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ABSTRACT 

The remarkable and unique sensitivity of crystalline choline 

chloride towards ionizing radiation has been further investigated. ESR 

+ 
studies at _196° indicate the presence of a biradical, (CH3)3N" 

CH2CH20H - - -.- Cl-, that diffuses apart with rising temperature. 

These studies also indicate the presence of an ethanol mono radical. 

Thermoluminescence studies indicate that durmg "...,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 radiolysis than are microcrystallites; (7) the extent 

of decomposition is increased for a given radiation dose if the dose 
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delivery is interrupted by periods of heating at 50"; (8) the radical de-

cay is faster than the radio~ysis; (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. It 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 sensitive suggest that ethanol radicals are neces-

sary for the chain mechanism. This is further confirmed 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 choline chloride. 

These observations indicate that (a) radicals are formed and electrons 

are trapped upon irradiation and (b) during the subsequent thermal 

treatment, the detrapped electrons interact with ethanol radicals to 

form hydrogen atoms, which propagate the chain decomposition. A 

mechanism to explain these observations is proposed. 

We have also made dc andmicrowave conductivity measurements. 
, 

Our results suggest that electrons are the charge carriers in the a-form, 

while protons are probably the carriers in the 13 -form. It is proposed 

that the protonic conductivity may be responsible for the radiation-

resistant nature of the J3-form. The infrared studies support the 

phase transformation in choline chloride and further indicate that 

O-methylene protons playa key role in the radiolysis mechanism. 



-1-

CHAPTER I 

GENERAL INTRODUCTION AND REVIEW 
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Compounds labeled with radioactive nuclei are extensively used in 

both physical and biological studies. In 1953 it was suggested by 

Tolbert et al. l 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, 

[ (013) 3NaIZQIZOH] + Cl - . This compotmd was synthes ized with a l4C label 

in a methyl group, with a specific activity of 13 ~c/mg. After it had 

been stored for only nine months, at room temperature, it was found to 

be 63% decomposed by the a-rays from the l4C. That the compoufld is 

extraordinarily sensitive to ionizing radiation was later confirmed 

by the irradiation of the unlabeled compound by 60Co y-rays. The main 

products were found to be trimethylamine and acetaldehyde. Quantita

tively this self-irradiation sensitivity was given by G(_~ = 500 (the 

G(-MO is defined as the number of molecules deco~sed per 100 eV of 

energy absorbed). The nomal range of G (_~ 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 cllloride 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 thennally stable at temperatures 

up to about 200°, a minimum activation energy of the order of 1.0 eV 

for thennal decomposition is indicated. The observance of reaction 

with much smaller average energies in radiolysis can only be inter

preted as evidence for a chain-decomposition mechanism. 

" 
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The free radicals that are formed upon irradiation of choline 

chloride were investigated by Lindblom et al. 3 A tentative structure 

was assigned to the radical as HzC!CH20H. 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 re'quired the observed radical to be in the form of 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,'Lerrunon 

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 radio1ysis 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 

fonn. LeIllJlOn et al. reported G( -M) = 3 in solutions of varying con-
, . 4 

centrations (10 mg/ml to 400 mg/ml) in water and,ethanol. 

Serlin reported that the radiolysis of crystalline choline 

chloride is dependent on temperature. S lie obtained an increasing 
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G (-M) up to about 50° and a sudden drop in G (-M) somewhere between 50° 

and 150°. Later 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 (a-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 Templeton7 

and more recently by Hjortas and Sorum. 8 It was inferred from the 

bond length and angles that the nitrogen-methylene carbon bond (where 

the cleavage takes place during-radiolysis) is unusually longer than 

nonnal, and that there is hydrogen bonding between the oxygen and 

chloride. 

Lenrnon and Smith used 14C and deuterium labeling to study the 

radiolysis mechanism of choline chloride. 9 The l4C radioactivity 

was found in the trimethylamine product when they started with methyi 

l4C-labeled choline chloride, while it was entirely in the aldehydic 

carbon of acetaldehyde when O-methylene l4C-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 

maintain their identities during the mechanism leading to the produc-

tion of acetaldehyde and trimethyl amine. The acetaldehyde obtained 

as the decomposition product from selectively deuterated choline 
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chlorides was studied by the use of a mass spectrometer. From the 

intensity and positions of mass peaks obtained, they inferred tilat, 

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 

Lell11lOn reported that the possibility of radical tennination by the 

dimerization to a butanediol or disproportionation to ethanol is very 

small. lO 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 lC1l3) 3N.) 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. ll At least 95% of the products were accounted for 

by trimethylamine and acetaldehyde. Among the minor products were 

H2, approximately 2.7%; CH4' approx. 2.3%; CH3CI, approx. 0.2%; 

polymers andC12, <1%. It was inferred that trimethylamine and 

acetaldehyde are the result of chain decornposi tion, 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 
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mechanisms in crystals. Ololine and its derivatives are very impor

tant biological components (for example, in the transmission of nerve 

impulses). If one were to assume precise, tilough as yet unknown, 

ali&1JUJlents of choline molecules in nerve synapses, one can speculate 

that our studies of energy transmission in choline crystals may 

someday be understood to be of importance to biology. 
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CHAPTER II 

ELECTRON SPIN RESONANCE STUDIES OF y-IRRADIATED 

CRYSTALLINE CHOLINE CHLORIDE AND SOME OF ITS ANALOGS 
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It was reported by Lemmon et al. that free radicals are formed 

upon the e - - or )I -irradiation of choline chloride.
4 

Lindblom, Lem-

mon and Calvin extended the studies to as sign a structure to the radicals 

formed. 
3 

The E5R 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 )I-irradiation 

in the radiolysis mechanism, we have extended these studies of choline 

chloride to a temperature range from -196 0 to 100 0 and also to some of 

its analogs in the same temperature range. 

Expe rimental 

Choline chloride was purchased from J. T. Baker and Company. 

It was dissolved in 9~0/0 ethanol and converted to choline hydroxide, 

[(CH3)3NCH2CH20H] +OH-, in a darkened flask (to avoid light exposure) 

by the addition of a slight excess of Ag
2
0. 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 

Therefore, to remove these last traces the filtrate is 

shaken with activated charcoal and refiltered through another very fine 

sintered glass funnel. The filtrate is now converted to choline bro-

mide, l<CH3)3NCHlCH20H] +Br -. choline iodide [(CH3)3NCH2CH20l:l] +1-, 

. + 
and choline sulfate, [(CH3)3NCHlCH20H]l504 -, by the addition of the 
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equivalent amounts of HBr, HI, and H
2
S0

4
, The solution is then 

evaporated to dryness in a rotary evaporator at room temperature, 

giving polycrystalline choline bromide, choline iodide, and choline 

sulfate. The propyl analog, [(CH3)3NCH2CH2CH20H] +Cl-, chloro 

analog, [(CH3)3NCH2CH2CI] + CI-, and the ethyl analog, 

[(C2H5)3NCH2CH20H]+Cl-, were prepared ~arlier 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 a 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 hereafte r. 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 }illed 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 0 under a pressure of 

-4 
10 torr. The small amounts of sample sticking 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 0 in a dewar by a 

3000 
60 60 ' 

curie Co ,{-ray source for 1 hour. The Co '{-ray source 

consisted of a rotaing stage surrounded by sixteen concentric 60Co 

rods. To assure maximum uniformity 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 determined by FeS0
4 

dosimetry. 12 The dose rate from 

the 60Co 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 'I-rays and the large doses. The signals from these centers 

were eliminated in the following way. The upper cleaned end of the 

irradiated tube was heated to about 400 0 while cooling the lower end, 

containing the sample, with liquid nitrogen at -196°, thus annealing 

the signal from the upper end. Then the tubes were inverted (still in 

liquid nitrogen), transferring all the sample to the annealed end. In 

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 spectromete r. 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 

j 

sample during the 'V-irradiation at _196° and the one observed at room 

temperature are identical, the only difference being the loss, at the 

low temperature, of the motional narrowing of the ESR spectrum. If 

this is true, 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 temperature,andthen cooled to _196° (the motional nar-

rowing is reversible). Figure 1 shows the ESR spectrum of a poly-

crystalline sample of choline chloride 'V-irradiated at _196° and re-

corded at the -same temperature (no warm up). Figure 2 show s the 

corresponding spectrum of an identical sample irradiated at -196°, 

warmed to _20. 0 
p and then recooled to -196°. It is obvious that some 

i,rreversible changes occur during the warming; for instanc4:)' the 

shoulders. indicated by the arrows in Figure 1 have completely disap-

peared. 
13 

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 • ClOH 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 

-7 hours evacuation at < 10. torr pressure at 10.0.°). Futhermore, 
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3100 3200 3300 3400 ~5oo 
H (Gauss) 

XBL726-4673 

Figure 1. The ESR spectrum of y-irradiated polycrystalline choline 

chloride: irradiation at -196°, spectrum at -196°. 

