
INTRODUCTION

Advances in digital dentistry have led to remarkable 
progress in computer-aided design/computer-aided 
manufacturing (CAD/CAM) systems in dentistry1-4). 
In particular, composite resin crowns fabricated using 
CAD/CAM systems have been widely employed in dental 
clinical practice. As composite resin blocks for CAD/CAM 
system, fillers were filled with high density and resin 
matrixes were highly-cross linked5,6). It is well known 
that achieving adhesion with highly cross-linked resin 
is highly difficult. Thus, reliable bonding to CAD/CAM 
composite resin was attained by the bonding to highly 
filled inorganic fillers such as silica or alumina.

The shear bond strength between CAD/CAM 
composite resin and resin cement achieved with 
treatment using a silane coupling agent has been 
reported to be higher than that achieved without 
treatment7). Shinohara et al. reported that use of a 
silane coupling agent in combination with resin cement 
activated with a tributylborane derivative was effective 
in improving the bond strength of a CAD/CAM composite 
resin block8,9). The use of silane coupling agents has been 
recommended for achieving bonding between CAD/CAM 
composite resin and resin cement. Silane coupling agents 
are also widely used for porcelain bonding or repair of 
restorative composite resin10-12). The bonding of resin 
cement to porcelain is achieved through the formation 
of a siloxane bond between a silane coupling agent and a 
silica filler. Formation of such a siloxane bond between 
a silane coupling agent and a silica filler or porcelain is 
known to proceed via acid catalysis or heat treatment. 
Hayakawa et al. studied the influence of activation of 
γ-methacryloyloxypropyl trimethoxysilane (γ-MPTS) on 
bonding of restorative resins to porcelain and found that 

the use of γ-MPTS ethanol solution in combination with 
acid with pH of 0.5–1.0 increased the bond strength of 
restorative resins to porcelain13). γ-MPTS is primarily 
used as a component of a majority of commercially 
available silane primers.

The mechanism of silane coupling agent treatment 
is highly complicated10,14,15). For example, γ-MPTS has 
trimethoxysilane groups. Treatment with γ-MPTS 
involves the following reactions: hydrolysis of the 
trimethoxysilane groups to the trisilanol groups, 
condensation of the trimethoxysilane or trisilanol 
groups to the hydroxyl groups of the silica surface, and 
condensation reactions among the trimethoxysilane or 
trisilanol groups10,15).

In the present study, first, the shear bond strength 
between CAD/CAM composite resin and resin cement 
was determined under different conditions of silane 
coupling treatment. Three kinds of silane coupling agents 
differing in terms of their concentration and presence or 
absence of an acid buffer were used. Next, the obtained 
shear bond strength data for the different silane coupling 
treatments were computationally analyzed in order to 
understand the mechanism of silane coupling treatment. 
Specifically, the steric energies of the silane coupling 
agents were calculated by the molecular mechanics 
(MM) method16,17). The computational analysis was able 
to suggest the mechanism of silane coupling treatment.

MATERIALS AND METHODS

Silane coupling agents
γ-MPTS (Shin-Etsu Chemical, Tokyo, Japan), 
8-methacryloyloxyoctyl trimethoxysilane (MOTS; 
Shin-Etsu Chemical), and 3-methacryloyloxypropyl 
trichlorosilane (MPTCl; Sigma-Aldrich, St. Louis, MO, 
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Fig. 1	 Structural formulations of silane coupling agents.

Fig. 2	 Procedure for measurement of shear bond strength.

