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(merocyanine) isomeric forms of spiropyrans have been determined using UV–Vis absorption and 1H NMR
spectroscopies techniques. The most stable form of 1-(2-hydroxyethyl)-spiro[indoline-pyridobenzopyran] 4 is
represented by its trans-(hydroxystyryl)oxazolidineindoline isomer coexisting in acetone solution with the ring-closed
spiroform. In the presence in solution of metal salts, spiro[indoline-pyridobenzopyrans] exhibit strong ionochromic
effect due to the formation of complexes with the merocyanine ligand. The composition of the complexes formed
by Zn2þ and Ni2þ ions has been determined with the use of spectrophotometric and electrospray ionisation mass
spectroscopy techniques. The stepwise stability constants and spectral properties of the most stable 1:1 and 1:2 metal/
merocyanine complexes have been determined. Selectivity of the complexation reaction depends on the position of the
thermochromic equilibrium. Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Photo- and thermochromic behaviour of spiropyrans, as
exemplified by the case of spiro[indoline-pyridobenzo-
pyrans] 1–5, is caused by the reversible heterolytic
cleavage of the spiro C—O bond followed by cis–trans
isomerisation of the formed metastable merocyanine
form B.1,2

The negatively charged oxygen atom of the merocya-
nine B offers a good donor centre to coordinate metal
ions3–5 and to form molecular complexes with other
electrophilic species.6,7 In general, the formation of
complexes leads to significant changes in their absorption
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and fluorescent characteristics as compared to the free
ligands B. At the same time, the ring-closed isomers of
spiropyrans (SPP) A do not possess strong donor ability,
do not form stable metal or molecular complexes and their
spectral properties are very slightly disturbed by metal
ions. Switching between the two states sharply different
in their spectral properties is effected under the action of
light, which also controls the processes of formation and
dissociation of complexes of B. Such spectral behaviour
is at the origin of the use of photochromic spiropyrans, in
particular spiro[indoline-pyridobenzopyrans], as sensi-
tive photodynamic fluorescent chemosensors for metal
ions.8–14
Herein, we report on photo- and thermochromic
properties of new derivatives of spiro[indoline-pyrido-
benzopyrans] and present a study of their complexation
with Mg2þ, Mn2þ, Co2þ, Ni2þ, Cu2þ, Zn2þ metal ions.

1.
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RESULTS

Thermal equilibrium and photochromism

In solutions of nonpolar solvents (hexane, toluene), SPP
1–5 exist in their colourless ring-closed form A, but their
solutions in polar solvents are slightly coloured at room
temperature due to the establishment of the thermal
equilibrium (Scheme 1) and the appearance of small
amounts of the merocyanine isomers B.15

Position of the A  ! B equilibrium in acetone-d6

solutions has been studied using 1H NMR technique.
Chemical shifts of gem-dimethyl and N-alkyl groups as
well as protons at the C3——C4 double bond in the
ring-closed A and ring-opened B isomeric forms of SPP
significantly differ.16,17 For SPP 1–3, 5, the AB-quartet
signals of 3’-H and 4’-H protons of the ring-closed form
A appear as two doublets at 5.97–5.99 and 7.19 ppm
correspondingly (J¼ 10.2 Hz, 4’-H signal is superim-
posed with the 4-H and 6-H signals). The signals of
the diastereotopic gem-dimethyl groups are found in the
range of 1.19–1.26 and 1.34–1.38 ppm and those of the
N-methyl group (for SPP 1–3) in the range of
2.76–2.79 ppm.

In the case of SPP 4, the equilibrium amount of the
isomer B is negligible because it undergoes a further
ring-chain tautomerisation step to convert into the
oxazolidine-containing isomer C (Scheme 2). At
293 K, an acetone-d6 solution of SPP 4 contains 69.2%
of the form C in the equilibrium with A. The signals of
protons of the vinyl group of C appear as an AB-quartet
Scheme

Table 1. Spectral properties of isomeric forms of SPP 1–5 in ace

Compound labsmax (A), nm e (A), L �mol�1 � cm

1 341 4400

2 341 4880

3 341 4490

4 334a 7440a

5 341 4980

a Oxazolidine form.
b Merocyanine content< 2%.

Copyright # 2007 John Wiley & Sons, Ltd.
with chemical shifts at 6.70 and 7.42 ppm and
J¼ 16.1 Hz, similar to the spectral pattern observed for
the analogous trans-(hydroxystyryl)oxazolidineindoline
derivatives.18 Signals of the gem-dimethyl group of SPP 4
are splitted into two singlets at 1.24 and 1.37 ppm (A) and
at 1.23 and 1.51 ppm (C).

