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Two new donor-acceptor-donor(DAD) polymers type near-infrared (NIR) absorbing polymers containining
thiophene as the donor and [1,2,5] chalcogenazolo [ 3,4-f]-benzo [1,2,3] triazole (chalcoen = S (Pla) or Se
(P1b)) derivatives as the acceptor unit were designed and synthesized via light induced step-growth polymeri-
zation. The effect of different acceptor groups on the electrochemical and optical properties of the polymers was
investigated. Highest occupied molecular orbital (HOMO) energy levels of the resultant black colored soluble

polymers were calculated via cyclic voltammetry (CV) as —5.17 and —5.09 eV for Pla and P1b, respectively.
Optical electronic band gaps were calculated as 0.81 and 0.74 eV for Pla and P1b, respectively. Lowest unoc-
cupied molecular orbital (LUMO) energy levels were determined as —4.37 and —4.35 eV for Pla and P1b,
respectively. NMR and gel-permeation chromatography (GPC) results supported the formation of high-molecular
weight species. Synthesized polymers have promising features for application in various optoelectronic devices.

1. Introduction

Since the discovery of the electrical conductivity of polyacetylene in
1977 [1], research on the synthesis of conjugated polymers (CPs) has
been drastically increased [2-4]. Solution-based processability of these
organic polymers allow materials to be coated using straightforward
techniques like spin casting [5], dip coating [6], ink jet [7] or screen
printing [8]. Consequently, especially in the last two decades, CPs have
found wide applications in various technological devices such as organic
field effect transistors (OFETs) [9], organic light-emitting diodes
(OLEDs) [10], solar cells [4], electrochromic devices [11], photovoltaics
[12], electronic displays [13], supercapacitors [14], batteries [15],
sensors [16] and in many other areas [17-19].

It is the energy difference between the highest occupied molecular

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO),
namely, the band gap that dictates the chemical and physical properties,
thus the optoelectronic and electrochromic properties of the CPs [20]. A
narrow band gap is essential for CPs. Since the discovery of donor-
acceptor (DA) concept by Havinga, et al. in 1992 [21], numerous
design approaches have been proposed. Donor-acceptor—donor (DAD)
approach have become the most efficient method [22] since fine tuning
of the HOMO and LUMO levels of CPs can be achieved by the selection of
appropriate D and A units inducing an intramolecular charge-transfer
(ICT) which results in very low band gap [23]. DAD type CPs are ex-
pected to possess a significantly reduced the band gap (<2 eV), an
enhanced charge separation and mobility making them perfect candi-
dates for many of the above mentioned devices [24]. Moreover, DAD
type CPs absorb light at NIR region which is crucial for photovoltaic
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Scheme 1. Overall reaction scheme for the light induced polymerization of 1a and 1b.

devices [25].

A great variety of D and A units are available for the design of DAD
type CPs. Thiophene, furan, pyrrole, carbazole and several other het-
erocyclic compounds have been extensively used as D units in the pro-
duction of DAD type CPs. However, among these heterocycles,
thiophene is by far the most widely used unit since CPs based on thio-
phene have good thermal stability, strong and broad absorption and
narrow band gap suitable for many optoelectronic applications [26].
Concerning the A unit, benzo(chalcogen)diazole [27], benzotriazole
[28], benzoquinoxaline [29,30] and similar compounds have been
effectively used for the purpose [31,32]. Electron withdrawing strength
of benzo(chalcogen)diazole unit can be further increased by fusion of
triazole unit to the vacant sites of the phenyl ring. This highly electron-
deficient planar backbone when combined with electron-rich thiophene
units can generate DAD type CPs with desired properties. Selenium
heteroatom is much larger than sulfur atom making the CPs more
effective in extending the absorption spectrum toward NIR region [33].
Fully conjugated rigid planar structures with strong = - n interactions
have poor solubility in most of the organic solvents. Another advantage
of the incorporation of triazole unit is the possible functionalization of
the nitrogen atom with long alkyl chains which significantly increase
both solubility and molecular weight of the final polymer [34].

