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Abstract: Hybrid Organic-Inorganic Halide Perovskites
(HOIHPs) represent an emerging class of semiconduct-
ing materials, widely employed in a variety of optoelec-
tronic applications. Despite their skyrocket growth in
the last decade, a detailed understanding on their
structure–property relationships is still missing. In this
communication, we report two unprecedented perov-
skite-like materials based on polyfluorinated imidazo-
lium cations. The two materials show thermotropic
liquid crystalline behavior resulting in the emergence of
stable mesophases. The manifold intermolecular F · · ·F
interactions are shown to be meaningful for the stabili-
zation of both the solid- and liquid-crystalline orders of
these perovskite-like materials. Moreover, the structure
of the incorporated imidazolium cation was found to
tune the properties of the liquid crystalline phase.
Collectively, these results may pave the way for the
design of a new class of halide perovskite-based soft
materials.

Hybrid Organic-Inorganic Halide Perovskites (HOIHPs)
are crystalline semiconductors that are reshaping the field of
optoelectronic and photonic materials owing to their out-
standing optical properties, such as tunable band gap, high

photoluminescence quantum yield (PLQY), and facile
solution processability, among others.[1] These unique fea-
tures make them very promising candidates for high-end
applications, e.g., solar cells (i.e., perovskite solar cells,
PSCs),[2] light-emitting diodes,[3] photodetectors,[4] and field-
effect transistors.[5] However, improving the control over
crystallization of the perovskite layer and protecting it from
atmosphere (i.e., oxygen, humidity) still remain unsolved
issues to enable widespread adoption of these materials.[6]

Among the developed strategies to overcome these
issues,[7] combining HOIHPs with liquid crystals and ionic
liquids (ILs) has resulted in improving internal perovskite
crystal integrity, passivating surface structural defects, block-
ing non-radiative recombination of photogenerated ion
pairs, and preventing atmospheric-induced degradation,[8]

thus promoting a remarkable advance of the recent research
on IL-based PSCs.[9] The most explored ILs in PSCs are
based on imidazolium (Im) salts, which have either been
used as additives in the perovskite precursor solution[10] or
as interfacial modifiers.[11] On one hand, it was found that
the Im cation contributed as A-site cation, being also able to
modify the dimensionality of the exposed perovskite
surface.[11o] On the other hand, the Im counterion plays a
multifunctional role ranging from halide source (Br� , I� ), to
hydrophobic shielding (BF4

� , PF6
� ) of the perovskite/charge

transport interface. Nevertheless, despite the improved
efficiency and stability demonstrated by intensive studies
and numerous reviews, a full understanding of the chemistry
behind IL-based perovskites is still missing.[12]

To the best of our knowledge, all reported HOIHPs are
crystalline solids. However, to fully realize the potential of
this class of powerful semiconductors, we targeted to obtain
the first examples of liquid crystalline (LC) HOIHPs, which
may pave the way to novel functional soft materials[13] and
expand the scope of metal-containing liquid crystals.[14]

Herein, we present an unprecedented strategy for obtaining
intrinsically LC HOIHPs, in which the liquid crystallinity is
enabled by the use of Im-based fluorinated ionic liquid
crystals (FILCs) as source of A-site cations.

Fluorination represents a powerful tool to control the
self-assembly behavior of nanostructured materials via the
fluorophobic effect,[15] namely the segregation of perfluor-
ocarbon chains driven by fluorine-fluorine interactions.[15] In
particular, for Im-based ILs, the introduction of polyfluori-
nated chains on the imidazolium core may promote the
emergence of lamellar mesophases with beneficial effect on
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charge mobility. Such FILCs are, in fact, in the spotlight as
quasi-solid state electrolytes in dye-sensitized solar cells
(DSSCs).[16] Currently, there is only a couple of reports
dealing with interactions of perovskites with ionic liquid
crystals (ILCs), more specifically a side-chain liquid crystal-
line polymer[17] and a 4-cyanobiphenyl-terminated alkylam-
monium salt[18] used as additives in PSCs, with no account on
the resulting LC properties. In this communication, we
report two new HOIHPs obtained by reacting lead iodide
(PbI2) with thermotropic FILCs (MeImCm+6H2mF13I, m=

