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The complexes of CU hexafluoroacetylacetonate with two pyrazol-substituted nitronyl nitroxides are the
choice systems to study the spin dynamics of strongly exchange-coupled spin triads. The large values of
exchange coupling (ca. 100 c# and high-resolution electron paramagnetic resonance (EPR) at Q- and
W-bands (35 and 94 GHz) allowed us to observe and interpret specific characteristics of these systems. An
electron spin exchange process has been found between different multiplets of the spin triad, which manifests
itself as a significant shift of the EPR line position with temperature. We propose that the spin exchange
process is caused by the modulation of exchange interaction between copper and nitroxides by lattice vibrations.
The estimations of the rate of exchange process and model calculations essentially support the observed
phenomena. The studied characteristics of strongly coupled spin triads explain previously obtained results,

agree with literature, and should be accounted for in future investigations of similar spin systems.

Introduction CHART 1: (a) Chemical Structure of Cu(hfac), and the

L . R A
Three-spin systems coupled by a strong exchange interac'[ionNItrOXIde Ligand L * and (b) Polymer-Chain Structure of

P
are one of the simplest building blocks of more complicated Cu(hfac),L™ Complexes

multispin clusters. In particular, during previous decades, these a) C{ CFs CF,

systems drew a significant interest in the field of molecular N N ;R O

magnetisn.—3 The bridging of transition metals by nitroxide ,L}-{ P

ligands is one of the approaches used in design of molecular R’ N CF © oF

magnets,which may lead to formation of strongly coupled spin © 8 8
R

triads. Recently, a new family of multispin compounds based L Cu(hfac),
on copper(ll) hexafluoroacetylacetonates (Cu(heahd pyra-
zol-substituted nitronyl nitroxides fl) has been found (Chart
1).56 The polymer chains of Cu(hfat)®? contain alternating
one- and three-spin systems and exhibit low-temperature
structural rearrangements, leading to magnetic effects analogous
to a spin-crossovex® During these processes, the ratio between
S= 3/2 andS= 1/2 total spin state populations of a spin triad
changes, leading to a change of the effective magnetic moment.
In our recent work, the EPR study of a strongly coupled
symmetric spin triad in Cu(hfag)P" (propyl-substituted com-
pound) has been reportédihe unusual EPR signals of Cu-
(hfacpLP" with g-factorsg < 2 have been observed at low

coupled linear three-spin systems, as it allows for the determi-
nation of the sign and provi information on th lute val
temperatures (ca. 100 K). The shapes gndhlues of these ation of the sign and provides information on the absolute value

; : . ' __.~= . of intracluster (i.e., within a triad) exchange interaction.

signals were explained by the static multiplet polarization in ) . L

spin triad, which occurs due to a large value of exchange In this paper, we continue the characterization of strongly
coupling § ~ 100 cn? corresponding to~140 K). If the coupled spin triads. Using the high-resolution EPR at 35 and
exchange interaction is antiferromagnetic, the lower spin state 94 GHz, we study the spin dynamics in a triad, which is
S=1/2 with g < 2 is predominately populated &F < |J|, co_nnected to the appearance of S|gr_1als gith 2. T_he electron _
giving rise to the strong signals in the high-field region of EPR SPin exchange process between different multiplets of a spin
spectra. We have proposed that the observation of these signal&”ad has been observed, which manifests itself as a significant

of such processes and some experimental indications have been
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Figure 1. (a) Energy level diagram of a spin triad described by spin-
Hamiltonian (eq 1) for the cagd| > B, J < 0. (b) Transitions induced
by the modulation of isotropic (solid lines) and anisotropic (dashed
lines) exchange interaction.

Experimental Methods

The experiments were carried out at a commercial W-band
(94 GHz) EPR spectrometer (Bruker Elexsys E680) and at a
home-built Q-band (35 GHz) EPR spectrom&tar continuous
wave mode.

Fedin et al.

the magnetic field along the-axis, andJ is the exchange
interaction between each nitroxide and coppkr<(0 corre-
sponds to the antiferromagnetic coupling). The exchange
coupling between two nitroxides is neglected, which is a good
approximation for a linear geometry of spin triad.

