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A series of ligand-bridged complexes of ruthenium(III) have been prepared utilizing pyrazine, 4,4’-bipyridine, and 1,2-
bis(4-pyridyl)ethane as the bridging ligands. The preparations involve the use of Ce(IV) to oxidize complexes of ruthenium(II)
whose preparations were described previously. Dimeric complexes of the three bridging ligands, as well as trimeric and
tetrameric pyrazine-bridged complexes, were prepared. The electronic spectra and magnetic properties of these formally
low-spin d* metal complexes were studied, the latter down to liquid-helium temperatures. The flexibility in the synthetic
chemistry allowed, in principle, for a systematic study of the magnetic effects of different metal~metal interactions arising
from changes in the bridging ligand and in polymer chain length. However, the magnetic results indicate little, if any,
interactions in any of the complexes including the polymeric cases where the possibility of extended metal-metal interactions

exists.

In past work we have developed a synthetic chemistry which
has led to the preparation of a series of ligand-bridged dimeric
and oligomeric complexes of ruthenium.! Dimeric complexes
have been prepared using a series of N-heterocyclic ligands,
(bpy),CIRu(L)RuCl(bpy),** (bpy is 2,2-bipyridine; L is
pyrazine (pyz), 4,4’-bipyridine (4,4’-bpy), or trans-1,2-bis-
(4-pyridyl)ethylene (BPE)), and pyrazine-bridged oligomeric

N@N N@—@N N@—(I: =(|3H—@N

pytrazine 4,4'-bipyridine

trans-1,2-bis(4-pyridyl)ethylene

complexes have been prepared with controlled chain lengths,
[(bpy),CIRu(pyz)[Ru(bpy),(pyz)],RuCl(bpy),] **2* (n =
0-4). The preparative chemistry involved uses the reactivity
properties of the bound nitrosyl and nitro groups in a series
of stepwise reactions.? From the known stereochemistry of
bis(2,2’-bipyridine) complexes, the coordination geometry at
each ruthenium site in the oligomeric chains is most likely cis.?

Questions of fundamental interest in ligand-bridged metal
complexes are the nature and extent of metal-metal inter-
actions across the bridging ligands and the effects of the
interactions on the chemical and physical properties of the
system, The role of metal-metal interactions has been studied
extensively in dimeric ruthenium complexes especially in
mixed-valence systems,*S From these studies it has been shown
that the extent of electronic interaction can vary from in-
teractions which are sufficiently strong to modify the chemical
and physical properties of the system in a significant way?®
to weak interactions where the separate redox sites are only
slightly perturbed compared to isolated monomeric sites.»>%!
The differences in properties observed appear to be under-
standable based on the properties of a series of closely related
dimeric compounds 4!

Localized valences are favored for cases where significant
vibrational trapping energies exist for the excess electron. The
trapping energy arises because a change in oxidation state at

the metal leads to differences in the inner- and the outer-
coordination spheres at the two redox sites. Orbital overlap
leads to electronic delocalization and reduces the vibrational
trapping energy by making the two sites more nearly
equivalent. In one limit, the electronic resonance energy arising
from the overlap is sufficient to overcome the trapping energy,
and the vibrational structures at the two sites become identical.
Delocalization is favored by strong metal-metal overlap, and
in ligand-bridged systems, the distance for significant overlap
can be extended by mixing metal orbitals with orbitals on the
bridging ligand.

Ruthenium(III) is a readily accessible oxidation state in
dimeric 2,2’-bipyridine complexes of ruthenium as shown by
electrochemical studies on ions like [(bpy),CIRu(pyz)-
RuCl(bpy),]**.>1° Complexes of ruthenium(III) have been
found to be spin-paired d° cases with one unpaired electron!?4
which means that in dimeric ions like the 4+ ion,
[(bpy),CIRu(pyz)RuCl(bpy),]** magnetic techniques provide
a sensitive probe for detecting Ru(III)-Ru(III) electronic
interactions. Magnetic measurements on ligand-bridged,
oligomeric complexes containing ruthenium in the 3+ oxidation
state could reveal extended magnetic interactions involving
more than two metal sites. It is conceivable that cooperative
interactions within such polymeric chains could lead to ma-
terials having chemical and electronic properties intermediate
between the properties of simple dimers and the properties of
extensively linked, solid-state materials.

