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Abstract

The ab initio calculations of polypyridine m*-orbital energies are the basis for assignment of the lowest energy, highest intensity
metal-to-ligand charge transfer (MLCT) transitions in simple ammine—polypyridine—ruthenium(II) complexes. A gaussian analysis
of the absorption and emission spectra of these complexes enables the evaluation of reorganizational energies for the vertical MLCT
transitions from component bandwidths and from apparent vibronic progressions. The observed bandwidths are about half of the
widths expected in the limit of no metal-ligand mixing. The excited state-ground state mixing coefficient, apa, is inferred to be
about 0.3 in [Ru(NH;)sbpy]** based on this observation and a perturbation theory argument. These estimated reorganizational
energies are combined with the observed ambient Stokes shifts to determine that the excited state electron exchange energy, K., is
small (600—1200 cm ~! for 2,2’ bipyridine complexes; ~ 1500 cm ~! for 2,3-bis-(2-pyridyl)pyrazine complexes), but significant. This
and the observation that the N—H stretching frequency increases as the vertical MLCT energy (or «b,) decreases suggests that there
is significant charge delocalization in these complexes. © 2002 Published by Elsevier Science B.V.
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1. Introduction
1.1. General comments

The spectroscopic and electrochemical properties (P)
of most transition metal donor—acceptor complexes (C)
can be represented as the sum of the properties of the
isolated donor (D) and acceptor (A) components
modified by a generally small correction (/") for the
changes in properties that result form the electronic
mixing of the donor and acceptor [1-8]; in simplest
general form,

P(C) = P(D) + P(A) = I'(D/A) (1)

Electron transfer systems in the limit that the donor
and the acceptor are very strongly mixed can exhibit
unique properties that do differ markedly from those of
the separated donor and acceptor. In principle, the
degree to which these modifications in properties are
important can be correlated to the amount of electronic
charge delocalized between the donor and acceptor.
Thus, it is generally believed that very strong D/A
mixing can lead to electron delocalization over an
extended array of donors and acceptors, and this
delocalization might facilitate the flow of electrons in
molecular-scale electronic devices [9—12]. On the other
hand, very strong D/A mixing can lead to selection rules
and interference effects when several donors and accep-
tors are connected [13—15]. The interference effects are
not well documented, but they appear to be a function
of the symmetry (or phase) properties of the bridging
ligand orbitals that mediate the D/A mixing [13,16].

The extent of D/A mixing can significantly alter
several physical and chemical properties of D/A com-
plexes without invalidating correlations to the properties
of the constituents, as represented in Eq. (1). Increased
mixing results in: increased ground state stabilization
[17]; shifts in electrochemical redox potentials [7];
changes in the energies and bandwidths of electronic
absorptions and emissions [3,18,20—22]; shifts in ‘spec-
tator’ ligand vibrational frequencies; etc. The changes in
the energy of the molecule that result from D/A mixing
are a combination of coulombic and electron exchange
contributions. It is the coulombic contributions that are
correlated with electron delocalization [23]. In strongly
coupled systems, one expects both kinds of contribu-
tions to be important [23,24]. Clearly, the design of
systems that are effective in delocalizing electrons
depends on an understanding of how one can optimize
the coulombic contributions.

1.2. Ruthenium—polypyridyl complexes

Polypyridyl complexes of ruthenium(II) are among
the simplest and most extensively investigated of
strongly mixed D/A systems, and 2,3-bis(2-pyridyl)pyr-

azine (dpp) is one of the most commonly used linkers for
assembling arrays of such metal complexes [25—38]. This
molecule can function as a bidentate ligand to two
metals simultaneously, and the relatively low energy
LUMO of the pyrazine moiety is expected to facilitate
electronic delocalization between the bridged metals
[39-42]. The bridging ligand mediated super-exchange
mixing that leads to electronic delocalization between
the bridged metals [43—45] does not necessarily imply
appreciable electron delocalization onto the bridging
ligand nor does it necessarily invalidate Eq. (1) as an
approach to the properties of the complex system. We
have been examining the spectroscopic and electroche-
mical properties of several series of ruthenium polypyr-
idyl complexes [18,46] This report focuses on the
simplest of these systems.

Since calculations by Lever and Gorelsky [24] have
suggested that bpy is a poor electron acceptor ligand, it
seems possible that there should be significant contrasts
in the properties of simple bpy and dpp complexes if
there is indeed appreciable delocalization of electron
density into the LUMO of dpp. In this report, we
summarize a detailed comparison of the spectroscopic
and electrochemical properties of very simple bpy and
dpp complexes.

2. Some general aspects of spectroscopic and
electrochemical correlations

2.1. Excited state-ground state mixing in a two state
system, perturbation theory approach

To relate the effect of D/A mixing on the absorption
and emission maxima, we set,

hvmax (abs) = EDA = (EODOA + }'reorg) (23)
hvmax (emis) = EDA = (EI%OA + }“;eorg) (2b)

EQ is the energy difference between the Oth vibrational
levels of the two potential energy (PE) surfaces, Aicorg
and //eorg are the respective vibrational reorganizational
parameters. In the limit of very weak electronic cou-
pling, Arcore = Areore- FOI a two state system with
quadratic PE functions, and for x, the difference in
the nuclear coordinates for the ground and excited state
PE minima in the absence of configurational mixing,
these minima are displaced by abaxo and —aApXo,
respectively, as a consequence of the mixing; where,
oyy = Hyj/Eyy. The matrix elements are defined in terms
of the electronic wave functions, Hyy = {y;|H|y1), and
we assume that Hpa = Hap. The ground state stabiliza-
tion, &, and the excited state destabilization, ¢4, that
result from the mixing are given by Eqgs. (3) and (4) (the
third term in the denominator takes account of the shift
in PE minima) [17].
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' EDA EIODOA + Areorg(l - 2OCZDA)
gy = HIZ)A — HIZDA (4)
Epa E]O)OA - ﬂ“l/‘corg(l - 2OCZDA)

If we assume that the electron exchange contributions
are small and that Aieorg, Areorg < ., then the & are
approximately related as in Eq. (5) [3,5].

