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Despite the fact that triphenylamine derivatives have been widely explored as hole-transporting
materials, studies on charge transport properties in the liquid crystal phase have been overlooked. Here,
it is reported that triphenylamine liquid crystals can attain very high hole mobility values in a hexagonal
columnar mesophase, up to u & 5 cm? V™1 s71. The columnar liquid crystalline phase was obtained by a
proper design of a supramolecular mesogen, and this is unprecedented for triphenylamine liquid
crystals. In fact, the supramolecules were formed by hydrogen-bonded 1:3 complexes of a star-shaped
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triazine core and three triphenylamine peripheral units. The resulting hexagonal columnar mesophase
acts as a successful scaffold that confines TPA units at the periphery of columns. Challenging DFT
theoretical investigations into a model based on such supramolecular systems involving a large number
of atoms were undertaken to explore the stability and geometry of the complexes and their electronic
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Introduction

As a paradigm of assemblies with order-dependent properties,
liquid crystals (LCs) constitute a successful tool to engineer the
assembly of appropriately designed molecules and implement
novel functional materials." Among the different LC organiza-
tions, columnar mesophases” are of special interest because of
their 1D nanostructured architecture, which makes them interesting
for charge transport and semiconducting behavior.’

Because of its electroactive and photoactive properties,
triphenylamine shows up as a valuable unit to challenge its inclu-
sion in columnar liquid crystalline architectures with improved
charge-carrier mobility. On the one hand, triphenylamine, TPA,
has a strong electron-donor character. The hole mobility values
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measured in amorphous films of TPA derivatives are usually in
the range 10 °-10 > cm> V' s~ 1.** Accordingly, TPA has been
widely used in the design of molecules that provide materials for
hole injection and hole transport layers in optoelectronic
devices,* such as OLEDs,"” OFETs,'® or solar cells.>®'”'® On
the other hand, TPA adopts a propeller shape in which the
phenyl rings are rotated by around 41° with respect to the plane
defined by the three N-C bonds."®° This is the reason why TPA
usually promotes amorphous glasses with good film-forming
properties and this favors its inclusion in materials for thermo-
dynamically stable optoelectronic devices.">*" Nevertheless,
there are outstanding studies that concern the possibility of
employing TPA as a structural unit to obtain ordered supramolecular
architectures,®” thus leading to enhanced conductivity in the
aggregate.”® In this respect, it has been proven that some TPA-
derivatives containing amide groups aggregate in solvents to
form supramolecular polymers with chirality amplification,>* >
photoinduced self-assembly due to the formation of radical
cation species in the presence of chlorinated solvents,>**® or
supramolecular electropolymerization.”® However, few examples
have been described in which TPA is part of a mesogen that
arranges in a columnar LC phase.** ™ In addition, charge trans-
port properties in the LC phase have not been reported to date.
In the route from a molecule, i.e. TPA, to a functional LC
material, the correct design of constituent molecules is essential
but also the control of intermolecular interactions responsible

This journal is © The Royal Society of Chemistry 2021
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Fig.1 Chemical structure of the three H-bonded complexes formed by

T3C4 and three triphenylamine-containing benzoic acids with different
number of peripheral dodecyloxy chains.

for the supramolecular architecture and the properties.**® In

this respect, a myriad of mesogens have been built through
hydrogen-bonding interactions between complementary units,
thus forming defined supramolecules that, in turn, self-organize
into a mesophase architecture. Such a possibility provides an
efficient bottom-up methodology to attain hierarchically organized
supramolecular materials based on LCs,””° and yield successfully
supramolecular semiconductors.*>*"

In order to prepare TPA-containing semiconductors we
designed a hydrogen bonded complex formed by two comple-
mentary units, a star-shaped triazine, T3C,4 (blue in Fig. 1), and
three benzoic acid derivatives bearing the TPA unit, A-2BnOCj,-
TPANC,, (1 = 2, 4, 6), (Fig. 1). As for the acid, the high tendency
of 3,4,5-tris(4-alkoxybenzylozy)benzoic acids to promote the
formation of columnar liquid crystalline organizations on their
own,"? and particularly forming 1:3 complexes with T3C,,**%¢
inspired us to design the acids A-2BnOC;,-TPANC,, (1 =2, 4, 6).
The aim was to ensure the stability of the complexes and
compensate for the lack of planarity of TPA, which could
disturb the stacked arrangement. Thus, three complexes were
prepared and characterized, and their LC behaviour studied. Charge
mobility measurements were carried out on T3Cs2BnOC;,
TPA2C;,, which showed a hexagonal columnar mesophase that
was stable at room temperature. DFT theoretical calculations were
also undertaken in a model system to explore the stability and
geometry of the new supramolecules, their electronic properties and

