JAC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

W-Band Time-Resolved Electron Paramagnetic Resonance Study of
Light-Induced Spin Dynamics in Copper—Nitroxide-Based Switchable

Molecular Magnets

Matvey V. Fedin,*" Elena G. Bagryanskaya,*’T’§ Hideto Matsuoka,* Selgo Yamauchi,* Sergey L. Veber,'
Ksenia Yu. Maryunina, Evgeny V. Tretyakov,” Victor I. Ovcharenko,” and Renad Z. Sagdeev

"International Tomography Center SB RAS, Institutskaya str. 3a, 630090 Novosibirsk, Russia
SN.N. Vorozhtsov Novosibirsk Institute of Organic Chemistry SB RAS, Pr. Lavrentjeva 9, 630090 Novosibirsk, Russia
*Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, Katahira 2-1-1, Aoba-ku, Sendai 980-8577, Japan

© Supporting Information

ABSTRACT: Molecular magnets Cu(hfac),L® represent a new N

type of photoswitchable materials based on exchange-coupled Vo I & ’”’.”-'J

clusters of copper(Il) with stable nitroxide radicals. It was found E s N _

recently that the photoinduced spin state of these compounds is 0 o [h W :

metastable on the time scale of hours at cryogenic temperatures, os=—cdé——=0 O C£E=0 | ‘:"LS#WM :

similar to the light-induced excited spi ing ph o i ==
g uced excited spin state trapping phenomenon N E

well-known for many spin-crossover compounds. Our previous
studies have shown that electron paramagnetic resonance (EPR) in

Time / us

continuous wave (CW) mode allows for studying the light-induced 0 2 4 6 8 10 12 14 16
spin state conversion and relaxation in the Cu(hfac),L* family.

However, light-induced spin dynamics in these compounds has not been studied on the sub-second time scale so far. In this work
we report the first time-resolved (TR) EPR study of light-induced spin state switching and relaxation in Cu(hfac),L" with
nanosecond temporal resolution. To enhance spectral resolution we used high-frequency TR EPR at W-band (94 GHz). We first
discuss the peculiarities of applying TR EPR to the solid-phase compounds Cu(hfac),L* at low (liquid helium) temperatures and
approaches developed for photoswitching/relaxation studies. Then we analyze the kinetics of the excited spin state at T = 5—21
K. It has been found that the photoinduced spin state is formed at time delays shorter than 100 ns. It has also been found that the
observed relaxation of the excited state is exponential on the nanosecond time scale, with the decay rate depending linearly on
temperature. We propose and discuss possible mechanisms of these processes and correlate them with previously obtained CW

EPR data.

B INTRODUCTION

Photoswitchable molecular compounds are intensively studied
for various potential applications in nanotechnology, e.g, as
switching devices and sensors and as elementary units for data
storage and processmg Among them, systems with the
switching of electron spins have attracted special interest.*

Spin-crossover (SCO) compounds based on 3d-metals are,
perhaps, the most well-known and well-studied materials
exhibiting switching between high-spin (HS) and low-spin
(LS) states induced by temperature or light.*>*~"” Spin-Peierls
state switching in charge-transfer compounds is the other
example that shows promise for spintronics.'”® Recently,
thermally induced and light-induced magnetic anomalies
somewhat similar to those observed for both SCO compounds
and spin-Peierls systems were found for polymer-chain
compounds Cu(hfac),L¥, based on copper(II) hexafluoroace-
tylacetonates (Cu(hfac),) bridged by stable nitroxide radicals
(L?)."”7*” These systems exhibit highly cooperative reversible
switching between strongly exchange-coupled and weakly
exchange-coupled spin states (SS and WS states, respectively)
of spin triads nitroxide—copper(II)—nitroxide. Because of the
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large difference in bond lengths between SS and WS state (unit
cell volume changes by up to 13%) and the high mechanical
stability during switching, these crystals have been described as
“breathing”. Apart from breathing crystals, several other
examples (including very recent ones) of interesting magnetic
behavior in compounds based on copper(Il) and/or nitroxides
have been reported.”®~

