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The electrode potential of a photochromic spiropyran-modified

Au electrode could be reversibly modulated by UV/visible light

irradiation in the presence of Zn2+, and a new molecular switch

and an ‘‘AND’’ logic gate based on this electronic transduction

of the optical signals were established.

It is well known that signal transduction is one of the important

steps for processing information. More and more results indicate

that signal transduction is involved in some biological functions.1

In fact, a molecular switch can be regarded as the device

performing the signal transduction at the molecular level.

Willner et al. described several unique examples of electronic

transduction of optical signals by taking advantage of photo-

chromic compounds.2 For instance, they immobilized photo-

chromic compounds on surfaces through self-assembly approach

to construct ‘‘photo-command surfaces’’; the electron-transfer

processes taking place on the surfaces were tuned by light

irradiation, and as a result the optical signals were successfully

converted into electronic ones.2b,c Signal transduction with other

types of combinations of input and output signals was also

reported.3

In this communication, we report a new example of the

electronic transduction of optical signals based on an Au electrode

modified with molecules containing photochromic spiropyran

units. The design rationale is schematically demonstrated in

Scheme 1. It is well known that the closed form of spiropyran

(SP) can be transformed into the corresponding open form

(merocyanine form, MC) by UV light irradiation, and the MC

form can be converted back to the original SP form by visible light

irradiation.4 By making use of the reversible transformation

between SP and MC forms, molecular switches and logic gates

were described.5 The unique feature of the photochromic

spiropyran is that the MC form is able to coordinate with metal

ions,6 and that the SP form does not show such a property.

Therefore, molecules with the spiropyran unit can function

as photo-responsive ligands.7 Molecules with spiropyran and

–SH/–S–S– units are able to self-assemble on the Au surface8 to

generate a self-assembled monolayer-modified Au electrode, which

can be regarded as a membrane electrode as shown in Scheme 1.

When this electrode is immersed into an electrolyte solution, a

membrane potential is generated.9 Upon UV light irradiation, the

spiropyran unit will be transformed into the corresponding MC

form, which can coordinate with metal ions present in the solution.

As a result, the concentration of ions in the membrane will be

altered, leading to variation of the membrane potential of the

modified electrode after UV light irradiation.9 On the other hand,

further visible light irradiation will cause the conversion of the MC

form into the SP form. Concomitantly, the coordinated metal ions

will be released, leading to the restoration of the membrane

potential. Therefore, the electrode potential recorded with this

spiropyran-modified Au electrode can be reversibly modulated by

UV/visible light irradiation of the electrode.

Compound 1 (Scheme 1) with two spiropyran units and one

–S–S– group was synthesized and characterized.10 As expected,

compound 1 shows typical photochromism: a new absorption

spectrum around 556 nm emerged upon UV light irradiation

(365 nm), which gradually disappeared after further visible light

irradiation (Fig. 1). This is clearly due to the reversible
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Scheme 1 The chemical structure of compound 1 and illustration of the

reversible structural transformations of SP units into MC units as well as

coordination with metal ions on the surfaces of an Au electrode.
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transformation of closed forms of the SP units and the

corresponding MC forms. When Zn2+ was present in the solution

of 1, the corresponding absorption band of MC form became

weak and a new absorption appeared at around 486 nm after

exposure to UV light (see Fig. 1), because of the coordination of

Zn2+ with the MC form as reported previously.6 The association

constant of 1 in the MC state with Zn2+ was determined to be K =

633 (see Fig. S2 of ESI{). Similarly, further visible light irradiation

led to the original absorption spectrum of 1 as displayed in Fig. 1,

implying the simultaneous occurrence of the release of Zn2+ from

the MC–Zn2+ complex and the transformation of the MC form

into the SP form. Such absorption spectral variation of 1 in the

presence of Zn2+ can be repeated under light irradiation. But,

addition of alkali metal ions such as K+ could not induce any

absorption spectral change for the solution of 1 under the same

conditions (see Fig. S1 of ESI{).

