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ABSTRACT: Organic semiconductors with well-defined architec-
tures pose a suitable alternative to amorphous silicon-based
inorganic semiconductors. Encouraged by the development of
organic semiconductors based on columnar liquid crystals, herein,
we report on a family of C;-symmetric star-shaped mesogens based
on triphenylamine (TPA), a functional unit with strong electron
donor character. Highly stable columnar phases with high hole
mobility values were obtained out of this nonplanar functional unit,
and this was achieved by using flexible amide spacers to join the
TPA units to a tris(triazolyl)triazine (T) star-shaped core, allowing
the formation of intermolecular hydrogen bonds. The presence of
hydrogen bonds results in a stabilization of the columnar
architectures either in bulk or in the presence of solvents by
reinforcing 7-stacking and van der Waals interactions, as deduced by Fourier-transform infrared (FTIR) and X-ray diffraction (XRD)
studies. Furthermore, the introduction of a stereogenic center in the flexible spacer prompts the formation of chiral aggregates in the
liquid crystal state and in the organogel formed in 1-octanol, as demonstrated by circular dichroism spectroscopy.

H INTRODUCTION number of molecular architectures have been reported in
Advances in optoelectronic devices, thin-film transistors recent years. Among them, planar cores such as tripheny-

13-15 14,16,17 8—20
(FETs),' light-emitting diodes (LEDs),” or solar cells® depend lene, ) perylene, o ) )
on the availability of high-performance semiconductors. In this prominent due to their high propensity to form efficient stacks.

1
or coronene are the most

respect, organic materials offer design and synthetic advan- In contrast, nonplanar propeller-shaped molecules, such as
tages, which include low-cost production, tunability, flexibility, triphenylamine (TPA), with an exceptional electron-donating
and energetic efficiency.” Furthermore, in contrast to the character, have been much less used in the design of
inorganic semiconductors, organic molecules are soluble in semiconductor CLC. In fact, we described the first CLC
most common organic solvents which make them perfect based on TPA exhibiting high hole transport mobility, which
candidates for the preparation of large-area thin films by consisted of a supramolecular mesogen formed by three TPA-
solution processing techniques. However, there are still containing benzoic acids hydrogen-bonded to a star-shaped C;-
limitations to overcome, such as low charge carrier mobility symmetric tris(triazolyl)triazine derivative. These complexes
because of orientational disorder and charge traps at grain self-arranged into room-temperature hexagonal columnar
boundary defects. In this context, columnar liquid crystals (Coly) phase, albeit within a narrow temperature range.”' In
(CLCs) are good candidates to facilitate accurate solutions to addition to this example, only a few TPA-based CLCs have
those difficulties. First, they form anisotropic one-dimensional been described, all of them displaying a substitution at the para
(1D) nanostructures by stacking offt-sc_o7njugated systems along position of the three aromatic rings of a TPA core” ™" or
which charge transport is favored, and their ability to

dynamically respond to stimuli permits their processing into

8—12 Received: December 19, 2023 i

large-area oriented films. Like other macroscopic proper-
ties in CLCs, charge mobility is highly dependent on molecular
arrangement, which in turn is dictated by intermolecular
interactions and thus molecular design.

In order to obtain efficient devices with high charge mobility
values and to establish a structure—property correlation, a large
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Scheme 1. Synthesis of TPA-tris(triazolyl)triazine Derivatives
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Scheme 2. Synthesis of Aromatic Azides with TPA Moiety
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multiple substitution with alkoxy chains,”® but no charge of lateral amide groups in the TPA unit promoted the
mobility was reported in any case. Interestingly, the presence establishment of intermolecular hydrogen bonds, and this
4344 https://doi.org/10.1021/acs.chemmater.3c03241
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endowed this type of derivatives an alluring dual behavior™® by
forming helical polymers with a columnar arrangement either
in bulk or in the presence of solvents.””*" Furthermore, taking
advantage of the radical oxidation that TPA undergoes in
chlorinated solvents,”®>' the assemblgr in supramolecular
polymers can be controlled by light’” or electric fields,*
fostering the implementation of self-assembled hole-trans-
porting nanowires.

Based on this background, we set out to obtain TPA-
containing functional materials, which exhibit stable columnar
mesomorphism and dual behavior. To this end, we present
here a new family of star-shaped C;-symmetric tricarboxamides
with three peripheral TPAs attached via flexible amide-
containing spacers to a tris(triazolyl)triazine (T) core (Scheme
1). The rationale of the mesogen design is based on a recent
work in which we explored the inclusion of flexible amide
spacers between the T core and three trialkoxyphenyl
peripheral groups. We demonstrated that the hydrogen-
bonding interactions established along the column promoted
the formation of hexagonal columnar (Col,) mesophases at
room temperature, BCC phases at high temperatures as well as
the formation of columnar aggregates in the presence of 1-
octanol.”* Here, and unexpectedly, the presence of nonplanar
TPA moieties stabilizes the formation of columnar mesophases
over a wide temperature range, whose properties are governed
by the nature of the spacer, which dictates the formation of
intermolecular hydrogen bonds. Moreover, TPA endows the
liquid crystal materials with semiconducting properties
obtaining charge mobility values in the order of 107> cm?
V™! 571 Additionally, like their trialkoxyphenyl analogues,
these materials gel 1-octanol forming Coly arrays without
disturbing intermolecular hydrogen bonds, and in some cases
also gel 1,4-dioxane and heptane. The presence of the chiral
spacer allowed us to propose the formation of helical
organizations in which the chirality is transferred from the
molecule to the columnar stacks, both in the mesophase and in
the gels.

B RESULTS AND DISCUSSION

Synthesis. Star-shaped compounds were synthesized by a
triple one-pot copper-catalyzed azide—alkyne cycloaddition®
between 2,4,6-tris[ (trimethylsilyl)ethynyl]-1,3,5-triazine and
the aromatic azides with a TPA moiety, in a mixture of
water, tert-butanol, and dichloromethane, following a modified
synthetic protocol previously described by our group (Scheme
1).** To avoid alkyne side-polymerization, the ethynyl groups
were deprotected in situ by adding an aqueous solution of KF
to the reaction mixture.*®

The aromatic azides with a TPA moiety (N;-2CTPA, Nj-
2C*TPA, and N;-3CTPA) were synthesized through an
amidation reaction between the TPA moiety functionalized
with an amine group $, and azide containing carboxylic acids 6,
7, and 8 described previously,”* as depicted in Scheme 2.

