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Choline radiolysis. Molecular motions, H-atom irradiations, and 

radiation sensitivity. 

v. Petrouleas, Amar Nath, a) and R. M. Lerrm::>n 

laboratory of Chemical Biodynamics, lawrence Berkeley laboratory, 

University of california, Berkeley, CA 94720. 

(Received ) 

The organic salt choline chloride exists in two crystalline poly-

. morphs. One (ex form), which is present at ambient temperature, 

is extraordinarily sensitive to ionizing radiation. We other 

(~form), which exists above 78°C, is radiation stable. '!he 

present work shows that radiation sensitivity increases rapidly 

above 25°C, but reaches a maxiinurn around 65°, well below the 

a-to-S crystal phase transition. ''!his behavior is correlated with 

the onset of various rotational motions that are indicated by 

recent NMR studies. We have also found. that H atom irradiations 

of theB form, and of the radiation stable choline iodide, produce 

as much decomposition as in the ex form, a result that is in accord 

with previously published theories of the mechanism 6f the a form's 

unique radiolysis. 

INTRODUCTION 

In our continuing studies of the unique solid state radiation sensitivity 

. of the biologically important salt choline chloride, we present here new 

evidence that sheds light on the differences between the radiation-sensitive 

and the radiation-nb~l" forms or' analogs. The general formula of the 

compounds studied is [(CH3)3NCH2CH2OH]+X- (X ~ Cl, Br, I). Concerning these, 

and a large number of analogs studied in the past, only choline chloride 

a)Permanent address: Department of Chemistry, Drexel University, 
Philadelphia, PA 19104. 
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and bromide exhibit the unusual radiation sensitivity and then only in one 

of two crystal forms. A large number of studies, nostof them carried out 

in this laboratory, has established several features of the radiolysis 

mechanism. A tentative radiation-induced chain reaction has been proposed 

(see Ref. I and citations therein). In general, however, the reason for 

the extreme radiation sensitivity of the above canpounds is not yet under

stood. Nor is it understood why only the choline chloride and bromide, 

among a number of closely related homologs, exhibit the unusual radiation 

sensitivity. Before proceeding with some recent results, we \\QuId like to 

summarize the general features of the above radiation sensitivity, which 

we will constantly refer to in the subsequent discussion: 

a) The radiation decomposition occurs only in the crystalline 

form. The main radiolysis products are (CH3) 3NHCI and 

CH3CHO. 

b) The radiation sensitivity is temperature dependent. It is 

normal at temperatures below about ooC. As a result of a 

crystallographic phase transition at ~78° for choline and 

~9°C for choline bromide, the radiation sensitivity drops to 

normal levels at the higher temperatures. COnventionally, the 

radiation-sensitive phase (below the transition) is called a, 

and the radiation-stable one (above the transition) is called 

the f3 phase. 

c) There is a large decrease of the radiation sensitivity in the 

closely related halide salts. Choline bromide exhibits at room 

temperature half the radiation sensitivity of the choline 

chloride, while choline iodide is radiation-normal. 

d) The radiolysis under ionizing radiation proceeds through 

a chain reaction that propagates even after the irradjation 
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stops. The radiation damage can also be deferred indefinitely 

at low temperature, and the chain decanposition can be induced 

later by raising the temperature. 

e) According to our nodel proposed earlier, 1 electrons are trapped 

by crystal defects during irradiation,forming multiple-depth 

electron donors. The trapped electrons are released by subse

quent thermal activationlO,ll and interact with ethanol radicals 

giving chain-initiating excited ethanol anions. These anions 

decompose to give hydrogen atoms and acetaldehyde. The hydro-

gen atan propagates the chain. The sequence of events are: 

.CH
2

CH
2

OH + e - (detrapped)-[ :CH
2

CH
2
OH*]- + trap (1) 

* - .-[:CH
2

CH
2

OH ] -CH
3

CHO + H· + e (2) . 

H· + (CH3) 3NcH2CH2OH-(CH3) 3fm. + CH3CHO + H· (3) 

In this report we present in Section I a study of the temperature 

dependence of the radiation sensitivity that indicates a connection between 

the radiation sensitivity and the rotational properties of the choline 

molecule. In Section II we present results indicating that H atan irradia-

tions induced equal radiolysis in both the a and the 8 phases of choline 

chloride, as well as in the radiation-stable analog choline iodide. 

