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Columnar Liquid Crystalline Glasses by Combining
Configurational Flexibility with Moderate Deviation from
Planarity: Extended Triaryltriazines

Fabricia Nunes da Silva,”® Hugo Marchi Luciano,” Carlos H. Stadtlober,” Giliandro Farias,"
Fabien Durola,”” Juliana Eccher,”” Ivan H. Bechtold,*® Harald Bock,*® Hugo Gallardo,' and

André A. Vieira*™

/
Abstract: Triply phenanthryl- and tetrahelicenyl-substituted

triazine-hexaalkyl esters with short alkyl chains show glass
transitions conveniently above room temperature within the
hexagonal columnar liquid crystalline state, resulting in a
solid columnar order at room temperature. As the hexagonal
columnar mesophase is easily aligned with the director
perpendicular to a solid substrate, such glassy columnar
liquid matrices are aimed at for the orientation of guest

emitters, to obtain anisotropic emission. A condition for face-
on alignment on substrates are attainable melting and
clearing temperatures, which is achieved with the moderately
nonplanar tetrahelicenyl derivatives in spite of their short
alkyl periphery. An unusual phase transition between two
columnar mesophases of same hexagonal symmetry, but very
different long-distance regularity of the column lattice, is
found in one phenanthryl homolog. y

Introduction

Glassy polyaromatic matrices are widespread in organic elec-
tronics, because use of the glass state circumvents the electric
(such as inhomogeneous charge transport, trap pinning) and
optical (such as scattering) problems arising from grain
boundaries in microcrystalline materials, whilst still providing
the mechanical robustness of a solid. The formation of glasses
instead of crystals is favored by conformational multiplicity and
the presence of dipoles. Whilst isotropic glasses are common
amongst charge-transporting polycyclic aromatics, liquid crys-
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talline polyaromatic glasses are much rarer. They allow embed-
ding of emitter materials in an oriented anisotropic alignment,
favoring anisotropic emission, which can lead to a 50 % increase
of light outcoupling and thus of external device efficiency.™
Hexagonal columnar liquid crystals are especially interesting, as
they tend to align homeotropically (i.e. with the disk-shaped
molecules parallel to the substrate)? favoring an emitter
orientation with preferred emission perpendicular to the device
plane.

Columnar liquid crystals generally consist of molecules that
have a more or less rigid polycyclic aromatic core with a flexible
alkyl chain periphery.”! Besides rarer cases of nematic meso-
phases that lack periodic order,”” such disk-like mesogens form
columnar stacks of disks, and the columns form a two-dimen-
sional ordered lattice, whilst no long-range order persists in the
direction of the column axes. Different columnar mesophases
with different symmetries of the column lattice exist, the most
common being hexagonal symmetry, which generally results if
the disk planes are on average perpendicular to the column
axis. Mesophases of rectangular or oblique symmetry result
mainly from slipped stacking, which makes the disks tilt out of
the plane normal to the column axis, and leads to a non-circular
column cross-section. The close disk-to-disk stacking leads to
generally good charge and exciton transport along the
columns.®! The formation of a glassy columnar liquid crystalline
state close to room temperature by non-polymeric discotic
mesogens has been observed previously mainly in dimeric
systems like bridged hexaalkoxy-triphenylene dimers;®® another
design approach relies on monomeric mesogens with heavy
anchor-like side-chains, where crystallization may additionally
be impeded by low symmetry or regio-isomer mixing
(Scheme 1).7
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Scheme 1. Examples of known glass forming columnar mesogens with
conventional triphenylene or phthalocyanine cores: spacer-bridged dimer
(top) and monomeric disc with bulky substituents (bottom); Hex= n-hexyl.

It has recently been shown that both the alignment
direction and the entropy content (disorder) of a small molecule
room temperature columnar liquid crystalline glass can be
controlled during physical vapor deposition by the adjustment
of deposition speed and substrate temperature.! Such proce-
dures rely on sublimable mesogens of small molecular weight.

