VIP Electron Localization Dynamics in the Triplet Excited State of [Ru(bpy);

FULL PAPER

DOI: 10.1002/chem.201000184

]2+

in Aqueous Solution

Marc-Etienne Moret,'™ ¢! Ivano Tavernelli,**! Majed Chergui,”' and
Ursula Rothlisberger'®!

Abstract: Hybrid DFT/classical molecular dynamics of the long-lived triplet excit-
ed state of [Ru(bpy);]** (bpy=2,2"-bipyridine) in aqueous solution is used to in-

vestigate the solvent-mediated electron localization and dynamics in the triplet
metal-to-ligand charge-transfer (MLCT) state. Our studies reveal a solvent-in-
duced breaking of the coordination symmetry with consequent localization of the
photoexcited electron on one or two bipyridine units for the entire length of our
simulation, which amounts to several picoseconds. Frequent electronic “hops” be-
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tween the ligands constituting the pair are observed with a characteristic time of

approximately half a picosecond.

Introduction

Charge separation is the physical phenomenon underlying
virtually all schemes geared towards the conversion of light
into chemical, electrical, and/or mechanical energy. Inorgan-
ic compounds have long been exploited in the study of pho-
toinduced charge-transfer processes, for both fundamental
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reasons!!! and for applications such as solar-energy conver-
sion.”! Understanding these processes would provide a basis
for their manipulation, through synthetic or other means, to
achieve control over charge separation and/or reactivity. By
far the most frequently employed inorganic chromophores
in this respect are the polypyridyl complexes of Group 8
metals, of which [Ru(bpy);]** (1, bpy=2,2-bipyridine) is
the prototypical model system. Their extensive use, ranging
from light harvesting in dendritic polymers!! to sensitization
of wide band-gap semiconductors,? testifies to the impor-
tant role they play in molecular solar-energy research.

However, despite the enormous importance of the sub-
ject, the lack of knowledge about the localization and the
dynamics of the photoexcited electron in the ligand system
still constitute an embarrassing reality for the entire photo-
chemistry and photophysics community. In fact, no experi-
ment can provide a full picture of the photodynamics of the
metal-to-ligand charge-transfer (MLCT) complexes and
only partial, and sometimes contradictory, results are avail-
able.

The doorway state to charge separation in [Ru(bpy);]** is
its lowest singlet excited state described as a metal-to-ligand
charge-transfer ("MLCT) state. Upon excitation it is known
to undergo intersystem crossing to the long-lived (~500 ns)
SMLCT state with unity quantum efficiency. The issue of de-
localization and localization of the electron upon excitation
has been debated in the literature of the past three decades.
In the D; symmetry of the molecule, the transferred electron
would have to be equally shared among the three bpy lig-
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ands.?*l However, while it seems in general agreed that the
electron localizes on one ligand, the question as to whether
the electron starts off delocalized, and then localizes is still
being discussed, just as the mechanism which leads to local-
ization, for example, solvation dynamics and/or vibrational
cooling. Femtosecond time-resolved absorption anisotropy
measurements in different nitriles®! have been interpreted in
terms of an initial delocalization of the electron over all
three bpy ligands followed by solvent-driven localization on
only one bpy on timescales of 60-170 fs, due to the inertial
solvation dynamics occurring in response to the photo-in-
duced charge transfer. However, the solvatochromism of
[Ru(bpy),]**! and the Stark effect in electro-optical absorp-
tion” suggest that the vertical excited state is already local-
ized. A resonance Raman study® suggested that symmetry
breaking in the ground state of [Ru(bpy);]**, possibly
caused by complex formation with water molecules, is the
cause for localization. Even when the electron is localized
on a ligand, interligand electron transfer (so-called ILET)
may occur in which the electron hops from a ligand to the
next. Recently, time-resolved transient-absorption (TA) an-
isotropy measurements showed that the memory of the ini-
tially photoselected bipyridine ligand is lost within 1 ps,
contradicting earlier reports that provided much longer
timescales."”! However, this randomization process could
take place in the early stages of photoexcitation (i.e., in the
singlet excited state or before vibrational cooling), hence
making the interpretation of these data in terms of interlig-
and electron dynamics in the thermalized, long-lived
*MLCT state questionable. The difficulty of TA lies on the
fact that the MLCT states represent a manifold that under-
goes internal conversion, intersystem crossing, and intramo-
lecular vibrational relaxation, all of which may contribute to
the scrambling of the initial polarization. In principle, polar-
ization-dependent ultrafast fluorescence studies offer a
more direct way of determining the depolarization of the
system, but these are challenging because on the one hand
the lifetime of the 'MLCT is extremely short (<30 fs!'!)),
while on the other, the signal from the *MLCT emission is
too weak in the short time domain.'"! Hybrid quantum-clas-
sical methods offer an alternative way of investigating the
dynamics of electron localization. Here, we present quantum
mechanics/molecular mechanics (QM/MM) simulations that
explicitly include the effects of the solvent. What emerges
from our study is that while localization occurs upon excita-
tion, it is a dynamic process, as hops occur between ligands
on timescales of 0.5-1 ps. Remarkably, localization occurs
most often on two ligands (rather than only one) over the
whole trajectory, with rare events for which delocalization is
observed over all three ligands.