Table 1	 Details of materials used in this study

Material Name Lot no. Manufacturer

CAD/CAM resin block Katana Avencia Block 000167 Kuraray Noritake Dental, Tokyo, Japan

Resin cement PANAVIA V5 9S0040 Kuraray Noritake Dental

Light-curing unit (LED) Poly Wave 102286 Ivoclar Vivadent, Schaan, Liechtenstein

Etching agent K-etchant GEL AJ0046 Kuraray Noritake Dental

Metal adhesive primer ALLOY PRIMER 6A0071 Kuraray Noritake Dental

Silane coupling agent
γ-MPTS 
MOTS
MPTCl

607919
511003
BCBM3883V

Shin-EtsuChemical, Tokyo, Japan 
Shin-EtsuChemical
Sigma-Aldrich, St. Louis, MO, USA

USA) were used as silane coupling agents in this study. 
The structures of these silane coupling agents are shown 
in Fig. 1. Each silane coupling agent was dissolved in 
ethanol or acetone. The γ-MPTS and MOTS solutions 
were adjusted to a concentration of 1 or 2 wt% in ethanol. 
The MPTCl solution was also 1 or 2 wt% in acetone. KCl–
HCl buffer solution (pH 1.0, Tokyo Chemical Industry, 

Tokyo, Japan) was used as an acid buffer.

Procedure for measurement of shear bond strength
Details of the materials used in this study are listed in 
Table 1, and the procedure for measurement of the shear 
bond strength is depicted in Fig. 2.

A composite resin block for a CAD/CAM crown 
(hereafter referred to as “CAD/CAM resin block”; 
Katana Avencia Block, Kuraray Noritake Dental, Tokyo, 
Japan) was cut in the form of a plate with dimensions 
of 12.5×10.5×2.0 mm. Each plate was embedded in self-
curing acrylic resin (Unifast III, GC, Tokyo, Japan). A 
flat surface of the CAD/CAM resin block was prepared 
via wet grinding with #600 emery paper under running 
water. Sandblasting was performed perpendicular to the 
surface from a distance of 20 mm with 50 μm alumina 
particles at an air pressure of 0.4 MPa for 30 s. The block 
was then cleaned using an ultrasonic cleaner (VS-100 III, 
AS ONE, Osaka, Japan) in double-distilled water for 20 
min. After drying of the block in a desiccator, an etching 
agent (K-etchant GEL, Kuraray Noritake Dental) was 
applied on the block surface for 5 s. Then, the etched 
surface was rinsed with double-distilled water for 10 s 
and was air dried for 5 s.

Afterwards, the surface of CAD/CAM resin block was 
treated separately with each silane coupling solution. 
The silane coupling treatment was performed by the 
following four procedures.

Procedure A:	The block was treated with 1 wt% 
silane solution for 20 s and then 
washed with ethanol and dried via air 
blowing.
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Procedure B:	The block was treated with an 
equivalent mixture of 1 wt% silane 
solution and a pH=1 acid buffer for 20 
s and then washed with ethanol and 
dried via air blowing.

Procedure C:	The block was treated with 2 wt% 
silane solution for 20 s and then 
directly dried via air blowing without 
being washed with ethanol.

Procedure D:	The block was treated with an 
equivalent mixture of 2 wt% silane 
solution and a pH=1 acid buffer for 
20 s and then directly dried via air 
blowing without being washed with 
ethanol.

The surface of a stainless steel rod (6 mm in 
diameter and 15 mm in height) was sandblasted from 
a distance of 20 mm with 50 μm alumina particles at 
an air pressure of 0.4 MPa for 30 s. After sandblasting, 
the stainless steel rod was cleaned using an ultrasonic 
cleaner in double-distilled water for 20 min and then 
treated with metal adhesive primer (ALLOY PRIMER, 
Kuraray Noritake Dental). A resin cement (PANAVIA V5, 
Kuraray Noritake Dental) was applied on the stainless 
steel rod. Then, the stainless steel rod with resin cement 
on top was pressed onto the surface of the silane-treated 
CAD/CAM resin block. Subsequently, a load of 350 g 
was applied to the stainless steel rod. The excess resin 
cement was removed using a dental explorer after light 
curing for 5 s by means of a light-emitting diode (LED) 
light-curing unit (Poly Wave, Ivoclar Vivadent, Schaan, 
Liechtenstein). Additionally, the resin cement between 
the stainless steel rod and the CAD/CAM resin block 
was light-cured for 20 s. The 350 g load was maintained 
for 10 min after photoirradiation. Test specimens were 
immersed in 37°C water for 1 day.

