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Two phase transitions of 4-chlorobenzyl alcohol (pCBA) and 4-bromobenzyl alcohol (pBBA),
from the low-temperature phase (LTP) to the intermediate-temperature phase (ITP) and from ITP
to the room-temperature phase (RTP), were investigated by “"H NMR and differential scanning
calorimetry (DSC). The crystal dynamics in each phase were studied using the ’H NMR spectra,
the spin-lattice relaxation time (7';) and the relaxation time of quadrupole order (7',q) for the
samples, where the hydrogen of the -OH group was selectively deutrated. The >H NMR 7', of
both crystals in the RTP were dominated by the fluctuation of the electric field gradient at *H
nucleus caused by vibrational motions of the -CH,OH group. In the LTP of both crystals, the fast
jump of hydrogen atoms between the two sites corresponding approximately to the positions of the
hydroxyl hydrogen atoms in the RTP and LTP were found from *H NMR spectra. The results of 7',
and 7T';q in the LTP revealed that the jump of hydrogen atoms occurs in asymmetric potential wells
and that these potential wells gradually approach symmetric ones with increasing temperature on

the high-temperature side in the LTP.
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Introduction

The title compounds, 4-chlorobenzyl alcohol
(pCBA) and 4-bromobenzyl alcohol (pBBA) are
known to undergo a first-order phase transition at
T',, = 236 and 217 K, respectively [1, 2]. Crystals
of pCBA and pBBA are isomorphous (monoclinic,
space group P2,, Z = 2). The structure is character-
ized by the O-H---O hydrogen bonded chains along
the 2, axis [3]. The results of ¥CI, 35Br NQR and di-
electric measurements predicted another higher-order
phase transition at 7', =218 and 195 K for pCBA and
pBBA, respectively [1, 2]. These transitions should
be closely related to the local structure of hydrogen
bonds. ’H NMR is a very powerful tool for inves-
tigating the dynamic structure in crystals. ’ZH NMR
spectra are useful for the determination of the mo-
tional mode, since the characteristic spectrum results
from the molecular motion. The information of the
rate and potential for the molecular motion can be

obtained by the 2H NMR spin-lattice relaxation time
(7')) and relaxation time of quadrupole order (1',).

In the present work, the 2H NMR spectra, 7', and
T')o were investigated in samples where the hydrogen
of the -OH group was selectively deuterated, in order
to study the dynamics of the O-H:--O hydrogen bond
network. Phase transitions were also examined by dif-
ferential scanning calorimetry (DSC). We will discuss
dynamic structures in each phase and mechanisms of
these phase transitions.

Experimental
Preparation of Deuterated Compounds

Commercial compounds (nacalai tesque) of p-
chlorobenzyl alcohol (pCBA) and p-bromobenzyl al-
cohol (pBCA) were recrystallized several times from
suitable solvents to purify the materials. For the H
NMR experiment, the hydroxyl hydrogen in pCBA

0932-0784 / 02 / 0600-0388 $ 06.00 © Verlag der Zeitschrift fiir Naturforschung, Tiibingen - www.znaturforsch.com



M. Mizuno et al. - Phase Transitions and Crystal Dynamics of p-Halogenobenzyl Alcohols

was deuterated selectively by using D,O in a diox-
ane solution to give p-Cl-C4H,-CH,OD (abbreviated
pCBA-d). By a similar method, p-Br-C{H,-CH,0OD
(pBBA-d) was prepared. The degree of deuteration
was checked by 'H NMR of pCBA-d and pBBA-d
dissolved in CDCl,: no appreciable peak of 'H NMR
from the hydroxyl proton was found in the NMR
spectrum of each compound.

Thermal Analysis

Thermal analysis of pCBA-d and pBBA-d was car-
ried out by using differential scanning calorimeters
(Rigaku DSC-8058 and Mac Science DSC 3100S).

2H NMR

The ?H NMR spectra were measured by using a
CMX-300 spectrometer at 45.825 MHz. A (7/2),-
T-(m/2),-T-acquisition pulse sequence was used. The
m/2 pulse width and 7 were 3.0 and 30 ps, respectively.
T', was determined by the saturation-recovery and in-
version-recovery methods. 7', was measured by the
Jeener-Broekaert pulse sequence [4 - 6].

