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Abstract Herein, the synthesis of poly(4,4′-triphenylamine-
co-9,9-dioctyl-2,7-fluorene) grafted with oligo N-(2-
hydroxyethyl) carbazolyl methacrylate as side chains was
performed in two steps. A macromonomer with dibromo-
triphenylamine end was firstly synthesized by atom-transfer
radical polymerization of N-(2-hydroxyethyl) carbazolyl
methacrylate followed by Suzuki polycondensation of the
macromonomer with 9,9-dioctylfluorene-2,7-diboronic acid.
The graft copolymer was characterized by Fourier-transform
infrared spectroscopy (FTIR), 1H and 13C-NMR spectroscopy
while the optical properties were investigated by UV–vis and
fluorescence methods. Cyclic votammetry studies evidenced
that the redox processes were accompanied by the dimeriza-
tion of carbazole pendant groups and polymer crosslinking
with the formation of an insoluble network. The parent poly-
mer was post-modified, in solution or bulk, by electrochemi-
cal oxidation leading to a crosslinked and insoluble network
having electrochromic properties.
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Introduction

Arylamine polymers have been explored due to their
unique electro-physical properties [1] with potential ap-
plications in organic electronics, photonics and
spintronics [2, 3]. Triphenylamine (TPA)-based polymers

have good hole-transporting properties, high light-emitting
efficiencies, photoconductivity and photorefractivity, large
two-photon absorption cross-section and stabilization effect
of high-spin polyradicals in organic magnets [4]. Due to the
good electron-donating nature of TPA, its oligomers have
been widely used as hole-transporting materials for a number
of applications, such as in xerography, organic field-effect
transistors, photorefractive systems, light emitting diodes,
etc. [5, 6]. Soluble conjugated polytriphenylamines are usual-
ly obtained through introducing short alkyl side chains on the
aromatic ring.

Among conjugated polymers, polyfluorene [7] and
polythiophene [8, 9] have been intensively studied due to their
interesting optoelectronic properties associated with good en-
vironmental and thermal stability. Unfortunately, owing to
their intrinsic structure, theses conjugated polymers are non-
moldable materials and have poor solubility. Moreover,
polyfluorene is characterized by poor hole injection properties
and synthesis of copolymers with arylamines (carbazole or
triphenylamine) was carried out to balance hole and electron
transport properties and improve electroluminescent perfor-
mances of these materials. In this context great efforts have
been made towards the synthesis of modified polyarylenes by
copolymerization with arylamine derivatives and introduction
of side alkyl and alcoxy substituents [10–12]. In order to
increase solubility, processability and performances of these
materials, in the last years a new approach based on the
synthesis of graft polymers where the backbone is a conjugat-
ed chain while grafts are flexible chains was studied.

Polymer brushes are graft polymers that consist from a
linear polymer backbone possessing densely grafted side
chains [13]. Molecular brushes having stiff backbones based
on conjugated main chains and flexible side chains have been
synthesized mainly to improve the solubility and processabil-
ity of conducting polymer and to modify the morphology with
beneficial contribution on the photophysical properties. Three
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synthetic routes have been successfully applied for the syn-
thesis of conducting polymer brushes and are based on: (a) the
polymerization or polycondensation of macromonomers
(grafting through” method) [14, 15], (b) the use of macroini-
tiators for growing the side chains by polymerization or poly-
condensation (“grafting from” method) [16–20], and (c) cou-
pling of the main chain having functional groups with a
monotelechelic oligomer (“grafting onto” method) [21, 22].
As main conjugated chain, poly(arylene-thienylene) with
polystyrene grafts [14, 15] and poly(phenylene-fluorene) or
polyfluorene with poly[2-(dimethylamino)ethyl methacrylate]
[16], polyethyleneglycol [22] and polystyrene grafts [22] have
been reported. Polythiophene decorated with polystyrene [19,
20, 23], polymethylacrylate [17], polyvinylquinoline [18],
poly(N,N-dimethyl ethyl methacrylate), poly(N-isopropyl ac-
rylamide) [24] or poly [N-(carbazolyl)propyl acrylate] [25]
arms have been obtained using functionalized thiophene poly-
mers for ATRP polymerization. Also, polypyrrole grafted with
poly(epsilon-caprolactone) [26, 27], polytriphenylamine
graf ted with poly(epsi lon-caprolac tone) [28] or
polyethylmethacrylate [29], polyphenylacetylene with poly(-
ethylene glycol) [30], polylactide [31], polydimethylsiloxane
[32], polypeptide [33] and polyethyleneoxyde [34] as side
chains were selected as electroactive backbones. In all cases
polymer brushes showed good solubility in common organic
solvents, new morphologies and improved photophysical
properties. These polymers can to self-assemble into a wide
array of morphologies that are very important for solar cells
applications. The conservation of the morphology during the
long operation time of electronic devices is a clear target
because any morphological modification can change drasti-
cally their performances. Cross linking is recognized as a very
promising approach to stabilize the nanoscale morphology of
the thin photoactive layer [35] and presence of crosslinkable
functional groups able to lead by UV, thermal and electro-
chemical post-reactions to conjugated networks is a necessary
condition.

