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The absorption, emission, and infrared spectra, metal (Ru) and ligand (PP) half-wave potentials, and ab initio
calculations on the ligands (PP) are compared for several [L,Ru(PP)?* and [{L,Ru}dpp{RuL',}]** complexes,
where L, and L', = (bpy), or (NHs)s and PP = 2,2-bipyridine (bpy), 2,3-bis(2-pyridyl)pyrazine (dpp), 2,3-bis(2-
pyridyl)quinoxaline (dpq), or 2,3-bis(2pyridyl)benzoquinoxaline (dpb). The energy of the metal-to-ligand charge-
transfer (MLCT) absorption maximum (hvps) varies in nearly direct proportion to the difference between Ru'"/Ru'
and (PP)/(PP)~ half-wave potentials, AE;s,, for the monometallic complexes but not for the bimetallic complexes.
The MLCT spectra of [(NHs)sRu(dpp)]?* exhibit three prominent visible—near-UV absorptions, compared to two for
[(NH3)4Ru(bpy)J?*, and are not easily reconciled with the MLCT spectra of [{ (NHs)sRu} dpp{ RuL,} ]**. The ab initio
calculations indicate that the two lowest energy sz* orhitals are not much different in energy in the PP ligands (they
correlate with the degenerate s* orhitals of benzene) and that both contribute to the observed MLCT transitions.
The LUMO energies calculated for the monometallic complexes correlate strongly with the observed hvp. (corrected
for variations in metal contribution). The LUMO computed for dpp correlates with LUMO + 1 of pyrazine. This
inversion of the order of the two lowest energy s* orbitals is unique to dpp in this series of ligands. Configurational
mixing of the ground and MLCT excited states is treated as a small perturbation of the overall energies of the
metal complexes, resulting in a contribution e to the ground-state energy. The fraction of charge delocalized, opa?,
is expected to attenuate the reorganizational energy, yrwoq, by @ factor of approximately (1 — 4awpa? + owpa’),
relative to the limit where there is no charge delocalization. This appears to be a substantial effect for these
complexes (opa? == 0.1 for Ru''/bpy), and it leads to smaller reorganizational energies for emission than for absorption.
Reorganizational energies are inferred from the bandwidths found in Gaussian analyses of the emission and/or
absorption spectra. Exchange energies are estimated from the Stokes shifts combined with perturbation--theory-
based relationship between the reorganizational energies for absorption and emission values. The results indicate
that €5 is dominated by terms that contribute to electron delocalization between metal and PP ligand. This inference
is supported by the large shifts in the N—H stretching frequency of coordinated NH; as the number of PP ligands
is increased. The measured properties of the bpy and dpp ligands seem to be very similar, but electron delocalization
appears to be slightly larger (10-40%) and the exchange energy contributions appear to be comparable (e.g.,
~1.7 x 10° cm~t in [Ru(bpy).dpp]?* compared to ~1.3 x 10° cm~! in the bpy analogue).

Introduction These compounds can often be assembled in supramolecular
There has been a great deal of interest in the properties ofarrays that might be useful in applications such as the

covalently linked, polymetallic transition metal complexes. collection of light energy and its transformation into chemi-
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chem.wayne.edu. level devices, and other unique chemical propettié©ne
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of the simplest linkers commonly used in assembling metals become evident that complexes with dpp ligands have some
into such arrays is 2,3-bis(2-pyridyl)pyrazine (dpp) This unexpected spectroscopic and chemical properties. Related
molecule can function as a bidentate ligand to two metals features have been noted in earlier work. For example,
simultaneously, and the relatively low-energy LUMO of the several research groups have noted that the bidentate
pyrazine moiety is expected to facilitate electronic delocal- coordination of two metals by dpp results in some twisting
ization between the bridged meta¥s?? Partly for these  of the pyrazine ring:'*13%51t has also been observed that
reasons, we began some systematic studies of dpp-bridgedhe electrochemical properties of the dpp-bridged complexes

complexes several years ajdAt that time we also thought
that such polypyridyl types of bridging ligands might exhibit
some of the features characteristic of the mixing of bridging
ligand nuclear properties with doneacceptor (D/A) elec-
tronic properties that have been found for cyanide-bridged
donors and accept@fs® and, if not similar, that their
properties could provide an instructive contrast between
different classes of strongly coupled transition metal denor

do not correlate with bond order in the same manner as those
of related complexed;in order to fit the bond order
correlation, bonds of the pyridine moieties had to be included
for dpp but not for closely related ligands.

The difference in the electrochemical potential for oxida-
tion of the donor (Rl in systems reported here) and the
potential for reduction of a linked acceptor ligand (e.g., a
polypyridyl ligand) commonly correlates strongly with the

acceptor complexes. As our work has progressed, it haslowest energy MLCT absorption maximum as in egf £8
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e MLCT) = F[E; (D7 |D) — Ey(AIA )] + 1pa

=F AE;(DIA) + npa 1)

where F is Faraday’s constant and the potentials are
determined in the assembled compl&®in the experimental
correlations of monometallic complexes, th, cross term
has been commonly found to be smal(0—2) x 10°cm™?,

for polypyridine acceptorg-3335 In contrast pa has been
found to be~5 x 10° cm! for some pyrazine-bridged
bimetallic complexe&’ The general success of eq 1 has led
to the proposal thatvm.(MLCT) can be represented as the
sum of independent contributions of the donefD)°, and
the acceptori-(A)°, with a small correction for cross terms,
I'pa, as ineq 2t

o {MLCT) = F(D)° + F(A)° + I'ps (2)

In the limit that the donoracceptor coupling is very small
(Hpa/Epa — 0, whereHp, is the electronic matrix element
and Epa is the energy difference between the ground and
excited state evaluated in the nuclear coordinates of the
ground-state PE minimum), the physical significance of the
F(D)°, F(A)°, andI'pa terms is relatively simpfé (see the
Discussion; note thag(D)° and F(A)° contain reorganiza-
tional free energy as well as electrochemical contributions).
The physical significance of thep,x and#pa terms is clear
when D/A electronic coupling is wealb, < 200 cnt?)

but not in the strongly coupled limit typical of ruthenigm
polypyridine complexes. We have employed the simple
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relations amondlpa, #pa, €nergy gaps, and the nuclear N

reorganizational parametétg®4° in the weakly coupled N O NO
limit to aid in the evaluation of the more complicated @ @6
systems. The deviations from this limit can be expressed in N

terms of a perturbation theory parametesa? (cpa = Hpa/ N NO NO

Epa), Which can be interpreted as the fraction of electron
density delocalized. For example, the absorption bandwidth

) L : d

in the weakly coupled, two-state limit is proportional to the dpp P

square root of the electron-transfer reorganizational en- N

ergy3®4! but in strongly coupled systems the bandwidth N O

should decrease wittipa?,2%3%4+44 as succinctly expressed

in eq 3% N
@)

2
lreorgg j'reorgo(]- — 4op,”) 3

wherelod IS the reorganizational energy defined for the
limit of weak coupling.

We initially sought to gain insight into the origin of the
complexities of the charge-transfer properties of dpp-
containing complexes by means of a careful comparison to
the “much better understood” bipyridine complete£al-
culations reported by Lever and Gorelék¥/ indicated that
there is very little electron delocalization in the bipyridine
(bpy) complexes and that large electron exchange energies [{(NH;)sRu}2dpp]
accoun't for Some properties commpnly attributed to elgcton Figure 1. Bridging ligand structures: dpg 2,3-bis(2-pyridyl)pyrazine;
delocalization in these complex&sSince electroabsorption  gpg = 2,3-bis(2-pyridyl)quinoxaline; dpb= 2,3-bis(2-pyridyl)benzoqui-
measurements indicate similar extents of meligland noxaline. The Chem3D structure at the bottom of the figure illustrates the
mixing in [RU(NH):L]?* complexes with L= pyridine and —£fect o serecenenion epuiione on e bmetalic suctres (at e
pyrazine?® this raised the possibilities (a) that Coulomb and
exchange terms may contribute differentlyotgn indpp and o 399414647 and of 25%?2 for the ground-state electron
bpy complexes and (b) that there is less electron delocal-ge|ocalization in [Ru(NH)opyP*.
ization in the dpp complexes than is generally supposed. The - The combination of these experimental issues has led us
first possibility should lead to some differences in physical g perform ab initio computations on dpp and some related
properties, and we have found that [Ru@ldppF" and jigands. On the basis of the computations and the experi-
some dpp-bridged complexes do have unexpected Spectromental observations, we propose that some of the unusual
scopic features. Unfortunately, not all the relevant properties spectroscopy and chemistry associated with the dpp ligand
of the bipyridine complexes seem to be as well understood may be a consequence of a difference in the nature of the
as we had supposé@*this is illustrated by recent estimates | Mo of dpp from that expected based on pyrazine.

