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A tritium nuclear magnetic resonance study is carried out on thédT, and DT isotopomers of dihydrogen
dissolved in various nematic phases, including a zero-electric-field-gradient miktuigitio calculations are
performed to reproduce the observed dipolar couplings. Within the framework of the “mean-field” approxi-
mation, the results provide support for a picture in which two independent contributions to the solute orienta-
tion can be distinguished. One contribution involves a liquid-crystal-dependent interaction between the mean
solvent electric-field gradient and the solute molecular quadrupole moment. The other contribution is of
unknown origin; however, it is essentially identical in all liquid crystals and it can be modeled adequately with
a phenomenological mean-field interaction. A remarkable feature of this second interaction is that it causes the
average orientation of the asymmetrical isotopomers, and especially of HT, to behave differently from the
symmetrical specie$S1063-651X97)03501-0

PACS numbd(s): 61.30—v, 34.10+x, 33.25:+k

I. INTRODUCTION Third, for the deuterium containing isotopomers the ratio
of observed dipolar and quadrupolar couplings in the NMR
Nuclear magnetic resonan@dMR) studies of molecular spectra is not constant for each isotopomer, but is strongly
dihydrogen(H,) and its deuteriated analogdD and D,) as  liquid-crystal dependent. This has been taken to be an indi-
solutes in nematic liquid crystals have yielded a plethora otation for an extra anisotropic contribution to the quadrupo-
fascinating and useful information both about the behavior ofar couplings, which arises from the presence of a nonzero
these quantum solutes in ordered fluid media and about th&verage electric-field gradie(EFG) in the liquid-crystal sol-
intermolecular forces acting on these systefhs6]. The  vent[2,3,7,9.
present insights that have resulted from this research can be Fourth, the interaction between this nonzero EFG and the
summarized as follows. solute molecular quadrupole moment accounts for most of
First, the isotopomers of dihydrogen show a sizable isothe degree of orientation of the isotopomers of dihydrogen.
tope effect on the second-rank orientation param&gr Because the average EFG can be either positive or negative,
=<§co§0pq—%>, where 6, signifies the angle between the depending on the liquid crystal usg2-4,6, this interaction
pq internuclear direction and the liquid-crystal director andcan explain both the sign and the magnitude of the orienta-
the angular brackets denote averaging over the rotational déion parameter.
grees of freedom of the solute molecule. Th&sg can be Fifth, in view of the above considerations it should come
obtained from the dipolar splittings observed in the NMR ofas no surprise that, by mixing nematic liquid crystals with
partially oriented dihydrogens. The differences in the rota-opposite average EFG’s in appropriate proportions, nematic
tional ladders for the H, HD, and D, molecules are the mixtures with zero EFG could be compoddd6,9]. The use
main reason for the differences in their orientation param-of such “magic mixtures” has constituted a veritable break-
eters, which amount to about 14%. This has been explainethrough because it allows the experimentalist to distinguish
by considering the perturbation of the “mean field” pro- between various physical mechanisms contributing to the
vided by the liquid-crystal environment on the freely rotating orientation of the solute molecules and to obtain information
and vibrating solute moleculé¢4,2]. In fact, these results are about the internal liquid-crystal fie[d0-13. When the iso-
a simple and instructive demonstration of quantum-topomers of dihydrogen were dissolved at low concentration
mechanical effects that can be observed in the condensea such zero-EFG mixtures it was found that their degree of
phase at room temperature. orientation was removed to a large extent. This can be taken
Second, for each isotopomer of dihydrogen both the sigras a strong indication that the main factor contributing to the
and the magnitude of the degree of orientatBp are highly  orientation in typical nonzero-EFG nematic phases arises
liquid-crystal dependent. This makes the dihydrogens excefrom the interaction between the solvent EFG and solute
lent and physically very-well-characterized solute moleculesnolecular quadrupole momef4,6]. In all cases there is a
whose degree of orientation can be exploited in order tesmall remnant orientation parameter with a negative sign for
probe the mechanisms that underlie the interaction betweenthe dihydrogengd4,6]. The physical basis underlying this
solvent mean field and some solute electronic propertygmall negative orientation is still not well characterized. This
[1,2,5. issue will be addressed below.
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TABLE I. Experimental dipolar coupling&ccurate to~0.3 H2 and tritium chemical shift differences
(in Hz, accurate te-1 Hz) for T,, HT, DT, and H, dissolved in various nematic solvents. The gyromagnetic
ratios (in G~ ! sec™!) and indirect couplinggin Hz) employed in this work are also given.

