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Abstract

Synthesis and photochromic properties of a novel spironaphtoxazine (SNO) obtained from a crown-containing dihydroisoquinoline are described.
The comparison of spectral and kinetic properties with that of a crown free SNO is performed. For a crown-containing SNO, the complex formation
with alkaline earth metal cations occurs both for spiro (S) and merocyanine (M) forms of the molecule. For the cations of large size (for instance,
Ba2+) the formation of sandwich complex was found. For a crown free SNO, only M-form complex with metal cation is possible. In all cases, the
complex formation affects both on the position of the M-form absorption maximum and the M-form characteristic lifetime.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Crown ethers have found applications in many areas due
to their ability to recognize metal ions. Among other things,
the photochromic properties of compounds containing crown-
ether or calyx [4] arene moieties could be controlled by metal
cations [1–27]. The binding of cations by ionophoric fragments
could lead to the change of such properties of photochromes
as photostability, sensitivity and width of operative optical
region.

Osa and co-workers [1] synthesized spirobenzopyran
derivatives bearing benzo-15-crown-5 and examined their
photoresponsive cation binding ability. Inouye et al. [2] demon-
strated the influence of alkali metal cations on the spectral
properties of an azacrown-containing spiropyran. In develop-
ment of the approach [1,2], the influence of metal cations
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on the photochromic properties was reported for different
crown-containing spiropyrans [3–10], spirooxazines [11–21],
2-styrylbenzothiazoles [22,23], and chromenes [24,25]. As an
example, spirobenzopyran derivatives with a monoazacrown
moiety at the 8 position demonstrate cation-dependent pho-
tochromic properties. E.g., in the presence of Li+ ions the
merocyanine M-form is stabilized [4]. Its lifetime increases in
an order of magnitude. The reason of the stabilization is the for-
mation of complexes between a metal cation and the M-form of
crown-containing spiropyrane [4].

Spirooxazines are considered as more reliable photochromic
control systems than spiropyrans due to excellent light-fatigue
resistance [28]. The effect of metal ions on the photochromic
properties of spirooxazines could be very significant. As an
example, incorporation of monoaza-12-crown-4 group in the 5′
position of a spironaphtoxazine derivatives leads to the dramatic
dependence of M-form lifetime on the concentration of Li+ ions
[12]. The observed stabilization effect was as large as two orders
of magnitude [12].

1010-6030/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
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Scheme 1.

This work is in the scope of authors efforts mounted to
the development of the spironaphtoxazine based photochromic
systems most sensitive to the presence of metal cations
[13–18,26,27]. In [14,15], a crown-containing fragment was
incorporated to the oxazine moiety of spironaphtoxazine (SNO)
via a flexible spacer. Several types of complexes between
crown-containing SNO and metal ions were found. Its stabil-
ity constants demonstrated the dependence on the size of metal
cations. When metal ion is smaller than the radius of the cavity
in the crown ether ring, a so called anion-capped complex forms
due to the Coulomb interaction between the partly charged oxy-
gen atom of the M-form and the ion disposed in the cavity. In this
case, the rate constant of the M → S reaction could decrease in
an order of magnitude [15]. For the cations which are bigger than
the crown ether cavity, the stabilization effect is much smaller
[15]. It was found that the rigid spacer structure prevents the
formation of anion capped complex, and the effect of metal ions
on the M-form stability is much smaller than in the case of a
flexible spacer [13]. For SNO conjugated with azacrown ether
moieties at the 6′-position of the oxazine fragment, the effect
of metal cations on the spectra of both S-form and M-form was
observed [16]. Two probable sites of the complex formation are
possible: the crown ether centre and the M-form oxygen atom
in the oxazine moiety of SNO. The correspondence between
the crown cavity and the metal cation sizes were found to be
important for the effective binding.