Experimental Section!®

Measurements. Infrared spectra were recorded on a Perkin-Elmer
421 spectrophotometer in KBr pellets at room temperature. Ul-
traviolet—visible spectra were recorded on Cary Model 14, Cary Model
17, or Unicam Model SP800B spectrophotometers in 1-cm silica cells
using MCB Spectrograde acetonitrile at room temperature. ESCA
measurements were obtained on a Du Pont Instruments 650 electron
spectrometer equipped with a Du Pont Instruments multichannel
analyzer. Samples were prepared by grinding the solid complex into
the surface of a gold sample probe using a clean glass rod, Magnetic
susceptibility measurements from 1.7 to 77 K were conducted on
powdered samples of the complexes using a PAR Foner-type vibrating
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sample magnetometer, Hg[Co(SCN),] was used as the calibrant.
The field strength was 10000 G in all cases. The temperature was
determined by means of a calibrated gallium arsenide diode. The
susceptibilities were corrected for diamagnetism of constituent atoms
using Pascal’s constants.

Materials. Acetonitrile (MCB, Spectrograde) was used without
further purification for all spectroscopic studies. Water was deionized
and redistilled from alkaline potassium permanganate. Pyrazine,
2,2-bipyridine, and 1,2-bis(4-bipyridyl)ethane were obtained com-
mercially and used without further purification. The ligand 4,4'-
bipyridine was prepared by the method of Smith!® as the dihydro-
chloride salt and converted to the free base by neutralization with
sodium hydroxide in water. All other solvents (Reagent Grade) were
purchased commercially and used without further purification.
Cerium(IV) was purchased from G. F. Smith as stock Ce(IV) solutions
(~0.5 M) in 6 M HCIO,. Elemental analyses were performed by
Galbraith Laboratories, Inc., Knoxville, Tenn.

Preparations. Ligand-Bridged Ruthenium(III) Complexes. The
ligand-bridged ruthenium(II) complexes, whose preparations were
described earlier,' along with the complexes [(bpy),CIRu(BPA)-
RuCl(bpy),] (PF¢)»2H,0 and [(bpy),CIRu(py)](PFy), were converted
to ruthenium(IIT) using Ce(IV) as the oxidant. In all cases the same
basic procedure was used. In a typical experiment, 0.327 g (2.5 X
107 mol) of [(bpy),CIRu(pyz)RuCl(bpy),] (PFs),2H,0 was placed
in a mortar and pestle in the dark, ~5.0 mL of 0.5 M HCI was added,
and the suspension was ground for 1 min. To the suspension was slowly
added 1.7 mL (5.74 X 107* mol, 10% excess) of a stock Ce(IV) solution
0.338 M in Ce(IV), as determined spectrally by the method of
Braddock,'? in 6 M HCIO,, dropwise with grinding. The total volume
of solution was brought to 10 mL with 0.5 M HCI and the suspension
ground for ~10 min. During this time the red-brown suspension
became greenish brown. The perchlorate concentration of ‘the
susgensmn was brought to ~3.0 M by the addition of 2.8 g (2.28 X

