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cm-I, 3A2,(3G) expected at approximately 18 000 cm-I, 3A1,(3H) 
expected at  approximately 18 500 cm-', 3Bl,(3F) expected at 
approximately 20 500 cm-', and 3B2,(3D) expected above 22 000 
cm-l. Besides the two 3B1, excitations dominating the A2CrX4 
spectrum, there are two additional transitions in the 16000- 
20 000-cm-I energy range that are expected to gain intensity by 
the Tanabe mechanism. This is in very nice agreement with the 
observed richness of the absorption spectrum in this spectral range. 
The sharpness of the absorption bands clearly identifies them as 
intraconfigurational transitions. The band system just above 
16000 cm-I in the spectrum of CrC1, has the wrong polarization 
to be assigned to jB,,. The band near 17000 cm-', with pre- 
dominant polarization parallel to the chain axis, is a much more 
likely candidate for the 3B1,(3H) excitation. We attribute this 
shift of the 3B1,(3H) energy to the larger tetragonal crystal field 
and slightly larger electron repulsion parameters in CrCl,. This 
is also reflected in the significantly higher energy of the SAl,(E,) 
transition compared to that of TMCC and (C2HjNH3),CrC14 
(section 3). 

The visible spectra of TMCC and CsCrC13 are similar in ap- 
pearance to that of CrC1,. A detailed analysis in terms of in- 
tensity-gaining orbital mechanisms is complicated by the crystal 
structure. It is evident, from Figure 5 ,  however, that overlap and 
thus electron-transfer pathways do exist between neighboring Cr2+ 
ions in the chains. The situation is therefore comparable to that 
for CrCl,, and the exchange mechanism provides intensity for 
several transitions in the 16 000-22 OOO-cm-' range. The polar- 
izations of the bands centered near 16 000 and 19 000 cm-' are 
compatible with excitations, and by analogy with the A2CrC14 
spectra we assign them accordingly. The 19 000-cm-I band is 
possibly a superposition of 3B1,(3F) and 3A1g(3H). It therefore 
appears that the two 3B1g transitions have very similar energies 
in TMCC and (C,H5NHJ2CrCI4. This is in good agreement with 
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our conclusion from the 5AI,(E,) band that the tetragonal crystal 
field and the electron repulsion parameters are very similar in these 
compounds. In all our compounds the actual point symmetry at 
the CrZ+ sites is lower than D4,,. This, together with spin-orbit 
coupling, leads to additional splittings and thus increases the 
number of observed transitions. A fit of calculated crystal field 
energies to the experimental band positions is not meaningful. The 
observed strong polarization of some of the bands in the ACrX3 
and CrC1, spectra restricts the possible excited states, but we feel 
that assignments of all the individual bands would be hazardous. 

The striking observation, however, that the ACrX3 and CrCl, 
spectra are much richer than the A2CrX4 spectra in the range 
16 000-22 000 cm-' can now be understood. It is due to the lack 
of overlap between magnetic orbitals on neighboring CrZ+ ions 
in A,CrX4, as discussed above. In ACrX3 and CrCl,, on the other 
hand, the relative dispositions of magnetic orbitals on neighboring 
Cr2+ ions is more favorable for overlap. This is a direct result 
of the crystal structures, the bridging geometry between nearest 
neighbors, in particular. These pathways lead to antiferromagnetic 
kinetic exchange on the one hand and to exchange-induced in- 
tensity for spin-forbidden excitations on the other. Spin flips in 
the relevant orbitals lead to several excited states that are spec- 
troscopically accessible. It is thus clear that the ferromagnetism 
and the small number of spin-forbidden bands in the compounds 
A2CrX4 have a common origin: lack of overlap between singly 
occupied orbitals on neighboring Cr2+ ions. 
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The electronic absorption and resonance Raman (RR) spectra of the reduction products of [R~(bpm)~]~-"  and mixed-ligand 
complexes [R~(bpz),(bpy)~,]~" ( x  = 1-3, n = 0-3) are discussed, as well as the low-temperature electron spin resonance (ESR) 
spectrum of [Ru(bpz),l0 (bpm = 2,2'-bipyrimidine, bpz = 2,2'-bipyrazine, and bpy = 2,2'-bipyridine). The ultraviolet (UV) 
absorption and RR spectra for the reduction products of the tris(bipyrimidine) complex are analogous to those of the tris(bipyridine) 
complex and argue strongly for a localized redox orbital description. While the ESR and near-IR (near-infrared) absorption spectra 
also argue for localized redox orbitals in the bpz complexes, the simple (bpz),,/(bpf-), ?r - ?r* chromophoric behavior typical 
in the UV absorption spectrum is not observed. Furthermore, there is a gradual shifting of the RR peaks as electrons are added, 
with no distinct vibrational pattern from reduced and unreduced bipyrazine ligands for the one- and two-electron-reduction products 
as seen in the complexes of [Ru(bpy),I2-" and [R~(bpm),]~-". 