In the present paper, the synthesis and photochromic prop-
erties of SNO with a crown-containing fragment in the
isoquinoline part of the molecule (SNO 2 in Scheme 1) is
reported. For comparison, SNO 1 which has no crown ether
moiety was used (Scheme 1). Further in the text spiro and mero-
cyanine forms of SNO 1 and SNO 2 are marked as S-1, S-2,

M-1 and M-2 correspondingly. For the study of complex for-
mation between SNO and metal cations, Mg2+ and Ba2+ were
chosen. The ionic radii of these ions are 0.72 and 1.36 Å cor-
respondingly [29]. Radius of 15-crown-5-ether is 0.85 Å [30].
Thus, Mg2+ cation fits well to the size of the crown ether ring,
and its position in the centre of the cavity is expected. For Ba2+

cation the complexation should take place outside of the cavity,
probably, leading to the formation of sandwich complexes.

2. Experimental

2.1. Materials

Mg(ClO4)2 and Ba(ClO4)2 (Aldrich) were used as the
sources of Mg2+ and Ba2+ ions. Spectrophotometric grade ace-
tonitrile (Aldrich), was used as a solvent.

2.2. NMR study

1H NMR spectra were recorded on a Bruker DRX500 instru-
ment (500.13 MHz) for solution in CD3CN, the solvent being
used as the internal reference 1.96 ppm for 1H; for solution in
CDCl3, the solvent being used as the internal reference 7.27 ppm
for 1H.

2.3. Synthesis of the SNO

The widely applied procedures for the synthesis of the
spirooxazines [31] consisting in the condensation of nitrogen-
containing heterocycles with hydroxynitroso compounds was
used for the obtaining of the compounds SNO 1 and SNO 2
(1 and 2 in Scheme 2). The pathway of the synthesis is shown
in Scheme 2. The 1,3,3-trimethyl-3,4-dihydroisoquinolines 3, 4
were prepared as described in [32]. The isoquinoline salts 5, 6
[32] were prepared by the interaction of 3, 4 [32] with methyl
iodide.

The mixture of the 0.5 mmol 5 or 6, 0.5 mmol 1-nitroso-2-
naphthol and 0.6 mmol Et3N was heated in 15 ml MeOH during
2 h in inert atmosphere. After finishing the reaction, the product
was purified by coloumn chromotography (Silicagel 60, eluent
cyclohexane/ethyl ether from 100:1 up to 1:1).

Scheme 2.
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2.4. 3,4-Dihydro-2,3,3-trimethyl-6,7-dimethoxyspiro-
[isoquinolino-1,3′-[3H]napht[2,1-b][1,4]oxazine] (1)

45%, yellow oil, NMR 1H (CHCl3-d1, δ, mp, J, Hz.): 1.26
(s, 3H, CH3); 1.31 (s, 3H, CH3), 2.22 (s, 3H, N-CH3), 2.58 (d,
1H, H-4a, J = 15.6), 2.93 (d, 1H, H-4b, J = 15.6), 3.65 (s, 3H,
CH3O), 3.89 (s, 3H, CH3O), 6.56 (s, 1H, H-5), 6.62 (s, 1H, H-
8), 7.06 (d, 1H, H-5′, J = 8.9), 7.18 (s, 1H, H-2′) 7.38 (t-d, 1H,
H-8′, J = 8.2, 8.1 и 1.3), 7.57 (t-d, 1H, H-9′, J = 8.2, 8.4 and 1.3),
7.71 (d, 1H, H-6′, J = 8.9), 7.79 (d, 1H, H-7′, J = 8.1), 8.59 (d,
1H, H-10′, J = 8.4). Elemental analysis: calc.: C, 74.60; H, 6.51;
N, 6.96. C25H26N2O3; found: C, 74.72; H, 6.59; N, 6.89.

