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Microscopic mechanisms of magnetic transitions
in chain polymeric copper (1) complexes with nitronyl nitroxide radicals
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Parameters of exchange interactions in heterospin chain polymeric complexes of Cu(hfac), (hfac
is hexafluoroacetylacetonate anion) with pyrazolyl-substituted nitronyl nitroxides LR (R = Me, Et,
Pr, Bu) were estimated using quantum chemical computational methods. The magnetic properties of
the considered chain polymeric complexes can be described within the framework of the model of
isolated exchange clusters. Experimental data on the structural dynamics of chains polymeric with
"head-to-tail" (R = Me) and "head-to-head" (R = Et, Pr, Bu) motifs are discussed in the context of
the concept of gradual phase transitions. Based on the analysis performed, a hypothesis of micro-
scopic mechanisms of magnetic transitions in crystals of this type of compounds was proposed.
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Recently,!=% a family of heterospin complexes
Cu(hfac), (hfac is hexafluoroacetylacetonate anion) with
pyrazolyl-substituted nitronyl nitroxides LR (R = Me, Et,
Pr, Bu) has been discovered. In the solid phase, these com-
pounds can undergo a reversible transition from the high-
spin to the low-spin state when exposed to repeated cool-
ing—heating cycles.
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Crystals of these complexes have a chain polymeric
structure due to a bidentate bridged coordination of para-
magnetic ligands LR through the imine nitrogen atom
and the nitroxide oxygen atom. Chains can have a "head-
to-tail" or a "head-to-head" motif. A unique feature of
these compounds is that a structural rearrangement of
the crystal, which causes the effective magnetic moment
to change (sometimes, in a jumpwise manner), occurs at
relatively high temperatures (130—230 K). High me-
chanical stability of crystals of the complexes in the tem-
perature variation and on crossing the magnetic transi-
tion region is also unusual.

Earlier,1=% it has been assumed that the observed
temperature dependences of the effective magnetic mo-
ment are mainly due to reversible structural rearrange-

ments of the coordination polyhedra in the CuOsN sites
(a "head-to-tail" motif) or CuOQg sites (a "head-to-head"
motif) and that they can be described within the frame-
work of the model of isolated exchange clusters. In the
present work, using modern computational methods of
quantum chemistry, we have substantiated the assump-
tion of the applicability of the model of isolated exchange
clusters to the description of the magnetic properties of
chain polymeric complexes of Cu(hfac),LR and proposed
a hypothesis of microscopic mechanisms of magnetic
transitions in crystals of this type of compounds.

Calculation Procedure

All calculations were carried out within the framework of the
density functional theory using the B3LYP hybrid exchange-cor-
relation functional,’—? the spin-unrestricted SCF procedure
(UB3LYP), and the GAUSSIAN-98 program package.1®

The exchange parameters of the Heisenberg—Dirac—van Vleck
spin Hamiltonian, which describe interactions between localized
electron spins, were estimated by the broken symmetry method!!—14
(for discussion, see Refs 15—21). This method establishes a one-to-
one correspondence between diagonal elements of the Heisen-
berg—Dirac—van Vleck spin Hamiltonian matrix computed in
products of single-center spin functions and diagonal elements of
the electron Hamiltonian matrix computed in single-determi-
nant wave functions (WF), which represent the highest-spin (HS)
state and the so-called broken-symmetry (BS) states with differ-
ent occupation of magnetic spin orbitals. It should be noted that,
owing to spin "contamination" and nonorthogonality of the com-
puted HS and BS determinants, this correspondence holds only
approximately.2!
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Single-determinant WF representing different spin configura-
tions were calculated using the rigorous convergence criterion (pa-
rameter scf = "tight"), which ensures sufficiently well-converged
values of the HS- and BS-state energies. For all states, the stability
analysis22 for the solution obtained (parameter stable = "opt") was
performed.

Calculations were carried out with the TZVP/SVP basis set,23:24
which proved itself in estimating the exchange parameters within
the framework of the UB3LYP-BS computational proce-
dure.16,19,21,25-34 Thjg basis set includes a triple-zeta split-va-
lence basis set augmented with a polarization function (TZVP) for
the copper, oxygen, and nitrogen atoms and a double-zeta split-
valence basis set augmented with a polarization function (SVP) for
the carbon, fluorine, and hydrogen atoms.