Introduction 
The recognition of redox orbital localization within a single 

ligand in d6 metal tris(diimines) 1-3 has prompted investigation into 
the mechanism behind the molecular symmetry lowering. One 
method of such an investigation involves varying the ligands around 
the metal center, and to that end some or all of the archetypical 
bipyridine (bpy) ligands in Ru(bpy),,+ have been replaced with 
bipyrimidine (bpm) and bipyrazine (bpz) ligands. As is evident 
from the molecular structures for these ligands shown in Figure 
1, this is equivalent to replacing with nitrogens the C-H moieties 
meta to the coordinating nitrogens for bipyrimidine and para to 
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the coordinating nitrogens for bipyrazine. Because nitrogen is 
more electronegative than the carbon it replaces, the A orbitals 
would be expected to be lower in energy for the hetero ligands 
than for bpy, which could result in greater mixing of the lower 
energy redox orbitals with the metal orbitals through A back- 
bonding. While the cyclic voltammetric data reported for the bpz 
complex4-' and the bpm do indeed indicate the redox 
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BPY 
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Figure 1. Molecular structures of the ligands used in this study: bpy = 
2,2/-bipyridine, bpm = 2,2/-bipyrimidine, bpz = 2,2'-bipyrazine. 

orbitals are lower in energy than those of the bipyridine complex, 
the lower basicity, especially of bpz, has been shown to result in 
weaker metal-ligand bonding and to negate the tendency toward 
increased A back-bonding for the unreduced c~mplexes .~  In ad- 
dition, the replacement of a peripheral hydrogen by a lone pair 
of electrons might be expected to change the solvation properties 
of the complex, where solvation has been implicated in the 
localization 

The exposed sp2 lone pair on the nitrogens of bpm can also be 
used to coordinate a second ruthenium metal-ligand ~enter,'.~~-'~ 
while those of the bpz ligand can form multiple-metal comple~es. '~ 
With two metal centers present, the new system is more favorably 
disposed toward the transference of electrons in multiples of two 
(one from each metal center) sought for the use of metal diimine 
systems in the photoreduction of water.*O An investigation of 
the properties of the monomer subunits, then, serves as a pre- 
liminary step in the investigation of these bimetallic systems as 
well as an investigation of the redox localization mechanism. 
Experimental Section 

The bpy and bpm ligands were purchased from Aldrich and Alfa, 
respectively, while the bpz ligand was prepared by published proce- 
dures,4.21 as were the tris complexes [ R u ( b p ~ n ) ~ ] [ P F ~ ] ~  and [Ru- 
(bpz),] [PF6]2.4*14 The mixed bpy-bpz ruthenium complexes were syn- 
thesized by first making the dichloride bis(diimine) complex, purifying 
the intermediate, and then adding the third ligand as described else- 
where.22 The ligands were repeatedly recrystallized from toluene, while 
the complexes were purified on a Sephadex LH-20 column in acetone and 
recrystallized from acetondiethyl  ether. The identity of the complexes 
was checked by comparing the cyclic voltammograms (CV) and ab- 
sorption spectra with those in the l i t e r a t~ re ,4~ '~ '~  and the purity was 
verified by an emission spectrum independent of excitation wavelength. 

The purifications of the supporting electrolyte tetrabutylammonium 
hexafluorophosphate (TBAH) and solvents (dimethylformamide (DMF) 
and dimethyl sulfoxide (Me2SO)) were performed as reported elsewhere? 
Electrochemical and spectroscopic methods have also been described 

(6) Ohsawa, Y.; Hanck, K. W.; DeArmond, M. K. J. Electroanal. Chem. 
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(7) Rillema, D. P.; Allen, G.; Meyer, T. J.; Conrad, D. Inorg. Chem. 1983, 
22, 1617. 

(8) Watanabe, J.; Saji, T.; Aoyagui, S. Bull. Chem. Soc. Jpn. 1982,55,317. 
(9) Kawanishi, Y.; Kitamura, N.; Kim, Y.; Tazuke, S. Sci. Pap. Inst. Phys. 
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(15) Dose, E. V.; Wilson, L. J. Inorg. Chem. 1978, 17, 2660. 
(16) Ruminski, R. R.; Petersen, J. D. Inorg. Chem. 1982, 21, 3706. 
(17) Rillema, D. P.; Mack, K. B. Inorg. Chem. 1982, 21, 3849. 
(18) Goldsbv. K. A,: Mever. T. J. Inora. Chem. 1984. 23, 3002. 
(19) Toma, H .  E.; Lever,-A. B. P. InoG. Chem. 1986, 25, 176. 
(20) McLendon, G. In Energy Resources through Photochemistry and Ca- 
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Figure 2. Electronic absorption spectrum of [Ru(bpm),12-" in DMF, 
where n is the number of electrochemically added electrons. The lower 
spectrum expands the congested visible region. 

p r e v i o ~ s l y . ~ ~ - ~ ~  Sample integrity was monitored throughout the mea- 
surements by recheckihg the CV against that obtained for the starting 
material. Because of photodecomposition at room t e m p e r a t ~ r e , ~ ' ~ ~ ~  the 
R R  (resonance Raman) spectra of unreduced Ru(bpm)12+ and Ru- 
(bpz)? were also taken at  77 K to ensure that the R R  spectra obtained 
were indeed from the stated complexes. All R R  peaks are reported 
against the 865-cm-' DMF solvent peak or the 955-cm-' Me2S0  solvent 
peak, as measured against the 865-cm-' DMF peak in a mixed-solvent 
test for self-consistency. The monochromator slits were set for 5-cm-l 
resolution, and the frequencies were measured with an uncertainty of f2 
cm-I for strong, well-resolved peaks. The ESR measurements were 
carried out on the reduced complex in sealed quartz capillary tubes in 
an IBM ER200 series spectrometer equipped with an Air Products low- 
temperature controller and cryotip. 

