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a b s t r a c t

Spiropyrans are among a class of organic molecules widely studied as molecular photoswitches. A
photochromic and solvatochromic spiropyran-containing Zinc (II) complex (ZnMC) was successfully
synthesized and characterized, and its chromic properties were studied. A solid complex was isolated
through a precipitation process induced by UV radiation. The binding specificities were studied by FTIR-
ATR spectroscopy and DFT calculations, demonstrating that phenolate and carboxylic acid are the binding
sites of merocyanine. Mass spectrometry and computational methods revealed the possibility of two
complexes with different geometries, tetrahedral and octahedral; the complex with tetrahedral char-
acteristics proved to be more stable and abundant. ZnMC solvatochromic properties were analyzed,
presenting a wide variation in its absorption band in the visible region. We addressed the issue of ZnMC
photodegradation in different solvents, and the observed absorbance did not vary after the first cycles for
acetonitrile, while, in tetrahydrofuran, the absorbance decayed throughout the 48 cycles of switching
between UV and visible light irradiation.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Metal ions are known to exhibit an exceedingly wide variety of
applications in chemical and biomedical processes [1e3]. There is
also a great interest in the area of identifying these metal ions, with
a growing interest in the development of new molecules that can
be used as sensors for specific metals [4]. In regard to zinc, this
metal has been used in interesting biological applications, such as
in building blocks for porous anionic bio-MOFs, used to store and
release drug molecules through a cation-triggered system [5].
Barman and co-workers showed that zinc complexes can be used in
processes of catalysis, reporting a new zinc complex containing
bulky guanidinate and amino ligands, used as a catalyst for the
lim�ericos e Supramoleculares
Federal de Itajub�a (UNIFEI),

Sousa).
intramolecular hydroamination reaction of primary and secondary
amino olefins [6]. Murugan described for the first time the syn-
thesis of a zinc complex attached in a quinoline heterocyclic ring,
used as a detector of AsO2� and H2PO4� ions in aqueous dime-
thylsulfoxide [7].

More recently, many molecules have been used as ligands of
coordination complexes; the composition of these ligands can be
modulated according to the desirable properties, and the response
to an external stimulus that induces chromism is an interesting one
[8]. Molecules that have chromic properties are gaining certain
importance in the scientific area; in this context, it is worth high-
lighting the spiropyrans, a class of photochromic organic molecules
containing two interconnected cycles through a single atom, usu-
ally a quaternary carbon [9,10].

Spiropyrans are usually stable in a colorless closed ring form,
called the spiro form (SP), and, when exposed to ultraviolet radia-
tion, suffer a reversible isomerization process creating the mer-
ocyanine form (MC), which has an open ring and presents color
varying with the chemical environment (Fig. 1) [11,12]. This process
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Fig. 1. Schematic representation of SPCOOH’s isomers and the coordination reaction between MC and Zn2þ.
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occurs through a heterolytic CeO bond breaking, followed by a
rotation of the molecule, leading to an increase of the system’s
conjugation based on the formation of new p bonds [13,14]. This
class of molecules has unique and distinct properties between their
two isomers; among them, the following are the most prominent:
the increase of the dipole moment due to the charge separation
present in MC form, which can be confirmed with Time-Dependent
Density Functional Theory (TD-DFT) calculations and electro-
optical absorption measurements; and the increased affinity of
MC to metal ions capable of forming coordination complexes [15].
Spiropyrans have a unique feature: responsiveness to various
stimuli that leads to the mentioned isomerization, such as re-
sponses to temperature (thermochromism)[16], solvent polarity
(solvatochromism) [17], pH [18,19], mechanical force [20], and
redox potential [21].

Spiropyrans with organic groups such as nitro, carboxyl, or hy-
droxyl, exhibit a phenomenon called negative photochromism in
most solvents, due to the stability achieved by the zwitterionic MC
form [22]. This behavior also occurs in high-polarity media, in the
formation of metal complexes with MC, and whenMC is embedded
in a polymeric matrix [23]. Intermolecular interactions between
solvent and solute are one of the main reasons that can explain the
stability of the MC in certain solvents since these interactions are
responsible for modifying the ground and excited state of the
molecules, leading to changes in its UVevis absorption bands [17].

