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Herein we report the synthesis of two solution processible, conjugated polymers containing

the benzobisoxazole moiety. The polymers were characterized using 'H NMR, UV-Vis and
fluorescence spectroscopy. Thermal gravimetric analysis shows that the polymers do not exhibit
significant weight loss until approximately 300 °C under nitrogen. Cyclic voltammetry shows that
the polymers have reversible reduction waves with estimated LUMO levels at —3.02 and —3.10 eV
relative to vacuum and optical bandgaps of 2.04-2.17 eV. Devices based on blends of the
copolymers and [6,6]-phenyl C61 butyric acid methyl ester (PCBM) exhibited modest power
conversion efficiencies. Theoretical models reveal that there is poor electron delocalization

along the polymer backbone, leading to poor performance. However, the energy levels of these
polymers indicate that the incorporation of benzobisoxazoles into the polymer backbone is a

promising strategy for the synthesis of new materials.

Introduction

The direct conversion of sunlight into energy using photo-
voltaic cells (PVC)s has been recognized as an essential
component of future global energy production. As a result
of their optical and electronic properties, conjugated organic
materials are sought after to replace inorganic materials in
PVCs. This is due to the many attractive features of organic
materials, such as the ability to tune their electron properties
for specific applications through chemical synthesis and the
simplicity of processing using solution-based techniques.'*
One current challenge in the field is the development of
conjugated polymers with high electron affinity and/or low
band gaps for use in bulk heterojunction PVCs.* High electron
affinity can reduce the energy loss during the transfer of
electrons from the donor to [6,6]-phenyl C61 butyric acid
methyl ester (PCBM), a widely used electron acceptor, increasing
the output power of the PVC.*® Similarly, low band gap
allows for the absorption of photons at longer wavelengths,
increasing the percentage of solar energy that can be harvested.”®
Currently, a popular design strategy for the manipulation of
the energy levels of conjugated polymers is the synthesis of
so-called D-A donating (D) and electron-accepting (A)
moieties.” In these polymers, which are composed of alter-
nating electron donating and electron accepting moieties, the
hybridization of the LUMO from the accepting moiety and the
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HOMO from the donor moiety can be used to reduce the
polymers band gap and/or vary its energy levels.” !!

Poly(3-alkylthiophene)s are widely studied due to their
excellent thermal and environmental stability, high hole
mobility, and solution processibility.'>'* Accordingly, electron-
rich alkylthiophenes have been widely used as donor moieties
in D-A polymer architectures.'"!*'® Fully conjugated
rigid-rod polybenzobisoxazoles (PBBO)s are multifunctional
materials widely known for their excellent tensile strength,
thermal stability,”‘18 efficient electron transport,w’20
photoluminescence, and high electron affinity.?"*3! Thus
the incorporation of the benzobisoxazole (BBO) moiety into
D-A polymer architectures is beneficial due to its high electron
affinity.'® Despite these advantageous properties, the use of
PBBOs has been limited, largely due to their poor solubility,
which requires PBBOs to be processed from acidic solutions.
Furthermore, the harsh reaction conditions for the synthesis of
PBBOs prevent their derivatization.!®3'¢ To realize the
untapped potential of the BBO moiety for the development
of novel conjugated polymers, we recently developed an
alternative approach toward BBO synthesis using mild
conditions.?” As a result, we can now synthesize soluble PBBO
by copolymerizing them with aryl monomers bearing flexible
side-chains.*”*8

Herein we report the synthesis of two new polymers, namely
poly[(3,4-didodecylthiopene vinylene)-alt-benzo[l,2-d;5,4-d']-
bisoxazole]-2,6-diyl (PTV¢cBBO) and poly(3,4-didodecylthiopene
vinylene)-alt-benzo[1,2-d:4,5-d'bisoxazole]-2,6-diyl (PTV/BBO).
The unique combination of the BBO, thiophene, and vinylene
moieties greatly enhances the properties of the resultant poly-
mer by: (1) incorporating vinylene linkages to minimize steric
interactions between consecutive aromatic rings, reducing the
band gap further;***!' (2) increasing rotational freedom of the
polymer backbone, improving the polymer’s solubility; and (3)
adding alkyl side chains along the polymer backbone to
increase the solubility significantly.
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Results and discussions

