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Abstract

Photochromic compounds of the spiropyran family have two main isomers capable
of inter-switching with UV or visible light. In the current review, we discuss recent
advances in the synthesis, investigation of properties, and applications of spiropyran
derivatives. Spiropyrans of the indoline series are in focus as the most promising
representatives of multi-sensitive spirocyclic compounds, which can be switched by
a number of external stimuli, including light, temperature, pH, presence of metal
ions, and mechanical stress. Particular attention is paid to the structural features
of molecules, their influence on photochromic properties, and the reactions taking
place during isomerization, as the understanding of the structure—property relation-
ships will rationalize the synthesis of compounds with predetermined characteris-
tics. The main prospects for applications of spiropyrans in such fields as smart mate-
rial production, molecular electronics and nanomachinery, sensing of environmental
and biological molecules, and photopharmacology are also discussed.
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Scheme 1 Basic properties and application areas of spiropyrans

1 Introduction

Spiropyrans represent one of the most promising classes among the many known
reversible photochromic compounds [1-3]. The attractive properties of spiropyrans
include the simplicity in preparation and modification, and the ability to tune the
properties via even insignificant changes in the molecular structure. Transforma-
tion of spiropyran molecules from the cyclic (SP) to the opened merocyanine
(MC) form can be initiated by electromagnetic irradiation and changes in tempera-
ture, pH, redox potential, and polarity of a medium, and even by mechanical stress
(Scheme 1). Moreover, the presence of many metal cations, several nucleophilic
anions, and some organic species can also induce their isomerization. Thus, spiro-
pyran-like systems meet the basic requirements for multi-functionality and sensitiv-
ity that make them promising building blocks for the creation of various dynamic
materials [4]. Special requirements are put forward for the fabrication of spiropyran
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Scheme 2 Synthetic approaches and structures of some initial compounds

molecules. Depending on the applications, the suggested fragments providing
the system with the necessary properties can be integrated into the structure dur-
ing molecular design. In the current review, we intend to shed light on the general
approaches and current trends in synthesis, the structure—property relationships, and
the main prospects for application of spiropyrans in the twenty-first century.

2 Current Trends in Synthesis

The basic techniques for the synthesis of indoline spiropyrans 3 (a, b) were devel-
oped in the mid-1950s and have not been significantly modified since then. The main
approaches are based on the condensation of substituted (indolin-2-ylidene)ketones
1 with phenols 2 [5] or of 1,3,3-substituted 2-methyleneindoles 4 [6] and their
salt forms 6 [7] with corresponding o-hydroxyaldehydes 5. In some cases, cyclo-
condensed derivatives 7 (a, b) can be used instead of corresponding Fisher bases
[8—10]. In contrast to indoline spiropyrans, most of their analogues based on other
heterocycles require a two-stage technique consisting of condensation and deproto-
nation stages (Scheme 2E). For example, spiropyrans of 1,3-benzoxazin-4-one series
9b can be obtained from 4H-1,3-benzoxazin-4-onium perchlorate 8 [11, 12]. The
need to obtain styryl salt 9a at the first stage arises from the instability of 3-methyl-
2-methylidene-1,3-benzoxazin-4-one. There are few examples of the use of this
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Scheme 3 Possible mechanism of spiropyran formation in the presence of choline hydroxide

technique for synthesis of indoline derivatives. Thus, compound 10 was obtained
with intermediate isolation of the styryl salt and its further cyclization using ammo-
nia as a base, in contrast to the commonly used triethylamine or piperidine [13, 14].
However, such a procedure is more time-consuming due to lower nucleophilicity of
the methyl group in the salt compared to the methylene group of Fischer’s base 4
and is rarely used.

The replacement of standard bases and solvents with choline hydroxide, illus-
trated in Scheme 3, can be considered as an innovative alternative [15]. This
approach made the synthesis more eco-friendly due to reactions passing in the aque-
ous medium. Moreover, the researchers noted a significant increase in the yields of
reaction products in comparison with the use of other organic bases. The main rea-
son is based on the catalytic role of choline hydroxide, which consists in increasing
the water solubility of the starting aldehydes. The synthetic procedure can be modi-
fied by the use of microwave radiation, which greatly reduces the reaction times as
well [16]. For instance, this method was carried out to obtain spiropyrans based on
1,2,3-trimethylindole variously substituted at position 3.

In general, the synthesis of currently known indoline spiropyrans is somehow
reduced to one of the three methods described above in Scheme 2. The key improve-
ments include minimizing the number of stages [17], introducing the active func-
tional groups and fragments to the structure, and obtaining derivatives with a prede-
termined set of properties.

2.1 Derivatives Containing Active Functional Groups: Synthesis and Modification
Spiropyrans bearing active functional groups are of great interest due to the pos-

sibility of using them as ready-made building blocks for further modifications
that can greatly facilitate the construction of new materials or systems with an
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Fig. 1 Scheme of substitution
positions numbering in the
structure of common indoline
spiropyran

extended set of properties. Active substituents are usually introduced to one of
a few positions of the target molecule as the components of corresponding alde-
hydes and indoles (see Scheme 2B, C). The most important positions of the indo-
line spiropyran molecule are substituted by “R,” as shown in Fig. 1.

Recently, a series of spiropyrans with carbonyl-like substituents were described
by Laptev et al. [18]. Formyl- and carboxyl-containing spiropyran derivatives
are the most interesting molecules among them. Spiropyran derivatives 12(a—c)
(Scheme 4) with the aldehyde groups, which are not directly linked to the ben-
zopyran moiety, were obtained using the carbon chain extension method [19]
based on compound 11. Spiropyrans containing formylcoumarin fragments were
obtained by Nikolaeva et al. [20]. The same research group obtained a series of
spirocyclic derivatives with ketovinyl and azomethine substituents using the reac-
tivity of the formyl group of spiropyran 13 [21]. It should be noted that all of
the above-discussed compounds were synthesized starting from corresponding
diformylphenols.

A modified Duff method for the regioselective introduction of a formyl group into
position 5 was developed by Laptev et al. [22]. For these 5-formyl-substituted com-
pounds, carbon chain extension is also possible [23] as far as several other reactions.
For instance, multistage modification of compound 14 based on Horner—Emmons
olefination was described (Scheme 5). It was initiated by the synthesis and isolation
of the carboxyl-containing derivative 15 and followed by its interaction with N-(2-
mercaptoethyl)-amide [24], leading to the formation of target compound 16. It is
worth noting that the one-stage Knoevenagel-Doebner olefination procedure unex-
pectedly resulted in a lower yield of the product.

Derivatives with fullerene [25], rhodamine [26, 27], uracil [28], and other func-
tional molecular fragments were obtained via imine or hydrazone [29, 30] bond
formation based on 5-formyl-substituted spiropyrans. Other azomethine derivatives
17-23 were synthesized from 6’-aminospiropyran [31-33], while compound 24 was
obtained by a one-step procedure starting from 5-amino-substituted Fisher’s base
[34] (Fig. 2). Zhao et al. developed a method for the synthesis of spiropyrans on
solid substrates using aminoindole as a starting material [35].

Spiropyrans bearing carboxylic groups can be synthesized by typical methods
[18, 36, 37] and also provide simple ways of modification based on reactions with
alcohols and amines to obtain the corresponding esters and amides [38—41]. This
technique can be used to combine several fragments with different modalities in one
molecule, as well as to fix spiropyran molecules on the surface of nanoparticles or
polymer materials. Spiropyrans containing sulfonic acid groups are also of interest
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Scheme 5 Modifications of spiropyrans containing reactive formyl groups

because of their increased water solubility [42—44]. Interestingly, no cases of direct
spiropyran sulfonation were observed, while the nitration reaction with nitric acid
occurs under mild conditions at position 5 of indole core and gives compound 25
instead of the protonated salt form as shown in Scheme 6 [45]. More often such sub-
stituents are introduced in the structure of parent indoles or aldehydes.

The linking of a hydroxy- (26) or a sulfo-group (27) to the indoline nitrogen
atom is usually realized using 2-bromoethanol [46] or propansultone [47] (Fig. 3).
Hydroxy group can also be introduced to the benzopyran moiety to give compound
28 by utilization of dihydroxylated aromatic aldehydes [48—50]. Furthermore, sev-
eral spiropyrans containing potentially active groups [37, 50-52], such as 3-substi-
tuted derivatives [16, 53] and halogen-containing spiropyrans, have become in high
demand due to their applicability in cross-coupling reactions [54].
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Scheme 6 Direct nitration of indoline spiropyran

Finally, it should be noted that the introduction of active functional groups can
lead to less evident ways of structure modification. For instance, Kleiziene et al. [9]
showed the capability of spiropyran 29 bearing an acetamide fragment to isomerize
with the formation of racemic benzoxazepinoindoles by boiling in alkali solutions
(Fig. 3B).

2.2 Bis-Spiropyrans and Dyads

To enhance the properties of spiropyrans, novel structures containing two spirocent-
ers (bis-spiropyrans) and fragments bringing additional significant properties (spiro-
pyran-based photochromic dyads) were created. Bis-spiropyrans 30 and 31 with two
hetarene fragments connected by common benzobipyran moiety were synthesized
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(B)

from diformylresorcinol derivatives [51, 55-60] (Fig. 4). The condensed bis-indo-
line Fisher bases were used to obtain compounds 32, 33 with common central
hetarene fragments [61, 62].

Another way to realize the synthesis of bis-spiropyrans with non-conjugated
photoactive centers is to link them via a single bond, as in compound 34 [63, 64],
or by other functional fragments (35) [36, 59, 63, 65-69]. The synthesis of such
derivatives often involves different variations of Sonogashira or Suzuki—-Miyaura
cross-coupling reactions [70, 71]. Similar methods are also used for attaching mol-
ecules to the surface of materials [72, 73] and within the concept of “click chemis-
try” gaining great popularity in recent years [70, 74]. A method for the preparation
of bis-spiropyran 34 (Scheme 7) was proposed using the oxidative electrochemical
dimerization of well-known nitro-BIPS [75-77]. A similar process was described by
Natali et al. in the presence of copper perchlorate [78]. Considerable attention has
been focused on photochromic dyads demonstrating strong fluorescence [79-84]. In
this case, the fluorophores were added into the structure during the synthesis of ini-
tial reagents or due to cross-coupling, esterification, and other reactions with ready-
made spiropyrans.

2.3 Cationic and Anionic Derivatives

The first representatives of cationic spiropyrans were described by Kawanishi et al.
[85] in a study dedicated to the effects of substituents on the spectral and kinetic
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Fig. 4 Representatives of bis-spiropyrans with different types of fused fragments

properties. The cationic fragment was introduced in the structure of 36 via the inter-
calation of triethylamine to the C—Cl bond to form salt 37 (Scheme 8). A range of
cationic spiropyrans 38—41 was obtained by a typical technique from correspond-
ing aldehydes [86—88]. The cationic fragment of compound 39 was added into the
structure during Fischer base synthesis [89], while compound 41 was obtained from
different aminospiropyrans and pyrilium salts [90].

Bérnard et al. proposed the synthesis of pyridinium-type derivatives 43 by meth-
ylation of spiropyran 42 as shown in Scheme 9 [91]. Similar compounds [92-94]
including cationic bis-spiropyran 44 [69] have been described. Afterwards, com-
pound 45 was bonded with polyphosphate chains to produce compound 46 by the
aldehyde fragment exchange [95], and the condensation reaction was reversible [96].

The condensation of aromatic o-hydroxydialdehydes with two equivalents of
indolium perchlorate led to spiropyrans containing conjugated cationic 3H-indolium
fragments 47 and 48 (Scheme 10) [97-106].

