'LBL-2128

SOLID-STATE CHEMISTRY OF IRRADIATED
CHOLINE CHLORIDE

Rameshwar D. Agarwal
(Ph. D. Thesis)

August 1973

Prepared for the U. S. Atomic Energy Commission
under Contract W-7405-ENG-48

e ™
For Reference

Not to be taken from this room

N _J

c.l

821¢-191



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



SOLID-STATE CHEMISTRY OF IRRADIATED CHOLINE

ABSTRACT

-il-

Table of Contents

ACKNOWLEDGEMENTS

I GENERAL INTRODUCTION AND RE VIEW

II. ELECTRON SPIN RESONANCE STUDIES OF
Y-IRRADIATED CRYSTALLINE CHOLINE
CHLORIDE ANS SOME OF ITS ANALOGS

Experimental

Results and Discussion

A. Choline Chloride
'B. Choline Analogs
Conclusion

III. THE ROLE OF FREE ELECTRONS IN THE RADIOLYSIS

OF CHOLINE CHLORIDE

Experimental

Results and Discussion

A.

«a

o

H.

Q. m m Y 0w

Thermoluminescence

Prior Thermal Treatment

Electron Accepting Gases

Effect of Doping with Potassium Iodide
Solid Electron Acceptors and Donors

Phototransfer of Electrons

- Crystal Size

Effect of Thermal Electrons

Conclusion

CHLORIDE

Page
iv

vi

11
24

35

36

37

44
46
48
49
49
50
53
54.

55



IV.

VI.

VII.

-iii-
FURTHER INVESTIGATIONS INVOLVING
RADICALS AND ELECTRONS
A. Effect of Free Electrons on the Radical Decay

B. Saturation Radiolysis Phenomenon

C. Effect of Dose and Temperature on Radiolysis
Kinetics

D. Effect of Temperature on the Radiolysis of
Choline Bromide

E. Kinetics of Radiolysis at Room Temperéture
F. Quantitative Radical Decay and Radiolysis Kinetics

G. Absorption Properties of y-irradiated
Choline Chloride o

H. Photochemical Transformation of Ethanol
Radicals in Irradiated Choline Chloride

ELECTRICAL CONDUCTIVITY AND INFRARED STUDIES
OF CHOLINE CHLORIDE AND ITS ANALOGS

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

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

PROPOSED RADIOLYSIS MECHANISM AND
FUTURE INVESTIGATIONS

REFERENCES

Page

56
57

61

65

71
72

74

76

76

84
85
100

103

115

124

134

*Y

<&



e

S

o

—iva-
ACKNOWLEDGEMENTS

I wish to take this opportunity to express my gratitude to Profes-
sor MelVin.Calvip for his constant interest, constructive criticism,
and encourégement. .

This work-would not have been possible without the continuous
advice and guidance of Dr. Richard M. Lemmon. I have enjoyed my
close associatioﬁs with him throughout the period of this work and
learned a great deai.from him about scientific a.nd nonscientific life.

I will always cherish the memories 6f these few wonderful years with
him.

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

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

I am also thankful to Professor Alan M. Portis, Drs. Roberto
Bogom’olni.vV. Subramanyan, Hashim A. Makada, and Miss Lucy |
Marton for their help and fruitful discu:s sions.

I express my thanks to the entire staff of the Laboratory of
Chemicél Biodynamics, in particular to Messrs. Bili Hart, Wally
Erwin, Mike Press, Bill McAllis_ter, Dick O'Bfién,‘ and Mrs. Johanna

Onffroy, for their help.



There are many othe'rs, who have contrib'ﬁtéd, in different forms,
to wardé the cdmple.tion of this work. It is »1_'1ar.d...t.o> name ther.n‘ speci-
fically, buf I do ext‘end my thanks to La_ll of th'err_l‘.,"‘ |

This .work was sup_portedf -in part by the U S _A'tomi‘c Energy

Commission.

A%



e

-Vvi -

SOLID-STATE CHEMISTRY OF IRRADIATED CHOLINE CHLORIDE

Rameshwar D. Agarwal -

" Lawrence Berkeley Lab'orator‘y
University of California
Berkeley, California

August 1973

ABSTRACT

The remarkable and unique sensitivity of crystalline choline
chloride to_wards ionizing radiation has been further investigated. ESR

. A _ +
studies at -196° indicate the presence of a biradical, (CH3)3N' .

'CHZCHZOH ---- Cl7, that diffuses apart with rising terhperature.

These studies also indicate the presence of an eth‘a_‘n'ol monoradical.
Thermoluminescence studies indicate that during y-irradiation electrons
get trapped on crystal imperfections. Theée eleétrbns are released
upon warming above room temperature. It has also been found that

(1) the radiolysis can be induced atl low temperature by trénsferring

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 i_r;adiation
leads to diﬁlini_shéd radiolysis; '.(6). large, slowly grown crystals are
more resistarllt'tO radiolysis than are niicrocrystallites; (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 radiolysis; (9) the radiolysis can be énhanced 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 o
bromide are the only analogs that give ethanol radical upon irradiation.
This coupled with the fact that_these are the onlyvcémpounds which are
abnormally radiation sensitive suggest that ethanol radicals are neces-
sary for the chain mechanisrn. This is further "cqxifirmed by photore;
duction of et'hano_vl radicals at temperatures wheré'the chain does not"
propagaté, and the éubsequent diminished radiolysis. Exposure to .
atomic hydrogen produces a large decomposition of choline chioride..
T’hese observations indicate that (a) radicals are formed and electrons
are trapped up@n irradiation and (b) during the subsequent thermal - _
treatment, the detrapped electrons interact with ethanol radicals to
‘form hydrqgen atoms, which propagate the chain decompbsition. A
mechanism to explain these observations is proposed. |

- We have also made dc and microwave conductivity measurements.
Our results suggest that electrons are the chafge carriers in the a-form,
while protons are probably the carriers in the p-form. Itis prop'osed _
that the protonic conductivity may be responsible for the radiation-
resistant nature of the B-form. The infrared studies support the
phase transformation in choline chloride and further indicate that

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



CHAPTER I

GENERAL INTRODUCTION AND REVIEW



Compounds labeled with radioactive nuclei érevektensively used in
both physical and biological studies. In 1953 it was suggested by
Tolbert gz_gl;} that such compounds should be checked for radiopurity
prior to use, as they may undergo self—radiolyéié to an appreciable
extent upoh storage. A striking example is choline chloride,
[(CHS)SNCHZCHZOH]+C1'. This compound was synthesized with a 140 1abel
in a methyl group, with a specific activity of 13'u¢/mg. After it had
been stored for only nine months, at room temperatﬁre, it was found to

4

‘be 63% decomposed by the B-rays from the 1 C. That the compound is

extraordinarilyvsensitive to ionizing radiation was later confirmed

by the irradiation of the unlabeled compound by 6OCo y-rays. The main
products were found to be trimethylamine and acetaldehyde. Quantita-
tively this self-irradiation sensitivity was giveh~by G(4W) = 500 (the
‘ G(-M) is defined as the number of molecules decomposed per 100 eV of
energy absdrbed). The_normal range of G(—M) for non-vinyl compounds
(which are susceptible to radiation-induced polymerization) ranges
from 0.1 to 20.2 In fact, with respéct to simple molecular decomposi-
tion, choline chloride is the.most radiation Seﬁsitive compound known.
Under certain conditions of irradiation the G(;Mj can‘be as high as

55,000.>

Since choline chloride is thermally stable at temperatures.
up to about 200°, a minimum'aétivation energy of the order of l.b ev .
for thermal 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.



The free radicals that are formed upon irradiation of choline
chloride were investigated by Lindblom gg.gl;é A tentative structure
was assigned to the radical as H2C1CH20H. 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 assignmeht. A'chain.decompdéition mechanism was
proposed, which required the observed radical to be in the form of a
stabilized radical rather.than the chain propégating species.

In an effort to find structural features that could be related
to the anomalous radiation sensitivity of choline chloride,"Lemmon
gg'gl;.investigated the radiation sensitivity of nineteen different
analogs of choline chloride.4 Although a wide séleétion of different
anions was tried and the methyl and ethanol groups were replaced with
a wide variety of similar and differing groups,-ohly the choline
bromide showed an interesting sensitivity. Its G(4W) Qas about one-
third that of choline chloride} Choline fluoride was noﬁ tried as it
decomposes very quickiy at room temperature (1-2 days), and is
extremely deliquescent. '

It was also reported in the same paper that the radiolysis can
be deferred indefinitely at -196°. . At room temperature the half life
of fadioleis is about 4 hours. It was also found that the radiation
sensitivity of choiine chldride is observed only in the crystal}ine
form. Lémmon.gz_glL‘reported Gi-M) = 3 in solutions ofrvarying con-
Centrations (10 mg/ml to 400 mg/ml) in water‘an'd,ethanol.4
Serlin reported that fhe radiolySisiof crystalline choline

chloride is dependent on temperaturé.s.'He obtained_an increasing



G(-ND 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°, whérein the choline chloride went from an orthorhombic to a
disordered face centered cubic crystal form.6 They found that the
density of the high temperature polymorph (B-form) is about 10% lower
than that of the <78°, radiation-sensitive crystals (referred to now
as the o-form). They irradiated choline chloride at temperatures from

30° to 90°; values increased up to about 73° and dropped markedly

G-
between 73° and 80°.

The crystal structure studiés were extended by Senko and Tenmﬂeton7

8

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

bond length and angles that the nitrogen-methylene éarbon bond (where
the cleavage takes place during radiolysis) is unusually longer than
normal, and that there is hydrogen bonding between the oxygen and
chloride. |

14

Lemmon and Smith used ~'C and deuterium labeling to study the

4

radiolysis mechanism of choline chloride.9 The 1 C radioactivity

was found in the trimethylamine product when they started with methyl

14C-labeled choline chloride, while it was entirely in the aldehydic

14C—labeled.choline chloride

carbon of acetaldehyde when O-methylene
was used. They inferred that the carbinol group of the ethanol
moiety becomes the éldehyde 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 acétaldehyde obtained

as the decomposition pfoduct from selectively deuterated choline

Ly



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

In a search for the radical termination mechanism, Smith and
Lemmon reported that the possibility of radical termination by the
dimerizatign to a butanediol or disproportionation‘to ethanol is very

10 - Under conditions of irradiation where one would expect sub-

small.
stantiallchain términations to occur, they found négligible amounts
~of butanediols and ethanol. Based on their results they suggested
thét the chain propagating radical terminates by reaction with
another radical (pdssibly'(CHs)Sﬁ-) that propagates into its vicihity.
Ackerman and Lemmon cbntinued’work to make a detailed product
inventdry of the products formed upon radiolysis of crystalline

choline chloride.l}

At least 95% of the products were accounted for
R by trimethylamine and acetaldehyde.. Among the minof products were
HZ’ approximately 2.7%; CH4, approx. 2.3%; CH3C1, approx. 0.2%;
polymers ahd C12, <i%. It was inferred that trimethylamine and
acetaidehyde are the resuli of chain decompositioh, while the minor
producté come from ordinary,_random, radidlytic processes.

The extreme radiation sensitivity of crystalline choline chloride,

which is dependent on its crystal form, and the véry simple radiolysis

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



mechanisms in crystals. Choline and its derivatives are very impor?
tant biological components (for example, inlthe transmission of nerve
impulses). If one were to assume precise, though as yet unknown,
alignments of choline molecules 1in nerve synapses, one can speculate
that our studies of energy transmission in choline crystals may

sameday be understood to be of importance to biology.

fed

‘v
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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 repoz;ted by Lemmon et al. that free rédicals are formed
upon the e - or y-irradiation of choline chloridé,,4 Lindblom, Lem -
mon and Calvin extended the studies to assign a structure to the radicals
form'ed. > The ESR spectrum obtained was not well resolved at -196°
and, therefére, all their results were obtained at room temperature. -
It was also suggested that these radicals participéte in the chain mecha-
nism resulting in fhe radiolysis of choline chlor_‘;d_e. However, other
analogs, with the exception of choline bromide, are radiation resistant.
In order to investigate the role of radicals formed upon y-irradiation
in the radiolysis mechanism, we have extended theéé studies of choline
chloride to a temperature range from -196° to 100° and also to some of

its analogs in the same temperature range.

Experimental

Choline chloride was purchased from J. T. Baker and Company.
It was dissolved in 96% ethanol and converted to choline hydroxide,

[(cH NCHZCHZOH]+OH-, in a darkened flask (to avoid light exposure)

3)3
- by the addition of a slight excess of AgZO. After being thoroughly
agitated, the solution was filtered through a very fine sintered glass
funnel protécted by a layer of celite. It is difficult to remove the last
traces of the AgCl that is formed; it is also difficult tb remove all of
the AgZO. Therefore, to remove these last traces the filtrate is Y
shaken with activated charcoal and rgfiltered through another very finé

sintered glass funnel. The filtrate is now conve;‘t.ed to choline‘ bro-
CH,OH]'Br”, choline iodide [('CH3)3NCH2CHZOH]+I',

mide, l(CH3)3NCH2

and choline sulfate, [(CH3)3NCH 'CHZOH]Z”-SO 4 =, by the addition of the

2
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equivalent'.ainounts of HBr, HI, and -HZSO4. - The éolution is then
evapofated.to'dryness in a rotary evéporator at _i'Obhﬁ temperature,
giving polycrystalline choline bromide, choline iodid_e, and choline
sﬁlf'at_e. The propyl analog, [(CH3)3NCH2CH2CHZQH]+Cl', chloro

analog, [(CH,);NCH,CH,C1]7Cl”, and the ethyl analog,

_[(C2'H5)3NCH2CHZOH]'+C1-, were prepared éarlier in this laboratory. 4

The choline choride and these analogs were purified by triple crystalli-
zation oxvit‘_of ethanol solution by slow evaporation. r.I‘he purified com- |
pounds were redissolved in Iabso.lute ethanol in a dry box aﬁd precipitat-
ed by the addiﬁoh of tenfold excess of precooled (-78°) anhydrous
diethyl ethei_‘. The .p'recipitated material was w‘ashed with cold ether
and dried on a vacuum line. The dried pure compounds were stored

ina dry box. The material thus obtained was of very small particle

‘size and will be called polycrystalline_heréafte r. - The compound's

purity was ascertained by the quantitative elemental analysis; the C,

H, a.n_d N analyses were always within 0.2% of the calculated values.

| The storage and handling of these compounds ina dry box is necessi-

tated by the fact that they are all extremely hygroscopic.
Approximately 50 mg of each of the sampleé were filled in ESR

signal-free quartz tubes, obtained from Varian Associates, and fused

. to standard 14/35 quartz vacuum joints, "The tubes were then attached

td a vacuum line via a '"cow'' (capable of attaching six tubes at a time),
and thevsampl'e's were dried for 1 hour at 100° under a pressure of
10-4 torr. The small am(_)unts_:o_f'sample stiéking. to the side of the
tube wa's removed by heatiné 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 tul‘)es were theh irradiated at -196" in a dewar by a
3000 curie 6OCo y-ray source for 1 hour. The 6lvOCo y-ra.yl source
consisted of a fotaing stage surrounded by sixteé_n concentric Co
rods. To éssure maximum uniformity the sample fubes were arrang-
ed concentx;ically in the dewar by a tube holder. >-,The_dose was calcu-
léted fronvn‘the exposufe'time and the dose rate. The latter had pre-
viously been determined by FeSO4 dosimetry. 2 The ciose 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 y-rays and the large doées. The signals from these centers
were eliminated in the following way. The upper cleaned end of the
irradiated tube was heated to about 400° while cooling the lower end,
containing tﬁe sample, with liquid nitroéen at -196‘-5; thus annealing
the signal from the upper end. Then the tubes wefé inverted (still in
liquid nitr;agen), transferring all the sample to tﬁe annealed end. In
this way the ESR signal recorded was due only to the sample.

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

varied using a variable temperature assembly associated with the spec-

trometer.
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"Results and D‘iscussion'

A. Choline Chloride

It has been generally assumed that t_vhe radié’al created. in the
sample during the y;irradiation_at -196° and the one observed at room
te?np_e,ratﬁre are idéntical_, the only différence being :the loss, vat the
low temp‘e_ravture,A of the mofio.nal narrowing of the EVI>SR specti’um. If
~ this is true, then the ESR spectrurﬁ of a sampié irradiated at -196°
'shouldv be similar to the bhe_which is irradiated at -196°, warmed to
| some higher temperature, andthen cooled to -'19.6"' ;.(th'e :mofional_nar-
rowiﬁg ié rever.sible)., Figure 1 shows the ES.R“s'p:ectrurvn of a pbly-_
crystalline sample of choline chloridé y-irradia_tediat -196° and re-
-corded at the same fempefature (no warm up). Figure 2 shows the
'COrrespondihg__spectrum of an identical sample virrédiated af -196° R
v _war'n:1ed t o‘ -20°, and then recooled to -1_96". It is obvious that some
- i,rrev.e'rsible c'ha._mge.s.occur during the Warmihg; for instance, the
-éhoulders indicated b:y the arrows in Figure 1 havé_completely disap-
peared. These changes have been fec,ently observed by Symons, »
who interpreted them as.ref-lecting the disappearaﬁc‘e of - ClIOH radicals.
que.vei‘, we believe that they are more likeiy e‘xblained by the diffus-
ing apart of: spin-céﬁpl’ed radicals and by a change in the nature of the
monoradica_1§. ‘In ;ddition, the formation of . ClOHf radicals would
. depend ﬁpon the présence of water, but we ha\}e fdﬁhd unchanged ESR.
| spéctﬁra fegardless of whéther our deliqu.ésceht cry.gtavls were exppséd
to_atrnosp‘he‘r'.ev or to ’cvoncvlitic)ns of rigorous m.o‘is%tﬁrebexclusion _(24

hours evacuation at < 10—7 torr pressur'e at 100°). Futhermore,
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3100 - 3200 : 3300 3400 3500
' 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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XBL 726-4674

Fi gure 2. The ESR spectrum'o'f y-irradiated choline chlo'ride:y irradiated
~at -196°, warmed to -20°, and spectrum recorded at -196°

~after recooling.

tn
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Symons found that his signal dur to - CIOH~ ‘radi"c'a.lvs disappeared upon
warming to -163°. The shoulders in our spectrurri did not decay com-
pletely up to aboﬁt -40° (see below). The - Clz- ‘radical signal re-
ported by Symons, and. found by us also, does indeed decay at about

- -110°, However, it.is possible that a small paf; of the shoulders may
alslo.be due to - CIOH radicals.

