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Ion-Pairing Chromonic Liquid Crystals via Alternately Stacked
Assembly of Amphiphilic Charged n-Electronic Systems

Yuto Maruyama, Koji Harano, Hayato Kanai, Yasuhiro Ishida, Hiroki Tanaka,

Shinya Sugiura, and Hiromitsu Maeda*

Abstract: In this study, a new assembly strategy for
lyotropic chromonic liquid crystals (LCLCs) is proposed
using ‘n—'n interactions, mainly comprising electrostatic
and dispersion forces, between charged mn-electronic
systems to form stacking structures supported by the
hydration of triethylene glycol (TEG) units. The meso-
TEG-aryl-substituted porphyrin Au™ complex, an am-
phiphilic n-electronic cation, showed diverse states and
assembly modes in ion pairs depending on the coexisting
counteranions. The PCCp~ ion pair formed a hexagonal
columnar (Col,) LC phase based on a charge-by-charge
assembly, suggesting the formation of an ordered
arrangement of charged n-electronic systems through n—
in interactions, with reduced interactions between the
TEG chains. Furthermore, in the presence of water,
LCLC behavior in the Col, and nematic columnar
phases according to the amount of water were observed
for the PCCp~ ion pair as a result of ‘n-'n interactions.
Magnetic-field-induced orientation of the charge-by-
charge columnar structures upon dehydration was
observed. Furthermore, single-stranded charge-by-
charge columnar structures, as components of the
LCLCs, were observed using transmission electron

microscopy (TEM).
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Introduction

The molecular states can be controlled by solvation.
Monomeric states were observed in well-solubilizing sol-
vents, whereas crystallization occurs in poor solvents.!"
Appropriate modulation of the interactions between mole-
cules and solvents results in the formation of aggregates
dispersed in solutions™ and, in some cases, supramolecular
gels by capturing solvent molecules in entangled fiber and
sheet structures.’! More dynamically assembled states,
including solvents, are lyotropic liquid crystals (LLCs),
wherein the hydrophobic effects between the amphiphilic
molecules form aggregates.”! In particular, LLCs comprising
n-electronic systems such as dyes and nucleic acids are
lyotropic chromonic liquid crystals (LCLCs). In LCLC
phases, the molecules are stacked not only by hydrophobic
effects but also by n—n interactions. In contrast to conven-
tional amphiphilic mesophases with critical micelle concen-
trations (CMC), the assemblies that form LCLCs have no
clear critical concentrations, and constituent molecules
reversibly form stacking structures (Figure 1a).’! Wiirthner
etal. reported the self-assembling perylene bisimide dyes
bearing oligo(ethylene glycol) units in water to obtain
thermally responsive functional nanostructures.” n-Elec-
tronic systems bearing charged peripheral substituents, such
as perylene bisimides,/”! phthalocyanines,”® and porphyrins,”
have also been used as mesogens for LCLCs.

The ionic moieties of the mesogens and the correspond-
ing counterions act as units to enhance the affinities for
water molecules. The core n-electronic units form stacked
assemblies via dispersion forces, resulting in LCLCs. Elec-
trostatic interactions between the charged peripheral sub-
stituents also support the stacking of mesogens.”! In
contrast, there are a few examples of n-electronic systems
whose charges are delocalized in the core to form stacking
structures for LCLCs, where the counterions of the charged
n-electronic systems are located outside the columnar
structures."” Another assembly strategy for LCLCs involves
the use of the electrostatic forces between charged n-
electronic systems to form stacked structures. Alternately
stacked n-electronic cations and anions form charge-by-
charge assemblies mainly via electrostatic and dispersion
forces, that is, ‘n-'n interactions (Figure 1b).l'""?l Such ion-
pairing assemblies comprising charged n-electronic systems
have been observed in crystals, supramolecular gels, and
thermotropic liquid crystals depending on the peripheral
substituents.'”) However, LCLCs based on charge-by-charge
assemblies, through introducing hydrophilic substituents,
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Figure 1. a) Aggregation modes of conventional amphiphiles and
chromonic molecules in water, b) assemblies of n-electronic cations
and anions, c) i) porphyrin Au" complexes, represented as a parent
structure, and ii) PCCp~ as building units of ion-pairing assemblies,
and d) introduction of hydrophilic substituents into porphyrin Au"
complexes to form amphiphilic ion-pairing assemblies.

have not been reported due to the absence of appropriate
amphiphilic n-electronic ions.

