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Anisotropic diffusion in benzene: ' C NMR study
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We report a ' C NMR measurement of the three distinct diffusion jump rates present in solid ben-
zene (orthorhombic). Diffusion jumps from one a-b plane to another are found to be preferred over
jumps within any one plane. The rates of the two kinds of out-of-plane jumps are unexpectedly
found to be nearly equal. These findings should serve as a rigorous test of any calculations of dif-
fusion in solid benzene. We have also measured the temperature dependence of the average of the
three rates. Our results for the prefactor coo agree with previous NMR determinations, but disagree
with radiotracer data.

- INTRODUCTION

In a cubic crystal, any given molecule is surrounded by
n exactly equivalent immediate neighbors (n = 12 for fcc,
n =8 for bcc, n =6 for sc). Thus, because all the immedi-
ate neighbors are equivalent, there is only one rate of
jump diffusion in such a solid. Typically, the rate at any
temperature and/or the activation energy of diffusion are
the only information available for comparison with
theory. Much more information is available in
orthorhornbic benzene. ' Since the twelve immediate
neighbors of a given molecule fall into three groups of
four each (nearest, intermediate, and most distant), there
are three distinct diffusion jump rates possible in solid
benzene. We report here a ' C high-resolution solid-state
NMR measurement of the three jump rates; our results
should provide a more rigorous test of any theory or
model of diffusion in simple solids.

Early evidence of diffusion processes in benzene came
from a proton T~D (ultraslow motion) NMR experiment.
The data were later explained by O'Reilly and Peterson as
being due to self-diffusion. A radiotracer study by Fox
and Sherwood directly observed the diffusion in benzene.
They concluded that the diffusion is thermally activated
[coJ =cop exp( BE/kit T)]j with—an activation energy bE
of 23.1 kcal/mole, and with a prefactor cop equal to
2.80X10 sec '. In this paper we convert the prefactor
Dp to cop using cop ——12Dp'/a, where a =7.88 A. A series
of NMR powder-sample experiments by Noack and co-
workers produced results in disagreement with the tracer
data. ' Their T&z (rotating-frame longitudinal relaxation)
experiment measured the rate of motion and found an ac-
tivation energy equal to 22.46 kcal/mole, but the prefac-
tor was determined to be 3.17&(10 sec '. A subsequent
low-field study of the proton T& yielded similar results:
DE=22. 8 kcal/mole and coo ——7.87& 10 sec '. The two
NMR values of cop may be considered in good agreement
since the determinations of coo involve long extrapolation
to infinite temperature. Thus, the NMR and tracer exper-
iments find the same temperature variation (activation en-

ergy) of the diffusion but they disagree by almost four or-
ders of magnitude on the absolute rate at any temperature.
The pressure dependence of the proton T&z has been ex-

amined and implies an activation volume within the range
expected for vacancy diffusion. The T&q data at zero
pressure agree with the results of Noack et al. Hence,
the first goal of this work is to resolve the disagreement
over the rate of diffusion in benzene.

Solid benzene is an orientationally ordered solid consist-
ing of four sublattices. ' When a molecule diffuses, it
moves to a new sublattice and reorients accordingly. This
reorientation will change the resonance frequency of the
' C spins on the diffusing molecule because of the aniso-
tropic chemical shift. The diffusion pr'ocess is monitored
in the experiments described here by following changes in
the ' C resonance frequency caused by the reorientation of
the molecules. The powder ' C experiments described
here measure the mean of the three jump rates mentioned
above.

The second and main goal of this work is to individual-

ly measure the three jump rates. These are determined
from a single-crystal experiment using the saturation
transfer technique. The results provide an unusually de-
tailed picture of diffusion in benzene.

