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A B S T R A C T   

In this study, a new Donor-Acceptor-Donor (D-A-D) electroactive molecules (HCQM1 and HCQM2) containing 
9H-carbazole and 9-phenyl-9H-carbazole as donor along with quinoxaline (HQ) as acceptor were synthesized and 
then coated on Indium Tin Oxide/Glass (ITO/Glass) surface by the electrochemical oxidation process. The 
HOMO-LUMO band gap values obtained by electrochemical oxidation and reduction onsets were calculated as 
2.64 and 2.68 eV, respectively. On the other hand, UV–Vis absorption measurements showed that the charge 
transfer band of HCQM1 was detected at 500 nm with 50 nm red shift upon compared with the HCQM2. Ac
cording to AFM results, it is seen that the roughness of the poly(HCQM2) film is higher than the poly(HCQM1) 
film. Finally, the polymer film of HCQM2 showed multi-electrochromic color change (yellow, green, and dark 
blue) upon the oxidation process. When the electrochromic performance of the HCQM1 and HCQM2 polymer 
films was compared, it was discovered that the HCQM2 with phenylene spacer unit has better stability and a 
higher percentage transmittance change (ΔT%) between neutral and oxidized states.   

1. Introduction 

Electrochromism is defined as the ability of such materials to change 
their color or optical properties through redox reactions when subjected 
to a small external voltage or current [1]. Electrochromic materials are 
of great interest in academia and industry due to their changing color 
when exposed to small electrochemical signals [2]. Multilayer trans
parent conductive architectures consisting of ion conductive electrolyte 
layers, ion storage layers, and electrochromic active layers are used in 
the production of electrochromic devices [3–5]. Smart windows, the 
main application of electrochromic devices, regulate the quantity of 
visible light and solar radiation entering buildings while also providing 
energy efficiency by having varying permeability levels [6]. In addition, 
electrochromic devices are used in combination with other important 
technologies [7], including wearables [5,8,9], thermal control [10,11], 
energy storage [12,13], energy harvesting, and sensing technologies [4, 
14]. Among the electrochromic materials, inorganic metal oxides, 
organic dyes, and conjugated polymers stand out [15]. Polymeric 
functional materials with conjugated structures have been developed for 
optoelectronic applications in recent years [16]. Conjugated polymers 

are interesting for use in electrochromic devices because of their 
controllable HOMO-LUMO band gap, low response time, contrast 
capability, and easily processing when compared to inorganic materials 
[17,18]. In conjugated polymers, the donor-acceptor strategy is applied 
to arrange the bandgap and also neutral state color for the polymeric 
materials [19]. Furthermore, the bandgap of conjugated polymers can 
be changed by interacting with different donor and acceptor units [20, 
21]. 

Carbazole is an aromatic, heterocyclic organic compound that can 
form a semi-conductive polymer film by oxidation process [22,23]. 
Conjugated polymer films formed with carbazole derivatives can be 
used in the components of sensors [24,25], batteries [26,27], organic 
electroluminescence materials, and electrochromic devices [28,29] 
owing to their electron donor property, high photoconductivity. It is 
possible to modify the properties of carbazole-based semi-conductive 
polymers by adding functional groups with specific qualities to their 
structure. N-position functionalization of carbazole derivatives with 
various substituents can be performed to improve polymer solubility and 
usability [30]. Researchers are interested in quinoxaline, an 
electron-withdrawing semiconductor material, for usage as an acceptor 

* Corresponding author. Department of Chemical Engineering, Faculty of Engineering, Canakkale Onsekiz Mart University, 17100, Canakkale, Turkey. 
E-mail address: skoyuncu@comu.edu.tr (S. Koyuncu).  

