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The composites of poly(methyl methacrylate) and polypyrrole (PMMA/PPy) were prepared
by a chemical oxidation of pyrrole in a PMMA latex medium resulting in a network like
structure of polypyrrole embedded in the insulating polymer matrix. Water was used as the
dispersion medium. The content of polypyrrole was determined by elemental analysis as
varying from 0.25 wt.% to 10 wt.%. The electrical conductivity of prepared composites
depends on the concentration of polypyrrole and reached values of between 1 x 10~° S/cm
to 0.1 S/cm The surface of powder form of PMMA/PPy composites was characterized by
X-ray photoelectron spectroscopy (XPS) and by scanning electron microscopy (SEM). The
antistatic properties of compression moulding form of composites were tested. © 2000
Kluwer Academic Publishers

1. Introduction role/poly(alkyl methacrylate) composites. Pyrrole was
Several attempts have been made to improve the pogresent in the organic solvent. The electrical conductiv-
mechanical properties of conductive polymers by form-ity of the composites reached a value of about 6 S/cm
ing blends or composites with other polymers. A com-when the PPy content was higher than the percola-
bination of conventional polymers or copolymers [1] tion threshold (10 wt.% PPy). The type and concen-
with conductive polymers allows the creation of newtration of the surfactant also affected the conductivity.
polymeric materials with interesting electrical prop- The authors also concluded that a single step proce-
erties. Moreover, blending with conductive polymersdure leads to composites with very low conductivities.
can also solve the problem of surface static charg€hehimiet al. [12, 13] used XPS study to determine
of poly(methyl methacrylate). Electrochemically [2] or the surface composition of absorption of PMMA on
chemically [3] prepared polypyrrole (PPy), which ex- chlorine and tosylate-doped PPy from neutral, acidic
hibits conductivity values up to 1000 S/cm, is stableand basic solvents. Over the last decade XPS has be-
in air. A large numbers of studies using XPS has beergame an established technique for the characterization
devoted to the characterization of chemically or elec-of polymer surfaces [14, 15]. Preparation of micro- and
trochemically synthesized PPy [4-6]. nano-sized conducting materials received much scien-
First PMMA/PPy composite films with a conductiv- tific and technological attention because of possible ap-
ity of about 0.12 S/cm were prepared in 1988 [7] usingplications. Yassaet al. already in 1987 reported that
the chemical oxidative polymerization method which chemically synthesized PPy could be depositesitu
involves spreading a water-immiscible solvent solutiononto polystyrene latex particles [16]. Later polyaniline
of pyrrole and PMMA on the surface of the aque- (PAni) was used for preparation core-shell conducting
ous solution containing ¥5,0g. The detailed char- dispersions [17, 18]. Wiersnet al. at DSM Research
acterization of these films using the elemental analyhave demonstrated that sterically-stabilizes latex parti-
sis, thermogravimetry and XPS was published by Chartles can be coated with PPy or PAni in aqueous me-
et al.[8]. Later Stanke and co-workers [9] synthesizeddia to form composite latexes with good colloid stabil-
a graft copolymer film of PMMA and PPy. A two- ity [19, 20]. Armeset al.[21] described the preparation
step process, involving an emulsion containing a soPPy- and PAni-colloidal silica composites, but the de-
lution of surfactant in the first phase, was developed irposition of conducting polymer was non-uniform pro-
the Ruckenstein’s laboratory [10, 11] for the prepara-cess. Lascelles and co-workers reported the synthesis of
tion of polyaniline/poly(alkyl methacrylate) or polypyr- micrometer-sized PPy-coated polystyrene latexes [22].
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Peruchott al.[23] examined the surface of one of these struments (for current and voltage) were connected to
latexes containing 8.7% PPy by XPS, confirming uni-a PC in order to collect and calculate the data.
form nature of the PPy overlayer. Latest results showed The microstructure of PMMA and PMMA/PPy com-
that polyaniline coating are much less uniform than theposites was observed using a low voltage scanning elec-
PPy overlayer on polystyrene latexes [24]. tron microscope DSM 982 Gemini (Zeiss Oberkochen,
In our work pyrrole is polymerized by chemical oxi- Germany). Samples without any metal coating were
dation in a poly(methyl methacrylate) latex medium.glued to an electrically grounded sample holder us-
The result of first investigation of powder form of ing double faced conductive tape. Light microscopy
prepared composites using SEM led to more detailedtudy was performed using Laborval 4 light micro-
study of surface characterization of both, powder andcope (Carl Zeiss Jena, Germany) connected with video
compression moulded forms of composites. The presystem.
pared composites were characterized by XPS. Surface A spectrometer VG ESCA lab 220i (England)
discharging behaviour of PMMA/PPy composites waswas used to acquire photoelectron spectra of sam-
compared with the behaviour of virgin PMMA. ple surfaces. Unmonochromatized Mge (hv =
12536 eV) radiation was used as the excitation source.
The power of the source was 300 W at 20 mA. The typ-
. ical base pressure was lower tharritbar. The bind-
g' f?ﬁ;‘;‘;ﬁ:' procedure ing energy (BE) scale of the spectra was set on the Cu
e 232 peak (BE=932.67 eV) and the Au 4f, peak