The energy level scheme of a spin triad for the cise>
B,J < 0is shown in Figure 1a. The corresponding eigenfunctions
for B = 0 in the basigS}'S"S?0(a. = + 1/2,f = —1/2) can
be found as

|10= |occad

|120= (JooBH |foolH |aﬁa|]/«/§
130= (|0 BB |BBalH |BaflIV3
|4C= |BBAD

150= (laof0— |foallv/2

|6C= (laBBL— |BBaDIV2

|7C= (JaoSH |foal— 2|aﬁa|]/«/(—3
|8C= (laBBLH+ |BPal- 2|fapliv6 @)

The effectiveg-tensors of the three multiplets A& 1/2),
B (S= 1/2), and C §= 3/2) can be found &s

The synthesis and magnetic susceptibility dependences of the

compounds Cu(hfag)R were discussed previously in refs-6.

The compounds Cu(hfat)’™ and Cu(hfacl BYorthoxylene
(Chart 1) were kindly provided by Ksenia Maryunina (Inter-
national Tomography Center, ITC) as polycrystalline powders.
To obtain the powder pattern EPR spectra, the polycrystalline

powder was additionally crushed. The severe crushing produced
defects in polymer-chain structure, leading to an appearance of

signals from free nitroxidesg(= 2.007). Because this was
undesired, an optimum between the strength of the nitroxides’

signals and the quality of the EPR powder pattern was adjusted.
In addition, EPR spectra at several sample orientations were

usually recorded and summed up in order to obtain the
satisfactory powder pattern.
The alignment of microcrystals along the strong field of the

W-band magnet has been found to be essential. This occurs

because the compounds Cu(hta® used are undiluted (mag-
netically concentrated). It was possible to obtain nearly 100%
oriented samples by introducing them into a magnetic field of
3—4 T. It was also possible to get rid of the orientation effect
by mixing the polycrystalline powder Cu(hfatf with a well-

crushed diamagnetic quartz powder. In the latter case, the

alignment was diminished due to the mechanical hindrance of

the particles reorientations. Therefore, we could measure both

oriented (one certain position) and disordered spectra of Cu-
(hfachLR at W-band. The alignment effects at Q-band were
found to be insignificant.

Results and Discussion

1. General Remarks. Spin-Hamiltonian of the exchange-
coupled linear spin triad nitroxidgecopper(ll}-nitroxide can be
written in the following form

H = BgR(S* + S™) + ABgE'S™ — 2J(S™ + SFHS™ (1)

g = 4g"1 - g*)3
gB — gCu
g°=(20"1 + g3

®3)

2. Experimental Study of Temperature-Dependent EPR
Spectra. The spectrum of Cu(hfag)P" at temperatures below
the spin transition = 90 K) was explained by us earlier in
terms of static multiplet spin polarization, where basically only
the lower spin stateS = 1/2 with an effectivegh < 2 is
populated (Figure 1a). However, the following studies at higher
temperatures showed that the position, intensity, and shape of
this signal is temperature dependenTat 100 K. This means
that the additional processes operat& at 100 K, which need
a closer examination. While the dependences of intensity and
line shape on temperature are expected due to the temperature-
dependent Boltzman factor and electron spin relaxation, the
explanation of the line position shift is not so straightforward.

Figure 2a shows the polycrystalline powder spectra of Cu-
(hfackLP" at Q-band aff = 50—200 K. Each spectrum is a
superposition of the EPR signals of isolated copper ion in
CuNxO4 units (low-field parB < 1.24 T,g > 2) and the signals
of the three-spin cluster in Cy@nits (high-field parB > 1.24
T, g < 2).” The signals of the one-spin unit remain virtually
temperature-independent except for the line width 2.371,
go = 2.075), while the signals of spin triads change drastically
with temperature. AT > 100 K, the g < 2 line” starts to shift
toward higherg-factors with increasing temperature, getting
broadened at the same time. At~ 150 K, its position already
corresponds tg ~ 2 and at higher temperaturesge> 2. One
possible explanation of the EPR line shift could be the gradual
change of they-tensor of copper with temperature. This might
happen due to the temperature-dependent geometry changes in
octahedral units Cug¥¢ X-ray data has shown that, on lowering

where superscripts R1 and R2 correspond to the two nitroxidesthe temperature from 293 to 115 K, the elongated octahedrons

