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This work investigated the synthesis of dimethoxydimethylsilane:tetraethoxysilane (DMDMS:TEOS) silica thin
films as well as the effect of DMDMS:TEOS molar ratios and calcination temperature on hydrophobic properties
of silica thin films and its correlation with the FTIR spectra behaviour. The silica thin films were synthesized by
sol-gel method using combination of DMDMS and TEOS as silica precursors, ethanol as solvent and ammonia
as catalyst, with DMDMS and TEOS molar ratio of 10:90, 25:75, 50:50, 75:25 and 90:10. The results showed
that DMDMS:TEOS molar ratio had significant impact on the hydrophobic properties of silica thin films coated
on a glass surface. Furthermore, the correlation between water contact angle (WCA) and DMDMS:TEOS molar
ratio was found to be in a parabolic shape. Concurrently, the maximum apex of the parabola obtained was ob-
served on the DMDMS:TEOS molar ratio of 50:50 for all calcination temperature. It was clearly observed that
the silica xerogel exhibiting notable change in relative peak intensities showed FTIR peak splitting of υasymmetric

Si-O-Si. To uncover what happened at the FTIR peak, the deconvolution was conducted in Gaussian approach.
It was established that the changes in the Gaussian peak component were related to DMDMS:TEOS molar ratios
and the calcination temperature that allowed us to tailor the DMDMS:TEOS silica polymer structuremodel based
on the peak intensity ratios.With the increase of DMDMS:TEOSmolar ratio, the ratio of (cyclic Si-O-Si)/(linear Si-
O-Si) decreased, whilst the ratio of (C-H)/(linear Si-O-Si) increased. Both ratios intersected at DMDMS:TEOS
molar ratio of 50:50 with contribution factor ratio of 1:16 and 1:50 for silica xerogel calcined at 300 °C and
500 °C respectively. The importance of this research is the DMDMS:TEOS molar ratio plays an important role in
determining the hydrophobic properties of thin films.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Thin layers with properties governed by the design of precursors
were often studied as stand-alone smart materials or functional layers
used in a variety of applications [1–4]. Moreover, thin solid films, such
as hydrophobic silica, have been used inmany types of engineering sys-
tems and have been adapted to fulfil a wide variety of functions [5,6].
Mostworks improving silica thin film properties has been implemented
with various surface modification (silylating) agents. Thin films (nor-
mally b1 μm in thickness) formed by dipping or spinning need fewer
materials and can be processed quickly without cracking, overcoming
most of the deficiency of the sol-gel process [7]. As coating method,
sol-gel is widely used in thin layer formations because of the ease and
convenience of its application. Sol-gel derived from organic inorganic
hybrid films combines the benefits of inorganic materials (stiffness,
high thermal stability) [8–10] and organic polymers (flexibility, ductil-
ity, hydrophobicity and processability) [11,12].
mawan).
Usually, the silica thin films are synthesized by sol-gel method, com-
bining metal alkoxides as precursors and various mono-, di- and tri-
alkyl silylating agents [13]. Generally, the metal alkoxides, M(OR)z, are
reactive due to the presence of highly electronegative OR groups
(hard-π donors) that stabilize M in its highest oxidation state and ren-
der M very susceptible to nucleophilic attack [14]. TEOS is the most
commonly used precursor in sol-gel processing [13,15]. Previously,
Dimethoxydimethylsilane (DMDMS) and tetraethoxysilane (TEOS) cat-
alyzed with acid and base have been used to protect the surface of
kapton using solvothermal method to render the outer surface of silica
film hydrophobic [16]. Combination between DMDMS and TEOS as an
organic–inorganic intermediate layer plays a role in enhancing the ad-
hesion of outer silica film and very good to be used as hydrophobic ma-
terial. Previous work showed interesting results when the precursors
silica composition was modified [17–19].

Due to the very thin layer of silica surface, with estimated thickness
of b200 nm, profiling the properties of silica surface is not easy. Among
the various modern surface analytical tools available, contact angle and
wetting techniques remain as standard methods for benchmarking the
surface quality [20]. On the other hand, infrared spectroscopy has
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proven very useful because it provides ameans to determine local struc-
ture of building units which constitutes the silica network, some of the
site properties, and the interaction in silica network [21]. Some authors
have found that the structures of silica are proportional to FTIR reflec-
tion [22–24]. Agarwal [25] found simple IR method to determine the
thermal properties of silica bymeasuring the IR peak position of the sil-
ica structural band. These bands are attributed to the combination and
overtones of the fundamental vibrational bands [3].