Tritium chemical

Observed dipolar couplings shift differences
Solvent Temperaturé) Duy Dyt Dyt Dot TT-HT  TT-DT

EBBA? 300 3019.2 4152.1 3576.9 584.0 —-41.0 -11.9
5CBP 300 —738.7 —1015.7 -—-840.6 —142.8 -41.0 -11.9
Magic mixturé 317 120.0 170.5 164.5 242 —-41.1 -9.9
1132 300 —-3113.0

‘JHH ‘]DD ‘]TT ‘]HT JHD ‘JDT

278.2 6.6 316.5 296.7 4Z7 455
i 26751.27
b 4106.48
YT 28533.81

a8Sample contains 200 torr,Tand 550 torr D.

bSample contains 200 torr,Tand 550 torr .

¢Sample contains 200 torr,J 300 torr D,, and 200 torr H.

dSample contains 200 torr,T

®From[1]. The otherJ;; are calculated frond;pr=42.7 Hz and they's.

Sixth, although the overall isotope effects on the solute Il. EXPERIMENT
orientation of the dihydrogens are relatively well understood,

: . NMR Pyrex glass sample tubes of 5 mm external and 3
the HD order parameter is consistently somewhat more nega- . . -~
mm internal diameter were used. Liquid-crystal solvents

tive than predllcted from the solvent mean.ﬂeld._By assuming, e placed into the tubes and the tubes were then connected
that the situation can be modeled by a diatomic moving in-

side an infinite cylinder of a certain diameter, the HD mol—t0 a vacuum line. The liquid crystals were thoroughly de-

ecule, contrary to H and D, rotates about a center of mass gassed using various freeze-pump-thaw cycles. Next, vary-

ol 2 . .ing amounts of T, H,, and D, (see the footnotes to Tablg |
that does not coincide with its geometrical center. Hence, i ere allowed into the alass rack and the NMR tubes. and the
this model HD can approach the walls of the cylinder some- 9 ’

what more closely, which could explain the deviation frothbes were then sealed. Great care was taken to ensure that

the behavior predicted on the basis of the simple mean fielf )€ Pressure in the NMR tubes never exceeded 700 torr and
alone[6]. that the total amount of radioactivity was kept below 220

Finally, the simplicity of the dihydrogens as solute mol- mCi. In some cases the _region of the t.ubes above the qu_uid—
ecules allows detailed quantum chemiedl initio calcula- ~ Crystal solvent was irradiated for a period of 10 h employing
tions that have explored the importance of the interactior® *°Co y cell with a dose rate of 10 500 Gy/h at 28 °C in
between nonzero solvent EFG’s and solute molecular quadirder to achieve isotopic scrambling and to produce the
rupole moments. These calculations have provided apprésymmetrical isotopomers of dihydrogen. Before allowing
ciable support for and contributed to our current understandthe sample tubes into the NMR spectrometer they were
ing as summarized aboyé4]. tested in an oven at approximately 70 °C and shaken up

