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Tuning of lonic Liquid Crystal Properties by Combining
Halogen Bonding and Fluorous Effect

Gabriella Cavallo,*® Antonio Abate,™ Marta Rosati,” Giovanni Paolo Venuti,”™ Tullio Pilati,®

Giancarlo Terraneo,” Giuseppe Resnati,”

We report halogen-bonded complexes between 1-polyfluor-
oalkyl-3-alkylimidazolium iodides and mono-iodoperfluoroal-
kanes of different chain lengths or di-iodoperfluorooctane. '°F
NMR analyses revealed that the preferred stoichiometry
between the donors and acceptors is 1:1 in the cases of the
mono-iodoperfluoroalkanes, and 2:1 with di-iodoperfluorooc-
tane, as a result of the monodentate behavior of the iodide
anion (halogen bond acceptor). Single crystal X-ray diffraction

Introduction

First established as an eco-friendly alternative to volatile organic
solvents, room-temperature ionic liquids (RTILs) have attracted
considerable scientific interest over the past years and nowa-
days find applications in various high-end fields.I" This interest
is due to their unique and useful properties, such as negligible
vapor pressure, thermal stability, high ionic conductivity, and a
large electrochemical window,” which make them ideal electro-
lytes in various iono-optic and electrochemical devices.”
Physico-chemical properties of ILs may easily be tuned through
a careful choice of the organic cation and its counterion. In
particular, it has been reported that introducing specific
pendants on several cations induces the formation of meso-
phases, thus generating ionic liquid-crystalline (ILC) materials."”
For example, an alkyl chain as long as 12 carbon atoms on one
of the imidazolium (Im) nitrogens, e.g., 1-dodecyl-3-meth-
ylimidazolium iodide, induces the emergence of a smectic A
mesophase.”! Due to the unique properties of the fluorine
atom, fluorination has been exploited to control properties and
self-assembly behaviour of ILs.® Fluorinated moieties have
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analyses showed the presence of a perfluorinated superanion,
which interdigitates with the cation fluorinated chains, favoring
the formation of lamellar structures. All of the obtained
supramolecular complexes exhibit enantiotropic liquid crystal-
line phases over a broad range of temperatures. Most of the
obtained complexes show melting points lower than 100°C,
two of them being liquid at room temperature, thus represent-
ing a new family of fluorinated ionic liquid crystals.

either been introduced on the anion or the organic cation.
Fluorinated ILs display a higher oxygen solubility and lower
surface energy if compared to their non-fluorinated analogues
and have found applications, among others, in (electro)catalysis
and energy storage technologies.”” Moreover, functionalizing
mesogens with perfluorocarbon chains allows to control their
mesomorphic behaviour thanks to the fluorous effect® that
promotes the segregation between hydrocarbon and perfluor-
ocarbon chains. It has been reported, in fact, that, for some
nonmesomorphic 1-alkyl-3-methylimidazolium iodides, substi-
tuting one of the alkyl chains with a partially fluorinated one,
induces the emergence of smectic mesophases allowing for a
new class of ILCs suitable for applications as quasi-solid
electrolytes in dye-sensitized solar cells.”’

Supramolecular fluorinated liquid crystals (LCs) self-as-
sembled through halogen bond (XB) - the noncovalent
interaction involving halogen atoms as electrophilic sites” -
have also been reported."” The high specificity of XB for
haloperfluorocarbons represents an easy route to introduce
fluorinated moieties into supramolecular materials,"? while its
high directionality has proven to be a powerful tool in the
construction of new thermotropic calamitic mesogens starting
from nonmesomorphic building blocks.'"" The modularity of
this approach allowed to easily introduce new functionalities in
the final supramolecular systems."® For example, the incorpo-
ration of an azo-group into XB-donor molecules afforded
supramolecular LC complexes with unique light-responsive
properties,"* while complexation of a ditopic XB-donor with
alkoxystilbazole derivatives bearing a terminal methacrylate
group in the lateral chain, afforded trimeric mesogens suitable
for incorporation into LC elastomeric actuators."” LC polymers
have also been prepared upon complexation of ditopic XB-
donor and acceptor molecules,."™ At the same time, the self-
assembly of the amine hydrochloride derivative of a 4-arm
polyethylene glycol with iodoperfluoroalkanes afforded
supramolecular mesogens characterized by a highly ordered
lamellar structure self-organized up to millimetre scale.'”” More
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recently, we have also reported that nonmesomorphic ionic
liquids, i.e., 1-alkyl-3-methylimidazolium iodides, self-assemble
with iodoperfluorocarbons™ or fluorinated azobenzene
derivatives driven by the XB and result in a new class of
superfluorinated supramolecular ILCs, where mesomorphicity
was encoded in the trimeric halogen-bonded superanions.
Some of these ILCs, showing smectic mesophases down to RT,
may become suitable for the development of RT ionic
conductors.

