Crystal structures, magnetic and spectroscopic properties of
manganese(i1), cobalt(i1), nickel(ir) and zinc(i1) dichloro complexes
bearing two 2-pyridyl-substituted imino nitroxides f
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Four new complexes of formula [MCL,(IM2py),], where M = Mn(11), Co(11), Ni(11) or Zn(11); IM2py =4,4,5,5-
tetramethyl-2-(2-pyridyl)-imidazolin-1-oxyl, have been prepared, and examined from viewpoints of the crystal
structures, magnetic and spectroscopic properties. All the complexes crystallize in an isomorphous space group
C2/c with Z =4, and exist as discrete mononuclear molecules with OC-6-22 [cis(Cl)-trans(py)] geometrical
structure in the crystal. In the zinc(i1) complex a moderate intramolecular IM2py-IM2py antiferromagnetic
interaction (2J' = —19.1(1) cm ') is estimated by the magnetic susceptibility measurement. The magnetic
interactions between Mn(i1) and IM2py are found to be antiferromagnetic, J = —23.8(2) cm™!. Ferromagnetic
interactions of the complexes of Ni(i1) and Co(1) are inferred from the magnetic susceptibility. These magnetic
properties are substantiated by the variable temperature UV-vis-NIR spectra of which the intensities increase for
Mn(1) or decrease for Ni(11) and Co(1r) with decreasing temperature for the spin-forbidden d—d transition and/or

the metal(m1) do to IM2py SOMO n* CT transition.

Introduction

There have been a large number of investigations on transition
metal complexes of the nitronyl nitroxide NITR (2-R-4.4,5,5-
tetramethylimidazolin-1-oxyl 3-oxide), aiming at the so-called
metal-radical approach for molecular magnets."* On the other
hand, only a few papers have dealt with spectroscopic aspects in
connection with the magnetic properties.'*” We have demon-
strated the spin-forbidden transition intensity enhancements of
complexes of Cr(iir) and Ni(i) with NIT2py (Scheme 1)** and
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Scheme 1 The nitronyl and imino nitroxides.

the relations of the antiferromagnetic exchange constants with
the spin-forbidden d—d transition intensities "> or NMR contact
shifts'® in the NIT2py complexes of Ni(u) with various kinds
of P-diketonates. The UV-vis and luminescence spectral
changes on co-ordination of an NIT radical were also discussed
for the gadolinium(m) complex.'” As another type of spin
coupled system, di-, tri-, tetra-'® and one-dimensional ferri-
magnet polynuclear ' complexes with paramagnetic copper(ir)
and manganese(11) ions have been studied in connection with
magneto-optical devices where the spin-forbidden transition
intensity enhancements on cooling were examined in a quanti-
tative manner. However, there has been no study on the

T Electronic supplementary information (ESI) available: perspective
drawings of complexes 2-4, temperature-dependent vis-NIR spectra of
1 and 2, equations used in magnetic susceptibility data analysis. See
http://www.rsc.org/suppdata/dt/b0/b0102431/
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magneto-optical properties of metal complexes which give
spin-forbidden transition intensity enhancement on warming,
or the ferromagnetic interaction. For this purpose, the imino
nitroxide IM2py [4,4,5,5-tetramethyl-2-(2-pyridyl)imidazolin-1-
oxyl: Scheme 1] complexes seems to be appropriate, because it is
generally found in such complexes having magnetic do orbitals
such as [(Cu or Ni)(hfac),(IM2py)] (hfac=1,1,1,6,6,6-hexa-
fluoropentane-2,4-dionate) that there is a ferromagnetic inter-
action between Cu(m) or Ni(m) and IM2py,?*?! in contrast to
a strong antiferromagnetic interaction in the corresponding
NIT2py complexes.> The ferromagnetism of the IM2py com-
plexes is rationalized by considering the exchange coupling of
the metal do and radical unpaired electrons in the orthogonal
magnetic orbitals, owing to a planar five-membered chelate ring
formed by IM2py.?® In view of possible co-ordination of the
imino nitroxides via an imino-N atom to a metal centre which
could force the nearby ligating site sterically crowded by the
a-gem-dimethyl group into close contact with another ligand,*
the molecular structures of the IMR complexes are often
remarkably different from those of the NITR complexes.?*?’
While Luneau et al.* and other research groups ** have reported
the syntheses, crystal structures and magnetic properties of
transition metal(1r) dichloro complexes bearing NIT2py, there
has been no report on the corresponding IM2py complexes
so far. These points prompted us to compare the structures
and magnetic or spectroscopic properties between IM2py
complexes and the reported NIT2py complexes.

