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Main Chain Polymeric Metal Complexes Based on Linkage
Fluorenevinylene or Phenylenevinylene with Thienyl(8-Hydro
xyquinoline)-Cadmium (ll) Complexes as Dye Sensitizer for
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ABSTRACT: Dye-sensitized solar cells (DSSCs) have attracted interest from chemists in recent years because of their unique advan-
tages: low cost, simple preparation technologies, and high efficiency. Three main chain polymeric metal complexes F, P1, and P2 con-
nected with thienyl(8-hydroxyquinoline)-Cadmium (II) complexes have been synthesized by Heck coupling and characterized by Gel
Permeation Chromatography, Fourier transform infrared, 1H NMR, thermogravimetric analysis, TGA, UV-vis, cyclic voltammetry,
photoluminescence (PL) emission spectra, and the application of dye sensitizers in DSSCs has been studied. The DSSCs exhibited
good performance with a power conversion efficiency of up to 1.77%, under simulated air mass 1.5 G solar irradiation. They possess
good stabilities, indicating the polymeric metal complexes are suitable for the fabrication processes of optoelectronic devices. © 2013
Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 3104-3112, 2013
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INTRODUCTION

In the twenty-first century, energy production is one of the big-
gest challenges of science and technology. Using energy from
sunlight by photovoltaic cells is a very important method to
solve the growing global energy needs."” Dye-sensitized solar
cells (DSSCs) have attracted considerable attention due to their
relatively small weight, low production cost, short energy pay-
back time, high light-to-electrical conversion efficiencies, and so
forth > However, as one of the most critical parts in DSSCs,
the photosensitizer dyes should be further improved in the area
of anchoring groups and electrochemical stability. In this regard,
metal-complexes dyes,” metal-free organic dyes,>® porphyrin
dyes,'®" and natural dyes'>'? have been applied to DSSCs in
the past decades. Among them, metal-complexes dyes have
broad absorption spectra and favorable photovoltaic properties
because they contain central metal ion with ancillary ligands.'*
Ru complexes dyes,'” are the most widely used metal-complexes
dyes, which show suitable excited and ground state energy lev-
els, relatively long excited-state lifetime, and good (electro)
chemical stability."* Gritzel and co-workers synthesized series of
Ru complexes dyes, for example, N3/the black dye, its solar cell
efficiency is over 10% under standard measurement conditions.
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To some extent, it illustrates that the central metal ion of the
complexes is an important part of the overall properties.”
Besides rare earth metal ions, many attempts have also been
made to construct sensitizers with common metal ions, such as
7Zn,'*1® Co,' Fe,?*?2 and Cu.?>** Sauvage and co-workers have
discovered that Cu (I) complexes have similar photophysical
properties with Ru complexes.*®

In conjugated polymers, exciton migration processes and energy
transfer are very efficient, so they can be exploited in amplifying
sensors response®®*’ -exciton migration toward dissociation
zones in solar cells.”® Various polymers of this type, such as
poly(9,9-dialkyl fluorenes) (PFs),”>' poly(phenylene vinyl-
enes),” poly(thiophenes),** poly(carbazoles),’>?® and poly[2-
methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene  vinylene]*”
been designed and investigated.’® Furthermore, the application
of polymers containing metal complexes as dye sensitizer in
DSSCs is an area of increasing interest. This is partly due to
their good solubility and strong absorption onto the surface of
TiO,. Shulz and co-workers® have recently reported the poly-
fluorene with Ir complexes in the side chain can enhance solar

have

cell conversion efficiencies, for the longer diffusion length of
polymers which showed 0.07% power conversion efficiency (Ji
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Scheme 1. The structure of polymeric metal complexes.

= 0.44 mA/cm?, V,. = 0.63 mV, FF = 0.19) under standard
AM 1.5 G irradiation.

