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Abstract: Electronic structure has been observed in the intervalence transfer (IT) absorption band of the weakly coupled 
mixed-valence dimer [(bpy)2C10sII(PPh2CH2Ph2P)0s,IICl(bpy)2]

3+ (bpy is 2,2'-bipyridine). The origin of the structure lies 
in the large spin-orbit (SO) coupling constant (XQ,) for osmium which leads to well separated SO states for the Os1" d-n-5 electronic 
configuration. For Osm-bpy monomers, low-energy dw -* dir transitions between the SO states are observed in the near-infrared 
(near-IR). Optical electron transfer in the mixed-valence dimer results in the formation of a "new" Os(III) site in one of 
three possible SO states (IE', 2E', or 3 E'), and hence the IT manifold should contain three components separated by the energy 
differences between the SO states at the Os(III) site. In addition to the expected dx-dx absorption bands, the spectrum of 
the Os(II)-Os(III) dimer in the near-IR shows two broad, solvent-dependent bands which are assignable to IT transitions. 
The bands are separated in energy by approximately the energy difference between the two lowest SO states as expected. 
Calculations on the expected position of the third component indicate that it should occur in a spectral region obscured by 
intense metal-to-ligand charge-transfer bands. By analogy, it is argued that the single IT band observed for the Ru dimer 
[(bpy)2ClRuII(PPh2CH2Ph2P)RuIIICl(bpy)2]

3+ also consists of a manifold of three closely spaced components but that they 
are not resolvable at room temperature because of the smaller SO coupling constant for Ru (XRu « '/3^Os)- F°r t n e Ru dimer, 
the IT band intensity is expected to be dominated by the transition RuII(A1)-Rum(lE/) -* RuIII(2E')-Ru"(A1), which occurs 
at ca. 1700 cm"1 above the lowest energy transition RuII(A1)-RuIII(lE') — RuIII(lE')-Ru"(A1). As a consequence, the use 
of the IT band energy to estimate the classical inner-sphere vibrational trapping energy Xi/4 from solvent dependence studies 
is an overestimate for this and related dimers. 

Broad, solvent-dependent, low-energy absorption bands are 
frequently observed in ligand-bridged, mixed-valence dimers, e.g., 
(NH3)5RuII(4,4/-bpy)RuI!I(NH3)55+ and (bpy)2ClRun(pyr)-
RumCl(bpy)2

3+ (4,4'-bpy is 4,4'-bipyridine, bpy is 2,2'-bipyridine 
and pyr is pyrazine). The bands, which are assignable to optically 
induced electron transfer between the different oxidation state 
sites (eq 1), have been termed intervalence transfer (IT) or 
metal-metal charge-transfer (MMCT) bands.1"4 In the limit of 

(bpy)2CIRunN Q NRumCI IbPy)2
3+ j~-

IbPy)2CIRu111N Q NRu11CKbPy)2
3+* (1) 

weak electronic coupling, where thermal electron transfer between 
sites is slow on the vibrational time scale, Hush has given classical 
equations for the band width and solvent dependences of MMCT 
bands. The equations have proven to be of value in accounting 
for experimental bandwidths, in accounting for the variations of 
absorption band energies with solvent,1"5 and for relating the 
properties of the bands to analogous thermal electron transfer 
processes.6 

We have been working with ground- and excited-state com
plexes of osmium(II) and ground-state complexes of osmium(III) 
in which spin-orbit (SO) coupling plays an important role in 
determining electronic structure and hence spectral properties.7 

In symmetries lower than Oh, the combination of the lowered 
symmetry and SO coupling leads to a splitting of the dTr core into 
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a set of three d orbitals, largely d7r in character. For a low-spin, 
d5 system such as Ru(III) or Os(III), the net effect is to create 
three orbitally nondegenerate SO states within the d5 core: a 
ground state (IE') and two excited states (2E', 3E') whose relative 
energy spacings depend on the magnitude of the SO coupling 
constant and the properties of the surrounding ligands.8 As a 
consequence of the splitting of the d-?r core, intervalence transfer 
in a mixed-valence dimer having the configuration M11-
(dir6)-Mln(d7r5) can result in the formation of a "new" M(III) 
site in any one of the three SO states. If the spacing between SO 
states is sufficiently large, their presence should be manifested 
in the appearance of structure in the IT absorption spectrum. 

A number of groups, including our own, have reported the 
appearance of IT bands in Ruu-Ru l n mixed-valence dimers. In 
these spectra, the IT bands appear as a single, featureless ab
sorption band;1"3,5,9'10 note Figure 1, where the IT band is shown 
for the dimer [(bpy)2ClRun(PPh2CH2Ph2P)RulnCl(bpy)2]3+.10 

In retrospect, the lack of structure for the Ru dimers is a con
sequence of the fact that the individual components are close in 
energy and not resolvable at room temperature. In order to observe 
electronic structure, we have turned to a mixed-valence dimer of 
Os, [(bpy)2C10sn(PPh2CH2Ph2P)OslnCl(bpy)2]3+. The choice 
of Os was dictated by its larger SO coupling constant (X05 = 3200 
cm"1; XRu =» 1200 cm"1).11 In particular, the phosphine-bridged 
dimer was appealing because of the expected weak electronic 
coupling through the saturated bridging ligand and because of 
the absence of low-energy Os11 —• bridging ligand transitions which 
could obscure the spectral region of interest. 

Multiple transitions have been observed in the IT band spectral 
region for mixed-valence dimers of both Ru12 and Os.13 However, 
in these dimers there is evidence for strong electronic coupling 
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Figure 1. Near-IR absorption spectra for [(bpy)2ORun-
(PPh2CH2Ph2P)Ru111CKbPy)2]

3+. Redrawn from ref 10. 

between sites and a detailed interpretation of the spectra has not 
been given. An advantage of the dimeric osmium system studied 
here is that since the electronic coupling between sites is relatively 
weak, it is possible to develop a detailed model to explain the 
low-energy electronic transitions. 