&q = & + O{%)A()“reorg + ;”;eorg) +... (5)

The displacement of the PE minima results in a
correlated decrease in the reorganizational energy for a
strongly coupled system [19-21,41,47]. Free energy
quantities are generally easier to evaluate than, and
can be substituted for energy quantities in expressions
dealing with vertical transitions. For Xﬁﬁg’ the reorga-
nizational free energy in the limit that aps =0,

1
DA(0 .,D(0 A0
Ireor(g) = E(I{regr)g + Xrei)r)g) (6)

In the two state limit, with aap = zapa, the reorga-
nizational free energy appropriate to the absorption
process is [18,21],

Treore = Treonel ] = 40tbp + opa (3 +227 = 2] (7)

. . * .
Where the reorganizational free energy, Xﬁgg, is

defined with respect to the minima of the PE surfaces
after mixing. A related expression obtains for the
emission (y=z""),

T = LD — 203, (14 37) + odp o (1 + 222 + 2] (8)

Egs. (7) and (8) are perturbation theory-based pre-
dictions that the absorption and emission bandwidths
should decrease with the increasing extent of D/A
mixing; for Hpa and ;{EOAI(Q) approximately constant,
the absorption (emission) bandwidth should decrease in
proportion to (fvmax) .

2.2. General features of strongly coupled,
ruthenium( II) —polypyridyl complexes

The spectroscopy and interpretation of metal-to-
ligand charge transfer (MLCT) absorption and emission
spectroscopy has received a vast amount of attention
[1,2,7,17,20,30,39,48—57]. In ruthenium(Il) complexes
with polypyridyl ligands, the MLCT absorptions tend
to be very intense, ~ (2—5) x 10 M~ ecm ~! per metal—
ligand moiety, and this is generally taken as an indica-
tion of appreciable metal-ligand mixing [17]. However,
the metal ligand mixing can usually be treated as a
perturbation on the overall properties of the complex
since most of the transition energy (80—-99% depending
on the complex) correlates very well with a sum of the
redox and electron transfer properties of the metal and
ligand [1,2,7,48,49] as in Eq. (9).

1
Iy (abs) = FIE, ,(M"VF M) — Ey o (LIL7)]e + 7

X [Xreorg(M(n+1)+7 Mn+) + Ireorg(La Li)]C
+ HmL ©)

A generally small correction term is necessary here
because the species involved in the electrode processes
differ from those in the light absorption process
[7,58,18]. Eq. (9) is similar in form to Eq. (1), and while
the potentials in this equation are determined on the
complex (not the separate components), their values are
typically shifted less than one hundred mV from those of
the equivalent, separated donor and acceptor; this is
very small compared with the approximately 2.5 eV
vertical energy difference. Thus, even in these systems
many properties of the complexes are well represented as
a sum of the properties of the donor and the acceptor
plus a relatively small perturbational correction term.
On the other hand, the reorganizational parameters in
Eq. (10) are much smaller than expected for 12;;*5;’)
based on the properties of the separated donor and
acceptor [18]. This is readily attributed to the large
attenuation of reorganizational energies expected with
even modest charge delocalization, as in Egs. (8) and (9)
(in the electrochemical comparisons the attenuation is
about half that predicted by these equations owing to
the contributions of 7pa [18]).

2.3. Effects of configurational mixing on electrochemical
properties

When metal-ligand mixing is appreciable, it should
have an effect on every term in Eq. (9). When the half-
wave potentials are determined for the metal-ligand
complex, the oxidation of the metal and the reduction of
the ligand each contain a contribution that results from
the mixing, as in Egs. (10)—(13),

[(Am]‘/[(n-%—l)-k)7 L](n+1)+ t+e”

=[(4,M""), LI'"", E;, (10)
FE{, = FE, ,(M"* VM) + &5, — 0g ) (11)
[(4,M""), L]"" +e”

=[(4,M""), L7]"" V", E, (12)
FE, = FE, ,(LIL™) + &, — 02y, (13)

In these equations, &3y (X = + or —) is a stabilization
energy (or a difference of stabilization energies) that
results from metal-ligand mixing and AdgX, is the
solvation free energy difference of the combined and
separated metal and ligand. Egs. (11) and (13) are only
useful when [FE; (M"Y |M"")—FE ,(L|L™)]>
[esh —Ogeh + 65, — O2:an]; for the MLCT systems consid-
ered here [FE;,(M" V4 |\M" ") —FE;»(L|L7)]>1 eV,
and the electrochemical measurements of the complexes
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can be considered to be slightly perturbed metal oxida-
tions and ligand reductions. The difference between the
differences in the solvational contributions of the
complex couple and the separated components to the
electrochemistry, |0gs — 0gsall, is usually much smaller
(a related discussion can be found elsewhere [59]). The
chemical species involved in the electrochemical pro-
cesses, Eqgs. (10) and (12), are different from those in the
light absorption process [7,58],

[(AmMn+), L]n+ +hvabs N [(AmM(n+1)+), L—]n+ (14)

These species are related through the electron transfer
equilibrium,

[(4, M"Y, LI"" +[(4,,M""), LI"*
=[(4, M), LD 4 [(4, M), L7170 (15)

Direct measurements of the equilibrium constant for
Eq. (16), Ky, are usually not possible for metal—
polypyridyl complexes, but simple perturbation theory
arguments can be used to generate useful estimates and
trends. The ground state stabilization energy that results
from M/L mixing is [17] & = Hx/Emy, the destabiliza-
tion of the MLCT excited state at its potential energy
minimum is &g = Him/ELm (see Egs. (3) and (4)). If K
represents the strictly electrostatic contribution to Kpa,
and for AK., the difference in exchange integral
contributions (see Section 2.3.1) then Eq. (16) can be
used.