Generally, DAD type CPs have been synthesized using chemical or
electrochemical polymerization techniques [35-37]. Chemical poly-
merization techniques are mostly based on cross-coupling reactions
having major disadvantages such as the requirement of highly inert at-
mosphere, high temperature and the use of expensive transition metal
catalysts (Pd or Ni) [38]. Another disadvantage of the cross-coupling
reactions is the trace amount of halogen or transition metal left after
the reaction which negatively affect the optoelectronic properties of the
final polymer [32]. Electrochemical polymerization, compared with the
chemical polymerization, produces polymers in a more controlled
fashion without using metal catalysts which results in the formation of
polymers with less defects and less side products. However, electro-
chemical polymerization requires sophisticated setups and can produce
limited amount of polymers due to the formation of polymers only on
the electrodes. Another drawback of the electrochemical polymerization
is the decrease of the reaction rate during polymerization due to the
formation of polymer on the electrode [39].

In response to the world’s rapidly increasing need for renewable
energy, polymerization reactions induced by light have become very
important for achieving sustainable chemistry [40]. Light induced re-
actions occur at room temperature, require small amount or no solvent,
have higher efficiency than conventional methods. Moreover, spatio-
temporal control which is crucial for modern electronic device

production can be realized through light induced polymerization
method [41]. Many different photoinitiating systems for free radical and
cationic polymerization acting at broad range wavelength of electro-
magnetic spectrum have been reported [42-47]. However, the corre-
sponding step-growth polymerization has been scarcely investigated. In
our group, we reported several light induced step-growth polymeriza-
tions of conjugated monomers such as thiophene [48], 2,5-dithiophenyl
(thieno[3,4-b] thiophene) derivatives [49,50], N-ethylcarbazole
[51,52], pyrene [53] and 4,4’- bis(N-carbazolyl)-1,1’-biphenyl [54].

In light of the previous study on photosensitized radical and cationic
polymerizations, [55] herein, we report light induced step-growth
polymerization of thiophene substituted [1,2,5] chalcogenazolo[3,4-f]-
benzo [1,2,3] triazole (chalcogen = S (1a), Se (1b)) using diphenyl
iodonium salt under visible and NIR light irradiation, respectively
(Scheme 1).

To the best of our knowledge, this is first example of DAD type
polymer synthesis by photopolymerization technique. The polymeriza-
tion is believed to proceed through photoinduced electron transfer re-
actions (PET) as previously shown for thiophene and carbazole
derivatives [48,51]. Electrochemical, spectral and spectroelec-
trochemical characterizations of the obtained polymers were investi-
gated. The effect of chalcogen on electrochemical and optical properties
was also examined.

2. Experimental
2.1. Materials

The conjugated monomers 1la and 1b were synthesized according to
previously reported procedure [27]. Diphenyliodonium hexa-
fluorophosphate (DPI) > 98% was purchased from Sigma-Aldrich and
was used without further purification. All the solvents were purified
according to conventional purification methods prior to use.

2.2. Photopolymerization procedure

A Philips 150 Watts PAR38E E27 halogen pressed glass type bulb
with strong visible and IR-A (NIR) emission (Fig. S1) was used for the
photopolymerization reactions. The light intensity inside the reaction
tube was calculated to be ~200 mW.cm 2. The light bulb was attached
to the top of a photoreactor setup equipped with a large air cooling fan.
250 mg of DPI (~0.6 mmol) and 180 mg of 1a or 200 mg of 1b (~0.3
mmol) were dissolved in 1 mL of dichloromethane (DCM) and were
transferred inside a 20 mL Schlenk tube which was previously heated,
degassed and flushed with nitrogen for three times. After 24 h of
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Table 1

Light induced step-growth polymerization results of 1a and 1b.
Monomer * Conversion ” (%) M, “(kg/mol) P
la 69 3.68 1.76
1b 84 6.90 1.35

@ Reaction conditions: 1 mL dichloromethane solvent with monomer: DPI
(1:2/ mol:mol) ratio.

b Conversions were determined gravimetrically.

¢ Molecular weight averages (M,,) and dispersity (P) indices were determined
by GPC.

irradiation inside the photoreactor, the dark colored polymers were
precipitated into methanol. After filtration and washing with hot
methanol to remove the unreacted monomers, the polymers were kept at
least 24 h inside a vacuum-oven at 50 °C in order to avoid any solvent
impurities.