8-Hydroxyquinoline (8-HQ) is a chelating ligand with varies
properties, which has been extensively applied in the synthesis
of metal complexes. Although large-scale was used as dye sensi-
tizer of DSSCs, photosensitizer free of rare metals are desirable,
the wide metal chelates of 8-HQ availability are of great interest
in this respect.**** Thiophene and 8-hydroxyquinoline may sat-
isfy application requirements to make an effective way to sup-
press charge recombination and hence to improve open-circuit
photovoltage (V,.). Polythiophene-containing complexes of 8-
hydroxyquinoline with Zn (II), Cu (II), Eu (III) in the side
chain have been synthesized and its device efficiency is up to
0.56%-1.16% under simulated air mass 1.5 G solar
irradiation.*?

The synthesis, characterization, and photovoltaic properties of
three novel main chain polymeric metal complexes dyes, which
contain the thienyl(8-hydroxyquinoline)-Cadmium (II) com-
plexes as an acceptor (A), have described in this investigation.
Specifically, two phenylenevinylene copolymers (namely P1 and
P2 with octyloxy and methoxy side groups) and one fluorenevi-
nylene copolymer F carried octyl side groups as a donor group
(D), can enhance the solubility of polymeric metal complexes.
All polymeric metal complexes were successfully synthesized by
the Heck coupling (Scheme 1). In addition, the optical proper-
ties, thermal properties, and photovoltaic properties of poly-
meric metal complexes are also investigated in this article.

EXPERIMENTAL

Materials

2-bromo-3-methylthiophene  (1),**  2-bromo-3-bromomethyl
thiophene (2),"> 5-formyl-8-tosyloxy quinoline (4),%® 1,4-
Divinyl-2,5-dioctyloxyl benzene (M-1),"” 2-methoxy-5-octyloxy-
1,4-xylylene-bis(triphenylphosphonium bromide) (6),*® and 2,7-
bis(triphenylphosphonium)-9,9'-dioctylfluorene dibromine (7)*®
were prepared according to known literature procedures. All ini-
tial materials were obtained from Shanghai chemical reagent
Co. (Shanghai China) , and were used without further purifica-
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tion. All solvents used in this work were analytical grade. N,N-
Dimethylformamide (DMF) and tetrahydrofuran (THF) were
dried by distillation over CaH,. Triethylamine was purified by
distillation over KOH. All other reagents and solvents from
commercial market were used as they supplied.

Instrument and Measurements

Nuclear Magnetic Resonance All 'H NMR was performed in
CDCl; and recorded on a Bruker NMR 400 spectrometer, and
using TMS (0.00 ppm) as the internal reference. The Fourier
transform infrared (FT-IR) spectra were obtained on a Perkin—
Elmer Spectrum one FTIR spectrometer by incorporating sam-
ples in KBr pellets.*” Thermogravimetric analysis were run on a
Shimadzu TGA-7 Instrument in nitrogen atmosphere at a heat-
ing rate of 20°C/min from 25 to 600°C.* Differential Scanning
Calorimetry was exploited on materials by using a Perkin—Elmer
DSC-7 thermal analyzer in nitrogen atmosphere at a heating
rate of 20°C/min from 25 to 300°C. UV-Vis spectra were taken
on a Lambda 25 spectrophotometer. Photoluminescent spectra
were taken on a Perkin—Elmer LS55 luminescence spectrometer
with a xenon lamp as the light source. Elemental analysis for C,
H, and N were carried out on a Perkin—Elmer 2400 II instru-
ment. Cyclic Voltammetry was conducted on a CHI chi630c
Electrochemical Workstation, in a 0.1 mol/L[BuyN]|BF,
(Bu=butyl) DMF solution at a scan rate of 100 mV/s at room
temperature. The working electrode was a glassy carbon rod.
The auxiliary electrode was a Pt wire electrode, and saturated
calomel electrode (SCE) was used as reference electrode. Gel
Permeation Chromatography (GPC) analysis were done on
WATER 2414 system equipped with a set of HT3, HT4, and
HTS5, l-styrayel columns with THF as an eluent (1.0 mL/min) at
80°C, being calibrated by polystyrene standard.

