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Abstract

The electronic properties of Ru—polypyridine dyes were investigated by means of semiempirical calculations. Intermediate neglect of
differential overlap (INDO)/S including configuration interaction (CI) was used to calculate electronic density of state (DOS) structures,
transition energies and oscillator strengths. Results for electronic transitions and HOMO energies were compared to absorption spectra and
oxidation potentials. The carboxylated form of ¢is-bis(2,2'-bipyridine ) bis(isothiocyanato)—ruthenium(1II} is an efficient sensitizer in nanos-
tructured photoelectrochemical solar cells. The calculation on this dye reveals a different electronic structure for this complex compared to
the other Ru—polypyridine complexes. In this complex, the spatial distribution of the highest occupied molecular orbital is shifted towards

the NCS ligands and the electronic transition lowest in energy is assigned to a RuNCS-bpy(7*) charge transfer transition.
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1. Introduction

Tris(2.2'-bipyridine ) -ruthenium(II) (Ru(bpy) 227y and
its derivatives have attracted considerable attention during
the last two decades due to their usefulness as photosensitizers
in photoconversion [ 1,2]. A specific example is the dye sen-
sitization of nanostructured electrodes by carboxylated Ru
complexes giving high conversion efficiencies [3-9]. The
dye-sensitized photoelectrochemical solar cells differ from
the conventional solar cells in that they separate the function
of light absorption from the charge carrier transport. In the
case of sensitized cells, a photocurrent is generated when a
photon, absorbed by a dye molecule, gives rise to an electron
injection into the conduction band of the semiconductor par-
ticle. The dye is then regenerated by electron transfer from
redox species in the solution. Thus, the conversion efficiency
depends on energy matching and fast electron transfer
between the sensitizing dye and the semiconductor, as well
as the dye and the redox species. Insight into the electronic
(orbital) structure of these elements is therefore useful in the
understanding and optimization of these cells.
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In the present paper, we report on the electronic structure
and related properties for a variety of Ru complexes { 10—
12]. The intermediate neglect of differential overlap (INDO)
model together with configuration interaction (CI) has been
used. Electronic structures and transitions were calculated
and the absorption spectra, normally containing charge trans-
fer bands, were reproduced with good accuracy. A compari-
son between oxidation potentials and calculated HOMO
energy levels is included, as well as a closer analysis of the
electron structure for some selected complexes. In particular.
we focus on the electron structure calculated for cis-bis(2.2'-
bipyridine ) bis(isothiocyanato)-ruthenium(II) (Ru(bpy)--
(NCS) ).

2. Computational method

Electronic structures, transition energies and oscillator
strengths were calculated within the INDO/S—CI framework
[13-16] using the program package ZINDO [17]. INDO/
S—CI is a MO-LCAO-SCF-CI model based on the CNDO
and INDO approximations and is parametrized to reproduce
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spectroscopic properties.’ To account for electronic refaxa-
tion a Cl was performed. The CT calculations included a space
of the 20 highest occupied and the 10 lawest virtual orbitals
involving all single excitations. No geometry optimization
was done in the present investigation and the calculations
were based on the crystal coordinates.

Complementary ab initio calculations were performed at
the 3-21 G(*) level using the program SPARTAN [18].

3. Results and discussion
3.1, General considerations

The energy matching between the dye and the semicon-
ductor is important for efficient energy conversion in a dye-
sensitized solar cell. There are several possibilitics of
changing redox potential and absorption profile of ruthenium
dyes [1,2.19]. Effects induced by different ligands on the
HOMO and LUMO levels of the complexes are often dis-
cussed within the framework of octahzdral symmetry using
the concept of o and 7 donor and acceptor properties of the
ligands. Moreover. different ligands have different 7 levels,
and since the low energy absorption band is assigned to a
metal 1o ligand charge transfer (MLCT) transition for most
Ru-polypyridine complexes. the ligands will affect the
absorption profile. The picture retaining the metal and ligand
nature of the orbitals within the complex and applying small
changes due to ligand—metal interaction is a reasonable first
approximation. This is because some of the properties of the
ligands and the complexes were found to be correlated (cf.
Refs. [20-23]). These correlations give information on how
to tune the properties of new complexes. Furthermore, the
picture described above is practical in labelling the states
involved in redox reactions and electronic transitions.

