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Introduction
Since the discovery of polymeric light-emitting diodes

(LEDs)1 in 1990, π-conjugated polymers have attracted
increasing attention over the past decade2 because of
their potential applications in display technologies. The
unique combination of their structural, mechanical,
photonic, and electronic properties also renders them
attractive candidates for use as plastic lasers,3 chemical
sensors,4 and in other fields.5 Recent studies6 have
shown that poly[(m-phenylenevinylene)-alt-(p-phenyl-
enevinylene)] derivatives 3 (PmPVpPV) are green-
emitting with high photoluminescence (PL) efficiency.
The polymers are generally synthesized via using the
Wittig condensation reaction (Scheme 1). The majority6a

of the vinylene linkages in the polymers 3 are in the
cis-configuration. Although polymer 4 with trans-vi-
nylene linkages can be obtained by refluxing the toluene
solution of 3 in the presence of a catalytic amount of
iodine, the polymer thus obtained may be contaminated
by iodine, which is known to decrease the PL quantum
yield7 via the so-called “heavy-atom” effect. In the
iodine-catalyzed isomerization, the reaction may proceed
via a thermally induced iodine radical process as
proposed in the conjugated olefin system.8 Although only
a catalytic amount of iodine (∼0.2-0.3 wt %) is used in
the reaction, some iodine atom may be chemically
bonded to the product to generate some structural
defects along the polymer backbone, which may ad-
versely affect the optical properties of the polymers.

The iodine-free PmPVpPV with a high content9 of
trans-vinylene linkages (6a) has been synthesized via
the Wittig-Horner reaction. The solution PL efficiency
of 6a (φfl ≈ 0.64 in THF) is measured to be the same as
that of 4a, while the PL emission λmax of the former is
slightly red-shifted (∆λmax ) 1-2 nm). To further
evaluate the impact of the iodine treatment to the
optical properties of PmPVpPV samples, especially in
the film state, we have made a comprehensive compari-
son between polymers 4 and 6, which have similar
content of trans-vinylene linkage. Since the iodine-

catalyzed isomerization remains to be a common method
used in synthesizing poly(phenylenevinylene) (PPV)
materials,10 understanding the overall impact of the
iodine treatment to the π-conjugated polymers, there-
fore, is desirable for the future development of lumi-
nescent polymers.

Results and Discussion
The iodine-catalyzed isomerization of cis-1,2-dia-

rylethene (7) might proceed similarly as proposed for
the isomerization of conjugated dienes.8 As shown in
Scheme 2, addition of an iodine radical to 7, followed
by rotation of the carbon-carbon single bond, produced
the radical 8. Regeneration of the iodine radical from 8
would lead to the desired trans-1,2-diarylethene (9).
Hydrogen abstraction from 8 or recombination of 8 with
an iodine radical produced the respective iodine-
contaminated structures 10 or 11. Elemental analysis
of 4b showed that the sample contained ∼0.26% iodine
elements, indicating that about 1 per 241 phenylenevi-
nylene units11 might contain an iodine atom introduced
during the isomerization process. The average number
of phenylenevinylene units for polymer 4b is estimated
to be only 71, by using the number-average molecular
weight (Table 1). This result suggests that only a small
fraction (less than 30%) of polymer chains is contami-
nated by iodine. Both infrared and NMR (1H and 13C)
spectra detected no difference between polymers 4 and
6, supporting the assumption that the iodine contami-
nation in the former would be very low.

Scheme 1
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Photoabsorption and Photoluminescence of So-
lutions. Figure 1 shows the UV-vis spectra of 4b and
6b in THF solution at room temperature, exhibiting two
absorption bands (λmax ) 328 and ∼406 nm). The λmax
value of the low-energy absorption band was measured
to be 406 and 410 nm for polymers 4b and 6b, respec-
tively. As the temperature was lowered from 25 to -108
°C (still in solution state), both spectra were red-shifted
similarly, indicating the adoption of a more planar
conformation at the low temperature. In addition, the
low-energy absorption band was resolved into two bands
at -108 °C (λmax ) 415 and 437 nm for 4b and λmax )
420 and 438 nm for 6b), due to the reduced rotation
and increased solvent viscosity at the low temperature.

