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Abstract: Three two-dimensional (2-D) conjugated polythiophenes with bi(thienylenevinylene) side chains
(biTV-PTs), P1, P2, and P3, were designed and synthesized for application in polymer solar cells. The
absorption spectral, electrochemical, and photovoltaic properties of the biTV-PTs were investigated and
compared with those of poly(3-hexylthiophene) (P3HT). The biTV-PTs show a broad absorption band from
350 to 650 nm; especially, the absorption spectrum of P3 displays a broad plateau and much stronger
absorbance than that of P3HT in the wavelength range from 350 to 480 nm. Cyclic voltammograms reveal
that the onset oxidation and reduction potentials of the biTV-PTs positively shifted by ca. 0.2 V in comparison
with those of P3HT, indicating that the HOMO energy level of the biTV-PTs is ca. 0.2 eV lower than that
of P3HT. Polymer solar cells (PSCs) were fabricated based on the blend of the polymers and
1-(3-methoxycarbonyl)propyl-1-phenyl-[6,6]-C-61 (PCBM) with a weight ratio of 1:1. The open circuit voltage
of the PSCs based on the biTV-PTs is ca. 0.1 V higher than that of P3HT, which is benefited from the
lower HOMO levels of the biTV-PTs. The maximum power conversion efficiency (PCE) of the PSCs based
on P3 reached 3.18% under AM 1.5, 100 mW/cm?, which is 38% increased in comparison with that (2.41%)
of the devices based on P3HT under the same experimental conditions. The results indicate that the 2-D
conjugated biTV-PTs are promising polymer photovoltaic materials.

Introduction the conjugated polymers used at present, mainly poly(3-
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Soluble polythiophene derivatives (PTs) have drawn much hexylth|ophene) (P3HTY,* only absorb a part of the visible

attention in recent years, due to their promising applications in Lﬁgt;ggécrh tli'g;]'ts :ge:rttlilgz c::f”:ﬁesirg'nggt';g;urtgle:r:rggozgme
electrochromics biosensors electrochemical supercapacitdrs, narrower Sand pa P olVmers were s Jnt%esizez a);ld a ’ lied to
anticorrosiort, polymer thin film transistors, polymer light- gap poly y P

emitting diodes (PLEDS) polymer photodetectors and polymer the PSC4* The absorpgon spectra of the narrow band gap

solar cells’™11 etc. Among the various properties of PTs, the polymers show absorption peaks at a longer wavelength, but
absorption spectrum is of crucial importance for their applica-
tions in polymer solar cells (PSCs) and electrochromics, etc.
As a photoactive material in the PSCs, first of all, the conjugated
polymers need effective absorption of the visible light. However,
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Scheme 1. Molecular Structure of P3HT and the
Bi(thienylenevinylene) Substituted Polythiophenes
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the shorter wavelength sunlight (such as-3800 nm) is not
absorbed if the bandwidth of their absorption is not broad
enough. Obviously, the conjugated polymers with not only

2). In theH NMR spectrum ofP1, there is a peak ai 2.60
ppm (peak 1) which is attributed to the hydrogen at position 1
on the side chain dP1 (see the molecular structure inserted in
Figure 2), while thetH NMR spectra ofP2 and P3 display a
new peak at 2.70 ppm (peak 2) which is attributed to the
hydrogen at position 2 on the side chain of the segment of
3-hexyl-2,2-bithiophene. Therefore, the ratio otn in P2 and

P3 could be determined by the ratio of the integral areas of
peak 1 to peak 2 in Figure 2. The valuesnaf determined in
this way are 0.99 foP2 and 0.59 forP3, which is close to (a
little higher than) that determined by the sulfur content of the
elemental analysis (0.95 fé&t2 and 0.53 forP3).

Thermal Stability. Figure 3 shows the thermogravimetric
analysis (TGA) plots of the biTV-PTs. The onset decomposition

narrower band gaps but also broad absorption bandwidths aretemperatures of the polymers are around 3Q0in nitrogen,

desirable for application in PSCs.
To pursue the broad absorption in the visible region, the

which indicates that the biTV-PTs are as stable as ploy(3-
alkylthiophene). Obviously, the thermal stability of the biTV-

authors recently designed and synthesized a new kind of PTsPTs is adequate for their applications in PSCs and other

with conjugated phenylenevinylene side chains (PV-PTEhe

optoelectronic devices.