Experimental Section 
Measurements. Ultraviolet, visible, and near-infrared spectra were 

recorded by using either a Cary Model 14 or a Varian Series 634 spec
trophotometer. Electrochemical measurements were made vs. the satu
rated sodium chloride calomel electrode (SSCE) at 25 ± 2 0C and are 
uncorrected for junction potential effects. The JBy2 values for reversible 
couples were calculated from half the sum of the £p values for the anodic 
and cathodic waves from cyclic voltammetry. The measurements were 
made by using a PAR Model 173 potentiostat for potential control with 
a PAR Model 175 universal programmer as a sweep generator for vol
tammetry measurements. Values for n, where n is the total number of 
electrons transferred per Os ion site in exhaustive oxidative electrolyses 
at constant potential, were calculated after the total area under current 
vs. time curves for the complete reaction was measured. The reactions 
were considered complete after the current had fallen to 1% of the initial 
value. Values of n for the reduction of the oxidized product were cal
culated on the basis of the same criterion. All cyclic voltammetry 
measurements were performed at glassy carbon disk electrodes, and all 
coulometry measurements were performed at platinum screen electrodes. 
Burdick & Jackson acetonitrile was employed as the electrochemical 
solvent and 0.1 M tetraethylammonium perchlorate (TEAP) as the 
electrolyte. Elemental analyses were performed by Integral Microlabs, 
Raleigh, NC. 

Materials. TEAP, [N(C2H5),,] (ClO4), was prepared as described 
previously,14 recrystallized from hot ethanol/water four times, and vac
uum dried at 70 0C for 10 h. Burdick & Jackson acetonitrile was used 
for electrochemical measurements without drying or special treatment, 
except to reseal the bottle with Parafilm after each use and store in a dark 
place. Deuterated acetonitrile was purchased from Aldrich. All solvents 
used for preparations were reagent grade and used without further pu
rification. Dppm, PPh2CH2Ph2P, was purchased from Strem Chemical 
Co. and used as received. 

Preparations. cis-(bpy)20sCl2. Although the original procedure of 
Dwyer et al.15 gives reasonable yields, we have developed a modified 
procedure using ethylene glycol as solvent which gives better yields.16 

[(bpy)2C10s(PPh2CH2Ph2P)OsCl(bpy)2](PF6)2. To 30 mL of 1:1 
EtOH/water were added cw-(bpy)2OsCl2 (0.106 g, 0.185 mmol) and 
PPh2CH2Ph2P (0.036 g, 0.094 mmol). The mixture was heated at reflux 
under Ar for 24 h while magnetic stirring was maintained. After this 
time the mixture was allowed to cool, and a solution of NH4PF6 (0.3 g, 
1.8 mmol) dissolved in 30 mL of water was filtered into the mixture. The 
mixture was stirred an additional 20 min. The total volume of solution 
was then reduced to approximately one-third on a rotary evaporator. The 
resulting dark green precipitate was isolated by suction filtration, washed 
well with water, toluene, and diethyl ether, and then air-dried. The crude 
reaction product was chromatographed on a 4 cm X 13 cm column of 
alumina packed in 1:1 CH3CN/C6H5CH3. The dark green solid was 
dissolved in a minimum amount of 1:1 CH3CN/C6H5CH3 (~3 mL) and 
loaded onto the column with a pipet. Elution with 1:1 CH3CN/ 
C6H5CH3 gave a dark green band of the dimer which was preceded by 
two light green bands and followed by a bright orange luminescent band. 

(14) Sawyers, D. T.; Roberts, J. L. "Experimental Electrochemistry for 
Chemists"; Wiley: New York, 1974. 
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Figure 2. Electronic spectra of [(bpy)2C10s(PPh2CH2Ph2P)OsCl-
(bpy)2]

2+ ( - ) , [(bpy)2C10s(PPh2CH2Ph2P)OsCl(bpy)2]
3+ (---), and 

[(bpy)2C10s(PPh2CH2Ph2P)OsCl(bpy)2]
4+ (•••) in acetonitrile. 

An aqua blue band remained at the top of the column. The dark green 
band was collected and taken to dryness on a rotary evaporator. The 
complex was redissolved in a minimum amount of CH3CN and precip
itated with Et2O to yield a dark green powdery solid in 25% yield. Anal. 
Calcd for [(bpy)2C10s(PPh2CH2Ph2P)OsCl(bpy)2](PF6)2-H20: C, 
44.04; H, 3.19; N, 6.32. Found: C, 44.02; H, 3.21; N, 6.33. 

[(bpy)2C10s(PPh2CH2Ph2P)OsCl(bpy)2](PF6)4. [(bpy)2C10s-
(PPh2CH2Ph2P)OsCl(bpy)2](PF6)2 (0.050 g, 0.028 mmol) was dissolved 
in 35 mL of 2:1 CH3CN/water and ~5 mL of a saturated aqueous 
NH4PF6 solution was added while magnetic stirring was maintained. The 
mixture was filtered, and ~ 1 mL of Br2 was added to the stirring solu
tion. Immediately upon addition of Br2, the solution turned from dark 
green to brown. Ar was bubbled through the stirring mixture for ~45 
min in order to remove excess Br2. At the end of this period 20 mL of 
water was added to the mixture and the solution volume was reduced to 
ca. 30 mL on a rotary evaporator. The brown precipitate was isolated 
by suction filtration, washed well with water and Et2O, and then air-
dried. A nearly quantitative yield of the [111,111] dimer was obtained. 