/ 
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3100 3200 3300 3400 3500 

H (Gauss) 
XBL 726-4674 

Figure 2. The ESR spectrum of y-irradiated choline chloride: irradiated 

at -196°, warmed to -20°, and spectrum recorded at -196° 

. after recoo1ing. 
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Symons found that his signal dur to . CIOH radicals disappeared upon 

warming to :"'16Y. The shoulders in our spectrum did not decay com-

pletely up to about _40 0 (see below). The' Cl
2 

radical signal re

ported by Symons, and found by us also, does indeed decay at about 

-110°. 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°) ofa 

,(-irradiated polycrystalline sample in magnetic field range correspond-

ing to microwave power absorption by biradicals. Here the. signal 

corresponds to a simultaneous flip of two electron spins on diffe rent 

radicals coupled by a spin-spin interaction (~M = 2). 14 The two 
s 

most plausible explanations for this interact ion 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 (CH
3

)3 N+" 

CH2CH
Z

OH - - -CI , or (Z) an interradical interaction between two 

ethanol radicals. We believe that the second explanation is not probable, 

because Smith and Lemmon
10 

had searched for, but found only insigni-

ficant amounts of, either 1,4- or 2, 3 -butanediol as products of the 

choline chloride radiolysis. If the biradical was HO-CHZ -HZC .. 

CH
Z 

-CHZOH, then its "dimerization" reaction would be expected to 

give either or both of the butanediols. It therefore appears that our 

~M = Z absorption is byan intraradical coupling, namely, by a bi
s 

radical with the formula given above. No trimethylamine radicals 

were se(m~ 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· spectr.um of 

:j 
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1550 1600 1650 1700 
H (Gauss) 

XBL729-4740 

Figure 3. The biradica1 ESR spectrum in y-irradiated choline chloride at -166° corresDonding 

to the ~~s = 2 transition. 

I 
~ 

U1 
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'Y -irradiated choline chloride. 13 The existence of such "pairwise 

15-20 
trapping" has been frequently reported. 

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

paramagnetic species are given by 

where hv is the energy of the absorbed microwaves, g is the dimen-

sionless proportionality constant between the electron's magnetic 

. -20 
moment and angular momentum. j3 is the Bohr magneton (0.927X 10 

erg/G). and H is the magnetic field at which the biradical is observed. 

For radical pairs, E is usually assumed to be approximately zero. 22 

For our case D was found to be 140 G. D is related to R, the inter-

radical distance by the equation (for random orientation) 

. 3 
D =- 3j3g/2R 

For our spectrum at -196°, this distance was found to be approxi-

mately 6 A. 

The biradical also has an absorption in the ~M = 1 (monoradical) 
s 

region. The ratio of the biradical transition probabilities at ~M = 2 
s 

and 6M = 1, respectively, is given by (also for random orientation)22 
s 

= 
4 

15 

where H is the field value for the ~M = 1 transition. 
o s 

This ratio is 

found to be 5 X 10-
4 

in our case (D being 140 G). By performing 

double integration of the measured ~M = 1 and ~M = 2 ESR 
s s 

• 
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derivative curves one can find the relative weight of the monoradical 

and biradical ~M = 1 transitions. . The method is the following. If 
s 

12 is the measured intensity of the biradical at the ~Ms = 2 position, 

Ii is intensity of the biradical at ~Ms = 1, and 1M is the intensity of 

the monoradi~al, then the value Q (intensity of the ~M = 2 transition/ . s 

intensity of the ~M = 1 transition) is 
s 

Q = = 
1M 4 D 2 
Ii = 15Q ('H) -1 

. 0 

I 
Q -4 hO h' M (Jf For our case = 10 , W lC gives I = 4, meaning that 20/0 of the 

1 
meas~red intensity at the ~Ms = 1 '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 ~M = 1 and 
s 

~M = 2 transitions. An irradiated (160°) sample was warmed at a 
s 

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 warmed to another 

annealing temperature (10min.)andagain recooledto ,..166° for another r~

dording of the ESR spectrum. This way we eliminated influences of such rever-

sible temperature effects as motional narrowing and magnetic susceptibility. 

In Figure 4, curves (a) and (b) give the intensity in arbitrary 

units (peak to peak height) of the ~M =1 and 6M = 2 transitions, 
s s 

respectively, as a function of the annealing temperature. The signals 
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90 

~ 60 

(0) • I~MS -= I 

(b) 0 I~MS. 2 

.-en 
c: 
cu -c 

o~--~--------~----~--~----~--~--~~ 
-180 -140 -100 - 60 -20 

Temperature (Ge) 

XBL737-3399 

Figure 4. (a) ESR intensity of the monoradic~l at -166° in 

v-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 annealing tem-

perature. 

• 
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decay simultaneously up to about -1 fO° • However, at higher tempera-

tures the biradical signal continues to show considetable decay while 

the mono radical signal stays almost constant. The fact that the ~M = 1 
s 

transition signal stays practically constant for annealing temperatures 

higher than _110 0 indicates that the change in the region -130 Q to _110u 

is probably not due to a crystalline phase transition; if it were, we 

would expect successive Josses in radical signal each time we passed 

through that temperature range. It, therefore, appears plausible to 

relate the ~M = 1 change from-130° to -110° to a change in the nature 
s 

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, thereare gradual changes from -196° to 

We visualize the radical formation as follows: The ionizing 

radiation creates at -196° a "precursor" monoradical. It is essent-

ially stable up to _1300 but could not be identified because of its broad 

spectrum and because that spectrum overlaps the biradical ~M = 1 
s 

ttansition. In the -130" to _110° range the precursor radical is trans-

formed into another monoradical (the change may be only conformational) 

that is stable up to temperature s (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 

-1300 to _110° region is also presumed to be related to the monoradi-

cal's transformation. 

The explanation for the continued decreas in the biradical's 
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signal 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 order 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 to -166"). Within the limit of our 

accuracy, D was found to decrease with an increase in the annealing 

temperature. This implie s that the interradical distance R increases. 

We have also plotted in Figure 5 (a) the ratio R (= peak to peak 

height of the ~M = 2 tranSition/peak to peak height of the llM = 1 
s s 

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 ar,e in accord with the mechanism that 

was proposed earlier
3 

to account for the radical formation in irradiate 

choline chloride: The radiation excites the molecu'le, 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 monoradical in choline chloride (irradiated at 

-196°) at various temperatures; (b) the same ratio at 

-166° after the sample is recooled from various annealing 

temperatures. 



-22-

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 

field) 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 s pli tting 

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 

25 
has less of a barrier to rotation than the O-methylene. 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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Fi gure 6. Curves a and b correspond to the ESR spectra of a 

y-irradiated choline chloride single crystal at two 

aifferent orientations of the a-b axis with respect 

to the static magnetic field (c axis is perpendicular 

to the static magnetic field). 'Sp~ctra 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 essenti~lly 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 sig~al 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 va~iations in ir radiation 
\ 

doses and also if the radical dec'ays by a hundredfold. Power-satura-

tibn experiments also showed that all the lines were saturated to the' 
I 

same ~xtent. 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 

TheESR studies of choline analogs were carried out similarly 

to the studie s 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 spectra were better resolved at 5°, the 

samples were recooled oniy to 5°, from th,e higher (than 5") annealing 

temperatures, to record the spectra. In these studies the main goal 

was to compare the radicals formed in these analogs, a,nd the t-empera- ' 

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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spectra presented are only those that show changes in spectral charac-

teristics. 

The ESR 

spectrum of 'V-irradiated choline bromide at -196° is shown in Figure 

8a. The hyperfine splitting (marked by arrow) at low magnetic field 

may be due to Br
2 

-. or Br· radi-cals. 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 0 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 0 (probably due to a phase transition). The 

nature of the radical also changes by annealing at about 80° (Figure 

8d), The spectrum recorded at 5°· (Figure 8e) is similar to that ob

tained with choline chloride (d. Figure 7). 

