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This  study  focuses  on the  syntheses  of  N,N-dimethyl-2-thiophenyl-3,4-fulleropyrrolidium  iodide
(DMFPI),  poly  N-methyl-2-thiophenyl-3,4-fulleropyrrolidine-co-3-hexylthiophene  (MFP-co-3HT),  poly
N-methyl-2-thiophenyl-3,4-fulleropyrrolidine-co-3-dodecylthiophene  (MFP-co-3DT),  and  poly  N-
methyl-2-thiophenyl-3,4-fulleropyrrolidine-co-3-thiopheneacetic  acid  (MFP-co-3TA)  and  their  photo-
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voltaic properties  as hole  transporting  materials  (HTMs)  for use  in DSSCs.  The  synthesized  DMFPI  and
copolymers  were  characterized  by 1H NMR,  MALDI  TOF-mass  spectrometry,  UV–vis  spectroscopy,  and
cyclic voltammetry.  The  DSSC  devices  were  fabricated  and  their  photovoltaic  performances  were  mea-
sured  using  a solar  simulator  under  AM  1.5 illumination.

© 2012 Elsevier B.V. All rights reserved.

ole transporting materials

. Introduction

Dye-sensitized solar cells (DSSCs) are one of the promising can-
idates for the next generation of solar cells, because of their simple
tructure with a relatively high conversion efficiency and inex-
ensive fabrication procedures compared to solar cells based on
morphous silicon, DSSCs based on liquid electrolytes have reached
fficiencies as high as 10% under AM 1.5 [1–4], but the use of liquid
lectrolytes has created a lot of difficulties in terms of the seal-
ng and long-term photochemical stability of the devices [5–7].
n effective approach to solve this problem is the replacement of

he volatile liquid electrolyte with a solid-state or quasi-solid state
ole conductor, such as a p-type semiconductor [8,9], ionic liquid
lectrolyte [10] and polymer electrolyte [11,12].

Among these hole conductors, p-type semiconductors consti-
ute the most common approach to fabricate solid-state DSSCs.
here are several requirements for a p-type semiconductor to be
sed in a DSSC. However, the familiar large-band gap inorganic

-type semiconductors such as SiC and GaN are not suitable for
se in DSSCs [13], because they can degrade the dye during the
igh-temperature deposition techniques. On the other hand, CuI

∗ Corresponding author. Tel.: +82 51 510 3045.
∗∗ Corresponding author.

E-mail addresses: mrkim2@pusan.ac.kr (M.-R. Kim), leejk@pusan.ac.kr (J.-K. Lee).

010-6030/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2012.01.005
is suitable for use in a DSSC, because of its suitable bandgap and
deposition. Tennakone et al. [14] reported an efficiency of 2.4%
in solid-state DSSCs made with CuI. Compared with inorganic p-
type semiconductors, organic p-type semiconductors possess the
advantages of having plentiful sources, easy film formation and
low cost [15–17].  Recently, the efficiency of cells using poly(3,4-
ethylenedioxythiophene) as the hole conductor was  reported to be
2.85% [18]. The cells were fabricated without iodine (I2) and the
highest efficiency was obtained using PEDOT as the hole transport-
ing material (HTM). Fullerene [C60] is a molecule with remarkable
charge transfer properties, which has been used for the preparation
of a wide variety of different electroactive systems [19]. According
to theoretical calculations, it exhibits a triply degenerated LUMO
comparatively low in energy. Saito and Oshiyama [20] using a one-
electron model calculated the HOMO–LUMO gap to be 1.92 eV for
the free C60 molecule and the direct band gap to be 1.5 eV for the
crystal. The latter value is close to the experimental value of ∼1.6 eV
for the fundamental edge in the optical absorption spectra [21] and
photoconductivity spectra [22] of C60 thin films.