Fluorescence spectra of 6b and 4b at room tempera-
ture (Figure 2) revealed a very similar emission profile
with emission λmax at 447 and 475 nm. The solution
fluorescence quantum efficiencies φfl (Table 1) for poly-
mers 4 and 6 were comparable. Although both polymers
gave more intense emission at 447 nm, their relative
emission intensities at 475 nm were different. The
possible iodine contamination in 4, therefore, appeared
to have only a small effect on the luminescent property
of the molecule, which is in agreement with the fact that
the concentration of the iodine-contaminated repeating
unit is very low.

As the temperature was lowered to -108 °C, the
spectra were also noticeably red-shifted with emission
peaks at 454, 491, and 526 nm (corresponding to the
wavenumber of 22 026, 20 367, and 19 011 cm-1, re-
spectively). The emission peaks appeared to be about
equally spaced with a wavelength separation of ∼35 nm
(or a wavenumber separation of ∼1659 cm-1), which is

larger than the difference between the high-energy
emission band (at 454 nm) and the low-energy absorp-
tion band (at ∼437 nm). On the basis of the theoretical
model12 of an anharmonic oscillator, the emission peaks
of 454, 491, and 526 nm in the spectrum of -108 °C
were assigned to the 0-0, 0-1, and 0-2 transitions,
respectively. Interestingly, the 0-1 band became the
most intense emission at -108 °C. When the tempera-
ture was lowered to -198 °C (sample was completely
frozen), the relative intensity of the 0-1 band was
further slightly increased at the expense of the 0-0
band. This change in relative emission intensity was
apparently related to the molecular conformation change
at the low temperature, which was observed from the
bathochromic shifts in both absorption and fluorescence
spectra.

Thin Film Optical Properties. Figure 3 showed the
absorption spectra of films cast on the quartz surface.
The absorption profile of 4b overlapped very well with
that of 6b at room temperature. As the films were

Scheme 2

Table 1. Comparison of Spectroscopic Data for PmPVpPV 4 and 6

polymer
content of

trans-CHdCH
UV-vis

λmax (nm)a
fluorescence
λmax (nm)a

film UV-vis
λmax (nm)

film PL
λmax (nm) φfl

b Mw (PDI)c

4a 91 328, 402 444, 469 335, 411 506, 532 0.65 25 000 (1.4)
6a 88 328, 404 445, 471 336, 412 503, 531 0.64 11 590 (2.1)
4b 95 328, 407 447, 475 336, 422 507 0.60 20 200 (1.4)
6b 96 328, 410 447, 475 337, 422 530 0.63 45 000 (2.0)

a The optical data are acquired from the THF solution at room temperature. b The fluorescence quantum efficiency values are estimated
in THF solution by using the conditions reported previously. c Mw and PDI of the polymers are determined by using gel permeation
chromatography equipped with on-line refractive index, light-scattering, and viscometer detectors.

Figure 1. UV-vis spectra of 6b (solid line) and 4b (broken
line) in THF at 25 and -108 °C. The spectra at different
temperature are offset for clarity.

Figure 2. Normalized solution PL spectra of 6b (solid line)
and 4b (broken line) at 25 and -108 °C in THF and at -198
°C in a solvent mixture (diethyl ether, ethanol, and 2-meth-
ylbutane in a ratio of 1:1:1). The spectra at different temper-
ature are offset for clarity.
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immersed in liquid nitrogen (at -198 °C), however, the
spectrum of 6b was noticeably red-shifted (∼8 nm) from
that of 4b. As previously shown from their solution
absorption spectra (Figure 1), the chromophores in both
6b and 4b had a similar tendency to adopt a more
planar molecular conformation at the low temperature.
The tendency for the chromophores in the polymers to
achieve a more planar conformation was greatly reduced
in the film state, as the motion of the polymer chains
was restricted. The observed bathochromic shift of the
film 6b from the film 4b at the low temperature
suggested that the chromophore in the former was
packed in a slightly different environment than that in
the latter. The presence of the small amount of the
structural defects present in 4b could interfere with the
molecular packing in the film state, thereby resulting
in a difference between the packing environments for
the films 4b and 6b.