Computational Methods

DFT calculations: DFT calculations were performed using the Becke ex-
change functional,"? together with the Perdew contribution for corre-
lation. The quality of this functional was tested against hybrid functional
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calculations (Table SI.1 in the Supporting Information) showing that
good accuracy can be achieved without including exact exchange. A
plane wave (PW) basis set with a cutoff of 75 Ry was used. The core elec-
trons were frozen and represented by Trouiller—Martins!™! norm-conserv-
ing non-local pseudopotentials, in which scalar relativistic effects were in-
cluded, but no spin-orbit coupling was taken into account. The one-elec-
tron wavefunctions were optimized by using the direct inversion of the
iterative subspace (DIIS)!®! algorithm with a wavefunction gradient
threshold of 10~ atomic units; when this algorithm did not converge, a
preconditioned conjugate gradient (PCG)-based algorithm was used in-
stead. DFT calculations were performed with the CPMD code,' with
the exception of those involving Pople-type basis sets, which were per-
formed with Gaussian 03.1'7)

The first-principles molecular dynamics simulations were performed in
the NVT ensemble using the Car-Parrinello Scheme!"™ with a time step of
4a.u. (~0.097 fs) and a fictitious electronic mass of 600 a.u. Constant
temperature was assured by a Nosé-Hoover!'*? thermostat at 300 K

with a coupling frequency of 2000 cm™'.

QM/MM setup: We applied a QM/MM molecular dynamics technique
based on Car—Parrinello molecular dynamics!'® that has been demon-
strated to be valid for the description of solvation properties of neutral
as well as charged systems.” The steric interaction between the QM
and the MM part is modeled by a Lennard-Jones potential as described
by the AMBER force-field, while the electrostatic interactions with the
neighboring MM atoms are taken into account by the energy term given
in Equation (1), in which g; is the charge of MM atom i, r; is its position,
p(r)=p°(r)+p(r) is the total (ionic and electronic) charge density of
the quantum system, and v(r) is a Coulomb potential modified at short
range in order to avoid spurious overpolarization effects

Eq =3 a, [ dip®(r - ) M

The electrostatic interaction between the QM system and the more dis-
tant MM atoms is modeled by coupling of the multipole moments of the
quantum charge distribution with the classical point charges.”"! These in-
teraction potentials polarize the charge density of the QM system and
thus affect its electronic properties. The QM subsystem (Ru complex)
was treated at the DFT BP level as described above, while water and
chloride were treated classically using the AMBER force field. The in-
herent periodicity in the plane wave calculations was circumvented solv-
ing Poisson’s equation for nonperiodic boundary conditions,”” while peri-
odic boundary conditions were retained for the classical solvent cubic
box of edge 45 A. The electrostatic interaction between classical atoms is
taken into account by the P3M method.* The initial positions and mo-
menta for the triplet state QM/MM simulations were obtained from an
equilibrated ground state QM/MM trajectory.”!!

Results and Discussion

The behavior of the lowest triplet state of 1 in aqueous solu-
tion was investigated by means of QM/MM simulations at
300 and 400 K. For comparison, a short Car—Parrinello simu-
lation in the gas phase was also performed. The computed
average triplet state energy of the [Ru(bpy);]** complex in
water is about 2 eV (compared to the ground state), in good
agreement with experiments."!! As a natural indicator for
the localization of the unpaired electron, we use the elec-
tronic dipole moment of the complex, which is small when
the electron is fully delocalized and becomes large when the
electron is localized on one ligand. Thus, the dipole moment
of the QM part was computed “on-the-fly” during all MD
simulations. To remove the contribution to the dipole
moment due to the rotation of the complex, we expressed
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Figure 1. Internally defined coordinate system.

the electric dipole using an internal coordinate system de-
fined in Figure 1. The equatorial plane is defined by the cen-
ters of the three C2—C2’ bonds of the bpy ligands, with the
origin at their barycenter and the coordinate axis oriented
as shown in Figure 1. In the ideal D;-symmetrical geometry,
the origin corresponds exactly to the Ru atom, and the 7’
axis to the Cj; axis of the complex. The dipole moment was
then expressed in terms of spherical coordinates (u, 6, ¢),
for which u is the magnitude, and 6 and ¢ are the zenithal
and azimuthal angles, respectively.

