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a b s t r a c t

A method is developed for rapid preparation of titania substrates using a sol–gel prepara-
tion route in combination with an amphiphilic block copolymer (BCP) template, acting as
structure directing agent. The method consists in performing the spin coating of an initial
solutions of BCP and titania species in a controlled atmosphere using a flux of solvent
vapors (Rapid-Flux-Solvent-Atmosphere, RFSA method). The method is demonstrated in
the case of thin films of polystyrene-b-poly(oxyethylene) BCP (PS-PEO) with cylindrical
morphology of PEO domains in the PS matrix, characterized by the selective inclusion of
titanium species inside the PEO cylinders. Upon removal of the organic matrix by heat
treatment at 600 �C, titania substrates of different morphology are obtained depending
on the concentration of titania precursor and processing conditions. The method allows
preventing the negative effect of hydrolysis and condensation reactions of Ti species and
titania substrates with morphology reminiscent of that one achieved in the hybrid nano-
structured thin films are obtained. The RFSA method is simple, direct, and it is of particular
interest for systems that require a short processing time to eliminate the solvent and to
obtain regular nanostructured thin-films over large area. Merit figures such as the degree
of hexagonal order and the degree of coverage of the surface with titania motifs are iden-
tified to characterize the hybrid composites and titania substrates.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Titanium dioxide nanoparticles have received consider-
able attention in the last years because of their large spe-
cific surface, semiconductive properties, good selectivity
toward oxidizing reactions and good photostability in solu-
tion [1,2]. These unique properties, coupled with the low
cost and safety toward environment and human health

make TiO2 nanoparticles suitable for a wide range of appli-
cations in numerous fields such as hybrid solar cell, electric
and photocatalytic systems, and gas sensing [3–7]. How-
ever, in order to best exploit these properties in advanced
applications, the obtainment of dense arrays of inorganic
nano-element with well controlled morphology is required
[8–19].

Nanostructured titania substrates with well controlled
morphology may be created with different approaches
[1,2]. In particular, the methods based on the use of an
amphiphilic block copolymer (BCP) coupled with the sol–

http://dx.doi.org/10.1016/j.eurpolymj.2014.07.027
0014-3057/� 2014 Elsevier Ltd. All rights reserved.

⇑ Corresponding author. Tel.: +39 081 674341; fax: +39 081 674090.
E-mail address: finizia.auriemma@unina.it (F. Auriemma).

European Polymer Journal 59 (2014) 270–281

Contents lists available at ScienceDirect

European Polymer Journal

journal homepage: www.elsevier .com/locate /europol j

M
A

CR
O

M
O

LE
CU

LA
R

N
A

N
O

TE
CH

N
O

LO
G

Y

http://crossmark.crossref.org/dialog/?doi=10.1016/j.eurpolymj.2014.07.027&domain=pdf
http://dx.doi.org/10.1016/j.eurpolymj.2014.07.027
mailto:finizia.auriemma@unina.it
http://dx.doi.org/10.1016/j.eurpolymj.2014.07.027
http://www.sciencedirect.com/science/journal/00143057
http://www.elsevier.com/locate/europolj


gel process of a titanium compound as precursor have
received large attention [3,20–32].

For instance, exploiting the method of Evaporation
Induced Self-Assembly (EISA) [20–25] selective solvents
for one of the blocks allow micellar aggregates or inverted
micellae to be formed in solution, where titanium species
are selectively included inside the hydrophilic regions.
The successive evaporation of the solvent allows well-
organized arrays of titania nano-dots of uniform size and
shape or mesoporous titania templates, respectively, to
be obtained. On the other hand, also non-selective solvents
may be used to create morphologies characterized by
nano-motifs covering the whole area of the support by
drop casting or spin coating dilute solutions. In this
approach the self-assembly of the BCP associated with
the preferential interactions of the titanium species with
hydrophilic domains is exploited [3,26–32]. The final mor-
phology is steered by the tendency of the covalently linked
distinct macromolecules constituting amphiphilic BCPs to
segregate into different domains in order to minimize their
mutual repulsions, thus resulting in the spontaneous for-
mation of different types of nanostructures (spheres, cylin-
ders, lamellae) on different supports [33–35]. A key step of
the BCP-mesophase separation mediated process is thus
the formation of hybrid nanostructures, in which the BCP
matrix acts as host for sequestering guest titanium species
in specific domains [36] during the sol–gel process [1].
Upon removal of the organic matrix, nanoparticles,
worm-like entities, cylinders, nanoclusters or nanoporous
matrices of titania nano-motifs may be obtained, reminis-
cent of the domain-organized nanostructures achieved in
the hybrid system [26–32]. Therefore, the final morphol-
ogy of titania substrates may be finely controlled at nano-
scale level by the careful selection of the preparation
method of the hybrid nanostructured system and succes-
sive processing conditions adopted for removal of the
organic component [26–32].

