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Polypyridyl complexes of ruthenium( 11) have been used 
extensively in studies of photoinduced electron and energy 
transfer.’ We recently reported the development of a general 
procedure for synthesis of tris(hetero1eptic) complexes which 
contain bidentate ligands,2 e.g. [Ru(bpy)(Mezbpy)((Et~C02)2- 
bpy)]z+ (bpy is 2,2’-bipyridine, Me2bpy is 4,4’-dimethyl-2,2’- 
bipyridine, and (EtC02)zbpy is 4,4’-bis(carboxyethy1)-2,2’- 
bipyridine), based on sequential addition of the ligands to 
oligomeric [Ru(C0)2C12],, and the earlier work of Deacon et aZ.3 
We report here application of this methodology to a specific target: 
uiz. the systematic design of chromophores with appreciable 
absorption throughout the near-UV and visible spectral regions. 
Initial photophysical studies indicate that the metal-to-ligand 
charge transfer (MLCT) excited states that result can be 
sufficiently long-lived to undergo efficient electron and energy 
transfer and they tend to be photochemically inert compared 
with [Ru(bpy)312+. 

Visible light absorptivity in these complexes arises primarily 
from charge transfer transitions from d?r(RulI) to multiple, low- 
lying a*(polypyridyl) levels, e.g. eq le4 

hu 
Ru”( bpy),” - Ru”’(bpy’-) ( b p y ) F *  (1) 

In this example, d?r -+ AI* occurs at  450 nm and d?r - 7r2* a t  
243 nm in CH3CN.l Ligand-based, ?r - ?r* transitions with 
absorptivities >40 000 m2 mol-’ dominate the near-UV region.5 
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The MLCT transitions produce excited states that are largely 
singlet, e.g. l(dr6) - l(d?r%*l), but which possess significant 
triplet character due to spin-orbit ~oup l ing .~  In mixed-chelate 
complexes, separate transitions occur to each of the ligands, but 
rapid intramolecular electron transfer leads ultimately to a triplet 
MLCT state in which the excited electron is localized on the 
ligand having the lowest ?r*-acceptor orbital.6 Our design strategy 
for black absorbers was to find ways to systematically shift the 
d?r - ?r* bands toward the red region of the spectrum. There 
are two approaches to this problem. One is to add electron- 
withdrawing groups to a polypyridyl ligand to lower A*,’ and the 
other is to stabilize the “hole” a t  RulI1 in the MLCT state by 
introducing electron-donating ligands.* 

We have explored the effect of decreasing ?r* energies in the 
series [ Ru(Me2bpy) (Me4bpy)( BL)] *+ (Me4bpy is 4,4’,5,5’-tet- 
ramethyL2,2’-bipyridine) where BL is 2,3-bis( 2-pyridy1)pyrazine 
(dpp), 6,7-dimethyl-2,3-bis(2-pyridyl)quinoxaline ( Me2dpq), 2,3- 
bis(2-pyridy1)quinoxaline (dpq), or 2,3-bis(2-pyridyl)- 1,4-diaza- 
anthracene (dpa).9 Electrochemical measurements show that in 

this series Ell2 = -1.09, -0.91, -0.83, and -0.67 V, respectively 
(in acetonitrileversus ssce), for the first (ligand-based) reduction. 
Since the BL ligands are more easily reduced than either Mezbpy 
or Me4bpy, the potentials indicate the order of increasing electron- 
acceptor ability to be dpa > dpq > Mezdpq > dpp. This ordering 
tracks the lowest-energy MLCT bands (Figure la),  and is 
consistent with earlier observations on related complexes.10 

(6) (a) Mabrouk, P. A.; Wrighton, M. S. Inorg. Chem. 1986, 25, 526. (b) 
Chang, Y. J.; Xiaobing, X.; Soo-Chang, Y.; Anderson, D. R.; Orman, 
L. K.; Hopkins, J. B. J.  Phys. Chem. 1990,94,729. (c) Bradley, P. G.; 
Kress, N.; Hornberger, B. A.; Dallinger, R. F.; Woodruff, W. H. J .  Am. 
Chem. SOC. 1981,103,7441. (d) Caspar, J .  V.; Westmoreland, T. D.; 
Allen, G. H.; Bradley, P. G.; Meyer, T. J.; Woodruff, W. H. J .  Am. 
Chem. SOC. 1984, 206, 3492. (e) Danzer, G. D.; Golus, J. A.; Kincaid, 
J. R. J.  Am. Chem. SOC. 1993,115, 8643. (0 Ford, W. E.; Calvin, M. 
Chem. Phys. Lett. 1980,76,105. (g) Riesen, H.; Krausz, E. R. J .  Phys. 
Chem. 1993, 99, 7614. 