39) Hush, N. SElectrochim. Actal968 13, 1005. ; ;

g40§ Endicott, J. F.; Uddin, J. M:oord.s(:hem. Re 2001, 219221, 687. Experlmental Section

glg ggzgor’:l Ig.Perolgl-egl?org.ﬁgﬁ;?;?gigét?c?nlgutterworth: London, A Mat.erlals. The ligands (S.ee Flgu.re 1) dpg (2,3-bls(2.-pyr|dyl)-
1980. quinoxaline) and dpb (2,3-bis(2-pyridyl)benzoquinoxaline) were

(43) Marcus, R. AJ. Phys. Chem1992 96, 1753. synthesized according to literature proceddr@s*The dpp ligand

(jg) g/latyu;hov, > \é-;';{]og‘rlf- AJ. '?hYSWChem-S"ROOLJJ 104, ‘_3478- _ (2,3-bis(2-pyridyl)pyrazine), NkPFs, KPFs, and Sephadex C-25

(“5) Minf;ggfne’ +S. Ph.D. Dissertation, Wayne State University, Detrolt, ion-exchange resin were purchased from Aldrich and used without

(46) Lever, A. B. P.; Gorelsky, S. Coord. Chem. Re 200Q 208 153. further purification. All solvents used were reagent or spectroscopic

(47) Gorelsky, S. I.; Dodsworth, E. S.; Lever, A. B. P.; Vicek, A.@oord. grade. Tetrabutylammonium hexafluorophosphate (TBAH) was

Chem. Re. 1999 174, 469. . L
(48) Very recent DFT calculations by Gorelsky and Lever suggest that there purchased from Aldrich and dried in a Vacuum oven before use.

is about 10% electron delocalization in the ground state of [RufINH RuCl-3H,0 was purchased from Strem Chemicals or from Acros

bpy?*. This calculation also seems to be consistent withrtherbital and used as received. Ru(bg®)-H,O was purchased from Strem

sequence that we have inferred below. Lever, A. B. P.; Gorelsky, S. chemicals and used without further purification.
|. Private communication, October, 23, 2001. . . .
(49) Shin, Y. K.; Brunschwig, B. S.; Creutz, C.; Sutin, N.Phys. Chem. Preparative solutions were deaerated by passing an argon gas

1996 100, 8157. stream through two chromous scrubbers (0.1 M @8E,0 in 1

(50) The properties of concern here deal with the amount of electron density v HC| over Zn/Hg) and then through a Cag€olumn. Distilled

delocalized, the absorption and emission bandwidths, the sequence of, P . e .
MLCT excited states, F;’he exchange energy, etc. Our studie;1 of [Ru- Water was deionized prior to distillation by passing through two

(NH3)4bpy]?" and related complexes are briefly summarized in this
report. A preliminary report has been submitéédnd a full report is (52) Mines, G. A.; Roberts, J. A.; Hupp, lhorg. Chem.1992 31, 125.

being prepared. (53) Goodwin, H. A,; Liona, FJ. Am. Chem. Sod.959 81, 6415.
(51) Endicott, J. F.; Schlegel, H. B.; Uddin, J. M.; Seneviratne, LLd&rd. (54) Baino, A. J.; Carlson, D. L.; Wolosh, G. M.; DeJesus, D. E.; Knowles,
Chem. Re., submitted. C. F.; Szabo, E. G.; Murphy, W. Rnorg. Chem.199Q 29, 2327.
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Mega-Pure organic removal cartridges. lon exchange chromatog-

raphy was carried out using gradients of eluant concentrations.
Elemental analyses are summarized in Tablé®Sind were
performed at Midwest Micro Laboratories (Indianapolis, IN).

B. Synthesis of CompoundsThe starting materials [RYNH3)s-
CI|(Cl)2,%5 cis-[(NH3)sRU" CI,]Cl,5¢ and [RU!' (NH3)s(O3SCH),)(Os-
SCR)%” were synthesized according to literature procedures. The
following compounds were prepared by slightly modified literature
procedures (see pages S2 an@B3(a) [(bpypRu(dpp)](PF)2,*?

(b) [(bpy)Ru--(dpp)Ru(bpyi](PFe)s,*? (c) [Ru(NH;)s(OH)]-
(PFo)2,>° (d) [Ru(NHs)4(dpp)I(PR)2," (e) [(bpyXRu(dpa)](PF)2.**
The skeletal structures of the ligands are shown in Figure 1.

[(NH 3)sRu(dpp)Ru(NH3)4](PFe)4. A 0.25 g (0.9 mmol) sample
of cis-[(NH3);RU" CI,]Cl and a 3-fold molar excess of ligand dpp
(0.071 g, 0.3 mmol) were reacted in 20 mL of an argon deaerated
ethanol/water mixture in the presence of freshly made Zn/Hg. The

yield was~75%. A similar approach was used for the synthesis of
[(NH3)4Ru(dpb)](P)2.

C. Absorption Spectroscopy.Ultraviolet, visible, and near-
infrared spectra were recorded on an OLIS modified Cary 14
spectrophotometer controlled by a Gateway 486/33 PC using OLIS
software. U\V~visible and near-infrared absorption spectra were
recorded in deaerated, distilled water, acetonitrile, as@/BMSO.

The ASCII files of the experimental absorption (or emission)
spectra were transferred to EXCEL, and the product of absorption
andv,,8° was plotted va/ps (Se€ eq 6 below). Spectral deconvo-
lutions were then performed using the Grams 32 progfdmthese
fittings of the absorption spectra to Gaussian components, (a) the
absorbance was scaled by the frequency as suggested by eq 6, (b)
the dominant, lowest energy component was fitted first with a
Gaussian closely matched to the maximum energy and the band
shape on the low-energy side, (c) higher energy maxima were

reaction was carried out in an argon atmosphere in the absence Ofsimilarly approximated by Gaussians, (d) a minimum number of

light. The yellow reaction mixture was warmed (5C) and
constantly stirred for 3 h. The blue-violet reaction mixture was
filtered, and solid NHPFR; was added until the precipitation was
completed. The crude product was isolated after being chilled for
30 min. The crude product was reprecipitated from water. Typical
yields were~40%.

[(bpy)2Ru(dpp)Ru(NH3)4)(PFe)s. A 100 mg (0.11 mmol) sample
of [(bpy).Ru(dpp)](Pk). was dissolved in 6 mL of argon deareated
distilled water. A 38 mg (0.137 mmol) sample @$-[(NH3),Ru" -
Cl;]Cl was dissolved separately in 8 mL of argon degassed distilled
water and reduced with Zn/Hg for abdit h under argon, wrapped
with aluminum foil for protection from light. After this time the
reduced ruthenium solution was added to the deaerated jRipy)
(dpp)E" solution. The resulting solution was shielded from light
and allowed to react under argon at room temperature for 12 h.
The initial brown-orange solution changed to blue-purple during
this time. The crude product was isolated as thg REIt by adding
solid NH,PFR;. The product was purified by ion-exchange chroma-

tography using Sephadex SPC-25 resin and eluted with increasing,r

concentrations of acids. The desired product was eluted with 0.5
M HCI as a blue-purple solution. The solvent was removed by rotary
evaporation, and the product was isolated as a chloride salt.
Precipitation as the RF salt gave a very low yield. The typical
yield of the chloride salt was about 30%.

[(NH 3)4Ru(dpq)](PFe).. In a typical experiment, a 2-fold excess
of dpq ligand (115 mg, 0.4 mmol) and [(NH Ru(OH,)](PFe)2
(200 mg, 0.2 mmol) were placed in a 50 mL round-bottom flask,
which was wrapped with aluminum foil for protection from light.

minor components was added as needed for a good fit, () some
properties of at least the major components were fixed (up to two
of the maximum energy, intensity and bandwidth) before iteration
of the fit, and (f) fixed parameters were removed one at a time as
the fit was iteratively refined. Fitting on the high-energy side was
always the most difficult and equivocal; the tail of deep-UV
absorption bands was approximated by the edge of a Gaussian
component. The extended low-energy, low-intensity absorbancies
(probably a combination of hot band and triplet contributions) were
fit by a small Gaussian component. The parameters for the minor
components depended strongly on the parameters used for the major
absorption components, and the energies, intensities, and widths
of these minor components cannot be unequivocally assigned. For
all fits reported, the correlation coefficient wes> 0.995.

D. Emission Spectroscopy Ambient emission spectra were
determined with a Spex Fluorolog spectrometer. All spectra were
corrected using the Spex instrument correction factor. Spectral
deconvolution was accomplished as described for absorption except
or the scaling, which was accomplished by dividing the experi-
mental emission intensity byem5°

E. Electrochemistry. The electrochemical results were obtained
with a Princeton Applied Research model 273 electrochemical
system and a model 173 potentiostat/galvanostat equipped with a
PAR model 179 digital coulometer and a model 175 universal
programmer or with a BAS model 100A electrochemical worksta-
tion using manufacturer-supplied software for instrument control
and data manipulation.

A serum cap was placed on the flask, and the flask was deareated Cyclic voltammograms were obtained using a three-electrode

by flushing with argon for 30 min. Deareated acetond 2 mL)

was added by syringe to the flask that contained the two complexes.

After 10 min with stirring, the color of the solution changed to

system consisting of a Ag/AgCI reference electrode, a Pt wire
counter electrode, and a Pt disk working electrode for measurements
in CH;CN. The working electrode was polished with 0.3 and 0.05

blue. The reaction mixture was stirred for 2 h. A constant stream #m Buehler alumina suspensions on a Buehler polishing cloth and

of argon was blown over the solution during this time. After 2 h

sonicated for a few seconds between polishing cycles. The solutions

this solution was added onto stirring anhydrous ether. Care was consisted of the complex dissolved in acetonitrile containing 0.1

taken in all procedures to minimize the exposure of either solution
or solid samples to light. The product was isolated and purified by
reprecipitation from acetone/ether in the absence of light. Typical

(55) Chang, J. P.; Fung, E. Y.; Curtis, J.18org. Chem1986 25, 4233.

(56) Salaymeth, F.; Berhause, S.; Yusof, R.; de la Rosa, R.; Fung, E. Y.;
Matamoros, R.; Law, K. W.; Zhen, Q.; Kober, E. M.; Curtis, J. C.
Inorg. Chem.1993 32, 3895.

(57) Dixon, N. E.; Lawrence, A.; Lay, P. A.; Sargeson, A. M.; Taube, H.
Inorg. Synth.1986 24, 243.

(58) Supporting material, see paragraph at end of paper.

(59) Callahan, R. W.; Brown, G. M.; Meyer, T.lhorg. Chem1975 74,
1443.

M TEAP (tetraethylammonium perchlorate) or TBAH (tetrabutyl-
ammonium hexafluorophosphate) as electrolyte. Cyclic voltammo-
grams were generally referenced internally to ferrocene (0.437 V
vs Ag/AgCl) or to diacetylferrocene (0.925 V vs Ag/Agé)
dissolved in the sample solutions in acetonitrile. Electrochemistry
in aqueous solutions with 0.1 M (NHSO, was performed with

(60) Gould, I. R.; Noukakis, D.; Luis, G.-J.; Young, R. H.; Goodman, J.
L.; Farid, S.Chem. Phys1993 176, 439.

