
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name RSCPublishing 

ARTICLE 

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1  

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 

Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Spiropyran as a reusable chemosensor for 

selective colorimetric detection of aromatic 

thiols† 

Yasuhiro Shiraishi,* Kohei Yamamoto, Shigehiro Sumiya and Takayuki Hirai 

Design of optical molecular probes for selective detection of aromatic thiols has attracted much 

attention. Although several types of probes have been proposed, all of them exhibit colorimetric or 

fluorometric response via irreversible reaction with aromatic thiols and cannot be reused. Here we 

report that a spiropyran dye is a first example of reusable chemosensor for aromatic thiols. A colorless 

spiropyran dye (1) dissolved in aqueous media containing aromatic thiols is selectively isomerized to the 

colored merocyanine form in the dark condition. In contrast, visible light irradiation of the merocyanine 

form promotes successful reversion to the colorless spirocyclic form. Kinetic absorption analysis and ab 

initio calculations of the transition states revealed that this colorimetric response in the dark condition is 

ascribed to the decrease in activation energy for isomerization via the nucleophilic interaction between 

aromatic thiol and olefinic carbon of the dye. 

Introduction 

Thiols are a very important class of molecules in biological 

systems. Aliphatic thiols are a part of several biological 

molecules such as cysteine, homocysteine, and glutathione, 

which are associated with a variety of biologically important 

functions.1–3 In contrast, aromatic thiols, while they are 

versatile intermediates for organic synthesis, are very toxic to 

the human body. Exposure to them induces serious damages to 

the central nervous system and other related pathologies 

including increased respiration, muscular weakness, paralysis, 

and coma.4–7 The design of optical molecular probes, which 

facilitate selective detection of aromatic thiols by simple 

spectroanalysis in the environmental and biological samples, is 

therefore currently the focus of attention. 

 A number of optical molecular probes for thiols have been 

proposed so far; however, there are only a few reports of probes 

that can discriminate aromatic thiols over aliphatic ones.8–13 All 

of the probes are based on nucleophilic reaction of sulfonamide, 

sulfonate, or ether group with a thiolate anion of aromatic thiols, 

resulting in colorimetric or fluorometric response. All of these 

reactions, however, occur irreversibly; these probes cannot be 

reused. Creation of molecular probes that facilitate selective 

detection of aromatic thiols based on a reversible interaction is 

therefore necessary. 

 Spiropyran dyes belong to a class of organic photochromes, 

which undergo ring opening/closing isomerization between the 

colorless spirocyclic (SP) form and the colored merocyanine 

(MC) form upon UV/visible light irradiation.14–16 In the dark 

condition, SP→MC isomerization does not occur in common 

organic solvents because the ground state energy of the MC 

form is higher than that of the SP form. In contrast, hydrogen-

bonding solvents such as water and alcohols promote 

spontaneous SP→MC isomerization because stabilization of the 

MC form by a hydrogen-bonding interaction lowers the ground 

state energy of the MC form,17–19 although the isomerization is 

very slow. 

 
Scheme 1  SP→MC isomerization of a spiropyran dye (1) promoted by aromatic 

thiols in aqueous media in the dark condition. 

 Here we report that a spiropyran dye is a first example of 

reusable chemosensor for aromatic thiols. As shown in Scheme 

1, aromatic thiols, when added to an aqueous solution with a 

neutral pH containing a simple spiropyran dye (1), selectively 

enhance SP→MC isomerization, thus facilitating selective 

colorimetric detection of aromatic thiols. Kinetic absorption 

analysis and ab initio calculation revealed that the SP→MC 

isomerization enhanced by aromatic thiols is due to the 

decrease in activation energy for isomerization, via the 
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nucleophilic interaction between aromatic thiol and olefinic 

carbon of the spiropyran molecule. 