The present paper is concerned with a NMR study of thecarefully to ensure optimum diffusion of the dihydrogens
tritium containing isotopomers of dihydrogen, viz.,,THT,  throughout the solvent.
and DT. Tritium is an ideal nucleus from the NMR point of The liquid crystals used wereN-(4-ethoxyben-
view, with the highest gyromagnetic ratio of all known nu- zylidene-4-n-butylaniline (EBBA), a eutectic mixture of
clei, thus allowing for unusually sensitive detection by trans-4n-alkyl-(4-cyanophenytcyclohexane(alkyl denotes
means of NMR. Since tritium possesses nuclear $pig,  propyl, pentyl, and heptyl and trans-4-pentyl{4’-
dipolar splittings will dominate the NMR spectra of these cyanobiphenyl-#cyclohexane (1132, 4-(n-penty)-4'-
molecules partially oriented in nematic phases. Also, the HTcyanobiphenyl(5CB), and a magic mixture consisting of
molecule is an excellent candidate for exploring the possibl\80.75 wt. % EBBA and 69.25 wt. % 5CB for which the deu-
deviant character of the asymmetrical isotopomers in moréerium nuclei of the solute B experience a zero external
detail. Moreover, a study of these isotopomers dissolved in &FG at 317 K.
number of nematic phases including a magic mixture Proton and tritum NMR spectra were obtained on a
complements and completes previous research gnHD, Bruker AMX 600 NMR spectrometer operating at 600.13
and D, and allows for a critical examination of the predic- MHz for proton and 640.12 MHz for tritium. The proton and
tions of the theories and models that have been developed tatium spectra were recorded at the same temperature, which
explain the previous results for H{HD, and D,. was controlled by means of a variable-temperature gas flow
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isotopomers obtained in similar fashion in 5CB at 300 K is

shown.
—— 1T ——m——— Tritium spectra of T, oriented in nematic phases consist
of a doublet with spacing |®¢|; spectra of HT show a
——— HT —— doublet with splitting|2Dr+ Jy1|; spectra of DT show a
1:1:1 triplet with a spacing of2Dpr+ Jp7|. Proton spectra
DT of H, consist of a doublet with spa(_:ing| Byl [1,1.5]._|n
these expressions for the splittinds, is the scalar indirect
spin-spin coupling. The direct dipolar coupling is defined as
h 774
Dpcﬁ‘@é—rgquv @)
| [ 1] | where the quantities,, andy, are the gyromagnetic ratios of
=000 5 5600 nucleip andq, rpq is their internuclear distance, ai®l, is
Frequency (Hz) the orientation parameter associated with the internuclear
axis of the solutg 16].
FIG. 1. Tritum NMR spectrum of a mixture of JJ H,, and A highly oriented impurity of unknown origin can be ob-
D, in EBBA at 300 K after irradiation of the sample tube in order served in the proton NMR spectra of the pure nematic phases
to achieve isotope scrambling. of both 1132 and 5CB . This impurity gives rise to a two-line

spectrum. The impurity must therefore contain two protons
unit. The nitrogen gas was preheated using a Haake therm@t small internuclear distance. As the NMR spectrum of Fig.
stat K20 and thermally regulated by a Bruker Eurotherm? clearly shows, when deuterium or tritium containing isoto-
Variable Temperature unit. The sample temperature was kefomers of dihydrogen are dissolved in these liquid crystals
constant ta+ 0.1 K. About 30 min were allowed for equili- the protons of the impurity slowly exchange with the added
bration to the temperature at which the experiments wer8P€cCIes.
carried out. The spectra obtained in the nematic phases of the The dipolar couplings and chemical shift differences for
various solvents were taken with nonspinning sample tube$ 2, HT, and DT obtained from tritum NMR, and those for
and without the use of a lock signal. A relaxation delay ofH2 obtained from proton NMR, dissolved in a number of
order 3 sec and a 90° pulse width ofu®ec were used. liquid-crystal solvents are summarized in Table I. It is as-
sumed that the proton and tritium spectra, which were ob-
tained sequentially, represent identical experimental condi-
lll. RESULTS AND DISCUSSION tions. In view of the linewidths of approximately 6 Hz that
were typically obtained, line positions could be determined

Figure 1 presents the tritium NMR spectrum of the three

tritium containing isotopomers, obtained by isotope scramWIth an accuracy of about 0.5 Hz. In the same table the

bling after irradiation of a mixture of J, H,, and D, in gyromagnetic ratios and th& couplings employed in this

EBBA at 300 K. The isotopomers are indicated by Combswork are also given. Thé couplings are calculated from the

above the spectrum. In Fig a tritium spectrum of the same <10Wn value ford,p, which amounts tor42.7 Hz as mea-
sured from the deuterium NMR spectrum of HD in the iso-

tropic phase of 1132 at 385 [K]. Since the indirect coupling

in the dihydrogens is almost completely determined by the
Fermi contact interaction), is essentially isotropic and scales
as the gyromagnetic ratios.

