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For the title compound a phase transition from Phase II to Phase I (low and room temperature
phases, respectively) was found at ca. 217 K. The temperature dependence of the 3'Br NQR
frequency and that of the dielectric constant showed anomalies at ca. 195 K that were tentatively
attributed to a higher order phase transition. A similar anomaly was found at ca. 218 K for
4-chlorobenzyl alcohol which showed a II-I transition at 236 K. The dielectric dispersion observed
for both compounds at low temperatures indicates an excitation of a molecular motion with the
dielectric relaxation rate of ca. 1 kHz. The temperature dependence of the ®'Br NQR frequencies
of 2- and 3-bromobenzyl alcohol, measured at 7' > 77 K, gave no evidence of phase transition in

their crystals.
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Introduction

Our previous study on the temperature dependence
of the spin lattice relaxation time (7';) of **Cl NQR
has revealed molecular motions in the high and low
temperature phases (Phase I and II, respectively) of 4-
chlorobenzyl alcohol (pCBA) [1]. It has been pointed
out that the crystal dynamics is unusual in the vicinity
of the II-I phase transition (236 K). As an extension
of the previous work we investigated ®'Br NQR of
4-bromobenzyl alcohol (pBBA) in the present work,
since both compounds are known to be isomorphous
[2]. The temperature dependence of the *>CI NQR fre-
quency of pCBA was reinvestigated precisely in the
vicinity of the phase transition temperature because
we found an anomalous temperature variation of the
81Br NQR frequency in the course of the present in-
vestigation. We also measured the 8'Br NQR of the
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two related compounds 2- and 3-bromobenzyl alcohol
(abbreviated as o0 BBA and mBBA, respectively).

Anomalies of the NQR and dielectric properties
and the molecular motions in the crystals of pBBA
and pCBA will be discussed. Furthermore, the tem-
perature dependence of T, of pCBA reported in the
previous paper will be reexamined on the basis of the
present observations.

Experimental

Commercial pCBA, pBBA and oBBA (Tokyo Ka-
sei Organic Chemicals) were purified by recrystalliza-
tions from appropriate solvents. Commercial mBBA
(the same source) was used for the 3! Br NQR experi-
ment without further purification.

The thermal analysis was carried out in the temper-
ature range ca. 100 < 7/K < ca. 350 by using a differ-
ential scanning calorimeter (Rigaku DSC-8058).

The 8'Br and »Cl NQR spectra were detected by
a home made super-regenerative oscillator detector
[3] and by a conventional pulsed NQR spectrome-
ter [4], respectively. The accuracy of the frequency
measurement was 20 and 0.5 kHz, for the Br and
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Fig. 1. Temperature dependence of the 8 Br NQR frequency
of 4-bromobenzyl alcohol (pBBA). Solid and open circles
for Phase I and Phase II, respectively. Solid circle at 77 K
corresponds to super-cooled Phase 1.

CI NQR, respectively. The errors in the temperature
measurements were within 1 K (for pBBA) and 0.1 K
(for pCBA).

An LCR meter (Ando AG-4311B) was employed
for the dielectric measurements on the compressed
disks of pCBA and pBBA. The frequency range was
0.1 < f/kHz < 100.

Results

The thermal analysis of pBBA revealed a phase
transition at 216.7K (heat of transition of ca. 1.1
kJ/mol). The transition is similar to that of pCBA
(at 236.0 K and heat of transformation of 1.3 kJ/mol).

The ¥'Br NQR frequencies of the bromobenzyl al-
cohols at 77 K are listed in Table 1. The temperature
dependence of the 8'Br NQR frequencies of pBBA
are shown in Figs. 1 and 2 and that of the 3CI NQR
of pCBA in Figs. 3 and 4. Figures 5 and 6 show
the temperature dependence of the dielectric constant
measured for pPBBA and pCBA, respectively. Their di-
electric dispersions at various temperatures are shown
in Figs. 7 and 8.

Discussion
Anomaly in the vicinity of the II-1 transition

As shown in Fig. 1, the 8! Br NQR frequency of the
Phase II of pBBA jumps by about 150 kHz at ca. 217
K owing to the II-I phase transition. In addition, the
81Br NQR frequency vs. temperature curve exhibits
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Table 1. 8'Br NQR frequencies of 2-, 3-, and 4-bromobenzy!
alcohol (0BBA, mBBA, and pBBA, respectively) at 77 K.