The shear bond strength was measured using a 
universal testing machine (Autograph AG-IS 20 kN, 
Shimadzu, Kyoto, Japan) at a crosshead speed of 1 mm/
min. This measurement was performed according to 
the method of Noguchi and ISO/TS 11405:201518,19). The 
number of test specimens for each condition was 8–12.

Scanning electron microscopy observations of surfaces of 
CAD/CAM resin block and stainless steel rod before and 
after sandblasting
The surface appearances of the CAD/CAM resin block 
and stainless steel rod before and after sandblasting 
were observed by scanning electron microscopy (SEM; 
JSM-5600LV, JEOL, Tokyo, Japan). The specimens were 
sputter-coated with Au and observed at an accelerating 
voltage of 15 kV.

Electron probe microanalysis of CAD/CAM resin block 
surface
Distributions of the silica filler of the CAD/CAM resin 
block after sandblasting were evaluated by electron 
probe microanalysis (EPMA; JXS-8900RL, JEOL) at 
an accelerating voltage of 15 kV through detection of 
the X-ray intensity of Si-Kα. Si surface mapping was 

performed.

Contact angle measurement of CAD/CAM resin blocks 
after silane coupling treatment
The surface wettability of the CAD/CAM resin blocks 
after treatment with each silane coupling agent was 
characterized by measurement of the contact angle 
with 0.5 μL double-distilled water using an auto contact 
angle meter (DMe-201, Kyowa Interface Science, 
Saitama, Japan) with an attached analysis system 
(FAMAS, Kyowa Interface Science). Ten measurements 
for 3.0 s each were performed under each condition. 
All measurements were performed under the same 
conditions of room temperature (25±1°C) and humidity 
(45±1%).

Steric energy calculation
Steric energy calculations for the silane coupling agents 
were performed using a quantum chemistry CAChe 
software package (version 5.0, Fujitsu, Tokyo, Japan). 
CAChe, which was installed on a Microsoft Windows® 
2000 operating system (WinBook WS series, SOTEC, 
Onkyo, Osaka, Japan), features accelerated color 3D-
stereo computer graphics and various computational 
chemistry programs. In the present study, the steric 
energies of the silane coupling agents were calculated 
by the MM method16,17). MM models a molecule as if 
its atoms and bonds are interacting balls and springs 
by using equations from classical Newtonian physics. 
Empirically derived force fields describe bond stretching, 
bond angle bending, and non-bonded interactions such 
as van der Waals and hydrogen bond interactions. The 
sum of all these interactions is the amount of strain 
in the molecule. This is defined as steric energy of the 
molecules. Thus, MM calculation can optimize the 
molecule by systematically moving all atoms, until the 
net force acting on each atom is minimized. In this 
way, optimized geometry that corresponds to a steric 
energy minimum of the molecule is obtained by the MM 
calculation. Optimized geometry is the geometry which 
it the most stable confirmation of the molecule, and 
energy zero does not mean the most stable conformation. 
The steric energy obtained by MM method is different 
from heat of formation or activation energy. Heat 
of formation could be obtained by molecular orbital 
(MO) calculations20,21). MO calculation is based on the 
Schrödinger equation. It is impossible to perform MO 
calculation of silane coupling agents by our computer 
system due to too many electrons for calculations. The 
steric energy by MM method is available for comparison 
of the different conformations or configurations for the 
same molecule, but not the comparison between different 
molecules. For example, steric energy of methanol and 
ethanol obtained by MM2 method is 0.0609 and 0.8018 
kcal/mol, respectively. It is impossible to determine that 
methanol is more stable than ethanol.

The steric energies of the three different 
silane coupling agents and their corresponding 
hydrolyzed trisilanol compounds were calculated. 
We assumed that γ-MPTS, MOTS and MPTCl will 
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Fig. 3	 Structural formulations of hydrolyzed compounds 
of silane coupling agents.

