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A new synthetic approach for fluorinated alkoxytriphenylene discotic liquid crystals is presented. This
methodology exploits the previously described photocyclodehydrofluorination (PCDHF) reaction for the
preparation of fluorinated triphenylene derivatives coupled with a variety of nucleophilic aromatic
substitution (SyAr) reactions. This particular combination of reactions provides a versatile route to
discotic materials with carefully controlled core fluorine and alkoxy tail content. In the course of these
studies, new discotic materials with minimal tail content have been revealed. The mesogenic properties
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of these materials are reported, and their charge transport properties are measured using the time of
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Introduction

Columnar discotic liquid crystals have attracted attention
due to their quasi-one dimensional structures that give rise
to a range of novel physical properties and potential
applications."™ The widely accepted convention is that
molecules which exhibit columnar mesophases are comprised
of a rigid and mostly flat aromatic core surrounded by flexible
chains, as found in the prototypical discotic hexa-substituted
benzene derivatives.” Interactions between the rigid cores
create a columnar structure, and the tails form a soft buffer
between the columns. Within the columns, the constituent
molecules can adopt orientations with comparatively large
transfer integrals between conjugated aromatic cores compared
to the much more limited charge transfer through the tails.®™**
These charge transport properties have motivated the study of
discotic liquid crystals as a valuable class of organic
semiconductors’®™* which may be employed in photovoltaic
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devices," organic light emitting diodes (OLED),"® nanowires'”
and other electronic applications.

Amongst the many different types of discotic liquid crystals,
triphenylene derivatives are perhaps the most widely investigated
due to the relative ease of their synthesis.’®>* Within this class,
dipolar substitution of the core is a known technique for
extending the discotic mesophase range, e.g., nitro groups,* >’
nitrile groups and halogen atoms® have frequently been
investigated. Fluorine substitution is particularly attractive due
to the small size of the substituent atom which helps to maintain
a flat molecular core and may allow for highly cofacial and close-
packed orientations between molecules within a column.

In the course of a study of partly fluorinated dipolar triphenylene
derivatives enabled by a novel photochemical technique,*® we
have found families of triphenylene discotic liquid crystals with
a continuum of alkoxy tail lengths, ranging from methoxy to the
more conventional butoxy or longer chains. This is extremely
unusual: the standard paradigm of a rigid core and highly
flexible, entropic tails is seemingly violated by the compounds
with minimal tail length. Therefore, our results provide a
“bridge” between familiar triphenylene discotic liquid crystals
and new, unusual, but closely related mesogens.

Synthesis

The original successful seven step synthetic route for 1,4-
difluoro-2,3,6,7,10,11-hexakishexyloxytriphenylene®* is shown
(Scheme 1). In this case, the ultimate fluorinated triphenylene
core is formed in the very last step by a highly regioselective
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Scheme 1 Literature fluorinated triphenylene synthesis (i) RBr/K,CO3z/EtOH/reflux; (i) (1) n-BuLi/THF/—78 °C, (2) B(OMe)s/THF/—78 °C, (3) 1 M HCl (aq);
(iii) H,O,, 82%; (iv) RBr/K,CO3/EtOH/reflux, 80%; (v) Br,/DCM/0-25 °C, 98%; (vi) 0.3 mol% Pd(PPhz)4/CeHsCH3/H,O/Na,COs/argon, 80%; (vii) (1) FeCls/

DCM, (2) MeOH, >90%.

FeCl; mediated oxidative ring closure of an appropriate
difluorinated o-terphenyl precursor. In this synthesis the
specific locations and exact identity of all of the alkoxy groups
found in the final product are established in the precursors
relatively early in the synthesis.

In this contribution, we describe a versatile alternative
synthetic route to prepare the requisite 1,4-difluorinated-
2,3,6,7,10,11-hexaalkoxy triphenylene derivatives employing a
combination of the PCDHF reaction®®>° to form the fluorinated
triphenylene ring coupled with SyAr methodologies to introduce
some of the alkoxy tails to the fluorinated ring late in the
synthetic sequence. This route offers several advantages over
the existing methods. For example, tetrafluorotriphenylene
compounds are easily accessed, leading to a new class of
potential discotic liquid crystals. Furthermore, these same
compounds are intermediates for the production of tri- and
di-fluoro molecules that allow the inclusion of heterogeneous
tails at a late stage of the synthesis (Schemes 5 and 7). These
compounds will be designated mF-XATn, where m is the number
of fluorines, 7 is the number of carbons in the alkoxy tails, and X is a
prefix indicating the number of tails (H, hexa-; P, penta-; T, tetra-).
For example, 1,2,4-trifluoro-3,6,7,10,11-pentakishexyloxytriphenylene
is referred to as 3F-PAT6. Examination of this new route in
retrosynthetic mode (Scheme 2) indicates that the appropriately
functionalized core should be easily accessed providing that
two conditions are met: first, and what was not clear at the
initiation of this project, is whether one can efficiently convert
an annulated 1,2,3,4-tetrafluorinated ring to the desired 1,4-
difluoro-2,3-dialkoxy derivative. This question was cleared up in
a satisfactory fashion by some model studies (vide infra).
Second, a regiospecific PCDHF ring closure (as shown in
Scheme 2) is also required. While the regiospecificity of the
PCDHF reaction remains a topic under active examination,
studies thus far indicate that the desired ring closure shown
should at least be preferred. Very generally, steric effects tend to
dictate the regiospecificity and, fortunately, the less hindered
ring closure is usually favored, and thus in this case delivers the
desired isomer as well.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Scheme 2 Retrosynthetic analysis for fluorinated alkoxytriphenylenes.
The viability of this synthesis approach requires regiospecificity in both
of the SyAr and PCDHF steps.

