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In this work, we investigated the film formation from
polystyrene (PS) latex/TiO2 nanocomposites using the
steady state fluorescence (SSF) and UV–vis (UVV) tech-
niques depending on PS particle size and TiO2 content.
The structural properties of films were characterized
by scanning electron microscope (SEM). The films
were prepared from pyrene (P)-labeled PS particles
(SmPS:203 nm; LgPS:382 nm) by covering them with
different layers of TiO2 by dip-coating method and
then annealed at elevated temperatures. Two film
series (SmPS/TiO2 and LgPS/TiO2) were prepared and
seven different films were studied in various TiO2 con-
tents for each series. Scattered (Isc), fluorescence (IP),
and transmitted (Itr) light intensities were measured
after each annealing step to monitor the stages of film
formation. Results showed that, SmPS/TiO2 films
undergo complete film formation independent of TiO2

content. However, no film formation occurs above a
certain TiO2 content in LgPS/TiO2 films. SEM images
showed that SmPS/TiO2 films have highly well-ordered
microporous structures with increasing TiO2 content
after extraction of PS polymer whereas LgPS/TiO2
composites show no porous structure for high TiO2

content. Our experiments also showed that porous
TiO2 films with different sizes could be successfully
prepared using this technique. POLYM. COMPOS.,
35:2376–2389, 2014. VC 2014 Society of Plastics Engineers

INTRODUCTION

Film formation from soft (low-Tg) and hard (high-Tg)

latex dispersions can occur in several stages. In both

cases, the first stage corresponds to the wet initial stage.

Evaporation of solvent leads to second stage in which the

particles form a close packed array, here if the particles

are soft they are deformed to polyhedrons. Hard latex

however stays undeformed at this stage. Annealing of soft

particles causes diffusion across particle–particle bounda-

ries which lead to a homogeneous continuous material. In

the annealing of hard latex system, however, deformation

of particles first leads to void closure [1–4] and then after

the voids disappear diffusion across particle–particle

boundaries starts, i.e. the mechanical properties of hard

latex films evolve during annealing; after all solvent has

evaporated and all voids have disappeared. Transmission

electron microscopy (TEM) has been the most common

technique used to investigate the structure of the dried

films [5, 6]. Pattern of hexagons, consistent with face

centered cubic packing, are usually observed in highly

ordered films. When these films are annealed, complete

disappearance of structure is sometimes observed, which

is consistent with extensive polymer interdiffusion. Freeze

fracture TEM (FFTEM) has been used to study the struc-

ture of dried latex films [7]. Small angle neutron scatter-

ing (SANS) has been used to study latex film formation

at molecular level. Extensive studies using SANS have

been performed by Sperling and co-workers [8] on

compression-molded polystyrene film. Direct-nonradiative

energy transfer (DET) method has been employed to

investigate the film formation process from dye-labeled

hard [9] and soft [10, 11] polymeric particles. The steady

state fluorescence technique combined with DET has

been used to examine healing and interdiffusion processes

in the dye labeled poly(methyl methacrylate) (PMMA)

latex systems [12–14]. Recently UV–Vis technique was

used to study film formation from PMMA and polysty-

rene (PS) particles [15, 16] where the transmitted light

intensity was monitored during film formation process.

As a result of worldwide theoretical and experimental

efforts, a very good understanding of the mechanisms of

latex film formation has been achieved [1–16].
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This understanding of latex film formation can now be

exploited to underpin the processing of new types of coat-

ings and development of new materials. The blending of

latex particles and inorganic nanoparticles provides a fac-

ile means of ensuring dispersion at the nanometer scale in

composite coatings. In last decade, there has been grow-

ing interest on producing new materials by filling poly-

mers with inorganic natural and/or synthetic compounds.

These composite materials posses high heat resistance,

mechanical strength and impact resistance or present

weak electrical conductivity and low permeability for

gases like oxygen or water vapor. Since the inorganic par-

ticles display rather macroscopic dimensions and since

there is mostly no interaction between the two mixed

components at the interface between the two partners, the

resulting composite materials can be seen as filled poly-

mers. In general processing and structural development

studies are coupled with investigations of coating proper-

ties including optical, electrical, and mechanical proper-

ties [17–19]. Some efforts have been made to construct

microstructure and properties of coatings with composite

ceramic–polymer microstructures, where the emphasis in

composites in which a ceramic phase forms a connected

network in a polymer matrix. Processing and microstruc-

ture development of ceramic and polymer coating pre-

pared by depositing a solution or dispersion have been of

interest in last few years [20, 21]. Colloidal ceramics,

sol–gel derived ceramics and polymers have been studied

as coating systems.

Organization of monodispersed colloidal particles like

latex and silica microspheres into higher-order micro-

structures is attracting growing interest [22, 23], since it

provides unique structures suitable for various advanced

devices and functional materials such as photonic crys-

tals [24] and porous polymers [25]. Colloidal crystals

consisting of three-dimensional ordered arrays of mono-

dispersed spheres, represent novel templates for the

preparation of highly ordered macroporous inorganic sol-

ids, exhibiting precisely controlled pore sizes and highly

ordered three-dimensional porous structures. This macro-

scale templating approach typically consists of three

steps. First, the interstitial voids of the monodisperse

sphere arrays are filled with precursors of various classes

of materials, such as ceramics, semiconductors, metals,

monomers, etc. In the second step, the precursors con-

dense and form a solid framework around the spheres.

