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ABSTRACT: The search for hybrid organic—inorganic
materials, which have the great advantage that they can be
synthesized at moderate temperature (T < 200 °C), remains
a great challenge in the field of ferroelectrics. Here, a room-
temperature ferroelectric material with interesting charac-
teristics, (MV)[Bil;Cl,] (MV>* = methylviologen), is re-
ported. Its structure is based on polar inorganic chains
resulting from a remarkable Cl/I segregation induced by
methylviologen entities, which coincide with the fourfold
polar axis of the tetragonal structure. Of great importance is
that this room-temperature hybrid ferroelectric displays a
clear electrical hysteresis loop with a large spontaneous
polarization (>15 uC+cm™>).

Ferroelectric materials, which have numerous potential appli-
cations, are still subject to intensive research. Particularly, a
great interest has been considered in the field of organic-based
compounds that can be metal—organic coordination compounds
(MOCCs),"* ionic compounds,” ® or purely organic com-
pounds.” These materials have the great advantage that they
can be synthesized at relatively low temperature (T < 200 °C), at
variance with inorganic compounds, which are typically synthe-
sized at temperatures as high as 500 °C. Moreover, the hybrid
materials can combine properties of the inorganic component
(e.g., chemical or thermal stability) and those of the molecular
organic component, which can be easily tailored. The main
characteristics of ferroelectrics, which are compounds whose
structure must fall in one of the 10 polar point groups, include the
spontaneous polarization P, the shape of the hysteresis loop, and
the working temperature range. In the field of hybrid ferro-
electrics, however, materials with quite large room-temperature
spontaneous polarizations (>1 #C-cm™ ) and good hysteresis
loops are very scarce, and the search for such materials remains a
great challenge, as highlighted in recent reviews.'*** An inter-
esting class of hybrid ferroelectrics is that of halometalate hybrids
based on ns” metal ions of group 15 (Sb"" and Bi'"), for which the
ns” electronic lone pair of the M"" center often has a key role in
determining the collective properties of the material. In parti-
cular, its stereochemical activity favors the formation of acentric
materials with potential optical'® or ferroelectric properties.*””
Ferroelectricity has been discovered essentially in haloantimo-
nate and halobismuthate hybrids based on the layered M,Xo>
anion,* the 1D polymeric anions of SbCl, S and BizClng,6 and
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finally the Bi,X,,> discrete confacial bioctahedra.” The ferro-
electric transitions and the process of polarization inversion in
such hybrids are attributed to both the dynamics of the organic
cation and the M ns” lone pair,*~” this last factor governing
ferroelectricity in the well-known multiferroic BiFeOj3 inorganic
compound. We recently reported on the crystal structure of the
low-temperature polar phase (T < —30 °C) of (MV)[BiBr;]
(MV**= methylviologen). However, the polarities of adjacent
chains were nearly opposite to each other, with the twofold polar
axis of the monoclinic system being almost perpendicular to the
chains."" During exploration of potential ferroelectrics in this
system, we discovered the compound (MV)[Bil;Cl,] (1), in
which polar chains resulting from the remarkable Cl/I segrega-
tion induced by methylviologen entities are parallel to the
fourfold polar axis of the tetragonal structure. Of great impor-
tance is that 1 has a large room-temperature spontaneous
polarization (>15 uC-cm™ ) and displays a good electrical
hysteresis loop. In this communication, we report the synthesis,
single-crystal X-ray structure, and ferroelectric properties of 1.

(MV)[Bil;Cl,] was synthesized by the solvothermal method
at 150 °C from a mixture of BiCls, 4,4’-bipyridine, and concen-
trated HCl and HI in methanol.'* Dark tetragonal crystals with
face sizes up to 0.4 mm X 0.4 mm were available for X-ray study
and ferroelectric investigations. The structure crystallizes in the
tetragonal crystal system and was refined in the space group
P4nc,"® which belongs to one of the 10 polar point groups, Cy,
(4mm).

