
ORIGINAL PAPER

Molecularly imprinted polystyrene–titania hybrids
with both ionic and π–π interactions: a case study
with pyrenebutyric acid

Roman Selyanchyn & Seung-Woo Lee

Received: 21 October 2012 /Accepted: 24 September 2013 /Published online: 5 October 2013
# Springer-Verlag Wien 2013

Abstract We present hybrid films consisting of a composite
prepared from polystyrene (PS) and titanium dioxide (titania;
TiO2) and molecularly imprinted with 1-pyrenebutyric acid
(PBA). The interaction of PBAwith the polymer is shown to
occur via binding of the carboxylic group to TiO2 and hydro-
phobic interaction of the pyrene moiety with the PS network.
We investigated the effects of the PS fraction on morphology,
imprinting properties, and guest binding. The template could
be completely removed by incubating the films in an acetoni-
trile solution of pyrene, which is due to the stronger π–π
interaction between PBA and pyrene than the interaction
between PBA and its binding site. A guest binding study with
pyrene, 1-aminopyrene, pyrenemethanol, and anthracene-9-
carboxylic acid showed that the hybrid films possessed selec-
tivity and much higher binding capacity for PBA. This study
demonstrates the first case of clear PS-assisted imprinting,
where the π–π interaction of the template with a linear (non-
crosslinked) polymer creates selective binding sites and en-
hances the binding capacity. This is a driving force for guest
binding in addition to the interaction of the template/analyte
with TiO2. All molecularly imprinted films displayed better
binding, repeatability and reversibility compared to the re-
spective non-imprinted films.
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Introduction

In general, molecularly imprinted polymers (MIP) are synthe-
sized via three dimensional co-polymerization of functional
and crosslinking monomers in the presence of a template
molecule that is considered as a “recognition target” in future
applications [1]. In such a system, the functional groups of
monomers are spatially arranged by covalent, non-covalent, or
other types of chemical interactions with the template mole-
cules. Depending on the type of matrix material, molecular
imprinting (MI) can be classified into two branches on the
basis of the matrix used for imprinting i.e., organic and inor-
ganic MI.

Although the MI with organic polymers represents the vast
majority of modern research, among inorganic materials, im-
printing with titanium dioxide has several advantages. Titania
(and its precursors) may bind a variety of template molecules
through not only carboxylate binding sites but also other
functional sites that are capable of forming hydrogen bonds
[2]. In the case where TiO2 is present in the crystalline anatase
or rutile forms, it can serve as an effective photocatalyst
because of the specific absorbance in the UV–vis range [3,
4]. On the other hand, thick titania coatings can lack flexibility
and possess slow diffusion properties.

Polystyrene (PS) represents an inexpensive polymer mate-
rial that is environmentally friendly, recyclable, and widely
used in a variety of applications. The advantages of polysty-
rene over other materials include bacterial and moisture resis-
tance and its insulating properties. Because of the presence of
the only one double bond in the styrene monomer, this linear
polymer is not used for the synthesis of organic MIPs; how-
ever, to the best of our knowledge, only one study byHsu et al.
[5] successfully used styrene as a functional monomer for the
surface imprinting of the RNAse A. The authors have shown
that MIPs composed of styrene/PEG400DMA (20/100, v/v)
had a higher rebinding capacity than materials composed of
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only crosslinking agents, and suggested the role of styrene for
epitopic recognition.

Hybrid composite materials of PS and titania have been
widely studied for many emerging applications. In most cases,
PS, used as specific templates (e.g., spheres) for the preparation
of hierarchically ordered titania structures, is sacrificed by the
thermal decomposition [6, 7]. Core-shell PS/TiO2 and hollow
sphere porous titania materials obtained by post-process PS
removal are promising for a variety of industrial applications
such as enhanced photocatalysis [8], electronic ink [9], creation
of macroporous photonic crystals in titania [10], and anodes
for lithium ion batteries [11]. Thin film PS/TiO2 composites are
good candidates for coatings with modulated hydrophobicity
and can be switched from super hydrophilic to super hydro-
phobic [12–14]. In addition, novel applications of PS/TiO2

hybrids include its use for solid-phase extraction of amino
acids from biological samples [15]. In general, for preparation
of these composite materials, nanostructured PS and/or TiO2

are used, e.g., micro- or nanoparticles, nanorods, and nano-
crystal powder, to achieve a symmetric hierarchical structure or
ordered films with certain properties.

