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Introduction 

The optical signals of fluorescent dye probes are affected by both the physical and 
chemical parameters of their microenvironment, giving information about polarity, viscosity, 
temperature, etc. Oxazine 1 (OX) and Methylene Blue (MB) are widely used fluorescent 
probes, with several potential applications in material science,1 chemical analysis2,3 and 
biology4,5 (Fig. 1.). The advantages of OX and MB are their solubility in water, their low 
toxicity, and the ranges of their absorption and emission bands which fall between 500 and 
700 nm, out of the absorption range of biological materials. 

To understand the information delivered by dye probes on complex living and non-
living systems, their behaviour is extensively studied in model environments, like micelles, 
vesicles, and supramolecular complexes with macrocyclic hosts. Among the latter, 
calixarenesulfonates (SCAn) are particularly significant hosts in these studies, with respect to 
their water solubility, variable ring size and multiple charges (Fig. 1.).6 

We performed a detailed quantitative investigation of OX-SCA8 and MB-SCAn 
(n = 4, 6, 8) host-guest systems. The goal of the work was to determine the spectra and the 
equilibrium constants of OX-SCA8 and MB-SCAn complexes.  

An important feature of MB is the formation of aggregates in water even at relatively 
low concentrations, which has to be taken into account in the above applications. Therefore, 
we examined the aggregation of MB, induced by the supramolecular interaction with the 
multiply charged SCAn hosts. 

 

 
 
 
 
 
 
 
 
 
 

Fig.1. Structures of OX, MB and SCAn (n = 4, 6, 8). 
                                                 
1 U. Brackmann, Lambdachrome® Laser Dyes, Lambda Physik, Göttingen, 1986. 
2 Q. Lu, J. Gu, H. Yu, C. Liu, L. Wang, Y. Zhou, Spectrochim. Acta Part A, 68 (2007) 15 
3 W. M. Nau, G. Ghale, A. Hennig, H. Bakirci, D. M. Bailey, J. Am. Chem. Soc., 131 (2009) 

11558 
4 S. Kongruang, M. K. Bothwell, J. McGuire, M. Zhou, R. P. Haugland, Enzyme Microb. 

Tech., 32 (2003) 539 
5 M. Wainwright, Photochem. Photobiol. Sci., 3 (2004) 406 
6 D.-S. Guo, K. Wang, Y. Liu, J. Incl. Phenom. Macrocycl. Chem., 62 (2008) 1 
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An interesting group of dye probes are photochromic materials. In most cases, 
photochromism is a reversible transformation between a coloured and an uncoloured form by 
the absorption of electromagnetic radiation. It means that under UV-irradiation the ratio of the 
coloured form increase. The application of these compounds in photochromic lenses has grate 
economic importance. The colouration and decolouration of the photochromic dyes are 
affected by the solvent (solvatochromism), temperature (thermochromism) and pH 
(acidochromism).7  

Recently, a great research interest has been devoted to photochromic molecules 
supplied with metal ion binding functionalities. In most cases, the complexation of metal ions 
stabilizes the coloured form of these compounds. The different emission properties of the two 
forms – in general, only the coloured form is fluorescent – allow the application of 
photochromic materials in fluorescent switches.8 

In our work we investigated two photochromic materials (Fig. 2.), one of which was 
1’,3’,3’-trimethyl-6-nitro-1’,3’-dihydrospiro[2H-1-benzopyran-2,2’-2’H-indole] (BIPS).  
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Fig. 2. Photochromism of spiropyran (A) and spirooxazine (B), quinoidal-zwitterionic 
structures of MC 

                                                 
7 H. Bouas-Laurnet, H. Dürr, Pure Appl. Chem., 73 (2001) 639 
8 J. Cusido, E. Deniz, F. M. Raymo, Eur. J. Org. Chem. (2009) 2031 
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“Bi- and multidentate” BIPS derivatives with various functional groups – 8-methoxy9, 
N-carboxilic acid moiety10 and crown ethers11,12 – have been synthesized for selective 
recognition of metal ions. The purpose of our work has been to characterize the structure and 
the stability of complexes between metal ions (Li+, Mg2+, Ca2+, Ba2+) and the open form of 
the parent compound BIPS as a “monodentate ligand”, without any metal binding groups. We 
hope that our results might be useful in analytical applications. 