In Figure 3 we havg recorded the ESR specfrum (at -166°) of a
y-irradiated polycrystalline sémple in magnetic fiéld range corfespond-
ing to microwave power absorption by biradical_s.._'.. _'Here'the, signal |
corresponds to a simultaneous flip of two electron spins on different
radicals coupled by a spin-spin interaction ( AMS =2). 14 .The' two
most plausible explanations for this inte'ractionl appear to be (1) "pair -
wise trappihg" of the two radicals formed from the ¢holine chloride
molecule, as indicated by the previously given formula, 3 (CH3)3N+ ..
CHZCHZOH --=Cl7, or (2) an inferradicél 'interéction between two
ethanol radicals. We believe that the secohd explanation is not probable,
because Srﬁ_ith and Lemmon10 had searched for, but found only insigni-
ficant amounts of, either 1, 4- or £, 3-butanediol as products of the
choline chl.oridev' radiolysis. If the biradical was HO-CHZ.-HZCH
CH, -CH,OH, then its "dimerization'' reaction would be expected to
give either or both of the butanediols. It therefore apbears that our
AMS =2 ébsorption is by an intraradical coupling,- :namely, by a bi-
radical with the formula given above. No triméfhylamine radicals
were seen, presumably"because of excessive bréad'ening by the nine

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

ported that these radicals are observed in his ESR spectrum of

3 g
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L 1 | | | | |
1550 - 1600 : 1650 1700
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XBL729-4740

Figure 3. The biradical ESR spectrum in y-irradiated choline chloride at -166° corresponding

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

trapping" has been frequently reported. 15-20
In general, the zero-field splitting parameters (D and E)21 for

paramagnétic species are given by
2 2.1/2 (hv) 211/2

g8(D% + 3EH)1/2 - 3 5(epm)2]1/2
where hv is the energy of the absorbed microwa{'ve_s; g is the dimen-
sionless proportionality constant between the electron's magnetic
moment and angular momentum, P is the Bohr magneton (0.927X 10-20
erg/G), and H is the magnetic field at which the biradical is observed.
For radical pairs, E is usually assumed to be approximately zero.

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)

D - 3pg/2R>

For our spectrum at-196°, this distance was found to be approxi-
mately 6 1& | |

The biradical also hgs an absorption in the_' AMS = 1 (monoradical)
region. The ratio of the biradical transition prbbabilities at AMS =2
and AMS = 1, respectively, is given by (also for random orientatidn)zz

22 D 2

= -é— (
I, - 15 'H,

where H is the field value for the AM_ = 1 transition. This ratio is
found to be -5 X 10—4, in our case (D being 140 G). By performing

double integration of the measured AMS =1 and AMS = 2 ESR

(7.4



‘field splitting parameter of 140 G.°
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derivative ¢urves one can find the relative weight ,ovf_ the monoradical
and biradical AMs": 1 transitions. The method is the following. If

I, is the measured intensity of the biradical at the AM_ = 2 position,

2

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

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

intensity of the AMS = 1 transition) is

- 4 D 2 ' -
g-—2 _hmtEm)y M _s Do
Lty It I, 15Q 'H,' -
For our case Q = 10 , which gives T = 4, meaning that 20% of the
. ) _ 1 - »

measured intensity at the AMS = 1 transition can be attributed to the

" biradical. r‘Thus, the marked peaks in Figure 1 may belo‘ng to the

biradical, since the 'vseparation between them fits the calculated zero-
2

Temperature effects were also observed in the AMS = 1 and
AMS = 2. transitions. An irradiated (160°) sample was warmed at a
given temperature for approximately 10 min., recooled to -166° (the

lowest temp’eféture attainable in the variable termmperature assembly),

and the spectrum recorded. The S_ame sample was the_n warmed to another

annealing temperature (10 min. ) andagain recooledto -166° for another re-

. dording of the ESR spectrum. This way wé elimivnat'_ed influencés of such rever-

sible temperature effects as motional narrowing and magnetic susceptibility.
In Figure 4, curves (a) and (b) give the infensity in arbitrary
units (peak to peak height) of the AMS =1 and .AMS = 2 transitions,

respectively, as a function of the annealing temperature. The signals
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J I T 1 '-:I L
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60~ o .
30 =
ol L L1 L [
- 180 - 140 -100 -60 = =20
Temperature (°C) |
XBL737-3399
Figure 4. (a) ESR intensity of the_monoradica] at -166° in

y-irradiated choline chloride (irradiated at -196°) as

a function of annealing temperature; (b) ESR intensity

- of the biradical at -166° in choline chloride

(irradiated_at -196°) as a function of annealing tem-

perature.
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decay simultaneously up to about -110°, However, at higher tempera-
tures the_f)ifadical signal continues to show consi_ci'e_table dekcay while
the fnoporadical signal stays almost constant, fh-e fact that the AMS =1
transition signél stays pra;:tically constant for a_nnea;ling temperatures
higher than -110° indicates that the change in the ‘revgion -130° to -110°
is probably not due to a crystalline phase tra'nsitidh; if it were, we
w0uld.expe¢t succ_:essive losses in radical signal eavch time we passed
thfdugh.that temperature rangé. It, therefore, appears plausible to
relate the AMS’ = 4 change from -130° to -110° to a change in the nature
~ of the thonoradical. | 'Comparison of Figures 1 and 2 clearly shows the
change 1n the rédical épectrum upon warming (the spectrum of Figure
._2 is no diffefent if the“ sample 1s warmed only to -110° before the re-
cooling to -196°); hdwever,' there are gradual changés from -196° to
-130“..' | |

| We visualize the radical formation as foll_ows:‘ The ionizing
' radiation creates at -'1_96" a "precursor' monoradical. It is essent-
ially stéble up to -130° but could not be identified bécause of its broad
speétrum.'and because ‘that spectrum overlaps the biradical AMS =1
transition. In the -130° to -110° range the pre‘cursor radical is trans-
formed into another monoradicai (thé changé may be only conformational)
that is stable up to. tefnperatures (about 0°) whére. its hyperfine is re-
solved. This radical was identified z;s fhe ethanol radical. The cor-
responding decr'ease‘v‘in the bifadical signé.l as one gbes through the
-130° to -110° region is also preéumed 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 interéction 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°). Wivthin the limit of our
accuracy; D was found to deczfease with an increase in the annealing
temperature. This implies that the interradical distance R increases.

We have also plotted in Figure 5 (a) the ;atio R (= peak to peak
height of the AMS = 2 transition/peak to peak'heighf of the AMS =1
transition) at various énnealing temperatures (no cooling> back to -166°),
Figure 5 (b) gives the same ratio after the sample has been recooled
from the annealing temperatdre back to -166° (élaculated from Figure
4). The difference between the Q values clearly indicates that the
biradical interaction is ternperatufe dependent. |

We need to comment on our failure to observe trimethylamine
radical. This failure may be due fo a'low transition probability of this
radical. In'addition, this monoradical rﬁay dis"appear by interaction
with the trapped elecfrons that ére depopulated below -10° (see next
chépter). :

The ESR observations are in accord with the mechanism that
was proposed carlier’ to account for the radical formation in irradiate 5
choline chloride: The radiation excites the molecule, leading to a
partial homolysis of the nitrogen to methylene bond. The biradical's
subsequenf fission seems to be apparent in our temperature studies.

The biradical disappears upon warming before the chanin propagation
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Figufe 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 erm various annea]ing

temperatures.
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begins, while the monoradical participates in the chain radiolysis.
\

Much of the foregoing observations concerning the biradicalﬂ in irradiated
choline chloride have been published. 23

In order to shed more light on the radical which participates in _ -
the radiolysis process, room fernpe.rature studies were made of y- .
‘irradiated single crystals of choline chl.ori.de., ‘The spectrum obtained
at room temperature (c-axis perpendicular to the stétic magnetic
field) is a quintet with intensity ratios of 1:2:2:2:1, Figure 6 (a). At
‘certain érientations the main lines of the quintet exhibit an additional
doublet splittihg with a 1:1 intensity ratio, Figure 6 (b). The splitting
of the quintet lines is féund to be 12 G while the doublet splitting of the
main lines is 4 G. -Si.rnilar’observations were also reported by Finger-
man and Lemmon. This type of spectrum corr.esponds 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 sele'ct.ively'deuterated choline chlorides, ‘that the N-methylene
‘has‘ less of a barrier to rotation than the O-methylene. 25 In addition,
the ESR _spéctrum of N-methylené deuterated choline chloride obtained
by Lindblom et al. 3 may be considered as a four-line spectrum rather
than a three -liné. - Two unequivalent protons would indeed give a four-

line spectra. Therefore, our single crystal work and Lindblom's re-

2

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-methylené 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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Figure 6. Curves a and b correspond to the ESR spectra of a
' | y-irradiated cholinevchloride single crystal at two
differént orientations of the a-b axis with respect
to the static maéneticlfield (c axi§ is perpendicular

to the static magnetic field). 'Spectra recorded at 23°.
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happe;n if the unpaii'ed electron is closer-to one éf the protons belonging"
to O-methylene g__roup.k. The rotating. N-mé'thylene group protons would
have equal interactions,

Although the ethanol radical is essentially stable up to 0°, Vit‘
starts deca&iﬁg with increasing terﬁperatures. 'At*room temperaturev
'the ~half li.fe. is. approxirﬁately 4 hours; at 50° approximately 4.5 min, ,
af 70° a’pp_foximételly' 1 min., and the signal disappéars ihstantaneohsly
at about 80°, where the phase transition takes ’pla_ce.v The spectrum. of
the -radicalrat 5 is well resolved and is shown in Fi.gu're- 7. The nature
of the spe~ctr_um remains 'uhchanged for wide variations in irradiation
doges and also if ’fhe radical dec\ays by a hundredfold. Power-satura-
‘tion experiments al.so showed th-at all the lihes.were saturated to the
same e‘xtelnt° These observations iilldicate that the .ESR sp_/ectrum cor-

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

radical.‘

B. Choline Analogs

N

The ESR studies of choline analogs weré carrivéd out sirﬁilarly'
to the»SfudieI:s of» choline chloride. .The‘v samp'les were y-irradiated at
- -196° ,and_th.e spectra also recorded at -196_°.. They were then aﬁnealed
~at some higher temperatufe for 5 min., cooled back to -160° ‘and the "
spectra recorded. Since the spectré wére' betterb I;esol.ved at 5°, the.
sampl.evs were reqooled oniy to 5°, from the higher (than 5.") annealing
.temperatux;e_s, to record the spectra. in these étudies ‘the main goal
_waé to compare the radicals fdfmed in these analégs, and the-t'empera-"
tur_é effects on them, with the radicals formed in choline chloride. .’
The results of thes'e studies, in the"main, are the foilowirig. .The\few '

:
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Figure 7. The ESR spectrum of polycrystalline choline chloride: “irradiated at -196°,-warmed

to 5°, and spectrum recorded at 5°.

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

teristics.

' | +. -
(1) Choline bromide, [(CH3)3NCH2CHZOH] Br~ . The ESR

spectrum. of y-irradiated choline bromide at -196° is shown in Figure

~ 8a. Thé hyperfine splitting (marked by arrow) at low magnetic field
may be due to Brz_- or Br- radi‘calé, The hyperfine splitting decays
upor; sample warming and disappears completely at -60° in 5 min.
There is alsé a small signal due to biradicals (beyc;nd the magnetic
field range of the spectrum shown). The spectral characteristics
change ‘slley by annealing the sample for 5 min. at temperatures up
to 5° (Figure 8b and 8c). . Although not shown in Figﬁre 8, the general
_decay is small .in the temperature range -160° to ;9Q°_. "The decay
between -90° and 25° is faster than that of the radical in choline chloride
and above 25° is slower than in the chloride. The signal disappea.rs
instantane;)usly at 100° (probably due to a phase transition).. The
nature of the radical also changes by annealing atv;a'bout 80° (Figure
8dv). The spectrum recorded at 5°" (Figure 8e) is similar to that ob -
faine_d with choline chloride (C_f: Figﬁre 7). | | |

(2) Choline iodide, [(CH3)3NCH,CH,OH]'I".  The ESR spectrum

of y-irradialited 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 I, disappearing
at -140°. There is no. detectable biradical signal. " The ﬁature of the
radical seems to change by annealing the sample up to -90°, above
which £he signal remains unchanged (Figures 9b én_d_‘?c). 'However,

it decays slowly up to'-10° and above room temperature decays very
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The ESR spectra of y-irradiated polycrystalline choline

bromide:

(a) irradiated at -196°, spectrum at -196°;

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

-196°;

(d) annealed at 80°, spectrum at 5°; (e) annealed

at 5°, spectrum at 5°.
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Figure 9. The ESR spectra of y-irradiated polycrystalline choline
iodide: (a) irradiated at -196°, spectrum at -196°;

(b) spectrum at -160°; (c) annealed at -90°, spectrum at
-160°; (d) annealed at 5°, spectrum at 5°.
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'fast, disappearing at 50° within 5 min, The specti‘um recorded at 5°
(Figure 9d) has no similarities to the ethanol radical in choline chloride.

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

spectvrum of y-irradiafed choline sulfate is shown in Figure 10a. The
small side bands disappear upon annealing at —11'.0"., The biradical
signal at -196° also disappears at -160°. The centfal part of the spec-
trum does not change significantly upoh annéaling at témpe ratures up to
25°, aﬁd the .decay is also small. HoWéver, annealing above 25° bbrings
in substantial décay and change in the nature of the radical. ‘ The trans- |

forr'n;ed vradical is stable'even at 100° (Figures 10b, 10c and 10d).

(4) Chloro analog, [(CH3)3NCH2CH2C1]+.C1-. The spectrum of

| the chloro analog recorded at -196° is shown in Figure 11a. The low
intensity side bands continue to ciecay, but disappear only at an anneal-
ing temperature of —30". Theré isv no biradical signal. The Spe_cv:t,ral‘
characteristics change quite sigdificantly by anneavling up to -90° »
(Figures 11bbandv 14c). However, the signal continues to devcay above
~90° and disap?ears completely by annealing for 5 min. at 40°. The
épectrum recorded at 5" has no similarities to the radical in choliné

chloride (Figure 11d).

(5) Propyl analog, [(CH3)3NCH,CH,CH,OH] Cl". The ESR
spectrum of .y'-irradiated propyl aﬁalog at -196° is shown in Figure 12a.
There is very small biradical signal decaYing at -160° completely.

