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A compound of formula CuCl,(NITpPy),, where NITpPy = 2-(4-pyridyl)-4,4,5,5-tetramethylimidazolinyl-1-oxyl 3-oxide, was
synthesized. It crystallizes in the triclinic P1 space group with @ = 7.301 (1) A, b =12.693 (2) A, c = 14.984 (2) A, & = 79.79
(1)°,8=186.67 (1)°, vy = 83.92 (1)°,and Z = 2. The structure consists of dinuclear [CuCl,(NITpPy),}, centrosymmetric units.
The copper atoms are square-pyramidally coordinated by two nitrogen atoms of the pyridine rings and three chlorine atoms, two
of them bridging the copper ions. The N-O groups of the radicals belonging to different mononuclear units are at a relatively
short separation distance. The analysis of the magnetic susceptibility measurements and of the single-crystal EPR spectra at room
and liquid-helium temperatures suggests that the six S = !/, spins are antiferromagnetically coupled and that the interaction between
copper and radical through the nitrogen of the pyridine ring dominates. The interaction between radicals is also significantly
different from zero, and structural-magnetic correlations, based on the overlap of the magnetic orbitals, were attempted.

Introduction

Compounds in which nitronyl nitroxides, NITR, are bound to
metal ions have provided an exceptionally rich set of different spin
clusters, ranging from two to infinite in number.!® The simplest
clusters comprise one metal ion directly bound to either one or
two nitronyl nitroxides, and the study of their magnetic properties
provided basic information on the nature of the exchange inter-
action between metal ions and radicals, which was the basis for
the design”® of one-dimensional ferrimagnets that order as
three-dimensional ferromagnets below 10 K%' Between the
simple clusters of two or three spins and the infinite arrays, we
also synthesized systems containing a finite but large number of
spins.>* The quantitative interpretation of the magnetic properties
of these compounds is difficult because the number of spins to
be taken into consideration is large and the simplifications de-
termined by the translation symmetry of an infinite lattice are
not possible. However, much work can be anticipated in this area,
both for the theoretical and the practical interest that these
compounds have.!?"18

We are now searching for nitronyl nitroxide ligands that can
yield three-dimensional ferro- or ferrimagnetic structures when
bound to metal ions, with the aim to increase the magnetic
transition temperature dramatically compared to those of the
compounds synthesized so far.>!! One possibility is that of varying
the R group of the NITR molecules, introducing substituents that
can potentially bind to metal ions. In this frame we synthesized
the radical NITpPy (2-(4-pyridyl)-4,4,5,5-tetramethyl-
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imidazolinyl-1-oxyl 3-oxide), which is potentially tridentate though
the pyridine nitrogen and the two oxygen atoms, and we wish to
report here the crystal structure of CuCl,(NITpPy),, which al-
though has no three-dimensional magnetic character, was found
to be formed by dimeric molecules [CuCl,(NITpPy),], that al-
lowed us to study the magnetic properties of a cluster of six
exchange-coupled S = '/, spins. The difficulties we found in the
interpretation of the magnetic properties are well representative
of the difficulties of the systems with large but finite number of
spins, and we wish to show the necessity of using more techniques,
such as susceptibility measurements and EPR spectroscopy, to
obtain meaningful estimations of the exchange interactions. The
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Table I. Crystallographic Data and Experimental Parameters for
[CuCly(NITpPy),],

formula CH3NgO,CL,Cu mol wt 603.0
cryst syst triclinic space group  PI
a 7.301 (1) A o 79.79 (1)°
b 12.693 (2) A 8 86.67 (1)°
¢ 14.984 (2) A ¥ 83.92 (1)°
v 1357.8 A? z 2
density 1.475 g/em? U 8.18 cm™
temp 20 °C A 0.7107 A
refinement R = 0.0308,

R, = 0.0330

exchange parameters so obtained allowed us to discuss the
mechanism of exchange between metal ions and a nitronyl nitr-
oxide to which they are bound through a peripheral donor atom
rather than through an oxygen atom. Furthermore, we discuss
the exchange interaction between the N-O groups of the NITR
radicals, with the aim to obtain useful structural-magnetic cor-
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Table II. Positional Parameters (X10%) and Isotropic Thermal
Factors (A2 x 10%) for [CuCl,(NITpPy),],*

