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Three novel donor-acceptor polymeric metal complexes based on polycarbazole containing complexes of
1,10-phenanthroline with Zn(II), Cd(II) and Ni(II) have been synthesized by the Ullmann reaction and
characterized by gel permeation chromatography, FT-IR, UVevisible absorption and photoluminescence
spectroscopy, cyclic voltammetry and elemental analysis. The application of these organometallic
polymers in fabricated dye-sensitized solar cells has been studied. The solar cells exhibited good device
performance with a power conversion efficiency of up to 0.44%, under simulated air mass 1.5 G solar
irradiation.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The generation of energy is one of the most important scientific
and technological challenges in the 21st century. Harvesting energy
directly from sunlight using photovoltaic cells is a very important
way to address growing global energy needs with a renewable
resource. Dye-sensitized solar cells (DSSCs) based on mesoporous
nanocrystalline TiO2 films have attracted significant attention due
to their relatively low cost and high sunlight-to-electric power
conversion efficiencies of 11e12.5% [1e5].

In recent years, many conjugated polymers have been devel-
oped and used as dye sensitizers for DSSCs [6e12]. Organic dyes as
an alternative to the Ru complex sensitizers exhibit many advan-
tages, such as diversity of molecular structures, high molar
extinction coefficient, simple synthesis as well as low cost and
relatively low environmental issues. Conjugated polymers having
DeA architectures have been extensively studied by using fused
heterocyclic electron rich segments, such as carbazole [13,14],
diketopyrrolopyrrole [15], indoline [16], dithienopyrrole [17],
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dithienosilole [18], fluorene [19,20], and phenothiazine [21,22] as
electron donating building blocks for DSSCs. Carbazole is a well-
known electroluminescent and hole-transporting unit [23] and
can be easily functionalized on the 3,6- [24], 2,7- [25], or N-posi-
tions [26]. Carbazole has emerged as a promising electron-donating
moiety for the construction of DeA polymers due to its excellent
thermal and photochemical stability, relatively high hole mobility
and good solubility in common organic solvents. For example, Ko
and co-workers developed some organic dyes containing an N-aryl
carbazole moiety for DSSCs, the JK-25 (Scheme 1) sensitized cell
gave an overall conversion efficiency of 5.15%, under AM 1.5 G.
Under the same test conditions, a DSSCs based on N719 (Scheme 1)
showed 7.8% efficiency [27].

As an important ligand,1,10-phenanthroline has been extensively
used in functional metal complexes. The unit is rigid, and provides
two aromatic nitrogens whose unshared electron pairs are beauti-
fully placed to act cooperatively in binding transition metal cations.
Considering the unique combination of morphology, chemical
stabilities, redox properties, photophysical properties and excited
state lifetime, some researchers have used metal-phenanthroline
complexes in DSSCs. It has been shown that Cu(I) complexes with
2,9-disubstituted 1,10-phenanthroline ligands possessed similar
photophysical properties to archetypal [Ru(bpy)3]2þ salts (bpy ¼
2,20-bipyridine) [28e31].
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Scheme 1. Structure of JK-25 and N719.
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In this paper a series of DeA complexes containing carbazole as
the electron donor and metal-phenanthroline as the electron
acceptor were synthesized. The p-conjugated copolymers
are tuned by metal complexes in the branched chain in order to
change the photophysical and electrochemical properties and thus
improve the photovoltaic performance. The optical, thermal
and photovoltaic properties of the resulting polymers were
investigated.
2. Experimental method

2.1. Materials

NiCl2(PPh3)2, Carbazole, 1,10-phenanthroline and NBS were
obtained from Aldrich Chemical Co. and used as received.
N,N-Dimethylformamide was dried by distillation over CaH2,
ethanol was dried over molecular sieves and freshly distilled prior
to use. All chemicals used were of an analytical grade. Solvents
were purified with conventional methods.
2.2. Instrument and measurements

