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Abstract: Extended Goldschmidt tolerance factor t is applied
to the hybrid double perovskites (MA)2[B’B’’(CN)6] (MA =

methylammonium cation) to predict and screen dielectric
transitions in 121 compounds through the correlations among
t, the radius of the B component rB and the transition
temperature Tc, based on experimental results from model
compounds. For (MA)2[B’Co(CN)6], it is concluded that:
i) when t> 0.873, the cubic phase would be stable below 298 K;
ii) when 0.873> t> 0.805, the cubic phase would be stable
between 298 and 523 K; iii) the larger the rB, the higher the Tc of
the perovskite (Tc

1/2/ rB); and iv) the Tc of the hybrid
perovskites can be well tuned by doping the B components.

To predict and design solid-state materials with specific
properties is one of the central goals in chemistry and
materials science. Much effort has been devoted to this
direction such as the bottom-up strategy that exploits well-
defined building-blocks and/or supramolecular synthons[1,2]

and the materials genome approach that relies primarily on
high-throughput computational design.[3] Although these
practices have already achieved great successes, their further
developments and applications are still facing great chal-
lenges mainly from the establishment of explicit structure–
property relationships which needs deep understandings of
the related physical problems in real solid materials.[3e] In this
sense, semi-empirical rules that are extracted from exper-
imental facts of series of compounds are still highly effective
to guide the prediction and design of desired properties in
particular structures.

Dielectric transition or switchable dielectric constant is
a structural phase transition-triggered property and corre-
sponds to a dielectric switching between low- and high-
dielectric states because of the motional changes of polar
components between static and dynamic phases.[4] Molecular
materials with dielectric transitions are a type of stimuli-
responsive materials and would find potential applications in
smart devices as switches, sensors, actuators and so on.[5,6]

Recently, we have revealed the switchable dielectric behav-
iors in hybrid organic-inorganic double perovskites A2[B’B’’-
(CN)6] where A is the polar organic cation, B’ is the alkali
metal ion and B’’ is the trivalent Fe or Co ion.[4a–d] In this type
of compounds, the characteristic anionic [B’4B’’4(CN)12] host

cage exerts internal (chemical) pressure on the dynamical
changes of the polar guests that are directly associated to the
occurrence of the dielectric transition. It is supposed that the
explicit relationship between the perovskite structure and the
dielectric transition property, especially the transition tem-
perature (Tc), in these materials can be well established.
Herein we report a study on the prediction and screening of
dielectric transitions in a series of hybrid organic-inorganic
double perovskites via an extended tolerance factor
approach. Extension of the semi-empirical tolerance factor
(t) to the hybrid organic-inorganic perovskites is firstly
addressed. Correlations among the Tc, t and ionic radius (r)
in hybrid double perovskites are then established and applied,
based on the experimental results from model compounds.

In recent years, hybrid organic–inorganic perovskites, as
a large family of solid-state compounds related to the
inorganic perovskites[7] with ABX3 stoichiometry in which
A is the molecular cation, B is the metal cation and X is the
anionic bridging ligand (e.g. halide ion, cyanide, formate,
azide, etc.), have drawn much attention because of their rich
photovoltaic, conducting, optical, electrical and magnetic
properties, together with easy processibility and cheap-
ness.[8–13] When taking the ABX3 as a structural module,
expansion of the ABX3 to (ABX3)n can be made by
a sequence-controlled manner like that in polymers,[14] cover-
ing the most extensively studied single perovskites (n = 1),
commonly known as perovskites, double perovskites (n = 2),
triple perovskites (n = 3) and up to n-tuple perovskites
(Scheme 1a). The tolerance factor t, introduced first by
Goldschmidt,[15] is mostly used to define the stability of the
ideal cubic phase (undistorted phase, t = 1) and evaluate the
degree of the distortion deviated from the cubic phase
(Scheme 1b). It is naturally modified for the use in inorganic

Scheme 1. a) Expansion of the perovskites. For simplicity, the A
component is omitted and the packing of the BX3 modules is
illustrated only in one dimension; b) Definition of the Goldschmidt
tolerance factor t as a ratio of two distances. The A and B components
are described by the effective crystal radius r while the X component is
treated as a rigid cylinder (2rX*hX).
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double perovskites.[16] Very recently, Kieslich and Cheetham
extend the factor to hybrid single perovskites.[17] Further
extension is herein made in a similar way to the hybrid n-tuple
perovskites (Table S1). In the case of hybrid double perov-
skites A2B’B’’X6, the t is formulated as

t ¼ p2 ðrA þ rXÞ=ðrB0 þ rB0 0 þ hXÞ ð1Þ

where r is the effective radius of A, B or X (cross section) and
h is the effective height of the rigid cylinder of X.