RT In Ky, =—¢,+ 6, +RT In K + AK,, (16)
In view of these considerations, Eq. (9) has the form,
hvmax = FAEI/Z + RT 11’1 KDA + ZML + A(5gsol) (17)

reorg

Values of the reorganizational free energies in Eqgs. 9
(or 17) can be referenced to the self-exchange bimole-
cular electron transfer processes in Eqgs. (18) (for the
limit in which there is very little electron delocalization),

MO+ |k gt s gyt ok gD+ (18a)
Lol oL oL (80)

(the asterisk denotes a labeled species), 7reorg(M" 1",
M"") and Yreorg(L, L), respectively; the reorganiza-
tional free energies can in principle be obtained from the
activation free energies, Ireorg(X T, X)=
1) ="AGZ, of the reaction indicated [1-3,19,20].
Then,

1
A0) ~ ., D(0 A0
o= 2(42&; + L) (19)

2.3.1. General features of the exchange energy
contributions

Measurements of all energy quantities mentioned
contain some exchange energy contribution. Most dis-

cussions have presumed that these contributions are
small compared with coulombic contributions; e.g., the
ground state stabilization energy is a sum of coulomb
and exchange terms, &gy, = [(H%J/EUH—KU]. At issue is
how these exchange contributions affect the evaluation
of delocalized electron density. The exchange energy
stabilizes a closed shell system (i.e. the ground state, g)
[23], destabilizes the singlet excited state (e) [23] and
presumably stabilizes radical species (r; and r;). The
exchange integral itself is positive, and the contributions
[quantities in brackets] may be written as follows for
electrochemical measurements,

a) M*,L)+e” »(M, L), [~ K+ K]
b) M, L)+e” -(M, L), [-Kn+K,]
©) FAEDS, [2Ky—Kip—Kq]

d) hvmaxa [Kg+Ke]

e) RTIn Kpa, [— K~ Ko+ Ke—Ke]

Thus, for a comparison of Avy,, to FAE,, these
quantities differ in their exchange contributions by
[K;—K.—K;1 —K;»] Since the stabilization energy, &,
as discussed above is assumed to be related to a
coulomb-like delocalization of charge, AKcch = [Kg—
K. -K;;—K,,] should be added to Eq. (17) when the
terms in Eq. (16) are evaluated as coulombic contribu-
tions.

Eq. (17) may be rewritten as,

Yy = FAE!]E + MHO(1 — 203, ) —RT In K,

max — org

FAK. o (20)
for the electrochemical comparisons (using Eq. (16) in
an estimate of RT In Kpa) 7 = 7reae(1+ 20841 ); this
assumes that free energy quantities may be substituted
for energy quantities in the perturbational correction
terms.

3. Computational results and the assignment of MLCT
transitions

3.1. 2.2"-bipyridine

Ab initio calculations have been performed at the HF/
LANL2DZ level of theory [60] on the ligands configured
for bidentate coordination. The calculations indicate
that there are several ligand m*-orbitals in a relatively
small energy range. This is a necessary consequence of
the fact that the two lowest energy m*-orbitals of
pyridine and pyrazine are correlated with the e,, set of
degenerate m*-orbitals of benzene (Fig. 1). In one of
each pair of orbitals both nodal planes orthogonal to the
ring pass between the atoms; this is the a-type orbital. In
the other orbital, one of the orthogonal nodal planes
passes through two ring atoms; this is the B-type orbital.
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Benzene e;g LUMO

Pyridine LUMO and LUMO+1

Fig. 1. A comparison of the pattern of the orbital coefficients for the lowest energy n*-orbitals of benzene and pyridine; extended Hiickel level

calculations (Chem 3D).

The four lowest energy n*-orbitals of 2,2’-bipyridine
(bpy) correspond to symmetric and antisymmetric
combinations of o- and B-type pyridine orbitals (Fig.
2; note that in bpy the orthogonal nodal planes of the
component pyridine B-type orbitals do not pass through
the nitrogen atoms). These combinations have a, and b,
symmetry in C,,. Both of the lowest energy n*-orbitals
have b; symmetry; these orbitals can be represented as
(x+a) and (B+B’) combinations of pyridine orbitals. It
has long been recognized that the symmetric and
antisymmetric combinations of pyridine m*-orbitals are
responsible for the dominant MLCT absorption features
of ruthenium(II)—bipyridine complexes [61,62] but it has
not been commonly recognized that the dominant
observed, lowest energy transitions involve the same
combination (symmetric with respect to the oy, reflec-
tion) of the different (o and PB) pyridine n*-orbital types.
This situation arises because there is relatively little
energy difference between the parent pyridine LUMO
and LUMO+1 and there is more mixing between the o
than the B pyridine n*-orbitals. The small difference in
energy of these m*-orbitals has important consequences
in many polypyridine complexes.

3.2. 2,3-bis-(2-pyridyl) Pyrazine

The LUMO of pyrazine is an o-type m*-orbital, but
this correlates with the LUMO+1 of dpp; in terms of
the pyridine and pyrazine m*-orbital types defined
above, the LUMO+1 is the additive combination of

the a-type pyrazine m*-orbital with f” and B” orbitals
from the pendant pyridines (Fig. 3) [18]. The LUMO of
dpp (B+o'+0a”) correlates with the Pr*-orbital of
pyrazine. Owing to the py/pz mixing, the orbital
coefficients are significant at the pyrazine moiety in
the LUMO of dpp, but they have the opposite phase of
the orbital coefficients at the nitrogens in the pz LUMO.
This contrast in the nitrogen orbital phases could be
important in the ligand mediated coupling of metals
bridged by pz and dpp.

The [Ru(NH;).dpp]’" complex has three strong
MLCT absorptions in the UV -vis spectral region. The
LUMO of dpp is implicated in the lowest energy
transition and the LUMO+1 in the second lowest [18].

