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hiophene-based oligomers and poly-
Tmers display a combination of excel-

lent electronic properties and versa-
tility of chemical modification, which makes
them the most popular semiconducting
materials in organic electronics." Due to
their high chemical stability and rigid mo-
lecular structure, fused ring oligothiophenes
and polymers thereof have been among the
prime synthetic targets in the field, leading
to a number of materials showing record-
breaking charge mobility in organic thin-
film transistors (OTFT)>~® and some of the
highest efficiencies in organic photovoltaic
(OPV) cells.”~® However, the relationship
between the structure of a molecule and its
bulk materials properties is still not fully
understood. The major challenge for pre-
dicting the performance of a given organic
semiconductor is our inability to rationally
control molecular packing and morphology
of thin films, which ultimately determines
the charge transport, recombination, and
other critical device parameters.

Model studies of molecular self-assembly
on surfaces by scanning tunneling micro-
scopy (STM) allow correlating molecular
structure with supramolecular organization
in monolayers and ultrathin films and thus
are of particular relevance for understanding
molecular structure—device relationships in
such materials. The self-assembly of alkylated
oligothiophenes has been intensively ex-
plored, providing fundamental insights into
the role of the length and position of the alkyl
substituents on molecular packing controlled
by van der Waals interactions.'®'® In princi-
ple, a better control over molecular organiza-
tion could be achieved by using directional
interactions, such as hydrogen bonding
(H-bonding). Several papers explored 2D
self-assembly of oligothiophenes through
H-bonding of urea,'” peptides,'®~%° or car-
boxylic groups;'®?'all of these molecules
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ABSTRACT

We report the synthesis and properties of two sz-functional heteroaromatic tetracarboxylic

acids (isomeric tetrathienoanthracene derivatives 2-TTATA and 3-TTATA) and their self-

assembly on highly oriented pyrolytic graphite. Using scanning tunneling microscopy at the

liquid—solid interface we show how slight geometric differences between the two isomers

(position of sulfur in the molecule) lead to dramatic changes in monolayer structure. While

3-TTATA self-assembles exclusively in a highly ordered porous network via dimeric R%(8)

hydrogen-bonding connection (synthon), 2-TTATA is polymorphic, forming a less ordered porous

network via R%(8) synthons as well as a close-packed network via rare tetrameric R*,(16) synthons.

Density functional theory calculations show that the self-assembly direction is governed by the

angle between the carboxylic groups and secondary interactions with sulfur atoms.

KEYWORDS: self-assembly at interfaces - oligothiophene semiconductors -
hydrogen-bonded networks - scanning tunneling microscopy - polymorphism

also contained alkyl chains, which favor a
densely packed arrangement of molecules.
On the other hand, porous supramolecular
structures offer new interesting opportunities
for tuning electronic properties of the films
through host—guest chemistry. Toward this
goal, Bauerle et al. have designed a macro-
cyclic oligothiophene building block (with
molecularly defined cavity) and using STM
studied its coassembly with a Cg fullerene
acceptor that mimics the structure of a bulk
heterojunction solar cell, though restricted
to two dimensions.”> We have recently
shown that porous H-bonding molecular
networks can be assembled on surfaces from
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R = iso-butyl

Scheme 1. Synthesis of 2-TTATA?

A

9 (a) n-BulLi, dry THF, —78 °C; isobutyl chloroformate, —78 °C to RT; (b) Br,, DCM, reflux; (c) Ni(cod),, bipyridine, dry DMF,
80 °C; (d) FeCls, MeNO,/DCM, RT; (e) O,/hv, toluene, RT, overnight; (f) CsOH, ethanol/water, reflux; then HCI.