It is well known that most pentafluorinated benzene derivatives
undergo preferential nucleophilic aromatic substitution reaction
(SnAr) at the most activated para-fluorine atom site and often even
exclusively at this site.*>*' Such reactivity of pentafluorinated rings
has been widely exploited and has even found prior use for the
synthesis of calamitic liquid crystals.*** However, the location(s)
and multiplicity of nucleophilic aromatic substitution in the case of
1,2,3 4-tetrafluorobenzene derivatives appears to be much less
clearly documented in general and appears to not have been
applied to liquid crystal synthesis. In order to clarify this situation
prior to the initiation of a full synthesis of discotic triphenylenes
based on the route in Scheme 2, some simple model substrates and
test reactions were examined (Scheme 3). Here, 1,2,3,4-
tetrafluorotriphenylene was selected as the test model precursor
as it had already been efficiently prepared from the precursor
2,3,4,5,6-pentafluoro-1,1:2’,1"-terphenyl via the photochemical
PCDHF approach as shown in Scheme 3.®
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Scheme 3 Synthesis of the model S\Ar substrate and its use in the double
SNAr reaction. (i) PCDHF/acetonitrile 94%; (ii) t-BuOK (8 eq.) in excess
R-OH/toluene.

From the onset, the initial SyAr reaction was expected to
predominate at either of the structurally degenerate 2 and 3
positions of 1,2,3,4-tetrafluorotriphenylene. However, the
possibility of a second reaction and the site of a second reaction
were both much less certain. In order to evaluate multiple SyAr
alkoxylation, different simple primary alcohols were deproto-
nated in the presence of potassium ¢-butoxide (typically 8.0
equivalents potassium t-butoxide per equivalent of 1,2,3,4-
tetrafluorotriphenylene in an excess amount of alcohol).
Use of potassium ¢-butoxide is convenient as it has special
properties that make it useful (an enhanced basicity relative to
most primary and secondary alcohols promoting exchange and
a very low intrinsic nucleophilic activity). When a low boiling
point alcohol such as methanol or ethanol was used some
toluene was added as co-solvent to increase the solubility of
1,2,3,4-tetrafluorotriphenylene. In the case of methanol, after
three hours of refluxing, the disubstituted product 1,4-difluoro-
2,3-dimethoxytriphenylene was easily obtained in 60% yield.
Ethanol proved to be significantly less reactive and after five
hours of refluxing, only the monosubstituted product 2-ethoxy-
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1,3,4-trifluorotriphenylene was obtained in 75% yield. A Dean-
Stark trap was utilized in order to push the second SyAr
reaction to occur. After the removal of excess ethanol, the
reaction temperature increased and a mixture of the mono-
substituted product 2-ethoxy-1,3,4-trifluorotriphenylene (33%
yield) and the disubstituted product 2,3-diethoxy-1,4-
difluorotriphenylene (55% yield) were obtained. Higher boiling
point primary alcohols with potassium ¢-butoxide were also
able to react with 1,2,3,4-tetrafluorotriphenylene to achieve
dialkoxylation. For example, in the case of 1-hexanol the
product 1,4-difluoro-2,3-bis(hexyloxy)triphenylene could be
obtained in 25% isolated yield. The reactions of the low boiling
alcohols under conditions other than atmospheric pressure
have not been investigated and the precise reaction conditions
to cleanly obtain monoalkoxy or dialkoxy adducts remain to be
identified. However, the preliminary studies undertaken here
clearly indicate that the desired products needed for discotic
liquid crystal synthesis are accessible by this process.
The model study indicates that the initial SyAr single reaction
occurs at the 2-site and the subsequent SyAr reaction occurs as
the 3-site (reaction at sites 1 and 4 were not observed).
The initial SyAr reaction is significantly faster than the second
SNAT reaction (due to complementary electronic and steric factors)
and the rates of both reactions can be influenced by steric factors.
It is clear that the fluorine atoms on the 2,3-positions in 1,2,3,4-
tetrafluoro compounds are significantly more reactive in the SyAr
reaction than those at the 1,4-positions. This outcome exactly fits
our needs which require the conversion of a 1,2,3,4-tetrafluoro-
6,7,10,11-tetraalkoxytriphenylene intermediate into the desired
2,3,6,7,10,11-hexaalkoxytriphenylene product (Scheme 1). Struc-
ture analysis by X-ray diffraction demonstrates this outcome.
The assignment of the extent and location of alkoxide
substitution in these SyAr reactions was supported by proton
and fluorine NMR spectroscopy. In addition, X-ray crystallography
analysis (Fig. 1; see ESIf for details) was performed on 1,4-
difluoro-2,3-dimethoxytriphenylene  (the diadduct obtained
by reaction of potassium methoxide with 1,2,3,4-tetra-
fluorotriphenylene). This single crystal analysis unequivocally
demonstrates that the methoxy groups substitute the fluorine

