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The synthesis of conjugated polymer materials using palladium catalysis was shown to
result in a contamination of the polymer product with palladium nanoparticles that were
difficult to detect and remove. The particle size was on the order of 20 nm, as evidenced by
transmission electron microscopy (TEM). Further, electron spectroscopy for chemical analysis
(ESCA), powder X-ray diffraction, and scanning electron microscopy (SEM) were employed
to establish the chemical and physical nature of the catalyst remnants. We demonstrate
the identity of many physical and chemical properties of the same polymer material prepared
by two different routes: the palladium route and the condensation route. The performance
in a device application of the two polymer materials was, however, very different, and the
palladium route was demonstrated to give poor films with low breakdown voltages and short
circuits.

Introduction

The field of electroactive polymers has grown during
the past 15 years. The flexibility housed in the synthetic
organic chemical approach has resulted in their applica-
tion as the functional material in many different
devices, such as polymer-based photovoltaics,1 polymer-
based light emitting diodes,2 and all-polymer electronic
circuits.3 From the synthetic point of view, this has led
to many different approaches to the efficient synthesis

of conjugated polymer materials using widely different
monomer molecules. Traditionally, condensation poly-
merizations were employed and the most successful of
these are probably the Gilch method,4 the Wessling
method,5 and the Durham method.6 In recent years,
transition-metal catalysis has become very popular and
this has allowed for the synthesis of more complex
polymer systems. The most widely used metal catalyst
is palladium in the form of complexes with organic
ligands that via Suzuki,7 Heck,8 Sonogashira,9 Stille,10

and Negishi11 reaction types on bifunctional monomers
give conjugated polymers. There are a few other ex-
amples of conjugated polymer synthesis using different
transition metals, most notably nickel12 and rhodium
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S.; Blondin, P.; Ranger, M.; Bouchard, J.; Leclerc, M. Chem. Mater.
2000, 12, 1931-1936.

(8) Wang, S.; Oldham, W. J., Jr.; Hudack, R. A., Jr.; Bazan, G. C.
J. Am. Chem. Soc. 2000, 122, 5695-5709. Zotti, G.; Schiavon, G.;
Zecchin, S.; Morin, J.-F.; Leclerc, M. Macromolecules 2002, 35, 2122-
2135.

(9) Moore, J. S.; Zhang, J. S. Angew. Chem. 1993, 31, 922-924. Ofer,
D.; Swager, T. M.; Wrighton, M. S. Chem. Mater. 1995, 7, 8-425. Zhou,
Q.; Swager, T. M. J. Am. Chem. Soc. 1995, 117, 12593-12602. Ramos,
A. M.; Rispens, M. T.; van Duren, J. K. J.; Hummelen, J. C.; Janssen,
R. A. J. Am. Chem. Soc. 2001, 123, 6714-6715.

(10) Lère-Porte, J.-P., Moreau, J. J. E., Torreilles, C. Eur. J. Org.
Chem. 2001, 1249-1258. Dhanabalan, A.; van Dongen, J. L. J.; van
Duren, J. K. J.; Janssen, H. M.; van Hal, P. A.; Janssen, R. A. J.
Macromolecules 2001, 34, 2495-2501.

(11) Wang, F.; Wilson, M. S.; Rauh, R. D.; Schottland, P.; Reynolds,
J. R. Macromolecules 1999, 32, 4272-4278.

(12) Yamamoto, T.; Hayashi, Y.; Yamamoto, A. Bull. Chem. Soc.
Jpn. 1978, 51, 2091-2097. Nurulla, I.; Morikita, H.; Fukumoto, H.;
Yamamoto, T. Macromol. Chem. Phys. 2001, 202, 2335-2340.

