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In this study, we investigated the influence of TiO2 con-
tent and thickness of polystyrene (PS) template on film-
formation behavior of PS/TiO2 composites using fluores-
cence and ultraviolet–visible techniques in conjunction
with scanning electron microscopy. Films were prepared
by coating PS templates with various layers of TiO2

using dip-coating method. The results showed that PS
latexes present complete film formation on top surface
of composites. After extraction of PS, a well-defined
interconnected porosity were obtained for thin films
when TiO2 content was increased, whereas thick sam-
ples did not present any interconnected porous struc-
tures above a certain TiO2 layer. POLYM. ENG. SCI.,
54:288–302, 2014. ª 2013 Society of Plastics Engineers

INTRODUCTION

Polymer latexes are being used in a broad range of

fields from adhesives, inks, paints, coatings, drug deliv-

ery systems, and films to cosmetics [1]. In many of

these applications, latexes form thin polymer films on a

substrate surface. Colloidal particles with glass transi-

tion temperature (Tg) above the drying temperature are

named as hard latex (high Tg) particles. On the other

hand, a colloidal particle with Tg below the drying tem-

perature is called as soft latex (low Tg) particles. Stud-

ies on the film-forming process of latex polymers repre-

sent a field of intense research since many years. A fun-

damental understanding of the dynamical and

mechanical properties of polymer thin films is important

in many applications including organic light emitting

devices, protective encapsulations in microelectronics,

lubricant coatings, and so on. Generally, Film formation

from soft and hard latex dispersions can occur in sev-

eral stages [2–5]. In both cases, the first stage corre-

sponds 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 particles

remain essentially discrete and undeformed during dry-

ing. The mechanical properties of such films can be

evolved after all the solvent is evaporated by annealing

process. Annealing of soft particles causes diffusion

across particle–particle boundaries that lead to a homo-

geneous continuous material. In the annealing of hard

latex system, however, deformation of particles first

leads to void closure [6–8] and then after the voids dis-

appeared diffusion across particle–particle boundaries

starts. The last stage of film formation is the coales-

cence of the particles where macromolecules belonging

to different particles mix by interdiffusion [9] and a

molecularly homogeneous polymer film is formed.

In last decade, there has been growing interest in pro-

ducing new materials by filling polymers with inorganic

natural and/or synthetic compounds. Because the inor-

ganic particles display rather macroscopic dimensions and

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. By using composites, we can combine two materi-

als to make them better than there components in certain

areas or manipulate the components to get a desired

result. The prior limitations of each material can be elimi-

nated with the combination of the characteristics among

the starting materials. Polymers are great for such proper-

ties as there light weight and flexibility. A defining fea-

ture of polymer nanocomposites is that the small size of

the fillers leads to a dramatic increase in interfacial area
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as compared with traditional composites. This interfacial

area creates a significant volume fraction of interfacial

polymer with properties different from the bulk polymer

even at low loadings [10–14]. Inorganic nanoscale build-

ing blocks include nanotubes, layered silicates (e.g., mont-

morillonite, saponite), nanoparticles of metals (e.g., Au,

Ag), metal oxides (e.g., TiO2, Al2O3), semiconductors

(e.g., PbS, CdS), and so forth.

Spontaneously organized colloidal crystals have been

widely used as three-dimensional (3D) templates for the

construction of macroporous materials. This macroscale

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 metals [15, 16], semiconductors [17,

18], ceramics [19, 20], monomers [21, 22], and so on. In

the second step, the precursors condense and form a solid

framework around the spheres. Finally, the spheres are

removed by either calcination or solvent extraction lead-

ing to the formation of 3D-ordered air cavities inside the

void-filling materials. 3D-ordered polymeric nanocompo-

sites have also found important technological applications

ranging from photonic papers [23] to ultrahigh-density op-

tical recording materials [24]. In the last few years, tem-

plating methods have proved successful for the design of

hierarchical porosity [25] as the size of the templating

beads could be modified. Surfactant arrays [25, 26] and

emulsion droplets [27, 28] or particles [29, 30] have been

used as templates and a wide range of structured porous

materials have been prepared including inorganic oxides

[29–31], carbons [32], metals [33], and polymers [34].