2.5. 3,4,7,8,10,11,13,14,16,17-Decahydro-2,3,3-
trimethylspiro[(6,9,12,15,18)penta-oxacyclopentadecyno-
[2,3-g]isoquinolino-1,3′-[3H]napht[2,1-b][1,4]oxazine (2)

38%, light-yellow oil. NMR 1H (CHCl3-d1, δ, mp, J, Hz.):
1.24 (s, 3H, CH3); 1.29 (s, 3H, CH3), 2.21 (s, 3H, N-CH3), 2.54
(d, 1H, H-4a, J = 15.6), 2.90 (d, 1H, H-4b, J = 15.6), 3.73 (m, 8H,
4 OCH2), 3.90 (m, 4H, 2 OCH2), 4.12 (m, 4H, 2 OCH2), 6.53
(m, 1H, H-5), 6.60 (s, 1H, H-8), 7.04 (d, 1H, H-5′, J = 8.9), 7.16
(s, 1H, H-2′) 7.37 (t-d, 1H, H-8′, J = 8.1, 8.1 and 1.1), 7.56 (t-d,
1H, H-9′, J = 8.1, 8.2 and 1.1), 7.69 (d, 1H, H-6′, J = 8.9), 7.75
(d, 1H, H-7′, J = 8.1), 8.59 (d, 1H, H-10′, J = 8.2). Elemental
analysis: calc.: C, 69.90; H, 6.81; N, 5.26. C31H36N2O6; found:
C, 69.69; H, 6.89; N, 5.20.

2.6. Synthesis of the complexes of SNO 2 with Mg(ClO4)2

and Ba(ClO4)2

Mg(ClO4)2 (3 mg, 0.014 mmol) or Ba(ClO4)2 (2.3 mg,
0.007 mmol) and SNO 2 (7.4 mg, 0.014 mmol) were dissolved in
0.6 ml CD3CN. The resulting complex (SNO 2)·Mg2+ or (SNO
2)2·Ba2+ was used for NMR (see Fig. 6a and b) and ESI MASS
investigation. The main peaks found in ESI MASS spectra are
presented in Scheme 4.

2.7. Spectrocopic measurements

UV absorption spectra were recorded using a HP-8453 spec-
trophotometer (Hewlett Packard) with the characteristic time of
recording ca. 2 s. High pressure mercury lamp with the set of
glass filters was used as a light source for stationary photolysis.
To measure rate constants of the M → S reactions of SNO with
the characteristic time of several seconds, samples were irradi-
ated in the cuvette box of the spectrophotometer. The irradiation
was performed till the photostationary conditions (equilibrium
between S and M-forms) were achieved, which was controlled
by the absorption of M-form in the red spectral region. Then the
irradiation was interrupted and the kinetic curves corresponding
to the recovery of the system to the initial S-state were recorded.

Laser flash photolysis was also used to study the kinetics of
the M → S reactions in the wide temporal range of 0.1 �s–10 s.
Experiments were performed using a XeCl setup (308 nm, 20 ns,
20 mJ/pulse) described elsewhere [33]. For measurements in the
temporal range shorter than 1 ms, a xenon lamp exploited in a

pulsed mode was used as a source of probing light. For exper-
iments performed in a longer temporal range, an incandescent
lamp was used as a source of the probing light.

2.8. ESI-MASS measurements

Mass spectra were measured at an ionizing voltage of 2 kV
in soft conditions by electrospray ionization mass spectrome-
try (ESI-MASS) with the use of the exact mass measurement
method, employing an Agilent 1100 Series LC/MSD Trap mass
spectrometer (400 �l/h; 10 V; 120 ◦C). The data were analyzed
with the use of Molecular Weight Calculator, Version 6.37
(Matthwe Monroe).

3. Results and discussion

3.1. Complexes of SNO (S-form) with Mg2+ and Ba2+

The spectrophotometric titration method, 1H NMR and
ESI-mass spectrometry were employed for analysis of the com-
plexation processes. Both SNO 1 and SNO 2 in the absence of
irradiation are completely in the spiro-form. The UV-spectra of
colorless spiro-forms (S-1, S-2) in acetonitrile solutions are pre-
sented in Fig. 1. In the presence of alkaline earth metal cations
the spectrum of crown free SNO 1 does not demonstrate any
changes. For crown-containing SNO 2, the addition of both
Mg2+ and Ba2+ cations leads to the complex formation between
SNO and metal ion.

