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Structure and dynamics of solvent shells around
photoexcited metal complexes†

Jaroslaw J. Szymczak,za Franziska D. Hofmanna and Markus Meuwly*ab

Understanding the geometry, energetics and dynamics of solvated transition metal (TM) compounds is

decisive in characterizing and optimizing their function. Here, we demonstrate that it is possible to

quantify the structural dynamics of solvated [RuII(bpy)3], an important TM-complex for solar-energy

harvesting research, by using state-of-the art force fields together with molecular simulations. Electronic

excitation to [RuIII(bpy)3] leads to a nonequilibrium system in which excess energy is redistributed to

the surrounding solvent following a cascade of dynamical effects that can be characterized by the

simulations. The study reveals that the structure of the surrounding solvent relaxes towards the

equilibrium on a sub-picosecond to a few-picosecond time scale. Analysis of solvent residence and

rotational reorientation times during relaxation demonstrates increased dynamics in the inner solvation

sphere on the picosecond time scale. Energy transfer to the solvent occurs on different time scales for

the different degrees of freedom which range from a few hundred fs to several picoseconds.

1 Introduction

The dynamics of solvated transition metal (TM)-containing
species is of fundamental importance in catalysis and charge
transfer.1,2 One of these – light-induced charge transfer – is of
particular importance due to possible applications in solar
energy conversion.3,4 The comprehensive understanding of
mechanisms governing solar energy conversion and its transfer
to the environment can serve as a basis for the development of
more efficient light-harvesting materials. Progress in ultrafast
spectroscopic techniques provided new insight about structural
changes on the sub-picosecond scale. Time-resolved infrared
(TRIR) and Raman (TRR) spectroscopies provide information
about molecular structure evolution during very rapid chemical
processes.5 Examination of the vibrational modes gives direct
insight into the structural dynamics of many important
processes including excited state intramolecular hydrogen or
proton transfer,6,7 hydrogen bonding during solvation dynamics,8

bond cleavage in organometallic compounds or proteins,9

or cis–trans isomerization in retinal proteins.10,11 Also, transi-
tions between excited electronic states can be followed by
inspection of the fingerprint IR- or Raman-active vibrations.
Complementary to that, structural and kinetic information
on the reaction dynamics in liquids, including temporal
rearrangements of solvent around solute, can be obtained from
time-resolved X-ray liquidography (TRXL).12,13 Experimental
characterization alone is, however, usually not sufficient to
explain and interpret the complex and heterogeneous dynamics
at molecular and atomistic scales and simulations provide
necessary complementary and much needed information.14–16

Ruthenium-tris-(2,2-bipyridine), [RuII(bpy)3]2+, is a particularly
well-characterized TM-compound, which was the subject of
previous theoretical17–19 and experimental20–25 studies during
the past two decades. This polypyridine complex absorbs light
in the visible range, which leads to a singlet metal-to-ligand
charge-transfer state (1MLCT) that undergoes ultrafast inter-
system crossing to a 3MLCT triplet state,20,25 which cools
vibrationally to an unusually long-lived triplet state with a life
time of 600 ns4,24,26 (Fig. 1). Although the available studies do
not fully agree on all quantitative aspects, they all contain the
following three elements:20,21,25 ultrafast internal conversion from
the Franck–Condon excited singlet in tenths of femtoseconds;
sub-picosecond to picosecond cooling of the vibrationally
excited triplet; and radiative decay of the long-lived triplet on
the sub-microsecond scale. The radiative decay shown in blue in
Fig. 1 is efficiently (95%)27 quenched to the triplet metal-centered
state (3MC) from which the system decays non-radiatively to the
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ground state. Thus, deactivation of only a small fraction (5%) of
the excited state population can be investigated directly by
experimental studies. Previous computational work focused
on exploring the properties of the first solvation shell17 and
electron localization18 during the initial stages of 3MLCT
relaxation. Contrary to that, the present work focuses on the
investigation of the solvent role in the photocycle of the
ruthenium complex. In particular, the ability of water to absorb
excess energy in the initial stage of the deactivation may
contribute importantly to the unusual stability of the radiative
excited state of the compound. The time scales for energy
transfer and signal decay are estimated from non-equilibrium
MD simulations. Our approach is motivated by the fact that the
time required for internal conversion from the 1MLCT to the
3MLCT state is very rapid (E15 fs).20 The explicit computational
characterization of this process is now possible due to recent
technical progress.28 The measured quantities involve time-
dependent radial distribution functions, the kinetic energy of
the solvent, and computed IR spectrum. We are particularly
interested in the time scale and pathway for energy transfer to
the surrounding solvent or whether the excess energy after
photo-excitation is rather redistributed to the low frequency
modes through intramolecular vibrational-energy redistribu-
tion (IVR) as suggested by Chergui and co-workers.20 The
results of the present work should serve as a basis for future
and more atomistically resolved work including TRXL.13