Results and Discussion

A structural phase transition requires the overcoming
of a barrier between the Gibbs free energy minima corre-
sponding to stable polymorphs of the crystal in the vicin-
ity of the transition. The barrier significantly decreases if
structural rearrangement occurs gradually by nucleation
and successive growth of domains of the new phase. In
such cases, the polymorphous transformation involves
a sequence of metastable structures with broken transla-
tional symmetry, which undergo transitions into one an-
other due to small-scale thermal fluctuations whose prob-
ability is rather high.

This microscopic phase transition mechanism is char-
acteristic of the so-called Jahn—Teller crystals contain-
ing labile coordination sites capable of changing their
shape under weak thermal excitations. Therefore, it is
reasonable to admit® that this general concept of gradual
phase transitions is also applicable to typical representa-
tives of the Jahn—Teller crystals, viz., chain polymeric
complexes of Cu(hfac),LR. Considering this admission as
a working hypothesis, we will analyze the available ex-
perimental data on the structural dynamics of polymer
chains with the "head-to-tail" and "head-to-head" motifs
and try to relate them to the observed temperature de-
pendences of the effective magnetic moment based on the
results of quantum chemical calculations of exchange
parameters of the Heisenberg—Dirac—van Vleck spin
Hamiltonian carried out in the present work.

Polymer chains with the "head-to-tail" motif. We will
consider structural and magnetic transitions in the poly-
mer chains with the "head-to-tail" motif taking the tri-
clinic modification of Cu(hfac),LM¢ as an example. The
molecular structure of chains in this compound is sche-
matically presented in Fig. 1. The repeating unit of the
chain is shown below.

Neighboring repeating units form structurally equiv-
alent dyads representing one period of the chain in the
crystal. Each dyad comprises two crystallographically
independent CuOsN coordination sites containing the
Cu?"—0"—N exchange clusters.
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The Cu?" ion belongs to the Jahn—Teller ions having
a degenerate ground electronic state in octahedral ligand
field. In this connection, a highly symmetric (0,) geo-
metric configuration of isolated copper(i1) complexes is
unstable and corresponds to the vertices of equal-height
potential barriers between three equivalent minima cor-
responding to an octahedron extended or contracted along
one of the three fourfold axes. The barrier height is deter-
mined by weak vibronic coupling, which includes the
dependence of electronic energy on the vibrational coor-
dinates of atomic nuclei, and is usually very small. Be-
cause of this, a characteristic feature of isolated copper(ir)
complexes is the dynamic Jahn—Teller effect, i.e., the
formation of coupled electronic-vibrational states, which
leads to tunnel splitting of vibrational levels.35-36

The coordination sites formed by the Cu?" ion in
molecular or chain polymeric crystals, succeed the sta-
ble geometry of isolated complexes. However, local po-
tential barriers between the stable configurations of sites
in the crystal are always higher than in isolated complex
because they are determined by not only weak vibronic
coupling, but also external forces acting on a given site
(crystal field effect). Therefore, the dynamic Jahn—Tell-
er effect in solids is rarely observed. Typically, transi-
tions of coordination sites from one stable form to anoth-
er are induced by random vibrational excitations, which
can be either local or concerted in character.

According to X-ray diffraction data,4 stable geomet-
ric configurations of the CuOsN coordination sites in
chains with the "head-to-tail" motif have the shape of an
extended octahedron and can be divided into two types
depending on the position of the long axis in the polyhedron.
One type of sites has the N; —Cu—O long axis; the
Cu?t—0"—N heterospin cluster is characterized by pre-
dominance of ferromagnetic exchange typical at Cu—Oy,
bond lengths of ~2.4 A or more!:2 (hereafter, F-sites).
The other type of sites has the Oy, (1)—Cu—Oy,.(3)
long axis (see Fig. 1). In these sites, the Cu—O;_distance is
shortened to ~2.0 A, which leads to significant stabiliza-
tion of antiferromagnetic spin ordering and to inver-
sion of spin levels in the exchange cluster (hereafter,
AF-sites). The second possible AF-configuration with
the Oy, (2)—Cu—O0y,.(4) long axis in the stable struc-
tural modifications of the Cu(hfac),LM¢ crystal is
not realized. Emphasize that the types of the coordina-
tion sites and the order of their appearance in the
chain depend on many factors and are by and large
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controlled by the thermodynamic potential of the
whole crystal.

