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Solution-processible organic field-effect transistors (OFETs)
and organic photovoltaics (OPVs) have been extensively
investigated due to their potential for low cost, large area,
and lightweight electronic and optoelectronic applications.1

One of the key enabling materials for OFETs and OPVs is
π-conjugated semiconducting polymers with high charge
carrier mobility and good processability. There are two
approaches for the development of high-performance semi-
conducting polymers. The first one is to design materials
with enhanced order through self-organization. The strong
π-π interactions in these polymers enables fast in-plane
charge transport, leading to hole mobilities of 0.01 to 0.6
cm2 V-1 s-1.2 However, the performance of these systems
is strongly dependent on the post-treatments3 and the
structural regioregularity of the polymers,4 which increases
the complexity for device processing. The alternative ap-
proach is to produce amorphous polymer thin films with a
uniform path for charge transport.5 Charge carrier mobility
in this system is usually lower than that of the polycrystalline
polymers due to the lack of band transport. The best reported
field-effect mobility for the amorphous system is 6.1 × 10-3

cm2 V-1 s-1 from a large bandgap polytriarylamine deriva-
tive.6 Here we report the design and synthesis of a series of
amorphous metallated π-conjugated polymers that show
field-effect hole mobility up to 1.0 × 10-2 cm2 V-1 s-1. In
addition, their small bandgap and high extinction coefficient
properties enable them to be used for high-performance
OPVs.

The generally adapted strategy in designing low-bandgap
conjugated polymers is to alternate the electron-rich and the
electron-deficient units on the polymer backbone. Several
low-bandgap polymers developed based on this principle
have resulted in OPVs with efficiency of 2-5%.7 Another
approach is to introduce suitable organometallic donor
moieties into the polymer main chain.8 The complexation
of an electron-donating transition metal (Pt) ion into the
polymer main chain was reported to enhance the intrachain
charge transport of π-conjugated polymers.8,9 When Pt metal
is conjugated with an alkyne unit, the d-orbitals (dxy and dxz)
of the Pt overlaps with the p-orbitals (πy* and πz*) of the
alkyne unit leading to the enhancement of π-electron
delocalization along the polymer chain.10 Previously, a Pt(II)-
polymer based on 4,7-di-2′-thienyl-2,1,3-benzothiadiazole
(P1) had been employed in a bulk heterojunction solar cell
showing high power conversion efficiency (PCE) and
moderate hole mobility.8 Using a similar approach, we
developed a series of Pt-based polymers derived from P1
which show dramatically improved charge transporting
properties. The synthesis of the bis-terminal alkyne monomer
and the metallated conjugated polymers used in this study
are summarized in Figure S1 (Supporting Information).

The bis-terminal alkyne unit was coupled with the trans-
dichlorobis(trialkylphosphine) platinum(II) (trans-PtCl2-
(PR3)2, R ) C2H5 or C4H9) unit through the dehydrohalo-
genation method to give metallated conjugated polymers as
shown in Scheme 1. The resulting polymers were purified
by a Soxhlet apparatus with hexane and reprecipitated in
MeOH. The two trialkylphosphine ligands on the platinum
atom are used to improve the solubility and stability of the
trans platinum(II) compound while the optical and electrical
properties are tuned by coupling the platinum compound with
a thiophene (T)- or thieno[3,2-b]thiophene (TT)-connected
2,1,3-benzothiodiazole. The resulting polymers exhibit λmax

at 587-611 nm in the solid state (Figure 1 and Table 1),
which is attributed to the intramolecular charge transfer
between the donor and the acceptor.10 The electrochemical
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Scheme 1. Metallated Conjugated Polymers

5734 Chem. Mater. 2008, 20, 5734–5736

10.1021/cm8016424 CCC: $40.75  2008 American Chemical Society
Published on Web 08/28/2008



properties of the resulting polymers were studied by cyclic
voltammetry with a three electrode cell in a 0.1 M solution
of tetrabutylammonium hexafluorophosphate (Bu4NPF6) in
CH2Cl2 (Figure S2, Supporting Information).

