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In a previous paper which examined the molecular rotation in sym-CgClsFs crystal by the 33Cl1 NQR an
unrealistically long activation parameter, 7o, for the molecular rotation was obtained by assuming the three-fold
molecular uniaxial reorientation. In order to examine the reason for such unacceptable result the relaxation
time (T1) data were reanalyzed with the help of the computer experiment which calculates the rotational
potential function for each molecule in the crystal lattice. The computation was carried out using the 6-
exponential type interatomic pair potential functions. It was found that the potential for the plane molecular
rotation in the hexagonal unit cell is non-sinusoidal and has, in addition to the most stable orientation, an extra
minimum where the molecules can stay for a finite time at moderately high temperatures. The rotational
potential thus obtained was used successfully to reanalyze our previous T data for this material. 3CI NQR Ty’s
were measured for CeCls crystal and analyzed using anisotropic rotational potentials. The analysis predicted
possible disordered structure of this material. In the case of C¢Fs it was confirmed that the in-plane rotation of
two crystallographically inequivalent molecules can be excited with different activation energies from each
other, being consistent with the previous fluorine NMR work.

Organic molecules crystallize usually into an aniso-
tropic unit cell and, since the shapes of molecules
themselves are usually anisotropic, they execute in
general a complex motion. The procedure to deduce
information about the dynamical characteristics of the
crystals from NMR, NQR, or other spectral data is
thus very complicated, and we are often led to wrong
assignment of the molecular motion as has been
pointed out for molecular rotation or reorientation of
t-butyl groups? and tetramethylammonium ions.?

Previously we measured the 35Cl spin-lattice relaxa-
tion time in sym-CeClsF3 and observed a sharp decrease
in the T which is due obviously to an excitation of a
large amplitude motion of the molecules.? As this
substance crystallizes into a hexagonal P6s/m struc-
ture in which the Cs axes of nearly planar molecules
are aligned parallel to the crystalline ¢ axis? and our
19F high-resolution NMR spectra indicated that a
motional averaging of the shielding tensor compo-
nents in the molecular plane occurs,? we assigned that
35Cl] relaxation and F line narrowing are due to
molecular three-fold reorientation. However, the
quantitative analyses of the relaxation data with the
three-fold reorientation led to an activation energy of
18.2kJ mol-! and the corresponding preexponential
factor, 70=3.42X10-7s, the latter being unbelievably
long.® Therefore, we have tried to reexamine the
relaxation data with the aid of computer calculation of
the rotational potentials for the molecules. The
analyses of the relaxation data ‘combined’ with the
computer works are also carried out on crystalline
CsCls and CeFs. This paper presents new results of
reanalysis of experimental data.

Experimental and Computational Procedures

The measurements of the spin-lattice relaxation times
were conducted for the three 35Cl1 NQR lines in solid CeCls

using MATEC pulsed NQR apparatus between 77 and 250 K
by the 90°-7-90° and the saturation-7-90° methods. The
experimental uncertainty was estimated to be within £10%
throughout the measurement. The specimen was of
commercial source and purified by recrystallization twice
from benzene solution, then followed by vacuum sublima-
tion.

sym-CgClsFs (Alfa Products) was purified by vacuum
sublimation and sealed in an ampule with He gas (ca.
2000 Pa) for the heat exchange. The spin-lattice relaxation
time of the 9F in sym-CeClsFs was carried out using a home-
built pulsed NMR equipment at 10 MHz between 228 and
334 K with the experimental accuracy of £30%.

The computational works were done with the Buckingham
6-exp interatomic pair potential functions; the parameters
presented originally by Williams® and evaluated by Gavezzotti
and Simonetta” were used. The computation was simply to
take the lattice sum for individual atom pairs within the cut
off distance of 1.2—1.4nm using a FORTRAN program
which is a modification of PACK2 coded by Williams® so as
to compute the molecular rotational potentials. The static
lattice energy and the rotational potential about the
molecular Cs axis were calculated for CgCls, sym-CgsClaFs,
and CgFs using the crystal structural data.4%19 The error
introduced by cutting off the lattice sum was estimated to be
less than 0.7%.

