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Abstract
Four novel polymeric metal complexes with a D-A-π-A motif, BDTT-PY-Cd, BDTT-PY-Zn, BDTT-PY-Cu and
BDTT-PY-Ni, were designed, synthesized and characterized. These polymeric metal complexes were made
up with Cd( ), Zn( ), Cu( ), Ni( ) complexes, thienylbenzo-[1,2-b:4,5-b'] dithiophene (BDTT) and the 8-
quinolinol derivative, which were used severally as dye sensitzers’ auxiliary electron acceptors (A),
electron donor (D) and π bridges as well as the acceptors (A). Under AM 1.5 irradiation (100 mW cm-2),
the devices of dye sensitized solar cells (DSSC) based on four polymer complexes exhibited short-circuit
photocurrent densities (Jsc) of 17.45 mA cm-2, 14.75 mA cm-2, 13.94 mA cm-2, and 12.00 mA cm-2, as well
as attractive power conversion e�ciencies (PCE) of were 9.73 %, 8.02 %, 6.82 % and 6.12 %, respectively.
The photovoltaic conversion e�ciency (PCE) and short-circuit photocurrent density (Jsc) of BDTT-PY-Cd,
BDTT-PY-Zn, BDTT-PY-Cu and BDTT-PY-Ni decrease in order because the radius and charge number of
the metal ion affect the strength of the coordination bond between the metal ion and the ligand. These
results provides a new way of development for e�cient and stable dye sensitizers in the future.

1. Introduction
Dye-sensitised solar cells (DSSCs) are a kind of organic solar cell proposed by Gratzel and O'regan in
1991 [1], have received continuous attention from a large number of researchers in recent years due to
their simple and inexpensive manufacturing process, light weight and continuous breakthroughs in
photoelectric conversion e�ciency [2-3]. The photovoltaic performance of DSSCs is basically controlled
by multi-channel charge transfer kinetics, charge regeneration and light absorption, which mainly
depends on the dye sensitizer [4].

To date, dye sensitizers have mainly been divided into the following two categories: 1) Metal organic
dyes: Ruthenium (Ru(II)) complexes are considered to be the most successful and representative dye
sensitizers for DSSCs due to its wide-range solar absorption spectra and good photovoltaic performance
[5-7]. However, it has the following disadvantages: i) limited absorption in the NIR region of the spectrum;
ii) complexed puri�cation steps; iii) limited resources of precious metals [8-9]. 2) Metal-free organic dyes:
donor-π-bridge-acceptor (D-π-A) structures are common for organic dyes and show higher e�ciency,
better push-pull balance and enhanced light absorption in p-type DSSCs compared to Ru(II) complexes
[9,10-11]. However, this structure also has its own drawbacks, such as low thermal stability, narrow
absorption range, and charge recombination [12,13]. Because of these shortcomings, the advent of the D-
A-π-A motif of dye sensitizers has led to a new generation of better performing metal-free organic dyes
[14].

In the D-A-π-A motif of dye sensitizers, an organic electron-withdrawing conjugated group such as
benzothiadiazole (BTD) [15], benzotriazole (BTZ) [16], quinoxaline (Qu) [17], phthalimide [18] and diketo-
pyrrolopyrrole (DPP) [19] has been introduced into the π-bridge on the basis of D-π-A framework to act as
auxiliary electron acceptor (A), which can reduce effectively electron recombination and promote the
transfer of electrons in molecule. In addition, auxiliary electron acceptor not only can the push-pull
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electron balance and open-circuit voltage inside the molecule be improved, but also the photovoltaic
performance can be greatly improved [20,21]. Many researchers studied systematically the auxiliary
electron acceptor which can increased the e�ciency of D-A-π-A motif sensitizers from about 5% to more
than 10% and improved greatly the thermal stability of the devices [22-25]. In contrast to organic auxiliary
electron acceptor, the electron-withdrawing ability of the auxiliary electron acceptor employing metal
complexes as electron-withdrawing group can be enhanced by modulating the orbital energy level,
strengthening charge separation, and increasing the open circuit voltage, which can achieve signi�cant
improvement in stability and photoelectric conversion e�ciency. [26-28].

