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Abstract

Three functional siliconalkoxides (RSi(OC2H5)3, RTES), phenyltriethoxysilane (PhTES), methyltriethoxysilane (MeTES), and

1,4-bis(triethoxysilyl)benzene (BTEB)–tetraethoxysilane (Si(OC2H5)4, TEOS) coatings [xA�(100�x)TEOS (x¼0–80, mol%),

A¼PhTES, MeTES, BTEB] were prepared by sol–gel process, and the effects of plastics substrates on both the distribution of organic

component in the coatings and its adhesion on plastics substrates were discussed. Polyethylene terephthalate (PET) and polycarbonate

(PC) with phenyl group and polyethylene (PE), polypropylene (PP) and polyvinylchloride (PVC) without phenyl group were employed

as plastics substrates. The distribution of organic component was monitored by total reflection (ATR) fourier transform infrared

(FTIR) measurements. Before the solidification of the coating sol, the organic component for good adhesion migrated on coatings/

substrate interface side by the interaction between organic component and substrate. This interaction may be caused by p/p electron

interaction, CH3/p electron interaction and CH3/CH3 van der Waals interaction. The migration of phenyl group on plastics substrate

with phenyl group was larger than that on plastics substrate without phenyl group, while the migration of methyl group on plastics

substrate without phenyl group was larger than that on plastics’ substrates with phenyl group. Thus, the chemical structure of substrate

affected phase separation behavior in the coatings. Adhesion of PhTES–TEOS and BTEB–TEOS coatings on PET and PC increased

drastically at larger than x¼60. On the other hand, no adhesion was observed for all the MeTES–TEOS coatings.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Polycarbonate (PC) has been widely used for its high
transparency, good mechanical strength, high impact
resistance and chemical stability. The application of PC
as alternate glass-windows has also been considered [1].
One crucial aspect of PC for practical uses is its very low
surface hardness of which pencil hardness is E4B.

Therefore, to improve the surface hardness, transparent
hard coatings has been studied so far, including organic–
inorganic hybrid coatings such as SiO2, Al2O3, and TiO2

[1–8]. In the hard coatings, not only hardness but also
adhesion is very important. Even if the coatings with high
0 & 2012 Elsevier Ltd and Techna Group S.r.l. All rights rese
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surface hardness can be prepared, the coatings with poor
adhesion easily peels off from plastics substrates.
We previously reported the adhesion and surface hard-

ness of coatings on PC substrate prepared using phenyl-
triethoxysilane (PhTES) and tetraethoxysilane (TEOS) by
sol–gel process [9–10]. As shown in Fig. 1, we anticipate
the formation of phase separated structure in the coatings
before its solidification of sol, namely organic component
for good adhesion migrates on coatings/substrate interface
side by the interaction between organic component and
substrate, and consequently the inorganic one for hardness
migrates on coating surface side by one-solution/one-step
sol coating which is considered to be suitable to obtain
functional coatings rapidly with low cost in practical uses.
In this paper, the relation between the distribution of

organic component in the coatings and its adhesion on
rved.
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Fig. 1. Schematic illustration of phase separation behavior in coatings.
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various plastics substrates with and without phenyl group
are discussed.
Fig. 2. Chemical constitutions of (a) phenyltriethoxysilane (PhTES),

(b) methyltriethoxysilane (MeTES), (c) 1,4-bis(triethoxysilyl)benzene

(BTEB), and (d) tetraethoxysilane (TEOS).
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Fig. 3. Chemical constitutions of (a) polyethylene terephthalate (PET),