Table 3	 Results of measurement of shear bond strengths to silane-treated CAD/CAM resin blocks

Silane coupling 
agent

Procedure A
(1 wt%)

Procedure B 
(1 wt%+pH=1 acid)

Procedure C
(2 wt%)

Procedure D 
(2 wt%+pH=1 acid)

γ-MPTS 5.7 (1.2)a 14.2 (4.4)b 15.7 (4.7)b 15.0 (2.3)b

MOTS 17.6 (3.0)c 16.3 (6.0)c 16.8 (5.3)c 13.5 (3.4)c

MPTCl 4.6 (3.3)d 17.5 (6.1)e,f 10.6 (3.9)e,g 13.2 (3.8)e

Values in parentheses denote the standard deviation (SD).
Superscripted letters indicate significant differences among the four kinds of surface treatment conditions with the same 
silane coupling agent (p<0.05).

Table 2	 Results of three-way ANOVA for shear bond strength

Source of variation DF Sum of squares Mean square F-value p-value

Silane 2 410.42521 205.21261 10.63635 <0.0001

Application method 1 59.94378 59.94378 3.10694 0.08093

Acid 1 267.61389 267.61389 13.87066 <0.001

Silane × Application method 2 219.22267 109.61133 5.68125 0.00457

Silane × Acid 2 465.0475 232.52375 12.05191 <0.0001

Application method × Acid 1 354.71138 354.71138 18.385 <0.0001

Silane × Application method × Acid 2 88.55914 44.27957 2.29505 0.10589

Model 11 2,173.76408 197.61492 10.24255 <0.0001

Error 103 1,987.23315 19.29353 0 0

Corrected Total 114 4,160.99723 0 0 0

hydrolyze to corresponding trisilanol compounds. 
The trimethoxysilane functional groups of γ-MPTS 
and MOTS will be hydrolyzed to the trisilanol group, 
and trichloro group of MPTCl will also be hydrolyzed 
to the trisilanol group. The chemical formulas of the 
hydrolyzed structures of the γ-MPTS and MOTS silane 
coupling agents are depicted in Fig. 3. The hydrolyzed 

trisilanol compounds of these two silane coupling agents 
are hereafter referred to as γ-MPTS-OH and MOTS-OH, 
respectively. The structure of the hydrolyzed trisilanol 
compound of MPTCl was the same as that of γ-MPTS. 
Thus, hydrolyzed trisilanol compounds of MPTCl is also 
referred as γ-MPTS-OH. Then, the energy difference 
between the silane coupling agent and its corresponding 
hydrolyzed trisilanol compound, ∆E, was calculated.

Statistical analysis
The measurement results of shear bond strength and 
contact angle were evaluated by a three-way analysis 
of variance (ANOVA) of the silane coupling agent (kinds 
of silane coupling agents, “Silane”), application method 
(i.e., 1 wt% silane with washing vs. 2 wt% silane without 
washing, “Application method”), and application of acid 
treatment (with or without acid addition, “Acid”). Next, 
Tukey’s test for multiple comparisons was conducted 
to detect the significance among the four different 
procedures. Analysis was performed using Origin Pro 
9.0 J (OriginLab, Northampton, MA, USA) with the 
mean at p=0.05.

RESULT

The results of three-way ANOVA for the shear 
bond strength are presented in Table 2. Significant 
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Fig. 4	 SEM micrographs of surfaces of CAD/CAM 
composite resin and stainless steel rod.

Fig. 5	 EPMA analysis of surface of sandblasted CAD/
CAM composite resin.

Table 4	 Results of three-way ANOVA for contact angle

Source of variation DF Sum of squares Mean square F-value p-value

Silane 2 1,323.87543 661.93771 14.31538 <0.00001

Application method 1 34,277.25338 34,277.25338 741.2964 0

Acid 1 808.77726 808.77726 17.49101 <0.0001

Silane × Application method 2 3,158.80109 1,579.40054 34.15688 <0.00001

Silane × Acid 2 2,611.41995 1,305.70998 28.23791 <0.00001

Application method × Acid 1 1,906.75383 1,906.75383 41.23638 <0.00001

Silane × Application method × Acid 2 1,844.54113 922.27056 19.94547 <0.00001

Model 11 51,434.15009 4,675.83183 101.12179 0

Error 128 5,918.66952 46.23961 0 0

Corrected Total 139 5,7352.8196 0 0 0

differences existed in Silane and Acid (p<0.001) but not 
in Application method (p>0.05). Significant interactions 
were observed between Silane and Application method, 
between Application method and Acid, and between 
Silane and Acid (p<0.0001). There was no three-way 
interaction among Silane, Application method, and Acid 
(p>0.1).

