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Peculiarities of synthesis of chain polymeric, copper(Il) hexafluoroacetylacetonate based
complexes with stable nitroxyl radicals and the results of studies on correlations between the
magnetic properties and structure of these compounds are summarized. Temperature variation
causes structural rearrangements in the solid phases of the compounds, accompanied by the
magnetic effects similar to spin crossover phenomena. Magnetic anomalies induced by phase
transitions originate from specific motions in the Jahn—Teller coordination units containing
two types of exchange clusters, Cu?*—0* —N< or >N—"0—Cu?*—0"—Nx<, and are ac-
companied by significant changes in the crystal volume after multiple cooling/heating cycles.
Chemical methods of controlling the character and temperature of spin transitions by both the
formation of solid solutions of mixed-metal hexafluoroacetylacetonates with the same nitroxyl
radical, {Cu;_,M,(hfac),L} (M = Mn, Ni, Co), and by the formation of solid solutions based
on copper(II) hexafluoroacetylacetonate with different nitroxyl radicals, {Cu(hfac),L,.L"_.},
are discussed. Specific influence of isotope substitution CH; — CDj5 in the paramagnetic ligand
on both the structure of the heterospin polymer chain and the temperature of the magnetic
anomaly is discussed.
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Introduction

The family of transition elements includes a group of
d-elements (with d* to d® configurations) whose com-
plexes can exhibit the so-called spin crossover effects con-
sisting in transition of the central atom of a complex from
a high-spin to a low-spin state on cooling, on increase in
pressure, or on exposure to light.'2 Similarly to static
loading, cooling leads to compression of a crystal, which
in turn increases the splitting between the energy levels of
the metal ion. If the difference between the crystal field
induced splitting of terms and the energy of repulsion
between electrons in low-lying d-orbitals is low, the com-
pression of a crystal can cause an electronic transition
from an upper-lying to a low-lying level, i.e., a transition
of the paramagnetic ion from the high-spin to the low-
spin state. The effect is well known3—12 and we will not
dwell on this point. However, we emphasize that this kind
of spin crossover is accompanied by a change in the
ground-state spin multiplicity of one type of paramag-
netic centers (here, the metal ions). From this point on
these transitions will be called "spin transitions in classi-
cal systems" (STCS).

Recently, synthesized a number of polynuclear
copper(1l) complexes with stable nitroxyl radicals, which
exhibit magnetic properties similar to those of the STCS,
in particular, in character of the temperature dependence
of the effective magnetic moment (u.;) were synthesized.
Since the classical spin crossover in the copper(Il) com-
plexes with diamagnetic ligands (i.e., in the systems con-
taining only the d®-paramagnetic centers) is impossible,
the main difference between the spin transitions in the
copper(1l) complexes with nitroxyl radicals and the clas-
sical spin crossover is that the total spin of the heterospin
exchange cluster containing two or more paramagnetic
centers can change as a result of structural rearrangement
in the coordination environment of the metal atom. For
instance, the Cu(hfac), tetranuclear complexes (hfac is
hexafluoroacetylacetonate anion) with 3-pyridyl-substi-
tuted nitronylnitroxyl were reported.!3 Their magnetic be-
havior, similar to spin crossover in the temperature inter-
val 70—140 K, was associated!® with a transition of the
coordinated O atom of the nitroxyl fragment from axial to
equatorial position in the heterospin cyclic dimer. A struc-
turally similar Cu(hfac), tetranuclear complex with
3-pyridyl-substituted iminonitroxyl exhibits a two-step
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transition at 140—152 K and 70—80 K (both steps
with hysteresis).!4 The high-temperature transition was
treated! as a pseudospin transition because the magnetic
effect was attributed to the change in the coordination of
the imine N atom at the exocyclic Cu?* ion in the square
pyramid from equatorial to axial. It was also reported that
the transition temperatures do not change after multiple
cooling/heating cycles and on variation of the magnetic
field strength. The results of quantum-chemical calcula-
tions substantiated the general considerations used to ex-
plain the reasons for the effects similar to spin crossover
in the copper(I) complexes with nitroxyl radicals.14.15
The magnetic effect similar to spin crossover with a nar-
row hysteresis loop was also recorded at 44—50 K in
studies of the trinuclear Cu(hfac), complex with di-
nitroxyl.1¢ The crystal structures of the three complexes
mentioned above were established at room temperature,
i.e., above the spin transition temperature. At tempera-
tures below the transition temperature, the crystal struc-
ture of only one complex was established using some
model approximations.13-15 The reason is evident, that is,
significant structural rearrangements in the complex usu-
ally lead to breakdown of the crystal.13:14 However, struc-
ture determination below the transition temperature is
necessary for detailed analysis of the structural changes
responsible for the spin transitions. Noteworthy are also
changes in the x7T parameter of a chain complex of
Cu(hfac), with nitronylnitroxyl biradical.l” Here, the
xT value slowly decreased as temperature decreased
from 100 to 30 K and then increased. The unusual effect
undoubtedly deserved a separate investigation but the au-
thors failed to study the crystal structure of this complex
below the transition point because single crystals exploded
at temperatures below 30 K.17 Clearly, this behavior of
the experimental dependence y7(7T) for the complex
Cu(hfac), with nitronylnitroxyl biradical has nothing in
common with the classical spin crossover. However, we
believe that all the magnetic effects reported in the litera-
ture13—17 are of the same nature; from this point on we
will call them "spin transition in non-classical systems".
In studying the complexes Cu(hfac),LR (LR is a
nitronylnitroxyl radical containing a pyrazole substituent
at position 2 of imidazole ring) we obtained a family of
heterospin complexes that can exhibit the effects simi-
lar to spin crossover at relatively high temperatures
(130—230 K).15:18:19 [n most cases, single crystals of these
complexes retained their quality in the temperature range
covering the structural phase transition and the corre-
sponding magnetic transition. The structures of all hetero-
spin complexes and solid solutions based on them were
established at temperatures below and above the magnetic
transition temperature. This provided a unique possibility
for the structural dynamics of these systems to be fol-
lowed in the phase transition region. Despite consider-
able changes in the unit cell volumes on repetition of the

cooling/heating cycles, compression and expansion of
some single crystals appeared to be reversible.

LR M(hfac),
(R = Me, Et, Pr", Pri, BuM) (M = Cu, Mn, Ni, Co)

We found that in the solid phase all the compounds
exhibiting the magnetic effects similar to spin crossover
have a chain polymeric structure because of the bidentate-
bridging coordination of paramagnetic ligands.!® Phase
transitions without breakdown of crystals are rare to occur
in these structures because polymorphous transformations
of a single crystal without loss of quality require a large
number of cooperative motions of (i) fragments inside the
polymer chains and (ii) the entire polymer chains inside
the crystal. Multiple repetition of cooling/heating cycles
causes a repeated anisotropic expansion and compression
of crystals. We called these mechanically stable crystals
"breathing" crystals.29:21 The results of synthetic and struc-
tural dynamics studies of the "breathing" crystals have
attracted the attention of researchers working not only in
the field of design of molecule-based magnets but also in
the field of research on the phase transitions, polymor-
phous transformations of polymers, and problems of solid-
state physics and mechanical stability of crystals.2? This
gave an impetus to our efforts to summarize the most
important results obtained in our studies on the spin tran-
sitions in non-classical systems.

Diversity of magneto-structural anomalies

First of all, we would like to draw the reader’s atten-
tion to diversity of possible manifestations of magnetic
anomalies (judging from the character of the temperature
dependences of p g or % 7T) in the compounds where non-
classical spin transitions can occur. The p.(7) depen-
dence obtained for complex Cu(hfac),LM¢ is shown in
Fig. 1. The p.g jump occurs in a rather narrow tempera-
ture range and its character is much like that of the classi-
cal systems passing from the high-spin to the low-spin
state. An abrupt decrease in ¢ corresponds to a decrease
in the effective magnetic moment of Cu(hfac),LM¢ by a
factor of v2, which indicates that 50% of the spins
(S =1/2) in the sample disappeared. An explanation for
this magnetic anomaly must first of all be looked for in
structural rearrangement of the compound that occurs
on temperature variation.

Asingle crystal study of Cu(hfac),LM¢ at 295 K showed
that the compound has a chain polymeric structure due to
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Fig. 1. Temperature dependence of g for Cu(hfac),LMe,

the bridging coordination of LM¢ through the imine
atom N of pyrazole and one of the O atoms of the nitronyl-
nitroxyl fragment (so-called "head-to-tail" chain motif,
Fig. 2).18 The environment of the Cu atom includes two
hfac ligands (characterized by short distances Cu—Oy,.)
in the equatorial plane and the O atom of NO group and
the N atom of pyrazole heterocycle belonging to different
bridging ligands LM¢ in axial positions. The distance
Cu—Oy to the axial atom O of nitroxyl group is rather
long (2.484 A), which provides an explanation for the
dominance of ferromagnetic exchange interaction in the
exchange clusters Cu?t—0* —N< 14,2325

The shortest intra-chain and chain-chain distances
between noncoordinated oxygen atoms of NO groups are
long (at least 4.10 A) and the shortest chain-chain con-
tacts F...F are at least 2.92 A. Therefore, exchange inter-
actions between paramagnetic centers in Cu(hfac)zLMe
are located in the exchange clusters Cu?™—0O* —N<. Since
at room temperature all coordination units CuOsN con-
taining the exchange clusters Cu?*—O* —N< in the struc-
ture of Cu(hfac),LM¢ contains are identical, the reason
for "disappearance” of only 50% of spins could be clarified

only after establishment of the crystal structure of the
low-temperature phase (at 7' < 140 K).

