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New Layered Polymeric Metamagnet Based on Copper(i1) Complex with
3-Imidazoline Nitroxide

Alexei Burdukov,*!?! Yurii Shvedenkov,/*! Natalie Pervukhina,?! and Vladimir Reznikov!"!

Keywords: Layered compounds / Copper / Nitroxides / Magnetic properties / Phase transitions

A new complex, bis[4-(2-oxido-1-butenyl)-2,2,5,5-tetrameth-
ylimidazolidine-1-oxyl]copper(i) (CuLF',), has been synthe-
sized. The synthesis, characterization, and magnetic proper-
ties as well as the crystal structure of CuLF!, have been
studied. The layered solid of the complex possesses a meta-
magnetic phase transition at 4.5 K and shows strong aniso-
tropy of magnetic properties below the ordering tempera-

ture. The easy magnetization axis lies along the b axis. The
hard magnetization axis is orthogonal to the polymeric lay-
ers. Effective anisotropy fields have been estimated (H, =
1390 Oe, Hy = 420 Oe).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

The design of molecular magnets demands the ability to
engineer the desired crystal structure and the means to con-
trol the efficiency of interactions of a diverse nature be-
tween the paramagnetic centers.!! One of the peculiarities
of molecular magnets derived from coordination com-
pounds is considerable local and bulk anisotropy intro-
duced by transition-metal ions. The majority of coordina-
tion compounds have low symmetry in the solid phase and
their crystal structures have low dimensionality. The energy
of anisotropy of such systems depends appreciably on the
dimensionality of the crystal structure and on the contri-
bution of dipolar interactions to the onset of magnetic or-
dering.”l The importance of the dimensionality is well illus-
trated by comparison of the chain polymeric (1D) complex
Mn(hfac),NIT-iPr (NIT-iPr = derivative of 2-imidazoline
nitroxide)®! and of layered polymeric (2D) complex CulL,
(L = derivatives of 3-imidazoline nitroxide),™ the effective
anisotropy field being approximately five times larger for
the former. Also, anisotropic interactions of a nonexchange
nature lead to the appearance of metamagnetism in coordi-
nation compounds such as [(CH);NH]CuCl;-2 H,OP! and
CulMe,

With this contribution we continue our systematic stud-
ies on the magnetic anisotropy of heterospin compounds
based on Cu'! complexes with enaminoketone derivatives of
3-imidazoline nitroxide.

These compounds provide a unique series of solids pos-
sessing similar layered topology but different structural de-
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tails, thus providing a very good basis for revealing the cor-
relations between structure and magnetic anisotropy. In this
work we report the results of the structural and magnetic
investigation of the complex CuLFEt,.

Results and Discussion

The compound under investigation is built from CuLFt,
molecules, the copper atom occupying the inversion center
[1/2,0,1/2]. The closest coordination environment of copper
is formed by two nitrogens N(1) and two oxygens O(1) be-
longing to the enaminoketone moieties (Figure 1).

The bond lengths and angles within the molecules have
the usual values. The axial positions around the copper
atom are occupied by two nitroxide oxygens O(2) at a dis-
tance of 2.584(3) A. The Cu—O(2) bond is almost perfectly
perpendicular to the coordination square, the deviation be-
ing only 0.3°. With a connectivity of four at the copper
atom, the molecules arrange into the 4* (in Wells nota-
tion®)) chicken-wire nets parallel to the (0,0,1) plane (Fig-
ure 2). Within the frame of the Pbca space group the
neighboring polymeric nets are related with the ¢ glide
plane with a net-to-net separation of 11.978 A, as measured
between the closest copper atoms. This is somewhat longer
than the equivalent separation in CuLM¢,, which is equal
to 11.869 A. This difference in separation between iso-

Eur. J. Inorg. Chem. 2005, 17761780



Layered Polymeric Metamagnet Based on Copper(11) Complex

FULL PAPER

Figure 1. The molecule CuLFt,.

structural CuLM¢, and CuLF, is due to the different sizes
of the Me and Et substituents which propagate into the
interlayer space.

Figure 2. Fragment of the polymeric layered structure of CuLFt,
projected onto the (001) plane. Hydrogen atoms are omitted for
clarity.