I. TEMPERA'IURE DEPENDENCE OF 'nIE RADIATION SENSITIVITY 

The properties listed above indicate that the radiation sensitivity 

is a solid stateeffect~ Factors that may contribute to the radiation 

sensitivity are the crystal structure,· the bond character and length, 

the distribution qf the electronic charge, and the dynamic properties 

and related charge exchanges between the various rroleeules in the crystal. 

Crystallographic data are So far available only for choline chloride. 

In the a phase the chloride is orthorhombic, space group P212121, with four 
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nolecules per unit cell. 2 
An unusual feature of this structure~estion-

able, thOugh, because x-ray induced radiation damage--is a long ~2 
0_0 

bond of IV1.56 A as well as a very weak CE ••• CI bond of 3.07 A. In an 

effort to locates~le crystallographic differences between the ~ and 

8 phase that might explain the difference· in their radiation sensitivity, 

we have undertaken recently a study of the crystal structure of the 8 phase. 3 

'!he results have shown that the 8 choline chloride is cubic with the N and 

CI spanning a ·NaCI-like structure. However, the rest of the rrolecule 

undergoes an isotropic reorientation around the nitrogen that prevents 

the extraction of any detailed information on the bond lengths of interest. 

In subsequent high-resolution 13C and 2H solid state NMR studies 

of selectively. enriched samples we found that the isotropic reorientation 

sets in, at least partially, well below the a to 8 transition. 4 A study 

of the temperature variation of the radiation sensitivity of choline 

chloride indicated that the radiation sensitivity starts decreasing shortly 

before the phase transition. 5 '!he reported temperature stability is, however, 

not accurate enough to establish an unambiguous parallelism with the early-

occurring re6rientation mechanism. 

Tb establish a possible correspondence between the temperature de

pendence of the NMR line-narrowing effects and the radiation sensitivity 

of the above salts we have performed Y irradiation studies over the tempera-

range fran'V-50 0 to and above the phase transitions. In these measurements 

particular emphasis was placed on the temperature accuracy and stability 

at the points of rapid changes in radiation sensitivity. The samples 

were in the form of fine PJWder placed in thin pyrex tubes. '!he size of 

each sample was approximately 2.5 nm diam. ,IV 7 nm length. Fbur tubes 

could be placed at a time inside a larger pyrex tube containing an oil 

heating bath. The latter was heated through a resistance wire evenly 



distributed around the surface of the large tube. '!he tube plus heater was 

placed inside a specially designed dewar that could be lowered into the 

. center of a 3000 curie 60eosource. 'Ihemeasuring therIroCOUp1e (Cu-COO) 

was placed inside one of the four. thin tubes. Measurements of the tempera-

ture inside the thin tube and the oil. bath showed no significant difference. 

The transition point of choline chloride with this thermocouple was de

tenmined to be 78° + 1°C. Finally, temperatures below ambient were achieved 

by replacing the oil bath with precooled isoproy1 alcohol. '!he radiation 
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sensitivity varies very slowly in this region and, therefore, the temperature 

stability was not critical. After each irradiation the samples were immedi-

ate1y dissolved in 020 or perdeutero-dimethy1su1foxide (CD3)2SO, for the 

subsequent decanposition detenmination by NMR. 

'lhe decanposition percentage was detenmined by COITq?aring the areas of 

the NMR peaks corresponding to the methyl protons of the choline ion and 
". "' 

those of the decomposition product trimethylamine hydrochloride, respectively. 

This method was tested by using known mixtures of the above compounds. 

The two peaks of interest are very well resolved through the use of the 220 

or 270 MH spectrometers of our laboratory. In addition, the Fourier Ttans
z 

form technique can be used to detect trimethylamine concentrations in 

choline chloride even lower than 0.1%. Furthenrore, this method is very 

fast as compared to the time required with the previously-used paper chroma

tographic tehcnique for detenmining theanount of radio1ysis. 6 

TWo series of irradiation measurements were accomplished. In the 

first, a set of three samples (one each of choline chloride, bromide, and 

iodide) was irradiated at each temperature. The radiation dose was 3.2 

Mrad (30 min. irradiation time). In the second series, at each temperature 

a set of three samples of choline chloride was irradiated so that variations 

due to d::>se and probable temperature gradients could be checked. 'Ihe 



radiation. dose was 1.6 Mrad, delivered over 15 min. (Lower doses give 

sanewhat sharper temperature vs. decanpositioncurves because of a lessened 

saturation-radioly~is effect. l ). In Fig. 1 we present the decanposition 

percentages for the chloride and the bromide as a function of temperature. 

