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Organic-inorganic hybrid systems have absorbed
more and more attention of material chemists in the past
decade due to the opportunity to combine distinctive
properties of both components in one material. In fields
of extensively studied halometalate hybrids, compounds
based on Sn(II), Pb(II), Sb(III), and Bi(III) ions have
demonstrated special attraction for device applications
due to their electronic1,2 or optical3 properties as well as
their room-temperature processability.4 The inherent
structural characteristic of these elements of groups 14
and 15 is their ns2 electronic lone pair which can be more
or less stereochemically active. An obvious trend is that
the coordination geometry of the metal ion is a slightly
distorted octahedron, revealing a rather weak lone pair
stereoactivity,5 and this trend becomes the rule when the
radii ofmetal centers and halide atoms increase (i.e.,M=
Pb, Bi, X = I).6 However, the degree of distortion of a
specific MX6 octahedron depends on its coordination
environment and partly on the nature of organic cations
also. For instance, by rationally changing the nature of
cations, the inorganic networks of a series of 1D SnI3
anion-based hybrids can be tuned from face-shared reg-
ular octahedra to edge-shared square-based pyramids.7

Furthermore, the lone pair of M(II) or M(III) centers
has a key role in the collective properties of materials:
for instance, its stereochemical inactivity in hybrid
perovskites, which are materials based on corner-shared

M(II)X6 octahedra, is corraleted to low band gaps and
improved conductivities,1,8-10 while its stereochemical
activity favors the formation of acentric materials that
can display peculiar optical3 or ferroelectric properties.11

Among all of the halogenometalate anions
M(III)Xn

(n-3)- (M=Bi, Sb and X=I, Br), most of them
are clusters, while 1D infinite networks, typically MX4

-

and MX5
2-, are comparatively rare.12 The MX5

chains exist as two isomers, where octahedra are either
cis-connected (common) or trans-connected (rare). The
trans-MX5 chain, which is also known in hybrids of
Pb(II) or Sn(II), can be considered as the m=1 member
of the Æ110æ-oriented hybrid perovskite family. In the
[NH2C(I)dNH2]ASnI5 system, depending on the nature
of A, the trans-SnI5 chain can be either regular (stereo-
chemically inactive lone pair, A= formamidinium)13 or
adopts alternation of short and long Sn-I distances along
the chain (stereochemically active lone pair, A =
iodoformamidinium).14

In this communication, we report the synthesis, X-ray
single crystal structures, and electrical and dielectric prop-
erties of (MV)BiBr5, where MV2þ is the methylviologen
dication, a well-known electron acceptor which has been
frequently incorporated into salts with charge transfer
property.15 Herein, we will show that MV2þ stabilizes
unprecedented regular BiBr5 chains of trans-connected
octahedra at room temperature (β-phase) and that the
Bi3þ electronic lone pair is sterochemically activated when
crystals were cooled down below -30 �C, leading to the
acentricR-phase. The stereochemical activation of the lone
pair is correlated with an increase of the band gap, as
determined from conductivitymeasurements and, interest-
ingly,with the transfer fromapara- to a ferroelectric phase.
(MV)BiBr5 was synthesized by solvothermal method

from a mixture of BiBr3, 4,4
0-bipyridine, and concen-

trated HBr in methanol.16 The in situ formation ofMV2þ
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dications, which has been already reported,17 can be
explained by the reaction of 4,40-bipyridine and methy-
liodide (also in situ formed by the reaction of methanol
andHI). The deep red crystals of β-(MV)BiBr5 undergoes
a phase transition when the sample was cooled down
to -30 �C. This process is followed by X-ray powder
thermodiffractometry studies and is proved to be rever-
sible (Supporting Information). X-ray single crystal dif-
fraction experiments are performed on the same single
crystal at room temperature and at -40 �C to determine
the structures of both phases.
Both structures crystallize in the monoclinic crystal

system: the β-phase (RT) was refined in the space group
P21/c and the R-phase in P21, respectively.