DSSCs Fabrication

Titania paste was prepared from P25 (Degussa AG, Germany)
following a literature procedure.”® Fluorine-doped SnO, con-
ducting glass (FTO) were cleaned and immersed in aqueous 40
mM TiCl, solution at 70°C for 30 min, then washed with water
and ethanol, and sintered at 450°C for 30 min. The 20-30 nm
particles size TiO, colloid was coated onto the above FTO glass
by sliding glass rod method, and obtained a TiO, film of 10-15
um thickness. After dried, the TiO,-coated FTO glass was sin-
tered at 450°C for 30 min, then treated with TiCl, solution and
calcined at 450°C for 30 min again. Then cooled to 100°C, the
TiO, electrodes were soaked in 0.5 mM the dye-sensitized sam-
ples dyes F, P1 and P2 in DMF solution, and then were kept at
room temperature under dark for 24 h. And 3-methoxypropio-
nitrile solution containing Lil (0.5M), I, (0.05M), and 4-tert-
butyl pyridine (0.5M) was used as the electrolyte. A Pt foil was
clipped onto the top of the TiO, and was used as working elec-
trode. The dye-coated semiconductor film was illuminated
through a conducting glass without a mask. And photoelectron
chemical performance of the solar cell was measured by using a
Keithley 2602 Source meter under the control of the computer.
The cell parameters were obtained under an incident light with
intensity 100 mW/cm™2, which was generated by a 500W Xe
lamp passing through an AM 1.5G filter with an effective area
of 0.16 cm?.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38929

3105



3106

ARTICLE Applied Polymer
S NBS S Br NBS/BPO Br PPh3 s Br
K\/Z—»\/ — 7 —
THF ¥
CH CCly CH,Br P-xylene CH,PPh4Br
1 3
S
CHO oY
Xy CoH50H/C,HsONa CdCl;.2.5H20
3 + P .
N KyCO; THF
OTs S
4 N
OTs Cd(B8QTH),
B8QTH
OCgH47
OCgH
CHPPhBr ) e
BrPh;PH,C NN
X P1
OCBH17
OCgH47
> NaOH M-1
CH,Cl,, HCHO(aq)
OCgH47 2 H
OCsH17 Cd(B8QTH),
CH,PPh;Br
2PPhy o ——— P2
BrPhsszc X
Heck reaction
OCH3 J OCH,4
M-2
t-BuOK, CHCI F
BrPhsPH,C . CH2PPh3Br 3 N\ . Y
_/
HCHO(aq)
CgH17 CgHi7 CgH17 CgHy,
7 M-3
Scheme 2. Synthesis of monomers and polymeric metal complexes.
Synthesis Under an ice-water bath, NaOEt (0.4 g sodium in 20 mL of an-

5-Bromo-3-methylthiophene (1) and 5-bromo-3-bromome-
thylthiophene (2) were synthesized according to the published
literature.”*

Synthesis of 2-Bromo-3-thienyl Methyl
Triphenylphosphonium Bromide (3)

2-Bromo-3-bromomethyl thiophene (2) (3.9 g, 14.9 mmol) and
triphenylphosphine (3.8 g, 14.9 mmol) were dissolved in 100
mL of dried p-xylene and refluxed under nitrogen. The solution
was refluxed for 12 h. After cooling to room temperature, the
white precipitate was collected by filtration, washed with dried
ether and acetone repeatedly followed by drying, then the white
solid was obtained. (6.36 g, yield 83%) '"H NMR (400 MHz,
CDCls, 8, ppm): 7.65-7.83 (m, 15H), 7.19 (d, 1H), 6.95 (d,
1H), 5.55(d, 2H).

Synthesis of 2-Bromo-3-[2-(8-hydroxyquinoline)-
vinyl]thiophene (B8QTH)

2-Bromo-3-thienyl methyl triphenylphosphonium bromide (3)
(0.518 g, 10 mmol) and 5-formyl-8-tosyloxy quinoline (4) (3.46
g, 10 mmol) were dissolved in 200 mL of anhydrous ethanol.
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hydrous ethanol) was added into the solution. After 30 min, the
solution was stirred for 12 h at an ambient temperature. Then
the solution was added potassium carbonate (0.21 g, 15 mmol)
and refluxed for 8 h. The yellow solid was collected at the end
of the condensation reaction and washed with distilled water
and icy methanol. After dried in a vacuum at 45°C, the com-
pound was obtained as pale yellow solid (2.0 g, yield 60%). 'H
NMR (400 MHz, CDCls, d, ppm): 8.82 (s, 1H), 8.53-8.55 (d,
1H), 7.80-7.82 (d, 1H), 7.62 (s, 1H), 7.58 (s, 1H), 7.51-7.54 (d,
1H), 7.33 (s, 1H), 7.23-7.25 (d, 1H), 7.08-7.12 (d, 1H). FT-IR
(KBr, cm™): 3356 (O-H), 3092, 2939 (aromatic and vinylic
C—H), 2900 (aliphatic C—H), 1664 (C=N), 1557 (C=C), 1451
(thiophene C—H), 786 (thiophene C—S). Anal. caled for
[Ci5H0SONBr]: C, 54.23; H, 3.03; N, 4.22; S, 9.65; Found: C,
54.15; H, 3.38; N, 4.48; S, 9.46.