terthienobenzenetricarboxylic acid (TTBTA). The result-
ing chickenwire network can host one, two, or three
Cso Molecules per cavity and imposes an unusual
ordering effect of Cgo dimer and trimers that was
described in terms of charge-transfer interactions.*®
In this paper, we report the synthesis of two isomeric
tetradentate H-bonding building blocks, 1 (2-TTATA)
and 2 (3-TTATA), and study of their 2D self-assembly
on the surface of highly oriented pyrolytic graphite
(HOPG). These molecules were chosen because
m-conjugated tetrathienoanthracene (TTA) cores of 1
and 2 have recently shown promising semiconducting
properties in OTFT?*?> and OPV® devices. HOPG is a
suitable model surface, as it provides electrical con-
ductivity necessary for STM imaging, yet itis chemically
inert. Using STM at the solid—liquid interface and
analyzing the resulting packing motifs with the aid of
density functional theory (DFT) calculations, we show
how subtle differences between the isomers 1 and 2
are translated in dramatically different self-assembled
patterns. We demonstrate the formation of close-
packed and porous networks with the geometry and
chemical environment of the pores controlled by the
isomeric structure of the molecular building block.

2-TTATA (1) 3-TTATA (2)
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RESULTS

Synthesis and Electronic Structure of Building Blocks. The
synthesis of 2-TTATA (Scheme 1) commenced from
tetrakis(thienyl-2)benzene,?® which was lithiated at its
most reactive 2-position with n-BuLi and treated with
isobutylchloroformate to generate tetraester 3 in
92% yield. Our attempts to directly cyclize 3, either
chemically (FeCl3) or photochemically (O,, hv) did
not generate the desired product 5. This must be
due to the electron-withdrawing effect of carboxylic
groups, which disfavor oxidative cyclization. To over-
come this problem, the 4-position of tetraester 3
was first activated by bromination in 72% yield, and
then the resulting tetrabromide 4 was subject to
Yamamoto coupling using Ni(cod), to afford fully
cyclized ester 5. The isobutyl chains were specifically
chosen to induce solubility (preliminary experiments
with tetraethyl ester had failed). After purification,
the ester groups were cleaved off by saponification
hydrolysis to afford the desired 2-TTATA, 1. Using cesium
hydroxide is important, as it creates a water-soluble
TTATA salt.

The 3-TTATA (Scheme 2) building block was con-
structed in a similar manner yet adopting a shorter
pathway. Lithiation of tetrakis(thienyl-3)benzene fol-
lowed by reaction with isobutylchloroformate led to
preferential substitution of the least hindered position,
affording tetraester 6 with 31% purified yield. The
expected higher electron density of the 2-position in
5 (as compared to the 3-position in 3) allowed for
oxidative cyclization, which was carried out with FeCls,
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R = iso-butyl

Scheme 2. Synthesis of 3-TTATA?

9 (a) n-BulLi, dry THF, —78 °C; isobutyl chloroformate, —78 °C to
RT; (b) FeCls, MeNO,/DCM, RT; (c) CsOH, ethanol/water, reflux;
then HCI.

giving tetraester 7 in 34% purified yield. Saponification
of the latter afforded the desired 3-TTATA, 2.

Due to very low solubility of tetraacids 1 and 2, their
isobutyl esters were employed to interrogate the opto-
electronic properties of these building blocks. Elec-
tronic absorption spectra of both isomers 2-TTA ester 5
and 3-TTA ester 7 show several vibronically structured
bands in the ~300—450 nm spectral range, character-
istic for a thienoacene core (Figure 1). The longest
wavelength absorption peak of 5 (438 nm) is very weak
and is red-shifted vs that of 7 (412 nm, moderate
intensity). The emission bands are also vibronically
structured and reveal the same red shift of 5 (A"«
441 nm) vs 7 (A" ..« 428 nm). Comparing with the unsub-
stituted tetrathienoanthracenes,® ester groups causes a
slight red shift of both absorption and emission bands
(~20—30 nm), which can be attributed to extending the
sr-conjugation on alkoxycarbonyl substituents.

Time-dependent DFT suggests that the moderately
strong longest wavelength absorption of the 3-TTATA
isomer (436 nm, f = 0.24) is a HOMO—LUMO transition.
In contrast, the HOMO—LUMO transition is symmetry
forbidden for the 2-TTATA; the first allowed transition
for this isomer is a mixture of HOMO—1—LUMO and
HOMO—LUMO+1, and it has a very low oscillator
strength (430 nm, f = 0.01), in agreement with the
experiment. The calculated transition energies for both
isomers reproduce the experimental values within 0.15 eV,
but show an opposite trend for the two isomers (see also
Supporting Information (SI)). This should not be particu-
larly surprising considering that different orbitals are
involved in the excitation of 2-TTA and 3-TTA isomers.