In this work, our point is to examine the influence of molar ratios of
dimethoxydimethylsilane: tetraethoxysilane (DMDMS:TEOS) on the
hydrophobicities of themethyl-modified silica films. The effect of inter-
face or molecule interaction forces on surface wettability is discussed.
The surface structures and thermal stabilities of methyl-modified silica
films were analyzed by FTIR spectroscopy. This work focused on the
use of FTIR method to obtain as much information about silica carriers,
particularly the characteristics of functional groups present and the
changes on its surface was important. Due to the broadening effect of
the instrumental response function, the spectra data recorded by spec-
trometer often suffer band overlapping, so that the resolution of mea-
sured spectra is degraded. Therefore, spectral restoration is necessary
and important for spectral analysis and assignment. Deconvolution
method is normally used for spectral restoration [26,27]. Peak-details
are often smoothed when deconvolution method is applied for spectral
restoration [28].

2. Experimental Section

2.1. Materials

The silica thin films were prepared using dimethyldimethoxysilane
(DMDMS) (98% pure) from Aldrich and tetraethoxysilane (TEOS) (99%
pure) from Merck as the silica sources along with ethanol from Merck
(99% pure) as solvent. The catalyst used in the hydrolysis and condensa-
tion steps was ammonia solution (25%) from Merck. Moreover, dis-
tilled-deionized water and slide ±2 mm thick (Sail Brand) were also
used.

2.2. Preparation of Sol-gel DMDMS:TEOS Solution

DMDMS:TEOS sol with various molar ratios (10:90, 25:75, 50:50,
75:25 and 90:10) were prepared using sol–gel technique based on the
reported method [29]. DMDMS:TEOS were dissolved in ammonia: eth-
anol solution 0.3M (1:50 inmolar ratio) using a magnetic stirrer at 300
Fig. 1.Water droplets on the surface of silica thin films with various DMDMS:TE
RPM in an ice-cooled bath to avoid partial hydrolysis for 2 h. The
DMDMS:TEOS solution obtained was then divided into two parts, the
first part was for modification of hydrophobic coating films and the sec-
ond part was for characterization in xerogels form.

2.3. Fabrication of Xerogels DMDMS:TEOS

The resulting mixtures had been stored at room temperature for a
week and then dried in a temperature-controlled oven at 60 °C under
normal atmospheric conditions to form a xerogel. The xerogel samples
were crushed finely and calcined using a furnace (Vulcan™ 3–1300)
at temperature of 300 °C and 500 °C for 2 h with a ramp rate of 2
°C min−1.

2.4. Fabrication of Thin Films DMDMS:TEOS

Thin films were directly coated on 20 mm × 70 mm × 2 mm com-
mercial glass slides via dip-coating process with dipping and with-
drawal rate of 10 cm min−1 and dwell time of 2 min. Each film was
calcined separately at 300 °C and 500 °C in a temperature controlled fur-
nace (Vulcan™ 3–1300), with hold time of 2 h and ramp rate of 2
°C min−1. The dip-coating and calcination processes were repeated
four times to get thicker hydrophobic films on the glass surface and to
avoid any surface crack.

2.5. Materials Characterization

Xerogels in powder form were characterized using a Shimadzu
IRAffinity-1 Fourier-transform infrared (FTIR) spectrometer with a
PikeMIRacle attenuated total reflectance accessory (ATR-FTIR) atwave-
length range of 600–4000 cm−1. All spectra were normalized based on
reported method [30]. To quantify the analysis, a deconvolution ap-
proach of the FTIR spectra region between 1300 and 900 cm−1 was per-
formed using the Fityk computer programwith nonlinear least squares
fittingmethod, bymeans of Gaussian function. The same number of de-
rived peakswas used in the entire spectral peakfitting. The halfwidth at
half maximum (HWHM) was fixed for each peak, whilst the peak posi-
tion was allowed to change slightly to acquire qualified fitting. The
deconvolution of FTIR spectra was previously reported in detail in liter-
atures [15,31].

The hydrophobic properties of the silica films were examined using
the θ/2method tomeasurewater contact angle (WCA) [32]. A deionized
water drop from a syringe was placed on the silica surface.
OS molar ratio of (a) 10:90; (b) 25:75; (c) 50:50; (d) 75:25; and (e) 90:10.