The potential positively charged core units of LCLCs are
porphyrin Au™ complexes that form various assemblies in
combination with anions (Figure 1c i).'"! The complexation
of Au™ (d*) by porphyrins as dianionic ligands is crucial for
preparing large charged n-planes, which effectively form
tightly stacked ion pairs and the resulting assembling
structures. Notably, ion pairs with pentacyanocyclopentadie-
nide (PCCp )" (Figure 1c ii) as a m-electronic anion
exhibited charge-by-charge assemblies in the form of
supramolecular gels and thermotropic liquid crystals.!'*
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Given the previous studies, a potential strategy for forming
ion-pairing LCLCs involves the introduction of hydrophilic
substituents into porphyrin Au™ complexes (Figure 1d). In
this study, the ion-pairing assemblies of an amphiphilic
porphyrin Au™ complex with counteranions were investi-
gated. The introduction of a charged n-electronic system as
a counteranion of the amphiphilic n-electronic cation results
in the formation of LCLCs, exhibiting a magnetic-field-
induced orientation, and single-stranded charge-by-charge
assembly via the synergetic use of m—'m interactions and
hydrophobic effects.

Results and Discussion

Assembly in aqueous media requires hydrophilic ionic and
nonionic substituents for hydration such as CHs-
(OCH,CH,);O (triethylene glycol, TEG) moieties for the
latter. Amphiphilic porphyrin Au™ complex 1au™ (Figure 2)
as a Cl” ion pair was synthesized by Au™ complexation of
3,4,5-tris(TEG)-substituted  arylporphyrin™’ 1  using
KAuCl,-nH,O and NaOAc-3H,0 in AcOH. PCCp™ as a
desired counteranion and B(C4Fs),” as a reference were
introduced by the ion-pair metathesis of lau”-Cl~ using
NaPCCp™ and LiB(CFs),, respectively (Figure 2). The ion
pairs were characterized using 'H and “C NMR and ESI-
MS. In CDCl; (1 mM) at 20°C, the '"H NMR signals of B-CH
(9.43 ppm) and aryl-CH (7.69 ppm) of 1au™ in 1au*-PCCp~
were found to be shifted downfield compared to those of
lau™-Cl™ (9.32 and 7.48 ppm, respectively), suggesting that
B-CH and aryl-CH were located out of the n-plane of PCCp~
in the stacked ion pair (7-sip) (Figure S2,4). The 'H NMR
signal of the aryl-CH of 1au™ in 1au™-PCCp~ was broader
because of hydrogen-bonding interactions with the CN sites
of PCCp™.

UV/Vis absorption spectra with the maxima (A,,), as
those of the Soret bands, at 425 nm in CH,CIl, were observed
for 1au™-Cl- and lau™-PCCp~, suggesting that counter-
anions had no influence (Figure 3). These observations
suggest that the ion pairs exist in dispersed states without
aggregation. In contrast, in aqueous solution (8 uM), 1au*
-Cl” and 1au*-PCCp~ exhibited blue-shifted absorptions at
415 and 419 nm, respectively (Figure 3). The differences
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Figure 2. Synthesis of the amphiphilic porphyrin Au
pairs.

complex as ion
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Figure 3. UV/Vis absorption spectra of Tau™-Cl~ (broken line) and
Tau*-PCCp~ (solid line) in CH,Cl, (black) and aqueous solution (blue)
(8 pM for each).