[(bpy)2C10s(PPh2CH2Ph2P)OsCl(bpy)2](PF6)3. [(bpy)2C10s-
(PPh2CH2Ph2P)OsCl(bpy)2](PF6)2 (0.024 g, 0.014 mmol) and 
[(bpy)2C10s(PPh2CH2Ph2P)OsCl(bpy)2](PF6)4 (0.028 g, 0.014 mmol) 
were dissolved in 20 mL of CH3CN, and magnetic stirring was main
tained for ~ 15 min. The mixture was then added dropwise to ~400 mL 
of rapidly stirring Et2O, precipitating the mixed-valence dimer. The dull 
green powdery solid was isolated by suction filtration in 70% yield and 
air-dried for several minutes. 

Results 
Cyclic voltammetry of the Os(II)-Os(II) dimer in CH3CN with 

0.1 M [N(C2Hs)4](ClO4) as supporting electrolyte and a scan rate 
of 200 mV/s showed two reversible anodic waves at E^21

 = 0.54 
V (A£p = 65 mV) and £1/2>2 = 0.67 V (A£„ = 60 mV)'.17 Ox
idative coulometry at 0.9 V and rereduction at 0.0 V both yielded 
n values of 2 within experimental error without decomposition 
of the dimer. From the separation between the redox couples of 
AE1/2 = 0.13 V, Kcom = 160 can be calculated for the compro-
portionation equilibrium in eq 2. It should be noted that this 

[(bpy)2C10s(PPh2CH2Ph2P)OsCl(bpy)2]2+ + 
[(bpy)2C10s(PPh2CH2Ph2P)OsCl(bpy)2]4+^ 

2[(bpy)2C10s(PPh2CH2Ph2P)OsCl(bpy)2]3+ (2) 

is very close to the value of AE1^2 observed for the analogous Ru 
dimer (0.14 V);9 however, the couples for the Os dimer are at 
approximately 400 mV lower potential, which is commonly ob
served in comparing analogous Os and Ru couples.7a'18 It is the 
lower potentials for the Os system that allow the [3,3] dimer to 
be generated by Br2 oxidation, as in eq 3. 

[(bpy)2C10s(PPh2CH2Ph2P)OsCl(bpy)2]2+ + Br2 — 
[(bpy)2C10s(PPh2CH2Ph2P)OsCl(bpy)2]4+ + 2Br" (3) 

The UV-vis spectra of the [2,2], [2,3], and [3,3] ions in ace
tonitrile solution are shown in Figure 2. As is commonly observed 
with mixed-valence ions, the spectrum of the [2,3] ion is comprised 

(17) Ei/2 - (£p,a
 _ E^/2 where potentials were measured vs. the satu

rated sodium chloride electrode. The A£p values, A£p = £Pia - £pc = 60 -
65 mV, are characteristic of reversible one-electron processes under the ex
perimental conditions used. 

(18) Taube, H. Pure Appl. Chem. 1979, J/, 901. 
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Figure 3. Near-IR absorption spectra for [(bpy)2C10s(PPh3)]
2+ (A), and 

[(bpy)2C10s(PPh2CH2Ph2P)OsCl(bpy)2]"
+ (B, (---) n = 3, (-•-) n = 4). 

In A, insert has been indued to show more completely both SO bands. 
In B, (' = t per Os(III) site. 

Table I. Near-Infrared Spectral Data for the d-rr ->d7i 
Transitions in CD3CN 

complex 

[(bpy)2C10s(PPh3)p+ 

(O)Py)2ClOs)2PPh2CH2Ph2PI3+ 

[(bpy)2C10s)2PPh2CH2Ph2P]4+ 

1 0 " 3 V a x > c m ^ 
^ m a x * 1 ^ ' c m " ' ) 

1E'-*2E' 

3.98 (320) 
3.98(420) 
3.98 (640) 

1E'-*3E' 

6.99(110) 
6.50(190) 
6.65 (380) 

of bands present in both the [2,2] and [3,3] ions, with no new 
spectral features. Near-infrared (near-IR) spectra for the [2,3] 
and [3,3] forms of the dimer, as well as for the related monomer 
[(bpy)2QOs(PPh3)]

2+, were obtained in acetonitrile-rf3 (see Figure 
3), and near-IR spectra of the [2,3] dimer were recorded in several 
other nondeuterated solvents. As is apparent from Figure 3, the 
near-IR spectra for these ions is considerably more complex than 
spectra encountered for the analogous Ru dimers which imme
diately suggests a complexity in electronic structure. 

Discussion 
Assignment of the Low-Energy Spectrum. The low-energy bands 

observed in the near-IR spectrum of monomeric Os(III) complexes 
have been assigned to dir —* d ir transitions between the three SO 
states of the d5 core.19,20 The bands in the spectrum of 
[(bpy)2C10s(PPh3)]2+ at 6990 and 3980 cm"1 correspond to the 
IE' —• 3E' and IE' —* 2E' transitions, respectively (see Table I). 
Note that these same transitions occur for the [3,3] and [2,3] 
forms of the dimer [(bpy)?C10s(PPh2CH2Ph2P)OsCl(bpy)2]2+ 

at roughly the same energies. However, the near-IR spectrum 
of the [2,3] dimer shows additional absorption features: (1) a 
clearly resolved band at 10800 cm'1 and (2) a region of broad 
absorption between the two d7r-dir bands. 

In order to resolve the region of broad absorption in the near-IR 
spectrum of the [2,3] dimer, a difference spectrum was obtained 
by subtracting out the dir-d7r bands. The most direct approach 
is to subtract half of the intensity of the [3,3] spectrum from the 
[2,3] spectrum,21 and the result of this procedure is shown in 

(19) Kober, E. M.; Meyer, T. J., manuscript in preparation. 
(20) Kober, E. M. Ph.D. Thesis, University of North Carolina, 1982. 
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Figure 4. Spectrum of [(bpy)2C10s(PPh2CH2Ph2P)OsCl(bpy)2]
3+ after 

subtraction of the dir-dir bands. (A) Result of direct subtraction of 
one-half of the [3,3] spectrum from the [2,3] spectrum. (B) Result of 
shifting the 6650 cm"1 band in the [3,3] spectrum 150 cm"1 to lower 
energy and then subtracting half of the [3,3] spectrum from the [2,3] 
spectrum. 