The INDO/S-CI method on the other hand describes the
ground state orbitals as linear combinztions of all the valence
shell atomic orbitals. In such a delocalized model. the orbitals
of the complexes are not primarily analyzed with the use of
bonding-backbonding concepts basec on ¢ and 7 donor and
acceptor ability. The interactions between all atoms of the
complex were incorporated within the model, normally
resulting in a more complex picture. However, for fairly sym-
metric Ru-complexes. having well-resolved metal and
ligand-centred (1.C) orbitals, o and 7 donor and accepior
properties of the ligands still might be applicable when ana-
lyzing the INDO/S-CI results.

3.2. Geometrical considerations

No geometry optimizations are included in the present
study. To estimate the importance of geometry, calculations

' For the parameters. the default values set by the program were used
(£, = 1.267 and f,,. = 0.585 and for ruthcnium B(5s) = B(Spr = — 2.0und
Bi4d) = —32.0).

of energy levels and absorption maximum for Ru(bpy)**
using different geometries were performed. The Ru-N dis-
tance was varied while keeping the geometry within the
bipyridyl ligands and the symmetry group (D5) unchanged.

When changing the Ru—N distance from 2.01 A t0 2.10 A
(the Ru-N distance in Ru(bpy),*" is 2.056 A) the HOMO
levels changes from — 12.54 ¢V 10 — 12,65 eV. This differ-
ence can be compared with calculations on a series of sym-
metrical and mixed-ligand, tris chelate complexes of
2,2"-bipyridine, 2.2"-bipyrimidine and 2,2’-bipyrazine. Cal-
culations on these complexes were performed using the
geometry of Ru(bpy):*~ but exchanging the relevant car-
hons for nitrogens in the ligands. They are included in Table
I and e.g.. for tris(2,2'-bipyrazine)—ruthenium(1l), the
HOMO level is - 13.64 eV. The ligand composition is thus
scen to have a larger effect on the HOMO than the changes
in Ru-N distance.

A similar conclusion was obtained by calculating the posi-
tion of the HOMO level in Ru(bpy);”* for a Ru-N bond
distance of 2.13 A This is the Ru-N bonding distance in
tris{ 6.6'-diamino-2,2"-bipyridine ) -ruthenium. At this dis-
tance the HOMO level for the Ru(bpy)+~* was calculated to
—12.69 eV. This can be compared with —12.18 eV which
is the calculated energy for tris{6.,6'-diamino-2.2"-bipyri-
dine)-ruthenium(1l) using crystal coordinates. The presence
of the amino groups thus affects the energy of the HOMO
level directly.

The calculated absorption maximum only changes from
430 nm to 404 nm when changing the Ru-N distance from
2.01 Ao 2.10 A. When comparing this with the ditferent
absorption maxima obtained for the complexes in Table I,
the effect of Ru-N bonding distance on the calculated absorp-
tion maxima must be considered small.

3.3, Correlations with redox properties

The energy levels involved in redox reactions can be meas-
ured by cyclic voltammetry. Measured redox potentials (i.e.
free energies ) depend on energy changes within the molecule,
encrgy changes depending on the solvent interaction and
entropic changes. If the entropic and solvent interaction con-
tributions to the redox potential are fairly similar, as might
be assumed for the double charged complexes studied in the
present paper. correlations between the experimental oxida-
tion potentials and the calculated HOMO energy levels
should be seen. In an earlier work [21], it was shown that
the LUMO level of the ligand in Extended Hiickel calcula-
tions. correlates with the reduction potential for selected Ru
complexes. As expected for ruthenium(il)—polypyridine
complexes ( where the HOMO energy level is expected to be
centred on the metal ), no correlation was found between the
HOMO level of the ligand molecule and the oxidation poten-
tial of the complex. Thus. modelling the oxidation potential
requires taking both the metal and the ligand into account
which may be done within the INDO/S-framework. In Table
{. we summarized our calculations related to the ground state.
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The average (Ru-N) bond length, the experimental oxidation
potentials and the summation of the ligand parameters pro-
posed by Lever [ 23] (L E, ) are also included in Table 1.