Ordered arrays of polymer [e.g., polystyrene (PS) or

poly(methyl methacrylate)] or silica nanospheres have

been extensively studied in recent years for photonic crys-

tal applications [19, 35–38]. Such systems can be used as

the ‘‘host’’ for chemically or electrochemically immobiliz-

ing semiconductor particles. Thus, the pores and voids of

the ordered matrix can be filled with a metal, semicon-

ductor, 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

formation of a 3D 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. Photonic crystals are

periodic dielectric arrangements on the optical wavelength

scale [39] such as natural opals or highly ordered macro-

porous substances. The periodic structure of the material

leads to strong multiple scattering of light or to a strong

modification of wave propagation. 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 pre-

dict and produce the 3D complete photonic band gap

structures because of their wide potential applications in

optics [39]. Recently, they have attracted renewed

interest, mainly because they provide a much simpler,

faster, and cheaper approach than complex semiconductor

nanolithography techniques to create 3D photonic crystals

working in the optical wavelength range [40–42].

In this report, we provide a detailed account of film-

formation properties and the morphology of PS/TiO2

nanocomposites as a function of the thickness of the PS

template and TiO2 content using a combination of spec-

troscopic and scanning electron microscopy (SEM) meth-

ods. PS latex has been selected as the templating entities

in the present study, because they can be obtained in a

wide variety of sizes and with different functional groups.

It is readily available in industrial grade and it has good

thin film-forming properties. It is not soluble in water but

can easily soluble in organic solvents such as toluene,

chloroform, and acetone. These particles also easily form

highly ordered films [43], which enables us to prepare or-

dered porous solids and to control the size of the cavities

induced in the matrix. TiO2 is one of the most common

materials that have a great attention with its unique prop-

erties. Wide range of application areas includes self clean-

ing coatings, water purification or water treatment, solar

energy cells, and gas sensors. Moreover, TiO2 is one of

the most important photocatalytic materials with its ability

to catalyze the degradation of many organic materials. In

our previous work [43], we have demonstrated the feasi-

bility of utilizing PS latex spheres as templates to form

macroporous TiO2 films [43]. In the present study, we

first investigated the effect of TiO2 content and thickness

of PS templates on film-formation process of PS/TiO2. In

order to study film-formation process, PS/TiO2 films were

annealed in the temperature range of 100–2808C, fluores-

cence and transmitted light intensities were meausered af-

ter each annealing step. Film-formation stages were mod-

eled and related activation energies were calculated. After

completion of film formation, to get ordered macroporous

TiO2 thin films, PS was removed by extraction.

EXPERIMENTAL

Materials

Latex Dispersions. The latex samples used in this study

are composed of pyrene (P) labeled PS. Fluorescent PS

latexes were produced via emulsion polymerization pro-

cess [44]. The polymerization was performed batch-wisely

using a thermostatted reactor equipped with a condenser,

thermocouple, mechanical stirring paddle and nitrogen

inlet. Water (50 ml), styrene monomer (3 g; 99% pure

from Janssen) and the 0.014 g of fluorescent 1-pyrenyl-

methyl methacrylate (PolyFluor1 394) were first mixed in

the polymerization reactor where the temperature was

kept constant (at 708C). The water soluble radical initiator

potassium persulfate (1.6%, wt./wt. over styrene) dissolved

in small amount of water (2 ml) was then introduced in

order to induce styrene polymerization. Surfactant sodium

dodecyl sulfate (0.075%, wt./vol.) was added in the
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polymerization recipe. The polymerization was conducted

under 400 rpm agitation during 12 h under nitrogen atmos-

phere at 708C. The particle size was measured using

Malven Instrument NanoZS. The mean diameter of these

particles is 324 nm. The weight-average molecular weights

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

permeation chromatography and found ranging as 3.32 3

105 g mol21. Glass transition temperature (Tg) of the PS

latexes was determined using differential scanning calorim-

eter and found to be around 1058C.

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

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

cleaned ultrasonically in acetone and deionized water,

respectively. Then, seven different films (PS templates)

were prepared from the dispersion of PS particles in water.

