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Abstract

Generic series of complexes [Ru(bpy);_.(LL),]** (bpy=2,2"-bipyridine), where LL is a
diimine ligand including specifically 2,2"-bipyrazine (bpz), 2,2’-azobipyridine (abpy), and o-
benzoquinonediimine (bqdi), are studied with respect to their electrochemistry, optical spectro-
scopy and electronic structure as elucidated using Zerner’s INDO/S method. Characteristics
of their electrochemistry and optical spectroscopy are explained in terms of mixing between
ruthenium d orbitals and diimine ligand n and n* orbitals, increasing in importance from bpy
to bpz to abpy to bqdi. In this last case, these species have characteristics not unlike fully
delocalized organic molecules. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

In the past several years we have studied a number of systems, particularly
ruthenium complexes containing strongly m-accepting quinonoid ligands [1-9] in
which charge transfer (CT) bands, upon changing ligand substituent or co-ligand,
sometimes shift in energy in the opposite direction to that expected on the basis of
a simple model (vide infra Eq. (1)). We have been interested in the bonding in such
species and in the cause of the shifts, particularly in terms of the amount of mixing
occurring therein between metal d-orbitals and ligand n- or m*-orbitals. With the
wider availability of computational methods that can be used for second-row trans-
ition metals we are now in a position to explain some of these data in terms of
orbital mixing effects.

Recently, there have been several investigations focusing on the prediction of
electronic spectra and identifying the extent of ruthenium-ligand electronic coupling
in both mononuclear and dinuclear species from the laboratories of Zerner and
co-workers [10], Hush and co-workers [11-14], Boxer and co-workers [15,16],
Creutz and co-workers [17-20], Broo and Lincoln [21], Sizova and coworkers [22—-
26] and Clarke and co-workers [27] and mostly using INDO/S or variants thereof.
In this paper we compare the series of complexes [Ru(bpy);_,(bqdi),]**, containing
2,2-bipyridine (bpy) with the strongly m-accepting ligand o-benzoquinonediimine
(bqdi), with similar series of complexes of bpy containing the weaker m-acceptors
2,2'-bipyrazine (bpz) and 2,2'-azobipyridine (abpy) (Fig. 1). These series are referred
to as generic series.

As we demonstrate below, both the abpy and bqdi complexes show unusual
behavior (explained below) when their first reduction potentials and the energies of
their visible region spectroscopic transitions are considered through the series. A
similar series of ruthenium(II) complexes containing bpy and orthometallated phe-
nylpyridine has been studied by Fenske—Hall calculations and reported by Constable
and Housecroft [28], though experimental data were not available for all the com-
plexes. Aside from this last paper, this is the first detailed attempt to discuss the
electronic coupling in ruthenium complexes containing several potentially
n-accepting ligands and focusing on the interplay between these ligands. The con-
sideration of trends in homologous series is a useful procedure for highlighting
unusual behavior which may occur for specific members of such series. Haga et al.
have also applied this method for some ruthenium species [29].

The subject of orbital mixing is relevant to the development of conducting poly-
mers in which transition metals are part of the conducting backbone; for example
[30,31] a novel conducting polymer contains an analogue of bqdi, para-benzo-
quinonediimine.

The bonding in transition metal complexes is usually described in terms of ionic
and covalent interactions. The success of simple ligand field models is due to the
fact that the bonding in complexes of first-row transition metals is primarily ionic,
although even within the framework of ligand field theory covalent effects cannot
be ignored and are included as the nephelauxetic effect [32]. We are concerned
specifically with the question of whether, in these low spin Ru(II) species, the t5,
electrons are localized solely on the ruthenium center, or are delocalized to a greater
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Fig. 1. Structures of the ligand discussed in this contribution.

or lesser degree on the diimine ligand due to mixing with ligand n- or n*-orbitals.
This is also connected with the extent of covalency in the metal-ligand o-bond
framework, but it is the n-framework where the effects of mixing can be more
readily probed.

The occurrence of extensive metal dn-ligand mixing is usually characterized by
unexpectedly high energy “CT” bands that appear to have little CT character. This
lack of CT character may be revealed by anomalies when electrochemistry—-CT
relationships (such as discussed below, Eq. (1)) are considered, and by narrow,
intense electronic transitions that typically show enhancement of only one strong
(metal-ligand stretching) vibration in the resonance Raman spectrum [2-4]. The
CT bands arising from heavily mixed orbitals also show little solvatochromism. This
last feature was discussed first by tom Dieck and co-workers as early as 1970 [33-
35] where they dealt with the idea of a strong covalent interaction between a metal
(Mo?) and a diimine ligand.

Recent work by Shin and co-workers [17-20] using the ZINDO method led to
the suggestion that complexes containing Ru" and protonated pyrazine, which were
thought previously to show extensive mixing between one Ru d orbital and the
pyrazine m orbital, in fact have a more modest amount of mixing and that the
unexpectedly high energy band is raised in energy mainly by contributions from
exchange energy terms.
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We are interested to know what degree of mixing can cause the kind of “anoma-
lous” behavior described above, and use the ZINDO method (modified INDQO) as
an aid to understanding these complexes. This method has been shown to give
excellent predictions of trends in electronic transition energies and very good predic-
tions of absolute band energies for visible region bands [7,36-42].

2. Methods
2.1. Geometry optimization

Structures of all complexes were obtained by using the modified INDO/1 semiemp-
irical method (ZINDO/1) in the Hyperchem program (Hypercube Inc., Gainesville,
FL, USA). The convergence condition was that the gradient was lower than
30 calmol ! A~!. The recommended value of the “resonance” integral parameter
for Ru, f(4d)= —26.5 eV [43], overestimates the Ru-N bond strength and produces
rather short Ru-N distances. To obtain better agreement with X-ray structural data
for these complexes a value of (4d)= —20 eV was used. All other parameters used
in ZINDO/1 were the default parameters in the Hyperchem program.

2.2. Electronic spectra calculations

Electronic spectra calculations were performed using modified INDOQ/S
(ZINDO/S), also in the Hyperchem program, as described by and utilizing the Ru
INDO/S parameter set obtained by Krogh-Jespersen et al. [40]. Other atomic
parameters were the default parameters of the Hyperchem program. For the abpy
complexes the dihedral angle between the uncoordinated pyridine and the rest of
the ligand was constrained to be 45° in agreement with crystal structure data [44].