(2) Choline iodi9-e, [(CH3)3NCH2CH20H] +1-, The ESR spectrum 

of 'V-irradi.ated choline iodide at -196° is shown in Figure 9a. There 

is also small microwave power absorption at magnetic fields of approxi-

mately 2600. 2650. 2800. and 2950 G. possibly due to 1·, disappearing 

at -if 0° . There is no detectable biradical signal. The nature of the 

radical seems to change by annealing the sample up to _90 0
• above 

which the signal remains unchanged (Figures 9b and 9c). 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~t spectrum at 5°. 
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The ESR spectra of y-irradiated polycrystalline choline 
iodide: (a) irradiated at -196°, spectrum at -196°; 
(b) specttum at -160°; (c) annealed at -90°, spectrum at 
-160°; (d) annealed at 5°, spectrum at 5°. 
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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, The ESR 

spectrum of y-irradiated choline sulfate is shown in Figure 10a. The 

small side bands disappear upon annealing at -110°. 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, [(CH3)3NCH2CH2CI] +CI-. The spectrum of 

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 0 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)3NCHZCHZCHzOH]+CI-. 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" a.nd -130" (Figure 12b). Above _130 u the signal decays 

slowly up to the annealing temperature of _30 0
• Above this tempera-

ture it starts decaying faster, but slower compared to the ethanol 
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The ESR spectra of y-irradiated po1ycrystalline 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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The ESR spectra of y-irradiated polycrystalline chloro 
analog of choline chloride, [(CH3)3NCH2CH~Cl]+Cl-: 
(a) irradiated at -196°, spectrum at -196 ; (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-i rradi ated polycrystall ine propyl 
analog, [{CH3)3NCH2CH2CH20H]+C1-: (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 50 is similar to the one at _160 0 . However, 

annealing above room temperature changes the characteristic spectrum 

again (Figure 1Zc). The signal continues to decay but is still present· 

at 1000 after heating for 5 min. The spectrum after annealing at 80 0 

fo~ 5 min. is shown in Figure 1Zd, 

(6) Ethyl analog, [(CZH5) 3NCHZCH20H]+ 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 value s of 3040, and 3080 G, 

These disappear upon annealing at _160 0 , but a new broad peak is 

found at H = 2975 G. This peak is stable up to _90 0
, decaying above 

that, and disappears at _30 0
• There is biradical signal decaying at 

_160 0
• The main radical shows some decay and change in spectral 

features by annealing up to _30 0 (Figure 13b), Above _30 0 the radical 

decays very fast up to 50, The spectrum recorded at 50 is shown in 

Figure Bc. Above 5" the signal seems to build-up to 50", and shows 

some changes (Figure Bd),above which it decays and transforms into 

a different radical which decays only slowly even at 100" (Figure Be), 
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The ESR spectra of y-irradiated polycrystalline ethyl 
analog, [(C2HS)3NCH2CH20H] Cl. -: (a) irradiation at -196°, 
spectrum at -196°; tb) 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 radica:l forrned upon '{ -irradiation of choline bromide is 

also the same ethanol radical as in choline chloride (at least above 5°). 

The small differences may be due to different matrices in the two ana

logs (Br anion in place of Cl). 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 radiplysis of '{

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 

\ RADIOL YSIS OF CHOLINE CHLORIDE 

- . '-
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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 0
). ,At 7 8 Q 

•. choline chloride undergoe s crystal phase transformation 

from an a-form (orthorhombic) to a (3-form (face -cente red 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 

26 
solid organic compounds upon irradiation is a common phenomenon .. , 

It is probable that electrons are trapped during irradiation, either on 

pre -existing crystal defects or one s created during irradiation. We 

ha ve found evidence for suc'h electrons in 'i -irradiated choline chloride. 

Such electrons would be released upon warming 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 0 /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" Imin. ). 

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 studies. Temperature calibrations 

were made with compounds of known melting points. All therm0lumines..,. 

cence experiments were done with a temperature rise rate of 20° Imin. 

The instrument's photomultiplier tube has a 5-11 response (300-640 nm). 

Choline chloride purification. For the experiments involving 

14 
determination of the extent of radiolysis we used the methyl- C-Ia-

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 I-LCi/mmol. The solu-

tion was converted to the base form by adding a slight excess of 

Ag
2

0 (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% 

ethanol; 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 ali:quot 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°) diethyl 

ether to give a precipitate of finely divided polycrystaUine 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 hydrochloriqe 

.(TMA). This resulted principally from self-radiolysis of the material 

during handling at room temperature. For experiments whe're radio-

lysis was 110t to be deter'mined we used ordinary choline chloride. 

Unless otherwise specified, irradiations were carried out in 

~ealed, evacuated tubes, for 1 hour, at -196°, in the· 60Co '{-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 ~nd 

liquid scintillation counting. An approximately 5 A aliquot out of the 

1 ail solution of choline chloride in methanol, containing 1 mg TMA 
- , 

carrier and acidified with concentrated HCl, is spotted on Whatman 

#1 paper; this is chromatographed for 48hours with a solution of 

n-BuOH-12N HCI-H
2

0 (8:1:1). The paper is then allowed to dry over-

night in the chromatography box to evaporate all of the solvent. The 

dried paper is left on X-ray photo graphic film fo'r .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 onto 

the paper, and cut accordingly. The pieces of paper are immersed 
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separately in 18 ml of liquid scintillator (toluene containing PPO' and 

14 
POPOP) and the C 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 temperatur,e. _ Therefore~, to spe~d it up, we have used 

heating at 50 V for 2 hours as post-irradiation treatment. Under these 

conditions choline chloride's radiolysis does not. go beyond about 12%. 

Po'ssible explanation for. this "satul'atiori" of radiolysis are given in the 

next chapter. 

Effect of prior thermal treatment. A few milligrams of choline

methyl_14C - chloride were sealed into Pyrex tubes after the tubes and 

-4 
conte~ts had been dried at 100 0 an'd 10 torr for 1 hour. After the 

sealing, some of the tubes were given no further thermal treatment; 

others were heated at 70, 100, or 150 0
. for varying periods of time'. 

, 60 ' 
All tubes were then subjected to 3 Mrads ofy-rays 1n a Co source. 

The post:"irradia tion treatment consisted of keeping the tube s at -7 8 u
, 

(coritrol), or heating at 50 0 for either 20 or 120 min. 

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

four electron-accepting gases, 02' SF 6' N 20, and 12 , on the a-.form's 

radiolysis were determined as follows. Very finely divided (to maxi-

, 14 
mize surface area) choline-methyl- C 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 °2 , SF 6' or 

.. -
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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 

v,iere then irradiated as usual. Post-irradiation treatments consisted 

of heating at 50° for 20 or 120 min. 

Effect of doping with potas sium 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 smaU 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 0 for 2 hours, and .irradiated as usual. 

Effects of added solid electron acceptors and donors. Samples 

of labele,dcholine 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 Green 

. (Matheson, Coleman, and Bell). Experinlents were also performed 

in which the o-chloranil and Brilliant Green were added to the choline 

chloride afte r, 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 chlorpromazine (Smith, 

Klein and French Labs), and a small amount of the mixture was sand-

wiched, in a glove box, between a bras s 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 pas sed. 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 ouf with unirradiated choline chloride -Brilliant Green mixtures. 

Longer time illumination, different intensities of illumination (by inter-

position of neutral density filters), and visible light illumination (by 

interposition of Corning- 1-69 filte r) 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 choiine chloride. 

Phototransfer experiments wer~ also done for 'I-irradiated choline 

bromide-Brilliant Green mistures. 

Effect of different crystal sizes. The sensitivity toward '1-

irradiation was observed in (a) choline _14C -chloride that had been 

crystallized slowly from EtOH-Et
2

0 to give reasonably large crystals 

(2-3 mm along the c-axis) and (b) samples of very finely divided cho

line _
14

C -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 j' 0" . ,-' 

Injection of thermal electrons~ The experimental set-up is 

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

27 
ported by Lovelock. 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 ~ for an hour. The voltage 

varied from 5-8 kV depending on the geometry of the sample and 

electrode s. 

Results and Discussion 

A. Thermoluminescence 

Irradiation of crystals liberates electrons, some of which become 

localized in traps. As soom as a high enough temperature is reached, 

these electrons are released. They can fret:!ly 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 current 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 

29-31 
from these glow curves have been reported. 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 0 

and _10 0 (not s.hown in Figure 15). 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 0
; this corresponds to an energy depth 2 ± 0.2 eV. 29 

Figure 15 shows the glow curve characteristics 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. The rma 1 emi s s ion glow curves of i rradi a ted cho 1 i ne ch 1 ori de 

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 created 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-
12 

amp. By using a Kodak Wratten A-2 filter, we estimated 

that the therrnal 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 did not enhance our light emission, contrary 

. 32 
to what has been observed ln other systems. 

B. Prior thermal treatment 

It is reasonable to as sume that crystal imperfections in choline 

chloride constitute potential electron traps and that these are populated 

with electrons during" -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, sub sequently, 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 0 also 

shows no effect - a possible explanation is that there is extensive 
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Table 1. Effect of Thermal Treatment Prior to y -Irradiation of 

Choline Chloride 

Prior thermal treatment 

None 

2 hr at 70 U 

30 min at 100" 

8 hr at 100" 

24 hrat 100" 

30 min at 150". 