The spectral characteﬁstics change ver&r significantly upon_énnealing
at -160° and -1'30“ (figurg 12b). Above -130° the signal decays
‘slo'wly up té fhe anneaiing temperatu.re Qf -30°. va-oVe this tem}ﬁera-

ture it starts decaying faster, but slower compared to the ethanol
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Figure 10. The ESR spectra of y- 1rrad1ated polycrystalline choline
, sulfate: (a) irradiated at -196°, spectrum at -196°;

(b) annea]ed at 5°, spectrum at 5°; (c) annealed at 50°,
spectrum at 5°; (d) annealed at 100°, spectrum at 5°.
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Figure 11. The ESR spectra of y-irradiated polycrystaTlige chloro
analog of choline chloride, [(CH3)3NCH CH2C1] C1-:
. (a) irradiated at -196°, spectrum at —%96 ; (b) spec-
trum at -160°; (c) annealed at -90°, spectrum at -160°;
(d) annealed at 5°, spectrum at 5°. :
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The ESR spectra of y-irradiated polycrystalline propyl
analog, [(CH3)3NCH,CH CHZOH]+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 5° is simii_ar to the one dat -160°. However,
annealing above room terﬁperature changes the characteristic spectrum
again (Figuré 12c).' The signal continues to decayb but is still present:

at 100° after heating for 5 min. The spectrum vaftejr annealing at 80° |

for 5 min. is shown in Fig.ure 1v2d,

]+

(6) Ethyl analog, [(C2H5)3NCH2CHZOH Cl°. The ESR spec-

trum of ethyl analog at -196° is as shown in Figure 13a. There are
two véry We-ék sidé bands at magnetic field values of 3040, and 3080 G.
These disappé.ar upon annealing at -160°, but a new broad peak is

found at H = 2975 G.  This peak is stable up to -90°, decaying above
that, and disappears _ét -30°. There is biradical signal decaying at
-160°. The main radical shows some decay anci change in spectral
features by annealing ﬁp to -30° (Figure 13b). Above -30° the radical
decays \./ery fast up to 5°. The spectrum recordéd at 5° is shown in
Figure 13c. Above 5° the signal seems to buil.d.-up to 50°, a.r.x.d shows
some changes (Figdfé 13d), .above which it decays ar;d transforms into-

‘a different radical which decays only slowly even at 100° (Figure 13e).
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’The ESR spectra of y—1rradlated polycrystalline ethyl

(a) irradiation at -196°,

analog, [(C,Hg)3NCH CH 20H]"C
?98 annea]ed at -30°, spectrum at -160°

spectrum at

(c) annealed at- 5°, spectrum at 5°; (d) annealed at 50°,

spectrum at 5°; (e) annealed at 1009, spectrum at 5°.
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Eonclusion )

Ffo_m the results of the electron spin resoha;xce studies, 1t ap-
"pears that the radical fort;ned upon y—irradiétion of choline bromidg is
also the same ethanol radical as in chbline chlori»dé (at least above 5°).
’I‘he ,small differ,énces may be due to 'differentvmat«\r'ic,es in the two aha-
logs (Br~ anion in place of Cl17). Ho.v've.ver,‘ the fadicals formed in
the rest of the analo.gs are not ebt_:hanol radicéLS,'v This'is veryv interesting,

because choline chloride and choline bromide are the only choline:

analogs which are radiation sensitive. Therefore; it can be safely
proposed that ethanol radicals are essential for the radiolysis of y-
irradiated cholines and that they are the ones which participate in the

chain mechanism.
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CHAPTER III

 THE ROLE OF FREE ELECTRONS IN THE
' RADIOLYSIS OF CHOLINE CHLORIDE
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It has been reported earlier that the radiélyéis of choline v_c.hloride
will nottake place if the irradiation (and subsequent storage) \is done
at -1969; 4 ‘The radioleis devélops gradually over several hours at
:rodm tefnperature and much fa.ster at higher teméefatures (but below
78°). At 78°,. cholihe chloride undergoesv crys'ta'i phasé' tr'_a:nsfo.rmation
from an o-form (orthorhombic) to a B-form (facé—centered cubic) and
the radiolysis ratev‘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 (6‘r other reacﬁve species)
61‘ for the reiease of trapped electrons. Thr trapping of electrons in
solid organic compoﬁnds upon irrédiatioﬁ is a Common ph-enomerion. 26
Itl is proBable that electrons are trapped during irradiation, either on
pre-existing crystal defects or ones created during irfadiation. We
have found eividence for such electrons in y-irradiated choline chlori&e,
Such elec_troﬁs would be reieased_upon warming. of the .sample. In
order to in:vestigate a possible involvement of detf;alpped electrons in.
trigg-ering a chain decomposition, we have observed the éffeéts (on the
.a-f.orm's radiblysis) of prior thermal treatmen,‘t,‘ of added electron
accepting ambients, of phqtoelectron transfers, of c_liffefent crystal

sizes, and of free thermal electrons.

' Experimental

Thermoluminescence. = The instrument used'_for the sthdy of

thermoluminescence was a Harshaw Thermoluminescence Analyzer

(Model _2‘000).,‘ In its original form, the heating rate was .very. fast
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(about 1_50°/_rrﬁn.) and non-linear; in addif_ion, f.he tvemperature readihgs
were‘ inéor’rect. There_zfore, an extei‘nal temperature programmer

was assembled in this laboratory, in w’hi\(ch the rate of heating was
ljnear and also variable from slow to high rates (7.5° to__iZO“’/min., ).

It alsé rﬁade possible steady—stape temperature studies. The.:v sample
could be hea-ted quickly to any preaetermined temperature, and then s

. left at fhat t_emperattire for kinetic studies. 'I.‘evmpera.ture calibrations
were made with compounds of known melting'point.s,' All tberrﬁolumines—
cence .experiments were done with a temperature_rise rate of 20° /min.
The instrument's photomultiplier tu;be h'és a S-.i‘i. response (300;640 nm).

Choline chloride purification. = For the exp‘e_riments involving

determination of _theg:ite'nt of radiolysis we used the methy1—14c-la-
beled choline chloride. It was obtained., in ethaﬁoi solution with a
épecific activity of 3.8 fnCi/mr;dol, from the New England Nuclear Co.
The labe‘led'corhpound was diluted with ordinary vcho.line. chlo’ride to
bring' it to a Copvenient specific acfivity of 140 pCi/mmol. The solu-
tionv was converted to the bas.év form by adding a slight excess of

Ag,O (to avoid photolysié of the silver salt and choline base, the flask

2
was covered with a black cloth); the filtrate Was then evaporated to
dryness in a rotary evaporator. This procedure helped to remove
mosf of the t_rirnethylamine hydrochloride present as r;dioimpurity in
the original choline chloride. The residue was. r'e'd_i.s solved in _96%
.ethanol; to this solution was added slightly mé're than 1 equivalent of
12 N hydrocﬁloric acid. | This was used as a stock solution and, for

each experiment, an aliquot was withdrawn, evaporated to dryness, and

the residue was dissolved in the minimum amount of absolute alcohol.
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Thve _latter was mixed with a la.rge excess (1:10) o_f. cold (-78°) diethyl
efher to give é pre;ipitate of finely divided polycrystalline choline )
chloride. To prépétre largeb crystals of choline v'chlor.'ide (‘2~3 mm
along the d—axil:), L_the solution was allowed to e_vépora\te slowly. To
n.rlinimiz.e self-'radic;lysis, theiprecipitation or crystallization was éar-
ried out ohly‘a few hours before use. In all samples there was a fesid-
ual \0.1—0..3% of radibimpurity —— mostly trimethylamine hydrochloride
,kTMA). " This resulted princ;paliy from 'self—radiiolysis éf the‘materialv
'du"ring handling at room temperaturé, For experiments where radio-
vlly.s'is was ndt to be determined we used ordinary choline chloride. /

Unless 6therwise_ specified, irradiations were carried out 1n :
éeéléd, évac_'uated tubes, for 1 hour,' at -196°, in the-6OCo y-ray source
at a dose rate of approximately 3 Mrads/hour.

The anaines fbr amounfs of decomposition were accomplished by
unidirectio_nal .p‘aper éhromatogra_ph’y followed by autoradiography a}nd
liquid scint.illation counting. An approximately 45 : )‘. éliquot out of the
1 ml solution of choline chloride \in'rnethanol, vcontai.ning' 1 mg TMA
carrier and acidified with cqncentratéd HCIl, is ééotted on Whafman
#1 paper; this is chromatographed for 48 hours with a solution qf
>n-BuOH-‘12N 'HCI-HZO (8:'1:1). ' The paper is then allowed to _dry over-

'night in the chromatogréphy box to evaporate all of the solvent. The
dried pap‘er‘ is left_on X-i'ay phqtb graphic film 'fo} 60 hours; the film
~is then deve’léped. ' TWO well-separated radioaéii?e spots are obéerved:.
u;ndecomposedvcholine. chloride and the trimethylamine (TMA) radio-
lysis product. | Thes.e‘are traced “;ith carbon paper from'bthe film onto

‘the papér,- and cut acéordingly; The pieces of paper are immersed
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sepa-tately in 18 ml of liquid scintillator (tolueﬁevco_r.ltaining éPO‘ and
POPCP) and the ,14C activity c'oiunted. The perce_nt of formation of
TMA is 'taEen as equivalent to’the percent of deeomposition. The pro-
cedure desr'cribed abeVe has developed into this form after several modi-
fications since it was used in the early obserxfatibns"of the rad\iolysis
of choline chloride in 1953, |

Ae reported eatrlier', the eholine ehloritd‘e radiolysis‘takes several
hours at room temperatuvr,e. '; Therefore_,.to speet’i it'up;, we have used
heating at 50° for 2 hours as post-irradietion treatment. Under these
conditions choline chloride's radidlys’is does not go be‘Yond about 12%.
Possible explanation for thie "'_satux;a_tion"' of ratliolysie exje given in the -

next chapter.

Elffe(':t of prior thermal treatment. A few milligrams of choline -

rhethylgi4.C’ chloride were seaied inte Pyrex tubes e.ftef the tubes | and
.co'n\tent.s had been dried at 100° and 10‘-(4 torr for 1 hour. After the
4sealing,' some of the tubes were givén no furthet thermal treatment;
others were heated at 70, 100, or 1:50 for varymg perlode of time.

‘ All tubes were then sub_]ected to 3 Mrads of Y- rays in a 6OC’o source.
The post-irradiation treatment g.anlbted of keeplr_xg the tubes at -78°-
' (co'ntr.ol); or heating at 50"2 _forreither Zo/er 120 min. |

Effects of added electron—accepting gases The effects of the

four electron-accepting gases, 02_, 6’ N o, and IZ’ on the a- form s
radiolysis were deterrmivned as follows. . Very finely divided (to tnaxi-
,mize surface area)- choline-methyl‘-i‘lc chloride was prepared by the
rnethod of rapxd precipitation from absolute ethanol solut1on on the
addition of a large excess of cold dry ethyl ether. Patrs of samples_

were sealed in tubes under vacuum, or under 700 torr of OZ’ SF6, or.
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,N20° In the case of the IZ’ the choline was exposed to the vapors
(<1 torr) for a few minutes before the tube was s'ea_.led. The samples
Qv"ere then irradiated as u_sual; Post-irradiation treatments consisted

- of heatihg at 50° for 20 or 120 min.

Effect of doping with potassium iodide. Potassium iodide was

dissolved in MeOH and the solution was injected_onto a mass of cho-
line chloride bcrystals under condi'tions where the‘ methanol rapidly evap-
orated béfore any more than a \./'ery small fraction of the choline dis-
solved." The resultant mixture was 1.0% (by weight) KI and 99% cho-
line chl_oridé. ~ It was then transferred into irradia_tidn tubes, dried at

100° _for'_2 hours, and irradiated as usual.

Effects of added solid electron acceptdré. and dénofg, Samples
i Qvf'labe_led.scholine. chloride were miked, before ifradiation, with ten
| ‘ tﬁi;r.nes by weight of the electrbn,acceptor, o-chloranil ‘(Aldri’clz Chemical
" Co.), or the electron donér_, the triphenylmé_thane dye lBrilliz.mt vGreen
_(Matheson, Coleman, and Bell). Experiments were also performed
1n which the o-chloranil and Brilliant Green wel;e badded to the choline
chloride after, rather than before, the irradiation. .

Phototransfer of electrons. Samples of ﬁn’éiy divided, y-irradiat-

ed choliﬁé chloride were mixed with ba'pproximately: equal weights of
powdered Brilliant Green, cadmium sulfide, or chlorpromaz ihe (Smith, v
Kiéin and French Labs), and a small Arﬁbunt of'fhe mixture was sand-
wiched, iﬁ a glove box, between a brasé and a quarti disc. The brass
"disc contained a cylindrical groove of 0.01 inch a_nd va. ho..lje"‘in'the side to
Y‘embed a Chromel-Alumel thermocouple. | The éandwiched -samples

were mounted in a chamber, with a quartz window, through which cold



-42 -

nitrogen could be passed. Different temperatures \:avere obtained by.
varying the fl_ow rate of the nitrogen. The cell §vas illuminated fof
4 hours with light from a 1000-watt, GE vModel AH-6, high pressure
mercury lamp. The distance from lampvto saﬁ’mplé was about 18 cm.
The la.mp has emission only above 200 nm. Ex’perimen‘ts were also
carriéd out with unirradiated choline chloride-Brilliant Green mixtures.
Longer time illuminétion, different intensities of illumination (by inter-
position of neutral densit)‘r'filters), and visible Iight‘ illumination (by
interposition of Corning 1-69 filter) were also_don'é., Brilliant Green
and cadmium‘sulfide have absdrptions in the vis.ﬂ.)le,,while Vchlorpro—‘
maiine has absorption _only in fhe_ultraviolet. |

,14C labeled choline bromide was prepared as’ réported before,
except that the ‘starting materiai was 1‘}C l;beled éhoiine chloride. |
Phototransfer experiments were aiso done for y-ir'radiafed éholine
bromide-Brilliant Qreen mistures. |

Effect of different crystal sizes. The sensitivity toward y-

. irradiation was observed in (a) chdline-14C-chlo_ride that had been

crystalliz‘ed'.slowly from EtOH-Et,O to givevreasonably large crystals '

2
(2-3 mm along the c-éxis) and (b) Samplés of very finely divided cho-
line-14C-chi-orid‘e prepared by veify rapid precipitation from an EtOH
sblution on the fast addition of av large excess of ghilied diethyl ether. |
‘To avoid the crystal-phase transition at 78°, bo'tli these samples were

dried at 70°. : ' _ =

Injection of thermal electrons. The experimental set-up is

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

ported by ILovelock. 2t Samples of choline éhloride were exposed to a
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current of thermal electrons of about 2 pA for an hour. The voltage
varied from 5-8 kV depending on the geometry of the sample and

electrodes.

Results and Discussion

A. Thermoluminescence

Irradiation of crysfals liberates belectl_"o.ns, some of which become
localized in tra'ps'. As soom as a high enbugh temperature is reached,
these electrons are released. They can freely migraté in the conduc-
tion band and combine with frapped holes, a proce:ss that results in_
photon emission. With increasing temperafuré, the efnis sion Will‘
rise to a peak and then decay as the traps e.).'re empt'ied, The relation
between the current and femperature 1s called a glow curve, the theory
of which is discussed byrRandall and .W_ilkinSZS (fér, constant rate of
rise of temperatu_re; Several ways of ca;lcy);l?.tihg tfap depth energy.
from these glow curves havevbeen reported. 29'-3_1_. We have found this
thermal emissio‘n for y-virradiatedv choline chloride. 'Two traps were
ide'ntified. From one of them the electrons are ;eleased betweéﬁ '-40A°
and -10° (not shown in Figur'e 15). Accurate enei'gy determination of
this trap wvas not attempted, because the émptyiﬁg '.o‘f the trap affects
neither the radical .decay. nor the radiolyéis, Ti’xe _6ther frap has a peak
' er’nissibn at 67°; this corresponds to an energy depfh 2£0.2 eV. 29
: Figﬁre 15 shows the glow curve characteristics of samples ir-

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

“higher dose sample has, in addition to the discrete trap sets, a
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Figure 15. Thermal.emission glow curves of irradiated cho]fne chloride

irradiated with (a) 1.25 Mrads and (b) 15 Mrads of y-rays. =
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continuous luminescence reflecting a broad spectrurﬁ of trap depths,
probably due to the defects c»reated.during irradiation. |

An attempt was made to determine the spgctral range of the‘
measured thermal emission. The determination was not accurate
since thev photomultiplier currénts Whicﬂ are ithSlved wvere' of the.order
of 10_12 ar_npv, By using a Kodak Wra_tten‘ A-2 ‘filter, we estimated
that the thermal e.missi_on éeaks wel.'e above 410 nm We tried to im-
prove the efficiency of current by dépi'ng ch_dline chloride with Mn++

ions, but this technique did not enhance our light emission, contrary

to what has been observed in other systems.

B. Prior thermal treatment

It is reasonable to assume that crystal impe.rfections in choline
chlofide constitute potential electron traps and that these are populated
- with electrons during y—irrad:iation. These traps are relatively shal-
low and, "apAparently, can be depopulate;i cbmp'letely'within 2 bh'ours a.Ltr
50°. Thi.é is indicated by the fact that a maximum decom-povsitbion of
12-13 percent is attained in that time and 1t is not exceeded even if thé
irradiate“d sample is heated at higher tempera‘vtufe_s‘ (but below the 78°
»traris_itibn temperature). This is' also supported by thermoluminés;:encé
studies. = It might be expected that a thermal treatment prior to radio- |
lysis fhightT anneal crystal irnpe_rfections that would otherwise serve as
electron traps (and, subsequently, as donors). H(;wever, the data of
Table I indicate that 70° may not be a high énbugh te'mpera.ture to
- achieve significant annealing. Priér thermal tre_atmeht at 100° also -

shows no effect — a possible explanafion is that there is extensive
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Table I. Effect of Thermal Treatment Prior to y-Ifradiation of
| ~ Choline Chloride

Time of poét-irradiatioh heating

- (50°) -
: 'Prior thermél treatment " -~ 20 min S _ : 120 miﬁ
: ‘Percent decomposition?
None ' 8.2 SR 122
2 hr at 70° | 8.2 : 12.3
30 min at 100° 8.2 ' | 12.4
8 hr at 100° | 8.3 o © 12,2
24 hroat 100° . 8.2 - 12.5
30 min at 150° 6.9 | | 9.4
6'.h'rbat 150° _' ' 6.2 - o ; 8.5
48 hr at 150° s . 8.6
144 hr at 150° 5.8 B 7.8

aAlll analyses are believed accurate to within units of 0.2 percent.

reorganizétibn of tﬁe ci-ystal stfucture as the material cools down
through _l:l-‘xe‘.—(8° _t‘ransi.tio.r.l téﬁlperature.._ In contrast, prior thermal
treatment at 150° leads to a marked decreasé in the radiélysis. What-
ever happéns at this gigher terﬁperatﬁre 'ap‘éears’ to’svt‘llrvi';(.e. the "}'rev-

- organization' of the .subsequent cooling through the phése-tra’nsition
:temperature.' “We believe that: the 150° .tréatménf produces a de-
crease in rﬁdiolySis because of sl>ight thermal .degr‘adation, leading to
species that éct és chain termiri_ato?s or as ~deep_électron.traps. In
the lattervca’se, these electron.svav.re not_detrapped,at_SO‘_’ and thus do.

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

Time of heating at 50°

Ambient - Without 20 min 120 min
heating v
Percen_t'decc')mpositio.na
Control (vacuum) , 0.2 _ 8.4 : o124
O, (700 torr) = . 0.2 ' .9 . 11.1
SF, (100 torr) = 02 . 8.0 10.7
N,O (700 torr) ' 0.2 . 8.0 10.6
L (<1 torr) ’ 0.3 . 49 5.6

2al1 analy’seé are believed accurate to within units of #0.2 percent,
except for the 120-min I2 results —— the latter are accurate only to

~within £ 1.0 percent.

