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ABSTRACT: Most photoswitchable molecular magnets ex-
hibit thermally induced switching, as is typical of spin
crossover (SCO), valence tautomerism and SCO-like
phenomena. We report a rare case of a copper-nitroxide
based molecular magnet Cu(hfac),L""" that does not exhibit
quantitative SCO-like behavior in the temperature range of its
chemical stability (2—350 K); however, it can be switched to a
metastable thermally inaccessible spin state via visible/near-IR

light at cryogenic temperatures. By means of photogeneration, unique information on this otherwise unobservable spin state has
been obtained using steady-state Q-band (34 GHz) and time-resolved W-band (94 GHz) electron paramagnetic resonance
(EPR) spectroscopy. In particular, we have found that the electronic structure and relaxation properties of the photoinduced
state in Cu(hfac),L"™" are very similar to those in its sister compound Cu(hfac),L"" that is thermally switchable and has been
exhaustively characterized by many analytical methods, previously. The first observation of photoswitchable behavior in a
thermally unswitchable copper-nitroxide based molecular magnet Cu(hfac),L™™ paves the way for photoswitching applications of
this and similar compounds in the remarkably broad temperature range of 2—350 K.

B INTRODUCTION

Research on magnetoactive materials is strongly stimulated by
their potential applications in spintronics, nanoscale sensing,
magnetic data storage, quantum computing, etc.' ™ In
particular, spin crossover (SCO) compounds constructed
from transition ions and organic ligands received great
attention during the past decades.*”” The switching between
different spin states in SCO compounds can be induced by
various external stimuli including temperature, light, pressure,
X-ray irradiation, etc.'°”"? Light-induced spin state switching
and light-induced excited spin state trapping (LIESST)
phenomena have been thoroughly investigated as promising
grounds for future applications."*™*° The photoswitching
phenomena in SCO compounds combine ultrafast conversion
from the ground to excited states (on the time scale of
femtoseconds)”' ~>* and long lifetimes of the photoinduced
states at cryogenic temperatures.* ¢ The overwhelming
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majority of SCO compounds are based on iron(Il). More
recently, however, fundamentally different types of copper(II)-
nitroxide based molecular magnets exhibiting SCO-like
behavior have been found.”* > Among these, complexes
Cu(hfac),L® (where L® is the nitroxide ligand) may contain
the two- or three-spin exchange-coupled clusters copper(II)-
nitroxide or nitroxide-copper(Il)-nitroxide, respectively.”~>*
We note that the SCO description in a strict manner is not
applicable to complexes of copper(Il), because the 3d’
electronic configuration excludes any possibility of different
spin states. However, we emphasize that the presence of
paramagnetic nitroxide ligands makes the SCO-type spin state
switching possible on the scale of exchange-coupled clusters.
Most of the molecular magnets Cu(hfac),L® known up to date
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have a polymer-chain structure with alternating spin triads of
nitroxide-copper(1I)-nitroxide and one-spin copper(Il) units.
Both thermo- and photoswitching occur in the spin triads, for
which the two states involved are the weakly coupled spin
(WS) state, which is characterized by weak ferromagnetic
exchange between copper(II) ion and nitroxides (Il < ksT),
and the strongly coupled spin (SS) state, where the exchange
interaction is strong (Il > k;T) and antiferromagnetic, leading
to an § = 1/2 ground state of the triad. Reversible thermal
transitions between the WS and SS states are accompanied by
unusually large changes in the volume of the unit cell (up to
13%); therefore, molecular magnets Cu(hfac),L® are often
called “breathing crystals”. Numerous compounds of this family
have been studied over the past decade, and many similarities
with SCO compounds have been observed. Among them, quite
recently photoswitching and LIESST-like phenomena in the
breathing crystals have been discovered.** ¢ The conversion
from the ground SS state to the excited WS state can be
induced by visible/near-IR light, and this photoinduced WS
state is metastable on time scale of hours at T < 60 K.

