Oxidative Polymerization of Pyrrole Photocatalyzed by
TiO, Nanoparticles and Interactions in the Composites

Zhen Weng, Xiuyuan Ni

The Key Laboratory of Molecular Engineering of Polymer of State Educational Minister,
Department of Macromolecular Science, Fudan University, Shanghai 200433, China

Received 20 July 2007; accepted 24 April 2008
DOI 10.1002/app.28636

Published online 13 June 2008 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: Oxidative polymerization of pyrrole is
initiated by photoexcited TiO, nanoparticles. Pyrrole
oligomers and polypyrrole (PPy) are continuously pro-
duced with reaction time. The conversion of pyrrole
monomer changes as a function of the concentration of
TiO, nanoparticles. It is found that PPy in the composite
has the conjugated structure and is partially oxidized
with a formation of positively charged N*. Results from
X-ray photoelectron spectroscopy and Raman analysis
consistently indicate that a strong interaction is estab-

lished between the TiO, and PPy. According to the
results of UV—vis spectroscopy, a mechanism of photoca-
talytic oxidation is proposed for this polymerization. The
interaction between TiO, and PPy is found to arise from
the photocatalytic reaction and discussed in terms of
photoinduced Ti**. © 2008 Wiley Periodicals, Inc. ] Appl
Polym Sci 110: 109-116, 2008
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INTRODUCTION

Conjugated polymers have substantial n-electrons
delocalizing along their back bones, which give rise
to special optical properties and allow the polymers
to exhibit good electric conductivity."? Heterojunc-
tion composites of conjugated polymers and semi-
conductor nanoparticles (NPs) have received much
attention owing to the recent interest in photoelectric
devices including solar cells, photodiodes, and light-
emitting diodes.” Photoelectric properties of this
kind of composite essentially arise from synergic
effects of the two components when the composite is
imposed by a light excitation or electrical stimula-
tion. Polypyrrole (PPy) is one of the most important
conjugated polymers and is known for its higher
conductivity and better ambient stability in practical
devices.”*® As reported in literatures, PPy is synthe-
sized by oxidative polymerization, in which various
organic oxidants are used as initiators."?

Because the conjugated polymers, including PPy,
are not molten in nature and generally are insoluble
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in solvents, it is difficult to obtain the composites of
conjugated polymers and semiconductor NPs by
conventional blending or mixing methods. Several
groups have reported a sol method” and in situ poly-
merization'’ for preparing the composites. However,
a problem remains that the interface of the compo-
sites is not stabilized, because the resulting polymer
simply deposits on the semiconductor NPs. As well
known, a stabilized interface of the heterojunction
composite is highly desired, because it favors not
only the rate of charge injection when imposed by a
light excitation or electrical stimulation®'! but also
the lifetime of the photoelectric devices from the
composite materials. Recent studies have synthe-
sized soluble conjugated polymers and copolymers
in order that the composites with more stable inter-
face can be obtained by means of solution adsorbing
and self-assembling. But, complex reaction proce-
dures are usually required.'”

UV excitation of semiconductor NPs yields the
conduction-band electron (¢~) and valence-band hole
(h") in pairs that perform surface-mediated redox.'
Recently, it has been proven that the photoexcited
semiconductor NPs are capable of catalyzing free-
radical polymerizations of alkenes, that is, the poly-
merization is photocatalyzed by the semiconductor
NPs."*'® We have shown the free-radical polymer-
ization of methyl methacrylate initiated by photo-
excited TiO, NPs and the reaction kinetics of the
polymerization.'*'® To the best of our knowledge,
however, there is no attempt at oxidative polymer-
ization by using the photoexcited semiconductor
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NPs. In this study, we successfully initiate the oxida-
tive polymerization of pyrrole by using TiO, NPs in
aqueous suspensions. This polymerization expands
strategies to fabricate the heterojunction composites
of conjugated polymers and semiconductor NPs and
has the advantage of simple procedure, because semi-
conductor NPs directly participates into the synthesis
of the composite. In particular, a strong interaction is
observed in the as-prepared composite. Mechanisms
about the polymerization and interaction are dis-
cussed in terms of semiconductor photocatalysis.

EXPERIMENTAL

Degussa P25 TiO, (80% anatase and 20% rutile) with
an average size diameter of 21 nm was used. Pyrrole
was distilled before use. All the other chemicals
used were of analytical reagent grade. Deionized
water was used in the experiments.