Anionic derivatives can be produced by the interaction between sulfo- [107,
108] and carboxy-substituted spiropyrans [109] with alkali solutions [42, 110].
Most of them demonstrate increased solubility in water and negative photochromic
properties.

Thus, the strategy for the synthesis of spiropyrans is always based on molecular
design principles, taking into account the desired properties of the target compound. If
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Scheme 7 Bis-spiropyrans with separate indoline moieties

some strict requirements for the properties of compounds are put forward (longer MC
lifetime, absorption maxima position, etc.) general patterns of structure—property corre-
lations can be used (see Sect. 2 for more detail). However, it should be noted that such
property prediction methods are not sufficiently accurate. To access the spiropyran-
containing materials, it is necessary to understand what reactive substituents spiropyran
should contain in its structure for further modifications and to introduce them into the
molecules of initial derivatives of indoline or another heterocycle and hydroxyaro-
matic aldehydes 5. At the next stage, an appropriate synthesis method must be chosen
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(Scheme 2) to ensure maximum yields of target compounds. Method B from Scheme 2
is usually suitable for most spiropyrans containing ordinary substituents (mehoxy-,
nitro-, carboxy group, etc.). To obtain salt spiropyrans 47, 48 with a conjugated cati-
onic fragment, it is necessary to use method C. In other cases, everything depends on
the characteristics of the reaction and the properties of the final product. Sometimes
it becomes impossible to modify the structure of spirocyclic compounds by chemical
reactions under convenient conditions due to their susceptibility to hydrolysis and deg-
radation upon heating, which requires the use of special media or ultrasound instead
of heating. However, in some cases the presence of reactive substituents makes it pos-
sible to modify spiropyrans and obtain various molecular dyads containing, for exam-
ple, fluorescent moiety, another photochromic center (compound 35), or chelating frag-
ment. Undoubtedly, an increase in the structural diversity of spirocyclic compounds is
the basis for imparting new and unique properties to them, allowing the search for new
applications for this class of organic photochromes and creating useful smart materials.
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3 Variety of Spiropyran Properties
3.1 The Mechanism of Spiropyran Ring Opening-Closure

As mentioned above, the main advantage of spiropyrans is their multi-sensitivity.
The transformation between spirocyclic (SP) and several merocyanine (MC) forms
can be initiated by many factors. The variety of triggers was comprehensively dis-
cussed in a recent review by Kortekaas and Browne [111]. Light-induced isomeriza-
tion was firstly described by Hirshberg and Fischer in 1952 [112]. Later, the ability
to isomerize upon heating, changing the solvent [113], and under the influence of
many other factors, which will be discussed below, was postulated. The variation in
spiropyran optical properties in all these cases is owing to the changes in the molec-
ular structure. According to the classical theory of color, the bathochromic shift of
the MC form absorption wavelength in comparison with the SP is caused by the
increase in the conjugation chain length in the molecule [114, 115]. Investigation of
the isomerization process is still vital for predicting and modeling the properties of
the spiropyran system.
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Scheme 10 Synthesis of spiropyrans containing conjugated 3H-indolium fragment

According to modern ideas, several isomeric forms can be distinguished
depending on the geometric configuration of spirocyclic fragment bonds involved
in the isomerization process, as shown in Scheme 11. The structure of various
isomers was confirmed by X-ray diffraction data or using a tandem of experi-
mental and theoretical methods [116-120]. Under ambient conditions, most
spiropyrans exist in their SP form in both solid and solution. However, several
examples are known when the MC form is fully or partially stabilized [54, 102,
121-123]. In the latter case, compounds can demonstrate both positive and nega-
tive photochromism and, thus, are of particular interest [106, 122, 123]. Such sys-
tems are called “photochromic balances.” Their peculiarity lies in the fact that the
type of exhibited photochromism can change under irradiation with light of dif-
ferent wavelengths. This circumstance enables the realization of a bipolar absorp-
tion switch with three states.

The ring-opening reaction can be induced by UV [112] and X-ray irra-
diation [124] or electron bombardment [125]. In most cases, the isomeriza-
tion of spiropyrans proceeds through the singlet excited states in the same way
with 2H-chromene molecules. Therefore, it is often utilized to simulate the

@ Springer



8 Page140f79 Topics in Current Chemistry (2023) 381:8

Pathway 1 Pathway 2 —

)= ©§§/_>_\ =00 .
N=CLE =X = Q0

S-isomer R-isomer

L

"\' T

Scheme 11 Possible pathways of spiropyran isomerization

opening-closure process of spirocyclic compounds [126-128]. Exceptions
include some nitro-substituted derivatives (49-51 in Fig. 5) with preferable triplet
excited states [129-131]. However, they are exceedingly short-lived due to effec-
tive quenching in an oxygen atmosphere.

The mechanism of the pyran moiety opening is not completely investigated
because of the individual features for each compound. Studies of spiropyran isomer-
ization reaction have been carried out in greater detail using quantum-chemical
simulations [132—-144], 2D electron spectroscopy [120], and super-resolution fluo-
rescence microscopy [145]. Isomerization of spiropyrans can be considered as a pro-
cess that occurs in the ground singlet state S, with the overcoming of a certain acti-
vation barrier [132], with vertical excitation to one of the excited states (S;, S,, and
S5) [133], or at a conical intersection of potential energy surfaces (PESs) [134, 135].

In general, the process of spiropyran isomerization begins with a heterolytic
cleavage of the Cg;,,—O bond followed by changes in the valence angles of the
bonds as highlighted in Scheme 11. In some recent studies, the length of the
Cypiro—O bond was considered as an indicator of its strength [133, 136, 137, 146].
Also, the bond length alteration parameter is used to describe the degree of elec-
tron density delocalization in the MC form [130, 138]. Depending on the degree

3C CHs H3C CH; HsC CHs

51

Fig.5 Spiropyrans with preferable triplet excited states

@ Springer



Topics in Current Chemistry (2023) 381:8 Page150f79 8

of electron density delocalization, the MC structure can be represented as a zwit-
terionic or quinoid form (Fig. 6A). Most often, it is closer to the second option,
despite the presence of centers of positive and negative charge localization [139]

(Fig. 6B).

\CH; quinoidal \CHs zwitterionic

c 30000
25000 {:
20000 {:

15000 |

Epslon

10000 |

5000 |

0

200 250 300 350 400 450 500 550 600 650 700 750
(nm)

Fig.6 Quinoidal and zwitterionic representation of MC (A), changes in ESP distribution for different
isomeric forms (B), and calculated positions of different isomers absorption maxima (C). [139] Adapted
from Ref.
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Liu et al. [140, 141] showed that the energy of the system gradually increases
with an increase in the length of the C,;,,—O bond in the range of about 1.7-2.2 A,
approaching the energy of the 1— x* transition corresponding to the SP* state. This is
followed by a transition to the state 1— ¢* of the Cy,;,,~O bond, in which the configu-
ration of other bonds around the Cyy;, atom is flattened (the sp>—»sp” transition), and
the subsequent breaking of the Cg;,,—O bond with active rotation along bond « leading
to the MC. In this case, the presence of a previously unrecorded movement of hydrogen
out-of-plane of the molecule (HOOP) was noted. The authors assumed that this move-
ment was the real driving force of further isomerization. Similar results were obtained
in several subsequent studies [142—-144]. More recently, experimental evidence of flat-
tened MC existence in the kryptone matrix at 15 K was obtained by Nunes et al. [147].
Thus, despite the rather extensive amount of accumulated knowledge, the subtle effects
of the spiropyran isomerization process are still largely hidden from researchers.

The ring-opening can be carried out by one of the two pathways depending on the
spatial configuration of the initial molecule [132, 148, 149] (Scheme 11). Since all pos-
sible isomers are related to each other, photoisomerization in some cases can lead to the
racemization of the compound. Among the possible isomers of the merocyanines, the
most stable structures are transoid with respect to the central f-bond E-forms (CTC,
TTC, and TTT). If the intermediate cisoid Z-forms are compared, then it is worth high-
lighting the CCC and TCT [130, 132, 145, 150, 151]. Interesting insight on the sta-
bility of different forms was recently offered by Menzonatto et al. [152]. The authors
carefully investigated intramolecular non-covalent interactions in several MC isomers
and postulated that steric hindrances play the key role in destabilization of CXX-like
structures. This effect could be the main one causing the impossibility of experimental
detection of the CTC isomer. At the same time, the TTC-isomer is additionally stabi-
lized by the C(3")-H:-O hydrogen bond with the phenolic oxygen atom; however, the
TTT isomer can also make a significant contribution in some cases [101, 119, 120,
145, 151, 153]. The difference in absorption maxima wavelengths of TTC and TTT is
usually about 50-60 nm (Fig. 6C) [139, 145], which makes it challenging to isolate the
individual components of the absorption spectrum corresponding to each of the forms.

In most experimental studies, the UV-light sources are generally used to carry out
photoinduced transformations of spiropyrans. However, of special practical interest is
the possibility of using near-infrared (NIR) irradiation based on two-photon absorption
phenomena [153, 154]. The variations in energy and sequence of the pump-pulse can
also allow additional tuning of the system characteristics due to the prevalence of one
or another isomeric form and thus prevent photodegradation of compound [128, 149,
155].

3.2 Photochromic Properties
3.2.1 The Effects of Molecular Structure on Photochromic Properties
For many years, 6-nitroBIPS 49 has been a standard for photochromic behavior eval-

uation of spiropyrans. According to the data obtained by Song et al. [156], spiropyran
49 demonstrates absorption bands with maxima at 336 nm (¢=0.8 X 10* M~ cm™)
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Scheme 12 Determinants of MC stability

for SP and 555 nm (e=3.5x10* M~! cm™) for MC form in acetonitrile solution at
room temperature. One of the most prominent advantages of spiropyrans is the pos-
sibility to fine-tune their characteristics by varying the substituents. Even a small
structural change can lead to a strong variation in dark reaction rate and mutual sta-
bility of SP and MC forms [157-159]. The main factors affecting the MC lifetime
are (i) electronic effects of substituents and (ii) the possibility of a steric hindrance
as shown in Scheme 12.

Generally, a lowering of the ring-opening energy barrier is promoted by elec-
tron-donating substituents in the indoline and electron-withdrawing ones in the
2H-chromene moiety [133, 154, 155, 159]. The compensation of corresponding par-
tial charges in MC form is considered as the main cause, as shown in Scheme 12.
The most tangible impacts come from the groups located in para-positions towards
the charge localized centers, i.e. in positions 5 and 6’ (see Scheme 12). The propor-
tional dependence of the SP and MC mutual stability on the nature of substituent
electronic effects has been confirmed by both experimental [37, 160—162] and theo-
retical data [133, 163]. The 8'-substituted derivatives are usually characterized by
an increase in the MC stability, especially in the case of acceptor substituents [163].
In addition to the optical characteristics of spiropyrans, the electronic contribution
of the substituents can affect their sensing (e.g. selectivity or sensitivity) [164, 165]
and mechanochromic properties [166].

The lifetime can be considered as a stability criterion of photoinduced forms.
Thus, the electron-withdrawing effect of substituents in position 5 leads to a
decrease in MC lifetime [26, 159, 167, 168], and at the same time an increase in
the photocoloration rate [122]. The hindered rotation around the B-bond plays
a key role together with additional MC stabilization due to strong conjuga-
tion. The significance of these factors has been confirmed by the investigation of
1',3,3' 4-tetrahydrospiro[chromene-2,2'-indoles] [169]. Conjugated fragments sig-
nificantly increase the MC lifetime by enhancing the degree of electron density
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delocalization. The range of thiophene-containing spiropyrans 52-55, derivatives
with conjugated neutral 56 [167, 170], and cationic heterocyclic fragments 47, 48
[100, 102] were used as models for this effect (Fig. 7). It was shown that the addi-
tion of each new thiophene unit to the structure 53 doubles the lifetime of the pho-
toinduced form (from 293 to 1100 s). At the same time, the second spiro moiety
in 55 slightly increases the lifetime due to the competition of two quinoid parts of
the MC form for electron density [71]. In addition, the presence of additional het-
eroatoms allows for a reduction of the photoinduced transformation reaction bar-
rier because of the lower-lying molecular orbital contribution [167]. A more obvious
effect of the introduction of electron-withdrawing substituents together with elonga-
tion of the conjugation chain is an increase in the wavelength of the absorption max-
imum of compounds in both the SP and the MC form [100, 102, 168]. In the case of
retinal-like substituted spiropyrans 12 (b, ¢), this is probably not observed due to the
hyperconjugation effect of methyl groups. This is one of the marvelous examples of
spiropyran sensitivity to the substituent electronic effects.

