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We report a DFT/TDDFT study on the geometric, electronic
and optical properties of [Ru{4�-(4-pyridyl)-2,2�:6�,2"-
terpyridine}2]2+. Because of the presence of the basic nitro-
gen atom on the terminal pyridyl ligands, in solution the
complex can exist in three different protonation states de-
pending on the pH, each with markedly different photophys-
ical properties. We investigated the effect of protonation of
the terminal pyridine groups on the electronic and optical
properties of this RuII complex. TDDFT calculations in vacuo

Introduction

RuII-polypyridyl complexes have attracted great interest
for their unique photochemical and photophysical proper-
ties.[1–7] Among the various applications of such complexes
are dye-sensitised solar cells, which are promising devices
for the conversion of solar energy into electricity, whereby
RuII-polypyridyl complexes have been identified as particu-
larly efficient photosensitisers because of their broad range
of visible light absorption, relatively long-lived excited
states and high thermal stability.[8–12] The capability to
transfer electrons and energy upon photoactivation coupled
with the possibility to obtain different molecular architec-
tures by ligand tuning, make RuII-polypyridyl complexes ef-
ficient photosensitizers in molecular machines and de-
vices,[4,13] molecular wires for optoelectronics,[4,14] light har-
vesting dendritic antennas[4,13b,15,16] and systems for infor-
mation processing.[13b,13c] RuII-polypyridyl complexes, be-
cause of their long wavelength absorption and the high
quantum yield for the photogeneration of singlet oxygen,
can also be utilized in photodynamic therapy.[17] Moreover,
luminescent RuII complexes have been shown to behave as
efficient sensors in physiological and environmental me-
dia,[18,19] DNA markers[20,21] and pH indicators.[22]
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and aqueous solution were performed, finding good agree-
ment between the simulated and the experimental absorp-
tion spectra, and reproducing the experimentally observed
absorption redshift upon pyridine protonation. The calcu-
lated excited-state data provide a rationale for the lumines-
cence properties observed by varying the solution pH, in
terms of the different energy separation between MLCT and
MC excited states in the complexes.

In this paper, we report a theoretical investigation
of [Ru{4�-(4-pyridyl)-2,2�:6�,2"-terpyridine}2]2+, [Ru(tpy-
py)2]2+,[22] and its protonated forms (Scheme 1). These com-
plexes have demonstrated peculiar properties as molecular
switches because of a luminescent signal in the red or far-
red spectral region that can be switched on or off by the
solution pH.[22]

The absorption spectra of these Ru complexes in the
220–800 nm spectral range exhibit bands typical of [Ru-
(tpy)2]2+-type compounds,[4] with intense bands in the near-
UV region and a broad and moderately intense band in
visible region.[22] The absorption spectra were measured at
three different pH values of ca. 11, 4 and 2 in water, demon-
strating that the absorption and luminescence spectra de-
pend strongly on the solution pH. In particular, the visible
band redshifts progressively with a decrease of the solution
pH, the λmax changing from 490 nm at basic pH to 497 nm
at pH 4 and to 505 nm at acidic pH. The luminescence spec-
tra exhibit a more complex and interesting behaviour;[22]

the emission energy decreases on going from pH 11 to pH
4, and then slightly increases for more acidic solutions.
Most notably, the measured emission lifetime significantly
increases going from basic to acidic solutions. Hence, these
RuII complexes can find potential applications as lumines-
cent pH sensors and as molecular switches where a low-
energy emission signal can be controlled chemically by an
acid–base stimulation.

To provide a rationale for these experimental observa-
tions, with reference to the pH-dependent absorption and
emission processes, and to gain insight into the relationship
between the excited state energetics and the luminescence
properties, we have investigated the photophysics of these
complexes by means of DFT and time dependent DFT
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Scheme 1. Chemical structures of [Ru(tpy-py)2]2+ (Ru_0H), [Ru(tpy-py)(tpy-pyH)]3+ (Ru_1H) and [Ru(tpy-pyH)2]4+ (Ru_2H).