The spectral evidence of the complex formation for the case
of Mg2+ is shown in Fig. 2. The addition of ions in concentra-
tion comparable with the concentration of SNO 2 results in the
decrease of the absorption intensity at 270–310 nm. The absence
of the spectral changes in the case of SNO 1 makes it possible to

Fig. 1. UV spectra of S-form of SNO 1 (S-1) and 2 (S-2) in CH3CN.
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Fig. 2. Changes in the UV-spectrum of S-2 (1 × 10−4 M) in the presence of
Mg2+. Temperature 298 K, cuvette 1 cm, solvent—CH3CN. Curves 1–8 denote
to [Mg2+]/[(S-2)] ratio 0; 0.17; 0.33; 0.5; 0.66; 0.84; 1.0; 1.2.

conclude that the complex between S-2 and Mg2+ forms due to
coordination of the metal ion with the crown ether moiety. The
conservation of the isosbestic points (266 and 276 nm, Fig. 2)
supports an assumption that only two forms containing SNO
2 coexist in the solution. It allows one to use UV spectra to
determine the composition of the complex and to estimate the
equilibrium constant.

It is essential to assume that the change in absorption intensity
in the characteristic spectral region (270–310 nm) is proportional
to the percentage of the complex. The absorption at 295 nm
(Fig. 2) was chosen to determine the composition of the complex
by the method of molar ratios [34]. The molar ratios plot shown
in Fig. 3 makes it evident that the composition of the (S-2)-Mg2+

complex is 1:1. It corresponds to the position of the metal ion

Fig. 3. Determination of composition and equilibrium constant of the (S-2)-
Mg2+ complex. Relative changes in absorption at 295 nm (dots, right axis)
and calculated values of the (S-2)-Mg2+ complex percentage (left axis) vs.
[Mg2+]/[(S-2)] ratio. Curves 1–3 denote to equilibrium constants 1 × 106;
5 × 105; 1 × 105 M−1.

inside the crown ether cavity. The proposed composition of the
complex is shown in Scheme 3.

When Ba2+ cations are added to the solution of SNO 2, the
changes in the UV spectra (Fig. 4) are similar to those for
Mg2+ cations. Isosbestic points at 247.5 and 349 nm are con-
served, which allows one to determine the composition of the
complex. The molar ratios plot (Fig. 5) demonstrates that the
[(S-2)]/[Ba2+] ratio is equal to 2. The resulted (S-2)2-Ba2+ com-
plex was proposed to have the sandwich structure (Scheme 3), in
accordance with the ratio of the sizes of metal cation and crown
ether cavity.

The equilibrium constants of the complexes (S-2)-Mg2+ and
(S-2)2-Ba2+ were determined by the comparison of experimen-
tal and calculated dependencies of the relative concentrations
of complexes via initial [Met2+]/[(S-2)] ratios. Fig. 3 demon-

Scheme 3.
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Fig. 4. Changes in the UV-spectrum of S-2 (2 × 10−4 M) in the presence of
Ba2+. Temperature 298 K, cuvette 1 cm, solvent – CH3CN. Curves 1–4 denote
to [Ba2+]/[(S-2)] ratio 0; 0.16; 0.33; 0.66.

Fig. 5. Determination of composition and equilibrium constant of the (S-2)
complex with Ba2+. Relative change in absorption at 295 nm (dots, right axis)
and calculated values of the (S-2)2-Ba2+ complex percentage (left axis) vs.
[Ba2+]/[[(S-2)] ratio. Curves 1–3 denote to equilibrium constants 1 × 1010;
5 × 1011; 1 × 1012 M−2.

Table 1
Equilibrium constants of SNO complexes with metal cations

Complex Keq

(S-2)-Mg2+ 5 × 105 M−1

(S-2)2-Ba2+ >1 × 1012 M−2

(M-1)-Ba2+ 1.5 × 103 M−1

(M-2)-(Mg2+)2 3 × 103 M−1a

a Stability constant for (M-2)·(Mg2+)2 complex is determined as Keq = [(M-
2)(Mg2+)2]/[Mg2+][(M-2)Mg2+].

strates this procedure for (S-2)-Mg2+ complex. Dots with error
bars (right axes) represent the experimental relative changes in
absorption at a characteristic wavelength (295 nm). Full lines
1, 2 and 3 (left axes) represent the calculated relative content of
the complex for different values of the equilibrium constant. The
experimental curve (Fig. 3) is satisfactorily fitted with the cal-
culated curve corresponding to the value of Keq = 5 × 105 M−1.
All the equilibrium constants (for both S and M-forms of SNO)
are listed in Table 1.