Fig. 3. The IR Spectra of silica xerogels with DMDMS:TEOS molar ratio of (a) 10:90; (b)
25:75; (c) 50:50; (d) 75:25; and (e) 90:10.

Table 1
Resulting contact angle of the water droplet on different silica thin film surfaces.

Molar ratio Water contact angle (°)

DMDMS TEOS Uncalcined Calcined 300 °C Calcined 500 °C

10 90 71 ± 1 100 ± 1 62 ± 1
25 75 105 ± 1 114 ± 1 74 ± 1
50 50 122 ± 1 128 ± 1 111 ± 1
75 25 84 ± 1 99 ± 1 91 ± 1
90 10 69 ± 1 93 ± 1 83 ± 1
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Geometrically,WCA can be calculated as θ/2= tan−1(h/r) bymeasuring
the drop radius (r) and the height of the apex (h). The average WCA
value was obtained by measuring the same sample at five different
droplet positions.

3. Results and Discussion

3.1. Water Contact Angle (WCA)

Contact angle measurement is one way to investigate the interfacial
interaction between solid and liquid. Wettability of the system is char-
acterized by the “θ” contact angle measured between the liquid drop
and the solid surface. The contact angle can also be used tomeasure ad-
hesiveness. Wetting of the surface using liquid depends on the relative
molecular force between molecules present in the liquid (cohesive) as
well as between the liquid and the solid (adhesive). The cohesive
force in the liquid prevents the liquid to contact the surface whilst the
adhesive force causes the liquid to spread throughout the surface.
Strong adhesion and weak cohesion produce a high degree of wetting
which is characterized by low measured contact angle. Conversely,
weak adhesion and strong cohesion generate hydrophobic condition
with high contact angle [33].

The hydrophobicity of the silica thin films was studied bymeasuring
the contact angle of the silica thin filmswithwater. TheWCA studywas
carried out for the various compositions of DMDMS:TEOS molar ratios
of 10:90, 25:75, 50:50, 75:25 and 90:10 on uncalcined, calcined at 300
°C and calcined at 500 °C methyl-silica thin films, as shown in Fig. 1.

Direct observation of the images of water droplet sizes on silica thin
films in Fig. 1 reveals that the composition of DMDMS and TEOS on the
formation of thin films on the glass surfaces has considerable influence
on the hydrophobic properties. The increase in the contact angle
Fig. 2. Correlation between water contact a
normally indicates the increase in hydrophobicity [34]. On uncoated
glass surface, the water droplet was widespread and had low contact
angle of 49.2°. Hydrophobicity of thin films is due to the existence of
methyl groups from DMDMS as co-precursor. The average WCA values
based the θ/2 method are tabulated in Table 1. It can be seen that the
WCA values of the DMDMS:TEOS films were in the range of 69–122°
and transformed to hydrophobic surfaces due to the self-assemble of
ngles and DMDMS:TEOS molar ratios.
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DMDMS methyl groups. High composition of both on TEOS or DMDMS
resulted in lower WCAs. Meanwhile, a balanced concentration of
DMDMS:TEOS yielded better hydrophobicity. These results can be ex-
plained by the combined effect of the two factors: surface roughness
and surface energy. We assume that DMDMS is hydrophobic whereas
TEOS is hydrophilic, and changing their molar ratio affects these two
factors of the coated material. Increasing the DMDMS content may re-
duce the surface energy. However, the surface roughness can be re-
duced if the DMDMS content is high enough as the extra silane fills
the inter-particle gap [17–19].

Fig. 2 shows the graphs of correlation between various molar ratios
and calcination temperature of silica thin films with the WCA based
on Table 1. It was found that the correlation is in parabolic shape and
the function is quadratic polynomial with apex on optimum WCA at
DMDMS:TEOSmolar ratio of 50:50. The parabolas are symmetric curves
with x axis is the DMDMS:TEOS molar ratio and y axis is the WCA
values. Furthermore, the obtained equations based onDMDMS contents
are y=−0.03x2+2.91x+48.13 for uncalcined silica thin layer, y=−
0.02x2 + 1.57x + 86.99 for calcined 300 °C, and y = −0.02x2 + 2.33x
+37.45 for calcined 500 °C. These three equations have an adequate co-
efficient of determination for regression (R2) which are 0.90, 0.82 and
0.85 for uncalcined, calcined 300 °C and calcined 500 °C silica thin layers
Fig. 4.Deconvolution of the FTIR spectra of silica xerogels calcined at 300 °C in the region betwee
75:25; and (e) 90:10.
respectively. These results indicate that there is a strong correlation be-
tween WCA value and DMDMS:TEOS molar ratio.