Figure 3 illustrates the effective magnetic moment of Cu-
LFY, measured along different crystallographic directions
above 14 K. In this temperature range, CuLF!, behaves as a
paramagnet with dominating ferromagnetic exchange inter-
actions between paramagnetic centers. The CuLF!, complex
possesses two main exchange channels. The first exchange
channel is the intramolecular indirect exchange between the
nitroxide and copper spins through the heterocycle of the
ligand. The other exchange pathway is the direct exchange
between the copper(11) ion and the nitroxide group belong-
ing to the adjacent {CuL,} bis-chelate fragment. Both ex-
change pathways propagate ferromagnetic interactions!” re-
sulting in the rise of the u(7) curves with decreasing tem-
perature. The p.¢(7) curves measured along different direc-
tions are quite close (Figure 3). The observed discrepancy
in the paramagnetic region is caused by the anisotropy of
the copper(i1) g-factors. An approximation of the experi-
mental data in the 100—300 K temperature interval by the
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Curie—Weiss equation results in the optimal parameters C,
=122, C,=124, C.=1.15cm?*Kmol™!, and 0, = 12.6, 0,
138, 0. = 11.9 K.
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Figure 3. Low field y(7) curves in the transition area and pp(7)
curves (inset) in the paramagnetic region for a CuLF!, single crys-
tal.

The set of constants obtained corresponds to g-tensor
components along the directions of measurement: g, =
2.24, g, =2.29, g. = 2.06, which are in good agreement with
g-factor values known for copper(i1) coordination com-
pounds.®! The similarity of the Curie-Weiss parameters
suggests that the CuLE!, can be considered as an isotropic
two-dimensional magnet.['Y) On temperature lowering to
10 K, the CuLF, single crystal undergoes a phase transition
to the magnetically ordered state. Measurements performed
in zero magnetic field (1.2£0.5 Oe) indicate that ordering
occurs sharply at 4.5 K. Figure 4 shows the main curves of
magnetization, o(H), at 2 K for the single crystal.
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Figure 4. Magnetization curves for a CuLF!, single crystal.

Below 400 O¢ the magnetization of the CuLF!, single
crystal measured along unit-cell axes satisfies the equation
o{(H) = y;H, where i = a, b, c. Thus, a compensated antifer-
romagnetic structure is formed. At 2 K, the susceptibilities
along a, b, and ¢ are 12.515, 0.975, and 7.332 cm*mol ),
respectively. The susceptibility ratio along different direc-
tions unambiguously suggests that y; corresponds to the
b axis, and y, to the a and ¢ axes. As follows from the
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magnetization curves, at low fields the antiferromagnetic
axis is b and the easy magnetization axis is a. As the crystal
structure of CuLF, is layered polymeric with ferromagnetic
exchange interactions dominating inside the layers, it is logi-
cal to assume that the antiferromagnetic structure is formed
by the magnetic moments of ferromagnetically ordered lay-
ers. The interactions leading to the collinear antiferromag-
netic structure forming in CuLF!, probably have a dipolar
nature. For H > 400 Oe, the o(H) curves become nonlinear.
Magnetization along the b axis increases sharply and tends
to saturation NgfiS for an S = 3/2 system. This effect indi-
cates a metamagnetic phase transition in CuLF!, with the
critical field H. = 440 Oe. The given value of the critical
field corresponds to the absolute magnitude of the energy
of the interlayer interactions (3fH) equal to 0.088 K. At
high magnetic fields, the o(H) curves measured along dif-
ferent directions diverge because of the g-factor anisotropy
of the copper(1) ion (Figure 4). No hysteresis effects were
detected when CuLFY, was subjected to supermagnetization.
Thus, the easy magnetization axis coincides with the crys-
tallographic b axis. The hard magnetization axis is orthogo-
nal to the polymeric layers. The transition found in CuLEt,
is characterized by a low critical field, which has the same
order of magnitude as that found in coordination com-
pounds {[(CH);NH]CuCl;-2 H,OBl, CuLM¢,[*l}. This field
is 10-30 kOe for classical metamagnets (MnBr,, FeCl,,
CoCl,). The anisotropy energies were estimated for the Cu-
LEY, single crystal. The free energy of magnetic anisotropy
may be represented as F; = — H,o4,, where i = a, ¢; H; is
the effective anisotropy field, and o, is saturation magne-
tization.['") The energy F; was determined from the experi-
mental magnetization curves by the numerical integration:

Hinax Thnax

F = j o, (H)dH — jq.(H)dH
0 0

where H,,,, is the maximum field during the measurements.
For the CuLFt, single crystal, the lower bound on the inte-
gration domains of the o(H) curves is set by the value of the
critical field H,. The calculated effective anisotropy fields of
the complex are H, = 1390 Oe (along ¢ axis) and H} =

420 Oe (along a axis). The anisotropy of magnetic proper-
ties in a plane of the polymeric layers (ab) is much smaller
than that in the perpendicular direction as a consequence
of the quasi two-dimensional magnetic system. Thus, the
anisotropy observed in CuLEt, should be attributed to the
“easy plane” type.