This journal is © The Royal Society of Chemistry 2021
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the main parameters that control the charge transport. The theore-
tical analysis of a proposed new molecular material is playing an
ever-increasing role in research. Although the comparison between
theoretical and experimental results might not be straightforward,*?
it highlights trends and explains the measured properties from an
electronic point of view. Here, it is worth emphasizing that the size
of the theoretical model applied here (402 atoms, which in the
calculation of the transfer integral required a dimer of 804 atoms)
exceeded, to the best of our knowledge, previous theoretical studies
on LCs,* and involved a significant challenge.

Results and discussion
Synthesis and characterization

The triazine core, T3C4, was synthesized by a previously
reported procedure.’*? The synthesis of acids A-2BnOC,,-
TPA2C;, (11a), A-2BnOC,,-TPA4C;, (11b) and A-2BnOC,,-
TPA6C;, (11c) is presented in Scheme 1. The acids consist of
a triphenylamine moiety and a 3,5-dibenzyloxybenzoic acid
moiety linked together by a flexible n-hexamethylene spacer.
The triphenylamine moiety 4a-c was synthesized in high yields,
ca. 80%, by a Buchwald-Hartwig C-N coupling® between para-
benzyloxyaniline (1) and the corresponding aryl halide 3a-c."®
Benzyl cleavage in 4a-c provided a triphenylamine moiety with a
hydroxy group and peripheral dodecyloxy chains (5a—c), with yields
around 90%. The introduction of 6-bromohexanol gave rise to the
triphenylamine-containing alcohol 6a-c, which was coupled with
methyl 4-hydroxy-3,5-bis(tert-butyldimethylsilyloxy)benzoate (7)
under Mitsunobu conditions, reaching yields between 55% and
80%. Subsequent deprotection of the hydroxyl groups at positions
3 and 5 of intermediates 8a-c, using tetrabutylammonium fluor-
ide, gave quantitatively the corresponding derivatives with free
hydroxyl groups (9a—c), which allowed the introduction of the
para-dodecyloxybenzyl group?” by means of a Williamson reaction
and moderate yields, ca. 37%. Hydrolysis of the methyl esters
10a—c gave the acid components A-2BnOC;,-TPA2C;,, A-2BnOC;,-
TPA4AC,, and A-2BnOC;,-TPA6C;,, with moderate-high yields
between 57% and 71%. Details of the synthesis and characteriza-
tion of these acids are collected in the ESL{

The supramolecular complexes were prepared by dissolving
the components, T3C, core and the acid, in a 1:3 ratio, in
dichloromethane and evaporating the solvent. The solutions of
the mixtures were prepared in amber-coloured vials to avoid
possible oxidation processes of the triphenylamines promoted by
light in chlorinated solvents and characterized by NMR (Fig. S2,
ESIf).%8

A thermal treatment, in which the mixtures were heated to
the isotropic liquid state and then allowed to cool down to room
temperature, was carried out with the aim of improving the
homogeneity and favouring the formation of the supramolecular
complexes.