Electronic spectra were calculated at the CIS level [45]. The number of configura-
tions used was from ~800 to 1000 (e.g. approximately 20x20 to 21 x23,
occupied x unoccupied orbitals). Reasonable convergence of calculated transition
energies in the visible region was achieved, i.e. increasing the number of configura-
tions had little effect on the predicted visible region absorption energies. The overlap
weighting factors o-c and n—m were set at 1.0 and 0.64 respectively [40]. Small
variations in these parameter values had no substantive effect on the calculations
except that closely spaced MO levels may change their relative positions. Oscillator
strengths were calculated in the dipole length approximation including the one-
center sp and pd atomic terms.

3. Results and discussion

3.1. Correlations between redox potentials and CT energies

Relationships between CT band energies and the related metal and ligand oxida-
tion and reduction potentials have been discussed in depth [3,4,46-55] for ruthenium
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and other complexes. In complexes containing an oxidizable metal, such as
ruthenium(II), and a reducible ligand, the lowest energy intense transition is usually
metal to ligand CT (MLCT). For the lowest energy spin-allowed MLCT transition
the relationship between the optical transition energy and the first oxidation poten-
tial (E., located primarily on the metal) and the first reduction potential (E,.q,
located primarily on the ligand) can be written [46,47]:

BW(MLCT) = E y — Ereq + @+ AAG, + A(s0l) + 1o + 1 (1)

where y, is the outer sphere or solvent reorganization energy and y; is the inner
sphere or vibrational reorganization energy associated with the electronic transition.
The difference, E,, — E,.q, is usually written as AE(redox), Q is the energy involved
in transferring an electron from the (gas phase) reduced species to the oxidized
species creating a ground state and an excited state molecule The term AAG, is
2AG; —AG;* —AG;™, and A(sol) is AG:* — AG: where these terms are the standard
free energies of solvation of the parent species, AG;, its oxidized (+) and reduced
(—) and excited (*) analogs as identified. For these relationships to be valid the
orbitals involved in the redox and CT processes should be the same and the redox
potentials must be reversible. There should also be no significant effects from
configuration interaction (CI) with higher states. For a large number of ruthenium
diimine complexes the difference between Av(MLCT) and AE(redox) is ca 0.2 eV,
i.e. the sum of Q (the various solvation terms), and y; is about 0.2 eV [50,56]. Q is
probably negative.

Fig. 2 shows a plot of Av(MLCT) against AE(redox) for the three generic series
to be discussed here, containing [Ru(bpy);_(NN),]** where NN=bpz, abpy or
bqdi, plus some other typical complexes (see Fig. 1 for legends). For complexes
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Fig. 2. The AE(redox) versus Av(MLCT) for series of [Ru(bpy); _,(NN),JJ** complexes with NN=2,2"-
azobipyridine (abpy), 2-(m-tolyl-azo) pyridine (meazpy), 2,2"-bipyrazine (bpz), pyridylquinoxaline (pyqgx),
and benzoquinonediimine (bqdi). CH;CN, 298 K.
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containing only bpy, bpz and pygx (pyridylquinoxaline) the points for all three
complexes lie on or close to the line of slope unity and the transition energies of the
three complexes in the two generic series represented by these complexes lie in the
order n=3>n=2>n=1. As will be discussed below, this represents “normal” (i.e.
easily explained using a simple model) behavior shown by a range of ruthenium
diimine species [46-50].

In the abpy series the n=1 species lies significantly away from the line and it has
the highest energy MLCT band of the three (or five, with isomers) complexes.
Similar behavior is also shown by other azopyridine complexes such as phenyl- and
tolyl-azopyridine in analogous series containing bpy. In the abpy n=1 case the
difference between Av(MLCT) and AE(redox) is considerably larger than it is for
complexes which fit the line (about 0.5eV) and it is also higher (~0.4 eV) for the
n=2 and n=3 species.

In the bqdi series the transition energies lie in the order n=1>n=2>n=3, the
reverse of the order for the “normal” complexes. Here, all three species lie above
the line and have large differences (ca 0.6 ¢V) between Av(MLCT) and AE(redox).
For the [Ru(bpy),(NN)]** complexes where NN=abpy or bqdi or diaq [9] a
second, weak CT band, v,, (having clear CT character) can be observed to the low
energy side of the main band, v, [2,57,58]. This provides some evidence that, at
least in these species, the electrochemistry and CT processes do not involve the same
orbitals. Table 1 shows differences between /v(MLCT) and AE(redox) for various
complexes and also between v, and v, for some species.

An explanation of the two transitions has been given by various authors, but in
the first instance by Magnuson and Taube [58]. The two transitions, v; and v,
(Fig. 3), were assigned to transitions to the ligand =* level from a split set of
d(t,,) orbitals, one of which was strongly stabilized by n back-bonding to the ligand,
and gave rise to the strong v, band, and the other two of which were non-bonding
with respect to the ligand ©* level of the strongly w-accepting ligand and gave rise
to the weak near-infrared band, v,. This explanation is also supported by recent
work by Hupp and co-workers [67], Hush and co-workers [11-14], and Boxer and
co-workers [15,16].

3.2. Zindo calculations

3.2.1. Geometry optimization

The ZINDO/1 method was used to obtain an optimized geometric structure for
each complex. These structures were then used in the ZINDO/S method to obtain
orbitals and predict electronic spectra, etc. The calculated Ru-N distances are in
reasonable agreement with experimentally observed values [44,61,68,69] (see
Appendix A, Table 8). Other bond distances and angles in the complexes were
reproduced with average errors of 0.015 A and 2° compared with X-ray structural
data, where available. Constraining Ru~N distances to agree with experimental data,
e.g. for [Ru(bpy),(bqdi)]** or [Ru(bpy):]**, did not improve the calculated spectra
significantly and made little difference to the character or energies of the valence
orbitals. For example, a change in Ru-N distance from 2.04 to 2.06 A in
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Table 1

Comparison of AE(redox) and Av(MLCT)

