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Abstract

The effect of temperature and pressure on physical properties of the ferroelectric bis-thiourea
pyridinium iodide inclusion compound has been studied by dielectric spectroscopy, neutron
spectroscopy, neutron powder diffractometry, single crystal x-ray diffraction and nuclear
magnetic resonance (NMR). At ambient pressure two structural phase transitions have been
revealed: at 7; = 161 K between phases I and II and at 7, = 141 K between phases II and III.
Phase III with increasing pressure splits into two phases, IIIa and IIIb. The temperatures of the
phase transitions 71—y, Ti—mra and T,—mm increase with increasing pressure. The p—T phase
diagram constructed for this compound shows two triple points of coordinates 150 K, 100 MPa

and 115 K, 100 MPa.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Interesting physico-chemical properties of inclusion com-
pounds of thiourea with pyridinium salts, in particular the
discovery of ferroelectric properties of pyridinium nitrate [1]
and iodide [2], have stimulated interest in these systems.

The crystal structure of bis-thiourea pyridinium iodide
(2(CS(NH,)2)(CsHsNH)TI~, hereafter ToPyHI) consists of
two sublattices. The host lattice is built of ribbons of hydrogen-
bonded thiourea molecules and iodide ions. Four ribbons form
channels in which the guest lattice built of the pyridinium
cations is located (figure 1) [2, 3]. The cations are relatively
free to reorient in the channels.

The dynamics of the cation in pyridinium iodide
((CsHsNH) ™1™, hereafter PyHI) is well recognized both at
ambient pressure [4] and at high pressure [5]. This salt
undergoes a first order phase transition at 249 K [4], a
temperature which is shifted to higher values with increasing
pressure.  Below this temperature the cation performs
reorientations about the axis perpendicular to its plane through
inequivalent potential barriers [4, 5]. In the high-temperature
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phase the cation performs reorientations over equivalent
barriers [6, 7].

It is interesting to investigate a high-pressure effect on the
physical properties in a much more complex system containing
the pyridinium cation like the title compound T,PyHI.

In the pyridinium salts showing only one phase transition
(as in PyHI), no ferroelectric ordering was observed. In the
pyridinium salts in which at least two phase transitions are
observed and the anion symmetry is tetrahedral (BF,, ClOy,
ReQy4, 104) or pseudotetrahedral (FSOs, FCrOs3), ferroelectric
ordering was observed in the intermediate- and/or low-
temperature phase [8—13]. As follows from the analysis of
spontaneous polarization, these ferroelectrics are mainly of the
order—disorder type [14—18].

The inclusion compound of T,PyHI undergoes two phase
transitions (at 71—y = 141 K and T—y = 161 K) and has
ferroelectric properties in the low-temperature phase and in
the intermediate phase [2]. The 'HNMR study has shown
that the pyridinium cation undergoes reorientations about the
axis perpendicular to its plane through inequivalent potential
barriers (similarly as in PyHI) [19]. In T,PyHI not only the
pyridine cation has a dipole moment, but the thiourea molecule

© 2008 IOP Publishing Ltd  Printed in the UK


http://dx.doi.org/10.1088/0953-8984/20/48/485222
http://stacks.iop.org/JPhysCM/20/485222

J. Phys.: Condens. Matter 20 (2008) 485222

P Bilski et al

o

Figure 1. View of the thiourea pyridinium iodide inclusion
compound (phase I, 7 = 295 K) along the channel axis. Thiourea
forms channels in which cations stack. Anions are at the edge of the
channels [2].

as well. The nature of ferroelectricity in this system is not fully
known yet.

Important information on the character of the ferroelec-
tricity can be obtained from the p-T phase diagram. To
be able to draw the diagram, the phase transitions have
been studied by dielectric spectroscopy and nuclear magnetic
resonance (NMR). Results obtained by these methods have
been supplemented with measurements of elastic and inelastic
neutron scattering and single crystal x-ray diffraction.