Recently, we demonstrated a phenomenon of well-
organized phase separation between titania and polystyrene
in thin films prepared via spin coating [16]. The variation of
polystyrene ratio leads to its specific distribution in the film
and PS can be present as a film, network, or uniformly
distributed nanodots. As shown by Schmidt et al., the addition
of a linear polymer to the organic MIP pre-polymerization
mixture [17, 18] leads to controlled phase separation between
the components, enhancing the binding properties in the films
fabricated via spin coating. In the present work, by extending
the applicability of nanosandwich TiO2/PS/TiO2 films intro-
duced in our previous report [16], we demonstrate the phe-
nomena of imprinting in such composite PS–titania matrix. 1-
Pyrenebutyric acid as a model template for imprinting in the
composite matrix possesses two different moieties providing,
as suggested, two-point binding possibility where carboxylic
group interacts with titania while the pyrene moiety interacts
with the PS matrix. Quite selective and dense imprinting was
obtained with binding parameters depending on the ratio of
PS. Moreover, the morphology of the spin-coated imprinted
hybrid films was studied to investigate the mechanism of film
formation in the presence of the template.

Experimental

Materials and film preparation

Polystyrene (PS, monomer MW=104.15 g & mol−1), titanium
(IV) tetrabutoxide (Ti(On-Bu)4, TTBO, MW=340.32 g &
mol−1), chloroform, ethanol, acetonitrile (ACN), 1-
pyrenebutyric acid (PBA, MW=288.34 g & mol−1), pyrene

(PYR, MW=202.25 g & mol−1), pyrenemethanol (MW=
232.28 g & mol−1), 1-aminopyrene (MW=217.27 g & mol−1),
and anthracene-9-carboxylic acid (9-AC, MW=222.24 g &
mol−1) were purchased from commercial sources and used
without additional purification. Stock solutions of 200 mM
PS, 200 mM TTBO, and 200 mM TTBO complexed with
10 mMPBA in CHCl3 were prepared, and were used to prepare
precursor solutions with certain molar contents for individual
components by adjusting the concentration of PS using pure
chloroform. Totally, 11 different films were prepared by spin
coating using the precursor solutions, as listed in Table 1.

The following spin-coating conditions were applied for
film preparation. Silicon wafers (~4 cm2) or transparent quartz
(~2 cm2) were used as substrates; they were washed in ethanol
and water and plasma treated for 4 min (Covance-MP, Femto
Science, femtoscience.co.kr, Korea). A precursor solution
amount of 50 μL⋅cm−2 was placed on the silicon wafer, and
then, it was rotated at a speed of 3,000 rpm. Spin coating was
performed using a K-359SD-1 device (Kyowa Riken, www.
kyowariken.co.jp, Japan) under nitrogen atmosphere. To
complete hydrolysis, the TTOB films were maintained in
normal humidity at room conditions for 24 h before the first
usage.

Film characterization

The morphology of surfaces and cross-sections of the prepared
films were investigated by optical microscopy (OM; Suruga
Seiki M331 micromanipulator assembled with Sony 3CCD
Exwave HAD camera, www.suruga-g.co.jp, Japan),
fluorescence microscopy (FM; SteREO, Lumar. V12, Zeiss,
microscopy.zeiss.com, Germany), scanning electron

