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The proton NMR second moment and spin-lattice relaxation time have been studied for polycrys-
talline thiourea pyridinium nitrate inclusion compound and its perdeuderated analogues in a wide
temperature range. The reorientation of two dynamically different pyridinium cations around their
pseudohexagonal symmetry axis taking place over inequivalent barriers have been revealed in the
low-temperature phase. Activation parameters for these motions have been derived. A symmetrization
of the potential barriers has been observed at the transition from intermediate to the high temperature
phase. The motion of thiourea molecules has been also evidenced, but could not be unambiguously
described.
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1. Introduction

Thiourea is well known to form crystalline in-
clusion compounds with a great variety of different
guest molecules, like for example cyclohexane and its
derivatives, organometallics and compounds contain-
ing aromatic rings [1 – 3]. The continued interest in
such compounds lies in their usefulness as systems for
molecular isolation and in the controlled, crystalline
environments they represent for studies of molecular
motions and interactions. Although there is a great
number of such studies, many of the structural and dy-
namic properties of both host and guest molecules have
not yet been well understood.

Our interest in the thiourea inclusion compounds
has been focused on the molecular dynamics in such
compounds with solid organic salts. Our previous
NMR study of the thiourea pyridinium chloride, bro-
mide and iodide inclusion compounds [4] has revealed
in all the compounds a reorientation of the pyridinium
cation over inequivalent barriers and hindered rotation
of the thiourea molecule.

The present paper deals with an NMR study of
the thiourea pyridinium nitrate inclusion compound
[(NH2)2CS]2(C5H5NH)+NO3

− and its perdeuter-
ated analogues [(NH2)2CS]2(C5D5NH)+NO3

− and
[(ND2)2CS]2(C5H5ND)+NO3

−, hereafter denoted as
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T2(PyH)NO3, T2(d5PyH)NO3 and d8T2(PyD)NO3, re-
spectively. It was interesting to find out how the anion
NO3

− with its distinctly different shape from those of
the halides affected the pyridinium reorientation.

Our DSC study of T2(PyH)NO3 has revealed two
phase transitions: one at 216 K and another, first-order
one, at 273 K on cooling and 281 K on heating.

Single crystal X-ray analyses made at 150 K, 250 K
and 300 K have allowed to describe the molecular
and crystal structure of the compound in its three
phases [5]. The high-temperature (I) and intermedi-
ate (II) phases were found to be greatly disordered,
while the low-temperature phase (III) is fully ordered
with a network of strong hydrogen bonds. As in
many other thiourea inclusion compounds [6], the or-
thorhombic structure observed for the high tempera-
ture phase (I) transforms to monoclinic structures of
two other phases. Thus, the following sequence of
phases has been found: P21 → P21/c → Pbnm. The
transition II → I on heating is connected with para-
meter a double. In phase III two crystallographically
inequivalent pyridinium cations have been revealed.

Hydrogen-bonded thiourea molecules form a chan-
nel parallel to the z axis and of a slightly distorted
square cross section. In each channel there is a stack
of pyridinium cations, the planes of which are inclined
at an angle of about 60◦ to the channel axis. NO3 an-
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ions are situated in the center of the distorted quadri-
laterals.

2. Experimental

Stoichiometric amounts of thiourea and pyridinium
nitrate were dissolved in a minimal quantity of boil-
ing ethanol and left to cool. Crystals of thiourea pyri-
dinium nitrate, twice recrystallized from ethanol, were
then dried under vacuum. The perdeuterated analogue
T2(d5PyH)NO3 was prepared similarly, by a disso-
lution of stoichiometric quantities of thiourea and
perdeuterated pyridinium nitrate (C5D5NH)NO3. To
prepare d8T2(PyD)NO3, the thiourea was crystallized
from D2O to obtain perdeuterated thiourea (ND2)2CS,
which was next dissolved with pyridinium nitrate in
partially perdeuterated ethanol C2H5OD. All samples
were ground to powder, degassed and sealed off under
vacuum in glass ampoules.

The proton NMR spectra were recorded at a Larmor
frequency of 28 MHz by using a home-made wide-
line spectrometer. The second moment was calculated
by numerical integration of the spectra and corrected
for the finite modulation field. Measurements of the
proton spin-lattice relaxation time T1 were made as a
function of temperature with 58.9 and 25 MHz home-
made pulse spectrometers, using the saturation recov-
ery method. The temperature of the samples was con-
trolled to an accuracy of 1 K.

3. Results

The temperature dependence of the proton NMR
second moment obtained for T2(PyH)NO3 and its two
perdeuterated analogues is presented in Figure 1. In
phase III of T2(PyH)NO3 one observes a nearly con-
stant M2 value of ca. 13.8 G2, which diminishes in the
phases II and I, reaching a quasi-plateau of 4.5 G 2 at
about 350 K. At the phase transition II → I a jump of
M2 is observed. For T2(d5PyH)NO3 a constant value
of the second moment of about 15.4 G2 is registered
in phases III and II up to the temperature of the phase
transition II → I, where a jump-wise decrease of the
second moment is observed. A further diminishing of
the second moment in phase I leads to a plateau of
6.2 G2 registered at our high temperature limit.

