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2 Introduction

Earlier investigations determined that
various carbon forms: nanofibres [1 - 3],
single- and multiwalls carbon nanotubes
[4 - 8], fullerenes [4, 5, 9] and carbon
black [7], graphite [7] or silicone carbide
[4] exhibit different radical activity de-
pending on the reaction medium. Vinyl
monomers are often the model objects
in scientific investigations, which sup-
ports the explanation of the interaction
mechanism of various radical scavengers
in both biological and technological ap-
plications [10, 11].

The research method, based on a po-
lymerisation model, is a technique also
allowing to distinguish the kind of de-
activated radicals (primary or growing).
The dilatometric technique applied to
kinetic measurements [12] is simultane-
ously the source of polymer obtained un-
der precisely defined conditions — in an
oxygen-free medium with known degree
of conversion. This allows to complete
kinetic data with examinations of poly-

mer properties.

Previous studies [10] concerned the in-
fluence of carbonaceous substances on
methyl methacrylate and acrylonitrile po-
lymerisations. This work also concerns
testing the influence of carbonaceous
nanoparticles on the polymerisation of
another vinyl monomer — styrene. Such
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a class of monomers is utilised for fiber-
forming polymers.

B Experimental part

Materials

The following monomers: styrene (S),
methyl methacrylate (MMA) and a sol-
vent: N,N-dimethylformamide (DMF)
were purified by standard methods.
Azoinitator  4.4’-azobis-4-cyanopenta-
noic acid (ACPA) (Du Pont) was used
without further purification. SiC nanofi-
bres (with a diameter of 20 - 100 nm and
length of up to several tens of microns),
synthesised at the Chemical Department
of Warsaw University [2], and single
wall carbon nanotubes containing 30%
of appropriate SWNT (with a diameter of
0.7 - 1.2 nm and length 2 - 20 pm) from
MER Corp. USA were used as received.

Measurements

Polymerisation was carried out in a nitro-
gen atmosphere at 60 °C in dilatometers
(glass reactors with a capacity of 35 cm3)
with a capillary tube. Before the polym-
erisation carbonaceous substances in var-
ious amounts were sonicated in DMF for
15 min and added to an initiator—-mono-
mer mixture prepared separately. Con-
stant concentrations of the monomer and
initiator were established on the basis of
our earlier investigations [5 - 7].

Monomer conversion during the polym-
erisation was achieved using the dilato-
metric method according to the proce-
dure described precisely in [12]. Utilis-
ing the volume contraction phenomena
during the reaction, the change in the
volume of the reaction mixture was ob-
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served, and the degree of conversion p

was determined from equation:
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where AV is the change in the reaction

mixture volume after time ¢ in min, V. is
the volume in cm3 of monomer in the re-
action mixture at reaction temperature 7,
and L" is the relative change in the spe-
cific volume of the reaction mixture at a
monomer conversion of 100%.

Subsequently, plotting the logarithmic
dependence of conversion p for time ¢:
In[1/(1-p)] = f¥), the tangent of the slope
of the straight line allows the evalua-
tion of the polymerisation rate R, in
mol-dm-3-min-1, taking into account the
monomer concentration [A] in mol-dm-3:
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The overall rate constant was calculated
from the general expression for the rate of
polymerisation, for both the polymerisa-
tion without carbonaceous nanoparticles
(the model polymerisation) and with their
inclusion according to equation [5, 7]:
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Variable parameter Ky characterises the
polymerisation rate in the presence of an
inhibitor; it takes the value of the overall
rate constant of the polymerisation in the
absence of an inhibitor.

The polymers were isolated by precipita-
tion into a non-solvent and then purified
from the residual unreacted carbonaceous
nanoparticles by repeated dissolution in
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Table 1. Kinetic parameters of radical polymerisation in the presence of carbonaceous