However, single crystals of Cu(hfac),LM¢ cooled be-
low the transition temperature causes are cracked. Never-
theless, in one experiment we succeeded in collecting a
data array large enough to establish the crystal structure
below the transition temperature (at 140 K). We found
that cooling of the sample to 230+1 K is accompanied by
irreversible transition of the monoclinic ("head-to-tail-1")
polymorph of Cu(hfac),LM¢ into triclinic ("head-to-
tail-2") polymorph. As a consequence, the crystallographi-
cally independent unit of the "head-to-tail-1" chain is
doubled and the chain of the "head-to-tail-2" phase con-
tains two types of Cu atoms, Cu(1) and Cu(2), with simi-
lar geometries of the coordination environment (Table 1).
On further cooling the "head-to-tail-2" phase undergoes a
reversible structural and the corresponding magnetic phase
transition involving a change in the Jahn—Teller axis of
the Cu bipyramids. Now in 50% of the coordination units
CuO;sN the O atoms of nitroxyl groups and the N atoms
of the pyrazole ring are displaced in equatorial positions
with short distances Cu—O; and Cu—N; (1.992 and
2.014 A, respectively, see Scheme 1), while two O atoms
of the hfac ligands are displaced into axial positions. As a
result, the bond lengths are shortened by 0.49 (Cu—Oy)
and 0.32 A (Cu—N)).

Such great changes in the coordination bond lengths
should be emphasized. In the other 50% of CuOsN units
the distances Cu—O)_are much less shortened (by 0.035 A)
while the Cu—N distances remain nearly unchanged
within the limits of experimental error as temperature
decreases to 140 K. In other words, at 140 K in these units
the atoms O and Ny retain their axial positions while all
equatorial positions are occupied by the Oy, atoms sepa-
rated from Cu atoms by nearly 2 A.

Cooling of Cu(hfac),LM¢ samples is accompanied by
intense crystal lattice dynamics. For instance, at room
temperature the angle between the plane formed by the
pyrazole ring atoms and the plane containing the atoms of
the CN, unit of the O* —N—C=N-O fragment of imid-
azole ring is ~13° for the "head-to-tail-1" and ~8° for the
"head-to-tail-2" polymorph (see Table 1). At 140 K,
in 50% of those bridging ligands L where O atoms change

Fig. 2. "Head-to-tail"-type polymeric chain in the structure of Cu(hfac),LMe.
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Scheme 1

Irreversible transition of the "head-to-tail-1" polymorph into the "head-to-tail-2" polymorph and reversible transition
between the low-temperature and high-temperature phases of the "head-to-tail-2" polymorph
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Table 1. Selected geometric parameters of crystal structures of
the "head-to-tail-1" (I) (295 K) and "head-to-tail-1" (II) (295 K
and 140 K) polymorphs of complex Cu(hfac),L.M¢

the magnetic properties and structure of compound at the
microscopic level.

Changes occurring in the structure of Cu(hfac),LMe
crystals on cooling from 293 to 140 K (see above) provide

Parameter T (P2,/n)* 11 (PT)* a clear explanation for the features of the experimental
T/K 295 295 295 140 140 dependence p.i(7) obtained for this compound (see
Central Cu Cu(l) Cu(2) Cu(l) Cu@®) Fig. 1). Since at room temperature oxygen atoms in all

atom coordination units CuOsN occupy axial positions, we deal

Bond/A with ferromagnetic exchange interactions in the exchange
Cu—Op 2.484(5) 2.507(7) 2.507(6) 1.992(9) 2.449(9) clusters Cu?*—O* —N< (particular numerical values of
Cu—Np  2.329(5) 2.323(7) 2.298(7) 2.014(10) 2.336(10) the exchange integrals obtained using the approach2® can
Cu—Oppye 1.936(4)  1.930(6) 1.937(6) 1.981(8) 1.936(9) be found in the literature!8:19) responsible for a smooth in-

}'950(4) 1.942(6) '1.947(6) 2.003(9) 1.937(9) crease in g in the high-temperature range (300—170 K).
.956(4) 1.946(6) 1.959(7) 2.257(9) 1.966(9) Th is al b d for the low-t ¢ h
1.962(4)  1.964(6) 1.968(6) 2.290(8) 1.976(9) 1 hesame 18 also observed for the low-temperature phase

Angle/deg in the temperature range 80— 10 K. In the transition region

CN,—Pz 13.3(6) 7.8(1.5) 8.6(1.2) 1.4(1.5) 11.3(1.7) the number of spins in the solid phase of Cu(hfac),LM¢ is

halved. This is due to displacement of coordinated atoms

* Space group.

their positions from axial to equatorial in the coordina-
tion polyhedron this angle substantially decreases (to 1.4°),
whereas in the other 50% of the ligands L whose O; atoms
retain their axial positions it changes to a much lesser
extent (to 11.3°). However, despite the fact that these co-
operative dynamic processes involve the whole single crys-
tal, we will not dwell on them because they occur "far"
from the exchange clusters Cu?*—O*—N<, which are
more important for elucidation of correlations between

Oy of nitroxyl groups from axial to equatorial positions
in 50% of CuOsN units. As a result, weak ferromagnetic
interaction in the exchange clusters Cu?*™—0*—N< in
these units changes to strong antiferromagnetic interac-
tion resulting in spin compensation.

The polymer chain structure of Cu(hfac),LP™ and the
lengths of the distances Cu—O; and Cu—Nj in the coor-
dination units at different temperatures are shown in Fig. 3.
In the solid phase the polymer chains of Cu(hfalc)zLPrn
have a "head-to-head" motif, which leads to the forma-
tion of alternating coordination units CuOg and CuO4N,.
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Fig. 3. "Head-to-head"-type chain in the structure of Cu(hfac)zLPrn and the structural dynamics of coordination units at different

temperatures.

The CuOg units contain heterospin exchange clusters
>N—"0O—Cu?"—0"—NK<. Changes in the bond lengths
in these clusters on cooling are responsible for the behav-
ior of the u (7") dependence. Considerable shortening of
the distances between Cu atoms and coordinated oxygen
atoms (Cu—O) in the CuOg units is accompanied by an
increase in the Cu—Oy,, . distance in the CuOg units along
the Opp,c—Cu—Oy . "axis” by 0.144 and 0.155 A at 203 K
and by an additional 0.144 and 0.133 A at 115 K. In fact,
we deal with replacement of the O] —Cu—O; "axis of
octahedron" elongated at room temperature (on cooling
it is shortened by 0.598 A) by the Oyp,c—Cu—Opg, "axis"
elongated at low temperature (on cooling it is lengthened
by 0.576 A) in distorted Jahn—Teller octahedral units

CuOg¢. However, between 293 and 115 K (e.g., at 203 K),
when the O —Cu—O; "axis" is only partially shortened
and the Oyp,,—Cu—Oy,. "axis" is only partially length-
ened, the CuQg units are transformed into flattened octa-
hedra that are rare in occurrence.18:27 The phase transi-
tion also causes the symmetry of the crystal to be changed
(see Fig. 3).

Thus, structural rearrangements of the coordination
units CuOy reflect displacement of coordinated O atoms
of the nitroxyl groups >N—"0O from axial to equatorial
positions, which gives rise to strong antiferromagnetic
interaction in the clusters >N—*0—Cu?*—0"—NX<.
Therefore, at 7 < 230 K a smooth decrease in p.g of
Cu(hfac),LP ™ on cooling is followed by a rapid decrease



Spin transitions in non-classical systems

Russ.Chem.Bull., Int.Ed., Vol. 53, No. 11, November, 2004 2411

Meff/“'B 226 K
2.6 | . °
2.4 +/
. & .
22t 1 - "
[ ] | |
° n -
20 o« m
n
1.8 Loawt3s 8 ¥ ' ?
r
100 200 T/K

Fig. 4. Temperature dependences of g for Cu(hfac),LP™ (1)
and Cu(hfac),LP" (2).

of the p (7)) curve which reaches a plateau characterized
by perr = 1.8 pp (Fig. 4), being indicative of a dramatic
strengthening of antiferromagnetic interactions in the ex-
change clusters >N—"0—Cu?*—0*—N< below the
structural phase transition at 226 K. The decrease in g
to 1.8 ug shows that 50% of spins in Cu(hfac),LP™" "disap-
pear” on cooling to 50 K. This is in excellent agreement
with the decrease in the spin of the exchange cluster
>N—"0—Cu?"—0'—N<to S =1/2. At T< 50 K, only
the remaining spins of the exchange clusters and the spins
of the Cu?* ions in the CuO4N, units contribute to the
magnetic moment of Cu(hfac) ZLan. This is the reason for
the decrease in p g by a factor of v2 at ~50 K compared
to the [ ¢ value at room temperature. '

The polymer chain motifs in Cu(hfac)zLPrl and
Cu(hfac),LP" crystals are identical (see Fig. 3).1% How-
ever, a unique structural feature of Cu(hfac)zLPrl is that at
room temperature the CuOg units are flattened octahedra,
which is rare in occurrence for copper(Il) complexes. The
equatorial distances Cu—Oy,. and Cu—Oy are 2.130 and
2.143 A, respectively (cf. 1.975 A for the axial distances

P2, /c

Cu—Oy,.)- On cooling of Cu(hfac),LP" crystals the bond
lengths and bond angles in the ligands (LF™ and hfac)
remain nearly unchanged. The CuO4N, units are charac-
terized by minor shortening of axial distances Cu—N; by
~0.05 A and the CuO flattened octahedra are transformed
into elongated ones because appreciable shortening of the
Cu—O distance (2.143—-2.002 A) is accompanied by
simultaneous lengthening of two Cu—Oy,. distances
(2.130-2.293 A). Therefore, in the temperature range
293—123 K the atoms O} always occupy equatorial posi-
tions irrespective of structural rearrangement of the CuQOg
unit of Cu(hfac)zLPrl. Figure 5 schematically depicts the
rearrangement of the CuOg units (the number of these
units equals half the total number of the coordination
units in infinite chain). ‘

The structural dynamics of Cu(hfac),LP ™ in the tem-
perature interval 123—293 K is quite similar to that of
Cu(hfac)zLPrn in the temperature range 115—203 K (i.e.,
below the structural phase transition in Cu(hfac),LP™).
This suggests that the transition temperature of
Cu(hfac)zLPrl exceeds 293 K. Unfortunately, attempts to
transform the CuOyg flattened octahedra into elongated
ones by heating Cu(hfaxc)zLPrl failed because decomposi-
tion of the complex began at 325 K. Would Cu(hfac),LP"
be thermally stable, elongation of the Cu—Oy distances
and the formation of elongated octahedral units CuQOg
with lengthened Cu—O; distances could be expected with
an increase in temperature. In this case the p. value for
Cu(hfac)zLPrl must tend to a value of the order of
2.5—2.6 ug similarly to p.g of Cu(hfac),LP™. On cooling
the g value for Cu(hfac),LP" tends to the limiting value
of 1.8 up similarly to Cu(hfac),LP™" (see Fig. 4).

