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� Trimethoxymethylsilane and its
hybrid possess anti-fingerprint
property.
� Anti-fingerprint property can be

evaluated by contact angle of oleic
acid.
� Molecules with anti-fingerprint

property have amphiphobicity
property.
g r a p h i c a l a b s t r a c t

Moderately amphiphobic non-fluorinated trimethoxymethylsilane and its hybrid with oleophilic octa-
decyltrimethoxysilane possessed anti-fingerprint property comparable to fluorinated compounds.
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a b s t r a c t

Self-assembled monolayers of organosiloxanes and their hybrids with different functionalities were
successfully fabricated on glass surfaces by sol–gel technique. Contact angles with water and hexadecane
revealed that the examined organosiloxanes can be classified into hydrophobic/oleophilic and hydropho-
bic/oleophobic molecules, and the latter character can be called amphiphobic. Since contact angles of
amphiphobic oleic acid, a main component of finger print, is high for amphiphobic organosiloxanes, it
can be revealed that anti-fingerprint property is strictly involved in amphiphobicity and evaluated by
contact angle of oleic acid. Moderately amphiphobic non-fluorinated trimethoxymethylsilane and its
hybrid with oleophilic octadecyltrimethoxysilane possessed anti-fingerprint property comparable to
fluorinated compounds. In these cases, the roughness of glass surfaces may not necessarily influence
in the anti-fingerprint property.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Nowadays, touch screen displays are common in devices such
as smart phones and tablet computers; however, fingerprint easily
sticks to the display and makes it look dirty. Therefore, the finger-
print problem on the touch screen surface is a most pressing issue
to be solved by the development of the protective coating materials,
which possess hydrophobic and oleophobic (i.e. amphiphobic) prop-
erties. The amphiphobic (water and oil repellent) property can be
achieved by the construction of the morphological structure with
reentrant curvature in combination with the chemical composition
and roughness on surfaces [1–6]. This character is derived from a
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Table 1
List of organosiloxanes with different functionalities.

Functionality Organooxysilane

(1) Hydrophilic (1.1) 3-Aminopropyltriethoxysilane (APTES)
(1.2) 3-Glycidoxypropyl trimethoxysilane (GPS)

(2) Hydrophobic (2.1) Trimethoxymethylsilane (TMS)
(2.2) Isobutyl(trimethoxy)silane (ITMS)
(2.3) Tetraethyl orthosilicate (TEOS)
(2.4) Octadecyltrimethoxysilane (ODS)

(3) Phenyl (3.1) Phenyl (trimethoxyphenylsilane (TMPS)
(3.2) Trimethoxy(2-phenylethyl)silane (TMPES)

(4) Fluorinated (4.1) Fluorinated ((3,3,3- trifluoropropyl)silane (TMFS)
(4.2) 1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFDES)
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nanoscaled concave structure consisting of cavities, in which the
capillary force produced at the liquid–air interface inside the reen-
trant is able to repel liquid (water or oil) entering in the void [3,7].

Organosiloxanes can react with inorganic substrates such as
glass through the formation of siloxane (Si–O–Si) bonds and provide
functionality (e.g. alkyl, fluorinated and etc.) on the substrates [8].
Such functionalization can alter the properties of the substrate sur-
faces. Thus, the fabrication of self-assembled monolayers (SAMs)
organosiloxanes with an appropriate functionality by the sol–gel
method might be a facile, effective technique for coating various
kinds of substrates by thin films, especially, to apply amphiphobic
property on the surfaces. In addition, it does not need specific
equipment and aggressive conditions. Moreover, since the thick-
ness of SAM is on the nanometer scale, the visual appearance of
the surface might not be affected by the SAM formation on it [9,10].

In the present work, a simple approach was provided to con-
struct the amphiphobic property on glass surface. Organosiloxanes
with various kinds of organic functionalities were fabricated on the
glass surface through the sol–gel method. The hydrophobic and
oleophobic properties of organosiloxane SAMs were investigated
by contact angle measurements of droplets of water and n-hexadec-
ane, respectively. The contact angle of oleic acid was also measured
to evaluate the anti-fingerprint property on the modified glass sur-
faces, since oleic acid is a main component of fingerprint [11]. More-
over, the surface morphology or roughness of the modified glasses
was investigated by an atomic force microscopy (AFM). The anti-fin-
gerprint property was assessed in connection with the amphiphobic
property and roughness of these ultrathin organic films.