Results and Discussion 
I. Absorption Spectra. A. [Ru(bpm)3]2-n (n = 0-3). From 

the UV-vis absorption spectrum for the unreduced complex shown 
in Figure 2, the strong absorption at  high energies associated with 
a ligand-based T - A* transition' does not reach its peak before 
the UV cutoff of the solvent (DMF) is reached. As electrons are 
added, this absorption decreases in intensity, but not with the 
constant loss expected for the presence of three separate chro- 
mophores characteristic of species with localized redox orbitals. 
However, only the low-energy part of the absorption is observed, 
and other absorptions at  slightly higher energy than the A - ?r* 

bands may be red-shifting as electrons are added, eventually 
appearing within the spectral range as an absorption tail. Such 
red-shifting of bands as electrons are added frquently occurs and 
is not unexpected. While the A - T* absorption is decreasing 
in intensity, a new absorption at  -32000 cm-' appears and is 
assigned, by analogy to the redox absorption behavior of [Ru- 
( b ~ y ) ~ ~ - " , ~ ~  to a reduced ligand-based bpm- absorption. Its rel- 
atively constant increase in intensity with each added electron is 

(23) Morris, D. E.; Hanck, K. W.; DeArmond, M. K. J .  Electroanal. Chem. 
Interfacial Electrochem. 1983, 149, 115. 

(24) Morris, D. E.; Hanck, K. W.; DeArmond, M. K. J .  Am. Chem. SOC. 
1983, 105, 3032. 

(25) Angel, S. M.; DeArmond, M. K.; Donohoe, R. J.; Hanck, K. W.; Wertz, 
D. W. J. Am. Chem. SOC. 1984, 106, 3688. 

(26) Angel, S. M.; DeArmond, M. K.; Donohoe, R. J.; Wertz, D. W. J. Phys. 
Chem. 1985, 89, 282. 

(27) Allen, G. H.; White, R. P.; Rillema, D. P.; Meyer, T. J. J.  Am. Chem. 
SOC. 1984, 106, 2613. 
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Table I. UV Absorption Peaks, in cm-' X lo3, and Extinction Coefficients (in Parentheses) in M-' cm-I, for the series [R~(bpz),(bpy)~_,]~-" in 
DMF" 

x = o  x = l  x = 2  x = 3  chromophore 
n = O  35.3 (60000) 35.0 (62000) 35.0 (sh) bPY 

32.4 (sh) 33.4 (55 000) 34.2 (6200) bPZ 
n = l  35.1 (44000) 34.2 (60000) 34.5 (48000) 

33.0 (sh) 32.7 (46000) 
29.4 (I5 000) 

27.0 (sh) 27.0 (sh) 27.0 (sh) 
n = 2  33.9 (34000) 33.9 (49000) 34.0 (45 000) 

29.9 (30000) 

26.8 (20000) 28.0 (sh) 

30.1 (40000) 

29.2 (23 000) 29.4 (29 000) 

n = 3  30.5 (37000) 29.9 (49 000) 
30.1 (41000) 
26.0 (sh) 

u x  is the number of bipyrazine ligands, and n is the number of electrons added. bSee text. 

characteristic of separate ligand chromophore behavior and hence 
would argue for a localized description of the redox orbital. 

For the unreduced complex, the visible region of the spectrum 
contains two metal-to-ligand charge-transfer (MLCT) transitions 
into the two lowest ligand-based a* l e ~ e l s . ~ * ~ J ~  As the redox 
electrons are added to the a* system of the ligands, the lowest 
energy MLCT decreases in intensity and, by analogy to other 
tris(diimine) d6 metal c o m p l e ~ e s , ~ ~ ~ ~ ~ ~ ~ " - ~ ~  red-shifts; meanwhile, 
reduced ligand-based a* - a* transitions gain intensity. After 
three electrons have been added, thereby resulting in each low-lying 
a* orbital being occupied, the lowest MLCT is gone, and the 
visible spectrum is due solely to the reduced ligand-based tran- 
sitions. While the UV spectrum suggests that the redox orbitals 
are best described as localized, the congestion in the visible region 
does not yield direct evidence for this conclusion; however, it is 
this spectral region that is probed in the resonance Raman ex- 
periments discussed below. 

