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The hybrid inorganic—organic [TPrAlIM(dca)s] (M: Fe?*, Co?* and Ni?*) compounds, where TPrA is the
tetrapropylammonium cation and dca is the dicyanamide anion, are unique multi-sensitive compounds
that display multiple phases and dielectric transitions. These materials exhibit up to three first-order
structural transitions (between the polymorphs |, la, Ib and Il) associated with the same number of
dielectric transitions in the temperature range of 210-360 K. The mechanisms responsible for these
dielectric responses are found to be novel within the hybrid perovskites, involving ionic displacements of
the A-site cations (TPrA) and order/disorder processes of the X anions (dca). In addition, the phase
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DOI: 10.1039/c6tc00723f This multi-sensitive response towards temperature, external and internal pressure opens up promising

technological applications for this family of materials, such as dielectric transductors or multistimuli-
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1. Introduction

Perovskites, and the phase transitions they can experience as a
function of temperature, pressure, etc., have been at the center
of a vast amount of research in solid state and material science
over the last decades' in view of their huge scientific and
technological interest. In that context, early studies on conventional
inorganic perovskites, ABX; (A: lanthanides, alkaline-earth
metals or similar cations, B: transition metal cations and X:
oxide, sulphide or halide anions, etc.), specially mixed oxides,
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sensors, whose response can be modulated in a wide range of temperatures and pressures.

highlighted the exceptional functional and even multi-functional
properties. This is the case, among others, of the very well-
known and widely used ferroelectric BaTiO;, the piezoelectric
Pb(Zr;_,Ti,)O; (PZTs),” the high temperature superconductor
YBa,Cu;0,_s,> the colossal magnetoresistive La;_,Ca,MnOj3,*
the mixed ionic-electronic conductors La,; _,Sr,CoO;_s,'* or more
recently, the multiferroic BiFeO;.”

Interestingly, in the last few years, significant efforts have
been devoted to the development of new members of the
versatile family of the so-called perovskite-like hybrid inorganic-
organic materials,” where the A- and/or X-site inorganic moieties
of the conventional perovskites have been replaced by organic
building blocks. Some of these materials, despite their recentness,
have already revealed very remarkable functional properties. This
is the case of the (MA)PbI; (MA = methylammonium cation),”
which has revealed unprecedented photoconductivity; or the note-
worthy [AmineH]|[M(X);] families (AmineH = midsized protonated
amines in the A-site position of the perovskite, M = different
divalent transition metal cations in the B-site, X = different
bidentate-bridge ligands in the X-site position, such as N;~, CN™
or HCOO ™), which exhibit cooperative magnetic, electric or elastic
order, even multiferroicity, associated in many cases to very
interesting thermally-induced phase transitions.*™” Very remark-
ably, magnetoelectric coupling has been recently reported experi-
mentally in the paramagnetic state of [(CH;),NH,][Fe(HCOO),],"®
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and ferroelectricity induced by magnetic order has been demon-
strated in [CH;NH;][Co(HCOO);],"” opening the large, flexible,
multifunctional and designable family of hybrid perovskites to
magnetically induced multiferroic behaviour.

Another related, but so far much less explored, family of
potentially interesting compounds is that of metal-dicyanamides
with the formula [AmineH][M(dca);] and has perovskite-like
structure. In these compounds, the dicyanamide anions,
[N(CN),]™ (dca), bridge the transition metal cations (up to now,
M: Mn”" ref. 18 and 19 and Ni** ref. 18) in a p, s-dca end-to-end
mode, forming a 3D framework. Meanwhile, the protonated
amines (so far tetrapropylammonium, [(CH;CH,CH,),N]" or
TPrA) are located in the resulting pseudo-cubooctahedral cavities.'®

In our previous work,'® we have revisited the Mn compound
[TPrA][M(dca);], finding a structural transition at 330 K, and
studied the influence of external pressure on the structural and
dielectric properties of this compound. Interestingly enough,
we found that this material had a new type-I multiferroicity that
was very sensitive to temperature and external pressure.

In the present work, we enlarge the family of [TPrA][M(dca);]
perovskites with two new members (M: Fe*" and Co*") that we
describe for the first time; and we shed light on the unexplored
structural features of the Ni compound, for which two structural
transitions had been previously reported at 160 K and 210 K,
and we present two new additional polymorphs.

We also explore the dielectric properties of these materials
and present a systematic and careful study of the effect of
external and internal pressure on the structural transitions and
dielectric responses of these three [TPrA][M(dca);] (M: Fe*',
Co®" and Ni**) compounds.

