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Abstract Three bifunctional silane coupling agent monomers
and their blends with a cross-linking silane were investigated as
six experimental adhesion-promoters in vitro. Three organo-
silane monomers, 3-methacryloxypropyltrimethoxysilane,
styrylethyltrimethoxysilane, and 3-(N-allylamino)propyltrime-
thoxysilane, were prepared as 1% (v/v) primers and also
blended with a cross-linking silane, 1,2-bis-(triethoxy-
silyl)ethane at 0.5% (v/v), in a 95:5 solution of ethanol in
deionized water. The silanes were allowed to hydrolyze
using formic acid as catalyst and were applied to a
substrate of silica-coated Ti. The control was a pre-
hydrolyzed silane coupling agent that is commonly used
in dentistry. An experimental unfilled bis-phenol-A-digly-
cidyldimethacrylate/methylmethacrylate resin was bonded
by photo-polymerization as stubs to the prepared Ti. Half
of the specimens were artificially aged by wet thermo-
cycling and half were stored in dry conditions in a
desiccator. Storage conditions and the type of primer silane
or blend significantly affected shear bond strength values. 3-
Methacryloxypropyltrimethoxysilane, alone or blended, pro-
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duced significantly higher shear bond strength values than
the control, both after dry storage and after thermo-cycling.
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1 Introduction

Silicon dioxide (silica) and silane coupling agents have
several applications in clinical dentistry. Metallic restorations,
such as substructures, crowns and bridges are silica-coated
and silanized before veneering or cementation [1, 2].
Furthermore, bifunctional silicon esters are applied as
adhesion promoters between dissimilar materials, such as
inorganic materials to organic polymers. These silane
coupling agents are synthetic compounds with characteristic
direct covalent carbon-silicon bonds. They have hydrolyz-
able alkoxy groups attached to their Si atom, with ethoxy
groups being kinetically much slower to hydrolyze than
methoxy groups [3]. 3-Methacryloxypropyltrimethoxysilane,
also known as 3-methacryloyloxypropyltrimethoxysilane, is
indicated as a pre-hydrolyzed ready-to-use primer (adhesion
promoter) in dental technology and prosthodontics for silica-
coated materials, see Fig. 1 [4, 5].

Initially, hydrophobic silane monomers are inactive and
thus need to be activated by hydrolysis, typically by water/
ethanol. The reaction requires a catalyst, normally acetic acid
[3, 4]. The corresponding alcohol is released during the
reaction, while the silane monomers become labile interme-
diary hydrophilic silanols that oligomerize and deposit onto
the silica-coated substrate. In so doing, silane coupling agents
can effectively promote wetting of the substrate surface. The
non-cured siloxane film that forms on the inorganic substrate
can then react with an organic phase [6]. However, the
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Fig. 1 Silane coupling agent monomers: a 3-Methacryloxypropyltri

methoxysilane, b Styrylethyltrimethoxysilane, ¢ 3-(N-allylamino)

propyltrimethoxysilane, d 1,2-bis-(triethoxysilyl)ethane (non-functional cross-linking silane)

hydrolytic stability of silane-aided bonding, and hence the
service time of the restoration in the hostile oral environment
(i.e. with humidity, sudden pH and temperature changes,
bruxism and biting forces), is a topic of concern [3-5].

Blends of bifunctional silane and cross-linking silane
monomers have been reported to achieve considerable hydro-
lytic stability and to promote adhesion in applications of the
tyre and steel manufacturing industries [7-9]. The most usual
cross-linking silane is bis-1,2-(triethoxysilyl)ethane, which
has six hydrolyzable ethoxy groups (Fig. 1). The siloxane
film that forms during curing is extensively branched and
traps water and gas molecules (Fig. 2). An interpenetrating
polymer network is understood to form between the silanized
substrate and organic coatings or resin-composites [3, 7—11].