2,3), as illustrated in the Scheme 1.[15d]

Experimentally, we reacted PbI2 and the MeImCm+

6H2mF13I FILCs at different molar ratios (1 : 1, 1 : 2, 1 :4) in
boiling HI (57%)/H3PO2 (50%) mixture in water, followed
by slow cooling (2 °C/h) to room temperature (see Exper-
imental Procedures in the Supporting Information). In all
ratios, thin yellowish crystal platelets (Figure S1) having all
the same melting point (~140 °C) were obtained for
MeImC9H6F13I. Performing Fourier-transform infrared spec-
troscopy (FT-IR) on these isolated crystals derived from the
different stoichiometries, no differences were observed
between them. In all of the samples, the C=N and C=C
imidazolium modes at ~1570 cm� 1 were found to shift to
lower wavenumbers, as compared to the pristine
MeImC9H6F13I, implying a different charge density on the
aromatic core (Figure S2). This was further corroborated by
examining the proton (1H) and fluorine (19F) nuclear
magnetic resonance (NMR) spectra. In the 1H NMR
spectrum, strong shielding of the protons residing on the
imidazolium core was evident (Figure S3a), while an analo-
gous shielding trend was observed for the polyfluorinated
chain (19F NMR spectrum, Figure S3b). Further, mass
spectrometry analyses (Figure S4) revealed the presence of
PbI3

� , (MeImC9H6F13I)I
� , and (MeImC9H6F13I2)I

� molecular
ions in the negative mode, and the (MeImC9H6F13)

+

molecular ion in the positive mode, collectively indicating
the fragmentation of a perovskite-like structure and the
absence of lead oxide (PbOx) species. Interestingly, the
isolated yellowish crystals are environmentally stable,
namely in open air at room temperature, for several months,
and have a high thermal stability as demonstrated by
thermogravimetric analysis (TGA). In detail, the onset
temperature value for the first decomposition step, related
to the gradual degradation of the organic part, was as high
as 245 °C and the second weight loss step, originating from
the decomposition of the inorganic part, had an onset at
~425 °C (Figure S5).

The optical properties of the isolated crystals were
studied by continuous wave (cw) and time-resolved spectro-
scopy. The optical absorption profile (Figure 1a, black line)
featured a sharp transition at 3.34 eV with a shoulder at
~3 eV, Stokes-shifted by ~0.4 eV from a narrow emission
(NE) peak at 2.43 eV and followed by a weak broad
emission (BE) contribution at ~1.9 eV (Figure 1a, purple
line). This behavior is intrinsic in low dimensional
perovskites,[19] where the two emission contributions are
ascribed to the decay of free excitons (NE) and the
recombination of trapped excitons mediated by halide
vacancies (BE). The PLE spectrum resembled well the
absorption profile, indicating that the two emissions
occurred from the same states irrespective of the excitation
energy. Consistent with the low emission efficiency
(PLQY<1%), the room-temperature time dynamics of the
NE was resolution limited (faster than 800 ps) and the decay
of the BE featured an effective lifetime (estimated as the
time after which the intensity decreased by a factor e) of
τEFF=2 ns indicating strong non-radiative quenching (vide
infra).

Scheme 1. Molecular formulae of the obtained fluorinated perovskite-
like materials and starting compounds thereof.

Figure 1. a) Optical absorption (black line), PL (purple line, excitation
at 3.31 eV), and PLE (diamonds) spectra at room temperature. Both
the absorption growth and PLE drop above 3.5 eV were due to large UV
reflectance. b) PL spectra at decreasing temperature (as indicated by
the arrow) from 300 K to 20 K. Inset: detail of the NE contribution. c)
Spectrally integrated PL intensity as extracted from ‘b’ (normalized for
the maximum value at 300 K, triangles for the BE and circles for the
NE) and the corresponding BE decay rate (red squares) as extracted
from ‘d’. The dashed lines are the fitting curves to the Arrhenius
equation: I(T)= I0/(1+Aexp(� Ea/kBT)), where I0 is the ideal PL
intensity at 0 K, A is a multiplying factor and Ea is the activation energy.
d) BE decay curves at decreasing temperature (indicated by the arrow)
from 300 to 20 K under 3.31 eV excitation.
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Upon lowering the temperature, both emissions intensi-
fied without substantial shape or energy modifications, with
a particularly strong growth of the BE that became largely
dominant over the NE (Figure 1b). The intensity trends vs.
T of the two luminescence contributions are quantified in
Figure 1c. The best fit yielded Ea=~28 meV and Ea=