Synthesis of Cd(B8QTH),

An ethanol solution (10 mL) of CdCl,-2.5H,O (0.114 g, 0.5
mmol) was dropped into a mixed THF solution (20 mL) of
B8QTH (0.41 g, 1 mmol). The reaction mixture was neutralized
carefully with 1M aqueous sodium hydroxide to slightly acidic
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Figure 1. "H NMR spectra of BSQTH in CDCl,.

pH and was refluxed overnight. And then re-crystallize by etha-
nol. Filtered, washed with ethanol and water repeatedly, the yel-
low precipitate was collected. (0.28 g, yield 80%). FT-IR (KBr,
cm™): 3094, 3032 (aromatic and vinylic C—H), 1571 (C=N),
1510 (C=C), 1095 (C—0O—M), 515 (N—M). Anal. Calcd for
[C350H;55,0,N,BrCd]: C, 51.85; H, 2.61; N,4.03; S, 9.23; Found:
C, 51.58; H, 2.73; N, 4.21; S, 9.12.

Synthesis of 1,4-Divinyl-2-methoxyl-5-octyloxy Benzene

(M-2)

Under argon atmosphere, a mixture of formaldehyde aqueous
(18 mL) and 2-methoxyl-5-octyloxy-1,4-xylylene-bis(triphenyl
phosphonium bromide) (6) (4.257 g, 4.5 mmol) in dichlorome-
thane (60 mL) was stirred at 0°C, when an aqueous solution of
NaOH (20 wt %, 39 mL) was added by dropwise in 1 h. After
reaction mixture was stirred for 24 h, the aqueous layer of
resulting solution was extracted with dichloromethane for three
times. The combined organic layer was washed with water and

Cd(8QTH),
N v W
F
1095¢m|

1084cm-1

P1

P2 1065¢m”

N

1070cm’”
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29226m-/ 2847cm
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Figure 2. FT-IR spectra of Cd(B8QTH), and polymers F, P1, and P2.
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Table I. IR Data of E PI1, and P2

IR band (cm™%)

C—H (aliphatic
chains) C=N C=C C—-0—Cd N—Cd
Cd(8QTH)> 1571 1510 1095 Sills
F 2925, 2849 1579 1502 1084 503
P1 2925, 2856 1586 1503 1065 508
P2 2922,2847 1579 1502 1070 509

dried. Subsequently, the solvent was removed by rotary evapora-
tion. The crude product was further purified by column chro-
matography (eluent: n-hexane/dichloro methane = 7:2) to
afford light yellow liquid. (0.648 g, yield 50%). '"HNMR (400
MHz, CDCls, 6, ppm): 7.10-7.03 (m, 2H), 7.01 (s, 2H), 5.78-
5.71 (d, 2H), 5.29-5.26 (d, 2H), 3.99-3.98 (t, 2H), 3.85 (s, 3H),
1.85-1.81 (m, 12H), 0.91-0.81 (t, 3H).