All 1H NMR spectra were performed in CDCl3 and recorded on
a Bruker NMR 400 spectrometer, and using TMS (0.00 ppm) as the
internal reference. Infrared (FT-IR) spectra were recorded on KBr
pellets (250 mg of dried KBr and 2 mg of lyophilized samples) with
a PerkineElmer Spectrum One Fourier transform infrared spec-
trophotometer over the 4000e450 cm�1 range, at a rate of 16 nm/s.
Thermogravimetric analyses were run on a Shimadzu TGA-7
instrument under a nitrogen atmosphere at a heating rate of
20 K/min from 25 �C to 900 �C. Differential Scanning Calorimetry
was performed on materials using a PerkineElmer DSC-7 thermal
analyzer under a nitrogen atmosphere at a heating rate of
20 �C/min from 25 �C to 900 �C. UVeVis spectra were taken on
a Lambda 25 spectro- photometer. Samples were dissolved in DMF
and diluted to a concentration (10�4e10�5 M). Photoluminescent
spectra were taken on a PerkineElmer LS55 luminescence
spectrometer with a xenon lamp as the light source. Elemental
analysis for C, H and N was carried out using a PerkineElmer 2400
II instrument; metal ion and chlorine ion were measured by
chemical method. Gel permeation chromatography (GPC) analyses
were performed using a Water 2414 system equipped with a set of
HT3, HT4 and HT5, L-styrayel columns with DMF as an eluent
(1.0 ml/min) at 80 �C, calibrated with a polystyrene standard. Cyclic
voltammetry was conducted on a CH Instruments chi630c Elec-
trochemical Workstation, in a 0.1 mol/L[Bu4N]BF4 DMF solution at
a scan rate of 100 mV/s at room temperature. The working elec-
trodewas a glassy carbon electrode, the auxiliary electrodewas a Pt
wire electrode, and a saturated calomel electrode (SCE) was used as
reference electrode.
2.3. General procedures for fabrication of the DSSCs devices

Titania paste was prepared following a procedure: Fluorine-
doped SnO2 conducting glass (FTO) were cleaned and immersed
in aqueous 40 mM TiCl4 solution at 70 �C for 30 min, then washed
with water and ethanol, sintered at 450 �C for 30 min. The
20e30 nm particles sized TiO2 colloid was coated onto the above
FTO glass by the sliding glass rod method to obtain a TiO2 film of
10e15 mm thickness. After drying, the TiO2-coated FTO glass were
sintered at 450 �C for 30 min, then treated with TiCl4 solution and
calcined at 450 �C for 30min again. After cooling to 100 �C, the TiO2
electrodes were soaked in 0.5 mmol/L dye samples in dimethyl
sulfoxide (DMSO) solution, and then kept at room temperature in
the dark for 24 h. A 3-methoxypropionitrile solution containing
LiI (0.5 mol/L), I2 (0.05 mol/L), and 4-tert-butylpyridine (TBP)
(0.5 mol/L) was used as the electrolyte. Pt foil was used as the
counter electrode and was clipped onto the TiO2 used as the
working electrode. The photoelectrochemical performance of the
solar cell was measured using a Keithley 2602 Source meter
controlled by a computer. The cell parameters were obtained under
an incident light with intensity 100 mW/cm2, which was generated
by a 150 W Xe lamp passing through an AM 1.5 G filter.

2.4. Synthesis

2.4.1. Synthesis of NPC
Carbazole (1.67 g,10mmol), K2CO3 (1.50 g,10mmol), CuI (0.32 g,

2 mmol) and 3-bromo-1,10-phenanthroline (synthesized according
to the literature [32]) (2.77 g, 10 mmol) were dissolved in nitro-
benzene (20 mL) under nitrogen. Then the mixture was stirring at
200 �C for 24 h. The reaction system was then allowed to cool to
room temperature and the volume of solvent was reduced pressure
distillation to ca. 30% of its original size. The crude product was
purified by column chromatography on an aminopropylated silica
gel and recrystallization from chloroform/methanol to give 1.45 g
yellow solid (yield 40%). 1H NMR (CDCl3, d, ppm): 9.54 (s, 1H), 8.57
(s, 1H), 8.24 w 8.22 (d, 2H), 8.03 (s, 1H), 7.58 w 7.56 (d, 2H),
7.52 w 7.48 (t, 3H), 7.42 w 7. 38 (t, 3H), 7.27 (d, 2H). FT-IR (KBr,
cm�1): 1608 (C]N), 1494 (C]C), 1224, 1163 (CeN), 744, 720;
For [C24H15N3]: C, 83.46; H, 4.38; N, 12.16; Found: C, 83.54; H, 4.25;
N, 12.21%.