Spirooxazines are a well-established group of photochromic dyes, which turn blue in 
liquid or solid solution upon irradiation with UV light and rapidly fade back to colourless 
form when the radiation is stopped.13 Spirooxazines are highly resistant to light-induced 
degradation. This property, called also fatigue resistance, has led to their successful use in 
various applications.  

Polymeric materials play a crucial role in studies on photochromism, since various 
applications require photochromic materials in the form of films, sheets, plates, fibers, beads 
and so on. Furthermore, photochromic polymer nanoparticles, such as nanocapsules could be 
useful for converting dyes, which are soluble only in organic solvents, to water dispersible 
compounds for use in numerous applications such as coatings.14 

In our study we investigated the kinetics of 5-chloro-1,3-dihydro-1,3,3-
trimethylspiro[2H-indole-2,3′-(3H)naphth[2,1-b](1,4)oxazine]) (SPOX) (see Fig. 2.) in 
acetonitrile and as incorporated by poly(methyl methacrylate) (PMMA) and ethyl cellulose 
(EC). We compared the photoinduced properties and fatigue resistance of SPOX in solution 
phase and in these two matrixes.  

Experimental methods 

OX, MB, BIPS and SPOX were commercial products. SCAn was synthesised by 
Dr. István Bitter. The metastable MC in form of solid powder was prepared by a 
photochemical reaction in our laboratory.  

UV-vis absorption spectra, kinetics of decolouration and stationary fluorescence 
spectra of dye-sulfocalixarene and photochromic systems were recorded on a photodiode 
array spectrophotometer and a spectrofluorimeter. The transient absorption decays of MB and 
                                                 
9 H. Görner, A. K. Chibisov, J. Chem. Soc., 94 (1998) 2557 
10 M. Natali, C. Aakeröy, J. Desper, S. Giordani,  Dalton Trans., 39 (2010) 8269 
11 É. Kőszegi, A. Grün, I. Bitter, Supramol. Chem., 18 (2006) 67    
12 M. I. Zakharova, V. Pimienta, A. V. Metelitsa, V. I. Minkin, J. C. Micheau, Russ. Chem. 

Bull., 58 (2009) 1329 
13 H. Dürr, Photochromism: Molecules and Systems, H. Bouas-laurent, Elsevier, Amsterdam, 
1990 
14 H. Nishikiori, N. Tanaka, K. Takagi, T. Fujii, J. Photochem. Photobiol. A, 189 (2007) 46 
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its mixtures with SCAn-s were measured using a laser flash photolysis setup. The stability 
constants and spectra of the complexes were determined using global nonlinear regression 
analysis.  

The fluorescence decay curves were recorded on a time-resolved spectrofluorimeter. 
NMR and quantumchemical calculations (DFT, B3-LYP functional, 6-31++G** basis) were 
carried out to investigate the structure of MC and its metal complexes. The NMR experiments 
were the work of Dr. Gábor Tárkányi, and Réka Mizsei, the DFT calculations were performed 
by Dr. Mihály Kállay. 

The dynamic light scattering and environmental scanning electron microscope 
monitoring, and stationary UV-Vis absorption measurements of photochromic nanoparticles 
were performed by Dr. Tivadar Feczkó and Dr. Margit Kovács. 

Results 

Dye-sulfocalixarene host-guest systems 

In the study of OX-SCA8 and MB-SCAn (n = 4, 6, 8) host-guest systems the samples 

used for the absorption and fluorescence spectroscopic measurements were prepared with 

constant dye-concentration and variable sulfocalixarene concentrations. 

For supramolecular systems consisting of a charged guest, a multiply charged 

macrocyclic host and their complexes, the activity coefficients depend on the ionic 

strength (I). Hence the measurements were carried out in phosphate buffer medium, and the 

ionic strengths of the solutions were set by the addition of NaCl.  

