrogen atoms were pumped through
the side arm.

We tried to produce ethanol radicals with this improved H-atom
exposure apparatus. We could not get any ESR signal from the ir-
radiated sample, even at the highest gain in the Varian Model E-3
spectrometer. We also varied the temperature of the sample during
exposure, to take into account radical decay, but still failed to detect
ap ESR signal. However, malonic acid gave strong signal under
identical conditions, suggesting H-atoms are indeed formed in the
apparatus. We suspected that the original observations were due to
the UV irradiation, since the light trap was not used at that time. We
have now confirmed. using the UV irradiation apparatus, that the
signal obtained was indeed due to the UV. We irradiated a choline
chloride pellet at room temperature for 3 hours. The pellet was then
broken into small pieces and inserted into a quartz tube in a glove box.
The ESR signal of the irradiated sample is shown in Figure 39. The
intensity of the signal is small, but its characteristics are very similar
io those of the ethanol radical that is produced upon y-irradiation. We
can perhaps assume that, due to constant pumping, only a very small
fraction of H-atoms, if any at all, could be striking the sample.
Malonic acid in the same position does not give the stable, 2-line
spectrum that is obtained with H-atom exposure.

Since vacuum UV irradiation produces ethanol radicals, the
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question arites whether the mechanism of this photolysis, if it occurs,
is similar to that of radiolysis. The UV photon intensity is not com-
parable to the vy.flux, nor is the penetration of UV photons, and there-
fore the concentration of radicals formed during photolysis is about
three orders ol magnitude less than that formed by, say, 3 Mrad dose
of y-irradiation. To study the photolysis we irradiated samples of
labeled choline chioride with vacuum UV for 3 hours; the sample was
maintained below 07 during irradiation (by the jet of cold nitrogen).
The irradiated samples were then heated for 2 hours at 50° and analyz-
ed for decomposition. We found TMA as the only radioactive decom-
position product and quantitatively the photolysis was 0.45 percent.

An unirradiated sample (control) heated fro 2 hours at 50° shows only
0.15 percen! decomposition. These results indicate that the photolysis
mechanism is identical to the radiolysis mecharism and the cnergy ex-
change processes in cheline chloride are independent of the photon
energy {crystatlography is also complicated due to choline chloride's
radiolysis during its exposition tu X-rays).

Labeled choline chloride (no y-irradiation) was also subjected
to atomic hydrogen exposure at room temperature for 8 hours. The
exposed samples (and controls with no H-atom exposure) were analyz-
ed without any post-irradiation thermal treatment.  We found as much
as 9.3 percent decompositioa for the irradiated samples (0.6 percent

for the control). The decomposition depends very much on the way

the sample is distributed on the glass trit the amount ot decomposi-
tion being dependent on the surface arca exposed.  Since the H-atoms

cannot penetrate the crystals, this is a remarkably high decomposition,
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and it indicates an important role for these atoms in the radiolysis
mechanism. An unexpected feature of this decomposition is that, un-
like what is observed in y-irradiations, much polymer (5.5 percent;
TMA 3.8 percent) is formed as a product. We feel that H-atoms are
the actual chain propagating species in the radiolysis of choline chloride.
The polymer formation is probably due to the extensive H-atom exposure
of the product TMA and choline chloride at the surface. Their role
will be suggested in the mechanism to be presented in the next chapter.
We subjected y-irradiated labeled choline chloride to the H-atom
exposure at room temperature for two hours. A control was kept at
room temperature with no H-atom exposure. There was no difference
in the radiolysis values for the two. It seems that H-atoms are not
increasing the radiolysis due to their decay by interaction with ethanol
radicals in preference to their causing chain radiolysis. The decay

vould be visualized as follows:

{a) - CHZCHZOH + H- CH3CH20H

{b) - CHZCHZOH + H CH3CHO + H2



-124-

CHAPTER VII

PROPCSED RADIOLYSIS MECHANISM AND FUTURE INVESTIGATIONS
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The following mechanism appears to account for all our observa-
tions, especially specific involvement of ethanol radicals, electrons,
and hydrogen atoms, on the radiation decomposition of crystalline

choline chloride:

+
(1a) (CH3)3I‘$CH2CHZOHWV‘(CH3)3N .- CHZCH.{OH

+ + +
(1b) (CH3)3NCH2CHZOHM(CH3)3NCHZCHZOH + etrap
{hole)

+ +
(2) (CH3)3N ++ CH,CH,OH——=(CH;);N- + H,C*CIl,OH

(32) etrap ®free
{3b) H,C-CH,OH + e; — [:CHZCHZOH*]

- +
(4) [:CH,CH,OH¥]" + (CH,;);NCH,CH,OH —=

(CH,) ;NCH,CH,OH + CH,CHO + K’

+ +
{S) H- + (CHS):‘NCHZCHZOH (CH3)3NH + CHJCHO + H-

+ .t
(6) (CH3)3N- + H--———-(CH3)3NH

Overall reaction

+ +
2 (CH3)3NCH2CHZOH—'2 (CH3)3NH + 2 CH3CH0

For simplicity, the chloride ion has been omitted from these
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reactions, although it might be important for the stabilization of the
""holes' in (1b) and (4).