Results and Discussion
Phase Transitions

The thermal analysis on pBBA-d revealed a phase
transition at (221 + 1) K (1',;) with an enthalpy of
transition (AH (1)) of ca. 1.0 kImol~'. This tran-
sition is of first-order, judging from the remarkable
super-cooling observed for it. The T',; in pBBA-d is
higher than that in pPBBA by ca. 4 K. The DSC curve
of pBBA-d exhibited a small thermal anomaly at ca.
195 K. The small anomaly is considered to corre-
spond to the higher-order phase transition reported
for pPBBA [2]. The thermal analysis of pCBA-d in-
dicated a phase transition at (233 £ 1) K (T')), the
onset of which was overlapped by a small thermal
anomaly (exothermic drift) emerging from ca. 217 K.
The value of T',; in pCBA-d is lower than that in
pCBA by ca. 3 K. The observed small anomaly is
considered to correspond to the phase transition of
pCBA found at ca. 218 K [2].

The temperature dependences of 7', of 2H NMR
are shown in Figs. 1 and 2 for pBBA-d and pCBA-d,
respectively. The jump of 71", of pBBA-d at around
its T',; observed on heating can be assigned to a first-
order phase transition. As can be seen in Fig. 1, a
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Fig. 1. Temperature dependence of ’H NMR 7', in pBBA.
(a) T'; in the heating and cooling processes. The solid line
indicates the fitting curve by use of (3 - 5). (b) 7', around
the phase transition points in the heating process. The solid
line indicates the fitting curve by use of (3 - 5), assuming
AE =a(Tn, - T).

super-cooling of this transition was observed when
the sample was cooled from room temperature. It took
more than 8 hours until 7', reached an equilibrium
value at 180 K. On heating from 90 K, the log(T") vs.
1/T curve showed a break around 160 K, followed by
a decrease of 1", occurring between 170 and 195 K.
At temperatures higher than 195 K, 1", appeared to
remain constant till the temperature reached T'.;. This
anomalous behavior of the log(7T",) vs. 1/T" curve
seems to agree with the appearance of the small ther-
mal anomaly at 195 K found for pBBA-d.

In the log(1")) vs. 1/1" curve of pCBA-d one can
find ajump of T'; assignable to a first-order phase tran-
sition of this compound at T' ;. As indicated in Fig. 2,
a super-cooling of this transition appeared when the
sample was cooled from room temperature. In the
log(1')) vs. 1/T curve, a break can be seen around
190 K. This observation is consistent with the ther-
mal behavior mentioned above.

On the ground of the present thermal analysis and
the observed T'; vs. T' relations, we could show
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Fig. 2. Temperature dependences of ’H NMR T'; and Tgin
PCBA. (a) T'y and T, in the heating and cooling processes.
The solid line indicates the fitting curve by use of (3 - 6).
(b) T, around the phase transition points in the heating
process. The solid line indicates the fitting curve by use of
(3-5), assuming AE = a(T —T)7.

the presence of two phase transitions in each com-
pound, for pBBA-d transitions at 195 and 221 K,
and for pCBA-d those at 217 and 233 K. The rel-
evant phases will be referred to by RTP, ITP, and
LTP, respectively, in the order of decreasing tempe-
rature.

Temperature Dependence of the Crystal Structure

Crystal structures of pCBA and pBBA have been
studied at various temperatures in the range 130 < T’
/K <300 [7].

The first order phase transition in pCBA was shown
to be accompanied by a remarkable jump of the dihe-
dral angle O1-C7-C1-C2 () (for the atomic number-
ing scheme, see Scheme 1). On the other hand, it has
been found that the orientation of the benzene ring is
substantially independent of temperature, leading to
the conclusion that the jump of y can be attributed to
a displacement of the oxygen atom.
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Fig. 3. Potential energies of pCBA and pBBA molecules as
a function of the dihedral angle O1-C7-C1-C2 ().

Scheme 1. Atomic numbering scheme.