In acetone, the cyclic isomers A of spiropyrans 1–3, 5
are characterised by long wavelength absorption bands
with maxima at 341–343 nm and molar absorption
coefficients (e) 4400–4980 L �mol�1 � cm�1. The position
and the intensity of the absorption bands do not
practically depend on the origin of the substituents R1

and R2 (Table 1). The longest wavelength absorption band
of the SPP 4 oxazolidine isomer C has a maximum at
334 nm (e¼ 7440 L �mol�1 � cm�1).

The structured merocyanine absorption bands are
observed in the region 522–620 nm (Fig. 1, Table 1).
For SPP 1 and 3, the equilibrium content (3 and 12%,
respectively) of the merocyanine forms was estimated from
the 1H NMR data and the molar absorption coefficients (e)
of the ring-opened isomers were determined. The values
e¼ 47900–57000 L �mol�1 � cm�1 thus obtained are close
to that found for SPP 1 in chloroform solution.15 For SPP 2,
4, 5, the equilibrium content of the ring-opened isomer B is
very low for a reliable determination with the use of NMR
technique. Hence, the equilibrium content of the B isomer
was estimated spectrophotometrically. The spectral
parameters of the merocyanine isomers B are relatively
slightly affected by the substituents R1, R2, the most
pronounced effect being exerted by an alkoxy group in
position 5 of the indoline fragment (Fig. 1, Table 1).
2.

tone solution

�1 labsmax (B), nm e (B), L �mol�1 � cm�1

562 53900
599 51700
562 —b

599 —b

568 47900
607 57000
561 —b

600 —b

563 —b

598 —b
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Figure 1. Evolution of the absorption spectrum of SPP 3 in
acetone (T¼ 293K) upon irradiation at lirr¼ 365nm. The
spectra were recorded within 1 s interval. (Inset: thermal
relaxation curve observed at 607 nm; dots are experimental
points, continuous line is an approximation by monoexpo-
nential function)

Figure 2. Absorption spectra of an acetone solution of SPP
3 containing metal (II) perchlorates. C(SPP)¼3.45� 10�5M,
C(M)¼1� 10�4M

910 A. V. CHERNYSHEV ET AL.
The calculated constants and thermodynamic
parameters of the tautomeric equilibrium A  ! B are
listed in Table 2. The difference between the levels of the
ground state estimated from DH8 values has been found to
range from 1.0 to 6.2 kJ �mol�1 depending on the SPP
structure (as described in Supplementary Materials).

As shown in Fig. 1, irradiation of an acetone solution of
SPP with UV light at the longest wavelength absorption
band of the ring-closed form A leads to the rise in the
absorption of the ring-opened merocyanine form B. The
initial thermal equilibrium is gradually restored on
extinguishing the irradiation. The thermal relaxation
kinetic curves are sufficiently well fitted to the mono-
exponential function with lifetimes t¼ 2.4–6.0 s at
293 K. The activation energies of the thermal isomerisa-
tion processes range from 30.3 to 74.3 kJ �mol�1 (as
described in Supplementary Materials).
Ionochromism

Upon addition of perchlorates of metal
cations Mg2þ, Mn2þ, Co2þ, Ni2þ, Cu2þ, Zn2þ to acetone
solutions of SPP, the appearance of new intense
absorption bands with maxima at 533–573 nm shifted
Table 2. Thermodynamic parameters of ring-chain tautomeric e

Compound KT� 103 DG8, kJ �mol�1

1 30.1 3.5
2 9.2 4.7
3 141.5 11.9
5 21.8 3.8

Copyright # 2007 John Wiley & Sons, Ltd.
hypsochromically with respect to those of the merocya-
nine isomers B has been observed (Fig. 2). Position of the
absorption bands depends on the metal cation (Table 3).
The solutions of SPP containing Mg2þ, Zn2þ ions exhibit
fluorescence with maximum intensities at 610–625 nm. In
1H NMR spectra of SPP measured in the presence of salts
of metal ions, all the proton signals are shifted downfield
with respect to their positions in solutions of free ligands.
In an acetone solution containing equimolar amounts of
SPP 1 and ZnCl2, signals of protons of gem-dimethyl
group appear as a six-proton singlet at 1.91 ppm, those of
N-methyl protons at 4.14 ppm, protons 3’-H and 4’-H of
the vinyl group at 8.79 and 8.17 ppm (J¼ 15.8 Hz), which
are characteristics of the merocyanine form of the ligand
(Scheme 3).
Stoichiometry and stability of complexes of
SPP with metal ions

