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The interaction of photochromic 8-methoxy-1',3",3'-trimethyl-6-nitro-spirolchromene-2,2'-indole]
(MNSP) spiropyran with copper(i) hexafluoroacetylacetonate yields a deep red-violet solution due to a
coordination-induced transition of MNSP from its closed form to the colored, open merocyanine (MC)
form. The crystal structure of {Cu'(hfac),-MNSP} (1) shows coordination of two oxygen atoms in MNSP to
Cu", forming a distorted octahedral geometry with four short (1.94-1.97 A) and two longer (2.22-2.44 A)
Cu-0 bonds. The yuT value of 0.43 emu K mol™ at 300 K corresponds to a g-factor of 2.16 for Cu" (S =
1/2). The electron paramagnetic resonance (EPR) signal fits well with g, = 2.071, g, = 2.347 (giso = 2.167),
and A; = 420 MHz. Slow magnetic relaxation is observed under a static magnetic field of 2000 Oe with y”
() curves showing well-defined maxima in the 2.0-6.0 K range. The dependence of In(z) vs. 1/T is well
described using a linear combination of direct and Raman relaxation mechanisms. A magnetic hysteresis
loop is observed at 0.5 K, classifying complex 1 as a single-ion magnet. This loop closes at zero field due
to quantum tunneling of the magnetization but reopens at fields exceeding +100 Oe. Pulsed EPR spec-
troscopy reveals quantum coherence with T,,, ~ 0.3 ps at 10 K. The spin-lattice relaxation time, T; =
0.7 ms, correlates well with values obtained from AC susceptibility data. A blue shift of 40-60 nm in the
main absorption band of the open MC form of MNSP is observed upon complex formation. The complex
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dissociates in dilute solutions but reforms reversibly under ultraviolet (UV) and green light excitation. It
remains stable in concentrated solutions or films. In solution, green and UV light reversibly switch the
ligand between the open and closed forms within the complex, whereas only partial switching is observed

rsc.li/dalton in films.

1. Introduction

Photochromic spiropyran molecules can reversibly switch
between the closed spiropyran (SP) and open merocyanine
(MC) forms in response to different stimuli."”> The MC form
exhibits an intense absorption in the visible range due to its
nearly planar structure, enabling n-conjugation.’ Therefore,
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the reversible SP-MC transformation alters the color of the
compound and affects its properties.'” External stimuli
include light, temperature, solvent polarity, metal complexa-
tion, and others.**> Photochromic molecules find applications
in photoswitchable devices, energy acceptors, sensors, optical
elements, and rewritable data storage devices.®

Spiropyrans contain oxygen atoms that, in the MC form, are
available for coordination with metal ions (Scheme 1), forming
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Scheme 1 Transition of photochromic 8-methoxy-1',3",3'-trimethyl-6-
nitro-spiro[chromene-2,2'-indole] (MNSP) from its closed SP form to the
open MC form upon coordination of its oxygen atoms to a metal center,
and possible photoswitching of the ligand within the complex.

coordination complexes. These were first described nearly 60
years ago by Philips and Taylor.” Spiropyrans can be photore-
sponsive even within several known complexes,® offering
potential applications in the design of stimuli-responsive
materials. Specifically, coordination assemblies of spiropyrans
with paramagnetic metals are promising candidates for the
design of photoswitchable magnetic materials. Among these,
bistable magnets, whose properties can be influenced by light
or other stimuli, are of particular interest; however, such
assemblies are rare.

Recently, a dimeric complex of manganese(n) hexafluoroa-
cetylacetonate {Mn"(hfac),} and Fe""X; (X = Cl and Br) with the
photochromic spiropyran ligand 1',3',3'-trimethylindolino-
B-naphthopyrylospiran (TMI-NPS) was reported.” The spiro-
pyran ligand coordinates with two Mn" ions, inducing ferro-
magnetic coupling between them. Their spins align parallel to
each other within the dimer, resulting in a high-spin § = 5
state at 2 K.>* Complexes of Dy and Yb with substituted spiro-
pyrans were also developed. The Dy complex exhibited single-
ion magnet (SIM) behavior with a magnetization reversal
barrier (Ueg) of 150 cm™.'° A complex of bidentate 8-methoxy-
1',3',3-trimethyl-6-nitro-spiro-[chromene-2,2-indole] ~(MNSP)
with Co"(hfac), was obtained which exhibited slow magnetic
relaxation under a 1000 Oe external magnetic field."" Recently,
SIMs were obtained through axial coordination of two
TMI-NPS ligands to the Dy and Tb ions in (TBAY)
{(TMI-NPS),-La"",}"-0.5CcH,Cl,. The Dy compound showed
zero-field SIM properties up to 8 K with a high magnetization
blocking barrier (Ueg = 470 em™"), whereas the Tb complex
exhibited field-induced SIM properties under a 2000 Oe mag-
netic field."?

