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ABSTRACT: Bis-GMA (2,2-bis-[4-(2-hydroxy-3-methacry-
loxypropoxy)phenyl]propane) is a viscous hygroscopic
monomer which is used with triethyleneglycol-dimethacry-
late (TEGDMA) for dental restorations. Bis-GMA was sily-
lated with dimethyl-isopropyl-siloxane and further poly-
merized in order to increase water resistance and viscosity.
The viscosity of the silylated monomer, Sil-Bis-GMA, was
50 times lower than that of the parent monomer. After 1
month in water, poly(Bis-GMA/TEGDMA) absorbed 2.6%
water and the silylated polymer, poly(Sil-Bis-GMA), only
0.56%. During this process water extracted residual mono-
mer from each polymer. The behavior of water sorption
and desorption as a function of time in poly(Sil-Bis-GMA)
was completely different from that shown by poly(Bis-
GMA/TEGDMA). The difference is discussed in terms of
diffusion coefficients. Initially, water advancing contact

angles (0apy) were 75° and 95°, respectively. After 1
month in water both polymers showed a reduction of
about 20° in 0Oapy. In poly(Bis-GMA/TEGDMA), the
reduction in 6,py obey to water absorption and bulk plas-
ticization; it showed a reduction of 15°C in glass transition
temperature, T,. In contrast, the reduction in Oopy in poly
(Sil-Bis-GMA) obeyed to water adsorption and reorienta-
tion of the molecules at the surface in contact with the
water phase; it only showed a change of 2°C in T,. Contact
angle hysteresis provided further evidence about plastici-
zation. According to our results poly(Sil-Bis-GMA) is more
stable in water than poly(Bis-GMA/TEGDMA). © 2007
Wiley Periodicals, Inc. ] Appl Polym Sci 107: 1169-1178, 2008
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INTRODUCTION

Modern development in dental resins focuses mainly
on increasing the permanence of the initial proper-
ties of the implant as well as on its application sim-
plicity during teeth restorations. Resin based materi-
als are used mainly in adult anterior teeth due to the
high levels of stress that posterior teeth suffer during
mastication compared with anterior teeth. In chil-
dren, having lower level of stresses may be used in
posterior teeth.

Bis-GMA, 2,2-bis-[4-(2-hydroxy-3-methacryloxyprop-
oxy)phenyl]propane, or a Bis-GMA analogue, such as
ethoxylated Bis-GMA or urethane dimethacrylate is
the main organic component of most dental resins,
such as composites and compomers.'™ These dental
resins also contain a cross-linking dimethacrylate
agent, inorganic fillers, made of glass and/or ce-
ramic, the same as a photo-initiator system. These
resins are cured (polymerized) by following methac-
rylate chemistry through irradiation with UV-light.
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DISCOVER SOMETHING GREAT

Generally a dimethacrylate agent such as triethyle-
neglycol-dimethacrylate, TEGDMA, or urethane
diethyleneglycol methacrylate, UDEMA, is added
with a double purpose: to reduce the initial viscosity
of the resin and to cross-link the polymer. The
reduced viscosity facilitates wetting during resin
application and chemical cross-linking improves
physical properties such as modulus of elasticity,
mechanical strength, hardness, and solvent resist-
ance. The usual concentration of TEGDMA ranges
between 15 and 30% w/w, otherwise water absorp-
tion and other properties of the resin fall below
proper limits.°® Interfacial physical-chemical inter-
actions play an important role when the implanted
material is in contact with water or saliva.

It has been observed that these Bis-GMA based
materials show better physical properties with
respect to glass ionomer cements.” After polymeriza-
tion these materials initially show good physical
properties and resistance to water, common liquids,
and food.'® However, they still have drawbacks dur-
ing and after implantation, mainly related to water
absorption and the development of interfacial
stresses. Dentists face two critical aspects during res-
toration, in addition to repairing teeth under dry
conditions: to ensure complete wetting of the tooth
surface under treatment by the resin is one and the
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other is to apply the resin in thin layers in order to
reduce the stresses at the tooth/resin interfaces
caused by polymerization shrinkage.''"'?