Many studies of potential applications of spiropyrans have been
done, such as molecular switches (on/off systems)[24], sensor for
ions [25], drug release systems [26], photo-controlled enzymatic
activity, photocontrol of nanoparticle solubility [27], and other
studies reporting its use in coordination complexes [28]. In this
sense, studies involving spiropyrans are growing, and the way that
spiropyrans and metal ions interact still need to be elucidated,
including some characteristics of how the molecule and the metal
interact, such as binding site, molecular geometry, and chemical
stability. Recently, our research group demonstrated the capabil-
ities of SPCOOH to coordinate with Co2þ in its MC form [29]. Herein
we have combined experimental and theoretical approaches to
understand and demonstrate how zinc (II) is coordinated to
SPCOOH, utilizing the UV-induced precipitation method of our
previous work. We have also investigated the photo resistance,
solvatochromic and photochromic properties, and the electronic
structure of the complex.With the results obtained in this work, we
expect to contribute with the promising field of photodynamics,
represented, for instance, by a recent publication describing spi-
ropyran systems for acetylsalicylic acid drug delivery [30].

2. Experimental section

2.1. Reagents

All reagents from the following suppliers were used without
purification: 2,3,3-Trimethylindolenine (98%), 3-Iodopropanoic
acid (95%), 2-Hydroxy-5-nitrobenzaldehyde (98%), 4-
Methylpiperidine (96%), Tetrahydrofuran (THF) anhydrous
(�99.9%), Diethyl ether (Et2O) anhydrous (�99.0%), Acetonitrile
(MeCN) anhydrous (99.8%), Methanol (MeOH) (�99.8%), and 2-
Butanone (MEK, � 99.0%) from Sigma-Aldrich; N,N-Dime-

thylformamide (DMF), from Êxodo Científica (>99.8%); Ethanol
(EtOH, 99.5%) and Isopropanol (>99.5%), from Quimex; Dimethyl
sulfoxide (DMSO, 99.5%), from Nuclear; Acetone (Ace, 99.5%), from
Anidrol; and Zinc (II) nitrate hexahydrate (Zn(NO3)2$6H2O, 98%),
from Sigma-Aldrich.

2.2. Ligand and coordination complex synthesis

Spiropyran (SPCOOH), (l-(b-Carboxyethyl)-30,30-dimethyl-6-
nitrospiro (indoline-20,2 [2H-1] benzopyran), was synthesized ac-
cording to the literature [31], with a single modification consisting
of using 4-methylpiperidine instead of piperidine. ZnMC was pre-
pared using anhydrous THF by adding Zn(NO3)2$6H2O
(1.35 � 10�4 mol) to SPCOOH (2.70 � 10�4 mol), under N2 atmo-
sphere. The THF solution of SPCOOH was previously exposed to UV
radiation (at 365 nm), giving rise to a purple solution before adding
the Zn2þ THF solution. After the addition of the metal ion solution
into the SPCOOH solution, a color change can be observed, from
purple to reddish-orange. This solution was kept under stirring for
1 h at room temperature and then added to cold anhydrous Et2O, in
a ratio of 5:1 Et2O:reaction solution, and later irradiated with UV
light (365 nm), leading to the precipitation of a red powder. This
process was done according to the literature [29].

2.3. Experimental characterization

FTIR-ATR spectra of SPCOOH and ZnMC were recorded using a
PerkinElmer Spectrum 100 instrument equipped with a diamond
crystal ATR module (wavelength range of 650e4000 cm�1, 4 cm�1



Fig. 2. FTIR-ATR spectra of the ZnMC complex (top) and the free ligand SPCOOH
(bottom).
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resolution, and 64 scans). All UVevisible absorption spectra were
obtained at 20 ± 1 �C. Spectra were measured in the UVevisible
range (from 200 to 800 nm) using a Varian Cary 50 Scan spectro-
photometer and quartz cuvettes with a path length of 10 mm and
1.5 mL. UVevisible spectra using MeOH, IPA, EtOH, MeCN, DMSO,
DMF, Ace, MEK, and THF were obtained, in order to characterize the
ZnMC solvatochromism. The kinetics experiment was carried out
during a 16-h period for THF and a 48-h period for MeCN, obtaining
an absorption spectrum every 1 min for the first hour and every
5 min for the remaining time, with a scan rate of 2400 nm per
minute.

