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ABSTRACT: The stable and efficient photochromic and photoswitchable molecular
systems designed from spirooxazines are of increasing scientific and practical interest
because of their present and future applications in advanced technologies. Among these
compounds, chelating spironaphthoxazines have received widespread attention due to
their efficient optical response after complexation with some metal ions being of
biomedical interest and environmental importance, as well as their good cycle
performance and high reliability, especially by metal ion sensing. In this mini-review,
we summarize our results in the design of novel photoswitchable chelating
spironaphthoxazines with specific substituents in their naphthoxazine or indoline ring
systems in view of recent progress in the development of such molecular systems and
their applications as metal ion sensors. The design, synthesis methods, and
photoresponse of such spirooxazine derivatives relevant to their applications, as well as
quantum-chemical calculations for these compounds, are presented. Examples of various
design concepts are discussed, such as sulfobutyl, hydroxyl, benzothiazolyl, or ester and
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carboxylic acid as substituents in the chelating spironaphthoxazine molecules. Further

developments and improvements of this

interesting and promising kind of molecular photoswitches are outlined.

1. INTRODUCTION

Spirooxazines represent an important class of organic photo-
chromic compounds that have attracted considerable attention
from researchers due to their remarkable properties, such as
photofatigue resistance, strong photocoloration, and fast
thermal relaxation.' Accordingly, they have application in
advanced technologies, such as, e.g, photocontrollable light
filters and optical devices, photochromic plastics and liquid
crystals, photochromic substances in tunable lenses, dynamic
biosensors and bioelectronical materials, and smart materials for
memory devices.” Because their molecular architecture can be
easily tuned (as with spiropyranes—the other large family of
photochromic spiro compounds and advanced photoswitchable
materials®), spirooxazines have been used to develop molecular
switches and logic gates as well as to prepare optical probes,
photocontrollable smart receptors, and multifunctional stimuli-
responsive polymers.” The application area of these interesting
photochromic compounds includes detection of toxic sub-
stances, especially excess heavy metal ions, which can provide
safety measures to solve environmental problems.” Photo-
chromic molecular switches engineered with spirooxazines
containing suitable chromogenic or fluorogenic units are widely
applied to achieve a specific response of high-performance
optical devices.®
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The use of spirooxazine derivatives in optical information
storage devices is also attractive. This is however full of
challenges because it is difficult to make the photoinduced
merocyanine (MC) form of spirooxazine molecules stable
enough to retain the optically recorded data over a relatively
long period of time. Therefore, further improvement of these
compounds and their derivatives toward more stable high-
density optical storage materials is necessary. One way to
achieve this is to try to trap the photomerocyanine in a metal-
chelated form. This approach has been reported for spiropyr-
anes”’ and in single cases for spirooxazines.”” Metal ion
complexation has also been used to exploit this class of
compounds for the development of photochromic chemo-
sensors that allow colorimetric or fluorimetric detection of
certain analytes, " #>7>4~f Combining a photochromic moiety
with an organometallic or coordination compound provides new
properties arising from the combination of redox, optical, and
magnetic properties of the metal complexes with the photo-
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Table 1. Base Spironaphthoxazine (On the Top) and the Substituted Ones That Are in the Focus of the Work
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compound R Ry R Rs ref
0 CH; H H H la,lc,1d,11a,11b,13
I CH; H H OH 9a,11a,11b
2 CiHo H H OH 9a,11a,11b
3 CH; H H é{\j@ 9b,11a,11b,11c
4 CaHo H H é—<\j© 9b,11a,11b
5 CH; (CH=CHy), | (CH=CHy), | < j@ 9b,11a,11b
6 C4Ho (CH=CH,), | (CH=CH), | $< j@ 9b,11a,11b
7 C:HCOOCH; H H =~ j@ 9
8 C5HCOOH H H = ]@ 9
9 CHsSOsH | (CH=CH,), | (CH=CH,), H 9d
Scheme 1. Synthesis of Spironaphthoxazines 0—2
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chromic reaction. Metal complexes of photosensitive ligands are
an interesting alternative to all-organic photochromic com-
pounds. That is why the spirooxazines are extensively developed
and investigated. The continuous search of photoswitchable

materials with suitable photochromic, molecular switching, and
light-emissive characteristics and enhanced sensing feasibility
has led to the production of various spirooxazine derivatives and
materials based on them, attractive for diverse applications."’
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Scheme 2. Synthesis of Spironaphthoxazines 3—9
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In the present mini-review, we give a brief description of the
synthesis and the effect of solvent and molecular structure on the
absorption properties and kinetics of thermal bleaching of
selected examples of spironaphthoxazines with suitable
substituents in both the naphthoxazine and indoline ring
systems for complexationgc’d’11 (Table 1). In addition, we
discuss solvent and structural effects on the absorption
properties and thermal bleaching kinetics of photomerocyanines
and the possibility of stabilizing the colored form of MC against
thermal reversion by complexation with selected metal ions in
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suitable solvents.”” Comparison with other spironaphthox-
azines is given along with the research progress on these
interesting photochromic compounds. Their main application
as well as the research challenges and opportunities in this
scientific area are also pointed out.

2. SPIRONAPHTHOXAZINES: DESIGN AND
SYNTHESIS

Methods for the synthesis and modification of spiropyran
derivatives have been well reviewed so far,'® B12 hut

https://doi.org/10.1021/acsomega.3c06434
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Scheme 3. Phototransformation of Spironaphthoxazines
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considerably less for spirooxazines."“'*! The most commonly
used method for the synthesis of spironaphthoxazines is the
condensation of an alkylidene heterocycle with o-nitrosonaph-
thols in polar organic solvents, such as methanol, acetone, or
chlorinated lower aliphatic hydrocarbons. By this method, the
parent unsubstituted spiroindolinonaphthoxazine 1,3,3-
trimethylspiro[indoline-2,3’-[3H]naphth[2,1-b][1, 4]oxazme]
(the compound 0, Scheme 1) was obtained.'>%!!®!3
Alkylidene derivatives (a—c) are generally prepared in situ by
the reactions of bases (most often triethylamine) with the
corresponding quaternary salts in ethanol.