The polymer chain motif and packing in the solid
phase of Cu(hfac),LB""+0.5C¢H,, are the same as those
of Cu(hfac),LR (R = Pr", Pr) (Fig. 6, a). However,
the structural dynamics of the coordination units in

T=123K

Fig. 5. Scheme of compression of the CuO¢ coordination units in the structure of Cu(hfac)zLP‘i.
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Cu(hfac),LB"+0.5C¢H,, on cooling has little in com-
mon with the dynamics of Cu(hfac),LR (R = Pr", Pri).

The structure of Cu(hfac),LB"+0.5C4H,, was estab-
lished at 295, 171, 167, and 123 K. At room temperature,
all CuOg units are elongated octahedra with the Cu—Oy,
and Cu—Oy,, distances of 2.320 A and 1.970—1.983 A,
respectively. The coordination polyhedra of Cu atoms in
the CuO4N, units have a similar shape, being character-
ized by rather long Cu—N; distances (2.514 A) and much
shorter Cu—Oyy,. distances (1.937—1.977 A). As tem-
perature decreases to 167 K, the Cu—Oy_distance is short-
ened from 2.320 to 2.250 A. Similarly to Cu(hfac),LP",
structural rearrangements manifest themselves as a de-
crease in the unit cell volume by ~4% and small variation
of the lattice parameters. Further cooling to 123 K leads
to a doubling of unit cell volume because the independent
part of the structure is doubled. The coordination units
CuO4N, in Cu(hfac),LB"+0.5C¢H,, adopt a pseudo-
central symmetry with different Cu—Nj distances (2.457
and 2.468 A). The CuOyg units retain central symmetry
but can now be divided into two types. One type is char-
acterized by a dramatic increase in the axial distances
Cu—O; (2.250—2.348 A). The other type is charac-
terized by abrupt shortening of the Cu—O; distances
(2.250-2.007 A), resulting in displacement of O, atoms
in these units to equatorial positions and to displacement
of two Oy, atoms to axial positions (2.023—2.240 A)
(Table 2). By and large, the unit cell volume of the
Cu(hfaxc)zLBun +0.5C4H 4 single crystal decreases by 5.7%
on cooling from 295 to 123 K. Structural rearrangement
of CuOg units in Cu(hfac),LB""+0.5C4H,, single crystal
on cooling is schematically shown in Fig. 6, b.

At 163 K, Cu(hfac),LB"" 0.5C.H , undergoes a struc-
tural phase transition.!® As a result, the Cu—O; distances
in 50% of exchange clusters >N—*0O—Cu?*—0"—N<

Table 2. Changes in the bond lengths (d) in the CuOg4 and
CuO,N, coordination units in the structure of Cu(hfac),LB""-
+0.5C¢H 4 at different temperatures

Coordi- Bond d/A

nation 295K 171K 167K 123K
unit

CuO, Cu—0; 2.3203) 2.251(4) 2.250(3) 2.007(2)
2.348(2)
Cu—Oyp 1.970(2)  1.975(3) 1.976(3) 2.031(2)
1.983(2)  2.023(3) 2.023(3) 2.240(2)
1.960(2)
1.969(2)
CuO,N, Cu—N, 2.514(3) 2.469(4) 2.470(4) 2.457(3)
2.468(3)
Cu—Oyp 1.937(2)  1.980(3) 1.983(3) 1.943(2)
1.977(2)  1.938(3) 1.943(3) 1.945(2)
1.986(2)
1.991(2)
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Fig. 7. Temperature dependences of . (a) and inverse mag-
netic susceptibility (b) for Cu(hfac)zLB”"-O.SCGHM.

are shortened from 2.32 A to ~2.00 A (see Table 2 and
Fig. 6). This gives rise to a strong antiferromagnetic inter-
action between the unpaired electrons of Cu?* ions and
N—"0 groups in these spin triads. As a result, the effec-
tive spin of this group decreases to 1/2, thus being re-
sponsible for the abrupt decrease in p.y at 16312 K
(Fig. 7). In the other 50% of exchange clusters
>N—"0—Cu?*—0"—N< the Cu—Oy distances increase
from 2.32 to 2.35 A, which causes the sign of exchange
interaction to be changed from negative to positive. As a
consequence, the decrease in p.g on cooling from 300
to 165 K is changed by an increase in this parameter at
T <150 K, i.e., below the transition region (see Fig. 7).
The Curie—Weiss equation parameters for the regions 1
and 2 are C; = 0.805, 8; = —19 K and C, = 0.625,
0, = 0.3 K, respectively. Since the parameters C; and C,
are proportional to the number of paramagnetic centers,
the decrease in C, compared to C; is a direct evidence of
"disappearance” of a portion of paramagnetic centers in
the exchange clusters > N— " O—Cu?t—0* —N< in which
strong antiferromagnetic interactions occur. A C,/C| ra-
tio of 0.78 is similar to a value of 0.75 corresponding to
complete pairing of two spins inside the clusters men-
tioned above. Thus, the character of the p.(7) plot ob-
served for Cu(hfac),LB"+0.5C¢H,, is in excellent agree-
ment with the structural dynamics of the heterospin com-
plexes under study on cooling.

Consider some differences in chain packing in the
"head-to-head" chain complexes discussed above. For
instance, the chain structure of Cu(hfac)zLPrl (or
Cu(hfac)zLP ™) is such that the shortest distances between
fluorine atoms are at least 3.12 A. Hexane molecules
present in the structure of Cu(hfac),LB""+0.5C¢H,, pull
chains apart (see Fig. 6, a), thus making the F...F con-
tacts longer (3.21 A). Comparison of these chain—chain
contacts F...F with the sum of the Van der Waals radii of
two F atoms (2.80 A) shows that complexes Cu(hfac),LR
have rather "loose" structures. In principle, we can as-
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sume that the crystals of Cu(hfac),LR can be compressed
on cooling due to shortening of the F...F contacts. How-
ever, an X-ray diffraction study of Cu(hfac),LR at differ-
ent temperatures revealed an opposite situation. As men-
tioned above, a decrease in temperature has the most
pronounced effect on the bond lengths in the coordina-
tion polyhedra, the chain—chain contacts between O at-
oms of nitroxyl groups are also shortened by 0.2—0.3 A;
the angles between the heterocycle planes can also
change. In this case, the chain—chain contacts F...F in
Cu(hfac),LR (R = Pr", Pri, Bu") remain nearlly un-
changed. Expectations of changes in these contacts in the
"head-to-tail" structure of Cu(hfac),LM¢ for which the
shortest contacts F...F (2.92 A) at room temperature are
similar to the sum of the Van der Waals radii of two
fluorine atoms would be even more strange. By this we
again emphasize that the greatest structural rearrange-
ment occurring in the course of the phase transition in
Cu(hfac)zLR involves the coordination units.

The structural and magnetic properties of Cu(hfac),LEt
deserve particular consideration. Similarly to Cu(hfac),LR
(R = Pr", Pri, Bu"), the solid phase of this compound
is formed by the "head-to-head" arranged polymer
chains (Fig. 8). The most important structural features of
Cu(hfac),LEt at 293 K are very short distances Cu—O|
(2.237 A) and Cu—N; (2.375 A) in centrally symmetri-
cal, crystallographically independent units CuO4 and
CuOyN,, respectively. As temperature decreases, the dis-
tances Cu—Oy in the CuOg units increase (Table 3). The
Cu—Oy,. distances in the CuOg units are also changed.
Lengthening of axial distances along the O; —Cu—O;
"axis" is accompanied by a comparable (~0.043 A) short-
ening of each Cu—Oy,. bond along one Oy, .—Cu—Oy,.
"direction". In fact, at 188 K we deal with a change in the
arrangement of the long axis of the Cu-bipyramid in the
CuOyN, units, namely, the coordinated N atoms of

Table 3. Changes in the bond lengths (d) in the CuOg and
CuOyN, coordination units in the structure of Cu(hfac),LE at
different temperatures

Coordi- Bond d/A
gat“’“ 295 K 188 K 115K
ond
Cu0y  Cu—O, 2237(4)  2.260(3)  2.281(3)
Cu—O,pe 20285  2.007(4)  1.985(4)
1.965(4)  1.960(4)  1.958(4)
CuO,N, Cu—N, 2375(5)  2.079(4)  2.055(4)
Cu—O,.  1.979(4)  1.973(4)  1.961(4)
1.996(4)  2.2693)  2.313(3)

pyrazole heterocycles now occupy equatorial positions
(d(Cu—Ny) 2.375-2.079 A), thus displacing two O,
atoms to axial positions (d(Cu—Oy,.) 1.996-2.269 A).
Further cooling is accompanied by shortening of the
Cu—N, distances in the CuO4N, units and by lengthen-
ing of the Cu—O;_distances in the CuQOg units. Thus, we
can say that almost all structural changes in the solid
phase of Cu(hfac),LFEt on cooling occur in the CuOg4 and
CuOy4N, coordination units because the angles and dis-
tances in the coordinated hfac anions and LEt remain
unchanged within the limits of experimental error. More-
over, these parameters of coordinated ligand LEt coincide
with those of a free ligand.