Fig. 1 A stack of three 1,4-difluoro-2,3-dimethoxytriphenylenes and an adjacent stack of two 1,4-difluoro-2,3-dimethoxytriphenylenes showing the
pairs of methoxy groups and their intermolecular H-bonding interactions contributing to formation of shifted stacks and also to the H-F intermolecular

short contacts.
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atoms at the 2,3-positions. The crystal structure itself is of some
interest with 1,4-difluoro-2,3-dimethoxytriphenylene crystallizing
in the monoclinic space group P21/c with 4 molecules in the unit
cell. The two methoxy groups in each molecule are located on the
same side of the molecular plane with opposing torsion angles of
about 60° as shown in Fig. 1. The steric disposition of these
adjacent methoxy groups in the crystal of 1,4-difluoro-2,3-
dimethoxytriphenylene is unusual and different from that in
nonfluorinated systems. This pair of methoxy groups in each
molecule makes it impossible for full coplanar overlap of the
adjacent triphenylene molecules. Instead, the molecules have a
larger stacking distance of about 4 A (this may be compared to a
distance of ~3.5 A for HATn compounds) and there is a highly
coplanar but shifted stack of triphenylene molecules. Two close
C-O-H-C contacts exist between methoxy groups on adjacent
molecules within a stack. Each molecule also has a C-F-H-C
contact between a fluorine atom and the hydrogen on a methoxy
group situated on neighboring molecules on adjacent stacks.
Presumably the intra-stack interactions help stabilize the columns
while the C-F-H-C contacts affect the relative offset of each stack
along the column direction relative to its neighbors. While it is
unclear to what extent this offset stacking will manifest itself
in compounds with other alkoxy groups and/or alkoxy tails
on all of the rings, it is promising that the molecular core is
not significantly distorted by the steric interactions between
the fluorines and the adjacent hydrogens in the non-
fluorinated rings.

Having examined and qualified the two most uncertain
components of the planned synthesis, the preparation of a
known fluorinated and alkoxy substituted triphenylene target
2F-HATn was undertaken.® A crucial intermediate compound
required in the overall synthesis is the o-terphenyl 6 (Scheme 4).
Veratrole 1 is a readily available starting material which can be
treated with iodine and periodic acid in methanol to provide
4,5-diiodoveratrol 2 in high yield.*® By use of an excellent
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technique involving the copper-mediated decarboxylation of
potassium pentafluorobenzoate in diglyme,*® one of the two
iodine atoms in compound 2 could be selectively substituted
to provide 2,3,4,5,6-pentafluoro-2’-iodo-4’,5’-dimethoxy-1,1'-
biphenyl 3. This fluorinated biphenyl was then coupled with
phenylboronic acid 5 which itself can also be synthesized from
veratrole. The monobromination of veratrol occurs under mild
conditions at room temperature®” to provide 4-bromoveratrol 4.
The 4-bromoveratrol was then converted to the corresponding
boronic acid 5 and coupled with biphenyl 3 via a Suzuki
reaction, yielding the desired 1,2,3,4-tetrafluoro-6,7,10,11-
tetramethoxy-o-terphenyl 6. The final elaboration of o-terphenyl
6 to the difluorinated hexaalkoxytriphenylenes 10 is
shown in Scheme 5. Here the o-terphenyl 6 underwent the
PCDHF reaction (irradiation at 254 nm in acetonitrile) to yield
1,2,3,4-tetrafluoro-6,7,10,11-tetramethoxytriphenylene 7, which
conveniently precipitated out of the solution directly in 89%
yield without the need for any further purification. After the
deprotection of the four methoxy groups using BBr; in dichloro-
methane, the crude 9,10,11,12-tetrafluorotriphenylene-2,3,6,7-
tetraol 8 was obtained in almost quantitative yield and
subsequently treated directly with a primary alkyl halide
and potassium carbonate in DMF to yield the respective
1,2,3,4-tetrafluoro-6,7,10,11-tetraalkoxytriphenylene (4F-TATn)
9. Finally, the previously discussed SyAr technique was applied
to 9 and the pair of fluorine atoms at the 2,3-positions were
selectively substituted with alkoxy groups in sequential SyAr
reactions to give the desired 2F-HATn derivatives 10 as final
products (2F-HAT5 10a has six pentyloxy groups, while 2F-HAT6
10b has six hexyloxy groups). Note that this approach also
provides the opportunity to readily introduce different alkoxy
groups between the 6,7,10,11-positions and the 2,3-positions.
For example, 2F-HAT(6/12) 10c-i was prepared with four hexyloxy
groups at the 6,7,10,11-positions and two dodecyloxy groups at
the 2,3-positions while, vice versa, 2F-HAT(12/6) 10c-ii, was