Therefore, C60 behaves as an electronegative molecule which
reversibly accepts up to six electrons in solution [23–25].  The
cyclic voltammetry and electron affinity measured for C60 clearly

confirm that it is a moderate electron acceptor comparable to
other organic molecules such as benzo- and naphtho-quinones
[26,27]. This electron-accepting ability of C60 to form stable multi-
anions [28,29] is in sharp contrast to its ability to generate very

dx.doi.org/10.1016/j.jphotochem.2012.01.005
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:mrkim2@pusan.ac.kr
mailto:leejk@pusan.ac.kr
dx.doi.org/10.1016/j.jphotochem.2012.01.005
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Fig. 1. The structure of DSSC device with hole transporting materials.

nstable cationic species [30–33].  Therefore, we  synthesized an
TM based on soluble fullerene derivatives for use with free-iodine

I2), viz. N,N-dimethyl-2-thiophenyl-3,4-fulleropyrrolidium iodide
DMFPI), and studied its application to DSSCs and also synthesized
hiophene group substituted fulleropyrrolidine derivatives for use
s polymer HTMs.

We prepared DSSC devices, sandwiched with TiO2 adsorbed
yes and Pt-coated electrode as the two electrodes. The pho-
ovoltaic effect of the FTO/TiO2/Dye/HTML (hole transporting

aterials layer)/Pt device (Fig. 1) was measured by a solar sim-
lator under AM 1.5 conditions. The power conversion efficiency
�) of the solar cell device was calculated from the values of the
pen-circuit voltage (Voc) and short-circuit current (Jsc), and the fill
actor (FF) was  calculated from the values of Voc, Jsc, and �.

. Experimental

.1. Materials
Fullerene [C60] (98%), 3-thiophene-carboxaldehyde (98%), sar-
osine (98%), iodomethane (CH3I, 99%), 3-hexylthiophene (3HT),
-dodecylthiophene (3DT), 3-thiopheneacetic acid (3TA) and

Fig. 3. The synthetic routes and chemical stru
Fig. 2. 1,3-Dipolar cycloadditon.

anhydrous iron(III) chloride were purchased from Aldrich Co. and
used without further purification. All other chemicals were of
reagent grade and used without further purification.

Ruthenium dyes such as cis-bis(isothiocyanato)bis(2,2′-
bipyridyl-4,4′-dicarboxylato)-ruthenium(II) dye (N3 dye),
fluorine-doped SnO2 glass (FTO glass, 15 �/square), 1-propyl-
3-methylimidazolium iodide (PMII), TiO2 pastes Ti-Nanoxide
HT/SP (particle size: 9 nm)  and Ti-Nanoxide R/SP (particle size:
300 nm), and Pt paste (Pt catalyst T/SP) were purchased from Sola-
ronix. Acetic acid, triton X-100, acetylacetone, deionized water,
iodine (I2), propylene carbonate (PC), ethylene carbonate (EC),
acetonitrile (AN), and tetrabutylammonium iodide (TBAI) were
purchased from Aldrich Co. and used without further purification.

2.2. Measurements

In order to confirm the chemical structures, the 1H NMR
spectra were recorded using a Varian Unity Plus 300 (300 MHz)
spectrophotometer using tetramethylsilane (TMS) as an internal
standard. The UV–vis spectra were recorded using an Optizen
2120UV spectrophotometer and UVIKON 860 spectrophotometer.

The electrochemical properties were measured by a Bioanalytical
Systems CV-50 W voltammetric analyzer. The molecular weights
were measured using micromass MALDI, matrix-assisted laser des-
orption ionization-time of flight-MS (MALDI-TOF-MS). To confirm

ctures of MFP, DMFPI and copolymers.
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Table 1
Solubility of C60, MFP, DMFPI and copolymers.

