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ABSTRACT: Exchange-coupled spin triads nitroxide—copper-
(II) —nitroxide are the key building blocks of molecular magnets
Cu(hfac),L®. These compounds exhibit thermally induced struc-
tural rearrangements and spin transitions, where the exchange
interaction between spins of copper(Il) ion and nitroxide
radicals changes typically by 1 order of magnitude. We have
shown previously that electron paramagnetic resonance (EPR)
spectroscopy is sensitive to the observed magnetic anomalies
and provides information on both inter- and intracluster exchange
interactions. The value of intracluster exchange interaction is
temperature-dependent (J(T)), that can be accessed by mon-
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itoring the effective g-factor of the spin triad as a function of temperature (g.4(T)). This paper describes approaches for studying the
ger(T) and J(T) dependences and establishes correlations between them. The experimentally obtained g.4(T) dependences are
interpreted using three different models for the mechanism of structural rearrangements on the molecular level leading to different
meanings of the J(T) function. The contributions from these mechanisms and their manifestations in X-ray, magnetic susceptibility

and EPR data are discussed.

B INTRODUCTION

Switchable molecule-based magnetic materials are actively
studied in the field of molecular magnetism. In most cases their
ability to switch between two or several magnetic states is due to
the effects of thermally 1nduced or light-induced spin crossover
or valence tautomerism."~'* Recently, similar phenomena have
been found for the new family of molecular magnets Cu-
(hfac),L* later called “breathing crystals”. These compounds
have a polymer-chain structure containing copper hexafluoroa-
cetylacetonates (Cu(hfac),) and pyrazolyl-substituted nitronyl-
nitroxides (L*) with different substituents (Scheme 1).

Breathing crystals do not contain any spin-crossover metals,
but still exhibit pronounced thermally induced and light-induced
magnetic anomalies due to the structural rearrangements in
exchange-coupled heterospin clusters of copper(Il) with nitro-
nylnitroxides. During these reversible rearrangements the unit
cell volume changes by up to 15% (crystals “breathe”) and the
effective magnetic moment significantly varies, reflecting elec-
tron pairing in the heterospin clusters."> ' Structural changes
accompanied by magnetic anomalies have also been found for
several other copper(II) based compounds.”>~**

The exchange interactions in compounds of the Cu(hfac),L*
family and their changes by temperature or light can conveniently
be studied using EPR spectroscopy. 27371 particular, the intra-
cluster exchange interaction (J) between the copper(II) ion and
the nitroxide radical can be evaluated through the analysis of the
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temperature-dependent effective g-factor (g.q) of the spin triad
nitroxide —copper(II) —nitroxide, which is the main EPR param-
eter characterizing the structural rearrangements in Cu(hfac),LR.
Our previous work has shown that the intracluster exchange
coupling J changes by about 1 order of magnitude with tempera-
ture inducing transitions between weakly coupled (|J| <kT) and
strongly coupled (|J| > kT) spin states.”* Along with the studies
of strong intracluster exchange (ca. 100—200 cm ™ '), EPR allows
for investigating the intercluster exchange interactions which
are much smaller compared to J (ca. 1—10 cm ™ ').%® Interestingly,
the intercluster interaction occurs between neighboring polymer
chains; ie., the apparent magnetic chains spread across structural
polymer chains.

Information on the magnitude and temperature dependence
of the intracluster exchange interaction is crucial for establishing
the magnetostructural correlations in breathing crystals and
optimization of their magnetic properties. Using one of the
complexes (Cu(hfac),LP"-0.5CsH;5) we previously obtained
the temperature dependence of intracluster exchange J(T) based
on the experimentally measured dependence of the effective
g-factor of the spin triad g.q(T).** However, the systematic EPR
study of the dependences of g.(T) and J(T) for several

compounds and various experimental settings (e.g., microwave
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Scheme 1. (a) Chemical Structure of L® and Cu(hfac), and
(b) Polymer Chain of Cu(hfac),L"".
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“ Cu, light blue ball; O, red ball; C, black ball; N, blue ball. The hydrogen
atoms, the geminal methyl groups of L, and the trifluoromethyl groups of
the hfac ligands are omitted for clarity.