2.3. Instrumentation

Polymers were characterized using Gel Permeation Chromatography
(GPC), Nuclear Magnetic Resonance (NMR) and ultraviolet-visible light
(UV-vis). Molecular weight measurements were conducted on a TOSOH
EcoGPC system equipped with an auto sampler system, a temperature
controlled pump, a column oven, a refractive index (RI) detector, a
purge and degasser unit, and TSK gel superhZ2000 column with 4. 6 mm
ID x 2 cm column dimensions. Tetrahydrofuran (THF) was used as the
eluent at flow rate of 1.0 mL.min"! at 40 °C. RI detector was calibrated
with polystyrene standards having very narrow molecular-weight dis-
tributions. GPC data were analyzed using Eco-GPC Analysis software.
Number average molecular weight (M;) and dispersity indices (D) were
determined using GPC with polystyrene standards having very narrow
molecular weight distribution. UV-visible spectra were recorded with a
JASCO V-770 Spectrophotometer. 'H NMR (500 MHz) spectra were
recorded in deuterated chloroform with tetramethylsilane as an internal
standard on Agilent VNMRS500 spectrometer at 25 °C. The electro-
chemical properties of the polymers Pla and P1b were investigated via
cyclic voltammetry (CV) in a solution of 0.1 M BusNPFg/ACN electro-
lyte/solvent couple at a scan rate of 100 mV/s. CV studies were per-
formed in a three-electrode cell system using an ITO-coated glass as the
working electrode and platinum and silver wires as the counter and
reference electrodes, respectively.
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3. Results and discussion
3.1. Characterization of the polymers

la and 1b were readily polymerized in dichloromethane solvent
upon irradiation at visible and NIR light in the presence of DPI,
respectively. The blue and green colored solutions of 1a and 1b turned to
black after 24 h irradiation. (Fig. S2). After precipitation, drying and
dedoping procedures, the resulting polymers were analyzed using GPC.
The results obtained are tabulated in Table 1. GPC traces of the polymers
were presented in the supporting information (Fig. S3).

'H NMR spectra of the polymers (P1a-P1b) exhibited clear broad-
ening in the aromatic and aliphatic regions with respect to the corre-
sponding monomers indicating the formation of polymeric species.
(Fig. 1a-b).

In this connection, it should be pointed out that photosensitization
activity of both 1a and 1b was more efficient in the cationic polymeri-
zation as cationic species formed rapidly react with the monomers. In
the step-growth polymerization, 1b has yielded polymers with higher
efficiency and molecular weight due to the higher absorption in the NIR
region.

3.2. Proposed mechanism

Since 1a and 1b absorb the light at the irradiated wavelength region
where DPI is transparent (Fig. S4), a plausible mechanism for the light
induced step-growth polymerization involves first the absorption and
formation of exciplex between photoexcited monomers and DPI. Then
PET reaction within the exciplex yields radical cations of 1a and 1b
which were previously proved by laser flash photolysis studies [42].
Successive proton release and radical coupling reactions essentially
yield P1a and P1b as depicted in Scheme 2. It should be noted that in this
mechanism, the ground state charge transfer complex formation is
excluded since the absorption of the monomers does shift to longer
wavelengths with the addition of DPI.

3.3. Electrochemical characterization

Redox behavior of the polymers was investigated by cyclic voltam-
metry (CV). Polymers were dissolved in chloroform and spray coated on
indium tin oxide coated glass substrates as thin films. A three-electrode
system was used to conduct CV investigations. ITO was used as the
working electrode, a platinum wire as the counter electrode and a silver
wire as reference electrode. Single scan cyclic voltammograms of Pla

a) b)
—1b
—P1b
—1a
——Pla
Mo LA
oot
B N 1 TS RSN 0 .5, A N RS WO AW
10 8 6 4 2 10 8 6 4 2 0
ppm (c) ppm (o)

Fig. 1. 'H NMR spectra of (a) 1la-Pla (b) 1b-P1b in CDCl; solvent (500 MHz).
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Scheme 2. Reaction mechanism for the light induced step-growth polymerization of 1a and 1b.
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Fig. 2. Cyclic voltammograms of (a) Pla and (b) P1b in 0.1 M BuyNPF¢/ACN solution.

Table 2
The energy levels of P1a and P1b.
Ep-doping(V) Ep.dedoping(V) Eonsee(V) HOMO(eV) LUMO(eV) Amax (nm) Aonset (nm) EgP(eV)
Pla 1.14 0.60 0.42 -5.17 —4.37 690 1540 0.81
P1b 1.03 0.72 0.34 -5.09 —4.35 975 1685 0.74

*LUMO energy levels were calculated by subtracting the optical band gap values from HOMO levels.
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Absorbance (a.u.)

and P1b are illustrated in Fig. 2.