We will deal with the dichloro complexes of Mn(1r), Co(1),
Ni(11) and Zn(m) containing IM2py, [MCL,(IM2py),] (M =Mn
1,Co2,Ni3orZn4).

Experimental
Preparation

The nitroxide, IM2py, was prepared by the literature method.?®
Diethyl ether vapour was diffused into a methanol solution
(3 cm®) containing MnCl,4H,0 (0.50 mmol) and IM2py
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Table 1 Crystal data for complexes [MCL,(IM2py),] (M =Mn 1, Co 2, Ni3 or Zn 4)

1 2 3 4
Formula C,H;,C,MnNO, C,,H;,CL,CoNO, C,,H;,CLNgNiO, C,H;3,CLNO,Zn
M 562.40 566.40 566.16 572.84
T/°C 23 20 20 23
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group C2/c (no. 15) C2/c (no. 15) C2/c (no. 15) C2/c (no. 15)
VA 4 4 4 4
alA 18.454(2) 18.5308(8) 18.604(1) 18.550(3)
blA 9.156(2) 8.9969(5) 8.9489(6) 9.122(2)
clA 15.835(2) 15.931(1) 15.633(3) 15.806(2)
pr° 100.856(8) 101.837(4) 102.633(3) 102.46(1)
UIA? 2627.6(7) 2599.5(2) 2587.7(3) 2611.4(6)
u(Mo-Ko)/mm™ 0.739 0.899 0.993 1.179
Refln./param. 3846/163 2807/163 2815/163 3817/163
R1{F? F*>20(F?%} 0.038 0.036 0.035 0.033
wR(F?; all data) 0.110 0.090 0.088 0.093

(1.00 mmol) in a desiccator at room temperature, affording
brown plate crystals of [MnCl,(IM2py),] 1. The crystals were
collected by filtration and dried in air (60%) (Found: C, 51.18;
H, 5.77; N, 14.87. C,,H;,C1l,MnN,O, requires C, 51.26; H, 5.74;
N, 14.97%). mp (decomp.) > 300 °C. Brown plate crystals of
[CoCL,(IM2py),] 2, 50% (Found: C, 50.14; H, 5.64; N, 14.54.
C,,H;,Cl1,CoNO, requires C, 50.89; H, 5.69; N, 14.84%), mp
220 °C, and red-brown plate crystals of [NiCl,(IM2py),] 3, 70%
(Found: C, 50.60; H, 5.82; N, 14.43. C,,H;,Cl,N¢NiO, requires
C, 50.92; H, 5.70; N, 14.84%), mp (decomp.) > 280 °C, were
obtained by a similar method with use of CoCl,-6H,0 and
NiCl,*6H,0, respectively. Orange-red plate crystals of [ZnCl,-
(IM2py),] 4 were obtained from a reaction of ZnCl, and an
excess amount of IM2py in acetonitrile (80%) (Found: C, 50.27;
H, 5.62; N, 14.76. C,,H;,CI,NO,Zn requires C, 50.32; H, 5.63;
N, 14.67%), mp 155 °C.

Crystallography

The X-ray intensities of complexes 1 and 4 were measured
on a Rigaku automated four-circle diffractometer AFC-5R or
AFC-7R [graphite monochromated Mo-Ka radiation (4=
0.71073 A), w20 scan, 20,,, = 60°], those of 2 and 3 on a
Rigaku imaging plate area detector R-AXIS Rapid [graphite
monochromated Mo-Ko radiation (1=0.71073 A), 26,.,. =
55°). The structures were solved by the direct method using the
SHELXS 86 program? and refined on F? by full-matrix least
squares using SHELXL 97.%° Crystal data are summarized in
Table 1.

CCDC reference numbers 161343-161346.

See http://www.rsc.org/suppdata/dt/b0/b010243l/ for crystal-
lographic data in CIF or other electronic format.

Measurements

The magnetic susceptibility data were collected with a SQUID-
based sample magnetometer on a QUANTUM design model
MPMS instrument. Data were corrected for magnetization of
the sample holder and for the diamagnetic contributions, which
were estimated from Pascal’s constants. UV-vis spectra were
measured on a Perkin-Elmer Lambda 19 spectrophotometer.
An Oxford liquid nitrogen cryostat model DN1704 and a tem-
perature controller ITC 502 were used for the temperature-
dependent measurements.