1313Chem. Mater. 2004, 16, 1313-1318

10.1021/cm035205w CCC: $27.50 © 2004 American Chemical Society
Published on Web 03/03/2004



catalysts,13 that offer the possibility of a polymerization
that is “living” such that conjugated block copolymers14

can be synthesized. Finally there are examples of
methathesis reactions giving conjugated polymer sys-
tems.15

Recently, we reported the synthesis and properties
of a new type of polyphenylenevinylene (PPV) with
every second phenylene ring having dialkyl substitu-
ents. This material was prepared by a condensation
polymerization reaction that gave a very pure polymer
product. The purity and regularity was reflected in very
desirable properties, the most important being a high
degree of crystallinity, exceedingly high charge carrier
mobility, and very long charge carrier lifetimes.16

In this paper we present chemical and physical
similarities and differences of the polymer material
shown in Scheme 1 when prepared by two different
methods, condensation polymerization and palladium-
catalyzed polymerization. We further demonstrate that
the palladium-catalyzed polymerization give rise to a
product contaminated with palladium nanoparticles
that are not easily removed and that has a severe
influence on many of the physical properties pertaining
to efficient device construction and efficiency.

Though palladium-catalyzed syntheses of conjugated
polymers are ubiquitous, no specific comments on the
deleterious effects of residual palladium particles have
been found to our knowledge. Some evidence for pal-
ladium metal nanoparticle impurities can however be
seen in reported X-ray diffractograms.17

Experimental Section

Synthesis. Polymer 1a was prepared as described in ref
16, polymer 1c was prepared as described in ref 20. Size
exclusion chromatography (SEC) was performed in THF
solution and the molecular weights calculated using a calibra-
tion curve based on polystyrene standards.

Poly-1,2′′′-(2,5-dioctyl-1,4-phenylene-1′,2′-vinylene-1′′,4′′-
phenylene-1′′′,2′′′ -vinylene) (1b). Pd2(dba)3 (50 mg, catalyst)
and tri-tert-butylphosphine tetrafluoroborate (50 mg, ligand)
were placed in a 100 mL flask. THF (50 mL) that had been
passed through alumina was added and the mixture was
purged with argon for 5 min. N-Methyldicyclohexylamine (1
mL, excess) was added and argon purging continued. 1,4-
Dibromo-2,5-dioctylbenzene (2.3 g, 5 mmol) and 1,4-divinyl-
benzene (0.65 g, 5 mmol) were added, and the mixture was
heated to reflux. After 24 h, the mixture was filtered through
a 2.7 µm filter into methanol to precipitate the bright yellow
product. It was then filtered and dried to give a yellow solid
in 89% yield (1.98 g). 1H NMR (250.1 MHz, C6D4Cl2, 400 K,
TMS) δ: 0.90 (broad singlet, 6H), 1.3-1.6 (m, 20H), 1.8 (broad
singlet, 4H), 2.8 (broad singlet, 4H), 6.9-7.6 (m, 10H). Mp )
3440. Mn ) 4070. Mw/Mn ) 2.22.

Photophysical Methods. The UV-vis spectra were re-
corded on films spin coated onto microscope glass slides from
a 6 mg mL-1 solution in chlorobenzene.

Device Preparation. ITO-polymer-aluminum devices
were prepared as described in ref 21. This involved formation
of the conducting ITO pattern (surface resistance < 30 Ω) by
etching using a mixture of HCl (aq, 20%) and HNO3 (aq, 5%)
at 55 °C for typically 60 s. The ITO slides were then cleaned
in 2-propanol by ultrasonication for 20 min and blown dry in
a stream of argon prior to spin-coating of either polymer or
PEDOT:PSS solution (Aldrich, 1.3 wt % aqueous solution)
containing sorbitol (2.5 mg mL-1). In the case of PEDOT:PSS-
covered substrates, after spin-coating (at 1500 rpm) they were
heated in an oven at 120 °C for 2 h and used directly. ITO-
PEDOT:PSS-polymer-aluminum devices were prepared as
described in ref 20. Spin-coating was performed in air and the
freshly prepared polymer films were transferred to the metal
evaporator directly after preparation and subjected to char-
acterization without annealing. Annealing in a vacuum oven
at 80 °C was attempted but had no significant effect on the
device resistance.