Solvents C60 MFP  DMFPI Poly(MFP-co-3HT) Poly(MFP-co-3DT) Poly(MFP-co-3TA)

Chloroform I S I S S S
Chlorobenzene Ia S Ia S S S
Toluene Ia S I S S S
Acetone I I I I I I
Methanol I I I I I I
THF  I S S S S S
NMP I S S S S S
DMF  I Ia S Ia Ia Ia
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olubility in 100 mg/ml, S = soluble, I = insoluble.
a When it is heated to 100 ◦C, it is partially soluble.

he molecular weights of the copolymers, we used gel perme-
tion chromatography (GPC) with polystyrene as a standard on

 Waters (150GPC) at 40 ◦C in tetrahydrofuran (THF). The photo-
oltaic characteristics of the DSSC devices were measured using

 Solar Simulator (150 W simulator, PEC-L11, PECCELL) under
imulated solar light with an ARC Lamp power supply (AM 1.5,
00 mW/cm2) with a black mask. The charge transfer resistances
f the DSSCs were measured by the alternating current (AC)
mpedance test using an electrochemical impedance analyzer (Ref-
rence 600, GAMRY instruments). The blocking cell consisting
f Pt/electrolyte solution/Pt was used in the frequency range of
–106 Hz at room temperature. The applied bias voltage and ac
mplitude were set to the open circuit voltage of the cells and
0 mV,  respectively. The Electrochemical Impedance Spectroscopy
EIS) data were also measured with an impedance analyzer
nder the same conditions using FTO/TiO2/electrolyte/Pt/FTO cells
nd fitted by Z-MAN software (WONATECH) and Echem analyst
GAMRY).

.3. Synthesis of hole transporting materials (HTM)

.3.1. Synthesis of fulleropyrrolidine salt hybrid
To synthesize the fullerene derivatives, we used the 1,3-dipolar

ycloaddition of fullerene (Fig. 2) [34,35]. N-methyl-2-thiophenyl-
,4-fulleropyrrolidine (MFP) and DMFPI were synthesized using the
ynthetic route shown in Fig. 3, along with the chemical structure.

 mixture of 112 mg  of 3-thiophene-carboxaldehyde (1.00 mmol),
60 mg  of fullerene [C60] (0.50 mmol), and 89 mg  of sarcosine
1.00 mmol) in 100 ml  of toluene was heated at reflux temperature
or 24 h. Chromatography on a silica column was used with toluene
s the eluent and we obtained MFP  in 21% yield. 1H NMR  (300 MHz,
DCl3): ı 7.63–7.20 (m,  thiophene), 5.08 (s, N CH thiophene),
.99 (d, N CH thiophene), 4.23 (d, N CH2 ), 2.84 (m,  N CH3),
/e  = 859.
Then we synthesized DMFPI, a mixture of 100 mg  of MFP

0.1164 mmol) and 12 ml  of CH3I in 24 ml  of chloroform was
efluxed with stirring for 3 days at 65 ◦C under argon. The MFP
as reacted with CH3I through N-alkylation and the product was

btained which was washed with toluene and hexane several times
34,36]. The solvent was removed under vacuum and the final prod-
ct obtained in 75% yield. 1H NMR  (300 MHz, CDCl3): ı 8.41–7.71
m,  thiophene), 7.40 (s, N+ CH thiophene), 6.04 (d, N CH2 ),
.78 (d, N CH2 ), 4.19 (m,  N+ CH3), M/e  = 873.

.3.2. Synthesis of fulleropyrrolidine thiophene copolymers
The synthetic routes and chemical structures of the copolymers

re shown in Fig. 3. A mixture of 100 mg  of MFP  (0.1164 mmol),
7 mg  of 3HT (0.582 mmol), and 452 mg  of anhydrous FeCl3 in