Polymer synthesis and physical characterization

The synthesis of PTVcBBO and PTV:BBO is shown in
Scheme 1. The robust BBOs were stable under basic conditions,
allowing for their polymerization using the Horner—
Wadsworth—-Emmons (HWE) reaction. These reaction condi-
tions were selected because the HWE reaction is known to
produce polymers with all trans-double bonds. This method
also prevents cross-linking, incomplete double bond forma-
tion, and other undesirable structural defects. The optimum
reaction conditions were to dissolve both 3,4-didodecyl-2,5-
thiophenedicarboxaldehyde** and a BBO monomer®’ in THF
under an inert atmosphere, then add 2.2 equivalents of potassium
tert-butoxide, and stir the reaction at room temperature for
3 days. Using these conditions the polymers were obtained in
satisfactory yields, after removing the low molecular weight
material via Soxhlet extraction. Both polymers were highly
soluble in standard organic solvents, such as THF, m-cresol
and chloroform at room temperature, facilitating charac-
terization using '"H NMR spectroscopy and gel permeation
chromatography (GPC). The 'H NMR spectra for both
polymers were in agreement with the proposed polymer
structures. The weight-averaged molecular weights (M) of
the polymers were good in both cases, with monomodal weight
distributions. Thermogravimetric analysis revealed that both
polymers were thermally stable with 5% weight loss onsets
occurring at approximately 300 °C under air. The results are
summarized in Table 1.

Optical properties

The photophysical characteristics of the polymers were evaluated
by UV-vis absorption and fluorescence spectroscopy both as
dilute solutions in THF and thin films. The normalized
absorbance and emission spectra for the polymers in solutions
and thin films are shown in Fig. 1 and the data are summarized
in Table 2. In solution, the UV-vis spectra of both polymers
have a single broad absorbance bands, whereas the thin film
absorbance spectra for both polymers are slightly broader.
The absorption maximum for PTV/BBO was red-shifted by
27 nm relative to the absorbance maximum for PTV¢BBO.
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Table 1 Molecular weights and thermal properties of the PTVBBOs

Yield (%) M MM, T°C
PTVcBBO 78 13400 24 303
PTV/BBO 87 10800 2.7 298

¢ Molecular weights and polydispersity indexes determined by GPC
versus polystyrene standards using THF as the eluent.  Temperature
at which 5% weight loss is observed by TGA under N, with a heating
rate of 10 °C min~".
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Fig. 1 UV-vis absorption and PL spectra of a: PTV¢BBO
(top) and b: PTV/BBO (bottom) in THF and as films spun from
THF.

In both cases the UV-vis spectra did not exhibit a second low
energy peak typically associated with intramolecular charge-
transfer (ICT) transitions within D-A copolymers.****
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Scheme 1 Synthesis of PTVcBBO and PTV/BBO.
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Table 2 Electronic and optical and electronic properties of PTVcBBO and PTV/BBO

Solution Film
Polymer ;Labs/nm /«‘cm/nrn Aabs/nm )Lcm/nm ;Lonsct/nm E(g)pl (I/eV E;endsclb/ev LUMO* HOMOd
PTV¢BBO 480 497 (536) 527 (562) 635 571 2.17 —1.34 —3.02 -5.19
PTV:BBO 507 525 (565) 556 (601) 653 608 2.04 —1.26 -3.10 —5.14

“ Estimated from the optical absorption edge. * Onset reduction potentials (vs. Fc). ¢ LUMO = E&4, +4.8 (eV). ¢ HOMO = LUMO — E™ (eV).