The design and synthesis of new spironaphthoxazine
derivatives are closely related to providing good photochromic
conversion efficiency, taking into account the relationship
between molecular structure and spectral and kinetic properties
of these compounds. Some remarkable properties of spiroox-
azines, such as their high photofatigue resistance, excellent
photostability, the lifetime of the colored MC form, and the
interaction of this form with specific analytes, define the
possibilities of their application. One way to control the color
switching and coloration/bleaching rates of a photochromic
system is the possibility of complexation with metal ions. This
can be achieved by modification of the two-ring system, the
naphthoxazine moiety, and the indoline ring system with
appropriate substituents, 7o 100112

Tamaki and Ickimura® reported the first synthesis of
substituted spironaphthoxazines containing suitable groups
(—SO; or —OCH;) near the pyranyl oxygen that are capable
of acting as chelating agents, leading to stabilization of the open
merocyanine form. This approach has been implemented by
Zhou et al. for the synthesis of 5'-carbomethoxy spirooxazine
derivatives,"* whose MC does form complexes with Ni, Co, and
Cu.

By introducing crown fragments, it is also possible to modify
the spirooxazine molecules, which allows for the formation of
complexes with metal ions. The structure and position of the
crown-containing fragments are important since they affect the
stability of the open merocyanine form.">* First, a spironaph-
thoxazine derivative incorporating a monoaza-12-crown-4
moiety at the S’-position by condensation of 3-(monoaza-12-
crown-4)ylmethyl-l-nitroso-2-naphthol with 1,3,3-trimethylin-
dolemne was synthesized by Kimura and co-workers.””* Korolev
et al.* have synthesized spironaphthoxazines by use of crown-
containing dihydroisoquinolines. Later, other approaches for the
synthesis of similar crown-containing spirooxazines were
developed by the Russian and French research groups.'*”?

Associated with new practical perspectives, efforts to
synthesize novel spirooxazine molecular systems continue to
this day. In particular, spirooxazine derivatives with additional
chelating sites on the nitrogen atom of the indoline group as
phenethyl substituents were recently designed by Pattaweepai-
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boon and co-workers for colorimetric detection of Cu>* and Fe3*

The mini-review presented here is focused on two types of
chelating spironaphthoxazines, ones having suitable complex-
able substituents in the naphthoxazine part of the molecule and
the others bearing different substituents in the indoline ring
system.”®''* The spironaphthoxazines containing a hydroxyl
substituent in the naphthoxazine moiety (compounds 1 and 2)
were synthesized by condensation of 1,3,3-trimethyl-2-methyl-
ene indoline (a) and 1-butyl-3,3-dimethyl-2-methylene indoline
(b) vnth the corresponding o-nitrosonaphthols (¢, d) (Scheme
.

The spironaphthoxazines containing a benzothiazolyl sub-
stituent in the naphthoxazine moiety (compounds 3—6) were
prepared according to Scheme 2 by reaction of 1-nitroso-2-
hydroxy-3-(benzothiazol-2-yl)naphthalene (d), with 1,3,3-
trimethyl-2-methylene indoline (e), or 1-butyl-3,3-dimethyl-2-
methylene indoline (f), or the corresponding benz[c]indolium
perchlorate compounds 1,3,3-trimethyl-benz[c]indolium per-
chlorates (g) or 1-butyl-3,3-dimethyl benz[c]indolium per-
chlorates (h) (Scheme 2).""* The synthesis of spirooxazine with
ester 7 or carboxylic acid 8 was carried out in a four to five step
sequence as depicted in Scheme 2. The compound 7 is obtained
after condensation of l-nitroso-2-hydroxy-3-(benzothiazol-2-
yl)naphthalene with indolium bromide salt obtained in N-
alkylation of the 2,3,3-trimethyl-3H-indole compound with
methyl bromobutyrate. The compound 8 is obtained after
hydrolysis of 7 with sodium hydroxide.”* Fedorov and co-
workers”® obtained the spironaphthoxazine 9 bearing a
sulfobutyl substituent on the indoline part of the molecule.

3. PHOTOTRANSFORMATIONS OF
SPIRONAPHTHOXAZINES

The spirooxazines consist of two heterocyclic nearly planar
moieties (indoline and naphthoxazine) joined by a tetrahedral
spirocarbon that prevents conjugation of the 7-electron systems
of the two moieties. The photochromic reaction of these
compounds is due to photoisomerization, reversible heterolytic
cleavage, and rebinding of the Cspiro—O under UV irradiation
and subsequent rotation around the C—C bond to give
merocyanine (MC) (open form) (Scheme 3). When spiroox-
azines are irradiated with UV light, a long-wavelength spectral
band in the visible spectrum appears in their absorption spectra,
signifying the MC formation. The backward isomerization of

MC — SP occurs by light in the same long-wavelength spectral
range in the visible or spontaneously via thermal relaxation in the
dark'#—obtb (designated as “A” in Scheme 3).

In order to understand the structural properties of
spirooxazines and the mechanisms of their transformations as
well as to establish the relationship between structure and
photochemical properties, the information obtained from

https://doi.org/10.1021/acsomega.3c06434
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Figure 1. Structural regions of the SP and MC forms of compound 9. The C—O bond of the isomer SP that is broken during the transformation to MC
is indicated by a green rectangle. The gray, red, blue, yellow, and white spheres represent the carbon, oxygen, nitrogen, sulfur, and hydrogen atoms,

respectively.

Figure 2. Schematic drawings of spirooxazine compound 9 in water surroundings: (a) SP form and (b) MC form.

quantum-chemical calculations is important.'”'® By quantum-
chemical calculations, one can find optimized equilibrium
structures of SP and MC forms as a necessary step to determine
the transition state (TS) along the transformation of these two
isomers. The obtained results can provide an opportunity to
establish mechanistic features of the thermal opening reactions
of the considered spirooxazines. In particular, for spirooxazine
compound 9 (Table 1), quantum-chemical calculations have
been performed by density functional theory (DFT).”® The SP
form (the closed form) of this photochromic compound exhibits
four fragment types: two cycled wings (three hexagonal
connected rings C;,H;NO and two hexagonal connected rings
CyoHy), one tail (C,Ho,NO;S), and one gem-dimethyl group
C3Hg (two CHj groups connected through a carbon atom)
(Figure 1). These fragments are joined through a pentagonal
ring consisting of one nitrogen atom and four carbon atoms
(C4N). The isomer MC (open form) of the molecule of
compound 9 is formed by opening of the ring—the same ring
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that connects the wing C;,H,NO to the central pentagonal ring
C,N of the isomer SP. The C—CH—N—C chain of the “broken”
ring allows the rotation of the two remaining hexagonal rings.
The two-connected hexagonal rings —C,(Hg remain intact after
isomerization. Therefore, we refer to the two wings C;,H,NO
and C,yHg as “rigid” and “flexible” wings, respectively.