In addition to Co"(hfac),,'" coordination complexes of
MNSP with Sb™Cl;, Zn"Cl,-EtOH, and ZnBr,-EtOH units were
also synthesized and structurally characterized.”® Studies
showed that Cu", Zn", Ni", and La™ ions bind to two MNSP
ligands, whereas Ca" binds to four."*®¢
plexes are photoresponsive.® Therefore, we chose this spiro-

Some of these com-
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pyran to prepare a potentially photoswitchable magnetic com-
pound. Among various paramagnetic transition metals, copper
(1) complexes are of particular interest for magnetic studies.
Despite the lack of zero-field splitting in the Cu(u) ion (S = 1/
2), slow magnetic relaxation under an applied DC field has
been observed in its complexes."”” An especially promising
application involves the use of Cu" ions as molecular spin
qubits owing to their stable spin coherence.'® The MNSP spiro-
pyran (Scheme 1) in its MC form contains two oxygen atoms
available for coordination, allowing MNSP to coordinate to
Cu"(hfac), forming an octahedral Cu™ environment. The inter-
action of MNSP with Cu"(hfac), turns the toluene solution
deep red-violet, indicating a coordination-induced transition
of the spiropyran from the closed SP form to the open MC
form. In this study, complex Cu(hfac),-MNSP (1) was obtained
as high-quality single crystals, and its structure along with its
optical and magnetic properties were studied. The complex
exhibits field-induced slow magnetic relaxation and displays
even hysteresis loops at 0.5 K, qualifying it as a Cu-containing
field-induced SIM. Although several Cu™ complexes with field-
induced slow magnetic relaxation have been reported,'®
complex 1 represents the first such system with a photochro-
mic ligand which can display magnetic hysteresis as well. Spin
coherence on Cu" nuclei was also demonstrated in 1.
Complete switching from the closed SP form to the open MC
form occurs under UV light excitation of the solution, whereas
green light completely switches MNSP ligand back to the
closed SP form within the complex. In films, however, only
partial switching is achieved. Thus, this magnetically active
compound shows photoresponsive behavior at least in
solution.

2. Results and discussion
a. Synthesis

Mixing Cu"(hfac), and MNSP in either o-dichlorobenzene or
toluene yields a red-violet solution over 24 h, indicating the
formation of the open MC form of MNSP due to coordination
of both oxygen atoms (Scheme 1) to Cu"(hfac),. Better crystals
are obtained from toluene than from o-dichlorobenzene.
Precipitation of crystals from dilute toluene solutions by
n-hexane yields two phases: very thin red needles and large,
red-violet dark prisms. Both types of crystals contain
Cu"(hfac),-MNSP; however, the crystal structure of the red
needles could not be determined with good precision due to
their very small size. Consequently, only unit cell parameters
are provided for these crystals in the Experimental section. By
contrast, the crystal structure of the red-violet dark prisms was
determined with good precision. A similar synthesis per-
formed in a concentrated Cu"(hfac),-MNSP solution (with
toluene volume reduced fourfold) yielded only large dark red-
violet prisms with a good yield (64%) and no admixtures.
Therefore, we studied the properties of Cu"(hfac),-MNSP (1)
phase prepared in its pure form. Elemental analysis was
carried out to determine the obtained composition. Although
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the synthesis was conducted under anaerobic conditions,
complex 1 is stable in air as a crystalline solid, film, or concen-
trated solution.

b. Optical stpectra

The starting MNSP is nearly transparent in the closed SP form.
However, during the KBr pellet preparation under pressure,
the obtained pellet turns blue, indicating partial formation of
the open MC form. Therefore, the spectrum of MNSP in the
KBr pellet contains bands attibutable to both the closed and
open forms of the ligand.

