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‘High Resolution Solid State NMR and X-ray Structure
Study of Choline Chloride, Bromide, and Iodide

D. Wemmer v
Magnetic Resonance Laboratory, Stanford Un1vers1ty, Stanford CA 94305 USA

V. Petrou]easa) N. Panag1otopoulosb), S. E. F111ppak1s
N.R.C.. “Demokr1tos“, Aghia Paraskevi Attikis, Greece, and

R. M. Lemmon

Laboratory of Chemical Biodynamics, Lawrence Berkeley Laboratory,
University of California, Berkeley, CA 94720

13C-’and 2H high-resolution. solid-state ‘NMR studies of choline chloride

and bromide in their.radiationfsensitive (ambjent-temperature)txphases
indicate‘thé gradual onset of réorientation motions at temperatures
preceding the transition to their respective radiation-stable
(higher-temperature) B phases. These motionéfbecome isotropic above the
a-to-8 phase'trdnsitions. The early onset of the'fotational'mqtion'is
accompanied by a cbnsiderab]e'dkop in radiation sénsitivity as indicated
by previous studies. It is therefore concluded that the extreme
difference in radiétion senSitivity between’thé'd and R phases is
principally due to processes affected by the fotationa] motioﬁS'and not
to simple crysta]]ographic differences. Cho]ine iodide, which is |
radiation normal at all temperatures so far studied, shows rotational
motions of the two methylene carbons even at_room temperaﬁure. “An x-ray
study of the latter compound at ambieht'temperature indicates the PZ]/m
as the possible space group with éppreciab]e disordering motions between

the symmetric positions related by the reflection plane defined by the
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b) Permanent address: Argonne Laboratory, 9700 South Cass Ave.,
Argonne, I1linois 60439 USA
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O,N, and pne'of the methyl carbons. The reorientation motion in choline

jodide becomes completely isotropic only at temperatures close to its
second phase transition (ca. 163°C) accompanied probably by diffusive
~motions. An analysis of the room temperature spectra shows that in '

13

choline chloride and bromide the chemical shift tensor of the N-""CH

2
carbon is directed with its smallest principal axis approximate1y  ’
parallel to the N-CH, bond. The 2H spectra (Qﬂ_poéitiqn) show that the
electric field gradient tensors of all three compounds have similar

principal values and are approximately axial.

I.  INTRODUCTION

- -The biologically 1mportantlcholine jon exhibits as a crystalline
salt a number of interesting physical properties. Choline chloride
[(CH3)3NCH2CH20H]+C1' and choline bromide [(CHy)sNCH,CH,OHI'Br™ are the
most 1ohizing radiation-sensitive cbmpounds knbwh, while the closely
related choline iodidevtCH3)3NCHéCH20H]+IT, and a large number of other
analogs,are radiation-normal (see Ref. 1 and refs. therein). In addi-
tion, the radiation sensitivity of cho]ine chloride and bromide, which
is very pronounced at ambient temperature, is limited at higher tempera-
ture by phase tranéitions occurring resbective]y at ca.‘78°C and ca.
89°C.2.. In addition, the radiation sensitivity is lost at temperatures
well below room temperature. Choline iodide, which is radiation normal,
_shows two.crystallographic transitions, one at ca. 95°C and the ofher at
ca. 163°C.2 Structural data have beenvavailable so far only for choline
‘chloride in its a3 and 34 phases. The former is characterized by an

unusually long N-CH2 bond of 1.56A as well as an OH...Cl1 bond of 3.073.

