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Synthesis and electropolymerization of a
multifunctional naphthalimide clicked
carbazole derivative
Fatma Coban,a Rukiye Ayrancib and Metin Akc*

Abstract

In this study, a multifunctional ‘clicked’ naphthalimide carbazole derivative (CNaP) was synthesized via Huisgen 1,3-dipolar
cycloaddition reaction. Combining carbazole as an electroactive group with naphthalimide as a fluorescence group via click
chemistry imparts multifunctional properties to this unique structure. CNaP was characterized via Fourier transform IR, 13C and
1H NMR spectroscopy as well as fluorescence and electrochemical measurements. The electrochemical polymerization of the
CNaP monomer was carried out in acetonitrile/boron trifluoride diethyl etherate (2:1) (v/v) by the cyclic voltammetry technique.
The resulting polycarbazole-derived conductive polymer was characterized via optical and electrochemical measurements.
PCNaP displayed multi-electrochromism behaviour with good optical contrast (41% at 693 nm) and switching time (1.92 s at
693 nm). These results demonstrate that the new ‘clicked’ fluorescent, polycarbazole-derived conductive polymer can be used
in various applications such as electrochemical/optical sensors and electrochromic and fluorescence imaging devices.
© 2019 Society of Chemical Industry
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INTRODUCTION
Semiconducting polymers have attracted remarkable atten-
tion due to their wide range of applications such as organic
light-emitting diodes,1–3 smart windows,4–10 sensors11–19 and
photovoltaic cells.20–23 Recent advances in industrial research
require the design and synthesis of new multifunctional semi-
conducting polymers.24–26 Carbazole derivatives have a potential
use in optoelectronic devices due to their easy functionaliza-
tion, thermal/photochemical stability and photoconductive and
electroluminescent properties.27–30

1,8-Naphthalimide derivatives have been reported to be used
in a variety of applications due to their strong electroactiv-
ity, fluorescence and photostability.31 They have been used in
many fields such as fluorescent sensors, switchers and electro-
luminescent material.32 They have also been used as fluorescent
markers and molecular probes in biotechnology and as sensi-
tive electro-optic materials in solar cells and organic field-effect
transistors.33–35

The Cu(I)-catalyzed 1,3-dipolar azide-alkyne cycloaddition reac-
tion called ‘click chemistry’ which was discovered by Sharpless
and Torneo in 2001 has recently been one of the most interesting
research topics for obtaining multifunctional materials.36 Thanks
to its impressive robustness, such as high efficiency, functionality
tolerance, high reaction rate, simple reaction conditions and
selectivity, the click reaction protocol has been widely used to
synthesize dendrimer structures, nanoparticles, semiconducting
polymers and to modify natural products and the surfaces of thin
films.37–43 This contribution of cyclization will allow the creation
of interesting syntheses to form multifunctional materials with
easy tools, rather than the previously long and difficult methods.44

Click chemistry can be a good alternative synthetic path to

produce multifunctional semiconducting polymers without hav-
ing to employ expensive and complicated reaction conditions.
Therefore, in this study, the click reaction was specifically chosen
because of the simplicity of the reaction of terminal alkynes and
azides in carbazole that is electroactive with a naphthalimide
group that has fluorescent properties.

