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The crystal structure has been determined for (CHzNH3),[KCo(CN)g] at temperatures 100 and 443 K. It crys-
tallizes in the monoclinic space group C2/c (LT) and in the cubic one Fm3m (HT). The dielectric response
has been investigated for single crystals of pure Kz[A(CN)e] and guest—hosts of (CH3NH=),[KA(CN)gl, where
A’ is a trivalent metal, Co or Fe. Their dielectric properties were measured in the frequency range between
135 Hz and 2 MHz in a wide temperature range between 200 and 460 K. The anisotropy of the electric per-
mittivity for single crystals of (CH3NH3),[KCo(CN)g] was analysed in terms of the crystal structure. The relax-
ation processes were observed in the case of the pure host KzFe(CN)s and the guest/host crystal
(CH3NH3),[KFe(CN)gl. The activation energies of the dielectric relaxation have been estimated to be equal to
44 and 40 kJ mol™ for (CHsNH=),[KFe(CN)gl and KsFe(CN)g, respectively. The mechanism of the phase tran-
sitions found at 425 K and 421 K for (CHzNH=),[KFe(CN)g] and (CHzNH=),[KCo(CN)gl, respectively, has been
postulated. From the dielectric losses the value of the electric ac conductivity has been estimated and ana-
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Introduction

The family of cyano-bridged coordination polymers (CPs),
which undergo transitions between the high and low dielectric
states upon a thermal stimulus, are promising materials with
potential application in electrical and electronics devices."”> A
good example of such materials is crystals with the perovskite-
type structure, where the organic-inorganic hybrids with the
general formula RMX; (where R - an organic cation, M - a
metal, X - a halogen atom) have the same crystal structure as
perovskite, MTiO; (M = Sr, Ca, Ba).> The best known com-
pound from this group is methylammonium iodoleadate
(MAPDI;), which when applied in photovoltaic systems shows
an extraordinarily large efficiency of solar light to electric
energy conversion, even exceeding that of the silicon or mixed
inorganic semiconductor systems.'”’” The carefully designed
cage compounds with organic guest molecules as cations may
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lyzed in terms of the activation process of the current carriers.

give materials where solid-to-solid phase transitions of
different nature, like the order-disorder or displacive one, can
be observed. However, it should be noted that the guests
should have relatively small dimensions and a spherical form
and be endowed with a dipole moment in order to observe the
dynamical effects. Moreover, the switchable guest cations in
the well-matched anionic host framework should possess a
relatively large freedom for rotation, i.e. they should have the
ability to jump between at least two energetically equivalent
positions. The reorientation of the polar guest may result in
the switch of the related physical properties, for example,
dielectric constant, non-linear optics, magnetic susceptibility
and electric polarization.®® Such a switchable dielectric
system, where the crystal structure is formed by periodical
arrangement both of the rigid and mobile components was
defined by Garcia-Gariabay as amphidynamic crystals, where
the prefix “amphi” means both sides. It may be understood
that the liquid and solid properties, i.e. molecular freedom
and rigidity/periodicity, are combined together.'® The cyano-
bridged coordination polymers (CPs) are classified as the elpa-
solite family'" a typical structural feature of which is the pres-
ence of octahedral groups, as shown in Scheme 1.

These materials have a double perovskite-type structure.
The cage framework is formed with the general formula:
[A’A"(CN)] (A’ - monovalent metal, K, and A" - trivalent

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Schematic procedure of the self-assembly of CPs crystals in
three-dimensional packed cages.

metal, Fe’*/Co®") and the cationic organic guest, which resides
in the cage. They represent another promising class of
materials with structural phase transitions."™'° Depending on
the chemical composition of CPs the crystals can undergo
transitions between the high and low dielectric states. It was
found that the mechanism of this phase transition is related
undoubtedly to a change in the dynamics of cations and to a
deformation of the inorganic sublattice.