In more detail, DFT calculations for compound 9 were
performed to characterize the isolated molecules SP and MC in
their optimized geometries and to investigate the transformation
path of SP to MC, identifying the corresponding transition state
TS by the nudged elastic band (NEB) method.'”* The DFT
calculations were carried out using the exchange-correlation
functional B3LYP'”” and the basis set 6-31+G(d,p) in the spin-
unrestricted approach, with dispersion correction.'”® Calcu-
lations by larger basis sets did not significantly affect the
optimized geometry of the conformers considered here, but the
basis set 6-31+G(d,p) allowed us to perform various calculations
with reasonable computational effort. The calculations were

https://doi.org/10.1021/acsomega.3c06434
ACS Omega 2024, 9, 4144—-4161
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performed using the quantum chemistry code ORCA."”? The
optimized geometries of the isolated SP and MC isomers are
very similar to those obtained by semiempiric HFT calculations,
with parametrization PM7.”" The effect of water as a solvent was
considered by means of the conductor-like polarizable
continuum model (CPCM).'”® In this case, the solvent is
considered a polarizable continuum (Figure 2).

For compound 9, chosen as an example, the values of the free
energies at the temperature of 0 K (computed as the total energy
plus the zero point energy) of the two isomers indicate that the
isomer SP is more stable than the MC form, with 0.282 eV in
vacuum and 0.082 eV in water.'”* The NEB method was used to
find the minimum energy pathway between the two geometries
of the SP and MC forms and to identify the geometry of the TS
form of compound 9 (Figure 3). The TS configuration

Figure 3. Equilibrium structures of SP and MC forms of compound 9
and its transition state TS along the transformation of the two isomers,
as predicted by the NEB method.

corresponds to the breaking of the hexagonal ring by bending.
The just-opened wing is twisted so that the flexible wing is
almost coplanar with the rigid wing. The tail twists during the
transformation from SP to MC. The activation energy and the
reaction energy for the transformation SP — MC are 1.129 and
0.262 eV, respectively.'”" These values are decreased to 0.925
and 0.123 eV,'”" respectively (when the effects of water as a
solvent are considered in the frame of the CPCM); i.e., the water
may facilitate the transformation SP — MC.

The analysis of the frontier orbitals, the highest occupied
molecular orbital (HOMO), and the lowest unoccupied
molecular orbital (LUMO) shows that for the isomer SP of
compound 9 (Figure 4) the HOMO is localized in the wing

Figure 4. HOMO and LUMO drawings (for an isovalue of 0.03) for SP
and MC isomers of compound 9. The surfaces are drawn by yellow/
blue (for HOMO) and green/red (for LUMO), where the negative/
positive blobs are represented by light and dark colors. Carbon, oxygen,
nitrogen, sulfur, and hydrogen atoms are represented by gray, red, blue,
yellow, and white spheres, respectively.

region C;oH,, and the LUMO is localized in the wing region
C,,H,NO. The calculated values of HOMO and LUMO orbital
energies reveal that the SP form has a larger band gap than the
MC form. The breaking of the ring is likely to be caused by the
displacement of the HOMO toward the region C,H,NO,
centering on the pentagonal ring C,N, as a result of the transfer
of the 7r-electron from the rigid-wing region C,,Hy of the broken
wing.
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4. OPTICAL CHARACTERIZATION OF
SPIRONAPHTHOXAZINES IN SOLUTIONS

4.1. UV-vis Absorption. The modification of photo-
chromic spironaphthoxazines with various substituents results in
a significant change in their optical spectroscopy characteristics.
Dilute solutions (1 X 107°—1 X 10™* M) containing spiro forms
are almost colorless or pale yellow since the lowest electronic
transition in the molecule occurs in the near UV region.'”" ™'
The environmental factors, such as temperature, concentration,
solvent, etc., have practically no effect on the absorption spectra
of the ring-closed spirooxazine, while the ring-opened forms are
very sensitive.'”

The spironaphthoxazines show significant changes in the
position and intensity of their UV—vis absorption bands
depending on the solvent polarity. The open spirooxazine ring
indicates a positive solvatochromism—as the polarity of the
solvent increases, there is a red shift in the MC absorption
band, & 1b/18220 indicating that the MC form of spirooxazines
takes a keto form. From optical spectroscopy and NMR studies,
it has been established that the quinoidal structure occurs in
nonpolar solvents and a zwitterionic structure in high-polarity
solvents.””* The quinone structure of ring-opened spirooxazines
is caused by heteroatoms that participate in electron
delocalization. The equilibrium states of the quinoid and
zwitterionic forms also depend on the electronic properties of
the substituents. When they have electron-withdrawing
substituents, the main equilibrium form is the quinoid, but
when the substituents are electron-donating, the zwitterion is
the main equilibrium form'®' > (Scheme 4). Minkin has
distinguished two mechanisms for solvatocromic behavior of
spirooxazines.'® The first one is related to the displacement of
equilibrium on going from one solvent to another. This is
relevant to the redistribution of the intensities of the absorption
bands in the spectrum of a solution containing an equilibrium
mixture of the isomers or even the occurrence of new bands if
only one of the isomers is present in the solution. The second
mechanism is related to differences in solute—solvent
interactions in solvents of different polarity.

The absorption spectra of the spirooxazines vary greatly
according to the substituents in both the indoline and
spirooxazine parts of the molecule and on the solvents due to
the conjugation of both fragments occurring after the ring
opening.' “®794!>2! 1 particular, the absorption spectral bands
close to 320 and 340 nm observed for the parent/unsubstituted
spironaphthoxazine 0 in hexane are associated with the oxazine
part of the molecule in its closed form.” As reported by
Minkovska et al,,''" the absorbance spectra of the substituted
compounds are substantially different. The —OH derivatives 1
and 2 exhibit a broad band of absorption at about 345 nm, while
benzothiazolyl-substituted compounds 3—6 have a large
number of narrow absorption bands in the range of 270—340
nm formed by electronic and vibronic transitions and localized
on the naphthoxazine fragment of the molecule. The UV—vis
absorption spectrum of spirooxazine 9 exhibits a set of
absorption bands located in the near UV region attributable to
the spiro form (Figure S). For a solution of this compound in
water, the same set of absorption bands of spiro form take place
as well as a more pronounced long-wavelength absorption band
with a maximum at 627 nm belonging to the MC form. The
presence of absorption bands belonging to both SP and MC
forms is due to the thermal equilibrium between them (Scheme
4).In acetonitrile, the equilibrium between SP and MC is shifted

https://doi.org/10.1021/acsomega.3c06434
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Scheme 4. Phototransformation of Substituted Spironaphthoxazines
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Figure 5. UV—vis absorption spectra of solutions of compound 9: (a)
in acetonitrile, as well as in water, at a concentration of $ X 10~ M and
(b) in ethanol, methanol, and ethylene glycol, at a concentration of 1 X
10™* M. Temperature was 22 °C in all cases.