Isotropic exchange in Cu?"*—0O*—N two-center clus-
ters is described by the model spin Hamiltonian

H=—-2JS¢,Sy. )

This Hamiltonian ignores interchain and cluster—clus-
ter interactions and depends on a single parameter J,
which describes the exchange interaction between the
spins localized on the Cu?* jon and on the nitronyl
nitroxide fragment. The eigenvalues of the spin Hamilto-
nian (1), which determine the relative positions of the
spin levels of the two-center exchange cluster, are given by

3E=7(1/2)J, IE=(3/2)J. ?2)
The parameter J was evaluated as follows:
J=—(Eys — Eps), (3)

where Eygand Epg are the energies of the HS- and BS-states,
which were calculated for the {LM¢—Cu(hfac),—LM¢}
chain fragment using the X-ray diffraction data obtained
at temperatures above and below the structural phase
transition temperature (7py).

Similar calculations were also carried out for the
{LMe_—Cu(hfac),—LMe—Cu(hfac),—LM¢} chain fragment
using the model spin Hamiltonian, which includes all
possible pair interactions in the O*—N..-Cu2t*—0"—
—N---Cu2*—0"—N exchange cluster. It was shown that
the exchange parameters of the Cu?*—0O*—N fragments
of the five-center cluster are nearly equal to those of the
two-center clusters calculated using expression (3), while
other pair interactions are negligible. Clearly, the
Cu2*—0"—N exchange clusters are isolated from one
another in the polymer chains of the Cu(hfac),LM¢ complex.

The bond lengths and the exchange parameters of
the coordination sites of the Cu(hfac),LM¢ crystal are
listed in Table 1. The values in parentheses refer to the
exchange parameters estimated within the framework of
the Yamaguchi algorithm, 8 which to some extent includes
the nonorthogonality of the magnetic orbitals in the WF
of the BS-states. Note that for the complexes in question,
this correction is significant only for the AF-sites.

From the data of Table 1 it follows that the structur-
al period of the chain in the high-temperature phase
(T > Tpy) of the Cu(hfac),LMe crystal comprises two
F-sites characterized by close geometric parameters and
small positive J values. In these coordination sites, the
energy gap between the ground (triplet) and excited (sin-
glet) spin states of the exchange cluster is narrow; as
a consequence, the room-temperature population of the
singlet state is high. As the temperature decreases, the
population of this state also decreases, which manifests
itself in the experimentally observed gradual increase in
Uesr in the high-temperature region. In the low-tempera-
ture phase (7 < Tpr), one site of the structural period of
the chain has the AF-configuration (see Table 1). The
type of 50% of sites of the crystal is changed concertedly
at the phase transition temperature, which predetermines
a jumpwise decrease or increase in the effective magnetic
moment on cooling or heating, respectively.* The fact
that the other 50% of sites in the low-temperature phase
remain in the F-configuration provides an explanation
for a gradual increase in pg on cooling.

The molar magnetic susceptibility and the effective
magnetic moment calculated per {Cu(hfac),LM¢} frag-
ment are given by the following expressions (ignoring
diamagnetic contribution):

x = 0.5x; + 0.5x,

Mo = V3KTY/(NIL).

Here x; and yx, are the molar magnetic susceptibilities
of the exchange clusters in the coordination sites:

. = Nube’ 6 exp[—"E / (KT)]
" 3kT  exp[-'E /(KT)]+3exp[-°E / (kT)]

5

g§=(8cu t81)/2,

where N is the Avogadro constant, pg is the Bohr magne-
ton, k is the Boltzman constant, 3E and ' E are the eigen-
values of the spin Hamiltonian (1) calculated using

* The pegjump for Cu(hfac),LM¢ is observed at 141 (cooling) and
146 K (heating).