Recently, CP crystals derived from K;Fe(CN)s with the
methylammonium cation as a guest molecule have been inves-
tigated.” The electric studies concerned, however, exclusively
a polycrystalline form of the compound. Encouraged by these
pioneering studies we would like to report the determination
of dielectric parameters for single crystals of (CH3;NH;),[KFe
(CN)e] (1) and an isostructural compound with iron replaced
by cobalt, (CH3NH;),[KCo(CN)¢] (2). The other important
purpose of our studies was the determination of the cationic
dynamical parameters. These parameters can be obtained on
the basis of the dielectric relaxation measurements. The
detailed analysis of the X-ray structural properties leads to a
discovery of the correlation between their microscopic struc-
tures and the dielectric and optical properties of their single
crystals.

Fig. 1
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Results and discussion

Single-crystal X-ray diffraction studies have been carried
out for (CH3NH;),[KCo(CN)s] (1) at 100 and 443 K.
Crystallographic data and structural refinements for 1 and 2
are summarized in Table 1S (ESI{). This compound and
(CH3NH,),[KFe(CN)e] (2)'* appeared to be isomorphic and
crystallize in the monoclinic space group, C2/c, in the low-
temperature phase (LT). The crystals, 1 and 2, undergo, during
heating, solid-to-solid reversible phase transitions at 421 and
424 K, respectively. The transition from the low-temperature to
high-temperature state is accompanied by a change of the
space group from the monoclinic C2/c to cubic Fm3m and the
number of symmetry elements of the crystallographic point
group increases from 4 (E, C,, i, o) to 48 (E, 8C;, 3C,, 6C,,
6Cy, i, 8Ss, 301, 604, 6S4). The asymmetric part of the struc-
tures and the shape of the cage structure, in LT and HT
phases, are presented in Fig. 1 and 2, respectively.

In both phases an anionic framework is formed by Co-
C=N-K units, in which the CH;NH;" cations are placed. Each
K" and Co®" ion is joined by six cyano groups (CN7) and, in
consequence, a three-dimensional cage is created. According
to Table 2Sa and 2Sb (see ESIf), in the LT phase the cobalt-
cyanide bonds within Co(CN)s®>~ moieties are strong and
covalent, while the K-N bonds are rather of ionic nature. The
Co" ion adopts a symmetric octahedral configuration (Co-C
equal to 1.8987(17), 1.9008(17) and 1.9074(18) A for Co(1)-
C(1), Co(1)-C(2) and Co(1)-C(3), respectively), although K' is
surrounded by six nitrogen atoms with significantly different
lengths of bonds (2.8181(16), 2.8534(14) and 2.8847(15) A for
K(1)-N(1), K(1)-N(2) and K(1)-N(3), respectively). The angles
between cyano groups and potassium cations CNK are also
different (132.02(13), 138.97(12), 152.85(13)°). This means that
the anionic cage-like framework is distorted. This deformation
results from the strong interactions between the guest mole-
cules and the framework. Based on Table 3S,f three strong
hydrogen N-H---N bonds between methylammonium cations
and cyanide anions are formed: N(4)-H(4A)---N(2)" (2.933(2) A,
155(2)°), N(4)-H(4B)---N(3)* (3.092(2) A, 140.6(15)°) and N(4)-
H(4C)--N(1) (2.911(2) A, 154(2)°).

b) co1

H2

N2

Independent part of the (CHzNHz3),[KCo(CN)gl: (a) low-temperature (LT) and (b) high-temperature (HT) phases.
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a)LT C2/c

Fig. 2 Structures for LT and HT phases of (CH3NH3),[KCo(CN)el. The
disordered organic cations and the host framework are presented by
ellipsoids.

In the vicinity of the phase transition the differences in
crystal structure are reflected in the geometries of the host-
framework and the organic guest. At 100 K, in the monoclinic
space group, the edges of the cage (Co---K) are in the range of
5.8704-5.9461 A and angles of the inorganic framework
(£CoKCo) are between 97.76 and 92.06°. In the cubic phase
the cage’s edges are becoming a little shorter and equal to
each other (5.694 A), the angles ~CoKCo become equal to 90°.
The length of the N---K bonds changed from ~2.9 A to 2.716 A.