In this work we report the synthesis of a new crosslinkable
graft copolymer, i.e., poly(4,4′-triphenylamine-co-9,9-dioctyl
2,7-fluorene) containing an oligo(2-hydroxyethyl) carbazolyl
methacrylate as the grafted side chain in the para position of
triphenylamine unit for improving the solubility and ability to
form electrochemically cross linked thin films and to intro-
duce new properties. The side chains are build by ATRP
polymerization of N-(2-hydroxyethyl) carbazolyl methacry-
late initiated by a lowmolecular weight ATRP initiator. Cyclic
votammetric studies evidenced that the redox processes are
accompanied by dimerization of carbazole pendant groups.
The parent polymer was post-modified, in solution or
bulk, by electrochemical oxidation to a crosslinked and
insoluble network having electrochromic properties. The
crosslinking reaction took place between carbazole pen-
dants by reactive 3 and 6 positions.

Experimental

Materials

All the starting materials for synthesis of monomers and
polymers were purchased from Aldrich and used as received,
such as: 9,9-dioctylfluorene-2,7-diboronic acid, CuBr, 2-
bromo-2-methyl-propionyl bromide, 2,2-bipyridine (bpy),
tetrakis(triphenylphosphine)-palladium(0) [(PPh3)4Pd(0)], po-
tassium carbonate, and triphenylamine (98 %). Solvents
(Aldrich) were dried by the usual methods or used as received.
The ATRP initiator, 4-[bis(4-bromophenyl)amino]benzyl 2-
bromo-2-methylpropanoate (BBMP), was synthesized by a
four-steps method. Starting from triphenylamine,
4-(diphenylamino) benzaldehyde was synthesized by
formylation reaction using POCl3/DMF reagent, as was de-
scribed in the literature [36], followed by bromination with
bromine in CHCl3 at 0 °C [37] and reduction to 4-hydroxy-
methyl-N,N’-bis(4-bromophenyl)aniline with NaBH4 in
tetrahydrofuran/methanol mixture [28]. The treatment of the
alcohol with 2-bromo-2-methyl-propionyl bromide in toluene
and presence of triethylamine led to ATRP initiator in good
yield. Yield, 75 %. ESI-MS = 582.9 (M + H)+. 1H-NMR
(CDCl3, ppm): 7.−6.8 (m, 12H Ar), 5.08 (s, 2H, −CH2O-)
and 1.95 (s, 6H, −CH3).

13C-NMR (CDCl3, ppm): 171.52,
147.03, 146.28, 132.45, 129.30, 125.75, 124.75, 115.91,
77.01 (CDCl3), 67.19, 55.73, 30.78.

N-(2-Hydroxyethyl)carbazolyl methacrylate (HEKM) was
synthesized according to the known method [38].