With the hypothesis in mind of exploiting the synergistic
combination of XB and fluorous effect to drive mesogen self-
assembly and tune transition temperatures, we pursued
supramolecular complexes between 1-polyfluoroalkyl-3-alkyli-
midazolium iodides 1 and 2m, and long-chain iodoperfluor-
oalkanes 3p and 4 (Scheme 1). Our objective was to induce
lamellar order by segregation of perfluorinated chains. Even
starting from nonmesomorphic self-assembling modules, we
obtained smectic mesophases whose temperature transitions
were tuned to yield ILCs with large mesophase stability
windows below 100°C. Herein, we describe in detail their
syntheses, single-crystal X-ray structures, and mesomorphic
behaviours.

Results and Discussion
Materials design

The materials under investigation were obtained by mixing 1-
polyfluoroalkyl-3-alkylimidazolium iodides 1 and 2-m with
iodoperfluoroalkanes of different chain lengths (3p) or 1,8-
diiodoperfluorooctane (4), as reported in Scheme 1. Notably,
the starting Im salts 1 and 2-1 show enantiotropic smectic A
mesophases, while 2-3 and 2-5 are nonmesomorphic in nature,
suggesting that the flexibility of propyl and pentyl chains may
impact liquid crystallinity. We reasoned that by halogen
bonding a long-chain iodoperfluoroalkane to the I~ ion of the
ILs 2-3 and 2-5 could result in a more efficient segregation of
the hydrocarbon segments of the molecules and a more
compact fluorous layer, thus resulting in a lamellar organization
and likely promoting the emergence of a mesophase.
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Scheme 1. Chemical structures of the used polyfluorinated imidazolium salts
(1 and 2-m) and iodoperfluoroalkanes (3 p and 4), and their halogen-bonded
complexes 1-3p, 1:4,2m-3p,and 2m-4.
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As far as the mixing stoichiometry of starting modules is
concerned, it remains challenging to anticipate the composition
and structure of the final supramolecular adducts since it is well
known that halide anions may function as mono- or poly-
dentate XB-acceptors.” In particular, the number of XBs that I~
ions usually form, depends on the geometry of the interacting
moieties, the accessibility of the XB-donor moiety, and the
overall requirements of the crystal packing. Therefore, it is quite
common to have I” ions functioning as monodentate, bidentate
or tridentate XB-acceptors, although higher coordination
numbers are also possible.”” Our previous studies on halogen-
bonded superfluorinated ILCs"®'¥ would suggest a bidentate
behaviour of the I~ ion. However, a monodentate behavior
action cannot be excluded a priori, due to the higher sterical
hindrance produced by a fluorinated chain covalently bonded
to the Im scaffold.

In order to establish the correct stoichiometric ratio
between the Im salt and the iodoperfluoroalkane, we prepared
the XB-complexes by isothermal crystallization at RT starting
from chloroform solutions containing the XB-donor and accept-
or, in either 1:1 or 2:1 ratios. All of the complexes were
obtained as white microcrystalline solids that have been fully
characterized by 'H and '"F-NMR, DSC, and POM analyses.
Good-quality single crystals were also grown for several
complexes and submitted to X-ray diffraction analyses.