The synthesis of TPA moiety S was previously reported
using two different strategies. The first one consists of a
modified Ullman reaction between p-nitroaniline and 1-
alkyloxy-4-iodobenzene and subsequent reduction of the
nitro group using tin chloride.”’ The second one uses p-
nitrofluorobenzene in a bis(4-alkyloxyphenyl)amine previously
synthesized through a Buchwald—Hartwig C—N coupling and
subsequent reduction of the nitro group using hydrazine in the
presence of Pd/C.”’ Despite the first strategy being more
direct than the second, long reaction times are needed to get
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good vyields. In this work, we use a different strategy which
consists of a Buchwald—Hartwig C—N coupling of N',N'-
bis(phenylmethyl)-1,4-benzenediamine, 2, with p-dodecylox-
yiodobenzene (3). The reaction takes place overnight with
high yields. For this purpose, p-nitroaniline was protected with
two benzyl groups and the nitro group was quantitatively
reduced in 30 min with sodium borohydride in the presence of
Pd/C* to yield the aniline 2. Subsequently, the aniline 2 was
coupled with 3 giving the TPA protected amine 4, which was
debenzylated by hydrogenolysis to yield S.

Liquid Crystal and Thermal Properties. The thermal
properties and liquid crystal behavior of the three compounds,
T-2CTPA, T-2C*TPA, and T-3CTPA, were studied by
polarized optical microscopy (POM), thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC), and
X-ray diffraction (XRD). Thermal data are summarized in
Table 1.

Table 1. Thermal Properties of the Corresponding
Columnar Mesophases

compound thermal properties” (T °C, [AH kJ/mol]) e
T-2CTPA Colyg 117 Col, 273 [3.0] I 335
T-2C*TPA Col,, 152 [1.3] 17 338
T-3CTPA Col, 165 [16.3] Col,, 244 [4.4] I 319

“Coly(y): glassy hexagonal columnar mesophase, Coly: hexagonal
columnar mesophase, I: isotropic liquid, Col: tetragonal columnar
mesophase. “Temperature corresponding to a 5% weight loss by
thermogravimetry. “Thermal data obtained from the second heating
process at a rate of 20 °C/min. “Thermal data obtained from the
second heating process at a rate of 2 °C/min.

Birefringent focal conic fan-shaped textures observed by
POM revealed that all of the compounds exhibit columnar
mesomorphism on cooling from the isotropic liquid (Figure
1). Furthermore, for the compound with the longest spacer, T-
3CTPA, two mesophases appeared during the cooling process,
observed as a drastic color change of the texture (Figure 1c,d).

In addition to POM observations, DSC analysis evidenced
that all of the three compounds display liquid crystalline

Figure 1. Photomicrographs of textures observed by POM for (a) T-
2CTPA at room temperature, (b) T-2C*TPA at room temperature,
(c) T-3CTPA at room temperature, (d) T-3CTPA at 180 °C on
cooling from the isotropic liquid.

https://doi.org/10.1021/acs.chemmater.3c03241
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Figure 2. DSC thermograms of compounds (a) T-2CTPA, (b) T-2C*TPA, and (c) T-3CTPA. The thermograms were recorded at a rate of 10

°C/min, for T-2CTPA and T-3CTPA, and 2 °C/min for T-2C*TPA.

Table 2. X-ray Diffraction Data

compound T (°C) mesophase lattice parameters dgs (A) d. (A) Miller indices (hkl)
T-2CTPA rt. Col, a=495A 429 429 (100)
c=34A 24.7 24.8 (110)
215 215 (200)
162 16.2 (210)
4.5 (dif)
34 (001)
T-2C*TPA rt. Col, a=406A 352 352 (100)
4.5 (dif)
T-3CTPA rt. Col, a=475A 41.1 41.1 (100)
239 23.7 (110)
206 20.6 (200)
15.5 15.5 (210)
4.5 (dif)
180 °C Col,,, a=448 A 448 448 (100)
31.8 317 (110)
15 149 (300)
4.5 (dif)

properties in a broad range of temperatures. On the heating
process, compound T-2CTPA (Figures 2a and S9) shows a
glass transition at 117 °C and a peak with onset at 273 °C
corresponding to the transition to the isotropic liquid. On
cooling, the formation of the mesophase and the glass
transition appear at 265 °C and at 105 °C, respectively. The
thermogram of the chiral analogue T-2C*TPA (Figures 2b
and S10) shows the transition from the mesophase to the
isotropic liquid as a peak with onset at 152 °C, during the
heating process, and the mesophase formation at 146 °C,
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during the cooling cycle. In this case, the mesophase formation
was observed by POM as a slow process, and therefore the
DSC scans were performed at 2 °C/min in order to see
correctly the peak associated with the appearance of the
mesophase.

In contrast to their analogues, the thermogram of compound
T-3CTPA (Figures 2c and S11) shows two transitions, the first
one at 165 °C and the second one at 244 °C, the last one
corresponding to the transition to the isotropic liquid. The first
transition coincides with the color variation of the texture

https://doi.org/10.1021/acs.chemmater.3c03241
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Figure 3. X-ray diffractograms for the compounds: (a) T-2CTPA, r.t., (b) T-2CTPA partially aligned sample along the capillary axis (dashed line),
rt, (c) T-2C¥TPA, rt., (d) T-3CTPA, rt, and (¢) T-3CTPA, 170 °C.
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Figure 4. (a) FTIR spectra of T-2CTPA (red), T-2C*TPA (green), and T-3CTPA (blue) at room temperature; (b) spectral shifts of the
hydrogen-bonded N—H st band (green) and C=0 st band (yellow) during the heating process; (c) polarized FTIR spectra (the 0° of the polarizer
were made to coincide with horizontally oriented columns) for T-2CTPA, (d) for T-3CTPA.

observed by POM, and it is due to a mesophase change as
explained by XRD studies. Both transitions can be also
observed in the cooling cycle.

Columnar mesomorphism was confirmed by X-ray diffrac-
tion (XRD) experiments measured at room temperature in
samples cooled from the isotropic liquid (from 160 °C for T-
2C*TPA, or from 200 °C for T-2CTPA and T-3CTPA). The
XRD data are summarized in Table 2.