to SP, and the absorption band with a maximum at 627 nm is
almost absent (Ag; om < 0.01) (Figure Sa). These results are
consistent with the known fact that the thermal equilibrium
between the spiro and merocyanine forms is affected by the
solvent polarity, such that polar solvents promote the formation
of the colored merocyanine form at room temperature in the
dark."“*"'* This phenomenon is most pronounced in polar
protonic solvents, such as ethanol, methanol, propanol, and
water.'”® In addition to its polar character, ethanol shows a
tendency to form a hydrogen bond with the open form in which
there is a partial negative charge on the oxygen atom.

The absorption spectra corresponding to photomerocyanines
3—6 are apparently not single absorptions. They exhibit a
shoulder on the shorter wavelength side of the main absorption
band (Figure 6) like the spectra of other photomerocyanines of
this type.lc’f’g’lsa’lga Figure 6(a,b) illustrates the change in this
absorbance following the SP - MC — SP transformation of
compound 6. An example of the effect of the solvent on the
absorption spectrum of the MC form of this spironaphthoxazine
is shown in Figure 6(c).

By UV irradiation, the absorption spectra of the photo-
merocyanines containing different substituents in the oxazine
part of molecules 1—6 in solvents of different polarity are
characterized with an absorption band in the range of 560—660
nm. It is seen from Figure 7(a) that the addition of —OH at the
S’ position of the naphthoxazine moiety has a minor effect on
the absorption band of MC forms of compounds 1 and 2, as
compared to the parent compound 0. The effect of the
benzothiazolyl substituent at the same position is a bath-
ochromic shift of 30—65 nm in the spectrum of the MC derived
from compound 3. The replacement of benzene in the indoline
moiety with naphthalene leads to an additional shift of the
absorption band of the MC forms of compounds 5 and 6 by 15—
20 nm toward the longer wavelengths (Figure 7a).''" The
position of the absorption band and the observed increase in its
intensity correspond to the photochemical cleavage of the C—O
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Figure 6. Absorption spectra in the visible range, as recorded for 1 X 10™° M hexane solution of compound 6 upon continuous UV irradiation with a
duration of 0, 1, 2, 3, S, and 7—9 s (a) and on keeping the irradiated sample for 2, 4, 6, 7, 10, and 15 s in the dark (b). 0 means the start of the
measurement. Reproduced with permission from ref 11b. Copyright 2004 Elsevier. (c) Absorption spectra of the MC form of spironaphthoxazine 6 in

different solvents (at a concentration of 1 X 107> M).
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spiro bond and the conversion of the closed spiro form into
photomerocyanine.

UV irradiation of the compounds with selected substituents
on the indoline part of molecules 7 and 8 in acetone yielded the
photomerocyanine with A, = 640 nm, while acetonitrile
solutions of 9 led to the appearance of a broad absorption band
in the visible region with 4, = 625 nm, which faded thermally
after the irradiation was turned off. The bathochromic shift at
higher solvent polarity (positive solvatochromism) (Figure 7a)
indicates that these solvents better stabilize the excited state of
the colored form than its ground state."'””* This is especially
important for practical applications of spirooxazines.

As a characteristic quantity of the phototranformation
(photoinduced reaction) SP — MC of the considered
photochromic compounds, one can use the change in the
intensity of the color of the MC form, defined by the term
“colorability” (®¢)."»<7¥!1P19223 A an example, Figure 7(b)
presents @ for the series of synthesized spiro compounds (1—
6) with substituents on the naphthoxazine part. Generally, @ is
a combined effect of both substituents and the solvent. Their
proper choice may be a way to optimize the photochromic
properties.

4.2. Thermal Fading Kinetics of Photomerocyanines in
Solutions. Controlling the bleaching rate of spirooxazines may
open the possibility of using them for various applications. The
thermal equilibrium between the colored and colorless forms
and the kinetics of thermal bleaching of the photomerocyanines
are affected by the solvent and substituents and are important for
the application of spirooxazines.'®79%! 1P 18193232 Kinetic runs
(absorbance strength vs time) followed immediately after
irradiation of spirooxazine compounds in solutions can provide
useful mechanistic information about the thermal breaking and
reforming of the spiro bond. The influence of molecular
structure on the recycling rate cannot be considered
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independently of the influence of solvent polarity. As an
example, Figure 8 presents the photoresponse parameters (the
rate constant (k) and the lifetime 7y;c_gp = 1/k) of the MC form
of spironaphthoxazine compounds 0—6 in solvents of different
polarity. The nonpolar aprotic solvent hexane neutralizes the
effect of the substituents, and 7y;c_gp in hexane of all substituted
compounds is very similar. The cyclization process in hexane is
rapid because the solvent cannot stabilize the polar MC form. In
polar solvents, the influence of substituents on the MC — SP is
well observed. In solvents with a middle polarity like acetone and
acetonitrile, relatively higher stabilization of the polar
merocyanine compared to the nonpolar spiro compound is
the reason for slower cyclization. As estimated by Minkovska et
al,''® this effect is quite pronounced in ethanol, where the
decolorization reaction is up to 30 times slower than in hexane,
most likely due to a combined stabilization effect of the polar
merocyanine and its specific solute—solvent interaction such as
hydrogen bonding with ethanol. This phenomenon also occurs
in other polar solvents that readily form hydrogen bonds, such as
methanol, propanol, and water." 1,19¢,20b,24

The solvent polarity affects the thermal equilibrium between
the closed and opened forms. Polar solvents promote the
formation of the colored forms at room temperature in the
absence of light."**'***** The nature of the solvent has a
significant effect on the rate of cyclization of the MC forms. The
rate of closing of the ring after UV irradiation is directly affected
by the solvent polarity. The rate of MC — SP switching has been
observed to increase with decreasing solvent polarity within
molecular solvents.'*'%%*%
interactions such as hydrogen bonding, dipole—dipole forces,
polarizability of the molecule, and dipole moments, which all

contribute to the stabilization of the merocyanine for-
m 18a,19a,c,20b,23a,24a

This is due to solvent—solute
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Figure 9. Fluorescence spectra of 10™* M ethanol solution of spirooxazine compound 9 excited with continuous broadband UV light centered at

various wavelengths (1

exc

) under identical experimental conditions, except for the impinging UV light intensity. The spectral background recorded

under the same experimental conditions with the excitation light and with a rejection long-pass edge optical filter whose transmission cutoff was at 400
nm (but without the sample-cuvette) is also shown (blue). In all cases, the temperature was kept at 22 °C.