Results and discussion
Crystal structures of complexes

Single-crystal X-ray analysis revealed that the complexes 1-4
crystallize in an isomorphous space group C2/c with Z = 4. Their
molecular and crystal structures are similar to one another,
where the central metal atom (M) lies on a crystallographic

Fig. 1 Perspective drawing of (OC-6-22)-[MnCl,(IM2py),] 1. Hydro-
gen atoms are omitted for clarity, and the thermal ellipsoids are drawn
at 50% probability level.

C, axis. A perspective view of the manganese(i1) complex 1 is
depicted in Fig. 1 (those of the other complexes are deposited
as ESI Fig. S1). The co-ordination geometry around the M(1r)
can be described as OC-6-22 [cis(Cl)-trans(py) isomer], which
is in contrast to the OC-6-12 [trans(Cl)-trans(py)] structure
found in the analogous complexes [MClL(NIT2py),] {M =
Mn(ir), Ni(11),> Cu(1)* or Co(11)*!}. The IM2py co-ordinates to
an M(m) via the pyridyl- and imino-N atoms to form a planar
five-membered chelate ring as found in [(Ni or Cu)(hfac),-
(IM2py)].***" The chelate ring is almost coplanar not only
to the pyridyl ring but also to the imino nitroxide moiety
(Table 2). This coplanarity seems to be a key factor for deter-
mining the different geometrical structures between the IM2py
and the NIT2py ones. That is, the trans(Cl) isomers of
[MCL,(IM2py),] are unfavourable due to the steric hindrance
arising from the o-gem-dimethyl group upon imino-N co-
ordination. The frans(py) geometrical structure around Ni(1r)
of the present dichloro complex 3 is also found for the recently
reported nickel(1r) moiety in [{Ni(IM2py),};{Fe(CN),},].*
Table 2 compares selected structural parameters of com-
plexes 1-4. Those of the IM2py moiety are very similar to one
another and to those of [(Ni or Cu)(hfac),(IM2py)];*** the
N-O bond lengths are in the range of 1.265(2)-1.271(2) A. The
bite angle of the IM2py chelate varies from 70.97(6) of 1 to
77.56(5)° of 3, but this variation seems to result from the differ-
ence in the M—N(1) and M-N(3) bond lengths. The deviation of
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Table 2 Selected structural parameters (A, ¢l°) for complexes [MCL(IM2py),] (M =Mn 1, Co 2, Ni 3 and Zn 4)

1 2 3 4
M-Cl1 2.4509(8) 2.4087(6) 2.4132(5) 2.3671(7)
M-N(1) 2.359(2) 2.213(2) 2.157(1) 2.352(2)
M-N(3) 2.304(2) 2.172(2) 2.111(1) 2.177(2)
N(@2)-O0 1.265(2) 1.269(2) 1.271(2) 1.266(2)
N(1)-M-N(3) 70.97(6) 75.32(6) 77.56(5) 73.20(6)
CI-M-CI' 101.03(4) 99.92(4) 97.24(3) 102.82(4)
N(1)-M-N(1") 90.91(9) 91.40(9) 93.24(8) 86.98(8)
N(3)-M-N(3") 164.89(9) 172.40(9) 174.44(8) 162.99(9)
M-N(1)-C(1)-N(2) 169.2(2) 169.0(2) 170.6(1) 168.2(1)
Plane MN,“ vs. plane im® 10.68(5) 10.40(7) 8.84(8) 12.04(6)
Plane MN,“ vs. plane py* 12.64(6) 7.96(6) 6.68(5) 10.37(5)
Plane im® vs. plane py* 3.002) 3.9(2) 4.1(2) 2.9(2)
Shortest intermolecular 5.567(5) 5.558(4) 5.559(4) 5.558(5)

O - - -0 distance

“ Defined by M, N(1) and N(3). ® Defined by O, N(1), C(1) and N(2). ¢ Defined by N(3), C(8), C(9), C(10), C(11) and C(12).