Since these are the bonds that dissociate upon Y-irradiation, it has



beeh suggested'that the above features are essential -to the unique
‘radiation_sensitivity of choline chloride's o form. ‘However, since
Vcho1ihe'ch10ride a]so-décomposes upon x-ray irradiation, the above long

. bonds could be x-ray induced artifacté. Ouf crysté]1ographic studies of’

4 have indicated a highly disordered phase

the choline chloride's g form
Qwith»overall cubic symmetry. As a result, no accurate bond lengths
could be obtained from the data. It is not obvious, therefore, whether
the large differences in fadiation‘sensifivity between the choline
chloride's (and choline bromfde's) o and g8 forms, and those between the
cholinekéhloride and cho]ineviodide, are due to Simp1e crysta]]ographic.

differences or to more complicated molecular mechanisms. In recent

studies of the temperature dependence of the radiation sensitivity in

Cho]ine"ch]oride and bromide5-we foundvthat with increasing temperature
the radiation sensitivity drops well below its maximum value at

<témperatures close to but clearly lower than the a-to-8 phase

transition.“Appafently,-the difference in the radiation sensitivity of . RN
-the_d and.s fost should be attributed, at least partially, to )
hechanisms preceding the a-to-g phase transition. In proton magnetic:
resonance studies of the linewidth, second moment, and T,and TlP
relaxation times, Graham and Hannbn6 and McDowe]]_gE_gl-7 have reported
a;number of rotational motions in the choline chloride and bromide just
below the a-to- gphase transition. |
In.an effort to obtain direct evidence for the thermally activated
rotational motions as well as their possible relations td.the tempera-
ture dependence of the radiation sensitivity, we have undertaken high

2

resolution solid state 13C and “H NMR studies of selectively labeled

samples of the chbline halides. In these studies we have also been



interested in the possibility of determining variations in thé

structural (e.g., bond lengths) and dynamic (e.g., rotational motions)

features of the three salts at the sensitive positions N-CH, and OH,

which could be related to the large differences in radiation sensitivity

at room temperature. S .
In parallel with the NMR studies we have also undertaken an x-ray

study of the room temperafure phase of the radiation stable choline

jodide salt in an effort to locate-simp1e~crysta1logréphié differences

from the radiation sensitive o phase choline chloride.

-IT. EXPERIMENTAL | |
The’un]abe]ed,compounds were purchased from Nutritional
Biochemicals Corporation and from Sigma Chemical Company. Due to the
~ extreme hygroscopicity, especiaT]y’épparent:in chbline chloride (cho]fne
bromide is less hygroscopic'and choline iodide seems not hygroscopic),
the samples were dried by heating under vacuum to ca. 100°C. The dried
samples were all handled inside a glove bbx under dry N,.- |
The samples for the NMR measurements were prepared as follows: 15y
and 13C labeled samples were prepared from (CH3)315NHC1 95% enriched
'(Stohler) and 90% enriched BrI3CHéCH20H (KOR Isotopes). Elemental
ahalyses and mass shectra of the purchased materials gave results in
very éood agreement with the above specifications. The preparation of
"the choline halides was effeéted as follows: (Mé3)NHC1A(f0r simp]icity
We omit the isotopic mass numbers) was dissolved in a minimum of EtOH, ¥
and equivalent KOH was added to 0°C. Then thé solution was heated

slowly above ambient temperature and the volatile trimethylamine product

was transferred gradually over a ca. 2 hour period to a tube containing



the equivalent amount of BrCHZCHZOH dissolved in ethanol and cooled at
dry ice temperature. The tube containing the bromoethano]-triméthy]-
amine mixturé was subsequently sealed undervvaCQum at f196°C, and then
the mixture waS’aIIowed to react by heating it slowly to ca. 80°C and
maintaining this temperatdre for ca. 4 hours. The'produét,
[(CH3)315N13CH2CH20H]+Br', was then collected by evaporating the
solution to dryness uﬁder vacuum. Part of the'broduct was redissolvéd'
in ethéno]_and converted to the ch]bride and iodide salts by the
following procedure: A -small quantity (approx. 5% of the volume) of
water was added to the solution, and thejcho]ihe salt was ébnverted-to
choline -hydroxide, [(CH3)3NCH2CH20H]+OH', by the addition of a slight

excess of AgZO (in a darkened flask). The silver products were},

_complete1y removed by two subsequent‘fiTtefingS»throqgh a Celite laygr
~in a fine sintefed-g]ass funnel. Prior to the second fiitration, é Very
small quantity of activated charcoal was added to the_soTution.v(Larger
quantitiés of charcoal adsorb the choTine product, fn addition to the - : '.ﬁ
silver compounds.) The filtrate could be}conVérted to the respective
| choline halides by the addition of the equiVaTent amounts of HC1, HBr,
or HI. The final produgts were dried under vacuum ‘at cé. 100°C and kept :
in a dry box. The ébove.method of preparation was perfected to the
point. where the yiéld was better than 80%, and the elemental analysis of
C,H, and N before further purification gave results with 1% of the
calculated values. - ; .

