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ABSTRACT: This work was aimed at the study by
dynamic mechanical analysis (DMA) of dental composites
consisted of a Bis-GMA/TEGDMA (50/50 wt/wt) matrix
and silica nanoparticles (Aerosil OX50) as filler, silanized
with various silanes. The silanes used were 3-[(1,3(2)-
dimethacryloyloxypropyl)-2 (3)-oxycarbonylamido] propyl-
triethoxy-silane (UDMS), 3-methacryloxypropyl-trimethox-
ysilane (MPS), octyltrimethoxysilane (OTMS), blends of
UDMS/OTMS (50/50 wt/wt), or MPS/OTMS (50/50 wt/
wt). The total amount of silane was kept constant at 10%
by weight fraction relative to the filler weight. The silan-
ized nanoparticles were mixed with the dimethacrylate ma-
trix (60% filler by weight fraction). The composites were
light cured and tested by DMA for the determination of
storage modulus (E0), loss modulus (E00), tangent delta
(tan d), and glass transition temperature (Tg). Measurements

were performed in samples immediately after curing and
samples stored in water at 378C for 1, 7, 30, or 120 days.
OTMS-composite in which OTMS does not form covalent
bond with the dimethacrylate matrix showed lower elastic
modulus both in dry and wet conditions. The ability of
bifunctional UDMS for crosslinking was found not to
increase the elastic behavior of the composite, as it was
expected, compared with that of MPS-composite, because
of the high amount of the silane used. After immersion in
water the elastic modulus of OTMS-composite remained
constant, while that of the other composites increased after
1 day and then remained constant up to 120 days. VVC 2008
Wiley Periodicals, Inc. J Appl Polym Sci 110: 507–516, 2008
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INTRODUCTION

Most dental composites are composed of a poly-
meric matrix (continuous phase) prepared mainly by
copolymerization of 2,2-bis[4-(2-hydroxymethacry-
loxypropoxy) phenyl]-propane (Bis-GMA) and trie-
thyleneglycol dimethacrylate (TEGDMA). They also
contain inorganic fillers (dispersed phase) added to
improve physical properties, such as abrasion re-
sistance, strength, and hardness, and to reduce poly-
merization shrinkage and the thermal expansion
coefficient.1 The filler usually consists of glass, quartz,
or ceramic particles of different compositions, sizes,
and size distribution. Dental composites containing
nanosized fillers reflect the growing interest in the
dental community in nanostructured restorative mate-
rials.2 Adhesion between the polymeric matrix and
the inorganic filler is successfully achieved by the use
of a silane coupling agent mainly the 3-methacryloxy-
propyltrimethoxysilane (MPS).3 MPS is a bifunctional
molecule capable of reacting with the dimethacrylate

monomers (Bis-GMA and TEGDMA) of the matrix
via its methacrylate functional group and with the fil-
ler and itself by virtue of its methoxysilane groups.
The overall degrees of reaction of the silane with the
dimethacrylates by copolymerization, and with glass
filler or with itself by siloxane formation, determine
the efficiency of the coupling agent. The structure of
the formed siloxane network depends mainly on the
silane concentration. In many composites the struc-
ture of the siloxane network is characterized by a
broad, more gradient like transition zone, that forms
between the continuous and dispersed phases, that is
more accurately referred to as interphase.4 Although
this interphase is the least abundant phase of the
composite, it can have significant effects on the prop-
erties of composites. Compared with conventional
composites containing microsized fillers, the effects of
silane phase are more important in composites con-
taining nanoparticles, since the nanoparticles have an
exceptionally large surface area-to-volume ratio and
require a higher degree of silanization than larger
particulate fillers.5,6