Finally, the spheres are removed by either calcination or

solvent extraction. Therefore, arrangements formed by

latex microspheres have been extensively used as a tar-

get on which to template advanced materials. Ordered

arrays of polymer (e.g., polystyrene or poly(methyl

methacrylate) or silica nanospheres have been exten-

sively studied in recent years for photonic crystal appli-

cations [26–30]. Such systems can be used as the “host”

for chemically or electrochemically immobilizing semi-

conductor particles. Thus, the pores and voids of the

ordered matrix can be filled with a metal, semiconduc-

tor, or both, which act as the “guest” material. The guest

follows the symmetry layout of the voids or pores in the

host matrix by self-organization, resulting in the forma-

tion of a three-dimensional array nanoarchitecture.

Importantly, the macroporous films retain the periodicity

of the templates and exhibit strong photonic band-gaps

that can be tuned by varying the template diameter. Pho-

tonic crystals (i.e., spatially periodic structures of dielec-

tric materials with different refractive indices) have been

extensively investigated worldwide. Because the lattice

constant of photonic crystals is in the visible or infrared

wavelength range, they can control the propagation of

photons in a way similar to the way a semiconductor

does for electrons. Many studies have been carried out

to predict and produce the 3D complete photonic band

gap structures because of their wide potential applica-

tions in optics [31]. Recently, they have attracted

renewed interest, mainly because they provide a much

simpler, faster, and cheaper approach than complex

semiconductor nanolithography techniques to create

three-dimensional photonic crystals working in the opti-

cal wavelength range [32–34].

In the present study, we investigated the influence of

the TiO2 content and PS particle size on film formation

process and morphology of the PS/TiO2 composite films.

For this purpose, two different PS particles with the same

molecular weight but different size (SmPS: 203 nm and

LgPS:382 nm) were examined. PS/TiO2 films were pre-

pared by drying the LgPS and SmPS suspensions on glass

substrates and covering them with various layers of TiO2

by dip-coating method. Film formation process of these

films were studied with annealing them in the temperature

range of 100 to 280�C for 10 min and monitoring the

scattered light intensity (Isc), fluorescence intensity (IP),

and transmitted light intensity (Itr) changes. Film mor-

phologies were examined with scanning electron micro-

scope (SEM). After the film formation process completed,

PS polymer was extracted with toluene to produce micro-

porous TiO2 films. The surface morphology of the films

was found to vary with the particle size of PS latex

spheres and TiO2 content. Although TiO2 content, film

thickness and molecular weight of PS were the same in

both series, SmPS/TiO2 films presented complete film

formation for all TiO2 content while film formation

occurred in LgPS/TiO2 films only above a certain TiO2

content. SEM images reveal that for both series of com-

posites films, porous level or structure is also affected.

After extraction of the PS polymer, the PS/TiO2 compos-

ite containing 203 nm PS particles, exhibits a quite simi-

lar highly ordered porous structure with increasing TiO2

content whereas composites containing 382 nm PS par-

ticles show no porous structure for high TiO2 content. In

this respect the large particles (LgPS) behave differently

from the small ones (SmPS). The resulting highly struc-

tured ceramics could have applications in areas ranging

from quantum electronics to photocatalysis to battery

materials.
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EXPERIMENTAL

Materials

Synthesis of Polystyrene (Latex) Spheres. In this

study, we used two types of PS latex with different diame-

ters. The latex samples are composed of pyrene (P) labeled

polystyrene. Fluorescent PS latexes were produced via

emulsion polymerization process [35]. The polymerization

was performed batch-wisely using a thermostatted reactor

equipped with a condenser, thermocouple, mechanical stir-

ring paddle and nitrogen inlet. Water (50 ml), Styrene

monomer (3 g; 99% pure from Janssen) and 0.014 g of

fluorescent 1-Pyrenylmethyl methacrylate (PolyFluor
VR

394)

were first mixed in the polymerization reactor where the

temperature was kept constant (at 70�C). The water soluble

radical initiator potassium persulfate (KPS) (1.6% wt/wt

over styrene) dissolved in small amount of water (2 ml)

was then introduced in order to induce styrene polymeriza-

tion. Different surfactant sodium dodecyl sulfate (SDS)

concentrations (0.03 and 0.12% wt/vol) were added in the

polymerization recipe to change the particle size keeping

all other experimental conditions the same. The polymer-

ization was conducted under 400 rpm agitation during 12

h under nitrogen atmosphere at 70�C. The particle size

was measured using Malven Instrument NanoZS. The

mean diameter of these particles is 203 nm (SmPS) and

382 nm (LgPS). The weight-average molecular weights

(Mw) of individual PS chains (Mw) were measured by gel

permeation chromatography (GPC) and found for both

SmPS and LgPS as 90 3 103 g/mol. The particle size of

the polystyrene latex was decreased with increasing the

concentration of SDS but its molecular weight remained

almost unchanged with increasing SDS concentration.