| Samples deuterated at the hydroxyl proton were easily obtained by
dissolving a small quantity of each choline salt in an excess of DZO’

and drying afterwards under vacuum.
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Double resonance NMR experiments were performed with a spectrometer
operating at 46.5 MHz freq. for_13C (for a description of this instru-
ment see Ref. 8). Two different probes were used, one for the 13C and
the dtherrfor the D.' The 13¢ spectra.of the natural abuhdance samples |
were obtained by enhancing the 13C signal through the protonsrin a 4
single contact PENIS experiment.9 The experimenis on the enriched
samples were simp]é 90° pulse experiments under pulsed proton de-
coupling. All samples were in powder formvin_roughly mmolar quantities,
sealed in}small pyrex tubes. The temperature WaSVQaried by méﬁns of a
stream of hot or co]d'nitrogen gas contro]]ed‘by a feedbackvsystem.' The
stability of the temperéture was better than + 0.5°. However, the
vmeaSuringlthermocouple.(Cu-éonstantin) was not attached to the sample
holder. A édrreétion for the difference in thermocouple reading and
sample temperature was made by using a sample (acenapthéhe) of known
melting point. Thevcorrected'values are expected to deviate from the .
real temperature values by 2 deg at most.  |

Single crystals of choline iodfde for the x-ray study were grown by
the vapor diffusion method. A small vial filled halfway with a satu-
rated solution of choline iodide in ethanol was placed inside a beaker
containing ethyl ether. The breaker was then covered with a watch glass
and left overnight at ambient temperature{ Due to the much lower
solubility of choline iodide in ethyl ether,vthe salt started precipita- - o,
ting from the solution as the ethef vapors diffused into the ethanol. |
The crystals obtained by this method were plate shaped.v The single

crystal used in the x-ray measurement was disc shaped with an

approximate diameter 0.5'mm and thickness of 0.2 mm.
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interaction (J-coupling) because from

7

The crystals of choline iodide are monoclinic with cell constants
a = 5.868(1)A, b = 8.178(2)&, ¢ = 9.082(2)R;8=91.33(2)°; and unit cell
volume V = 435.7(2)53. The space group, from systematic absences, is
gither'PZT, or Pzi/m. Data were measured in the 2 6-6 mode on a Pz]
Syntex diffractometer with monochromatic Mo radiation (graphite
monochromator). In all, 1143 independence reflections were measﬁred, of
which 1089 had. amplitudes greater than 2,0(0 is the standard déviation

from counting statistics).

III. NMR RESULTS AND DISCUSSION
In the present studies we center our 1nterest on isolated pa1rs of

18y 13(: r D-X (X = chloride, bromide, or 1od1de) We ca11 the

nuclei,
NMR nucIeus, I (13C or D), and the pair nuc]eus S (15N or X

respectively) and we also note that the differences in Zeeman energy of

“nuclei I and S are ‘large compared to the quadrupolar and dipolar - and -

consequently all the weaker - interactions. For the study of the NMR
spectrum of nucleus I we may therefore appIy the fbl]owing simplified
Hamiltonian, | |

e ' 1
H - T T Hol, (1 Gzz)

(1)
YiYeh 2 . 2
+ 1Ys7 (1= 3 cos® 8) I.S_. + eQ 31 - I(I+1)) V.
. 2’"’ R3 Z2z H’ZIZ.]) : { A ( ) Zz
where, following common practice, we have neglected the nonsecular parts

of the non-Zeeman interactions. We did not include in (1) the indirect

13C solution exberiments it was

estimated that the correspohding splitting is less than 0.15 ppm; i.e.,

much smaller than the linewidth even in the isotropic phase.