The dependence of the chemical shift differences in Table
— HT | on the solute orientation, i.e., on the liquid-crystal solvent,

DT is small. In principle, because one isotopomer could be

(| viewed as an internal reference for the other, the solvent
dependence of the chemical shift differences allows a deter-
mination of the chemical shift anisotropy. In such a situation
differences in solvent effects on the molecule considered and
* on the reference compound, which normally plague measure-
ments of proton chemical shift anisotropies, would be ex-
] ] b * ' pected to be'quite smaﬂl'l5,17—'2(). However, any attempt
o o to extract reliable chemical shift anisotropies from the ob-
20000 SE000 =000 =6600 served small_ 1-2 Hz differences r_eported_ in Table_ I ?s

Frequency (Hz) doomed to failure in view of the experimental inaccuracies in
the line positions.

FIG. 2. Tritum NMR spectrum of a mixture of ;T H,, and It is clear from Table | that the tritium chemical shift
D, in 5CB at 300 K after irradiation of the sample tube in order to differences for a given liquid crystal show an isotope effect
achieve isotope scrambling. Note the presence of an oriented impdihat depends on which nucleus is bonded to the tritium. As
rity, indicated by asterisks. pointed out above, the numbers essentially do not vary with

| TT |
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a change in sign of the dihydrogen order parameter. Thus the TABLE Il. Complete set of dipolar couplingén Hz) obtained
observed chemical shift differences reported in Table | ardor the six isotopomers of dihydrogen dissolved in different nematic
effectively differences in the isotropic chemical shifts of the Phases. The effects of the gyromagnetic ratios have been removed
tritium nuclei in the various isotopomers. The observed isoPY scaling to the HH coupling. Experimental values of dipolar cou-
tope dependence of these isotropic chemical shifts is intergllngs are accurate to about three units in the last decimal place.

esting in its own right and probably reflects a slight break-

down of the Born-Oppenheimer approximation. A detailed Solvent Duv  Doo D Dwo  Dwr Do
guantum chemical calculation would be required to investi-EBBA 3019.2 3482 3649.6 3258 3353.5 3567
gate this phenomenon further. 5CB -738.7 -892.8 -788.1 -872

It is important to amalgamate the previous results onmagic mixture  120.0 142 149.9 146 1542 148
H,, HD, and D, and the present results on,HT 5, HT, and 1132 -2736.2

DT into a single consistent set of data for all the six isoto
9 3 rom|[6] for 55 wt. % 1132 in EBBA at 300.7 K in combination

pomers of dihydrogen. In view OT the faqt that the eXF?e”_with numbers from Table | for the mixture used in the present
mental results were collected at different times, under differ-

ent experimental conditions, at different temperatures, anatUdy'

on different spectrometers careful attention should be given

to the normalization procedures required to bring all the cou- A Experimental distinction of orientation mechanisms

plings into line. Consequently, comparisons below that in- When several orientation mechanisms are present, each
volve D, and HD are less reliable than those that involve themechanism contributes to the dipolar couplings observed in
dipolar couplings measured in this work, and reported inthe dihydrogens. The degree of orientation associated with
Table I, for H,, T,, HT, and DT. It is worth noting that each mechanism is invariably small, of ord&é 2| or less.
safety considerations imposed completely different condiThis implies that, in the expansion of the Boltzmann factor
tions on radioactive samples and “cold” ones. NMR experi-that contains the sum of the potential energies corresponding
ments with the relatively insensitive deuteron nucleus can be each orientation mechanism, to an excellent approxima-
performed only at a rather higher concentration, i.e., prestion only the first-order terms are important. Hence the con-

sure, than is compatible with tritiated samples. tributions from different orientation mechanisms to the over-
For EBBA the dipolar couplings involving 5} HD, and  all dipolar couplings are simply additive.
D, are taken from previous worKL]. To account for slight The experimental dipolar couplings of all the isotopomers