(b) polycarbonate (PC), (c) polyethylene (PE), (d) polypropylene (PP),

and (e) polyvinylchloride (PVC).
2. Experimental

2.1. Preparation of sol solution

Hydrochloric acid of 0.1 wt% aqueous solution and
ethanol were added to PhTES, (Aldrich Co.), methyl-
triethoxysilane (MeTES, Aldrich Co.) and 1,4-bis(triethox-
ysilyl)benzene (BTEB, Aldrich Co.) for hydrolysis, and the
solution was stirred at 60 1C for 1 h. TEOS was added to
the partially hydrolyzed PhTES, MeTES, and BTEB
solution, and further stirred at 60 1C for 30 min. The
chemical constitutionals of PhTES, MeTES, BTEB, and
TEOS are shown in Fig. 2. The molar ratios of alkox-
ide:ethanol:H2O:HCl were 1:5:4:0.002, and various com-
positions of coatings [xA� (100�x)TEOS (x¼0–80,
mol%), A¼PhTES, MeTES, BTEB] were prepared. Plas-
tics substrates with 2.5 cm� 1.5 cm� 1 mm thickness were
used for the substrate. The chemical constitutionals of
various plastics substrates employed are shown in Fig. 3.
All coatings were prepared by dip-coating method with a
withdrawing speed of 4.8 mm/s. After dried at room
temperature for 10 min., the coated sample was dried at
60 1C for 2 h. Fig. 4 shows the photo of the typical
example of PhTES–TEOS coatings on PC substrate.
1 cm 

Fig. 4. Photo of typical example of PhTES–TEOS coatings on PC.
2.2. Characterization of coatings

The distribution of organic components in the coatings
was monitored by total reflection (ATR) fourier transform
infrared spectroscopy (FT/IR-480 plus, JASCO Co.). ZnSe
crystal (JASCO Co.) was used for the ATR measurement.
The spectral domain for FT-IR measurement was 700–
4000 cm�1.

The thickness of the coatings was measured by surface
profile measurement (Surftest SJ-401, Mitutoyo Co.) based
on JIS B0601. The sensing pin was used for the standard
stylus with 4 mm in diameter. The contact pressure of
sensing pin for the thickness measurement was 0.75 mN.

The adhesion of coatings was measured by crosshatch
adhesion test based on JIS K5600-5-6. The coatings were
cut into 5� 5 lines (25 boxes on the coating) by using a
typical cross-cut guide (CCJ-2, COTEC Co.) with 2 mm
spacing. A cellophane tape (CT-15, Nichiban Co.) covered
on the coatings crosshatched. After 30–60 s, the cellophane
tape was peeled off from the coatings. The adhesion (A)
(%) was calculated as follows:

A¼ nad :=25 �100 ð1Þ

where nad. is the number of remaining boxes on coatings
after the crosshatch test.

3. Result and discussion

3.1. Effect of substrate on distribution of organic component

in coatings

The concentration of phenyl and methyl groups in the
coatings on the surface side of substrates were estimated
using ATR-FTIR technique as shown in Fig. 5. The
thickness of all the coatings was summarized in Table 1.
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It is clear that the thicknesses of all the coatings are
approximately 2.0 mm. Since the IR penetration depth of
our setup is approximately 1.3 mm, we can obtain only the
surface side in coatings information. Consequently, the IR
absorption of various plastics substrates was not observed.

Fig. 6 shows the typical ATR-FTIR spectra of PhTES–
TEOS coatings with x¼20 and 80. Two absorption bands
due to the Si–O stretching of Si–O–Si network and C–Si
stretching of phenyl groups were clearly observed at
1040 cm�1 and 1130 cm�1, respectively [11–13]. In order
to discuss the distribution of phenyl group, we defined a
parameter a as follows:

a ¼ AC�Si=ðAC�SiþASi�OÞ ð2Þ

where AC–Si and ASi–O are the absorbances at 1130 cm�1

and at 1040 cm�1, respectively.
Changes in the a with composition x are plotted in

Fig. 7. Throughout the x from 0 to 80, the a for coatings
on polyethylene terephthalate (PET) and PC substrates
with phenyl group was smaller than that for coatings on
polyethylene (PE), polypropylene (PP) and polyvinylchlor-
ide (PVC) substrates without phenyl group at the same x.
The decrease of a at the same x means that the amount of
phenyl group on surface side of coatings decreased. There-
fore, the migration of phenyl groups on plastics substrates
side with phenyl group was larger than that on plastics
substrate side without phenyl group.
ATR
1.3 μm

2.0 μm
Coatings

IRR

(ZnSe)

Plastics  substrate

Prism

IR

Fig. 5. Schematic illustration of ATR setup of FTIR measurement for

coatings.

Table 1

Thickness of all the coatings obtained.

