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We report the preparation and characterization of nanoporous organically modified silica (ormosil)

thin films at room temperature and neutral pH conditions from homogeneous methyl silsesquioxane

(MSQ) gels. Universally applicable and stable colloidal ormosil suspensions are prepared from the gels

by sonication and coated to the substrates including glass, paper and plastics. The nanoporosity and

thickness of the films can be tuned, which makes them suitable for certain applications including

sensing, functional coatings, and low-dielectric materials. We demonstrate the antireflection property

of the films on glass, cellulose acetate (CA) and polyetherimide (PEI) substrates. The films on CA and

PEI retain their antireflection property after multiple bending cycles. Furthermore, films are

intrinsically hydrophobic, over a wide pH range, with static contact angles up to 143� on paper and

123� on glass and CA. Producing nanoporous ormosil thin films on flexible substrates may expand their

use in low cost electronic, optical devices and sensors, and lab-on-paper applications.
Introduction

Organically modified silica (ormosil) hybrids offer both organic

polymers’ mechanical flexibility and inorganic polymers’ dura-

bility.1,2 In ormosils, organic moieties covalently bonded to

a durable silica network provide the flexibility by decreasing

cross-linking of the network. As a result of this unique property,

they are ideal materials for anticorrosion, antifouling and fire

retardation applications.3–8 Furthermore, nanoporosity is added

to ormosils in order to provide extra-functionalities such as high

surface area9–11 and therefore adsorption capacity,12,13 and very

low refractive index14,15 and dielectric constant.16 Nanoporous

ormosil bulk materials and thin films can be prepared using self-

assembling template molecules to form periodic nanopores17 or

by sacrificial polymers to induce nano-phase separation.18

However, the additional removal step of sacrificial substances

requires harsh conditions, i.e. high temperature (400–450 �C)
and/or low pH (<1), further complicating the process, and

limiting the choice of substrate in the case of thin films. High

temperature and acid treatments limit the choice of substrates

such as glass or silicon, which can resist these conditions.

Substrates such as paper and plastics, which are extensively used

in fabrication of flexible low-cost electronic and photovoltaic

devices, cannot survive under such extreme conditions.19–21 Thus,
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new fabrication methods under mild conditions for nanoporous

ormosils are strongly desired.

In this context, the promise of template free methods is the

production, by eliminating the harsh template removal steps, of

nanoporous ormosil thin films at room temperature and neutral

pH conditions. Although, Prakash et al.22 were able to prepare

porous silica thin films under mild conditions from colloidal

suspensions of surface modified silica gels, these films prove to be

inflexible because of the rigid silica network. Also, our previous

work23 reports porous thin films from phase separated methyl

silsesquioxane (MSQ) gels. InMSQ gels, phase separation occurs

due to the low solubility of cyclic and cage like structures formed

during polymerization.24 Although, these films are flexible

because of the organically modified silica network, non-uniform

film formation and macroporous structure are observed because

of phase separation. So, to prepare uniform, flexible, and

nanoporous thin films from silica based gels, homogeneous gels

including organic moieties directly bound to the silica network

must be prepared. For this purpose, we synthesized new methyl

silsesquioxane (MSQ) gels by using methyltrimethoxysilane

(MTMS) as precursor and dimethyl sulfoxide (DMSO) as

solvent. The gels are surprisingly homogeneous instead of the

commonly obtained macroscopic phase separated MSQ gels

when prepared in alcohols by using the same precursor.25–27 This

is because all structures formed during polymerization are dis-

solved in DMSO. Here, for the first time, we prepared uniform

and nanoporous thin films by using homogeneous MSQ gels.