The synthesized complex was resuspended in methanol. Sam-
ples were submitted to mass spectrometry analysis in an Autoflex
III Smartbeam MALDI TOF/TOF spectrometer (Bruker Daltonics,
Billerica, USA). The sample was diluted in 1:1 ratio with a-cyano-4-
hydroxycinnamic acid matrix (Sigma-Aldrich, Saint Louis, USA) and
spotted in anMTP 384 Polished Steel target plate (Bruker Daltonics,
Billerica, USA). Sample-matrix co-crystallization was carried out by
the dried-droplet method [32]. External calibration was performed
by homogenizing the Peptide Calibration Standard II (Bruker Dal-
tonics, Billerica, USA) in 1:1 ratio in a-Cyano-4-hydroxycinnamic
acid matrix directly on the same target plate. MS spectrum was
obtained in positive reflected mode with 300 laser shots and an
acceleration voltage held at 15e20 kV.

NMR spectroscopy studies were performed in a Bruker AVANCE
400 MHz spectrometer with acetonitrile-d3 as the solvent. Emis-
sion spectra were obtained in a Cary Eclipse fluorescence spectro-
photometer with quartz cuvettes of 10 mm path length.

2.4. Computational details

Density Functional Theory (DFT) calculations for ZnMC (1),
ZnMC (2) and MC were carried out using the Gaussian 09 (revision
D.01) software package [33]. The geometries were optimized using
the B3LYP[34] [e] [36] functional and the 6-31G(d) [37] basis set for
all the atoms. Other works support this combination of functional
and basis set for calculations of spiropyrans compounds [38e40]
since larger basis sets present little influence on the accuracy
[41e44] or either molecular and geometrical parameters. Solvation
was taken into account by using an implicit solvation model
through the Integral Equation Formalism Polarizable Continuum
Model (IEFPCM)[45] for MeCN, ε ¼ 35.688. Vibrational analyses, in
the same theory level, were performed to ensure that the geome-
tries are true energy minima, to verify the thermodynamic pa-
rameters, and to obtain infrared spectra. The theoretical UVevis
absorption spectra were calculated with Time-Dependent Density
Functional Theory (TD-DFT) methods using the 40 lowest singlet
excited states of the complex MeCN solutions. Charges from elec-
trostatic potential using a grid-based method [46] (CHelpG) cal-
culations were made in order to define the charge distribution for
the atoms, and the Van derWaals radius used for the Zinc atomwas
139 p.m [47]. The 1H NMR shielding tensors for the ZnMC (1) were
calculated using the GIAO (Gauge-Independent Atomic Orbital)
method [48], using the same level of theory of the geometry opti-
mizations, including the implicit solvation effect of the MeCN
through IEFPCM.

3. Results and discussion

3.1. Fourier transform infrared spectroscopy with attenuated total
reflectance (FTIR-ATR)

Solid complexes were obtained through a precipitation process
induced by UV irradiation (Figure SI-1 e Supplementary Informa-
tion) and used for all analyses reported in this work. The FTIR-ATR
spectra of both the free ligand (SPCOOH) and the zinc complex
(ZnMC) are presented in Fig. 2 with some important regions
highlighted, which are crucial in determining the coordination sites
that may be involved in the complex formation. Some bands in the
spectra of the ligand are expected to change, position-wise, upon
coordinating to the metal center. In the comparison between
spectra, it is found that the carbonyl stretching (nC ¼ O) of the
carboxylic acid presents itself at 1708 cm�1 for the free ligand and
this band is shifted to lower wavenumbers in the complex, at
1591 cm�1, which is the first indicator that the carbonyl oxygen in
the carboxylic acid participated in the coordination process [29].
The SPCOOH FTIR-ATR spectrum also shows two bands at 1270 and
1028 cm�1, which are respectively attributed to the antisymmetric
and symmetric stretching of the aromatic ether (CeOeC) that is
substituted by a phenolate stretching band in the ZnMC spectrum
at 1289 cm�1 [24]. These changes in the ZnMC spectrum are in-
dications that the Zn2þ coordinated through the carbonyl and
phenolate moieties of the MC isomer, as similarly reported in other
articles [49,50].
3.2. Mass spectrometry (MALD-TOF)