6hr at 150" 

48 hr at 150" 

144hrat 150" 

Time of post -irradiation heating 
(50°) 

20 min 120 min 
. Percent decompositiona 

8.2 12.2 

8.2 12..3 

8.2 12.4 

8.3 12.2 

8.2 12.5 

6.9 ·9.4 

6.2 8.5 

6.5 8.6 

5.8 7.8 

a All analyses are believed accurate to within units of ± 0.2 percent. 

reorganization of the crystal structure as the material cools down 

through the78° transition temperature. In contrast, prior thermal 

treatment at 150" leads to a marked decrease in the radiolysis. 

ever happens at this higher temperature appears to survive the 

What-

" re-

organization" of the subsequent cooling through the phase -transition 

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 

Ambient 

Control (vacuum) 

02 (700 torr) 

SF 6 (700 torr) 

N
2

0 (700 Lorr) 

12 « 1 torr) 

Without 
heating 

0.2 

0.2 

0.2 

0.2 

0.3 

Time of heating at 50° 

20 min 120 min I 

Pe rcentdecompos itiona 

8.4 f2.1 

7.9 11.1 

8.0 10.7 

8.0 10.6 

4.9 5.6 

a All analyses are believed accurate to within units of ± 0.2 percent, 

except for the 120-min 12 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 add~d gaseous electron acceptors. °
2

, SF 6' 

N
2
0, and 1

2
, are shown in Table II. 

lt is apparent that the gaseous electron acceptors have a real, 

though small, effect in retarding the radiolysis. The 12 has a par-
, I , 

ticularly large effect. ' This could arise from any of a number of rea-
, 

sons: (a) it is more efficiently absorbed on the cholinechl<?rid~' 

(whose surface became visibly yellow on exposure to the 12 vapor); 

(b) 12 acts as both a radical and electron acceptor; and (c) I atoms, 

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

D .. Effect of doping with potassium iodide 

Doping wlth1 percent by weight of KI, before irradiation, was 

found to reduce theradiolysis from the usual 12 to 8 percent (two 

.separate experiments). The iodine atoms formed during radiolysis 

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 y-radiolysis by at least 10 

percent (e. g., a measured 10.8% decomposition under conditions that 

give 12% decomposition for the pure compound). In contrast, a simi

lar addition of the eledron donor, BI"iUiant (;re~'n, 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 radio-

lysis mechanism. Howeve r, it was found that addition of eithe r of 

these compounds after irradiation produced no obserable effect, ~, 

the radiolysis was neither advanced nor retarded. It appears that the 

effects observed on additi,on before irradiation are due to radiolysis 

products of the acceptors or the donors, rather than td 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 the radiolysis" 
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F. Phototransfer of electrons 

If electrons are participating in the chain decomposition, we 

should be able to observe radiolysis (even at temperatures too low for 

thermal de trapping of electrons) by phototransferring electrons from 

an external electron donor such as Brilliant Green, 33 cadmium sulfide, 

hI 
. 34 

or c orpromaz lne. At -40", even though the phototransfer agent, 

Brilliant Green, is presumably providing electrons, the radiolysis 

chain cannot propagate (Table III). However, somewhere between 

_40 0 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 role 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 lowe r photon flux. This difference In 

temperatures would have caused different amounts of radiolysis. In 

the absence of the dye the origin of free electrons is probably thermally-

depopulating traps. We have also tried experiments in which '1-

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 III. Radiolysis of Choline Induced by Phototransfer of Electron 

Temperature 
(approx. ) 

deg. 

-120 

-40 

12 

12 (with 1-69 
filter c) 

·30 

30 (with 1-69 
filte r c) 

'{ ~irradiated choline 
chloride mixed with 
Brilliant Green (1: 1) 

IlIum. 4 hrs Dark 4 hrs 

1. 5±0.2 1. 5±0. 2 
b 

1.B±0.2 1.6±0.2 
b 

10.5±0.B 2.0±0.2 
b 

9.3±0.4 2.0±0.2 
b 

12.0±0.B 5.0±0.1 

11. 7±0. 5 5. O±O. 5 

Percent decomposition 

'{ -irradiated choline '{ -irradiated choline '{ -irradiated 
chloride mixed with cadmium chloride mixed with chlor - choline 

sulfide (1:1) promazine (1:1) chloride 

Illum. 4 hrs Dark 4 hrs 

B.5±0.5 5. 5±0. 5 

7.B±0.2 5. O±O. 5 

ilIum. 4 hrs 
Illum. 4 hrs Dark 4 hr s in ab sence of 

photodonor s 

1.0±0.2 

1.6±0.2 

6. O±O. 2 2.0±0.2 2.1±0.2 

5.0±0.5 

a 
All these data are averages of at least four analyses. 

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

c Re stricts illuminati~g light to the 400 -BOO nm range. 

I 

Ul ... 
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times also saturates at about 12%. The re is also rio icrease of the 

radiolysis (beyond 12%), if the illuminated mixture is heated cit 50" 

after photoelectron transfer has taken place. This saturation radioly

sis beha'vior has also been reported by Lindblom .et al. 3 The explana-,- -'-
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. 33 ' 

Phototransfer experiments done with mixtures of ,,:...irradiated 

choline bromide and Brilliant Green also gave enhanced radiolysis up-

on illumina tion . 

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 to the 

formation of highly excited species, which participate in a self-propagat-

ing chain r,eaction involving choline chloride. 

From our thermoluminescence results we conclude that the shal-

low traps are at.least as populated as the deep traps. Howeve r, both 

the radiolysis and the radical decay are neglibiblein the temperature 

range (up to about 0 0
) where the shallow traps are depopulated. A 

resonableexplanation 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 eno~gh temperatures, one can enable them to participate 

in the radiolysis process. Again, from thermoluminescence data we 

know that sudden '(about 1? sec) heating of a sample from -80 to 50° re

leases electrons from the shallow traps even at 50 u
• 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 nitrogen 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. It is therefore 

evident that electrons from the shallow traps are not par~icipating 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 electrons,. These observations may result from a preferential 

reaction of the detrapped electrons with trimethylamine radicals pre sent. 

G. Crystal size 

It was found that large. slowly 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. 
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Although no significa-nt diminution of radiolysis was observed on 20 min. 

of post-thermal treatment at 500, 2 hours at the same temperature re-

suIted 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 cry stals and, consequently, a smaller number of donors are 
, --

formed by the 'V-radiation. Similar results in the case of choline 

hI °d d b d S 1 °k35 d f ° ° C orl e were reporte y LCITIITIOn an 0 tySI . an.. or SUCCInIC 

°d b MO kO I 36 aCl y lyaza I et ~ 

H. Effect of thermal electrons 

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

One of the reasons ~ould 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 e.thanol radicals in unirradiated choline 

chloride. This may b~ 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 exposed 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 illuminated by vacuum 

UV for 2 hours at temperature below O~ 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 to the 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. 

S f h I d h h b bl " h d 23, 37 ome 0 t e resu ts presente . ere ave eenpu 1S e . 

Conclusion 

From the experiments described here it seems that the radiolysis 

of choline chloride proceeds as follows: Upon l' -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-

trons and thereby retard the radiolysis, while donors will increase the 

density of free electrons and so enhance the radiolysis. A detailed 

mechanism to account for these results is proposed in the last chapter. 
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CHAPTER IV 

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-

stalline choline chloride. In what follow s, 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, 

60 were 'V-irradiated at _196° for 1 hour (5 Mrads) by the Co '{-ray 

source. . The irradiated choline chloride was thoroughly mixed with 

powdered 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 

-4 
vacuurp. (10 torr). The entire operation took about 15 min. The 

sample was placed in the ESR cavity and the ethanol radical decay 

kinetics were investigated by locking the ESR spectrometer at the mag-

netic field of the most intense peak of the ethanol radical. The kinetic s 

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-BOOnm) 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 em from the sample (as close to ~he cavity as 

possible, and withoptirnal focusing). 

If the radical-electron inter~ctions are the only interactions re-

sponsible for the radical decay, then 
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__ dR/dt 

kR 

where k is the rate constant, R is the radical concentration, [e - J is 

dR the electron concentration, and - dt is the rate of deca y of the radi-

cals. Therefore 

[e -J iUum 
= 

[ -R
1 ddRt~· 

] illum 

[e -] dark 
dark 

The radical decay of the choline chloride:'Brilliant Green mixture upon 

illumination 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 concentration 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 

me;ttioned before, at 12° electron detrapping is small (the shallow 

traps would have depopulated already during room temperaturehandl-

ing), leaving the number of electrons .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 radical decay in a mixture of choline chloride and Brilliant Green (1:1) at 12°: 

(a) Illumination with visible light. (b) No illumination. 
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straight lines for both the illuminated and the dark cases, as we have 

seen earlier in Figure 16. 

Addi tional 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 "lowe r dose". Simultaneous studies of the thermal 

emissions of the samples irradiated with 15- and L25-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 ill the high-dose sample, 

even after the "cros sing point" of radical concentrations, is due to 

the excess of free electrons in that sample. It should be mentioned 

at this point that Lindblom et a1. 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 a 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 thermal depopulation of the traps. An addition~rp'ossibility 

for explaining the time dependence of the radical decay rate is that the 

products (mostly trimethylamine hydrochloride and acetaldehyde) are 

quenchers for the free elec~rons. (They can not be quenchers for the 

radicals since, if they were, the radical decay rate 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': 

Lindblom et al. irradiated the samples over a wide range of doses only 

"3 
to find that the radiolysis saturates at about 12 percent. 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 f~om 14C l3-raysand 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 behavior seems to be that 

the radiolysis products formed react with intermediates in the chain 

mechanism, thus reducing chain length. In order to test this explana-

tion, certain cyclic experiments were conducted. Aliquots of choline 

chloride were subjected to repeated cycles of '{ -irradiation and heating 

at 50 0
• The percent decomposition was compared in each case with 
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Figure 17. Radical decay at 50° of the y-irradiated ch91ine chloride. 
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that of an aliquot subjected to the same dose of" -irradiation (in a 

single irradiation), followed by heating. For example, ina five-cycle 

experiment the samples were subjected to 1 hour of ,,-irradiation 

followed by heating at 50° for 2 hours; this was. repeated five time s, 

and the percent decomposition was compared with that from 5 hours' 

of steady ,,-irradiation followed by 10 hours of steady heating at 50°. 

