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Artigo

The reaction of metal hexafluoroacetylacetonato [M"(hfac),, M = Cu, Mn] with the stable nitronyl nitroxide 2—(3—isobutyl—

pyrazole)—4,4,5,5—tetramethylimidazoline—1—-oxyl-3—oxide (L), resulted in one dimensional zig—zag chain systems [{Cu(hfac),},L,],

and [CuMn(hfac),L,],. The main feature inherent in the nature of [{Cu(hfac),},L,], single crystals is their ability to undergo reversible

structural rearrangements with temperature variation, accompanied by anomalies of magnetism. The value of y, T shown strongly

antiferromagnetic at low temperature and becomes ferromagnetic when the temperature increases. And the heteronuclear complex

[CuMn(hfac),L,], shows antiferromagnetic interactions between manganese and nitronyl nitroxide.
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INTRODUCTION

The study of metal—organic radical complexes has attracted more
and more attention in the past few decades due to the intriguing
magnetic interactions between metal ions and the organic spin
carriers.'” Among the commonly used organic radicals, nitronyl
nitroxide radicals (NITR) are more particularly attractive because they
are stable, easy to synthesize and favor the onset of bulk magnetic
properties in the solid—state. Their metal complexes are characterized
by strong exchange couplings between organic and metal unpaired
electrons, and properties highly dependent on the structure of the free
radical and the nature of the metal ion.*® In addition, modifying the
substituted R groups of NITR with functional coordination groups
can generate various metal-radical complexes with various magnetic
properties.'*-"

The development of methods for synthesizing Cu(II) complexes
with nitroxides underlies the creation of unusual heterospin compounds,
which exhibit thermo— and photoinduced spin transitions.!®= A
spin—crossover—like phenomenon is observed when the external
effect changes the mutual orientation of the paramagnetic centers and
consequently the character of interaction of unpaired electrons.?'->
The thermally induced change in the distances between the
paramagnetic centers in the {>N—"0—-Cu"} or {>N—"0-Cu"-O"-N<}
exchange clusters generally leads to an abrupt change in the energy
and, or sign of the exchange interaction, which gives rise to an
anomaly on the curve in the temperature dependence of the effective
magnetic moment (). They are often called “breathing crystals”
because of the large—scale changes of the unit cell volume upon
transition.?*? In addition, the indication can be optical because the
compound changes color during the transition.

Herein, we synthesized the nitronyl nitroxide ligands 2—(4—
isobutyl-pyrazole)—4,4,5,5—tetramethylimidazoline—1—-oxyl—-3—
oxide (L), and then were reacted with metal hexafluoroacetylacetonato
[M"(hfac),, M = Cu, Mn]. The gradual magnetostructural transition
in breathing crystals based on copper(Il) and heteronuclear complex
based on copper(II) and manganese(Il) were successfully synthesized.
Further analyses of the structures and magnetism of the metal—-radical
compounds were reported.

*e-mail: gaoyanli8503 @ 126.com

EXPERIMENTAL
Materials and methods

All reagents were obtained from commercial sources and used
without further purification. The nitroxide radical L was prepared as
reported previously.?-3!

Preparation of [{Cu(hfac),},L,],

Cu''(hfac),(H,0), (1 mmol, 51.4 mg) was dissolved in hot
n-heptane 10 mL, and then the solution was cooled to about 50 °C.
L (0.05 mmol, 15 mg), dissolved in 2 mL of CHCl,, was added with
constant stirring. The solution was stirred for ca. 3 minutes and then
cooled to room temperature. The filtrate was kept under an N, stream
atroom temperature until a solid appeared. A few drops of CHCI; were
added in the flask until the solid disappeared, sealed and placed in a
refrigerator. After 2-3 d, 54.5 mg block—shaped dark-blue crystals
were obtained (yield 82%). Anal Calcd for C,4H,,Cu,N;O,, are: C,
38.04, H, 3.30, N, 7.40. Found : C, 38.23, H, 3.17, N, 7.51. FTIR
(KBr, cm ): 1661(s), 1557(w), 1533(s), 1476(s), 1358(w), 1 223(s),
1145(s), 1084(s), 861(s), 798(w), 665(s), 614(s).