Synthesis of poly(N-(2-hydroxyethyl)carbazolyl
methacrylate) macromonomer by ATRP method

HEKM (0.6 g; 2.14 mmol) and toluene (1.5 mL) were added
to 10 mL Schlenk tube and subjected to three vacuum/
nitrogen refill cycles. A solution of BBMP (16.0 mg;
0.028 mmol), bpy (8.9 mg; 0.057 mmol) and Cu(I)Br
(4.1 mg; 0.028 mmol) in toluene (1.5 mL) was added to the
Schlenk tube under nitrogen atmosphere, and then the whole
mixture was degassed and filled with nitrogen. After stirring at
room temperature for 1 h the Schlenk tube was placed in a
temperature-controlled oil bath at 100 °C for 24 h. The mix-
ture was cooled at room temperature, diluted with chloroform
and passed through a short column of silicagel to remove
copper salts. Finally, the macromonomer was precipitated in
methanol, dried and purified by repeated precipitation. Yield=
74 % white powder with Mn=12,460 and Mw/Mn=1.13.

Synthesis of graft copolymer by “grafting through”

In a two-necked 25 mL flask equipped with a condenser and a
magnetic stirrer 0.13 g of macromonomer, 0.0207 g
(0.04 mmol) of 9,9-dioctylfluorene-2,7-diboronic acid and
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5.5 mg (0.0047mmol) tetrakis(triphenylphosphine) palladium
(0) were introduced under inert atmosphere. The solvent mix-
ture formed from 1 mL 2 M K2CO3 aqueous solution and
10 mL toluene (degassed by bubbling nitrogen) was intro-
duced with a syringe through the septum. The mixture was
kept at 85 °C for 3 days, maintaining vigorous stirring and the
exclusion of oxygen and light. The copolymers were separat-
ed by precipitation in methanol, filtrated, washed several
times with 1 N HCl (aqueous solution) and water for the
removal of inorganic salts, and dried. Further purification of
the product was achieved by dissolving the polymer in CHCl3
and precipitating in methanol. Yield=72 %. Mn~24,440 and
polydispersity degree=2.23.

Electrochemical crosslinking of graft copolymer

A CH2Cl2 solution of 10 mL 3×10−5 M of graft copolymer
containing 1×10−3 M tetrabutylammonium perchlorate was
introduced into a three-electrode electrochemical cell and
polymerization carried out by scanning anodic potential be-
tween 0 and 1.8 V at 20 mV.sec−1. A very thin polymer film
was deposited on ITO electrode due to the electrochemical
crosslinking and solution was blue-greenish colored due to
soluble low crosslinked product. The film was electrochemi-
cally dedoped in a monomer free solution containing only
electrolyte and used for electrochemical and electrochromic
studies.

Instruments

Fourier Transform Infrared (FTIR) spectra were recorded
with a DIGILAB-FTS 2000 spectrometer. UV-visible and
fluorescence measurements were carried out in CHCl3
solution with a Specord 200 spectrophotometer and Perkin
Elmer LS 55 apparatus, respectively. 1H and 13C-NMR
spectra were recorded at room temperature with a
BrukerAvanceDRX-400 spectrometer (400 MHz) as solu-
tions in CDCl3. The differential scanning calorimetry
(DSC) measurements were performed with a Mettler
DSC-12E apparatus, in nitrogen and a heating and cooling
rate of 10 °C per minute. The glass transition temperatures
(Tg) were determined from the second heating run. The
relative molecular weights were determined by gel perme-
ation chromatography (GPC) using a PL-EMD 950 Evap-
orative Mass Detector instrument and polystyrene stan-
dards for the calibration plot and chloroform (1 mL/min)
as solvent. Electrochemical studies were carried out with a
Bioanalytical System, Potentiostat–Galvanostat (BAS
100B/W). The all experiments were performed in a one-
compartment cell using a standard three-electrode cell ar-
rangement with a working electrode, an auxiliary electrode
(platinum wire), and a reference electrode (consisted of a
silver wire coated with AgCl). The working electrode

