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The review summarizes the results of EPR investigations of magneto-structural anomalies
occurring in exchange-coupled copper-nitroxide clusters belonging to the family of compounds
Cu(hfac),LR. The key features and potential of EPR spectroscopy in studies of such systems,
the methods developed to determine the exchange constants, and experiments using the optical
switching of magnetic parameters in the heterospin exchange clusters studied are discussed.

Key words: spin transitions, EPR spectroscopy, heterospin exchange clusters, exchange

interaction.

Introduction

Exchange-coupled complexes of transition-metal ions
with stable nitroxide radicals (NR) play an important role
in the research on molecular magnetism and have been
intensively studied in the recent decades.!=23 In addition
to the static magnetic susceptibility technique and X-ray
diffraction analysis, in many cases EPR spectroscopy be-
comes a key method of investigations of the structural and
magnetic properties of such exchange-coupled systems.24—31
This review is devoted to a new class of molecular magnet-
ics, viz., "breathing crystals" and summarizes for the first
time the results of systematic EPR investigations of ther-
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mally induced and light-induced spin transitions in these
compounds.32—38

LR

R = Me, Et, Pr", Bu"

The family of heterospin "breathing crystals” Cu(hfac),LR
based on copper(i1) hexafluoroacetylacetonate and pyr-
azolyl-substituted nitronyl-nitroxides was discovered quite
recently.3¥—43 The solid phases of these compounds have
polymer-chain structures with two different ("head-to-
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Fig. 1. Polymeric chains with the "head-to-head" motif in the
structure of Cu(hfac),LF! (a) and with the "head-to-tail" motifin
the structure of Cu(hfac),LMe (b).*

head" and "head-to-tail") motifs of coordination of the
nitroxide radical and Cu?" ion (Fig. 1). The "head-to-

* Figures 1 and 6 are available in full color in the on-line version
of the journal (http://www.springerlink.com).
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head" coordination leads to formation of a chain comprising
alternating one- and three-spin fragments >N—Cu2"™—N<
and >N—O°*—Cu2*—*0—NK¥, respectively. The "head-
to-tail" coordination results in a regular polymer chain
comprising two-spin fragments >N—O*—Cu?"—N<. It
was found that the compounds in question exhibit revers-
ible thermally induced structural rearrangements accom-
panied by anomalies in the magnetic behavior and that in
some cases the L. 7) or x T(T) dependences are similar in
character to the classical spin crossover. Of course, spin
crossover cannot occur in Cu?™ because of its electronic
configuration (d°), but for a heterospin complex of Cu?"
with a nitroxide radical there is a possibility of changing
the electronic configuration of the whole cluster. For in-
stance, in most compounds under consideration, the
Cu?*—O bonds in the fragments >N—0O°*—Cu?"—*0O—N<
are significantly shortened (up to 0.3 A) on lowering the
temperature; this leads to an increase in antiferromagnetic
exchange coupling and to effective pairing of two out of
three spins in the spin triad. As a result, the magnetic
moment decreases (Fig. 2). A fundamental difference be-
tween the classical spin crossover and its nonclassical ver-
sion in "breathing crystals" is that in the former case one
deals with the change in the electronic configuration of

e/ B ¢

24}

[\S)
[\)
T
LY
L)

50 150 250 T/K

d

2.6 d

L4 000‘\.

24} s

50 150 250 T/K

Fig. 2. Temperature dependences of the effective magnetic moment of "breathing crystals": Cu(hfac)zLB“"-0.5C7H|6 (a);
Cu(hfac)zLPr"(b, curve /), Cu(hfac)2LBun +0.5CgH, (b, curve 2), and Cu(hfalc)2LBun +0.5C;H 4 (b, curve 3); Cu(hfac)zLBun +0.5CgH 5 (c);

and Cu(hfac),LFt (d).
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the d-shell of single paramagnetic centers (metal ions),
whereas the latter case involves changes in the electronic
interaction and configuration in the environment of the
metal ion. In this respect, nonclassical spin transitions
(crossover) in "breathing crystals" can be much more sen-
sitive to external factors, which in turn offers new pros-
pects for efficient manipulation of their magnetic proper-
ties. For instance, it was found that the characteristic pa-
rameters of spin transitions in "breathing crystals" strong-
ly depend on the substituent (R) in the pyrazolyl fragment
of the nitroxide radical (R = Me, Et, Pr", Bu™), and on the
organic solvent, which can be incorporated into the inter-
chain space in the crystal, because in both cases the pack-
ing parameters of the polymeric chains are changed (see
Fig. 2). In this connection, "breathing crystals" are of par-
amount interest for both basic research and, in the future,
for the design of novel functional materials with unusual
magnetic properties.

All magnetic anomalies observed in the "breathing crys-
tals" are related to structural rearrangements in the coor-
dination sites including two- and three-spin systems. The
theory of EPR of two- and three-spin exchange-coupled
clusters has been well developed because such systems are
used as models in studies of more complex exchange clus-
ters. Comprehensive reviews of theoretical and experimen-
tal research were reported in monographs.2444 When the
exchange interaction characterized by the exchange inter-
action constant J is weak or comparable in magnitude
with the external magnetic field (|/| << Bor|J| = B, respec-
tively), the EPR spectra exhibit splitting of spectral lines
of individual paramagnetic centers and/or additional tran-
sitions whose positions depend on the magnitude of the
exchange constant. If the exchange interaction is much
stronger than the external magnetic field ([J| >> B), the
EPR spectra of two-spin systems correspond to only a triplet
state with the effective average g-factor g = (g; + g,)/2,
where g, and g, are the individual g-factors of the ex-
change-coupled spins. In principle, the temperature de-
pendence of the intensity of this spectral line characterizes
the relative populations of the triplet and singlet terms and
allows one to estimate the exchange constant and to de-
termine its sign. However, in most cases the accuracy of
this method is low. For three-spin systems, one should
expect the appearance of three EPR lines corresponding
to three terms of the system (a quartet term and two dou-
blet terms) if their populations are comparable with one
another, or a single line otherwise. Experimental EPR
spectra of three-spin clusters based on Cu?" trinuclear
complexes and on Cu?* complexes with stable radicals
exhibit a single EPR line with an average value of the
g-factor.45—49 A slight temperature dependence of the po-
sition of this line was explained as being due to mixing of
different terms and by temperature dependences of the
populations of different terms. However, because of the
ratio of J and thermal energy (kT), the temperature-in-

duced shift of the resonance line and the typical changes
in the EPR spectra were insignificant and precluded quan-
titative studies of exchange interactions. Thus, EPR spec-
troscopy is usually inappropriate for the determination of
the constants of the exchange interactions in the cluster if
the exchange interaction is strong (|J| >> B).