The various quantities in (1) have their usual meanings.

A. 13C NMR Meausrements

For the 13C measurements on. the 90-95% enriched [(CH3)315N

13CHZCH20H]+X' we have the following nuclear spin assignments in

equation (1): 1(13C) = 1/2, S(15N) = 1/2. Two possible absorptions | v

occur at frequencies (the energy values have been divided by h):

= =YqH I : Y Y o "
ve = "'To (1-0__) + 1 )'IYSh (1 _ 2
where 13 : :
YI=Y(T)=0.673 x 10 rad . | | (2a)
gauss-sec

M vg = YN = 0.271 x 104 rad
.. gauss-.sec '

Oy is expressed in terms of its principal values as

>°zz =0 (cos2 a -sinz'b) + 622.(sin2 a_-sinzb) + 6'33(cos2 b) (2b)

where a.and b'are'the polar angles of the magnetic field direction (z

axis) with reSbect to the principal axis system of o. R in (2a) is the

vdistance between the two nuclei, and 6 is the angle between R (bond

axis) and Hye The unknownvparameters in (2a) are R, oy, 02,‘03, and thé

Euler angles of the principal axes with respect to a molecular axis

system. - ‘ . o .

Fig. 1 shows the high reso]ution~13

C spectra of unlabeled choline
chloride at room temperature and, above the phase transition, at ca.
85°C. No details can be extracted from the room temperature spectrum,
which is the sum of contributions from the five carbons of the molecule.

The high temperature spectrum verifies the previous assumption4’6’7 of



an "isotropic” reorientation in this phase. Diffusive motions are
unlikely, or at least very limited. The three methyl carbons are
approximateiy eduiva]ént,and are expected to give a single line in the
spectrum, while the chemically non-equivalent methylene carbons are

expected in general to give additional lines. Fig. 1 shows only two

>lines,.With.area ratios 4:1. The spectra of the labeled samp]es,vto be

presented shortly hereafter, indicate,contrary to what would be implied
by the approximaté tetrahadral symmetry at the nitrogen atom, that the
CHz'O group carbon has its isotropic absorption line at approximately
the ‘same pos1t1on with the methyl carbons. .

| Series of representat1ve 13C spectra of 15N and 13C ]abe]ed
Compdunds are'shown in.Figs; 2 through 4. The onset of motional
narrowing with'riéing_temperéture is c]early demonstrated. Furthermore,.

the motion leading to the isotropic reorientation starts gradually and

'cTearly below the respective phase transitions. This observation can be

‘combined with our radiation'SensitiVity-vs-temperature data on choline

5

chloride and bromide™, which indicate that the decomposition percentage

drops well below its maximum value at temepratures below the respective
phase'transitions. Therefore, the extreme difference in the radiation
sensitivity of the o and B forms can be attributed, at least partially,

to the rotational motions, and not to simple crystallographic differ-

encess.

A common feature of the high temperature spectra in Figs. 2-4 is

15y 13CH

that, besides the main absorption peak, attributed to the 2

carbon, there is a small additional peak. in the upfield region. This

appears in the same position as the main peak in the non-enriched

samp]e, Fig. 1, and may be attributed partly to the three methyl carbons
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at natural abundance (1.1%). Also, in bre]iminary measurements with
_sahp]es consisting of a mixture of 50% [(CH3)315N 13CH2CH3OH]+X' and 50%

L(CHy)3 >N, cH,0HT* X" (X = C1, Br, 1) we obtained at high tempera-

tures two appro*imate]y equally intense peaks at the two isotropic
positions of Figs. 1-4. We must therefore conclude that the isotropic o
position of the CH2-0 group_carbon-approximate]y coincides with the .
methy] peaks'and, cOmparedvto the N-CH, carbon, appears in the upfield
region.

