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Solid-State Chemistry of Irradiated Choline Chloridel’2

Yaffa Tomkiewicz, Ramesh Agarwal, and Richard M. Lemmon |

‘Contribution from the Laboratory of Chemical Biodynamics,

Lawrencé Berkeley Laboratory, University of California,

 Berkeley, California 94720. Received

Abstract: Further details have been established concerning the radiolysis
of the a form of crystalline choline chioride . Esr studies at -196°
indicate the presence of a biradical, (CHS) 3ﬁ--(.'ﬁZCHZOH---Cl’, that dif?

fuses apart with rising temperature, and also indicate the presence of

“an ethanol monoradical. Radical-decay kinetics, radiolysis kinetics,

thermoluminescence studies, and experiments with a phc toelectron emitting .

dye all appeér to confirm an important role for detrapped electrons in

the radiolysis ‘méchahism._



-2-

Crystalline choline chloride, [(GH;);NGL,GLOH]*C1", is the most
ionizing-radiation sensitive compound known. Among thé most pertinent
facts known at the outset of the present study are that (1) the C fbr»
radical prbduction (radicals produced/100 eV abSorbed) is about 2, while
the G for radiolysis (molecules of choline chloride destroyed/100 eV)
>can be as high‘as 55,’000,3 (2)- a high-temperature polymorph (called the
“g" form) is not abnormally fadiation sensitive, (3) fhe main radiolysis
products are trimethylamine hydrochloride and acetaldehyde, (4) radiation
damage can bé deferred indefinitely by irfadiating and storing at -78°,
and (5) electron donors acceleraté the radiolysis, and electron acceptors
retard it. The known details of the radiolysis have led to proposals for
the radiolysis mechanism,?”4 but we are still unable to establish the unique
prdperty of the choline chloride's a-form (the polymorph that is so radia-
tion sensitive) that makes possible its remarkably‘efficient_chain decom-
position. | o E

The present study was undertaken to détermine the effect of cértain.
variables on the radical-decay kinetiés and ra&ioiysis kinetics of the
y-irradiated o fdrm. The variables employed were total dose, cOncentra?
tion of free electrons; and the temperature at which the radiolysis is
allowed to proceed. Because radiolysis does not proceed at low tempera-
tures, we have the opportunity to study the relationship of the radicals
created in the o form by the ionizing radiation and'thOse subsequently
participating in the chain mechanism of radiolysis; Most of the research
reported here was designed to test'ouf préviously sfated hypotheses that
detrapped electrons react with radicals to form excited species that par-

ticipate in self-propagating chains.?
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Eiperimentél Section

Our soﬁrcee of choline chloride and Brilliant Green, purification
~ procedures, method to determine extent of radiolysis, source of y rays,
"irradiation techniques, and general laboratory procedufes were recently
described.3 The electron spin resonance spectra, and changes of radical
concentrations, were determined on a Varian Model Ev3.spectrometer
equipped with a variable temperature essemblyt _Therm21 emission charac-
teristics were observed with a Harshaw Model 2000A thermoluminescence
detectof, to which we added an external temperature_programmer. All thermo-

luminescence experiments were done with a temperature rise rate of 20°/minute.

Results and Discussion

§§£_Spectra. Figure 1 shows the esr spectrum of a polycrystalline
sample of choiine chloride y-irradiated af -196° and measured at the
same temperature. Figure 2 shows the'COrresponding spectrum of an identi-
cal sample that was also irradiated at ;196°; it was then warmed to -20°,
then reeoele&‘to -196“,' It is obvious that some irreversible chahges
oecur during the warming, These changes have been_qbserved by Symbnss
who interpreted them as fefletting'the'disappearance:of ClOH radicals.
However, we believe that they are more likely explained.by the diffusing
'epart of spin-coupled radicals and by a change in the nature of the mono-
radicals'(see below). In addition, the fbrmation‘of C1OH" would depend
upon the presence of water--and we have found unchanged esr spectra
regerdless of whether our deliquescent crystals were exposed to air or
to conditions of figofous moisture exclusion. | |