Wetting is complicated because of the paste consis-
tency of the resin which must be forced to make
complete and intimate contact with the treated tooth
zone before curing. Imperfect wetting leaves defects
(interstices) at the tooth/resin interface. These defects
are dangerous because, after restoration, they act as
points of stress concentration during mastication
that, in turn, promote microcracks where saliva and
other liquids diffuse, i.e., microleakage. The shrink-
age stresses arise due to the establishment of adhe-
sion at the gel point (stage of the curing reaction
where the resin becomes solid). Hence, further curing
produces a shrinkage which generates stresses at the
tooth/resin interfaces (the resin, unable to flow, can-
not release these stresses). These shrinkage stresses
during mastication could lead to an adhesive failure,
also promoting microleakage.'”” Dental restorations
are also exposed to cyclic stresses, due to daily masti-
cation and temperature changes, caused by beverages
and food, which produce thermomechanical fatigue,
in particular at the tooth/resin interface.'* Therefore
properties of dental restorations decay before it is
expected.

Poor resin wetting, shrinkage stresses, and fatigue
usually promote cracking and eventually caries."
Absorbed water also reduces the glass transition
temperature, T,, therefore the dimensional stability
of the material. It is then considered that the dura-
bility of restorations is a most critical point in den-
tistry. Interfacial cracking being the most critical as-
pect of restorations with dental resins, it is highly
recommended to improve the permanence of the
adhesive joint between the tooth and the dental
resin.

Other related aspects that must be considered in
improving long-term permanence of dental restora-
tions is the curing reaction efficiency (degree of con-
version into polymer) and resin water absorption
after curing. In general, properties increase with con-
version, including water resistance.'®”

Absorbed water could deteriorate the performance
of these dental materials. Because Bis-GMA and
TEGDMA are relatively hydrophilic, there is a grow-
ing need to replace them by other less hydrophilic
monomers that exhibit lower water up-take, as is the
case of the silylated Bis-GMA monomer."

Kalachandra et al. studied a silylated Bis-GMA
in which Bis-GMA hydroxyl groups were substi-
tuted by dimethyl-isopropyl-siloxy groups in order
to reduce both viscosity and water absorption.'®
Here, the effects of water up-take on the properties
of both a silylated Bis-GMA and the resultant
polymer in comparison with those of Bis-GMA are
discussed.

Journal of Applied Polymer Science DOI 10.1002/app

RIVERA-TORRES AND VERA-GRAZIANO

MATERIALS AND METHODS
Materials

All materials used in this work were reactive grade:
2,2-bis-[4-(2-hydroxy-3-methacryloxypropoxy)phenyl]
ropane (Polysciences), TEGDMA, [6]-ditert-butyl-p-
cresol (DTBPC) 4-dimethyl-amine-pirydine (DAMP),
Benzene, hydrochloric acid, (1s)-(+) camphorqui-
none (CQ) as photo-initiator, N,N,3,5-tetramethyl-an-
iline as promoter (Sigma), triethyl-amine (TEA),
chloro-dimethyl-isopropil silane (ClI-DMIPS) (Aldrich)
sodium chloride, magnesium sulfate, anhydrous (J.T.
Baker), and deionized water (resistivity 18 MQ/cm).

Synthesis of sylilated Bis-GMA

The synthetic route for silylating Bis-GMA with Cl-
DMIPS (Fig. 1) was carefully studied and the reac-
tion conditions were optimized. The silylated mono-
mer, Sil-Bis-GMA, was purified by chromatography
in silica gel packed columns using a mixture of hex-
ane/ethyl acetate (90/10%, v/v) as eluent. The struc-
ture of the obtained monomer was determined by
H-, 3C-, and *’Si-NMR (Bruker Advance 400 MHz).
The monomer was dissolved in acetone-ds using
TMS as reference for the 'H and '°C spectra.'’