potential was always measured against an Ag/AgCl refer-
ence electrode. Before each experiment the electrolyte
solutions were degassed by bubbling argon for 5 min. All
electrochemical experiments were carried out in stationary
solutions and at room temperature (25 °C). Cyclic voltam-
mograms of the investigated compounds were recorded in
CH2Cl2, and tetrabutylammonium perchlorate (Bu4NClO4)
as electrolyte. For spectroelectrochemical studies, a film of
the cross-linked polymer was deposited upon ITO coated
glass electrode by electrochemical polymerization using a
solution of polymer in CH2Cl2 and Bu4NClO4 as electro-
lyte. The film is prepared by sweeping the potential be-
tween 0 and +1.8 V for 15 scan cycles and after deposition,
the ITO/polymer film was dedoped and rinsed with dis-
tilled water and used as working electrode in a standard
spectroelectrochemical cell (a quartz cuvette of 1cmx1cm
dimensions) filled with supporting electrolyte (Bu4NClO4,
solution 0.1 M in toluene/CH2Cl2, 1:1) and having a Pt
wire as counter electrode. The electrodes were connected to a
BAS Potentiostat–Galvanostat and spectroelectrochemical
spectra were registered using an SEC-2000-UV/VIS-type spec-
trometer. The background correction was obtained by taking a
UV–vis spectrum of a blank cell (an electrochemical cell with
an ITO working electrode without the polymer film) with
conditions and parameters identical to those of the polymer
experiment.

Results and discussion

Synthesis and characterization

From the different synthetic methods, “grafting through”
was followed to reach the graft copolymer structure,
where the main backbone is a polyconjugated chain while
the grafts are saturated short chains of oligo[N-(2-
hydroxyethyl)carbazolyl methacrylate]. The “grafting
through” approach has involved two steps: (a) dibromo
triphenylamine-based initiator was used to obtain
macromonomers with well-defined molecular weight,
polydispersity and chain-end functionality by atom trans-
f e r r a d i c a l po l yme r i z a t i o n (ATRP ) o f N - ( 2 -
hydroxyethyl)carbazolyl methacrylate. (b) Through a fur-
ther step, macromonomer with dibromo-triphenylamine
end is coupled with fluorene diboronic derivatives by
Suzuki reactions to obtain graft copolymer (Scheme 1).
This route has an important disadvantage, the
equimolarity between coupling partners is very hard to
be attained because the molecular weight of the
macromonomer is not very precise known and this could
explain the low molecular weight of the copolymer. To
overpass this disadvantage, we have also tried the
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alternative route, the “grafting from” method, that sup-
pose the obtaining of functional copolymer poly(4,4′-
triphenylamine-co-9,9-dioctyl-2,7-fluorene) firstly, by
Suzuki polycondensation of ATRP initiator with 9,9-
dioctylfluorene-2,7-diboronic acid, followed by building
o f g r a f t s by ATRP po l yme r i z a t i o n o f N - ( 2 -
hydroxyethyl)carbazolyl methacrylate (Scheme 1). Thus,
for synthesis of poly(triphenylamine-co-9,9-dioctyl-2,7-
fluorene) chain the Suzuki polymerization reaction
starting from the initiator 4-[bis(4-bromophenyl)amino]
benzyl 2-bromo-2-methyl propanoate with 9,9-
dioctylfluorene-2,7-diboronic acid using Pd(PPh3)4 as cat-
alyst was carried out. The polyconjugated chain viewed as
an ATRP polyinitiator, should contain the initiator group
in every structural unit. Unfortunately, the expected struc-
ture was not obtained from the polycondensation, the
product was obtained mostly as an insoluble material.
The insolubility of the polymer could be assigned to the
side reactions leading to crosslinking and damage of
functional ATRP sites, because the side substituent (2-
bromo 2-methyl propanoate group) contains reactive bro-
mine atoms able to participate in side reactions.