The results of measurement of shear bond 
strengths to the silane-treated CAD/CAM resin blocks 
are presented in Table 3. Computational analyses 
were performed using the measurement results of the 
shear bond strength between the CAD/CAM composite 
resin and resin cement under different silane coupling 
treatment conditions. Then, statistical analyses among 
the different procedures were performed for investigating 
the influence of differences in silane coupling treatment 
procedures on the shear bond strength.

In the case of treatment with γ-MPTS, procedure A 
(1 wt% with EtOH washing) yielded significantly lower 
bond strengths than procedures B, C, and D (p<0.05). 
There were no significant differences in the shear 

bond strength among procedures B, C, and D (p>0.05). 
Treatment with the MOTS silane coupling agent did 
not lead to any significant differences in the shear bond 
strength among the four procedures (p>0.05). In the 
case of treatment with MPTCl, the shear bond strength 
achieved using procedure A was significantly lower than 
those achieved using procedures B, C, and D (p<0.05). 
No significant differences existed between procedures B 
and D and between procedures C and D (p>0.05).

SEM images of the surfaces of the CAD/CAM 
resin block and stainless steel rod before and after 
sandblasting are shown in Fig. 4. Before sandblasting, 
flat resin block surface were observed. Stainless rod 
showed many scratches by machining. Both the resin 
block and the rod were found to have roughened surfaces 
after sandblasting. No scratches on stainless rod surface 
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Fig. 6	 Relationship of contact angle with shear bond 
strength between CAD/CAM composite resin and 
resin cement.

Table 5	 Results of measurement of contact angles with silane-treated CAD/CAM resin blocks

Silane coupling 
agent

Procedure A
(1 wt%)

Procedure B 
(1 wt%+pH=1 acid)

Procedure C
(2 wt%)

Procedure D 
(2 wt%+pH=1 acid)

γ-MPTS 78.4 (11.3)a 87.2 (4.5)a 62.8 (7.3)b 59.9 (9.1)b

MOTS 85.5 (5.9)a 85.9 (9.2)a 73.0 (1.9)b 38.2 (4.8)c

MPTCl 88.0 (8.6)a 86.7 (3.2)a 41.8 (4.2)b 41.8 (2.8)b

Values in parentheses denote the SD.
Superscripted letters indicate significant differences among the four kinds of surface treatment conditions with the same 
silane coupling agent (p<0.05).

Fig. 7	 Optimized structure of γ-MPTS and its hydrolyzed 
compound (γ-MPTS-OH).

	 Dark gray: carbon, red: oxygen, blue: gray small: 
hydrogen, gray large: silicon

was found. Figure 5 shows the distribution of the Si 
element on the resin block surface as determined by 
EPMA analysis. Homogeneous distribution of Si of the 
compressed block of nano-sized silica fillers on the resin 
block surface was confirmed.

Table 4 lists the results of three-way ANOVA for the 
contact angle. Significant differences existed in Silane, 
Application method, and Acid (p<0.0001). Significant 
interactions were observed between Silane and 
Application method, between Application method and 
Acid, and between Silane and Acid (p<0.0001). There 
was a three-way interaction among Silane, Application 
method, and Acid (p<0.0001).

The results of measurement of the contact angle 
of the silane-treated resin block surface with double-
distilled water are presented in Table 5. There were 
no significant differences between procedures A and 
B (p>0.05). Procedures C and D yielded significantly 
smaller contact angles than procedures A and B 
(p<0.05). No significant difference was detected between 
procedures C and D for γ-MPTS and MPTCl (p>0.05). 
Figure 6 shows the relationship between the contact 
angle and the shear bond strength between the CAD/
CAD composite resin and resin cement. There was no 
correlation between the contact angle and the shear 

bond strength (r2<0.001).
The optimized geometries of each silane coupling 

agent and its corresponding hydrolyzed trisilanol 
compound as determined by the MM method are shown 
in Figs. 7–9.