Single-crystal X-ray structural analyses

Single-crystal X-ray diffraction (XRD) analyses of samples 1-3-8,
1-3-10, 1-4, 2-1-3-10, and 2-1-4 revealed common patterns of
noncovalent interactions, highlighting how the XB drives the
self-assembly between the starting modules. Notably, in all of
the cocrystals, the I” ion functions as monodentate XB-acceptor
towards the | atoms of the perfluorinated modules. The XB-
donor/acceptor ratio in the systems thus depends exclusively
on the topicity of the XB-donor. In fact, in complexes 1-3-8,
1-.3-10, and 2-1-3-10 where the XB-donors are monoiodinated,
the XB-donor/acceptor ratio is 1:1 and dimeric halogen-bonded
complexes are, thus, formed (Figure 1, top). Similarly, in the
complexes 14 and 2-1-4, where the XB-donor is diiodoper-
fluorooctane 4, which functions as a ditopic XB-donor, the 1/4
and 2-1/4 ratios are 2:1 and trimeric complexes are obtained
(Figure 1, bottom).

In all of the structures obtained, the C—I-I~ contacts, i.e.,
XBs, are linear (C—-I~ angles between 170.2 and 177.5°) and
relatively short (Table 1), confirming the existence of strong and
directional interactions."” All the C—l--I~ distances are quite
similar, ranging between 3.434 and 3.503 A, which corresponds
to a ca. 13% reduction of the sum of the van der Waals and
Pauling radii for | and |7, respectively, and perfectly in line with
those reported in the literature for analogous XB-complexes
involving I~ ions.™® Interestingly, in all of the analyzed
complexes, the |~ ions complete their “interaction sphere”
forming weak hydrogen bonds (HBs) with the H atom in
position 2 of the Im cation, as a consequence of the strong
electron-withdrawing effect of the positively charged ring,
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Figure 1. Top: The asymmetric unit of the complex 2-1-3-10. Halogen
bonding drives the self-assembly of the imidazolium salt 2-1 and the
iodoperfluorodecane 3-10 into a dimeric supramolecular complex. Bottom:
The asymmetric unit of the complex 1-4. Halogen bonding drives the self-
assembly of the imidazolium salt 1 and diiodoperfluorooctane 4 into a
trimeric supramolecular complex. Color code: gray = carbon, blue = nitrogen;
magenta =iodine; green =fluorine; light gray = hydrogen. Black dotted lines
indicate the halogen bonds.

Table 1. Geometrical features of XB in crystallized complexes.

Complex d..” [Al N C—l-I" Angle [’]
1-3-8 3.502 0.87 174.5
1-3-10 3434 0.85 174.0
1-4 3.468 0.85 170.2
2-1:3-10 3.503 0.87 177.5
2-1-4 3.527 0.87 172.8

(@) Nc: Normalized contacts, expressed as the ratio between the XB
distance over the sum of the vdW and Pauling radii of the atoms involved
in the interaction.

which increases the Lewis-acid character of this H atom. The
average H--I~ distance in the complexes is ~3 A, which is in line
with those reported in the literature for similar systems.'? Other
weak HBs involving the I” ions are with the methyl group of a
nearby ring in cocrystals 1-3-8, 1-3-10, and 1-4.

As far as the crystal packing is concerned, a lamellar
organization is observed in all of the complexes elicited by the
segregation between the perfluoroalkyl chains and the charged
moieties (Figure 2A and Figure S1). The positively charged rings
and the iodide anions form a well-defined hydrocarbon layer
where each |I” unit is surrounded by four imidazolium rings.
Specifically, the iodide anion is placed at the center of a
supramolecular cube formed by the imidazole rings and shows
several short contacts with the electron deficient aromatic area
of two imidazolium units (average distance |"---centroid of the
Im cation: 3.8 A) and several hydrogen bonding contacts with
the H atom in position 2 and the CH, units of two other Im
cations. The hydrocarbon layers are then surrounded by the
fluorinated layers composed by the perfluorinated halogen
bonding donor units and the perfluorinated part of the
imidazolium moieties. Notably an extended network of F--F
contacts (Figure 2A) is present in the fluorinated layers promot-
ing the formation of dense and robust fluorinated lamellar

ChemPlusChem 2021, 86, 469-474 www.chempluschem.org

Figure 2. A) Packing of 2-1-3-10 viewed along the crystallographic b axis,
showing the segregation between the imidazolium ring and the iodoper-
fluorooctane module, resulting in a lamellar organization; B) Interdigitation
of fluorinated chains from the cation and the halogen-bonded superanion.
Color code: gray, carbon; blue, nitrogen; magenta, iodine; green, fluorine;
light gray, hydrogen. Black lines indicate the halogen bonds; light blue lines
indicate other short contacts.