B. [R~(bpz)(bpy)~]*-" and [Ru(bp~)~(bpy) ]~ -~  (n = 0-3). The 
UV region of the spectrum for the mixed-ligand bpz-bpy ru- 
thenium complexes is dominated by the a - a* absorption of bpy 
at  -35 X lo3 cm-' and that of bpz at  -33 X lo3 cm-' (Table 
I). Despite the spectral overlap of these bands, the assignments 
of these peaks are consistent, in terms of both peak position and 
intensity trends, with those expected from a weighted sum of the 
UV peaks of R ~ ( b p y ) , ~  and Ru(bpz):, thereby indicating separate 
bpy and bpz a systems. The 33 X lo3 cm-' absorption is reduced 
in intensity before the one at  35 X lo3 cm-' upon addition of 
electron(s), consistent with cyclic voltammetric results' which 
predict that the lowest redox orbital is localized in the bpz lig- 
and@). Upon reduction of the last bpz ligand, the 33 X cm-' 
peak is gone and addition of the next redox electron decreases 
the intensity of the (34-35) X lo3 cm-I bpy a - a* absorption 
until it is also absent in the triply reduced species. Furthermore, 
absorptions associated with the reduced ligands generally exhibit 
monotonic intensity increases: the small absorption a t  -27 X 
lo3 cm-' from bpz- is apparent after the first electron has been 
added, while the relatively strong absorption at  29 X lo3 cm-' 
from bpy-29 increases as the final electron is added. However, 
a different peak at  29.9 X lo3 cm-' appears for [ R u ( b ~ z ) ~ ( b p y ) ] ~  
and will be discussed in the next section. 

The two peaks in the visible spectrum of the unreduced com- 
plexes have been attributed to MLCT bands, one into bpz (22000 
cm-I) and the other into bpy (24000 ~ m - ' ) . ~  Upon reduction, 
the MLCT into bpz is replaced by a bpz--based a* - a* visible 
absorption. Further reduction eliminates the MLCT in bpy while 

bPY- 
b 
bpz- 

0 -  I 
5 

35 30 25 20 15 10 

Energy (cm-'x 
figure 3. Electronic absorption spectrum of [Ru(bpz)J2-" in DMF, 
where n is the number of electrochemically added electrons. The visible 
and near-infrared regions are expanded in the lower plots. 

adding bpy--based adsorption to the visible region (also see res- 
onance Raman section). 

C. [Ru(bp~)~]~-".  The spectral behavior for the n = 1 and n 
= 2 cases of [Ru(bpz)J2-" (Table I and Figure 3) is quite similar 
to that for the well-described [Ru(bpy),l2-" series2' The a - 
a* band (34 200 cm-' for n = 0) decreases in intensity as bpz a* 
orbitals are filled, the remaining absorption is slightly red-shifted 
from a Coulombic destabilization of the a electrons, and the weak 

appears a t  -27000 cm-'. However, a distinct break in the UV 
(30) Elliott, C. M.; Hershenhart, E. J. J .  Am. Chem. Soc. 1982,104,7519. uv absorption associated with the  educed bpz- chromophores 
(31) Donohoe, R. J.; Tait, C. D.; DeArmond, M. K.: Wertz, D. W. Spec- . ,  

trochim. Acta, Part A 1986, 42A, 233. 

Chem. 1986, 90, 3923. 
(33) Donohoe, R. J.; Tait, C. D.; DeArmond, M. K.; Wertz, D. W. J .  Phys. 

Chem. 1986, 90, 3927. 

pattern occurs for the third reduction product, where a peak at  

noted in [Ru(bPz)2(bPY)1° (n = 21, where the final bPz ligand 
is also reduced. Its intensity is inconsistent with assigning it to 

(32) Donohoe, R. J.; Tait, C .  D.; DeArmond, M. K.; Wertz, D. W. J.  PhYs. 30 100 cm-~ appears that is similar to, but stronger than, the one 
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the same transition previously associated with the bpz- absorption, 
and the persistence of the bpz- absorption shoulder a t  27 X 10, 
cm-' also argues against its being due to the addition of a similar, 
third reduced chromophore. 

The visible portion of the spectrum is dominated by the met- 
al-to-ligand charge-transfer (MLCT) band in the n = 0 and n 
= 1  specie^.^,^.^^ As electrons are added, this band diminishes 
in intensity and shifts to lower energy (due to a Coulombic de- 
stabilization of the occupied d orbitals) to be replaced by a* - 
a* transitions for the highly reduced species. 

Because of the anomalous behavior in the absorption spectra 
of [Ru(bpz),12-", the near-infrared (near-IR) absorption region 
was examined in more detail. A weak absorption (e < 1000 M-' 
cm-') for the singly and doubly reduced species extends to energies 
lower than 4000 cm-I, below which solvent overtones precluded 
continuance of the spectrum. This low-energy absorption is absent 
in the spectra of the unreduced and reduced free ligand, as well 
as the unreduced and triply reduced ruthenium complex. By 
analogy to other c ~ m p l e x e s , ~ * * ~ ~ ~ ~ ~  this lower energy absorption 
may be associated with an intervalence charge-transfer (IVCT) 
band. Such an absorption would only occur in type I1 species of 
the Robin-Day classification of mixed-valence  compound^^^-^^ 
and would imply that an electron is optically excited from a 
reduced ligand to an unreduced ligand on the same complex. For 
a weakly coupled system, this optical energy should be 4 times 
higher than the barrier to the corresponding thermal electron 
transfer. Recently, an activation energy of -720 cm-' for thermal 
electron hopping has been determined by a temperature-dependent 
line-broadening ESR study of [Ru(bpz),] predicting an IVCT 
centered at -3000 cm-' and possibly corresponding to the weak 
near-IR absorption seen here. The existence of an IVCT, then, 
would imply both reduced and unreduced ligands on the same 
complex and hence a localized redox orbital description for the 
reduction products n = 1 and n = 2, as suggested in the ESR 
e ~ p e r i m e n t . ~ ~  However, the optical evidence is not compelling 
since the absorption, besides being the weakest in the spectral range 
studied, does not reach a peak, leaving its position and width 
undetermined: its absence in the triply reduced complex may be 
a consequence of peak shifting and/or line narrowing in a delo- 
calized orbital description. 

