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Abstract

Density Functional Theory (DFT) and INDO in the version developed by Zerner (ZINDO) are used to describe how the

electronic coupling (p-back-donation etc.) in the series [Ru(bpy)2(LL)]2� vary as a function of the coordinating atoms of LL. The

bidentate ligand LL is o -benzoquinonediimine (NH �/NH), and derivatives where one imino group is replaced by oxygen (NH �/O)

and by sulfur (NH �/S). The electronic spectra of these species are calculated using both the INDO/S and time dependent DFRT

models and compared with the experimental data. The agreement is excellent. The extent of interaction between the ruthenium dp
orbitals and LL increases in the sequence (NH �/NH)B/(NH �/O)B/(NH �/S). It is noted that the semi-empirical ZINDO model

provides a description of these molecules, which is quantitatively very similar to that derived from the more sophisticated DFT

method. # 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

p-Back-donation is a major topic in coordination

chemistry being used in a qualitative fashion to explain

many observations in coordination chemistry from the

stability of metal carbonyls to bond length variations in

complexes where several supposedly p-accepting ligands

vie for electron density off the metal center.

There have been many general studies of p-back-

donation in a wide variety of systems using physical

techniques such as NMR and vibrational spectra for

comparison purposes. Systematic quantitative studies of

such p-back-donation where a specific number is

afforded to the property are rather rare. We have

reported such data in a comparison of 2,2?-bipyridine

(bpy), with 2,2?-bipyrazine (bpz) and with o -benzoqui-

nonediimine (NH �/NH, also called bqdi) [1] and also in

series [Ru(NH3)6�2n (LL)n ]2� (n�/1�/3) with the afore-

mentioned ligands [2]. In this last example we wished to

assess whether increasing the electron density on the

ruthenium atom by replacing the weakly basic bidentate

ligands, with ammonia residues, would allow additional

electron density to be p-back-donated to the LL ligand.

The p-back-donation was evaluated in terms of the

percentage mixing of the Ru dp orbital into the frontier

p*-levels of the LL ligand. The redox active ligand o-

benzoquinonediimine was seen to be a much better p-

acceptor than the other two ligands, and was also shown
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to be able to accommodate extra electron density when

the central Ru was made more electron rich. o-Benzo-

quinonediimine is one of a family of members with

various donor atoms where the �/NH might be replaced

by �/O and �/S. The question then arises as how the p-

acceptor capability varies with these various donor

ligands. We had generated the [Ru(bpy)2(O �/O)]2�

species electrochemically in 1986 [3] indicating then

that o-benzoquinone (O �/O) must be a very good p-

acceptor. Bis(bipyridine)ruthenium complexes of ami-

nophenol, (NH �/O) [4] and aminothiophenol [5] have

been reported but the dithiolene species [Ru(bpy)2(S �/
S)]2� is apparently unknown. These bis(bipyridine)r-

uthenium species are identified henceforth in this con-

tribution by the donor set (NH �/NH), (NH �/O) etc.

In this contribution we also continue [6] our compar-

ison of the use of density functional theory (DFT) versus

semiempirical INDO/S method as implemented by

Zerner et al. [7�/12] (ZINDO) as a means of assessing

p-back-donation quantitatively. Indeed DFT and the

semiempirical INDO/S yield rather similar descriptions

of electronic structure, the latter with little computa-

tional effort, relative to the former [6,13]. The INDO/S

method gives excellent predictions of trends in electronic

structure and good predictions of absolute band energies

for visible region bands [1,2,6,14�/40]. DFT [41] is

proving itself to be a very useful and accurate method

both to obtain geometries, electronic structure informa-

tion, and reactivity e.g. applications to ruthenium

complexes [6,42�/67], and time-dependent density func-

tional response theory (TD-DFRT) [68�/70], is becom-

ing very valuable as a means of predicting electronic

spectra [6,29,60,71�/83].The agreement between num-

bers derived from DFT (using the B3LYP functional

with the LanL2DZ basis set) and from INDO/S are

remarkably good save that the numbers derived from

the latter for the (NH �/S) ligand appear over-estimated if

the DFT results are to be believed.

2. Computational details

The calculations presented in this article have been

carried out using the GAUSSIAN 98 program [84]. Becke’s

three parameter hybrid functional [85] with the LYP

correlation functional [86] (B3LYP) and an effective

core potential basis set LanL2DZ [87�/90] were em-

ployed in all the DFT calculations. The SCF conver-

gence criterion was a change of less than 10�8 Hartree

in the total energy [6]. Stabilities of DFT wavefunctions

were tested with respect to relaxing spin constraints.