C. Electron accepting gases.

The effects of the prebsence during ifradiati(m #nd post-’irfadiavt—ion
: thelfr_nal treaj_t,ment of the added gaseous-électroﬁ' ac_éeptors, OZ’ SF6’
N,O, and 12 are shown in Table I R -
| It is appai‘ent that the gaseous electron acceptérs h_ave a 1_'eal,
_though small,_ éffe(:t in retarding the ;adiolysis. * The I2 has a par-
. ticularl'ry .large effect. : this could ariée vfrom ény of a number of rea-
‘sons: (a) it is more e'fficiently absorbed on the choline "chlciridq‘

- (whose surface became Visibly yellow on expoéure to the I, vapor);

2
(b) I2 acts as both a radical and electron acéeptor; and (c) I atoms,

formed in small quantity during the radiolysis, also have a lairge

“
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affinity for electrons.

D. Effect df,dbping with potassium iodide

Doping with 1 percent by weight vof. KI, before irradiation, was
found to fevduce the radiolysis from the usual 12 to S‘percev:‘let (two
‘svepa‘lrate expér_iments). The iodine atoms'f_orm'end .-durivng‘ radiolysis
'appérently compete with radicals for electrons, é_h_d"thereby inhibit the

chain decomposition.

E Solid electron acceptors and dbnors h

.4‘A:ddition,b >lv)efore irradiation, . o.f an excess (’10..:1 by weight) of the
'p'owdéred electron acceptor, o-(':hlolranil, to finélly divided choline |
chloride was found to retard the la.tter's' y-radiolysis by'at least 10
percent v(e; g-,» a measured 10.8"/0'¢‘ie'com'po$it-:ion_Qﬁd_er_'conditionsv that
give 12% decomposition for the pure cofnpoﬁnd)'. ‘In contrast, a simi-
' lar addition of the vl.g('tron donor, Brilliant Green, led to a7 Pcrc.:c‘.;ut,'
inéréqse in the‘ d‘evcomposit.ion,_ These ’fesulté appear to éupport
vs'trongly. th¢ .notion of an important role .f'or.'free 'ele:c_:t»rc')ns 1r1 the radio-
lysis rr;echariisrn. | However, it was fdund that.‘add‘itidn of either of

‘these compouhds after irradiation pi‘oduced no obserable effect, i.e.,

' the radiol_Ysis was neither'advar;ced nor retarded. It appears that the
effects ob.s‘é‘r'\'red on a(.i.c.lit.i,on Before irradi_atibn are due to x%adiolyéi,s
products of the vaccépvtorsv, or the aonors, rather tha‘r{”to_'thé intact com-
ipoﬁnds. : 'Suc.h fadidlysi; product‘svmay both r.etéin Fhe .ovérall ele;:trc.m
alcclzept.or'o’r don‘or('..éharacteristkiéAs 6f, the added parent corhpouAnd, and,

1n édditivon,_ may havé a fhuch hlgher di%‘fus.ion réfe, permitting a greater

effect on the radiolysis.
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F. Phototransfer of electrons

If electrons are participating in the Chainvdé‘c.omposition, Wé
should be able to Qbserve radiolysis (éven at temperatures too lowv for
thermal detrapping of electroﬁs) by phot"otra'nsferringv electrons from
an external électron donor such as Bri.lli'ant Green, 33 cadmium’ sﬁlfide, -
or bchlorproiriazine., 34 At -40°, even though the phototransfer ageﬁt,
Brilliant Green, is presumably providing electrons, the radiolysis
chain cannot f)rdpagate (Table III). However, somewhere_betweer_l'.'

-40° and i12? the chain can propagate Whén the electrons are .1.fnade :
..available, owing tb higher rhébility of the energy—‘r:ich, chéin-propagat—'

. ing species, or to i.ncreas'ed'interna.lv energy in a 'Cﬁoline cation. Bé-
cause sl_trong illumiﬁation was used, it was possib'le that heat, ratﬁer _
than photOelectrbns, cau.s-ed the incre;ased radiol.ysvis,_ However, éx-
posure of the choline chloride-Brilliant Green mixtures to different
rates of AH-6 illuminations (b'y using neutral density filters giving

oné ~f0ui‘th photon flux), but to the same fo;al numbgr of photons., gave.
the séme amounts of radiolysis. .Ev'idently, heét pléys no fole in the
Brilliant Green enhanced radiolysis; otherwise the femperature of t>he
sample exposed to a higher photon flux would have been higher.th'an

that of the samplé exposed to a lower photon flux. - This difference in
temperétureé would have caused different amounbtrs of radiolysis. In
the absence of tﬁe dy.e the origin of free electrons is probably thermally-
depopulating .traps. We have also tried_experimentvs in which y-
irradiated choline chloride-Brilliant Green mixtures were illuminatéd
fbr”48' hours. The radiolysis obtained was still abqut 12 %. 'T'};e radio-

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



Table III. Radiolysis of Choline Induced by Phototransfer of Electron

Percent decomposition

y-irradiated choline y-irradiated choline = . y-irradiated choline . y-irradiated
Temperature ~ chloride mixed with chloride mixed with. cadmium chloride mixedwith chlor- choline
{(approx. ). "Brilliant Green (1:1) -~ sulfide (4:1) ' _ promazine (1:1) chloride-
deg. , illum. 4 hrs

I1lum. 4 hrs Dark 4 hrs Illum. 4 hrs = Dark 4 hrs . Illum. 4 hrs Dark 4 hrs in absence of
. : ' ' o ' : photodonors

-120 1.520.2 1.5£0.2° ) - . 1.0£0.2
-40  1.8%0.2 1.6%0.2° . o , | | 1.6£0.2
12 10.5%0.8 2.020.2° |  6.080.2  2.0%0.2 2.120.2
12 (with 1-69 ~ 9.3%0.4 2.020.2° o
filter® ) - ' W
30 12.0£0.8 . 5.0£0.4  8.50.5 5.5+£0.5 L ‘ ' 5.0£0.5
30 (with 1-69  11.7%0.5 5.0%0.5 7.8%0.2 5.040.5
filter ™) .

2A1 the:se' data are éverages of at least four analyses. .

bThe 1.5- 2% decomposition represents the radlolyms that occurs during the prief perlod of handlmg at room
temperature in the dry box.

“Restricts illuminatihg light to the 400-800 nm fange.
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times ais'é §-éturates at about 12%. There is ai%é: no icrease of the
radiolysis (beyond 12%), if the illuminated mixtur’}ev"iAs heatc;d at 50°
after photvoelle.ctron tfaﬁsfer has taken place. '.‘I_F"Y:L‘li"sl_.:saturatjon raldioly-
sisvbeha'vior has also been reported by Lindblor"r_l..;é_t_': a_l_ 3 The explana-
tion seems:_té_ lie ‘in st‘rai.ns developing'in cholin-;a.".(.:_:x."y?sfvals due to exten-
sive damégé', which ai'e. discﬁssed 1n the next chva.tj‘i?-t_e.r.

The _‘:o.thevr‘ photodonors, cadmium sulﬁde éﬁ(él‘.chlorprqm.azine,' al-
so show th.-e effects of~enhanc.‘ir_xg the radiolysis by pll'iv.ototr.'arjlsfefring
electron_s.;'r ‘The enhancemén; is less, probablyll_:d'ué'.to a lower quantum
yield of b'e;.le.ct.rons frérh cé.d_m_iﬁﬁi sulfide and chlv:cl?’;?_r'pma'z-ine. The
Brilliant Gfeen is kﬁown to be a dye with very h)i.:gl;l_.'(iuantum yielcio

Phoéoifansfer _experirﬁents done with mzxturesof y;iri‘adiated
choline b'fqrﬁ_ide and Brrill_iant Green alsb gave‘ ¢r.;hari‘ce‘d .rédi_olysis ‘up-
on illuminat-ién . | | | |

Whefx unirradiated choline chloride-Brilliranftv-Gre'en mixturevs
were used,..b the fadiolysis obtained by i.llu_minati{hg' v.."c'-hg mixture wasb.t_he
same (app‘rvo"xir»nately 0.2%) 'a.s that for mixtures-kévbt ir; the dark. This
suggests that radicals and electrons are both nec.evs'.sary for the radio-
~ lysis to occ;if, probably a radi‘cal:--electrori 'inter'.a_‘cv.tivon leading to the
formatioﬁ of' highly excited specives, which pa.rtic._i:p_'a-t:e in a self-propagat-
ing chai“n'r.ea_tction involving choline cHlofide. |

. From our therrﬁoiumihescence results -wej ’cé;lclude that the shal -
low traps are at.least as popuiated as thé deep t;aips. However, both
the radiolyéis and the radical decay ;re neglibible in the temperature
range (up io about 0°) where the shallow traps éfe d.epopulated. A

resonablef-‘e}xplénation is that at these low temperatures, radical-electron
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inféracﬁons are much iess probable thari hole-evleétr.oﬁ interactions.

. But( if this 1s t'he'c.:a'se, by vreleasing the electrons from the shallow
traps at high ehoqgh tempere.ltuf'es,' one can enabl,e: them to participafe
in the ra_-diovlysis pro.cess. Again, from thermolurhinescence data we ]
know th?;t s_uddeﬁ {about.15 sec) heatiﬁg of a samp;lve from -80 to .5'0° re-
leases electf’bns from the shallow fraps even at 50, while slow:h‘e‘ati.ng
already dépopulates the shallvow tfaps atvab(‘)ut 0°. - Therefore, we gave
diffexjerit thevrmval treatrﬁents to two samples of y-irradiated choline
ch'lorvide., ‘One sample was Warrr;.ed from liquid nitrogen témperature
to 0°, kept at this temperatﬁré for 15 min., then Wérmed up to 50° and
‘kept at this témpérature for 15 min. The second sample Was warmed
up suddenly from liquid nitrogen to 50°, In the first case the shallow
traps '\yill depopulate before the radio‘ly.s‘is' can téké blace, while in the
’_secénd cavsé.they could participate in the radiolysis'. - We found the re-
sults of the radiolyses to be identical for both Sé‘mples._ It 'is_-_t.herefore
evident 1::h‘at‘ eleétrons from the shal_lo@ fraps are not participating in
»the radiolysis. As z;eportéd earlier, the eth;;nol radical decay was
found to be .extr_emely slow for temperatures belbw 10°. = Since we know
from our thermoluminescence studies that elec>:t‘r.‘o'n‘s are released below
_10° , the conciusion is that the ethanol radicals are not reacting wiht
,the’se -électrons,. These,obsefvations mé,y resuit fforn' a p'rvefe‘arential

reactioﬁ of the detrapped electrons with trimethylamine radicals pres’eht.

G. Crystalr size

It was found that large, slowly grown crystals of choline chloride
show a significahtly'decrease.d radiol.ysis in comparison with the rapid-

ly precipitated compound that had the same (usual) radiation treatment.
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Although no si‘ghifica'nt diminution of radiolysis was observed on 20 rﬁin.
of post-thermal treatment at 50°, 2 hours at the same temperature re-
sulted in 10.0 and 9.9% decompositién (two experi_r.nen.ts) for the larger
crystals and 13.5 and 13.3% decomposition for the‘bf.inely divided
material.‘ 'fhis is probabiy due to a lower density of defects in the
large crysials and, | consequentlyv,. a smalle{:r'number, of donors are
formed by ’;he. y-r'adiation, Similar resuits_ in the éase of choline
‘chloride were, reported By Lemmon and Sovltysikfsbs.:‘a_‘nd_v‘for succinic

acid by Miyazé.ki et al. 36

H. Effect of thermal electfons .

In ouvr: ESR work we did ﬁot vsee any sighal"from frapped 'e'lectrons.
One of the reasons could have been that the sigr.;al’.fnight be masked by
a large éigﬁal'from the ethanol rédica.ls. 'W‘ve did_'ﬂ.ot see any ESR
signal from unirradiated choline chloride that was subjected to the
thermal electroné.' ,‘ E‘yen a small signai due to trapped electrons could
have be‘ebn seén és’ we h ave no etha_nél radicals in il_nirradiated chbline
chloride. Thi"s_r'nay bf? due to Ia-very small concentration of trapped
e.lectrons',v(jr_z_.t_he sp1n lattbice relaxation time is too short to pérmit us
to see the signal. | We also looked fof’théfmolufniﬁé'scehce in thev v
thermai-ele'c_tion exposed samples. We were withqﬁt sﬁccess —— sug-
gestiné that indeed there are, if any at all,__'veryv few traps populated. |

A sample of choline chloride Which wa‘s illumin‘a;ted by vacuurﬁ
UV for 2 hours at te‘.mperature b'elow 0° was Sijec.téa to the thermﬁal

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 ﬁot"subjected to the
‘elé'ct.ron~s. The one subjected to the electrons gave a i‘adidlysis of
0.35 pe:cent éompared to fhe control value of 0.15 pverc:ent° Another
set'of samfiiés were treated just as in the previoué'vexperiment except
that they Were further heated at 50° for 2 hours, _The radiblysis for
electron-injected samples was 0.80 per_cerit compared to 0.45 percent
for controls. In contrast with y-irradiated samplle.s, we were unable
to find any effect of subsequent thermal electron-injection, probably
due tothe much larger radiolysis in the y-irradiated samplve_s., The
radical decay in thése samples w‘as also the sarné fegardless of later
exposure to eleét_rons. " |

The _observations suggest that thermal ele_c.‘:.trons do incfease
radiolysis, although the effect is rather small. This fnay be because
» the conbcentration of thermal electrons interacting with choline chloride -
‘is small.

SOrné of the results presented here have Béen :published, 23,37

Conclusion

From the e);pefiments described here it seems that the radiolysis
of choline chiofide proceeds as follows: Upon y-v-“i‘r‘rvac‘iiation of cho-
line chloride a't'low temperatures, radicals are formed and electrons
é.re also traiaped. Ub_on warming, these electrons 'avre released},v and
interact with the radicals to form some excited s.‘p.e'cies that participate
in self-p.ropagating‘ch'ains. - The accfiptors,will .compete for these elec-
trons and thereby retard the radiolysis, wh_ilevdon‘ors will increase the
density of fr.ee elecfrons and so enhance the rad'ioly.sis. A detail_ed

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 radioly's_is mechanism of cry-
stalline choliné, chloride. In what follows, expex_'iments involving both

the radicals and the electrons will be presented.

A. Effect of free electrons on the radical decay. R

Unlabe:led choline ch.loride, in Pyrex tubes' Sealea under vacuurﬁ,
w_efe yfirx;adiated at >-196" for 1 hour (5 Miads‘) by the 60Co y-ray
source. The irradiated choline éhioride was thoroughly mixed with
'pOWder_e:d Brilliant Gree_ri, .approximately iﬁ the rat_:iro of 1:1 by weight,
. 'i.'n a dry box at room temperature. Approximately; 50 mg portions of |

‘this _mixture‘ Werevplacéd in quartz tubes, which weré then sealed under
_b_.yacuurAn (10_-4 torr). The entire operation took about 15 min. The
sample was placed in the ESR cavity a;ld the ethanol‘radi-cal decay
kinetics were inyestigated by lécking the ESR spectrometer at the mag-
netic field of the most intense peék of the ethanol vra‘.dical. The kinetics
were folloWea as a function of illumination of the sample. in the visible-
li_ght region of'a 450-watt Xenon lamp by interposing Corning 1“.—69
(300-800'.n1fn) and 3-69 .(510-350'(.) nm) filters. The.s.ample'w_as,\rnain_
tained at 12°, where. the raaical decay in the dark is bknown -to be smali,
at all times, both‘ during illumination and in tl_ie;da'rl;.’ . Thg.‘ lamp was
lgépt at .a. distanc'e of 15 ‘cm from the. sample (as close to the cavity as

.péssible, and with optim.al focusing)u o | |
If thg fadiC'al;elecfi'oﬁ .inter:.';lv.(':t.ivons vare thé only inferéction_s re-

sponsible for the radical decay, then
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R R[], [e_,] . _dr/dt
dt o kR

where k is the rate constant, R is the radical concentration, [e_] is.

the electron concentration, and - %? is the rate of decay of the radi-

céls;' Therefore
' . [1 dR}]
[e”] illum _ |R dt] illum

[e”] dark [1 .‘.13
: R dt] dark

The radiCal decay of the choline chloride';Briliiant Green mixture upon
illuminati_or; and dark is shown in Figure 16. From the data the ratio
of the eiecfron ﬁoncentration for illumination/the elect.ron concentration
for .dark c.omes out to be approximately 3. We attribute this enhanced
électroﬁ concentration in the case of the. illuminated sample (or the same
thing aé enhanced radi-calvdecay) to the_ electrons'(.io'nated by the dye.
It shoul.d be mentioned that the radicai decay 'upbn.illuminat’ion by visible o
light._ of pure irradiated cholihe chloride is identica_.i to the radical deéay .
of choline éhloride kept in dark at the same tempe_r.ature.“ Avs we have
meptioned‘b.efore, at 12° éle.ctron'detrapping 1s small (thé shallow
traps would _'haw)_e -dep&pulated already during room temperat_u.re ‘handl-
ing), _leaving..the number of electrons in the .traps virtually.unchang'ed, »
the radical decay will follow first-brder-kinetics, Also, during il-
lumination, the n_umb_ér of electrons donated by the dye will remain
constant and therefore the radical deca:y'during‘illurhination shauld 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) I1lumination with visible light. (b) No illumination.
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sfraight lines for both the illurﬁinaied and the dark cases, aé we have
seen earlier in Figure 16.