nanoparticles.
[X], g:dm-3 Rp,x, mol-dm-3-min-1 Kx, dm1.5mol0.5-min-1 ti,min
S/ACPA/SiCNF/DMF system; [S]=7.5mol-dm-3, [ACPA]=0.06mol-dm-3
SO 0 0.01043 0.00611 4
S1 1.34 0.01053 0.00638 4
S2 2.74 0.01082 0.00646 5
S3 4.42 0.01051 0.00643 2
S/ACPA/SWNT/DMF system; [S]=7.5mol-dm-3, [ACPA]=0.06mol-dm-3
SO 0 0.01043 0.00611 4
S4 1.32 0.01051 0.00624 1
S5 2.71 0.01002 0.00592 24
S6 4.52 0.01064 0.00626 23
MMA/ACPA/SWNT/DMF system; [MMA]=6mol-dm-3, [ACPA]=0.06mol-dm-3
MO 0 0.04950 0.03656 3
M1 1.35 0.04760 0.03554 6
M2 3.29 0.04146 0.03112 5
M3 4.68 0.03897 0.02901 6
M4 6.98 0.03700 0.02798 8
M5 9.15 0.03628 0.02766 8
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the solvent, filtration and precipitation.
The final polymer samples were dried
under reduced pressure and examined
by IR spectroscopy and thermal analysis
(DSC or DTA).

@ Results and discussion

The mechanism of radical polymerisa-
tion, in the simplest case, consists of el-
ementary reactions: initiator decomposi-
tion, initiation, propagation and termina-
tion. If polymerisation occurs in the pres-
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[7]; e — MMA/AIB-BD/CNF [1].

ence of a substance which is additionally
introduced to the reaction medium and
chemically active towards radicals (R*),
it can be schematically expressed in the
form of a general reaction [5]:

X+pR' —p 4)

where X denotes the additional reagent,
R® — any kind of radical, ky — reaction
rate constant, 4 — stoichiometric factor
that corresponds to the number of radi-
cals deactivated by one molecule of the
additional reagent, P — unreactive prod-
uct of the reaction.

If the substance can quantitatively scav-
enge the initiating radicals, further prop-
agation cannot occur during the time of
its exhaustion. After that the reaction
proceeds as rapidly as polymerisation in
its absence, such a compound is referred
to as the inhibitor. The substance that in
low concentration effectively suppresses
the overall rate of polymerisation without
an induction period (;) is known as a re-
tarder. The distinction between retarders
and inhibitors is not always clear [13].

The same substance, e.g. fullerenes, de-
pending on the reaction medium (with a
change in the kind of monomer) can be an
inhibitor or retarder, which we observed
in earlier investigations by the model re-
action method [5, 7, 10], which consists
in the polymerisation of the model mono-
mer with the substance tested, determina-
tion of kinetic parameters of the reaction
and referring them to the polymerisation
without its inclusion. Results of the po-
lymerisation systems tested in this work
are collected in Table 1 and Figure 1, in
which they are additionally compared
with the systems studied earlier [1, 7].

Styrene polymerisation with carbon na-
notubes (Figure 1.b and Table 1) is char-
acterised by an induction period, which
lengthens with an increase in the amount
of SWNT in the reaction mixture, where-
as the overall rate of polymerisation does
not change. The different influence of
SWNT is observed in the methyl meth-
acrylate polymerisation (Figure 1I.c),
that is: the process rate decreases with
an increase in SWNT concentration in
the reaction mixture, and the induction
time changes in a small range. Thus the
influence of carbon nanoparticles in the
form of SWNT in the course of the po-
lymerisation of S and MMA is visible
and different. The occurrence of the in-
duction time in styrene polymerisation
is connected with the fact that carbon
nanotubes are more reactive to primary
radicals than the monomer. Styrene, as
an electron donor, is not a rival for nano-
tubes in the reaction with radicals, unlike
methyl methacrylate, which is an elec-
tron acceptor.

The presence of another kind of carbona-
ceous material — SiC in the form of na-
nofibres — in styrene polymerisation un-
der the same conditions does not cause
any changes in its course, i.e. the polym-
erisation rate does not change, and there
is no induction time (Figure 1.a).
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Figure 2. IR spectra of polystyrenes: SO —
PS, S3 — PS/SiCNF, S6 — PS/SWNT

Similarly our previous investigations
have shown that the presence of car-
bon nanofibres (CNF) does not influ-
ence MMA polymerisation initiated by
2.2’-azobis(2-methyl-4-hydroxybutyl
propionate) (AIB-BD) (Figure 1.e) [1],
whereas the SWNT in this reaction sys-
tem cause a decrease in the polymerisa-
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Figure 4. DSC thermograms of polysty-
renes: SO — PS, S3 — PS/SiCNFE, S6 — PS/
SWNT.
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Figure 5. DTA thermograms of poly(methyl
methacrylates).
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Figure 3. IR spectra of poly(methyl meth-
acrylates).

tion rate with an increase in the SWNT
concentration in the reaction mixture
(Figure 1.d) [7], as in polymerisation
initiated by ACPA.