One mole of Bis-GMA, used as received, was
mixed in the reactor vessel with 100 ppm/mol of
DTBPC as inhibitor, and then 1 mole of DAMP was
added with 80 mL of benzene. After stirring the mix-
ture, 1 mole of TEA, was injected with a syringe
through a septum. After 5 min, 2 moles of CI-DMIPS
per mol of Bis-GMA were also injected. The reacting
mixture was heated to 80°C and kept under stirring
in dry N, flow for 12 h.
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Figure 1 Silylation reaction scheme of Bis-GMA.
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To ensure a high degree of conversion during the
polymerization of Sil-Bis-GMA it was purified as fol-
lows: First, the side products of the reaction were
eliminated by diluting the polymer solution in ben-
zene and promoting precipitation of residual DAMP
and TEA with concentrated NaCl solution and HCl
1.5M, under strong stirring. The aqueous phase con-
taining the chlorohydrated amine salts was then sep-
arated from the organic phase containing the mono-
mer. The procedure was repeated three times to
eliminate the amine salts. The residual water in the
organic phase was eliminated with anhydrous
MgSO, and the solids were filtered. The Sil-Bis-GMA
dissolved in the benzene was recovered by distilla-
tion at reduced pressure. The monomer was redis-
solved in a hexane/ethyl acetate mixture, 90/10% v/v
under stirring. The solid impurities found were pre-
cipitated from the solution and separated by filtra-
tion. The clear solution was injected into a chromato-
graphic separation column, packed with silica using
the same eluent. The DTBPC came out first from the
column, and then the Sil-Bis-GMA mixed with traces
of Bis-GMA; this process was monitored by thin
layer chromatography. Finally, the monomer solution
was distillated under vacuum to recover the purified
Sil-Bis-GMA. After purification, the monomer was
kept in the dark at 4°C for its subsequent use.

Polymerization

Sil-Bis-GMA was mixed with the photo-initiator CQ
(0.2%, w/w) and the promoter TMA (0.3%, w/w) at
room temperature and the reacting mixture was
degassed.

For comparison, a Bis-GMA/TEGDMA monomer
mixture was also prepared. The Bis-GMA monomer
was mixed with CQ (0.2%, w/w) in a vessel. In
another vessel, TEGDMA, washed previously in
NaOH solution and dried over anhydrous CaSO,,
was mixed with TMA (0.3%, w/w). Afterward the
so prepared comonomers were mixed in 70/30% w/
w proportion and degassed.

The polymerization procedure for both monomer
systems was the same: The chemical reaction was
photo-activated by irradiating with monochromatic
light, 468-480 nm for 60 s (using a Starlux plus,
Corix Medical Systems dental lamp equipped with
an optical fiber). The output flux was 200 mW/ cm?.
The real output intensity and the dissipated heat
were monitored with a radiometer (Heat/Glare Ra-
diometer, model 200, Demetron Research Co.).

For the polymer tests, the reacting mixture was
poured in open circular molds, 15 mm in diameter
and 2 mm thick. The two open faces of the molds
were covered with transparent Mylar and glass
slides. The photo-polymerization was initiated by
irradiating seven evenly distributed zones of the
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upper face of the mold, considering the diameter of
the beam (4.6 mm). After a post-curing time of 24 h
the polymer samples were degassed under —50 kPa
vacuum for 2 h. At least five polymer discs were
prepared for each test.

Water tests

The solubility of the monomer in water was meas-
ured as follows: the monomer was mixed with water
(1/1 w/w) and stirred, after 72 h in rest at 37°C the
excess water was removed. The water absorbed by
the monomer, (M¢);, at time ¢, was calculated using
the following equation:

(M — M)

M, =
( S ) t MO

100 (1)

where M; is the monomer mass after a time f in
water and M, is the monomer mass at time zero
(dry sample).

The solubility of residual monomer in the poly-
mers was also measured. A polymer disc was placed
in a vial after measuring its weight and dimensions.
Subsequently, water was added to the sample and
kept closed at 37°C. The change of weight at differ-
ent times was determined after taking the sample
out from the water and removing the liquid. After-
ward the sample was placed in a desiccator with
CaS0, at 37°C and the change of weight was moni-
tored at different times up to constant weight.

The sorption in the polymer per unit volume,
(M’S’)t, at time t, was calculated according to eq. )

M; — M,
(M), == @)

where M, is the polymer mass after a time f in
water, M, is the polymer mass at time zero (dry
sample), and V is the initial volume of the sample.

The water sorption percent, %WS, at the equilib-
rium time can be expressed as follows:

S _
M, Mo1

(%WS) = == -

00 3)

where MS is the mass at equilibrium time after
sorption.

The following expression was devised to calculate
the extracted monomer and obeys to the kinetic
behavior observed for the sorption/desorption tests
as shown below in Figure 2.

