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Abstract

The performance of dental composites is strongly dependent on the type and content of
ceramic fillers incorporated into the resin matrix. In this study, the effect of nanosilica
(NS) fillers on the curing kinetics, physicochemical, thermal, and mechanical properties of
Bis-GMA /TEGDMA-based dental composites was systematically investigated. A series of
nanocomposites containing various weight fractions of NS was prepared and evaluated.
The photocuring behaviour was analysed using differential scanning calorimetry (DSC),
enabling the determination of polymerisation rate coefficients (propagation k, and bimolec-
ular termination k;’) and double bond conversion. The presence of nanosilica was found
to influence chain mobility, as evidenced by changes in glass transition temperature (Tj).
Rheological measurements provided insight into viscosity changes induced by NS incorpo-
ration, while mechanical tests confirmed reinforcement effects. A moderate but statistically
significant correlation was observed between the NS content and mechanical performance.
The results obtained correlate the rheological, kinetic, thermal, and mechanical properties of
multiple types of silica in a single resin system using a consistent methodology. In addition,
the results highlight the role of nanosilica in the regulation of the curing dynamics and the
increase in the mechanical integrity of methacrylate-based dental composites, representing
a promising strategy for the development of next-generation restorative materials.

Keywords: dental composite; nanosilica; Bis-GMA; TEGDMA,; curing kinetics; glass
transition temperature; mechanical properties; photopolymerisation

1. Introduction

In recent years, the field of restorative dentistry has undergone significant develop-
ment, particularly in the design and optimisation of dental composites. These materials
must satisfy strict requirements regarding biocompatibility, mechanical performance, and
clinical applicability [1-3]. In recent decades, increasing attention was devoted to dental
composites, which represent a unique class of biomaterials with severe restrictions on
biocompatibility and curing behaviour, because these materials are often limited by shrink-
age and polymerisation-induced shrinkage stress, limited toughness, and the presence of
unreacted monomer that remains following the polymerisation [4-7]. Dental composites
consisting of polymer matrices and inorganic fillers have been available for a very long
time. Their versatility, ease of manipulation, and ability to mimic the natural appearance of
teeth have made them indispensable in restorative procedures [8,9].
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However, traditional resin composites still suffer limitations that reduce their long-
term clinical performance, including shrinkage of the polymerisation, microleakage, insuffi-
cient wear resistance, and degradation over time in the oral environment. To address these
issues, continuous research efforts have been directed toward the development of advanced
fillers and resin systems. Among the most promising approaches is the incorporation
of nanosized silica particles. Researchers have carried out many investigations on the
potential of nanosilicas as reinforcements for dental composites, because the small size
of filler particles can improve the optical properties of resin composites, their diameter is
a fraction of the wavelength of visible light (0.4-0.8 um), resulting in the inability of the
human eye to detect the particles [7,10].

The performance of dental composites strongly depends on the type of filler, the
volume fraction, and the number of nanoparticles, as well as on characteristics such as
particle size, specific surface area, and compatibility with the matrix [7,11]. The use of
nanofillers, such as silica, allows modification of the properties of the obtained compos-
ite, including control of water absorption, improvement of strength, and enhancement
of thermal properties. Furthermore, silica can also serve as a carrier for antimicrobial
agents, broadening the functional potential of dental composites, as it is considered safe for
biomedical applications [12-14].

In addition to fillers, the properties of dental composites are largely determined by the
polymer matrix. Most of the widely used composite resins in restorative dentistry contain
2,2-bis-[4-(methacryloxypropoxy)-phenyl]-propane (Bis-GMA). This monomer plays a
crucial role due to its low volatility and low polymerisation shrinkage [15,16]. Bis-GMA is
a rigid, hydrophobic crosslinking monomer, where the link between the two aromatic rings
restricts flexibility. However, because it is a very viscous liquid, a low-viscosity diluent
monomer must be incorporated to facilitate resin handling and filler loading. Typically,
triethylene glycol dimethacrylate (TEGDMA) is added for this purpose, which improves the
flowability of resin loading [16,17]. Importantly, Bis-GMA helps limit photopolymerisation-
induced volumetric shrinkage and enhances resin reactivity, while TEGDMA increases
double bond conversion [18]. When Bis-GMA is copolymerized with TEGDMA, a final
conversion of 50%—-75% can be achieved, depending on the monomer composition and the
photopolymerisation conditions [19].

Although several studies have investigated the effect of nanosilica on the polymerisa-
tion behaviour of dental materials, these reports are generally limited to simple observations
of conversion or polymerisation rate using techniques such as FTIR, DSC, and NMR [7]. To
date, there has been a clear lack of detailed investigations addressing the broader aspects
of polymerisation kinetics in silica-containing systems, particularly with respect to the
determination of fundamental kinetic parameters such as propagation and termination rate
coefficients and the post-curing effect. Moreover, the influence of these parameters on the
physical, thermal, and mechanical properties of cured composites is poorly understood. In
most studies, the polymerisation rate and final degree of conversion were monitored by
FTIR analysis [7,20], near-infrared spectroscopy [21], photodifferential scanning calorimetry
(DSC) or other techniques such as NMR [22,23]. However, the degree of polymerisation
reported in different studies frequently showed discrepancies, particularly between IR- and
NMR-based analyses [22]. This highlights the complexity of free-radical polymerisation of
multifunctional methacrylates, which is governed not only by the concentration of reactants,
but also by the evolving physical conditions in the reacting medium [24-26]. A continu-
ous increase in viscosity during polymerisation strongly influences both propagation and
termination rates [25]. Thus, the kinetics of these systems are not simply determined by
the initial composition, but by mobility restrictions imposed on reactive species as the
reaction progresses. Because the curing behaviour ultimately dictates the final network
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structure and, thereby, the performance of dental composites, a deeper understanding of
polymerisation kinetics in the presence of nanosilica is crucial. In particular, clarifying
how the type of nanosilica, the surface treatment, and the distribution affect the propaga-
tion and termination rate coefficients would provide essential insights for material design
and optimisation.