5

Scheme 4 The synthesis of o-terphenyl intermediate 6. (i) I,/periodic acid/methanol, 89%; (ii) PhFsCOOK/Cul (0.1 eq.)/diglyme/150 °C, 55%; (i) NBS/
silica Gel/CHCls/rt, 92%; (iv) (1) n-BuLi/—78 °C, (2) triisopropyl borate/—78 °C, (3) HCl/rt, 51%; (v) Pd(PPh3)4/1,4-dioxane/water, 73%.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4F-TATn

Scheme 5
R1 = C6H13; (iv) Rz-OH/t-BUOK, 58% for R2 = C6H13, 81% for R2 = C12H25.

prepared with four dodecyloxy groups at the 6,7,10,11-positions
and two hexyloxy groups at the 2,3-positions.

Of course, for the synthesis of hexakisalkoxytriphenylene
discotic liquid crystals with six identical alkoxy tails, it was
possible to treat 1,2,3,4-tetrafluoro-6,7,10,11-tetramethoxy-
triphenylene 7 with potassium methoxide (¢-BuOK in MeOH)
to give 1,4-difluoro-2,3,6,7,10,11-hexamethoxytriphenylene 11.
All the methoxy groups can be cleaved in molten Py-HCI salt (or
BBr; in dichloromethane) to give 1,4-difluorotriphenylene-
2,3,6,7,10,11-hexaol 12. This hexaol was used as crude material
in the next alkylation step, giving the desired product. As long
as this kind of product is a subset of previously discussed 10,
we label it as 10’ for convenience (Scheme 6).

With a simple modification of this synthetic route involving
only changing the order of some steps, pentaalkoxytriphenylenes
could also be easily accessed (Scheme 7). Rather than initial
PCDHEF reaction, the terphenyl 6 was instead treated with BBr; in
dichloromethane to cleave the four methyl ethers producing
crude 2”,3"4"5" 6"-pentafluoro-[1,1':2’,1"-terphenyl]-3,4,4',5'-
tetraol 13. Next, 13 was reacted with an alkyl halide R;X to yield
the pentafluorotetraalkoxyterphenyl 14. In this case the single
para-fluorine atom in the pentafluoroterphenyl 14 is uniquely
most activated and the SyAr substitution with the alkoxide
derived from R,OH occurred cleanly at only that position and

View Article Online
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The synthesis of hexakisalkoxytriphenylene discotic liquid crystals. () PCDHF, 89%; (ii) BBrs/DCM, 98%; (iii) R1-1/K,CO=/DMF, 87% for

gave the alkoxy derivative 15. Finally, triphenylene synthesis was
accomplished by PCDHF under UV irradiation to give 1,2,4-
trifluoro-3,6,7,10,11-pentaalkoxytriphenylene (3F-PATn) 16 as
the final product.

Compared with 2F-HATn, 3F-PATn differs only in having an
alkoxy tail replaced with an additional fluorine atom. While the
option has not been exercised here, note that this approach
also provides the opportunity to introduce different alkoxy
groups between the 6,7,10,11-positions and the 3-position.

Results and discussion
Phase behavior

Using the synthetic methodologies just described, several
fluorinated alkoxytriphenylenes with different numbers, locations
and identities of alkoxy groups as summarized in Table 1 have
been prepared. In these triphenylenes, there are either two
fluorines and six alkoxy groups (10a, 10b, 10c-i, 10c-ii), three
fluorines and five alkoxy groups (16a, 16b) or four fluorines and
four alkoxy groups (7, 9a, 9b, 9¢). The phase behavior of these
substances has been investigated by differential scanning
calorimetry (DSC), polarized optical microscopy (POM, Fig. 6) and,
for a subset of the materials, small angle X-ray scattering (SAXS).

Scheme 6 The synthesis of hexakisalkoxytriphenylene discotic liquid crystals with identical alkoxy tails. (i) t-BuOK in MeOH, 90%; (i) Py-HCL, heating,

product was used as crude; (iii) R1-1/K,CO3/DMF, 39% for Ry = CsHyy.
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3F-PATnN

Scheme 7 The synthesis of pentakisalkoxytriphenylene discotic liquid crystals. (i) BBrs/DCM, ~100%; (ii) Ry-1/K,CO3/DMF, 68% for Ry = CgHys;
(iii) R,-OH/t-BuOK, 70% for R, = CgH13; (iv) PCDHF, 55% for Ry = Ry = CgHss.