To study how the auxiliary electron acceptor (A) of metal complexes effect the photovoltaic performance
of the dye sensitizers, a series of polymeric metal complexes dye sensitizers with metal complexes of
pyrrole derivatives as auxiliary electron acceptors were designed and synthesized. What’s more,
systematical study of the in�uence about metal complexes’ coordination bonds in different strength on
the photovoltaic performance was investigated.

2. Experimental Section

2.1 Materials.
All chemical reagents were obtained from Shanghai Macklin Biochemical Technology Co. Ltd (Shanghai,
China) and were used without further puri�cation, except that BDTT was procured from Shanghai aladdin
Biochemical Technology Co. Ltd (Shanghai, China). Other reagents and solvents were purchased
commercially as analytical-grade quality and used without further puri�cation.

2.2 Instruments and Measurements.
1H NMR and 13C NMR spectra were recorded on an ARX400 NMR spectrometer from Bruker using CDCl3
or DMSO-d6 as solvent and tetramethylsilane (TMS, δ = 0.00 ppm) as internal standard. Fourier transform
infrared spectroscopy testing (FT-IR) was performed using a Nicolet Model 6700 infrared spectrometer
from Nicholl, U.S.A. Sample preparation was performed using the KBr press method. The samples were
mixed with dry KBr in the ratio of 1:100 and then pressed, and the wave number scanning range was
4000~400 cm-1. Elemental analysis were performed using a Vario El III elemental analyzer from
Elemental Analysis Systems, Germany, which was burned in an oxygen-�lled environment for measuring
the C, H, and N content of the samples. Thermogravimetric analysis (TGA) was performed using SDT Q50
thermal weight loss analyzer produced by TA, USA, to test the thermal decomposition temperature (Td) of
the samples under Nitrogen atmosphere, with a temperature range of 25~800 ℃ and a ramping rate of
20 ℃/min. The cyclic voltammetry (CV) test was performed in a three-electrode system using a CHI650D
electrochemical workstation, with the working electrode, the comparison electrode and the reference
electrode using a glassy carbon electrode, a platinum electrode and a saturated mercury electrode (SCE),
respectively, with a scanning speed of 100 mV/s. The electrolyte was a ferrocene internal standard
containing a concentration of 3×10-5 mol/L and a concentration of 0.1 mol/L of tetrabutylammonium
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tetra�uoroborate (SCE). Butylammonium tetra�uoroborate ((n-C4H9)4N+BF4
-) in acetonitrile solution, and

the sample was prepared as a solution and then added dropwise to the working electrode to make a
membrane. The gel permeation chromatography (GPC) test was performed using a Waters-1515 medium
temperature gel permeation chromatograph with THF as the mobile phase at a �ow rate of 1.0 mL/min, a
column temperature of 80°C and polystyrene solution as the reference. The ultraviolet-visible absorption
spectroscopy test (UV-Vis) was performed using a Cary 100 UV-Vis spectrometer from Agilent, USA, and
the sample was prepared as a DMF solution with a concentration of 1×10-5 mol/L and tested at room
temperature.Differential scanning calorimetric analysis (DSC) was performed using a Q10 thermal
analysis tester from PA, USA, with a heating rate of 20 ℃/min and a temperature range of 25-250 ℃
under nitrogen atmosphere.

2.3 Fabrication of DSSCs [29-30].
TiO2 slurry with particle size of 20 nm and aperture of 24 nm was poured into the wire mesh plate by
screen printing method, and printed on the conductive substrate to form a �lm with thickness of 9~10
µm, and dried at 125 ℃ for 6 minutes. After deposition, the conductive substrate should be dried at 125
℃ for about 5 minutes. Then, the prepared TiO2 �lms were placed in a capillary furnace and calcined by
programmed heating, baking at 325°C for 5 min, 375°C for 5 min, 450°C for 15 min, and 500°C for 15 min,
respectively. After calcining, TiCl4 (0.04 mol/L) solution was further treated at 70 ℃ for 0.5 h, then
washed with water and anhydrous ethanol, then put into mu�e furnace again, and calcined at 500 ℃ for
30 min to prepare the titanium dioxide photoanode. The TiO2 �lm was soaked in 2×10−4 mol/L dyes (for
BDTT-PY-Cd, BDTT-PY-Zn, BDTT-PY-Cu, and BDTT-PY-Ni) in DMF solution and stirred for 24 hours at room
temperature. After calcining the photoanode, the temperature drops to 40 ℃, the dye was immersed in
the above solution and treated in the dark for 36 hours, then washed with DMF and ethanol successively,
and �nally vacuum dried. The solution of H2PtCl6 (0.02mol /L, isopropanol as solvent) was coated on the
conductive substrate (FTO) with holes, and calcined at 400 ℃ for 15 min to prepare the electrodes.
Acetonitrile was used as the solvent to prepare an electrolyte, in which the iodine (0.05 mol/L), lithium
iodide (0.1 mol/L), 4-tert-butyl pyridine (0.5 mol/L), and 1, 2-dimethyl-3-propyl imidazolidine (0.6 mol/L).