Substituents at the indoline nitrogen atom in most cases have no significant influ-
ence on the relative stability of forms, unlike those located in the hetarene moiety
aromatic ring [167, 171]. However, bulky neopentyl substituent may be an excep-
tion, leading to the stabilization of the MC isomer [172]. The lifetime of the MC
in the case of compounds 58c and 59¢ increases 2.4-2.6-fold in comparison with

H3
n=1 293 s

n=2 404 s
n=3 1100s 53

T1,=1045 s

Fig.7 Spiropyrans containing thiophene and other heterocyclic fragments
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N-Me-substituted analogues (Table 1). At the same time, a decrease in the pho-
toinduced MC stability for N-Bn spiropyrans possibly indicates the significance
of the contribution of the methyl group rotational degrees of freedom to the steric
hindrance effect. At the same time, benzyl substituent does not induce any impor-
tant changes due to the rigidity and planar configuration, in contrast to the neo-
pentyl with its movable methyl groups. Recently detailed theoretical insight on the
N-bound substituent effect of the stability of different MCs has been reported using
non-covalent interactions analysis (NCI) [152]. Zanoni et al. [158] described another
interesting effect. The rate constants of thermal relaxation of compounds 60 (a, b)
differing by just one methylene group in the substituent at the indoline nitrogen
atom are 5.9 X 10> and 8.3 x 103 57!, respectively, at 298 K. The activation energy
of this process is ca. 25% lower for compound 60a compared with 60b. The authors
associate this effect with the possibility of intramolecular t—x interactions between
thiophene and 2H-chromene moieties due to the increased degrees of freedom in the
substituent (Fig. 8). The replacement of the naphthalene fragment with quinoline
and benzofuran in structures 57-59 resulted in the reinforcement of the photochro-
mic properties owing to the lone electron pair density contribution of heteroatoms to
the aromatic system (Fig. 8).

The negative photochromism phenomenon can be observed in the case of the
greater thermodynamical stability of the MC form. Such compounds are much less
common than those characterized by positive photochromism. Generally, negatively
photochromic spiropyrans contain two electron-withdrawing substituents in the ben-
zopyran moiety. The most widely known are the dinitro-BIPS 61a [119] and bromo-
nitro-BIPS 62 (Fig. 9) [163]. Interestingly, compound 61b with a similar structure
has no similar properties [173].

The MC forms of spiropyrans 48(b, d), 61a, 62, and 63—66 have been detected
in the crystalline state [174, 175] (Fig. 10). They are usually stabilized by hydro-
gen bonds with solvent (48b, 62, 65) or with another MC molecule (compound 66).
X-ray analysis data revealed that some merocyanines had a TTT configuration, while
the TTC form had long been considered the most stable.

Thus, substituents in both parts of the molecule have a significant effect on the
lifetime of the photoinduced isomer and, in general, on the mutual stability of the

Table 1 Spectrokinetic

No. Amax MO), MC),
characteristics of the MC forms ° max (MC), nm 1 MO). s
of spiropyrans with annulated 57a 573 0.7

naphthalene, quinoline, and

benzofuran fragments in ethanol 57b 569 0.6
57c 578 0.5
58a 530, 562 0.7
58b 530, 565 0.3
58¢c 535, 569 1.7
59a 578, 586 3.1
59b 482, 596 0.69
59¢ 480, 600 8.1
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H,c, CHa
O N o
\
R
57 (a-c)
a-CH3

b -CH,Ph —
¢ -CH,C(CH;); O
‘i!'b N o 44!!?} NO,

OC1oH21

Fig. 8 Spiropyrans containing annulated naphthalene (57), quinoline (58), benzofuran fragments (59),
and linked trithiophene moiety (60)

bX=N O,N
61 (a,b) 62

Fig.9 Chemical structures of dinitro-BIPS, bromo-nitro-BIPS, and related compound

forms. At the same time, the dependence between substituents’ electronic effects
and the position of absorption maxima has a more complex nature. The general
tendency is that electron-donating substituents in the indoline or 2H-chromene
moieties induce a bathochromic shift of the absorption maxima, while the pres-
ence of electron-withdrawing groups leads to a hypsochromic shift of the absorp-
tion band maxima of both SP and MC forms [2, 162]. In most cases, substitu-
ents in the indoline moiety have a less significant influence on the position of
the absorption band than substituents in the 2H-chromene fragment [170]. The
exception is the nitro-group due to appearance of an additional charge-transfer
band [162, 177].
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61a (BAPNAH) 62 (BETGEM)

63 (FAFPOR) 64 (TAGMIB)

b

66 (YURHAV)

46d ’ %

48b (HINDOA) 48d (TAFXIL)

Fig. 10 Structures of MC forms detected in solid state (performed using materials of CCDC [176]; the
database identifiers of structures are provided in parentheses)
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MC-SP SP-MC

MC-MC

Scheme 13 Possible forms of unsymmetrical bis-spiropyran

3.2.2 Properties of Spiropyran-Based Multi-State Molecular Switches

Bis-spiropyrans have two photochromic centers in the structure; therefore, they can
act as at least three-state molecular switches turning out between SP-SP, SP-MC,
and MC-MC forms (Scheme 13). Most bis-spiropyrans can be opened only once,
as their MC-SP or SP-MC forms are more stable than the MC-MC [58]. The first
representative for which a stable MC-MC form was detected is compound 68c
(Scheme 14) [56, 178]. Usually, the MC-MC form is more convenient for derivatives
with non-condensed benzopyran moieties as in compound 69 [179]. In this case, the
bathochromic shift of MC-MC isomers (4,,,, > 610 nm) relative to the MC-SP forms
(for example, for 32b 4,,, =~ 550 nm [61]) was observed. The increase in the MC
form stability is facilitated by the introduction of electron-withdrawing substituents
into the benzopyran [59, 62] and electron-donating into the hetarene moiety [55,
59]. The presence of two strong acceptors in the 2H-chromene moiety of 32b leads
to negative photochromism [61, 62] as previously described in dinitro-BIPS 60.

To stabilize the SP-MC isomer, various substituents were added to the indoline
nitrogen atom of compounds 68(a—c) [180]. The introduction of a hydroxyethyl
group in compound 68a increased the lifetime of the SP-MC fourfold in comparison
with compound 68c. In the case of compound 68b, two parallel processes with dif-
ferent rates were observed under dark discoloration, which was assigned as cycli-
zation of indoline or benzoxazine moiety. According to the simulation results, the
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68 (a-c)

R:
a -(CH,),-OH
b -(CH3)2-COOH H,c
Cc -CH; HoC'

NO,

NO,

Scheme 14 Various types of bis-spiropyrans and three-state molecular switch 70

carboxyethyl group of the indoline fragment is not involved in the process. There-
fore, this phenomenon may be attributed to various energies of Cgy,,~O bonds,
which was indirectly confirmed by XRD data of bond length in 68c (1.427(3) A
for indoline and 1.472(3) A for benzoxazine fragment) [180]. The introduction of
electron-donating groups in the benzoxazinone fragment of relative bis-spiropyrans
31 [58] and bulky benzyl substituent to the oxazinic nitrogen atom also led to the
stabilization of the once-opened SP-MC isomers. The other interesting three-state

molecular switch is spiropyran 70, described by Liu et al. [181].
3.2.3 Peculiarities of Cationic Derivatives

The fused cationic heterocyclic fragment in the benzopyran moiety leads to stabili-
zation of the MC form. By comparison with neutral analogies, the efficiency of oxy-
gen lone pair charge compensation increases in the presence of positively charged
nitrogen [91]. The high MC stabilization in the case of the nitrogen atom location in
position 6’ is due to the more efficient overlapping of the molecular orbitals in the
pyranopiridinium fragment [182]. For example, compound 71 (Scheme 15) exhib-
its negative photochromic properties. The addition of a bulky isopropyl group to
the indoline nitrogen atom increases the thermal discoloration reaction rate, unlike
the non-cationic N-neopentyl derivative 58¢ [92]. This effect can be caused by the
absence of active rotation, which is characteristic of the methyl group near the
—O bond.

splro
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AE(HOMO-LUMO) = 4.5 eV

AE(MC-SP) = 5.5 kJimol

HsG s o , /CH:;
= AE(HOMO-LUMO) = 5.5 eV Hye, fHs /A
/N, /
A VA AE(MC-SP) = kJ/mol 7 y
7 - \ I
CH,

l CH
H,c, CHs HsC. 3 Hyc, CHa
/ "

Scheme 15 Electronic density distribution in the cationic spiropyran molecules

The possibility of tuning the properties by changing the anionic part is another
important advantage of cationic spiropyrans. For example, the spiropyran deriva-
tive with [PtF¢]™ was used to control the SP:MC ratio in crystals by changing its
growth conditions or irradiation. The iodide-containing compound 71 forms crystals
solely in MC form. The same organic fragment with [PtF¢]™ anion tends to destabi-
lize MC due to the weakness of interionic interactions compared with MC-I [182].
The prospects for obtaining hybrid materials with both active cationic and anionic
counterparts are especially interesting; however, it is worth noting the anionic effect.
For instance, ionic liquids were obtained by combining cationic spiropyrans with
N(SO,CF;),” and N(SO,F),” [183]. The polyoxometalate anions led to multi-pho-
tochromic systems [184] and the introduction of [CrMn(C204)3]3’ to molecular pho-
tomagnets [185].

Spiropyrans containing a conjugated cationic 3H-indolium fragment 47 (a-h)
and 48 (a-g) show interesting characteristics [17, 97-103]. Their MC forms are
close to a cyanine dye family structure and properties. Elongation of the conju-
gation chain compared with the most common non-cationic derivatives leads to
bathochromic shifts of the absorption spectra maxima of both SP and MC isomers
[102, 186] and the molar extinction coefficient from 0.5x 107 M~! cm™! (72c¢) to
1.47x10* M~ cm™! (47¢) [106]. The addition of cationic moiety can also induce
a substantial increase in the MC lifetimes (more than 75 min in the case of 47
(h, i)) [102]. In all known cases, introduction of the cationic substituent leads to
75-115 nm absorption maxima wavelength growth in comparison with compounds
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Fig. 11 The structures of spiropyrans with conjugated 3H-indolium fragment and non-cationic related
compounds

Table 2 The main characteristics of MC forms of spiropyrans containing conjugated cationic fragments
and related compounds

-R -R’ Cationic derivatives Formyl-containing spiropyrans
No. Amax MC, nm 7, MC, s No. Amax MC, nm 7, MC, s

—CH; -H 47a 728 8.4 72a 621 10

—OCH; -H 47b  Non-photochromic 72b 650 6.3

-F -H 47c 738 27.8 72c 623 6

—Cl -H 47d 709 189.5 72d - -

-Br -H 47e 708 238.7 72e - -

—t-Bu -H 47t 715 6.9 72f 615 12.2

—CH;,4 —Cl1 47g Non-photochromic 72g 627 15.7

-COOMe -H 47h 642 4516.5 72h 566 1037.9

—COOEt -H 47i 643 4250.3 72i 566 1130.5

72. The main spectral and kinetic characteristics of these compounds and related
non-cationic spiropyrans with formyl group 72 (Fig. 11) are summarized in Table 2.