Initially we studied the absorption spectra of starting MNSP
in toluene solution (5.91 x 10~ M) before and after UV-light
(366 nm) photoexcitation. The initial solution is transparent,
indicating that the open MC form does not form in low-
polarity toluene. A brief UV excitation (15 seconds) turns the
solution blue, and a new intense band appears in the spec-
trum at 603 nm (Fig. S37), attributed to the photoinduced
open MC form of MNSP. As previously discussed, the open
form of MNSP can also form under pressure during KBr pellet
preparation where the lowest-energy absorption band is at
557 nm. Thus, the open MC form of MNSP exhibits different
position of lowest-energy absorption bands in solution and
solid state with a 46 nm blue shift observed for the spectrum
measured in KBr pellet.

Complex 1 in a KBr pellet shows an intense red-violet color
with a lowest-energy absorption band at 518 nm. The non-co-
ordinated open MNSP (formed under pressure in KBr pellet)
exhibits this band at 557 nm; threfore, complex formation
induces a 39 nm blue shift in this band (Fig. 1a). No distinct
near-infrared (NIR) bands appear in the complex 1 spectrum,
but the absorption decreases to zero only below 1500 nm
(Fig. S2bt), indicating weak broad absorption bands between
900 and 1300 nm, supported by density functional theory
(DFT) calculations (Table S3t). The starting Cu"(hfac), shows
absorption bands at 227 and 312 nm (Fig. S2at) and does not
contribute to the visible-range absorption in complex 1.

Complex 1 in toluene solution exhibits an unusual behav-
ior. To obtain a qualitative spectrum, the starting solution of
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complex 1 was diluted ~100-fold, yielding a low-concentration
solution of this complex (5.91 x 10~° M). However, under these
conditions, the solution decolorizes within minutes, indicat-
ing dissociation of the complex. Interestingly, immediately
after dilution, the solution turns blue, indicating the for-
mation of the open MC form of non-coordinated MNSP, after
which the solution color slowly disappears. Therefore, a quali-
tative spectrum of complex 1 cannot be obtained at low con-
centration. Increasing the concentration 50-fold stabilizes the
complex in solution for a long time. The coordinated and non-
coordinated MNSP in the open form exhibit different lowest-
energy absorption bands at 547 and 603 nm, respectively, indi-
cating a 56 nm blue shift upon complex formation. This differ-
ence clearly reveals the open form of the ligand in its non-co-
ordinated state which may appear under photoexcitation. We
therefore conclude that this form is not produced in the pres-
ence of Cu"(hfac), as evidenced by the absence of the band at
603 nm (Fig. 547).

The first experiment was conducted using a low-concen-
trated solution (5.91 x 10~ M) (Fig. S41). Initially, the complex
is absent. Upon 15 s of UV light excitation the solution turns
red-violet, indicating complex formation, and a new absorp-
tion band appears at 547 nm. This band gradually decreases in
intensity over 12 min, signaling dissociation of the complex.
Extending UV exposure to 30 s enhances the transformation
and prolongs the dissociation of the complex to 15 min. This
switching is completely reversible and can be repeated mul-
tiple times.

The ligand-state switching within the complex was also
studied in a more concentrated solution (8.87 x 10™> M). At
this concentration, the complex does not completely dissociate
and remains partially stable for a long time (starting curve in
Fig. 1b). UV irradiation (366 nm) within 30 seconds increases
the intensity of the 547 nm band, indicating the photoinduced
complex formation. Subsequent exposure to green light
(548 nm) decolorizes the solution within 15 min, suggesting
complete switching of the ligand to the closed SP form.
Although dissociation of the complex may contribute to this
process, the spectrum of the starting solution (Fig. 1b) shows
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Fig. 1 (a) Spectra of starting MNSP and complex 1 in KBr pellets prepared under anaerobic conditions; (b) complete photoswitching of the ligand in

the complex under the UV and green light excitation in toluene solution (concentration = 8.87 x 107> M); (c) partial photoswitching of the ligand in
the film of Cu''(hfac),-MNSP complex under green and UV light excitation in aerobic conditions (only part of the spectrum is shown).
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that the dissociation is incomplete under these conditions.
This completely reversible switching can be repeated many
times; two representative cycles are shown in Fig. 1b.