4. The effect of D/A configurational mixing on absorption
and emission bandwidth

4.1. General considerations

Eq. (6) predicts an attenuation of bandwidth as D/A
configurational mixing increases. The significance of
bandwidth in limiting cases was addressed long ago by
Hush in his discussion of mixed valence systems [19,20].
One expects a very narrow bandwidth in a completely
delocalized system (i.e. for the normalized mixing
coefficient apa = (1/2)/2); roughly analogous to a m/
n* transition. More systematically, the bandwidth is
related to the vibrational reorganizational energy, Zrcorg,
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LUMO+3 (0. — o)

LUMO+2 (B — ")

LUMO+1 (B +B")

dpp LUMO

LUMO (o + o)

Fig. 2

pz LUMO+I

dpp LUMO+1

Fig. 3

Fig. 2. A comparison of the pattern of the orbital coefficients for the lowest energy m*-orbitals of 2,2"-bipyridine (bpy); ab initio calculations at the
HF/LANL2DZ level of theory. The ligand was configured for bidentate coordination.

Fig. 3. A comparison of the pattern of the orbital coefficients for the lowest energy m*-orbitals of pyrazine and 2,3-(2-pyridyl)pyrazine (dpp); ab
initio calculations at the HF/LANL2DZ level of theory. The dpp ligand was configured for bidentate coordination.

that is required to transform the nuclear coordinates of
the vibrationally equilibrated excited state (energy Efsa)
to the nuclear coordinates of the ground state, as in Eq.
(21) for a gaussian absorption or emission band
[3,19,20,63],

Avy =0+ 4K T2, In 217 1)

reorg

In this expression, Av,, is the full width at half height,
o 1is related to the standard deviation from the mean of
the sum (E%)A+2reorg) under the conditions of measure-
ment, and it is assumed that for all the vibrational
modes that contribute to the displacement of the minima
of the ground and excited states, hvy;, <4kgT. In order

for a gaussian analysis to be applicable, the absorbance
must be properly scaled. For this purpose, the absorp-
tion spectrum resulting from a single electronic transi-
tion may be fitted to, [64]

8N,

= 2000ker 1 10 n’ Hj o (Apips) (FC) (22)
abs

S(Vabs)
whereFC = X, Fexp[—ED) — hvy, +jhv, +
) /42K T) and F; = S'[exp(—S)]/[/!(4n 2Kz T)"*] and
S=4,/hv,.

This equation is based on the assumption that a single
high frequency vibration contributes to the excited state
distortion, Areorg = (As+4n) with Ay <4kgT and 4, >
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4kgT and Aupa is the difference in ground and excited
state dipole moments. Thus, a plot of [e(Vaps) X Vaps]
Versus V,,s can be represented as a progression of
gaussian components separated by /v, and with maxima
at,

hvmax(j) = EIODOA + /15 +jhvh (23)

The vibronic progressions are not well resolved in the
ambient solution absorption or emission spectra of most
Ru(II)—polypyridyl complexes since: (a) Avy;, tends to
be comparable to or larger than Aw,; (b) there is a
distribution of solvates and ¢ may be greater than zero;
(c) several high frequency vibrational modes may
contribute to the distortion [65] and their overlapping
progressions may result in broadened absorption or
emission band envelopes. Absorption spectra are further
complicated in heavy metal complexes by the small
energy differences between electronic states involving
different metal orbitals, and some absorption band
envelopes will contain more than one electronic compo-
nent. Emission spectra are rarely complicated by multi-
ple electronic components. In any event, the absorption
or emission bandwidth is the most direct measure of the
reorganizational energy Ay 4, can be inferred from
vibronic progressions. The attenuation of reorganiza-
tional energies as represented in Eq. (6) is greatly
simplified and idealized. For example, the attenuation
of /g and /;, with D/A mixing could be very different.
Addressing these issues requires careful deconvolution
of the absorption or emission band envelopes. Certainly,
no meaningful conclusions can be based on approaches
that disregard band-shape and component contribu-
tions.

4.2. Experimental observations

The scaled absorption spectrum of [Ru(NH;)4bpy]®
is presented in Fig. 4. The non-gaussian shapes of the
absorption envelopes of the two dominant MLCT bands
clearly require at least four gaussian bands (two each)
for a proper fit. The minor components, a and b in Fig.
4, are probably some combination of vibronic and
electronic contributions. Similar gaussian analyses
have been made for the absorption and the 77 K
emission of several related bpy and dpp complexes
[5,18]. The maxima and bandwidths of the first major
components are summarized in Table 1. These gaussian
components are interpreted in terms of Eq. (22) with j =
0; the values of the Huang—Rys parameter S are
obtained from the ratio of the intensity at the maximum
of the first two principle gaussian components in the 77
K emission, and /vy, is the energy difference between the
maxima of these components. The parameters extracted
in this analysis are most likely the convolution of several
vibronic contributions: resonance Raman data for
[Ru(NH;)sbpy]* ™ indicate that there are several con-

tributing high frequency modes (apparently 7 with
hvy, > 1000 cm ~ 1) [65].

There is no particular trend in the ambient absorption
or emission bandwidths with the transition energy. The
ambient emission bandwidths are generally somewhat
smaller than the absorption bandwidths, as expected [21]
(Egs. (8) and (9)), but electronic transitions convoluted
into the absorption may contribute to this. On the other
hand, )(r’é?r(g) has been estimated to be about 8 x 10°
ecm ! for [Ru(bpy);** and about 9 x 10> ecm ! for
[Ru(NH;),bpy]* ™ [18]. This would make the observed
absorption and emission bandwidths less than one-half
of that based on )(PeoAr(g), consistent with Egs. (8) and (9)
and 5-10% electron delocalization. Similarly, the square
of the ratio of ambient absorption and emission
bandwidths can be combined with Egs. (8) and (9) to
estimate that oip=~0.17 and ahr =0.078 for
[Ru(NH;),(bpy),]* . Based on the differences in the
energies of the absorption maxima, this implies that
aba = 0.09 for [Ru(NH;)4bpy]* .

One expects many of the solvent contributions to
Xreorg tO be frozen out at 77 K [56]. The smaller values of
kgT (about 26% of the ambient values) also contribute
to smaller 77 K emission bandwidths than those
observed in ambient fluid solution. Electroabsorption
measurements suggest that Hpa =10 x 10> ecm ! for
Ru(Il)/py MLCT absorptions [66]; a similar value for
Ru(IT)/bpy and Eq. (7) predicts very large bandwidth
attenuation effects as Eap (or hviay) approaches this
value.