The PS latexes were assembled on clean glass substrates by

casting method by placing the same number of drops on

glass substrates. Upon slow drying at room temperature, a

dry film of ordered PS spheres was produced. The thickness

of the PS templates could be controlled by changing the

amount of PS latex spheres suspension deposited. In order

to evaluate the film-formation properties depending on the

thickness of PS template, two different sets of PS films with

5 lm and 20 lm were prepared. TiO2 sol was filled into the

PS templates by dip-coating method. The PS covered glass

substrate is settled vertically into the TiO2 sol for two min,

drawn out and dried at 1008C for 10 min. Here, the TiO2

content in the films could be adjusted by dipping cycle; and

therefore, to investigate the effect of TiO2 content, the con-

secutive dipping was performed. When the templates were

immersed into the TiO2 sol, the TiO2 precursor could per-

meate the close-packed arrays of PS by capillary force and

form a solid skeleton around the PS spheres. Seven different

films for each set of films were produced with 0, 5, 8, 10,

12, 13, and 15 layers of TiO2. In order to study the film-for-

mation behavior of PS/TiO2 composites, the produced films

were separately annealed above Tg of PS, 1058C for 10 min

at temperatures ranging from 100 to 2808C. The tempera-

ture was maintained within 628C during annealing.

Finally, after film-formation process of PS latexes

completed, the PS phase was dissolved away in toluene

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 fluores-

cence spectrometer. Pyrene (P) was excited at 345 nm

and scattered light and fluorescence emission were

detected between 300 and 500 nm. All measurements

were carried out in the front-face position at room tem-

perature. Slit widths were kept at 8 nm during all steady

state fluorescence (SSF) measurements.

Photon Transmission Measurements. Photon transmis-

sion experiments were carried out using Variant Carry-

100 Bio-UV–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.

SEM Measurements. Scanning electron micrographs of

the PS/TiO2 films were taken at 10–20 kV in a JEOL

6335F microscope. A thin film of gold (10 nm) was sput-

tered onto the surface of samples using a Hummer-600

sputtering system to help image the PS/TiO2 films against

the glass background.

RESULTS AND DISCUSSIONS

Figures 1 and 2 show fluorescence (IP), scattered (Isc),

and transmitted light intensities (Itr) versus annealing tem-

peratures for both thick and thin pure PS 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. The temperature

where IP reaches the maximum is called the healing tem-

perature, Th. This temperature is the indication of the par-

ticle–particle adhesion. The increase in Itr above T0 can

be explained by the evaluation of the transparency of the

PS films upon annealing. 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–poly-

mer 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 bounda-

ries [45, 46]. Therefore, Itr increases with annealing tem-

perature as shown in Figs. 1 and 2. Furthermore, anneal-

ing at higher temperature causes healing and interdiffu-

sion processes [45, 46], resulting in a more transparent

film. After the film-formation process is completed (disap-

pearance of voids), scattering takes place predominantly

from the PS-TiO2 boundaries.

The sharp increase in Isc occurs at Tv, which overlaps

the inflection point on the Itr curve. Below Tv, light
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scatters 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. Furthermore, annealing makes the PS film totally

transparent to light and Isc drops to its minimum. On the

other hand, the increase in IP above T0 presumably corre-

sponds 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 polymer chains [45, 46].

IP, Isc, and Itr curves of thick and thin PS/TiO2 com-

posite films for various TiO2 layer content annealed at

various temperatures are also shown in Figs. 3 and 4,

respectively. It is clear that all curves shows similar

behaviors with the pure PS films in Figs. 1 and 2. This

result shows that PS latexes in composite films undergo

complete film-formation process. The behavior of T0, Tv,

and Th values measured for two sets of film reported in

Table 1 support these findings. Minimum film formation

(T0), void closure (Tv), and healing (Th) temperatures are

important characteristic related to the film-formation prop-

erties of latexes. T0 is often used to indicate the lowest

possible temperature for particle deformation sufficient to

decrease interstitial void diameters to sizes well below the

wavelength of light [47]. Below this critical temperature,

the dry latex is opaque and powdery. However, at and/or

above this temperature, a latex cast film becomes continu-

ous and clear film [48]. Therefore, T0 has been considered

in this study as the temperature above which the Itr starts

to increase. Here, Tv is the lowest temperature at which

Isc become highest and defined as the maxima of the Isc

curve. The healing temperature (Th) is the minimum tem-

perature at which the latex film becomes continuous and

free of voids. The healing point indicates the onset of the

particle–particle adhesion [48]. Here, Th is defined as the

maxima of the IP curves versus temperature. From Table

1, the T0, Tv, and Th temperatures are about 120–1608C,

150–2408C, and 180–2308C for the thick films, 110–

1508C, 130–1808C, and 160–2008C for the thin films,

respectively. T0, Tv, and Th do not change so much within

FIG. 1. Plot of (a) IP, (b) Isc, and (c) Itr intensities of thick PS film

versus annealing temperature, T. Th is the healing temperature, Tv is

the void closure temperature, and T0 is the minimum film-formation

temperature.