Table 1 Concentrations of each component in the hybrid film precursor
solutions

Notation
in text

TTBO in
precursor,
mM

PS in
precursor,
mM

PBA in
precursor,
mM

Imprinted films

MI-100:100:5 MI-100 100 100 5
MI-100:80:5 MI-80 80

MI-100:60:5 MI-60 60

MI-100:40:5 MI-40 40

MI-100:20:5 MI-20 20

MI-100:10:5 MI-10 10

MI-100:5:5 MI-5 5

MI-100: 0:5 MI-0 0

Non-imprinted films

NI-100:100:0 NI-100 100 100 0
NI-100:20:0 NI-20 20

NI-100:0:0 NI-0 0
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microscopy (SEM, CarryScope S5700, JEOL, www.jeol.com,
Japan), and field emission scanning electron microscopy
(FESEM, Hitachi S-5200, www.hitachi.com, Japan). Before
the SEM measurements, the films were vacuum-dried for 6 h
to thoroughly remove solvent and water molecules adsorbed
on the films, and thereafter they were coated with a thin (ca.
5 nm) platinum film using an ion sputter (15 mA, 10 Pa,
Hitachi E-1030, www.hitachi.com, Japan) to avoid electrical
charge-up of the sample surface by the electron beam.

Template removal was confirmed by UV–vis–NIR spec-
troscopy (V-570 UV–vis spectrophotometer, JASCO, www.
jascoint.co.jp, Japan) of the films deposited on the quartz
plates. In addition, reflectance interference spectroscopy
(RIfS) performed with a conventional set-up (UV–vis–NIR
light source DH-200-BAL, spectrometer S1024DW, and
R400-7 fiber optic probe, all Ocean Optics, www.
oceanoptics.com) was used to confirm the film uniformity
and characterize template incorporation and removal.

Template removal and guest binding

Template removal from the prepared films was performed by
two different methods. The first method followed the conven-
tional approach based on the cleavage of the carboxylate bond
to the titania matrix, i.e., conditioning in 0.1 wt.% ammonia [2,
19–24] for 30 min. The second method involved short term
conditioning (~10 min) of the films in 3 mM neutral pyrene
solution in ACN. The guest binding of PBA and other com-
poundswas conducted using an acetonitrile solution of the guest
molecule (basic concentration maintained at 3 mM in ACN).
Specific absorbance changes due to the template removal and
rebinding were monitored by UV–vis spectrometry or RIfS.

For selectivity tests, the binding of several structurally similar
compounds such as pyrene, pyrenemethanol, 1-aminopyrene,
and antracene-9-carboxylic acid to the imprinted films was
tested. The structures of the template molecule and other com-
pounds are provided in ESM Fig. S1. The binding of all
compounds was conducted under similar conditions; namely
films were incubated in 3 mM guest molecule solution in ACN
for 40 min. After incubation, thorough washing in ACN follow-
ed by washing in water was conducted, and finally, the film was
dried in a stream of nitrogen gas.

Results and discussion

Structural characterization of the MIP films

Optical microscopy and reflectance measurements

The OM measurements of the fabricated films together with
RIfS analysis provided information about the film structure
and elucidated changes that took place after the PBA template

was removed from the film. Figure 1 shows the surface of the
films depending on the PS content before and after template
removal. Significant changes were observed even in the
macromorphology of the films with PS contents of 40 mM
or higher. When the PS concentration in the precursor solution
was 5, 10, or 20 mM, it was not sufficient to form a network
and the polymer was present in the form of uniformly distrib-
uted domains covered by a TiO2 film. At higher PS contents,
these domains started to form a network that became denser
with increasing amount of PS. The OM investigation of the
film surface showed that no changes were observed before
and after template removal when 0.1 wt.% ammonia washing
was used to remove the template.

