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Molecularly imprinted TiO2 nanofilms were prepared by
spin coating, and the influence of template/matrix precursor ra-
tio was examined. The imprinted films including 10 to 40 times
matrix precursor, Ti(O-nBu)4, provided efficient and selective
binding as compared to those of low matrix precursor ratios.
The highest binding and selectivity were observed by a TiO2

film imprinted with 5mM AzoCO2H and 100mM Ti(O-nBu)4,
with template selectivities of 1.6 and 2.1 against 2-AnCO2H-
and 9-AnCO2H-imprinted films, respectively.

Molecular imprinting is a representative technique to mem-
orize shapes and functionalities of given molecules in appropri-
ate solid matrices. Today, this field has become dominated by
the use of organic polymeric materials and shows a wide range
of applications such as chromatographic separation, enzyme-
mimicking catalysts, chemical sensors, and biosensors.1 On the
other hand, inorganic matrices have received much less attention
for molecular imprinting, in spite of the fact that they have some
advantages such as structural rigidity and high surface area rel-
ative to organic matrices.2

Over the last several years, we have studied molecular im-
printing for the recognition of organic molecules in ultrathin
TiO2 gel multilayers that were fabricated by the surface sol–
gel process.3 Important molecular selectivities such as functional
selectivity, structural selectivity, enantioselectivity, and regiose-
lectivity4 were realized, and the usefulness of the TiO2 gel ma-
trix for molecular imprinting has become apparent.5 However,
its effectiveness as a practical technique has not been fully exam-
ined. In this study, we examine two important factors that are
considered essential in practical applications. One is to find
optimal fabrication conditions for improved selectivity and
binding. The other is to develop more efficient film fabrication
methods other than the surface sol–gel method.

We used in this study three template molecules that pos-
sessed closely related molecular sizes (ca. 7 to 9 �A) and struc-
tures (Scheme 1). First, Ti(O-nBu)4 as matrix precursor was
mixed with a given carboxylic acid in toluene/ethanol (1/1,
v/v) and then stirred for more than 6 h to form a complex of
Ti(O-nBu)3–carboxylate. The template concentration in the mix-
ture was varied from 0mM (nonimprinted) to 20mM against
100mM Ti(O-nBu)4. Films were prepared by spin coating
(1min, 4000 rpm) of 10mL of these mixtures on quartz or glass
plates treated with 1wt% ethanolic KOH (ethanol/water = 3:2,

v/v), and allowed to dry overnight in a humidity chamber (90%
humidity at 40 �C).

Incorporation of the template molecules and their removal
can be confirmed by UV–vis absorption spectra of the azoben-
zene and anthracene moieties. Figure 1a shows UV–vis absorp-
tion spectral changes, and the absorbance at 358 nm regularly
increased in proportion to the concentration of AzoCO2H in
the mixed precursor solution (�Abs = 0.01/mM, r2 ¼ 0:989).
Similar results were obtained with the 2-AnCO2H– and 9-
AnCO2H–TiO2 gel films that have maximum absorbances at
261 and 258 nm, respectively, data not shown. The templates
incorporated in the TiO2 matrix were readily removed by
treatment with aqueous ammonia (0.1%, v/v). In the case of
the AzoCO2H template, all the films show the absorption of
TiO2 gel film alone after template removal, as shown in the inset
of Figure 1a for the UV absorbance at 358 nm. This means that
the amount of the TiO2 gel becomes equal after template remov-
al, irrespective of the template concentration in the original film.
The film thickness is naturally enhanced with increasing
amounts of template in the precursor solution. Figures 1b and
1c show scanning electron micrographs of the cross section of
the 0 and 20mM AzoCO2H–TiO2 gel films deposited on glass
plates, respectively. These films are smooth over large areas,
and possess different thicknesses of 24� 2 and 34� 5 nm,
corresponding to the amount of template.