Figure 4A. The presence of a second band is clearly revealed, 
though it is somewhat misshapen. A problem with the simple 
substraction procedure is that the d^-d7r bands do not occur at 
the same energy in the two dimers. For the [3,3] dimer the higher 
energy band is 150 cm"1 higher in energy than the band for the 
[2,3] dimer. Shifting this band 150 cm"1 to lower energy and then 
subtracting the two spectra gives the result shown in Figure 4B. 
The resulting spectrum is much smoother than the first, and the 
bands appear more nearly Gaussian in shape, as they should be. 
The shift in d7p-d7r band energy between dimers is not unexpected 
since in one case the Os(III) site is bridged to an Os(III) and in 
the other it is bridged to an Os(II). The higher charge and weaker 
dir donation of Os(III) relative to Os(II) should increase the TT 
acidity of the bridging dppm ligand, causing the dir-dir bands to 
move to slightly higher energy in the [3,3] dimer.19'20 

The resulting difference spectrum shows two broad bands which, 
as described below, are assignable to different electronic com
ponents of the IT transition shown in eq 4. For the band at 10 800 

[(bpy)2C10sII(PPh2CH2Ph2P)OsIIICl(bpy)2]3+-^* 
[(bpy)2C10sIII(PPh2CH2Ph2P)OsIICl(bpy)2]3+* (4) 

cm"1, which is clearly distinct in the original spectrum, the the
oretical value of API/2 (the bandwidth at half-height) calculated 
by using eq 54 is 4.0 X 103 cm"1. In the bandwidth calculation 
a value of AE = 4000 cm"1 was used since, as discussed below, 
the band is assignable to an IT transition which gives the Os(III) 
site in the excited 2E' SO state. 

Av1/2 = (2.31 X 103(£op - AE))1'2 (in cm"1) (5) 

(21) The difference spectrum was obtained in the following way. A 
spectrum of a sample of the [3,3] dimer was obtained and then an excess of 
the [2,2] dimer was added. Neglecting that the comproportionation is not 
complete, the resulting solution should have a concentration of [2,3] dimer 
that is twice that of the original [3,3] concentration plus an undetermined 
concentration of [2,2] dimer which does not absorb in the spectral region of 
interest. The difference spectrum was obtained by subtracting the two spectra. 
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Figure 5. Plot of (1/Arp - I/D1) vs. £op for the higher energy IT band 
for [(bpy)2C10s(PPh2CH2Ph2P)OsCl(bpy)2]

3+ (O) and vs. \max of the 
MMCT absorption manifold for [(bpy)2ClRu(PPh2CH2Ph2P)RuCl-
(bpy)2]

3+ (A).8 

Equation 5 was derived for a harmonic oscillator in the classical 
limit. The calculated value is less than the experimental value 
of 6.0 X 103 cm"1 obtained by doubling the half-bandwidth of the 
low-energy side of the band. The experimental bandwidth is 
expected to be somewhat increased due to the presence of the 
second band at ca. 6000 cm"1 and the assumptions involved in 
deriving eq 5.4a 

As can be seen from the data in Figure 5, the band energy of 
the higher energy band varies linearly with (\/Dop - 1/Z)8) where 
Z)op and Z)8 are the optical and static dielectric constants of the 
medium (the d?r-d7r bands are at best slightly solvent dependent). 
Linear variations of optical band energy £op with (l/Z)op ~ V A ) 
have been observed for related Ru dimers, including the analogue 
of the Os dimer, [(bpy)2ClRun(PPh2CH2Ph2P)RumCl(bpy)2]3+,10 

as shown in Figure 5 for purposes of comparison. 
The basis for the predicted variation of £op with (l/Z)op - I/D1) 

comes from the application of dielectric continuum theory4'5 to 
the effect of solvent polarization on £op. The result is shown in 
eq 6 as xo> which is four times the classical vibrational trapping 

Xo = 1AU/A*" l /A)J(D f -D1)
2 dV (6) 

energy of the solvent. D1- and Df are the electric displacement 
vectors characteristic of the charge distributions in the absence 
of a medium before and after electron transfer occurs, and the 
integration is over the volume surrounding the ions. In defining 
the electric field vectors in eq 6, the integral contains information 
about the structure of the dimer; integration of eq 6 for the case 
of nonpenetrating spheres of radidi O1 and a2 and internuclear 
separation d gives eq 74'22 which simplifies to eq 7a for a case like 

Xo \2ax 2a2 df 
I d / / ) , . - 1/C1) 

( 1 / D 0 P - 1/Z)1) 

(7) 

(7a) 

H- CIiT3 I 

++ dir3 L 3EXdTT1 dT r l d r r j ) 

2E'(dTT^dTT^dTT|) 

-SO,1 

T-r dTa I lE'tdnfdrrfdiTp 
T-T ClIT1 J 

Figure 6. Schematic energy level diagram showing the energy relation
ships for the dx -» dir transitions between the Os(III) SO states IE', 2E', 
and 3E'. 

low-energy band in the Os dimer spectrum as an IT band, it is 
important to note that the plot of (l/Z)op - l/Ds) vs. Eop for the 
analogous Ru dimer has the same slope within experimental error 
(see Figure 5) as would have been predicted from eq 7, since the 
Ru and Os dimers are expected to have virtually identical 
structures (see below). Unfortunately, the lower energy band for 
the Os dimer is not sufficiently resolved for meaningful bandwidth 
or solvent dependence results to be obtained. 