Additionai evidence was obtained for the p’art.ic.ipation 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 Mfads_ and the seéon’d was ‘_irradiated with 15 Mrads. The
decay of'thé_fadical signal at 50° in the sample irradiated with the
higher dose was found vto be faster than the decay in the sample irradiat-
~ed with the lower dose, even _after the con'centra'tion of the rédicals in
the "higher dose" samplés was lower than the coﬁcentratibn of the
radicals in the ''lower dose'. Simultaneous s,t’udviesvc')f the thermal
emissions of the samples i.rradiated wvith 1’_5-"a“'n_d _1.25-Mfad doses
showed that the .freve -electron concentration is gréat_er in the higher -dose
sample than 'in the lower-dose sarhple, even aftékr the concént_rations .
of the radical_s.become e'qual'in'_both 6f the samples. Theref_ofe, it
seems pléusible that ‘t}‘;e enhanced radical decay in the high-dose sample,
even after the ''crossing point" of radical concentrations, is due to
the exéess_"of free electrons in that satr;ple. It should be mentioned.
at this point that Lindblom et al. 3 réi)orted that the radical decay
obeyed a 3/2 order (-dR/dt = K[R]S/Z) law. However, insufficient
t.otal-dose #nd time data, wé.s used in .a_.rriving ai‘fhié conclusion. We
now kr_ilow th;t the radical decay does'. not fit a 3/2 ‘-Order; neither doés
it fit first- or second-order kinetics. However, avll.'featu're.s of_these
kinetics can be explé.ined on the basis of electro;l-radic.;l 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
populathionvi'n traps (Fi‘gure 17). The higher initial slop and its mofe
pronounced. dec rea.s_e at higher temperatures can _'élso be explained by
faster.fh'errhal depopulation of the traps; _ An addit.ionaﬂll""j;'os‘sibility‘
for_expl'ain:ing the time dependence of the r.adical. de(;ay rate is that the
,p.roducfs (mo-stly trimethylamine hydrochloride and acetaidehydé) are
quen'chefr‘s for_the. free_elec_trons. (They can not bé quenchers for the
radicals sin_ée, if they wére, the rad._ical decay ratevwould iﬁcrease

~ with time, )

B. Saturation radiolysis phenomenon.

. It has béeﬁ reported earlier that ch_ovline chloride d.ec_omposes to
an extent of 63 percent upon storage at room terhpe'rature for 9 rn-obnt_:hs.1
Lindblom ﬂ_ﬂ irradiated the samples over a wide range of doses 01:11y>
té.find' that the radiolysis saturates at about 1v2‘,pérce;1t.v‘3 We have
‘also _fou:nd in all our expériments that the radiolysis saturates at about
12 percent. 'in the ovriginal observation the radiolysis was due to self-
iiradiétidn f;om 14C B-rays and the dose rate was small, alvthough.
the sam_pie was being irradiated and decomposing over a lopg period
of time. In our case the dose rate is high and the irradiation is c.ione‘
for a short time. Th"e explanation for this behavior seems to.be that
the radiélysis produéts formed react with intérr::nediates'v in the chain’
mechanism, thus reducing chain length. In orde‘_r to test this explana -
tion,v certain cyclic ekpériments were conducted. , Aliqupts of choline
chloride we'ré subjected to repeatéd cycles of y—,irradiéti-on and heating

at 50°. ' The percent decomposition was compared in each case with
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Figure 17. Radical decay at 50° of the y-irradiatedvéhpline chloride.
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that of an aliquot subjected to the same dose of y-irradiation (in a
single irradiation), followed by heating. For exéimple, in a five-cycle
experiment the éamples were subjected to 1 ho_u‘r of y-irradiation
followed by heating at 50° for 2 hours; this was. fepeated five times,
énd the percent decomposition was compared with .tl;1at from 5 hours"
of steady y-irradiation followed by 10 hours of stéady heating at \50° .

"

The latter data are shown in Table IV under the heading "‘continu[ous,

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

Table IV. Effects of Repeated Cycles of Irradiation and Heating

Percent decomposition

No. of cycles o Intermittent ‘ Continuous
1 : : oo, 12.4 £ 0.5
2 ' 17.6 £ 0.1 o 12.1 % 0.3
3 : $22.7 £ 0.6 , 12.8 + 0.2
5 S 33.3+0.2 ‘ 13.0 = 0.3

It appears that no matter how long we irradiate or heat beyond
2 hou;s, the maximum radiolysis-attained in a single cycle does not
exceed 13 percent, while the radiolysis in the Mintermittent'" case is-.
incr‘easing with the number of cycles. A similar observation was
made in the“.case of the phototransfer experiménts (reported earlier).
It is also interesti'ng to note that almost 50 percent of the decomposi- |
tion occurs in the first 10 min. of heatiﬁg at 50° and 90 percent in

60 min. (see next section). All these observations clearly suggest
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~ that the chéin length diminishes rapidly with timé of heating. It seems
that at least.one of the products of radiolysis is-aéting as a chain
terminator. Experiments have shown that po‘st_-irradiation fhermal
treatment yields lower decomposition in an ambiéh't of acetaldehyde.
The experiments were conducted similarly to the e'xperirnen.ts with

‘ géseous ambients reported earlier. Choline chloride samples were
exposed to the vapors of acetéldehyde at room témperature and they
were sealed; the samples were then y-irradiat"ed_avt -196° and heated
for 2 hours at 50°. The radiolysis obtained was only. 6.5 p.ercent
(compared to about 12.4 percent for the samples \.)v'ithout. acetaldehyde).
A possible explanation of thé_: saturation radiolysi‘s .could be that once
all the traps ar_é populated during y-irradiation, further irradiation
may have no effect in promoting radiolysis. But this is unlikely as
our thefmoluminescenée results have showm that the density of trapped
electrons in a sample re'ceiving 15 Mrad is at lea}sf twice that of the
sample receiving 1.25 Mrad. In view of the above observations, we
‘can rationalize our cyclic experiments' in the folléwing manner. If;
-the initial stages of heating, a small fraction of the radicals decay via
intex_‘action'with electrons, wi;h'-the propagationvof long chains. As the
. concentratioﬁ of products of radiolysis builds up, the chain l'engths.
diminish. - During the later stages of heating, say, béyond 1 hour, the
_ d(:;minant process seems to be the diffusion Qf _acefé.ldehyde to the su‘r'— (
face of thé miérocrystallites. Consequently, if this heated material
is y-irfadiated again, the initial stages of the second post-irradiation
thermal treatment would involve much longer chain lengths than the

heating dufing the lafter half of the 2 hours perib"d' of the first cycle.
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(It is als_o,'ihteresting to note that, within the range studied, every
cycle subsequent to the first appears to result in.an additional 5 percent

\

decofnposition. ) In shox.'t., one obtains a muéh larger radiolysis via
cyclic ixir'adiation"s and heatings as c_ompéred '-co a siﬁgle ”continuous

experiment, because relatively longer chain lengths are involved in
the.former éase. -

Additional evidence for the réduétion of chain lengths as the radio-
lysis'pro;eeds is obtained by comparing fhe ra.dica'l decay kinetics and -
the radiolysis‘kinetics. If fhe déca&r of fé.;iicals is taking place entire -

‘ ly due to the rad\ical-electron‘ interaction and there ié no alternative
competing mechanism for decay of radicals, then we would expect
correspondence between the kineticé of radiolysis and radi'cal decay.
What we foﬁn_d, on the contrary, is that t_he radical decay was faster
’th}a‘nvth.e radiolysis. Ata temperatur.e of 50° the.ra._di'cal decay haif-
time is _4.5vrnin. , and that _of the rédiolysis is 6.0 min. We bélieve
tilat this l‘avck of corre‘spondevnce is.‘ due mai;ﬂy_to the fact that thé chain
lengths decréasé with incregse in vd‘ecomposition_.' ‘However, there is

' also the possibility that a fraction of the radicals are uhd_ergoiﬁg decay

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

between close neighbors (see below).
. /

C. Effect of dose and temperature on radiolysis kinetics.

Approximately 5 mg sampleé of -methyl-14C -labeled choline
chloride were vacuum sealed in 5-mm .Pyrex tubes. The sealed tubes ,
were y-irradiated, re'ceivi\ng a dose of 1.‘25, 50 or 1,5.0 Mrads at

-196°. The irradiated samples were than heated at ahy one of three
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temperatures, 22.5°, 50°, or.71°, ina constant‘temperature oil bath,
- for different lengths of timé. The radiolysis in each sample was then
\determined. ' |

Oné would expect that the amount of radiolys_is would increase
with dose due toincreased ‘Vproduction of r:lidicals and trapped electrons.
For short times of post—irradiatio.n stofage this 1s true, but for longef
'timés this does not seem to be the case. At rc;dm temperature (where
the effect is most ciear),. the radiolysis occurring during 7 days
(= 10,086 hoqrs) storage is less for a 15-Mrad samp.l‘e than for a 1.25- |
Mrad sample (Figure 18). At 50° (see Figure 19), the 1.25-Mrad
sami)le will probably give a higher final radiolysis “than the 5- and 15-
Mrad samples (the latter have reached the "saturatién'r_agliolysis"‘ of -
about 13-16 pefcent,_ whi/lé the 1.25-Mrad sample's radiolysis is still
-incr‘easing). We believe that the explanation for a greater final fadio-\
lysis in a sample that recei\.led less radiativ'on is the following: . In
’ sampleé_ that have reéeived as high as 15 ‘Mrads we have'bbsei‘ved as
much. as 0.3 pércerit f‘adiolysis, even at -196°. Chromatogfabhic
. analyses of the p’r/qduc?s formed under these conditions showed that
they were not the usual ones: (trim_ethylarriine Hydfochloride and acetal-
-dehyde). The products were probabl&r pol.ymers as the 14C-acti\‘rity _
of theéé-products was fo'ur;d at fhe paper—chromatographic origih
(where the solu.tion is spotted). Such unusual >products rr;ay ‘be re-

sponsible for the diminished radiolysis.

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

the ''saturation' radiolyéis but at a lower value (around 10%) compared
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Figure 18. Radiolysis of choline ch]oride at 22.5° as a function of

" total radiation dose and storage time. -
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Radiolysis of choline chloride (50° and 71°) at different
total doses: (o, A,0) 1.25, 5.0, and 15.0 Mrads, reéﬁec~
tively at 50°; (e, 4,®) 1.25, SfO, and 15.0 Mrads, respec-

tively at 715.
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to the usual values of 13-16%. . ‘The reason is pr’oba‘bly the occurence

of othef radical and electron reactions that rna’jnot contribute to the
'radiol_ysi's.;. examples would be fadical-ra‘dical interactiohs (such as
dimerization and disproportionation) and the capture of electron by

" holes. ..These processes will have differenvt actiyatién energies, and

one or more of therﬁ méy become more important at a higher temperature
(such as 71%). These other processes, whose mechanisms we do not
yet know, als'oimake the kinetic analysis very complicated. This high-
temperatﬁre saturation-radiolysis behavior was c_qnfirmed by heating
samples at five different temperatur‘es between 50° and 75° for 100 min.,
the time at which all éamples should reach _saturatipn radiolysis. The
results; which are shown in Table V, show clearly that the radiqusis

does indeed decrease with increase in temperature.

. Table V. Dependence of Choline Chloride Radiolysis on Dose and

Post-irradiation Terhpe rature

Temi). (For 100 min. )’ Dose (Mrads)’ | Percent Radiolysis

51° 5 ' 12.6
o 10 . 13.0

63° 5 . 12.2 |
_ 10 1206
67° | s - 2.0
| 10 - , o121
T 710 | 5 . 40.2
| 10 S , ‘ 10.1
74° . 5. » _ 8.7

10 -. o 9.3
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If trimethyl:s;mine hydrochloride is heated at 70°, under vacuum,
it evaporates slowly. This may offer an alternative explanation fof
the reduction in radiolysis for post-irradiation heating at higher tem-
perature. But, that this is notsois verified in the following way: Two
ilr'radiatv:ed choline chloride tubes were heated at 70°‘ for 2 hours and then
cooled. From one tube a solid aliquot was dissolved in methanol (nor-
mal procedure) while from the othebr tube all of the sample was dissolv-
ed and the. tube was thoroughly washed to extract all possible TMA
vsticking to the walls. The two analyses gave the same radiolysis
value of 9 percent. | | |

Shanley and Collin reported an.increasing G,(-M) value with
temperature. 6 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 af high temperature; this
permitted the rapid diffusing away (during the irradiation) of thé
radiolysis products, whose presence inhibits the radiolysis mechanism
(see Saturation radiolysis phenomendn). |

It rﬁay be of great significa'nce that at 74° the radiolysis has only

_ reached'ébout 9 percent. In the B-form, the form which is radiation
stable and éxists at temperétures above 78°,. the radiolysis was found
to be negligible. We héve' ldng suggested tﬂat thé a- and B-forms
differ in some respect (e.g., distance between key atoms in adjacent .
cholinevions) that account for the differences in radiation sensitivity..
Thé above observations offer another possibility: that at 80° the pro-
cesses discussed above are so important that the radiolysis does not

take place regafdless of which crystalline form (a or B) is present.
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So far, we have been unable to prepare (by quick'fréez:ing) a sample'
in the ﬁ-form at any temperature below approximately 78°. Nor does
there seem any possibility of getting the o-form at some temperature

above 78°,

'D. Effect of temperé.ture on the radiolysis of choline bromide.

The samples of choline bromide were ,sealed in vacuum
(<2 X 10-.4 torr) in 5-mm O. D. varex tubes, They were irradiated,
with ’69Co y-réys at ;196" fof 45 min., for a totai dose of 4 Mrads.
: Different tubes were then heated for 2 hours at 50°, 70° , 85°, and |
l110_° respectivély. Thé radiolysis products were then énalyzed using

unidirectional paper 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° o 2 : ,' 8.06, 7.95
85° o 2 - 6.27, 6.14

110° 2 . 1.55, 1.63

It is clear that choline bromide undergoés very small radioiysis
at 110°, suggesting that there may be a radiation-stable high-tempera-
ture polylmorph, quite analogous to the situation with choline chloride.

 The crystallography to ascertain this possibility has not bg‘:en done, but
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conductiv.ity measurements and infrared studies do suggest that there
may be a phase transition in choline bromide at 91° (see next chapter).
,It> is also interesting té-nofgthat the radiolysis at 85° is less than. the
radiolysis at 70°, A similar behavior was é.lso found for choline

- chloride except thgt the reduction in radiolysis started at a lower
temperatﬁre.. The results can be explained by suppoéing that deeper
traps are populated with electrons dur‘ing irrad’iation, " In such a casé
the electrons can. b_e depopulatéd- only at higher }:émpe;atures. At>
these temﬁeratures compet@tive reactionsv.like radicatl-radical décay,
or electron capture kby a hole, may become more important than the
radical-—eiectron react'ic.wns that are responsible for radiolfsis. We
have already reported earlier that the \ra\dical decay of choline bromide
above 25° is slower compared to. choline chlo.ride. | Also that there is.
an ESR signal in choline bromide a;t abvout 80° (not corresponding to |
ethanol rad‘icals)v that may also be reséonsible for ‘the‘ reduced radiolysis.

N

of the bromide.

E. Kinetics of radiolysis at room tempefaturef

The data of Figure 19 havé been replottgd on expanded linear
time scale for times up to 4 h'oufs -(Figure 20). | I.f the r'adiolysis pro-
) S , .
ducts are interfering with chaiﬁ propagation, then the rate of radiolysis
-inérease shoﬁld de\cxjéase with time, 1__(3__: with increased product
formation. _ It can be seen in the linear plot in Figuﬁ'e 20 that thev rate
of radiolysis actually iﬁcr'eases for some time.i This fime depends on

dose and temperature. For the 1.25-Mrad sample at room tem\p_erature,_

the radiolysis rate appears to increase during the first 4 hours.
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During this time the amount of products formed is small and should

AN
have no effect on the rate of radiolysis. The increase can be explained
on the basis of formation of a radical-electron intermediate. This

formation is fast, but the intermediate's reaction with chbline chloride
is slow (it may be that the intermediate, which would be highly excited
energetically, decomposes or is 'tfansformed veljy fast into spgcies
.A, 'B,.,C; -etc., and one of them ITught bfei ‘respo'r;sivbvle for.. thg chain

radiolysis of choline chloride):

L Ky )
R + ¢ ——[Re]~
;',", o kZ : }
- [Re] A+B+C _ k)7 Kk,
kg )
v A + choline ————————=A + product§

In such a case there will be a build-up of intermediates to a maximum
steady-state value, 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. o

We have reported earlier that attempts to fit our experimental
data of radical decay and radiolysis to any simple kinetics have fai/led.'
The reason is that the concent.rétion of electrons,_ [e-] v thaf are re-
leased upon warming could be treated as f,ollows: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 tﬁe trap
depth, and k is the Boltzmann constant. Thei‘éfore the rate of release

of trapped electrons is

dn/dt = -ns exp(-E/k,_T) or n = n, exp|-st exp(-E/kT)],

n and n, being the trap denéity at t and.O times, 6_1' the concentration
of electrons,rele‘ased =n, (1-exp[-st exp(-E/kT)]), which in itself is a
c.orvnpl'icbatcd -L-:xprcssi\on." In addition, - the radical-radical interactiqns g
and_elec;ro'n_-hole intera'ctiéns make the analysis-virtually impossib.le,
FWe thought it‘wogld be possible to aﬁalyze the ¢xperim¢ntal data if we ‘
could préduce eithef trapped giectrons or radicals in .choline chlbrid_e.
The unsucéessful efforts to populate trapg by thermal ele‘c‘trons’-have _
already been reported;" To in\?estigate the poééibility of having radicals
without trappéd electron.s in choline chloride we 'proc.eéded as follows:

' The y-irradiated choline chloride samples were di-s.s'olvved at -15°, in
a ;old’ room, either in dimet.hy-lsulfoxide' or. in..c.iimethylformamide;f'
quartz tubes were filled with the solution, and 'the solution' was frozen
at -196° by dipping the tﬁbes "in liquidlnitrogen. - The idea was that
once the.choline chloride dissolves, the trapé would vanish (the traps
are only due to crystal imperfections in the solid state),- while the radi-
cals may survive .in fhe SQlution. waévér, the frozen samples gave
no ESR signal, imi)lyihg that radicals had sufficient mobility to interact
with each other., or with the solvent, and.de-cay very fast (before ti;e
,so.lution could bé frozen). The radiolysis obtaine‘d was a‘lso\very small.