MALDI TOF/TOF mass spectrometry was also utilized to char-
acterize ZnMC. It can be observed from the MS spectrum (Figure SI-
2 e Supporting Information) that the solid complex is formed by
twoMCmolecules and a nitrate coordinated to the zinc center, with
m/z ¼ 885.0 for the [M]þ. Each ligand coordinates through two
sites, forming an octahedral complex (ZnMC (2)), which will be
discussed further in the theoretical calculations section. A peak at
823.1 m/z can also be found, which refers to the complex without
the nitrate coordinated and with a coordination to two MC



Fig. 3. UVevis absorption spectra of ZnMC (2.1 � 10�5 mol/L) (I) in acetonitrile.
Fluorescence emission spectra of ZnMC (2.5 � 10�5 mol/L) at the excitation wave-
lengths of 490 nm (II) and 350 nm (III), and SPCOOH (5.5 � 10�5 mol/L) (IV) in MeCN.
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molecules arranged in a distorted tetrahedral geometry (ZnMC (1)).
The tetrahedral complex presents a high abundance relative to the
hexacoordinated one.

3.3. Nuclear magnetic resonance (NMR)

SPCOOH and ZnMC were also analyzed by means of 1H NMR
spectroscopy (Figure SI-3 and chemical shifts (d) for hydrogen in
Tables SIe3) in solutions of acetonitrile-d3, and the spectra of 1H can
be seen in Figure SI-3b. For ZnMC, signals equivalent to the free
ligand can be found (Figure SI-3a), whichwill be approached below.
Besides, homonuclear correlations 1H/1H were used to assign
ZnMC’s hydrogens (Figure SI-3c and SI-3d). The signal observed in
1.75 for ZnMC was attributed to the methyl hydrogens, which were
utilized as a reference for the integration of the other signals and
fixed as equivalent to six hydrogens. Both signals in the region
between 3.7 and 3.4 can be attributed to the two groups of meth-
ylene hydrogens of SPCOOH in its free form. However, ZnMC’s
methylene hydrogens can be assigned to the broad signal at 2.9 and
the second signal in 4.6; the latter could be integrated with a value
of two. The signals relating to the aromatic hydrogen’s region of the
spiropyran molecule coordinated are seen in the region between
6.5 and 8.6; the sum of their integrations is compatible with the
expected number.

The remaining signals present in this same region can be
assigned to the free ligand SPCOOH. This result can be confirmed by
the chemical shift compatible with those observed in Figure SI-3b;
moreover, the signals close to 8may be covered by the ZnMC signal.
The signal at 5.9 was also integrated from the ZnMC spectrum,
which is relative to one hydrogen (H-14) of the ligand, resulting in
an approximate value of 0.1. When comparing its integration with
that of signals equivalent to one hydrogen, it can be inferred that
the proportion of SPCOOH in the ZnMC sample is approximately
10%. The presence of the ligand may be correlated with the equi-
librium between the coordinate and the free forms that can coexist
in a solution equilibrium, even when maintained in the absence of
radiation.

3.4. UVeVis absorption spectroscopy

Among the information UVevis absorption spectroscopy can
provide, the occurrence of binding events is one of its most useful.
Spiropyrans, as previously mentioned, can be found in its colorless
closed-ring form, labeled SP, and its colored open-ring form, named
MC. When in SP form, they are known to display two absorption
bands in the UV region of the spectrum, which are attributed to p-
p* electronic transitions between the two halves of themolecule, in
the regions of indoline and benzospyran [51]. After exposure to UV
radiation (l¼ 365 nm), the isomerization gives rise to theMC form,
which presents a broad band at 563 nm in MeCN (Figure SI-4), for
SPCOOH. This band in the visible region of the spectrum detected
for MC refers to the extensive p-electron conjugation present in the
molecule after the ring-opening isomerization. A comparison be-
tween ZnMC (curve I, Fig. 3) and MC’s absorption spectra obtained
in solution of MeCN reveals a blue shift of 73 nm for the bands in
the visible region of the spectrum, with the maximum absorbance
for MC at 563 nm and 490 nm for the ZnMC complex; this is
another indicator of the occurrence of the complexation reaction.