The homogeneousMSQ gels are broken down by sonication to

obtain colloidal suspensions which are suitable for thin film

deposition. The prepared ormosil suspensions are found to be

stable in solution without sedimentation for several months.
This journal is ª The Royal Society of Chemistry 2011
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These colloidally stable ormosil suspensions offer easy handling

and good reproducibility for large-area fabrication of uniform

nanoporous ormosil thin films on almost any substrate including

plastics, paper, glass and silicon by common thin film deposition

methods such as spin, dip and spray coating. The method enables

preparation of homogeneous films as thin as 90 nm. In addition,

porosity (therefore the refractive index) of the films can be

controlled by simply adjusting the monomer concentration in the

starting solution. Controllable nanoporosity and thickness pave

the way for certain applications including support materials for

sensors and catalysts, antireflective coatings for photovoltaics,

and low-dielectric constant films for microelectronics. In this

work we present a detailed investigation of nanoporous ormosil

thin films as antireflective coatings. We characterized the anti-

reflective properties of the films on glass, cellulose acetate (CA)

and polyetherimide (PEI) substrates. The films exhibit mechan-

ically durable antireflective performance after several cycles of

bending on flexible substrates. Furthermore, films are intrinsi-

cally hydrophobic increasing the durability of the pore structure

in atmospheric conditions, and the hydrophobicity of the films is

not affected by the environmental pH.

Experimental

Materials

Methanol, DMSO, ammonium hydroxide, oxalic acid and

methyltrimethoxysilane (MTMS) were purchased from Sigma-

Aldrich (USA). All of the chemicals were used as received.

Gel preparation

The gels were named, with the first letter in the abbreviation (D7)

indicating the solvent type, ‘D’ for DMSO and ‘M’ for methanol,

and the numerical indicating the solvent/MTMS ratio (v/v).

Gels were prepared by a two step acid–base catalysis mecha-

nism by modifying the previous methods.23,27,29 In the first step,

1 ml of MTMS was dissolved in appropriate amounts of DMSO

or methanol. For example, for the D7 gel a total of 7 ml DMSO

was used. First 1 ml MTMS was dissolved in 2 ml DMSO. Then

0.5 ml of 10 mM oxalic acid solution in water was added slowly

and the solution was stirred for 30 minutes. After that, 0.45 ml

ammonia solution (26%) and 0.2 ml water in 5 ml DMSO were

added and the solution was stirred for 15 min at room temper-

ature. For other gels only the amount of solvent in the second

solution was changed to adjust the total solvent amount. The

solution was then allowed for gelation. Gels were formed typi-

cally in one hour. Prepared gels were washed 4 times with

methanol. Each washing step lasted at least 6 hours. An appro-

priate aging time is crucial for strengthening the gel network and

preventing pore collapse during sonication and solvent evapo-

ration.28,29 Here, gels were aged during the washing steps and this

was found to be sufficient to obtain highly porous colloids and

thin films.

Colloidal suspension preparation

Washed gels were broken into small pieces and the gel volume

was doubled with methanol. After that, it was sonicated with an

ultrasonic homogenizer to obtain a suitable sol for film
This journal is ª The Royal Society of Chemistry 2011
preparation. The optimum time and power for homogenization

were found to be 45 s and 20 W.

Film preparation

A spin-coating method was used for thin film production. The

suspension was spin-coated on substrates at 2000 rpm. The

substrates were sonicated in ethanol or rinsed with isopropanol

before coating. Most of the solvent evaporates during the spin-

coating process. The films were dried at room temperature

overnight for further solvent evaporation.

Characterization

ESEM and SEM images were taken with a FEI Quanta 200F

ESEM microscope at low vacuum conditions. TEM bright-field

images were taken using a FEI Tecnai G2 F30 microscope

operated at 200 kV. TEM samples were prepared by diluting the

suspensions in methanol. A drop of the solution was placed on

a holey carbon-coated copper grid. The surface roughness was

analyzed using an atomic force microscope (AFM, XE-100E,

PSIA) in non-contact mode. UV-vis transmission spectra were

recorded by a Varian Carry100 spectrophotometer. Thickness

and refractive index measurements were performed by using a J.

A. Woollam V-Vase Ellipsometer. A contact angle meter (OCA

30, Dataphysics) was used to measure the static water contact

angles on the aerogel thin films. Water droplets of 0.4 mL volume

were used and Laplace–Young fitting was applied on contact

angle measurements. Functional groups of surfaces were char-

acterized by using a Fourier transform infrared spectrometer

(FTIR, Vertex 70, Bruker) and an X-ray photoelectron spec-

trometer (XPS, K-Alpha, Thermo Scientific).