The results from the electrochemical and UV-vis absorp-
tion studies reveal that the bandgap of these polymers is in
the range of 1.81-1.85 eV. The versatility of metallated
π-conjugated polymers as a semiconducting polymer was
demonstrated by measuring its charge mobility using an
OFET configuration. A top contact, bottom gate OFET
device structure was used, with heavily n-doped Si used as
the gate, 300 nm SiO2 modified with octadecyltrichlorosilane
(OTS) as the dielectric, and vacuum deposited gold as source
and drain electrodes. To investigate the structure-property
relationship of these polymers, we systematically incorpo-
rated different heterocyclic units into the polymer backbone.
By incorporating the more structurally rigid TT unit in P2
compared to P1, the hole mobility and the on/off ratio
significantly improved from 6.1 × 10-5 cm2 V-1 s-1 and
∼102 to 1.5 × 10-3 cm2 V-1 s-1 and ∼104, respectively
(Figure S3, Supporting Information).

This more rigid structure enhances the electron coupling
between the donor and the acceptor units along the polymer
backbone.11 By adding an alkyl chain on the TT moiety in
P3 and P4, the hole mobility is further improved to 1.0 ×
10-2 cm2 V-1 s-1. Although alkyl chains typically promote
packing of polymer chains via face-to-face stacking and
improve intermolecular charge transport,2 these polymers
show amorphous thin film characteristics due to the steric
hindrance between the bulky -Pt(PR3)2- groups. To confirm
the amorphous nature of the resulting polymers, we pre-
formed X-ray diffraction analysis of polymers, P1-P4 cast
from chloroform onto silicon with native oxide substrates
(Figure S4, Supporting Information). No diffraction peaks
were observed in the cast films except for a broad peak at
∼4.5-6° and a second smaller peak at ∼8-9° which are
attributed to the spectral reflection off the native oxide layer
of the silicon substrate. Differential scanning calorimetry
measurements show no apparent transition also indicating
the amorphous nature of the polymers (Figure S5, Supporting
Information). In addition, there are no significant changes
in the absorption spectrum and morphology of spin-casted
polymer films before and after annealing at 150 °C for 10
min, confirming the amorphous nature of the conjugated

polymers.12 Despite its amorphous nature, P3 and P4 show
good charge transporting property. By decreasing the side-
chain length of the phosphine ligand (PEt3), the hole mobility
of P4 is slightly increased. This is probably due to the
reduced steric hindrance between two adjacent alkyl side
chains. The current-voltage characteristic of the P4 OFET
is shown in Figure 2. The hole mobility of P4 in the
saturation regime was 8.9 × 10-3 cm2 V-1 s-1 based on
the average of over 10 devices tested under ambient
conditions. The best field-effect hole mobility reached 1.0
× 10-2 cm2 V-1 s-1. The OFETs showed a sharp turn on
with a low subthreshold swing of approximately 1 V/decade
and high on/off current ratio of >106. These results also
revealed that trans-bistrialkylphosphine Pt(II)9 and alkylth-
ieno-[3,2-b]thiophene2 unit strongly enhanced the charge
transporting property of the conjugated polymer. This opens
up the possibility for a new class of solution-processible
semiconducting polymers for high performance OFETs
without the need of post-processing.

Solar cell performance was investigated due to the suitable
absorbance and charge transporting properties in these
polymers. The representative characteristics of the solar cells
are listed in Table 2. The bulk heterojunction solar cells had
a layered structure of glass/ITO/PEDOT-PSS/polymer:PCBM
or PC71BM/LiF/Al. To optimize the performance of the cells,
a series of devices were fabricated from chloroform (Table
2) and 1,2-dichlorobenzene (Table S1 and Figure S6,
Supporting Information) varying the weight ratios of poly-
mer:PCBM or PC71BM. The optimum performance is
obtained with devices having an active layer thickness of
∼80 nm with a 1:4 weight ratio of polymer:PCBM or
PC71BM. Using a lower fullerene ratio (1:1 and 1:2 w/w
ratio) in the blend leads to a reduction in the short circuit
current density due to the inefficient charge separation and
transport property, resulting in relatively low power conver-
sion efficiencies. After increasing the fullerene ratio, the
device exhibits pronounced improvement. It should be noted
that the effciency of the P1:PCBM system is lower than the
reported results in literature under similar processing condi-
tions.8 However, a 1:4 weight ratio of P4:PC71BM system
as shown in Figure 3 gave the best performance as compared
to the others under the same processing conditions. AFM
images (Figure 4) show a relatively smooth surface after
processing the blend films (1:4 w/w ratio) from chloroform
except for the P1:PCB71M which shows large phase
segregration.