A simple heterocyclic structural motif with threefold
symmetry that has been reported to yield predominantly
hexagonal columnar mesophases when appropriately extended
with alkoxy-decorated aryl substituents is 1,3,5-triazine.”’ Most
of these columnar triaryltriazines have rather large molecular
weights because the alkoxy chains needed to induce meso-
morphism are long and come in large number. In several
tris(triazolyl)triazine derivatives, calorimetric glass transitions
above room temperature could be detected after melting and
subsequent cooling, confirming the presence of an anisotropic
columnar glass at standard conditions (Scheme 2).

We recently reported that ester-substituted triphenyltria-
zines, i.e. tris(3-alkoxycarbonylphenyl)-s-triazines 1, (Scheme 3)
can be obtained swiftly from methyl 3-cyanobenzoate in
analogy to the acid-induced trimerization of benzonitrile,"” and
predominantly show nematic liquid crystal behavior."" Core- or
chain-fluorination leads to columnar mesophases with only
weak tendency to crystallize at room temperature, due to the
rotational flexibility at the triazine-benzene single bond that
allows for two in-plane configurations of each meta-attached
ester group with respect to this bond. The limited conjugation
between the three outer benzene units via meta-linkages
through the central triazine cycle ensures that a large band gap
is preserved, allowing for the embedding of blue emitters, as is
desired eg. for TADF (thermally activated delayed fluorescence)
OLEDs (organic light emitting diodes).'"? Unfortunately, we
could not obtain a robust glassy state in a convenient temper-
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Scheme 2. Examples of known columnar triaryltriazine mesogens with three
to nine alkoxy chains; Hex = n-hexyl, Dec = n-decyl, Dodec = n-dodecyl.”! The
bottom row shows materials where a glass transition above room temper-
ature in the columnar mesophase has been observed by calorimetry (T,
given).
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Table 1. Calorimetric phase transition onset temperatures (°C) and enthalpies (J/g [in brackets]), and glass transition onset temperatures, on heating with
10°C/min; Cr=crystalline phase, Coly.,= hexagonal columnar mesophase, Iso=isotropic liquid, T;=glass transition temperature in the hexagonal columnar
mesophase (Col) or in the isotropic liquid (Iso); monotropic transitions (observed on second heating only, after cooling from the isotropic liquid) in italics.
The two right-hand columns give the column-to-column distance d., and the intracolumnar disk stacking distance dgg in A at 25°C in the hexagonal
mesophase, as observed by powder XRD.

Cr—Cr Cr—Colyoy Col; o —Coly oy Colo-lso Cr-lso T; d.y d gk
Sg 22408 >375
Spr 150" >375 81! 20.8 -
L 108" >375 19! 23.5 33
y 15304 32529
Ziy 179 114 22384 23287 222 3.7
7ou 1491 20584 39%! 225 3.7
y 1232 27%

The glyoxylic Perkin reaction,"® combined with subsequent
Mallory photocyclization, is a versatile tool for the synthesis of
polycyclic arenes with multiple viscosity-enhancing alkyl ester
substituents, and such ester substituents often lead to liquid
crystalline materials even when only very short alkyl peripheries
are used."

Whilst the trimerization of 3-cyanobenzoic acid, in contrast
to the successful trimerization of its methyl ester, to the
corresponding tricarboxy-triphenyltriazine 2 (Scheme 3) is ac-
companied by substantial degradation, we now found that (4-
cyanophenyl)acetic acid trimerizes cleanly, yielding a conven-
ient substrate for threefold Perkin-Mallory sequences that allow
the synthesis of extended triaryltriazine hexaesters. When the
so-obtained trimer, tris((4-carboxymethyl)phenyl)triazine 3, is
Perkin-condensed with phenylglyoxylic acid, and the resulting
tris(maleic acid) 4, is subjected to insitu esterification and
subsequent Mallory photocyclization, triphenanthryl-triazines 5
bearing three pairs of vicinal ester substituents are obtained.

The alkyl groups introduced by in situ esterification should
be short enough to allow a glassy state at room temperature
(avoiding undue fluidification), but sufficiently long to allow
mesophase formation. Methyl ester groups rarely allow the
latter, whereas in many systems, already ethyl ester groups do.
Whilst a high glass transition temperature Tg is desirable to
ensure solid-like robustness well above room temperature, an
attainable clearing temperature well below the temperatures of
thermal degradation of organic materials (that are typically
around 300°C) is also desirable to allow cooling trough the
liquid-to-mesophase transition (a.k.a. clearing temperature T,)
as a means of homogeneously aligning the mesophase’s optical
axis with respect to the substrate.