Electron paramagnetic resonance (EPR) has been an
indispensable tool in detecting the photoswitching in the
breathing crystals: by comparison, the application of SQUID
magnetometry is strongly limited due to the high optical
density of the crystals (in both the SS and WS states).>> >’ The
high sensitivity of EPR allows using diluted and optically more
transparent samples (microcrystals in various matrices), and the
application of high-frequency time-resolved (TR) EPR vyields
information on photoinduced spin dynamics at the nanosecond
time scale.”> In addition, very recent studies of the breathing
crystals by femtosecond optical spectroscopy have evidenced
that the photoswitching from the SS to WS state is an ultrafast
process occurring within 50 fs.*®

All previous studies of the photoswitching were done on the
breathing crystals that (as was known beforehand) exhibit
quantitatively complete thermally induced spin state switching,
so that either the WS and SS states could be isolated at proper
temperatures and investigated using X-ray analyses, SQUID
measurements, EPR and IR spectroscopy, etc. In this paper, we
report the first observation and high-frequency EPR study of a
photoinduced WS state in the complex Cu(hfac),L’™ that
cannot thermally be quantitatively generated anywhere in the
temperature range of the complex’s chemical stability (2—350
K). Photogeneration provides an elegant way to create this
otherwise inaccessible state, and allow its characterization using
Q-band steady-state and W-band TR EPR spectroscopy. We
discuss the electronic structure and relaxation properties of the
WS state in Cu(hfac),L™™, as well as new aspects of this
important type of photoswitching.

B EXPERIMENTAL SECTION

Synthesis, structure and magnetic properties of the polymer-chain
complex Cu(hfac),L'”* (I) have been described elsewhere.® For
comparison, in this study we also use its sister compound
Cu(hfac),L"P* (II) that was greviously investigated by many analytical
methods in great detail.>' >> The compounds I and II differ only by
alkyl substituent (i-propyl vs n-propyl) in the nitroxide ligand, and
their structures are quite similar, but their magnetic properties are
noticeably different (Figure 1).

In order to optimize the conditions of sample illumination, in
previous studies we used suspensions of glass-forming liquid (glycerol)
with ground breathing crystals.>*~>* However, the illumination of the
bulk sample still does not allow photoexcitation and photoswitching of
all the microcrystals. In addition, the samples prepared in this way are

eCu O oN ¢C

[
o Y \);—«
Y% Ao Y

| p—

0 50 100 150 200 250 300
Temperature / K

Figure 1. (a) Polymer-chain structure of the breathing crystal
Cu(hfac), L™ (I). (b) Temperature dependence of the effective
magnetic moment in complexes Cu(hfac),L'™ (I, red) and Cu-
(hfac),L"P" (1L, blue) (adapted from ref 39) with the corresponding
structures of nitroxide ligands. Magnetostructural diagrams on the left
illustrate the generation of the thermally inaccessible weakly coupled
spin state of I by light at low temperatures.

not stable outside the cryocooled probe, since glycerol gradually
dissolves the microcrystals. Therefore, in this work we prepared thin
films of polyvinyl chloride (PVC) with the microcrystals of I or II
embedded, which are perfectly stable (at least for one year) and, in
addition, allow the photoswitching of nearly all clusters. A low
molecular weight PVC (1 g) was dissolved in dichloroethane (200
mL). The solution was kept over solid NaHCOj at least for 24 h prior
to use. The complex I or II (2 mg) was dissolved in the PVC-
containing solution (0.3 mL), and then the mixture was placed into a
quartz EPR tube. The tube was rotated at room temperature in a
standard rotary evaporator while the pressure was reduced from 200 to
60 Torr for 1 h and then additionally kept at 60 Torr for 1 h to give
brown-colored transparent films on the inner surface of the tube. After
storage under ambient conditions or in a refrigerator for a few days,
the obtained films gradually changed color to blue, which visually
indicated formation of microcrystalline particles of Cu(hfac),L®
embedded in the PVC matrix. In addition, the identity of compounds
obtained was verified in EPR experiments (see below).