In Fig. 3, the emission spectra for ZnMC in two different exci-
tation wavelengths (curves II and III, Fig. 3) can be observed, and it
was found that the intensity of the fluorescence is higher at 490 nm.
The MC isomer of spiropyrans is also known to present fluorescent
properties, for the same reason mentioned above. However, at
similar molar concentrations in comparison with the complex, the
MC fluorescence was not observed (curve IV, Fig. 3), meaning that
its fluorescence was highly intensified after forming a complex
with the zinc ion. This increase in the fluorescence intensity may be
attributed to the complex mainly due to zinc, as it has been shown
in other reports that not every spiropyran complex exhibits this
behavior [28]. The emission spectra were obtained by scanning the
maximum excitation wavelength and fixing those wavelengths for
the complex, using MeCN as the solvent. It is worth noting that
SPCOOH was previously exposed to 5 min of UV radiation before
the spectrum was obtained.

A kinetics experiment of the complex dissociation was per-
formed (Figure SI-5) to evaluate ZnMC stability in solution, which is
also a property of interest when dealing with spiropyrans. ZnMC
solutions using tetrahydrofuran (THF) and acetonitrile (MeCN)
were compared. Using THF, a sharp decline in the absorbance was
observed in the first hour of analysis, followed by stabilization at,
approximately, 400 min; the total time of analysis was 16 h
(960 min). In MeCN, however, the absorbance presented a minor
decline (of about 5%) in the first hour and then remained stable
throughout the rest of the analysis, which lasted for a total of 48 h
(2880 min), showing that ZnMC is stable in MeCN if there is no
influence of radiation in the system.
3.5. Theoretical calculations

The geometrical parameters of the coordination site for both
complexes, obtained through the methodology presented in sec-
tion 2.4 (Fig. 4 and Tables SIe6), presents the ZnMC (1) complex
with a tetrahedral geometry, although slightly distorted with an-
gles between the Zn atoms and the oxygen atoms of the ligands
varying from 90.6� up to 127.8� in the coordination sphere
(Tables SIe6). The ZnMC (2) presents a distorted octahedral ge-
ometry with the sharpest angle of 58.8� located between Zn and
the oxygens of coordinated nitrate ion in the equatorial position,
while the oxygens from the MC ligands coordinated to zinc atom
form angles of approximately 87�. In the axial position, the coor-
dinated atoms describe an angle of 164.7� with the metal center.
The results also revealed that the complex is more stable when
coordinated by two oxygens of a single nitrate instead of one ox-
ygen of each nitrate anion. Both structures are also presented in
high resolution in Figure SI-7.

Comparing the bond lengths of the C]O bond for both the
phenolate carbonyl group and the carboxyl acid carbonyl of the
complexes with the free MC ligand (Table 1), a small increase in the



Fig. 4. Optimized structures for the (a) MC ligand, (b) ZnMC (1) and (c) ZnMC (2) complexes. Nitrate counterions were omitted in order to improve the visualization.

Table 1
Selected bond lengths (in Å) for both complexes and the free MC ligand.

Structure C (2)eO (2) C (3)eO (3) C (1)eO (1) C (4)eO (4)

MC 1.21 1.21 1.24 1.24
ZnMC (1) 1.24 1.25 1.29 1.29
ZnMC (2) 1.23 1.23 1.28 1.29
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bond length for the atoms in the coordinated merocyanine was
detected, meaning that the oxygens atoms are loosely bonded to
the carbon due to the coordination with the zinc metal center.

The charge distribution analysis using the CHelpG methodology
(Tables SIe8) confirms the coordination of the zinc atom by the
oxygens of the ligands. In both zinc complex and free MC ligands, a
negative charge is detected in the pyrrolic nitrogen, suggesting the
absence of a zwitterionic form in the MC ligand. According to
several works[38,40], such results may suggest a possible coordi-
nation site in this nitrogen, although the small ionic radius of the
zinc atom and the steric hindrance from the ligands may prevent
this possibility. The metallic ion presents a strong positive charge,
while all coordinated oxygens have negative charges higher than
those of the free MC ligand. The carbon atoms directly connected to
the coordinated oxygen show an increase in the positive charge,
suggesting a polarization in the bond between the atoms while
coordinated. This behavior is even more pronounced in the ZnMC
(2) complex.