2. Experimental details

The high-pressure dielectric measurements were performed
in a high-pressure chamber connected with a gas compressor
GCA-10 (UNIPRESS). The dielectric properties were mea-
sured by a Hewlett-Packard 4192A impedance analyser for
frequencies ranging from 10 kHz to 13 MHz, at a few values
of hydrostatic pressure from 50 to 450 MPa in the temperature
range covering the phase transitions. The measuring ac
electric field was about 1 Vecm™'. The dielectric properties
were studied in the pressed polycrystalline pellets with silver
electrodes deposited on the surfaces.

The proton spin-lattice relaxation times 7/ for a
polycrystalline sample were measured under hydrostatic
pressure varied from 0.1 up to 800 MPa in the temperature
range 90-300 K. The measuring set-up included a pulsed NMR
spectrometer working at 25 MHz, a U-11 (UNIPRESS) helium
gas compressor and a beryllium—copper high-pressure cell.

Neutron spectra were measured by the time of flight
method on a NERA-PR spectrometer working in inverted
geometry [20]. This spectrometer installed at an IBR-
2 pulsed reactor at JINR in Dubna, Russia, permitted
simultaneous recording of neutron powder diffraction (NPD)
spectra and incoherent inelastic neutron scattering (IINS). A
polycrystalline sample to be studied at different temperatures
was placed in a cryostat cooled by a closed-cycle refrigerator
permitting temperature changes from 20 to 350 K, within the
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Figure 2. The temperature dependences of the dielectric permittivity
for a few frequencies and pressures: W, 1 kHz; ®, 10 kHz;
A, 100 kHz; 7, 1000 kHz.

accuracy of 0.5 K. Measurements of neutron spectra as a
function of hydrostatic pressure were performed on the same
spectrometer with the aid of a high-pressure set-up. The high-
pressure gaseous helium arrangement consisted of the U11 gas
compressor, a high-pressure cell made from aluminium alloy
and the cryostat. The high-pressure cell, up to 400 MPa,
was connected to a gas compressor by a beryllium—copper
capillary and arranged inside a top loaded cryostat cooled
by liquid nitrogen with adjustable temperature in the range
90-400 K. This arrangement gives a possibility of carrying
out measurements of neutron scattering spectra under pressure
conditions which can be kept within the limit of 5 MPa at a
stable temperature within the accuracy of 0.5 K [21].

Single crystal x-ray data were collected on a KM-4
diffractometer with a point detector, using Mo Ko radiation,
a graphite monochromator and an w-26 scan technique. The
cycles of cooling and heating were carried out at a rate of
120 Kh™! using an Oxford Cryosystem. The temperature
dependent cell parameters were obtained by setting angles of
25 reflections in the 15-25°26 range and at 18 temperatures
from 110 to 290 K.

3. Results

3.1. Dielectric and NMR spectroscopy

The temperature dependences of the dielectric permit-
tivity for a few frequencies and pressures are pre-
sented in figure 2. The temperature dependence of
dielectric permittivity at ambient pressure reveals two
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Figure 3. The pressure dependences of the spin—lattice relaxation
time TlH at a few temperatures: @, 250 K; m, 160 K; A, 130 K;
O, 100 K.

161 K and TII—III = 141 K
and the first one is the Curie point. Under pressure, both
anomalies are shifted towards higher temperatures. For
pressure higher than 400 MPa the anomalies disappear or
become difficult to observe.

The pressure dependences of the spin—lattice relaxation
time 7' at a few temperatures are presented in figure 3.
At 250 K the relaxation time 7} increases with increasing
pressure and above 375 MPa it begins to decrease. At 160 K
the relaxation time 7\ decreases with pressure increasing up
to 275 MPa, and above this pressure it increases. At 130 K
the relaxation time 7! decreases with pressure increasing up
to 120 MPa, and then increases up to 500 MPa, from which
it is constant. At 100 K the relaxation time 7' starts to
increase with increasing pressure and above 100 MPa it reaches
a constant value.