Very interestingly, and as we will show below, we have found
that these Fe, Co, and Ni compounds display multiple phase
transitions responsible for multiple dielectric transitions that
are both very sensitive to temperature as well as to external and
internal pressure.

2. Experimental

2.1 Synthesis

[TPrA][M(dca)s;] (M: Fe**, Co** and Ni**) materials were prepared
from commercially available FeCl,-4H,0 (98%, Sigma-Aldrich),
Co(NO;),-6H,0 (98%, Sigma-Aldrich), Ni(NO;),-6H,0 (> 98.5%,
Sigma-Aldrich), (TPrA)Br (98%, Aldrich), Na(dca) (96%, Aldrich)
and absolute ethanol (Panreac), which were used as purchased
without further purification. A reagent amount of deionised
water was also used in the synthesis.

The synthetic route used here is an adaptation of the previously
reported method for the preparation of the [TPrA][M(dca)s]
compounds (M: Mn** and Ni*"),"® where synthesis of the metal
dicyanamide frameworks were templated by alkylammonium
cations and accomplished through a mild solution chemistry
method at room temperature.

In a typical experiment, 10 ml of an aqueous solution
containing 2 mmol of FeCl,-4H,0 or M(NOj3),-6H,O (M: Co>*
and Ni*"), was placed at the bottom of a glass tube. This solution
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was layered by a mixture of a solution of (TPrA)Br (2 mmol) in
10 ml of ethanol and a solution of Na(dca) (6 mmol) in 10 ml
of water.

Single crystals of the three compounds (cubic colourless for
M: Fe*", cubic pink for M: Co®", and cubic green for M: Ni*")
were obtained after one week and they were collected by
filtration and washed several times with ethanol.

The compounds were obtained as single phase materials
and their purity was confirmed by comparison of their experimental
powder X-ray diffraction (PXRD) patterns at room temperature
with those simulated from the single-crystal X-ray diffraction
(SCXRD) data, see Fig. S1 of ESL.¥

2.2 Single-crystal X-ray diffraction

Single-crystal data sets were collected in a Bruker-Nonius x8
ApexII X-ray diffractometer equipped with a CCD detector and
using monochromatic MoKo1 radiation (1 = 0.71073 A) at
different temperatures: 368 K, 323 K, 300 K (293 K in the case
of the Fe compound), 200 K (180 K for the Ni compound) and
100 K. Suitable crystals of each sample were chosen and
mounted on a glass fiber using instant glue. For the 100 K and
200 K (or 180 K) sets, the crystal temperature was maintained
using a cold stream of nitrogen from a Kyroflex cryostream
cooler. Data integration and reduction was performed using the
Apex2 V.1.0 27 (Bruker-Nonius, 2005) suite software. The intensity
collected was corrected for Lorentz and polarization effects, and
for absorption by semi-empirical methods on the basis of
symmetry-equivalent data using SADABS (2004) from the suite
software. The structures were solved by the direct method using
the SHELXS-97 program®® and were refined by the full-matrix
least-squares method on the SHELXL-97 program,*® both programs
are available within the WinGX package.* To solve the structures,
anisotropic thermal factors were employed for the non-H atoms and
non-disordered atoms. In the case of ordered TPrA cations, the
hydrogen atoms of the propyl groups were added to the ideal
positions and isotropic thermal factors were refined.

2.3 Powder X-ray diffraction

A Siemens D-5000 diffractometer using CuKo radiation (1 =
1.5418 A) was used to study these compounds by X-ray powder
diffraction (XRPD) at room temperature. The XRPD pattern was
compared with the profile obtained from the single crystal
structure that was generated using Mercury 3.5.1 software.>”

2.4 Differential scanning calorimetry

Differential scanning calorimetry (DSC) studies were carried
out in a TA Instruments MDSC Q2000 equipped with a liquid
nitrogen cooling system. The samples (each with a mass
around 5 mg) were heated and cooled with a rate of 20 K min ™"
(2 K min~" in the case of the Ni compound) from 135 to 375 K
under a nitrogen atmosphere.

Additionally, pressure differential scanning calorimetry (PDSC)
tests were performed in a TA Instruments pressure cell
mounted on a Q2000 modulated DSC. The cell was calibrated
for temperature and heat with indium at each of the pressures
to be used in the measuring tests. The effect of pressure on the

This journal is © The Royal Society of Chemistry 2016
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melting temperature and enthalpy of indium was taken into
account.”® In a typical experiment, about 5 mg of each sample
was confined inside a pinhole aluminum capsule. The experiments
were performed in N, atmosphere at a constant pressure (from 1 to
69 bar) while keeping a constant flow of 50 ml min~" of N,. The
samples under a constant external pressure were heated and
cooled at a rate of 2 K min~" from room temperature to 343 K.

