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ABSTRACT: We describe a novel class of tetraphenylbenzene-based discotic molecules with exceptional self-assembling properties. 
Absorption and fluorescence studies confirmed the formation of J-type aggregates in solution. The discotic mesogens also show an 
enhancement of the emission upon aggregation. Interestingly, these discotic molecules displayed enantiotropic hexagonal columnar 
liquid crystal phases that can be switched into a helical columnar organization by application of an electric field. The helical columns 
arise from the electric-field-induced tilt of the polar fluorobenzene ring that directs all of peripheral phenyl groups into a propeller-
like conformation with respect to the central benzene core. A cooperative assembly process of these propeller-shaped molecules 
resolves into a helical columnar organization, in which the preferred helical sense is obtained from the stereogenic center proximate 
to the polar carbon-fluorine bond. The ease of inducing chirality in columnar LCs by electric field presents opportunities to create 
next-generation chiral materials for a variety of applications. 

INTRODUCTION 
Nature makes use of complex helical structures (e.g. protein 

α-helix, DNA double helix) in recognition, replication and se-
lective activity.1-2 Mimicking these biological systems has in-
spired materials chemists to pursue a wide range of artificial 
helical molecules, polymers, and self-assembled small mole-
cule aggregates.3-6 Synthetic helical architectures have demon-
strated unique chiral phenomena, and specific functionalities, 
which have not been observed in natural systems.7 Liquid crys-
tals (LCs) are one of the most appealing synthetic systems and 
chirality is transferred from molecular to much longer length 
scales.8-10 The unique combination of long-range order and flu-
idity with chirality has resulted in LC phases with unprece-
dented structures and properties.11-12 Among chiral LCs, colum-
nar phases represent a powerful tool to achieve helical columnar 
assemblies that can further promote two-dimensional arrange-
ments.13 Helical intracolumnar order often lies on the formation 
of twisted assemblies as a result of the steric interactions be-
tween adjacent cores that leads to a rotational offset.14 Addition-
ally, molecular chirality of stereogenic centers located in the 
flexible alkyl chains at the periphery of the disk-like cores can 
be transferred to the supramolecular organization and guide the 
packing direction. In cases with propeller types of structures the 
small chiral biases have been observed to promote cooperative 
helical columnar phases.15 Exotic helical superstructures have 
proven interesting, and several research groups have recently 
demonstrated unusual electro-optical behavior, chiro-optical 
properties, ferroelectricity, or exceptional non-linear optical 
properties.16-21 

Herein, we report on the exceptional self-assembling features 
of discotic molecules based on a tetraphenylbenzene core (Fig-
ure 1). Discotic molecule 3 was designed to incorporate a chiral 
alkyl chain as well as a carbon-fluorine bond conformationally 
coupled to the chiral center, whereas 1 was designed to have an 
achiral structure for comparison purposes. The lateral fluoro 
substituent was introduced into the discotic molecule to gener-
ate a strong dipole moment, and hence electric field response.22-

23 These discotic molecules displayed enantiotropic columnar 

liquid crystal phases over a wide temperature range. Such col-
umns are formed from discotic molecules which are conforma-
tionally dynamic and are essentially free to rotate around their 
short optical axis, thereby resulting in an achiral columnar 
phase. We hypothesized that the dihedral angle of the C−C bond 
connecting the fluorobenzene ring and the central benzene 
could be biased with an external electric field to produce a pro-
peller-like configuration. The propeller shape, and the transfer-
ence of chirality from the stereogenic center proximate to the 
fluorine, creates an excess of an enantiomeric conformer and 
mesogens efficient pack in a helical columnar organization 
(Figure 1). 

 

 
Figure 1. Chemical structure of the electric-field switchable discotic 

liquid crystals, and schematic representation of its self-assembly into 
(helical) columns. 

