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Conjugated polymers are currently the subject of a broad
research area, especially for the application in electronic and
electrochemical devices such as polymer light-emitting diodes
(PLEDs),1 polymer solar cells (PSCs),2 sensors,3 electrochromic
devices, and field effect transistors (FETs).4 For the applications
in the optoelectronic devices, some special electron-donating
or electron-accepting properties of the conjugated polymers are
required. At present, the majority of the conjugated polymers
in use are electron donor (hole-transporting) in character, i.e.,
p-type materials. In contrast, there are few reports on electron
acceptor (n-type) of conjugated polymers which are with low-
lying LUMO (the lowest unoccupied molecular orbital) energy
level and high electron affinity (EA). The n-type conjugated
polymers are important not only in OLEDs as electron transport
materials for increasing electron injection from the cathode and
as hole blockers but also in PSCs as polymer acceptors.5,6

One method to modulating the electronic properties of the
conjugated polymers is the introduction of substituents with
functional groups.7,8 For obtaining n-type poly(phenylenevi-
nylene) (PPV), the cyano group was generally connected on
the vinylene units of the PPVs such as MEH-CN-PPV.9

However, the cyano-substituted vinylene units are intrinsically
unstable and can be easily photooxidized,10 while the introduc-
tion of cyano group on the phenylene ring of the PPVs results
in more stable polymers. Up to now, the phenylenevinylene units
with the cyano groups on their phenylene rings were copoly-
merized with other monomers with flexible side chains to
improve the solubility of the resulting polymers. In this work,
we first synthesized a homopolymer poly[1,4-dioctyloxyl-p-2,5-
dicyanophenylenevinylene] (DOCN-PPV) bearing two cyano
units and two symmetrical alkoxyl groups on the phenyl ring
by a facile synthesis method. Here, the cyano units were used
to tune the electronic energy levels of the polymer, and the
symmetrical alkoxyl groups were introduced to obtain the
regioregularity which is very important in the solar cells and at
the same time was used to improve the solubility of the polymer.
Furthermore, the intramolecular interactions of the electron-
donating alkoxyl groups and the electron-accepting cyano groups
on the benzene could form a charge-transfer state which reduces
the energy gap of the conjugated polymer. The polymer showed
a promising n-type behavior with a reversible n-doping/dedoping
process and an onset reduction potential of-1.06 V vs Ag/
Ag+ which is the highest value reported in the literature for the
n-doping of conjugated polymers. The electrochromic properties
of the polymer in n-doping process were also investigated.

The polymer DOCN-PPV was prepared by the Stille coupling
reaction; the synthesis route is illustrated in Scheme 1. Monomer
3 was obtained from2 by bromination of NBS under CF3COOH
and concentrated sulfuric acid conditions. The polymer was
obtained as a dark-red powder and can be easily dissolved in
conventional organic solvents such as chloroform, methylene
chloride, and toluene. The good solubility can be partially
attributed to the two octyloxy side chains attached to phenyl
ring. The chemical structure of DOCN-PPV was confirmed by
1H NMR and IR (KBr) spectroscopy and elemental analysis.
In the 1H NMR spectrum, electron-withdrawing cyano units
result in the downfield shift of the vinylene peak (7.87 ppm);
the ratio of hydrogen atoms is in complete agreement with the
polymer structure. The IR spectrum (Figure 1) indicates that
the carbonitrile functional group on the polymer was unaffected
by the polymerization reaction with a sharp signal at around
2225 cm-1; the vinyl(CdC) band together with the aromatic
CdC band appears as a broad peak around 1600 cm-1 because
of the inducement effect of the cyano group. The band of
vinylene double bonds shifts to a higher wavenumber at 1007
cm-1, which confirms the all-trans configuration of the vinylene
double bonds. Elemental analysis also agrees with the structure
of the polymer. The GPC result indicates that there are 25
average repeating units on the polymer main chains.