systems. The resulting lamellar organization, if preserved in the
molten state, would most likely determine an LC behaviour
with smectic mesophases, as planned in our design. The
content of fluorine atoms in these complexes is exceptionally
high, picking up to over 53% in 1-3-10. Therefore it was no
surprise that perfluoroalkyl chains showed an extensive disorder
(Figures S2-S4). This behaviour is quite common in highly-
fluorinated crystalline systems and is mainly due to the low
ability of fluorine atoms to engage with strong intermolecular
interactions, commonly resulting in poorly crystalline materials.
Although for some of the reported structures the disorder of
the fluorinated chains was quite severe, we were able to locate
all the fluorine atoms (see S| for details in the refinement
process of the disordered perfluorinated alkyl chains).

NMR analyses

YF-NMR Spectroscopy was used to determine whether the bulk
crystalline samples had the same composition of the analyzed
single crystals, i.e., determine the stoichiometric ratio between
the Im salt and the iodoperfluoroalkane in all of the complexes
under study.

YF-NMR spectra clearly showed the presence of the
characteristic peaks for the two starting fluorinated modules
(Figures S5 and S6). In particular, iodoperfluoroalkanes 3p
showed a triplet at —59.86 ppm and a multiplet at
—113.12 ppm, due, respectively, to the ¢ and § difluorometh-
ylene groups (I~ CF,CF,—); similarly the diiodoperfluoroocatne 4
showed a triplet at —59.34 ppm (I CF,—-) and a multiplet at
113.08 ppm (I-CF,CF,). The Im salts on the contrary showed a
multiplet at —113.58 ppm due to the —CH,CF,— group. The
ratios between the —CH,CF,— signal area (derived from the Im)
and the (I-CF2CF2-) signal areas (derived from the iodoperfluor-
oalkane) were 1:1 in all of the crystallized complexes,
independent of the starting stoichiometry between XB-donor
and XB-acceptor modules used in the experiments. This result is
perfectly in line with X-ray data. It confirms that the I~ functions
as monodentate XB-acceptor in all of the bulk complexes and
the Im/perfluoroalkane ratios (1:1 for complexes containing 3 p
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and 1:2 for complexes containing 4) found in single crystals are
representative of the whole bulk samples.
Thermal analyses

The LC properties of the starting Im salts and of all the obtained
complexes were established by a combination of Polarised-light

Table 2. Phase transition temperatures and mesophase temperature

ranges measured on heating the halogen-bonded complexes 1-3p, 1-4,

and 2m-3p.

Complex Transition™ Temperature [°C] AT [’

1 Cr—SmA 94 130
SmA-Iso 224

1-3-8 Cr—SmA 107 127
SmA-Iso 234

1-3-10 Cr—SmA 29 134
SmA-Iso 233

1-3-12 Cr—SmA 116 1
SmA-Iso 227

1-4 Cr—SmA 86 75
SmA-Iso 161

2-1 Cr—SmA 86 112
SmA-Iso 198

2-1-3-8 Cr—SmA 90 55
SmA-Iso 145

2-1-3-10 Cr—SmA 98 37
SmA-Iso 135

2-1-3-12 Cr—SmA 120 43
SmA-Iso 163

2-3 Cr—lIso -8

2-3-3-8 Cr—SmA <23 97
(SmA-SmB) 108
SmA-Iso 120

2-3-3-10 Cr—SmA 73 62
(SmA-SmB)" 122
SmA-Iso 135

2-3:3-12 Cr—SmA 78 61
(SmA—-SmB)" 105
SmA-Iso 139

2-5 Cr—lIso -32

2-5-3-8 Cr—SmA <19 80
SmA—Iso 99

2-5-3-10 Cr—SmA 53 65
SmA—Iso 118

2-5-3-12 Cr—SmA 52 75
SmA-ISO 127

[a] Crystal phase (Cr), smectic A phase (SmA), smectic B phase (SmB), and

isotropic phase (Iso). [b] Seen only on cooling.

