
PAPER www.rsc.org/materials | Journal of Materials Chemistry
Janus silica film with hydrophobic and hydrophilic surfaces grown at an
oil–water interface†
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We report a new methyltrimethoxysilane (MTMS) based route to growing a Janus silica film at the

oil–water interface, which upon drying shows anisotropic wetting by water on its two surfaces. The

contact angle of water on the surface grown in contact with the oil-side is found to be �150�, but it is

much smaller, �65�, on the side which grew in contact with the aqueous phase. This large difference in

the contact angle is found to be primarily because of two reasons: (i) orientation of hydrophobic methyl

groups towards the oil-side of the film as confirmed by micro-Raman spectroscopy, and (ii)

microstructural differences in the oil and water-side surfaces of the film. The inherently hydrophobic

silica cluster network on the oil-side surface also exhibits larger pores that provide an air cushion for

the water droplet and engenders a large contact angle. Effects of oil–water interfacial tension on the

film growth and on its wetting and microstructural properties are also investigated by addition of

cationic and anionic surfactants in the aqueous subphase. Static and dynamic wetting properties of the

oil-side surface indicate that these do not change significantly due to variations in either the

microstructure or chemical nature of the surface alone, but is a combined effect of both. Interestingly,

the Janus films showing asymmetric surface properties can also be grown directly and thus integrated

with a variety of porous surfaces like cotton, paper, hydrogel and ceramic substrates by having these

surfaces straddle an oil–water interface.
Introduction

Synthesis of superhydrophobic surfaces (contact angle q > 150�)

is both of technological1–2 and scientific interest.3–5 A frequent

aim in the synthesis of superhydrophobic materials is to produce

environment-independent, robust, large surface areas with

relative ease of fabrication. It is a further challenge to transfer

or integrate it to other materials like cloths, glass/mirror panes,

walls, etc. without affecting the native properties of these

surfaces. It is known that such surfaces need to be chemically

inert to water and rough (patterned or fractal) to be superhydro-

phobic.6–9 Further, in many applications,10–12 a surface or coating

with markedly asymmetric wetting properties is desirable. We

will refer to such a surface as a Janus film in analogy to the Janus

particles and cylinders that have found several applications.13–16

Although there are many reports on the synthesis and
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applications of the Janus particles and cylinders, synthesis of

Janus films is an unexplored area. These Janus films may be

useful for oil–water separation17 and microfludic applications.

We report here a new and very simple method for the synthesis

of a Janus silica film that exhibits a unique asymmetry of its two

surfaces towards wetting by water. We show that the methyltri-

methoxysilane (MTMS) based silica films grown at an oil–water

interface under suitable conditions and then dried indeed exhibit

Janus characteristics. The oil-side surface of the dried silica films

is nearly superhydrophobic whereas the water-side film surface

is hydrophilic. This method of assembling the film at an oil–

aqueous interface is also very useful for controlling the film

thickness and porosity, for ease of film transfer or even for

growing a Janus film directly on flexible and porous inorganic

or polymeric substrates as demonstrated in the present work.

It was shown by Rao et al.18 that hydrolysis and polyconden-

sation of trifunctional MTMS forms a random 3-D silica back-

bone network and the inert Si–CH3 groups make this network

superhydrophobic. In the study of Rao et al.,18 bulk aerogels

were prepared by high temperature supercritical drying. Transfer

of a film to a new substrate for its eventual use is of frequent

interest in various applications. Bandyopadhyaya et al.19

developed a new method to prepare transferable thin films of

mesoporous silica by a modified sol–gel processing.

Synthesis and growth of materials at oil–water interfaces is of

recent origin. Use of a liquid–liquid interface has been exploited

for the synthesis of metal nano-crystals by Rao et al.20–21 and

synthesis of mesoporous silica by Faget et al.22 The objective

of our study is to grow Janus porous silica films at an oil–water

interface with asymmetric wetting properties at the two surfaces
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of the film. A unique advantage of the method developed is that

the interfacial film can be easily transferred to another substrate

or can even be grown directly at another porous surface strad-

dling an oil–water interface.

Experimental

Film preparation

A method was developed to grow nearly superhydrophobic/

hydrophilic (Janus) silica films at a heptane–water interface.