5. The Stokes shifts and electron exchange energy
contributions

The singlet-triplet energy difference, Egr, arises from
a difference in exchange energies, and it may be
estimated from the observations and parameters dis-
cussed above,

Egr = hv,,(abs) —hv
=2K

exch

* *
}DA )AD

(emis) - [ ‘reorg + “rcorg]

24)

We have noted that the reorganizational energy for
emission is generally smaller than that for absorption.
The (deconvoluted; for transitions with j=0) absorp-
tion and emission maxima are listed in Table 1, and the
corresponding bandwidths enable us to estimate values
of }tg:rg (we assume that the sum of the reorganizational
free energies, as defined in Egs. (6)—(8), is equivalent to
the sum of the reorganizational energies in Eq. (24)).
This results in a value of 2K = (3.3+0.7) x 10> cm !
for [Ru(NH3)(bpy),]* . However, the values of Jreorg
used in this estimate are not exactly consistent with
equations Egs. (6)—(8); these equations, combined with

ﬂrAe](?r; imply that the absorption bandwidth should have
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orbitals.

been about 25% larger than observed and 2K, = 2300
cm ! These estimates compare well with a value of
2K, =2800 cm ™! interpolated from values calculated
for [Ru(NH;)4bpy]* ™ and [Ru(bpy)s;]*" by Lever and
Gorelsky [24].

The smaller than expected absorption bandwidth is
more of a problem for [Ru(bpy);]*": the ambient
absorption bandwidth is smaller than or equal to the
ambient emission bandwidth (this is unique among the
complexes that we have examined, and contrary to
expectation (20% larger absorption bandwidth) based
on Egs. (7), (8) and (21) with ¢ = 0). We suspect that this
is a consequence of the appreciable electronic delocali-
zation that results from the configurational mixing
between the three degenerate, localized Ru(IIl)/bpy ™
configurations in the Franck—Condon excited state. For
[Ru(bpy)s]* ., 2Kexen 2000 cm ™' based on the ob-

served bandwidths, and 2K, ~ 500 cm ! based on
Egs. (7), (8) and (21) and the emission bandwidth. The
average of these values, 2K, = 1300+800 em ! s
comparable to the value of 2K, = 1460 cm ! that
Lever and Gorelsky have calculated for [Ru(bpy)s]* "
[24]. These estimates indicate that there are substantial
exchange energy contributions (less than or equal to
10% of the total) to the MLCT excited state energies. As
noted above, the percentage contribution of exchange
terms to the perturbational stabilization of the ground
state should be about the same as the percentage
contribution of exchange energies to the ground state-
excited state energy difference. Coulomb terms, corre-
lated with fractional electron delocalization, should
dominate the ground state stabilization energy that
results from ground state-excited state configurational
mixing.
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Table 1
Spectroscopic parameters for some ammine—polypyridine ruthenium(II) and related complexes *

Complex hviax b (Avip)  hviax b (Avip) hv;(:):x b (Avip)  Ahv € S(An/hvy) d (hve) & vwm © f f (“%)A) "
300 K 77 K 300 K 300 K
[Ru(NHj;)4bpy](PF¢)» 19.01 3250420 0.5+0.2
[2.31] {0.09}
[Ru(NH3),(bpy)-](PF¢), 13.78 14.62 20.4 6.7 0.6 3357,3258 0.27+0.25
[1.8] [0.9] [2.12] {1.4} {0.078}
[Ru(NHj3)4dpp](PF¢)» 18.4 3250420 0.5+0.2
2.0] {~0.1}
[Ru(bpy)s)(Cl), 16.2 17.2 21.7 5.5 0.9
[2.0] [0.8] {1.35} {~0.06}
[Ru(bpy).dpp](PFs)> 14.5 15.6 20.8 6.3 0.7
[1.8] [1.2] [2.0] {14}
[{Ru(NH;)4}dpp{Ru(bpy)>}](PFs)a 18.6 3241
[{Ru(bpy)2}.dppl(PFe)a ~12 13.9 19.5 ~8
[2.8]
[Ru(NH;)6](PFe)s 3077 1
[Ru(NH3)6](PF)2 ~ 3320 0
[Cr(MCL;))(CNRu(NH3)5):](PF)s 3384, 3290  (0.038)!
[Cr(MCL2))(CNRu(NH3)s5),](PFe)s 3395k (0.036)!
[Cr(NH3)s(CNRu(NH;)5)[(PFe)s 33135 (0.032)!

[Rh(MCL;)(CNRu(NH3)s),](PF¢)s 3419, 3337% (0. 003)'

# Data from [18] except as indicated. Peak maxima and bandwidths of the first major component of a gaussian fit of the (corrected and
scaled)absorption or emission using Grams 32. The tetraazamacrocyclic ligands are: MCL;, = 1,4,8,11-tetraazacyclotetradecane (cyclam),
MCL ) = 5,12-meso-5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane (teta).

® In DMSO-H,0 (1/1).

¢ Energy difference between the lowest energy principle absorption component and the highest energy emission component in the gaussian fit.

d Ratio of the intensities of the peak maxima of the first two principle components in a gaussian fit of the 77 K emission spectrum.

¢ In KBr pellet.

"= [rna(Ru') e — g (sample)l yam (Ru™) — vau(Ru™y].

€ Based on components in a gaussian analysis of the emission. Several high frequency modes may be superimposed in the resolved gaussian
component. Based on weighted average of vngy.

b 42 A based on bandwidth analysis for [Ru(NH;),(bpy).]** and corrected by means of the ratio of the squares of the absorption maxima for the
other polypyridyl complexes. Estimated from band envelope.

! From [72].

J ad A based on parameters from [59].

K Macatangay, A.V., private communication and [72].