(TDDFT) calculations. To investigate the effect of the solu-
tion pH on the optical properties, we have taken into ac-
count the protonation of one and both terminal pyridine
units, simulating the absorption spectra and calculating the
emission wavelengths of the protonated and nonprotonated
forms.

Previous DFT/TDDFT calculations on RuII complexes
have established the accuracy of this computational ap-
proach to describe the photophysics of this important class
of compounds.[12,14,23–30]

Our computational approach satisfactorily reproduces
the acidichromic shifts of the absorption spectra and allows
us to interpret the pH-dependent emission lifetime variation
in terms of the relative energetic positions of metal to ligand
charge transfer (MLCT) and metal centred (MC) excited
states in analogy to the classic photophysical picture of Bal-
zani, Maestri and coworkers.[4] Theoretical data comple-
ment the previously reported experimental investigations,
thus allowing a deeper understanding of the photophysics
of these complexes, and opening the possibility for the de-
sign of new and more efficient functional complexes.

Computational Details

The absorption and luminescence spectra at three dif-
ferent pH values (ca. 11, 4 and 2) have been previously mea-
sured, see Ref.[22] for further details.

Following the experimental titration studies, we consid-
ered three different protonation states related to the dif-
ferent solutions pH values. In particular, the optical data
measured at pH 11 were compared with the nonprotonated
species [Ru(tpy-py)2]2+ (Ru_0H), whereas data related to
solutions at pH 4 and 2 were compared with the monopro-
tonated [Ru(tpy-py)(tpy-pyH)]3+ (Ru_1H) and biproton-
ated species [Ru(tpy-pyH)2]4+ (Ru_2H), respectively.

All the calculations were performed using the
Gaussian03 (G03) program package.[31] Geometry optimi-
zations of Ru_0H were performed in vacuo and aqueous
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solution, using the B3LYP[32] exchange-correlation func-
tional. Two basis sets were tested: a LANL2DZ[33] for all
atoms along with the corresponding pseudopotentials for
Ru and a LANL2DZ basis set and pseudopotential for Ru
augmented with a 6-31G*[34] basis sets for N, C and H
atoms. Solvation effects were included by means of the po-
larizable continuum model (PCM),[35] as implemented in
G03. We found the basis set and inclusion of solvation ef-
fects not to substantially influence the geometry of the
Ru_0H complex, see below. For this reason, geometry opti-
mizations of all the complexes were performed in vacuo
with the LANL2DZ basis set for all atoms. The lowest SCF
triplet state for all the species was optimized by unrestricted
calculations at the same level of theory, to provide an esti-
mate of the triplet excited state geometry. We then per-
formed TDDFT calculations in aqueous solution on the
structures optimized in vacuo. To take into account specific
solute–solvent interactions on the geometrical electronic
and optical properties, beyond the picture provided by con-
tinuum solvation models, we have optimized Ru_0H and
Ru_1H including two and one water molecules bound to
the pyridine nitrogen atoms. We define these systems as
Ru_0H·2H2O and Ru_1H·1H2O. Moreover, for Ru_0H we
performed constrained geometry optimizations at selected
values of the dihedral angle between the terpyridine and
the pyridine planes to gauge the influence of this structural
parameter on the optical properties.

Analysis of the electronic structures of all the complexes
was carried out in aqueous solution. TDDFT calculations
of the lowest singlet–singlet and singlet–triplet excitations
were performed for all the species in aqueous solution at
the same level of calculation employed for geometry optimi-
zations, using the PCM nonequilibrium version[36] as im-
plemented in G03. To simulate the optical spectra, the 70
lowest spin-allowed singlet–singlet transitions were com-
puted on the ground state geometry. Transition energies and
oscillator strengths were interpolated by a Gaussian convol-
ution with a σ value of 0.15 eV. To investigate the emission
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process, the lowest 30 singlet–triplet excitations were com-
puted both on the singlet and triplet ground and excited
state geometries.