The improvement in solar cell performance from PC71BM
compared to PCBM as the acceptor in these polymers can
be attributed to the better absorbance and charge transport
properties from PC71BM.14 Under the same processing
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Figure 1. UV-vis absorption spectra of metallated conjugated polymers
in CH2Cl2 solution (a) and solid state (b).
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conditions, the improvement in solar cell performance can
be correlated to the improved polymer hole mobility. The
best solar cell performance is based on the highest hole
mobility polymer (P4) and PC71BM. The best performance
measured for this system leads to an open circuit voltage of
Voc ) 0.79, a short circuit current of Jsc ) 10.12 mA/cm2, a
fill factor of FF ) 51.4%, and a power conversion efficiency
of PCE ) 4.13% under simulated AM 1.5 G illumination.

In additon, post thermal annealing does not further improve
the performance of the solar cells due to the amorphous
nature of the polymers which are less sensitive to postpro-
cessing when compared to polycrystalline polymers.

In summary, we have designed and synthesized a series
of amorphous metallated conjugated polymers exhibiting
high field-effect mobilities and high solar cell power conver-
sion efficiencies. The broad absorption and relatively high
mobility of these polymers provides the promise of a new
class of conjugated materials for all-solution processed field-
effect transistors and polymer solar cells.
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Table 1. Typical Physical and Electronic Properties of Metallated Conjugated Polymers

λmax
a (nm) HOMOb (eV) LUMOc (eV) Eg

d (eV) µh
e (× 10-2 cm2/(V s)) Ion/Ioff

P1 562 (587) -5.20 -3.35 1.85 0.006 (0.01) 4.8 × 102

P2 566 (592) -5.18 -3.34 1.84 0.15 (0.25) 5.2 × 104

P3 588 (610) -5.12 -3.30 1.82 0.57 (0.86) 1.5 × 106

P4 596 (611) -5.14 -3.33 1.81 0.89 (1.00) 1.5 × 106

a In CH2Cl2 solution. Film is shown in parentheses. b In CH2Cl2 (vs SCE) solution (0.1 M Bu4NPF6 electrolyte), Pt electrode. Scan rate: 100 mV/s.
Fc/Fc+ internal reference. c Calculated by Eg + EHOMO. d Optical energy gap (absorption edge). e Average charge carrier mobility in ambient conditions.
The highest value of each system is given in parentheses.

Figure 2. Output (a) and transfer (b) characteristics of P4 OFETs on OTS
modified SiO2 as a function of gate voltage (VGS). (W ) 9000 µm and L )
90 µm).

Table 2. Summary of Device Performance for Various Bulk
Heterojunction Polymer Solar Cells

polymer acceptora Voc (V) Jsc (mA/cm2) FF (%) PCEb (%)

P1 PCBM 0.818 4.22 38.4 1.32 (1.40)
PC71BM 0.828 4.04 45.7 1.53 (1.68)

P2 PCBM 0.839 4.76 38.3 1.53 (1.67)
PC71BM 0.844 7.33 39.6 2.45 (2.69)

P3 PCBM 0.805 5.35 47.2 2.03 (2.15)
PC71BM 0.813 8.67 50.6 3.57 (3.76)

P4 PCBM 0.793 5.67 49.4 2.22 (2.38)
PC71BM 0.787 9.61 49.3 3.73 (4.13)

a Active layer thickness of ∼80 nm cast from CHCl3 solution
(polymer:PCBM or PC71BM ) 1:4 w/w ratio). b Average power
conversion efficiency under AM 1.5 G irradiation at 100 mW/cm2. The
highest value of each system is given in parentheses. All
characterizations were performed in an ambient environment.

Figure 3. Current-voltage characteristics of bulk heterojuntion solar cells
with polymer:PCBM (a) and polymer:PC71BM (b) cast from chloroform
solution.

Figure 4. AFM images of polymer:PCBM (1:4) and polymer:PC71BM (1:
4) film cast from chloroform.
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