PV-PTs possess two absorption peaks located in the UV and  apsorption Spectra. Figure 4 shows the absorption spectra

visible regions, respectively. The UV peak results from the

of the biTV-PTs films, as well as those of mononéaand P3HT

absorption of the conjugated side chains, and the visible peakfor comparison. Interestingly, the absorption band of the biTV-

is attributed to the absorption of the—xz* transition of the

PTs covers a broad wavelength range from 350 to 650 nm,

conjugated main chains. By using bi(phenylenevinylene) as the especially forP2 andP3; their absorption spectra show a broad

side chains, the UV absorption peak is red-shifted to-33&0

plateau in the visible region. Compared with the absorption

nm and the polymers show a broad absorption in the visible spectra of monomes and P3HT, obviously, the absorption of
region:® But in the absorption spectra of the polymers, there is the biTV-PTs in the region 358450 nm results from the

a valley at around 450 nm, which needs to be further improved conjugated bi(thienylenevinylene) side chains, and the absorp-

for application in PSCs. In this paper, we used bi(thienylenevi-

tion between 450 and 650 nm is attributed toAtker* transition

nylene) as the conjugated side chains and made the absorption the polythiophene main chains, which agrees with that

of the side chains further red-shifted to 414940 nm. The bi-
(thienylenevinylene) substituted polythiophenes (biTV-PTs) of

observed in the PV-PTS.With the decrease of the content of
the conjugated side chains (the valuenofi in Scheme 1) in

P1-3 (see Scheme 1; the molecular structure of P3HT is also the biTV-PTs fromP1 to P3, the absorbance of 3550 nm
shown in Scheme 1 for comparison) possess a broad and strongjecreased and that of 45650 nm increased. The absorption
absorption band in the region from 350 to 650 nm. Furthermore, edge ofP2 andP3 is at ca. 680 nm, corresponding to a band
the photovoltaic properties of the polymers were investigated g of 1.82 eV.

by fabricating the polymer solar cells of ITO/PEDOT:PSS/
polymer:PCBM(1:1, w/w)/Mg/Al. The maximum power con-
version efficiency of the devices based B8 reached 3.18%
under the illumination of AM 1.5, 100 mW/chwhich is 38%

increased in comparison with that of the devices based on P3HT.

under the same experimental conditions.
Results and Discussion

Synthesis of the Polymers.The bi(thienylenevinylene)

substituted polythiophenes (biTV-PTs) were synthesized by a

Poly(3-hexylthiophene) (P3HT) is the most common conju-
gated polymer used in the PSCs at presé#t.So here we
compared the absorption spectra of the three polymers with
P3HT in Figure 4 and Table 1. It can be seen from Figure 4
that the absorbance of the three biTV-PTs in the range from
350 to 480 nm is much stronger than that of P3HT. As listed in
Table 1, the absorbance B2 film is 1.30 x 10-%nm at 445
nm and 0.91x 10~%/nm at 545 nm, and that &3 film is 0.96
x 107%nm at 452 nm and 1.06 10~%nm at 540 nm. The
average absorbance of the broad visible absorption peaks of

Stille coupling route, as shown in Scheme 2. The double bondsp; 44p3 films is quite close to that of P3HT. The full width

between thiophene rings in compougdwere formed by a
Horner—-Emmons reaction. The molecular structure of com-
pound6 was determined by #H NMR spectrum, and there is
no cis-isomer of the compound, as shown in Figure 1. The
polymerP1is an alternate copolymer of compouéénd 2,5-
bis(tributylstannyl)thiophene, while polymeR2 and P3 are
random copolymers d?1 and 5,5poly(3-hexyl-2,2bithiophene),

as shown in Scheme 1. The ratio @wfn was modulated by
controlling the monomer ratio of compousdo 2,5-dibromo-
3-hexylthiophene. The actual values ofn were determined
on the basis of théH NMR spectra of the polymers (see Figure