0 ml  of chloroform was stirred at room temperature for 6 h.
he reaction mixture was then poured into a large quantity of
ethanol. The product was dissolved in toluene, chloroform,

nd then evaporated. The dark brown precipitate of poly
N-methyl-2-thiophenyl-3,4-fulleropyrrolidine-co-3-
hexylthiophene (MFP-co-3HT) was collected, and
poly N-methyl-2-thiophenyl-3,4-fulleropyrrolidine-
co-3-dodecylthiophene (MFP-co-3DT) and poly
N-methyl-2-thiophenyl-3,4-fulleropyrrolidine-co-3-
thiopheneacetic acid (MFP-co-3TA) were obtained using similar
procedures and with the same molar ratios. Poly(MFP-co-3HT):
1H NMR  (300 MHz, CDCl3): ı 7.63–7.35 (m, thiophene), 7.00 (s,
thiophene(3HT)), 4.82 (d, N CH thiophene), 4.2 (d, N CH2 ),
2.84 (m,  N-CH3), 2.24–1.3 (m,  (CH2)5 CH3). Poly(MFP-co-3DT):
1H NMR  (300 MHz, CDCl3): ı 7.62–7.36 (m, thiophene), 6.99 (s,
thiophene (3DT)), 4.85 (d, N CH thiophene), 4.2 (d, N CH2 ),
2.84 (m,  N CH3), 2.20–0.8 (m,  (CH2)11 CH3). Poly(MFP-co-3TA):
1H NMR  (300 MHz, CDCl3): ı 7.62–7.38 (m,  thiophene), 7.15–7.10
(m,  thiophene (3DT)), 4.98 (m,  N CH thiophene), 4.22 (d,

N CH2 ), 2.80 (m,  N CH3), 3.80–3.40 (m, CH2 COOCH3).

2.4. Fabrication of dye-sensitized solar cell device

We prepared sandwich type DSSC devices composed of a
nanocrystalline oxide film, Ruthenium complex dye, organic elec-
trolyte, and Pt counter electrode. Two kinds of nanoparticle sized
TiO2 pastes were used (9 nm and 300 nm) for double layers. The
9 nm nanoparticle sized TiO2 paste was used to adsorb the light,
while the 300 nm nanoparticle sized TiO2 paste was used as a light
scattering layer. The nanocrystalline oxide film was  prepared that
TiO2 pastes were spread evenly on an FTO glass using the doctor
blade method and then sintered at 500 ◦C and its thickness was
12 �m.  We  used N3 dye as the Ruthenium complex dye to sen-
sitize the light. The sensitizer, N3 dye, was  dissolved in 20 ml  of
ethanol solution at a concentration of 7.5 mg  for each device. The
nanoporous TiO2 film was  immersed in the dye solution at 55 ◦C for
at least 16 h to impregnate it with the dye. We  prepared two  kinds
of electrolytes; the first electrolyte solution consisted of DMFPI
and ethylene carbonate (EC)/propylene carbonate (PC) [EC/PC = 4:1
(v/v), 1 ml]. It was deposited onto the TiO2 electrode adsorbed dyes
and dried at about 55 ◦C for several hours to evaporate the solvent.
The second electrolyte consisted of I2 (12 mg), tetra butyl ammo-
nium iodide (36 mg), and 1-propyl-3-methylimidazolium iodide
(4 mg)  in a solution of EC/PC/AN (acetonitrile) (4:1:5 v/v/v, 1 ml)
and 20 mg  of the copolymers in 1.5 ml  of chloroform solution. The
Pt pastes were also spread on an FTO glass using the doctor blade
method and the Pt spread FTO glass was sintered at 450 ◦C. In
assembling the DSSC devices, the working and counter electrodes
were clamped together.

3. Results and discussion
3.1. Characterization of MFP, DMFPI, and copolymers

The chemical structures of MFP, DMFPI and the copolymers
were characterized by 1H NMR  and their soluble properties were
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Table  2
Molecular weight data of copolymers.