2.5 Pressure-volume-temperature (PVT) analysis

To study the dilatometry of the materials at different pressures,
PVT 100 SWO/ThermoHaake equipment was used. In a typical
experiment, about 440 mg of powder material was loaded
inside a cylinder between two pistons that transmit an axial
compressive force from 200 to 1600 bar to the samples. After
applying the external pressure, the samples were heated at a
rate of 5 K min~" from 183 K to 373 K and the axial thermal
expansion of the samples was registered.

2.6 Dielectric measurements

The complex dielectric permittivity (¢, = ¢’ — ie,”) of the cold-
press pelletized samples were measured as a function of
frequency and temperature with a parallel-plate capacitor
coupled to a Solartron 1260A Impedance/Gain-Phase Analyzer,
capable of measuring in the frequency range from 10 pHz to
32 MHz using an amplitude of 2 V. The capacitor was mounted
in a Janis SVT200T cryostat refrigerated with liquid nitrogen,
and with a Lakeshore 332 incorporated to control the temperature
from 78 to 400 K. Data were collected upon heating.

Pelletized samples, made from cold-press non-oriented single
crystals with an area of approximately 133 mm?® and a thickness of
approximately 1.3 mm, were prepared to fit into the capacitor, and
gold was sputtered on their surfaces to ensure a good electrical
contact with the electrodes.

All the dielectric measurements were carried out in a nitrogen
atmosphere where several cycles of vacuum and nitrogen gas
were performed to ensure that the sample environment was free
of water.

Additionally, dielectric measurements were carried out in a
pressure cell supplied by Novocontrol GmbH. The cell, basically
a stainless steel cylinder with a hermetic seal, was filled with a
silicone fluid that transmits an isostatic pressure from the
piston to the sample. The dielectric response was measured
for 10°-10° Hz frequencies. The measurements were performed
as a function of temperature (310-380 K) for constant pressures
up to 2000 bar.

3. Results and discussion

3.1 Studies at ambient pressure

3.1.1 DSC results. As shown in Fig. 1, the DSC curves of the
three compounds show three pairs of endothermic/exothermic
peaks in the heating/cooling runs, revealing that each of them
undergoes three reversible phase transitions in the temperature
interval 135-375 K. The temperatures for such transitions are
summarized in Table 1.

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 DSC results as a function of temperature obtained by heating and
cooling the samples (TPrA)[M(dca)s] (M: Fe?*, Co?* and Ni%*) at a rate
of 20 K mint. Inset: Detail of the DSC curve for the Ni compound around
T1 (a) on heating at a rate of 20 K min™%, and (b) on cooling at a rate of

2 Kmin™L

Table 1 Summary of structural transition temperatures for Fe, Co and Ni
compounds obtained from DSC analysis on heating and cooling

Heating Cooling

T1 (K) T2 (K) T3 (K) T1 (K) T2 (K) T3 (K)
Fe 286 300 331 279 292 330
Co 246 301 341 230 292 339
Ni 216 302 356 175 291 355

The observed thermal hysteresis indicates the first order
character of such transitions, whose associated enthalpy and
entropy changes are indicated in Table S1 of the ESL.f

Taking into account that for an order-disorder transition
AS = RIn(N), where R is the gas constant and N is the ratio of
the number of configurations in the disordered and ordered
system, a value of N ~ 1.2-2.6 is calculated for each transition,
depending also on the given compound (see Table S1 of ESIT).
Such values are much lower than in the case of the analogue
Mn compound, [TPrA][Mn(dca)3], that exhibits a single phase
transition with N ~ 8."°

In the case of the Ni compound, we have to note that we
identified, by DSC, the previously reported high temperature
structural transition at ~210 K.'® Nevertheless, we were not
able to also find the reported lower temperature structural
transition (~160 K), not even when measuring at the slow
temperature rate of 2 K min~*. As we will show below,*® this
result is in agreement with our single-crystal X-ray diffraction
analysis, which also does not show the previously reported
re-entrant structural transition at 160 K for this compound. We
attribute this lack of transition to kinetic factors.

3.1.2 Crystal structures and structural transitions as a
function of temperature. In order to understand the origin of
these phase transitions, the crystal structures of the Fe, Co and
Ni compounds were investigated at different temperatures.

According to SCXRD, these compounds display four polymorphs
(hereafter named as I, Ia, Ib and II) from 100 K to 368 K, all
based on perovskite-like structures.

J. Mater. Chem. C, 2016, 4, 4889-4898 | 4891
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In the following paragraphs, we will comparatively describe
the obtained structures, paying special attention to the novel
polymorphs (four, in the case of the Fe and Co compounds, two
in the case of the Ni compound), and focussing on details that
are relevant to understand the properties.