The values of temperature and pressure for which a change
in the slope (in the sign and/or in the value) of the plot of 7% (p)
was observed were assumed as the phase transition points.
The character of the 7}1(p) dependence suggests a continuous
(second order) or very close to continuous (first order) phase
transition.

Figure 4 presents the phase diagram p-T obtained on
the basis of the results of dielectric spectroscopy and nuclear
magnetic resonance study. With increasing pressure phase I1I
splits into two phases, denoted IIla and IIIb, so these phases
are pressure induced. Moreover, with increasing pressure
the temperatures of phase transitions 71—y, Ti—ma> ima—ti
increase. It should be noted that for PyHI the phase transition
temperature also increases with increasing pressure [5]. For
T,PyHI the p-T phase diagram shows two triple points of
coordinates 150 K, 100 MPa and 115 K, 100 MPa.

The temperature dependence of the elementary cell
parameters in the range 110-290 K was obtained on the basis
of the single crystal x-ray diffraction study of the monocrystal
and is presented in figure 5. The lattice parameters obtained at
24, 100 and 155 K from the neutron diffraction study are also

anomalies at Ty =

b
80 T T T T T T T T

0 100 200 300 400 500 600 700 800
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Figure 4. p—T phase diagram of T,PyHI (O, dielectric spectroscopy;
H, NMR).

marked in this figure. The phase transition temperatures 71—y
and Ty, increase linearly with increasing pressure and the
slopes of the relevant curves (figure 4) are defined as follows:

dTi_n/dp = (40.0 & 0.2) (K/(100 MPa)), 1)

dTyoma/dp = (18 £ 2) (K/(100 MPa)). @)

As indicated by the shapes of the dielectric anomalies and the
specific heat anomaly, the phase transition at 71—y = 161 K
is continuous, while that at Tj—; = 141 K is discontinuous
although close to continuous. For the continuous transitions the
pressure dependence of the phase transition temperature can be
described by the Ehrenfest equation:

dTin/dp = Ty * Vi % Aa/AC,, 3)

where V,, is molar volume, A« the difference in the volume
expansion coefficients of the low- and high-temperature
phases, and 7,2, the phase transition temperature at
ambient pressure. For discontinuous transitions the pressure
dependence of the phase transition temperature can be
described by the Clausius—Clapeyron equation:

dTy—m/dp = AVyu/AS, “4)

where AV, is the change in the molar volume and AS is the
change in entropy accompanying the first order transition.

The application of the Ehrenfest and Clausius—Clapeyron
equations requires the measurements of the specific heat and
temperature dependence of the crystal volume. Specific heat
was measured by the DSC method [2], while the temperature
dependence of the crystal volume was derived from the x-ray
measurements of the lattice constants (figure 5). The following
parameters of the Ehrenfest equation were obtained:

ap = 0.637 x 10~* (K~')—volume expansion coefficient
of phase II,

o = 4.130 x 107* (K~")—volume expansion coefficient
of phase I,

Ao = oq — o = 3.493 x 10~* (K~")—difference in the
volume expansion coefficients,
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Figure 5. The temperature dependence of the volume and elementary cell parameters (M, single crystal x-ray diffraction; O, neutron

diffraction).

AC, =29.740.2 (J mol~! K~!)—change in the specific
heat at Ti—; = 161 K,

Vo = 2113 x 10® (m? mol™!) (density p =
1.702 g cm™, molar mass = 359.25 2),

TI(iII = 161 (K)—phase transition temperature at ambient
pressure.

Using the above parameters, the Ehrenfest equation gives
dTi—n/dp = 39.7 (K/(100 MPa)).

This value d71—y;/dp = 39.7 is in a very good agreement
with the coefficient of equation (1) for the continuous phase
transition at 71—y.