and Cu to the coppegR andg®" are the correspondirgtensors.
The nitroxides are assumed equivalent with an isotrgifactor
gR, i.e.,g? = gR 1, wherel is the unity matrixB = [0,0B] is

containing spin triads transform to the flattened ones (e.d., at
= 203 K) and then again to the elongated ones with another
long axis®>® The main values ofj-tensor of Cu(ll) ion can be
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Magnetic field / T Figure 3. Experimental polycrystalline powder EPR spectra of Cu-
Figure 2. (a) Experimental polycrystalline powder EPR spectra of Cu- (hfachLP" at W-band ¢mw = 94.2 GHz);ger = 2 corresponds t& ~
(hfachLPrat Q-band ¢my = 34.83 GHz);get = 2 corresponds t& ~ 3.36 T (dashed line). The temperatures are indicated on the right; the
1.24 T (dashed line). (b) Model calculations of EPR spectra of spin arrow on the top trace indicates the undesired signals of nitroxides
triad including the electron spin exchange process. The parameters usedrising as a result of polycrystalline powder crushing. The dashed line

I L |
2.8 3.0 32 34 3.6

are: g° = [2.047, 2.097, 2.287)) = —100 cn7?, w; = 0.01 MHz, shows the simulation of the spectrum at 90 K using the same parameters
Vmw = 34.835 GHzT, = To =2 ns,Ts = 0.5 ns,K =5 x 101 s, as in ref 7: CuGN unit. C&*, g, = 2.371,g5 = 2.075.g-values

AJJ =5 x 1072 The temperatures are indicated on the right. The used in the simulations for the Cy@nit: LR, g = 2.007; Cd*: g«=
curves are normalized. 2.047,9, = 2.097,g, = 2.287.J = —115 cm'%,

estimated ag, ~ 2 + 80, gn ~ 2 + 20 for the case of elongated a) b)

andg, ~ 2, gq~ 2 + 60 for the case of flattened octahedrons
(0 < 6 < 1).22However, the meag-value is the same in both
cases, and thus the “center of mass” of the EPR line should not
change due to the geometry changes; thus, this effect cannot
explain the experimental observations.

l
+
Alternatively, the observed behavior can be well understood ——J\y——ﬂ/\/w ——H
in terms of spin exchange process between different multiplets -—/\\/’—/\’\:,\/Ef‘:: ’—J\/\rm
.J\F_/V\K__ —AN—

of the three-spin system (A, B, and C). To avoid confusion i
; ; 190K — A 190K
between spin exchange process and the intracluster exchange M i 220 K
interactionJ, we will always use the words “process” for the —'/\/’/\l/_ ‘
first (dynamic) case and “interaction” for the second (static) 28 30 32 34 36 33 a1 35
case below. Qualitatively, when the low@r= 1/2 spin state A Magnetic field / T
N . .
(g. <2)is predomlnately. populated BT < |J], the electron Figure 4. (a) Experimental EPR spectra of oriented polycrystalline
spin exchange process with two other states B an8<€ 1/2, powder Cu(hfag)" at W-band ¢mw = 94.3 GHz);ges = 2 corresponds
g® > 2, andS= 3/2,g° > 2) has a negligible influence on the  to B ~ 3.37 T (dashed line). The arrow on top indicates the signal of
EPR spectrum. However, if all the states have comparable the >N—Cu—N< unit remaining from the disordered powder. (b)
populations akT > |J|, the fast spin exchange process leads to Model calculations of EPR spectra of the spin triad including electron
an averaging effect and appearance of a single line in the “centerSPin exchange process, oriented sample (one single-crystal position).
. ... The parameters used arg*! = 2.12,J = —100 cnT?, w; = 0.01
of mass” of the spectrum. Consequently, due to the redistribution B AL 18 <= = 1
f spin state populations with increasing temperature, the centerHz, vmu =948 GHz T, =T, =2 ns,T; = 0.5 ns,K =5 x 10
orsp . ) i ' ; s1, AJIJ =5 x 102 The values of temperature are indicated on the
of mass should shift toward highgrvalues, as is observed in  yigpt.
experiment.