In Figure'3 we have recorded the esr spectrum (at -166°) of a

y-irradiated'polycrystalline sample in the magnetic-field range
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corresponding to microwave power absorption by biradiéals Here, the
signal corresponds to a simul taneous f11p of two electron sp1ns on d1f-
ferent radicals coupled by a spin-spin interaction (AMs 2) The two
most plausible explanations for this biradical interaction appear to be
(1) "pairwise trapping'' of the two radicals formed ffomd:_he ch_oliné
chloride molecule, as indicated by the previously given rfomula,s'
(CH ) ;I CHZCH OH---C1 , or (2) an inter-radical interaction between
. two ethanol radlcals (AS we have previously reported_,3 our esr spectrum
at room temperature corresponds to that of an ethanol radical. No tri-
methylamine radicals were seen, presumably because of excess'iveb broadening
by the nine protons; however, Symons has reported that these radicals are
observed in his esr'spectra.s) We believe that the second explanation is
not correct because we have previously searched for, but found no traces
of, either 1,4- or 2,3-butanediol as products of the choline chloride
radiolysis .,7 It therefore appears that °“T_AMS=7- absorption is by an
intra—radical coupling, némely, by a biradical with the formula given
above. The existence of such "pairwise trappmg" has been frequently.
‘reported. §-13.
In géne_i_'al, the zero-field splitting parameters (D and E)14. for

paramagnetic species is given by:

2

@ « EHY2 - (3 By - scgan? V2

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

‘less proportionality constant between the electron's 'magne'tic moment and

angular momentum, B is the Bohr magneton (0.927 x le'ZO efg/gauss), and

H is the magnetic field strength. For radical pairs, E is usually ;

assumed to be approicimately zero.1?

D is related to R, the inter-radical
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distance, by'the'expression (for random orientation) D = 38g / 2R3; for
our spectrum at -196° this dlstance was found to be 6 R

The b1rad1ca1 also has an absorption in the AMS 1 (monoradical)
fegion. 'I'he ratio of biradical transition probabilities at AMc=2 and
AMS=1, réspei:tively, is (also for random orientat:i'cin):15
I,

L on®)

where Ho is the field value fof the AMS=1 transition. This ratio was
found in our case to be § x 1074, By performing déU_ble’ integration of
the measured '. AM=1 and AM=2 absbrption curves one can find the relative
weight of the monoradic.al and biradical aMg=1 transiﬁgns . The method |
is the folloﬁng: If I, is the measured intehsity of the hiradical at

| the aM =2 positvion, Il' is the intensity of the biradica.l at aMc=1 and

‘IM is the i'ﬂtenSity of the monoradical, then the value Q (= intensity of

the AMc=1 transition/intensity of the Mc=2 transition) is

o H .,
: o o I 15 042
oty Ll )
Q DR Y T,

For our case, Iy/ I, = 4, meaning that 20%' of the measure_d intensity at

| vthe AMs‘_-'l transition can be atfributed to the bi_radicél . There is a
'possiI;ility that the marked peaks in Figure 1 bel_ong v__to the biradical,
‘since the separation between them fits the calculéted zero-field split-
't1ng parameter of 140 gauss. 1> '

- Temperature effects were also observed in the AMS =1 and AMS =2 transi-

tions, An irradiated (-196°) sample was warmed at a ‘given temperature

for approximately 10 min, recooled to -166° (the lowest temperature
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attainable in ‘the variable-temperature unit), and thé spectrum recorded.

The same sample was then warmed to another annealing temperature (10 min)
and again recooled to -166° for another observation of the esr spéctrum. -
This method eliminated influences of such reversible temperature effects i
as motional narrowing and magnetic susceptibility. :

In Figure 4, curves a and b give the peak-to-_peakl heights of the
AMS=1 and 'AMS‘-’-Z t_ransitions, respectively, as a function of the annealing
temperature. The signals are decaying si;rmltaneous'ly up to about -110°.

