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Exploring Redox States, Doping and Ordering of Electroactive

Star-Shaped Oligo(aniline)s

Benjamin M. Mills,” Natalie Fey,” Tomasz Marszalek,™ Wojciech Pisula,

Patrice Rannou, * 7 and Charl F. J. Faul*™

[b, c]

/Abstract: We have prepared a simple star-shaped oligo(ani-
line) (TDPB) and characterised it in detail by MALDI-TOF MS,
UV/Vis/NIR spectroscopy, time-dependent DFT, cyclic voltam-
metry and EPR spectroscopy. TDPB is part of an underdevel-
oped class of m-conjugated molecules with great potential
for organic electronics, display and sensor applications. It is
redox active and reacts with acids to form radical cations.

-

Acid-doped TDPB shows behaviour similar to discotic quuid\
crystals, with X-ray scattering investigations revealing colum-
nar self-assembled arrays. The combination of unpaired elec-
trons and supramolecular stacking suggests that star-shaped
oligo(aniline)s like TDPB have the potential to form conduct-
ing nanowires and organic magnetic materials.

/

Introduction

ni-Conjugated materials are being used in an increasingly wide
range of organic electronic devices, such as field-effect transis-
tors," light-emitting diodes,” solar cells® and gas sensors,™ to
name but a few. One of the best-known and most versatile sys-
tems is poly(aniline) (PANI), owing to its unique acid-induced
conductivity, its wide range of oxidation states with different
colours®™ and its reactive nitrogen atoms that can bind small
molecules.” Oligo(aniline)s are well-defined oligomers of
PANI”’ that overcome some of the factors limiting PANI's con-
ductivity, such as polydispersity®® and microphase segrega-
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tion.” They have a strong propensity to self-assemble, which
can be tuned through a variety of routes. For example, careful-
ly chosen acid surfactant dopants'” were shown to improve
their in- and out-of-plane order, attractive for thin film applica-
tions." Modifying the periphery of oligo(aniline)s provides
a further route to tune self-assembly: attachment of alkyl tails
promotes the formation of ordered conducting thin films,'
while the addition of a surfactant head-group to tetra(aniline)
causes it to self-assemble into conducting nanowires in
water."® Optoelectronic properties can also be tuned using an
oligomer approach: variation of the aromatic ring system at
the centre of the molecule leads to systematic changes of op-
toelectronic properties." Finally, the presence of external tem-
plates such as graphene has been used to direct the crystalliza-
tion of oligo(aniline)s vertically, orienting the molecules into
stacks and increasing the conductivity by an order of magni-
tude."™ This approach has recently been extended to other -
conjugated molecules to form optical microcavities for use in
nanolasers."®

One promising and somewhat underdeveloped approach to
tuning self-assembly and optoelectronic properties is through
exploring the use of non-linear m-conjugated structures,!"”
such as star-shaped architectures (i.e., molecules with three or
more linear “arms” connected to a central “core”)." Star-
shaped m-conjugated oligomers have already received some
attention, particularly those based on thiophenes,?” fluo-
renes?" and triarylamines.”? Compared with their linear coun-
terparts, they show marked differences in their absorption
spectra, solubility, self-assembly and thermal stability. Reviews
have highlighted the use of star-shaped oligomers as active
layers in organic thin-film transistors”® (OTFTs) and solution-
processable organic photovoltaics (OPVs).”¥ Star-shaped oligo-
mers also share structural features with discotic mesogens that
can allow them to form ordered liquid-crystalline phases,*” of
great interest for organic electronics.”® However, there are

16950 © 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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very few reports of star-shaped oligo(aniline)s,”” leaving many
unanswered questions about the fundamental behaviour of
this class of m-conjugated molecules. In light of the potentially
desirable properties and applications of star-shaped oligo(ani-
line)s, and the lack of attention given to them in the literature,
we present here the results of a detailed study of the redox
behaviour, acid doping, optoelectronic properties and self-as-
sembly of a simple star-shaped oligo(aniline) derivative. From
these investigations we aim to develop tools to understand,
design and exploit this class of materials for future applica-
tions.

Results and Discussion

By coupling a star-shaped tribromide 1 with dianiline 2
(Scheme 1) using the Buchwald-Hartwig reaction,™ a simple
star-shaped oligo(aniline) was obtained in its fully reduced
state in high yield (see the Supporting Information for all ex-
perimental and analytical details). The product, 1,3,5-tris(4-dia-
nilinophenyl)benzene, is abbreviated hereafter to TDPB.

( o “O
®
2

2 mol% Pd(dba),

3 mol% XPhos

4 eq. NaOfBu
toluene, 110 °C, 48 h

Br l I Br

%
e
s
s

TDPB

saeVepaciche

Scheme 1. Synthetic route to the star-shaped oligo(aniline) TDPB in its fully
reduced state.

