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Abstract

A novel dithieno[3,2-b:2’°,3’-d]pyrrole (DTP) derivative, namely, 4-(4-(1H-pyrrol-
1-yl)phenyl)-4H-dithieno[3,2-5:2’,3’-d]pyrrole (DTP-Ph-Pyr) was synthesized, and
its corresponding polymer (P(DTP-Ph-Pyr)) was successfully obtained via electro-
chemical polymerization. Electrochemical and optical properties of this novel poly-
mer were discussed in detail. It was found that the polymer film also exhibited a
reversible electrochromic behavior (orange color in the neutral state and blue color
in the oxidized state) with a high optical contrast (52.5% at 950 nm) and coloration
efficiency (123 cm?/C at 950 nm). Moreover, the electrochemical and optical proper-
ties of the polymer were compared with both its electrochromic P(DTP) analogues
and its sister polymer structure, poly(1-(4-(1H-pyrrol-1-yl)phenyl)-2,5-di(thiophen-
2-yl)-1H-pyrrole) (P(SNS-Ph-Pyr)), possessing same subunit.
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Introduction

It is an undeniable fact that the interest in the applications of conjugated polymers
has been increasing day by day [1]. Some of conjugated polymers in electronic
devices have been used for the purpose of energy storage, energy trapping, energy
translation, sensors, and flexible electronics [2, 3]. Depending on the emerging scien-
tific developments, scientists are making efforts to design materials or devices with
superior properties. Syntheses of conjugated polymers with different functional moi-
eties are generally used in order to enhance their electrochemical and optical proper-
ties. Conjugated polymers have been used in applications such as solar cells [4, 5],
light emitting devices [6, 7], capacitors [8, 9], electrochromic devices [10, 11], bio-
sensors [12—14] and etc. Some conjugated polymers change their colors compliantly
during charge insertion and extraction when they are used as integrated piece of that
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kind of applications as current collectors [15, 16]. When the color change occurred
in the visible region, electrochromic description can be defined as coloring/bleach-
ing states depending on electron/charge transfer activity in the polymer chain. For
performances comparisons of different electrochromic conjugated polymers, scien-
tists use some important key parameters (coloration efficiency (CE), optical contrast
(AT %) and switching time (7,,)). There are many various conjugated monomers in
the literature that are suitable for polymerization and exhibit electrochromic proper-
ties when polymerized. For example, monomers fluorene, pyrrole, thiophene, furan,
carbazole, aniline are the most popular conjugated structures used for this purpose.
Additionally, these structures can easily be functionalized with different subunits
from their active ends [16-20]. Among them, thiophene and pyrrole are most com-
monly used conjugated monomers for electrochromic applications. However, there
are some efforts in order to improve their conductivity and functionality when they
are synthesized with different subunits [21, 22]. One of the solutions is to obtain the
trimeric structure (2,5-di(thiophen-2-yl)-1H-pyrrole (SNS) by connecting two alpha
positions of pyrrole with one alpha position of two thiophenes. In addition to the
possibility of functionalizing the desired subunit from the active N terminus of the
pyrrole unit located in the middle of the SNS structure, it is seen that the block-
ing thiophenes located on both sides of the SNS trimeric structure have alpha ends
suitable for polymerization/copolymerization. In literature, there are many scientific
studies related with electrochromic polymers of P(SNS) in order to provide further
structure—property relationship in particular manner [23]. For example, our group
was successfully synthesized a new P(SNS) electrochromic polymer (poly(1-(4-(1H-
pyrrol-1-yl)phenyl)-2,5-di(thiophen-2-yl)-1H-pyrrole) (P(SNS-Ph-Pyr)) and investi-
gated its electrochemical and optical properties [24]. The latter solution was to form
a fused-ring structure of two thiophene ring with one pyrrole unit, which is called
as dithieno[3,2-5:2°,3’-d]pyrrole (DTP). New derivatives of DTP-based polymers
are promising since DTP can be functionalized in the C2, C3 and N positions with
different subunits. While several DTP-based polymers have been actively used in
OFET, OPV, and OLED applications and studied in detail, there are very few stud-
ies that have investigated the electrochromic properties of N-functional DTP poly-
mers in detail [25]. Therefore, more effort can be put on the electrochromic proper-
ties of these kind of polymer structures [25-33]. For whatever reason, perhaps it
is due to the easier synthesis and electrochemical polymerization of the functional
SNS structure, there are more studies on this subject in the literature [23]. However,
DTP monomer, as donor unit, oxidizes and polymerizes more easily than the SNS
structure [23, 24]. Moreover, DTP structure as donor unit triggers higher conjuga-
tion chemical structure leading to a bathochromic shift of absorption maximum and
mobility of charge with lower band gap polymer formations [34-38].