Complex® AE(redox) (V) hv(MLCT) (eV) Diff.> (v —vp)°
[Ru(bpz)s]?* [52-55] 2.67 2.82 0.15
[Ru(bpy)(bpz),]2* [52-55] 2.52 2.68 0.16
[Ru(bpy),(bpz)2* [52-55] 2.40 2.62 0.22
[Ru(bqdi),2* [59,60] 1.42 1.89 0.47
[Ru(bpy)(bqdi),]** [61,60] 1.64 2.25 0.61 0.94
[Ru(bpy),(badi)]* [3,4,61] 1.82 2.41 0.59 0.76
[Ru(pygx)sP** [62] 2.30 2.48 0.18
[Ru(bpy)(pyqx),)*~ [62] 2.19 242 0.23
[Ru(bpy),(pyax)]*~ [62] 2.17 2.40 0.23
[Ru(bpy),(diag)]** [9] 1.45 22 0.75 0.84
[Ru(meazpy),]*>* [63,64] 2.33 2.51 0.18
[Ru(bpy)(meazpy),)** [63,64] 2.15 243 0.28
[Ru(bpy),(meazpy)]* [63,64] 2.12 2.51 0.39
[Ru(abpy)** [65,66] (mer)® 2.03 2.40 0.37
[Ru(bpy)(abpy),]* [65,66] (B)! 1.94 2.32 0.38
[Ru(bpy),(abpy)** [65,66]° 1.98 2.45 0.47 0.61

2 Abbreviations: bpz=2,2"-bipyrazineu; bqdi=benzoquinonediimine;  pyrqx =2,3-bis(2"-pyridyl)-
quinoxaline; abpy =2,2"-azobipyridine; meazpy =tolylazopyridine; diaq=1,2-diimino-9,10-
anthraquinone.

> py(MLCT)— AE(redox).

¢ The energy separation between the intense v, transition and the HOMO—LUMO transition (v,).

4 Unpublished data for [Ru(bpy); - {(abpy),** in acetonitrile versus SCE [65] are listed in the sequence:
first oxidation, first reduction, second reduction, etc.: n==1, +1.638, —0.343, —1.053, —1.688, —2.068 V,
n=2 (B), +1.847, —0.097, —0.557, —1.268, —1.583, —2.058, —2.198 V; n=3 (mer), +198, —0.05,

—0.39, —0.84, —1.30, —1.61, —1.86V.
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Fig. 3. Magnuson and Taube model showing one dn orbital being stabilized relative to the other two
t,, orbitals by n-back-donation to the ligand n* level.
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[Ru(bpy)s]** (experimental: 2.056 A [70]) produces only slight changes in MO
eigenvalues (0.01-0.02 eV) and MO compositions (relative Ax~2%).

3.2.2. Reliability of ZINDO/S

For calculation of electronic spectra we use the Krogh-Jespersen parameter set
[40] for ruthenium which has been used in electronic structure calculations of many
ruthenium complexes and has given reliable results. Our INDO/S results for
[Ru(bpy);]** (see Table 2) are comparable with, or better than, the DFT results
recently reported by Daul et al. [70] or the ZINDO/S results reported by Broo and
Lincoln [21]. With our systems, the Krogh-Jespersen parameter set appears to
provide more accurate results, in terms of fitting the electronic spectra, than using
the Ru parameters of Zerner and co-workers [10]. Further, the INDO/S model
produces similar results to those of CASSCF/CASPT?2 calculations for some first-
row transition metal complexes studied [71].

For our complexes there is good agreement between calculated transition energies
and observed electronic spectra in the visible and near-UV region (Table 3), although
the calculated oscillator strengths usually overestimate the intensity of the MLCT
bands by a factor of ~1.5-2. The agreement between the calculated transition
energies and observed electronic spectrum in the UV region is less impressive, but
the calculated spectra reproduce the general features of the experimental spectra. A
more successful fit to the higher energy transitions probably requires a larger config-
urational interaction calculation. We conclude that the ZINDO model gives a good
description of the electronic structure of these complexes.

3.2.3. Orbital electronic composition and electronic transition energies from ZINDO/S
calculations

3.2.3.1. Orbital symmetries. Comparisons of the composition of orbitals within a
generic series are complicated by symmetry differences; the symmetry is D, for
[Ru(bpy);]**, C, for the n=1 and n=2 complexes (in the bpz and bqdi series) and
D, for n=3. For the abpy series the symmetry is lower and there are several isomers
to consider (see below). The three highest occupied orbitals are mainly Ru(4d)

Table 2
Comparison between ZINDO/S and DFT calculations for the molecular orbitals of [Ru(bpy),]** (the
D, point group) showing energies (—e/eV) and percentage ruthenium and bipyridine composition

Orbital r —e (V) 4d(Ru) (%) bpy (%)
LUMO+1 e 6.07 6(9) 94
LUMO a, 6.29 0 (0) 100
HOMO a, 12.44 (10.98) 79 (83) 20
HOMO—1 e 12.44 (11.30) 73 (73) 27
HOMO -2 e 14.15 1 99
HOMO-—3 a, 14.24 2 98

DFT data [70] in parentheses; I, irreducible representation.
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orbitals which would be the t,, set in octahedral complexes. Their symmetries are
a;+ein D3, a+ein Cyand 2a+bin C,. For n=1, two of the t,, set have n-symmetry
and one has o-symmetry with respect to the unique diimine ligand. Even though
the symmetry is not Oy, this filled set is called Ru d(t,,) here for convenience. Ru
(dr) is used where the specific n-characteristics are being discussed.

The three lowest unoccupied orbitals are ligand ©* orbitals with symmetries
a,+ein D3, a+ein C; and a+2b in C, (Tables 4-6). In the D, point group, there
is no mixing between the d orbitals and the LUMO, which has a, symmetry. In
cases with formally lower symmetry than D, the LUMO has some contribution
from d-orbitals but the situation is complicated by the fact that these complexes all
contain an RuNg chromophore. In the bpz series the bpy and bpz ligands are suffi-
ciently similar that the symmetry constraints of D; are not completely relaxed in
the C, (n=1,2) species. Thus there is very little Ru(d) character (1.5%) in the
LUMO of [Ru(bpy),(bpz)]** even though it is largely a bpz-based orbital which
lies significantly lower in energy than the mainly bpy LUMO+1 and LUMO +2
(Table 4). Elfring and Crosby [72] have discussed the effective symmetry of Ru
complexes containing both bpy and phen (1,10-phenanthroline) and concluded that
they should be regarded as D,, though phen and bpy are more similar in their
energies than any of the ligands discussed here.