My - M2S_

(%MS) = =1

00 (4)

As shown below in the Results and Discussion
section, poly(Sil-Bis-GMA) lost weight during the
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Figure 2 Mass as a function of time during water sorp-
tion and desorption on poly(Sil-Bis-GMA) and poly(Bis-
GMA /TEGDMA) at 37°C.

sorption tests. To determine the net absorption of
water, desorption tests were made. In this case, the
adsorbed water was calculated using the following
equation:

M; — MBS
(Mg), = v ()
where ML° is the mass of the sample after total
water absorption and desorption test up to constant
weight (2160 h).
For this case (%WS) can be expressed:

MS _ MDS

(%WS) = ==

100 (6)

The residual monomer percent, (%MS), extracted
with water was calculated as follows:

S
My M°°1

%MS) =
(%MS) = =

00 (7)

Considering a polymer disc as a plane sheet
bounded by two parallel planes, the diffusion coeffi-
cient, D, could be estimated by Fick’s Second Law
assuming diffusion in one dimension. This approxi-
mation is valid only at the early stages of sorption
or desorption, and liquid concentration distributions
cannot be obtained.

In general, the equation of mass transfer (diffu-

sion) is expressed as follows:

oC oC o0C oC
E:D{@+@+@} ®

Assuming diffusion in one dimension (x direction)

the linear flow of liquid mass in the solid is:

oC _ D{@C]

o Plaz ©)
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Equation (9) is solved for the region —1 < x > +1
at zero initial water concentration and constant con-
centration at the surfaces for t > 0.

The rates of sorption and desorption were deter-
mined by using the conventional solution of Fick’s
Second Law for a plane sheet®:

M 8 <
TS

n=0

1

o —m2Dt(2n + 1)
2n +1)?

472

(10)

Classical diffusion theory predicts linearity during
the early stages of sorption, usually when M;/M.. <
0.5%%%

1/2
Mo () ! a1
M. 2
where M; is the mass absorbed (or lost) at time, f,
M., is the mass at equilibrium, and 2/ is the thickness
of the sample. By plotting M,/M.. vs. t* a straight
line should be obtained at the early stages of diffu-
sion [eq. (12)] and D is calculated directly from the
slope, m, [eq. (13)]."*%*

M D 1/2 t1/2
i =4e) T (12)
T
D = m? [E] 13)

The chemical potential of pure water being greater
than that of saline water or saliva, the diffusion coef-
ficient D, of the former should also be greater.**

Glass transition temperature

The effect of absorbed water on the T, of each poly-
mer was determined by thermal analysis (DSC,
Dupont, model 910) at a ramp of 10°C/min. The Ts
of [Bis-GMA] and [TEGDMA] homopolymers were
also obtained as references.

Contact angles and surface roughness

Polymer samples 22 X 22 X 1 mm® were also pre-
pared as described above. The dynamic advancing
(0apv) and receding (Brec) contact angles of water
were determined by the Wilhelmy method (KSV,
model Sigma 70 Wilhelmy balance) at 37°C.

The contact angle hysteresis, 0y, was used to esti-
mate roughness and surface homogeneity according
to the following equation:

0n = 0ADvV — OREC (14)

The polymer surfaces were studied with the aid
of an atomic force microscope (Jeol scanning probe
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microscope, model JSPM-4210). Images of the dry
surfaces were obtained in air on different disc

regions.
The mean roughness can de expressed as
follows™:
n _N271/2
£ (7)
Rems = |2 15
: — (15)

where Z,, is the height in a zone, Z is the mean
height, and 7 is the number of zones.

RESULTS AND DISCUSSION
Chemical structure

The chemical structure of Sil-Bis-GMA monomer
was solved by 'H-, 13C-, and #’Si-NMR. The signals
are shown below. The first number corresponds to
the carbon atom of the structure (see Fig. 1) and the
second number to the chemical shift in ppm:

"H NMR signals: (1-t: 6.16), (1-c: 5.59), (2: 1.97), (5:
4.37), (6: 4.27), (7: 3.95), (9: 7.15), (10: 6.84), (13: 1.65),
(14: 1.426), (15: 0.401), (16: 1.404).

13C NMR signals: (1: 18.34), (2: 126.26), (3: 135.74),
(4: 167.28), (5: 68.69), (6: 68.29), (7: 65.58), (8: 156.40),
(9: 114.00), (10: 127.99), (11: 143.91), (12: 41.89), (13:
31.21), (14: 14.27), (15: 14.63), (16: 17.05).