Synthesis of 2,7-Divinyl-9,9-dioctylfluorene (M-3)

A solution of 2,7-bis(triphenylphosphonium)-9,9’-dioctylfluor-
ene dibromide (7) (0.45 g, 0.445 mmol) and 37% formaldehyde
solution (0.3 g, 3.56 mmol) in 10 mL of chloroform were added
dropwise with a solution of potassium tert-butoxide (0.45 g, 4
mmol) dissolved in 10 mL of EtOH. After being stirred for 5 h,
the solution was poured into an excess of ice water. The organic
layer was successively washed with water for twice, dried over
MgSO, and filtered off, followed with solvent removal under
reduced pressure. The residue was further purified by column
chromatography using n-hexane as an eluent to colorless liquid
of M-3 (0.177 g, yield: 90%). 'H NMR (400 MHz, CDCls, 4,
ppm): 7.64-7.62 (d, 2H), 7.37-7.41 (m, 4H), 6.78-6.85 (m,
2H), 5.79-5.83 (d, 2H), 5.26-5.28 (d, 2H), 1.95-1.99 (m, 4H),
1.06-1.32 (m, 24H). 0.81-0.96 (t, 6H).

Preparation of Polymeric Metal Complexes
The preparation of F is a typical example for the preparation of
polymeric metal complexes.

A flask was charged with a mixture of Cd(B8QTH), (0.1298 g,
0.315 mmol), M-3 (0.0602 g, 0.315 mmol), Pd(OAc), (0.0029 g,
0.013 mmol), tri-o-tolyl phosphine (0.0220 g, 0.072 mmol), DMF
(8 mL), and triethylamine (3 mL). The flask was degassed and
purged with N,. The mixture was heated at 90°C for 36 h under

Table II. Molecular Weight and Thermal Properties of F, P1, and P2

M, [x10°%  M,°[x10% PDIP TP [FCl T, [Cl
F 35.6 47.6 134 370 158
P1 385 48.0 125 311 115
P2 343 43.1 126 332 93

M,, M,,, and PDI of the polymers were determined by GPC using poly-
styrene standards in THF.

®The temperature of degradation corresponding to a 5% weight loss
determined by TGA at a heating rate of 10°C/min.

°Glass transition temperature measured from DSC traces of the poly-
meric metal complexes.
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Figure 3. TGA plots of F, P1, and P2 with a heating rate of 20°C/min
under nitrogen atmosphere.

N,. Then, it was filtered and the filtrate was poured into methanol.
The purple precipitate was filtered and washed with methanol. The
crude product was purified by dissolving in THF and precipitating
in methanol (0.14 g, yield 77%). FT-IR (KB, cm™): 2926, 2852,
1694, 1590, 1450, 1420, 1336,1258, 1206, 1188, 1033, 984, 896, 810,
750, 568 et al. Caled for [CesHerS,0,N,Cd],: C, 71.67; H, 5.92;
N,2.65; S, 6.07; Found: C, 71.90; H, 6.01; N, 2.89; S, 6.11.

Polymeric metal complex P1 was similarly prepared in 69%
yield from the reaction of Cd(B8QTH), with M-1. FT-IR (KBr,
cm™): 2928, 2852, 1694, 1654, 1590, 1456,1420, 1338, 1258,
1202, 1132, 1036, 985, 896, 810, 752, 568 et al. Calcd for
[Cs6H555,04N,Cd],: C, 67.29; H, 5.85; N, 2.82; S, 6.42; Found:
C, 67.46; H, 6.03; N, 2.63; S, 6.22.

Polymeric metal complex P2 was similarly prepared in 79% yield
from the reaction of Cd(B8QTH), with M-2. FT-IR (KBr, cm™):
2926, 2854, 1696, 1654, 1592, 1458, 1338, 1258, 1188, 986, 896,
812, 752, 568 et al. Calcd for [C4oH44S,04N,Cd],: C, 65.29; H,
492; N, 3.11; S, 7.11; Found: C, 66.03; H, 5.12; N, 3.27; S, 7.24.

1.0+ —=— B8$QTh

—A— Cd(BSQTh),

0.8 <

0.6 4

0.4

Absoorbance (Norm)

0.2 4

0.0

. : : . . : . :
300 350 400 450 500 550 600
Wavelength(nm)

Figure 4. UV-vis absorption spectra of F, P1, and P2 in the THF solution
(1 x 107°M).
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Table III. Optical Properties of F PI, and P2

Polymer Uy-vis absorbance E®t (eV) PL (nm)

THF solution THF solution
amax (nm) aonset (nm) amax (nm)

F 324 401 501 561 2.21 423

P1 342 404 491 564 2.20 457

P2 347 401 496 578 214 470

“The optical band gap was obtained from the empirical formula E5 =
1240/2edge, in which the Jedqe is the onset value of absorption spectrum
in long wave direction=°.