Figure 3 shows the W-band study of Cu(ht€) (disordered  Cu(hfac)LB%orthoxylene, from which the trends are like those
sample), which fully supports the Q-band results. Note, that the in Figure 2a. The W-band EPR spectra of the oriented sample
values ofg®" obtained from simulatiodt$ coincide at Q- and  manifest one additional feature relevant for the spin exchange
W-bands afl = 90 K. The effectiveg-values of the shifting  process between multiplets of a spin triad (Figure 5b). For this
line also agree well at Q- and W-bands for the sameithin compound, the gradual transformation of the EPR line of a state
an experimental accuracy. Figure 4a shows the temperaturea into the EPR line of a state C is observed. At Z0T < 130
dependence of the oriented polycrystalline powder sample K one observes the shift and simultaneous broadening of the
spectra at the W-band. In the case of the oriented sample, theg < 2 line”. At T ~ 130 K, another broadened line with>
spectrum of the spin triad consists of the single line correspond-2 appears, and two lines are observed simultaneously. At
ing to one crystal orientation. Similarly to the EPR spectra of 130 K, the “g> 2 line” becomes dominant, while the other
the disordered sample, this line becomes broadened and shiftgne disappears. This behavior can be understood by assuming
toward higherg-values upon increasing the temperature. an intermediate rate of spin exchange process between the “g

We have found that the other compounds of a family Cu- < 2 line” and “g > 2 lines”, i.e. when the rate of exchange
(hfackLR exhibit similar characteristics. As an example, Figure process is comparable to the frequency difference between the
5a shows the temperature-dependent Q-band EPR spectra dfines. Consequently, Cu(hfatf" and Cu(hfag).BYorthoxylene
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compared to the detection frequency of an EPR spectrometer,
the coalescence of corresponding EPR lines will occur, and one
narrow line will be observed in the center of mass of the
spectrum.

The most obvious mechanism that may induce the transitions
between multiplets A, B, and C is the modulation of exchange
interactionJ by lattice vibrations (phonons). Using the language
of relaxation mechanisms, each of these transitions is analogous
to the direct one-phonon process but occurring at high frequency
hw ~ KT, where the density of phonons resonant with a
transition is close to its maximum. This is why in this case such
a direct process might be more efficient than the two-phonon
Orbach-Aminov and Raman process¥sl6 In addition, the
large value ofl in Cu(hfac)LR might be the other factor leading
to a high efficiency of this mechanism, which is the subject of
10 14 12 13 14 28 30 32 34 36 the following consideration, and thus to its dominance over all

Magnetic field / T Magnetic field / T other mechanisms.
It is known that the modulation of isotropic exchange
Figure 5. (a) Experimental polycrystalline powder EPR spectra of Cu- interaction does not cause the transitions between triplet and

(hfacyL=/orthoxylene at Q-bandviw = 35.33 GH2); ger = 2 singlet states in strongly coupled two-spin syste@s= 1/2
corresponds t8 ~ 1.26 T (dashed line). (b) Experimental EPR spectra — S
of oriented polycrystalline powder Cu(hfacf*/orthoxylene at W-band > _]:/2). However, for clusters .Of threg or more spins, the
(v = 94.28 GHZ) gt = 2 corresponds t& ~ 3.37 T (dashed line). transitions between different multiplets with the same value of

The arrows indicate the signals of coppersitN—Cu—N< unit (x) total spin can be inducéd.If the modulated part of the isotropic

and of three-spin cluster) remaining from the disordered powder. exchange interaction is described by the spin-Hamiltonian
The values of temperature are indicated on the right.

L

L

HE(t) = J,(H) ST + J,(H)STAs (4)
represent cases of fast and intermediate rate of spin exchange . »
processes, respectively. one obtalr!s that twp tranS|t|or1.§D<—> |70and |600< |80are
Similar effects have been observed for several other com- induced (Figure 1) with the matrix elements between these states

pounds Cu(hfag)R, therefore, the manifestation of the spin BIHr (DI70= —BHI ()80 = (V3I8)Eu(t) — (b)) The
exchange process appears to be a general characteristic of thB1atrix elements between all other states are zeroes, leading to
strongly coupled triads. In cases wheg®, g8, and g are zero transition amplitudes. However, the matrix elements