EXPERIMENTAL

Experiments were done on polycrystalline and single-
crystal samples prepared from reagent-grade benzene.
The polycrystalline samples were prepared by bubbling ar-
gon gas through the liquid to remove dissolved oxygen.
Next, a thermocouple was dipped into the liquid and then
the tube was epoxy sealed with one atmosphere of argon
gas. To obtain a good powder, the sample was rapidly
cooled in liquid nitrogen and promptly placed into the al-
ready cold NMR probe.

Ten single-crystal samples were prepared but only one
was used throughout the single-crystal portion of this
work. Nitrogen gas was bubbled through the benzene to
remove dissolved oxygen; then, four freeze-pump-thaw cy-
cles were performed. The sample tube was then backfilled
with nitrogen gas at 0.8 atmospheres of pressure. The ad-
dition of gas provided good thermal contact and also
prevented electrical breakdown from the high rf voltage
encountered in pulsed NMR. The sample was cooled with
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liquid nitrogen and the sample tube was then sealed. The
crystal was grown using the Bridgman technique; the
sample tube was dropped from room temperature into an
ice-water bath (benzene melts at 278.6 K) at a rate of 0.15
in./h for a total of 6 h, producing very clear specimens.
Sample quality was considered good since the width of the
individual ' C NMR lines was approximately 160 Hz,
with 30 Hz of this due to ' C-' C dipolar interactions. A
small mosaic spread in the crystal is believed to be respon-
sible for the remaining width of the lines.

A simple goniometer was used in the single-crystal ex-
periment. The sample tube could be rotated about an axis
perpendicular to the Zeeman field. This arrangement was
used to assign the four sharp lines in the single-crystal
spectrum to the four sublattices by comparison with x-ray
data' for the molecular orientations (see the Appendix).

The sample temperature was controlled by blowing
thermostated nitrogen gas over the sample tube. Copper-
constantan thermocouples were used to measure the tem-
perature. The temperatures measured were accurate to
within +1 K.

The spectrometer has been described in detail else-
where. ' " Briefly, a single-coil, double-resonance probe
was used allowing the enhancement of the ' C signal by
cross polarization' ' and allowing elimination of the
'H-' C dipolar interaction by proton decoupling. ' The
proton resonance frequency was 82.9 Mhz. Ninety-degree
pulse lengths were 3.6 @sec for protons and 5.1 @sec for
carbon. Data were acquired by a transient digitizer; a mi-
crocomputer was used to time the pulse sequences and to
average and analyze the data.

THEORY

Solid benzene has an orthorhombic crystal structure
with space group Pbca (Fig. 1).' ' All three crystal axes
have different lengths so the molecular centers sit on a
stretched fcc lattice. There are four sublattices; any par-
ticular molecule is surrounded by twelve immediate neigh-
bors, four from each of the three other sublattices. As
shown in Fig. 1, the distances to these twelve immediate
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FICx. I. Location of the molecular centers in the orthorhom-
bic structure of benzene. The positions are the corners and face
centers of a stretched cube (a&b&e). The four sublattices are
numbered. The distances of the immediate neighbors are given
in the table.

neighbors are not equal. Labeling the sublattices 1, 2, 3,
and 4, the distances di2, d, 3, and di4 are all different.
Thus, one expects the rates of jump diffusion (coi2, coi3,
and coi4) between these sublattices to be all different. We
note that the symmetry of the crystal requires that
co $2 —co34 co]3—co24 and m~4 ——co23, the usual detailed bal-
ance condition dictates that co,b ——cob, .

Many years ago, Andrew and Eades looked at solid
benzene with NMR. ' From their second-moment and

Ti studies, they found very rapid sixfold reorientations
about the molecular sixfold axes above 120 K; the reorien-
tation rate near the melt was found to be =10" sec
We note that for the purposes of NMR, this sixfold
reorientation can be considered to be uniform rotation. '

The reorientations cause all six carbon sites on a molecule
to be magnetically equivalent.