- However, at highgr teznpefatures the biradical signal continues to show
conéiderable decay while the monoradical signal stays nearly constant.
The fact that the Mg=1 transition stays practically constant for
annealing temperatures higher than -110° indicates that the change inb

the Tegion from -130° to -110° is probably not due to a crystalline phase
'transition;‘ vif' it were we would expect successive losses in radical signal
each time we passed through that temperature range. I‘t therefore 'appe"érs
plausible to relate "the MS=1 change above -130° to a change in the néfure
of the monoradical . (bmpar‘isén of Figs. 1 and 2 clearly shows the change
in the radical spectrum upon warming (the spectrum of Fig. 2 is very
similar if the sample is warmed only to -110°). Howévér, the change is
gradual from -196° to -110° . | ' |

We Viéuaiize the radical formation as follows: The ionizing radia- ) -
tion creates at -196° a '-‘precufsor" monoradical. It is stable up to -130°
bﬁt'could not be identified because of its broad spectrum, and becausei
that spectrum overlaps the biradical aMg=1 transition. In the -130° to
-110° range the precursor radical is transformed into another monoradical

(the change maiy 'beA only conformational) that is stable up to temperatures
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where its hyﬁerfine is resolved. This radical was identified as the
ethanol radical, The CorréSPOnding decrease in the biradical signal'
as one goes through,the -130° to -110° region (see Fig. 4) is also pre-
sumed to be related to the monoradical's transformation\

The explanation for the continued decrease in thé biradical's signal
above -110°Hcéh be that the two monoradicals (Qne, the ethanol radical
discussed abo&é; the other, the trimethylamine radical discussed below)
are diffuéing"away one from each other and, therefore, the interaction
between the coupled spins decreases. In order to test the validity of
thisvexplénétion, the values of D were calculated for different annealing
temperatures (aftér cooling back, of course, to -166°). Within the limit
of our accuracy, D was found to decrease (i.e., the inter-radical dis-:
tance, R, inqreases) with an increase in the annéaling temperature.

We need to comment on;our failure to observe thé other monoradical,
whiéh would be a trhnethylamine'precursorg This failure may be due to
excessive Bfoédening by the nine protons. It mayvalso be due to a low
transitional probability for that particular radical. In addition, this
monoradical'méy disappear by interaction with the eléctrons that are depopﬁ-
lated between -40° and -10° (see next section).

These esr observatioms are in accord with the mechanism that was -
proposed earlier? to account for the radical formation in irradiated
choline chloride: Thé radiation excites the molecule, leading to a partiai
hamolysis 6f the nitrogén—to-methylene bond. The biradical's subsequent |
fission seems to.be apparent in oﬁr'températurelétudies. However, the
biradical (but not the momoradical) esr-signal completely disappears

before the chain propagation begins (See below), and there is, therefore,
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no apparent connection between the biradical formation and the choline

chloride ‘s unusual. radiatign sensitivity-.

 Thermal Buission of y-Irradiated Choline Chloride Crystals. Irradia-
tion-of'many crystals liberates electrons, some of which become localized
in traps. As soon as a high enough temperature is reached, these electrons
will be>re1easéd\ They can move in the conduction’bahd and combine with
trapped holes, a process that may result in photonvemiésion. With increasing
temberature; the emission will rise to a peak and thén_decay as the traps
are emptied. We have found'thié thermal emission for y-irradiated choline
chloride cfystais. Two pre-existing (before the irradiation) traps were
identified:. From one of them the electrons are feleased between -40° and
e 16 o |

-1 The other trap has a peak emission at about 67°; this corresponds

to an energy depth of 2 t 0.2.17

Figure 'S shows the thermal emissionlcharacteriStics of samples
irradiated for 1.25 megarads (curve a) and 15 megarads (curve b). The
higher-dose sample has, in addition to the discrete trap sets, a con-
tinuous luminescence reflecting a broad spectrum of,trép depths.

An attempt was made to determine the spectfalvrénge of the measured
thermal emissionw The determination was not very accurate since the
photomultipliér currents which are involved were of the order of 10712 amp.
By using a Kodak Wratten A-2 filter we estimated that the thermal emission
peaks were above 410 mm. This indicates that the emitting state is not
singlet since we have observed that the absorption spectrum of choline
chloride has no peak aboye 200 nm. Most probably it is a triplet since,