TDPB is redox active: as a solid and in solution it is gradually
oxidised in air, changing in colour from pale brown to red-
orange. MALDI-TOF mass spectrometry revealed that a mixture
of redox states is always present. Species with zero, one, two
and three arms in the oxidised quinoid form™ (Scheme 2)
were observed (see Supporting Information Figure $S4-S9). The
spectra indicate a complex mixture of ionised and protonated
species that arise from electron and proton transfers between
matrix and analyte molecules. See Supporting Information
Table S1 for a detailed listing of these species and their
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Scheme 2. Structural changes upon full oxidation of dianiline arms.
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masses, depending on redox state. Strong oxidants such as
Ag,0 ensured a distribution in favour of the more highly oxi-
dised states, but also led to some decomposition. Oxidised
samples of TDPB are easily identified by their UV/Vis/NIR spec-
tra (Figure 1), which show a characteristic peak at 469 nm, and
no further absorption at higher wavelengths.

absorbance

N

T

0.0

T . 1 | T 5 T ] T % 1
400 600 800 1000 1200 1400
wavelength / nm

Figure 1. Solution-state UV/Vis/NIR spectra of TDPB in the reduced state
(dashed line), after oxidation by air (solid line), and doped (0.15 mm) with
(£)-camphor-10-sulfonic acid (1.00 mwm) in THF (dash-dot line).

In order to characterise this seemingly random mixture of
redox states, we turned to simulations to provide further in-
sight. Time-dependent density functional theory (TD-DFT) sim-
ulations are very useful for identifying electronic states of oli-
go(aniline)s in solution that are difficult to isolate or character-
ise in full.l'*'

We used a two-step process to model TDPB: geometry mini-
misation, followed by simulation of the UV/Vis/NIR spectrum.
We based our initial structures on the isomers and conforma-
tions of other oligo(aniline)s determined by X-ray diffraction,*”
NMR spectroscopy,*® and STM,®" then minimised the geome-
tries in Gaussian®? with a widely used DFT method: the B3LYP
functional,*® the 6-31G* basis set,* and a polarisable continu-
um model®* (PCM) to account for solvation. The output of this
first modelling step can be examined in a variety of ways,*
some of which are illustrated in Figure 2 for the radical cation
of TDPB. In the second step, we used the CAM-B3LYP function-
al® to simulate UV/Vis/NIR spectra, since it accounts for
charge-transfer excitations and polarizability in extended -
conjugated systems better than B3LYP does, and therefore pro-
vides more accurate simulated spectra.?®

TD-DFT simulations yielded similar UV/Vis/NIR absorption
maxima (in the range 445-450 nm) for all the possible oxidised

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. lllustrative surfaces showing some of the calculated molecular
properties of the radical cationic state of TDPB.

states of TDPB, that is, with one, two or three arms oxidised.
These results imply that any mixture of these states should
have practically indistinguishable UV/Vis/NIR spectra. The spec-
tral similarity of the oxidised forms of TDPB shows the arms
have little electronic influence on one another, and act as iso-
lated dianiline species. These observations are consistent with
absorption spectra of other m-conjugated molecules with meta
substitution at a benzene ring.*” Full details of the DFT calcula-
tions are included in the Supporting Information, including
comparisons with the simple dimeric linear analogue, DPPD,
which shows very similar experimental and simulated UV/Vis/
NIR spectra of the reduced and oxidised states (Supporting In-
formation Figure $39-544 and Table S15).

Oxidised solid samples of PANI and oligo(aniline)s typically
form a conducting state (emeraldine salt or ES) upon addition
of Brgnsted or Lewis acids. The semiconducting to conducting
transition is marked by a colour change from blue to green
and accompanied, in PANI, by an increase in DC conductivity
values of approximately 10 to 13 orders of magnitude.*” Addi-
tion of Bregnsted acids to the oxidised form of TDPB in THF or
ethanol solutions caused a comparable colour change from
red to green. When a strong aqueous mineral acid such as HCl,
HBr or H,SO, was used, a precipitate formed within a few sec-
onds, leaving a colourless supernatant after a few minutes (see
Supporting Information Figure S1). In contrast, protonic
doping with organic Brgnsted acids (Scheme 3) led to stable,

o} l|D\O
OH
o

BEHP
CSA

P \)i/\/
I
aot ©

Scheme 3. Structures of organic Brgnsted acids used to dope TDPB.

HO3S
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clear solutions that did not form a precipitate. Three protonic
dopants, widely used in previous studies of PANI and oligo(ani-
line)s, were also compared here: (+)-camphor-10-sulfonic acid
(CSA), bis(2-ethylhexyl)sulfosuccinic acid (AOT) and bis(2-ethyl-
hexyl) hydrogenphosphate (BEHP). All three reacted with
TDPB in THF to form solutions showing a UV/Vis/NIR absorp-
tion band with a maximum at approximately 775 nm. See
Figure 1 for a representative spectrum of the CSA-doped spe-
cies (and Supporting Information, Figure S16 and S17 for AOT
and BEHP data, respectively).