Results and Discussion

Molecular and Electronic Structure

The geometry of Ru_0H was optimized considering a
pseudo-octahedral C2 symmetry (Figure 1). Moreover, to
evaluate the effect of specific solute–solvent interactions, we
optimized Ru_0H with two water molecules forming hydro-
gen bonds with the external pyridine nitrogen atoms
(Ru_0H·2H2O, Figure 1). In Table 1, the main optimized
geometrical parameters are compared with experimental
data.[37,38]

Figure 1. Optimized molecular structures of Ru_0H and
Ru_0H·2H2O.

Table 1. Main optimized geometrical parameters (Å and °) of
Ru_0H in vacuo, in aqueous solution and with two water molecules
(Ru_0H·2H2O) compared with X-ray data from ref.[37]

Parameters Experiment Calculated Calculated
vacuum water water/2H2O

Ru–N1 2.072(3) 2.111 2.106 2.107
Ru–N2 1.979(3) 2.010 2.003 2.003
N1–Ru–N2 78.34(13) 78.1 78.9 78.8
N2Ru–N4 102.50(13) 101.3 101.1 101.1

The agreement between the computed and experimental
geometrical data is good, with the Ru–N2 bond of the cen-
tral pyridines computed to be shorter than that of the pe-
ripheral rings, consistent with the X-ray data. Although a
slight overestimation of main bond lengths compared to ex-
perimental data is observed, the optimized geometry re-
flects the main structural features of the compounds. As
seen from Table 1, geometry optimization in solution leads
to only modest geometrical variations. It is worth noting
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that the inclusion of two explicit water molecules close to
the pyridine nitrogen atoms delivers only small geometrical
differences in line with the geometry optimization in aque-
ous solution.

The main geometrical parameters of all the complexes,
optimized both at the ground and lowest triplet states, are
collected in Table 2. For Ru_1H, we optimized the ground
state geometry in aqueous solution and included one water
molecule interacting with the nonprotonated pyridine nitro-
gen atom. The optimized parameters (see Supporting Infor-
mation) are marginally affected by the inclusion of implicit
or explicit solvation effects, therefore geometries in vacuo
will be considered for the remainder of our investigation.

Table 2. Optimized geometrical parameters (Å and °) of Ru_0H/
1H/2H complexes in vacuo. Data of the lowest triplet state are re-
ported in parentheses.

Parameters Ru_0H Ru_1H Ru_2H
Tpy-py Tpy-pyH

M–N1 2.110 2.116 2.109 2.116
(2.097) (2.106) (2.100) (2.106)

M–N2 2.010 2.022 1.995 2.011
(2.013) (2.024) (2.011) (2.019)

C2–C3 1.486 1.484 1.487 1.493
(1.485) (1.483) (1.457) (1.479)

N1–M–N2 78.1 78.3 79.0 78.6
(79.2) (79.1) (79.0) (79.0)

N1–M–N5 101.3 101.0 102.0 101.4
(100.7) (101.0) (101.0) (101.0)

�C1C2C3C4 33.7 35.2 38.0 34.5
(32.5) (32.3) (10.0) (24.8)

Comparing the ground state optimized geometries of
Ru_2H with those of Ru_0H we found minimal differences,
indicating that the symmetric protonation of both terminal
pyridines has a negligible effect on the ground state geome-
try.

The geometries of the lowest triplet state were found to
be similar to the corresponding singlet ground state geome-
tries for factors concerning the metal–ligand interactions,
whereas sizeable differences have been computed for the
�C1C2C3C4 dihedral angles, which measure the planarity
of the terminal pyridines rings compared to the terpyridine
core. In particular, for Ru_1H the �C1C2C3C4 dihedral
angle of the lowest triplet state decreases drastically for the
protonated pyridine ligand, whereas the same value as in
the ground state is calculated for the nonprotonated ligand.
Thus, protonation induces an asymmetry in the charge dis-
tribution of the excited states of the monoprotonated com-
plexes. In the Ru_2H complex, a reduction of the dihedral
angle is still computed but the difference between ground
state and excited state is less pronounced than in Ru_1H
and symmetrically distributed between the two ligands.