Glass transition temperature (Tg) of the PS latexes were

determined using differential scanning calorimeter (DSC)

and found to be around 105�C. Table 1 provides some

characteristics of the two parent latex dispersions used in

making the composite films.

TiO2 Solution. TiO2 sol was prepared at room tempera-

ture in the following way: 1.2 ml titanium(IV) butoxide

was injected slowly in 15 ml ethanol. A few drop of ace-

tic acid was added and stirred for half an hour. Later, 10

ml ethanol was added to this mixture and stirred for 1 h.

Preparation of PS/TiO2 Films

Firstly, the glass substrates (0.8 cm 3 2.5 cm) were

cleaned ultrasonically in acetone and deionized water,

respectively. LgPS and SmPS aques suspensions were

dropped on clean glass substrates by casting method and

dried at room temperature. Upon slow drying at room

temperature, powder LgPS and SmPS films were pro-

duced. The film thickness of the both powder films was

determined to be 5 mm in average. As our aim is to study

the particle size effect of PS latex and TiO2 content on

film formation behavior of PS/TiO2 composites, we pre-

pared two series of films; series 1: LgPS and TiO2 (LgPS/

TiO2) and series 2: SmPS and TiO2 (SmPS/TiO2). We will

refer to the particle types using the abbreviations shown in

Table 1 and in parentheses above. TiO2 sol was filled into

the PS templates by dip-coating method. The LgPS and

SmPS covered glass substrates are settled vertically into the

TiO2 sol for two minutes, drawn out and dried at 100�C for

10 min. Here the TiO2 content in the films could be

adjusted by dipping cycle and therefore, to investigate effect

of TiO2 content the consecutive dipping was performed.

When the templates were immersed into the TiO2 sol, the

TiO2 precursor could permeate the close-packed arrays of

PS by capillary force and form a solid skeleton around the

PS spheres. Seven different films for each series of films

were produced with 0, 1, 3, 5, 8, 10, and 15 layers (dipping

cycle) of TiO2. In order to study the film formation behav-

ior of PS/TiO2 composites, the produced films were sepa-

rately annealed above Tg of PS, 105�C for 10 min at

temperatures ranging from 100 to 280�C. The temperature

was maintained within 62�C during annealing. After each

annealing step, films were removed from the oven and

cooled down to room temperature.

Finally, after film formation process of PS/TiO2 compo-

sites completed, the PS phase was dissolved away in tolu-

ene for 24 h, leaving the TiO2 film with the nanoholes in it.

Methods

Fluorescence Measurements. After annealing, each

sample was placed in the solid surface accessory of a

Perkin-Elmer Model LS-50 fluorescence spectrometer.

Pyrene was excited at 345 nm and scattered and fluores-

cence emission spectra were detected between 300 and

500 nm. All measurements were carried out in the front-

face position at room temperature. Slit widths were kept

at 8 nm during all SSF measurements.

Photon Transmission Measurements. Photon transmis-

sion experiments were carried out using Variant Carry-

100 BioUV-Visible (UVV) scanning spectrometer. The

transmittances of the films were detected at 500 nm. A

glass plate was used as a standard for all UVV experi-

ments, and measurements were carried out at room tem-

perature after each annealing processes.

Scanning Electron Microscopy (SEM) Measurements.

Scanning electron micrographs of the PS/TiO2 films were

taken at 10 to 20 kV in a JEOL 6335F microscope.

TABLE 1. Properties of the neat latexes.

Latex sample

Mw 3103

(g mol21)

PI

(Mw/Mn)

Particle

size (nm)

SDS (%)

(wt/vol)

SmPS 90 3.5 203 0.12

LgPS 90 4.3 382 0.03
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A thin film of gold (10 nm) was sputtered onto the sur-

face of samples using a Hummer-600 sputtering system to

help image the PS/TiO2 films against the glass

background.

RESULTS AND DISCUSSIONS

Figure 1a and b show transmitted (Itr), scattered (Isc),

and fluorescence (IP) light intensities versus annealing

temperatures for both pure SmPS and LgPS films with no

TiO2 content, respectively. Upon annealing the transmit-

ted light intensity, Itr, started to increase above a certain

onset temperature, called the minimum film formation

temperature T0, for all film samples. Scattered light inten-

sity showed a sharp increase at the single temperature

named as the void closure temperature, Tv. Here we have

to mention that Isc is scattered from below the surface as

well as from the surface of the latex film; however, Itr

goes through the film all the way. Fluorescence intensity

IP first, increase, reach a maximum, and then decrease

with increasing annealing temperature [36–40]. The tem-

perature where IP reaches the maximum is called the

healing temperature, Th. The increase in Itr above T0 can

be explained by evaluation of the transparency of the PS

films upon annealing. Most probably, increased Itr corre-

sponds to the void closure process [37]; i.e., polystyrene

start to flow upon annealing and voids between particles

can be filled. Since higher Itr corresponds to higher clarity

of the composite, then increase in Itr predicts that micro-

structure of these films change considerably by annealing

them, i.e. the transparency of these films evolve upon

annealing. PS starts to flow due to annealing, and voids

between particles can be filled due to the viscous flow.

Further annealing at higher temperature causes healing

and interdiffusion processes [37–40], resulting in a more

transparent film.