2.4 Synthesis.
The routes of four polymeric metal complexes BDTT-PY-Cd, BDTT-PY-Zn, BDTT-PY-Cu and BDTT-PY-Ni
are shown in Scheme 1, and the detailed synthesis steps of the four polymeric metal complexes can be
queried in the supporting information.

3. Result And Discussion

3.1 Synthesis and Characterization of Polymeric Metal
Complexes.
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It can be seen from Scheme 1, -Pyridin-3-yl-1H-pyrrole-2-carbaldehyde (1) was attained by Ma Dawei
carbon nitrogen coupling reaction of 3-Bromo-pyridine and pyrrole-3-carboxaldehyde, 3-(2-Vinyl-pyrrol-1-
yl)-pyridine (2) was prepared from 1-Pyridin-3-yl-1H-pyrrole-2-carbaldehyde by addition reaction of
aldehyde group, 5-Vinyl-quinolin-8-ol (3) was synthesized by Reimer-Tiemann reaction of 8-
hydroxyqzlinoline. The synthesis of 2-cyano-3-(8-hydroxy-quinolin-5-yl)acrylic acid (4) was gained by 8-
hydroxyqzlinoline and cyanoacetic acid. The NMR spectra of compound 1, 2, 3 and 4, are shown in Fig.
S1, Fig. S2, Fig. S3 and Fig. S4, respectively. The four target polymeric metal complexes were obtained by
Yamamoto coupling reaction of metal complexes PY-Cd, PY-Zn, PY-Cu and PY-Ni with BDTT.

Table 1 summarizes the results of elemental analysis, FT-IR spectroscopy and gel permeation
chromatography (GPC) for the four polymer metal complexes.The data of GPC show that the number
average molecular weights (Mn) of BDTT-PY-Cd, BDTT-PY-Zn, BDTT-PY-Cu and BDTT-PY-Ni are 11.79,
10.11, 12.62 and 10.05 kg mol−1, with PDI values ranging from 1.84 to 2.11 and N values of 8, 9, 10 and 8
for the four dyes, respectively.These results, together with the elemental analysis, re�ect that the four
target polymers have been successfully synthesized.

The FT-IR spectra of metal complexes (PY-Cd, PY-Zn, PY-Cu and PY-Ni) and the four polymeric metal
complexes (BDTT-PY-Cd, BDTT-PY-Zn, BDTT-PY-Cu and BDTT-PY-Ni) are shown in Fig. S5 and Fig. S6.

According to Fig. S5, the peak around 3420 cm−1 is the hydroxyl peak, which is the stretching vibration
peak of the hydroxyl group; The absorption peak around 2210 cm−1 is the C≡N absorption peak on the
auxiliary ligand. The absorption peak for C=C is around 1610 cm−1 and the absorption peak for C=N is
around 1565 cm−1. The absorption peaks for the four metal complexes C-O-M occur at around 1110 cm−1

and N-M at around 505 cm−1. Notably, the absorption peak of PY-Cu at 1686 cm−1 is generated by the
stretching vibration of C=O. However, the other complexes do not have signi�cant absorption peaks in the
vicinity, which is due to the strong absorption peaks in the vicinity covering the stretching vibration peaks
of C=O.