We thus prepared the hexaethyl, hexapropyl and hexabutyl
ester derivatives 5g, 5p and 5y, of sym-tris(phenanthr-3-
yl)triazine.

Results and Discussion

Albeit the hexaethyl ester 5 shows, as confirmed by powder
Xray diffraction (XRD), a phase transition between two different
crystalline states upon heating above its melting onset at
224°C, no transition to the isotropic liquid is observable by
polarized light optical microscopy (POM) up to our experimen-

tal limit of 375°C. The propyl homolog 5, after melting at
150°C, (Table 1) likewise shows no clearing to the isotropic
liquid below 375°C, but the high temperature state is identified
as a hexagonal columnar mesophase (by the characteristic (11)
and (21) secondary XRD peaks of the column lattice correspond-
ing to distances related by factors of /3 and /7 to the main
lattice peak)!" (Figure 1), which upon cooling to room temper-
ature rigidifies to a non-shearable mesomorphic glass. The XRD
spectra of 55, at 250 and 25 °C testify of a contraction of 10% of
the column-to-column distances (from 23.0 A to 20.7 A) over
this temperature span, accompanied by roughening of the

Secat 25°C

Set at 250°C

5pr at 250°C

V7
| 5pr at 25°C, cooled from 250°C

5pr at 125°C, crystallized on reheating

5gu at 150°C

Figure 1. Powder XRD spectra of 5, 5p, and 5g, at room and elevated
temperature (logarithmic intensity scaling). The root values indicate the q
ratio with the main lattice peak to the left and correspond to a column
lattice of hexagonal symmetry; the corresponding Miller indices are y/3: (11),

V4: (20), /7: (21).



diffraction pattern in the small angle region, but without loss of
the (11) and (21) peaks.

A steplike feature is apparent in the calorimetric cooling
curve of 5, between 85 and 63°C (at —10°C/min), (Figure 2)
whereas a similar feature above 81°C on the corresponding
heating curve (at +10°C/min, calorimetric glass transition
temperatures are most commonly recorded upon heating at
that speed) is convoluted with heating-induced crystallization
between 100 and 130°C. A calorimetric glass transition on
heating thus cannot clearly be distinguished, but shearing of
the mesophase between glass slides at temperatures below
81°C is impossible, corroborating the formation of a mesomor-
phic glass. The inferred glass transition at ca. 81°C restricts
crystallization to the temperature domain between this temper-
ature and the melting onset at 150°C. In the butyl homolog 54,
which likewise shows a hexagonal columnar mesophase after
melting at 108°C, the calorimetric glass transition is significantly
lowered to 19°C, whereas, in contrast to 55, immediate
crystallization upon heating above this glass transition is not
observed. Like its two smaller homologs, 55, does not clear
below 375°C. The hexagonal lattice parameter of 5g, is
preserved by cooling from 150°C to room temperature, with a
column-to-column distance of 23.5 A that shows no significant
temperature dependence. The m-stacking order inside the
columns, corresponding to an interdisk distance of about 3.3 A,
was enhanced upon cooling to room temperature, which
facilitates charge carrier transport. In contrast, the m-stacking
order was not clearly observed for 5, neither at high nor at
room temperature.

Even though we were able to obtain with 5, a mesomor-
phic anisotropic glass with a conveniently high glass transition
temperature of 81°C, the absence of clearing to the isotropic
liquid at practical temperatures and the drop of the glass
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Figure 2. Differential calorimetry heating scans (red) of 5p,, 7g, 7, and 7ex
at + 10°C/min (after initial heating above the melting point and subsequent
cooling at —10°C/min), and cooling scan (blue) of 55, at —10°C/min; glass
transition onset temperatures on heating are indicated above vertical
arrows; phase transitions are marked between Col =hexagonal columnar
mesophase, Cr=crystalline state, and Iso =isotropic liquid.

transition temperature to only 19°C with 5, led us to redesign
the molecular structure.