Preparation of [CuMn(hfac),L,],

The method for the synthesis was similar to used for preparadion of
[Cu(hfac),L], except that Mn(hfac), and Cu(hfac), (The molar ratio is
1:1). 54.1 mg dark—blue crystals were obtained (yield 86%). Anal Calcd
for C,4Hs,CuMnN;O,, are: C, 38.52, H, 3.37, N, 7.49. Found (%): C,
38.21,H, 3.22, N, 7.41. FTIR (KBr, cm™): 1619(s), 1562(s), 1536(s),
1499(s), 1250(s), 1212(s), 801(s), 767(w), 747(w), 667(s), 591(s).

General characterizations

Infrared spectra were recorded on a JASCO FT/IR-660 PLUS
spectrometer by transmission through KBr pellets in the range of
400-4000 cm™. Elemental analyses for C, H, and N was carried
out using a PerkinElmer series II CHNS/O Analyzer 2400. The
magnetization measurements on the crystalline solids were carried
out using Quantum Design MPMS-5S and MPMS-2 SQUID
magnetometers. The magnetic field were varied from —50 to 50 kOe
and the temperature from 2—300 K. The data are corrected for sample
diamagnetism using Pascal’s constants.*>*
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Single crystal x—ray diffraction studies

X-ray diffraction intensities were collected for the selected single
crystals individually mounted on glass fibers at room temperature
using Bruker diffractometers: SMART-APEX II with a CCD and
D8—-QUEST with a CMOS area detector. Both employed graphite-
monochromated MoKa. (A =0.71073 A) radiation. Data reduction was
made using SAINT and the intensities were corrected for absorption
by SADABS.3*3% The structures were solved by direct methods and
refined by full-matrix least-squares against F? using ShelXL.%¢ Part
of the hydrogen atoms were located in the difference Fourier maps
and those not found were added at theoretical positions using the
riding model. CCDC contains the supplementary crystallographic
data for this paper (2089053 for 296 K, 2089054 for 100 K of copper
complex and 2089055 for 173 K of manganese-copper complex). The
details can be obtained from the cif files deposited at the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.

RESULTS AND DISCUSSION
Structure descriptions

Dark-blue crystals of the [ { Cu(hfac), },L,], and [CuMn(hfac),L,]
. heterospin complex are readily isolated with a high yield from the
hexane solution of the equimolar amounts of M(hfac), and L. The
synthesis of the complex is reproducible, and there are no impurities
in the product. The molecular structures of [{Cu(hfac),},L,], and
[CuMn(hfac),L,], were successfully determined using X-ray
crystallographic analysis at different temperature. The crystal
and refinement data are summarized in Table 1. Complexes

Table 1. Crystallographic data and refinement parameters for two complexes
at different temperatures

[{Cu(hfac),},L,], [CuMn(hfac),L,],
Temp. 296(2) K 100(2) K 173(2) K
formula C,sH;,Cu,F,,)N;O,, C,sHs,Cu,F,,N;O,, C,H;;MnCuF-
24N8012
fw 1514.04 1514.04 1505.44
cryst syst monoclinic monoclinic monoclinic
Space group C 2/ C 2/ C 2/
a(A) 31.3211(15) 30.7255(15) 30.8643(15)
b (A) 9.6832(4) 9.5752(4) 9.6009(4)
c(A) 26.214(2) 25.0581(12) 25.9176(19)
B 125.6390(10) 123.9180(10) 125.1944(11)
V(A% 6461.3(6) 6117.7(5) 6276.1(6)
D,/ (g-cm?) 1.556 1.644 1.593
Z 4 4 4
Refls. Total 81337 55327 61143
Unique 9786 9436 9872
Param. 433 442 503
Ry, 0.0225 0.0172 0.0314
R/wR, 0.0749 0.0591 0.0814
[I>20(1)] 0.2234 0.1550 0.2401
R/wWR, 0.0971 0.0661 0.0941
(all data) 0.2501 0.1619 0.2542
GoF 1.047 1.034 1.049
Complet. 0.996 0.984 0.995
Theta (°) 28.42 28.36 28.34
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[{Cu(hfac),},L,], and [CuMn(hfac),L,], crystallize in the monoclinic
space group C2/c with Z = 4. Selected bond lengths and angles are
listed in Tables 2 and 3, respectively.