Methyltrimethoxysilane (MTMS) was used as the precursor for

silica. Superhydrophobic aerogels have been prepared earlier by

both single step and two-step sol–gel processing using MTMS as

a precursor.18,23 In the present work, typically 1 ml MTMS was

diluted in 5 ml heptane (oil) (HPLC grade, Qualigens Chemicals)

and this mixture was poured slowly on 10 ml of aqueous ammo-

nia solution in a beaker such that the oil–water interface is free of

any bubbles and drops. NH4OH acts as a catalyst for the hydro-

lysis and condensation reactions between MTMS and water at

the oil–water interface to form a silica network. Fig. 1 shows

the schematic of this system. To study the effect of the reactant

concentrations on the silica film properties, the NH4OH molarity

was varied from 0.05 M to 5 M, keeping the MTMS/heptane

molar ratio (H) constant at 0.4. Further, the H value was varied

from 0.04 to 0.4 at a constant NH4OH concentration of 0.1 M.

In addition to this, the effect of oil–water interfacial tension on

the film growth was studied by dissolving either cationic cetyl

trimethyl ammonium bromide (CTAB) [critical micelle concen-

tration (CMC) ¼ 0.9 mM] or anionic sodium dodecyl sulfate

(SDS) (CMC ¼ 8 mM) surfactants separately, in the aqueous

ammonia solution (i.e. subphase). A tensiometer (Fisher Surface

Tensiomat, USA, Model 21) using a Pt-ring probe was used to

measure the oil–water interfacial tension with and without the

surfactants. The surface tensions of water with surfactant and

MTMS–heptane mixture were also measured.

Film drying and contact angle measurements

The silica film at the oil–water interface was allowed to grow for

different time periods. However, in most cases, a growth period

of 2 h was kept constant, which was found sufficient for the for-

mation of self-supporting (thickness �500 mm) silica films that

were hard enough to be lifted with tweezers without warping.

Thinner films, which were not self-supporting, had to be more

carefully transferred on a solid substrate by dipping a rigid

substrate like a cleaned glass piece underneath the film and

slowly raising it. The thinner films could also be thus used for
Fig. 1 Schematic diagram of the experimental setup used to grow silica

film at the oil–water interface.
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their further characterization. To study the growth of this film

on various substrates like cotton, ceramic and other porous

membranes, these substrates were suspended in the beaker in

such a way so that the bottom of the substrate got barely wet

by aqueous ammonia. The MTMS–heptane mixture was then

slowly poured on top of it. The aqueous–oil interface thus

formed within the porous substrate. The growth of silica film

was initiated at this embedded interface from where it gradually

also grew out of the porous medium.

All the films (self-supporting as well as films transferred/grown

on substrates) were dried by increasing the temperature in

successive steps every 2 h from the room temperature to 60 �C

and finally up to 100 �C in an air oven to avoid cracking of

the film due to rapid solvent evaporation.

Static and dynamic contact angle measurements were

performed using a contact angle goniometer (Rame-hart Inc.).

In most cases, we used 5 ml (�3 mm spherical drop diameter)

water droplets. Contact angle measurements with smaller drop-

lets (�0.5 ml) could also be performed on the films deposited on

a rigid substrate. The contact angle measurements with smaller

droplets were more difficult on the self-supporting silica films

because small scale wrinkles sometime make it difficult to

precisely locate the base of smaller droplets. The microstructure

of the Janus silica film surfaces was studied using a scanning

electron microscope (SEM) (Model: FEI Quanta 200) after

sputter coating with an ultra thin layer of gold.

Results and discussion

The unique anisotropic wetting behavior of the oil and water-

side surfaces of a typical silica film grown at an oil–water

interface is shown in Fig. 2. The oil-side surface is nearly super-

hydrophobic with a contact angle q (0.5 ml drop) y 150� while

the water-side surface is hydrophilic (q y 60�). Advancing

contact angle measurements on a horizontal surface give infor-

mation about the static wetting properties of the substrate. In

addition, contact angle hysteresis further determines the true

hydrophobic character of a surface.24 A smaller contact angle

hysteresis facilitates the easy removal of water droplets by sliding

or rolling (see ESI†). Hence, we also studied the effect of various

film synthesis parameters on the static as well as dynamic wetting

properties of the silica films by measuring the advancing and
Fig. 2 Janus wetting properties of a typical dried silica film grown at an

oil–water interface: (a) oil-side surface, contact angle q z 150� and (b)

water-side surface, q z 60�. Drop volume is 0.5 ml.
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receding contact angles of water droplets. This was achieved by

slowly tilting the goniometer stage containing the silica surface

and recording the front (advancing) and the rear (receding)

angles until the droplet started to slide or until the maximum

tilt angle for the stage was reached.
Wetting properties and contact angle hysteresis studies