The crystallographic data for the four polymorphs of each of
the three compounds are compiled in Tables S2-S4 of the ESI,}
and a summary of selected bond lengths and angles is provided
in the Tables S5-S8 of the ESL

Polymorph 1. Below 286 K (M: Fe*"), 246 K (M: Co*") and
216 K (M: Ni*") the structure of these compounds is tetragonal,
space group P42,¢ (non-centrosymmetric), and it can be described
as a 2a x 2a x 2a perovskite super-structure.

The asymmetric unit is defined by one independent metal
cation, three dca anions and three TPrA cations. The metal
cations are in a distorted [MNg] octahedral environment with
six different M-N distances, see Table S5 of the ESL{ The
resulting [MNg] octahedra are rotated cooperatively along
the main crystallographic axes (tilt systems a”b'c” at Glazer
notation).>* The TPrA cations are located inside the cavities of
the resulting framework.

As it also occurs in the other polymorphs, and as it could be
expected, as the size of the M (perovskite B-site cation) decreases
from Fe*' to Ni*', the unit cell volume and the M-N bond
lengths were observed to decrease. In addition, the octahedra
tilting in the ab plane decreases.

As seen in Fig. 2, the structures exhibit a certain disorder in
the dca anions (in the N-amide atoms along the c-axis) and in
the C atoms of the TPrA cations, as it was previously described
for the Ni and Mn compounds.*®**° In addition, we remark a
most interesting new feature: half of the TPrA cations inside
the pseudo-cubooctahedral cavities (those located on a 2-fold
axis) show a cooperatively off-center shift along the c-axis,

o

= - o~ | 4— @

Fig. 2 Conventional perovskite structure view and unit cell of polymorph
|. The dca ligands act as ;s bridges between the M cations. The N-amide
atom of the dca ligands along the c-axis are modeled in two crystallographic
positions. The TPrA cations are located inside the pseudo-cubooctahedral
cavities, and two of the three present in the asymmetric unit display
crystallographic disorder in the C atom positions. The H-atoms of the
TPrA cations have been omitted to facilitate visualization of the structure.

4892 | J. Mater. Chem. C, 2016, 4, 4889-4898
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following an antiferrodistortive up-down/up-down pattern, see
Fig. S2 of the ESL¥

Such displacement, that increases as the size of the M (B-site
cation) decreases, is 0.095(9) A (M: Fe*"), 0.069(0) A (M: Co*")
and 0.038(2) A (M: Ni*").

The characteristics of this low temperature polymorph are
similar to those recently reported for polymorph I of the Mn
analogue'® where the TPrA shift along the c-axis is even larger
(0.105(3) A).

In the case of the Ni compound, for which this polymorph I
has already been described before,'® a re-entrant phase transition
from polymorph I to polymorph Ia (described below) at 160 K
is also reported.'® Nevertheless, our SCXRD data (supported by
our DSC analysis) do not reveal this structural transition.
The polymorph I is maintained down-to 100 K. Therefore, we
rationalize that the previously reported re-entrant structural
transition could be related to kinetic factors that depend on
the cooling rate and stabilization time.

Polymorph Ia. At T1 (see Table 1), the structure of polymorph I
transforms into that of polymorph Ia of orthorhombic symmetry,
space group Pnna (centrosymmetric) and a different 2a x
zz\/ 2a X zz\/ 2a perovskite super-lattice, where a,o11a X Cpol1s
and bpoltar Cpolia X \/ 2ap011, see Tables S2-S4 of the ESL{

The asymmetric unit contains two independent metal cations,
eight dca anions and four TPrA cations. As in polymorph I, each
metal cation is in a distorted octahedral environment with six
different M-N distances (see Table S6 of the ESIt) and the [MNg]
octahedra are cooperatively rotated following an @ b'c” tilt system.

On the other hand, and as could be expected, this polymorph
Ia shows a slightly larger disorder than polymorph I (Fig. 3). The
positions of the N-amide of the dca ligands along the a-axis had
to be modeled occupying two (or three positions depending on
the dca ligand) with equal occupancies; also, three of the four
TPrA cations in the asymmetric unit present disorder in the C
atom positions of their propyl groups.

Fig. 3 Perovskite structure view and unit cell of polymorph la. The
N-amide atom of the dca ligands along the c-axis show more thermal
disorder than in polymorph | and they are modeled in either two or three
crystallographic positions. In addition, three of the four TPrA cations in the
asymmetric unit show disorder in the C atoms. The H atoms of the TPrA
cations have been omitted to facilitate visualization of the structure.