(7) (a) Lever, A. B. P. Znorg. Chem. 1990, 29, 1271. (b) Sullivan, B. P.; 
Caspar, J. V.; Johnson, S.  R.; Meyer, T. J. Organometallics 1984, 3, 
1241. (c) Curtis, J. C.; Sullivan, B. P.; Meyer, T. J. Znorg. Chem. 1983, 
22, 224. (d) Oshawa, Y.; Hanck, K. W.; DeArmond, M. K. J .  
Electroanal. Chem. 1984, 175, 229. 

(8) Rillema, D. P.; Mack, K. B. Znorg. Chem. 1982,21,3849. (b) Rillema, 
D. P.; Blanton, C. B.; Shaver, R. J.; Jackman, D. C.; Boldaji, M.; Bundy, 
S.; Worl, L. A.; Meyer, T. J. Znorg. Chem. 1992, 31, 1600. 

0 1994 American Chemical Society 



3864 Inorganic Chemistry, Vol. 33, No. 18, 1994 Communications 

200 300 400 500 600 700 

Wavelength (nm) 

200 300 400 500 500 700 
Wavelength (nm) 

Figure 1. UV-visible absorption spectrum of (A) [Ru(Mezbpy)- 
(Me&py)(BL)I2+, and (B) [ R ~ ( M ~ ~ ~ P Y ) { ( E ~ C ~ ~ ) ~ ~ P Y ) ~ ( B L ) I ~ +  in 
acetonitrile solution BL = dpa (- . - -), dpq (- - -), dpp (-). 

The shift to lower energy reaches A,, = 568 nm for BL = dpa, 
but at the expense of creating a “spectral gap” with a minimum 
at -470 nm. The gap can be filled by using a ligand with an 
intermediate **-acceptor orbital. This is illustrated in Figure l b  
for the series [Ru(Me~bpy){(EtCO~)~bpy)(BL)]~+. With BL = 
dpa, bands arising from d* - ?rl* are observed at 548, -452, 
and -410 nm (to dpa, (EtCO&bpy, and Mezbpy, respectively), 
while bands from du - az* appear at higher energy. 

It is possible to extend MLCT absorption to even lower energies 
by incorporating an electron-donating ligand that possesses 
significant Q- and *-donating character; we have used dieth- 
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Figure 2. UV-visible absorption spectra of [Ru((EtCO&bpy)(dpa)- 
(Etzdtc)]+ (- * * * -) and [Ru(Me2bpy)((EtCO2)2b~~~(Etzdtc)l+ (- - -) 
in acetonitrile solution. The spectrum of [Ru(bpy)3l2+ is shown for 
comparison (-). 

yldithiocarbamate anion, Etzdtc-.l* Anionic ligands stabilize the 
excited states by electron donation to (eq 1 ) causing a general 
red shift in the MLCT bands. Absorption spectra for [Ru- 
((EtCo2)2bpy)(d~a)(Etzdtc)l+ and [ R ~ ( M ~ ~ ~ P Y ) { ( E ~ C O Z ) ~ -  
bpy)(Etzdtc)]+ are shown in Figure 2. In the former, significant 
visible light absorption (e > 3000 m2 mol-’) is extended past 700 
nm. Both exhibit significant light absorption throughout the 
visible. 

These low-energy broad-band absorbers may have useful excited 
state properties as well. For instance, [Ru(Me2bpy)((EtCO2)2- 
bpy)(dpa)12+* is a near-IR emitter (Amx > 850 nm in CH3CN 
at298 K)wi th~=98(*5)ns(k= 1.02X 107s-1),12asdetermined 
by transient absorption measurements (3-4 mJ/pulse). Emission 
from [Ru(Me2bpy){(EtC02)~bpyj(Et2dtc)]+* occurs at A, = 
1100 nm (inCH3CN at 298 K) with T = 12(&4) ns, as measured 
by transient absorption (hx = 532 nm, <5 mJ/pulse).” All of 
these complexes are photochemically inert. In the future we will 
extend the overlapping band strategy and known approaches for 
extending excited state lifetimes to prepare a family of black 
absorbers which can be used as sensitizers. 
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