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The effect of the external pressure on the magnetic properties
was studied for the first time for heterospin crystals based on the
Cu(ll) complex with nitroxide [Cu(hfac),NN-PzMe], which exhibits
the spin-crossover-like phenomenon. An increase in the
hydrostatic pressure to 0.14 GPa caused a significant shift of the
magnetic anomaly temperature (from 150 K to 300 K). This
complex actually functions as a highly sensitive external pressure
sensor.

An active search for molecular magnetic materials of new types
whose structure and functional properties can change with
temperature, pressure, and magnetic field or under irradiation has
been stimulated by the development of fundamental science and
high potential for their application.l'6 The effect of the external
pressure on the physicochemical characteristics of multispin
compounds remains a promising but least studied field of research.
An analysis of the effect of the external pressure on the functional
properties of molecular magnets can provide valuable information
on the mechanism of the observed phase transitions and serve as a
basis for creating new highly sensitive pressure sensors used in
cryogenic technology, deep-sea facilities, seismological research
and space exploration.z'6

Along with growth of interest in materials whose physical
characteristics are sensitive to the external pressure, manometers
and stress memory detectors of various types formerly having no
analogs have increased in number.”® A new promising class of
objects of this type may be Cu(ll) complexes with nitroxides, which
exhibit the spin-crossover-like (SCO-like) phenomenon.s"17 In the
course of a thermally induced structural rearrangement of [Cu(ll)—
Oe-N<] or [>N—eO-Cu(ll)-Oe-N<] heterospin exchange clusters
inside these crystals, the energy of exchange interaction between
the odd electrons of the paramagnetic centers changes, leading to
anomalies similar to spin transitions on the curve of the
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temperature dependence of the effective magnetic moment
ueff(T).}S’9 The phase transitions are often accompanied by a
pronounced change of color of the compoundls'17 and can occur
without decomposition of single crystals despite the significant
structural rearrangement of the solid and considerable changes in
the volume of both the unit cell and the crystal as a macroobject.%
#1317 1t \was also shown that the SCO-like phenomenon in these
objects can be induced by light at low temperatures (LIESST
effect).ls'19 However, the pressure effect on the magnetic
properties of compounds from this family was not studied
systematically. We actually know of only one study of the pressure
effect on the magnetic characteristics of the SCO-like complex of
Cu(ll) with dinitroxide,” in which the magnetic anomaly was
completely suppressed at a pressure of ~0.6 GPa. M

We studied the hydrostatic pressure effect on an abrupt magnetic
anomaly of the [Cu (hfac) 2NN-PzMe] heterospin complex (hfac is
the hexafluoroacetylacetonate anion, NN-PzMe is 2-(1-methyl-1H-
pyrazol-4-yl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazole-3-oxide-
1-oxyl). Solid [Cu(hfac),NN-PzMe] is formed by polymer chains with
a “head-to-tail” motif, in which the nitroxide is coordinated via the
O atom of the nitroxyl group and the N atom of the pyrazole ring
(Fig. 1).”%* The abrupt change in pes at 145-150 K results from the
rearrangement of the CuOsN Jahn-Teller coordination units, in half
of which the Cu-Oy bond length changes drastically from 2.47 A at
150 K to 1.98 A at 140 K (Fig. 2, Table 2ESI1).”**>% As a result, in
half of all [Cu(ll)-Oe-N<] exchange clusters, the ferromagnetic
exchange transforms into strong antiferromagnetic exchange,

s

Fig. 1. Fragment of the polymer chain with the “head-to-
tail” motif in solid [Cu(hfac),NN-PzMe] (the H atoms, the
geminal CH; and CF3 groups are omitted).
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Fig. 2. Temperature dependence of u.x (-@-) and the Cu-
I:I_)7,8,14,15

Ono distances (- at 10™ GPa.

Fig. 3. Thermochromism of the complex: T<80 (left) and
T=300 K (right).

which decreases ps; per single [Cu(hfac),NN-PzMe] fragment by a
factor of V2. In the temperature ranges 235-245 K (on cooling)7'
91320 and  320-350 K (on heating),20 [Cu(hfac),NN-PzMe]
experienced another transition accompanied by a change in the
symmetry (monoclinic—triclinic) and a twofold increase (decrease)
of the crystallographically independent fragment of the polymer
chain. However, this structural rearrangement did not considerably
affect the Cu-Oyg distances in the CuOsN coordination units (Table
2ESIt); as a result, the changes on the value of pg in the range 230-
350 K during the cooling—heating cycle corresponding different
polymorph modifications were quite small (Fig. 2).