Complex 1 remains stable in film for a long time even
under air. Green light excitation partially decreases the inten-
sity of the band associated with the open MNSP in the
complex with the switching degree increasing with exposure
time (compare 10 and 20 min in Fig. 1c). However, prolonged
exposure is needed for further reduction in the band intensity.
A partial restoration of this band occurs after 8 min of UV light
exposure. Similar behavior is observed under anaerobic con-
ditions. Thus, contrary to the solution state, only partial
switching of the ligand occurs in the film.

The infra-red spectrum of complex 1 is shown in Fig. S1f
with peak positions listed in Table S1.f The spectrum rep-
resents a superposition of bands from MNSP and Cu"(hfac),.

c. Crystal structure

The crystal structure of complex 1 was studied at 100 and
250 K (Fig. S57). Although complex 1 is isostructural with the
previously reported Co"(hfac),-MNSP,'* several notable differ-
ences are observed between the two. The Co"(hfac),-MNSP
complex undergoes a transition at 170 K with a 5.5% decrease
in unit cell volume, affecting its magnetic properties.'" In con-
trast, such transition is not observed for complex 1; as temp-
erature drops from 250 to 100 K, its unit cell volume decreases
gradually by only 43 A® (2.6%). The MNSP ligand coordinates
through two oxygen atoms to Cu(hfac), forming an octahedral
coordination environment with six O atoms around Cu"
(Fig. 2). SHAPE analysis'” suggests that an octahedral geometry
best describes the Cu™ coordination environment (Table S27).
A similar, distorted octahedral environment is observed for
Co" in Co"(hfac),-MNSP,'" although the geometries for cobalt

1.971(1)

22201

Fig. 2 Experimental crystal structure of 1. (a) Visualization of the
Cu'"(hfac),-MNSP unit in complex 1 at 100 K. Oxygen is red, fluorine is
light green, carbon is brown, nitrogen is blue, and copper is violet. An
Ortep drawing with equivalent isotropic atomic displacement para-
meters is shown. (b) and (c) Depiction of the distorted octahedral sur-
rounding of Cu'" formed at the interaction with six oxygen atoms from
hfac and MNSP at 100 and 250 K, respectively. The length of the Cu-0O
bonds is shown. Only PhO,Me fragment of MNSP is depicted.
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and copper coordination differ. In 1, four oxygen atoms form
four short Cu-O bonds (1.94-1.97 A), resulting in square-
planar geometry (Fig. 2b and c), while the other two Cu-O
bonds are elongated to 2.220(2) and 2.436(2) A at 250 K. These
two oxygen atoms lie above and below the O, square plane,
creating an axially elongated octahedral geometry. Upon
cooling to 100 K, the short Cu-O bond lengths remain
unaffected, while the longest Cu-O bond length is slightly
shortened from 2.436(2) to 2.421(1) A (Fig. 2b and c). The octa-
hedrality slightly decreases at 100 K (Table S27)."7
Interestingly, this geometry resembles that of previously
studied Cu"(hfac), complexes with pentaheterocyclic tripheno-
dioxazine and other related Cu™ complexes in which the Cu"
coordination environment is close to an axially elongated octa-
hedron or square. Such complexes generally show field-
induced slow magnetic relaxation (Table 1)."

The Cu"(hfac),-MNSP units form chains along the a axis
where the NO, acceptor group of one ligand is positioned
above the phenyl ring of MNSP from the neighboring
Cu"(hfac),-MNSP unit, with N---C and O---C contacts in the
3.24-3.26 A range at 100 K (Fig. S61). The shortest Cu---Cu dis-
tance is observed between the adjacent chains (7.50 A), while
the Cu---Cu distance within the chains is 10.88 A. Both these
distances are rather long, indicating the possibility of only
weak intermolecular Cu---Cu coupling in this complex.