Figure 2a shows the UV-vis absorption spectra of the
polymer and monomer solutions and polymer film. It can be
seen that the absorption maxima of the monomer solution is
342 nm, while that of the polymer solution is 457 nm, red-
shifted by 115 nm than the monomer. In comparison with the
absorption spectrum of the polymer solution, the absorption
spectrum of DOCN-PPV film red-shifted further and shows a
rather broad band from 400 to 625 nm. The absorption band
edge of the polymer is at 625 nm, corresponding to a band gap
of ca. 2.0 eV, which is smaller than that of poly(2,5-di-n-
octyloxy-1,4-phenylenevinylene) (DO-PPV) without the cyano
units. (DO-PPV exhibits an absorption edge at ca. 590 nm,
corresponding to a band gap of ca. 2.10 eV.11) The reduction
of a band gap from DO-PPV to DOCN-PPV does confirm that
the interaction between the electron-donating octyloxy groups
and the electron-accepting cyano groups resulted in the band
gap reduction of the polymer.

PL spectra of the polymer and monomer solutions in CHCl3

and the polymer film are shown in Figure 2b. The PL spectra
were measured under the excitation at the absorption peak
wavelength. The PL peaks of the monomer and DOCN-PPV
solutions are at 399 and 536 nm, respectively. The PL peak of
the DOCN-PPV film red-shifted to 615 nm with a full width at
half-maximum (fwhm) of 91 nm. The PL quantum efficiency
of the DOCN-PPV solution is 0.69 with fluorescein as standard.

Figure 3 shows the thermal gravimetric analysis (TGA) curve
of DOCN-PPV under a nitrogen atmosphere with a heating rate
of 10 °C min-1. Thermal decomposition of DOCN-PPV starts
at about 230°C, and 5% weight loss was recorded at 313°C.
The results indicate that the thermal stability of the polymer is
enough for the application in optoelectronic devices.

Cyclic voltammetry (CV) of DOCN-PPV film on a Pt
electrode was performed to investigate its electrochemical
behavior and to estimate its electronic energy levels. The cyclic
voltammogram of DOCN-PPV, as shown in Figure 4, displays
a distinct reversible reduction/reoxidation (n-doping/dedoping)
process. The onset reduction potential of DOCN-PPV is
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-1.06 V vs Ag/Ag+, which corresponds to the lowest unoc-
cupied molecular orbital (LUMO) energy level of-3.65 eV
according to the equation LUMO) -e(Eon

red + 4.71) (eV).12

The LUMO level of DOCN-PPV is much lower than that of
other n-type conjugated polymers such as poly(cyanotereph-
thalyidene) (CN-PPV) with the LUMO of-3.11 eV.13 The
reduction (n-doping) peak potential of DOCN-PPV is-1.71 V
vs Ag/Ag+, and the corresponding n-dedoping peak appears at
-1.14 V. The reproducibility of the cyclic voltammograms in
the potential range of 0 to-2.0 V is very good, indicating a
good electrochemical stability for the n-doping/dedoping pro-
cesses of DOCN-PPV. In contrast with the n-doping/dedoping
process, the current associated with the p-doping in the oxidation
process of DOCN-PPV is very small (see Figure 4). The results
suggest that DOCN-PPV is a strong electron acceptor and a
pure n-type conjugated polymer. Such an n-type conjugated
polymer is quite rare and highly desired for the application in
PSCs.14

Scheme 1. Synthetic Routes of Monomer and Polymera

a (i) CuCN, DMF, 140°C, 24 h, 87%; (ii) NBS, CF3COOH/concentrated sulfuric acid, rt, 5 h, 91%; (iii) Pd(PPh3)4, toluene, reflux, 48 h, 71%.

Figure 1. IR spectrum of DOCN-PPV.

Figure 2. (a) Absorption spectra and (b) photoluminescence (PL)
spectra of DOCN-PPV and monomer dilute solutions in chloroform
and DOCN-PPV film on a quartz plate.