(61) Galactic Industries Corporation, Salem, NH.

(62) Song, X.; Lei, Y.; VanWallendal, S. V.; Perkovic, M.; Jackman, D.
C.; Endicott, J. F.; Rillema, D. Rl. Phys. Cheml1993 97, 3225.
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Table 1. MLCT Spectra of Monometallic Polypyridyl Complexes

Seneviratne et al.

Amax (NM) (€max/10%, M~ cm™1) [Avy2/108, cm Y]

complex [ D} (A)] band | band Il other bands solvent
[{ (bpy)Ru} (bpy)P* 452+ 1 (14.23) H20
455 [1.9F
458 [1.9F 1:1 DMSO/HO
451+ 1¢ CHsCN
[{ (bpy)(en)Ru (bpy)F* 487 (11.2y 345 (8.82Y H,0
49¢ 348! 1:1 DMSO/HO
[{ (bpy)(NHs)2Ru} (bpy)P* 490 (9.5) 345 (7.65) H20
490 [2.1F 355 [3.8F 1:1 DMSO/HO
491 34g! CHsCN
[{ (enpRu} (bpy)P* 515 (3.96Y 365 (7.85Y H>0
526 37¢ 1:1 DMSO/HO
[{ (NHg)aRu} (bpy) P 522 (4.4§ 366 (7.1) H20
526 [2.2F 364 [4.2F
532 372 1:1 DMSO/HO
524 (4.2) 364 (6.8) CECN
521 [2.4F 364 [4.4F
[{ (bpy)Ru} (dpp)F* 478 (10) 426 (12) @)
481 (9) [2.0F 422 (12) [2.3¢
470 (sh) 430
463 (sh, 11.3) 439 (12Y CHsCN
[{ (NH3)4RU} (dpp)F* 546 (4.5) 456+ 2 (4.8) 368 (59 H>0
543 [2.0F 422 [4.0F 329 [5.5]
541 (4.2) 458 (3.7) 366 (4.5) GEN
547 [2.4F 434 [4.0F 364 [5.4F
[{ (bpy)Ru} (dpa)F* 530 (3.5) 423 (3.1) 351 10
517 426 360 CHCN
[{ (NHg)aRu} (dpa)P* 591 (2.8) 438 (1.3) 346 (8) 10
[{ (bpy)xRU} (dpb)F* 565 (3.1) 405 (4.6) 392 (4.8), 370 28
551 395 386, 370 CECN
[{ (NH3)4RU} (dpb)F+ 619 (4.9) 427 (3.1) 386 (11.3), 367 (11) 2@
606 430 385, 369 CECN

a1 cm path; 298 K. Uncertainty ibmaxis about1 nm. Uncertainties in extinction coefficient and bandwidth are akdii%. Band energies, intensities,
and widths are based on absorption band envelopes except as indicatedage values are from the following. Lin, C. T.; Boettcher, M.; Chou, M.;
Creutz, C.; Sutin, NJ. Am. Chem. Sod976 98, 212. Harriman, AJ. Chem. Soc., Chem. Comm877 777. McClanahan, S. F.; Dallinger, R. F.; Holler,
F. J.; Kincaid, J. RJ. Am. Chem. S0d.985 107, 4853.¢ Average values are from the following. Nakamura Bll. Chem. Soc. Jpri986 59, 7872. Juris,
A.; Balzani, V.; Belser, P.; von Zelwesky, Aelv. Chim. Actal981 64, 2175. Kawanishi, Y.; Kitamura, N.; Kim, Y.; Tazuke, BIKEN Q.1984 78, 212.
d This work and ref 82¢ Estimate based on Gaussian deconvoluti@rewer, K. J.; Murphy, W. R., Jr.; Spurlin, S. R.; Petersen, Jnbrg. Chem.1986

25, 882.9 Reference 8.

ITO (indium—tin oxide) or glassy carbon working electrodes and
referenced to Ag/AgCI.

F. Infrared Spectroscopy. Infrared spectra were obtained as
KBr pellets using a Nicolet 760SX FT-IR and a Nicolet 680 DSP
workstation. Spectral grade KBr used for all pellets was obtained
from Aldrich and used without further purification. The KBr and
all samples were dried in a vacuum oven at-800°C for several
hours.

G. Molecular Orbital Calculations. Computations were carried
out with the Gaussian series of electronic structure progfams.
Geometries were fully optimized at the HF/LANL2DZ level of

theory. This consists of the Los Alamos pseudopotentials on heavy
atoms and the D95V all-electron basis on first- and second-period

atoms. To simulate the change in conformation of the ligands on

in the MLCT excitation energies can be obtained from Koopman'’s
theorem, i.e., from the orbital energies of the free ligands in the
conformations indicated. Even though accurate excitation energies
cannot be obtained from the orbital energies alone, changes in the
energies of the unoccupied orbitals of the ligands should parallel
trends in the MLCT excitation energies that are due to differences
in the ligands. To obtain approximate values of the metal-
independent variations of MLCT energies for systematic comparison
to the calculated ligand orbital energies, we have subtracted the
M"/M! half-wave potentials from the observed absorption band
energies.

Results
Information on the MLCT spectroscopy and electrochem-

complexation, the dpp, dpg, and dpb ligand geometries were alsojstry of several types of simpler D/A systems provides bases

optimized with one and two 2 bound. An estimate of the trends

(63) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. AGaussian 98Gaussian, Inc.: Pittsburgh, PA, 1998.
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for the comparison and interpretation of the relatively
complex MLCT properties of the dipyridylpyrazine class of
complexes; Table 1 summarizes the MLCT spectra of several
types of polypyridyl-containing ruthenium(ll) complexes, and
Table 2 summarizes the MLCT spectra of bimetallic
complexes. Table 3 summarizes the electrochemical behavior
of these complexes, and Table 4 summarizes the results of
the numerical calculations on the polypyridyl ligands.
The scaled absorbance of [Ru(ikbpy?* shows two

MLCT bands that do not have a Gaussian band shape (Figure
2). Since the deviations from Gaussian shape correspond to
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Table 2. MLCT Spectra of Bimetallic Complexés

Amax{NM) (€max M~Lecm~Y10%) [Avy,cm Y103

complex [D, D'} (A)] band | band Il other bands solvent
[{ (bpy)Ru,Ru(bpy)} (dpp)I*" 520 (21) 417+ 2 (17) 330 (26) HO
512 (19) [2.8} 413 (16) [3.6}
5244 2¢(20) 423+ 2¢(14) 330(32) CHCN
[{ (NH3)4Ru,Ru(bpy}} (dpp)I** 539+ 2 (6) 431+ 2 (3.5) HO
536 (7) 429 (5) CHCN
[{ (NH3)sRu,RU(NH)} (dpp)F+ @ 558 (19) 368 (9.8) 318 (25) pro)
[{ (bpy)xRu,Ru(bpy)} (dpg)I" 614 (9.8) 608 (18.2) 530, 426 B
[{ (NH3)4Ru,Ru(bpy}} (dpg)1*" 640 (4) 531 (9) 424 (8), 393 (10), 350 (17) 2@
640 (3.5) 523 (7) 427 (6.5), 393 (8) GEN
[{ (NHz)sRu,Ru(NH)4} (dpa)l* 700 (4) [3] 598 (5) 344 (13) 9]
680 (5) 578 (5) 339 (12) CHCN
[{ (bpy)xRu,Ru(bpy) (dpb)}** ¢ 646 410 368 HO

a1 cm path; 298 K. Uncertainty ifimax is aboutt=1 nm except as noted.

Uncertainties in extinction coefficient and bandwidth are-ab0%i. Estimates

are based on band envelopes except as indichfestimate based on Gaussian deconvolution (this wérkyerage for this work and refs 8 and 1¥This

work and ref 7.

Table 3. Half-Wave Potentials of the Complexes

B, V
complex [ D} (A)] Ru(bpy)3+2* Ru(NHg)3+/2+ L01- FAEi, cn Y103 solvent
[{ (bpy)RU} (bpy) 2+ 1.26+ 0.0 —1.2840.09 20.5+ 0.2 HO
1.27+0.03 —1.344+0.04 21.1+0.5 CHCN
[[(bpy)(en)RY (bpy)P+ 0.88 —1.5r 19.2 CHCN
[{ (bpy) (NHs)2RU} (bpy) R+ 0.8 ~15F 18.8 CHCN
[{ (enkRU} (bpy)?* 0.5 —-1.7F 18.1 CHCN
[{ (NH3)4RU} (bpy) B+ 0.31d —1.424 14.1 HO
0.5¢°d —1.7¢4 17.7 CHCN
[{ (opy2RU} (dpp) R+ 1.39+ 2de —1.01+ 1de 19.4 CHCN
[{ (NH3)4Ru} (dpp)P* 0.56 —1.28 14.8 HO
0.7¢ —1.30 16.6 CHCN
[{ (bpy)LRu} (dpg)B* 1.2¢ —0.69 15.6 HO
1.43 —0.82A 16.5 CHCN
[{ (NH3)4Ru} (dpa) P+ 0.8 CHsCN
[{ (bpy)RU} (dpb)B* 1.28 ~0.65' 15.6 HO
1.458! —0.82 18.3 CHCN
[{ (bpy)Ru,Ru(bpy3} (dpp)F* 1.56, 1.38 £0.05)" —0.64+ 0.04 17.7 CHCN
[{ (NHs)4Ru,Ru(bpy3} (dpp) P+ 1.32 0.76' -0.80' 12.6 CHCN
[{ (NHz)aRu,Ru(NH)} (dpp)F+ 0.96, 0.5% (—0.96Y (12.3y CH:CN
[{ (NH3)4Ru,Ru(NH)4} (dpa)F* 1.38,0.89 CHsCN
[{ (NH3z)sRu,Ru(bpy?} (dpg)F* 1.44 1.0 CHsCN

aSweep rate, 100200 mV/s; electrolyte, 0.1 M TBAE or TBAH; Ag/AgClI reference electrode; ambient conditfoAserage of values is listed in the
following. Juris, A.; Barigelletti, F.; Campangna, S.; Balzani, V.; Belser, P.; von Zelwesk@pbrd. Chem. Re 1988 84, 85. ¢ Reference 824 This work.