2 Methods
2.1 Computational details

All MD simulations were carried out with CHARMM29 and
provisions for VALBOND-TRANS (VBT).30 VALBOND itself is
an extension of conventional force fields based on valence
bond theory and capable of more realistically describing angle
bending energies in metal complexes.31–33 The approach is
based on the concept that the L1-M-L2 bending energy is a
function of the overlap of the hybrid orbitals on the central
metal atom, where L1 and L2 are ligands and M is the metal
atom. Unlike the simple harmonic approximation, VALBOND
bending functions capture the energetics at very large angular
distortions. It also supports hypervalent compounds by means

of 3-center-4-electron bonds.32 As a result, VBT can describe
geometries found in organometallic compounds, such as octa-
hedral, trigonal biplanar, and square planar. In order to have a
complete force field, VALBOND has to be combined with
another force field (in the present work it is CHARMM2234) to
account for the bond stretching, torsional, and nonbonded energy
terms. A more recent generalization of VALBOND includes the trans
influence, which is an electronic effect. The corresponding force
field is VALBOND-TRANS (VBT), where trans parameters for Ru(II)
and Ru(III) had been previously determined.30 The remaining
parameters for the bipyrimidine rings were those from the
CHARMM2234 and CHARMM General Force Field (CGenFF35).

Optimized structures for [RuII(bpy)3]2+ and [RuIII(bpy)3]3+

were determined from density functional theory (DFT) calcula-
tions with the B3LYP36 functional and the 6-31G(d,p)37 basis set
on nitrogen, carbon and hydrogen and LanL2DZ38 on the
ruthenium atom. For the force field simulations, partial
charges for both oxidation states of the complex were deter-
mined by a Mulliken analysis and by analyzing the natural
bond orbitals (NBO)39 (see Table S1 in the ESI†). For most
simulations Mulliken charges were used. A comparison
between Mulliken and NBO charges for the Ru–water radial
distribution functions around the Ru(II) and Ru(III) complex is
provided in Fig. S1 of the ESI.† The DFT calculations were
performed using the Gaussian03 suite of codes.40

The computational setup for the present study consists of a
ruthenium complex solvated in a pre-equilibrated cubic box of
edge length 37.25 Å containing 1694 water molecules, with
5143 atoms in total (see Fig. 2). Periodic boundary conditions
(PBC) were applied; the nonbonded interactions (electrostatic
and Lennard-Jones) were truncated at a distance of 14 Å and

Fig. 1 Photocycle of the ruthenium complex. The blue line corresponds to radiative
decay with a fluorescence lifetime of E600 ns. Ultrafast non-radiative processes
shown as dashed lines. Vibrational relaxation studied here is shown in red.

Fig. 2 [RuII(bpy)3]2+ complex solvated in water, snapshot from MD simulation.
Water molecules within first, second, and third shells are marked in red (ball and
sticks), magenta, and thick grey, respectively. Bulk water is represented by grey lines.
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switched between 10 and 12 Å. First, the systems were heated
and equilibrated for 1 ns at 300 K. Newton’s equations of motion
were propagated in the NVE ensemble with a Verlet integrator.
Two water models were used in the present work. In simulations
with the standard TIP3P model41 all H-bonds were constrained
by applying SHAKE42,43 and the time step in the simulations was
1 fs. Alternatively, a flexible KKY water model44 with revised force
constants45 was employed to study energy transfer from the
metal-complex to the surrounding solvent. The nonbonded
parameters (charges and van der Waals) for water were taken
from the TIP3P model and because the bonds to the H-atoms are
flexible, the time step was reduced to 0.4 fs. From the last 100
and 50 ps (for the TIP3P and KKY model, respectively) one
hundred initial geometries and velocities were stored. For the
Ru(II) complex these data were used as initial conditions for the
non-equilibrium simulations. Electronic excitation from Ru(II) to
Ru(III) was induced by changing the force field parameters
between the two oxidation states. This perturbation leads to a
non-equilibrium situation (denoted as Ru(III)exc) from which the
system relaxes towards the equilibrium state Ru(III)eq. One
hundred independent non-equilibrium simulations were run
for each water model for 40 ps each.