Mn Mw PDI

Poly(MFP-co-3HT) 2100 6600 3.14
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Poly(MFP-co-3DT) 11,200 20,700 1.85
Poly(MFP-co-3TA) 5400 12,200 2.26

ppeared in Table 1. The measurements showed that DMFPI was
ownfield shifted compared to MFP  due to its ionization, because

t was less shielded. In particular, the methyl group attached to
itrogen was downfield shifted. The alkyl chain peaks of poly(MFP-
o-3HT) and poly(MFP-co-3DT) were observed at 0.8–2.24 ppm and
hat of the methoxy group of poly(MFP-co-3TA) was  observed at
round 3.5 ppm.

Using MALDI-TOF MASS spectroscopy, we estimated the molec-
lar weights of MFP  and DMFPI. The molecular weights of the
opolymers were estimated by gel permeation chromatography
GPC) in THF (Table 2). The molecular weight is very impor-
ant due to the interpenetration of the electrolytes. We  tuned
he weight average molecular weight (Mw) of the copolymer to
000–20,000 g/mol, which is known to be suitable. We  obtained
opolymers having Mw values of 6700 g/mol (poly(MFP-co-3HT)),
0,700 g/mol (poly(MFP-co-3DT)), and 12,200 g/mol (poly(MFP-co-
TA)).

.2. Optical properties of MFP, DMFPI, and copolymers

In order to use the copolymers as HTMs in DSSCs, they should
ot absorb light in the visible spectrum. We  measured the UV–vis
bsorption spectra of DMFPI in chlorobenzene solution. This solu-
ion was prepared by adding 0.2 mg  of C60 or fullerene derivatives
o 4 ml  of pure chlorobenzene solution. Fig. 4 shows that the

aximum absorption peak of DMFPI in chlorobenzene solution
ppeared at 345 nm and the maximum absorption peaks of MFP
nd the copolymers in chloroform solution appeared at 329 nm
nd 308 nm,  respectively, corresponding to the fulleropyrrolidine
roup. The absorbance spectra of the copolymers broadly appeared
n the range of 300–550 nm after the formation of the copolymer.
hey absorbed very little light in the visible spectrum and were
herefore suitable for use as HTMs.
.3. Cyclic voltammetry

Cyclic voltammetry (CV) was used for measuring the electro-
hemical transfer and estimating the HOMO and LUMO energy

Wave length (nm)
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A
b

s
o

rb
a
n

c
e

MFP

DMFPI

Poly(MFP-co-3HT)

Poly(MFP-co-3DT)

Poly(MFP-co-3TA)

ig. 4. UV–vis spectra of MFP, copolymers (chloroform) and DMFPI (chloro-
enzene).
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levels [37]. We  used CV to confirm the band energy of DMFPI
and the copolymers. The redox data were standardized with the
ferrocene–ferricenium couple, which has a calculated energy of
−4.8 eV [37]. The reference electrode was  Ag/Ag+ and the work-
ing and counter electrodes were Pt wires. The energy bandgap was
calculated from Eqs. (1) and (2) [38],

Eg = h�1 or 2 (J) = 1240
�1 or 2

(eV) (1)

LUMO = HOMO − Eg (2)

where h is the Planck constant, � is the frequency, and � is the
wavelength of the absorption (�1) or the fluorescence (�2) edge.

In order for them to be used as a HTMs, the upper edge level of
the valence band of DMFPI and the copolymers must be higher than
the ground state level of the dye. In other words, the HTML should
accept the holes from the dye cations [39]. That is,

S + hv → S∗

S∗ → S+ + e− (to conduction band of TiO2)

S+ → S + h+ (to valence band of HTM)