Upon green-light irradiation, the excitation of the
Cu"(hfac),MNSP complex switches MNSP ligand from the
open MC form to the closed SP form. To elucidate the struc-
ture of this complex in the excited state, DFT calculations were
carried out (Fig. 3)."® In the excited state, only one oxygen
atom of the OMe group in MNSP remains available for coordi-
nation. This bond is elongated from 2.42-2.44 A (experimental
data at 100 and 250 K) to 2.69 A (excited state). Therefore, the
energy of its formation is much lower than that of the
Cu"(hfac), complex with the open MC form of MNSP (see
further discussion in the Theoretical section).

d. Magnetic properties of complex 1

The yuT value for complex 1 at 300 K is 0.43 emu K mol™*
(Fig. 4a) which is close to the spin-only value of 0.375 emu K
mol ™" for a system with one independent S = 1/2 spin at g = 2.
The ymT value remains constant upon cooling down to 5 K

Table 1 Optical spectral data of starting MNSP and its complex with
Cu'(hfac), in toluene solution and KBr pellet

Absorption bands in the

Compound and state UV-optical and NIR range, nm

MNSP

Solution, closed 355

Solution, open (excited) 289, 365, 603

KBr pellet 214, 248, 284, 356, 557
1)

Solution 303, 372, 547

KBr pellet 303, 357, 518

NIR: near infra-red; UV: ultraviolet.
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Fig. 3 Molecular structure of the Cu'(hfac),MNSP complex with the
closed MNSP form based on DFT calculations.
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Fig. 4 (a) Temperature-dependent yuT values measured at H = 1 kOe
and (b) field-dependent magnetization for complex 1 at 2 and 5 K.
Experimental data are shown as open circles, with data fitting (with PHI
program)*® represented by solid red curves; (c) dependence of relaxation
times In(z) on reciprocal temperature for complex 1 under Hpc = 2000
Oe. The solid red line represents the Arrhenius approximation based on
the sum of the direct and Raman relaxation mechanisms; (d) hysteresis
loops for polycrystalline complex 1 at 0.5 K with the inset picture exhi-
biting an expanded view of the variable-field magnetization near zero
field.

below which a slight decrease in y\T value is observed. This
decrease is likely due to weak intermolecular antiferro-
magnetic coupling between Cu" spins. A simultaneous fit was
carried out for the temperature dependence of y\7T (Fig. 4a)
and the magnetization versus the magnetic field at 2 and 5 K

12184 | Dalton Trans., 2025, 54, 12180-12188
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(Fig. 4b) by using the PHI program.'® Hamiltonian used for
these calculations is provided in the ESIL.} Anisotropic g-factor
values were derived from fitting the electron paramagnetic
resonance (EPR) spectrum of polycrystalline complex 1
measured at 4.2 K (Fig. 5a). This spectrum was well fitted
using the EasySpin program®® with the following parameters:
gy =2.071, g, = 2.347 (giso = 2.167), and A, = 420 MHz (Fig. 5a).
Notably, the same signal parameters were observed in both 0.1
and 1 mM glassy solutions of complex 1 (Fig. S12t), whereas
the EPR spectrum of pure Cu"(hfac), exhibits essentially
different parameters (Fig. S131). Such g-factors have previously
been reported for different Cu" complexes showing field-
induced slow magnetic relaxation (Table 2) and are indicative
of easy-axis-type magnetic anisotropy, a feature typical of such
complexes. Consequently, an isotropic g-factor of 2.16 and a
small antiferromagnetic intermolecular exchange interaction
parameter (zJ) of —0.02 cm ™" were obtained for 1 (Fig. 4a). The
EPR data support the Cu" g-factor values derived from SQUID
analysis. This antiferromagnetic coupling most likely occurs
along the chains (Fig. S6f) containing the MNSP ligands
because weak n-n stacking and short intermolecular contacts
are present between the MNSP ligands despite the shorter
Cu---Cu distance of 7.50 A between adjacent chains. This weak
antiferromagnetic coupling is further supported by the small
negative Weiss temperature of —2 K (Fig. S81). The magnetiza-
tion of complex 1 does not saturate up to an applied magnetic
field of 50 kOe at 2 and 5 K, reaching values of 0.98 and
0.6545N,, respectively (Fig. 4b).