We have found that the EPR spectra of "breathing crys-
tals" Cu(hfac),LR exhibit a number of specific features,
which permits successful characterization of spin transi-
tions and the exchange interaction in their heterospin ex-
change clusters.32—38 For these systems, the exchange in-
teraction constants J become comparable with the ther-
mal energy (k7T) at T = 20—300 K. Moreover, owing to
structural rearrangements, the exchange interaction con-
stants become temperature-dependent. As a result, the
EPR spectra significantly change upon temperature varia-
tion. Detailed analysis of all spectra corresponding to these
changes allows one to study the temperature dependences
of exchange interaction constants and the dynamics of
spin states. Here we report on the key features of EPR
spectroscopy of strongly coupled spin triads of "breathing
crystals” and the methods developed to study the spin tran-
sitions and exchange interactions in these systems. In ad-
dition, we will dwell on the optical manipulation of the
magnetic properties of "breathing crystals” and, in some
cases, the possibility of measuring the constants of the
intercluster exchange interaction.

EPR spectroscopy of exchange-coupled spin triads
of "breathing crystals": key features

In the vast majority of "breathing crystals" Cu(hfac),LR
synthesized to date, the polymeric chains have the "head-
to-head" motif. In this case, the polymer structure is built
of alternating coordination sites CuN,0, and CuOg con-
taining, respectively, one-spin systems >N—Cu?T—N<
and three-spin clusters >N—*O—Cu?"—0*—N< coupled
by a strong exchange interaction (J = 10—100 cm™!, see
Fig. 1, a). Although structural rearrangements lead to
changes in the geometric parameters of both types of clus-
ters, the observed magnetic anomalies are to a greater
extent due to changes in the magnetic parameters of the
three-spin cluster (triad).

The spin Hamiltonian of a symmetric spin triad can be
written as follows:

H=BBgR(SK' + §%°) + pBgCISCr -
—2J(SR' + §R)SCu 2 SR' SR, )

where the superscripts R!, R2, and Cu refer to the nitrox-
ide radicals R! and R2 and to the copper ion, respectively;
SR and S$CU are the spins of the radical and the copper ion,
respectively; gR and g are the g-tensors of the radical
and the copper ion, respectively (it is assumed that nitrox-
ide radicals are magnetically equivalent and are charac-
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terized by isotropic g-tensors (gR), i.e, gR = gR1, where 1is
the unit matrix), the magnetic field B = [0,0,B] is parallel
to the Z axis; J is the constant of the exchange interaction
between the copper ion and each radical, and J~ is the
constant of the exchange interaction between the radicals
(J <0 corresponds to antiferromagnetic interaction). Usu-
ally, for a linear spin triad one has J° << J and therefore
the last term in Eq. (1) can be neglected in all cases con-
sidered in the present work.

The energy levels of the spin triad are shown in Fig. 3.
The spin multiplets of the triad (two doublet states and
one quartet state) are described by individual g-tensors g4,
g8, and g€ (see Refs 24 and 47):

g = (4gR1—g%v)/3,
gB=g%, ()

8¢ = Qghi+ g3,

The allowed transitions in the EPR spectra include the
[1) <> 2), [2) <> |3) and |3) <> |4) transitions between the
levels of the quartet state C, the |5) <> |6) transition be-
tween the levels of the doublet B, and the |7) <> |8) transi-
tion between the levels of the doublet A (see Fig. 3).

We found that unusual EPR spectra of these three-spin
systems coupled by strong exchange interaction are due to
predominant population of the ground spin state at re-
latively high temperatures (typically, ~100—200 K) and
mixing (spin exchange) of different multiplets of the
spin system.
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Fig. 3. A scheme of energy levels for a spin triad in the magnetic
field B. Arrows denote the allowed EPR transitions within the
multiplets A, B, and C (a). Energy level diagram for the spin triad
and transitions. Solid arrows denote the transitions induced by
modulation of the isotropic and anisotropic exchange interac-
tions and dashed arrows denote the transitions induced by mod-
ulation of the anisotropic exchange interaction only (b).

Typical temperature dependences of EPR spectra are
shown in Fig. 4 taking the spectra of Cu(hfac)zLPrn as
examples. Despite the fact that all individual constituents
of the three-spin cluster (Cu?* and the nitroxide radical)
are characterized by g > 2, the low-temperature EPR spec-
tra exhibit intense signals in the region g < 2. This can be
explained by predominant population of the ground spin
state of the cluster (doublet A) with the effective g-factor g
< 2 (see expression (2)). Such a 'polarization’ of spin mul-
tiplets appears at temperatures k7 < |J| (for J = 100 cm~!,
one has 7' < 140 K); the populations of the upper doublet B
and quartet C are low and their EPR signals are not ob-
served. It should be noted that the results of quantum
chemical calculations of the g-factors of "breathing crys-
tals" are in good agreement with experimental data and
also suggest the presence of signals with g < 2 at low tem-
peratures.30

Experimental studies of the temperature dependences
of the Q- and W-band EPR spectra (35 and 94 GHz,
respectively) of these compounds revealed yet another im-
portant effect. One would expect that temperature varia-
tions will affect only the relative intensities of the lines of
the multiplets A, B, and C in proportion to the changes in
their Boltzmann populations. However, in most cases
a single EPR line of the three-spin cluster instead of three
groups of lines with g*, gB, and g€ is experimentally ob-
served in the whole temperature range from k7 << |J] to
kT >> |J|; the position of this line is temperature-depen-
dent (Fig. 5). This temperature behavior can be explained
by some effects similar to the so-called spin (or frequency)
exchange between different EPR lines.