It seems that the constraints of pseudo D, symmetry are completely relaxed in
the azopyridine complexes because of the asymmetry of the abpy ligand—the pyridyl
and azo nitrogen donor atoms are very different from each other. For bqdi it appears
that the ligand is sufficiently different from bpy that the constraints of higher symme-
try do not apply and for [Ru(bpy),(bqdi)]** the d orbitals transform according to
local C,, symmetry rather than Dj.

Lying some 1-1.5 eV below the Ru(4d) levels is a set of ligand 7 orbitals which,
in the n=3 species, has the same symmetry as the d orbitals. These ligand orbitals
are important, particularly in the bqdi complexes, because they mix strongly with
Ru(4d) (see below).

3.2.3.2. Trends in orbital energies and mixing (Figs. 4-7). Molecular orbital dia-
grams for the various species under consideration here are shown in Figs. 4-6, and
Fig. 7 displays pictorially the extent of mixing between metal d and ligand = and n*
orbitals and between ligand orbitals for the n=1 species. Since all the diimine ligands
under consideration are reduced at a less negative potential than bpy, their n*-levels
lie below those of bpy. Thus, subject to mixing, as discussed below, the LUMO of
n=1 and the LUMO and LUMO +1 of n=2 lie primarily on the non-bpy ligand.
We are concerned with the detailed constitution of these low-lying diimine n* MOs,
and also of the mainly metal-localized HOMO, HOMO —1 and HOMO-2 (t,,)
levels, and the highest filled n-levels of the diimine ligand.

However, there are a large number of MOs close to the frontier orbitals (a large
state density) because of the large number of atoms in these molecules, and other,
mainly lower energy, orbitals also contribute greatly to the bonding and charge
distribution. For example, for [Ru(bqdi);]** which has the lowest number of orbitals
in this series of complexes the n-bonding between ruthenium and the bqdi ligands
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Table 3

Calculated and observed spin singlet-singlet transition energies, oscillator strengths and assignments for
[Ru(LL),(bpy);_,J** species in the visible region (up to 25 000 cm™!), INDO/S?

Complex HVops (lOg€)  Aveac Jalo Assignment®
1000 cm ™ 1000 cm ™!
[Ru(bpy)s]** 22.2 (4.15) 22.3 0.14 H—-1-L (87)
23.4 (4.08) 23.0 0.31 H-1-L+1(64)
[Ru(bpy).(bpz)]** 19.9 0.002 H-L (89)
21.1 (4.00) 21.9 0.19 H-2-L (86)
24.2 (4.00) 235 0.09 H—-1-L+1(47); H->L+1 (30)
24.2 0.11 H-2-L+3(84)
[Ru(bpy)(bpz),}* * 21.6 (4.08) 222 0.20 H-2-L (62); H-1-L+1 (28)
24.1 (3.96) 23.8 0.15 H-2-L+1(53); H-1-L+2 (24)
[Ru(bpz);]** 22.7 (4.11) 22.3 0.11 H-1-L (86)
24.1 sh 234 0.27 H-1-L+1(88)
[Ru(bpy),(abpy)]** 14.0 0.002 H-L (68)
19.5 (3.76) 21.8 0.28 H-2-L (78)
26.7 sh 24.4 0.13 H—-1-L+1(81)
2,-[Ru(bpy)(abpy),]** 18.7 (3.98) 20.6 0.24 H-2-L (77)
21.5 (3.79) 23.7 0076 H-2-L+1(52)
25.0 0.19 no contribution>18%
B-[Ru(bpy){abpy),}** 18.8 (4.02) 20.8 0.25 H-2-L (59); H—1-L+1 (28)
21.6 (3.76) 24.5 0.049 no contribution > 18%
25.1 0.10 H—-2-L+1(37);; H-1-L+2(25)
fac-[Ru(abpy),]** 16.0 (2.70) 16.4 0016 H-L (85
19.3 (4.00) 20.3 0.11 H—-1-L (71)
21.1 sh 22,6 0.39 H-1-L+1(64)
mer-[Ru(abpy),]** 19.6 0.04 H—-1-L+1(36); H—1-L (27)
19.6 (3.98) 21.1 0.12 H-2-L (59)
22.1 0.12 H-2-L+2(30); H—-1-L+2(26)
21.1 sh 23.5 0.18 H-2-L+2(52)
[Ru(bpy),(bgdi)]** 11.0 0.006 H-L (78)
13.3 (2.74)(v,)
123 0.003 H-2-L(78)
19.4 (4.30) 20.7 0.65 H—-1-L (86)
22.8 (3.84) 24.6 0.14 H-2-L+1(75)
[Ru(bpy)(bqdi),** 10.5 sh 8.5 0.011 H-L (86)
15.4 sh 13.0 0036 H-1-L (80)
18.1 (4.42) 17.8 0.76 H—-2-L (62); H—1-L+1 (28)
22.1 (3.94) 22.0 0.057 H-=-3-L(73)
23.1 0.10 H-5-L (58); H3-»L+1(24)
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Table 3 (continued)

Complex hvops (log €) Vet Seate Assignment®
1000 cm ! 1000 cm™*

[Ru(bgdi),2* 15.2 (4.11) 15.5 0.30 H—15L (83)
20.6 (4.36) 19.8 1.08 H—1-L+1 (58)
24.8 (3.67) 25.4 0.11 H-35L (59)

* Experimental data abstracted from Refs. [2,52,55,59,61,60,66,57]; H=HOMO; H—-1=HOMO -1,
etc; L=LUMO, L +1=LUMO + 1; fis the oscillator strength; sh =shoulder. Calculated transitions with
an oscillator strength less than about 0.01 are not included unless they relate to an observed experimental
feature. Weak transitions which lie close to a reported strong transition and which would be obscured
experimentally are also omitted.

® Percentage contribution of le™ excitation to the excited state wavefunction in parentheses.

is not limited to the three low-lying n* levels and the t,, set. The sum of the Ru(4d)
contributions in the aforementioned six levels accounts for approximately four
electrons out of the expected six, i.e. about two “t,,” electrons are distributed over
the many other nearby MOs. In this particular case, as we discuss below, there is
also strong mixing with the bqdi filled w-levels.

3.2.3.3. bpy. 2,2-Bipyridine has been shown to be only a moderate n-acceptor by
DFT calculations [70]. In [Ru(bpy);]** there is no Ru contribution to the LUMO
because of the constraints of D; symmetry, but there is calculated to be 9.5% Ru d
character in each of the LUMO + 1,4+ 2e symmetry pair. Our ZINDO results give
around 6.5% for the same orbitals. DFT results also show that there is as much bpy
7 character as there is ©* in the Ru(d) levels. The percentage mixing in the valence
d orbitals calculated by the two methods is very similar.