At room temperature, the diffractograms of compounds T-
2CTPA and T-3CTPA show four reflections at the small angle
region related to distances with a ratio d, d/ \/ 3,d/ \/ 4 and d/

7, which correspond to the respective indices (100), (110),
(200) and (210) of a hexagonal lattice (Figures 3a,b,d and
ST12a,c), with lattice parameters 49.5 and 47.5 A, respectively.
The diffractogram of the chiral compound T-2C*TPA shows
only one reflection at low angles (Figures 3¢ and SI12b), which
does not allow to confirm unambiguously the hexagonal
symmetry of the mesophase. However, based on the texture
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observed by POM (Figure 1b) and previous reports for other
tris(triazolyl)triazine structures with a discotic shape and
similar liquid crystal behavior,””*® the formation of a Col,
mesophase with a lattice parameter 40.6 A is proposed. For all
of the three compounds, a diffuse (dif) broad reflection is
observed at 4.5 A due to the liquid-like arrangement of the
alkyl chains, confirming the liquid crystalline behavior. For
compound T-2CTPA, an outer diffuse halo at 3.4 A is
observed, and reinforced along the alignment direction when
the material is partially aligned along the capillary axis (Figure
3b) and corresponds to a periodic intracolumnar distance. In
order to estimate the number of molecules per unit cell (Z),
density measurements were carried out by the buoyancy
method (see the SI). For compounds T-2CTPA and T-
3CTPA, density values of 1.1 g/cm® were obtained while for
the chiral compound T-2C*TPA a density of 1 g/cm® was
measured. Considering the cell parameter (a) of the hexagonal
network and assuming a 7-stacking distance (c) of 3.4 A, as

https://doi.org/10.1021/acs.chemmater.3c03241
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Figure 5. Circular dichroism (top) and UV/vis spectra (down) recorded for T-2C*TPA in (a) THF solution (107> M), (b) thin film at different

temperatures, and (c) 0.5 wt % gel in 1-octanol.

observed in the XRD pattern of T-2CTPA, the number of
molecules per unit cell is Z = 2 for compounds T-2CTPA and
T-3CTPA, and Z = 1 for compound T-2C*TPA, which is in
agreement with its much smaller lattice parameter.

The result of Z = 2 for T-2CTPA and T-3CTPA is in
contrast with analogous trisamide tris(triazolyl)triazine com-
pounds derived from trialkoxyaniline and a total of nine
terminal chains, where the Col, phase was formed by one
molecule per unit cell.”* Nevertheless, it aligns with the value
of Z = 2 found in the columnar mesophases of tris(triazolyl)-
triazine derivatives with six peripheral chains,**”*° which is
possible due to the low energy difference between the C; and
asymmetric conformations of the tris(triazolyl)triazine core.*’
T-2CTPA and T-3CTPA possess a low number of peripheral
tails, precisely six, as substituents in nonplanar TPA units, and
their disposition is rather unusual, which might not inherently
promote efficient space filling. Accordingly, it is reasonable to
propose the arrangement of two molecules in a non-Cj;-
symmetric conformation creating a disk-like entity surrounded
by 12 alkyl tails in a similar manner to what was previously
described.>>*° This, in turn, facilitates the formation of
columns, favoring the Col, phase with higher space-filling
efficiency across a broad temperature range. Unlike T-2CTPA
and T-3CTPA, the chiral derivative T-2C*TPA shows a much
smaller lattice parameter and behaves as an individual stacking
unit (Z = 1). It is evident that the branched spacer leads to
higher steric demand that would favor the star-shaped C;
conformation of T-2C*TPA, making it less prone to form
dimers and allowing the stacking of individual molecules, likely
in a helical disposition as deduced from CD spectra (see
below).

Compound T-3CTPA was also studied above 170 °C to get
information about the second mesophase observed by POM
and DSC. Above this temperature, the XRD diffraction pattern
is significantly different and presents three reflections at small
angles, with spacings at a ratio d, d/ \/ 2,and d/ \/ 9 (Figures 3e
and SI12d). These reflections are related with the indices
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(100), (110), and (300) of a tetragonal lattice with a
parameter a = 44.8 A"

Hydrogen Bond Studies by FTIR. Intracolumnar hydro-
gen bonds established between amides were studied by FTIR
at variable temperatures and by polarized FTIR on
mechanically aligned samples (Figures 4 and SI13—15). At
room temperature, the two compounds with the shortest
spacer (T-2CTPA and T-2C*TPA) show two N—H st bands
around 3300 and 3400 cm ™', which correspond to hydrogen-
bonded and free N—H bonds, respectively. Also, the C=0 st
band comes out as a broad band between 1655 and 1715 cm™},
which agrees with overlapped hydrogen-bonded and free C=
O bands. The presence of both types of bands, namely,
associated and nonassociated, indicate a partial involvement of
the amide groups in intermolecular hydrogen bonds. However,
the intensity ratio between the hydrogen-bonded and the free
N-H st bands is higher for T-2C*TPA compared to T-
2CTPA, and this can be tentatively related with the different
stacking structures proposed above. In contrast, compound T-
3CTPA shows only one N—H st band at 3295 cm™ and a
sharp C=O0 st band at 1660 cm™', corresponding to fully
hydrogen-bonded N—H and C=O0O groups, which could be
accounted for by the higher flexibility of the 3C spacer that
facilitates amide associations.

When compounds T-2CTPA and T-2C*TPA were heated,
the intensity of the hydrogen-bonded N—H st band gradually
decreased and shifted to higher wavenumbers, whereas the
intensity of the free N—H st band increased (Figures 4b, SI13,
and SI14). The C=O st band also shifted to higher
wavenumbers as expected because of hydrogen bonding
weakening with increasing temperature. Compound T-
3CTPA showed a similar behavior as the temperature
increased (Figures 4b and S15). However, coinciding with
the transition from the Colj, to the Col, mesophase at 170 °C,
both N—H and C=O st bands exhibited an abrupt shift to
higher wavenumbers and a drastic decrease of intensity.
Moreover, a shoulder at 3410 cm™" corresponding to the free
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Table 3. Electrochemical Data of the Compounds T-2CTPA, T-2C*TPA, and T-3CTPA in Thin Film

compound E*d (V) vs Ag/AgCl ES}, (V) vs Ag/AgCl E* (V)“ vs FOC Ef}, (V)“ vs FOC HOMO (eV)? LUMO (eV)©
T-2CTPA -1.77 0.76 —-2.20 0.33 -5.13 —2.60
T-2C*TPA -1.75 0.77 —-2.18 0.31 -5.14 —2.62
T-3CTPA —-1.71 0.75 —-2.14 0.32 -5.12 —2.66

E, ), = 0.43 V vs Ag/AgCL “Eyono = —e[ED, vs FOC + 4.8 V1. “Eyyyo = —e[E*! vs FOC + 4.8 V.

