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Abstract

The understanding of photoinduced ligand exchange mechanisms in polypyridyl

ruthenium(II) complexes operating in aqueous solution is of crucial importance to ra-

tionalize their photoreactivity. Here we demonstrate that a synergetic use of ab initio

molecular dynamics simulations and static calculations, both conducted at the DFT

level, can provide a full understanding of photosubstitution mechanisms of a monoden-

tate ligand by a solvent water molecule in archetypal ruthenium complexes dived in

explicit water. The simulations show that the photoinduced loss of a monodentate

ligand generates an unreactive 16-electron species in a hitherto undescribed pentacoor-

dinated triplet excited state that converts, via an easily accessible crossing point, to a

reactive 16-electron singlet ground state, which combines with a solvent water molecule

to yield the experimentally observed aqua complex in less than 10 ps. This work paves

the way for the rational design of novel photoactive metal complexes relevant for bio-

logical applications.
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Photoluminescence and photoreactivity processes in polypyridyl ruthenium(II) complexes

have attracted considerable attention due to their potential use in biological (light-activatable

anticancer compounds)1–6 or technological (solar cells, molecular machines) applications.7–11

This family of compounds stands out for its remarkable visible light absorption and emis-

sion properties, due to low-lying metal-to-ligand charge transfer (MLCT) states which,

following ultrafast and nearly quantitative intersystem crossing to their 3MLCT counter-

parts,12–14 luminesce in the visible region with lifetimes up to the microsecond.15 d6 metal

complexes of this family are also characterized by the existence of metal-centred (MC) ex-

cited states, resulting from d � d excitation. The accessibility of 3MC states opens several

deactivation channels other than 3MLCT photoluminescence, particularly nonradiative de-

activation towards reactant and photodegradation through ligand loss processes.16 However,

despite the fundamental importance of understanding their photoreactivity and the vast

amount of experimental data collected in recent years, mechanistic details of photosubsti-

tution processes remain unclear.17–28 Such reactions are difficult to model quantitatively as

they typically involve several intercrossing electronic states and different timescales, lead-

ing to a scarce number of theoretical mechanistic studies on the photoreactivity itself.29–36

Among them, a large majority deals with the early stage of the photosubstitution reac-

tion, i.e. the photolabilisation of the departing ligand, while none of them have addressed

the detailed mechanism of formation of the solvent-bound photoproduct. In the particular

case of a series of [Ru(tpy)(N-N)(Hmte)]2+ complexes (tpy=2,2’:6’,2”-terpyridine, N-N=bpy

(2,2’-bipyridine), biq (2,2’-biquinoline), dcbpy (6,6’-dichloro-2,2’-bipyridine), dmbpy (6,6’-

dimethyl-2,2’-bipyridine), Hmte=2-methylthioethanol), a recent static DFT study, which fo-

cused on the first steps of the mechanism leading to thioether photolabilisation,37 has shown

that the quantum yield of photosubstitution can be rationalized by the existence of two suc-

cessive nearly degenerate triplet metal-centered (3MC) isomers sharing the same electronic

structure. The first one, named hereafter 3 (Ru)MC
hexa

Hmte , is related to the reactant through a

close-lying minimum energy crossing point (MECP), while the second one, named hereafter
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3 (Ru)MC
penta

�18
Hmte , displays an almost pentacoordinate geometry even though the Hmte ligand

is still weakly coordinated. 3 (Ru)MC
penta

�18
Hmte , which still can be viewed as an 18-electron

complex, was inferred to lead to the photoproduct following diffusion of the departing Hmte

and capture of a solvent water molecule. However, this second part of the mechanism was

still hypothetical and, like in all previous studies on this type of reaction, no quantitative

information had been provided so far. Limitations of static DFT approaches to describe

bulk solvent with a continuum model,38,39 their difficulties to simulate complicated multi-

step reaction pathways without any preconditioning, and their inability to describe diffusion

processes, render a realistic description of the bond-forming part of the photosubstitution

reactions out of reach.

On the contrary, ab initio molecular dynamics (AIMD) provide an efficient framework

to complement the static formalism in order to study the events associated with the wa-

ter and Hmte degrees of freedom in both the ground and excited states. AIMD has been

intensively used to study thermal ligand substitution reactions on transition metal com-

plexes.40–44 In contrast, to our knowledge, very few AIMD simulations on photoexcited Ru

complexes have been conducted, most of them focusing on photophysical properties, with-

out any chemical reaction being involved.45–47 Herein, we provide a full description of the

photosubstitution process in its globality, using explicit solvent molecules and taking into

account both ground and excited states to properly understand at which stage, i.e. on

which energy surface, the coordination of the incoming ligand is likely to occur. We focus

on the [Ru(tpy)(dcbpy)(Hmte)]2+ complex as it was shown to display both 3 (Ru)MC
hexa

Hmte and
3 (Ru)MC

penta

�18
Hmte states, the latter being proposed as central in the substitution mechanism.37