*Si NMR signals: (6: —39.26), (14: 8.68), (15: 76.5),
(15: —64). The chemical shift at —39.26 ppm corre-
sponds to the Si atom attached to carbon 6 through
the oxygen.”® These signals evidence the silylation
reaction of Bis-GMA depicted in Figure 1.

The chemical structure of Bis-GMA was also
solved by 'H- and '*C-NMR and matched well with
those reported elsewhere':

"H NMR signals: (1-t: 6.19), (1-c: 5.62), (2: 1.97),
(5: 4.36), (6: 4.28), (7: 4.04), (9: 7.17), (10: 6.84), (13:
1.65).

13C NMR signals: (1: 183.4), (2: 126.26), (3: 135.74),
(4: 167.28), (5: 68.69), (6: 68.29), (7: 65.58), (8: 156.01),
(9: 114.10), (10: 127.93), (11: 143.59), (12: 41.93), (13:
31.24).

Polymerization

Bis-GMA, TEGDMA, and Sil-Bis-GMA were poly-
merized by a chain reaction mechanism initiated by
free radicals. Upon UV irradiation the reaction rate
was very fast, photo-polymerization occurred
between 5 and 10 min. These conditions are usually
needed in dental restorations.”’ ** Optimum reaction
conditions such as photo-activation time, light inten-
sity, effective depth of photo-activation, and previ-
ously absorbed water were described above in the
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TABLE I
Absorbed Water, MY, and Weight Percent Oxygen (WPO)
of Monomers

Absorbed water

Monomer M (%, w/w) WPO (%)
TEGDMA 5.20 335
Bis-GMA 1.55 25.0
Bis-GMA /TEGDMA

(70/30%, w/w) 3.40 28.0
Sil-Bis-GMA 1.05 18.0

experimental section. According to the sorption/de-
sorption results, discussed below, residual monomer
concentrations were below 2.5%, suggesting that
conversions were well above 90%. Conversions of
75% have been reported for typical polymeric dental
resins. However, it has also been reported that the
acrylic groups of residual monomer may react
slowly after the polymerization period ends (post-
curing).30/

Water absorption and diffusion coefficients

The studied monomers are hygroscopic and dissolve
partially in water. Thus, when water is in contact
with the polymers, residual monomer tend to diffuse
to the water phase as shown below.'

Monomer water absorption and the weight per-
cent of oxygen (WPO) bound chemically to the mole-
cule are shown in Table 1.'%7?

The absorbed water, MY, for the first three mono-
mers shown in Table I agrees well with data
reported elsewhere.’”> As expected, absorbed water
increased with the WPO. Among the studied mono-
mers TEGDMA shows the greatest values of Mg and
WPO.

Affinity to water has been related to the oxygen
atoms able to form hydrogen bonds in the case of
TEGDMA."®* In the Bis-GMA/TEGDMA mixture,
the absorbed water and the WPO are almost propor-
tional to the content of TEGDMA. In contrast,
Sil-Bis-GMA shows the lowest values of absorbed
water because of its lowest WPO. The chemical com-
position, temperature, and exposure time are impor-
tant factors on the water sorption process. Water
absorption is important because water makes it diffi-
cult for the photo-polymerization reactions of Bis-
GMA monomers, including cross-linking.>**°

The polymers show a partial hydrophilic character
because both have groups susceptible to hydrolysis,
such as ester and ether linkages, and hydroxyl groups
in Bis-GMA.> However, according to our results pol-
y(Sil-Bis-GMA) has a hydrophobic character.

Sorption data are shown in Figure 2 as the change
of mass with immersion time in water for both poly-
mers together with desorption. As it has been
reported elsewhere, water extracts residual monomer

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Relative weight change of poly(Bis-GMA/
TEGDMA) during immersion time in water, at 37°C (A)
and during desorption (@).

out of the poly(Bis-GMA/TEGDMA).* Tt can
be noticed that the behavior during the water sorp-
tion and desorption tests in poly(Sil-Bis-GMA) is
completely different from that in poly(Bis-GMA/
TEGDMA).