Although the intricate kinetics and thermodynamic
phenomena underlying the process of formation of hybrid
systems and titania substrates through the latter approach
have been, at least in part, understood [1,3,29,32,37,38]
and several methods have been devised for tailoring the
final morphology over large area [13,26–32], the issue
related to the fine control of the structural organization
of inorganic nanoparticles at nanometric length over large
area for any given combination of BCP, Ti-species, solvent
in a fast and low cost process is still a challenge.

In this study, a systematic investigation of different pro-
tocols for preparation of titania substrates having con-
trolled morphology over large area is performed, using
the self-assembly of an amphiphilic BCP, namely a polysty-
rene-block-poly(ethylene oxide) diblock copolymer (PS-
PEO), coupled with a sol–gel process. By dissecting the
physicochemical phenomena subtending the whole pro-
cess, a quick, simple and low cost method for preparing
with high reproducibility hybrid nanostructures and highly
uniform titania substrates characterized by tailored mor-
phology over large area is rationally devised. The method
is based on an innovative spin-coating procedure of initial
solutions containing the BCP and a precursor of titanium
species under a flux of suitable solvent vapors, so that a

controlled atmosphere is rapidly attained. This method of
Rapid-Flux-Solvent-Atmosphere (RFSA) is of particular
interest for systems that require a short processing time
to eliminate the solvent and to obtain nanostructured
thin-films with a high degree of order over the whole area
of the substrate.

2. Experimental section

2.1. Materials and methods

The PS-PEO block copolymer was purchased from Poly-
mer Source Inc. Toluene, isopropyl alcohol (IPA), titanium
tetraisopropoxide (97%, TTIP) were purchased from Aldrich.
All reagents were used as received. The number average
molecular mass Mn of the BCP is 136,000 g/mol (Mw/Mn

1.18, Mw being the mass average molecular mass). The BCP
includes a PS amorphous block with Mn = 102,000 g/mol
and glass transition temperature of 102 �C and a PEO semi-
crystalline block with Mn = 34,000 g/mol and melting tem-
perature of �64 �C. A BCP with volume fraction of PEO
blocks equal to 0.23 (calculated considering that the density
of PEO and PS are 1.064 g/cm3 and 0.969 g/cm3, respectively
[39,40]) was selected in order to have a microphase-sepa-
rated morphology, in which PEO cylinders are hexagonally
arranged in the PS matrix.

Toluene solutions 1 wt% BCP were prepared at room
temperature by stirring for at least 1 h up to complete dis-
solution. Sample solutions of the BCP and relative Ti con-
tent ranging from 1 to 80 mol% (mol Ti: mol PEO
monomeric units) were obtained according to the follow-
ing procedure: (1) 0.125 mmol of TTIP and 0.125 mmol
H2O were dissolved in 5 ml of isopropanol in less than
3 min; (2) 5 ml of toluene was added drop-wise to 5 ml
of the homogeneous mixture prepared in the step 1 under
stirring for about 1 h, giving a bright light yellow solution
0.0125 M TTIP and 0.0125 M H2O. (3) The appropriate
amount of the solution prepared at step 2 (20, 50, 200,
400, 800, 1200 and 1600 ll) was added to 500 ll of the
1 wt% BCP toluene solution, and stirred for 30 min, to
obtain BCP solutions containing titanium species (1, 2.5,
10, 20, 40, 60, and 80 mol% Ti, respectively).

All solutions were used immediately after preparation.
We checked that during the fast protocol adopted for prep-
aration of hybrid solutions containing Ti species and the
BCP (90 min), the solution remained transparent, even
without addition of HCl, which is generally added both as
a catalyst for the hydrolysis of TTIP and as a retardant for
the condensation reactions [29,32,41].

Thin films of neat BCP and PS-PEO/titanium species
hybrid system, of thickness 50–100 nm, were obtained at
room temperature by spin coating in a closed tank (vol-
ume � 7.3 � 10�3 m3) at 2500 rpm for 30 s, after deposi-
tion of few drops (�0.2 ml) of a solution on a silicon
wafer (1 cm � 1 cm) using a spin coater P6700-Specialty
Coating Systems.

The thickness of films was measured with a DEKTAK
3 – Surface Profile Measuring System fabricated by Sloan
Technology, by performing at least 10 independent
measurements in different regions of the same sample and
over different samples. The relative error is less than 10%.
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