2. Experimental

2.1. Modification of glass surface by SAMs of organosiloxanes

A SAM of organosiloxane on glass was prepared as shown in
Scheme 1. The glass substrate was immersed into a piranha solu-
tion (H2SO4: H2O2 = 3:1) for 30 min to clean and create hydroxyl
groups on the glass surface, and then the glass was rinsed with
water several times. An aqueous solution of organosiloxane (2 v/
v%) was prepared by mixing organosiloxane with water, ethanol
(10 v/v%) and 0.1 M HCl (3.3 v/v%) and by adjusting pH of the solu-
tion to 3.5 for hydrolyzing organosiloxane for 1.5 h at room tem-
perature. Then the clean glass substrate was dipped into the
solution of hydrolyzed organosiloxane, and the solution was stir-
red for 24 h at room temperature. The obtained siloxane SAM-
coated glass substrate was washed with ethanol to remove unre-
acted chemicals and dried overnight in an oven at 110 �C.

3. Results and discussion

SAMs of organosiloxanes with different organic functions such
as hydrophilic, hydrophobic, phenyl and fluorinated moieties as
Scheme 1. Schematic representation of the pr
summarized in Table 1 were prepared on glass surface by the
sol–gel method (Supplementary Fig. S1). The formation of organ-
osiloxane SAM on glass surface [12–14] was confirmed by water
contact angle, as shown in Fig. 1 and Table 2. After organosiloxane
SAMs were fabricated on the glass surface; the water contact an-
gles were remarkably increased, depending on the organic moiety
of siloxanes, as summarized in Table 2. The results indicate that
surfaces become hydrophobic in the order of hydrophilic moi-
ety < phenyl moiety 6 fluorinated moiety. In addition, the hydro-
phobicity of siloxane with hydrophobic moiety depends on the
organic moieties, although the difference of water contact angles
is not so large (74�–92�).

For evaluation of the oleophobic property, n-hexadecane was
used as a probe liquid. It was observed that APTES- and GPS-trea-
ted glass surfaces exhibited high oleophilicity as well as a hydro-
phobic ODS-treated surface, since these surfaces were well
wetted by hexadecane, being coincided with the result that the
water contact angle was relatively in the same range as on the
SAM with hydrophobic terminal moiety. Even though APTES- and
GPS-treated glass surfaces have hydrophilic terminal moiety, it is
possible that amine terminal of APTES comes close to the hydro-
philic glass surface to form hydrogen bonding with hydroxyl group
on it and then hydrophobic propyl group is exposed on the modi-
fied glass surface [15]. For the case of GPS-glass, the ring opening of
epoxy group by acid-catalyzed polymerization easily occurs. The
polymeric network can be then formed and the hydrophobic alkyl
group is exposed on glass surface [16]. The observed values of
hexadecane contact angle mentioned that the oleophobicity of
phenyl-SAM glass was almost same as that of bare glass and fluo-
rinated-SAM glass was rather oleophobic. It must be remarked that
the order of oleophobicity in hydrophilic moiety < phenyl moi-
ety < fluorinated moiety is same as that of hydrophobicity from
water contact angle, indicating the increase of amphiphobicity in
this order. The oil-repellency of SAMs with hydrophobic moiety
depended on the chemical structure, although it was independent
of the variation of the hydrophobicity from water contact angle.
ocedure for surface modification on glass.



Fig. 1. Contact angle images with water, hexadecane and oleic acid of (a) TEOS-, (b) TMS-, (c) ODS-, (d) ODS/TEOS- and (e) ODS/TMS-glasses.

256 A. Siriviriyanun, T. Imae / Chemical Engineering Journal 246 (2014) 254–259
While TEOS- and ITMS-treated glass surfaces possessed the moder-
ate oleophobicity, TMS-treated surface was rather oleophobic.

The critical surface tension (cc) of organosiloxane SAMs [8,17]
are listed in Table 2. As the surface tension of n-hexadecane
(cc = 27.6 mN/m [4]) is lower than the critical surface tensions
(cc = 35–42.5 mN/m) of SAMs with hydrophilic moiety, hexadecane
spreads easy on the surface of the organosiloxane glass. On the
other hand, owing to the higher surface tension of hexadecane
than those of TMS- and TMPES-glass surfaces, hexadecane cannot
spread on such surfaces. However, this rule was not necessarily
applicable to other surfaces.