The procedure of determination of the equilibrium constant
for (S-2)2-Ba2+ complex is shown in Fig. 5. The stoichiom-
etry of the complex (ratio [(S-2)]/[Ba2+] = 2) was taken into
account. In this case, the equilibrium constant is high, and all the
metal cations added to (S-2) solution are bound till to the almost
stoiciometric conditions. It allows one to obtain only an upper
estimation for the equilibrium constant: Keq > 1 × 1012 M−2.

An addition of Mg2+ and Ba2+ cations to a solution of SNO 1
does not cause any changes in 1H NMR-spectrum. In the case on
crown-containing SNO 2, the 1H NMR-spectrum in MeCN-d3
changes when metal cations are added (Fig. 6). Changes in the
position of the crown ether proton signals (Fig. 6a) and aromatic
proton signals (Fig. 6b) observed in 1H NMR-spectra of SNO 2
in the presence of Mg2+ and Ba2+ cations are shown in Fig. 6.
The influence of Mg2+ cations on the crown ether part of SNO
2 in NMR spectrum is substantially large in comparison with
Ba2+ influnece. The difference is explained by the different types
of formed complexes. Thus, Mg2+ is located in crown ether
cavity due to good correspondence of the cation radii to the
size of crown ether. The formation of Mg2+ inclusion complex
causes the pronounced changes in chemical shifts of protons
of benzocrown ether fragment. In the case of Ba2+ sandwich
complex was found from optical experiments. The influence of
metal cations is spreded between two crown ether moieties what
decreases the effect of metal cations on spirocompound. The
shifts of proton signal positions of SNO 2 in presence of Ba2+

cations are not so remarkable. The isoquinoline and oxazine
fragments are near perpendicular to each other in the molecule.
This accounts for spatial limitation of the complex formation;
there are no changes of oxazine proton signal positions (H-2′,
H-5′, H-6′, H-7′, H-8′, H-9′, H-10′).

The two possible structures for sandwich complexes syn and
anti can be suggested (Scheme 3). In the syn-complex the mutual
desposition of aromatic fragments should lead to the appearance
of the anisotropic effect produced by ring-current magnetic field.
The anisotropic effect is accompained by the upfield shifts of
proton signals (namely, of 4-a and 4-b protons and, probably,
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Fig. 6. Changes of the chemical shifts (�δ = δcomplex − δligand, ppm) observed in 1H NMR spectra of ligand SNO 2 in the presence of Mg(ClO4)2 and Ba(ClO4)2 in
CD3CN, ratio Mg/L = 1/1; Ba/L = 1/0.5; CL—5 × 10−4 M/L.

of CH3 groups protons). This fact has not been found in NMR
experiments. Thus, the syn-complex structure could be excluded.
The sandwich complex could exist as anti-isomer. Another pos-
sibility is a fast rotation of the two S-2 moieties. This rotation
should be faster as the corresponding NMR time scale (>50 Hz).

The electrospray ionization mass spectrometry (ESI-MASS)
provides direct and straightforward access to the accurate deter-
mination of complex composition in MeCN solution at different
ligand/metal cation ratio. It is important to note that for compar-
ative analysis the same concentration of complexes upon both
UV- and ESI-MASS-analysis were used. Electrospray full scan

spectra in the range m/z 100–1000 were obtained by infusion at
1 ml/min of a solution of each complex dissolved in pure ace-
tonitrile. The full-scan spectra of SNO 2 complexes with metal
cations in the positive ion mode are shown in Fig. 7a and b. Con-
cluded from Fig. 7a, the signals at the mass-to-charge ratio m/z
655.1, 754.0, 881.0 correspond to the dominant complexes with
the structure [(S-2)·Mg(ClO4)+], [(M-2)·Mg(ClO4)2] and [(M-
2)·Mg(ClO4)+·Mg(ClO4)2] presented in solution. The structures
of complexes proposed from ESI-MASS analysis are presented
in Scheme 4. Thus, in course of ESI-MASS analysis complex S-2
with Mg2+ transformed to open form which stabilized by coordi-