TD-DFT simulations assisted in identifying the species re-
sponsible for the experimentally observed UV/Vis/NIR absorp-
tion (Figure 3). The radical cation of TDPB is a good match for
the observed spectra, with a calculated UV/Vis/NIR maximum
of 772 nm, compared to the experimental maxima of approxi-
mately 775 nm. Phenyl-capped dianiline (DPPD) forms a similar
species with a similar absorption spectrum in acidic condi-
tions.” The singlet dication can be ruled out with a very high
level of confidence as the major doped state of TDPB, as its si-
mulated UV/Vis/NIR maximum of 923 nm is 150 nm higher
than the experimental value. Other possibilities that cannot be
ruled out include a triplet dicationic diradical, and doublet and
quartet tricationic triradical species*? (calculated 1, values of
755, 750 and 751 nm, respectively; see Supporting Information
for further details). These results clearly show that TDPB forms
species containing unpaired electrons when oxidised samples
are exposed to acids.

Electron paramagnetic resonance (EPR) spectroscopy
showed no response for acid-free oxidised solutions, as expect-
ed for a closed-shell, diamagnetic species (Figure 4, solid line).
However, the presence of radicals in acid-doped solutions of
TDPB was confirmed: after CSA was added, a signal appeared
at 3370 G, indicating the formation of an open-shell, paramag-
netic doped species (Figure 4, dotted line).

TDPB's triphenylbenzene core gives it the potential to act as
a discotic mesogen.”® Although TDPB is not able to form mes-
ophases on its own due to the lack of soft and flexible periph-
eral alkyl groups, such groups can be introduced through
doping. It has been shown that oligo(aniline)s doped with acid
surfactants can form supramolecular thermotropic liquid-crys-
talline phases,” whilst lyotropic PANI liquid crystals were ob-
tained when doped by CSA in a m-cresol solution.”¥ Following
a similar strategy, solutions of oligomers doped with CSA or
AOT were drop-cast onto hydrophobized glass slides and in-
vestigated by polarized light microscopy (PLM) to reveal any
birefringent textures and thus anisotropic organization. When
low-boiling solvents such as THF, ethanol and propan-1-ol
were used, the solvents evaporated quickly to leave very vis-
cous films that could not be sheared by hand. When using
octan-1-ol (a higher boiling point solvent used in previous tet-
ra(aniline)-based studies™®”’) slow evaporation led to the forma-
tion of soft phases that exhibited strong birefringence when
sheared (Figure 5). The sheared films did not undergo any visi-
ble phase transitions upon heating until their decomposition
around 180°C.

To determine the exact nature of supramolecular ordering
leading to the observed birefringence, we performed two-di-

16952  © 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Comparison of simulated® (CAM-B3LYP, dashed lines) and experi-
mental spectra (THF, solid lines) for the reduced, oxidised and doped states
of TDPB. For simplicity, counterions were not modelled.

mensional wide-angle X-ray scattering (2D WAXS) on extruded
filaments of the doped TDPB materials. In short, solutions of
TDPB in THF were doped with CSA or AOT and the solvent al-
lowed to evaporate. Samples were then prepared according to
a previously published method,"*® and the solid residue heated
to 70°C. A thin filament of the heated material was extruded
(a process similar to shearing of soft films), placed in an X-ray
beam, and the resulting X-ray scattering pattern recorded with
a 2D area detector (insets in Figure 6).

A number of important features are notable in the 2D pat-
terns: 1) there is very little orientational dependence in the
scattering patterns; 2) a relatively intense amorphous halo is
observed in both cases, consistent with disordered acid
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Figure 4. EPR spectra of undoped (no CSA added) and doped (1.00 mm
CSA) solutions of TDPB (0.15 mm) in THF.

Figure 5. Polarized light micrographs of birefringent, sheared, soft films of
TDPB doped with AOT, drop cast from an octan-1-ol solution.

dopant molecules surrounding more ordered aggregates of
TDPB molecules; 3) two prominent but isotropic reflections are
obvious in the patterns for TDPB doped with CSA and AOT.
The features in the small-angle region (A) are attributed to
stacks that are formed by the TDPB molecules, while the wide-
angle reflection (B) is attributed to the typical intermolecular
ni-stacking distance of 0.36 nm. The scattering patterns are
clearly influenced by the nature and steric bulk of the dopant,
as reflected by the inter-stack distance (Table 1). The m-stacking
distance is independent of the dopant. Taken together, the X-
ray data suggest a loosely ordered material containing stacks
of TDPB molecules (stacked with the typical st-stacking dis-
tance of 0.36 nm), separated by regions of disordered acid
dopants.