Reactions (1a) and {ib) account for the appearance, upon y-
irradiation of choline chloride at -196°, of biradicals (ESR spectrum
at 1600 G), and trapped electrons {thermoluminescence and optical
abscrption studies). When electrons, relea: _d due to the ionization
of molecules, get trapped into metastable energy states, the molecules
are left with excess positive charge and are called holes. However,
we have not sven any ESR spectrum corresponding to these holes or
clectrons. A small signal might have been masked by a broad and
large signal due to the biradicals and the ethanol radicals at 3200 G.

It may also be that spin-lattice relaxation times are too short to permit
us to see the signal.

Reaction (2) accounts for the decay of the biradical upon heating
the irradiated sample, due to the diffusing apart of the two monoradicals,
and eventually giving the ESR signal interpretable as that of ethanol
radicals. However, we have not seen any ESR signal corresponding
to the trimethyl amine radicals. We feel that this is due to rapid
spin-lattice relaxation in choline chloride matrix. We irradiated
choline chloride at room temperature and above, thereby irradiating
the trimethylamine hydrochloride formed by radiolysis and found no
signal from trimethylamine radicals. Symon has reported, ! and we
have confirmed, that by y-irradiation of trimethylamine hydrochloride
an ESR signal is obtained intcrpretable as that of rrimethylamine
radicals. It is, of course, possible that the product might have been

in the form of free base, rather than the hydrochloride salt, in which
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case no trimethylamine radical will be forrmed upon irradiation, t But
then we have to postulate that the free base, a gas at amnbient tempera-
ture, is trapped in the choline matrix such that it does not escape even

by evacuation at 70°, This seems unlikely.

Reactions (3a) and (3b) are postulated for the detrapping of elec-
trons and their subsequent reaction with the ethanol radicals to give the
excited anionic specie. We have found that (1) the radiolysis can be
induced at low temperature by transferring electrons from photodonors;
{2) the radical decay is enhanced in the presence of photodonated elec-
trons; {3) the radiolysis is retarded by the electron-accepting ambients;
{4) the radiolysis is also retarded by doping the crystals with KI;

(5) heating at 150" before irradiation leads to diminished radiolysis;

(6) large, slowly grown crystals are more resistant to radiolysis than
are microcrystallites; (7) the extent of decomposition is increased for
a given radiation dose, if the dose delivery is interrupted by periods of
heating at 50°; (8) the radical decay is faster than the radiolysis;

(9) the radiolysis can be enhanced by exposure to thermal electrons,
These observations are interpreted as reflecting a prominent role for
detrapped electrons in the radiolysis mechanism. [t has also been
found that choline chloride and choline bromide are the only analogs

that give ethanol radical upon irradiation. This coupled with the fact
that these are the only compounds which are abnormally radiation sensi-
tive suggest that ethanol radicals are necessary forthe chain mechanism.
This is further confirmed by photoreduction of ethanol radicals at
temperatures where chiin does not propagate and its subsequent dumin -

ished radiolysis. In view of these observations, it seems very
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reasonable that the electrons and the ethanol radicals are necessary
for the radiolysis, and any mechanism groposed should include both

of them. We do not have any evidence for the existence of the excited
anionic specie and its subsequent fate. Reaction (4) is simply postu-
lated to account for the fact that HZ is found as a minor product in
choline chloride's decamposition, 11 and that hydrogen-atom exposure
produces large decomposition in choline chloride. A possible pathway

for the devomposition of unirradiated choline chloride by hydrogen atoms

can be, via hydrogen atom abstraction, as follows:

. t + . fast " -
H + (CHj)JNCHZCHZOH - HZ + (CH3)3NCH2CHOH—-—"(CH3)3N' + CHZ—CHOH
CH,CHO
+ + 3
He + (CH3)3N-—-(CH3)3NH

But, to account for the decomposition of y-irradiated choliae
chloride, a chain mechanism must be proposed, since therc are de-
finitely no indications of large concentrations of hydroge:: atoms in the
ESR spectrum of y-irradiated choline chloride and the concentration
of the ethanol radicals themselves is less than 0.1 percent. We are
unable to provide any more specific pathway for reaction (5) because
of insufficient data, but the driving force for this reaction may be an
attack by hydrogen atoms at the nitrogen {the N-H and N-C covalent
bond encrgies are approximately 84 and 49 Kcal/moale). However, we
have proposed reaction (5) on circumstantial evidence only. Reaction
(6) accounts for the chain termination.

The reason as to why this chain is carried only in choline chloiide
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and choline bromide seems to be that these are the only analoys that
give the ethanol radicals when subjected to ionizing radiation. The
other radicals probably do interact with detrapped electrons, for which
we have found evidence in preliminary thermoluminescence studies, to
give the excited species. But these species do not produce H-atoms.
if this is the case, then other choline salts should be equally susceptible
to attack by H-atoms, even though they are less susceptible to chain
decomposition by ionizing radiation. Thus, H-atom irrazdiatioas of
choline analogs should be investigated.