Results and Discussion

Table 1 summarizes the activation parameters
obtained from the present and the former® NQR and
NMR experiments, and the computed results of static
lattice energies and rotational potential barriers for the
three compounds together with the reported heats of
sublimation for C¢Cl¢ and CeFs. The values of the
activation parameters for CeFe¢ were taken from a
previous work.!?

The static lattice energy of GeCls is slightly larger
than the experimental heat of sublimation but the
difference is considered to be insignificant. In the case
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Table 1. The Calculated Lattice Energy E1, Rotational Potential Barrier Vo, and the Experimental
Results of Heat of Sublimation AH,, and Activation Parameters in Halobenzenes
EL AHS VO Ea To
Substance Space group
kJ mol-! kJ mol—? kJ mol-! kJ mol-!? s
CsCls P21/n 89.3 91.79° 63.0 61.910.9 (v1) 3.7 X101
59.8+1.7 (v2) 1.1 X10-15
64.1+2.4 (v3) 1.4 X107
sym-CeClsFz (LTP) P63/m 18.21+0.59 3.42X10-7
71.6 42.0 19.7£0.8 4.97X10-11
(HTP) 35 13
CsHs P2:/n 54.8 46.62% 27.6 (c) 31.29 2.3 X10-159
15.3 (e) 12.69 1.1 X10-139

a) G. W. Seas and E. R. Hopke, J. Am. Chem. Soc., 71, 1632 (1949).

Thermodyn., 2, 867 (1970). c) Ref. 3. d) Ref. 11.
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Fig. 1. 35Cl spin-lattice relaxation times for three
NQR lines; O: vy, [0: va, A: v3 of CsCle.

of CeFs agreement is very good provided that the zero-
point lattice vibration contributes to some extent to
the heat of sublimation. Thus we can say that the
lattice sums based on the Williams’ potential pa-
rameters can be used to evaluate the static energetics of
crystal lattices of the halogenated benzenes in almost a
quantitative manner.

CeCls. CsClg crystal contains four crystallographi-
cally equivalent molecules in a monoclinic unit cell.?
Each molecule has three inequivalent chlorines and
the corresponding 3C] NQR frequencies were »1=38.390,
v2=38.465, and »3=38.504 MHz at liquid nitrogen
temperature. The spin-lattice relaxation times, T4, for
these three chlorines are shown in Fig. 1. The plot of
T1 vs. T? gave straight lines for each transition below
about 200 K, indicating that the quadrupolar relaxa-
tion is governed by the lattice vibrations at low
temperatures. The drastic shortening of the T; above
200 K 1s obviously brought about by some molecular

b) J. F. Messerly and H. L. Finke, J. Chem.
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Fig. 2. Potential energy for the molecular rotation
about the molecular 6-fold axis in CeCls crystal.

reorientation. In the course of the present work we
found that an NQR experiment on CeCls above 77 K
was done by Danilov and Izmest’ev.1? Qur experi-
mental Ti’s for each of the three inequivalent
chlorines agree well with their result. Our average
activation energy, 61.6kJ mol-1, is slightly higher
than theirs, 59.0 k] mol-1. However, the preexponen-
tial factors, 7o, in our measurements (Table 1) are
significantly short compared with their values, 5X10-13—
1.3X10-**s due probably to the difference in the
evaluation of the contribution of the lattice vibrations
to the relaxation rate below about 200 K.

The rotational potential energies were calculated by
rotating the molecules about their figure axes in the
crystal lattice; the simultaneous rotation of all the
molecules led, however, to an unrealistically low
potential barrier and so we rotated molecules which
are located at the next nearest neighbor sites while
fixing the nearest neighbors at their original orienta-
tions. The rotational potential function thus obtained
is shown in Fig. 2 and the values of the potential
barrier is 63.0 k] mol-1.

The rotational potential satisfies the six-fold sym-
metry but the individual potential wells are asymmetric
because the molecular site symmetry is low in the
crystalline unit cell. The potential barrier to the
molecular 6-fold reorientation, 63 k] mol-1,19 agrees
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Fig. 3. Rotational potential energies about the 6-

fold axis and three two-fold axes in CsClg crystal;
the notation is referred to in Ref. 9.

excellently, when the zero-point vibrational effect is
taken into account, with the average value of the
experimental activation energies, indicating that the
6-fold reorientation is responsible for the 35Cl relaxa-
tion.