On the other hand, the RIfS investigation of the films
deposited on the silicon wafer enabled the assessment of the
morphological uniformity (film thickness and structure) of the
film by comparing the reflectance spectra in different places of
the film. In addition, this method allowed us to check the
presence of PBA in the film after preparation (to confirm
successful incorporation) and after washing with ammonia
(to confirm template removal). Figure 2 shows the reflectance
spectra of three different MI films before and after template
removal. It is observed that for pure titania (MI-0), ammonia
washing was sufficient to remove the entire template, while
there was template residue visible in the MI-100 film. The
PBA absorption peak at around 350 nm was not completely
removed, indicating the presence of template residue. For MI-
20, the peak almost disappeared, but the presence of small
plateaus near 350 nm shows a little residue of the template.
These results demonstrate that the template has a different
binding feature in the films with PS and cannot be removed
thoroughly by conventional ammonia washing. The error bars
in the insets of Fig. 2 show the variation of the RI spectra
measured at different locations on the film, indicating high
uniformity of the films in terms of thickness and structure.

On the basis of the OM results, particularly those in Fig. 1,
we can conclude that similar to our previous work [16], three
types of phase separated structures were formed depending on
the content of PS in the film. At concentrations equal to or
higher than 40 mM in the precursor solution, PS forms net-
works in the film with an l layer being formed at a concentra-
tion of 100 mM. In contrast, at lower concentrations, PS is
present in the form of uniformly dispersed dotted domains.
Thus, to describe the features of the films, three representative
conditions were selected and further investigated: PS = 100
(film, network), PS = 20 (dotted domains), and PS = 0 (con-
ventional TiO2 film).

In the case of template removal by washing in 3 mM
pyrene in ACN, significant changes in the films with PS were
found when observed byOM, whereas the same changes were
not observed in the NI films (see Fig. S2 in ESI). Namely, for
MI films with PS, the initially present interference colouring
disappears, indicating a change in the film structure. In
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addition, the films conditioned in 3 mM pyrene in ACN were
no longer measurable by RIfS, indicating that the film struc-
ture underwent a significant morphological change. As all
these changes were not observed by OM because of its low
resolution, SEM investigations were undertaken as a further
step of film characterization.

SEM investigation

The phenomena of phase separation between the titania and
PS components, introduced in our previous work [16], satis-
factorily explain the structural features of the MI films, as can
be seen from the SEM images of Fig. 3. For MI-100, PS forms
networks between the layers of titania (Figs. 3a and e), where-
as for MI-20, it is present in the form of small clusters
(~400 nm) covered by titania (Fig. 3b). In addition, the SEM
investigation of the MI films revealed structural transforma-
tions after conditioning in 3 mM pyrene in ACN. In both
cases, the PS domains appear to be shrunken because of their
clearly phase-separated surfaces after template removal
(Figs. 3c and d).

The cross-sectional SEM images of the fabricated MI films
are shown in Figs. 3e and f, demonstrating that the difference
in the thickness is significantly dependent on the PS content.
The MI-100 film is almost three times thicker than the MI-20
film before template removal, and perhaps, this increase in
thickness can be attributed to the higher PS content.

These observations of the film surfaces are important for
explaining the complete removal of PBA after conditioning in
ACN with pyrene, the disappearance of the interference pat-
terns, and the disturbance of the reflectance spectra (data not
shown). The PBA template that has been complexed with the
TiO2 matrix is probably present in two different forms inside
the film: one part is covered by pure titania matrix and the other
is additionally surrounded by the PS matrix. The conventional
ammonia treatment is sufficient to remove the former from the
film but the latter will need a more specific process for template
removal. It appears that the conditioning using pyrene in ACN
is useful to extract the template that was bound to the film
through the hydrophobic interaction of the pyrene moiety with
the PS polymeric networks, in addition to the ionic bond with
the TiO2 matrix. As a result of template removal, PS lost the

Fig. 1 Optical images of the MI-X films before and after PBA template removal by ammonia washing (X: actual content of the PS in the initial solution
indicated in each figure)
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Fig. 2 Reflectance interference spectra of the MI films with ((a) PS = 0,
(b) PS = 20, and (c) PS = 100) before and after template removal by
washing with 0.1 wt.% ammonia. The inset figures show enlargements of

the enclosed parts of the RI spectra with PBA absorption feature (peaks at
around 350 and 330 nm)

~100 nm

a b

c d

e f

Fig. 3 SEM images of the
MI-100 and MI-20 films surfaces
before (a and b) and after
(c and d) PBA extraction by a
3 mM solution of pyrene. The
cross sections of the as-prepared
(e) MI-100 and (f) MI-20 films
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template-mediated connection with titania and was slightly
shrunken (MI-100) or produced nanocracks (nanoholes)
around the domains, as shown in Fig. S4b for MI-20.
However, these morphological changes do not change the
imprinting properties (as will be shown later), and moreover
improve them because of increased film permeability.