The water absorbed by poly(Bis-GMA/TEGDMA)
up to equilibrium time (2160 h) at 37°C was 2.6%
w/w (equivalent to 0.0336 pg/ mm®), while the
extracted residual monomer was much lower: 0.14%
w/w (0.0017 pg/mm?®). As expected, this polymer
absorbed 77% w/w less water than the respective
monomer mixture. It could be inferred that the abil-
ity of the monomer to absorb water is reduced in the
copolymer by both interactions between hydroxyl
and carbonyl groups and cross-linking.

As seen in Figure 2, poly(Sil-Bis-GMA) lost weight
during the water sorption test. After the desorption
test, the weight of the polymer (ML) was lower
than the initial weight (M). The difference (ML —
M) corresponds the amount of extracted monomer
by water.

The mass of water absorbed by poly(Sil-Bis-GMA),
0.576% w/w, (equivalent to 0.0070 pg/ mm?®) is much
lower than the mass of extracted residual monomer,
2.3023% w/w, (0.0282 pg/mm?). As expected, this
polymer absorbed 55% w/w less water than the re-
spective monomer. These results show that poly
(Sil-Bis-GMA) is almost nonpermeable to water. As
shown below, water is mainly adsorbed at the sur-
face region of the polymer and it is more hydropho-
bic than poly(Bis-GMA/TEGDMA).

As reported elsewhere, water may produce delete-
rious effects on the structure of the polymeric mate-
rial (swelling, plasticization and softening, and chem-
ical changes such as oxidation and hydrolysis).>

The fact that poly(Bis-GMA/TEGDMA) absorbed
4.5 times more water than poly(Sil-Bis-=GMA) is

Journal of Applied Polymer Science DOI 10.1002/app
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explained by the hydrophilic ester and ether linkages
present in both TEGDMA and Bis-GMA and also by
the hydroxyl groups in Bis-GMA. Poly(Sil-Bis-GMA)
is more hydrophobic because it has neither
TEGDMA nor hydroxyl groups. Water up-take
depends mainly on the potential for hydrogen bond-
ing and polar interactions and can be related to the
solubility parameter in water.”> Thus, the solubility
parameter of poly(Bis-GMA/TEGDMA) should be
greater than that of poly(Sil-Bis-GMA).

The plots of relative change of mass as a function
of time, M;/M.., Figures 3 and 4, adjust to Fick’s Sec-
ond Law in one dimension, eq. (13), for values of
M,/M.. < 0.5. Above this point the linearity is
lost.>*?* From these results the diffusion coefficients
of sorption and desorption were obtained. For poly
(Bis-GMA /TEGDMA), Figure 3, the diffusion coeffi-
cient for sorption, Dy = 0.7854 X 1078 ecm?/s, is four
times greater than for desorption, D; = 0.1964
X 107® cm?/s. These results also indicate that the dif-
fusion rates for sorption and desorption are different.

In contrast, for the silylated polymer, Figure 4, the
rates for sorption and desorption are similar: diffu-
sion coefficients are D, = 0.1964 X 10~ cm?/s and
Dy = 0.1590 X 10™® cm?/s, respectively, Table II. In
this case linearity extends to M;/M.. < 0.8.22

The diffusion coefficient of sorption of poly(Bis-
GMA /TEGDMA) is greater than that of poly(Sil-Bis-
GMA) because of its greater water affinity. As
shown below, water absorption promotes plasticiza-
tion of the copolymer.*®

It can be observed in Figure 4 that the sorption
and desorption curves for poly(Sil-Bis-GMA) are
quite similar, suggesting that desorbed monomer
rate is higher than absorbed water rate because the
amount of extracted monomer is much higher than
the absorbed water.
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0.4 - “: .
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Figure 4 Relative weight change of poly(Si-Bis-GMA)
during immersion time in water at 37°C (@) and during
desorption (H).
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TABLE II
Diffusion Coefficients for Water Sorption and Desorption of Polymers

Diffusion coefficient,

2
Sorption at (cm’/s)
Temperature Curing equilibrium Sorption Desorption
Polymer resins (°Q) time (s) (%, w/w) (107%) (107%)
TEGDMA®? 37 - 1.86 1.14 1.14
Bis-GMA™" 37 - 2.8 0.617 0.563
Bis-GMA /TEGDMA
(70/30%, w/w) 37 30 2.32 0.8 = 0.05 0.2 = 0.01
Sil-Bis-GMA 37 30 —26 02 +£001 016 = 0.01
“ Ref. 2.
® Ref. 32.