Synthesis and characterization of macromonomer and graft
copolymer

The triphenylamine-based initiator was used in ATRP poly-
merization of HEKM using the feed molar ratio between

components: [HEKM]0: [initiator]0: [CuBr]0: [bipyridine]0=
75:1:1:2 to obtain an oligo-HEKM with a well-defined mo-
lecular weight, narrow polydipersity and precise chain-end
functionality (i.e., 4,4′-dibromo-triphenylamine end)
(Scheme 1). This macromonomer, having a dibromo
triphenylamine group at one end was used in Suzuki
copolycondensation with 9,9-dioctylfluorene-2,7-diboronic
acid to obtain graft copolymer. This step has a disadvantage,
the equimolarity between coupling partners is very hard to be
attained because the molecular weight of macromonomer is
not very precise known so the synthesized graft copolymer
has a short main conjugated chain. GPC traces of
macromonomer is unimodal and symmetrical with average
molecular weight, Mn~12,460 and low polydispersity degree
(1.13), a value of n=42 was found for the polymerization
degree of HEKM, but graft copolymer has a broad and bi-
modal GPC curve and shifted to higher molecular weights
(Mn~24,440 and polydispersity degree =2.23).

For confirmation of the macromonomer and copolymer
structures, FTIR, 1H- and 13C-NMR spectra were registered.
In Fig. 1 is shown the FT-IR spectrum of the macromonomer,
characteristic bands are 3049 cm−1, 3020 cm−1 (aromatic CH
stretching), 2961 cm−1 (aliphatic CH stretching), 1730 cm−1

(is attributed to the group C = O), 1627, 1597, 1485,
1460 cm−1 (in-plane stretching vibrations of aromatic rings),
1325–1261 cm−1 (corresponding to the vibration of the C-N
bond from the carbazole group). The peaks at 802, 748 and
722 cm−1 are from CH deformation of trisubstituent benzene

Scheme 1 General procedure for synthes0069s of poly(4,4′-triphenylamine-co-9,9-dioctyl-2,7-fluorene)-g-oligo [N-(2-hydroxyethyl)] carbazolyl
methacrylate: 1) “grafting through” route, and 2) “grafting from” route
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ring. Moreover, the characteristic band of the ester group
(1730 cm−1) was clearly observed for macromonomer and

graft copolymer. There are no obvious differences observed
in the spectra because the chemical linkages and functional
groups are quite similar. However, in the spectrum of copol-
ymer, the broad bands between 2800 and 3000 cm−1 that
derive from alkyl C-H stretching vibration have been strength-
ened prominently due to the increased content of alkyl C-H
bonds from fluorene group.

Figures 2 and 3 show the representative 1H-NMR and 13C-
NMR spectra of the macromonomer and graft copolymer. The
results strongly suggest the formation of relative well-defined
graft copolymer through Suzuki coupling reaction of dibromine
triphenylamine end macromonomer with diboronic derivatives.

The 1H-NMR spec t rum (CDCl3 , δ , ppm) of
macromonomer shows methyl and methylene protons from
main chain at 0.18–0.5 ppm (Hh) and 1–1.5 ppm (Hg), re-
spectively, between 3.97 and 4.11 ppm are protons assigned to
the two methylene group (−CH2-CH2-, Hi and Hj), while in
the region 6.8 and 8.1 ppm appear aromatic protons of the
carbazolyl group (Hk, Hm and Hm). The signals attributed to
the initiator are 7.52 ppm (Ha) and 6.79 ppm (for the protons
Hb and Hc), whereas the signal in the region of 4.7 to 5.0 ppm
correspond methylene protons He. The copolymer shows
peaks in the same region as macromonomer but shows two
signals in the region 7.51 and 7.65 ppm assigned to the

Fig. 2 1H-NMR spectra (CDCl3)
of macromonomer and graft
copolymer

Fig. 1 FT-IR spectra (KBr pellet) of macromonomer and graft
copolymer

J Polym Res (2015) 22:637 Page 5 of 11, 637



aromatic proton of the fluorene ring. In addition, it is observed
in the aliphatic region changes that are assigned to the alkyl
substituents of fluorene.