x/a y/b zfc U
Cu 816 (1) 917 (1) 4125 (1) 29
Cli -2059 (1) 887 (1) 4851 (1) 31
Ci2 3174 (1) 1463 (1) 3140 (1) 51
N1 -2860 (4) ~1851 (3) 940 (2) 40
N2 0(4) -1718 (3) 424 (2) 43
N3 22 (4) 54 (2) 3218 (2) 32
N4 2869 (4) 4461 (2) 7103 (2) 37
NS§ 5521 (4) 4160 (2) 6385 (2) 36
N6 1631 (4) 1798 (2) 5010 (2) 29
Ol -4290 (4) -1876 (3) 1472 (2) 64
02 -1625 (4)  —1444 (3) 299 (2) 85
03 1261 (3) 4338 (3) 7460 (2) 60
04 6763 (4) 3826 (3) 5849 (2) 71
Cl 1317 (5) ~586 (3) 2842 (2) 34
C2 974 (5) -1134 (3) 2165 (2) 38
C3 -813 (5) ~1046 (3) 1864 (2) 35
C4 -2172 (5) -426 (3) 2274 (2) 39
CS -1706 (5) 120 (3) 2937 (2) 37
Cé6 -1216 (5) -1546 (3) 1103 (2) 38
Cc7 -2868 (5) -2075 (3) -16 (2) 37
C8 -784 (5) -2346 (3) =202 (2) 37
C9 -4072 (7) -2970 (4) =51 (3) 66
Ci10 -3675 (6) -1036 (3) =595 (3) 56
cn -86 (7) -3514 (3) 129 (3) 56
Ci2 -85 (6) -1974 (3) -1160 (3) 52
Ci3 3409 (4) 1659 (3) 5228 (2) 33
Ci4 4152 (4) 2288 (3) 5747 (2) 35
Cl1s 3022 (4) 3100 (3) 6067 (2) 32
Clé 1158 (5) 3225 (3) 5869 (3) 39
C17 540 (5) 2560 (3) 5342 (2) 34
Ci8 3792 (4) 3869 (3) 6529 (2) 33
C19 3899 (5) 5401 (3) 7199 (2) 35
C20 5886 (4) 4928 (3) 6997 (2) 32
C2! 3172 (6) 6333 (3) 6486 (3) 55
C22 3532 (6) 5680 (4) 8137 (3) 59
C23 6829 (5) 4236 (3) 7805 (3) 48
C24 7148 (6) 5737 (3) 6498 (3) 50

9Standard deviations in the last significant digit are in parentheses.

relations for this type of interaction,

Experimental Section

Synthesis. The radical NITpPy was prepared as previously de-
scribed.'” A 1-mmol amount of CuCl,2H,0 and 2 mmol of NITpPy
were separately dissolved in ethanol. The two solutions were allowed to
diffuse through a frit. After 2 months green crystals suitable for X-ray
analysis were collected. The compound analyzed well for CuCl;-
(NITpPy);. Anal. Caled for CuCl,CyyH33NgOy: C, 47.80; H, 5.31; N,
4.65. Found: C, 47.76; H, 5.41; N, 4.55.

X-ray Structure Determination. X-ray data were collected on an
Enraf-Nonius CAD4 four-circle diffractometer with Mo K« radiation
at room temperature. Accurate cell parameters were derived by a
least-squares refinement of the setting angles of 23 reflections in the
range 8° < § < 15°. Experimental parameters are reported in Table SI
of the supplementary material, of which Table I is a condensed form.
The data were corrected for Lorentz and polarization effects but not for
absorption. The Patterson map revealed the position of the copper atom,
while the positions of the other non-hydrogen atoms were found by
successive Fourier and difference Fourier syntheses using the SHELX76
package.®  All non-hydrogen atoms were refined with anisotropic
thermal factors, and the final least-squares refinement, including the
contribution of hydrogen atoms in idealized position, converged to R =
0.031. The highest peak in the last difference Fourier map was less than
0.3 ¢/A%. Atomic positional parameters are listed in Table II, while
anisotropic thermal factors and coordinates of hydrogen atoms are
available as supplementary material in Tables SII and SIII, respectively.

Magnetic and EPR Measurements. Magnetic susceptibility in the
temperature range 5-300 K was measured by using a fully automatized
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Figure 1. ORTEP view of [CuCly(NITpPy),],.