The three complexes were studied by FTIR at room tempera-
ture on samples cooled from the isotropic liquid (Fig. 2, and
Fig. S3, S4, ESIt). A comparison between the spectra of the
complex T3C4-2BnOC,,-TPA2C,, and its two components is

J. Mater. Chem. C, 2021, 9,1972-1982 | 1973
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Scheme 1 Synthesis of the acids.

provided in Fig. 2. The spectrum of the supramolecular
complex shows bands corresponding to the heterocyclic rings
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11a: A-2BnOC4,-TPA2C,,
11b: A-2BnOC,-TPA4Cy,
11c: A-2BnOC4,-TPA6C,
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of T3C, at slightly higher wavenumbers (1569-1573 cm™ ') than
those in the free core (1566 cm™'). More importantly, the

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0tc05186a

Open Access Article. Published on 07 January 2021. Downloaded on 2/27/2026 5:26:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

I N

T3C,-2Bn0OC,,-TPA2C,,

A-2BnOC,,-TPA2C,,

T T T T T
1800 1600 1800 1700 1600 1500
wavenumber / cm’”

T T T T T T T T
3400 3200 3000 2800 2600 2400 2200 2000
wavenumber / cm™

Fig. 2 FTIR spectra measured on KBr pellets at r.t. of T3C,4, the acid
A-2BnOC,,-TPA2C;, and the corresponding supramolecular complex
T3C4-2BnOC12-TPA2C12.

spectrum of the complex shows a C=O stretching band at
1708 cm™' in contrast with the spectrum of the acid that
presents a C—O0 stretching band corresponding to the dimeric
form at 1688 ecm™*, and a shoulder at 1720 cm™* that can be
attributed to the open dimer form of the acid.*® These changes
are consistent with the formation of the proposed H-bonded
complex between T3C, and the corresponding acid.**%**!

Liquid crystalline properties

The thermal properties and liquid crystalline behaviour of the
H-bonded complexes were studied by POM, TGA, DSC and X-ray
diffraction and the results are collected in Table 1.

All the complexes appeared under the POM as homogeneous
materials, which were thermally stable within the liquid crystal-
line temperature interval as confirmed by thermogravimetric
analysis (Fig. S5, ESIT). The complexes have improved meso-
morphic properties with respect to those of the precursor acids
(Fig. S6-S9 and Table S1, ESIt). The acid A-2BnOC,,-TPA2C;,
showed a hexagonal columnar mesophase, but acids A-2BnOC;,-
TPA4C;, and A-2BnOC,,-TPA6C;, showed a complex thermal
behavior and their diffractogram contained a few reflections
that could not be indexed unequivocally to any defined columnar
arrangement (Fig. S10 and Table S2, ESIT).

All three supramolecular complexes showed textures consistent
with columnar mesomorphism when cooled from the isotropic
liquid (Fig. 3 and Fig. S11, ESIt). T3C4-2BnOC,,-TPA2Cy, is an
enantiotropic liquid crystal that shows a single mesophase that
is stable at room temperature, as confirmed by its DSC thermo-
gram (Table 1 and Fig. S12, ESIf). Although complexes T3C,-
2BnOC;,-TPA4C,, and T3C,;-2BnOC,,-TPA6C,, appeared to be

Table 1 Thermal properties of the supramolecular complexes. Lattice
parameters of the corresponding hexagonal columnar mesophase

Complex T (°C) [AH (k] mol 1)]* Coly, lattice parameter
T3C,4-2BnOC,,-TPA2C,, 137 [2.7] Coly, a=4624
T3C,-2BnOC,,-TPA4C,, 176 [3.7] Coly, a=5434A
T3C4-2BnOC,,-TPA6Cy, 150 [2.2] Coly, a=5514

“ Phase transitions (I: isotropic liquid, Coly,: hexagonal columnar meso-
phase) from the second cooling cycle recorded at a rate of 10 °C min.
All temperatures correspond to the peak maximum.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Photomicrograph of the texture observed by POM for T3C,4-
2BnOC,,-TPA2C;; at r.t., on cooling from the isotropic liquid at 0.1 °C min~L.

mesomorphic at room temperature when observed on cooling
from the isotropic liquid, their DSC thermograms showed
respective cold crystallization processes during the second heating
(Fig. S13 and S14, ESIt), and subsequent melting temperatures
higher than those corresponding to the transition between the
isotropic liquid and the mesophase on cooling. These findings
indicate that their mesophase is thermodynamically unstable and
both are monotropic liquid crystals.