Partial MC stabilization was observed in the case of 6'-cationic derivatives. Such
compounds exist as an equilibrated mixture of SP and MC isomers in solution [175,
186] and in the MC form in the crystalline state [175]. The ester groups in 47 (h,
i) are similar in their nature and strength of electronic effects on the cationic sub-
stituent; therefore, these compounds also exist in thermal equilibrium of isomeric
forms. Recently, an interesting case of variable photochromic behavior was observed
for the series of fluorine-substituted cationic spiropyrans and their formyl-contain-
ing analogs [106]. Despite the strong electron-withdrawing effect of the fluorine
atom, both 6’-fluoro-substituted derivatives 47¢ and 72c¢ exist in the SP form and
exhibit positive P- and T-type photochromism (Fig. 12A, C). At the same time, both
8'-fluoro-substituted spiropyrans are in the SP:MC equilibrium but characterized by

@ Springer



8 Page260f79 Topics in Current Chemistry (2023) 381:8

{ il X ) 365 nm

dark/578 nm

Abs@$52 nm

dark

~
N g
)
oF
s
-4
5
3
- |
x
O~z
4
/
Y,
4
Absorbance

Hie fH HC o Ll
S ==
N o —_— S X
\ O darkisa6 nm | 3 g 000
CHs HiC
¢ o
¥

Fig. 12 Transformations of spiropyrans observed under different stimuli (A), kinetic profile of the work
cycle of the bipolar absorption switch 64 (B), and absorbance changes of 47¢ under successive UV—Vis
light irradiation cycles. Adapted from Ref. [106] (Copyright 2022, with permission from Elsevier)
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completely different properties. Cationic spiropyran 48d is negatively photochromic
and its cyclization reaction can be triggered by both UV and visible-light irradia-
tion. Compound 64 transforms into the open form upon irradiation with UV light.
However, after returning to the equilibrium state upon thermal relaxation, it can be
further decolorized upon irradiation with visible light, demonstrating the properties
of photochromic “balance” (Fig. 12B).

3.3 Solid-State Photochromism

Solid-state photochromism of spiropyrans is of great practical importance because
of the solid nature of most materials the photochromic compounds can be intro-
duced into. Many spiropyrans exhibit photochromic properties in powder or even in
single crystals [93, 159, 187]. For instance, spiropyrans 73-75 (Fig. 13) have shown
photoactivity in thin polydisperse films obtained by the thermal vacuum deposition
technique [188, 189]. Photochromism of other compounds has been described for
their pressed powders (in KBr pellets) [42] or thin films on the Bi(IIl) surface [190].
However, most of the spiropyrans (49, 76-78) exhibit solid-state photochromism
only at low temperatures due to the high rates of thermal discoloration reaction
[191].

Due to the steric hindrances in the solid state, the transition from the SP to the
structurally closest CCC-MC form is expected. However, Suzuki et al. achieved
stable color in powder samples like that observed in ethanol solutions [192].
This phenomenon was attributed to the formation of the trans-isomer, and a new
model of cooperative photochemical reactions was proposed [193] (see Fig. 14A).
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Fig. 13 Spiropyrans exhibiting photochromism in solid state

A

Fig. 14 Spiropyran photoisomerization in a flexible structure powder (A); ORTEP diagrams of SP and
MC forms detected in a single crystal of 43 (B) [117]; photochromic performance in the crystalline state
of norbornene-spiropyran under (i) UV irradiation for 1 min (merocyanine isomer), (ii) visible-light
irradiation for 1 min (mixture of merocyanine and spiropyran isomers), (iii) visible-light irradiation for
another 1 min (spiropyran isomer) (C). Adapted from Refs. [117, 200] with permission. Copyright 2008
American Chemical Society

According to this concept, the excitation increases the mobility of some areas
in the crystal structure, making further isomerization possible. These processes
seem to occur on the outer surface and are unlikely in the inner layers because of
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crystal structure destruction, which was confirmed by Naumov et al. [117]. Single
crystals of compounds 43 and 78 were obtained and their structure was investi-
gated by X-ray diffraction (Fig. 14B). After irradiation, some of the molecules
passed into the CCC-MC form, accompanied by the appearance of red coloration.
The spirocyclic rupture tendency arises because of the looser molecular packing
and the mutual repulsion between the quinoline moieties. Moreover, the elonga-
tion and the attendant weakening of the C,....—O bond is a result of the effect of
the acceptor quinoline nitrogen atom.

The ability of spiropyrans to undergo photoinduced transformations in the
solid state depends on the existence of adequate size cavities (Table 3) [194].
Thus, the main design strategies for solid-state photochromes are based on the
addition of bulky motifs in their structure [195-198]. Yurieva et al. showed that
cationic spiropyrans tend to exhibit photochromic properties, in contrast to their
neutral analogues [93]. The formation of a looser crystal packing in the case of
salt spiropyrans can be observed due to the mutual repulsion of like-charged ions
in the structure. It was recently shown that the ability for solid-state phototrans-
formation also strongly depends on the change in the strength of the interaction
between counterions [194]. Sekine et al. investigated the possibility of controlling
the volume of voids by visible-light irradiation [196]. The thermal bleaching rate
increased significantly for the crystals exposed to visible light for 120 h followed
by UV irradiation, which correlates with the surface void size. This theory is in
agreement with various thermal relaxation rates observed for different polymor-
phic forms of compound 79 (Fig. 13). This indicates that the polymorphism of
spiropyrans [199] can be used as an additional tool to tune the properties of crys-
talline materials.

Wu et al. [198] succeeded in obtaining spiropyran containing a methylene pro-
pionate group at the nitrogen atom of the indoline heterocycle exhibiting revers-
ible photochromic properties in the crystalline state at room temperature with-
out additional recrystallization, which is a very rare example of a neutral crystal
of spiropyran. Crystallographic analysis showed that weak van der Waals forces
were predominant in the crystal, which led to relatively loose packing and pho-
tochromic properties. This study is of great fundamental value for studying the
relationship of molecular structure and packing mode with photochromic proper-
ties in the crystalline state. Also, as a result of research [200], norbornene-spiro-
pyran derivatives were obtained, showing photochromism in the crystalline state
at a temperature of 20 °C. The illustration of color transformations is shown in
Fig. 14C. Thus, the presence of voids in the crystal [194], loose packing [198],

spiro

Tal_Jle 3 Depend.ence between Anion v, A3 Anion v, A Anion v, A3
void size and anion type
I~ 14.61; 11.95% NO;~ 8.91 PFs~ 8.36
BPh,” 10.29 OTf™ 8.88 CF;BF;™ 8.06
SCN™ 9.60; 9.09* Clo,~ 8.60 BE,” 7.54

*Two independent parts are in the unit cell
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and the absence of strong intermolecular interactions near the photochromic cent-
ers [199] play an important role in the manifestation of photochromism in the
crystalline state.

The incorporation of spiropyran molecules into various porous structures and
molecular architectures can be used to produce solid-state photo- and thermochro-
mic materials. The notable examples are spiropyran-containing metal-organic
frameworks (MOFs) [201, 202], wavelength orthogonal photodynamic networks
[203], and polymeric or glass matrixes [204]. The additional polarization of spiro-
pyran molecules, as well as an increase in material porosity and surface roughness,
induced the tendency for solid-phase photochromism. The covalent bonding of ini-
tially passive compound 80 (Fig. 13) with polar polyoxometalate matrices allowed
materials with pronounced photochromic properties to be obtained [40, 72, 184,
205].

3.4 Other Chromogenic Properties
3.4.1 Solvato-, Thermo-, Baro-, and Mechanochromism

To date, a large array of experimental data on the photochromic properties of spiro-
pyrans has been collected. A significant characteristic known as solvatochromism is
the potential to undergo isomerization depending on the polarity of the solvent [130,
206, 207] and its ability to form hydrogen bonds [135, 175, 208]. The enhancement
in solvent polarity leads to stabilization of the MC form due to additional polariza-
tion and transition of MC to the zwitterionic-like rather than quinoidal form. This
stabilization can be sufficient for switching the system from positively to negatively
photochromic or vice versa [209]. Some spiropyrans that exist as SP:MC mixture in
polar solvents can show bidirectional photochromism by equilibrium shift to indi-
vidual SP or MC form under the different wavelength irradiation [102, 106, 122,
123]. In special cases, one can even observe a great influence of the solvent on the
equilibrium of the two forms. Thus, in the case of 6'-formyl-8'-fluorine-substituted
indoline spiropyran [106], the compound exists only as SP isomer in chloroform
according to the results of nuclear magnetic resonance (NMR) spectroscopy. How-
ever, in acetonitrile solution an equilibrium of MC:SP forms with a ratio of 1:20 is
observed, and during spectral-kinetic studies, behavior of the “photochromic bal-
ance” type was found.

It should be noted that changes in the solvent polarity and nature (protic or
aprotic solvents) lead to a shift of the MC absorption maximum as well. For exam-
ple, in a study carried out by Liu et al. [210], the absorption spectra of 6-nitro-sub-
stituted indoline spiropyran derivatives were compared in different solvents. It was
shown that the strongest hypsochromic shift was typical for solutions in methanol
(Amax & 550 nm), and the strongest bathochromic shift for solutions in ethyl acetate
(Amax = 590 nm). The absorption maxima of compound solutions in ethanol, iso-
propanol, and acetone lay between these values. The current applicability of solva-
tochromism is based on silicon microcapillaries coated with spiropyran-containing
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polymer bristles for solvent polarity detection [211], controlled self-organization of
nanocrystals [212], and narrow-range temperature control [213].

The effect of temperature on energy exchange is considered the simplest way to
effectively trigger spiropyran isomerization. For instance, thermochromism of com-
pounds 26, 49, 50, 57a shown in Fig. 15 allowed thin films with optical memory
effects to be obtained by rapid cooling of melts [214]. Also, thermosensitive poly-
mer materials were obtained based on norbornene derivatives [215]. The MC form
with additional stabilization due to the formation of hydrogen bonds in an aqueous
medium (a mixture of water and alcohol) made it possible to use spiropyrans as tem-
perature sensors [216]. In most cases, the recyclization reaction rate is expected to
increase with increasing temperature. However, in the case of thiophene-substituted
spiropyrans 67, heating led to slowing of the thermal decolorization reaction [158].
Thermochromic silica-encapsulated spiropyrans were obtained and studied in a
water/ethanol mixture by Igbal et al. [217]. The thermal isomerization of SP to MC
was a discontinuous process observed in a temperature range of 5-60 °C. The spiro-
pyran derivatives, therefore, have potential application for colorimetric temperature
indication.

Julia-Lopez et al. [218] described a method of switching between photochromism
types by thermal exposure in the solid state in the case of spirocyclic compounds
26 and 49 (Figs. 15, 16). At room temperature, these systems demonstrated positive
photochromism, which is common for most spiropyrans. However, when heated to
a temperature exceeding the melting point, negative photochromism was observed.