A schematic representation of the energy levels and the
isodensity plots of selected frontier molecular orbitals of
Ru_xH complexes are shown in Figure 2. The set of quasi-
degenerate HOMO, HOMO-1 and HOMO-2 of all the in-
vestigated complexes have essentially Ru t2g character while
the LUMOs of the complexes are terpyridine π* orbitals,
with different electronic localization depending on the pro-
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Figure 2. Schematic representation of the energy levels of the Ru_0H/1H/2H complexes. Isodensity surface plots (isodensity contour:
0.035) of selected Ru_0H molecular orbitals are also shown.

tonation. In Ru_0H and Ru_2H, the LUMO and LUMO+1
are degenerate and localized on both terminal pyridine
units, whereas in Ru_1H the orbital degeneracy is lifted,
with the LUMO mainly localized on the protonated pyr-
idine and stabilized by 0.42 eV with respect to the
LUMO+1, which maintains the same energy as that of the
Ru_0H complex. For all the complexes, the LUMO+2 is
localized on the tpy core, hence it is not influenced by pro-
tonation. The relevant eg states are found for Ru_0H,
Ru_1H and Ru_2H as the LUMO+12/+16, LUMO+13/+16
and LUMO+14/+15, respectively, see Figure 2.

For sake of completeness, we also analyzed the electronic
structure of Ru_0H·2H2O and Ru_1H·1H2O (Supporting
Information), finding minimal differences on the energy
and character of the frontier molecular orbitals with respect
to the nonexplicitly solvated systems.

Absorption Spectra

We simulated the absorption spectra of the complexes in
the 250–600 nm spectral range considering the three dif-
ferent protonation states. A comparison between the experi-
mental absorption spectrum measured at pH 11.5[22] and
the spectra of the corresponding nonprotonated Ru_0H
and Ru_0H·2H2O species computed in aqueous solution is
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shown in Figure 3, and in Table 3 we report a comparison
between the experimental and calculated absorption max-
ima for Ru_0H/1H/2H. Inset in Figure 3 is shown the com-
parison between the absorption spectra computed in vacuo
and solution for Ru_0H. A blueshift of the main absorption

Figure 3. Comparison between calculated spectra of the Ru_0H
(solid line) and Ru_0H·2H2O (long dashed line) and the experimen-
tal spectrum at solution pH 11.5 (dashed line). Vertical lines corre-
spond to calculated excitation energies and oscillator strengths for
Ru_0H. Inset: comparison between the absorption spectra com-
puted in vacuo (dashed line) and solution (solid line).
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features is computed in vacuo with respect to that calcu-
lated in water. The absorption spectra of the complexes are
typical of the class of Ru-polypyridyl compounds, with low
energy MLCT transitions followed at higher energy by
more intense π�π* excitations.[4]

Table 3. Comparison between experimental and calculated (in pa-
rentheses) main UV/Vis absorption features [nm] of Ru_0H/1H/
2H.

III II I

Ru_0H 275 (276) 313 (317) 490 (470)
Ru_1H 275 (279) 313 (315) 497 (494)
Ru_2H 275 (275) 340 (349) 505 (499)

In the experimental UV/Vis spectrum at pH 11.5 we
identified three main bands at 490, 313 and 275 nm, lab-
elled I, II and III, respectively. The agreement between the
computed Ru_0H spectrum in aqueous solution with the
experimental spectrum at pH 11.5 is satisfactory, even
though the visible absorption band is blue-shifted com-
pared to the experiment (450 vs. 490 nm). The visible ab-
sorption band originates from the overlap of two transi-
tions, computed at 430 and 470 nm. The discrepancy be-
tween the experimental and calculated spectra seems to be
due to the overestimated intensity of computed transition
at 430 nm, which is comparable to the intensity of the tran-
sition at 470 nm. The computed transition at 470 nm, is
blue-shifted by 0.16 eV compared to the experimental band
maximum at 490 nm, whereas the slightly less intense tran-
sition computed at 430 nm, is related to the small experi-
mental shoulder measured at ca. 450 nm.

The simulated absorption spectrum of Ru_0H·2H2O is
almost equivalent to that of Ru_0H, in terms of position of
the bands, relative intensity and character (see Figure 3),
therefore demonstrating that the discrepancy retrieved be-
tween the simulated and measured visible spectra cannot be
attributed to specific solute–solvent interactions.