N—H st band appeared, and this indicates that the Col, to
Coly, transition occurs along with partial cleavage of
intramolecular hydrogen bonds.

In order to investigate the directionality of the intermo-
lecular hydrogen bonds, polarized FTIR studies were
conducted for mechanically aligned samples. Successful
alignment was achieved exclusively for compounds T-2CTPA
and T-3CTPA by shearing the materials between two KBr
plates at 200 °C, as confirmed by POM (Figures SI16 and
SI17). However, attempts to align at various temperatures,
compound T-2C*TPA did not show successful alignment. The
polarized FTIR spectra of both compounds revealed noticeable
intensity changes in the main bands when the polarizer was
rotated (Figure 4c,d). These intensity changes were more
pronounced for T-3CTPA (Figure 4d) compared to T-
2CTPA (Figure 4c), which could be attributed to a significant
presence of non-hydrogen-bonded N—H groups in the latter,
as mentioned earlier. The most meaningful variations were
observed in the N—H st band, which displayed the highest
intensity when the polarizer is parallel to the shearing
direction, and therefore aligned with the columnar direction.
This observation is consistent with the formation of
intermolecular hydrogen bonds involving amide groups mainly
along the direction of the columns. Furthermore, the intensity
of C,-H st bands decreased upon rotation of the polarizer to a
position orthogonal to the column axis. This suggests a
preferred alignment of certain C,-H bonds along the columnar
axis, and this must be related with aromatic rings lying out of
the plane of the tris(triazolyl)triazine core. Indeed, this
deviation has already been determined by theoretical
calculations for the phenyl groups linked to the triazole
rings,”” as well as for TPA units surrounding a hydrogen-
bonded disk-like structure with a tris(triazolyl)triazine core.

Chiroptical Properties of the Mesophase. Electronic
circular dichroism (CD) and ultraviolet—visible (UV—vis)
spectra of T-2C*TPA were recorded for a 107° M THF
solution (Figure Sa) and for a thin film at variable temperature
(Figure Sb) to study molecular chirality and to verify its
transference to the columnar assembly in the mesophase.

T-2C*TPA exhibits CD activity in both dilute solution in
THF (10™° M) and the mesophase, although the correspond-
ing spectra are different. The CD spectrum of the THF
solution displays two positive bands at 319 nm and around 255
nm, which lie within the UV—vis absorption region of the two
chromophores (Figure Sa). It is interesting to note at this point
that the azide precursor, N3-2C*TPA, does not show optical
activity at the same concentration (Figure SI20). This indicates
that the stereogenic center in the spacer does not cause a
detectable chiral perturbation into the TPA chromophore,
preventing N3-2C*TPA from being CD active. As a result, it
can be postulated that the star-like shape of the molecule
restricts the relative conformational freedom of both the core
and the arms. This characteristic serves as a first level of
transmission of chirality from the spacer to the molecule,
making it well-suited for a chiral self-assembly process. A thin
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film of T-2C*TPA at room temperature exhibits a notably
different CD spectrum (Figure Sb, blue line), characterized by
two negative CD bands at 210 and 297 nm, corresponding to
both chromophores, as confirmed by the UV—vis spectra of
the molecule and of its individual chromophores (Figure
S121).”* Additionally, a positive band prominently appears at
355 nm, which can be exclusively associated with TPA units in
a chiral environment. These observations suggest that the self-
assembly of T-2C*TPA in the columnar phase represents a
second level of chiral transmission, with the molecules stacked
in a chiral manner. CD spectra recorded at different
temperatures further support the conveyance of molecular
chirality to the columnar organization. Above the transition to
the isotropic liquid, the CD spectrum displays the signals
observed for the molecularly dissolved T-2C*TPA indicating
that the bands at 160 °C are solely attributable to molecular
chirality. Upon cooling just below the transition from the
isotropic liquid, the CD spectrum recovers the profile observed
at room temperature, and this confirms that the optical activity
of T-2C*TPA in the mesophase results from a helical
arrangement of molecular chromophores along the column.

Charge Transport Properties. The electrochemical
properties of the new compounds were studied by cyclic
voltamperometry for determining the redox potentials and the
HOMO and LUMO levels in solution (Table SI1) and in film
(Table 3), with the aim of establishing the feasibility of the
materials for electron- and hole-injection processes.

All three compounds show similar cyclic voltamperograms
with a reversible oxidation wave at 0.75—0.77 V corresponding
to the oxidation process of the triphenylamine units to the
radical cation*” (Table 3), and a reversible reduction wave
between —1.71 and —1.77 V due to the presence of the
tris(triazolyl)triazine core (Figures SI22 and S123).% Accord-
ing to this, the HOMO and LUMO values were estimated
around —S.1 and —2.6 €V, respectively, which are consistent
with the electron donor character of the TPA units and the
electron-acceptor character of the core.”’

The charge transport properties of the materials were
studied via space charge limited current (SCLC) method in
solution-processed thin films (all of the experimental details
are given in the S1).29% According to the HOMO energy level
of the materials (Eyopmo & —S5.13 eV), Au was selected as
injecting electrode (W,, ~ —S.1 eV) in order to get an
effective ohmic contact. Indium Tin Oxide (ITO) was selected
as counter electrode due to its work function (Wipo ~ —4.7
eV), which is considerably lower than the LUMO energy level
of the materials (Ejypmo & —2.62) eV. All of the three
compounds showed the typical current/voltage curves with
linear to quadratic transitions around 1 V (Figure 6).

SCLC measurements are sensitive to column orientation
since charges must travel between both electrodes. In order to
optimize charge mobility, thermal treatments were performed
on all three samples to enhance column alignment
perpendicular to the substrate. The specific thermal treatment
of each sample was tailored based on their thermal properties.