To the best of our knowledge, in the studies carried out so far, it has not been
found that the electrochemical and optical properties of two different and popu-
lar conjugated structures (trimeric SNS and fused DTP possessing the same func-
tional group) have been compared (Scheme 1). In this study, a new DTP monomer
(4-(4-(1H-pyrrol-1-yl)phenyl)-4H-dithieno[3,2-b:2°,3’-d]pyrrole (DTP-Ph-Pyr) was
synthesized, and its corresponding polymer P(DTP-Ph-Pyr) was electrochemically
obtained. Its electrochemical and optical properties were discussed and compared
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Scheme 1 Chemical structures of P(SNS-Ph-Pyr) and P(DTP-Ph-Pyr)

with its similar analogues. In addition, the electrochromic properties of the polymer
were also analyzed in detail.

Materials and method

All chemicals were purchased from Aldrich Chemical and used without purifica-
tion. Polymer, poly(4-(4-(1H-pyrrol-1-yl)phenyl)-4H-dithieno[3,2-b:2°,3’-d]pyrrole)
(P(DTP-Ph-Pyr)) was electrochemically polymerized via cyclic voltammetry (CV)
method. Three electrode systems were used during electropolymerization, electro-
chemical and spectroelectrochemical characterizations. For electrochemical analy-
sis, a Pt disc (area: 0.02 cm?), Pt wire and Ag/AgClin 3 M NaCl (aq) solution were
used as working, counter, and reference electrodes, respectively. The reference elec-
trode was calibrated using an internal ferrocene standard 5 mM solution of ferro-
cene at the end of every measurement. Differently, an indium tin oxide (ITO) coated
glassy electrode as working electrode and Ag wire as pseudo-reference electrode
(calibrated according to ferrocene) were used besides counter electrode for spectro-
electrochemical studies. 0.1 M tetrabutyl ammoniumhexafluorophosphate (TBAPF)
as organic electrolytic salt and dichloromethane (DCM) and acetonitrile (ACN)
as solvent were used during electrochemical, spectroelectrochemical purposes. In
all experiments except scan rate dependency experiments, generally 100 mV s~}
scan rate was chosen for comparison reasons. 5 mg DTP-Ph-Pyr was dissolved in
3 ml 0.1 M TBAPF,/DCM and electropolymerization procedure was carried out.
For electrochemical, spectroelectrochemical characterizations, 0.1 M TBAPF/
ACN medium was selected. Potentiostat—galvanostat studies were performed with a
brand of Ivium Compactstat potentiostat galvanostat. NMR and FTIR analysis were
recorded on a Bruker NMR spectrometer and Bruker Equinox 55 with an attenu-
ated total reflectance (ATR) spectrophotometer. Spectroelectrochemical characteri-
zations were studied via a Specord S600 UV-Vis spectrometer. Emission data were
recorded with Varian Cary Eclipse Fluorescence spectrophotometer. The color anal-
ysis was also obtained by using Specord S600 UV—Vis spectrometer software.
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Synthesis of the monomer took place in two stages as seen in Scheme 2. First, ani-
line-based molecule, 4-(1H-pyrrol-1-yl) aniline (1), was synthesized and then DTP-
based monomer, 4-(4-(1H-pyrrol-1-yl)phenyl)-4H-dithieno[3,2-b:2’°,3’-d]pyrrole
(DTP-Ph-Pyr), was synthesized under Pd catalysis.

