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Highly sensitive and selective detection of 2,4-DNT, a

representative explosive, was achieved by the synergic effect of

molecular imprinting and host (cyclodextrin)–guest interaction

in ultrathin layers of TiO2 and SiO2 gel; the detection limit using

cSPI measurements reached nM concentration.

Methods currently used to detect buried landmines mostly depend

on metal detectors and well-trained dogs. However, the metal

detector is less effective for finding landmines when they are made

from plastics and alternative materials. In addition, they are apt to

be disturbed by other metal fragments in the soil. On the other

hand, well-trained dogs (canines) are extremely effective for finding

buried landmines, but this requires much time and cost for

training, and dogs get tired rather readily. Therefore, more efficient

techniques are desired for sensing buried landmines.1

Most landmines contain nitro-aromatic explosives such as

2,4,6-trinitrotoluene (TNT) and 2,4-dinitrotoluene (2,4-DNT).

Therefore, buried landmines can be detected by taking advantage

of such structural features. A variety of chemical approaches based

on fluorescent, electrochemical, piezoelectric and absorption-

spectral properties have been investigated in recent years.2

Among them, the use of fluorescent polymers has enabled the

low concentration detection of explosives in air and soil samples.3

Recently, a Kyushu University group has developed a novel

electrochemical analytical method based on impedance measure-

ments via cyclic surface polarization.4 This cyclic surface polariza-

tion impedance (cSPI) method can detect the adsorption and

desorption of chemical substances onto the electrode by measuring

electrochemical impedance with stepwise changes of electrode

potential.4 In their previous attempt, the electrode surface was

modified with anthracene, which could form charge transfer (CT)

complexes with nitro-aromatic compounds.5 The cSPI measure-

ment with this electrode was useful for detecting nitro-aromatic

compounds selectively, but its detection limit still remained at a

sub-mM level.

It occurred to us that higher sensitivity and selectivity could be

attained by combining molecular imprinting and receptor effects.

Receptor molecules such as cyclodextrins (CDs), calixarenes and

other recognition modules have been employed to enhance the

sensing ability of polymer-based sensing interfaces.6 CD hosts are

effective for the incorporation of nitro-aromatic compounds.7 Very

recently we have introduced CD hosts into TiO2 ultrathin layers

for the better detection of nitro-aromatic compounds.8

Surface modification of the Pt electrode was confirmed by

quartz crystal microbalance (QCM) (9 MHz) experiments. Fig. 1

shows QCM frequency shifts during the imprinting procedure of

2,4-DNT. The frequency shift was 16 ¡ 3 Hz for Ti(O–nBu)4,

28 ¡ 2 Hz for a c-CD/2,4-DNT mixture and 48 ¡ 1 Hz for

Si(OMe)4. The adsorption density of the c-CD/2,4-DNT mixture

could be calculated from the QCM frequency shift of the adsorbed

mass, and corrected for the molecular weight (MW: 1479.25) of a

1 : 1 c-CD/2,4-DNT complex and the surface area of the electrode

(0.159 cm2). The complex occupies an adsorption density of

0.32 molecules nm22. This value corresponds to 71% of the

theoretical adsorption density of c-CD, 0.45 molecules nm22,

which can be calculated by assuming a close packed monolayer of

the cylindrical receptor with an outer diameter of 16.9 s. The

incorporated 2,4-DNT in the complex was removed by treatment

with methanol for about 30 min at 25 uC (2DF = 5 ¡ 1 Hz, where

DF is the frequency shift). Additionally, each step of the film
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Fig. 1 Reaction scheme and QCM frequency shifts during the surface

modification procedure of 2,4-DNT. (a) Ti(OnBu)4 adsorption and

hydrolysis, (b) adsorption of a c-CD/2,4-DNT mixture, (c) Si(OMe)4

adsorption and (d) template removal.
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assembly process and the adsorption of 2,4-DNT were analyzed by

FT-IR measurements by the spectral change of the nitro stretch

(NLO) peak at around 1348 cm21 (see Figs. S1–S5{). The intensity

changes of the IR peak at 1348 cm21 were consistent with the

change in impedance responses observed by a cSPI system (see

Fig. S6{).

Electrochemical impedance (RP) was measured by scanning of

both the frequency (260 to 35 Hz) and the electrode potential,

where the impedance change (DRP) due to the electrode potential

change represents a chemical sensor output. Details of the

measurement and data analysis are described in our previous

studies.4,5 Fig. 2 shows response profiles (DRP) to 2,4-DNT and

the concentration dependence of |DRp| (20.15 V) on the TiO2/

c-CD/SiO2 (2,4-DNT removed) Pt electrode. It was found that

benzene and other aromatic compounds without specific func-

tional groups were strongly adsorbed onto the Pt, irrespective of

the electrode potential, and the impedance change symmetrically

increased, except for around 20.1 V at the pzc (potential of zero

charge) of Pt.5 This is attributed to the interaction between the

aromatic ring and the Pt surface by p-orbital overlap.9 In contrast,

the response profile of the TiO2/c-CD/SiO2 (2,4-DNT removed)

Pt-electrode gave a characteristic peak at around 20.15 V, and the

peak height increased in proportion to the concentration of 2,4-

DNT. It is possible to detect 2,4-DNT molecules at 2 6 1029 to

2 6 1027 M. The detection limit appears to be lower than 1 6
1029 M. Interestingly, the magnitude of this impedance change is

about two times larger than that of the TiO2/c-CD film over the

given concentration range (see the inset of Fig. 2). This fact

suggests that c-CD molecules on the surface offer stronger binding

sites for 2,4-DNT by the aid of a SiO2 coating layer. It is clear that

the templated film provides a useful transducer surface for the

detection of 2,4-DNT in cSPI measurements.

Fig. 3 shows the electrochemical response of the TiO2/c-CD/

SiO2 (2,4-DNT removed) film with 2,4-DNT and related guest

molecules at the very low concentration of 2 6 1029 M. The

templated film reveals higher selectivity towards 2,4-DNT and 1,3-

dinitrobenzene (1,3-DNB) at 20.15 V, and lesser responses are

observed with other structurally-related guest molecules. In

particular, even if 2,4,6-trinitrotoluene (TNT) penetrates into the

cavity of c-CD, it is not bound efficiently. This indicates that the

sensitivity and selectivity towards 2,4-DNT are created by a

synergic effect of the host–guest interaction with the c-CD

molecule and the presence of the imprinted cavity.

In conclusion, a chemically modified cSPI sensor that combines

a molecular imprinting effect and host–guest interaction in TiO2

matrices can detect 2,4-DNT at nM (sub-ppb) concentrations in

solution. Among the explosives used for landmines, 2,4-DNT

shows a relatively high vapor concentration, close to or greater

than 1 ppm in air.10 This concentration is sufficiently high under

laboratory conditions. However, we need to further examine the

sensor response in the open air and in realistic environments. It

may be necessary to improve the detection limit to the level of a

few ppt for practical applications.
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