2.2 Analysis of trajectories

From the coordinate and velocity trajectory the observables
relevant to this study are calculated.

Radial distribution functions. Radial distribution functions
g(r) were computed from the time series and averaged over all
trajectories for a given system (Ru(II)eq, Ru(III)eq, and Ru(III)exc).
For the present work they were calculated for the Ru–OW (gO(r))
and Ru–HW (gH(r)) distances, where OW and HW refer to water-
oxygen and water-hydrogen atoms, respectively. The corres-
ponding running coordination number N(r) is defined as

NðrÞ ¼ 4p
Z rs

0

r2gðrÞrdr (1)

where r is the water density. Additional structural information
on the water organization within shells can be obtained from
NH(r)/NO(r). For bulk water NH(r)/NO(r) = 2, whereas values
different from 2 suggest structuring of the water without,
however, providing more detailed information about the
precise nature of the structure.

Water rotational reorientation times. The rotational
reorientation time tr is calculated by fitting the corresponding
rotational time correlation function Rr(t) = h-u(0)-u(t)i of the unit
vector along the molecular dipole moment -

u(t) to an exponential
function of the form Rr(t) = A exp(�t/tr). This analysis was carried
out within CHARMM.29

Water residence times. Water exchange dynamics was
followed by determining residence times of water molecules
in different shells around the complex. The residence time was
calculated from the time correlation function R(t) following
Koneshan et al.46

RðtÞ ¼ 1

NnW

XN
i¼1

XnW
j¼1

YjðtÞYjðtþ tÞ (2)

Here, N is the number of trajectories, Yj(t) is the step function
with Yj(t) = 1 if water molecule j lies within the coordination
shell in question and zero otherwise. The criterion for the
water belonging to a shell is fulfilled if the distance between
the Ru-atom and the OWAT is smaller than the shell radius rs,
determined from gO(r). Time scales for exchange dynamics were
obtained by fitting R(t) to a three-exponential decay:

R3ðtÞ ¼ A1 exp �
t

T1

� �
þ A2 exp �

t

T2

� �

þ ð1� A1 � A2Þ exp �
t

T3

� � (3)

Using only two time scales leads to a considerably worse fit of
R(t). The parameters A1 and A2 describe the relative importance
of the processes associated with each of the time scales.
Residence times were determined for the first, second, and
third shell (shells I, II and III) around the complex for all
simulations performed.

Energy transfer to the solvent. Energy transfer to the solvent
was followed by monitoring the kinetic energy (E(W)

kin(t)) of the
water molecules within a radius rs around the Ru-atom. The
specific value rs = 11.6 Å includes the first three solvation layers
at the time of excitation and was chosen from inspection of
gO(r) (see Fig. 3). Water molecules exchanging from distances
further away at a later time were not included in the analysis.
Typically, about 200 water molecules are included in the analysis.
For each water molecule the kinetic energy was decomposed into
translational (E(W)

T ), rotational (E(W)
R ), and vibrational (E(W)

V ) contribu-
tions. Furthermore, the contributions to the symmetric stretching
(v1), bending (v2), and asymmetric stretching (v3) modes were
determined. The decomposition was based on the transformation
of the space-fixed Cartesian coordinate system into the molecule-
fixed normal coordinate system.45,47

IR spectra. For the IR spectra, the real-time dipole–dipole
autocorrelation function C(t) is calculated. The vibrational
spectrum C(o) is computed from the Fourier transform of
C(t).48 IR spectra were only determined from trajectories based
on the KKY model. For computing C(t), the dipole moments of
all waters up to the third shell around the Ru-atom are used.
The correlation function was accumulated for 214 time steps

Fig. 3 Left panel: radial distribution functions for Ru–OWAT determined for
excited (non-equilibrium) Ru(III)exc (solid black), and equilibrium Ru(II)eq (dashed
red), and Ru(III)eq (dotted green) simulations. Curve in the inset reports the NH(r)/
NO(r) ratio as a function of the distance from the Ru-atom. For detailed explana-
tion see text. Right panel: running coordination number for oxygen NO(r) as a
function of the distance from the Ru-atom. Vertical dotted lines correspond to
the rs values for shells II and III, respectively. Inset shows the magnitude of NO(r)
profile around rs = 6.4 Å.
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and then Fourier transformed with a Blackman filter to yield
C(o).49 The IR spectrum is calculated from:

A(o) p o(1 � exp(��ho/(kBT)))C(o) (4)

where kB is the Boltzmann constant, �h is the Planck constant,
and T is the temperature. The spectra reported are averages
over 100 independent trajectories.