The composition of the complexes was determined
spectrophotometrically by means of the isomolar
solutions technique (Job method), which was successfully
applied to analyse composition of various complexes of
spiropyrans with metal ions.19–21 The plot of the corrected
absorbance values measured at the absorption maximum
of a complex of SPP 1 with Zn2þ versus composition
of isomolar solutions is featured in Fig. 3. The sharp
quilibrium in acetone at 293K

DH8, kJ �mol�1 �DS8, J �mol�1 K�1

3.1� 0.5 18.7� 1.8
6.1� 0.6 18.1� 2.0
1.0� 0.2 12.8� 0.5
3.5� 0.3 20.3� 1.0
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maximum of the curve corresponds to the solution
of composition 1:2 (metal/SPP). The analogous curves
with maxima corresponding to the same composition
were obtained when applying absorbances at other
wavelengths. The 1:2 compositions were also found
for the complexes of SPP with other M2þ ions studied
in the present work and for the previously studied22

complex of 6’-nitro-spiropyridobenzopyran with Zn2þ

ion.
The results of the spectrophotometric determinations

of the composition of the complexes of spiro[indoline-
pyridobenzopyrans] with metal ions were corroborated by
the data obtained with the use of electrospray-ionisation
mass spectrometry (ESI-MS) method. Due to its unique
characteristics involving ‘soft’ ionisation and low degree
of defragmentation of a molecule, this method already
became an effective tool for investigation of complexes in
solution.23 The ESI-MS technique has already been
successfully employed to study complexes of crown
containing spiropyrans with alkali and alkaline-earth
metal ions.24–26

Mass spectrum of the positive polarisation of an
acetonitrile solution containing equimolar amounts of
SPP 2 and ZnCl2 (Fig. 4) displays a peak of an ion
[Zn(SPP)Cl]þ at m/z¼ 497 and a peak of an ion
[Zn(SPP)2Cl]þ at m/z¼ 895 originated from the 1:2
complex. The formation of the ions {[Zn(SPP)Cl]2Cl}þ at
m/z¼ 1030 related to the dimer of the 1:1 complex has
also been detected. A peak at m/z¼ 1426 corresponding
to the ion [Zn2(SPP)3Cl3]þ should be assigned to the
associate of the 1:1 and 1:2 complexes. No peaks were
detected that might correspond to the protonated
merocyanine or solvates of the SPP 2 �ZnCl2 complex.
The similar set of signals was observed in the ESI-MS
spectrum of a SPP 2 solution containing Ni(ClO4)2 (as
described in Supplementary Materials).

The investigation of the complex composition of the
SPP with metal ions carried out with the aid of two
different methods (UV–Vis absorption and ESI-MS
spectroscopies) leads to the conclusion on the greater
stability of 1:1 and 1:2 complexes.
Determination of stability constants

In a solution of a spiro[indolinepyridobenzopyran]
containing metal salts, the following equilibria must be
taken into account, where A and B stand for the
ring-opened and ring-closed (merocyanine) isomers of
SPP and MB and MB2 for 1:1 and 1:2 complexes of the
merocyanine form with a metal ion (M).

AÐ B

BþMÐMB

BþMBÐMB2
J. Phys. Org. Chem. 2007; 20: 908–916
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Scheme 3.

Figure 3. Continuous variation plot of the SPP 1:Zn
(C(1)þC(Zn)¼3�10�5M) in acetone. I¼ 0.01M
(t-Bu4NClO4). T¼ 293K
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The corresponding equilibrium constants are given by
the Eqns (1)–(3).