Also note that the phase transition coupled with the magnetic
anomaly in [Cu(hfac),NN-PzMe] was accompanied by pronounced
thermochromism. The heating of finely grinded [Cu(hfac),NN-PzMe]
powder applied to paper and preliminarily cooled with liquid
nitrogen led to an abrupt change of its color from dark green to
dark blue (Fig. 3). The thermochromism of the heterospin complex
in this case serves as an additional indicator of a structural magnetic
phase transformation.

Considerable changes in the structure of [Cu(hfac),NN-PzMe] in the
range 145-150 K induced by the repetition of the cooling—heating
cycles prompted us to study the response of the solid complex to a
change in the external pressure (Fig. 4). At 10™ GPa, the magnetic
behavior of the [Cu(hfac),NN-PzMe] complex placed in a high-
pressure cell was the same as the behavior described above for the
sample at atmospheric pressure measured under normal
conditions. Nevertheless, immersion of the sample in oil as a
pressure-transmitting medium led to a certain broadening of the
hysteresis loop. A series of experiments showed that an increase in

2| J. Name., 2012, 00, 1-3
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Fig. 4. Experimental dependences of u.(7) for

[Cu(hfac),NN-PzMe] at 10* (O), 0.04 (), 0.07 (V),
0.14(<>), and 0.32 (A) GPa. Solid curves: theoretical fitting
of experimental data (Q;= 7.01, Q,= 0.0175, J,= 13 K -
blue line; Q1= 1.05, Q,= 0.014 Jy= -14 K - orange line; Q1=
1.33, Q,=0.02, Jy=-21 K - green line; Q1= 0.7, Q,= 0.024,
Jo=-29 K - magenta line; Q= 0.56, Q,= 0.028, J,=-40 K -
black line).

pressure reproducibly caused a considerable increase in the
magnetic anomaly temperature (T,) (Fig. 4). When the pressure
increased to a relatively low value, ~0.14 GPa, T, shifted toward the
values exceeding the room temperature. When the pressure
increased further to ~0.32 GPa, the compound was in a strongly
coupled state over the whole temperature range 2-350 K. At
increased pressure, the shape of the transition became smoother
and the hysteresis loop width monotonically decreased and became
completely degenerate at P > 0.14 GPa (Fig. 4, Table 3ESIT). All the
above-described changes in the magnetic properties under the
action of pressure were completely reversible. When the pressure
decreased to the initial value, the dependence p.x(T) acquired the
same form as before the pressure increase.
As shown elsewhere,21 the degree of cooperativity of interactions in
a uniform chain of two-spin exchange clusters can be qualitatively
expressed as £2/q > |J,|, where ¢ = (9]/94)1,, is the slope of
exchange integral J(A) = J, — Ae under an axial deformation A of
the exchange cluster, and q is the parameter of the internal
elasticity of the exchange cluster. This condition corresponds to the
so-called "soft" chain of exchange clusters, for which the
temperature of the magnetic structural transition can be specmed
by the expression: Ty = —J, + i— . Previous successful flttlng !of
the experimental data”® (Fig. 2) was based on the fact that the
heterogeneous chain consists of alternating exchange clusters of
two types with different slope parameters |e,| > |&;|. The position
of the transition temperature T is approximated as Ty, = —Jo +
18e° . The exchange cluster &, is described as "soft" (Q, =
T][ﬁq/sz = (0.0175 « 1) and is responsible for the cooperative
properties of the heterogeneous chain of exchange clusters. The
exchange cluster &; is a "hard" cluster for which Q; = 2|J,lq/&,% =
7 > 1, and its thermal deformation is insignificant over the whole
temperature range, which agrees well with the X-ray diffraction
analysis data.”* A physical meaning of the parameters Q; and Q,
is in the following. If Ag =[3,15| is a characteristic length of J(A)
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Fig. 5. Pressure dependence of T,1: experimental data (e);
linear dependence in the pressure range 0.03-0.15 GPa
(—). Insert: Pressure dependence of u.¢ at 300 K.
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Fig. 6. Dependence of u.(T) at 10* GPa(-®-) and at a
pressure lower than 0.03 GPa: the first (- A-) and second (-
<>-) heating-cooling cycles.

change, then the value Q, zz‘Jo‘q/gf zqugi /‘\]0‘ (i=1,2)is
proportional to the ratio of elastic deformation energy of i-th
exchange cluster on the scale A ; .to the value |JO|.