The thermochemical parameters obtained at 298.15 K from
frequency calculations revealed that the tetrahedral complex,
ZnMC (1), is more stable in the MeCN solvent if compared with the
octahedral structure, ZnMC (2), with a difference in the Gibbs free
energy of �3.8 kcal/mol. Additionally, the change in enthalpy
is �4.1 kcal/mol and the entropic term (TDS) varies by �0.3 kcal/
mol. The thermodynamics data allow concluding that, besides the
tetrahedral complexes being more stable, both species exist in so-
lution in a dynamic equilibrium situation. Therefore, an analysis of
the mass spectrum leads to the conclusion that the small peak re-
fers to the loss of the nitrate group arising from the octahedral
structure, while the most dominant peaks appear due to the
tetrahedral complex.

The theoretical electronic absorption spectra in the UVevis re-
gion (Figure SI-9) in MeCN of ZnMC (1) presents the main band
with a maximum at 455 nm (Fig. 5), while the free MC ligand
presents a maximum at 497 nm in the main absorption band
(experimental data lmax¼ 516 nm). For ZnMC (1), the HOMOorbital
is almost degeneratedwith the HOMO-1 orbital, showing an energy
difference around 0.02 eV; the same phenomenon happens to the
LUMO orbital which has an energy gap of 0.04 eV to the LUMOþ1
orbital. The gaps between HOMO-1/HOMO, and LUMO/LUMOþ1 in
the octahedral ZnMC (2) complex, are respectively 0.05 eV and
0.04 eV, also implying some degree of degeneracy. For this reason,
in Fig. 5, the presented transitions are those associated with the
highest calculated oscillator strength and electronic transition
participation occurring between HOMO/LUMO and HOMO-1/
LUMOþ1 for ZnMC (1), and HOMO-1/LUMO and HOMO/LUMOþ1
for ZnMC (2). Both pairs of molecular orbitals, HOMO-1 and HOMO,
and LUMO and LUMOþ1, are almost energetically degenerated; this
result is associated with small differences in the structure of the
coordinated ligands in each of the complexes since they present
distorted geometry.The differences in the bond lengths and di-
hedrals of MC ligands involved in double-bond conjugated systems
contribute to the slight asymmetry of the orbitals since the mo-
lecular orbitals involved in these transitions are located at the MC
ligand.

NMR calculations were carried out in order to endorse the
experimental results and also to elucidate the most stable metal
complex structure, ZnMC (1). The 1H NMR d for the selected atoms
was obtained on a scale relative to TMS (tetramethylsilane) which
was also optimized in the same theoretical level (Tables SIe3). The
calculated d for methyl hydrogens of ZnMC (1) shows good agree-
ment with the experimental data, with a small divergence of 4%
between themean of calculated shifts (d 1.83) and the experimental
peak (d 1.74). For the methylene hydrogens of the carboxyl acid
ligand, the calculated d are 4.47 for the H-19 (4.67 in the experi-
mental results) and 3.49 for the H-20 (2.94 in the experimental
results). The hydrogens of the indole ring (H-1, H-2, H-3, H-6) are
characterized by shifts in the region from 7.35 to 7.60, while the
higher shifts in the region around 7.70 and 8.83 refer to the hy-
drogens of benzopyran rings (H-13, H-14, H-15, H-16, H-18). Thus,
the theoretical results corroborate the experimental data in which
the signals of aromatic hydrogens lie in the region between 6.5 and
8.6.

The infrared spectrumwas determined by vibrational analysis in
the same theory level of the optimized geometry for the ZnMC (1)
(Figure SI-10). The obtained frequency values were multiplied by a
scale factor of 0.960 [52] in order to provide more accurate results.
Comparisons between the experimental data (Fig. 2) and the ZnMC
(1) theoretical spectrum are in good agreement, with the detected
vibrational mode for the carbonyl stretch (nC ¼ O) in the experi-
mental FTIR-ATR spectrum located at 1591 cm�1, while the theo-
retical calculations present this mode at 1622 cm�1. The phenolate
stretch (nC-O) for the tetrahedral complex is observed at
1300 cm�1, which supports the experimental data that shows this
stretching at 1289 cm�1 and, therefore, confirms the characteriza-
tion as well as the coordination mode described in section 3.1.
3.6. Solvatochromism