3.2.3.4. bpzseries (Fig. 4). There is a monotonic decrease in energy of the LUMO
going from n=1 to n=2 to n=3, but the calculated energy gap between the LUMO
and the HOMO (or HOMO —2—they shift in parallel) increases from n=1 to n=
3 due to the d orbitals being stabilized more than the bpz n* (LUMO) level. The
amount of mixing of the metal and ligand levels is quite small in the bpy—bpz
complexes (Table 4). For all three species, the Ru(d) t,,-derived orbitals are some
70-80% localized on the metal, and the bpz localized n*-orbitals contain less than
10% Ru (d), whereas the bpy w*-orbitals retain about 5-6% Ru(d) content.

An interesting result shown by the calculations is that there is substantial mixing
of the ligand = levels; there is significantly more bpy character than there is Ru(d)
character in the mainly bpz-based LUMO of [Ru(bpy),(bpz)}**, for example. This
is in agreement with Elfring and Crosby’s interpretation [72] of the Ru" mixed
ligand (bpy—phen) emission data and reflects the pseudo D; symmetry. There is also
only a small amount of Ru(d) character in the ligand = levels in these complexes.

3.2.3.5. abpy series (Fig. 5). Experimental data are reported in the literature for
two of the three possible n=2 isomers (« and B; we assume here that the literature
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Fig. 5. The molecular orbital energies (eV) for [Ru(bpy);_ (abpy),]** (INDO/S).

assignment is correct, though it is somewhat uncertain) and for both the mer and
fac n=3 isomers. Calculations for all five species are included in Table 5, but we
will discuss only the lower symmetry species since n=1, p n=2, and mer n=3 all
have C; symmetry, whereas o n=2 and fac n=3 have C, and C; symmetry
respectively.

As in the bpz complexes, the valence orbitals all decrease in energy as bpy donors
are replaced by abpy with the largest decreases being between the n=1 and n=2
species. The largest HOMO-LUMO gap is calculated for the n=1 complex, which
coincidentally has the highest, both observed and calculated, transition energy
(v,). However, the HOMO —2-LUMO differences, which are related to the intense
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MLCT v, band, vary little and trends depend upon which isomers are being
considered.

Azobipyridine, like bipyrazine, is a poorer donor and a better n-acceptor than bpy,
but more so as it is very easily reduced. Thus a greater degree of dn—n* mixing is
expected compared with the bpz series.

The changes in mainly Ru d(t,,) and ligand & orbital energies when bpy is replaced
by abpy are more pronounced than in the bpz case, though the trends are similar,
with the HOMO being stabilized by about 0.2 eV per abpy (the HOMO —2 drops
more per abpy, by ca 0.3eV). The LUMO is stabilized by ~0.3eV and then
~0.2¢eV for n=1, to n=2 and n=2 to n=3 respectively. Species #=2 and n=3
may have less n-mixing with the LUMO because the d orbitals are relatively low in
energy, due to abpy being a poorer donor than bpy. However, the maximum contri-
bution of Ru(dr) to the n*-levels of the ligand has increased, compared with bpz,
to about 11-16% (Table 5). Indeed, the Ru d(t,,) set is now only 50-65% localized
on the metal, with the greatest mixing occurring in the n=3 species (especially the
fac isomer).

Mixing of Ru (drn) with the highest & levels of abpy and bpy is apparently not
very important in this series of complexes, as in the case of bpz, though the amount
of Ru in these levels is slightly more than in the bpz complexes. This is probably a
result of the lowering of the ruthenium Ru d(t,,) levels due to the good
n-acceptor/weaker donor nature of abpy. The charge on Ru is calculated to be more
positive than in the bpz complexes and the Ru d(t,,) levels are closer to the = levels;
consequently, mixing with them is increased.

3.2.3.6. bqdiseries (Fig. 6). It was previously proposed [1-4,7] that there is much
greater mixing of Ru(dn) and bqdi(n*) orbitals than between Ru(dn) and bpy(n*)
in [Ru(bpy)s]**. These calculations agree with that observation. Indeed, in
[Ru(bpy);_.(bqdi),]?* (n*) bqdi orbitals have Ru(4d) contributions from 12 to

-6 - - -
g ey T - =
- 7* (bqdi)
S et -
E s T -
[
2 1 1
g =, Hd(Ru)"
@ -13 RN .
-14 | --....Z::::::.:: ;|
=:.... .
'--~-:::l::::::::::::---v.__zr(qul)
-15 o 7 (bpy) Tl
=0 =l 02 03

Fig. 6. The molecular orbital energies (V) for [Ru(bpy);-,(bqdi),J** (INDO/S).
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27% (except LUMO of n=3 which is 0% for reasons of symmetry), whereas bpy(n*)
orbitals have Ru(4d) contributions ranging from 4.4 to 6.4%.

The bqdi free ligand has a low-lying empty n* level of b, symmetry (C,, point
group, bqdi lies in the xz plane) and fairly high-lying filled n levels of a, and b,
symmetry. Thus, of the Ru d(t,,) set, one d orbital (b,) is stabilized by interaction
with the bqdi LUMO (n*) but also destabilized by interaction with a lower filled
b, n-orbital. The HOMO is the a, orbital destabilized by interaction with the filled
bqdi a, m-orbital and the remaining Ru d(t,,) orbital has c-symmetry with respect
to bqdi.

In the n=2 species, symmetry C,, there are © and n* combinations from the two
bqdi ligands of both a and b symmetry, so that any d orbital may interact with
both. For n=3, as in other D, symmetry complexes, the d orbital combinations
(a; +e) can mix with p combinations of the same symmetry, whereas one d orbital
(a,) cannot interact with the p* levels which transform as a,+e.

Perhaps because bqdi is a good m-acceptor, the LUMO is relatively high in energy
in the n=1 complex as there is only one bqdi ligand to accept the available electron
density and the two bpy ligands are relatively good donors, making the ruthenium
fairly electron-rich. In this complex the LUMO contains 17% Ru character, com-
pared with 12% and 0% in n=2 and n=3 respectively. However, the percentage Ru
is not the only determining factor for the LUMO energy, because in n=2 the LUMO
is about 1 eV lower in energy than it is in n=1, whereas for n=3 the LUMO lies
at almost the same energy as in n=2, despite the differences in percentage Ru. This
may be due to the charge on the Ru which is most positive in the n=2 complex,
rather than n=3 as in the other generic series. This will tend to lower all the orbital
energies and may be the reason for the n=2 having an apparently anomalous
LUMO energy. Ligand-ligand interactions, mediated through the metal, may also
be important (see below).