It is known that structural phase transitions in the hybrid
perovskites are diverse, which are caused by tiltings and
distortions of the anionic octahedra, displacements and/or
ordering–disordering of the A and B ions.[18] The complicated
structural origins pose great challenges for predicting and
screening phase transition-triggered properties. Fortunately,
when focusing on the cubic-distorted phase transition, the
t becomes a good descriptor to quantitatively describe the
lattice distortions that are driven by interionic bond strains. In
this communication, we focus on the hybrid double perov-
skites (MA)2[B’B’’(CN)6] (MA = methylammonium cation)
to show the correlations among the Tc, t and rB. Three model
compounds, i.e., B’/B’’ = Na/Co for 1, K/Co for 2 and Rb/Co
for 3, were synthesized and experimentally characterized.

Compounds 1–3 were block-like crystals and keep stable
till the onset of thermal decompositions above 530 K (Fig-
ure S1 in the Supporting Information). Differential scanning
calorimetry (DSC) measurements show 1–3 undergo rever-
sible phase transitions at 200 K (Tc1) and 260 K (Tc2) for 1,
423 K for 2 and 485 K for 3 (Figure 1a and S2). The calculated
entropy changes DS are 18.8 J mol¢1 K¢1 at 200 K and
15.5 J mol¢1 K¢1 at 260 K for 1, 47.7 J mol¢1 K¢1 for 2, and
40.2 J mol¢1 K¢1 3, indicating that the phase transitions are of
the order-disorder type. Meanwhile, IR and/or Raman spectra
were measured on 1–3 (Figure S3). The characteristic C�N
and N¢H vibrations centered around 2120 and 3180 cm¢1,
respectively, are relatively sharp and/or split in the low-
temperature phase (LTP) and become broad and/or merged

in the high-temperature phase (HTP).[19] These changes
indicate the local environments around the groups are
distinguishable in the LTP and indistinguishable in the HTP
because of rotation-induced averaged field, corresponding to
the order-disorder transitions of the crystals.

Dielectric constant measurements on crystal samples of 1–
3 show striking dielectric transitions between the high and low
states at 250 K for 1, 423 K for 2 and 485 K for 3, respectively,
consistent with the DSC data (Figure 1b and S4). At 1 MHz,
the three compounds have the same values of dielectric
constant e’ (the real part of e, e = e’¢ie’’) of about 6 in the low-
dielectric state while in the high-dielectric state, the e’ values
of 1–3 are obviously different, i.e., about 24 for 1, 21 for 2 and
20 for 3. Another feature of the dielectric transitions is the
rapid changes of the dielectric constant around the transition
points, indicating a sharp switching property. Higher-fre-
quency dielectric responses of 1 and 2 were also studied in the
range 1–1640 MHz (Figure S5). With the increase of the
frequency, both the values of e’ and the changes of e’ between
the two phases gradually decrease. From the e’-frequency
curves, it is found the e’ values of the HTP decrease quickly
above 10 MHz, indicating the frequency of the electric field
begins to be comparable with the reorientational rate of the
dipoles.

The phase transitions in 1–3 were structurally analysed by
variable-temperature X-ray diffraction. Taking 2 for example,
in the HTP (463 K), it crystallizes in the cubic space group
Fm3̄m with a = b = c = 11.454(6) è, showing an ideal double-
perovskite structure (Figure 2a). In the anionic cage [K4Co4-
(CN)12], the MA cation shows a highly orientational disorder.
This is very similar to the well-studied (MA)(PbI3) perovskite
in the HTP where there are three major models for the
possible configurations of the MA cation in the anionic cage:
i) face ([100] orientations); ii) edge ([110] orientations); and
iii) corner ([111] orientations).[20] The model (i) is adopted in 2
and the indistinguishable C and N atoms are refined as N
atom. Besides the highly orientationally disordered MA

Figure 1. a) DSC curves upon heating and b) the real part of dielectric
constant measured at 1 MHz on single crystals along the <100>
direction of the cubic phase of 1–3.

Figure 2. Cages and packing structures of 2 in the a) HTP and b) LTP.
The highly disordered MA cation in the HTP is refined as N atom.
Hydrogen atoms are omitted for clarity. Dotted lines represent hydro-
gen bonds.
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cations, thermal oscillations of the rigid Co(CN)6 are evi-
denced by the large anisotropic thermal vibrations of the N
atoms of the CN groups (Table S5). In the LTP (293 K), 2
shows a drastic structure change by adopting the monoclinic
space group C2/c. The cells of the HTP and LTP are related by
a transformation matrix (Figure S6). The highly distorted
version of the perovskite structure is characterized by the
tilting of the rigid Co(CN)6 unit, distortion of the relatively
labile KN6 octahedron, displacement of the K ion and the
totally ordered MA cation (Figure 2b). The anionic cage
[K4Co4(CN)12] becomes irregular in which the MA cation is
anchored by weak hydrogen bonds between the NH3 and CN
groups (Table S4). It is noted that the polar MA cations in the
lattices show the characteristic paraelectric- and antiferro-
electric-like arrays in the HTP and LTP, respectively, which
would give a hint to settle the dispute on the ferroelectricity in
(MA)(PbX3) (Figure S7).[21] Compounds 1 and 3 adopt Fm3̄m
and C2/c space group, respectively, at 293 K (Figure S8, S9
and Table S2). Unfortunately. theirs structures after phase
transitions cannot be obtained. The two compounds are
supposed to undergo similar structure changes to 2 between
the ideal cubic and distorted phases, abiding by the general
rule of temperature-dependent symmetry changes in perov-
skite structures (Figure S10).[8, 22] For example, the cell
parameters of 1 in the intermediate-temperature phase
(213 K) are indexed as a = 10.944(4) è, b = 10.944(4) è, c =

10.975(6) è, and a = b = g = 9088 with a primitive tetrahedral
system.

