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Synthesis and characterization of stable main-chain
polymeric metal complex dyes based on phenothiazine
or carbazole units for dye-sensitized solar cells

Xu Chen, Ye Liu, Qiufang Xie, Jun Zhou, Yanlong Liao, Chunxiao Zhu, Tianqi Chen and Chaofan Zhong

Four novel polymeric metal complex dyes (P1-P4) based on phenothiazine or carbazole derivatives, containing complexes of
diaminomaleonitrile with Zn(ll) or Co(ll) were synthesized and characterized by gel permeation chromatography, Fourier
transform infrared spectroscopy, UV-visible absorption, cyclic voltammetry and elemental analysis. The dyes based on carbazole
derivatives (P3, P4) exhibited wider absorption spectra, and after replacement of the Co(ll) coordinated ion with Zn(ll), a
bathochromic shift in the absorption spectrum was observed. When used in dye-sensitized solar cells (DSSCs), the device
sensitized by P3 exhibited the best photocurrent conversion efficiency (2.06%) under standard illumination with a short-circuit
photocurrent density (J.) of 4.54 mA cm~2, an open-circuit photovoltage (V) of 0.67 V and a fill factor (ff) of 67.8%.
Moreover, these dyes all exhibited excellent chemical and thermal stability. These results reveal a new path for the design of

novel conjugated organic polymer dyes for highly efficient DSSCs.
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INTRODUCTION
Dye-sensitized solar cells (DSSCs) have been considered to be feasible
alternatives to silicon-based photovoltaic cells because of their ease of
fabrication, low cost, and high power conversion efficiency (PCE)."?
Typical DSSCs consist of a nanocrystalline titanium oxide (TiO,)
mesoporous film,>* a sensitizing dye,>® an electrolyte containing a
redox couple’ and a platinum-coated counter electrode.!®!! One of
the most important components in DSSCs is the sensitizer, which can
absorb sunlight and inject excited electrons into the conduction band
of TiO,. The power conversion efficiencies of DSSC devices made of
ruthenium(II)-based dyes in conjunction with iodide-based electrolytes
have achieved a certified solar-to-electric PCE of 11.9 + 0.4% under full
sun illumination (AM 1.5G, 1000 W m~2) after fine structural
tuning.!>'* These levels have been achieved despite the tricky
purification process, toxicity and high cost of ruthenium, which have
hampered their wider practical adoption, whereas the PCE of DSSCs
based on environmentally friendly porphyrin sensitizers exceeded 13%
in 2014,'> even though their synthesis remains complicated. Moreover,
metal-free organic compounds have also demonstrated significant
PCEs when applied in DSSCs, but preserving the stability of devices
made from these complexes remains a notable challenge. Therefore, a
clear need in the further advancement of DSSCs is the development of
alternative sensitizers based on stable and inexpensive materials.
Polymers containing transition metal complexes are an exciting and
promising class of modern materials. These macromolecules are
hybrids of m-conjugated organics and transition metal-containing

polymers. Conjugated organic polymers, such as polyacetylene,
polyphenylene, polythiophene, polypyrrole and derivatives of these
materials, have been extensively explored.'®!” Introducing transition
metal ions into w-conjugated polymers has provided enormous
opportunities to tune the physical properties of the resulting materials.
Unique photophysical, photochemical and electrochemical properties
are expected to improve because the interaction between transition
metal complexes and conducting polymer backbones is strong, which
may lead to a wide range of intriguing physical properties, such as
photorefractive effects, photoconductivity and novel redox properties.

Polymeric metal complexes have been investigated for decades'® but
have rarely been applied in light harvesting. The use of these hybrid
materials as dye sensitizers in DSSCs is of increasing interest, partly
due to their good solubility and strong absorption onto the surface of
TiO,. We sought to exploit the rich photochemical and photophysical
phenomena of these metal-containing conjugated polymers to harvest
light and expand the applications of DSSCs. In hybrid polymer dyes,
the D-m-A structure is a common motif because of its intramolecular
charge-transfer characteristics.'>?% Taking into account these features
of an ideal system, we designed monomers in which the metal was
pre-complexed and then conjugated with the reactive core, such that
they still were able to undergo polymerization. Many of these systems
have been derived from electron-rich thiophene-based monomers,
which, when polymerized, afford electroactive materials with novel
electronic properties.”! In this paper, four novel polymeric metal
complex dyes with a carbazole or phenothiazine derivative as an
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electron donor, a 2-amino-3-((E)-(5-bromo-3-methylthiophen-2-yl)
methyleneamino) maleonitrile (2) metal complex as an electron
acceptor and an anchoring group connected with a C=C bond as a
n-conjugated system were synthesized through simple, low-cost
synthetic procedures. The photophysical and thermal properties of
the four polymeric metal complexes were studied, and the perfor-
mance of DSSCs using these four dyes as photosensitizers was
investigated in detail.