FIG. 2. Plot of (a) IP, (b) Isc, and (c) Itr intensities of thin PS film ver-

sus annealing temperature, T. Th is the healing temperature, Tv is the

void closure temperature, and T0 is the minimum film-formation temper-

ature.
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the each series with TiO2 content but are all shifted to

higher temperatures with the thickness of the PS template.

This point out that film formation by PS latex polymers

in thick films is retarded, compared to thin films. As a

result, film formation of PS latexes was strongly influ-

enced by the film thickness.

The behavior of IP and Itr during annealing is sche-

matically presented in Fig. 5 for a film with TiO2 [43, 49,

50]. In Fig. 5a, film posses many voids, which results in

short mean free and optical paths of a photon yielding

very low IP and Itr. Figure 5b shows a film in which inter-

particle voids disappear due to annealing, which gives rise

to a long mean free and optical path in the film. At this

stage, IP and Itr reach its maximum values. Finally, Fig.

5c presents almost transparent film with no voids but

some TiO2 background. At this stage, film has low IP but

high Itr because the mean free path is very long but the

optical path is short.

Film-Formation Mechanisms

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

Figs. 1–4, 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, that is, polymer–air interfacial tension. The

void closure kinetics can determine the time for optical

transparency and latex film formation [51]. In order to

relate the shrinkage of spherical void of radius, r, to the

viscosity of the surrounding medium, g, an expression

was derived and given by the following relation [51].

dr

dt
¼ g

2Z
ð 1

rðrÞÞ (1)

where g is the surface energy, t is time, and r(r) is the

relative density. It has to be noted that here the surface

energy causes a decrease in void size and the term r(r)

varies with the microstructural characteristics of the mate-

rial, 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-for-

mation temperature during latex film formation [52, 53].

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

FIG. 3. Plot of IP, Isc, and Itr intensities versus annealing temperature, T for the thick composite films for

various TiO2 layers. Numbers on each curve shows TiO2 layer.
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t ¼ � 2Z
g

Zr

r0

rðrÞdr (2)

where r0 is the initial void radius at time t ¼ 0. The de-

pendence of the viscosity of polymer melt on temperature

is affected by the overcoming of the forces of macromo-

lecular interaction, which enables the segments of poly-

mer chain to jump over from one equilibration position to

another. This process happens at temperatures at which

FIG. 4. Plot of IP, Isc, and Itr intensities versus annealing temperature, T for the thick composite films for

various TiO2 layers. Numbers on each curve shows TiO2 layer.

TABLE 1. Minimum film formation (T0), void closure (Tv), and

healing (Th) temperatures for both thick and thin film sets.

TiO2

layer

Thick films (20 lm) Thin films (5 lm)

T0 (8C) Tv (8C) Th (8C) T0 (8C) Tv (8C) Th (8C)

0 120 150 180 110 130 180

5 160 210 220 140 180 180

8 160 230 230 150 180 180

10 160 190 220 140 180 190

12 150 220 230 150 180 200

13 140 200 180 120 170 160

15 130 240 230 120 180 200

FIG. 5. Cartoon representation of the composite films with TiO2 at sev-

eral 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 TiO2

background and has low IP but high Itr.
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the free volume becomes large enough and is connected

with the overcoming of the potential barrier. Frenkel–Eyr-

ing theory produces the following relation for the temper-

ature dependence of viscosity [54, 55]

Z ¼ N0h

V
expðDG

kT
Þ (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 DG ¼ DH � TDS, so Eq. 3 can be written as

Z ¼ AexpðDH

kT
Þ (4)

where DH is the activation energy of viscous flow, that

is, 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

t ¼ � 2A

g
expðDH

kT
Þ
Zr

or

rðrÞdr (5)

In order to quantify the above results, Eq. 5 can be used

by assuming that the interparticle voids are equal in size and

the number of voids stays constant during film formation

(i.e., qðrÞ�r�3), Then integration of Eq. 5 gives the relation

t ¼ 2AC

g
expðDH

kT
Þð 1

r2
� 1

r2
o

Þ (6)

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

stated before, decrease in void size (r) causes an increase in IP.