~43 meV for the NE and BE respectively, indicating that
thermal quenching was likely due to different phonon
coupling for the two channels as commonly observed for
free vs. localized excitons. Consistent with the large increase
of BE emission intensity, the BE effective decay rate (kEFF=

1/τEFF) dropped dramatically with decreasing temperature
from 0.5 ns� 1 at 300 K to 5×10� 4 ns� 1 at 20 K, thus confirming
that the weak room temperature BE was mostly due to
multi-phonon non-radiative decay (Figure 1d). In turn, the
NE lifetime remained essentially unchanged for the whole
temperature range suggesting that free excitons are mostly
quenched by barrierless carrier trapping, possibly in the
structural defects also responsible for the BE which agrees
with the monotonic growth of the BE emission. To
summarize, regardless of the PbI2:MeImC9H6F13I stoichiom-
etry, all of the isolated crystals displayed the same optical
properties, indicating a low-dimensional perovskite-like
structure.

Single crystal X-ray diffraction analysis using synchro-
tron radiation revealed that all of the isolated crystals had
the same chemical formula being (MeImC9H6F13)6Pb3I12,
regardless of the stoichiometry used for their syntheses
(Table S1). Interestingly, the unit cell is composed by six
asymmetric MeImC9H6F13

+ cations and one trinuclear
Pb3I12

6� anionic cluster (Figure S6). Within the trinuclear
cluster, each Pb2+ is hexacoordinated by 6 iodine atoms
forming a distorted octahedral geometry. The 6 iodide
anions surrounding the central Pb2+ cation adopt μ2
connections linking the central Pb cation to the two adjacent
ones and giving rise to a face-sharing connection of PbI6
octahedra within the trinuclear cluster (Figure 2 and Fig-
ure S7). The Pb� I bond lengths are in the 3.079–3.371 Å
range. The trinuclear Pb3I12

6� cluster establishes an extended
network of hydrogen bonds (HB) with the adjacent
imidazolium cations, functioning as HB-acceptor for the
hydrogen atoms of the imidazolium ring and the methylene
groups of the polyfluorinated alkyl chain. The presence of
several HB-donor fragments adjacent to the anionic cluster
shield the Pb3I12

6� unit, hampering the possible formation of
more complex and extended architectures, such as 1D chains
or 2D arrangements. As far as the polyfluoroalkyl chains are
concerned, they are strongly affected by disorder (Fig-
ure S8). While the N-bound hydrocarbon segments adopt
trans/gauche conformations in a 2 :1 ratio, all of the
fluorinated segments adopt the classical all-trans helical
arrangement. Multiple F · · ·F interactions occur between
fluorinated chains of cations belonging to the same trinu-
clear Pb3I12

6� anionic cluster (Figure S9). Finally, fluorinated
chains of adjacent clusters partially interdigitate thanks to
manifold F · · ·F interactions and result in fluorous layers
segregated from the cationic and anionic layers (Figure S10).
This so-called fluorophobic effect[15c,e,20] promotes the crystal-
lization of the layered hybrid fluoroorganic-organic–inor-

ganic nanostructure (Figure 2). A comparison between the
experimental powder X-ray diffraction pattern of the
obtained crystalline materials and the one simulated from
the single crystal proved the presence of only a single phase
without impurities (Figure S11).

Under the same synthetic route, we synthesized the
second perovskite-like material starting from the
MeImC8H4F13I FILC. The isolated yellowish platelets of
(MeImC8H4F13)6Pb3I12 were characterized by FT-IR (Fig-
ure S12), 1H and 19F NMR (Figure S13), mass spectrometry
(Figure S14), and TGA (Figure S15). However, unfortu-
nately, crystals were not of enough quality to get the high-
resolution single-crystal structure, despite using synchrotron
radiation. This second material has a lower melting point
(~120 °C), implying the tunability of the thermal properties
with the selected imidazolium cation.