Pyrrole (Merck-Schuchardt, Germany) was distilled(|3E=84 00 eV). An IBM PC using the VG ECLIPSE

twice under reduced pressure and stored in a r(':‘f”géoftware routine performed data collection and analy-

ereF1>to|r at ali)r?ult Ac ?heforel utse. ficl th sis. The peaks background was subtracted according to
. oy(me yl methacrylate) particies were Synthe-y,, Shirley method [26]. Quantitative determinations
_3|zed n ourlab_orator.y byemglsmn polymerlzatlc_)n [25] of the elemental surface composition have been car-
in water as a dispersion medium containing sodium do'ied out using the spectrometer transmission function

decyl s.ulfpnate as an er_nulsmer. Light scattering an nd Wagner's atomic sensitivity factors [27]. During
transmission electron microscopy was used to detert

. . : . the measurements, the spectrometer was working in
mine the particle size. The diameter of prepared PMMAthe constant analyser energy mode with constant pass

particles was found to be about 100 nm. energy of 80 eV in the case of survey spectra and 25 eV
for resolved spectra.

Surface discharging characteristics of the polymer
2.2. Preparation of composites samples were measured using an integration electrom-
An emulsion containig 5 g poly(methyl methacrylate) eter POLYSTAT PS-1 (JZD Jizera, Czech Republic). A
was diluted with 25 ml of water and then FgQlis- compression moulded 1 mm thick disc of the polymer
solved in 10 ml water was added. Pyrrole was dissolve¢ample cleaned in n-heptane was fixed on a holder and
in 5 ml of water and inserted dropwise under vigor-charged in a 15 KV electric field (corona discharge).
ous stirring. The pyrrole concentration, relating to theThe decrease of the surface electric potential over time
amount of the dispersed polymer particles, varied fromwas periodically measured and plotted.
0.25 wt.% to 10 wt.%. The molar ratio of Fe@b pyr-
role was 2.3. The reaction mixture was stirred for 4 h
at room temperature. The polymer product was precip- ) )
itated from the emulsion by freezing the latex, wash-3- Results and discussion )
ing with distilled water and filtering off. The prepared 3:1- Conductivity of PMMA/PPy composites

composites were dried in a vacuum oven at60The ~ 1he influence of the amount of polypyrrole in the

prepared powder composite samples were compressidDrM MA/PP_y compos_ites on their electrical conductivity
moulded at 220C for 2 min. under 22.5 kN/cffor  Was investigated using the compression moulded sam-

further investigation. The thickness of the compressiorP!€S- The concentration of polypyrrole in the compos-
moulded samples was about 0.2 mm. ites varied from 0.25 wt.% to 10 wt.%. The PPy content

was calculated from the nitrogen content obtained by
elemental analysis, which was compared to the nitro-
gen value of chemically prepared pure PPy. PPy pre-
2.3. Instruments pared in our laboratory contained 15.7 wt.% N. Fig. 1
The particle size of synthesized PMMA was determinedshows that the conductivity of composite increases
by light scattering. A BI-90 Particle sizer (Brookhaven with the increasing weight percentage of polypyrrole.
Instruments Corp., USA) was used. Even the presence of a very small amount of PPy in

The weight percentage of polypyrrole in the compos-the composites results in a significant conductivity in-
ites was determined by elemental analysis using an elerease. The bulk conductivity of pure PMMA has been
mental analyser CHNS-O EA 1108 (Carlo Erba, Italy).found [28] to be about 10 S/cm. The conductivity