The optical band gaps for the polymers were estimated from
absorption onsets and are summarized in Table 2. In solution
the photoluminescence spectra of both polymers exhibit
vibrational structure in the form of additional low energy
bands. As with the UV-vis spectra the emission spectra of the
PTV:BBO are red-shifted relative to the PTVcBBO. As films,
the emission spectra of the polymer thin films were considerably
red-shifted, relative to the corresponding solution spectra.
This phenomenon is most likely caused by m-stacking and
excimer emission. When the polymers were mixed with PCBM,
the fluorescence was quenched, suggesting efficient charge
transfer between the two materials.

Electrochemical properties

The electrochemical properties of the polymers were investi-
gated by cyclic voltammetry (CV). The data were obtained
from polymer thin films on a platinum working electrode, in
acetonitrile, using 0.1 M BuyNPFy as the electrolyte and an
Ag/Ag" reference electrode. The onsets were referenced to
Fc/Fc™. The CV curves are shown in Fig. 2 and the results
are summarized in Table 2. Both polymers exhibited fully
chemically reversible reduction waves, whereas oxidation
waves were not observed for either polymer. Taking —4.8 eV
as the ferrocene energy level relative to vacuum,* we estimated
the LUMO levels for the polymers (Table 2). Since oxidation
onsets could not be measured for the polymers, the highest
occupied molecular orbital (HOMO) values were calculated
using the optical band gaps and the LUMO Ilevels. Previously
we reported band gaps of 2.2-2.4 eV for poly(2,5-bisdo-
decyloxyphenylenevinylene-co-benzobisoxazole)s.*® Switching
the dialkoxybenzenes for the more electron-rich thiophenes
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Fig. 2 Cyclic voltammogram of the PTV¢BBO (bottom) and
PTVBBO (top) thin films on platinum electrodes with a scan rate of
50 mv st

changes the position of the HOMO, resulting in a decrease in
the bandgap of the polymer.

Photovoltaic properties

The chemically reversible reduction waves in the cyclic
voltammetry suggested that the PTVBBOs could be used as
acceptor materials in PVCs with regioregular poly(3-hexyl-
thiophene) (rr-P3HT), one of the most widely studied conjugated
polymers.'>'* However the generally accepted minimum
difference between the LUMO levels of the donor and the
acceptor is ~0.4 eV.***® Since rr-P3HT has a LUMO of
approximately —3.0 eV,**"* the LUMO values of —3.02 and
—3.10 eV for PTVcBBO and PTV¢BBO, respectively, were
insufficient to facilitate efficient electron transfer. However,
the energy levels of these polymers suggest that they would
be suitable candidates for use in bulk heterojunction
PVCs with PCBM. We fabricated such PVCs from (1:1)
PTVBBO:PCBM blends, using both PTV¢BBO and PTVsBBO.
We selected o-dichlorobenzene (0-DCB) as the solvent due to
its high boiling point, which previously has resulted in better
self-organization of conjugated polymers, enhancing the
performance of PVCs.**>? Fig. 3 shows the current—voltage
(I-V) characteristics of our devices under illumination of
100 mW cm 2. For both polymers the open circuit voltages
were comparable, 0.35 V and 0.40 V for PTV¢cBBO and
PTVBBO respectively. Overall, PTV/BBO-based PVCs had
much better performance than PTV¢BBO-based PVCs with a
short-circuit current of 0.66 mA cm~> and a fill factor of 31%
(Fig. 4). In comparison, PTV¢BBO-based PVCs had a short-
circuit current of 0.12 mA cm 2 and a fill factor of 26%. These
results are summarized in Table 3. The superior performance
of PVCs based on PTV/BBO in comparison to PTV¢BBO can
be attributed to higher electron affinity and smaller band gap
of PTV:BBO.
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Fig. 3 Current-voltage characteristics of PTVBBO:PCBM photo-
voltaic cells.
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Fig. 4 Normalized quantum efficiency vs. wavelength curve of
PTV:BBO:PCBM cells. Inset shows the device structure.