Figure 3. Optical textures observed on cooling from the isotropic state for:
A) 1-3-8 at 220°C; B) 2-1-3-10 at 133°C; C) 2-5-3-8 at 97°C; D) 2-3-3-10 at

126 °C (SmA phase); E) 2-3-3-10 at 114 °C (SmB phase).
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Optical Microscopy (POM) and Differential Scanning Calorimetry
(DSC) performed on the powder crystalline samples.

Starting Im salts displayed decreasing melting temperatures
with increasing hydrocarbon chain lengths. Indeed, while Im
salts 1 and 2-1 have melting points (mp.s) slightly below 100°C,
both 2-3 and 2-5 are highly viscous liquids at room temperature
(mp.s of —8 and —32°C, respectively). Furthermore, both 1 and
2-1 also showed SmA LC properties with clearing points>
200°C.

Noteworthy, all the obtained complexes showed thermo-
tropic LC properties. Transition temperatures are reported in
Table 2. All of the complexes displayed enantiotropic meso-
morphism with smectic A phases displaying characteristic
optical textures on cooling (Figures 3 and S7). This result is
consistent with XRD analyses and is a manifestation of the
lamellar organization of perfluorocarbon and hydrocarbon
modules. Notably, 2-3:3p and 2-5-3p, although starting Im
salts were not LC, all showed the emergence of mesophases. In
particular, all of the complexes containing 2-3 and 2-5 showed
mp.s lower than 80°C and, noteworthy, 2-3:3-8 and 2-5-3-8
were LC at RT. This result is relevant because RT-LC materials
displaying high ionic conductivity are attractive candidates for
applications in several electrochemical devices. All of 2-3-3p
and 2-5-3p complexes showed clearing points, i.e., SmA-Iso
transitions temperatures at <100°C and increasing with the
length of the halogen-bonded perfluoroalkyl chains. The meso-
morphism of 2-3-3p complexes also showed on cooling an
intermediate phase, identified by microscopy through the
appearance of striations across the back of the fans (Figure 3E),
which disappeared on cooling further below the transition.
POM texture would suggest the formation of a SmB phase,
however other smectic phases or crystal modifications cannot
be excluded. Complexes 1:3p all showed melting (>100°C)
and clearing points (>200°C) higher than the pure 1, and, in
general, provided with the highest transition temperatures and
the broadest LC ranges of the whole series of obtained
complexes (Figure 4). Conversely, the complex 1-4 showed a
lower transition temperature. On the other hand, 2-1-3p
complexes showed higher melting points while lower clearing
points than the pure Im salt 2-1. In both cases, no particular
trends related to the chain length of the perfluorinated

m Solid phase = SmA phase =SmB phase
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Figure 4. Phase transition temperatures and mesophase temperature ranges
measured on heating the halogen-bonded complexes under a hot-stage
polarized optical microscope. The smectic B phase has been seen only on
cooling for complexes containing 2-3 p.
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modules were observed. As far as the length of the alkyl chains
on the Im cations, instead, transition temperatures consistently
decreased with the increase of the chain length from 1 to 2m.
Despite the high clearing points, DSC analyses confirmed
the stability of such complexes (Figures S8 and S9). Repeated
heating and cooling cycles demonstrated that the LC properties
were fully reversible over, at least, three cycles, and typical POM
features were perfectly reproducible even after several excur-
sions into the isotropic phases. Since 2-3 and 2-5 are not
mesomorphic, this implies that the XB between the |~ ion and
the iodoperfluorocarbon survives in the mesophase and is
responsible for the LC behaviours of the obtained
supramolecular structures. In addition, the formation of halogen
bonds also plays a key role in the assembly and stabilization of
the observed lamellar arrangements and thus on the formation
of the ordered SmA phases. Specifically, the selected XB
acceptor modules, composed by an ionic head and a
fluorinated tail, are self-assembled amphiphilic systems in
nature and their assembly is promoted by strong electrostatic
interactions in the layers of the ion pair units (namely the
imidazolium ring and the iodide anion) and by multiple F--F
contacts for the organization of the fluorinated tails in the
fluorinated layers. This amphiphilic character is clearly observed
in the XRD studies and it is responsible for the overall lamellar
arrangement of the complexes. Here the addition of perfluori-
nated XB donors has two-folds effect on the overall organiza-
tion. First there is, for all the complexes, an elongation of the
perfluorinated portion which adds a further stabilization of the
fluorinated layers thanks to the formation of additional F--F
contacts. Latter it is able to induce, for the non-mesomorphic
salts 2-3 and 2-5, the LC behavior. Therefore the formation of
liquid crystalline phases with lamellar order can be affected by
a careful selection of the length of perfluorinated chains which
can be added using a supramolecular approach driven by XB.