The structural features of the mesophases were studied by
X-ray diffraction at room temperature on samples cooled from
the isotropic liquid. The diffractograms of the three supramo-
lecular complexes T3C,;-2BnOC;,-TPA2C;,, T3C;-2BnOC;,-
TPAAC;, and T3C,4-2BnOC;,-TPA6C;, (Fig. 4 and Fig. S15, ESIT)
contain several reflections in the low angle region, at distances
consistent with the relationship d, d/\/3, d/\/4, which is charac-
teristic of hexagonal columnar mesophases, and corresponding to
reflections (100), (110) and (200) of the hexagonal network, respec-
tively (Table S3, ESIT). The high-angle region contains a diffuse halo
that is characteristic of the liquid crystal state, thus confirming that
these supramolecular complexes can maintain the mesophase at
room temperature, at least during the time of the XRD experiments.
The number of complex molecules per unit cell (Z) was estimated
from the data obtained by XRD experiments. Since a clear outer
reflection indicative of a periodic stacking distance along the
columns was not observed for any of the complexes, a stacking
distance ¢ = 3.4 A was considered as observed in related complexes
between T3C,4 and benzoic acids.>*? Assuming a density value of
1gem™?, Z=1was deduced for the three complexes. The columnar
arrangement is formed then by the stacking of one supramolecular
complex. In such a way the columns have different coaxial circular
regions (Fig. 4b), with the T3C, moiety occupying the centre of the
column (blue area), the dendritic part in the middle (grey area) and
the TPA units radially distributed at the periphery (red area).

Electrochemical properties

In order to determine the redox potentials and the HOMO and
LUMO levels of the complexes, their electrochemical properties

J. Mater. Chem. C, 2021, 9,1972-1982 | 1975
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a)

b)

Fig. 4 (a) X-ray diffractogram taken at r.t. for the supramolecular complex
T3C,4-2Bn0OC;3,-TPA2C;, cooled from the isotropic liquid: (b) model for
the organization of the supramolecular complexes in the Col, mesophase.

were studied by cyclic voltamperommetry in solution and
in film.

The voltamperograms of the complexes in dichloromethane
solution showed a reversible oxidation wave at around 0.46—
0.57 V (relative to the Ag/AgCl electrode), which corresponds to
the oxidation of the triphenylamine units to the radical cation
(Table 2).*° The presence of the electron-donating alkoxy chains
in the triphenylamine units causes a decrease in the oxidation
potential with respect to derivatives without such substituents
(1.25 V).*° This allows a HOMO value of around —4.9 eV to be
calculated. The TPA radical cation can be oxidized to a dication
and undergo subsequent chemical reactions.””>' As a conse-
quence, additional oxidation waves were observed for all com-
plexes at more positive potentials on measuring larger potential
windows (Fig. S16, ESIt). In addition, due to the presence of
T3C,4, which is an electron acceptor, a reduction wave was also
observed in the voltamperograms of the complexes. This signal

View Article Online
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corresponds to reduction potentials between —1.66 V and
—1.68 V and allows a similar LUMO value of —2.7 eV to be
calculated for all complexes.**

Given the stability of the hexagonal columnar mesophase at
room temperature, the electrochemical properties of the
complex T3C4-2BnOC;,-TPA2C12 were also studied in a film
deposited onto the disk electrode and immersed in a non-
solvent containing the electrolyte (acetonitrile). In this case the
voltamperogram (Table 2 and Fig. S17, ESIt) shows an oxida-
tion wave with maximum at 0.78 V and a reduction wave at
—1.67 V. The voltamperograms of the precursory acids under
the same conditions (solution or film) only showed oxidation
processes at similar potentials to the complexes (Tables S4, S5
and Fig. S18, S19, ESIY). This indicates independent behaviour
of the TPA and T3C, units.

Cyclic voltammetry measurements on the supramolecular
complexes are consistent with the electron-donor character of
the TPA units and the electron-acceptor character of T3C4. In
addition, the HOMO and LUMO values calculated from these
measurements may be suitable to give rise to ambipolar trans-
port properties in the columnar organization of these complexes.

Charge carrier mobility measurements

Given the HOMO energy level of T3C,;-2BnOC;,-TPA2C;,,
Eyomo = —5.15 €V, this compound is ideally suited for an
evaluation of its hole transport properties via the Space Charge
Limited Current (SCLC) method, using Au as an injecting
electrode with ohmic contact (Fig. S20, ESIt). Samples were
prepared as described in the ESIt and a description of the
measurements is also included (Fig. S21, ESI¥).