The electrical conductivity in the polymer compos- of PMMA/PPy composites containing 1.12 wt.% PPy
ites was measured by the standard four probe methods 8.8 x 10-° S/cm. An increase in the content of PPy
Samples were cut into strips of abouk®5 mm. To  from 1.12 wt.% to 9.9 wt.% in PP/PPy composites re-
achieve good electrical contacts a small gold patterrsults in an enormous increase in conductivity by seven
was sputtered on the sample surface. All measuring inerders of magnitude.
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101 — T - - - - ing 5.35 wt.% PPy compared to morphology of virgin

T 1o ] PMMA. The picture is sharper as a result of higher
S 1T P conductivity of surface, where some amount of PPy
o tozr ] is present. However, typical PPy cauliflower-like mor-
3 tosr ] phology was not observed.
%’ ey ] The covering of PMMA particles with PPy using
g 1o°r . ] chemical modification reaction is already visible from
© 1off l composite appearance. The colour of powder parti-
i e 1 cles changed from white (virgin PMMA) to grey or
0% oe® 1 dark grey in composites, depending on quantity of PPy
e 1 present in composite sample. Fig. 3a and 3b from light
10-10 . . L . . ’

0 2 4 5 8 10 12 microscopy study of virgin PMMA and PMMA/PPy
composite containing 1.12 wt.% PPy provided further
evidence for it.

Figure 1 Conductivity dependence of PMMA/PPy composites on PPy
content.

PPy content (wt. %)

3.3. XPS analysis

The primary aim of the X-ray photoelectron spec-
3.2. Morphology of PMMA and composites troscopy studies was to analyse the surface layer of the
In Fig. 2a the surface structure of PMMA powder powder PMMA/PPy composite. Besides this, also the
particles is shown at magnification 10 000-times. Thestudy of the pure components, PMMA and PPy pow-
surface of unmodified PMMA patrticles is rather rough. ders was carried out.

In Fig. 2b only small differences are visible on mi-  Fig. 4 shows the XPS spectra of chemically syn-
crographs of PMMA/PPy powder composite contain-thesized PPy, PMMA, and PMMA/PPy composite

Figure 2 SEM micrographs of (a) PMMA, and (b) PMMA/PPy composite powder particles containing 5.35 wt.% PPy.
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TABLE | Theresultsof XPS quantitative analysis of chemically syn-
thesized PPy, PMMA, and powder PMMA/PPy composites

Sample PMMA/1.12%  PMMA/9.89%
Ratio PPy PMMA PPy PPy
[O]:[C] 0.1198 0.3971 0.3854 0.3937
[N]:[C] 01596 — 0.0047 0.0293
[Cl]:[C] 0.0551 — — 0.0116
[Fe]:[C] 0.0040 — Traces Traces

to the theoretical atomic ratio [N]: [GLo=0.25, the
value [N]: [Cleas=0.1596 was found in PPy prepared

in our laboratory. The reasons of the excess of carbon
may consist in the presence of impurities from hydro-
carbons and carbon-oxygen compounds showing by the
oxygen peak.

It is important to note that the sample did not show
an electrical charging during the measurements. The
highly resolved C 1s spectrum of PPy is shown in
Fig. 5a. This spectrum shows a wide tail at higher
binding energies (BE). The spectrum was decomposed
into six component peaks named E, F, G, H, | and
J. The maximum of J is situated at BE283.7 eV.

In contrast to paraffin (BE 285.00 eV) the delocal-
ized p,electron system PPy shifts the component peak
Jto ABE=1.3 eV to lower BE. The second compo-
nent peak of the PPy structure (l) is shifted from F to
ABE=0.85 eV. The structure elements of J and | are
given in Scheme 1 [4, 29]:

10 um
ada . o mn - H
BJ J |
Figure 3 Cross-polarized optical micrographs of (a) PMMA patrticles, N
and (b) PMMA/PPy composite particles containing 1.12 wt.% PPy. o, o
R |
Ci 2p Cis N1s O1s Fe 2p OKLL H H
Scheme 1

According to Scheme 1 the intensities of J and | should
be the same. However, | has a higher both count rate
and line width.

The atomicratio [N] : [C] determined by means of the
high-resolution C 1s spectrum is given by Equations 1

J’___’L___Jv@ and 2.
‘ ' ' ' N  [Peakl]
0 200 400 600 N _ [Peakl] _
Binding energy (eV) C = 2.y [Peak]] 0.1977 (1)
Figure 4 Survey XPS spectra of (a) chemically synthesized PPy, N [Peak J]
(b) powder PMMA/PPy composite containing 9.89 wt.% PPy, c= Tpeaki]zo.].le (2)

(c) PMMA/PPy composite containing 1.12 wt.% PPy, and (d) PMMA.