KT ¼
½B�
½A� (1)

K1 ¼
½MB�
½B�½M� (2)

K2 ¼
½MB2�
½MB�½B� (3)
Figure 4. ESI-MS spectrum of an acetonitrile solution of SPP
2 containing ZnCl2, C(2)¼C(Zn)¼ 2�10�3M

Copyright # 2007 John Wiley & Sons, Ltd.
Since the concentration of a merocyanine isomer in
solutions is too low to allow for its accurate evaluation,
total concentration of an SPP is always known and can be
used in the calculations. Concentration of species not
involved in the complexation reactions may be expressed
as the sum of the equilibrium concentration of the
ring-closed and the merocyanine forms, and a complexa-
tion constant thus obtained represents an effective value
taking into account the tautomeric equilibrium (1):27

Keff
i ¼

MBi½ �
½MBi�1�½L�i

(4)

where ½L� ¼ ½B� þ ½A� ¼ CSPP
0 �

P
i

i MBi½ � is the equi-

librium concentration of the SPP isomeric forms not
involved in the formation of metal complexes. The Keff

i

values serve as a practical measure of the degree of metal
complexation. The relationship between Ki and Ki

eff is
given by Eqn (5), the validity of which requires
maintaining constant ion strength by using stock
electrolyte t-Bu4ClO4.27

Keff
i ¼

KTKi

1þ KT

(5)

The Ki
eff values have been obtained using spectro-

photometric technique. For this purpose, absorption
spectra of solutions containing a constant amount of
SPP and variable concentrations of metal salt have been
recorded. In order to estimate the complex stability
constants Ki

eff, a numerical iterative method has been
applied by varying Keff

i and molar absorption coefficients
of the species existing in a solution until a minimum of the
function (6) is reached.

F ¼
Xns

i¼1

Xnl

j¼1

Aobs � Acalcð Þ2! min (6)

where ns is the number of solutions under study, nl is the
number of the wavelengths under observation.

Acalc ¼"MB MB½ � þ "MB2
½MB2� þ "eff

L L½ � þ "M½M�

MB½ � ¼
CMK

eff
1 L½ �

1þ Keff
1 L½ � þ Keff

1 Keff
2 L½ �2

MB2½ � ¼ CMK
eff
1 Keff

2 L½ �2

1þ Keff
1 L½ � þ Keff

1 Keff
2 L½ �2

CL ¼MB½ � þ 2 MB2½ � þ L½ �
(7)
J. Phys. Org. Chem. 2007; 20: 908–916
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Figure 5. Absorption spectra of SPP 2 in acetone after
addition of various amounts of Ni(ClO4)2. C(2)¼
4.2�10�5M. (Inset: variation of the absorption at 571,
591 and 614nm vs. concentration of Ni(ClO4)2. Points are
experimental values, continuous lines are calculation results)
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where Aobs and Acalc are the observed and calculated
absorbance values at the selected wavelength. For
minimisation of the function (6), the Newton–Gauss
algorithm has been employed.28 In an iterative nonlinear
procedure, the dependences of absorbance versus
concentration of metal salt at selected wavelengths have
been used. A representative fit is shown in Fig. 5. The fits
are, in general, reasonably good for all studied SPP. The
obtained values of Keff

1 and Keff
2 are collected in Table 4.

This approach allows one to derive molar absorption
coefficients of the 1:1 and 1:2 metal ion/merocyanine
complexes (Table 3), and to calculate the equilibrium
mixture composition for the known concentrations of the
initial components.
DISCUSSION

Spectral properties

Coordination of a metal cation by the phenolate oxygen of
the coloured ring-open form of spiropyrans5 and
Table 4. Logarithms of effective complexes stability constants T

SPP Keff
i Mg Mn C

1 K1 6.19� 0.12 6.63� 0.12 6.87�
K2 5.31� 0.07 5.49� 0.05 5.12�

2 K1 5.44� 0.16 5.54� 0.05 6.68�
K2 4.78� 0.13 4.14� 0.08 5.53�

3 K1 5.88� 0.13 5.36� 0.09 6.24�
K2 5.43� 0.19 4.68� 0.02 5.11�

4 K1 5.69� 0.08 6.09� 0.03 6.61�
K2 4.94� 0.01 4.12� 0.05 5.59�

5 K1 6.17� 0.16 6.33� 0.02 7.45�
K2 5.01� 0.03 5.03� 0.03 6.45�

Copyright # 2007 John Wiley & Sons, Ltd.
spironaphthopyrans27 in 1:1 complexes leads to hypso-
chromic (blue) shift of the absorption band caused by the
polarisation of the p-system of the merocyanine form.
Previously, spectral properties of 1:2 complexes of SPP
with metal ions have been studied for the case of
spironaphthopyran–M2þ system.27 It has also been shown
that the longest wavelength absorption bands of the
complexes of Co2þ and Cu2þ are shifted hypsochromi-
cally relative to the absorption of the merocyanine ligand
and bathochromically (red shift) with respect to the
absorption of the corresponding 1:1 complex. At the same
time, the spectrum of the 1:2 Ni2þ complex is bath-
ochromically shifted relative to the spectrum of the
merocyanine ligand.