€ Average value is from the following. Brewer, K. J.; Murphy, W. R., Jr.;

Spurlin, S. R.; Petersenjrorid. Chem.1986 25, 882. Denti, G.; Campagna,

S.; Sabatino, L.; Seroni, S.; Ciano, M.; Balzani, Idorg. Chem.199Q 29, 4750.f Reference 89 Extrapolated value based on related complexes.

Table 4. Comparison of Computed Orbital Energies (LUMO and
LUMO + 1) and MLCT Energy Maxima (Bands 1 and 2) of
[(NHg)sRu(L)]** =

constrained constrained
ligand parent free with one  with two

(L) orbital ring ligand metal metals  hvma?
bpy LUMO 15.39 155 19.16
bpy LUMO+1 21.62 21.7 22.12
dpp LUMO 1766) 179@ 12.1() 10.3() 18.48
dpp LUMO+1 22.00) 19.14) 16.7(@) 16.0 @) 21.83
dpg LUMO 116¢) 119@ 105@) 9.8 16.9
dpg LUMO+1 21.1%) 165@) 13.4() 11.5¢6) 2238
dpb LUMO 72¢q) 7.8 6.2 (@) 53@ 165
dpb LUMO+1 20.3() 16.8(5) 14.0() 119¢p) 173

a All energies are in units of cm/10°. Computations were performed
at the HF/LANL2DZ level of theory? From absorption envelope in
acetonitrile.

top and middle of Figure 2. The transition energies,
bandwidths, and intensities of the major and minor compo-
nents were essentially the same in water and in acetonitrile.
These minor fitting components a and b cannot be purely
vibronic; the energy differences and intensities required are
too large for a simple vibronic progression. Resonance
Raman data for this compl&xcan be used to construct an
absorption profile for the lowest energy MLCT band includ-
ing the apparent vibronic contributions, shown at the bottom
of Figure 2, and this profile requires additional electronic
components (such as component a) in order to match the
observed spectrum. The report of Streiff et®%althat
components of band 1 are resolved in a 77 K methanol/
ethanol glass is further support for this analysis. We
tentatively assign the most intense component to thg d

additional intensity contributions on the high-energy side of Orbital that has the largest overlap with the bpy LUMO. The

band 1 and the low-energy side of band 2, compensati
for them requires a minimum of two relatively minor
Gaussian components, as shown in the Gaussian fits at

on

(64) Hupp, J. T.; Williams, R. TAcc. Chem. Re001, 34, 808.
(65) Streiff, J. H.; Edwards, W. D.; McHale, J. Chem. Phys. Let.999
the 312 3609.
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E

acetonitrile [(absorbance){,d vs hvand: experimental absorption envelope,

heavy black line; sum of Gaussian fitting components, superimposed solid Figure 3. Scaled absorption spectra of [Ru(y{dpp)F" (as in Figure
white line. For the Gaussian components (energies inrwmax [Avig] 2). For the Gaussian components (energies in‘gnmax [Avi/g values

in H20 are the following: MLCT 1, 19 100 [2400]; MLCT 2, 27 400 [4400];  in H,O are the following: MLCT 1, 19 100 [2000]; MLCT 2, 23 716

a, 20800 [1870]; b, 23100 [3400]. In GEBN, the values are the [4000]; MLCT 3, 30 403 [5500]; a, 20 800 [1800]; b, 22 200 [1800]; c,
following: MLCT 1, 19 200 [2200]; MLCT 2, 27 400 [4200]; a, 20800 27 416 [3818]. In CHCN, the values are the following: MLCT 1, 19 010
[2100]; b, 23 400 [2700]. The spectrum at the bottom of the figure compares [2384]; MLCT 2, 24 000 [4040]; MLCT 3, 29 100 [5430]; a, 20 700 [1800];
the MLCT 1 absorption band in water (from the top spectrum) to the b, 22 000 [1800]; ¢, 26 000 [2200].

spectrum constructed from vibronic components, based on resonance Raman

data reported in ref 64. We have assumed that all these vibronic components  The three intense MLCT transitions observed for the [Ru-

have a 2000 cm bandwidth. (NH3)4(dpp)R* complex in the visible-near-UV region,
L ) o where only two are observed for [Ru(Nk(bpy)]**, suggest
ab initio calculatlo_ns indicate that the LUMO and that there are more low-energy acceptor orbitals in dpp
LUMO + 1 of coordinated bpy both have, fCz.) sym- o in ppy. If the energy differences were simply transfer-
metry>0:¢5°70 Both 7* orbitals would mix with the d(by) able, then the second idpp MLCT transition in [Ru(bpy}
orbital, and both transitions would tzeallowed. (dpp)R* would occur at 24.6< 10° cm2, very similar to

We have resolved three distinct principle MLCT bands the energy expected for the Bhpy transition. In acetonitrile
for [Ru(NHs)a(dpp)F*. The resulting absorption envelope the lowest energy MLCT absorption maxima of the mono-
was different in acetonitrile than in water (Figure 3). The metallic complexes, [Ru(NsL]?" and [Ru(bpy)L]2*, cor-
Grams 32 based spectral deconvolution indicates that thisrelate well with changes in the constituent half-wave
difference is attributable to a smaller bandwidth of MLCT 1 potentials (Figure 4; slope 0.9+ 0.2, intercept= (3 & 3)
in acetonitrile; the ratio of integrated band intensities x 10* cm™!, r2 = 0.9; omitting the point for [Ru-
(MLCT 1/MLCT 2) is nearly the same (0.73 in acetonitrile  (bpy)dpbF"). The bimetallic complexes that contain'Ru
and 0.71 in water). The energies and integrated intensities(NHz), deviate dramatically from this correlation.
of the principle MLCT bands do not appear to be signifi-  The minimized structures calculated for the free ligands
cantly different in the two solvents. We have treated the all have the pendant pyridines arranged with nitrogen atoms
component structure of this complex as similar to that of adjacent, and their rings are twisted by about°1f86m the
[Ru(NHs)4(bpy)?" but with one additional, major MLCT ideal orientation for coordination (see Figure 5). When the
band (Figure 3). ligands are constrained to adopt a structure appropriate for

1508 Inorganic Chemistry, Vol. 41, No. 6, 2002
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Figure 4. Correlation of band | absorption maxima with the difference in
the half-wave potentials for Ruoxidation and ligand (L) reductiorf(is
Faraday’s constant) in acetonitrile: solid squares for [Ru@gpy]?+
complexes, solid circles for [Ru(Ngk(L)] 2" complexes (L as indicated on
the figure); open circles for bimetallic complexes (BERL(bpy)} Adpp)I;

AB, [{Ru(bpy},Ru(NH)a} (dpp)F; AA, [{ Ru(NHs)a} 2(dpp)f). The ligand
reduction potential used for AA was interpolated from the values observed
for monometallic complexes{ Ru(bpy}}2(dpp)Ft and [Ru(bpy),Ru-
(NH3)4} (dpp)l**. The solid line is drawn with a slope of 1.0 and a zero

intercept. <N+CCN2=13

<N4CCNs = -21
bidentate coordination (modeled in the calculations by <N:CCNe= 135
binding to Zr#*), the pyridine rings are splayed and the
pyrazine moiety is twisted (see Figure 1). The changes shown
in Figure 5 are also representative of dpq and dpb. In the
unconstrained geometries, the LUMO'’s of dpp, dpg, and dpb
correlate with the LUMO'’s of pyrazine, quinoxaline, and
benzoquinoxaline (Figures 6 and 7) and the nodal pattern is

(66) The details of this assignment will be discussed elsewhere. In brief,
there are two principle issues: (a) thieorbital sequence correspond-
ing to the observed dominant MLCT bands and (b) the assignment of
the minor electronic components. In regard to issue a: (1) the lowest
energyst* orbitals of pyridine do not differ greatly in energy and
correlate with the degenerate orbitals of the LUMO of benzene (we
label thes* orbital with a nodal plane passing through two atoms as
f3, the other as); the ab initio calculations indicate that the two lowest
energys* orbitals of planar bpy are of the fornw(+ o) and (3 + f3).