Today MPS is the dominant silane in dentistry. Its
adhesion promotion is usually sufficient, but its
hydrolytic stability is of continuous concern. The
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oxane bond Si��O��Si that forms between the silane
agent and the filler can be especially vulnerable to
hydrolysis, because this covalent bond has signifi-
cant ionic character.4,7 The stability of the interphase
in the oral environment and its ability to transfer
stresses between the matrix and filler phases during
mastication are especially significant properties for
dental composites to have. Excellent matrix-to filler
adhesion is needed for minimizing wear. Attempts
to improve the hydrolytic stability of the matrix-filler
interphase involve the use of silane coupling agents,
which are more hydrophobic and flexible than MPS,
such as the 10-methacryloxydecyltrimethoxy silane.
It was found that the use of 10-methacryloxydecyltri-
methoxy silane improved the stability of the compo-
sites in an aqueous environment.8–10 However, the
overall mechanical properties achieved with this sil-
ane bearing the flexible decyl spacer are worse than
those attained with the silane possessing the propyl
spacer.11 Antonnucci et al. used various blends of
MPS and n-octyltrimethoxysilane (OTMS) (Fig. 1)
which is a hydrophobic but a nonreactive silane,
without a methacrylate moiety that does not copo-
lymerize with the dimethacrylates. They suggest that
this dual silanization offers a number of potential
advantages compared to silanization with MPS only.
These advantages include improved uncured paste
handling characteristics, higher double bond conver-
sion during curing, improved durability in the aque-
ous oral environment, and lower polymerization
stress due to the greater flexibility of OTMS com-
pared to MPS.5,6,12 Recently, the isocyanatopropyl-
triethoxysilane was tested and it was also found to
be a potential coupling agent.13 Another silane
which shows promising results is the adduct of glyc-
erol dimethacrylate and 3-(isocyanato)propyltrie-
thoxysilane. This is a urethane dimethacrylate silane
(UDMS) (Fig. 1) which has two methacrylate groups
and therefore enable the preparation of crosslinked
structures.11 This has already been used as a cou-
pling agent in the commercial hybrid filling material
Definite1.14

This work is concerned with the study of the
effect of various silanes on the dynamic mechanical
properties of composites. The silanes used were
MPS, OTMS, UDMS, and the blends of these silanes
i.e., MPS/OTMS and UDMS/OTMS 50/50 wt/wt.
The resin matrix was prepared by light-curing of
Bis-GMA/TEGDMA mixture 50/50 wt/wt initiated
by the system camphorquinone/ethyl-4-dimethyla-
minobenzoate. The filler was nanosized silica (Aero-
sil OX50). Dynamic mechanical analysis (DMA) was
performed in samples immediately after curing and
in samples stored in water at 378C for 1, 7, 30, or
120 days.

The properties measured by the DMA are the stor-
age modulus (E0), loss modulus (E00), loss tangent

(tan d), and glass transition temperature (Tg). The E0

is an indicator of elastic behavior and reveals the
ability of the composite to store elastic energy associ-
ated with recoverable elastic deformation. It is
equivalent to the Young’s modulus of an elastic
solid. The E00 indicates the ability of the composite to
dissipate mechanical energy through conversion into
heat by molecular motion, being associated with
unrecoverable viscous loss.
The ratio E00/E0 defines the loss tangent often

referred as tan d. The lower the tan d the quicker the
composite will respond to load (more elastic like).
The temperature at which the maximum of E00 or tan
d is observed is commonly defined as the Tg. The
peak tan d is the most prevalent criterion appearing
in the literature. This is several degrees higher than
the peak E00. It corresponds more closely to the tran-
sition midpoint, while the peak loss modulus more
closely denotes the initial drop from the glassy state
into the transition. In this respect the peak E00 value
of Tg is similar to the value defined by the intersec-
tion of two tangents to the storage modules curve,
one originating from the glassy region and the other
from the transition region. ASTM D 4065 Practice for

Figure 1 Chemical structure of silane coupling agents
used in this study. They vary in the structure and reactiv-
ity of the organic moiety.
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determining and reporting dynamic mechanical
properties of plastics, asserts that the temperature of
the maximum loss modulus is the appropriate
standard value. This is reasonable from a practical
point of view, because the upper use temperature is
the ‘‘softening’’ point. It is clear that by the transition
midpoint (tan d) the softening point has been
exceeded.15

In dental polymeric material, the storage modulus
and Tg are particularly important determinants of
durability and clinical performance.