Table HI. Selected Bond Distances (A) and Angles (deg)®

Cu—Cl1 2.308 (1) Cu-Cll’ 2.625 (1)
Cu-CI2 2.284 (1) Cu-N3 2.034 (3)
Cu-N6 2.031 (3) Cu-Cv’ 3.431 (1)
OI-NI 1.276 (4) 02-N2 1.265 (5)
03-N4 1.274 (3) 04-N$ 1.265 (4)

Cl1-Cu-ClV’ 92.1(1)  Cll-Cu-CI2 1606 (1)

Cl1-Cu-N3 90.6 (1)  ClI-Cu-N6 90.2 (1)

ClI-Cu-Cl2  107.2(1)  ClI’-Cu-N3 89.4 (1)

Cl1’-Cu-N6 91.6 (1)  Cl2-Cu-N3 89.5 (1)

Cl2-Cu-N6 89.5 (1)  N3-Cu-Né 178.9 (1)

¢Standard deviations in the last significant digit are in parentheses.

AZTEC DSMS susceptometer equipped with an Oxford Instruments
CF1200S continuous-flow cryostat and a Bruker B-E15 electromagnet.
Diamagnetic corrections were estimated from Pascal’s constants.

Polycrystalline powder and single-crystal EPR spectra were recorded
with a Varian E-9 spectrometer equipped with standard X- and Q-band
facilities. Variable-temperature spectra at X-band frequency were re-
corded by using an Oxford Instruments ESR9 continuous-flow cryostat.
A single crystal of CuCl,(NITpPy), was oriented with the diffractometer
mentioned above and was found to have the shape of a platelet with
largely developed (010) and (010) faces and elongation along the (100)
direction.

Calculations. The magnetic susceptibility was fitted by using a min-
imization procedure based on a standard MINUIT library?! on a IBM
4361/3 computer. The extended Hiickel calculations of the overlap
between the =* magnetic orbitals of two radicals were performed on the
same computer with two H,NO fragments. The H,NO moieties have
C,, symmetry and the following structural parameters: N-O = 1.28 4,
N-H = 1.00 A, and H-N-O = 120°. The Slater exponents as well as
the VSIP parameters are reported in Table SVII (supplementary mate-
rial).

Results

Crystal Structure. The structure consists of centrosymmetric
[CuCl,(NITpPy),], units shown in Figure 1. The copper(II) ions
are square-pyramidally coordinated to two chloride ions and to
two pyridine nitrogen atoms of two different NITpPy molecules,
which occupy equatorial coordination sites, while the axial position
is occupied by a chloride ion that belongs to the unit related to
the first by the symmetry operation (~x, -y, 1 — z). Selected bond
lengths and distances are reported in Table III. The equatorial
Cu—Cl bonds are shorter than the axial one (2.284 (1) and 2.308
(1) vs 2.625 (1) A). The two N-O groups of each NITpPy are
practically identical, and the N-O distances are shorter than
generally observed®#%® in coordinated groups, 1.27 vs 1.29 A, The
carbon atoms carrying the CH, groups are not in the plane of the
unsaturation. The dihedral angle of this plane with that of the
pyridine ring is 31.8° for both radicals. The four radicals, again
related by the operation (-x, -y, 1 - z), are stacked in pairs. The
N-O groups of two different nitroxides in a pair have the following
short contacts: O1-03 =3.794 A, O1-N4 = 3.668 A, N1-03
= 3.733 A, N1-N4 = 4,016 A. The planes of the stacked pyr-
idines form an angle of 11.9° with each other with an average
separation distance of about 3.6 A.

(21) James, F.; Roos, M. Comput. Phys. Commun. 1975, 10, 343.
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Figure 2. Temperature dependence of x, T for CuCl,(NITpPy),. The
solid line corresponds to the best fit with J = 7.4 em™, J/ = 0 cm™, J”
= 19.4 cm™, and g¢, = 2.12 (see text).

J\/ e

r18 1.0 12 124 tebgy 1.28

Figure 3. Polycrystalline powder EPR spectrum at room temperature and
Q-band frequency.
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Figure 4. Observed g factors in the rotations along a, b*, and ¢ at room
temperature (®) and at 4.2 K (©). The solid lines correspond to the
calculated values.

Magnetic and EPR Data. The temperature dependence of x T
for [CuCl,(NITpPy),], is shown in Figure 2. The room-tem-
perature value of x7, 1.12 emu mol™ K for the monomeric for-
mula, is slightly lower than expected for three uncoupled S =/,
spins and decreases steadily as the temperature in lowered, showing
that the spins are antiferromagnetically coupled. The value at
7 K is 0.21 emu mol~! K, lower than expected for one unpaired
electron.