The time evolution of the dipole during the first 2 ps of
QM/MM dynamics at 300 K is reported in Figure 2 (full tra-
jectory in Figure S1 in the Supporting Information). The
agreement between the intensity and the orientation of the
dipole moment with the corresponding electronic structure
is illustrated by means of a series of spin density plots com-
puted for different structures sampled along the MD trajec-
tory (Figure 2, bottom). As expected, the dipole moment
strongly correlates with the localization of the spin densities:
when the azimuthal angle ¢ is close to the vector pointing
from the ruthenium ion to a specific ligand, the spin density
at that ligand is high. Reciprocally, when this angle is close
to m, the electron density is more equally shared among two
ligands (ligands1 and 3 according to our coordinates
system—note that the dipole is oriented from the negative
to the positive charge and therefore at ¢ =0 the negative
charge is localized along the positive x axis).

Strikingly, after about 300 fs, the unpaired electron mainly
localizes on ligands 1 and 3, never visiting ligand 2 for the
rest of the dynamics (<5.1 ps). Since the trajectory is started
directly on the *MLCT potential energy surface without the
intermediacy of the 'MLCT state (which is anyway very
short lived, <30 fs!""!), the observed relaxation time of ap-
proximately 300 fs can be seen as an estimate of the time
needed for the water around the complex to adapt its struc-
ture after the *MLCT state is formed. This is especially true
if we consider the peculiar solvation structure of [Ru-
(bpy)s]** made of a chain-like hydrogen bonded sequence
of water molecules in the interligand space (Figure 3), which
was also observed in the ground-state dynamics.""
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Figure 2. Top: Time evolution of the dipole (in Debyes) in spherical coor-
dinates during the triplet state QM/MM simulation at 300 K. The dashed
lines at ¢ angles of 0, 2n/3, 4n/3 represent the direction of vectors point-
ing from the center of ligands 1, 2, and 3, respectively, to the ruthenium
atom. They correspond to the localization of the unpaired electron on
ligand 2 (red), 3 (green), 1 (black), respectively. Bottom: spin densities
computed from snapshots from the QM/MM trajectory.

Figure 3. Snapshot from the QM/MM simulation in the triplet state,
showing the structure of the first water shell. The atoms are represented
by spheres of standard van der Waals radii, with the following color
code: white, H; red, O; gray, C; blue, N; green, Ru. The image represents
all atoms in a radius of seven Angstréms from the ruthenium with the ex-
ception a few hydrogen atoms from the second shell that have been re-
moved for clarity.
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The distribution of the dipole-moment orientation
summed over the whole simulation time is plotted in
Figure 4 (black line). The average value (8.6D) of the

Figure 4. Distribution of the dipole spherical coordinates computed from
QM/MM simulations of the first triplet state of [Ru(bpy);]** in water at
300 K (black) and 400 K (blue), and from a CP simulation in the gas
phase (magenta).

dipole for the MLCT state (left panel) is in very good agree-
ment with the experimental value reported in reference [7],
in which a dipole change of ~8.3 D with respect to the
ground state (u =0 D) was measured after correcting for the
local field. The distribution of the azimuthal angle ¢ is bi-
modal, indicating that the unpaired electron is generally lo-
cated either on ligand 1 or on ligand 3, but intermediate sit-
uations in which the unpaired electron is delocalized on
both ligands also have a significant contribution. The fact
that the spin density is never significantly located on one of
the ligands (here ligand 2) for several picoseconds seems at
first inconsistent with the experimental observation that the
SMLCT state is randomized after at most 1 ps.”’ However,
depolarization can also come about even if one of the lig-
ands is never visited, since the hops of typically 0.5 ps in
Figure 2 can lead to quite significant reorientations of the
dipole. We cannot excluded that the fate of the system is de-
cided at very early times, as the '"MLCT state has a lifetime
of <30 fs, and appears vibrationally cold (at least if one
considers the Franck—-Condon modes)."!! Our results seem
in accord with the reported vibrational cooling time of 3-
5 ps in the MLCT statel® and call therefore for a reexami-
nation of the depolarization dynamics.