The HOMO level of DMFPI of 4.97 eV was  higher than the ground
state level of the dye, viz. 5.7 eV (Table 3). We  confirmed that DMFPI
was a suitable hole conductor with an appropriate band gap. The
HOMO levels of poly(MFP-co-3HT), poly(MFP-co-3TA) of 5.50 eV
and 5.55 eV, respectively, were higher than the redox potential of
the iodine redox couple and lower than the work function of the
Pt counter electrode. It was found that they have proper levels for
the transfer of the hole charges between the oxidized dyes and
polymer redox electrolyte. Due to the good charge transfer abil-
ity of poly(MFP-co-3HT) and poly(MFP-co-3TA), the Jsc values of
the corresponding DSSC devices were increased and this led to an
improvement in their efficiency. When using poly(MFP-co-3DT),
however, the HOMO level of poly(MFP-co-3DT) was similar to the
energy level of the oxidized dyes, with the result that is hard to
transfer the hole charges. As a result of the inappropriate energy
level the efficiency of the DSSC device with poly(MFP-co-3DT) was
decreased compared to those of the other devices. The energy band
diagram of the hole transfer mechanism is illustrated in Fig. 5.

3.4. Photovoltaic performances of FTO/TiO2/Dye/HTML/Pt devices

The photovoltaic performances of the DSSC devices were
studied by measuring their photocurrent density–voltage (I–V)
characteristics under light illumination. The power conversion effi-
ciency (�) of the devices is given by Eq. (3)

� = Pmax

Pin
= (Jsc × Voc) × FF

Pin

with FF = Pmax

Jsc × Voc
= Jmax × Vmax

Jsc × Voc

(3)

where Pmax is the output electrical power of the device under illu-
mination, and Pin represents the intensity of the incident light (e.g.,
in W/m2 or mW/cm2). Voc is the open-circuit voltage, Jsc is the short-
circuit current density, and the fill factor (FF) is calculated from the
values of Voc, Jsc, and the maximum power point, Pmax.

We  measured the I–V curves of the FTO/TiO2/Dye/HTML/Pt
devices using DMFPI or the copolymers as the HTM. The pho-
tovoltaic performances of the DSSC devices are summarized in
Table 4. In order to use DMFPI as the HTM, several conditions need

to be satisfied. Firstly, the HOMO of the dye should be located under
the HOMO of the HTM, in order to smooth the charge transfer of the
holes from the dye. This is essential for the charge transfer between
the dyes and TiO2 (electron) or dyes and HTM (holes). It is important
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Table 3
Cyclic voltammetry (CV) data of DMFPI and copolymers.

Compounds E+1
1/2

(V) Optical bandgap in film (eV) HOMOb LUMOb

DMFPIa 0.24 2.80d 4.97c 2.17c

Poly(MFP-co-3HT)a 0.95 2.32d 5.50c 3.18c

Poly(MFP-co-3DT)a 0.99 2.39d 5.61c 3.22c

Poly(MFP-co-3TA)a 0.92 2.37d 5.55c 3.18c

a DMFPI vs Fc/Fc+ were determined in solution state with 0.1 M TBAP (tetra butyl ammonium perchlorate) in dimethyl sulfoxide (DMSO) and copolymers vs Fc/Fc+ were
determined in solution state with 0.1 M TBAP (tetra butyl ammonium hexafluorophosphate) in dichloromethane (CH2Cl2).

b Set ferrocene–ferrocenium = 4.8 eV.
c From E−1

1/2
(V) and bandgap in film.

d From onset potential and optical bandgap in film.

Fig. 5. The energy band diagram of the charge transfer mechanism with HTM (hole transporting materials).

Table  4
The photocurrent–voltage characteristics of the DSSC devices with hole transporting materials (DMFPI) under AM 1.5, active area: 0.25 cm2.

Electrolytes Voc (V) Jsc (mA/cm2) Fill factor Efficiency (%)

0.0
10.5

t
H
a
m
f
t
(
t
b
s

T
T

EC + PC (4:1 (v/v)) 0.17 

EC  + PC (4:1 (v/v)) + DMFPI 0.53 

o balance the energy level of the dyes and the HTM. Secondly, the
TM should not absorb light in visible region. Thirdly, it is the suit-
bility with the dyes. In our study, we attempted to maintain the
aterial using DMF  as the solvent, however it was not appropriate

or the dyes because the DMF  dissolved the dyes and also degraded
he dyes on the TiO2 nanocrystallites. We  chose ethylene carbonate