The comparison between the [N] : [C] ratios from Equa-

tiongs 1 and 2 and [N] : [Gda/from the survey spectrum
powders containing 1.12 wt.% and 9.89 wt.% PPy. C, Nshows that | is too large and J is lower than expected.
O, and traces of Cl and Fe were found in both composThe differences in line width of peaks | and J were
ite samples. The survey spectrum of PPy powder showdiscussed in the literature [4]. In real structure of PPy
the expected peaks of polypyrrole: C (as C 1s, C KVV)the presence af—' bonds together with crosslinked
and N (as N 1s, N KLL). In addition, oxygen (as O 1s, structures (partial involvement of thie-carbons in ring
O KL23L o3[O KL1], O KLo3L1 [OKL2],OKL41L1 [O  bonding), saturated rings and terminated pyrrole units
KL3]), chlorine (as Cl 2p, ClI 2s) and iron (as Fe 2p, Fewere confirmed. The mean value of Equations 1 and
3p, Auger series Fe LMM) were found. The quantitative2 ([N]: [C]mean vaue= 0.1594) corresponds very well
analysis of the samples is given in Table I. In contrastwith [N]: [C] rea
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The third component peak His muchwideraslandJ. | Count rate
That peak results from hydrocarbon and carbon-oxygel
compounds containing oxygen with a low oxidation
number (C—OH, C-0O-C). Component peak G repre:
sents carbon-oxygen compounds of higher oxidatior
number (C=0, COO). These bonds may be formed dur
ing the polymerization process as a consequence of bot
the presence of water in the solution and the reactior
of atmospheric oxygen with polypyrrole [30, 31]. In
the reference [4] three different shake-up peaks havssg 595 530 535 540
been described. According to the BE the componen Binding energy (eV)
peaks E and F were interpreted as shake-up peaks. The
shake-up peaks E and F result from the highly conjufigure 6 Ols core-level XPS spectrum of PMMA.
gated p electron system. The third shake-up peak at
BE~ 295 eV was not detected. Count rate

From the survey spectrum of PMMA (Fig. 4)
the determined atomic ratio [O] : [l = 0.3971 cor-
responds very well with the theoretical ratio of
[O]:[C] =0.4. Impurities were not detected in the sur-
face region.

According to the structure formula (Scheme 2) the C
1s spectrum was decomposed into 4 component peal
(Fig. 5b) corresponding the following structure ele-
ments:

390 395 400 405 410

D Cé B oA B Binding energy (eV)
wwCH,——C C——0—=CH; |
| I Figure 7 N1s core-level XPS spectrum of PMMA/PPy composite con-
DCH3 O taining 9.89 wt.% PPy.
Scheme 2

with the structure shown in Scheme 2. Furthermore, the
BEs found correspond well with data published in the
The peak areas of A (@O), B (G-O-Q and (G- literature[15, 32]. The atomic [O] : [C] ratio determined
COO) were equal. This result is in a good agreemenrom the high-resolution spectrum is almost equal to
that found in the survey spectrum (Equation 3).

Count rate (a) @ _ 2 [Peak Al
[Cllcis  [Peak Al+[Peak BH-[Peak CH-[Peak D]

— 0.3777 A3)

The ratio of [component peak A] : [component peak D]
should be 0.5 (Scheme 2). However, a small excess of
hydrocarbon (D) was found.

The O 1s spectrum of PMMA (Fig. 6) shows the two

~ ‘ x component peaks of @—C and C© bond having the
270 280 290 300 same intensity.
Binding energy (eV) The spectra of the both investigated composite

samples show features of pure components (PMMA

and PPy). PPy was detected by the N 1s peak (Fig. 7).
Count rate ®)  The PPy peak is rather small while PMMA structures
are clearly dominant. This is shown by the almost
unchanged [O)/[C] ratio (Table I). However, the rel-
ative intensity of the N 1s peak in composite samples
(Fig. 4) increases with increasing PPy content in the
composites.

In Fig. 8 the C 1s spectrum of the PMMA/PPy com-
posite containing 9.89 wt.% PPy was separated into two
subspectra, one for PMMA (peaks D, C (partially), B,
and A) and one for PPy (peaks I, J, C (partially), E,

270 280 290 300

Binding energy (eV) and G). The intensity ratios of the individual compo-
nent peaks were fitted to those of the pure polymers,
Figure 5 C1s core-level XPS spectra of (a) PPy, and (b) PMMA. PMMA and PPy. The summarised curve shows that the
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Count rate

300
Binding energy (eV)

270 280 290

Figure 8 C1s core-level XPS spectrum of PMMA/PPy composite con-

taining 9.89 wt.% PPy.

separation of the peaks corresponds well with the actu

measured curve.