The n=2 and n=23 species are, in fact, very similar in the degree of mixing and
energies of orbitals. The Ru orbitals are highly mixed with both the bqdi n and =*
systems, resulting in the Ru d(t,,) levels containing only around 50% Ru character
for both n=2 and n=3, with the largest overall amount of mixing occurring for
n=2 (i.. the lowest degree of Ru character in the mainly Ru d(t,,) orbitals). For
both n=2 and n=3 there are two bqdi orbitals (not ligands) available for
n-acceptance because there is no d orbital of a, symmetry in the #=3 complex to
mix with the a, n* combination, whereas all three d orbitals in both complexes can
mix with a bqdi n combination.

The amount of mixing with the n levels increases as the Ru(dn) levels are stabilized
by n back-donation to bqdi and by replacement of bpy by bqdi (bpy seems to be a
slightly stronger net donor). As the Ru(dn) levels are stabilized they come closer to
the set of m levels (a,, by) in the free ligand, which has the same symmetry, and the
closer these levels approach each other in energy the more they mix. This may be
occurring more for n=13 than for n=2 as n=3 has more total Ru character in the
bqdi n levels than does n=2, and the n-levels in n=3 are lower in energy than
would be expected by a simple extrapolation of n=1, 2.
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3.2.3.7. Ligand-ligand interactions (between equivalent ligands). A remarkable
observation is the comparatively large degree of ligand n*-ligand n*-coupling in
some of these species (Figs. 4-6). Thus, in an n=2 or n=13 species, the n*-orbital
of a given ligand couples with that of another identical ligand to generate molecular
orbitals whose coefficients span two or three ligand n*-orbitals, thereby generating
the LUMO, LUMO+1, etc. of the complex, i.e. the a+b levels of n=2, and
a,+e¢ levels of n=3. Ligand-ligand interaction could, in principle, be through space,
or through dn—n* mediation by the metal center. If the mixing with the metal ion
and the ligand-ligand interaction were insignificant, then the a+b levels of n=2
would have the same energy, as would the a,+e¢ levels of n=3.

To investigate the possibility of direct through space ligand-ligand interactions
(so-called ligand cluster model [73,74]), ZINDO calculations were performed on
the three bqdi species without the Ru metal present, but with the same geometry as
in the original calculation. The results show that the amount of interaction in the
absence of the Ru atom is very small. For example, the difference in energy between
the two bpy n* orbitals in the n=1 species is 0.02 ¢V, compared with 0.11 in the
metal complex. For both n=2 and n=3 the splitting between the bqdi(n*) levels is
0.16 eV, which is a factor of 3-5 smaller than the splitting in the presence of the
metal. Thus we conclude that direct ligand-ligand interaction is not very important
and that large differences in n* energies for two orbitals based on the same type of
ligand in the same complex are due to interactions with different metal orbitals of
appropriate symmetry, as well as to interactions with other ligand levels of the same
symmetry.

The difference between n* levels of the same type in the same complex increases
between generic series in the order bpz <abpy <bqdi, i.e. in the same order as the
degree of mixing. These differences are very large for bqdi, 0.6 eV and 0.78 eV for
n=2 and n=3 respectively.

The comparative bonding picture is seen most vividly in Fig. 7, where for n=1
bqdi, compared with n=1 bpz and abpy, the metal contribution to the LUMO is
clearly larger: mixing with ligand filled n-levels is greater (specifically HOMO —3),
and the HOMO, HOMO —1 and HOMO -2 d orbitals are clearly less pure.

This diagram also highlights the comparatively large intra-ligand mixing, between
non-identical ligands, which is quite significant for all three systems, mediated by
the central ruthenium atom. In species such as [Ru(bpy),(LL)]>* where LL is
reduced prior to bpy, it is often assumed that the LUMO is pure LL. This is clearly
a fairly crude approximation.

3.2.4. Predicted electronic transition energies

3.2.4.1. Agreement with experimental spectra. ~ The visible region spectra of most
of the complexes are surprisingly simple given the number of possible transitions in
these complexes, owing to the fact that most of the formally symmetry-allowed
transitions are actually rather weak. We consider in detail the behavior of the lowest
energy strong band in each complex. In most cases, this is calculated to be mainly
due to a transition from the HOMO -2 to the LUMO of the complex. Thus (all)
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Fig. 7. A pictorial display of the extent of mixing in the frontier orbitals of [Ru(bpy),(LL)}**. The
horizontal bars correspond to the orbitals as numerated in the left axis. The color codes define the sum
of the squares of the molecular orbital coefficients of the total atomic contributions from metal, bipyridine
and ligand LL as noted. In the case of the metal, the ruthenium contribution includes, in addition to Ru
d(tye) contributions, very small s and p contributions so that the total sums to unity.
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the relationships between Av(MLCT) and AE(redox) also contain a contribution
from the d orbital splitting. This does not affect the quality of most of the earlier
correlations because the splitting of the d orbitals is (apparently) very small in many
of these systems and does not vary much amongst similar complexes. However, an
extra term should be added to Eq. (1) to account for this.

Looking at the three series of complexes in more detail, we can analyze the trends
in calculated and observed transition energies and relate them to the calculated
energies of the valence orbitals. Depending on the complex, the main strong visible
region band (Table 3) is HOMO—1, or HOMO-—-2—-LUMO and never, in these
series of complexes, is it the HOMO—LUMO. Thus the overall feature of the
Magnuson-Taube analysis, that, in the #=1 species, the d-orbital involved in back-
donation to the m-acceptor ligand, is stabilized relative to the others, is observed.
However, it is not always the most stabilized, because underlying n-ligand levels of
appropriate symmetry can “push up” the d levels, an effect not considered by
Magnuson and Taube. Specifically, the intense transition v, in the n=1 species arises
from the excitation [Ru(dn)+ n*]—[n* —Ru(dn)] where Ru(dn) is the specific dn
orbital which has the correct symmetry to interact with the ligand LUMO n*-orbital.