11. Resonance Raman (RR) Spectra. Resonance Raman 
spectroscopy of reduced diimine d6 metal complexes has been used 
previously to characterize the nature of the redox orbital.25 In 
the localized limit for the n = 1 and n = 2 reduction products, 
the spectrum of the unreduced ligand, a fully reduced ligand, or 
a composite of the two will be observed depending on whether 
Raman excitation is into the MLCT, a* -. a*, or a region of 
overlap. In the delocalized limit, the spectrum of only one type 
of vibrational unit will be observed: one with vibrational fre- 
quencies between those observed in the unreduced and fully re- 
duced limits since the redox electrons will be shared equally by 
the equivalent ligands. The relative intensities of the peaks, 
however, might be expected to change, since enhancement, initially 
from the MLCT absorption band, will be exclusively from the 
a* - a* transition in the three-electron reduction and some 
mixture of the two for the intermediate cases. 

A. [R~(bpm)~]*-" (n = 0-4). The resonance Raman spectra 
between 850 and 1650 cm-' for the reduction products of the 
tris(bipyrimidine) complex are shown in Figure 4, with the n = 
0 and n = 3 spectra showing the vibrational spectra of an unre- 
duced and fully reduced bpm ligand, respectively. The Raman 

~~ ____ 
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Figure 4. Resonance Raman spectra for the reduction products of [Ru- 
(b~m)~]*-"  in DMF. The excitation energy is noted just above each 
spectrum (1 kK = 1000 cm-'; S = solvent peak). 

spectrum of the first reduction product with excitation at  21.8 
X lo3 cm-' clearly shows a superposition of peaks associated with 
bpm (e.g. 1466, 1542, and 1198 cm-') and bpm- (e.g. 1046 and 
1503 cm-I), requiring the simultaneous existence of both bpm and 
bpm- within the same complex and hence requiring a localized 
redox orbital description since in the delocalized case, three 
equivalent bpm'/,- would exist. Scattering of lower frequency 
laser excitation (19.4 X lo3 cm-') for both the first and second 
reduction products yields spectra similar to the one shown for the 
n = 2 case in Figure 5 and reveals peak identical, within exper- 
imental error, with those associated with fully reduced ligands. 
Therefore, fully reduced ligands exist in the one- and two-elec- 
tron-reduction products, consistent with a localized redox orbital 
description, and the absorption in the lower energy region of the 
visible spectrum can be assigned as a a* - a* bpm--based ab- 
sorption. The resonance Raman spectrum for the four-electron- 
reduction product also gave a vibrational spectrum associated with 
the presence of the bpm- ligand, implying that this fourth electron 
is not shared between the ligands but is also localized on only one 
of the ligands. The resonance Raman spectra for the redox series 
of [Ru(bpm),12-", then, gives compelling evidence for the local- 
ization of added electron density into single ligands through the 
first four added electrons. That the redox orbitals are localized 
is consistent with a previous finding that the optical orbital (Le. 
final ligand orbital in the MLCT) for the bpm compound is also 
10calized.~' 

B. [R~(bpz)(bpy)~]~-" (n = 0-3). The previous assignment for 
the two absorption bands in the visible spectrum for the unreduced 
( n  = 0) complex as two MLCT7 bands was verified from the RR 
results. Excitation into the one at lower energy (20.5 X lo3 cm-') 
produced a vibrational spectrum similar to the one found for the 
(bpz), complex (see ref 42 and Figure 6) and hence agreed with 

100, 2996. 
(39) Launay, J .  P.; Babonneau, F. Chem. Phys. 1982,67, 295. 
(40) Gex, J.-N.; DeArmond, M. K.; Hanck, K. W. J. Phys. Chem. 1987,91, 

251. 
(41) Akasheh, T. S.; Beaumont, P. C.; Parsons, B. J.; Phillips, G. 0. J .  Phys. 

Chem. 1986, 90, 5651. 
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Figure 5. Resonance Raman spectra for the reduction products of the 
mixed-ligand [Ru(bpz),(bpy)lZ-" in DMF (1 kK = 1000 c d ;  S = sol- 
vent peak). 