γ-MPTS and MPTCl had similar steric geometries 
and MOTS had a linear structure. Steric energies were 
calculated on the basis of the optimized geometries. Table 
6 lists the steric energies of each silane coupling agent 
and its corresponding hydrolyzed trisilanol compound, 
as well as the respective ∆E values. The steric energies 
of the silane coupling agents were in the following 
order: MOTS>MPTCl>γ-MPTS. The steric energy of the 
hydrolyzed trisilanol compound of MOTS was higher 
than those of MPTCl and γ-MPTS.

Figures 10–13 show the relationship between ∆E 
and the shear bond strength in each procedure. There 
was a moderate linear correlation between ∆E and the 
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Fig. 8	 Optimized structure of MOTS and its hydrolyzed 
compound (MOTS-OH).

	 Dark gray: carbon, red: oxygen, blue: gray small: 
hydrogen, gray large: silicon

Fig. 9	 Optimized structure of MPTCl and its hydrolyzed 
compound (γ-MPTS-OH).

	 Dark gray: carbon, red: oxygen, blue: grey small: 
hydrogen, grey large: silicon

Table 6	 Steric energies of silane coupling agents and their corresponding hydrolyzed trisilanol compounds and energy 
difference between silane coupling agent and its corresponding hydrolyzed trisilanol compound, ∆E

Steric energy (kcal/mol)

∆E (kcal/mol)
Silane coupling agent

Corresponding hydrolyzed 
trisilanol compound

γ-MPTS 5.5699 −23.7308 29.3007

MOTS 10.6926 −17.0634 27.7560

MPTCl 8.0568 −23.7308 31.7876

Fig. 10	 Relationship between ∆E (energy difference 
between silane coupling agent and its 
corresponding hydrolyzed trisilanol compound) 
and shear bond strength in procedure A.

Fig. 11	 Relationship between ∆E (energy difference 
between silane coupling agent and its 
corresponding hydrolyzed trisilanol compound) 
and shear bond strength in procedure B.
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Fig. 12	 Relationship between ∆E (energy difference 
between silane coupling agent and its 
corresponding hydrolyzed trisilanol compound) 
and shear bond strength in procedure C.

Fig. 13	 Relationship between ∆E (energy difference 
between silane coupling agent and its 
corresponding hydrolyzed trisilanol compound) 
and shear bond strength in procedure D.

shear bond strength in procedure A (r2=0.70) and a strong 
correlation between them in procedure C (r2=0.95), as 
shown in Figs. 10 and 12, respectively. On the contrary, 
there was a weak correlation between ∆E and the shear 
bond strength in procedure B (r2=0.23) and a very weak 
correlation between them in procedure D (r2=0.08), as 
shown in Figs. 11 and 13, respectively.

DISCUSSION

In the present study, we evaluated the shear bond 
strength between CAD/CAM composite resin and resin 
cement under different conditions of silane coupling 
treatment. We also analyzed the influence of different 
silane coupling treatments on the shear bond strength 
by a computational approach.

The stainless steel rod with resin cement was 
pressed on the surface of the CAD/CAM resin blocks as 
specimens for shear bond tests in this study. Thus, there 
are two interfaces between the stainless steel and resin 
cement, and between resin cement and CAD/CAM resin 
block. After the measurement of shear bond strength, 
cement layer was observed at the stainless steel rod 
surface. There was no residue of the resin cement on the 
CAD/CAM resin block surface. It means the bonding of 
resin cement to stainless steel rod treated with metal 
adhesive primer was superior to that to silane treated 
CAD/CAM resin block.

Katana Avencia Block was prepared by monomer 
infiltration method22). Namely, resin monomer was 
uniformly impregnated into the compressed block of 
nano-sized silica fillers. EPMA analysis revealed the 
homogeneous distribution of nano-sized silica fillers. 
CAD/CAM resin block with more densely packed 
nano-sized filler can be fabricated by using monomer 
infiltration method. It is reported that the content of 
nano-sized silica filler was up to 70%22).