The presence of a single C–C bond between the ter-
pyridine and pyridyl units opens the way to an internal ro-
tation of the pyridyl ring around this bond, which might
have an impact on the optical properties of Ru_0H. The
�C1C2C3C4 dihedral angle measures the torsion of the
pyridine with respect to the terpyridine plane; in the opti-
mized Ru_0H structure in vacuo (water), this dihedral angle
is 33.7° (31.8°). Since the transition at 470 nm involves the
terminal pyridines, see below, we evaluated the effect of
variation of the �C1C2C3C4 dihedral angle on the optical
properties and optimized the molecular structures of
Ru_0H fixing the �C1C2C3C4 dihedral angle at 20.0°,
10.0° and 0.0° computing the lowest 15 transitions on the
optimized conformers. The computed energy difference in
solution (ΔE shown inset in Figure 4) between the opti-
mized Ru_0H and the structures with fixed dihedral angles
of 20.0, 10 and 0° amounts to 0.15, 0.82 and 1.23 kcal/mol,
respectively, and slightly higher energy differences are com-
puted in vacuo. These results highlight the flexibility of the
torsional mode considered, therefore making conformers
with smaller �C1C2C3C4 dihedral angles accessible at
room temperature.
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Figure 4. Simulated lowest absorption band of Ru_0H as a func-
tion of the �C1C2C3C4 dihedral angle. The curve and lines in
solid, dotted, dashed and long dashed represent �C1C2C3C4 =
33.8°, 20.0°, 10.0° and 0.0°, respectively. Inset: plot of the relative
energy (ΔE in kcal/mol) vs. the �C1C2C3C4 dihedral angle (dihe-
dral). The ΔE values are the energies of the optimized molecular
structures at different fixed �C1C2C3C4 dihedral angles, using the
energy of the Ru_0H freely optimized structure characterized by a
dihedral angle of 33.7° as a reference. Black squares refer to ΔE
computed in vacuo, and grey diamonds refer to data in water.

The calculated absorption spectra in the visible region as
a function of the �C1C2C3C4 dihedral angle are reported
in Figure 4. It can be noted that by reducing the
�C1C2C3C4 dihedral angle a sizeable redshift of the ab-
sorption maximum is found, with an associated increased
band asymmetry. This is due to two concomitant effects, i.e.
the slight redshift of the lowest transition from 470 to
477 nm, and its increased oscillator strength with respect to
the transition at ca. 430 nm whose oscillator strength re-
mains constant, see also Supporting Information. A better
agreement with the experimental spectrum at pH 11.5 is ob-
tained for the planar arrangements of Ru_0H so we specu-
late that the dynamics of the torsional mode, accessible at
room temperature, might be responsible for the spectral
asymmetry observed experimentally.

In Figures 5 and 6 we report the comparison between the
experimental UV/Vis spectra measured at solution pH 4.1
and 2 and those computed for the mono- and diprotonated
forms, respectively.

The calculated spectrum of Ru_1H is in good agreement
with the experiment. Analogous to the spectrum of Ru_0H,
we computed a substructured band originating from two
transitions, one more intense at 494 nm, blue-shifted by
only 0.01 eV with respect to the experimental maximum in
the visible region, and one at 428 nm, which is directly re-
lated to the experimental feature found at 450 nm. Also in
this case, the inclusion of the water molecule does not imply
significant changes in the absorption spectrum of Ru_1H,
see Figure 5. It is interesting to note that the simulated
Ru_0H and Ru_1H spectra reproduce the experimental red-
shift of the visible absorption band on decreasing the solu-
tion pH.

The computed spectrum of Ru_2H in water is also in
good agreement with the experimental data, Figure 6. In
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Figure 5. Comparison between the calculated spectra of Ru_1H
(solid line) and Ru_1H·1H2O (long dashed line) and the experimen-
tal spectrum at solution pH 4 (dashed line). Vertical lines corre-
spond to calculated excitation energies and oscillator strengths of
Ru_1H.