between the blue shifts can be ascribed to the different
assembly modes according to the coexisting anions. The
moderate blue shift (6 nm) for lau®-PCCp~ would be
derived from the smaller exciton coupling between lau*
units separated with an approximate distance of ca. 0.7 nm
in a charge-by-charge assembly. Oppositely charged n-
systems in 1au™-PCCp~ induce effective ‘n-'n interactions,
supported by hydrophobic effects. In contrast, the larger
blue shift of 1au™-Cl- (10 nm) can be attributed to the
stacked 1au™ units. Hydration for CI~ could be used for the
stacking arrangement of lau™.['! Furthermore, in an
aqueous solution, the ion pairs formed dispersed assembled
structures with sizes of ca. 500 nm, as indicated by DLS
measurements (Figure S12). Observations in aqueous solu-
tions suggest that the electrostatic forces in the PCCp~ ion
pair are used for assembly but not for hydration.!
Bulk-state assembled structures were examined for ion
pairs. The viscous liquid-state lau™-Cl~, prepared from
CH,Cl,, showed a synchrotron X-ray diffraction (XRD)
pattern derived from the amorphous state at r.t. (Figure 4a).
In contrast, differential scanning calorimetry (DSC) of 1au*
-PCCp~ suggested the transitions at —9 and 267 °C (heating)
and 258 and —18°C (cooling) (Figure S15). The wide
temperature range of the mesophase is characteristic of the
PCCp~ ion pairs of porphyrin Au™ complexes.**! Dendritic-
like polarized optical microscopy (POM) textures, which are
generally ascribable to columnar phases formed by molec-
ular aggregates, were observed at 20°C (Figure 4b i).
Synchrotron XRD at —30°C showed the complex diffraction
pattern of d=2.28 (110), 1.91 (200), 1.44 (020), 1.14 (220),
0.94 (400), 0.80 (420), 0.77 (330), 0.75 (510), 0.72 (040), 0.68
(001), 0.66 (240), 0.63 (600), 0.59 (530), 0.58 (440), and 0.34
(002) nm revealed a rectangular columnar (Col,) structure
with a=3.81 nm, »=2.84 nm, and ¢=0.68 nm (Z=2 for p=
1.32) (Figure S37k). On the other hand, at 20°C, the
synchrotron XRD pattern of d=2.22 (100), 1.27 (110), 1.10
(200), 0.83 (210), 0.73 (300), 0.69 (001), 0.64 (220), and 0.61
(310) nm revealed a hexagonal columnar (Col,) structure
with ¢=2.56 nm and ¢=0.69 nm (Z=1 for p=1.25) (Fig-
ure 4b ii). As indicated by the a value, the constituent size
was consistent with the model structure of 1au™. In contrast,
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Figure 4. 1) POM images and ii) synchrotron XRD of a) Tau*-Cl™~ at
25°Cand b) Tau*-PCCp~ at 20°C upon cooling. The examined
samples were water-free ion pairs.

the ¢ value indicated an alternately stacked ion-pairing
structure in the charge-by-charge assembly mode. The Col,
phase was observed below ca. 260 °C without any transitions.
The states of lau™-Cl- and lau*-PCCp~ were distinct
depending on the coexisting anions. In the assemblies of
1lau”-PCCp~, the hydrophilic side chains contribute little to
the aggregation, mainly attributed to the ‘m—'n interactions
between 1au® and PCCp~ and hydrophobic effects.

The assembly behavior was further examined for ion
pair 1au*-PCCp~ in the presence of water. The water-
containing lau®-PCCp~, in the percentages (w/w) of ion
pairs to the total amounts (ion-pair percentages) of 75 %-—
1%, were prepared for the examinations. The POM textures
at r.t. varied depending on the ion-pair percentages (Fig-
ure 5a). The samples with ion-pair percentages of 75 %,
50%, and 40%, lau™-PCCp 754,500,400 labeled with the
corresponding percentages, exhibited Col, structures via
synchrotron XRD at r.t., whereas 1au*-PCCp 35, and the
samples with higher amounts of water showed no diffraction
peaks from the periodic arrangement of the columns (Fig-
ure 5b). The a values of 1au*-PCCp 7se 5000400, WeTE €sti-
mated to be 2.72, 3.12, and 3.13 nm, respectively, suggesting
that the intercolumnar distances were extended by more
effective hydration at the TEG chains. The diffractions at
0.68, 0.76, and 0.82 nm, respectively, suggested the formation
of charge-by-charge assemblies in the presence of water.
These observations indicated that 1au™-PCCp~ in the Col,
phases exhibited LCLC behaviors based on the interactions
between oppositely charged n-electronic systems. More
water interfered with the ordered arrangement of the
columnar structures. lau™-PCCpP ss9, 300050200 formed a
nematic columnar (N,) phase with only orientational order-
ing (Figure 5¢). lau*-PCCp~is5¢10%110 showed no POM
textures, indicating that the ion-pair columns were isotropi-
cally dispersed and non-LCLC states, labeled as Iso,, in this
study, at r.t. (Figure 5c). The diffractions, some of which
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Figure 5. a) POM images of i) Tau™-PCCp~ g, i) Tau™-PCCp ™4, and
iii) Tau™-PCCp 4% at 20°C, b) synchrotron XRD of Tau*-PCCp~ and
water-containing Tau*-PCCp~ at 25°C, and c) phase changes accord-
ing to the ion-pair percentages.

were weak and not observed, at ca. 0.76 nm suggested the
retaining charge-by-charge assemblies.