18

according to Brocklehurst, > hole-electron recombination gives triplet to

singlet in the approximate ratio of 3:1 consistent with multiplicity.
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) Tﬁe'Effect of Free Electrons on the Radiolysis Process. In previous
| | 19
)|

work, Briflianf Green (a photoeiectron-emitting triphenylmethane dye
'waS‘found to enhance the radiolysis.3 The technique was to add the
finely-divided dye to Y-irfadiated, finely-divided choline chloride, and
then to illuminate the mixture. Because strong illumination (a G.E. A-H6,
high—pressure:mercury‘arc) was used, it was possible that heat, rather
than phogoelectrons, caused the incfeased radiolysis. However, exposure
of finely-divided mixtures of y-irradiated choline chloride-non-y-irradiated
Brilliant Green (1:1 by weight) to different rates of A-H6 illuminations
(same total number of photons) gave the same amounts of radiolysis. Evi-
dently, heat plays no role in the Brilliant-Green enhanced radiolysis.
In the abéence of the dye the origin of the free electrons is probabl}
thenmally-depbpulating traps. |

From ouf thermolumineécence results we conclude that the shallow
traps are at least as populated as the deep traps. However, the rédiolysis
is negligib1e in the temperature range where the shall ow traps are depopu-
_'lated.4 A véfy possible explanation is that at these low temperatures,
radical—eleétron intéractions are much less probable than hole-electron
interactibns;l But if this is the case;'by,releasing the electrons frbm
the shallow traps at high enough temperatures, one can enable them to
Vparticipate in the radiolysis process. Again, frbm thermoluminescence
-datalwe know that sudden (about 15 sec) heating of a sample from -80° to
50° releases electrons from the shallow traps even at 50°, while slow
heating already depopulates the shallow traps at about 0°. Therefore,
we gave different thermal treatments to two samples of v-irradiated choline

chloride, ;Oné sample was warmed from liquid nitrogen temperature to 0°,
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Rept at thi§'témperature for 15 min, then warmed up to.50° and kept at
this'temperathre for 15 min; The second sample was warmed up suddenly
from liquid nitrogen to 50°. In the first case the shallow trapé will
depopulate before the radiolysis can take place, while in the second
case they could'participaté in the radiolysis. We found the results of
the radiolyses to be identical for both samples. It is therefore evident
that electrons from the shallow traps are not'participating in the
rad101y51s

The Effect of Free Electrons on the Radical Decay A y-irradiated

sample was mixed with Brilliant Green (1:1 by weight).. The mixture was
placéd in the esr cavity and the ethanol radical decay kinetics were iﬁvésti-
. gated as a function of illumination in the visible fegion (Corning 3-69

and 1-69 filters) of a 450-watt xenon arc. In both the illuminated and
non-illuminated samples the temperature was maintainéd at 12°. With the
lamp at a distance.of 15 cm from the sample (as close to the cavity as
p0551b1e, and’ w1th optlmal focussing) the illumination increased the
'rad1cal~decay rate by a factor of Z.S.. Wé attribute the enhanced radlcal
decay in the presence of the illuminated Brilliant.Green to reaction of

the radicals with the electrons donated by the dye.

Additighal evidence was obtained for the partiCipation of electrons
in the radical decay. We sfudied the ethanol radical decay kinetics for
two sémples--one'was irradiated with 1.25 megarads and the second was |
irradiated with 15 megarads, The decay of the radical signal in the
sample irradiated with the higher dose was found to be faster than the
decay in the sample irradiated with the lower dose even after the con-

centration of the radicals at the "higher dose', was lower than the
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| coﬁcentration- of the rédi‘.cals at the "lower dose'. Simultaneous studies
of the thermal eﬁissions-of thébsamples irradiated with 15- and 1.2- mega-
rad doses showed that the'free-electron concentration is greater in the
higher-dose sample than in the lower-dose sample, even after the concen-
‘trations of the radicals become equél in both of the samples. Therefore,
it seems plausible that the enhanced radical decay in the high-dose sample,
even after the "crossihg point" of radical concentrations, is due to the
excess of free electrons in that sample.

We also,oBserved the temperature dependence of‘the ethanol radical
kinetics. Tﬁe radical decay was found to be extremely slow, as-ié the
radiolysis, for témperatures below 10°. Since we know from thenmal-emission
~data that eléctrons are released below 10° iﬁ appéars‘(hs surmised above)
that the radicals are nof reactiné'with them because radical-electron |
interactions are less probable at the low temperatures than hole-electron
interactions. Another explanation for the lack of reaction with the ethanol
radicals Wbﬁld be a preferential reaction with the trimethylamine radicals.