 
 



 

RESULTS AND DISCUSSION 
The aryl boronic acids were prepared following previously 

reported procedures.24-25 1 was synthesized in 95% yield by a 4-
fold Suzuki coupling reaction of 1,4-dibromo-2,5-diiodoben-
zene with 3,4-bis(octyloxy)phenylboronic acid (Scheme 1). 
Synthesis of compound 3 began with the mono-coupling reac-
tion of 1,4-dibromo-2,5-diiodobenzene with (S)- or (R)-(3-
fluoro-4-(octan-2-yloxy)phenyl)boronic acid to afford 2 in 40-
47% yield. Functionalization of the remaining halide groups of 
2 was accomplished using excess of 3,4-bis(octyloxy)phenyl-
boronic acid to produce 3 in 77-84% yield. All compounds were 
purified by column chromatography and isolated as air-stable 
waxy solids, which are soluble in common organic solvents (di-
chloromethane, chloroform, ethyl acetate or tetrahydrofuran). 
1H and 13C NMR spectra of 1 and 3 are consistent with the pro-
posed chemical structures, and mass spectrometric analysis 
showed the expected m/z peak (Figures S1-S6). Moreover, we 
observed a concentration-dependent behavior of 1H NMR spec-
tra, wherein an upfield shifting was detected for all aromatic 
proton signals upon increasing concentration (Figure 2). This 
effect is the result of mutual shielding from the close proximity 
between aromatic rings, and reveals that 1 and 3 tend to self-
assemble in solution via π−π stacking. It is noteworthy that the 
protons of the central benzene core (HA) experienced the largest 
shift in the 1H NMR spectra. The observed changes in chemical 
shift suggests a preferred conformation in which each discotic 
molecule is rotated with respect to the next molecular unit. This 
twisting in the stacking places the affected protons in the cone-
shaped shielding zone of the aromatic system, explaining their 
strong shifting.26-27  

 
Scheme 1. Synthetic route of discotic liquid crystals. 
 

 
Figure 2. 1H NMR spectra (aromatic region) of 1 in CDCl3 at differ-

ent concentrations. 

The self-assembly of these discotic mesogens was also stud-
ied by UV-Vis absorption and fluorescence spectroscopy. Rel-
evant data is presented in Table 1. The absorption spectra of 1, 
(R)-3, and (S)-3 were found to be nearly identical, indicating 
that the introduction of the fluorobenzene unit has minimal im-
pact on the optical properties. We observe a dominant π-π* 
band at 280 nm in chloroform solution (10-7 M), attributable to 
molecularly dissolved species (Figure 3a). Upon increasing the 
concentration, this absorption band becomes more intense and 
red-shifts as a result of aggregation. The fluorescence spectra 
also displayed significant changes at higher concentrations 
(Figure 3b). For a 10-8 M solution, the emission arises exclu-
sively from the non-aggregated monomeric form as indicated 
by the band at 330 nm. At higher concentrations, a new peak at 
395 nm was observed, whereas the monomer emission gradu-
ally decreases. The red-shifted new band is assigned to aggre-
gated species. Excitation experiments were also performed to 
study the nature of the emitting species. The excitation spectra 
recorded at low concentrations (<10-7 M) showed a main peak 
at 280 nm attributable to molecularly dissolved species, 
whereas at concentrations >10-7 M, significant broadening and 
red-shifting to 310 nm was observed, indicating that the emis-
sion arises predominantly from excitation of the aggregated 
state (Figure S7). 

Table 1. Absorption and emission properties of 1 and 3 in chloro-
form solutions. 

 C (M) λabs (nm) ε (M-1 cm-1)a λem (nm) ФFb 
1 10-6 295 39260 396 0.23 
 10-8 280 33128 331 0.13 

(S)-3 10-6 294 38359 395 0.21 
 10-8 281 32643 331 0.12 

(R)-3 10-6 294 38554 395 0.21 
 10-8 280 32821 331 0.11 

a Molar extinction coefficient at λabs. b Fluorescent quantum yields 
relative to quinine sulfate in H2SO4 (1M) 

Self-assembly of molecules can result in H- or J-aggregates: 
H-aggregates show an hypsochromic shift of the absorption 
maximum with respect to the isolated chromophore and exhibit 
in most cases low or no fluorescence, whereas J-aggregates 
show a bathochromic shift of both the absorption and emission 
maxima and no quenching occurs in the aggregated state. In the 
present study, the red-shift in the absorption and emission spec-
tra at higher concentrations (>10-7 M), as well as the increase in 
the molar extinction coefficient and in the quantum yield of ag-
gregates with respect to monomers are indicative of formation 
of J-type aggregates.28 To evaluate any preferential chiral dis-
position of these J-aggregates, electronic circular dichroism 
(CD) measurements were performed. However, no CD re-
sponse was observed in chloroform solution (Figure S8).  