Isolation and Analysis of the Palladium Nanopar-
ticles. The palladium nanoparticles were obtained by dissolv-
ing the polymer in boiling chlorobenzene (10 mg mL-1) and
five subsequent cycles of centrifugation, decanting of the
supernatant, resuspension, and boiling in chlorobenzene. The
particles were kept in chlorobenzene. Analysis of the particles
using ESCA showed exclusively the presence of only palladium
using a Sage 100 instrument from Specs. SEM was performed
on a JEOL-840 equipped with an EDX Voyager from Noran.
The EDX showed almost exclusively the presence of palladium
and trace amounts of carbon. TEM was performed by resus-
pending the particles in ethanol and transferring them onto a
copper grid using a JEOL-2000FX. Powder X-ray diffraction
on the palladium particles was performed by placing the
sample in a 1.0 mm capillary and rotating the capillary during
exposure with Cu KR radiation on a RAPID diffractometer
from RIGAKU/MSC. The image plate data was background
subtracted and integrated using the AreaMax program from
RIGAKU/MSC.

Results and Discussion

Synthesis. The synthesis of the polymer 1 (Scheme
1) reported in ref 16 was carried out by a condensation
polymerization reaction employing a highly purified
dialdehyde and a diphosphonate ester. Since the prepa-
ration of the pure dialkyldiformylbenzene monomer for
that reaction was quite tedious, the desire to find a more
straightforward route employing palladium catalysis in
a Heck type reaction was obvious. We have prepared 1
using two different palladium catalyzed polymerization
reactions, as shown in Scheme 2. The simplest one
employs a readily available dibromodialkylbenzene and
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divinylbenzene and gave polymer 1b. The strategy is
similar to the one reported in the literature.17 The
second one is one component and more elaborate but
does provide the possibility for directional synthesis,18-20

thus allowing for growth of a conjugated polymer chain
from a suitable initiator. This polymerization reaction
using the monomer on its own gave polymer 1c and has
for instance been applied for the synthesis of a dye-
linked conjugated block copolymer and a dye-linked
conducting homopolymer.20 These molecular architec-
tures can only be arrived at by use of a directional
polymerization scheme.

Conventional Characterization. The polymers 1a,
1b, and 1c were obtained in a form where most of the
properties normally investigated by synthetic chemists
were identical. The NMR spectra were very similar,
except for the signals from the different end groups (see
Supporting Information). Also, the photophysical prop-
erties, molecular weights, and polydispersity were
comparable (see Table 1). The general trend was how-
ever a red-shifted absorption maximum, higher molec-
ular weight, and larger polydispersity for the conden-
sation polymer 1a. A particular concern was the
possibility of 1,1-addition to the vinyl groups during the
Heck reactions, but we were unable to detect this and

presume that if this does take place it is to a negligible
extent.

Electrical Properties of Thin Films. The most
notable difference was observed when attempting to
make simple one-layer photovoltaic devices based on the
polymer materials with aluminum as the low work
function electrode and indium-tin oxide (ITO) as the
transparent electrode. We used the same procedure and
device geometry presented elsewhere.21 Devices based
on 1a gave a large internal resistance of typically 110
kΩ with an optical density of 0.25 and a photovoltaic
response typical of a homopolymer device with an open
circuit voltage (Voc) of 85 mV and a short circuit current
(Isc) of 0.5 µA cm-2.