Harmonic frequency calculations were performed to

establish the nature of the critical points (minimum or

transition state). The energies and intensities of the

lowest 40 singlet�/singlet electronic transitions were

calculated with TD-DFRT. The atomic orbital compo-

sitions of molecular orbitals were calculated using

Mulliken population analysis (MPA) and the AOMIX

program [6,91a].

The INDO/S derived spectra and orbital mixing data

are based on the aforementioned DFT optimized

structures. These were obtained using the INDO/S

method in the HYPERCHEM 5.1 program (Hypercube

Inc., Florida), and incorporating the Ru INDO/S

parameter set obtained by Krogh-Jespersen et al. [20].

Other atomic parameters were the default parameters of

the Hyperchem program. The SCF convergence tolerance

was 10�2 cal mol�1. The number of singly excited

configurations used was 1250 (e.g. 25 occupied and 25

virtual orbitals).

The absorption spectra profiles of the complexes were

calculated using the SWIZARD program [6,91b]. The half-

bandwidths of all electronic transitions, D1/2, were

assumed to be equal 3000 cm�1 (a typical half-bandwidth

value for the complexes under consideration).

Fig. 1. Frontier molecular orbitals of [Ru(bpy)2(NH �/O)]2� (INDO/

S).
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3. Results and discussion

The (NH �/NH) species has been previously analyzed

[1,2,6]. DFT Optimized geometries were obtained for

other four closed shell [2�/] or quinonoid oxidation level

species, namely (NH �/O), (NH �/S), (O �/O) and (S �/S). The

(O �/O) and (S �/S) species yielded a negative transition

energy to the first spin triplet state implying that the

ground state was actually not closed shell, but in fact

was an open shell spin triplet. Re-optimization of the

geometry as a spin triplet yielded a slightly lower energy

structure in both these cases confirming the theoretical

prediction that, at least for a gas phase structure, the

spin triplet state was preferred. This result was predicted

by both the INDO/S and DFT calculations. While the

(S �/S) species has never been reported experimentally,

data for the (O �/O) species with various groups sub-

stituting the o -benzoquinone ring (H, Cl4 and di-tert -

butyl) has been discussed [92] but these species were

always studied in solution and never isolated. In an early

study we [3] speculated that the canonical form Ru(III)-

sq might make an important contribution to the

otherwise presumed Ru(II)-q ground state. We had

supposed a diamagnetic spin-coupled Ru(III)-sq de-

scription but now need to re-address this system

experimentally. Solvent effects may yet cause stabiliza-

tion of the spin singlet but given this uncertainty, the

(O �/O) and (S �/S) species will not be considered in this

Note.

Fig. 2. Frontier molecular orbitals of [Ru(bpy)2(NH �/S)]2� (INDO/S).

Table 1

Orbital energies and atomic orbital contributions for frontier molecular orbitals of [Ru(bpy)2(LL)]2� (INDO/S)

MO Energy (eV) Symmetrya %Ru %(NH �X)b %(LL) %(bpy)

[Ru(bpy)2 (NH �O)]2�

LUMO�2 �6.41 p*(bpy) 3 0, 0 0 97

LUMO�1 �6.54 p*(bpy) 4 0, 0 1 95

LUMO �7.85 p*(NH �O)�dxz 23 23, 10 72 5

HOMO �12.93 dxz�p*(NH �O) 53 0, 5 39 8

HOMO-1 �13.07 Dxy 74 2, 3 4 22

HOMO-2 �13.29 dyz 76 2, 2 12 13

HOMO-3 �13.97 p(bpy) 2 0, 0 2 96

HOMO-4 �14.10 p(bpy) 1 0, 1 5 94

HOMO-5 �14.23 p(NH �O)�dxz�dyz 10 3, 5 82 10

[Ru(bpy)2 (NH �S)]2�

LUMO�2 �6.52 p*(bpy) 3 0, 0 0 97

LUMO�1 �6.66 p*(bpy) 3 0, 0 1 96

LUMO �8.08 p*(NH �S)�dxz 31 23, 8 64 5

HOMO �13.07 dxz�p*(NH �S) 45 0, 12 49 6

HOMO-1 �13.31 dyz�p(NH �S) 58 3, 9 32 10

HOMO-2 �13.39 dxy 73 2, 3 9 18

HOMO-3 �14.01 p(NH �S)�dxz�dyz 9 1, 5 36 55

HOMO-4 �14.11 p(bpy) 14 0, 3 27 59

HOMO-5 �14.21 p(bpy) 5 0, 0 6 89

a Ru�NH is the x coordinate, Ru�X is the y coordinate.
b Atomic orbital contributions from NH, X, respectively. Data for (NH �NH) have been published elsewhere [1,2,6]. A INDO/1 optimized