In particular, the calculated HOMO Ievel is shifted to lower
energies in the complex containing carbonyl ligunds. Car-
bonyl ligands were reported to have lurge 7*-backbonding
capacity in ruthenium complexes {26]. In contrast, for the
complex containing chloride ligands having m-donor prop-
erties [ 19,45], the calculated HOMO energy level moves to
higher energies. The correlation betwzen the HOMO energy
level and the oxidation potential for complexes having a
charge of 2+ is shown in Fig. 1. It saould be noted in con-
sidering this correlation that the theorztical calculations only
include the intramolecular changes. Therefore. part of the
observed deviations can be attributed to differences in solvent
interaction, Specifically, uncharged complexes (not shown
in Fig. 1) having non-chromophoric ligands are expected to
interact with the solvent differently than the charged ones,
resulting in changes in the Ru-ligand interaction. i.e.. the
HOMO levels [45-47].

Most of the calculations were based on crystalline geom-
etries. However, to extend the investigation, calculations on
complexes from the work by Rillema et al. [22] were
included using the geometry of Ru(bpy),”~ (see Table 1:
the HOMO energies are written in italics). This was done
because the crystal coordinates for all the complexes were
not available. The redox potentials from these complexes
varied from ~ 1.3 to ~2.0 V vs. SCE and, as seen from Fig.
I (diamonds), the experimental oxidation potentials corre-
late very well with the calculated HOMO levels.

Also shown in Fig. 1 is the correlation between the oxi-
dation potential and X E, (see alsoRef. [23]). The £, values
were determined empirically by comparing oxidation poten-
tials for different complexes and by assuming that the ligands
behave in the same relative way in different metal complexes
{(ligand additivity). The empirical nature of this method
accounts not only for intramolecular changes but also for
differences in solvent interactions. As seen in Fig. | the LF,
values correlate with the oxidation potentials at least as well
as the calculated HOMO energies. This is especially true for
complexes with different charges (not shown). However, for
complexes containing ligands for which the E; value is
unknown the INDO-S method can give valuable information.
Moreover, for complexes having exiraordinary interaction
between the metal and the ligand or between different ligands,
the INDO-S method might be preferable.

3.4. Density of states

Knowledge of energy level positions is of importance in
the study of, e.g., electron transfer processes and chemical
reactions. However. insight into the spatial structure of the
molecular orbitals obtained by a quartum chemical calcula-
tion can also give valuable information. Of particular impor-
tance for the present metal complexes is the Ru-content in
the HOMO and LUMO levels. For most of the complexes

ZE IV vs NHE

2.5 2 1.5 1
) 1 : I L

Oxidation potential / V vs SCE
N\ L
N

Oxidation potential / V vs SCE

T T T T T

-14 -13 -12 -11
HOMO-energy / eV
Fig. I. ta) Correlation between the calculated HOMO levels (lower axis)
and oxidation potentials for complexes hased on erystal coordinates { circles)
and for complexes from the work by Ritlema et al. [ 22] based on the erystal
structure of Ru(hpy) ™" (diamonds). For two complexes. the caleulations
have been performed using two different structures (the correct crystal
structure and the crystal structure of Ru(bpy ) ', see Table 1), The difter-
ence in the HOMO energy Tor these two complexes can be used 1o get an
estimate of the importance of geometry. (b) Correlation between the L,
fupper axis) and oxidation potential (the £ values were taken from Ref,
[231)

listed in Table 1. the HOMO-orbital contains a large contri-
bution of the Ru atomic orbitals. For example. the HOMO
orbital in Ru(bpy),™" contains 52% Ru 4d (delocalized -
orbitals contribute with the rest. 44% ) and the LUMO orbital
is concentrated (99%) on ¥-structure of the ligands (see
also Ref. [12]). This structure of the HOMO and LUMO
levels is characteristic for most of the complexes studied.
Normally. the Ru contribution to the HOMO is around 50%
and the contribution to the LUMO is negligible. The results
are consistent with a MLCT absorption (or more specifically
a drto 77* transition) in the visible region.