Self-Assembly of 2-TTATA. Applying a saturated solution
of 2-TTATA onto HOPG leads to immediate formation of
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Figure 1. Absorption (solid line) and emission (dashed line)
spectrum of compounds 5 (green) and 7 (blue). The dotted
line is a magnification of the first absorption peak of 5.

monolayers of molecular networks as observed by STM
(Figure 2). Coexistence of domains of two distinct
(porous and close-packed) polymorphs was observed
in the beginning of STM scanning. During the time of a
typical experiment (1—2 h), the patches of porous
network gradually decrease in size so that the surface
is eventually covered with a large single domain of the
close-packed polymorph (Figure 3).

High-resolution STM imaging of the porous net-
work reveals an oblique unit cell (1.7 & 0.1 nm, 1.7 £
0.1 nm, 73 £ 2°). Each 2-TTATA molecule is resolved as
a bright dumbbell, closely resembling the molecular
structure. This allows identifying the orientation of each
molecule with respect to its neighbors. The long-range
order with parallel orientation of the molecules is pre-
served in the center of the domains (as highlighted by
structure A and corresponding model of the molecular
cluster, Figure 2). However, the rotational disorder of
the molecules is frequently observed at the domain
edges (structure B). Interestingly, such orientational
“freedom” of the molecules allows the smooth con-
nection of neighboring domains. Figure 2 shows that
two porous domains which are rotated 84° vs each
other and related by a mirror-plane symmetry, are
connected via structure C. This phenomenon would also
indicate potential frustration in growing single crystals of
2-TTATA and its derivatives.

The more frequently observed close-packed poly-
morph of 2-TTATA (Figure 3) exhibits a rectangular unit
cell (1.6 £ 0.1 nm, 1.5 £ 0.1 nm, 88 £ 2°). The appearance
of the molecules is similar albeit not identical to that in
the porous network, thus emphasizing the effect of mo-
lecular packing on the density of states on the surface.
Simultaneous imaging of the molecular network and
HOPG surface in the same frame (and subsequent 2D-
FFT analysis) and imaging of multiple domains show
that one vector of the molecular unit cell is coaligned
with the main symmetry axes of the HOPG lattice (SI).
This suggests that molecule—substrate interaction
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Figure 2. STMimage (30 nm x 30 nm) of 2-TTATA adlayer formed at the HOPG/trichlorobenzene/octanoic acid interface. V}, =
—800 mV, I, = 0.3 nA. DFT-optimized molecular models of tetrameric molecular clusters R%,(8) (A, B, C) and R*,(16),
corresponding to molecular arrangements in highlighted areas of the image, are shown on the right.

Figure 3. STM image (50 nm x 50 nm) of a single domain of
the 2-TTATA close-packed structure formed at the HOPG/
trichlorobenzene/octanoic acid interface. V,, = —800 mV, I, =
0.3 nA.

plays a significant role in the overall thermodynamic
stability of the close-packed polymorph.

Self-Assembly of 3-TTATA. In all of our experiments, the
self-assembly of 3-TTATA at the liquid—solid interface
forms only a porous molecular network with an oblique
unitcell (1.6 & 0.1 nm, 1.7 & 0.1 nm, 75 £ 2°) (Figure 4).
Similar to 2-TTATA, one unit cell vector (b = 1.68 nm) is
coaligned with one of the main symmetry axes of
HOPG (SI). Each 3-TTATA molecule is well resolved into
arectangle on the STM images. The elongated appear-
ance of these molecules comparing to 2-TTATA reflects
the altered position of sulfur atoms, which contributes

FU ET AL.

Figure 4. STMimage (15 nm x 15 nm) of a molecular network
formed by 3-TTATA on HOPG (V,, = —750 mV, /; = 0.25 nA).

significantly to the STM contrast. Unlike 2-TTATA, the
molecules of 3-TTATA are well ordered in the oblique
structure, with no rotational defects of the kind shown in
Figure 2.