The absorption and emission spectra of the dyes were remarkably changed during the 

complexation (Fig. 3.).[1],[2] 

The absorption spectra of the individual series contained no isobestic points, which is 

a clear indication that the dyes occur in at least three different forms in the samples. The 

quantitative analysis of the spectra led to the conclusion that the host and the guest form two 

complexes, an 1:1 complex (OX·SCA8 and MB·SCA8, respectively) and a 2:1 complex 

(OX2·SCA8 and MB2·SCA8, respectively) in simultaneous reactions: 

G + H  G·H (K1), (1.1) 

G·H + G  G2·H (K2), (1.2) 

where H and G denote the host and guest molecules. 
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Fig. 3. Absorption and fluorescence spectra of OX-SCA8 and MB-SCA8 mixtures. 
[OX]0 = [MK]0 = 2·10-6 M, [SCA8]0 = (a) 0, ..., (g) 10-4 M; I =  8.2⋅10-3 M, pH = 6,5.  

A global nonlinear regression analysis based on the data of UV-vis spectroscopic and 

in the case of OX-SCA8 systems, fluorescence titrations was used to determine the stability 

constants and spectra of the complexes (Table 1. and Fig. 4.). The dependence of the activity 

coefficients on the ionic strength was taken into account by using a modified version of the 

Debye-Hückel equation.[1]  

As could be expected, in OX-SCA8 systems K1 was larger than K2. In contrast, in 

MB-SCAn systems the relation between the equilibrium constants was reverse, K2 > K1, i.e. 

the binding of a free guest by an 1:1 complex is preferred to its binding by a free host. The 

phenomenom can be explained by the strongly aggregating nature of the MB guest. The 

(A) 

(B) 
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strong affinity for dimerization in environments with negative local charges is a characteristic 

feature of MB.[2]  

The fact that the values of the K1 and K2 association constants change linearly with 

I , the square root of the ionic strength, clearly indicates that the complexes are held 

together primarily by electrostatic forces. As could be expected, K1 and K2 increase with 

increasing cavity size of the SCAn host. In MB-SCA8 systems with high MB ratios the 

presence of small aggregates could be observed by naked eye. The presence of aggregates was 

demonstrated by resonance Rayleigh scattering (RRS) measurements. The samples used for 

the determination of stability constants had no scattering signal.[2] 

The fluorescence intensity of OX·SCA8 at its band maximum is about forty times 

lower as compared to the corresponding value of the pure dye.[1] The 2:1 complex is 

practically dark. In MB-SCAn systems the 1:1 complexes were found non-fluorescent, 

whereas the 2:1 complexes proved to be fluorescent with intensities of 0.3–0.5 related to the 

intensity of the pure dye.[2]  

Table 1. Association constants of OX-SCA8, MB-SCA6 and MB-SCA8 systems (I = 0 M), 
and MB-SCA4 system (I = 1.6⋅10-2 M). 

 OX-SCA8 MB-SCA4 MB-SCA6 MB-SCA8 
K1 [106 M-1] 4.5 0.023 0.27 5.3 
K2 [106 M-1] 0.33 0.12 2.2 12 
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Fig. 4. Absorption spectra of OX-SCA8 and MB-SCA8 complexes. 
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Some fluorescent dye-SCAn complexes may have analytical applications, e.g., in the 

determination of nonfluorescent materials by competitive assay (via displacement of the 

fluorescent dye in the complex by a nonfluorescent analyte.) For testing our system from this 

aspect, tetramethylammonium chloride (TMA+) was chosen as a non-fluorescent guest. As 

could be expected, the cation of TMA+ gradually expels the dye from its 1:1 complex, and the 

release of the dye is indicated by a large fluorescence enhancement, demonstrating the 

sensitivity of the method.[1] 

Flash photolysis experiments were carried out with MB-SCA6 and MB-SCA8 

systems. The mechanism for triplet quenching is photoinduced electron transfer process. The 

formation of triplet state complexed MB cations is negligible, the triplet absorption arises 

solely from the pure dye.[2]  

Photochromic systems 

The interconversion between the SP and MC forms of BIPS and the binding of a metal 

ion, Me by the MC isomer are coupled reactions: 

k-1

k1

k2

k-2

SP MC

Men+·MC

(K1)

(K2)MC + Men+

 

The equilibrium constant, K1 can obtained from the absorption spectrum in the visible 

range, where only the MC form has a detectable absorption, provided that the absorption 

coefficient of this isomer, εMC is known. To determine the spectrum of the open form, we 

started our work by preparing the MC isomer in powder state. As proved by NMR 

measurements, the concentration of the SP form in the obtained samples was < 0.5%. The 

absorption coefficient of the MC form was determined by dissolving a few grains of MC in 

acetone, and recording the spectrum immediately. The conversion of MC in the first few 

seconds was taken into account by measuring the spectra as a function of time (Fig. 5.) and 

extrapolating the absorbance values to t = 0. The total concentration was calculated from the 

absorbance at the isobestic point. From the spectra of MC/SP mixtures in thermal equilibrium 

and from the results of thermal decolouration experiments K1 = 8.3·10-4 was obtained for the 