Table 2. Selected bond lengths [A] for complexes [{Cu(hfac),},L,], and
[CuMn(hfac),L,],

[{Cu(hfac),},L,], [CuMn(hfac),L,],
296 K/[A] 100 K/[A] 173 K/[A]
NI-O1  1299(4) NI-O1  1.309(3) NI1-O1  1.305(4)
N2-02  1271(5) N2-02  1276(3) N2-02  1.275(5)
Cul-O1  2230(3) Cul-O1  2.001(2) Mnl-O1 2.147(3)
Cul-03  2.061(4) Cul-03 23192) Mnl-03 2.158(3)
Cul-O4 1966(3) Cul-O4 1.9582) Mnl-04 2.131(3)
Cu2-N3  2492(3) Cu2-N3 2457(3) Cul-N3  2.438(3)
Cu2-05  19553) Cu2-05 19752) Cul-O5  1.995(3)
Cu2-06  1964(3) Cu2-06 1953(2) Cul-O06  1.981(3)

Figure 1 shows the asymmetric unit and a polymer chain of
complex [{Cu(hfac),},L,],. The molecular structure consists of
the alternate copper-radical zig—zag chain running parallel to one
another; that radical plays a crucial role in establishing this one-
dimensional character, since it acts as a bidentate ligand, connecting
metal ions. In the chain complexes, the CuO, square environment in
the Cu(hfac), coordination matrices is a distorted octahedron. The
metal ion Cul is six coordinated by two oxygen atoms of the nitronyl
nitroxide fragments, which is lying in the CulN,O, coordination units
alternate with the {>N1-"O1-Cu"—'O1-N1<} heterospin clusters
based on the “head—to—head” motif. The second oxygen atom of the
nitronyl nitroxide fragment N2—O2 is not involved in coordination.
The structural dynamics in the chains due to temperature variation
are mainly related to the rearrangement of the CulO4 coordination
units. The Cu2 ion is also coordinated by two nitrogen atoms of the
pyrazole rings of the two bridgings bidentate L. Thus, the N3 atom
occupied axial coordination sites. As a result, the apical Cu2—-N3
bond length is 2.493 A, while the equatorial Cu2—O(hfac) are much
shorter than the apical bonds (around 1.958 A).

With the decrease in the temperature, the Cul-O1 and Cul-O3
bond lengths in the CulOq units are drastically changed which was
shown in Figure 2. At high temperatures (7~296 K), coordination
octahedra CulQy are elongated along the direction of the O1-Cul-0O1
axis, in which the Cul-0O1 distance is 2.229 A. The Cul-O1 bond
shorted from 2.229 to 2.001 A when the crystal is cooled from 296
K to 100 K, accompanied by a simultaneous lengthening of two
Cul-03 bonds from 2.061 to 2.319 A in one of the directions. With
the decrease of temperature, the direction the elongated Jahn—Teller
axis changed in the CulO, units. At high temperatures, the axis
is O1-Cul-01, while at low temperatures, the axis changed to
03-Cul-03. As a result, on lowering the temperature from 296
to 100 K, the nitroxides pass from axial to equatorial coordination
positions of copper(Il) ion. This rearrangement is accompanied by a
switch of exchange interaction in spin triads nitroxide—copper(Il)—
nitroxide from weak ferromagnetic to a strong antiferromagnetic one.