frequency band, single crystal vs powder sample choice, etc.) was
not yet done. In this work we address these important questions.
We again chose the compounds with gradual spin transitions
(Cu(hfac),L"" and Cu(hfac),L”"+0.5CsH,s) that gave us an
opportunity to investigate the temperature dynamics of the
structural and magnetic parameters in detail. Moreover, the
gradual character of the changes in this type of compounds raises
several additional questions of interest. To date, the main
manifestations of structural rearrangements and spin transitions
in breathing crystals were characterized in detail using X-ray
analysis, SQUID magnetometry, and EPR. However, the me-
chanism of the structural rearrangements in octahedral CuOyg
units on the molecular level still remains unclear, especially in the
case of gradual phase transitions. When a gradual phase tran-
sition is observed, the X-ray data show that the elongated
(Jahn—Teller) axis in the CuOg units gradually shortens with
temperature, while the other axis simultaneously lengthens. In
this way the two axes are interchanged during the transition. Both
the magnetic susceptibility dependence (u.q(T)) and the EPR
data confirm the gradual character of this change. On the other
hand, it is well established that only the elongated octahedral
conformations are usually stable for copper(II) ions;® therefore,
gradual dependences may result from spatial or temporal aver-
aging. As will be shown below, EPR studies of g.q(T) and J(T)
functions during gradual phase transitions allowed us to shed
some light onto this complicated question.

The paper is structured in the following way. After description
of experimental details and brief introduction to the general
trends of EPR of breathing crystals, we describe the methodology
of J(T) measurement. The approaches of using polycrystalline or
single crystal samples with their pros and cons are discussed, and
the J(T) functions for two selected compounds are experimen-
tally obtained. The gradual shape of these functions leads us to
the following discussion on possible interpretations of this
graduality. We propose three models of structural rearrange-
ments on the molecular level and discuss them in the light of
previously known structural and magnetic data on breathing
crystals and other Jahn—Teller systems.

B EXPERIMENTAL SECTION

Two compounds of the breathing crystals family, Cu(hfac),L™ and
Cu(hfac),L**-0.5CsH;5 (Pr = propyl, Bu = butyl, CgH;5 = octane),
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Figure 1. Schematic drawing of thermally induced structural changes in
the CuOg octahedron and theoretically expected energy levels of the
spin triad.

have been synthesized according to previously developed procedures.'*?

Their structure and magnetic susceptibility behavior were also investigated
previously.'>"® Although a number of compounds of the breathing crystals
family exhibit thermal hysteresis, in the systems studied here it is not
observed. EPR measurements at Q-band (v, & 34 GHz) were carried
out in continuous-wave (CW) mode using a commercial Bruker Elexsys
ES80 X/Q-band EPR spectrometer and a Bruker ER200D continuous
wave Q-band EPR spectrometer, both equipped with an Oxford Instru-
ments temperature control system (T = 4—300 K). EPR measurements at
W-band (V,,, = 94.9 GHz) were carried out using a home-built EPR
spectrometer®” in CW-mode. We used both polycrystalline powders and
single crystals of the studied compounds in different experiments.

B RESULTS AND DISCUSSION

General Consideration. Molecular magnets Cu(hfac),L"
with “head-to-head” motif contain two types of paramagnetic
species in their polymer-chain structure: the one-spin paramag-
netic center >N—Cu—N< in a CuO4N, unit (later called
“isolated copper(II) ion”) and the symmetric nitroxide—copper-
(II) —nitroxide cluster >N—"O—Cu—0O°"—N< in a CuOg unit
(later called “three-spin cluster” or “spin triad”). As was already
mentioned, lowering of the temperature leads to shortening of
two Cu—Op, bonds in the CuOg unit and simultaneous length-
ening of two Cu—Oyg,. bonds, where the subscripts L and hfac
refer to the nitroxide and hfac oxygens, respectively (Figure 1).
Thus, at different temperatures equatorial or axial coordination
of nitroxide radical to copper(II) ion is stabilized resulting in a
different sign and value of the intracluster exchange interaction.>®

Both powder and single crystal EPR spectra show signals of the
isolated copper(II) ion and the strongly temperature-dependent
signals of the spin triads (Figure 2). The spin-Hamiltonian of the
symmetric exchange-coupled nitroxide—copper(Il) —nitroxide
spin triad can be written in the following form

I:I _ ﬁBgR(SRl + SRZ)
4 ﬂBgCuSCu _ ZJ(SRI 4 SRZ)SCu _ 2J/SRISRZ (l)

where the superscripts R1 and R2 correslg)ond to the two
nitroxides and Cu to the copper(Il) ion, g and g* are the
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Figure 2. EPR spectra of Cu(hfac),L™ at temperatures 90 and 160 K
measured in Q-band (V,,,, & 34 GHz): (a) polycrystalline powder and
(b) single crystal (arbitrary orientation).

corresponding g-tensors. The nitroxides are assumed to be equiva-
lent. Anisotropy of nitroxide g-factor is negligible in comparison
with copper(1I) ion anisotropy, and thus, the isotropic g-factor g~
is assumed, i.e., gR = gRi ,where 1 is the unity matrix. B=[0, 0, B] is
the magnetic field along the z-axis, ] corresponds to the exchange
interaction between copper(Il) and each nitroxide, and J' corre-
sponds to the exchange interaction between nitroxides (J < 0
corresponds to the antiferromagnetic coupling).