(1.3) 

(1.4) 
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equilibrium constant and k1 = 6·10-6 s-1, k-1 = 7·10-3 s-1 for the rate coefficients of the (1.3) 

thermal isomerisation.[3] 
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Fig. 5. Absorption spectra and kinetics of decoloration of a sample prepared from solid MC, 
inset shows the isobestic point at 336 nm. 

The spectra of the complexes were determined taking advantage that the relaxation 

times of the coupled reactions of BIPS, (1.3) and (1,4) are widely different: the metal binding 

of merocyanines is achieved instantaneously on the timescale of the interconversion of the SP 

and MC isomers. The value of K2 and the spectra of complexes were obtained by measuring 

the spectra of metal salt - BIPS mixtures (with known MC concentrations), and evaluating the 

spectra by nonlinear global fitting (Table 2 and Fig. 6.). An independent check of the 

equilibrium and kinetic results was performed by measuring the kinetics of relaxation of 

metal salt – BIPS mixtures following UV irradiation, the results were in good agreement with 

the values given in Table 2.[3] 

Table 2. Optical spectroscopic data and association constants for MC and Me·MC complexes  

 
Absorbance Fluorescence lg K2 

[M-1] λmax 
[nm] 

εmax  
[M-1cm-1] 

λmax  
[nm] ΦF

 τF [ns]  
(weight, %) χ2 

MC 565 5.6·104 647 0.008 0.04 (37%), 0.16 (52%), 
0.28 (11%) 1.123 - 

Mg·MC 499 3.6·104 599 0.048 0.16 (51%), 0.27 (49%) 1.059 3.77 ± 0.02 
Ca·MC 509 3.4·104 609 0.051 0.16 (30%), 0.37 (70%) 1.099 3.23 ± 0.01 
Ba·MC 526 3.8·104 622 0.038 0.17 (36%), 0.51 (64%) 1.063 1.92 ± 0.04 
Li·MC 525 4.2·104 618 0.037 0.15 (38%), 0.44 (62%) 1.143 1.92 ± 0.03 
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Fig. 6. (A) Absorption spectra of MC – Mg(ClO4)2 mixtures, [MC]0 = 10-5 M, [Mg2+]0 = (a) 
0, …, (f) 1,8·10-2 M; (B) Absorption spectra of MC and Me·MC complexes. 

 The kinetics of the metal coordination by MC was studied by laser flash photolysis 

experiments. The obtained k2 rate coefficients were in the 107-109 M-1s-1 range.[3] 

 The fluorescence quantum yields and lifetimes of MC and its Me·MC complexes were 
detemined. It was found, that the coordinated metal ions stabilize the MC conformation, 
leading to enhanced fluorescence quantum yields (4.6-6.3 times) and longer lifetimes (Fig. 7. 
and Table 2.).[3] 
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Fig. 7. Fluorescence decay curves of MC and Me·MC complexes 

The structure of the opened form and the structures of the Li+ and Mg2+ complexes 

were determined by NMR experiments and by quantum chemical calculations. The NMR 

measurements proved that the C3-C4 double bond has trans conformation. The DFT 

calculations concluded that in acetone solution the dominant isomer of the unbound MC is 

TTC, which changes to TTT upon the binding of the metal ion (Fig. 8.).[3] 

(A) (B) 
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Fig. 8. Photographs of a solution of SP, MC and Me·MC complexes, the optimized 
geometries of MC and Mg·MC. 

The UV-Vis absorption spectra, photochromic kinetics and fatigue resistance of 
SPOX in acetonitrile, and polymer nanoparticles were compared. After UV-irradiation, the 
open form undergoes bleaching very quickly, which follows first order kinetics with 

extremely short lifetime (τ = 0.35 s). It is remarkable that absorbance changes in capsules are 
substantially higher than in the organic solvent, and notable enhancement of lifetimes was 
observed. The fact that the rigid environment of polymers slow down the photochemical 
reactions, are useful in various application.[4] 

Theses 

1. It has been proved that in OX-SCA8 and MB-SCAn systems the SCAn host and the dye 

guest form 1:1 (OX·SCA8 and MB·SCA8) and 2:1 (OX2·SCA8 and MB2·SCA8) complexes. 