The rate of cyclization of photomerocyanine derived from
—OH derivative 1 does not show an appreciable dependence on
solvent polarity. The same behavior is observed for compound 2
and the parent unsubstituted compound 0 (Figure 8). On the
contrary, the solvent nature has a significant effect on the rate of
cyclization of photomerocyanine derived from benzothiazolyl-
substituted compounds (3—6). The 7y_gp values increase
depending on both the structural characteristics and the polarity
of the solvent. As explained in Minkovska et al,''" the
combination of the effect of the benzothiazolyl substituent in
the naphthoxazine fragment and the presence of a naphthalene
ring fused to the benzene ring in the indoline hinders the free
rotation during the recycling of the molecule and significantly
extends the lifetime of its open colored form. Thus, by changing
the solvent and modifying the compounds with substituents in
the indoline and oxazine parts of the molecule, it was possible to
control the lifetime of 7y;c_gp of the photomerocyanine form.

The effect of ionic liquids on the rate of cyclization of
compound 3 (with the benzothiazolyl substituent) has been
investigated by Coleman and co-workers.''* They observed a
slower thermal relaxation in ionic liquids than in an ethanol
solution of compound 3, which has similar polarity. This is an
indication of a higher degree of interaction between the ions in
the jonic liquid and the zwitterionic MC isomer of compound 3,
leading to an increase in the lifetime of the latter.

4.3. Fluorescence Properties of Spironaphthoxazines.
Under UV irradiation in the range of their absorption, the
spironaphthoxazine derivatives in solutions can exhibit intense
fluorescence in the blue-green region.gd’lg”25 As a representative
example, Figure 9 shows the fluorescence from ethanol solutions
of compound 9 upon continuous broad-band excitation (with
UV LEDs). The observed fluorescence spectrum was broad and
with no spectral features, even when excited with the narrow line
of the nitrogen laser at the wavelength of 337.1 nm (in the
nanosecond pulse regime). The fluorescence spectral band was
asymmetric, and its peak was at about 4, = 435 nm. Such
fluorescence emission is typical for spirooxazines with electron-
donating substituents.”>*” On the other hand, the fluorescence
observed from solutions of spirooxazine compounds having
electron-accepting groups is located at longer wavelengths
(500—600 nm)." 1 #925%52€ In both cases, no fluorescence from
the photoinduced MC form was present. In particular, for
compound 9, the fluorescence wavelength range (Figure 9) does
not overlap the absorption band of the MC form (recall Figure
S). This is of importance for the combined usage of both
fluorescence- and absorbance-based detection methods using
spirooxazines.

Different kinds of photochromic spirooxazine—fluorophore
conjugates were developed that utilize the photoinduced and
photocontrollable fluorescence modulation.'”*”” Fluorescent
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composites and fluorescent all-optical switches have advanced
applications in optical sensing and probing technologies, as well
as in a variety of optical elements and photonic devi-
ces. "8091892627 15 particular, the change of fluorescence
emitted from spirooxazines can be used in chemical sensin§
assays.”! For example, as demonstrated by Minkovska et al.,"
Barachevsky et al,”>*® and Sahoo et al,* the fluorescence
spectra of spironaphthoxazine derivatives in solutions can be
significantly changed in the presence of metal ions, such as
Fe(II), Cu(Il), and Cr(III), and this property can be used for
their detection. In addition, Uznanski et al. demonstrated that
the oxidation of spirooxazines in the presence of metal ions can
result in intensively fluorescent indolinoxazole cations.*®

Various photochromic molecular compounds designed with
spirooxazines containing suitable chromogenic or fluorogenic
units have been applied to achieve an optical response through
the MC molecular form of the spirooxazines, suitable for
sensitive (and most desirably selective) detection of metal ions.
For instance, Huang et al.”’ reported the absorption and
fluorescence response of spirooxazines in ethanol solutions
upon the addition of various metal ions. By excitation with UV
or visible light, complexes of spirooxazines and metal ions
displayed various fluorescent signals, such as fluorescence
enhancement or a shift of the fluorescence spectra. In this
case, selective multiplex detection of metal ions, e.g., AI**, Cd**,
Co®", Cr’*, Cu*', Fe**, Ca®", Mg*', Zn**, Ni**, and Hg*", can be
performed by analyzing the fluorescence response and its
variations due to the coordination of spirooxazine with metal
ions.”” Sahoo and Kumar reported a fluorescence-based sensor
based on spirooxazine derivatives, for highly sensitive and
selective optical detection of Fe** in aqueous solutions.”” The
fluorescence response of dilute aqueous solutions of spiroox-
azines is promising for the construction of various chemosensors
and fluorometric probing devices, e.g., for environment
monitoring. At present, the search and development of selective
photochromic fluorometric probes for metal ions are an actual
task. Significant advantages of fluorescent detection by use of
spirooxazines (upon appropriate excitation) are the extremely
high sensitivity and quick response, which are useful for the
development of reusable fluorochromic chemodosimeters and
chemosensors.