3 Results and discussion
3.1 Equilibrium simulations

First the equilibrium dynamics of the Ru(II) and Ru(III) complex
is analyzed. The radial distribution functions (RDFs) of water
oxygen gO(r) and hydrogen gH(r) atoms with corresponding
running coordination numbers NO(r) and NH(r) have been
computed for Ru(II)eq and Ru(III)eq. The profiles of gO(r) and
NO(r) along with the one determined for the non-equilibrium
simulations are presented in the left panel of Fig. 3. For Ru(II)eq

and Ru(III)eq they primarily differ for shell-I (r6.4 Å) around the
Ru atom. The corresponding running coordination numbers
show that for Ru(III)eq the complex can accommodate one water
molecule more (corresponding to E10%) in the first solvation
shell than Ru(II)eq (right panel of Fig. 3). Beyond the first shell
differences between RDFs decrease. Nevertheless, the difference
in the amount of water molecules is preserved up to shell III.

More information regarding the organization of the water
molecules can be obtained from analyzing the ratio NH(r)/NO(r)
(see Fig. 3 inset). In bulk water, NH(r)/NO(r) = 2, whereas near a
solute molecule the ratio can deviate considerably from this
value due to orientational effects of the solvent molecules.
Because gH(r) and gO(r) (and therefore NH(r) and NO(r)) are very
small close to the Ru-atom, NH(r)/NO(r) can assume unphysical
values (larger than 2) that, however, should not be interpreted
because 0 r NO(r) o 1 in this region. Around the first
maximum of gO(r), NH(r)/NO(r) drops below 2 (1.40 and 1.65
for Ru(II)eq and Ru(III)eq, respectively), reflecting the fact that the
water-oxygens are oriented towards the positive charge of the
ruthenium complex (i.e. depletion of H-atoms), and then
approaches the bulk-value of NH(r)/NO(r) = 2 asymptotically.
The difference between NH(r)/NO(r) for Ru(II)eq and Ru(III)eq

remains always above 0.1 for distances within shell-I, which
suggests that water ordering is more pronounced for Ru(III)eq

compared to Ru(II)eq. This reflects the stronger electrostatic
attraction of water to Ru(III) compared to Ru(II). For r corresponding
to the second shell the difference drops to approximately 0.05
and for r = 12 Å NH(r)/NO(r) E 2.

In Table 1 water rotational reorientation times (tr) deter-
mined for both water models and for all three shells and bulk
water are reported. Reorientation times from simulations with
the KKY model are systematically longer than those from using
TIP3P water. All values for Ru(III)eq presented in Table 1 are
shorter than those obtained for Ru(II)eq. For both equilibrium
simulations, tr for the first shell are more than four times larger
than the bulk value and more than three times larger than
values determined for shell-II, suggesting that rotational
dynamics close to the solute is considerably slowed down.

Rotational reorientation times from the TIP3P model show
the same gradual decrease in tr in going from the first shell
towards the bulk, although they are a factor of 2 to 3 smaller
compared to simulations with KKY. Earlier work on reorienta-
tion times established that different water models lead to tr

ranging from 0.7 (TIP3P) to 1.7 ps (SPC/E).50 Experimentally
observed51 water reorientation times (tr = 1.95 ps) are
significantly better reproduced by simulations using the KKY
(tr = 1.4 ps) than the TIP3P (tr = 0.7 ps) water model. Based on
this, the following analysis will be based on simulations with
the KKY model, unless stated otherwise.

Water residence times determined using the procedure out-
lined in the Methods section for the first three shells (see Fig. 2)
are reported in Table 2. Based on tracking individual water
molecules, three types of processes involving the solvent water
molecules could be distinguished and characterized by time
constants T1, T2, and T3 in eqn (3). The first process, attributed
to T1, is related to the librational motion (rotational reorienta-
tion) of solvent molecules, which is usually a very rapid stochas-
tic process. The second term (T2) characterizes exchange of one
water molecule between neighboring shells, while the third term
(T3) describes the time required for a replacement of all solvent
molecules in a particular shell (see Fig. 4) or, in other words,
characterizes the persistence time of a shell. The physical inter-
pretation presented here is in line with earlier work52 based on a
bi-exponential fit in which, however, the latter two processes
were characterized by only one time constant.