DISCUSSION

Carboxylic acids are H-bonding building blocks
with highly directional binding and predictable self-
assembly.?® They most often associate via dimeric
H-bonding ring synthon R?,(8). The binding via trimeric
R*3(12), tetrameric R*,(16), and seximeric R%(24) syn-
thons are also known but extremely rare.?”

The majority of the so far reported H-bonding mol-
ecular networks have been created with di- and tricar-
boxylic acids, and just a few papers reported the surface
self-assembly of tetracarboxylic building blocks.?8~3*
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Figure 5. DFT-PBC models of 2-TTATA (left) and 3-TTATA (right) in porous (top) and close-packed (bottom) networks. a
denotes the angle of the C=0- - -H bond in the R%,(8) synthon and R*;(16) synthon. D denotes the secondary short contacts:

O---H (2.5 A) for 2-TTATA and S- - -O (3.1 A) for 3-TTATA.

In all studied examples, the angle o between the
carboxylic groups, which controls the geometry of
the resulting pattern, was either 90°, 120°, or 180°. In
the TTATA isomers studied here, the angle between
the carboxylic group depends on the orientation of the
thiophene ring in the polycyclic structure and is equal
to 101° for 2-TTATA and 139° for 3-TTATA (Figure 5).
Accordingly, a kagome pattern, commonly observed
for tetradentate building blocks with o = 120°3? is
unfavorable for TTATA derivatives, and their R?,(8)
H-bonding leads exclusively to oblique structures.

For the 2-TTATA isomer, the angle between the four
binding sites (101°/79°) is sufficiently close to that of C4
symmetric building blocks (90°), leading to partial
orientational disorder of this molecule in the oblique
unit cell (structures B and C, Figure 2). This assumption
is supported by DFT calculations of tetrameric clusters
of 2-TTATA bonded via the R%,(8) synthon (SI). The
calculated binding energy of cluster A representing the
oblique unit cell (10.04 kcal/mol per H-bond) is only
marginally larger than that in clusters C (10.01 kcal/mol)
and B (9.85 kcal/mol) with two and one “misoriented”
molecules, respectively. Such tolerance of a 2-TTATA
porous network toward orientational disorder allows
connecting an adjacent crystalline domain without dis-
ruption of H-bonding, which minimizes the occurrence
of Ostwald ripening.® At the same time, the enthalpic
differences associated with inclusion of clusters B and C
within the ordered phase are apparently large enough to
prevent a complete entropy-driven randomization. A
similar phenomenon involving transitions between the

FU ET AL.

TABLE 1. Comparison of 2-TTATA and 3-TTATA Polymorphs
by Molecular Modeling®

unit cell parameters

packing density  binding energy

network a/nm  B/nm  p/° (moleculte/nm?) (kcal/mol/H-bond)
2-TTATA close-packed 1.50  1.27 896 0.52 9.2
2-TTATA porous 172 172 805 0.34 10.0
3-TTATA close-packed 140 136 853 0.52 8.0
3-TTATA porous 165 165 798 0.4 10.0

9 PBC-DFT calculation at the B3LYP/6-31G(d) level.

ordered and disordered 2D phases of other tetracar-
boxylic acids has been recently studied in detail by
Beton et al>*

For 3-TTATA, the angles between the binding sites
(139° and 41°) establish unambiguously C, binding
symmetry. Accordingly, the modeling (SI) shows that
the only tetrameric cluster capable of providing four
R?,(8) connections between the molecules is that re-
presented by the oblique unit cell shown in Figure 5
(binding energy 10.03 kcal/mol).

To shed further light on the self-assembly of the new
tetradentate building blocks, we have performed DFT
calculations in periodic boundary conditions (PBC) for 2D
crystals of both TTATA isomers, in both porous and close-
packed polymorphs (Table 1). For porous networks, prac-
tically the same H-bonding energy was found for 2-TTATA
and 3-TTATA (10.0 kcal/mol), ruling out long-range elec-
tronic effects of heteroatoms on self-assembly.