The aim of this study is to systematically investigate the influence of different
types of silica nanofillers (DT4, R709, OX50 and their OX50/R709 mixture) on the
rheological, photopolymerisation, thermal, mechanical and sorption properties of Bis-
GMA /TEGDMA-based dental composites. Special attention is given to the relationship
between the physicochemical characteristics of the fillers (surface area, surface modifi-
cation, particle size), their concentration, and the kinetics of the crosslinking process. A
particularly important and distinctive aspect of the study is the analysis of the propagation
and termination coefficients of the polymerisation reaction. This approach not only demon-
strates how filler type and concentration affect composite performance but also highlights
the exceptional role of kinetic parameters (propagation and termination) as key factors
determining the efficiency and stability of the polymer network.

2. Materials and Methods
2.1. Materials

Bis-GMA (2,2-bis[4-(methacryloxypropoxy)phenyl]propane, MW = 512.6 g/mol) and
TEGDMA (tri(ethylene glycol) dimethacrylate, MW = 286.3 g/mol) were purchased from
Merck, Darmstadt, Germany. The photoinitiator was: 2,2-dimethoxy-2-phenylacetophenone
(Irgacure 651, Merck). Aerosil OX50, Aerosil R709, and Aerosil DT4 were kindly donated by
Evonik Industries, Essen, Germany. According to the supplier, Aerosil OX50 (unmodified)
is a hydrophilic silica with a specific surface of 50 m?/g and an average primary particle
size of 40 nm, while Aerosil R709 (modified with methacrylsilane) is a hydrophobic silica
with a specific surface of 35-65 m? /g and also an average primary particle size of 40 nm.
Aerosil DT4 was functionalized with 3-methacryloxypropyltrimethoxysilane and has a
specific surface of 160 m?/g and an average primary particle size of 10 nm. Aerosil DT4 is
specially developed for the dental industry for manufacturing complex dental composite
formulations, in particular, allowing high loading levels in artificial teeth.

2.2. Methods
2.2.1. Preparation of Light-Curing Compositions

Photocurable compositions were prepared by mixing Bis-GMA and TEGDMA
monomers (1:1 w/w) with a photoinitiator and silica nanoparticles. The monomer mixture
was prehomogenised using a mechanical shaker (1 h) and an ultrasonic bath (40 min). The
silica fillers were pre-dried at 110 °C for 2 h and then gradually incorporated into the resin
to obtain composites containing 5-40 wt.% filler. Dispersion was carried out ultrasonically
for 2 to 3 h under temperature control, followed by mechanical mixing to ensure complete
homogenisation. The photoinitiator (1 wt.% relative to monomers) was added at the final
stage to avoid premature polymerisation. Composites obtained after photochemical studies
were used to determine the glass transition temperature. For mechanical testing and water
sorption, the samples were cured in a steel mould covered with polyethene terephthalate
(PET) and the full spectrum of the DYMAX BlueWave 50 curing lamp (Dymax Corporation,
Torrington, CT, USA) was applied.
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2.2.2. Viscosity Measurement Methodology

The viscosities of the monomer/silica mixtures were measured at the polymerisation
temperature (n?°) at 0-200 rpm with a digital viscometer (model DV-II, Brookfield, W1,
USA) in cone-plate geometry at 25 °C £ 0.01 °C.

2.2.3. Photopolymerisation Kinetics—Experimental Methodology

The reaction rate profiles, which allowed the determination of reaction rates (R,) and
conversion degrees (p), were recorded by DSC under isothermal conditions at 25 £ 0.01 °C
in a high-purity argon atmosphere (<0.0005% O;) using a Pyris 6 instrument (Perkin-
Elmer, Waltham, MA, USA) equipped with a lid specifically designed for photochemical
measurements. Samples weighing 2 mg were polymerised in open aluminium pans with
a diameter of 6.6 mm. Polymerisation was initiated by irradiation from a Hamamatsu
LC-L1 LED lamp (Hamamatsu Photonics K.K., Shizuoka, Japan, A = 365 nm) with a light
intensity of 2.75 mW-cm 2 at the sample position. All photopolymerisation experiments
were performed in at least triplicate, with kinetic reproducibility within approximately
£3%. For calculations, the heat of polymerisation of the methacrylate group was taken as
56 kJ/mol per double bond [27].

The classical photopolymerisation rate (Ry) is determined by Formula (1) [28].

. \05
Ry =yl (22 )

where the following applies:

I,—number of photons absorbed per unit volume and time,

¢—quantum yield of initiation,

k,—propagation rate coefficients,

ki—termination rate coefficients,

[M]—monomer concentration.

To determine the rate coefficients of propagation and termination, we utilised the
phenomenon of postpolymerisation (post-effect). This effect involves an increase in the
degree of double bond conversion after the light source is switched off. The increase in
conversion in the dark is possible due to the presence of radicals formed during irradiation.
The reaction rate in the dark gradually decreases until the reactive possibilities of the
macroradicals in the system, either with each other or with unreacted double bonds,
are exhausted.

The course of polymerisation in the dark is described by the following relation-
ship (2) [25,28,29].