Compound Frequency / MHz
oBBA 222.80
mBBA 225.2,224.00
pBBA (Super-cooled Phase I) 224.83
pBBA (Phase II) 224.72
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Fig. 2. ®' Br NQR frequency vs. temperature in the range
140 < T/K < 217 for 4-bromobenzyl alcohol (pBBA) (for
the solid line, see text).

an unusual upward shift in the range ca. 195 < T/K
< 217 (see Figure 2). The solid line in the figure was
obtained by a least squares fitting of the observed
data in the range 77 < T/K < 180 to the Bayer type
function [5]

W(T) = v(0) — A/{exp(B/T) — 1}, (1)
where A = (3/4n)(hvg/2nLn), B = h/kg, and Vo
=e’Qq/2h (v, I}, v}, Q, and e are NQR frequency,
moment of inertia, librational frequency, quadrupole
moment, and electric field gradient, respectively).

The *CINQR frequency of pCBA jumps to a lower
frequency at 236 K as a result of the II-I phase transi-
tion (Figure 3). As can be seen in Fig. 4, the frequency
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Fig. 3. Temperature dependence of the **Cl NQR frequency
of 4-chlorobenzyl alcohol (pCBA). Triangles and circles for
Phase I and Phase II, respectively.
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Fig. 4. ¥*CI NQR frequency vs. temperature in the range
200 < T/K < 235 for 4-chlorobenzyl alcohol (pCBA) (for
the solid lines, see text).

vs. temperature curve of Phase II (circles) in the range
ca. 218 < T/K < 235 shows an appreciable deviation
from the solid line, which was obtained by the least
squares fitting of the observed frequencies at T' <
210K to (1). The deviation found for pCBA is very
slight compared to the case of pBBA, but seems sig-
nificant. On the temperature dependence of T'; of **Cl
NQR of pCBA (Fig. 9), one can see a break at around
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Fig. 5. Temperature dependence of the dielectric constant
of 4-bromobenzyl alcohol (pBBA).
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Fig. 6. Temperature dependence of the dielectric constant
of 4-chlorobenzyl alcohol (pCBA).

220 K (the figure has been reported in [1], but it is
given here again for the sake of convenience).

The temperature dependence of the dielectric con-
stant of pBBA has a break at about ca. 190 - 195 K
besides that at ca. 217 K corresponding to the II-I tran-
sition (Figure 5). In the case of pCBA, a beak appears
at ca. 218 K in addition to that of the II-I transition
at 236 K (Figure 6). The breaks are more remark-
able at lower frequencies. These NQR spectroscopic
and dielectric observations suggest the presence of an
anomaly of the nature of the crystal in the vicinity
of the II-I transition. We propose tentatively a higher
order phase transition for pCBA (at ca. 218 K) and
pBBA (at ca. 195 K.).

The jump of the NQR frequency due to the II-I
transition is rather small in the two compounds. This
fact indicates the similarity of the crystal structures of
both phases. The structure seems to become closer to
that of Phase I, since the shift of the NQR frequency
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in each compound is directed toward the frequency of
Phase I.

An increase in the temperature coefficient of the
81Br NQR frequency was observed for pBBA at
T > ca. 195 K, while the reverse was found for pCBA.
Therefore, the change in the temperature dependence
of the NQR frequency should not be attributed to that
in the crystal dynamics.

Molecular Motions at Low Temperatures

It has been shown from the analysis of the temper-
ature dependence of T', of the*>C1 NQR of pCBA that
a reorientation of some atomic group with a potential
barrier of ca. 3.8 kJ/mol is excited in the range ca. 90 <

T/K < ca. 190. In addition, another molecular motion
was found by the present dielectric measurements.

The dielectric dispersion observed for pBBA and
pCBA at low temperatures (Figs. 7 and 8) is well re-
produced by the empirical equation corrected for the
distribution of the relaxation time [6]. The strong tem-
perature dependence of the magnitude of the disper-
sion can be accounted for by assuming a reorientation
of an electric dipole between asymmetric potential
wells [7]. The analyses of the dielectric dispersion
of pCBA gave 11.3+0.3 and 19.7£0.6 kJ/mol for
the higher and lower potential barriers, respectively
(pBBA; 10.5£1.3 and 18.0%1.6 kJ/mol). (The de-
tails of the analyses of dielectric dispersion will be
reported in a separate paper.)
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Fig. 9. Spin lattice relaxation time (T,) of **CI NQR vs.
reciprocal temperature for Phase I and Phase II of 4-
chlorobenzyl alcohol (pCBA).

