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Photocurable methacrylate/nanosilica composites

RAPID COMMUNICATION

Abstract — Two types of photocurable systems containing triethylene glycol dimethacrylate
(TEGDM) and 3—15 wt. % of nanosilica were prepared and investigated. The silicas used were
structure modified fumed silicas aftertreated by methacrylsilane. The obtained dispersions were cha-
racterized by mean particle size (Z-average diameter), polydispersity index (PDI), Zeta potential and
by the viscosity of the system (η). It was found that the maximum polymerization rate Rp

max and
double bond conversion p increase with silica concentration up to 5 or 4 wt. %, depending on silica
type; further increase in silica content reduces both Rp

max and p. This result correlates well with the
stability of the dispersion as measured by its Zeta potential value. The lowest Zeta potentials were
obtained for composites showing the highest Rp

max values.
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FOTOUTWARDZALNE KOMPOZYTY METAKRYLAN/NANOKRZEMIONKA
Streszczenie — Otrzymano i zbadano dwa rodzaje kompozycji fotoutwardzalnych zawieraj¹cych
dimetakrylan glikolu trietylenowego oraz nanokrzemionkê w iloœciach 3—15 % mas. Zastosowano
nanokrzemionki pirolityczne modyfikowane strukturalnie oraz powierzchniowo. Otrzymane dysper-
sje scharakteryzowano poprzez œredni rozmiar (Z-average diameter) i indeks polidyspersyjnoœci (PDI)
cz¹stek nape³niacza, jak równie¿ przez potencja³ Zeta oraz lepkoœæ (η) kompozycji (tabela 1). Stwier-
dzono, ¿e maksymalna szybkoœæ polimeryzacji (Rp

max) i konwersja wi¹zañ podwójnych (p) wzrastaj¹
po dodaniu krzemionki oraz rosn¹ ze wzrostem jej zawartoœci osi¹gaj¹c maksymaln¹ wartoœæ przy
stê¿eniu 5 lub 4 % mas., w zale¿noœci od rodzaju krzemionki. Dalszy wzrost zawartoœci nape³niacza
obni¿a zarówno Rp

max jak i p (rys. 1). Wynik ten dobrze koreluje ze stabilnoœci¹ kompozycji okreœlon¹
przez potencja³ Zeta. Kompozycje o najwy¿szych wartoœciach Rp

max wykazywa³y najmniejsze wartoœ-
ci potencja³u Zeta (rys. 2).
S³owa kluczowe: nanokrzemionka, metakrylan, kompozyty, fotopolimeryzacja, potencja³ Zeta.

Polymer nanocomposites have attracted growing at-
tention in the past few years [1—7]. Silica (SiO2) is one of
the most commonly used nanofillers. However, it is very
difficult to manufacture nanocomposites with the
nanoparticles dispersed uniformly because nanoparti-
cles have very high surface energies and are prone to
agglomerate into larger particles during the prepara-
tions of materials [8—11].

A new and very convenient technique of preparation
of nanocomposite materials is an “in situ” method — the
photoinitiated polymerization of a composition contain-
ing a nanoscale filler. A number of papers have been
devoted to UV-curable silica-containing nanocompo-
sites, but only few of them focused on the kinetics of the
curing process. It was observed, for instance, that an ad-

dition of small amounts (several percent) of an unmodi-
fied fumed silica to 1,6-hexanediol acrylate generally ac-
celerates the polymerization and increases the conver-
sion [4] although an adverse effect of silica addition was
also reported [8]. The accelerating effect was attributed
mainly to the light scattering by aggregates of silica par-
ticles, which lengthen the path length of the UV light
enhancing light absorption by the photoinitiator and
thereby accelerating the initiation [4]. On the other hand,
it was speculated that too high silica content (beyond
15 %) retards the polymerization due to aggregation of
silica nanoparticles [4, 12].

In our work we took into account another factor —
stability of the silica dispersion in the monomer. This pa-
per presents preliminary results of our investigations and
focuses on the photopolymerization kinetics of systems
consisting of triethylene glycol dimethacrylate and va-
rious amounts (3—15 wt. %) of two Aerosil type silicas.
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EXPERIMENTAL

Materials

Triethylene glycol dimethacrylate (TEGDM) and
2,2-dimethoxy-2-phenylacetophenone, used as photoini-
tiator, were purchased from Aldrich.

Nanosilicas: Aerosil R7200 (12 nm) and R9200 from
Degussa, are structure modified fumed silicas after-
treated with methacrylsilane.

Sample preparation

The investigated mixtures were prepared by direct
dispersion of silica particles in TEGDM with photoinitia-
tor (in concentration 0.2 wt. %) using an ultrasonic bath.
The polymerization was initiated by the light of a me-
dium pressure Hg lamp (glass filter 366 nm, light inten-
sity 2.75 mW/cm2). The reaction was carried out at
temp. 40 oC.