The last term in the spin-Hamiltonian (eq 1) can be neglected
since for symmetric linear spin triads |J| > |]'L.40 Another good
approximation for breathing crystals is |J| > B;>"*' therefore, the
effective g-tensors of multiplets of spin triad are given by eqs 2:**

g = (4"l —g™)/3 g =g"
g« = (2¢"1 + g™)/3 (2)

The ratio between the exchange interaction J and the thermal
energy kT determines the shape of the EPR spectrum of the spin
triad. At low temperatures (typically SO—70 K) only the signals
of the lower multiplet A are observed, since kT < |J|, ] < 0.3
At intermediate and high temperatures kT > |J| and multiplets B
and C become also populated. However, in most cases one
cannot observe resolved EPR lines of multiplets A, B, and C, buta
single averaged line in the temperature-dependent center of
gravity of the spectrum. This can be explained by fast mixing
(10°—~10"* s7") between different multiplets of the individual
spin triad®® and by intercluster exchange interaction between
spin triads of neighboring polymer chains.*® The position (i.e.,
effective g-factor g.g(T)) of the line of the spin triad changes
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Figure 3. (a) Temperature-dependent EPR spectra of a Cu(hfac),L""
powder sample measured in W-band (v,,,,, = 94.9 GHz) and (b) effective

g-factor of the spin triad vs temperature calculated from powder EPR
spectra as a gravity center of the spectrum of a triad.

during the phase transition and is the main spectroscopic
measure of structural rearrangements and spin transitions avail-
able by EPR. Experimentally, two different approaches to obtain
the g.(T) dependence can be considered: the use of polycrystal-
line powder samples or of single crystals. As will be shown below,
both approaches are useful; however, the use of single crystals is
superior and therefore will be discussed in more detail.

Measurement of g.x(T) Using Polycrystalline Powder
Samples. The use of polycrystalline powder samples for EPR
studies of breathing crystals is in principle more convenient,
as it does not require growing of crystals of sufficient size and
adjusting their orientation toward the magnetic field in the
spectrometer. However, two experimental complications have
to be overcome.

The first complication concerns the overlap of signals of the
spin triad and the isolated copper(II) ion at high temperature.
Figure 3a shows the temperature-dependent powder spectra of
Cu(hfac),L™ measured in W-band (v, = 94.9 GHz). The
gl component of the isolated copper(II) ion that appears at
magnetic fields B ~ 2.8—2.9 T was not recorded due to the
limitation of the field sweep amplitude, but the g; component
was observed at B ~ 3.27 T. Although we used a high microwave
frequency, still the undesired overlap at high temperatures was
unavoidable. One would expect that a further increase of the mw
frequency may solve the problem; however, in this case the
second complication appears caused by the finite mixing rates
between different multiplets of spin triad.
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Figure 4. Experimental (green) t.q(T) dependences and calculation

(black) using the obtained J(T) functions for (a) Cu(hfac),L™" and
(b) Cu(hfac),LP"+0.5CgH, 5 compounds.

As we have shown in ref 35 the mixing rates between different
multiplets of the spin triad cannot be considered fast at high EPR
frequencies; e.g, this is the case for Cu(hfac),L"™ already at 122
GHz. When mixing rates lay in the intermediate exchange region,
instead of the average EPR line of multiplets A, B, and C, a
complicated pattern is detected. In order to calculate the effective
g-factor of this pattern one should use numerical simulations that
involve many unknowns such as electron relaxation rates, etc.

Thus, the trade-off between sufficient spectral resolution,
sensitivity, and simple approach for g.s(T) measurement is not
easy. Nevertheless, we obtained a meaningful dependence g.q(T)
(Figure 3b), the shape of which reasonably agrees with the
Uen(T) dependence (Figure 4a). But, as we will show below, a
superior approach is provided by using oriented single crystals.