mol) of sodium perchlorate. The resulting mixture was ground
for about 1 min and filtered and the solid washéd twice with cold 0. 5
M HCIO, and allowed to air-dry. The solid samples were stored in
a desiccator in the dark; yield 91% (0.320 g, 2.27 X 107#'mol). The
same basic technique was used for each of the ruthenium(II) salts:
[(bpy);CIRu(pyz)RuCl(bpy),] (PFe),-2H,0, [(bpy),;CIRu(4,4’-
bpy)RuCl(bpy),;] (PFe),2H;0, [(bpy),CIRu(BPA)RuCI(bpy),]-
(PFg)22H,0, {(bpy),CiRu(py)1(PF()-H,0, [(bpy);ClRu(pyz)Ru-
(bpy)2(pyz)RuCl(bpy),](PFs)43H,0, and [(bpy),CIRu(pyz)Ru-
(bpy)2(pyz)Ru(bpy)a(pyz)RuCl(bpy),] (PFe)e4H,0. The rutheni-
um(II) complexes were prepared as described previously.! In the
oxidations a 10% stoichiometric excess of Ce(IV) was used for each
mole of Ru(II} in the complexes. The results of the elemental analyses
for these comiplexes are given below. The salts reported all are shown
by infrared and elemental analysis to contain waters of crystallization
which are held tenaciously. Strong association of molecules of water
with other a,e-diimine complexes has been previously noted.'**?' Anal.
Caled for [(bpy),CIRu(py)](ClO,)»H,0: C,41.29; N,.9.64; H, 2.89.
Found: C, 41.09; N, 9.59; H, 2.98. Calcd for [(bpy)zClRu(pyz)
RuCl(bpy),](ClO,),2H,0: C, 36.44; N, 9.70; H, 3.04; Cl, 14.9.
Found: C, 36.13; N, 9.71; H, 2. 96 Cl, \12.1. Caled for
[(bpy)zC1RU(py2)RU(bPY)z(pyZ)RuCI(bPY)z](C104)7 -3H,0: C, 36.75;
N, 10.09; H, 2.79. Found: C, 36.51; N, 10.04; H, 2,77, Calcd for
[(bpy)zCIRu(pyZ)Ru(bpy)z(pyZ)RU(bpy)z(pyZ)RuCI(bpy)z]
(C10,),04H,0: C, 36.44; N, '10.17; H, 2.77. Found: C, 36.52; N,
10.09; H, 2.85. Caled for [(bpy),CIRu(4,4'- bpy)RuCl(bpy)z]
(C10,)¢#2H,0: C,40.35; N, 9.41; H, 2.96." Found: C; 38.88; N, 9.09;
H, 2.67. Calcd for [(bpy)ZClRu(BPA)RuCl(bpy)z] (Cl0Y) e 2H20
C, 41.18; N, 9.24; H, 3.16. Found: C, 38.78; N, 8.74; H, 2.98,

[(bpy)ZClRu(py)](PFé) H,0. The coordinated mtrosyl group in
[(bpy)ZClRu(NO)](PF6)2-H20 was dlsplaced bya solvent molecule
using the reaction

2+ - —_—
[(bpy),CIRU(NO)]** + Ny~ + S (S = acetone)

[(bpy),CIRu(S)]* + N; + N,0?

In the preparation of the solvent-bound complex t0 0.532.g (7.85 X
107 mol) of [(bpy);CIRu(NO)](PFg), H20 in 15 mL of acetone was
added dropwise 0.0637 g (7.85 X 107 mol) of KN; in 5 mL of
methanol and the solution was stirred at 35-40 °C for 30 min. The
resulting solution was added dropwise to a solution containing 2 mL
of pyridine (2.4 X 1072 mol, 30-fold excess) in 5 mL of acetone and
after stirring of the mixture at 35-40 °C for 1 h, a red-brown solid
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Figure 1. Spectrophotometric titration of [(bpy),CIRu(pyz)RuCl-
(bpy),1?* with Ce(IV) in 1.0 M H,SO,.

Table I. Results of Titration of the Ru(ll)
Complexes with Ce(1V)

equiv of
mol of Ce(1D)/
Ce(IV)  equiv of

complex consumed Ru(ll)
[(bpy)zCIRu(pyz)RuCI- 1.98 0.99
(bpy),]**
[(bPY) ClRu(4 4’-bpy)RuCl- 2.03 1.01
(bpy
[(bPY) ClRu(BPA)RuCl- 2.09 1.04
(bpy),]**

[(bpy),CIRu(pyz)[Ru(bpy),-

(pyz) ],,RuCl(bpy), J*+2)
n=1 2.91 0.97
n=2 4,15 1.04

was precipitated by adding the solution to 300 mL of anhydrous ether.
The solid was collected on a frit and purified by reprecipitation from
dichloromethane (25 mL) and ether (250 mL). Yield was 0.379 g
(70% based on [(bpy),CIRu(NO)](PF(),-H,0). Anal. Calcd for
[(bpy)2CIRu(py)](PF¢)-H,O: C, 43.4; H, 3.33; N, 10.12. Found:
C, 43.23; H, 3.14; N, 10.01.