EC) and propylene carbonate (PC), which have good ionic conduc-
ivity [40,41],  as the solvent, since these materials have already
een used in quasi-solid-state DSSCs. The solvent is helpful to dis-
ociate the iodide salts and therefore facilitate the transfer of the

able 5
he photocurrent–voltage characteristics of the DSSC devices under AM 1.5, active area: 

Voc (V) Jsc (mA/

Poly(MFP-co-3HT)a 0.615 4.4 

Poly(MFP-co-3HT)b 0.714 2.3 

Poly(MFP-co-3DT)a 0.583 4.4 

Poly(MFP-co-3DT)b 0.690 1.9 

Poly(MFP-co-3TA)a 0.621 7.6 

Poly(MFP-co-3TA)b 0.724 4.5 

a The DSSC devices using polymer electrolyte with iodine (I2).
b The DSSC devices using polymer electrolyte without iodine (I2).
6 0.190 0.0019
 0.414 2.31

charges. We  measured the cell performance and obtained a Jsc of
10.5 mA/cm2, a Voc of 0.530 V and FF of 0.414. The efficiency of the
device was  2.31%, which is remarkable when using an HTM without
additives (see Table 5).

In the devices using poly(MFP-co-3HT), poly(MFP-co-3DT) and
poly(MFP-co-3TA) with iodine, the Jsc values are 4.4, 4.4 and

2
7.6 mA/cm , the Voc values are 0.615, 0.583 and 0.621 V and the FF
values are 0.532, 0.541 and 0.586, leading to calculated � values of
1.45, 1.38 and 2.75%, respectively. Poly(MFP-co-3TA) showed the
best efficiency, because of its appropriate hole transfer level. We

0.36 cm2.

cm2) Fill factor Efficiency (%)

0.532 1.45
0.666 1.09
0.541 1.38
0.599 0.79
0.586 2.75
0.615 1.98
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nvestigated the DSSC devices without iodine (I2). The disadvan-
age of the DSSCs using I2 is their poor long-term stability, due
o sublimation. I2 is colored and absorbs solar light in the visi-
le region. To overcome this drawback, we attempted to fabricate
SSC devices without any iodine in the electrolyte. The cell with-
ut I2 showed a lower efficiency than the DSSCs using I2. In the
SSC performance, Voc dramatically increased, but Jsc decreased
ompared to the DSSC using I2. The efficiencies of the devices
sing the copolymer electrolytes without iodine, poly(MFP-co-
HT), poly(MFP-co-3DT) and poly(MFP-co-3TA) were as follows:

sc values of 2.3, 1.9 and 4.5 mA/cm2, Voc values of 0.714, 0.690 and
.724 V, FF values of 0.666, 0.599 and 0.615 and � values of 1.09,
.79 and 1.98%, respectively. And the I–V curve for DSSC device
hat gives an efficiency above 2% in Fig. 6.

. Conclusion

We focused on the fabrication and investigation of the pho-
ovoltaic properties of DSSC devices based on soluble fullerene
erivatives.

In this work, we successfully synthesized the organic HTM,
MFPI, and fabricated DSSC devices [FTO/TiO2/dye/HTML/Pt] using

his material as the HTM. The best result of the DSSC devices was
 power conversion efficiency of 2.31% using DMFPI without any
dditives. We  confirmed the hole transfer mechanism and the effect
f the HTML on the performance of the DSSC device.

In addition, we successfully fabricated DSSC devices using
ullerene copolymers. It was found that the DSSC devices using
oly(MFP-co-3HT), poly(MFP-co-3DT), and poly(MFP-co-3TA) as
he HTM showed efficiencies of 1.45%, 1.38% and 2.75% respectively.

hen using poly(MFP-co-3HT), poly(MFP-co-3DT), and poly(MFP-
o-3TA) as the HTM without iodine (I2), we obtained efficiencies of
.09%, 0.79%, 1.98%, respectively.
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