These data proved that the displacement of the K" cation
and cyanide anions and hence the ionic nature of the K:--N
bonds are the main reason for the contraction of the crystal
lattice upon heating. In the LT phase, the organic guest-
cations are totally frozen and distinguishable. However, the
relatively large atomic displacement parameters indicate the
existence of a certain degree of static disorder. In the unit cell,
eight (CH3;NH;") cations are present having four orientations
of dipole moments in mutually opposite directions (see Fig. 3).
In the host-framework, also the CN™ bridges are ordered in
the low-temperature phase, whereas in the high-temperature
phase the cyanide anions are disordered over four sites (see
Fig. 2). Contrarily, in the HT phase the guest’s cations are
highly disordered over 12 sites by the imposed cubic
symmetry.

The thermal stability of the examined crystals was studied
by means of a simultaneous thermogravimetric analysis (TGA)
and differential thermal analysis (DTA) between 300 and
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Fig. 3 Packing diagrams viewed along the c axis and cage structures of
1 at 100 K (LT). The (CH3zNHz") cation is ordered over four sites at 100 K,
and the arrows present the dipole moments in the crystal lattice.

900 K. On the DTA curves two strong endothermic peaks have
been found both for 1 and 2 crystals (Fig. 1Sa and bt): the
sharp peak at 420 K and the broad one at ca. ~500 K. The
former peak in both compounds is not accompanied by any
change in the sample’s initial mass and is attributed to the
solid-to-solid phase transition at 421 and 424 K (heating) for
1 and 2, respectively. These peaks were also observed by DSC
measurements (Fig. 4). The latter anomaly in TGA/DTA corres-
ponds to the melting and complete decomposition of the crys-
tals. Based on the TGA/DTA results, we can state that in the
temperature range in which the DSC and electric permittivity
have been measured, the loss of the sample mass was inconsi-
derable. Moreover, this means that we may assume that the
sample was also stable in the dielectric measurements up to
465 K.

a) (CH,NH,) [KCo(CN) ] (1)
Tc=' 421K

Heat flow — endo

Izomw

X0 —

400 405 410 415 420 425 430 435 440
Temperature [K]

Fig.4 DSC curves for (a) (CHzNH3),[KCo(CN)e]l (1) and (b)
(CH3NH3),[KFe(CN)el (2) crystals. Arrows show the directions of runs
(cooling or heating).
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Fig. 5 The phase front observed during the phase transitions upon
heating cycle: (a) (CH3NHz),[KCo(CN)¢l (1) and (b) (CH3NH3),[KFe(CN)gl
(2). The projection is along the [101] direction.

Table 4St contains the thermodynamic information about
the phase transition for the crystals, both 1 and 2. The shape
of the thermal anomaly and the presence of the temperature
hysteresis in the DSC curves (AT = 4 K) clearly indicate the dis-
continuous character (first order) of the transition from the
orientationally ordered (LT) to a disordered (HT) phase. The
observation of a phase front in the images obtained using the
polarized light microscope (Fig. 5) and the values of thermo-
dynamic functions (Table 4S¥) prove the first order character
of the structural phase transition at 421 and 424 X of the crys-
tals (1) and (2). In the case of these crystals, strong defor-
mation was observed. Therefore, invertibility of the transition
was difficult to observe. Nevertheless, the thermal results and
electric response measured upon heating and cooling cycles
proved that deformation occurred rather on the surface than
in the entire volume of the crystals. For pure K;Fe(CN), and
K3Co(CN), host-crystals no phase transitions have been found.

Based on information from the literature and the results
obtained in this work for the CP perovskite-like crystals exhi-
biting structural phase transitions, the dynamics of organic
guest-cations plays a crucial role in their mechanisms. The
mechanism of the phase transition can be defined as the

This journal is © The Royal Society of Chemistry 2017
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order-disorder type. According to crystallographic data in the
HT phase the guest molecule showed the dynamical disorder
with the 12 equivalent positions; however, it should be noted
that from the X-ray data it cannot be deduced if the disorder is
statistical or dynamical. On the other hand, the dynamical
nature of the molecular disorder may be deduced on the basis
of a thermal analysis (DSC). The Boltzmann equation, AS ~
RIn(N), where R is a gas constant and N is the ratio of the
number of equivalent orientations in the HT phase, gives, in
the case of the perovskite cages with the methylammonium
cations as the guests, an N value equal to 12 (see Table 4S,T
N = 14.7 and 15.1 for 1 and 2, respectively). The obtained
N value, greater than 12, may suggest that not only a change in
the cationic but also in anionic dynamics should be taken into
consideration. The general conclusion, with regard to the
crystal structures, is that the phase transition behavior in crys-
tals 1 and 2 is modulated by the match of the encapsulated
guest cations and the host frameworks.