This contrasts with the more common assignmenoof-(a) and @

— o), respectively, based either on the simplifying neglect of the higher <NiCCN2= 22

energy pyridine orbit&l¢8or on semiempirical MO calculatior?8:65 <N{CCNs= 20
Other sequences have also been propdsauregard to issue b: In
a simple orbital model of the complex, one of theatbitals (labeled <N2CCNs= 22

drm; note that theC, symmetry axis bisects the Cartesian angles of
the metal complex, and symmetry adaption of the usual Cartesian d
orbital set is required) mixes with the bpy LUMO, resulting in electron

delocalization and a decrease in the energysmf @his is illustrated Figure 5. Minimized stereochemistries of dpp: top, free ligand; middle,
in Figure S4 of Supporting Information). The electron density constrained to coordinate one metal; bottom, constrained to bridge two

delocalized from g to the bpy LUMO in the ground state could metals. The Zn atoms have been highlighted in dark-gray.
increase the electroerelectron repulsions for transitions involving the

other dr orbitals, leading to an energy higher than expected on the

basis of only orbital energy considerations. There are, of course, lower designated bya in Table 4. Likewise, the LUMOCH 1's

energy, very weak absorption contributions that probably are the : ; : :
convolution of hot band and triplet contributions, and there may be correlate and their nodal pattern 1s de5|gnatecﬁby| the

MLCT bands at energies outside the spectral window presented in Table. As can be seen from Table 4, the conformations of

Figure 2. - i i i
(67) Zwickel, A. M.: Creutz, Clnorg. Chem 1971, 10, 2395. the 2-pyridyl substituents have very little effect on the energy
(68) Parker, W. L.; Croshy, G. Ant. J. Quantum Chent.991, 39, 299. of the LUMO, but they can lower the LUM@ 1 energy
(69) Ivanova, N. V.; Sizov, V. V.; Nikolskii, A. B.; Panin, A. . Struct. significantly. In conformations suitable for bidentate coor-

Chem.1999 40, 620.
(70) Mulliken, R. S.; Person, W. BMolecular Complexes Wiley-

dination, the pyridyls are more nearly coplanar with the rest

Interscience: New York, 1967. of the ring system and can interact more strongly. The
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Figure 6. LUMO (left) and LUMO + 1 (right) for the parent rings of the
bridging ligands, from top to bottom: dpp, dpg, and dpb. Orbital energies
are listed in hartrees.
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Figure 7. LUMO (left) and LUMO + 1 (right) of dpp, dpg, and dpb (top
to bottom) constrained to a geometry appropriate for the bidentate
coordination of one metal. Orbital energies are listed in hartrees.

interaction is greater for LUMG- 1, and its energy is
lowered more. In dpp, the LUMO and LUM® 1 are close
in energy, and the effect of twisting one or both pyridyls
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Figure 8. Comparison of the computed ligand LUMO energies with the
lowest energy (in acetonitrile estimated from band envelopes) MLCT
absorption maxima approximately corrected for variations in the metal
contribution by subtractinGAEyRuU"/Ru'). LUMO energies are computed
for the ligand (without metal) configured for coordination of one metal:
closed squares, [Ru (bpylPP)F"; closed circles, [Ru(Ng)s(PP)F". The
ligand LUMO is thea-type for all except dpp (circled points).

ficients on the pyrazine nitrogens (e.g., the LUMO of
pyrazine) and resulted in a change of the sequence of
LUMOs in the dpp ligand. This is clearly an electrostatic
effect of the vacuum calculation with a bare®Zrion, and

its relevance to the spectra of coordination complexes in the
condensed phase is not clear. In contrast, the MLCT 1
energies correlate well with the LUMO energies calculated
with the ligands configured for coordination but without the
dipositive metal (Figure 8).

Emission band energies and-M stretching frequencies
are summarized in Table 5. The ambient (DMS&i
emission spectra of [Ru(Ngb(bpy)]?" and [Ru(bpyj]>"
were fit to three Gaussian components (Figuré®SEmis-
sion bandwidths were smaller, and the vibronic structure was
better resolved in glasses at 77 K than in ambient solutions,
as illustrated for [Ru(bpyyippF* in Figure 9.

The N—H stretching regions of the infrared for the PF
salts of the ammine complexes were complicated by the
O—H stretching frequencies of water. Extensive drying and
careful handling of the samples reduced theHDcontribu-
tion. The N-H bands of the tetraammines were broad with
little indication of structure and were very similar in energy;
the band maxima (selected by the instrument program) varied
over about a 40 cnt range depending on sample preparation.
The [Ru (NH)2(bpy)]?" complex exhibited two relatively
sharp bands of very different intensity; both bands were
significantly higher in frequency than the-NH stretches of

into bidentate conformations is to push the energy of the the tetraammines (about 30 and 100°¢jmn

original LUMO + 1 below that of the original LUMO,
inverting their order. In dpg and dpb, the LUMO and
LUMO + 1 separation (in the pyrazine moiety) is larger and
the order is not inverted, despite the strong interaction
between the pyridyls and the LUM® 1’s.

Discussion

In the course of this study we have found a number of
features of the dipyridylpyrazine class of ligands that have
been a challenge to understand, even without the conceptual

The calculated orbital energies of these ligands changedproblems that are intrinsic to linked mixed-valence systems.

dramatically when Z#i was bound. This was most pro-
nounced for the LUMO with the maximum orbital coef-

1510 Inorganic Chemistry, Vol. 41, No. 6, 2002

The synthesis of complexes with a variety of second metals
has been difficult, probably as a consequence of the
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Table 5. Ambient Emission, N-H Stretching Frequencies, and Derived Parameters of Am(mJrodypyridine-Ruthenium(ll) Complexes

Yex hM(O) c
complex ralem?[Avd e (eod®)  AA e Eg® 49 apg?h  Egf

[Ru(NH3)g](Cl)3 3077 13.6

[Ru(NH3)g](Cl)2 3315, 3210 13.6

[Ru(NHs)s](PFe)3 3185 13.6 1

[Ru(NHs)s](PFs)2 3360+ 20 13.6 0

[Ru(NH3)4bpy](PF)2 3250+ 20 11.2 0.6+ 0.2 16.9 2.1 0.09
(4.5)

[RU(NHs)2(bpy)](PFs)2 13.7[1.8] 3357, 3258 9.1 65 0201 (151) 3.8 0.08 3.205
(3.4) (1.4)

[Ru(NH3)4dpp](PF)2 3250+ 20 (4.5) 0.6+ 0.2 1.8

[{Ru(NHs)a} dpp{ Ru(bpy}}1(PFe)a 3241

[Ru(bpy)](Cl)2 16.2[2.0] 6.8 5.6 (18.0) 3.9 0.07 1808
(2.3) (1.8)

[Ru(bpy)dppl(PR)2 14.5[1.8] ~6.8 6.6 1.4 31

(1.4)

2|n DMSO/H,O (1:1) at 300 K. Bandwidths from a Gaussian fit of the (corrected and scaled) emission using Grams 32. Energi&d G érm KBr
pellet. vyu in units of cnTL. © M@ based on bimolecular self-exchange electron-transfer reactions (refe3®)© = 2xexct”©/3, With yexci!© for the
[Ru(NHz)e]*2* or the [Ru(bpy3]®™2" couple and assuming that the polupyridyl ligand occupids of the complex coordination sphere. Energies in
cm Y108, 4 Ahv = hvmadabs)— hvmadem). Energies in cmi/10%. €f = [vnu(RU'(NH3)s) — var(complex)]/pnu(RuU'(NHz)s) — var(RU" (NH3)g)]. f Epa®®
= hma{@bs) — 2Areord@) (Ean® = ma{em) + 2Areard€)). Energies in cm/10%. 9 Areord@) (resord€)). Energies in cmt/10% " Based on eq 8.Based on
eq 19. Energies in cm/103. ] Deak, A.; Templeton, J. Linorg. Chem198Q 19, 1075. Griffith, W. P.J. Chem. Soc. A966 899. From a tabulation in ref
85. kBased on weighted average afy.

accompanying stereochemical distortions. Three visible functions (in our treatment they represent the isolated donor
near-UV MLCT transitions of roughly comparable intensity and the isolated acceptor in the same medfyyrandH is a
are observed in [(NkJ4Ru-dppft, but only two are observed = Hamiltonian operator; the FranelCondon (FC) excited state
in this energy region for{[[NHs)sRU} .dppl*", and the lowest  is destabilized by an equal amouffrhis mixing alters the
energy transition is about 4 times as intense in the dimer asproperties of the donor-metal and acceptor-ligand in the
in the monomer. In a comparison of the lowest energy MLCT complex relative to those of the isolated donor and acceptor.
transitions with electrochemical data for these complexes, it The magnitude of this change in properties depends on both
appears that the metal and ligand additivity relations that the donor and the acceptor and is not easily factored into
are expected in such systems do not hold. We have made individual contributions of the components. In the simplest
1:1 electrochemical/optical/theoretical comparisons of mono- perturbation theory limit, eqs 4a and 4b
metallic bpy and dpp complexes to facilitate evaluation of o o
the properties of the dpp complexes. To address the issues = M (4a)
raised by these observations, we have considered whether @+ o)
the spectroscopic and electrochemical peculiarities of the dpp
complexes might arise from (a) unusual contributions of the YA’ — Oap¥p’
reorganizational energy, (b) unusual features of the ligand Ve= m
electronic structure, and/or (c) properties that arise from AD
donor—acceptor mixing (e.g#pa Or I'pa in €egs 1 and 2).  whereapa = HpaEpa, molecular properties can be inter-
These contributions are most readily assessed with respecpreted in terms of the fraction of charge delocalizeg,?/
to a limit in which the D/A mixing is very small. (1 + apadY?, between the donor and acceptor (for simplicity,
A. Spectroscopic, Kinetic, and Electrochemical Cor- we omit the normalization factors in the remaining discus-
relations in Simple D/A Systems. A.1. General Features  sion; alloy; and H; parameters below are understood to be
and Expectations.Donor—acceptor complexes typically give  normalized). The mixing could alter either the Coulomb or
rise to an optical absorption whose energy can be related tothe exchange integral terms?®
ionization energies and electron affinifie€ "*or to elec- While it is clear that electron exchange contributions to
trochemical potential®:33 When there is strong electronic the state energies are not insignificant, the changes in
coupling between the donor and the acceptor, manifested byexchange energy that result from configurational mixing must
an intense charge-transfer absorption band, this can resulbe small. A lower limit,AKg < 10%, can be based on the
in configurational mixing that perturbationalf/?"3alters ratio of the excited-state exchange energy to the total
the properties of both the donor and the acceptor. In a simpletransition energy+{2Ke out of about 20x 10° cm™1) andes

(4b)

perturbation theory analysi8the ground state is stabilized = apa®Epa (Whereapa? must be less than or equal to 0.5),
by an amounts = [(Hpa)%(1 + opa?))/Epa, WhereHpa = assuming that there are no exchange contributiortspio
e H|ypc0is the electronic coupling matrix elememntg° The arguments that follow are based mostly on the charge

and yg° are the unmixed excited and ground-state wave delocalization interpretation.

