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A B S T R A C T

Effect of high pressure on ferroelectric diisopropylammonium bromide (DIPAB) is investigated using Raman
spectroscopy and angle-dispersive x-ray diffraction (XRD) measurements using a diamond anvil cell up to
~10 GPa. Raman spectroscopic studies indicate that the monoclinic (m-II) ferroelectric phase of DIPAB is unstable
under slight compression, leading to changes in molecular conformation. We have observed new peaks appearing
in the lattice mode region and CH3 stretching region giving indication of conformational change. XRD in-
vestigations reveal that the m-II phase (space group P21) is partially transformed into a centrosymmetric, non-
polar triclinic (P-1) structure at 0.7 GPa. Ferroelectricity is expected to weaken under compression above
0.7 GPa and ferroelectricity may disappear at a very high pressure when the m-II phase fully converted into
triclinic P-1 phase. On releasing the pressure the ambient structure is fully recovered. The role of hydrogen bonds
in the phase transformation is also discussed.
1. Introduction

Molecular organic materials are of current interest because of their
multi-functionality, ease of processing, and low cost. They exhibit pres-
sure and temperature induced polymorphism as well as conformation
changes, and this affects their physical and chemical properties [1–9].
There are efforts to synthesize small molecular ferroelectrics, but there
are not many with Curie temperature (Tc) above room temperature [10,
11]. Recently several room temperature molecular ferroelectric materials
such as croconic acid crystals, imidazolium-based molecular ferroelec-
trics, diisopropylammonium salts such as diisopropylammonium chlo-
ride (DIPAC), diisopropylammonium perchlorate (DIPAP) and
diisopropylammonium bromide (DIPAB) [12–16] have been synthesized
with Curie temperature above 300 K.

Among organic molecular ferroelectrics, diisopropylammonium bro-
mide (DIPAB) has a high spontaneous polarization Ps¼ 23 μC/cm2 and a
high dielectric constant of 85 (@400Hz), comparable to that of BaTiO3
[16]. At room temperature, DIPAB can be stabilized in either an ortho-
rhombic (space group P212121) or a monoclinic-II (m-II, P21) structure
depending on synthesis conditions [16–24]. The non-polar orthorhombic
structure exhibits a subtle, irreversible phase transformation to the
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ferroelectric m-II phase above ~417 K. At a slightly higher temperature
of 426 K this m-II phase reversibly transforms into a disordered, para-
electric monoclinic I (m-I, P21/m) structure [16,17,20–23]. Another
low-temperature phase transition was observed from m-II to monoclinic
P21/n structure at 173 K [25].

As DIPAB has potential applications, it is important to investigate its
stability under various external conditions such as high pressure and
temperature. Temperature dependent phase transformations of ortho
DIPAB have been explored using x-ray diffraction [16,17,20,22,23],
whereas there are no reports of the effects of pressure on DIPAB and
related compounds. In order to gain understanding of the high pressure
structural and vibrational properties, in the present work, (i) we inves-
tigate pressure induced structural changes in the ferroelectric DIPAB
phase up to 10 GPa at ambient temperature by x-ray diffraction and
Raman spectroscopy; (ii) we obtain its bulk modulus from high-pressure
XRD measurements and investigate possible reasons for phase
transformation.

2. Experimental and computational details

DIPAB was synthesized using a solution growth technique.
yderabad.
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Table 1
Assignment of intermolecular modes obtained from Dmol3.

Mode
No.

Expt. m-II
wavenumber
(cm�1)

GGA/PBE
DMol3

wavenumber
(cm�1)

Ref. [24]
wavenumber
(cm�1)

Mode assignments

1 38 46 42 Out of phase
cation lib.þ anion
Trans.

2 47 50 52 CH3 lib.
3 54 56 61 In phase

cationþ anion lib.
4 75 77 73 Out of phase

propyl lib.
5 – – 87 Out of phase

propyl lib.
6 97 99 104 Out of phase

cation lib.
7 112 108 109 Out of phase

cation lib.

Note: lib.-Libration; cation-diisopropyl ammonium cation; anion-bromine ion;
trans.-Translation; Expt.-Experiment.