The MTMS based Janus silica films prepared at the oil–water

interface are extremely stable in the presence of water even after

drying. The cracking and flaking observed in the ordinary gels

and membranes is due to the capillary adsorption of water into

the hydrophilic pores of the dry gel. The adsorption of water

generates differential stresses on the wet and dry parts of the

films because of the capillary pressure and tears it away.

However, as the films prepared in the present studies are intrin-

sically nearly superhydrophobic because of the –CH3 groups,

there is very little penetration of water in the pores. Even on

the water-side surface, which is hydrophilic and water spreads

and sticks to it, no structural changes were observed. It suggests

that the hydrophilicity of the film is limited to a thin surface layer

on the water-side of the film.

Fig. 3 shows the advancing contact angle of a 5 ml water drop

on a tilted (inclination angle f ¼ 0 to 40�) surface of the silica
Fig. 3 Advancing contact angle of a 5 ml water droplet on the (a) oil

(hydrophobic, hollow symbols) and (b) water-side (hydrophilic, filled

symbols) surface of the silica film as a function of MTMS/heptane molar

ratio and surface inclination angle.
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film prepared using different MTMS/heptane molar ratios (H).

As H increases from 0.04 to 0.4, the static contact angle increases

from 106� to 130� on the oil-side surface, whereas it decreased

from 90� to �65� on the water-side surface. An increased concen-

tration of MTMS leads to a better organic group coverage of the

surface, which increases the contact angle. Also, for higher

MTMS concentrations, crosslinking of silica particles increases

and the film grows more rapidly. This results in thicker silica

films of higher roughness as evidenced by the scanning electron

micrographs shown later. For H ¼ 0.04 (lower MTMS concen-

tration), the film surface is relatively smooth as compared to

that of H ¼ 0.4. This increase in the roughness of the film leads

to an increase in the contact angle on the hydrophobic oil-side

surface of the film and decreases the contact angle on the

water-side hydrophilic surface of the film. These observations

are consistent with the earlier reports where it was shown that

roughness and porosity of a solid substrate greatly enhance the

intrinsic hydrophilicity or hydrophobicity of the surface.8,25

For still higher H values (>0.4), the self-supporting films become

macroscopically rough with wrinkles and it was thus not possible

to quantify their wetting properties by contact angle measure-

ments with small droplets.

To study the dynamic wetting properties of these films, contact

angle hysteresis (i.e. the difference between advancing and reced-

ing contact angles) was measured and is plotted as a function of

angle of inclination for oil and water-side surfaces in Fig. 4. It is

seen that for higher H (>0.3), the hysteresis on the oil-side

surface is lower than 8� even at a surface inclination of 40�.

On the other hand, the hysteresis was higher (�15�) on the

water-side surface for H ¼ 0.4. These results indicate that
Fig. 4 Contact angle hysteresis for 5 ml water droplets on the (a) oil and

(b) water-side surface of the silica film prepared using different MTMS/

heptane molar ratios (H).
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Table 2 Surface and interfacial tension of liquids used to prepare silica
films

Aqueous
subphase liquid

Liquid surface
tension/mN�1 m a

Subphase–heptane
interface tension/mN m�1 a

Water 69 (�1) 49 (�2)
Heptane 21 (�2) —
Below CMC CTAB 53 (�1) 25 (�1)
Above CMC CTAB 34 (�1) 2 (�1)
Below CMC SDS 47 (�1) 30 (�1)
Above CMC SDS 34 (�1) 5 (�2)

a Figures in brackets indicate error estimated from three independent
measurements.
some optimal wetting properties of the film are obtained at

H ¼ 0.4. These include: (a) maximum static contact angle on

the oil-side, (b) maximum asymmetry of the contact angle (static

as well as dynamic) on the two sides as discussed later, (c)

minimum hysteresis of the contact angle on the oil-side which

facilitates easy removal of water droplets from this surface, and

(d) maximum hysteresis of the contact angle on the water-side

which further helps retention of water on this side.