Results and discussion

Preparation of transparent MSQ gels

In this work, we first prepared transparent MSQ gels by using

only methyltrimethoxysilane (MTMS) as monomer. Gelation of

MTMS in alcohols results in macroscopic phase separation, due

to low solubility of cyclic and cage like structures formed during

polymerization of this trifunctional monomer. In our previous

works we reported that thin films produced from such macro-

scopic phase separated gels have translucent appearance and for

the films with thicknesses lower than 500 nm non-uniform film

formation is observed due to macroporosity.23,29 Thus, to

produce uniform nanoporous thin films, the macroscopic phase

separation in the MSQ gels should be prevented. Kanamori

et al.24 prepared highly transparent MSQ gels (indicating no or

little phase separation occurred) by using different surfactant

solutions in water. Here, we utilize a novel strategy to prevent

phase separation in MSQ by using DMSO as solvent (Scheme 1).

Briefly, MTMS is dissolved in an appropriate amount of DMSO

and oxalic acid is added for hydrolysis. Then for condensation

reaction ammonia is added with water. Gels are formed within

one hour depending on the MTMS concentration, and longer

gelation times were observed for lower MTMS concentrations.

We observed that using DMSO as solvent instead of alcohols

resulted in homogeneous and transparent MSQ gels most

probably by dissolving the cyclic and cage like structures forming
J. Mater. Chem., 2011, 21, 14830–14837 | 14831
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Scheme 1 Schematic representation of gels and their thin films. When

MTMS polymerized in methanol phase separation occurs, on the other

hand, when polymerized in DMSO homogeneous gels are obtained.

Uniform and nanoporous thin films can be prepared by using these

homogeneous gels.

Fig. 1 Photographs of gels and colloidal suspensions. Gel prepared (a)

in DMSO and (b) in methanol. The gel prepared in DMSO is transparent

indicating homogeneous gel formation. On the other hand, the gel

prepared in methanol is opaque because of phase separation. ESEM

micrographs of (c) homogeneous and (d) phase-separated gels. (e)

Colloidal suspension of the gel in DMSO, and (f) the gel in methanol.

Colloidal suspension of the gel prepared in DMSO is stable even after 3

months whereas for methanol it precipitates in a day.
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during polymerization (Fig. 1a). On the other hand, the gels

prepared in methanol, at same conditions, are opaque because of

phase separation (Fig. 1b).

Structures of the gels are investigated with environmental

scanning electron microscopy (ESEM) (Fig. 1c and d). The

ESEM image of the gel prepared in methanol demonstrates

rough structure consisting of micrometre sized particles indi-

cating phase separation, which is in accordance with a previous

report.26 On the other hand, the ESEM image of the gel prepared

by using DMSO as solvent shows smooth surface (gel network

was further characterized with SEM and TEM after drying and

given below) indicating homogeneous gel formation without

phase separation. Homogeneous MSQ gel formation in DMSO

demonstrates that all species formed during polymerization can

effectively dissolve in the system. Also the gelation time of

MTMS in DMSO is shorter than that of methanol at the same

conditions. DMSO is more polar than methanol which may

accelerate the hydrolysis and condensation reactions yielding

faster polymerization of MTMS.
Preparation of stable colloidal ormosil suspensions

Prepared MSQ gels were first washed with methanol to exchange

the gel solvent. After washing, gels were sonicated to form

colloidal ormosil suspensions by breaking down the gel network.

It was observed that solvent exchange with methanol is crucial

for preparation of stable suspensions. The colloidal suspensions

prepared without the solvent exchange process polymerize and

form gels within a day because the base in the suspension facil-

itates co-condensation reactions. By methanol washing, a stable

suspension can be achieved since the base is removed. It is also
14832 | J. Mater. Chem., 2011, 21, 14830–14837
noted that other low molecular weight alcohols such as ethanol

and isopropanol can be used for the solvent exchange process.