Devices based on 1b or 1c, however, gave a very low
resistance (when having an optical density of 0.25) of
around 30 Ω that essentially corresponds to a short
circuit (or multiple short circuits in series with the
device resistance of around 30 Ω). Some of the properties
of the polymers are summarized in Table 1. We also
prepared devices using PEDOT:PSS-coated ITO sub-
strates to eliminate (or reduce) the effect of possible
pinholes in the polymer films that would lead to direct
ITO-aluminum contacts. While the PEDOT:PSS bar-
rier layer increased the device resistance 5-fold (from a
typical 30 Ω resistance in the case of an ITO-aluminum
dummy device to a typical 150 Ω resistance in the case
of a ITO-PEDOT:PSS-aluminum dummy device), the
device resistances in the presence of the appropriate
conjugated polymer material was increased accordingly.
We also attempted to simply test the devices with the
PEDOT:PSS barrier layer for electroluminescence. In
the case of 1a, the devices emitted light homogeneously
over the large area (3 cm2) of mutual electrode overlap
at low turn on voltages, indicating that the voltage drop
is over the polymer film and not limited by the device
series resistance. In the case of electroluminescent
devices based on 1b and 1c, it was possible to observe
electroluminescence, but very large voltages and cur-
rents were required. Further, the electroluminescence
was weak and light was not emitted homogeneously.
Only a small line, defined by the area where the two
electrodes meet, emitted light, indicating that the
voltage drop is in the device electrodes and current is
passed in a very small area of the film. These observa-
tions are to be expected in the case of efficient short
circuits in the devices making the serial resistance of
the device electrodes larger than the film resistance. The
largest voltage drop is thus in the electrodes.

Analysis and Evidence of Metallic Palladium
Nanoparticles. We performed electron spectroscopy for
chemical analysis (ESCA) on thin polymer films based
on 1a, 1b and 1c and at first got a negative result,
showing no indication of any palladium content. The
reason for this could be that the palladium material does
not extend toward the surface. Microfiltration of the
polymer solutions removed a black residue that was
identified as palladium using ESCA. To obtain a rea-
sonable amount of this black residue for further analy-
sis, we decided to subject the polymer solution to
ultracentrifugation to isolate the black material. Analy-
sis again revealed a large palladium content. Scanning
electron micrographs combined with energy-dispersive
X-ray spectroscopy (EDX) of the black residue showed

Scheme 2

Table 1. Comparison of the Film and Polymer
Propertiesa

compd
Voc

(mV)b
Isc

(mA cm-2)b
resistance

(kΩ)c

λmax,
film
(nm) Mn Mp Mw/Mn

1a 85 -0.5 110 437d 26400d 14000d 3.18d

(110) (-0.5) (125)
1b 0.02 -0.25 0.03 414 4070 3440 2.22

(0.09) (-1.2) (0.08)
1c 0.02 -0.25 0.03 415 6870e 13800e 2.88e

(0.13) (-0.9) (0.132)
1cf (0.16) (-0.9) (0.157)

a The results are from photovoltaic experiments, film resistances
in the photovoltaic device geometry, absorption maxima for the
films, and the molecular weight distributions from solvent exclu-
sion chromatography (SEC) based on a polystyrene standard
series. Values in brackets were obtained from devices where the
ITO electrode was covered by a layer of 100 nm layer of PEDOT:
PSS before spin coating the conjugated polymer material. b Illu-
mination at 440 nm. c Measured in the dark. d Taken from ref 16.
e Taken from ref 20. f Ultracentrifuged.
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it to be consisting of virtually pure palladium and gave
images as shown in Figure 1.

The SEM images did not allow for the observation of
discrete particles but did seem to indicate the presence
of very small particles that might be able to pass
through a microfilter with a pore diameter of 1 µm. We
subsequently obtained a transmission electron micro-
graph (TEM) to possibly determine the size of the
particles. The black residue was transferred to a copper
grid by suspension in ethanol, deposition, and finally
drying. A good image could be obtained at the edges of
the aggregates, as shown in Figure 2, where the particle
size is clearly seen to be on the order of 20 nm, thus
excluding the possibility of microfiltration as a means
of purifying the material. While ESCA gave proof of the
chemical content of the black residue as being mainly
palladium, we recorded an X-ray powder diffractogram
of the black residue to confirm that the chemical state
of palladium was metallic. The X-ray powder diffracto-
gram, as shown in Figure 3, confirmed the presence of
metallic palladium nanoparticles, as evident from the
line width of the peaks.22

On the basis of the evidence given above, it is clear
that polymer synthesis using palladium catalysis will

always lead to palladium nanoparticles or nanocrystals
that are difficult to remove by simple filtration. The
particles that we isolated by ultracentrifugation were
soluble in organic solvents, which could indicate that
some conjugated polymer material is adsorbed to the
surface of the palladium nanoparticles, thus acting as
solubilizing side chains. This behavior is quite com-
monly observed for nanoparticles. The solubility of gold
nanoparticles with organic molecules adsorbed to the
surface in common solvents is quite high, allowing for
spectroscopical analysis and even size exclusion chro-
matography.23