The latter data are shown in Table IV under the heading "continuous," 
I 

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

Table IV. Effects of Repeated Cycle s of Irradiation and Heating 

Percent decomposition 
No. of cycle s Intermittent Continuous 

1 12.4 ± 0,5 

2 17.6 ± 0.1 12.1±O,3 

3 22.7±0.6 12.8 ± 0.2 

5 33.3 ± 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 "inte rmittent" 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 10 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 seems 

that at least one of the products of radiolysis is acting as a 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 re~ortedearlier. Choline chloride samples were 

exposed to the vapors of acetaldehyde at room temperature and they 

were s~aled; the samples were then ,(-irradiated at -196° and heated 

for 2 hours at 50°. The radiolysis obtained was only 6.5 percent 

(compared to about 12.4 percent for ·the samples without acetaldehyde). 

A possible explanation of the saturation radiolysis could be that once 

all the traps are populated during'( -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 radiolysis builds 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 '( -irradiated again, the initial stages of the second post-irradiation 

thermal treatment would involve much longer 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, wi,thin the range studied, every 

cycle subsequent to the first appears to result inan additional 5 percent 

decomposition.) In short, one obtains a much larger radiolysis via 

cyclic irradiations and he,atings as compared to a single continuous 

experiment, because relatively longer chain lengths a re involved in 

the former case. 

Additional evidence for the reduction of chain lengths as the radio-

lysisproceeds is obtained by comparing the radical decay kinetics and ' 

the radiblysis kinetics. If the decay of radicals is taking place e:r:tire

ly due to the rad~cal-electron interaction and there is no alternative 

competing mechanism for decay of radicals, then we would expect 

correspondence between the kinetics of radiolysis and radical decay. 

What we found, on the contrary, is that the radical decay was faster 

'than the rapiolysis. At a temperature 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 deca-y 

by an alternative mechanism, for example, radical-radical reactions 

between close neighbors (see below). 

C. Effect of dose and temperature on radiolysis kinetics. 

. 14 
Approximately 5 mg samples of methyl- C-labeled choline 

'. . 
chloride were vacuum sealed in 5-mm Pyrex tubes. The sealed tube.s 

were )I-irradiated, receivi'ng a dose of 1.25, . 5.0 or 15.0 Mrads at 

The irradiated samples were than heated at anyone of three 
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temperatures, 22.S", SO". or. 71 0
, in a constant temperature oil bath, 

for different 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 1S-Mrad sample than for a 1.2S-

Mrad sample (Figure 18). At SO" (see Figure 19),.the 1.25-Mrad 

sample will probably give a higher final radiolysis 'than the S- and is:... 
. . 

Mrad samples (the latter have reached the' "saturation ra?iolysis" of 
\ . . 

about 13-16 percent, while the 1.2S-Mrad sample's radiolysis is still' 

increasing). We believe that the e'xplanation 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 observed as 

much as 0.3 percent radiolysis, even at -196 0
• Chromatographic 

analyses of the pi-oducts 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_activity 

of these products was found at the paper-chromatographic origin 

(where the solution is spotted). Such unusual products maybe 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%) compared 

# • 
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Figure 18. Radiolysis of choline chloride at 22.5°,as a function of 

total radiation dose and storage time. 
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Figure ,19. Radio1ysis of choline chloride (50 0 and 71 0
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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 to the 

radiolysis; examples would be radical-radical interactions (such as 

dimerization and disproportionation) and the capture of electron by 

holes. The se proces ses will have different acti vation energie s, and 

one or more of them may become more important at a higher temperature 

(such as 71"). These other processes, 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 tempe ratures between 50 0 and 75° for 100 min. , 

the time at which all samples should reach saturatlon 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 0 5 12,6 

10 13.0 

6Y 5 12.2 

10 12.6 

67° 5 12.0 

10 12,1 

71" 5 10.2 

10 10.1 

74° 5 8.7 

10 9,3 
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If trimethylamine hydrochloride is heated at 70°, under vacuum, 

it evaporates slowly. This may offer an alternative explanation for 

the reduction in radiolysis for post-irradiation heating at higher tem-

perature. But, that this is not so is verified in the following way: Two 

irradiated choline chloride tubes were heated at 70° for 2 hours and tht!n 

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 thoroughly washed to extract all possible TMA 

sticking to the walls. The two analyse s gave the same radiolysis 

value of 9 percent. 

Shanley and Collin reported an increasing G( -M) value with 

6 
tempe rature. Our results show that the G( -M) value falls if the 

radiolysis is carried out at higher temperature. The discrepancy 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. In the 13 -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 Q- and l3-forms 

differ in some respect (e. g., distance between key atoms in adjacent 

choline ions) that account for the differences in radiation sensitivity. 

The above observations offer another possibility: that at 80 u the pro-

cesses discussed above are so important that the radiolysis does not 

take place regardless of which crystalline form (Q or 13) is present. 
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So far, we have been unable to prepare (by quick freezing) a sample 

in the j3-form at any temperature below approximately 78°. Nor does 

there seem any possibility of getting the a-form at· some temperature 

above 78°. 

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

The samples of choline bromide were .sealed in vacuum 

« 2 X 10-
4 

torr) in 5-rrim O. D. Pyrex tubes. They were irradiated, 

with
60

Co 'V-rays at _196° for 45 min., for a total dose of 4 Mrads. 

Different tubes were then hea'ted for 2 hours at 50°, 70°, 85°, and 

110° respectively. The radiolysis products were then analyzed using 

unidirectional pape r chromatography. The results are. shown in 

Table VI. 

Table VI. Radiolysis of Choline Bromide 

Post-irradiation temp. Time (hours) Percent Radiolysis 

50° 2 6.75, 6.83 

70° 2 8.06, 7.95 

85° 2 6.27, 6.14 

110° 2 1. 55, 1.63 

, . 
It is clear that choline bromide undergoes very small radiolysis 

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 poss~bility has not been done. but 
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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 als9 interesting to note that the radiolysis at 85° is less than the 

radiolysis at 70°. A similar behavior was also found for choline 

c~loride 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 s\lch a case 

the electrons can b~ depopulated only at higher temperatures. At 

these temperatures competitive reactions like radical-radical decay, 

or electron capture by a hole, may becoinemore important than the 

radical-electron react,ions that are responsible for radiolysis. We 

have already reported earlier that the radical decay of choline bromide 

above' 25° is slower compared to choline chloride. Also that there is 

an ESR signal in choline bromide at about 80° (not corresponding 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 been 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 

iricrease should de,crease with time, 1. e., with increased product 

formation. It can be seen in the linear plot in Figure 20 that the rate 

of radiolysi~ actually increases for some time. This time depends on 

dose and temperature. ~or the 1.25-Mrad sample at room tem'perature, 

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 inter,mediate. This 

formation is fast, but the intermediate's reaction with choline chloride 

is slow (it may be that the intt;!rmediate, 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 
I ' 

radiolysis of choline chloride): 

R· + e 
k1 ' --.;;.._. [Re J -

[R:e J -__ k_2 ____ ... A + B + C 

k3 
A + choline ----•• A + products 

In such a case there will be a build-up of intermediates to a maximum 

steady-state valu'e, and the rate of product 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 ~arming could be treated as follows :28 The probability 

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

.. 
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T is P = s exp( -E/ kT), where s is the frequency factor, E is the trap 

depth, and k is ,the Boltzmann constant. Therefore the rate of release 

of trapped electrons is 

dn/dt = -ns exp(-E/kT) or n = no e~p[-st exp(-E/kT)]' 

n and no being the trap density at t and 0 times, or the concentration 

of electrons ,released = no (1-exp[-st eXP{-E/kT)]), which in itself is a 

complicatcde xp re S Hion. In addition, the radical- radical inte ractions 

and electron-hole interactions make the analysis virtually impossible. 

We thought it would be possible to analyze the experimental data if we. 

could produce either trapped ~lectrons 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 in choline chloride we proceeded as follow s: 

The 'V-irradiated choline chloride samples w'ere dissolved at -15", in 

a cold room, either in dimethylsulfoxide or in dimethylformamide; 

quartz 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 wi th 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 c 

quantitatively were unsuccessful. 

• 



• 

- 76-

G. Absorption properties of y-irradiated choline chloride. 

Radicals are formed and electrons are trapped upon y-irradiation 

of crystalline choline chloride, and they may absorb ultraviolet or 

visible light in regions where there is no absorption by unirradiated 

choline chloride. We used a Cary Model-f4spectr9photometer (with 

scattering attachment) for ouJ:" studies. A small amount of a y-irradiat-

ed sample of choline chloride was plac~d;,n an optical grade quartz 

cell, and unirradiated choline chloride was used for the referen5e cell. 