Initially, 4-(1H-pyrrol-1-yl)aniline (1) was synthesized by using modified litera-
ture procedure [39]. When 4-iodoaniline was allowed to react with pyrrole in the
presence of Cul, K,CO; and dimethylethylenediamine (DMEDA) in DMF under
argon, desired product was isolated in 50% yields. Then, the reaction between
3,3’-dibromo-2,2’-bithiophene and 4-(1H-pyrrol-1-yl) aniline in the presence of
BINAP as catalyst and NaOtBu as a base for overnight at 110 °C gave the DTP-Ph-
Pyr (21% yields).

Synthesis of 4-(1H-pyrrol-1-yl) aniline (1)

This compound was synthesized according to reference [39]. 4-Iodoaniline
(1000 mg, 4.5 mmol) was stirred in DMF (10 mL) under argon gas K,CO; (2.131 g,
10 mmol), Cul (174 mg, 9.1 mmol), dimethylethylenediamine (DMEDA) (321 mg,
3.6 mmol) and pyrrole (612 mg, 9.1 mmol) were added sequentially. The mixture
was stirred at 110 °C for 24 h. Then 20 mL of distilled water was added, and the
water phase was washed with 3x50 mL of ethyl acetate. The organic phase was
dried with MgSO, and filtered. Using column chromatography, 50%, 361 mg of
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target product was obtained with hexane/ethylacetate (19:1). Mp: 91.5-94.2 °C; 'H
NMR (500 MHz, CDCl,) 6 7.16 (d, J=8.5 Hz, 2H), 6.95 (d, /=2.2 Hz, 2H), 6.9 (d,
J=8.5 Hz, 2H), 6.28 (d, J=2.2 Hz 2H), 3.7 (brs (NH), 2H). '3C NMR (125 MHz,
CDCl,): 8 144.6, 132.9, 122.5, 119.8, 115.7, 109.5. LCMS calculated C,,H,,N, +H,
159.092 [M +H]*, found 159.0983 [M +H]™.

Synthesis of 4-(4-(1H-pyrrol-1-yl)phenyl)-4H-dithieno[3,2-b:2;3'-d]pyrrole
(DTP-Ph-Pyr)

The synthesized compound 1 was added to the 3,3’-dibromo-2,2’-bithiophene com-
pound. it was stirred in toluene (10 mL) under argon gas. Pd,dba; (25 mg, 0.0264),
2,2’-bis(diphenylphosphino)-1,1’-binaphthyl (BINAP), 40 mg, 0.0646 mmol and
sodium tert-butoxide (NaOtBu), 153 mg, 1.5870 mmol was added, respectively. The
mixture was stirred at 110 °C for 24 h. Then 20 mL of distilled water was added,
and the water phase was washed with 3 x50 mL of ethyl acetate. The organic phase
was dried with MgSO, and filtered. Using column chromatography, 21%, 20 mg tar-
get product was obtained with hexane. Mp: 189.4-192.6 °C; '"H NMR (500 MHz,
CDCl) 6 7.65 (d, J=8.8 Hz, 2H), 7.56 (d, J=8.8 Hz, 2H), 7.23-7.17 (m, 4H), 7.15
(d, J=2.2 Hz) 2H), 6.41 (d, J=2.2 Hz 2H)."*C NMR (125 MHz, CDCl,): § 144.1,
138.8, 137.6, 124.0, 123.9, 121.9, 119.6, 117.2, 112.2, 111.0. LCMS calculated
C,sH;5N,S, +H, 321.052 [M +H]*, found 321.083 [M+H]*.

Results and discussion
Spectroscopic studies for monomer

Absorption and emission spectra of the compound DTP-Ph-Pyr (1x 1075 M) were
achieved in ACN solvent medium as shown in Fig. 1. In this part, the optical behav-
ior of monomer DTP-Ph-Pyr was compared with that of SNS-Ph-Pyr and other DTP
derivatives. DTP-Ph-Pyr monomer gives a strong peak at about 305 nm with a shoul-
der peak at about 281 nm. At lower wavelengths, it gives a not very strong absorb-
ance peak at 235 nm. Other DTP monomers in literature have also same behavior
[40, 41]. In the preliminary studies, it was observed that the N-(4-(1H-pyrrol-1-yl)
phenyl)-structure has two distinct absorbance peaks at 200 nm and 265 nm, which
belong to pyrrole and phenyl units, respectively. In the case of SNS-Ph-Pyr, it gave
very discrete peaks at three different wavelengths (200 nm, 265 nm, and 365 nm) in
ACN [24]. While the absorption bands of the SNS monomer consist of three clearly
visible peaks separated from each other, when the structure transitions to the fused
form (as in the same structure), it has been observed that the absorption bands of
DTP are also intertwined, showing that the structure is more rigid and planar. DTP-
Ph-Pyr had an emission peak at about 350 nm when it was excited at 305 nm and
the emission band of SNS-Ph-Pyr monomer shifted to higher wavelengths (425 nm)
than that of DTP-Ph-Pyr [24].
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Fig. 1 Absorption and emission spectra of DTP-Ph-Pyr (1 x 107> M) in ACN