P25 TiO, NPs were dispersed into aqueous solu-
tions of pyrrole, using the ultrasonic dispersion tech-
nique. The mixture of 120 mL was moved into a
quartz reactor that was equipped with a magnetic
stirrer and a water jacket that is connected to a cir-
culator of saturated CuSO, solution. The reactor was
properly sealed to prohibit the reaction mixture
from air. UV irradiation toward the reactor was car-
ried out using a mercury vapor lamp, characterized
by two chief peaks at 254 and 365 nm in its emission
spectrum. The mixture can avoid being irradiated by
the rays exclusive of 365 nm, due to the cutting off
of CuSO, solution.'*'® Tt was determined by a
radiometry (UV-A, BJNU Photoelectrical Co.) that
the intensity at the reactor position was 13 mW/cm?
for 365 nm and 0.085 mW/cm? for 254 nm. The pyr-
role aqueous solutions containing P25 TiO, NPs
were subjected to the ultraviolet irradiation for dif-
ferent time. Darkish precipitations were obtained af-
ter a centrifugation of the reacted mixture, washed
by water, and then dried under vacuum for 24 h.

UV-vis spectra of the reacted solutions were
recorded on a Lambda 35 PerkinElmer UV-vis spec-
trophotometer in the range of 190-1100 nm, and the
TiO, aqueous solution was used as reference. Fou-
rier transform Raman spectra of the composites
were recorded using a LabRam-1B (Dilor) Raman
spectrometer. To examine possible influences of pyr-
role absorption on TiO, Raman spectra, the TiO,
sample kept wet by pyrrole during the measure-
ments. Thermogravimetric analysis (TGA) of the
composite was carried out with a PerkinElmer Pyris
1 TGA instrument at a heating rate of 15°C/min in
air. X-ray photoelectron spectroscopy (XPS) analysis
was carried out using a PHI-5000C ESCA system
(PerkinElmer) with Al Ko radiation (hv = 1486.6 eV).
The X-ray anode was run at 250 W, and the high
voltage was kept at 14.0 kV with a detection angle at
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54°. The pass energy was fixed at 46.95 eV to ensure
sufficient sensitivity. The base pressure of the ana-
lyzer chamber was about 5 x 107® Pa. The sample
was directly pressed to a self-supported disk (10 x
10 mm) and mounted on a sample holder and then
transferred into the analyzer chamber. The whole
spectra (0-1200 eV) and the narrow spectra of all the
elements with much high resolution were both
recorded. The data analysis was carried out by using
the PHI-MATLAB software provided by PHI Corp.

RESULTS AND DISCUSSION

Pyrrole polymerization initiated by
photoexcited TiO, nanoparticles

The UV-vis absorption of pyrrole is at Amax f 206 nm
[Fig. 1(A)]. Because the UV light used in this study
locates at the wavelength of 365 nm, it is unlike for
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Figure 1 UV-vis spectra of (A) pyrrole, blank test, and
reaction solution with reaction time of 90 min; (B) reaction
solution with different time. TiO, suspension with the
same concentration and treatment process served as the
background. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Scheme 1 The schematic diagram of preparing polypyrrole-nanoscale TiO, composites through catalysis of photoexcited
TiO, nanoparticles. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

pyrrole to absorb this light. As shown in Figure
1(A), the intrinsic absorption of pyrrole keeps the
same after the irradiation, indicating that the UV
light used here brings about no chemical change to
pyrrole as expected. It is important to see that when
TiO, NPs is added, four absorption bands newly
appear after the identical irradiation. The band cen-
tered at 250 nm is assigned to the pyrrole dimmer.
The bands at 305 and 340 nm are assigned to the ter-
pyrrole and quarterpyrrole oligomers,'” respectively.
The broad band at 465 nm, which has been assigned
to the n—r* transition of PPy,'*" indicates that PPy
is produced. Considering that no polymerization
occurs without TiO, NPs, the observed polymeriza-
tion is due to the TiO, NPs that are photoexcited,
because the UV light at 365 nm is sufficient to over-
come TiO, band gap energy (E; = 3.2 eV'). Scheme
1 shows the synthesis route to the PPy/TiO, NPs
composite.