[(bpy),CIRu(BPA)RuCl(bpy),](PF;),2H,0. This complex was
prepared in the same manner as reported previously for the compounds
[(bpy),CIRu(L)RuCl(bpy),](PF¢)»2H,0, L = pyrazine, 4,4’-bi-
pyridine, and trans-1,2-bis(4-pyridyl)ethylene;“? yield 70-75%. Anal.
Calcd for [(bpy),CIRu(BPA)RuCl(bpy),](PFs)»2H,0: C, 44.35;
H, 3.41; N, 9.95, Found: C, 43.05; H, 3.53; N, 9.99.

Results

Spectrophotometric Titrations, The reduction potentials of
bis(2,2’-bipyridine)ruthenium(IIT) /-(IT) couples measured in
acetonitrile show that the ruthenium(IIT) complexes are usually
relatively strong oxidants.! In aqueous acidic solution, the
Ru(II) forms of the redox couples require a strong oxidant
such as Ce(IV) for conversion to Ru(III).22?3 Spectropho-

- tometric titrations were used to determine the stoichiometries

of the reactions between [(bpy),CIRu(py)](PFs),
[(bpy),CIRu(L)RuCl(bpy),](PF¢), (L = pyrazine, 4,4’-bi-
pyridine, 1,2-bis(4-pyridyl)ethane, and [(bpy),CIRu(pyz)-
{(bpy)2Ru(pyz)},RuCl(bpy),](PF¢)y.4, (n = 1, 2)), and
cerium(IV) in 1.0 M H,SO,. Aliquots of the salts were titrated
in 1.0 M H,SO, with varying concentrations of cerium(IV)
and the visible spectra of the solutions were monitored in the
range 650330 nm. The results of a typical titration are shown
in Figure 1 for [(bpy),CIRu(pyz)RuCl(bpy),](PF),-2H,0.
Table I shows the results of the titrations for the salts
mentioned above. Plots of moles of Ce(IV) consumed per
moles of Ru(II) in solution were made at fixed wavelengths.
There was no spectral evidence for intermediate absorbing
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Table II, Ultraviolet~Visible Data for the Ruthenium(III)
Complexes in Acetonitrile

Amax. 1m (e, L
mol™! cm™!

410 (1900)

303 (24 000)

290 (22 000)

237 (24 000)

420 (3900)

312 (42 000)

300 (42 000)

245 (38 000)

428 (5900)(8500)

312 (61 300)(69 400)

300 (60 500)(75 800)

246 (56 000)(74 900)

[(bpy),ClRu(pyz)[(bpy),Ru(pyz)],RuCl- 428 (11 500)
(bpy),1(CIO,),,+4H,0 312 (94 000)

300 (106 400)

245 (101 500)

415 (3950)

312 (45 000)

278 (45 000)

245 (46 000)

420 (4200)

312 (38 000)

300 (39 400)

245 (38 200)

415 (5900)

480 (5200)

complex
[(bpy),Rulpy)Cl](C10,),-H,0

[(bpy),CIRu(pyz)RuCl-
(bpy), ](ClO,),2H,0

[(bpy), CIRu(pyz) [ (bpy), Ru(pyz) ]RuCl-
(bpy), ](C104)7' 3H,0

[(bpy),CIRu(4,4’-bpy)RuCl-
(bpy),1(C10,),2H,0

[(bpy),CIRu(BPA)RuCl-
: (bPY)gl(CIO4)42H20

species in the titrations involving dimers and polymers.

The addition of 1 drop of an approximately 5% aqueous-
hydrazine solution to the completely oxidized complexes in
acctonitrile gave back the spectra of the starting Ru(II)
complexes (£8%).

Ultraviolet—Visible Spectra. The ultraviolet-visible spectra
of the Ru(IIl) complexes in acetonitrile from 600 to 200 nm
are all similar. In the spectra there is a band at 410-420 nm
in the visible with a molar extinction coefficient per ruthenium
of approximately 2000 in all cases. The ultraviolet spectra
contain bands at 245, 300, and 310 nm, with ¢/Ru of ~20000.
Similar bands have been found in related Ru(IIT) complexes.?