M), _2:K M,
(Rp), Ky (Rp)g

where (Rp); and [M] t are the polymerisation rate and double bond concentration at time t

()

of the dark reaction, respectively, and (Rp)y and [M]y are the parameters at the moment of
irradiation break.

Propagation (ky) and bimolecular termination (k:?) rate coefficients were derived from
experimental data collected during the postpolymerisation phase, which was monitored
after cessation of irradiation at various conversion levels. The coefficients were calculated
according to the bimolecular termination model from the following Equation (3) [28,30].

(RP)O = 05 [M]O ’ (4) ) Iﬂ)O.S @3)
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The rate coefficients were calculated in the form of k,-F and k-F, where F = (¢ ~Ia)0'5.
F was assumed to be constant in the range of conversions studied.

It was assumed that termination occurs only through the reaction between two macro-
radicals. A statistical evaluation was also carried out, primarily to determine the correlation
coefficients of the plotted lines, which ranged from 90% to 98%. Calculations of the k;"/ ky
ratio were performed for a post-effect duration of 10 s, and the obtained rate constant
values were averaged over the conversion increase within this period. All calculations were
carried out in Mathcad using the least squares method.

2.2.4. Glass Transition Temperature

The glass transition temperatures (Ty) of the investigated systems were determined
using differential scanning calorimetry (DSC) with a Mettler Toledo DSC1 instrument
(Greifensee, Switzerland). Measurements were made under a nitrogen atmosphere at a
heating rate of 10 °C/min. The T values were obtained from the second heating cycle over
a temperature range of —80 to 225 °C, defined as the midpoint of the step change observed
for each sample. Samples for DSC analysis were prepared identically to those used for
kinetic characterisation and exposed to UV light for the next 10 min.

2.2.5. Mechanical Testing

Mechanical properties were investigated at 25 °C. Tensile properties were measured
according to PN-EN ISO 527-1:2019 (cross-head speed of 5 mm/min) with Zwick/Roell
universal testing machine model Z020 (Zwick GmbH & Co. KG, Ulm, Germany). Shore D
hardness was measured according to DIN 53 505.

2.2.6. Water Sorption

The water sorption test of the nanocomposites was conducted according to the Polish
standard PN-EN ISO 62:2008. Two specimens of each type of nanocomposite were tested.
The samples, prepared in the form of moulded shapes, were placed in a drying oven at 50
°C for 12 h. After drying, the samples were removed, weighed (111), and then immersed in
distilled water. Samples were weighed at regular intervals until a constant mass (1m,) was
achieved, indicating saturation. The water sorption (X), expressed as a percentage, was
calculated using the following Equation (4).

x="2"T 4009 4)
my
where X—water sorption [%]; m;—mass of the sample after drying [g]; m,—mass of the
sample after immersion in water [g].

Statistical analysis was performed using OriginPro 2013 (OriginLab Corp., Northamp-
ton, MA, USA). All experiments were carried out in triplicate, and data are presented as
mean =+ standard deviation (SD).

3. Results and Discussion
3.1. Viscosity

The photocurable formulations were characterised before curing (by viscosity measure-
ments), during polymerisation (through curing kinetics), and after curing (by evaluation of
the glass transition temperature and mechanical properties). The experimental composites
were prepared by incorporating nanofillers into a mixture of Bis-GMA and TEGDMA
(50:50) as the matrix phase. A series of formulations containing 0, 5, 10, 15, 20, 30, and
35-40 wt.% of the fillers was investigated. Figure la presents representative relationships
between formulation viscosity, shear rate, and DT4 filler content at 25 °C. Due to the very
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high viscosity of systems with higher filler loadings (25, 30, 35, and 40 wt.%), these formu-
lations were not included in Figure 1a. The dependence of viscosity (77) on silica content
for various types of silica (DT4, R709, OX50 and the R709/0OX50 mixture) was determined
at a constant cone rotation speed of 100 rpm (Figure 1b). All measurements were carried
out at 25 °C, corresponding to the temperature used for both kinetic investigations and
composite preparation.
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Figure 1. An example system: viscosity of the formulation as a function of shear rate and DT4 content
at 25 °C (a); the dependence of the viscosity of the formulation as the filler (DT4, R709, R7200, OX50)
content function at a shear rate ~100 rpm (b). The lines are guides for the eye.

From a practical point of view, the rheological characteristics of the developed compos-
ites were compared with those typically required in restorative dentistry. The viscosities of
the individual liquid components are as follows. Bis-GMA—approximately 600-1000 Pa-s,
and TEGDMA—approximately 0.01-0.05 Pa-s [31]. According to the literature, the viscosity
of a Bis-GMA /TEGDMA mixture in a 1:1 ratio is 0.32 Pa-s [31]. The viscosity measurement
of the monomer mixture used in this study showed a value of approximately 0.25 Pa-s
(Figure 1a). Bis-=GMA/TEGDMA-based systems investigated here exhibited viscosities
between 0.25 and 300 Pa-s (depending on filler content), which correspond well to pack-
able restorative materials (Figure 1b). The viscosity of commercial light-cured resins used
for posterior restorations usually lies in the range of 1000-100,000 Pa-s, allowing easy
manipulation and cavity adaptation.

For the composite containing OX50, a steep increase in viscosity occurs above 15 wt.%,
exceeding 150 Pa-s within 25-30 wt.%. This effect is related to the relatively high specific
surface area of OX50 (~50 m?/g), which promotes the formation of an extensive filler-fill
network. In contrast, the OX50/R709 mixture exhibits a sharp viscosity increase already
at 10 wt.% of filler, reaching values above 104 Pa:s, followed by a subsequent decrease
at higher loadings. This suggests that synergistic interactions between the unmodified
hydrophilic OX50 and the silane-modified R709 facilitate the formation of a temporary
percolated structure within the resin matrix, which becomes disturbed as the filler content
increases further.