In our study, γ-MPTS, MOTS, and MPTCl were used 
as silane coupling agents. Maruo et al. investigated the 
efficacy of MOTS treatment for bonding resin cement to 
lithium disilicate glass23). Koh et al. reported the use of 
MPTCl for the silanization of silicon and glass surfaces24). 
MOTS has a longer methylene chain than γ-MPTS and 
the same trimethoxysilane structure as γ-MPTS. On the 
contrary, the length of the methylene chain of MPTCl 
is identical to that of γ-MPTS and the trimethoxysilane 
structure of MPTCl is different from that of γ-MPTS.

In the present study, we tested two different 
concentrations of the silane coupling agent —1 and 
2 wt%. In the case of 1 wt% silane coupling agent 
treatment, ethanol washing was employed. Ethanol 
washing will remove the physiological adsorbed silane 
coupling agents and will form monolayer of silane 
coupling agents. Thus, it will be possible to investigate 
the influence of different adsorbed structures of silane 
coupling agents, monolayer or multilayer on the bond 
strength to CAD/CAM resin with or without ethanol 
washing. We conjectured the silane coupling layer on 
the CAD/CAM resin surface to be as shown in Fig. 14. 
Namely, we speculated that treatment with a 1 wt% 
silane coupling agent and subsequent ethanol washing 
(procedures A and B) would result in the formation of a 
monolayer of the silane coupling agent on the CAD/CAM 
resin surface and that treatment with a 2 wt% silane 
coupling agent without subsequent ethanol washing 
(procedures C and D) would result in the formation of a 
multilayer of the silane coupling agent on the CAD/CAM 
resin surface. It was thought that the monolayer and 
multilayer structures of the silane coupling agent would 
have different influences on the shear bond strength. 
However, only significant differences were observed 
between procedures A and C in the cases of γ-MPTS 
and MPTCl treatments. MOTS has a longer methylene 
chain. Thus, the steric hindrance of MOTS was expected 
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Fig. 14	 Schematic diagrams of monolayer and multilayer of silane coupling agents.

Fig. 15	 Two different paths of siloxane bond formation.
	 a): path involving hydrolysis and condensation 

reaction, b): path involving direct condensation.

to influence the type of silane coupling layer formed (i.e., 
monolayer or multilayer). Maruo et al. stated the longer 
hydrocarbon chain of silane coupling agents influenced 
the self-condensation reaction of silane coupling agents23). 
Moreover, the decrease in the water contact angles for 
2 wt% application of MOTS and MPTCl was observed. 
The reason for the decrease in the water contact angles 
was not clear. But it is presumed that the differences in 
the structure of multilayer formation, namely packing 
conditions, thickness, orientation of silane coupling 
agents etc, may influence the contact angles. Detailed 
surface analysis of silane coupling layers is required for 
further examination of this hypothesis.

In this study, we adopted the computational 
approach of calculating the steric energies of each 
silane coupling agent and its corresponding hydrolyzed 
trisilanol compound by the MM method. Hayakawa et 
al. reported a conformational analysis of dental adhesive 
monomers by the MM method21). Hayakawa et al. also 
analyzed the reactivity of bisphosphonate compounds 
toward Ca ions by the MM method25). They found that 
the energy difference between the bisphosphonate/Ca 
complex and bisphosphonate was correlated with the 
reactivity of bisphosphonate toward Ca ions.

As mentioned above, the mechanism of silane 
coupling agent treatment is highly complicated. Some 
reported the direct condensation of silane coupling 
agents with OH group of silica to form Si-O-Si bonds 
without any requirement of prehydrolysis26-28). In order 
to consider the mechanism of silane coupling treatments 
by computational approach, we simply presumed that 
the formation of a siloxane bond by the silane coupling 
agents occurred according to either of these paths, 
path a) and path b), as shown in Fig. 15. More complex 
processes were eliminated. In path a), hydrolysis of the 
trimethoxysilane or trichlorosilane group occurred and 
the condensation reaction of the trisilanol group to the 
silica hydroxyl group proceeded. In path b), the siloxane 

bond was directly formed by the condensation reaction 
between the trimethoxysilane or trichlorosilane group 
and the silica hydroxyl group.