Figure 6. Comparison between the simulated spectrum of Ru_2H
(solid line) and the experimental spectrum at pH 2 (dashed line).
Vertical bars correspond to calculated excitation energies and oscil-
lator strengths.

the visible region the lowest transition is further red-shifted
with respect to that simulated for Ru_1H, as found experi-
mentally, whereas the transition at 428 nm, which provides
the characteristic band shape of the experimental spectrum,
is computed at similar energies for the nonprotonated and
protonated forms.

In summary, we are able to reproduce the changes in the
UV region of the experimental absorption spectra at dif-
ferent solution pH values. In particular, on going from basic
to acid pH the intensity of experimental absorptions max-
ima at 313 nm decreases. Moreover, going from pH 11.5 to
pH 2 the shoulder at ca. 330 nm is red-shifted, substantially
increasing in intensity. Band III is found at the same wave-
length (275 nm) for all pH values.

The computed Ru_0H spectrum shows two bands of
comparable intensity at 317 and 276 nm, see Figure 3,
whereas in the Ru_1H spectrum the bands are computed at
315 and 279, the former being less intense than that of the
neutral Ru_0H species, see Figure 5. The computed Ru_2H
spectrum shows the appearance of a band at 349 nm, and
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an intensity decrease of the feature at ca. 315 nm, consistent
with the experiment, see Figure 6. Hence, we can accurately
simulate the experimental data also in the UV region, and
the computed spectra reproduce the measured redshift.
Moreover, we are also able to qualitatively estimate the rela-
tive intensity between bands II and III.

For the three Ru complexes, we assign the two computed
low-energy transitions, constituting band I, as MLCT tran-
sitions, originating from the Ru t2g orbitals, and arriving at
the LUMO, LUMO+1 and LUMO+2 orbitals, localized on
the tpy-py ligands, see Table 4. In particular, the lowest
transition is dependent on the protonation state, and is es-
sentially composed of HOMO-1 �LUMO and HOMO-
2� LUMO+1 transitions. Recalling the electronic structure
discussed in Figure 2, the LUMO and LUMO+1, mainly
localized on the terminal pyridine groups, are strongly af-
fected by the nitrogen protonation, resulting in the redshift
of the computed lowest absorption band. We also found
that the main singlet–singlet transitions of Ru_0H·2H2O
are similar in character to those of Ru_0H, see Table 4 and
Supporting Information. The lowest Ru_0H and Ru_2H
transitions show a similar composition in terms of molecu-
lar orbitals, see Table 4. On the other hand, for Ru_1H we
computed a sizeable contribution (69%) from HOMO-
2 �LUMO excitation. In this case, monoprotonation intro-
duces an asymmetry in the electronic distribution, stabiliz-
ing the LUMO and localizing it on the protonated pyridine
unit. The transition at ca. 430 nm, has essentially
HOMO�LUMO+2 nature for all of the complexes, with
the LUMO+2 localized on the tpy core ligand. This ex-

Table 4. Computed excitation energies (eV and nm) and oscillator
strengths (f) for the optical transitions of the first absorption band
of Ru_0H, Ru_0H·2H2O, Ru_1H, Ru_1H·1H2O and Ru_2H in
aqueous solution.

State E [eV] WL [nm] f Composition

Ru_0H 5 2.64 470 0.303 H-2�L+1 43%
H-1�L 43%
H�L+2 8%

9 2.88 430 0.230 H-2�L+1 3%
H-1�L 3%
H�L+2 89%

Ru_0H·2H2O 5 2.63 471 0.327 H-2�L+1 43%
H-1�L 43%

7 2.88 431 0.225 H�L+2 84%

Ru_1H 4 2.51 494 0.387 H-2�L 69%
H-1�L +1 12%
H�L+2 7%
H�L+3 2%

9 2.90 429 0.193 H-2�L 4%
H�L+2 81%
H�L+3 11%

Ru_1H·1H2O 4 2.50 494 0.410 H-2�L 69%
H-1�L+1 13%

7 2.87 431 0.200 H�L+2 79%
H�L+3 10%

Ru_2H 5 2.49 499 0.549 H-2�L+1 44%
H-1�L 44%
H�L+2 3%

7 2.90 428 0.199 H�L+2 94%
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plains why this feature is not influenced by protonation,
lying at essentially the same energy for the three proton-
ation states.