The examinations of the polymerisation
products confirm the kinetic observa-
tions. On the basis of both the IR spec-
troscopy of polymers (Figures 2, 3) and
their thermal analysis (Figures 4, 5), the
influence of SWNT on the properties of
polystyrenes and poly(methyl methacr-
ylates) is visible, while in the case of
polymers with SiC nanofibres no changes
are observed.

The carbon occurring in various forms:
fullerenes, single- and multiwalled car-
bon nanotubes, carbon nanofibres or sili-
cone carbide is characterised by different
chemical activity towards alkyl radicals
in the polymerisation. While fullerenes,
Cgo show high reactivity; SWNT have
less and the silicone carbide does not
show any activity regardless of its physi-
cal form (powder or nanofibres) and the
kind of monomer (electrophilic or elec-
tron-donating).

@ Conclusions

The method presented with the applica-
tion of the model polymerisation allows
to evaluate the influence of the presence
of carbonaceous nanoparticles on the
course of radical polymerisation and the
properties of reaction products.

SWNT distinctly change the course of po-
lymerisation of vinyl monomers and, de-
pending on their kind, SWNT reactivity
occurs as an inhibitor in S polymerisation
and a retarder in MMA polymerisation.

SiC nanofibres do not show radical activ-
ity, similar to carbon nanofibres (CNF) in
MMA polymerisation systems.

The thermal analysis of polystyrenes indi-
cates that carbon nanotubes (SWNT) shift
the onset of degradation to a lower tem-
perature, possibly due to the higher ther-
mal conductivity of polymer with SWNT.

The thermal investigations of poly(methyl
methacrylates) show that SWNT change
the mechanism of depolymerisation of
model polymer from a two-stage to a
one-stage, which probably results from
the lower content of terminal double
bonds in the polymer.

Acknowledgment

This research was partly financed (AH)
by European Regional Development
Fund within the framework of Opera-
tional Programme Innovative Economy
2007-2013. (No. UDA-POIG.01.03.01-
-14-071/08-00).”

References

1. Szafko J., Onderko K., Pabin-Szafko B.;
Zeszyty Naukowe Politechniki Sigskiej,
Chemia z. 146, 2001, 45.

2. Huczko A., Bystrzejewski M., Lange H.,
Fabianowska A., Cudzito S., Panas A.,
Szala M.; J. Phys. Chem. B 109, 2005,
p. 16244.

3. YaoY, JanisA., Klement U.; J. Mater Sci.
43, 2008 p. 1094.

4. Pabin-Szafko B., Wisniewska E.; e-
Polymers, No. 025, 2005.

5. Pabin-Szafko B., Wisniewska E., Szafko
J.; Eur. Polym. J. 42, 2006, p. 1516.

6. Onderko K., Pabin-Szafko B., Szafko J.;
Karbo 49, 2004, p. 175.

7. Szafko J., Onderko K.; In Polymers for
the 21st Century; Proceedings of the 5th
International Polymer Seminar Gliwice,
2003, p. 63.

8. Huczko A.; Nanorurki weglowe, BEL
Studio Sp. z 0. 0. W-wa 2004

9. Przygocki W., Witochowicz A.; Fulereny i
nanorurki, WNT W-wa 2001.

10. Pabin-Szafko B., Wisniewska E.; Fulle-
rene Research Advances, Ed. by C. N.
Kramer, Nova Science Publishers, Inc.,
New York, chapter 11, 2007, p. 227.

11. Szafko J., Onderko K.; Nowe kierunki
modyfikacji i zastosowarn tworzyw sztucz-
nych, Nanokompozyty polimerowe, Poli-
technika Poznariska, Poznan 2004, p. 136.

12. Szafko J., Pabin-Szafko B., Wisniewska
E., Onderko K.; Polimery 46, 2001, p. 752.

13. Handbook of Radical Polymerization, Ed.
by K. Matyjaszewski and T. P. Davis, John
Wiley & Sons, Inc., 2002.

Received 02.10.2008 Reviewed 11.05.2009

25



