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Molecular Motion in GeCly as Studied by 3Cl Nuclear Quadrupole Resonance
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Temperature dependence of ¥Cl nuclear quadrupole resonance frequencies and quadrupole relaxation time

was measured of GeCl, in the metastable phase.

Above 160 K, molecular reorientation is seen active; its

activation energy is 63.5 k] mol~l. This energy probably prevents GeCl, from undergoing a rotational phase

transition.

Although a series of molecules MCly (M=C, Si,
Ge, Sn) are nearly globular assuming Td symmetry
in gas phase, they do not solidify into plastic crystal
except CCL? nor undergo any solid-solid phase
transitions.2=49

In a series of works on the dynamical properties
and the stability of plastic crystals, we recognized that
GeCly shows an interesting thermal behavior: This
material was reported to crystallize into two phases,
stable and metastable, although the condition of the
preparation of each phase has not been established.
The stable phase melts at 223.7K and the metastable
phase melts at 221.4K.® In the heat capacity measure-
ments® of the so-called metastable phase of this com-
pound an exothermic phenomenon was observed near
its melting point which appeared to be a kind of
relaxation. This thermal effect may be a manifesta-
tion of some phase properties similar to the case of car-
bon tetrachloride”? where the metastable cubic phase
is transformed into the stable rhombohedral phase
spontaneously. Such consideration led us to study of
the temperature dependence of the NQR frequencies
and of the spin-lattice relaxation times in GeCls.

Experimental

Commercially available specimen of GeCls (Soekawa
Chemical Co., Ltd, stated purity 99.999999%) was vacuum
distilled and sealed in a glass ampoule with 13 Pa He gas.
This sample is of the same origin as that used for the previ-
ous heat capacity measurements.

All the measurements were made using a MATEC pulsed
spectrometer system by the FT method to determine the
frequencies of three closely spaced resonance lines, the error
being +0.2 kHz. The nuclear quadrupolar spin-lattice relaxa-
tion time T; was measured with the n/2—t—n/2 method
with an estimated error of +10 percent.

The temperature dependence was determined by using a
simple cryostat with liquid nitrogen as the refrigerant. The
temperature was kept constant within 10.1 K during the
measurement and measured with Chromel-P vs. Constantan
thermocouples, calibrated against the standard platinum
resistance thermometer.

Results and Discussion

In our experiment only one of the two phases report-
ed so far could be obtained by both rapid quenching
and slow cooling. The solid samples prepared by
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Fig. 1. Temperature dependence of 33CINQR fre-

quencies in GeCl,.

different cooling rates gave the same NQR spectrum
and their melting points were 221.6K. Therefore, we
identified our specimen as the ‘“metastable phase.”

Four 35Cl nuclear quadrupole resonance lines were
observed at 77 K and their frequencies (11=25.4491 MHz,
ve=25.7131 MHz, »3=25.7356 MHz, v4=25.7463 MHz)
agree with those reported by S. Sengupta et al.® within
1+0.2kHz. Temperature dependence of the resonance
frequencies is shown in Fig. 1.

At around 120K only three resonance signals are
observed because of accidental overlap of two of the
resonance lines. The NQR signals broadened above
210K and disappeared just below the melting point.
This broadening is induced by the molecular reorien-
tation as will be discussed later.

Because the upper three resonance lines (v, v3, and
v4) occurred in a very narrow frequency range, their
spin-lattice relaxation times could not be measured
accurately. The temperature dependence of the spin-
lattice relaxation time for the lowest resonance line
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Fig. 2. Temperature dependence of 35Cl spin-lattice
relaxation time for the line »; in GeCl,.

(»1) is shown in Fig. 2. The plot of the relaxation
rate 717! vs. T2 gives a straight line below 160K,
suggesting that the librational motion?® of GeCly
molecules governs the spin-lattice relaxation below
160K. Above 160K a sharp decrease in the spin-lattice
relaxation time was observed due to molecular reorien-
tational motion.!® The spin-lattice relaxation time
T1 can be reproduced by the expression

T,"'fs™t = 9.77.10~%. (T/K)?
+ 1.30-10 exp (—63.5kJ mol"Y/RT). (1)

The first term is the contribution of librational mo-
tion of the molecule, which is dominant below 160 K.
The second term is brought about by the molecular
reorientation with the activation energy of 63.5k]
mol~! and is dominant above 160 K. The correlation
time, 7., can be related to T by assuming an isotropic
sudden jump process between four nearly tetrahedral
sites asl0

e = (3/4) T, )

The . thus obtained is plotted in Fig. 3 as a function of
the reciprocal temperature; it gives the pre-exponential
factor 7o a value of 5.76-10-20s. The correlation time, 7.,
at the melting point is 5.4-10-5s.