Polycrystalline powder EPR spectra of [CuCl,(NITpPy),],
recorded at Q-band frequency at room temperature are shown
in Figure 3. They are typical of a rhombic S = !/, spin, with
g = 2.08, g, = 2.03, and g; = 2.01. From the corresponding
X-band spectra we could evaluate g, = 2.08 and g, = 2.03. At
4.2 K the X-band spectra are clearly rhombic, with principal g
values, g, = 2.01, g, = 1.99, and g, = 1.98.

Single-crystal spectra were recorded by rotating around the a,
b* = a X ¢ and ¢’ = a X b* axes at room temperature and at
4.2 K. Only one signal was observed at all crystal orientations
in the external magnetic field. The angular dependence of the
g tensor could be followed with the formulas appropriate to
Kramer’s doublets.?? The observed and calculated g values at

Caneschi et al.

Table IV. Principal Values and Directions of the g Tensor at Room
and Liquid-Helium Temperature?

room temp lig-helium temp
g direction g direction
g = 2.08 0.4860 g = 2.00 0.9271
-0.7866 0.2845
0.3810 0.2439
g = 2.03 ~-0.8603 g =199 0.3518
-0.3536 -0.4367
0.3672 -0.8279
g =201 0.1541 g = 1.98 0.1291
0.5062 -0.8534
0.8485 0.5050

@The direction cosines of the indicated g; values are referred to the
orthogonal frame ab*c’ defined in the text.

cie

Figure 5. Principal directions of g, at room temperature and g; at 4.2
K.

the two temperatures are shown in Figure 4. The corresponding
calculated g tensors are given in Table IV. Both polycrystalline
powder and single-crystal EPR spectra recorded at intermediate
temperatures show that the variation of g values is gradual, and
no evidence of any abrupt transition is found. The g values
decrease on decreasing temperature, and the direction corre-
sponding to the highest g value at room temperature is close to
that of the lowest g value at low temperature as shown in Figure
5. In fact g, at room temperature makes an angle of approxi-
mately 12° with the Cu~Cl1’ direction, while g; at low temperature
makes an angle of approximately 10° with the same direction.

Discussion

The simplest scheme of magnetic coupling that we can apply
to [CuCl,(NITpPy),], is as shown (where 1 and 2 correspond to
the spins of the copper):

3 JII { Jll 5

J J J

4 " 2 Jn 6
The corresponding spin Hamiltonian is

H= J(S3S4 + SSSG) + JSlSZ +
JAS1S; + 8185 + 5,8, + S5,8¢) (1)

The energy levels can be obtained for instance by coupling S, and
S, to give S},, S; and S, to give Sy, S5 and S¢ to give Ssq, then
S34 and Ssq to give S*, and finally S* and S, to give S. The
energies consequently can be labeled as E£(S,53455¢5*S). There
are five S =0, nine S = 1, five S = 2, and one S = 3 states. The
15125345 565*S) basis and the g factors are given in Table V, while
the nonzero matrix elements of (1) are given in Table SVI

(22) Schonland, D. S. Proc. Phys. Soc. 1959, 73, 788.
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Table V. Basis Functions |S,,53455¢5*S) and g Factors

no.  basis g factor no.  basis g factor
§=0
1 |11110) 4 101100)
2 J11010) S ]00000)
3 ]10110)
S=1
1121 g==/ge, + /g 6 [01111) g=g
2 UL g=" g+ /age 70101 g=g
3 |11101) g =gg, 8 |00l1l1) g=g
4 [11011) g=1Y8c. + /g, 9 [10001) g=gc,
5 10111y g="/age, + /a8
§=2 ~
1 |11122) g ='/egc, + /es: 4 |10112) g="/ygc, + )2z,
2 |1112) g="/ge, + /o8 5 j01122) g=g
30 (11012) g ="/gcu + /22
§=3

1 |11123) g ="/sge, + /38,

(supplementary material). The magnetic susceptibility can be
calculated by using standard procedures? allowing for different
g values of the different total spin states.

The large number of parameters needed in the fit makes their
significant determination rather problematic. The comparison
with the structural-magnetic correlation reported for chloride—
bridged copper dimers* suggests that J’is small (-8 < J' <8
cm™). Further sample calculations show that this parameter is
the one that least affects the calculated susceptibility. Therefore,
we decided to attempt to fit the data by arbitrarily fixing J’ =
0. The other parameter that can be reasonably fixed is g for
copper, which we take as gc, = 2.12, g for the radical being of
course g, = 2.00.