Contents lists available at ScienceDirect 

Dyes and Pigments 

journal homepage: www.elsevier.com/locate/dyepig 

https://doi.org/10.1016/j.dyepig.2022.110467 
Received 3 February 2022; Received in revised form 5 May 2022; Accepted 29 May 2022   

mailto:skoyuncu@comu.edu.tr
www.sciencedirect.com/science/journal/01437208
https://www.elsevier.com/locate/dyepig
https://doi.org/10.1016/j.dyepig.2022.110467
https://doi.org/10.1016/j.dyepig.2022.110467
https://doi.org/10.1016/j.dyepig.2022.110467
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dyepig.2022.110467&domain=pdf


Dyes and Pigments 204 (2022) 110467

2

bridge in low bandgap polymer semiconductors. Due to the presence of 
two sp2-hybridized nitrogen atoms (aromatic C=N), quinoxaline 
bridges have a high electron affinity and strong electron-accepting 
characteristics [31,32]. 

In this study, two new Donor-Acceptor-Donor (D-A-D) compounds 
(HCQM1 and HCQM2) were synthesized to investigate the spacer unit 
effect between donor and acceptor moieties on electrochemical, optical, 
as well as electrochromic properties (Fig. 1). The charge distribution 
change between the donor and acceptor moieties of HCQM1 and 
HCQM2 was also supported by theoretical DFT calculations. According 
to AFM images, the more porous thin film can be obtained from the 
HCQM2 by electrochemical polymerization process due to its 3D mo
lecular structure when compared to HCQM1. Furthermore, the electro
chromic performance of poly(HCQM2) is better than poly(HCQM1) in 
terms of contrast ratio (%ΔT) response time and also switching stability. 

2. Experimental 

2.1. Materials 

All initial compounds and other chemicals were obtained from 
Sigma-Aldrich and Merck as commercial suppliers. 3,3’-(5,8-dibromo
quinoxaline-2,3-diyl)bis(9-hexyl-9H-carbazole (HCQ) was synthesized 
in accordance with the previously reported procedures [33,34]. The 
D− A compounds HCQM1 and HCQM2 were prepared via Suzuki [35] 
and Ullman Coupling Reaction [36,37], respectively. The synthetic 
pathway for HCQM1 and HCQM2 as electroactive monomers was pre
sented in Scheme 1. Structural characterization of electroactive moieties 
was carried out by elemental analysis, FT-IR, 1H NMR, and 13C NMR 
techniques (see supporting information Figs. S1–S5). 

2.2. Synthesis of 3,3’-(5,8-di(9H-carbazol-9-yl)quinoxaline-2,3-diyl)bis 
(9-hexyl-9H-carbazole) [HCQM1] 

HCQ (0.5 g, 0.63 mmol), carbazole (0.23 g, 1.39 mmol), Cu powder 
(0.08 g, 1.25 mmol), 18-crown-6 (0.16 g, 0.6 mmol), K2CO3 (0.52 g, 3 
mmol), and nitrobenzene (20 ml) were added to a round-bottom flask 
and vigorously stirred at 210 ◦C under argon. After 24 h the reaction 
solution cooled to room temperature and poured into 250 ml of water 
and the crude product was purified by column chromatography [silica 
gel, CHCl3: Hexane (1:1)] to afford pure compound as a yellow solid. 

Yield: 372 mg (62%), mp: 112 ◦C; Anal. Calc. for [C68H58N6] (Mw: 
959.25 g/mol): C, 85.14; H, 6.09; N, 8.76%, found: C, 85.15; H, 6.06; N, 
8.71%. FT-IR (ATR): νmax, cm− 1 3047 (Aromatic C–H), 2920-2851 
(Aliphatic C–H), 1625 (N–H) 1597 (Aromatic C=C). 1H NMR (CDCl3 
400 MHz): δ ppm, 8.27 (d, J = 7.5 Hz, 4H, Hd); 8.20 (s, 2H, Hl); 8.09 (s, 
2H, Hk); 7.71 (d, J = 7.3 Hz, 2H, Hh); 7.55–7.29 (m, 14H, Hj, He, Hh, Hc, 
Hg, Hi, Hf); 7.18 (t, J = 7.4 Hz, 4H, Hb); 6.94 (d, J = 8.6 Hz, 4H, Ha); 4.12 
(t, J = 7.3 Hz, 4H, -N–CH2–); 1.72–1.20 (m, 16H, –(CH2)4–); 0.82–0.74 
(m, 6H, –CH3). 13C NMR (CDCl3, 400 MHz): δ ppm, 153.27; 141.72; 
140.64; 140.30; 136.92; 134.05; 128.73; 127.37; 126.96; 125.38; 
123.66; 122.78; 120.26; 120.03; 119.77; 118.78; 110.75; 108.39; 
107.19; 42.67; 31.10; 28.81; 26.46; 22.12; 13.63. 