The absorption spectrum recorded is as shown in -Figure 21., It seems 

that there are two abs~:>rption bands: 'one at about 6000 A and the 

o 
other at 4400 A. The 6000 A absorption is equivalent to an energy of 

about 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 maybe due to the absorption 

of energy by radicals. The absorption bands seem to decay with time, 

i. e., as theradiolysis proceeds. 
/ , 

-r:he 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 reco:.;ding 

of the spectra. 

/ 

H. Photochemical transformation of ethanol radicals in irradiated 

choline chloride. 

A sample of y-irradiated choline chloride was sandwiche,d between 

brass and quartz discs in a glove-box at room temperature, and illu-

minated throl,lgh 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 Col. During the illumination the sample was kept at about 

_20 0
, 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 respect ively, 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 0 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 0 for 90 min. The ESR spectra 

recording and radiolysis determination were carried out by the usual 

methods. 

ESR spectra of a control, nori-illuminated sample and that of an 

illuminated speCimen (no filter s 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 ethanol radi

cal. _ The pre sence of the new radical (superimposed upon the ethanol 

radical) is shown by the new peak marked "1" in Figure 23b. It is 
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Figure 23. Phototransformation of the ethanol radicals. (a) ESR 

spectrum of y-irradiated, but unil1uminated, choline· 

chloride at 22°. (b) 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, over 16 hours at 70°, to about 2/3 of the origi

nal value. 

According to our earlier proposal free electrons interact with 

ethanol radicals to form reactive 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 temperature (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 0
) of choline chloride are approximately 

.4.8 percent decomposed on subsequent thermal treatment (90 min. at 

50 0 ).On the other hand, samples treated in exactly the same way 

(except for illumination) showed approximately 7.6 percent decomposi-

tion. The photo treatinent reduce s both the ethanol radical concentra-

tion and the subsequent radiolysis .. Therefore, the involvement of the 

ethanol radicals in the radiolysis has been directly observed. 

We found no effect on the radical decay or the formation of new 

radicals in the cases of the 4-71 (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 about the same as in the unfiltered illumination. 

This suggests that the decay of the ethanol radicals takes place within 

the 200~350 nm range (the shorter wavelengths being more effective), 

while the formation of the new radical take s place between 250 and 

350 nm. 

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

wavelength regions -- about 2 eV or 600 nm -- as indicated by our 

thermoluminescence studies reported earlier. Therefore, the radical 

,decay on illumination appears not to be due to interaction with photo

detrappedelectrons. In fact, there is no difference in the radiolysis 

of the samples (a) illuminated with> 400 nm (Corning 3-73 filter) at 

_20 0 and (b) kept in dark at ..,20Q. This is surprising and we do not 

know why there is no photo-detrapping of electrons. A pos sible 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 STUDIES 

OF CHOLINE CHLORIDE AND ITS ANALOGS 
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Since free electrons are playing an important role in the radiolysis 

of choline chloride, the study of the migration of electrons (conductivity 

behavior) in its matrix may provide us with some valuable information. 

Most crystalline organic solids studied thus far have been shown 

to be semiconductors which follow the conductivity-temperature re

lationshipshown below. 38 

aT = a 00 exp( -E/2 kT) 

where aT is the specific conductivity at temperature T. a oo is the 

specific conductivity at infinite temperature (also called preexponential 

factor), k is the Boltzmann constant, 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 

(13) 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 

pellets and powders in an evacuated (: 10- 5 torr) conductivity cell. 

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

\ i 
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Pacini and shown in Figure 25. 39 The pellets were made in a hydrau

lic press under 10,000 kg/cm
2 

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/cm
2 

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 temperatul'e of the 

phase transition. The conductivity increases by about four orders of 

magnitude. The evidence for the phase transition, on the basis of the 

crystallographi c and density measurements has already been reported 

. 5-8 
earlIer. 

The conductivity in the (3-form is high enough to cause its decom-

position, even though choline chloride is thermally stable up to 200 0
• 

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 u
, 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 conductivity 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 metal-free phtalocyanine, 

but the decrease is non-reversible (actually the phase transformation 

is non-reversible), and takes place over a large temperature range. 41 

Conductivity in the a..:.form appears to be electronic (see below). Ohm's 

Law is obeyed, i. e.. the voltage-current plot is a straight line. The 

measurements for this voltage -current plot were done to a temperature 

of 70° anq for voltages up to 22.5 V, corresponding to an electric field 

of about 300 volts/em. The current reaches its final value within a 

few seconds of the application of the voltage. On the contrary, in the 

~-form, 1. e., above the 78° transition point, any increase in applied 

voltage results in a geometric increase of current. For example, 

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 8JJ.A to 4.6 JJ.A. in 25 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 milliseconds to seconds. 43 Besides, on turning off the ap-

plied voltage, we noted a residual voltage (100 mYto 1 volt) with sign 

opposite to that of the initially applied voltage. Thi's, again, could be 

due to the overvoltage characteristic of systems displaying ionic 

conductivity. 

Collins has inferred, from crystallographic symmetry considera-

tiona, that the face-centered cubic form (~-form) has a highly disordered 
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structure and has sufficient room for spherical rotation about a number 

of equilibrium positions. Therefore, it seems that the conductivity 

in the j3-form is probably protonic. Such conductivity necessarily 

means easy inte rmolecular transfers of protons through hydrogen 

bonds. 7 8 
There is crystallographic evidence fQr hydrogen bonds' and 

also evidence for some. intermolecular hydrogen transfers in choline 

. 9 
chloride. The free rotation of choline ion in the j3-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 j3 -form, if we postulate that the protons reaCt with electr ons to 

give hydrogen atoms which in turn react with the ethanolradlcals as 

follows: 

J 

In this way, the initiation of chain decomposition, resulting from an 

electron-radical interaction, is prevented. It is pos sible to demon-

strate protonic conductivity by detecting the evolution of hydrogen at 

45 46 
the cathod, and by the dc Hall effect. But, due to experimental 

problems associated with choline chloride's hygroscopidty, 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 conductivity 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, 
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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)3NCHZCHZCI] +CI-. The dc conductivity 

data (powders compressed to 40 kg/cm
Z

) obtained for these compounds 

are shown in Figure Z7. 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 electrolysis under low electric 

fields (30 V / cm) when they are in the high 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 and electrical conductivity. Both choline chloride and bromide 

are much more radiation sensitive at temperatures below their transi-

tion points while the iodide and. the chloro analog are hot sensitive to 

radiation. In the chloride and bromide it is possible to attribute the 
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lack of radiation sensitivity above the transition temperature to protonic 

mobility. while the same is not necessarily true for the chloro analog 

and the iodide.· In the latter two cases, further physical data (crystal 

structure, etc.) are necessary before one can speculate on their lack 

of radiation sensitivity. 

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

tures of choline chloride and its analogs 

No. Substancea E, eV 

I [Me
3

NCH
Z

CH
Z
OH]+Cl- Z.7 

II 
. + 
[Me

3
NCH

Z
CH

Z
OH] Br- Z.7 

III [Me
3

NCH
Z
CH

Z
OH] +1- 3.0 

IV [Me
3

NCH
Z

CH
Z

Cl] + Cl- Z.5 

+ 
V Me 4N CI Z.3 

a Me stands for (CH3 ) group 

Transition 
temperature 0 C 

78 

91 

94 

137 

None 

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 but of ethanol solution. We noticed that the choline chloride's 

hygroscopicity was far less than we encountered in 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 70 0
, rather than 100 0

, for 

2 hours). The ESR spectrum of these samples was also identical to 

the one s from diethyl ether precipitated choline chloride. However, 

the conductivity behavior is surprisingly different. The resistance 

vs. ,temperature plot of the petroleum-ether precipitated choline 

chloride 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 0 and 73 0
, 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 Et
2
0, shows 

non-linear current-voltage characteristics, and displays polarization 

phenomena with relaxation times of more than an hour's duration. The 

electrical properties return to normal if the sample is heated to 100 0 

and cooled. Thus, the effect of using petroleum ether for precipitat-

ing choline chloride appears to alter the latter's physical characteristics 

without really affecting the radiation sensitivity. . It is possible that 

choline chloride precipitate s out in a third crystal form from petroleum 

ether, trnasforms into j3-form at temperatures at or above 100 0
, 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 incorporating 

the following features. The design is similar to that reported by 

Kakado and Schneider 48 (and the details are shown in Figure 29). 
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Fast and uniform rate of heating: The sample can be glven a 

linear rate of temperature rise, ranging from 1" Imin. to 60° lInin. 

The electrical polarization effects, thus, can be studied at different 

pre-set temperatures. The conductivity behavior of irradiated choline 

chloride c~n also be studied before its radiolysis is complete, and 

from the data one can derive th,e population densities and the energy 

depths of the trapped electrons. 

Wide temperature range: The conductivity can be measured at 

temperatures from -150° to +200°. 