Method of testing

The reaction course was monitored by differential
scanning calorimetry method using Pyris 6 from Perkin-
-Elmer. The particle size, polydispersity index (PDI) and
Zeta potential were measured using Zetasizer ZS laser
light-scattering instrument (Malvern).

RESULTS AND DISCUSSION

The investigated monomer/silica mixtures contained
3, 4, 5, 10 or 15 wt. % of Aerosil R7200 or Aerosil R9200.
The properties of the photocurable composites involving
mean particle diameter of silica filler (z-average diame-
ter) and its PDI values along with the formulation vis-
cosity η are given in Table 1.

T a b l e 1. Some properties of the investigated monomer/silica
dispersion systems

Silica
con-
tent

wt. %

Aerosil R7200 Aerosil R9200

z-average
diameter of

silica filler, nm

PDI η, cP
z-average

diameter of
silica filler, nm

PDI η, cP

0 — — 4.9 — — 4.9

3 324 0.402 5.58 348 0.462 5.92

5 326 0.603 6.98 362 0.627 6.59

10 469 0.608 9.63 658 0.640 9.43

15 478 0.443 13.8 730 0.384 13.4

The data presented in Table 1 suggest that the silica
dispersions in the monomer are both nano- and mi-
crosized, which corresponds with high polydispersity
indices. The viscosities of the formulations are low and
increase only slightly with silica content, even after addi-

tion of 10 wt. % of silica (the lack of substantial increase
in viscosity is associated with structural modification of
the Aerosils used [13]).

The dependence of polymerization rate (Rp) on dou-
ble bond conversion (p) for different TEGDM/Aerosil
R9200 composites is shown in Fig. 1a. The maximum
polymerization rate Rp

max increases with silica concen-
tration and reaches the highest value at 5 wt. % of the
filler; further increase in silica content decreases Rp

max.
One can speculate that such a behavior is a result of two
opposite tendencies:

— increase in viscosity, which suppresses the termi-
nation and, in consequence, accelerates the polymeriza-
tion,

— dilution effect, which decreases the polymeriza-
tion rate due to a decrease in the concentration of double
bonds.

However, the final degree of conversion shows the
same tendency like Rp

max, which suggests that the sys-
tem viscosity is not the main cause of the effect observed,
because viscosity increase usually reduces the final con-
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Fig. 1. The effect of double bond fractional conversions p of
TEGDM/Aerosil R9200 system on rate of polymerization (Rp)
(a) and rate of polymerization squared (Rp

2) divided by the
methacrylate double bond concentration [M] (b) at various
silica content: 1 — no additive, 2 — 3 wt. %, 3 — 4 wt. %,
4 — 5 wt. %, 5 — 10 wt. %, 6 — 15 wt. %
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version. The analysis of the kinetic curves shows that
silica begins to influence the polymerization kinetics not
before about 15—20 % of double bond conversion (in
our conditions after about 30 s of the reaction). This sug-
gests in turn that the light scattering and reflection by
particles is not significant, at least at the beginning of the
reaction.

More detailed analysis based on Rp
2/[M] = f(p) de-

pendence, where [M] is the concentration of double
bonds [14] (Fig. 1b) shows that the silica addition shifts
both reaction diffusion controlled termination and diffu-
sion controlled propagation to higher conversions when
silica content increases up to 5 wt. %. An adverse effect
occurs at higher silica contents.

Qualitatively the same results were obtained for
TEGDM/Aerosil R7200 system, but the highest Rp

max

value was obtained at 4 wt. % silica content.
The stability of a colloid system is described by Zeta

potential. Stability is higher, if greater is the absolute
value of Zeta potential [15]. When the absolute value
exceeds 40 mV, the system is stable [16]. The dependence
of the maximum polymerization rates on the filler con-
tent along with the values of Zeta potential for two
TEGDM/Aerosil systems is shown in Figure 2. Graph
shows an excellent correlation between changes in Rp

max

and changes in Zeta potential when the silica content
increases: the highest Rp

max values are reached by the
most stable monomer/silica dispersions (here with low-
est Zeta potential values). This clearly indicates that the

tendency to aggregation of nanofiller particles has a sig-
nificant impact on the polymerization kinetics. Further
work to explain this phenomenon is in progress.

In conclusion we can say that photocuring of silica-
containing composites is a complex process with kinetics
influenced by many factors. The results presented in this
work clearly indicate that a very important factor is the
stability of the nanofiller dispersion, associated with the
surface state of silica particles (which in turn can be in-
fluenced by monomer adsorption).
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Fig. 2. The dependence of the maximum polymerization rate
Rp

max and Zeta potential values on silica content in the sys-
tem. 1 — Aerosil 9200, 2 — Aerosil 7200
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