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A chain complex of diruthenium(II,IIT) cation dimer linked by a nitroxide radical, [Ru2(02CCMe;)4(nitph)],(BFE4),
(nitph =2-phenyl-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-1-oxyl 3-N-oxide), has been prepared and characterized.
The structure with an alternating alignment of Ru(II,IIT) core and nitph has been confirmed by the X-ray crystal analysis.
The magnetic moment decreased steadily with decrease of temperature, against the expectation of ferrimagnetic behavior
based on the alternated alignment of $; =3/2 (for Ru(Il,I) core) and S; = 1/2 (for nitph). It has been found that the zero-
field splitting plays an important role in the magnetic behavior in addition to the interaction between the Ru(I,IIl) core and

119

nitph.

Recently, many types of polymers of transition metal com-
plexes linked by bridging ligands have been prepared.'—®
Some of them have shown interesting physicochemical prop-
erties. In order to obtain such properties, the combination of
metal complexes and ligands must be carefully chosen.

We have been engaged in the preparation of the polymers
constructed by M,(0,CR),%* (M=Cu, Mo, Ru, and Rh) and
bidentate ligands.” Among the M, dimers, Ru(II,Il) dimer
has more than one unpaired electron in the degenerate or-
bitals (0>m*%(n*8*)?). This attracted our interest to use
the dimer as a unit bridged by the ligand to produce para-
magnetic polymers. Such studies have been made on the
chain complexes of Ruy(0,CR)4* (R =Me and Et) bridged
by phenazine and pyrazine.” We have initiated a research
project concerning the polymer complexes of Ru,(0,CR),*
bridged by nitroxide radicals with the expectation that the
polymers would give the ferrimagnetic properties®>® which
originate from the alternated [S=3/2 (Ru(II,Il) dimer)] —
[S=1/2 (nitroxide radical)] alignment. The fairly strong
antiferromagnetic interaction between a Ru, cation and a
nitroxide radical has been already confirmed for the com-
plex [Ruz(02CCMes)4(tempo), ][Ruz(02,CCMes)s(H,0);3]-
(BF,), (tempo=2,2,6,6-tetramethylpiperidine-1-oxyl) (1).”
Here, we present crystal structure and magnetic properties of
achain complex [Ru,(0,CCMes )4 (nitph)],(BF4), (nitph=2-
phenyl-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-1-oxyl
3-N-oxide) (2). To our knowledge, crystallographically
characterized nitroxide adduct complexes of Ru(Il,II) or
" Ru(II,LIM) dimer have been limited to only two examples:

Ru,(0,CCF3)4(tempo), ¥ and1. A preliminary account of
this study has been previously reported.”

Experimental

The starting material [Ru,(0,CCMes)4]BF4 was prepared by a
similar procedure to that described in the literature.'?

Preparation of [Ru,(0,CCMes)4(nitph)].(BF4), (2). A ben-
zene solution (5 cm?) of nitph (8.2 mg, 0.035 mmol) was added to
a benzene solution (5 cm®) of Ruz(0,CCMes)sBF; (19 mg, 0.027
mmol) under argon atmosphere.  After the solution was stirred
overnight at room temperature, the precipitate was filtered, washed
with benzene, and dried by heating at 80 °C under vacuum. Yield:
18.8 mg (75% based on [Ruz(02,CCMes)4]1BF4). Anal. Found: C,
42.58; H, 5.44; N, 3.00%. Calcd for C33Hs3BFsN2OjoRuz: C,
42.77; H, 5.76; N, 3.02%.

Measurements. Elemental analyses for carbon, hydrogen,
and nitrogen were carried out using a Yanako CHN CORDER MT-
5. Magnetic susceptibilities were measured by the Faraday method
over the 5—300 K temperature range. The apparatus was cali-
brated using [Ni(H,NCH,CH,NH,)3]S205.1? The susceptibilitics
were corrected for diamagnetism of the constituent atoms using
Pascal’s constants.'?