Measurement of g.¢(T) Using Single Crystals. The use of
single crystals has the advantage of higher sensitivity and does not
suffer from the overlap between EPR lines of the spin triads and
isolated copper(Il) ions (Figure 2b); therefore, there is no need
for high-frequency experiments where the fast exchange condi-
tion in the triads may be violated. Moreover, the EPR signal of the
three-spin cluster in the case of a single crystal is a symmetric
line whose g-factor can easily and reliably be obtained in the
whole temperature range. However, the following factor needs to
be taken into account. We already mentioned that during the
structural rearrangements in the octahedral CuOg units contain-
ing spin triads the elongated axis changes its direction (Figure 1);
therefore, the components of the g-tensor of copper(Il) g“*
change as well. The mean g-value does not change significantly
during this transformation; thus, for powder measurements, this
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Figure S. (a) Temperature dependence of g.g obtained in Q-band
(Vi & 34 GHz) for a Cu(hfac),L>"+ 0.5CgH 4 single crystal fixed in the
sample holder (arbitrary orientation) and rotated in the range 0—180°
around the sample holder axis. (b) Angular dependence of g.gat 240 K
(O) and SOK (0), and corresponding (V,A) %-factor of the copper(II)
ion calculated using equations g™ = 3g° — 2¢" and g™ = 4¢" — 3¢" at
240 and 50 K, respectively. Arrows show the orientations for which the g-
factor of the copper(II) ion is the same at low (50 K) and high (240 K)

temperature.

complication is not essential, but for single crystals, where a
certain orientation is chosen for g.¢(T) measurement, it is crucial.

Figure Sa shows the g.4(T) dependences obtained in Q-band
for a single crystal of Cu(hfac),LP*+0.5CgH,s at different
orientations with respect to the magnetic field. The crystal was
fixed in the sample holder (arbitrary orientation) and then
rotated in the range 0—180° around the sample holder axis.

The dependences g.q(T) measured at different angles are
pronouncedly different. Similar to the magnetic susceptibility,
the g.q(T) dependences have two plateaus at the high and low
temperature limits yielding the g" values at these temperatures.
The low-temperature plateau (kT <<|J|) implies that only the lowest
multiplet A with ¢* = (4% — g©*)/3 is populated, i.e, g = ¢, and
thus gcu can easily be found (using the value gR ~ 2.007%).
At the high-temperature plateau (kT > |]|) the gravity center
corresponds to gC = (2gR + gcu) /33 e, Gofi = gc, and the value
g~ can again be found. As was expected, the obtained values g~
do not coincide at hi§h- and low-temperature plateaus, because
the components of g~ tensor interchange due to the flip of the
Jahn—Teller axis in the CuOg4 octahedron (Figure Sb).

Of course, the dependence gC“(T) is unknown, and therefore,
it would be desirable to find the proper orientation where g¢~*(T) =
const. This indeed can be done by rotating the crystal at low- and
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Figure 6. g.(T) dependences obtained from Q-band (®) and W-band
(O) EPR spectra for the single crystals of (a) Cu(hfac),L"" and
(b) Cu(hfac),LP*-0.5CsH, 5 compounds. Selected orientations of single
crystals toward the magnetic field satisfy g“*(T) & const criterion.

high-temperatures (where the corresponding plateaus are reached)
and calculating the observed g at each orientation. The cross-
ings of angular dependences are shown in Figure Sb (marked
bg arrows) and correspond to the desired orientations where
g (T) ~ const. We cannot test the fulfillment of condition
§°%(T) = const experimentally at the intermediate temperatures
(between the plateaus), but there is no reason to expect
significant deviations from it. As soon as the proper orientation is
found, the g.(T) dependence with gcu(T) A const can be
measured. Note that it seems straightforward to choose the crystal
orientation with the magnetic field along the Opg—Cu—Opg,
axis that does not flip during the structural rearrangement (and
hence gC“ ~ const (Figure 1)). However, we did not succeed
with this approach, because the polymer chains containing CuOg
units also exhibit structural changes with temperature, so that the
whole octahedrons slightly rotate with respect to the magnetic
field. Therefore, the above-described procedure of finding the
correct orientations of the crystal where gcu(T) A~ const
(Figure Sb) is superior, and all g.(T) dependences shown below
were obtained in this way.

It is instructive to investigate the g.«(T) function versus the
mw frequency band. Figure 6a shows the g.¢(T) dependences for
Cu(hfac),L™" obtained from Q- and W-band data. The obtained
Zen{T) functions are significantly different. The g.«(T) function
obtained at Q-band starts to grow at T A 80 K in agreement with
Ues(T),*" since at this temperature the upper multiplets B and C

of the spin triad start to populate. At the same time, the g.¢(T)
function obtained at W-band starts to grow only at T A~ 120 K.
The reason for the observed difference is that mixing rates cannot
be considered infinitely fast at W-band for Cu(hfac),L™, in
agreement with our previous work,> and the observed signal is
not a correct average over the three multiplets of a triad. For the
other compound, Cu(hfac)zLB“-O.chng, the g.4(T) depend-
ences obtained from Q- and W-band data perfectly coincide
(Figure 6b). Again, this agrees well with our previous observation
that the mixing rates for this compound are fast at EPR frequencies
up to 244 GHz.> Thus, it is important to choose the appropriate
mw frequency band. As was outlined in ref 35, the straightfor-
ward criterion for fast mixing is that the width of the EPR line
of a triad must change monotonically with temperature: this is
the case for Cu(hfac),L""-0.5CgH,s at Q /W-bands and for
Cu(hfac),L"" at Q-band, and is not the case for Cu(hfac),L"" at
W-band. Therefore, in the following sections we analyze g.s(T)
dependences obtained in Q-band.

