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ABSTRACT

Electrically conducting polymers were prepared through a systematic photopolymerization of polypyrrole with the incorporation of Group 1B
metal particles. The structural and morphological properties of incorporated metal nanoparticles were examined with respect to the role of the
metals ions, nature of substrates, exposure time, and monomer counterion ratios. Elemental analysis confirmed the identities of the particles
with sizes on the order of hundreds of nanometers in diameter. A mechanism is proposed for the formation of metal nanostructure during
photopolymerization.

The deposition of metal nanoparticles in electrically conduct- the metal center serves as specific binding sites. It is also
ing polymers (ECPs) have attracted considerable attentionnesessary to understand the role of the metals in the reaction
due to the possibilities of creating suitable materials for mechanism and their contribution to the structure and
electrocatalysis, chemical sensors, and microelectronicproperties of the films.

devices! ® ECPs can be patterned by inexpensive methods | this work, the role and fate of metal nanoparticles

such as chemical and electrochemical techniques, hot eMincorporated into photochemically produced polypyrrole

bossing, and imprinting and therefore making attractive fjms s investigated. The preparations involve polymerization
materials. Imprint methods that allow submicrometer pat- 5nq concurrent oxidation to the conducting state in the

terning with dimensions smaller than 100 nm has been yresence of group IB metal ions. The resulting films were
demonstrated with hard imprint materiai$.Electrochemical characterized by electrochemical, conductivity measure-

methods enable the preparation of thin films on electrodes, ,ants Uvvis spectroscopy, FTIR, SEM, TGA, and energy-

inert metals, and carbon as well as on semiconductor yishersjve elemental analysis. The rate of film formation was
surfaces. However, they are limited to the use of conducting found to be dependent upon the metal salt utilized. Subse-

substrates employed during deposition. Photopolymerizationquent analysis of the ECP films show the incorporation of

provides a means by which insulating substrates may bezerovalent metal particles, and the resulting film is conductive

Z(ranpcjlg');gg.frgae;fzrlz,ctrssvg?)lntrgZtanlin?gg daLI?zs scar?act:aeand electroactive. By varying the metal salt-to-monomer
posi y ucting su ‘ratios, stoichiometric relationships were determined. Addition

Photochemical preparation of ECP filmg uses mixtures of of anionic dopant sources, such as sodium dodecyl sulfate,
monomer, eIe.ctro?_?ccgpto.r » and photoactive SPEcies eXposed e shown to alter the reaction stoichiometry, indicating that
to UV/\./'S'ble. light C_)X|dat|pn qfn—qonjugated CEP S W'th competition between the metal salt anion and surfactant ion
gold trichloride following oxidative film generation in ferric for inclusion in the p-doped film may be a crucial factor in
chloride yields conducting films in conjunction with the the mechanism of photonic polymerization

incorporated gold nanoparticlé8Incorporating metal clus- _ . . . .
P g P P J Film preparations typically consist of aliquots of freshly

ters into ECPs is known to enhance their conductitgnd o ) : )
the use of these composites as novel catalysts has b(_:.efc‘hsulled 0.5 M pyrrole in water mixed with one of three metal
reportedti~13 There is, however, little or no information on salt solutions; silver nitrate, copper sulfate, or gold trichloride,

the role and fate of the incorporated metals in these films. &l 0-5 M in water. To this, quantities of counterion source,
This information is critical for controlling the reaction SUch as sodium dodecyl sulfate (SDS) or polystyrene-

stoichiometry and enhancing conductivity, especially when Sulfonate, were added, in a 1:3 counterion to monomer mole
ratio. The solutions were photopolymerized within vials, or

* Corresponding Author. Fax: (607)777-4478. Tel: (607)777-4132. surfaces were coateo! with the solution. The pre_paratlons were
E-mail: osadik@binghamton.edu. placed under a UV/vis lamp set at 254 nm until a dark solid

10.1021/nl015528w CCC: $20.00  © 2001 American Chemical Society
Published on Web 05/18/2001



Downloaded by NAT LIB UKRAINE on August 6, 2009
Published on May 18, 2001 on http://pubs.acs.org | doi: 10.1021/nl015528w

bl
173

W
3
=g

~
n
=
R
o

Absorbance
- - ©
= in o [
= =
=S
——

&
s
(-
\
)
) )0
/ '\\
-9

=3
®

Absorbance
o
o

0.0 + + t + t +

0.0 i 0 05 1 15 2 25 3 35 4 45 5
200 300 400 500 600 Molar Ratio of Metal to Monomer (X:1)
Wavelength (nm)