In procedures A and B, there was a linear correlation 
between ∆E, which is the energy difference between a 
silane coupling agent and its corresponding hydrolyzed 
trisilanol compound, and the shear bond strength. ∆E 
is the difference of steric energies between each silane 
coupling agents and their corresponding hydrolyzed 
compounds with most stable conformation. Although 
there are many factors for affecting the hydrolysis 
reaction of each silane coupling agent, we employed ∆E 
as one of the parameter for influencing the hydrolysis 
reaction. We simply assumed as following, namely, 
smaller ∆E means that energy barrier for the change 
of silane coupling agents to its hydrolyzed compound 
will be smaller and corresponds to easier formation of 
the trisilanol compound. We searched the relationship 
between ∆E and shear bond strength in each procedure. 
Thus, the formation of the trisilanol compound may 
contribute to the mechanism of silane coupling treatment. 
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It is speculated that path a) was dominant in procedures 
A and C. On the contrary, in procedures B and D, there 
was no correlation between ∆E and the shear bond 
strength. The formation of the trisilanol compound had 
less contribution to the mechanism of silane coupling 
treatment in procedures B and D, and path b) was 
dominant in these two procedures. Acid activation 
promoted the direct condensation reaction between the 
trimethoxysilane or trichlorosilane group and the silica 
hydroxyl group, which resulted in the formation of the 
siloxane bond. Our adopted computational approach 
involving the MM method can explain the different path 
of silane coupling treatments in the presence or absence 
of acid.

However, MM method cannot predict the whole 
reaction process of molecules. MO calculation can give 
more information for the reactivity of each molecule such 
as orbital energies, electron densities or dipole moments 
etc.21). But our computer system cannot calculate silane 
coupling agents due to too many electrons as described 
above. Thus, we compared the hydrolysis reaction by 
using MM method. There are many factor for affecting 
the hydrolysis of silane coupling agents. Our assumption 
is just simple and primitive. But we intended such simple 
and primitive assumption can gave some information 
for hydrolysis reaction of silane coupling agents. More 
detailed study for reactivity or reaction process of silane 
coupling agents should be performed by MO calculation 
or other advanced quantum chemical calculation such as 
density functional theory29).

Actually, silane coupling agent treatment is 
influenced by many factors such as concentration of 
silane coupling agents, application conditions of silane 
coupling agents, pH of acid catalysis, kinds of silica 
filler, reactivity toward the silica surface or reactivity 
of OH groups of silica surface etc. The influence of these 
factors on the shear bond strengths of CAD/CAM resin 
block should be examined further as the next step in our 
research.

In the present study, addition of acid to the silane 
coupling agent did not necessarily improve the shear bond 
strength. It is presumed that acid activation promoted not 
only the condensation reaction of the trimethoxysilane 
or trisilanol group to the hydroxyl group of the silica 
surface but also the condensation reaction among the 
molecules of the silane coupling agent. Furthermore, not 
all the silane coupling treatments yielded a hydrophobic 
CAD/CAM resin surface.

CONCLUSIONS

In this study, the shear bond strength for silane 
coupling treatments on the adhesion between CAD/CAM 
composite resin and resin cement was evaluated and the 
computational analysis for considering the mechanism 
of silane coupling treatment was performed. The shear 
bond strengths were influenced by the silane coupling 
agent used, its application method, and acid addition. 
There was no correlation between the contact angle and 
the shear bond strengths. As a computational approach, 

steric energy difference between a silane coupling agent 
and its corresponding hydrolyzed trisilanol compound,  
∆E, was calculated by the MM method. There was a 
moderate or strong linear correlation between ∆E and 
shear bond strengths in treatment without acid addition 
and a weak correlation between them in treatment with 
acid addition. Our simple computational approach could 
suggest the different path of silane coupling treatments 
of CAD/CAM composite resin in the presence or absence 
of acid.
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