A calculation of dTy—y/dp for the phase transition at
Ti—mn requires the use of the Clausius—Clapeyron equation (4).
Of key importance is the precise determination of the
difference in the volume AV at Ty and the change in
entropy AS. Unfortunately, this difference is poorly visible
in figure 5 (AV ~ 2.5 (A’) which is AV, ~ 0.39 x
107° (m® mol™")) and its estimated value is charged with
great error. The parameters of the Clausius—Clapeyron
equation are

AV = (0.39 £ 0.08) x 107° (m® mol™"),

AS = (3.44+0.3) Umol ' K™).

From equation (4), dTj—m/dp = 12 £ 4 (K/(100 MPa)).
Taking into regard the accuracy of the fit of equation (2) and
the accuracy of the estimation of d7j—y;;/dp from equation (4),
the results obtained (18+2) (K/(100 MPa)) and dTj—/dp =
12 + 4 (K/(100 MPa)) could be assumed to be satisfactory.

4. Neutron scattering

The neutron diffraction spectra were recorded at normal
pressure and at 24, 100, 155 and 190 K (figure 6). The
diffraction peaks were indexed according to the structural data
presented in [2]. Unlike the phase transition from II to I, which
is not observed in the neutron spectra, the phase transition from
I to IT (Ti—1 = 141 K) is clearly visible. In order to verify the
presence of the pressure-induced phases, neutron diffraction
measurements were performed under varying pressure. At
100 K the neutron diffraction measurements were made at the
pressures 0.1, 95, 215 and 300 MPa (figure 6). The neutron
powder diffraction spectra recorded as a function of pressure
are of poorer quality than those recorded as a function of
temperature due to the thick-walled pressure chamber. The
background coming from the pressure chamber is present as
well; see figure 6. The neutron powder diffraction spectra
measured at 100 K at normal pressure and 95 MPa differ from
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Figure 6. The neutron diffraction spectra as a function of
temperature (top) and pressure (bottom), 26 = 118°.

those recorded at 215 and 300 MPa, which proves the presence
of a new pressure-induced phase IIIb. The diffraction spectra
in the new phase do not have a sufficient number of peaks to
determine a space group on its basis.

Figure 7 presents the inelastic incoherent neutron
scattering (IINS) spectra measured at different temperatures
at normal pressure and at 100 K at different pressures, which
correspond to the conditions in which the neutron powder
diffraction spectra were reordered (see figure 6). The effect
of the high-pressure chamber can be seen by comparing the
IINS spectra measured at 100 K and at ambient pressure. The
Ti—m = 141 K phase transition is reflected by the appearance
of the quasielastic (QENS) wings of the elastic line at 4.25 A
and the broadening of the low frequency inelastic bands seen
at 2.5 and 3.3 A. The pressure dependence of the IINS spectra
at 100 K indicates a new phase Illb at 215 and 300 MPa.
In this case the lowest frequency band seen at 3.3 A is
shifted to the higher frequencies and mixed with other phonon
branches seen at 2.2 and 2.6 A. In consequence, a structure
of these phonon branches disappears in the IINS spectrum of
phase IIIb. The high frequency cut-off of the lattice modes in
the TINS spectra is seen at the 1.7 A wavelengths of incoming
neutrons. No mixing between the lattice and internal vibrations
takes place. The energy gap between these vibrations is in
the range of wavelengths from 1.3 to 1.6 A. The internal
vibrations do not undergo a significant modification in pressure
and temperature changes, except the band broadening with
increasing temperature.

8
T=100K
7 4
. 6_j4m//\ 300 MPa
5
° 215 MPa
=
~ 5 95 MPa
é | 0.1 MPa
=
8 4
©
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Figure 7. The temperature (bottom) and pressure (top) dependences
of the IINS spectra as a function of the wavelength of the incident
neutrons.