For compound [CuMn(hfac),L,],, the ligand L coordinated through
the oxygen atom of the NO* and N atom of pyrazole linkage to the metal
leading to a zig—zag chain, as depicted in Figure 3. The asymmetric
unit of complex consists of two half of metal atoms. One with a nearly
octahedral coordination (Mn) which are occupied by four oxygen
atoms (O3, O4) from two hfac units, two oxygen atoms (O1) from
two nitroxide ligands. The other is elongated octahedron geometry
(Cu) with hfac oxygen atoms (OS5, O6) at the base and two pyrazole
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Table 3. Selected angles [°] for complexes [{Cu(hfac),},L,], and [CuMn(hfac),L,],

[{Cu(hfac),},L,], [CuMn(hfac),L,],
296 K/[°] 100 K/[°] 173 K/[°]
N1-O1-Cul 127.7(2) N1-O1-Cul 127.7(2) N1-O1-Mnl 128.9(2)
0O1-Cul-03 98.84(11) 0O1-Cul-03 100.76(8) 0O1-Mn1-03 98.01(10)
01-Cul-04 92.91(11) 01-Cul-04 9221(8) 01-Mn1-04 92.83(10)
03-Cul-0O4 91.08(13) 03-Cul-O4 95.17(8) 03-Mn1-04 96.33(11)
05-Cu2-N3 96.02(12) 05-Cu2-N3 90.26(9) 05-Cul-N3 90.18(11)
06-Cu2-N3 90.30(12) 06-Cu2-N3 96.35(9) 06-Cul-N3 96.16(12)
05-Cu2-06 92.21(12) 05-Cu2-06 92.74(9) 05-Cul-06 91.17(12)
N4-N3-Cu2 132.4(2) N4-N3-Cu2 131.3(4) N4-N3-Cul 131.8(3)
C4-N3-Cu2 123.0(3) C4-N3-Cu2 123.0(2) C4-N3-Cul 123.03)
C23-03-Cul 125.0(3) C23-03-Cul 121.4(2) C23-03-Mnl 127.6(3)
C21-04-Cul 126.1(3) C21-04-Cul 129.6(2) C21-04-Mnl1 127.7(3)
C16-06-Cu2 124.1(3) C16-06-Cu2 124.3(2) C16-06-Cul 124.6(3)
C18-05-Cu2 124.0(3) C18-05-Cu2 123.8(2) C18-05-Cul 124.8(3)

Figure 1. The structural of asymmetric unit (left) and the fragment of chain (right) of compound [{Cu(hfac),},L.],. Fluorine, hydrogen and part carbon atoms

are omitted for clarity

Figure 2. Copper(1) environments at 296 K and 100 K

nitrogen atoms (N3) at the apex. The Mn1-O1 bond length is 2.146 A,
while the Mn1-O(hfac) is close to the bond (2.131 A and 2.158 A), and
the Cul-N3 bond length is 2.438 A while the Cul-O(hfac) are much
shorter (1.981 A and 1.995 A). The angle of N1-O1-Mn1 is 128.89°.
The nearest intrachain metal-metal distances are provided by Mn---Cu
distance of 8.081 A while the interchain Mn---Cu distance of 10.861
A. In addition, there are two somewhat longer intermolecular F---F
interaction (3.105 A and 3.066 A) which bridges the chains into layers.
And one slightly longer intermolecular F---C interaction (3.110 A)
bridges the chains into network as shown in Figure 4.
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Magnetic properties

The temperature-dependent magnetic susceptibilities of the
complex were measured in the temperature range 2-300 K in an
external magnetic field of 5 kOe. The data were corrected for the
diamagnetism of the components.

The temperature dependence of ,, T for complex [{ Cu(hfac), },L,],
was shown in Figure 5. The value of y,, T was equal to 1.45 cm?® K mol!
atroom temperature. In agreement with this structural data, the value
of the effective magnetic moment of [{Cu(hfac),},L,], corresponds
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Figure 3. The structural of asymmetric unit (left) and the fragment of chain (right) of compound [MnCu(hfac),L,],. Fluorine and hydrogen atoms are omitted

for clarity

I

Figure 4. Details of the crystal packing of complex [MnCu(hfac),L,], of the Fee*F (left) and Fes*C (right) interchain short contacts are shown in green. Hydrogen

and some fluorine and carbon atoms are omitted for clarity
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Figure 5. Temperature dependence of v, T for complex [{Cu(hfac),},L,],