2.3. Synthesis of 3,3’-(5,8-bis(4-(9H-carbazol-9-yl)phenyl)quinoxaline- 
2,3-diyl)bis(9-hexyl-9H-carbazole) [HCQM2] 

HCQ (0.22 g, 0.25 mmol), 9H-Carbazole-9-(4-phenyl) boronic acid 
pinacol ester (M2) (0.25 g, 0.67 mmol), 5 ml K2CO3(aq) (2 M) and 15 mL 
toluene were added in a 50 ml flask and stirred under argon atmosphere 
for 30 min. After the stirred adding the Pd(PPh3)4 (5 mol %) as a catalyst 
and 1 ml tetraethyl ammonium hydroxide the reaction mixture was 
refluxed at 110 ◦C for 24 h. The reaction mixture was then cooled and 
precipitated in 300 mL of ethyl alcohol. Column chromatography [silica 
gel, CHCl3: Hexane (1:1)] was performed for final purification. The pure 
pale yellow product was obtained. 

Fig. 1. Chemical structure of HCQM1 and HCQM2.  
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Yield: 186 mg (60%), mp: 124 ◦C; Anal. Calc. for [C80H66N6] (Mw: 
1111.45 g/mol): C, 86.45; H, 5.99; N, 7.56%, found: C, 86.44; H, 5.96; 
N, 7.51%. FT-IR (ATR): νmax, cm− 1 3047 (Aromatic C–H), 2920-2851 
(Aliphatic C–H), 1625 (N–H) 1597 (Aromatic C=C). 1H NMR (CDCl3 
400 MHz): δ ppm, 8.77 (s, 2H, Hl); 8.26 (d, J = 8.3 Hz, 4H, Hm); 8.20 (d, 
J = 7.8 Hz, 4H, Ha); 8.05 (s, 2H, He); 8.01 (d, J = 7.7 Hz, 2H, Hj); 
7.87–7.81 (m, 4H, Hn); 7.75 (dd, J = 8.4, 1.9 Hz, 2H, Hi); 7.67 (d, J =
8.3 Hz 4H, Hd) 7.45–7.21 (m, 16H, Hb, Hc, Hf, Hh, Hk, Hg); 4.24 (t, J =
7.1 Hz, 4H, -N–CH2–); 1.82–1.23 (m, 16H, –(CH2)4–); 0.81 (t, J = 7.0 Hz, 
6H, –CH3). 13C NMR (CDCl3 400 MHz): δ ppm, 151.88; 140.53; 138.10; 
137.18; 136.72; 132.17; 129,67; 128.82; 127.74; 125.99; 125.72; 
125.51; 123.12; 122.69; 122.02; 119.97; 119.62; 119.09; 109.72; 
108.55; 107.83; 42.84; 31.16; 28.53; 26.56; 22.17; 13.66. 

2.4. Electrochemical polymerization 

Electrochemical polymerization was carried out by using a DCM 
solution of 2.0 × 10− 3 M HCQM1 and HCQM2 monomers and 0.1 M 
TBAPF6. Poly(HCQM1) and poly(HCQM2) films were obtained by per
forming 20 repetitive cycles at potentials between 0 and 1.3 V and 0 and 
1.35 V, respectively, at a scanning rate of 100 mV/s. ITO/Glass surface 
(ITO, 8–12 Ώ, active area = 0.8 cm × 2 cm) or Pt disc (0.02 cm2) were 
used to obtain the corresponding polymers during the process. In 
repeated cyclic voltammetry measurement, it was observed that the 
reversible oxidation waves were formed with the half-wave potential of 
0.96 and 1.01V, respectively. An increase in the signals at each repeated 
scan is revealed by a polymer coating on the ITO/glass used as the 

working electrode surface (Fig. 2). The polymer films were cleaned with 
chloroform after the coating procedure to eliminate the electrolyte salt 
and unreacted monomers. 