The assignment of the low-energy bands in the difference 
spectrum as different components of an IT manifold can also be 
justified on the basis of energy arguments. Optical electron 
transfer from the initial Os(II) site to the initial Os(III) results 
in the formation of the new Os(III) site in one of three possible 
SO states, IE', 2E', or 3E' (note Figure 6), resulting in multiple 
components in the IT band region. Application of the Franck-
Condon principle shows that for all three transitions, optical 
excitation leads to charge-transfer products in nonequilibrium 
vibrational environments—Os(II) in the coordination environment 
for Os(III) and vice versa. Neglecting the effects of electronic 
derealization, which will be discussed below, the relationship 
between the energy of the optical transition and the vibrational 
energy is Eop = x where x/4 is the classical vibrational trapping 
energy. As noted above, x includes contributions from both 
intramolecular (xi) and solvent (xo) vibrations. In the classical 
dielectric continuum limit, Xo is given by eq 6. Xi is given by eq 
8,23 where the summation is over all intramolecular vibrations and 

X,' = \Zkj(AQj)2 = \LhujA/ 
Ij ij 

(8) 

the Os dimer where O1 = a2. In the context of assigning the 

Aj is the force constant for vibration j , AQj is the difference in 
equilibrium displacement coordinate for vibration j between Os(II) 
and Os(III), hwj = hvj is the quantum spacing between vibrational 
levels, Aj = (AQJ)(MJWJ/h)1/2 is the dimensionless fractional 
coordinate difference at equilibrium between Os(II) and Os(III), 
and Mj is the reduced mass for vibration j . It is apparent from 
eq 8 that the only vibrations that contribute to Xi are the so-called 
"trapping vibrations" for which A2, (Ag)2 ^ O. For the two higher 
energy optical transitions, the optical energy includes the energy 
of the excited SO states above the ground SO state in addition 
to x- The various energy relationships are illustrated in Figure 
7 for the three transitions. Figure 7 is drawn assuming the same 
values of x are appropriate for all three transitions. 

While xo is expected to be roughly the same for all three IT 
transitions, the values for Xi could, in fact, be very different. In 

(22) Marcus, R. A. Annu. Rev. Phys. Chem. 1964, 15, 155. 
(23) (a) Kestner, N. R.; Logan, J.; Jortner, J. / . Phys. Chem. 1974, 78, 

2148. (b) Englman, R.; Jortner, J. / . MoI. Phys. 1970, 18, 145. 
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Figure 7. Energy diagram depicting the three MMCT transitions for 
[(bpy)2C10s(PPh2CH2Ph2P)OsCl(bpy)2]

3+. Note that A£, = £So,i and 
A£2

 = ^so,2 fr°m Figure 6. 

particular, the bandwidth for the Os(III)-based transition, IE' 
-»• 2E', is relatively narrow (Figure 3A), showing that significant 
distortions do not exist between the thermally equilibrated 
structures of the IE' and 2E' SO states. Because the SO tran
sitions are metal localized, negligible contributions to their 
bandwidth are expected from solvent. As a consequence of the 
narrow bandwidth for the IE' —• 2E' transition, Xi values for the 
first two IT transitions should be similar. However, the bandwidth 
for the transition IE' —• 3E' is noticeably broader (Figure 3A), 
showing that significant differences exist between the equilibrium 
geometries of the IE' and 3E' states. Because of the difference, 
a different xi contribution to bandwidth is expected for the third 
IT transition when compared to the first two. 

From the analysis above, there should be three components to 
the IT band and the spacings between them should be related by 
eq 9 and 10 (see Figures 6 and 7 for the definitions of the various 

(9) A-E1 - EiJ2 - .EIT,I - -E501 

AE2 - £IT,3 ~ ElT1I
 _ E> -S0.2 (10) 

energy quantities). For the osmium mixed-valence dimer, two 
of the expected three IT components are observed with an energy 
spacing between them of ca. 4800 cm-1. From the dir —* dir 
absorption bands for Os(III) the first transition occurs at E s o , 
= 4000 cm"1. Based on this value, it is straightforward to assign 
the band at 6000 cm"1 as the lowest energy IT band, IT,1. It 
should be noted that only the ground state of the initial Os(III) 
site, lE'(i), where (i) is used to denote the initial Os(III) site before 
optical charge transfer, has an appreciable population at room 
temperature. Consequently, "hot band" transitions involving the 
higher states 2E'(i) and 3E'(i) are unimportant.24 In terms of 
the initial states at Os(III) before charge transfer (lE'(i), 2E'(i), 
3E'(i)) and the final states after charge transfer (lE'(f), 2E'(f), 
and 3E'(f)), the band at 6000 cm"1 assigned to En- x corresponds 
to the transition OsII-Os , I I(lE'(i)) — Os'"(IE^fJ)-Os". 

It follows that the second IT band, which occurs at 10800 cm"1, 
can be assigned to the transition Osn-Osm(lE'(i)) — Os111-
(2E'(f))-0s", since 2E' occurs ca. 4000 cm"1 above IE'. The 
energy difference between the two transitions, AJE1 =* 4800 cm"1, 
is in reasonable agreement with the energy of the first SO band, 
•Eso.i = 4000 cm"1, especially considering the assumptions required 

(24) That the existence of electronic structure in the IT band region has 
its origin in electronic excitation from the site initially Os(II) is shown by 
comparisons with related Ru(II)-Os(III) dimers. For example, for the dimers 
(bpy)2ClRu!I(4,4'-bpy)M,"Cl(bpy)2

3+ (M = Ru, Os), single, structureless IT 
bands are observed with roughly the same half-widths." 

(25) Goldsby, K. A.; Sullivan, B. P.; Meyer, T. J., manuscript in prepa
ration. 
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Figure 8. (A) Coordinate axes for the (bpy)2C10s(PPh2CH2-) subunits. 
(B) Probable central geometry for the dimer [(bpy)2C10s-
(PPh2CH2Ph2P)OsCl(bpy)2]

3+. The Os ixy orbitals are shown as the 
solid lines and the P d^ and Cl px orbitals by the dashed lines. The 
diagram suggests that considerable overlap can be gained by mixing the 
metal and ligand orbitals. 

in obtaining An̂ x for the lowest energy IT band from the difference 
spectrum. 