The stability constants and spectra of the complexes have been determined using global 

nonlinear regression analysis, applying a modified version of Debye-Hückel equation.[1],[2]  

2. In OX-SCA8 system K1 is larger than K2. In contrast, in MB-SCAn systems the relation 
between the equilibrium constants is reverse, K2 > K1, i.e. the binding of a free guest by a1:1 
complex is preferred to its binding by a free host. The phenomenon was explained by the 
dimerization of MB in the 2:1 complex. In MB-SCA8 system at high MB ratios the formation 
of aggregates has been observed by naked eye. The presence of aggregates has been 
confirmed by resonance Rayleigh scattering.[1],[2] 

3. It has been found that the OX·SCA8 complex has a weak emission and the OX·SCA8 
complex is practically dark. In contrast, the MB·SCAn complexes were found non-
fluorescent, whereas the MB2·SCAn complexes proved to be fluorescent.[1],[2] 
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4. Laser flash photolysis experiments were carried out on MB-SCA6 and MB-SCA8 systems. 
The mechanism of triplet quenching has been clarified, it is associated with photoinduced 
electron transfer. The formation of triplet state complexed MB cations has been found 
negligible, the triplet absorption arises solely from the pure dye.[2] 

5. The investigation of the reactions of the photochromic compound BIPS, the 
interconversion of the colourless SP and the coloured MC forms and the simultaneous binding 
of metal ions by the MC form, has been started by preparing the metastable MC isomer in 
powder state. Using the MC powder we accurately determined the absorption coefficient of 
MC, the equilibrium constant, the thermodynamic parameters and rate constants of 
interconversion of the SP and MC forms.[3]  

6. Utilizing that the reaction rates of the coupled reactions of BIPS are widely different, the 

spectra of the metal complexes of MC and the equilibrium constants for the binding of metal 

ions by MC were obtained by measuring the spectra of metal salt - BIPS mixtures (with 

known MC concentrations), and evaluating the spectra by nonlinear global fitting. An 

independent check of the equilibrium and kinetic results was performed by measuring the 

kinetics of relaxation of metal salt – BIPS mixtures following UV irradiation. The results 

obtained by the two different methods were in good agreement. The k2 rate coefficients in the 

kinetics of the metal coordination by MC were determined by laser flash photolysis 

experiments. Thus, we completely described the kinetics and equilibrium of these 

simultaneous reactions.[3] 

7. The structure of the MC form of BIPS and its Li+ and Mg2+ complexes were determined by 
NMR experiments and by quantum chemical calculations. We proved that in acetone solution 
the dominant isomer of the unbound MC is TTC, which changes to TTT upon the binding of 
the metal ion.[3] 

8. Measuring the fluorescence quantum yield and lifetime of MC and Me·MC complexes it 
was found, that the coordinated metal ions stabilizes the MC conformation, leading to 
enhanced fluorescence quantum yields and longer lifetimes.[3] 

9. It was found that photochromic nanoparticles containing SPOX slow down all the 
photochemical reactions because of the rigid environment of polymers.[4] 
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Potential applications 

Our results on water soluble dye-sulfocalixarene systems may be utilized in modelling 

self-assembling biological systems, investigating materials with high surface high densities. 

Furthermore, our work might have some practical importance in analytical application, since 

many supramolecular systems consisting of a macrocyclic host and a fluorescent dye guest 

can be used in competitive fluorescent techniques. The principle of these techniques is that 

the analyte, which is a nonfluorescent compound, or has a fluorescence spectrum not sensitive 

to complexation, expels the fluorescent host from the complex. 

The methods developed on investigation of BIPS for the determination of the 

equilibrium constants K1 and K2, can be applicable in future studies on photochromic systems. 

It was hoped that the results obtained for the metal complexes of this reference compound 

will be helpful for the development of novel photochromic compounds applicable in optical 

sensors and switches. Our results on photochromic nanocapsules may contribute to the 

development of polymers modified with photochromic materials. 
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