Scheme 1 summarizes the elementary steps involved, as deduced from AIMD simulations

and supported by nudged elastic band (NEB) calculations (computational details are pro-

vided in the Method Section). Details of all the molecular, electronic structures and relative

energies of the various minima and MECPs in the multistep process are collected in the SI

(Tables S1-S10, Figure S1-S11), as well as PBE static computation of the states along the
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Scheme 1: Schematic representation of the different steps involved in the photosubstitution
mechanism of a thioether ligand by a solvent water molecule in the sterically hindered com-
plex [Ru(tpy)(dcbpy)(Hmte)]2+. The black and yellow ribbons represent the photorelease
steps investigated in ref37 using static approaches. The yellow ribbon step is revisited in
the present study from an AIMD point a view as discussed in the text. Red, blue and gray
ribbons represent the steps presently studied using a combination of AIMD and NEB calcu-
lations. Labels in the colored ribbons are the step numbers used in the text to describe the
photosubstitution reaction.
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yellow ribbon (Figures S12-S14).

It is well established that photoexcitation initially produces a singlet metal-to-ligand

charge transfer (1MLCT) state, 1 (Ru)MLCT
Hmte , which relaxes by intersystem crossing (ISC) to

a 3MLCT state, 3 (Ru)MLCT
Hmte (black ribbon in Scheme 1). The 3 (Ru)MC

hexa

Hmte state can then be

populated and will further lead to dissociation by populating a 3 (Ru)MC
penta

�18
Hmte state (yellow

ribbon in Scheme 1). 3 (Ru)MC
hexa

Hmte could also deactivate nonradiatively to repopulate the

reactant ground state (this nonproductive pathway is out of the scope of the present work).37

From an AIMD point of view, starting from an equilibrated 75 ps simulation of 1 (Ru)GS
Hmte

inserted in a unit cell containing 103 water molecules from which initial conditions were

randomly extracted, switching to the lowest energy triplet state potential energy surface

(3PES) lead to the fast departure of the Hmte ligand. This is highlighted in Figure 1, which

compares the time evolution of the Ru-S distance during AIMD simulations performed on

the singlet and lowest energy triplet states. It shows that among the six microcanonical

simulations that have been conducted, five lead to dissociation in less than 12 ps, two of

them in ⇠1 ps, and only one does not although significant increase of the Ru-S bond length

fluctuations is observed which suggests that dissociation is likely to occur in a short range

of time. Figure S15 shows the same behavior during an additional simulation performed on

the lowest energy triplet state in the canonical ensemble.

To identify the electronic nature of the triplet state that leads to dissociation, a more de-

tailed analysis of the electronic structure of the visited configurations has been performed. To

do so, among the thousands of geometries sampled during the AIMD simulation of 1 (Ru)GS
Hmte,

100 were randomly chosen. PBE single-point energy calculations, of the complex only, at

these geometries turned out to correspond to 54 3MC and 46 3MLCT states. This shows

that from a large number of initial conditions, i.e. configurations, extracted from the sin-

glet ground state simulation, the lowest-energy state reached on the 3PES can be either
3 (Ru)MLCT

Hmte or 3 (Ru)MC
Hmte states, with a slightly higher propensity for the latter one. It is

worth pointing out that because of the rather short Ru-S distances of the configurations

6



Figure 1: Time evolution of Ru-S distance during AIMD simulations consisting in 103 water
molecules and one 1 (Ru)GS

Hmte (black plain line ; canonical simulation) or one 3 (Ru)Hmte (blue
and red lines ; microcanonical simulations) complex. In the former case, the simulation is
75 ps long although only the first 12 ps are displayed. The average Ru-S distance over
the whole simulation is 2.45 Å, which is slightly larger than the value obtained from static
geometry optimization (2.40 Å; see Table S1 and Figure S1), and the standard deviation is
0.08 Å. When switching to the lowest energy triplet state, fluctuations of the Ru-S distance
increase significantly and the Hmte ligand can move further away from the complex as fast
as ⇠1 ps. Only one simulation does not lead to dissociation before 12 ps (blue plain line).
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visited in the ground state simulation (see black curve in Figure 1) these 3MC states are

mainly of the 3 (Ru)MC
hexa

Hmte type. Once in the triplet state, 100 configurations were randomly

selected along the canonical AIMD simulation performed in the triplet state, before dissocia-

tion, and subject to PBE single-point energy calculations. These configurations are all of the
3 (Ru)MC

Hmte type. All these results show that, a that stage, structural deformations resulting

from thermal fluctuations make the distinction between the 3 (Ru)MLCT
Hmte , 3 (Ru)MC

hexa

Hmte and
3 (Ru)MC

penta

�18
Hmte states difficult to make. The frontier between black, yellow, and red ribbons

of Scheme 1 is intrinsically less defined at the AIMD level than in the static calculations

of Göttle et al..37 3 (Ru)MC
penta

�18
Hmte can therefore be seen as a transient state as there is no

evidence that the system can be trapped in this particular state for a significant amount

of time. With this in mind and focusing on the coordination process (red, blue and gray

ribbons in Scheme 1), the photosubstitution mechanism can be formalized into four possible

steps:

• Step 1 - Diffusion of the Hmte ligand and formation of a 16-electron intermediate
3 (Ru)MC

penta

�16 (red ribbon, characterized using AIMD simulations).