A PPy content of 0.0332 was calculated from the
survey spectrum of PMMA/PPy composite containing
9.89 wt.% PPy using the ratio [PPy]/[PMMA] (in con-
trast to the [N]/[C] ratio, given in Table I, where the
C content of the PPy is also considered). Addition-.
ally, a PPy content of 0.0319 was calculated from the
ratio [PPy]/[PMMA] using the convoluted core-level
C 1s spectra. The small amount of PPy detectable
the surface is in contrast to our results obtained for th
polypropylene/polypyrrole composites [33] where the!
smooth surface of the polypropylene particles contain
ing about 10 wt.% PPy was completely covered with
PPy. Also from the comparison of these results carl
be concluded that pyrrole is polymerized in the holes
of the rough surface of the PMMA particles. The sur-
face of PMMA particles is rough and very corrugated.
as showed the pictures from transmission electron mi-
croscopy study, published recently in our article [34].

In the subspectrum of the PPy part, the ratios of the
component peaks correlate closely with the ratios in the
spectrum of pure PPy. The subspectrum of the PMMA
part shows a smaller relative content of COO struc-
tures (theory: [COO]/[¢Hy] =[A)/[G] =0.5; found:
[COQJ/[CxHy] =[A)/[G] =0.3476), while all other
peak ratios are nearly equivalent to this one in the C
1s spectrum of pure PMMA.

3.4. Surface discharging properties
Measurements of surface electric potential provide ad-
ditional information on the antistatic properties of poly-
mer composites. The discharging behaviour of pure
PMMA and PMMA/PPy composite films is presented
in Fig. 9. The characteristic parameters of the sam-
£Ie dischargingry,2- the half-life time of leakage of
electrostatic charge, andy - the maximum of sur-
face electrostatic potential, are listed in Table II. It
should be pointed out, that polymers witky, lower
than 10 seconds are considered as materials with good
antistatic properties [35]. There is a significant differ-
ence in the discharging rate of the composites contain-
ng 0.24 wt.% PPy compared to those with 1.12 wt.%
PPy. It was found that if the concentration of PPy in our
amples reached value 1.5wt.%, the discharge time was
ower than 1 second thus no time dependence on surface
potential could be registered. At this PPy concentration
in composites it was impossible to charge the surface.
The content of about 1.5 wt.% PPy in composites is the
hreshold concentration at which the conducting PPy
etwork is dense enough to remove any static charge
from the sample surface immediately. At this PPy con-
centration the conductivity of PMMA/PPyY composite
is about 108 S/cm.

4. Conclusions

TABLE |l The surface discharging characteristic parameters of 1. The chemical oxidation polymerization of pyrrole in

PMMA and conductive PMMA/PPy composite films

PPy content
(wt.9%) 0.0 0.24 0.72 1.12
Vinax (KV) 12.2 15.3 14.5 7.0
1172 (8) — 540 209 10
- 16 T T T T T T T
< 1af ’%‘ i
> " a
12 e g .
xo e . .
10 E3 4
sl e T e T
v i 4
6 - 4
v e
D A * |
v
2} : 4
v
o} A 4 E
0 100 200 300 400 500 600
Time (s)

Figure 9 Discharging behaviour o) PMMA, PMMA/PPy composite
containing &) 0.24 wt.% PPy, ) 0.72 wt.% PPy, and¥) 1.12 wt.%
PPy.
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a poly(methyl methacrylate) latex medium enables the
obtaining of composites with conductivity in the range
of 107° to 0.1 S/cm, depending on the PPy content.
The advantage of the presented method is possibility of
using water as a solvent.

2. Theresults of XPS analysis of PMMA/PPy powder
composites showed that the PPy content at the surface
of the particles is smaller than the overall PPy content
determined by elemental analysis. This indicates that
pyrrole is polymerized also interior of the PMMA par-
ticles.

3. The creation of PPy conducting network-like struc-
ture in the PMMA/PPy composites results in remov-
ing of the static charge from the sample surface. The
threshold concentration of PPy for discharging of com-
posites prepared by chemical modification was found
to be about 1.5 wt.%.
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