5. METAL ION COMPLEXATION ABILITY OF
SPIRONAPHTHOXAZINES

The reversible structural transformations between the isomer
forms of spirooxazine molecules upon external stimuli (light,
temperature, solvents, chemical compounds, metal ions) and,
thereby, the reversible changes of the physicochemical proper-
ties of these compounds are the basis of their diverse
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Scheme S. Coordination of Spirooxazines 1—6 with Metal Ions
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Figure 10. Absorption maxima (4,,,,) of complexes obtained upon UV irradiation (4, = 365 nm) of $ X 10~ M solutions of compounds 1 and 2 in the
presence of 1 equiv of metal ion. The solvents: (a) EtOH/H,O (1:1) and (b) CH;COCH;/H,O (1:1). Temperature was 20 °C in all cases.

applications. Most of the practical applications of spirooxazines
are through the response of their ring-opened MC structural
form. The MC isomer can form complexes with various
inorganic particles, biological molecules, and organic chemicals.
In particular, one of the main application areas of spirooxazines,
namely, the sensing of metal (M) ions, is based on the formation
of coordination complexes MC—M,'# 5751243020

In 1989, the first synthesized substituted spiroooxazine
capable of complexing with transition metal ions was
reported.***** Tamaki and Ichimura® found that spironaph-
thoxazines with suitable coordination substituents (—OCHs,
—S0;—) near the O atom of the naphthoxazine moiety are
capable of transforming into the colored form upon UV
irradiation and chelated to certain metal ions, such as Ni(II),
Ca(II), and Pb(II). Khairutdinov and co-workers®** have
studied the photochromic behavior of some spirooxazines
containing phenanthrene or phenanthroline moieties in the
oxazine part and their coordination with the Ru(bpy),*" metal
center. The complexation of phenanthroline-substituted
spirooxazine with metal ions leading to the formation of
tris(phenanthroline) metal complexes was the object of research
interest by Kopelman et al.’’ They reported a strong
dependence of the photochromic properties of the spirooxazine
derivatives on the coordinated metal centers. This synthetic
approach allows an easy way to change the photochromic
behavior. The chelation reaction of some spironaphthoxazines
with —COOCH; derivatives in the presence of Co(II), Ni(I),
Cu(I1), and Zn(II) ions was studied by Zhou and co-workers."*
They have found different complexation behaviors of
spironaphthoxazines which can form two types of chelates
with certain metal ions upon UV irradiation or even in the dark:
the former is unstable and decolorizes to a colorless form
thermally or photochemically; the latter is stable and exhibits
intense fluorescence emission.
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The effect of MC—M complexation on the photochromism
was established by several spironaphthoxazines synthesized with
hydroxyl, benzothiazolyl, ester, carboxylic acid, and sulfobu‘?rl
substituents in a naphthoxazine and/or indoline moiety.""*"’
The colorless spiro form of spironaphthoxazine derivatives did
not form complexes; however, the MC form induced by the
presence of the metal ions did. The ring-opening reaction of
spironaphthoxazines in polar solvents can be induced in the dark
by addition of metal ions that can coordinate to the chelating
atom of the substituent introduced into the molecule of
spironaphthoxazine derivatives.*"™" Accordingly, this leads to
an increase in the absorption band, corresponding to the MC
form. Regardless of whether the ring-opening reaction is
induced by metal ions or by UV irradiation, the coordination
of metal ions to the photochromic molecule results in a blue shift
of the absorption maximum of the MC form.""?**° The nature
of the substituents on either the indoline or the oxazine fragment
has a stronger influence on the position of the MC absorption
maximum than the solvent polarity.” Thus, substituents can
provide an efficient method for tuning and designing new
photochromic molecules.

From the series 0—9 of the spiroindolinonaphthoxazines
considered here, the parent unsubstituted compound 0 (Table
1) does not chelate in the presence of metal ions that cause only
an irreversible photodegradation. This suggests that the nitrogen
atom at the 1’ position in the naphthoxazine moiety takes no
part in chelation."?

In the dark or upon UV light, spironaphthoxazines containing
a hydroxyl substituent at the 5’ position in the naphthoxazine
moiety, compounds 1 and 2, form complexes with AI(III),
Cu(1I), and Fe(II) ions,” while compounds 3—6 containing a
benzothiazolyl substituent (Table 1) coordinate to Co(II),
Ni(II), and Zn(II) in polar solvents”™ (Scheme 5).

The UV light-induced photomerocyanines of compounds 1 or
2 in polar solvents are characterized by an absorption band at
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600—620 nm.''” UV irradiation of these compounds in the
presence of Cu(Il), Fe(II), or AI(III) ions leads to a
photoreversible absorption band at $40—600 nm (Figure 10).
The intensity of this band depends on the [M(II),(III)]/[SP]
concentration ratio.”* Thermal coordination to the metal ion M
also occurs, resulting in a complex MC—M that is spectroscopi-
cally identical with the photoinduced product MC—M. The
intensity of the absorption band corresponding to MC—M
obtained in the dark becomes more intense under UV light and
returns to its initial level after the UV light is turned off.”* A blue
shift of the absorption spectra of photomerocyanines in solution
has been found also for benzothiazolyl-substituted spironaph-
thoxazines 3—6 in addition to Ni(II), Co(Il), or Zn(II) (Figure
11a).”>""" In these cases, the blue shift was found to be between
25 and 45 nm depending on both the substituent and the
solvent. The wavelength of the absorption maximum 4,,,, varies
moderately depending on metal ion nature (15—45 nm). The
time required to re-establish equilibrium is sensitive to the metal
ion and is substantially longer than that of noncomplexed
merocyanine.%’1 b

It has been established that the complexing ability of the
merocyanines decreases in the order 3 > 4 > § > 6 of the
compounds considered here, and the formation constants with
metal cations are changed as follows: Ni(Il) > Co(Il) >
Zn(11).” The complexation is favored by the higher polarity of
the solvent, which results in a higher equilibrium concentration
of MC.”” Minkovska and co-workers have found that the choice
of substituents on the heterocyclic nitrogen has a significant
effect on the kinetics of MC — SP thermal relaxation.” In
particular, the addition of Zn(II) ions to acetone solutions of
compound 8 (with carboxylic acid) leads to an increase of the
MC lifetime by a factor of 3 and 20, respectively.gC Hence, this
substituent leads to stabilization of the MC form due to MC—
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Zn(1I). The observed changes indicate the importance of
choosing the proper substituents when designing materials
containing spirooxazine molecules for the optical detection of
metal ions. By studying the MC—M(II) complexation of
compound 9, similar results for a blue shift of MC absorption
spectrum with respect to the uncomplexed case (Figure 11b)
and the stabilization of the MC form were obtained.”

Figure 12(a) shows the change of the temporal evolution of
the absorption spectrum of compound 8 in the dark,” indicating
the increase of complex concentration. In the dark, the addition
of an appropriate metal ion (e.g., Zn(II)) to compounds 7 and 8
in solutions leads to a new intense photoreversible absorption
band at A, = 610 nm,” attributed to the formation of the MC—
M complex in which the concentration increases with time
(Figure 12a). A similar effect for the absorption band in the
visible region has been reported by other researchers, e.g,
spironaphthoxazines containing hydroxyl, benzothiazolyl, or
sulfobutyl substituents in the naphthoxazine or indoline
moiety.” The formation of the MC—M complex of spironaph-
thoxazines containing a sulfobutyl substituent on the hetero-
cyclic nitrogen has also been evidenced by optical absorption
spectroscopy. For example, compound 9 forms MC—-M
complexes with Mg(II), Cd(II), Ca(1l), Zn(1I), or Pb(II)
ions.” The spectra in Figure 12(b) showed a new intense long-
wavelength absorption band centered at 605—633 nm, which is
associated with the thermal opening SP — MC induced by
complexation with metal ions.