EXPERIMENTAL SECTION

Materials

Propylamine (99þ%, Lot no 0.4419MS), cyclohexane
(99þ%, Lot no S22455-155), MPS (98%, Lot no
09426EC-265), and OTMS (Lot no 02327ED) used in
the silanization of nanoparticles of silica were
received from Sigma-Aldrich GmbH (Deisenhofen,
Germany). The monomers used, i.e., Bis-GMA (Lot
no 07210BB) and TEGDMA (Lot no 09004BC-275),
were also provided from Sigma-Aldrich. The photoi-
nitiator system was camphorquinone (CQ) (97%, Lot
no: S12442-053) and ethyl-4-dimethylaminobenzoate
(4EDMAB) (99þ%, Lot no: 90909001) both from
Sigma-Aldrich. The filler Aerosil OX50 (Degussa, Lot
no.: 3155092345) was fumed amorphous silica with
average specific surface area (BET) 50 (35–65) m2/g
and an average particle diameter of 40 nm. 3-isocya-
natopropyltriethoxysilane was from ABCR GmbH
and Co.KG (SII 6455.0) (Karlsruhe, Germany). Dibu-
tyltin dilaurate (Metatin 812) (95%) (Lot no
13917HC-135) and glycerol dimethacrylate (85% mix-
ture of isomers) were from Sigma-Aldrich (Lot no
S32621-495) and hydroquinone (for synthesis > 99%)
from Merck (Art 4610, 2606317).

All the materials used in this study were used as
received without further purification.

Synthesis of the urethane dimethacrylate silane

UDMS was prepared from the reaction of 3-isocya-
natopropyltriethoxysilane with glycerol dimethacry-
late in the presence of hydroquinone and dibutylin
dilaurate, following the method described in Ref. 14.
The prepared silane was identified by FTIR spectros-
copy (FTIR Spectrum One, Perkin–Elmer, resolution
4 cm�1, 32 scans, 4000–1200 cm�1). The peak at 2245
cm�1 attributed to the group NCO of 3-isocyanato-
propyltriethoxysilane disappears when the silane
reacts with glycerol dimethacrylate. UDMS was also
identified by NMR spectroscopy (Bruker AM 300, in-
ternal standard: Me4Si, solvent: CDCl3).

1H-NMR
spectra were recorded at 300 MHz, while 13C-NMR
spectra at 75 MHz.

1H-NMR: d ¼ 0.64 (t; 2H; CH2Si), 1.23 (t; 9H;
CH3), 1.64 (m; 2H; CH2), 1.95 (s; 6H; CH3C¼¼), 3.2
(m; 2H, CH2NH), 3.8 (q; 6H; CH2OSi), 4.29 (d; 4H;
CH2O), 5.3 (m; 1H; CHO), 5.6 (s; 4H; ¼¼CH2) and 6.1
(br; 1H; NH).

13C-NMR: d ¼ 7.6 (c), 18.1 (a,k), 22.9 (d), 43.3 (e),
58.3 (b), 62.8 (h), 69.1 (g), 126.1 (m), 135.6 (l), 155.1
(f), 166.6 (j).

Silanization of silica nanoparticles

The Aerosil OX50 silica nanoparticles were silanized
following the method described in Ref. 5 using the
silanes MPS, OTMS, UDMS, or the mixtures MPS/
OTMS (50/50 wt/wt) and UDMS/OTMS (50/50 wt/
wt). In all cases, the amount of silane was kept con-
stant at 10% by mass fraction relative to silica.
The silica (5.0 � 0.05 g), silane (0.55 � 0.01 g), sol-

vent (100 mL cyclohexane), and n-propylamine (0.1
� 0.01 g) were stirred at room temperature for 30
min and then at 608C � 58C for additional 30 min at
atmospheric pressure. The mixture was then placed
in a rotary evaporator at 608C to remove the solvent
and the volatile byproducts. The powder was then
heated at 958C � 58C for 1 h on the rotary evapora-
tor, and finally dried at 808C in a vacuum oven for
20 h.
The silanizated silica nanoparticles were identified

by FTIR spectroscopy (resolution 4 cm�1, 32 scans,
4000–1350 cm�1). The spectrum of the silica nano-
particles showed absorption bands due to the sur-
face silanol groups (Si��OH) which are principally
of two types (a) free silanols which have a sharp
infrared absorption band at 3740 cm�1 and (b) adja-
cent silanols which hydrogen-bond to each other
and/or absorb water having a broad region centered
around 3600 cm�1. Silica also showed an absorption
band at 1870 cm�1, which is attributed to the silox-
ane linkages in the bulk of the silica and is unaf-
fected by the surface treatment, and a band at 1630
cm�1 is due to the structure of the bulk silica. The
ratio of the absorbances of the peak at 3740 and 1870
cm�1 was used to determine the effectiveness of sila-
nization.7 When the silica nanoparticles are silan-
ized, the peak at 3740 cm�1 disappears. In addition
two peaks appears, one at 1720 cm�1, due to the free
carbonyl (��C¼¼O) stretching vibration, and another
at 1470 cm�1 due to the double bond C¼¼C of the
methacrylate group. The peak at 1700 cm�1 charac-
teristic of the carbonyl groups forming hydrogen
bonds with the silica hydroxyls was almost com-
pletely overlapped by the strong peak at 1720
cm�1.16,17