A N NS
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Close-packed polymorphs of both molecules, which
can be formed via R*;(16) H-bonding synthons, reveal
lower stabilization energies for 2-TTATA (9.2 kcal/mol)
and particularly for 3-TTATA (8.0 kcal/mol). This can be
explained by a less favorable angle of the C=0---H
bond*?2% in R*,(16) (140—160°, Figure 5) compared
with that of the R%,(8) synthon (125°). Indeed, R*4(16) is
a very rare H-bonding synthon, with only two previous
observations in 2D molecular self-assembly.>?3¢ On the
other hand, the association of tetracarboxylic acids via
this synthon leads to a significantly increased packing
density, from 0.34 molecule/nm? for a porous poly-
morph of 2-TTATA to 0.52 molecule/nm? for its close-
packed structure (Figure 5). The increased amount of
molecular network—substrate interactions counteracts
the decrease of intermolecular binding energy. Accord-
ingly, for 2-TTATA both polymorphs have been observed.

Another factor that disfavors R*,(16) H-bonding is the
increased steric repulsion between the aromatic cores of
neighboring molecules. The substantially lower energy of
3-TTATA binding via the R*,(16) synthon (8.0 kcal/mol)
could be attributed to repulsive S- - - O interactions (3.1 A;
cf. the sum of van der Waals radii of S and O, 3.3 A)
(Figure 5). Such decrease of the binding energy is not
compensated by a relatively small increase of the packing
density (from 0.4 to 0.52 molecule/nm?), and the close-
packed polymorph of 3-TTATA was never observed.

METHODS

Graphite of grade SPI-2 from SPI Supplies was freshly cleaved
by adhesive tape before every experiment. Octanoic acid (98%)
and 1,2 ,4-trichlorobenzene were purchased from Sigma-Aldrich
and used without further purification. STM images were ac-
quired either from NanoSurf EasyScan 2 or Digital Instruments
Inc. (Veeco) NanoScope llla. The 80/20 Pt/Ir STM tips were
mechanically cut with a wire cutter. Molecular monolayers were
prepared by applying a drop of the TTATA in a 1:1 octanoic acid/
1,2,4-trichlorobenzene mixture on graphite surface. The nom-
inal concentration of the suspension mixture was ca. 0.005 M. All
the raw images were processed from WSxM5.0>” and SPIP 4.5.5
software. The periodicities of the close-packed network of
2-TTATA and open network of 3-TTATA were calibrated using
the underlying graphite lattice unit cell through 2D-FFT. The
periodicity of the porous structure of the 2-TTATA open network
was calibrated by that of the close-packed structure in the same
scanning frame. DFT calculations were performed using the
Gaussian 3.0W® software.

Tetraisobutyl 5,5,5”,5"-(Benzene-1,2,4,5-tetrayl)tetrakis(thiophene-
2-carboxylate) (3). A solution of 1,2,4,5-tetra(thiophen-2-yl)-
benzene? (0.42 g, 1.0 mmol) in THF (20 mL) was stirred at
—78°Cin a N, atmosphere; then n-butyllithium (4.0 mL, 1.7 Min
hexane, 6.8 mmol) was added dropwise. The reaction mixture
was allowed to warm to room temperature during 3 h, and it
precipitated after being stirred another 1 h. When the reaction
mixture was cooled to —78 °C, isobutyl chloroformate (1.0 mL,
7.6 mmol) was added, and white precipitates dissolved imme-
diately. The clear orange reaction mixture was stirred and warmed
to room temperature gradually overnight. It was extracted with
ethyl acetate and washed with water. The organic phase was
separated and dried over magnesium sulfate, and the solvent
was evaporated, affording 1 as a yellow solid (0.76 g, 92%). Mp:

FU ET AL.

CONCLUSIONS

We have reported the synthesis, molecular proper-
ties, and STM investigation of self-assembly of two new
isomeric fused oligothiophenes. A detailed analysis of
STM images and DFT calculations reveal that different
self-assembly behavior of the two isomers can be
rationalized via different angles of connections imposed
by the asymmetric thiophene ring, together with the
effect of secondary weak interactions of sulfur atoms.
Under our conditions 3-TTATA produces only one stable
polymorph (oblique porous structure) in large domains.
However, the frustrated symmetry of 2-TTATA leads to
ambiguity of its 2D crystallization behavior and gives rise
to an assembly of several porous R%(8)- and close-packed
R*4(16)-based self-assembly motifs. Noteworthy, the
2-TTATA molecule is among the very few molecular
building block examples that employ R*;(16) H-bond-
ing synthons.