If the assumption is made that IP is inversely proportional to the

sixth power of void radius, r, then Eq. 6 can be written as

t ¼ 2AC

g
expðDH

kT
ÞðI1=3Þ (7)

Here, ro
2 is omitted from the relation since it is very small

compared to r2 values after the void closure process is

started. Equation 7 can be solved for IP and Itr (¼I) to inter-

pret the results in Figs. 1–4 as

IðTÞ ¼ SðtÞ expð� 3DH

kT
Þ (8)

where S(t) ¼ (gt/2AC)3. For a given time the logarithmic

form of Eq. 5 can be written as follows:

LnIðTÞ ¼ LnSðtÞ � 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 sets. Figures 6 and 7 pres-

ent the ln IP versus T21 and Figs. 8 and 9 present ln Itr

versus T21 plots for both sets of films from which DHP

and DHtr activation energies were obtained. The meas-

ured DHP and DHtr activation energies are listed in Table

2 for both series where it is seen that activation energies

do not change much by increasing the TiO2 layer content

and film thickness. The amount of heat that was required

by 1 mol of polymeric material to accomplish a jump

during viscous flow does not change by varying the

layers on the latex films and film thickness. DHP values

were found to be slightly smaller than DHtr values for

both series. This difference most probably originates

from different measurement techniques, where the first

one measures the film formation from latexes at the sur-

face, however, second one measures the film formation

from the iner latexes, which requires higher energies.

When comparing the activation energies of both series, it

is seen that average DH value of thick and thin films is

almost the same. This implies that the viscous flow pro-

cess is not significantly affected by both TiO2 content

and the thickness of PS template. If one compares the

DHP values produced in this study with the values pro-

duced for pure PS latex system (DHP ¼ 8.85 kcal mol21)

[45], then, one can reach a conclusion that inclusion of

TiO2 into the latex system considerably lowers the vis-

cous flow activation energy DHP. In other words, the ex-

istence of TiO2 promotes the void closure process. As a

result, latex film formation can be accomplished with

much less energy in composites than in a pure latex sys-

tem. In addition, the produced DHP values in this study

are also smaller than the DHP ¼ 6.15 kcal mol21 value

FIG. 6. The ln(IP) versus T21 plots of the data in Figs. 1 and 3 for the

thick composite films with 0, 5, 10, and 12 layers of TiO2. The slope of

the straight lines on right- and left-hand sides of the graph produces DHP

and DE activation energies, respectively.
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produced in our previous study for PS/TiO2 films with

1–5 TiO2 layers [43]. This difference can be explained

with the higher (5–15) TiO2 layer content in this study

which prevents PS latex to flow.

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 [56, 57] for the

chain crossing density can be used. 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 [58]. The

total ‘‘crossing density’’ (t) (chains per unit area) at junc-

tion surface then was calculated from the contributions

1(t) due to chains still retaining some portion of their ini-

tial tubes, plus a remainder 2(t) that is, contribution comes

from chains which have relaxed at least once. In terms of

reduced time s ¼ 2mt=N2 the total crossing density can be

written as [9]

sðtÞ=sð1Þ ¼ 2p�1=2t1=2 (10)

where n and N are the diffusion coefficient and number of

freely jointed segment of polymer chain [56].

In order to compare our results with the crossing den-

sity of the PT model, the temperature dependence of

rðsÞ=rð1Þ can be modeled by taking into account the

following Arrhenius relation for the linear diffusion coef-

ficient

n ¼ no expð�DE=kTÞ (11)

Here, E is defined as the activation energy for back-

bone motion depending on the temperature interval.

FIG. 7. The ln(IP) versus T21 plots of the data in Figs. 2 and 4 for the

thin composite films with 0, 5, 10, and 12 layers of TiO2. The slope of

the straight lines on right- and left-hand side of the graph produces DHP

and DE activation energies, respectively.

FIG. 8. The ln(Itr) versus T21 plots of the data in Figs. 1 and 3 for the

thick composite film contains 0, 5, 10, and 12 layers of TiO2. The slope

of the straight lines produces DHtr.