In the case of silica particles silanized with OTMS,
the peaks at 1720 and 1470cm�1 do not appear,
because OTMS does not have a methacrylate group.
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Preparation of nanocomposites

The resin matrix consisted of Bis-GMA/TEGDMA
mixture (50 : 50 wt/wt) which contained the photoini-
tiator system CQ (0.2 wt %) and 4EDMAB (0.8 wt %).
Bis-GMA was first heated in an ultrasonic bath at
about 408C for 10 min and then TEGDMA containing
the photoinitiating system was added. Then the silan-
ized silica (60% mass fraction) was mixed with the
resin by hand spatulation, as it is suggested in Refs.
5,6,12, and 18. Once the powder was completely wet-
ted with the resin, the composite pastes were sheared
against a glass surface using a Teflon spatula, until
the pastes were semitransparent to assure maximum
particle dispersion in the resin. The pastes were
extremely consistent and air bubbles did not appear
to be entrapped inside.

Dynamic mechanical analysis

For DMA tests, bar specimens were prepared by fill-
ing a Teflon mold (2 mm � 2 mm � 40 mm) with
unpolymerized material, taking care to minimize
entrapped air. The upper and lower surface of the
mold was overlaid with glass slides, covered with a
Mylar sheet to avoid adhesion with the unpolymer-
ized material. The completed assembly was held to-
gether with spring clips and irradiated by
overlapping, as recommended in ISO-4049, using a
XL 3000 dental photocuring unit (3M Company).
This source consisted of a 75-W tungsten halogen
lamp, which emits radiation between 420 and 500
nm and has the maximum peak at 470 nm. This unit
was used without the light guide in contact with the
glass slide. Each overlap was light-cured for 80 s.
The samples were irradiated on both sides. Then,
the mold was dismantled and the composite was
carefully removed by flexing the Teflon mold. Four
specimen bars were prepared for each composite.

The bar-shaped specimens were divided into five
groups of four samples each. The first group con-
sisted of dry samples measured 1 h after prepara-
tion. During this time they were remained in a
desiccator at 378C � 18C in a dark environment. The
second, third, fourth, and fifth group consisted of
samples, which had been stored in distilled water at
378C � 18C in dark for periods 1, 7, 30, and 120
days correspondingly. The samples of groups II–V
were immersed in the water at 378C � 18C immedi-
ately after curing.

DMA tests were performed on a Diamond
dynamic mechanical analyzer (Perkin–Elmer instru-
ments, technology SII) using a dual-cantilever clamp.
A frequency of 2 Hz was applied (approximately av-
erage chewing rate) and amplitude of 10 lm. Also in
the dry samples a frequency of 0.1 and 10 Hz was
used; these frequencies were chosen because they

represent a range of strain rates from close to
‘‘static’’ testing (0.1 Hz) to the upper limit of normal
chewing frequency (10 Hz). A temperature range of
25 to 1858C at a heating rate of 28C per min was
selected to cover mouth temperature and the materi-
als’ likely glass-transition temperature (Tg). Storage
modulus (E0), loss modulus (E00), and tangent delta
(tan d) were plotted against temperature over this
period. After the DMA run was complete, the sam-
ple was allowed to cool naturally to room tempera-
ture and the values of E0, E00, and tan d at various
temperatures were noted, as well as the Tg. Then the
process was repeated with the same specimen and
the ‘‘rerun’’ value for E0, E00, tan d, and Tg were
determined. This method was used for each of the
samples and the mean values calculated.

Statistical analysis

The values reported in all tables and figures repre-
sent mean values � standard deviation of replicates.
One-way analysis of variance (ANOVA) test, fol-
lowed by a Tukey’s test, for multiple comparisons
between means to determinate significant differences
was used at a significance level set at P � 0.05, for
analysis of the experimental results.