In globular molecules having tetrahedral or octa-
hedral symmetry, which show plastic phases, the
correlation time of the molecular overall reorienta-
tion at the brittle-plastic phase transition lies usually
in the range between 7-10-9 and 10-115,11-19 whereas,
7. for GeCly is as long as 10-5s even at the melting
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Fig. 3. Temperature dependence of the correlation
time for the overall rotation in GeCly.

point. This fact shows that in GeCl, the molecular
reorientation is not so sufficiently excited that the
crystal undergoes a rotational transition to a plastic
phase even at the melting point. If we use the em-
pirical relation!® E.=a-R:T. to derive the hypotheti-
cal rotational transition point T from the rotational
activation energy E., the rotational transition would
not occur until about 1000K is reached, using a=7.5
for the brittle phase.’® Although the origin of the
very high E; is not known at the present stage, it
prevents the GeCly crystal from undergoing a rota-
tional transition despite the fact that the each mole-
cule is globular.

As mentioned in the introduction, an interesting
thermal relaxation was observed above 190K during
the heat capacity measurements.® Thus, a small but
distinct exothermic phenomenon occurs with a time
constant of 40 min at 190K, 2h at 200K and 10h at
210K. Hence we attempted to detect some effect of
such a thermal relaxation phenomenon on the NQR
parameters. Because of the very long (=700 us) free
induction signal and short T; (=1ms) it was not
possible to measure T; above 205K. We, therefore,
searched for a possible change of the 35CINQR line
shape with time: At 200, 205, 210, and 212K, any
variation of the line shape was not detected during
twice the thermal time constant in each temperature.
The reason why NQR did not see the corresponding
anomaly is not apparent at present.

Among MX4 compounds (M=Si, Ge, Sn; X=halo-
gen), SnCl41® and SnBr4!? show P2;/c structures with
Z=4. The unit cell contains four crystallographically
inequivalent halogen atoms. These two compoundsas
well as most of other tetrahalo compounds including
GeCly give similar NQR spectra, i.e., there are four
NQR lines!8:19 of which three higher frequency lines
are closely spaced and the lowest frequency line is far
removed from the three upper lines. Thus, the NQR
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Table 1. Values of the Ratio of Atomic Radii
F Cl Br I
C 0.24 0.17 0.16 0.14
si 03¢ 024 | 022 0.19
Ge 0.45 0.32 0.29 0.26
Sn 0.58 0.41 0.38 0.33

spectrum of GeClg suggests strongly that the crystal as-
sumes the crystal structure isomorphous with SnCl4
and SnBry, i.e.,, P21/c. A recent Zeeman NQR study
of GeCl4? claimed that the metastable phase is ortho-
rhombic with mmm or D, symmetry. Close examina-
tion of the result of their Zeeman effect study reveals,
however, that the direction cosines of the twelve prin-
cipal Z axes of the EFG (electric field gradient) could
be classified into two sets: The angles between the
principal Z axes of equivalent chlorines were calcu-
lated to be 124, 140, and 121°, for each set, correspond-
ing to those in SnBrs® and SnCl,,!® ie., 125, 140,
and 125° according to the X-ray structure data. The
Zeeman effect data may well be interpreted by the
P2y/c structure if the single crystal used in their
experiment happened to have a twin texture.

It is interesting to try to understand why some of
the MX4 molecules form a plastic crystal while oth-
ers do not. Detailed molecular dynamical calcula-
tion will be able to disclose the overall picture but we
have discovered an interesting relation between the
molecular shape and the crystal structure such as the
one that exists among alkali halide crystals.

Table 1 shows values of the ratio of atomic radii2?
r(M)/r(X). The dotted line across the Table separates
the regions of the existence of a plastic phase. The
limiting radius ratio below which the atom M can fit
into the cavity formed by a close-packed tetrahedron of
four X atoms is 0.23. Table 1 suggests that if the ratio is
larger than 0.24, the molecule does not form a plastic
crystal; it is presumably because the interaction be-
tween molecular octupoles, which is the lowest possible
electric multipole for such a tetrahedral molecule,2V is
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then so large that reorientation of molecules can not
average the directional character of interaction. Car-
bon tetrafluoride is an exception to this rule but it is
very close to the limiting case. It will be interesting to
examine germanium iodide for existence of a plastic
phase since it also lies close to the borderline.
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