This journal is © The Royal Society of Chemistry 2016
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And most remarkably, all the TPrA cations are in off-center
positions following a cooperative pattern different from that
shown by polymorph I, see Fig. S3 of the ESIL:t (a) half of them
(those located on a 2-fold axis along the g-axis) show a cooperative
off-center shift (about 0.23 A, ~15% larger than in polymorph I
along such a direction) along the a-axis towards one side
of these cavities. These displaced TPrA cations are antiferro-
distortively arranged along the b-axis, displaying an up-down-
up-down pattern. (b) The other half of the TPrA cations
(those located on a 2-fold axis along the c-axis) show an
even larger cooperative off-center shift (up to 0.62 A) along the
c-axis towards one edge of these cavities, following an antiferro-
distortive pattern.

Polymorph Ib. At T2, the structure of these [TPrA][M(dca)s],
(M: Fe**, Co®" and Ni**) compounds changes again: even if its
symmetry remains orthorhombic, its space group changes to
Ibam (centrosymmetric), and it has to be described on the basis
of a different ~./2a x ~./2a x 2a super-lattice, see Tables S2-S4
of the ESL}

In this case, the asymmetric unit contains one independent
metal cation, two dca anions and one TPrA cation. The transi-
tion metal cations are in a slightly distorted octahedral environ-
ment with three different M-N bond lengths, see Table S7 of
the ESI.¥ And differently from polymorph I and polymorph Ia,
here the [MN;] octahedra are cooperatively rotated within the
ab plane and display an anticlockwise arrangement along the
c-axis (tilt systems a’a®~ at Glazer notation).

Also, in this polymorph, the dca ligands show a much larger
disorder than in the case of polymorph Ia, especially along the
c-axis, so that the N-amide atom and the C atom had to be
modeled occupying the 8 and 4 positions, respectively. This
increase suggests a dynamic disorder along such a direction
that would imply the rotation of the dca ligands around the
c-axis axis, see Fig. 4.

As for the TPrA cations, which are also more disordered than
in polymorph Ia, the most important remark is that they are
located at the center of the cavities (Fig. 4). This is in contrast to
the previous polymorphs. As indicated above, half (polymorph I)
or all of them (polymorph Ia) are off-shifted.

Polymorph II. At T3 (see Table 1) the structure of these compounds
changes again and transforms into that of polymorph II with
tetragonal symmetry and space group I4/mcm (centrosymmetric),
even if the same perovskite super-lattice as polymorph Ib,
~/2a x ~./2a x 2a. In fact, the space group of that lower
temperature polymorph is a subgroup of polymorph II.

In that context, both polymorphs Ib and II are quite similar
and their main differences rely on their symmetry and the even
larger disorder of the dca ligands and TPrA cations in this
higher temperature polymorph, see Fig. 5. On the other hand,
and as in polymorph Ib, the TPrA cations remain centered in
the cavities.

Therefore, different from the previous transitions, this
occurs only at T3 and involves order/disorder phenomena with
no ionic displacements.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Crystal structure view and unit cell of polymorph Ib. The N-amide
and C atoms of the dca ligands along the c-axis are modeled in the 8 and 4
crystallographic positions, respectively. Moreover, the N-amide atom of
the dca ligands in the ab plane is modeled in two crystallographic
positions. As for the TPrA cations, all of them display thermal disorder in
the C atoms.

Fig. 5 Conventional perovskite structure view and unit cell of polymorph
II. Similar to polymorph Ib, the N-amide and C atoms of the dca ligands
along the c-axis are modeled in the 8 and 4 crystallographic positions,
respectively. Meanwhile, the N-amide and C atoms of the dca ligands
in the ab plane are modeled in 5 and 3 crystallographic positions,
respectively. In addition, all the TPrA cations display and even higher
disorder in the C atoms.

This polymorph II of the Fe, Co and Ni compounds is similar
to that recently reported for the Mn compound above 330 K."°

3.1.3 Dielectric properties. The temperature dependence of
the real part of the complex dielectric permittivity, &/, (also
known as the dielectric constant) of (TPrA)[M(dca),] (M: Fe*",
Co®" and Ni*") is shown in Fig. 6. Very interestingly, as can be
seen in Fig. 6, in the three compounds, three anomalies are
detected in the vicinity of the structural phase transition, those
occurring at T1 and T2 being sharper than that taking place at
T3, specially the first one.

J. Mater. Chem. C, 2016, 4, 4889-4898 | 4893
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Fig. 6 Temperature dependence of the dielectric constant (g') of
the Fe, Co and Ni compounds measured at different frequencies
(10°-10° Hz).