Whenever changes in the chemical environment, such as



Fig. 5. Molecular orbitals participating in the main electronic transitions calculated in the UVeVis region in MeCN for the (a) ZnMC (1), lmax ¼ 455 nm and (b) ZnMC (2),
lmax ¼ 477 nm. Experimental ZnMC UVeVis lmax ¼ 490 nm.
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modifications in the polarity of solvents, cause a compound to
change its color due to variations in either its absorption or emis-
sion spectra, a phenomenon that is known as solvatochromism
takes place[8]. This property is usually contemplated in molecules
containing an extensivep-conjugated electron system, which is the
case of spiropyrans, and it is only one of themany chromisms found
for this class of molecules [15]. The solvatochromic experiment was
carried out in nine different solvents with distinct polarities and
solvent parameters (methanol e MeOH, ethanol e EtOH, iso-
propanol e IPA, acetonitrile e MeCN, dimethyl sulfoxide e DMSO,
dimethylformamide e DMF, acetone e Ace, 2-butanone eMEK and
tetrahydrofuran e THF). The solvents were sorted in order of
decreasing polarity using the Reichardt ET (30) solvent polarity
parameter [53], as presented in Table 2.
Table 2
Solvent polarity and maximum absorbance to ZnMC and MC.

Solvents ET (30) lZnMC/nm lMC/nm [29]

MeOH 55.4 520 e

EtOH 51.9 524 538
IPA 48.4 541 e

MeCN 45.6 475 552
DMSO 45.1 563 564
DMF 43.2 563 566
Ace 42.2 486 570
MEK 41.3 414 e

THF 37.4 516 585
Results indicate that ZnMC exhibited a different absorbance
maximum in each solvent (Figure SI-11), ranging from 414 to
563 nm, confirming the solvatochromic property of the complex.
However, differently than what is commonly observed in free spi-
ropyrans molecules[22],there is no clear pattern for the changes in
the solvatochromic properties of ZnMC, indicating that the d or-
bitals of Zn2þ are interacting with MC’s HOMOs and changing the
way the intermolecular interactions affect the energy gaps between
the ground and excited states in each solvent [54,55].
3.7. Reversibility experiment

The photostability of compounds containing spiropyrans is a
meaningful parameter to evaluate the viability of possible appli-
cations and a property of interest reported in many recent articles
[56,57]. The photostability of ZnMC was evaluated by submitting
the complex to cycles of UV radiation and visible light and
measuring the variation of absorbance at wavelengths of the visible
region of the spectrum. The reversibility experiment was per-
formed in MeCN and THF, with a total of 48 cycles for each solvent;
each cycle consisted of 30 s of UV irradiation (l¼ 365 nm) followed
by 30 s of irradiationwith visible light (l¼ 436 nm) (Fig. 6). Results
showed that ZnMC suffers from photodegradation in both solvents;
although in THF (Fig. 6b) the decrease in absorbance happened
slowly and constantly, in MeCN (Fig. 6a) the complex presented
acceptable reversibility in the first 2 cycles and further decreases in
absorbance were not observed in subsequent cycles.



Fig. 6. Absorbance measured for switching cycles of radiation (UV and visible) for (a) MeCN at 490 nm and (b) THF at 516 nm.
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4. Conclusion

We present herein a synthesized spiropyran derivative complex
with zinc (II) as the metal center. Experimental characterization
analyzes comprising vibrational spectroscopy, absorption spec-
troscopy, mass spectrometry, NMR spectroscopy, and emission
spectroscopy were combined with computational methods to
provide a more profound understanding of the binding aspects
between SPCOOH and Zn2þ. Some properties of ZnMC were also
studied, such as its solvatochromic characteristics, which proved
not to follow any pattern regarding common solvent parameters,
contrary to what is expected for spiropyrans in general. Photo-
stability studies were also carried out for the complex in MeCN and
THF, and results showed a decreasing absorbance for the complex
in THF and that ZnMC is only reversible in the first 2 cycles inMeCN.
This complex also has an enhanced fluorescence intensity
compared to the free ligand, while retaining the characteristic
reddish-orange emission of the spiropyran. These properties can be
further studied for applications as sensors, fluorescent markers,
and photochromic polymeric materials.
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