M-CI, M-N(1) and M-N(3) bond lengths among complexes
1-4 cannot necessarily be accounted for in a simple way by the
ionic radii of the metal(m) ions; Mn(1), 0.970; Co(m), 0.885;
Ni(m), 0.83; Zn(1r), 0.88 A.** In particular, the Zn-N(1) bond
length is remarkably longer than the Co-N(1), suggesting a
weaker Zn(m)-imino-N bond than the other M(i1)-imino-N.
The N(3)-M-N(3') bonds are not linear, but 162.99(9)—
174.44(8)°, probably owing to the smaller bite angle of IM2py
than the right angle. On the other hand, the CI-M-Cl’ bond
angle [97.24(3)-102.82(4)°] is relatively larger than 90°.

In contrast to a dimer unit of [(Ni or Cu)(hfac),(IM2py)]
with a short intermolecular N-O - - - O—N contact in the crystal
structures,”?! the present complexes [MCL(IM2py),] with the
shortest intermolecular O - - - O distance of more than 5.5 A are
considered to be discrete mononuclear molecules in the crystals.

Any attempts to prepare the corresponding complexes of
Fe(11) and Cu(i) were unsuccessful. In the case of Cu(i), the
difficulty to form the desired complex may arise from the steric
influence or the cis co-ordination of two IM2py chelates associ-
ated with the Jahn-Teller distortion expected for copper(i)
complexes. The reaction of FeCl,4H,0 and IM2py led to
decomposition of IM2py, giving a complicated mixture of
uncharacterizable compounds.

Magnetic properties

[ZnCl,(IM2py),]. The temperature dependence of the
molar magnetic susceptibility ( y,,) and the y, T product for
complex 4 are shown in Fig. 2. The y,,T product (0.758 cm® K
mol™ at 300 K) decreased on lowering the temperature
pointing to a singlet ground state and a moderate antiferro-
magnetic interaction. Below T, (17 K) where the y,, value
showed a maximum, y,, decreased to reach a minimum value
0.198 x 1072 cm® mol ! at 3.25 K and then increased on further
cooling (Fig. 2, inset). This non-zero value of y,, at the lowest
temperature is due to the presence of paramagnetic impurities
in the sample. It is possible that the paramagnetic impurity is a
tetrahedral four-co-ordinate mono(IM2py) species, [ZnCl,-
(IM2py)], which is not neglected in view of the formation of the
corresponding four-co-ordinate complexes with NIT2py*! and
6-methylpyridyl derivatives (NITmepy and IMmepy).** Taking
this contamination into account, the temperature variation of
Xm Was analysed over the whole temperature range measured
(the eqn. S1 for the analysis is given as ESI). Assuming that
the gg values of both bis- and mono-IM2py complexes are
equal to 2, the least-squares fitting gave the best fit parameters
of 2J'=-19.1(1) em™! (H= —2J'Sk"Sr,) and p (impurity
factor) = 0.0134(9) [R {=2Z( Xeate = Xobs)zlz)fobsz} =1.8x% 1073]'
Since the zinc(i1) complex exists as a discrete molecule in
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Fig. 2 Temperature dependence of the magnetic susceptibility for
complex 4 in the forms (a) y,, vs. T and (b) y,,T vs. T. The solid line
represents the best-fit calculated data. The inset shows an expansion of
the low-temperature region.

the crystal, the antiferromagnetism must originate from the
intramolecular interaction between two IM2py radicals.

Of the through-space and through-bond paths for transmis-
sion of the antiferromagnetic interaction, the former direct
path is plausible for the present case rather than the latter
via the diamagnetic zinc(1) centre as follows. No observable
absorption band corresponding to the zinc(i) dn to IM2py
SOMO 7*(N-O) CT transition in the region up to 42000 cm !
(vide infra) suggests that the location of zinc(i) dn orbitals is
too low in energy to mediate the magnetic interaction between
two imino nitroxide radicals by the through-bond path. This
is in line with the very recent case of [Zn(2,6-NIT,py),]-
[C10,],-2.5CH;CN  {2,6-NIT,py = 2,6-bis(4,4,5,5-tetramethyl-
imidazolin-1-oxyl-2-yl 3-oxide)pyridine}.”® Tt is claimed that
the antiferromagnetic interactions between proximate nitronyl
nitroxide radicals are propagated through space rather than
the through-bond path by which magnetic interactions are
promoted with difficulty owing to the high energy CT states.
Therefore, the intramolecular antiferromagnetism between
neighbouring IM2py ligands would originate from the through-
space interaction. This is in contrast to the analogous case
of the palladium(i1) complex trans-[PdClL,(IMmepy),], with 2J" =
—168.0 cm™',% where an intramolecular coupling between two
imino nitroxides via a filled dr orbital of diamagnetic Pd(11) has
been postulated by Oshio et al.