Effect of subphase NH4OH concentration on the growth and

physico-chemical properties of the silica film was studied by

varying the NH4OH concentration from 0.05 to 5 M. With

increase in the aqueous subphase NH4OH concentration, the

silica film grows more rapidly. It was found that for NH4OH

concentrations >0.1 M, the overall microstructural and wetting

properties of the oil and water-side surfaces of the films do not

change significantly. However, there is considerable variation

in the wetting properties of the films prepared at still lower

NH4OH concentrations, for example, at 0.05 M NH4OH. Table 1

summarizes the contact angle values for silica films prepared

using different NH4OH concentrations.

At very low concentrations of NH4OH (<0.1 M), the growth

rate is very slow and very thin films grow at the interface. In

addition, small thicknesses may also promote greater homogene-

ity of various concentrations across the film. Indeed, the difference

in the wetting properties of the oil and water-side surfaces is not

found to be prominent in the case of thinner films grown with less

than 0.1 M NH4OH. At higher NH4OH concentrations, the films

are thicker and acquire marked asymmetry of the two surfaces. In

all cases, the water-side surface of the film is less porous, while the

oil-side surface is more porous and is made up of large silica

clusters and air pockets that increase its roughness (as described

in the microstructural observations below). These observations

show that a favourable chemistry at the surface alone is not suffi-

cient for the surface to be superhydrophobic. Roughness and

porosity of the oil-side surface, in addition, are equally important

in significantly enhancing its hydrophobic nature.

The effect of oil–water interfacial tension was studied by addi-

tion of surfactants to the aqueous subphase. In particular, it is

of interest to determine if the film growth rate and, consequently,

its thickness, microstructure and wetting properties, could be

controlled by the addition of surfactants. The surface and inter-

facial tension values of various liquids used in the present study

were measured experimentally and are listed in Table 2.
Table 1 Static contact angle (surface inclination, f ¼ 0�) of water
droplets (5 ml) on the oil and water-sides of the silica films prepared at
various NH4OH concentrations by keeping the MTMS/heptane molar
ratio H ¼ 0.4

NH4OH
concentration/M

Static contact angle (q)

Oil-side
surfacea/deg

Water-side
surfacea/deg

0.05 107.0 (�2.5) 91 (�2.6)
0.1 132.0 (�2.8) 75 (�2.3)
0.5 130.8 (�3.5) 82 (�2.1)
1 132.0 (�2) 82 (�3.2)
5 122.7 (�3) 62 (�3.1)

a Figures in brackets indicate error estimated from three independent
measurements.
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Interestingly, for both CTAB and SDS surfactants, a

maximum static contact angle (q z 140�) at the oil-side surface

of the silica film was obtained using a subphase solution with the

surfactant concentration a little higher than the critical micelle

concentration (CMC), even though the two surfactants seem to

affect the film formation in different ways. It was observed

that the films grew faster in the case of CTAB subphase, possibly

because ammonia molecules in the CTAB may act as a catalyst

to increase the hydrolysis and condensation rates of MTMS

and water. As the CTAB concentration was increased further,

the subphase became turbid due to the dispersion of silica parti-

cles in the subphase. It should be noted that there is a possibility

of oil in water microemulsion formation stabilized by the

micelles near the oil–water interface in the presence of higher

surfactant concentrations, as reported by Schacht et al.26 in the

case of tetraethoxysilane (TEOS) based mesoprous materials.

It is then possible that hydrophobic –CH3 groups of some

MTMS molecules may orient themselves interior of the micelles.

However, MTMS will continue to condense on the outer walls of

micelle as shown by Schacht et al., which may again make the

surface hydrophobic. It was observed that for the silica films

prepared using CTAB concentrations much above the CMC, the

contact angle on the water-side surface also increased to about

100�. The fast crosslinking of the MTMS molecules in the pres-

ence of CTAB also may not allow the organic groups to orient

towards oil-side. In contrast to the growth characteristics in

the presence of CTAB, when SDS was dissolved in the subphase,

the subphase always remained clear and the film thickness

decreased with increase in SDS concentration. Both of these

observations indicate that SDS does not allow MTMS to react

with water. Although, the exact reaction mechanism of SDS

and MTMS is still unknown, these observations are consistent

with the report of Suzumura et al.,27 where it was observed

that addition of SDS to a mixture of polar solvent and MTMS

decreases the rate of siloxane phase separation.