18 Both struc-
tures can be described as BiBr5 chains separated by planar
methylviologen dications, which define a chessboard
arrangement when viewed along the chains (Figure 1).
Remarkably, while almost all of the other 1DMX5 (M=
Bi, Sb; X= I, Br) networks form chains being built from
cis-connected octahedra, the BiBr5 chain in (MV)BiBr5
adopt the trans-connected mode. To our best knowledge,
only one compoundwith such trans-connected octahedra
chains has been reported so far (bromoantimonate salt),19

and the SbBr6 octahedra in chains are heavily distorted.
In contrast, in β-(MV)BiBr5, unprecedented BiBr5 regu-
lar chains built from nearly regular BiBr6 octahedra
(d(Bi-Braxial): 2 � 2.926(1) Å, d(Bi-Brequatorial): 2 �
2.826(1) Å and 2 � 2.849(1) Å, Br-Bi-Br bond angles
of 180� and ranging from 87.92(3)� to 92.08�(3)) are
stabilized. This structural feature can be partly related
to the special dication of methylviologenMV2þwhich, as

an electron acceptor entity, can slightlymodify the charge
density at the organic-inorganic interface, then afford-
ing new halometalate networks such as the PbI3 and
Bi2Cl8 1D anions found in (MV)(PbI3)2

20 and
(MV)Bi2Cl8,

15c respectively.
The phase transfer from β to R is not accompanied by

any distinct change of unit cell parameters since the
maximum relative decrease is only 0.4% for the c axis
(β: 10.372(2) Å, R: 10.318(2) Å). However, two structural
features are noticeable. The first one concerns the two
methyl groups of the methylviologen dications: they are
staggered (by looking along the molecular axis) in the
β-phase as a result of the central symmetry, while they are
eclipsed in the R-phase (see circles in Figure 1). The other
obvious feature is a collective effect which is a sliding of
axial bromides toward bismuth atoms along the chain
axis, leading to an alternation of short (d = 2.710(1) Å)
and long (d = 3.139(1) Å) Bi-Braxial bond distances
along the a axis and finally to polar chains (Figure 2).
The geometry of the Bi3þ center is a distorted octahedron,
the distances of four Bi-Brequatorial bonds being compar-
able to those found in the β-phase (2.818(3) Å, 2.821(2) Å,
2.838(3) Å, and 2.873(3) Å), while the angles of cis or trans
Br-Bi-Br bonds range from 85.30(6)� to 92.17(6)� and
from 176.01(2)� to 177.38(6)�, respectively. As already
mentioned, such distorted octahedron reveals the Bi(III)
lone pair stereoactivity, and we notice that the geome-
trical characteristics of BiBr6 polyhedra (one strong, one
weak, and four intermediate bonds) are well correspond-
ing to one of the configurations described in the Brown’s
model,21 indicating that the lone pair orbital extends
along the direction opposite to the short Bi-Br bond.
The overall structure of R-(MV)BiBr5 is then based on
polar inorganic chains running along the a axis, the
polarity of symmetry (21axis)-related chains along the
(bþ c) direction being approximately opposite (Figure 1).
The methylviologen dications are embedded between
polymeric anions in such a way that (aromatic) H 3 3 3Br
contacts andNþ

3 3 3Br interactions occur in themolecular

Figure 1. General view along the chains of the room temperature
(β-phase (a)), and the low temperature (R-phase (b)) structures of
(MV)BiBr5. Circles highlight the two methyl groups of methylviologen
dications which are in staggered (a) or eclipsed (b) conformations.