EXPERIMENTAL PROCEDURE
Materials
All starting materials were obtained from Shanghai Chemical Reagent Co. Ltd
(Shanghai, China) and used without further purification. All solvents
used in this work were analytical grade. N,N-dimethylformamide (DMF) and
tetrahydrofuran were dried by distillation over CaH,.
5-Bromo-3-methylthiophene-2-carbaldehyde (1), 10-octyl-3,7-divinyl-10H-
phenothiazine (Arl) and 9-octyl-3,6-divinyl-9H-carbazole (Ar2) were synthe-
sized according to previously published methodologies.?>">> The other materials
were common commercial grade and used as received. Solvents were purified
with conventional methods.

Instruments and measurements

(1) 'H-NMR spectra were recorded with a Bruker ARX400 (400 MHz)
Germany instrument, using tetramethylsilane as an internal standard (0.00
p.p.m.) and DMSO-d® or CDCl; as the solvent. (2) Fourier transform infrared
(FT-IR) spectra were obtained by using KBr pellets. The FT-IR spectrometer
range was 4504000 cm~!. (3) Fluorescence emission spectra (PL) were
recorded with a Perkin-Elmer LS-50 model at room temperature with samples
prepared in a DMF solution (107°>mol1~!). (4) UV-visible spectra were
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obtained with a PE-Lambda 25 spectrophotometer. Samples were dissolved
in DMF and then diluted to a concentration of 107°-10"*mol1~L (5)
Thermogravimetric analysis was tested with a Q50 thermal gravimetric analysis
instrument manufactured by America in a nitrogen atmosphere at a heating rate
of 25°Cmin~! from 25 to 600 °C. (6) Differential scanning calorimetry was
tested with a Q10 thermal analyzer at a heating rate of 20 °C min~! from 25 to
250 °C. (7) Elemental analysis to measure C, H and N of the molecules was
performed with an Elementar Vario EL V5 elemental analyzer instrument made
by Elementar Analysensysteme (Hanau, Germany). (8) Gel permeation chro-
matography analyses were performed with Waters Styragel separation columns
(10%,10%, 10° &) and a Waters-1515 model at room temperature, using DMF as
the mobile phase and polystyrene as the calibrant. (9) Cyclic voltammetry was
performed with a CHI 630C Electrochemical Workstation in a 0.1 mol 1!
[BuyN]BF, in DMF solution at a scan rate of 100 mV s~ !, using a glassy carbon
electrode as the working electrode, a platinum wire electrode as the auxiliary
electrode and a saturated calomel electrode as the reference electrode.

Fabrication of DSSCs

Titania paste was prepared as follows: cleaned fluorine-doped SnO, conducting
glass (FTO) was immersed in a 40 mm TiCl4 solution at 70 °C for 30 min, then
washed with water and ethanol. The 20-30 nm TiO, colloidal particles were
coated onto the prepared FTO glass with the sliding glass rod method and were
then sintered at 450 °C for 30 min. This process was repeated two more times to
obtain a 15-pm thick TiO, film. After cooling to 100 °C, the TiO, film was
soaked in a 0.5mM dye-sensitized sample dye in DMF and kept in the
dark for 24 h. Then, the films were cleaned by anhydrous ethanol. After
drying, electrolyte containing 0.5 mol 1=! Lil, 0.05 mol 17! I, and 0.5 mol 1! 4-
tert-butylpyridine was dripped on the surface of the TiO, electrodes. A Pt foil
used as a counter electrode was clipped onto the top of the TiO, as the working
electrode. The dye-coated semiconductor film was illuminated through the
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Scheme 1 Synthesis of the ligands C1 and C2 and the polymeric metal complexes P1-P4.
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conducting glass supported without a mask. The photoelectrochemical perfor-
mance of the solar cell was measured using a Keithley 2602 SourceMeter
(Keithley, Cleveland, OH, USA) controlled by a computer. The cell parameters
were obtained under an incident light with intensity of 100 mW cm ~2, which
was generated by a 500 W Xe lamp passing through an AM 1.5 G filter with an
effective area of 0.2 cm?.