Table 1. Bond lengths (<) and exchange parameters (J) in coordination sites of Cu(hfac),LM¢ crystal

T/K  Central d/A J/em™!
atom
Cu_I\IIJCU_OL Cu_ohfac(4)/cu_0hfac(2) Cu_ohfac(3)/cu_ohfac(1)
140 Cu(l) 2.014/1.992 1.981/2.004 2.259/2.289 —958 (—873)
Cu(2) 2.336/2.449 1.976/1.966 1.937/1.935 16 (16)
293 Cu(l) 2.298/2.507 1.937/1.959 1.948/1.968 31(31)
Cu(2) 2.323/2.508 1.941/1.964 1.930/1.947 15 (15)

Note. The values in parentheses refer to the exchange parameters calculated within the framework of the Yama-

guchi algorithm. 18
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Fig. 1. Polymer chain with the "head-to-tail" motif.*

expressions (2), and No is the correction for tempera-
ture-independent paramagnetism. When constructing the
temperature dependences of the magnetic properties of
the Cu(hfac),LM¢ complex, the F-sites can be described
using a single parameter Jg. In this case, x = xp for the
high-temperature phase (J; =J, =Jg) and x = 0.5, + 0.5xf
for the low-temperature phase (/| = Jap, J, = Jg). One
can show with ease that the theoretical curve p (7) plot-
ted using the calculated J values (see Table 1) reproduces
the character of the experimental dependence in the whole
temperature interval. The optimum Ji and Jug values
for the description of the magnetic properties of the
Cu(hfac),LM¢ complex (and the g-factors of the para-
magnetic centers) can be determined from the results of
magnetochemical measurements using the expressions
given above.

Polymer chains with the "head-to-head" motif. The
molecular structure of chains of the complexes
Cu(hfac),LBu-0.5C¢H,4, Cu(hfac),LPr, and Cu(hfac),LEt
is schematically shown in Fig. 2. The repeating unit
of the chain comprises two sites, CuOg and CuO4N,
(see below).

Fig. 2. Polymer chain with the "head-to-head" motif.
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The CuOyq site contains the N—'O—Cu?*—0*—N
exchange cluster; the CuO4N, site has a single unpaired
electron localized on the metal center. Clearly, the char-
acter of the temperature dependence of the effective mag-
netic moment is determined by the changes in the geom-
etry of the CuOg sites in which exchange interactions
between electron spins occur.

Isotropic exchange in the N—'O—Cu2t*—0"—N
three-center clusters is described by the following model
spin Hamiltonian:

H= _2'I(SLSCLI + SCLISL) — ZJ'SLSL. (4)

In writing the expression for the Heisenberg—Di-
rac—van Vleck spin Hamiltonian, we admitted that the

J ?

r—{ 1

*\ N, g 540 ,J
2

* Figures 1 and 2 are available in full color in the on-line version of the journal (http://www.springerlink.com).
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exchange between the Cu?* ion and the nitroxyl group of
any of the two coordinated radicals can be described
using a single parameter. The eigenvalues of the spin
Hamiltonian (4), which determine the relative positions
of the spin levels of the three-center exchange cluster, are
as follows:

AE=—J—(1/2)", 2B = (3/2)J,2E, =20 — (1/2)J".  (5)

The parameters J and J° were evaluated using the
following expressions:

Eys— Egs1 =—J—J, (6a)
Eys — Epsy = —2J, (6b)

where Eyg, Egg;, and Egg, are the energies of the HS- and
BS-states calculated for the {LR—Cu(hfac),—LR} chain
fragment using X-ray diffraction data for the stable geo-
metric configurations of the CuOQy sites.

Similar calculations were carried out for the
{LR—Cu(hfac),—LR—Cu(hfac),—LR} chain fragment
containing the N—*O—Cu?t*—0*—N...Cu?".--N—"0
exchange cluster. From the results obtained it follows
that the exchange parameters of the N— *O—Cu?*—0*—N
fragment of the five-center cluster are nearly equal to
those obtained for the three-center cluster using expres-
sions (6), while the remaining pair interactions are negli-
gible. Apparently, in the chains with the "head-to-head"
motif the exchange clusters N—'O—Cu?™—0"—N of
the CuOy sites do not interact with the Cu?* ions of
neighboring CuOy4N, sites.