Effect of Palladium Nanoparticles on the Per-
formance of Electroactive Devices. The poor electri-
cal performance of electroactive devices based on 1b and
1c as compared to devices based on 1a was ascribed to
efficient short circuits. The presence of palladium nano-
particles or small aggregates could be the cause of the
short circuits. To support this idea the resistance
through a palladium nanoparticle with a diameter of
20 nm spanning two electrodes is on the order of 4 Ω
and thus considerably smaller than the device resis-
tance, which was found to be on the order of 30 Ω for
ITO-aluminum devices and 150 Ω for ITO-PEDOT:
PSS-aluminum devices. The device resistance is thus
expected to be dominated by the ITO-aluminum or the
ITO-PEDOT:PSS-aluminum resistance with the pal-
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Anal. Chem. 1999, 71, 2085-2091.

Figure 1. A scanning electron micrograph image of the black residue as isolated from a polymer solution using ultracentrifugation.
The image on the left was recorded in backscattering mode, and the image on the right is a secondary electron image at higher
resolution.

Figure 2. A transmission electron micrograph of the black
residue as isolated from a polymer solution using ultracen-
trifugation. Toward the edges of the aggregates the particles
are clearly seen to have diameters close to 20 nm, as indicated
by the bar on the image.

Figure 3. An X-ray powder diffractogram of the black residue
showing the characteristic peaks of palladium metal (marked
with an arrow) and a line width typical of nanoparticles. There
are some minor impurity peaks.
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ladium particles efficiently shorting out the polymer
film. This argument is both supported by the fact that
the short circuit current in the photovoltaic device
geometry is relatively unaffected, but open circuit
voltages are low when comparing 1a that has no
palladium nanoparticles with 1b and 1c. Further, the
electroluminescence experiments revealed emission of
light according to where the voltage is in the device.

Possible Explanation for the Palladium Affinity
of PPV. As mentioned in the Introduction, there are
numerous accounts of conjugated polymer synthesis
involving the different types of palladium couplings.7-11

It is also noteworthy that in many cases functional
devices have been obtained. When examining the lit-
erature, however, it becomes obvious that most of these
are polyarenes, such as the polyfluorenes or the poly-
thiophenes. One notable property of the PPV backbone
is the presence of a vinylene bond that is known to form
a complex with palladium. We believe that this could
explain why PPVs have problems with residual pal-
ladium catalyst and polyarenes do not. This fact also
explains why the palladium nanoparticles are seemingly
soluble. An added possibility is the effect of the end
groups. While the end groups (bromine and vinyl) are
not expected to have a negative influence on the
electronic properties (through charge carrier trapping)
the terminal vinyl groups could have a stronger affinity
than the in-chain vinylene groups to palladium, and this
could explain the strong binding between the palladium
particles and the polymers, as in the case of 1b, where
the molecular weight is quite low. We attempted ultra-
centrifugation to verify this point and found that most
of the polymer material deposited together with the
palladium. Upon concentration of the supernatant
devices could be made, and while this gave a marginal
improvement on the device resistance in the case of
PEDOT:PSS devices (shown in Table 1), it would seem
that the conjugated polymer and the particles are
intimately linked. One possible way to account for this
is if the palladium in the freshly prepared polymer
material is bound as complexed palladium(0) that then
gradually (over time) aggregates, forms particles, and
eventually reaches the nanoparticle stage we observe
that are still bound to the polymer chains.