Steady-state EPR measurements were carried out at Q-band (34
GHz) using a commercial Bruker Elexsys ES80 EPR spectrometer. In
situ illumination of I/II embedded in the PVC films was done at 900
nm using a LOTIS-TII Nd:YAG laser and OPO-system (10 Hz
repetition rate, 1—2 mJ per pulse). W-band (94 GHz) time-resolved
(TR) EPR experiments were carried out using a Bruker E600
spectrometer with in situ illumination at 532 nm by a Spectra Physics
PRO270 Nd:YAG laser (20 Hz repetition rate, max. 0.1 mJ per pulse
on the sample surface). For the W-band measurements samples must
be placed in thin capillary tubes (0.5 mm LD.); therefore, the use of
frozen glycerol suspensions was technically more convenient
compared to PVC films. Both the spectrometers were equipped with
Oxford Instruments temperature control systems (T = 4—300 K). The
EasySpin software toolbox was used for simulation of EPR spectra
shown in Figure 2.*
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Figure 2. Q-band steady-state EPR spectra of I (a) and II (b)
embedded in the PVC films recorded at 7 K before (“dark”) and after
(“light”) 600 s illumination with 900 nm light. Spectral regions of the
spin triads and one-spin copper(Il) units are indicated on top.
Admixtures of free nitroxide (g &~ 2.007) are marked with an asterisk
(*). Lower panels of (a) and (b) show deconvoluted signals of the
spin triads in the ground SS and photoinduced WS states (see Table 1
for parameters used).

B RESULTS AND DISCUSSION

The effective magnetic moments y.(T) of compounds I and II
exhibit gradual changes over T = 4—300 K (Figure 1). For
compound II the transition from the SS to WS state is
complete, whereas the value of (300 K) for compound I
corresponds to contributions from ~56% of the WS state and
~44% of the SS state (see Supporting Information for details).
In this situation, it is hardly possible to deduce reliable
information on structural and magnetic properties of the WS
state using XRD, SQUID magnetometry, or EPR*

It is well-known for SCO compounds that their cooperative
interactions depend on particle size, where downscaling the
particles leads to more gradual thermal SCO.*”%* One expects
a similar trend for breathing crystals, and thus some differences
in SCO-like behavior may be envisioned between neat
polycrystalline compounds and microcrystals dispersed in
PVC. Therefore, using thermoswitchable compound II as a
reference, we first ensured that embedding microcrystals in
PVC does not interfere with previously observed SCO-like
phenomena. Indeed, using EPR we have found similar SCO-
like behavior for II in PVC compared to the neat compound.
As expected, a decrease of cooperativity results in a slightly

more gradual thermal transition in PVC (see Supporting
Information), with the conversion to the SS state upon
temperature decrease being essentially finished at ~50 K
(compared to 90—100 K in the neat compound).

EPR spectra of compounds I and IT exhibit contributions by
the spin triads and one-spin copper(Il) units (Figure 2). In
addition, crystallization in the PVC matrix gives admixed
narrow signals of free, uncoordinated nitroxides appearing at g
~ 2.007 (~10% of the total number of spins) superimposed on
the spectra of the breathing crystals. Illumination results in a
dramatic change of the spin triad signals (Figure 2), which
transform from intensive anisotropic signals with g < 2 in the
dark to broad and less intense lines with g > 2. As has been
previously studied in depth, such transformations correspond to
a switch from the ground SS state to the photoinduced WS
state.*>** The individual spectra of the SS and WS states can be
readily obtained by subtraction (“light” “dark”) and
simulation (see Supporting Information for details): these are
plotted in the bottom panels of Figure 2a,b. The spectra of the
spin triads in the low-temperature SS state are very similar for I
and II, and the same holds for their photoinduced WS spin
states. The characteristic parameters (g-tensors and line width)
are slightly different (see Table 1), but the general similarity is
obvious. Thus, Figure 2a clearly shows that the thermally
inaccessible WS state of I can be photogenerated at cryogenic
temperatures.