Reynolds pointed out the existence of some orien-
tational disorder or defects in CgCls crystal at room
temperature.’® In order to examine the possibility of
such disorder we attempted again the computation of
the rotational potential function by rotating the
molecules about other molecular axes: The results are
shown in Fig. 3. We see in this figure a metastable
orientation which can be reached by rotating the
molecule about the axis through Cli7 and Clis (the
notation in Ref. 9) by 45° and has the potential energy
of 8.4 k] mol—! measured from the equilibrium orienta-
tion. This metastable state is located close to the
position of misorientation indicated by Reynolds and
so our model calculation supports his assertion. He
estimated the misorientation energy to be 2—3 kJ mol-!
so that 3 to 4 percent of molecules can be at the
disordered orientation at room temperature; such a
disorder can induce the disturbance of the electric field
gradient at nearby sites of chlorines, causing the
broadening and fade-out of the 3CINQR signals
which has been recognized above room temperature.1®

Molecular jumps between these two orientations
may cause the quadrupole relaxation as in the case of
sym-CeCl3F3 (see in Section C below). However, we
could not distinguish this relaxation process from the
6-fold reorientation due probably to relatively small
difference in the potential barriers for the two-site
jump (estimated as 46.2 k] mol—?!) and for the 6-fold
reorientation. A 35Cl relaxation experiment with
greater precision will discern such different relaxation
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Fig. 4. Rotational potential energies about the
molecular 6-fold axes for two inequivalent molecules
in CeFg crystal. Solid line: c-site, broken line e-site,
the notation is referred to in Refs. 10 and 11.

processes.

CeFe. Two different rotational potential functions
were obtained for CeFs crystal corresponding to the
two crystallographically inequivalent molecular sites
(e- and c-sites)!® as shown in Fig. 4. The shapes of
these two potential functions are slightly asymmetric
because we rotated slightly asymmetric molecules as
rigid bodies. The heights of the rotational barriers,
15.3 (for the e-site) and 27.6 k] mol-1 (c-site), can be
compared with the experimental activation energies,
12.6 and 31.2 k] mol-1, which were assigned to the 6-
fold reorientations for the e- and the c-site molecules,
respectively.1

sym-CeClsF3. The relaxation of the YF in sym-
CsClsF3 above its phase transition point, 296 K, was
represented by a single relaxation process up to the
melting point (335.0K); the T; assumes the value,
(4.0£0.7) s, at 296 K and decreases monotonously on
heating, giving rise to an activation energy of
(3514) k] mol-1. This activation energy above the
phase transition point is about twice as large as that
deduced previously from the T of 35Cl in the low
temperature phase.®? This fact suggests that different
molecular motional modes are responsible for the
relaxation in the low and high temperature phases of
this compound.

Figure 5 shows the rotational potential functions for
a rigid molecule located in the unit cell of the low
temperature form at room temperature and at 4.2 K,
respectively. It can be seen that the contraction of the
unit cell by only about 0.01 and 0.023 nm along the
crystallographic a- and c-axes, respectively, leads to
the stabilization of the equilibrium structure and
a significant increase in the rotational barrier. The
potential function possesses, between the equilibrium
molecular orientations (S of Fig. 5) at the rotational
angles 6=0 and 120°, two extra minima at 60° (Muy)
and 95° (My), the heights of which measured from the
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Fig. 5. Potential energy for the molecular rotation
about the molecular figure axis in sym-CgClsF3
crystal.  Solid line: at room temperature; broken
line: at 4.2 K.

equilibrium orientation are 19.8 and 14.3 k] mol-1,
respectively, at room temperature. The heights of the
potential barriers for reaching the metastable orienta-
tions ML and My amount to 17.4 and 33.9 k] mol-1,
respectively, and that for the 3-fold reorientation is
42.0 k] mol-L

The value of the potential barrier for the 3-fold
reorientation, 42 k] mol-1is higher than the activation
energy, 35kJ mol-1, obtained from °F NMR in the
high temperature phase; however, taking account of
the thermal expansion and possible structural change
due to the phase transition, one can expect that the
potential barrier is reduced to some extent at high
temperatures. Therefore, the above value of the
activation energy can be reasonably assigned to the
molecular 3-fold reorientation which is excited only in
the high temperature phase.