The substrates with fluorinated moiety exhibited the signifi-
cantly high contact angles of hexadecane. The amphiphobicity of
fluorinated compounds depends on the content of fluorinated
groups, since the effects of such factors are derived from the
surface tension and influence on subsequent wetting properties
[4,18]. The present results clarified that the PFDES-glass surface
possessed higher oleophobic property than TMFS-glass due to
the existence of several CF2 groups, which have critical surface
tension of 18 mN/m [19]. However, the surface tension
(33.5 mN/m) of TMFS-glass from literature [6] was higher than
surface tension of hexadecane, although there is a report of critical
surface tension of 6–10 mN/m on CF3-terminated surface [1,2,20].
Then it can be noted that the high oleophobicity (or amphiphobic-
ity) of the fluorinated surfaces is caused not only by the polarity of
the C–F bond and the weak molecular interaction of fluorinated
compounds but also by the close-packing of functional CF3 termi-
nals [20,21].

It has been proven by examinations using formulated artificial
fingerprint liquid that as long as the contact angle with formulated
artificial fingerprint is above 87–88�, the surface is anti-fingerprint
[22]. Since components of human fingerprint are mainly oleic acid
(40.6%) [11], oleic acid can be substitutive for fingerprint. In the
present work, oleic acid was regarded as a liquid probe to verify
the anti-fingerprint property of the modified glass surfaces because
oleic acid is an amphiphilic unsaturated fatty acid with hydropho-



Table 2
Contact angles with water, n-hexadecane and oleic acid, and roughnesses of various glass surfaces in comparison with surface tensions.

Sample Surface tension (mM/N) Contact angle Roughness (nm)

Water (72.8 mN/m)3 Hexadecane (27.6 mN/m)4 Oleic acid (31.8 mN/m)5

Bare glass 47.01 37 ± 3� 14 ± 2� 18 ± 1� –

Hydrophilic
APTES-glass 35.01 80 ± 4� 0� 26 ± 1� 2 ± 0
GPS-glass 42.51 80 ± 3� 0� 31 ± 4� 5 ± 3

Hydrophobic
TEOS-glass 23.52 74 ± 4� 15 ± 4� 26 ± 3� 10 ± 6
TMS-glass 22.51 78 ± 4� 30 ± 6� 41 ± 3� 6 ± 2
ITMS-glass 20.92 92 ± 2� 18 ± 4� 35 ± 3� 4 ± 1
ODS-glass 27.62 87 ± 4� 0� 31 ± 4� 2 ± 1

Fluorinated
TMFS-glass 33.51 93 ± 5� 51 ± 4� 48 ± 4� 2 ± 1
PFDES-glass 18.12 93 ± 6� 69 ± 6� 74 ± 1� 12 ± 6

Phenyl
TMPS-glass 40.01 90 ± 11� 14 ± 3� 25 ± 6� 13 ± 12
TMPES-glass 28.02 90 ± 2� 16 ± 4� 27 ± 4� 12 ± 6

Hybrid-SAM
APTES/TMS-glass – 90 ± 3� 0� 21 ± 1� 2 ± 1
TMFS/TMS-glass – 92 ± 6� 31 ± 3� 31 ± 4� 2 ± 0
ODS/TEOS-glass – 68 ± 2� 15 ± 1� 26 ± 6� 6 ± 3
ODS/TMS-glass – 90 ± 4� 26 ± 3� 43 ± 3� 8 ± 2

1 Ref. [10].
2 Ref. [22].
3 cc = 72.8 mN/m Ref. [4].
4 cc = 27.6 mN/m Ref. [6].
5 cc = 31.8 mN/m Ref. [22].
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bic oleyl moiety and hydrophilic carboxylic acid moiety. The
surface tension of oleic acid is 31.8 mN/m [21], which is in the
range of those of human fingerprints (20–50 mN/m [22]) and is
almost comparative to that of the present organooxysilane-modi-
fied glasses (20.9–42.5 mN/m) except PFDES-treated glass. The
contact angle of oleic acid was lowest (18�) for bare glass, moder-
ate (25–31�) for substrates with hydrophilic and phenyl moieties,
and highest (48� and 74�) for substrates with fluorinated moieties
(Fig. 1 and Table 2). Substrates with hydrophobic moieties
exhibited various contact angles (26�–41�), depending on the or-
ganic moieties. These order tendencies were almost consistent
with the tendencies of the oleophobicity from hexadecane contact
angles, although the contact angles of oleic acid were larger than
those of hexadecane, since the surface tension of oleic acid was
higher than hexadecane. As expected, oleic acid contact angle
was highest on fluorinated surface. It is especially remarkable that
oleic acid contact angle on TMS-glass was only slightly lower than
that on TMFS-glass. It should be recalled that the surface tension of
TMS is only 22.5 mN/m [20]. Thus, the TMS surface can be consid-
ered to be amphiphobic as well as fluorinated surfaces.