Figure 3. TGA curve of DOCN-PPV with a heating rate of 10°C/
min.

Figure 4. Cyclic voltammogram of the DOCN-PPV film on platinum
plates in an acetonitrile solution of 0.1 M [Bu4N]PF6 (Bu ) butyl)
with a potential scan rate of 50 mV/s.

8890 Communications to the Editor Macromolecules, Vol. 39, No. 26, 2006

CDV



Spectroelectrochemical measurement has been widely used
to study the p-doping/dedoping processes and electrochromic
properties of conjugated polymers.15-17 But there is no report
in the literature on the spectral change during n-doping/dedoping
processes of PPV derivatives. Based on the stable and reversible
n-doping/dedoping properties of DOCN-PPV, here the spec-
troelectrochemical measurement of DOCN-PPV was performed
to investigate its n-doping process. Figure 5 shows the in-situ
vis-NIR absorption spectra of DOCN-PPV film in a 0.1 mol/L
[Bu4N]PF6 (Bu ) butyl) acetonitrile solution at different
cathodic potentials with units of V vs Ag/AgCl. It can be seen
that when the potential was decreased to-1.0 V vs Ag/AgCl
(corresponding to ca.-1.3 V vs Ag/Ag+), the absorption peak
in the visible region decreased, and the near-infrared (NIR)
absorption increased, indicating the occurrence of the n-doping
of the polymer. At-1.3 V vs Ag/AgCl (corresponding to ca.
-1.6 V vs Ag/Ag+), the visible absorption peak decreased
further, and two absorption peaks at ca. 800 and 2000 nm in
the near-infrared (NIR) region appeared. Moreover, the spectral
changes were reversible; as the potential returned to 0 V vs
Ag/AgCl, the absorption spectrum of DOCN-PPV resumed to
the original spectrum at its neutral state. The spectral changes
in the cathodic potential range confirmed that the reduction/
reoxidation processes in Figure 4 do correspond to the n-doping/
dedoping reactions of DOCN-PPV. The DOCN-PPV film shows
a red color at its neutral state; it turned to gray at its n-doped
state after reduction. This electrochromism showed good re-
versibility and fast response, which indicates that DOCN-PPV
could be a novel electrochromic material in the n-doping
potential region.

In summary, we have synthesized a soluble n-type conjugated
polymer DOCN-PPV containing two cyano units and alkoxyl
groups alternatively attached onto the phenyl ring through the
Stille coupling for the first time. The electrochemical cyclic
voltammogram of the polymer showed a distinct reversible
reduction/reoxidation redox peaks with a quite higher onset
reduction potential of-1.06 V vs Ag/Ag+ and an irreversible
and weak oxidation peak in the potential region higher than
1.0 V vs Ag/Ag+. In-situ absorption spectra of DOCN-PPV film
revealed that the visible absorption peak decreased, and two
NIR absorption peaks at ca. 800 and 2000 nm appeared after
the reduction, confirming the reversible and stable n-doping/
dedoping processes of the polymer. The polymer film also
showed a reversible color change between red at neutral state
and gray at reduced (n-doped) state. The results indicate that
DOCN-PPV is a novel n-type conjugated polymer with strong
electron-accepting ability and electrochromic property in the
n-doping potential region; moreover, the polymer should be very

stable against the photooxidation degradation. DOCN-PPV can
be used as an n-type conjugated polymer in the polymer
optoelectronic devices such as in all polymer solar cells as an
electron acceptor polymer as well as used as a novel electro-
chromic material in the negative potential region.
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Figure 5. In-situ vis-NIR absorption spectra of DOCN-PPV film on
ITO glass electrode in acetonitrile solution containing 0.01 M [Bu4N]-
PF6 (Bu ) butyl), at different potentials (Ag/AgCl as reference
electrode).
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