Each spin triad can be found in the state 4, B or C with
the corresponding probabilities specified by the Boltzmann
distribution. The effective g-factors of the multiplets 4, B,

26 24 22 20 1.8 1.6
— T T T T g
>N—O*—Cu?t*—0°*—N<
250 300 350 400 B/mT

Fig. 4. X-band (9 GHz) EPR spectra of polycrystalline
Cu(hfac),LP™ at 260 (7), 140 (2), and 90 K (3). A schematic
assignment of EPR signals to magnetically isolated copper ions
in the fragments >N—Cu?*—N< and spin triads in the frag-
ments >N—O*—Cu2t—*0—N< is shown.
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Fig. 5. Temperature dependences of EPR spectra of polycrystal-
line Cu(hfac),LP™" at 34 (a) and 94 GHz (b). The results of
theoretical simulation are shown by dashed lines.

and C are different and, therefore, the EPR transitions
within each multiplet are characterized by different fre-
quencies. Assume that each triad continuously undergoes
stochastic transitions between different multiplet states.
In other words, the spin jumps randomly from one envi-
ronment within the triad (one multiplet) to another. As
a result, the Larmor frequency of the electron spin ran-
domly varies between the corresponding frequencies of the
multiplets A, B, and C. The process is similar to fast chang-
es in the molecular geometry leading to changes in the
magnetic parameters (e.g., g-factor or the chemical shift).
In this respect, the spin exchange between different spec-
tral lines is well known in EPR and NMR spectra. In our
case, fast transitions between different multiplets of the
spin triad can be considered as spin "jumps" from one
multiplet to another. If the rate of such "jumps” is high
compared to the Larmor frequency difference between dif-
ferent multiplets (fast exchange), a single EPR line at the
"center of gravity" of the spectrum will be observed exper-
imentally. Temperature variations will change the contri-
butions of the EPR lines of different multiplets; as a result,
the "center of gravity" of the spectrum and, therefore, the
averaged EPR line, will be shifted, as is observed experi-
mentally. We have shown33 that taking account of the
dynamic spin exchange in simulation of EPR spectra
allows the temperature dependence of the position of the
line of the spin triad to be reproduced qualitatively;
quantitative analysis requires knowledge of the tempera-
ture dependence of the exchange constant J(7).

It seems logical to asume that the dynamic spin
exchange is due to phonon-assisted modulation of the ex-
change interaction between the spins of Cu?* and nitrox-
ide radical. Since structural rearrangements are accompa-
nied by changes in the Cu—O distances, these bonds are
nonrigid. This makes a large-amplitude modulation of

Cu—O distances quite probable, which leads to modula-
tion of the exchange interaction, which is strongly depen-
dent on the distance between paramagnetic centers. Mod-
ulation of isotropic exchange interaction causes transi-
tions between the doublets 4 and B while transitions to the
quartet state C are forbidden. However, taking account of
the modulation of anisotropic exchange interaction re-
moves this forbiddenness and leads to efficient mixing of
all multiplets (4, B, and C). Our estimates33 showed that
the rates of transitions between the multiplets A and B in
the spin triads of "breathing crystals" can be as high as
1012 s=1 (108—10!0 5! for the transitions involving the
multiplet C). The high rates of transitions are due to rather
strong exchange coupling (of the order of 100 cm™!) be-
cause strong exchange interaction leads to a high modula-
tion field. In addition, the high rates of transitions be-
tween the multiplets can be due to the fact that the transi-
tion frequencies are much closer to the maximum of the
phonon density distribution than, e.g., the frequencies of
EPR transitions between the Zeeman levels.

However, on the one hand, the exchange interactions
in most "breathing crystals" significantly weaken at high
temperatures as a result of a phase spin transition (to
J=1—10 cm~!) and, thus, modulation of exchange inter-
action by local vibrations of the crystal lattice no longer
explains the observed high mixing rates. On the other hand,
at high temperatures, it is natural to expect manifestaton
of the dynamic Jahn—Teller effect in copper ions; this can
lead to much higher rates of spin exchange. Most proba-
bly, the observed spin exchange effects are due to both
these interrelated processes and further theoretical and
experimental studies can make it possible to separate and
interpret their contributions.

Depending on the frequency of the EPR spectrometer,
dynamic spin exchange can be fast, intermediate, or slow;
experiments in different frequency ranges allow one to
study its rates. We studied the rates of spin exchange (dy-
namic mixing) of three "breathing crystals" in a wide range
of EPR frequencies from 34 to 244 GHz.3® Indeed, the
Q-band EPR spectra of three complexes (Cu(hfac),LP™,
Cu(hfac),LB""-0.5C4H(, and Cu(hfac),LB""-0.5C¢H )
correspond to fast exchange (one averaged EPR line of the
spin triad) (Fig. 6). At the same time, the spectra of
Cu(hfac),LP™ and Cu(hfac),LB""+0.5CgH,, recorded at
122 and 244 GHz exhibit a resolved structure of the lines
of the spin triad, viz., two lines (with g < 2 and g > 2)
whose intensities gradually redistribute in the tempera-
ture range from about 100 to 200 K (Fig. 6, b). Thus,
at 244 GHz one deals with a slow spin exchange in
Cu(hfac),LP™ and Cu(hfac),LB"-0.5CgH,,. The EPR
spectra of Cu(hfac),LB""-0.5C4H g recorded in all fre-
quency ranges (34, 122, and 244 GHz) and in the temper-
ature range 50—300 K show a single averaged line of the
spin triad, which corresponds to fast spin exchange (see
Figs 6, ¢ and 6, d). Analysis of the temperature depen-
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dence of the width of this line showed that at 244 GHz the
limit of infinitely fast exchange is not reached and the
linewidth has a well-defined maximum at about 110 K. At
the same time, in the Q-band the linewidth monotonical-
ly increases with temperature and it may be inferred that
the limit of infinitely fast exchange is reached.