(71) Lever, A. B. P.Inorganic Electronic Spectroscop§lsevier: Am- (74) For purposes of the correlation of experimental observations, we define

sterdam, 1984. the reference states representedyby andiya° as the equivalent donor
(72) Newton, M. D.Adv. Chem. Phys1999 106, 303. and acceptor, respectively, in the limit that coupling goes to zero, but
(73) Newton, M. D.Chem. Re. 1991, 91, 767. all other conditions are the same.
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A.2. Characterization of MLCT Excited States. The
absorption of light to form the FranekCondon excited state
leaves the nuclei fixed, and this excited state will be
vibrationally excited. In the limit that a single high-frequency
mode fwy, > 4kgT) is excited and that there is a continuum
of low-frequency modeshfs < 4ksT usually associated with
the solvent), the absorptivity at a frequeneys for the
process in eq 5,

D-A+hy—D"—A" (5)

can be expressed as in e§°6%"7

3
€(Vapd = %n‘”’HDAZ(AuDA)Z(FC) (6)
. 300th“cy,,In 10
3 ~(Eon® — MWt Iy 27
~ 12000 13000 14000 15000 16000 17000 FC= ZFJ' ex
-"E ] 4/1$kBT
2
2 _ g o9
g | 1/2
< J(4nidsT)
A
=,

where Epp® is the energy difference between the zeroth
vibrational levels of the ground and excited statg, is the
energy required to change the nuclear coordinates of the
vibrationally equilibrated excited state (VEQES) into those
of the ground-state PE minimum, and the reorganizational
energy contributions corresponding e, and hvs to Areorg
are A and s, respectively® The energy of the absorption
maximum is equal to the free energy change that occurs
during the absorption of light. The dominant contributions
to this process, based on the maximum of the FC function,
13000 14000 15000 16000 17000 are given by either eq 7a or eq 7b,

Vems cm’

Figure 9. Emission of [Ru(bpydppF" in DMSO/H0O; top, ambient

solution; bottom, 77 K glass. For the Gaussian components in ambient 00,

solution (energies in cm), hvmax [Av1/7] values are the following: 14 200 thaxz [AGp, | + Xreorg+ (7b)
[1843]; 13 000 [1505]; 12 100 [1219]. For the major Gaussian components

in 77 K glass (energies in cm), hwmax [Av1] values are the following: ~ provided the terms on the right-hand side of these equations

15700 [1157]; 14 300 [1404]; 13 000 [1222]. The scaled experimental : ; . i
spectrum is a heavy dark line, and the fitted spectrum (sum of the Gaussianare mtema"y consistent: energy quantities for eq 7a and

components) is the superimposed white line. free energy quantities for eq 7dorg = xn + xs analogous
to the components Ofreorg. AGpa® is the free energy
Variations in the charge distribution within a molecule are différence between the vibrationally equilibrated ground and
expected to result in variations in molecular bond lengths €XCited states, andeoyis the free energy change associated
and angles, in solvation energy, and in certain vibrational With the change from the nuclear coordinates of the VEGES
frequencies. The correlated variations in the nuclear reor- © those of the ground state. The experimental evaluations
ganizational and electrochemical parameters are used tc®f ffé€ energy quantities are usually easier than of energy

characterize charge-transfer processes, and variations in thesguantities, and most correlations of the components of optical

experimental parameters are often used to extractinformation(75) de la Rosa, R.; Chang, P. J.. Salaymeth, F. Curtis, hdgg. Chem
about D/A mixing?2>335675 Values of reorganizational 1985 31, 4229.

energies or vibrational frequencies are sensitive to the (76) Myers, A. B.Acc. Chem. Res998 30, 519. _
9 q (77) Graff, D.; Claude, J. P.; Meyer, T. J. IBlectron Transfer in

electronic charge distribution, while the singtétiplet Organometallic and Biochemistryisied, S. S., Ed.; Advances in

energy differenceHsr) is mostly dependent on exchange fgg;ﬂi(s:t'r]y Steri8151253;1 génerican Chemical Society: Washington, DC,
— . : . ) apter , P .
terms Esr= 2Kexcn there should also be small contributions (78) Note that the use of eq 6 assumes #gi and Aupa are constant

of nuclear and electronic relaxation). through the absorption band.
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transition energies are in terms of electrode potentials
determined for oxidation or reduction of the D/A system (eq
1).

A.3. Correlation with Electron-Transfer Parameters.
A.3.a. Kinetic Parameters.The reorganizational parameters
in eq 7b are often interpreted in terms of the component,

electron-transfer activation free energies (from rate constant

data)3®41 This interpretation of the parameters is fundamen-
tally based on the assumption that there is very little
configurational mixing between donor and acceptor. Homo-
geneous solution electron-transfer kinetic data or ion pair

D-A+e =D-A", E, (10b)

then an additional term is required to relate eq 7b to &3.
The process in eq 5 is related to these couples by a one-
electron-transfer equilibriur#:33

D'-A"+D-A=D"-A+D-A", Ky, (11)
The combination of egs 10 and 11 leads to eqs 5 and 12

—AGp,° = FAE, > — RTIn Kp, (12)

charge-transfer spectra can be the bases for useful estimateghereAE;,?» = Ey* — E1,° andF is Faraday’s constant.

of the reorganizational free energeo”, in the limit of
little electronic mixing?384°(see Figure S6). The reorga-
nizational free energy is the sum of metal-fragment and
ligand-fragment contributions angleord @ = Yo(ym© +

Substitution of eq 12 into eq 7b leads to

hy —FAE;,;” + RTIN Kpp + Zreord@® + ... (13)

max

7.9). We have used agueous self-exchange electron-transfer Direct measurements éfpa are not usually feasible for

data to estimate values @feord” % and these values as the

bases for estimatingy© for several complexes (Table 5).
A.3.b. Effect of Ground State—Excited State Mixing

on Nuclear Reorganizational Energieslin the simple two-

state limit (parabolic ground state and excited state PE

surfaces with the same force constants), the excited-state

ground state mixing results in a decrease in the separation

of the PE minima by ¢pa2 + oap?)Xo, Where Xy is the
separation in the absence of mixing (i.e., in the diabatic limit)

covalently linked D/A systems, but simple perturbation
theory arguments lead to useful estimates. If the stabilization
energy of the ground state that results from D/A mixfHig

€s = Hpa%Epa, the destabilization of the VEQES &g =
Hap%/Eap. If Ke represents the strictly electrostatic contribu-
tion to Kpa, andAKexenis the difference in exchange integral
contributions (see page 98 then eq 14 can be used:

RTINKy, = —e,+ €, + RTINK, + AK (14)

exch

and the subscripts correspond to coupling coefficients in the If we sethvmax= Epa = [Epa® + Areord@)], Eap = [Epa®® —
nuclear coordinates of the ground state and the excited statel.cord@)], assume thatipa = Hap, and allow for the effect

PE minima, respectivelyofoa = Hpa/Epa, 0tap = Hpa/Eap;

Eap = Epa — 2lreord). When D/A coupling is very strong,
higher order terms may contribute to the attenuation of
reorganizational energyofp Zopa;, see page SPP).
Equation 8,

Areord @)= Areorg [1 = doipa® + opa (1 + 27 — Z) + ..] (8)

expresses higher order contributions to the reorganizational

energy for the absorption process in the two-state fifyt.

of the shift in the PE minima that results from D/A mixing
(0pa?% and—oap o, respectively) for the ground and excited
states, then the are related as in eq 15 (see pagé&®s¥4°

€4= €5+ 20pp Argord@) T ... (15)
Equation 13 may be rewritten as in eq 16,

v, o= —FAE; > + Lreord@)(1+ 205,%) + RTINK,, +

AK ot ... (16)

The related expression for the emission from the same excitedwhere we have assumed that free energy quantities may be

state is given in eq 9,

Aroord® = Areorg 11 — 2(1+ Z)opa” +
oA+ 22+7+...] (9)

A.3.c. Electrochemical ParametersWhen the experi-
mental measure oAGpa®° in donor-acceptor systems is
based on the difference of half-wave potentials of the
component couples,

D'—A+e =D-A, E,,° (10a)

and

substituted for energy quantities in the perturbational cor-
rection terms. The reorganizational parameter in eq 16 has
the same meaning as that in eq 7b, and the correction terms
arise only becaus&AE,;, is not the same free energy
quantity asAGpa® in eq 7b.

A.3.d. Electrostatic Contributions. The contributions of
Ke may also be important. These can be factored into
intermolecular and intramolecular contributions. The former
amounts to an ion pair association constant and is expected
to be small in high dielectric media. The intramolecular
Coulombic term is the largest term for the DA~ species
in eq 11.

B. Strongly Coupled Systems and the R/bpy Para-
digm. Arguments presented above indicate that charge

(79) Note thateord® = Y2(xreord® + xreord’) and that each reorganizational
energy contribution is the sum of contributiongX(andyX) from the
low-frequency (largely solvent) and high-frequency (molecular)
vibrational modes, respectively, that correlate with the solvational and
structural differences of the ground and excited states.

(80) Equation 3, when applied to emission, implies similar mixing at both
minima; this would only be the case for the two-state limit if the
minima have the same PE orAfeorq is very small; see page S9 of
Supporting Information and ref 81.