~
~

https://doi.org/10.1021/acs.chemmater.3c03241
Chem. Mater. 2024, 36, 4343—4356


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03241/suppl_file/cm3c03241_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03241/suppl_file/cm3c03241_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03241/suppl_file/cm3c03241_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03241/suppl_file/cm3c03241_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03241/suppl_file/cm3c03241_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03241/suppl_file/cm3c03241_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03241/suppl_file/cm3c03241_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03241/suppl_file/cm3c03241_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c03241?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

0,01

o

o

o

=
!

Current (A)
m
=

1E-54

Voltage (V)

Figure 6. Typical J—V curve observed for compound T-2C*TPA at
rt.

Thus, T-2C*TPA was annealed at 20 °C below the clearing
point for 4 h, while compounds T-2CTPA and T-3CTPA were
annealed at 200 °C for 1 h to prevent decomposition.
Subsequently, all three compounds were slowly cooled down
to room temperature. After the thermal treatment, T-2C*TPA
displayed no birefringence between crossed polarizers,
indicating a homeotropic alignment of the columns, which is
favorable for precise charge mobility measurements. Indeed,
consistent high mobility values across the sample, in the range
1072=107° cm® s™' V7!, were measured (Figure SI24b). On
the other hand, T-2CTPA and T-3CTPA exhibited low
birefringent textures with small domains (Figure SI25). The
trend of the hole mobility values was similar for both materials.
Some areas of the samples showed high mobility values (107>~
1073 ecm? s7' V7!), while others showed medium-low values
(107°=10"® em? s7' V') (Figure SI24ac). These results
highlight the well-established strong correlation between the
measured charge mobility and the orientational order in the
mesophase, in terms of both the orientation of columns relative
to the electrode surfaces and the size of the orientational
domains.

As the tris(triazolyl)triazine core has electron-acceptor
character (Ejyyo & — 2.6 eV)," electron mobility cells were
prepared by using CsCOj; coated ITO (W ~ —2.9-3.1 V)"
as injecting electrode and Al (W, =~ 4.2 eV) as counter
electrode. Unfortunately, in this case, the typical current/
voltage curves were not observed, and the obtained currents
were in the order of 107 A.

Gelation Properties. Aligned with our interest in
discovering versatile molecules for crafting functional materials
in various environments, such as bulk and solution, we further
investigated the potential of these three molecules to serve as
components of soft self-assembled materials fabricated in
solvents. Indeed, preliminary NMR experiments at different
concentrations indicate that even in CDCl;, which is a good
solvent for the three compounds, they all exhibit upfield
shifting of protons of the tristriazolyltriazine core. This

phenomenon arises from mutual shielding of the aromatic
rings, evidencing aggregation through pi-stacking (Figure
S126),** which is further enhanced by H-bonds between
amide groups, inferred from the downfield shift of the NH
proton. Consequently, the feasibility of preparing gel materials
through the self-aggregation of these molecules was inves-
tigated using different organic solvents. Table 4 collects the
results observed at a concentration of 1 wt %. All three
compounds are capable of gelling 1-octanol and forming
opaque gels stable at room temperature. Additionally, T-
3CTPA was found to gel other types of solvents such as
heptane and dioxane.

The morphology of the aggregates responsible for
immobilizing the solvent was observed by SEM, TEM, and
AFM in the xerogels prepared from gels at 1 wt % (Figure 7).
All three xerogels prepared from I1-octanol show fibrillar
morphology. The xerogel of compound T-2CTPA showed
entangled fibril bundles with a width of 170 nm on average
(Figure 7a,f). The xerogel of the chiral analogue T-2C*TPA
displays twisted fibers with a mean width of 200 nm (Figure
7b,g). Further details of the twisted structure could be
observed in AFM images that show fibers with a coil structure
of around 100 nm width and 10 nm medium height (Figure
7k). For the xerogel of compound T-3CTPA, fibers with a
mean width of 200 nm were observed by SEM (Figure 7c).
Moreover, TEM and AFM images showed helical fibril bundles
of 400 nm formed by smaller fibers with an average width of 35
nm and a helix pitch of 200 nm (Figure 7h1). Twisted fibers
were also observed for the 1,4-dioxane xerogel of compound
T-3CTPA, which exhibits helical fibers with a mean width of
150 nm and helix pitches of 150 nm (Figure 7d,im). In
contrast, the xerogel formed by a hydrocarbon solvent,
heptane, displays large bundles of fibers with a mean width
of 100 nm (Figure 7e,j).

To gain understanding of the molecular arrangement within
the fibers, XRD studies were conducted on both gels and their
corresponding xerogels. A concentration of 5 wt % was
selected to ensure sufficiently intense reflections for accurate
measurements (Figure 8). Unfortunately, at this concentration,
1-octanol T-3CTPA precipitates in 1-octanol, and therefore
XRD studies were not carried out on this sample.

The diffractograms of the xerogels from the 1-octanol gels of
T-2CTPA (Figure 8d) and T-2C*TPA (Figure 8e) show two
maxima in the small angle region corresponding to distances
with a ratio of d, d/4/7, which are related with the Miller
indexes (100) and (210) of a hexagonal columnar organization
with lattice parameters a = 45.5 A for the xerogel of T-2CTPA
and a = 42.1 A for T-2C*TPA. The corresponding
diffractograms in the gel state show for both compounds a
broad reflection that corresponds to a periodic distance of 14.6
A, which can be related with the longitudinal distance of the
solvent molecules, and a maximum at wide angles correspond-
ing to a distance of 4.5 A, due to the liquid-like arrangement of
the alkyl chains. At the small angle region, both diffractograms

Table 4. Gelation Test” Results in Organic Solvents at 1 wt %, and Gel-Sol Transition Temperatures (in Parentheses)

compound heptane dodecane
T-2CTPA S N
T-2C*TPA S S
T-3CTPA G (85 °C) S

“S = solution, G = gel, P = precipitate

1-octanol cyclohexane 1,4-dioxane toluene

G (85 °C) S P S

G (60 °C) N S S

G (60 °C) S G (50 °C) P
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Figure 7. SEM, TEM, and AFM images of xerogels of (a, f) T-2CTPA from 1-octanol. (b, g, k) T-2C*TPA from 1-octanol. (c, h, I) T-3CTPA
from 1-octanol, (d, i, m) T-3CTPA from dioxane, and (e, j) T-3CTPA from heptane.