From these observations, we selected the following synthesis

parameters for preparation of the Janus silica films with optimal

oil-side surface hydrophobicity: H ¼ 0.4 with 0.1 M NH4OH

subphase. Different cases of the subphase investigated were: (i)

without any surfactant, (ii) with CTAB subphase concentration

> CMC, and (iii) with SDS concentration > CMC. The static

contact angles measured using a 0.5 ml water droplet on oil

and water-side surfaces of these selected silica films are given

in Table 3.
This journal is ª The Royal Society of Chemistry 2008



Table 3 Static contact angle (surface inclination, f ¼ 0�) of 0.5 ml (y 1
mm diameter) water droplets on the oil and water-sides of the silica film
prepared using different aqueous subphases but keeping constant the
MTMS/heptane molar ratio, H ¼ 0.4 and NH4OH catalyst concentra-
tion, 0.1 M.

Nature of aqueous
subphase

Static contact angle (q0.5ml)

Oil-side
surfacea/deg

Water-side
surfacea/deg

CTAB conc. > CMC 153 (�2.4) 75 (�4.5)
SDS conc. > CMC 154 (�2) 68 (�3.4)
No surfactant 152 (�3.2) 65 (�4)

a Figures in brackets indicate error estimated from three independent
measurements.

Fig. 6 Raman spectra of oil (a and b) and water-side (c and d) surfaces

of two dry silica films prepared at the oil–water interface using different

MTMS/heptane (H) values. Surfaces (a and c) correspond to oil and

water-side surfaces of the silica film prepared using H ¼ 0.4, respectively.

The curves b and d correspond to oil and water-side surfaces of the film

prepared using H ¼ 0.04.
It is seen that for all the silica films, the contact angle on the

oil-side surface is around 153�, which is almost independent of

the presence and type (cationic/anionic) of surfactant in the

subphase. However one of the important aspects of the Janus

films is their asymmetric wetting behavior on its two surfaces.

Thus, the maximum difference in the wetting properties of the

two surfaces, including both the static as well as the dynamic

contact angles, was also evaluated. Fig. 5 shows this difference

for films grown under different conditions. It was observed that

the silica film prepared with SDS subphase conc. > CMC shows

a large (�60�) difference in the static contact angle. However, the

asymmetry of the two surfaces decreases significantly for

dynamic contact angles for this particular film. In contrast, the

silica films prepared with an MTMS/heptane molar ratio (H) ¼
0.4 exhibit almost the same difference in contact angles (�60�)

under both static and dynamic wetting conditions.

In what follows, we report on the surface characterization of

the oil and water-side surfaces to ascertain the reasons for

a marked difference in their wetting properties.

Surface chemical characteristics: Raman spectra

The surface chemical groups of the oil and water-side surfaces

were studied using a confocal Raman microscope (CRM 200,
Fig. 5 Difference in the advancing contact angles for a 5 ml water droplet

on the oil and water-side surfaces of silica films prepared using different

aqueous subphases by keeping the MTMS/heptane molar ratio H ¼ 0.4

and 0.1 M NH4OH catalyst concentration. Square: CTAB subphase

concentration > CMC; filled circle: SDS subphase conconcentration >

CMC; diamond: H ¼ 0.4, no surfactant.
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WiTec). A green (l ¼ 532nm) laser was used to excite (or anni-

hilate) molecular vibrations and the corresponding energy shift

(Stokes or anti-Stokes lines) in the inelastically scattered photon

was measured, which is a fingerprint of the material under study.

The advantage of confocal micro-Raman over other types of

spectroscopic techniques like Raman or Fourier transform infra-

red spectra is that the area under investigation and signal depth

can be controlled very precisely so that the chemistry of the

surface groups at the two surfaces can be independently studied

and clearly differentiated. The hardware (10) and software accu-

mulations (10) and the integration time (3 s) were kept constant

for all the measurements. Fig. 6 shows the Raman spectra of oil

and water-side surfaces of the silica films prepared using two

different H values. The curves a and c represent the spectra of

the oil and water-side surfaces of a silica film prepared using H¼
0.4, respectively. Whereas the curves b and d correspond to oil

and water-side spectra for the film prepared using H ¼ 0.04.