Fig. 1. (a) Raman spectra of m-II DIPAB in the spectral region 30- 700 cm-1 as a
function of pressure (b) Mode frequency versus pressure of Raman modes in the
spectral region 30- 700 cm-1.
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Diisopropylamine and 48% aqueous hydrobromic acid were reacted in
1:1M ratio, and after a few days, a transparent polycrystalline solid was
formed by slow evaporation. This was recrystallized in a mixture of un-
distilled methanol and ethanol (1:1) at room temperature, and trans-
lucent block-shaped crystals (Phase I) were formed after ~60 days in a
Petri dish [24].

Some of these crystals were ground into a fine powder in an agate
mortar and pestle for 30min; phase identification was carried out by
powder x-ray diffraction technique with a diffractometer (STOE, Ger-
many) using CuKα radiation (1.5406 Å) in the 2θ range of 7–70� with a
step size of 0.05�. Part of this Phase I sample was annealed at 429 K for
15min, and powder XRD pattern was recorded on this Phase II sample.
Phase I pattern matches with that reported in the literature as the
orthorhombic P212121 phase, and Phase II the monoclinic-II, P21 phase
[17]. There were no extra peaks in either of the samples, and the purity of
these phases is established (Supplementary Figs. S1 and S2). Rietveld
refined lattice parameters are obtained (Supplementary Table T1).

Raman spectroscopic measurements on m-II sample as a function of
pressure up to 10 GPa at ambient temperature were recorded using a
micro Raman spectrometer (Renishaw, UK, model inVia) with 514.5 nm
laser excitation. Spectra in the range 20–100 cm�1 were recorded using a
low wave number filter (called ‘Eclipse filter’). The laser was focused to a
spot size of ~1 μm with a 20�microscope objective. Laser power on the
sample was kept low (~2mW) to avoid burning the samples. The reso-
lution of the instrument is ~1.5 cm�1 per pixel of the CCD detector.
Powder sample of m-II DIPAB was loaded along with a few ruby specks
for pressure measurement in a 200 μm hole in a pre-indented stainless
steel gasket mounted in a compact, symmetric diamond anvil cell with
anvils of culet diameter 500 μm. No hydrostatic medium was used. Solid
DIPAB dissolves in most conventional hydrostatic media, and silicone oil
has several Raman bands that interfere with those of the sample.

In-situ angle dispersive x-ray diffraction experiments at high pressure
were carried out on m-II samples at beamline-11 of INDUS-2 synchrotron
(in RRCAT, Indore, India) [26] with a monochromatic x-rays of wave-
length 1.0065(4) Å and beam dimensions 90 μm� 30 μm. The sample
was ground into a fine powder in an agate mortar and loaded into a
150 μm diameter hole drilled in a tungsten gasket in a Mao Bell type
diamond anvil cell (DAC) along with silicone oil medium and gold
pressure marker [27]. Error in pressure determination is expected to be
not more than 0.1 GPa. Error in P measurement could arise from pressure
gradients across the sample chamber, and this is minimized by recording
ruby luminescence spectra at the same spot where the sample spectra are
recorded. Diffraction patterns were recorded using a mar345 imaging
plate detector; sample to detector distance and wavelength were cali-
brated using standard samples of CeO2 and LaB6. The diffraction intensity
was normalized to constant exposure time for analysis of the patterns.
The two-dimensional diffraction images were azimuthally integrated
using the FIT2D software [28]. Using Fullprof software we obtained
lattice parameters [29]. New phases are indexed by treor90 and divol 06
program that is part of Expo 2014 package [30–32]. We have used
‘Powder cell’ to visualize the possible Bragg positions in new structures
[33].