geometry was used in refs [1,2] and DFT optimized in [6]. The overlap weighting factors in [1,2] differ slightly. As a consequence, the atomic orbital

contributions for (NH �NH) also differ slightly in these three communications. The data in [6] are the most appropriate for comparison with the data

here.
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We restrict ourselves, therefore, in this paper to the

(NH �/O) and (NH �/S) species and compare them with the

previously discussed (NH �/NH) species [1,2,6]. The key

bond distances are shown in the appendix while CHIME

readable structures may be found on our web site (see

details at the end of the article). The bond distances fall

within the expected ranges for species of this type (e.g.

[93,94]) and the C�/C distances alternate in the quino-

noid rings as would be expected.

Figs. 1 and 2 show the INDO/S generated frontier

molecular orbitals for the (NH �/O) and (NH �/S) species.

Colour renditions of these MOs and those for the (NH �/
NH) species can be found on our web site. In the C2

(NH �/NH) species, the z axis bisects the quinonoid

ligand and, with y perpendicular to the quinone plane,

the t2g set in Oh becomes the x2�/z2, yz and xy orbitals

which have s (a), p (b) and d (a) symmetry, respectively

with respect to the quinonoid ligand. The Kohn�/Sham

orbitals of these species are very similar to the conven-

tional MOs generated by INDO/S. However, the

occupied d orbital sequence in the INDO/S calculations

is not exactly the same as that in the DFT calculations,

please see the footnotes to Table 2.

Consideration of the molecular orbitals of this species

leads one to conclude that they behave as though the

molecule had C2v symmetry in which these orbitals are

orthogonal to one another and give rise to three d0/p*

(NH �/NH) MLCT transitions. The spin-allowed ds and

dd0/p* transitions are very weak and occur at low energy

near 11 000�/13 000 cm�1 [6], while two fairly intense

visible region absorption bands arise from both dp0/p*

(NH �/NH) and dp0/p* (bpy) MLCT. Mixing between the

s and d orbitals, both of ‘a’ symmetry seems minimal.

While the (NH �/X) species have no symmetry, con-

sideration of the molecular orbitals shown in Figs. 1 and

2 reveals that it is still convenient to describe the

orientation of d(t2g) orbitals with respect to the quino-

noid ligand. One orbital lies in the quinone plane, i.e.

has s-symmetry with respect thereto and the corre-

sponding ds0/p* MLCT transition will be at low

energy and very weak. We choose to define the Ru�/

NH axis as ‘x ’ and Ru�/O or S as ‘y ’ with ‘z ’

perpendicular to the quinonoid ligand. It is evident

from Figs. 1 and 2 that in the frontier orbitals, which

contain a significant d contribution, orbitals describable

as dxy , dxz , dyz and dd can be discerned. Since the bite

angle at the quinonoid ligand is not 908 (for (NH �/O) it is

77.68, for (NH �/S) it is 81.78), the defined x and y axes

are not orthogonal and so these are not pure d orbitals

but it is useful to describe them in this fashion. In

particular the pp orbital of S (or NH) is not orthogonal

to dxz (or dyz) and, therefore, dxz can overlap pp(S) (and

dyz can overlap pp(NH)).

Before discussing the assignments in more detail, we

refer to Tables 1 and 2 which contain the atomic orbital

contributions for the frontier orbitals of these species

calculated from the INDO/S and DFT wavefunctions,

respectively. Once again, despite the differences in the

fundamentals of INDO/S and DFT, the orbital compo-

sitions are grossly similar. Fig. 3 compares the percent

ruthenium contribution to the LUMO p*, i.e. the extent

Table 2

Orbital energies and atomic orbital contributions for frontier mole-

cular orbitals of [Ru(bpy)2(LL)]2� (B3LYP/LanL2DZ)

MO Energy (eV) %Ru %(NH �X)a %(LL) %(bpy)