(13) Hou, J. H.; Huo, L. J.; He, C.; Yang, C. H.; Li, Y. Macromolecules
2006 39, 594.
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at half-maximum (fwhm) ofP3 film is ca. 240 nm, which
increased by ca. 49% in comparison with that of ca. 161 nm of
P3HT film. In addition to the bandwidth of the absorption, the
value of the absorbance of the conjugated polymers is more
important for a good harvest of sunlight in the PSCs. In
combining the bandwidth and absorbance of the absorption, the
integral area of the absorbance in visible region should be a
proper standard for the comparison of light harvest ability of
the polymers used in PSCs. In the visible region from 380 to
780 nm, the integral area of P3HT film for 1 nm thickness is
about 1.76, and that ¢f3is about 2.29, so in comparison with
P3HT, the light harvest ability dP3 increased by about 30%.
Moreover, the integral areas &1 and P2 films for 1 nm
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Scheme 2. Synthesis Route of the Bi(thienylenevinylene) Substituted Polythiophenes?
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Figure 1. *H NMR spectrum of compouné.

thickness are both about 2.60, which are 50% more than thatspectra of the biTV-PTs and monom@rsolutions in dichlo-

for P3HT, so, from this point of view, these two polymers also romethane, excited at 410 nm. The monomer exhibits a PL

have a much higher light harvest ability than P3HT. maximum at about 480 nm, while the three biTV-PTs show a
Photoluminescence Spectrd?hotoluminescence (PL) spectra PL peak at ca. 580 nm and there is not any PL emission at the

could provide a good deal of information on the electronic wavelengths corresponding to the monomer PL emission.

structures of the conjugated polymers. Figure 5 shows the PL Obviously, the PL peak of the biTV-PTs is entirely attributed

J. AM. CHEM. SOC. = VOL. 128, NO. 14, 2006 4913
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Figure 2. ™H NMR spectra ofP1, P2, andP3 for the determination of composition.

1.1 Table 1. Absorption Spectral Properties of the biTV-PTs and
P3HT
1.0
Amax(nm)/Absorbance?
g 0.9 (10~2/nm)
o 08 short long full width integral area®
'ﬁ wavelength wavelength at half maximum® for 1 nm
ot 0.7 polymers absorption absorption (nm) thickness
=
o 06 P3HT 552/1.10 161 1.76
g 0.5 P1 413/1.82 566/0.58 115 2.60
’ P2 445/1.30 545/0.91 210 2.60
0.4 P3 452/0.96 540/1.06 240 2.29
0.3 160 2['}0 360 460 560 800 aThe absorbance values were obtained by dividing the maximum
Temperature (°C) absorbance by the thickness of the filh3.he absorption in the UV region
is not included® Integration was taken in the whole visible range from
Figure 3. TGA plots of the biTV-PTs with a heating rate of 2&/min 380 to 780 nm.
under inert atmosphere.
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Figure 4. Absorption spectra of the polymer films of biTV-PTs and P3HT Wavelength (nm)
and compound solution in dichloromethane. Figure 5. Photoluminescence spectra of the solutions of the biTV-PTs and

L . . . . the monomes in dichloromethane, excited at 410 nm.
to the recombination of the excitons in the main chains, although

the polymers were excited at the wavelength (410 nm) corre- phenomenon ensures that all photons absorbed by the polymers
sponding to the absorption of the conjugated side chains in theare useful for the photovoltaic conversion.

PL measurement. The results indicate that quick and complete Electrochemical Properties. The electrochemical cyclic
energy transfer occurs from the conjugated side chains to thevoltammetry was performed for determining the highest oc-
polymer main chains after the conjugated side chains absorbcupied molecular orbital (HOMO) and the lowest unoccupied
the photons in the wavelength range 3%®0 nm. This molecular orbital (LUMO) energy levels of the conjugated

4914 J. AM. CHEM. SOC. = VOL. 128, NO. 14, 2006
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Figure 6. Cyclic voltammograms of the three biTV-PTs and P3HT films
on a platinum electrode in 0.1 mol/L BNPFs, acetonitrile solution.
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Table 2. Electrochemical Onset Potentials and Electronic Energy
Levels of the Polymer Films

®ox (V vs AgiAg*)/ @red (V vs AglAg*)/ Eg E,opta

polymers Evowmo (8V) Evumo (V) (eV) (eV)

P3HT 0.05+4.76 —-1.97~2.74 2.02 1.80
P1 0.254.96 —-1.742.97 1.99 1.81
P2 0.234.94 —1.762.95 1.99 1.82
P3 0.22-4.93 —1.75/-2.96 1.97 1.82

ITO/PEDOT:PSS(30nm)fActive layer(1:1,80nm)Mg(10nm /Al 150nm)

o N OB

Current Density(mA/cm?)