The temperature dependence of the effective mag-
netic moment of Cu(hfac),LEt has a complex and quite
unusual fashion (Fig. 9). At room temperature, the p.g
value is similar to a theoretical value of 2.45 py calculated
per {Cu(hfac),LEt} unit of a system of nearly non-
interacting Cu?"™ ion and nitroxyl spins. On cooling to
~225 K the p value gradually decreases to ~2.3 pug. The
short Cu—Oy distance (2.237 A) in octahedral CuOg units
is the reason for predominance of antiferromagnetic con-

Fig. 8. "Head-to-head"-type polymeric chain in the structure of Cu(hfac),LEt.
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Fig. 9. Temperature dependence of g for Cu(hfac),LE.

tribution to the exchange clusters > N—*O—Cu?"™—0 " —
N< in the temperature interval 225—300 K (the sign of
exchange interaction is known to be very sensitive to the
length of the Cu—O_distance).!423 The results of a struc-
tural study!® of Cu(hfac),LF! below the transition point
show that at 188 K the distance Cu—Oj in the CuOg units
increases by only ~0.02 A. This minor bond elongation
causes a dramatic weakening of the antiferromagnetic con-
tribution and predominance of ferromagnetic interactions
in the exchange clusters >N—"0—Cu2"™—0"—Nx, the
type of exchange being changed jumpwise at 220 K (see
Fig. 9). Subsequent cooling accompanied by further in-
crease in the Cu—Oy distance (see above) has no effect
on the type of exchange interaction in the clusters
>N—"0—Cu?*—0"—N<, which remains ferromagnetic
in character, being responsible for the increase in p.g
down to ~25 K. Below this temperature the p.; value
rapidly decreases owing to manifestation of antiferromag-
netic intermolecular interactions. The jumpwise increase
in pg at temperatures below 220 K is a quite unusual
phenomenon that could never be observed for spin transi-
tions in the classical systems. Indeed, in the case where
two or more paramagnetic centers contribute to the total
spin of the exchange cluster, various situations become
possible.

1. Structural phase transition changes the type of ex-
change interaction from ferromagnetic to antiferromag-
netic (in, e.g., Cu(hfac),LM®) or the energy of antiferro-
magnetic interaction abruptly increases as is the case of
Cu(hfac),LP™. Here, the p.g value decreases jumpwise at
the transition temperature. This magnetic behavior of the
compound is similar to spin transitions in classical sys-
tems in character of the dependence p(7) .

2. Structural phase transition changes the type of the
interaction between the unpaired electrons in the ex-
change cluster from antiferromagnetic to ferromagnetic
(Cu(hfac)zLEt). Here, the p.g value increases jumpwise at
the transition temperature. This character of the depen-

dence p.(7) is impossible in the case of spin transitions
in classical systems.

3. Structural phase transition is such that situation 1
occurs in a fraction of the exchange clusters and situa-
tion 2 simultaneously occurs in the remaining exchange
clusters (the case of Cu(hfac)zLB“n). Here, at the transi-
tion point the p.4 value decreases jumpwise and then
increases. This magnetic behavior of the compound (shape
of the dependence (7)) is also impossible in the case
of spin transitions in classical systems.

Thus, the results presented in this Section illustrate
the variety of patterns of the u.{7) dependence for the
magnetic anomalies accompanying structural rearrange-
ment of multicenter exchange clusters. It is no wonder
that structural changes that mainly occur within the coor-
dination polyhedra containing the exchange clusters are
strongly affected by the structure of substituent R (R =
Me, Et, Pr", Pri, Bu") in the paramagnetic ligand LR
which is not a constituent of the coordination unit. Since
the effects similar to spin crossover belong to cooperative
phenomena and each crystal of a compound under study
"works" as one species, compounds with different compo-
sitions and, hence, packing exhibit different temperature
dependences of .y Vice versa, a similar shape of the
Ues(T) dependences for different compounds exhibiting
spin transitions is an indication of minor disturbances
that come from structure variation of paramagnetic mol-
ecules. All the Cu(hfac),LR (R = Me, Et, Pr", Pri, Bu")
compounds discussed above exhibit different-shape
dependences p (7). Only for Cu(hfac)zLPrn and
Cu(hfac)zLPrl we can say that these compounds are simi-
lar in the sense of a general trend of changes in the depen-
dence p(T).

Problem: wide variety of products

In the previous Section of this review we considered
only those compounds that form solid phases with a poly-
meric chain structure ata 1 : 1 Cu(hfac),/LR ratio. There-
fore, it may appear that reactions of Cu(hfac), with or-
ganic paramagnetics LR result in the only complex with
particular composition and structure. However, this is not
nearly so, being the main problem in developing methods
of synthesis of the heterospin compounds that can exhibit
magnetic effects called the spin transitions in non-classi-
cal systems. For instance, in studies of products of the
reaction of Cu(hfac), with the spin-labeled pyrazole LM®
we isolated a family of twelve compounds differing in
composition and/or structure of the solid phase.28 These
compounds can be formed simultaneously, so the only
way is to obtain them as high-quality single crystals and
then separate mechanically. This is a necessary step be-
cause minor changes in the structure of the solid phase of
the heterospin complex can strongly change its magnetic
properties.
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Cu(hfac),LMe
"head-to-head-1"
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Fig. 10. Stoichiometry of the solid phases obtained in the reactions of Cu(hfac), with LMe,

These compounds can be divided into four groups
with respect to the Cu(hfac), : LM¢ ratio (Fig. 10). Note
that four phases with a 1 : 1 Cu(hfac),/LM¢ ratio are
polymorphs (to obtain the fifth polymorph, one should
remove the solvate molecules from [Cu(hfac),LM¢] -
+3C¢Hg and [Cu(hfac),LMe]¢+2CH,Cl,). The crystal
and molecular structures of all the twelve compounds
were established.?8 The "head-to-tail-1" chain motif of
Cu(hfac),LMe is shown in Fig. 2. The "head-to-tail-2"
polymorph (see above) differs in the presence of two dif-
ferent coordination units CuOsN owing to reduction of
symmetry and the corresponding doubling of the crystal-
lographically independent part of the structure. The "head-
to-head-1" and "head-to-head-2" chain motifs are similar
to those of, e.g., Cu(hfac),LP" (see Fig. 3). Polymer chains
in the "head-to-head-2" structure are characterized by
considerably different Cu—Oj_ distances in the CuOg co-
ordination units (2.395 and 2.459 A) and Cu—O—N
angles (131.3 and 140.6°), which is not observed in the
"head-to-head-1" structure. These structural differences
are large enough for the "head-to-head-1" structure to
exhibit the effects similar to spin crossover and for the
"head-to-head-2" structure to be "silent". The molecular
structures of other compounds, namely, mononuclear
Cu(hfac),LMe, - 1.5C;Hg, dinuclear [Cu(hfac),],LMe-
+0.5C¢H,4, trinuclear [Cu(hfac),];LMe,«2CcHy,
[Cu(hfac),]sLMe, « CeH g,  [Cu(hfac),]sLMe, - CoH g
and [Cu(hfac),];LMe,+2C;Hg, and hexanuclear
[Cu(hfac),LM¢], « 3C¢H{ and [Cu(hfac),LM¢]. - 2CH,Cl,
are shown in Fig. 11. Without dwelling on the structural
features of the mono- and polynuclear complexes, men-
tion may be made that none of them exhibits specific
magnetic anomalies.

The number of reaction products that are formed in
the system Cu(hfac),—LEtis somewhat smaller compared
to that formed in the system Cu(hfac),—LM¢. Depending
on the reagent ratio and the solvent used, either the chain
polymer Cu(hfac)zLEt (see above) or solvates of trinuclear
complex [Cu(hfac),];LEY, (see Fig. 11, ¢) can be formed,
the latter being compositionally and structurally similar
to the solvates of trinuclear complex [Cu(hfac),|;LMe,
(Fig. 12). The solid phase obtained by crystallization from
benzene or toluene always contains trinuclear complexes
irrespective of the starting reagent ratio due to the much
lower solubility of these compounds in these solvents com-
pared to Cu(hfac)zLEt. In this case the excess paramag-
netic ligand remains in solution. The solid phase obtained
by crystallization from heptane or hexane at a 3 : 2
Cu(hfac),/LEt ratio always contains a mixture of
[Cu(hfac)2]3LEt2- Solv crystals (dark-red plates or
rhomboi) with a small amount of brown needle-shaped
Cu(hfac)zLEt crystals that can be mechanically separated.
In this case, co-crystallization of [Cu(hfac),];LEt, « Solv
and Cu(hfac),LFt is not unusual because experiments
showed that the solubility of [Cu(hfac),];LFt, « Solv is little
less than the solubility of Cu(hfac),LEt in hexane and
heptane. Ata 1 : 1 reagent ratio, Cu(hfac)zLEt needles are
mainly crystallized. Thus, the result of crystallization from
hexane or heptane primarily depends on the starting re-
agent ratio because complexes [Cu(hfac),];LEt, - Solv
and Cu(hfac),LFt are very poorly soluble in unsaturated
hydrocarbons, so cooling and subsequent storage of reac-
tion mixtures leads to nearly quantitative isolation of
solid products. Therefore, dissolution of any complex
[Cu(hfac),|;LE, « Solv in hexane (or heptane) followed
by adding LEt until a 1 : 1 mole ratio results in reproduc-
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Fig. 11. Structures of mononuclear (a), dinuclear (b), trinuclear (c), and hexanuclear (d) complexes.
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Fig. 12. Stoichiometry of the solid phases obtained in the reac-
tions of Cu(hfac), with LE,

ible formation of the "head-to-head" polymeric chain
complex Cu(hfac)zLEt (see Fig. 8). In contrast to

Cu(hfac),LM¢, no formation of Cu(hfac),LEt polymorphs
was observed; this made the study of solid solutions
Cu(hfac),LMe LEt, _ (see below) much easier.

The examples given above show that reactions of
Cu(hfac), with LR can result in heterospin complexes
with different compositions and/or structures. Since of-
ten these compounds crystallize as mixtures of products,
one should obtain them in the form of single crystals,
mechanically separate the solid phases, and examine them
by X-ray analysis. Particular attention should be paid to
the cases where the crystals to be separated are similar in
color and shape. Here, each (!) crystal of the compound
under study must be checked by X-ray analysis prior to
performing magnetic measurements.