The inclusion of one water molecule does not affect the
character of the transitions giving rise to the Ru_1H simu-
lated absorption spectrum, see Table 4.

Among the computed π–π* transitions we identified two
main pH-dependent transitions. For Ru_0H these two tran-
sitions are degenerate and characterized by the same oscil-
lator strength, and involve, as the arrival orbitals, the de-
generate LUMO couple localized on each outer pyridine
nitrogen centre. For Ru_1H, one of these transitions re-
mains at 322 nm, whereas that involving the LUMO on the
protonated pyridine is strongly red-shifted (348 nm). For
Ru_2H the two transitions are characterized by the same
energy and character (348 nm). For each complex we also
found MC transitions, in which an electron is promoted
from a Ru-based molecular orbital belonging to the filled
metal t2g shell to the empty metal eg orbitals. We identified
two such MC transitions for all complexes at ca. 360 and
ca. 278 nm, both with negligible oscillator strengths.

Luminescence Spectra

A survey of the experimental photophysical emission
data for the Ru complexes at various pH values is reported
in Table 5, and the emission profile as a function of pH
solution are reported in Figure 7.

Table 5. Experimental emission energy (em. energy), quantum yield
(Φem), lifetime (τ) and nonradiative constant (knr) for Ru_0H/1H/
2H in aqueous solution measured at pH 11.5, 4.1 and 2.

pH Em. energy [eV] Φem �102 τ [ns] knr

11.5 1.90 0.012 8 0.1235
4.1 1.75 0.027 88 0.0111
2 1.78 0.043 118 0.0081

Figure 7. Experimental luminescence spectra at solution pH 11.5
(solid line), pH 4.1 (dashed line) and pH 2 (dotted line).

The energy of the emission maximum decreases going
from pH 11 to pH 4 and then slightly increases for more
acidic solutions. On decreasing the solution pH, a marked
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increase in the emission lifetimes and quantum yields was
found,[22] from which a substantial decrease in the nonradi-
ative deactivation rate constant (knr in Table 5) can be cal-
culated. The knr decrease observed going from basic to
acidic pH is in contrast with the energy gap law,[39] which
predicts an increase of the rate of nonradiative deactivation
processes by decreasing the emission energy.

To provide a rationale for these experimental findings, we
calculated the lowest 30 singlet–singlet and singlet–triplet
excitations at the singlet and the triplet optimized geome-
tries. In particular, we related the emission energies mea-
sured in solution at pH 11 with the lowest TDDFT singlet–
triplet energy computed for the nonprotonated species and
the phosphorescence measured at ca. pH 4 and 2 with the
lowest singlet–triplet transition computed for the mono-
and diprotonated forms, respectively.

In Table 6 we report the lowest singlet–singlet and sing-
let–triplet excitation energies for Ru_0H/1H/2H calculated
at their singlet and triplet optimized geometries.

Table 6. Experimental and calculated emission energies (eV) for
Ru_0H/1H/2H in aqueous solution.

Energy Ru_0H Ru_1H Ru_2H
OPT_S OPT_T OPT_S OPT_T OPT_S OPT_T

S0 �T1 2.31 2.26 2.13 1.86 2.18 1.95
S0 �S1 2.41 2.30 2.17 1.88 2.22 2.07

A precise comparison between experimental emission
maxima and theoretical data would require simulation of
the emission profiles for the various species;[40] however,
here we limit our attention to the nonvibronically resolved
transition energies. By looking at the data in Table 6, we
notice that for both singlet and triplet geometries, the calcu-
lated data reproduce the redshift of the emission maxima
observed experimentally.

In particular, the differences among the singlet–triplet
transition energies for Ru_0H, Ru_1H and Ru_2H com-
puted at the singlet geometry are very similar to those ex-
perimentally observed, whereas the differences associated to
the computed singlet–triplet excitation energies at the triplet
geometry are found to be larger with respect to the experi-
mental findings. This behaviour might be associated to
some extent with inaccuracies in the geometries of the trip-
let excited states calculated here by simple unrestricted cal-
culations. It seems therefore reasonable, for the purpose of
a qualitative analysis, to consider the singlet geometry as
an estimate of the emission energies of the different species,
and hereafter we refer to transitions at singlet geometry.