Fig. 7. ESI mass spectrum of SNO 2 (2 × 10−4 M) in the presence of metal ions: (a) Mg(ClO4)2 (2 × 10−4 M); (b) Ba(ClO4)2 (2 × 10−4 M).
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Scheme 4.

nation of Mg2+ with merocyanine oxygen atom. In the spectrum
Fig. 7b the ions at m/z 605.1 and at m/z 769.0 are attributed to
the sandwich complex [(S-2)2·Ba2+] and perchlorate adduct [(S-
2)·Ba ClO4]+. The mass-spectrum results on complex formation
of S-2 with Mg2+ and Ba2+ cations demonstrate fully coinci-
dence with those obtained by UV-spectroscopy. These findings
support that electrospray reflects qualitatively the supramolecu-
lar species present in solution.

3.2. Photochromic properties of SNO

The irradiation of spiro-forms of both SNO 1 and SNO 2
leads to the formation of merocyanine (M) form (Scheme 5),
which demonstrates an intensive visible absorption band in the
region at 600 nm.

The kinetic curves of M → S transitions are exponential with
the characteristic lifetimes of several seconds at a room tem-
perature. Fig. 8 shows an example of kinetic curves (Fig. 8a)

Scheme 5.

Fig. 8. Laser flash photolysis (308 nm) of SNO 1 (2 × 10−4 M) in the absence of
metal ions (curves 1) and in the presence of 0.053 M Ba2+ (curves 2). (a) Kinetic
curves (temperature 297 K, cuvette 0.5 cm, recording at 600 nm); (b) Arrenius
plots.



Author's personal copy

82 V.V. Korolev et al. / Journal of Photochemistry and Photobiology A: Chemistry 192 (2007) 75–83

and Arrenius plots (Fig. 8b) for M → S reactions. The values
of activation energies are always in the range of 65–90 kJ/mol,
which is typical for all the SNO [35]. The spectral and kinetic
properties of M-form both in the absence and in the presence of
metal ions are listed in Table 2.

3.3. Metal cation effect on the properties of M-form of SNO
1,2

When metal cations are added to the solutions of SNO 2
in concentration comparable with the concentration of spiroox-
azine, no changes in the spectra of M-form occur. However,
it is evident from Table 2 that the stability of SNO 2 M-form
decreases in the presence of both Mg2+ and Ba2+. Rate con-
stants of M → S transitions for (M-2)-Mg2+ and (M-2)2-Ba2+

complexes are 16 and 4 times higher than for free M-2 (Table 2).
The possible reason of the decrease in the stability of merocya-
nine form is the Coulomb repulsion between the metal cation and
the partial positive charge of M-form (N�+), which is located on
the nitrogen atom of the isoquinoline ring (Scheme 1). For the
sandwich (M-2)2-Ba2+ complex the effect of destabilization is
sufficiently less than for (M-2)-Mg2+, where the metal cation is
located inside the crown ether cavity. It is possible that for a sand-
wich structure like (M-2)2-Ba2+ the screening of the Coulomb
interaction between the metal cation and N�+ is more sufficient
than for the (M-2)-Mg2+ structure.

When metal cations are taken in large excess (ca. 100 times),
both SNO 1 and SNO 2 demonstrate the stabilization of the M-
form. This effect compensates and surpasses the initial increase
in M → S rate constants. For crown free SNO 1, the effect of
M-form stabilization due to Ba2+ cations is about an order of
magnitude in comparison with free spironaphtoxazine (Table 2).
For crown-containing SNO 2, the effect is not so large, but also
sufficient.