X-Ray Crystal Structure Analysis.  Crystals suitable for a
single-crystal X-ray structure determination were obtained from
a benzene solution as those with solvated benzene molecules,
[Ruy(0,CCMes)4(nitph) 1, (BF4), - 2n(benzene) (2-2n(benzene)) by
slow diffusion technique using H-shaped tube. The unit-cell pa-
rameters and intensities were measured on an Enraf-Nonius CAD-
4 diffractometer with graphite-monochromated Mo Ka radiation
(A =0.71073 A) at 25£1°C. The intensity data were collected by
w—26 scan technique and were corrected for Lorentz-polarization
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effects and absorption. The transmission factors were in the range
0.96—1.00.

Crystal Data: RU2F4010N2C45BH65, FW.= 1082.96, mono-
clinic, space group P21/n, a=23.582(8), b=20.528(3), c=11.087(4)
A, B=93.33(2)°, V=5358(3) A%, Z=4, Dpn=1.35,D.=1.34 gcm 2,
1Mo Ka)=6.14 cm ™!, crystal dimensions 0.42x0.25x0.17 mm?.
Of the 8676 reflections measured in the range 2.0 <28 < 48.0°,
4106 with I > 30(I) were assumed as observed. The structure was
solved by direct methods and refined by full-matrix least-squares
method. All non-hydrogen atoms were refined with anisotropic
thermal parameters. There are disorders at three carbon atoms on -
butyl group of pivalate and hence they are divided into two positions
with same weights, respectively. Hydrogen atoms were inserted at
their calculated positions and fixed at their positions. A weighting
scheme w = 1/[6%(|F,|)+(0.02|F,|)* + 1.0] was employed. The fi-
nal discrepancy factors were R=>_||F,| — |F¢|| /> |Fo] =0.061 and

w = [SW(|Fo| = |Fe|)? /32 |Fo|*1Y? = 0.069.

All the calculations were carried out on a Micro-VAX station
4000 (90A) with the MolEN program package.'¥ The atomic co-
ordinates and thermal parameters of non-hydrogen atoms are listed
in Table 1. The anisotropic thermal parameters of non-hydrogen

Nitroxide Chain Complex of Ru(ILIll) Dimer

atoms, the atomic coordinates and temperature factors of hydrogen
atoms, and the F, — F. tables were deposited as Document No.
70050 at the Office of the Editor of Bull. Chem. Soc. Jpn.

Result and Discussion

The elemental analysis revealed that the complex has a
stoichiometry Ru,(0,CCMes),* :nitph : BE,~=1:1:1even
though excess nitph was used for the reaction. Analysis of
the complex before drying by heating under vacuum showed
the presence of benzene in the crystal.

In Fig. 1, the crystal structure of 2-2n(benzene) is shown.
The Ru,(0,CCMes), unit is axially coordinated by nitph to
form a chain structure with an alternating arrangement of the
Ru; dimer and nitph. Selected bond distances and angles are
givenin Table 2. The axial Ru—O bond distances are 2.264(8)
(for Rul-09) and 2.236(8) A (for Ru2-010’). These val-
ues are a little larger than those of 1 (2.184(3) A) and
Ru,(0,CCFs)4(tempo), (2.136(5) A (201 K) and 2.162(4)
A (293 K)).'® The Ru—Ru bond distance of 2.266(1) A is in

Table 1.  Fractional Positional Parameters and Thermal Parameters of Non-Hydrogen Atoms with Their Estimated Standard
Devitations in Parentheses