Potential energies in pCBA and pBBA molecules
for several x values were estimated by an ab initio MO
calculation using the GAUSSIAN 98 program [8].
The calculation was performed at Hartree-Fock level
with the 6-311G(d,p) basis set. Figure 3 indicates
plots of potential energy vs. y for pPCBA and pBBA.
The gentle slope around the potential minimum re-
veals facility in the change of .

The intermolecular O---O distance in the hydrogen
bond chain illustrated in Fig. 4 was found to show
a slight discontinuity (ca. 0.01 A) at the transition
point. This observation indicates that the hydrogen
bond chain shifts as a whole like a ‘micro piston’
along the crystal b axis when the phase transition
takes place.
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Fig. 4. (a) Hydrogen bonded chains of pCBA molecules in RTP and LTP. (b) ORTEP drawings of molecule in RTP and LTP.

As shown in Fig. 4, the direction of the hydrogen
bond in RTP is opposite to that in LTP (and in ITP).
It is also interesting that the hydroxyl hydrogen atom
is located on trans position with respect to the ben-
zene ring in RTP, while on cis in LTP and ITP. This
conformational change seems to be favorable for the
reversal of the direction of the hydrogen bond.

Similar phenomena are likely to occur also in crys-
tals of pPBBA [7].

Analyses of ’H NMR

Figure 5 shows 2H NMR spectra of pCBA-
d and pBBA-d. The quadrupole coupling constant
(€2Qq/h) and asymmetric parameter (17) of both com-
pounds were estimated from the 2H NMR spectra as
(2104+2) kHz and 0.10 in LTP and (2204+3) kHz and
0.05 in RTP, respectively.

The central peaks of the ’H NMR spectra observed
in the LTP and ITP indicates fast motion of the hy-
drogen and distribution of the hydrogen site in the hy-
drogen bond network. On the contrary, such a motion
is absent in RTP, since the 2ZH NMR spectra showed
a typical Pake pattern.

In the RTP, T'; of pCBA-d and pBBA-d amounts to
a few hundred seconds and increases gradually with
decreasing temperature. The crystal structure analysis
of the RTP indicated that the thermal parameters of the
oxygen and carbon atoms in the -CH,OH group were
larger than those of the other atoms [see, Fig. 4 (b)].

Therefore, 1", in the RTP is considered to be domi-
nated by the fluctuation of the electric field gradient
at the 2H nucleus caused by the vibrational motion of
the -CH,OH group.

The thermal parameters of these oxgen and carbon
atoms were small below T',,. Therefore, the 2H NMR
T', of pCBA-d and pBBA-d below T, are considered
to be dominated by the local motion of the hydrogen
in the H-bond network, such as the H-jump in the -OH
group between the upward and downward orientations
in the network.

On the low-temperature side in the LTP, the HT 1
of pCBA-d decreased exponentially with increasing
temperature, whereas 7', of pPBBA-d increased expo-
nentially with increasing temperature.

The open square in Fig. 2 (a) shows the 2H NMR
T',q of pCBA-d in the heating process. A ratio
T/Tq = 0.6£0.2 was obtained for pCBA-d in LTP.
The ratio T',/T", becomes 1.5 in the limit of slow
motion, and 0.6 in the limit of fast-motion [6]. There-
fore, the relaxation of the 2H nucleus is found to be
in the fast motion regime.

The fact that T'; of pCBA-d in the LTP decreases
with increasing temperature seems to conflict with the
fast motion regime, since 1", increases with increasing
temperature in the fast motion regime of the typical
Bloembergen, Purcell, and Pound (BPP) theory [9].
However, this T, behavior in the LTP can be explained
by the local motion of the H atom in the asymmetric
potential wells shown in Fig. 6(a) [10, 11].
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For pPBBA-d, an asymmetric potential can be ap-
plied for the local motion of hydrogen, since the slope
of the log(T"}) vs. (1/T") curve in the LTP is very gentle
(the activation energy was estimated as 1.9 kJmol !
from the slope of log(1",) vs. (1/T)).