According to X-ray diffraction data (see Ref. 4), sta-
ble geometric configurations of the CuOg sites also have
the shape of an extended octahedron and belong to the F-
and AF-types. In the F-sites, the long axis is O] —Cu—O,
(Cu—O; ~2.3 A) and ferromagnetic exchange stabilizing
the quartet spin state dominates in the N—*O—Cu?"—
—O*—N exchange cluster. The AF-sites with the
Op1ac(1)—Cu—O0y4,(3) long axis are characterized by
short Cu—O; distances (~2.0 A) and a large negative J
value. The change in the character of exchange upon
shortening of the Cu—O;_ distances leads to inversion of
the spin levels in the exchange cluster and to a consider-
able increase in the energy intervals between them.

Consider structural rearrangements of the CuOg sites
in the Cu(hfac),LB"-0.5C¢H,4, Cu(hfac),LPr, and
Cu(hfac),LFt crystals in more detail. The crystal struc-
ture of the Cu(hfac),LB"-0.5C4H 4 complex was deter-
mined at twelve temperatures (Table 2). In solving the
structure of the high-temperature phase, the CuOg sites
were assumed to be structurally equivalent. At room tem-
perature, the crystallographic geometry of the CuOg sites
formally corresponds to the F-configuration, viz., the
Cu—O distances are rather long (2.311 A), while the
Cu—Oy, distances are much shorter (1.971—1.984 A).
Calculations of the exchange parameters using expres-
sions (6) give the values characteristic of the F-sites, viz.,
J=44 cm~!and J' = =5 cm~!. Would the coordination
sites in the high-temperature phase of the crystal pre-
serve their geometric configuration on cooling, one should
expect a gradual increase in the effective magnetic

Table 2. Bond lengths (d) in CuOg sites (central symmetry) and weight fractions (w) of AF-sites

in Cu(hfac),LB"-0.5C¢H 4 crystal

T/K w Central d/A

atom

Cu_OL Cu_ohfac(z) Cu_ohfac(l)

110 0.5 Cu(l) 2.344 1.958 1.964

Cu(2) 1.995 2.031 2.228
120 0.5 Cu(l) 2.342 1.956 1.965

Cu(2) 1.994 2.028 2.231
130 0.5 Cu(l) 2.340 1.955 1.967

Cu(2) 1.996 2.026 2.229
140 0.5 Cu(l) 2.341 1.955 1.969

Cu(2) 2.000 2.021 2.227
150 0.5 Cu(l) 2.337 1.955 1.970

Cu(2) 2.008 2.022 2.217
163 0.254 Cu 2.248 (2.255) 1.974 (1.977) 2.022 (2.031)
167 0.252 Cu 2.250 (2.256) 1.976 (1.976) 2.023 (2.031)
171 0.250 Cu 2.251 (2.257) 1.975 (1.976) 2.023 (2.030)
186 0.223 Cu 2.259 (2.266) 1.973 (1.974) 2.014 (2.023)
200 0.207 Cu 2.265 (2.272) 1.973 (1.973) 2.010(2.019)
240 0.147 Cu 2.287 (2.293) 1.971 (1.969) 1.995 (2.003)
295 0.090 Cu 2.311(2.313) 1.971 (1.965) 1.984 (1.988)

Note. Here and in Tables 3 and 4 the values in parentheses are the bond lengths calculated using

expression (7).
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moment on cooling to 164 K (temperature at which
U abruptly decreases*). However, a gradual decrease
in the effective magnetic moment on cooling is observed
in the high-temperature region. Probably, this behavior
of the high-temperature phase of the crystal is due to the
fact that local thermal fluctuations on cooling cause cer-
tain F-sites to undergo transitions to the AF-configura-
tion, i.e., the number of AF-sites in the polymer chains
gradually increases. According to X-ray diffraction data,
the high-temperature phase of the crystal does undergo
structural rearrangements as the temperature changes.
For instance, in the CuOy sites the Cu—O;_ distances are
gradually shortened (2.311 — 2.248 A), whereas the
Cu—0Oy, distances along the Oy, (1) —Cu—Oy,.(3) axis
are lengthened (1.984 — 2.022 A) on cooling to 163 K.
Clearly, these geometric parameters of the coordination
sites correspond to none of the stable geometric configu-
rations. The crystallographic parameters of the CuOg
sites in the high-temperature phase can be described as
follows:

d=wdyg+ (1 — w)dp, @)

where d,p and dp are the parameters of stable geometric
configurations and wand 1 — w are respectively the weight
fractions of the AF- and F-sites at the specified tempera-
ture. It cannot be ruled out that a small fraction of the
CuOg sites is in the AF-configuration already at room
temperature. On cooling, the weight fraction of the
AF-sites gradually increases.