Spin exchange (dynamic mixing) in the triads of
"breathing crystals" was described using the formalism of
the modified Bloch equations.33:5! Approximation of the
EPR spectra by simulation in three frequency ranges (34,
122, and 244 GHz) simultaneously for each temperature
made it possible to determine the mixing rates; depending
on temperature, they are in the range 10°—1012 s-!
and higher.
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Manifestation of spin transitions:
a theoretical description

Attemperatures kT = |J| and kT > |J|, assuming that the
condition for fast spin exchange between different multip-
lets is met (this is typical at microwave frequencies
Vimw < 94 GHz), the position and shape of the averaged
EPR line of the spin triad show a temperature-dependent
behavior. In the case of fast spin exchange, the effective
g-tensor of the spin triad corresponds to the "center of
gravity" of the spectrum and can be written as follows:

ApA , .BpB ., .CpC
8 Py +8 Pp+8 Py 3
g (T)= ZglPé/ IE &)
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Fig. 6. Temperature dependences of EPR spectra of single crystals of Cu(hfac),LP ™ (a, b) and Cu(hfac)zLB“"-O.SCSng (c, d) at
34 (a, c¢) and 244 GHz (b, d). The results of theoretical simulation are shown in red.
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where the coefficients P'p characterize the probability of
absorption of microwave energy by an electron in the states
A, B, or C, respectively. The coefficients P'p include the
Boltzmann populations of the levels, the number of EPR
transitions for each multiplet, and the corresponding prob-
abilities of EPR transitions

1
Pl =BT ) )

where p/! are the intensities of the EPR transitions with-
in the multiplet /. One EPR transition is allowed be-
tween the levels of the multiplet A (|7) <> [8)), one EPR
transition is allowed between the levels of the multiplet
B (|5) <> |6)), and three transitions are allowed between the
levels of the multiplet C (|1) < [2), |2) <> |3) and |3) <> |4)).
The intensities of the corresponding transitions are pro-
portional to the matrix elements

m?; = [ilS. )P

which are as follows: m > = ms,2 = 3, my;2 = 4 and
msg® = m7g> = 1. Using these expressions and Eqs (2)—(4),
one gets

Ay gB LXK L 10gC. 3 KT

_s _
8eri(T) = |+ o2 KT 4 {0037 AT =

(4R — gy 1 3gCu L KT L 10(2gR 4 gCU). @IIKT
B 3(1 + e X AT 4103 /KT '

(&)

In the high-temperature limit [J|/kT = 0, one gets
& = &€ because, according to expression (2), one has
g* + gB = 2¢€. In the low-temperature limit |Jj/kT >> 1
(J < 0), one gets g4 = g*. This means that for typical
average (isotropic) values g* = 1.96 and g~ = 2.05 the
effective g-factor should change by about Ag.= 0.1 upon
temperature variation. At 94 GHz (W-band), this corre-
sponds to a shift of the resonance magnetic field by about
150 mT. This value is rather large and the shift can easily
be observed experimentally. The effective g-factor can vary
smoothly or in a sterwise manner, depending on which
function J(T) is used. It should be noted that the ratio
gt = &R =2 isachieved at |J] = kT'(J < 0); this can be shown
with ease using Eqgs (5) and (2). Therefore, the tempera-
ture at which the line of the spin triad reaches the value
g = 2 can be used for a simple estimation of the exchange
constant at this temperature. Another useful observation
is that at |J|/kT = 2 (J < 0) the effective g-factor (g.q)
almost reaches a minimum value g”: the extent of trans-
formation g = g© — g = g* is about 90%, which can
also be used for evaluation of the parameter J. These two
methods of estimation of the exchange constant using the
dependence of g.;yon the parameter |J|/k T calculated from
Eq. (5) for typical values of the average (isotropic) g-fac-
tors g* = 1.96, gB = 2.15, and g€ = 2.05 are illustrated in
Fig. 7, which also shows the temperature dependence of

the magnetic moment of the spin triad calculated from the
equation

L)+ 3™ AT 4 30(g ) e AT
Hefr = 8(1 + e 2V 4 3T

+ O'SHiS,effz’ (6)

+

which can be derived with ease by analogy with the ex-
pression for the effective g-factor (wjg r= 1.86 is the mag-
netic moment of a one-spin system). As can be seen, the
curves of the effective magnetic moment and the effective
g-factor are somewhat different in shape; this indicates
a difference in information extracted from them.

Diversity of spin transitions
and their manifestation in EPR

The theoretical model developed provides a correct
explanation for the transformation of EPR spectra with
temperature and allows the exchange interaction constant
to be estimated. We studied compounds Cu(hfac),LR with
different substituents R (R = Me, Et, Pr", and Bu") and
different organic solvents (Solv) present in the crystal
structures (Cu(hfac),LR+0.5Solv). Here we present a num-
ber of examples illustrating different types of spin transi-
tions in "breathing crystals”, their manifestations in EPR
spectra, and an analysis using the approach developed.

Compound Cu(hfac),LB""+0.5C;H ¢ undergoes an
abrupt spin transition at 7, = 125 K, which causes the
effective magnetic moment to decrease by Au.y = 0.35
within the temperature range AT, = 10 K (see Fig. 2, a).
The overall decrease in the magnetic moment between
T =300 and T = 50 K is Apgg = 2.53—1.85 = 0.68.
The magnetic behavior at temperatures below ~25 K is
governed by intercluster exchange interactions between
different paramagnetic centers of the polymeric chains.
Using Fig. 7, one can establish a simple correlation be-
tween the manifestation of spin transitions in the mag-

Mefr 8eff

2.5 U/KT 05 LS

05 15 VI/kT

Fig. 7. Theoretical dependences of the effective magnetic mo-
ment (a) and effective g-factor (b) of the spin triad on the param-
eter |J|/kT calculated using Egs (5) and (6), respectively.
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netic susceptibility and EPR measurements for
Cu(hfac),LB"".0.5C,H . On the one hand, a decrease in
the magnetic moment by Apg = 0.7 to peg = 1.85 corre-
sponds to the transition of the system from the state
|JI/kT << 1 to the state [J|/kT > 1 (see. Fig. 7, a). On the
other hand, at |J|/kT > 1 one should expect g. < 2 and,
therefore, intense EPR signals should be observed in a high
field (see Fig. 7, b). Of course, Eq. (6) and Fig. 7 are only
suitable for approximate evaluation because consideration
of exact g-factors and intercluster exchange interac-
tions will affect the absolute values of p.q(J/|/kT). Thus,
EPR spectroscopy data provide 'more direct' informa-
tion on exchange interaction in the spin triad because
this allows one to exactly determine the g-factors; in ad-
dition, the contributions of the one- and three-spin
clusters are spectrally separated. The EPR spectra of
Cu(hfac),LB""-0.5C,H ¢ exhibit significant changes near
the transition temperature; as a result, very intense signals
with g <2 at T< 130 K are detected; these signals are well-
resolved even in the X-band (Fig. 8). This pattern of the
EPR spectra unambiguously indicates that the condition
|/|/ET > 1 is met for the spin triad (see above). Almost no
transformations of the spectra are observed in the temper-
ature interval 70 < T< 110 K (see Fig. 8); this means that
the spin transition was completed at temperatures below
110 K and allows one to estimate |J| > 2kT ~ 150 cm~! at
T < 110 K. The X- and Q-band EPR spectra obtained at
T =70 and 110 K are correctly approximated using the
g-tensors g€ = [2.054; 2.084; 2.320] (T = 70 K) and
gC" = [2.048; 2.078; 2.314] (T = 110 K). Close values of
the corresponding components suggest that at 7 < 70 K
one has g.;=g" = [1.993; 1.983; 1.905]. Most likely, a slight

a b
A 70 K 70 K
l /‘,‘r r“ \‘
110 K
A 1\ 110 K
T 130K ;