Titanium is an excellent biomaterial that exhibits unique
osseointegration in implant dentistry and is used in bridge or
crown substructures [12, 13]. The authors recently reported
results from the application of a novel silane system on
silica-coated titanium, i.e. a bifunctional organofunctional
silane combined with a cross-linking silane [14, 15]. Various
organofunctional groups in silane esters may have different
reactivities with monomers of a resin-composite or resin
only. The spatial match of the silane molecule can also vary.
In addition, the authors have investigated experimental silane
primers as adhesion promoters for polished Ti [16] and
silica-coated Ti [17]. In vitro studies of novel silane systems
have suggested that their significantly enhanced adhesion
could be useful in dental materials applications.
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This in vitro study continues our investigations on silane
monomer systems and the use of a non-filled experimental
resin for dental purposes [14, 15]. The medium for all
experimental primers was again the optimized 95:5 ratio of
ethanol in deionized water [16, 17], but now acidified with
formic acid, HCOOH. As a cross-linking silane, bis-1,2-
(triethoxysilyl)ethane was selected on the basis of previous
results [18-21]. This study used functional silanes of 3-
methacryloxypropyltrimethoxysilane, 3-(N-allylamino)
propyltrimethoxysilane and styrylethyltrimethoxysilane be-
cause they all have a vinylic >C=C< group in a different
chemical context, which contributes to their differential
reactivity (Fig. la—c). The control silane in this study, a
pre-activated (pre-hydrolyzed) silane coupling agent product
contained ca. 2 vol% 3-methacryloxypropyltrimethoxysilane,
had a pH of ca. 5, and >90% ethanol, catalyzed (and
inhibited) with unknown chemicals, and without formic acid
[21]. The control was used as such, without any modification
to make an objective comparison between it and the
experimental silane primers. The first hypothesis was that
formic acid—catalyzed activation of silane monomers and their
blends with bis-1,2-(triethoxysilyl)ethane, produces stronger
bonding between the resin and silica-coated Ti than the
control silane. The second hypothesis was that artificial wet
aging by thermo-cycling to simulate oral conditions weakens
bonding to different extents depending on the primer.

2 Experimental

The materials used in the experimental primers are listed in
Table 1. The other study materials were the same as those
used in a previous study; the experimental resin was also
prepared as described previously, see also below [14].

Commercially pure grade 2 Ti (Permascand, Ljungaverk,
Sweden; >99%) of 1-mm thickness was cut into rectangular
coupons of 20 mmx40 mm (n=28). The upper horizontal
half of the surface was grit-blasted with silica-coated
alumina sand (Rocatec™ Plus, 3M ESPE, Seefeld,
Germany) at 300 kPa for 10 s from a perpendicular distance
of 10 mm. The silica-coated Ti coupons were cleaned in
ethanol in an ultrasonic bath, air-dried at room temperature
for 15 min and randomly divided into two study groups,
reflecting two storage conditions.

Six experimental primers were prepared in a 95% (v/v)
solution of ethanol in deionized water, which was acidified
with 1 M formic acid to produce a final pH of 4.5. First, a 0.5%
(v/v) solution of bis-1,2-(triethoxysilyl)ethane was prepared in
the ethanol/water mix and allowed to activate by hydrolysis
for 23 h at room temperature. Then, each organofunctional
silane was added to reach 1.0%, and the blends were allowed
to stabilize for an additional 1 h at room temperature before
use. Organofunctional silanes without the bis-1,2-(triethox-
ysilyl)ethane were also prepared and activated at room
temperature. A pre-hydrolyzed commercially available silane
coupling agent was used as the control [4, 5, 21].