FIG. 9. The ln(Itr) versus T21 plots of the data in Figs. 2 and 4 for the

thin composite film contains 0, 5, 10, and 12 layers of TiO2. The slope

of the straight lines produces DHtr.
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Combining Eqs. 10 and 11, a useful relation is

obtained as

sðtÞ=sð1Þ ¼ Ro expð�DE=2kTÞ (12)

where Ro ¼ ð8not=pN2Þ1=2
is a temperature independent

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

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 cross-

ing density increases. Now, it can be assumed that IP is

inversely proportional to the crossing density s(t) and then

the phenomenological equation can be written as

IPð1Þ ¼ R�1
0 expðDE=2kBTÞ (13)

The activation energy of backbone motion, DE is

produced by least-squares fitting the data in Figs. 6

and 7 (the left-hand side) to Eq. 13 and are listed in

Table 2. The average DE value for each set does not

change with increasing TiO2 layer indicating that TiO2

layer content does not affect the backbone motion of

TABLE 2. Experimentally produced activation energies of both thick and thin film sets for varying numbers of TiO2 layers.

TiO2 layer

Thick films (20 lm) Thin films (5 lm)

DHP

(kcal mol21)

DHtr

(kcal mol21)

DE

(kcal mol21)

DHP

(kcal mol21)

DHtr

(kcal mol21)

DE

(kcal mol21)

0 4.2 7.6 11.8 1.0 0.7 5.2

5 2.4 2.5 53.0 1.1 1.3 5.7

8 0.7 1.6 33.4 1.1 1.7 6.5

10 0.4 1.3 10.8 1.4 1.4 6.3

12 1.2 1.1 15.0 0.6 1.3 8.4

13 0.8 1.2 12.9 2.2 1.9 6.1

15 0.5 1.3 37.7 0.7 0.9 21.6

Average

(except 0)

1.0 1.5 27.1 1.2 1.4 9.1

FIG. 10. SEM images of thick and thin films annealed at 1008C (a and c) and 2808C (b and d), respec-

tively.
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the polymer chains across the junction surfaces. In

other words, the film-formation behavior was unaffected

by the TiO2 coating. In addition, average DE value of

thick samples is almost three times larger than those of

thin films. The film thickness evidences that chain con-

finement effect exists, which may give rise to strong

perturbations to chain conformations [59, 60]. It was

reported that for sufficiently thick films the bulk mech-

anism dominates [61] and due to the reduced entangle-

ment of the polymer chains, segmental mobility can be

enhanced in thin polymer films. On the other hand, it

was shown that the molecular motions near the poly-

mer–air interface are much faster than those in the bulk

polymer, due to a reduction in the chain entanglement

near the polymer free surface [62–64]. Therefore, the

higher activation energy for thick films can be

explained by the high density of entanglement (bulk

mechanism) which causes the slower motion of polymer

chains. Fakhraai and Forrest [65] also found that the

activation energy decreasing with decreasing film thick-

ness in consistent with our results. Furthermore, DE
values are larger than the void closure activation ener-

gies for both series. This result is understandable

because a single chain needs more energy to execute

diffusion across the polymer–polymer interface than to

be accomplished by the viscous flow process.

Film Morphology

Figure 10 shows SEM images of thick and thin PS

templates annealed at 1008C and 2808C for 10 min,

respectively. SEM images of the PS templates show that

both films exhibit individual monodisperse particles. The

latex particles are randomly distributed and the latex par-

ticles still exhibit spherical shapes, and no deformation

has occurred. This confirms that particle coalescence and

film formation have not yet occurred. After annealing at

2808C (Fig. 10b and c), it is seen that all memory of the

original particles are lost and a continuous latex film

formed due to the interdiffusion of polymer chains. The

SEM pictures presented here show that film formation of

PS latexes in pure thin and thick films is completed after

annealing at 2808C.

Figs. 11 and 12 show SEM images of thick and thin

PS/TiO2 films coated with 5, 8, 10, and 12 TiO2 layer

annealed at 1008C, respectively. From these figures, we

can see some defects at local parts, but consecutive dip-

coating cycle seems to lead the formation of an ordered

array on a larger area. Here, as well, no deformation of

particles was found and the structures of PS colloidal

templates are well preserved. After annealing at 2808C
(Figs. 13 and 14), as can be seen from SEM images, the

PS/TiO2 films are all compact and smooth. A solid shell

FIG. 11. SEM images of thick PS/TiO2 films with (a) 5, (b) 8, (c) 10, and (d) 12 TiO2 layer content

annealed at 1008C.
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of layer and cracks are seen on the surface of the films in

some micrographs. These were likely created during the

preparation of composite films for electron microscopy.