Synthesis
The synthetic route of all ligands, metal complexes and polymeric metal
complexes is shown in Scheme 1.

Synthesis of 2-amino-3-((E)-(5-bromo-3-methylthiophen-2-yl)
methyleneamino)maleonitrile (2)

An ethanol solution (100 ml) containing 5-bromo-3-methyl-2-thiophenecar-
boxaldehyde (1) (2.0326 g, 0.01 mol) was dropped into an ethanol solution
(20 ml) containing 2,3-diaminomaleonitrile (1.0810 g, 0.01 mol), and the
mixture was refluxed for 16 h. The yellow solution was cooled on ice to yield
fine yellow needles, which were filtered off, washed with cooled ethanol, and
dried under vacuum (2.2137 g, yield 75%). 'H-NMR (400 MHz, CDCl3): 7.62
(s, 1H), 6.74 (s, 1H), 2.35 (s, 1H), 2.21 (s, 1H). Anal. Calcd for [C;oH;BrN,S
(2)]: C, 40.69; H, 2.39; N, 18.98; S, 10.86. Found: C, 41.35; H, 2.24; N, 19.47, S,
11.42. MS: Calcd for C,oH;BrN,S [M]* 293.96; found, 294.95.

Synthesis of C1

26Zn(0Ac),.2H,0 (0.0549 g, 0.25 mmol) was dissolved in methanol (50 ml)
with stirring and refluxing and then added into a methanol (75 ml) solution
containing  dissolved  2-amino-3-((E)-(5-bromo-3-methylthiophen-2-yl)-
methyleneamino)maleonitrile (2) (0.1476 g, 0.5 mmol). The mixture was
refluxed for 11 h to yield a dark brown precipitate, filtered off, washed with
methanol, and dried under vacuum (0.1779 g, yield 92%). Anal. Calcd for
[Cy4HBr,NgO,S,Zn]: C, 37.25; H, 2.61; N, 14.48; S, 8.29. Found: C, 36.54; H,
2.42; N, 14.68; S, 8.21. FT-IR (KBr, cm™'): 3457 (-N,H), 2237 (-C=N), 1653
(C=Q), 1582 (C=N), 1139 (C=N-M), 945 (Ar-H), 541 (N-M).

Synthesis of C2
CoCl,.6H,O (0.0594 g, 0.25 mmol) was dissolved in methanol (50 ml)
with stirring and refluxing and then added into a methanol (75 ml)

solution containing 2-amino-3-((E)-(5-bromo-3-methylthiophen-2-yl)
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-methyleneamino)maleonitrile (2) (0.1476 g, 0.5 mmol). The mixture was
refluxed for 11 h to yield a dark gray solid, filtered off, washed with methanol,
and dried under vacuum (0.1620g, yield 90%). Anal. Caled for
[Cy0H14Br,CIhNgS,Col: C, 33.36; H, 1.96; N, 15.56; S, 8.91. Found: C, 33.24;
H, 1.85 N, 15.47; $ 9.02. FT-IR (KBr, cm~!): 3443 (-N,H), 2276 (-C=N),
1658 (C=C), 1576 (C=N), 1127 (C=N-M), 967 (Ar-H), 550 (N-M).

Synthesis of polymeric metal complex P1

The polymeric metal complex P1 was synthesized by using the Heck coupling
method, according to previously described methodology.?” A flask was
charged with a mixture of metal complex C1 (0.1145g, 0.315 mmol),
10-octyl-3,7-divinyl-10H-phenothiazine  (0.116 g, 0.315 mmol), Pd(OAc),
(0.0024 g, 0.012 mmol), triethylamine (3 ml), tri(o-tolyl)phosphine (0.0220 g,
0.072 mmol) and DMF (8 ml). Then, the flask was vacuum evacuated and
purged with N,. The mixture was heated at 90 °C for 18 h in N,. After that, it
was filtered after cooling to room temperature, and the filtrate was poured into
ethanol. The brown precipitate was filtered and washed with cold ethanol. The
crude product was purified by dissolving in DMF and precipitating into ethanol
to afford a light brown solid (0.1782 g, yield 58%). FT-IR (KBr, cm~1): 3080
(C=C-H), 2926, 2854 (-CH,), 2225(-C=N), 1648 (C=C), 1577 (C=N),
1124 (C=N-M), 531 (N-M). Anal. Calcd for [C4sH,7N9O4S;Zn]: C, 59.10; H,
486N, 12.92; §9.86. Found: C, 58.89; H, 4.73; N, 12.87; S, 10.02.
M, =9.73 kg mol ~ !, PDI = 1.42.