A new multifunctional monomer 2-((9H-carbazol-2-yl)oxy)-N-
((1-(4-(1,3-dioxo-1H-benzo[de]-isoquinolin-2(3H)-yl)phenyl)-1H-1,
2,3-triazol-4-yl)methyl)acetamide (CNaP) was synthesized via
the click reaction of 2-((9H-carbazol-2-yl)oxy)-N-(prop-2-yn-1-yl)
acetamide (3) and 2-(4-azido-phenyl)-1H-benzo[de]iso-quinoline-
1,3(2H)-dion (NaP). Thereafter its chemical structure was char-
acterized by 1H NMR, 13C NMR spectroscopy and the Fourier
transform IR (FTIR) technique; CNaP monomer was electrochemi-
cally polymerized, and the optical and electrical properties of the
resulting semiconducting polymer were characterized by spectro-
electrochemical techniques. These results indicate that both CNaP
and its polymer have potential for important applications in the
field of electrochemical/optical sensors, electrochromic devices
and fluorescence imaging applications.
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EXPERIMENTAL
Materials
Propargylamine, chloroacetyl chloride, boron trifluoride diethyl
etherate (BFEE), 1,8-naphthalic anhydride, p-phenylenediamine,
sodium bicarbonate, sodium iodide, potassium carbonate,
hydrochloric acid, sodium nitrite, sodium azide, copper(II) sulfate
pentahydrate, (+)-sodium L-ascorbate, N,N-dimethylformamide,
dichloromethane (DCM), acetonitrile (ACN), acetone, ethyl acetate
and tetrahydrofuran were acquired from Sigma Aldrich (St. Louis,
MO, USA). 2-Hydroxycarbazole and magnesium sulfate was
purchased from Alfa Aesar (Kandel Germany) and Pub-Chem
(Bethesda, MD, USA), respectively, and were used without any
purification.

Instrumentation
Electrochemical characterization and the spectroelectrochemical
properties of the semiconducting polymers were analyzed with an
Ivium potentiostat/galvanostat and Agilent 8453 UV–visible spec-
trophotometer. All compounds were characterized by 1H NMR,
13C NMR (a Varian 400 MHz spectrometer), an FTIR spectropho-
tometer (Perkin-Elmer 2000) and a fluorescence spectrophotome-
ter (Agilent Cary Eclipse). All measurements were performed at
room temperature.

Synthesis CNaP monomer
2-Iodo-N-(prop-2-yn-1-yl)acetamide (2)
The reaction route is shown in Scheme 1. 2-Chloro-N-(prop-2-yn-1-
yl)acetamide (1) was synthesized according to the published lit-
erature procedure.45 Compound 1 (1.32 g, 10 mmol) and NaI (3 g,
20 mmol) in acetone (25 mL) were refluxed for 7 h. At the end
of this time, the acetone evaporated. The resulting product was
crystallized from ethyl acetate to give the product as white crys-
tals (1.2 g), yield 54%. Melting point 112–115 ∘C. IR (cm−1): 3282
(stretching N—H), 3268 (alkyne C—H), 2968 (alkane C—H), 1639
(amide C O), 1544 (bending N—H), 1424, 1363, 1272, 1159, 1031,
927, 881.

2-((9H-carbazol-2-yl)oxy)-N-(prop-2-yn-1-yl)acetamide (3)
2-Hydroxycarbazole (0.73 g, 4 mmol), propargyl iodine (2) (1.12 g,
5 mmol) and K2CO3 (1.65 g, 12 mmol) were refluxed in ACN (40 mL)
for 4 days. Water was added to the reaction mixture and filtered
to obtain an off-white solid (0.9 g), yield 81%. Melting point

177–178 ∘C. IR (cm−1): 3394 (stretching N—H), 3243 (alkyne
C≡C—H), 3050 (aromatic C—H), 2890 (aliphatic C—H), 2120
(alkyne C≡C), 1667 (amide C=O), 1607 (bending N—H), 1580,
1494, 1463, 1313, 1293, 1181, 1069, 1028, 961, 872. 1H NMR
(400 MHz, deuterated dimethylsulfoxide (DMSO-d6)): 𝛿 11.13 (1H
(N—H), br, s); 8.59 (1H (N—H), br, s); 7.94 (2H, d); 7.37 (1H, d); 7.26
(1H, t); 7.06 (1H, t); 6.96 (1H, s); 6.80 (1H, d); 4.56 (2H, s); 3.91 (2H,
d); 3.07 (1H, s).