Thus, a great variety of products with different com-
positions and structures can be formed in reactions of
stereochemically nonrigid matrix Cu(hfac),, which is
widely used in design of heterospin systems, with poly-
functional nitroxyls. It should be noted that only a few
reaction products can possess unusual magnetic proper-
ties that deserve detailed investigation.
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Solid solutions M, Cu,__(hfac),LEFt

The variety of complexes that can be formed in reac-
tions of stereochemically nonrigid matrix Cu(hfac), with
nitroxyls can significantly complicate the search for com-
pounds exhibiting magnetic anomalies (spin transitions in
non-classical systems). However, once synthesized, these
compounds provide additional possibilities for chemical
modification of the physical effect. One method of chemi-
cal modification, which is widely used in studies of the
STCS, involves formation of solid solutions of different
metal compounds. 112

A study of the magnetic anomaly of Cu(hfac),LEt,
namely, an abrupt increase in p.g on cooling below 220 K
(see Fig. 9) attracted the greatest interest. This is a quite
unusual effect; therefore, we studied?? the possibility of
formation of solid solutions M, Cu, _,(hfac),LEt (M = Mn,
Ni, Co). It was expected that Mn atoms must replace Cu
atoms in the coordination units CuOg and Ni or Co atoms
must replace Cu atoms in CuO4N, units (Fig. 13). Se-
ries of Mn,Cu,_,(hfac),LF!, Co,Cu,_,(hfac),LE!, and
Ni,Cu,_,(hfac),LEt samples including single crystals of
these compounds were synthesized. The results of X-ray
diffraction studies of some single crystals confirmed our
assumptions. Trends of changes in the M—O; and M—N
bond lengths in the MxCulfx(hfac)zLEt (M = Mn, Co)
solid solutions (Table 4) are as follows: the M—Oy dis-
tances in the MOg units are shortened with an increase in
the mole fraction of Mn while the distances M—N| in the
MO,4N, units remain the same as those in Cu(hfac),LEt
(2.375 A). A reverse situation was observed for
CoxCul,x(hfac)zLEt, namely, the increase in the mole
fraction of Co is accompanied by gradual shortening of
the M—N| distances in the MO4N, units, whereas the
M—O; distances in the MOg units remain unchanged,
being equal to those in Cu(hfac),LFt (2.237 A).

Preliminary X-ray diffraction studies proved that com-
pounds M(hfac)zLEt (M = Mn, Ni, Co) are isostructural
to Cu(hfac)zLEt. Unlike the copper(I1l) compound, they
do not tend to form different products in the reac-
tions with LR. This probably favored the formation of
solid solutions M, Cu,_,(hfac),LEt containing both the
Jahn—Teller (Cu?") and non-Jahn—Teller ions (Mn?2*,
Ni2*, Co?"). Noteworthy is that complexes Mn(hfac),LEt,

MO, MO,N,

Fig. 13. Alternation scheme of the MOg and MO4N, coordina-
tion units in the "head-to-head"-type chains.

Table 4. Changes in the M—O; and M—N; bond lengths () in
solid solutions Mn,Cu,_,(hfac),LE' and Co,Cu,_,(hfac),LEt at
different ratios Mn : Cu or Co : Cu (7= 295 K)

Mn : Cu Co: Cu

ratio d/A ratio d/A
M—0, M—N, M—0, M—N,

1:0 2.156 2.299 1:0 2.071 2.180

0.46 : 0.54 2.171 2.375

0.22:0.78 2.185 2.375  0.19:0.81 2.236 2.284

0.15:0.85 2.224 2.375  0.08:0.92 2.237 2.350

0:1 2.237 2.375 0:1 2.237 2.375

Co(hfac),LFt, and Ni(hfac),LEt exhibit no anomalies in
the u.(7') plots. As an example we present the tempera-
ture dependence of u g for Mn(hfac),LEt (Fig. 14), which
points to strong antiferromagnetic exchange interaction
in the exchange clusters >N—*O—Mn2"—0*—N<; be-
cause of this, the p.g value tends to the theoretical limit
(5 up) on cooling.

We also carried out a single-crystal X-ray diffraction
study of Mn(hfac),LEt at different temperatures and found
that structural rearrangement of the coordination units of
Mn(hfac),LEt on cooling are fundamentally different from
those of Cu(hfac),LEt. If the distances Cu—Oy in the
CuOg unit of Cu(hfac),LE increase in the order 2.237 A
(293 K) — 2.260 A (188 K) — 2.281 A (115 K), the ini-
tially shorter distances Mn—Oy in Mn(hfac)zLEI are
gradually shortened as follows: 2.156 A (295 K) - 2.143 A
(200 K) — 2.140 A (115 K), thus providing a typical
examples of compression of solids on cooling. The dis-
tances Mn—Ny in the coordination units MnO4N, are
also lengthened only slightly (2.299 (295 K) — 2.281
(200 K) — 2.276 A (115 K)). For comparison, changes
in the Cu—N, distances in Cu(hfac),LEt are much
more pronounced (2.375 (293 K) — 2.079 (188 K) —
—2.055 A (115 K)).

Hegt/Hp
54+ )

5.2

5.0

50 100 150 200 250 T/K

Fig. 14. Temperature dependence of p.g for Mn(hfac),LEt (full
circles denote experimental data and the solid curve represents
the results of calculations).
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Fig. 15. Phase transition temperatures of solid solutions
Ni,Cu,_,(hfac),LFt (I) and Mn,Cu,_,(hfac),LEt (2) plotted
vs. their compositions.

Replacement of copper atoms by Mn and Ni (or Co)
atoms in different coordination units affects the magnetic
properties of corresponding solid solutions in different
manner. For instance, the transition temperature of solid
solutions Mn,Cu,_,(hfac),LE' monotonically decreases
from 220 to 115 K as x increases from 0 to ~0.5. At
x > 0.5, the transition is completely suppressed by
manganese (Fig. 15). Substitution in the system
Ni,Cu,_,(hfac),LEt causes no pronounced changes in the
transition temperature until x = 0.2 (see Fig. 15); the
transition is suppressed in the range 0.15 < x < (.25.

The experimental dependences p.(7) obtained for
mixed-metal solid solutions at different x show that an
increase in x in the system Mn,Cu,_,(hfac),LF! causes a
decrease in the transition temperature and makes the tran-
sition more "diffuse” (Fig. 16, a@). In other words, intro-
duction of Mn ions makes the MOg units and the whole
crystal more "rigid". Therefore, the crystal must be cooled
to a lower temperature for the phase transition to occur in
order to attain structural rearrangement of the remaining
coordination units CuOg containing the exchange clus-
ters >N—"O—Cu2*—O* —N<. This was experimentally
confirmed by the results of a single-crystal X-ray diffrac-
tion study of Mn 5,Cu 75(hfac),LE! solid solution at dif-
ferent temperatures. It was found that the distances M—Op.
in the MOy polyhedra change with temperature in the
order 2.185 (295 K) — 2.162 (220 K) — 2.152 (180 K) —
— 2.140 (140 K) — 2.159 A (110 K) and the distances
Cu—N_ in the CuO4N, polyhedra change as follows:
2.375 (295 K) — 2.326 (220 K) — 2.308 (180 K) — 2.289
(140 K) — 2.315 A (110 K). Comparison of these
changes with those of the corresponding to distances in
Mn(hfac),LFt and Cu(hfac),LEt (see above) shows that
manganese does significantly suppress the dynamics of
the MOg coordination units (at x = 0.22, Mn atoms oc-
cupy nearly 50% of these units). In this case, the crystal
must be cooled to much lower temperatures in order to

Hefi/ 1B x
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Fig. 16. Dependences p( 7,x) for Mn,Cu,_,(hfac),LE! (a) and
Ni,Cu,_,(hfac),LEt (b).

attain structural rearrangement of the remaining coordi-
nation units CuOg containing the exchange clusters
>N—"0—Cu?t*—0*—N< in which the exchange in-
teraction changes its sign. These data show that the
jumpwise lengthening of the averaged distance M—Oy_in
Mn, ,,Cuy 7(hfac),LEt occurs only on cooling below 140
K, which is in excellent agreement with the results of
magnetochemical experiment (see Fig. 16). Hampering
changes in the MOg units, manganese atoms thus also
preclude changes in the CuO4N, units. If at room tem-
perature the Cu—N; distances in Mny, ,,Cu 75(hfac),LEt
are the same as those in Cu(hfac),LEt (2.375 A), on cool-
ing of Mny ,,Cu, 75(hfac),LF! they are shortened much
slower and much smaller than in Cu(hfac),LEt. Atx=0.5,
Mn2* ions occupy all the MOg units and there are no
longer CuQOg units whose structural rearrangement is re-
sponsible for the magnetic anomaly.

At small x (x = 0.15), solid solutions
Ni,Cu,_,(hfac),LFt and Co,Cu,_,(hfac),LF! retain their
transition temperatures (see Fig. 15) and then (x > 0.2)
the phase transition is abruptly suppressed. This can be
explained as follows. First, in contrast to Mn ions, Ni (or
Co) ions are present in the MO4N, but not CuOg units
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whose dynamics is responsible for the onset of the mag-
netic effect. Second, Ni2* and Co?" have nearly the same
ionic radii as Cu?*. Therefore, introduction of small
amounts of Ni*" and Co?" ions (x<0.15) into the MO4N,
units causes no significant structure distortion of
Cu(hfac)zLEt; as a consequence, the temperature of the
magnetic feature is retained (see Figs. 15 and 16, ). How-
ever, after reaching some critical values x (>0.2) the non-
Jahn—Teller ions, Ni2" or Co?*, introduced into the
MOy4N, units significantly change their dynamics and thus
indirectly preclude changes in the coordination units
CuOgy. This seems to be quite reasonable, because length-
ening of the Cu—O distances in the exchange clusters
>N—"0O—Cu?"—0"'—NK< is accompanied by consider-
able shortening of the distances Cu—N| in the CuO4N,
units (see above). Since at x > 0.2 analogous changes in
the NiO4N, (or CoO4N,) units seem to be impossible, the
total number of the CuOg units capable of producing the
magnetic effect also rapidly decreases. However, below
the critical values of x the structural dynamics of the
CuOg and MOy4N, units in the transition region retain
their character. For instance, below the transition point
the trend of changes in the M—O; and M—N; bond
lengths of Nij o3Cuy ¢y(hfac),LEt is the same as that
observed for Cu(hfac),LEl. On cooling the distances
d(M—O;) increase jumpwise at ~220 K as follows:
(2.222 (240 K) — 2.223 (220 K) — 2.245 A (200 K)),
whereas the distances M—N; are shortened (2.245
(240 K) — 2.148 (220 K) — 2.104 A (200 K)).
Occurrence of Mn?* (Ni?*) ions in the MOg (MO,4N,)
units at x < 0.5 (see Fig. 13) was also confirmed in a study
of the magnetic properties of solid solutions. The data
presented below show that the experimental dependences
Wesr( 7)) cannot be described using the reductio ad absur-
dum hypothesis. The optimum parameters of the spin
Hamiltonian for the description of the magnetic proper-
ties of Cu(hfac),LEt (separately for the regions above
and below the phase transition), Mn(hfac)zLEt, and
Ni(hfac)zLEt are presented in Table 5. The calculated
values are in good agreement with the experimental de-
pendences W T) (see Fig. 14, the theoretical curve was