More recently, a research group headed by Metelitsa investigated the barochro-
mic effect of indoline spiropyrans in the gas phase [219]. Barochromic and ther-
mochromic or solvatochromic effects can have a different nature. On the one hand,
color changes with increasing or decreasing pressure can be caused by a shift in the
spectral holes [220]. However, in this case, the color changes will not be so pro-
nounced and easily noticeable. In another case, barochromism may be the result of
an isomerization reaction occurring when the pressure in the medium changes. This
can be possible with an appropriate choice of the compound structure. In the arti-
cle by Metelitsa et al. [219] it was shown that indoline spiropyrans with nitro- and

NO,
H,c, CHs Hyc, CHs
S O
CH, CH,
o
eH
50 3
49
CH,
H,c, CHs HsC
Ly VS
CH,
26 57 a

Fig. 15 Chemical structures of thermochromic spiropyrans
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Fig. 16 Changes in photochromism type for indoline spiropyrans induced by temperature (7, is the melt-
ing point). Reproduced from Ref. [218] by permission of John Wiley & Sons Ltd

formyl substituents in 6’ and 8’ positions of 2H-chromene moiety existed in spiro-
cyclic form in the gas phase under pressure of 10°~10"" Torr. After the pressure
increased to 760 Torr, isomerization to the merocyanine form occurred, resulting in
sharp changes in the spectral properties. This transformation was probably possible
due to the high stability of the MC isomer for these compounds at room temperature
and normal atmospheric pressure.

Such experimental data without the use of activating radiation were obtained for
the first time and are unique for this class of compounds. Although studies of the
phototransformation of spiropyrans, including their protonated forms, were carried
out earlier [221, 222], this will probably allow new applications to be found for spi-
rocyclic compounds, for example, as gas-phase pressure sensors.

Mechanochromism is a general term that refers to changes in the color of a sub-
stance when it is crushed, ground, milled, rubbed (tribochromism), or sonicated, or
after high pressure is applied (piezochromism) both in the solid state and in solu-
tion [223]. Unlike other methods of impact on a chromophore, with the mechanical
method, a controlled gradual change in the spectral characteristics is possible, which
is an important feature. A similar possibility of a controlled gradual color change
under the application of different pressures was shown by Funasako et al. on a spiro-
pyran-Nafion film [224].

It is important that over the past 10 years there has been a rapid increase in the
number of research articles on this topic. These studies certainly opened up new
possibilities for the application of spiropyrans in various fields of science and
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Scheme 16 Structures of protonated and non-protonated MC isomers of bis-spiropyran 69

technology, including the use as sensors for damage, wear, or increased stresses in
various constructions [225]. Another promising direction in the future may be the
creation of materials capable of self-reinforcing and self-healing after the action of a
destructive mechanical stress [226, 227].

3.4.2 pH-Sensitive Properties and Photoacidity

Spiropyrans tend to protonation due to the localization of lone electron pairs on
the pyran oxygen atom [228]. The absorption spectra of protonated forms lie in the
green-yellow range and predominantly have TTC configuration [229]. However, the
authors admit the possibility of UV-controlled transitions into CCC or TTT forms.
A stable protonated TTT-MC form was revealed [45] due to the absence of an intra-
molecular hydrogen bond C(3")-H(3')---O-C(9’) registered for non-protonated forms
[174], and following a lack in the stabilization of the TTC isomer. In the case of
bis-spiropyrans 69 (a, b) the formation of XCX-configuration by protonation was
detected. Under irradiation, it irreversibly transformed to XTX form as shown in
Scheme 16 [179].

The properties of the absorption spectra character are somewhat dependent on
the anionic type, while the strength of the acids significantly affects the protonation
process, resulting in incomplete protonation by weak acids (organic or H;PO,) in
aprotic solvents [229]. According to quantum-chemical simulations [230], the prob-
able reason is a lowering of the protonation process barrier on account of proton
transfer involving a polar protic solvent molecule (for instance, water) (Scheme 17).
Moreover, protonation is facilitated by an increase in electronic density in the
hetarene moiety. The protonation process mechanism at the first stage includes the
formation of protonated spirocyclic form SPH*, which has been confirmed by com-
putational methods [230, 231]. However, other researchers have questioned this
mechanism, as it has not yet been possible to experimentally observe the SPH* iso-
mer [228, 229].
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Scheme 17 Probable mechanism of spiropyran protonation in water

It seems obvious to expect that the nature of the substituents in the molecule also
strongly affects the acidochromic properties of spiropyrans. Cui et al. [232] studied
the effect of the substituent at position 7' of the 2H-chromene moiety on the charac-
teristics of the protonated isomer. All compounds considered were characterized by
the absorption maximum of the protonated merocyanine form in a range from 410
(for the diethylamino group) to 446 nm (for the methoxy group). The pH value of
the sudden color change point gradually increased passing from electron-withdraw-
ing to donor substituents. The result was in agreement with the pKa value from the
experimental spectra.

Due to the acidochromic properties of spiropyrans, their solutions can serve as
effective pH-sensors for detecting gaseous acids and bases [233, 234]. To increase
the sensitivity of the system, compounds with pronounced fluorescence are often
used [65, 77, 233]. The introduction of several centers susceptible to protonation/
deprotonation into the molecule allows for accurate pH change detection. Wan et al.
developed a pH-sensor based on compound 81 (Scheme 18) that was utilized in a
pH range from 2 to 12 due to the presence of a hydroxy and several carboxyl groups
[235].

_ Hic, CHa o Hic, CHs OH
ooc. — pH=12  Hooc —
g — U ()
_—
\° O \° O

00C’ HoOC HOOC
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Scheme 18 Schematic representation of pH-sensor performance
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It should be noted that spiropyrans tend to undergo hydrolysis in water. The
mechanism governing this process was proposed by Hammarson et al. and is shown
in Scheme 19 [231]. The initial reversibility of the condensation reaction between
indoles and aldehydes was investigated. The protonated forms usually are more sta-
ble in water solutions due to the lower activity of the phenolate oxygen atom at the
first stage.

Over the past several years, special attention has been focused on self-protonated
merocyanine forms (MCH) of spiropyrans which have potential as effective revers-
ible photoacids—molecules capable of generating protons upon irradiation. As pro-
ton transfer is one of the most fundamental processes in nature, many applications
have been reported in recent years in which photoacids are used to protonate materi-
als for switching their properties, to catalyze bond formation and breaking, and to
control ion-exchange processes [43, 44, 236-239].

In the case of spiropyrans, photoacidity becomes possible due to the isomeriza-
tion of trans-merocyanine MCH to the meta-stable cis-merocyanine form, which
undergoes cyclization to the SP isomer with proton release. This process is usually
activated by visible-light irradiation, and some studies have shown that this can be
used as a light source of low intensity, which is very important for potential bio-
medical applications.

Self-protonated merocyanine 82 (MCH) was obtained by Liao’s group and
became the first reported meta-stable photoacid [47]. It can be easily synthesized
from salicylic aldehyde and alkylsulfonated 2,3,3-trimetylindoline and has a trans-
MCH structure, which is stable in both aqueous and organic media without the addi-
tion of an external acid. Under irradiation with visible light, 82 (MCH) transforms
into the meta-stable acidic cis-MCH form, which can produce protons or thermally
revert to MCH [47] (Scheme 20). The thermal reaction rate strongly depends on
the solvent type—the rate constant is 73.0, 1.6, and 0.035 M leg™!, respectively, in
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water, ethanol, and DMSO [43]. The half-life of the deprotonated form 82 (SP) in an
aqueous solution is about 70 s and is significantly higher than the analogous param-
eter for the previously known polyaromatic hydroxy derivatives [240, 241]. At the
same time, these properties allow for less susceptibility to hydrolysis in compari-
son with other spiropyrans [242]. Due to the attainable change in pH in an aqueous
solution (about 2.2 a.u.), spiropyran 82 can be used as a photocontrollable catalyst
in esterification reaction [47]. Berton et al. studied a light-switchable buffer system
based on a relative protonated merocyanine photoacid [243]. It was found that para-
substitution of the indolium moiety of its molecule with a methoxy group afforded
a compound suitable for the creation of hydrolytically stable aqueous buffers whose
pH could be switched between 7 and 4 with the help of green light irradiation

Table 4 The dependence of electronic effects of substituents on photoacid strength

Substituent pK. | pK. | pK. | pK,
H R) | R) | Ry | (RY
=
S -NO, - - - 472
[
g —CF, - - ~ | 566
28 _CN N T
T s
<9 “F 6,20 | 5,72 | 6,12 | 5,90
2 -l ~ 520 - |583
5 “Br 539 | - - |57
= —OCH;4 705 - 652 620

A
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(500 nm). The possibility to control the complexation reactions according to the
guest—host type in helix[6]arene was also considered [244]. Moreover, photoacids
like 82 are of great interest for controlling the processes in biological systems (see
Sect. 3.2.2).

Liu et al. investigated the properties of a wide range of monosubstituted spiro-
pyran-based photoacids 83 (a—n) as shown in Table 4 [245]. In the case of 6'- and
8'-substituted compounds (the positions R, and R,, respectively), the acidity sig-
nificantly decreased by passing from electron-withdrawing to electron-donating sub-
stituents, which correlates with the previously described phenomena. This effect is
slightly less pronounced for meta-substituted derivatives. In general, the introduc-
tion of substituents, except for 5- and 8'-methoxy-containing compounds, promoted
an increase in the strength of the photoacid in comparison with the unsubstituted
analogue 82 (pK,=6.23).

The incorporation of propylsulfoxy-substituted photoacids into the N-isopropyl-
polyamide matrix allows for their thermal control [246]. In general, photoacids are
stable in polymers [238, 239]; however, the cycle closure process is hindered and
can be initiated only in the presence of a base, which limits the scope of applica-
tions. The photochromic transformation ability was improved by mixing the com-
pound into polyvinylpyrrolidone due to its basic properties [79].

The addition of quinoline fragment to molecule 84 allowed for controlling pH
in a range from 3 to 7 due to intramolecular proton transfer (Fig. 17) [239]. It is
suggested to use samples susceptible to intramolecular proton transfer for molecular
machines working without accumulation of side products [247] and systems with
pH-guided fluorescence [248]. The additional tuning of the optical properties is pos-
sible using mixtures of pH-responsive dyes (Fig. 17B) [249, 250], and a bathochro-
mic shift of the absorption maximum was reached for highly conjugated spiropyran
85 (Fig. 17A) [251].

3.4.3 Complexation of Spiropyrans

Spiropyrans can be effective ligand systems due to the possibility of transform-
ing into the MC form containing phenolate oxygen with lone electron pairs [252,
253]. Spiropyran complexes with metal cations often demonstrate pronounced
coloration or fluorescence properties, which allows their use as chemosen-
sors. The chelating fragments such as crown and azacrown ether [68, 254-257]
or heterocyclic [165, 170, 258-261] substituents, methoxy [262, 263], carboxyl
[264-267], imino group [30, 268], and others [26, 269, 270] were introduced into
spiropyran molecules for efficient binding. Moreover, the metal cation chelation
was facilitated in the presence of two active spaces [68, 252, 271, 272]. It is rather
difficult to predict unambiguously which of the chelating centers will be involved
in complexation. This aspect is practically obvious for the crown ether deriva-
tives and compounds containing the methoxy group but remains uncertain in the
case of polysubstituted spiropyrans. To investigate the structure of the complexes,
single-crystal X-ray diffraction [176, 253] or in operando X-ray absorption spec-
troscopy (XAS) [165] was utilized. Therefore, Baldrighi et al. [263] showed that
the copper, zinc, and magnesium cations in complexes with spiropyran 86a are
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Fig. 17 Spiropyrans with heterocyclic fragments in the pyran moiety (A) and proton transfer in the sys-
tems containing spiropyran-based photoacids (B)

bound by the phenolate oxygen atom and the methoxy group. The carboxyethyl
substituent is not involved in complexation in this case, in contrast to many other
compounds containing carboxylic groups (Fig. 18) [270, 271]. In general, the
common molar ratio of cation to spiropyran is 1:2, and multidentate ligands are
required for trivalent metals [267]. In crystals, spiropyran molecules are usually
combined by metal cations into dimeric or linear patterns, which in turn form lay-
ers [270].