Interpretation of the gs(T) Dependence and Information
on the Exchange Interaction. Spin transitions in the family of
breathing crystals and their manifestations are very diverse. In
many compounds the spin transition is abrupt, ie., teg(T),
Zef(T), and distances in the octahedron CuOg4 change abruptly
in a narrow temperature range. Compounds with abrupt spin
transitions are most requested for potential applications; how-
ever, deeper insight into the origin and mechanisms of these
magnetic anomalies can be obtained from studying compounds
with gradual spin transitions, as is done in this work. At the same
time, the gradual character of the observed structural rearrange-
ments and g.(T) dependences raises several questions on the
interpretation of these values.

Below we propose and discuss three possible models explain-
ing the observed structural and magnetic phenomena in breath-
ing crystals. The intracluster exchange interaction was characterized
in a framework of each model using experimentally obtained
Zer(T) dependences.

Model A: Gradual Structural Changes in Octahedral Units
CuOg. Magpnetic susceptibility dependences ptoq{ T), X-ray data,">"
and EPR data (g.(T)) all report gradual changes for the com-
pounds of the breathing crystals family studied in this work.
Therefore, it would be quite natural to assume that indeed the
structural and magnetic properties of the CuOg units contain-
ing spin triads change gradually. In this model, all spin triads
have the same geometry that changes with temperature and
causes changes of interspin distances and electron orbitals
and, consequently, of the intracluster exchange interaction
J. The g.s(T) dependences measured in this paper satisfy
conditions of fast mixing rates allowing us to use the analytical
expression 3 for their interpretation.”'

B gA + gB,eZJ/kT + IO-gC-e3]/kT

B 1 + /KT 4 10eY/kT

- (4gR7gCu) + 3gCu_EZ]/kT + IO(ZgR + gCu),e3]/kT
B 3(1 + e¥/KT + 10eY/kT)

8ert (T)

(3)

Here, gR ~2.007 and gC“ can be measured as described above. The
unknown to be determined by fitting of the experimental g.q(T)
dependence is the intracluster exchange interaction J(T).

Figure 7 shows the J(T) distribution for both studied com-
pounds which fit well the experimental g.¢(T) dependences
measured for single crystals at Q-band (Figure 6). Both J(T)

10208 dx.doi.org/10.1021/ic2011869 |Inorg. Chem. 2011, 50, 10204-10212



Inorganic Chemistry

) Jrem!

-180 L‘

80 100 120 140 160 180 200 220 240 260 280
Temperature / K

60 80 100 120 140 160 180 200 220
Temperature / K

Figure 7. Temperature dependence of exchange interaction J(T) of
(a) Cu(hfac),L™ and (b) Cu(hfac),L™*-0.5CH;5 calculated using the
experimental function g.s(T) and eq 3. Normalized probability of the
exchange interaction value J in the range 1 to 0 is shown. The error of the
experimental determination of the g-factor (0.0005) was taken into
account during the fitting procedure and determines the width of the
calculated J(T) distribution at intermediate temperatures.

curves show a strong dependence of intracluster exchange
interaction on temperature. The shapes of the curves are notably
different, in agreement with different shapes of t.4(T) depend-
ences shown in Figure 4. At high and medium temperatures the
J value can be determined quite precisely due to the strong
dependence of g.q on J. At low temperature only the lowest
multiplet is populated, and therefore, only the limits for | can
be set.

To check the reliability of obtained J(T) functions we used
them in the calculation of corresponding t.q(T) dependences:

W = 0.5} & + 0.5u%
3(gh) + 3(gP)2- AT 4 30(gC) - eY/MT
B 8(1 + e¥/FT 4 23/kT)
+ 0.5, o (4)

“. »

Here, subscripts “tr” and “is” correspond to the spin triad and the
isolated copper(Il) ion, respectively.>’ The decrease of the
effective magnetic moment at temperatures T < 50 K is caused
by intercluster exchange interaction®® (Ji,,) which was taken
into account as described elsewhere3** (Jme = —1.5 cm ' and

Jine = —12 cm ™! for Cu(hfac),L"" and Cu(hfac),L""-0.5C¢H;s,
respectively). Figure 4 shows that the J(T) functions obtained
from EPR describe the i 4(T) dependences reasonably well for
both compounds; thus, the validity of these functions is addi-
tionally confirmed.