The imprinted films were incubated in a solution of 5mM
guest molecules in ethanol for 60min at room temperature,
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Figure 1. UV–vis absorption spectral changes of AzoCO2H–
TiO2 gel films (a): Stock solution: Ti(O-nBu)4; 100mM,
AzoCO2H; (i) 0, (ii) 0.5, (iii) 2.5, (iv) 5, (v) 10, and (vi)
20mM. Scanning electron micrographs of the cross section of
0 and 20mM AzoCO2H–TiO2 gel films (b and c, respectively)
deposited on glass plates. Insert shows the absorbance change
at 358 nm before and after template removal.
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rinsed with ethanol, and dried with nitrogen gas. The amount of
bound guest molecules can be represented by their absorbance
increases. The UV absorbance increase upon guest binding
(�Absbinding) was observed at 258, 261, and 358 nm for 9-
AnCO2H, 2-AnCO2H, and AzoCO2H, respectively. The tem-
plate/TiO2 ratio of the imprinted film affects the rebinding capa-
bility, as shown in Figure 2a. The absorbance increase due to
rebinding of AzoCO2H was maximal for the imprinted films
with 2.5 to 10mM AzoCO2H. The maximum increase observed
with the 5mM-templated film, corresponded to 58% of the initial
absorbance difference (�Absinitial) before and after template
removal: �Absinitial, 0:065� 0:002 and �Absbinding, 0:038�
0:001. This shows that 58% of the templated cavity is filled with
the rebound template molecule. The amount of the rebound
AzoCO2H on this film is about 2 times larger than that on/in
the corresponding nonimprinted TiO2 film (0:038� 0:001 vs,
0:017� 0:002). Perhaps, the binding of the non-imprinted film
is associated with nonspecific Ti–OH residues due to the hydrol-
ysis of the butoxide groups.

The adsorption of AzoCO2H was also studied for two series
of the reference film: 2-AnCO2H- and 9-AnCO2H-imprinted
films (2.5, 5, and 10mM films, respectively). As can be seen
from Figure 2b, the binding of AzoCO2H on all the reference
films was much less than that on the AzoCO2H-imprinted films.
Guest selectivity of the AzoCO2H-imprinted films for three tem-
plate concentrations is estimated to be 1.5, 1.6, and 1.6 against
the 2-AnCO2H-imprinted films, respectively, and 1.8, 2.1, and
1.8 against the 9-AnCO2H-imprinted films. In both cases, some-
what better binding is observed for the 5mMAzoCO2H-imprint-
ed film. Apparently, the TiO2 film imprinted with 5mM
AzoCO2H gave highest binding and selectivity.

From these results, we can conclude that the binding
efficiency and selectivity of imprinted sites depend on the molar
ratio of the template and matrix precursor. In fact, we observed
here better binding and selectivity than those described in our
previous study.4 It appears that 10 to 40-times Ti(O-nBu)4 is
needed for one template molecule in order to construct opti-
mized receptor cavities, where a thin titanium oxide network
of single or double layers surround the template molecule
(Figure 3b). Interestingly, the binding efficiency and selectivity
is depressed, when the template concentration is too low or too

high. As illustrated in Figures 3a and 3c for these cases, the guest
binding may occur at nonspecific binding sites of the outer
surface or the inner pore with lower quality. At higher template
concentrations, most of the binding sites would exist on the sur-
face of TiO2 gel matrices and they can recognize only partial
structures of the template, giving lower selectivity. Oppositely,
at lower template concentrations, the binding sites may be
composed of specific and nonspecific ones, and their selectivity
is suppressed. We believe that the current imprinting process is
simple and useful to prepare discriminative receptor cavities by
controlling the molar ratio of template/matrix precursor. This
spin-coating process is less time-consuming, and it becomes
possible to examine wider ranges of fabrication conditions.

SEM measurements were performed at the Instrumentation
Center of the University of Kitakyushu. This work was support-
ed by the MEXT via the Kitakyushu Knowledge-based Cluster
Project and a Grant-in-Aid for Science Research (No.
17651075) from the Ministry of Education, Culture, Sports,
Science and Technology of Japan.
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Figure 2. UV absorbance increases at 358 nm due to rebinding
of AzoCO2H to the 0 to 20mM AzoCO2H-imprinted films (a).
Comparison of AzoCO2H binding to the ( ) AzoCO2H-, ( )
2-AnCO2H-, and ( ) 9-AnCO2H-imprinted films (template con-
centration: 2.5, 5, and 10mM, respectively). Binding conditions:
60min at rt, in 5mM AzoCO2H solution in ethanol (n ¼ 5).
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Figure 3. Schematic illustration of TiO2 gel imprinted cavities.
The matrix precursor/template ratio is more than 40 (a), 10 to 40
(b), and less than 10 (c).
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