Electron paramagnetic resonance (EPR) is sensitive to the
SS&WS states switching in breathing crystals. We used
multifrequency EPR in a series of recent works to detect spin
state switching induced by temperature or light.**"*” Similar to
the light-induced excited spin state trapping (LIESST)
phenomenon well-known for iron(Il) SCO compounds,”"’
the light-induced WS state in breathing crystals is metastable on
the time scale of hours at cryogenic temperatures.”**” Recently
we have studied the relaxation of the light-induced WS state to
the ground SS state in several compounds of the family of
breathing crystals.”” It was found that the relaxation strongly
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deviates from monoexponential behavior and is self-decelerat-
ing due to the broad distribution of relaxation rates in
exchange-coupled clusters. On the other hand, to date, little
is understood about the mechanism of photoswitching and spin
dynamics on the short time scale, since temporal resolution of
conventional continuous wave (CW) EPR does not allow one
to monitor fast processes on sub-minute time scales. This paper
reports the first time-resolved (TR) EPR study of breathing
crystals. TR EPR is most often used for studying photoinduced
reactions in liquids at ambient temperatures or in frozen
solutions;*> > however, as we show here, it can also be used
for monitoring transient EPR signals in solid-phase molecular
magnets arising during spin state switching/relaxation on the
nanosecond time scale. To enhance spectral resolution, we use
high-field W-band TR EPR (94 GHz). In the following sections
we describe the specifics of application of TR EPR for
photoswitching and relaxation studies in breathing crystals,
investigate TR EPR kinetics of the excited spin state, and
propose and discuss possible mechanisms for the observed
relaxation.

B EXPERIMENTAL SECTION

In this study we used the compound Cu(hfac),L™ (R = Pr, see Figure
la), which has proven to be very robust against destruction during
sample preparation and illumination with light,zs‘27 and therefore is the
best choice for the first TR EPR study of breathing crystals. Its
synthesis, structure, magnetic properties, and EPR data were published
previously®'*?* and are briefly summarized in the Supporting
Information. Cu(hfac),L” exhibits a gradual thermal spin transition
between T =~ 100 and 300 K. LIESST-like behavior under illumination
with light was previously observed at T < 20 K>%*

The compound Cu(hfac),L™ has a very intense absorption in UV—
vis—near-IR regions, with extinction coefficients of up to a few
thousand M™' cm™ at 400—700 nm (in hexane). For the absorption
measurement of the solid-phase compound, a thin microcrystalline
film of Cu(hfac),L™ embedded in poly(vinyl chloride) (PVC) was
prepared (EPR identification is given in the Supporting Information).
Temperature-dependent absorption measurements were carried out
using a Bruker Vertex 80v FTIR spectrometer equipped with a cryostat
and extension for UV—vis spectral regions.

Samples for EPR experiments were prepared using the same
approach as in ref 26. To make the illumination efficient, crystals were
ground, mixed with an excess of glass-forming liquid (glycerol) to form
a suspension, and then frozen at cryogenic temperatures. In situ
illumination at 532 nm was accomplished with a frequency-doubled
Nd:YAG laser (Spectra Physics PRO270) using an optical fiber fed
into the W-band sample capillary. The laser pulse repetition frequency
was set to 20 Hz, and the output energy was attenuated to a maximum
of 0.3 mJ on the sample surface. W-band transient EPR measurements
were carried out using a Bruker E600 spectrometer. Temperature was
controlled by an Oxford ER4112HV helium temperature control
system. Simulations shown in Figure 4b were done using EasySpin
toolbox for Matlab.>*