025 0.50 075
Voltage(V)

Figure 7. 1=V curves of the polymer solar cells basedrh P2, P3, and
P3HT under the illumination of AM 1.5, 100 mW/ém

0.00 1.00

Table 3. Photovoltaic Properties of the Polymer Solar Cells

polymers Ve (V) I (MA/cm?) FF (%) PCE (%)
P1 0.66 7.11 36 1.71
P2 0.69 8.74 43 2.57
P3 0.72 10.3 43 3.18
P3HT 0.60 9.9 41 241

aThe optical band gap was obtained from the equakghti' = 1240/
Aedge Where Jedge is the onset value of absorption spectrum in long
wavelength direction.

polymers!* Figure 6 shows the cyclic voltammograms of the
biTV-PTs films on a Pt electrode in 0.1 mol/L BNPFs,
acetonitrile solution. The three biTV-PTs have similar onset
oxidation potentials¢ox) and onset reduction potentials{g).

The cyclic voltammogram of P3HT was also measured and put
in Figure 6 for comparison. It can be seen that the onset

oxidation and reduction potentials of the biTV-PTs positively
shifted by ca. 0.2 V in comparison with those of P3HT. From
the values ofpox and greq, the HOMO and the LUMO as well
as the band gapsEf9 of the polymers were calculated
according to the following equatio$?

HOMO = —e(g, + 4.71) (eV)
LUMO = —e(@,.g+ 4.71) (eV)

Egec = e(gﬁox - (pred) (eVv)

where the unit of potential is V vs Ag/Ag

electron donot® the lower HOMO of the biTV-PTs could be
beneficial to a higheW,: of the PSCs with the polymers as
donor materials.

Photovoltaic Properties. The motivation of the design and

synthesis of the 2-D conjugated PTs is to look for new
conjugated polymers for the application in polymer solar cells
(PSCs). To check the photovoltaic properties of the biTV-PTs,
we fabricated the PSCs with the structure of ITO/PEDOT-PSS/
polymer:PCBM(1:1, w/w)/Mg/Al where the polymeP{, P2,
P3, or P3HT) was used as the electron donor and PCBM (1-
(3-methoxycarbonyl)propyl-1-phenyl-[6,6]-C-61) was used as
the electron acceptor. The device based on P3HT is for
comparison because P3HT is the most efficient PT derivative
used in the PSCs at prestht

Figure 7 shows thd—V curves of the PSCs under the
ilumination of AM 1.5, 100 mW/cr, and Table 3 lists the
photovoltaic properties obtained from theV curves for the
best devices. In comparison with the device based on P3HT,
the open circuit voltagev,c) of the devices based on the biTV-
PTs increased by ca. 0.1 V. The highéy. is expected from
the lower HOMO energy levels of the biTV-PTs (see Table 2),

The results of the electrochemical measurements are listedas mentioned above. For the best devices, the power conversion
in Table 2. Band gaps of the three 2-D conjugated biTV-PTs efficiency (PCE) of the PSC based d?8 reached 3.18%,

are similar to that of P3HT, but their HOMO and LUMO
dropped by ca. 0.2 eV in comparison with those of P3HT. The
electrochemical band gapE° are larger than those of the
optical band gapsE,°®) for all four polymers, which agrees
with that observed for other PT derivative®sSince open circuit
voltage Voo of polymer solar cells is related to the difference
of the LUMO of the electron acceptor and the HOMO of the

(14) (a) Li, Y. F,; Cao, Y.; Gao, J.; Wang, D. L.; Yu, G.; Heeger, ASynth.
Met. 1999 99, 243. (b) Sun, Q. J.; Wang, H. Q.; Yang, C. H.; Li, Y. .F.
Mater. Chem2003 13, 800.

increased by 38% in comparison with the PCE 2.41% of the
device based on P3HT under the same experimental conditions.
We fabricated five devices for every polymer sample in the
investigation of the photovoltaic properties. Under the illumina-
tion of AM 1.5, 100 mW/cr, the PCE values of the five PSCs
based on P3 were 2.90%, 3.05%, 3.13%, 3.08%, and 3.18%,
respectively, with the average PCE of 3.07%, while those of
the five PSCs based on P3HT were 2.38%, 2.35%, 2.41%,
2.39%, and 2.37%, respectively, with an average PCE of 2.38%.

