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Novel Square Planar Copper(ll) Complexes with Imino or Nitronyl Nitroxide Radicals
Exhibiting Large Ferro- and Antiferromagnetic Interactions
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This paper reports the synthesis, crystal structures, and magnetic properties of two copper(Il) corhpxss (
general formula Cu(tfaglradical) (tfac = trifluoroacetate; radicat (1) 2-phenyl-4,4,5,5-tetramethylimidazoline-
1-oxyl-3-oxide (NITPh) or 2) 2-phenyl-4,4,5,5-tetramethyl-4,5-dihydrétimidazoline-1-oxyl (IMPh)). They
crystallize in the monoclini®21/n space group with the following parameterd) § = 13.212(2) Ab = 9.136(1)

A, c=15587(2) Af = 114.61(1}, Z= 2; (2) a= 11.059(2) A,b = 15.289(1) A,c = 10.694(2) A8 =
114.20(1), Z = 2. In both complexes the copper(ll) ion is coordinated to two radicals in a slightly distorted
square planar surrounding. The copperfHadical exchange couplings are antiferromagnetic for the nitronyl
nitroxide (NITPh) complexX) and ferromagnetic in the case of the imino nitroxide (IMPh) analo@leThe
ground state has been found to be a spin-doublel fand the spin-quartet f&. No thermal population of the
highest states has been observed, indicating copperédtlical couplings ofJ| > 500 cnt?.

Introduction ER R
The past decade has triggered fast-growing interest in . 4+ - .

nitroxide free radicals, as building blocks in the engineering of 0N _N-0 O—N._N

molecular based magnet. The reasons are mainly that they are

among the most stable open shell organic molecules, even in

combination with metal ions, where they can also act as bridging

ligands. This has allowed a large extent of chemical modifica- @) (b)

tions that have led to the efficient and specific formation of a
remarkable variety of magnetic species, which may be either
wholly organic compounds® or based on metalradical
complexeg$ 10

Our contribution to this field focuses mainly on the metal
radical approach-12with the aim of synthesizing compounds
exhibiting spontaneous magnetization. Accordingly, we work
at the synthesis of nitronyl nitroxide free radicals designed to
afford extended polynuclear complexes, with strong metal

Figure 1. Chemical structure of (a) nitronyl nitroxide (NITPh) and
(b) imino nitroxide (IMPh).

radical magnetic interactions. In this frame we have recently
reported on lamellar compounds based on a 2D network of
alternatively bound nitrony! nitroxide radicals and manganese-
(1) ions which behave as a magnet below 50 K.

Herein, we report on the structure and magnetic properties
of two novel copper(I-radical complexes: one has been

- obtained with the nitronyl nitroxide radical NITPh; the second

*To whom correspondence should be addressed. E-mail: luneau@ . - . . .
drfmc.ceng.cea.fr. one, with the imino nitroxide IMPh analogue (Figure 1). Both
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llsgléki\gf, M.; Takahashi, M.; Kinoshita, MChem. Phys. Letfl991, interactions: antiferromagnetic for the nitronyl nitroxide com-
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122, 2567.

(5) Romero, F. M.; Ziessel, R.; Bonnet, M. Pontillon, Y.; Ressouche, EXPerimental Section

E.; Schweizer, J.; Delley, B.; Grand, A.; Paulsen, JCAm. Chem. : : -
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Table 1. Summary of the Crystal Structure Data Collection and
Refinement for 1 an@

1 2
formula CuGoH34N4OgFs CuGoH34N4O6Fs
fw 756.2 724.2
T (K) 298(2) 298(2)
space group P2,/n P2i/n
a(h) 13.212(2) 11.059(2)
b (A) 9.136(1) 15.289(1)
c(A) 15.587(2) 10.694(2)
£ (deg 114.61(1) 114.20(1)
V (A3 1710.5(4) 1649.3(4)
Z 2 2
m(Mo Ka)) (mm™1) 0.724 0.743
dearc (Cm®) 1.468 1.458
2 A 0.71060 0.71060
R(1).21 > 20(1) 0.0394 0.0583
Ry(F?).21 > 2a(1) 0.1085 0.1280 ) ) ) o
Figure 2. View of Cu(tfacy(NITPh), (1) with ellipsoids drawn at the
AR(F) = X||Fol — IFcll/Z|Fol, Ra(F?) = Z[wF® — FA/ZwWR Y2 30% probability level.