Suspensions prepared from MSQ gels prepared in DMSO are

colloidally stable (up to 3 months at 4 �C without significant

agglomeration shown in Fig. 1e), universally applicable and

nanoporous. Stability of the colloidal ormosil suspensions stems

from inert methyl groups of the MTMS monomer, which covers

the particle surface and prevents particle aggregation.30

However, suspensions of MSQ gels prepared in methanol are

precipitated in a day (Fig. 1f). This may be because ormosil

particles in these suspensions are bigger than those in the

suspensions prepared from gels synthesized by using DMSO as

solvent (Fig. 2a and b), so that they precipitate easily.

In this work, several ormosil suspensions were prepared from

MSQ gels with different solvent/MTMS (v/v) ratios ranging from

4 to 15. The structure of ormosil suspensions was investigated by

using a Transmission Electron Microscope (TEM) (Fig. 2). The

D7 suspension reveals a nanoporous structure of interconnected
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 TEM images of suspensions. (a, c) D7 suspension, (b) M7

suspension and (d) D15 suspension. Approximately 20 nm sized particles

interconnect and form mesoporous structure. The particles in the M7

suspension are larger than both in D7 and D15 suspensions. The D15

suspension exhibits more porous structure with thinner walls compared

to the D7.

Fig. 3 SEM images of ormosil thin films, prepared from (a) gels in
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ormosil particles (Fig. 2a–c). According to these images, nano-

particles smaller than 50 nm interconnect and form a porous

structure. The D15 reveals a more porous structure with thinner

walls compared to the D7 (Fig. 2d). The more porous structure of

D15 is due to the lower MTMS concentration of the gel used to

prepare this suspension.

DMSO, and (b) in methanol. For DMSO gels, homogeneous film

formation without macropores can be observed whereas for the methanol

case macropores are observed.
Preparation of nanoporous ormosil films

Ormosil colloidal suspensions were coated on various surfaces by

the spin coating method. Fig. 3 shows the morphologies of spin

coated ormosil suspensions prepared from both MSQ gels

synthesized in DMSO and methanol. It can be clearly observed

that the gels prepared in DMSO resulted in homogeneous films,

without macropores (Fig. 3a). However, gels prepared in meth-

anol resulted in films with macropores that scatter the light and

result in translucent appearance (Fig. 3b). The thickness and

refractive index of the films were measured by using spectro-

scopic ellipsometry in the reflection mode. Ellipsometry is, in

general, a noninvasive optical characterization tool that is used

to indirectly determine optical and electronic properties of thin

films from the distinct reflections of the two polarization states of

the incident light. From the measured J and D values and

a physically appropriate model with variable parameters such as

the complex index of refraction, film thickness, surface rough-

ness, porosity is used to generate the measured data by fitting the

variable parameters. Fig. 4 shows ellipsometry results for the

D15 film. Two incidence angles (60 and 65) are used to obtain

spectroscopic ellipsometry signals between 400 and 1000 nm.

Below 400 nm, the UV absorption onset begins resulting in noisy

data. In Fig. 4a, experimental data and generated Cauchy

nðlÞ ¼ Aþ ðB=l2Þ þ ðC=l4Þ model data fit reasonably well. We
This journal is ª The Royal Society of Chemistry 2011
used the simple Cauchy model since the ormosil film is trans-

parent, i.e. k(l) ¼ 0 in this band for the porous film layer on the

glass substrate. We explored the effect of surface roughness by

adding a surface roughness layer to the model which did not

improve the already fine fitting between the measured and

generated data. Fig. 4b shows the measured refractive index of

D15, as a function of wavelength, reaching as low as 1.13. The

porosities of the films were not calculated using ellipsometric

models, but rather using the refractive index porosity equation,

i.e. by comparing the porous film with a nonporous reference

MTMS based thin film with a refractive index of 1.399.29,31 The

refractive index and porosities of the prepared films are shown

with respect to MTMS concentrations (Fig. 5a). The change in

refractive indices (1.14–1.28) against MTMS concentrations is

linear, which decreases with decreasing MTMS concentrations.