Composites containing DT4 exhibit more gradual viscosity growth. Although DT4
has the highest specific surface area (~160 m?/ g) and the smallest particle size (~12 nm), its
hydrophobic surface treatment reduces agglomeration and hydrogen bonding, allowing
better dispersion and delaying the onset of a sharp increase in viscosity until higher filler
loadings (>30 wt.%).
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Formulations with R709 also show a steady increase in viscosity but maintain lower
values compared to OX50 and OX50/R709. This is consistent with its lower specific surface
area (~35 m?/g) and the modification of methacryloxy silane, which minimises filler-filler
interactions and favours compatibility with the Bis-GMA /TEGDMA matrix.

These results demonstrate that the rheological performance of dental composites
is strongly governed not only by filler concentration but also by the physicochemical
properties of the silica nanofillers. The surface chemistry, particle size, and specific surface
area play a decisive role in defining the degree of particle-particle and particle-matrix
interactions, which ultimately control the viscosity of the systems.

3.2. Photopolymerisation Kinetics

Figure 2a,b present exemplary effects of DT4 content on the polymerisation kinetics of
Bis-GMA /TEGDMA-based composites. The unfilled resin matrix showed the lowest R,,""**
(maximum polymerisation rate, ~0.010 s~ !), indicating limited mobility and a relatively
low monomer conversion. The shape of the curves corresponds to the kinetic curve of
the polymerisation of multifunctional monomers with immediate autoacceleration, the
occurrence of a maximum reaction rate (R,™"), and subsequent deceleration. Upon the
addition of DT4, R, progressively increased to a filler content of 30-35 wt.%, reaching

a value of approximately 0.018 s~

This enhancement is attributed to the increased
light scattering caused by silica particles, which improves light penetration and initiator
activation, as well as improved heat retention and viscosity-induced stabilisation of radical
species. The time-dependent profiles of the polymerisation rate reveal that increasing
DT4 concentration enhances the maximum polymerisation rate (R,™"*), which shifts to
earlier times (10-15 s) with filler loading. The conversion-dependent profiles (Figure 2b)
demonstrate that with increasing filler content, the maximum polymerisation rate occurs
at progressively lower double bond conversions (~0.12-0.20), indicating faster network
formation and the onset of gel points. At higher loadings, however, the final conversion
is slightly reduced, most likely because of the restricted mobility of reactive species and
enhanced light scattering caused by the nanofiller. These findings indicate that DT4, despite
its very high specific surface area (~160 m?/g) and small particle size (~12 nm), promotes
rapid polymerisation kinetics at moderate concentrations, while excessive loading leads to
reduced curing efficiency due to diffusional limitations and steric barriers.

At low filler contents (<10 wt.%), a distinct difference in the polymerisation behaviour
was observed among the systems studied. Only the composition containing DT4 exhib-
ited an increase in R,"*, despite showing the lowest viscosity of the composition. This
behaviour can be attributed to the efficient dispersion of the hydrophobically modified
DT4 nanoparticles, which minimise fillerfiller interactions and maintain high monomer
mobility, thereby facilitating chain propagation. On the contrary, formulations containing
OX50 or R709 showed a slight decrease in R, with increasing filler loading up to wt.%,
and the extent of this decrease was correlated with the viscosity of the system (Figure 2c).
The higher viscosity of these systems likely limited the monomer and radical diffusion,
resulting in a diffusion-controlled reduction in the overall polymerisation rate.

At higher filler loadings (>10 wt.%), the influence of viscosity on R,"** became more
complex and strongly dependent on the filler surface chemistry. Bis-GMA /TEGDMA /OX50
systems, characterised by the highest viscosities due to the hydrophilic and agglomeration-
prone nature of OX50, showed only a minor increase in Rp’”“x with increasing silica content.
On the contrary, composites containing the OX50/R709 mixture exhibited the most pro-
nounced improvement in R,"*, even though their viscosity remained relatively high. The
strongest synergistic influence is observed at higher loading (>10 wt.%), while at lower
concentrations the beneficial impact of combining both fillers decreases. This synergistic
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effect can be explained by interfacial interactions between the hydrophilic OX50 and the
silane-modified R709 particles, which likely promote the formation of a transient perco-
lated filler network. Such a structure may reduce the effective termination rate by limiting

radical recombination while maintaining sufficient local monomer mobility, leading to a
higher Rpm"x .

0.020

0.015- m———
‘I- -
o 00104 "0 0.010-
o o
o o
0.005 4 0.005
o.ooo-0 0.000
0.72
0.0250-
] (c) (d)
0.0225 0.68
0.0200'-‘ 0-64'
ey 0.0175
s " { e oxs0/R709 . 0.60-
T 0.0150- -
Eao ] o
o 0.0125+ 0.56- - DT4
] -@- R709
0.0100 A 0X50
] 0.524 e OX50/R709
0.0075 —— T — r . r r T
()} 10 20 30 40 50 0 10 20 30 40 50
Silica content, wt.% Silica content, wt.%

Figure 2. Representative dependencies of the polymerisation rate (Ry) on: (a) time (¢); (b) degree
of double bond conversion (p) for the Bis-GMA /TEGDMA /DT4 system; (c) dependence of the
maximum polymerisation rate (R,”*) on the silica filler content in compositions containing silica
types: DT4, R709, OX50, and OX50/R709 (the lines are guides to the eye); (d) final bond conversion
(p/r ) for formulations at various filler content (in wt.%, the lines are guides to the eye). The numbers in
the figure indicate the corresponding filler contents.