— 2K

160 K 160 K
A *\ﬁ—m «

—Ig‘ﬁ,l/\[ll/_li 1 1 1 1 1

250 300 350 400 1000 1100 1200 1300 B/mT

Fig. 8. Temperature dependences of EPR spectra of polycrystal-
line Cu(hfac)zLB““-O.5C7H16 at 9 (a) and 34 GHz (b). Dashed
lines denote simulated EPR spectra.

decrease in prat 50 < 7< 110 K is mainly due to antifer-
romagnetic intercluster interactions between the spin tri-
ads and the spins of the copper ions in the CulN,Oy sites.
At temperatures above the spin transition temperature
(T >150 K), the Q-band EPR spectra exhibit a single
broadened EPR line due to electron spin exchange (see
above). This line is almost not shifted between 160 and
240 K, which means that the limit |J|/kT << 1 is reached.
At 160 K, the effective g-factor of this line is g4 = 2.03,
being in accordance with the condition |J|/kT < 1
(see Fig. 7). Thus, the temperature dependence of the
EPR spectra of Cu(hfac),LBv"- 0.5C,H 4 reflects an abrupt
spin transition occurring in three-spin exchange clusters
>N—*0—Cu?"—0*—N< on going from the case |J|/kT< 1
to the case |J|/kT > 1.

Cu(hfac)zLBun +0.5C;Hg provides an example of
a compound characterized by a much smaller amplitude
of the spin transition (see Fig. 2, ¢). The dependence p.g(7)
shows quite a smooth transition in the temperature interval
from nearly 140 to 70 K with the amplitude Ap.g = 0.32.
At 70 K, one has pi= 2.15 and, therefore, |J|/kT = 0.6; as
a consequence, one shouled expect g = 2.03 > 2 (see Fig. 7).
Indeed, experimental EPR spectra are in excellent agree-
ment with these assumptions (Fig. 9). Experiments in the
X-band do not allow one to observe noticeable changes in
the EPR spectra before and after the phase transition.
Attempts to resolve the lines of the spin triad and magnet-
ically isolated copper ion in the Q- and W-bands also
failed. However, the W-band EPR spectra clearly demon-
strate changes in the lineshape in the region g = 2 (see
Fig. 9, b), which can be explained by the shift toward the
high magnetic field (smaller values of the g-factor) of the
still poorly resolved EPR line of the spin triad. The shape
of the spin triad line in the W-band at 50 K also does not
exclude the presence of more than one type of spin triads
characterized by different exchange constants after the
spin transition; however, the lack of intense signals with
g < 2 is undoubtful. This suggests that the decrease in g.¢
of the spin triad during the spin transition does occur as
expected, but the amplitude Ag.s is too small to be detect-
ed in the W-band. In other words, one deals with a weak
exchange interaction within the triad (or effective averag-

70 K 70 K

150 K

200 250 300 350 400 450 2800 3000 3200 3400 B/mT

Fig. 9. Temperature dependences of EPR spectra of polycrystal-
line Cu(hfao:)zLBun +0.5C;Hg at 9 (a) and 94 GHz (b).
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ing of exchange interaction between several types of tri-
ads); the exchange constant (or its averaged value) can be
estimated from the condition |J| < kT = 35 cm~!.

Using numerous examples, we have shown that the
model developed for theoretical description allows one to
establish correlations between the manifestations of spin
transitions in EPR spectroscopy and in the magnetic sus-
ceptibility technique and to make simple estimates of the
constants of the exchange interaction within spin triads.
In the vast majority of compounds from the family of
"breathing crystals”, the magnetic moment decreases
as temperature decreases; this can occur abruptly
or smoothly, or proceed in a stepwise fashion. Com-
pound Cu(hfac),LEtis of particular interest because it de-
monstrates a different type of the dependence p.u(7)
(see Fig. 2, d). As temperature decreases in the interval
~300—226 K, the magnetic moment decreases, thus dem-
onstrating a rather strong antiferromagnetic exchange in-
teraction within the spin triad. Nevertheless, an abrupt
spin transition at 7. = 226 K (AT, = 5 K) causes . to
increase by a value of nearly 0.15. This can be explained by
rapid weakening of the antiferromagnetic exchange inter-
action or even by the change in the sign of the parameter J
after the spin transition. In any case, this type of spin
transition should lead to an "inverse" shift of (i.e., an in-
crease in) g.¢ in contrast to all cases discussed above. It is
just the trend shown by comparison of the W-band EPR
spectra at 240 and 200 K (Fig. 10). The EPR lines of the
isolated copper ion and the spin triad are unresolved; how-
ever, the shift of the high-field components of the spec-
trum toward the low-field region at 200 K is clearly seen.
Thus, the example of Cu(hfac),LEt demonstrates that the
approach we have developed can be used for the detection
and description of "inverse" spin transitions in heterospin

‘_JJ 100 K
200 K
240 K

2.8 3.0 3.2 3.4 3.6 B/T

Fig. 10. Temperature dependence of W-band EPR spectra of
polycrystalline Cu(hfac),LEt at 94 GHz.

exchange clusters where the ratio |/|/kT decreases as tem-
perature decreases.

Temperature dependence
of the exchange interaction constant

In the vast majority of exchange-coupled clusters used
in studies of molecular magnetism, the exchange interac-
tion constant (J) is temperature-independent. Even if the
variations of the exchange constant could be observed,
they were relatively small (e.g., at most 1 cm™!) (see
Ref. 52). The polymer-chain complexes Cu(hfac),LR we
have studied belong to a specific class of compounds, which
is characterized by significant variations of the geometry
of exchange clusters with temperature and, as a conse-
quence, by considerable changes in both intracluster and
intercluster exchange interactions.