the metal-to-bpz assignment of this absorption. Furthermore, by 
excitation at  higher energy (21.8 X lo3 cm-I) the vibrational 
spectrum of bpy, as shown by the presence of peaks at  1601, 1555, 
and 13 19 cm-I, began to be superimposed onto the bpz spectrum, 
consistent with some enhancement from the higher energy ab- 
sorption tail associated with a metal-to-bpy charge transfer. After 
the addition of one electron, the 21.8 X lo3 cm-I excitation gave 
a relatively strong bpy Vibrational spectrum, indicating a red shift 
in the metal-to-bpy charge-transfer band. Scattering from 20.1 
X lo3 cm-l laser irradiation still gave evidence of bpy but also 
produced a strong peak at  121 1 cm-' associated with bpz- (see 
below), consistent with initial reduction of the bpz ligand. Raman 
spectra of the two-electron product yielded evidence for bpy, bpy- 
(1 507 and 1353 cm-I), and bpz-, with the bpz- vibrations receiving 
more enhancement a t  lower excitation energies (e.g. 18.9 X lo3 
cm-I). The presence of bpy- vibrations is direct verification of 
the previous interpretation' of the second wave of the cyclic 
voltammogram as being due to bipyridine reduction rather than 
spin pairing in the bipyrazine ligand, and the appearance in the 
same spectrum of the vibrational patterns identified with bpy, bpy-, 
and bpz- argues for localized redox orbitals on individual ligands, 
with no delocalization. Moreover, one of the bpz- peaks is observed 
to shift from 121 1 to 1207 cm-l on addition of the second electron 
into a bpy redox orbital, thus implying some interaction between 
bpz- and bpy-, possibly from changes in the Ru-bpz- bond 
characteristics due to a change in Ru charge upon reduction of 
(primarily) bpy. The vibrational spectrum of the third reduction 
species is dominated by the spectrum of bpy- throughout the visible 
excitation envelope; no evidence for bpz- was found when either 
20.1 X lo3 or 18.9 X lo3 cm-I laser irradiation was used. 

(42) Balk, R. W.; Stufkens, D. J.; Crutchley, R. J.; Lever, A. B. P. Inorg. 
Chim. Acta 1982, 64, L49. 
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Figure 6. Resonance Raman spectra for the reduction products of [Ru- 
(b~z)~]*-" in DMF (1 kK = 1000 cm-I; S = solvent peak). 

C. [Ru(bp~)~(bpy)]*-" (II = 0-3). Even at  the highest visible 
energy of the Ar' ion laser (21.8 X lo3 cm-I), only the vibrational 
spectrum of bpz is observed for the unreduced complex (compare 
Figure 5 to Figure 6), consistent with the presence of two bpz 
ligands and a weaker MLCT absorption of the bpy ligand at  a 
higher energy (21 X lo3 cm-I). After an electron is added, some 
bpy vibrations appear (1489, 1559, and 1599 cm-'; Figure 5), 
implying a red shift of the MLCT, allowing the bpy modes to 
receive resonance enhancement. After two electrons have been 
added, the bpy modes become quite prominent, implying a further 
shift of the MLCT band. More striking, however, is the gradual 
shifting of the modes associated with bipyrazine. Some examples 
of this shifting for the n = 0 - n = 2 sequence include the 
following peaks: 1510 - 1497 (-13) - 1479 (-18) cm-I, 1272 - 1271 (-1) - 1266 (-5) cm-I, and 1483 - 1470 (-13) - 1454 
(-16) cm-I (only seen for 18.9 X lo3 cm-' excitation), where the 
numbers in parentheses show the shift from the previous redox 
species. As electrons are added, a new peak (1216 ( n  = 1) - 
1208 cm-I (n = 2)) associated with bipyrazine i s  noted, as well 
as a change in the relative intensities of the bipyrazine peaks. 
While the presence of this new peak only in the reduced vibrational 
spectra may represent a vibrational of a separate bpz- and hence 
imply a localized description of the redox orbital, the continuous 
shifting of the bands would suggest delocalization of the redox 
orbitals of the bipyrazines, with the "new" peak receiving resonance 
enhancement only from the a* - a* absorption and not from 
the MLCT absorption. The different enhancement from the a* 
-+ a* absorption vs. the MLCT absorption would also be expected 
to change the relative intensities of the other vibrational peaks. 
The resonance Raman spectrum for the three-electron-reduction 
product shows enhancement dominated by peaks associated with 
bpy- (e.g. 1156, 1485, 1502, and 1562 cm-I). These peaks are 
all within -7 cm-' of those for bpy- as found in the R R  spectra 
for [ R ~ ( b p y ) ~ ] l + ~ ~ , l -  (1162, 1486, 1505, and 1558 ~ m - ' ) , ~ ~  with 
the small shift attributed to a perturbation from different Ru-bpy 
bonding in the presence of bpz ligands. One peak in the n = 3 
species that is associated with bipyrazine (1201 cm-I) does appear 
in the spectrum when 18.9 X IO3 cm-' laser irradiation is used, 
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showing a further shift from its 1208-cm-' position in the n = 2 
species. A redox electron, even when added to a bpy ligand, seems 
to affect the vibrational frequency of the bipyrazines. 