The single crystals of copper—3-imidazoline nitroxide
complexes CuLR, have similar structures. Also, their order-
ing temperatures are very close, indicating the same order
of exchange interactions (Table 1).

All four complexes cannot be considered together as they
have different symmetries. However, pairwise comparison
of CuLFt,, CuLM¢, and CuLC©OEL,  CyLC©@OMe, reveals
the decrease of the transition temperature on substitution
of the methyl group with ethyl. This substitution also re-
sults in some elongation of bonds in the coordination envi-
ronment of copper as well as the increase of interlayer sepa-
rations (Table 1). Corresponding evolution is found in the
mutual orientation of the {CuL,} fragments as can be seen
from the angles Cu-O (¢1), Cu-N (¢2), and Cu—ON (¢3)
between the b axis and the relevant bonds (Table 1). The
magnetic behavior of the Cul, complexes is significantly
different in the magnetically ordered phase. Under the tran-
sition temperature CuL®(@©CEt, and CuLC©°Me, are ferro-
magnets whereas CuLF!, and CuLM¢, behave as metamag-
nets. At the same time the critical field of the metamagnetic
transition for CuLFY, is 3.6 times lower than in isostructural
CuLMe,. The increase of the interlayer separation for Cu-
LE, as compared with that of CuL™M¢, correlates with the
decrease of H.. Assuming that metamagnetism originates
from dipole interactions only, the H (CulLM¢,)/H (CuLE,)
ratio should be proportional to the R*(CuLFL,)/R3(CuLMe,)
ratio, R being an effective distance between magnetic di-
poles as measured between copper ions belonging to the
adjacent polymeric layers. But this supposition does not
hold true. For this reason we suppose that the difference in
magnetic properties of the CuL, complexes originates from
the difference in magnetic anisotropy energy. The compari-
son of the critical fields and the anisotropy fields within the
polymeric layers indicates that a large H, corresponds to a
large H)|, as sketched in Figure 5.

Table 1. Magnetochemical constants and selected structural data for the CuL, polymers.

CuLMe2 CuLElz CuLC(O)OMe2 CuLC(O)OEt2
Ordering type metamagnet metamagnet ferromagnet ferromagnet
Ty (or T,) [K] 4.9 4.5 5 4.2
H, [O¢] 1600 440 - -
H, [Oe] 1340 1390 1100 500
H) [O¢] 670 420 300 200
Symmetry Pbca Pbhca P2,/c P2,/c
Intralayer (Cu-Cu) [A] 7.780 7.768 7.786 7.919
Interlayer (Cu—Cu) [A] 11.869 11.978 11.929 11.939
Cu-N [A] 2.049 2.046 2.061 2.058
Cu-0 [A] 1.902 1.907 1.913 1.994/1.837
Cu-OMNO) [A] 2.469 2.582 2.513 2.534
(Cu-O-N) [] 175.8 160.6 157.9 157.53
ol [°] 46.7 79.8 72.6 65.5
02 [°] 64.2 35.7 59.8 47.9
03 [°] 50.2 61.9 29.6 52.9
1778 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 1776-1780
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Figure 5. The H. vs H plot for the CuL, complexes.

The data available are too scarce to deduce the H, versus
H, dependence. However, linear approximation based on
CulLMe, and CuLFY, yields the value 330 Oe for the inter-
cept of H). Following this approximation, the metamag-
netic transition does not exist for fields lower than 330 Oe;
this conclusion is in agreement with the experimental data.
The complexes CuLS(©@OEt, and CuL“©@OMe, fa]] exactly
within this range of the anisotropy field. In contrast to
CuLFYy, and CuLMe, the complexes CuLC©@OFEt, and
CuLC©0OMe, are monoclinic. Therefore, the free energy of
magnetic anisotropy for the latter has a different set of an-
isotropy constants from that of CuLF', and CuLM¢,. Gen-
erally, different values and temperature dependences of an-
isotropy constants for each type of symmetry can result in
the overall stabilization of either the ferromagnetic or the
antiferromagnetic ground state.