Table 1 Phase transitions of compounds

Name (number) R Phase transition temperatures (°C) (from DSC)
HAT5%%° K 69 Col,, 122 1

HAT6" K 69.5 Coly, 99.5 I

NOZ-HATs;11 o (T < —40) Coly, 136.1 1

NO,-HAT6>*2” (T < —20) Col, 137 1

1F-HAT6*? K 39 Col;, 116 I

1,2,3-Trifluoro-TAT5**
1,2,3-Trifluoro-TAT6**

2F-HAT5“ (10a) Ry= GsHiy
Ry= GsHyy
2F-HAT6°? (10b) R;= CeHi3
R,= CeHy3
2F-HAT(6/12)" (10c-i) Ry = CeHis
R, = C1pHys
2F-HAT(12/6)* (10c-ii) R; = C1oHys
R, = CHy3
3F-PATS5 (16a) Ry= CsHi4
R, = CsHyy
3F-PAT6%° (16b) R; = CeHis
R, = CgHys
4F-TAT5“ (9a) R; = GsHy,
4F-TAT6“ (9b) Ry = CeHis
4F-TAT12 (9¢) Ry = CioHys
4F-TAT1 (7) R; = CH3

K 139 Col,, 154 I

K 130 Col, 143 I

K —12.5 Coly, 142.1 T

(T < —150) Coly, 116.5 T

K 39.6 Col, 42.4 T

K 39.5 K’ 54.9 Coly, 65.6

K 7.7 Coly, 171.5 1

G —12.7 K’ 25.5 K 34.7 Coly, 160.1 I
K 109.5 Coly, 200.5 I

K 97.7 Coly, 183.0 I

K 91.6 Col, 11351
K 197.6 Col, 310.3 1

All transition temperatures obtained by DSC while cooling from isotropic at 5 K min~". “ Additional SAXS data is available in ESI ? No low
temperature transition was observed by monitoring the transmission of polarized 632 nm light through a sample while it was cooled in a cryostat.
¢ A glass structure (G) can be obtained by cooling from the mesophase at several K min~'. More information can be found in the ESI.

The discotic behavior of the new fluorinated compounds is
interesting as compared to the parent compounds HAT5 and
HATS®6, as well as to other triphenylene based molecules with
dipolar substituents (Table 1). We observe a clear trend in the
isotropic transition temperature, Tc..;, that consistently
increases as more fluorine atoms are added and as tails are
removed. As the majority of the molecular mass in these
molecules is derived from the long alkoxy tails, this leads to
lower mass molecules having higher isotropic transition

© 2022 The Author(s). Published by the Royal Society of Chemistry

temperatures. The lower limit of the columnar mesophase,
Tk-col, Shows a more complicated behavior (Fig. 2). Relative to
their respective HATn precursors, Tx.cop is lowered in all of the
materials except for the 4F-TATn compounds. These
compounds differ from the rest not only because they have
an additional fluorine, but more importantly, because they
completely lack tails on their fluorinated ring. It is noteworthy
that, except for 4F-TAT1 (7), the 4F-TATn compounds (9a, 9b
and 9c) all have very similar Tk.c,; while having a substantial

Mater. Adv., 2022, 3, 534-546 | 539
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Fig. 2 Phase behavior of fluorinated alkoxytriphenylenes. The isotropic
transition temperature increases with additional fluorination, even as
tails (and associated entropy) are removed, as in 3F-PATn and 4F-TATn.
The freezing point is reduced in all but the tetrafluoro compounds.
This reduction in the freezing point is particularly noteworthy for
2F-HATn and 3F-PATn, where it extends the mesophase near room
temperature. The mesophase of 2F-HAT6 has no detectable lower limit
above —150 °C. Lines are a guide for the eyes.

difference in T¢oLg, indicating that the crystallization transition
in these compounds is more influenced by the core-core
interaction rather than those involving the tails. These core-
core interactions are especially relevant in the precursor
compound 7, which has only methoxy groups in lieu of
conventional longer alkoxy tails (Fig. 3). Both of the transition
temperatures of this nearly tail free compound 7 are increased
by about 100 degrees above their longer tailed counterparts,
while the isotropic transition occurs close to that of the non-
fluorinated, but non-mesogenic, counterpart HAT1.