Atom x ¥ b4 Beq/f\2 3 Atom x y b4 Beq/A2 9
Rul 0.72008(4) —0.38803(5) 0.67234(9)  2.63(2) Cl4  0.70049) —0.597(1)  0393(2)  9.3(6)”
Ru2  0.75167(5) —0.48327(4) 0.75481(9)  2.66(2) C15 0.609(1) © —0.544(1)  04322) 11.8(7)Y
F1 0.9397(5)  —02152(7)  0.428(1) 10.9(4) Cl6  0.8342(5) —0.4200(7) 0.619(1)  3.8(3)
F2 0.9512(5)  —0.1933(8)  0.237(1):  12.7(4) C17 0.8900(6) —0.4123(7) 0.556(1)  5.4(4)
F3 0.8758(7)  —0.2387(9)  0.288(2) 18.0(6) C18 0.8788(9) —0.408(1)  0.426(2)  9.0(5)”
F4 0.8902(7)  —0.1428(8)  0.342(1) 15.1(5) C19 0.9304(8) —0464(1)  0.595(2) 845
o1 0.7495(4) —0.3408(4) 0.8228(7) 3.9(2) 20 0.917(1) —~0.350(1) 0.606(2) 9.9(6)”
02 0.7801(4)  —0.4350(4)  0.9042(7) 3.7(2) Cc21 0.6874(5) —0.1890(5) 0.676(1)  3.2(3)
03 0.6446(3)  —0.4032(4)  0.7430(8) 3.7(2) C22 - 0.7221(6) —0.2088(6) 0.485(1)  4.4(3)
04 0.6756(3)  —0.4964(4)  0.825 1(7) 3.6(2) C23 0.7546(6) —0.1483(6)  0.542(1) 3.903)
05 0.69104)  —0.4353(4)  0.5226(7) 3.7(2) C24  0.6551(5) —0.1935(6) 0.785(1)  3.6(3)
06 0.7217(4)  —0.5298(4)  0.6039(7) 34(2) C25 0.6701(7) —0.1584(7) 0.886(1)  5.3(4)
o7 0.7964(4)  —03762(4)  0.6013(7) 3.8(2) C26  0.6392(8) —0.1608(9) 0.983(1)  6.9(4)
08 0.8269(3) —0.4707(4) 0.6818(7) 3.6(2) 27 0.5905(7) —0.1973(9)  0.987(2) 8.5(4)
09 0.6782(4)  —0.2955(4)  0.6006(8) 4.12) C28 0.5735(6) —0.2318(9) 0.885(2)  7.2(4)
010 0.7086(4)  —0.0783(4)  0.6891(8) 4.1(2) C29  0.6059(7) —0.23098) 0.787(2)  6.1(4)
Nl 0.6964(4)  —0.2359(5)  0.5962(9) 3712 C30  0.7595(7) —0.2585(7) 0.429(1)  5.8(4)
N2 0.7147(4)  —0.1339(4)  0.6402(9) 312 C31  0.6727(8) —0.1908(8) 0.400(1)  6.7(4)
Cl 0.7742(6)  —0.3734(6)  0.908(1) 3.93) Cc32 0.8111(6) —0.1633(8) 0.604(1)  5.2(4)
c2 0.7973(8)  —0.3372(8)  1.021(1) 6.3(4) €33 0.7564(7) —0.0915(7) 0457(1)  5.5(4)
C3a 0.826(1) —0.273(2) 0.978(3) 6.2(7)” C34 0.523(1) —0.132(1) 0.430(2) 11.5@8)”
C3b  0.863(2) —0.340(2) 1.014(4) 8(HY C35  0.524(1)  —0.135(1)  0.5413)  13.09)”
Cd4a  0.833(1) —0.375(2) 1.102(3) 6.8(8)? 36 0559(1)  —0.085(1)  0.602(2) 12.3(8)”
C4b  0.782(1) —0.376(2) 1.134(3) 6.6(8)” C37 0.580(1) —0.041(1)  0533(2) 11.5(7)Y
C5a 07392  —0315(2) 1.085(4) 81 C38  0.578(1)  —0.0382)  04133) 14.4(9)
C5b  0.776(2) —0.273(2) 1.034(3) 7.8(9)” 39 0545(1)  —0.092(2)  0.3473) 14.209)”
C6 0.6375(5) —0.4544(6) 0.805(1) 3.3(3) C40 1.0632(9) —0.160(1) —0.107(2) 9.4(6)h)
C8 0.574(1) —0.525(1) 0.919(3) 13.4(8) C42  1.0001(9) —0.188(1) ~0276(2)  8.5(5)”
C9 0.572(2) —0.415(2) 0.947(4) 19(1)® C43  0.9592(9) —0.195(1) —0.197(2)  9.3(6)”
C10  0.535(1) —0.449(2) 0.768(3) 15(1)? ca4 0.970(1) —0.186(1) —0.080(2) 11.2(7)"
Cll  0.6959(5) —0.4984(6)  0.520(1) 3.4(3) C45 102029) —0170(1) —0.0382)  9.5(6)”
Cl2  06707(6) —0.5343(7)  0.412(1) 47(3) 091738) —0200(1)  0321(2)  58(5)
C13  0.6722(9) —0.495(1) 0.300(2) 8.8(5)Y

a)  Anisotropically refined atoms are given in the form of the isotropic equivalent displacement parameter defined as:

@/3)

[a2B(1,1)+b*B(2,2)+cZB(3 ,3)+ab(cos y)B(1,2)+ac(cos B)B(1,3)+bc(cos @)B(2,3)]. b) Atoms were refined isotropically.
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Fig. 1.