Water sorption has been related to the WPO and
the presence of groups susceptible of hydrolysis.”
The WPO of the repeating unit of the polymers is as
follows: poly(Bis-GMA) > poly(Bis-GMA /TEGDMA)
> poly(TEGDMA) > poly(Sil-Bis-GMA). However,
the diffusion coefficient for sorption, D;, decreases as
follows: poly(TEGDMA) > poly(Bis-GMA /TEGDMA)
> poly(Bis-GMA) > poly(Sil-Bis-GMA). The diffusion
coefficient is therefore more reliable than the WPO to
explain water absorption.

Monomer viscosities

The viscosities of Sil-Bis-GMA and Bis-GMA mono-
mers, measured by rehometry, were 2.7 Pa s and 1200
Pa s, respectively, at 37°C. Such significant difference
indicates that there is no need to add TEGDMA to
Sil-Bis-GMA in order to reduce the viscosity of the
resin as in Bis-GMA. Apparently, silylation increased
internal rotation by a reduction in hydrogen bonding
yielding a much more flexible molecule.'®

Polymer surfaces

The character of the polymer surfaces was deter-
mined by the contact angle of water as a function of
time, Figure 5. For poly(Bis-GMA/TEGDMA) the
advancing contact angle, 0Apy, was initially 75°,
indicating that its surface is hydrophobic. However,
0apv decayed with immersion time in water. During
the first 60 h the 6 py decayed slowly then it
dropped at a higher rate to 65°, due to plasticization,
but after 170 h it decreased slowly to 55°.

For poly(Sil-Bis-GMA) the initial advancing contact
angle was 95°, indicating that the virgin surface was
highly hydrophobic. Again, 6 py also decayed as
the immersion time in water increased to 75°. As dis-
cussed above, poly(Sil-Bis-GMA) practically did not
absorb water, suggesting that the decay in contact
angle obeys to molecular reorientation of the hydro-
philic groups of the polymer at the surface region,
hence reducing its hydrophobic character.

In general, the advancing contact angle of water is
highly reproducible on hydrophobic surfaces (low
energy surfaces).”” Our results suggest that the initial
decay in Oapy is the result of water adsorption at
the surface region. The interchange between residual
monomer and water at the interface is a secondary
process. Both being amorphous polymers, the spaces
between polymer segments (free volume) facilitate
molecular diffusion.'” An additional evidence for the
interchange of water with residual monomer is pro-
vided by thermal analysis, as shown below.*”®

It is known that above a mean roughness of 0.5
pum differences contact angle hysteresis is observed,
eq. (14). Chemical heterogeneity at the surface also
leads to hysteresis because each chemical species has
a different specific surface energy.””*

Roughness and surface homogeneity were ana-
lyzed by atomic force microscopy. In both polymers
the surfaces appeared to be homogenous and the
mean roughness was below 0.05 um, providing evi-
dence that the surfaces of both polymers are smooth,
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Figure 5 Advancing contact angle as a function of
immersion time in water on poly(Bis-GMA/TEGDMA)
and poly(Sil-Bis-GMA) at 37°C.
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Figure 6 Surface image of poly(Bis-GMA/TEGDMA).
Area 5.3 (um)?. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

but also chemically homogeneous as determined pre-
viously by NMR and FTIR.'”* Figure 6 shows an
image of the poly[(Bis-GMA/TEGDMA)] surface.
The maximum roughness (difference between peaks
and depths) is below 0.09 um and the mean rough-
ness was 0.05 pm.

According to our measurements both polymer sur-
faces showed significant contact angle hysteresis, 0y,
Figure 7. This effect is attributed here to reorienta-
tion of the hydrophilic groups in contact with water
because in both polymers the surfaces are homoge-
neous and smooth, as shown above. The observed
initial hysteresis shows that the polymer surfaces in

S04 —=— Poly(Sil Bis-GMA)
a5 J —— Poly-(Bis-GMA/TEGDMA)

40 J.J-..--'-'.-q_q-'“——-__
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Figure 7 Contact angle hysteresis as a function of immer-
sion time in water for poly(Bis-GMA/TEGDMA) and poly
(Sil-Bis-GMA) at 37°C.
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TABLE III
Glass Transition Temperatures of Monomers and
Polymers
T, (°C)

Material Monomer Polymer
TEGDMA -81.7° 65.0°
Bis-GMA —6.6 67.0°
Bis-GMA /TEGDMA —46.0 £ 2 66.0 = 2
Sil-Bis-GMA —44.0 £ 2 65.0 =2

 Ref. 5.
® Ref. 33.

contact with water are far from equilibrium. How-
ever, it can be observed that 0y decreases with
immersion time in both cases.