First principles calculations were carried out using DFT based Dmol3

code in the Material Studio version 6.0 (Accelrys) [34] package. Geom-
etry optimization involves minimizing the magnitude of the calculated
forces and stresses until they become smaller than convergence toler-
ances. The general gradient approximation (GGA) with Per-
dew–Burke–Ernzerhof (PBE) [35] as the exchange correlation functional,
DNP numerical basis set and the program option fine grid size (0.04 Å �1)
was employed in the calculation. The initial structures were adopted
from experimentally reported crystal structures in the Cambridge Crys-
tallographic Data Centre (CCDC) for diisopropyl ammonium bromide:
m-II (CCDC-893211) [17]. During relaxation process, the total energy of
the system was converged to less than 2� 10�5 eV, the residual forces
less than 0.002 Ha/Å, the displacement of the atoms less than 0.002 Å.
183
K-point sampling for m-II phase was 4� 4� 4. Here we have adopted
density functional calculations to assign external modes which were not
discussed explicitly.



Fig. 2. (a) Raman spectra of m-II DIPAB in the spectral region 700- 1260 cm�1

as a function of pressure; (b) Mode frequency versus pressure in this spec-
tral region.

Fig. 3. (a) Raman spectra of m-II DIPAB in the spectral region 1360- 1650 cm�1

as a function of pressure; (b) Mode frequency versus pressure in the spectral
region 1360-1650 cm�1.
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3. Results and discussion

The orthorhombic polymorph of DIPAB has four molecules per unit
cell, and the structure is composed of hydrogen-bonded zigzag chains.
Each diisopropylammonium cation is bonded to two neighboring bro-
mide anions by hydrogen bonds [17]. The ferroelectric m-II (P21)
structure has two molecules per unit cell.

For the m-II phase, factor group analysis using correlation method
results in the following phonon irreducible representation [24].

ΓOptical ¼ 70Aþ 71B ð141 optical modesÞ

ΓAcoustic ¼ Aþ 2B

All these optical modes are Raman active, though experimentally we
obtain only 52 Raman bands [24]. In the case of molecular solids such as
DIPAB, the intermolecular interactions are weak compared to intra-
molecular interactions. If we consider a single diisopropylammonium
bromide unit, group theory predicts a much smaller number of 66 Raman
bands that is close to the experimental results [24]. Assignment of
intermolecular modes obtained from Dmol3 calculations are given below
(Table 1).
3.1. High-pressure Raman spectroscopic studies on DIPAB m-II phase

Below 150 cm�1 the m-II phase has Raman bands at 38, 47, 54, 75, 97
and 112 cm�1 and a shoulder at 38 cm�1. All bands in this region show
normal blue shift under compression. At 1.4 GPa, a new peak marked by
184
an arrow (Fig. 1) emerges at 117 cm�1 which appears as a shoulder of the
ambient band at 96 cm�1. This shoulder becomes a distinct peak at
higher pressures. The 38 cm�1 band which is a shoulder at ambient
conditions gains intensity in the high-pressure region and evolves into an
intense band at 1.4 GPa. No other new band appears in the region 160-
700 cm�1 up to 10 GPa. All wavenumbers increase monotonically with
pressure.

Low energy lattice modes are sensitive to the crystal structure, and
any change or appearance of new modes in this region can be directly
correlated to a structural phase transition. There are several reports on
molecular solids where high-pressure phase transition has been detected
by observing changes in the low-frequency modes [1,3–5,36,37]. Spec-
tral changes in lattice modes at 1.4 GPa indicate the possibility of a phase
transition at this pressure.

In the region 700-1260 cm�1 bands arise from CCC, CNC, and CCN
stretching, CH3 twisting vibrations [24]; a new band appears at 0.8 GPa
around 912 cm�1 near CNC antisymmetric stretch mode at 916 cm�1,
and it gains intensity at higher pressures (Fig. 2a).

In the range 1360–1600 cm�1 the bands correspond to CH3 wag, CH3
twist, and NH2 bending motions [24]. Here we observe two kinds of
behavior: the bands at 1375, 1397, 1410, 1421, 1439 and 1475 cm�1

exhibit normal blue shift whereas the NH2 bending modes at 1582 and
1592 cm�1 show a red shift under compression. The latter signifies an
elongation of N–H bonds and contraction of the H...Br distance indi-
cating the formation of stronger hydrogen bonds. Similar red shift is
observed in the N–H stretching mode at 3163 cm�1. At 1.4 GPa a new



Fig. 4. (a) Raman spectra of DIPAB in the spectral region 2700-3500 cm�1 as a
function of pressure; (b) Mode frequency versus pressure in this spectral region.