Sbme additional features of the high temperature spectra in Figs.
2-4 are the following. The isotropic chemical shift poSitionS of the
corresponding methylene carbons practiéa11y coincide for choline
chloride and bromide; the spearation of the two lines is 14.0+0.5 ppm in
choline chloride and 13.8+0.5 ppm in choline bromide.  In choline iodide
one of the methylene carbons is Shifted prie]d, resu]tfng in a smaller
splitting of 11.1+0.5 ppm. ThiS line shifts back, however, above the
second transition to a position close to the one for thé other analogs.
The new position is 13.4+0.5 ppm. |

The choline chloride and bromide spectra in Figs. 2 and 3 show very
strong simiiarities provided one takes.account of the fact thatvcho1ine
bromide has a higher transition temperature. The room temperatdre
spectra of both compounds indicate that motional narrowing mechanisms
are frozen out at this temperature except perhaps for indirect effects
due, e.g., to C3 methyl rotations (rotations around the N-CH2 axis) étc.
Choline jodide, Fig. 4, on the contrary, shows distinct characteris-
tics--it should Be remembered also that choline iodide is ionizing-
radiatipn stable in contrast to the chloride and bromide. Besides the

differences at high temperatures, choline iodide shows appreciable
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motional narrowing even at room temperature. The room temperature x-ray

| results for this'cdmpdund; Sec. IV, indicate the presence of disordering

in the two methylene carbons. It is reasonable, therefore, to assume
that these two carbons in.choline iodide undergo rotational motions even”
at ambient temperature. |

An approximate $imu1ation of the room temperature spectra in.Figs.-
2 and 3 employing the Hamiltonian (2) indicated that the dipolar (N-CH,

bond) axis in cho]ine chloride and bromide 1ies closest (within 30°) to

. the smallest principal component of the chemical shift tensor.. No

accurate N-CH2 bond 1ength values could be - obtained from thié analysis

‘due to the unknown contribution from the other carbon atoms at natural

abundance. _Onfthe_other hand, a similar analysis was not attempted in

the R.T. spectrum of choline iodide due to the presence of the motional |

- parrowing.

B. vzHeNMR meésurements
For the D measurements I and S ine(l) are: I(D) = 1; S(X) = 3/2 for

X =_35 37Cl, 7 Br, 8lBr, or = 5/2 for X = 1271. In this case the

c1,
dipolar interaction and the aniéotropy of the chemical shift tensor are
very small compared to the quadrupole .interaction, and they can be
neglected in first order. The secular part.of the quadrupole

interaction will shift the m =+ 1 Zeeman 1evels by (eQ/4)V'zZ each, and

the m = 0 level byv(-eQ/Z)Viz.' The two absorption lines will appear,

therefore, at

vy = I'o (1 -0 + 3 ‘
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sz is expressed in terms of its principal values Vi1s Voo V33

(IVy4l¢Iv2, [<]Vasl, Vyq + Vpp + Vg3 = 0) by

V= cos? . 2 2 L2 2
V,; = Co0s"0 Vs + sin” ¢ cos” ¢ Vip + sin Tgsin"g Vo,

~where 4) and B are the polar angles of the H0 direction with respect to
the principal axis system of the electric field gradient. ' w
The powder line shape will be characterized by intense spikes at

the positions

= - 1% Iy '
2 T U0 vyt 3

and smaller step changes. at the position v, i{gaand v, + vg.

Vi vy (v

No evidence of dipolar coupling between deuterons and halogens has
been observed, and it is generally assumed that these are quenched by |
rapid relaxation of the halogens.