Density of states (DOS) spectra for a selected number of
complexes are shown in Fig. 2ligand centred (convoluted
with Gaussians of FWHM (full width at half maxi-
mum) = 0.5 ¢V). Partial DOS (PDOS) structures are also
included to show the contributions of the various building
blocks in different regions of the spectra. i.e.. it is a represen-
tation of the spatial electronic structure. The height of the
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Fig. 2. Caleulated DOS and selected PDOS structure for (a) Ru(bpy) ™.
(b Rui-big)s* . (¢) Ru(bpy1,Cly and (d) Ru (bpy1,{NCS).. The bars
represent the calculated energy levels. The DOS and PDOS are calculated
by convolution with Gaussians of FWHM =0.5 eV. The height of these
Gaussians is unity when calculating DOS and the sum of the squared LCAO
coeflicients belonging to an atom or a group of atoms when calculating
PDOS.

Gaussians is defined as the sum of the squared LCAO coef-
ficients belonging to an atom or a group of atoms.

For Ru(bpy):**. the DOS spectra and PDOS spectra, Fig.
2a. show that the occupied orbitals closest to the energy gap
consists of two groups of energy levels. The group at around
— 13 eV is dominated by the Ru contributions. whereas in
the group at — 14 eV, such contributions are negligible. For
the lowest unoccupied orbitals, the Ru contribution is very
small over a broad range.

The ligand contra Ru contributions in the calculated
HOMO and LUMO structures are quite similar for tris(3,3'-
biisoquinoline ) ~ruthenium, Ru(i-biq);* . In the DOS-spec-
trum for Ru(i-biq);”* however, the Ru-dominated HOMO
levels are fused into the lower lying ligand dominated orbitals

{see Fig. 2b). This affects the absorption spectra such that
the visible MLCT transition is shifted almost into the ligand
centred (LC) UV transition region (see below). The lowest
unoccupied orbitals are again dominated by the ligands.

The HOMO levels in cis-di-chloro-bis¢ 2.2"-bipyridine )~
ruthenium (Ru(bpy),Cl,) are also domirated by Ru. in the
DOS-spectrum, Fig. 2¢, the Cl contribution is included. As
can be seen. the Cl atoms contribute to the HOMO structure.
The DOS structure at around —9 eV is mainly due to the Cl
atoms. The Cl and Ru contributions in the lowest unoccupied
orbitals arc almost negligible.

Interestingly, the DOS-spectra suggest a somewhat quali-
tatively different electronic structure for Ru(bpy).(NCS),
(see Fig. 2d). The two groups of occupied orbitals closest to
the energy gap consist almost exclusively of Ru and NCS.
and the LUMO structure consists ma:nly of bipyridine
ligands. In the group of occupied orbitals closest to the energy
gap. 75% of the NCS PDOS originate from sulphur. i.e.. a
large part of the HOMO orbitals is shifted towards the sulphur
atoms. This shift in weight of the HOMO levels from Ru
towards the NCS ligands was reproduced using ab initio
calculations (see Fig. 3). For a similar Ru dye, electron
spectroscopy experiments also indicate a shiftin weightaway
from the Ru atom [48].

The shift indicates that the positive charge in the oxidized
form of Ru(bpy).(NCS), is shifted towards the NCS ligand.
When a Ru dye is used in a solar cell, the excited dye injects
electrons into Ti0- and becomes oxidized. To create a regen-
erative system, the dye is reduced by redcx species (e.g..[ ™)
in the electrolyte. For a Ru complex containing a NCS ligand
[ 3.6,49]. a shift of the HOMO level towards the NCS group
may be of importance to facilitate this electron transfer
process.

3.5. Absorption properties

An ¢lectronic transition implies excitation from the ground
state to a Franck—Condon ( non-equilibrium) excited state of
a molecule. Knowledge of the states involved is of interest
tor many photoconversion processes. For example, in dye
sensitization of semiconductors, not only the absorption max-
imum and the energy matching between dye and semicon-
ductor is of importance. The type of transition, e.g., LC or
MLCT, may also play a vital role.