Similarly, porosity is inversely proportional to the monomer

concentration between 29 and 65%. The thickness of the films

produced from the D7 suspension is presented in Fig. 5b. The

thickness of the films can be controlled by diluting the prepared

suspensions. To show that we prepared a starting suspension by

adding 5 ml of methanol on the D7 and gel we diluted this

suspension to get the desired concentration. Diluting the
J. Mater. Chem., 2011, 21, 14830–14837 | 14833
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Fig. 4 Spectroscopic ellipsometry results for the D15 film. (a) Experi-

mental and generated model data fit well with each other. (b) Measured

refractive index of the D15 film as a function of the wavelength. The film

exhibits very low refractive index reaching 1.13.

Fig. 5 (a) Effect of monomer concentration on refractive index and

porosity. The porosity increases with decreasingmonomer concentration.

(b) Effect of ormosil sol dilution on spin coated film thicknesses. The

films as thin as �90 nm were obtained by diluting the sol.
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suspension decreases the film thickness and we obtained homo-

geneous ormosil films, as thin as 87 nm. The thickness versus

concentration is linear between 87 and 180 nm. For thicker films,

the thickness is higher than expected, due to the high viscosity of

the concentrated suspensions. It was observed that diluting the

suspension causes viscosity to decrease dramatically. The highest

thickness obtained in this work is about 340 nm. To obtain

thicker films the suspensions can be spin coated repeatedly or

spray coated for long times.
Stable antireflective property of films

Back reflection from optical surfaces is undesirable because it

usually decreases the device performance. Antireflective coatings

are routinely designed to enhance the light transmission through

these surfaces.15,32–42 However, antireflective coatings on flexible

substrates are still rare.32 An antireflective coating is based on

destructive interference between the reflected light from the air/

film and the substrate/film interfaces.34 To achieve destructive

interference between these interfaces, two conditions must be

met. First, the refractive index (n) of the film must be selected as

nc ¼ ffiffiffiffiffiffiffiffiffi

nans
p

, where nc, no and ns are refractive indices of coating,

air and substrate respectively, according to Fresnel equations to

achieve minimum reflection. For example, for glass substrates,

the refractive index should be selected as �1.23. However, the

lowest refractive index for homogeneous materials is around

1.35. To realize such low refractive indices, air must be intro-

duced into the film as a second phase by generating pores to
14834 | J. Mater. Chem., 2011, 21, 14830–14837
decrease the effective n of the film. Also pore sizes must be

smaller than 1/10 of the wavelength of the light (which must be

<60 nm for visible light) to reduce Rayleigh scattering from the

pores. Second, the thickness of the films must be a quarter of the

effective wavelength (for visible wavelength thickness must be

�100 nm) to achieve maximum transmission. The nanoporous

ormosil films produced in this work are good candidates as

antireflective coatings on a variety of substrates including flexible

ones, with their tunable thickness and refractive index, flexibility

and durability.

The randomly distributed nanoporous structure of the D7 film

on the glass substrate is shown in Fig. 6a. The pore size is smaller

than 50 nm, which is small enough to prevent light scattering.

The side view of a 110 nm thick film coated on the silicon

substrate is shown in Fig. 6b. The film has good thickness

uniformity. The atomic force microscopy (AFM) image of D7

shows that the surface involves spherical bumps mostly smaller

than 10 nm (Fig. 6c and d). Based on AFM characterization an

average roughness was calculated to be 4.8 nm which is low

enough to prevent light scattering from the surface. To demon-

strate antireflective properties, we coated glass substrates with

�110 nm thick D7 film (n¼ 1.23). Half of a glass slide was coated

on both sides with D7 by spin coating (Fig. 7a). As expected, the

coated part of the glass slide reflects less light because of the

antireflective D7 film. Fig. 7b reveals the transmission spectra of

D7 coated on both sides and bare glass slides. The D7 coated

glass slide transmits 98.4% of light at 500 nm whereas uncoated

glass slide transmits 91.3% of light (Fig. 7b).
This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 (a) SEM image of the nanoporous D7 film on the glass substrate.