The cationic/anionic disorder should affect the dielectric
response of the crystals. Therefore, the main purpose of this
work was to carry out the electric measurements of single crys-
tals (1 and 2) and the pure hosts as a function of temperature
and frequency. Fig. 6 presents the dielectric response of
(CH;3NH;),[KCo(CN)s] (1) measured along different crystallo-
graphic directions. The first observation was that the relative
permittivity of (1) is anisotropic, which means a strong depen-
dence of ¢ on the direction of the applied field. The highest
value of ¢’ is observed along the crystallographic [010] axis (red
line in Fig. 6a and b). For directions other than [010], the elec-
tric permittivity is smaller, but the change at the phase tran-
sition temperature is still significant. The increment, Ag,
measured at 1.5 kHz and 2 MHz almost equals 40 and 30,
respectively.

As is presented in Fig. 6, in the vicinity of 420 K the high
temperature transition is accompanied by a single jump of the
dielectric constants. This observation is similar for both
organic-inorganic hybrids (Fig. 7 and 8). Fig. 2S and 3St
present the dielectric permittivity measured for pure hosts
K;Co(CN)s and K;Fe(CN)s.

In the LT as well as HT phases no dielectric relaxation
process has been found for crystal 1. But a large contribution
of the ac conductivity, especially in the HT state in the fre-
quency range between 135 Hz and 1 kHz, is visible. This
means that in this temperature range the relaxation process is
retarded, probably because of the rigidity of the crystalline
lattice. For both crystals (1 and 2), the measurements were
scrutinized on cooling and heating and the corresponding
runs are reversible (see the inset in Fig. 7a and 8a), while for
crystals of (CH3;NH;),[KFe(CN)e] (2), the dispersion of electric
permittivity appears in the range of frequencies between
135 Hz and 2 MHz over the temperature interval from 280 K
up to the phase transition temperature (7, = 424 K). It should
be emphasized that the dielectric relaxation was also observed
for pure host crystals of K;Fe(CN) (see Fig. 3Sa and bf).

In order to illustrate the dielectric relaxation process, in
this crystal, the frequency dependencies of the real and ima-

Dalton Trans., 2017, 46, 2322-2331 | 2325
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Fig. 6 The temperature dependence of relative permittivity of

(CH3NH3),[KCo(CN)gl (1) measured with the ac field at the frequency of
(@) 1.5 kHz and (b) 2 MHz; Ae describes the permittivity increment
measured for crystallographically oriented single crystals.

ginary parts of the electric permittivity (¢* = ¢ — i¢") in the
temperature range are presented in Fig. 9a and b. This is the
temperature range where the dielectric dispersion and absorp-
tion are significant. In the LT phase the maxima of the absorp-
tion slightly decrease in value and move with temperature
towards high frequencies (see Fig. 9b). In the whole tempera-
ture range our analysis proves that dielectric absorption can be
described by a four-parameter Cole-Cole function:"’

&y — €x
1+ (iwz)' ™

(1)

& =¢€w +

where ¢, and ¢, are the low and high frequency limits; w is the
angular frequency (w = 2xf, f{Hz]); = is the macroscopic relax-
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ation time and « is a parameter which represents a measure of
the distribution of relaxation times.