The introduction of some substituents (Fig. 19) allows selective binding of
individual ions to be achieved [84, 263, 272—-274] due to the correlation between
the sizes of the cation and the ligand cavity. Moreover, the phenolate oxygen
atom of the MC form stabilizes the complex. It is possible to detect relatively
small cations such as lithium using azacrown ether derivatives 87 and 88 [68,
252]. On the contrary, spiropyran compound 89 is capable of complexation only
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A

Fig. 18 Structures of spiropyran-metal complexes ISIVUD (A) and MACBID (B, C) in single crystals
(received from CCDC)

in the cyclic state, since the photoinduced transformation increases the chelating
cavity, resulting in a decrease in the efficiency of cation binding [68].

The sensitivity of spiropyran-based sensors can be significantly improved using
their luminescent response. For example, the bifluorophoric [2]pseudo-rotaxane of
the “host—guest” type exhibiting efficient ratiometric photoluminescence behavior
via the Forster resonance energy transfer (FRET)-OFF process was proposed for
monitoring ultratrace copper ion concentrations (0.53 pM) in living cells [275]. Spi-
ropyran complexes 90, 91 (a—c) with lanthanide cations [206, 276] also exhibited
pronounced fluorescence.

Fluorescence is strongly influenced by substituents in the indoline moiety, and its
intensity depends on the type of chelated cation. For example, the fluorescence inten-
sity of complexes with lanthanide ions increased in the order Sm** < Eu** < Tb**.
Changing the excitation wavelength made it possible to draw up individual lumi-
nescence maps with the effect of “fingerprints” to check the presence of cations and
determine their type, as shown in Fig. 20 [206].

The ability of the complex to dissociate is considered an important parameter in
the scope of spiropyran complexation and the creation of ionic transport systems
[277]. Complexes with diamagnetic cations Cd>* and Zn>* turned out to be prone to
photodissociation. The quantum yield of the process varied depending on the type of
cation but was practically insensitive to the irradiation wavelength [261]. The CCC
isomer was detected in solutions of spiropyran complexes 92 with dysprosium and
yttrium cations as shown in Scheme 21 A. However, complex dissociation did not
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Fig. 19 Structures of spiropyrans with high complexation ability

occur [278]. Moreover, redox processes are possible along with the formation of
complexes, leading to unexpected products. Such phenomena have been observed
in the case of copper salts [30, 78]. Based on the structure similar to 92 with the
same chelating fragment in position 6’ instead of the nitro group, Zhao et al. pro-
posed selective naked-eye detection of copper ions in aqueous media and on test
paper strips [279]. Arjmanda et al. created a polymer nanocomposite containing spi-
ropyrans which can be considered as a good alternative sensor due to its portability,
high detection speed, and relatively low cost [280].
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Scheme 21 Spiropyran complexes with yttrium cation and CCC isomer formation (A) and nucleophilic
addition of anions to MC (B)

Spiropyrans attached to nanoparticles and fibers can be used as sensor systems
for metal cations in living cells [281] or aqueous medium [267].

However, spirocyclic compounds can be used not only for the detection of
metal cations, but due to the localization of a partial positive charge near the
indoline ring, they can serve as effective sensors for some important anions.
Thus, nucleophilic addition of cyanide [282, 283] and hypochlorite anions [284]
to the C(2) atom leads to a decrease in MC absorption band intensity with the
subsequent appearance of a new absorption and/or fluorescence band in the range
of 421-435 nm (Scheme 21B). Zhou et al. reported the possibility of detecting
cyanide anions in liquids over a wide range of concentrations and with relatively
high accuracy using the bis-spiropyran molecule [285]. The optimized analy-
sis conditions were irradiation at 320 nm for 4 min after mixing with CN~ and
detection at 440 nm. Also, a bis-spiropyran probe-based fluorescence method was
established for CN™ quantitation with a response range of 1.0-50.0 pmolsL~! and
detection limit of 0.21 pmoleL~'. This selective and rapid CN~ detection method
has potential application in express tests of food safety. Sanjabi et al. showed the
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possibility of detecting cyanide ion trace amounts via a ring-opening process
without the use of UV irradiation in a 1:1 M ratio [286].

Spiropyrans can also be used for highly sensitive colorimetric detection of cer-
tain organic substances, such as amines [287] and thiophenols [288]. In the first
case, sensing was realized due to the hydrolysis of spiropyrans with the subsequent
formation of their Schiff bases, which were distinguished according to the shapes
and trends of their UV—Vis absorption spectra. In the case of thiophenol sensing,
on the contrary, it was caused by the removal of the protective group from the phe-
nolate oxygen atom and the closure of the cycle, accompanied by decolorization of
the solution. Xiao et al. proposed a very interesting and intricate “double-check”
method for detecting serum albumin based on spiropyran [289].

3.4.4 Fluorescence Properties

Fluorescence is an interesting and important aspect of spiropyran derivatives. To
investigate the fluorescence properties of spiropyrans, different fragments capable
of serving as acceptors for FRET, such as tetraphenylethylene [290, 291], tetrathio-
phene [158], anthracene [66], pyrene [84, 292, 293], and others [294, 295], were
introduced into spiropyran molecules. Complex compounds of spiropyrans with
some metals were also characterized by pronounced fluorescence due to the energy
transfer phenomenon in the metal-ligand system [206, 296].

An important circumstance is the fact that the closed spirocyclic form, as a rule,
does not exhibit photoluminescence behavior, while the open merocyanine form
is capable of emitting fluorescent radiation with quite good quantum yield values.
Thus, fluorescence properties can be easily controlled by external influences, such
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Fig.21 Changes in fluorescence properties of spiropyran-tetraphenylethylene dyad induced by mechani-
cal stress (A) and NIR photoluminescence of cationic spiropyran derivatives 47 (c—e) (B). Adapted from
Ref. [297] by permission of John Wiley & Sons Ltd. and from Ref. [101] (Copyright 2020, with permis-
sion from Elsevier)
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as UV/visible light and heating/cooling. As was shown earlier, mechanical stress can
produce changes in the fluorescence spectra [297-299] (Fig. 21A). It is also possible
to enhance the intensity of fluorescence by introducing some metal cations into the
system [300, 301]. The presence of lithium or calcium cations in a double molar
excess made it possible to increase the fluorescence intensity of indoline spiropyran
with a pyrene fragment at the nitrogen atom and azacrown ether fragment in the
2H-chromene part three and seven times, correspondingly. The opposite effect was
observed for cesium and manganese cations.

It is important to note that in some cases, both isomers can exhibit fluorescence.
In this case, the fluorescence spectra of the SP and MC isomers differ significantly.
Thus, for indoline bis-spiropyran based on acridone, the fluorescence spectra before
UV irradiation of a dichloromethane solution were characterized by short-wave
absorption maxima. When irradiated with ultraviolet light for 20 min, a bathochro-
mic shift of the fluorescence peaks by about 200 nm was observed (= 540 and
600 nm) [60].

Controlled fluorescence of spiropyrans is widely used in bioimaging and che-
mosensing. Usually, the wavelength of the photoluminescence emission maximum
lies in the range of 600-650 nm [302, 303]. However, application as a fluorescent
probe in the field of bioimaging requires detectable fluorescence in the “biologi-
cal window” range (650-1000 nm) [304]. Doddi et al. observed detectable fluores-
cence for a diketopyrrolopyrrole-spiropyran dyad in the region of 700 nm in ace-
tonitrile solution [82]. Moreover, an increase in the emission intensity in the range
of 700-800 nm was reached by introducing this dyad into a polyethylene glycol
matrix. The prospects for bioimaging spiropyrans 47(c—-e) demonstrating photos-
witchable NIR fluorescence properties were described by Lukyanov’s group [101,
106] (Fig. 21B). Their emission maxima were found in the range of 768-791 nm
in acetonitrile solution due to the increase of the conjugation chain length in the
2H-chromene moiety of the molecules. Quantum yields of fluorescence varied in the
range of 0.012-0.023.

Thus, a detailed study of the wide variety of spiropyran properties and the fea-
tures of their response to various external stimuli helps to discover new applica-
tions for T-type photochromic compounds, which traditionally include spirocyclic
systems. For the successful application of spiropyrans in the creation of functional
materials, it is equally important to accumulate and systematize experimental data
on the correlation between the structure of compounds and their properties.

4 Design of Smart Materials and Systems

Finally, all attempts of scientists to tune the characteristics of spiropyran are
intended primarily to allow the creation of material with switchable properties. In
this section, we briefly summarize the types of such materials and the possibilities
they open up. In the case of each possible application, some of the properties dis-
cussed above are important. Since a detailed description of materials based on spiro-
pyrans was reported several years ago by Klajn [3], in this section we will point out
only those that are currently of the greatest interest to the scientific community. The
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main purpose is to show what properties are needed in each of the cases and what
compounds were used at the time.

4.1 Smart Polymers

The incorporation of spiropyrans into polymers is attracting particular attention.
Sensor systems and traps [296, 305, 306], electronic devices [307, 308], and textiles
[309-311] such as X-ray-sensitive fibers [124] can be created based on spiropyran
derivatives. Owing to the polymer cavities, the transformation of spiropyran mol-
ecules can easily occur. To design spiropyran structures for subsequent implementa-
tion, specific groups capable of binding with polymer surfaces were added to their
moieties. Spiropyran molecules can be directly involved in the polymerization reac-
tion due to the presence of unsaturated fragments or functional substituents [312].
Moreover, spiropyrans can be attached to the polymer backbone using various link-
ers [313, 314], and introduced to the main [315] or the side chain [316] of the poly-
mer (Scheme 22). Thermo- and photochromic polymer structures were created using
the ring-opening polymerization method (Scheme 22A) [215, 315, 317]. Several
samples of spiropyran-containing hydrogels and polymers were obtained by reacting
the corresponding Fischer base with the main chain containing o-hydroxyaldehyde
fragments (Scheme 22D) [246, 318]. Khalil et al. demonstrated that the presence of
an acidic proton in the structure of spiropyran-based photoacids generally prevents
the polymerization reaction, and triethylamine was used as a temporary protective
group [319]. Polynorbornenes [215, 315], polyacrylates [320, 321], and polyani-
lines [322] can be noted as some of the most popular and promising copolymers and
matrices for the creation of smart polymers containing spiropyrans.

To synthesize smart polymers based on spiropyrans, the thermal stability of spi-
ropyrans and the polymer matrix should be identified. Thermochromic polymers
can be used as filters, sensors, and materials with the ability to control overheating
[215]. Furthermore, the functionality of polymer systems can be greatly expanded
by modification of the polymer structure. The treatment of polymer surfaces with
plasma or dielectric barrier discharge in air made it possible to fabricate non-porous
materials used for the manufacture of membranes for reverse osmosis, nanofiltra-
tion, or molecular separation in the gas phase.

Mechanochromic polymeric materials have been widely used in the prepa-
ration of smart polymers [223, 324]. The change in polymer color indicates an
excessive stretching that prevents mechanism parts damage [325]. Also, color
changes can help to track tissue [326] and brain damage [327]. The latter becomes
possible due to a passive strain sensor based on polydimethylsiloxane elastomer
with covalently incorporated spiropyran mechanophore at 0.25 wt% level. Such
a smart polymer can adequately measure impact strain via color change under a
high strain rate of 1500 s~' within a fraction of a millisecond. Moreover, it can
be used repeatedly owing to the reversibility of the ring-opening reaction. Soft
robotics [328], flexible electronics [307, 308, 329] and microcantilevers for stress
sensing [330, 331] can be created based on mechanochromic polymeric materials.