2.5. Instrumentation 

1H NMR and 13C NMR (Bruker Avance DPX-400) data were regis
tered at 25 ◦C using CHCl3-d as the solvent and with tetramethylsilane 
(TMS) as an internal standard. Electrochemical analyzes were per
formed under an argon atmosphere using a CH Instruments 617D 
potentiostat/galvanostat system. In this system, Pt disc (0.02 cm2) as the 
working electrode (WE), Ag wire (PRE) as a pseudo-reference electrode, 
Pt wire (CE) as a counter electrode. Electrolyte solution containing 0.1 M 
TBAPF6 in dichloromethane (DCM) or acetonitrile (ACN) as supporting 
electrodes was used. Electrochemical studies of HCQM1 and HCQM2 
monomers were drop-casted on the Pt disk as the working electrode and 
then the potential was scanned in the electrolyte solution. Then elec
trochemical polymerization of both molecules was realized in a 
dichloromethane solution consisting of 2.0x10− 3 M HCQM1-2 monomer 
and 0.1 M TBAPF6 at a 100 mV/s scan rate and the polymers were coated 
on Pt disc or ITO/glass as WE. After all measurements, the electro
chemical HOMO-LUMO band gap calculated from the oxidation- 
reduction onset potentials was calibrated against the ferrocene redox 
couple (Fig. S6) - Fc/Fc+ Eox

m,a = 0.38 V; Eox
m,c = 0.28 V; Eox

1/2 = 0.33 V (vs 
Ag wire) in CH2Cl2 using the equation EHOMO = − e(Eox-ons − EFc)+(− 4.8 
eV) and ELUMO = − e(Ered-ons − EFc)+(− 4.8 eV) [38]. Analytic Jena 
Speedcord S-600 diode-array spectrophotometer was used to measure 
UV–Vis absorption spectra. The optical band gaps (Eg) of the molecules 
were calculated from the absorption edges (λonset) using the equation Eg 
= 1241/λonset [39]. Photoluminescence (PL) spectra were obtained with 
the PTI QM1 fluorescent spectrophotometer. Fluorescence Quantum 
Yields (φ) were calculated according to fluorescein standard molecule. 

Spectroelectrochemical measurements were carried out by applying 
the potential to polymer films on the ITO/glass surface and utilizing 
absorption spectra. The spectro-electrochemical cell is made up of a 
quartz cuvette, an Ag wire (PRE), a Pt wire counter electrode (CE), and 
ITO/glass as a transparent working electrode (WE), and measurements 
were performed in ACN with 0.1 M TBAPF6 as the supporting electrolyte 

Scheme 1. Synthetic route to HCQM1 (a) and HCQM2 (b) monomers (Reagents and conditions: (a) K2CO3, Cu powder, 18-Crown-6, nitrobenzene, 210 ◦C, 24 h; (b) 
Pd(PPh3)4, 3 M K2CO3 in water, toluene, 120 ◦C, 24 h. (R: –C6H13). 
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[40]. The surface morphology of HCQM1-2-based polymer films was 
examined at ambient conditions using a Nanosurf Naio-AFM. The 
non-contact mode was used to record topographic and phase images in 
the system. The measurements were taken by scanning over 
polymer-coated ITO/glass in a measuring area of 10 × 10 μm2 under an 
acoustic chamber. 

3. Results and discussion 

3.1. Electrochemical properties 

The electrochemical behaviors of HCQM1 and HCQM2 monomers 
and polymers were studied using Cyclic Voltammetry (CV) and Differ
ential Pulse Voltammetry (DPV) (Figs. 3 and 4). Drop cast HCQM1 and 
HCQM2 electroactive monomer solutions onto the Pt disk working 
electrode surface yielded cyclic voltammograms in an acetonitrile 
electrolyte solution. Besides, the polymers were coated on the Pt disk as 
WE surface via electrochemical potentiodynamic polymerization. 