On the basis of eqn (1) the macroscopic relaxation time was
estimated by fitting the calculated real and imaginary parts of
the electric permittivity to the experimental data in the fre-
quency range between 135 Hz and 2 MHz. From Fig. 10 it may
be concluded that the temperature behavior of the relaxation
times obeys the Arrhenius equation, 7 = 7, exp(Es/kT), where 7,
is the high temperature limit of the relaxation time and E, -
an activation energy for the dielectric relaxation process. Based
on this equation, the activation energy for (2) equals 44 =
4 [k] mol™"]. The Argand’s diagrams for selected temperatures
are presented in Fig. 11, from which it is clear that the plots
are close to the Debye semi-circles. The distribution of the
relaxation times is almost constant for all the applied tempera-
tures and the a parameter varies between 0.18 and 0.12, which
may suggest that the distribution of the relaxation times
within the orientationally ordered (LT) phase is very narrow
and the dielectric relaxation observed indicates practically
monodispersive nature.

Another interesting feature of the Argand’s diagrams is the
low-frequency tail, which can be observed above ca. 351 K
(Fig. 11b). In the low frequency range, the increase in the
dielectric permittivity is, in our opinion, combined with the ac
conductivity, o,., of the sample.

This is our first study on the conductivity in perovskite-type
CPs and our purpose is to scrutinize the ac conductivity in
order to describe the expected semiconductor properties of
this compound. The contribution of ac conductivity increases
with temperature and dominates in the dielectric response of
the HT phase (Fig. 11e).

The ac conductivity at different frequencies and tempera-
tures was determined from the dielectric absorption data. The
conductivity dispersion phenomenon in solids can be analysed
based on Jonscher’s law:*°

total
ac

6P = ghe" a1 = Gde + AD" + £0€"1ora1®, [S M ] (2)
where o4, corresponds to the direct current conductivity,
which as a material property should be independent of fre-
quency; the second component describes the ac conductivity
and A is the temperature dependent constant; 0 < n < 1 is the
power exponent; and w = 2xf (f [Hz]) is the angular frequency,
and g, is the vacuum permittivity. The third component
defines dielectric losses related to the dielectric relaxation
process and its contribution can be evaluated from eqn (1).
The frequency dependence of the ac conductivity in the
log-log scale is depicted in Fig. 12. For crystals with the semi-
conductor properties the ac contribution (A»") is observed as a
straight line with a slope equal to n. The n values were esti-
mated by using eqn (2) for the frequency interval between
135 Hz and 1000 Hz, although the purpose of our analysis was
not fitting all parameters in Jonscher’s equation, but only esti-
mation of the dominant phenomenon affecting the electric
response. The n coefficient represents the degree of interaction
of mobile ions/electrons. It is known that the conductive

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 The temperature dependence of (a) the real part, ¢, and (b) the imaginary part, ¢”, of the electric permittivity for the (CHzNH3),[KCo(CN)g] (1)

complex along the [1 0 1] direction.

mechanism can be understood from the temperature and fre-
quency dependency of n. In order to ascertain the way of con-
ducting in the material, various models have been proposed.*
If the exponent n is temperature independent but frequency
dependent, then the quantum mechanical tunnelling (QMT)
model should be taken in account.”*** If the n value is both
temperature and frequency dependent and a strong increase in
ac conductivity with increasing temperature is observed, then
the migration of carriers should be described by the overlap-
ping large-polaron tunnelling (OLPT) model.*® The variation of
the exponent n as a function of temperature is presented in
the inset in Fig. 12. The character of the n coefficient vari-
ations suggests that the observed ac conductivity can be
explained by the correlated barrier hopping (CBH) model. This
model was initially developed by Pike®” for single-electron
hopping and extended to two electrons by Elliot.*®*°
According to this model the charge transport is between two
localized states due to a hopping over potential barriers and
the exponent n should decrease with increasing temperature.

Conclusions

The aim of our studies was to describe the crystal structure
and analyse the dielectric response of the single crystals
(CH3NH;),[KFe(CN)s] (1) and (CH3NH;),[KCo(CN)s] (2) and
explain the crystal dynamics as well as propose models for the
organic cation motions in the guest-host crystal lattice. These
novel hybrids are composed of the inorganic [M(CN)]*~ (M =
Fe**, Co®") part and the organic cation of the methylamine
(CH3;NH;"). The architecture of the structure remains a
cage compound, where the host-framework is constituted by
the inorganic Fe/Co-C-N-K units and the organic cations
reside in the guest position. The bonds in the octahedral units
Fe/Co-CN are strong, covalent and ionic ones in the fragment
of K'-NC. The assembled structure resembles the double per-
ovskite-type, named also cyano-elpasolite with general formula

This journal is © The Royal Society of Chemistry 2017

A,[B'B"(CN)g], where A is organic cation, B’ is monovalent and
B” is trivalent metal.