In the presence of proton decoupling (as used here), the
' C line is dominated by chemical shift anisotropy. The
chemical shift tensor is made uniaxially symmetric by the
averaging from the rapid sixfold reorientations ~ the
unique symmetry axis of the tensor is the molecular six-
fold axis. Because all the molecules on any sublattice are
oriented parallel and because the rapid sixfold reorienta-
tions make all carbons on a molecule magnetically
equivalent, all carbons on any one sublattice are magneti-
cally equivalent. The resonance frequency co is given by

co =coo[ I +0'i + ( 0'
I ~

—0'i ) cos 1 g ]
where cr~~ and cri are the principal elements of the shift
tensor (averaged by the sixfold reorientations), and y, is
the angle between the external field Ho and the normal to
the molecular plane. Because the molecules on the four
sublattices are oriented differently and will have different
y„the ' C spectrum of a single crystal (or crystallite) will
be four sharp lines, one from each sublattice.

When a molecule diffuses, it jumps to a new sublattice.
Consequently, a ' C spin on a diffusing molecule changes
its resonance frequency. This situation is similar to the
famous problem of chemical exchange in magnetic reso-
nance. ' ' The techniques for studying diffusion in ben-
zene are likewise similar to those used to study chemical
exchange: selective saturation and subsequent saturation
transfer, spin echoes, and stimulated echoes.

POLYCRYSTALLINE EXPERIMENTS: RESULTS
AND DISCUSSION

Spin-echo and stimulated-echo (Ref. 19) ' C experi-
ments were performed on polycrystalline samples contain-
ing naturally abundant ' C. These pulse sequences have
been applied to study diffusion in other orientationally or-
dered solids and have been more fully described.

The spin-echo experiment consists of the pulse sequence
90„-~-180„to measure the transverse relaxation time T2.
T2 was determined by the dependence of the echo ampli-
tude on the time 2~. The signal-to-noise ratio was im-
proved by averaging 20 echoes, and coherent noise was el-
iminated by phase alternation of the first pulse.

During the time between the two pulses, the spin iso-
chromats dephase due to the chemical shift anisotropy.
The 180' pulse at time ~ inverts the transverse magnetiza-
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FIG. 3. Complete pulse sequence for the stimulated-echo ex-
periment on polycrystalline benzene. A cross-polarization be-
gins the sequence; the three 90' ' C pulses produce a stimulated
echo. The protons are stirred whenever transverse ' C magneti-
zation is present.
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FIG. 2. Decay rate of ' C spin echoes and stimulated echoes
in polycrystalline benzene. The spin-echo data (circles) are T2 '

values. At high temperatures, T2 is just the diffusion jump
rate coj averaged over the three kinds of jumps. The
stimulated-echo data (triangles) are coj values obtained by fitting
Eq. (2) to the experimental decays. At low temperatures, the
spin- and stimulated-echo data are limited by spin-spin and
spin-lattice effects, respectively. The straight line corresponds
to thermally activated diffusion {see text).

tion so that the isochromats will refocus at time 2~. How-
ever, only those isochromats that have remained at the
same frequency (and hence orientation) during the time 2r
will contribute to the echo. Those isochromats that
change frequency (due to diffusion) dephase so that their
contribution to the echo is essentially zero. This is true
because the system is always in the slow-jump limit
(coj & b,co~i, where b,co~I, is the powder-pattern linewidth,
(2m)3. 8X10 sec ', the jumps are never fast enough to
narrow the line). ' ' Diffusion causes the echo amplitude
to decay as exp( —2rlrj ), so the phenomenological time
T2 equals the mean time between jumps, 7)(7~ =—coj ).
There is also a spin-spin contribution to the decay of the
echoes from the ' C-' C dipolar coupling. This contribu-
tion should be temperature independent and will yield an
approximately Gaussian echo envelope.