Table 1. EPR and Relaxation Parameters Used in the
Simulations for Compounds I and II*

Cu(hfac),L™ (1) Cu(hfac),L"™* (11)

2uiad (SS) [1.990 1.977 1.919] [1.991 1.982 1.916]
Ziriad(WS) 2.0165 2.0336
[ying(WS)/ mT 53.7 65.8
ko/s™! (39 £ 0.7)-107* (9.8 £ 1.7)-107*
E,/em™ 233 + 3.1 13.3 + 59
6/cm™! SK: 11 SK: 11

7 K: 16 7 K: 24

10 K: 17 10 K: 22

13 K: 20 13 K: 27
T.a/us 5 K: 3.01 5 K: 3.32

10 K: 2.57 10 K: 2.25

13 K: 1.61 15 K: 1.54

“guiad 18 g-tensor of the spin triad in the SS or WS state; I'y;,q is the
EPR line width (fwhh) of the spin triad in the WS state; k;, E, and o
are the parameters determining the self-decelerating WS — SS
relaxation (explained in the text); T,y is the characteristic time of
intermultiplet electron spin relaxation obtained in the TR EPR
experiment.

Similarly to II, the photoinduced WS state of I is metastable
at T < 20 K (Figure 3a). We have established previously that
the relaxation from the metastable photoinduced WS state to
the ground SS state in breathing crystals has an unusual self-
decelerating character.®** This occurs due to the broad
distribution of energy barrier heights (E,) between the WS
and SS potential wells (Figure 3c). As a result, fast-relaxing
centers contribute in the beginning of the relaxation curve y,(t)
(7, is the fraction of the WS state normalized to unity at t = 0),
whereas slow-relaxing ones contribute to its tail, and the overall
shape of the y,(t) dependence appears self-decelerating. Figure
3a compares y,(t) dependences vs temperature for I and IL It is
evident that the relaxation in I is somewhat faster compared to
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Figure 3. (a) Normalized relaxation dependence y,(t) measured for I
and IT at T = 5—13 K (indicated on the right). Colored lines show the
simulations using the parameters given in Table 1. (b) Pseudo-
Arrhenius plot, In k vs 1/T for the data shown in (a) and that
recorded at T = 7 K (Supporting Information). (c) Sketch of the
potential energy surface for the SS and WS states. Green arrows show
the SS — WS photoswitching via an intermediate excited state and
structural WS — SS relaxation via quantum tunneling. Magenta arrows
show the secondary excitation and relaxation process observed in the
TR EPR experiments. The electronic structure of spin multiplets in
case of ferromagnetic exchange coupling is shown on the right.

that in IT at the same temperatures over T' = 5—13 K. Assuming
that the relaxation rate is described by a thermally activated
tunneling process k. = koexp(—E,/ksT),>* the experimental
7a(t) dependences can be nicely simulated using a Gaussian
distribution of the E, value with the standard deviation
parameter ¢ (see Table 1). In addition, Figure 3a shows that
the relaxation in I accelerates with temperature slightly faster
compared to II, which is clearly seen from a pseudo-Arrhenius
plot In(k.;) vs (1/T) (Figure 3b). Thus, we find that both the
E, and k values are larger for I compared to IL This conclusion
is in excellent agreement with the qualitative expectation
following from the Buhks theory previously applied in similar
relaxation studies of SCO compounds.>** The tunneling rate is
faster for a larger energy difference between the SS and WS
states (vertical displacement of the potential wells AE, in
Figure 3c). At the same time, for larger AE,, the temperature of
the thermally induced spin transition is higher. Since this
temperature is obviously much higher for I compared to II
(Figure 1b), the faster relaxation of the photoinduced state
found in I is fully reasonable. In addition, once again this proves
the similarity between SCO in iron-based compounds and
SCO-like phenomena in the breathing crystals, as well as the
applicability of the developed theoretical approaches in both
cases.