2.4.2. Synthesis of DBPC
A modified version of a previously reported method [33] was

used. NPC (0.36 g, 1 mmol) was dissolved in DMF (20 mL) at 0 �C
with stirring. To this was dropped a solution of NBS (0.36 g,
2 mmol) in DMF (10 mL). After being stirred at room temperature
for 2 h, the solution was poured into water (500 mL), filtered, and
washed with water (500 mL). The yellow residue was recrystallized
in ethanol and gave yellow solid (0.44 g, 85%). 1H NMR (CDCl3, d,
ppm): 9.50w 9.47 (d, 1H), 8.56 w 8.53 (d, 1H), 8.35 w 8.30 (d, 2H),
8.20 w 8.17 (d, 1H), 8.05 (s, 1H), 7.63 w 7.52 (dd, 4H), 7.44 w 7.40
(t, 3H). FT-IR (KBr, cm�1): 1607 (C]N), 1468 (C]C), 1224, 1162
(CeN), 801, 735 (1,10-phen or carbazole CeH), 577 (CeBr). Anal.
Calcd. For [C24H13N3Br2]: C, 57.29; H, 2.60; N, 8.35; Found: C, 57.11;
H, 2.52; N, 8.13%.

2.4.3. Synthesis of DBPC-Zn-p
An ethanol solution (10 mL) of Zn(CH3COO)2$2H2O (0.11 g,

0.5 mmol) was dropped to a mixed THF solution (20 mL) of DBPC
(0.252 g, 0.5 mmol) and 1,10-phenanthroline (0.099 g, 0.5 mmol).
The reaction mixture was neutralized carefully with 1 M aq sodium
hydroxide until neutral to slightly acidic pH and was heated under
reflux overnight. The collected product was recrystallized from
ethanol. Filtered, washed with ethanol and water repeatedly, the
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yellow precipitate was collected (0.36 g, yield 83%). FT-IR (KBr,
cm�1): 1606 (C]N), 1478 (C]C), 1107 (C]NeM). Anal. Calcd. For
[C40H27O4N5Br2Zn]: C, 55.42; H, 3.14; N, 8.07; Found: C, 55.53; H,
3.21; N, 8.02%.

2.4.4. Synthesis of DBPC-Cd-p
In the same manner as described for DBPC-Zn-p. Yield 86%,

a yellow solid. FT-IR (KBr, cm�1): 1592 (C]N), 1473 (C]C), 1106
(C]NeM). Anal. Calcd. For [C36H21N5Br2Cl2Cd]: C, 49.89; H, 2.44; N,
8.08; Found: C, 49.92; H, 2.51; N, 8.14%.

2.4.5. Synthesis of DBPC-Ni-p
In the same manner as described for DBPC-Zn-p. Yield 78%,

a yellow solid. FT-IR (KBr, cm�1): 1590 (C]N), 1475 (C]C), 1103
(C]NeM). Anal. Calcd. For [C36H21N7Br2O6Ni]: C, 49.92; H, 2.44; N,
11.32; Found: C, 50.12; H, 2.61; N, 11.14%.