2-(4-Azidophenyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5)
The synthesis of 2-(4-aminophenyl)-1H-benzo[de]isoquinoline-1,
3(2H)-dione (4) was carried out according to the literature.46 4 mL
of 15% HCl were added to 4 (1 g, 3.47 mmol) at 0 ∘C. NaNO2 (0.48 g,
6.94 mmol) in 8 mL of water was slowly added to the reaction
mixture at 0 ∘C. After stirring for 30 min at 0 ∘C, NaN3 (0.56 g,
8.68 mmol) in water (4 mL) was added dropwise and stirred for
2 h at 0 ∘C. The solid was precipitated by adding water. A white
solid was obtained (0.73 g), yield 67%. Melting point 208–209 ∘C.
IR (cm−1): 3067 (aromatic C—H), 2108 (azide N3), 1659 (C O),
1624, 1506, 1434, 1372, 1356, 1234, 1121, 1025, 949, 830. 1H NMR
(400 MHz, DMSO-d6): 𝛿 8.46 (4H, dd); 7.87 (2H, t); 7.39 (2H, d); 7.24
(2H, d).

2-((9H-carbazol-2-yl)oxy)-N-((1-(4-(1,3-dioxo-1H-benzo[de]
isoquinolin-2(3H)-yl)phenyl)-1H-1,2,3-triazol-5-yl)methyl)
acetamide (CNaP)
Compounds 3 (0.28 g, 1 mmol) and 5 (0,31 g, 1 mmol) were
dissolved in tetrahydrofuran/H2O (4/1 (v/v), 24 mL); aqueous
CuSO4.5H2O (5.3 mg, 0.021 mmol) and sodium ascorbate (0.02 g,
0.10 mmol) were added, and the reaction mixture was stirred at
85 ∘C overnight. The precipitate was filtered and washed with
water to give a yellow solid (0.45 g), yield 76%. Melting point
262–263 ∘C. IR (cm−1): 3288 (stretching N—H), 3142 (triazole
C—H), 3068 (aromatic C—H), 2963 (aliphatic C—H), 1705 (anhy-
dride C O), 1660 (amide C O), 1608 (bending N—H), 1587
(bending C—H), 1519, 1484, 1375, 1314, 1236, 1171, 1048, 992,
778. 1H NMR (400 MHz, DMSO-d6): 𝛿 11.14 (1H (N—H), br, s); 8.79
(1H (N—H), br, s); 7.56 (1H (triazole, s); 8.51–6.87 (19H, Ar–CH);
4.24 (4H, s). 13C NMR (400 MHz, DMSO-d6): 𝛿 = 168.5, 164.0, 163.4,
157.2, 146.7, 141.3, 140.2, 136.7, 136.5, 135.0, 131.9, 131.2, 128.7,
128.3, 127.7, 124.7, 123.0, 121.3, 120.9, 119.8, 119.0, 118.9, 117.2,
111.1, 108.5, 96.2, 67.8, 34.5.

Scheme 1. Synthesis and electropolymerization route of CNaP monomer.
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Figure 1. 1H NMR spectrum of CNaP.

Figure 2. 13C NMR spectrum of CNaP.

Electrochemical polymerization of CNaP
Electrochemical polymerization was performed with an Ivium
potentiostat/galvanostat at room temperature. An Ag/Ag+ elec-
trode and Pt wire electrode were used as the reference and counter
electrode, respectively. Indium tin oxide (ITO) coated glass (dimen-
sions 7× 50 × 0.5 mm; resistance 8–12Ω) was used as a working
electrode in the three-electrode cell. The PCNaP film was synthe-
sized by electrochemical polymerization on ITO glass in ACN-BFEE
(2:1) (v/v) between 0.0 and 1.8 V with a scan rate of 150 mV
s−1 by cyclic voltammetry (CV). BFEE, a medium strength Lewis
acid, can be used in electrochemical polymerization for reducing
the onset oxidation potential of electroactive monomers.47–49 As
shown in the literature, BFEE has reduced the resonance energy of
carbazole-like electroactive monomers such as thiophene etc.50–52

Actually CNaP polymerizes in ACN medium but the quality of
the film is poor in terms of optical and electrical properties. Fur-
thermore, BFEE was added because it is difficult to form a film
of CNaP directly on the electrode in an ACN medium to obtain
a high-quality polycarbazole film. The synthesis and electropoly-
merization route of CNaP monomer are given in Scheme 1.