The emerging liquid crystalline properties of the two
new perovskite-like materials, (MeImC9H6F13)6Pb3I12 and
(MeImC8H4F13)6Pb3I12, were exhaustively investigated by
differential scanning calorimetry (DSC), polarized optical
microscopy (POM), and small/wide-angle X-ray diffraction
(SAXS-WAXS) analyses. Initially, we examined the thermal
transitions of the parent FILCs (Table S2). MeImC9H6F13I
has an enantiotropic crystal-to-Smectic A (Cr-SmA) tran-
sition at 83 °C followed by a SmA-to-isotropic state
transition (SmA-Iso) at 197 °C (Figure S16a, 1st cycle).[15d]

The same transitions for MeImC8H4F13I are 103 °C (Cr-
SmA) and 217°C (SmA-Iso), respectively (Figure S16b, 1st

cycle). Both Cr-SmA transitions are preceded by order/
disorder transitions at ~50 and ~100 °C, which disappear/

Figure 2. Representation of the crystal packing of (MeImC9H6F13)6Pb3I12
accompanied by the length of a, b, and c crystallographic axes.
Disorder of the perfluorinated segments and Pb3I12

6� has been removed
for clarity (See Table S1 and Figures S6–10 for further crystallographic
details). Colour and style code: Pb3I12

6� , polyhedral representation; Pb,
dark grey; I, purple; MeImC9H6F13

+, ball and stick representation; C,
grey; N, light blue; F, yellow; H, white.
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attenuate in the following cycles. On cooling from the
isotropic phases, both FILCs show clear (Iso-SmA) tran-
sitions, and recrystallizations appear at lower temperatures,
i.e., 45–50 °C. Figure S17 shows SmA POM textures of both
FILCs.

Importantly, the two perovskite-like crystalline materi-
als, (MeImC9H6F13)6Pb3I12 and (MeImC8H4F13)6Pb3I12,
display Cr-SmA transitions, likewise the parent FILCs
(Table S2). In detail, (MeImC9H6F13)6Pb3I12 has a Cr-SmA
transition at 144 °C, accompanied by a SmA-Iso transition at
241 °C (Figure 3a, Figure S16c). The SmA organization of
the (MeImC9H6F13)6Pb3I12 LC phase was validated by POM
imaging (Figure 3b). Moving to the second perovskite-like
material, (MeImC8H4F13)6Pb3I12, the Cr-SmA transition
occurs at 124 °C and clearing is reached at 251 °C (Figure 3c,
Figure S16d). POM imaging of the LC phase also in this
case confirmed the SmA texture (Figure 3d). Notably, the
use of a higher melting point FILC resulted in a lower
melting point perovskite-like material. Apart from the lower
Cr-SmA transition, upon cooling the (MeImC8H4F13)6Pb3I12
molten state, the LC phase underwent a slow vitrification, as
revealed by POM imaging (Figure S18), as well as by DSC,
where no recrystallization peak was ever observed (Fig-
ure S16d). Summarizing the POM and DSC studies, the two
new perovskite-like materials, (MeImC9H6F13)6Pb3I12 and
(MeImC8H4F13)6Pb3I12, were found to display unprecedented
LC properties, stable for at least three consecutive heating/
cooling cycles (Figures S16c-d, Table S2).

To shed more light on the observed Cr-SmA transitions
and the organization of the mesophases, we studied their
variable-temperature small and wide-angle X-ray (SAXS/
WAXS) scattering profiles. Crystalline powders of
(MeImC9H6F13)6Pb3I12 show an ordered lamellar structure at
room temperature with the primary SAXS peak as a strong
and sharp reflection at q=0.20 Å� 1 (periodicity of ca.