145 mg of copper trifluoroacetate hydrate in 10 mL of diethyl ether in
which was dissolved 233 mg of NITPh. To the resulting green-brown
solution was added 10 mL of heptane. Concentration and cooling to
—18 °C yielded air-stable parallelepipedic dark green crystals. (250
mg, 66%). Anal. Calcd for &Hs4N4OsFsCu: C, 47.65; H, 4.53; N,
7.41; O, 16.93; F, 15.07; Cu, 8.40. Found: C, 47.49; H, 4.68; N, 7.44;
F, 14.27; Cu, 8.20

Cu(tfac)(IMPh) ; (2). Bis(2-phenyl-4,4,5,5-tetramethyl-4,5-dihydro-
1H-imidazoline-1-oxyl)bis(trifluoroacetate)copper(ll) was also prepared
as air-stable parallelepipedic dark-brown crystals (220 mg, 60%) in a
similar manner using 145 mg of copper trifluoroacetate hydrate and
218 mg of IMPh in a mixture of ethyl ether and heptane. Anal. Calcd
for CaoH34N4OsFsCu: C, 49.76; H, 4.73; N, 7.74; O, 13.26; F, 15.75;
Cu, 8.78. Found: C, 49.39; H, 4.79; N, 7.60; F, 15.36; Cu, 8.71

X-ray Crystallography. The intensity data were collected in the
w—20 mode, at room temperature, on an Enraf-Nonius CAD4 diffrac-
tometer equipped with a graphite monochromator for the Mo(K= Figure 3. View of Cu(tfack(IMPh), (1) with ellipsoids drawn at the
0.7106 A) radiation. Cell constants were derived from the least-squares30% probability level.

fit of the setting angles for 25 selected reflections with ¥00 < 15°.
The structures were solved and refined using the SHEL*X$aftware. Table 2. Selected Bond Lengths (A) and Angles (deg) foand2

All non-hydrogen atoms were refined with anisotropic thermal param- 1 2

eters. The hydrogen atoms were included in the final refinement model Cu—-01 1.895(4) 1.948(4)

in calculated position with isotropic thermal parameters. Crystal Cu-04 1.956(4)

structure and refinement data for compouddmd?2 are summarized Cu-03 2.992(4) 3.012(5)

in Table 1. Cu—-N1 1.995(2)
Magnetic Susceptibility MeasurementsThe magnetic susceptibili- 02—-N2 1.267(6) 1.263(5)

ties were measured on the bulk materials in the3@0 K temperature 04—N1 1.308(5)

range with a Quantum Design MPMS superconducting SQUID mag- 01-Cu-04 92.5(2)

netometer operating at a field strength of 0.5 T. The data were corrected 01-Cu-N1 88.7

for diamagnetism of the constituent atoms using Pascal constants.
. . observed for the uncoordinated N®2 in 1 and2, respectively,
Results and Discussion 1.267(6) and 1.263(5) A (Table 2). The lengthening of the\
Description of the Structures. Views of the molecular bond is a general trend observed in the coordination of nitronyl
structures ofl and 2 are shown respectively in Figure 2 and hitroxide radicals, and the Ni04 bond length is in agreement
Figure 3. Selected bond lengths (A) and angles (deg) are listedWith previous reports® Generally the more marked is the

in Table 2. lengthening the stronger is the magnetic interaction. The torsion
Cu(tfach(NITPh), (1). The molecular unit ofl consists of ~ angle between the nitronyl nitroxide fragment and the phenyl
one (trifluoroacetate)copper(ll) moiety (Cu(tfachound with ring is 24.84. The geometrical features relevant for the

two radicals (NITPh) through an oxygen atom of one of their understanding of the magnetic properties are given hereafter.
NO groups (Figure 1). The molecule is centrosymmetrical with The angle CtrO4—N1 is 121.7(3). The O4-N1—-C3-N2—
the copper(ll) ion at the inversion center. The -€D3- 02 plane containing the unpaired electron makes angles of 86.98