 
Fig. 1  Time-dependent change in the absorption spectra of 1 (30 μM) measured 

in the (a) presence and (b) absence of 30 equiv of benzenethiol (2a) in a buffered 

water/MeCN mixture (7/3 v/v; HEPES 0.1 M, pH 7.0) in the dark at 25 °C. (c) 

Change in absorbance at 512 nm monitored after addition of different amount of 

2a relative to that of 1 (equiv). (d) Change in the ratio of absorbance (A/A0) at 

512 nm with the concentration of 2a, where A0 is the absorbance in the absence 

of 2a. All of the data were obtained after stirring each respective solution for 60 

min in the presence of required amount of 2a. 

Results and Discussion 

Fig. 1b shows the time-dependent change in absorption spectra 

of 120 (30 µM), when stirred in a water/MeCN (7/3 v/v) mixture 

(HEPES 0.1 M, pH 7.0) at 25 ̊C in the dark condition. At time 

zero, almost no absorption appears at λ >450 nm, indicating 

that 1 exists as a SP form. As time advances, a distinctive band 

assigned to the MC form appears at 512 nm, although its 

increase is very slow. In contrast, as shown in Fig. 1a, 30 equiv 

of benzenethiol (2a), when added to the solution containing 1, 

significantly enhances the SP → MC isomerization. As shown 

in Fig. 2, substituted benzenethiols (2b−d) also accelerate the 

isomerization, whereas other nucleophiles such as aliphatic 

thiols (3a−d), aniline, phenol, I−, CN−, AcO−, NO3
−, and 

H2PO4
− do not. In addition, as shown in Fig. S1 (ESI†), the SP 

→ MC isomerization of 1 enhanced by aromatic thiol is 

unaffected by other nucleophiles. These data clearly suggest 

that 1 allows selective colorimetric detection of aromatic thiols 

in aqueous media.  

 After stirring the solution containing 1 and 2a, the solution 

was acidified (pH 3) and extracted with CHCl3. GC analysis of 

the extract revealed that all of 2a added remained unchanged. 

In addition, as shown in Fig. S2 (ESI†), the solution after 

stirring with 1 and 2a, when irradiated with monochromatic 

light at 550 nm, leads to successful reversion to the SP form. 

Furthermore, repeated stirring under the dark and 550 nm light 

irradiation conditions shows reversible formation of the MC 

and SP forms. These data suggest that 1 reversibly interacts 

with aromatic thiol and undergoes rapid SP→MC isomerization. 

Fig. 1c shows the effect of the amount of 2a added on the rate 

of isomerization of 1. The isomerization rate increases with an 

increase in the amount of 2a. These data suggest that aromatic 

thiols catalytically accelerate the SP→MC isomerization of 1. 

Fig. 1d shows the change in the ratio of absorbance (A/A0) of 1 

at 512 nm with the concentration of 2a, where A0 is the 

absorbance in the absence of 2a and the data were obtained 

after stirring each respective solution for 60 min. A strictly 

linear relationship is observed at <240 µM 2a. The 2a 

concentration at A/A0 > 1.5 is 40 µM. This indicates that the 

present colorimetric system allows quantitative detection of 2a 

in the range of 40–240 µM, although the system requires 

relatively long time for sensing (1 h). 

 

 
Fig. 2  Absorbance at 512 nm of a buffered water/MeCN mixture (7/3 v/v; HEPES 

0.1 M, pH 7.0) containing 1 (30 μM), measured after stirring with respective 

nucleophiles (30 equiv) for 60 min at 25 °C in the dark. 

 Aromatic thiols do not affect the equilibrium of the SP and 

MC forms. This is confirmed by the standard enthalpy (∆rH) 

and entropy (∆rS) for SP→MC isomerization of 1, determined 

by the equilibrium absorption analysis with different amount of 

2a at different temperatures (Fig. S3, ESI†).17 Table 1 

summarizes the data obtained at 25 °C. The equilibrium 

constants (Keq) for the SP and MC forms are ca. 3 regardless of 

the absence and presence of 2a. In addition, van′t Hoff plots of 

the equilibrium data (Fig. S4, ESI†) revealed that the ∆rH  
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Table 1. Equilibrium and kinetic parameters for SP → MC isomerization of 1 in a water/MeCN mixture (7/3 v/v; HEPES 0.1 M, pH 7.0), determined in the dark 

at 25 °C with different amount of 2a
a
 

2a / equivb Keq ∆rH / kJ mol−1 ∆rS / J K−1 mol−1 kSP→MC / 10−4 s−1 ∆H≠ / kJ mol−1 ∆S≠ / J K−1 mol−1 