We consider first how well the trends we observe in the ZINDO calculations for
n=1-3 reproduce the observed spectroscopic or electrochemical features in the
individual complexes.

3.2.4.2. bpz.  2,2'-Bipyrazine is a better n-acceptor and a poorer donor than bpy
due to its lower energy (by 0.5 eV) n* level and the presence of electron-withdrawing
peripheral N atoms [75]. The trends in the electronic spectra can be predicted
crudely from the changes in redox potentials in the series, or from E, parameter
theory [76], and they follow the trends in energy differences between relevant orbitals
according to ZINDO. The redox potentials show that, as expected, the metal orbitals
are stabilized as the number of bpz ligands increases, and that the bpz ligand n*
level is also stabilized due to the increased negative charge on the metal (i.e. by a
secondary effect), but to a lesser extent. This would result in a blue shift of the
MLCT transition from Ru to bpz in the series n=1<n=2<n=3. This is the trend
observed and also predicted by the ZINDO/S calculations. The observed shift of
the MLCT transition, Ru—bpz, to the blue from n=1 to n=3, and that predicted
by the shifts in redox potentials are similar in magnitude (ca 1600 cm™'), whereas
the ZINDO method calculates a smaller shift (ca 400 cm ™!} in the main MLCT band.
The lowest energy intense transitions are all mainly from the HOMO -2 to the
LUMO, although in the n=2 complex there is strong mixing of states due to CI
and a transition from HOMO —1 to LUMO +1 makes a significant contribution.

3.2.4.3. abpy. AE(redox) shows a minimum at n=2 in parallel with the observed
(v;) transition energies, largely because the first reduction potential for n=1 1is
unusually negative compared with n=2,3. The calculated band energies are all higher
(by ~2000 cm™') than the observed ones, but they tend to follow a similar trend
with a maximum at n=1 and a minimum at n=2, though this last observation is
isomer dependent.
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3.2.4.4. bgdi.  For the bqdi complexes, the magnitude of AE(redox) and the lowest
energy intense electronic transition decrease monotonically in the order n=1>n=
2>n=3, the opposite behavior to that observed in the bpz and other generic series.
The calculated transition energies also show this pattern; see further discussion
below.

3.2.4.5. Low energy weak transitions.  Considering first n=1, as discussed above,
only one drn orbital has the correct symmetry to interact with the ligand LUMO n*,
with excitation therefrom giving rise to the strong visible region transition, v,.
However, transitions, v,, from the other two dn orbitals to a* LUMO (one of which
is always HOMO—LUMO in this series) can also be expected, but such transitions
will be very weak due to poor ground-excited state overlap [3,4]. They are expected
to occur to the red of the main visible region band, but are usually obscured by it
except when they are displaced to very low energy [3,4]. The ZINDO analysis
reveals that these bands are indeed well separated (to lower energy) from the main
band in the n=1 abpy and bqdi species where they have been observed experimentally
(Table 3). However, in the n=2 and n=3 species there are several weaker spin-
allowed transitions (HOMO and HOMO —1, to LUMO and LUMO + 1) predicted
to lie to the red of the main band causing a tail which, in some cases, e.g.
[Ru(bpy)(bqdi),]** shows some structure [61]. For bpz these weak transitions are
all calculated to lie close to the main visible region band. As we develop in Section 3.3,
the separation between these weak bands and the main absorption band increases
with increasing n*-acceptor character of the ligand, i.e. with increasing
Ru (dn)-ligand (n*) mixing.

3.3. Coulombic and exchange contributions

The calculated energy separation between the weak HOMO—-LUMO and the
strong HOMO —1 or 2—LUMO transition varies according to bpz n=1, 2, 3 (2000,
2300, 1500 cm ™), abpy (n=1, n=2 B, n=3 mer) (7800, 6500, 6100 cm ~!) and bqdi
n=1,2,3 (9700, 9300, 4800 cm ). It is clearly larger for the abpy and bqdi species
than for bpz. The overall splitting in the orbital energies of the Ru d(t,,) sub-shell
(Tables 4-6, Figs. 4-6), with maximum splitting 0.07 eV (ca 500 cm ') for bpz,
0.49 eV (ca 3950 cm 1) for abpy (mer, n=3) and 0.42 eV (3400 cm ™ !) for bqdi, is
clearly much smaller than any of the corresponding energy separations. As initially
discussed by Shin and co-workers [17-20], the difference lies in varying coulombic
(J) and exchange (K) contributions to these transitions.

Neglecting configurational interaction, the transition energies for these two trans-
itions are given generally by [45]

Y]e(_qlgzea_Ed'_']ad"'ZI{ad (2)

where ¢, is the orbital energy of the LUMO and ¢4 is the orbital energy of the donor
orbital, HOMO, or HOMO—1 or HOMO -2 in this case. The quantity (—J+2K)
is negative and usually quite large, so that the observed transition energy is signifi-
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cantly less in energy than the HOMO-LUMO gap. In view of the comparative data
discussed immediately above, it is evident that the (—J+2K) term must be very
different for the weak and for the strong transitions [17-20]. Table 7 lists these J
and K energies as calculated by the ZINDO/S procedure.!

Owing to the extensive mixing between Ru (dn) and n* LUMO on the ligand,
especially for bqdi and to a lesser degree abpy, the v, transition is more of a
“vertical” RuNCCN ring transition than an MLCT transition, i.e. it is a transition
between two orbitals which occupy largely the same region of space. There is,
therefore, little net CT, as experimentally confirmed by the lack of solvatochromism
in these species [3,4] and from electroabsorption spectroscopy experiments on related
species showing relative little net electron transfer [16,18,19]. Thus the center of the
charge distribution in the excited state is very close to that in the ground state, and
K, which depends exponentially on the RuL separation [45], is large.

The separation between v, and v, and, in a related fashion, the unusual blue shift
of v; (in some of the above n=1 species) now becomes an indicator of extensive
mixing, not solely because of the dn splitting, though this may play a role, but
because v, is shifted to the blue relative to v, by a larger K contribution.

This is seen very clearly in the data presented in Table 7, where consideration of
the magnitudes of K and to a lesser degree J leads to a more detailed understanding
of these generic series. For the v, transition X is small (700cm™%) for
[Ru(bpy)s]** and increases from bpz (n=1) to as large as 7200 cm ~* for the highly
coupled bqdi n=1 species. This provides a qualitative view of our contention of
increasing coupling from bpy <bpz <abpy < bqdi.