Table 1. Key data from 2D WAXS experiments.

Dopant Interstack n-7 stacking
distance [nm] distance [nm]

CSA 3.25 0.36

AOT 291 0.36

Further experiments with tailor-made pro-mesogenic proto-
nating agents and varying doping ratios are envisaged to gain
further insight into this new class of conducting star-shaped
oligo(aniline)s and any liquid-crystalline phases formed. In ad-

16953  © 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

a) T T T T T

@ 4

c

S ]

P i
E

-_é- N

©

2 B 1
c

L

£ i

T T T T T T T T
000 025 050 075 1.00 125 150 175 200 225
q/A’
b)

2

=

3

P

it

=

=

©

=2

7}

C

Q

E

q/A’

Figure 6. Line profiles (intensity vs. scattering vector (q)) from 2D WAXS pat-
terns of TDPB doped with a) CSA and b) AOT (A: interstack and B: mt-stack-
ing peaks); insets: corresponding 2D WAXS patterns of extruded filaments.

dition, a more rigid core is likely to induce stronger interstack
ordering, which may lead to the formation of nanowires. Such
nanostructures have been extensively developed for triarylami-
nes® ™ and observed recently in other oligo(aniline)-based
systems.['?

Conclusion

In conclusion, the effect of chemical structure on spectra, spin
and supramolecular ordering of the star-shaped oligo(aniline)
derivative TDPB has been determined. TD-DFT simulation of
the UV/Vis/NIR spectra of all the oxidation states and doped
forms of TDPB shows that computational chemistry can be
used to characterise and distinguish m-conjugated materials
with complex behaviour. The length of the arms and the z-
conjugation pattern at the core of TDPB causes it to form radi-
cal cationic species in acidic conditions. The ability to create
molecular systems with unpaired electrons is important for ap-
plications that rely on electrical conductivity or magnetism.
When doped, TDPB shows a tendency to self-assemble into
weakly ordered supramolecular columnar aggregates. In
future, through further design and structural modifications of
this motif (such as planarization of the core of the star-shaped

Chem. Eur. J. 2016, 22, 16950 - 16956 www.chemeurj.org
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oligo(aniline) or by using pro-mesogenic protonating agents),
novel radical-containing supramolecular nanostructures can be
created. This work thus provides opportunities for focused
future investigations aimed at further developing the full po-
tential of semiconducting and conducting star-shaped m-conju-
gated molecules, and exploring applications, for example, in
sensing and generation of reactive oxygen species.

Experimental Section

N-Phenyl-1,4-phenylenediamine (200 mg, 1.09 mmol, 3.1 equiv),
1,3,5-tris(4-bromophenyl)benzene (190 mg, 0.35 mmol, 1 equiv),
bis(dibenzylideneacetone)palladium(0) (4.0 mg, 7.0 umol, 2 mol%),
XPhos (5.0 mg, 11 pmol, 3 mol%), and sodium tert-butoxide
(135 mg, 1.4 mmol, 4 equiv) were added to a round-bottom flask
under nitrogen. Anhydrous toluene (40 mL) was added and the re-
action mixture was heated to 110°C for 2 days. The reaction mix-
ture was then allowed to cool to room temperature, and the sol-
vent was removed under reduced pressure. The residue was dis-
solved in a minimal volume of THF (ca. 5 mL), phenylhydrazine
(120 mg, 3.2 equiv) was added and the mixture was stirred under
nitrogen at room temperature for 30 min. Hexane was added (ca.
50 mL) until a pale-brown-coloured opaque suspension formed.
The suspension was allowed to settle for 1 h, and was then filtered.
The precipitate was washed by stirring in water for 1 h, then fil-
tered and freeze dried to afford the product (271 mg, 91%) as
a light brown powder. '"H NMR (500 MHz, [D]DMSOQ): 6 =8.08 (s,
3H), 7.91 (s, 3H), 7.66 (d, /=8.6 Hz, 6H), 7.64 (s, 3H), 7.18 (dd, J=
8.5, 7.3 Hz, 6H), 7.08 (m, 18H), 6.98 (d, J/=7.3 Hz, 6H), 6.73 ppm (t,
J=7.3Hz, 3H); *CNMR (125 MHz, [D{]DMSO): & =144.77, 144.58,
141.35, 136.74, 136.05, 130.34, 129.09, 127.69, 121.24, 120.04,
119.58, 118.41, 116.63, 115.17 ppm; IR (neat) 3385, 3025, 1597,
1508, 1494, 1296, 1183, 818, 746, 693, 614 cm™'; HRMS-MALDI m/z
caled for CgoHagNg: 852.3940; found: 852.3942.
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