2.4.6. Synthesis of copolymer P1
The copolymer was synthesized by the Yamamoto coupling

method according to the literature [34]. DBPC-Zn-p (0.347 g,
0.4 mmol), bis(triphenylphosphine) nickel(II) chloride (0.26 g,
0.4 mmol), 3,6-dibromo-9-N-octyl carbazole (synthesized accord-
ing to the literature [35]) (0.175 g, 0.4 mmol), zinc (0.13 g, 2 mmol),
triphenylphosphine (0.209 g, 0.8 mmol) and a little bipyridine
(0.006 g, 0.038 mmol) were dissolved in DMF (15 mL) under
nitrogen. Then the mixture was stirring at 90 �C for 36 h. A yellow
solid was precipitated into a large excess of methanol solution. The
Scheme 2. Synthesis of the comon
crude product was washed with methanol, distilled water and THF
sequentially, and then dried in vacuum at 60 �C for one day to afford
a pale yellow solid (0.25 g, 49%). FT-IR (KBr, cm�1): 1584 (C]N),
1508 (C]C), 1105 (C]NeM). Anal. Calcd. For [C60H56O4N6Zn]: C,
72.75; H, 5.70; N, 8.48; Found: C, 72.83; H, 5.72; N, 8.43%.
Mn ¼ 5.0 K, Mw/Mn ¼ 1.81.

2.4.7. Synthesis of copolymer P2
With the similar synthetic method as copolymer P1 afford

a yellow solid (0.27 g, 50%). FT-IR (KBr, cm�1): 1591 (C]N), 1504
(C]C), 1049 (C]NeM). Anal. Calcd. For [C56H44N6Cl2Cd]: C, 68.33;
H, 4.51; N, 8. 54; Found: C, 68.48; H, 4.59; N, 8.49%. Mn ¼ 4.6 K,
Mw/Mn ¼ 1.67.

2.4.8. Synthesis of copolymer P3
With the similar synthetic method as copolymer P1 afford

a yellow solid (0.27 g, 45%). FT-IR (KBr, cm�1): 1591 (C]N), 1504
(C]C), 1049 (C]NeM). Anal. Calcd. For [C56H44O6N8 Ni]: C, 68.37;
H, 4.51; N, 11.39; Found: C, 68.18; H, 4.58; N, 11.47%. Mn ¼ 5.4 K,
Mw/Mn ¼ 1.47.

3. Results and discussion

3.1. Synthesis and characterization

Scheme 2 outlines the synthetic routes to the ligand DBPC
which was synthesized by the Ullmann reaction [36] and three
omers and copolymers P1eP3.



Table 1
Molecular weights, thermal and optical properties of copolymers.

Polymer P1 P2 P3

Mna [�103] 5.0 4.6 5.4
Mw/Mn 1.81 1.67 1.47
Yield (%) 49 50 45
Tg

b [�C] 156 168 120
Td

c [�C] 454 489 310
la,max

d, la,onset 405 370,405 345,385
lp,max

e 535 500 500
HOMO (eV) �5.70 �5.77 �5.74
LUMO (eV) �3.52 �3.62 �3.49
EECg

f (eV) 2.18 2.15 2.24

a Determined by gel-permeation chromatography using polystyrene as standard.
b Determined by DSC with a heating rate of 20 �C/min under nitrogen.
c The temperature at 5% weight loss under nitrogen.
d la,max, la,onset: The maxima and onset absorption from the UVevis spectra in

DMF solution.
e lp,max: The PL maxima in DMF solution.
f EECg : Electrochemical band gap determined from cyclic voltammetry.
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polymers P1eP3 which were synthesized by a Yamamoto coupling
protocol [37].

Fig. 1 displays the 1H NMR spectrum of DBPC. The signals for the
protons ortho to the N atoms in 1,10-phenanthroline are observed
at 9.50 ppm and 8.56 ppm. Signals between 7.4 and 8.5 ppm are
attributed to the remaining protons of 1,10-phenanthroline and
carbazole moieties.