The electrochemical oxidation mechanisms of carbazoles have been 
described in many studies available in the literature [41,42]. HCQM1 
and HCQM2 have an oxidation peaks in the anodic regime at Eox

m,a =

1.23 V and Eox
m,a = 1.29 V vs. Ag wire, respectively (Table 1). When both 

HCQM1 and HCQM2 molecules were scanned up to 1.8 V, it was 
observed that they had multi-step oxidation behavior due to the multiple 
carbazole groups in their structure (Fig. S7). The donor unit carbazole 

and the acceptor unit quinoxaline are directly linked in HCQM1, hence 
the acceptor quinoxaline group directly attracts electrons from the 
donor carbazole. This interaction is reduced in HCQM2 by the spacer 
phenylene group between the donor carbazole and quinoxaline. Finally, 
the spacer effect of the phenylene ring between the carbazole donor and 
the quinoxaline acceptor could explain the observed oxidation at a 
higher potential in HCQM2 than in HCQM1. This effect is also clearly 
shown in theoretical DFT results. 

The reduction peak of HCQM1 was found to be at a lower negative 
potential (Ered

m,c = -1.59 V) than that of HCQM2 (Ered
m,c = -1.69 V). Thus, 

HCQM1 requires less potential for electron addition of the quinoxaline 
group, which is the common acceptor moiety in both monomers. 

Poly(HCQM1) and poly(HCQM2) oxidation peaks formed after the 
electrochemical polymerization process shifted to a lower potential than 
the corresponding monomers (Eox

m,a = 1.16 V and Eox
m,a = 1.13, respec

tively). However, the reduction potential of the polymers was higher 
than that of the corresponding monomers. The oxidation and reduction 
potential peak shift can be due to the increase of conjugation resulting 
from the carbazole-carbazole coupling. The HOMO-LUMO energy levels 
were calculated using the oxidation and reduction potential onsets from 
DPV curves (Fig. 4a–c and Table 1). These results indicate that the 
HOMO-LUMO band gap is narrowing as a result of the conjugated main 
chain that occurs after polymerization. 

3.2. Optical properties 

UV–Vis absorption and photoluminescence spectroscopy were used 
to characterize the optical properties of HCQM1 and HCQM2 electro
active molecules (Fig. 5 and Fig. S8). When the absorption spectra of 
both molecules were examined, a characteristic peak was observed at 
275 and 310 nm attributed to the π-π* and n-π* transitions of the con
jugated system, respectively (Fig. 5a). Furthermore, a 35 nm red shift in 
the charge transfer band of HCQM1 was observed when compared to the 
absorption spectrum of HCQM2. This could be because the charge 
localization of the phenylene bridge in the HCQM2 structure is pre
venting charge transfer from carbazole-donor to quinoxaline-acceptor. A 
similar effect was observed in the fluorescence spectra of the HCQM1, 
even though both structures contained the same electroactive moieties. 
For HCQM1, a yellowish-green band at 536 nm was shifted to 502 nm for 
HCQM2, corresponding to bright cyan photoluminescence (Fig. S8a). 
Besides, the Stoke’s shifts (Δν− 1), fluorescence quantum yields (Φf), and 
molar absorption coefficients (εmax) of HCQM1 and HCQM2 in DCM was 
shown in Table 2. Apart from this, theoretical UV–Vis absorption spectra 
and electronic transitions were calculated by TD-DFT calculations. It has 
been observed that the obtained values are in good agreement with the 
experimental data (Fig. S9). 

The charge transfer band was observed in the thin film absorption 

Fig. 2. Repeated potential scans of HCQM1 (a) and HCQM2 (b) monomers in 0.1 M TBAPF6 in DCM, scan rate 100 mV/s.  