Taking into account the previous structural information, we
ascribe such anomalies to the following processes:

(a) At T1, the dca ligands remain disordered in both polymorphs
mainly due to the cooperative displacement of the TPrA cations
between two different antiferrodistortive arrangements that
involve off-centered positions. (b) At T2, we relate it to the
displacement of the TPrA cations (which are off-center shifted
in polymorph Ia) to center positions in polymorph Ib. In
addition, the increase disorder experienced by the polar dca
ligands could also be contributing to the observed dielectric
anomaly. (c) Finally, at T3, we relate it to the additional order/
disorder transition experienced by both the dca ligands and
TPrA cations on passing from polymorph Ib to polymorph II.
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This situation is reminiscent of that recently described for
the Mn analogue, where a dielectric anomaly is observed above
room temperature, T, ~ 330 K, associated to the change from a
cooperative to a non-cooperative electric behaviour (antiferro-
electric (AFE) to paraelectric (PE) transition). The former
implies an AFE distribution of electric dipoles in polymorph
I, related to an off-shift of the apolar TPrA cations and the
order-disorder of the polar dca ligands mechanisms.

Nevertheless, in the case of here studied, (TPrA)[M(dca);]
(M: Fe**, Co®" and Ni**), they not only show one but multiple
dielectric anomalies that are related to the richer assortment of
crystal structures displayed by these compounds.

Another aspect that should be emphasized is the significant
difference in the origin of the dielectric transitions displayed by
these (TPrA)[M(dca);] (M: Mn**, Fe**, Co®" and Ni**) compounds,
and those previously reported for nother hybrid perovskites such
as [AmineH]|[M(X);], (AmineH: midsized alkylammonium cations,
X: N;7, CN~ or HCOO™ ligands).®"” These latter contain polar
cations inside the cubooctahedral cavities and/or H-bonds
between the cations and the framework, and their dielectric
transitions arise from order-disorder processes of the guest
polar molecules.

Nevertheless, in the case of this novel dicyanamide family of
[TPrA][M(dca);] (M: Mn**, Fe**, Co>" and Ni*"), the guest TPrA
cations are non-polar and cannot form H-bonds, so that the
mechanisms associated with the dielectric response are completely
different, namely: (a) this response is related to a contribution of a
cooperative off-shift of the guest TPrA cations inside the cavities
that is reminiscent of the behaviour shown by ceramic ferro-
electrics with perovskite structure, such as BaTiO; (where the
B-site cation is the one experiencing the temperature dependent
reversible displacement, giving rise to the electric order). (b) It is
also related to order-disorder processes driven by the polar dca
ligands. This interesting feature can provide a novel mechanism
to couple the magnetic and dielectric response of these compounds
since the dca bridges are also involved in the magnetic interaction
between the metal cations.

3.2 Influence of external and internal pressure on the
structural and dielectric transition

In what follows, we will show that these compounds are very
sensitive to both applied external pressures, even small ones
(P < 2 kbar), as well as to internal chemical pressure induced
by modifying the size of the B-site cations.

3.2.1 Influence of external pressure. We have studied the
behaviour of the axial dilatometry of these samples under
applied external pressures in the range 200 < P(bar) < 1600.
As it can be seen in Fig. 7, the PVT analysis allows an easy
monitoring of the transition temperatures as a function of
pressure, as a kink-shaped anomaly is observed in the curves
at T1, T2 and T3.

Interestingly, the kinks at T1 and T3 are highly pressure
dependent, while no significant pressure dependence is observed
for that appearing at T2.

As for the kink observed at T1, that implies an increase in
the axial length. It gets progressively displaced towards higher

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 PVT graphic showing the length variation of the Co sample as a
function of temperature measured at different axial pressures (from 200 to
1600 bar). Dash lines signal the temperature shift of T1, T2 and T3 as a function
of pressure. Similar results are obtained for the other Fe and Ni compounds.

temperatures as pressure increases, that is, it exhibits positive
pressure dependence, 3T,/5P ~ +23 K kbar . This value is of
the same order for the Mn compound previously reported,
ST/SP = +24.2 K kbar '.'° Meanwhile, the anomaly observed
at T3, which implies a sharp decrease in the axial length,
gets progressively displaced towards lower temperatures upon
application of increasing pressures. This means that this
transition displays a negative pressure dependence, 6T/0P < O,
whose absolute value is similar to that of the previous case, even
if negative, ST/SP ~ —23 K kbar™ .

To further deepen the peculiar pressure dependence of
the transition occurring at T3, we have performed additional
pressure differential scanning calorimetry (PDSC) studies applying
smaller pressures (up to 69 bar).