The potential for the local motion of hydrogen in
the LTP of pCBA-d is expected to be more asymmet-
ric than that of pBBA-d from the temperature depen-
dences of 1';.

For pCBA-d, a decrease in T'; was observed in the
range 195 < T/K < T',. In the case of pBBA-d, a
similar phenomenon occurred in the range 170 < T’
/K <T,. These observations suggest that AE gradu-
ally decreases and the asymmetric potential wells for
the local hydrogen motion approach to the symmetric
ones (Fig. 6(b)) with increasing temperature. There-
fore, the transition at T', may be regarded as of an
order-disorder type.

Fig. 5. *H NMR spec-
tra for pCBA and pBBA.
The broken lines show
the simulated spectra.

When the hydrogen jumps between the asymmetric
double minimum positions, 7', and 1", are expressed
by neglecting the small 5 value of 0.1 as [5, 6, 10, 11]
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Fig. 6. Potentials for two-site jump of the hydrogen in the
H-bond network; asymmetric (leff) and symmetric (right)
double minimum potential.

where 2 is the D-O---D angle, indicating separation
between the sites 1 and 2 in Fig. 6(a). €2Qq/ h, w, Ty
and £, are the quadrupole coupling constant, the an-
gular NMR frequency, the correlation time at infinite
temperature and the activation energy for the jump of
the hydrogen of the -OH group, respectively. As can
be seen from Fig. 6(a), AE indicates the deviation
from symmetric potential wells. In the fast motion
limit, wy7. < 1, (1) and (2) can be rewritten as

71 1 4da (362Qq

2
_1 o
D T100+a? 4 ) (sin23)°57c, (5)

3 4a (3¢2Qq\T . o,

QT 101 +ap ( an ) $in26)°7e- (6)
By assuming AE = 0 at T, fitting calcula-
tions of 7' and T',; below 190 K for pCBA and
160 K for pBBA were performed using (3 - 6).
(Ey,AE), and (3¢Qq/4n)*(sin23)*7,o were ob-
tained as (2.5+0.2 kJmol ', 2.340.2 kJmol '), and
0.27 s~ ! for pCBA-d and (5.440.3 kJmol !, 1.4+0.2
kJmol~!), and 0.037 s~! for pBBA-d.
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By assuming the critical behavior of the form
AE = o(I, — T)", fitting calculations of 77 in the
ranges 195 <T/K < T, for pCBA-d and 170 < T/K
< T, for pPBBA-d was performed using (3 - 5) with
E, obtained for the LTP. The results of the fitting
are shown in Figs. 1(b) and 2(b). For pCBA-d, the T,
value at 1", was evaluated as 3.6 s from the above
model. However, the observed 1", value (10 s) of
pCBA-d at T', was larger than that. This discrepancy
would come from the distribution of the correlation
time due to the distribution of the local sites in pCBA-
d. This is presumably caused by lattice defects, which
has been confirmed by the »C1 NQR experiment for
pCBA having the experience of the phase transition
at T’ [1].

By assuming a fast jump of hydrogen atoms be-
tween site 1 and site 2 in Fig. 6, 2H NMR spectral
simulations of pCBA-d and pBBA-d in LTP and ITP
were performed using F, and AE obtained by the
analysis of T',. e*Qq/h = 210 kHz and 5 = 0.1,
which were obtained from the ’H NMR spectra in
LTP, were used for the simulation. The populations
of site 1 (P,) and site 2 (F,) in Fig. 6 were estimated
from the relation P,/P, = exp(-2AE/RT). The bro-
ken lines in Fig. 5 show the simulated spectra. 7, was
estimated as 2.4x107!2 and 3.2x 1073 s for pCBA
and pBBA, respectively , from the 2H NMR spectral
simulation and the analysis of 7.

From the 2H NMR spectral simulation, 23 of the
two compounds was estimated as (160+5)°. This
2/3 value seems reasonable, since the two sites, sep-
arated by 160°, correspond approximately to the
positions of the hydroxyl hydrogen atoms in RTP
and LTP.

The decrease in AE corresponds to the increase
in the population of the site for the RTP and hence
may be regarded as the initiation process of the phase
transition from the ITP to the RTP.
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