In order to have a better understanding of the dielectric be-
haviour of the tuneable compounds, the frequency and temp-
erature dependencies of the dielectric properties of cyano-
bridge CPs were investigated in the frequency range between
135 Hz and 2 MHz. Most crystals of the elpasolite family
undergo phase transitions from the high-symmetry cubic
phase to various distorted low symmetry phases.’>*" In crystals
1 and 2 the structural phase transitions have been found at
421 and 424 K (on heating), respectively, by using thermo-
dynamic methods. During the transition, a change of the
space group from C2/c to Fm3m is observed. The phase tran-
sitions found are of the first order. No phase transitions have
been found in the case of pure host-framework crystals.
Thermal analysis revealed the order-disorder feature of the
solid-to-solid transition. Therefore, the mechanism of the
phase transition (at 421 K for 1 and at 424 K for 2) is consist-
ent with the crystal structure determined in the HT phase
using the X-ray method. In the crystal structure determined for
both 1 and 2 the 12 equivalent positions (N) for two formal
methylammonium cations in a mole of the compound have to
be assumed. The large value of entropy and, by extension, the
number N suggest also the contribution of the inorganic
framework dynamics to the transition. Therefore, we have
carried out the dielectric measurements for the pure cage crys-
tals, K3Fe(CN)e and K3Co(CN)s as well, in order to determine
their contribution to crystal dynamics observed in the dielec-
tric response of the guest-host crystals of 1 and 2 (see Fig. S2
and S37). In the case of crystals (2) with Fe’" the dielectric
relaxation process was observed for both pure-host and guest-
host systems. Fig. 4ST depicts the comparison of the real and
imaginary parts of the permittivity versus temperature at a fre-
quency of 1 kHz. The dielectric relaxation, as can be seen from
Fig. 4S,T begins at 280 K for the pure host and at 340 K for (2),
so the relatively slow reorientations of the organic cations and
probably inorganic anions are revealed already in the LT
phase. The shift of the temperature by 60 degrees of the guest-

Dalton Trans., 2017, 46, 2322-2331 | 2327
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host crystals with respect to the pure host ones is probably due
to the interaction through two strong hydrogen bonds between
the organic-guest cations and nitrogen atoms from cyanide
groups of the cage framework. The parameters of the Cole-
Cole equation were fitted to the experimental data for both the
compounds, pure K;Fe(CN)s and (2). The estimated activation
energies differ insignificantly, 40 k] mol™" (0.415 eV) and 44
kJ mol ™ (0.456 eV) for pure-host and 2, respectively (see Fig. 10).
The small increase in the energy value in the case of the
guest-host crystal points to the possible impact of the organic
cations on the inorganic sublattice dynamics. It should be
emphasized that the above described dielectric relaxation has
not been observed for crystals 1 (with Co atoms instead of Fe).
This observation is related to both the pure-host and host-
framework crystals. According to the crystal data both pure
host K3Co(CN)s and K3Fe(CN), crystals display polytypism and
the existence of 1M, 3M, 7M (one-, three-, seven-layer mono-
clinic) and 20r, 40r (two-, four-layer orthorhombic) phases
was reported.’*** Generally, we can conclude that the increase
in nuclear charge of the central atom in the series Mn-Fe-Co
causes a decrease in the ligand-metal bond lengths and, in
consequence, an increase in bond strength. This was also
proven by the rise of the Mun, re, coj-C infrared frequencies
for the hexacyanides on going from Mn(m) to Co(m), which
also proves the increase in bond strength.?* Also, in this series,
there is a decrease in the lengths corresponding to the K:--N
bonds. This can explain why the relaxation processes could
not be observed in the case of crystals with Co as a central
metal. Additionally, the observation of only one doublet in the
>’Fe Mossbauer spectrum proved that in the (K;Fe(CN)g)
crystal, in both the phases monoclinic and orthorhombic, only
one crystallographically equivalent position exists for the iron
atoms.>> Therefore, we can connect the dielectric relaxation
with the movement of K' ions either in the host framework or
the guest-host crystal. Taking into account the dielectric
results obtained for temperatures around the phase transitions
it should be noted that the dielectric dispersion and absorp-
tion observed in the low temperature phase in the case of the
Fe (2) crystals has to be assigned exclusively to the pure cage.
However, in both types of crystals (1, 2) on heating we have
observed a jump-like increase in the electric permittivity (the