It is also pussible that the crystal structure of other analogs may
be such that the chain propagation is prohibited, although H-atorms are
available to dissociate the choline molecule. [t has already been re-
ported that choline chloride and choline bromide exist in orthorhombic
form at room temperature while choline iodide exists in monoclinic
form. 7 Therefore X-ray crystallographic studies of other analogs in
the low and high temperature forms should be investigated.

We have proposed that th  p-form of choline chloride is radiation
insensitive because of its protonic zonductivity. No Jirect evidence
has been provided, and therefore ¢xperiments tc investigate the charge
carriers in the pB-form will be useful. Of course, again, the crystal
structure may prohibit the radiolysis chains. Infrared studies of cho-
line chloride ard its analogs on an improved (better resolution) equip-
ment together with solid state nuclear magnetic resorance studies will
be complementary to the crystallography in the structur= determina-
tions. .

Professor W. H. Hamill has proposed that the chain reaction
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may be propagated by chlorine atoms. 58 He suggested that choline

atoms arise by virtue of ionization of chloride ions.

Cl”——eCl" + e,
trap

- + - +
Cl Me;NCH,CH,OH + CI'—=Cl Me3NCH2CHOH + HCl

Cl" + Me3N + CH3CHO

This mechanism would suggest that we should find Cl2 {obtained
by recombination of Cl-atoms) in the radiolysis products. Ackerman
and Lemmon sought for detectable amounts of Clz, but were unsuccess-
ful. 1 It does not provide for the fate of the trapped electrens and
the observations we have reported with regard to the involvement of
electrons and ethanol radiczls., However, this proposed mechanism
can be tested by bombarding labeled choline chloride with chlorine
atoms and looking for decomposition.

Dr. A. O. Allen argues that if we suppose that the chlorine atom
exists in a free state and able to move around, this formulation would
not explain the dependence of the yield on the crystal structure, 59
According to Dr. Allen, the radiation removes an electron from the
chloride ion and it is trapped somewhere, producing a '"hole' or con-
dition of excess positive charge in the neighborhood of a chlorine atom.
This would have the effect of displacing the positive charge from the
neighboring nitrogen in the direction of the ethanol group and hence

facilitate the departure of a proton from this group towards the chloride

ion of an appropriately placed neighboring molecule, thereby forming
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a hydrogen chloride molecule. This in turn would cause the displace-
ment of charge f{rom the nitrogen of this neighboring molecule, as
shown schematically below, and induce displacement of another proton
forming another molecule of HCl and so on. With each such displace-
ment a molecule of trimethylamine and of CHZ=CHOH (enol form of
acetaldehyde) would form. The process could be represented as

follows:

etc,

Cl” R,N

/ 3
/c1‘ Rﬁ?(_l-l-I.Z@HOH

Cl' R 3ﬁCH,@HOH

On this hypothesis, the chains would seem to be initiated by holes
rather than electrons. Dr. Allen's hypothesis assumes that an oH
of ihe ethanol group in choline chloride is located near a Cl . Hir
calculations based on published crystallographic data’ sh>w that Cl~
is 3.15 A from the neavest aH. This proposal could be tested by in-
jecting "hc'es' in choline chloride (unirradiated) and deterimine the
effect of hoie injection on the radiolysis, although the reduction of
radiolysis in electron accepting ambients and increase in case of photo-
donation of electrons will still have to be explained.

Symons has also proposed a chain mechanism which is initiated
by a hole, viz., Cl" atom, but propagated by MeSI\tY- radicals. 13

According to him, the Cl° is trapped during y-irradiation of choline
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Cl” + c1'——-c12‘ .

During tnermal treatment, the chlorine attacks a neighboring choline

cation and the sequence follows:

+ + -
Cl + Me3NCHZCHZOH——0HC1 + Me3NCH2CHOH

+ slow + _
Me 3NCH2CHOH——.MG 3 N + CHZ =CHOH

+
Me,N- + Me

+ + + -
3 3NCH2C!‘L20['I—'_‘MG3NH + Me3N CHZCHOH

The radical MeSKICHZC‘IHOH has not been observed by anyone.
This model also snggests that one should find Cl, in the products. If
Cl" are responsible for the radiolysis, then it is hard to vnderstand
why the propyl analog, [(CH3)3NCH2CH2CHZOH]+C1-, and the ethyl
analog, [(C2H5)3NCHZCHZOH]+Cl-. are radiation resistant.

The possibility that trimethylamine radical, (CH3)31\+I- , is the
chain propagator has long been proposed in this laboratory also. 0 As
a consequsnce, we were constantly aware of this during the present
work. However, we are unable to construct any mechanism involving
this radical as a chain propagator that alsc accounts for either (a) the
rcle of free electrons or (b) the obvious connectien between the ethanol
radicals and the radiolysis. In addition, the interaction of electrons
with trimethylamine radicals would result in trimethylamine, as com-

pared to an excited anion (reaction 3b) in case of its interaction with
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the ethanol radicals; the latter are more likely to carry the chain de-
composition.

In any case, it is hoped that the results discussed in this thesis
and the proposed work will aid ir understanding the unique solid-state

phenomena that are occuring in irradiated crystalline choline chleride.
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