The six primers and control were each applied with a
fine brush as a single coat onto silica-coated Ti coupons
and were allowed to dry for 3 min. Silica-coating was
performed in a standardized way by the same researcher.
An experimental unfilled bis-phenol-A-diglycidyldimetha-
crylate/methylmethacrylate and methylmethacrylate, bis-
GMA/MMA, resin [14] was transferred into polythene
molds to form resin stubs with a diameter of 3.6 mm and
height of 4 mm. Five resin stubs were evenly placed on the
upper horizontal borders of the silica-coated Ti coupons.
The stubs were then photo-polymerized with an Optilux
501 lamp (SDS Kerr, Danbury, USA) at 490 mW cm > for

Fig. 3 Shear bond strength 30.0

(MPa) after dry storage (“Dry”)
and after thermo-cycling
(“TC6000”). Key: STYRX= _ 25.0
Styrylethyltrimethoxysilane, S B Dry
ALAP=3-(N-allylamino)propyl- = 20.0 0 TC6000
trimethoxysilane, MPS=3-meth- £
acryloxypropyltrimethoxysilane, %
BTSE=1,2-bis-(triethoxysilyl) £ 15.0 T
ethane o

: |

2 1001 T

1]

o

£

»

5.0 1
0.0 - T T T T T
A
<& 4Q‘+ \/?? Q(o &@Q/ ,\O.)((/ &0_)((’
2 & v R 2 2
© & ¥ &?
£ W N

@ Springer



90

Silicon (2010) 2:87-93

Table 1 Materials used in this study

Material, brand Abbreviation Manufacturer Purity [%] Batch number
ESPE Sil silane coupling agent Control silane 3M ESPE, Seefeld, Germany N/A 256464
Ethanolum Anhydricum Ethanol Arcus, Oslo, Norway 99.5 030305

Formic acid HCOOH Merck, Darmstadt, Germany 98-100 K34234564 503
1,2-bis-(triethoxysilyl)ethane BTSE Gelest, Tullytown, PA, USA 100 4R-4325
Styrylethyltrimethoxysilane STYRX Gelest, Morrisville, PA, USA 92 7D-10467-5
3-(N-allylamino)propyltrimethoxysilane ALAP ABCR, Karlsruhe, Germany 95 5D-6650-Y
3-Methacryloxypropyltrimethoxysilane MPS Dow Corning, Midland, MI, USA >95 0002015730

40 s. A final polymerization step was immediately
performed in a Visio® BETA Vario photo-curing vacuum
unit (ESPE, Seefeld, Germany) for 15 min, to ensure adequate
polymerization, as is routinely performed in dental laborato-
ries. The specimen mold was removed while the cured resin
stubs were pressed perpendicularly against the Ti coupon with
a steel instrument. One half of the prepared Ti coupons were
kept in a desiccator for 24 h. The other half were subjected to
wet thermo-cycling for 6,000 cycles between 5.0°C (+0.5°C)
and 55.0°C (£0.5°C), with a standard dwelling time of 30 s
and a transfer time of 2 s, in a custom-made system (modified
Heto CBN 18-30 water baths; Alleres, Denmark). Immediate-
ly before testing, all specimens were immersed in a water bath
at 37°C to prevent drying [14-22].

Shear bond strength testing was carried out at a constant
cross-head speed of 1.0 mm min™" until fracture occurred at
the resin-Ti interface, using a universal testing machine
(LRX®; Lloyd Instruments, Fareham, UK). The shear bond
strength (in MPa) was calculated by dividing the highest
force (in N) needed, by the contact area (in mm?) of the
resin stub [23]. Thermo-cycled specimens were examined
by optical microscopy (at a magnification of 50-100) to
assess the failure type in terms of resin remaining on the Ti
surface. When 33% of the resin stub remained on the Ti
surface, the failure type was assigned “adhesive”, when
>33% but <66% remained, it was “mixed failure” and when
>66% remained, it was “cohesive” [14, 15].

Differences in shear bond strength results between test
groups were assessed with analysis of variance (ANOVA),
using the Statistical Package for the Social Sciences (SPSS,
Chicago, IL, USA). Multiple comparisons were performed
with Tukey’s test, Scheffe’s test, and Levene’s test of equality
of error variances. Statistical significance was set at p=
0.001. Post hoc tests were not performed for storage mode,
because there were fewer than three storage conditions.