B RESULTS AND DISCUSSION

Spin States and Switching between Them in a
Nitroxide—Copper(ll)—Nitroxide Triad. EPR spectra of
WS and SS states in spin triads of breathing c1;ystals have
been studied in detail in our previous work.*>*>*® Figure la
shows the structure of polymer chains in the compound
Cu(hfac),L"™", which consist of alternating spin triads (Cul ions
coordinated by two nitroxides) and magnetically isolated Cu2
units. Figure 1b sketches the potential energy surface of
breathing crystals and corresponding structures. It is very well
established that at low temperatures, below spin transition, the
SS state is the ground state.>® In this state copper spin is
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Figure 1. (a) Chemical structure of polymer chains of the switchable
molecular magnets Cu(hfac),L”; spin triads are circled. (b) Schematic
circular section of the potential energy surface associated with the two
Jahn—Teller valleys in breathing crystals. Spin level diagrams for the
lowest vibronic states and structures corresponding to spin triad in SS
and WS states are sketched on the left and on the right. Green and red
arrows illustrate direct and secondary conversion pathways,
respectively. Dotted green line shows tunneling relaxation from
photoinduced WS to the ground SS state. Dotted red line shows
electron spin relaxation in the WS state potential well observed by TR
EPR.

coupled to each of the nitroxide spins by a strong
antiferromagnetic exchange interaction, | &~ —100—200
cm™';? therefore, only the lowest doublet (Dgg) is populated.
There are also excited doublet and quartet states in the spin
triad, denoted dg and Qgg, respectively (Figure 1b). At high
temperatures, above spin transition, the system is found in the
WS state.>® It is known that exchange coupling in the spin triad
in the WS state becomes weak (IJl & 10-20 cm™!).>** There
has been no direct evidence up to now that this coupling is
ferromagnetic, since its magnitude is comparable with that of
the intercluster/intermolecular exchange interactions, and also
because at high temperatures kT > ] and all spin multiplets are
populated. But, it is a very reasonable assumption, which
follows from mutual location of electron orbitals and
observations made elsewhere for similar structures.”” Thus,
the order of spin levels in a triad is reversed for the WS state, as
shown in Figure 1b.

The photoswitching from SS to WS state can be induced in
breathing crystals at low temperatures (typically below 20
K).>**’ Figure 2 shows the absorption spectra of the studied
compound at T = 80—300 K. At high temperatures the
spectrum is dominated by absorption bands of nitronyl
nitroxide. (Broad absorption band of the copper(Il) ions
centered around 700 nm is much weaker and not visible at this
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Figure 2. UV—vis absorption spectra of Cu(hfac),L” (embedded in
PVC film) at T = 80-300 K (indicated in the legend).
Thermochromism is illustrated by photos of the film (violet-gray at
T = 80 K and bluish-gray at T = 300 K) on the right.

optical density.) As the temperature is decreased, a strong
absorption band with maximum at 4., & 500 nm appears. We
assign this band to the metal—ligand charge transfer (MLCT)
transition, since its appearance at low temperatures correlates
with the strong shortening of copper—nitroxide distances by
~03 A1922

The mechanism of photoswitching is far from being fully
understood to date, but it seems to be generally similar to the
light-induced switching in SCO compounds. The excitation
occurs via MLCT or d—d (for A > 700 nm) band to the
intermediate excited state (or group of states which are
generally referred to as E* in Figure 1b), from which relaxation
leads to the intersystem crossing to the metastable WS state.
Relaxation from WS to the ground SS state is contributed by
tunneling and thermally activated processes and was studied on
the time scale of minutes to hours using CW EPR.*’ It was
therefore hoped that TR EPR experiment may provide more
detailed information about the mechanisms of photoswitching
and relaxation on the nanosecond time scale.

TR EPR Signal: Origin and Contributions. The TR EPR
experiment (Figure 3a) is carried out without modulation of
external magnetic field and phase-sensitive detection. As a
result, first, the spectra are detected in an absorption shape
instead of derivative-like shape observed in conventional CW
EPR. Second, the absolute sensitivity of TR EPR is much lower
compared to that of CW EPR, and usually TR EPR signal can
only be observed for strongly spin-polarized systems. In
addition, all time-independent contributions to the transient
signal arising after the laser flash are removed by high-pass
filtration; therefore, steady-state EPR signals are not observed.