Furthermore, for poly(Bis-GMA/TEGDMA) 6y
approximates to zero after 650 h, in this case there is
molecular relaxation at the surface but also in the
bulk because of plasticization (as shown below),
therefore, the system approximates to the equilib-
rium. However, in poly(Sil-Bis-GMA) molecular
relaxation occurs only at the solid-liquid interface
(adsorption) but not in the bulk, thus, the surface is
far from equilibrium.

Thermal properties

The DSC thermograms show the presence of glass
transition temperature, T, in both polymers, but not
melting points revealing they are completely amor-
phous. The T, of poly(Bis-GMA/TEGDMA) is, as
expected, very similar to those reported for poly
[TEGDMA] and poly[Bis-GMA], 65 and 67°C, respec-
tively, Table III. It can be noticed also that the T, of
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Figure 8 Glass transition temperature (°C) of poly(Sil-Bis-
GMA) and poly(Bis-GMA/TEGDMA) versus immersion
time in water.
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poly(Sil-Bis-GMA) is very similar. This similarity
could be attributed to a plasticizing effect of the re-
sidual monomer but also to different degrees of
polymerization.?®2%

The effect of absorbed water on the T, as a func-
tion of time is shown in Figure 8. It can be observed
an asymptotic decay in the T, of poly(Bis-GMA/
TEGDMA) of about 15°C. The observed decay in T,
by absorbed water is in the same range as other
acrylic polymers.”> As water diffused into the bulk
there was a plasticizing effect in the copolymer. It is
known that this effect reduces the mechanical and
thermal stability.>'**® In poly(Sil-Bis-GMA) T, only
changed to 3°C. Since water did not diffuse into the
bulk there was no bulk plasticization.

Other authors explain this effect by the presence
of structural heterogeneities, multiple thermal transi-
tions, trapped free radicals, and residual monomer
in the final structures.”®*!

CONCLUSIONS

Our results confirm that silylation of the Bis-GMA
monomer reduces the viscosity to about 50 times at
human body temperature. The mixture Bis-GMA/
TEGDMA is three times more hygroscopic than the
Sil-Bis-GMA monomer. After polymerization both
materials absorbed less water than the respective
monomers. The poly(Sil-Bis-GMA) is hydrophobic;
it absorbed 4.5 times less water than the parent
polymer. Water extracted more monomer from
poly(Sil-Bis-GMA) than from poly(Bis-GMA/
TEGDMA) because of both: First, the concentration
of residual monomer in poly(Bis-GMA/TEGDMA)
is lower than in poly(Sil-Bis-GMA) and second, the
former polymer is less hydrophobic as well as the
parent monomer. Therefore, water sorption and de-
sorption behavior as a function of time is com-
pletely different in poly(Bis-GMA/TEGDMA) form
than that shown by poly(Sil-Bis-GMA). And, the
diffusion coefficient for water sorption of poly(Bis-
GMA/TEGDMA) is greater than that shown by
poly(5il-Bis-GMA).

Water sorption induced bulk plasticization in poly
(Bis-GMA/TEGDMA) thus reducing its T,. In con-
trast, water absorption in poly(Sil-Bis-GMA) was
very low, therefore, no change in T, was observed.
From this point of view the thermal stability of poly
(Sil-Bis-GMA) is greater. However, although the poly
(Sil-Bis-GMA) surface initially showed a highly
hydrophobic character (0, > 90°), after being in con-
tact with water its surface was relaxed and the con-
tact angle decayed about 20%. Apparently water
adsorption induced surface relaxation and reorienta-
tion of the hydrophilic groups being at the surface
region toward the water phase. According to our
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results, the stability of poly(Sil-Bis-GMA) in water as
a function of time is greater than that shown by the
copolymer poly(Bis-GMA /TEGDMA).

The authors thank Dr. Antonio Martinez-Richa for fruitful
discussions, also Miguel A. Canseco-Martinez and Carlos
Flores-Morales for assistance during thermal and atomic
force microscopy analysis.
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