Upon assigning the two broad bands in the near-IR to the first 
and second IT transitions, the absence of a third band attributable 
to the transition, Osu-Os t u(lE'(i)) — Osm(3E'(f))-Osu, in the 
spectrum is easily accounted for. From eq 9 and 10, En- 3 would 
be expected to occur at EIT]2 + (Eso,2 - Es0,i) = 13 300 cm"1. At 
this high energy, the relatively weak IT band would be masked 
by intense charge-transfer bands (note Figure 2). 

The intensity of the transition IT,2 (lE'(i) —• 2E'(f)) is observed 
to be 1.5 times as large as that for the transition IT, 1 (lE'(i) —• 
lE'(f))- The intensities of the three different IT transitions should 
be proportional to the amount of orbital overlap between the three 
different dir orbitals on Os(II) with the d-7r orbital containing the 
hole at Os(III) and therefore indicative of the mixing between 
the initial—Os"(Ai)-Osni(lE')—and final—Osra(l EO-Os"^,) , 
OsIII(2E')-OsII(A1), and 08'"(3EO-Os1KA1)-IT states. Thus, 
the intensity differences between IT,2 and IT, 1 must reflect 
differences in the orbital composition between IE' and 2E'. The 
extent of mixing between states can be easily reduced to a one 
electron overlap-type integral between the location of the "hole" 
in the initial state lE'(i) and its location in the final state lE'(f), 
2E'(f), or 3E'(f). Since the orbital component characterizing 
lE'(i) is constant for all three integrals, the problem of identifying 
the origins of the intensity differences reduces to establishing the 
orbital locations of the "hole" in the states lE'(f), 2E'(f), and 
3E'(f). 

We will assume that one of the three orbitals dxy, dyz, and dxz 

dominates in carrying the intensity of the transition in that the 
overlap of this orbital on Os(II) with the orbital on Os(III) 
containing the "hole" is much better than for the other two. 
Knowledge of the orbital composition of the holes in the three 
Os(III) SO states would allow the identity of the orbital which 
dominates the transition intensity to be established. Solution of 
the spin-orbit coupling matrix for [(bpy)2C10s(PPh3)]2+ (the 
monomeric analog of the dimer is a good model for the dimer since 
the dir —*• dir transitions occur at almost exactly the same energies 
as in the dimer) shows that only dxy makes a greater contribution 
to the hole orbital in 2E' than to IE'.20 Note Figure 8 for the 
definition of dxy. Since the transition lE'(i) — 2E'(f) (IT,2) is 
more intense than lE'(i) -* lE'(f) (IT,1) by a factor of 1.5, it 
can be concluded that dxy must be the dominant orbital. The 
intensities of the IT bands should depend on the dxy character in 
the various SO states. By squaring the contributions of dxy to each 
of the SO states, the predicted relative intensities for the three 
IT bands are 0.30, 0.58, and 0.11 in order of increasing energy 
for the transitions: IT, l[lE'(i) — lE'(f)], IT,2[lE'(i) — 2E'(f)], 
IT,3[lE'(i) -* 3E7If)]-20 

That dxy should be the critical orbital in terms of orbital overlap 
between Os(II) and Os(III) can also be determined from the 
probable geometry of the dimer. Using molecular models, it is 
found that the small bite angle of the bridging ligand forces the 
two Os subunits to a position of close contact. Because of the 
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greater size of the bpy groups, steric interactions are minimized 
by having the Cl groups at the face to face sites as shown in Figure 
8. Such a structure results in having the Os, P, and Cl atoms lying 
essentially in a plane, with the methylene bridge of PPh2CH2Ph2P 
puckering out of the plane. The dxy orbitals lie in the P,Os,Cl 
plane and are shown by the solid lines in Figure 8. The config
uration shown results in good overlap between dxy orbitals, which 
is no doubt enhanced by the mixing of d^ with the P(d) and Cl(p) 
orbitals that lie in the plane, as shown in the figure. 

With the assumption that the intensity of the IT bands is 
dependent upon the dxy overlap, observed band intensities should 
be porportional to the square of the coefficient of the dxy orbital 
in the dir wave function of the "hole" for each state, as noted above. 
On this basis, it is expected that the transition lE'(i) —*• 2E'(f) 
should be ca. twice as intense as the transition lE'(i) —*• lE'(f). 
The observed ratio is only a factor of 1.5. The discrepancy 
probably arises from two sources: (1) uncertainties in the as
sumptions used to obtain orbital compositions in the spin-orbit 
coupling treatment and (2) although dxy is the most important 
source of IT band intensity, it is not the sole source. 

An interesting and important result of the analysis given here 
is its application to the analogous Ru dimer where discrete IT 
transitions are not observed but rather a borad manifold with Xmax 

at 8020 cm"1 (see Figure 1). The experimental bandwidth for 
the Ru dimer exceeds that calculated by eq 5. An important 
contribution to the excess bandwidth is, no doubt, the presence 
of spectral components arising from the transitions involving the 
three SO states. The failure to resolve the three components for 
the Ru dimer at room temperature is an expected consequence 
of the smaller spin-orbit coupling constant for Ru compared to 
Os (XRu = '/3^0s)> which leads to a lesser splitting between the 
SO states. In addition, the smaller value for X requires that the 
extent of mixing of the dir orbitals will be less and consequently 
that the transition Ru11CAO-Ru111ClE') — RuIII(2E /)-Ru"(A1) 
will dominate the intensity of the IT manifold. In fact, the results 
of approximate calculations suggest that the relative intensity ratios 
are 0.23, 0.69, and 0.08 for the transitions to the IE', 2E', and 
3E' states, respectively.20 When taken together the two effects 
probably explain the absence of electronic structure for the 
Ru"-Ru m dimer. 