The spin-echo data are shown in Fig. 2. At high tem-
peratures, the T2 data are thermally activated due to dif-
fusion; Tz should equal rJ. At low temperatures, T2 is
determined by spin-spin interactions. A "dilute lattice"
calculation predicts the ' C-' C linewidth in natural
abundance to be about 30 Hz full width at half maximum
(FWHM); this in turn predicts a limiting value of T2 of
about 10 msec, in agreement with the low-temperature Tq
data. Clearly, the T2 measurement can only determine
the rate of jumps when the jump rate is larger than the
' C-' C spin-spin interaction.

Stimulated echoes were generated by a 90„-~-90~-T-90
pulse sequence. Twenty averages were used to improve
the signal-to-noise ratio, and phase alternation of the first
pulse was used to eliminate coherent noise. Stimulated
echoes were used because they can measure motions
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FIG. 4. Amplitude of the stimulated echo as a function of
the diffusion time T in polycrystalline benzene. The pulse se-
quence of Fig. 3 was used. The echoes decay to a relative base
line of 0.25, as indicated by the dashed line. This demonstrates
that motion occurs between all four sublattices. The solid curve
is an eye guide.

slower than those detectable by two-pulse spin-echo exper-
iments.

The stimulated echo occurs at a time r after the third
pulse. The only isochromats which contribute to the echo
formation are those whose initial frequency (from t =0 to
r) and final frequency (from t=T+r to T+2r) are
equal. Thus, only isochromats that remain at their initial
frequency or return to their initial frequency are present
in the echo. It is important to note that the stimulated
echo involves transverse magnetization only during a total
interval of 2r (here, r was usually 1500 p sec; other values
of r yielded the same results). Duririg the long waiting
period T, the magnetization is stored along the +Z axis.
Thus, the time T is limited only by the spin-lattice relaxa-
tion time T~,' hence, very slow motions can be measured.
In benzene, T& is of the order of 2 sec. The complete
pulse sequence for this experiment is shown in Fig. 3.

The amplitude of the stimulated echo is

A( T)= —,
'

exp( —, cojT)+ —,
'—

The one-quarter base line occurs because there is a —,

chance of a diffusing molecule returning to its original
sublattice. Note that if diffusion occurred only between
pairs of the four sublattices (e.g. , if only co&z and co34 were
nonzero), then the base line would be —,. Figure 4 shows
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the stimulated-echo amplitude as a function of T at 258
K. Clearly, the base line is —,, which implies that dif-
fusion does occur between all sublattices. In detail this in-
dicates that no more than one of the rates to~2, m~3, or to&4

is zero (see below).
The jump rate from stimulated echoes as a function of

temperature is shown in Fig. 2. At high temperature the
rate is thermally activated, but at low temperature, Tj
processes dominate the decay of the echo amplitude. At
the low temperatures the echo envelope A(T) decays to
zero, as expected. The low-temperature limiting values of
the stimulated-echo decay rate are near 1 sec ', in fair
agreement with the ' C T& in benzene (measured indepen-
dently in this laboratory).

A best-fit line to the jump-rate data from the stimulat-
ed echoes is drawn in Fig. 2. The spin-echo data are
offset slightly from the straight-line extension of the
stimulated-echo data, but it appears that they converge in
the limit of large toj. This effect has been seen previous-
ly ' ' and probably reflects the spin-spin contribution to
T2 '. We have fitted to the stimulated-echo data and not
the spin ec-ho data because of the longer range of the
stimulated-echo data and because of the cleaner interpre-
tation of the experiment. The straight line in Fig. 2 fol-
lows from the thermal activation expression
coj ——cooexp( bE/k~ T—), with an activation energy bE of
22.84 kcal/mole and with a prefactor too of 4. 12)&10
sec '. AE agrees very mell with both the previous NMR
work ' and the radiotracer work. However, the prefac-
tor agrees only with the previous NMR results.