The IR spectra of the ligand DBPC and the copolymers P1eP3
showa sharp absorption peak at 1608 cm�1 which is ascribed to the
C]N stretching of 1,10-phenanthroline unit. Absorption peaks at
1494, 1380 and 1163 cm�1 are due to C]C, CeN stretching vibra-
tions respectively; and the peaks at 744, 720, 735 cm�1 are caused
by the CeH stretching vibration of either 1,10-phenanthroline or
carbazole. There are sharp absorption bands at 1107, 1103,
1105 cm�1 forP1eP3, respectively, which should be associatedwith
CeN vibrations at the CeNeM site [38]. With increasing the length
of the polymer chain the peaks of the corresponding polymeric
metal complexes show a red-shift compared with that of the free
ligand. Sharp bands at 2926 and 2854 cm�1 are associated with the
CH2 asymmetric and symmetric stretching vibration, respectively,
which illuminates that N-octylcarbazole has been successfully
embedded in the molecular chain. The number average molecular
weight of the coploymers (Table 1), which proved that the copoly-
merization has been taken place between the monomers, gives
evidence of the success of the polymerization when taken together
with the data of the elemental analysis of the copolymers.

Gel permeation chromatography (GPC) studies shows that
P1eP3 have number average molecular weight at 5.0, 4.6 and
5.4 kg/mol (4, 5 and 6 repeating units on average for P1eP3,
respectively) with a relatively broad polydispersity index (PDI)
between 1.81, 1.67 and 1.47 for P1eP3, respectively (shown in
Table 1). As expected, P1eP3 were soluble in common organic
solvents such as DMF, toluene and DMSO, but present poor solu-
bility in THF, DCM and MeOH.
Fig. 1. 1H NMR spectra of the
3.2. Optical and thermal properties of the polymers

Fig. 2 shows the absorption spectra of DBPC and P1eP3 in DMF
solution. All absorption peaks for the copolymers are shifted
toward the longer-wavelength region relative to themaxima for the
ligandDBPC. The corresponding optical data of the polymeric metal
complexes are summarized in Table 1. The DBPC gives two distinct
absorption bands, one strong absorption band in the near-UV
region (280e311 nm) corresponding to the pep* electron transi-
tions of the conjugated molecules, and the other one in the visible
region (320e402 nm) that can be attributed to an intramolecular
charge transfer (ICT) between the electron acceptor metal-
phenanthroline unit and the electron donating carbazole moiety
[39]. In comparisonwith DBPC, the maximum absorption of P1eP3
is obviously red-shifted due to the coordination of the ligand with
ligand (DBPC) in CDCl3.



Fig. 2. Normalized absorption spectra and PL spectra of the DBPC, P1eP3 in DMF
solution.

Fig. 4. CV curves of P1eP3 measured in DMF solution containing [Bu4N]BF6 as sup-
porting electrolyte at a scan rate of 100 mV/s.
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the metal ions Zn(II), Cd(II) and Ni(II). The other weak and broad
band is in the visible region (400e480 nm) that can be assigned to
MLCT or ded transition and the overlap of the pep* transitions of
the 3,6-dibromo-9-N-octyl carbazole.

Fig. 2 also shows the photoluminescence spectra of the three
polymeric complexes in DMF solution. The excitation wavelengths
were set to the absorption maxima from the UVevis absorption
spectra. It can be seen that the PL peak of P1eP3 are at 491, 485 and
470 nm, respectively; the corresponding optical data of the poly-
meric metal complexes and are also summarized in Table 1.

The thermal properties of the copolymers were investigated by
thermogravimetric (TGA) and differential scanning calorimetric
(DSC) analyses and are also reported in Table 1. The TGA (Fig. 3)
results reveal that P1eP3 were thermally stable with 5% weight
loss occurring at temperatures of 454 �C 489 �C and 310 �C under
nitrogen, respectively, which indicate that all the polymers have
excellent thermal stabilities [40]. The Tg data indicate that all the
complexes possess a very high glass transition temperature, which
may serve as an advantage for optoelectronic device fabrication,
because the use of the materials with high transition temperatures
as the dye may provide the device with greater longevity [41].
Fig. 3. TGA plots of P1eP3 with a heating rate of 20 �C/min under nitrogen
atmosphere.
3.3. Electrochemical properties