As mentioned above, in the presence of fast electron
spin exchange the temperature dependence of the effective
g-factor of the spin triad g.( 7) can be written using the g-
factors of the nitroxide radical and copper(il) ion and
Eq. (5). Thus, the position (effective g-factor) of an EPR
line depends on the relative populations of multiplets of
the strongly coupled triad and is therefore directly related
to the exchange constant. The experimental dependence
&.(T) can be obtained by two approaches using a poly-
crystalline sample or a single crystal. Both methods have
their advantages and drawbacks and can generally be com-
bined to achieve the optimum result.

Difficulties in the experiments with polycrystalline
samples include (1) overlap of the EPR lines of the spin
triad and the magnetically isolated ion at high tempera-
tures (this can be avoided using high-frequency EPR) and,
as a consequence, (2) a decrease in the intensity of the
EPR line of the spin triad because of the strong broaden-
ing in the high-field experiments. As a result, recording
a high-quality EPR spectrum of the spin triad from the
polycrystalline sample in the desired temperature range is
difficult. In addition, since the EPR spectrum of the triad
is anisotropic at |J] >> kT, the effective g-factor to be used
in expression (5) should be calculated from the measured
spectrum. Nevertheless, in the absence of single crystals
this technique can be used to obtain the dependence g.q{(7T)
and to calculate the desired function J(7).

When using single crystals, the experimental depen-
dence g.(7) for the spin triad can be obtained much easi-
er. The signals of the spin triad and the isolated ion can be
separated with certainty at particular orientations of the
single crystal even in the X-band EPR. It is noteworthy
that the spectrum of the triad always represents an intense
singlet line and usually it is not a problem to record high-
quality EPR spectra. However, in the case of single crys-
tals one should take into account the fact that the struc-
tural transition involves a change in the direcion of the
long axis of the CuOg4 octahedron and, thus, the directions
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of the axes of the g-tensor of the ion from the spin triad.
The g.;(T) dependence thus obtained cannot be approxi-
mated by expression (5) because one should also take into
account the temperature dependence of the g-factor of the
copper(11) ion. At many orientations of the crystal, the g
value varies only slightly and the function g¥(7) can quite
correctly be approximated using the g values at the high
and low temperatures and the X-ray data. Nevertheless,
the appearance of additional variables in the method for
calculations of the dependence J(T) makes the results ob-
tained less reliable. In this connection, we do not stop
efforts aimed at optimizing the accuracy of methods for
the determination of the dependence J(T).

A strong temperature dependence of the exchange in-
teraction within the spin triads in "breathing crystals" is of
great importance. This was already discussed in the previous
Sections, but can most clearly be demonstrated by J(7)
measurements for the compounds exhibiting gradual chang-
es in bond lengths and magnetic parameters as an exam-
ple. In particular, the complex Cu(hfac)zLB“n-O.SCSng
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40
—60
-80

—100
—120
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undergoes a smooth spin transition in the temperature
range ~70 < T< 180 K. Figures 11 a, b show the observed
temperature dependences of the position of the EPR line
of the spin triad. From these data, the temperature depen-
dence of the effective g-factor can be extracted with ease.
The temperature dependence of the intracluster exchange
constant J(7) (see Fig. 11, ¢) was obtained by simulating
the experimental dependence g.q( 7T) using expression (5).
The g-factor of the Cu2* ion in the spin triad was deter-
mined from the low-temperature EPR spectrum (60 K)
while the value g = 2.007 determined previously was used
for the g-factor of the nitroxide radical. The width of the
J(T) distribution obtained in the intermediate region is due
to experimental error in the determination of the g-factor
(2£0.0005), which was taken into account in the simu-
lation of the dependence g. (7). At low tempera-
tures, the dependence g 7) reaches a plateau, which cor-
responds to a range of possible values of the ex-
change interaction constant at which the condition (5)
is met.

—= 60K
fF—— 30K
=—— 100K
120 K
140 K
160 K
180 K
200 K

- 230K
3.50 B/T

3.30 3.35 3.40 3.45

50 100 150 200  7/K

Fig. 11. Temperature dependences of W-band (94 GHz) EPR spectra of a Cu(hfac)zLBun +0.5CgH ;4 single crystal (a). High-resolution
temperature dependence of a line of the spin triad (). Temperature dependence of the exchange constant (c¢). Experimental depen-
dence of the magnetic susceptibility p.;( 7) (open circles) and the theoretical dependences p.;{ 7) calculated using the J(7) function (1)
and the constant exchange interaction values J = —10 cm™! (2) and —120 cm~! (3) (d).
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The dependence J(7T) can be used to calculate the ef-
fective magnetic moment p e 7) of Cu(hfac),LB"" - C¢H ¢
in order to compare it with the experimental value (see
Fig. 11, d). In the simulation of p.(7), the intercluster
exchange interaction was taken into account as described
elsewhere.33:34 Agreement between the simulated and ex-
perimental dependences p.g(7) in the whole temperature
range is an independent evidence of the correctness of the
J(T) dependence. It should be noted that simulation of the
experimental temperature dependences of the effective g-
factor and magnetic moment (g.(7) and p.(7), respec-
tively) using a constant exchange interaction value is im-
possible, as is clearly demonstrated in Fig. 11, d for the
Wes( 7) dependence taking two values of the exchange con-
stant J (/= —10 cm~! and J = —120 cm™!) as examples.

Light-induced spin transitions
and excited spin state trapping

"Breathing crystals" can undergo reversible thermally
induced spin transitions, which are very similar to classi-
cal spin crossover. This property is key to potential appli-
cations of such systems in spintronics.35:5¢ However, opti-
cal manipulation of the magnetization is undoubtedly
much more convenient from the standpoint of future prac-
tical applications. Optically induced switching of the spin
state is well known for many iron complexes that undergo
a classical spin crossover.5’—%4 Moreover, light-induced
excited spin state trapping (LIESST) in these compounds
was also discovered and studied. The phenomenon is that
the excited spin state induced by the laser irradiation is
metastable on the time scale from a few hours to a few
days at sufficiently low temperatures (typically, at 7< 50 K).
In connection to the fact that spin transitions in "breath-
ing crystals" are highly similar to the classical spin cross-
over, there were grounds to believe that light-induced
switching of the spin state is possible for them.