differences in experimental conditions between the previousf dihydrogen in the various nematic phases, including the
proton and deuteron spectra, the valu®gf, from the deu- magic mixture, are summarized in Table Il. It is now tempt-
teron spectrum is first multiplied by the ratio Bfyp cou-  ing to investigate whether previous ideas about orientation
plings observed in both spectra. SinDgy was measured mechanisms are reflected in these results. In the component
both in the previous and in the present experiments, thitiquid crystals EBBA and 5CB it is thought that the domi-
dipolar coupling was used in a similar manner to scale themant orientation mechanism constitutes the interaction be-
previous to the present experimental results. tween the solvent average nonzero EFG and the solute mo-
Since there are no data for,Hand HD from previous lecular quadrupole moment. In addition, there is another
experiments that involve the present EBBA-5CB mixture, itmechanism at play whose origin is still uncertain. In the
is somewhat complicated to obtain a consistent set of couzero-EFG magic mixture the main contribution to the solute
plings for all isotopomers. However, there have been experierientation has been removed as evidenced by the dipolar
ments involving H, HD, and D, dissolved in a different couplings, which are much smaller than those observed in
zero-EFG mixture made up from EBBA and 1132. By em-the component liquid crystals. If it is now assumed that the
ploying a similar scaling procedure as discussed above faorientation mechanism that is remnant in the magic mixture
EBBA, these dipolar couplings were related to those of thds virtually identical in all solvents and is therefore also
present experiment. It should be realized that the values giresent in the component liquid crystals, one can in principle
Dpp andDyp for the magic mixture are fraught with some subtract the dipolar couplings measured in the mixture from
uncertainty. However, the most dramatic effects below arghose in the component liquid crystals. If the above assump-
based on the proton and tritium spectra reported in Table tion were upheld, one would expect that the dipolar cou-
The dipolar couplings for a given liquid crystal reported in plings in the component liquid crystals that remain after sub-
Table | were obtained from proton and tritium spectra thatraction of the mixture dipolar couplings would show an
were acquired under identical experimental conditions, withinternal consistency indicative of the presence ofirgle
out removing the sample from the spectrometer. Thus comerientation mechanism. This would mean that the ratios be-
parisons between couplings within the same liquid crystatween dipolar couplings would be essentially the same in
are good to the accuracy of the couplings reported in Table leach component liquid crystal. This idea can be subjected to
The full set of experimental results for all six isotopomersa purely experimental check without having to take recourse
of dihydrogen dissolved in the various liquid-crystal sol-to any theoretical calculation. In order to execute this test
vents, including the magic mixture, is given in Table Il. In one has to give proper attention to the factors that are rel-
order to remove the simple scaling effects of the gyromagevant in comparing dipolar couplings obtained in different
netic ratios on the dipolar couplings, all the couplings havenematic phases. Specifically, the mean degrees of orientation
been multiplied by the appropriate gyromagnetic ratios toof the different nematic solvents have to be taken into ac-
allow a direct comparison with . count.
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TABLE lIl. Dipolar couplings(in Hz) of the six isotopomers of dihydrogen dissolved in EBBA and 5CB
obtained by subtraction of a scaling factor times the dipolar couplings measured in the magic mixture. Details
of the procedure are discussed in the text. When possible, ratios of dipolar couplings in EBBA and 5CB are
given. The results oéb initio calculations for the dipolar couplings as well as the bedtit values(in
10! statvolt cni 2) are also presented.

Experiment
Scaling factor Dun Dop Dyt Do Dyr Dot
(EBBA) (mixture X 1.560 2832.0 3260 3415.8 3040 3113.0 3337
(5CB) (mixture X 1.073 —867.5 —1053.5 —953.5 —1031
Ratio —3.265 —3.242 —3.265 —3.238
Ab initio calculations

FZZ DHH DDD DTT DHD DHT DDT
EBBA —8.500 2866.2 3253.0 3392.6 3051.8 3117.5 3322.3
5CB 2.586 —881.5 —1001.1 -—-1044.3 —938.9 -—959.2 —1022.6
Ratio —-3.251  —3.249 —-3.249 -3.250 —-3.250 —3.249