ORTEP view of [Ru(0>CCMes)4(nitph)].(BF4)n-2n(benzene) (2-2n(benzene)). Me groups of the pivalate ions, BF4 ™ ions,

and benzene molecules are omitted for clarity. Primes and double primes refer to the equivalent positions (3/2 —x, —1/2+y,

3/2—z)and (3/2—x, 1/2+y, 3/2 —7), respectively.

Table 2. Selected Bond Distances (A) and Angles (°) of
2-2n(benzene)®

Rul-Ru2 2.266(1) Ru2-08 2.010(8)
Rul-01 2.017(8) Ru2-010’ 2.236(8)
Rul-03 2.011(8) 09-N1 1.30(1)
Rul-05 2.009(8) 010-N2 1.28(1)
Rul-07 2.020(8) :
Rul-09 2.264(8) Ru2-Rul-09 172.9(2)
Ru2-02 2.012(8) Rul-Ru2-010’ 170.9(2)
Ru2-04 2.015(8) Rul-09-N1 131.7(7)
Ru2-06 2.018(7) Ru2-010'-N2/ 147.5(7)

a) Prime refers to the equivalent position (3/2—x, —1/2+y,
3/2-2).

the range of those reported for [Ruy(O,CR)4]* compounds
(2.24—2.30 A)."” The N-O bond lengths 1.30(1) and 1.28(1)
~ A show that the ligand nitph exists as a free radical.'®'” The
Ru—O-N angles are 131.7(7)° for Rul-O9-N1 and 147.5(7)°
for Ru2—010'-N2’, being different from each other. The
Ru2-010'-N2’ bond angle is close to the Ru-O-N angle val-
ues of 1 (151.5(3)°) and Ru;,(0,CCF;3)4(tempo), (158.2(3)°
(201 K) and 157.9(3)° (293 K)). As seen from the pack-
ing view of 2-2n(benzene) (Fig. 2), BF,~ ions and benzene
molecules are located between the chains so as to allow no
significant contact between the chains.

In Fig. 3, the variations of effective magnetic moments per
Ru(ILII) dimer with temperature (5—300 K) for 2-2n(ben-
zene) and [Ruy(0,CCMes)4]BF4-2H,0 are shown. The
magnetic moments for 2-2n(benzene) are considerably lower
than those for [Ruy(0O,CCMe;3)4]1BF4:-2H,0 in the whole
temperature range, which shows the existence of an anti-
ferromagnetic interaction between the dimetal center and the
radical. The magnetic moment is steadily decreased with
lowering of temperature. This behavior is against our expec-
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Fig. 2. Perspective view on ab plane of 2-2n(benzene). The
disordered carbon atoms on z-butyl groups are all depicted.

tation. The chain with the alternated arrangement of param-
agnetic centers having different spin states (S=3/2 (Ru(II,II)
core) and S=1/2 (nitph)) must show ferrimagnetic behavior
when the antiferromagnetic interaction is operative between
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Fig. 3. Temperature dependence of magnetic mo-
ments per Ru(Il,I0) units for 2-2n(benzene) (A) and
Run(02CCMe3)sBF4-2H,O (B). The solid line was calcu-
lated with parameters listed in Table 3. The dashed line
(C) is drawn by the equation based on the alternating ferri-
magnetic chain model of §1 =3/2 and S, =1/2 without zero-
field splitting term, the parameters being set at g1 =g>=2.00,
J=—120 cm™!, and @ =1. The dashed line (D) is drawn
by the equation based on the molecular field approximation
for the coupled (S, =3/2) — (S2 =1/2) unit, the parameters
being setat g1 =g2=2.00, z=2,J/=—120 cm™ L I =5cm™},
D=80cm™', and P=0.045 (fraction of impurity of ligand-
free Ru(IlIlT) dimer).

the paramagnetic centers.