Extension of the three aryl arms with 2-naphthylglyoxylic
acid via the Perkin adduct 6, to target esters 7 with off-planar
tetrahelicenyl units""® offered the perspective of both lowering
the clearing temperature due to a less planar and relatively
compact molecular shape and hindering the tendency to
crystallize due to increased conformational variations, both in-
plane and out-of-plane.

We thus prepared analogously the hexaethyl, hexapropyl
and hexabutyl ester derivatives 7, 7, and 7g, of sym-
tris(tetrahelicen-3-yl)triazine. All three homologs show direct
melting of the crystalline state to the isotropic liquid at
attainable temperatures of 325, 232 and 205 °C, respectively. No
mesophase is detected with 7 on cooling from the isotropic
liquid, and a crystal-to-crystal transition is observed by DSC (at
153°C on heating). Both crystalline phases are of hexagonal
symmetry, showing the characteristic (10), (11), (20), (21), (30),
(22) and (31) peaks corresponding to hexagonal lattice
distances in the ratios of 1:/3:\/4:\/7:\/9:/12:\/13, besides a
multitude of other peaks (Figure 3). In contrast to 7g, the
crystalline phases of 7,, and 7g, do not show prominent XRD
peaks associable with a hexagonal lattice. 75, and 7g, show
monotropic mesophases upon cooling below their clearing
points at 223 and 149°C, respectively, with the typical growth
textures of the hexagonal columnar mesophase (Figure 4) and

Terat 175°C

Terat 25°C

7er at 25°C, not heated

7pr at 200°C, cooled from isotropic liquid

V7
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Figure 3. Powder XRD spectra of 7g, 7p, and 7g, at room and elevated
temperature (logarithmic intensity scaling). The root values indicate the q
ratio with the main lattice peak to the left and correspond to a column
lattice of hexagonal symmetry; the corresponding Miller indices are y/3: (11),

V4 (20), /7: (21), 1/9: (30), v/12: (22), 1/13: (31).



Figure 4. Growth between glass plates of the hexagonal columnar meso-
phase of 7, (top left) and 7, (top right) in homeotropic alignment upon
cooling through the isotropic-columnar phase transition, and homeotropic
texture of the high temperature mesophase of 7, at 200°C (bottom left) and
of the low temperature mesophase at 100°C (bottom right) after cooling
from the isoptropic liquid followed by reheating; polarizing light optical
microcopy with slightly uncrossed polarizers.

associated /3 and /4 XRD peaks. Thus, the slight deplanariza-
tion of the aromatic core destabilizes the hexagonal mesophase
sufficiently to deliver attainable clearing temperatures in 7,
and 7g, whilst the mesophase is entirely suppressed in 7g in
favor of a hexagonal crystal. Upon cooling, 7, shows a further
low-enthalpy transition that is unique to this compound and
that is significantly hysteretic with onset temperatures on
cooling and reheating with 10°C/min of 143 and 179°C,
respectively (Figure 5). Astonishingly, this transition reveals itself
by XRD to be associated with no change of the hexagonal
symmetry of the mesophase and no appearance of peaks not
associable with a 2D hexagonal lattice, but the higher order
peaks of the column lattice increase significantly in relative
intensity with respect to the primary lattice peak (and the /7,
V9, /12 and /13 peaks are now clearly expressed). Thus, XRD
testifies of an improved correlation length of the column lattice
and an enhancement of the interdisk peak. Similar to 55, a
slight contraction of the column-to-column distance (from
22.6 A at 200°C to 222 A at 25°C) and of the m-stacking
distance (from 3.8 A to 3.7 A) was also observed for 7,. No
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Figure 5. Differential calorimetry cooling (blue) and subsequent heating
(red) scans of 7p, at —/+ 10°C/min (after initial heating above the melting
point); with phase transitions between two hexagonal columnar (Col)
mesophases and between the higher temperature mesophase and the
isotropic liquid (Iso).

calorimetric glass transition could be observed with 7, within
the temperature range of this highly ordered mesophase.

When 7,, is sandwiched between glass slides in homeo-
tropic alignment, the transition between the two hexagonal
phases manifests itself in the microscope by a reversible
increase of granularity, without change of domain boundaries
(Figure 4).