As seen in Fig. S6, the C-O-M absorption peaks of BDTT-PY-M appear at 1103 cm−1-1112 cm−1 and N-M
absorption peaks appear at 493 cm−1-515 cm−1. Compared with the corresponding complexes, the
absorption peaks of the above functional groups are having a certain redshifted, which attributed to
expanding the conjugate system by introducing the BDTT. At about 2920 cm−1 and 2850 cm−1, the C-H
stretching vibration peak of the alkyl chain appeared, which further indicated that the donor BDTT had
been successfully introduced into the polymer. Combined with the results of gel permeation
chromatography and elemental analysis, the four polymeric metal complexes have been synthesized
successfully.

3.2 Photophysical Properties of Polymeric Metal
Complexes.
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According to the UV-Vis spectrum of PY-M and BDTT-PY-M (Fig. 1), the maximum absorption
wavelengths of PY-Cd, PY-Zn, PY-Cu and PY-Ni occur at 373 nm, 362 nm, 348 nm and 342 nm
respectively, this may be due to the stronger electronic interactions between the larger radius coordination
metals and the same

ligands. The corresponding polymeric metal complexes (BDTT-PY-Cd, BDTT-PY-Zn, BDTT-PY-Cu and
BDTT-PY-Ni) have two absorption peaks. The polymer metal complexes have a certain red shift in the
350-400 nm range compared to the corresponding complexes. This is may be due to BDTT of strong
electronic capability and good planarity was introduced. Notably, the polymeric metal complexes have an
extra absorption peak with a maximum absorption wavelength of 506 nm, 488 nm, 478 nm and 464 nm
respectively, which is due to the charge transfer between the

Table 1
Molecular weights and thermal properties of four polymeric metal complexes BDTT-PY-Cd,

BDTT-PY-Zn, BDTT-PY-Cu and BDTT-PY-Ni
polymer Mn

a[×103g mol−1] Mw
a[×103g mol−1] PDI N Tg

b[℃] Td
c[℃]

BDTT-PY-Cd 11.79 22.75 1.93 8 163 314

BDTT-PY-Zn 10.11 20.62 2.04 9 154 296

BDTT-PY-Cu 12.62 26.62 2.11 10 149 287

BDTT-PY-Ni 10.05 18.49 1.84 8 142 268

a Determined by gel permeation chromatography with polystyrene as standard.

b Determined by DSC with a heating rate of 20 ℃/min under nitrogen.

c The temperature at 5% weight loss under nitrogen.

donor BDTT and the complex in the molecule. By comparing the absorption spectra between different
polymeric metal complexes, it was found that the maximum absorption wavelength of the polymeric with
large coordination metal radius has a certain degree of red shift relative to the polymeric with small
coordination metal radius. This may be due to the stronger the feedback π bond formed by the
coordination metal with a large radius and the better plane con�guration.

According to Table 1, the absorption coe�cients of the four polymeric metal complexes were all above
18000 L·mol−1cm−1 for the maximum absorption wavelength. Among them, BDTT-PY-Cd has the largest
absorption of 23,357 L-mol-1cm-1, which re�ects the high absorption coe�cient of the polymeric metal
complexes. In summary, the molecular design of polymeric metal complexes can broaden the spectral
absorption range of this class of dyes by introducing ligand metals with strong coordination ability.

3.3 Electrochemical Properties of Polymeric Metal
Complexes.
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The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy
levels of the dye sensitiser can estimate the cyclic voltammogram (CV) for the onset of oxidation (Eox)
and reduction potential (Ered). A suitable energy level can be effective in improving the e�ciency of the
dye. The HOMO and LUMO energy levels and the electrochemical band gap (Eg) of the polymeric metal
complexes can be calculated according to reference [37].