RESULTS AND DISCUSSION

Synthesis and Characterization

Scheme 2 outlines the synthesis route of the ligand B8QTH,
which was synthesized by the Wittig reaction® and Figure 1
gives the corresponding '"H NMR spectra. The small but clear
signals around 7.08-7.25 ppm are associated with the protons
CH=CH group between the thiophene and hydroxyquinoline.
The hydrogen proton of thiophene located at the 3 and 4 posi-
tion is observed at 7.33 ppm and 7.51-7.54 ppm, respectively.
8.82 ppm, 8.53-8.55 ppm, 7.80-7.82 ppm, 7.58 ppm, and 7.62
ppm are attributed to the hydrogen protons of 8-hydroxyquino-
line, but there is no detectable signal for the OH group in
CDCl5.”?

Three new polymeric metal complexes F, P1, and P2 were syn-
thesized by Heck coupling® utilizing the
Cd(B8QTH), as starting material. Polymeric metal complexes
were synthesized by the reaction of dibromide Cd(B8QTH),
with divinyls M-3, M-1, and M-2, respectively (Scheme 2). Poly-
meric metal complexes P2 and P3 are PPV derivatives with
octyloxy and methyoxy side groups, respectively, while F is fluo-
rine vinylene derivative. The polymeric metal complexes have
the donor-n (bridge)-acceptor conjugated (D-m-A) architecture
with the electron-rich 9,9-dioctylfluorene, 2-methoxyl-5-octy-
loxyl benzene, or 2, 5-dioctyloxy benzene as D unit and the

dibromide

1.0
—— F
—o—P1

'5 0.8 4 ——P2

L

2

2 0.6+

9

e

he]

(0]

N 0.4

®

£

[¢]

Z 0.2

0.0 T T T T T T T T T
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Figure 5. PL spectra of F, P1, and P2 in the THF solution(1 x 10’5]\/I).
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Figure 6. Cyclic voltammograms of F, P1, and P2 measured in DMF
solution containing [Buy;N]BF,(Bu=butyl) as supporting electrolyte at a
scan rate of 100 mV/s.

electron-deficient methal-8Qth as A unit. Even though dibro-
mide Cd(B8QTH), is a metal complex of low solubility, the
polymers have good solubility in common organic solvents such
as: THE toluene, DMSO, and DME. The alkoxy or alkyl side
chains and the cyclohexyl rings, which were attached to the
metal complexes, enhanced the solubility of polymeric metal
complexes.

The synthesis of polymeric metal complexes could be monitored
by FT-IR spectroscopy. Figure 2 presents the IR spectra of
Cd(B8QTH),, F, P1, and P2. The main data are listed in Table
I. Absorption peaks at 515, 503, 508, and 509 cm™' can be
attributed to metal-nitrogen bonds of Cd(BS8QTH),, F, P1, and
P2, respectively,” the polymers show a red-shift compared with
that of the free ligand. There isn’t sharp absorption peak at
3356 cm™' for Cd(B8QTH), and polymers, this indicates that
there aren’t O—H stretching. What’s more, it can further indi-
cate that the intramolecular hydrogen bond between BSQTH
has been broken, which is most probably due to the coordina-
tion of Cd with N and O. The metal complexes and polymeric
metal complexes have similar bands, but the band at 1084,
1065, 1070 cm™' for F, P1, and P2 are shown red shifts com-
pared with dibromide Cd(B8QTH),, respectively, which should
be associated with C—O vibrations at the C—O—M site.”® The
polymeric metal complexes F, P1, and P2 have similar bands
that show common absorptions at 2922 and 2847 cm™', being
associated with the CH, asymmetric and symmetric stretching
vibration, respectively, which illuminates that alkoxy benzene

Table IV. Cyclic Voltammetric Results of the Polymeric Metal Complexes
E PI1, and P2

ARTICLE

N w
1 1
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n
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Figure 7. J-V curves of DSSCs based on F, P1, and P2 in DMF solution.

and alkyl fluorene have been successfully embedded in the mo-
lecular chain. The number-average molecular weights (M,)
determined by GPC were 34.3-38.5 kg/mol with a relatively nar-
row polydispersity of 1.25-1.34 (Table II). The results prove
that the copolymerization took place in the monomers. Com-
bined with elemental analysis, it indicates that the polymeric
metal complexes are obtained.