The E, and k, values obtained for II in the PVC film (Table
1) are slightly different compared to those previously obtained

in glycerol suspensions (EAlglycerolz 19 + 5 cm™ and ko giycerol =
(32 £ 1.3) x 1073 s71).>* Some decrease in the k, value and,
hence, the observed relaxation rate in the PVC film is
attributable to the smaller-sized crystals on average, compared
to suspensions in glycerol: the smaller and optically more
transparent crystals can be photoswitched in the whole volume
and become more stable toward relaxation compared to partly
photoswitched bigger crystals. The latter crystals naturally
experience mechanical tension on the border of two phases
(and in some cases can even crack>®), leading to faster
relaxation to the ground state (this effect was previously
described in ref 34).

Temperature dependence of the photoswitching amplitude
Ymax =7a(t=0) vs T) represents another instructive approach
to the characterization of photoswitching properties in the
breathing crystals (Figure 4). Being recorded during the 10 Hz

! 1 J
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Figure 4. Maximum conversion depth 7,,., = 7,(t = 0) vs temperature
for I and II. The curves are normalized to 7., (S K). Solid lines are the
polynomial fits shown to “guide the eye”.

laser flashing, ¥,.(T) corresponds to the maximum photo-
induced conversion limited by a competition between the
photoswitching and relaxation. In full agreement with the
relaxation trends shown in Figure 3, 7,,..(T) dependence for I
decays slightly faster with temperature compared to that for II
(Figure 4), so the whole curve is shifted to lower temperatures
by 3—4 K. For both compounds y,,,(T) functions essentially
reach their limits (plateaus) at T ~ 5—7 K; thus, the
photogeneration of the thermally inaccessible state of I is
best performed at these temperatures. The net photoswitching
efficiency for the sample of II in PVC is close to 100% (Figure
2b), while for I in PVC it is somewhat smaller (~67%, Figure
2a). Note that these net values are influenced by the sample
morphology and instrumental setup (the percentage of the
microcrystals effectively illuminated by light), whereas 7,,.,(T)
dependences are obtained after subtraction of light-independ-
ent EPR signals (“light” “dark” spectra subtraction).
Therefore, the observation of low-temperature plateaus on
Yma(T) dependences is a true measure of the maximum
conversion depth for the compound (not just for the particular
sample or illumination conditions).

So far we have shown that (i) the thermally inaccessible WS
state of I can be generated by light at cryogenic temperatures,
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(ii) the WS — SS relaxation properties in I are generally similar
to those of II, and (jii) the observed differences are very
reasonable from theoretical considerations. The exchange
coupling (the sign and the magnitude) can also be
characterized in this thermally inaccessible WS state of I. To
do this, time-resolved (TR) EPR techniques** have recently
been found very informative for the investi%ation of light-
induced spin dynamics in the breathing crystals.”> The TR EPR
signal at a certain magnetic field reflects the transient
microwave absorption rising after the laser flash on nano-
seconds to microseconds time scale, whereas all time-
independent (steady-state) signals are filtered out and do not
contribute. Because acquiring good TR EPR signals requires
many repetitions (carried out with 20 Hz frequency in our
case), and since the WS — SS relaxation in the breathing
crystals takes hours at T ~ 5—7 K, after a few minutes of laser
illumination the compound completes the transition to the WS
state.>*** Therefore, such TR EPR experiments can operate on
the WS state of the breathing crystal, and we can obtain useful
information on the electronic structure of this state.

Figure S shows W-band TR EPR kinetics of the photo-
induced WS state in I and II detected after the laser flash at T =

T s

TREPR signal / a.u

1
-
o
O

5 10 15 20
Time delay / us

Figure S. W-band TR EPR kinetics of the WS state of the spin triad
recorded for I (a) and II (b) at T = 5—13 (15) K (indicated on the
right).