b)
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real part) at phase transitions, particularly at high frequencies.
In accordance with the structural changes postulated from the
X-ray data this increase is related to the release of the organic
cation rotations. Most likely the movements of cations in the
electric field are quite fast and the dielectric relaxation should
be observed at higher frequencies than those applied in our
experiments (f> 2 MHz).

It should be noted that at low frequencies in the dielectric
results of K;Fe(CN)g and 2 the contribution of the frequency
dependent ac conductivity, c,c, has been found (Fig. 12). This
effect is most probably related to the electron-ionic conduc-
tivity of the cage structure. This is supported by the similar
effect of the conductivity contribution in the dielectric results
observed both for the guest-host crystals and for the pure
cage, particularly at low frequencies. Fig. 13 illustrates the

This journal is © The Royal Society of Chemistry 2017
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Fig. 13 Temperature dependence of ac conductivity (in the log scale)
at one frequency (f = 1 kHz) for (2) and the pure host KzFe(CN)s. The
dashed lines are the linear fit.

temperature dependence of ac conductivity at a frequency
equal to 135 Hz. It is very clear that an addition of the organic
cations affects the order of magnitude of ac conductivity. The
activation energies, calculated from the Arrhenius relation-
ship, are found to be equal to 22 [k] mol~'] (0.22 eV) for 2 and
24 [k] mol™"] (0.25 eV) for a pure-host, respectively. It is worth
noting that the activation energies for the relaxation process
are twice as large as that obtained for o,.. This suggests that
different phenomena are responsible for the relaxation and
conduction processes.

On the basis of the observations under a polarizing micro-
scope one can state that the structural phase transition has
martensitic character in both crystals. On heating the single
crystals, the nucleation of the new (low temperature) phase
appears at different places of the crystals. This conclusion was
also drawn on the basis of the results recently presented by
Piecha-Bisiorek et al.®, where the martensitic transition of the
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non-metallic sample was claimed. The detailed description of
the phase transition mechanisms in this type of crystal on the
basis of both the crystallographic data and the images of TEM
microscopy we are going to present in the near future.

The crystals show anisotropy of the dielectric properties
(see Fig. 6a and b), which is surely connected with the rela-
tively low symmetry of the crystal (C2/c). The largest value of
the real part of the electric permittivity has been observed
along the b-axis. The dimensions of the single crystals
obtained for 2 were too small to confirm the dielectric an-
isotropy for this compound. Nevertheless, taking into account
the isomorphism of the crystals 1 and 2 and their structural
phase transitions found at similar temperatures, one can
assume similar dynamics in both crystals. Finally, one can
state that the embedding of the guest molecule (here the
methylammonium cation) modifies both the crystal structure
of the cage and their dielectric response. The greatest changes
were observed along the b axis, where the dipole moment pro-
jection of the organic guest is the largest. The contribution of
the organic cations to the dielectric response in crystals 1 and
2 occurs only in the high temperature phase.