The above analysis is based on a simple perturbation
theory model involving two electronic states. The
energies involved are relatively small, and we have
already noted that these systems are probably too
complicated for this to be rigorously correct. Other
approaches to measuring some of the quantities dis-
cussed here seem to confirm this point. Photoacoustic
and thermal lensing calorimetries have been used to
make relatively direct estimates of the "MLCT energy of
[Ru(bpy)s]** [67,68]: EZCMLCT) =(16.8+0.6) x 10°
cm ! for the difference in energy between the Boltzman
population of vibrational levels of the ground and
excited state under ambient conditions. The two-state
model used here predicts that this should differ from the
ambient emission energy by,

~ }AD* )DA(O)

EQCMLCT) — hv,, (emis) = Zi0 + 2ty Ao (25)

g

This difference, ~ 600 cm ~ ', is about one-third of the

* — . . .
value for Af‘egg ~ 1800 cm ! inferred from the emission

bandwidth. The accumulated uncertainties ( ~ +900
cm ') are comparable to the discrepancy, clearly
indicating that the available spectroscopic measure-
ments involve energies that are too large to definitively
address the size of Egr. However, the comparison does
raise some important issues: (a) spin-orbit coupling in
this complex is known to split the *"MLCT state into
components, and the higher energy components have
the largest emission efficiencies [69,70]. This would have
the effect of subtracting a term, whose magnitude is
probably in the range of 200—600 cm ', from the right-
hand side of Eq. (26). (b) ¢ in Eq. (21) may not be
negligibly small (the simplest assumption). If ¢ were to
make a significant contribution to the bandwidth, then
our estimates of Aore Would be too large, while our
estimates of af, and 2K, would be too small.

At present, the perturbation theory-two state model
arguments used in most of this paper seem to provide
the most consistent overall basis for dealing with the
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Fig. 5. Variation of the stretching frequency with /vy, (abs) of the
Gaussian deconvolution of the first principle absorption band for
[Ru(NH3)4— 2,,)(L),,]2+ complexes (see Table 1). Values of vyy are
averages of observed frequencies; the reference for Ru'! was based on
extrapolation of (fvmax) > to zero of values for the CN-bridged
complexes. Values of hvy,, for the CN-bridged complexes were
adjusted to take account of the differences in Hps between these
complexes and the polypyridyl complexes (Hpa is assumed to be
roughly constant for the polypyridyl complexes).

ambient spectroscopic observations. Future more sensi-
tive experimental approaches may better define the
limitations of this approach.

6. Shifts in spectator ligand vibrational frequencies as an
indicator of delocalized charge

The N-H stretching frequency is very sensitive to
cationic charge [71]; it is about 200 cm ' higher for
[Ru(NH3)¢]** than for [Ru(NHj)¢]>". The actual
values of N—H stretching frequencies are also sensitive
to the counterion in the solid-state salt [71]. The N-H
stretching frequencies for the hexafluorophosphate salts
of several ammine—polypyridyl complexes of rutheniu-
m(II) are presented in Table 1. The shifts are very
substantial. Previous work [59] has shown that there is
relatively little electron delocalization in the cyanor-
uthenates of rhodium and chromium complexes with
tetraaza-macrocyclic ligands, [M(III)(MCL)(CNRu-
(IT)(NH3)s),]° 7+ about 3.5%/Ru for M = Cr and about
0.3%/Ru for M = Rh. The PF¢ salts of these complexes
[72] are probably good comparisons to the N-H
stretching frequencies of NH; coordinated to Ru(Il) in

the polypyridyl complexes. For convenience in this
discussion, we define a parameter 0 <f <1,

_ [VNH(RU(H))ref — vnu(sample)]
[ (Ru(ID))™ — v (Ru(TID)™]

(26)

This parameter increases as the energy of the lowest
energy MLCT component decreases, qualitatively as
one would expect for significantly increasing delocaliza-
tion of charge with D/A mixing in the series of Ru(Il)—
ammine—polypyridyl complexes. Of course, the charge
delocalized can never exceed 0.5, the dependence of f on
aHa is bound to be complicated and the uncertainties
are substantial. Nevertheless, figure 5 illustrates that the
N-H stretch shifts significantly in the direction ex-
pected, and that the stretching frequencies are lowest for
those complexes for which we infer the largest amount
of delocalized charge. The substantial shifts imply
substantial charge delocalization. A line of the least
slope (illustrated in Fig. 5) that passes within the
estimated error limits of f is consistent with the our
inferences for ah if it is equal to f.

7. Conclusions

The work summarized here has used a variety of
experimental and theoretical approaches to address
some basic issues in the excited state properties of
polypyridyl complexes of ruthenium(II).

a) Ab initio calculations have shown that both of the
two lowest energy m*-orbitals of the ligands con-
tribute to the MLCT transitions observed in the
UV-vis spectral region. The two lowest energy
MLCT transitions of [Ru(NH3)4bpy]* ™ correspond
to symmetric combinations of the two lowest energy
n*-orbitals of the constituent pyridine moieties. The
LUMO of coordinated dpp correlates with the
LUMO+1 of pyrazine, and the orbital coefficients
at the nitrogen atoms of this LUMO are antisym-
metrically related. This suggests that bridging ligand
properties of dpp may not be a simple combination
of those of pyrazine, slightly modified by pyridine.

b) The reorganizational energies inferred from gaus-
sian bandshape analyses, combined with the ambi-
ent Stokes shifts imply that the excited state electron
exchange energy, K., 1s reasonably significant.

¢) The trend of the N—H stretching frequencies of
coordinated ammonia with MLCT transition en-
ergies suggests that the large mixing coefficients in
these complexes are associated with substantial
charge delocalization in the ground state.

d) The emission and absorption bandwidths are about
half of those expected in the limit of no metal/ligand
mixing. There is some indication that the band-
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widths decrease as the transition energy decreases.
This can be discussed in terms of the perturbational
shifts of the excited and ground state potential
energy surfaces because of metal/ligand mixing.

e) The attenuation of reorganizational energies with
metal/ligand mixing is also a factor in optical/
electrochemical comparisons.