The stabilization of M-form is accompanied by a hyp-
sochromic shift of the maximum of M-form absorption band
(Fig. 9a). This effect was observed both for SNO 1 and SNO
2. The stabilization of M-form of SNO 1 could be explained
by the cation binding by an oxygen atom of the oxazine moi-

Table 2
Properties of M-form of SNO and their complexes with metal ions

Complex (ligand to
metal ratio)

λmax
M (nm) kM→S (298 K) (s−1) Eact (kJ/mol)

Free M-1 607 0.26 90 ± 6
(M-1)-Ba2+ (1:265) 581 0.037 72 ± 7
Free M-2 607.5 0.28 87 ± 6
(M-2)2-Ba2+

(1:0.52)
607.5 0.99 –

(M-2)2-Ba2+

(1:1.2)
607.5 1.2 –

(M-2)-(Ba2+)2

(1:500)a
592 0.17 81 ± 9

(M-2)-Mg2+

(1:1.22)
607.5 4.35 –

(M-2)-(Mg2+)2

(1:157)
572 0.17 69 ± 6

a For this complex another structures are also possible, see text.

Fig. 9. Formation of complex between M-form of SNO 2 and Ba2+ ions in
CH3CN. (a) Hypsochromic shift of the M-form absorption band caused by
addition of Ba2+. Curves 1–3 denote to [Ba2+]/[SNO 1] = 0; 17; 104 correspond-
ingly. Amplitudes of the bands are normalized to 1 in the maxima of M-form
bands. (b) Determination of the equilibrium constants of the complex. Dots
(right axis)—dependence of the shift of M-form absorption band maxima on
the relative initial concentration of Ba2+ (M-form was obtained by the photol-
ysis (366 nm, 298 K) in the cuvette box of spectrophotometer HP 8453). Solid
lines (left axis)—calculation of the percent content of the complex. Curves 1–4
correspond to equilibrium constants 1 × 104; 1.5 × 103; 1 × 103; 1 × 102 M−1.

ety of merocyanine (this atom carries a partial negative charge).
As a result (M-1)-Ba2+ complex is formed (Scheme 3). Assum-
ing the relative shift of the M-form absorption maximum linearly
depends on the fraction of complexed M-1, the stability constant
of (M-1)-Ba2+ was estimated. The procedure of estimating the
stability constant is demonstrated by Fig. 9b. The experimental
dependence of the relative shift of the absorption band maxi-
mum on the relative content of metal cations (dots in Fig. 9b) is
satisfactorily fitted by the calculated dependence of the complex
content with the equilibrium constant 1.5 × 103 M−1 (full lines
in Fig. 9b and Table 2).

For the crown-containing SNO 2 the stabilization effect
(Table 1) could be explained by the same reason as for the case of
SNO 1, i.e. by the connecting of a cation to an oxygen atom of the
merocyanine form of SNO complex with the metal cation. In the
case of Mg2+, the (M-2)-(Mg2+)2 complex is formed (Scheme 3).
The stability constant K12 = [(Mg2+)2(S-2)]/[Mg2+][Mg2+(S-2)]
was determined for (M-2)-(Mg2+)2 (Table 2).

For the structure of Ba2+ complex with M-2 two possibilities
could be considered. When Ba2+ is added to (S-2)2-Ba2+ com-
plex to a large extent, one could expect either the conservation of
the sandwich structure or the transition to the structure of (S-2)-
Ba2+. In the last case, Ba2+ cation should be situated above the
crown-ether ring plane. Correspondingly, for the M-form one
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could assume the formation of either a (M-2)-(Ba2+)2 complex
(as in the case of Mg2+) or other structures.

4. Conclusions

In this paper, the formation of different complexes between
SNO and rare earth metal cations is demonstrated. Complex for-
mation changes the photochromic properties of spirooxazines
and allows one to shift the range of M-form absorption up to
30 nm and to change the M-form lifetime up to an order of mag-
nitude. This study could be considered as a necessary step in
the development of photochromic systems with the controlled
spectral and kinetic properties.
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