The self-assembly of 1 and 3 was additionally examined by 
solvent-dependent fluorescence spectroscopy at constant con-
centration (10-8 M) (Figure S9). Figure 3c shows I/I0 ratio (I= 
emission intensity measured at different tetrahydrofuran/water 
mixtures; I0= emission intensity in pure tetrahydrofuran) for 
various volume percentages of water in tetrahydrofuran. The 
latter is good solvent for the discotic mesogens, whereas water 
is a poor solvent. The fluorescence intensity (I) increased about 
six-fold for the sample containing an 80% water in comparison 
with the compound dissolved in tetrahydrofuran (I0). The in-
crease in the emission intensity upon aggregation, rather than 



 

the emission quenching, is also likely enhanced by an aggrega-
tion-induced enhanced emission (AIEE) effect, which is proba-
bly as a result of attenuated intramolecular rotations.29 

 

 
Figure 3. (a) Normalized concentration-dependent absorption spectra of (S)-3 in chloroform solutions and thin film. (b) Normalized concentration-

dependent changes in emission of (S)-3 in chloroform solutions and thin film. (c) Fluorescence intensity ratio (I/I0) as a function of the percentage 
of non-solvent for 1 and (S)-3 in tetrahydrofuran/water mixtures (See the Supporting Information for the corresponding emission spectra). 

Solid-state fluorescence spectra were recorded at room tem-
perature, wherein 1 and 3 display hexagonal columnar 
mesophases, and at higher temperatures in the isotropic liquid 
state (vide infra) (Figure 3b). The emission bands are red-
shifted (ca. 10 nm) relative to that in concentrated solutions. 
These findings confirm intermolecular interactions exist in the 
mesophase as well as in the isotropic phase, which influence the 
conformation and hence the electronic delocalization and opti-
cal properties. 

The thermal stability of 1, (R)-3, and (S)-3 were studied by 
thermogravimetric analysis, and the temperature at which there 
is 2% weight loss (T2%) was more than >180 °C above their 
clearing points. Polarized optical microscopy (POM) and dif-
ferential scanning calorimetry (DSC) were used to study the liq-
uid crystal properties (Table 2). Compounds 1, (R)-3, and (S)-
3 displayed enantiotropic liquid crystal behavior with textures 
characteristic of hexagonal columnar (Colh) mesophases (Fig-
ure 4a). DSC curves were reproducible after the first heating 
scan, and showed only one peak that corresponds to the clearing 
point (Figure 4b). As deduced from the cooling scan, 1, (R)-3, 
and (S)-3 do not crystallize and retained the mesophase at room 
temperature. Although no glass transition was found, both com-
pounds were completely rigid at low temperatures and shearing 
between glass substrates was not possible. 

Although the POM textures are characteristic of Colh 
mesophases, the absolute assignment of the mesophase was 

achieved by X-Ray diffraction (XRD). The X-Ray diffraction 
patterns of the two compounds show the presence of a sharp 
low-angle peak indicative of the (1 0 0) reflection of the hexag-
onal lattice (Figure 4c and Figure S10). Lower intensity (1 1 
0) and (2 0 0) peaks provide conclusive proof for the assignment 
of a hexagonal lattice. These materials also displayed diffuse 
scattering in the high-angle region (around 4.4 Å). This high 
angle scattering is from liquid correlations between side chains. 
Additionally, a second broad reflection at around 4.0 Å was ob-
served, which is indicative of the periodic correlations of the 
aromatic cores along the columns (parameter c). Nonetheless, 
its weak and broad character rules out the presence of highly 
ordered Colh phases with a periodic stacking distance along the 
columns. 