The sharp increase in Isc occurs at Tv, which overlaps

the inflection point on the Itr curve. Below Tv, light scat-

ters isotropically because of the rough surface of the PS

films. Annealing of the film at Tv creates a flat surface

on the film, which acts like a mirror. As a result, light is

reflected to the photomultiplier detector of the spectrome-

ter. Further annealing makes the PS film totally transpar-

ent to light and Isc drops to its minimum. On the other

hand, the increase in IP above T0 presumably corresponds

to the void closure process up to the Th point where the

healing process takes place. Decrease in IP above Th can

be understood by interdiffusion processes between poly-

mer chains [41, 42].

IP, Isc, and Itr curves of SmPS/TiO2 and LgPS/TiO2

composite films versus annealing temperature for various

TiO2 layer content are also shown in Figs. 2 and 3,

respectively. It is clear that all curves of SmPS/TiO2 films

shows similar behaviors with the pure SmPS film in Fig.

1a. This shows that SmPS/TiO2 films undergo complete

film formation process independent of TiO2. However,

LgPS/TiO2 series accomplished film formation process up

to five TiO2 layer content, above this content no film for-

mation process occurs. The behavior of T0, Tv, and Th

support these findings. Minimum film formation (T0),

void closure (Tv), and healing (Th) temperatures are

important characteristic related to the film formation

properties of latexes. T0 is often used to indicate the

FIG. 1. Plot of Itr, Isc, and IP intensities of pure a) SmPS and b) LgPS

films versus annealing temperature, T. Here T0 is the minimum film for-

mation temperature, Tv is the void closure temperature, and Th is the

healing temperature.

FIG. 2. Plot of Itr, Isc, and IP intensities versus annealing temperature,

T for SmPS/TiO2 composite films for various TiO2 layer. Numbers on

each curve shows TiO2 layer.
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lowest possible temperature for particle deformation suffi-

cient to decrease interstitial void diameters to sizes well

below the wavelength of light [43]. Below this critical

temperature, the dry latex is opaque and powdery. How-

ever, at and/or above this temperature, a latex cast film

becomes continuous and clear film [44]. Therefore, T0

has been considered in this study as the temperature

above which the Itr starts to increase. Here Tv is the low-

est temperature at which Isc become highest and defined

as the maxima of the Isc curve. Here Tv is the minimum

temperature at which Isc become highest. The healing

temperature (Th) is the minimum temperature at which

the latex film becomes continuous and free of voids. The

healing point indicates the onset of the particle–particle

adhesion [44]. Here, Th is defined as the maxima of the

IP curves versus temperature. T0, Tv, and Th, temperatures

measured for two series are reported in Table 2. From

Table 2, it should be noticed that T0 and Tv values

increase with increasing TiO2 content. This behavior of

T0 and Tv clearly indicates that the existence of TiO2

delays the latex film formation process. However, healing

processes are not affected by the presence of TiO2, which

is not surprising. As a result, film formation of PS latexes

was strongly influenced by both the TiO2 content and PS

particle size.

On the other hand, Fig. 4 presents the plots of the

maximum values of Itr, (Itr)m at 250�C versus number of

TiO2 layers for both series. It is seen that as the number

of TiO2 layer is increased, (Itr)m shows a dramatic

decrease, indicating that low transparency occurs at

higher TiO2 content for both series. This indicates that

increase of TiO2 content increases the interface scattering

which results in the decrease of transmission. There exist

two major factors to affect the transmittance, i.e., surface

scattering and (PS-PS and PS-TiO2) boundary scattering.

Before annealing, since the film contains many voids (i.e.

the high number of polymer–air boundaries) most of the

light is scattered at the air–polymer interface (surface

scattering). Annealing the films first causes the closure of

voids due to the viscous flow of PS polymer and then

healing of the particle-particle boundaries. Therefore, Itr

increases with annealing temperature as shown in Figs. 1

to 3. After the film formation process is completed (dis-

appearance of voids), scattering takes place predominantly

from the PS-TiO2 boundaries. As the TiO2 content

increases, the cluster size increases gradually and the

screening performance of TiO2 particles in the visible

region was enhanced to result in the declined

transmittance.

The behavior of IP and Itr during annealing is sche-

matically presented in Fig. 5 where the behavior of

SmPS/TiO2 (Fig. 5; I) and LgPS/TiO2 up to five layers of

TiO2 (Fig. 5; II) composite films during annealing are

presented [39, 40]. In Fig. 5a (I,II), film posses many

voids, which results in short mean-free and optical paths

of a photon yielding very low IP and Itr. Figure 5b (I,II)

shows a film in which interparticle voids disappear due to

annealing, which gives rise to a long mean free and opti-

cal path in the film. At this stage, IP and Itr reach its

maximum values. Finally, Fig. 5c (I,II) presents almost

transparent film with no voids but some TiO2 back-

ground. At this stage, film has low IP but high Itr because

the mean free path is very long but the optical path is

short.

FIG. 3. Plot of Itr, Isc, and IP intensities versus annealing temperature,

T for LgPS/TiO2 composite films for various TiO2 layer. Numbers on

each curve shows TiO2 layer.