The 13C-NMR spectral analysis of macromonomer
(Fig. 3), recorded in CDCl3 shows the following signals:

Fig. 3 13C- NMR spectra of
macromonomer and graft
copolymer

Fig. 4 UV–vis spectra of macromonomer and graft copolymer
Fig. 5 Fluorescence spectra of macromonomer and graft copolymer in
THF (λexc=328 nm)
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17.18 to 18.29 ppm (Ch), 40.83 (Cg), 44.31 (Cj), 53.22
(Ct), 62.38 (Ci) ppm characteristic peaks of methyl car-
bons, methylene carbon and quaternary carbons respec-
tively. Aromatic carbon signals are assigned as follows:
108.68 (Ck), 119.28 (Cm), 120.48 (Cw), 122.96 (Cl),
125.75 (Cy), 140.20 (Cv) [39, 40], but the initiator is
assigned to a single signal at 132.24 ppm (Ca) other
signals overlap with the signals of the monomeric unit.

Carbonyl carbons belonging monomeric unit can be ob-
served in the region 175–179 ppm [39, 40]. Moreover,
13C-NMR spectrum of copolymer G1 shows not only
peaks of the main polymer chain from macromonomer,
but also due to the newly introduced moiety. The peaks
are as follows: 14.41, 24.21, 28.12, 29.56, 29.90, 30.40,
and 44.73 ppm (for aliphatic carbon) and small peak at
152 ppm corresponding unit the fluorene.

Fig. 6 Multiple cyclic voltamograms (5 cycles) recorded for graft
copolymer in CH2Cl2 solution (3.5×10−3 M copolymer concentration)
containing Bu4NClO4 (0.1 M) as supporting electrolyte; ITO electrode,
scan rate was 20 mV s−1

Scheme 2 The proposed
mechanism for the crosslinking
process and change of color with
the applied potential

Fig. 7 Multiple cyclic voltamograms (10 cycles) recorded for HECM in
CH2Cl2 solution (3.5×10−3 M concentration) containing Bu4NClO4

(0.1 M) as supporting electrolyte; scan rate was 20 mV s−1
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The glass transition temperature measured by differential
scanning calorimetry (DSC) is 142.8 °C for the
macromonomer and 146.2 °C for graft copolymer. For the
graft copolymer only one Tg was observed assigned to the
methacrylate side chains. The increasing of Tg from

macromonomer to copolymer can be explained by increase
of molecular weight and the influence of the conjugated
sequence on the mobility of polymethacrylate chains.

Optical properties

The optical properties of macromonomer and copolymer were
investigated by UV–vis and fluorescence spectroscopy, in
diluted THF solution and in Fig. 4 are presented typical
absorption spectra.

ATRP initiator shows an UV–vis absorption spectrum with
a maximum at 310 nm while the fluorescence spectrum shows
two emissionmaxima at 388 nm and 477 nm, characteristic for
triphenylamine group. By ATPR polymerization of HEKM,
UV–vis spectrum of macromonomer shows absorption peaks
characteristic, at 262, 294, 328, and 342 nm, as is observed in
Fig. 4, assignable to the π-π* transition from carbazole rings.
The absorption and emission of triphenylamine end are very
low and covered by absorption and emission of carbazole
r ings. When compare the absorpt ion spectra of
macromonomer and graft copolymer, one can readily deduce

Fig. 8 Cyclic voltamograms (3 cycles) recorded for crosslinked graft
copolymer in CH2Cl2 as solvent, containing Bu4NClO4 (0.1 M) as
supporting electrolyte, using ITO as working electrode; scan rate was
20mV/s. Insert: evolution of the color of the polymer film from neutral to
oxidized states

Fig. 9 Absorption spectra of
crosslinked copolymer as film
deposited on ITO/glass electrode,
at different applied potentials: a
during the oxidation and b during
the reduction process
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that the broad absorption band at around 380 nm is originated
from main conjugated chain. Furthermore, the strong fluores-
cence in solution can be observed, for macromonomer (excited
with a wavelength of 328 nm) with maxima at 348, 363 and
400 nm. For graft copolymer (λexc=328 nm) the maxima are
situated at 349m, 364 and 426 nm (Fig. 5).