For T2(d8PyD)NO3 a monotonic decrease of the
second moment from 3.7 G2 at 100 K to 1.2 G2 at
280 K is observed. Then, at the phase transition II → I

Fig. 1. Temperature dependences of the NMR second mo-
ment M2 of T2(PyH)NO3 (•), T2(d5PyH)NO3 (�) and
d8T2(PyD)NO3 (�).

Fig. 2. Temperature dependences of the spin-lattice relax-
ation times T1 of T2(PyH)NO3 (•) and T2(d5PyH)NO3 (�)
at 58.9 MHz.

the second moment jumps to a plateau of 0.75 G 2 in
phase I.

The temperature dependence of T1 for T2(PyH)NO3
and T2(d5PyH)NO3 is presented in Figure 2. The plots
of the two samples are very similar, namely: a decrease
of T1 is observed in phase III and nearly constant values
in phase II. Then, in phase I, above the jump-wise de-
crease of T1 registered at the phase transition II → I a
further decrease of T1 is observed for T2(d5PyH)NO3,
while for T2(PyH)NO3 a value of about 1.2 s is main-
tained up to ca 320 K, the temperature above which T1
starts to decrease again.

Figure 3 presents the temperature dependence
of the spin-lattice relaxation time T1 obtained for
T2(d8PyD)NO3 at 58.9 MHz and 25 MHz. Both plots
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Fig. 3. Temperature dependences of the spin-lattice relax-
ation times T1 of d8T2(PyD)NO3 at 25 MHz (�) and
58.9 MHz (�). The solid lines are theoretical fits to (3).

display a decrease of T1 in phase III, then a slight hill
in phase II and an increase of T1 in phase I. The plot
obtained for 25 MHz in phase III shows a wide T1 min-
imum of about 1.5 s.

4. Calculation and Discussion

The proton second moments for the rigid structure
of the compounds were found numerically by using
the Van Vleck formula [7] and the X-ray data obtained
in phase III. The lengths of the NH and CH bonds in
the pyridinium cation and thiourea molecule were as-
sumed to be 1.03 and 1.09 Å, respectively, as available
from neutron diffraction data [8].

The values obtained: 13.8 G2 for T2(PyH)NO3,
15.9 G2 for T2(d5PyH)NO3 and 3.3 G2 for
d8T2(PyD)NO3 correspond well to the respective
experimental second moments observed in phase III,
thus proving the rigidity of the pyridinium and
thiourea sublattices at the low temperatures. The
second moment calculation performed for the rigid
structure of the two crystallographically different
cations did not reveal any significant difference in the
M2 values.

The reduction of the second moment observed at
the higher temperatures reflects the onset of molec-
ular reorientation in the crystal lattice. The question
arises what type of reorientation it is. The values ob-
tained at our high temperature limit indicate a com-
plex motion of the molecules, that is: a reorientation
of the pyridinium cation around the pseudohexagonal
C′

6 symmetry axis, followed by rotation of the thiourea
molecule. The latter can not be precisely defined. It

can be a reorientation of NH2 groups around their n-
fold axis (n ≥ 3) or a hindered rotation of the thiourea
molecule around its C=S bond. The theoretical values
obtained for both types of thiourea motion preceded
by the cation reorientation are very similar and equal
to about 4 G2 for T2(PyH)NO3 and about 6 G2 for
T2(d5PyH)NO3, agreeing quite well with the exper-
imental values obtained at the highest temperatures.
Since the type of the thiourea motion can not be dis-
tinguished in our experiment, a further study of its dy-
namics is required. However, the occurrence of two
motional processes ascribed to two dynamically differ-
ent objects in the crystal lattice is well confirmed by the
shape of the resonance line, showing two components
of different linewidths.

The assumed model of pyridinium cation reori-
entation was confirmed in T2(d8PyD)NO3, in which
the thiourea molecules were totally obscured by their
full perdeuteration. The second moment, decreasing
monotonically over a very wide temperature range
(phases III and II), reflects the cation reorientation
around its pseudo hexagonal C ′

6 axis, taking place be-
tween inequivalent potential wells, as was found in
many other pyridinium salts [9 – 12]. At the phase tran-
sition II → I one observes a jump-wise decrease to the
plateau value of 0.75 G2, which can be ascribed to the
cation reorientation over equivalent barriers in phase I.
This means that at the phase transition there is a drastic
change of the potential shape around the cation, lead-
ing to a symmetrization of the energy barriers. Such an
effect was already observed in pyridinium nitrate and
was supposed to trigger the solid-liquid phase transi-
tion [11].