RESULTS AND DISCUSSION

During the silanization of silica, the ��OCH3 groups
are hydrolyzed to silanol groups by moisture con-
tained in the cyclohexane used as solvent. Then the
silanol groups condense with the surface hydroxyl
groups of silica to form covalent bonds. The silanol
groups on adjacent silanes can also condense with
each other to form a polysiloxane network. In this
network strong hydrogen bonds are also formed
between the ester carbonyl groups of methacrylate
moiety (MPS, UDMS), urethane groups (UDMS),
and hydroxyl groups of the network, and also weak
van der Waals interactions.
In all cases, the amount of the silane used was

kept constant at 10% by mass fraction relative to
silica, a ratio that was more than enough to com-
pletely cover the surface of the silica and to provide
a durable interphase.
The amount of silane (g) to obtain a minimum

uniform coverage of the filler particles (X) is given
by the following equation5,16:

X ¼ A=xð Þf

In which A is the surface area of the filler (¼50
m2/g), x is the surface coverage per gram of silane,
and f is the amount of silica (g). In the case of MPS,
it was found17 that each silane molecule covers 1.11
nm2 of filler and the surface area coverage per gram
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of MPS is x ¼ 2525 m2/g. According to the above
equation, 5.0 g of silica OX50 require 0.1 g of MPS
(2% MPS by mass fraction) for minimum uniform
coverage. As far as the OTMS is concerned, the filler
surface area covered per this silane molecule will be
about the 2% by mass, because its molecular weight
(234.4) is close to that of MPS (248.3). The UDMS
has much higher molecular weight, so the required
amount for the minimum coverage of the filler
should be lower than 2% by mass. Therefore, the sil-
ane amount used in this study (10% by mass) was
more than enough to completely cover the surface of
the silica.

Since the amount of silane used to cover silica
was greater than that theoretically needed for mono-
molecular coverage and the particles were not
washed, it was expected that, the silica nanoparticle
interphase consists of multiple layers of silane mole-
cules both covalently bonded (chemisorbed) and

loosely adsorbed (physisorbed). The absence in the
FTIR spectra of the silanized silica of a peak at 1700
cm�1, characteristic of a hydrogen bonded C¼¼O
group and indicative of existence of a monolayer of
silane on silica,17 confirms the view that, the
adsorbed silane forms multilayers.

Dynamic mechanical properties of samples after
light curing

Figure 2–4 displays log storage modulus (E0) and tan
d versus temperature curves obtained respectively,
for MPS-composite, OTMS-composite, and UDMS-
composite at three frequencies 0.1, 2.0, and 10 Hz.
Analogous curves were obtained for MPS/OTMS-
composite and UDMS/OTMS-composite.
The log E0 versus temperature curve showed in all

cases two sudden decreases between 25 and 508C
and 85–1708C, which correspond to two glass

Figure 2 Curves of log storage modulus (E0) (a) and
tan d (b) versus temperature at three frequencies for MPS-
composite.

Figure 3 Curves of log storage modulus (E0) (a) and
tan d (b) versus temperature at three frequencies for
OTMS-composite.
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transition regions. In the corresponding tan d versus
temperature curve two separate and distinct peaks
were observed assigned to two Tgs. The trend of two
apparent Tg values have also been observed in
room-temperature-cured vinyl ester resins19,20 and
has attributed to additional cure of the sample when
the temperature is being scanned in the DMA. Two
Tgs were also observed in the tan d curve of
UDMA/TEGDMA resin,21 a Bis-GMA resin,22 a
UDMA resin,23 and in two commercial light-cured
resin composites24,25; in all these cases the two Tgs
were attributed to the additional thermal cure occur-
ring in the middle of the first glass transition.
As shown in Figure 2(a), the curve of log E0 can

be divided into three temperature regions obtained
by intersecting tangential lines: first glass transition
(I), thermal reaction (II), second glass transition (III).
The onset of the first glass transition occurs below
258C. As the temperature increases the log E0 contin-
ues to decrease rapidly until it reaches a minimum
at about 508C. Further increase in temperature pro-
duces a gradual increase in the log E0, which is in-
dicative of additional cure. The increasing log E0

reaches a maximum value at about 858C and then
begins to decrease rapidly as the additional cure is
completed. The decreasing region above 858C is due
to the glass transition of the new material which has
been created. Above 1758C the new material
becomes rubbery.
In the incompletely cured specimen, by irradiation

at room temperature, the glass transition I was dis-
turbed by the thermal reaction. In Figure 2(a) the
dashed curve in log E0 is drawn assuming that there
is no thermal reaction in the transition region. If this
is the case, one can decide Tg with accuracy from
the corresponding tan d peak as usual at about 508C.