SINGLE-CRYSTAL EXPERIMENTS: RESULTS
AND DISCUSSION

For an arbitrary orientation of magnetic field, there are
four lines in the ' C proton-decoupled spectrum, one line
for each sublattice. This is shown in Fig. S(a). Each of
the four lines was assigned to one of the four sublattices
by measuring the frequencies of the lines as the crystal
was rotated in the goniometer (see Appendix for details).
Hereafter, the lines are labeled in accordance with Cox's
labeling of the sublattices. '

At the temperature used for the single-crystal experi-
ments (258 K), the jump rates are smaller than 10 sec
The only effect of these slow jumps upon the fully relaxed
spectrum is a negligible amount of lifetime broadening
(=3 Hz FWHM). ' ' Thus, the selective saturation ex-
periments performed on the single crystal may be
described entirely in terms of the longitudinal magnetiza-
tions MJ (j=l, 2, 3, or 4) of the four sublattices. The
time evolution of the magnetizations MJ is given by the
master rate equations; for the system here, these equations
are

dM~ Mp —M,
(to,sM, +to„—M, +to,gM, )

T&

no burn

I 5 4 2

258K

(a)

T= 0.005'

T= 0.03s

") ~ A

FIG. 5. Proton-decoupled ' C spectra from a single crystal of
benzene. (a) The spectrum without selective saturation. The
four lines are from the four sublattices. Lines I and 2 are 2000
Hz apart. The small peaks are from small crystals. The varia-
tion of the line heights is due to a small variation in linewidths,
not evident in the figure. (b) The spectrum 5 msec after saturat-
ing three of the lines. (c) After 30 msec, some magnetization
transfer has occurred via diffusion. (d) After 200 msec, the lines
have nearly equal intensities.

equilibrium magnetizations for the four lines because they
involve equal numbers of spins. The relaxation times T~
are also assumed equal; this is a fair approximation.
The second set of terms expresses the effect of sublattice a
magnetization jumping by diffusion to the other sublat-
tices. The third term contains the magnetization brought
to the line a from the other lines. We remark again that
there are only three distinct jurnp rates because of the
symmetry of the crystal: to ]2—c034 etc.

The selective saturation experiment was carried out
with the 90~-t-90 -T-90~ pulse sequence. The first two
pulses make up the "preparation" part of the sequence;
their function is to saturate all the lines except the one on
carrier frequency. Considering a single isochromat of ini-
tial magnetization Mo whose frequency relative to the
carrier is b,co, the magnetization after the first two pulses
will be

+(to,bMb+co„M,+co~Md ), (3) M =MD cos(btot ) . (4)

where a, b, c,d=1,2, 3,4 in any order. The first term is
spin-lattice relaxation; we have assumed equal thermal

For every value of T studied, the free-induction decays
following the third pulse were simply added up while t
was incremented from 100 @sec to 6000 p sec in 60 equal
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steps. By virtue of linearity, the net effect is as though
one added the magnetizations in Eq. (4) above for all the
values of t. Because

0
0.0 O. I

T (s)
0.2

FIG. 6. Time evolution of the longitudinal magnetizations
following selective saturation of lines 1, 3, and 4. The jump
rates co23 and co&4 are nearly equal; co» is smaller. The data are
from Fig. 5 and are shown as symbols. The solid curves are a
fit to the data using Eq. (3) (see text for values of co,b).

cos(cot)dt =m5(co),
0

only the magnetization of' the line at the carrier frequency
is present in the sum over Eq. (4). This experiment is the
co~ ——0 slice of a related two-dimensional Fourier-
transform experiment. The spectrum of Fig. 5(b) shows
the result of this pulse sequence. The time T is so short
that little relaxation and magnetization transfer have oc-
curred; only the line at the carrier frequency is not sa-
turated.

During the time T, diffusion occurs with the accom-
panying magnetization transfer, as given by Eq. (3). The
longitudinal magnetizations just before the third pulse are
inspected by the 90' pulse; the resulting free-induction de-
cay is stored, averaged, and later Fourier transformed.
The spectra in Figs. 5(b), 5(c), and 5(d) show the time ( T)
evolution of the magnetizations. Clearly, the saturated
lines recover as the initially unsaturated line decreases in
intensity. The total integrated intensity of the four lines is
essentially constant, showing that spin-lattice relaxation is
only a small effect here. The evolution of the line intensi-
ties is dominated by the magnetization transfer given by
the second and third terms of Eq. (3).