The'ethahol radica® decay does nbt fit.eithér first- or second-order
kinetics.v However, all features of these kinetics can be explained on the
basis of electron-radical interactions. The decrease of the slope of the
logarithm of the radical concentration as a function of time (at a given
temperature) can be explained by a decrease of the free electron concen-
tration due to a lowering of the population in traps. The higher initial
slope, and its more‘pfonounced decrease at higher temperatures can also
be explained By-faster thermal depopulation of thé'traps.zo

- ‘Influence of the Dose on the Irradiated Samples. In previous work

we found that the radical concentration increased almost linearly with
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dose up tq a total of 23.7 me.gau'ads.4 We perfbrmed similar studi;es with
regard to "lche elec.:tron- concentration uéing thermal emission as the tool.
We found that 't}‘ie ratio of themél emissions of samples irradiated with
15 megarads and 1.25 megarads is about 2, while the ratio of the re‘spective
radical concentrations is about 12. A possible explanaf:ion for this obser-
vation is that the number of electrons liberated by the high dose is
indeed proportionately higher than the number liberated by the lower dose;
however, since the mmber of the available traps is small, the traps are
'saturated and the excess of electrons is losf..

Effect of dose and temperature on radiolysis kinetics. 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 po‘st-irradia_tion storage this is true, but for ionger times this does
not seelﬁ to be the case. At room temperature (whefe ‘the effect is most
clear), the radiolysis ocourring during 7 days (= -10;080 hr) storage is
less for a 15-megarad sample than for a 1.25-megarad sample (Figure 6)
At 50° (see Figure 7), the 1.25-megarad sample will probably give Ea higher
final radiolysis than the 5- and 15-megarad samples (the latter have |
.‘reached the. "'saturation radiolysis":" of about 13-16%, while the 1.25-
megarad sample's radiolysis is still increasing). We believe that the
explanation for a greater final radiolysis in a sample that received

less radiation is the following: In samples that have received as high |
as 15 megarads we have observed as much as 0.3% radio‘lfs_is, even at .-196°.
Chmmatographic analyses of the products formed undef these conditions

showedv that they were not the usual ones ('trimethylarhine hydrochloride
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and acetaldehyde). Such unusual produéts may be résponsible for the
diminished :adiolysis.

However, as the data of Figure 7 show, the post-irradiation treat-
ment at 71° haé brought about an expected faster aftainment of the "satura-
tion" radioleis but at a lower value (around 10%) tdmpared to the usual
values of 13-16%. The réason is probably the occurrence of other radical
- and electrbn‘reactions that may not contribute to the radiolysis; éxamples
would be-rédical-radical interactions (such as dimeriia;ion and dispropor-
tionation) and the capture of electrons by holes. These processes will
have different activation energies, and one or more of'them may become
more impbrfant at a higher tem?erature (such as 71°). This high-temperature
saturation-radiolysis behavior was confirmed by heating samples at five
- different temperatures between 50° and 75° for 100 min, the time at which
all samples éhould reach saturation fadiolySis. The'results, which are
shown in TaBlé_I, show clearly that the radiolysis dqes indeed decrease
with.increasé.in temperature. » _

It,may:be'of great significance fhat at 74° the £adiolysis has only
reached about 9%. In the B-fonn, the form whiﬁh'is radiation stable and
exists at temperatures above 80°, the radiolysis was found to be negligible.
We héye lohg suggested that the o and g forms differ_ih some respéct (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 af 80° the processes discussed above are so
important that the radiolysis does not take place regardless of which

crystalline form (a or B) is present.
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Table I. Dependence of Choline Chloride Radiolysis on Dose -

and Post-Irradiation Temperature

Temp. (for 100 min) Dose (megarad) % Radiolysis
51° 5 1246
10 i 13.0
63° 5 o 12.2
10 o 12.6
67° | s | 12.0
10 12.1
71° | 5 0 10.2
10 10.1
74° 5 | 8.7

10 93

e

——

‘Proposed radiolysic mechanism. The data we now havevon radical and

| free-electron involvement in the radioleis is consistent with the fol-
lowing mechanism: | _
@ @iy JNOLAL0H 4 [ (CHy) {RCH,CH,OH] * —> (QH) -+ CH,CH,OH
(2) «CH,CH,0H + e —> T[:CH,CH,0H*]" ‘
(3) [:GLOH,0H%]7 +  (Qdg) (NCH,CH,OH