sufficiently different, these effects will be most pronounced. connecting the states of multiplet C with two other multiplets
Otherwise, they may be barely visible although present. The will be different from zero if the anisotropic part of the exchange

indications of these averaging processes have been also foundteraction is taken into account. In this case, the transitions C
by Gatteschi et af;0who have observed a slight temperature- . A/B become weakly allowed, but still they might be quite
dependent shift of thg-factor in spin triads and proposed similar ~ €fficient for the largel. Assume that the modulated part of the
explanations to the one given above; however, their experimental®*change interaction has the form

data did not allow for the definite conclusions and detailed
investigations. Therefore, below we address the electron spinH1 () = JHOS'S + I MISTS” + S?l%:u] +

exchange process in strongly coupled triads theoretically and I 2cCu 4 10 2cCu 2
compare the obtained trends with experiments. JZ(t)i § * JZ(t)[S‘Q § * $ $u] ®)
3. Mechanism of Spin Exchange Process and Theoretical

Modeling. Any allowed spin transitions between different
multiplets of a spin triad A, B, and C may cause a spin exchange
process manifested in EPR spectra. Each given spin triad can_,, ~an _myiyan Ny Oyl
be found in any of states A, B, or C, with the corresponding (2IH;150= —L31H 160 [(J1(t) — J1(1) — (J(0)

probability described by Boltzman equilibrium distribution. The JZD(t))]/(Z \/G_S)
effectiveg-factors of multiplets A, B, and C are different, and R R

thus the EPR transitions within each individual multiplet have [2|H370= DBIH380= [(J)(t) — JJ(®) + (Jh(t) —

different frequencies. Assume now that each triad continuously JD(t))]/(G ﬁ)
undergoes the stochastic transitions between different multiplet 2

states. In other words, the spin finds itself jumping at random "jan _rwian I Oy — (1!

from one environment within a triad (one particular multiplet) BIHLT70= ~BIH, 180= [(5(0 + 25,(0) — (20 +

to another one. During this process, the Larmor frequency of 23;(0))/(4 V3) (6)
electron spin changes at random between corresponding fre-

quencies of multiplets A, B, and C. Note that this process is From these expressions, one concludes that the matrix
similar to the case where the molecule undergoes fast geometryelements of transitions € A,B are smaller than the ones of
changes, leading to the changes in magnetic parameters (e.gtransitions A< B by an approximate factor of(J! — J5)/(J!
g-factor or chemical shift): in this case, the exchange processes+ 2JY) = AJ/J.

between different spectral lines are well-known in EPR and  Another reason should be mentioned why the transitions
NMR. In our case, fast transitions between different multiplets between multiplets G> A may become weakly allowed even

of each given triad can be viewed as spin jumps from the current for isotropic exchange interaction. The eigenst#®es|30) | 7C]
multiplet to another one. If this exchange process is fast enoughand |80are magnetic field dependent. In the presence of a

corresponding to the axially symmetrdg, = [J7, J;, 3 J.
Then one obtains the following nonzero matrix elements
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magnetic field, these states change compared to eqgs 2 by factor&T ~ J, andmy; ~ 1 for A <= B transitions, we obtaif ~ 5 x

of the orderB%J2. For the systems studied in this work,~

100 cnt! ~ 100 T andB ~ 0.3—-3 T, and thus we expect that
AJ/J > B?J2. Thus, the anisotropy of the exchange interaction
is expected to be more important for making the transitions
between quartet and doublet states allowed.

We now estimate the rate of the spin exchange process due

to the modulation of the isotropic exchange interaction. We will
follow the approach of ref 16 to make estimation by an order
of magnitude. Suppose that the lattice vibration leads to an

oscillation of distance between copper and one of the radicals

(e.g., R1) described as= ro(1 + € cos wt), wheree < 1.
Assuming the exponential decay of the exchange interaction
on radicat-copper distance, one obtains

J(I’) — JO efr//l — ‘]O efr0(1+s coswt)/A ~

J(ro)(l _&o coswt) =J+J. (1) (7)

A

wherel is the characteristic distance of the exchange interaction
decay and is usually on the order of Angstrorrs, < 4 and
JIm(t) = —J(ero/A) coswt. Then, the time-average square of the
modulated part of(r) can be found as