For more detailed analysis the IINS spectra were
converted to the generalized phonon density of states G (),
in the one-phonon scattering approximation [22, 23]. The
corresponding G(w) functions in the frequency range up
to 200 cm™! are shown in figure 8. The G(w) spectra
obtained at 0.1 and 95 MPa are very similar and reveal a
maximum at the frequency of 28 cm™!, assigned to the low
frequency librations. The G(w) spectra at 215 and 300 MPa
are also similar but do not show a maximum in the low
frequency region. Our interpretation is that this low frequency
libration band was shifted towards higher frequency with
increasing pressure. As a result of hybridization of the lattice
vibrations with this vibration the dispersion of lattice vibrations
increased, which resulted in smoothing the G(w) spectrum
recorded at 215 and 300 MPa. Such behaviour of the phonon
density of states function confirms the occurrence of the phase
transition from phase III to IIIb. In the frequency range up to
200 cm™!, the G (w) function shows maxima at 60, 96, 140
and 180 cm~!. The band with a maximum at 180 cm™! (at
normal pressure) is slightly shifted towards higher frequencies
with increasing pressure but its width does not change at the
phase transition. This means that the highest frequency phonon
branch does not mix with other phonon branches and has a low
dispersion.

Figure 8 presents G(w) spectra obtained at 24,
100, 155 and 190 K for normal pressure.  Similarly
as for the above pressure dependence of G(w), the

spectra for the temperatures 24 and 100 K are very
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Figure 8. The temperature (bottom) and pressure (top) dependences
of the amplitude weighted phonon density of states—G (w) spectra.

similar and show the low frequency band at 28 cm™!.

The G(w) spectra obtained for 155 and 190 K do not show
any maximum in the low frequency region. We suppose that
this low frequency libration band is overdamped above the
temperature of the 71— = 141 K phase transition. At 155 K
(phase II)) and 190 K (phase I) QENS broadening has appeared
as a result of stochastic jumps of the pyridinium cation. The
band with a maximum at 180 cm™! (as recorded at 24 K) with
increasing temperature is shifted towards lower frequencies
and its width undergoes a jump change at the Ty—; = 141 K
phase transition.

Figure 9 presents the spectral density functions G (w) (up
to 1000 cm~") for PyHI, thiourea, and T,PyHI, obtained from
the TINS spectra recorded at 24 K. For all these compounds
the energy gap between the lattice and internal vibrations is
in the same energy range from 200 to 400 cm~!. The G(w)
functions for these compounds differ for the lattice vibrations
and for the internal vibrations; however, the lowest frequency
of internal modes has a very similar value of 415 cm~'. Most
probably, the increasing pressure causes a deformation of the
channels formed by the thiourea molecules and iodide anions.
It leads to a modification of the dynamics of the lattice of the
system studied and the dynamics of the pyridinium cations
placed in the channels. The next stage of the study will be a
determination of the structures of the pressure-induced phases
(Illa and IIIb) by the neutron diffraction method performed
for a polycrystalline sample. We wish to study the effect of
pressure on the dynamics of the pyridinium cations.

1500
T=24K

T,PyHI
1000

PyHI
500

Thiourea

Amplitude weighted density of phonon states, a.u.

T T T T
0 200 400 600 800 1000

1
Neutron energy transfer, cm

Figure 9. The amplitude weighted phonon density of states—G ()
spectra for PyHI, thiourea and T,PyHI at 24 K.

5. Conclusions

(1) The results obtained by dielectric spectroscopy, neutron
diffraction and NMR study permitted a construction of the
p-T phase diagram for T,PyHI.

(2) The temperatures of phase transitions 7i—y, Ti—na,
Tiira—my are shifted towards higher values with increasing
pressure. The shapes of the dielectric anomalies and the
specific heat anomaly indicate that the phase transition at
Ti—n = 161 K is continuous, while the one at Ty— =
141 K is discontinuous or discontinuous but close to
continuous.

(3) The results have shown the occurrence of two new high-
pressure phases with triple points of coordinates 150 K,
100 MPa and 115 K, 100 MPa.
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