[Ru(bpy)2 (NH �O)]2�

LUMO�2 �7.89 4 0, 0 0 96

LUMO�1 �8.03 4 0, 0 0 96

LUMO �9.47 21 22, 13 75 4

HOMOa �11.78 62 2, 8 29 9

HOMO-1 �11.85 65 3, 6 16 19

HOMO-2a �12.20 59 1, 0 26 15

HOMO-3 �12.68 9 2, 2 35 56

HOMO-4a �12.74 12 1, 2 33 55

HOMO-5a �12.86 3 0, 0 5 92

[Ru(bpy)2 (NH �S)]2�

LUMO�2 �7.92 4 0, 0 0 96

LUMO�1 �8.07 3 0, 0 1 96

LUMO �9.54 23 21, 19 73 4

HOMOb �11.58 39 5, 25 57 4

HOMO-1b �11.99 68 2, 8 12 20

HOMO-2b �12.23 54 1, 1 32 14

HOMO-3 �12.58 35 2, 5 46 19

HOMO-4 �12.75 6 0, 0 3 91

HOMO-5 �12.88 2 0, 0 2 96

Data for X�S, O are provided here; data for (NH �NH) have been

previously published [6]. Atomic orbital contributions from NH, X,

respectively.
a The order of these molecular orbitals in DFT and INDO/S

calculations is different. HOMO and HOMO-2, and HOMO-4 and

HOMO-5 are interchanged.
b The order of these molecular orbitals in DFT and INDO/S

calculations is different. HOMO (B3LYP) corresponds to HOMO-2

(INDO/S); HOMO-1 (B3LYP) corresponds to HOMO (INDO/S);

HOMO-2 (B3LYP) corresponds to HOMO-1 (INDO/S).

Fig. 3. Ruthenium character in the LUMO of [Ru(bpy)2(LL)]2�

(LL�/NH �/NH, NH �/O, NH �/S), in the LUMO�/1,2 of [Ru(bpy)3]2�

and [Ru(bpz)3]2�.
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of back-donation, which for all these species is signifi-

cantly greater than for the [Ru(bpy)3]2� and

[Ru(bpz)3]2� (bpz�/2,2?-bipyrazine) [6] ions also illu-

strated in Fig. 3. The extent of back-donation increases

with the donor atom from �/N�/NHB/OB/S.

Considering the frontier orbitals in the (NH �/O)

species (Fig. 1) the HOMO (in INDO/S calculations or

the HOMO-2 in DFT calculations) is dxz which has a

large contribution (39%) with the quinonoid p-system

via binding to the pp (O) orbital. The HOMO-1 is dxy

and as a consequence this is much a purer d orbital; it

has some s interaction with s-orbitals of the quinonoid

ligand. The HOMO-2 (in INDO/S calculations or the

HOMO in DFT calculations) is mostly dyz . The next

lower MO which has substantial d character is HOMO-

5 (INDO/S) or HOMO-4 (DFT) which involves a net

bonding interaction with the free ligand fragment

HOMO orbital having d-symmetry in the corresponding

(NH �/NH) species. Bonding then occurs with a dd
orbital which can be described as mostly (dyz�/dxz ).

The situation with the (NH �/S) complex is similar (Fig.

2) but the increased p-back-donation is accompanied by

overall greater mixing between metal center and ligand

such that more occupied frontier MOs have substantial

d character (five for (NH �/S) versus four for (NH �/O)).

The frontier orbitals can be described in the same

fashion as for the (NH �/O) species, though they lie in a

slightly different energy order (Table 1). However there

are now two d-type metal orbitals (HOMO-3,4) both of

which have substantial bipyridine p-character. For

corresponding pairs of orbitals, e.g. HOMO-1 (NH �/S)

and HOMO-2 (NH �/O) the molecular orbitals have

larger d character in the less mixed (NH �/O). Comparing

the INDO/S and DFT calculations, the former may

somewhat overestimate the extent of p-back donation in

the (NH �/S) species (Fig. 3).

Tables 1 and 2 also show the contributions of NH and

X (X�/O, S) fragments of the quinonoid ligand to the

LUMO. These contributions represent a substantial

fraction of the LUMO and it can be concluded that

the electronic excitations from the three highest occu-

pied MOs to the LUMO are largely internal to the

metallocycle. This is consistent with earlier resonance

Raman studies of related species [95] showing strong

enhancement of Ru-NH modes but little enhancement

of carbon ring localized vibrations.