However, at filler concentrations higher than 10 wt.% (Figure 2d), all systems exhibited
a reduction in the final double bond conversion pf, indicating that increased viscosity and
partial vitrification of the matrix restrict further chain growth. This confirms that, while
moderate viscosity growth can enhance polymerisation kinetics through the Trommsdorff
(gel) effect, excessive viscosity and network rigidity ultimately suppress monomer diffusion
and limit the overall conversion.

3.3. Thermal Properties

Figure 3 shows the dependence of T; on the silica content for each filler type. DSC
analysis of the Bis-GMA /TEGDMA resin matrix revealed the presence of two distinct glass
transition temperatures. The first transition was observed at approximately 60 °C, while the
second occurred at approximately 120 °C. The appearance of two T¢ values indicates the
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presence of domains with different crosslink densities within the polymerised matrix and
reflects the heterogeneous relaxation processes of the polymer network, which are strongly
influenced by the filler-matrix interactions. The lower Ty corresponds to more flexible
regions enriched in TEGDMA, whereas the higher T, reflects the rigid Bis-GMA-rich
network. Upon increasing the content of some silica fillers, the transition at ~60 °C pro-
gressively decreased and was no longer detectable at higher filler loadings. The composite
then exhibited a single glass transition temperature at ~120 °C, which is attributed to
the homogenised and stiffened polymer network resulting from filler—matrix interactions.
This phenomenon originates from microphase separation and the heterogeneous course of
photopolymerisation, where the more mobile TEGDMA chains react and organise differ-
ently from the highly crosslinked Bis-GMA regions, giving rise to domains with distinct
segmental dynamics.
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Figure 3. Dependencies of the glass transition temperature (T) on the silica filler content in composite
containing silica types: DT4, R709, OX50, and OX50/R709:(a) T¢1; (b) Tg2. The lines are guides to
the eye.

At low DT4 contents (<15 wt.%), Ty exhibits a slight decrease. This effect is attributed
to the formation of an interfacial layer around the silica nanoparticles, where the presence
of silane coupling agents locally increases the mobility of the chain. The surface-bound
methacrylate moieties and their interaction with TEGDMA create regions of reduced
effective crosslink density and higher free volume, leading to a marginally lower T of the
more flexible domains. Upon further addition of DT4 (>15 wt.%), the trend reverses: chain
immobilisation at the filler interface becomes dominant and the interphase contributes to a
reduction in segmental mobility, effectively increasing T¢1. In contrast, Tgr—associated with
the rigid fraction of the network—increases strongly with filler loading up to ~20 wt.%. This
pronounced increase (from ~120 °C to ~180 °C) reflects the efficient chemical integration of
modified silica into the network, which enhances the effective crosslink density and restricts
molecular motion in highly constrained domains. However, beyond 20 wt.% loading, T
decreases again toward values characteristic of the neat matrix. This drop is attributed
to particle agglomeration and incomplete silane coverage at high filler concentrations,
which compromise the continuity of the filler-matrix coupling. The resulting defects and
interfacial voids increase the local free volume, reducing the effective reinforcement of the
rigid domains.

Incorporation of OX50 leads to a pronounced decrease in Tg1 with higher loadings. At
35 wt.%, Tg1 drops to ~50 °C, indicating enhanced segmental mobility. This effect likely
arises from the poor compatibility of hydrophilic OX50 with the hydrophobic matrix, which
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promotes agglomeration and weakens interfacial adhesion. R709 and OX50/R709 show a
stabilising effect on Tg1, with values slightly increasing at higher loadings. Modification of
the methacrylate surface of R709 promotes chemical affinity to the resin matrix, improving
interfacial bonding and reducing chain mobility compared to OX50 alone. The mixed
0OX50/R709 system behaves similarly, suggesting that the presence of R709 compensates
for the weaker compatibility of OX50. Both systems also show a gradual increase in Ty
with filler loading, with mixed filler producing the highest Ty, (at 35-40 wt.%). This
indicates that synergistic effects between hydrophilic and methacrylate-modified silica can
optimise the filler dispersion and enhance crosslink density. These results demonstrate
that surface modification and interfacial compatibility play a decisive role in controlling
the low-temperature relaxation process. Poorly bonded OX50 particles act as mobility
promoters, while reactive surfaces, such as in DT4 and R709, hinder segmental dynamics.
In the case of R709, interfacial bonds appear less effective in restricting segmental dynamics,
resulting in a reduced reinforcement of the rigid network domains.

3.4. Postpolymerisation

The post-curing effect was investigated using differential scanning calorimetry (DSC)
at 25 °C. The study focused on composites containing 30 wt.% of silica fillers: DT4, R709,
0OX50, and the OX50/R709 mixture. The corresponding kinetic curves are presented in
Figure 4. Different irradiation times of the composites resulted in different degrees of
double bond conversion (p;). The relationship between the additional conversion that
occurs after light exposure is stopped (pp) and the degree of double bond conversion at the
time of light interruption (p;) is shown in Figure 4b.
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Figure 4. Dependence of the degree of conversion of double bonds after stopping the irradiation
pp on the degree of conversion of double bonds at the moment of stopping the irradiation py (a);
dependence of the postpolymerisation efficiency pp/py, on the degree of conversion at the moment of
stopping the irradiation py, (b) for the mixture of monomers and systems containing 30 wt.% of DT4,
0OX50, R709, OX50/ R709. The lines are guides to the eye.