It is observed in Fig. 2 that the WCA are significantly affected by
DMDMS:TEOS molar ratios that were calcined at different tempera-
tures. The WCA values escalate significantly from the DMDMS:TEOS
molar ratio of 10:90 to the optimum value on DMDMS:TEOS molar
ratio of 50:50, then reduce at the DMDMS:TEOS molar ratio of 90:10.
These results show the same tendency at different calcination tempera-
tures.Moreover, Fig. 2 also shows that at calcination temperature of 300
°C, the entireWCA values are always higher than that of the calcination
temperature of 500 °C for all variations of the DMDMS:TEOS molar ra-
tios. In our previous papers [35], we have already reported that the
methyl group which acted as hydrophobic directing agent on silica
layer was eroded by the heating process above 375 °C.

3.2. Fourier Transform Infrared (FTIR)

The Fourier Transform Infrared (FTIR) investigation was carried out
to confirm the existence of functional groups and the bonding types of
silica xerogels as shown on Fig. 3. The observed absorption peaks be-
tween wave number of 1350 and 650 cm−1 are conventionally found
in silica materials due to the main silicate network groups' vibrations
n 1300 and 900 cm−1. TheDMDMS:TEOSmolar ratio of (a) 10:90; (b) 25:75; (c) 50:50; (d)
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with different bonding arrangement. The fundamental building block is
the SiO4 tetrahedral unit, where all the oxygen atoms are shared be-
tween two tetrahedral, forming a fully polymerized network [21] and
methyl group acts as network modifier. An intense peak at 1260 cm−1

corresponds to the symmetrical vibration (υs) of C-H group [36], peak
at 1000–1200 cm−1 is assigned to varied asymmetrical vibration (υas)
of Si-O-Si group [31], peak at 860 cm−1 corresponds to the symmetrical
vibration (υs) of Si-C group, and peak at 800 cm−1 indicates the sym-
metrical vibration (υs) of Si-O-Si group [13], wherein these groups indi-
cate that the surface is comparatively hydrophobic. Furthermore, peak
at 960 cm−1 relates to the symmetrical vibration (υs) of Si-OH group
which contributes hydrophilic properties [13,37]. The IR spectra in Fig.
3 show that the intense peak of υs C-H group at 1260 cm−1 and υs Si-
C group at 860 cm−1 increase significantly with the increase of
DMDMS:TEOS molar ratio, which suggests that addition of DMDMS
component as silylating agent influences the structure of silica thin
films. The peak intensities of uncalcined silica thin films and calcined
at 300 °C are similar, however different absorption peak intensities are
observed on the silica thin layer calcined at 500 °C. These results occur
because the Si-C groups could preserve the thermal stability up to 375
°C, suggesting that the Si-C groups have been converted into Si-OH
groups at 500 °C [13,35]. Therefore, the peak intensities of Si-C are
higher at 300 °Cwhilst the peak intensities of Si-OH are higher at 500 °C.

It can be seen in Fig. 3 that by increasing the DMDMS:TEOS molar
ratio, the spectral region with the wavenumbers from 1200 cm−1 to
1000 cm−1 significantly splits to certain distinct modes of υas Si-O-Si
group. Changes in the hydrophobic properties are assumed and ob-
served to be correlated with the structural changes in silica network
structure [21]which are detected by a shift in the Si\\O stretching infra-
red band located at 1000–1200 cm−1. The IR absorption spectra of the
silica xerogel appear to be complicated due to their overlapping bands
or nearby positions and appear to be generally more or less similar. To
confirm whether the network structure is affected by DMDMS:TEOS
molar ratio, a quantitative analysis was carried out by deconvolution
of the FTIR absorption profile utilizing the “Fityk” program. An empirical
Fig. 5. Schematic representation of silica thin film structures containing 5
deconvolution method was used in more detailed study of overlapping
spectra [38]. A typical deconvolution, Gaussian bands of IR spectra of sil-
ica xerogels calcined at 300 °C is illustrated in Fig. 4. SomeGaussian peak
components are used to deconvolute FTIR spectra with the same half
width at half maximum (HWHM) values on the similar centre of de-
rived peaks until the deconvolution spectra approach the experimental
spectra. The peak envelope in the range of 1200–1000 cm−1 is assumed
to consist of four peak components arising from the υas Si-O-Si group
[15,39].