Table 3 Photovoltaic performance of PTVBBOs with PCBM

Polymer Vool V Joo/mA cm 2 FF (%) PCE (%)
PTV¢BBO 0.35 0.12 26 0.01
PTV:BBO 0.40 0.66 31 0.08

Polymers films were prepared from solutions in o-DCB 10 mg mL ™"

While the performance of the PTV/BBO devices is lower
than other state-of-the-art conjugated polymers, we note that
these PVCs are the first to be fabricated from copolymers
containing BBOs and thiophene. As a result, many processing
parameters such as choice of solvent (or solvent mixtures),
annealing, annealing temperatures, and polymer/PCBM ratios
are not yet optimized. All of these parameters are critical, and
their optimization alone has led to drastic improvements in the
power conversion efficiencies of PVCs, based on other con-
jugated polymers such as rr-P3HT and poly[N-9'-heptadecanyl-
2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2’,1’,3'-benzothiadiazole)]
(PCDTBT). In part, the poor performance of the PVCs
fabricated in this report can be ascribed to a non-optimal
phase separation, as shown in the atomic force microscopy
AFM phase image (ESIt). Aggregates of size 50-100 nm are
observed, which are much larger than typical exciton diffusion
lengths of conjugated polymers (~ 10 nm). Further evidence of
the phase separation can be seen by Raman spectroscopy.
When PTVsBBO film is more crystalline, the thiophene rings
are, on average, more closely stacked. This should lead to
narrowing of the peaks.*>>* The spectra of the neat PTV/BBO
film show peaks at 1560-1570, 1180 and 1230 cm™'. In
comparison, PTV/BBO:PCBM blend films exhibited broadening
of these peaks which indicates a decrease in the crystallinity of
PTVtBBO film. This loss of crystallinity can be attributed to
very fine intermixing of PTVtBBO and PCBM domains, limiting
the PTVtBBO crystallites to nanometre scale (ESIf). Such
poor separation or nanoscale fine mixing of phases prevents
the formation of continuous pathways for carrier transport to
the electrodes, reducing the device efficiency. Although we
could dissolve PTVsBBO in DCB, this solution does not pass
through 0.2 micron filter as readily as solutions of rr-P3HT in
DCB. This suggests that there are large aggregates of polymer
in the solution. Thus improving the processibility of BBO
polymers is expected to improve performance. Due to the

superior performance of PVCs based on PTV/BBO in com-
parison to PTVcBBO, we evaluated the impact of solvent
choice on the mobility of PTV/BBO. We first prepared thin
films by dissolving PTV/BBO in four different solvents
(o-dichlorobenzene, chlorobenzene, chloroform, and toluene),
and the spun thin films from these solutions. We measured
current-density—voltage (J-V) characteristics of hole-only
diodes of these films and then extracted hole mobilities using
the space-charge limited current (SCLC) model (ESIT). Not
accounting for the electric field dependence of the SCLC
model,>> 7 we found zero-field hole mobilities to be 1.76 x
1073 cm? V™! s7! in chlorobenzene, 3.8 x 10> ecm® V™' s~ !in
o-dichlorobenzene, 5.09 x 107> cm?® V! s7! in toluene, and
3.33 x 107> cm?® V= ! s7! in chloroform. These values are of the
same order of magnitude as those reported in the literature for
rr-P3HT using a similar hole-only diode architecture.’®>
These results indicate that PTVzBBO is promising for use as
an efficient hole transporter in PVCs.>*>? Given its poor
performance in PVCs, we did not evaluate the mobility of
PTV¢BBO.