As can be seen in Fig. 8, both the endothermic and exothermic
peaks associated with this transition experience a progressive
displacement towards lower temperatures as pressure is increased,
with a value of 8T.3/6P = —18.4 K kbar™?, of the same order
to that found in the PVT experiments. Meanwhile, we observed
that the enthalpy (AH) and entropy (AS) changes involved
in such a transition remained constant under the applied
external pressure.
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Fig. 8 Pressure differential scanning calorimetry (PDSC) curves for the T3

transition of the Co compound. Similar behaviour is found in the Fe and Ni
compounds.
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Fig. 9 Temperature dependence of the dielectric constant (¢,) of the Co
compound, measured at 10° Hz under hydrostatic pressure conditions,
from 1 to 2000 bar. The curves have been normalized and displaced for a
better view. The Fe and Ni compounds exhibit a similar behaviour.

We have also studied the effect of external pressures (up to
P < 2000 bar) in the temperature dependence of the dielectric
permittivity of these compounds. As an example of such
behaviour, we show in Fig. 9 the effect of external pressure on
the dielectric response of the Co-compound in the temperature
range where the anomaly at T3 is detected.

As can be seen, for P < 1500 bar, the kink observed at T3 in
the ¢’ vs. T curve experiences a progressive displacement
towards lower temperatures as pressure increases, in agreement
with previous experiments.

Meanwhile, and very interestingly, when pressures that are
higher than those previously used are applied, P > 1500 bar,
the shape of the kink changes and a new transition (Ty) is
found, which gets shifted to higher temperatures as pressure is
further increased.

Taking into account that the shape and pressure dependence
of such a peak is similar to that experienced by the Mn
compound,'® we ascribe it to a new pressure-induced structural
transition transforming directly polymorph I to polymorph II in
these Fe, Co and Ni compounds.

This in turn means that polymorphs Ia and Ib become
thermodynamically unstable under applied pressure, and that
both will disappear for P > 1600 bar. In fact, for higher
pressures, a single structural transition between polymorph I
and II is expected, similar to the case of the Mn analogue."®

3.2.2 Influence of internal chemical pressure. Chemical
pressure is a well-established physical variable that can greatly
affect the properties of perovskites, as widely recognized in the
field of perovskite oxides ABO;.>*2%7%7

As it is well-known in those compounds, the origin of the
internal chemical pressure is in the size mismatch that occurs
when the A-site ions are too small to fill the space in the three-
dimensional network of the [MO¢] octahedral. This mismatch
can be estimated as n = 1 — o, which is the deviation of the
tolerance factor («) of the structure from the ideal value.>> %’

Extending this idea to the here studied [TPrA][M(dca)s]
(M = Mn*", Fe**, Co>" and Ni*") perovskite compounds, where
the ionic radius of the B-site cations follows the sequence
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rst Mn®" > Fe®* > Co®" > Ni*', it can be expected that the
tolerance factor will increase along the series while the internal
pressure will decrease.

Moreover, we have calculated the value of such tolerance
factors (x) following the approach recently introduced by
Kieslich et al.>® to extend the concept of Goldschmidt’s tolerance
factor to hybrid inorganic-organic perovskites.

For that purpose, and using the modified Goldschmidt’s
equation, o = (Faem *+ Tx(em)/\/2(rs + 0.5hx(erm),”> we have
calculated the value of « from experimental room temperature
crystallographic data of A-site (TPrA) and X-site (dca) ions and
using the Shannon ionic radii tables® for the B-site (transition
metal) cations.

From the obtained values, which are summarized in Table
S6 of the ESIT and range between 1.02(6) (M: Mn>*) and 1.05(9)
(M: Ni*"), it is worth highlighting two aspects: (a) they reflect
the expected increase in the tolerance factor as the size of B
decreases, even if the large values of X (and A) prevent them
from a larger variation. (b) Taking into account the large and
complex A and X ions involved, and the simplicity of the model
assumed to calculate their effective ionic sizes, the values
obtained for the tolerance factor are extremely good. They fit
very nicely within the TF region for which perovskite structures
are expected to form (between 0.8-1.0 & 6%)>® even if in this
particular [TPrA][M(dca);] system the upper limit is going to
be slightly larger. These results also indicate that, in this
dicyanamide series, the formation of hexagonal polytypes will
require at least « > 1.05(9).

Another very interesting point that comes out from these
results is the parallelism between the effect on internal pressure
and external pressure on the structure of these dicyanamide
compounds: both increasing external pressure or increasing the
size of B reduces the temperature range in which the inter-
mediate polymorphs Ia and Ib exist, until they finally disappear,
as observed for the case of the Mn compound and for external
pressures above 1500 bar, see Fig. S4 of the ESL.