The structure of the low-temperature phase was de-
termined at 150, 140, 130, 120, and 110 K. In solving the
structure of the low-temperature phase, the chain period
was represented by a fragment comprising two neighbor-
ing repeating units, each containing the CuO, and
CuOyN, sites (see above). According to X-ray diffrac-
tion data, the geometric parameters of the CuQOg sites of
the chain period remain almost unchanged in the tem-
perature interval 150—110 K (see Table 2). Therefore,
the CuOy sites in the crystal retain their geometric con-
figuration as temperature varies within these limits.
Clearly, at low temperatures the crystal adopts a stable
structural modification possessing translational symme-
try. In this case, the crystallographic geometry of the
CuOg sites corresponds to stable configurations. From
the data of Table 2 it follows that one CuOg site of the
chain period is in the F-configuration (Cu—Oy ~2.34 A,
Cu—Oypc(1) ~1.97 A, Cu—Oy,.(2) ~1.96 A), while
the other CuOg site is in the AF-configuration (Cu—Oy,
~2.00 A, Cu—Oy (1) ~2.23 A, Cu—Oy,.(2) ~2.03 A).
We used the X-ray diffraction data (110 K) to evaluate the
exchange parameters of stable geometric configurations
of the CuOj sites and obtained Jp = 41 (41) cm™!, J'p =
= —5(=5) cm™!; Jop = —834 (—767) cm~!, and J ,p =

* The pegjump for Cu(hfac),LBu+0.5C¢H,, is observed at 16143 K.

= 23 (=22) cm™! (hereafter numbers in parentheses are
the values obtained within the framework of the Yamagu-
chi algorithm!8).

Taking the bond lengths determined by low-tempera-
ture X-ray analysis as dap and dp, one can estimate the
weight fractions of the AF-sites in the high-temperature
phase by solving the redundant system of equations (7)
by the least squares method. The w values thus obtained
are listed in Table 2. Our estimates are as follows: at
295 K, 9% of the CuOg sites are in the AF-configuration;
at 163 K, the weight fraction of the AF-sites increases to
25.4%. Clearly, gradual increase in the number of the
AF-sites in the high-temperature phase of the crystal
predetermines a gradual decrease in the effective mag-
netic moment on cooling. At a certain critical tempera-
ture (164 K), . abruptly decreases. In the low-temper-
ature phase (7' < 150 K), polymer chains possess transla-
tional symmetry, w takes a value of 0.5 and is tempera-
ture independent. The fact that 50% of CuOg sites in the
low-temperature phase are in the F-configuration pro-
vides an explanation for the gradual increase in the effec-
tive magnetic moment on further cooling.

The molar magnetic susceptibility and the effective
magnetic moment per {Cu(hfac),LB"-0.5C¢H,,} frag-
ment are given by (ignoring diamagnetic contribution)

xX= O~5Xex + O'SXmono’

Her = V3KTy/(Nup),

where Yono i the molar magnetic susceptibility of Cu?*
ions in the CuO4N, sites (S = 1/2) and g, is the molar
magnetic susceptibility of the N—*O—Cu?*—0"—N
exchange clusters in the CuQg sites with allowance for
the weight fractions of the AF- and F-sites:

Xmono = [Nung2Cu/(3kT)]S(S+ 1) + No,

Xex = WXAF T (1 — W)xE.

The expressions for the molar magnetic susceptibili-
ties xor and xp of the exchange clusters in the AF- and
F-sites have the form:

2, 2k ‘E
I __=2 __c
Nud 1.5g%e *T +1.5gke KT +15g2e #T
= + Na,
3kT ’Ey 2By ‘e

2e kT 12e kT t4e kT

8a = 8cu> &8 = (481 — 8cw)/3, &c = (28L * 8cw)/3.