The shortest time, T1, is on the sub-picosecond time scale
(E0.2 ps) and similar for both equilibrium simulations and
corresponds to time scales found in previous simulations.53 For
the first solvation shell the T2 time for Ru(III)eq (6.2 ps) is
slightly longer (by 0.4 ps) than for Ru(II)eq. This change,
although small, indicates that a particular water structuring
for shell-I persists for longer times around Ru(III). This is
consistent with the slowed-down rotational dynamics around
Ru(III) compared to Ru(II). For the second and third shells
(r = 9.0 and 11.6 Å, respectively), T2 for Ru(III)eq is 0.2 and
1.5 ps shorter than the corresponding values for Ru(II)eq (see
Table 2). As the third component, on the several 10 ps time
scale, is related to a partial or complete replacement of entire
water shells (see below), the corresponding time constant T3

should depend sensitively on the number of solvent molecules
in the shell. Indeed, for both equilibrium simulations T3

gradually increases with shell size and therefore the number
of water molecules in the shell. Similar to T2, the value of T3 for
shell-I is slightly smaller (3 ps) for Ru(II)eq, while for shells II
and III the values are close to those for Ru(III)eq. Fig. 4 illustrates

Table 1 Water rotational reorientation times (t)r. Results obtained with KKY and
TIP3P water model

Shell

Ru(II)eq Ru(III)eq Ru(III)exc

I II III I II III I II III

tr (TIP3P)a [ps] 3.7 0.9 0.8 2.1 0.9 0.8 2.6 0.7 0.7
tr (KKY)b [ps] 8.4 2.4 2.0 6.3 2.0 1.7 8.2 2.4 2.0

a Values for water tr = 0.7 ps. b Values for water tr = 1.4 ps.
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the complete exchange of the first solvation shell during an MD
simulation. At t = 0 the water molecules within shell-I are
represented in red, whereas at t = 34 ps the shell-I waters are
black. Correspondingly, the shell-I water molecules from the
t = 0 snapshot have exchanged and migrated into shells beyond
the first shell. This supports the interpretation of T3 as the time
scale on which entire water shells exchange.

The present results for the Ru(II)eq complex (radial distribu-
tion function, running coordination numbers, water residence
times) compare favorably with previous QM/MM and classical
simulations despite the very different theoretical approaches
employed.17 Direct comparison of water residence times for the
first solvation shell around the Ru(II) complex with previous
work is limited as different analysis procedures were employed.
However, it is worthwhile to mention that if a bi-exponential fit
is assumed instead of eqn (3) for the exchange dynamics, a
relaxation time of T2 = 12.2 ps is found, which compares
favourably with 12.4 ps found previously.17 An advantage of
the procedure employed in the present work is that it is
parameter-free and does not require the calibration of a para-
meter t* that accounts for water molecules which temporarily
leave the water shell and re-enter rapidly.17

3.2 Non-equilibrium simulations

As mentioned in the Methods section, photo-excitation was
induced by instantaneously changing the force field parameters

from Ru(II) to Ru(III). Such an approach is not aiming at
reproducing the full life cycle of the ruthenium complex20,24,54

(see Fig. 1) but rather focuses on the relaxation of the dominant
3MLCT state.

Structural reorganization of the solvent after photoexcita-
tion. To describe structural changes in the solvent after photo-
excitation of [Ru(bpy)3]2+, the radial distribution function gO(r)
for the water around the Ru-atom was analyzed. The overall
shape and features of gO(r) reflect the results from the Ru(III)eq

simulations. Similarly to Ru(III)eq, for non-equilibrium Ru(III)exc

simulations the first, second and the third solvent shells
contain an approximate number of 15, 81 and 197 water
molecules, respectively. These values correspond to NO(r)
determined for the three local minima of gO(r) at rs = 6.4, 9.0
and 11.6 Å away from the Ru-atom (see Fig. 3). As one can see
there, overall changes in the shape of gO(r) are rather small and
they do not involve shifts in the position of the main peaks.
The most pronounced differences in the radial distribution
functions for Ru(III)exc and Ru(II)eq are found within the first
shell around the Ru atom (see left panel of Fig. 3). Since the
differences between RDF profiles for Ru(III)exc and Ru(III)eq are
very small – because they are dominated by the equilibrium
part of the Ru(III)exc simulation – it is expected that water
reorganization is rapid after non-equilibrium preparation of the
system. For additional insight into the time scale for geometrical
relaxation we computed radial distribution functions for short

Table 2 Time constants for residence correlation functions R(t)

Ru(II)eq Ru(III)eq Ru(III)exc

r [Å] 6.4 9.0 11.6 6.4 9.0 11.6 6.4 9.0 11.6

T1 (KKY)a [ps] 0.22 0.26 0.33 0.22 0.28 0.30 0.17 0.26 0.31
T2 (KKY)b [ps] 5.8 6.7 8.0 6.2 6.5 6.5 3.6 6.5 7.1
T3 (KKY)c [ps] 32 57 92 34 53 82 29 57 89

a Largest error of the fit: �0.002 ps. b Largest error of the fit: �0.03 ps. c Largest error of the fit: �0.1 ps.