Our first experiments involved photoexcitation of com-
pounds from the family of "breathing crystals" Cu(hfac),LR
and detection of the excited state by EPR spectroscopy.
Prior to our expeiments, LIESST was observed in many
iron complexes that undergo spin crossover. In all cases
including exchange-coupled multinuclear complexes, it is
spin crossover in the iron complexes that is responsible for
the manifestation of LIESST. We have reported the first
example of LIESST in a fundamentally different type of
systems, viz., exchange-coupled clusters comprising cop-
per and two nitronyl-nitroxide radicals.3¢ These systems
contain no metals exhibiting spin crossover and conver-
sion of the spin state occurs in the exchange-coupled spin
triad. In our experiments, changes in the spin state were
detected from the Q-band EPR spectra (Fig. 12) using
different detection techniques (c.w. detection and time-
resolved EPR). Both of them are suitable for the detection
of LIESST in "breathing crystals" on the corresponding

time scales. Time-resolved EPR spectroscopy allows
one to detect the formation and the primary structural
and electronic relaxation of the excited state on the mi-
crosecond time scale, while c.w. EPR spectroscopy is ap-
proapriate for investigations of slow relaxation of the
"trapped' spin state. When exposed to monochromatic light
(X =900 nm) at 7 K, the degree of conversion from the
strongly coupled to the weakly coupled spin state was as
high as 80%. After photoexcitation, the spin triad relaxes
back to the strongly coupled state on the time scale of the
order of a few hours (see Fig. 12, a, ¢). However, raising
the temperature of the sample to 20 K over a period of
a few minutes followed by cooling to 7 K causes the sys-
tem to return to the initial state (see Fig. 12, a). These
features are similar to many observations of LIESST in
iron complexes. Note that practical implementation of
the "classical" experimental design for the detection of
LIESST in the "breathing crystals" under study upon irra-
diation of the sample placed inside the SQUID-magne-
tometer is a very complicated task. These heterospin crys-
tals are deeply colored and characterized by numerous
intense absorption bands in the UV, visible, and IR re-
gions. Therefore, light only slightly penetrates into the
crystal, being absorbed in the near-surface layer, which
causes its heating. We have developed a method of dilu-
tion of the sample with a transparent substrate to detect
LIESST in the probe of an EPR spectrometer (see Ref. 36).
We also proposed the mechanism of formation of LIESST
in "breathing crystals", which will be studied in detail in
the future. It should be noted that we also have discov-
ered LIESST in some other compounds of the family
Cu(hfac),LR. This suggests that LIESST is common to
"breathing crystals”, which makes them promising for the
use in light-controlled molecular devices and in data stor-
age and processing devices.

Studies of exchange interactions in two-spin clusters

In the previous Sections, we have considered the re-
sults of studies on the "breathing crystals" Cu(hfac),LR
with the "head-to-head" chain motif. However, as men-
tioned above, the family Cu(hfac),LR also includes com-
plexes with the "head-to-tail" motif; their polymeric chains
include two-spin copper(i1)—nitroxide clusters. One of a
few representatives of this type of compounds is the com-
plex Cu(hfac),LM¢ whose polymer-chain structure is
shown in Fig. 1, b. In spite of apparent regular character of
the chain, lowering the temperature to 230 K is accompa-
nied by irreversible doubling of the unit cell and formation
of alternating nonidentical two-spin clusters.

Structural rearrangements in the polymeric chain of
Cu(hfac),LM¢ mainly occur on cooling to the structural
phase transition temperature (TcL =141 K) and lead to an
abrupt decrease in p g by a factor of V2, which indicates
"disappearance” of 50% of spins with .S = 1/2 in the sam-
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Fig. 12. Q-band EPR studies of light-induced switching of the spin state and LIESST in complex Cu(hfac)zLPrn. EPR spectra at 180 K
(1); EPR spectra at 7 K recorded before (2) and immediately after exposure to light (A = 900 nm) over a period of 90 s (3), those
obtained 5 (4) and 180 min (5) after irradiation, and after subsequent heating to 20 K followed by cooling to 7 K (6). Simulated spectra
are shown by dashed lines (a). A schematic presentation of light-induced conversion (). The intensity (/) of the EPR signal of the spin
triad (B = 1216 mT) and the degree of conversion (3) plotted vs. time at 7 K (7), 10 K (2), and 13 K (3) (¢).

ple (Fig. 13). As a result, in 50% of coordination sites the
inter-spin distances Cu—Oj_are shortened and, as a conseq-
uence, antiferromagnetic exchange interaction is abruptly
increased. The other 50% of exchange clusters are charac-
terized by insignificant variations of their geometries and
weak ferromagnetic exchange interaction still dominates.

At temperatures above 141 K, the EPR spectrum of
polycrystalline Cu(hfac),LM¢ represents a broad singlet
line (g=2.1, T',,= 30 mT) with unresolved structure. Most
likely, this is due to the strong exchange interaction be-
tween neighboring clusters (see Fig. 13). A narrow line atg
=2.007 also observed in the spectrum represents the signal
of defects, namely, nitroxide radicals formed in the course
of preparation of the polycrystalline sample. After phase
transition (at 7< T, Ci), the EPR spectrum changes signif-
icantly and exhibits a number of characteristic features
typical of the triplet states, including the "forbidden" dou-
ble-quantum half-field transitions (see Fig. 13). The tri-
plet state observed can unambiguously be assigned to the
two-spin copper—nitroxide clusters linked through weak
ferromagnetic interaction (the "second” type of clusters).
The EPR spectra of the single crystal recorded at different

“eff/B
2.6
240 150 K
2.2 . — 130K

2.0 /

1 1 1

B/mT

100 200 300 400

Fig. 13. EPR spectra of polycrystalline Cu(hfac),L.M¢ at temper-
atures above (150 K) and below (130 K) the transition tempera-
ture. Inset: temperature dependence of the effective magnetic
moment g
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orientations of the sample relative to the magnetic field
show the same thermally induced feature as the spectra of
the polycrystalline sample (Fig. 14). At temperatures above
the transition temperature, there is also a singlet line whose
width is strongly dependent on the orientation of the single
crystal (see Fig. 14, a). Below the structural phase tran-
sition temperature (7" < Tci), the EPR spectra of the
single-crystalline sample correspond to the spectra of
a triplet state with a typical orientation dependence of the
splitting, which is due to dipole—dipole interaction (see
Fig. 14, b).