Bryant and Fergusson have assigned the 410-420-nm band
in related chlororuthenium(IIl) complexes as a t,(Ru) <
p(CI) charge-transfer transition.”? In the complexes studied
here, a better assignment may be t, < w(bpy) since the ¢ values
per Ru(IIl) have no direct correlation to the number of Cl
groups in the complexes. The bands at 310, 300, and 245 nm
have been assigned to #* < = bipyridine intraligand tran-
sitions. The spectra of the ligand-bridged complexes show no
indication of new or unexpected transitions nor of intensity
enhancements of any of the bands. In short, there is no
spectral evidence which indicates significant Ru(I1T1)-Ru(1III)
interactions in ground or excited states for the bridged
complexes. Table II summarizes the UV-visible spectral
results.

ESCA. Ru(3ds;;) binding energies for the complexes
[(bpy),CIRu(pyz)RuCl(bpy),}>+/3*/4* have been obtained by
ESCA."” The Ru(II1) complexes reported here all have the
Ru(3ds;;) peak appearing as a prominent shoulder on the
low-energy side of the C Is peak with a binding energy of
~282.6 eV relative to C 1s at 284.4 eV. In addition, the
Ru(3d;/,) band, which should appear with a binding energy
of approximately 287.1 eV, can often be seen as a shoulder
on the high-energy side of the C 1s peak. The ESCA data
are important since they show that the complexes contain only
Ru(III). Related Ru(II) complexes have Ru(3ds,,) binding
energies at ~280 eV °

Magnetic Susceptibilities. The magnetic susceptibility data
for the six compounds are presented graphically in Figures 2—4.
In the range 1.4-10 K, the precision of the temperature
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Figure 2. Temperature dependence of experimental effective moment,
per mole of Ru(III) ion, of the monomeric and pyrazine-bridged
dimeric complexes. Experimental data are shown as solid squares.
The best fits to the experimental moments are depicted as full lines.
The full lines were calculated using the values of k, A, and A in Table
I1.
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Figure 3. Temperature dependence of experimental effective moment,

per mole of Ru(11I) ion, of the BPE and 4,4-bpy dimers. Experimental

data are shown as solid squares, while the best fit results to the

experimental moments are depicted as full lines (parameters in Table

I11).

measurements was £0.01 K, while above 10 K the precision
was £0.03 K. The magnetic data are of somewhat lower
accuracy than we normally report because of the small volume
susceptibilities of these high molecular weight compounds, The
precision of the moments at the high-end of the temperature
region studied here (where the volume susceptibilities are low)
are estimated to be £0.05 ug. This estimate arose from a
consideration of the magnitude of the magnetometer output,
the magnitude of the diamagnetic corrections for the sample
holders, and the reproducibility from sample to sample of
duplicate runs. The precision of the measurements is much
better at the low end of the temperature region, where the
uncertainty range is £0.02 ug. It may be seen from the data
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Figure 4. Temperature dependence of experimental effective moment,
per mole Ru(III) ion, of the pyrazine-bridged trimeric and tetrameric
complexes. Experimental data are shown as solid squares, while the
best fit results to the experimental moments are depicted as full lines
(parameters in Table III).

illustrated in Figures 2—-4 that the data for all compounds
deviate markedly from Curie-Weiss behavior, although no
maxima in susceptibility were observed. Furthermore, the
susceptibilities were field independent in the region studied,
10000 G.

Discussion

From the results of spectrophotometric titrations and
chemical isolation studies, it is clear that the ligand-bridged
dimeric and pyrazine-bridged polymeric complexes remain
intact in solution and in the solid state with the component
ruthenium ions in either the 2+ or 3+ oxidation states. The
results of spectrophotometric titrations with Ce(IV) in acidic
aqueous solution clearly show that each of the ruthenium(II)
sites is oxidized to ruthenium(III) by 1 equiv of Ce(IV).

[(bpy),CIRu(L)[(bpy),Ru(L)],RuCl(bpy),] >+?* +
(n + 2)Ce(1V) —
[(bpy),CIRu(L)[(bpy),Ru(L)],RuCl(bpy),] Cm+* +
(n + 2)Ce(I1)
L =pyz,n=0,1,2;L = BPA or 4,4-bpy,n =0

For the trimeric and tetrameric complexes, [(bpy),CIRu-
(pyz) [(bpy),Ru(pyz)],RuCl(bpy),]®*?* (n = 1, 2), the
Ce(1V) titrations failed to show distinct breaks indicative of
the two different chemical sites