(b) Side view of the 110 nm thick D7 film on the silicon substrate. (c) 3D

AFM image of D7. (d) Depth profile obtained from the AFM image.

Based on the AFM images the surface roughness of the D7 film is

calculated as 4.3 nm.

Fig. 7 (a) Photograph of partially D7 coated glass slide on both sides.

Coated parts reflect less light indicating anti-reflective property. (b)

Transmission spectra of spin coated D7 on both sides of the glass

substrate (red) and the bare glass substrate (blue).
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Antireflective coating on the flexible substrate was demon-

strated by spin coating the D7 suspension on both sides of the

CA substrate. Fig. 8a shows a bent CA substrate coated with D7.

From the image it can be clearly observed that the coated parts of

the CA substrate reflect less light compared to the uncoated

parts. To demonstrate the mechanically stable antireflective

properties of nanoporous ormosil films, the D7 coated CA

substrate was bent 180� for 100 cycles (bending radius is 2.5 mm).

Visible light transmission spectra of the CA substrate, the D7

coated CA substrate and the D7 coated CA substrate after

100 bending cycles are shown in Fig. 8b. For the uncoated CA
This journal is ª The Royal Society of Chemistry 2011
substrate the transmission maximum is 87.8% and for the coated

one is 95.8% at 600 nm. After 100 bending cycles, the trans-

mission spectrum remains intact. The CA substrate does not

allow excessive bending of the ormosil films, because the

substrate itself deforms at bending radii below 2.5 mm. Thus, for

further bending, we used 10 mm thick PEI as substrate and coated

it with the D7 film (Fig. 8c). Although, the PEI substrate is not

very transparent at visible wavelengths (transmission maximum

is 68.5%), it is suitable to test the flexibility of films at smaller

bending radii. After D7 coating transmission of the PEI substrate

increased to �78% and the transmission spectrum remains intact

(Fig. 8d) as in the CA substrate, after 100 cycles of bending, but

this time with a bending radius of �1 mm. These results indicate

good optical and mechanical flexibility of ormosil coatings on

plastic substrates. To further investigate the mechanical stability

of the ormosil surfaces, we performed a mechanical scratching

test by using sandpaper.43 D7 and M7 films were scratched with

sandpaper by applying approximately 10 kPa pressure. After the

scratching test the surface morphologies were investigated by

SEM (Fig. S1, ESI†) which revealed that most of the coating was

removed by sandpaper for both D7 and M7 films, where they

were in contact with sandpaper. Although the films are

mechanically flexible, due to their high porosity and ultralow

thickness, they are found not to be resistant to mechanical

scratching.
Hydrophobicity of nanoporous films

The hydrophobicity of porous materials is important in terms of

stability because the atmospheric humidity accumulates in the

pores and results in pore collapse due to capillary stress devel-

oped in the pores. For example, in hydrophilic mesoporous silica
J. Mater. Chem., 2011, 21, 14830–14837 | 14835
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Fig. 8 (a) The D7 film coated on the bent CA substrate. Coated parts reflect less light indicating antireflective property. (b) Transmission spectra of

uncoated, D7 coated on both sides of the CA substrate and spectra after 100 bending cycles (bending radius is 2.5 mm). (c) Bent D7 film coated PEI

substrate. (d) Transmission spectra of uncoated, D7 coated on both sides of the PEI substrate and spectra after 100 bending (bending radius is 1 mm).

There is no significant change in transmission spectra after bending cycles for both films on CA and PEI substrates.

Fig. 9 (a) Water droplet on bare paper and D7 coated substrates. Water

droplet on uncoated paper is absorbed. On the other hand, the water

droplet coated on paper stands with a near spherical shape. (b) Static

contact angle change of the D7 film on the glass substrate with pH. The

ormosil films exhibit good durability over a wide pH range.
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films, pore collapse may occur due to the atmospheric humidity.