The degrees of orientation of the liquid crystals are takerH,, HD, and D,. In these calculations thermal expectation
to be proportional to either the deuteron splitting of deu- values for NMR observables of dihydrogen and its isoto-
teriated 5CB or the ring deuteron splitting of deuteriatedpomers partially oriented in nematic phases are calculated
EBBA. In order to determine the ratio of the degrees offrom first principles. The starting point is the use of high-
orientation of 5CB and the magic mixture we use the experiquality nuclear wave functions and highly correlated elec-
mental values of 51.09 kHz obtained at 300 K for pure 5CB-tronic wave functions calculated for many different internu-
a,B-d, [21] and of 47.63 kHz obtained at 317 K for 5CB- clear distance$23,24). In the calculations on dihydrogen
a,B-d, in the same mixture as used in the present sf@ly  vibrational anharmonicity, centrifugal distortion, the changes
In order to determine the orientation ratio of EBBA and theof the molecular quadrupole moment with internuclear dis-
magic mixture we use 21.18 kHz obtained at 300 K for puretance, and the dependence of the molecular quadrupole mo-
EBBA-d, [22] and 13.58 kHz obtained at 317 K for EBBA- ment on the rotational quantum number have been included
d, in the same mixture as used in the present s{&dy [14]. These calculations are now extended to the isotopomers

Using the degrees of orientation of the liquid-crystal sol-T,, HT, and DT which are the subject of the present paper.
vents as discussed above we can now subtract the dipolar The results of thesab initio calculations for the dihydro-
couplings obtained in the magic mixture, multiplied by the gen isotopomers dissolved in EBBA and 5CB are summa-
appropriate scaling factor, from those measured in EBBArized in Table Ill. Since the EFG is the only adjustable pa-
and 5CB. The results of this procedure are given in Table lllrameter, its value has been determined by performing a least-
Also, the ratios of the dipolar couplings for the isotopomerssquares fit to the experimental dipolar couplings after
of dihydrogen in EBBA and 5CB after the mixture couplings subtraction of the mixture couplings. The quality of the fit is
have been subtracted off are presented. These ratios showeasonable, although far from perfect. Of course, the same
variation of less than 1%. This should be contrasted with thditting procedure can also be carried out on the observed
ratios that can be calculated from the dipolar couplings of thalipolar couplings in EBBA and 5CBeforesubtracting off
dihydrogens dissolved in EBBA and 5CB in Table Il, before the couplings measured in the magic mixture. The results of
subtracting off the mixture couplings. In the latter case thethis procedurgnot shown give a root-mean-square devia-
ratios vary by up to 4%. Already on purely experimentaltion that is significantly worse than the one presented here.
grounds it can be argued that the results in EBBA and 5CBThis provides additional support for a picture in which the
after subtraction of the mixture couplings, can be rational-solute orientation is predominantly determined by a virtually
ized in terms of a single orientation mechanism. Finally, itliquid-crystal-independent contribution in addition to the in-
should be emphasized that the results discussed in this par#raction between the solvent average EFG and solute mo-
graph do not depend strongly on the precise estimates of tHecular quadrupole moment. Finally, it should be noted that
liguid-crystal degrees of orientation used in the scaling prothe calculations for different values of tZ& component of
cedure. In addition, because of the various uncertainties irthe average EFGE,, predict ratios of the various dipolar
volved in the scaling procedure, no great precision can beouplings that are virtually the same for all the couplings and
attached to the numbers in Table Ill. They represent semiare, moreover, in good agreement with the experimental ra-
guantitative estimates of dipolar couplings for the single ori-tios obtained after subtraction of the mixture couplings.
entation mechanism that remains after subtraction of a best
estimate of the mixture dipolar couplings. C. Orientation of the dihydrogen isotopomers

in a “magic mixture”

B. Comparison with ab initio calculations We shall now focus on the small degree of orientation

Ab initio calculations that model the interaction between aobserved for the dihydrogen isotopomers dissolved in the
solvent average EFG and a solute molecular quadrupole managic mixture. In this mixture the contribution to the orien-
ment have been carried out previously for the isotopomertation arising from an interaction between the average
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electric-field gradient present in the anisotropic solvent and TABLE IV. Comparison of experimental dipolar couplings

the molecular quadrupole moment of the solute dihydrogend;2) in the magic mixture with results of mean-field calculations and
which usually dominates the average orientation in |iquidresu|t8 of a model that accounts for the shift of the center of mass in
crystals, does not play a role. As discussed above, the maffi¢ asymmetrical isotopomers. Experimental values of dipolar cou-
features of our experimental results of the dihydrogen isotoP!ings are accurate to about three units in the last decimal place.
pomers dissolved in magic mixture can be summarized as
follows. First, each isotopomer is characterized by a small Duv Dop D Dup Dwr Dor
negative orientation parameter. Second, the asymmetricglperiment 120.0 142 1499 140 154.2 148
isotopomers have a more negatlye orlentathn parameter thafean field calculation 127.3 146.4 153.6 136.5 139.7 149.9
expectec_i on th(_e basis of_mean-fleld calculat_lons alone. Theg&nier of mass model 134.6 152.0 158.0 1597 184.2 161.4
points will be discussed in the present section.