Photo conductivity: The samples can be illuminated, at any 

chosen wayelength, during the conductivity measurements through 

quatz windows. 

Fast and high vacuum: The sample chamber can be evacuated 

-6 very quickly to 10 torr pressure, and different gases can be intro-

duced at known pressures. Thus, the effect of moisture and other 

ambients on conductivity 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 electrode effects: The sample can be sandwiched 

between different electrodes under pressure upto 2500 lbl sq. inch 

and its conductivity measured at any chosen pressure . 

. The 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 electrode 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 

temperature 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 chamber 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 va:l ve to the diffusion 

pump. 

We have been able 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 '{ -irradiated with a dose of 5 Mrads. 

The sample was then enclosed in the conductivity chamber and evacuat

-6 
ed to 10 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 absorption by 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 density of population of 

trapped electrons will decrease with time due to detrapping). The 

conductivity of the 'V-irradiated choline chloride was 2-3 orders of 

mangitude highe r than tha t of the unirradiated choline chloride. This 

could be pa~tly due. to the moisture absorption, but the decrease may 

be due only to the trapped electrons. This change seems very large 

when compared with the normal conquctivity of the unirradiated choline 

chlonde. 

We did not purs ue the studie s, but the field of the thermally 

stimulated currents seems promising, especially if one could load the 

sample without exposure to ambient moisture. 

B. Microwave conductivity measurements. 

Due to inter-surface barriers in polycrystalline materials and 

possible electrode (charge carrier injection) effects in dc conductivi-

ty measurements, the results are questionable. Therefore we decided to do 

electrodles s cOhducti vity measurements at microwa ve frequencie s (;:::; 10 GHz). 

At these frequencies inter-surface barriers do not play any significant role. 

The general procedure and detailed theory of this method has been discus s-

d · h l' 49,50 WI· h' d' b'l' f e ln t e lterature. e can a so measure t e slgn an mo 1 lty 0 

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. 51 We used 

choline chloride in the form of a pellet compressed to 10,000 Kg/cm
2 

of 

about 3 mm diameter and 0.5 mm thickness. The pellet is then sealed 

between ve;:y thin films of polyethylene and loaded 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 1S 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 c;ooling of the sample. We could not exclude moisture 1n 

these measurements as much as we could in dc measurements. 

Moisture does increase dc conductivity of the a-form significantly 

while not ha ving mucn effect for the highly conducting 13 -form. This 

may explain the smaller increase in the conductivity from the a-form 

to the l3-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: 

6Q 
Q 

V a __ s_ 

V 
c 

-_ K 6Q 'H 
2a-f-l 

( 1) 

(2 ) 

where 6Q is the difference in Q between the loaded and empty cavity 

a is conductivity, V and V are volumes of sample and cavity. 6P 
s c 

is the change in power upon the application of magnetic field H, and 
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1.1 is the mohility of charge carriers. Q, the "quality factor of a re-

sonator", is as sociated wi th microwave powe r losse s due to the con-

ductivity of the metal walls of the cavity and the backing material. 

As one can see from the equations, for low conducting materials, 

.6.P, the experimentally measured quantity, will be very small unless 

the sample size is large. The sample size cannot be inc rea sed in de -

fmitely due to difficulties arising by virtue of a large decrease in Q, 

and thus· in the tuning of the ca vi ty. Also, the assumptions used to 

derive (1) and (2), suc.h as non-distortion of fields in the cavity, will 

no longer be valid. 

Choline chloride in the a-form has a ve ry small conductivity 

and, therefore, a compromise was made for the size' of the sample. 

It was found that the charge carriers in the a-form have at least an 

order of magnitude larger mobilities than the mobilities of charge 

carriers in the ~-form. Furthermore, ,from the sign of .6.P, it was 

inferred that the a-form has negative charge carriers. The mobility 

2 
values in the a-form varied between -0.3 to -1.0 cm /volt-sec. The 

mobility 1.1 is given by 

(3) 

where T is the relaxation time, m':' the effective mass of carriers of 

charge e. The low mobility of charge carriers m the ~-form may be 

due to the larger effective mass. An estimate of the mobility of pro-

. -8 2/ tons in the ~-form of the choline chloride is about 10 cm volt-sec 

(private discussion with Prof. A. M. Portis). The e s timati on is 

.. 
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obtained as follows: The veiocity of protons, v, at 350 0 K is 

. . 1/2 5 
::::: (3 kBT/m) ::: 3 X 10 em/sec. If the mean free path, I., is 

assumed to be 5 A, then the relaxation time, 

I. 
T =

V 

-13 = 1.6 X 10 sec. Therefore, 

1.6 X 10- 19 X 1.6 X 10- 13 

1.66 X 10-24 
-8 2/ ::::: 10 em volt-sec, 

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. in a glove box; the latter 

is filled with very dry N
Z 

to avoid absorption of atmospheric moisture 

by the deliquescent choline chlonde crystals. The solid mixture is 

-4 
then further dried on a vacuum line (10 torr at 100 0 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 a heating tape cunn!:!cted to a variable voltage SQure!:!, 

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. 4 
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One would expect that the intermolecular interactions in the two 

polymorphs (a- and (3-forms) would be different. The se differences 

might be responsible for the extreme difference s 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 fJ.). 52,53 

Figures 30 through 36, a and b, show the infrared spectra of 

the choline analogs in the a- and (3-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 (3 -form, the a-form IS 

spectrum reappears when the sample is cooled below the a-(3 transi-

tion temperature. The infrared absorption take s place due to the ex-

citation of vibrational modes of the atoms in a molecule. These modes 

'could be either stretching or bending modes. The frequency, v, of 

these modes is given by 
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Figure 30. Infrared absorption of choline chloride. (a) a-form at 

room temperature. (b) e-form at approx. 100°. 
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Figure 31. Infrared absorption of choline bromide. (a) a-form at 

room temperature. (b) B-form at approx.120°. 
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[( C03) 3NCH2CH20Hrcr • (a) a-form at room temperature. 
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Figure 35 . .Infrared absorption of N-methylene deuterated analog, 

[(CH3)3NCD2CH20HtCl-. (a) a-form at room temoerature. 

(b) a-form at approx. 100°. 
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Figure 36. Infrared absorption of O-methylene deuterated analog, 

[( CH3) 3NCH2CD20HtCl-. (a) a-form at room temperature. 

(b) a-form at approx. 100°. 
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where f is the force constant of the bond and meff is the effective mass 

of the bound atoms. 

When heavier atoms like C, N, ° are bonded to H, the effective 

mass is 1. The force constants depend on the type of bond and 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 d~

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/.[2 is correct for C-H stretching modes, but for bend-

ing modes the effect is complicated due to the interaction of modes 

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 as sign different frequencie s to diffe rent 

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. 

shows no (or greatly diminished) peaks at 3.35,6.7,7.1,7.6, or 9.9 IJ.; 

consequently, these peaks have been as signed to methyl C -H bending 
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and stretching modes. 

7.4, 9.4, or 10.5 jJ., and a much diminished peak (compared to the 

. + 
undeuterated compound) at 6.8 1-1. [(CH3)3NCH2CD20H] Cl- shows no 

(or greatly diminished) peaks at 3.5, 6.9, 9.1, or 11.4 1-1. 

The principal differences between the infrared spectra of the 

0'- and j3-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 j3-form. The vibrational diffe rences thus indicated may be re

lated to the fact that the a-form of [(CH3)3NCH2CD20H] + Cl- 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) leave s the radia-

tion sensitivity essentially unchanged, i. e., within 10% of the value 

of the ordinary compound. It appears that a movement of hydroge,n 

atom out of the O-CH2 group is a key process in the radiolysis -- and 

both intramolecular and some intermolecular transfers of these hydro

gens have been shown by previous studies. 9 

The O-H bond stretching frequencies for hydrogen-bonded systems 

are shifted towards longe r wavelengths; the normal absorption for 

free O-H groups is 2.74-2.79 1-1. 54 The stretching frequency for the 

choline compounds (all of those studied here) comes at 3.0-3.1 1-1, a 

substantiation of the hydrogen bonding that X-ray crystallography has 

already indicated as being present in choline chloride. Choline iodide 

seems to have Ie s s hydrogen bonding (the OH peak seem s to ha ve Ie s s 

hydrogen bonding (the OH peak is at 3.0 1-1 compared to 3.11-1 for the 

rest of them). 
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The differences between the a- andf3-forms of the other analogs 

are also obvious. The bands in the f3 -form seem to be broadened, 

probably due to molecular rotational absorptions superimposed upon 

the normal vibrational modes. The a- and f3 -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 show s any of the chloride I 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 

chlori de (a-form) and of the y -irradiated (5 Mrads) cOmpound. There 

were no detectable differences in these spectra, indicating that no 

absorptionbands, in 2.5-15 f..1. range, are created in choline chloride 

upon irradiation (at least they are not present at room temperature). 