Py

\pyz—

n_-Pyz—
(bpy)2 Ru \c\

and (bpy)zRu
even though the related monomeric couples, Ru(bpy),-
(py2),**/?* and Ru(bpy),(pyz)Cl2*/*, have different reduction
potentials.?* However, electrochemical experiments in ace-
tonitrile have shown that multiple voltammetric waves, which
may be characteristic of different ruthenium ion sites, do exist,
but that the half-wave potentials are not well separated.?’
Presumably, if different chemical sites in the polymeric chains
have different reduction potentials, the differences in potential
values are insufficient for the titrations to distinguish between
them. Alternatively, the spectral differences among the various
one-electron oxidation products, e.g., [(bpy),CIRu(pyz)Ru-
(bpy),(pyz) RuCl(bpy),]¢*/°*, may be insufficient to define
sharp end points in the titrations, Partial oxidation of the
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ligand-bridged polymers gives a series of mixed-valence ions,
e.g, the 5+ and 6+ trimeric ions mentioned above, which
contain both ruthenium(II) and ruthenium(III) sites. The
properties of several mixed-valence dimers have been reported
and the electronic spectra are close to those calculated as-
suming localized Ru(II) and Ru(III), weakly interacting sites.

The fully oxidized complexes, which contain only ruthe-
nium(III), can be reduced chemically to ruthenium(Il), e.g.,

[(bpy),CIRu(pyz)[(bpy);Ru(pyz)]RuCl(bpy),]™*

N,H
—*’CHZC; [(bpy),CIRu(pyz)(bpy),Ru(pyz)RuCl(bpy),]**
3

From the results of the spectrophotometric titrations, the
various ruthenium sites in the polymeric complexes appear to
behave as simple Ru(III)-Ru(II) redox sites and in their
electron transfer behavior are probably similar to related
monomeric Ru(IIT)-Ru(II) couples.

The Ru(IIT) complexes were prepared with the idea of
investigating magnetic interactions across the aromatic N-
heterocyclic ligands. For example, magnetic interactions across
pyrazine have been found in the linear chain polymer [Cu-
(pyz)(NO;),],.2° Because of the complicated nature of the
magnetism of Zng states, and in an attempt to separate in-
termolecular interactions from intramolecular interactions, the
magnetism of two reference compounds was also determined.
The first compound was the monomer [Ru(bpy),(py)Cl]-
(Cl0,)»-H,0, and the second, the 1,2-bis(4-pyridyl)ethane-
bridged dimer [(bpy),CIRu(BPA)RuCl{bpy),}(ClO,)+2H,0
where there is saturation in the chemical bridge between
Ru(III) sites.

Susceptibility studies of magnetically dilute ruthenium(I1I)
and low-spin iron(III) complexes have been published pre-
viously.!>"143031 Our data closely resembled that reported in
the literature, so that the same kind of analysis of the
magnetically dilute Ru(III) systems utilized by Figgis and
others'>!4 seemed applicable here. ,

The model of Kamimura,*? expanded and corrected by
Gerloch®® and Nassif*% to include the entire basis set of the
free-ion metal d wave functions, was used for describing the
magnetic properties of the mono- and polynuclear ruthenium
complexes studied. Because the two 2,2’-bipyridyl ligands
attached to ruthenium(III) ions in these complexes are cis to
each other, the local geometry about the metal ions undergoes
a trigonal distortion away from octahedral symmetry.
Therefore, the five-parameter model for the magnetism of
trigonally distorted °T,, ions was chosen to describe the ex-
perimental results. These five parameters are the following:
Dg, one-tenth the value of the splitting of the *T,, and 2E,
levels caused by the cubic crystal field; A’, the splitting of the
2E, state caused by axial distortion from cubic symmetry; A,
the axial splitting of the 2T, state; A, the spin-orbit coupling
constant; &, the orbital reduction factor first introduced by
Stevens.®® Because intense, charge-transfer bands masked the
d-d transitions of the visible spectra of these compounds, Dg
was simply assigned a value of 2600 cm™ (the probable lowest
limit of one-tenth the 2E,—*T,, splitting of octahedral ru-
thenium(III)*7). This value was held constant in all calcu-
lations, and since the splitting in the ?E, levels has little effect
on the magnetism, A’ was set equal to zero in all cases.
Therefore, only the three parameters A, 4, and k were treated
as variables. A computer program’® was used to fit experi-
mental results to the moments generated by the theoretical
model for the magnetism using various values of the three
fitting parameters. The final parameters obtained from the
best fits of experimental data to theoretical susceptibilities are
presented in Table I11. The sign of A is defined as negative
for trigonal distortion,*? and values of A, the spin—orbit coupling
constant, are much reduced in absolute magnitude from the
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Table Il Best-Fit Parameters for the Series of
Ruthenium(III) Complexes