This structural model was additionally evaluated by simple 
calculations using the measured XRD parameters. The density 
(ρ) of the compounds in the mesophase can be estimated by the 
equation 𝜌𝜌 = 𝑀𝑀 ∙ 𝑍𝑍 𝑁𝑁𝐴𝐴 ∙ 𝑉𝑉⁄ , where M is the molar mass, Z is the 
number of molecules per disk, NA is Avogadro’s number, and V 
is the volume of the unit cell (𝑉𝑉 = 𝑎𝑎2 ∙ √3 2⁄ ∙ 𝑐𝑐 ∙ 10−24).30 
Considering that each disk is composed by one molecule (Z = 
1), reasonable density values (≈ 1.0 g/cm3) were obtained for all 
the compounds (Table 2). Thus, these calculations support the 
proposed model for the Colh phase. 

 

 
Figure 4. (a) POM microphotographs of the hexagonal columnar mesophase taken at room temperature. (b) DSC curves of the second scan (10 

°C/min, exo down), and (c) 1D XRD profile of (S)-3. 
 
 



 

Table 2. Thermal stability, liquid crystal properties and X-Ray structural parameters. 

 T2% a (°C) Phase Transitionsb dobs c (Å) dcalc c (Å) h k l d Lattice parameterse 
1 263 Colh 79 (23.9) I 22.5 22.4 1 0 0 a= 25.9 Å; c= 4.0 Å 
   12.9 13.0 1 1 0 ρ= 0.99 g/cm3 
   11.2 11.2 2 0 0  
   4.4 (br)  Alkyl chains 
   4.0 (br)  0 0 1  

(S)-3 245 Colh 53 (7.5) I 22.4 22.3 1 0 0 a= 25.8 Å; c= 3.9 Å 
   12.8 12.9 1 1 0 ρ= 0.96 g/cm3 
   11.2 11.2 2 0 0  
   4.4 (br)  Alkyl chains 
   3.9 (br)  0 0 1  

(R)-3 276 Colh 55 (6.8) I 22.5 22.3 1 0 0 a= 25.7 Å; c= 3.9 Å 
   12.9 12.9 1 1 0 ρ= 0.97 g/cm3 
   11.1 11.1 2 0 0  
   4.4 (br)  Alkyl chains 
   3.9 (br)  0 0 1  

a 2% mass loss temperature determined by thermogravimetric analysis.  
b DSC thermal transitions corresponding to the second heating scan (10 °C/min). Temperatures (°C) are taken from the corresponding peak max-

imum, and enthalpies (kJ/mol) are shown in brackets. I: isotropic liquid, Colh: hexagonal columnar mesophase. 
c dobs: experimental d values obtained from XRD . dcalc: calculated d value. 
d Miller indices. 
e a: lattice constant of the Colh phase = (2/√3)·(d10+√3·d11+√4·d20+…)/nreflections; c: mean stacking distance; ρ: calculated density value. 
 

 
Figure 5. POM images obtained from LC cells of discotic mesogen (S)-3 in the hexagonal columnar phase under zero field or DC electric field 

(± 20 V/μm), wherein the yellow circles highlight some homeotropic domains in which their birefringence becomes stronger as a response to electric 
field. 
 

We undertook experiments aimed at inducing chirality in the 
Colh phase by applying electric fields. These switching experi-
ments were performed in transparent sandwich-type capacitor 
cells consisting of two indium tin oxide (ITO)-coated quartz 
plates separated by 5 μm. The material in the cell was cooled 
down from the isotropic liquid into the Colh mesophase at 1 
°C/min. Discotic mesogen 1 did not show any electric field re-
sponse and exhibited a focal conic texture with linear defects, 
which did not change after the application of a DC electric field 
of up to 30 V/μm (Figure S11). 