(carboxylate) distance is 2.992(4) A, so that the trifluoroacetate and 86.72respectively with the CtO4—N1 and the O Cu—
(tfac) anion is unidentate with the copper(ll) ion in a slighty ©O4 planes. The shortest intermolecular distances between the

distorted square planar surrounding. The distances@  uncoordinated NO groups are greaterrth& A (02-02i,
(carboxylate) and GuOA4(nitroxyl) are 1.895(4) and 1.956(4) 4.095(8) A; O2-N2ii, 4.938(7) A (ii: 1—x, -y, =2).
A, respectively, and the GICu—04 angle is 92.5(2) The N1- Cu(tfac)z(IMPh) > (2). The molecular structure &is similar

04 bond length is 1.308(5) A and departs markedly from those to that of1, but with the imino nitroxide (IMPh) in place of the

(15) SHELXTL,Ver. 5.030; Bruker AXS: 1994. (16) Caneschi, A.; Gatteschi, D.; Rey,f#og Inorg. Chem1991, 30, 331.
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Figure 4. Thermal dependence of tg& product for Cu(tfag(NITPh),

(1) and Cu(tfac)IMPh), (2). The solid line for2 is calculated with

the parameters reported in the text. Figure 5. Geometrical parameters relevant to the magnetic interaction
between the two NO groups.

nitronyl nitroxide (Figure 2). As fod, the molecular unit of
consists of one (trifluoroacetate)copper(ll) (Cu(tidd)ound
with two radicals (IMPh). The radicals are coordinated to the
copper(ll) ion through the imino nitrogen atom, due to its strong
donor character. Here again the trifluoroacetate (tfac) is uni-
dentate, and the molecule, centrosymmetrical at the copper(ll)
ion in a square planar surrounding. The distances-Ci-
(carboxylate) and CuN1(imino) are respectively 1.948(4) and
1.995(4) A, and the 02Cu—N1 angle is 88.7(2) The torsion Figure 6. Schematic representation of the interaction between the
angle between the imino nitroxide fragment and the phenyl ring magnetic orbital of square planar copper(ll) and nitroxide radical (a)
is 37.80. The geometrical features relevant for the magnetic in 1 and (b) in2.

properties are as follows: the copper plane-@L—N1 makes

angles of 83.18 and 8%.6vith the N1-C3—N2—02 and Cu- netic coupling between the magnetic centers must be a few
N1—C3 planes, respectively. The shortest intermolecular dis- hundred of cm?, to overcome the thermal population of the
tances found between the uncoordinated NO groups for com-higher spin states at room temperature. This allowed us to

(b)

pound2 (02—02ii, 3.390(9) A; 02-N2ii, 3.473(7) A (ii: 1— eliminate case i. Indeed, from previous works we know that

X, —y, —2)) are noticeably shorter than those for the extent of the coupling between two NO groups relies, both
Magnetic Properties. The temperature dependence of the ON the separation and on the relative orientation of their

magnetic susceptibility has been measured down2 K for orbitalg®*#19 (Figure 5). In1, the intermolecular plane N2