Spectroelectrochemical and kinetic studies
Spectroelectrochemical studies were performed to investigate the
absorption spectra of the resulting PCNaP films upon application

Figure 3. FTIR spectra for (a) molecule 3; (b) CNaP; (c) PCNaP.

of different potentials. The UV spectra were measured using a
UV–visible spectrophotometer interfaced with a computer in the
three-electrode cell. First, ITO-coated glass without a deposited
polymer film was used as the background for spectroelectrochem-
ical measurements. Then, PCNaP polymer films were deposited on
ITO by CV between 0 and 1.8 V from a solution of CNaP in ACN-BFEE
(2:1) (v/v). UV–visible spectra of the PCNaP polymer films were
obtained in monomer-free ACN-BFEE (2:1) (v/v) solution at differ-
ent potentials.

In kinetic studies, a square wave potential step method was
used. In this method, the potential is set to an initial potential
value for 5 s; a second potential is then set to the final potential.
During this square wave potential step the transmittance (T%)
and switching times of the polymers were calculated using a
UV–visible spectrophotometer.

RESULTS AND DISCUSSION
Characterization of the monomer
In the first step, the propargyl derivative of carbazole 3 was syn-
thesized in 81% yield by the reaction of 2 and 2-hydroxycarbazole
in the presence of K2CO3 in ACN. In the 1H NMR spectrum of 3
there are two resonances for the carbazole amine proton (N—H) at
𝛿 = 11.13 ppm and the amide proton at 𝛿 = 8.89 ppm that appear
as a broad singlet. The peaks at 𝛿 = 7.97, 7.37, 7.26, 7.06, 6.96
and 6.80 ppm belong to aromatic protons integrating to a total
of seven protons as expected. The peaks at 𝛿 = 4.56, 3.91 and
3.07 ppm, respectively, can be assigned to aliphatic protons as a

Polym Int 2020; 69: 265–273 © 2019 Society of Chemical Industry wileyonlinelibrary.com/journal/pi
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Figure 4. Cyclic voltammograms of (a) CNaP in ACN-BFEE (2:1) (v/v), (b) molecule 3 in ACN-BFEE (2:1) (v/v) at a scan rate of 150 mV s−1.

Figure 5. (a) Cyclic voltammograms of PCNaP in ACN-BFEE at different scan
rates of 100, 200, 300, 400 and 500 mV s−1. (b) Anodic and cathodic peak
current values according to the different scanning rates of PCNaP.

singlet, a doublet and a singlet. In the FTIR spectrum of the propar-
gyl derivative of carbazole, the peaks of the stretching vibrations at
3394, 3243, 2120 and 1667 cm−1 represent N—H, C≡CH, C≡C and
C O moieties, respectively. Furthermore, the peaks at 1580 cm−1

and 1293 cm−1 belong to the C—H bending and C–N stretching

vibrations respectively in compound 3. They also confirm the for-
mation of 3.

The second step involves the synthesis of naphthalimide azide
5 in 67% yield using naphthalene aminophenyl derivative in the
presence of NaNO2 and NaN3. The 1H NMR spectrum of 5 features
aromatic protons belonging to the naphthalene groups as a dou-
blet of doublets (dd) at 𝛿 = 8.46 ppm and a triplet at 𝛿 = 7.87 ppm.
Four protons of the phenyl group appear as a doublet at 𝛿 = 7.39
and 7.24 ppm, respectively. The characteristic –N3 stretching peak
was observed at 2108 cm−1 in the FTIR spectrum, while the
amine stretching vibration frequency at 3434 cm−1 disappeared.
Other stretching and bending vibrations are at 3067 cm−1 (aro-
matic C—H), 1659 cm−1 (C O), 1624 cm−1 (N—H bending) and
1234 cm−1 (C–N bending).