Fig. 3. Cyclic voltammograms of HCQM1/HCQM2 in 0.1 M TBAPF6/ACN 
electrolyte solution and poly(HCQM1)/poly(HCQM2) in 0.1 M TBAPF6/DCM 
electrolyte solution at scan rate of 100 mV/s. Ag wire. 
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spectra of the HCQM1 and HCQM2 films obtained by the drop-casting 
method at approximately 425 and 440 nm for HCQM1 and HCQM2, 
respectively (Fig. 5b). The emission maxima in the normalized photo
luminescence spectra of the films obtained by excitation from the charge 
transfer band were 535 and 500 nm, respectively (Fig. S8b). Similar 
absorption and photoluminescence behavior in both solution and thin 
film demonstrated that the solid-state has a limited intermolecular 
interaction effect. Table 1 summarizes the optical and electrochemical 
bandgap data obtained from the UV–vis spectra of HCQM1, HCQM2, 
and corresponding polymer films. The compatibility of the optical and 
electrochemical band gap values demonstrated that the neutral state 
charge transfer from carbazole-donor to quinoxaline-acceptor could be 
carried out effectively for both molecules. These results obtained from 
absorption and fluorescence spectra are also supported by theoretically 
DFT calculations. 

3.3. Theoretical calculations 

DFT calculations were done with Gaussian 16 [43], and the results 
were visualized with GaussView 6.0 [44] and IQMol. Geometry opti
mizations of HCQM1 and HCQM2 were calculated with Beck
e-3-Lee-Yang-Parr’s functional correlation (B3LYP) [45–47] of 6-31G(d, 
p) level of theory in the DFT method. The Polarizable Continuum Model 
(PCM) [48,49] in the ground state, as implemented in Gaussian16, was 
used to explore the solvent impact. The time-dependent DFT approach 
was used to detect UV–Vis absorption spectra in dichloromethane to see 
electronic transitions and orbital contributions. Electronic transitions 
and orbital contributions were calculated using GausSum. Table 3 shows 
the calculated molecular orbitals (HOMO and LUMO) and energies 
(EHOMO and ELUMO) for the B3LYP/6-31G (d,p) level monomers. The 
charges separated from the conjugated carbazole main chain at HOMO 

Fig. 4. Redox behavior in DPV of HCQM1 (a), poly(HCQM1) (b), HCQM2 (c) and poly(HCQM2) (d).  

Table 1 
Optical and Electrochemical values of HCQM1 and HCQM2 monomers and corresponding polymers.  

Molecule Oxidation Peak 
Potential (V) 

Reduction Peak 
Potential (V) 

HOMO (eV) LUMO (eV) Egap, electrochemical (eV) Egap, optical (eV) 

HCQM1 Eox
m,a = 1.23 

Eox
m,c = 0.95 

Ered
m,a = -1.51 

Ered
m,c = -1.59 

− 5.60 − 2.96 2.64 2.48 

Poly(HCQM1) Eox
p,a = 1.16 

Eox
p,c = 0.82 

Ered
p,a = -1.48 

Ered
p,c = -1.68 

− 5.30 − 3.16 2.14 2.34 

HCQM2 Eox
m,a = 1.29 

Eox
m,c = 0.96 

Ered
m,a = -1.56 

Ered
m,c = -1.69 

− 5.64 − 2.96 2.68 2.60 

Poly(HCQM2) Eox
p,a = 1.13 

Eox
p,c = 0.95 

Ered
p,a = -1.57 

Ered
p,c = -1.79 

− 5.36 − 2.93 2.43 2.48  
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and pendant carbazole moieties at HOMO-1 for the HCQM1 molecule 
were transferred to the quinoxaline-based acceptor moieties at LUMO 
orbitals, according to these findings. On the other hand, the charges 
separated from the conjugated carbazole and phenyl chain at both 
HOMO and HOMO-1 orbital of the HCQM2 different from HCQM1 were 
moved to the quinoxaline-based acceptor part at LUMO orbitals. The 
HOMO-LUMO band gap calculated by DFT increased from 3.09 eV to 
3.21 eV when a phenyl moiety was attached between a carbazole donor 
and a quinoxaline acceptor. The experimental values showed the same 
increase in the bandgap. Furthermore, according to 3D optimized ge
ometry, HCQM1 has a more planar structure than HCQM2. Due to the 
planar structure, the charges could be delocalized for different centers at 
HOMO and LUMO. This bipolar charge separation at HOMO and LUMO 
could be advantageous in the use of organic optoelectronic devices as 

active materials. 