Electrochemical, spectroelectrochemical and electrochromic studies

The electrochemical behavior of DTP-Ph-Pyr monomer was investigated by cyclic
voltammetry (CV) in an electrolyte solution consisting of 0.1 M TBAPF dissolved
in DCM. (Fig. 2a). As seen from the first cycle of resulting voltammogram, DTP-
Ph-Pyr monomer had an irreversible broad anodic oxidation peak at 0.6 V and a
sharp peak 1.30 V versus Ag/AgCl. The oxidation potential value of monomer is
similar to its analogues [25-33]. The electrochemical polymerization of monomer
was achieved in an electrolyte solution consisting of 0.1 M TBAPF,, respectively,
dissolved in DCM via repetitive cycling. (Fig. 2a). Furthermore, N-phenyl pyrrole
substituted trimeric SNS monomer (SNS-Ph-Pyr) had an oxidation potential 0.8 V
which was higher than that of DTP-Ph-Pyr, indicating donor property of DTP-Ph-
Pyr unit, as expected [24]. It was observed that the anodic and cathodic current val-
ues increased with each increasing peak in CV data, indicating that a polymeric film
was formed on the working electrode surface. For electrochemical behavior analysis
of polymeric film, DTP-Ph-Pyr monomer coated on Pt disc electrode (25 cycled)
was cleaned with DCM solvent in order to remove monomeric and oligomeric spe-
cies. Afterwards, P(DTP-Ph-Pyr) film coated on Pt disc was inserted in the CV
cuvette with other electrodes in 0.1 M TBAPF/ACN medium (Fig. 2b). Inspection
of Fig. 2b shows that a clear reversible redox couple at 0.97 V (doped) and 0.37 V
(de-doped) were observed with a scan rate of 100 mV s™'. When compared electro-
chemical response of polymer films with that of corresponding SNS polymer ana-
logue [24], P(DTP-Ph-Pyr) shows an extra doping peak at about 0.3 V versus Ag/
AgCl. This could indicate some shorter chain structures or segments for P(DTP-Ph-
Pyr) polymer film. There are also other DTP-based polymers showing same behav-
ior [25, 30].

The electrochemical behavior of polymer film obtained via repetitive cycles
on Pt disc electrode, was scanned anodically in monomer free medium (an
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Fig.2 a Electrochemical polymerization of DTP-Ph-Pyr monomer with a scan rate of 100 mVs™' in the
medium of 0.1 M TBAPF,/DCM b Electrochemical characterization of P(DTP-Ph-Pyr) polymer film
with a scan rate of 100 mV s~! in the medium of 0.1 M TBAPF/ACN

electrolyte solution of 0.1 M TBAPF,/ACN) for scan rate dependence experi-
ments. The experimental result is given in Fig. 3a. Figure 3a shows the electropo-
lymerized polymer behavior in different scan rates between 20 and 100 mV s~!
with an increment of 20 mV s~!. It is found that the current densities of both dop-
ing and dedoping processes ascend linearly with increasing scan rate, indicating
that a polymer film on working electrode were well coated and the redox behavior
is a nondiffusional process (Fig. 3b) [7, 13, 16].