0 2.95 −6.61 ± 0.34 −13.2 ± 1.0 0.52 107.7 ± 2.9 32.5 ± 9.1 

1 3.12 −6.61 ± 0.79 −12.8 ± 2.6 0.62 87.0 ± 3.6 −33.6 ± 12.1 

2 3.09 −6.74 ± 0.54 −13.2 ± 1.8 0.72 74.8 ± 1.3 −73.3 ± 4.6 

10 3.07 −6.73 ± 0.30 −13.2 ± 1.0 3.92 45.6 ± 3.5 −157.0 ± 11.9 

30 3.05 −6.68 ± 0.40 −13.1 ± 1.3 7.38 44.0 ± 4.7 −157.6 ± 15.7 

a The detailed procedures for equilibrium and kinetic absorption analysis are described in Supporting Information. The data obtained at different temperatures 

are summarized in Table S1 (ESI†). b The amount of 2a added relative to that of 1. 

 
Fig. 3  Standard enthalpy (ΔrH) and activation enthalpy (ΔH

≠) for SP→MC 

isomerization of 1 in the absence and presence of 30 equiv of 2a. 

 values for all of the systems are similar (ca. −6.6 kJ mol−1). 

These data suggest that, as shown in Fig. 3, the ground state 

energy of the MC form scarcely changes even in the presence 

of 2a. Furthermore, the ∆rS values for all of the systems show 

similar negative values (ca. −13 J K−1 mol−1) due to the 

rearrangement of the solvent molecules associated with the 

SP→MC isomerization.21 These findings clearly suggest that 

aromatic thiols do not affect the equilibrium of the SP and MC 

forms. 

 The SP→MC isomerization of 1 accelerated by aromatic 

thiols is due to the decrease in activation energy. This is 

confirmed by the kinetic absorption analysis18 for SP→MC 

isomerization of 1, performed with different amount of 2a at 

different temperatures (Fig. S5, ESI†). As shown in Table 1, the 

rate of SP→MC isomerization (kSP→MC) increases with an 

increase in the amount of 2a added. The activation enthalpy 

(∆H≠) determined by the Arrhenius plot decreases with an 

increase in the amount of 2a (Fig. S6, ESI†). This indicates that, 

as shown in Fig. 3, the interaction between 1 and 2a indeed 

decreases the activation energy for isomerization of 1, resulting 

in rapid SP→MC isomerization (Fig. 1). 

 As shown in Scheme 2, thermal SP→MC isomerization of a 

spiropyran dye involves three step reactions via the CCC and 

CTC intermediates,22,23 where C and T denote cis and trans 

forms, respectively, for the dihedral angles of N–C1–C2–C3, 

C1–C2–C3–C4, and C2–C3–C4–C5 moieties (Table S2, ESI†). 

The isomerization of 1 proceeds as follows: (i) the spiro C1−O 

bond cleavage of the SP form produces CCC intermediate via 

the TS1 transition state; (ii) cis→trans isomerization around the 

C2=C3 bond of the intermediate produces CTC intermediate via 

the TS2 transition state; and, (iii) cis→trans isomerization 

around the C1−C2 bond of CTC results in a formation of MC 

form with a TTC structure via the TS3 transition state. During 

the isomerization process, the reaction (ii) is the rate-

determining step.22,23 This is confirmed by ab initio calculation 

based on the density functional theory (DFT) within the 

Gaussian 09 program. Geometry optimizations of the SP form 

of 1, intermediates, and the MC form of 1 were performed 

using the B3LYP function with 6-31G* basis set, where the 

polarizable continuum model (PCM) was employed with water 

as a solvent.[24] The transition states were optimized with QST2 

and QST3 methods, where the nature of stationary points was 

checked by means of frequency calculations, and the transition 

states were verified by the intrinsic reaction coordinate (IRC) 