The discotic behavior of 4F-TAT1 (7) is remarkable. The DSC
and POM for this substance are shown in Fig. 3 and 6
respectively. Note that nonfluorinated HAT1, HAT2 and HAT3
are not mesomorphic and that discotic activity in this non-
fluorinated series of hexaalkoxytriphenylenes only begins in
HAT4 with butoxy tails.*> Discotic compounds with four
pentyloxy or longer tails and a tail-free ring bearing electronega-
tive substituent groups (including fluorine) have been reported
elsewhere***® where enhanced core—core interactions and nano-
segregation of the tails is thought to lead to dimerization and
stabilization of the columnar mesophase. Our results and others
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Fig. 3 DSC curve of 4F-TAT1 (7) taken after an initial heating cycle, and

with a scan rate of 5 K min~! Despite the lack of long tails, this

material possesses a broad columnar mesophase at elevated temperature
(K197.6 Col,, 310.3 1). The material is sufficiently stable to allow multiple DSC
cycles to be obtained, as demonstrated here where limited degradation is
evident on the second cycle of the DSC. However, prolonged exposure to
such high temperatures will result in severe thermal degradation.

show that discotic behavior may be induced with single-carbon
tails,”” or even no tails at all.*® Other unconventional approaches
are possible, e.g., “flying seed” molecules where the introduction
of tails containing bulky rings®® has been shown to support
mesogenic behavior. This behavior in compounds with limited
tail content points to important interactions between the core
moieties. In our case, the introduction of fluorine modifies the
(long range) electrostatic and (short range) dispersive forces,
especially for relatively short tailed systems where the intercolumnar
spacing is small. To better understand these interactions, ground
state geometries and corresponding multipole moments were
calculated for methoxy analogues of the studied compounds, using
DFT at the B97D3/6-31g* level. The dipole moments of 2F-HAT1,
3F-PAT1 and 4F-TAT1 were found to be 2.62 D, 2.80 D and 3.68 D,
respectively. These dipole moments are strongly influenced by
the position of the oxygen atoms in the alkoxy groups (ie., the
conformation of the alkoxy groups). Specifically, O-F steric inter-
actions can force the nearby oxygen atoms out of the molecular
plane, substantially changing the molecular dipole moment
magnitude and direction. This is especially the case in 2F-HATn
(which has the widest mesophase range in this study) because the
two oxygens on the fluorinated ring may sit either on the same side
of the molecule or on opposite sides (Fig. 4), resulting in either a
significant out-of-plane dipole, or a small but non—zero in-plane
dipole, respectively. We find that these configurations are nearly
degenerate in energy, indicating that fluctuations between these
conformations is possible, especially in the liquid crystalline phase.
In the crystalline phase of 1,4-difluoro-2,3-dimethoxytriphenylene,
intermolecular interactions result in a symmetric disposition of the
syn-methoxy groups.

It must be emphasized, however, that the intermolecular
electrostatic interaction energies cannot be quantitatively
described by dipole-dipole interactions alone since the molecules
are substantially closer to each other than a characteristic size of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The conformers in the fluorinated ring and corresponding dipole moments of 1,4 difluoro-2,3,6,7,10,11-hexamethoxytriphenylene in (right) anti-
configuration and (left) syn-configuration. The black arrow indicates the dipole moment vector.

the molecular wave function. Instead, the actual electrostatic
potential and charge distributions should be used, along with a
more detailed accounting of the intermolecular interactions.
A more complete analysis based on ab initio calculations and
molecular dynamics simulations is in preparation.

SAXS characterization of mesophases

We have used SAXS in order to confirm the presence of liquid
crystal mesophases, and to unambiguously identify their structures.
SAXS experiments were carried out on a representative subset of
compounds using a Rigaku Screen Machine, using a Cu K-o X-ray
tube; with samples held in thin walled capillary tubes placed in a
hot stage. Alignment of the sample was enhanced using permanent
magnets close to the capillary, which created a field roughly
orthogonal to both the capillary and X-ray beam. With the
exception of 4F-TAT1, samples were heated into their isotropic
phase with data collected on cooling. Due to the high clearing
temperature of 4F-TAT1 (310 °C), diffraction patterns were obtained
by heating a sample into the lower limits of the mesophase and
collecting data on heating. The sample was not aligned, since it was
not brought into the isotropic phase while within the magnetic
field, and the resulting powder diffraction pattern reflects a texture
containing many domains. Additional experimental details can be
found in the ESIL.{ The mesophases were identified by assigning
Miller indices, hkl, to the diffraction peaks. For the hexagonal
mesophase, the d-spacing ratios for the 100, 110 and 200 peaks are
expected to be 1:1/,/3:1/2. In addition to these peaks corres-
ponding to intercolumn order, we observed broad 001 peaks
resulting from the disordered columns. The stacking distance
within the columns is approximately 3.5 A. A lack of correlations
between intracolumn spacings in adjacent columns is indicated by
the absence of peaks with simultaneously non-zero # or k and [
indices, which confirms that the structures are liquid crystalline as
opposed to, e.g., plastic crystals. Additionally, a number of samples
were sufficiently well aligned so that the diffraction pattern showed
a clear six-fold symmetry, further supporting the identification of
the Col;, mesophase. All samples studied were found to be
hexagonal columnar mesogens, identified either by the above

© 2022 The Author(s). Published by the Royal Society of Chemistry

stated ratio of d-spacings, or, for weak scatterers which did not
produce observable high order reflections, by the symmetry of the
100 peaks. A summary of SAXS results has been collected in
Table 2.