both complexed and2. The results are displayed in the form O2—N2ii—O2ii made by the two noncoordinated NO groups,
of the product of the magnetic susceptibility with the temperature Makes a5 angle of 47.02 with the planes of the nitronyl
(T) versus the temperatur)(in Figure 4 for both compounds nitroxide radicals (ONCNO). This arrangement of the two NO
1 and?2. groups is unfavorable to the overlap of the orbitals, which
Cu(tfac)y(NIT2Ph)2 (1). T = 0.4 emu K mot! at room are perpen_dicular to the plane of the__ radical (ONCNO). This
temperature and obeys a Curie law when the temperaturetogether with theo angle N2-O2—N2ii of 104.25, and the
decreases. Such a behavior exhibited by a tiree ¥/, spin large separation (0202ii, 4.095(8) A; 02-N2ii, 4.938(7) A
system (rag-Cu'—rad) is rather those of a magnetically (u: 1 —% Y 2), are not expected to favor antiferromagnetic
independens = %/, spin. This could be explained in either of ~interaction greater than a few cr . _
two ways, regarding which exchange coupling pathways are On the contrary, regardlng the ge(_)metrlcgl parameters in
predominant. (i) The main magnetic interactions are the COMPplex1, a strong antiferromagnetic interaction between the
intermolecular antiferromagnetic couplings between the radicals, central copper(ll) and the two radicals is quite realistic. Indeed,
and what we merely observe is the paramagnetism of the centrafhe angle CtrO4—N1is 121.7(3), and the O4N1-C3-N2—
copper(ll) ion. (i) The prevalent magnetic interactions are the O2 mean plane containing the unpaired electron of the radical
antiferromagnetic couplings of the copper(ll) idh € /) with makes an angle of 86.98ith the O1-Cu—04 plane. On the
the two coordinated nitroxide radicals NITPE (= S = 15). basis of previous work&16 these geometrical parameters and
Indeed, according to Kambe’s approdérand neglecting the the short dlstanqe CtO4 of 1.956(4_) A, fgvor a strong over_lap
exchange between the terminal radicas &), there are for  ©Of thes* magnetic orbital of the radical with thed,2 magnetic
such a three-spin systei®S,—S;) three spin states: two spin-  Orbital of thg planar copper(ll) ion (Flgure 6). Thls is undoubt-
doublet statesSy = Y, (S = 1), St = Y» (S5 = 0), and one eplly 'ghe origin Qf the strong .antllferromagnetlc coppef(II)
spin-quartet stateSr = ¥, (S3 = 1), with the relative energy ~ Nitroxide interaction. The coupling is strong enough that it does
given as 0~2J, and—3J, respectively, wher& = S, + S + not allow the thermal population of the spin-quartet stte=
SandSs=S + S 3/, (S3= 1) and of the spin-doublet stage = Y/, (3= 0). So
Moreover, the observer value at 300 K (0.4 emu K mot)
implies that, whatever the exchange pathway, the antiferromag-(18) flofgez'3€"; Grand, A Rey, P.; Subra, R.Am. Chem. Sod989

(19) Caneschi, A.; Ferraro, F.; Gatteschi, D.; Rey, P.; Sessolindtg.
(17) Kambe, K.J. Phys. Soc195Q 5, 48. Chem.199Q 29, 1756.
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only the ground spin-doublet steig = 1/, (S3 = 1) is occupied,
which means that the ®aoradical antiferromagnetic exchange
interactions are greater tharb00 cnT?. Such strong antiferro-
magnetic interaction is in agreement with previous founding
for copper(ll}-nitroxide complexed?®-22

Cu(tfac)z(IM2Ph); (2). xT is 1.85 emu K moi! at 400 K
and then decreases continuously to a zero value when cooling
This magnetic behavior is reminiscent 8f= 3/, spins which
are antiferromagneticaly coupled. A total s@re 3/, exhibited
by this other rae-Cu'-rad system, means that the central
copper(ll) ion is ferromagneticaly coupled with both radicals.
Indeed, in this case the order of the energy levels for a three-
spin systen%-5,-$ (S, = S = $ = Y,) is reversed compare
with the antiferromagnetic case previously describe. The ground
spin state is then the spin-quartet st@te= 3/, (S3 = 1), whose
associateg T value (1.875 emu K mol) corresponds to those
observed for compound at 380 K. As for compound, this

means that the magnitude of the exchange interaction must be

a few hundred of cm! in order to overcome the thermal
population of the higher spin states at room temperature. A
strong ferromagnetic interaction is, in that case, also realistic,
and it has been previously observed in copper(ll) complexes of
imino nitroxide?® Considering the molecular structure of
compound2, the coordination of the imino nitroxide by the
nitrogen atom occurs in such a way that the magnetic orbitals
are rigorously orthogonal. Indeed, the copper basal plane is
perpendicular to the plane €iN1-C3 from which thex*
orbital is perpendicular. In this geometry the overlap between
the copper(ll) magnetic orbital and th# orbital of the imino
nitroxide is forbidden, but because of the short-®L bond
length (1.995(4) A) the overlap density is large. This explains
the strong ferromagnetic interaction observed.iA simplified
scheme of the interactions between the magnetic orbitals is
shown in Figure 6.