.

| Thus our attempts to stud)'r' the radical decay and the radiolysis kinetics

quantitatively were unsuccessful.
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G. AAbsorptior; p,ropertiés of"l-irr:;diated choline chloride.

Radicals are formed and electréns are trai)ped upon y-irradiation
of crystalline choline chloride, and they may absorb ultraviolet or ‘
visible. ligl’it.Win regions where there is no absorption by unirradiated
choline chloride. We us‘ed'a Cary Modé1-14'speétrophotometer' (with

£

scattering attachment) for our studies. A small amount of a y-irradiat-

- r

ed sample of choline chloride waé p.lacgld' in an optical grade quartz

cell, and unirr'a;diated choline chloride was used for the réferenge cell.
The absorption 'spectrum recorded is.as shown in Figure 21., ‘It seems
that there are two absorption bands: -one at about 6000 & and the |

" other at 4400 A. The 6000 A absorption is equivélent to an energy of
about 2 eV and it seems that this corresponds to an absorption by ,.
trapped electrons.. Our ther’mc.)lurriinescénc“e aata gav‘e 2 eV as the

- trap depth. The other band at 4460 “ok may.-be due to the absorption

of eﬁergy By radicals, .The_ absorption bands seem to decay with time,

i.e., as the radiolysis proceeds. The results réported here are not

very reproducible, probably due to much scattering by the polycrystal-
. line powder. In addition, choline chloride undergoes radiolysis form-~
ing trirhthylamine hydrocholride and that will perturb the recording

of the spectra.

H. Photochemical transformation of/ethanol radicals in irradiated

" choline chloride.

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

minated thro:pgh the quartz window with'an AH-6 high pressure mercury



"S9P LAO[YD SUL[OYD PBIRLPRUUL-A 1O cowpaLOm@evaquao _VPN a4nb 13
GGSbh-22.18X ‘

(Y X -
0009 0005 000t

. T _ T T

'_‘7.7_
(sylun Kiosy1qio) ALISNIQ TVIILdO




lamp (emission above 200 nm only) for 4 hours from a distance of
about 18 cm. Duriﬁg the illumination the. sample was kept at about
—20", and the quartz window Wa:s kept free of condénsing atmospheric
moisture by a stream of room temperature nitrogen. In order to in-
vest_igé.ﬁe the wavelength dependence of the photochemical transformation
of the ethanol radicals, we in_terposed 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 respectivély, and is shown in
Figure 22. It took approximately 15 min. to prepare the samples for
illumination and therefore the controls were also kept at room tempera-
ture for 15 min. and at -20° for 4 hours., Similar experiments were
done to ;nVestigate the effect of photochemical transformation on radio-
lysis by using methyl—14C -labeled choline chloride. . In radiolysis ex-
periments the illuminated and the control sarhples were given post-
illumination thermal treatment at 50° for 90 min. The ESR spectra
recording and radiblyéis determination Qere carried out by the usual
methods. |

ESR spectra of a control, norn-illuminated sample and that of ah
illuminated specimen (no filters intefposéd) are shown in Figures 23a
andv 23b respectively. Both spectra were taken ét 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 presence of the ne.w 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 unilluminated, cho]ine:
chloride at 22°. (h) ESR spectrum of y-irradiated and

illuminated choline chloride at 22°.
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also obs_er’yed that the peak marked "2'" has been .sl.nift'ed.to: higher'.
field's compared to whaf it was in the "xglon-‘ill'umi'x;a.tted sample (Figﬁre
23a). When the illuminated sample is heated a.gt’710‘,”, the ethanol radical
complvetel'yv decays, énd only't‘he pho.tov-tr.ansformedvradical is observed
(Figure 24). : The heatiri_g of the c:vontrol sample at 7‘0°~' leads to the loss
of all rad.ical' signal. The ne;av rar.dica'l' is revla.tivelyb stable and 'thé
signal further decays, over 16 hours at 70°, to'aibduf 2/3 of fhé origi-
nal value. | | o

Accordihg to our earlier proposal free electrons interact with |
ethanol radicals to form reactive species that pa’rtic‘ipate in a self-
: propﬁgatihg chain .mé{:};anism. It foilows that if t.hg concentfation of
| ethanol"‘r_adicals.v'vas reduced by photo-decay at low femperature (whe;e
radiolytic decorhposition does not take place) the:nv the dec’oi‘npbsition of
~ the cqrn_pound by poé’t—illumination thermal treatmei}t would be diminished. .
This is indeed what happens. We have fouﬁd that'i_zjradiated and illumi-
nated samples (4 hoﬁrs at -20°) .of éholine ch.loridve‘ are ‘apprvoximately
4.8 percent ‘decompos‘ed.. on subsequent thermal t.r>ea;tmér‘1t (90 min. at
'50°). 'On the other hand, samples trgate’d’ in exact_lyb the same wéy
(iexcept for_illufnination) showed approximately 76 percen.t décomposi-
tion.” Th_e ‘photo treatf'%xent reduces both the ethaAnol.'vfadi.cal'concentra-
tion and the subsequent vradic.)lysis-. Thebvrefovre,b the iﬁvolvejrﬁent of the
ethanpl radicals ih.the radiolysis h;;s been directly Qbs.erved.. .

We found no effect on 'thé.‘ra‘.d'ical decay or the formation qf new
‘radicals in the cases of the 4-71 (35‘0_57.0 nm) and 3-69"(51_0"-3500 nm)
ﬁlt_é: intérposition. The use 'of thé 7-54 '(2”50'-400 nm) filter led to a

reduction of the ethanol radical's intensity by a factor of three (the
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’unfil.tered illumination gave a reduction of a faétor of 1I;en)., and the new
radical's intensity was abqﬁt the same as »in the  unﬁ.ltered illumination.
This sug_'ge"s.ts that thé decay of the e.thénc')l radicals takes place within
the 2004350 nm range (the shorter wavelengths 'being more effective),
while the formation of the new radical takes place bevtween 250 and
350 nm.’v

~ The photo-detfa_pping :of electrons is expectéd to oceur in longer
wavelength regions — about 2 eV or 600 nm —— as indicated by our
thermolurninesgence stuciies reported earlier. | Thérefore, the .radical
decay on illumination appears ﬁot to be due to iﬁteraction with photo-
detrapped electrons. In fact, there is no diffefence in the radiolysis
of the samples (a) illuminated wifh > 400 nﬁ (_Cofning 3-73 filtér) at
‘-2‘O° and (b) kept in dark at -20°. This"ifs surprising and Wé do not
kriow why there is no p.hotov-detrapping‘ of electrqns_. A possible ex-
planati'on may be that thefe is a large amount of scattefing by polycry-

stalline samples and thus enough light does not reach all the sample.
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CHAPTER V
EILECTRICAL CONDUCTIVITY AND INFRARED STUDIES

‘OF CHOLINE CHLORIDE AND ITS ANALOGS |
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‘. E Si_nce. free electrons are Iplaying an importantr role.in the radiolysis
of cholir;e chloride, the study of the migration O£ electrons. (vco.nductivity
behaviof) in its matrix may vprovirde us with some valuable i'nfc.)rrnation° :

Mosﬁ.'crystalliné_érganic solids studied 'thu.s_'far have been shown
to ble. semiconductors whiCh follow the conductivity-temperature re-

lationship shown below., 38

OT =0 exp(-E/2kT)

whe.re-. O‘T is the sf)eéific conductivity at temperaturg T, 0, is the
| spgcific conductivity atvinfinite.temperature (alsd called preeprnentia’l
-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 conductivify as a funcfion of temperature. We
have .alsQ studied the conductiyity_ behavior of the _radiation resistant’
(B) form of the ch.oline.chloride and extended studies to sofne other
cho_liné é.nalogs. The conductivity studies weré done under the in-
fluence of dc voltages and also with electrodeless microwave techniques.
We have also inve_s.tigated the infra're.d‘absorption by choline
chloride ana some of its deuterated and undeuterated analogs, in ordér

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
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Pacini and shown in Figure 25.,39 The pellets were made in a hydrau-
lic press under 10,000 kg/cm2 pressure using a Beckman KBr evac-
uable die. The current measurements were done on a vibrating reed
electrometer bbtained from the Applied Physics Corp. (Cary Model-
401).

The conductivity data for the pelleted choline chloride are shown
in Figure 26. The powder (compressed to about 40 kg/cmz between
the e*lectroéléé)‘ shows, in all fespecté, conductivity behavior similar
to that of the pelleted material. There is a shérp increase in con-
ductivity around 78"', which corresponds to the temperature of the
phase trénsiiiono The Conductivify increases by about four orders of
magnitude. . The evidence for t.he phase transition, on the basis of the
cfystallogra_phic and density meésurefnents has alréady been feported
earlier. >-8 |

The conductivity in the ﬁ-form is high énough to cause its decom-
pos'itic')n, even. though éholine chloride is thermally stable up to 200°,
This_décompositidn behavior is shéwh by the pellet 1 daté of Fig;lre 26
(in addition, the pellet was visibly charred). Pellet 2 was ﬂot heated
beyond 90°, and was subjected to five reproducible cycles of heating
var‘1dv cooling (only one cycle is shown in the figure). Such sharp and
" large changes in conductivity at the phase transition have not hitherto
beén reported. | An increase of an order of magnitude was reported
'}n chlorpromaiine, 40 but we also studied this compound and found
that this increase 1s observed only if the conductivity measurerﬁents
a.re done without evacuation, _i:f;.’ the effect is. due to the presence

of adsorbed atmospheric moisture. Wihksne and Newkirk have also
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" reported lé.’rgé éhanges'in condué.fivity of metal_-vfr'é‘e phiaiocyanine,
but the'decreasé is non-reversible v(actuaily the phase tr.an-sforrr;atibn
is non--revefsible), .aﬁd tékes place over a largeﬂ fefnpgfature range.
Conlductiv.ity in the a:form .appve;a‘rs.to be electronic (see .below), Ohm's
Law is obeyed, i.e., the vohage-‘current plot is a Straight line. The
measurements for fhis voltage-curfe’nf p‘lot‘w'ere'donefto',a temperature
of 70>° and for'voltages up to 22.5 V, co‘x'respondiﬁg to-an electx_'ic field
of'about _300‘ volts/cm. The vcurx;ent reaches its final value within a
few seconds of the application of the voltage. . On the contrary,‘ in the
B;form',_ i.e., above the 78° tfansition point, any increase in applied
'voltavge results in a geometric .i‘ncrea_,se of cﬁrre_nt. For example,
doubling the voltage_'résults ina tenfold iﬁc_reaéé of current. Such
instance; have béen .ehcountered'only in systems where there are sfrong
indications o_f protonic conductivify, 4z In additibn to this non-ohmic
b:(ehafrior, a.marked polarization is observed, e, the. current slowly
decreases wi_th‘ti.me (f_._g‘_..- from 8uA to 46 pA in 25‘min.) and
réa"chevs‘ a steady value -after an hour, or ‘even lénger. Relaxation
tirhes of‘such du_ratidﬁ are characteristic of i‘on_i‘c c;onducti\}ity as op-
posed to electronic conductivity where the relaxatién times are of the
order of millisecond‘s. to seconds. 43 ] Besides, on turning off the ap-
plied voltage, we noted a residuai_ voltage (v1.0Cv)me-.-to 1 volt) with sign
“opposite to that of the initially applied volt.:a'gev;_~ T.h_i""s, again, could be
due to the Q.vervoltag.<e characteristic of systems diysplayi'ng ionic
conductivity. | . o |

Collins has infé;'red, from crystallographic symm_et_ry'c_qnsidera-

tions, that the ,favce'-c‘entevre.d cubic form (ﬁ-form) has a‘highly disordered
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strﬁcture and has sufficient room for spherical rotation about a number
of eqpilibrium positions. Therefore, it seems that the conductivity

in fhe p-form is probably protonic. Such conductivity necessarily
‘means éésy intermolecular transfers of protons through hydrogen
bonds.. | There is crystallographic evidence for hydrogen bonds7’ 8_ and
also evidencé for some intermolecular hydrogen transfers in cholin¢
chloride. 9_ The free rotation of choline ion in the B-form would also
facilitate the intermolecular transfer of protoris. It is possible that
‘fhesé‘protons might be responsible for the radiation-resistant nature
of the p-form, if we .po‘stulate thaf the protons feac’:t Withvelectrons to
give hydrogen atoms which in turn feact with thé ethanol _radlcais as

follows:
(a) . CHZCHZOH + H— CH3C_HZOH
or (b) - CHZCHZOH + I--I—OCH3CHO-+'H2
In this way, the initiation of chain deéomposition,/ resulting from an
electron-radical interaction, is prevented., .Itv'is possible to demon-
strate protonic conductivity by detecting the evolution of hydrogen at

46 But, due to experimental

the cathod, *° and by the dc Hall effect.
broﬁlems associated with choline chlor_ide'IS hygroscopicity, we have
not done it. .However, we tried the microwave Hall measurements
for the sign of charge cafiiers (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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but has been reported. 45,47
As pointed out earlier, the sharpincrease 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 ibd'ide,' and none at all for

the chloro analog,  [(CH3)3NCHZCHZ‘C1]+C1", .'j’[‘hevdc conductivity
data (pow‘dervs compressed to 40 kg/cmz) obta_ihec_l for these compounds
are shown in Figure 217. ..The band energies, E, together with the |
temperatue at which sharp changes in conductiﬁty take place, have
been tabplated in Table VII. |

Thus, though no independent investigationé of phase transformation
in choline bfomide, choline iodide, or the chloro analog have been made, -
it seems vve.ry‘-likely tﬂat these choline'analogé display different crystal
structure beyond the trénsit_ion point. It Should be noted that this is
not charactériétic of quaternary ammonium salt_s since tetramethyl
ammonium Chlor_ide'.s1;1i)ws no such behavior; ‘Similar to choline chlo-
ride, these analogs also uhdergo rapid elvectrovliysis under low electric
fields (30 V/cm) when they are in thé high temperature.form.. They .
also display polarization effects and non-ohmic'fbeﬁavior,. suggesting a
prot;onié conductivity,:just as in choline chloride, in their high terripera—_
‘1t1‘1're polymorphs. . |

Thére is, és yebt, no direc.t. rela-tionéhip between radiation sensi-
tiQity ana_ electrical conductivity. Both éholi_r;e chioride and bromide
“are much moi'e radiation sensitive at terﬁperatu;‘es below their transi-
‘tion points while. the iodide and thé chioro analo.g..are not sensitive to

radiation. In the chloride and bromide it is stsible to attribute the
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-93-

lack of radiafion sensitivity above fhe tfénsitioﬁ _tefnperatuvre to protonic
mbbility_', v'vvlhile' thé; same is not necessa‘rily‘ trru'e. for the chloro analog
.éhd the iod&de.’ In the lattér two casés, furthef phy‘.sicai data (crYstai
structu.re‘, eté.) are necessary before one can speculate on their lack

of radiation sensitivity. .

Table V_II. Semiconduction band-gap energies and transition tempera=-.

tures of choline chloride and its analogs |

No. . l Substance? - E, eV Transition .
! . B temperature °C
I  [Me,NCH,CcH,OH]TC1™ = 2.7 18
I [Me,NCH,CH,0H]"Br™ 2.7 91
11 [Me,NCH,CH,OH]'T" = 3.0 94
v i[Nm3NCHZCHZCH+c1' 2.5 : 137
R - : _
v M'e4N cl - 2.3 None

2 Me stands fqr (CH3') group

| To find out .if thg _precipit‘ati‘op procedure of:choline chloride has
" any effe‘ct on i_ts radiolfsis, we u‘sebd pet’roleufn"ether (b. p 60-80°)
in placé éf a_iethyl ethe‘l" ‘as the precipitating agent to get choline chlo-

| ride out of ethénol soluti_énl.. We hoticed that the choline chloride's
hygroscopicity was far les.s' fhan v?'e encounterédin the dietl.l.yrl ether .

precipitated‘sar.hples.' We studied its radiolysis_.:béhav‘ipr and found
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that it decomposes as much as the conventional choline chloride (the
samples were dried on the vacuum line aﬁ 70°, 'rather than 100°, for
2 hours). The ESR spectrum of these samples was also identical to
the ones from diethyl ether precipitated choline chloride. However,
;che conduc'tivity behavior is surprisingly different. The resistance
vs. temperature plot of the petroleum-ether pr:ecip‘itated choline
chloride ié éhlown in Figure 28. Here; the choline chlor_ide has a lower
activation en-ei‘gy '(i.Z eV at.lower temperatures below 40° and 2.0 eV.
at higher temperature between 40° and 73°, compared to 2.7 eV for the
diethyl ether precipitated c‘ompound in the entire terﬁperature range),
: sh.'ows electrica_l conductivity at room temperature that is several
orders of magnitude higher than that crystallized from EtZO, shows
.non-linear"c'urrebnt-volitag‘.e charactveristics, and.displays polarization
phénomen_a with relaxation times of more than an hour's duration. The
electrical properties return. to norvm'al if the sample is heated to 100°
and cooled,. Thus, the effect of using petroleum ether for precipitat-
ing choline chloride appears to alterthe latter's i)hysiéal characteristics
withoﬁt really affecting the radiation sensitivity. .It is possible that
chqline chloride precipitates out in a third crystal form from petroleum
ether, trnasforms into $-form at temperatures at o'rl above 100°, and.
then transférms back into a;form upon cooling to robm temperature.
Altﬁough the conductivity data reported we;s very in.teresting, the
equipment used was ﬁot adequate _with respect to thé features detailed
- below. Therefore, a new instfumen‘t was fabriéatgd incorporating
the following features. The design is similar to that reported by

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

linear ’ra‘t'e of temperature rise, ranging from 1"/miﬁ. to 60°/min.