At -198 °C, the broad low-energy absorption band of
6b appeared to be resolved into two peaks (λmax at 425
and 446 nm), attributing to the further reduced vibra-
tion and rotation at the low temperature. The difference
(∆λmax ) 21 nm) between the two newly resolved peaks
in the film 6b at the low temperature matched very well
with that (∆λmax ) 18 nm) observed from its solution at
-108 °C, indicating that the resolved absorption bands
in the film were intrinsic molecular properties of the
chromophore in the polymer. In comparison with the
film 6b, the absorption band of 4b was less resolved at
-198 °C, which seemed to be in agreement with the
assumption that the chromophore in the latter had a
less planar conformation.

Although the absorption spectra of films 4b and 6b
exhibited nearly the same profile at room temperature,
their PL spectra showed a noticeable difference (Figure
4). At -198 °C, the broad emission peak of film 6b was
partially resolved into two bands with λmax at 516 and
544 nm, which matched very closely with the emission

peaks of 516 and 549 nm from the film 4b. The observed
similarity in the vibronic structure of films 4b and 6b
confirmed the presence of the same emission chro-
mophore in both polymers. Polymers 4b and 6b exhib-
ited a quite different emission intensity ratio at peaks
516 and 544 nm, indicating the potential influence of
the trace structural defects on the luminescent property.
In addition, the PL spectra of the polymer at -198 °C
were slightly red-shifted (about 7-14 nm) from that at
room temperature. This PL spectral red shift is much
smaller than that observed from MEH-PPV films (∼32
nm)13 when the temperature was changed in a similar
range (from 12 to -192 °C), partially attributed to the
defined conjugation length present in both 4 and 6.

The corresponding wavenumber for the emission
peaks at 516 and 544 nm are 19 380 and 18 382 cm-1.
The wavenumber separation between the adjacent vi-
bronic energy levels in the films, therefore, was esti-
mated to be 998 cm-1. The wavenumber separation
between the absorption band of the lowest energy at
446 nm (22 422 cm-1, Figure 3) and the emission band
of the highest energy at 516 nm (Figure 4) was esti-
mated to be 3042 cm-1, which was slightly more than
three times as large as the adjacent viberational energy
gap of ∼998 cm-1 in the ground state (observed from
the emission spectrum). The large separation between
the absorption band at 446 nm and the emission band
at 516 nm suggested that the emission peaks at 516 and
544 nm from the films could originate from the 0-1 and
0-2 transitions, respectively. The assignment appeared
to be in agreement with the observation from the
solution PL spectra, where the emission from the 0-1
and 0-2 transition increased greatly at the expense of
the 0-0 emission when the molecule was frozen into a
rigid environment (Figure 2).

To compare the PL quantum efficiency in the solid
state, thin films of 6b and 4b were prepared on quartz
plates. To minimize the effect of film thickness, the films
were spin-cast from their solutions so that their absor-
bance values at absorption λmax were between 0.09 and
0.1. At room temperature, film 6b exhibited a constantly
higher emission intensity14 than that of 4b. The ob-
served larger impact from the trace iodine element in
the polymer films, in comparison with their solution PL
efficiencies, could be rationalized by considering the
interaction between the chemically bound iodine ele-
ment and polymer chain. In the dilute solution, interac-
tion between the iodine and polymer chain is predomi-
nantly limited to intramolecular interaction. In the
films, however, the intimate packing of polymer chains
permits the trace iodine element to interact both intra-
and intermolecularly with the neighboring polymer
chains, thereby allowing each iodine atom to exert an
influence on more than one molecule.