The signa]-toénoise ratio of the 2

H spectra waé not good, but was
adequate to pérmit several conclusions. The similarity of the ambient
temperature spectra ihdicates'the presence of the OH...X hydrogen
bonding in the bromide and iodide as has been found in the chloride by
X-ray crysta]]ography.3 They also indicafe-that all three analogs have

approximately axially-symmetric electric field gradient tensors, as.

shown by the values calculated below:

1]

V) = 68 kHz, v, = 84 kHz, v, = 152 kiiz and

no=Y2™M =1V = o

3 V33
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The corresponding vd]ues for choline bromide are

vy = 72, vy = 79, vy = 1252 kHz and n= 0.05

and for choline iodide
vy = 69,_v2 =~ 8Ah, Vg = 155 kHz and n = 0.1

At higher temperatures, but still well below the fespective
‘transitions; the apparent V3 values for cho]iﬁe chloride and bromide
bécome smaller, while a small isotropic peak appears at the resonance
frequency. The latter increases with temperature; and at a few degrees
below the_tfansition it becomes the only peak present in the spectrum;
ébove the trénsition it narrows slightly. These results are in

- agreement with an early onset (wel];be]ow the transition) of the

13C,spectra (Figs. 2 and 3). The

isotropié mofion_evident in'the
choline iodide 2H spectrum at 109°C (Fig-,S), representative of’thé.
secohd'phase, shows a substantially decreased but not completely
quenched quadrupoTe.intéraction. Most probably in this phase the
rotatioﬁ for this compodnd is not péffectly-isotrOpic.' This could
result from a crystal of Tess than cubic symmetry. Comp]etevisotropic' '
motion (acCompanied}probab]y by diffdsive motions; as evidenced from the
narrow 2H and 130 1ines) set in only at temperatureS close to . the second
phase transition (occurring at ca. 163°C); based on the spectrum at

160°C in Fig. 5.

IV." X-RAY STUDY OF CHOLINE IODIDE
3 The unit cell Vo]ume allows only}two molecules in the unit cell,

suggesting as a possible space group the.P21'since in the PZ]/m the'
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molecule, in an}ordered structure, would have to 1ie in a mirror plane.
The position of the I, in the space group le; was determined from a
Patterson synthesis, and its y coordinate was fixed to y = 1/4. The
difference synthesis, calculated with the phases of the I, showed two
possible choices for the choline anion, each related to thé other with a
mirror plane at y = 1/4. The anions shared the N,0 and one CH3(C(1)),
all three lying on the y = 1/4 plane, as well as the two other CH3 _
groups (C(2)) and C(3)), which lay off the plane and were mirror images
of each other. The two remaiﬁing carbons, C(4) and C(5), lay above and
below the mirror plane, and their mirror images defined the two
alternative choices for the cho]ine,'Fig. 6.

One of the choline cations was chosen and was refined in the spaée
lgroup PZ]’ with an unconstrained Teast—sduares refinement. Gradually,
as the structure was being refined the bond distances and angles started
to divefge appréciab]y from the expectéd values for the choline cation.
Repeated attempts to refine an ordéred model, in the PZ] space group,
failed to converge to a meaningful geometry. This was considered as an
indication that the structure might be disordered, and an alternative
refinement was attempted in the space group-le/m. Tﬁé atoms I,N,0, and
C(1) were restricted to lie on the y = 1/4 mirror plane. The refinement
converged fo an R1 = 0.093 and gave a reasonable geometry for the
choline mo]ecu]e.. The bond distances were generally larger than those
given in Ref. 3 for the choline in choline chloride. The three N-CH,
distances were larger by 0.04 A while the C(4)-C(5) and C(5)-0 were
larger by 0.2 and 0.1 A,

The constraints 1mposed on the molecule by the PZ]/m group intro-

duce some distortions to the three angles of C(4)-N-CH3 and the
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C(4)-C(5)-0 angle, which is 95°. The C(4) and C(5) carbons show large

thermal motions in the direction normal to the mirror plane with rms

amplitudes of 2.9 and 3.2 A respectively. For these atoms, the

distances form their mirror images are 0.98 and 1.46 A. These distances
and the large thermal amplitude suggest a disorder in which the molecule

converts form the one configuration to its mirror image with large

motions of the C(4), C(5) atoms and smaller motions of the rest of the

atoms.
These results are in agreement and provide further insight into the
rotational motions of choline iodide at room temperature indicated by |

the NMR measurements (Sec.:III A).