In the discussed model the obtained J(T) functions have literal
meanings; i.e., the exchange interaction in every spin triad
changes gradually with temperature. This implies a gradual
elongation and shortening of corresponding bonds in the
CuOyg octahedrons. However, it is widely accepted in the
literature**~* that due to the Jahn—Teller effect the only stable
conformation of copper(Il) octahedrons is the elongated geo-
metry (one axis is noticeably longer than the two others), and the
flip of the elongated axis has a jumplike character. Moreover,
some of our EPR data also indicate the weak points of the
discussed model. An inherent property of eq 3 is that when the
following eq 5 is fulfilled, g.¢ becomes independent of g“* and
equal to g~

10e¥/F1 4 3V 1 =0 (5)

The solution of eq 5 gives J/kT ~ —0.97. Consequently, the
described situation when g.g= gR does not depend on gCu should
take place for both studied compounds, because (i) g chanées
from gug > 2 t0 geg < 2 and thus the value gp =2 ~ g is
necessarily met during the phase transition, and (i) |J|/kT
changes from |J|/kT < 1 to |J|/kT > 1 (J < 0)*' and thus
J/kT ~ —0.97 is also necessarily found during the phase transition.
This means that independently of the crystal orientation and the
dependence gC"(T), all curves g.4(T) shown in Figure Sa must
converge at one point g.q = g . However, this prediction of eq 3
was never observed experimentally. One of the explanations
could be that in this model A the obtained exchange interactions
are effective values and should be considered as temporal or/and
spatial averages of the exact molecular-level ones, as we will
discuss below.

Model B: Vibrational Averaging Due to the Dynamic Jahn—
Teller Effect. Despite the stability of the elongated geometry, in a
number of copper(II) complexes the flattened geometries were
detected by both X-ray and EPR.*’ An exhaustive study of these
compounds (including EXAFS) demonstrated that the observed
flattened geometry is a result of fast vibrational averaging between
two elongated geometries due to the dynamic Jahn—Teller effect.
Typical jump frequencies between the elongated geometries can
reach 10° s~ ' and higher leading to the observation of isotropic-
like EPR spectra at X- and Q-bands.**

X-ray studies of breathing crystals exhibiting gradual spin
transitions show that flattened geometries of CuOg4 octahedrons
are observed at certain ranges of intermediate temperatures for
all compounds studied so far.">'? Taking into account the
flexibility of the geometry of the CuOg units that allows for
structural rearrangements to occur, this observation seems to be
consistent with manifestations of dynamic Jahn—Teller effects
observed previously.

In this model B during a gradual phase transition fast jumps
between high- and low-temperature (HT, LT) geometries occur,
so that X-ray, EPR, and magnetic susceptibility data reflect values
averaged in time. At the low and high temperature limits the
CuOg octahedrons are permanently in LT and HT geometries in
agreement with ¢.¢(T) and g.q(T) plateaus. However, at inter-
mediate temperatures the mean residence probabilities at HT
and LT geometries vary yielding the corresponding dependences
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of the observed parameters. In this case the experimental g.q(T)
dependence can be described by the following equation

gt (T) = gur(T) (1= a(T)) + gur(T)-(T) (6)

where a(T) is the residence probability of the spin triad at HT
geometry, and g and gyt are the g-factors of the spin triad at the
corresponding geometry which have the following dependences
on temperature:

(4" — gif) + 3gp-e7/T 4 10- (2" + gfy) e/
3(1 + eur/kT 10e3]'-T/kT)

gLT(T) =

(7)

(48" — gir) + 3giy -/ + 10- (28" + gip) ¥/
3(1 + eYn /KT 4 10e¥ur/kT)

gur(T) =

(8)

Here ]y and Ji 1 are constant intracluster copper(1I) —nitroxide
exchange interaction values in HT and LT geometries, respectively.

Since |Jiyr| is quite small (ca. 10 cm™'), all multiplets of
the spin triad in HT geometry can be considered equally popu-
lated at temperatures kT > |Jyyr| and gy becomes temperature-
independent. We assume |Jir|>>kT, so that only the lowest
multiplet of the spin triad is populated and g r is also tempera-
ture-independent. This assumption allowed us to calculate a.(T)
dependences for both compounds (Figure 8a) using g.q(T)
measured for single crystals at Q-band (Figure 6).