TABLE 2. Minimum film formation (T0), void closure (Tv), and healing (Th) temperatures for two sets of films.

TiO2 layer

SmPS/TiO2 LgPS/TiO2

T0 (�C) Tv (�C) Th (�C) T0 (�C) Tv (�C) Th (�C)

0 120 120 150 120 130 190

1 130 150 160 140 170 170

3 140 170 170 160 210 200

5 150 170 170 160 190 180

8 160 170 170 – – –

10 140 130 130 – – –

15 150 190 190 – – –

T0, minimum film formation temperature; Tv, void closure temperature; T, healing temperature.
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Film Formation Mechanisms

Void Closure. In order to quantify the behavior of IP in

Figs. 1 to 3, below Th and above T0, a phenomenological

void closure model can be introduced. Latex deformation

and void closure between particles can be induced by

shearing stress which is generated by surface tension of

the polymer, i.e. polymer–air interfacial tension. The void

closure kinetics can determine the time for optical trans-

parency and latex film formation [45]. In order to relate

the shrinkage of spherical void of radius, r, to the viscos-

ity of the surrounding medium, g, an expression was

derived and given by the following relation [45].

dr

dt
52

c
2g

1

qðrÞ

� �
(1)

where c is the surface energy, t is time, and q(r) is the rela-

tive density. It has to be noted that here the surface energy

causes a decrease in void size and the term q(r) varies with

the microstructural characteristics of the material, such as

the number of voids, the initial particle size and packing.

Equation 1 is similar to one that was used to explain the

time dependence of the minimum film formation tempera-

ture during latex film formation [46, 47]. If the viscosity is

constant in time, integration of Eq. 1 gives the relation as

t52
2g
c

ðr

r0

qðrÞdr (2)

where r0 is the initial void radius at time t 5 0. The

dependence of the viscosity of polymer melt on tempera-

ture is affected by the overcoming of the forces of macro-

molecular interaction, which enables the segments of

polymer chain to jump over from one equilibration posi-

tion to another. This process happens at temperatures at

which the free volume becomes large enough and is con-

nected with the overcoming of the potential barrier. Fren-

kel–Eyring theory produces the following relation for the

temperature dependence of viscosity [48, 49]

g5
N0h

V
exp

DG

kT

� �
(3)

where N0 is Avogadro’s number, h is Planck’s constant,

V is molar volume, and k is Boltzmann’s constant. It is

known that DG5DH2TDS, so Eq. 3 can be written as

g5Aexp
DH

kT

� �
(4)

where DH is the activation energy of viscous flow, i.e.

the amount of heat which must be given to one mole of

material to create the act of a jump during viscous flow;

DS is the entropy of activation of viscous flow. Here A
represents a constant for the related parameters that do

not depend on temperature. Combining Eqs. 2 and 4, the

following useful equation is obtained

t52
2A

c
exp

DH

kT

� �ðr

or

q rð Þdr (5)

FIG. 4. Plot of the maxima of transmitted light intensities, (Itr)m from

Figs. 1 to 3 versus TiO2 layers for a) SmPS/TiO2 and b) LgPS/TiO2 films.

FIG. 5. Cartoon representation of (I) SmPS/TiO2 composite films and

(II) LgPS/TiO2 composite films up to 5 layer of TiO2 content at several

annealing steps. (a) Film posses many voids that results in very low IP

and Itr, (b) interparticle voids disappear due to annealing, IP reaches its

maximum value, and (c) transparent film with no voids but some Al2O3

background and has low IP but high Itr.
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In order to quantify the above results, Eq. 5 can be

employed by assuming that the interparticle voids are

equal in size and the number of voids stays constant dur-

ing film formation (i.e.q rð Þ � r23), Then integration of

Eq. 5 gives the relation

t5
2AC

c
exp

DH

kT

� �
1

r2
2

1

r2
0

� �
(6)

where C is a constant related to relative density q(r). As

we stated before, decrease in void size (r) causes an

increase in IP. If the assumption is made that IP is inver-

sely proportional to the sixth power of void radius, r,

then Eq. 6 can be written as

t5
2AC

c
exp

DH

kT

� �
I1=3
� �

(7)

Here, r22
o is omitted from the relation since it is very

small compared with r22 values after void closure process

is started. Equation 7 can be solved for IP and Itr (5I) to

interpret the results in Figs. 1 to 4 as

I Tð Þ5S tð Þexp 2
3DH

kT

� �
(8)

where S(t) 5 (ct/2AC)3. For a given time the logarithmic

form of Eq. 5 can be written as follows

LnI Tð Þ5LnS tð Þ2 3DH

kT

� �
(9)

As it was already argued above that, the increase in

both IP and Itr originate due to the void closure process,

then Eq. 9 was applied to Itr above T0 and to IP below Th

for all film samples in two series. Figures 6 and 7 present

the Ln IP versus T21 and Figs. 8 and 9 present Ln Itr ver-

sus T21 plots for both film series from which DHP and

DHtr activation energies were obtained. The measured

DHP and DHtr activation energies are listed in Table 3. It

is seen that DHP values, except for pure SmPS and LgPS

films, for both series do not change much by increasing

the TiO2 layer showing that the amount of heat that was

required by one mole of polymeric material to accomplish

a jump during viscous flow does not change by varying

the TiO2 layers on the latex films. In addition, DHtr val-

ues of SmPS/TiO2 films also do not change much while

those for LgPS/TiO2 series decreases with increasing

TiO2 content. It has to be noted that the measured activa-

tion energies for viscous flow process in LgPS/TiO2 films

were found to be different in different techniques i.e.