The time evolution of the four lines is shown more
clearly in Fig. 6. An approximate description of the
recoveries is that lines 3 and 4 recover at the same rate,
while line 1 recovers more slowly. We note that if co&2

were zero, line 1 would still recover: magnetization from
line 2 could transfer to line 1 indirectly through lines 3 or
4 as intermediates (i.e., co~2

——0 but co»&0&A@32). Thus,
one expects in this case that line 1 would recover twice as
slowly as lines 3 and 4, because two jumps are needed to
go from 2 to 1. Hence, the time evolutions in Fig. 6 are
roughly in accord with co23 ——A@24 and co&z ——0.

We have generated numerical solutions to Eq. (3), using
the above co,b as starting points. T~ was determined to be

FIG. 7. From Ref. 1. One layer of the benzene structure
parallel to the a-b plane is shown. The adjacent layers contain
only molecules of sublattices 3 and 4. Our results indicate that
diffusion between planes is faster than diffusion within a plane.

2.2 sec from a separate nonselective experiment. The
comparison of the data and the numerical solutions clear-
ly show that co ]4)co]3 and co /2&0. Our best fit to the
data is shown in Fig. 6 and was obtained with u&2 ——1.25
sec ', co» ——6.50 sec ', and co~4 ——8.25 sec '. The uncer-
tainty on each rate is +0.50 sec '. We have repeated the
experiment with each of the other three lines at the carrier
frequency. In each case the results agree with the above
co,b values and the symmetry relations co]2—co34 etc. It
should be noted that T~coz &&1; hence, the spin-lattice re-
laxation is always a small effect and appears in the data
only at long times when the lines have obtained a common
spin temperature. Thus, any variation of T~ amongst the
four lines neglected in Eq. (3) will not matter.

The crystal structure of benzene has been regarded as a
layered structure by Cox.' Figure 7 is a reproduction of
Fig. 3 of Ref. 1. The structure consists of sheets parallel
to the a-b plane containing molecules of sublattices 1 and
2 alternating with sheets containing molecules of sublat-
tices 3 and 4. The molecular planes are all tipped out of
the sheets. In any one sheet, the benzene molecules are
packed so that they are intermeshed like beveled gears.
Since the intermeshing defines rings of four molecules, it
was suggested' that the sixfold reorientations would be
highly correlated, at least over short distances.

In terms of Cox's picture of benzene, our results mean
that jumps carrying a molecule from one sheet to a dif-
ferent sheet (sublattices 1—+3, 1~4, etc.) occur more rap-
idly than jumps entirely within a single sheet (sublattices
1~2, 3~4). Furthermore, the rates co~3 and co&4 of out-
of-plane jumps are nearly equal. If one assumes that co/3

and co&4 share the same prefactor of about 10 sec ', the
20% difference between co~3 and co&4 at the temperature of
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this work implies that the corresponding activation ener-
gies differ by only —,'%. The near equality of the activa-
tion energies is either a coincidence or it implies that the
saddle point in 1—+3 jumps is the same as in 1—+4 jumps.

It is interesting to compare the rates of the three kinds
of jumps with their jump lengths (see Fig. 1). The jumps
of shortest distance (1—+4) occur most often, and the
longest jumps (1~2) occur least frequently. However,
the intermediate jump rate (co~3) is nearly equal to the
fastest rate (co~4), while the distance d &3 is nearly equal to
the distance d&2 associated with the slowest rate. Thus,
there is no quantitative relation between relative jump
rates and distances.