3 Results and Discussion

The results (Fig. 3) showed that all silane primers tested
except styrylethyltrimethoxysilane alone and 3-(N-allyla-
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mino)propyltrimethoxysilane + bis-1,2-(triethoxysilyl)eth-
ane resulted in higher shear bond strength values than the
control under dry storage conditions (Table 2). Although
thermo-cycling has a somewhat controversial role in shear
bond strength testing [24], it was used to simulate oral
conditions and led to lower bond strength values than all
corresponding dry-storage samples. The highest shear
bond strength was obtained with treatment by 3-
methacryloxypropyltrimethoxysilane alone, both for
specimens that underwent dry storage (19.4 MPa
[5.6 MPa]) and for those that underwent thermo-cycling
(10.6 MPa [SD, 3.6 MPa)). These values were 15.2% and
48.1% higher, respectively, than those achieved by the
control silane. The lowest shear bond strength for dry-
storage specimens was 11.5 MPa (2.8 MPa), which was
obtained with styrylethyltrimethoxysilane, indicating
12.2% weaker bonding than the control. The next lowest
for dry-storage specimens, at 9.9% weaker bonding, was
demonstrated after using a blend of 3-(N-allylamino)
propyltrimethoxysilane with bis-1,2-(triethoxysilyl)ethane.
This blend also exhibited the lowest shear bond strength
value among thermo-cycled specimens, at 4.7 MPa
(2.1 MPa), which represented a 48.9% reduction in
bonding strength compared with the control. No sponta-
neous debonding was observed after thermo-cycling
(Table 2). All failures for samples treated with styryle-
thyltrimethoxysilane and 3-(N-allylamino)propyltrime-
thoxysilane, and their blends, were adhesive failures.
Most cases of failure for the control were cohesive and
some were mixed, but none showed adhesive failure. In
contrast, 3-methacryloxypropyltrimethoxysilane and 3-
methacryloxypropyltrimethoxysilane + bis-1,2-(triethoxy-
silyl)ethane led to all three failure types observed.

Of the thermo-cycled specimens, only those silanized with
3-methacryloxypropyltrimethoxysilane alone exhibited great-
er shear bond strength than the control. ANOVA (Table 3)
showed significant differences in shear bond strength values
between storage type (»p<<0.001) and silane blend (p<0.001).
Levene’s test showed that error variance of the dependent
variable was not equal across specimen groups: F=2.435,
df1=13, df2=123, p=0.006. The substantial reduction in
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Table 2 Shear bond strength (mean, standard deviation) for specimens
under two storage conditions, change in bonding strength and the failure
mode after thermo-cycling (n=10 per group). Key: SBS=Shear bond

strength, SD=standard deviation, MPS=3-methacryloxypropyltrime-
thoxysilane, BTSE=1,2-bis-(triethoxysilyl)ethane, STYRX=styrylethyl-
trimethoxysilane, and ALAP=3-(N-allylamino)propyltrimethoxysilane

Silane Dry storage: Thermo-cycled:

SBS (SD) Change SBS (SD) Change Spontaneous Cohesive Mixed Adhesive

[MPa] [%] [MPa] [%] debonding [%] failure [%] failure [%] failure [%]
Control ESPE Sil 13.1 (2.9) Reference 9.2 (3.3) Reference 0 80 20 0
MPS 19.4 (5.6) 48.1 10.6 (3.6) 15.2 0 50 40 10
MPS+BTSE 16.7 (2.2) 27.5 6.1 (1.7) -33.7 0 20 40 40
STYRX 11.5 (2.8) -12.2 6.5 (1.6) -29.3 0 0 0 100
STYRX+BTSE 15.0 (3.4) 14.5 74 (3.4) -19.6 0 0 0 100
ALAP 14.7 (4.8) 12.2 5.2 (1.5) —43.5 0 0 0 100
ALAP+BTSE 11.8 (2.5) -9.9 4.7 (2.1) —48.9 0 0 0 100

bond strength values due to thermo-cycling for all specimen
groups can be partially explained by the more than 6-fold
difference between thermal expansion coefficients of the
experimental methacrylate resin (approximately the value for
acrylic denture resin, about 76/°Cx 10°) and Ti, (about 12/°
Cx10% [25].