Conclusion

We have described the synthesis of new supramolecular
complexes obtained upon XB-driven self-assembly of 1-poly-
fluoroalkyl-3-alkylimidazolium iodides (1 and 2m) and mono-
iodoperfluoroalkanes of different chain lengths (3 p) or diiodo-
perfluorooctane (4). Single crystal X-ray diffraction analyses
proved that ||~ halogen bonds are primarily responsible for
the self-assembly of the complementary modules, driving the
formation of perfluorinated superanions. The partial interdigita-
tion of fluorinated chains of anions and cations interacting
through weak F--F contacts enhances the segregation between
perfluorocarbon and hydrocarbon moieties promoting the
formation of the segregated layered structure.

All of the complexes displayed thermotropic liquid-crystal-
line behaviour over a wide range of temperatures, with
enantiotropic smectic phases, which are reminiscent of the
lamellar phase observed in the crystal state. Notably, some
complexes are liquid crystalline at room temperature providing
new fluorinated ionic liquid crystalline materials. Our results
highlight the ability of the XB to persist in the molten/liquid

ChemPlusChem 2021, 86, 469-474 www.chempluschem.org

phase and work as an efficient supramolecular tool for the
introduction of long perfluoroalkyl chains on the anions of
imidazolium salts, thus providing novel design principles for
supramolecular ionic conductors.

Experimental Section

Materials and Methods

The starting materials were purchased from Sigma-Aldrich, Acros
Organics, and Apollo Scientific and they were used as received.
Commercial HPLC-grade solvents were used without further
purification. The LC textures were studied with an Olympus BX51
polarized optical microscope equipped with a Linkam Scientific LTS
350 heating stage and a Sony CCD-IRIS/RGB video camera. DSC
analysis was performed with a Mettler Toledo DSC823e instrument,
using aluminum light 20 plL sample pans and Mettler STARe
software for calculation. 'H NMR and 'F NMR spectra were
recorded at 25 °C with a Bruker AV 500 spectrometer using CDCl; as
a solvent. TMS and CFCl; were used as internal standards for
calibrating chemical shifts in '"H NMR and '°F NMR, respectively. The
single-crystal X-ray structures were determined on a Bruker Kappa
Apex Il diffractometer. Experimental details about the crystal
structure determination can be found in the Supporting Informa-
tion

Synthesis

All the 1-polyfluoroalkyl-3-alkylimidazolium iodides (1 and 2-m)
were prepared as previously reported.”) The supramolecular
complexes were synthesized as follows: The 1-polyfluoroalkyl-3-
alkyl imidazolium iodides and the appropriate iodoperfluoroalkanes
were dissolved separately in chloroform. The two solutions were
mixed in an open, clear borosilicate glass vial to obtain a 1:1 or a
1:2 imidazolium/perfluorocarbon molar ratio. The slow evaporation
of the solvent at room temperature afforded to microcrystalline
powders which have been characterized by 'H and "°F NMR.

Single crystal X-ray diffraction analysis

Single crystals suitable for X-Ray diffraction analysis were obtained
through free-interface diffusion crystallization experiments carried
out at the interface between chloroform and hexane. In this case,
the imidazolium salts were dissolved in chloroform, while perfluor-
ocarbons were dissolved in hexane. The hexane solution was then
stratified on the chloroform solution and the slow diffusion of the
hexane in chloroform afforded to good quality single crystals.
Deposition Numbers 784681 (for 1-3-8), 784679 (for 1-3-10),
784677 (for 1-4), 784680 (for 2-1-3-10) and 784678 (for 2-1-4)
contain the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karls-
ruhe Access Structures service www.ccdc.cam.ac.uk/structures.
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