Lastly, CNaP was synthesized by reacting 3 with 5 via a click reac-
tion in 76% yield. The CNaP was fully characterized by 1H NMR
and 13C NMR spectroscopy in DMSO-d6 as shown in Figs 1 and
2, respectively. These 1H NMR spectral data of CNaP are consis-
tent with the structure proposed based on the observed inte-
grated signal intensity amounting to a total of 24 protons. In the
1H NMR spectrum of CNaP, the aromatic protons belonging to the
phenyl group attached to the naphthalimide and carbazole moi-
eties are observed at 𝛿 = 8.51, 7.97, 7.39, 7.25, 7.02 and 6.87 ppm
and integrate to 18 protons. The proton of the triazole unit appears
at 𝛿 = 7.56 ppm as a broad singlet. The broad proton resonances
at 𝛿 = 11.14 ppm and 8.79 ppm belong to carbazole amine pro-
ton and amide proton (N—H), respectively. Aliphatic proton sig-
nals belonging to the –OCH2 and –NCH2 groups are observed
at 𝛿 = 4.65 ppm and 4.54 ppm. The 13C NMR spectrum of CNaP
indicates that the presence of the triazole unit at 𝛿 = 131.2 and
135.0 ppm and aromatic carbon resonances belonging to the
naphthalimide and carbazole moieties at 𝛿 = 163.4–108.5 inte-
grate to 30 aromatic carbons and can be assigned to amide
carbonyl carbon appearing at 𝛿 = 168.5 ppm, as displayed in
Fig. 2. The signal observed at 𝛿 = 34.5 and 67.8 ppm falls into the
aliphatic carbon region. As seen from the FTIR spectra graph of the
materials (see Fig. 3) the presence of the new stretching vibration
at 3142 cm−1 belonging to the (C—H) of the triazole unit, absence
of the typical azide resonance at 2108 cm−1 and disappearance
of the propargyl group resonance at 2120 cm−1 fully confirm the
identity of this compound. In the case of the electrochemically
formed polymer of CNaP, shown in Fig. 3(c), the FTIR spectrum
observed displays all the characteristic signals of CNaP except that
the polymer spectrum resonances are naturally broader.
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(a) (b)

Figure 6. Electrochemical stability via CV with 100 cycles in an ACN-BFEE (2:1) (v/v) solution of (a) PCNaP, (b) poly-3.

Table 1. Electrochemical properties of PCNaP

𝜆max (nm)
Switching

time (s)
Optical

contrast (T%) Stability Eg (eV) HOMO (eV) LUMO (eV) ΔOD Qd (mC cm−2) CE (cm2 C−1)

PCNaP 695 1.92 41 95 2.98 −5.16 −2.18 0.63 2.15 181.03

Figure 7. UV–visible absorbance spectra of PCNaP in ACN-BFEE (2:1) (v/v)
at various potentials between 0.0 and 1.8 V.

Electrochemical characterization of PCNaP
CV studies
The electropolymerization of CNaP (1 mmol L–1) was carried out
in ACN-BFEE (2:1) (v/v) on the ITO electrode by the CV technique
at a scan rate of 150 mV s−1, as shown in Fig. 4(a). The CV graphs
of CNaP and molecule 3 are compared. First, as shown in Fig. 4(a),
the onset oxidation potential of PCNaP at 0.98 V has appeared
at which polymerization begins to form on ITO. The PCNaP film
shows a broad oxidation peak between 0.84 and 1.13 V. A reduc-
tion peak of PCNaP films was observed at 0.66 V. As shown in
Fig. 4(b), the onset potential of molecule 3 was monitored at
0.76 V in the first cycle. The oxidation and reduction potentials of
molecule 3 were observed as broad peaks between 0.76 and 0.91 V
and at 0.62 V, respectively. A ‘poly-3’ polymer film was formed
on the electrode surface. Binding the carbazole propargyl group
to naphthalimide azide via click chemistry caused an increase of
0.22 V in the onset potential. This difference was observed because
of the strong electron-withdrawing nature of the naphthalimide
group. Moreover, there were certainly differences in the redox