Here *E, 2E,, and 2E, are the eigenvalues of the spin
Hamiltonian (4), which are calculated using relation-
ships (5). When constructing the temperature dependences
of the magnetic properties of the Cu(hfac),LB"-0.5C4H 4
complex, one should know the w(7T) dependence in the
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Table 3. Bond lengths (d) in the CuOgssites (central symmetry) and the weight fractions (w) of the

AF-sites in Cu(hfac),L"" crystal

d/A

Cu_ohfac(2)

Cu_ohfac( 1)

T/K w Central

atom

Cu—O(,

50 1.0 Cu 1.993
115 0.960 Cu(l) 2.023

Cu(2) 2.022 (2.007)
145 0.875 Cu(l) 2.047

Cu(2) 2.044 (2.037)
175 0.745 Cu(l) 2.090

Cu(2) 2.083 (2.083)
195 0.616 Cu(l) 2.114

Cu(2) 2.115(2.128)
205 0.565 Cu(l) 2.140

Cu(2) 2.140 (2.146)
215 0.513 Cu(l) 2.158

Cu(2) 2.154 (2.164)
220 0.472 Cu(l) 2.171

Cu(2) 2.169 (2.178)
229 0.324 Cu 2.217 (2.230)
232 0.298 Cu 2.231 (2.239)
240 0.218 Cu 2.256 (2.267)
293 0.057 Cu 2.318 (2.324)

1.952
1.962
1.967 (1.952)
1.963
1.959 (1.953)
1.965
1.958 (1.954)
1.962
1.955 (1.954)
1.965
1.965 (1.955)
1.960
1.956 (1.955)
1.963
1.957 (1.955)
1.957 (1.956)
1.958 (1.956)
1.960 (1.957)
1.955 (1.958)

2.272
2.280
2.277 (2.260)
2.236
2.242 (2.233)
2.191
2.194 (2.193)
2.139
2.139 (2.154)
2.132
2.132(2.138)
2.111
2.111(2.122)
2.099
2.099 (2.109)
2.049 (2.064)
2.046 (2.056)
2.018 (2.031)
1.975 (1.982)

high-temperature region. The w values we have obtained
and the exchange parameters of the F- and AF-sites allow
one to correctly describe the character of the experimen-
tal u.(7) dependence both in the high- and low-temper-
ature regions. The optimum values of Jg, J', Jop, and
J'Ar (as well as the g-factors of the paramagnetic centers)
can be estimated from the data of magnetochemical ex-
periment for the low-temperature phase (7 < 150 K)
using the expressions given above and w = 0.5. The
values thus obtained will make it possible to determine
the shape of the w(7) dependence in the high-tempera-
ture region from the experimental y(7) dependence.

Table 3 lists the X-ray diffraction data for the
Cu(hfac),LP" complex. Formally, the room-temperature
geometric parameters of the CuQg sites in Cu(hfac),LPr
correspond to the F-configuration. Cooling causes a grad-
ual shortening of the Cu—O;_distances and elongation of
the Cu—Oy;, distances along the Oy, (1) —Cu—Oy,.(3)
axis (see Table 3); this indicates accumulation of AF-sites
in polymer chains. At rather low temperatures, the crys-
tal adopts a stable structural modification in which the
CuOy sites have the AF-configuration (see Table 3).
Our estimates gave Jyp = —825 (=759) cm™! and J s =
=28 (=27) cm™ L.

The weight fractions of the AF-sites calculated by
solving the redundant system of equations (7) by the least
squares method are listed in Table 3. When estimating
the w values, we suggested the geometric parameters of
the F-configuration of the CuOg sites to be equal to those
of the F-sites in Cu(hfac),LBu+0.5C¢H,, (see Table 2,

110 K). Our estimates show that the weight fraction of the
AF-sites gradually increases on cooling. As should be
expected, a gradual decrease in the effective magnetic
moment in the high-temperature region (7 > ~240 K) is
observed for this compound on cooling. A noticeable
decrease in g is observed in a broad temperature inter-
val from about 240 to nearly 140 K. Further cooling
leads to a gradual decrease in the effective magnetic mo-
ment. The theoretical curve p.(7) plotted using the
weight fractions and the exchange parameters of the AF-
and F-sites* calculated in the present work reproduces
the character of the experimental dependence in the whole
temperature range studied.