@ Springer



Polymer Bulletin

15
100 mV s
10 A
80 mV s
60 mV s
o 5 40 mV s’
£ 20 mV s
o
< 01
S
~
- 5
-10 4
(a)
_15 T T T T T
-05 0.0 0.5 1.0 1.5 2.0
E/V vs. Ag/AgCI
15 4 . ianodic
. Icathodic
- — linear fit of i,,,q;c
linear fit of i odic
o
£ °]
o
s
~—
-5
-10 -
(b)
'15 T T T T T
20 40 60 80 100

scan rate / mVs™'

Fig.3 Scan rate dependency experiments for P(DTP-Ph-Pyr) polymer film at different scan rates begin-
ing from 20 to 100 mV s~! with an increment of 20 mV s~! in the medium of 0.1 M TBAPF,/ACN

The polymer films formed after 25 consecutive cycles in the potential range of
— 0.5 to 1.2 V on ITO electrode was washed with DCM and then dried. Mono-
mer DTP-Ph-Pyr was electropolymerized from a-H unit of thiophene compound. In
order to prove this, FTIR spectra of both monomer and its polymer were compared
with each other. The FTIR spectra of polymer film P(DTP-Ph-Pyr) and its corre-
sponding monomer was recorded and given in supplementary data (Fig S1). The
experimental studies showed that monomer had a-H and f-H of thiophene rings at
684 cm™! and 830 cm™!, respectively. After, polymerization step, the peaks were
broadened, and their intensities decreased. While some peaks of monomer remained
same, the peak at 684 cm™' disappeared, indicating that polymerization occurred
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through the a-coupling of thiophene ring. The peaks at 738 cm™!, 1006 cm™! and
3104 cm™! correspond to a-H of pyrrole ring, which indicates polymerization did
not occur through coupling of subunit pyrrole [24, 42, 43].

Spectroelectrochemical studies were experimented for conjugated polymers in
order to get information about their band gap, interband charge states of conductive
polymers upon oxidation. For this purpose, a fresh polymer was again coated on the
ITO electrode surface at a constant potential and then cleaned with monomer free
solvent in order to remove oligomeric and monomeric species. The electro-optical
behavior of polymer film on ITO electrode was experimented by monitoring the
changes of the electronic absorption spectra under voltage pulses in 0.1 M TBAPF/
ACN (Fig. 4). The electronic absorption spectra of P(DTP-Ph-Pyr) polymer film
exhibited an absorption band (4,,,) at about 460 nm with a shoulder at 345 nm in
its neutral state. The absorption band at 460 nm indicates z—z* transition of poly-
mer film. Upon oxidation, these two bands (at 345 nm and 460 nm) lose intensity
and accompanied new band at 680 nm. Upon further oxidation beyond 0.3 V, a new
band around 950 nm also starts to intensify. Appearance of these two new bands
shows the charge carrier formations of polymer. The changes in the electro-optical
spectra also accompanied by color transitions in between orange and blue colors in
the neutral and oxidized states, respectively. This behavior of polymer film indicates
that P(DTP-Ph-Pyr) has an electrochromic property. The band gap (E,,,) value of
P(DTP-Ph-Pyr) coated on ITO electrode was also calculated from the commence-
ment of low energy end of z—z* transition via electro-optical absorption spectra
data. The experimental results showed that E,,, of P(DTP-Ph-Pyr) was calculated as
2.03 eV.

Electrochromic properties of conjugated polymers can be characterized with
some important parameters such as coloration efficiency (CE), switching times

0.8

01V

—0.0V
—-01V

-0.2V
—-03V
—-04V

Absorbance / A.U.
N

o
N
1

T T T T T
400 600 800 1000 1200
Wavelength / nm

Fig.4 Spectroelectrochemical behavior of P(DTP-Ph-Pyr) polymer film in the medium of 0.1 M
TBAPF/ACN
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(1) and optical contrast (AT%). For this purpose, P(DTP-Ph-Pyr) polymer film
deposited on ITO electrode was investigated under square wave input of — 0.5 V
and 1.2 V in 10 s intervals by monitoring kinetic responses of the film at 460 nm,
680 nm, and 950 nm and experimental results and data related electrochromic
properties are summarized in Fig. 5 and Table 1, respectively. Considering the
first switching cycles, AT% values were found as 26.5%, 26.5% and 52.5% for
480 nm, 680 nm, and 950 nm, respectively (Fig. 6a—c). The photographs of pol-
ymer film coated on ITO in the neutral and oxidized states are also shown in
Fig. 6d. Since the color change requires some time to reach 95% of the maximum
change upon oxidation and reduction of polymer film, the required time data
colored to bleach (tys,,”) or bleached to colored (tys,,°) transitions are also sum-
marized in Table 1.