In an attempt to observe a transition to a different state
in which the unpaired electron would also be partially dis-
tributed on the so far never visited ligand 2 (¢ close to 0), a
4ps long OQOM/MM MD simulation at a temperature of
400 K was performed. The desired transition was not ob-
served during this time, but the dipole moment distribution
(Figure 4, blue line) shows that the unpaired electron tends
to be even more sharply localized than at 300 K: the
maxima of the ¢ distribution get closer to the ideal values of
27n/3 and 4n/3, and the central region around ¢ = is deplet-
ed. A closer inspection of the corresponding time series
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www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(Figure S2 in the Supporting Information) shows that the
unpaired electron seems to oscillate between ligands 1 and
3, residing on each for a period of 1-2 ps if one considers
the angular distribution in Figure 2 (although localization is
not so clear-cut if one looks at the spin densities). This
period is longer than the characteristic time for the solvent-
dipole reorientation in the bulk, and we attribute this effect
to slower solvent reorganization motions of the water mole-
cules intercalated in the ligands.’'! From the QM/MM tra-
jectory at 300 K, the calculation of the electrostatic potential
distributions induced by all solvent molecules at the mid-
point of the C2—C2’ bonds reveals a clear difference among
the three ligands. In fact, the distribution for ligand 2 (the
one that never carries the unpaired electron) is clearly shift-
ed by about 0.5-0.8 V compared to the one of the other two
ligands (Figure 5). This implies that the reorganization

arbitrary units
'
T
: 1
'
e
T

0.5

Volts

Figure 5. Distribution functions of the electrostatic potential generated
by all solvent molecules at the midpoint of the C2—C2’ bonds of the
three ligands. Black, ligand 1; red, ligand 2; green, ligand 3.

energy required for the transfer of the excess electron in the
ligand system from one or both ligands bearing the extra
charge to the neutral one has an energy cost of the order of
1eV. Unfortunately, the computationally affordable time
window of our simulations is too narrow to allow a more ac-
curate characterization of these solvent effects.

The critical role of solvation in the localization of the un-
paired electron was confirmed by a DFT-based MD simula-
tion performed in the first triplet state of [Ru(bpy);]** at
300K in vacuum. Under these conditions, the dipole
moment is on average three times smaller than in water
(Figure 4, magenta line), and its projection on the equatorial
plane is evenly distributed towards all directions (Figure 6).
Thus, in the gas phase, the first triplet state of [Ru(bpy);]**
is best described as a delocalized state with fast fluctuations,
while the solvent is needed for localization.

A close inspection of the time evolution of the dipole
moment in solution reveals the occurrence of several short
periods in which it becomes small (<5 D) and gets far off
the equatorial plane, indicating a strong delocalization of
the unpaired electron (for example, around =993 fs in the

Chem. Eur. J. 2010, 16, 5889 —5894
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3n/4

Figure 6. Projection of the dipole moment (in Debyes) onto the equatori-
al plane (see Figure 1). Left: in water at 300 K; Right: in gas phase. The
directions corresponding to ligands 1, 2, and 3 are indicated in black, red
and green respectively.

300K trajectory, and around r=1018 fs at 400 K). One
could expect that from a delocalized state the probability
for the electron to relocalize on each of the three ligands
would be equal, but this was found not to be the case: the
electron always comes back to ligands 1 or 3.

A more detailed picture of one of these events was ob-
tained by re-computing the part of the 400 K trajectory in
the interval 990 <¢< 1140 fs and sampling the Car—Parrinel-
lo spin density. A plot of the spin densities integrated on
each ligand and on the metal center as a function of time is
shown in Figure 7. The spin density on the ruthenium center

0.8 =

061 N\ .

k {

+ O\

0.2 \ o b e

Integrated Spin Density

1 L 1 L .I ‘|'
1000 1050 1100 1150
t [fs]
Figure 7. Integrated spin density on the ruthenium atom (blue) and on

each ligand (ligand 1: black, ligand 2: red, ligand 3: green) during a
“missed jump” event in the 400 K trajectory.

stays constant during the considered time interval, showing
that unoccupied d orbitals are not involved. At the begin-
ning of this time interval, the unpaired electron is predomi-
nantly localized on ligand 1. When the dipole magnitude
reaches its minimum (¢=1018 fs), the spin density is almost
equally distributed over all three ligands. The electron is
then delocalized over ligands 1 and 2 for about 50 fs and
then finally comes back to its initial location on ligand 1.
This is likely due to the inertia of the solvent shell, which
keeps the memory of the position of the electron and brings
it back to its initial position.
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© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

The geometrical consequences of the solvent-induced
electron localization were studied by means of a statistical
analysis of key bond lengths (Table 1 and Figure S3). The

Table 1. Mean values (standard deviation) for selected bond lengths
from the triplet QM/MM trajectory and the corresponding values from
the *MLCT and ground-state (GS) geometries optimized at 0 K.