Very strong absorption peaks around 2932 and 2999 cm�1 corre-

spond to symmetric and asymmetric C–H vibrations.28 Other

prominent absorption peaks observed and their assigned bond

vibrations for the oil-side surface are: 498 cm�1 –S–O–Si,29 790

cm�1 –Si–CH,28,30 1432 cm�1 deformation d(CH2) modes of

methylene groups.31,32 Comparing curves a and b, it is observed

that the intensity of the C–H absorption band is less for films

prepared using H ¼ 0.04 to that of H ¼ 0.4, which is expected

due to the lower number of Si–CH3 groups on the surface of

the film prepared using H ¼ 0.04.

It is also clearly seen that the C–H absorption peaks are far more

pronounced for the oil-side surface as compared to the water-side

surface of the silica film. This is because most of the organic

groups (–CH3) should indeed be oriented towards the oil-side.

To confirm these results, Raman spectra of four different films

were recorded and the area under the each of Si–O–Si and C–H

peaks was calculated for all the surfaces. It was observed that

the average total area under the C–H peaks (calculated in terms

of CCD counts) on the oil-side surface was around 200 (�45)

whereas it dropped to 60 (�25) for the water-side surface.

However, the average area under the peak for Si–O–Si absorption
J. Mater. Chem., 2008, 18, 1021–1028 | 1025
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band was observed to be about 50 (�15) for both the oil and water-

side surfaces of these films. Therefore, as observed in the wetting

behavior studies of the film, the contact angle of the water drop

is much higher on the hydrophobic oil-side surface of the film

than that of the native silica water-side surface.

Microstructural observations

Although the presence of organic groups (–CH3) on the oil-side

renders it hydrophobic, very large observed contact angles of

water approaching superhydrophobicity clearly are also to do

with the surface microstructure. Fig. 7 shows the SEM microstruc-

ture of the oil-side of the silica films prepared using different

NH4OH catalyst concentrations. The microstructures for 0.1 M

and 1 M NH4OH are shown in Fig. 7 (a) and (b), respectively.

Both the surfaces show a porous network formed by chains of silica

clusters (as seen in the inset of the figures), but addition of SDS

surfactant to the subphase resulted in a flower like microstructure

as seen in Fig. 7 (c), which, at a higher magnification, shows a

secondary structure of deflated hollow silica spheres covering

most of the surface [inset of Fig. 7(c)]. In both the cases, the result-

ing hierarchal surface is quite rough and presents opportunities

for superhydrophobicity in the form of microscopic air pockets.

In contrast to the oil-side roughness, Fig. 8 shows the

smoother microstructure of the water-side surface of the

MTMS based silica films described above. As seen from Fig. 8

(a) and (b), the microstructure does not change greatly even

though NH4OH concentration increases from 0.1 M to 1 M.

However, as compared to its oil-side counterpart, the water-

side surface is devoid of micro-porosity. The solid phase of silica

is now mostly continuous and there are no differentiable chains

of silica clusters. Also, as seen from the insets in Fig. 8 (a) and

(b), the surface is covered with secondary structures made up

of smaller silica clusters. The microstructure of silica films

prepared using a SDS subphase conc > 1 is shown in Fig. 8

(c). Though it has some resemblance to its oil-side counterpart,

the water-side surface is smoother and much less porous. In

addition, the secondary structures seen in the magnified view

[see inset of Fig. 8 (c)] of the films are not made up of the hollow

silica clusters as in the oil-side surface. It is precisely this lack of

hierarchal roughness that engenders a moderately hydrophilic,

rather than a superhydrophilic, water-side of the silica film.