Most often, TR EPR is applied in studies of photochemical
reactions in liquids, where transient spin-polarized para-
magnetic species are induced by a laser.*”” In breathing
crystals one would not expect to detect spin polarization
(manifested in enhanced absorption or emission) using TR
EPR, since the electron relaxation times are extremely short due
to the large exchange couplings operating in and between spin
triads. In particular, electron spin echo cannot be observed in
breathing crystals down to 4 K, and microwave power
saturation is also never achieved. On the other hand,
photoswitching between corresponding spin states in breathing
crystals should lead to the fast transformation of the CW EPR
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Figure 3. (a) Temporal diagram of the TR EPR experiment: transient
signal is observed after application of the laser pulse. (b) Illustration of
TR EPR in the study of SS—WS state conversion in breathing crystals.
Quasi-stationary state is reached typically in 3—5 min after beginning
illumination, then every laser flash converts some small fraction of SS
state into WS state, which relaxes to a small extent before the next
flash generates the next cycle. The amplitude of periodic changes of
conversion depth is strongly magnified for clarity.

spectrum and, consequently, to the onset of transient TR EPR
signal. In this case all observed signals are measured in
Boltzman equilibrium within each spin multiplet, and the use of
high-field W-band EPR leads to significant increase of the
sensitivity. In addition, the two following peculiarities may be
envisioned.

First, we have found previously that (i) conversion of the
sample from SS to WS state under laser pulse illumination
develops during several minutes, and (ii) complete relaxation
from light-induced WS state to the ground SS state occurs on
the time scale of hours at T < 20 K.***” On the one hand,
accumulation of signals in TR EPR takes at least several
minutes, ie., enough time for the spin system to convert from
SS to WS state. On the other hand, having a laser shot
repetition rate of 20 Hz, clearly, only a tiny amount of WS
states are allowed to relax within this 0.05 s interpulse delay.
Therefore, during the TR EPR experiment, the spin system
oscillates around some quasi-stationary state (Figure 3b), which
is, depending on temperature, a combination of WS and SS
states. Of course, no signal for this quasi-stationary state will be
observed in TR EPR similar to the steady-state EPR signal, but
the nanosecond spin dynamics following the laser pulse is
expected to be observed.

The second peculiarity expected for TR EPR of breathing
crystals is that even a low-intensity laser pulse can heat the
sample (microcrystals dispersed in glycerol) by a few degrees
Kelvin, and it may take some measurable time (up to
milliseconds) until the system returns back to the thermal
equilibrium. It is well-known that in Boltzman equilibrium the
EPR signal intensity is proportional to ~g#H/kT, where gBH is
the electron Zeeman energy and kT is the thermal energy. At
high temperatures (e.g., room temperatures) an increase of T
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by a few degrees would lead to a negligible change of EPR
signal intensity (given approximately by AT/T). However, if T
~ 5 K, heating by AT = 1 K would change the microwave
absorption by roughly 20%. If the relaxation to thermal
equilibrium occurs on the nano- to microsecond time scale, an
undesired TR EPR signal due to the heating—cooling cycles
may be superimposed with the signal arising from photo-
switching.

TR EPR Spectra. Figure 4a shows TR EPR spectra of
Cu(hfac),L"" detected at several time delays after the laser flash.
The light wavelength 4 = 532 nm, which is close to the
maximum of the MLCT band of SS state (Figure 2), was used
for photoexcitation (see Supporting Information for details).
For convenience of interpretation, Figure 4b shows the
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Figure 4. (a) W-band TR EPR spectra of the complex Cu(hfac),L™
detected at different time delays after the laser flash (indicated on the
right), v, = 942 GHz, T = 7 K. Spectra are normalized. (b)
Calculated zero-harmonic EPR spectra of Cu(hfac),L™ in SS (red line)
and WS (blue line) states: gl = 2.03; g = [1.998, 1.983, 1.905]; gcun
= [2.075, 2.075, 2.371].

simulated zero-harmonic CW EPR spectra of Cu(hfac),L"" in
SS (Dgs) and WS (Qyys) states using the previously determined
values of g-tensors.”” The EPR spectrum is always contributed
by the spin triad in SS or WS state (high-field region of the
spectrum) and by the magnetically isolated Cu2 ions (low-field
region; Figure la). In the WS state both signals significantly
overlap, even at W-band.