A sketch of the chelation of the spironaphthoxazine
derivatives considered here (1—9) and the rates corresponding
to the kinetics of the processes relevant to MC—M complexation
can be seen in Scheme 6. The open MC form obtained upon UV
irradiation undergoes rapid complexation with the metal ions,
which stabilizes the MC form. In this way, the closure of the
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Scheme 6. Chelation of Spironaphthoxazines
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MC-M degradation D
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spirooxazine ring proceeds much slower (by 2 orders of
magnitude) (k, ~ 107 s7!) than in uncoordinated MC.”>>*!'?
An accompanying destruction process is possible, with a very
low rate (k;) of the order of 107*—1075 s~1.7*?'"3? The rate of
the closure of the metal-ion-complexed isomer MC—M in the
dark (k.) is similar to k, in polar solvents.””*'* The rate
constant of destruction ky is independent of whether the
complexes are obtained upon UV irradiation or in the
dark.”*”*'* The thermal degradation of MC—M complexes
has been described in the literature for other spirocyclic
compounds and is believed to be related to a metal-ion-
catalyzed oxidation process.*”*'>*** The above-mentioned
kinetic rates are important for all spirooxazine applications.

6. CURRENT APPLICATION PROGRESS OF
SPIROOXAZINES

As an important class of photochromic dyes, spirooxazines
present practically important properties such as intense
photocoloration, high coloration contrast, fast thermal relaxa-
tion, reversibility, and good photofatigue resistance. In terms of
practical use, they are in the leading positions, yielding only
naphthopyran derivatives. One of the first applications of these
organic photofunctional materials, in the 1990s, was their use as
photosensitive dyes for plastic ophthalmic lenses.”” However,
they were subsequently replaced by naphthopyran dyes, which
made it possible to significantly improve the properties of
commercial photochromic polymer lenses.

With the progress in the synthesis of spirooxazines, their
potential for application as multifunctional materials has greatly
increased, including today’s areas such as mechatronics, organic
electronics, wearing and printed electronics, and the engineering
of flexible optoelectronic and photonic devices with various
functionality that are highly responsive to distinct stimuli and
well controllable. Currently, spirooxazines are finding use in
specialized applications and emerging technologies such as
photochromic molecular switches,”* stimuli-responsive poly-
mers as membranes or solid films showing a high photo-
conversion efficiency and different colors under irradia-
tion,'”“**" as well as anticounterfeiting inks.*** Other present
commercial applications of spirooxazines are the photochromic
inks, dyes, and various cosmetics products.

Nowadays, the spectrum of application of spirooxazines
approaches that of spiropyranes. Their derivatives and
modifications have diverse chemical structures that can include
various substituents, thus perfectly meeting the requirements of
specific sensing applications. Furthermore, the optical sensing
by such photochromic molecular switches can be considerably
extensified after proper chemical treatment, conjugation, and
functionalization. In this way, sensitive nanoprobes, e.g,
photoactivatable and reversibly photoswitchable (upon UV
and visible light) fluorescent nanoparticles, are developed and
practically applied.”* Clearly, such constructs have a great
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potential for advanced optical and photonic applications such as
individually light-addressable nanoscale devices as well as
fluorescent biolabeling and ultra-high-resolution imaging, as
proposed several years ago.”*” This is an innovative area that
has yet to develop.

A very promising application of spirooxazines is in the
subdiffraction super-resolution fluorescence microscopy for
biological imaging.*® This technique offers photoswitchable
fluorescence imaging of biological samples at a resolution
beyond the diffraction limit, revealing cellular structure with
nanoscale spatial resolution, thereby opening new perspectives
for research in biology, molecular biology, biochemistry, and
biomedical diagnostics. The above-mentioned high-tech
applications motivate researchers to increase their activity
toward the design and synthesis of new spirooxazine-based
compounds with improved properties.

One of the major application areas of spirooxazines is the
detection of analytes of chemical, biological, and ecological
interest. A recent example in the work on the development of
sensors with high selectivity and sensitivity, are the opto-
chemical probes for trace amounts of cyanide, developed by
Sanjabi et al,*’* as well as the colorimetric photosensors of
solvent polarity realized by photochromic spironaphthoxazine
dye and its stimuli-responsive acrylic copolymer.’”” Novel
chemosensors based on new spirooxazines functioning as
colorimetric or fluorescent probes with high selectivity and
sensitivity for detection and analysis of metal ions have now
been developed.”® As mentioned in the previous section, the
ability to detect metal ions is due to the fact that the closed form
of spirooxazines, when interacting with metal ions, transforms
into an open MC form with very different optical properties.
Notably, some spirooxazine derivatives can demonstrate a large
contrast in their second-order nonlinear optical (NLO)
properties by interaction with metal ions and serve as efficient
selective sensing probes for certain metal ions, as previously
found.”

The ability of photochromic spirooxazines to largely modify
the optical response of certain materials has great promise for
designing multistate fluorescent photoswitches that can further
have variable NLO responses. In this way, advanced multifunc-
tional optical materials can be obtained for aPplications in
various scientific and technological fields.”™*” Numerous
molecular designs of spironaphthoxazines are suitable for the
construction of composite systems applied for fluorescence
resonance energy transfer (FRET) with fluorescent materials
emitting in the spectral range corresponding to the absorption of
the spirooxazine MC form.'® Certainly, these research areas will
continue to develop in the future.

Photochromic spirooxazine molecules immobilized on metal
surfaces can provide very eflicient remote control on the
molecular level using light.*** As reported by Nickel et al,**" the
ring-opening molecular switching by UV light can be enhanced
by orders of magnitude by a gold surface with directly adsorbed
functional units consisting of spirooxazine molecules. This
opens new prospects for applications by utilizing the gold
surface with directly adsorbed functional units consisting of
molecular photochromic switches.””” Currently, the use of
spirooxazines in this field of application is challenging and has
yet to be widely explored in order to be implemented in
molecular electronics.