I 
,I 
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CHAPTER VI 

EFFECTS OF H-ATOM EXPOSURE AND 

VACUUM ULTRAVIOLET IRRADIATION 

ON THE RADIOL YSIS OF CHOLINE CHLORIDE 
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I h b d Oh 10 55. 56 h th ESR t as een reporte In t e lterature t at e spectra 

resulting from H-atom irradiations of organic compounds are simpler 

than those resulting from more conventional. ionizing 'radiation. such 

as ,,-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' + H
2

. Acke rman 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 cholirie 

chloride and found that radicals so produced had characteristics simi

lar to the ethanol radical that appears upon ,,-irradiations. 57 A pos-

sible mechanism for the production of ethanol radicals was also sug-

gested. It seemed, therefore. of potential value in understanding 

choline chloride IS 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 lig,ht 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 H
2

) 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 Lemmon and Nath. We have used a more powerful microwave 

I 

.. 

'. 
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Figure 37. Apparatus used to expose choline chloride to H-atoms. 
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generator (Z450 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 glas s frit and then protected by a stopper from atmos-

pheric moisture. This assembly was then attached to the quartz tube 

passing th:rough the cavity. After the as sembly was evacuated, HZ 

was passed into the system, and its pressure maintained at 100-Z50 

microns, by continuously operating the mechanical pump, and by 

suitably adjusting the needle valve. The microwave generator was 

operated .at about 1000 watts for 8 hours. Although we have made no 

direct de;terminations of the hydrogen atom fluxes obtained in theap-

paratus, we monitored its performance by occasionally substituting 

malonic acid for the choline chloride. This gave lis the Z -line ESR 

55 spectrum, reported by Cole and Heller, and interpretable as 

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-a.toms do not 

have sufficient penetrating power, the powder sample was tapped oc-

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 sh.own in Figure 38. It is similar t.o the one used f.or H-atom 
I 

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 evacua hon 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 highe st 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 

an 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 

to 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, 'cou~d 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 arises 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 y -flux, nor is the penetration of UV photons, and there

fore the concentration of radicals formed during photolysis is about 

three orders of magnitude less than that formed by, say, 3 Mrad dose 

of 'V-irradiation. To study the photolysis we irradiated samples of 

labeled choline chloride with vacuum UV for 3 hours; the sample was 

maintained below 0" 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 percent decomposition. These results indicate that the photolysis 

mechanism is identical to the radiolysis mechanism and the energy ex

change processes in choline chloride are independent of the photon 

energy (crystallography is also complicated due to choline chloride's 

radiolysis during its exposition to X-rays). 

Labeled choline chloride (no y -irradiation) was also subjected 

to atomic hydrogen exposure at room temperature for 8 hour s. The 

exposed samples (and controls with no H-atom exposure) were analyz

ed without any post-irradiation the rmal treatment. We found as much 

as 9.3 percent decomposition 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 frit -- the amount of decomposi

tion being dependent on the surface a rea exposed. Since the H -atoms 

cannot penetrate the crystals, this is a remarkably high decomposition, 



-123-

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),-irradiations, much polymer (5.5 percent; 

TMA 3.8 pe rcent) 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 )' -irradiated labeled choline chloride to the H -atom 

exposure at room temperature for two hours. 

room temperature with no H-atom exposure. 

A control was kept at 

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 wi th ethanol 

radicals in preference to their causing chain radiolysis. The decay 

could be visualized as follow s: 

(a) . CH
2

CH
2
0H + H·-_a CH

3
CH

2
0H 

(b) . CH2CH20H + H' • CH 3 CHO + H2 
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CHAPTER VII 

PROPOSED RADIOL YSIS MECHANISM AND FUTURE INVESTIGATIONS 
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The following mechanism appears to account for all our observa-

tions, esp'ecially specific involvement of ethanol radicals, electrons, 

and hydrogen atoms, on the radiation decomposition of crystalline 

choline chloride: 

+ + + -
(1b) (CH3)3NCHZCHZOH ~(CH3)3NCHZCHZOH + e trap 

(hole) 

(3a) - -
e tr-a-p--·· e free 

(5) 

(6 ) 

Overall reaction 

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 (1b) 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 

absorption studies). When electrons, released 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 seen any ESR spectrum corresponding to these holes or 

electrons. 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 

13 signal from trimethylamine radicals. Symon has reported, and we 

have confirmed. that by y-irradiation of trimethylamine hydrochloride 

an ESR signal is obtained interpretable as that of trimethylamine 

radicals. It is, of course, possible that the product might have been 

in the form of free base. rathe r than the hydrochloride salt, in which 
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case no trimethylamine radical will be formed upon irradiation. 13 But 

then we have to postulate that the free base, a gas at ambient 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 radiolysiscan be 

lnduced 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 radiolysi s; 

(9) theradiolysis 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 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-
oi 

tive suggest that ethanol radicals are necessary for the chain mechanism. 

This is further confirmed by photoreduction of ethanol radicals at 

temperatures where chain does not propagate'and its subsequent dimin-

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 proposed 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 H2 is found as a minor product in 

choline chloride r s decomposition, 11 and that hydrogen-atom exposure 

produces large decomposition in choline chloride. A possible pathway 

for the decomposition of unirradiated choline chloride by hydrogen atoms 

can be, via hydrogen atom abstraction, as follow s: 

But, to account for the decomposition of v-irradiated choline 

chloride, a chain mechanism must be proposed, since there are de-

finitely no indications of huge concentrations of hydrogen 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 mo~e 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 energies are approximately 84 and 49 Kcal/mole). 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 iIi choline chloride 
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and choline bromide seems to be that these are the only analogs 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 prelimina ry thermoluminescence studie s, 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 irradiations of 

choline analogs should be investigated. 

It is also possible that the crystal structure of other analogs may 

be such that the chain propagation is prohibited, although H-atoms are 

a vailable to dis sociate the choline molecule. It has already been re-

ported that choline chloride and choline bromide exist in orthorhombic 

form at room temperature while choline iodide exists in monoclinic 

, 7 
form. Therefore X-ray crystallographic studies of other analogs in 

the low and high temperature forms should be investigated. 

We have proposed that the ~ -form of choline chloride is radiation 

insensitive because of its protonic conductivity. No direct evidence 

has been provided, and therefore experiments to investigate the charge 

carriers in the 13 -form will be useful. Of course, again, the crystal 

structure may prohibit the radiolysis chains. Infrared studies of cho-

line chloride ar..d its analogs on an improved (better resolution) equip-

ment together with solid state iniclear ma~neticte sonance studies will 

be complementary to the crystallography in the structure determina-

tions. 

Profes sor 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. 

CI--CI' + e 
trap 

This mechanis"m would suggest that we should find CI
Z 

(obtained 

by recombination of Cl-atoms) in the radiolysis products. Ackerman 

and Lemmon sought for detectable amounts of C1
2

, but were unsucces s

ful. 11 It does not provide for the fate of the trapped electrons and 

the observations we have reported with re"gard to the involvement of 

electrons and ethanol radicals. However, this proposed mechanisnl 

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, thif? 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 molec~le. This in turn would cause the displace-

nlent of charge from the nitrogen of this neighboring molecule, as 

shown schenlatically below, and induce displacement of another proton 

forming another molecule of HCI and so on. With each such displace-

ment a molecule of trimethylamine and of CHZ=CHOH (enol form of 

acetaldehyde) would form. The proces s could be represented as 

follows: 

CI' 

On this hypothesis, the chains would seem to be initiated by holes 

rather than electrons. Dr. Allen's hypothesis assumes that an aH 

of the ethanol group in choline chloride 'is located near a CI His 

calculations based on published crystallographic data 
7 

show that CI 

is 3.15 A from the nearest aH. This proposal could be tested by in-

jecting "hole s" in choline chloride (unirradiated) and dete rimine the 

effec tofhole injection on the radiolysis. although the reduction of 

radiolysis in electr~n 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 Me3~' radicals. 13 

According to him, the' CI' is trapped during y -irradiation of choline 
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chloride at liquid nitrogen tempe rature (-196") 

CI" + CI --.. CI • 2 

During thermal treatment, the chlorine attacks a neighboring choline 

cation and the sequence follows: 

. + + , 
CI" + Me

3
NCH

Z
CH

Z
OH--a HCl + Me

3
NCH

Z
CHOH 

+ " 
The radical Me

3
NCH

Z
CHOH has not been observed by anyone. 

This model also suggests that one should find el
Z 

in the products. If 

CI· are responsible for the radiolysis, then it is hard to understand 

why the propyl analog, [(CH3)3NCHZCHZCHZOH] + CC, and the ethyl 

analog, [(C
Z

H
5

) 3NCHZCHZOH] + CI-, are radiation resistant. 

+ 
The possibility that trimethylamine radical, (CH3)3N", is the 

60 
chain propagator has long been proposed in this laboratory also. As 

a consequence, 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 also accounts for either (a) the 

role of free electrons or (b) the obvious connection between the ethanol 

radicals and the radiolys is" 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 in understanding the unique solid-state 

phenomena that are occuring in ir radia ted crystalline choline chloride . 

.. 
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