RTES/ mol% Thickness/mm

x RTES� (100�x)TEOS R¼Ph

PET PC PE PP

0 1.8 2.0 2.1 1.8

10 1.7 2.0 2.2 2.1

20 1.7 2.0 1.8 1.8

30 1.7 2.0 2.2 2.2

40 1.8 1.8 2.0 2.2

50 2.0 2.0 2.1 2.2

60 2.0 1.7 2.1 2.2

70 2.2 1.8 2.2 2.1

80 2.0 2.0 2.2 2.1
Fig. 8 shows the typical ATR-FTIR spectra of MeTES–
TEOS coatings with x¼20 and 80. Two absorption bands
due to the Si–O stretching of Si–O–Si network and C–Si
stretching of methyl group were clearly observed at
1040 cm�1 and 770 cm�1, respectively [12]. In order to
discuss the distribution of methyl group, we defined a
parameter b as follows:

b¼AC�Si=ðAC�SiþASi�OÞ ð3Þ

where AC–Si and ASi–O are the absorbances at 770 cm�1

and at 1040 cm�1, respectively.
Changes in the b with composition x are plotted in

Fig. 9. Throughout the x from 0 to 80, the b for coatings
on PE, PP and PVC substrates without phenyl group was
smaller than that for coatings on PET and PC substrates
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Fig. 6. ATR-FTIR spectra for PhTES–TEOS coatings with x¼20 and 80

[x PhTES�(100�x) TEOS (mol%)] dried at 60 1C.

R¼Me

PVC PET PC PE PP PVC

1.9 1.8 2.0 2.1 1.8 1.9

1.9 1.7 1.7 1.8 2.0 2.1

1.7 1.7 1.7 1.8 2.0 2.0

1.8 1.9 1.9 1.7 1.8 1.8

1.7 1.9 1.7 1.7 1.8 1.8

1.8 1.7 1.7 1.8 1.8 1.8

1.7 2.0 2.0 2.0 2.0 2.0

2.2 1.9 1.9 2.0 1.9 1.7

2.2 1.9 2.0 1.8 1.9 1.8



8001000120014001600

A
B

S
. (

a.
u.

)

Wavenumber / cm-1

x = 20

A
B

S
. (

a.
u.

)

x = 80 Si-O

C-Si

Fig. 8. ATR-FTIR spectra for MeTES-TEOS coatings with x¼20 and 80

[x MeTES�(100�x) TEOS (mol%)] dried at 60 1C.
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Fig. 9. Changes in b with composition x [x MeTES�(100�x) TEOS

(mol%)] coatings on various plastics substrates.
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(mol%)] coatings on various plastics substrates.
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with phenyl group. The decrease of b means that the
proportion of methyl groups decreases on surface side. In
both the cases of PhTES–TEOS and MeTES–TEOS, the a
and b increased with increasing the x, whereas it is
apparent that the slopes in Fig. 7 and Fig. 9 are not the
same value. In the case of PhTES–TEOS sol, p/p electron
interaction between the PhTES and substrate (PC or PET)
is dominant, whereas the hydrophobic interaction between
the methyl groups of MeTES and substrates (PE, PP,
PVC) affects significantly on the migration of MeTES. The
difference of the slopes in Fig. 7 and Fig. 9 may be
considered to be related with the difference of these p/p
electron or hydrophobic interaction.
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As described above, it was clear that the chemical
structure of substrate affected the distribution of organic
component in the coatings. In other words, the chemical
structure of substrate affected the phase separation beha-
vior in the coatings. This may be caused by p/p electron
interaction [14,15,17–19], CH3/p electron interaction and
CH3/CH3 van der Waals interaction [16–21] between the
phenyl and methyl groups of the substrates and these
groups in the coatings.

3.2. Effect of substrate on adhesion of coatings

Table 2 summarizes the compositions and results of
adhesion test of PhTES–TEOS and MeTES–TEOS coat-
ings on the various plastics substrates. Note that the
adhesion of PhTES–TEOS coatings on PET and PC
substrates with phenyl group increased drastically at larger
than x¼60. On the other hand, no adhesion (0%) was
observed for all the MeTES–TEOS coatings. These results
suggest no considerable interactions concerning adhesion
between methyl group and all the substrates, PET, PC, PE,
PP and PVC.