A final aspect that is worth referring to is the origin of the
different pressure dependences displayed by the three consecutive
temperature-induced phase transitions, and whose trend is
again similar in the case of external and internal pressure. In
that context, and as mentioned before, while the transition
occurring at T1 shows the more commonly observed 8T,/0P > 0,
that at T3 shows a more scarcely seen pressure dependence of
the negative sign 87/6P < 0, and that at T2 is almost pressure
independent.

To understand this behaviour, it is interesting to revisit
previous studies carried out on oxidic and halidic perovskites,
which have established that the sign of 87/0P can depend on
two factors: (a) the mechanism of the phase transition, whether
it is displacive or an order-disorder type, and (b) the value of
the tolerance factor that determines the change of stability of
its cubic phase under P.*°

As for (a), order-disorder transitions can be responsible for
3T/SP < 0, while displacive transitions give /6P > 0.*° In the
case of (b), when o is below the ideal value 1, the pressure
reduces the stability of the cubic phase and favours those of
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lower symmetry, resulting in 87/8P > 0. Meanwhile in systems
with > 1 and hexagonal stacking, pressure stabilizes the cubic
stacking at the expense of the former, resulting in 8T,/6P < 0.*

In the case of the here studied [TPrA][M(dca);] series, where
the four compounds exhibit perovskite-like distorted structures
and none of them the hexagonal stacking expected for o > 1,
we relate the different pressure dependences displayed by
the three consecutive temperature-induced phase transitions
to the prevailing mechanism of each of them: this would be
the displacive one in the transition occurring at T1 and the
order-disorder one in the case of T3. Meanwhile, the close
competition between these two mechanisms in the case of T2
will result in almost no pressure dependence.

These external/internal pressure-responses reveal an easy
tuning of the structural transition temperature for these hybrid
perovskites. Since these structural transitions are in turn related
to the dielectric properties, they can be used to modulate
different dielectric responses in a wide range of temperatures
near room temperature (from 210 to 360 K) either by applying
small external pressures (P < 2 kbar) or simply by making
appropriate ionic substitutions.

Therefore, this family of [TPrA][M(dca);] dicyanamides provides
promising technological applications as dielectric transductors,
sensitive towards small changes of temperature and pressure
values, that can even be easily modulated by appropriate ionic
substitutions.

4. Conclusions

The hybrid inorganic-organic [TPrA][M(dca);] (M: Fe**, Co**
and Ni*") compounds are singular materials with perovskite-
type structure. In these materials, [MNg] octahedral are linked
by p;s-dca bridges forming pseudo cubooctahedral cavities,
that hold TPrA cations inside. Remarkably, they exhibit multiple
phase transitions, that display up to three first-order structural
transition between four different polymorphs (I, Ia, Ib and II) in
a range of temperatures near room temperature (210-360 K).
This finding is in contrast with the analogous Mn compound
that only displays one first-order transition at T ~ 330 K.
Interestingly, these compounds also show multiple dielectric
anomalies that are related to their richer assortment of crystal
structures. Another aspect that should be emphasized is the
significant difference in the origin of the dielectric transitions
displayed by these (TPrA)[M(dca);] (M: Fe**, Co*" and Ni*")
compounds, and those previously reported for other hybrid
perovskites. In the case of these novel dicyanamide perovskite-
like compounds, the guest TPrA cations are non-polar and
cannot form H-bonds, so that the mechanisms associated with
the dielectric response are related to: (a) the contribution of a
cooperative off-shift of the guest TPrA cations inside the cavities;
and (b) order-disorder processes driven by the polar dca ligands.
In addition, we have studied the parallelism between the
effect of the external hydrostatic pressure (P < 2 kbar) and the
internal chemical pressure (by modifying the ionic radii and thereby
the tolerance factor) on the phase and dielectric transitions.

This journal is © The Royal Society of Chemistry 2016
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It is important to highlight that we can modulate the structural
and dielectric transition temperature as a function of external/
internal pressure: by increasing the external pressure or increasing
the M (perovskite B-site cations) ionic radii (decreasing the
tolerance factor), we can reduce the thermal stability of the
intermediate polymorphs Ia and Ib, and even suppress them.

Therefore, the hybrid perovskites [TPrA][M(dca);] (M: Fe**,
Co®" and Ni*") are unique multi-sensitive materials where their
multiple phase and dielectric transitions can be easily tuned as
a function of external pressures as well as by internal chemical
pressure. To our knowledge, these are the first examples of
hybrid inorganic-organic perovskite-like materials with multiple
dielectric transitions that offer easy temperature, pressure and
chemical modulation. In that event, these singular materials offer
potential interest for future technological applications such as
temperature and pressure sensing.
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