Table 5. Optimum parameters of the spin-Hamiltonian* for the
description of the magnetic properties of complexes M(hfac),LEt

Compound &M J/K Jz/K
Cu(hfac)zLE‘ (T <220 K) 2.0 41.7 -0.6
Cu(hfac),LE' (T>230K) 252  —I21 —0.34
Mn(hfac),LEt 20 —110 —0.017
Ni(hfac)zLE‘ 2.33 —368 -1.0
*H= —2JGnoSm + SmsSno) — BQgusm + 28noSno)H —

— 2J778¢S); the spin-Hamiltonian includes the spin—spin
interaction in the exchange cluster, Zeeman interaction, and
weak chain—chain and cluster—cluster interactions.23

Table 6. Parameters of the temperature dependences of g for
Mn 5;Cuy 43(hfac),LEt and Ni 44Cuy s¢(hfac),LEt calculated as-
suming that Mn or Ni atoms replace Cu atoms in the MOyg (1)
and MO4N, units (2)

No. Ml’l()'5'7cl.l()43(hfa,c)2LEt Ni0‘44Cu0'56(hfaC)2LEt
8Mn  8cCu J/K J,Z/K 8Ni 8cCu J/K J,Z/K

1 209 256 —111 —-0.14 1.36 3.92 -234 -29

2 1.50 3.18 —200 —0.06 206 1.92 —138 —0.84

Hefi/ 1B

3.6
34
3.2
3¢0 1 1 1 1 1 1
50 100 150 200 250 /K
Fig. 17. Temperature dependence of .y for

Mn, 5;Cug 43(hfac),LEt (full circles denote experimental data
and the solid curves represent the results obtained for different
versions of optimization).

calculated using the parameters listed in Table 5). The
experimental dependences p.{(7) for the solid solu-
tions Mn, 5,Cu 43(hfac),LEt (Table 6 and Fig. 17) and
Nij 44Cu s¢(hfac),LEt (see Table 6), in which Mn or Ni
occupy nearly 50% of the coordination units, can be ap-
proximated assuming two opposite types of arrangement
of the metal ions, namely, the metal atoms replaces Cu
atoms in the CuOg units or in the CuO4N, units. The
results obtained for two versions of theoretical approxi-
mation are listed in Table 6.

The experimental dependences p.(7") are correctly
described using the parameters listed in lines 7
(Mny 5,Cug 43(hfac),LEY) and 2 (Nij 44Cuy se(hfac),LEY).
Vice versa, line 2 for Mn 5;Cu 43(hfac),LEt and line 7 for
Ni0q44Cu0,56(hfac)2LEt contain non-realistic gy, and gc,
values. A more illustrative example is provided by the
plots of two versions of theoretical approximation of the
experimental data for Mn, 5;Cuy 43(hfac),LEt shown in
Fig. 17. The solid curve calculated using the parameters
listed in line 7 of Table 6 correctly describes the experi-
mental values p.(7"), whereas the dashed curve calcu-
lated using the parameters listed in line 2 of Table 6 devi-
ates from the experimental data in the high-temperature
region.

Thus, the results of studies on the structure and mag-
netic properties of solid solutions M, Cu, _,(hfac),LFt sug-
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gest that at x < 0.5 Mn atoms replace Cu atoms in the
coordination units CuOg while Ni (or Co) atoms replace
Cu atoms in the coordination units CuO4N,. This is a
very important result because it offers the possibility of
controllable modification of the character of the p.(7")
dependence in the spin transition region.

Solid solutions Cu(hfac),LMe, LEt,

The possibility of formation of solid solutions
Cu(hfac),LMe LEt,_ was quite attractive because com-
pounds Cu(hfac),LM® and Cu(hfac),LFt are character-
ized by basically different temperature dependences of
Usr (see Figs. 1 and 9). Moreover, the Cu(hfac),LM¢ and
Cu(hfac),LEt polymorphs exhibiting magnetic features
also have different structural motifs of polymer chains,
namely, "head-to-tail" for the former and "head-to-head"
for the latter compound (see Figs. 2 and 8, respec-
tively). We succeeded to obtain solid solutions
Cu(hfac),LMe LEt, 29 in spite of significant differences
between the chain structure and the volume occupied by
the paramagnetic ligand molecules LM¢ and LEt. The for-
mation of solid solutions Cu(hfac),LM¢ LEt, __isundoubt-
edly an advance because solid solutions of complexes con-
taining different organic ligands are rare in occurrence
compared to solid solutions of mixed-metal complexes.!

What type of changes in the magnetic effect (i.e., in
character of the temperature dependence of L.y with
increasing x in the solid solutions Cu(hfac),LMe LEt,
could be expected from general considerations? We could
assume that ligand LM¢, whose molecules are smaller than
the LE* molecules, can gradually (at least until x = 0.5)
replace the LEt molecules by embedding into the domi-
nating "head-to-head"-type chains of Cu(hfac),LFt tak-
ing into account that some Cu(hfac),LM¢ polymorphs
also have this chain motif (see above). As a result, at
small x the character of the magnetic anomaly in the
e T) plots for Cu(hfac),LMe, LEt, _ must be the same as
that observed for Cu(hfac),LEt. The temperature of the
magnetic anomaly would be shifted because replacement
of LEt by LMe j5 inequivalent. In the vicinity of x = 0.5 the
situation becomes uncertain because LEt and LMe are now
present in comparable amounts. In this case, the structural
type of the solid phase formed (namely, a "head-to-head"
Cu(hfac),LEt-like or a "head-to-tail" Cu(hfac),LMe-like
structure, a mixture of phases, or a new phase) is to a great
extent determined by kinetic factors because individual
compounds Cu(hfac),LEt and Cu(hfac),LM¢ have similar
solubilities. It is much easier to make assumptions about
the region x >0.6. Here, the content of LM¢ is higher and
it is quite logical to assume that the solid solution formed
must have a "head-to-tail" rather than "head-to-head"
structural motif and, hence, the shape of the magnetic
feature in the p.g(7) plot for Cu(hfac),LMe LEt, _ must

become similar to that typical of Cu(hfac),LM¢. The closer
the x value to unity, the more the temperature of the
magnetic anomaly must be closer to 146 K (characteristic
value for Cu(hfac),LMe).

Indeed, it is these changes in the shape of the mag-
netic anomaly for Cu(hfac),LMe LEt,  that were ob-
served experimentally (Fig. 18, a). At 0 < x < ~0.5, the
character of the temperature dependence of g
for Cu(hfac),LM¢ LEY, remains the same as for
Cu(hfac),LFt. An increase in the LM¢ content increas-
ingly suppresses the transition and its realization requires
a deeper cooling of Cu(hfac),LMe LEY, . In the region
x = 0.5—0.6 the magnetic anomaly practically disappears
and at x > 0.6 it reappears, being at the same time typical
of Cu(hfac),LMe, It is of great importance that the p{(7')
curves correspond to individual compounds
Cu(hfac),LMe LEt, _ and exhibit no impurity features of
the phases Cu(hfac),LEt or Cu(hfac),LMe.

A severe problem in estimation of x in the studies of
Cu(hfac),LMe LEt, _ solutions with different organic
ligands is to determine the content of LM¢ and LEt. In this
Section the as symbols "x" and "1 — x" denote only the
LEt : LMe ratio in the starting reaction mixture. Com-
pounds Cu(hfac),LEtand Cu(hfac),LM¢ have similar solu-
bilities (see above). Taking into account the fact that at
synthesis of solid solutions, they were nearly quantita-
tively isolated from the mother liquor, we can assume that
the mole ratio LEt : LMe in the solid phases is similar to
that in the starting reagent mixture. However, it is desired
to elaborate an analytical technique suitable for mea-
suring the amounts of simultaneously present ligands
LMe and LEt,

In this case the use of IR spectroscopy and a specially
synthesised isotopically substituted product containing a
CD; group instead of CHj group in the pyrazole ring
(hereafter, this ligand is denoted as LCP3) appeared to be
efficient.2? General trends in the character of changes in
the u.(7) dependences for Cu(hfac),LMe, LEt,  and
Cu(hfac),LCP3 LEt, _ are retained (see Fig. 18, b). How-
ever, a very important remark should be made. The
results obtained for one of the two complexes,
Cu(hfac),LMe LEt, _ or Cu(hfac),LP3 LEt,_  should not
be transferred to the other complex. This appeared to be
quite unexpected because our study of products contain-
ing LCD3 revealed a specific manifestation of the isotope
effect, which deserves particular consideration. Now we
will discuss the isotope effect and then return to the solid
solutions Cu(hfac),LP3 LEt, .

