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The 3Cl NQR transition frequencies and the spin-lattice relaxation times, 7}, for both lines in
p-chlorophenol have been measured in the temperature range 90—310 K. The frequency differ-
ence and the temperature derivatives for both lines clearly show the existence of two temperature
intervals with distinct lattice contributions to the EFG. Similarly, 7| data show a normal be-
haviour due to spin-phonon interactions up to 240 K. Above this temperature 7, begins to
shorten in an exponential manner. The hindered motions of the OH group are proposed as
responsibles of these effects, and an activation energy of 26 kJ mol~! is determined.

Introduction

Crystalline p-chlorophenol in the stable o phase
has two *CI nuclear quadrupole resonances (NQR)
[1] due to the existence of two crystallographically
non-equivalent chlorine sites. The temperature de-
pendence of both resonances looks normal, and the
splitting between the two lines exhibits a slight
change over a wide temperature range. Previous
Zeeman effect studies [2, 3] reveal that the higher
frequency line v* corresponds to resonant nuclei
located such that the Cl-O vector makes a small
angle with the (010) plane (Type II molecules ac-
cording to Perrin and Michel’s notation, [4]), and
the low frequency line v~ is associated with chlo-
rines such that its CI-O vector makes a large angle
with the (010) plane (Typel molecules). In this
paper the temperature dependence of the NQR
frequency, vq (7)), for both resonance lines, and the
spin-lattice relaxation time, T (T, are reported and
the possibility of hindered reorientational motion of
the OH groups is examined.
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Experimental

A powder p-chlorophenol sample, provided by
Fluka (catalog number 25850), was used.

The *CI NQR frequency was measured by means
of a super-regenerative type spectrometer with an
error of about +/— 300 Hz. The spin-lattice relax-
ation time was measured using both continuous
pulse (for 7> 30ms) and n/2—7/2 pulse (for
T, < 30ms) sequences in a conventional pulsed
spectrometer.

Temperature Dependence of the NQR Frequency

The ¥Cl NQR frequency, vq (T), was measured
in the temperature range 90 to 310 K. The data are
shown in Figure 1.

Figure 2 shows the frequency difference Advg=
vF—v7 vs. T. A change in the curvature of Avq is
observed at about 240 K, which is correlated to a
marked change in the shape of T, (T), Fig. 4, for
both lines. Therefore, the analysis of vq(7T) is
restricted to the low temperature range by means of
Bayer’s expression [5]

vo (T) = vo[1—3/246%)], (1)

where vy is the static lattice resonance frequency.
The asymmetry parameter has been neglected since
its value was shown to be about 0.08 (3). (6% is

given by [6]
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Fig. 1. Temperature dependence of the lower (v7) and
upper (v*) NQR frequencies.
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Fig. 2. Frequency difference between v* and v= (4vg).
Dashed line corresponds to a fit with a second degree
polynomial. The insert shows the difference between the
4vq data and the dashed line (dv in kHz) as a function of
1000/T (T'in K).

where the sum is taken including all the internal
bending of the Cl—C bond and the torsional lattice
modes. In order to evaluate the contribution of the
internal modes to (0*) we use the eigen-vectors and
frequencies given by Varsanyi [7], and following
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O’Leary [8] to calculate the /;;; we may write

312.2
<02> =3.72-10"*coth (_T—)

238.1
+7.05-10~*coth (T)

118.0
+6.69- 10" *coth (—T)

+4.05-10 % coth (ﬂ)

" h " h w, 3)
Ly \2KT]

where the four first terms are internal mode contri-
butions and the last accounts for the lattice contri-
bution. . is an effective lattice librational fre-
quency related to w, and w, by

o1l 1 1 I
g
I, I, 1,

4)

Lw? I,o? I w)z

with /,, w, and I, w, being the molecular moments
of inertia and the librational frequencies about the
x and y axes of the Electric Field Gradient (EFG),
respectively. The z-axis is along the Cl1—C direction
and the x-axis is perpendicular to the benzene ring.
In order to take into account thermal expansion
effects on the lattice frequencies a linear tempera-
ture behaviour is adopted as proposed by Brown [9]:

We= ey (1 = CeT). %)

Equations (3), (4) and (5) permit us to fit the
frequency data for T < 240 K. The following values
are obtained:

Vi =(35173.6 £ 0.4)kHz, = (60.6+0.2)cm™",
Ci=(8.08+0.04) 104K,

vp = (3492331 0.4)kHz, wgp=(61.6+0.2)cm™!

and C¢g=(8.1310.04)107*K™",

Note that the temperature dependences of the
effective frequency, we, obtained for both v* and v~
are similar. Fitting the frequency data in the whole
temperature range yields effective torsional fre-
quencies differing by about 10% for the two lines.

The obtained effective torsional frequencies are
in agreement with previous measurements [10] and
the temperature coefficient Ce is similar to the
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corresponding one for other substituted benzene
compounds [11].

Since Avq reflects the difference between the
lattice contributions to each resonant site, namely
Cl (I) and CI (II), the change of 4vg may be associat-
ed with the onset of a neighbouring OH molecular
group motion. Two temperature zones are distin-
guished for the data, i.e. 7 < 240 and T > 240, as
may be seen from Figure 2. For each zone the data
are best fitted by means of a second degree poly-
nomial:

Avl(kHz) =247.9-0.025T—1.60- 1074 T2, (6)
T <240K.

AvI(kHz) = 271.8 — 0.247 T + 3.53-107* T2,
T>240K.

Taking the difference between the 4vq data, for
T > 240, and the analytical fit corresponding to the
low temperature zone, and plotting the logarithm of
this difference vs. 1/7T (insert in Fig. 2), a linear
behaviour is found. The slope of the plotted differ-
ence ov is Eq=(23.3+1.7)kImol™', which shows
that the contribution to vg by the OH group is
given by

SVOH =4 + C e B/HT,

Although this equation is obtained by means of the
above mentioned data manipulation, presently there
are no basic principles available from which to
deduce such a temperature behaviour of ov°. Also,
the temperature derivatives for both lines clearly
depict the existence of two temperature intervals
evidencing the two different lattice contributions to
the EFG, Figure 3. The obtained value for Ej is
close to the activation energy determined from the
T, (T) data.

Spin-Lattice Relaxation Time

Spin lattice relaxation times were measured in the
temperature range 100 to 310 K for each line, and
depicted in Figure 4. From the data two tempera-
ture zones are clearly distinguished, i.e. 7 < 240K
and 7> 240K. In the low temperature zone, T
behaves as T)=AT * with /=22, indicating a
relaxation mechanism mainly governed by torsional
oscillations [12]. In the high temperature zone,
T, (T) decreases faster than for low temperatures,
also the rate of decrease of v~ is larger. This is
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Fig. 3. Temperature derivatives (0vo/07) for v* (open
circles) and v~ (solid circles).
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Fig. 4. Spin-lattice relaxation time for v* (open circles) and
v~ (solid circles). Solid lines correspond to fit with Equa-
tion (9).

associated with a reorientational motion of the OH
group belonging to a neighbouring molecule. The
change in the contribution to the EFG created at
the resonant site by reorientational motion of a
neighbouring atomic group should modulate the
EFG at this nucleus and give rise to an effective
spin-lattice relaxation mechanism with a rate [12]

1) _ 1 (deg
Ti)ma 12\ h
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where ¢’ is that part of the EFG at the nucleus
which changes with the reorientational motion and
whose correlation time is

=T (8)

where E, is the potential barrier hindering reorien-
tation. The 7 (7) data were fitted by means of

1 I I :
=|=\=| +|z=| =aT*+Be 5T, 9)
(Tl) (Tl)libr (Tl)mod

where the exponential in (9) is obtained from (7)
when slow reorientational motion is assumed, i.e.
wq 1. > 1. The fitting for both lines gives

/=224%0.02, E,=(26.2t1.3)kImol™".

A similar behaviour of 77 as that given by (7) could
be obtained by modulations of the dipole-dipole
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