40 bleached —460.0 nm
20 -
e J(a colored
i 60 — ( ') T T T T T T T T T
g 4 bleached |——680.0 nm
S | ]
£ 40
£
0
: H
o l
- 20 - h
(b) colored
~ . bleached |——950.0 nm
60 -
40 -
20 -
0 () colored
0 20 40 60 80 100 120 140
time/s

Fig.5 Electrochromic switching and optical absorbance change monitored during switching at a 460 nm
b 680 nm ¢ 950 nm
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Table 1 Optical and

. . Polymers P(SNS-Ph-Pyr) [24] P(DTP-Ph-Pyr)
electrochromic properties
comparisons for P(DTP-Ph-Pyr) A0y (0 383 460
and P(SNS-Ph-Pyr)
Eqp (€V) 2.32 2.03
AT % 15.6 (383 nm) 26.5 (460 nm)
19.5 (650 nm) 26.5 (680 nm)
41.7 (900 nm) 52.5 (950 nm)
tosq" (S) 2.7 (383 nm) 0.9 (460 nm)
2.7 (650 nm) 1.45 (680 nm)
3.8 (900 nm) 1.6 (950 nm)
tose” (5) 4.6 (383 nm) 1.6 (460 nm)
1.8 (650 nm) 4.2 (680 nm)
3.7 (900 nm) 2.0 (950 nm)
CE (cm?*C) 220 (383 nm) 80 (460 nm)
264 (650 nm) 54 (680 nm)
384 (900 nm) 123 (950 nm)
Colors Yellow (0.0 V)
Green (0.75 V) Orange (n)
Grayish blue (1.0 V) Blue (0x)
Llalb 95.23/—-4.32/15.13 (0.0 V)

93.64/— 4.45/11.96 (0.75 V)  43.3/2.45/50.5 (n)
87.85/—3.13/1.16 (1.0 V) 31.37/— 24.6/18.9(ox)

CE is related with the power efficiency needed to change color during switch-
ing between its redox states and can be calculated by using the following equa-
tions [34].

CE = AOD/Q, (1)

AOD = log (Tbleached/Tcolored) (2)

where O, is the charge density during charge transition step; 7,4 1S transmittance
in the oxidized states and T .,eq 1S the transmittance in the neutral state. The CE of
polymer film was calculated from Egs. (1 and 2) and found as 80 cm?/C at 460 nm,
54 cm?C at 680 nm and 123 cm?/C at 950 nm. Electrochromic properties of poly-
mers can be specified with regard to CIE 1976 (L, a, b) color space with daylight
(Standard Illuminant D65/10 as illuminant and 10°). L, a, and b are interrelated with
the parameter of the lightness, red-green and yellow-blue balances, respectively.
These values are added into Table 1 for color standardization purposes.

First of all, the effect of fused DTP unit on the electrochromic and optical prop-
erties of the polymer films, deposited on ITO electrodes was investigated. For
that reason, these properties of both P(SNS-Ph-Pyr) and P(DTP-Ph-Pyr) are sum-
marized in Table 1. For P(SNS-Ph-Pyr) polymer film, 4,,,, was found as 383 nm
in its neutral state [24], which is lower than that of P(DTP-Ph-Pyr) (460 nm). As
a result, the band gap of P(DTP-Ph-Pyr) found lower than that of P(SNS-Ph-Pyr)
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and the neutral color shifted from yellow (color for P(SNS-Ph-Pyr) in the neu-
tral state) to orange (color for P(DTP-Ph-Pyr) in the neutral state). This indicates
that fusion of trimeric units for P(DTP-Ph-Pyr) creates outperformed conjuga-
tion, rigid planarity and shifts to longer wavelengths when compared with that of
non-fused formation, SNS polymer analogue. Large angles in between consecu-
tive trimeric SNS structure decreases the z-electron delocalization along the main
chain backbone and increases the band gap. Table 1 shows that the CE values
of P(SNS-Ph-Pyr) polymer were higher than those of P(DTP-Ph-Pyr). As seen
in Eq. (1), although optical contrast of the P(DTP-Ph-Pyr) polymer were higher
than that of the P(SNS) derivative, it can be said that the charge density value of
the P(DTP-Ph-Pyr) was higher and more effective than that of the P(SNS-Ph-Pyr)
derivative. This implies that main chain structure does play more dominant role
during the determination of the band gap and electrochromic properties of conju-
gated polymers.