For interpreting CW EPR spectra of spin triads coupled by a
strong exchange (IJl > kT), it is reasonable to consider only the
ground spin multiplets of SS and WS states (Dgg and Qyyg) and
neglect the populations of other excited multiplets (Qgg, Dy,

and dgs,ys). However, in TR EPR experiments, one should also
consider the possibility of detecting transient signals of these
excited states. It is reasonable to assume that g-tensors of Dy
and Dg; states have close values (see Supporting Information);
therefore, their transient signals should be found in the same
spectral region and may be difficult to distinguish (the same
holds for Qus and Qgg states). Thus, until the final assignment
to WS or SS state is made, we will refer to the observed signals
simply as D and Q.

One can see that the spectra in Figure 4a resemble those in
Figure 4b by shape, but the whole spectrum appears in negative
(“emissive”) phase. Moreover, the line of the magnetically
isolated copper ion (Cu2) is clearly present in the spectrum,
even though no spin state switching occurs under illumination
with light in these coordination units. Thus, we clearly observe
the strong undesired heating effect operating for both one-spin
units and spin triads (see Supporting Information for additional
confirmation). Since heating leads to a decrease of the EPR
signal according to ~gBH/kT, the phase of the TR EPR
spectrum produced by it should be negative, as is observed in
experiment.

At the same time, fortunately we also observe a change in the
shape of the spectrum depending on the time delay after the
flash. This cannot result from heating—cooling cycles, since
certainly the spectrum decay due to the cooling must be
homogeneous across the whole spectrum. It is also evident that
the changes in the shape of the spectrum occur around the
positions of EPR lines of the spin triad in SS and WS states.
Therefore, these changes should be assigned to the effect of
photoswitching and subsequent relaxation in spin triads.

TR EPR Kinetics. Although the heating/cooling effect makes
the dominant contribution to the TR EPR signal, the less
pronounced effect of photoswitching can easily be separated.
Since heating and cooling occur identically in spin triads and
one-spin copper units, the TR EPR kinetics measured on the
EPR line of the one-spin copper unit (Cu2) fully describes the
time profile of heating and cooling (IZ%(t) = I(t)). The
observed kinetics measured at field positions corresponding to
Quys and Dy states of spin triads can be written in the following
form:

I%() = I (1) + agLe(t) 1)

obs
() = Ip(t) + apl,...(t)

where Io(t) and Ip(t) are the spin-state switching kinetics of
Quws and Dgg states, and aq and ap are the corresponding
coeflicients of proportionality for the contribution of heating/
cooling effects on those spin triads that do not undergo
photoswitching.

Figure S shows the TR EPR kinetics of the one-spin copper
ion Cu2 and the triad in D and Q states at two different
temperatures. It is evident that the shapes of the curves differ
only at short time delays of less than ~15 us, implying that all
processes associated with photoswitching occur within ~15 us,
and at longer time delays the signal is determined purely by the
cooling eftect. Therefore, in order to get rid of the unknowns
aq and ap, all three observed TR EPR kinetics It (1), I3*(t),
and IY(t) can be normalized at ¢ > 15 ys. Indeed, this approach
works well, as is shown in Figure S. After normalization at t >
15 ps, heating/cooling kinetics can be subtracted from IOQbS(t)
and I2(t) to obtain IQ(t) and I (t). Note that IQ(t) and I(t)
are not really pure kinetics of spin state switching; in fact, they
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Figure 5. TR EPR kinetics of Cu(hfac),L™ measured in the field
positions corresponding to one-spin copper ion (Cu2) and spin triad
in D and Q states (3.234, 3.426, and 3.318 T, respectively), at (a) S
and (b) 11 K. The kinetics are normalized at ¢t > 15 us. Insets show
corresponding pure TR EPR kinetics of D and Q states after
subtraction of the heating/cooling effect and normalization.

also contain a contribution from heating and cooling during
photoswitching and relaxation. However, this contribution is
negligible because (i) the effect of heating is only a few percent
for a given spin, as discussed above, and (ii) cooling kinetics is
much slower than the excited state relaxation, as also is
discussed above. Therefore, we may consider the result of
subtraction shown in the insets of Figure 5 as a pure effect of
photoswitching.