Figure 2. Plots of absorbance at 311 nm vs the mole ratio of AuCl
Figure 1. UV/vis spectra of diluted photopolymerization prepara- to pyrrole for photopolymerization solutions follovgri h UV light
tions with varying mole fractions of Auglto pyrrole following exposure and removal of film particulate: (a) solutions including
irradiation in UV light far 1 h and removal of film particulate. Mole 2.5 x 10-3 M sodium dodecy! sulfate (SDS) and (b) no (SDS).
fractions of AuC} to pyrrole to gold trichloride are (a) 4, (b) 3.75,
(c) 3.5, (d) 3.25, (e) 2.66, (f) 2.5. ) i o

ligand field transition in AuGJ, was observed to be propor-

material is formed. Numerous substrates have been usedtional to the concentration of Auglemaining in the solution.
including polystyrene sheets, acrylics, ceramics, glass, Linear regression analysis of the intensity of the absorbance
fiberglass printed wire board, and nalgene tubing. The at 311 nm vs the mole fraction of Augtio pyrrole (Figure
photopolymerization time depends also on the volume of the 2) showed the concentration at which there was no gold
solution used. Solutions of 1 mL volume containing gold trichloride in the solution (absorbance is zero). At this point,
trichloride typically show immediate darkening and formation the concentration of gold trichloride and pyrrole are in
of black precipitate upon addition of the gold to the monomer stoichiometric equivalence and all Au@ias been consumed
solution. This precipitate settles within a few minutes. The in the reaction. For a series of solutions containing only
copper sulfate containing solutions will generate a black to monomer and gold chloride (Figure 2b), the equivalence was
dark gray deposition on vial walls within an hour whereas found to be at 2.0 mol of AuGtto 1 mol of pyrrole. When

the silver nitrate containing preparations show a black sodium dodecyl sulfate was added in a 1:3 molar ratio to
deposition after a few hours. Control reactions in which the the monomer with AuGl(Figure 2a), the equivalence was
solutions were prepared and stored with the exclusion of light found to be 1.35 mol of gold trichloride to 1 mol of
were performed. The CuS@nd AgNQ preparations did ~ monomer. Solutions where SDS was added in excess showed
generate films but only after 48 h. The Au@ontaining a deep purple coloration and a broad absorbance at 542 nm.
preparations yielded a dark precipitate upon mixture of the For these solutions, centrifugation for 24 h was not adequate
gold solution to the monomer even with exclusion of light. to remove the particles.

The polymerization times were much shorter for solution ~ Environmental scanning electron microscopy and electron
coatings on substrates, Wi h being sufficient to generate  dispersive elemental analysis of films were performed to
films on most surfaces. Fourier transform IR spectroscopy determine the fate of metal ions consumed during the
of KBr pellets of ground films confirmed the identity as photopolymerization process. The films appeared to be
polypyrrole, with strong absorbances at 1541, 1456, 1384, typical of amorphous polypyrrole. In each of the films
1294, 1176, 1040, 964, 912, 869, and 794 trifthese bands  analyzed, it was found that there were bright particles on
coincided with those obtained for electrochemically generated the surfaces. Elemental analysis confirmed that the identity
polypyrrole/dodecyl sulfate films. The conductivities of fiims of the particles corresponded with the metal employed in
deposited on fiberglass printed wire boards ranged from 1.0the solution preparation. For the silver-containing solutions,
x 102to 1.1x 1078 S cnT?, and the resistances were shown for example (Figure 3), small particles of somewhat con-
to vary upon exposure to organic vapors. sistent size with diameters on the order of hundreds of

To determine the reaction stoichiometry of the photopo- nanometers were observed among larger irregular particles.
lymerizations in the presence of gold trichloride, a series of Similar particles were observed in polymerizations performed
solutions were prepared in shell vials that were 12502 with each of the metals. Thermogravimetric analysis of
M in pyrrole and contained concentrations of Ag@inging reaction products was performed and confirmed the loss of
from 6.25 x 1073 to 6.25 x 1072 M. The solutions were  polypyrrole at~200 °C and retention of the metals.
photopolymerized fol h and centrifuged. A portion of the We measured the electrical conductivity of photopoly-
clear supernatant was diluted in deionized water and analyzednerized polypyrrole with and without metal nanoparticles.
using a Hewlett-Packard 8453 diode array spectrometer.The polymers were prepared on microscopic slides. Six
Absorbances (Figure 1) were observed at 222 and 311 nm.microscope slides were washed in KOH/IPA (10 g of KOH
Higher concentrations of Augshowed a broad band at 542 in 100 mL of 2-propanol). They were incubated in this
nm. The absorbance at 311 nm, which corresponded to asolution for 30 min. The slides were then rinsed with
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Figure 3. Environmental scanning electron micrograph of poly-
pyrrole film on fiberglass. EDS confirms that bright spots are silver.
Scale bar is 1@m.