Theoretical electronic structure calculations

To understand the difference in the performance between
PTV¢BBO and PTV/BBO we performed theoretical calcula-
tions using density functional theory. While the superior
performance of PVCs based on PTV/BBO in comparison to
PTV¢BBO can be attributed to higher electron affinity and
smaller band gap of PTV/BBO, the small difference between
the two suggests that other factors are involved. The geometries
of model oligomers (n = 1, 2, 3, and 4) for PTV¢BBO and
PTV/BBO were optimized at the density functional theory
B3LYP/6-31G* level in which the didodecyl substituents were
replaced with hydrogen atoms to reduce computational costs.
The optimized geometries indicate that the model oligomers
are planar, which should optimize conjugation and facilitate
delocalization of electrons. The geometries of the model
dimers indicated that the PTV¢BBO structure had a much
larger dipole moment (6.7 D) than that of the PTV/BBO
(3.1 D). This phenomenon can be explained by the differences
in the symmetry of the two BBOs. The trans-BBO moiety in
the PTV:BBO molecule has three mirror planes and a center
of inversion (C,y, point group) whereas the cis-BBO moiety in
the PTVcBBO structure only possesses two mirror planes
(Cyy point group). These symmetry differences could impact
the electronic properties of the two polymers.

The HOMO, LUMO, band gap, and lowest lying
singlet excited states (S;) were computed at the TDDFT
B3LYP/6-31G* and ZINDO/S® levels, respectively. Polymeric
results were generated by fitting the aforementioned set of
oligomers (n = 1, 2, 3, and 4) with the Kuhn expression®®?

k' T
E = Eyy|1 +2—cos—— 1
o4/ 1+ kocosNJrl ()

where Ej is the transition energy of a formal double bond, N is
the number of double bonds in the oligomer (thought to be
identical oscillators), and k’/k, is an adjustable parameter
(indicative of the strength of coupling between the oscillators).
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Fig. 5 Kuhn fits for (a) HOMOs, LUMOs (TDDFT level) and
(b) band gaps, E, (TDDFT level), and first excited states, S;
(ZINDO/S level), for PTVeBBO and PTV/BBO.

These fits were performed on both sets of data and are shown in
Fig. 5. The results of these fits are summarized in Table 4.

The computational results for the HOMO and LUMO
show relatively good agreement with experimental values.
The band gaps obtained at the DFT level are significantly
underestimated which is a consequence of the overestimation
of the chain-length dependence of the transition energies.®!
However, they are comparable in deviation from experiment
as the ZINDO results whose level of theory was parameterized
to reproduce the band gaps for a large number of compounds
in apolar solvents.®® In either case these results confirm that
electronic properties of PTV¢BBO and PTV¢BBO are different
as suggested by their point groups. While PTV/BBO has a
higher HOMO, a lower LUMO and thus a smaller band gap
than PTV¢BBO, neither polymer has a high enough LUMO
for use as an acceptor polymer with rr-P3HT as the donor
in PVCs.

The HOMO and LUMO wavefunctions for model dimers
(n = 2) of PTVcBBO and PTV¢BBO are shown in Fig. 6 along
with the wavefunction for an oligomer (n = 8) of rr-P3HT
whose hexyl groups have been replaced with methyl groups to
reduce computational cost. In all cases the HOMO wave-
function is delocalized along the entire dimer. In contrast, the
LUMO wavefunctions for PTVcBBO and PTV/BBO illustrate
that the electron density of these materials is centered on the
thiophene moieties, instead of being localized on the electron-
accepting BBO subunits. This is the opposite of what is
commonly seen in polymers which possess alternating donor
and acceptor subunits.*****%* In these polymers the electron
density of the LUMO is localized on the electron accepting
group. The fact that the LUMO wavefunction for PTVcBBO
and PTVsBBO is localized on the thiophene moieties justifies
the PVC results in that (1) the frontier orbitals demonstrate a

Table 4 HOMO and LUMO orbital energies, band gaps, and
energies of the lowest lying singlet excited states in eV derived from
the Kuhn fits of the two data sets with percent error relative to
experiment in parentheses

HOMO* LUMO* ES S’