Figure 8. Redox colours of PCNaP.

potential. Compared to cyclic voltammograms, it was proved by
the click reaction that the naphthalimide moieties were bonded
to the carbazole compound. Furthermore, as the number of cycles
increased, the current density of PCNaP rose, proving that electro-
chemical polymerization is active on the surface.

Scan rate dependence on PCNaP
PCNaP was subjected to different scan rates from 100 to 500 mV s−1

in ACN-BFEE (2:1) (v/v), as seen in Fig. 5. The anodic and cathodic
peak current values of the PCNaP film showed a linear increase as
a function of the scan rate. This shows that the redox process is

Polym Int 2020; 69: 265–273 © 2019 Society of Chemical Industry wileyonlinelibrary.com/journal/pi
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Table 2. Summarized comparison of the electrochemical properties of PCNaP composite films in the literature

Material 𝜆max (nm) Switching time (s) Eg (eV)
Optical

contrast (T%) Stability
CE

(cm2 C−1) Reference

PCZD 697 2.4 2.59 25 82 NA 60
PETCB 1100 1.6 2.42 36 NA 178.09 61
PTFC 675 1.5 3.07 81 NA NA 7
PCzRY 660 2.4 3.09 39 84 280 50
PBCBE 570 1.11 2.55 29 NA NA 62
PED 600 2.0 3.35 36 98 NA 26
PSCZ 762 tc = 7.3 tb = 1.5 3.26 61 NA 45 63
PTCP 1075 tc = 0.8 tb = 0.95 3.1 NA 80 NA 64
PRDC 700 1.5 2.48 48 91 NA 11
PCNaP 695 1.9 2.98 41 95 181.3 This work

PCZD, poly(9H-carbazol-2-yl-5-(dimethylamino)naphthalene-1-sulfonate); PETCB, poly(ethyl-4-(3,6-di(thiophen-2-yl)-9H-carbazole-9-yl)-benzoate);
PTFC, poly(2-(6-((4,6-bis((9H-carbazol-2-yl)oxy)-1,3,5-triazin-2-yl)oxy)-3-oxo-3H-xanthen-9-yl)benzoic acid); PCzRY, poly(sodium(E)-2-((4-((4-((9H-
carbazol-2- yl)oxy)-6-((3-((5-carbamoyl-2-hydroxy-1,4-dimethyl-6-oxo-1,6-dihy-dropyridin-3-yl)diazenyl)-4-sulfonatophenyl)amino)-1,3,5-triazin-2-yl)
amino)phenyl)sulfonyl)ethyl sulfate]); PBCBE, poly(4-[3,6-bis-(2,3-dihydro-thieno[3,4-b][1,4]dioxin-5-yl)-carbazol-9-yl]-benzoic acid ethyl ester);
PED, poly(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl-5-(dimethylamino)naphthalene-1-sulfonate)); PSCZ, poly(2,8-di(carbazol-9-yl)
dibenzothiophene); PTCP, poly-1,1,2,2-tetrakis(4-9H-carbazol-9-yl)phenyl)ethane; PRDC, poly((9,9-a-dihydro-4aH-carbazol-2-yl 2- (3,6-bis(diethyl
amino)-9H-xanthen-9-yl)benzoate); NA, not available; tc, time of colouring; tb, time of bleaching.

not diffusion-controlled and the polymer film adhered well to the
electrode surface.53