Another very interesting present-day use of spirooxazines is to
produce smart photochromic textiles that can change color
when exposed to UV light and reversibly restore its original color
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when exposed to visible light or in the dark.*'* Additionally,
spirooxazines are sensitive to thermal effects and reverse to a
colorless state by heating. It has been shown that photochromic
fabrics can produce high-resolution images capable of rapid
color switching even after 20 write and erase cycles.*'” However,
the resistance of spirooxazines in photochromic fabrics by
photoswitching is still insufficient, so their use is currently
possible only in niche products.

It should be noted that for most modern applications of
spirooxazines it is important that they have photochromic
properties not only in solutions but also in the solid state, e.g., in
the form of thin films. However, spirooxazines usually do not
show photochromism in the solid state since the ring opening is
hindered by intermolecular z—7 stacking. To solve this problem,
it was recently proposed to introduce bulky aromatic
substituents into positions 4 and 7 of the skeleton of the
molecules (Scheme 3), which provide them with a large volume
to undergo solid-state photochromism under mild conditions.
As recently reported by Zhang and co-workers,"** such
spirooxazines can be successfully used for UV printing, QR
codes, and photochromic fingerprints. A possible approach to
the development of effective solid-state photochromic materials
is the creation of hybrid systems containing photochromic
molecules as well as a porous host matrix, which provides the
process of their switching in the solid state. Photosensitive
materials composed of a photoswitchable spirooxazine and
crystalline porous metal—organic framework (MOF) have been
shown to exhibit a reversible photochromic response and
extremely high photostability when irradiated with UV light,
which makes these materials candidates for potential applica-
tions in data storage devices.*"

At present, an innovative application of spirooxazine-based
photochromic films is their building integration. As reported by
Cannavale et al.,** such novel smart windows can provide a high
degree of energy saving and visual comfort. The wide-ranging
application of spirooxazines also includes their use as sensitizing
dyes in dye-sensitized solar cells (DSSCs). This technology area
as well as the practical application of spirooxazine-based
photoswitchable materials in areas such as optical information
storage and optical processing/computing, for photocontrolled
enzyme activity, photocontrolled release of therapeutics, and for
next-generation stimuli-responsive devices, have good prospects
but involve solving many challenges in the near future.

7. CONCLUSIONS AND PERSPECTIVES

Photochromic molecules based on spironaphthoxazines repre-
sent an important class of compounds that, under the action of
external stimuli, are capable of transitions between isomeric
states with different spectral characteristics. Significant interest
in spiro derivatives is due to the fact that on their basis it is
possible to create intelligent materials, i.e., materials whose
chemical and physical properties can be controlled using light or
other external stimuli. This mini-review discusses the design and
synthesis of spirooxazines aimed at modifying their spectral and
kinetic characteristics as well as the chelating abilities of these
molecular systems.

To ensure the efficiency of photochromic conversion,
spirocyclic compounds are synthesized by taking into account
the relationship between molecular structure and spectral-
kinetic properties. In addition, the color properties and lifetime
of the open form of MC depend on the type of medium
(solution or solid matrix) and the polarity of the solvent.
Complexation with metal ions has a significant effect on the
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spectral-kinetic properties of spirooxazines. These properties are
further confirmed by studying new compounds from the group
of spiroindolinonaphthoxazines modified with substituents in
the indoline and naphthoxazine moiety. In polar solvents, these
molecular systems partially transform into an open colored form
even in the dark. As a result, the formation of complexes of
spirooxazines with metal ions proceeds even without UV light
irradiation.

The introduction of proper substituents at various positions of
the molecular framework is an effective way to modify
spirooxazines. The choice of substituent groups in the indoline
or oxazine moieties of the molecule has a significant effect on the
MC < SP thermal relaxation kinetics in the presence of metal
ions, increasing the lifetime of the open form by up to 20 times.
The choice of substituent groups in the indoline or oxazine
moieties of the molecule has a significant effect on the MC < SP
thermal relaxation kinetics in the presence of metal ions,
increasing the lifetime of the open form by up to 20 times.
Monovalent alkali metal cations do not affect the MC < SP
equilibrium, while the addition of di- or trivalent cations leads to
a significant red shift of the MC absorption band and a change in
its intensity. An important feature of the substituted
spirooxazines discussed here is their selective optical response
to certain metal ions. Spirooxazines with a hydroxyl substituent
at the 5’ position in the naphthoxazine moiety are selective to
AI(IIT), Cu(1I), and Fe(II) ions. On the other hand, a high
selectivity to Co(II), Ni(II), and Zn(II) ions takes place for
compounds with the heterocyclic benzothiazolyl substituent in
the naphthoxazine moiety, while spirooxazines with a sulfobutyl
substituent in the indoline moiety are selective to Mg(1l),
Cd(11), Ca(Il), Zn(II), and Pb(II) ions. Thus, the appropriate
substituent in the indoline or oxazine moiety of the molecule
allows the spirooxazine derivatives discussed here to be
successfully used for the optical sensing of metal ions and the
development of molecular materials with other useful functions.
The naphthalene condensed with the benzene in the indoline
ring of the spirooxazines influences their spectral-kinetic
properties but does not affect the ability to form complexes.
Replacing the —CH; group at the —N imino atom in the indoline
part with —C,H, improves the solubility of the compounds in
nonpolar solvents. As a rule, substituents have a stronger effect
on the spectral-kinetic properties of the spiro compounds than
the solvent. The results obtained to date on the substituents’
effects on the properties of spirooxazines and recent progress in
using various synthesis strategies have shown that the variation
of substituents is an efficient way to design novel photochromic
molecular systems for practical use (e.g., applicable in suitable
solvents), and continued efforts in this direction are promising.

Prospects for the further development of photochromic
spirocyclic compounds based on spirooxazines may be
associated with the engineering of molecular systems that
exhibit high resistance to degradation under the action of light
and are capable of multiple switching between open and closed
forms and demonstrate effective photochromic conversion upon
irradiation with visible light or under the influence of other
factors. Further efforts in the development of photochromic
spirooxazine compounds with enhanced chelating properties
may lead, for example, to an expansion of the range of detectable
metal ions. This can also provide attractive optical properties
that meet the needs for advanced applications, such as
photoswitchable high-resolution optical molecular imaging.
The synthesis of hybrid systems of spirooxazines with
fluorescent molecules exhibiting photoswitchable fluorescence
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can be of great importance in the development of optical
sensors. This aspect is very challenging and deserves further
studies.
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