The continuous decreasegf, which is then observed when
cooling, must be attributed to the intermolecular antiferromag-
netic couplings of the radCu'—rad complexes entitiesSf =
3/5). Indeed, in compoun@the shortest intermolecular distances
(02—021, 3.390(9) A; 02-N2I, 3.473(7) A (i 1— x, —y, —2))

Inorganic Chemistry, Vol. 39, No. 24, 2006513

Figure 7. View showing the close contacts between the noncoordinated
NO groups in2.

The best fit of the experimental data with this equation was

are found between the uncoordinated NO groups. Compare toobtained withg = 2.12 andJ = —7.1 cn* (Figure 4). The

compoundl these intermolecular distances are significantly
shorter, but overall the NO groups are favorably arranged in a
head-to-tail geometry (Figure 7). Indeed, the plane-Q2—
C3—NL1 containing the unpaired electron makeg angle of
88.1C with the intermolecular plane N202—N2i—02i, and

the a angle N2-0O2—N2i is 104.28 (Figure 5). These geo-
metrical parameters should favor a better overlap ofsthe
orbitals of the radicals in compoung, and hence stronger
intermolecular antiferromagnetic interactions than in compound
1. This explains that fo2 one observes a decrease/@f which
was not evidenced fdt. Moreover, because the copper(ll) ion

departure ofy from 2.0 accounts for both the radicals and the
copper(ll) ion contributions, while the exchange coupling
constant is in agreement with previous values found for such
an arrangement of intermolecular NOIO contacts. To sum-
marize, in compoun@ the central copper(ll) ion is ferromag-
netically coupled with both coordinated radicals. The ferro-
magnetic exchange interaction is so strong that at room

temperature the only occupied level is the spin-state quartet

= 3/,, which means that the copper(hitroxide coupling
constant is greater tha#500 cntl. Due to intermolecular
contacts between the uncoordinated NO groups, compainds

is at the inversion center, these intermolecular contacts areMust be considered, from the magnetic point of view, as a chain

symmetricaly experienced, and compo@ust be considered
from the magnetic point of view as an infinite chain of weakly
interactingS = 3/, spins. Accordingly, the temperature depen-
dence of the magnetic susceptibility was fitted considering an
infinite chain of S = 3/, spins antiferromagnetically coupled
according to the reported equatiéi®

¥ = (NFFA3KT)(S+ 1)[(1 + U)/(1 — U)]
whereU = cothK — 1/K, K = 2J§S+ 1)KT, S= %/, andH
—2JSS.

(20) Lim, Y. Y.; Drago, R. Slnorg. Chem.1972 11, 1334.
(21) Porter, C. L.; Doedens, R. lhorg. Chem.1985 24, 1006.

of antiferromagnetically couple8 = 3/, spins.

Conclusions

Significant magnetic exchange interactions between spin
carriers are of major concern, in view of the synthesis of
compounds exhibiting spontaneous magnetization. Our present
results are new examples that show how much metalical

(22) Laugier, J.; Rey, P.; Benelli, C.; Gatteschi, D.; ZanchiniJCAm.
Chem. Soc1986 108 6931.

(23) Luneau, D.; Rey, P.; Laugier, J.; Fries, P.; Caneschi, A.; Gatteschi,
D.; Sessoli, RJ. Am. Chem. S0d.991, 113 1245.

(24) Wagner, G. R.; Friedberg, S. Rhys. Lett.1964 9, 11.

(25) Smith, T.; Friedberg, S. A2hys. Re. 1968 176, 660.
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complexes can favor large magnetic exchange couplings, whichJoseph Fourier (UJF), and the 3MD Network of the TMR
may be either ferro- or antiferromagnetic, depending on the type program of the E.U. (Contract ERBFMRXCT980181).

of radical used. Supporting Information Available: ~Crystallographic data for
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