: i , . ; N Dj;
If an identical mean-field orientational mechanism is op-=— experimental 1 118 125 116 129 1.23
erative in all liquid crystals, then it is expected that the rela- ™
tive values of solute dipolar couplings from a given liquid- —L mean field 1 115 121 107 1.10 1.18
crystal solvent should essentially be independent of the HH
liquid crystal. This is the result obtained in Table I above Pij. center of mass 1 113 118 119 137 1.20

after the mixture couplings have been subtracted from th@um
experimentally observed couplings. However, the couplings
from the magic mixture do not follow this trend. Thus there

appears to be a qu_uid—crystal-'in.depend.ent cor?trib'ution to th%symmetric of the isotopomers is much smaller tBag in
orientational ordering. The origin of this contribution, taken 5 cases except the mixture, where it is larger. In a similar
here to be the ordering measured in the magic mixture, igein it has been noted before that valuesiop in a num-
mysterious. Previous calculations of the orientational ordepey of liquid-crystal solvents are consistently more negative
of the isotopomers of dihydrogen employed a simple meang, 5, expected on the basis of the solvent mean figld
field interaction between some solute molecular propertiatios between any two dipolar couplings can be calculated
Bj— B, and a liquid-crystal mean fiel@ [2]. First-order ¢om the entries in Table 1. The variation of these ratios with
perturbation theory for a rigid rotor yields the following |iquid crystal is minor for the symmetrical isotopomers, not

equation for the order parameter: very significant for DT, appreciable for HD, and large for
G(B|—B.) HT. In this context we note that the asymmetrical solutes all
S=— 1 "= E e BIJ+1)/kT possess a center of mass that differs from the center of ge-
2 e ~BII+ /KT J.my ometry. It is a striking observation that the extent to which
Jm; the center of mass differs from the centre of geometry cor-
s 2 relates with the above experimental observations. Therefore,
x _i[ E (J+1)"—m; it seems feasible that the observed differences with these
KT| 2\(2J+1)(2J+3) asymmetrical isotopomers could arise from the loss of sym-
s 2 ) metry. General mean-field theories such as discussed above
+ J7—mjy B E] and theab initio calculations in Sec. 11l B are not sensitive to
(2J+1)(23—-1)) 2 the center of mass and thus cannot explain these observa-
tions.
9 [ [(+2)2-mil[(J+1)*—m]] Next, the observation that the asymmetrical isotopomers
2B | (2J+1)(2J+3)%(2J+5)(—4J—6) of dihydrogen have a more negative orientation parameter

than suggested by mean-field calculations will be discussed
on the basis of a phenomenological treatment. A calculation
that takes into account the shift of the center of mass away
from the center of geometry has been proposed previously to
where B is taken as the vibrationally averaged molecularaccount for the deviant behavior of H[B]. In this picture
rotational constant. The summations are over thiseand  the liquid crystal is modeled as a continuum with the solute
m;’s that are consistent with the Pauli principle given thesitting in a hollow cylinder of infinite length and of radius
nuclear spin states. We now fit this equation by least square®,. The solute rotates around its center of mass, which is
adjustingG(B— B,), which is assumed to be isotopomer located on the cylinder axis. The interaction between solute
independent, to the complete set of mixture dipolar couand solvent cylinder is taken to be a Lennard-Jof@4$2)
plings. The results of this mean-field calculation are pre{otential function with empirical constanes= 2x10 22 J
sented in Table IV. For comparison we include the experi-ando=3 A. The asymmetrical isotopomers sweep out a rela-
mental dipolar couplings for the magic mixture. We alsotively large volume such that the lighter atom comes in close
present dipolar couplings relative B,;. The agreement of proximity to the cylinder wall. Hence the asymmetrical iso-
the ratios between experiment and calculation is far fromopomers experience more of an attractive force than do the
satisfactory for the more asymmetrical isotopomers HD andgymmetrical ones. The interaction energy of each atom in the
HT. solute is written