Acknowledgements

The authors thank the Office of Basic Energy Sciences
of the Department of Energy for partial support of this
research.

References

[1] R.D. Cannon, Adv. Inorg. Chem. Radiochem. 21 (1979) 179.

[2] J.F. Endicott, G.J. Ferraudi, J.R. Barber, J. Phys. Chem. 79
(1975) 630.

[3] J.F. Endicott, in: V. Balzani (Ed.), Electron Transfer in Chem-
istry, vol. 1, Wiley-VCH, New York, NY, 2001, p. 238.

[4] J.F. Endicott, in: E.I. Solomon, A.B.P. Lever (Eds.), Inorganic
Electronic Structure and Spectroscopy, vol. 2, Wiley-Interscience,
New York, 1999, p. 291.

[5] J.F. Endicott, M.J. Uddin, Coord. Chem. Rev. 219-221 (2001)
687.

[6] A.B.P. Lever, Inorg. Chem. 29 (1990) 1271.

[71 A.B.P. Lever, E. Dodsworth, in: A.B.P. Lever, E.I. Solomon
(Eds.), Electronic Structure and Spectroscopy of Inorganic
Compounds, vol. II, Wiley, New York, 1999, p. 227.

[8] S.I. Gorelsky, V.Y. Kotov, A.B.P. Lever, Inorg. Chem. 37 (1998)
4584.

[9] V. Balzani, F. Scandola, Supramolecular Photochemistry, Hor-
wood, Chichester, UK, 1991.

[10] J.L. Atwood, J.E.D. Davies, D.D. MacNicol, F. Vogtle, Com-
prehensive Supramolecular Chemistry, Pergamon, Oxford, UK,
1996.

[11] GJ. Meyer, in: K.D. Karlin (Ed.), Progress in Inorganic
Chemistry, Wiley, New York, 1997.

[12] K.J. Brewer, Comments Inorg. Chem. 21 (1999) 201.

[13] A.V. Macatangay, J.F. Endicott, Inorg. Chem. 39 (2000) 437.

[14] A.V. Macatangay, S.E. Mazzetto, J.F. Endicott, Inorg. Chem. 38
(1999) 5091.

[15] J.F. Endicott, M.A. Watzky, A.V. Macatangay, S.E. Mazzetto,
X. Song, T. Buranda, in: A.A. Kornyshev, M. Tosi, J. Ulstrup
(Eds.), Electron and Ion Transfer in Condensed Media, World
Scientific, Singapore, 1997, p. 139.

[16] A.V. Macatangay, X. Song, J.F. Endicott, J. Phys. Chem. 102
(1998) 7537.

[17] R.S. Mulliken, W.B. Person, Molecular Complexes, Wiley-Inter-
science, New York, 1967.

[18] D.S. Seneviratne, M.J. Uddin, V. Swayambunathan, H.B. Schle-
gel, J.F. Endicott, Inorg. Chem. 41 (2002) 1502.

[19] N.S. Hush, Prog. Inorg. Chem. 8 (1968) 391.

[20] N.S. Hush, Electrochim. Acta 13 (1968) 1005.

[21] D.V. Matyushov, G.A. Voth, J. Phys. Chem. A 104 (2000) 6470.

[22] D.V. Matyushov, M.D. Newton, J. Phys. Chem. A 105 (2001)
8516.

[23] R. Zahradnik, R. Plolak, Elements of Quantum Chemistry,
Plenum, New York, 1980.

[24] A.B.P. Lever, S.I. Gorelsky, Coord. Chem. Rev. 208 (2000) 153.

[25] C.H. Braunstein, A.D. Baker, T.C. Strekas, H.D. Gafney, Inorg.
Chem. 23 (1984) 857.

[26] D.P. Rillema, D.G. Taghdiri, D.S. Jones, C.D. Keller, L.A.
Word, T.J. Meyer, H. Levy, Inorg. Chem. 26 (1987) 578.

[27] K.K. Ruminiski, T. Cockcroft, M. Shoup, Inorg. Chem. 27 (1988)
4026.

[28] R.W. Murphy, Jr, K.J. Brewer, G. Gettliffe, J.D. Petersen, Inorg.
Chem. 28 (1989) 81.

[29] J.B. Cooper, D.B. MacQueen, J.D. Petersen, D.W. Wertz, Inorg.
Chem. 29 (1990) 3701.

[30] K. Kalyanasundaram, M. Gratzel, M.K. Nazeeruddin, J. Phys.
Chem. 96 (1992) 5865.

[31] J.R. Kirchoff, K. Kirschbaum, Polyhedron 17 (1998) 4033.

[32] G. Denti, S. Campagna, L. Sabatino, S. Seroni, M. Ciano, V.
Balzani, Inorg. Chem. 29 (1990) 4750.

[33] M. Marcaccio, F. Poalucci, C. Paradisi, S. Roffia, C. Fontanesi,
L.J. Yellowlees, S. Serroni, S. Campagna, G. Denti, V. Balzani, J.
Am. Chem. Soc. 121 (1999) 10081.

[34] S. Serroni, A. Juris, S. Campagna, M. Venturi, G. Denti, V.
Balzani, J. Am. Chem. Soc. 116 (1994) 9086.

[35] S.M. Scott, K.C. Gordon, A.K. Burrell, J. Chem. Soc. Dalton
Trans. (1999) 2669.

[36] J.-P. Sauvage, J.-P. Collin, J.-C. Chambron, S. Guillerez, C.
Coudret, Chem. Rev. 94 (1994) 993.

[37] S. Campagna, G. Denti, S. Serroni, M. Ciano, V. Balzani, Inorg.
Chem. 30 (1991) 3728.

[38] P. Ceroni, F. Paolucci, C. Paradisi, A. Juris, S. Roffia, S. Serroni,
S. Campagna, A.J. Bard, J. Am. Chem. Soc. 120 (1998) 5480.

[39] D.E. Richardson, H. Taube, Coord. Chem. Rev. 60 (1984) 107.

[40] R. Crutchley, Adv. Inorg. Chem. 41 (1994) 273.