As reported in Table 2, P1b exhibited lower oxidation potential at
1.03 V compared to that of P1a at 1.14 V. This can be attributed to the
electron-rich character of selenophene units in the P1b polymer

backbone.
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Fig. 3. Electronic absorption spectra of (a) Pla and (b) P1b in 0.1 M BuyNPF/ACN solution.

EHOMO (CV) = - (475 + onidmion.ame/)

Erumo(eV) = — (4.75 + Ereducti{m,nn.&el)

HOMO energy levels of P1a and P1b were estimated to be —5.17 eV

.HOMO af.ld LUMO.energy levels were calculated by using CV results and —5.09 eV, respectively. As the polymers have solely p-character,
using following equations; LUMO energy levels of copolymers were calculated from the difference

% Transmittance

of optical band gap and HOMO energy levels (Table 2).
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Fig. 4. Percent transmittance changes of P1b in 0.1 M BuyNPF/ACN solution at a) 480 nm b) 975 nm ¢) 1300 nm.
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Table 3
Optical properties of P1b.

Polymer A (nm) Optical Contrast (AT %) Switching Time (s)
P1b 480 14 3.0

975 15 1.8

1300 34 1.9

3.4. Spectroelectrochemical characterization

Spectroelectrochemical studies were conducted to investigate the
electronic and optical properties of the polymers. Polymers were dis-
solved in chloroform and spray coated on ITO-coated glass substrate to
form polymer films. The absorption spectra of the polymer films were
displayed in 0.1 M Bu4NPFg/ACN solution in order to analyze the
response of the polymers to the doping process. (see Fig. 3) Absorption is
monitored by increasing the applied potential incrementally between
0.00 and 1.30 V for P1a and P1b. The changes in the absorption spectra
are shown (see Fig. 3).

The reduced polymers show a maximum absorbance at 345 nm/690
nm for Pla, 375 nm/975 nm for P1b related to the interband r-m*
transitions of the aromatic form of neutral polymers. When the oxidation
starts, new polaronic and bipolaronic levels are generated. In the fully
oxidized state the polymers still absorbed in the NIR region, resulting
with an absorption in almost whole range above 500 nm up to 1600 nm.
The optical band gaps of Pla and P1b were calculated as 0.81 eV and
0.74 eV, respectively. As observed in the electrochemical results, Se
increases the electron density in the polymer chain due to the stronger
electron donating ability compared to the S atom. As a result, it is
possible to obtain a red shift in neutral state absorption and a lower band
gap for Se containing P1b (Table 2).

3.5. Kinetic Analysis

Optical contrasts and switching times of polymers were determined
by conducting kinetic studies. These were performed using polymer
films coated on ITO coated glass electrodes, in a solution of 0.1 M of
BuyNPF¢/ACN. Changes in the percent transmittance were recorded at
specific wavelengths determined from the absorption spectra (see
Fig. 4). Percent transmittance changes were monitored under applied
potentials. The transmittance values continuously change between fully
neutral and oxidized states within time intervals of 5 s. The switching
times of the P1b were calculated from percent transmittance change as
the time necessary for the color-changing process at a 95% contrast
value. Percent transmittance changes of P1b were calculated as 14 % at
480 nm; 15 % at 975 nm; and 34 % at 1300 nm. Corresponding
switching times are also illustrated in Table 3.

4. Conclusions

Novel DAD type CPs comprising thiophene donor unit and long alkyl
substituted [1,2,5]chalcogenazolo[3,4-f]-benzo[1,2,3]triazole acceptor
unit were designed and synthesized using light induced step-growth
polymerization. Electrochemical, spectroelectrochemical and kinetic
characterizations of the resultant black polymers were performed.
Spectroelectrochemical characterizations revealed extremely narrow
optical band gaps, for P1a and P1b as 0.81 and 0.74 eV, respectively. Se
increases the electron density in the P1b structure due to the stronger
electron donating ability compared to that of S. As a result, it is possible
to obtain a red shift in neutral state absorption and a lower band gap for
Se containing P1b. Moreover, Se has a larger contribution to LUMO level
due to its higher polarizability. It is concluded that Se containing poly-
mer has a lower band gap, higher optical absorbance, thus is a better
candidate as DAD type polymer for electrochromic devices. This study
opened a new pathway for the synthesis of DAD type CPs using a facile
strategy and without the need for expensive transition metal catalysts or

European Polymer Journal 161 (2021) 110831

sophisticated electrochemical setups.
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