Even though multiple IT transitions are not observable for the 
Ru dimer, the conclusion that they exist is extremely important 
and must be taken into account in any interpretation of IT spectral 
properties. The complexities introduced by multiple SO states 
extend to other complexes of Ru including those based on (N-
H3)5Ru ln or (NH3)5Run groups and, for that matter, should be 
of nonnegligible importance for all second- and third-row transition 
metals where the spin-orbit coupling constant, X, is appreciable 
in magnitude. 

Returning to the Ru-bpy dimer, since it is expected that the 
IT manifold is dominated by the transition lE'(i) —• 2E'(f), Xmax 

for the absorption manifold should provide a good estimate for 
£rr,2- Calculations for the Ru dimer based on the model mentioned 
above show that the lE'(i) - • lE'(f) component of the IT manifold 
should occur at ca. 1700 cm"1 below the lE'(i) -* 2E'(f) tran
sition.20 Thus, the predicted energy of EIT i for the Ru dimer is 
ca. 6400 cm"1, which is very close to En-?1 for the Os dimer at ca. 
6000 cm"1. That the energies of the two transitions should be 
nearly the same is not surprising. The structures at the Ru and 
Os sites should be essentially identical given the similar ionic radii 
for the two metals when in the same oxidation state, so that 
contribution from solvent vibrational trapping should be the same 
for both dimers. As noted above, that Xo is the same for both 
dimers is shown by the data in Figure 5 since the slopes of the 
lines are the same within experimental error. Furthermore, given 
the similarities in metal-ligand bond distances26 and the fact that 
electronic structures at the Ru and Os sites are analogous, it may 
not be unreasonable to expect that Xi could also be very similar 
for the two dimers. 

Table II. Near-Infrared Spectral Data for the IT bands of 
[(bpy)2C10s(PPh2CH2Ph2P)OsCl(bpy)J3+ in CD3CN 

transition cm"1 cm"1 

OsII(A1)-OsIII(lE')^OsIII(lE')-OsII(A1) 6.0 100 
OsII(A1)-OsIII(lE')->OsIII(2E')-OsII(A1) 10.8 140 
08"(AJ-Os111ClE') ^•OsIII(3E')-OsII(A1) (13.3)" 

" Calculated from E^ 3 =i?jx 2 + Ĉ SO 2 ~ ^SO, i)> which may 
be obtained by subtracting eq 9 from eq 10. 

The Vibrational Barrier to Electron Transfer. Band properties 
and assignments for the near-IR bands of the Os(III) monomer 
and Os(II)-Os(III) and Os(III)-Os(III) dimers are summarized 
in Tables I and II. The dependence of the transition energy of 
IT,2 on solvent has been mentioned. In the limit of weak electronic 
coupling, the contribution of electronic derealization to £ I T is 
negligible and the energy of an IT band depends on Xi and Xo as 
shown in eq 11.4'22 Including the solvent (medium) dependence 

£rr = Xi + Xo (H) 

£lT = £lT,1 = Xi(1E0 + e2(l-l)^-i-) (12) 

explicitly as in eq 7a gives eq 12. From eq 12, an extrapolation 
of (l/£>op - l/£>s) to the intercept should give an experimental 
estimate for Xi-1"5 However, it is clear that for the osmium 
mixed-valence dimer, eq 12 can only be applied to the lowest IT 
band. For the other two transitions, the absorption band energies 
include the energies of 2E' and 3E' above IE', as shown in eq 13 
and 14.4,22 As noted above, eq 13 and 14 rely on the assumption 

^ - ^ , + ^ O + ^ l - i ) ^ - ^ ) (13) 

^ - ^ + x,(3E0 + ^ - i ) ( ^ - ^ ) 0 4 ) 

that Xo ' s independent of SO state, which is obviously a reasonable 
assumption given the dx —• d7r nature of the transition between 
SO states. From the extrapolation of the solvent dependence data 
for £ I T 2 in Figure 6 to Xo = 0 a n d using £So,i = 4000 cm"1 from 
the near-IR spectrum gives Xi(2E') = 4100 cm"1 for the Os dimer. 
Recall from the previous discussion that Xi(I E') = Xi(2E') ^ 
Xi(3E'). The major contribution to Xi is probably from vibrations 
v(Os-Cl) in nature, a point that we are investigating experi
mentally, based on infrared and X-ray crystallographic studies.27 

It should be noted that the procedure described here for the 
estimation of Xi is based on a classical approach which is, in fact, 
inappropriate since v(Os-Cl) = 300-400 cm"1. A more detailed 
analysis of the spectra will be given in a later manuscript. 

For the Ru dimer it was concluded above that .E11 [(Ru) = 
£IT4(Os) and that xo(Ru) = Xo(Os). Consequently, it must follow 
that Xi(Ru) = Xi(Os)- In earlier work on related Ru dimers no 
attempt was made to account for the SO components in the IT 
manifold. Rather, band maxima for the IT absorption manifolds 
were used in plots of Eop vs. (\/Dop - 1/A)- As a consequence, 
the values reported in earlier work for Xi are an overestimate by 
1500-2000Cm"1. 

Electronic Derealization. In the ground state of the dimer, 
Os"(A1)-Os I I I(lE'), there are three contributions to electron 
derealization. They arise from wave function overlap between 
the wave function containing the hole at Os(III), d7r3, and the 
three d^ wave functions at Os(II). The total extent of dereal
ization of the unpaired electron from Os(II) to Os(III) (a2) is 
relatively small as might have been expected given the nature of 
the bridging ligand. Estimates for the extent of derealization 

(26) Griffith, W. P. "The Chemistry of the Rarer Platinum Metals", 
Interscience Publishers: New York, 1967; p 39. 