The calculated results related to the absorption properties
of the complexes are included in Table | together with the
corresponding experimental data. Being obtained from a Har-
tree-Fock type treatment, the DOS structures for all com-
plexes show an energy gap between the HOMO and LUMO
which is overestimated. In order to compare more realistically
with the experimental transition energics, a Cl among single
excitations was performed. As seen from Table 1, the calcu-
lated absorption maxima (lowest in energy) thus obtained
are in reasonable agreement with experimental data for all
complexes. Moreover, the theoretical apsorption spectra fol-
low the experimental trends. It should be pointed out that the
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Fig. 3. (a) HOMO and (b) LUMO molecular orbital surfuces for
Ru(bpy)-(NCS), calculated at the 3-21 G(*) level using the program
SPARTAN. The HOMO and LUMO energies v/ere calculated to be —6.71
eVand —1.90 eV, respectively.

theoretical calculations are made for isolated molecules, thus
any interaction with the environment, e.g., solvent interac-
tion, was disregarded [ 50]. The experimental measurements
are made in solution where such interactions may be of impor-
tance. This solvent dependence has, however, been found to
be very small for Ru(bpy),** [51] and the same can be
expected for most of the complexes in Table 1. Forcomplexes
containing non-chromophoric charged ligands (e.g.. C1™ or
CN ") the solvent effect has been found to be more important
[45.47].

Since the semiempirical calculations are based on linear
combinations of all valence atomic orbitals and the calcula-

tions include configuration interaction, the description of
transitions is more complicated than, e.g., a pure MLCT tran-
sitions. Therefore. for the evaluation of the calculated tran-
sitions we deﬁne the MLCT index, M, for a range, n. of
transitions.” M, has by definition a Value between zero and
one. A high value for M, means that the average electron in
the range » of transitions is transferred from orbitals localized
mainly at the metal centre (ruthenium atom) in the ground
state to orbitals mainly localized on the ligand atoms in the
Franck—Condon excited state. A low value means that the
MLCT character of the transition is small. It should be empha-
sized that M, is an average number used when comparing a
number of complexes. Moreover, the selected range, n,
affects the index. To get a more complete picture of the
transitions. each transition should be analyzed individually.

For Ru(bpy);”". the MLCT index including the five tran-
sitions lowest in energy (Ms) is calculated to be 0.33. Most
of the complexes have a high MLCT index of the same order
of magnitude, consistent with a MLCT transition. For some
ruthenium{1l)carbonyl derivatives (e.g., di-carbonyl-
bis(2.2'-bipyridyl)-ruthenium), no well-resolved MLCT
bands were observed in the visible region [26]. This is at
variance with most of the other polypyridine complexes listed
in Table 1. In our calculation, the MLCT index is found to
be substantially lower tor di-carbonyl-bis(2.2"-bipyridyl)—
ruthenium compared to the other complexes. The reason for
this is that the Ru orbitals were pushed far into the valence
band, resulting in only a minor contribution to the HOMO
level (see Table 1). The MLCT band is totally hidden in the
L.C band at around 315 nm in the calculation.

Theoretical and experimental absorption spectra for a
selected number of complexes are shown in Fig. 4. The the-
oretical spectra were obtained by convolution of Gaussians
{ height proportional to the oscillator strength and a FWHM
of 0.5 eV). The calculated absorption spectra for
Ru(bpy)-Cl, and Ru(bpy),(NCS), are shifted towards the
red part of the visible region compared to Ru(bpy) ;" while
Ru(i-biq):*~ is blue shifted.

The calculated electron transition spectrum for
Ru(bpy);*' (see Fig. 4a) is satisfactory and similar to the

We detine the MLCT index, M, as

e

Aol

- (Ee )((Z )

In the definition, f; is the oscillator strength of transition k. C,} are the
coefficients in the description of transition k. where the subscripts / and j run
over all determinants in the space (20 occupied and 10 unoccupied orbitals
in the present investigation ). In the definiticn of m;, the coetficient ¢, is the
LLCAOQ coefficient of the ground state molecular orbital i. The sums in the
detinition of #1,; run over all Ru d-orbitals. In the present work, the range, n.
normally includes the five transitions lowest in energy (n=35) which for
mosl complexes define the absorption peak lowest in energy.
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Fig. 4. Calculated absorption spectra (dashed line, left axis) together with
experimental absorption spectra (full line. right axis) for {a) Ru(bpy},”"
in acetonitrile  [29], (b) Ru{i-big) 27 in acetonitrile [29]. (<)
Ru(bpy),Cl, in N-methylformamide [45] and (d) Ru(bpy),(NCS), in
dimetylformamide {431]. The absorption spectra are calculated by convo-
lution with Gaussians of FWHM =(.5 eV and heigat proportional to the
oscillator strength. The bars represent the calculated transitions and oscillator
strengths.