3.4. Surface properties 

Atomic Force Microscopy (AFM) with tapping-mode was used to 
characterize the surfaces of electrochemically coated poly(HCQM1) and 
poly(HCQM2) films. When the roughness values of the polymer films 
from the height images were compared, it was discovered that the poly 
(HCQM2) film was more porous than the poly(HCQM1) film (HCQM1). 
The HCQM1 has a more planar structure in the 3D plane than the 
HCQM2. Furthermore, the presence of a phenyl ring between the 
carbazole donor and the quinoxaline acceptor improved the polymer 
film morphology. Because of their large surface area, porous films are 
known to have a positive effect on electrochromic performance [50]. As 
a result, electrolyte ions can easily enter and exit the porous polymer 
films. The RMS roughness of poly(HCQM1) and poly(HCQM2) was 
found to be 3.24 nm and 6.42 nm, respectively (Fig. 6). 

3.5. Spectroelectrochemical properties 

Spectroelectrochemistry was used to characterize radical species 
formation as well as color change detection in polymer films prepared 
electrochemically on ITO/glass surfaces. Poly(HCQM1) and poly 

Fig. 5. UV–vis absorption spectra of HCQM1 and HCQM2 monomers in DCM (a) and on thin-film (b).  

Table 2 
Absorption wavelengths λabs (nm), emission wavelengths at excitation 485 nm 
λem (nm), calculated Stoke’s shifts (Δν− 1), fluorescence quantum yields (Φf), and 
molar absorption coefficients (εmax) of HCQM1 and HCQM2 in DCM.  

Molecule λabs/nm λem
a /nm Δυ/cm− 1 φf εmax (x10

4 ) 

HCQM1 289,326,335,432 536 4511 0.75 10.45 
HCQM2 290,325,341,409 502 4490 0.67 11.09  

Table 3 
Calculated molecular orbitals (HOMO and LUMO) energies (EHOMO and ELUMO) for the HCQM1 and HCQM2 monomers. 
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(HCQM2) films showed a single band between 375 and 550 nm in the 
neutral state, corresponding to the yellow color of the film (Fig. 7). This 
band was intensified in both polymer films, and a new absorption band 
centered at about 700 nm was attributed to polaronic and bipolaronic 
species formed along the polymer chain. Both poly(HCQM1) and poly 
(HCQM2) polymer structures are highly cross-linked because they 
polymerize over four carbazole units. As it is well known, during the 
electrochromic response, electrolyte ions provide color change as enter 
and exit into the polymer unit [51]. This could be owing to the more 
porous film surface of poly(HCQM2) observed from the AFM allowing 
the electrolyte to be easily injected and ejected from the polymer 
structure. Because of this reason, the increase in absorption band in
tensity and also optical contrast at poly(HCQM2) was found to be higher 
than that of poly(HCQM1). Finally, the yellow color of the poly 
(HCQM2) film turned into green and dark blue when applied the 

positive potential between 0 and 1.3V. On the other hand, the yellow 
color of the poly(HCQM1) film could only change to dark green between 
0 and 1.35V. The observed color code according to International Com
mission on Illumination/Commission (CIE) was shown in Table 4. 