Template removal and rebinding

As mentioned in the experimental section, we have tried two
different methods of template removal from the films. In gen-
eral, 0.1 wt.% ammonia is sufficient for quick removal of the

carboxylic templates embedded in titania [21], and for MI-0, it
was enough to remove the PBA template completely. However,
some residual template was still observed in films including PS,
for bothMI-20 andMI-100, with more residue in the latter case.

Figure 4 shows the UV–vis spectra of the films deposited
on quartz plates after removal and rebinding of the PBA
template, where the original spectra are not shown here be-
cause they are similar to their “rebound” curves. The insets of
both graphs in Fig. 4 show the dynamics of template removal
by incubation in 0.1 wt.% ammonia. It is observed that the
absorbance change at 350 nm reaches saturation after ca.
20 min. Thus, we conditioned the films in 0.1 wt.% ammonia
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Fig. 4 Template rebinding in the films: (a) MI-100 compared with MI-0 and (b) MI-100 compared with non-imprinted film NI-100 (PBA = 0). PBA
binding was conducted using 3 mM PBA in ACN
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for 30 min in the further tests for PBA removal. Interestingly,
we achieved complete rebinding of the template to the film in
all cases by incubating the films in the 3 mM PBA template,
by comparing the original UV–vis spectrum of the film (after
fabrication) and that of the film after rebinding.

On the other hand, after PBA rebinding in ACN, the UV
absorption of the NI-100 film at around 200 nm, which is
attributed to the phenyl ring moiety of PS, drastically de-
creased, whereas its absorption peaks at around 260 nm show
similar to those of the MI-0 film. Perhaps, this indicates that
most parts of PS were removed from the film by the treatment
of PBA in ACN, revealing an adhesive instability between PS
and titania inside the film.

The phenomenon of the template removal by incubation in
the 3 mM ACN solution of neutral pyrene was discovered
during the selectivity tests. When pyrene was used as a guest
to the imprinted material, we observed complete removal of
PBA from all MI films. The UV–vis spectra of the three
different films presented in Fig. 5 show three different

conditions for : (1) rebinding, (2) removal with ammonia,
and (3) removal with 3 mM pyrene in ACN. After the condi-
tioning in the pyrene solution, no specific absorption peaks
that can be attributed to the PBA template or pyrene were
observed. Thus, we conclude that due to the possible π–π
interaction between neutral pyrene and PBA (e.g., excimer
state formation), residual PBA, not removed by ammonia, was
stacked to pyrene and successfully removed from the film.
This observed phenomenon that 3 mM pyrene in ACN can
remove the template and does not destroy the binding site was
validated by multiple rebinding tests. In further tests, this
method was used to remove the template instead of condition-
ing in an aqueous NH3 solution. Moreover, the time required
for removal was shorter, and for further tests, 10 min incuba-
tion in 3 mM pyrene in ACN was sufficient for complete
removal of the bound guest molecules. Interestingly, the incu-
bation of the film in pure ACN for a period of up to 1 h could
not remove the bound PBA from the fabricated films (Fig. S7
in ESM). This indicates that the removal of bound guest
molecules cannot be attributed only to the action of ACN.