In order to interpret the magnetic behavior, we used the
theoretical equation based on the alternating ferrimagnetic
chain model of §1=3/2 and S, =1/2 without zero-field split-
ting term'® for the analysis. However, we could not reach the
satisfied result; the continuous decrease of the magnetic mo-
ment at temperatures close to 0 K could not be simulated by
the equation as exemplified by the dashed line of Fig. 3(C).
The theoretical equation derived from the spin Hamiltonian
with consideration of zero-field splitting must be employed
for the analysis. Unfortunately, the quantitative treatment
based on the Hamiltonian is practically impossible because
the eigenvalue problem becomes too complicated due to the
introduction of the zero-field splitting term.

To simplify the problem, we applied the spin pair model
shown below for the present case (See Appendix and
Scheme 1). As seen in Fig. 3(A), the cryomagnetic behav-
ior of 2-2n(benzene) can be well simulated using magnetic
parameters given in Table 3 where J is the spin coupling con-
stant defined in Scheme 1, and gg, and gp;; are the g factors of
the Ru(II,IIT) core and the nitroxide ligand, respectively, D is
the zero-field splitting within the dimetal fragment, and P is
the fraction of impurity of ligand-free Ru(ILII) dimer. In the
fitting, the gg, and gy;; values were set to 2.00. The D value
is comparable to those for Ru,(0,CR)4* complexes.?>*1)

J J=0 J =0 J
~—(Ru2-Ru1)—(nitph)—(Ru2-Rul)—(nitph)—
$:=8/2 So=1/2 51=3/2 Sy=1/2
Scheme 1.

Nitroxide Chain Complex of Ru(ILIll) Dimer

Table 3. Fitting Parameters for the Magnetic Data

SRu 2.00
ni 2.00
J/ctm_' —100
D/cm™! 65

P 0.045
R/10*? 6.23

a) R=Y(Yovsa — Xealed)?/ Y (fobsa)”, Where x is the magnetic
susceptibility.

The validity of the analysis was evaluated by looking
into the bonding features around the axial sites of the Ru-
(II,IM) dimer. In Table 4, the bonding features and J val-
ues for 2-2n(benzene) and the other axially O-bonded nitr-
oxide complexes of My(O,CR),%* (M =Ru and Rh) re-
ported so far are summarized.*>'*® In the case of 1 and
Ru, (0, CCF3)4(tempo),, the interaction was interpreted with
the mechanism of the pathway based on the t* orbitals of
the N-O group of the nitroxide and diruthenium core judging
from their Ru~O-N bond angles, 151.5(3)—158.2(3)°.>'9 In
the case of the rhodium complexes, it has been considered
that a Rh—O-N bond angle close to 120° was suited for
the interaction between the radical spins through the Rh—Rh
bond with the o-pathway mechanism.” The Ru2-010'-N2’
bond angle of 2-2n(benzene) 147.5(7)° is comparable to the
Ru-O-N bond angles of the ruthenium complexes 1 and
Ru,(0,CCF3)4(tempo),, which may lead to an appreciable
antiferromagnetic interaction between the Ru, core and the
radical. The J value (= —100 cm™') is comparable to that of
1 (=130 cm™'). On the other hand, the Rul-09-N1 bond
angle 131.7(7)° is not appropriate for the interaction between
the Ru, core and the radical with wt-pathway mechanism. In
addition, the axial Rul-09 distance (2.264(8) A) is longer
compared with the Ru2-010’ distance (2.236(8) A), which
is also unfavorable for the interaction at the Rul side. These
structural factors may cut down significantly the antiferro-
magnetic interaction between the Ru, core and the radical at
the Rul side. The Rul-09-N1 bond angle could be rather
suitable for the interaction between the radicals through the
Ru—Ru bond with the o-pathway mechanism. However, the
interaction is considered to be weak because at the other side
of the ruthenium dimer (i.e., at the Ru2 side), the o-pathway
mechanism is not favorable.