Conclusion

A novel layered polymeric complex, CuLEt,, is synthe-
sized and characterized; the complex demonstrates meta-
magnetic phase transition at 4.5 K. The transition critical
field is 440 Oe, corresponding to a magnetic energy of
0.088 K. Below the H, the antiferromagnetic vector coin-
cides with the b axis, and y, with the a and ¢ axes. Above
the H. the easy magnetization axis runs along the crystallo-
graphic b direction, the hard magnetization axis being or-
thogonal to the polymeric layers. The onset of metamag-
netic transition and the value of the critical field in the
series of Cul, complexes are attributed to the difference in
magnetic anisotropy energy within the polymeric layers of
the complexes.

Experimental Section

General Remarks: All the solvents were used as purchased. The
nitroxide HLF! was synthesized according to ref.['?].

Synthesis of CuLF;: A mixture of CuCl,*2H,0 (55 mg, 0.32 mmol)
and HLF' (150 mg, 0.62 mmol) was dissolved in warm ethanol
(15mL). The solution was filtered and the pH adjusted to 8 with
aqueous ammonia. In a span of time varying from hours to days,
the solution yielded a light-green precipitate, which was collected,
washed with ethanol, and recrystallized from boiling ethanol. Yield
105 mg (65%). M.p. 209—212 °C. Calcd. C 54.0, H 6.2, N 15.7;
found C 54.1, H 6.4, N 15.7. The crystals of the complex suitable
for an X-ray diffraction study and for magnetic measurements were
obtained on slow crystallization of the material from ethanol.
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X-ray Crystallographic Study: The X-ray single-crystal data for Cu-
LEY, were recorded with an Enraf-Nonius CAD4 four-circle dif-
fractometer. The crystallographic data, conditions used for the in-
tensity data collection, and some features of the structure refine-
ment are listed in Table 2.

Table 2. Crystal data and structure refinement for CuLE,.

CuLElz
Empirical formula C,4H3,CuNOy4
Formula mass 534.11
Crystal system orthorhombic
Space group Phca
a[A] 10.732(1)
b[A] 11.233(1)
¢ [A] 21.417(4)
v [A3] 2581.9(6)
V4 4
T K] 293(2)
J(Mo-K,) [A] 0.71069
dcalcd. [ng73] 1.374
w(Mo-K,) [mm™] 0.887
R [T > 26(1)] 0.0285
WR [T > 20(D)] 0.0553

[a] Ry = S(Fo| — |F) | TIF. [o] wRy = (SOe(F? — FP] ] Shw-
(FRP ™

Graphite-monochromated Mo-K, radiation (4 = 0.71069 A) with
the 0/20 technique was used to collect the data set. The accurate
unit-cell parameters were determined from automatic centering of
24 reflections, 10° < 0 < 15°, and refined by least-squares methods.
1726 reflections were collected in the range 1.90° < 6 < 24.96°;
1064 reflections were assumed to be observed upon applying the
condition / > 2a(I). Corrections were applied for Lorentz polariza-
tion effects. The structure was solved by direct methods, using the
SIR97!3 program, and refined by full-matrix least-squares method
with the SHEXL-971'4 package.

Magnetic Measurements: The magnetochemical experiment was
run with an MPMS-5S (“Quantum Design”) SQUID magnetome-
ter at temperatures from 2 to 300 K in a homogeneous external
magnetic field of up to 49.5 kOe. Magnetic measurements on a sin-
gle crystal were performed along the crystallographic axes a, b, and
¢. The relation of the crystal appearance to the crystallographic
axes was established by X-ray diffraction. The molar magnetic
susceptibility y of the complexes was calculated using Pascal’s addi-
tive scheme including diamagnetic corrections and taking into ac-
count the temperature-independent paramagnetism of Cu'! ions,
which was taken to be 60x 10 ¢ cm?mol!. For the paramagnetic
region, the effective magnetic moment was calculated by the for-
mula ger = [BKINAS)T]V? = (84T)"?, where k is Boltzmann’s
constant, N, is the Avogadro number, and f is the Bohr magneton.
The magnetic phase transition temperature was determined as the
extremum of the derivative of magnetic susceptibility on tempera-
ture dy/dT. The magnetization dependences a(H) of the CuLE, sin-
gle crystal in the ferromagnetic state were plotted with allowance
for the demagnetization field of the sample. The actual field in the
crystal was calculated for each direction by the formula H; = H —
N, where i = a, b, and ¢; and N is the demagnetization factor
evaluated using the tables for a disk sample.[!3]

CCDC-243550 and -192277 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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