Attempts To Remove the Palladium Nanopar-
ticles. It would seem obvious that an effective means
for removal of the palladium nanoparticles from the
crude polymer product is necessary before any applica-
tion of the conjugated electroactive polymer material
based on an electrical current can be anticipated. While
there have been a few reports24-26 on the contamination
of a product with residual palladium catalyst, there has
been no successful report of its removal in case of a
polymer product. For small molecules25,26 it is easier to
obtain the desired product free of residual catalyst. In
the case of a polymer product, however, the complete
removal is difficult to envisage. The reported approach

for a polymer product involved treatment with a phos-
phine to partly remove the residual palladium cata-
lyst.24 Photovoltaics and light-emitting devices based on
conjugated polymer materials prepared by palladium
catalysis can thus be expected to be problematic if thin
films are involved (20-200 nm in thickness). Also there
have been a few reports of odd solubility behavior
reported where the crude polymer product is readily
soluble but the dried polymer product becomes in-
soluble27 or a synthetic procedure that involves Soxhlet
extraction to remove traces of residual catalyst before
successful application to polymer light-emitting diodes.28

We attempted a series of microfiltration experiments,
and while this had an effect on the resistance of devices,
filtration did not completely solve the problem. Multiple
subsequent filtrations through 2.7, 1.0, 0.45, and 0.1 µm
microfilters resulted in a relatively small increase in the
device resistance from 30 to 60 Ω. We further attempted
to boil the polymer in a 1:1 mixture of 1,2-dichloroben-
zene and triphenylphosphine and subsequently precipi-
tated the polymer with methanol after microfiltration.
This increased the device resistance to 100 Ω. While this
is probably the best means of limiting the palladium
nanoparticle content, we did not find any successful
means of achieving complete removal of the particles.
The unsuccessful procedures were treatment with ac-
tivated carbon and aqua regia. The activated carbon was
very successful in adsorbing both the palladium par-
ticles and the polymer. In fact, microfiltration using a
1.0 µm microfilter of a polymer/palladium nanoparticle
solution in chlorobenzene that had been shaken for 1 h
gave a near colorless filtrate, indicating that most of
the conjugated polymer materials had been adsorbed
on to the activated carbon as well. Aqua regia efficiently
dissolved the palladium but, as expected, also destroyed
the polymer material. The noble nature of palladium
metal makes it difficult to envisage any chemical means
of removing the palladium.

Consequences of Palladium Nanoparticles on
Conjugated Polymer Research. Conjugated polymer
materials have been studied intensely and have now
made their way to commercial products. The reported
synthetic procedures leading to conjugated polymer
materials have been many and among these procedures
palladium routes are found. There are recent reports
on the synthesis of light emissive polyphenyleneethy-
nylene polymers using a palladium route29 and others
where palladium enters in the synthetic path of the
monomer but is not used in the actual polymerization
step where a Gilch polymerization to the PPV has been
employed.30 Our results indicate that a palladium route
can lead to palladium nanoparticles as a contaminant
in the conjugated polymer product that are not easily
removed. We have shown that this can have deleterious
effects on electroactive devices based on the palladium
nanoparticle containing conjugated polymer product.
While our results may not be general to all polymer
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products where palladium has been employed in the
synthesis, our findings suggest that it is worthwhile
checking a polymer product for palladium contaminants
before using them in electroactive devices or drawing
conclusions based on results from physical experiments.

Conclusion

Palladium nanoparticles may influence the properties
of a thin film of polymer by acting as very efficient
channel for the charge carriers. If the particles span the
entire height of the film, this simply results in a short
circuit. Smaller particles may be almost as damaging
to the performance by creating small zones where
conduction preferably takes place. A simple calculation
shows that even a very small amount of residual
palladium ()0.01 wt %) evenly distributed in a polymer
film (100 nm thick) will result in ∼106 palladium
particles with a diameter of 20 nm in an area of 1 cm2.
We have found that polymers prepared via palladium-
catalyzed reactions are contaminated with palladium
metal nanoparticles that cannot be removed completely.

In our case this severely impaired the electrical proper-
ties of thin polymer films and limits the applicability of
the polymer product for electroactive devices. The
general rule of thumb should be to pay attention to the
possible contamination of a polymer product with pal-
ladium particles when a palladium route is chosen. For
this reason it advisable to avoid palladium in the
polymerization step, as it can be very difficult to remove
from the polymer product and can severely influence the
electrical properties.
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