Cogne et al. performed a quantitative comparison of J val-
ues between nitroxide complexes of Rh, dimer based on the
fact that the antiferromagnetic interaction is proportional to
—.%?, where .#is the overlap integral between the magnetic
orbitals.* We calculated the .# values between the 7t* or-
bitals of the Ru, core?” and the ™ orbital of the nitroxide
radical at the Rul and Ru2 sides of 2-2n(benzene) accord-
ing to their calculating procedure.*” The result including the
parameters used in the calculation is shown in Table 5 and
Fig. 4. The value (:Su2/ Fka1)? =2.95 means that the antifer-
romagnetic interaction at the Rul side is about 1/3 as large as
that at the Ru2 side. The J value (—100 cm™!) at the Ru2 side
obtained from spin pair model is expected to remain almost
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Table 4. Bonding Parameters and J Values for the Axially O-Bonded Nitroxide Complexes of
M,(0,CR)4** (M =Ru and Rh)
Compound M-0,,/A M-0,,—N/° Jlem™ Ref.
Ru,(0,CCF3)4(tempo), 2.136(5) 158.2(3) —263% 10
1 2.184(3) 151.5(3) —130% 9
2-2n(benzene) 2.236(8) 147.5(7) —100° This work
2.264(8) 131.7(7) 0
Rhy(0,CCF;3)4(nitph), 2.239(3) 122.7(3) —83.6% 4
[Rhy(02CCF3)4(nitme)], ¥ 2.268(5), 2.254(5) 118.3(4), 121.3(4) —98.8% 4
Rh,(0,CCF3)4(tempo), 2.220(2) 138.0(1) —239% 20
Rh,(0,CC;3F7)4(tempo), 2.235(5) 134.2(4) —269% 20
a) nitme =2,4,4,5,5-pentamethyl-4,5-dihydro-1H-imidazol-1-oxyl 3-N-oxide. b) J for the interaction between
the Ru(ILII) center and the radical. ¢) J for the interaction between the Ru(ILI) center and the radical. d) J for
the interaction between the radicals through the Rh—Rh bond.
unaltered even if J' at the Rul side has a finite value, on con-

dition that the |J’| value at the Rul side is substantially lower
than the |J| value at the Ru2 side (see Scheme 1). The con-
tinuous decrease of magnetic moment of 2-2n(benzene) with
decrease of temperature may be associated with the fact that
the interaction at the Rul side (| — 100 cm™!/3|~33 cm™!)
is appreciably smaller than the zero-field splitting value (65
cm™!). This may be the reason why the magnetic behavior
was simulated by the equation based on the spin pair model.

The calculation based on the molecular field approxima-
tion for the system shown in Scheme 2 was made in order to
estimate the interaction between the coupled (S1=3/2)—(S2=
1/2) units.”® As exemplified by Fig. 3(D), however, the mag-
netic behavior of 2-2n(benzene) cannot be simulated by the
equation for the system (Scheme 2) when J' has any finite

Fig. 4. Definition of the angle parameters é and 7; O is
defined as the Ru—O-N angle, and 7 the dihedral angle

between the Ru—O-N plane and the nitph plane.

J
(nitph) — (Ru2-Rut)
Sy=1/2 8,=3/2

J
(nitph)—(Ru2-Ru1)
S=1/2 8§,=3/2

Scheme 2.

value. This result also shows that the interaction at the Rul
side is negligibly small compared with that at the Ru2 side.

The explanation based on the difference of bonding fea-
ture between the Rul and Ru2 sides could not be sufficient
for the result that the antiferromagnetic interactions between
the Ru(IL,IIl) core and the nitroxide radical are considerably
different between Rul and Ru2 sides. However, it is certain
that the zero-field splitting within the Ru(IL,IIl) core plays an
important role in the magnetic behavior of 2-2n(benzene).
In order to attain the ferrimagnetism in the combination of
the Ru(IIIl) dimer and the nitroxide bridging ligand, it is
necessary to introduce enough interaction between the dimer
and the radical to overcome the zero-field splitting within the
dimer.