We note that the difference of self-assembly be-
havior of 2-TTATA and 3-TTATA was also echoed in the
earlier observed (but not completely understood) ef-
fect of the position of sulfur on field-effect mobility
measured in thin films of other substituted tetrathie-
noanthracene isomers.?> The demonstrated control of
self-assembly via tweaking the fine structure of the
building block opens opportunities for designing com-
plex supramolecular semiconducting materials.

102—103 °C. "H NMR (9, CDCl5): 7.67 (2H, s), 7.66 (4H, d, J =
4.0Hz),6.91 (4H,d,J=4.0 Hz),4.07 (8H,d, /= 6.6 Hz), 2.05 (4H, m),
0.99 (24H, d, J = 6.8 Hz). "*3C NMR (5, CDCl5): 161.97, 147.03,
134.83, 133.57, 133.32, 128.49, 71.25, 27.86, 19.09. MS (MALDI):
m/z 829.39 [M + Na].

Tetraisobutyl 5,5',5”,5”-(Benzene-1,2,4,5-tetrayl)tetrakis(4-bromothiophene-
2-carboxylate) (4). A solution of 3 (1.10 g, 1.36 mmol) in DCM (12 mL)
was stirred under N, flow while bromine (0.4 mL, 8 mmol) was
added dropwise. The reaction mixture went from orange to green-
blue. After being stirred at room temperature for 12 h, bromine
(0.2 mL, 7.8 mmol) was added at room temperature and the
reaction mixture was refluxed for another 12 h. Na,SO5 solution
(10%) was added to the cooled dark mixture, and the organic
phase was extracted, washed with NaHCOs, and dried over
magnesium sulfate. The solvent was removed, and the crude
product was dissolved in dichloromethane and passed through
silica gel. Recrystallization from hexane/dichloromethane afforded
2asawhite solid (1.10 g, 72%). Mp: 168—171 °C. '"H NMR (9, CDCl3):
7.76 (2H, s), 7.64 (4H, s), 4.05 (8H, d, J = 6.6 Hz), 2.03 (4H, m), 0.98
(24H, d, J = 6.6 Hz). >C NMR (9, CDCly): 160.95, 141.11, 135.69,
135.37,135.02,133.13,112.17,71.62, 27.80, 19.05. MS (MALDI): m/z
1144.99 [M + Nal.

Tetraisobutyl ~ Anthra[1,2-b:4,3-b':5,6-b":8,7-b"" ltetrathiophene-2,5,9,12-
tetracarboxylate (5). A solution of Ni(cod), (0.27 g, 0.99 mmol) and
compound 4 (0.25 g, 0.23 mmol) in dry dimethylformamide (5 mL)
was stirred in a Schlenk tube at room temperature, while 1,5-
cyclooctadiene (0.13 mL, 1.06 mmol) was added. The reaction
mixture was deoxygenated by three freeze—pump—thaw cycles
followed by adding 2,2"-bipyridine (0.15 g, 0.96 mmol) under N,
flow. The reaction mixture was then sealed and stirred at 80 °C
for 2 days, during which it turned from a purple solution to a
black suspension. The reaction mixture was cooled to room
temperature, water was added, and the organic phase was
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extracted with chloroform and dried over magnesium sulfate.
The solvent was removed, affording a crude product as a brown-
orange solid (0.12 g, 67%). The compound showed a tendency to
stack on silica (either crystallization or hydrolysis), and purification
was achieved by recrystallization from chloroform to yield pure 3
(0.02 g, 11%). Mp: >210 °C (dec). '"H NMR (8, CDCl3): 8.84 (2H, s),
838 (4H, s), 423 (8H, d, J = 64 Hz), 220 (4H, m), 1.13
(24 H, d, J = 6.8 Hz). MS (MALDI): m/z 802.64 [M*].