Selectivity tests

In addition, selectivity tests with the four different compounds
were conducted. The films showed binding to anthracene-9-
carboxylic acid (9-AC) and did not show any binding to pyrene
or 1-aminotpyrene. Only trace amounts of binding of some
films to pyrenemethanol were observed. Figure 6 shows differ-
ent amounts of bound guest molecules per square centimeter
from the 3 mM solution in ACN for six different types of films
(three imprinted and three non-imprinted). Interestingly, little
binding of 9-AC was observed only in the PBA imprinted film
with PS = 100, suggesting that this binding was achieved solely
because of PS and not titania. Higher selective binding was
achieved in the MI-20 and MI-0 films. This result provides a
valuable tool for increasing the binding capacity without
sacrificing selectivity. A higher level of binding of PBA was
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obtained in theMI-100 film, but the possibility of non-selective
binding also appears probable. To summarize, for this particular
system of template and polymer, the best selectivity was ob-
tained for pure titania films and increasing the polystyrene
content significantly decreased the selectivity. However, opti-
mizing the content of PS may provide benefits in such systems,
e.g., for the MI-20 film, where selectivity is similar but the
maximum bound content is larger.

Binding constant determination tests

If a 1:1 stoichiometry of the complex is assumed, the dissoci-
ation constant KD between the guest (G) and binding site (BS)
in the molecularly imprinted polymer can be defined by Eq. 1
[25].

Gþ BS !KD G=BS ð1Þ

with KD defined as given by the Eq. 2,

KD ¼ Nunbound

Nbound
� C ¼ Nmax−Nbound

Nbound
� C ð2Þ

where Nmax denotes the maximum amount of guest molecules
that can be bound by unit weight of the material. In practical
calculations, however the Eq. 2 is converted the dependence
of Nbound against concentration as given by Eq. 3.

Nbound ¼ NmaxC

KD þ C
ð3Þ

By fitting the experimental data both maximum bound
capacity and KD can be found. The binding constant KD has
a dimension (unit) of the concentration and the guest binding
is better when KD is smaller. In the case of our imprinted
structure (thin film), it is convenient to describe the binding
capacity in the units of mol⋅cm-2 rather than in mol⋅g-1 as used
for bulk materials. To determine KD values, three types of
imprinted films and three types of non-imprinted films were
investigated and the dependency of the amount of bound
molecules as a function of the concentration of solutions for
rebinding (binding isotherms) was analyzed.

As observed in Fig. 7, all imprinted films show better
binding compared with their respective NI films. The impor-
tant role of the PS moiety can be observed from these data,
calculated binding constants, and maximum possible bound
amounts provided in Table 2. First, we can confirm that the