The films produced in this work are very hydrophobic with

contact angles around 123� on smooth polymer or glass

substrates. However, this contact angle value is lower than the

contact angles of previously reported23 films (reaching 179.9�)
prepared from the phase separated MSQ gels. This is because of

the lower surface roughness of the films (4.8 nm) compared to the

previously reported films (reaching 120 nm). Still films exhibit

significant hydrophobicity due to the methyl groups covering the

particle surface.23 The surface chemical groups of the D7 film

were identified by FTIR spectroscopy and XPS. The absorption

peaks of Si–C (780 cm�1) and C–H (1280 cm�1 and 2975 cm�1)

bonds were observed in the FTIR spectrum (Fig. S2a, ESI†).

Surface hydroxyl groups (–OH) can also be present in MSQ gels

due to incomplete condensation of the monomers.23 However, no

significant O–H absorption peaks were observed in the FTIR

spectrum of D7, indicating a high condensation rate of the

MTMS monomer in DMSO. Also the XPS spectrum (Fig. S2b,

ESI†) revealed a high carbon content of 19%. These results prove

that the surface of the D7 film is mostly covered by methyl

groups which give the hydrophobic behavior to the films. The

hydrophobic nanopores of the ormosil films are expected to

prevent the water accumulation and result in a durable pore

structure.

The thermal stability of the hydrophobic D7 surface was

investigated by heating the films to elevated temperatures

(Fig. S3, ESI†). The surface is found to be thermally stable up to

500 �C. In this region, the water contact angle of the film raised

slightly to 133� which may be because of the increase in the

surface roughness after heat treatment.23 After 500 �C the

contact angle of the film decreases sharply with increasing
14836 | J. Mater. Chem., 2011, 21, 14830–14837 This journal is ª The Royal Society of Chemistry 2011
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temperature and it reaches �5� at 600 �C. The decrease in the

contact angle is due to the decomposition of the surface methyl

groups. The FTIR and XPS spectra of the D7 film after calci-

nation at 600 �C (Fig. S2, ESI†) show the sharp decrease in the

surface methyl groups and increase in hydroxyl groups. In the

FTIR spectrum the intensity of Si–C and C–H absorption peaks

was reduced significantly. On the other hand, O–H absorption

peaks (3460 cm�1 and 1640 cm�1) became apparent. Also XPS

analysis revealed a very low carbon content of 3.3% and a high

oxygen content of 52.7% (38.7% before calcination). Replacing

the methyl groups with hydroxyl groups resulted in a hydrophilic

surface.

To demonstrate the wide applicability of the colloidal ormosil

suspensions, we deposited a D7 suspension with drop casting on

a paper substrate. The hydrophobic D7 film gives the paper

resistance against water. Uncoated paper is highly hydrophilic

and absorbs water quickly. Nanoporous ormosil coated paper

shows highly hydrophobic behavior with a contact angle reach-

ing 143� (Fig. 9a). The higher contact angle observed on the

paper substrate is due to the greater surface roughness of the

paper. Also, we observed that the hydrophobicity of the paper

substrate is stable and there is no significant change in the contact

angle even after 25 cycles of bending (bending radius is 2.5 mm).

Fig.9b shows the contact angle of the films is stable over the

whole pH range (pH 1–14). There is a slight decrease (6�) in the

contact angle at pH 14 but still the surface is hydrophobic with

a contact angle of 117�.
Conclusion

In conclusion, we described a novel method for the production of

flexible nanoporous ormosil films at room temperature and

neutral pH conditions. Films were deposited from colloidal

suspensions with common thin film deposition methods. The

colloidal suspensions are stable for several months and offer

great reproducibility and simplicity for producing nanoporous

and stable thin films on a variety of substrates. We prepared

several ormosil thin films on glass, polymer, silicon and paper

substrates. The films on flexible substrates reveal durable anti-

reflective and surface properties after many cycles of bending.

We believe that our novel production method of nanoporous

flexible ormosil thin films on sensitive substrates may expand

their use in low cost electronic and optical devices and lab-on-

paper applications.
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