V.  CONCLUSIONS

2H{hi‘gh-reso]ution solid-state NMR

We have pekformed 130 and
measurements of the choline halides at the critical positions NACﬂz and
Qﬂ,(in all crysta]Tographic phases), as well as an x-ray study of the

choline iodide at room temperature. The results indicate that with

-increasing temperature the radiation sensitive choline chloride and

bromide undergo rotational motions that begome completely isotroic above
their respective phase transitions (at ca. 78° and ca. 89°C) to radia-
tion stéb]e phases. The motions leading to the isotropic reorientations

start below the phase transitions and this, in conjunction with earlier

radiolysis StUdieSS,.indjcates the extreme difference in radiation-
sensitivity of the two phases should be attributed maiﬁ]y to mechanisms
related to the rotational motions, and not to simple Crystallographjc
differences. The ionizing radiation-stable choline iodide undergoes

rotational motions of the methylene carbons even at room temperature.
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Furthermore, the reorientation accompanying the first phase transition
at ca. 95°C is not perfectly isotropic, but it becomes isqtropic
accompanied probably by diffusive motions close to the second phase

transition (ca. 163°C).

ACKNOWLEDGEMNT _

_ Two of the authors (V.P. and R.M.L.) acknowledge the kind support
of the Scientific Affairs Division of NATO under Research Grant Number
SA.5-2-055(1631)/993(79)AG, and the U.S. Departhent of‘Energy under

Contract No. W-7405-ENG-48.

»

¢



REFERENCES

' 1A Nath, R. Agarwal, and R.M. Lemmon, J. Chem. Phys. 61, 1542 (1974).
2V. Petrouleas and R.M; Lemmon, J. Chem. Phys. 69, 1315_(1978).

3M.E. Senko and D.H. Thompson, Acta Cryst. 13, 281 (1960); J. Hjortas
and H. Sorum, fbid., Sect. B 27, 1320 (1971).

. Petrouleas, R.M. Lemmon, and A. Christensen, J. Chem. Phys. 68,
2243 (1978). |

5V. Petrouleas, Amar Nath, and R.M. Lemmoh,'Radiat. Phys. Chem., 16,
113 (1980). | »

63.D. Graham and R.H. Hannon, J. Chem. Phys. 64, 1204 1976).

J.D. Graham and R.H. Hannon;,d; Magn. Reson. 23, 97 (1976)..

17

7C.A’. McDowell, P. Raghunathan, and D.W. wi11iams, J. Chem. Phys. 66,

3240 (1977).
8Materia]s and Molecular Res.Div., Lawrence Berkeley Laboratory, Univ.
of Calif., Berkeley, Annual Rep. LBL-4550 (1975).

9A. Pines, M.G. Gibby, and J.S. Waugh, J. Chem. Phys. 59, 569 (1973).



18

FIGURE CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3
Fig. 4.

Fig. 5.

Fig. 6.

Proton enhanced9 13C (46.5 MHz) NMR spectra of choline

chloride powder (at natural 13C abundance) in the two
crystallographic phases. A single 13C-H contact waé employed.
The zero of the ppm scale was arbitrarily chosen at the

approximate isotropic position of the N-CH, 13C absorption.

Representative FT 13C (46.5 MHz) powder NMR spectra of 90-95%

15N13CH

enriched [(CH3)3 2CHZOH]+C1'. - Protons weré decoupled.

The zero of the ppm scale was chosen at the isotropic position
of the _15N—13CH2 peak. The latter appears at approximately

the same position for all halogen derivatives.

Br.

As in Fig. 2, but Ci

"
—
.

As in Fig. 2, but Cl

2y (28.4 MHz, FTVNMR, protons decoupled) spectra of
[(CH3)3NCH2CHZOD]+I' above the first transition, and close to
the second transition. The zero of the ppm scale was chosen

at exact resonance.

Projection of the two possible conformations of choline ion in
choline I on the a,b plane. Dotted line is the mirror plane.
Primed atoms represent the alternative configuration of the

choline.
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