Dynamic magnetic susceptibility measurements were
carried out for complex 1. AC measurements at applied exter-
nal DC fields up to 5000 Oe (Fig. S10%) revealed intensive out-
of-phase signals in the y”(v) curves with the optimal DC field
determined to be 2000 Oe (Fig. S10b¥), indicating slow mag-
netic relaxation under the applied static magnetic field. At
2000 Oe, the y"(v) curves recorded over the frequency range of
10-1500 Hz exhibit well-defined maxima between 2.0 and
6.0 K (Fig. S11bt). The resulting plot of In(z) as a function of
inverse temperature for the relaxation process is shown in
Fig. 4c. The experimental data were fitted well using eqn (1)
which is a linear combination of the direct and Raman mecha-

— R
——Sim.

n

Intensity (arb. units)

Integrated Echo Intensity (a.u.)
L

250 300 350 400 0 3 0 15 %
Magnetic field (mT)

Time (us)

Fig. 5 (a) EPR spectrum of complex 1 measured at 4.2 K, with spectrum
fitting performed using EasySpin software.?® Fitting parameters are
shown in the main text; (b) pulsed EPR ED traces for a 0.1 mM glassy
solution of complex 1 at 10 K (black: experimental, red: fitting).
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Table 2 Magnetic data for the Cu' complexes showing field-induced slow magnetic relaxation

EPR
Compound Coordination environment g1 gL Relaxation mechanisms and parameters Ref.
[Cu(pydca)(dmpy)]-0.5H,0 O,N,, axially elongated octahedron ~ 2.051, 2.385 Raman + direct + QTM 15a

C1=4.3(2)x10% s K™, n =5 (fixed)

C,=5.2(4)x10*s ' K, Hpc=0.5T
[Cu(12-TMC)CI][BPh,] N,Cl, square pyramid 2.07,2.22 Raman + direct + QTM 15b

C1=8.31(3)s ' K", n=3.10(2)

C,=1838.51(9) s ' K ', Hpc = 0.15T
2[Cu(H,TCPP)]-4.5DMF-1.5H,0  N,, square 2.065, 2.2 Raman + direct 15¢
[{CuTCPP}Zn,(H,0),]-2DMF n=1.4-1.7 for Hpc = 0.1-0.3 T

n=0.7 for Hpc = 0.5 T
[Cu(hfac),(CITDPO)], 0O,N,, axially elongated octahedron ~ 2.064, 2.333 Raman + direct 15d

C1=52.1(8) s K™, n=2.11(7)

C,=8.5(5)x10"°s 'K, Hpc = 0.05T
Cu"(hfac),-MNSP O, axially elongated octahedron 2.071,2.347  Raman + direct This work

C;=83.1+35K"s %, n=2.04+0.03
C,=0.92+0.05K s, Hyc=0.20T

pydca: pyridine-2,6-dicarboxylato; dmpy: 2,6-dimethanolpyridine; 12-TMC: 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclododecane; TCPP: 5,10,15,20-
tetrakis(4-carboxy-phenyl)porphyrin; CITDPO: 2,4-di-(tert-butyl)-9-chlorobenzo[5,6][1,4]oxazine[2,3-b]-phenoxazine; QTM: quantum tunneling of

the magnetization.

nisms. The fitting parameters for complex 1 are C; = 83.1 +
35K "s™, n=2.04+0.03,and C, = 0.92 + 0.05 K ' s7%.

7' = CT" + C,T (Raman + direct) (1)

Magnetic hysteresis loops for complex 1 were measured at
0.5 (Fig. 4d), 2, and 5 K (Fig. S9f). At 2 K, this loop slightly
opens for fields above +3000 Oe (Fig. S9at), but it is closed at
5 K (Fig. S9bt). At 0.5 K, the loop widens but remains closed in
the zero-field region and opens at fields above +100 Oe
(Fig. 4d, inset). The butterfly-shaped hysteresis loops are
characteristic of field-induced SIMs exhibiting efficient
quantum tunneling of the magnetization (QTM) at zero field.*!
Moreover, the magnetization at 0.5 K rapidly saturates even at
1000 Oe magnetic field, approaching the maximum value
(Fig. 4d).