are slightly different. Whereas the T-2C*TPA gel displays the
same pattern as the xerogel (Figure 8b,e, respectively), for the
T-2CTPA gel, only one main reflection is observed (Figure
8a). According to the distances measured, a hexagonal
columnar arrangement can be proposed with lattice parameters
a =499 A for T-2CTPA and a = 46.7 A for T-2C*TPA gels,
which are significantly larger than those calculated for the
xerogels given the presence of solvent molecules within the
columns. Compared with the mesophase, the lattice parameter
obtained for the gel of T-2C*TPA is larger, as expected if we
consider that 1-octanol can interact with the tris(triazolyl)-
triazine by hydrogen-bonding interactions forming a larger
stacking entity.”* However, this increase is not observed for T-
2CTPA, which shows practically the same lattice parameter in
the gel as in the mesophase, larger than that of the xerogel.
For the self-assembly of T-3CTPA in 1,4-dioxane, XRD
diffractograms of the gel (Figure 8c) and xerogel (Figure 8f)
exhibit three reflections in the small angle corresponding to
distances with a ratio d, d/ \/4, and d/ \/ 7, and which are
related with the reflections (100), (200) and (210) of a
hexagonal lattice, with lattice parameters a = 49.6 and 49.1 A,
respectively. In the case of heptane, XRD diffractograms in the
gel state show only a broad band due to the solvent, whereas
the xerogel displays three reflections in the small angle in a
ratio d, d/ \/ 4, and d/ \/ 7, which confirmed a hexagonal
arrangement with lattice parameter a = 44.6 A.
Intermolecular hydrogen-bonding interactions in xerogels
were also studied by FTIR. As can be seen in Figure 9, the
xerogels of the compounds with a shorter spacer T-2CTPA
and T-2C*TPA show two N—H st bands as in the mesophase
(Figure S), one due to free N—H bonds (3410 cm™) and
another due to N—H bonds associated by hydrogen bonds
(3280 cm™). It can also be seen that the intensity ratio
between the hydrogen-bonded and the free N—H st bands is
significantly different in both compounds, being smaller for the
achiral compound T-2CTPA. Even more evident than in the
mesophase, this must be related with weaker intermolecular
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hydrogen-bonding interactions within T-2CTPA aggregates.
This is also confirmed by the C=O0 st band, which appears at
higher wavenumbers (1680 cm™) for this compound with
respect to its chiral analogue T-2C*TPA (1670 cm™"). The
xerogels of the compound with the longest spacer T-3CTPA
showed, as in the mesophase, a single N—H st band (3295
cm™") and a sharp C=0 st band at 1660 cm™’, consistent with
a full involvement of amide groups in hydrogen-bonding
interactions.

Chiroptical Properties of Gels. The chiroptical proper-
ties of the T-2C*TPA gel in 1-octanol were investigated in
samples with a concentration of 0.5 wt % at both room
temperature and above the gel-to-sol transition (Figure Sc).
The CD spectrum recorded at room temperature exhibits
intense optical activity across the entire absorption range.
However, as the temperature increased, the intensity of the CD
signals decreased significantly, and the shape of the curve
underwent significant changes. Notably, the CD spectrum
recorded above the gel-to-sol transition resembled that of the
THF solution (Figure Sa). These observations suggest that
molecular chirality in the spacer induces long-range supra-
molecular chirality along the supramolecular stacks, with the
resulting handedness being opposite to the chiral architecture
formed in the mesophase. In particular, intense positive CD
bands appeared in the gel at 215, 270, and 310 nm, which are
associated with 7—z* transitions of tris(triazolyl)triazine and
TPA chromophores. A definitive proof of the formation of
aggregates with a chiral architecture lies in the negative band
around 360 nm. This band only manifested on aggregated
species, not in the CD spectrum above the gel—sol transition,
the THF solution CD spectrum, or even the CD spectrum of
the isotropic liquid. This band is attributed to TPA units
arranged in a left-handed helical manner, likely driven by a
frozen chiral-propeller conformation.*® It is also interesting to
remark that this is in contrast to the mesophase, in which this
band is visible with opposite sign. These results provide
compelling evidence for the formation of aggregates with a
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Figure 8. X-ray diffractograms of gels at S wt % and xerogels of compounds (a, d) T-2CTPA in 1-octanol, (b, e) T-2C*TPA in 1-octano], (¢, f) T-
3CTPA in 1,4-dioxane, and (g) xerogel of T-3CTPA in heptane with their corresponding a parameter.

chiral architecture in the gel phase, consistently with AFM
observations.

B CONCLUSIONS

In order to prepare well-defined and stable columnar LCs
including the hole-transporting TPA unit, a new family of C;-
symmetric star-shaped tricarboxamides with flexible amide
spacers linking a tris(triazolyl)triazine core with three TPA
peripheral units have been synthesized via CuAAC reaction.
The introduction of amide linkages fosters intermolecular
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hydrogen bonding which, in turn, strengthens z-stacking and
van der Waals interactions as elucidated by FTIR spectroscopy.
This results in the promotion of columnar liquid crystalline
behavior across a wide temperature range despite of the low
tendency of nonplanar TPA units to form liquid crystal phases.
The length of the flexible spacer influences significantly the
mesophase behavior of the new mesogens. The derivatives
with the shortest spacers (T2-CTPA and T-2C*TPA) display
hexagonal columnar arrangements within the whole meso-
morphic range, whereas the longest spacer (T-3CTPA)
induces a tetragonal columnar phase at high temperature.
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Figure 9. FTIR spectra of xerogels at room temperature: (a) T-2CTPA from 1-octanol, (b) T-2C*TPA from l-octanol, (c) T-3CTPA from

heptane, (d) T-3CTPA from 1,4-dioxane.

Furthermore, intermolecular hydrogen-bonding interactions
also favor self-assembly in organic solvents, leading to the
formation of organogels with fibrillar morphologies and
hexagonal columnar molecular arrangements as confirmed by
their XRD studies.

Charge transport properties were studied by the SCLC
method at room temperature in solution-processed thin films.
The results validate that the inclusion of TPA functional units
imparts favorable semiconducting properties to the LC
materials, characterized by high hole mobility values within
the range of 107 cm? s™! V7.