Cooling down a cell filled with discotic mesogen (S)-3 and 
(R)-3 through the clearing point at 1 °C/min produces a fan tex-
ture with homeotropic domains. When a DC electric field of 20 
V/μm is applied, birefringence became stronger. Such birefrin-
gence changes can be readily observed in the dark (homeo-
tropic) areas which switch in favor of more birefringent do-
mains (Figure 5). The majority of the birefringence changes oc-
cur immediately with application of the field and then a slow 
continuing increase in birefringence takes place and saturates 
over the 15 min. of electrical field poling. The slower part of 

the switching process seems to be negligible at low voltages (> 
10 V/μm), but is very apparent when the field strength ap-
proaches to the electrical break-down of the cells (ca. 30 V/μm). 
These observations suggest that strongly birefringent state is the 
result of cooperative and net-tilting of the peripheral phenyl 
rings of discotic 3, although some minor realignment of the di-
rection of columns cannot be ruled out. The collective direc-
tional tilting of the phenyl groups is promoted by biasing of mo-
tions by the interaction of the electric field with the lateral di-
poles of the fluorobenzene ring. The chiral coupling is also ap-
parent in that positive and negative voltage is applied the mate-
rial produces two different preferred states (Figure 5). These 
new textures are stable when the field is off and seem stable for 
several hours, demonstrating that the relaxation process is slow 
enough. 

Electronic circular dichroism (CD) measurements were car-
ried out to evaluate if a preferential chiral assembly is generated 
in the Colh phase after applying an external electric field. The 
initially formed Colh phase of (S)-3 does not exhibit any neat 



 

CD signal indicative of optical activity. However, a strong pos-
itive Cotton effect signal appeared after applying a DC electric 
field of +20 V/μm at room temperature. The optical activity ob-
tained after applying a negative voltage of -20 V/μm was almost 
identical to that of obtained with +20 V/μm. Solid-state CD 
measurements can be affected and distorted by some external 
factors, such asturbidity, birefringence, or linear dichroism.31-32 
Therefore, we compensate artifacts from the inherent birefrin-
gence of liquid crystals by recording and averaging several CD 
spectra at different cell orientations (rotated and flipped around 
the light beam), and conclude that this CD response must come 
from a chiral environment within the Colh phase. The appear-
ance of a positive Cotton effect at the absorption maximumis 
consistent with a helical disposition of at least two tetra-
phenylbenzene chromophores, and this supports a helical stack-
ing model in the columnar arrangement.33-34 The CD spectra of 
(S)-3 and (R)-3 present signals of the opposite sign after apply-
ing an electric field, indicating enantiomeric helical handedness 
for both compounds (Figure S11). Thus, the preferred helical 
sense of this Colh organization is determined by the configura-
tion of the stereogenic center located in the flexible alkyl chain. 
The fluxional character of 3 allows the system to resolve be-
tween two propeller-shaped helical columnar aggregates caused 
by combination of the chiral side chain and the coupled C-F di-
pole. The observed chiral resolution results from intercolumnar 
interactions, as well as the intracolumnar stacking of the pro-
peller-shaped mesogenic cores. Based on this assertion we ex-
pect cooperative chiral induction when a small amount of (S)-3 
is added to 1. This fact is observed experimentally, where the 
electric-field-induced CD signal increases rapidly with the ad-
dition of small amounts of (S)-3 to 1 (Figure S12). These data 
confirm cooperative interactions, since a purely unimolecular 
process would result in a linear relationship between the elec-
tric-field-induced CD signal and the mole fraction of (S)-3.15 

The observed chiro-optical properties evolve over time, 
which again reveal the fluxional character of 3 that allows the 
molecules to progress toward a relaxed non-propeller state cor-
relation along the column after the electric field was turned off, 
as deduced from the decreased intensity of the CD signals with 
time (Figure 6). However, the electric-field-induced chiral re-
sponse is apparent after several hours, thereby indicating that 
the helical supramolecular organization is still present over a 
time period of at least 24 hours. 