EL Properties. LED devices were fabricated under
the identical experimental conditions to compare the EL
properties. The double-layer device ITO/PEDOT/4b or
6b /Ca gave a green emission, although the emission
peaks of 4b (at 513 and 539 nm) was slightly red-shifted
from that of 6b (513 and 523 nm). The EL spectra
(Figure 5) of 4b and 6b conformed very well with their
respective film PL spectra, indicating that both PL and
EL originated from the same radiative decay process of
the singlet exciton.16 The turn-on voltage for the device
of 6b (∼3.5 V) was noticeably lower than that for 4b
(∼5 V). In addition, the external quantum efficiency for
the device of 6b (0.16%) was remarkably higher than

Figure 3. UV-vis spectra of films 6b (solid line) and 4b
(broken line) on quartz at 25 and -198 °C. The spectra at
different temperature are offset for clarity.

Figure 4. PL spectra of films 6b (solid line) and 4b (broken
line) on quartz at 25 and -198 °C. The spectra at different
temperature are offset for clarity.
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that for 4b (0.036%). The drastic improvement in the
device efficiency is apparently due to the balanced
electron/hole injection achieved in the polymer layer 6b
(Figure 6). The lower EL efficiency of 4b is clearly
associated with the presence of trace iodine contami-
nant, which lowers its PL efficiency in the film state.

Experimental Section

Materials and Instrumentation. Poly[(2,5-dialkoxy-1,4-
phenylenevinylene)-alt-(1,3-phenylenevinylene)] 4 and 6 were
prepared as reported previously.6a,9 An attempt to convert 6b
to 4b via refluxing its toluene solution under an argon
atmosphere in the presence of 0.3, 0.6, and 0.9 wt % iodine,

however, was not successful, as monitored by the film PL
spectra. Iodine analysis was performed by Galbraith Labora-
tories, Inc. The contents of trans-CHdCH in the samples were
estimated from 1H NMR on a Bruker ARX400 spectrometer.
The solutions were prepared by dissolving the samples in
freshly distilled dry THF solvent in a quartz NMR tube and
deoxygenated by bubbling a slow stream of argon through the
solution. UV-vis spectra were recorded on a Hewlett-Packard
8453 diode array spectrophotometer. Fluorescence spectra
were recorded on a PTI steady-state fluorometer. A low-
temperature sample holder with a Dewar vessel was used for
the measurement of the low-temperature spectra. In a typical
experiment, liquid nitrogen was used to cool the sample
solution. The temperature of -108 °C was conveniently
determined by observing the THF solid-solution equilibrium
(mp of THF solvent is -108 °C). The films were coated on the
surface of a quartz tube of 5 mm diameter and dried under
vacuum (<0.2 mmHg). The polymer-coated quartz tube was
directly inserted in the low-temperature sample holder for the
solid-state spectra at room and low temperature.

LED Device Fabrication and Measurement. PEDOT/
PSS (Bayer Co.) was spin-cast onto ITO glass (OFC Co.) to be
used as an anode. The polymer solutions (20 mg/mL in
chloroform) were filtered through 0.2 µm Millex-FGS filters
(Millipore Co.) and were spin-cast onto ITO glass or dried
PEDOT/ITO substrates under a nitrogen atmosphere. The
polymer films were typically 75 nm thick. Calcium electrodes
of 400 nm thickness were evaporated onto the polymer films
at about 10-7 Torr, followed by a protective coating of alumi-
num. The devices were characterized using a system con-
structed in our laboratory described elsewhere.17

Conclusions

A systematic study has been carried out to investigate
the influence of the iodine-catalyzed isomerization on
the optical properties of PmPVpPV. Although little effect
is observed in solution, the potential contamination from
the iodine-catalyzed isomerization exhibits a noticeable
influence on the optical properties of the polymer films,
especially at the low temperature. With the aid of the
low-temperature spectroscopic study, the majority of
emissions from the films are likely originating from the
0-1 and 0-2 transitions. Electroluminescent charac-
teristics show that the iodine contamination may cause
imbalanced electron and hole injection, thereby lowering
the device efficiency. The iodine-free polymer permits
a balanced injection of electron and hole, thus greatly
improving the EL efficiency to 0.16% in a device
configuration of ITO/PEDOT/polymer/Ca.
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