Given the unusual properties of 4F-TAT1, it is of interest to
compare its structure to that of a more conventional discotic
liquid crystal with lengthy tails. Fig. 5 contains diffraction
patterns of 3F-PAT6 and 4F-TAT1, clearly illustrating the effects
that the reduced tail content has on the mesophase structure.
Both compounds show sharp peaks (long-range order) reflecting
the hexagonal column packing. However, 4F-TAT1 has much
more closely packed columns since there is very little to prevent
the cores from approaching each other. The broad diffuse
scattering associated with the tails in 3F-PATS® is lost. The diffuse
peaks reflecting the disordered stacking of molecules within
columns, however, is almost identical between the compounds:
the columnar structure is the same. Therefore, the tails play little

Table 2 SAXS characterization of selected mesogens

d spacings (A)

Name (number) Temp. (°C) hkl Obs. Calc.
2F-HAT5 (IOa) 30 100 22.9 22.9
110 13.2 13.3
200 11.5 11.5
001 3.5 3.5
3F-PAT6 (16b) 100 100 17.6 17.6
110 10.0 10.2
001 3.5 3.5
4F-TAT5 (93) 190 100 15.8 15.8
001 3.5 3.5
4F-TAT6 (9b) 180 100 16.8 16.8
001 3.6 3.6
4F-TAT1 (7) 220 100 11.0 11.0
110 6.4 6.4
200 5.5 5.5
001 3.6 3.6
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Fig. 5 SAXS diffraction patterns collected from 4F-TAT1 at 220 °C and
3F-PAT6 at 100 °C. A portion of the small angle region is shown in the
inset, with an emphasis on the 100 and 110 scattering. 3F-TAT1's lack of
long tails results in a much shorter intercolumn spacing and a lack of the
broad diffuse scattering associated with the tails. It also results in a greater
degree of in-plane order resulting in a number of peaks which are
suppressed in 3F-PAT6.

if any role in determining the distance between cores in a
column, which is crucial to electronic transport.

View Article Online
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Charge transport properties

In order to understand the effect of fluorination on electronic
transport, the hole mobilities throughout the range of the
columnar mesophase in 2F-HATS5, 3F-HAT6, 4F-TAT5 and
4F-TAT6 have been measured. The presence of a static
molecular dipole moment can potentially have a number of
competing effects on the bulk charge mobility. The relatively
long range of dipole interactions (compared to van der
Waals and quadrupolar interactions) can increase correlation
lengths along the column, potentially increasing order and
the mobility.>* Neighboring molecules can be expected to
orient themselves in order to cancel out their net
dipole moment, which will govern the preferred orientation
of molecules within the column (subject to the aforementioned
caveats concerning higher moments). This promotes a
coplanar arrangement which, depending on the structure of
the HOMO (LUMO) level, may be beneficial to hole (electron)
transfer. At the same time, disordered permanent dipoles
can be expected to affect the energetic disorder®® and
charge trapping within the liquid crystalline system, which

&

Fig. 6 POM texture for selected compounds. Top row from left to right: 2F-HATS, 2F-HAT6, 2F-HAT(12/6). Middle row from left to right: 3F-HATS,
3F-HAT6, 2F-HAT (6/12). (All at 30 °C.) Bottom row from left to right: 4F-TATS5 at 150 °C, 4F-TAT6 at 150 °C, and 4F-TAT1 at 300 °C. All images were
taken with crossed polarizers. The scale bar found in the lower left corner applies to all images.
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Table 3 Hole mobility parameters from TOF experiments

Compound to (em* Vv 's™) g (mev) X ¢ (Vem )12
2F-HAT5 0.021 61.1 1.76  0.0041
3F-PAT6 0.090 74.2 1.78  0.0023
4F-TAT5 0.047 82.7 1.60  0.0018
4F-TAT6 0.065 89.7 1.5  0.0032
NO2-HAT5"° 0.06 93 2.6 0.0056
NO2-HAT6**°  0.86 102 3.2 0.0069
3.0-107% —
> 1| e 3F-PATe
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Fig. 7 Mobilities of 2F-HAT5 and 3F-PAT6 throughout their mesophase
range with an applied field of 62.2 kV cm™*. Each substance possesses a
mobility on the order of 10™* cm? V™ s7* near room temperature. While
the columnar phase of 2F-HATS5 persists to much lower temperatures than
shown, charge transport becomes increasingly dispersive at lower tem-
peratures due to trapping. The uncertainty in determination of the time of
flight is reflected in the error bars.

might create an energetic barrier against charge transport. In
order to study the net effect of these competing factors, we have
employed the time of flight (TOF) technique to measure the
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mobilities of holes along the columns for a representative
subset of the compounds.