Fig. 4 shows the presence of six peak components that establish
deconvolution spectra at wavelengths of 1300–900 cm−1 on DMDMS:
TEOS silica films calcined at 300 °C. The peak component around
960 cm−1 (I) corresponds to υs Si-OH group. The υas Si-O-Si mode is
decomposed in longitudinal optical and transverse optical components
of different siloxane rings [40,41]. The shoulder at ∼1220 cm−1 (V) is
assigned to the longitudinal optic mode (LO). The peak around
1030 cm−1 (II) relates to υas linear Si-O-Si group [42,43], and at around
1080 cm−1 (III) arises from υas cyclic Si-O-Si group (the silicon-apical
oxygen units, that are O atoms shared by tetrahedral and octahedral
sheets,which are perpendicular to the layers) [43–45] and also assigned
to the transversal optic mode (TO) which generally appear as four-
member [(SiO)4] and six-member [(SiO)6] ring respectively [46]. Fur-
thermore, the other peak component at around 1150 cm−1 (IV) is at-
tributed to υas Si-O within the tetrahedral sheet, which is parallel to
the layer [44], and at around 1260 cm−1 (VI) to υs C-H group [36] de-
rived from methyl group of DMDMS. The calculation of each Gaussian
peak components of Si-OH, linear Si-O-Si, and cyclic Si-O-Si is calculated
as the ratio of area. The cyclic Si-O-Si four-rings are stable toward hy-
drolysis [47], they constitute a large fraction of the oligomeric species
in TEOS-derived systems [48], thus it is expected to be predominant in
silica xerogels [7], as maintained on higher relative peak intensities at
1080 cm−1. However, the cyclic Si-O-Si four-rings are much more ten-
sioned (θ = 125°) than six-rings (θ = 125°) [15]. Based on Fig. 4, we
propose a schematic representation of silica cluster, which indicates
the υas cyclic Si-O-Si and υas linear Si-O-Si. Fig. 5 shows a schematic
siloxane units on (a) linear, (b) 4-rings [(SiO)4]; (c) 6-rings [(SiO)6].



Fig. 6. The correlation between DMDMS:TEOS molar ratio and area ratio of (Si-OH)/(linear Si-O-Si).
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representation of DMDMS:TEOS silica cluster obtained from a Marvin
Sketch application.

The intense peak of υas Si-O-Si linear (II) increases,whereas the peak
of υas Si-O-Si cyclic (III) decreases with decreasing amount of DMDMS:
TEOS molar ratio. This trend indicates that the increasing of TEOS con-
tent make the structure of silica polymer shifts from a linear structure
to a more cyclic structure which is more branched. Whilst the lower
TEOS content proceeds the silica polymer structure to be linear which
is less branched. Furthermore, the peak of υas Si-O (V) also decreases
with decreasing of DMDMS:TEOS molar ratio. The peak of υs C-H (VI)
rises with increasing DMDMS content that contains more methyl
groups.

To explain why the highest hydrophobicity occurs in the DMDMS:
TEOS ratio of 50:50, the peak areas of the silanol (Si-OH) group and
the siloxane group (Si-O-Si) are compared. In general, Si-OH is the
main source of hydrophilicity and obtained from the hydrolysis reaction
of alkoxides on TEOS as part of sol-gel reaction before the condensation
reaction leads to the formation of siloxane bridges [7,49]. Meanwhile,
the Si-O-Si group is hydrophobic which arises from the condensation
reaction of silica precursor in sol gel reaction.Whether the surface is hy-
drophilic or hydrophobic, it highly depends on the composition of the
silanol and siloxane groups. If the silanol group is dominant, the silica
surface will be hydrophilic. On the other hand, if the siloxane is
Fig. 7. The correlation between (cyclic Si-O-Si)/(linear Si-O-Si) and (C-H)/(linear Si-O-Si) area
dominant, the silica surface will be hydrophobic. Hence, the relative ab-
sorbance of these two types of bands (Si–O–Si and Si–OH) allows as-
sessment of the degree of crosslinking within incorporated silicon
oxide phases. Fig. 6 shows the graphs of correlation between DMDMS:
TEOS molar ratio and the area ratio of (Si-OH)/(linear Si-O-Si).