The a(T) for Cu(hfac),L"™ and Cu(hfac),L*"-0.5CsH g can
be compared with X-ray data shown in Figure 8b. Indeed, the
Cu—Opge and Cu—Oy, bond lengths depend on temperature
and coincide at certain intermediate temperature. The range of
bond length changes is similar for Cu—Opg,. and Cu—Oy and the
crossing point indicates equal residence probabilities in the high-
and low-temperature geometry (& = 0.5). The X-ray data yield
T(a=0.5) ~ 120 K for Cu(hfac),L""*+0.5CsH;5 and T(a = 0.5)
~2200 K for Cu(hfac),L"". The T(a = 0.5) value agrees well with
the a(T) obtained from EPR of Cu(hfac),L”"+0.5CgH;s,
whereas for the Cu(hfac),L”" compound T(a = 0.5) &~ 170 K
(Figure 8a). The observed discrepancy for Cu(hfac),L"" means
that |J 1| is not large enough as was assumed. Indeed, if the phase
transition extends up to 250 K (the case of Cu(hfac),L"™), it is
quite reasonable to expect that the upper multiplets of the spin
triads at LT geometry are noticeably populated at high tempera-
tures. This can be taken into account considering gt to be
temperature-dependent according to eq 7. Figure 8a (blue circles)
shows the o.(T) dependence calculated for J; = —150 cm ™" that
agrees with the X-ray-determined reference T(a = 0.5) &~ 200 K.
The obtained value J;.r = —150 cm 'is very reasonable and agrees
well with the one determined in model A at low temperatures
(Figure 7a). The LT geometry of spin triads in the Cu-
(hfac),L™"+0.5CgH,5 compound is similar to that of Cu(hfac),L";
therefore, one would expect a similar value of the intracluster exchange
interaction Jir ~ —150 cm ™" for Cu(hfac),L"+0.5CgH;s.

Physically, the residence probability a(T) (Figure 8a) is
determined by Jahn—Teller dynamics between two potential
wells corresponding to the HT and LT geometries. A number of
studies addressed this problem in the case of copper(Il) ions
doped into diamagnetic matrices.*” ' It was noticed that the
potential surface may change with temperature due to the
temperature dependence of the orthorhombic component of
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Figure 8. (a) Residence probability of the spin triad in HT geometry
a(T) for Cu(hfac),L™ (blue ®) and Cu(hfac),L*"+0.5CgH;g (red W)
assuming |Jir| > kT over the whole temperature range. In the case
of Cu(hfac),L"™, agreement with X-ray data can be achieved by taking
into account Jip = —150 cm ™" for the LT geometry of the spin triad
(blue O). (b) Temperature-dependent bond length changes for the
studied compounds as observed by X-ray crystallography: Cu(hfac),L""
(blue ®) and Cu(hfac),L®"-0.5C¢H;s (red ). For each compound,
Cu—Opfc and Cu—Oy, bond lengths, that “cross” with temperature, are
shown. Note that the Cu—Oy, bond lengths increase with temperature,
whereas the Cu—Oyg,. bond lengths decrease with increasing tempera-
ture. The error of bond length determination does not exceed 0.004 A.

the lattice strain, so that the residence probability is influenced by
both the Boltzman factor and changes in the relative depths of
the two (HT and LT) potential wells.”>*> We expect similar
trends for breathing crystals as well; however, these more
complex highly cooperative polymer-chain complexes cannot
yet be described at the same level of theory.

Summarizing, in model B every spin triad at a certain moment
of time can be found in one of two stable geometries (LT and
HT) that differ by magnetic moment and g-factor, and the fast
jumps (10° s~ and higher) between these geometries occur in
time. The main parameter characterizing the phase transition is
the residence probability of the spin triad in each of these
geometries, which originates from Jahn—Teller dynamics be-
tween HT and LT potential wells. EPR allows one to obtain the
temperature dependence of this residence probability a(T), and
the analysis of a(T) dependences and X-ray data yields an
estimate of the intracluster exchange interaction for the spin
triad in the LT geometry.