The mechanism of charge transport within these meso-
gens is thermally assisted hopping conduction, where a
collection of charges “hop” between localized states on the
constituent molecules, taking a random walk across the
sample driven by an applied potential. These moving charges
create a transient photocurrent which is recorded and used to
determine the transit time for charges across the cell. The
mobility is given by u = d*/Vt, where d is the thickness of the
sample, V is the applied voltage, and 7 is the time of flight.
The charges are photogenerated using a pulsed laser at a
wavelength selected based on the absorption spectra of each
compound, such that the penetration depth is much smaller
than the cell thickness, and at an intensity such that space
charge effects are absent. Data were collected after heating
the samples into the isotropic state and slowly cooling them
into the columnar mesophase. All of the times of flight were
extracted from linear-linear plots of current vs. time. The
mobilities were analyzed according to a one-dimensional
hopping model with Gaussian disorder as used to study
similar compounds,®”*>*' which predicts a mobility of the
form

2
AT ) = o™ (rer) +e(er2)vE

where ¢ is the width of the distribution (assumed to be
Gaussian) of hopping site energies, X is a dimensionless
factor greater than 1.5 which describes the positional (or
“off-diagonal”) disorder within the columns, c is proportional
to the inter-site separation, and the factor of 0.9 is the result of
an empirical fit to simulations.>>*> An additional exponential
term related to the polarization energy was tested, but including
it made no significant improvement to the model fit. The field
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P
o
e
O
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Fig. 8 Mohbilities for (left) 4F-TAT5 and (right) 4F-TAT6 throughout their columnar mesophase (temperatures are in Celsius). Gray lines are fits to the
model. Removing the tails from the fluorinated ring not only preserves the mesomorphic behavior, but the resulting mobilities remain comparable to
their tailed analogues. The large uncertainty at low field reflects the inherent difficulty of extracting a time of flight in this regime.
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Table 4 Mobilities of compounds near the center of the mesophase
range (10> cm?V~ts7Y

Compound n=>5 n==6
HATn>>*3 1.5 0.71
2F-HATn*? 0.8 1.0
3F-PATn — 0.75
4F-TATn 0.8 0.7
1,2,3-Trifluoro-TATn** 1.3 1.2
NO2-HAT#n?”*° 0.06 0.06

dependence of the mobility was used to determine Poole-Frenkel
coefficients and initial estimates of the model parameters.
Ultimately, all of the applicable data was fit to the model
simultaneously, rather than fitting the field and temperature
dependencies separately (Table 3).

In all cases studied, the mobility is monotonically
dependent on temperature (Fig. 7 and 8). This is expected for
hopping transport, where the intermolecular hop is assisted by
the thermal energy available in the system. The mobilities
themselves are also rather close to each other in all of the
studied samples, with typical values between 10~* and
10~ ecm® V' s (Table 4). These values are comparable to
the mobilities of the unsubstituted HATn compounds,**** so
any differences in parameters governing transport, such as
intermolecular orientation, polaron formation, columnar
disorder, or a proclivity for multiple trapping, must either be
small or canceled out by a complimentary effect. While it is not
surprising that 2F-HAT5 and 2F-HAT6 have similar properties,
it is significant that we can break molecular symmetry, as in
3F-PATn, or even remove all the tails from a ring, as in 4F-TATn,
without seriously affecting the charge transport characteristics
(Fig. 8) (though, as noted above, the molecular stacking
distance, at least, is similar for 4F-TAT1 and 3F-PAT6). This
is in contrast to NO2-HAT6 which has mobilities lower than
in HAT6 and a strong temperature dependence near room
temperature.”” It is also notable that, while 1,4-difluoro-2,3-
dimethoxytriphenylene has widely spaced molecules in the
crystal, the hole mobilities of the corresponding liquid crystals
with longer tails are comparable to those of HATn, perhaps
indicating that equilibration of syn- and anti-isomers allowing
the molecules to approach more closely in the discotic phase.

Conclusions

A new and versatile route to fluorinated alkoxytriphenylene
liquid crystals has been devised and the critical pair of PCDHF
and SyAr synthesis steps involved were demonstrated to be
useful and effective. In this route the alkoxy chains are installed
late in the synthesis and a wide variety of hexaalkoxytripheny-
lene derivatives can be easily obtained. From the same
intermediates this new methodology can also provide pentaalk-
oxytriphenylenes, which the earlier route is incapable of
delivering, and tetraalkoxytriphenylenes as well. By selective
fluorination of these materials, multiple series of substances
have been produced with columnar mesophases, some with
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minimal (methoxy) tail content. Some of our compounds also
have wide temperature ranges, which makes them of practical
interest, especially since the charge transport properties remain
on par with the parent HAT compounds. The chemistry
described is a powerful technique for the synthesis of fluori-
nated liquid crystals with potentially valuable properties.
In addition, and in contrast to conventional examples of
triphenylene liquid crystals, compounds with a diminished
number and even an absence of tails have been discovered
which possess a columnar phase.
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