No such less-to-more-regular-mesophase transition is ob-
served with 7g, but it forms a mesomorphic glass at room
temperature and shows a calorimetric glass transition at 39°C
on reheating (+10°C/min). Thus, 75, shows both a persistent
mesomorphic hexagonal columnar glass at room temperature
(with column-to-column distance of 22.5 A and intercolumnar
distance of 3.7 A) and conveniently accessible melting and
clearing temperatures of 205 and 149°C.

To evaluate whether slightly longer alkyl chains on 7 would
still allow a mesomorphic glass at room temperature, we also
prepared the homolog 7,., with n-hexyl ester substituents, and
we were surprised to find that it is not mesogenic but forms an
isotropic glass (T,=27°C on heating at + 10 C/min) after
melting at 123 °C and cooling back to room temperature.

Thus, a hexagonal columnar mesophase was observed with
the four materials 5p,, 5g, 7p and 7g, of which 7, shows a
peculiar thermal phase transition between two distinct hexago-
nal states with different degrees of order of the column lattice.
No mesophase was observed with either shorter ethyl chains in
5¢ and 7, or longer hexyl chains in 7.

The modification of the molecular structure from 5 to 7 led
to a dramatic reduction of the tendency to from a mesophase
over unduly large thermal ranges, while the increase of T, from
19°C in 55, to 39°C in its core-extended analog 7g, allowed us
to obtain a material that combines a mesomorphic glassy
hexagonal columnar state at room temperature with the
formation of an isotropic liquid at conveniently attainable
temperatures.

We investigated the photophysical properties of 5 and 7 in
dilute chloroform solution and in condensed films. In solution
the absorption spectra of all homologs of 5 show two main
absorption bands (€=83 & 113 mM 'em™") centered at around
342 nm and 272 nm, while the homologs of 7 show a weak
absorption (7 mM~'cm™") close to 405 nm, and a combination
of intense transitions at high energy, leading to a structured
absorption with maxima (62, 65, 95 & 123 mM 'em™') at 361,
345, 316 and 278 nm (Figure 6). We performed DFT and TD-DFT
calculations on optimized geometries of the hexamethyl
homologs 5. and 7, to gain insights in the configurations of
the excited states. For 5y, the low energy band is related to -
t* transitions mostly centered at the triazine core, while the
high energy band is also due to m-7t* transitions, but mainly
spread through the phenanthrene moiety. In 7y, the adopted
geometry with less planarity in the tetrahelicenyl moieties leads
to a different absorption profile: The low intensity band close to
400 nm arises from a charge-transfer-like state from tetraheli-
cenyl to triazine. The other transitions are similar to those in 5,
with intermediary energy m-t* states centered at the triazine
and those at high energy spread through the tetrahelicenyl
moiety.
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Figure 6. Left: Normalized absorption (top) and emission (bottom) in dilute
chloroform solution [1072 mg/mL]. Right: Normalized emission in drop-cast
film at room temperature before (top) and after (bottom) heating above the
melting point. Emission spectra were obtained upon excitation at 360 nm.
5p: dark blue, 5g,: light blue, 7g: brown, 7,: red, 7g,: pink. The dashed lines
in the three emission graphs, centered on the emission maxima of 5p, & 7p,
in unheated films (as shown in the top right graph), are guides to the eye.

The emission in solution shows a single emission peak close
to 409nm for 5 and 458 nm for 7, with no discernible
differences between homologs in either series. From the onset
of emission in solution, at ca. 375 nm for 5 and at ca. 420 nm
for 7, energies of the first excited singlet state S, of 3.31 eV for
5 and of 2.95 eV for 7 can be inferred. From TD-DFT calculations
on optimized geometries of 5. and 7. S; energies were
obtained that are very close to the values inferred from
emission in solution: 3.347 eV for 5,,, and 2.963 for 7,.. We also
calculated the energy of the excited triplet states T, on the
same geometries using SOC-TD-DFT, obtaining 2.637 eV for 5y,
and 2.464 eV for 7. The good correspondence of experimental
and DFT-calculated energy values for S, indicates that the T,
energies obtained on the same geometries may be good
estimations as well. Materials such as 5 or 7 with T, energies of
ca. 2.5 eV may accordingly be considered as matrices for TADF
emitters that emit light of slightly lower energy, i.e. in the
green-to-yellow range of the visible spectrum.