To obtain activation parameters for the considered
motion of the pyridinium cation, a model of six po-
tential wells, five of equal depth and the sixth one evi-
dently deeper, has been applied to calculate a theoreti-
cal spin-lattice relaxation time T1. The assumed model
of the potentials is well justified by the cation symme-
try and our preliminary calculation of the energy bar-
riers around the cation. The potential is characterized
by two barriers of different heights, defined as activa-
tion energies EA and EB. In the model the time of the
cation stay at the equilibrium position is assumed to
be much longer than the time of a jump to the neigh-
bouring equilibrium position. The value ∆ = E A −EB
is a measure of the asymmetry of the potential barriers,
while the population parameter is given by

a = exp(−∆/RT ). (1)
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The probability for transitions between two neighbour-
ing wells is defined by

WBA = K exp(−EB/RT ), (2)

where K is independent of temperature.
Then, the spin – lattice relaxation rate T1

−1 for the
assumed model of the cation reorientation is given by
the formula

1
T1

=
8
5

γ2∆M2

[
2a

1+ 5a
g(τ1)+

3a
(1+ 5a)2 g(τ2)

]
, (3)

where

τ1 =
1

6WBA
,

τ2 =
1

(1+ 5a)WBA
,

g(τi) =
τi

1+ ω2τ2
i

+
4τi

1+ 4ω2τ2
i

.

∆M2 is the change of the second moment due to the
reorientation of the pyridinium cation between equiva-
lent potential wells.

The reciprocal of the theoretical relaxation rate, cal-
culated according to the (3) has been then fitted to
the experimental T1 values obtained in phase III for
d8T2(PyD)NO3 at the frequency of 58.9 and 25 MHz.
This could not be done for one type of the pyridinium
cation, so we had to assume two dynamically different
cations, due to their crystallographical inequivalence.
The input values of ∆M2 were assumed to be the same
for both cations and equal to 1.5 G2. The sum of the
reduction values (3 G2) is well reflected in the M2 ex-
periment performed for d8T2(PyD)NO3, that is: 3.7 G2

(observed at the lowest temperatures) – 0.75 G2 (ob-
served at phase I) = 2.95 G2. Thus, the fitting procedure
yielded activation parameters obtained in phase III for
the reorientation of two dynamically different cations
(Table 1). The extracted values characterising the un-
equal potential barriers are comparable with those ob-
tained for the halides [4]. However, the existence of
NO3

− anions in the crystal lattice instead of the spher-
ical halides is supposed to induce different crystalline
environments of two cations, and in consequence their
dynamical inequivalence.

The fitting procedure performed for d 8T2(PyD)NO3
in phase I has yielded the activation energy 12 kJ/mol,

Table 1. The fitted activation parameters and ∆M2 values
of d8T2(PyD)NO3 (phase III) for the C′

6 reorientation over
inequivalent potential barriers of two dynamically different
pyridinium cations.

Cation 1 Cation 2
EA [kJ/mol] 22.5 18.8
EB [kJ/mol] 14.8 10.5
K [s−1] 1.98 ·1012 4.82 ·1012

∆M2 [G2] 1.5 1.5

which characterizes the cation reorientation over sym-
metrical barriers in that phase, as revealed in the sec-
ond moment experiment.

The relaxation plots observed at the intermediate
phase II probably result from an overlap of two relax-
ation processes, e.g. the pyridinium cation reorienta-
tion and a slower motion of the thiourea molecules.
However, one can not exclude the existence of an in-
commensurate phase, caused by coulombic interac-
tions in the compound [13].

The thiourea reorientation starts to affect strongly
the relaxation only in phase I, which is manifested
by the shortening of the T1 values observed in
T2(PyH)NO3 and T2(d5PyH)NO3. Unfortunately, the
limited experimental data did not allow to extract the
activation parameters for this motion.

Worth noting are abrupt changes in all parameters
measured at the phase transition II → I pointing to
order-disorder character of the transition. Besides the
drastic changes of the crystallographical parameters,
jump-wise changes in the relaxation time and second
moment have also been observed. It thus provides an
evidence that the structure transformation is accompa-
nied by drastic changes in the molecular dynamics of
the compound. The symmetrization of the energy bar-
rier for the pyridinium cation reorientation, revealed in
the second moment experiment, could be a mechanism
triggering the phase transition II → I, as was observed
in the pyridinium nitrate.

5. Conclusions

An 1H NMR study performed for thiourea pyri-
dinium nitrate inclusion compounds has revealed a
complex molecular motion, that is: a reorientation of
two dynamically different pyridinium cations around
a pseudohexagonal symmetry axis taking place over
inequivalent barriers, followed by a reorientation of
the thiourea molecule the nature of which could not
be distinctly described. The activation parameters de-
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rived for the cation reorientation in phase III are com-
parable to those found for previously studied halides.
The occurrence of NO3

− anions in the crystal lattice
are supposed to induce crystallographical and dynam-
ical inequivalence of the pyridinium cations. The dras-
tic change in the molecular dynamics observed at the
phase transition, leading to a symmetrization of the

energy barriers for the cation reorientation, can be a
mechanism triggering the phase transition.
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