(15) (a) Johansson, T.; Mammo, W.; Svensson, M.; Andersson, M. R.; Inganas, (16) (a) Mihailetchi, V. D.; Blorn, P. W. M.; Hummelen, J. C.; Rispens, M. T.

0. J. Mater. Chem2003 13, 1316. (b) Chen, W. C.; Liu, C. L.; Yen, C.
T.; Tsai, F. C.; Tonzola, C. J.; Olson, N.; Jenekhe, SMacromolecules
2004 37, 5959.

J. Appl. Phys2003 94, 6849. (b) Dyakonov, VAppl. Phys. A2004 79,
21.
(17) Hou, J. H.; Yang, C. H.; Li, YSynth. Met2005 153 93.
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synthesized for obtaining the conjugated polymers with broad
and strong visible absorption for the application in polymer solar
cells (PSCs). The biTV-PTs were characterized by TGA,
absorption and photoluminescence spectroscopy, cyclic volta-
mmetry, and photovoltaic measurements. The absorption spectra
of the biTV-PTs films show a broad absorption band covering
the wavelength range from 350 to 650 nm, which is composed
of the absorption of the conjugated side chains peaked at ca.
410 nm and that of the conjugated main chains peaked at ca.
550 nm. Especially, the absorption spectrun®8shows a high

and broad plateau, and its absorbance is stronger than that of

400 450 500 550 600 650 700 poly(3-hexylthiophene) (P3HT) in the range 35480 nm. The
Wavelength (nm) PL spectra of the biTV-PTs reveal that complete exciton energy
Figure 8. IPCE curves of the PSCs based el P2, P3, and P3HT. transfer occurs from the conjugated side chains to the main

chains of the biTV-PTs. The electrochemical measurements
In comparison with the average PCE values, the photovoltaic indicate that the HOMO energy level of the biTV-PTs is ca.
efficiency of P3increased by 29% vs that of P3HT. 0.2 eV lower that that of P3HT. Photovoltaic properties of the
Figure 8 shows the input photon to converted current hiTV-PTs were investigated with the polymer solar cells (PSCs)
efficiency (IPCE) of the PSCs for the best devices. The shape hased on the blend of the polymers and PCBM (1:1, w/w) under
of the IPCE curves of the devices based on the biTV-PTs is oM 1.5, 100 mW/cm. The open circuit voltage of the PSCs
very similar to their absorption spectra, indicating that all the pased on the biTV-PTs is ca. 0.7 V, ca. 0.1 V higher than that
absorption of the polymers contributed to the photovoltaic of p3HT, which is benefited from the lower HOMO levels of
conversion. As mentioned above, the integral area of the the hiTV-PTs. The maximum power conversion efficiency
absorbance oP1 and P2 in the visible region is higher than  (pCE) of the PSCs based &8 reached 3.18%, increased by
that of P3, but the PCE of the devices basedRbandP2 is 38% in comparison with that of the devices based on P3HT
lower than that o3, probably due to the weaker absorbance ynder the same experimental conditions. The average PCE value
of P1andP2in the longer wavelength range from 550 to 650 of five PSCs based oR3 was 3.07%, increased by 29% vs
nm. Obviously, the strong and uniform absorbance of the that of P3HT. The results indicate that the 2-D conjugated biTV-

conjugated polymers in the whole visible region should be very pTs are promising polymer materials for application in polymer
important for a high efficiency polymer photovoltaic material. ggjlar cells.
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based orP3is higher than that of P3HT. The results indicate
that the 2-D conjugated biTV-PTs are promising materials for
the application in polymeric solar cells.
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Conclusion This information is available free of charge via the Internet at
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