TABLE I
Glass Transition Temperatures (Tg) of Nanocomposites After Light-Curing During

the First and Second Run in DMA

Type of silane

Tg1 (8C) Tg2 (8C)

0.1 Hz 2 Hz 10 Hz 0.1 Hz 2 Hz 10 Hz

1st Run
MPS 56.6 55.3 55.14 125.8 142.9 154.0
OTMS 60.5 57.5 55.6 120.8 137.8 146.0
MPS/OTMS 60.5 59.2 59 121.1 134.9 145.9
UDMS 55.2 53.9 55.4 120.9 139.4 150.9
UDMS/OTMS 56.5 53.6 53.5 122.2 139.4 149.2

2nd Run
MPS – – – 140.9 144.5 152.7
OTMS – – – 131.2 143.4 149.8
MPS/OTMS – – – 127.3 141.1 149.1
UDMS – – – 129.1 141.1 150.9
UDMS/OTMS – – – 129.4 143.1 151.1

Figure 4 Curves of log storage modulus (E0) (a) and tan
d (b) versus temperature at three frequencies for UDMS-
composite.
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This value is about 258C higher than the cure tem-
perature (room temperature) in accordance with the
finding observed for the curing of epoxy resins that
the Tg is 20–708C higher than the curing temperature
and for the curing of a diacrylate that the Tg is 708C
higher than the curing temperature.19

For all composites the storage modulus increases
as the frequency increases [Figs. 2(a), 3(a), and 4(a)].
The first maximum peak in the tan d is independent
of frequency, while the second peak moves to higher
temperatures with increasing frequency [Figs. 2(b),
3(b), and 4(b)]. An analogous behavior has been also
reported for neat Bis-GMA resin22 and for light-
cured at room temperature dental composites,25

indicating that the first transition is not a thermody-
namically stable transition.

The values of Tg of composites at various frequen-
cies are presented in Table I. The first Tg at 54–608C
is independent of the composite and frequency and
the second Tg is at 121–1268C for 0.1 Hz and higher
146–1548C for 10 Hz. The Tg at high frequency is
higher than that determined at low frequency
because the rate of molecular motion (or molecular
relaxation) will not catch up with the higher test fre-
quency until the polymer sample reaches a higher
temperature.
The Tg for each sample was redetermined after

cooling down from the first determination. In this
2nd run the first Tg was disappeared and the second
Tg was appeared at about the same temperature [Ta-
ble I, Fig. 5(a–c)]. This behavior shows that the first
Tg is due to the partially light-cured at room tempera-
ture sample and that additional curing occurs during
the DMA experiment as the temperature is raised.

Figure 5 Tan d versus temperature from DMA at 1st and
2nd run for frequency 2 Hz in (a) MPS-composite; (b)
OTMS-composite; and (c) UDMS-composite.

Figure 6 Log storage modulus (E0) versus temperature (a)
and tan d versus temperature (b) for the MPS-composite,
OTMS-composite, and UDMS-composite for frequency 2Hz.
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The values of E0 and tan d determined during the
2nd run after cooling down from the first determina-
tion, showed generally a significant increase in elas-
tic modulus and a decrease in tan d for all
specimens.

In Figure 6 the curves of log E0 and tan d are com-
pared for the studied composites. The values of log
E0 for MPS-composite are higher for all tempera-
tures, followed by the values of UDMS-composite
and finally by OTMS-composite. Also the tan d val-
ues of MPS-composite are lower than those of
UDMS-composite. The lower the loss tangent, the
quicker the material will respond to load (more elas-
tic like) returning faster to its original shape,
whereas the higher it is the higher the amount of
energy lost as heat (more viscous like). Thus the
ability of bifunctional UDMS for crosslinking seems
not to increase the elastic behavior of the composite,
as it was expected, compared with that of MPS
composite.