The assembly modes in the LCLCs of 1au™-PCCp~ were
modulated by the thermal conditions and concentrations
(Figure 6a). For example, the thermal transitions of lau®
-PCCp 4y, were examined by DSC and POM, showing
transitions at 50 and 64°C, the former of which was
indicated only by POM. Synchrotron XRD revealed Col,
and Col,’ phases with a values of 3.19 and 2.93 nm and ¢
values of 0.82 and 0.80 nm at 50 and 70°C, respectively,
upon heating, whereas no diffraction peaks from the
periodic arrangement of the columns (c=0.81nm) were
observed at 60°C. The POM texture at 60°C suggests that
the N, phase was formed within a small temperature range.
At <64°C, intercolumnar distances and ordering were
mainly controlled by thermal motion. At 64°C, intercolum-
nar distances were changed due to deswelling by partial
dehydration upon heating. However, because hydration
upon cooling was difficult, columnar structures of different
sizes and phases were formed in domains with different
concentrations.™”

1au”-PCCp 359 309%n5%m0% 1N N phases at r.t. showed
thermal transitions to optically isotropic states, as observed
in 1au™-PCCp 5910019 at r.t., and to POM-active states,
such as lau™-PCCp 4. For example, lau™-PCCp .,
exhibited thermal transitions at 40 and 67°C. At 70°C, 1au™
-PCCp~ 59, showed the Col, phase, upon dehydration, with
a and c values of 2.96 and 0.70 nm, respectively, as revealed
by synchrotron XRD. This observation suggested that the
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Figure 6. a) Diagram of phase changes of water-containing Tau™-
PCCp~ by thermal transitions and b) assembly behavior model at LCST.
In a), the areas of light green, yellow, red, and dark green refer to Col,,
N, isotropically dispersed columnar (Iso.,) phases, and Col,’ phase
due to deswelling by dehydration, respectively.

phase between 40 and 67 °C would be an Iso.,, phase. Similar
behavior was observed in 1au"-PCCp 350,309,059 With lower
N,.,—Iso., transition temperatures at lower concentrations.
On the other hand, in 1au*-PCCp35¢,/300/25%, decreasing the
solubility at 5°C upon cooling resulted in the precipitation
of Col, structures with =3.85-3.95 nm and ¢=0.72-0.75 nm
(Z=1 for p=0.51). Further diluted 1au*-PCCp54,/19%/19 N
Iso.,; phases at r.t. showed transitions to Col,’ states upon
partial dehydration at 63, 59, and 62°C, respectively. The
transitions caused by the changes in molecular motion were
not observed in the range of 5-60°C because each columnar
structure was dispersed in Iso.,. At <35 % ion-pair percen-
tages, thermal motion mainly controlled the intercolumnar
distances and ordering below the transition temperatures to
the partially dehydrated Col,’ states. Notably, the ¢ values in
the columns were observed at 0.69-0.76 nm except for 1au*
-PCCp~ 9, whose stacking was disordered due to the smaller
interactions between the side chains in the columns. In the
60-70°C range, deswelling by partial dehydration upon
heating resulted in phase transitions to the Col,’ phase,
whereas swelling by hydration upon cooling induced the
phase transitions to less ordered phases for the states with
ion-pair percentages of <35 %. These observations indicate
the presence of lower critical solution temperatures (LCST)
for the partially dehydrated Col,’ states except for lau™
-PCCp 5., (Figure 6b).*

In contrast to the PCCp~ ion pair, water-containing 1
(L7s%is0%5%) and Tau"-Cl™ (Lau"-Cl 759,5091059,) €xhibited no
LCLCs (Figure S14,15,18-23,37-42). Thermal transitions of
1750509059 were examined by DSC analysis, showing that
the transitions generally corresponded to the changes in
optical microscopy images due to aggregation by dehydra-
tion upon heating and disaggregation by hydration upon
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cooling. The observed aggregates were isotropic and formed
via hydrophobic effects. Furthermore, 1au”-Cl 754,509 /55%
showed no thermal transitions in DSC analysis and almost
no dehydration upon heating. Electrostatic repulsion be-
tween 1lau” in the absence of efficiently stackable anions in
lau”-Cl” prevented the formation of aggregates. These
results suggest that ‘n—'m interactions, as observed in lau"
-PCCp, are crucial for the formation of LCLCs.

Taking advantage of the anisotropic magnetic suscepti-
bility of 1au*-PCCp~ owing to its columnar structure and
viscosity tunability by controlling the water content, a
macroscopically oriented structure could be stably
constructed.?! The Col, structure fabricated under the slow
condensation of lau®-PCCp~y, drop-cast on a glass sub-
strate to dryness by vaporizing water for ca. 3 h showed no
orientation (Figure 7a, S66a). In contrast, for lau®
-PCCp~ ¢, placed in a 10-T magnetic field applied along the
glass substrate under the similar drying procedure, the
sample was initially less viscous and responsive to the
magnetic field, whereas, in the end, it became viscous
enough to maintain the oriented structure even without the
magnetic field. When the resulting sample was observed
using POM while changing its angular geometry, the bright-
ness was changed homogeneously and drastically throughout
the region, indicating that the columns were oriented in one
direction along the glass substrate (Figure S66b).>'?
Although this result could not tell whether the columns
preferred to orient parallel or perpendicular to the magnetic
field, the 2D XRD measurement detected anisotropic
diffractions due to the alternately stacked ion-pairing
structure, that is, the (001) and (002) faces, specifically in the
equatorial region (Figure 7b), which allowed us to conclude
that the columns were oriented perpendicular to the
magnetic field.”' Encouraged by the successful horizontal
orientation of the columns, a vertical orientation was also
attempted. In this case, the same condensation process was
performed under a 10-T magnetic field with the glass
substrate rotated in-plane at 20 rpm.' Accordingly, the