. e ¥ (CH)RH + :CH,GH,0H%]
(42) (QGHp) 4N« + [:GL,CH,0H] — (ms)sﬁmzmzon + e
(4b) (aH) N + [:QLCL0HY) " —> (Q;) N1 + CHyCHO + e
Overall reaction: (Qiy) 3f\’ICHZCHZOH. —> (Gl SNH + CH,GHO
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Reaction.(l) shows the formation of thevobserved_biradical from an
electronically-excited choline cafion (for simplicity the.CI- ions have
been omittéd).. Reaction (2) indicates the reaction of a detrapped elec-
tron with the ethanol monoradical, after or accompénYing the diffusing-
apért of the Siradical. The resultant excited anion would be the chain
propagatof, as shoWn in reaction (3) .- Reactions (4a) and (4b) are both
possible ternﬁnation.reactions;b The first reforms.a choline cation; the

second forms the two stable products. Both seem equally possible.

Summary

| This work has added to our knowledge of the radicals that appear
in y-irradiatéd choline chloride, and has added further evidence of the
important role of free electrons in the radiolysis mechanism. The
irradiated crystalline compound hﬁs been shown to exhibit the following
characteristics: ' :

1. The changes with temperature of the esr spectra appear to reflect
a diffusing apért of an initially-fonmed (CHS)Sﬁ-~CHéCH20H~--C1— biradical.
At -196° tﬁe‘distanCe between the coupled spins is.ab0ut 6 R.

2. Thermolumiﬁescencé observations have shoWﬁ the release of
trapped elecfrons frdm two principal trap depths, and have also shown
that higher dbses of radiation create larger numbers of_trapped elec-
trons in tﬁe crystals.‘ Thejelectrbns released from the lower tempera-
“ture (10werven¢rgy) trap appear to play no part in the radiolysis.

3. It was confirmed that the photoelectron-emitting dye, Brilliant
Green, enhances the radidlysisj it also speeds the rate of radical decay.

4. The radiﬁal decay rate is extremely slow below 10°, ahd, at

a given temperature;'this rate diminishes with time. The reduced rate
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appears to be a result»‘o.f a diminishing availability of free (detrapped)

electrons. _
5. 'I‘h_e decay of radical signals in high-dose samples can continue
to be faster than that'in a-’lqw-dose sample even after a point of equal
radical cohceﬁtrations- is reached. Themnolmr_xinescence observations ha\fe
shown that, at thisv.'v'cross,-bver" point, the hi‘gher_-do‘se sa}nples étill

have available a higher»l concentration of trapped electrons.
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Figure 1. Esr spectrum of polyérystall’ine choline chloride - irradiated

at -196°, spéétr_um at -196°. .
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Figure 2. Esr spectrum of polycrystalline choline chloride - irradiated

at -196°, warmed to -20°, and spectrum recorded at -196°.
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Figure 3. The biradical esr absorption (at -166°) cpn'esponding to the

AMc=2 transition.



INTENSITY

-22-

90 |-

60 |-

30

o - : + : + : : '
—430 - -uo ~100 ~60 -20

TEMPERATURE, °C

XBL 726-4671 A

Figure 4, a).Esr intensity of monoradical at ;166° in choline chloride
(irradiated at -196°) as a function of annealing temperature. b) Esr
intensity of biradical at -166° invcholine chloridev(irradiated at -196°)
as a function of aﬁnealing temperature. c) The rétio of intensities of
biradical and monoradical in ﬁholine chloride (irrédiated at -196°j1at
various femperatﬁres. d) The same ratio at -166° after the sample is.

recooled from various annealing temperatures.
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Figure 5. Thermal emission of choline chlofide samples irradiated with

(a) 1.25 megafad§ and (b) 15 megarads of 'y-rays.
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Figure 6. Choline chloride radiolysis kinetics at 22.5° as a function

of total radiation dose.
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Figure 7. Radiolysis kinetics of choline chloride (50° and 71°) at
different total doses. o, 4, @: 1.25, 5.0, and 1.5.‘0'Mrad, respectively,

at 50°. e, A, ®: 1.251, 5.0, and 15.0 Mrad respec'tively, at 71°.
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