The composition and structural arrangement
within the polysiloxane interphase impacts its inter-
action with the resin matrix and hence the chemical
reactivity between the methacrylate groups of silane
with the methacrylate groups of the resin matrix.
This interaction forms the basis of the interpenetrat-
ing network theory of silane reinforcement.26 Studies
with c-aminopropyltriethoxysilane and epoxy resin
have shown that their reactivity with each other is
dependent upon the extent of condensation of the
silane interphase. This result is due to decreased dif-

fusion of the resin into the polysiloxane network at
increased condensation.27 On the other hand, a
study of the influence of MPS content on the degree
of conversion of methacrylate groups of Bis-GMA/
TEGDMA composites showed that the higher the sil-
ane content the lower the degree of conversion.18 It
was found that when large amount of silane is used
the most of the methacrylate functionality within the
silane interphase is in a nonreactive environment. A
highly condensed silane interphase seems to limit
mobility of the silane methacrylate and hence its
reactivity with the dimethacrylate monomers. Based
on these literature data we could suggest that in our
work the UDMS formed a more condensed silane
interphase than MPS, which limited the copolymer-
ization of the silane methacrylate groups with the
dimethacrylate monomers and did not improve the
dynamic mechanical properties of the corresponding
composite by crosslinking, as it was expected. The
amount of silane which is used seems to play an im-
portant role and most probably the use of lower
amount of silane than that used in this work will
give better results.

Dynamic mechanical properties of samples after
light curing and immersion in water at 378C for 1,
7, 30, or 120 days

In the literature authors do not always agree about
the effect of water storage on mechanical properties
of composites, as there were conflicting trends of

TABLE II
Values of the Storage Modulus (E0) [GPa] at 378C for Five Composites After Immersion

in Water for a Certain Time (days) [mean 6 SD]*, n 5 4

Type of silane 0 day 1 day 7 days 30 days 120 days

MPS 4.97 � 0.32a 5.88 � 0.45c,A 6.91 � 0.50A 6.01 � 0.10e,A 6.13 � 0.49g,A

OTMS 3.97 � 0.28b,B 4.41 � 0.33B 4.11 � 0.01B 4.81 � 0.41B 4.89 � 0.63h,B

MPS/OTMS 4.63 � 0.35a,b 5.85 � 0.49c,C 5.42 � 0.26d,C 5.57 � 0.05f,C 6.28 � 0.80g,h,C

UDMS 4.50 � 0.34a,b 5.90 � 0.76c,D 5.53 � 0.21d,D 5.82 � 0.43e,f,D 6.07 � 1.19g,h,D

UDMS/OTMS 4.44 � 0.60a,b 6.01 � 0.60c,E 5.65 � 0.19d,E 5.35 � 0.08f,E 5.53 � 0.36g,h,E

* Common corresponding lowercase letters in a given column indicate no significant difference (P > 0.05). Common
corresponding uppercase letters in a given row indicate no significant difference (P > 0.05).

TABLE III
Values of the Loss Modulus (E00) [GPa] at 378C for Five Composites, After Immersion in Water

for a Certain Time (days) [mean 6 SD]*, n 5 4

Type of silane 0 day 1 day 7 days 30 days 120 days

MPS 0.50 � 0.03a,A 0.40 � 0.05c,B 0.47 � 0.02d,A,B 0.42 � 0.00f,B 0.37 � 0.03g,B

OTMS 0.38 � 0.02b,C 0.38 � 0.01c,C 0.35 � 0.00e,C 0.38 � 0.04f,C 0.34 � 0.04g,C

MPS/OTMS 0.48 � 0.04a,D 0.41 � 0.04c,D,E 0.36 � 0.02e,E 0.37 � 0.01f,E 0.41 � 0.06g,D,E

UDMS 0.48 � 0.06a,b,F 0.45 � 0.06c,F 0.39 � 0.01e,F 0.45 � 0.06f,F 0.44 � 0.10g,F

UDMS/OTMS 0.40 � 0.07a,b,G 0.45 � 0.07c,G 0.45 � 0.01d,G 0.43 � 0.03f,G 0.38 � 0.02g,G

* Common corresponding lowercase letters in a given column indicate no significant difference (P > 0.05). Common
corresponding uppercase letters in a given row indicate no significant difference (P > 0.05).
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increase and decrease over time. According to Gla-
dys et al.28 the Young’s modulus increased slightly
during the first month and then showed a slight
decrease to reach a steady state. Ferracane et al.29

reported that composites showed a slight but signifi-
cant decrease in their modulus after immersion in
water for 30 days and reached a plateau at 6 weeks.
Drummond et al.30 noticed a significant decrease in
the modulus of elasticity after aging in water for 6
months. Sabbagh et al.31 found an increase of com-
posites moduli between 24 h and 1 month and a rel-
ative stability up to 6 months.