The relatively short contacts between radicals 3 and 4 and 5
and 6, respectively, suggest that indeed the exchange constant
relative to the radical-radical interaction, J, may be different from
zero. The fact that at low temperature the value of the suscep-
tibility is lower than expected for one unpaired electron also
requires that J”, the constant relative to the copper-radical in-
teraction, is different from zero. Even with only two parameters,
we found that we could obtain satisfactory fits either with J =
74 cm™, J”=19.4 cm™, and R = 2.24 X 10™* (fit 1) or with
J=228cm,J”=12.6 cm™, and R = 2.02 X 10~ (fit 2), where
R = (T (Vea = Voss)?/ = (oss)?) /2. The two solutions are com-
parable as far as the goodness of fit is concerned; therefore, it is
necessary to use additional experimental data to discriminate
between them. The EPR spectra do provide such information,
because (i) one signal is observed for every crystal orientation,
while in principle different signals, with fine structure, would be
expected for the different total spin states and (ii) the g values
are temperature dependent. A similar behavior was previously
observed in trinuclear copper complexes.?** The explanation
of this can be that weak intercluster exchange interactions effi-
ciently narrow the lines, averaging the fine structure of all the
multiplets. The Lorentzian line shape agrees with this interpre-
tation, which is also justified by the presence of contacts between
the N-O groups of the radicals belonging to different molecular
units. The temperature dependence of the g values must be
determined by the thermal population of the different S states.

At high temperature all the S levels are roughly equally pop-
ulated, because in these conditions the energy differences are small
compared to kT. The g values therefore must correspond to the
average of the values of the individual spins, i.e.

g = 2/I*!gr + 1/EIgCu (2)

Using this relation, we predict that the largest g value is observed
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parallel to the direction of the z molecular axis of the copper center.
In fact, we experimentally find that g, at room temperature is
close to the axial Cu-Cl! direction. If we assume g, = 2.00, then
(2) yields gc,; = 2.24, which seems to be a reasonable value for
a CuN,Cl; chromophore.”” With the same type of analysis we
calculate gc,; = 2.09 and gc,3 = 2.03, which again compare well
with the value expected for the CuN,Cl; chromophore.?” The
average gc, = 2.12 is the value chosen for the fitting of the
susceptibility.

When the temperature decreases, the thermal population of the
various S states is varied, and the g values must change, corre-
sponding to a different statistical weight of the various states. The
two best fits of the magnetic susceptibility we obtained agree in
setting a ground S = 0 state, with a triplet at ca. 10 cm™, which
at 4.2 K is thermally populated. The other multiplets are at higher
energy and are largely depopulated at 4.2 K. The g values for
the different multiplets can be calculated by using the eigenvectors
calculated from the diagonalization of the Hamiltonian matrix,
and the g values corresponding to the different basis functions
are given in Table V. The experimental g values at 4.2 K are
smaller than 2, suggesting that in the lowest triplet the [11121)
state has a large contribution. In fact, as shown in Table V, this
is the only state in which gc, is present with a negative coefficient.
Since gc, > g., this yields g < 2 for the state. This state corre-
sponds to a dominant J” interaction, as shown by the expression
of the energy, and can be diagrammatically described in the
following scheme:

3 1 5
4 2 6

We can expect that for this state the g value parallel to the z
molecular axis of the copper center is the smallest, and this is the
only one that has this property. Since the experimental g tensor
at low temperature has in fact the smallest component quasi
parallel to the z axis, we conclude that the [11121) state largely
contributes to the ground state.

The calculated g values for the low-lying triplets of the two fits
of the magnetic susceptibility are largely different from each other.
In fact for fit 1, g = 1.974, while for fit 2, g = 2.099. Therefore,
the former appears to be acceptable, indicating that J = 7.4 cm™!
and J” = 19.4 cm™! better reproduce the experimental data.