The decomposition rates for choline iodide were vanishing small (much less 

than 0.1%) through the -50° to 180° C range (the iodide und~rgoes two phase 

transitions, one at 'V9Soe and the other at'V163°e7). The temperature 

variation durlng the irradiation interval was less than ± 0.5 deg. for the 

measurement above sooe. The variation for the measurements below sooe was 
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of the order of + 4 deg. or less. This uncertainty is, however, not iJTIIX)rtant 

in view of the slow variation of radiation sensitivity in the latter tempera

ture range~ Vertical bars, where shown, indicate the spread of the data 

fran the first and second series, the latter being approximately scaled 

to the radiation dose used. 

A common feature of the two curves in Fig. 1 is that the radiation 

sensitivity increases rather rapidly above roan temperature and reaches 

a maximum at about 10-15 deg. below the ex. to S transition. Then it decreases, 

starting around 10 deg. below the respective transition, but exhibiting a 

broader temperature range than the actual phase transition. 7 The latter 

occurs when the radiation sensitivity has already dropped considerably 

below its maximum value. '!he double arrows in the figure mark the 

spread in the starting point of the phase transitions. As was mentioned 

above, the transition point of one of the present choline chloride samples 

(all the present samples were obtained from the same bulk material) was 

determined to be 78° + 1°C. The decrease in sensitivity before the transi-

tion cannot be attributed to the sample being partly at temperatures above 

the transition and partly below it because of the homogeneous heating 

through the oil bath, the small size of the sample, and its close packing. 

In addition, if we disregard for a moment the above argument, the thermal 



gradients should be varying anong the three samples irradiated simultane

ously. Owing to the hundredfold difference in radiation sensitivity before 

andimnediatley after the transition, this would induce large variations 

in their decomposition percentages. However, the spread in the the deo::mp:>

sition rates for the three choline samples at 73°C in the second series 

was only 4 ± 1% Unit of the average value, which can be accounted for 

totally h¥ irradiation dose inhomogeneities and errors in the peak area 

estimation. 

It is obvious from the above arguments that the radiation sensitivity 

starts decreasing several degrees below the crystallographic transition. 

'!his behavior is parallel to the gradual onset of a reorientation process, 

evidence h¥ the NMR measurements,4 which becomes completely isotropic 

above the transition temperature. 8,9 '!he way this isotropic reorientation 

affects the maxima of radiation decomposition could be as follows: It 

has been proposed that the radiolysis in the a-form is initiated by the 

interaction of de trapped electrons with ethanol radicals. l ,9 It was also 

suggested that the conductivity in the B-form is protonic, in contrast 

to the electronic conductivity of the a_form. l ,9 '!he proton migration 

in the B-form was attributed to the onset of general molecular reorienta-

8 tion. '!he protons can react with ethanol radicals and thereby arrest 

ch . t· 9 au t 13c NMR· t· t· h th t th t· aln propaga lon. r recen lnves 19a lons s ow a e mo lon 

leading to the isotropic reorientation starts gradually and clearly below 

the phase transitions of choline chloride and bromide. 4 Since the protons 

start competing with detrapped electrons for ethanol radicals, one would 

expect the maxima for radiation decomposition as a function of temperature 

to occur below the phase transition (Fig. 1). 

'!he general shape of the curves in Fig. 1 may be determined by the 

concentration of free (non-trapped) electrons, and the chain length. 
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'!be latter would depend on the ooncentration of the accumulated reaction· 

products, especially acetaldehyde, and on the internal notions of the 

nolecule. '!bereare oonsiderable C
3 

notions of the methyls and of the 

N Me
3 

group about the C
3
l axis just below ooC. 'ltle chain does not propa

gate and therefore little decomposition occurs much below O°C, even if an 

. external source of electrons such as the photodonor Brilliant Green is 

used. 9 It is oonceivable that the rotational notions of the choline ion 

facilities interaction with the H atom and thereby makes the chain propaga

tion nore efficient at higher temperatures. 

II. HYDR(x;:EN IRRADIATIONS 

It has been proposed (see abov~} that the chain decanposi tion reaction 

in Y-irradiated choline chloride and bromide is initiated by e- and ethanol 
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radicals, which canbine to produce an excited anion that, in turn, decomposes 

to acetaldehyde and H atoms. l In addition, hydrogen atom irradiations of 

choline chloride have produced a substantial decanposition. l It has been 

proposed, therefore, that H atoms are the chain propagating species during 

radiation decomposition. l Along these lines it has been thought that 

fairly substantial susceptibility to H-atom attack of the radiation stable 

analogs would imply that the latter fail to produce the chain initiation 

species under irradiation (see reaction (3) 'above). 