The SCLC method probes charge drift across the whole
thickness of the samples, in our case typically of the order of
10 pm. As a consequence, in anisotropic media the observed
mobility value is highly dependent on the size of the ordered
domains and on their orientation with respect to the direction
of measurement. As assessed by POM (Fig. S22, ESIf), the
director distribution was never homogeneous in the samples
of T3C,4-2Bn0OC,;,-TPA2C;,, not even on a submillimeter-scale.
Nonetheless, a mobility in the range 107°-10"% cm®> V™' s7},
which is typical of amorphous phases, was measured in numer-
ous different areas of samples obtained after slow cooling from
the melt.

The situation changed when thermal treatments were carried
out as described in the ESL{ Even though the POM analysis did
not show any marked variation in the homogeneity of the
director distribution, it was possible to measure much higher

Table 2 Electrochemical data for the supramolecular complexes T3C4-2BnOC,,-TPA2C;,, T3C4-2BnOC,,-TPA4C,, and T3C4-2BnOC,,-TPA6C,,

Complex EY (V) vs. Ag/AgCl  ESS, (V) vs. Ag/AgCl  E™9? (V) vs. FOC  ES5” (V)vs. FOC ~ HOMO® (eV)  LUMOY (eV)
T3C4-2BnOC,,-TPA2C;,"  —1.68 0.50 —2.10 0.08 —4.88 —2.70
T3C,2BnOC,,-TPA4C,,"  —1.66 0.46 —2.08 0.04 —4.84 —2.72
T3C,2BnOC,;, TPA6C,,*  —1.66 0.57 —2.08 0.15 —4.95 —2.72
T3C,-2BnOC,,-TPA2C,,°  —1.67 0.78 —2.10" 0.35 —5.15 —2.70

“In dichloromethane solution. ? E,, = 0.42 V vs. Ag/AgCL. ¢ Eyomo = —€[ES), vs. FOC + 4.8 V). 4 B omo = 7e[Ered vs. FOC + 4.8 V]. ¢ Thin film in

acetonitrile. / E;,, = 0.43 V vs. Ag/AgCl.

1976 | J. Mater. Chem. C, 2021, 9, 19721982

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0tc05186a

Open Access Article. Published on 07 January 2021. Downloaded on 2/27/2026 5:26:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Mobility (cm2 V-1 s-1)

107 4

10" +—r——1——r
A1 A2 A3

A4 A5 B1 B2 B3 B4 BS
Sample Area
Fig. 5 A typical example of hole mobilities measured in different areas

(labelled A1, A2, etc.) of the same sample of T3C4-2BnOC,,-TPA2C,; after
thermal treatment.

mobility values, albeit ranging within 4-5 orders of magnitude
between 10~* and more than 1 em”> V™' s, The results of a
typical set of measurements in different areas of the same
sample are shown in Fig. 5. We attribute the width of the range
of the measured mobility values to different orientational environ-
ments. The evident alignment of the highest measured values of
mobility towards a limiting maximum is suggestive of a disorder
limited mobility: in this view, the limiting value could be con-
sidered as the hole mobility along the columns when the orienta-
tional disorder and the effect of traps at grain boundaries is
minimized. Considering the highest values measured on different
samples, which seem to lie nicely within a limited range, we
obtain a mobility 4 &~ 5 cm® V' s, These SCLC results indicate
that the order of magnitude of hole mobility when TPA units are
embedded within columnar phases can be much higher than in
amorphous TPA phases, if orientational disorder is minimized.
In order to evaluate electron mobility, samples were prepared
in which a ~5-10 um thick layer of T3C,;-2BnOC;,-TPA2C,, was
sandwiched between two ITO electrodes covered with a thin layer
of ZnO. However, regardless of the type of thermal treatment
carried out, currents were always low, although SCLC regimes
were often obtained. The resulting electron mobility, of the order
of 107°-10"% ecm?® V™! 571, should then be taken as lower limit,
probably a consequence of the poor injection from the ZnO layer.