Appendix

Spin Pair Model of S;=3/2 and S>=1/2. The theoretical
magnetic susceptibility of the spin pair of §1=3/2 and $>=1/2 is
calculated using the Van Vleck formula. The Hamiltonian is

= +m;(g1§1 +82§z)ﬁ,
with
o 1
o =—218,-8, +D[S3, — 3511+ D),

Overlap Integral between the 7™ Orbitals® of the Ruy Core?” and the ™ Orbital® of the Oxygen Atom of the

Overlap integral .#,% Fri=F 5+

Table 5.
Nitroxide Radical in 2-2n(benzene)
M-O./A  §%° P 8.,°r
Rul-Oax 2.264 131.7 81 011=46, 0,,=44
Ru2-04 2.236 147.5 38 6,1=84,6,,=8

F1=9.7T%x 1073, K,=7.51x1073
F2=183x1072, %,=1.07x 10>

Fra=1.52x10"*
Frz=449x 1074

a) The w* orbitals are assumed to be the 4d orbitalds of the ruthenium atom and the 2p orbital of the oxygen atom with the effective nuclear
charges of 14 and 4, respectively, which are smaller than the real nuclear charges of 44 and 8 due to the screening effect by the core electrons.
b) The angle parameters & and 7 are defined in Fig. 4 c¢) The parameter 8, ; is defined by the mean value of the dihedral angles between the

1

1

1

1
plane Rul-09-N1 and the plane Rul-Ru2-01 and between the plane Rul-09-N1 and the plane Rul-Ru2-05. The other parameters 0, 5,
61 and 6, ; are defined in this manner. d) ,Z 1 and ,9;’ 5 (i=1,2) are the overlap integrals of the d,s,» and d,r, orbitals of the ruthenium
atom with the p, orbital of the oxygen atom, the z’ axis being in the direction of the Ru—Q4x vector.
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where H is the applied magnetic field, and D is the axial zero-field
splitting parameter for the S;.
The total spin is defined as

§=§1+§2.

Using the representation |S,Sz), the eigenvalues and the eigenstates
of the unperturbed Hamiltonian /7 become as follows:
eigenvalues of #  ecigenstates

23 12,2)
E1——*‘§J+D { 12’_2>

&=—%J—D 12,0)
E=2-D  [L0)
1 c0s 6,]2,1) +sin 6:|1,1)
Es= EJ-HS { cos 6,|2,—1) —sin 6|1, —1)
_l cosO_[2,1) +sin6_|1,1)
Bs=3/-9 { |cos 6_[2,—1) —sin6_|1,—1)
where
=V4J?+2DJ+ D?,
and 27+1D+ 6
J+ 3D
tan Ox = iy i

N
¥3D

Then, the susceptibility of the powder sample is calculated using
the Van Vleck formula. The result is as follows:

1
x=30+2x1)
= N_‘ug._!. [Ae—El/kT+P+e—E4/kT+P_e—Es/kT

3kT Z
[ 0- ) _EJkT
—2kT - !
{(El—E4+E1—E5 ¢
)e—Ez/kT

+ ( B + R+ + R_
E, — E, - E;, ~Es
B/
3 —

+( B + S+ . S- )
E E2 E3 E4 ES_ES

Q+ S, + C ) e—E4/kT
Ei—E; E4—E2 E4—E3 Eis—Es

Q S— C ) —Es/kT}]
+
B — 5E B E_E)C ’

where

-+

5
—E;/kT
Z=E n;€ if 5
i=1

n; being the multiplicity of the level E;, and
3 1 \?2
A=2 (581 + 582) ,
1 1 \?

B={-gi—=

(231 2g2) )

3 1 . . 5 1

C=2|cos 6;cos 0 g1+4g2 +sin 6, sin 6_ 18 &

+(cos 6, sin 6 +sin B, cos 6-) <£g1 — %gz)] s

3 1 . 5 1
Pi=2 [cos2 0+ (Zgl + Zgz) +sin® 61 (Zgl — Zgz)

2
+2cos 64 sin O+ <?g1 - —\z/;—’ggz)} s

Nitroxide Chain Complex of Ru(ILIll) Dimer
- 2
3 1 . 3 3
QO+ =4 —cos O (Zgl + Zgz) +sin O+ (—%gl + \/T_gz)] R
- 2
Ry =4 |cos O+ (———~\/_g1 + £gz) +sin 64 (igl - %gz)] ;
L

r 2
S+ =4|cosby (—[~g1 + £gz) +sin O+ (igl - %&)} .
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