[MnCL(IM2py),]. The y,T product (4.21 cm® K mol™)
of the manganese(ir) complex 1 at 300 K is smaller than the
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Fig. 3 Temperature dependence of the magnetic susceptibility for
complex 1 in the forms (a) y, vs. T, (b) ymT vs. T and (¢) ' vs. T. The
solid line represents the best-fit calculated data.

expected value (5.125 cm® K mol™ for gy,=gg=2) for
independent spins system (Syy, =3 and Sg; = Sgy =1). The 3, T
product decreased with decreasing temperature, and gave a
plateau around 40 K (Fig. 3). The y,, T value of the plateau at
10 K was 1.95 cm?® K mol™, corresponding to S = 2. These facts
indicate antiferromagnetic interactions between Mn(m) and
two IM2py radicals with the ground quartet state characterized
as IS, Sg)=k 1) {8=Sun T Sg=Sun + (Sri + Sr2)}- In
order to neglect any intermolecular interaction, the temper-
ature variation of y,, at 7> 10 K was analysed on the basis
of the isotropic spin Hamiltonian H = —2J Sy;,(Sg; + Sg,) —
2J" Spi*Sgr, (see eqn. S2 of ESI). Assuming gg =2 and using
2J'=—19.1 cm™! estimated for the intramolecular interaction
in the zinc(1r) complex 4, the parameter values were estimated to
be gy = 2.033(1) and J = —23.8(2) cm ™! by least-squares fitting
(R=5.4x107%). The antiferromagnetic interaction between
Mn(11) and IM2py gives the lowest excited state [3, 1). The next
lowest excited state of |3, 0) is higher in energy by 2J + 2J' than
I3, 1), so that J' remains nearly independent in the fitting process.
In fact, for J' =0 cm™!, the resultant J value [—23.1(2) cm™!]
remained almost unchanged. The estimated antiferromagnetic
interaction (J=—23.8 cm™!) between Mn(u) and IM2py of
complex 1 is smaller compared to that of the analogous
NIT2py complex, [MnCL(NIT2py),] (J=—79 cm™').> This
results mainly from the difference in the co-ordination
structures between NIT2py and IM2py chelates. Owing to
the coplanarity of the imino nitroxide moiety to the
manganese(11) co-ordination plane, the SOMO of IM2py gives
an effective m-type overlap with one of the dn orbitals, and
is orthogonal to the other dm and two do orbitals of Mn(m).
In contrast, NIT2py co-ordinates to form a puckered six-
membered chelate ring,> which induces the SOMO of
NIT2py to have effective 6- and n-type couplings with all the
do and dn orbitals of Mn(i1). Therefore, a much less anti-
ferromagnetic contribution from the five d electrons of Mn(1r)
is realized for the IM2py complex than the NIT2py one as
expected.

A plateau in the y,,,T versus T plot indicates that the thermal
population exists within the ground quartet state below 40 K as
in Fig. 3. Therefore, a sharp decrease of y,,T below 4 K is due
either to zero-field splitting or to the intermolecular anti-
ferromagnetic coupling of the ground quartet state. The zero-
field splitting could be neglected, since the dominant local
anisotropy tensor of the ground quartet state, D,,,, is practic-
ally too small to give zero-field splitting."** Hence, a sharp
decrease of y,, T toward lower temperature is attributed to the
intermolecular magnetic interaction. From a plot of reciprocal
susceptibility ( y,, ') against T (Fig. 3, inset), a Curie—Weiss law
holds at temperatures below 20 K, and the Weiss temperature
is found to be 6 = —0.28 K. This very weak interaction results
from the shortest intermolecular O - - - O distance of more than

°%oesosmos

T
3
Co(11) complex 2 E "’g
F2
E1
9500 . §
T 0
0 50 100 150 200 250 300
T/IK
3
25

.r.,.,.”.,‘...,...,
- nN
(6]
T/cm? !
xmT/cm” K mol

T
-

,,,..
o
o

-0
0 50 100 150 200 250 300
T/K

Fig. 4 Temperature dependence of the magnetic susceptibilities for
complexes 2 and 3 in the forms (a) x, vs. T and (b) y,,T vs. T. The solid
line represents the best-fit calculated data.