The spiropyran-modified Au electrode was prepared by soaking

the electrode in a solution of 1 (1.0 6 1024 M in ethanol) for

6 days at room temperature.{ The surface coverage of the SAM of

compound 1 on the Au electrode surface was estimated to be

1.57 6 10210 mol cm22 after self-assembly for 6 days at room

temperature.11 After that, the modified electrode was air-dried and

put into an aqueous solution of ZnCl2 (1.0 6 1022 M). The

electrode potential vs. Ag/AgCl was measured. As anticipated, the

electrode potential increased after UV light (365 nm) irradiation of

the spiropyran-modified electrode, and the maximum enhance-

ment (ca. 35 mV) in the potential was achieved after continuous

UV light irradiation of the modified electrode for 200 s. Further

visible light irradiation led to reduction of the potential, and the

initial potential was restored after visible light irradiation for 300 s

as shown in Fig. 2. Such electrode potential variation recorded

with the spiropyran-modified Au electrode can be reversibly

performed at least for five cycles. The preliminary results also

indicated that the potential enhancement was dependent on the

concentration of Zn2+.

However, the electrode potential of the spiropyran-modified Au

electrode was unchanged after either UV or visible light irradiation

when the electrode was immersed in a solution containing alkali

metal ions, such as K+ (Fig. 3) or in pure water (see Fig. S3 of

ESI{). To summarize, the electrode potential of the spiropyran-

modified Au electrode can be reversibly modulated after

alternating UV and visible light irradiation in the presence of

Zn2+, but there was no potential variation in the presence of alkali

metal ions, such as K+. This is in agreement with the absorption

spectral changes observed for the solution of 1 in the presence of

different metal ions (see Fig. 1 and Fig. S1{). Thus, it can be

assumed that the electrode potential variation recorded with the

spiropyran-modified Au electrode under light irradiation is due to

the transformation of the SP form into the corresponding MC

form and its sequential coordination with metal ions as

schematically demonstrated in Scheme 1.

Consequently, the electronic transduction of optical signals was

realized with compound 1, and a new molecular switch was

established with UV/visible light and the electronic potential as the

input and output signals, respectively. Since the electrode potential

variation recorded with the modified Au electrode needs both UV

light irradiation and the presence of Zn2+, this signal transduction

mimics the performance of an ‘‘AND’’ logic gate,12 with UV light

and Zn2+ as the input signals and the electronic potential as the

output signal; visible light can be used to reset the electrode

potential to its initial value.

In summary, by making use of the features of photochromic

spiropyran, compound 1 with two spiropyran units linked by one

–S–S– group was designed and synthesized for studies of the

electronic transduction of optical signals. Assembly of compound

1 on the surface of an Au electrode led to a photochromic

Fig. 1 The absorption spectra of 1 (1.0 6 1024 M ) in THF–H2O (9 : 1,

v/v) before (a) and after (b) irradiation with ultraviolet light (365 nm) for

3.0 min, together with (c) that upon addition of 50 equiv. of ZnCl2
immediately after irradiation with ultraviolet light (365 nm) and (d) further

irradiation with visible light in the presence of ZnCl2.

Fig. 2 The reversible variation of the electrode potential (vs. Ag/AgCl )

recorded with the spiropyran-modified Au electrode in the presence of

ZnCl2 (1.0 6 1022 M in H2O) under alternating UV/visible light

irradiation.

Fig. 3 The electrode potential (vs. Ag/AgCl ) of the spiropyran-modified

Au electrode in an aqueous solution of KCl (1.0 6 1022 M in H2O ) under

UV/visible light irradiation.
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spiropyran-modified Au electrode. The results show that the

electrode potential of the modified Au electrode can be reversibly

modulated by UV/visible light irradiation in the presence of

Zn2+.13 The variation of the electrode potential was assumed to be

due to the membrane potential change of the modified electrode,

as a result of the reversible transformation of the SP and MC

forms of spiropyran units and the coordination of metal ions by

the MC form upon alternating UV and visible light irradiation.

Accordingly, the electronic transduction of optical signals was

successfully achieved with compound 1, and a new molecular

switch based on this signal transduction was established.

Moreover, such electronic transduction of optical signals also

mimics the performance of an ‘‘AND’’ logic gate.
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