Figure 1(B) shows that the absorption intensities
of pyrrole oligomers and PPy increase with reaction
time, indicating a continuous production of the
oligomers and PPy. Figure 2 shows that the conver-
sion of pyrrole is changed as a function of the con-

centration of TiO, NPs. It was observed in the
experiments that the reaction solution turns dark
more rapidly with the increase in the concentration
of TiO,. This should prevent the incident light from

Conversion of pyrrole (%)
N
T
O

0 n 1 n 1 1 1 n 1 n 1
0.0 0.2 0.4 0.6 0.8 1.0
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Figure 2 The conversion of pyrrole versus the concentra-
tion of TiO,. The concentration of pyrrole was 0.01 mol/L.
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reaching the TiO, during the subsequent reaction. It
has been demonstrated that the efficiency of photo-
catalytic reaction increases with increasing the con-
centration of semiconductor NPs and depends on
the quantum efficiency of the semiconductor,
whereas the quantum efficiency is determined by
the intensity of absorbed light.'® We believe that the
dependence of PPy yields on the TiO, concentration
here results from the influences of the two factors. It
is found that the polymerization is effectively initi-
ated when the amount of TiO, is as low as 0.1 g/L.
This result indicates high efficiency for the TiO, NPs
in the aqueous suspension. Previous preparations of
composites of PPy and semiconductor NPs can be
summarized into two methods: one is to use organic
oxidants to initiate pyrrole polymerization in the
presence of semiconductor NPs; and the other is to
synthesize soluble PPy polymers in order that the
composites can be prepared by means of absorbing
and self-assembling. In comparison, it seems that the
method of this study has the advantage of simple
fabrication process.

Interaction in the composite
XPS analysis

High-resolution XPS analysis is used to characterize
the resulted TiO,/PPy composite. Figure 3 shows
the N 1s core levels obtained after the reaction for 45
and 90 min. Using the standard line-shape analysis,
the N 1s spectrum is fitted with three components
having the same full width at half-maximum
(FWHM). The chemical environments of N atoms,
corresponding to the three components, have been
completely defined in literature as follows.”> The
major component at 399.8 eV is assigned to neutral
pyrrolylium nitrogen (N—H). The low binding
energy (BE) component at 397.9 eV is assigned to
the imine nitrogen (=N—). The high-BE component
at 4029 eV is assigned to the positively charged
nitrogen atom (—N").?> The presence of —N" indi-
cates that the PPy component are doped, that is, PPy
are in the oxidized state.?*** From the ratio, the
peak area of N to that of total N 1s orbital, it is cal-
culated out that the doping level is about 20% at 45
min, that is, each five pyrrole rings in the chain has
on average one linkage onto the TiO, NPs. This
value is comparable to that hold by conventionally
doped PPy.*** The N polaron is critical for PPy to
exhibit conductive, because the direct electrostatic
interaction of the positive charge and electron facili-
tates the conduction.’* So, PPy in the composite
would have good conductivity.

N* of PPy is usually achieved by incorporating
Lewis aids as dopants into PPy.*** According to the
mechanism for the doping reaction,” the dopant,
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Figure 3 XPS signal relevant to N 1s orbital recorded on
composite synthesized with (A) 45 min and (B) 90 min.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

serving as the electron acceptor, forms a complex
with PPy, and a charge transfer occurs between the
dopant and PPy (serving as the electron donor) lead-
ing to the structure of A°"...D®, so that the com-
plex keeps neutral. As a result, PPy is oxidized with
the formation of —N™. Accordingly, the presence of
N in this study indicates that the TiO, is combined
with PPy to form a complex. It should be mentioned
that the UV-vis absorption at 465 nm (Fig. 1) is
assigned to partially oxidized PPy with N*,*=!
being consistent with the XPS result.

Raman analysis

Figure 4 shows the Raman spectra of the resulted
composites and the reference PPy, which is synthe-
sized using FeCl; as the initiator. The double bands
centered at 1350 and 1600 cm ™' typically belong to
PPy.* The band centered at ~ 1350 cm ™' is assigned
to the stretching mode of pyrrole ring. Another band
centered at 1560 cm™' is assigned to the C=C
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Figure 4 Raman spectra of the composite this study (A)
and reference polyrrole synthesized using FeCl; as initia-
tor (B).

backbone stretching of PPy.* These observations not
only confirm the synthesis of PPy in this study, but
also show that the PPy has the typical conjugated
structure.