Figure 4 shows that the additional conversion of double bonds after termination of
irradiation can be significant. The conversion at the moment of light interruption (pr,)
initially increases until it reaches the value corresponding to the maximum polymerisation
rate, after which it begins to decrease. The highest values of post-curing conversion (pp)
are obtained when irradiation is stopped at R,"**. This effect can be explained by the
accumulation of a large number of active radicals generated during photopolymerisation
up to the moment of light interruption.
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Under continuous irradiation, the radical concentration increases steadily with re-
action time since a stationary state is not established. After the light is switched off, the
polymerisation proceeds in the dark until all active radicals are terminated. Consequently,
the higher the conversion at which the irradiation is interrupted, the larger the additional
conversion obtained during the dark reaction.

Beyond R,"", a decrease in radical activity is observed, which results from radical
trapping within the forming polymer network. Under continuous irradiation, the radical
concentration increases steadily with reaction time since a stationary state is not established.
After the light is switched off, the polymerisation continues in the dark until all active
radicals are terminated. Consequently, the higher the conversion at which the irradiation is
interrupted, the larger the additional conversion obtained during the dark reaction.

The efficiency of the postpolymerisation process can be expressed by the ratio of pp to
pr. This parameter reaches its highest values at the early stages of the reaction and gradually
decreases with increasing py . For all silica-filled composites, the post-curing effect follows
a similar trend and is consistently higher than that of the neat monomer. The addition of
surface-modified silica fillers enhances the magnitude of the dark reaction, which can be
attributed to the stronger affinity of the fillers for the developing polymer matrix. This
improved interaction likely facilitates radical stabilisation and prolongs their activity after
light termination, thereby increasing the overall efficiency of postpolymerisation.

3.5. Propagation and Termination Rate Constant

Based on the interrupted irradiation experiments, the ratio k;/k;, as well as the effective
rate constants k;-F and ky-F were determined (Figure 5). The dependence of k;/k, on the
degree of double bond conversion is presented in Figure 5a for the neat monomer mixture
and for composites containing 30 wt.% of silica fillers DT4, OX50, R709 and OX50/R709.

At the early stages of polymerisation, the k;/k;, ratio decreases with increasing con-
version, and this decline is more pronounced for the composites compared to the neat
Bis-GMA /TEGDMA mixture. A plateau is reached at approximately 5% conversion for
the filled systems, while in the neat monomer, this point is shifted to around 10%. Beyond
~20% conversion, an apparent increase in the k;/k; ratio is observed in all systems.

Because a true increase in the bimolecular termination rate constant at higher con-
versions is physically implausible, the shape of the curves indicates the limitations of the
applied kinetic model in this regime. The rise in the apparent k; /k, ratio after 20% conver-
sion should therefore be interpreted as a manifestation of the dominant role of unimolecular
termination. This effect originates from the significant slowing of macroradicals trapped
within the developing polymer network, which prevents efficient bimolecular encounters
under the experimental conditions.

For the systems analysed, individual values of the effective propagation and ter-
mination rate constants, k,-F and k;-F (where F = I;-¢, ¢—quantum yield of initiation,
I,—absorbed light intensity) were determined. Their dependence on the degree of double
bond conversion is shown in Figure 5b,c.

For the neat monomer mixture, k,-F increases in the early stage of polymerisation and
then reaches a stationary level. In contrast, silica-filled composites exhibit a different trend:
ky-F continuously increases up to ~20% conversion, reaches a maximum and then decreases.
Attainment of the stationary state at ~12% conversion corresponds to R,"™*. For the
unfilled monomer, k;-F initially decreases, which may be attributed to the immediate onset
of autoacceleration at the beginning of the reaction. This is followed by a plateau between
10% and 17% conversion, indicating that termination is diffusion-controlled within this
range. Beyond 17% conversion, k;-F decreases further until ~20%, after which an increase is
observed, consistent with the growing importance of unimolecular termination.



Coatings 2025, 15, 1316 12 of 18
60 0.008
(a) —— No additive { (v —- No additive
—A— 0X50 —A— OX50
—¥— OX50/R709 ] -9 OX50/R709
40+ 0.004+ -€-R709
ﬁn 30+ w 0.002-
- Q. p
4 4
20 0.000-
10+ -0.002
0 ) 1 1 1 - S —
0.00 010 0145 0.20 025 0.30 000 005 010 045 020 025 0.30
PL; pl-, B
0.05
(c) —B- No additive
0.04 - -@-DT4
—— OX50
T - OX50/R709
0.034 -4-R709
TR
.n-'
™ 0.02-
0.01
0.00 r T T T T T

000 0.05 0.0 0.5 020 025 0.30

Figure 5. Dependence of the k;/k, ratio on the degree of double bond conversion at the moment
of cessation of irradiation p; for the mixture of monomers and systems containing 30 wt.% (a);
dependence of the rate constants on the degree of double bond conversion: (b) propagation constant
and (c) termination constant at the moment of cessation of irradiation p;. The lines are guides to
the eye.