It is clear that the effect of heating is much more pronounced
at 5 K compared to 11 K, because the difference between
observed kinetics IZ(t), IX*(t), and I3*(t) at S K is much
smaller. This is, again, in good agreement with the above
arguments that the EPR signal intensity (oxg#H/kT) changes to
the larger extent when the same heating occurs at 5 K
compared to 11 K (AT/T is larger at S K for the same AT).

The characteristic rise time of the kinetics is about 100—150
ns after the laser flash, and this time does not change noticeably
between S and 21 K. In principle, the initial build-up of TR
EPR kinetics can be determined by a number of factors,
including (i) the formation time of paramagnetic intermediates,
(i) finite relaxation times, and (iii) characteristic time of the
detection system response, determined by the Q-factor of the

resonator and bandwidth of the preamplifier. As was mentioned
above, the relaxation times in breathing crystals are extremely
short. In addition, the rise of the TR EPR kinetics does not
depend on the amplitude of the microwave field B, that would
be expected for hypothesis (i) (see Supporting Information).
The response time in our experiments was estimated to be
~100 ns; therefore, it can well be the major factor determining
the kinetics build-up. Thus, the light-induced state is formed at
time delays shorter than 100 ns.

The shapes of the TR EPR kinetics of WS and SS states
coincide within experimental accuracy, whereas the sign of the
kinetics is different, meaning that we indeed observe the
interconversion between these two states. The validity of
normalization and subtraction procedures can also be cross-
checked by comparison of the kinetics I5(t) and Ip(t) with the
difference kinetics Iyg(t) = I3*(t) — Iy*(t). Once I3*(t) and
I(t) are normalized at t > 15 us, the heating/cooling
contribution is eliminated by subtraction, I3*(f) — Iy*(t), to
obtain I;g(t). Remarkably, the decays of all kinetics Io(t), In(t),
and Iy(t) coincide within experimental accuracy (Figure 6).
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Figure 6. Comparison of TR EPR kinetics Io(t), In(t), and Iyu(t),
obtained at 7 K after the subtraction of heating/cooling kinetics. All
kinetics are normalized to their maxima.

Theoretically, the magnetic susceptibility (and the second
integral over the EPR spectrum) of the spin triad in WS state is
larger compared to that in SS state by a factor close to 3.*> But
the widths and shapes of the corresponding EPR spectra are
different; therefore, it is difficult to predict the expected ratio
for the amplitudes of I(t) and Iy(t) dependences. It was found
experimentally that IQ(t) ~ —Ip(t), and, as a result, I;(t) ~ 2
IQ(t), which gives a ~2-fold increase in the signal intensity.

Formation and Relaxation of Photoinduced State. Our
previous studies have shown that illumination with light at T =
5—21 K (ground state is SS state) results in formation of the
metastable WS state and its relaxation to the ground state on
the time scale of hours (Figure 1b, direct conversion).2%%’
Therefore, one would expect to observe the formation of WS
state from SS state on the nanosecond time scale of TR EPR.
However, contrary to this expectation, the observed pure
photoswitching kinetics of the Qs state Io(t) is emissive,
meaning that light converts some fraction of the WS states to
SS states. In agreement with this, the kinetics of the Dgg state
I(t) is absorptive, meaning that some fraction of SS states was
born by light illumination of the WS states.
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As was already mentioned above, the TR EPR experiment
requires a long accumulation time and WS—SS relaxation is
slow; therefore, the system relaxes only to some quasi-
stationary state between the laser flashes (Figure 3b), i, an
equilibrium between photoinduced and relaxing WS state and
ground SS state. Since the concentration of WS state is nonzero
before every laser flash, the reverse conversion from WS to SS
state found on the nanosecond time scale by TR EPR is not
impossible. Moreover, careful analysis shows that the amplitude
of TR EPR kinetics (Io(t) and Ip(t)) is closely proportional to
the quasi-stationary concentration of WS state at each
temperature between 5 and 21 K.