As pointed out in [1], T', of the *>CI NQR of pCBA
exhibits an anomalous decrease in the range ca. 190 <
T/K < ca. 220 (Figure 9). One may expect a correla-
tion between the decrease in T'; and the reorientation
related to the dielectric dispersion, since they take
place almost in the same temperature region. It seems
difficult, however, to attribute the decrease in 7', to the
fluctuation of the electric field gradient due to this re-
orientation because the dielectric relaxation rate (ca.
1 kHz) is far lower than the **CI NQR frequency.

The signal to noise (S/N) ratio of the 8'Br NQR
signal was found to depend strongly on the thermal
history of the sample. When a specimen was cooled
quickly in liquid nitrogen, the S/N ratio at 77 K was
about 50. On the subsequent heating cycle the ratio
remained almost constant up to ca. 170 K. Then it
began to increase at ca. 180 K and reached about 90
at ca. 200 K. When the specimen was cooled again
from ca. 200 K, the S/N ratio was about 120 at 77 K.
The irreversible increase in the S/N ratio observed
at around 190 K is attributable to relaxation of lat-
tice defects [8]. The pronounced increase in the S/N
ratio was found in the temperature region where the
dielectric dispersion became remarkable. Therefore,
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the relaxation of the defects is considered to proceed
through the reorientation corresponding to the dielec-
tric dispersion.

As to possible molecular motions in the crystalline
state of pCBA or pBBA, one can assume reorienta-
tions associated with intramolecular rotations: the re-
orientation of the hydroxyl H atom around the O-CH,
axis and that of -C4H,Cl group around the CH,-C(1)
axis. The latter is not responsible for the dielectric
dispersion, because it does not accompany a change
in the direction of the electric dipole associated to
this group. The potential barriers hindering the re-
orientations were preliminarily estimated by means
of the molecular orbital method [9]. The calculations
were carried out for the free molecule and a cluster of
molecules which consists of two pCBA molecules ar-
ranged in the same way as in the crystal (Phase I). The
magnitudes of the potential barriers obtained were
of the same order as the observed ones. Thus, both
motions seem acceptable, although further study is
needed to obtain a definite conclusion.

81 Br NOR of 0BBA and mBBA

The temperature variations of the 3'Br NQR fre-
quencies of 0 BBA and mBBA are normal in the range
77 < T/K < melting point of each compound, indicat-
ing the absence of phase transitions. The temperature
coefficients of the 8 Br NQR frequency at 150 K were
found to be 13.3, 15.7,and 11.5, and 11.5 kHz/K for
0oBBA, higher and lower frequency lines of mBBA,
and pBBA, respectively. Thus, lattice vibrations in the
crystal of pBBA seem to be normal as in the crystals
of the other compounds.

The frequency separation of the two ¥'Br NQR
signals of mBBA (ca. 1.2 MHz) is a measure of the
magnitude of the crystal field effect on the 8' Br NQR
frequency. Since the frequency of o0BBA is lower than
those of mBBA and pBBA by ca. 2 MHz in the av-
erage, there is a slight difference in the nature of
the C-Br bond between the former and the latter two
compounds. This difference can be attributed to the
electronic effect of the -CH,OH group [10].

The authors are grateful to Mr. Y. Kitagawa and
Miss H. Matsumura for the help in the dielectric mea-
surements.



M. Hashimoto et al. - Phase Transition and Crystal Dynamics of 4-Bromobenzyl Alcohol 441

[1] H.Niki, K. Kano, and M. Hashimoto, Z. Naturforsch.
51a, 731 (1996).

[2] M. Hashimoto, Y. Nakamura, and K. Hamada, Acta
Crystallogr. C44, 482 (1988).

[3] H. Terao, T. Okuda, A. Minami, T. Matsumoto, and
Y. Takeda, Z. Naturforsch. 47a, 99 (1992).

[4] H. Niki, H.Odahara, K. Tamaki, and M. Hashimoto,
Z. Naturforsch. 49a, 273 (1994).

[5] H. Bayer, Z. Physik 130, 227 (1951).

[6] C. P. Smyth, Dielectric Behavior and Structure,
McGraw-Hill 1955, Chapter 2.

(71
(8]

(91

(10]

J. S. Dryden and R. J. Meakins, Rev. Pure Appl.
Chem.7, 15 (1957).

T. P. Das and E. L. Hahn, Nuclear Quadrupole Reso-
nance Spectroscopy, Solid State Physics, Suppliment
1, Academic Press, New York, 1958, Chapter 1.
Program package MOPAC93/PM3 installed on a su-
percomputer SX-4 of Computation Center Osaka Uni-
versity.

E. A. C. Lucken, Nuclear Quadrupole Coupling Con-
stants, Academic Press, London 1969, Chapter 10.