Electrochemical characterization

Electrochemical modification of the graft copolymer

The electrochemical properties of the graft copolymer were
investigated using cyclic voltammetry by recording the current
intensity - potential curves of the solution (~3.5×10−3 M co-
polymer unit concentration), in CH2Cl2 as solvent and contain-
ing 0.1 M tetrabutylammonium perchlorate as electrolyte. The
ITO working electrode potential was swept on the 0.0 to 1.8 V
windowwith a scan rate of 20 mVs−1 for 5 cycles. The multiple
cyclic voltammograms of polymer are showed in Fig. 6. As it
can be seen, in the first scan only an oxidation peak at 1.44 V
with the oxidation onset at 1.25 Vwas observed assigned to the
oxidation of the carbazole groups from grafts to cation-radicals,
followed by their rapid and irreversible coupling and forming
of 3,3′-dicarbazolyl dications [41–43] (Scheme 2).

The reverse scanning the voltammogram reveals two
cathodic peaks at 1.12 and 0.90 V, assigned to the reduc-
tion of the oxidized species (cation-radical monomer and
dimer species, respectively) that are formed at the
solution-electrode interface. As the CV scans continued,
the subsequent cycles showed two oxidation and two
reduction peaks, with the same oxidation onset at
0.85 V. The oxidation and reduction of the dimer units
occurs at lower potential then monomer units due to
extended conjugation path. In the same time, on the
working electrode a thin polymer film was deposited
and its thickness gradually increased upon CV scanning
and intensification of oxidation waves indicate the forma-
tion of polymer film. Therefore, the electrodimerization of
carbazole groups by 3 and 6-reactive positions convert the
soluble graft copolymer into a crosslinked and insoluble
network, deposited on the working electrode. The oxida-
tion peaks are shifted at higher potential, probably the
electrical resistance of the film increased and higher po-
tential was needed to overcome the higher resistance [44].
Starting with the fourth cycle the oxidation and reduction
peaks are hardly observed, because the bulky dopant ions
cannot easy free move in and out of the dense crosslinked
copolymer film. The insertion and expulsion of anions
that assure neutrality is hindered by the compactness of
film.

For comparison, carbazole monomer (HEKM), has pre-
sented a different electrochemical behavior (Fig. 7). In the
first oxidation scan, the oxidation of carbazole group to

cation-radicals was observed at 1.49 V while the reduc-
tion of monomer and dimer forms was observed at 1.19
and 0.93 V, respectively. The subsequent scans show two
oxidation and two reduction peaks and process has a
quasi-reversible response. Starting with the fourth cycle
the deposition of a thin film polymer on electrode surface
was observed and the oxidation and reduction peaks can
also be evidenced.

After coating of graft copolymer onto the electrode, the
ITO-glass surface was dedoped electrochemically in a mono-
mer free solution containing only electrolyte and used for
electrochemical and electrochromic studies. The cyclic
voltammetric response of this film, cycled in the copolymer-
free 0.1 M solution of Bu4NClO4, is shown in Fig. 8.

The crosslinked copolymer becomes less electroactive with
cycling that is probable linked to the bulkiness and mobility of
the dopant anions and the compactness of film. Diffusion of
anions between the film and the electrolyte during the oxida-
tion and reduction processes is hindered.