5—15 K (see Supporting Information for details). These
kinetics are determined by an excitation/relaxation process
between the spin multiplets of the WS state sketched in Figure
3c (on the right) and described in detail in ref 35. In the case of
the ferromagnetic exchange coupling in the WS state, the initial
drop of the kinetics at short time delays is caused by
depopulation of the ground quartet state (Q), whereas the
following rise is determined by electron relaxation from the
excited doublet state (D) back to the ground quartet Q and can
be well approximated by a monoexponential function. In case
of the antiferromagnetic exchange coupling in the WS state the
order of the spin multiplets shown in Figure 3c is reversed, and

the expected phase of the kinetics would be the opposite.
However, we observed the same phase of the TR EPR kinetics
for both I and IL Since the exchange coupling in the WS state
of II is known to be weak ferromagnetic,>"*>* we can safely
conclude that the WS state of I is also characterized by a
ferromagnetic coupling.

The mechanism of the electron spin relaxation from the
excited doublet D to the ground quartet Q of the WS state is
not yet established; however, most likely it is a direct relaxation
process.”® Thus, one reasonably expects the magnitude of the
intermultiplet splitting (i.e, exchange coupling) to be crucial
for this relaxation rate. Figure 5 and Table 1 show that this
electron spin relaxation of I is very close to that of IL. Thus, not
only the sign (ferromagnetic), but also the magnitude of the
exchange coupling in the WS state of I and II are very similar.
Previous estimates for the thermally induced WS state of II give
the value of IJl < 20 cm™" (for the exchange spin-Hamiltonian
H, = =2J8,5,).°"%

At this point, we have shown that the thermally inaccessible,
but photogenerated WS state of I has very similar electronic
structure and relaxation properties compared to those of II. On
the basis of the findings, we can reasonably speculate that the
crystal structures of the WS states in both compounds are also
very close, with the spin triads of I in the WS state framed by
rhombically distorted octahedra CuOg4 with long axes along the
copper-nitroxide direction (see sketch of the light-induced
structure in Figure 1b; the detailed WS state structure for II is
given in ref 39). Direct confirmation of this hypothesis by XRD
is technically difficult, because the optically transparent
breathing crystals have micrometer-scale sizes. Therefore, to
date the high-frequency steady-state/TR EPR approaches
remain methods of choice for obtaining unique information
on the electronic structures and relaxation properties of the
thermally inaccessible spin states in these appealing systems.

B CONCLUSIONS

In this work we have shown, for the first time, the possibility of
spin-state photoswitching in the unusual copper-nitroxide based
molecular magnet Cu(hfac),L™™ that is not thermally switch-
able. The relevant thermally inaccessible spin state can be
created using visible/near IR light at cryogenic temperatures (T
< 1§ K), where its long lifetime (up to several hours) allows
obtaining unique information on its electronic structure and
relaxation properties by steady-state and time-resolved EPR
spectroscopy. Comparison with the thermally switchable
compound of a very similar structure can afford further
conclusions on the exchange coupling in the thermally
inaccessible photoinduced state of Cu(hfac),L"™, as well as
reasonable speculations on its geometrical structure. In this
way, most important properties of the new state, relevant to
further photoswitching applications, have been established.

At the same time, the possibility of photoswitching in this
thermally unswitchable compound is itself the most remarkable
finding. It means that one can switch the compound from the
ground strongly coupled spin state to the excited weakly
coupled spin state in the whole useful range of temperature, 2—
350 K. Similar properties have been previously observed in only
a few iron-based SCO compounds,”***’ but never for copper-
nitroxide based molecular magnets up to date. We note that the
excited state relaxation in the breathing crystals dramatically
accelerates with temperature, so that the photoinduced spin
state becomes short-lived. However, our recent study using
femtosecond optical spectroscopy has revealed that the
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photoswitching in the breathing crystals is ultrafast (<50 fs),*®
and possibly even faster than in SCO compounds.”' ~>* In this
regard, the compound Cu(hfac),L™™ under study is a useful
competitor for ultrafast spin-state manipulation by light, making
it certainly valuable for potential applications in molecular spin
devices.

B ASSOCIATED CONTENT

© Supporting Information

The estimation of the ratio between thermally switched and
unswitched clusters in I at room temperature, the investigation
of the influence of PVC matrix on thermal transition in II, and
the details of simulation procedure for both compounds in WS
and SS state. This material is available free of charge via the
Internet at http://pubs.acs.org.
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