The shear bond strength results obtained in this study are
lower than those reported in our previous studies of resin
bonding to silica-coated Ti [14-16, 18], as well as those in
studies in which a silane blend produced significantly
stronger bonding that functional silanes alone [18, 20, 21].
The three bifunctional silanes in this study were used without
further purification by re-distillation, which may have
contributed to reduced performance. However, all three had
methoxy groups connected to a Si atom, which suggests that
there should not be any remarkable differences in their
kinetic hydrolysis, although the latter was not investigated.
In addition, these silane monomers were visually assessed as
being good for use, as they were not hazy or cloudy before
the activation step, which would have indicated auto-
polymerization due to ambient humidity. It is thus likely
that the differences in the linkers between C=C and Si
(Fig. la—c) account for the different primer performances.

The most widely applied silane coupling agent, 3-
methacryloxypropyltrimethoxysilane, is used to prepare
unsaturated polyester-fiberglass composites [3, 10], and as

a copolymer with styrene in sol-gel synthesis and in dental
composites [3—6]. Silanes with aromatic styryl functionality
are typically used as coupling agents for unsaturated
polyesters and for phenolic and epoxy fiberglass laminates,
as well as in the production of printed circuit boards. On the
other hand, 3-(N-allylamino)propyltrimethoxysilane has
applications as a coupling agent for polyesters and for
acrylic coatings of glass containers [10, 26]. The bis-
functional silane bis-1,2-(triethoxysilyl)ethane has two Si
atoms with hydrolysable ethoxy groups; it is thus non-
functional. bis-1,2-(Triethoxysilyl)ethane is used in rela-
tively low concentrations as an additive in silane coupling
agent blends in order to enhance hydrolytic stability in
applications such as paint primers and coatings for
corrosion protection [7-9]. It has also produced significant-
ly enhanced results in silane-aided promotion of adhesion
in in vitro simulations of dental applications [18-21].

A hydrolysis time of 23 h was selected for the cross-
linking silane and 1 h was selected for functional silanes
because functional trialkoxy silanes hydrolyze sufficiently
within 1 h [16-21]. Formic acid was used as the catalyst,
and it has some similarities with acetic acid, which has been
used in past studies. Both appear as dimers in aqueous
solution, owing to hydrogen bonding. Formic acid proto-
nates somewhat more easily and has a pK, of 3.75,
corresponding to a K, value of 1.8x10~*, whereas acetic

Table 3 Statistical analysis

(ANOVA): between-subject Source Sum of Squares df Mean Square F p Value
effects and results of two-way
ANOVA for the shear bond Corrected Model 2667.231* 13 205.172 19.985 0.000
strength of the experimental Storage 1928.819 1 1928.819 187.878 0.000
silane primers. Dependent Silane Blend 580.019 1 96.670 9.416 0.000
variable: shear bond strength .
Storage * Silane Blend 164.684 6 27.447 2.674 0.018
Error 1262.760 123 10.266
Total 20274.266 137
“R Squared=0.679 (Adjusted Corrected Total 3929.992 136