Further, as indicated in Table 2, for PhTES–TEOS
coatings the adhesion was 40% on PET and 100% on
PC at the same x¼60. Since this difference may be
attributed to the proportion of phenyl group in substrates,
the adhesions of 4 kinds of PET with different proportion
of phenyl group were investigated. The proportion of
phenyl group in PET substrate was determined as follows:
Fig. 10 shows the typical ATR-FTIR spectra for PET and
PC substrate. Two absorption bands due to the C–O
stretching of C–O–C and C¼C stretching of phenyl
groups were clearly observed at 1215 and 1500 cm�1 for
PC and at 1240 and 1450 cm�1 for PET, respectively.
Since C–O–C bond is in the same amount in its repeating
molecular unit for PET and PC as shown in Fig. 3, the
proportion of phenyl group in PET was determined based
on the absorption ratio, AC¼C/AC–O for PC as indicated in
the following equation:

Pphenyl ¼ ðAC ¼C=AC�OÞPET=ðAC ¼ C=AC�OÞPC � 100ð%Þ

ð4Þ

As shown in Fig. 11, the adhesion of coatings was
linearly increased by increasing the proportion of phenyl
able 2

dhesion of RTES (R¼Ph, Me)�TEOS coatings on various plastics substrat

TES/ mol% Adhesion (A)/%

RTES� (100�x)TEOS R¼Ph

PET PC PE PP

0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 40 100 0 0

0 100 92 0 0
group of the substrates. Here, 60PhTES–40TEOS sol was
employed for coating. Considering Table 2 and Fig. 11,
good adhesion between organic component and plastics
substrate may be caused by p/p electron interaction
between the phenyl group of the substrates and the phenyl
group of the coatings [16–19]. On the other hand, no
adhesion was observed for MeTES–TEOS coatings on all
the substrates, PET, PC, PE, PP and PVC, and PhTES–
TEOS coatings on PE, PP and PVC. This may be
attributed to CH3/p electron interaction and CH3/CH3

van der Waals interaction are much smaller than p/p
electron interaction [16–21], Further, a in Fig. 7 is always
smaller than b in Fig. 9 at the same x, which supports this
as well.
Table 3 shows the results of adhesion test of BTEB–

TEOS coatings. In comparison with Table 2, note that the
adhesion of BTEB–TEOS coatings on PET is 100%, while
the adhesion of PhTES–TEOS coatings on PC is
40% at the same x¼60. The proportion of phenyl group
in PET is smaller than that in PC as indicated in Fig. 4;
nevertheless the adhesion of BTEB–TEOS coatings on
PET is better than that of PhTES–TEOS coatings on PC.
This might be attributed to the planar structure of phenyl
group held between two Si atoms of BTEB (see Fig. 2) for
its good formation of p/p electron interaction.
es.

R¼Me

PVC PET PC PE PP PVC

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0



Table 3

Adhesion of BTEB–TEOS coatings on various plastics substrates.

BTEB/mol% Adhesion (A)/%

PET PC PE PP PVC

0 0 0 0 0 0
20 0 0 0 0 0
40 0 0 0 0 0
60 100 100 0 0 0
80 100 100 0 0 0
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4. Conclusion

Organic–inorganic hybrid, xRTES (R¼Ph, Me)� (100�x)-
TEOS (x¼0–80, mol%) coatings were prepared on polyethy-
lene terephthalate (PET), polycarbonate (PC) with phenyl
group and polyethylene (PE), polypropylene (PP) and
polyvinylchloride (PVC) without phenyl group substrates by
sol–gel process and its distribution of organic component and
adhesion on the plastics substrates were studied. Distribution
of organic component in the coatings was measured using
fourier transform infrared (FT-IR) measurement. Concentra-
tion of phenyl group on PhTES-TEOS coatings/PET and PC
substrates side was larger than that of PE, PP and PVC
substrates side at the same x, while concentration of methyl
group onMeTES–TEOS coatings/PET and PC substrates side
was smaller than that of PE, PP and PVC substrates side at
the same x. In other words, the phase separation behavior in
the coatings was affected by the plastics substrates. Adhesion
on the plastics substrates was observed only for PhTES–TEOS
coatings on PET and PC at larger than x¼60. This may be
attributed to p/p electron interaction between phenyl group in
coatings and substrates, which is much larger than that of
CH3/p electron interaction and CH3/CH3 van der Waals
interaction.
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