@ Springer



8 Page440f79 Topics in Current Chemistry (2023) 381:8

)
o}
A Hec, CHe Grubb's cat.
S
\
Hs;C CHs;

ﬁqh%

H3C CH, \
> o_ o

N o NO, I
I HaC” | CHy

\\\

o o
HacICHg
N3
D CH, H,c, CHo
o}
c
10 /) —CHs
0 1 No N
ﬂ\‘\ ’ '
H¢” CH,
oH SOy
X
o

Scheme 22 The main methods for the preparation of spiropyran-containing polymers: polymerization
of spiropyran-containing monomer with a polymerizable substituent [215] (A); copolymerization of spi-
ropyran and monomers [323] (B); attaching of spiropyran to the side chain of the polymer due to active
functional groups [316] (C); in situ synthesis of spiropyran by the interaction of the Fischer base with the
polymer chain containing sterically unimpeded salicylaldehyde fragments [246] (D)
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Fig.22 The possible applications of spiropyran-containing polymers (A); mechanochromic tensile prop-
erties of a spiropyran-containing polymer in different directions with random fiber morphology (i and ii)
and with aligned fibers (iii and iv) (B) and dependence between binding positions of spiropyran molecule
and mechanical stress sensing effectiveness (C). Adopted from Ref. [334] with permission of John Wiley
& Sons Ltd

The 3D-printing technique enabled numerous details with different forms and
sizes to be obtained [332, 333].

The mechanical sensitivity of spiropyrans is directly dependent on two fac-
tors. Firstly, the level of ordering of the polymer material fibers plays a significant
role. Raisch et al. showed that in the case of randomly oriented fibers, mechano-
chromism was conferred to the composite in all stretching directions. For mate-
rial with aligned fibers, there is only one "active" stretching direction (Fig. 22)
[334]. On the other hand, the method of attachment into the polymer chain deter-
mines the direction of the tensile force application. Better results were shown by
spiropyrans covalently linked to the polymer strands through positions 5 and 6’
(Fig. 22B). More recently, two different research groups obtained and simultane-
ously investigated polymeric materials with shape memory and mechanochromic
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properties [289, 335]. These studies can certainly open up new possibilities for
the use of spiropyrans.

Impregnation of cellulose by spiropyran solutions allowed the creation of rewrit-
able paper. Writing can be performed using pure water or simple acidic solutions
[320, 336, 337]. Moreover, fluorescent spiropyran derivatives were proposed as ana-
logues of document security watermarks [290, 337]. Mechanochromic, acidochro-
mic, and photochromic properties with high contrast are also successfully used for
counterfeit protection sign creation [291, 338-340]. Moreover, the combination of
PREF, polyacrylonitrilic, luminescent, and photochromic fibers can be applied in UV
detection and high-level encryption in the future [341].

Spiropyrans are also applied as active elements of molecular electron-
ics. For instance, spiropyran-containing diketopyrrolopyrrole-based conjugated
donor—acceptor polymer films can be used as photo-, thermo-, and acido-controlled
semiconductive layers [342]. Their conductive properties may be improved by the
addition of transition metal cations [343] or partial protonation with a subsequent
increase in the contribution of hole conductivity [344]. However, it is worth con-
sidering the likelihood of side redox reactions [70, 75, 78]. Thin polymer films of
trisoxalatochromate-spiropyran complexes with controllable magnetic properties
were studied by Sanina et al. as prospective materials for high-density information-
recording memory devices [345]. Triolo et al. investigated the possibility of fabrica-
tion of a photocontrolled structure over the substrate with a high degree of accuracy
and produced patterns in micrometer scale [346]. This can be useful for creating
light-sensitive molecular memory devices.

4.2 Crystalline and Amorphous Solid-State Hybrid Materials

New possibilities have been proposed for cationic spiropyrans to prepare crystalline
and amorphous hybrid materials. Due to the presence of charged fragments, they can
be combined with different inorganic counterparts to create hybrid materials exhibit-
ing remarkable properties. Spiropyran-based single-molecule magnets (SMM) were
first obtained by Bénard et al. [185]. The honeycomb structure of chromium-man-
ganese oxalates with spiropyran interlayer molecules initiated the electron transfer,
and it was described by Kida et al. for iron dithiooxalates [347] (Fig. 23A—C). Many
related systems were obtained and comprehensively characterized by Aldoshin’s
group [348]. However, this direction remains a challenge, because it has not been
possible to obtain SMM operating at sufficiently high temperatures. Nowadays, the
prepared samples of SMM exhibit photomagnetic properties only in the range of 2
to 50 K. At the same time, various photoresponsive organic—inorganic hybrid mag-
nets based on spiropyrans and inorganic nanomaterials are known [349, 350]. In
this case, the creation of photomagnets operating at room temperature was possible.
Thus, a hybrid magnet with a giant photomagnetic effect based on spiropyran and
FePt nanoparticles was prepared and investigated [351].

Photomagnetism has also been revealed in solid state for cationic spiropyran
iodides 93 (Fig. 23D). A thin coating layer made from them was positioned
by Frolova et al. [159] as an active information storage medium (Fig. 23E). A
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Fig. 23 The structure of the magnetically active complex with chromium-manganese oxalate anion (A)
and the hysteresis loop before (white points) and after (black points) irradiation with UV light (B); sche-
matic representation of the phenomenon of charge transfer in layer (C); structures of compounds 93 and
94 (D); model of data storage devices based on cationic spiropyrans 93 (E). Adopted from Refs. [159,
185] (Copyright 2001 American Chemical Society) and [347] (Copyright 2009 American Chemical
Society) with permission

significant effect of the benzyl fragment of the 2H-chromene moiety on the prop-
erties is very interesting. Flash memory devices can be created based on unsub-
stituted analogue 93a, while the presence of a nitro group in 93b leads to the irre-
versibility of the spirocycle opening reaction. Thus, spiropyran 93b is a potential
basis for ROM media. Spiropyran complexes with lanthanide cations can also
act as SMMs with anisotropic magnetic properties [352]. One more promising
example of the compound for designing molecular memory devices is ferrocene-
containing spiropyran 94. In this case, the ability to rewrite information can, if
necessary, be regulated by the redox transitions in the ferrocene-ferrocenyl cycle
[353]. In addition, a series of polyoxometallate photosensitive multi-photochro-
mic structures with covalent or ionic binding type [40, 354-356] and MOFs [201,
357-359] have been developed based on cationic and covalently anchored neutral
spiropyrans.
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Recently, research articles on the use of spiropyrans as photosensitizers for dye-
sensitized solar cells began to appear [360-362]. The photoswitching ability of spi-
ropyrans when exposed to light of different wavelengths opens up new possibili-
ties in photovoltaics. Due to the photoinduced structural transformation and sharp
change in properties, it becomes possible to create smart dye-sensitized solar cells
and smart windows with self-regulation of absorption.

4.3 Molecular Machines and Nanoarchitectures

The developments in the molecular electronics and nanomaterials field are a won-
derful illustration of the current trend towards turning attention to the microcosm,
not only in the field of physics but also in chemistry. This direction received spe-
cial publicity after the Nobel Prize awarded in 2016 [363-365]. Due to changes in
geometric characteristics and charge distribution, spiropyrans are also promising
elements of molecular machines. Thus, bis-spiropyran 95 can serve as a molecular
rotor when the polarity of the medium changes [64]. Spontaneous rotation around a
single bond occurs due to steric hindrances caused by transitions between diastere-
omers (S-S, R-R, and R-S). In solution, the substance is in the form of an equilib-
rium mixture of atropisomers. Molecular machines such as pseudorotaxanes [275,

(\g’» Rl
o . O

/M N \o o

97 onN @

SP

I
SP: o
HsC N/\/L N

H3C

Fig. 24 Chemical structures of bis spiropyran 95, pseudorotaxane 96, and rotaxane 97
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366] and rotaxanes [367, 368] have also been described (Fig. 24). In this case, the
movement along the guest molecule can be caused by planarization and the appear-
ance of a positive charge on the indoline moiety of spiropyran during the transition
to the merocyanine form, as in compound 96, and as a result of the guest molecule
protonation (the case of 97). The complexation of spiropyran-containing ligands
with platinum compounds allows the creation of photochromic macrocycles capable
of contracting, expanding, and exhibiting high fatigue resistance [369].

In recent years, the design and creation of molecular mechanisms based on DNA
and RNA chains have been actively developing. In the scope of these studies, the
introduction of spiropyran molecules into polynucleotide sequences was repeatedly
proposed; however, due to the high flexibility and tendency of the resulting struc-
tures to degrade in aqueous media, the idea did not gain popularity. These issues
were later eliminated in the work of Brieke et al. [95] through the use of cationic
spiropyran. Samples of polyphosphate derivatives 99 containing it in the backbone
of the chain possessed high solubility and hydrolytic stability in aqueous media in
contrast to previously obtained nucleoside sequence 98 as shown in Fig. 25.

The far-reaching prospects are opened by the tendency of spiropyrans for self-
organization upon transformation between the SP and MC forms. It has been
observed in liquid crystals [370-372] and hydrogels [373, 374], and during the for-
mation of dendrimer micelles [375, 376]. This phenomenon made it possible to con-
trol the morphology of nanomaterials with light [377] and to create amazing nano-
assemblies. Several polymeric [201, 378, 379], metallic [380, 381], and core—shell
nanoparticles [382] with switchable properties have been also obtained based on
spiropyrans. Such systems often demonstrate fluorescence properties unusual for
individual spiropyrans [383].

The attachment of molecules to the surface of the nanostructured material can
additionally stabilize the MC isomers [384]. The method of MC form stabilization

NO, S
N O

\ / CH;
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I
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Fig. 25 The chemical structures of alkyl polyphosphate chains containing spiropyrans
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through complexation was recently proposed by Seiler et al. [385]. In this case, the
formation of brightly colored crystalline forms was achieved due to the formation of
halogen bonds between spiropyran molecules and the range of substituted haloben-
zenes as halogen donors. This approach demonstrates the extraordinary trigger type
that can be used to control the spiropyran properties and opens up new possibili-
ties for the design of photochromic materials using the co-crystallization method.
Samanta et al. established that the MC form can be stabilized by incorporation of
spiropyrans into flexible Mukherjee coordination cages [386]. The obtained molecu-
lar assemblies were also characterized by good water solubility.

4.4 Prospects for Applications in Photobiology and Photopharmacology

Changing the properties of closed systems without the need to violate their integ-
rity is certainly of interest and utility, especially in living organisms. Since light is
one of the least penetrating types of exposure, spiropyrans are considered as highly
promising molecular switches for this purpose. The introduction of spiropyran into
living systems makes it possible to study and control bioprocesses in vitro. The
main requirements for such systems are water solubility and stability in the aque-
ous medium. Good results were demonstrated by derivatives 100 containing ionic
fragments [387] and grafted onto water-soluble polymeric materials [388, 389] or
carbon nanostructures [390] spiropyrans 101 (Fig. 26).

The ability for tunable aggregation with spiropyrans allows the enzymatic activ-
ity to be controlled (Fig. 27) [391]. In addition, they can be associated with cells to
anchor them during biological tests [392]. The material developed for this purpose
is a silicon-carbon surface modified with spiropyran-containing poly-2-hydroxyeth-
ylmethylmethacrylate. The researchers reported the effective binding of cancer cells
using pre-precipitated bovine serum albumin and streptavidin as a bridge. Moreover,
several targeted drug delivery systems have been developed based on the controlled
micelle formation of spiropyran-modified surfactants and polymers [321].