Shown in Figure 5 is the Raman region of TiO,
obtained after the polymerizations for different time.
The neat TiO, is characterized by a strong and sharp
band at 146 cm ™', three mid intensity band at 399,
519, and 640 cm !, and a weak band at 200 cm ™.
The band at 146 cm™' is assigned to the bending
type vibration of vs (Eg) mode It is found from
Figure 5(A) that the band of 146 cm ' shows a blue
shift by 8 cm ™" for the composites when the reaction
is beyond 10 min. Meanwhile, the FWHM of each
band increases a lot, as shown in Figure 5(B) and
tabulated in Table I. Importantly, the results reveal
that the composite of TiO, NPs and PPy is not a
simple mixture, but the two components interact
with each other. Taking the early XPS results into
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accounts, the two different spectroscopes consis-
tently indicate that the interaction is established
between the TiO, and PPy.

It is realized here that Parker et al.”’ have
addressed Raman shifts and broadening by compar-
ing the TiO, NPs having various O/Ti ratios. They
found that when the O/Ti ratio decreased from 2 to
1.89, the blue shift of the vs (E;) band increased to
11 em™' continuously, whereas the FWHM increased
from 12 to 35 cm '. More recently, several authors
have detected similar Raman shifts and broadening
for modified TiO, NPs including N-doped TiO,**°
and concluded that the phenomena were due to the
nonstoichiometric oxygen. The implication to us is
that the surface structure of TiO, in the composite
varied due to the interaction.

Mechanisms discussions

As mentioned in the Introduction, PPy is always
synthesized by oxidative polymerization. The first
step is that pyrrole is oxidized to pyrrole radical cat-
ion that is the key intermediate deciding the subse-
quent polymeriza’dor‘t.z'31 In brief, PPy is formed by
coupling reactions commencing with the pyrrole cat-
ions.>*' In this study, the UV light applied at 365
nm is sufficient to excite TiO, NPs and must pro-
duce a pair of the conduction-band electron (¢~) and
valence-band hole (h"), as indicated in reaction (1).
Given that the photogenerated hole is a powerful
oxidant,"® we therefore consider the current pyrrole
polymerization as a photocatalyzed polymerization
due to the oxidative hole. In the following, the reac-
tion sequences are presented, and this mechanism is
solidly supported by the results shown in the UV-
vis spectra (see Fig. 1).

Pyrrole is oxidized by the photoexcited TiO, NPs
by loss of a = electron, giving rise to a pyrrole radi-
cal cation, as indicated in reaction (2).

TiO, e + 1t )

TIO- (') + e —— TiO,
)

The coupling reaction of two pyrrole cations pro-
duces a pyrrole dimmer (reaction 3).>*' The subse-
quent coupling reaction of dimmer and pyrrole
cations gives a terpyrrole. Quarterpyrrole can be
produced from the coupling of two dimmers or the
coupling reaction of terpyrrole and pyrrole cations.

Journal of Applied Polymer Science DOI 10.1002/app



114
A
Inl
I'l
Il
o II II
5 £k )
s LI\ e e SR
% 2T = |
5 II"I 1% - -BD"_i"
£ e =
}H’.\_ 146 ~ 45min
;‘/|I| ‘\_.-. _ —— s =
Ii 10 min
200 309 519 640 Omin
T T T
200 400 B0
Wavelength(cm')
=5
S
=
14r]
=
2
£
. ; e
i 0 min
T T T
120 140 160 180 200
Wavelength{em™)
C
154
P
Il
_ ||I 146
2 |
L] 1 . "
= I\ Composite synthesized
= ’/M N - B L v
= [ - —— E
£ /Il Tio, with adsorbed pyrrole _ m
The mixture of TiO, and ploypymrale I
‘?‘m P25TIO, 399 519 840 |
T r T T
200 400 600
Wavelength(em")

Figure 5 Raman spectral regions of TiO, nanoparticles.
(A) the particles obtained after the reactions of different
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ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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TABLE I
The Raman Wavenumbers and FWHM (in bracket) for
TiO, and the Composite (cm™?)

Vibration bands Neat TiO, Composite
Ve (Eg) 146 (10) 154 (20)
Big 399 (22) 400 (41)
Aig 519 (25) 519 (43)
E, 639 (26) 639 (51)

Note that the dimmer, terpyrrole, and quarterpyrrole
are clearly observed in the UV-vis spectra of the
reacted mixture (Fig. 1). Above coupling reactions,
they are proceeded step-by-step with the formation
of PPy eventually,”*' as shown in reaction (4).