The influence of subunit for DTP structure on spectroelectrochemical and
electrochromic properties of corresponding polymers were also studied and
results were depicted in supplementary document (Table SI1). The band gap
values of conjugated polymers depend on some properties of polymer such as,
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7 conjugation, bond-length alternation, resonance energy, planarity, substituent
effect, intermolecular interactions [44]. The band gap values of N-aryl substi-
tuted P(DTP) derivatives generally change from 1.65 to 2.07 eV, depending on
the degree of intramolecular z-overlapping (electron delocalization) and torsional
angles/steric effect of bulky units, which cause a change the length of polymer
conjugation [25-33, 45] (see Table SI1). The band gap value of P(DTP-Ph-Pyr)
(2.03 eV) was found to be slightly higher as compared to the previous analogues
containing different side chains. These different data may also be related some
factors such as polymer length, stacking of structure, polymer planarity, etc [46].
While the electrochromic parameters changed according to the functional groups
attached to the P(DTP) polymer, it was found that the optical contrast values in
the visible region were generally higher than those in the near-IR region. A simi-
lar result was also observed for the P(DTP-Ph-Pyr) polymer. When looking at
the colors achieved, yellow, brown, and red tones were obtained in the neutral
state, while blue and tones were obtained in the oxidized state. It can be said
that switching times are generally low and generally close to 2 s. When these
properties of P(DTP-Ph-Pyr) polymer were compared with for other DTP-based
polymers in Table SI1, P(DTP-Ph-Pyr) polymer structure has highest A7% and
CE values than others have [26, 28, 29, 32, 45]. Furthermore, it can be derived
that all had higher AT% and CE values in the near infrared region than those in
the visible region.

Conclusions

With this study, a phenyl-pyrrole subunit was attached to the central nitrogen atom
of the DTP unit. Its corresponding polymer, P(DTP-Ph-Pyr), was electrochemically
synthesized via potential cycling in the medium of 0.1 M TBAPF,/DCM. Electro-
chemical and spectroelectrochemical experiments showed that polymer film can
reversibly be switched in between neutral and oxidized states. Electrochromic prop-
erties of P(DTP-Ph-Pyr) were studied in detail. Polymer gave a maximum absorp-
tion peak at 460 nm in its neutral state, which has an orange color and shades of
blue upon applying positive voltages. The experimental results showed that electro-
chromic polymer had high optical contrast and coloration efficiency value in near
infrared region of spectrum. This indicates that this polymer can be a promise can-
didate for near infrared region detectors and electrochromic device applications. The
band gap of polymer film was calculated as 2.03 eV. The effect of fused structure
and subunit on the electrochemical and optical properties of P(DTP-Ph-Pyr) was
tried to be analyzed and these properties were compared with those of its DTP ana-
logue polymers and its sister polymer, P(SNS-Ph-Pyr). As a result of these findings,
it can be concluded that the type of fused monomer structure causes a distinctive
effect on electrochemical and spectroelectrochemical properties for its correspond-
ing polymer. For instance, the fusion of SNS structure in polymer structure lowered
the band gap enhances optical contrast and switching times. Furthermore, among
the DTP electrochromic homopolymers with aryl subunits, P(DTP-Ph-Pyr) has
the highest optical contrast (26.5% at 460 nm, 26.5% at 680 nm, 52.5% at 950 nm)
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and coloration efficiency (80 cm?/C at 460 nm, 54 cm?/C at 680 nm, 123 cm?/C at
950 nm) values. We believe that the DTP monomer is a chemical platform that can
be easily functionalized, just like the SNS monomer. Therefore, it is hoped that DTP
homopolymers will become even more popular for electrochromic purposes in the
future.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s00289-024-05139-7.
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