Electrochemical stability of PCNaP
The electrochromic stability of the semiconducting polymers
depends on the electrochemical stability because degradation of
the active redox couple leads to loss of electrochemical activity.
To evaluate the electrochemical stability, the PCNaP and poly-3
were exposed to continuous cycles in monomer-free ACN-BFEE
(2:1) (v/v) solution with a scan rate of 500 mV s−1. As shown in
Fig. 6(a), the PCNaP film showed a good electrochemical stability
of 95% at the end of 100 cycles. In Fig. 6(b), it can be seen that the
poly-3 film retains only 73% of its electroactivity after 100 cycles.
From that we conclude that the binding of the naphthalimide to
the carbazole structure increases the stability of the CNaP polymer
in electrochemical redox processes compared to the poly-3 film.

Spectroelectrochemistry of PCNaP
Spectroelectrochemical studies include the use of electrochemi-
cal and spectroscopic techniques that are performed simultane-
ously. PCNaP was electropolymerized on ITO glass by CV between
0 and 1.8 V in the ACN-BFEE (2:1) (v/v) solution system. In neu-
tral form, PCNaP displayed an absorption band centred at 308 nm
that is attributed to the 𝜋–𝜋* transition, as shown in Fig. 7. As
the applied potential increased, the absorption band of the 𝜋–𝜋*
transition decreased and bipolaron bands were observed at about
695 nm proving the formation of the polymer chain. The PCNaP
film showed transparency in the neutral state (0.0 V) and showed
green and blue colours in the oxidized state (Fig. 8). Furthermore,
colorimetry detection was performed to find the L, a, b values
of the PCNaP films at 1.8 V, 1.5 V, 1.0 V and 0.0 V, respectively, as
seen in Fig. 8. The energy of the band gap at the PCNaP film
(Eg) was calculated according to the formula Eg = 1242/𝜆onset.

54

The optical band gap Eg of PCNaP was obtained from the spec-
troelectrochemical data by extrapolation using the intersection
of the tangent with the x-axis from the peak point. The lower
energy 𝜆onset of the 𝜋–𝜋* transition was determined to be 416 nm.

Eg was calculated to be 2.98 eV. The highest occupied molecu-
lar orbital (HOMO) was calculated to be −5.16 eV according to
the equation E(HOMO) = −e(Eoxonset + 4.4).55 The lowest unoccu-
pied molecular orbital (LUMO) was derived from the values calcu-
lated for the HOMO and the band gap energy (Eg). The result for
the LUMO was found to be −2.18 eV according to the equation
Eg = LUMO – HOMO.

The colouring efficiency is defined as the relationship between
the injected/removed charge and the change in optical den-
sity units as a function of the electrode field. The optical density
change (ΔOD) was calculated with the help of the measured trans-
mittance of the PCNaP in the coloured (T coloured) and bleached
(T bleached) state according to the equation

ΔOD = log(Tcoloured∕Tbleached)

Then, the colouration efficiency (CE) was determined as the ratio
of the optical density change (ΔOD) induced and the unit charge
density (Qd). It can be calculated using the equation6,56

CE = ΔOD∕Qd

Qd (mC cm−2) was calculated using charge–time plots to be
3.48 mC cm−2 and the CE value was found to be 181.03 cm2

C−1. The ideal electrochromic device should show a large change
in transmittance with a small increase in charge, giving rise to
large colouration efficiency values. The colouration efficiency for
inorganic materials was reported to be in the range 10–50 cm2

C−1. Therefore, the CE value of our PCNaP polymer film (181.03 cm2

C−1) proves that a semiconducting polymer can be used as a good
electrochromic material.

Additionally, PCNaP was deposited on ITO-coated glass to cal-
culate the change in transmittance (T%) and the switching time,
both of which are important parameters for electrochromic mate-
rials. PCNaP was switched between 0.0 and+1.8 V with a switching
interval of 5 s in the monomer-free ACN-BFEE (2:1) (v/v) solution
system, as shown in Fig. 9(a). The transmittance change value was
calculated to be 41% between the neutral state potential (0.0 V)
and the oxidized state potential (+1.8 V) at 𝜆max (695 nm).

wileyonlinelibrary.com/journal/pi © 2019 Society of Chemical Industry Polym Int 2020; 69: 265–273
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Figure 9. (a) The absorbance and (b) the current density change of CNaP
polymer film on applying 0.0 V and 1.8 V.