It can be seen that (Si-OH)/(linear Si-O-Si) ratio forms a concave pa-
rabola with the lowest value is DMDMS:TEOS ratio of 50:50 wherein
this result is very much in line with the WCA value in Fig. 1. Fig. 6
shows that the sol gel reaction produces a minimum Si-OH/(Si-O-Si)
ratio value at a DMDMS:TEOS ratio of 50:50. This is slightly different
from the initial hypothesis which suggests that with increasing
DMDMS:TEOS ratio, the Si-OH content will drop as the increasing
amount of methyl groups will compete with the formation of silanol
groups hence the highest hydrophobic properties will be obtained at
the highest DMDMS content. However, these results indicate that the
condensation reaction for the formation of Si-O-Si framework is opti-
mum on a balanced DMDMS:TEOS composition. Conversely, if
DMDMS or TEOS are dominant, it will lead to the hydrolysis reaction.
The (Si-OH)/(linear Si-O-Si) ratio for silica films calcined at 300 °C is al-
ways lower than that of at 500 °C for all DMDMS:TEOS ratios. This indi-
cates that the silica films calcined at 300 °C are more hydrophobic than
silica calcined at 500 °C and this is verymuch in accordancewith the re-
sults shown in Figs. 1 and 2. The graphs in Fig. 6a are obtainedwithin the
ratio with the DMDMS:TEOS molar ratio (a) calcined at 300 °C and (b) calcined at 500 °C.



Table 2
Correlation between (cyclic Si-O-Si)/(linear Si-O-Si) ratio and (C-H)/(linear Si-O-Si) ratio
on the water contact angle.

300 °C

DMDMS TEOS (A) (B) Absolute difference value
ABS [(A − (16 × B)]

Water contact angle

10 90 1.045 0.013 0.832 100.3
25 75 0.808 0.028 0.366 114.8
50 50 0.760 0.052 0.076 128.8
75 25 0.479 0.075 0.728 99.2
90 10 0.386 0.088 1.015 94.0

500 °C
DMDMS TEOS (A) (B) Absolute difference value

ABS [(A − (50 × B)]
Water contact angle

10 90 0.860 0.005 0.613 62.3
25 75 0.680 0.007 0.s341 74.5
50 50 0.650 0.009 0.195 111.6
75 25 0.495 0.014 0.221 91.1
90 10 0.485 0.019 0.447 83.6
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calculation error of 1% at 300 °C and 2% at 500 °C which indicates both
graphs have high suitability.

As far as we know, the highly hydrophobic surface is produced by
the combination of the special hierarchical and the geometric parame-
ters of the rough structures [50]. Therefore, another reason that can be
used to explain why the hydrophobicity trend is parabolic is by seeing
the effects of linear and cyclic Si-O-Si and also the CH3 group. Notice-
ably, the (Si–O–Si) asymmetrical vibration consists of two components
arising from Si–O–Si groups in linear fragment (approximately
1030 cm−1) and in loop (about 1080 cm−1) [44,51]. Consequently, a
comparison of linear and cyclic components' absorbance magnitudes
aids an understanding of the hydrophobic properties of the silica thin
films [51]. It is known that the silanol (Si-OH) group is hydrophilic
and the siloxane (Si-O-Si) group is more hydrophobic. We assume
that the cyclic Si-O-Si group is more hydrophobic than linear Si-O-Si,
so if the cyclic component is more than the linear component, it is ex-
pected that the silica thin layer will be more hydrophobic. On the
other hand, the C-H group appears to be around 1260 cm−1 [36] that
arises from the methyl groups of DMDMS. The CH3 group gives hydro-
phobic effect since all bonds on the carbon are filled and the chemical
groups are non-polar, hencewatermoleculeswhich are polar cannot in-
teract with non-polar groups. To determine the contribution of the C-H
Fig. 8. Correlation graph between (cyclic Si-O-Si)/(linear Si-O-Si) ra
and Si-O-Si cyclic groups proportionally, the calculation of the relative
comparison of the C-H and Si-O-Si cyclic groups to the Si-O-Si linear
peak was carried out. The results of ratio comparison calculation of (cy-
clic Si-O-Si)/(linear Si-O-Si) and (CH)/(linear Si-O-Si) are presented in
Fig. 7.