The cyclic voltammetry curves of the four polymers and ferrocene, Fig. 2 shows the HOMO and LUMO
energy levels of BDTT-PY-Cd, BDTT-PY-Zn, BDTT-PY-Cu and BDTT-PY-Ni and the data is collected in Table
2. The Eox of four polymers are 0.996, 1.011, 1.034 and 1.135 V, respectively; and their HOMO are
respectively -5.336, -5.351, -5.374 and -5.475 eV, which was signi�cantly lower than the redox potential
(-4.83 eV) [38] of I−/I3−, indicating that the polymeric metal complexes could be effectively regenerated.
The Ered of four polymers are -1.049, -1.055, -1.071 and -1.026 V respectively; and their LUMO energy
levels are -3.291, -3.285, -3.269 and -3.314 eV respectively, which are higher than the titanium dioxide
conduction band energy levels (-4.26 eV) by about 0.97eV, indicating that there is su�cient driving force
to make electron injection into the semiconductor. The electrochemical band gaps (Eg) of BDTT-PY-Cd,
BDTT-PY-Zn, BDTT-PY-Cu and BDTT-PY-Ni were 2.045, 2.066, 2.105 and 2.161 eV respectively, have
smaller energy level gaps and can achieve light absorption in a longer wavelength range. The energy level
gap of BDTT-PY-Cd is the smallest, which can explain why the absorption range of UV-Vis absorption
spectrum is the largest.

Table 2
Optical and electrochemical property of four polymeric metal complexes BDTT-PY-Cd, BDTT-PY-Zn, BDTT-

PY-Cu and BDTT-PY-Ni.
Polymer λa,max

(nm)
εmax

(L
mol−1cm−1)

Ered
(V)

Eox

(V)

HOMO
(eV)

LUMO
(eV)

Eg
(eV)

BDTT-PY-
Cd

506 23357 -1.049 0.996 -5.336 -3.291 2.045

BDTT-PY-
Zn

488 22072 -1.055 1.011 -5.351 -3.285 2.066

BDTT-PY-
Cu

478 20069 -1.071 1.034 -5.374 -3.269 2.105

BDTT-PY-Ni 464 18541 -1.026 1.135 -5.475 -3.314 2.161

3.4 Thermal Propertiesof Polymeric Metal Complexes.
The actual working conditions of dye sensitisers are generally at high temperatures, so good thermal
stability of the sensitiser is required for practical use. The thermal properties of the four polymeric metal
complexes were measured using thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) at a
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heating rate of 20°C/min under a nitrogen atmosphere. The four polymeric metal complexes (BDTT-PY-
Cd, BDTT-PY-Zn, BDTT-PY -Cu and BDTT-PY-Ni) show outstanding thermal stability, as shown in Fig. 3,
with data collected in Table 1, and their onset decomposition temperatures (Td) of 314, 296, 287 and
268°C, respectively. In contrast, their glass transition temperatures (Tg) were 163, 154, 149 and 142°C,
respectively. In addition, since no �xed melting point was detected, it was speculated that the four
polymers were amorphous structures. These data show that these four polymers are good enough for
DSSC applications and that they have excellent thermal stability.

3.5 Photovoltaic Properties of Polymeric Metal Complexes.
The photovoltaic performance tests in DSSCs are mainly used to evaluate the potential of dye sensitisers
for application into DSSCs. Photovoltaic devices in DSSCs consisting of polymers were fabricated
according to standard procedures and their performance parameters were obtained by testing at standard
light intensities (AM 1.5G, 100 mW/cm2). Fig. 4 shows the photocurrent-photovoltage (J-V) curves for the
polymeric metal complexes (BDTT-PY-Cd, BDTT-PY-Zn, BDTT-PY-Cu and BDTT-PY-Ni). The test data
related to open circuit voltage (Voc), short circuit current density (Jsc), �ll factor (ff) and incident photon-
to-current conversion e�ciency (IPCE) are shown in Table 3 and Fig. 5.

According to Fig. 4, the short-circuit current densities (Jsc) of the four polymeric metal complexes were

BDTT-PY-Cd (17.45 mA/cm2), BDTT-PY-Zn (14.75 mA/cm2), BDTT-PY-Cu (13.94 mA/cm2) and BDTT-PY-
Ni (12.00 mA/cm2), respectively. This is consistent with the UV-vis absorption test results, indicating that
the better the

absorption spectrum, the higher the photocurrent generated. The open-circuit voltage (Voc) of the four
polymeric metal complexes were 0.78, 0.76, 0.74 and 0.75 V, respectively, with corresponding �ll factors
(ff) of 70.38, 70.43, 71.70, and 66.91%, respectively. The above experimental data indicated that Jsc is the
most important factor affecting the e�ciency of the polymeric. The BDTT-PY-Cd has the highest