Fig. 4 Water exchange dynamics. Water molecules involved in the first solvation shell at t = 0 are fully replaced by outer-shell water molecules (black) by t = 34 ps. In
other words, complete exchange of the first solvation shell occurs within E30 ps.
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windows (160 ps) centered at 80, 240, 880, and 1520 fs after
excitation (see Fig. 5). For the inner-shell maximum at E6 Å
relaxation proceeds on the sub-picosecond time scale. After 80
and 240 fs the gO(r) still deviates from the equilibrium Ru(III)eq

distribution whereas by 880 fs the solvent shell has mostly
relaxed. The outer-shell dynamics proceeds further on the
picosecond time scale but deviations from the thermodynamic
equilibrium at distances r Z 8 Å are dominated by the limited
amount of averaging.

The geometrical relaxation of the water shell after photo-
excitation has been also considered recently by theory55 and
experiment.55,56 QM/MM simulations on I�/I0(H2O)n complexes
report reorganization times of 3 to 4 ps,55 while XAS experi-
ments55,56 reported changes in the shell structure after 50 ps.
The time resolution of the experiment was, however, not able to
give precise answer on the time scale of the reorganization
process. Overall, the time scale of the process obtained for the
much more computationally demanding QM/MM simulations
on solvated halides compares favorably with the ones reported
in the present work.

Water rotational reorientation and residence times. Water
rotational reorientation times determined from non-equili-
brium simulations are reported in Table 1. For the first shell
tr = 8.2 ps from the non-equilibrium simulations, which is close
to the originating state (Ru(II)eq), but differs from 6.2 ps
for Ru(III)eq. This suggests that dynamically the system is
still predominantly in a Ru(II)eq-state, probably through the
coupling within the solvent modes. For all three shells, tr for
Ru(III)exc is closer to Ru(II)eq than to Ru(III)eq simulations, which
indicates that geometrical characteristics decay on different
time scales than the intramolecular dynamics when preparing a
non-equilibrium state of the system.

Solvent residence times for water within the first, second
and third shell are collected in Table 2. For the first shell all
three components are noticeably shorter for the non-equili-
brium simulations (0.17, 3.6 and 29 ps) than those determined
from both equilibrium simulations. This suggests that the
excitation from Ru(II) to Ru(III) introduces energy into the
system, which is rapidly transferred to the solute and leads to
increased exchange dynamics close to the metal atom. The
most pronounced change is found for the T2 component, which
can be attributed to the ‘‘hot’’ first-shell waters serving as a

source of kinetic energy released after non-equilibrium pre-
paration of the Ru-complex. Differences in the residence times
between equilibrium and non-equilibrium simulations reduce,
however, very rapidly with the size of the shell, and lead to
similar values for shells II and III. This finding agrees with
results obtained for water rotational reorientation times and
with the radial distribution functions and demonstrates that
the solvent molecules in shell-I contribute most to the dissipa-
tion of the energy resulting from excitation.

Energy transfer to the solvent. Following non-equilibrium
preparation of the system, the energy related to the perturba-
tion at t = 0 is deposited entirely into the potential energy of
the system. Information concerning energy flow during the
non-equilibrium Ru(III)exc simulations can be obtained by
monitoring the kinetic energy of the water molecules. This
provides insight into energy transfer between the solute and the
solvent and also energy migration within the solvent.

First, the total kinetic energy per water molecule is considered
(Fig. 6, panel A). This quantity is defined as the difference

DE(W)
kin(t) = hE(W)

kin(t)(Ru(III)exc) � E(W)
kin(t)(Ru(II)eq)i (5)

between the kinetic energy of all water molecules in the non-
equilibrium state (Ru(III)exc) and the continued equilibrium
Ru(II)eq trajectory averaged over all trajectories.

After excitation the average kinetic energy increases signifi-
cantly by E6 kcal mol�1 for all water molecules within 11.6 Å
(shells I through III) away from the Ru atom (0.03 kcal mol�1

per water). For about 200 fs this value is approximately con-
stant, increasing occasionally to 8 kcal mol�1 (0.04 kcal mol�1

per water) and then decaying on a time scale of several ps to a
value insignificantly higher than that for Ru(II)eq.