The presence of a stereogenic center in the spacer favors the
transmission of molecular chirality to the aggregates of the
columnar phases in which both the T core and the TPA units
arrange in a chiral environment. The transmission of chirality is
also observed in the aggregates that form a gel in 1-octanol by
AFM and CD, exhibiting CD spectra compatible with TPA
units arranged in left-handed helical manner. Chirality does not
seem to exert a significant influence on improving mobility
values, despite the helical disposition of molecules that could
facilitate orbital overlapping. Nevertheless, the presence of the
chiral spacer does endow the compound with lower transition
temperatures and enhanced stability for thermal treatments,
giving rise to improved columnar alignment and more uniform
measurements.

In this respect, the fact that these compounds show a dual
liquid crystalline/gel behavior offers the opportunity for
processing not only in bulk to harness the order of the
columnar mesophase but also as gels to produce fibers with a
similar columnar arrangement. This opens the door to explore
novel device configurations for evaluating semiconducting
properties.

B EXPERIMENTAL SECTION

Chemicals. All reagents were purchased from Aldrich or Fisher
Scientific and used without further purification. Anhydrous CH,Cl,
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and THF were purchased from Scharlab and dried by using a solvent
purification system.

Synthesis and Characterization of TPA-Tris(triazolyl)-
triazine Derivatives. The experimental procedures for the synthesis
of the intermediates are reported in the Supporting Information. The
final compounds T-2CTPA, T-2C*TPA, and T-3CTPA were
synthesized according to the following procedure: CuSO,-SH,O
(0.15 mmol), aryl azide (3.3 mmol), sodium ascorbate (0.3 mmol),
and TBTA (0.15 mmol) were added to a mixture of H,0/'BuOH/
CH,CI, (1:2:8, 33 mL) under Ar atmosphere and vigorous stirring.
After 15 min, 2,4,6-tris(trimethylsilylethynyl)-1,3,5-triazine (1 mmol)
was added and the solution turned red immediately. Then, KF
solution (3.3 mmol in 1 mL of water) was added dropwise over 2 h
and the mixture was stirred overnight at room temperature in the
darkness. The mixture was diluted with CH,Cl, (30 mL) and the
organic phase was washed with aqueous 0.1 M EDTA-Na, solution (3
% 30 mL) and brine (3 X 30 mL). The organic layer was dried with
MgSO,, filtrated, and the solvent was removed under reduced
pressure. T-2CTPA: The crude was purified by flash chromatography
using DCM/MeOH (9:1) and the product was obtained as a yellow-
brown solid. Yield: 61%. "H NMR (400 MHz, CDCl,): 6 9.11 (s, 3H,
triazole), 8.22 (s, 3H, NH) 7.90—7.79 (m, 6H, ArH), 7.46—7.36 (m,
6H, ArH), 7.22—7.14 (m, 6H, ArH), 7.05-6.98 (m, 12H, ArH),
6.97—6.91 (m, 6H, ArH), 6.85—6.75 (m, 12H, ArH), 4.69 (s, 6H,
OCH,) 3.93 (t, ] = 6.4 Hz, 12H, OCH,), 1.84—1.71 (m, 12H, CH,),
1.52—1.18 (m, 108H, CH,), 0.89 (t, J = 6.5 Hz, 18H, CH,). *C
NMR (100 MHz, CDCL): & 166.8, 165.3, 157.8, 155.5, 146.3, 146,
1409, 131.3, 129.7, 126.3, 125.9, 122.6, 121.7, 121.6, 116.1, 1154,
68.4, 68.1, 32.1, 29.8, 29.8, 29.8, 29.6, 29.5, 29.5, 26.2, 22.8, 14.3. IR
(KBr, cm™): 3406 (NH free), 3305 (NH associated), 3041 (C,,—H),
2924 (Csp>-H), 2853 (Csp*-H), 1680 (C=0), 1595 (C—C,,), 1564
(NH 8), 1503 (C—C,,), 1467 (C—C,,), 1237 (C-0). MS (MALDI",
dithranol): 2564.58 [M]". EA calculated (%) for C,ssH, )N ;50;,: C
74.44, H 825, N 9.83; found: C 74.76, H 8.15, N 9.61. T-2C*TPA:
The crude was purified by flash chromatography using DCM/MeOH
(95:5) and the product was obtained as a yellow-brown solid. Yield:
52%. "H NMR (400 MHz, CDCL;): 6 9.10 (s, 3H, triazole), 8.11 (s,
3H, NH) 7.85—7.77 (m, 6H, ArH), 7.42—7.33 (m, 6H, ArH), 7.20—
7.11 (m, 6H, ArH), 7.03—6.95 (m, 12H, ArH), 6.94—6.88 (m, 6H,
ArH), 6.83—6.74 (m, 12H, ArH), 4.86 (q, ] = 6.5 Hz, 3H, OCH,),
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3.90 (t, ] = 6.4 Hz, 12H, OCH,), 1.80—1.68 (m, 21H, CH, + CHj),
1.50—1.20 (m, 108H, CH,), 0.87 (t, J] = 6.4 Hz, 18H, CH,). °C
NMR (100 MHz, CDCL,): § 169.3, 166.9, 157.6, 155.5, 146.2, 146,
141, 131.3, 130, 1262, 126, 122.8, 121.8, 121.4, 117, 115.4, 76.2, 68.5,
32.1,29.8, 29.8, 29.7, 29.7, 29.6, 29.5, 29.5, 26.2, 22.8, 14.2. IR (KBr,
cm™): 3406 (NH free), 3305 (NH associated), 3042 (C,,—H), 2923
(Csp>-H), 2852 (Csp’-H), 1680 (C=0), 1599 (C—C,,), 1567 (NH
8), 1505 (C—C,,), 1469 (C—C,,), 1238 (C—0). MS (MALDI+,
dithranol): 2606.43 [M]*. EA calcd (%) for C,5,H,;¢N;3O4,: C 74.62,
H 835, N 9.67; found: C 74.56, H 8.44, N 9.60. T-3CTPA: The
crude was purified by flash chromatography using DCM/MeOH
(9:1) and the product was obtained as a brown solid. Yield: 55%. 'H
NMR (400 MHz, tetrahydrofuran-dg): & 9.43 (s, 3H, triazole), 9.07
(s, 3H, NH), 8.04—7.95 (m, 6H, ArH), 7.53—7.42 (m, 6H, ArH),
7.22-7.11 (m, 6H, ArH), 6.98—6.89 (m, 12H, ArH), 6.88—6.82 (m,
6H, ArH), 6.81—6.73 (m, 12H, ArH), 442 (t, ] = 6.3 Hz, 6H,
OCH,), 391 (t, J = 6.4 Hz, 12H, OCH,), 2.79 (t, ] = 6.3 Hz, 6H,
CH,), 1.50—1.20 (m, 108H, CH,), 0.89 (t, ] = 6.8 Hz, 18H, CH,).
3C NMR (100 MHz, tetrahydrofuran-dg): & 168.5, 168.1, 160.4,
156.3, 145.6, 142.5, 134.5, 131.6, 126.8, 123.1, 122.7, 121.1, 116.3,
68.9, 65.8, 37.7, 33, 30.8, 30.8, 30.6, 30.6, 30.5, 27.3, 23.7, 14.6. IR
(KBr, cm™): 3295 (NH associated), 3042 (C,,—H), 2923 (Csp*>-H),
2852 (Csp*-H), 1660 (C=0), 1602 (C—C,,), 1567 (NH &), 1504
(C=Cy,,), 1469 (C—C,,), 1239 (C—0). MS (MALDI+, dithranol):
2606.70 [M]*. EA calcd (%) for C;5,H,16N;3Op,: C 74.62, H 8.35, N
9.67; found: C 74.83, H 8.54, N 9.45.