DHP values are found lower than DHtr values. This differ-

ence most probably originates from different techniques

and second one measures the film formation from the

inner latexes, which requires higher energies. Moreover,

since pyrenes are labeled to PS chain, it is believed that

DHP values are more realistic to interpret the viscous

flow. On the other hand, DHtr values were obtained

FIG. 6. The ln(IP) versus T21 plots of the data in Figs. 1a and 2 for

SmPS/TiO2 composite films with 0, 3, 10, and 15 layers of TiO2. The

slope of the straight lines on right and left hand side of the graph pro-

duce DHP and DE activation energies, respectively.

FIG. 7. The ln(IP) versus T21 plots of the data in Figs. 1b and 3 for

LgPS/TiO2 composite films with 0, 1, and 5 layers of TiO2. The slope

of the straight lines on right and left hand side of the graph produce

DHP and DE activation energies, respectively.
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indirectly compared to DHP values. Meanwhile, values

for LgPS/TiO2 series are larger than SmPS/TiO2.

When comparing the activation energies of both series,

it is seen that DH values of LgPS/TiO2 series are larger

than those of SmPS/TiO2 series. This implies that the vis-

cous flow process is significantly affected by the PS parti-

cle size. With smaller diameter (i.e., 203 nm), the SmPS

particles have larger surface area or surface free energy.

The driving force for film formation is proportional to the

inverse of the particle size, according to the descriptions of

film formation driven by capillary forces [41]. The greater

curvature and higher surface area of small particles are

expected to encourage film formation. The specific surface

area or the total surface energy of SmPS particles (diame-

ter 203 nm) is much larger than that of LgPS particles

(diameter 382 nm). As their total surface energy is much

less than that of SmPS particles, LgPS particle requires

higher energy to complete viscous flow process.

Healing and Interdiffusion. The decrease in IP was

already explained in previous section, by interdiffusion of

polymer chains. As the annealing temperature is increased

above maxima, some part of the polymer chains may cross

the junction surface and particle boundaries disappear, as a

result IP decreases due to transparency of the film. In order

to quantify these results, the Prager-Tirrell (PT) model [50,

51] for the chain crossing density can be employed. These

authors used de Gennes’s “reptation” model to explain

configurational relaxation at the polymer-polymer junction

where each polymer chain is considered to be confined to

a tube in which executes a random back and forth motion

[52]. The total "crossing density" r(t) (chains per unit

area) at junction surface then was calculated from the con-

tributions r1(t) due to chains still retaining some portion

of their initial tubes, plus a remainder r2(t) i.e. contribu-

tion comes from chains which have relaxed at least once.

In terms of reduced time s52mt=N2 the total crossing den-

sity can be written as [53]

r sð Þ=r 1ð Þ52p21=2s1=2 (10)

where m and N are the diffusion coefficient and number

of freely jointed segment of polymer chain [50].

In order to compare our results with the crossing den-

sity of the PT model, the temperature dependence of r sð Þ
=r 1ð Þ can be modeled by taking into account the fol-

lowing Arrhenius relation for the linear diffusion

coefficient

m5moexp 2DE=kTð Þ (11)

Here DE is defined as the activation energy for back-

bone motion depending on the temperature interval. Com-

bining Eqs. 10 and 11 a useful relation is obtained as

r sð Þ=r 1ð Þ5Roexp 2DE=2kTð Þ (12)

where Ro5 8mot=pN2ð Þ1=2
is a temperature independent

coefficient. The decrease in IP in Figs. 1 to 4 above Th is

FIG. 8. The ln(Itr) versus T21 plots of the data in Figs. 1a and 2 for

SmPS/TiO2 composite film contains 0, 3, 10, and 15 layers of TiO2. The

slope of the straight lines produces DHtr.

FIG. 9. The ln(Itr) versus T21 plots of the data in Figs. 1b and 3 for

LgPS/TiO2 composite film contains 0, 1, and 5 layers of TiO2. The

slope of the straight lines produces DHtr.
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already related to the disappearance of particle-particle

interface. As annealing temperature increased, more chains

relaxed across the junction surface and as a result the

crossing density increases. Now, it can be assumed that IP

is inversely proportional to the crossing density r(T) and

then the phenomenological equation can be written as

IP 1ð Þ5R21
0 exp DE=2kBTð Þ (13)

The activation energy of backbone motion, DE is pro-

duced by least-squares fitting the data in Figs. 6 and 7

(the left hand side) to Eq. 13 and are listed in Table 3.