Decomposition of the kinetic energy into vibrational (EV),
rotational (ER), and translational (ET) contributions (Fig. 6,
panels B, C, and D, respectively) shows that changes in the
respective degrees of freedom occur on different time scales.
The energy originating from the perturbation is initially trans-
ferred into rotational degrees of freedom on a sub-ps time
scale. The change in the rotational component reaches a
maximum of E5 kcal mol�1 in about 10 fs, after which it
decays within 300 fs to the average of the entire simulation (see
Fig. 7). The magnitude of energy transferred into the vibra-
tional component reaches a value of E2.3 kcal mol�1 around
100 fs after excitation. For the next 3 ps the energy of vibra-
tional component oscillates around 1–2 kcal mol�1 and
then starts to drop towards a minimum at around 6 ps after
which it climbs back to the average similar to the level
before the excitation. The translational component raises
by E2 kcal mol�1 within 100 fs, but then drops back and
oscillates around the initial value for the next 2 ps, after which
it raises for the next 3 ps to its average value. The maximum
in DE(W)

kin(t) at E200 fs after excitation originates from the
translational component. It is worthwhile to mention that all
individual components are thermalized on average after the
energy has been redistributed throughout the system.

Further insight can be gained by considering the water-
librational modes Lx, Ly and Lz

45 and the internal vibrations

Fig. 5 Radial distribution functions for Ru–OWAT determined for equilibrium
Ru(II)eq (dashed red), and excited (non-equilibrium) Ru(III)exc (solid black) simula-
tions. Additional lines represent profiles calculated for 160 fs window of time
centered at 80 (blue), 240 (magenta), 880 (cyan), and 1520 fs (orange) after
excitation. See text for further explanation.
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separately, as shown in Fig. 7, panel A. Initially, energy is
transferred into the libration mode Lx, while Ly and Lz remain
largely unperturbed. The Lx mode corresponds to rotation
around the x-axis, defined for a water molecule in the xy-plane

with its C2v axis parallel to the y-axis. The energy absorbed in Lx

decays to its average on a time scale of 300 fs, which corre-
sponds to the rotational component in the previous paragraph.
Decomposition of the vibrational term (Fig. 7, panel B) shows
that during the initial phase (up to 2 ps) the most pronounced
increase in magnitude is observed for the water-bending mode
while the two stretching modes are largely unaffected. After 2 ps
the energy in the symmetric stretching begins to drop along
with the bending term up to around 5–6 ps. The major vibra-
tional dynamics appears to be finished by E2 ps after which
the vibrations are largely thermalized again. This agrees with
the observation that most of the energy flows into rotational
and translational degrees of freedom. Transfer of energy to
specific vibrational and rotational modes of the solvent
(i.e. water) has been previously observed for the vibrational
cooling of CN� for which energy was absorbed mostly by the
water bending mode (v2) – as found in the present case – and
rotation around the z-axis (Lz).

45 The vibrational frequency of
the cyanide anion closely matches the sum of v2 and Lz, which
leads to a resonance condition, whereas in the present case the
energy is in the electronic degrees of freedom. This explains

Fig. 6 Panel A: relative kinetic energy per single water molecule (E(W)
kin , green) computed as a difference between the kinetic energies of excited (non-equilibrium)

Ru(III)exc and continued equilibrated Ru(II)eq simulations, averaged over 100 trajectories. Values of kinetic energy for Ru(III)exc decomposed into vibrational (Panel B, red),
rotational (Panel C, blue), and translational (Panel D, magenta) components. Time t = 0 fs corresponds to the moment of excitation. Solid black lines show running
averages computed over 80 fs; dashed lines correspond to mean values of the respective component, while the initial value is marked by a cross on the vertical axis. All
values averaged over all water molecules within 11.6 Å around the Ru-atom.

Fig. 7 Decomposition of the rotational (Panel A) and vibrational (Panel B)
energies for the water molecules around the Ru-atom. The three energy
components of ER correspond to rotations around the molecule-fixed x- (Lx,
violet), y- (Ly, cyan), and z- (Lz, orange) axes for a water molecule in the xy-plane
with its C2v axis parallel to the y-axis. The running averages for three vibrational
components of EV correspond to the symmetric stretching (green), bending
(violet), and asymmetric stretching (cyan) modes. Time t = 0 fs corresponds to
the moment of excitation; dashed lines correspond to mean values of the
respective component. All values averaged over all water molecules within
11.6 Å around the Ru-atom.
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why no specific vibrational relaxation mechanism appears to be
operative and most of the energy transfers into translational
and rotational degrees of freedom.