Fig. 7 shows that (cyclic Si-O-Si)/(linear Si-O-Si) ratio decreaseswith
increasing DMDMS:TEOSmolar ratios, whilst the (C-H)/(linear Si-O-Si)
ratio increases. This suggests that the formation of cyclic Si-O-Si is more
favourable when the DMDMS content is low. Meanwhile, when the
DMDMS content increases, the structure of the silica chain becomes
more linear. This is due to the steric factor of the –CH3 group. The cyclic
structure requires more space than a linear structure. As the CH3 group
increases due to increased DMDMS content, the silica structure orga-
nizes itself to achieve optimal structuring of the chain and favour a lin-
ear structure due to its smaller steric hindrance. On the contrary, the C-
H group increases with increasing DMDMS content which is justifiable
because the number of C-H groups is directly proportional to the
DMDMS content. Although the molar ratios of DMDMS:TEOS 75:25
and 90:10 have higher (C-H)/(linear Si-O-Si) ratio, their resulting
WCAs in Fig. 1 are smaller than those of DMDMS:TEOS ratio of 50:50.
Similar results have been reported in different coating systems [17–19].

Fig. 7 presents that both ratios of (cyclic Si-O-Si)/(linear Si-O-Si) and
(C-H)/(linear Si-O-Si) intersect each other at around DMDMS:TEOS
molar ratio of 50:50. The ordinate scales for (cyclic Si-O-Si)/(linear Si-
O-Si) ratio and (C-H)/(linear Si-O-Si) ratio are different. The comparison
of ordinate scale between (cyclic Si-O-Si)/(linear Si-O-Si) ratio and the
(C-H)/(linear Si-O-Si) ratio is of 1:16 for silica xerogel calcined at 300
°C and 1:50 for silica calcined at 500 °C. Values of 16 and 50 therefore
refer to as contributing factors.

To determine the influence of (cyclic Si-O-Si)/(linear Si-O-Si) ratio
and (C-H)/(linear Si-O-Si) ratio to hydrophobicity properties in silica
films, the (C-H)/(linear Si-O-Si) ratio is multiplied by the contribution
factor on each DMDMS:TEOS molar ratio to make a balanced contribu-
tion. It is found that the contribution factor tomake themost fitting cor-
relation is 1:16 at 300 °C and 1:50 at 500 °C. One of the key findings
obtained from this research is the discovery of linear correlation be-
tween the absolute difference values of (cyclic Si-O-Si)/(linear Si-O-Si)
ratio and (C-H)/(linear Si-O-Si) ratio with the water contact angles as
shown in Table 2 and Fig. 8.

Fig. 8 shows that WCA value decreases with increasing absolute dif-
ference value of (cyclic Si-O-Si)/(linear Si-O-Si) ratio and (C-H)/(linear
Si-O-Si) ratio. It is proposed there is a trade-off between (cyclic Si-O-
Si) and (C-H) that makes DMDMS:TEOS molar ratio of 50:50 silica
tio and (C-H)/(linear Si-O-Si) ratio on the water contact angle.
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film to be the highest hydrophobic film. Fig. 8 also demonstrates that to
attain appropriate correlation between absolute difference value and
WCA, the contribution factor values are influenced by thermal treat-
ment. The contribution factor of silica calcined at 500 °C is threefold
higher than that of calcined at 300 °C. This is because at 500 °C the C-
H groups are already oxidized [13], therefore the amount of C-H groups
is very small.

4. Conclusion

This work shows that molar ratio of DMDMS:TEOS has a consider-
able influence on hydrophobic properties of thin film deposited on
glass surface. The importance of this research is the DMDMS:TEOS
molar ratio plays an important role in determining the hydrophobic
properties of thin films. To obtain the highest hydrophobic properties,
it is necessary to optimize themolar ratio. The silica xerogels exhibiting
notable change in relative peak intensities showed splitting υas Si-O-Si
in their infrared reflection. It is considered that changes in Gaussian
peak components are related to the different molar ratio of DMDMS:
TEOS and heat treatments which allow us to tailor the polymer struc-
ture of DMDMS:TEOS silica thin films based on its peak intensities ra-
tios. One of the key finding obtained from this research is the
discovery of linear correlation between the absolute difference values
of (cyclic Si-O-Si)/(linear Si-O-Si) ratio also (C-H)/(linear Si-O-Si) ratio
and the water contact angle.
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