Figure 10. UV–visible and fluorescence spectra of CNaP in ACN solution.

The response time refers to the speed at which an electrochromic
polymer switches between its reduced state and oxidized state.
The response time was calculated at 90% of the full transmittance
change because it is difficult to perceive any further colour change
with the naked eye beyond this point.57 So, 90% of the com-
plete colouring and bleaching were found and the response time
was calculated as 1.92 s using this value, as shown in Fig. 9(a).The

Figure 11. The colour of CNaP (a) in daylight and (b) in UV light.

PCNaP polymer film has moderate response time for large ΔOD,
CE and ΔT% values at 𝜆max and has good switching stability as it
retains almost the entire optical response even after double poten-
tial steps. The electrochemical properties of PCNaP are summa-
rized in Table 1.

Fluorescence properties of CNaP
In order to investigate the fluorescence characteristics of the CNaP
monomer, UV–visible absorption and fluorescence emission spec-
tra were compared, as shown in Fig. 10. CNaP showed maximum
absorbance peaks at 335 nm belonging to 𝜋–𝜋* transitions; the
fluorescence emissions of CNaP demonstrated two characteristic
peaks at 351 nm and 470 nm. While the band at 351 nm of CNaP
can be attributed to the emission of the carbazole moiety, the band
at 470 nm corresponds to the naphthalimide group.58 Substitu-
tion of the cycloaddition ring which is linked by an amino group
in naphthalene greatly changes both the absorption and the fluo-
rescence of CNaP. Because of the presence of an emission band at
470 nm, the colour of naphthalimide compounds becomes yellow
when naphthalene groups react with the amino group.59 The new
emission peak of CNaP indicates that naphthalimide was attached
in the monomer structure via click chemistry. The CNaP monomer
in the solid phase displays a light yellow colour in daylight, while
it emits a bright yellow colour under UV light. It shows a yel-
low colour in ACN in daylight and a bright greenish-blue colour
when excited with 366 nm UV light (Fig. 11). Thanks to its unique
fluorescence properties it can be useful in various fluorescence
applications.

In conclusion, Table 2 summarizes a comparison of the electro-
chemical PCNaP film with related polymers in the literature. The
PCNaP film shows moderate optical contrast and large CE val-
ues. CE measurements prove that the PCNaP polymer film struc-
ture has good electrochromic properties between transparent and
green-blue. PCNaP has a moderate switching time indicating that
the colour change between the neutral and oxidized state is easy
compared to the similar polycarbazole. The electronic energy lev-
els appear at lower energy for some semiconducting polymer films
in comparison with PCNaP. This can be explained by the stronger
electron-withdrawing nature of the naphthalimide group in the
structure of PCNaP.

CONCLUSIONS
In this work, we have successfully designed a functional new flu-
orescent monomer containing redox-active C (3) and fluorescent
NaP (5) moieties synthesized by Cu-catalyzed click chemistry. After

Polym Int 2020; 69: 265–273 © 2019 Society of Chemical Industry wileyonlinelibrary.com/journal/pi
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electropolymerization, the electrochromic and spectroelectro-
chemical properties of PCNaP were determined. The polymer films
demonstrated moderate stability (95%) and optical contrast of
41%. The CNaP monomer possesses a bright greenish-blue colour
in ACN when excited with 366 UV light. The fluorescence emission
of CNaP at 470 nm indicates that the naphthalimide was suc-
cessfully attached to CNaP via the click protocol. The conductive
polymer film (PCNaP) obtained from the fluorescent monomer was
shown to possess the potential for use in electrochromic devices.
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