Synthesis of polymeric metal complex P2

A similar synthetic method as for P1 was used. A flask was charged with a
mixture of metal complex C2 (0.2268 g, 0.315 mmol), 10-octyl-3,7-divinyl-
10H-phenothiazine (0.1145 g, 0.315 mmol), Pd(OAc), (0.0024 g, 0.012 mmol),
triethylamine (3 ml), tri(o-tolyl)phosphine (0.0220 g, 0.072 mmol) and DMF
(8 ml), and yielded a gray precipitate (0.1538 g, yield 53%). FT-IR (KBr,
cm~1): 3062 (C=C-H), 2937, 2841 (-CH,), 2216 (-C=N), 1644 (C=C), 1562
(C=N), 1109 (C=N-M), 537 (N-M). Anal. Caled for [CyyH,,CLNeS;Col: C,
57.34; H, 4.48; N, 13.68; S, 10.44. Found: C, 57.21; H, 4.37; N, 13.82; S, 10.36.
M, =7.35kgmol "1, PDI=1.38.

Synthesis of polymeric metal complex P3
A similar synthetic method as for P1 was used. A flask was charged with a
mixture of metal complex C1 (0.2437 g, 0.315 mmol), 9-octyl-3,6-divinyl-9H

NC

CN

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -10 -15

ppm.

Figure 1 1H-NMR spectra of 5-bromo-3-methylthiophene-2-carbaldehyde (1) in CDCl3 solution.
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-carbazole (0.1044 g, 0.315 mmol), Pd(OAc), (0.0024 g, 0.012 mmol), triethy-
lamine (3 ml), tri(o-tolyl)phosphine (0.0220 g, 0.072 mmol) and DMF (8 ml),
and yielded a yellow solid (0.1485 g, yield 50%). FT-IR (KBr, cm~!): 3029
(C=C-H), 2912, 2845 (-CH,), 2221(-C=N), 1643 (C=C), 1572 (C=N),
1119 (C=N-M), 530 (N-M). Anal. Caled for [CugH;NgO,S,Zn]: C, 61.11;
H, 5.02; N, 13.36; S, 6.80. Found: C, 61.04; H, 4.88; N, 13.44; S, 6.71.
M, =11.47 kgmol ™}, PDI = 1.47.

Synthesis of polymeric metal complex P4

A similar synthetic method as for P1 was used. A flask was charged with a
mixture of metal complex C2 (0.2268 g, 0.315 mmol), 9-octyl-3,6-divinyl-9H-
carbazole (0.1044 g, 0.315 mmol), Pd(OAc), (0.0024 g, 0.012 mmol), triethy-
lamine (3 ml), tri(o-tolyl)phosphine (0.0220 g, 0.072 mmol) and DMF (8 ml)
and yielded a pale yellow solid (0.1317 g, yield 47%). FT-IR (KBr, cm~1!): 3020
(C=C-H), 2932, 2849 (-CH,), 2197 (-C=N), 1625 (C=C), 1557 (C=N),
1101 (C=N-M), 543 (N-M). Anal. Calcd for [Cy4H,;CLNgS,Col: C, 59.41;
H, 4.65; N, 14.17; S, 7.21. Found: C, 59.54; H, 4.71; N, 14.28; S, 7.30.
M,=8.11 kg mol 1, PDI=1.37.