In composites containing silica fillers, k;-F shows an initial drop of up to ~7% conver-
sion, followed by a continuous increase. This behaviour suggests that diffusion restrictions
arising from the very high viscosity of the system strongly affect radical termination. As
a result, the process becomes dominated by diffusion-controlled mechanisms and uni-
molecular termination. For 30 wt.% filler content, all silica-containing systems exhibited
significantly higher values of the propagation rate constant (k,-F) compared to the unfilled
monomer system. K,-F increased with conversion up to approximately 0.15-0.20, with the
most pronounced enhancement observed for the hybrid and R709 systems. Although the
DT4-filled system displayed the lowest k,-F values among the composites, its performance
was still superior to that of the neat resin. The silica-containing systems initially showed a
decrease in k;-F up to approximately 0.07-0.10, followed by a marked increase at higher
conversions. This trend was most pronounced for the R709 and OX50/R709 compounds,
indicating dynamic changes in termination efficiency during network formation.

Since the termination rate coefficient (k;”) is inversely proportional to the viscosity of
the system (ktb ~1/7), and the polymerisation rate (Rp) is related to the viscosity through
Ry~1/(k%)?3, a higher initial viscosity of the formulation can lead to an increased polymeri-
sation rate. Overall, the results clearly indicate that not only the filler content but also the
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physicochemical properties of the silica nanofillers (surface area, particle size, and surface
chemistry) critically determine the rheological performance of the dental composites.

3.6. Mechanical Properties

Figure 6 shows the influence of filler loading on Young’s modulus for composites based
on Bis-GMA /TEGDMA and different types of silica. In all cases, a clear increase in modulus
was observed with increasing filler content in the 0-35 wt.% range. Already at 10 wt.% filler,
all systems showed a noticeable increase in stiffness compared to the neat resin (~2900 MPa).
As the filler content increased, the modulus continued to grow almost linearly, reaching
values around 5400-5600 MPa at 35 wt.%. The highest modulus was obtained for the
R709-filled composite, which slightly outperformed the others at the highest filler level.
This could be due to an effective interaction between the methacrylated silica surface and
the resin matrix, which improves stress transfer. The OX50 system also provided very good
reinforcement, likely due to its fine dispersion, despite the lack of surface modification.
Interestingly, the OX50/R709 system gave only slightly lower modulus values compared to
the individual fillers, especially at low to moderate contents. At 35 wt.%, its performance
became comparable, suggesting that hybridisation did not significantly enhance stiffness,
although it may offer other benefits like better processability. DT4-filled composites gave
slightly lower modulus values across all filler contents. This may result from higher surface
activity and stronger chemical coupling, which limits local chain mobility but may not
efficiently contribute to global stiffness due to possible filler clustering.
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Figure 6. Dependence of the flexural modulus (a) and flexural strength (b) on the filler content for
composites containing different types of silica: DT4, OX50, R709, and a 1:1 mixture of OX50 and R709.
The lines are guides to the eye.

Figure 6b illustrates the dependence of flexural strength on filler content for composites
containing different types of silica. DT4, OX50, R709, and a 1:1 mixture of OX50 and R709.
For the unfilled resin, the flexural strength was approximately 80 MPa. Upon the addition
of silica fillers, all systems initially showed an increase or retention of strength of up
to 1020 wt.%, indicating effective stress distribution and reinforcement at lower filler
concentrations. The OX50-filled system exhibited the highest flexural strength values in
this range, reaching a maximum of nearly 88 MPa at 20 wt.%.

However, with higher filler contents (>30 wt.%), a pronounced decrease in flexural
strength was observed across all formulations. This reduction is likely associated with
increased filler-filler interactions, agglomeration, or microstructural defects that act as
stress concentrators, compromising the mechanical integrity of the composite. The most
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significant drop was observed for the DT4 system, where strength fell below 50 MPa at
35 wt.% filler, possibly due to limited dispersion and strong chemical coupling that restricts
matrix continuity.

The OX50/R709 and R709-alone systems maintained relatively better performance at
higher loadings compared to DT4, suggesting more favourable dispersion and interface
characteristics. However, even these systems demonstrated reduced strength at 35 wt.%,
reinforcing the conclusion that excess filler content negatively impacts flexural performance,
regardless of filler type. Experimental Bis-GMA /TEGDMA-based composites exhibited a
linear increase in the flexural modulus from ~2900 MPa for neat resin to 5400-5600 MPa at
35 wt.% filler content. The flexural strength reached a maximum of ~88 MPa at 20 wt.%
of filler, but decreased at higher filler loadings, probably due to filler agglomeration and
reduced matrix continuity. Compared to commercial composites such as Filtek Z250,
flexural strengths around 136-140 MPa and moduli of 7-8000 MPa, while Amelogen
exhibits flexural strength up to 87 MPa [32]. These results indicate that, although the
experimental composites achieve competitive stiffness at moderate filler levels, further
optimisation of filler dispersion and surface treatment is required to match the mechanical
performance of commercial materials.

3.7. Water Sorption in the Swelling Equilibrium State

Figure 7 presents the relationship between water sorption in equilibrium swelling and
the filler content for composites containing different types of silicas. Increasing the filler
content resulted in a progressive decrease in water sorption, regardless of the filler type.
For the unfilled system, the water uptake was approximately 3.2 wt.%, which is consistent
with the known hydrophilic character of the Bis-GMA /TEGDMA resin matrix.
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Figure 7. Dependence of water absorption X on the percentage of filler in the equilibrium state of

swelling (WAe). The lines are guides for the eye.
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The highest water sorption was observed at low filler contents (0-5 wt.%), particularly
for the OX50/R709 system, which showed a slight maximum near 5 wt.%, possibly due
to increased surface area and limited network densification at this loading. This minor
increase suggests that small amounts of filler can temporarily disrupt the matrix packing or
create interfacial regions that facilitate water ingress. Beyond 10-15 wt.% filler, all systems
exhibited a clear and nearly linear decline in water uptake, reaching values as low as
2.4-2.7 wt.% at 35 wt.% filler content. This trend can be attributed to the dilution of the
hydrophilic organic matrix by the inorganic restricted mobility of the polymer chain. It
can also lead to a denser network that limits water penetration or a physical blocking of
diffusion pathways by well-dispersed filler particles.