: The electric’ai polariz_ation effects, t.hus, can b_e Studied at different
‘pre-set femperétur'es. The cdn_ductiyit'y beha'.vi'orx of irradiated choline
chloride. can a'lso' be studied before its .r.adio‘lysis"is Cdmplete, ar.ldv
frofn the da{ta one can derive the population densities and the energy
depthé 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 wavelength, duririg the conductivity measurements through
quatz windows.

Fast and high vacuum: The sample chamber can be evacuated

very quickly to 1-0_6_torr pressure, and different gases can be intro-
duced at knownvpressures.' Thus, the effect of moisture and other
ambients on conductivity can be studied.

DLJImrniy Sarhple: A d'umfn'y 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 samplé can be sandwiched

| be_tWeen different electrodes under pressure up..to' 2500 lb/sq. inch
and its c.onductivityA measured at any cho.sevn pressure.

"Th& éémple to be studied, and the dummy Sémple,‘ are sandwiched
between two ‘sets. of metal éheet electfodes, ‘an.d'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
'resistahce and vacuum tight feed-thru. The lower electrode is elec-
t‘rically insulated .fr'om a coi)per 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 tempe;at'ure-controller. The controller consists of two units a
power supply, made in our laboratory, to pro'vide voltage for the hea.ter‘
aﬁd'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 electrodés sand-
wiching the dummy sample are welded to two (one .at each crystal face)
Chromel-Alumel Fhermocouple closed ends. The open ends f the
thermo_coupl’e pass through feg-thru's and sensé the temperature pro-
grammer to give a linear rate of temperature rise and record the
tempe'i‘a_£ure of the sample.

The sample is enclosed in a vacuum chamber by a double-walled
stainless. steel dewar. The‘ dewar is equippéd 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 diffefént gases. It also may be connected to the fore .'pump with -
out sWifchihg off fhe diffusion pump. Once the for'e'pressufe is ob-
tained, high vacuum is producéd by opening the valve to the diffusion
pump. -
| We have beven‘v“able to feproduce thevdata“rép'orted above (Table
VII) on thg impréved equipmeh.t. "We also made some preliminary
‘observations on the kinetics of the thermally 'stimu_lated currents in
choline chloride. 48_ The terﬁperatures at which the tr.apped electrons
are released, compvouns_,‘-éhould‘s'how enhanced cvonductivity superim-.
posed on the normal conductivity \}s. temperat_ure béhavioi‘. A pel-
_ .le‘ted ch.oline c_:hloride. samplé was y—irl_'adiated wifh é. dose of 5 Mrads.
The sampie was then'encloséd in the conductivity chamber and evacuét—

ed to _10-6 torr pressure and filled with dry helium to above 1 atmos-

phefe. The sample was exposed to ambient moisture for about 10
min. during this p'focéss. The chamber is then isolated from the
vacuum line. It is observed that the conductivity of the choline chlo-

r.id‘e. samp_le decreased by a factor of 3 over a periéd of 24 hours at
roorr.l‘temperature. After tﬁis it started increésing slowly with time'. '
The chamber is pret.ty. much air-vtight and thus it can be safely assumed
.that the outsiée air leaked into the chaﬁber only \(ery slowly. Thus,
the moisture absorptionby ;the. safnple was basically the amount ab-
sorbed'd.ur'mg the 1oadiﬁg procedure. In addition.v, if there is _le:ak,v
then the moisture absorption will‘only in;reasé fhe éénductivity as a
function of time. It may be that the samplé tak‘es‘;-.24 hou..rs. to equili-
"brate with the absorbed moisture_, but it is also possbi‘ble that the d.e-

crease in conductivity during the first 24 hours is due to the decreased
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number of thermally detrapped electrons (the denéity of population of
trapped electrons will decreasé with time due to detrapping). The
conductivity of the y-irradiated choline chloride was 2-3 orders of
mangitude higher than that of the unirradiated choline chloride. This
could be partly due to the moisture absdrption, but the décrease may

- be due only to the trapped electrons. This change ;eems very large
when Cbmpared with the normal conductivity of the unirradiated choline
chloride. | |

We did not pursue the studies, but the field of the thermally

stimulated curre;its seems promising, especially if one could load the

sample without exposure to ambient moisture.

B. Microwave conductivity measurements.

D.ue‘ to inter-surface barriers in polycrys;allirie rné.terials and
possible électrode (charge carrier injection) effects in dc conductivi-
ty measurements, the résults are questionable. Thel;efore we decided to do
electrodless conductivity measurements at microwavé frequencies (=10 GHz).
At thése fr.e'quencie‘s inter-surface barriers do not play any significant role.
The general procedure and detailed theory of this method has been discuss-

ed in the literature. 49’_50

We can also measure the sign and mobility of
charg¢ carrier independently using this method. |
A bimodal cavity resonating at 9.5 GHz is used for the measure-
ment of charge carrier céncentration, their s_igns, and their mobilities.
The Adetai.led apparatus has been deécribed by Bogomolni. >1 We used
choline chloride in the form of a pellet compressebd to 10,000 Kg/cm2 of

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

between very thin films of polyethylene andloaded in the cavity. All
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operations are done in a dry box to avoid exce-s.si‘ve absorption ’of mois -

. vt;ure. ."Further, the sample is heated in the cavity by the flow of preheated
oitrogén.._ .The vt.emperature 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 qodling of the sample. We could not exclude moisture in

these measurements as much as we could in dc. measurements.
.Moisture does increase dc conductivity of the a-form significantly
whilev oot having mucn effect for the highly condu'cting B-form. This
may explai_n the smaller increase.in the conductivity from the a-forrn.
to the .ﬁ-form in the present method. Futhermore, conductivities
‘tend to be larger in ac measurements due to the absence of effects of
inter—éuffac_e barriers in polycrystalline mator_ials.

The mobility and sign of charge carriers can be estimated by

the following equations:

\'% ' ' . S
AQ |y o _s ' . (1)
177 |
c
SN - . | |

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

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

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

Choline chloride in the o-form has a ve ry small conductivity
and, therefore, a compromise was made for the size of the sample.
It was f>ou1.'1d that the charge carriers in the a-form have at least an
order of rﬁagnitude larger mobilities than the mobilities of charge
carriers .in the ﬁ—form. | Furthermore,.,frorh the sign of AP, it was
inferred that the a-form has negative charge carriers. The mobility
values in the ao-form varied between -0.3 to -1.0 ;mz/volt—sec. The

mobility p is given by

=25 | (3)

where T is the relaxation time, m* the effective mass of carriers of
‘charge e. The low mobility of charge carriers in the $-form may be
due to the larger effective mass. An estimate of the mobility of pro-
tons in the P-form of the choline chloride is about 1‘0-8 cmz/volt—sec

(private discussion with Prof. A. M. Portis). The estimation is
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obtained as’follows:v The velocity of pfotons, v, at 350°K is
~ (3 'kBT/m)i/Z . 3X 105 cm/sec. If the mean free path, £, is

assumed to be 5 A, then the relaxation time,

5 X 10'8

3% 10°

T :—é—‘ = = 1.6 X 10°13 sec. Therefore,

er _ 1.6X10 Y x 1.6x 1071 _ 108

) .
p==— = cm®/volt-sec.
™ 1.66 X 1024

If this is .‘so, the proposed protonic charge carriers fits the data well.

C. Infrared absorption studies.

The infrared spectra were determihed as follows: One mg of the
crystals 1s mixed thoroughly with 100 mg of KBr, and the mix‘tu're is
ground with amortar and pestle for 10 min. in a glove Ibox; the latter
is filled with véry dry .NZ to a‘;zoid absorption of atmospheric moisture
By the deliquescent choline chloride crystals. The solid miixture is
then further dried on a vacuum line (’1-0-4_ torr at 100° for 2 hours).

The d%‘ied sarhples are sandwiched between KB'r.po_'W.der in a metal

die (The Barnes Engin‘eering Company): and preséed into a pellet_,.' and
the pellet is kxe‘pt in the die for the IR meash’re‘ments. The die is
wrapped with a heating tépe connected to a variable volvtagve: source, -

. and a Chrofnel—Alumel thermocouple is attach”ed‘t.o the die for tem-
.perature measureménts. The spectra are re__cordéd Qn a Perkin-Elmer
‘Model-137 infrared spectrometer. _'T'he deqtei;ate'c:i cholinés Were
synthesized ‘és desc_ribéd in é_. pre.vious -publicatvion.; ~ The preparation

of. other analogs has been feported earli_er.4
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One would expect that the intermblecular interactions in the two
polymorphs (a- and B-forms) would be differentf ‘These differences
might be responsible for the extreme differences in radiation sensiti-
vity of the two polymorphs of choline chloride. Polymorphs are
| known to exhibit different optical absorption spectra{ in the far infrared
region (2.5-15 p). 52,53

Figures 30 through 36, a and b, show the infrared spectra of
the choline analogs in the «- and B-forms, respéctively (th‘.e different
forms are indicated by their conductivity behavidr). As rep'ortedb
earlier, the density ché,hges 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 t'ransforma'tio‘n. - This improves the
spectrum without changing its feé.furés. There is no change caused in
spectrum of any compound in a given crystal form by a change iﬁ the
témper.ature.. Thus, the spectrum taken at a temperature just below
the phase transition temperature is almosvt identical to the one taken
at room teﬁperature. The changes that do occur are due only to
phase transitions. These changes are reversible; that is, when a
spectrum changes 6n goi;ng from an a- to a p-form, the a-form's
spectrﬁm reappears when the sémple is coole.d'bel.ow the «-p transi-
.tio‘n temperature. The infrared absorption takes place due to the ex-
citation éf vibrational modes of the atoms in a moleculé. These modes

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

these modes is given by
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v =N 2u £

meff

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, O are bonded to H, the effective
mass is 1. Thve 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 de-
creased by a factor of 1/’\/—2_ due to the increase of the effective mass
to 2. Therefore, deuterium substitution can be vused to assign ab-
sorption peaks due to different types of bonds. The decrease in
frequency by 1/'\/? is cdrrect for C-H stretching modes, but for bend-
ing rnodes the effect i‘s complicated due to the interaction of modes
arising from different types of vibrations. 'Th.is' usually occurs when
the frequencies of these are close to each other. Thus, the bending
modes in the C-H bond have frequencies clo.sev té the stretching modes
of C-C, C-0, and N-C bonds and, therefore, the _shift of frequenciés
is not well defined. However, the disappearance of a peak upon
deuteration ‘can be used to assign different frequencies to different
modes and bonds. The method of sucéessive deuteration and corﬁ-
parison of respective spectra is used to give a tentative assignment
as shown in Figure 30. For example, [(CD,),NCH,CH,0H]"C1"
shows no (or greatly diminished) peai(s at 3.35, 6.7, 7.1, 7.6, or 9.9 w;

consequently, these peaks have been assigned to methyl C-H bending
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. and strétching .m'odes.‘ [(CH3)3:NCD2CHZOH]+C1' shows no peéks at
7.4, 9'.4‘, or 10.5 u, and a much diminished peak (compared to thé
undeuterated compound) at 6.8 p. [(CH3)3NCH2C.D.ZOH]'+‘C1- shows no
(or greatly diminished) peaks at 3.5, 6.9, 9.1, or 11.4 p. |

| The f)rincipé.i differences between the ir‘lf‘rared”spéctra of the

a- and B-forms of choline chloride appear to be in these. .O-CHZ peaks.
They é,re.:prominent in the o-form, and are 1ackiﬁg, ‘or g.reatly reduced,
in the ﬁ—form.' The vibrational differences thué indicated may be re-
lakdtdﬂm:hctmatﬂw adonnofHCHjBNCHZCDZOHTQH_isless
th'a_,n half as radiatién sensitive as the a-form Qf ordipary (fully pro-
.tonated) choline chloride. 25 Selecti_vé deuteration iﬁ ahy of the other
three positions (methyl, N-methylene, or hyd‘roxyl) leaves the radia-
>t'iorn sensitivify essentially unchanged, i.e., within 10% of the value

of the ordinary compduhd. " It appears that a movement of hydroge‘n
‘atom out éf the O-CH‘2 group is a key process in the radiolysis — and
both intrambleculafand some intermolecular tranéfers of these hydro-
gens héq’ve beenr shown by previous studies.v

The O-H bond stretching 'frequenc_ﬁies for“hy'd.rogen-bonded systems

‘are shifted towards longer wavelengths; the normal absorption for

>4 The stretching vfrequency for the

f:_r:ee_O-H groups is 2.74-2.79 p.
choline compounds (all of thovs.e studied here) comes at 3.0-3.1 p, a
substa;ntiation of the hydrog'en bondihg tha»t' X-ray Ci‘ystallography has
'ﬁalready' i’ndicated as'bll)eing preserit. in choline chlor'ide. -~ Choline iodide

: éeems to have less 'hydrogen bonding (the OH péak see.ms to have less._

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

rest of them).
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fhe differences between the - and .ﬁ;fofm's of the other analogs
are also vaious. The bands in the B-form seerﬁ to be broadened,
probably due to molecula.r rotational absorptions superimposed upon
the normal vibrational modes. Thé @- and B-forms of the bromide
ha\./e IR spectra that are virtually identical wifh-'those of the chloride,
an interesting Qbser{/ation since the bromiae is fhé only choline
analog»that:shows any.of fhé_.chloride's amazing i‘adiatioh sensifivity.
On t.:he‘ ot}..1_'er hand, the spécfra "of.'the. iodide énd va the chloro anaiogv,
Which show no anomalous radiation sensitivity:, are considerably dif-
vferevnvt from those of the chloride and bromide.

The temperature at wfxich the changes in the -'spectra occur
agree with the temperature at which the conductivity changes sharpiy.

We héve'also examined the infrared spectra of ordinary choline
chléride (o-form) and of the y-irradiated (‘5 M;ads) compound. There
were no detectable differences in these speqtra‘,. lindica.ting that no
abs_orp‘tionbands, .in 2.5-15 p range, aré created in éholiﬁe chlor‘ide

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

'ON THE RADIOLYSIS OF CHOLINE CHLORIDE
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5,56 that the ESR spectra

It has been reported in the literature5
revs1-11ting flrom H-atom irradiations of organic compounds are simpler
than thoée resulting from more éonventional, ionizing radiation, such
as y-rays, X-rays, or electron beams. The rve‘avson for this api)ears
'to be that the dominant mechanism is a simple hydrogen abstraction,
giving a radicél and hydrogen gas: RH+ H* =R + HZ' Ackerman and
Lemﬁon havé reported that hydrogén "gas is produced in significant
amounts upoﬂ the. _radioly'sis. of choline chloride.'. 11 Lemmon and Nath
have investigated the effect of hydrogen atom exposure of choline |
chloride and found that radicals so produced had characteristics simi -
lar to the éthahbl’ radiéal that appears upon. y-irradiations. >7 A pos-
sible mechanism for the production of ethanoZI radicals was al‘sovsﬁg-
gested. It seemed,v'therefore,: of potential value in understaﬁding
choline chloride's radiolysis mechanism to eXtend-these studies and to
‘determine wh'vether the H;afom expésures als_é initiate the same highly |
efficient ;l'adiolysis as does the ionizing radiati(_)n‘,‘.

It has also been répo'rted earlier that unirradiéted cholinevchlo‘ride
does not have any optical absorptipn above 200 nm ‘and, .I -thefefore, it
does not undergo any decompoéition upon irradiation with light of wave-
length.#bove 200 nm.. The production of H-atoms is accompanied. by
prbduction of light in thé vacuum ultraviolet range (emission spectrum
: of HZ) ahd, theréfore, Wg also studied the effe'c.ts Qf irradiation with
light below 200 nm (where choline chloride absorbs), .