Liquid Crystal Properties. The mesophases were examined by
polarizing optical microscopy (POM) using a polarizing optical
microscope Olympus BXS1 equipped with an Olympus DP152 digital
camera and connected to a Linkam THMS600 hot stage and a
Linkam TMS94 controller. Transition temperatures and enthalpies
were obtained by differential scanning calorimetry (DSC) with DSC
TA Instruments Q20 and Q2000 at heating and cooling rates of 20 °C
min~". The apparatus was previously calibrated with indium (156.6
°C, 28.71 J g'). Powder X-ray experiments were performed in a
Pinhole diffractometer (Anton Paar) operating with a point focused
Ni-filtered Cu—Ka beam. The samples were held in Lindemann glass
capillaries (0.9 mm diameter) and heated with a variable-temperature
attachment. The diffraction patterns were collected on photographic
films. Gel and xerogel X-ray diffraction diagrams were recorded using
a Stoe Stadivari goniometer equipped with a Genix3D microfocus
generator (Xenocs) and a Dectris Pilatus 100 K detector. Temper-
ature control was achieved using a nitrogen-gas Cryostream controller
(Oxford Cryosystems) allowing for a temperature control of about 0.1
°C. Lindemann capillaries of diameter 0.6 mm were utilized. In the
case of gels and xerogels, the materials were held in loops of 300—500
um in diameter (MiTeGen). Monochromatic Cu—Ka radiation (1 =
1.5418 A) was used. The exposure time was 2 min. For variable-
temperature FTIR experiments, the samples were prepared on KBr
pellets with a concentration of the product of 1-2% (w/w). The
pellets were heated in a Mettler FP80 HT hot stage. For polarized
FTIR experiments, a ZnSe polarizer from Pike Technologies was used
and the materials were placed between two KBr polished IR crystal
windows (13 mm diameter X 2 mm thickness) purchased from
Aldrich. Charge mobility of the three liquid crystal materials was
measured by the space charge limited current (SCLC) method in
solution-processed samples. Hole mobility devices were prepared by
spin-coating 110 uL of a solution of the material in CHCl; (350 nm
thickness, 30 mg/mL at 1500 rpm for 1 min) onto a glass covered by
3 ITO stripes. Afterward, 3 Au stripes (100 nm thickness) orthogonal
to ITO stripes were deposited on top of the material layer by
evaporation under vacuum. Electron mobility devices were prepared
by spin-coating a solution of CsCOj5 in 2 methoxy ethanol (3 mg/mL,
4500 rpm for 60 s) onto a glass covered by 3 ITO stripes and the
CsCOj layer was annealed at 120 °C for 10 min. After that, a material
layer was placed by spin-coating 110 yL of a solution of the material
in CHC; (350 nm thickness, 30 mg/mL at 1500 rpm for 1 min). On
top of it, 3 Al stripes (100 nm thickness) orthogonal to ITO stripes
were deposited on top of the material layer by evaporation under
vacuum. The chiroptical properties of T-2C*TPA in the mesophase
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were studied by circular dichroism in a Jasco J-810 spectropolarim-
eter. The thin film was prepared as follows: a 100 4L CHCI, solution
of the material was spin-coated onto a quartz plate (30 mg/mL at
1500 rpm for 1 min), heated to the isotropic liquid, and slowly cooled
to room temperature to promote proper mesophase formation. CD
spectra were recorded at different rotation angles around the light
beam showed the same trace and were averaged in order to
compensate for linear dichroism artifacts (Figure SI16).

Gelation Properties. Gels were prepared by heating the materials
in the solvent at 130 °C for 1-octanol and 90 °C for 1,4-dioxane and
heptane until the material was completely dissolved. Then, the
solution was slowly cooled at room temperature. The morphological
characterization of the gels was carried out by transmission electron
microscopy (TEM) using a TECNAI G2 20 operating at 200 kV
(accelerating voltage). The samples were prepared by depositing one
drop of dispersion on a carbon film copper grid, drying on air, and
negatively stained with uranyl acetate prior to observation for better
contrast. Scanning electron microscopy (SEM) images were recorded
using an INSPECT-FSO operating at 10 kV (accelerating voltage).
The samples were prepared by depositing one drop of dispersion on a
glass slide and drying it on air. The surface of the samples was covered
with a Pd coat. Atomic force microscopy (AFM) topographic images
were obtained using a Multimode 8 microscope equipped with a
Nanoscope V control unit from Bruker at a scan rate of 1.0—1.2 Hz,
using Tapping mode. The data were collected using RTESPA-150 tips
(nominal frequency of 150 kHz, from Bruker) in air. Circular
dichroism experiments in the gel state at variable temperatures were
carried out using a Jasco CDF-426S sample holder with a 0.1 mm
quartz cell. The preparation of the sample was carried out by
introducing the gel into the measurement cuvette, heating it to the sol
state, and cooling down slowly to room temperature.
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