Inconsistent numbers for HD and HT are also observed in
other experiments. Note especially in Tables Il and Il that @
the absolute value of the dipolar coupliBy,; for the most Uext(0,1)=—AA(r)Py(cosd), ()

J2_ 2 J—-1 2_ 2
(J*=my)[(I—-1)"—mj] } , @

T 2i-3) 23— DA 23+ 1)(43-2)




502 E. E. BURNELLet al. 55

wherer is the distance of the atom from the center of gravitycrystals the dominant contribution to the solute orientation
of the molecule and’ is the angle between the molecular arises from an interaction between a nonzero EFG with the
symmetry and cavity axes. The interaction parametesolute molecular quadrupole moment.

AA(r) is [25] In addition to this liquid-crystal-dependent orientation
mechanism there is a relatively small contribution that ap-
? o K(2k+5)(2K+7)(2k+9)!! pears to be virtually independent of the liquid-crystal sol-
AAN= geraPer " &, 911 (2K)!! vent. The magnitude of this interaction is reflected in the
0 strongly decreased degree of orientation and the correspond-
r \2k 5g2 . “k(2k+ 1)1 [ 1\ 3K ing dipolar couplings that remain for all the isotopomers in
X Ro 3R8P€U kzo (2k)!! (Ro) , the zero-EFG magic mixture.

When the liquid-crystal-independent couplings as ob-

(4) tained from the magic mixture are subtracted from the dipo-
a , lar couplings observed in the component liquid crystals, the
wherep (taken as 0.10 A®) is the number density of the remaining liquid-crystal-dependent dipolar couplings should
solute atoms. The value used fiig is 6 A, which means, solely result from the interaction between a nonzero EFG
considering the van der Waals radii of the atoms, that thgynq the solute molecular quadrupole moment. This particular
radius of the hollow part of the cavity is 4.5 A. The order  interaction can be reasonably well modeledatyinitio cal-
parameters for each isotopomer are calculated from(Bq. cylations.
settingG(B)— 1) = ZaomAA(r). _ The liquid-crystal-independent contribution to the solute

We now apply this approach to the complete set of dihy-yrientation, which leads to the observed dipolar couplings for
drogen isotopomers using the same parameters as if@ef. the isotopomers of dihydrogen observed in the magic mix-
the only difference being that we use the average rather tha@yre can be modeled in a phenomenological fashion, based
the equilibrium internuclear distance for the isotopomersg, g simple mean-field approag&gq. (2)]. Previous work
The results of this calculation are presented in Table IV. Wengicated that the asymmetrical isotopomer HD did not com-
also present dipolar couplings relative . In compari-  pletely fit the trend predicted by these calculations. When
son with the experimental and mean-field values, these ratispnsidering the liquid-crystal-independent contribution in
reveal that inclusion of the center-of-mass effect has littleggmewhat more detail it is apparent that the even more
influence onDpr, a significant influence o®yp, and a  asymmetrical isotopomer HT shows the same behavior in an
very large influence or. It appears that the above cal- eyven more outspoken fashion. In the magic mixture the ori-
culations, which are admittedly crude, overcompensate fogntation parameter of HT is clearly more negative than that
the center-of-mass effect in HD and HT. However, thisof T,, contrary to what our calculations predict. A model
center-of-mass model explains both the negative order pasased on a Lennard-Jones interaction between the solute and
rameters and the more negative orientation found for th%urrounding liquid-crystal solvenfiEq. (4)] provides evi-
asymmetrical isotopomers. Thus this model appears to enence that the unusual behavior of the asymmetrical isoto-
compass the basic physics at the root of the orientation of thgomers could be due to the fact that the center of mass
dihydrogen isotopomers in the magic mixture. around which the molecule rotates and the geometrical cen-

ter do not coincide for the asymmetrical species.
IV. CONCLUSION
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