RESULTS AND DISCUSSION

Synthesis and characterization

The detailed synthetic routes of the four main-chain polymeric metal
complexes (P1-P4) are shown in Scheme 1, and the four polymers
(P1-P4) were synthesized via the Heck coupling reaction.”8

Figure 1 shows the 'H-NMR spectrum of the ligand 2-amino-3-
((E)-(5-bromo-3-methylthiophen-2-yl)methyleneamino)maleonitrile
(2) in which all of its H signals appeared. The IR spectra of the metal
complexes C1 and C2 and the polymeric metal complexes P1, P2, P3
and P4 are shown in Figure 2. The broad absorption band appearing
at 35003280 cm ™! was attributed to the amino group stretching
vibration. The peaks of P1, P2, P3 and P4 at 3020-3080 cm ™!
corresponded to the stretching vibration of C-H bonds that are
adjacent to unsaturated groups. A signal peak appearing at about
2220 cm ™! represented the stretching vibration of the C=N bond,
which became weaker after polymerization. For complexes coordi-
nated with Zn(II), the feature peaks of the C=C bond of P1 and P3
red-shifted to 1648 and 1643 cm ™1, respectively, from 1653 cm ! of
C1, and the C=C peaks of Co(II) polymers P2 and P3 also red-shifted
to 1644 and 1625cm™! relative to C2 at 1658 cm~! upon the
introduction of phenothiazine or carbazole. Analogously, the stretch-
ing vibrations of the C=N bond at 1582 and 1576 cm ™! for Cl and
C2 red-shifted to 1577, 1562, 1572 and 1557 cm~! when target
polymers (P1-P4), respectively, were formed. The C-N-M stretching
vibrations?? of C1 and C2 were at 1139 and 1127 cm ~ !, and the same
peaks of their corresponding target polymers (P1-P4) were red-shifted
to 1124, 1119, 1109 and 1101 cm ~ L. The red-shifts of the unsaturated
double bonds above were largely due to the expansion of w-conjugated
systems when polymerized. Meanwhile, the N-M stretching vibration
peaks of the four polymers were red-shifted to 531, 537, 530 and
543 cm~! compared with the similar peaks of C1 and C2 that
appeared at 541 and 550 cm~ .

The gel permeation chromatography studies showed that the four
dyes (P1-P4) had number average molecular weights (M,,) of 9.73,
7.35, 11.47, and 8.11 kg mol ~! with polydispersity index (PDI) values
of 1.37-1.47 (Table 1), and the repeating units on average of P1-P4
were 10, 8, 12 and 9, respectively. These results, combined with
elemental analysis, indicated that polymerization had taken place
between monomers and the target polymeric dyes had been obtained.

Optical properties
The UV-vis absorption of metal complexes C1 and C2 and the
polymeric metal complexes (P1-P4) (10> M in DMF solution) are
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Figure 2 IR spectra of C1, C2, P1, P2, P3 and P4.

shown in Figure 3, and the corresponding data are summarized in
Table 2, together with the normalized emission spectral data
of the polymeric metal complexes (P1-P4). The light absorption
of metal complexes Cl and C2 was primarily attributed to
metal-to-ligand charge transfer (MLCT). Compared with the
metal complexes C1 and C2, all of the target polymers (P1-P4)
had a certain degree of red-shift due to the introduction of
the donor units and the increase of m-conjugation in the system
after polymerization. The absorption maxima (4,,¢x) of the poly-
meric metal complexes were in the following order: P3 (438 nm)
>P4 (426 nm)>PI1 (416 nm)>P2 (405 nm), thus clearly demon-
strating that the maximum absorption spectra of the phenothiazine
derivative dyes were shorter than those of the carbazole derivative
dyes. This phenomenon was probably due to the stronger electron-
donating ability of the 9-octyl-3,6-divinyl-9H-carbazole group
than that of the 10-octyl-3,7-divinyl-10H-phenothiazine donor.
Moreover, we can also observed that zinc(II) metal complexes
exhibited longer absorption bands than cobalt(II) metal complexes
when polymerized with the same donor, which resulted in
increased light harvesting efficiency and higher photogenerated
current.



Table 1 Molecular weights and thermal stable properties of the
polymeric metal complexes

MrP Mw? T¢ TS

(x109) (x109 X PDI C) C)

Pl 9.73 138 10 142 162 327
P2 7.35 10.14 8 138 147 298
P3 11.47 16.86 12 147 155 345
P4 8.11 1112 9 137 130 312

2Determined by gel permeation chromatography using polystyrene as standard.

bThe average number of repeating units.