(27) Eggleston, D. S.; Goldsby, K. A.; Hodgson, D. J.; Meyer, T. J., 
manuscript in preparation. 
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Os(III)-Os(II) Os(II)-Os(III) 

Q 
Figure 9. Energy-coordinate diagram for a trapping vibration including 
the effects of electronic derealization for the dimer [(bpy)2C10s-
(PPh2CH2Ph2P)OsCl(bpy)2]

3+. Q is the coordinate for the trapping 
vibration. 

can be made from IT band intensities. As shown by Hush, ap
proximate values of a2 can be calculated by using eq 154a where 

a2 = ((4.2 X 10-4K3 xAP1 7 2)A^iV) (15) 

£op and Ap1̂ 2 are in inverse centimeters and d, the distance between 
redox sites, is in angstroms. For the Ru and Os dimers, the 
situation is complicated by the fact that there are three overlaps 
to account for involving the orbitals dir^ d?r2, and dTr3 at the M(II) 
site and dir3 at M(III). Consequently, there are three contributions 
to a2: a2 = a2 + a2

2 + a2. Associated with electronic der
ealization is a resonance energy, K,2829 which can be calculated 
from a and the energy of an IT band as shown in eq 16. For 

V=aEop (16) 

the Ru(II)-Ru(III) dimer there is no direct evidence for resolved 
electronic structure. However, using the total absorption band 
gives a2 = 1.3 X 10"4 and V= 92 cm-1 in CD3CN solution.10 From 
the discussion above, a2 and V are probably dominated by the 
transition 1E'(0 — 2E'(f)- For the Os dimer, two of three IT 
bands are resolved (note Figure 4). Using the properties of the 
two bands gives W1

2 «= 8.7 X 10~4 and a2
2 = 6.7 X 1O-4. From 

the results of the spin-orbit coupling analysis mentioned in a 
previous section, the contribution to electronic derealization from 
d7r3(Os(III))-dir3(Os(II)) overlap which leads to the intensity for 
£ I T 3 is predicted to be relatively small. Summing the individual 
contributions for the Os dimer (V1 =» 180 cm-1, V1 = 280 cm-1) 
gives V > 460 cm"'. The enhanced electronic derealization 
suggested for the Os dimer is worth noting. In an earlier study 
based on the ion pairs 

M11CCN)6
4', Ru11^NH3)S(Py)3+ 

(M = Fe, Ru, Os) it was concluded that a2 is approximately the 
same for M = Fe, Ru and only slightly larger for M = Os.6b The 

(28) Mulliken, R. S.; Person, W. B. "Molecular Complexes: A Lecture 
and Reprint Volume", Wiley-Interscience: New York, 1969; p 10. 

(29) Mayoh, B.; Day, P. / . Am. Chem. Soc. 1972, 94, 2885. 

comparison between the two results might suggest that the greater 
derealization for the Os dimer has its origin in greater Os-P 
mixing rather than greater through-space overlap. 

Optical and Thermal Electron Transfer. In Figure 9 is shown 
an energy-coordinate diagram for a trapping vibration which 
illustrates the relationships between the IT and dir -» d7r (SO) 
transitions. The diagram is also of value in interrelating optical 
and thermal electron transfer. It includes the effects of electronic 
delocalization which causes a mixing of the IT states to give two 
new states. The effect of mixing is illustrated in Figure 9 for the 
two states involved in the lowest energy IT transition, Os"-
(A1J-Os111ClE') and OsH1(lE')-Osn(Ai). In the diagram the 
energy splitting between the two new states is 2 V1 at the inter
section region and the splitting between states is dependent both 
upon V and the coordinate of the trapping vibration.1_5,22 

Because of the existence of multiple SO states at Os(III), there 
are three different channels for thermal electron transfer between 
Os(II) and Os(III) involving the ground state, Os^AO-Os'^lE'). 
They are shown in eq 17. In the classical limit, thermal electron 

Os"(A1)-OsIII(lE') - ^ - Osm(IEO-Os11CA1) (17a) 

OS11CAJ)-OS111CIEO — ^ * 08"'(2EO-Os11CA1) (17b) 

Os I I(A1)-Os I"(lE0 - ^ * OS111CSEO-OS11CA1) (17c) 

transfer can only occur in the intersection region between the 
potential curves shown in Figure 9 because of the necessity of 
energy conservation during the transition. In this limit and as
suming that electron transfer is slow on the vibrational timescale, 
the rate constant for electron transfer, ket, is given by eq 18.lb'30 

fc„ = «e ̂ p[-(EJRT)] (18) 

In the limit that V is negligible, £ a is given by eq 19.4,22 

£ a = (X + A£) 2 /4 X (19) 

It is worthwhile to consider the possible role played by the higher 
energy SO states in thermal electron transfer. For example, 
consider thermal electron transfer to give Os(III) in the first SO 
excited state, ka2, in eq 17b. Compared to the ground-state 
reaction, fcetil in eq 17a, the energy of activation is larger since 
AE = E501 for ka<2 and AE = O for &et>1. However, the resonance 
energy is greater for the excited state channel and since V2 > V1, 
the preexponential term for kel2 will be greater than the preex-
ponential term for fcetil. Using the values V1 « 180 cm-1, V2 = 
280 cm"1, AE = E801 ' = 4000 cm"1, and eq 18 and 19 give the 
prediction that thermal electron transfer should be dominated by 
the ground state channel since keul « 105fcet2. Nonetheless, this 
may not be a general result. For dimers containing first- or 
second-row transition metals where X is smaller, the splitting 
between the SO states will be less, as will be the mixing of the 
zero-order d7r orbitals. In a situation where AE is small and V2 

» V1, SO excited states could provide significant and perhaps 
dominant channels for thermal electron transfer. 
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