It is known that storage of composites in water at
378C will induce some post cure, water sorption,
and solubility and that the magnitude of each effect
depends on the composite composition. Post cure
increases the storage modulus. On the contrary
water acts as a plasticizer and decreases with time
the modulus. However with time the material loses
its own plasticizer through solubility. These three
effects superimposed and the precise behavior of
each material depends on its composition.

Our results about the effect of water on elastic
modulus at 378C are shown in Table II.

MPS-composite showed an increase of elastic mod-
ulus after 1 day immersion in water which remained
constant up to 120 days. OTMS-composite did not
show any difference, while MPS/OTMS-composite
showed an increase of elastic modulus after 1 day
immersion in water, which remained constant up to
120 days, as in the case of MPS-composite. UDMS-
composite showed an increase of elastic modulus af-
ter 1 day in water, which remained constant up to
immersion 120 days. The same behavior showed also
UDMS/OTMS-composite.

It is interesting to note that OTMS-composite in
which OTMS does not form covalent bond with the
dimethacrylate matrix showed lower elastic modulus
both in dry and wet conditions. After immersion in
water the elastic modulus of OTMS-composite
remained constant, while that of the other compo-
sites increased after 1 day and then remained
constant.

The effect of immersion in water on the loss mod-
ulus (E00) and the tan d is presented correspondingly
in Tables III and IV.
The dry composites showed at 378C statistically

the same loss modulus and the OTMS-composite a
lower value; after immersion in water for 120 days
the loss modulus of MPS-composite was decreased,
while for all other composites remained statistically
the same. More characteristic is the effect of water
on tan d at 378C (Table IV). MPS-composite shows a
significant decrease of tan d after 1 day and then
also after 120 days. OTMS-composite showed a
decrease after 30 days and the other composites a
decrease after 1 day.
Figure 7 shows the effect of water on tan d at all

temperatures for MPS-composite. The shape of
curves show that post curing occurs during immer-
sion in water mainly up to 7 days. Analogous results
were obtained and for the other composites. The
samples remained in water for 7, 30, or 120 days
showed one peak that is one Tg. The effect of immer-
sion time on Tg is shown in Table V.
Water acts as a plasticizer of the resin matrix and

decreases the Tg, analogously to the absorbed water

TABLE IV
Values of Tangent Delta (tan d) (3103) at 378C for Five Composites, After Immersion

in Water for a Certain Time (days) [mean 6 SD]*, n 5 4

Silane type 0 day 1 day 7 days 30 days 120 days

MPS 101 � 2a 69 � 2b,A 67 � 2c,A 69 � 1f,A 61 � 2h

OTMS 98 � 9a,B 86 � 1B,C 87 � 3d,B,C 78 � 2g,C,D 70 � 5h,i,D

MPS/OTMS 106 � 4a 70 � 1b,E 67 � 3c,E 65 � 2f,E 65 � 5h,i,E

UDMS 108 � 4a 75 � 5b,F 71 � 4c,e,F 76 � 7f,g,F 72 � 3i,F

UDMS/OTMS 102 � 8a 74 � 2b,G 80 � 4d,e,G 80 � 5g,G 68 � 4h,i,G

* Common corresponding lowercase letters in a given column indicate no significant
difference (P > 0.05). Common corresponding uppercase letters in a given row indicate
no significant difference (P > 0.05).

Figure 7 Effect of immersion time in water at 378C on
tan d for MPS-composite at 2 Hz and 25–1758C.
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amount. All composites showed significant decrease
of Tg up to 7 days which then remained constant.

Also it is interesting to note that, after immersion
for 120 days in water, the Tg of OTMS-composite
with the more hydrophobic OTMS is higher than the
Tg of the other composites which is statistically
about the same.

CONCLUSIONS

The ability of bifunctional UDMS for crosslinking
did not increase the elastic behavior of the compos-
ite. Most probably the UDMS formed a more con-
densed silane interphase than MPS which limit the
copolymerization of the silane methacrylate groups
with the dimethacrylate monomers. The amount of
silane which is used plays an important role and the
use of lower amount must be tested. OTMS-compos-
ite in which OTMS does not form covalent bond
with the dimethacrylate matrix showed lower elastic
modulus both in dry and wet conditions. After
immersion in water the elastic modulus of OTMS-
composite remained constant, while that of the other
composites increased after 1 day and then remained
constant.

The authors thank Degussa A.G. for providing us with Aero-
sil OX50.
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