Thus, within the time window between two laser flashes,
there must exist two opposite conversion trends (Figure 1b).
The main process that was investigated previously by CW EPR
is the “direct” conversion from the ground SS state to the
metastable WS state that relaxes back on the time scale of hours
via quantum tunneling. Since we apply TR EPR in quasi-
stationary condition (Figure 3b), each laser shot must convert
some fraction of SS state into the WS state to compensate for
the same amount of the relaxed WS fraction since the previous
flash. This direct SS=WS conversion pathway is not observed
in our TR EPR experiments. At the same time, the opposite,
“reverse” conversion WS—SS occurs on the time scale of <100
ns, followied by relaxation to the metastable WS state within ca.
1—-2 us. The UV—vis—near-IR absorption bands of WS and SS
states strongly overlap, and even at A = 532 nm the absorbance
in these states differs by less than a factor of 2 at T = 80—300 K
(Figure 2); therefore, simultaneous excitation of WS and SS
states is inevitable. It was not understood before the present TR
EPR study why this overlap does not destroy direct conversion
from SS to WS state by inducing the opposite WS—SS
conversion. Now we observe that some fraction of WS state
seems to be converted to SS state at the short time delays but
then quite rapidly relaxes back to the metastable WS state. But
how can this relaxation happen if the SS state is the ground
state with much lower energy than the WS state?

We suppose that the observed transient signal on the EPR
line of the D state corresponds to the excited doublet state in
WS state potential well (Dyg), not to the ground doublet state
in SS state potential well (Dgg) (Figure 1b). As was mentioned
above, both doublets (Dys and D) should have the same or
very close magneto-resonance parameters and therefore similar
EPR spectra. The observed relaxation times of ca. 1-2 us are
quite reasonable for the electron relaxation times of the
photoexcited spin states at low temperatures.*”*® Thus, using
TR EPR, we observe the “secondary” process of photo-
excitation and relaxation in the WS state potential well. But why
is the expected direct process of Dgg—Qyyg conversion not
visible? In fact, the efficiency of photoswitching per one laser
shot is not high for the bulk sample we study, and it takes
several minutes of illumination with 10—20 Hz frequency to
reach the quasi-stationary condition.”” Therefore, it is possible
that the efficiency of the secondary process that we observe is
higher, and therefore the direct process is simply not seen.
Another possibility is that the direct process occurs on a time
scale shorter than 100 ns, and the kinetics build-up due to this
process is masked by resonator response function (in fact,
similar to the observed secondary process), whereas the kinetics
decay due to the tunneling is too slow to be detected with good
sensitivity in TR EPR.

What can we learn from this secondary process? First, the
lifetime of the excited E* state is shorter than our temporal

resolution (~100 ns), since the formation of Dy state has no
time lag with respect to the disappearance of the Qg state.
Second, since we observe an interconversion between only two
states Dys<>Qus in TR EPR without noticeable additional
relaxation pathways, we assume that the relaxation pathway
E*—Dys is strongly preferred compared to the E*—Dgg,Qq;
pathways. As was already mentioned above, this explains why
the direct SS=WS conversion occurs efficiently despite the fact
that absorption bands of SS and WS states strongly overlap.
We also can study the electron spin relaxation Dyyg— Qyyg in
more detail by measuring its rate as a function temperature
(Figure 7). Unfortunately, signal intensity drops rapidly with
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Figure 7. Temperature dependence of the observed relaxation kinetics
between Dyyg and Qyys states at T = S—15 K. Inset: Relaxation rate (1/
T.1) vs T. Red line shows linear fit of the data using the equation 1/
T = 0.12 + 0.06T pus™".