Isotope effect

Prior to determining the x value for solid solutions,
single crystals of paramagnetic ligand L¢P3 were grown
and the ligand structure was investigated. The molecular
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Fig. 18. Experimental temperature dependences of p.g for
Cu(hfac),LMe LB, (a)and Cu(hfac),LP3 LEt,_ (b) (for clar-
ity, the curves are shifted along the ordinate axis).

structures of LP3 and LMe¢ were found to be identical
within the limits of experimental errors. For instance, the

N—O bond lengths are equal to 1.280+0.003 A for both
LMe and LCP3, The angle between the plane formed by
the atoms of pyrazole ring and the plane passing through
the atoms of CN, group of the O*—N—C=N-O frag-
ment of imidazolyl ring is 3.7£0.3° for both LMe and LEPs.
To confirm structural similarity of Cu(hfac),LM¢ and
Cu(hfac),LEP3, crystals of different Cu(hfac),LCP3 poly-
morphs were grown and investigated.3? Their magnetic
properties were compared with the properties of the cor-
responding Cu(hfac),LM® polymorphs and it was found
that changes in structural parameters of the "head-to-
head" polymeric chain polymorphs of Cu(hfac),LM¢ and
Cu(hfac),LCP3 obey the same pattern. Therefore, it is not
surprising that both complexes (with deuterated and non-
deuterated ligands) exhibit nearly identical magnetic prop-
erties.

Naturally, similar correlations between the magnetic
properties and structure of compounds should also be
expected for the Cu(hfac),LM¢ and Cu(hfac),LCP3 poly-
morphs with "head-to-tail" packed polymer chains. There-
fore, it was quite surprising that both the chemical and
magnetic properties of the complex with LCP3 appeared to
be different from the properties of the complex with LMe,

We established that the reaction of Cu(hfac), with
LED3 carried out under the synthesis conditions of the
"head-to-tail-1" phase of Cu(hfac),LM¢ resulted in nearly
equiprobable formation of "head-to-tail-1" or "head-to-
tail-2" Cu(hfac),LCPs3 crystals or in their mixture, which
was separated mechanically. Usually, the major compo-
nent of the mixture was the "head-to-tail-2" polymorph.
This was not observed in the reaction of Cu(hfac),L with
LMe, The "head-to-tail-1" phase of Cu(hfac),LM¢ was iso-
lated with ease from solutions of a 1 : 1 mixture of
Cu(hfac), and LM¢ in hexane and heptane or in mix-
tures with more polar solvents (hexane—acetone, hex-
ane—Et,0). Isolation of the "head-to-tail-2" polymorph
of Cu(hfac),LM¢ was a complicated task. This phase was
obtained at a 3 : 2 ratio of the starting reagents, Cu(hfac),
and LMe, which were dissolved in a heptane—CH,Cl,
(~10 : 1) mixture on heating; then, the mother liquor was
filtered quickly. A few minutes later, two types of freshly
formed dark blue crystals with slightly different habits
were immediately filtered. The most part of crystals were
the "head-to-tail-1" Cu(hfac),LMe crystals mixed with the
"head-to-tail-2" Cu(hfac),LM¢ crystals that can be me-
chanically separated. However, the amount of the "head-
to-tail-2" polymorph obtained using this version of the
synthetic procedure is always very small (if exists). It is
important that the first portion of crystals should be fil-
tered quickly a short time (5 to 15 min) after mixing of
reagents and cooling of the solution. If the reaction mix-
ture is stored for a long time, the solid phase contains only
[Cu(hfac),];LMe, - C;H 4. And only owing to the fact that
the crystals of [Cu(hfac),];LM¢, « C;H 4 are formed rather
slowly, it is possible to isolate and then separate a mixture
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Table 7. Temperature dependences of the structural parameters of Cu(hfac),L.°P3 and Cu(hfac),LM¢

Chain packing Space T/K Cu—0O( Cu—Np Angle CN,—Pz
motif group d/A o/deg
Cu(hfac),LCPs3
"head-to-tail-1" P2,/n 295 2.477(3) 2.308(3) 5.4(6)
"head-to-tail-2" Pl 155 2.478(3) 2.307(4) 6.3(6)
2.480(3) 2.308(4) 10.0(7)
120 1.958(11) 1.970(14) 2(2)
2.391(11) 2.268(13) 13.2(2.5)
Cu(hfac),LMe
"head-to-tail-1" P2,/n 295 2.484(5) 2.329(5) 13.3(6)
"head-to-tail-2" Pl 140 1.992(9) 2.014(10) 1.4(1.5)
2.449(9) 2.336(10) 11.3(1.7)

of the "head-to-tail-1" and "head-to-tail-2" polymorphs
which quickly precipitates out of the mother liquor.28
Considering the structures of the "head-to-tail-1" and
"head-to-tail-2" polymorphs of Cu(hfac),LP3 and com-
paring them with, e.g., the structure of the "head-to-tail-
1" polymorph of Cu(hfac),LM¢, we can say that the com-
plexes with LEP3 are structurally different from the com-
plex with LMe (though this was not a priori expected).
Some parameters of the "head-to-tail-1" and "head-to-
tail-2" polymorphs of Cu(hfac),LCP3 differ appreciably,
being also strongly different from those of Cu(hfac),LM¢
(see Table 7). The main difference between the structural
characteristics is the magnitude of the angle between the
plane formed by the atoms of pyrazole ring and the plane
passing through the CN, atoms of the O* —N—C=N-0
fragment of imidazole ring. At present, we cannot explain
why replacement of CH; group by CDj; group caused this
angle to be nearly halved (!). However, this structural
change affects the magnetic properties. The p.(7") plots
obtained for both Cu(hfac),L°P3 polymorphs exhibit a
shift of the transition region toward higher temperatures
(Fig. 19). Indeed, the transition temperatures of the "head-
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Fig. 19. Temperature dependences of p.g for Cu(hfac),LMe (1)
and Cu(hfac),LCP3 (2).

to-tail-1" and "head-to-tail-2" phases of Cu(hfac),LMe
are 146(1) and 148(T) K, whereas those of the "head-to-
tail-1" and "head-to-tail-2" polymorphs of Cu(hfac),L.CP3
are 149({) and 151(T) K. In other words, deuteration of
methyl substituent in the pyrazole ring of the paramag-
netic ligand led to particular changes in structure of the
solid phase of Cu(hfac),LCP3 and, as a consequence, to a
3 K increase in the transition temperature of this complex
compared to Cu(hfac),LMe¢, The magnitude of this effect
is of course small; however, the effect does occur and can
be reproducibly detected.

Noteworthy is also a similar character of the p.(7)
dependences obtained for the "head-to-tail-1"
Cu(hfac),LCP3 and "head-to-tail-2" Cu(hfac),LP3 poly-
morphs. The structures of these phases are slightly differ-
ent, but in this case even minor structural changes can
strongly affect the magnetic properties of compounds.28
A structural dynamics study of the "head-to-tail-1" poly-
morph of Cu(hfac),LCP3 revealed an irreversible trans-
formation into the "head-to-tail-2" phase on cooling simi-
larly to the case of the "head-to-tail-1" polymorph of
Cu(hfac),LMe, which clarifies the reason for identical
shape of the temperature dependences of p.;. However,
the difference between the polymorphous transforma-
tion temperatures of Cu(hfac),LM¢ (230+1 K) and
Cu(hfac),LCP3 (23541 K) is again reproducibly detected.
It should also be noted that the crystals of Cu(hfac),L¢P3
are more "elastic", i.e., they are more stable on going
through the transition region.

Thus, we have to note that correlations be-
tween the magnetic properties and structure of
Cu(hfac),LCP3, LEt, _  should not be automatically trans-
ferred to solid solutions Cu(hfac),LMe¢ LEt, . Experimen-
tal data obtained for Cu(hfac),LP3 LE, _ can include a
small isotope effect. The contribution of this effect can
hardly be assessed because the deuterium label was intro-
duced exclusively for analytical determination of the
x value and we had no independent method for the same
purpose. Otherwise, we could correctly compare correla-
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tions between the magnetic properties and structure of
Cu(hfac),LCP3 LEY,  and Cu(hfac),LMe,LEt,_ at the
same x and distinguish the contribution of the isotope
effect (if any).

Solid solutions Cu(hfac),LCP3 LEt,

Crystals of solid solutions Cu(hfac),L¢P3 LEt, _ ap-
peared to be mechanically stable over a wide temperature
range. This allowed us to study the structural dynamics at
different temperatures and to reveal some features ac-
companying the phase transition. The p.«(7) plot ob-
tained for Cu(hfac),LP3 5, LEY) oo (the x value was de-
termined with an accuracy of £0.03) is shown in Fig. 18, b.
Changes in the Cu—O; and Cu—N; distances are most
pronounced; the corresponding data are listed in Table 8.
The structure of Cu(hfac),LCP3 5, LEY, o was investigated
above (at 240 K) and below (120 K) the magnetic anomaly,
and at the transition temperature (155 K). The midpoint
of this temperature interval characterizes the transition
region between the high-temperature and low-tempera-
ture phases, so our study at 155 K permitted assessment of
the actual structure of the transition state. It was found
that before transition to the low-temperature phase the
Cu—Oy distances in the CuOg units of the exchange clus-
ters > N—*O—Cu?"—0* —NK< are appreciably shortened
and then abruptly increase. Vice versa, the Cu—N dis-
tances in the CuN,Oy units are lengthened prior to being
abruptly shortened.

The crystal structure of Cu(hfac),LCP3 4, LE 54 solid
solution characterized by a magnetic anomaly tempera-
ture of 100 K (see Fig. 18, b) was established at 240, 170,
and 110 K (see Table 8), i.e., in the high-temperature
phase. The results obtained are in excellent agreement
with those reported for Cu(hfac),L¢P3; 5 LE) (o and
clearly demonstrate a stage of pre-compression of CuOg
units and pre-expansion of CuN,Oy, units.