Thermal Properties

The thermal properties of polymeric metal complexes were
investigated by thermogravimetric (TGA) and differential scan-
ning calorimetric (DSC) analyses and were also reported in Ta-
ble II. The TGA (Figure 3) results reveal that F, P1, and P2
have good thermally stability with 5%-weight-loss at tempera-
tures (T,) of 370, 311, and 331 °C in nitrogen. The glass transi-
tion temperatures (Ty) of F P1, and P2 are 158, 115, and 93°C,
respectively. Good thermal stability and high values of T, are
important parameters for polymers incorporated in PSC devi-
ces, because they provide resistance against the deformation or
degradation of the active layers.

Optical Properties of the Polymers

The UV-vis absorption spectra of the ligand, metal complex,
and the polymeric metal complexes in THF solution are shown
in Figure 4. The corresponding optical data of the polymeric
metal complexes are summarized in Table III. The ligand
B8QTH in THF shows an absorption at 365 nm and a shoulder
at 445 nm, which are assigned to the intraligand n—=n* and
n—n* electron transfer, respectively.’’ In contrast to ligand
B8QTH, the metal complex Cd(B8QTH), shows a remarkably
strong absorption band at 450 nm due to the coordination of

Table V. Photovoltaic Performances of DSSCs

E3 et Eg?%et HOMO LUMO Egc
Polymers (V) () eV) (eV) (eV) Polymer Solvent Js (MA/cm?) Voo (V)  FF N (%)
F 0933 -0.778 -5333 -3622 1711 F DMF 3.41 0.645 0672 148
P1 1241 -0996 -5641 -3.404 2237 P1 DMF 3.34 0.71 0.660 157
p2 1264 -1.036 -5664 -3364 2300 p2 DMF 3.80 0.67 0694 1.77

M“\“\‘.Flf"‘s WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38929

3109



3110

ARTICLE

the non-bonded electron pairs of the N atom with Cd(II).>® The
shorter wavelength band of complex Cd(B8QTH), is 4 nm red-
shifted form 365 to 369 nm. The red-shifted mainly results from
the co-ordination of ligand with Cd(II), which weakens the con-
jugation plane of the complex and lowers the energy of the ©*
orbital of the ligand, making the 7—=* transition occurs at lower
energy.” All absorption spectra of the three polymers exhibit two
peaks and a shoulder above 450 nm. Compared with complex
Cd(B8QTH),, the UV-vis absorption of polymers get broadened
and cover a large part of the ultraviolet and visible region
approximately from 300 to 600 nm. The absorption maximum
(Apmax) of E P1, and P2 are located at 324, 342, and 347 nm,
respectively. The red-shifted absorption maxima of P1 and P2
indicate a decrease of the conjugation length relative to F.

The photoluminescence (PL) spectra of F, P1, and P2 in the
diluted THF solution are shown in Figure 5. It can be seen that
the PL peaks of F, P1, and P2 are at 423, 457, and 470 nm
respectively. P1 and P2 had comparable Az, which supports
that the length of the alkoxy side chains did not influence their
emission considerably. In contrast, the Agmax of P1 and P2 was
significantly red-shifted by 34 and 47 nm, respectively, relative
to F because of the presence of the electron donating alkoxy
side groups that usually causes a bathochromic shift.* The cor-
responding optical data of the polymeric metal complexes are
summarized in Table IIL.

Electrochemical Properties

The electrochemical behaviors of the obtained polymers were
investigated by cyclic voltammetry, which is an important prop-
erty for organic materials used in solar cells. Figure 6 shows the
cyclic of F, P1, and P2. The cyclic voltammetry of complexes
were measured in DMF solution containing [Buy,N]BF(Bu=bu-
tyl) as supporting electrolyte and SCE as a reference electrode at
a scan rate of 100 mV/s. The HOMO and LUMO are measured
by electrochemical cyclic voltammetry (CV).