The DE value for each series decreases with increasing

TiO2 layer indicating that less energy is required to

accomplish the interdiffusion process across the junction

surface at high TiO2 content. When the TiO2 content is

increased, the average number of contacts between PS

particles is prevented. Therefore, the film forming ability

of both LgPS and SmPS latexes in composites films is

limited by TiO2 and PS chains are not completely mixed

in composite film where interpenetration is inevitably

limited by TiO2 particles. As a result, in the case of

increasing TiO2 content, interpenetration of PS chains

requires higher energy to accomplish their motion due to

the physical restrictions by TiO2 particles. Furthermore,

DE values for LgPS/TiO2 series are larger than that of

SmPS/TiO2 series. The polymer chains contain more

free volume and less interaction between segments in

SmPS chains leading to higher conformational energy

and less interaction of polymer chains [42, 54]. Polymer

chains in the SmPS particle (diameter 203 nm) are in a

highly confined state because of the spatial limitation

compared to that of the random-coil state [42] in LgPS

particles. This is the major reason for the SmPS particles

need less energy to accomplish interdiffusion process in

comparison with LgPS particles. Moreover, DE values

are also much larger than the void closure activation

energies for both series. This result is understandable

because a single chain needs more energy to execute dif-

fusion across the polymer–polymer interface than to be

accomplished by the viscous flow process.

FILM MORPHOLOGY

Scanning electron microscopy (SEM) was used to

characterize the morphologies of the composite films.

Figures 10 to 13 show SEM images of both SmPS/TiO2

and LgPS/TiO2 composites films with different layers of

TiO2 after thermal treatment at 100 and 280�C for 10

min, respectively. Figures 10a and 12a show that in pure

SmPS and LgPS films, particles are randomly distributed

and have spherical shapes. Particles in both films are in a

typically ordered close-packed array and no deformation

has occurred after heat treatment at 100�C. In TiO2 con-

tent films (Fig. 10b–d and Fig. 12b,c), PS latexes still

exhibit spherical shapes but consecutive dip-coating cycle

seems to lead the formation of an ordered array on a

larger area. The film surface of the films became smooth

by increasing the TiO2 layer content. Here as well, no

deformation of particles was found and the structure of

PS colloidal templates is well preserved. This confirms

that particle coalescence and film formation have not yet

occurred after annealing at 100�C. However, for LgPS/

TiO2 films with 10 layer of TiO2, a solid shell of layer

and cracks are seen on the surface of the film. This shows

that the interstitial voids of closely-packed LgPS micro-

spheres are fully filled with TiO2 and TiO2 will fully

cover the top of LgPS template.

SEM images of these films show that considerable

change is occurred by annealing the films at 250�C (Fig.

12a-d and Fig. 13a–c), i.e. the microstructure of the com-

posite film is changed and particle–particle boundaries

are completely disappeared after annealing process is

completed. Nevertheless, SEM image of LgPS/TiO2 film

with five TiO2 layer in Fig. 13c shows that the replica of

the LgPS particles on the film surface can not be

destroyed upon annealing even at 250�C temperature.

However, no further significant change in the morphology

of LgPS/TiO2 film with 10 layers of TiO2 could be

detected (Fig. 13d) indicating that LgPS latexes are

highly covered by a flat top layer of TiO2. These results

are in consistent with our arguments about the film

formation behavior of LgPS/TiO2 composites. From

here, both optical (IP and Itr) and SEM data suggest that

TABLE 3. Experimentally produced activation energies for SmPS/TiO2 and LgPS/TiO2 films for varying numbers of TiO2 layer.

TiO2 layer

SmPS/TiO2 LgPS/TiO2

DHP (kcal mol21) DHtr (kcal mol21) DE (kcal mol21) DHP (kcal mol21) DHtr (kcal mol21) DE (kcal mol21)

0 2.5 2.2 7.5 2.2 10.6 12.6

1 0.9 0.6 5.7 3.1 11.2 6.6

3 1.1 1.0 4.2 4.5 3.8 9.0

5 1.5 1.0 3.4 2.3 3.7 5.7

8 0.9 1.1 6.2 – – –

10 1.1 1.2 4.9 – – –

15 1.8 1.4 27.8 – – –

DHtr, activation energy of viscous flow (produced from Itr data); DHP, activation energy of viscous flow (produced from IP data); DE, activation

energy of back-bone motion (produced from IP data).
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10 layer of TiO2 presents a critical content for LgPS/TiO2

films, at or above which composite films are completely

covered with TiO2 layer which prevents film formation

process of LgPS particles.

Finally, in order to determine the extent of film forma-

tion, PS polymer was removed from the composite films

by extraction with toluene for 24 h. Here, toluene was

used as the dissolution agent since polystyrene is very

FIG. 10. SEM images of SmPS/TiO2 composite films with a) 0, b) 1, c) 5, and d) 10 layers of TiO2

annealed at 100�C.

FIG. 11. SEM images of SmPS/TiO2 composite films with a) 0, b) 1, c) 5, and d) 10 layers of TiO2

annealed at 250�C.
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FIG. 12. SEM images of LgPS/TiO2 composite films with a) 0, b) 1, c) 5, and d) 10 layers of TiO2

annealed at 100�C.

FIG. 13. SEM images of LgPS/TiO2 composite films with a) 0, b) 1, c) 5, and d) 10 layers of TiO2

annealed at 250�C.
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soluble [55] in this solvent and the TiO2 films are stable.