The conclusion of the previous analysis is that the copper-radical
interaction must be dominant, because only with this scheme we
can justify both the magnetic susceptibility and the EPR data.
The result can be surprising, because the unpaired electron is
essentially localized on the N-O groups and the pyridine nitrogen
is rather peripheral. However, ENDOR spectra of the solutions
of NITpPy show that a nonzero unpaired spin density is present
on the pyridine nitrogen,?® thus suggesting an effective mechanism
for coupling the copper and nitroxide orbitals. The intensity of
the interaction is much smaller than that observed in copper
nitroxide complexes in which the radical binds in an equatorial
position through the oxygen atom, where the coupling constant
has been estimated to be larger than 500 ¢cm™.149-32

The relatively large coupling constant between copper and
NITpPy shows that in principle it might be possible to obtain
extended networks of magnetically coupled spins with this radical

and appropriate metal ions that can bind to the N-O groups. We
are currently working in this direction.
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Table VI. Geometrical Parameters Relevant to the Exchange
Interaction between Noncoordinated NO Groups of Nitronyl
Nitroxide Radicals

r d a B I ref*

CuCly(NITPh), 1.27 353 979 84 135 33

[Ni(hfac),NITEt], 1.28 3.44 653 66 72 2

[CuCL(NITpPy),], 1.27 3.73 768 56 7.4 this work
367 723 79

Some comments are still in order on the value of the coupling
constant between the radicals. We previously determined the
values of the coupling constants between NITR radicals in
CuCl,(NITPh),, J = 135 cm™,3? and Ni(hfac),NITEt, J = 72
cm™l.23  As a consequence, the experimental results show that
the coupling between the radicals is in the order CuCl,(NITPh),
2 Ni(hfac),NITEt = CuCl,(NITpPy),.

In order to try to rationalize the observed trend, we used overlap
considerations between the N-O groups in the assumption that
the observed coupling constant is the sum of a ferro- and an
antiferromagnetic contribution, and the latter is mainly determined
by the square of the overlap between the interacting fragments.

The geometrical parameters relevant to the interaction are
shown as follows:

01 a1
‘(
/
/
Pt
i

Oz

We have made the simplifying assumption that the two groups
are related by an inversion center. Beyond the N1-O2 distance,
d,, and the O1-N1-02 angle, «, the other important parameter
is 8, the angle between the direction of the 7* orbitals of the NITR
radicals and the perpendicular to the plane defined by the N1-O1
and N2-0O2 groups. The parameter r is bound to the specific
nature of the nitroxide involved in the interaction, and it is also
expected to play a role in determining the extent of the magnetic
coupling. The values of the parameters for the compounds of
interest here are shown in Table VI. We will try to evaluate the
role of the parameters that are bound to the reciprocal geometry
of the two nitroxides without taking into account the different
nature of the individual radicals. Two limit cases can be described,
one corresponding to 3 = 0° and the other to 8 = 90°. In the
former the 7* orbitals of the two fragments overlap in a = fashion,
while in the latter the overlap is of the ¢ type. As a consequence,
the antiferromagnetic interaction is expected to be larger for 8
= 90° than for 8 = 0°, as shown in Figure 6a.

For a given distance between the two N-O bonds, d, the overlap
is maximum for « close to 90° and decreases when o deviates from
this value, eventually changing sign. The actual value of the
maximum overlap depends on the delocalization of the unpaired
electron on the N and O atoms and also on the d, distance.
Finally, an increase in d; will decrease the overlap.

With these considerations in mind we rationalize the observed
trend of J values in this way: CuCl,(NITPh), has the highest
coupling because it has the 8 value close to 90°, a relatively short
d,, and a close to 90°. Ni(hfac),NITEt is the second because
it has a very short d,, but 8 and « are rather far from 90°.
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Figure 6. Variation of the overlap (in arbitrary units) between the =*
orbitals of two H,NO moieties: (a) 8 varied with r = 1.28 A, a = 90°,
and d = 3.0 A: (b) a varied withr = 1.28 A, 8 =90°, and d = 3.0 A
(see text).

[CuCl,(NITpPy),], does not have an inversion symmetry;
therefore, the geometrical parameters are rather different one from
each other. However, it is apparent that d, values are significantly
larger than those of the other two compounds and also the 38
parameters are largely different from 90°. The geometrical pa-
rameters seem to justify the small J value shown in Table VI.

Conclusions

The analysis of the magnetic properties of large clusters of spins
requires the use of more experimental techniques, and EPR
spectroscopy is an ideal tool complementary to magnetic sus-
ceptibility measurements.

The most surprising feature of the analysis of the exchange
parameters for [CuCl,(NITpPy),], is the discovery that the
pyridine nitrogen can transmit a significant exchange interaction,
opening new exciting perspectives for the use of NITPy ligands
in the synthesis of magnetic materials.

Finally, the useful structural-magnetic correlations established
here for NITR radicals separated by relatively long distances open
new perspectives for understanding long-range interactions between
free radicals in crystals.
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