5.55 A between discrete molecules in the crystal as evidenced by
the X-ray analysis.

[NiCL(IM2py),]. The magnetic properties of complex 3 with
the intramolecular IM2py-IM2py interaction as well as the
Ni(n)-IM2py one are of interest compared with the reported
large ferromagnetic properties in [Ni(hfac),(IM2py)] (2J=
+190 cm™")?! and the Ni()-Fe(m) cluster [{Ni(IM2py),},-
{Fe(CN)g},] (2J = +200-300 cm ).

The y,, versus T and y,,T versus T plots of complex 3 are
shown in Fig. 4. The y,,7 product gradually increased to the
maximum (2.79 cm® K mol ™) at 70 K, and decreased sharply to
1.71 cm® K mol ! at 4 K. The temperature variation of y,, was
analysed according to the isotropic spin Hamiltonian H = —2J
Sni(Sri + Sra) — 2J'Sk;*Sk, (see eqn. S3 in ESI). Assuming
gr=2and 2J' = —19.1 cm! for complex 1, the least-squares
fitting (R=1.9 x 107%) gave gy; = 2.024(7), 2J = 134(10) cm™*
and 0= —3.00(3) K. The fairly large ferromagnetic interaction
between Ni(11) and IM2py is also inferred from the dominant
population of the ground quintet state even at room temper-
ature as seen for the spectroscopic behaviour (vide infra). In this
analysis the resultant intermolecular interaction parameter
(0) is much larger than that of the manganese(i1) complex 1.
However, since 3 is isomorphous to 1, the intermolecular coup-
ling in complex 3 should be as weak as that in 1. Therefore, a
remarkable decrease of the y,7 product below 20 K is due
either to the zero-field splitting or to spin—orbit coupling.
Attempts at further analysis including two such terms have
been unsuccessful so far.

[CoCL,(IM2py),]. The y,, versus T and y,, T versus T plots of
complex 2 are shown in Fig. 4. The y,,T increased gradually
with decreasing temperature, similarly to that of the nickel(1r)
complex 3. This suggests the existence of ferromagnetic
interaction between Co(1r) and IM2py in 2.

For octahedral cobalt(ir) complexes the orbital contribution
must generally be included in order to interpret the low-
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temperature magnetic behaviour. Since it is difficult to make
an analysis with the orbital contribution, the higher temper-
ature magnetic susceptibility data above 50 K were simulated
on the basis of the simple isotropic spin Hamiltonian H =
—2J8¢o(Sr1 t Sgra) — 2J'Sgr1" Sk, (see eqn. S4 in ESI). During
the fitting process gz and 2J’ were set to be 2 and —19.1 cm™?,
respectively, for complex 1 and g, J, and 6 were parameter-
ized. The least-squares fitting gave gc, =2.431(6), J=14.9(6)
cm ! and 0= —7.2(3) K. As for the nickel(1) complex 3, the
0 value is estimated to be rather larger than the expected one
from the crystal structure, the inconsistent data at low temper-
ature being due to spin—orbit coupling and zero-field splitting.

Among three examples of cobalt(i) complexes with more
than one NIT radical centre, two show antiferromagnetic
interactions,'*"® whereas the remaining one, cis-[Co(hfac),-
(NITPhMe),] [NITPhMe =4.4,5,5-tetramethyl-2-(4-methyl-
phenyl)imidazolin-1-oxyl 3-oxide], is ferromagnetic.” For the
latter it was claimed that the lowest energy virtual ferro-
magnetic CT excited state was responsible for the ferromagnetic
interaction.” However, in complex 2, variable temperature
visible absorption spectra indicate that the lowest energy CT
state has the antiferromagnetic configuration with a spin quar-
tet (vide infra). Therefore, such an approach alone could not
interpret the magnetic properties in complex 2. Examination of
the magnetic orbitals in the dr (t,,) subshell of Co(i1) may make
it possible to account for fairly moderate ferromagnetic inter-
action as follows. Under the C, or holoherized D, symmetry of
complex 2, three dm (ty,) orbitals are split into one degenerate
(e,) and one non-degenerate (b,,) orbital. If the b,, orbital
could be located at higher energy than the e, antiferromagnetic
interaction is possible where the magnetic b,, orbital could
overlap with the IM2py SOMO. According to the Angular
Overlap Model (AOM) parameterization, the above orbital
splitting is assumed when the © interaction energy (2e,(imino) +
2¢,(Cl)) for the by, orbital is larger than that (e, (py) + €,(Cl))
for the e, 2e.(imino) > e (py) — €,(Cl), where the inequality
is not necessarily unreasonable for cobalt(r) complexes even
with the © donor character of pyridine.** In addition to the
ferromagnetic interaction (Jyzamr + Jage - 4amr) - Tesulting
from orthogonality between the d(z%) (e,) and d(x* — »?) (e,
orbitals and the IM2py SOMO, this antiferromagnetic contri-
bution (Jyg,,m~) leads to reduction of the ferromagnetic
interaction as compared with the reverse case (Jye,)aur) for the
magnetic e, orbital; i.e. J = 3(Jaeanr T Jaw - v + Jaopgver) <
ey + Jae - o + Jaepamr)- This suggests some possi-
bility to correlate the magnetic interactions with the ligand field
or AOM parametrization.