After dissolution of SmPS/TiO2 films with 1, 5, and 10

layer of TiO2, the microstructure of the PS particles reap-

peared again, as seen in Fig. 14a–c. This behavior can be

explained by removal of PS from the surface of the TiO2

covered latex particles during the dissolution process. In

other words, the film formation from SmPS particles has

occurred on top of the TiO2 covered SmPS particles dur-

ing annealing and, during dissolution, PS material is com-

pletely dissolved showing the microstructure of SmPS

particles covered by TiO2 layer. Cartoon presentation in

Fig. 5 explains this fact, where latex film formation pro-

ceeds independent of TiO2 content, which is placed on

the bottom of the first layer of PS latexes. According to

this explanation, TiO2 structures in Fig. 5 present the

monolayer replica of PS latexes. In Fig. 14a, the porous

structure has primarily been formed but the inorganic

wall is thin and nonuniform for one layer of TiO2. This

indicates that TiO2 sol is easy to fully fill the interstices,

but there is not enough solid content when the template is

removed. However, SEM images of SmPS/TiO2 films

with 5 and 10 TiO2 layers in Fig. 14b,c give nice hole

pictures. From these images, it can also be seen that the

level of order and the uniformity of inorganic wall

become better with the increase of dipping cycle.

On the other hand, extraction of LgPS polymer with

toluene created a porous, disordered material for the

LgPS/TiO2 film with one layer of TiO2 (Fig. 15a). For

higher TiO2 content films in Fig. 15b,c, it can be seen

that porous TiO2 structure cannot be obtained. These

films still keep their original microstructure forms and a

solid shell of layer and cracks are seen still present on the

surface of the films. However, the image shown in Fig.

15c reveals that three-dimensional microporous structure

FIG. 14. SEM images of SmPS/TiO2 films with a) 1, b) 5, and c) 10

layers of TiO2 after extraction of PS template with toluene.

FIG. 15. SEM images of LgPS/TiO2 films with a) 1, b) 5, and c) 10

layers of TiO2 after extraction of PS template with toluene.
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was still formed under the top TiO2 layer demonstrating

the three-dimensional nature of the templated structure.

So the TiO2 content is a key for the permeation of multi-

layer LgPS templates, which needs further investigation.

If the TiO2 content is more, the TiO2 will fully cover the

top of LgPS template (see Figs. 12c,d and 13b,c). Contra-

rily, TiO2 cannot fully pour the interstices of LgPS and

create a disordered porous structure after dissolution

when the content is small (see Fig. 15a). This result sug-

gested that the film formation of LgPS/TiO2 nanocompo-

site particles was highly dependent on TiO2 content.

In summary, we have developed a method to reliably

fabricate microporous TiO2 films on glass substrates using

monodisperse SmPS (203 nm) and LgPS (382 nm) latex

spheres as templates. The amount of the TiO2 deposited

was precisely controlled via the subsequence dipping

cycles during the dip-coating. The highly well-ordered

microporous structures were preserved after removal of PS

polymer with toluene for 203 nm sized PS latex. We dis-

covered that latex particle templating can also be used to

create porous networks of numerous oxide compositions in

a simple, rapid and less expensive process.

CONCLUSIONS

In conclusion this work has shown that the film forma-

tion process of PS/TiO2 composites is highly affected by

TiO2 content and PS particle size. For SmPS/TiO2 com-

posite system, the classical latex film formation process

can take place independent of TiO2 content in the film.

After dissolution of SmPS/TiO2 films, the microstructure

of the SmPS particles reappeared again. The microporous

TiO2 films made from the small (203 nm) latex spheres

have a highly porous and regular structure with increasing

TiO2 layer retaining the SmPS template’s long-range

ordering. This behavior can be explained by washing of

PS from the surface of the TiO2 covered latex particles

during the dissolution process. In other words, the film

formation from PS particles has occurred on top of the

TiO2 covered SmPS particles during annealing and, dur-

ing dissolution, PS material is completely dissolved show-

ing the microstructure of SmPS particles covered by TiO2

layer. On the other hand, except low TiO2 content films,

no film formation process occurred for high TiO2 content

LgPS/TiO2 films indicating that LgPS particles are com-

pletely covered by TiO2. Since LgPS particles were pre-

vented from coming into contact, LgPS latexes were no

longer film forming at high TiO2 content. After dissolu-

tion, films made from large (382 nm) latex spheres gave

poorly ordered porous films only for one layer of TiO2,

whereas for higher TiO2 content no porous structure was

observed. The morphological changes were found in con-

sistent with the SSF and UVV-results for both film series.

This work also showed that, using dip-coating method

which is the simplest and less expensive technique,

depending on the TiO2 content and size of the PS latex

used, periodic, interconnected networks of monodisperse

submicron inorganic oxide pores could be formed. These

structures could potentially find applications as chromato-

graphic support materials, solid catalysts, battery materi-

als, thermal insulators, or photonic crystals. We anticipate

that with this strategy, the synthesis of other highly

ordered micromacroporous metal oxide films should also

be possible. In future work, we will investigate the

detailed film formation mechanism of other metal oxide/

latex polymer composites and the possibility of producing

the diversity of macroporous materials achievable with

this technique.
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