R:

Fig.26 The chemical structures of spiropyran systems with high solubility and stability in aqueous
medium
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Fig. 27 Control of lysozyme enzymatic activity by spiropyran aggregation in MC (a) and SP (b) forms.
Reprinted from Ref. [391] with permission (Copyright 2019 American Chemical Society)

A wide range of fluorescent biomarkers have been developed based on spi-
ropyrans. In this case, the position of the MC emission maximum is the most
important characteristic aside from the fluorescence intensity. Since living tis-
sues have natural fluorescence in the green range of the spectrum, it is neces-
sary to obtain the most contrasting fluorescence of the marker for effective detec-
tion. The wavelength range suitable for this is called the “biological window” and
lies between 650 and 1300 nm. Such markers allow to observe the vital activity
of individual cells and bacterial cultures [393] and even to track the activity of
individual organelles: lysosomes and mitochondria [394, 395]. Due to the ability
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Scheme 23 Proposed mechanism of interaction between spiropyran and glutathione molecules
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to bind to certain molecules with high selectivity, spiropyrans are postulated as
effective biosensors for the early diagnosis of Alzheimer’s disease [396] or oxida-
tive stress. In the latter case, molecules of glutathione (GSH), an effective natu-
ral antioxidant [162, 397, 398], are used as markers. Garcia et al. emphasized
that the ability of spiropyrans to detect GSH is largely influenced by the elec-
tronic effects of substituents [162]. The systems 75, 76, 102(a, b) (Scheme 23),
which exist in solutions as a mixture of SP and MC forms, demonstrated a very
good response. A mechanism for the interaction of glutathione with spiropyran
molecules was proposed based on NMR spectroscopy data. The ring-opening
was initiated by GSH nucleophilic attack and further MC stabilization due to the
mutual orientation of GHS and MC charged moieties, as shown in Scheme 23.
Researchers from Southern Federal University offered a spectrophotometric
and fluorescent probe for glutathione and cysteine sensing using 5,6'-dichloro-
1,3,3-trimethylspiro[indoline-2,2'-2H-pyrano[2,3]quinoline] [399]. The proposed
methods are characterized by low limits of detection, which are quite sufficient to
quantify analytes at the level of their physiological concentration. Using a solid-
phase nanofiber mat containing spiropyran 26 in their composition provided a
means for ratiometric fluorescence sensing and fine visual colorimetric detection
of tetracycline based on a unique dynamic solid-phase sensing mode [400]. This
is of great significance for food safety and human health. Kurihara et al. suc-
ceeded in photocontrol of cellular uptake using selective adsorption of indoline
spiropyran with nitro and pyridinium groups on albumin [401]. This made it pos-
sible to track the cellular uptake of anti-cancer drugs.

The ability of spiropyran complexes with metals for pronounced fluores-
cence is also often used for early diagnosis of various diseases. The most widely
explored metals are lithium [258, 402], zinc [269, 403, 404], aluminum [270],
and calcium [405]. In addition, spiropyran complexes are utilized for smart deliv-
ery [277, 376], ion detection [281, 404], and ion channel operation control [200,
405].

Spiropyrans can be used as photoswitching molecules within the concept of
photopharmacology [406, 407]. The addition of spiropyran units into the structure

CH, R:
103 (a,b) 2 -H
b -OCH;

Fig. 28 Spiropyrans with potential bioactivity
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OH

Scheme 24 Structure and processes underlying target delivery of chlorambucil using spiropyran and
structures of spiropyrans used for separation by dynamic enantioselective crystallization method

of biologically active substances allows their bioactivity to be controlled and may
lead to an increase in selectivity, which in turn will reduce or completely avoid
potentially serious side effects of proposed drugs.

Spiropyrans 103 (a, b) (Fig. 28) containing the o-lipoic acid fragment were
obtained and tested for their cytotoxicity and antioxidant activity [48, 408, 409].
The results of cytotoxicity studies showed unpredictable bio-safety of the hybrids
in comparison with the parent hydroxyl-substituted spiropyrans and a-lipoic
acid. Thus, while the parent spiropyrans differed in their toxicity from slightly to
extremely toxic, their hybrids appeared surprisingly and similarly safe at both inves-
tigated concentrations. At the higher concentration of 2 mM, they were even less
toxic than a-lipoic acid, which is well known for its bio-safety. It was also shown
that both hybrids possess emergent biochemical and signaling antioxidant proper-
ties, exceeding those of a-lipoic acid. Kurihara et al. demonstrated the possibility for
photocontrol of cytotoxicity toward HeLa cells for amphiphilic salt spiropyran with
hydrophobic hexyl and hydrophilic pyridinium groups introduced in the structure
as substituents in the indoline and 2H-chromene moieties, respectively [410]. This
research could lead to the development of novel next-generation photochemotherapy
and photoimmunotherapy drugs.

A significant challenge in the field of photopharmacology is the development of
gentle anticancer agents. The key problem is the lack of selectivity in the therapeu-
tics, which leads to healthy cell death. The main feature of tumor cells is imbalance
in the acidity level of the medium in their localized areas [411]. Thus, the concentra-
tion of hydrogen ions is higher inside a cancer cell than outside. Firstly, this differ-
ence allows the use of spiropyrans for fluorescent detection of the localized tumor
formation [412]. Moreover, the drug can be administered or activated locally in the
future. The cytotoxic effect of the MC forms of some spiropyrans including 104 (a,
b) on tumor cells was confirmed earlier [413—415]. Rad et al. [416] created a mul-
tifunctional smart nanoprobe based on spiropyran for targeted photodynamic and
photothermal therapy, and the selective removal of brain cancer cells (C6 glioma).

In addition to their own toxic effects, spiropyrans can be used as targeted drug deliv-
ery systems. For example, Barman et al. proposed a monomolecular chlorambucil
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delivery system. Its mode of action is based on the photolytic cleavage of a drug mol-
ecule from coumarin-containing spiropyran 105 (Scheme 24) [412] or derivatives,
which are incorporated into the bilipid layer of the cell membrane to facilitate drug pen-
etration [417]. The controlled opening of micelles caused by a great difference in the
dipole moment between the SP and photogenerated MC forms was developed for the
same purpose [418]. A photoresponsive molecular-gated drug delivery system based
on silicone-hydrogel interpenetrating polymer networks functionalized with carboxy-
lated spiropyran was developed and investigated by Ghani et al. [419]. Light-induced
drug release of a model substance (doxycycline) showed that the spiropyran (SP) mol-
ecules provide a hydrophobic layer around the drug carrier and have a good gate-clos-
ing efficiency for a system with 20-30% hydrogel content. However, drug delivery sys-
tems operating in the NIR range are more significant, since activating radiation is less
destructive and has the greatest penetration depth in living tissues [420]. On the other
hand, there are systems that do not require the use of activating radiation. Thus, a team
of authors from the University of Nottingham proposed an alternative means of drug
release using ultrasound at a frequency of 1 MHz. This was achieved by incorporating
a mechanoresponsive 6-nitro-substituted indoline spiropyran or its N-alkylcarboxylated
derivative into the liposomal lipid bilayer [421].

Non-toxic spiropyran 106 was proposed for using in early cancer diagnostics due
to its ability to produce an intense fluorescence response when bound to guanine
quadruplex structures [422].

The spiropyrans allow the biological activity of some compounds to be con-
trolled by changing the molecular structure [48, 423] or acidity of the medium. For
instance, spiropyran 82 can increase the antimicrobial effect of colistin against Pseu-
domonas aeruginosa upon irradiation [424], reducing the required dosage of this
antibiotic and diminishing its effect on the body. Moreover, this spiropyran itself is
non-toxic to mammalian cells. When photoacid without colistin was spiked to the
bacterial medium, a sharp decrease in the number of colonies was also observed.
However, the combined action was more effective.

Since the activity and effect of many pharmaceuticals and bioactive species
strongly depend on their optical isomeric form, it should be kept in mind that race-
mization is observed quite often in them [64, 148, 194]. Achieving stereoselectivity
in the synthesis of spiropyrans is extremely difficult due to the high rate of racemiza-
tion. Ishikawa et al. showed the possibility of racemate separation by the dynamic
enantioselective crystallization method [425]. Using compounds 107 and 108 as an
example (Scheme 24), the authors demonstrated the effectiveness of Viedma ripen-
ing to obtain crystals of one of the enantiomers. In the case of compound 107, the
possibility of separation of the racemic mixture by introducing a seed crystal of a
pure enantiomer was observed.

5 Summary and Outlook
In the current review, we have attempted to take a fresh look at the well-known fam-

ily of organic “multi-chromic” compounds—indoline spiropyrans. Although the first
representatives of these compounds were obtained more than 80 years ago, every
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new year of studies brings something new to the variety of properties and possible
applications of spiropyran systems. A variety of materials with controlled proper-
ties can be designed based on them, and the interest in this direction has increased
continuously in recent decades. In each case, the future field of application deter-
mines the properties that the compounds should have. Studies of the structure and
properties of even one family of spiropyrans described in this work are still very far
from completion. Even a small structural change can lead to a strong variation in
the rate and mutual stability of the isomeric forms. This becomes possible due to an
extremely strong dependence between the chemical hardness of the spirocycle and
the electronic effects of substituents. In addition to a direct impact on the photo-,
thermo-, and other -chromic characteristics, some substituents allow certain proper-
ties to be imparted to the system, such as water solubility, the ability to covalently
bind with the surfaces, and so on. The structure—property relationships are the key
point of material developers’ interest, which allows them to support and optimize
their work. The general pattern of currently known structure—property relationships
can be summarized as follows:

e The addition of electron-withdrawing groups into benzopyran moiety and elec-
tron-donating ones into the indoline cycle promotes the tendency of spiropyran
opening and leads to a more stable MC.

e The introduction of heteroatoms to the benzopyran moiety also facilitates pho-
toisomerization by increasing the contribution of low-lying MOs and following
decreasing the highest occupied molecule orbital (HOMO)-lowest unoccupied
molecule orbital (LUMO) gap.

e The photoinduced MC lifetime can be increased by the presence of bulky sub-
stituents prone to internal rotations near the Cg;,, due to the steric hindrances.

e Formation of an extended conjugation chain or extreme electron deficit in ben-
zopyran moiety caused by a strong —I substituent effect stabilizes an MC and can
sometimes lead to the appearance of such interesting phenomena as negative or
bidirectional photochromism.

e Solid-state photochromism is typically observed for powders or crystalline struc-
tures with a high volume of cavities (for example, cationic derivatives or spiro-
pyrans containing bulky side groups).

e Regarding acidochromic properties, the pH value of the sudden color change
point gradually increases passing from electron-withdrawing to donor sub-
stituents. The sensitivity of acid-induced isomerization depends mainly on the
strength of the acid, and the coloration of all protonated forms is similar.

e For effective complex formation, the presence of only phenolate MC oxygen is
not sufficient in most cases, and the addition of other chelating centers is neces-
sary.

Throughout the history of spiropyran research, a huge number of potential appli-
cations have been proposed in various fields of science and technology. The most
common areas of research during this time have been the creation of devices for
recording and storing information, elements of molecular electronics and photonics,
and various types of sensors. Many years of fundamental research on new properties
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of spirocyclic compounds and the application of their useful features, together with
other organic and inorganic substances, have led to the creation of a huge number
of hybrid and smart materials. Thanks to these materials, the range of applications
of spiropyrans has increased significantly, and this has happened uninterruptedly.
Nowadays, the use of this class of compounds in photopharmacology, creating drug
delivery systems, applying them as fluorescent probes and markers for bioimaging
studies, and creating mechanosensitive materials and photocontrolled molecular
photomagnets is rapidly gaining popularity. Research is also underway on the utili-
zation of spiropyrans as elements of anti-counterfeiting signs and high-level encryp-
tion, dye-sensitized solar cells, and photocontrolled conductive polymers. It is
important that in recent years, increasing numbers of unique opportunities have been
reported for the potential practical use of spiropyrans at the junction of these areas.
The clearest example of this is the design of a system for detecting mechanical dam-
age to the brain. The constantly expanding range of applications of spirocyclic com-
pounds, both by themselves and as part of hybrid and functional materials, suggests
that research on this topic is highly relevant and will remain so in the future.
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