Determined by differential scanning calorimetry with a heating rate of 20 °C min~1 under nitrogen.
9The temperature at 5% weight loss under nitrogen.

Absorbance(Norm)

T T T T T
300 400 500 600

Absorbance(Norm)

300 400 500 600

Wavelength(nm)

Figure 3 UV-visible absorption spectra of Cl, C2 and polymeric metal
complexes (P1, P2, P3, P4) in N,N-dimethylformamide (DMF) solution.

Thermal stability

Stability is an important consideration in the design of DSSCs.
The thermal properties of the polymeric metal complexes were
investigated by differential scanning calorimetry and thermogravi-
metric analysis, and the corresponding data are shown in Table 1. The
thermogravimetric analysis results (Figure 4) showed that the decom-
position temperatures (Ty, the temperature at which 5% weight
loss under nitrogen occurs) of the four polymeric metal complexes
(P1-P4) were at 327, 298, 345 and 312 °C in nitrogen, respectively,
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indicating that all of them are stable. The differential scanning
calorimetry analysis showed that the four polymers exhibited high
glass-transition temperatures (Tg; P1: 162 °C, P2: 147 °C, P3: 155 °C,
P4: 130 °C), which means that solar cells based on these dyes may have
longer lifetimes.® Their high glass-transition temperatures indicate
that these materials may have favorable application prospects in
improving the stability of DSSCs. The target products did not have
fixed melting points, which means that all of them possessed an
amorphous structure. It might not be conducive to use this type of
structure in organic solar cells.’!

Electrochemical properties
Electrochemical properties are crucial for materials intended for use in
solar cells. The electrochemical behaviors of the polymers were
investigated by cyclic voltammetry. Figure 5 shows the cyclic
voltammetry curves of P1-P4, which were measured in DMF solution,
containing [BuyN|BF, as the supporting electrolyte and using a
saturated calomel electrode as the reference electrode at a scan rate
of 100mV s~ 1. The highest occupied molecular orbital and lowest
unoccupied molecular orbital energy levels of these polymers are
associated with its E,, and E.q. When a saturated calomel electrode
electrode is used as the reference electrode, the correlation can be
expressed by equations described in the literatures.>>33

The corresponding CV data are summarized in Table 2. The lowest
unoccupied molecular orbital energy levels (P1: —3.18¢eV; P2:
—3.13eV; P3: —3.38¢eV; P4: —3.28 eV) were sufficiently above the
conduction band edge of TiO,,>* so we deduced that electrons can be
transferred effectively from the excited dye to the TiO,. The highest
occupied molecular orbital energy values of P1-P4 were estimated to
be —5.55, —5.52, —5.61, and 5.57 eV vs saturated calomel electrode,
which are lower than the standard potential of the I; 7/I" redox couple
(4.83 eV vs vacuum), indicating that sufficient driving forces for the
regeneration of the oxidized dyes are available. The E, values of P1-P4
occurred in the following order: P2 (2.39¢V)>P1 (2.37¢V)>P4
(2.29eV)>P3 (2.23eV). The phenothiazine (Arl) electron donor
caused a broader lowest unoccupied molecular orbital/highest
occupied molecular orbital energy gap than carbazole (Ar2), which
indicates that the stronger electron-donating ability of 9-octyl-3,6-
divinyl-9H-carbazole units decreased the energy gap.

Photovoltaic properties

The current density—voltage (J-V) curves of the DSSCs based on the
four polymer dyes under simulated one-sun illumination (AM 1.5 G,
100 mW cm~2) are shown in Figure 6, and the corresponding
parameters of the devices and other relevant data are summarized in
Table 3.

The Vo values of the P1-P4 dyes followed the order:
P3>P4>P1>P2, which is related to their highest occupied
molecular orbital levels. The Ji. values of these polymers were
very low (P1, J=430mAcm~% P2, J.=421mAcm~% P3,
Joe=4.54 mA cm~ % P4, J,.=4.31 mA cm~2). Clearly, the J;. of these
dyes did not exceed 5 mA cm ~2, probably because of their narrow and
short absorption ranges that limited the use of long wavelength energy.
The dyes containing Zn(II) had larger J. values than those containing
Co(II), which matched with the absorption A, of the four polymers.
The device sensitized by dye P3 exhibited the best efficiency of 2.06%
with a short-current density (J) of 4.54 mA cm ™2, an open-circuit
voltage (Vo) of 670 mV and a fill factor (ff) of 67.8%. The other solar
cells sensitized by dyes P1, P2 and P3 had efficiencies from 1.70 to
1.88% and displayed an inverse trend relative to the energy gap (Eg) of
these dyes, indicating that the reduction of Eg correspondingly
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Table 2 Optical and electrochemical properties of the polymeric metal complexes