Tables 3 and 4 show the predicted optical spectra

derived from INDO/S and from TD-DFRT, respectively

Table 3

Electronic spectra of [Ru(bpy)2(LL)]2� (INDO/S)

LL Experimental spectrum a Calculated spectrum b Assignment c

NH �NH 13.3 (2.82) 10.2 {0.0045} H(dd)0L(p* LL)

11.5 {0.0024} H-2(ds)0L(p* LL)

19.4 (4.34) [2.6] 20.9 {0.65} H-1(dp)0L(p* LL)

22.5 sh 23.9 {0.02} H(dd)0L�1(p* bpy)

24.4 {0.04} H-5(dp),H-40L(p* LL)

24.9 {0.12} H-2(ds)0L�1(p* bpy)

30.9 sh 30.4 {0.20} H-4(p-bpy)0L(p* LL)

31.7 {0.08} H-3(p-bpy)0L,L�1

32.0 {0.13} H-4(p-bpy)0L(p* LL)

32.9 {0.12} H(dd)0L�4(p* bpy)

35.6 (4.61) 33.9 {0.15} H-2(ds)0L�4(p* bpy)

35.0 {0.22} H-1(dp)0L�3(p* bpy)

NH �O n/a 8.2 {0.0006} H-1(ds)0L(p* LL) 82%

9.4 {0.0049} H-2(dyz )0L(p* LL) 65%

17.4 (4.1) [2.3] 18.1 {0.50} H(dxz )0L(p* LL) 69%

20.5 (3.88) 22.4 {0.18} H-5(dd,p-LL)0L(p* LL) 78%

23.0 24.5 {0.027} H-1(ds)0L�1(p* bpy) 52%; H(dxz )0L�1(p* bpy) 28%

25.4 {0.099} H-1(ds)0L�1(p* bpy) 28%; H-1(ds)0L�2(p* bpy) 24%

NH �S n/a 7.8 {0.0032} H-2(ds)0L(p* LL) 50%

8.5 {0.0029) H-1(dyz)0L(p* LL) 47%; H-2(ds)0L(p* LL) �/39%

19.3 (4.08) [3.3] 17.6 {0.27} H(dxz )0L(p* LL) 52%

21.0 {0.55} H-3(dd,p LL)0L(p* LL) 28%; H-1(dyz )0L(p* LL) 22%

25.6 (3.24) 26.5 {0.063} H-1(dyz )0L�1(p* bpy) 25%; H-5(p bpy)0L(p* LL) �25%

35.5 (4.55) 31.2 {0.17} H-5(p bpy)0L�1 (p* bpy) 21%

31.7 {0.46} H-5(p bpy)0L�1 (p* bpy) 39%

32.3 {0.17} H-7(p LL)0L(p* LL) 62%

H, HOMO, H-1, HOMO-1, etc. L, LUMO, L�1, LUMO�1 etc.
a log o (103 cm�1) [halfbandwidth (103 cm�1)].
b Oscillator strength {103 cm�1}.
c Only the major parent single-electron excitations are reported. Their percentage contributions to the wavefunctions of the excited states together

with the signs are given in the table.
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with associated assignments for the (NH �/O) and (NH �/
S) species; data for the (NH �/NH) species have been

previously discussed but are included here in more detail

for completion and comparison. Figs. 4 and 5 provide

the actual spectra of the (NH �/X) species compared with

the spectra predicted by INDO/S and by TD-DFRT

(B3LYP) assuming bandwidths of 3000 cm�1 for all

electronic transitions. The overall features of a strong

lower energy feature and two weaker higher energy

features are well reproduced by both models. The

assignments given in Tables 3 and 4 are similar to those

for the (NH �/NH) species except that the lower symme-

try permits intensity to more than one d0/p* (NH �/X)

transition. The INDO/S and TD-DFRT predictions are

very similar but agreement with experimental band

energies is better for INDO/S than for TD-DFRT.

Both calculations are formally gas phase in nature and

these are being compared with solution phase experi-

mental data. The semi-empirical INDO/S parameters

are derived from solution data and so generally provide

somewhat better agreement with experiment.