Anthra[1,2-b:4,3-b':5,6-b":8,7-b" Itetrathiophene-2,5,9,12-tetracarboxylic
Adid (1). Tetraester 5 (0.026 g, 0.032 mmol) and cesium hydroxide
(50 wt % solution in water, 5 mL) were refluxed in ethanol (75 mL)
overnight with pH > 11. The resulting solution was acidified by
hydrochloric acid to pH < 1, and the formed precipitate was
filtered off and washed with chloroform. Mp: (dec >300 °C). H
NMR (6, DMSO-dg): 9.54 (2H, s), 9.24 (4H, s), MS (MALDI): m/z 577.75
[M*1. HRMS (ESI-): m/z calcd for [Co6HsOgS4] 576.9186, found
576.9199.

Tetraisobutyl 4,4',4”,4"'-(Benzene-1,2,4,5-tetrayl)tetrakis(thiophene-
2-carboxylate) (6). A solution of 1,2,4,5-tetra(thiophen-3-yl)-
benzene?® (0.50 g, 1.23 mmol) in dry THF (24 mL) was stirred
at —78 °C under N, flow while tert-butyllithium (5.35 mL, 1.7 M in
hexane, 9.10 mmol) was added dropwise. The reaction mixture
was allowed to warm and stirred at room temperature for 1 h,
leading to formation of a white precipitate. The reaction mixture
was cooled to —78 °C, isobutyl chloroformate (1.5 mL, 11 mmol)
was added, and the precipitate dissolved immediately. The clear
yellow reaction mixture was stirred and allowed to warm to
room temperature overnight. It was extracted with ethyl acetate
and washed with water. The organic phase was separated and
dried over magnesium sulfate, and the solvent was evaporated,
affording an orange-yellow, oily product. Trituration of the
crude product with hexane yielded 5 as a white solid (0.31 g,
31%). Mp: 166—168 °C. "H NMR (8, CDCl5): 7.58 (4H, d, J = 1.6 Hz),
7.52 (2H,s), 7.28 (2H, d, J = 1.6 Hz), 4.05(8H, d, J = 6.6 Hz), 2.03
(4H, m, J = 6.8 Hz), 0.98 (24H, d, J = 6.6 Hz). "*C NMR (9, CDCl5):
161.94, 141.03, 134.29, 134.08, 134.04, 131.77, 130.17, 71.20,
27.84,19.07. MS (MALDI): m/z 898.93 [M + Nal].

Tetraisobutyl Anthra[2,1-b:3,4-b':6,5-b":7,8-b"' ltetrathiophene-2,5,9,12-
tetracarboxylate (7). A solution of 6 (0.29 g, 0.37 mmol) in dry DCM
(18 mL) was stirred while a solution of dry iron(lll) chloride (0.25 g,
1.54 mmol) in nitromethane (6 mL) was added. Methanol (150 mL)
was added after the product was kept running overnight, and the
reddish-brown reaction mixture precipitated after 1 h. The pre-
cipitate was filtrered and rinsed with water (0.99 g, 34%), afforing
pure product 6 as an orange-yellow solid. Mp: >209 °C (dec). 'H
NMR (6, CDCl5): 9.06 (2H, s), 8.73 (4H, s), 4.25 (8H, d, J = 6.8 Hz), 2.24
(4H, m), 1.14 (24H, J = 7.2 Hz). MS (APCI-+): m/z 802.18 [M 1.

Anthra[2,1-b:3,4-b':6,5-b":7,8-b" Itetrathiophene-2,5,9,12-tetracarboxylic
Adid (2). Tetraester 7 (0.005 g, 0.006 mmol) and cesium hydroxide
(50 wt % solution in water, 1 mL) were refluxed in ethanol (25 mL)
overnight at pH > 11. The resulting solution was acidified by
hydrochloric acid to pH < 1, and the formed precipitate was
filtered off and washed with water and chloroform. Mp: >300 °C
(dec). "H NMR (8, DMSO-de): 9.82 (2H, 5), 9.41 (4H, 5). MS (MALDI):
m/z 577.77 [M*]. HRMS (ESI—): m/z calcd for [CygHoOgSal
576.9186, found 576.9198.
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