UV-vis-NIR absorption spectra

The UV-vis-NIR absorption spectra of complexes 1-4 in
CH,Cl, at room temperature are shown together with that of
free IM2py in Fig. 5. The similarity in spectral pattern between
CH,CI, solution and the solid state indicates that the molecular
structure of the complexes in the crystals, (OC-6-22)-cis(Cl)-
trans(py)-[MCl,(IM2py),], is retained also in CH,Cl, solutions.

The d-d transition bands. Of two weak NIR bands of the
nickel(11) complex 3 (Fig. 5), the lower energy band at 9670 cm ™!
with ¢ =6.8 dm*® mol™* cm™! accompanied by a shorter wave-
length broad shoulder is assigned as the first spin-allowed d—d
(®]A,—— °T,) transition band. The other rather sharper band
observed at 12100 cm™! with ¢=9.2 dm® mol ™! cm™! presum-
ably originates from an Ni(u)-centered spin-forbidden d—d
(®(A,—— 'E) transition. As compared with our recent study for
Ni(11)-NIT2py complexes,' it is clear that the present IM2py
complex 3 exhibits intensity enhancement for such a spin-
forbidden d-—d transition by borrowing MLCT intensities
through magnetic exchange coupling with the radical unpaired
electrons of the nitroxide. The exchange coupling between the
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transition band region.

d electrons of Ni(m1) and two of the IM2py unpaired electrons
allows the Ni(i)-centered ground A, and excited 'E states to
split into four (|S, Sg) =2, 1), |1, 1), |1, 0), |0, 1)) and two spin
states (|S*, Sg)y=|1%, 1), |0*, 0)), respectively. Therefore, the
originally spin-forbidden d-d *A,—— 'E transition becomes
spin-allowed due to the triplet-triplet |1, 1) or |I, 0)——>
[1*, 1) and singlet-singlet |0, 1)— |0*, 0) transitions with
the same spin multiplicity.

For complex 3 with ferromagnetic interaction between Ni(1r)
and IM2py, the formally spin-forbidden band originating from
the A,—— 'E transition is less intense (¢=9.2 dm® mol!
cm ') than that of the Ni(m)-NIT2py complexes with anti-
ferromagnetic interaction (¢ > 100 dm® mol™* cm™?), but larger
than that found for the Cr(m)Ni(m); tetranuclear compound
with a smaller ferromagnetic interaction (J=35.3 cm™!).%¢
Furthermore, the absorption band intensity of complex 3
decreased gradually on lowering the temperature (Fig. 6, inset)
while that of the Ni()-NIT2py complexes increased, resulting
from the different magnetic interactions between Ni(11) and the
respective nitroxides. For complex 3 the electronic transitions
from the lowest ground quintet state to the 'E-based excited
triplet and singlet states are actually forbidden. The depopu-
lation of the triplet or singlet ground states decreases the band



intensity on cooling as expected. This is the first example to
substantiate a ferromagnetically coupled system by the variable
temperature absorption spectra. We are now attempting to
make a quantitative analysis of the variable temperature
intensity change in connection with the magnetic exchange
parameter J.