earlier reported calculations based on the Extended Hiuickel
approximation [ 10]. Considering that M is 0.53 and the fact
that the contribution from Ru in the levels at around — 13 eV
and — 14 eV {see Fig. 2a) is close to 50 and 0%, respectively,
it is concluded that the transitions in the visible region almost
exclusively originate from the levels at — 13 eV. The struc-
tured tail between the intense absorption at around 275 nm
and the visible absorption at 430 nm were overestimated in
the INDO/S calculation. The present calculations indicate
that the transitions in this region have substantial MLCT
character. This is in accordance with the calculated results
reported by Calzaferri and Rytz [ 10].

Both the calculated and the experimental absorption
spectra are blue shifted for Ru(i-biq):** compared to
Ru(bpy);*~. In studies of emission spectra Ru(i-big)y* .
the emitting state is thought to be of LC type while the lowest
absorption energies was assigned to MLCT transitions [29].
In the calculation (see Fig. 4b), we found that the lowest
energy absorption for Ru(i-biq);™* is of MLCT type. The
conclusion i1s based on the DOS/PDOS structure and the
relatively high MLCT index. M;=0.43.

The fact that the Ru(bpy).Cl, is red shifted with respect
to Ru(bpy),* "~ is normally explained by the 7-donor prop-
erties of the C1™ jons which raise the energy of the occupied
Ru-centred orbitals. The red shift is well-reproduced in the
INDO/S-CT calculations of Ru(bpy),Cl, (Fig. 4¢c). How-
ever. it is important to remember that the absorption spectra
for Ru{bpy).Cl, depend on the solvent: N-methylformamide
and dimethylformamide give absorption maxima at 538 nm
and 568 nm, respectively [45]. In the calculation, the two
absorption maxima at 516 nm and 357 nm are built up by
five and 10 transitions, respectively. Since M;=0.47 and
M,s=0.43. both maxima are assigned t¢ MLCT transitions.

The carboxylated form of the Ru({bpy),(NCS), complex
has acquired a special interest during recent years due to the
fact that it is the most efficient dye so far in nanostructured
photoelectrochemical cells [ 3]. The experimental absorption
spectrum for Ru(bpy),(NCS}, together with the calculated
one are given in Fig. 4d. Both the experimental and theoretical
curves contain two absorption maxima above 300 nm but the
theoretical spectra is red shifted. The calculated transition
which is lowest in energy. at 672 nm. indicates that the shoul-
der seen in the experimental spectra originates from an elec-
tronically allowed singlet-singlet transition.

Analyzing the theoretical spectra for Ru(bpy).(NCS),
further, the two maxima lowest in energy are built up by five
and 10 transitions, respectively. Based on the DOS/PDOS
structure and the low MLCT index (M;=0.24). we assign
the electronic transition lowest in energy to a RuNCS-
bpy(7r*) transition, i.e., the NCS group is directly involved
in the transition and acts in this sense not just as a spectator
ligand. Since M,s=0.21, the transition higher in energy, at
384 nm, is also assigned to a RUNCS-bpy( 7*) transition.

4. Conclusion

The electronic structure of selected Ru—polypyridine dyes
has been studied using the INDO/S-C1 method. The agree-
ment between calculations and experiments in terms of
absorption spectra and redox potentials for the complexes
was found to be good and the study emphasizes the usefulness
of INDO/S-CI to predict electronic properties of Ru—poly-
pyridine dyes.

The result for Ru(bpy).(NCS), suggests an electronic
structure somewhat different from the other complexes stud-
ied. The calculated HOMO orbitals for Ru (bpy),(NCS),
are shifted in weight from the Ru atom towards the NCS
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ligands. The carboxylated form of this dye, Ru(CO,H-
bpy ).{NCS),, has shown exceptional photoconversion abil-
ity in solar cells based on nanostructured materials such as
titanium dioxide. The calculated shift in the HOMO level
towards the NCS ligand groups is important information for
the complete understanding of the role of the dye complex in
this type of solar cell.
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