deionized water until no schlieren lines were observed. The

slides were dried under a nitrogen stream and placed in a

PDMS patterning template. A 50/50 mixture of silver nitrate
and pyrrole was prepared by mixing equal quantities of 0.5
M pyrrole in deionized water and 0.5 M silver nitrate. All

solutions were aqueous. Three control experiments were

conducted, which included 0.5 M pyrrole only (control #1),
solution containing only silver nitrate (control #2), and
pyrrole mixed with potassium nitrate (control #3). The
pyrrole/silver nitrate mixture and controls were then placed

into the channels of the patterning templates using syringes.

The patterning templates were illuminated under a UV pen
lamp overnight for polymerization to occur. The slides were
removed after polymerization and dried under a gentle
nitrogen stream for 1 min. The resistances were measure

using four-point probe techniques. The probes were placed

approximately 2 cm apart. A support was used to keep the

probes stable and the spacing consistent. All controls showeq

no conductivity. The conductivity determined for the metal-
dispersed photopolymerized polymers was found to be 3
102 S/cn?. We then compared this value with photopoly-
merized films available in the literature. Murphy et al.
reported the conductivity of 9.% 1072 S/cn?,* Segawa et
al. reported 3.0x 10~ S/cn?, and Rodriguez et al. found
their photopolymerized films was in the rangex1103

3Py+ 6AuUCl,” + hv — [Py—Py—Py]"AuCl,” +
3HAUCI, + 2AW° + 8HCI (1)

3Py+ 4AuCl, + NaDS+ hv — [Py—Py—Py]'DS™ +
HAUCI, + NaCl+ 3Au° + 7HCI (2)

S/cnt.10 Therefore, the result obtained for our metal-
dispersed photopolymerized films is consistent with the

consistent with other accounts of gold-oxidized conducting
polymer preparations where a product of gold reduction is
incorporated into a conducting polymer as AyC The
variation in the molar ratios of gold to pyrrole when a
surfactant dopant source is added may indicate preferential
doping with DS and exclusion of AuGl. That AuCk is

still consumed in excess quantities of SDS and the reaction
occurs rapidly, indicating that the gold trichloride is involved
in the polymerization event. The reaction schemes in egs 1
and 2 are offered to describe our findings for the photore-
action where gold trichloride is incorporated into the film
as AuCl~ (eq 1) and the condition where the additional
anionic dopant, dodecyl sulfate (D excludes the AuGt

(eq 2).

The reaction starts with the absorption of a photon and
spontaneous reduction of Aualt from solution to form
gold clusters. This leads to the oxidation of pyrrole and the
formation of pyrrole radical cation through excitation of
electrons in ther orbital. Next is the coupling of two radical
cations to form a dimer and a deprotonation process where
two protons are lost per coupling. Upon excitation of the
monomer, the dimers or higher oligomers are also oxidized
and this can further react with the radical cation of the
monomer to build up the chain. Coupling of oxidized
oligomers may also occur.

Equations 1 and 2 involve the loss of two electrons from
each mole of pyrrole, resulting in the reduction of 2 mol of
gold to the zero state (net total of six electrons). When each
pyrrole monomer loses just two protons, the polymer is not
conductive. The polymer becomes conductive when it is
further oxidized by an anion in the electrolyte. For each

Oproton lost, an anion must associate with the polymer for

charge neutrality. A necessary condition for the reaction is
that the polymerization steps should proceed with 100%
efficiency. In this case, all electrons produced during the
eduction of AuC} ions must result in the oxidation of the
pyrrole monomer. If, indeed, the metal ion is an active
participant in the initiation step by facilitating pyrrole
oxidation, then it is likely that the same effect will be
observed using copper or silver solutions, given the similari-
ties in electronic configuration and electron affinity.
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