31.4 Å) followed by a weaker 2nd-order reflection, similarly
to the parent MeImC9H6F13I FILC (Figure S19a). Peaks
above 0.5 Å� 1 are signatures of the high crystallinity of
(MeImC9H6F13)6Pb3I12. These peaks, in fact, disappear above
the melting temperature (i.e., 150 °C), where the primary
SAXS peak and its 2nd-order reflection are preserved,
although shifted a little to 0.21 Å� 1 (periodicity of ca.
29.9 Å), which is consistent with the existence of a lamellar
SmA phase.[21] These distances can be related to the short-
range ordering in ILs, resulting from local separation of the
polar (anion and cationic headgroups) and non-polar
(perfluorinated chains) components (Figure 2) and is indica-
tive of the presence of a bilayer structure with short-range
order that accompanies the formation of a percolated
structure.[22] Interestingly, this periodicity value matches well
the length of the crystallographic c axis (001 plane) (Fig-
ure S20), which is associated to the spacing between the
inorganic clusters (Figure 2 and Figure S7), and is twice the
average value of the fully extended cation (~15.5 Å), as
calculated from the single crystal structure, which suggests
interdigitation of the polyfluorinated chains, whose side-to-
side separation accounts for the weak reflection at q=

1.15 Å� 1.
An analogous lamellar organization of the LC state is

also evident for (MeImC8H4F13)6Pb3I12 (Figure 4b), whose
high-temperature SAXS spectrum is dominated by a strong
and sharp reflection at q=0.22 Å� 1 (periodicity of ca.
28.5 Å) as primary peak, similarly to the parent
MeImC8H4F13I FILC (Figure S19b). A reduced periodicity is
coherent with the shorter Im polyfluorinated chain of the
latter perovskite-like material. Interestingly, while on cool-
ing from the LC phase (MeImC9H6F13)6Pb3I12 recovers its
crystallinity (Figure 3a, Figure S16c, and Figure S19c),
(MeImC8H4F13)6Pb3I12 does not, supporting the formation of
a vitrified SmA phase (Figure 3b, Figure S16d, and Fig-
ure S19d). This finding highlights that a slightly different

Figure 3. Differential Scanning Calorimetry (DSC) thermograms of: a)
(MeImC9H6F13)6Pb3I12 and c) (MeImC8H4F13)6Pb3I12. Polarized Optical
Microscope (POM) images of the liquid crystalline SmA phases of: b)
(MeImC9H6F13)6Pb3I12 at 160 °C and d) (MeImC8H4F13)6Pb3I12 at 130 °C.

Figure 4. SAXS/WAXS spectra of a) (MeImC9H6F13)6Pb3I12 and b)
(MeImC8H4F13)6Pb3I12 perovskite-like liquid crystals. For each system,
the scattering profiles of the solid crystalline states (at 25 °C) and the
high-temperature (150 °C) LC states, are presented.
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molecular design may result in tailored structures and
properties.

In summary, we have reported the synthesis and
structural characterization of two novel liquid-crystalline
hybrid organic–inorganic halides,[23a] i.e., perovskite-like
materials, forming thermotropic smectic A mesophases.
These new soft materials have been isolated by reacting lead
iodide with two different fluorinated ionic liquid crystals
(FILCs) based on imidazolium cations. The lamellar order
of the new materials, both in the solid- and liquid-crystalline
states, is directed by segregation and promoted by manifold
intermolecular F · · ·F interactions between the polyfluori-
nated chains of the imidazolium cations, serving as A-site
cations. This leads to structural stabilization of the lead
halide clusters, generating quasi-0D perovskite-like
materials,[23b] which have been fully characterized, also from
the optoelectronic properties point of view. Interestingly, a
subtle change in the starting FILC resulted in the fine tuning
of the thermal properties of the final perovskite mesophases,
including vitrification of the fluid phase. The latter finding
encourages further investigation on designing FILCs to-
wards tailored liquid-crystalline perovskite-like soft materi-
als for current application Schemes (i.e., defect passivation
and interlayer engineering of photo/electro-active perovskite
layers), as well as new ones, such as ferroelectricity.
Furthermore, these results may also contribute to a deeper
understanding of the chemistry and structure–property
relationships in the booming field of metal halide perov-
skites, providing an outlook beyond the predominantly
crystalline metal halide perovskite materials.
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