Based on above measurements and theory of dielectrics,
the dielectric transitions in 1–3 can be well explained.[23] In the
low-dielectric state, the polar MA cations are totally ordered
and make no contribution to the dielectric constant. Around
the Tc, the MA cations become disordered by undergoing
dipolar reorientational rotations, corresponding to a static–
motional transition. This type of dynamic changes have been
revealed in the attracting perovskite analogues (MA)(PbX3)
(X = halide).[20b,24] With the contribution of the dipolar
reorientations, the e’ values jump to the high-dielectric state.
For 1, it shows an additional small dielectric change of about
1.3 at Tc1 = 200 K that is supposed to come from structural
rearrangement of the anionic framework. A further solid-
state NMR study on the local dynamic changes of the MA
cations and the octahedral anions is now under way.

It is clear that in 1–3 the dielectric transition that is
triggered by the cubic-distorted phase transition can be
described by the tolerance factor. For the hybrid double
perovskites (MA)2[B’B’’(CN)6], Equation (1) is expressed as:

t ¼ 513:283=ðrB0 þ rB0 0 þ 395Þ ð2Þ

by adopting the effective radii from Shannon[25] and Kieslich
and Cheetham.[17,26] With the combination of 11 B’(I) and 11
B’’(III) metal ions, the t values of 121 compounds are
calculated, being 0.886, 0.834 and 0.815, respectively, for 1–3
(Figure 3a, S11 and Table S6). Furthermore, a linear relation-
ship between the rB’ and Tc

1/2,

rB0 ¼ ¢19:53þ 8:39T1=2
c ð3Þ

is fitted on the experimental data of 1–3 (Figure S12). It is
based on the fact that the Tc is proportional to bond-strain
energy DUs which triggers the cubic-to-distorted phase
transition while the DUs is proportional to (dBX¢dAX/

p
2)2

where dBX = 0.5 × (rB’ + rB’’ + hX) (Scheme 1b).[27] Thus, the
relationship between the t and Tc

1/2 can be derived from
Equations (2) and (3) (Figure 3b).

From these results, it is concluded that: i) when t> 0.873,
the cubic phase would be stable below 298 K; ii) when 0.873>
t> 0.805, the cubic phase would be stable between 298 and
523 K (assumed decomposition temperature); iii) the larger
the rB, the higher the Tc of the perovskite (Tc

1/2/ rB); and
iv) the Tc of the hybrid perovskites can be well tuned by
doping the B components.[11e] Considering the B’’ = Fe series,
they should show very similar phase transition behaviors
because of the very close rB’’ values, i.e., 69 pm for Fe and
68.5 pm for Co. For example, the Tc of the cubic-monoclinic
phase transition in (MA)2[KFe(CN)6] is 426 K, about 3 K
higher than 2, and it would be around 263 K in (MA)2[NaFe-
(CN)6].[28]

Future studies of the extended tolerance factor approach
would include: i) to thoroughly understand the phase tran-
sition mechanism; ii) to explore the limitations and applic-
ability of the approach; iii) to apply to other A, B and X
combinations as a general approach to predict and screen new
hybrid perovskite materials with particular properties; and
iv) to predict phase separation to guide the fabrication of
homo- or hetero-structure perovskites via doping or layer-by-
layer assembly to tune the structures and functionalities of the
hybrid perovskites.[8, 26]

In summary, the extended Goldschmidt tolerance factor
t is applied to the hybrid double perovskites (MA)2[B’B’’-
(CN)6] to predict and screen dielectric transitions in 121
compounds through the correlations among the t, the radius
of the B component and the transition temperature, based on
experimental results from (MA)2[B’Co(CN)6] (B’ = Na, K,
Rb). Such a success roots on the explicit relationship between
the dielectric transition and the cubic-distorted phase tran-
sition which is triggered by octahedral tiltings in the
perovskite structures because of bond-strain energy. Notably,

Figure 3. a) Tolerance factors of (MA)2[B’B’’(CN)6] ; b) Plots of t and rB’

versus T1/2 for (MA)2[B’Co(CN)6] . The t is calculated from Equation (2)
and correlated to the T from the linear fitting between rB’ and T1/2. The
star symbols represent the experimental data of 1–3. Lines are guide
for the eye.
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the series of compounds resembles the star compound
(MA)(PbX3). Considering their structural diversity and rich
electrical properties, the hybrid organic-inorganic double
perovskites would find roles in the exploration of promising
organic–inorganic electronic and photovoltaic materials.
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