We suppose that diffusion in benzene occurs via
thermally generated vacancies, in common with other
molecular solids. However, the experiments performed
on benzene to data offer no direct evidence of the role of
vacancies. Fox and Sherwood have compared the activa-
tion energy for diffusion with the latent heat of sublima-
tion; they find a ratio E„,/L, =2.12. This is in close
agreement with the values found in the orientationally or-
dered molecular solids a-CO(2. 13), CO2(2. 17), ' and
NzO(2. 17). The agreement suggests that the same
mechanism is responsible for diffusion in the four materi-
als.

CONCLUSIONS

There is now overwhelming evidence that the prefactor
coo describing jump diffusion in solid benzene is approxi-
mately 4& 10 sec '. The three NMR determinations
(this work and Refs. 6 and 7) all sit within a factor of 2 of
this value. The radiotracer data is four orders of magni-
tude higher, suggesting that pipe defects were involved.
The fact that the radiotracer study found the correct ac-
tivation energy implies that diffusion to the pipe defects
(and not along them) was the bottleneck in the macroscop-
ic diffusion process in that work.

The ' C NMR technique used here is sensitive only to
reorientations of the molecules that accompany the
translational jumps. The agreement of our data with the
previous proton data demonstrates that diffusion does
occur by combined translational-rotational jumps, as pre-
viously proposed. It has been shown here that there are
three different jump rates in benzene, as allowed by the
orthorhombic crystal structure. The rates of the two
kinds of out-of-plane jumps (from one a bplane to ano-th-
er) are nearly equal, indicating that their activation
energies are within -,'-% of each other. This seems an
unusual coincidence. By comparison, the rate of in-plane
jumps is substantially slower. We note that there is no
simple relation between the jump rates and the lengths of
the jumps; more subtle concepts are involved. It is not
clear to us from the structure of benzene why the out-of-
plane jumps should be the preferred path of diffusion.

Nevertheless, this detailed picture of diffusion in benzene
is a challenge to theories of diffusion in molecular solids.
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APPENDIX: LINE-SUBLATTICE ASSIGNMENT

For an arbitrary field orientation, there are four lines in
the ' C spectrum, one for each sublattice. The frequency
of each line changes as the sample is rotated in the
goniometer. The goniometer allows for rotation about a
vertical axis (perpendicular to the field) as well as tilting
(+5') in the plane defined by the vertical axis and the
magnetic field. By following the four resonant frequen-
cies as the sample orientation is changed, the four lines
may be assigned to the four sublattices, as described
below.

The resonance frequency cu of a sublattice depends only
on the orientation of the molecular normal n to the field.
Thus, one has for rotation about the vertical axis from
Eq. (1),

co=co& ——,
'

(co& —co~~) sin 0(1+ cos2$),

where 0 is the angle between n and the vertical, and P is
the azimuthal location of n about the vertical. The values
of co& and co~~ were obtained from powder spectra. The
value of 0 was found by orienting the sample about the
vertical axis to minimize the frequency of a given line;
this corresponds to /=0 because co& )co~~. The ambiguity
in obtaining 8 from sin 8 (north-south hemisphere ambi-
guity) was resolved by tilting the sample +5' and observ-
ing whether the frequency increased or decreased. The
azimuthal location of n was obtained directly from the
goniometer setting corresponding to minimum frequency.
It should be noted that the n so determined are ambigu-
ous with respect to inversion; this must be, given the
second-rank tensor nature of chemical shifts. ' Besides,
the perpendicular to the molecular plane is also only de-
fined to within an inversion.

The above procedure located the n for each of the four
lines. The angles between the n were compared with
those from Cox's x-ray-determined structure' and the
lines assigned to sublattices, accordingly. Because of the
symmetry of the crystal (Pbca ), the sublattice assignment
is not unique. However, given that cu&p ——' c034 co]3—&24,
and co|4——coq3 by symmetry, the assignment of the three
distinct jump rates (co&z, co&3, and co~4) from the data is
unique.
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