The structure of (MV)[Bil;Cl,] can be described as [Bil;Cl, |
chains of trans-connected octahedra separated by methylviolo-
gen dications, defining a chessboard arrangement when viewed
along the chains (Figure la). In the chains, two kinds of
octahedra are encountered, all-iodide Bi(2)Is and mixed-halide
Bi(1)ClI,, which alternate along the chain and are linked
together via bridging iodides (Figure 1b). Both distorted octahe-
dra are located on a fourfold axis and have four equal Bi—X bond
distances in the equatorial plane [Bi(l)—Cleq = 2.682(1) A;
Bi(2)—Iq = 3.040(1) A] and one short [Bi(1)—Ipdging(1) =
2.934(1) A, Bi(2) —Tbrigging(2) = 2.973(1) A] and one long
[Bi(l)ilbridging(z) = 3316(1) A} Bi(z)flbridging(l) = 3.428-
(2)A] Bi—Ipsiaging bond distance along the chain axis. Such a
geometry corresponds well to one of the configurations described
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Figure 1. (a) General view of (MV)[Bil;Cl,] (1) along the polar
chains. (b) View of a slice of the structure [represented inside the box
in a)] showing Bi—TIprigging bond distances in the polar chains of trans-
connected Bilg and BiCl,l, octahedra.

in Brown’s model,"* indicating that the lone-pair orbital extends
along the direction opposite to the short Bi—I bond and revealing
the electronic 6s> lone-pair stereoactivity of Bi®* centers. The
alternation of short and long Bi—I,iqging bond distances clearly
shows the polar nature of the [Bil;CL,] chain. Interestingly,
adjacent chains are related to each other by glide planes, which
means that the chain axis corresponds to the ¢ polar axis of the
crystal (4mm point group). The segregation of two kinds of halide
ions in such an organic—inorganic hybrid leading to a defined
compound is unprecedented."® The well-known electron-acceptor
viologen entity, which has afforded a 6great number of charge-
or photoinduced charge-transfer salts,'® is used to interact with
neighboring X anions in the solid state through face contacts
(X++*N" or X+ +Cpyidipum O—7 type) and side contacts
[X---H(C) m—x* type:|.16 For instance, the equatorial I and
Br™ in the BiX chains in (MV)[BiXs] (X =" Br," respectively)
interact with viologen through both face and side contacts.
Remarkably, the MV?* dications in (MV)[Bil;Cl,], which adopt
a twisted conformation, exclusively interact through H- - - Cl side
contacts with the hard halide CI~ [five H-bonds (<3.0 A) for each
chloride: four H(prﬁdimum) -+ -Cl and one H(CH,)- - - Cl] and
face contacts with the soft halide I (shorter I- - - “pyridinium
plane” distance of 3.745 A) (Figures 1 and 2). As a result, the
Bi(2)I octahedron seems to be encapsulated by eight pyridinium

(a)

(b)

- 85
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Figure 2. (left) Ball-and-stick and (right) space-filling representations
of (a) BiClL, and (b) Bilg octahedra surrounded by eight half-
methylviologen entities, showing the H- - - Cl side contacts and pyr-
idinium cycle- - - I face contacts between the viologen entities and the
equatorial chlorides (BiCl,I, octahedra) and equatorial iodides (Bilg
octahedra), respectively.
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Figure 3. (top) Dielectric losses (tan 0) and (bottom) dielectric
constant (¢') as functions of temperature on a single crystal of
(MV)[Bil;Cl,]. The experiments were 1performed at 2, 10, and 100
kHz upon cooling at a rate of 4 K- min "~

rings while the Bi(1)Cl,L, octahedron and its eight neighboring
pyridinium rings adopt a bicalixarene-type form (Figure 2).
Dielectric measurements ~ were performed at different fre-
quencies on a single crystal of 1 between 300 and 400 K with the
electric field applied along the [Bil;Cl,] chains. Figure 3 shows a
weak and monotonic increase in both the dielectric constant (&)
and the losses (tan 0) upon heating. These data show that no
dielectric phase transition is present in this temperature range.
Nevertheless, a ferroelectric-to-paraelectric transition could oc-
cur at higher temperatures. In fact, a sliding of bridging I atoms
along the ¢ axis, resulting in regular Bi—I,;gqing bond distances
and the presence of a mirror plane containing Bi and ecI{uatorial
halides, as in the case of the structure of 3-(MV)[BiBrs],"" can be
expected. This would lead to a paraelectric phase with 4/mmm
(Dan) symmetry. Polarization measurements were performed at
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Figure 4. Polarization loops measured on (MV)[Bil;Cl,] with the
electric field applied along the [Bil;Cl,] chains at fixed temperatures of
292, 302, 321, and 375 K with fresh electrical contacts.