Squared=0.645)
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acid has a pK, of 4.75, corresponding to a K, value of 1.8 x
107° [27]. Acetic acid has a wider selection of applications
in industry as a solvent and material for chemical synthesis.
Formic acid is a strong reducing agent and is used as an
acidulant in the dyeing of synthetic and natural fibers,
leather tanning, and in chemical synthesis [28]. The high
reduction potential and acidity of formic acid may explain
the unexpected weaker resin-Ti bonding when formic acid
was used as a pH regulator and hydrolysis catalyst in the
experimental primers. For example, formic acid and
styrylethyltrimethoxysilane as a coupling agent for silica-
coated Ti were not as effective (reactive) in this study as
when acetic acid was used with styrylethyltrimethoxysilane
as a coupling agent for silica-coated zirconia ceramic [29].
Formic acid may thus have somehow inhibited the primer
monomers either during or after hydrolysis. Chemical
interaction between the silane oligomers and formic acid
dimers or formate ions may have also affected or modified
the wetting of the silica-coated Ti surface. Another variable
is the solvent system. Isopropanol, acidified with acetic
acid to pH 4 has been reported as an alternative solvent to
3-methacryloxypropyltrimethoxysilane [30]. Some aprotic
solvents for silanes, such as pentane, xylene, n-heptane or
cyclohexane have been assessed previously by others, but
they used a catalyst e.g. n-propylamine [31]. Effects of
varying the solvent system for experimental silane primers
need to be investigated in the future.

The experimental primers with 3-methacryloxypropyl-
trimethoxysilane and styrylethyltrimethoxysilane and their
blends, but not 3-(N-allylamino)propyltrimethoxysilane
and its blend, produced shear bond strength values after
thermo-cycling that exceeded the critical threshold of
5 MPa, set by the ISO Standard 10477 Amendment for
dental materials [23]. This finding suggests potential
development of 3-methacryloxypropyltrimethoxysilane
and styrylethyltrimethoxysilane primer systems for clini-
cal use. The control silane, which contained ca. 2 vol% of
3-methacryloxypropyltrimethoxysilane was a fresh, un-
opened bottle to maximize its effect. It had a shelf-life of
three years, reported by the manufacturer. This kind of
silane is prehydrolyzed, i.e. it contains oligomers and its futher
autopolymerization is controlled using an inhibitor, most
probably an amino compound. A completetly autopolymer-
ized silane product without adhesion promotion properties
could be visually recognized: the solution would have turned
to hazy and cloudy in the bottle [21]. Now the control silane,
which contained 3-methacryloxypropyltrimethoxysilane
and was a fresh, unopened bottle of a type of silane
coupling agent in regular use in clinical dentistry [4, 22],
also resulted in bonding values that exceeded the
critical threshold, which contrasts with findings of our
previous study [14, 15]. Because the experimental 3-
methacryloxypropyltrimethoxysilane primer was freshly
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prepared and applied already after a hydrolysis within 1 h,
it was more reactive with the silica-coated surface than the
control with its oligomeric silane species fragments. Its
effective shelf-life without deterioration can be up to one
year as suggested [32].

Finally, although we did not analyze the chemical
composition of the silica-coated Ti surface or investigate
the roughness of the surface, these factors certainly have
their effects on the adhesion process. Nevertheless, it is
mandatory that silica-coating pretreatment for bonding of
resins to metals in dentistry should be followed by silane
application. It was proposed more than 20 years ago that
the bonding mechanisms of silane coupling agents were
well understood [33]. In contemporary silane research, the
statement no longer holds true.

4 Conclusions

We have investigated the effects of three silanes alone, in
ethanol/water acidified with formic acid, and in combination
with a cross-linking silane on resin-Ti adhesion. All silane
primers tested except styrylethyltrimethoxysilane alone and
3-(N-allylamino)propyltrimethoxysilane + bis-1,2-(triethox-
ysilyl)ethane increased shear bond strength values under
dry-storage conditions. Thermo-cycling significantly low-
ered all shear bond strength values for all silanes and blends
tested. Only 3-methacryloxypropyltrimethoxysilane, alone
or blended, produced significantly higher shear bond
strength values than the control, both after dry storage and
after wet specimen storage conditions, i.e. thermo-cycling.
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