In summary, it is observed that the oil-side surface of the silica

films are highly porous and rough as compared to the water-side

surface, irrespective of the synthesis parameters. This is because,

in the vicinity of water, hydrolysis and condensation reactions of

MTMS molecules are faster due to the presence of large numbers

of water and ammonia molecules. Hence, the silica film starts to

form in the vicinity of water and growth continues towards the

oil-side. Initially, there is little time for the individual clusters

to grow before they crosslink with each other due to the presence

of abundant water molecules for hydrolysis of MTMS. Such

a surface is observed in Fig. 8. But as the film becomes thicker,
Fig. 7 SEM images of the oil-side surface of the MTMS based silica films

prepared usingH¼ 0.4 and various subphase solutions. (a) 0.1 M NH4OH

(b) 1 M NH4OH (c) SDS subphase conc. > CMC, 0.1 M NH4OH. Inset

shows the magnified view of the surface of the silica clusters. The scale

bar for the insets in (a) and (b) corresponds to 10 mm and in (c) to 2 mm.
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Fig. 9 A typical Janus silica film grown on a cotton cloth and then

immersed vertically in a pool of water shows a contact angle of 150� on

the oil-side and 30� on the water-side.
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the silica network hinders the water supply to the rest of the

unhydrolysed MTMS molecules. Silica nucleates slowly, so the

individual clusters grow in size before crosslinking to each other.

The silica network also becomes more porous because of smaller

number of clusters, which are larger in size. This type of network

is observed in the SEM images (Fig. 7) of the oil-side surface of

the silica films.

The Janus silica films may have potential for applications that

involve conflicting requirements of stain- and water-repellency

and water compatibility on the twin surfaces of a porous

material. We therefore explored the possibility of growing and

integrating directly the Janus silica film on various porous

supports like cloth, paper, membranes and ceramic materials

by suspending these supports at an oil–water interface. The silica

film thus grown indeed retained its asymmetric hydrophobic/

hydrophilic properties on these supports. For example, the

photograph in Fig. 9 shows a MTMS based silica film grown

on a cotton cloth, which is then immersed in a pool of water.

The oil-side surface of the film displays a contact angle of

�150� (note that the meniscus is positive on the left side of the

film) and the other surface of the cotton remained hydrophilic

(negative meniscus) with a contact angle of �30�. This film

could even be grown on a hydrogel surface imbibing the aqueous

phase (results not shown) and covering the gel surface with

a MTMS–heptane mixture. Such a thin composite shows

pronounced Janus properties because the gel surface retains

its native superhydrophilicity, but the silica surface displays

hydrophobicity.

Conclusions

A new technique is reported for the preparation of Janus silica

films showing anisotropic wetting properties on its two faces.
Fig. 8 The denser and smoother water-side surface of the MTMS based

silica films prepared using various subphase solutions. (a) 0.1 M NH4OH

(b) 1 M NH4OH (c) SDS subphase conc. > 1, 0.1 M NH4OH. Insets show

magnified view of the clusters revealing secondary structures on their

surfaces. The scale bar in the inset figures corresponds to 10 mm.
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The silica films were prepared at an oil–water interface and static

and dynamic wetting properties of the dried film were studied.

The effect of synthesis conditions like MTMS/heptane molar

ratio (H) and NH4OH concentration in the aqueous subphase

on the dynamic wetting properties of the film was studied.

Optimal films of pronounced asymmetry were prepared with

H ¼ 0.4, which produced superhydrophobicity (q z 152�) and

a low contact angle hysteresis (<8�) on the oil-contacting face.

This film also exhibited a large difference in the contact angle

values for the oil and water-side surfaces that was higher than

60�. Higher MTMS concentration and roughness on the oil-side

were responsible for these observed properties of the film.

The oil–water interfacial tension was varied by addition of SDS

and CTAB surfactants in the aqueous subphase. Films with large

differences in the wetting properties (i.e. Janus effect) were obtained

at subphase concentrations slightly above the CMC of both the

surfactants. The highest static contact angle value of 154� was

obtained for the oil-side surface of the silica film prepared using

a SDS subphase concentration slightly above CMC.

The microstructural studies of these films reveal that the

oil-side surface is highly porous and rough as compared to the

water-side surface of the film. Micro-Raman studies of both

sides of the film clearly show the presence of a large number of

organic groups on the oil-side surface, indicating that the organic

groups orient themselves towards the oil-side during film growth.

These two contributing factors, namely, higher porosity and the

presence of a large number of organic groups on the oil-side of

the film surface lead to its nearly superhydrophobic nature,

whereas the water-side of the silica film surface is relatively

smooth and retains its moderate hydrophilicity.

Finally, it was possible to synthesize the Janus films at oil–

water interfaces which are self-supporting, as well as grow them

directly on various porous materials like cotton, paper and ceramics

by straddling the oil–water interface by these porous supports.
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