From the onset oxidation potentials (E,,) and the onset reduc-
tion potentials (E.q) of the polymers, HOMO and LUMO
energy levels as well as the energy gaps of the polymers were
calculated according to the equations:®’ HOMO = — e(Eqy +
4.40) (eV); LUMO = — e(Eeq + 4.40) (eV); Eg = e(Eox — Ereq)
(eV). The electrochemical measurements and calculated energy
levels of polymers are listed in Table IV. The reduction and oxi-
dation potentials of F were measured to be E,.,q = —0.938 eV
and E,, = 1.249 eV, respectively. The energy band gap was
2.187 eV, and the energy value of the HOMO was calculated to
be —5.333 eV, and the energy value of the LUMO was calcu-
lated to be —3.622 eV. In the same case of P1 and P2, their E,
is 2.237 eV and 2.300 eV, respectively. Based on the CV data,
the electron accepting ability of the complexes follows the order
of F < P1 < P2, which shows F has stronger hole-transporting
capacity and can control the extent of the polymeric metal com-
plexes’ band gap.

Photocurrent—Voltage Measurements

Figure 7 shows the irradiation source for the photocurrent den-
sity—voltage (J-V) measurement of the DSSCs devices based on
the three polymeric metal complexes F, P1, and P2. And the
corresponding open-circuit voltage (V,.), short-circuit current
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density (Ji.), fill factor (FF), and power conversion efficiency
(n) are listed in Table V. It shows that the V. values of F, P1,
and P2 dyes are 0.645 V, 0.71 V, and 0.67 V, respectively, and
the corresponding FF values are 0.672, 0.66, and 0.694. How-
ever, the J,. values increased from 3.28 mA/cm® for F to 3.80
mA/cm® for P2. The power conversion efficiency based on P2
reached 1.77%, which is higher than that of the device based on
F (1.48%) and P1 (1.57%).

Polymeric metal complexes P2-containing methoxy shows
long-lived charge separation. As discussed in the UV-vis
absorption spectra section, P2 has the higher power conversion
efficiency than F and P1, making it has greater adsorption and
aggregation of the dyes on the TiO, surface. The adsorption
modes of dyes on TiO, surfaces are very important for the
DSSCs efficiency.®? Therefore, in order to obtain a high 7
value, the dyes must be absorbed on the surface of the TiO,
intimately.

Although the power conversion efficiency of F, P1, and P2 is
relatively low in the device, we believe this type of functional
conjugated material would be a potential material for solar cell
and it would provide a new way to synthesize dye for DSSCs.
And further work on optimizing the device performance is
under investigation.

CONCLUSIONS

In summary, a series of novel main chain polymeric metal com-
plexes, comprising thienyl(8-hydroxyquinoline)-Cadmium (II)
Complexes with D-7m-A structure, which are selected based on
the prominent metal to ligand charge transfer (MLCT) band.
Polymeric metal complexes P1 and P2 have octyloxy and
methoxy in side groups, respectively, and F has octyl side
groups. Polymeric metal complexes F, P1, and P2 can be soluble
in common organic solvents due to their long alkyl side groups.
Increasing the number of thiophene units can further extend
the m-conjugation, which can also increase the short circuit
photocurrent, as the result of the red-shifted absorption of the
sensitizer loaded TiO, film.®> But the red-shifted absorption of
the E, P1, and P2 is not that obvious, so the J. of them are still
small, which can lead to the power conversion efficiency of
DSSCs based on P2 (1.77%), F (1.48%), and P1 (1.57%) are
low. The three materials show good stability, and their thermal
decomposition temperatures are 370, 311, and 331°C, respec-
tively. These results strongly indicate the importance of their
further investigation as new solar cell materials. Although the
conversion efficiency is not very high now, there is no doubt
that this type of functional conjugated material would be a
potential material for solar cell. As the next work, our group
will try to synthesize functional polymer materials with one
anchoring group such as cyano, ester, acid chloride, acetic anhy-
dride, carboxylate salt, or amide groups for strong adsorption
onto the surface of TiO,. We firmly believe that next investiga-
tion will be reported in the near future.
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