PTVcBBO —5.25 (1.2%) —2.88 (4.6%) 2.06 (5.1%) 2.32 (6.9%)
PTV/BBO —5.16 (0.4%) —2.99 (3.5%) 1.87 (9.1%) 2.22 (8.8%)

¢ Computed from TDDFT B3LYP/6-31G* level. * Computed from
the ZINDO/S level.
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Fig. 6 HOMO and LUMO frontier orbitals of the PTVc¢BBO,
and PTV/BBO dimers and P3HT oligomer, obtained at the DFT
B3LYP/6-31G* level.

similar localization as is found in P3HT, leading to electron
donating rather than electron accepting behavior in this
system;® (2) the LUMO wavefunction of PTV/BBO is more
delocalized than that of PTV¢BBO, in that more density is
located on the acceptor moiety, elucidating the origin of better
performance in the PVCs; (3) the lesser extent of delocalization
in the LUMO wavefunction of PTV/BBO in comparison to
that of rr-P3HT explains why the performance of PTV/BBO
was not as good as rr-P3HT despite the higher LUMO level.
Thus the development of new polymers which exhibit a higher
degree of delocalization from the donor moieties to the BBO
moiety in the LUMO could result in improved performance
in PVCs.

Conclusions

In conclusion two new organic-soluble, thiophene—-BBO
copolymers have been synthesized. Both polymers show rever-
sible reduction, while PTV/BBO behaved as a donor in bulk
heterojunction PVCs with PCBM. DFT calculations reveal
that both polymers have high electron affinities, but poor
delocalization in the LUMO wavefunction. Thus, while the
polymers were designed to be a D-A system, the thiophene
rings do not donate electron density to the BBO moieties. The
narrow band gap, low lying LUMO and reversible electro-
chemistry of these polymers suggest that BBOs are useful
building blocks for the synthesis of conjugated polymers.
Future research will focus on increasing the extent of delocali-
zation in these polymers.

Experimental section

The monomers 2,6-dimethylbenzo[1,2-d;5,4-d’Ibisoxazole-diethyl-
phosphonate ester,”” 2,6-dimethylbenzo[1,2-d;4,5-d]bisoxazole-
diethylphosphonate ester® and 3,4-didodecylthiophene-2,5-
dicarboxaldehyde** were all synthesized according to the
previously reported methods. Tetrahydrofuran was dried
using an Innovative Technologies solvent purification system.
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All other compounds were purchased from commercial
sources and used without further purification. Nuclear magnetic
resonance spectra were obtained on a Varian 400 MHz
spectrometer. All samples were referenced internally to the
residual protonated solvent and the chemical shifts are given in
J, relative to the solvent. Gel permeation chromatography
(GPC) measurements were performed on a Viscotek GPC
Max 280 separation module equipped with three 5 pm I-gel
columns connected in a series (guard, HMW, MMW and
LMW) with a refractive index detector. Analyses were
performed at 35 °C using THF as the eluent with the flow
rate at 1.0 mL min~'. Calibration was based on polystyrene
standards. Fluorescence spectroscopy and UV-Visible spectro-
scopy were obtained using polymer solutions in THF, and
thin films were spun from these solutions. Both polymers were
excited at their respective emission maxima. Thermal
gravimetric analysis measurements were performed using TA
instruments Model Q50, within the temperature interval of
30 °C-650 °C, with a heating rate of 20 °C per minute, under
ambient atmosphere. Cyclic voltammograms were performed
in 0.1 M tetrabutylammonium hexafluorophosphate using
0.01 M AgNOs; in the acetonitrile reference electrode. The
potential values obtained versus the Ag™ were converted to the
ferrocene (Fc) reference.