For all 1:1 and 1:2 complexes of SPP 1–5 studied in the
present work, the longest wavelength absorption bands
are shifted hypsochromically with respect to these bands
of the merocyanine ligand. The maxima of the longest
wavelength absorption bands of the 1:2 complexes are
found in the longer wavelength region of the visible
spectrum than those of the 1:1 metal complexes. As it is
seen from Fig. 6, there is a good linear correlation
between the positions of the absorption maxima of 1:1
complexes formed by SPP 2–5 and complexes of SPP 1.

In SPP 4 and 5, a substituent R1 offers an additional
donor centre (hydroxy and carboxy group, respectively)
that can be coordinated by a metal ion. It was shown29 that
in the complexes formed by metal ions with the
merocyanine isomers of 1-(v-carboxypolymethylene)-6-
nitrospiro-[2H-1-benzopyran-2,2’-indoline] not only the
phenolate oxygen, but also a carbonyl oxygen of the
carboxy group were involved into the coordination site of
the metal complex providing, thus, for the stabilisation of
cis-configuration of the merocyanine ligand. This effect
manifests itself by the appearance of two long wavelength
absorption bands at 410 and 490 nm that correspond to cis-
and trans-conformations of the merocyanine ligand,
respectively.29 No such splitting of the longest wavelength
absorption band was observed for the case of complexes of
SPP 4 and 5with metal ions (Fig. 6), the position of which is
a characteristic of trans-isomers of merocyanines.30 At the
same time, the formation of metal complexes of SPP 4
with Cu2þ ions and SPP 5 with Zn2þ, Co2þ and Cu2þ ions
¼293K, I¼0.01M (t-Bu4NClO4)

o Ni Zn Cu

0.05 7.06� 0.11 7.74� 0.02 8.09� 0.06
0.03 5.69� 0.07 5.59� 0.01 5.18� 0.04
0.22 6.89� 0.13 6.62� 0.12 8.78� 0.25
0.13 5.49� 0.09 5.69� 0.11 5.85� 0.08
0.09 6.44� 0.08 6.98� 0.13 7.62� 0.17
0.21 5.64� 0.14 5.90� 0.15 5.93� 0.20
0.17 6.68� 0.05 6.40� 0.13 9.01� 0.23
0.26 5.57� 0.07 5.45� 0.11 6.00� 0.02
0.08 7.39� 0.03 7.97� 0.04 8.02� 0.08
0.09 5.73� 0.04 5.68� 0.02 6.42� 0.11

J. Phys. Org. Chem. 2007; 20: 908–916
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is accompanied by a significant decrease in the intensity of
the absorption bands (e¼ 3.3–3.5� 104 L �mol�1 � cm�1

for 1:1 complexes) as compared with the same type of
complexes of SPP 1–3 (e¼ 4.1–5.1� 104 L �mol�1 � cm�1)
(Table 3). Such an effect may be associated with the
stabilization of one of the trans-isomeric forms of the
merocyanine ligands brought about by the coordination of a
metal cation by the hydroxyl (for SPP 4) or carbonyl (for
SPP 5) oxygen centres. Of all possible trans-isomers, only
those with trans–trans–cis (TTC) or cis–trans–trans (CTT)
structures afford the steric conditions necessary for the
formation of a tridentate complex with metal ions, that is for
involving into the coordination site of the pyridine nitrogen,
the phenolate oxygen and an oxygen centre of the
substituent R1 (Scheme 4).

The 1H 2D NOESY NMR spectrum (as described in
Supplementary Materials) of an acetonitrile-d3 solution
of SPP 5 containing an equimolar amount of ZnCl2 gives
a clear evidence for the TTC configuration of the
merocyanine ligand in the 1:1 Zn2þ � 5 complex. The
cross-peaks of the spectrum point to the close proximity
of 3’-H and 5’-H, 4’-H and b-methylene, as well as 3’-H
and gem-dimethyl protons. The results obtained suggest
that in the complex of SPP 5 with Zn2þ the ligand occurs
as TTC conformer.
Scheme