Theoretical calculations

The star-shaped T3C, core was theoretically studied in a previous
work at the B3LYP-D3/6-31G** level of theory and the C; conforma-
tion was computed to be more stable than the asymmetric one.>*
In addition, the H-bond interaction between the core and benzoic
acid was scrutinized in order to draw conclusions about the most
stable host-guest supramolecular structure.®* In this work, we
considered these previous results to calculate the structure and
properties of the supramolecular complex between T3C,4 and the
TPA-derived benzoic acid. Since the hydrogen bonds established
between the T3C, core and three benzoic acid molecules play an
important role in the stability of the complex, and hence in the self-
assembly of the columnar mesophase, it was interesting to explore

This journal is © The Royal Society of Chemistry 2021
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theoretically the structure and stability of the complex geometry.
Taking into account the larger size of the complex studied in this
work, a simplified model complex, T3C1-2BnOC,-TPA2C,, which is
an analog of T3C,-2BnOC;,-TPA2C;, but with methoxy groups in
the core and the TPA unit, was fully optimized at the ®B97XD/
6-31G** level of theory without symmetry constraints. This long-
range functional includes dispersion corrections and has proven to
be suitable in similar studies in which n-r interactions and
hydrogen bonds are present.>”

The optimized structure of the T3C;-2BnOC,;-TPA2C,
complex is shown in Fig. 6. The directionality of the H-bonds
is a key parameter to describe the strength of these non-
covalent interactions, which have a high impact on the self-
assembly of liquid crystals and their structure-property
relationships.®® According to Jeffrey’s criteria,>* our theoretical
calculations predict that the hydrogen bonds in T3C;-2BnOC;-
TPA2C, could be classified as moderate. A zoomed view of the
T3C;-2Bn0OC,-TPA2C, scaffold is shown in Fig. 6 and it can be
seen that each triazole ring is bonded to a benzoic acid moiety
via two nonlinear hydrogen bonds, i.e., less than 180 degrees,
with angles for the C-H- - -O contacts that are more directional
than those for O-H- - -N.

The mean values for the C-H: - -O and O-H- - -N bond angles
are 169.4° and 153°, respectively, while the H- - -O interaction is
predicted to be longer than H- - -N, with values of 1.959 A and
1.870 A, respectively. These results are consistent with dis-
tances calculated at the B3LYP-D3/6-31G** level for a complex
between T3C, and a 3,4,5-(4-alkoxybenzyloxy)benzoic acid
(2.033 and 1.801 A, respectively).**

Several relevant dihedral angles for the T3C, core are also
included in Fig. 6. The triazole ring is almost coplanar with
triazine (< 6°) while it is significantly twisted with respect to the
peripheral benzene groups, with dihedral angles of around
~31°. This structure is consistent with our previous theoretical
studies on the T3C, molecule - either alone or complexed with
benzoic acids**® - performed at the B3LYP-D3/6-31G** level of
theory. In addition, the dihedral angles for two phenyl rings of
the triphenylamine moiety are also included in Fig. 6, with
angles in the range 38-45°, in agreement with the twisted
structure of TPA.>

The HOMO and LUMO molecular orbitals for the optimized
structure are shown in Fig. 7, together with their corresponding
energy levels. It is clear that LUMO and LUMO+1 are degenerate
and the same applies to HOMO, HOMO—1 and HOMO-2. The
HOMO and LUMO wavefunctions are highly localized on the
three electron-donor triphenylamine units and the electron-
acceptor tris(triazolyl)triazine core, respectively, although the
propeller shape of these units could be to the detriment of the
hole and electron charge transport through the columnar
mesophase. As a result of the different physical localization
of the HOMO and LUMO, holes and electrons could flow
independently through different charge transport molecular
wires along the columnar mesophase.

To gain a more comprehensive understanding of the semicon-
ductor properties of the T3C;-2BnOC;-TPA2C; complex, typical
electronic properties such as electron affinity, ionization potential,

J. Mater. Chem. C, 2021, 9,1972-1982 | 1977
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Fig. 6 Optimized T3C;-2BnOC;-TPA2C; complex at the ®B97XD/6-31G** level of theory.

reorganization energy and transfer integral were calculated to
estimate the efficiency of charge injection and charge transport.
The calculations were also performed on the T3C, core and the
TPA3C, as references (see Fig. S23, ESIt). Inspection of the
calculated properties shown in Table 3 indicates that both
moieties determine to a large extent the electronic properties
of the final complex.