calculations.[25] Fig. 4 (black) summarizes the optimized 

structures of intermediates and transition states on the ground 

state potential surface, along with the relative energies with 

respect to the SP form of 1. Comparison of the transition 

energies for TS1, TS2, and TS3 clearly revealed that TS2 (step 

ii) exhibits the highest transition energy (99.8 kJ mol–1) and is 

indeed the rate-determining step for SP→MC isomerization of 

1. This suggests that, as reported,22,23 a high rotational barrier 

around the C2=C3 bond results in very high transition energy. 

As a result of this, the compound 1 undergoes very slow 

SP→MC isomerization (Fig. 1). 

 Aromatic thiols exist as thiolate anions at a neutral pH.26 

They have a strong nucleophilic character27 and, hence, 

undergo nucleophilic addition to the electron-deficient carbon 

atom for several types of molecules such as α,β-unsaturated 

ketones,13,28 fullerenes,29 and imines.30 In the present case, as 

shown in Scheme 2, the thiolate anion undergoes nucleophilic 

addition to the electron-deficient C3 atom of the ring-opened 

CCC intermediate of 1. This transfers the double bond and 

increases the rotational mobility, resulting in a decrease in 

activation energy for isomerization. The isomerization process 

of 1 enhanced by aromatic thiolate (2a) involves following 

reactions (Scheme 2): Firstly, (iv) nucleophilic addition of 2a to 

the C3 atom of the CCC intermediate produces CCC-2a 

intermediate via the TS4 transition state. According to this 

reaction, the C1–C2=C3 bond becomes C1=C2–C3. Secondly, (v) 

cis→trans isomerization around the single C2–C3 and C3–C4 

bonds produces CTT-2a intermediate via the TS5 transition  

∆rH = –6.6 kJ mol–1

∆H≠ = 108 kJ mol–1

∆H≠ = 44 kJ mol–1

none

2a (30 equiv)
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Scheme 2  Proposed mechanism for SP→MC isomerization of 1 in the absence and presence of 2a. 

 
Fig. 4  Poten9al energy surfaces for thermal SP → MC isomeriza9on of 1 determined by DFT calculation in the (black) absence and (green) presence of 2a. The 

numbers in parenthesis are the relative energies (kJ mol
–1

) with respect to that of the SP form of 1. Optimizations of the transition states were carried out with QST3 

(TS1, 2, 4, 5, 6) and QST2 (TS3) methods, respectively. The gray, blue, red, and yellow parts denote C, N, O, and S atoms, respectively. The benzene ring of the 2a 

molecule is represented in black color for clarity. Cartesian coordinates for respective states are summarized in the end of ESI†. 

 state. Finally, (vi) elimination of the 2a moiety followed by 

cis→trans rotation of the resulting single C1–C2 and C3–C4 

bond produces the MC form with a TTC structure via the TS6 

transition state. 

 The above mechanism is confirmed by DFT calculations. 

Fig. 4 (green) shows the potential energy surface for the 

SP→MC isomerization of 1 calculated in the presence of 2a. 

The transition energies for TS4, TS5, and TS6 were determined 

to be 49.9, 49.2, and 11.4 kJ mol–1, respectively, all of which 

are less than half that of TS2 obtained without aromatic thiol 

(99.8 kJ mol–1). These results are fully consistent with the ∆H≠ 

values determined by the kinetic analysis in the absence and 

presence of 2a (Fig. 3). These data suggest that nucleophilic 

addition of aromatic thiolate increases the rotational freedom 

around the C1–C2–C3–C4 bonds of spiropyran and significantly 

decreases the activation energy for cis→trans isomerization. 

This thus results in enhanced SP→MC isomerization. 