The structure and magnetic properties of the
Cu(hfac),LEt complex deserve a more thorough consid-
eration. This compound has quite an unusual p.q(7) de-
pendence. Namely, the effective magnetic moment de-
creases on cooling to 220 K, increases jumpwise at 220 K,
and then increases as the temperature decreases further.
The X-ray diffraction data for Cu(hfac),LEt are listed in
Table 4. The structure was solved assuming that all CuOyg
sites are structurally equivalent. From the data of Table 4
it follows that at room temperature a noticeable propor-
tion of CuOg sites is in the AF-configuration and that the
weight fraction of the AF-sites increases on cooling to
241 K. In the temperature interval 241—221 K, the CuOg

* The exchange parameters of the F-configuration of the
CuOyg sites can be set equal to those of the F-sites in
Cu(hfac),LB"+0.5C¢H 4.
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Table 4. Bond lengths (d) in the CuOg sites (central symmetry) and

the weight fractions (w) of the AF-sites in Cu(hfac),LE! crystal

K w d/A
Cu_OL Cu_ohfac(2) Cu_ohfac(l)

30 0.0 2.292 1.947 1.956

115 0.066 2.281(2.272) 1.958(1.947) 1.985(1.977)
188 0.138 2.260 (2.251)  1.960 (1.948)  2.008 (2.000)
208 0.141  2.260 (2.250) 1.961(1.948) 2.010(2.001)
215 0.165 2.249 (2.243)  1.960 (1.948) 2.014 (2.008)
218 0.190  2.242 (2.235) 1.961(1.948) 2.022 (2.016)
21 0354 2.176(2.186)  1.956(1.949)  2.058 (2.068)
229 0381 2.175(2.178)  1.969(1.949)  2.073 (2.076)
241 0356 2.183(2.186)  1.968(1.949)  2.066 (2.068)
293 0.209 2.237 (2.230)  1.965(1.948) 2.029 (2.022)

sites probably retain their geometric configuration. At
220 K, the weight fraction of the AF-sites abruptly de-
creases. Further cooling is also accompanied by transi-
tion of the CuOg sites from the AF- to the F-configura-
tion; however, the weight fraction of the AF-sites de-
creases gradually. At rather low temperatures, the crystal
probably adopts a stable structural modification with the
CuOg sites in the F-configuration. In this case, the X-ray
diffraction data obtained at 30 K correspond to this con-
figuration (see Table 4). An interesting feature of the
F-sites in Cu(hfac),LFt is relatively short Cu—O; dis-
tances (2.292 A). Our estimates gave Jp = 47 (47) cm™!
and J g =—7 (=7) cm~,

The w values calculated by solving the redundant sys-
tem of equations (7) by the least squares method are
listed in Table 4. When estimating the w values, we con-
sidered the geometric parameters of the AF-configura-
tion of the CuOy sites to be equal to those of Cu(hfac),LP"
(see Table 3, 50 K). The w values we have obtained and
the exchange parameters of the F- and AF-sites* allow
one to correctly describe the character of the experimen-
tal pog(7) dependence both in the high- and low-temper-
ature regions. In the temperature interval 241—221 K,
the crystal probably adopts a stable structural modifica-
tion in which the chain period can be represented by
a fragment comprising three repeating units. Our esti-
mates show that one CuOQg site of the structural period of
the chain is in the AF-configuration, while the other two
CuOg sites have the F-configuration.

Summing up, our study of the structure and magnetic
properties of chain polymeric complexes Cu(hfac), with
pyrazolyl-substituted nitronyl nitroxides showed that the
polymer chains with the "head-to-tail" motif comprising
the CuOsN sites are characterized by high cooperativity,
viz., transitions of the coordination sites from one stable

* The exchange parameters of the AF-configuration of the CuOgq
sites can be set equal to those of the AF-sites in Cu(hfac),LPr.

configuration to the other occur concertedly. Contrary
to this, polymer chains with the "head-to-head" motif
comprise alternating CuOg and CuOy4N, sites, which
significantly lowers the cooperativity within the chain.
As a result, the phase transition occurs gradually and
involves a sequence of metastable structures with broken
translational symmetry.

The authors express their gratitude to V. I. Ovcharen-
ko and G. V. Romanenko for helpful discussion, valu-
able comments, and access to X-ray diffraction data.
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