different temperatures around room temperature' on single
crystals of 1 with the applied electric field along the [Bil;Cl, ]
chains. As shown in Figure 4, a large polarization loop was
observed, with a spontaneous polarization of P, &~ 80 #C-cm ™ >
and a coercive field of E. ~ 0.1—02 kV-cm ' at room
temperature. This large value of P; is similar to the highest values
reported in the literature in BiFeO;, which is a multiferroic
material.*® As shown in Figure 4, the polarization and coercive
field both decreased upon heating. Combined with the absence
of any dielectric transition, as shown in Figure 3, these polariza-
tion curves indicate the existence of a ferroelectric phase that is
stable at temperatures higher than 400 K. However, such large
values of P, were observed only in samples with fresh electrical
contacts. After few field sweeps, while the coercive field and the
shape of the hysteresis remained nearly unaffected, P, fell to
10—20uC- cm” *atroom temperature, a value which is still high,
particularly in the field of hybrid ferroelectrics. Thus, (MV)[Bil5-
Cl,] can be compared for instance to (EtNH;),[CuCl,]® and
[CoCl;(H-MPPA)]'® [MPPA= (R)-2-methylpiperazine], both
of which also display clear electrical hysteresis loops with P
values of 37 4C - cm ™ * (to the best of our knowledge, the highest
value ever regorted for a hybrid, nevertheless below 247 K) and
6.8 uC+-cm™ ~ (at room temperature), respectively. Rapid evolu-
tion of the polarization loops upon cycling was systematically
observed. We believe that this rapid aging effect is related to the
strain induced by the large measured polarization, which causes
the electrical contacts between the sample and the silver paste
used for the contacts to deteriorate quickly.

Indeed, considering for simplicity a simple uniaxial ferro-
electric with polarization P and a strain-field component 7
submitted to an external stress 0, one can perform a Landau
expansion of F;, the free energy for small strains, which gives21

F—le p* —
s =K + Q7 no

at the lowest order, where K and Q are constants. The first term is
related to Hooke's law and corresponds to the elastic energy
of the system submitted to the strain. The second term is the
lowest-order coupling term between the polarization and the
strain, and the last term corresponds to the coupling with the
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Figure 5. Typical polarization loop observed after five electric field
cycles measured on (MV)[Bil;Cl,] with the electric field applied along
the [Bil;Cl,] chains at T = 292 K. A coercive field similar to the one
obtained in Figure 4 is observed, but the spontaneous polarization is
much smaller.

external stress fixed here by the contacts, which are not ferro-
electric. Of course, one may add to this Landau expansion the
standard term Fp, which is the free energy the in absence of any
strain:

Fy

— %aO(T — T)P* + %bP“ + écPé —EP

where a¢ and c are positive constants, b is also a constant, T is the
Curie temperature, and E is the applied electric field. The
minimization of the total free energy, F = Fp + F;, with respect
to P and # should then be performed. In particular, the mini-
mization of F with respect to 7 leads to 17 = (0 — QP*)/K. One
can consider that no stress is applied before the application of the
electric field (0 = 0). After polarization of the sample with an
electric field, a strain proportional to P* appears in the sample.
Since, P, appears to be particularly large in our compound, a
strong strain develops that may not accommodate the material
contact, leading to rapid deterioration of the electrical contacts
and a rapid reduction of P; upon cycling, giving rise to capacitive
effects appearing at the contacts and a rapid stabilization of P, to
more standard values of ~15 #C+cm > (Figure S).

In conclusion, we have presented the synthesis and structural
properties of a compound containing mixed-halide chains that
exhibits remarkable ferroelectric properties at room temperature.
The spontaneous polarization reached values similar to those
observed in the best oxide materials. Aging effects reduced this
spontaneous polarization to ~15 #C+cm™ %, which is never-
theless a very high value in the field of hybrid ferroelectrics, while
the coercive field and the shape of the hysteresis 100p (P,emanent
A P,) remained unaffected.
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© Supporting Information. Crystallographic data (CIF),
X-ray diffraction pattern, thermogravimetric analysis and differ-
ential scanning calorimetry curves, and UV—vis spectrum. This
material is available free of charge via the Internet at http://
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