 The above mechanism (iv–vi) involving the formation of 

transient complexes (TS4, TS5, and TS6) is further confirmed 

by the activation entropy (∆S≠), determined by the kinetic 

analysis of 1 with different amount of 2a. As shown in Table 1, 

the absence of 2a shows a positive ∆S≠ value due to the 

conformational change by cis→trans rotation.31 In contrast, 

addition of 2a significantly decreases the ∆S≠ value because the 

formation of transient complexes decreases the number of 

molecules and leads to an ordering of the systems.32 In addition, 

as shown in Fig. 5, the plots of ∆H≠ and ∆S≠ values obtained 

with different amount of 2a exhibit a strictly linear relationship, 

indicating that both ∆H≠ and ∆S≠ parameters are affected by a 

single factor.33,34 These findings indicate that activation process 

1 (SP)

TS1

(20.6) CCC

(14.9)

TS2

(99.8)

CTC

(–9.8)

TS3

(29.0)

TTC

(–17.6)

TS4

(49.9)

CCC-2a

(22.2)

TS5

(49.2)

CTT-2a

(–8.2) TS6

(11.4)
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is solely affected by the formation of transient complexes 

between spiropyran and aromatic thiolate. 

 
Fig. 5  Relationship between ΔH

≠ and ΔS
≠ for the SP → MC isomerization of 1 

obtained in the absence and presence of 2a. The numbers in the figure denote 

the amount of 2a added relative to that of 1 (equiv). 

 In the present system, some factors are important for 

sensing. As shown in Fig. 2, the SP→MC isomerization of 1 in 

the presence of amino-substituted benzenethiol (2c) is much 

slower than that of other aromatic thiols, suggesting that the 

detection of 2c is difficult by the present sensing system. As 

reported,35 the nucleophilic interaction between aromatic thiol 

and electron-deficient olefin is weakened by the substitution of 

electron-donating groups onto aromatic thiol. The substitution 

of electron-donating amino group probably weakens the 

nucleophilic interaction between the sulfur atom and the 

olefinic carbon of 1 (Scheme 2, CCC-2a) resulting in decreased 

catalytic effect for isomerization. 

 Another important factor is the water content of solvent, 

which strongly affects the colorimetric response of 1 to 

aromatic thiols. As reported,17 the standard enthalpy (∆rH) for 

SP→MC isomerization of spiropyran derivatives becomes more 

negative with an increase in water content (Fig. 3), because 

water molecules stabilize the MC form via the hydrogen 

bonding interaction. This means that the decrease in water 

content shifts the equilibrium to the formation of SP form. Fig. 

S7 (ESI†) shows the effect of water content on the colorimetric 

response of 1 to benzenethiol (2a). The decreased water content 

indeed suppresses the SP→MC isomerization. The results 

clearly indicate that high water content solvent (Fig. 1, 70%) is 

necessary for colorimetric detection of aromatic thiols. 

Conclusions 

We found that a spiropyran dye (1) is a first example of 

reusable chemosensor for aromatic thiols. Nucleophilic 

interaction of aromatic thiolate with the electron-deficient 

olefinic carbon of ring-opened spiropyran creates transient 

complexes and significantly decreases the rotational energy. 

This thus enhances coloration of the solution and facilitates 

colorimetric detection of aromatic thiols. The basic concept 

presented here based on the nucleophilic interaction between 

aromatic thiolate and electron-deficient olefinic carbon might 

contribute to the design of more efficient chemosensors for 

aromatic thiols and the creation of new spiropyran dyes for 

sensory materials. 

Experimental 

All of the reagents used were purchased from Wako, Aldrich, 

and Tokyo Kasei, and used without further purification. Water 

was purified by Milli-Q system. Compound 1 was synthesized 

according to the procedure described previously.20 Absorption 

spectra were measured on an UV-visible photodiode-array 

spectrophotometer (Shimadzu; Multispec-1500) equipped with 

a temperature controller using a 10-mm path length quartz cell 

under aerated condition.36 Visible light irradiation was carried 

out with a Xe lamp (300 W; Asahi Spectra Co. Ltd.; Max-302) 

equipped with 510 nm band-pass filter (LX510; light intensity, 

1.10 W m−2).37 
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