Fig. 5. (a) High-pressure x-ray diffraction plot of DIPAB m-II phase at several
different pressures. Arrows in the plot indicate new peaks at that pressure (b)
Pressure verses lattice parameter plot before phase transition m-II phase and
after transition t-I phase; with corresponding error values of lattice parameter
(c) Pressure versus volume change before and after phase transition and Birch-
Murnaghan 3rd order equation plot for m-II and t-I phase.
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band appears at 1449 cm�1 in the CH3 wag region (marked by an arrow
in Fig. 3a).

Stretching modes of CH, CH3, combination and overtone bands are
observed in the spectral range 2700–3500 cm�1 [24]. The new bands
emerging at 2969 and 3000 cm�1 in the CH3 stretching region (marked
by arrows in Fig. 4a and (b)) at 0.8 GPa suggest possible conformal
changes in the cation in this pressure range. A similar observation was
made in the case of L-isoleucine crystals [36]. Except for the NH
stretching mode at 3163 cm�1, all bands blue shift with pressure (Figs. 3a
and 4(a)). Mode Grüneisen parameters are obtained for all the modes
which is defined as γi0¼ KT0

νi0
( ∂νi

∂P )0¼�(∂lnνi∂lnV)0 [38]; where νi is the fre-
quency of the ith mode, V is the volume, P is the pressure and KT0 is the
bulk modulus. The modes associated with N–H stretching modes have
negative Grüneisen parameters; rest of the modes are positive (supple-
mentary Table T2).

As pressure is increased, there is a red shift in the NH2 bending and
N–H stretching bands, indicating that the N–H distance increases and
the H...Br hydrogen bond is getting stronger. Inter-molecular as well as
intramolecular distances in the DIPAB molecules decrease. Reduction of
H...Br distance, Br� anion mobility is likely to affect the cation, leading to
a conformation change. This conformation change and stronger
hydrogen bond network gives rise to new modes in the lattice mode re-
gion of the m-II phase at 0.7 GPa. So these structural transitions are due
to a conformation change and a modified hydrogen network. There are
reports of conformational changes leading to a modification of the
arrangement of molecules and ultimately it has been observed as a
structural change in the crystals [36,37,39–42]. Non-hydrostatic nature
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of pressure transmitting media at high pressure can affect the phase
transition pressure. Silicone oil is hydrostatic up to ~ 5 GPa. Since the
phase transition from m-II to t-I of DIPAB occurs at a low pressure of
0.7 GPa the pressure transmitting medium of silicone oil is not expected
to affect the transition pressure [43,44]. To confirm the structural



Fig. 6. Two phase Le Bail fitting for m-II phase and new t-I phase at 1.7 GPa.

Table 2
Fitted parameters obtained from Le-Bail fitting.

Fitted parameters m-II phase t-I phase

RP 6.2 9.1
RWP 7.5 8.3
RExp 8.8 9.8

Table 3
Comparison of Bulk modulus (B0) and its pressure-derivative (B0

0)
determined from Brich- Murnaghan EOS.

DIPAB Birch-Murnaghan plot B0(GPa)

m-II phase 7.3(8)
m-II phase after transition 10.1(9)
t-I phase 13.9(1.2)
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changes, we have carried out X-Ray diffraction measurements on the
sample, and the results are discussed in the next Section.