A! A’,
compound em™ em™ kA
[(bpy), (py)CIRu](CIO,),"H,0 204 —364 0.867 0.56
[(bpy),CIRu(L)RuCl(bpy), |-
(C10,),2H,0
L = pyrazine -210 -276 0.683 0.76
L = 4,4"-bipyridine -384 -455 0.820 0.84
L = trans-1,2-bis(4-pyridyl)ethylene® —-596 —170 0.730 3.51
L = 1,2-bis(4-pyridyl)ethane® 376 —204 D.800 1.43
[(bpy),CIRu(pyz)[(bpy),Rulpyz)],-
RuCl(bpy), I(C10,) 3544 (n + 2)H,0
n=1 -434 -403 0.841 1.08
n=2 ~787 —552 0.800 1.84

¢ All three parameters varied. b iny A and A varied.
free-ion value, Aq, of —1180 ¢m™!.%8
These results are not in good agreement with parameters
calculated by Figgis'? for ruthenium(I1T) complexes. Although
it is ‘possible that the use of the larger basis set in these
calculations may have led to bettér results than those of Figgis,
the discrepancy between the two sets ‘of calculated parameters
is probably due to the insensitivity of the powder susceptibilities
(particularly at temperatures >80 K) to large changes in the
fitting parameters. Figgis attributes this insensitivity to the
large absolute value of A for ruthenium(III); which greatly
restrlcts the claimed accuracy of his estimations of A, to £500
. Gregson and Mitra’s study®® confirmed that the fit of
the an1sotroplc (smgle crystal) data for Rufacac), (where acac
= acetylacetonate) in the temperature range 80-300 K is
strongly affected by large changes in the parameter A, but the
average moment () varies only some 3% at room temperature
as A is varied from -500 to =5000 cm'1 (using X = —-1000
cm™). The best fits of theoretical results to experimental data
noting the parameters in Table 11T are plotted in Figures 2,
3, and 4. The decrease in moment recorded at lowest ex-
perimental temperatures for the pyrazine-bridged dimer could
be taken as evidence for an exchange interaction across the
pyrazine bridge, except that a similar effect was also observed
for the moniomeric ion [Ru(bpy)z(py)Cl](C104)2 H,0, where
no exchange is expected. With the exceptlon of the BPA
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dimer, the computed “best fit” values of k and A of all the
complexes studied are in essential agreement with the limits
of accuracy imposed by the measurements.

The best fit calculated for the BPA dimer yielded pa-
rameters which differed considerably from those of the other
five compounds. Since there are no major chemical or
structura] differences and since the experimental magnetic
results parallel those of the other compounds, the value of k
was fixed at 0.8 (a value in lme with those obtained for the
rest of the compounds).

It should also be remembered that there are chemically
different ruthenium sites in the trimer and tetramer, these
being (bpy),CILRu(pyz) and (bpy),(pyz),Ru™. The dif-
ferent ruthenjum sites have différent redox potentials, sllghtly
different optical spectra, and presumably, slightly different
single-ion magnetic susceptlbllltles Of course, the suscep-
tibilities of the different sites cannot be separated from the
average data, and the parameters reported here should be
taken as an average for the cases'where there are different sites.