D. [Ru(bpz),12-" (n = 0-3). The R R  spectrum for the (bpz), 
complex, shown in Figure 6 ,  again demonstrates the shifting of 
vibrational frequencies as electrons are added, both in D M F  and 
in Me2S0. In addition to the peaks mentioned for the (bpz), 
complex, the peak at  1586 - 1584 (-2) - 1577 (-7) - 1571 
(-6) cm-' also displays this shifting. The apparent change in 
relative intensity of the peaks, as well as the appearance of new 
peaks (1218 (n  = 1) and 1522 cm-' (n = 2)), may be attributable 
to a change in enhancement from MLCT absorption to a* - K* 
absorption rather than to the existence of distinct bpz- ligands. 
In fact, the number of vibrational peaks (no more than 10 peaks 
clearly visible) in the intermediate redox products (n = 1, 2) is 
not inconsistent with the presence of only one vibrational chro- 
m ~ p h o r e , ~ ,  in contrast to the two vibrational chromophores ex- 
pected in a localized system. Where comparisons of bpz modes 
can be made, the vibrational spectrum of the two-electron-reduced 
species for the (bpz), complex is very similar to the vibrational 
spectrum of the three-electron-reduced species for the tris complex, 
as expected since both cases have essentially one added electron 
per bpz ligand. Futhermore, the frequencies of the R R  peaks for 
the one-electron-reduction product of the (bpz), complex (Figure 
5), with an average of half of an electron per ligand, are between 
those for the one- and two-electron-reduction products of the tris 
compound (one-third and two-thirds of an electron per ligand, 
respectively; Figure 6): 1497 (bis) vs. 1490 and 1501 cm-' (tris); 
1470 (bis) vs. 1452 and 1475 cm-I (tris); and 1216 vs. 1213 and 
1218 cm-I (tris). Although such results are expected for a de- 
localized system of redox orbitals, the bpz vibrational sensitivity 
merely to the overall charge of the complex has been mentioned 
above for [Ru(bpz)(bpy),]+ - [Ru(bpz)(bpy),l0, in which no 
delocalization is postulated. 

One mechanisms besides delocalization for vibrational shifting 
have been observed previously and may be operative in these 
molecules. K back-bonding has been responsible for 10-cm-l shifts 
in previous ca~es,,l-~, and such an effect may contribute in the 
reduced bpz complexes. Moreover, the total shift of bpz modes 
upon complete reduction is generally less than 20-30 cm-l, as 
compared to -50 cm-' for modes associated with bpy,27,4s45 and 
a varying degree of electron sharing with solvent is possible, 
especially since the basicity of the peripheral nitrogens of the bpz 
ligand increases upon reduction46 and nucleophilicity of even the 
unreduced species has been demonstrated to red-shift absorption 
bands and increase a back-bonding upon addition of BF, to an 
aqueous solution of the ~ o m p l e x . ~ ~ ~ ~ *  While the shifting of the 
vibrational peaks occurred in both D M F  and Me,SO, the lack 
of solubility of the reduction products or even the unreduced species 
hampered investigation in other solvents. However, even with these 
alternatives, the R R  data taken alone argue for delocalized redox 
orbitals between the bpz ligands. 

111. Electron Spin Resonance (ESR). In contrast, though, a 
recent ESR study of the reduction products of [ R ~ ( b p z ) , ] ~ - " ~ ~  
and the near-IR absorption spectra reported here seem to support 
a localized description of the redox orbitals of the (bpz), complex 
for the first two reduction products. The ESR study noted typical 
ruthenium diimine behavior for the one- and two-electron-re- 
duction products, including temperature-dependent line width 
broadening associated with electron hopping from a reduced ligand 
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Measurable depolarization ratios indicate only a, modes are present in 
the bpz complexes (consistent with all other diimine complexes studied), 
and in comparison to the 11 a modes observed for the bpy ligand in the 
frequency range examined,21 only 10 modes are expected for a bi- 
pyrazine vibrational chromophore. 
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Figure 7. Low-temperature ( T  = 90 K) ESR spectrum of the two- 
electron-reduction product [R~(bpz )~]O in DMF. Microwave frequency 
= 9.55 GHz. 

to an unreduced ligand, and hence suggests a localized redox 
orbital. Extending that study, the ESR spectrum of the two- 
electron-reduction product [Ru(bpz),l0 was recorded in a frozen 
DMF matrix (90-185 K); if the redox electrons were delocalized 
throughout the molecule and were no longer spatially isolated, 
there must be magnetic coupling between them to give either an 
S = 0 or S = 1 species, and this coupling should be detectable 
in a frozen matrix. An ESR signal persists even in fluid solution, 
and from the small g shift and different temperature dependence 
of the line width compared to that of the one-electron-reduction 
product, this signal can not be attributed merely to some one- 
electron impurity present in an otherwise S = 0 system. In frozen 
samples, the signal grows in intensity as the temperature is lowered 
from 185 to 90 K, but the g factor, shape, and line width remain 
unchanged. From Figure 7, the X ,  Y, and Z components expected 
for a triplet-state ESR are not seen, with an ESR 
spectrum with g factor a n i s o t r ~ p y ~ ~ , ~ ~  typical of doubly reduced 
ruthenium diimines appearing instead. This type of spectrum has 
been interpreted as indicating essentially magnetically nonin- 
teracting redox electrons, each having spin c h a r a ~ t e r . ~ ~ , ~ '  
Support for this interpretation is the lack of any signal a t  half-field 
(AM, = f 2  transitions) in the frozen matrix, as expected for a 
triplet-state ESR s p e c t r ~ m . ~ ~ - ~ '  Furthermore, the g factor ob- 
served (g = 1.995), as well as the narrow line width in Figure 7, 
is inconsistent with assigning much ruthenium-metal character 
to the redox orbitals as would be likely in a delocalized orbital 
description, since the ruthenium would shift the g factor from the 
"free-electron" value typical of organic radicals and, through 
hyperfine splitting from the nuclear spin of 99Ru and lolRu 
isotopes (combined 30% natural a b ~ n d a n c e ) , ~ ~  broaden the 
peak-to-peak separation. The conclusion of redox orbital local- 
ization similar to that seen in other ruthenium diimine systems 
seems necessary from the ESR data, a t  least through the first two 
reduction products. 
Conclusions 