Since the integrated intensity of the EPR spectrum is
halved after the phase transition, the signals observed at
T< T ci undoubtfully correspond to the remaining 50% of
two-spin clusters in which no spin pairing occurred. The
first 50% of clusters became diamagnetic due to strong
antiferromagnetic exchange and thus are not observed in
the EPR spectrum. For the same reason, the exchange
channels between the remaining paramagnetic clusters are
now less efficient, i.e., we deal with efficient diamagnetic
dilution of the sample, which made it possible to observe
a resolved structure of the EPR lines at 7'< T.*.

The experimental EPR spectrum of a single crystal of
Cu(hfac),LMe (Fig. 14, ¢) corresponds to an angle of rota-
tion of 40° at 130 K (see Fig. 14, b). The angular depen-
dence of the spectra is due to anisotropic dipole—dipole
interaction and the observed splitting of the components
of the doublet into triplets can be attributed to weak iso-
tropic exchange interaction between two-spin clusters. Let
the spin Hamiltonian of the system have the form:

H=BBg,S + D(S?, — $%)) + E(S), — $1,) + BBg.Sy +
+D(S%y, = 8%) + E(S%y, = 8%) = 2/ _aSiSs,  (7)

where g, is the g-tensor of the copper(i)—nitroxide clus-
ter; B=1[0,0,B] is the magnetic field parallel to the Z axis;
D and F are zero-field splitting parameters; and J;;_; is
the isotropic exchange interaction between two clusters
with effective spins S = 1.

Using the values g, =[2.04 2.07. 2.14], D= £120 mT,
E =132 mT, J,_, = 25 mT, one can attain reasonable
qualitative agreement in calculations of the whole angular
dependence of the EPR spectra. However, the model in-
cluding two interacting clusters and described by the
Hamiltonian (7) requires substantiation, because each ex-
change cluster Cu—O; has two neighbors (not one!) with-
in a particular chain; in turn, these two neighbors are bound
to their own neighbors. In this connection, one should
understand which clusters are involved in the exchange
interaction observed. According to X-ray data, at 7 < TcL
the distance between the neighboring paramagnetic clus-
ters within the same polymeric chain (Cu—Cu, 14.189 A)
is too long to explain the exchange interaction observed.
The shortest Cu—Cu distance between the paramagnetic
clusters in different chains is also rather long (8.743 A).

a
180°
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2 N N— 120°
100°
80°
60°
40°
: . N =207
100 200 300 400 500 B/mT

100 200 300 400 B/mT

Fig. 14. EPR spectra of Cu(hfac),L.M¢ single crystal recorded at
different orientations of the sample relative to the magnetic field
at temperatures above (150 K) (a) and below (130 K) (b) the
transition temperature; the experimental (/) and simulated (2)
EPR spectra corresponding to an angle of 40° at 130 K (¢).

However, the spin density of the unpaired electron of the
ligand is not localized on the coordinated oxygen atom;
rather, it is symmetrically distributed over the imidazoli-
dine ring and has maxima on both oxygen atoms. At
T< Tci, in the crystal structure of Cu(hfac),LM¢ all ex-
change clusters with the effective spin §= 1 can be divided
into pairs in which the distance between uncoordinated
oxygen atoms is of the order of 3.9 A. This distance is only
two times longer than the characteristic Cu—O bond
length and can therefore serve as a channel of the ex-
change interaction of the corresponding clusters. It is note-
worthy that these clusters belong to the neighboring chains
rather than the same polymeric chain.

Thus, effective diamagnetic dilution of the sample as
a result of structural and spin transitions offers prospects
for EPR studies of weak intercluster interactions in
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Cu(hfac)zLMe. In addition, the interaction between clus-
ters belonging to neighboring chains demonstrates the po-
tential importance of studies of these exchange channels
in other polymer-chain complexes Cu(hfac),LR.

Conclusion

Our studies reviewed here revealed a high informativi-
ty of EPR spectroscopy in different frequency bands in the
research on "breathing crystals" Cu(hfac),LR. They are
the magnetically concentrated crystals containing para-
magnetic two- and three-spin clusters of Cu?" with ni-
troxide radicals characterized by typical exchange inter-
action constants of the order of tens to hundreds of recip-
rocal centimeters. Often, such systems exhibit strongly
broadened or exchange-narrowed unresolved EPR lines
and EPR spectroscopy thus becomes little informative.
Contrary to this, we have shown that one can obtain key
information on exchange interactions and measure the
temperature dependence J(7) in "breathing crystals"
Cu(hfac),LR despite the fact that the energy of exchange
interaction is a few orders of magnitude higher than that
of a microwave field quantum. This becomes possible ow-
ing to the fact that the typical values of the exchange
interaction constants for compounds Cu(hfac),LR become
comparable with the thermal energy k7 in the tempera-
ture range 4—300 K. As a consequence, in this tempera-
ture range the populations of different multiplets in the
spin triads and the EPR spectra are significantly changed;
a detailed analysis of these parameters makes it possible to
obtain the necessary information. Using this feature of the
compounds under examination, we developed a number
of methods of qualitative and quantitative analysis of ex-
change interactions within the nitroxide—copper—nitrox-
ide spin triads. In studies of two-spin copper—nitroxide
clusters, information on weak intercluster exchange inter-
action was obtained by EPR spectroscopy. In addition,
having understood specific features of EPR spectroscopy
of "breathing crystals" and the distinctive features of the
signals of the strongly and weakly coupled spin triads, we
carried out experimental studies on the effect of light on
the spin transitions in "breathing crystals" and for the first
time demonstrated a light-induced conversion and excit-
ed spin state trapping at low temperatures.

Summing up, the review presents the state of the art in
EPR studies of themally induced and light-induced spin
transitions within exchange clusters in "breathing crys-
tals". A number of issues, first of all those concerned with
investigations of intercluster exchange interactions, the
mechanism and specific features of light-induced spin con-
version and relaxation of the excited state are still to
be solved. Further investigations will gain a better in-
sight into the new class of effects appeared upon nonclas-
sical spin transitions and are of practical interest from
the standpoint of research on the potential of "breathing

crystals" for the design of functional magneto-active na-
nomaterials.
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