] C. Creutz, Prog. Inorg. Chem. 30 (1983) 1.

] C. Creutz, N. Sutin, Inorg. Chem. 15 (1976) 496.

[43] M.D. Newton, N. Sutin, Annu. Rev. Phys. Chem. 35 (1984) 437.

] M.D. Newton, Chem. Rev. 91 (1991) 767.

] M.D. Newton, Adv. Chem. Phys. 106 (1999) 303.

[46] V. Swayambunathan, J.F. Endicott, Abstracts 208th National
Meeting of the A.C.S., Am. Chem. Soc., Washington DC 1994;
abstract No. INOR 229. 1994.

[47] R.D. Cannon, Electron Transfer Reactions, Butterworth, Lon-
don, 1980.

[48] C.K. Jorgensen, Orbitals in Atoms and Molecules, Academic
Press, New York, 1962.

[49] A.B.P. Lever, Inorganic Electronic Spectroscopy, Elsevier, Am-
sterdam, 1984.

[50] G.J. Ferraudi, Elements of Inorganic Photochemistry, Wiley,
New York, 1988.

[51] D. Graff, J.P. Claude, T.J. Meyer, in: S.S. Isied (Ed.), Advances in
Chemistry Series, vol. 253, American Chemical Society, Washing-
ton DC, 1997, p. 183.

[52] O. Horvath, K.L. Stevenson, Charge Transfer Photochemistry of
Coordination Complexes, VCH, New York, 1993.

[53] A. Juris, V. Balzani, P. Belser, A. von Zelewesky, Helv. Chim.
Acta 64 (1981) 2175.

[54] A. Juris, F. Barigelletti, S. Campagna, V. Balzani, P. Belser, A.
von Zelwesky, Coord. Chem. Rev. 84 (1988) 85.

[55] E.M. Kober, J.V. Casper, R.S. Lumpkin, T.J. Meyer, J. Phys.

Chem. 90 (1986) 3722.

R.A. Marcus, J. Phys. Chem. 94 (1990) 4963.

T.J. Meyer, Prog. Inorg. Chem. 30 (1983) 389.

J.C. Curtis, T.J. Meyer, Inorg. Chem. 21 (1982) 1562.

M.A. Watzky, A.V. Macatangay, R.A. Van Camp, S.E. Maz-

zetto, X. Song, J.F. Endicott, T. Buranda, J. Phys. Chem. 101

(1997) 8441.

[60] M.J.T. Frisch, G.W.; H.B. Schlegel, G.E. Scuseria, M.A. Robb,
J.R. Cheeseman, V.G. Zakrzewski, J.A. Montgomery, R.E.
Stratmann, J.C. Burant, S. Dapprich, J.M. Millam, A.D. Daniels,
K.N. Kudin, M.C. Strain, O. Farkas, J. Tomasi, V. Barone, M.

[56
[57
[58
[59



106 J.F. Endicott et al. | Coordination Chemistry Reviews 229 (2002) 95-106

Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S.
Clifford, J. Ochterski, G.A. Petersson, P.Y. Ayala, Q. Cui, K.
Morokuma, D.K. Malick, A.D. Rabuck, K. Raghavachari, J.B.
Foresman, J. Cioslowki, J.V. Ortiz, B.B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R.L. Martin,
D.J. Fox, T. Keith, M.A. Al-Laham, C.Y. Peng, A. Nanayak-
kara, C. Gonzalez, M. Challacombe, P.M.W. Gill, B.G. Johnson,
W. Chen, M.W. Wong, L.J. Andres, M. Head-Gordon, E.S.
Replogle, J.A. Pople, Gaussian, Inc., Pittsburgh, PA, 1998.

[61] A.M. Zwickel, C. Creutz, Inorg. Chem. 10 (1971) 2395.

[62] W.L. Parker, G.A. Crosby, Int. J. Quantum Chem. 39 (1991) 299.

[63] J.F. Endicott, P.G. McNamara, T. Buranda, A.V. Macatangay,
Coord. Chem. Rev. 208 (2000) 61.

[64] LR. Gould, D. Noukakis, G.-J. Luis, R.H. Young, J.L. Good-
man, S. Farid, Chem. Phys. 176 (1993) 439.

[65] J.T. Hupp, R.T. Williams, Acc. Chem. Res. 34 (2001) 808.

[66] Y.K. Shin, B.S. Brunschwig, C. Creutz, N. Sutin, J. Phys. Chem.

100 (1996) 8157.

X. Song, J.F. Endicott, Chem. Phys. Lett. 204 (1993) 400.

C.D. Borsarelli, S.E. Bratalovsky, J. Phys. Chem. 102 (1998) 6231.

G.A. Crosby, Acc. Chem. Res. 8 (1975) 231.

H. Yersin, D. Braun, G. Hensler, E. Galhuber, in: C.D. Flint

(Ed.), Vibronic Processes in Inorganic Chemistry, Kluwer,

Dordrecth, 1989.

[71] K. Nakamoto, Infrared and Raman Spectra of Inorganic and
Coordination Compounds. Part B, Wiley, New York, 1997.

[72] A.V. Macatangay, Wayne State University 1998.

[67
[68
[69
[70



	MLCT excited states and charge delocalization in some ruthenium-ammine-polypyridyl complexes
	Introduction
	General comments
	Ruthenium-polypyridyl complexes

	Some general aspects of spectroscopic and electrochemical correlations
	Excited state-ground state mixing in a two state system; perturbation theory approach
	General features of strongly coupled, ruthenium(II)-polypyridyl complexes
	Effects of configurational mixing on electrochemical properties
	General features of the exchange energy contributions


	Computational results and the assignment of MLCT transitions
	2.2’-bipyridine
	2,3-bis-(2-pyridyl)Pyrazine

	The effect of DŁA configurational mixing on absorption and emission bandwidth
	General considerations
	Experimental observations

	The Stokes shifts and electron exchange energy contributions
	Shifts in spectator ligand vibrational frequencies as an indicator of delocalized charge
	Conclusions
	Acknowledgements
	References