The apparatubs used to expose choline chloride ‘to atomic hydrogen
is shown in F‘igufe 37. Thisisa slight ﬁchification of the apparatus

used by LLemmon and Nath. We have used a more powerful microwave
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F'igure 37. Apparat'us used to exposebcho]ine chloride to H-atvoms.
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generator (2450‘ MHz é.nd 1000 watt) supplied‘b':y a Litton Industries
Model L-3189 magﬁetron. In addition, a light traé is also used to iso-
lé.te 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. -Thé fine jet is provided to impart some speed t{q the flow of
_hydrogén atoms. Ina glove box the choline ch-loride crystals were
placed o'n'.the glass frit and then protected by a stopper from atmos-
pheri(‘: 1‘rnto/isture. This aSéerh‘bly was then attached to thé quartz tube
péssing t}'u;oﬁgh tﬁe cavity. Affer the assefnb__ly was evacuated, H2 |
was paééed into the system, and its pres_-slire maintained at 100-250
microns, by continuously 6perating the mec_haniéa_l pump, and by
suitébly adjusting the ngédle valve: The rnicz_"o;ava‘\‘/e generator was
operated at abou‘f 1000 watts for 8 hours. Although we have made no
direét determinations Aof~ the h'ydfogen atom fluxe s‘ .obtained in the ‘ap-
pa"ra'tus_,-.we'vmori’i'tored its performancevb’vy c;é.cvasi'o_nally' Subétituting_

n malonié ‘é.cid. for the choline chloride., This gav‘:e us the 2-line 'I?;SR
spectrum, reported by Cole and Heller, 5’5 and interpreféﬁle as

. CH(COZH)Z. We found that the spectrﬁm :is strénger if we maintain
the.pfeséufe between 100-250 microns compared. to higher pressure.
The sa'mplgs wéfe céo'oléd (fof»so_me experiments) by direvcting a jet
of c_;)ld.nitroger.l‘at the outside of the tube. vSi.nce t.h‘e H-;a__toms do not
have sufficient pénetrating power, fhe powaer s'a'mple was tépped oc-.
casionally so that most of the sample was, at one time or another, »

éxposed to the atomic hydrogen. - The apparatus used for vacuum UV

studies is shown in Fig'ure 38. It is similar to the one used for H-atom

~ exposures except-that the light trap is replaced with a straignt tube and

1S3
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. Figure 38. Apparatus used to expose choline chloride to vacuum

" ultraviolet.
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the éholine chléride (pelleted) is mounted vertically on a glass stopper.
The evacuation is vdone from the side tube. In th‘i.sv.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
ﬂthev side avrmv. | | N

We tried to prodt_lcé ethanol radicals with this improvéd H-atom
exposure apparatus. -We could not get any ESR signal from the ir-
radiated sample, even é.t the highest gain in the Varian Model E-3
spectrometer. We also varied the temperaturé of the sample during
exposure, to take into account radical decéf, but still failed to detect
an ESR signal. Howeve.r,l rr-xal‘onic acid gave s.t.rong signél under
identical_conditiohs, suggesting H-atoms are indeéd formed in the
apparatﬁ_s. We suspected that the o'riginal observations were due to
the UV irrad.iation, since theiight trap was not‘vused at that time. We
have now -Confirmed,'. using the UV irradiation épparatus, that the .
signal obtained was indeed due to the UV. 'W'e‘ irradiated a choline
chloride pellet at ri.oom temperature for 3 hours. The pellet was then
brokjenrinto ;small. pieces and inserted into a quartz tube in a glove box.
The ESR signal of the irradiated safnple is shown in Figure 39. The
intensity of the ‘s.ignal is small, but its characteristics are very similar
to those of‘t';he ethanol radical that is produced.upon_ y-irradviartion. We
‘can perhaps ass.ume. that, due to constant pumping, only a ;/ery small
fraction of H-atoms, if'any at all, ecou}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

4
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Figure'39. ESR spectrum of vacuum ultraviolet exposed choline

~chloride.
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éuestion arises whether the mechanism of this-photdlysis, if it occurs,
is similar to that of radiolysis. The UV photon intensity is not com-
parablevto the vy-flux, nor is the penetration of UV phbtoﬁs, and there-
fore the concentration of radicals formed during photolysis is abogt
three orders of magnitude less than that f01;rned by, say, 3 Mrad dose
of y-irradiation.  To study the photolysis wé irraaiatéd samples of
labeled choline chloride with vacuund UV for 3.h‘c>,u1;s; the samp1e> was
maintained beléw 0° during ir.r>avdivation (by the jet of cold nitﬂjgen).
The irradiated samples were then heéted for-é' hours at 50° and anlalyz-
ed for decomposition. We found TMA as the only radioactive decom-
position product and quantitatively the phdtolysis was 0.45 percent.

An unirradiated sample (control) heated fro 2 hoﬁrs at 50° shows only
0.15 per.éent decompo__sition; These results indicatg that the photolysis
mechanism is ide_ntical to the radiolysis mechanism and the energy ex-
' change prvocéss'es in choline chloride are independeht of the photon
energy (cryétallogfaphy is also compli(.:.'ated ciue to choline chloride"‘s
r.adio‘lys'biis durinvg its e_xpo.sit.ion to X-rays).

Lab’ele_dlcholine chloride .(no y-irradiation) was also subjected '
to atomic hydrogen exposure at room températufe for 8 hours. The
exposed samples (and controls with ho H-atom exposure) were analyz -
ed without any post-irradiation thermal -tfeatméht. We found as much
as 9.3 perc:e.:nt decomposition for the -irradiated samples (0.6 percent
for the-;:ohtrol)._ The decomposition depends very much on the way
the sample is distributed on the glass frif — the amount of decomposi-
tion being dependent on the surface érea exposed.  Since the H—afoms

cannot penetrate the crystals, this is a remarkably high decomposition,
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and it indicates an important role for these.atorr.l_.s:in the radiolysis
rnechanism.- An qne#pectéd feature of this decompbsition 1s that, un-
like what is »observed in 'y-irra'diations, much polymer (5.5 percent;
TMA 3.8 percent) is formed as a product. We _f_.ee.l‘ that H-atoms are -
-the a(’:tu_a_l chain propagating species in the radiolysis of choiine chloride.
- The poiymer formation is probably due to the extensive H-atom exposureA
' of thé product TMA and choline chloride ‘a‘t the _s‘urface. Their role
will Be suggested in the mechan_ism to be presehte_d in the next chapter.

We subjected y-irradiated labeled choline chloride to the H-atom

exposure at room temperature for two hours. A control was kept at
room temperature with no H-atom exposure. There was no difference
in the radiolysis values for the two. It seems that H-atoms are not

increasing the radiolysis due to their decay by interaction with ethanol
radicals in preference to their causing chain radiolysis. The decay

~could be visualized és follow_é:-

OH

“(a) - CHZCHZOH + H- C_H3CH2

~(b) - CH,CH,OH + H- CH, CHO + H,
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CHAPTER VII

PROPOSED RADIOLYSIS MECHANISM AND FUTURE INVESTIGATIONS



~d

: R
~(6) (CH3)3N- + H-

S125-

The following mechanism appears to account for all our observa-
tions, especially specific involvement of ethanol radicals, electrons,

and hydrogen atoms, on the radiation decémposition of crystalline

. .choline chloride:

(12) (CH3)31¢JCHZCH_2QH~M(CH3)3N ++ CH,CH,OH

| + | 4 + B}
(1b) (CH3)3NCH2CH-ZOH M(CH3)3NCH2CHZOH te,
: ' (hole)

rap

' + _ . + .
- (2) (CH3)3N . G.HZ‘CHZOH—-—-(CH3)3N- + HZC-C_HZOH

(3a) etrap ®free

[ CH,CH OH*] "

(3b) H,C-CH,OH + e >

free -

R '- + ' ‘

(4) [:CH,CH,OH*]" + (¢H3)3NCHZCH26H —
+ -
(CH3),;NCH,CH,OH + CH,CHO + H

+ - '
(CH3)3NH + CH3CHO + H-

, + '
(5) H- + (CH3)3NCH2CHZOH

+
(CH3);NH

Overall reaction -

2 (CH3);NH + 2 CH;CHO.

B L
2 (CH,);NCH,CH,OH

For simplicity, the chloride ion has been omitted from' the'se
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feactibns, althc-mgh it might be important for the stabilization of the

"holes' in (ib) and (4). |

Reactions (1a) and (1b) account for the appearance, upon y-
irradiation of choline chloride at -196°, of biradicalsi (ESR spectrum
at 1600'G), and trapped electrons (thermoluminescvence and optical
absorption studies). When electrons, réleased dué_: to the ioﬁization

of molecules, get trapped into metastable energy étates, the molecules

are left with excess positive charge aﬁd are called holes. However,

- .we have not seen any ESR spectrum correspdndjng to these holes or
ele.ctrons.. A small s.ignal might have béen masked by a broad and‘
large sighal due to the biradicals and the ethanoi radicals at 3200 G.

It may also be that spin-lattice relaxation time s are too short to permit
us to sée-the signal.

Reaction (2) accounts for the decay of the Eiradical upon heating -
the irradiated sample, due .tb the diffuéing apart of thev two monéradicals,
a‘nd' eventually giving the ESR signal interpretable vas that of ethanol
radicals. However, we have not seen van'y ESR ‘signal corresponding
to the trimethyl amine radicals. We féel that this is due to rapid
spin—la.tti.ce: relaxation in choline chloride matrix., We irradiated
choline chloride at room temperature and above, thereby irradiating ‘
the trimethylamine hydrochloride formed by raﬂd'i'ol.)rsis and found no
signal from btrimethylamine radicals. Symon has reported, 13 and we
have confirmed, that by y-irradiation of tr.imethY‘lamine hjdrochloride
an ESR signal is obtai_ned interpretable as that of trimethylamine

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

in the form of free base, rather than the hydrochloride salt, in which



Cy

-127-

case no trimethylamine radical will be formed upon irradiation. 13 But

then we have to postulate that the free base, a ’g'a"s at ambient tempera-

ture, is trapped in the Choline_matrix such that it does not escape even
by evacuat.ion at 70°. This seemé unlikely.

Reactibns (3a) and (3b) aré.postulé.t_ed fo;'"'the vdetrappi»ng of elec- "
trons and their subsequent reaction 'withvthe ethanél radicz.iis. to give the
excited anionic specie_; . We hav'e: found that (1) thebradiolysis’can be

induced at low température by transferring electrons from photodonors;

.:(2) the radical decéy is enhancéd in the pres'encef of photodonated elec-
‘trons; (3) the radiolysis is retarded by the electron-accepting ambients;

- (4) t‘h_eAr.adiolysis is also retarded by doping the crystals with KI;

(5) heating at 150" before irradiation lea_d:s td_ diminished radiolysis;

(6) large, slowly grown crystals are more resistant to r'adiolysis than

are microcrystallites; (7) the extent of decomposition is increased for

a given radiation dose, if the dose delivery is interrupted by periods of -

he,av._tivng at 50°; (8) the radical decay is faster than the radiolysis;

(9) the 'radiplysis can bé enhénce}d.vlv)y exposufe tor thérrﬁai .electrons.
Thésé obséf?ations are iri_terpfeted és reflecting ;; p.rominent‘ role fof
détfappe'd electrons in the radiolysis' méchanisn:n. ‘It,has é_ls’o been

found'théft choline chloride and choline bromidé_arev the only analogs -

-that give ethanol radical upon irradiation. This coupled with the fact

‘that these are the only compounds which are abnormally radiation sensi-

tive suggest that ethanol radicals are necessary forthe chain mechanism.

- This is further confirmed .by photoreduction of_étha_hol radicals at

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

ished radiolysis. In view of these“bbservatiohs, it seems very
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reasonable that the electrons énd the ethanol radicals are 'necessary‘

for the radiolysis, and any mechanism px_'oposed should includé both

of themm. We do ﬁot 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 »ch_loride 's decomposition, 11 and that hydrogen-atom expésure
"producés large decoméositi;)n in choiine'chloride. A possible pathway:
fér the decovr;w'position of unirradiated choline chloride by hydrogen atoms

can be, via hydrogen atom abstraction, as follows:

., .t . + L. fast + 3 i
H +'(CH3)3NCH2CHZOH H27+ (CH3)3NCH2CHOHf-O(CH3)3N' + CHZ—CHQH

CHO

CH3

+ +
H- +v(CH3)3N-—-—(CH3)3NH

But, to account for the decorﬁpo.s'ition of y’-‘irra'diate'd choline
chloride, a chain mechaniém must be'proposed‘, since thefe are de-
finitély no indications of large Cénce ntrations va hyarogen atoms invthe :
ESR spéctrum of y-~-irradiated choline chloride and the concentration
of the ethanol radicéls themselve‘s is less than 0.1 percent. We are
unable to pfovid"e any more specific pathway for reaction (5) because
of insufficient data, but the driving force for this reaction may be an
attaék by hydrogen atoms at the nitrogen (the N-H and N-C covalent
bond energies are approximately 84 and 49 Kcal/rﬁole). However, we
have propésed reaction (5) on circumstantial evidence only. Reaction
(6) a‘ccéunts for the chain‘terminatio‘n.‘

The reason as to why this chain is carried only in choline chloride
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"and choline bromide seems to be that these are the only 'an.alogs that

give the ethanol radicals when subjected to ionizing radiation. The

other radicals probably do interact with detrapped eleétrons, for which

we have found evidence in preliminary thermoluminescence studies, to

give the excited species. But these specie's do not produce H-atoms.

If this 1s the case, then other chbline 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, althou’gh H-atoms are
available'to dissociate the choiiné molecule. It has Ialréady been re-

ported that choline éhloride'and choline bromide éxist in orthorhombic

" form at room.temperature while choline iodide exists in monoclinic

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

‘the low and high temperature forms should be i‘rj’kvestigated.

We have proposed that the f-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 ﬁ-fo_rin will be useful. Of Course,"agaiin, the crystal-

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

' .line chloride ard its analogs on an improved (better resolution) equip-

ment together with solid state nuclear magnetic resonance studies will

be compl_emen'ta‘ry to the crystallography in the structure determina-

tions..

Pr_ofessor W. H. Hamill' has proposed that the chain reaction
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may be propagated by chlorine atoms. >8 He suggested that choline

atoms arise by virtue of ionization of chloride ions. N

-

Cl-—=Cl" t e,
trap

. e +
C1"Me,;NCH

,CH,0H + CI'=—=Cl Me3NCH2CH0H + HC1

Cl” + Me3N + CH3CHO

. e

This mechanism would suggest that we should find Cl2 (obtained

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

< - . '

and Lemmon sought for detectable amounts. of Clz,.:but were unsuccess-
. .“ It does not provide for the fate of the trapped electrons and

the observations we have repottéd_ with regard to the involvement of

-electrons and ethanol radicals.  However, this proposed mechanism

can i)e-tested by Bombarding labeled choline chloride with chlorine
atoms ariéi ‘lookil_ﬂg for decomposition. |

Dr.‘ A. O. Allen argues that if we Suppdse t_hat the chlorine atom
.ex'ists iﬁ a fi;ée state‘a_nd able to move around,’ thlS formulation would
_ﬁot expléin‘ the dependence of the yield on fhe Crystal structure. 59
According to Dr Allen, the radiation removes é.n electron‘f'rom the
chloride iop and it is. trapped somewhere, produciﬁg a "hoie" or con-
dition of excess positive charge in the neighborhood of a chlorine atom..
This would have the effect of disp.lacing the positive charge from the
neighboring nitrogen in the direction of the ethaﬁol group and hence

facilitate the departure of a proton from this ng_'oup towards the chloride

ion of an appropriately placed neighboring molecule, thereby forming

s
o
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a hydrogen'chloride“molecule'. © This in turn would cause the displace-

ment of éliarge' from the nitrogen of this neighboring molecule, as

shown échemati’cally .l)elow','vénd induce displacement of another proton
.for'ming an_dther'molecule.of HCl and so on. With veac_h_such displace-
ment a mole.cule of trime‘thylamine and of CHZ';CHOILI (enol fofm of
acetaldehjrde) would fofin. " The process. coulci be represeﬁted as

follows:

etc.
/
- @
ClRN

3
Cl” R %CH @HOH

cr R ﬁCH @HOH

On this hypothe‘sis," the chains would seem to be initiated by holes

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

- of the ethanol vgroup in choline .chloride is located near a Cl~. His

calculations based on published crystallographic data7 show that Cl™
is 3.15 A from the nearest aH. This proposal could be tested by in-

jecting "holes" in choline chloride (unirradiated) and deterimine the .

~effect of hole injection on the radiolysis, although the reduction of

radiolysis in elﬁectrbn accepting ambients and,ihcrease in case of photo-
donation of electrons will still have to be explained.

- Symons ha_svals"o propbsed a chain mechanism which is initiated
| 13

Accordmg to hlm, the Cl° ‘is trapped during y-1rrad1at10n_ of choline
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chloride at liquid nitrogen temperature (-196“.) |

Cl,~

Cl” + Cl 2

During thermal treatment, the chlorine attacks a neighboring. choline

 cation and the sequence follows:

-4 ) . . . +‘ ) . .
Cl" + Me3NCH2CHZOH-—oHCl'+ Me3NCH2CHOH

Meé NCH CHOH Sl°""M 3N 4 CH CHOH

| s R ‘
I\/Ie3NH + -Me3N CHZCHOH

Me31¢1- + Me3I¢ICH2CHZOH

Thé ré.dical Me31¢ICH2CHOH has ﬁot been ébserved by anyone.
This model“’also. sugges_fs that one shoulyd find Clé in the products.v If
Cl' are responslble for the ralelySls, then it is hard to understand
why the propyl analog, [(CH )3NCH CH,CH OH] Cl~, and the ethyl
.Vanalog, [(C2H5)3NCH2CHZOH] Cl™, are radlatlon res1staht.

The possibility that trimethylamine radical, (CH_3)3§I- , is the
chaih propa;gator has long been proposed in this laboratofy also. As
a consequence, we w(_are constantly aware of this.during the present
“work. Howéver, we are unabl'e-toico.nstruct any mechanism involving
this radi_éal'as a chain propagator that al:%o accoﬁnts for either (a) the
role of ffee eleétrohs or (b) the o‘bvious Connec'tioh between the ethanol
radicals and the radiolysis. In a‘ddition,’ the interaction of electrons |
with trimethylamine radicals would result in trim}ethyl.amine, as com-

pared to an excited anion (reaction 3b) in case of its interaction with
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the ‘ethanol radicals; the.latlter'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 irradiated érystalline choline chloride.
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