Table 2 lists Cu” complexes that are reported to exhibit
field-induced slow magnetic relaxation. In these complexes,
the direct and Raman processes mainly contribute to the relax-
ation. Notably, anomalously low Raman (7") exponent values
in the range 0.7-3.1 have been reported (except for [Cu(pydca)
(dmpy)]-0.5H,0, where n was fixed at 5) (Table 2).
Theoretically, n values at low temperatures are expected to be
between 5 and 9.>* Recent theoretical investigations®® have
aimed to elucidate the physical reasons for such low n values.
One possible explanation of low n values is the phonon bottle-
neck effect which depends on the concentration of magnetic
ions and frequently leads to a 7' ~ T dependence at high ion
concentrations. In this study, the obtained value of n is 2.04 +
0.03 which is close to 2.0.

The observation of slow magnetic relaxation in complex 1
indicates a relatively long spin-lattice relaxation time up to
1 ms (Fig. 4c), suggesting a comparatively long decoherence
time. The corresponding parameters were obtained using the
pulsed EPR technique. A two-pulse echo-detected (ED) EPR
spectrum was recorded for a frozen (glassy) 0.1 mM solution of

This journal is © The Royal Society of Chemistry 2025

complex 1 (Fig. S14f). The obtained ED spectrum was well
simulated using previously determined parameters: g = 2.071,
g1 = 2.347, and A, = 420 MHz. Pulsed EPR Hahn echo decay
traces for the solution at 336.4 mT were then acquired at 10 K,
yielding a coherence time (T,) of 0.31 ps (Fig. 5b). The spin-
lattice relaxation time (7;) of ~0.7 ms was determined using
the inversion recovery method (Fig. S15t). Notably, this value
correlates well with the corresponding time (up to 1 ms) deter-
mined from the AC measurements. Spin-lattice (7;) and spin-
spin (Ty,) relaxation times were derived by fitting the experi-
mental curves using the exponential eqn (2):

I:IO +A exp(fT/TmJ). (2)

e. Theoretical section

Experimental data show that the complex of MNSP with
Cu"(hfac), is unstable at low concentrations. The dissociation
of the complex into its initial components rapidly transfers
MNSP from the blue open form to the colorless closed form.
Quantum chemical modeling results for the transformation of
the open to closed MNSP forms are shown in Fig. 6. This reac-
tion occurs with an energy gain in two stages. The initial ¢trans-
configuration, in the first stage, transitions to the isomeric
open cis-configuration in which the C and O atoms are in close
proximity. In this configuration, only a small barrier must be
overcome to form the C-O bond. The first step is the rate-
determining stage with the semi-transformation time esti-
mated as 27 min using the activated complex theory. This
value is in reasonable agreement with the experimental time
of 12-15 min, considering that the influence of solvent was
not accounted for in the calculations. Due to steric constraints,
only one oxygen atom of the methoxy group is available for
coordination with Cu"(hfac), in the closed form. The for-
mation energy of this complex (its structure shown in Fig. 3) is
10 kecal mol™ lower than that of the chelate complex with the
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Fig. 6 Energetic diagram for the transformation of MNSP from closed
to open form under UV light excitation and the reverse process.

open MNSP form which involves two coordination Cu-O
bonds. Thus, the complex with the closed MNSP form is less
stable than that with the open form, and it cannot form in
low-concentrated solutions, where even the more stable open-
form complex is prone to dissociation.

The instability constant in the gas-phase approximation is
107> mol L. In solution, translational and rotational degrees
of freedom are converted to librational modes which contrib-
ute less to the system entropy, making this value an upper
limit. From experimental data, the constant is approximately
10" mol L. Using this value and the calculated energy differ-
ence between the complexes of Cu"(hfac), with the open
and closed forms of the ligand, the estimated instability con-
stant of the complex with the closed form is approximately
2000 mol L™

Nevertheless, after dissociation of the complex with open
form of the ligand in the low-concentration solutions, it
reforms upon photoexcitation. This can be explained by light-
induced isomerization of the spiroform which temporarily
enhances the binding strength of Cu"(hfac), compared to the
ground-state open form.