The temperature dependence of the other NIR first spin-
allowed d-d 3A,—— *T, absorption band of complex 3 gives
some information about the magnetic interaction at the
nickel(r) °T, excited state, J*. The band position was signifi-
cantly blue-shifted by more than 450 cm™ (from 9670 to 10130
cm™!) and intensified by almost 1.5 times (from &=6.6 to 9.2
dm® mol™! cm ™) on cooling from 300 to 200 K. This shift value
is much larger than those of ordinary non-radical complexes;
for instance, [Ni(acac),(tmen)] (tmen = N,N,N',N'-tetramethyl-
ethylenediamine) shows a blue-shift of only 180 cm™* under the
same condition. The larger blue-shift of complex 3 results
probably from the weaker magnetic interaction at the T,
excited state as compared to that at the *A, ground state. This is
not an unlikely assumption, since the magnetic interaction with
two IM2py and each unpaired d electron in the do (e,) and
drm (t,,) orbitals for the *T, excited state would lead to some
reduction of the ferromagnetic interaction and conversely to
the appearance of the antiferromagnetic one, respectively, the
summation resulting in the decrease in J* value. In such a
situation the spin-allowed quintet-quintet transition requires
higher energy than the triplet—triplet or singlet-singlet transi-
tion, and the intensity of the quintet—quintet transition
becomes larger at lower temperature in view of the ground
quintet state.

For the cobalt(i) complex 2 the NIR absorption band at
8460 cm™! (¢ =9.3 dm® mol ! cm™!) following a higher energy
broad shoulder is due to the first spin-allowed d—d “T, — *T,
transition (Fig. 5). This band maximum and shoulder seem
to correspond to the holohedrized tetragonal splitting com-
ponents for the high-spin cobalt(ir) complex. Similarly to the
nickel(11) complex 3, the absorption band showed a remarkable
blue-shift, from 8460 cm™! at 300 K to 9180 cm™! at 200 K
(Fig. S2 in ESI). This is also correlated with the newly appeared
spin states due to magnetic interactions between the Co(1) and
two IM2-py radicals.

The charge-transfer transition bands. In addition to the d-d
absorption bands described above, the complexes of Mn(),
Co(m1) and Ni(11) 1-3 showed another band or shoulder in the
14000-17000 cm ™! region. Complex 3 gave a shoulder around
16000 cm™' (Figs. 5 and 6). The intensity of this shoulder
became weaker on cooling. This fact indicates that the excited
state of this transition does not include a quintet state, leading
to the spin-allowed transition from the depopulated next-lowest
ground triplet state to the excited triplet CT state or nickel(1r)
do to IM2py SOMO r*(N-O) CT (Scheme 2), the transition

Hvamsion - T4
' 1

spin-allowed CT transitions

L
eEE

Ni" (IM2py),

Scheme 2 The spin-allowed and spin-forbidden CT transitions for
[NiCL(IM2py),].

from the lowest quintet state being spin-forbidden. This result
substantiates the ferromagnetic interaction as inferred from the
magnetic susceptibility measurement.

The cobalt(ir) complex 2 exhibits variable temperature
behaviour for the shoulder around 15000 cm ™! similar to that for

the 16000 cm ™! shoulder of the nickel(ir) complex 3; the inten-
sity decreased on lowering the temperature (Fig. S2 of ESI),
resulting in a spin-allowed transition from the depopulated
next-lowest ground quartet state to the excited quartet CT state
with antiferromagnetic configuration (vide supra), the transition
from the lowest sextet state being spin-forbidden. This may be
due to the cobalt(1) do to IM2py SOMO n*(N-O) CT transi-
tion, as for the nickel(ir) complex. From this spectroscopic
behaviour a ferromagnetic interaction between Co(i) and
IM2py radicals is verified in accordance with the magnetic
susceptibility measurement.

The corresponding absorption spectrum of manganese(ir)
complex 1 was observed as a broad band at 15710 cm™'. In
contrast to the behaviour of the complexes of Ni(i) and
Co(1), the band intensity became larger on cooling (Fig. S3 of
ESI), leading to a spin-allowed transition from the lowest
ground quartet state to the excited quartet state. This is consis-
tent with the antiferromagnetic interaction between Mn(11) and
IM2py as demonstrated by the magnetic susceptibility meas-
urement. It is not clear whether the absorption band is due to
the CT transition from the manganese(tr) do or dn to SOMO
©*(N-0).

Concluding remarks

For the newly prepared bis(IM2py) complexes, stereospecific
formation with cis(Cl)-trans(py) geometrical structure is
demonstrated. The magnetic interactions between two IM2py
in zinc(11) complex 4 and between Mn(mr), Co(1r) or Ni(m1) and
IM2py in complexes 1, 2 and 3 are elucidated by the variable
temperature magnetic susceptibilities in combination with
the temperature-dependent UV-vis-NIR spin-forbidden or
spin-allowed d-d transitions and the do or dn to IM2py
SOMO CT.
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