The intense visible region transition contains dxz 0/

p*(LL) which parallels the dp0/p* (LL) transition in the

(NH �/NH) complex [6] and similar species. The overlap

forbidden ds0/p*(LL) transition, of course, remains

weak and at low energy. In the (NH �/O) system, the

transition from dyz 0/p* (LUMO) is also at low energy

and very weak presumably because it overlaps poorly

with the LUMO resulting also in a small off-diagonal

contribution to the energy. In the (NH �/S) system,

because of greater mixing between d orbitals and ligand,

the dyz 0/p* (LUMO) contributes both to a low energy

weak transition and also to an intense visible region

transition. An MLCT transition from the deeper dd
orbital to the LUMO, gains intensity in these low

symmetry species compared with (NH �/NH). In the

(NH �/O) species it is predicted to be weaker than the

dxz 0/p* (LUMO) transition and separated therefrom,

to higher energy, by about 4000 cm�1. Experimentally,

these two transitions are resolved and separated by 3100

cm�1. This transition has significant p�/p* (NH �/O)

character according to the calculation. Indeed this p�/p*

contribution is confirmed by resonance Raman data

collected earlier [95] when exciting into this electronic

Table 4

Predicted Electronic spectra of [Ru(bpy)2(LL)]2� (TD-DFRT)

LL Calculated spectrum a Assignmentb

NH �NH 11.2 {0.0006} H0L 72%

13.0 {0.0010} H-1 c0L 84%

21.6 {0.11} H0L�2 67%

22.3 {0.20} H-2 c0L 46%; H0L�2 24%

24.4 {0.063} H-1 c0L�1 90%

NH �O 9.2 {0.0005} H0L 52%; H-10L �/32%

10.5 {0.0011} H-10L 54%; H0L 22%

19.5 {0.10} H-20L 33%; H-30L �/28%

21.1 {0.089} H-40L 70%

21.5 {0.10} H-30L 62%

22.5 {0.026} H-50L 90%

23.4 {0.002} H-10 L�1 90%

24.6 {0.0075} H-10 L�2 85%

24.95 {0.056} H-20 L�2

NH �S 10.4 {0.0013} H-10L 78%

17.8 {0.028} H-30L 52%; H-20L 19%

20.3 {0.18} H-20L 38%; H-40L �/21%

21.1 {0.048} H-40L 71%

22.4 {0.004} H-10 L�1 90%

23.4 {0.004} H-10 L�2 90%

25.5 {0.05} H-20 L�1 88%

See Table 3 for experimental data. Data for [Ru(bpy)2(NH �NH)]2�

has been published previously [6].
a Oscillator strength{103 cm�1}.
b Only the major parent single-electron excitations are reported.

Their percentage contributions to the wavefunctions of the excited

states together with the signs are given.
c The order of these molecular orbitals in DFT and INDO/S

calculations is different. HOMO (INDO/S) corresponds to HOMO-2

(B3LYP); HOMO (B3LYP) corresponds to HOMO-2 (INDO/S).

Fig. 5. Experimental (in CH3CN) and predicted electronic spectra of

[Ru(bpy)2(NH �/S)]2�. Solid line*/experimental; dotted line, TD-

DFRT (B3LYP); hatched line, INDO/S. The intensities of electronic

transitions from INDO/S calculations are reduced by a factor of 2.

Fig. 4. Experimental (in CH3CN) and predicted electronic spectra of

[Ru(bpy)2(NH �/O)]2�. Solid line*/experimental; dotted line, TD-

DFRT (B3LYP); hatched line, INDO/S. The intensities of electronic

transitions from INDO/S calculations are reduced by a factor of 2.
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transition. In the (NH �/S) species it is actually predicted

to be more intense than the dxz 0/p* (LUMO) and to be

separated therefrom by 3300 cm�1 but experimentally,

they are not resolved. Multiple d0/p* (bpy) MLCT
transitions are seen beyond about 23 000 cm�1.

4. Conclusions

Both the INDO/S and DFT models are successful in

describing the electronic structure and electronic cou-

pling in the [Ru(bpy)2(NH �/X)]2� species (X�/NH, O, S).

The extent of interaction between the ruthenium center

and the quinonoid ligand increases in the sequence just

noted. This interaction is occurring both with the filled p-

levels and the empty p* levels of the ligand.
The frontier Kohn�/Sham orbitals of these species are

very similar to the conventional MOs from INDO/S

calculations.

Preliminary data for the, as yet, unknown

[Ru(bpy)2(S �/S)]2� species shows an even greater degree

of coupling between metal center and dithiolene ligand.

5. Web page

Visit http://www.chem.yorku.ca/profs/lever and locate
this paper in the Publications list for supporting

information. This includes CHIME representations of

the optimized geometries, colour renditions of the

frontier molecular orbitals, and complete listing of

MO information.
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