3.2. High-pressure X-Ray diffraction studies on ferroelectric DIPAB

Under compression all peaks shift towards higher 2θ values indicating
a decrease of d spacing in DIPAB. Lattice parameters are refined using
Fullprof software. Three new peaks at 7.3

�
, 8.1

�
and 9.4

�
(Fig. 5a, marked

with arrows) appear at 0.7 GPa, and one more at 10.8
�
at 1.7 GPa

indicting emergence of a new phase at this pressure. To index the new
phase at this pressure we used Treor, and divol 06 programs. During
initial indexing we considered all the peaks including new ones; we ob-
tained two possible space groups one of which is monoclinic P2 and the
other triclinic P-1 with similar lattice parameters and angles. The parent
phase is P21 monoclinic that has 2 molecules per unit cell. P21 has a
twofold rotation followed by a half translation. Among the possible new
structures monoclinic P2 group has only one 2 fold rotation which means
the number of molecules has to be doubled, which is not possible ac-
cording to space group rules [45]. Triclinic P-1 space group has a one to
one correspondence to P21 space group. Here we observe that new peaks
appear near the parent phase's prominent peaks 100 and 011. During
indexing we noted that in t-I phase all the new and some old peaks from
m-II phase are present. From Fig. 5a it is clear that the parent phase exists
at high pressures along with new phase t-I.

The new phase has space group P(-1) (t-I phase) with cell parameters
a¼ 7.241 Å, b¼ 7.102 Å and c¼ 8.009 Å, α¼ 90.73, β¼ 107.493

�

γ¼ 90.318
�
, at 0.7 GPa. There is coexistence of the parent m-II phase and

the new phase t-I above 0.7 GPa. We have obtained the lattice parameters
for both phases up to 4 GPa [Fig. 5b]. Above this pressure the peaks
become broad at higher 2theta values. Le Bail fitting of both m-II and t-I
phase at 1.4 GPa is given in Fig. 6 and Table 2. The high pressure phase
transition is reversible from 10 GPa [Fig. 5a], but it is possible that it
would become irreversible if taken to higher pressures. To understand
the behavior of lattice parameters in the m-II phase we carried out linear
fits of the form a0þa1P for a, b and c values. The obtained a1 values for a,
b and c are �0.344� 0.014 Å/GPa, �0.30� 0.01 Å/GPa and
�0.28� 0.016 Å/GPa respectively. Compression is higher in the ‘a’ di-
rection compared to the ‘b’ and ‘c’ directions. Bulk modulus for both
phases are obtained by fitting the PV curve to the 3rd order Brich-
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Murnaghan equation of state [46] by fixing the first derivative of bulk
modulus at B’

0¼ 4. Bulk modulus of m-II phase before transition is 7.3(8)
GPa and after transition 10.1(9) whereas for t-I phase (in the mixed re-
gion) it is found to be 13.9(1.2) GPa (Table 3). Molecular organic solids
generally possess bulk modulus values less than 30 GPa [47]. The bulk
modulus of DIPAB is comparable to those of some recently reported
porous flexible MOFs such as glycyl-L-tyrosine (B0¼ 21.9(9)), NH2-MI-
L-53(In)(B0¼ 10.9), ZIF-4-I (B0¼ 16.5(5)), and ZIF-zni(B0¼ 14)
[47–49]. The B0 of the m¼ II phase of DIPAB (B0¼ 7.3) is close to the
value of 6.5 GPa reported for fcc argon, a van der waals solid [50].

4. Conclusions

High-pressure Raman spectroscopic study of the ferroelectric m-II
phase revealed new Raman bands between 0.7 GPa in the intramolecular
region, signifying a conformation change in the molecule. There are also
new modes observed in the lattice mode region for m-II phase at 1.4
which indicates a structural transformation. Phase transformation is
confirmed by high-pressure x-ray diffraction measurements. The high-
pressure phase is indexed to a triclinic space group P-1 with cell pa-
rameters a¼ 7.241 Å, b¼ 7.102 Å and c¼ 8.009 Å, α¼ 90.73,
β¼ 107.493

�
γ¼ 90.318

�
, at 0.7 GPa. There is a co-existence of the new

and the old phases. Since the triclinic P-1 phase is centro symmetric, we
expect the spontaneous polarization to reduce as pressure is increased
above 0.7 GPa, and ferroelectricity may disappear at a higher pressure
when the m-II phase fully converted into triclinic P-1 phase. Bulk
modulus value before the phase transition is 7.3�0:82 GPa. Structural
transition is due to conformation change in the molecule and distortion
in the hydrogen network which was confirmed by the redshift of NH2
bending and stretching modes.
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