TPA has fascinated researchers as a p-type semiconductor
that has many applications in organic electronics despite the
fact that its non-planar structure hinders the molecular orbital
overlap for charge transport. Our theoretical results for TPA are
in agreement with those previously calculated by Lin et al.>®
using B3LYP/6-31G* and with those by Cias et al. on a series of
para-substituted triphenylamines at the B3LYP/TZVP level of
theory,>® although the results are not rigorously comparable
due to the different functional and basis set used. In the case of
the tris(triazolyl)triazine core, it is worth noting that this is the
first theoretical study concerning its semiconductor-related
properties.

The reorganization energy calculated for the T3C;-2BnOCj;-
TPA2C; complex shows that hole transport would be more
favoured than electron transport, with A, being almost half
(0.310 eV) of Z_ (0.688 eV). The relative value 1_/1, ~ 2 for

1978 | J Mater. Chem. C, 2021, 9, 1972—1982

T3C;-2BnOC;-TPA2C; is close to that calculated by Lin et al.>®
for the TPA unit using B3LYP/6-31G*. However, higher values
for both A_ and A, were obtained for the T3C, core and /_ < A,
is consistent with its electron acceptor character.

The ionization potential and electron affinity were also
calculated for T3C;-2BnOC;-TPA2C; (see Table 3) and the
results show that hole injection would be favored over electron
injection. Thus, the predicted value for the ionization potential
is in the range of typical p-type semiconductors such as TPA,*®
while the electron affinity calculated for the T3C;-2BnOC;-
TPA2C, complex and the T3C; core is far from the limit of
3 eV for typical n-type semiconductors.®’

In order to estimate the molecular orbital overlap and
charge transfer integral between two T3C;-2BnOC;-TPA2C,
units, a full geometry optimization was performed on a stacked
dimer of the complex. The dimer was built using the optimized
molecular geometry of the isolated complex (Fig. 6). The initial
stacking distance was 3.5 A, based on a typical interdisk
distance in columnar liquid crystals.” One disk was slightly
rotated relative the other (10°) to prevent steric repulsion. The
optimized structure of the dimer is represented in Fig. 8a and it
can be seen that the T3C, cores are rotated by around 15° with
respect to each other, with an interdisk distance between the

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Shapes of the frontier molecular orbitals for T3C;-2BnOC;-TPA2C; calculated at the wB97XD/6-31G** level of theory in the gas phase

(isocontour plots (0.02 a.u.)).

Table 3 Hole (1,) and electron (1_) reorganization energies, Adiabatic
lonization Potential (AIP) and Electron Affinities (in eV) for T3C4, TPA3C,
and T3C1-2BnOC;-TPA2C; complex calculated at the ®B97XD/6-31G**
level of theory in the gas phase

Compound . A AIP AEA

T3C, 0.775 0.519 7.533 0.312
TPA3C, 0.297 0.397 5.875 —1.388
T3C1-2BnOC,-TPA2C, 0.310 0.688 5.698 0.720

two centers of the triazine rings of around 3.4 A, which is in
agreement with our previous results.**** One important con-
sequence of such a limited rotation angle is that TPA units of
adjacent complexes in the same column end up close enough in
space to interact with each other.

An expanded view of the two T3C; cores in the optimized
dimer is also presented in Fig. 8 along with bond distances and
angles for the hydrogen bonds, which are similar to those
obtained for the optimized isolated complex. An enlarged view
of the stacked TPA regions is shown in Fig. 9 including the
distances between the centers of phenyl rings (in red) and also
some distances between carbon atoms (in black). It could be

This journal is © The Royal Society of Chemistry 2021

expected that the most advantageous arrangement for molecular
orbital overlap would be in the a region in which the two TPA

Fig. 8 Top and side views of the optimized dimer of the T3C;-2BnOC;-
TPA2C, complex at the ®B97XD/6-31G** level of theory. Two different
colors are used to highlight the two complexes that form the dimer. The
expanded view shows bond distances and angles for the hydrogen bonding
interactions.
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Fig. 9 Enlarged view of the TPA regions showing distances between the
centers of phenyl rings (in red) and some distances between carbon atoms
(in black).

units stack one on top of the other although large distances were
predicted (4.5-4.7 A) which would be in detriment of the charge
transport. A more favored situation is found in ¢ where two
phenyl rings could become closer (3.9 A) being a bit away from
the typical n-stacking distance (3.5 A). However, shorter distances
were predicted between some carbon atoms (3.2-3.4 A) in favor
of the molecular orbital overlap.