Among the investigated composites containing different types of silicas, the systems
filled with R709 and the OX50/R709 mixture exhibited the lowest water sorption values at
high filler loadings. This behaviour can be attributed to the hydrophobic surface treatment
of the R709 silica, which reduces its affinity for water, as well as to the improved particle
packing in the OX50/R709 system that limits the formation of voids within the material.
In contrast, the composites filled with DT4 consistently showed slightly higher water
sorption across all filler contents, likely due to the high specific surface area of DT4 and its
stronger chemical interaction with the resin matrix, which may lead to the formation of
more extensive interfacial regions capable of retaining water molecules.

The composites cured with 30-35 wt.% of silica fillers exhibited water absorption
of approximately 2 wt.%, which is within the acceptable limits defined by ISO 4049 for
polymer-based dental restorative materials (40 pug/mm?). In the literature, dental com-
posites containing Bis-GMA and large amounts of TEGDMA as a diluent monomer have
been reported to exhibit increased water sorption, sometimes reaching 3-6%, depending on
monomer ratio, degree of conversion, network structure, and filler content. These findings
were obtained based on studies of commercial composite formulations [33].

4. Conclusions

This study systematically investigates the influence of different types of silica
nanofillers (DT4, R709, OX50, and their OX50/R709 mixture) on the rheological, photopoly-
merisation, thermal, mechanical, and sorption properties of Bis-GMA /TEGDMA-based
dental composites. The results reveal that both the physicochemical characteristics of the
fillers (surface area, surface modification, particle size) and their concentration critically
affect the overall performance of the composite systems.

Viscosity measurements demonstrated significant differences between fillers. OX50
and especially the OX50/R709 mixture led to rapid and nonlinear increases in viscosity due
to the formation of extensive filler networks, even at moderate loadings. In contrast, DT4
and R709, both surface-modified, showed more gradual viscosity increases, indicating better
dispersion and reduced fillerfiller interactions. These rheological behaviours strongly
correlated with photopolymerisation kinetics. DT4 promoted the highest polymerisation
rates (R,™") and conversion at moderate filler contents, while excessive loading led to
reduced final conversion due to mobility limitations. The OX50 system showed the lowest
conversion values, attributed to its hydrophilic nature and high viscosity. Interestingly,
the OX50/R709 mixture system exhibited a synergistic effect, with the highest increase
in polymerisation rate at low filler contents (10 wt.%), outperforming both parent fillers
used individually.

Thermal analysis revealed dual glass transitions in the base resin, associated with
TEGDMA-rich and Bis-GMA-rich domains. The presence of fillers affected these transitions
differently. At higher loadings, the lower transition (T¢1) disappeared, and a dominant
higher T; was observed, indicating a more homogeneous and rigid network. DT4 con-
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tributed to the highest Tg values due to its strong interfacial bonding, while OX50 caused a
reduction in Tg1 and limited reinforcement. The OX50/R709 mixture improved T, values
most efficiently, suggesting synergistic network stiffening.

Post-curing studies confirmed that all fillers enhanced dark polymerisation efficiency,
particularly when light exposure was stopped at the point of maximum polymerisation
rate. Surface-modified fillers (R709, DT4) were more effective in stabilising active radicals,
leading to greater postpolymerisation gains. Kinetic analysis of propagation and termina-
tion constants showed increased kp-F values for all filled systems, particularly for R709 and
OX50/R709, correlating with better network formation. Termination became increasingly
diffusion-controlled at higher conversions, especially in highly filled systems.

Mechanical testing revealed that filler addition significantly increased Young’s modu-
lus across all systems, with R709-filled composites displaying the highest stiffness. How-
ever, flexural strength showed a peak at intermediate filler contents (10-20 wt.%) and
declined at higher loadings due to agglomeration and network discontinuities. DT4-filled
composites, while chemically active, exhibited the lowest flexural strength at 35 wt.%. The
mixed filler system provided a balanced mechanical performance, combining stiffness and
moderate strength retention.

Water sorption decreased with increasing filler content across all systems, due to
matrix densification and reduced free volume. R709 and OX50/R709 systems showed
the lowest equilibrium water uptake, benefiting from hydrophobic surface treatment and
improved filler dispersion. DT4 and OX50 systems absorbed more water, attributed to their
surface characteristics and less effective interfacial sealing.

Silica DT4 proved to be a highly effective nanosilica filler; however, its content should
not exceed 20 wt.% as higher loadings lead to a deterioration of mechanical properties,
increased water sorption, and a negative impact on polymerisation kinetics and the final
double bond conversion. Silica R709 provided the highest mechanical stiffness and the
lowest water sorption, making it the most suitable filler for applications requiring high
dimensional stability, with an optimal OX50 loading of around 20 wt.%. Due to its hy-
drophilic surface and strong fillerfiller interactions, it is less favourable for direct use
in polymer matrices; however, it can effectively contribute to structural rigidity when
combined with silane-modified fillers. The OX50/R709 mixed system exhibited a clear syn-
ergistic effect at low to moderate filler contents (around 10-15 wt.%), combining enhanced
polymerisation kinetics and balanced mechanical performance. These findings suggest
that mixing nanosilica fillers with complementary surface characteristics represents an
effective strategy for optimising the performance of methacrylate-based dental composites,
consistent with the design approach used in commercial restorative materials.
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