(81) Matyushov, D. V.; Newton, M. DJ. Phys. Chem2001, 106, 8516.
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delocalization can attenuate both the low-frequency and the~ (3.3 & 0.7) x 10° cm™* for [Ru(NHa)x(bpy)]?* (for an
high-frequency vibrational contributions to the reorganiza- uncertainty of about 10% in each bandwidthHowever,
tional free energy in strongly coupled systems. Conversely, these values of.corq are not consistent with eqs 8 and 9;
the attenuation of these vibrational contributions to the these equations, combined witheo{f), imply that the
reorganizational energy could be a measure of the amountabsorption bandwidth should have been about 25% larger
of charge delocalized. than observed andK2., ~ 2300 cnm®. This is even more
B.1. MLCT Spectra of [Ru(NH3)sbpy]?t. The MLCT of a problem for [Ru(bpy)?": Avip(abs) < Avy(em),
absorption spectra of this complex in water and acetonitrile contrary to expectation based on eqgs 8, 9, and\b{{abs)
are very similar, but the resolved Gaussian bandwidth of the = 1.5 Avy5(em)). This behavior is probably a consequence
dominant lowest energy component is about 10% larger in of more extensive inter-ring configurational mixing (and

water. Equation 17, charge delocalization) in the FranelCondon excited state
" (see section B.4) than in the emitting state. For [Ru(dpV)
Avyp =0+ 4[kgTAsIn 2] 17) 2Kexen &~ 2000 cnmi? based on the observed bandwidth

) o (probably an upper limit), andk,cn~ 500 cnT? based on
(whg)rea is the standard deviation from the mean values of {he emjssion bandwidth and egs 8, 9, and 17. These estimates
Eoa” and/reorg See page SEY with o = O implies thatls  re comparable to the values that Lever and Gorétsky
~ 2.1 x 10 in water, significantly smaller than even the calculated, Eeen = 1460 cnt® for [Ru(bpyl]?t and
value Qfl/ZXreorgz in TabIDe >. SiQCdso = 1/2(/1$iD +tAd)and  (interpolated from calculated values) 2800 énfor [Ru-
assuming thals® = yreorg” andAs® ~ 9000 ™ (see below), — (yH,),(bpy),|2*; the ordering of the experimental estimates
with 4s = Areord@) in €q 8, an iterative fit implies about 9% ¢ Ko is consistent with the calculations.
delocalization of electron density in this complex. B.3. N—H Stretch as an Indicator of Charge Delocal-

_ There is also evidence for attenuation of the reorganiza- jzation, It is well-known that N-H stretching frequencies
tional energy In the emission spectra of Ru(Agm)(bpy)** are very sensitive to the charge on a metal cefiter.
complexe®3(Am = am(m)ine). The observed bandwidths  ynforunately, they are also sensitive to the counterion and
imply that/{e)= 1.8 and 1.4 cm/10", respectively, smaI[I)er to other environmental factof8 However, the difference in
and in the opposne _order of 'Fhe est!mated _value;gr,gfg van for [Ru(NHs)gl2+ and [Ru(NH)¢]3* is sufficiently large,
(Table 5). Th2|s ordering ofg(e) is conS|§tent with the greater  gpout 175 cmt, such that shifts in this frequency can be
value of aps® expected for the ammine complex and the seq as an indicator of the effective charge density on the

resulting greater attenuation of reorganizational parameters.atal. For this purpose, we define a fractional siiffor a
The intensity contributions of the high-frequency modes are complex:

also attenuated; the intensity ratios of the first and second

Qaussian components of the ambient (DMS&Hemis- VNH(RU”(NHa)e) — vy(complex)
sions of [Ru(bpyj]?" and [Ru(NH)(bpy)]?" (5= 0.74 and = ; m (19)
0.57, respectively) imply thatn(e) is about 1.1 and 0.86 VH(RUT(NH3)g) — vyy(RUT (NH5)e)

cm Y103 respectively (forhvy, ~ 1500 cm?). However, ) _

these “resolved” spectral components are probably the result! '€S€ parameters are quite large for all the polypyridylam-
of the convolution of contributions of several different Mine complexes in this study (Table 5). In the simplest
vibrational mode® and their detailed interpretation is not Interpretationf is proportional to the amount of charge
clear. This general pattern of decreased intensities of vibronicdelocalized from Riito the polypyridine ligand. Certainly
components with increased electron delocalization is con- the order of values df increasing with fvma(MLCT 1)] 2,

sistent with intensity contributions inferred from resonance 1S consistent with this interpretation (Figure S32 Ap-
Raman data for [Ru(NELbpy]>* ® (S~ 0.3 for the sum of preciable charge delocalization is implied by the observed
components with frequencies in the range 130600 cnt?). shifts in N—H stretching frequencies.

B.2. Concerning the Exchange Integral Contribution. B.4. Electrochemical Observations on Polpyridine
In principle, the exchange integral can be estimated from COmplexes.We have inferred that eq 16 is appropriate for
the absorptioremission energy difference, correlations involving the lowest energy MLCT transition.

However, thdirst bipyridine ligand reduction of a series of
b a(@DS)— b (€M)= 4o @) + Aeord + Esr = [Le—2nRU'(bpy)] complexes (L an am(m)ine) occurs at
increasingly negative potentials aslecreases (Table 3). This

Areod @)+ Areard) T 2Keyen (18) suggests significant electronic coupling between the bipy-

(Esr is the singlettriplet energy difference) provided the ~'ldine rings. Equation 20

reorganizational energies are known. The deconvoluted ¢ H H

absorption and emission maxima are summarized in Tables Ho g BB <0 BB 1 0 (20)
1 and 5, and when combined with the valuesig§{a) = i Or el

1900 cn! and Aeord€) = 1400 cntt from the observed BB

r
(deconvoluted) bandwidths and eq 18, indicate trta4a can be used to take account of ligafiijand coupling (the

(82) Lei, Y. Ph.D. Dissertation, Wayne State University, Detroit, MI, 1989. vertical ?nergy for moving the electron erm one ring to
(83) Endicott, J. F.; Uddin, J. M. Work in progress. another is the electron-transfer reorganizational endry,
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There are three nondegenerate solutions of the seculathe observations, the postulated explanations require that the
equation. This is qualitatively consistent with observation. -LUMO contributes little to the RURU" coupling.

If the first reduction of [(NH)4Ru(bpy)F' is at Ey°, then C.2. Relevant Features of the ab Initio Calculationslt

this argument suggests that the first reduction of [Ru@@py) appears that orbitals @f andp types are similar in energy
will occur at Ey° — 2(Hgg)%Ar) in the limit thatd, > Hgg in most polypyridyl complexes and that both orbital types
(the general solution is; = [A/2 — Y5(4> + 8Hgg?)?). contribute to the low-energy MLCT transitions. The energies

The related treatment of [(NfRu(bpy}]?* predicts thatthe  calculated for the LUMOs of bpy, dpp, dpg, and dpb correlate
first ligand reduction will occur atB;° — (Heg)%4r); See with the observed band | energies of the monometallic
also Dodsworth et & The predicted trend in reduction complexes (Figure 8; slopes of 180 0.2 and 0.6+ 0.1,
potentials is qualitatively in accord with the observations. respectively, for the ammine and bipyridine complexes when
After taking account of the stabilization arising from'Ru  FAE;, is subtracted fronwaxto approximately compensate
bpy mixing and of the statistical effect contributed by the for the variations of donor energy; this “correction” omits
different numbers of polypyridyl rings in these complexes some contributions that result from metdigand mixing).

(for [Ru(bpy)]?" compared to [Ru(NB4(bpy)") and The LUMO computed for the dpp ligand hgssymmetry,
assuming that, andHgg are the same in each complex and while the LUMOs of dpg and dpb hawe symmetry. The

that no other factors contribute, then the electrochemical strong correlation of the calculated LUMO and the observed
observations indicate that each bipyridirt@pyridine inter- band 1 MLCT transition energies (Figure 8) is support for
action confers abou(BB) ~ —0.1 eV. This can be a basis this inversion of the order of LUMOSs in dpp. Note that this
for estimatingl.eorg. If we note that a [(bpy)RYLL)(bpy )]t approach to the assignment is consistent with the arguments
complex is a mixed-valence complex in which the donor used throughout this paper that the properties of the
(bpy") and acceptor (bpy) are bridged by'Rthen standard ~ complexes can be described as the sum of (1) the properties

superexchange argumefit&® predict thatHgg = Hw % of the isolated metal, (2) the properties of the isolated ligand,
(EmL)ave for HuL = (7 & 1) x 10° cm™?® (eq 8; assuming  and (3) perturbation theory based correction terms.

that Hy. is independent of the distortion in the bpying; The rotation of one pyridine from a position nearly
(EmL)ave = 2EmL(EmL — Areord@))/(ZEmL — Areord@)) @ndEme orthogonal to the pyrazine ring (dihedral angles of)76 a
=19 x 1 cm %, Hgg = 2.7 x 10° cm™? (this value ofHgg position appropriate for bidentate coordination of a metal

is somewhat larger than the values 1020 and 1660*cm (dihedral angle of 2%) results in a calculated decrease in
calculated by Lever and Gorelskyput their calculations  the energy of thgg-LUMO of about 7 x 10° cm™?, while
are for the vertical MLCT excited state, which has (formally) the energy of the-LUMO changes by only about & 10°
a, RU" center and for which superexchange coupling may cm1. This can be interpreted as a stabilization energy of
be smaller). Theri, ~ 9 x 10° cm*. Since kg > A4/4, es(PP)= 7 x 1C® cm ! resulting from py-pz configurational
there may be little barrier to bpy/bpyelectron transfer in ~ mixing with the5-LUMO of pz and very little mixing with
the reduced ruthenium(ll) complexes. thea-LUMO. However, neither the-LUMO nor 5-LUMO

C. Application to the dpp Complexes.The dpp and bpy ~ changes much in energy when the second pyridine rotates
ligands of monometallic complexes exhibit very similar into position for coordination of a second metal. This
properties in each of the comparisons that we have made ofsuggests that the stereochemical repulsion energy, which
monometallic complexes in this study. Many points made results in twisting of the pz ring, is approximately equal to

in the preceding section apply with only minor differences —¢s(PP). The net result is little change in LUMO energy,
to the complexes containing the dpp ligand. and this correlates with the observation that there is little