242

ro"J
3,2 0= —

2
€
24

B rod? Pondo>
212 2p°
3 (roJ)2
8\ 1
wherev is the speed of soung,is the density of a crystabpn

dw is the phonon density in the frequency range, énd the
relations

Ao’ dw
I kT _

8

3w’  do
27203 KT _ 1

are used® The probability of the induced transition can be
calculated as

©)

200 = Pon o =

27 : 21
wy =5 10 = 23, (OS ST Fi() = 23 M, (O H(w)
(10)
wheremy; is the dimensionless matrix element of spin operator
—2S°URL andf(w) is the line shape function fulfilling” f(w)

dw = 1. Assuming that the phonon density does not change
within the line (i.e..f(w) = d(w)), we finally arrive at

r.J\2
m2)

The probability of spontaneous transition is known tonpe
= wd/kT then we obtain for the characteristic time of exchange
process

»® 1

.7'L'hp’U5 efn(u/kT -1

3

W, =

; (1)

3
w

ahpv®

T

ex

2KT, 2KT,
(12)

rod\?
W+ w, = ;3’1 mjz(%) cth(h—w) = K-cth(h—w)

Assumingrg ~ 2 A8 1 ~ 1 A (typical order of the bond
length),p ~ 2 glcn®, v = 3 x 1P cm/s,J ~ 100 cn1?, Aw ~

10" s and thus 175 ® ~ 102 571 atkT ~ hw. Taking into
account the interaction with the second radical R2 will even
double this estimate. The value obtained foT,[® agrees
reasonable well with the experiment, because the frequency
difference between lines of multiplets A and BAsa g < 101

1 even at W-band, and thus the spin exchange process will
be fast enough to average the individual lines into a single one
in the center of mass. Itis less straightforward to make a similar
estimate for the transitions € A,B induced by the modulation

of anisotropic exchange interaction. The valuel @hisotropy

is not known and its estimation using, e.g., the anisotropy of
g-tensor is problematit® If AJ/J ~ 1072 — 107, we obtain

m ~ (AJJ)? ~ 104-10"2 and 15 "% ~ 108-10° 572,

This value still agrees with experiment quite reasonably
because: (i) the frequency difference between lines @,B

at W-band isAwc—ap < 5 x 101°s71, and (i) the multiplet C

is the upper one and thus significantly contributes only at higher
temperatures where the factor @&w(2kT) > 1 and spin
exchange process become even faster. In addition, we can
hypothesize that the modulation of parallel and perpendicular
components ofl is not equivalent because one of the axes of
octahedrons is more flexible, resulting in shortening or length-
ening with temperature. This would mean that the difference
|JI(t) — J7(t)| in expression 6 might be larger than the difference
between the corresponding static components, leading to a higher
rate of spin exchange process.

Thus, we have found that the modulation of exchange
interaction induces rapid transitions between multiplets of a
strongly coupled spin triad. Of course, for the system with
smaller], the case of intermediate rate of spin exchange process
can be realized. As was discussed above, the experimental data
supposes that indeed the fast exchange process takes place for
Cu(hfac)LPrand the intermediate exchange process takes place
for Cu(hfac)L B with orthoxylene. On the basis of the frequency
separation of the exchanged lines in Cu(hfaBY with orthox-
ylene at 130 K, we can roughly estimata§7*® ~ 10 s
for this system, which is in good agreement with the theoretical
estimations above.

Finally, to confirm the expected manifestations of spin
exchange processes in EPR spectra of strongly coupled spin
triads, we present the results of numerical simulations. The spin
exchange processes in EPR are usually modeled using the Bloch
equations modified to include these proces8é8Basically, it
is assumed that two EPR transitions involved in the spin
exchange process arise from two different species, which
transform one into another in reversible monomolecular reaction.
Then, writing the differential Bloch equations one simply should
include the terms accounting for these transformations in the
same way as it is done in chemical kinetics (it is assumed that
the magnetization is proportional to the concentration of each
species). The rate of transformation corresponds to the rate of
exchange process. In our case, we will consider the spin
exchange process between different multiplets A, B, and C of
a spin triad in a similar way.