Copyright # 2007 John Wiley & Sons, Ltd.
Factors determining complex stability. Stability of
a complex and therefore selectivity of complexation
reaction depends both on the nature of a metal ion and on
the peculiarity of the ligand structure. For the most
studied spiropyrans, a sequence of the effective binding
constants depending on the metal ion nature is in
accordance with that observed for 8-hydroxyquinoline
complexes.31 The copper complexes are the most
stable especially for SPP 2 and 4. On the other hand,
manganese complexes are among the less stable together
with magnesium complexes especially for SPP 2
(Table 4). The investigated complexes are differently
sensitive to the spiropyran structure. This sensitivity may
be caused not only by the nature of donor atoms and
feasible steric effects32 but also by the effect of
tautomerism A  ! B on the resulting complex stability.
The latter is explained by the fact that reactive
merocyanine isomer is engaged in two competitive
processes—tautomeric equilibrium and complexation
equilibrium.33 The stability of the most stable copper
complexes increases monotonically in the SPP range 3, 1,
5, 2, 4 (Table 4) with the decrease of the merocyanine
concentration as a result of the tautomerism A  ! B
(Table 2). For other metal ions, this regularity is
characterised by the rise of the stability on going from
SPP 3 to SPP 1 and then to SPP 5. Nevertheless, the
complex stability decreases on going from SPP 2 to SPP
4. The manganese and magnesium complexes are the
most sensitive to the spiropyrane structure. Zinc, cobalt
and nickel complexes are of intermediate stability values
(Table 4).
Conclusion

Photo- and thermally induced conversion between the
spirocyclic and the merocyanine isomers of 6’-chloro
substituted spiro[indolinepyridobenzopyrans] has been
studied. The 1-(2-hydroxyethyl) derivative of SPP exists
mainly under the most stable trans-(hydroxystyryl)
oxazolidineindoline form. Metal ions (Mg2þ, Mn2þ,
Co2þ, Ni2þ, Cu2þ, Zn2þ) induce isomerisation of the
SPPs and the formation of intensely coloured complexes
4.
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with the merocyanine isomeric forms. By means of ESI-MS
and UV–Vis spectroscopies, the complex compositions
have been proved to be 1:1 and 1:2. The corresponding
stepwise stability constants have been determined and
spectral properties of mono- and bis- complexes have been
investigated. In the mono-complex of 1-(2-carboxyethyl)-
substituted SPP with Zn2þ, the merocyanine isomer has
TTC conformation due to the supplementary coordination
of the metal ion with the carboxy oxygen atom. The metal
ions can be ranged in accordance to the stability of their
complexes that depends on the SPP structure. Therefore,
these results provide a possibility to control complexation
selectivity by adjusting thermal equilibrium between the
spiro- and the merocyanine forms.
EXPERIMENTAL

Compounds

6’-Chloro substituted spiro[indoline-pyridobenzopyrans]
(SPP) 1–5 have been prepared by coupling corresponding
2-methyleneindolines or halides of the 3H-indolium in
the presence of a base with 5-chloro substituted
formylquinolinol.15
Spectral measurements

1H NMR spectra were recorded on a Varian Unity-300
(300 MHz) spectrometer at 20 8C in acetone-d6 and
acetonitrile-d3.

The absorption spectra were recorded on an Agilent
8453 diode-array thermostated spectrophotometer. The
emission and excitation fluorescence spectra were taken
on Varian Cary Eclipse spectrofluorimeter.

Mass spectra of acetonitrile SPP solutions containing
metal salts were recorded on a Finnigan LCQTM DECA
ESI-MS spectrometer. ESI-MS was performed at 20 8C
under dark conditions, with a sample flow rate of
5 ml �min�1. The sheath gas rate was set at 10 units under
an N2 pressure of 0.73 MPa.

The solutions for spectrophotometric investigations
were prepared by mixing exact aliquots of standard
2� 10�4 M solutions of SPP and a metal salt with
subsequent dilution in 10 ml flasks. The solutions were
allowed to stand for 24 h under dark conditions for
complete metal ion complexation.

Metal salts were nitrates, chlorides or perchlorates. The
compounds were dissolved in solvents of highest
spectroscopic grade (Fluka).
Irradiation technique

A 250 W, IR-filtered high-pressure mercury lamp
DRSh-250 equipped with fibre optics was used for UV
Copyright # 2007 John Wiley & Sons, Ltd.
irradiation of the samples. The wavelength l¼ 365 nm
was selected using an interference glass filter. The fibre
optic core was appropriately placed to the thermostated
cell in order to make the irradiation beam perpendicular to
the scanning beam of the spectrophotometer.
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