Figure 2. Part of R- and β-structures of (MV)BiBr5 showing weak inter-
actions between one methylviologen dication (see text for d(1), d(2),
l(1), ...), and two BiBr5 chains, and the coordination geometry of Bi3þ.
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plane and perpendicular to it, respectively (Figure 2).
While H 3 3 3Br distances are equal in both structures (d(1)
= l(1) = l0(1) = 2.78 Å, d(2) = l(2) = l0(2) = 2.85 Å) and
comparable to those reported in the literature,22 the
N 3 3 3Br distance varies slightly from β to R (β: d(3)
3.600(1) Å; R: l(3) 3.568(2) Å, l0(3) 3.548(2) Å). Other
weak H 3 3 3Br contacts are observed, especially those
engaging the activated H atoms of methyl groups.
A correlation between the band gap or the conductivity

of hybrids and the lone pair stereochemical activity of
Pb(II) or Sn(II) has been already established from series
of hybrid perovskite structures, either (R)MI4

1,23 or
(R)MI3

24 incorporating different kinds of organic cations
(R). Here, the only (MV)BiBr5 hybrid offers us the oppor-
tunity to clearly observe the impact of the Bi(III) lone pair
on its electrical behavior, especially through the transition.
The conductivity of a single crystal of (MV)BiBr5 as a
function of the inverse of the temperature is shown in
Figure 3. The conductivity is extracted from the conduc-
tance by assuming that the current flows in the full thick-
ness of the sample. In this respect, the measured value,
which is quite low, as expected in such system, must be
nevertheless considered as a minimum value. The notice-
able feature is that the band gap deduced from the
conductivity versus temperature curve presents a strong
change at -25 ( 5 �C correlated with the R- to β-phase
transition determined fromX-ray diffraction experiments.
The increase of the band gap of 0.36 eV (from 0.38 to
0.74 eV), as the electronic lone pair becomes stereochemi-
cally active, is in good accordance with behaviors in Pb(II)
or Sn(II) hybridswhere the band gapsof compounds based
onoctahedralMX6 entities are smaller than those basedon
distorted octahedral MX6 entities.1,23,24 It must be also
noted that the calculatedbandgap ismuch smaller than the
optical gap extracted from UV-vis spectroscopy (see SI)
which is about 2 eV at ambient temperature and consistent

with the red color of the samples. This difference can be
attributed to two different possibilities: the first one is the
presence of defects in the sample leading to impurity levels
in thebandgap.The secondpossibility is that themeasured
gap is the difference between the LUMO of the organic
part and theHOMOof the inorganic part.Anyway,we can
anticipate from previous results of electronic structure
calculations of such hybrids that the increasing of the band
gap in R is correlated to a weak disperse (HOMO) band
along the chain direction.8,23

The transition from the high temperature β-phase to
the low temperature R-phase is accompanied by a loss of
the symmetry center of the lattice leading to a possible
ferroelectric transition. Figure 4 shows both the dielectric
losses (tan δ) and the dielectric constant (ε0) as a function
of temperature for different frequencies. All the charac-
teristic features for a clear ferroelectric transition at about
-30 �C are present, that is, a peak in ε0 correlated to a
divergence of tan δ at the same temperature. As shown in
the inset, a weak thermal hysteresis is observed in the real
part of the dielectric constant which is associated to
possible inhomogeneities in the sample leading to a
possible finite range of transition temperatures. This is
confirmed by the weak shrinking of the dielectric peak
upon increasing frequency.
In conclusion, MV2þ cations have stabilized unprece-

dented regular BiBr5 chains of trans-connected octa-
hedra. Interestingly, the Bi3þ electronic lone pair is
stereochemically activated below -30 �C, leading to an
acentric polar phase. This is correlated with an increase
of the band gap and with a para- to a ferroelectric phase
transition. Polarization measurements to characterize
the ferroelectric nature of the R-phase, as well as synth-
eses of other potential solution processing ferroelectric
(MV)MX5materials (M=SbIII, BiIII, X=Cl, Br, I), are
in progress.
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Figure 3. Conductivity of a single crystal of (MV)BiBr5 as a function of
the inverseof the temperature.Dotted lines represent the fits of the databy
an Arrhenius law (ln � Eg/2kBT) shifted from the data for clarity.

Figure 4. Dielectric losses (a) and dielectric constant (b) as a function of
temperature for different applied frequencies. The arrows indicate the
evolution of the temperature (heating or cooling) during the experiment.
Inset: thermal cycling of the dielectric constant at a fixed frequency.
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