Bond Ligand 1 Ligand 2 Ligand 3 SMLCT Gsil
N-C2  1392(17)  1377(17)  1390(19)  1.384 1373
C2-C3  1413(13)  1402(14)  1412(16) 1407 1.400
C3—-C4 1.384(12) 1.392(10) 1.387(10) 1.385 1.391
C4-C5  1412(15)  1402(12)  1411(13)  1.406 1.396
C5-C6  1387(11)  1390(11)  1387(12) 1385 1.389
C6o-N  1358(11)  1354(12)  1357(12) 1357 1355
C2-CY  1441(22)  1459(19)  144520)  1.449 1.470
Ru-N  2081(45)  2071(39)  2.091(42)  2.074 2,075

average Ru—N length is slightly longer than the one ob-
tained from the gas-phase-optimized geometry: 2.08 versus
2.07 A. The slight lengthening of this bond may be due to
solvation or to the anharmonicity of the corresponding vi-
brational modes. However, the differences in the Ru—N
bond length for individual ligands are rather small compared
to the corresponding standard deviation (ca. 0.01 vs. ca.
0.04 A) and uncorrelated with the location of the unpaired
electron. Comparison with the singlet ground state reveals
no clear difference in the Ru—N bond length, but this is not
surprising since the experimentally determined bond short-
ening of 0.03 A is smaller than the thermal fluctuations of
the corresponding bond-length distributions obtained from
the DFT calculations at 300 K (Table 1).

While we could observe no significant differentiation in
the coordination geometry, the intraligand bonds were
found to be affected by the localization of the spin density.
The distributions of these bond lengths (Table 1) are virtual-
ly identical for ligands 1 and 3 (which share the unpaired
electron), and, as expected, different for ligand 2, which is
never visited. The most sensitive bonds are the N—C2, C2—
(3, C4—C5 bonds, which are about 0.01 A longer for lig-
ands 1 and 3, and the C2—C2’ bond, which is about 0.01 to
0.02 A shorter for ligands 1 and 3. As expected, the values
for the triplet-state-optimized geometry, for which the un-
paired electron is delocalized over all three ligands, lie be-
tween the values for the ligands bearing the unpaired elec-
tron and those for the one without. These observations are
consistent with the shape of the LUMO of the ligand (Sup-
porting Information), which is bonding with respect to the
C2—C2’ bond, and antibonding with respect to the three
other bonds.

Conclusion

In summary, the MLCT state of tris(bipyridine)rutheni-
um(II) in aqueous solution has been investigated by means
of Car—Parrinello QM/MM simulations. In the gas phase,
the unpaired electron is found to be delocalized over the
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three bipyridine ligands. In contrast, in solution the excited
electron is most of the time located on a subset of ligands
confirming the conclusions from excited-state Raman
data®¥ and, more importantly, from Stark spectroscopy.”!
However, contrary to the generally accepted idea of local-
ization on a single ligand, our results show a dynamic pro-
cess in which localization is either on two ligands or one
ligand with frequent hops between these two regimes. Fur-
thermore, and as a consequence, our calculations do not
support a simple interligand electron-transfer (ILET) mech-
anism involving well-localized ligand orbitals, but suggest a
different process in which thermal relaxation of the complex
and of the surrounding solvent shell breaks the coordination
symmetry and drives spin-density localization on mainly two
ligands, and occasionally on only one. The low-energy-barri-
er, spin-density fluctuations among the ligands constituting
this pair have been characterized in detail and show a
period of about 0.5-1 ps. On some rarer occasions, the elec-
tron is delocalized over all three ligands for very short peri-
ods of time, but it then comes back to one or both preferred
ligands, which show a more favorable solvation structure.
This behavior most likely arises from relatively slow solvent
dynamics, which is related to the peculiar structure of the
immediate solvation shells.?!! In fact, electron-transfer
events between different pairs of ligands require larger
structural reorganizations of the solvent with an energy cost
that can be quantified to be of the order of 0.5-0.8 eV, and
therefore cannot be observed in our simulations.
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