The important conclusion to be derived from the analysis
given here is that no metal-metal interaction need be invoked
to explain the temperature variation of the magnetic sus-
ceptibility. The same conclusions have been reached for salts
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of the pyrazine-bridged dimer [(NH;)sRu(pyz)Ru(NH;),]%*
based on the results of susceptibility measurements.*> While
the experiment was not sensitive enough to detect very small
interactions (less than 2 cm™), whether they be ferromagnetic
or antiferromagnetic in nature, it is clear that significant
magnetic interactions between the Ru(III) sites do not occur.
Since the average electronic environment at each of the Ru
sites is propably nearly the same in each complex, it is not
surprising that the calculated orbital reduction factors are
fairly constant,

Considerable quenching of spin-orbit couphng is observed
for all the complexes studied; >\/>\0 < 0.5 1in all cases. Such
a result is not unexpected in view of the comparatively large
variations in (&) over the temperature ranges studied. About
the only evidence of a trend in the results (ignoring the pa-
rameters for the BPA dimer) is the steady increase in the
parameter A/\ as the number of ruthenium sites per complex
unit increases. The observed trend suggests that there is an
increasing degree of splitting in the 2T, state in the order
monomer < trimer < tetramer. The ligand bridging systems
in all cases are constrained to be cis, and the data may suggest
that the average magnetic microsymmetries at the metal sites
are increasingly distorted as the chain length increases.

Our study is the first reported investigation of the tem-
perature-dependent magnetic moments of magnetically dilute
ruthenium(IIT) complexes in the liquid-helium temperature
range. Although the ambiguities associated with the inter-
pretation of powder susceptibilities of low-spin d* systems are
not eliminated by cryogenic measurements, the results
demonstrate that the magnetic properties of the Ru(III) ions
in the polymetallic complexes investigated here are largely
determined by the local electronic environment and local
symmetry about each metal ion and not by magnetic exchange
interactions between ruthenium(III) ions across the bridging
hgands

The failure to observe significant Ru-Ru interactions is a
surprising result, and one which has important implications.
The lack of metal-metal interactions across the N-heterocyclic
bridging ligands is not a general result since significant
metal-metal interactions have beén found in related mixed-
valence systems.*>*"!!

When compared to the properties of related ruthenium
systems, it seems apparent that the extent of delocalization
between Ru sites in ligand-bridged systems is critically de-
pendent on oxidation state at the metal, on the bridging ligand,
and, also, on nonbridging ligand effects.*>!! In mixed-valence
Ru(II) Ru(IIT) complexes, metal-metal electronic mteract10ns
occur by overlap between dr(Ru) orbitals at the two sites. The
effects of metal-metal overlap can be profound as shown by
mixed-valence ions like [(NH;)sRu(NCCN)Ru(NH;);]*+4!
and [(bpy),CIRuORuCI(bpy),]3*¢ where the additional
electron appears to be delocalized between both metal sites
on the infrared time scale. In these ions, the electronic
resonance energy arising from orbital overlap must be suf-
ficient to overcome the differences in inner- and outer-co-
ordination sphere vibrational trapping energies. The dif-
ferences in vibrational energies arise because of the changes
in inner- and outer-coordination spheres which occur with
changes in oxidation state at the metal. They would trap the
additional electron on the Ru(ll) site in the absence of sig-
nificant electronic overlap.

Because of large Ru—Ru distances where a group like
pyrazine is the bridging llgand (6 9 A) metal-metal overlap
must occur by metal—hgand mixing, e.g., dm(Ru(Il))-=*(pyr),
which essentially carries Ru(II) character across the ligand
bridge to Ru(III). For ligands like pyrazine, both filled = and
empty 7* levels are available for mixing with d orbitals. For
the Ru(IIT)~Ru(III) dimers and higher oligomers: (1) the
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absence of low-energy metal to ligand CT bands argues that
dr—7*(pyr) mixing is not important and (2) the absence of
significant magnetic interactions argues that dr—m(pyr)—dn
mixing is also of negligible importance.

In contrast to the Ru(III)-Ru(III) systems, in the mix-
ed-valence dimer (bpy),CIRu(pyz)RuCl(bpy),>*!® there is
clear evidence for an observable metal-metal interaction as
seen by the appearance of a low-energy intervalence transfer

Ru(ID)-Ru(IIT) —% Ru(III)-Ru(IID)*

absorption band. The difference between the Ru(II)-Ru(III)
and Ru(IIT)-Ru(III) cases suggests that the orbital mechanism
for interaction in the mixed-valence ion is by dw(Ru(Il)-

m*(pyr) mixing since oxidation leads to orbital contraction of -

the d= orbitals and to their stabilization relative to =*(pyr).
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