The analysis of the kinetic energy of the Ru-complex shows
that after its instantaneous raise following the non-equilibrium
perturbation, potential energy is rapidly converted into kinetic
energy (through collisions) and efficiently transferred into
solvent rotational modes, particularly Lx, after which it is
redistributed to the vibrational modes (mostly bending mode).
The first process takes place on the sub-picosecond scale and it
is followed by energy redistribution over the stretching and
translational modes. After about 6 ps the kinetic energy of the
water remains constant, while energy is redistributed among
vibrational and translational degrees of freedom on longer time
scales.

Vibrational spectra. For the process studied here – relaxation
of an optically excited state through coupling to the solvent – it
is of interest to consider the possibility to use spectroscopic
signatures in the IR to interpret the relaxation mechanism. For
this purpose the vibrational spectrum of water has been com-
puted. The complete IR-spectrum with stretching (symmetric v1

and asymmetric v3) and bending (v2) peaks together with the
librational modes is shown in Fig. 8. We note that compared to
the condensed-phase spectrum, the KKY model provides quite
a realistic framework for the liquid water spectrum. A compar-
ison with recent centroid-path method simulations on an ab
initio potential energy surface (green line) shows that the
current simulations are in good agreement with experiment
for the low-frequency modes, whereas for the bending and
stretching modes the frequency maxima are well captured
and only the width of the stretching bands is considerably
underestimated.57,58 The computed band maxima at 1619 and
3384 cm�1 are lower by 20 to 25 cm�1 compared to the
experimental values for liquid water.59

From the simulations it is possible to determine vibrational
spectra corresponding to the equilibrium part of a non-
equilibrium simulation. For this, dipole moment autocorrelation
functions were determined over a 30 ps window (out of total
40 ps time) by moving the initial time t0 in increments of 1 ps.

In other words, the interval [0,30] ps contains most of the non-
equilibrium part, whereas the interval [10,40] contains least
of it. The spectra thus obtained were again averaged over 100
independent trajectories. It is found that the v2 peak (bending
vibration) shifts by 2 cm�1 over a time delay of 10 ps, which may
be detectable experimentally. The stretching band is broad and
unstructured and will therefore be a less sensitive probe.
Nevertheless, we would like to mention that using the informa-
tion that this peak consists of two bands (corresponding to v1

and v3), both fitted band maxima evolve as a function of time
after electronic excitation. Such effects may be experimentally
amenable by using more sophisticated band-shape analysis.
The times over which vibrational features change after
perturbation of the system found in other species60–63 vary
from a few (in iron-porphyrin proteins62) to few tenths of ps
(metalloporphyrins60,61,63). Thus, the present time scales for
the temporal evolution of spectroscopic features are well within
the range of typical time scales for internal energy transfer into
the solvent from experiments.

4 Conclusions

The present work reveals important features of the solvent
dynamics on the picosecond time scale following electronic
excitation of [Ru(bpy)3]2+. As with previous dynamics studies64

the VBT force field has been shown to provide robust results
compared with computationally more demanding QM/MM
simulations18 while allowing us to realistically sample config-
urational space and averaging over hundreds of independent
trajectories. Structural and dynamical characteristics provide a
detailed picture of the energy migration pathways in [Ru(bpy)3]2+

and the vibrational signatures of the surrounding water suggest
that it should be possible to follow electronic relaxation of the
TM complex by monitoring the time-dependent solvent
response. One promising band to use for this purpose is the
n2 band of water. Its peak evolves on a picosecond time scale
over a few cm�1 as a function of probing the system after
photoexcitation. The simulations suggest that energy transfer
to the solvent is a competing process to IVR as a relaxation
mechanism following electronic excitation of [Ru(bpy)3]2+ in
solution. The time scales over which the electronic excitation
on the complex is converted into solvent modes correspond to
the experimentally observed time scale of the initial phase of
photo-decay.21,25 Force fields such as VBT in conjunction
with atomistic simulations are expected to contribute to our
ability in characterizing the dynamics in solvated species
from experiments such as time resolved liquidography
(TRXL)12 for which simulation-data are required to analyze
the experimental data.
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Fig. 8 Computed vibrational spectrum (black lines) compared to water spectro-
scopy in the bulk (red)58 and from previous computational work (green).57 For
direct comparison, the maximum of the intensity for the OH-vibration is scaled to
approximately the same value. The dashed black line is the Fourier transform of
the dipole–dipole autocorrelation function whereas the solid black line is further
Boltzmann-weighted and multiplied by the refractive index n(o).
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