O

Ti

O

O

O

O
O

TiO

O

O

O

Ti

O

O
O

O TiO

O Ti

O

Ti

OH

Ti
Ti

OH

Ti
O

O

O

TiO

O

Ti

O

O

Ti

HO

O
O

Ti

O

O
O

OH

Ti

HO

O

Ti

O

HO

Ti

Ti
O

OH

O

O

O

Ti
O

Ti

O

OHHOHO

HO

HO

HO Ti
OHHO

HO
O

O

OH

O

Ti

O

O

O

O
O

TiO

O

O

O

Ti

O

O
O

O TiO

O Ti

O

Ti

OH

Ti
Ti

OH

Ti
O

O

O

TiO

O

Ti

O

O

Ti

HO

O-
O

Ti

O

O
O

OH

Ti

HO

O

Ti

O

HO

Ti

Ti OH
O-

O

Ti
O

Ti

O

OHHOHO

HO

HO

HO Ti
OHHO

HO
O

O

OH

O-

Ti

O

O

O

-O
TiO

O

O

Ti

O

O- O

O TiO

O Ti

O

Ti

OH

Ti
Ti

OH

Ti
O

O

O

TiO

O

Ti

O

O

Ti

HO

O-
O

Ti

O

O
O

OH

Ti

HO

O

Ti

O

HO

Ti

Ti O
O-

Ti
O

Ti

O

OHHOHO

HO

HO

HO Ti
OHHO

HO
O

O

OH

Fig. 8 Plausible mechanism of PBA imprinting in the PS/TiO2 composite material

Table 2 Binding constant and maximum bound amount for the fabricat-
ed films

Film type KD Nmax, nmol⋅cm−2

MI-100:100:5 0.093 14.1

NI-100:100:0 0.156 10.3

MI-100:20:5 0.172 11.5

MI-100:0:5 0.032 8.9
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increase in the maximum bound capacity of the films with the
PS content up to ~14 nmol⋅cm-2 is fairly good in comparison
with bulk materials. If we consider the film mass, the bound
capacity lies in the range of several μmol⋅g−1; however, direct
comparison with bulk materials was not performed. The best
guest binding from the KD values was obtained for the film
without PS, and thus, we can notice that the binding of PBA
from the lowest concentration of the binding solution (50 μM
PBA in ACN) is the best in the MI-0 film. This result is
consistent with previous research on carboxylic-compound-
imprinted titania materials [20, 21], which demonstrated that
ultrathin films of titania provide high imprinting capabilities
due to surface imprinting. However, the increased thickness of
titania coating decreased the permeability of guest molecules
[19–24]. As expected, the imprinted films including PS
showed slower guest binding than the pure titania imprinted
film, especially for MI-100. Moreover, the selectivity of the
films with a high PS content will probably be reduced because
of higher possibilities of non-specific binding in PS, especially
for molecules possessing hydrophobic moieties together with
carboxylic ones.

From the above results, we can suggest that the variation in
the PS content in the molecularly imprinted TiO2/PS hybrid
films is influencing the properties of the binding sites. This
fact can be used to produce materials based on their expected
application and whether binding capacity or binding speed is
more important. The addition of PS makes the coating thicker,
which in contrary to the conventional titania imprinting, in-
creases the amount of binding sites in the material. For in-
stance, the ca. 300-nm-thick MI-100 film was able to provide
almost two times more binding sites than the pure titania
imprinted film (see Fig. 4a). All initial template molecules
could be completely removed and reversibly rebound. In
particular, the optimized PS content can lead to the creation
of sufficiently selective binding to target molecules (compa-
rable with MI-0) with an increased capacity.

Mechanism of the template binding in the hybrid
TiO2/PS imprinted film

On the basis of the experimental results, we suggest the
morphology of the hybrid imprinted matrix and two types of
binding sites available in the composite material to be as
shown in Fig. 8. In the fabricated material, interaction with
template characteristic for imprinting with possibility of re-
versible binding/removal is supported by two points: one is
the complexation of the carboxylic moiety of the template
with the titania matrix, and the other is the π–π interaction of
the pyrene moiety of the template with the PS network. As
supported by experimental data, the PBA binding in the MI-
100 film is different than that in the pure titania MI-0 film. In
the MI-100 film, there were additionally around 20 phenyl
rings of PS per molecule of the template. In such a system, the

coordination of PS aromatic moieties to form a weak hydro-
phobic interaction with the pyrene moiety is much more
probable. In the MI-20 film, such an effect is not highly
pronounced but still present because of the specific phase-
separated distribution of PS in composite matrix. In this case,
PS domains are supposed to be the places for more concen-
trated binding of guest molecules.

Conclusion

In conclusion, the present study demonstrates a novel ap-
proach for molecular imprinting on the interface of specific
organic/inorganic hybrid structures in nanofilms. The combi-
nation of PS and Ti(On-Bu)4, which have been previously
used to provide unique phase-separated nanostructures, can
also be adapted for the biphasic imprinting of molecules
possessing aromatic moieties and functional groups available
for complexing with the titania matrix. The observed proper-
ties of the imprinted films are varied depending on the PS
content. The maximum bound capacity was enhanced with
increasing PS, indicating its role in the formation of specific
binding sites, especially for the compounds possessing the
pyrene moiety (1-pyrenebutyric acid, PBA) or several aligned
aromatic rings (anthracene-9-carboxylic acid, 9-AC). We ex-
pect that the current approach could provide a new direction
for molecular imprinting based on hybrid nanomaterials for
diverse applications.
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