C.1. Features of MLCT Absorption Spectra. Several  difference inhvma for band I of the monometallic and
puzzling features of the spectra and electrochemistry noted®imetallic ammine complexes. The 1.8 10° cm™* lower
above involve the comparison of monometallic and bimetallic €nergy of band Iin{(bpy:Ru}>(dpp)f* than in [(bpy)Ru-
complexes. Explanations for most of these observations can(dPP)F" is attributable in part to the k 10° cm™ lower
be based on the hypotheses that (a) the lowest energy MLCTENErgy expected to result from bpy/dpp configurational
band in the monometallic complexes involves fAReUMO, mixing when the second metal Ru(bgy) moiety is coor-
(b) band Il of the monometallic complexes involves the dinated to dpp (see Discussion, section B.4).

o-LUMO, and (c) the a-LUMO mediates very strong C.3. Electron Delocalization and Electron Exchange
electronic coupling between Ru(ll) and Ru(lll) centers in CO”F”bUt'QnS-_ We can make quallt'atl\./(_a inferences and
the excited state, giving rise to a very large Jafeller semiquantitative estimates of the significance of electron

splitting of band Il in bimetallic complexes. To accommodate delocalization in the ground states of some of the dpp
complexes. The NH stretching frequencies imply that very

(84) SinceEst is roughly comparable to the spiorbit coupling energy similar amounts of electron density are de_locfahzed n
for these complexes, we have assumed ihat{f) = As€) in these comparable bpy and dpp complexes. The emission spectra

(85) ?\lsatlgﬁ}lgfé, Klnfrared and Raman Spectra of Inorganic and Coor- imply thats is about 40.0 e smaller for [Ru(bpy)dppF*
dination Compoundswiley: New York, 1997; Part B. than for [Ru(bpyj]?*; this suggests somewhat larger values

(86) Dodsworth, E. S.; Vicek, A. A.; Lever, A. B. lhorg. Chem.1994 of Hpa or smaller values Q{reorgo for the dpp complex_ The

©7) 3(’:?;’(9}]?2%.; Newton. M. D.: Sutin, N. Photochem. Photobiol. 2994 differences in the energies of the lowest energy deconvoluted
82, 47. emission components differ only slightly from the respective
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differences in metal and ligand half-wave potentials (the
difference is larger for the dpp complex). These observations
and the stronger attenuation &f(eqs 3 and 8) suggest that
bothapa andieord are somewhat larger in the dpp complex.
Arguments presented above and observations summarized
in Tables 1 and 5 indicate th&ist = (hVna®®s — vmae™
—Areord®S — Areord™ = 2Kexen= (3.4 £ 1.0) x 10° cm* for

the MLCT excited state of [Ru(bpydppF'. This contrasts
with an estimate of Rexcn ~ (1.3 £ 0.8) x 10° cm™? for
[Ru(bpy)]?" (Table 5).

C.4. Spectroscopic Splittings That Result from Rt/

Ru"" Electronic Coupling. We have observed the R&RuU"
MMCT transition at 6.4x 10° cm™tin the [ (NH3)4RU} -
(dpp)P' complex238This is comparable to the excited-state
splitting (Jahr-Teller) of about 9.2x 10° cm™! proposed
here for the vertical transition. It is not possible to examine
this issue in the complexes containing Ru(bpybecause
the RU/bpy MLCT transition is expected at about the energy
predicted for band II.

This suggests that the* orbitals of o symmetry are much
more effective at mediating RIRU" electronic coupling than
are those off symmetry. We have assigned bands | and Il Nuclear Coordinate
in the monometallic complexes as MLCT transitions involv-  Figure 10. lliustration of the effects on the ground state of mixing with
ing the LUMOs ofa. andfs symmetry ¢ higher energy only one (top) and two degenerate-coupled (bottom) excited states. For mixing

ith a single excited state, the shift of the ground-state PE minimum partially
for the dpp complexes). These bands are rothIy COmparabk:'\::vompensates for the effects of ground-state stabilization. With two degener-

in intensity, and this implies roughly comparable metal  ate excited states, the ground-state PE minimum does not shifeand
ligand mixing (Ha(I) ~ Hmo(I)), and this is reasonably  contributes more strongly twmax.

consistent with the significant orbital contributions calculated
at the pyrazine nitrogen atoms in both symmetries (Figure MLCT transition?® or (3) the optical excitation involves a
3). As a consequence, simple superexchange argufhtrits ~ metal HOMO different from that accessed electrochemically.
would imply roughly comparable metaimetal mixing. The first possibility is the most straightforward. The shift of
However, in theo symmetry the N-atom orbital phases are the ground-state PE minimunug.x) in the monometallic
symmetrically related (with respect taCa axis perpendicular ~ complexes compensates partly for the effects of ground-state
to the pyrazine moiety), while in the symmetry they are  Stabilization and vertical excited-state destabilizatiaft,
antisymmetrically related. Thus, the orbitals of two metals While in the dimer there should be little shift of the ground-
coupled by means of a* orbital with 5 symmetry would state PE minimum (Figure 10). In terms of the arguments
be expected to be out of phase, and this might result in veryabove, the absorption of the symmetric dimer should occur
little metal-metal mixing. This is reminiscent of the bridging ~ at approximately Jreor(4ou?) + 2.8eme — Huw (1 —
ligand phase effects observed in cyanide-bridged com-4cwi?)] higher energy than the monomer (relative to the
plexes?6.28 values ofFAE;;). Values ofHu ZEu. = €5 = g = 2.5 x

C.5. Optical/Electrochemical Comparison.We have  10° cm for ammine complexes are reasonably consistent
observed much larger values dfvfx — FAEy,) for the with thg |mpl|cat|ons of the MLCT abs_orptlon/.emls&.on
dpp-bridged dimers than for the monomers (Table 3 and properties discussed above. Pyrazme—brldg.ed. bimetallic Os
Figure 4). Arguments presented above demonstrate that thiComplexes have been reported to have similar values of
difference cannot be attributed to a large difference in (Wmax — FAEs).%7

reorganizational energies. Observations, such as the very We believe that the other two possibilities are less likely.
similar values ofwvyy for monometallic and bimetallic The amount electron density delocalized seems small enough

tetraammine complexes, are consistent with very little thatthe MLCT classification is still useful in the dimers. It
difference in electron delocalization in the ground state. The IS unlikely that the electrochemical oxidations access mark-
band | energies of the bimetallic complexes do not vary in €dly different metal HOMOs in the monomers and the
proportion to variations iy (Ru" |RU'). There are several, ~ dimers.

not necessarily exclusive, possible interpretations of this
behavior: (1) the stabilization energy contributioag that
result from metatligand mixing enter differently into the Overall, our observations indicate that there is appreciable
transition energy for monometallic and bimetallic complexes, charge delocalization in Re-polypyridyl complexes and that

(2) the observed transition is not properly classified as an this has some striking effects on the trends in the properties
of these complexes. The bandwidth of the lowest energy

(88) Swayambunathan, V.; Endicott, J. F. Work in progress. MLCT absorption of [Ru(NH)sbpy* implies about 10%

Shift of
ground state
PE minimum

Conclusions
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delocalization of electron density between metal and ligand, 3. The MLCT excited-state spectra of dpp-bridged com-
provided the distribution of solvent environments does not plexes can be complicated by large “intervalence” splittings
affect the bandwidth in a manner different from its effect mediated by one, but not both, of the lowest energy
on the reorganizational energy. The fraction of electron orbitals. This difference in mediation of RiRU" coupling
density delocalized is similar, but probably slightly larger suggests a bridging ligand orbital phase effect on the
(10-40%), in the dpp analogue. Electron exchange energy superexchange coupling.
does.appear to play a role in these systems, more in thg dpp 4. The connection between the different species involved
than in the bpy complexes. The lowest energy MLCT excited . . .

. n in the electrochemical and photochemical processes can be
states of [Ru(bpyfdpp)F" and [Ru(NH)4(dpp)F" com- L

made by means of an electron-transfer equilibrium constant,

plexes populate the-LUMO rather than the more commonly K dth tributi ' din t ¢
expectedo-LUMO. This means that the lowest energy DA, al;] e ;:]on " I;J |on§ DA CaN ASSESSEC I 1erms o
orbital of dpp differs in symmetry from that of the parent perturbation theory based arguments.
pyrazine ring, and this feature is unique to the dpp ligand in
the series considered. Similarly, the ligand reductions of the
dpp complexes predominately involve thd.UMO, and this
readily accounts for the previously observed deviations of
the electrochemical reductions of dpp complexes from a

Acknowledgment. The authors thank the Office of Basic
Energy Sciences of the Department of Energy for partial
support of this research. We thank Professor Karen Brewer
for access to preparative details for the dpb and dpq

correlation with bond ordetsince the3-LUMOs mix more complexes. We have profited from an extensive exchange

strongly with the pyridyl moieties than do theLUMOSs. with Profgssor A. .B. P: Le\{er regarding the interpretation
The a-LUMOs would be involved in ligand reductions of ~Of many issues raised in this study.
all but the dpp complexes.

Spectroscopic, electrochemical, and computational obser-
vations on a series of Ru-polypyridyl complexes have led

to the following conclusions. . . i
. (NH3)2(bpy)]?" and [Ru(bpyj]?*, figure comparing IPCT transition
1. The LUMO and LUMO+ 1 of dpp, bpy ligands, and energies to electron-transfer parameters, paragraph describing

closely related Iigarlds are not greatly differen.t in.energy. exchange energy contributions, paragraph describing perturbation
2. The changes in electron exchange contributions thatyheqry stabilization energies, paragraph describing the extraction

result from configurational mixing are smaller than the of reorganizational energies from bandwidths, and figure relating
Stab”'zat'on enel’gles aSSOC'ated W|th e|eCtl’0n deloca“zat|0nN—H Stretch|ng frequencies to variations in MLCT energies_

The fraction of electrons delocalized seems to be similar in This material is available free of charge via the Internet at
bpy and dpp complexes that differ only in these ligands, but http:/pubs.acs.org.

the exchange contribution appears to be significantly larger

for complexes with dpp ligands. 1C010172C
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assignments for [Ru(Ngubpy?+, ambient emission spectra of [Ru-
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