PCE with 9.73 %, which is to be attribute to a larger radius, better planarity, and stronger intramolecular
electron transfer ability of the polymeric. As shown in Fig. 5, the IPCE curve of the four polymeric metal
complexes is over 65 %, among which BDTT-PY-Zn and BDTT-PY-Cd exceed 70 %. The IPCE curve is
basically consistent with the UV-visible absorption curve, which further re�ects the photoelectric
performance of the polymeric metal complex.
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Table 3
Photovoltaic parameters of devices based on four polymeric metal

complexes BDTT-PY-Cd, BDTT-PY-Zn, BDTT-PY-Cu and BDTT-PY-Ni in
DSSCs at full sunlight (AM 1.5 G, 100 mW cm−2)

Polymer Solvent Jsc(mA cm−2) Voc(V) ff(%) η (%)

BDTT-PY-Cd DMF 17.45 0.78 70.38 9.73

BDTT-PY-Zn DMF 14.75 0.76 70.43 8.02

BDTT-PY-Cu DMF 13.94 0.74 71.70 6.82

BDTT-PY-Ni DMF 12.00 0.75 66.91 6.12

4. Conclusion
In conclusion, four novel polymeric metal complexes (BDTT-PY-Cd, BDTT-PY-Zn, BDTT-PY-Cu and BDTT-
PY-Ni) were successfully synthesized and characterized using metal complexes of pyrrole derivatives
with Cd(II), Zn(II), Cu(II) and Ni(II) as auxiliary electron acceptors (A), which can be used as dye
sensitizers. According to the photovoltaic test results of the four polymeric metal complexes, the power
conversion e�ciency (PCE) of BDTT-PY-Cd (9.73%) was higher than that of BDTT-PY-Zn (8.02%), BDTT-
PY-Cu (6.82%) and BDTT-PY-Ni (6.12%), and the short-circuit current density (Jsc) showed that, in order,

BDTT-PY-Cd (17.45 mA cm−2) > BDTT-PY-Zn (14.75 mA cm−2) > BDTT-PY-Cu (13.94 mA cm−2) > BDTT-PY-
Ni (12.00 mA cm−2), which is mainly in�uenced by the metal ions, since the radius and charge number
affect the ligand bond strength of the metal ions to the ligand. At the same charge number, larger radius
of the metal ion led to stronger coordination bond. In another word, auxiliary acceptor of metal
complexes’ electron-withdrawing ability and electron-transfer ability between donor (BDTT) and the
electron acceptor were enhanced, which can decrease the Eg of polymeric metal complexes and cause
red-shift of absorption spectrum λmax of polymeric metal complexes, and increase the short-circuit
current densities (Jsc) and power conversion e�ciency (PCE). This research work provides a new idea for
the development of the dye sensitizer with high photovoltaic properties.
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Figure 1

UV–Vis absorption spectra of four metal complexes PY-Cd, PY-Zn, PY-Cu, PY-Ni and four polymeric metal
complexes BDTT-PY-Cd, BDTT-PY-Zn, BDTT-PY-Cu, BDTT-PY-Ni.
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Figure 2

Cyclic voltammetry curves of four polymeric metal complexes BDTT-PY-Cd, BDTT-PY-Zn, BDTT-PY-Cu and
BDTT-PY-Ni on glassy carbon electrode in a 0.1 mol L-1 Bu4NBF4 acetonitrile solution at a scan rate of
100 mV s-1 (a) and HOMO and LUMO energy levels of four polymeric metal complexes (b).

Figure 3

TGA curves of the four polymeric metal complexes with a heating rate of 20℃/min under nitrogen
atmosphere.
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Figure 4

J-V curves and spectra of DSSCs based on four polymeric metal complexes BDTT-PY-Cd, BDTT-PY-Zn,
BDTT-PY-Cu and BDTT-PY-Ni under the illumination of AM 1.5, 100 mW cm-2.
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Figure 5

Incident photon-to-current conversion e�ciency (IPCE) based on four polymeric metal complexes BDTT-
PY-Cd, BDTT-PY-Zn, BDTT-PY-Cu and BDTT-PY-Ni under the illumination of AM 1.5, 100 mW cm-2.
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