We assume that under external pressure changes in the
coordination units would have the same character like it was shown
for other copper complexes elsewhere.® So under this consideration
the distances between paramagnetic centers in the exchange
clusters [Cu(Il)-Oe—-N<] should be decreased, leading to a change in
the magnitude and sign of the exchange integral /5. We performed
theoretical fitting of the u(T) curves at different pressures based on
the model,u'23 which showed good agreement with the
experimental data (Fig. 4). An increase in |J,| at increased pressure
led both to a shift of the u(T) curves toward higher temperatures
and to an increase in Q, = 2|J,|q/£,2, i.e., to a weakening of chain
cooperativity. Our calculations also showed that the &, and &
values, which nonlinearly affect the corresponding Q, and Q;
parameters, also changed at increased pressure P. The relation
Qq > Q, is still valid, though the Q, and @ values evidently
became closer. The temperature range of the SCO-like magnetic
anomaly is mainly determined by the "soft" exchange clusters &,
while the values of u(T) below the transition temperature depend
on the "hard" exchange clusters &;.

This journal is © The Royal Society of Chemistry 20xx

Journal of Materials Chemistry C

The pressure dependence of the transition temperature at 0.03-
0.15 GPa is almost linear (Fig. 5). The standard processing of two
independent series of experimental data gave a slope of ~590(+100)
K-GPa™, which suggests much higher sensitivity of this compound
compared with the majority of previously studied iron complexes
that exhibited spin transitions.>>?*?® Because of the extremely high
response of T, of the compound to an increase in the hydrostatic
pressure, we encountered the complex problem of calibrating the
shift of T, from the applied pressure already at an early stage of our
study.

At pressures lower than 0.03 GPa (more exact evaluation was
impossible under the given experimental conditions), the behavior
of the complex was difficult to analyze (Fig. 6): the transition
became smooth and its range was ~80-200 K. In the first
heating-cooling cycle, the hysteresis loop considerably broadened
and then narrowed during the repeated cycle. This effect is
reproduced at any pressure lower than 0.03 GPa and for
[Cu(hfac),NN-PzMe] batches from different syntheses (Fig. 1ESIT).
This behavior of the complex cannot be explained in terms of the
above-described theoretical approach. The thermodynamic
equilibrium in the solid complex at P < 0.03 GPa evidently sets in
slowly. It should also be taken into account that the experimental
data in the range 100-220 K correspond to solidified Daphne 7373
oil used as a pressure-transmitting medium.>®** At pressures higher
than 0.03 GPa, the SCO-like phenomenon showed itself at
temperatures higher than the solidification temperature of Daphne
7373 and was always recorded in the form of a rather abrupt step.
Note that a similar broadening of the hysteresis loop was described
for spin-crossover compound dispersed in glassy or semicrystalline
matrices.”* The nonlinear pressure dependence of the spin
transition temperature for a number of iron complexes was
2527 Applying of pressure may also cause
peculiar changes in the structure of compounds, such as the

appearance of intermediate phase, which could be quite differ from
28,29

reported elsewhere.

thermally induced structure rearrangements.
In discussing the effect of pressure on the magnetic properties of
[Cu(hfac),NN-PzMe] it should be noted that since the changes at
the curve p(T) in the temperature range 230-350 K are very small,
we could not reliably estimate the influence of pressure on this
anomaly by magnetic measurements, and therefore did not analyze
them. In order to clarify the details and understand the mechanism
of the effect of pressure on the magnetic properties and structural
transformations in the [Cu(hfac),NN-PzMe], we are planning to
carry out a number of special studies. Crystal structure
determination, EXAFS, UV-viz and IR spectroscopy study,
investigation by EPR method under applied pressure and, if
possible, in various temperature ranges would allow us to gain a
deeper understanding of this phenomenon.

Conclusions

The data presented here are the first steps in studies of the
pressure effect on the SCO-like phenomenon in Cu(ll)-nitroxide
complexes. Nevertheless, already at this stage it is evident that
[Cu(hfac),NN-PzMe] is a promising candidate for creating
highly efficient pressure sensors. The sensitivity of the
heterospin complex is approximately one order of magnitude
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higher than for the majority of classical
compounds that show spin transitions.>™ *?° The shift of the
magnetic anomaly temperature (7,) to ambient temperature
occurs at relatively low applied pressures of ~0.14 GPa, which
can be reached even in the Earth crust (for example, the

Fe-containing

hydrostatic pressure at a depth of 5 km in the ocean is ~0.05
GPa; the rock pressure 0.05 GPa is reached under a layer ~2
km thick). In addition, studies of the effect of pressure on the
magnetic properties structure of copper
complexes can give valuable information for evaluating the so-
called “chemical pressure” (modification of substituents in

and nitroxide

organic ligands, introduction of solvate molecules and other
space fillers) when developing the chemical methods for
changing the functional properties of SCO-like materials.
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