The electrochemical behavior of the obtained polymers was
investigated by cyclic voltammetry, which is an important property
for organic materials used in solar cells. Fig. 4 shows the cyclic
voltammetry curves (CV curves) of P1eP3. The cyclic voltammetry
of the complexes were measured in DMF solution containing
[Bu4N]BF6 as supporting electrolyte and Ag/AgCl was used as
reference electrode at a scan rate of 50 mV/s. The HOMO and LUMO
are measured by cyclic voltammetry (CV). When an Ag/AgCl
electrode is used as the reference electrode, the correlation can
be expressed as the equation: HOMO ¼ �e(Eox þ 4.40) (eV);
LUMO ¼ �e(Ered þ 4.40) (eV) [42]; The corresponding data are
obtained and tabulated (Table 1). The reduction and oxidation
potentials of P1 were measured to be Ered ¼ �0.88 eV and
Eox ¼ 1.3 eV, respectively. The energy band gap was 2.18 eV, the
energy value of the HOMO was calculated to be �5.70 eV and the
energy value of the LUMO was calculated to be �3.52 eV. Similarly
for P2 and P3, their Eg is 2.15 eV and 2.24 eV, respectively. On the
basis of the CV data, the LUMO of the complexes follows the order
of P2 < P1 < P3, which shows the electron accepting ability of the
Fig. 5. JeV curves of DSSCs based on P1eP3 in DMF solution.



Table 2
The data of photovoltaic performances of DSSCs.

Polymer Solvent Illumination
time (min)

Jsc (mA/cm2) Voc (V) ff (%) h (%)

P1 DMF 8 1.088 0.59 64.8 0.42
P2 DMF 8 1.45 0.55 55 0.44
P3 DMF 6 0.805 0.58 59.3 0.29
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complexes following the order of P2 > P1 > P3 [43]. Eg of the
complexes follows the order of P2< P1< P3, so P2 is more suitable
for the fabrication of optoelectronic devices than either P1 or P3,
because a relatively low Eg can absorb light efficiently which is very
important to improve power conversion efficiencies [44].
3.4. Photocurrent-voltage measurements

Fig. 5 shows the current densityevoltage (JeV) curves of DSSCs
devices based on the three polymeric metal complexes P1eP3. The
corresponding open-circuit voltage (Voc), short-circuit current
density (Jsc), fill factor (ff) and power conversion efficiency (h) are
listed in Table 2. It can be seen that the Voc values of P1eP3 dyes are
0.59 V, 0.55 V and 0.58 V, respectively and the corresponding ff
values are 0.648, 0.55 and 0.593. However, the Jsc values increased
from 0.805mA/cm2 for P3 to 1.088mA/cm2 for P1 and 1.45mA/cm2

for P2. The power conversion efficiency based on P3 reached 0.29%,
which is lower than that of the device based on P1 (0.42%) and P2
(0.44%). The result could be due to the significant difference
between d10 Zn(II), Cd(II) complexes and low spin d8 Ni(II)
complexes. The d10 metal complexes possessed higher kinetic
stability to d8 metal complexes. The low Jsc is ascribed to the weak
adsorption onto the surface of TiO2, low charge separation and low
transportation efficiency. However, these initial results are not
comparable with state of the art ruthenium dyes such as N719, and
further work on optimizing the device performance is under
investigation.
4. Conclusions

In summary, we report the synthesis and characterization of
three novel copolymers containing 1,10-phenanthroline Zn(II),
Cd(II) and Ni(II) complexes with carbazole units. The three mate-
rials have good stability and they also exhibit good open-circuit
voltages, fill factors but moderate power conversion. The power
conversion efficiencies of P1eP3 fill 0.42%, 0.44% and 0.29%,
respectively, suggesting further optimization is essential before
application in DSSCs.

However, in order to obtain outstanding h, there are still many
challenges to surmount. First of all, Jsc based on all the materials is
very low, due to the low adsorption affinities on the TiO2. So, one or
two anchoring groups such as eCOOH or eSO3H groups should be
introduced in the structure [45]. Further structural optimization
with broad spectral coverage and excellent charge separation and
transportation are expected to produce more efficient photosensi-
tizers. Our works toward these directions are underway.
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