The chronoamperometry technique was used to determine the elec
trochromic properties of poly(HCQM1) and poly(HCQM2), such as 
response time, optical contrast (ΔT%), and stability against applied 
potential changes (Fig. 8). By switching between the redox potential 
steps with a residence time of 10s, the changes in transmittance of the 
polymer films were investigated. The first and last 10 scans were also 
shown in Fig. S10. According to the results, the poly(HCQM1) film 
retained 71% of its optical activity after 1000 scans. On the other hand, 
it was observed that poly(HCQM2) was 15% more stable after 1000 
scans compared to poly(HCQM1). The high stability of poly(HCQM2) is 
also consistent with AFM results, which are directly related to the 

Fig. 6. AFM images of (a) poly(HCQM1) and (b) poly(HCQM2).  

Fig. 7. Spectroelectrochemical measurements of poly(HCQM1) (a) and poly(HCQM2) (b) films deposited on ITO/glass surface with applied potentials.  
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morphology of polymer films [52,53]. Because of the similar effect, the 
oxidation/reduction response time of poly(HCQM2) was found to be 
significantly faster than that of poly(HCQM2) (HCQM1). Finally, the 
coloration efficiency values of poly(HCQM1) and poly(HCQM2) were 
calculated as 85 cm2 C− 1 and 268 cm2 C− 1, respectively, using the 
equations of CE = ΔOD/Qd, where Qd: the injected/ejected charges 
between the redox states (Table 4). When compared to poly(HCQM2) 
with similar electroactive moieties, the coloration efficiency value of 
poly(HCQM1) was increased approximately three times by adding only 
the phenyl ring to the structure between the carbazole/donor and qui
noxaline/acceptor units. When the obtained results are compared with 
the literature, it is seen that these values are quite good. The reason for 
this is thought to improve the coloration efficiency with the addition of 
an extra chromophore donor-carbazole group added to the structure 
[54,55]. 

4. Conclusion 

Herein, the effect of phenyl spacer unit carbazole-based electroactive 
spaced containing quinoxaline as acceptor unit on their electrochemical 
optical and electrochromic properties was investigated. When compared 
to HCQM1, HCQM2 with a phenyl spacer moiety between carbazole/ 

donor and quinoxaline/acceptor caused a blue shift in the optical ab
sorption band with the lowest energy and slightly increased the oxida
tion potential at CV measurement. Theoretical DFT results are also 
consistent with optical and electrochemical data. AFM measurements 
revealed that poly(HCQM2) had a rougher thin film surface than poly 
(HCQM1) obtained from the potentiodynamic electrochemical poly
merization process. Finally, it has been realized that the electrochromic 
performance of poly(HCQM2) is significantly better than that of poly 
(HCQM1) because of more interaction of electrolyte ions with the rough 
thin film surface of poly(HCQM2) (HCQM2). Furthermore, the electro
active molecules poly(HCQM1) and poly(HCQM2) synthesized are 
considered candidate materials for OLEDs and perovskite solar cells 
used in the emissive layer or hole transport layer, respectively. 

CRediT authorship contribution statement 
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Table 4 
Electrochromic parameters of poly(HCQM1) and poly(HCQM2) films at 690 nm.  

Polymer Color code (L, a, b) Optical contrast at (ΔT%) Response Time (s) Optical activity after 1000 cycles (%) Coloration efficiency (cm2/C) 

poly(HCQM1) Neutral (0V) 
L: 44.4, a: − 10.6, b: 7.4 
Oxidized (1.35V) 
L: 36.8, a: − 8.4, b: − 5.2 

ΔT: 25% 
Tneut.: 96% 
Toxi.: 71% 

Oxidation 
4.3 s 
Reduction 
2.9 s 

71% 85 

poly(HCQM2) Neutral (0V) 
L: 51.5, a: − 11.4, b: 8.9 
Oxidized-1 (0.8V) 
L: 42.7, a: − 8.2, b: − 2.3 
Oxidized-2 (1.30V) 
L: 33.7, a: − 3.1, b: − 17.9 

ΔT: 48% 
Tneut.: 96% 
Toxi.: 48% 

Oxidation 
2.4 s 
Reduction 
1.1 s 

84% 268  

Fig. 8. Electrochromic switching and optical absorbance were monitored at 690 nm for poly(HCQM1) and poly(HCQM2).  
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