Experimental
Sample preparation

Single crystals of the methylammonium derivatives
(CH3NH;3),[KCo(CN)g] (1) and (CH3NHj3),[KFe(CN)g] (2) were
prepared by a reaction of methylamine hydrochloride (Sigma,
>98%) with K3;Fe(CN)s (Sigma-Aldrich, ACS reagent, >99.0%)
and K3Co(CN)s (Sigma-Aldrich, >97.0%) in a molar ratio of
3:1. In the case of (1), 0.012 mol of K3Co(CN)s and 0.036 mol
of CH3NH;Cl were dissolved in distilled water (~50 ml), and
for crystal (2) 0.012 mol of K3;Fe(CN) was added to 0.032 mol
of CH3NH;Cl in an aqua solution (~50 ml). After a few days
pale yellow crystals of (1) and deep red crystals of (2) were
obtained, and the yield of the synthesis was ca. 70%. The crys-
talline product was then only once recrystallized from de-
ionized water, because in the case of the crystal with Fe, mul-
tiple crystallization causes the formation of Prussian Blue. The
dimensions of the single crystals chosen for either crystallo-
graphic or dielectric measurements were of course different
and suitable for a particular method. The purity of the com-
pounds was confirmed by an elemental analysis. The mass per-
centages were for (CH3;NH,),[KFe(CN)s]: N 35.01% (35.6%);
C 30.1% (30.5%); H 3.6% (3.8%), and for (CH;NH;),[KCo(CN)g]:
N 34.9% (35.2%); C 30.02% (30.2%); H 3.5% (3.8%). The values
in brackets are theoretical.

Thermal analysis

Differential scanning calorimetry (DSC) spectra were recorded
with a PerkinElmer DSC 8500 in the temperature range
between 298 and 450 K with a ramp rate of 20 K min~". The
TGA and DTA measurements were performed using a Setaram
SETSYS 16/18 instrument between 290 and 700 K with a ramp
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rate of 5 K min~". The scan was performed in flowing nitrogen
(flow rate: 1 dm® h™).

Dielectric measurements

The complex dielectric permittivity, e* = ¢’ — ie", was measured
by using an Agilent 4284A Precision LCR Meter in the fre-
quency range between 100 Hz and 2 MHz and in the tempera-
ture range between 100 and 450 K with a scan rate of 4 K
min~" (on heating and cooling). In order to obtain the electric
permittivity anisotropy the crystal (1) was measured in three
crystallographically oriented directions: [010], [101] and [111].
The geometry of the sample was as follows: [010] S = 4 mm?,
d = 0.84 mm, [101] S = 8 mm®, d = 1.34 mm and [111] § =
4 mm?®, d = 1.54 mm. In this part of the measurements silver-
paste was used as the electrode. The crystal (2) was measured
in one direction [101], and the dimension of the sample was
S =15 mm?, d = 1.0 mm. Electric properties of two pure host in-
organic frameworks K;Co(CN), and K3;Fe(CN)g were scrutinized
in the direction [101], and the dimensions of the samples were
equal to S = 15.5 mm>, d = 0.6 mm and S = 8 mm?®, d =
1.33 mm, respectively. The copper-foil measuring electrodes
were affixed to the prepared crystals. The overall error in the
estimation of the real and imaginary parts of the complex elec-
tric permittivity was about 5%. The activation energies of relax-
ation processes were estimated from three independent dielec-
tric measurements.

Optical properties

The crystals were observed by means of an Olympus BX53
optical polarized light microscope. The samples were placed
on a LINKAM THM-600 heating/cooling stage. In the vicinity
of the phase transitions the scan rate was 1 K min™" (upon
heating and cooling cycles).

Crystal structure determination

The crystallographic measurements were performed using a
Kuma KM4CCD four-circle diffractometer with the graphite-
monochromatized MoKa radiation. The data sets were col-
lected at 100 and 443 K using an Oxford Cryosystems cooler.
Data reduction and analytical correction for absorption were
carried out with the use of the CrysAlisPRO program using a
multifaceted crystal model based on the expressions derived
by Clark and Reid.*® The crystal structures were solved by
direct methods with the SHELXT®” program and refined by a
full-matrix least-squares method on all F* data using the
SHELXL program.®® All heavy atoms were refined with an-
isotropic temperature factors. The H atoms were located from
the molecular geometry and their isotropic temperature factors
Usso were assumed to be 1.2 times the U,q of their closest heavy
atoms. Crystallographic data and structural refinements for
1 and 2 are summarized in Table 1S (ESIf). The structures
reported in this paper (excluding structure factors) have been
deposited with the Cambridge Crystallographic Data Centre,
CCDC numbers: 1508843 and 1508844. All crystal structure
figures were prepared using the Olex2 software.*”

This journal is © The Royal Society of Chemistry 2017
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