Whereas the absorption spectra and as well as the emission
spectra from solution are near-identical between the homologs
of 5 and between the homologs of 7, significant differences
between the column-forming homologs of 7 appear in the

emission spectra upon annealing of drop-cast films (Figure 6
and Table 2). The emission 5p, 55, and of 7g, i.e. the three
materials that exhibit a conventional hexagonal columnar
mesophase in the glassy state at room temperature, is not
notably altered upon annealing by melting and subsequent
cooling back to room temperature, which suggests that upon
solvent evaporation from drop-cast films at room temperature,
the same mesogenic state is obtained as upon cooling of the
melt. In contrast, the emission spectra of 7¢ and 7p, which
adopt respectively a hexagonal crystalline state and a higher-
order columnar mesophase at room temperature, shift to the
red upon annealing, by 28 nm (7g) and 11 nm (7p,). Here the
higher order of the polycrystalline film of 7g and of the highly
ordered mesomorphic film of 7,, is apparently obtained only
upon annealing. The bathochromic shift from emission in
solution to emission from the columnar mesophase is more
pronounced for planar 5 than for distorted 7, meaning that the
flatter core of 5 allows more pronounced chromophore
aggregation in the mesophase than the less easily stacking off-
planar arene system of 7.

The photoluminescence quantum yield (PLQY) data show
that columnar aggregation tends to increase emission yield
(Table 2), as the condensed films show higher PLQYs than the
solutions. No significant change of PLQY is observed upon
annealing. The increase of yield from solution to columnar film

constitutes a peculiar form of aggregation-enhanced
emission."”!
Conclusion

The triphenanthryl-triazine-hexaesters 5 with alkyl ester sub-
stituents longer than ethyl, i.e. 55, and 5g,, are found to show
enantiotropic hexagonal columnar mesophases that can be
cooled without crystallization to form a mesomorphic glass. The
glass transition temperature is strongly chain-length depend-
ent, with T, of the shorter propyl homolog 5, being about
60°C higher than the one of 5g,. Thus, a glassy state at and
above room temperature can be obtained only with very short
alkyl chains, which implies clearing temperatures >375°C
which cannot be reached conveniently. To address this, larger
but less planar tris(tetrahelicenyl)-triazine-hexaesters 7 have
been designed, which with the same short alkyl chains yield
monotropic hexagonal columnar mesophases with conveniently
attainable melting and clearing temperatures, and, in the case
of 7y, an improved, i.e. 20°C higher, glass transition temper-
ature compared to its phenanthryl analog 5g,. The shorter-chain

Table 2. Photoluminescence quantum yields and emission maxima in chloroform solution and in drop-cast film, upon excitation at 360 nm.

SE! 5Pr SBu 7El 7Pr 7Bu 7Hex

Solution (CHCl,) 22% 21% 22% 12% 12% 12% 12%
409 nm 407 nm 409 nm 459 nm 458 nm 459 nm 459 nm

Cast film 27% 45% 49% 20% 23% 14% 17%
462 nm 462 nm 465 nm 495 nm 498 nm 489 nm 500 nm

Annealed film n/a (does not melt) 449% 46% 24% 23% 13% 16%
461 nm 466 nm 523 nm 509 nm 493 nm 505 nm




homolog 7, shows on cooling, instead of a glass transition, an
unusual and intriguing first-order transition to a second
hexagonal columnar mesophase with an extremely well-
ordered hexagonal column lattice.

The stabilization of a solid-like hexagonal columnar meso-
phase at room temperature, combined with an accessible
transition to the isotropic liquid in order to allow for the
formation of surface-aligned samples by cooling from the liquid,
is thus shown to be achievable by a molecular design based on
configurational flexibility together with a well-dosed intrinsic
deviation from planarity and short alkyl ester substituents.

Emission in condensed columnar films at ambient temper-
ature is found to be higher than in solution. The peculiar
increase of order of the room temperature mesophase from 7g,
to 7p, leads to a bathochromic shift of emission in annealed
films due to enhanced aggregation.
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