temperature; therefore, reliable data on the relaxation times can
only be obtained within a narrow range of 5—11 K. In this
region the relaxation rate depends hnearly on temperature,
implying a direct relaxation process.’” The splitting between
quartet and upper doublet of the triad in WS state (Qys and
Dyys) is expected to be about 10~30 cm™,* typical for the
elongated octahedral geometry with radical spins in the axial
positions.*”%*®"  Therefore, this splitting is close to the
maximum of the phonon density spectrum at T =~ 5-20 K,
and one would not expect the dominating role of two-phonon
processes. Possibly, this relaxation transition Dys— Quys can be
caused by modulation of anisotropic exchange coupling® or
other weakly allowed processes between these two states.

The results reported above show both similarities and
differences between light-induced phenomena in copper—
nitroxide-based breathing crystals compared to iron(II) LIESST
compounds. The mechanism of LIESST in iron(Il) SCO
compounds was elucidated in detail during the past several
decades.”” In particular, it has been shown that excitation
occurs via d—d or MLCT absorption bands of the low-spin
ground state, and that the formation of the excited high-spin
state is ultrafast (time scale ~1073—10710 5).627¢* Demanding
optical properties of breathing crystals Cu(hfac),L* (overlap of
UV—vis absorption spectra of the ground and excited states)
strongly complicate the study of the mechanism of light-
induced spin state switching. One way to overcome this
difficulty is to design breathing crystals with another type of

stable radical having more suitable optical properties, and we
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have already obtained some successful results in this
direction;*® the studies of light-induced phenomena in new
group of compounds are underway. Another way to obtain
missing information on light-induced dynamics in breathing
crystals is to involve more sophisticated physical techniques,
e.g, as was done in the present work using TR EPR. We could
see that, similar to iron(II) LIESST compounds, the formation
of the photoinduced state is fast (<100 ns) and the relaxation
from the intermediate excited state is strongly preferred toward
the photoinduced (WS) state. At the same time, light-induced
spin dynamics in breathing crystals is more complicated
compared to that in iron(II) compounds because of the
presence of low-lying excited spin levels (excited multiplets of
exchange-coupled spin triads nitroxide—copper(II)—nitroxide).
In particular, TR EPR allowed us to study the electron spin
relaxation between excited and ground spin multiplets of the
WS state. TR EPR studies with higher sensitivity and higher
spectral and temporal resolution may lead to further advance-
ment in the determination of the detailed mechanism of
photoswitching in breathing crystals.

B CONCLUSIONS

In this work we have studied light-induced spin dynamics on
the nanosecond time scale in a compound of the “breathing
crystals” family using W-band time-resolved EPR. Although TR
EPR is widely used for studying photoinduced transient
paramagnetic intermediates in liquid/frozen solutions, to the
best of our knowledge, it has never before been applied to
solid-phase (magnetically concentrated) switchable molecular
magnets. The potential of TR EPR applied to these and similar
photoswitchable systems has been demonstrated. We have
found that “direct” conversion from SS to WS state is not
visible in TR EPR experiments, and the observed spectra and
kinetics characterize “secondary” processes of initiation and
relaxation of the excited doublet spin state in the potential well
of the metastable WS state. The formation of this state occurs
during a time of less than ~100 ns. The reverse relaxation to
the ground spin multiplet of the WS state occurs on the time
scale of several microseconds and has an exponential character.
The temperature dependence of the relaxation rate is linear at
T = 5—11 K, implying a direct relaxation process. The
observation of a secondary excitation/relaxation pathway in the
WS state unveils some properties of the intermediate light-
induced state involved in both direct and secondary conversion
routes. In particular, relaxation from this state has a strong
preference toward the metastable WS state. This explains why
direct SS>WS conversion is overall efficient despite the strong
overlap of UV—vis—near-IR absorption bands of WS and SS
states. Although the detailed photoswitching mechanism in
breathing crystals is still not understood, this first high-
resolution W-band TR EPR study opens the perspective for the
future investigations of the spin state conversion and
understanding of the underlying mechanisms of photoinduced
phenomena in these and similar systems.
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