The charge transfer integral was estimated at the ®B97XD/
6-31G** level of theory for the stacked dimer with values of
0.029 eV (t,) and 0.110 eV (t—) obtained for holes and electrons,
respectively. According to the Marcus equation, the calculated
hopping rate constant was k, = 1.24 x 10" s~ and k_ = 3.02 x
10" s, thus suggesting better hole transport than electron
transport (k, > k_). As previously stated, the calculated AEA is
far from those of typical n-type semiconductors, and this is
related to easy electron injection.”®*® Besides, the interface
between the injection layer and the semiconductor is usually
treated as a Mott-Schottky barrier, where the barrier height is
given by the difference between the metal work function (@)
and the (gas) semiconductor LUMO level.®° In order to obtain a
good ohmic contact between semiconductor materials and
electrodes, potential barriers lower than 0.2-0.3 eV are gener-
ally expected.®>®!

Taking into account the fact that the metal work function of
ZnO is 4.3 eV, the predicted barrier height should be 4.3 —
0.176 = 4.1 eV. Thus, our calculations support the hypotheses
that the difficulty in obtaining electron mobility values may not
be attributable to the intrinsic properties of the material, but
probably to poor charge injection.

Conclusions

It has been demonstrated in a new precedent that a known hole
transport unit, TPA, can be organized in LC phases with
semiconducting properties using a supramolecular approach.

1980 | J Mater. Chem. C, 2021, 9, 1972-1982
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The preparation of hydrogen bonded 1:3 complexes of a
star-shaped triazine acceptor core and three TPA donor periph-
eral units gave rise to columnar LC phases. The columnar
phase shows high hole mobility after thermal treatment, with
very high mobility values, up to 4 ~ 5 cm® V' s, that can be
considered as a mobility along the columns when the effects of
static defects and grain boundaries are minimized.

Generally, charge transport in columnar LC phases can be
traced back to the stacking of the central part of the columns,
while the external section, with a higher number of conforma-
tional degrees of freedom, mainly plays a space filling role and
it is referred to as the insulating area. However, in the present
case, the measured hole mobility can be ascribed to the TPA
units present in the external, more flexible section of the
columns. Here the phase structure acts as a scaffold used to
position TPA units close enough to each other to promote
charge transfer while at the same time preventing crystalli-
zation. The local degree of order of the columnar phase, related
to the organization of the central cores, is thus of secondary
importance for charge mobility, while the length scale of the
long range orientational uniformity, i.e. the average size of the
orientational domains, plays a more dominant role.

DFT theoretical investigations on such supramolecular systems
were undertaken despite the large size of the complex. An
optimized structure was identified for which molecular orbitals
could be studied. In addition, this is the first theoretical study on
2,4,6-tris(triazolyl)-1,3,5-triazine semiconductor properties and
also unprecedented on the theoretical study of triphenylamine-
containing supramolecules. As a result of the different physical
localization of the HOMO and LUMO, holes and electrons could
flow independently along the columns. The calculations for a
stacked dimer suggest better hole transport than electron trans-
port, but this is not attributable to the intrinsic properties of the
material and is probably due to poor charge injection, as also
evidenced by experimental results.

This work is one of the few examples that show a combined
experimental and theoretical approach for the design and
evaluation of complex supramolecular systems for organic
semiconductors. Although further work aimed at modeling
through molecular dynamics calculations could shed light on
the details of the stacking geometry of TPA groups, including
the effects of intercolumnar interactions, and thus provide
further insight regarding the reasons of the improved mobility,
the evidence presented here already indicates that a certain
degree of order, like the one typical of a columnar organization,
contributes to enhance hole mobility in TPA based compounds.
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