to the situation of two radicals and two Cu® (2*0.375 + 2*0.4 =
1.55 cm?® mol! K). The y,,T value decreased sharply in the range
300-100 K. The magnetic moment becomes 0.6 cm* K mol! at 100 K,
which corresponds to its decrease by a factor of 2 in the total number of
spins. As the temperature is decreased, the Cul—O1 distances is shorter,
one Cu and one radical contributions are expected to be cancelled out
due to strong antiferromagnetic Cu-"ON interactions. Following from
this, a powerful antiferromagnetic exchange interaction dominates
at low temperature, then the 7y, T value should be close to 0.75 cm?
mol! K. It is responsible for the vanishing contribution to magnetic
susceptibility from half of the total number of spins. As follows from
the value of ¥, T, the spin state conversion is essentially finished at
T<100 K. In the Cu2N,0, units, the Cu2—N3 distances are shortened at

reduced temperatures but to a smaller extent than the Cul-O1 distances.

Plots of the temperature dependence of the molar paramagnetic
susceptibility and the effective magnetic moment for [CuMn(hfac),L,],,
are shown in Figure 6. At 300 K, y,,T is equal to 3.67 cm?® K mol ",
a value much lower than expected for non—interaction one
Swvn = 5/2, two S, = 1/2 spins and one S¢, = 1/2 (They are 4.375,
0.75 and 0.375 cm® K mol™! as g = 2, respectively). The gradual
decrease of the y,, T values at room temperatures indicates strong
antiferromagnetic interactions between manganese(II) and nitroxide.
As the temperature is lowered to 6 K, y, T gradually decreases
to reach a plateau value of 3.00 cm® K mol!. Below 6 K, the
decrease of the y,, T value can be attributed to weak intermolecular
antiferromagnetic interactions. The susceptibility was fitted by
the Curie-Weiss law leading to Curie and Weiss constants of
C =3.05 cm® K mol! and 6 = —0.11 K (the solid blue line). The
observed susceptibility data for complex [CuMn(hfac),L,], were
reproduced by a simplified model: three—spin (1/2—-5/2—1/2) system
plus one single Cu ion [H = -J (Sy, * Sgaar + Satn ® Skac ) + Scul
and a mean—field approximation to account for the weak magnetic
interactions between Mn and radical. The best—fit achieved with
g=2.04,J=-134.7 cm’, and J’ = -0.04 cm™! (the solid red line).

Complex [{Cu(hfac),},L,], reaches an almost saturated value
of 1.82 Bohr magnetons at a magnetic field of 5 T at 2 K, being
close to theory expected (2 Np;). The behaves should correspond to
two contribution, one resulting from antiferromagnetic interaction
of Rad—Cu"-Rad unit (S = 1/2) and one uncoupled Cu" ion
(S = 1/2). The magnetic data of 3.86 Bohr magnetons for the
complex [CuMn(hfac),L,], shows that it behaves as expected for a
S =3/2 Rad-Mn"-Rad antiferromagnetic triad and one Cu" ion, being
close to theory expected (Figure 7).
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Figure 6. Temperature dependence of v, (square) and y,,T (circular) for
complex [CuMn(hfac),L,],
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Figure 7. Isothermal magnetization at 2 K of [{Cu(hfac),},L,], and
[CuMn(hfac),L,],

CONCLUSIONS

One-dimensional chain complexes [{Cu(hfac),},L,], and
[CuMn(hfac),L,], based on metal(Il) and nitronyl nitroxide radicals
have been successfully prepared. The single-crystal structures show
that both compounds exhibit a one-dimensional chain structure
in which Cu or/and Mn ions are linked by the oxygen atoms of
NO* groups and the N atoms of the pyrazole rings. The complex
[{Cu(hfac), },L,], studies revealed a spin-crossover-like phenomenon.
The magnetic was changed from ferromagnetic interactions to
antiferromagnetic interactions when the temperature decreased from
300 K to 100 K. The magnetic studies showed antiferromagnetic
interactions for [CuMn(hfac),L,], compound, and the magnetic
data were fitted using simplified models through Mn-radical plus
one single Cu ion. Their magneto-structural correlations have been
explained based on the crystal structures.

SUPPLEMENTARY MATERIAL

The checkCIF reports are available free of charge at http://
quimicanova.sbq.org.br, in pdf format.
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