UV-visible absorbent PL

Metal complex/Polymer Aabs,max (NM)° Aabs,onset (MM Aem,max (NMF Ereq (VP Eox (VP HOMO (eV) LUMO (eV) Eg (eV)P
Cl 382 451 — — — — — —
c2 377 460 — — — — — —
P1 416 522 484 -1.22 1.15 -5.55 -3.18 2.37
P2 405 507 495 -1.27 1.12 -5.52 -3.13 2.39
P3 438 565 465 -1.02 1.21 -5.61 -3.38 2.23
P4 426 540 472 -1.12 1.17 -5.57 -3.28 2.29

Abbreviation: PL, photoluminescence excitation.
2Values determined by cyclic voltammetry.

bElectrochemical band gap estimated from highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO).
€labs,max, the maximum absorption wavelength in N,N-dimethylformamide (DMF) solution; Aaps onset, the onset absorption wavelength in DMF solution; Aem,max, the maximum emission wavelength in

DMF solution.
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Figure 4 Thermogravimetric analysis curves of P1-P4 with a heating rate of
20 °C min~! under nitrogen atmosphere.
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Figure 5 Cyclic voltammograms of P1-P4 in N,N-dimethylformamide (DMF)/
0.1 m [BugNIBF4 at 100 mV s~1.

increases PCEs to some extent. Figure 7 shows the incident photon-to-
electron conversion efficiency curves of these four polymeric metal
complexes. The maximum external quantum efficiencies (EQE) of
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Figure 6 J-V curves of dye-sensitized solar cells based on dyes (P1-P4)
under the illumination of AM 1.5, 100 mW cm~2.

these dyes were very low and no more than 40%, corresponding to the
low Ji values.

CONCLUSIONS

Four novel dyes (P1-P4) of polymeric metal complexes based on
carbazole or phenothiazine derivatives containing complexes of
diaminomaleonitrile with Zn(IT) and Co(II) were designed, synthe-
sized and applied in DSSCs as sensitizers. These materials exhibited
good stability because the metal complex was introduced into the
molecular chain. The results showed that different electron-
donating groups of the dyes exhibited different
photophysical, photovoltaic and electrochemical properties. Incor-
poration of the 9-octyl-3,6-divinyl-9H-carbazole group into the
polymer backbone resulted in more extended electronic delocaliza-
tion than when the 10-octyl-3,7-divinyl-10H-phenothiazine unit
was used, which was reflected in the UV-visible spectra of these
dyes. Moreover, the results indicated that the dyes based on d'* Zn
(11) complexes exhibited better performance than dyes based on d”
Co(II) complexes on most measured axes, which should aid in the
selection of appropriate coordination ions in future work. The
power conversion efficiencies of P1-P4 were 1.88, 1.70, 2.06 and
1.82%, respectively. Although the efficiencies are not yet high
enough for practical applications, this work reveals a new class of
dyes for DSSCs. Because the low PCEs mainly resulted from limited

polymer



Table 3 Photovoltaic parameters of devices with sensitizers P1-P4 in
DSSCs at full sunlight (AM 1.5 G, 100 wM cm~2)

Polymer Solvent Jse (mA cm=2) Voe (V) ff (%) n (%)
P1 DMF 4.30 0.64 68.2 1.88
P2 DMF 4.21 0.61 66.1 1.70
P3 DMF 4.54 0.67 67.8 2.06
P4 DMF 4.31 0.65 65.2 1.82

Abbreviations: DMF, N,N-dimethylformamide; DSSC, dye-sensitized solar cell.

IPCE(%)

T
500 550
Wavelength(nm)

Figure 7 Incident photon-to-electron conversion efficiency (IPCE) plots for
the dye-sensitized solar cells based on the four polymeric metal complexes
(P1-P4) on ITO glass.

Jsc values, work is currently in progress to structurally modify these
types of dyes to extend their absorption bands and enhance their
absorption to obtain higher efficiencies.
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