a)  without b) static C)
magnetic field

rotating

magnetic field magnetic field

002)
(001) (002) (0o1)

(001) (002)

—
-
O
\ :
A S—/

RR

1l

(

Figure 7. 2D XRD images of the samples of Tau™-PCCp~ cast on glass
substrates, which were prepared by slow vaporization of water from
Tau*-PCCp oy a) without a magnetic field, b) with a 10-T static
magnetic field applied along the glass substrate, and c) with a 10-T
magnetic field rotating in-plane of the glass substrate.
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sample was virtually exposed to an in-plane rotating
magnetic field, which forced the columns to orient perpen-
dicular to the rotation plane. Indeed, the resulting sample
exhibited weak angle-independent birefringence in the
POM observations, consistent with the general tendency for
vertically oriented columnar liquid crystals (Figure S66¢c).*""!
In addition, the resulting sample hardly exhibits the
diffraction of the (001) and (002) faces because of the
alternately stacked ion-pairing structure, further supporting
the vertical orientation of the columns, where the periodicity
along the column axis cannot exhibit the corresponding
diffraction (Figure 7c). Overall, 1au*-PCCp with an alter-
nately stacked ion-pairing structure can be unidirectionally
oriented on demand over a macroscopic scale.
Single-stranded charge-by-charge assemblies were ob-
served by transmission electron microscopy (TEM) in a non-
stained specimen prepared from a more dilute aqueous
solution of 1au™-PCCp~ (0.1 mM) and deposited on a thin
carbon film via freeze-drying processes (Figure 8a), suggest-
ing the importance of charge-by-charge assemblies in
LCLC:s for the fabrication of ordered structures. The widths
of 3.7-4.0nm at the thinnest parts indicated the single
strands of charge-by-charge assemblies that are isolated
without bundling. The corresponding high-angle annular
dark-field scanning TEM (HAADF-STEM) image also
showed a high image contrast of the assembly, suggesting

Figure 8. a) TEM and b) HAADF-STEM images of the single strands of
lau®-PCCp~ formed in aqueous solutions (0.1 mM).
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the presence of heavy Au atoms in the single strands
(Figure 8b). The width of the simulated single-stranded
charge-by-charge assembly comprising lau”-PCCp~ units
was 3.9 nm and is consistent with the observed TEM images
(Figure S67).21 The direct observation of single-stranded
charge-by-charge assemblies formed by ‘n-m interactions
suggests that the synergetic use of electrostatic and dis-
persion forces is effective for producing polymer structures.
More concentrated conditions induce the formation of
LCLCs with water molecules acting as connectors between
charge-by-charge columnar structures.

Conclusion

This study demonstrated the synthesis of amphiphilic
porphyrin Au™ complex ion pairs for the assembly in the
absence and presence of water. In the PCCp~ ion pair,
synchrotron XRD revealed the formation of thermotropic
liquid crystals arranged in a charge-by-charge assembly
based on - interactions. In the presence of water, LCLC
behaviors, in the charge-by-charge-based Col, and N,
phases, along with Iso., phases were observed according to
the amounts of water and the temperatures. Oriented
charge-by-charge columnar assemblies in the Col, phase
were formed from an aqueous solution by drying under a
magnetic field. Furthermore, as observed by TEM, single-
stranded charge-by-charge assemblies as components of
LCLCs were formed in a diluted aqueous solution via
freeze-drying processes. These observations suggest that the
charges in the PCCp~ ion pair were used for assembly via ‘n—
‘m interactions but not for hydration. This study also
demonstrates a new type of amphotropic LCs™! based on
charged m-electronic systems. Further modifications of
amphiphilic charged n-electronic systems, such as the partial
introduction of hydrophilic meso-aryl moieties, would result
in solvent-supported highly ordered assembled structures
that are responsive to external stimuli. The assembly modes
and properties can also be modulated by combining with n-
electronic anions.
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