General methods for polymer synthesis

We dissolved the BBO monomer (460 mg, 1.00 mmol) and
3.,4-didodecylthiophene (503 mg, 1.00 mmol) in 15 mL of THF.
Then we added a 1 M solution of potassium fert-butoxide in
THF (2.5 mL, 2.5 mmol) to the solution and the mixture, and
we stirred the solution at room temperature for 48 h to obtain
an opaque, dark red solution. Then we added an additional
10 mL of THF and stirred the reaction for an additional 72 h.
We then precipitated the solution by pouring it into MeOH
and collected the resulting red-orange solid by filtration. We
purified the polymer via Soxhlet extraction washing first with
MeOH for 8 h, followed by hexane for 8 h and lastly THF for
8 h. The polymer was obtained upon evaporation of the THF
solution.

PTVcBBO (78% yield). 'H-NMR (400 MHz, THF-dy):
0 0.89 (m, CH3-), 1.30 (br m, -(CHy)4-), 2.39-2.77 (br m,
-Ar-CH,-), 6.19, 7.75 (br s, vinylic peaks), 7.85 and 7.95
(br s, Ar-H).

PTV/BBO (87% yield). '"H-NMR (400 MHz, THF-dy):
0 0.89 (m, CH3-), 1.30 (br m, -(CHy)4-), 2.79-2.95 (br m,
-Ar-CH,-), 6.91, 7.79 (br s, vinylic peaks), 7.98 (br m, Ar-H).

Fabrication and characterization of polymer solar cells

Photovoltaic cells were fabricated from quartz slides coated
with indium tin oxide (ITO) (Delta Technologies Inc.,). The
slides were then cleaned by sonication in acetone, isopropanol,
detergent, and de-ionized water. The slides were then dried
under nitrogen and exposed to air plasma for one minute.
Poly(3,4-ethylenedioxythiophene) (PEDOT:PSS) (Clevios P™)
was filtered through a 0.45 um and spin-coated (600 rpm for 60 s)
onto the slides to serve as a hole transport layer. The slides
were then dried on a hot plate at 120 °C for 10 min. After
cooling, the slides were transferred to a glove box with an

Ar atmosphere. PTV/BBO and PTV¢BBO were mixed with
PCBM (Sigma Aldrich) in 1:1 weight ratio. Total solute
concentration in all solutions was 20 mg ml~!. o-DCB was
the solvent used for PVCs and hole-mobility measurements.
Additionally, chloroform, toluene and chlorobenzene were
also used for mobility measurements. All active-layer solutions
were passed through 0.22 um PTFE syringe filters (Whatman)
and spin coated on the PEDOT:PSS layer at 600 rpm for
60 s. The samples were then dried in a Petri dish. Finally,
aluminium electrode (100 nm) was thermally evaporated for
PVCs, and gold electrode (100 nm) was evaporated in an
E-beam evaporator for hole-mobility measurements. The area
of metal electrode for both types of devices was 4 mm?>.

The current density—voltage (I~} characteristics of the
PVCs and hole-only diodes were measured using a Keithley
276 source-measurement unit and a HP 4156A semiconductor
parameter analyzer, respectively. The PVCs were illuminated
through the ITO side using a GE ELH bulb, the intensity of
which was adjusted to 100 mW cm ™2 using a crystalline silicon
reference cell.

For optical measurements, solutions were spin-coated onto
quartz slides to form active layers. The optical absorption
spectra of these films were recorded using a UV-VIS spectro-
photometer (Cary 50 Bio). The steady state PL spectra were
measured using a Spex Fluorolog Tau-3 fluorescence
spectrophotometer.

Theoretical calculations

All of the calculations on these oligomers were studied using
the Gaussian 03W® program package with the GaussView
4 GUI interface program package. The electronic ground
states were optimized using density functional theory (DFT),
B3LYP/6-31G*. Excited states were generated through time
dependent density functional theory (TD-DFT) applied to the
optimized ground state for each oligomer. The HOMO,
LUMO, band gap, first ten excited states, frontier orbitals
and UV-Vis simulations were generated from these excited
computations. Finally, electrostatic potential maps were
created using a coarse setting and an isovalue of 0.03.
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