From the UV absorption spectra and the R R  results for the 
redox series of [R~(bpm),],-~, the redox orbitals are localized on 
single ligands through the first four added electrons. Furthermore, 
from the CV, UV-vis, and R R  results, the mixed-ligand bpy-bpz 
complexes also possess bpy redox orbitals localized from the bpz 
redox orbitals. Localization of redox orbitals between the bpz 
ligands, at least for the first two reduction products, is suggested 
by the low-temperature ESR and the appearance of IVCT ab- 
sorption bands for the (bpz), complex. However, a satisfying 
interpretation of the UV and RR spectra for the series consistent 
with this conclusion is not reached. 
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Adsorbate (ligand) displacement/substitution has been found to occur between iodine and hydrogen at smooth polycrystalline 
platinum electrodes in aqueous acid, neutral, or base electrolyte; experimental measurements were based upon thin-layer elec- 
trochemical methods. The iodine/hydrogen substitution reaction is a two-electron redox-activated process, the mechanism of which 
appears to depend upon the pH of the solution. In the absence of an applied potential, iodine is the only species present on the 
Pt surface. When a negative potential is applied in the vicinity of the hydrogen evolution reaction, chemisorbed iodine is 
progressively desorbed as iodide ions accompanied by the immediate chemisorption of protons as hydrogen atoms; when the potential 
is subsequently made positive, the reverse displacement reaction occurs in which hydrogen is oxidatively desorbed as protons 
accompanied by the oxidative chemisorption of iodide as iodine. In acid media, iodine desorption occurs after evolution of molecular 
hydrogen; in basic solutions, iodine removal occurs before electrogeneration of hydrogen gas. 

Introduction 
Although the strong interaction of aqueous iodide at platinum 

electrodes had been reported in the past,' it has only recently been 
established that a spontaneous oxidation-reduction process occurs 
when a clean platinum surface is exposed to aqueous iodide or 
gaseous hydrogen iodide. In this process, (i) iodide ions are 
oxidized to form a chemisorbed monolayer of zerovalent iodine 
atoms, and (ii) protons or water molecules are reduced to produce 
hydrogen g a ~ ; ~ . ~  at  single-crystal surfaces, the chemisorbed layer 
of iodine has been found to be highly ordered.2 In acid solutions, 
the oxidative chemisorption of iodide may be represented by 

I-(as) + H+ - I(ads) + 1/2H2(g) 

In neutral or basic media, the reaction may be written as 

I-(aq) + H 2 0  - I(ads) + OH- + 1/2H2(g) ( 2 )  
The heat of adsorption of iodine on Pt has been measured from 

thermal desorption experiments to be at least 30 kcal/mol;2 this 
stability betrays the formation of strong metal-adsorbate bonds 
analogous to those in transition metal-halide complexes. The 
question as to whether iodine chemisorption on platinum can be 
represented as zerovalent iodine on zerovalent platinum [Pt-I(ads) 
or as a univalent platinum-iodide complex [Pt(I)-I-] is largely 
unsettled although a recent study based on X-ray photoelectron 
spectroscopy supports the Pt-I(ads) repre~entation.~ 

The spontaneous iodide-to-iodine oxidation upon contact with 
the Pt surface along with reactions 1 and 2 implies two important 
aspects of the surface chemistry of smooth polycrystalline platinum 
with iodine: (i) The standard potential for the Pt-I/Pt-I- or 
I(ads)/I-(ads) redox couple is shifted to negative values relative 
to that of the 12(aq)/I-(aq) couple; that is, in the surface-bound 
state, iodine is more stable than iodide. (ii) Reactions 1 and 2 
may be reversed by the presence of molecular hydrogen; that is, 
under certain electrochemical or catalytic conditions, ligand 
(adsorbate) substitution or displacement reactions between iodine 
and hydrogen may occur. The investigation of these fundamental 
surface processes was the purpose of this study. 
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The results obtained here demonstrate that adsorbate substi- 
tution or displacement can be made to transpire between iodine 
and hydrogen at  smooth polycrystalline platinum electrodes in 
aqueous acid, neutral, or base electrolyte in the presence of ample 
amounts of hydrogen and/or by the application of sufficiently 
negative potentials. The displacement reaction is a two-electron 
redox-activated process, the mechanism of which appears to de- 
pend upon the pH of the solution. In the absence of an applied 
potential, iodine is more stable on the surface. When a negative 
(cathodic) potential is applied in the vicinity of the hydrogen 
evolution reaction, chemisorbed iodine is progressively desorbed 
as iodide ions accompanied by the immediate chemisorption of 
protons as hydrogen atoms; when the potential is subsequently 
made positive (anodic), the reverse displacement reaction occurs: 
hydrogen is oxidatively desorbed as protons accompanied by the 
oxidative chemisorption of iodide as iodine. In acidic media, iodine 
desorption occurs after evolution of molecular hydrogen; in basic 
solutions, iodine removal occurs before electrogeneration of hy- 
drogen gas. 

Experimental Section 
Experimental measurements were based on thin-layer voltammetric 

and coulometric  method^.^ Thin-layer electrodes and their advantages 
in surface chemical studies have been discussed previously.6 Smooth 
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