The Cu(hfac),LCP3; 5 LEY o and
Cu(hfac),LCP3 o LEY 5o crystals are comprised of "head-
to-head" packed chains typical of Cu(hfac),LEt (see

Table 8. Temperature dependences of the structural param-
eters of solid solutions Cu(hfac),LCP3, 5 LE, o and
Cu(hfac), L<P3 4 LF 5

/K d(Cu—0,)/A d(Cu—Ny)/A
Cu(hfac),LP3g 3 L 59

240 2.241(4) 2.337(4)

155 2.131(1) 2.351(4)

120 2.293(3) 2.070(4)
Cu(hfac),LP3) 4 L 59

240 2.264(2) 2.338(3)

170 2.183(3) 2.353(3)

110 2.062(3) 2.367(3)

Table 9. Temperature dependences of the structural parameters
of solid solutions Cu(hfac)zLCD30'71LEt0'29

T/K  dM—0;)/A d(M—Np)/A CN,—Pz angle/deg

240 2.425(3) 2.293(4) 6.5(6)
2.478(3) 2.321(4) 7.4(7)
110 1.982(4) 2.019(4) 1.5(7)
2.419(4) 2.322(5) 10.9(8)

Fig. 8). As mentioned above, at x > 0.6 the "head-to-tail"
motif typical of Cu(hfac),LM¢ dominates and the crystal
system is changed from monoclinic to triclinic. Our study
of Cu(hfac),LEP3 5, LE; 55 showed that the character of
the u.;(7') dependence (see Fig. 18, b) is similar to that of
Cu(hfac)zLMe (see Fig. 1). On going to the low-tempera-
ture phase the Cu—O; and Cu—N_ distances in 50% of
CuOsN units are appreciably shortened (Table 9), which
is responsible for spin pairing in 50% of exchange clusters
Cu?t*—0"—N< and, as a consequence, for the de-
crease in i by a factor of ¥2. A structural study of
Cu(hfac),LCP3; 5, LEL) 54 crystals in the transition region
is a very complicated task because of crystal cracking. By
and large, single crystals of solid solutions with x < 0.4
(Cu(hfac),LEt packing motif) are mechanically more
stable than single crystals of solutions with x > 0.6
(Cu(hfac),LM¢ packing motif). The reasons for this phe-
nomenon are unclear. As mentioned above, cooling or
heating of this type of crystals is accompanied by intense
co-operative dynamic processes. Since these processes
occur "far" from the exchange clusters Cu?™—0 ' —NX,
which are of prime importance for understanding the mag-
netic anomaly, we will not dwell on them. However, a
very important difference between the chain packing mo-
tifs in the structures of Cu(hfac),LFt and Cu(hfac),LMe
deserves attention. In the "head-to-tail" Cu(hfac),LMe
crystals, all chains are aligned. But in Cu(hfac)zLEI and
all other Cu(hfac),LR crystals with the "head-to-head"
packing motif chains are aligned only within alternating
parallel layers in which chains in one layer make an angle
with chains in another layer (Fig. 20). It cannot be ruled
out that the possibility of layer slip in crystals with the
"head-to-head" chain packing motif makes them more
elastic.

Studies in the transition region (0.4 < x < 0.6) charac-
terized by a change in the polymer chain motifs in
solid solutions Cu(hfac),LCP3 LE,_ faced severe prob-
lems. The reason is that formation of a certain phase
depends on many uncontrollable kinetic parameters.
Here, construction of the phase diagram (as in the case
of solid solutions of transition metal complexes with
nitroxyl radicals3!—34) was impossible because the reac-
tion mixtures stored over 1—2 days contained not only
the growing crystals of Cu(hfac),L¢P3, LEt,_ (or
Cu(hfac),LMe LEt, ) but also decomposition products.
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Fig. 20. Chain packing in the structures of Cu(hfac),LM¢ (a)
and Cu(hfac),LEt (b).

In fact, all solid solutions discussed in this work were
obtained in the kinetic regime rather than under thermo-
dynamic equilibrium conditions because the complexes
are unstable in solution and can form a variety of poly-
morphs (see above). Nevertheless, multiple repetition of
experiments with solid solutions with x < 0.4 and x > 0.6
under similar conditions gave well reproducible results.
This suggests that they are formed under quasi-equilib-
rium conditions. At 0.4 < x < 0.6, the crystals formed
were, as a rule, nonhomogeneous and the dependences
Wesr( T) for the solid phases obtained in different experi-
ments were often different.

The aforesaid incessantly stimulated our interest in
the Cu(hfac),LP3; sLEY, s phase called a "50 : 50" phase.
We failed to grow crystals of this phase. However, is be-
came insignificant after we grew and structurally charac-
terized single crystals Cu(hfac),LCP3; ssLEY, 45 with simi-
lar composition. Of particular interest is that the para-
magnetic ligands L¢P3 and LE* are not randomly distrib-
uted within the crystal, as could be assumed. The struc-
ture of the solid phase of Cu(hfac),LP3; ssLEY) 45 can be
considered as being comprised of alternating polymer lay-
ers formed by the "head-to-tail" {Cu(hfac),LP3}_ chains
or {Cu(hfac),LEY}_ chains. The bridging ligands LR inside

O
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a 1 11 | ¢
b {
| \&l |
Cu(hfac),LEt Cu(hfac),LEt j Cu(hfac),LE!
Cu(hfac),LCP3 Cu(hfac),LCP3

Fig. 21. Cu(hfac),L.CP3 and Cu(hfac),LE! chain packing to form
layers in the solid phase of Cu(hfac),L.CP3, ssLEY) ,s. Copper
atoms are denoted by open circles (hfac anions are not shown).
Arrows denote oppositely directed bridging ligands LR within
the layers comprised of the Cu(hfac),L¢P3 and Cu(hfac),LFt
chains.

one type of layers are "directed" in one direction, whereas
in the other type of layers they are "directed" in another
direction (Fig. 21), i.e., each polymer chain contains
only one type of organic radicals. Because the whole crys-
tal is an ordered system with long-range order rather
than aggregate of chains and layers, Cu(hfac),LCP3 sLEt, 5
is an individual chemical compound. Would con-
struction of the equilibrium phase diagram be pos-
sible, the diagram should separate into at least two
regions, namely, the region of solid solutions
[Cu(hfac),LEt—Cu(hfac),LCP3, sLEY, 5] and the region of
solid solutions [Cu(hfac),L¢P3 sLEt; s—Cu(hfac),LCP3].

Consider the structure and structural dynamics of
Cu(hfac),LCP3, ssLEY) ,s on temperature variation in
more detail. The chains {Cu(hfac),L¢P3}_ "force" the
{Cu(hfac),LE}_ chains to adopt an atypical "head-to-
tail" motif. Here, one crystallographically independent
chain contains only the ligand LP3 while the other crys-
tallographically independent chain contains only the
ligand LE!. In this chain, carbon atoms of the methyl
fragment of ethyl group are located with a statistical weight
of nearly unity. This is quite natural because the content
of LEtin the system under study is somewhat less than 50%.
The Cu—O; and Cu—N bond lengths and the angles o
between the plane formed by atoms of the pyrazole ring
and the plane passing through the CN, atoms of the
O°—N—C=N-O fragment of imidazole ring for the
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Table 10. Temperature dependences of structural parameters of the system Cu(hfac),LEP3; sLE 45

Parameter Ligand 240 K 150 K 110 K
Cu(l) Cu(2) Cu(l) Cu(2) Cu(l) Cu(2)
Bond d/A
Cu—0O LCDs3 2.410(7) 2.492(9) 2.310(5) 2.463(6) 2.033(6) 2.432(9)
LEt 2.434(7) 2.489(8) 2.324(6) 2.446(6) 2.046(7) 2.412(8)
Cu—Np LCPs3 2.361(9) 2.35409) 2.251(7) 2.364(7) 2.048(8) 2.303(11)
LEt 2.274(8) 2.322(9) 2.229(6) 2.279(7) 2.043(10)  2.321(11)
Angle o/deg
CN,—Pz LCDs3 8.4(1.9) 11.6(6) 8.5(1.3) 10.2(4) 3.3(1.4) 9.2(8)
LEt 6.5(1.3) 6.9(1.6) 5.4(1.0) 8.9(1.2) 0.5(1.0) 8.7(1.6)

chains in {Cu(hfac),LCP3}_ and {Cu(hfac),LEt}_ are listed
in Table 10. As temperature decreases, the bond lengths
Cu—O; and Cu—Nj are gradually and then abruptly (on
going through the magnetic anomaly region; 7, = 138 K,
see Fig. 18, b) shortened. This occurs only in 50% of
CuOsN units. In the other 50% of CuOsN units these
bond lengths are only slightly shortened. Besides, if be-
fore the transition the angles oo were similar in magnitude,
after the transition they become significantly different.
These changes are similar to those described for solid
solution Cu(hfac),LCP3, 5 LEY 54 (see Table 9) or "head-
to-tail-2" polymorph of Cu(hfac),LCP3 (see Table 7).

Conclusion

The results presented in this review show that investi-
gations of stereochemically nonrigid systems based on
Cu(hfac), and nitroxyl radicals, in which spin transitions
can occur, is a non-trivial problem complicated by the
possibility of existence of various of polymorphs whose
magnetic properties are strongly influenced by minor
structure variations. At the same time the variety of struc-
tural motifs predetermines the diversity of magnetic ef-
fects. Of particular interest is also the fact that the solid
phases of all compounds exhibiting the magnetic anoma-
lies have a polymeric rather than simple molecule-based
structure. This requires a very high degree of co-operation
in motion of polymer chains relative to one another on
going from one polymorph to another without destruc-
tion of the crystal.

Heterospin systems based on copper(Il) complexes
with nitroxyl radicals are of particular interest for detailed
studies of various structural phase transitions that induce
magnetic anomalies similar to spin crossover. Despite the
small number of compounds exhibiting these effects, the
magnetic transitions were observed in a wide temperature
range (30—250 K). The upper bound of transition tem-
peratures is only limited by the decomposition tempera-
tures of complexes and can be estimated at 350—400 K.
A valuable feature of the heterospin complexes under study

is that they can be obtained as high-quality single crystals
that are mechanically stable over a wide temperature range.
Studies on correlations between the structural dynamics
and character of changes in the magnetic properties can
provide unique information for subsequent quantum-
chemical analysis of the electronic structure of ex-
change clusters. Besides, these complexes contain readily
functionalizable paramagnetic ligands, which offers pros-
pects for better insight into the structural dynamics of the
whole compound in the phase transition region, elucida-
tion of factors responsible for the character of the p (7"
dependence, and development of methods for control-
lable modification of characteristics of the magnetic tran-
sition via pre-design of paramagnetic ligands with a de-
sired structure. It is of great importance that the tempera-
ture and character of these effects can also be controlled
by preparing mixed-metal solid solutions and solid solu-
tions of complexes with different paramagnetic ligands.
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