The hybrid SAMs with the hydrophilic-hydrophobic moiety
(APTES/TMS), hydrophobic-hydrophobic moiety (ODS/TEOS and
ODS/TMS) and fluorinated-hydrophobic moiety (TMFS/TMS) were
also fabricated on the glass surface by sol–gel method. The results
(Fig. 1 and Table 2) revealed the synergistic effect on increase of
water contact angle for the hybrids of hydrophobic (TMS) moiety
with the hydrophilic (APTES) and hydrophobic (ODS) moieties.
That is, the water contact angles were obviously higher on
APTES/TMS- and ODS/TMS-glass surfaces (both 90�) than on glass
surfaces coated with each component moiety. The water contact
angle of TMFS/TMS-glass was almost close to TMFS-glass rather
than to TMS-glass, implying the dominant contribution of TMFS.
However, hexadecane contact angles seem to be predominated
by one of components such as APTES > TMS, TEOS > ODS,
TMS > ODS, TMS > TMFS. Concerning oleic acid contact angles, it
was noticed that the anti-fingerprint effect of TMFS and TMS
decreased after hybridization. Meanwhile, TMS had a superiority
in a hybrid with ODS, and the anti-fingerprint effect of hybrid-glass
was same as or superior to TMS-glass, although APTES controlled
such surface property in the case of APTES/TMS-glass.

The surface concavities may be also one of triggers of the
amphiphobic property. The morphologies of glass surfaces were
measured on an AFM, as represented in Fig. 2 and Fig. S2. The ob-
served roughness is listed in Table 2. The surfaces of APTES-, ITMS-,
ODS- and TMFS-glass surfaces with roughness below 5 nm were
smoother than those of other surfaces with roughness up to
30 nm. For the cases of hybrid SAM glass surfaces, the surface mor-
phology was dominated by one of components, that is, by APTES,
TMFS, TEOS, and TMS for APTES/TMS-, TMFS/TMS-, ODS/TEOS-
and ODS/TMS-glasses, respectively. This phenomenon is consistent
with the domination on oleic acid contact angles, as discussed
above.

On the other hand, the AFM image of ODS/TMS-glass displayed
a lot of protrusions with height below 10 nm on the glass surface
(Fig. 2(e)), indicating the fabrication of uniform roughness on the
glass surface. The texture of similar rough surface was also visual-
ized even on an AFM image of TMS-glass (Fig. 2(c)), although the
rough surface is in domains but not uniform in whole surface. It
should be focused that these two SAM glass surfaces presented
the high oleic acid contact angles close to TMFS-glass. Therefore,
it may be suggested that glass surfaces treated by non-fluorinated
TMS organosiloxane and its hybrid with ODS organosiloxane can
provide a ‘‘bumpy structure’’ in nm order on the glass and hence
enhance the repellency of oleic acid or the amphiphobic character.
However, TMFS-glass gives rather smoother surface morphology
than TMS-glass and ODS/TMS-glass, although these SAM glasses
present a similar amphiphobic property. Moreover, TEOS- and
ODS/TEOS-glasses show ‘‘bumpy structure’’ similar to TMS- and
ODS/TMS-glasses (Fig. 2) but, nevertheless, the amphiphobic prop-
erty of the former glasses is different from the latter. These results
indicate that the roughness of glass surfaces may not necessarily
influence in the anti-fingerprint property.



Fig. 2. AFM images of (a) TEOS-, (b) ODS-, (c) TMS-, (d) ODS/TEOS-, and (e) ODS/TMS-glass.
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4. Conclusions

Organosiloxane with different organic functionality were
successfully fabricated on glass surface by using sol–gel technique.
The fabrication of organosiloxane on the glass revealed a
significant increase in surface hydrophobicity. However, the sub-
strate with methyl terminated (non-fluorinated) organosiloxane
(TMS-glass) could provide both amphiphobic and anti-fingerprint
properties on surfaces. In addition, the hybrid with both hydropho-
bic, non-fluorinated moieties (ODS and TMS) could also impart both
amphiphobic and anti-fingerprint properties. The surface concavi-
ties could be observed on TMS- and ODS/TMS-glass surfaces, indi-
cating that the repellency of oleic acid on surface is also affected
by the surface roughness. Then it can be concluded that anti-finger-
print property can be evaluated by contact angle of oleic acid and is
related to the amphiphobicity. Both properties are influenced by
chemical species at the exposed surface as well as surface roughness
and attained even non-fluorinated materials.
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