Table 7
Variation in J,; and Ky in the principal visible region (v,) transition®
n Jar (em™) Ko {em™") —JaL+2Ky; (cm™h)
[Ru(bpy);]** 0 27 900 700 —26 500
[Ru(bpy); _{(bp),]** 1° 29 900 2100 —25700
29 200 1000 —27200
3 25 600 700 —24 200
[Ru(bpy);_(bgdi),]** ¢ 36 200 7200 —21800
32000 3800 —24 400
3 29 700 2600 —24 500

* J and K data for the abpy series cannot be reliably extracted by the method used for bpz and bqdi
because the low symmetry of the abpy complexes causes more extensive mixing.

® [Ru(bpy),(bpz))** HOMO—LUMO (v,), Ky, =300, J4, =28 500 cm L.

° [Ru(bpy)2(bgqdi)?* HOMO—LUMO (v,), K4, =2000, J,; =35200cm " '.

! The J and K values were calculated according to the following general principles. One-electron excitation

from a ground state (a? b°) to (a!, b') yields both a spin-singlet and a spin-triplet state. Their energy
separation is simply 2K(a, b) [32,45]. Thus the ZINDO method was used to derive, for example, the
HOMO-LUMO transition energy to both singlet and triplet states, with no CI; the energy difference is
then taken as 2K(HOMO —LUMO). Once KX is known, Eq. (2) can be used to extract J(a, b).
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In the case of the HOMO—LUMO weak v, transition, the donor Ru (dn) is not
the same as that involved in coupling to the n* ligand LUMO; so, there is a greater
degree of charge redistribution, the charge in the excited state is spread over more
of the ligand and K is small (Table 7). By the same argument, the coulombic term
in the HOMO—LUMO transition is slightly smaller than in the HOMO—1, or
HOMO —-2—-LUMO main transition, so that the term (—J+2K) is significantly
more negative (by approximately 10 000 cm ™" in the n=1 bqdi) in the v, transition.
This is the primary contributor to shifting the [Ru (dr) + n*]—[n* —Ru (dn)] to the
blue relative to the HOMO—LUMO transition even though the splitting of the dn
subset is fairly small. v

Thus the difference in energy between the weak (v,) and strong (v;) bands is
related to the degree of mixing, as suggested by Magnuson and Taube, but it is not
a direct measure of it; rather, the difference in energy between v, and v, is related
to the dn splitting energy plus the difference in the value of (—J+2K) for the two
transitions, which difference increases with the degree of dn/n* LUMO mixing.
Likewise, the difference between AE(redox) and Av(MLCT) is related to the same
quantities, since in such circumstances 2Av(MLCT) is associated with v, not v,.

The n=1 species are the only species in which the main transition occurs between
the same two admixed orbitals. This is always the case for n=1, whereas for n=2
in C, the strong band is a mixture of a—b and b—a transitions, and for n=3 it is
from e—a,. This will affect the coulombic and exchange contributions: they will be
larger in the excited state when the electron still occupies the same region of space,
as with v; in the n=1 species. As Table 7 shows, the K contributions for =2 and
n=3 are rather smaller, implying a somewhat greater degree of CT.

4. Some final comments

We are now in a position to explain the reversed sequence of energies for n=
1,2,3 for bqdi relative to the other diimines. Analysis of the calculated orbital
energies allows one to understand this reversed behavior by taking into account the
impact of Ru (dn)-(m) bqdi, as well as the (n*) bqdi interaction and its impact upon
the magnitude of (—J+2K). Thus, if we compare bpz with bqdi, in the former case
the HOMO-LUMO separation is largest for n =3 whereas (—J + 2K) is the smallest;
hence the #Av(MLCT) is highest. However, for bqdi the HOMO-LUMO gap is
largest and (—J+2K) is smallest for n=1. Thus the ZINDO analysis is consistent
with the experimental trends.

We can consider what the “correct” view of these complexes is from the standpoint
of oxidation state. In terms of the percentage mixing in the LUMO, the bqdi n=1
species involves a net transfer of approximately 0.4 electrons to the bqdi by n back-
donation. This is close to being formally Ru(2.5) bound to bqdi(0.5—). We also
noted extensive mixing between filled metal dn and ligand n-levels, especially impor-
tant in all the bqdi species discussed here. This does not provide a mechanism to
transfer net charge, but it does delocalize the electron density over both metal and
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ligand. The complex then becomes more like an organic molecule, with several
unsaturated components linked via the metal center.

It appears that only about 20% mixing of the d orbitals into the ligand acceptor
levels is necessary to give some anomalous effects in spectra and electrochemistry.
As far as mixing with n* levels is concerned, the three generic series show clear
differences, with the average amount of Ru in LL (n*) being surprisingly consistent
for a given ligand, i.e. 3-5% for bpz, 10% for abpy and ~17% for bqdi.

n back-donation (mixing) also reveals itself in an interesting fashion by mediating
the coupling between the n* levels of the several identical ligands in the n=2,3
species, causing a separation of the several representations increasing with the extent
of back-donation.
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Appendix A

Table 8 lists the characteristic Ru—-N bond distances obtained with the ZINDO/1
optimization, compared with experimental X-ray distance where available.

Table 8

Ru-N internuclear distances obtained by INDO/1 geometry optimization [43]

Complex d(Ru-N(bpy)) (A)* d(Ru-N(L)) (AP
[Ru(bpy),]** 2.04 (2.06 [68,69])

[Ru(bpy),(bqdi)}?* 2.03 (2.06-2.09 [61]) 2.04 (2.00-2.04 [61])
[Ru(bpy)(bqdi),]** 2.02-2.03 2.02

[Ru(bqdi);** — 2.03
[Ru(bpy)(bpz)]*” 2.04 2.04
[Ru(bpy)(bpz)]** 2.04 2.04

[Ru(bpz),]*” — 2.04 (2.05 [68,69))
[Ru(bpy),(abpy)* 2.03-2.04 2.04
a,-[Ru(bpy)(abpy)]** ® 2.04 2.03
B-[Ru(bpy)(abpy),]** * 2.03 2.03-2.04
Sac-[Ru(abpy);]** — 2.02
mer-[Ru(abpy)s]*” — 2.03-2.04 (2.04-2.07 [44])

* Experimental X-ray data (with reference) in parentheses.
® Notation as in Ref. [66].
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