Model C: Static Spin Triads Coupled by Strong Intercluster
Exchange. With the assumption that the dynamic Jahn—Teller
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effect (model B) is absent, during the gradual spin transition
there is simply a consequent stochastic switching of the CuOq
units from HT to LT geometry. Then, the gradual curve of the
magnetic susceptibility t.(T) simply reflects the temperature-
dependent ratio of spin triads in the HT and LT states. If the
distribution of one phase (HT/LT) in the other is random, the
direct interpretation of the X-ray data will also give an average
geometry (in this case spatial average). Since the LT and HT
geometries are known, one can calculate the HT/LT ratio
depending on temperature.”* Although X-ray and magnetic
susceptibility data in model C yield spatially averaged ratios
HT/LT, in the case of EPR one would expect these two phases to
be detected separately as two well resolved EPR lines. In contrast,
X- and Q-band EPR, whose spectral resolution is sufficient to
resolve HT and LT phases with gC and gA, respectively, did not
allow us to detect these separate signals. The only possibility to
average signals of HT and LT phases in the EPR spectrum is to
assume rather strong intercluster exchange interaction between
neighboring spin triads that would be sufficient for coalescence of
individual spectra. In our recent work we have demonstrated that
indeed this intercluster exchange in breathing crystals can be
strong on the EPR scale and vary from ca. 1 to 10 cm 3¢ The
rates of electron jumps between paramagnetic centers coupled by
exchange interaction ] are usually estimated as 1/] ~ 30—300
GHz. This seems to be about sufficient to average EPR lines that
are spectrally separated by up to a few wavenumbers. Experi-
mental observations also confirm that intercluster exchange is
strong enough to average signals with typical g© and g* at EPR
frequencies up to 94 GHz. For one of the compounds
(Cu(hfac),L%"-0.5C¢H4, C¢Hy4 = hexane), the X-ray data
show an alternation of HT and LT states in polymer chains of
a crystal at low temperatures; however, EPR cannot resolve these
two lines but shows one signal with average g-value instead.”"
Therefore, the presence of strong intercluster exchange interac-
tion can explain the observation of single average EPR line of the
HT and LT states in the model of random consequently switched
triads during a gradual spin transition. In the framework of this
model the measured g.¢(T) dependence can be interpreted in
terms of eq 6, where a(T) now reflects the temperature-depen-
dent ratio of spin triads in HT geometry to the amount of all spin
triads. An estimation of the intracluster exchange interaction for
the spin triads in LT geometry is the same as in the pre-
vious model.

This model C is in principle capable of describing the
experimental data observed using EPR, X-ray, and magnetic
susceptibility data. Compared to model B, the weakness of model
C is the necessity to assume that the distribution of one phase
within the other is sufficiently random and homogeneous. At the
same time, in most cases of sspin-crossover compounds phase
transitions occur in domains;> i.e., sufficiently large volumes of
one phase appear within the other. If this would be the case in
breathing crystals, only the triads located close to the domain
walls would manifest effectively averaged g-values due to the
intercluster exchange interaction, because those deep inside the
domain all have the same geometry and magnetic moment and
thus intercluster exchange cannot lead to g-factor averaging as
observed in EPR. Consequently, model C can describe the
experimental observation in EPR only if the domain size is small
enough to allow all spin triads of different domains to interact
with each other. Whether this is possible in breathing crystals or
not is currently unclear and may be the subject of future
structural investigations.

Resuming, at the present stage of this research it is not possible
to conclude which of the three proposed models (A—C) is the
most relevant to describe the phase transitions in breathing
crystals on a molecular level. It is possible that all three types of
effects are present to some extent or at certain stages of the phase
transition. From a practical point of view, model A is most useful
as it allows for the characterization of temperature-dependent
exchange interaction in breathing crystals. Even though the
obtained J(T) dependence might reflect an effective macroscopic
parameter, in most physical situations (time span greater than
several nanoseconds, sample size larger than several nanometers)
this parameter is observed or measured experimentally. On the
other hand, when detailed information on phase transitions on a
molecular level is requested, one has to turn to models B and C
and discriminate between temporal or spatial averaging. These
models can give information either on the fast Jahn—Teller
dynamics of the spin triads or on the distribution of phases in
breathing crystals depending on temperature.

B CONCLUSIONS

In this paper we have studied temperature-dependent intraclus-
ter exchange interactions in spin triads of switchable molecular
magnets Cu(hfac),L", using EPR techniques. The main experi-
mental EPR parameter of the studied compounds is the effective g-
factor of the spin triads which nicely reflects the spin transitions
taking place in the Cu(hfac),L" family. Different experimental
approaches to explain the EPR measurement and interpret g.q(T)
were discussed. Although the g.¢(T) function can in principle be
measured in powders, the best results are obtained using single
crystals properly oriented in the magnetic field. In most cases it is
convenient to use Q-band EPR, since spectral resolution at this
frequency (34 GHz) is sufficient and the experimental data
obtained at higher frequencies would require the use of a more
complicated theoretical treatment for the interpretation of the
obtained g.4(T) dependence. The origin of the gradual depend-
ences g.f(T) and J(T) in two of the studied complexes can be
explained using several models that cannot be distinguished on the
basis of the presently available EPR, X-ray, and magnetometry data.
The interpretation of the obtained exchange interaction is different
in these models, whether it is an exact or effective quantity.
However, in any case the developed approaches for studying and
interpreting g.q(T) and J(T) dependences are useful and instruc-
tive for the characterization of the magnetic Eroperties in the
growing family of breathing crystals Cu(hfac),L".
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