Fig. 10 Electrochromic switching, current and optical response to
potential step of a ITO/crosslinked copolymer film between 0 and 1.5 V
with a cycle time of 5 s. Absorption was recorded at 421 nm (black) and
697 nm (red)
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Electrochromic properties

It was observed that the film of crosslinked copolymer upon
transparent ITO electrode surface shows different colors de-
pending on the applied potential. For a more detailed study, in-
situ UV–vis spectroelectrochemistry was further employed,
using the crosslinked copolymer film deposited on a transpar-
ent ITO/glass working electrode and cyclic voltammetry tech-
nique coupled with UV–vis absorbance measurements. This
procedure allowed simultaneous recording of the electronic
absorption spectra in the range of 300 – 800 nm and the
current intensity versus applied potential. The changes in the
absorption spectra were recorded with a spectrophotometer
while the working electrode potential was swept from 0.0 to
1.8 V, with 50 mVs−1 scan rate. The typical absorption spectra
of the polymers films are presented in Fig. 9, as a series of
UV–vis absorbance curves correlated to electrode potentials
during the oxidation (up) and reduction (down) processes.

In the neutral state (at 0.0 V) the film is transparent in the
visible region and exhibits absorption spectrum with maxi-
mum at 336 nm assignable to the π-π* transition from carba-
zole rings and conjugated main chain. Upon oxidation by
increasing the applied potential, new absorption band at
421 nm is observed. As the applied potential reaches 1.25 V
a new absorption band arises at 697 nm and grows. Upon
oxidation by increasing the applied potential from 0.0 to 1.8 V,
the intensity of 336 nm absorption gradually decreases in
intensity, while the 421 and 697 nm new absorption bands
were formed. Absorption band located at 421 nm can be
associated with the formation of radical cation species (polar-
on state) while the band at 697 nm to dicationic species
(bipolaron state) formed by oxidation of 3,3′-dicarbazolyl
segments (Scheme 2). During the reduction process, the ab-
sorption bands decrease in intensity along with potential val-
ue. A more pronounced decrease in intensity has absorption
bands located at 421 and 697 nm, while the band at 336 nm
increases slightly in intensity to potential 0.5 V and later
decrease in intensity, as a consequence of the reduction
process.

Electrochromic switching studies were carried out to mon-
itor absorbance change with time during repeated potential
steps between reduced and oxidized states. The ITO/poly-G1
film oxidation state was switched by stepping the potential
between 0.0 and 1.5 V, with time intervals of 5 s, and the
current and absorbance at 421 and 697 nm were monitored as
a function of time. The switching time was defined as the time
required for 90 % of the full change in transmittance after the
switching of the potential. The percentage transmittance
change (ΔT %) of crosslinked copolymer between neutral
(0 V) and oxidized states (at 1.5 V) was found to be 16 %
for 421 nm and 21% for 697 nm.Moreover, the response time
of the polymer filmwas found to be 1.8 s from color switching
and 0.6 s for bleaching (Fig. 10). Coloration efficiency (η) of

the crosslinked copolymer at 697 nm was calculated to be
450 cm2/C, using the equation using the equation η=ΔOD/
Qd=log [Tneut/Toxi]/Qd (cm2/C), where Qd is the injected
charge per unit electrode area during a redox step, and Tneut

and Toxi are the bleached and colored transmittance values,
respectively [45]. The crosslinked copolymer loses 29% of its
original optical contrast after several runs.

Conclusions

A new graft copolymer having a conjugated main chain of
poly(4,4′-triphenylamine-co-9,9-dioctyl 2,7-fluorene) type
and grafts containing carbazole groups was synthesized by
two-step method combining controlled radical polymerization
method and Suzuki coupling. The copolymer structure was
proved by spectral methods (FTIR, 1H- and 13C-NMR). The
molecular weight and polydispersity was slightly higher than
the one corresponding to the macromonomer precursor. The
fluorescence spectrum of the graft copolymer shifted to higher
wavelength values as compared to the macromonomer. Cyclic
voltammetry measurements revealed the electrochemical di-
merization of carbazole pendant groups and formation of a
crosslinked structure. Furthermore, the deposition of a poly-
mer film onto the electrode surface was observed. Electro-
chemical and electrochromic properties were not reversible
due to the presence of a dense crosslinked network.
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