Figure 1(B) shows that the intensity of terpyrrole
is considerably weaker than that of quarterpyrrole.
We therefore deduce that the dimmerization (reac-
tion 3) is very rapid leading to a quick consumma-
tion of the pyrrole cations. In this case, the coupling
reaction toward terpyrrole is suppressed by the lack
of pyrrole cations.

To validate the role of the hole, we carry out the
experiments in the presence of methanol, which is
known as the hole scavenger in the field of semicon-
ductor chemistry.*® Lots of researchers have shown
that the methanol scavenging on hole is a process
that the hole transfers from the oxygen lattice of
TiO, to methanol.*

h* + CH;0H — *CH,OH + H" (5)

Figure 6 shows that the conversion of pyrrole
decreases with increasing the concentration of meth-
anol added. On calculation, the polymer yield
sharply decreases from 16% to 1% when methanol
of 4% by volume is added. This result can be
regarded as that 95% of holes are scavenged at this
condition. When the concentration of methanol is
further increased, the polymer yield keeps almost
unchanged. This agrees with the results by other
authors that ~ 5-10% of the holes are remained
even at high concentrations of hole scavengers.”
Conclusively, above results confirm that pyrrole is
initiated by the photogenerated hole.
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Figure 6 TGA curves of the composite obtained at vari-
ous concentrations of methanol as the hole scavenger. The
concentration of TiO, was 0.75 g/L. The concentration of
pyrrole was 0.01 mol/L.

Back to Figure 5(C), one can see that the pyrrole
adsorption and the mixing of pure PPy with TiO, do
not bring about visible changes to the Raman vibra-
tions of TiO, NPs, whereas the two samples have
the same wavenumbers and FWHM as those of the
neat TiO,. Therefore, we conclude that the interac-
tion between the two components has no relation to
the adsorption, whereas the interaction is built up
during the photocatalytic reaction. Because of strong
interaction, this composite is expected to have a sta-
ble interface, and thus, it is promising for practical
applications, because long-lived photoelectric devi-
ces require the composites with a stable interface
structure.

Because the interaction is induced by the photocata-
lytic reaction, the photogenerated charge carriers must
be taken into account. As well known, the electron is
trapped by the TiO, NPs, converting Ti*" to Ti>"."?

Ti*" + e~ — Ti* (6)

It is realized, in this discussion, that the Ti**
occurs along with the formation of reactive oxygen
vacancy defect, as indicated by the reactions with
NHj3;, ethylamine, and sulfur.3*° It has been shown
that the reaction should be defined as an exchange
reaction at the position of oxygen vacancy defect,
and the resulted bonding is best described as cova-
lent.> On the basis of the earlier achievements, it is
most likely that the photoinduced interaction here is
attributed to the reactivity along with the Ti*". If it
is true that the TiO; is covalently bonded by the pyr-
role ring, the surface structure of TiO, should turn
aside from its original stoichiometry.>” In this case,
the Raman shift and broadening detected for the
TiO, is soundly interpreted in terms of nonstoichi-
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ometry, whereas the strong interaction is also
clarified.

CONCLUSIONS

The oxidative polymerization of pyrrole is achieved
by using UV-excited TiO, nanoparticles as initiators.
The pyrrole oligomers (dimmer, terpyrrole, and
quarterpyrrole) and PPy are continuously produced
with reaction time. The conversion of pyrrole
changes as a function of the concentration of TiO,. It
is found that PPy in the composites has the conju-
gated structure, and the polymer is partially oxi-
dized with the formation of positively charged N™.
From the ratio, the peak area of N* to that of total
N 1s orbital, it is calculated that the ratio of NV is
about 20% after the polymerization of 45 min. The
results from XPS and Raman analysis consistently
indicate that strong interaction is established
between TiO, and the resulting polymer. The com-
parisons distinguish this interaction from adsorption
and conclude that it is built up due to the photocata-
lytic reaction. It is further discussed that the interac-
tion is related to the reactivity of the Ti’" generated
from the electron reaction. The mechanism about the
polymerization is proposed based on the results of
UV-vis spectroscopy. It is drawn that the dimmeri-
zation is very rapid. The scavenging experiments
with methanol identify that pyrrole is initiated by
the hole.

The help from Associated Prof. Xinghai Yu, Faculty of Inor-
ganic Materials Chemistry, Fudan University, in analysis of
TiO, is appreciated.
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