Let Mf”ff be the corresponding components of the magne-
tization vectors for the effective spins corresponding to mul-
tiplets A, B, and C. Assume that the saturation is negligible,
and thusM2®€ ~ M5®€. Then the modified Bloch equations
for the complex variable§*8¢ = M*¢ — iM}® can be
written ag®
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aG* &t

T——F‘FiAwAGA—iwlMé—
2
A A B c
¢ ¢, ¢, ¢
Tas Tac TBa Tca
B B
d%=—%+iAwBGB—iwlMg—
2
B B A c
&L & &y
Tsa Tec Tas  Tcs
c c
d%=—%+iAwCGC—iw1Mg—
2
c c A B
¢ &, ¢, ¢
Teca Tes Tac  Tmc

whereT,®C are the corresponding transverse relaxation times
in the absence of the spin exchange procass,BC are the
corresponding resonance offsets; is the microwave field
amplitude, 1#yn = w,, are the corresponding transition rates
from multiplet M to a multipletN, and the relation Ty =
(Litnw) exp(Em — En)/KT) takes place. Because we are looking
for a stationary solution of this systenG&8.S/dt = 0, and then
the absorption line shape is obtained as usual by taldiper
—Im(G* + GB + GO).

In addition, because we model three multiplets by three
interacting species with corresponding effective spins, the
different amplitudes of EPR lines corresponding to A, B, and
C must be introduced intblg"-B-C. One contribution to the line

Fedin et al.

considered to be constant. The use of a temperature-dependent
exchange interaction (e.gl,= —150-50 cnt! at T = 50—

200 K) would lead to more significant shift due to a stronger
change of a factod/kT. Figure 4b shows the result of similar
calculations for the oriented sample. Again, the broadening and
the shift of the EPR line are clearly observed. The values
T2 used in simulations are quite realistic for the magneti-
cally concentrated samples, < T, is taken to account for

the dipole-dipole interaction induced relaxation within a quartet
state, which is expected to be an additional relaxation pathway.
Thus, we conclude that the experimental trends are well modeled
by the calculations and the observed phenomena are well
explained in terms of electron spin exchange processes between
different multiplets of a spin triad.

Conclusions

In this work we have reported the experimental observation
of electron spin exchange processes in strongly coupled spin
triads. These processes manifest themselves in the significant
shift of the EPR line position with temperaturdd ~ 0.1 atT
= 70—220 K) found for the compounds of family Cu(hfakck.

This occurs due to the redistribution of populations between
different multiplets of the exchange-coupled system with
temperature. The modulation of the exchange interaction
between copper and nitroxide was proposed as a mechanism
inducing the spin exchange process, and the theoretical estima-
tions agree with the rates expected from experimental data
analysis.

The rate of these exchange processes increases rapidly with
the increase of exchange coupling, therefore they become very
efficient in strongly coupled triads and cannot be neglected. We

amplitude comes from the Boltzman population differences, and paye found that the basic spectral characteristics such as the

another one is due to the different number of transitions and
different transition amplitudes within each multiplet. By cal-

line position and shape are strongly influenced by spin exchange
processes. It was supposed earlier that the spin exchange

culating the corresponding matrix elements and introducing the processes are efficient in spin triads and larger clusters and might

Boltzman factors one obtains

Mé =M,

Mg = ¥\, (14)
M = 6T 10M,

The analytical solution of the system (eq 13) is too cumber-

be responsible for the observation of only one EPR line and its
temperature shift1° Our high-field EPR results on Cu(hfatR
provide clear evidence for the exchange processes in strongly
coupled spin triads, which are also expected to be ubiquitous
in other various strongly coupled heterospin systems.

As an outlook, we note that in case of fast exchange process
the position of the EPR line corresponds to the effeajivactor
of spin triad, which, in turn, is a function of temperature and
intracluster exchange coupling Therefore, the temperature

some to prove useful, therefore, we present only the results Ofdependence of the effectivgfactor allows one to determine

numerical calculation. The anisotropy of t¢ensor of copper

was taken into account by convolution of spectra corresponding

to different orientation?® As was discussed above, the distances
between copper and nitroxides in Cu(hta®) decrease on
lowering the temperatur®® and thus the exchange interaction

the value ofJ and its temperature dependence, which will be
the topic of our next publication.
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