We report here the results of H-irradiation of choline chloride, 

in both its Ct and B form, as well as of choline iodide. '!he apparatus 

that was used for the H irradiation has been described earlier. l In brief, 

it consists of a microwave cavity operating at 2450 MHz (microwave generator 

power: 1000 watts) generating a plasma in a stream of hydrogen gas flowing 

continuously at a pressure of 0.3-0.5 Tbrr. Care was taken to separate 

the effects of the hydrogen atoms form that of ultraviolet light by using 

a light trap. In addition, a heater wire was wound around the part of 



the glass tube containing the sample. The temperature of the sample was 

determined with the aid of a CU-oonstantin thermocouple at the sample 

position. The availability of attacking H atoms at the sample position 

was verified by recording the familiar 2-line EPR signal of malonic acid 

irradiated for about I hr.12 The irradiation time of the choline samples 

ranged between 5 and 8 hr. The decat1IX>sition percentage was determined 

as above by NMR peak area measurements of the product trimethylamine and 

the undeoompoSed choline. The results were as follows: 

A sample of choline chloride irradiated at room temperature underwent 

a 0.3% decomposition. The extent of the decomposition is fairly large 

if one takes into account the small penetrating power of H atoms, which 

results in irradiation of only the surface of the sample. In a subsequent 

experiment, a sample of choline iodide was H-irradiated under the same 

conditions. The decomposition was ~0.4%, which under the experimental 

uncertainties (sample size, hydrogen atom flux, etc.) should be considered 

of the same magnitude as that for the choline chloride. Finally, samples 

of choline chloride were irradiated at temperatures above the a-to-S phase 

transition (IOOO-ISOOC). In the original two experiments the chloride 

was kept at lSOoC during the irradiation. At the end, in addition to 

the bulk material at the specimen place, a white sublimated product appeared 

at the cooler parts of the glass tube. The NMR spectrum of the bulk material 

dissolved in D20 gave in both cases the familiar choline lines without 

any indication of decomposition products. However, the NMR spectrum of 

the sublimated material consisted of a single line in addition to the 

usual hydroxyl proton line of the small H20 ilnpurity in D20. This line 

appeared at the position of the trimethylamine line. It is difficult 

to think of any other reasonable deocmposition product (except trimethyl-

amine hydrochloride) which would give an NMR line at the sarr.e position. 
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In addition, Me3NHCl is known to sublime aboVe 80°C under vaCUlDn, and this 

has been routinely observed in our drying of" quantities of this oanpound. 

It is reasonable, therefore, to assign the sublimated product to Me3NHCl. 

No quantitative determination of this product was attempted. However, 

it appeared that the decomposition in the B phase was larger than that 

in the a phase. This is easily understood as due to the higher-temperature 

removal of the decomposition products from the surface (the other product, 

acetaldehyde, is very volatile) and the subsequent exposure of undecomposed 

material to the H atoms. The reaction products may act as chain terminators. 

Tb verify that the sublimating product is indeed due to the irradiation, 

and not to thermal decomposition, of the choline chloride, we repeated 

the above experiments twice at lOO°C (still above the phase transition). 

In addition, the samples were kept at the exact conditions of the experiment 

for a period extending up to ~l7h before the microwave generator was 

turned on. No sublimation product appeared during that period of time. 

However, the product sublimation started as soon as the H atom plasma 

was initiated (the temperature remained constant). 

The above results show clearly that the radiation-stable choline 

iodide and the S phase of the chloride show, under H-atom attack, the 

same susceptibility as the radiation sensitive a form of choline chloride. 

The decomposition percentages are too large to be accounted for by simple 

H atom abstraction, and a chain mechanism has to be assumed. This result, 

combined with the fact that H atoms are considered as the chain propagators 

in the Y-radiolysisof the a-choline chloride, indicates that the y-radiation 

stable analogs (at least the choline iodide and S-choline chloride) fail 

to produce the chain initiating species, namely, electrons and/or ethanol 

radicals. (EPR studies of the irradiated iodide show that the radicals 

formed are not ethanol radicals, and they appear incapable of producing 
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H atans.) On the other hand, the radiation stability of the f3 form is 

probably due (as discussed in Sec~I) to radical-proton recanbinations. 

It is interesting that the choline ion is sensitive to H atom attack under 

vastly varying crystallographic conditions. 

~. 
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development of the NMR technique for the determination of choline radiolysis. 
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