In order to determine the extent of film formation, the

PS/TiO2 films were dissolved in toluene for 24 h. Here,

toluene was used as the dissolution agent since PS is very

soluble in this solvent and the TiO2 films are stable. Fig-

ures 15 and 16 show the influence of TiO2 concentration

on the morphology of thick and thin films after dissolution,

respectively. After the PS templates were removed by tolu-

ene, the microporous TiO2 structure formed and remained

on the glass site. In case of thick films, PS templates with

TiO2 layers up to eight gave nicely ordered porous films

upon dissolution. However, for the films with higher TiO2

layers (Fig. 15c and d) porous structure cannot be obtained

after dissolution because higher concentration results in

poor permeation among the close-packed arrays of PS in

these films and the TiO2 coating exhibits a flat top surface.

The suitable TiO2 concentrations that can bring satisfactory

permeation to fill the close-packed array of thick PS tem-

plates are 5 and 8 layers. So the TiO2 content is a key for

the permeation of thick multilayer templates and plays an

important role in the formation of porous films.

Figure 16 shows the SEM images of the thin films af-

ter dissolution. As shown in Fig. 16a, the porous structure

has primarily been formed but the inorganic wall is thin

and nonuniform for 5 layers TiO2 content film. This indi-

cates that when the content is small TiO2 precursor can-

not fully pour the interstices of PS. TiO2 sol is easy to

fully fill the interstices, but there is not enough solid con-

tent when the template is removed. Figure 16b–d shows

the morphology of thin films with higher (8–12 layers)

TiO2 content. From these images, it can also be seen that

the higher number of dipping cycle, the thicker the pore

wall. Moreover, it seems that with increasing TiO2 con-

tent films show a change from a 2D porous structure to a

3D porous structure. However, the level of order and the

uniformity of inorganic wall become worse with the

increase of dipping cycle.

By means of SEM and fluorescence data, our experi-

ments indicate that all samples present complete film for-

mation and a continuous polymer film with TiO2 residues

for composite systems. In both cases, highly ordered peri-

odic structures of the TiO2 were obtained after the PS

template was removed. However, it is understood that

TiO2 nanoparticles locate mostly within the PS phase for

higher TiO2 content in the thick films, whereas for thin

films the TiO2 particles locate at the interstices of PS

latexes which gives nice hole pictures even at higher

TiO2 content.

FIG. 12. SEM images of thin PS/TiO2 films with (a) 5, (b) 8, (c) 10, and (d) 12 TiO2 layer content

annealed at 1008C.
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FIG. 13. SEM images of thick PS/TiO2 films with (a) 5, (b) 8, (c) 10, and (d) 12 TiO2 layer content

annealed at 2808C.

FIG. 14. SEM images of thin PS/TiO2 films with (a) 5, (b) 8, (c) 10, and (d) 12 TiO2 layer content

annealed at 2808C.
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FIG. 15. SEM images of the thick PS/TiO2 films after extraction of PS template with toluene coated with

(a) 5, (b) 8, (c) 10, and (d) 12 TiO2 layers.

FIG. 16. SEM images of the thin PS/TiO2 films after extraction of PS template with toluene coated with

(a) 5, (b) 8, (c) 10, and (d) 12 TiO2 layers.
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CONCLUSIONS

We used the SSF technique in conjugation with UVV

and SEM techniques to study film-formation process of

PS/TiO2 nanocomposites films and morphological changes

depending on PS template thickness and TiO2 content.

The TiO2 content deposited was precisely controlled via

the repeating dipping cycle. The film-formation behavior

was unaffected by the TiO2 coating and a continuous

polymer film with TiO2 residues is observed for all com-

posite systems. These results allow us to conclude that for

the PS/TiO2 composite films, the mechanism of film for-

mation is in good agreement with the pure latex systems.

But film thickness has a considerable effect on the film-

formation behavior of composite films and their morphol-

ogy. These findings provide insight into the principle

mechanism of latex film formation in inorganic oxide-

based building materials. Finally, PS polymer was

removed from the composite material by dissolution at

room temperature, and the highly ordered porous struc-

tures of TiO2 were obtained. The pore size mainly

depends upon the initial size of the microspheres and

TiO2 content, so the dimension of the pores can be fully

controlled by varying these two parameters. The ability to

vary the dimensions of the walls and those of the pores in

a controlled fashion is important in certain applications,

such as photonic crystals, so that the periodicity in the

dielectric constant can be adjusted. We anticipate that with

this strategy, the synthesis of other highly ordered micro–

macroporous metal oxide films should also be possible. In

our future work, we will expand this method to other metal

oxides and PS template with different diameters.
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