To gain more insight into the structure of the assemblies of 3, 
we performed theoretical calculations using density functional 
theory (DFT) and semiempirical methods. A simplified model 
of (S)-3, in which the side OC8H17 chains were replaced by 
shorter OC4H9 chains, was used in DFT calculations to reduce 
the number of atoms (Figure 7a). The flexibility of the four 
phenyl-phenyl bonds of 3 makes possible several minimum-en-
ergy structures (Figure S13), in which the peripheral phenyl 
groups rotate out of the plane of the central phenyl ring. The 
four possible conformers of 3 with ortho phenyl groups orient-
ing oppositely were optimized at the B3LYP-D3/6-31G(d) 
level. The energies of these conformers are quite similar in en-
ergy (within 0.37 kcal/mol), and conformer (S)-3-1 is the most 
stable. The (S)-3-1 conformer has a nonplanar geometry to min-
imize the steric hindrance between adjacent phenyl units (Fig-
ure 7b). The dihedral angle between peripheral and central phe-
nyl groups of (S)-3-1 is around 50°.  

 
Figure 6. Circular dichroism spectra of (S)-3 (solid lines) and (R)-3 

(dashed lines) at room temperature recorded from LC cells under zero 
field, after applying a DC electric field (± 20 V/μm), and its evolution 
over time. Error bars were calculated by averaging several CD spectra 
which were recorded at different orientations measured by rotating (in-
plane) and flipping the sample around the light beam. The UV-Vis 
spectrum of the same sample is shown in dotted black line. 

 

 
Figure 7. (a) Chemical representation and color scheme of (S)-3 

used in the calculations. (b) Top and side views of the B3LYP-D3/6-
31G(d)-optimized structure calculated for (S)-3-1. (c) Top and side 
view of the octameric (S)-3 columnar helical stacks calculated using 
the PM7 semiempirical method (hydrogen atoms have been omitted for 
clarity). 

Based on the molecular geometries obtained by DFT calcu-
lations, octameric aggregates were calculated using the sem-
iempirical PM7 method, which is known to provide a reasona-
ble description of weakly bonded supramolecular aggregates.  
The large molecular size of the octameric aggregate (1816 at-
oms) precludes the use of more accurate quantum chemical 
methods. These calculations show that 3 exhibits a planar cen-
tral benzene core with the peripheral phenyl units rotated 



 

around 50° to maximize π-π interactions between adjacent mol-
ecules. This rotation confers the molecule a propeller-like struc-
ture that effectively aggregates into a helical column. In this 
helical arrangement, adjacent stacked molecules are in average 
separated by 4.1 Å (distance between central benzene planes) 
and rotated by 11.8° along the stacking axis (Figure 7b). 

Collectively the calculations suggest that the formation of 
stable columnar aggregates of discotic molecule 3 is favored by 
π−π interactions. The fluxional character of discotic mesogens 
strongly affects the resolution of columnar liquid crystals into 
chiral structures.15 In the present case, the columnar phase 
formed by fluxional 3 molecules has columns that lack a net 
helicity, as deduced from CD measurements. The rotational 
freedom of peripheral phenyl groups probably results in an 
overall average planar conformation, which could also be de-
scribed as equal populations of diastereometric propellers that 
would assemble in an equal population of P and M columns. 
Nonetheless, application of an external electric field biases a net 
tilting of the fluorobenzene ring out of the plane, and promotes 
a collective assembly process with one propeller stereoisomer 
becoming a major conformation of 3, thereby resulting in a chi-
ral Colh phase. 

CONCLUSIONS 
In conclusion, we have prepared a novel class of tetra-

phenylbenzene-based discotic molecules that can be switched 
into a meta-stable helical columnar phase by application of an 
electric field. Absorption and emission studies provide clear ev-
idence for the formation of J-aggregates in solution. The 
discotic mesogens exhibit enhancement of the emission upon 
aggregation. In condensed phase, the discotic molecules self-
assemble into enantiotropic hexagonal columnar phases over a 
wide temperature range. The columnar liquid crystal phase can 
be biased towards a chiral helical supramolecular organization 
in response to an external electric field. The helical arrangement 
arises from the electric-field-induced tilt of the polar fluoroben-
zene units that have a proximate stereochemical center. The in-
duced tilt directs all of peripheral phenyl groups into a propeller 
conformation with respect to the central benzene ring. The pre-
ferred helical sense is obtained from the transfer of molecular 
chirality and a cooperative supramolecular organization. These 
results demonstrate a promising route to the creation of next-
generation chiral materials with various advanced applications, 
such as chiro-optical switches, or chiro-magnetic materials. 
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