After photoexcitation, the excited singlet state of the closed
form of the ligand appears. Isomerization to the open form
becomes feasible only after its relaxation to the excited triplet
state which requires some time. The energy profile for the
transformation of the lowest triplet state of the ligand is
shown in Fig. 6. The transformation occurs rapidly due to the
large energy gain and small energy barriers for this transform-
ation. The essential spin density is localized on the C=C bond
in the open cis-form accounting for the relatively small barrier
to its isomerization into the trans-form. When the ligand in its
triplet-state open form interacts with Cu''(hfac),, a complex is

12186 | Dalton Trans., 2025, 54, 12180-12188
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formed in the quartet or excited doublet state. The structure of
the quartet complex is shown in Fig. S16a.f The energy gain
upon formation is 4.1 kcal mol™ lower than that of the for-
mation of the ground-state doublet complex, despite compar-
able Cu-O coordination bond lengths. An increase in inter-
action energy is expected for the antiparallel orientation of the
ligand and Cu" spins. In this case, a more tightly bound
complex forms with a dissociation energy 2.8 kcal mol™*
higher than that of the ground-state doublet complex.
Accordingly, its instability constant is over two orders of mag-
nitude smaller.

The geometric parameters of the excited complexes in the
quartet and doublet states are quite similar. Cu-O bonds with
hfac ligands lengthened by an average of 0.05 A, while the
coordination bond with the O atom of the methoxy group
shortened by 0.43 A. The relaxation energy associated with
these changes is small, around 1.7 kcal mol™*. Thus, the most
prominent decrease in the system energy occurs with antiferro-
magnetic spin ordering, while the subsequent shortening of
the labile coordination bond with the methoxy group has a
minimum effect.

These results qualitatively explain the temporary accumu-
lation of the complexed open-form ligand upon irradiation of
its low-concentration solution. Initially, the triplet-state open-
form ligand forms a stable complex in the excited doublet
state which decays upon relaxation to the ground state due to
its high instability constant.

3. Conclusions

The complex Cu"(hfac),MNSP (1), consisting of the photo-
chromic MNSP spiropyran and copper(u) hexafluoroacetylace-
tonate, was obtained in crystalline form. Spiropyran transitions
to the open MC form, allowing coordination of two oxygen
atoms of MNSP to Cu", yielding an elongated octahedral geo-
metry around Cu' formed by six oxygen atoms. Although five
short Cu-O bonds can form, as observed in previously
described Co"(hfac),-MNSP,"" the Cu" centers in 1 prefer an
elongated octahedral geometry, elongating one Cu-O bond
with hfac. This geometry is characteristic of mononuclear Cu"
complexes showing field-induced slow magnetic relaxation.'®
Despite being well-known,"® complex 1 is the first example of
such a complex with a photochromic spiropyran ligand.
Moreover, we showed for the first time the magnetic hysteresis
exhibited by complex 1 at low temperatures, indicating that
the complex is a real SIM. Previously, hysteresis had not been
observed in Cu" complexes showing field-induced slow mag-
netic relaxation.’® Interestingly, complex 1 exhibits magnetic
behavior even though only direct and Raman relaxation
mechanisms are involved. Pulsed EPR spectroscopy showed a
rather long quantum coherence (Ty, ~ 0.3 ps). The spin-lattice
relaxation time (7; = 0.7 ms) correlates well with the relaxation
time determined from the AC measurements. Despite the pres-
ence of short Cu-O bonds, the complex has low formation
energy and dissociates in low-concentrated solutions into the

This journal is © The Royal Society of Chemistry 2025
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starting components. Photoexcitation of closed MNSP by UV
light in the presence of Cu(hfac), yields a complex that
degrades slowly within 12-15 minutes. This rapid formation of
the complex may occur through the cis-isomer of open MNSP.
This form is generated under photoexcitation to the excited
triplet state. This isomer has an essentially higher binding
constant with Cu"(hfac), compared to the ground-state open
form (as indicated by DFT calculations). The complex then
relaxes to the ground state which is unstable and dissociates
in low-concentration solutions. In high-concentration solu-
tions, the complex is more stable. In this case, reversible trans-
formation of the ligand from the closed to open form is poss-
ible within the complex upon green and UV light excitations,
respectively. However, only partial switching of the ligand
within the complex occurs in the film. Thus, the photorespon-
sive complex 1 with SIM properties at low temperatures was
obtained. To observe photoswitching in the magnetic state of
this complex, complete transformation of the ligand is needed
in the film which was not achievable for this complex. The
search for other complexes of this type is in progress.
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