The lowest singlet–triplet transition has a MLCT charac-
ter for all the Ru species. The redshift of the luminescence
band on going from Ru_0H to Ru_1H is due to a stabiliza-
tion of the MLCT level, which involves as the final state
the tpy-pyH π* orbital, which is markedly affected by pro-
tonation. The slight blueshift of the luminescence band on
going from Ru_1H to Ru_2H is related to a slight destabili-
zation of Ru_2H MLCT levels, see Figure 8.

It can be noted from Figure 8 that the energy gap be-
tween the MLCT and MC excited states is found to increase
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Figure 8. Schematic representation of the 1MLCT, 1MC and 3MLCT, 3MC energy levels of Ru_0H and its protonated forms calculated
at the ground state geometry.

on going from Ru_0H to Ru_1H and then to slightly de-
crease for Ru_2H, in line with the experimental knr trend,
showing a nonradiative constant decrease on going from
Ru_0H to Ru_2H. This behaviour is related to the relation-
ship between the MLCT and MC energy gap and the non-
radiative constant. Indeed, as the energy gap between the
MLCT and MC states decreases, the probability for the MC
levels to be populated from the lowest MLCT states in-
creases.[1] Considering the dissociative nature of MC transi-
tions associated with antibonding metal–ligand interac-
tions, population of such states from the lower-lying MLCT
states increases the probability that the excited state deacti-
vates through nonradiative processes by means of large-am-
plitude molecular distortions, leading to reduced lifetimes
and quantum yields and ultimately to larger nonradiative
deactivation constants.

Conclusions

We have reported a theoretical investigation on the
photophysical properties of terpyridine-based RuII com-
plexes bearing a pyridine unit in the 4�-position of each tpy
ligand. Because of the presence of such pyridine units, these
compounds can exist in three different protonated forms.
The electronic, structural and optical properties of all the
possible complexes have been investigated by means of
combined DFT/TDDFT calculations. The geometries of
the complex and its protonated forms have been optimized
in both the ground and lowest triplet excited states.

www.eurjic.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2011, 1605–16131612

The absorption spectra simulated in aqueous solution re-
produce the trend of the experimental data well. Our results
quantitatively reproduce the redshift exhibited by the
[Ru(tpy-py)2]2+ compounds on protonation. We assign the
band in the visible region to MLCT transitions originating
from Ru t2g orbitals to π* orbitals of the tpy-py ligands.
The localization of the lowest-lying excited states strongly
depends on protonation of the terminal pyridine ligands,
with the excited states of the protonated complexes being
localized on the protonated pyridine ligands.

Furthermore, we have calculated the emission energies
as a function of protonation, obtaining the experimental
luminescence redshift observed experimentally. Our theoret-
ical approach allows us to explain the experimental trend
of quantum yields and nonradiative deactivation rate con-
stants in terms of the relative energetic positions of MLCT
and MC excited states, with population of lower-lying MC
states held responsible for the reduced quantum yields and
emission lifetimes observed for the nonprotonated RuII

compound. Our theoretical analysis allows us to unravel the
detailed atomistic features constituting the basis for the
switching behaviour of these compounds, and opens the
possibility for the design of new and more efficient func-
tional complexes.

Supporting Information (see footnote on the first page of this arti-
cle): Optimized geometrical parameters of Ru_1H in vacuo and
aqueous solution and of Ru_1H·1H2O. Energies of the frontier mo-
lecular orbitals of Ru_0H and Ru_0H·2H2O, Ru_1H and
Ru_1H·1H2O, and Ru_2H. Excitation energies, oscillator strengths
and composition of the optical transitions of the lowest absorption
band of the Ru_0H complexes taking fixed the �C1C2C3C4 dihe-
dral angle at 33.7°, 20.0°, 10.0° and 0.0° in aqueous solution.
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