The potential energy needed to excite the molecule
to the metastable orientation My, 17.4 kJ mol-1, can be
compared with the value of the experimental activa-
tion energy, 18.2 k] mol-1, evaluated previously from
the analysis of the T of 35Cl and attributed then to the
3-fold reorientation. Itis now obvious that the misled
assignment of the experimental activation energy led
to an unreasonable value of the preexponential factor
70 as we pointed out above. Here we will reanalyze the
chlorine T data on the basis of the molecular jump
mechanism between the equilibrium and the lower
metastable orientations My by applying the strong
collision theory for the quadrupole relaxation.16.17

When a molecule jumps stochastically between two
sites, the stable & and a metastable a’, separated by an
angle 6, with a potential energy difference AE, the
rate equation for the polarization P* at the « site is
represented by

d(P(t) — <P*>)/dt = 3 P(Wew P — waaP?)
— ZeWaaQ(P* — <Pe>), (1)

where

[Vol. 63, No. 1
P = (3c0820.0r — 1)/2, Q = 3sin26,,/2, (2)

and w 1s the transition probability from the site &’ to
the @, and the following relation between wae and wyo
holds:

Wae = WaratXP(AE/RT). 3)

The general solution of the rate equation with an
initial condition that P%0)=0, i.e. just after the 90°
pulse, 1s given by

[P(t) — <P>)/<P*>= drexp(—t/T}) + Agexp(—t/TH),
(4

where

/Ty = (1/2)[(waa + waer)(P + Q)
* {(weo)AP + Q)2 + Q2 + 2PQ)waaar}¥2], (5)

Ar= (VT — waoQ)/(1/T} — 1/TY), ©)

where the plus sign is taken for T} and the minus sign
for T¥, and

A2 = (1/T! — weaQ)/(1/TE — 1/TY). (7)

Calculation of the 4; and Az with 0,,=25° and
AE=14.3 k] mol-! gives 41=~0. Hence the relaxation
process can be described by a single relaxation time
Ti. By insertion of the experimental T of 35Cl into
the above equations, the transition probabilities, wqa
and wy, can be obtained and, defining the correlation
time 7. by 7=1/ww. the value of the 7. at each
temperature is derived as is shown in Fig. 6. The
fitting of the 7.’s to the Arrhenius activation process,
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Fig. 6. The correlation time for the two-site jump
process in sym-CeClsF3 crystal.
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7. = Toexp(E./RT), (8)

leads to a new set of activation parameters, E,=19.7 k]
mol-1 and 10=4.97X10-11s, for the molecular jump
between the S and ML orientations.

This value of the E, is slightly higher than the
potential barrier, 17.4 k] mol-! between the S and ML
orientations, and the corresponding 7o seems to be still
very long compared with those in CgCls and CgFe.11:19
However, it is obvious that the molecular motion
which governs the 35Cl quadrupole relaxation is the
orientational jump between the stable and a metastable
site, though the possibility that small fraction of the
molecules can overcome the higher potential barrier to
realize the 3-fold reorientation at moderately high
temperatures can not be ruled out.

We see in the above examples that the model
calculation of the potential energy functions can be
used to distinguish various molecular motional modes
and so it helps greatly to endorse the analyses of the
magnetic relaxation data and also perhaps of other
spectral data in complex molecular crystals.

Although the above calculation of the crystal
properties gives almost quantitative interpretation to
the experimental findings, we will need further
refinement of the potential parameters for performing
more reliable computational works. Very recent work
on the lattice dynamics in sym-CeClsFs states, for
example, shows that a new set of the pair potential
parameters is superior to the widely accepted Williams
parameters in reproducing the experimental phonon
dispersion relations.’® Molecular dynamics approach
will also be very useful for understanding of both the
static and dynamic structures of these and other more
complex molecular crystals in which large amplitude
molecular motion and some kind of molecular
misalignment are closely concerned with the crystal
stability.
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