• Step 2’ - Coordination of water on 3 (Ru)MC
penta

�16 and generation of the aqua product

in a triplet state 3 (Ru)18H2O.

• Step 2 - Spin crossover from 3 (Ru)MC
penta

�16 to a closed-shell singlet 16-electron com-

plex 1 (Ru)GS
penta

�16 (blue ribbon, characterized using static calculations).

• Step 3 - Coordination of water on 1 (Ru)GS
penta

�16 to form the aqua product in a singlet

state (gray ribbon, characterized using AIMD simulations).

Step 1 can be described by the six microcanonical simulations performed on the lowest

energy triplet states presented in Figure 1. As stated above, as soon as spin multiplicity

is switched to three, the Hmte ligand is likely to dissociate and diffuse from the ruthenium

center as the sulfur atom is found ⇠5 Å away from it in less than 12 ps in five of these

8



simulations. This is all the more true when the AIMD simulations start from a predissociated

state characterized by a Ru-S distance of 3.8 Å, as found in 3 (Ru)MC
penta

�18. In that case,

the sulfur atom of the Hmte ligand is found ⇠5-9 Å away from the Ru atom in less than

7 ps as shown in Figure S16. Step 1 releases a 16-electron complex called 3 (Ru)MC
penta

�16.

Strikingly, no subsequent approach and accordingly no coordination of a water molecule

was observed as highlighted by the pair radial distribution functions gRu�O(r) presented in

Figure S17. They show that after dissociation, whatever the considered simulation, no water

molecule comes closer than 3.6 Å to the ruthenium atom. Even this particular incursion

below 4 Å is unique and appears to be transient, so that all the water molecules are located

at least 4 Å away from the ruthenium atom. This thereby excludes the occurrence of Step

2’ during the timeframe of these simulations.

To better understand the absence of reactivity between 3 (Ru)MC
penta

�16 and solvent

molecules, we further examined the conformational fluctuations occurring during the re-

lease of the Hmte ligand (Step 1). As shown in Figure 2, the Ru(II) coordination sphere is

strongly modified after ligand departure, relaxing to a trisbipyramidal- (TBP) like structure

(Figure 2 (b)). In this state, the Ru-N* bond trans to the dissociation coordinate shrinks

from 2.26 to 2.14 Å and hence recovers a similar value to that encountered in the reactant

ground state (2.13 Å). Most importantly this shrinking of Ru-N* is accompanied by a tilting

of the bipyridine ligand leading to a closed TBP geometry, which prevents the subsequent

approach and binding of a water molecule (Step 2’, not observed). Geometry optimization

and frequency analysis of 3 (Ru)MC
penta

�16 in TBP geometry confirm the local minimum na-

ture of this state on the 3PES. Figure S18 also displays the time evolution of the N⇧�Ru�N†

angle along the five microcanonical simulations of Figure 1 leading to dissociation. In four of

them, tilting of the bipyridine ligand occurs in a few picoseconds following Hmte departure.

As an additional proof of the unreactive character of this species, a simulation consisting of

one 3 (Ru)MC
penta

�16 complex solvated by 110 water molecules was conducted during 46 ps.

Again, no coordination of water occurred with 3 (Ru)MC
penta

�16, which remained in its TBP
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geometry throughout, highlighting the lack of reactivity of this species towards the surround-

ing water molecules. This is in line with the 77 ps measured by Turro and co-workers for

the quenching of a pentacoordinate 3Ru(bpy)2(CH3CN)2+ complex by water.20

Figure 2: Schematic representation of the intramolecular rearrangements occurring in the
key species involved in ligand exchange. (a) Diffusion of the Hmte ligand and closing of the
dcbpy ligand (Step 1). (b) Opening of the dcbpy ligand (end of Step 2) and (c) binding of a
water molecule (Step 3). Distances and angles are from the static DFT-optimized minima.

To further proceed to water ligation, and as the triplet state seemed poorly prone to bind

water, we investigated an alternative route involving reactivity on the closed-shell 1PES. In

this scenario, the MECP allowing for the hopping between surfaces has been scrutinized using

a static approach (Step 2). The MECP and 3 (Ru)MC
penta

�16 were found quasi-degenerate,

with an energy difference around 0.38 kJ.mol�1 (4 meV), and they both displayed the same

closed TBP structure (Figure S8). Therefore, we further investigated reactivity occurring

on the singlet surface.
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Starting from the MECP structure, geometry optimization in the singlet closed-shell state

leads to 1 (Ru)GS
penta

�16 (end of Step 2). During geometry optimization, the bipyridine

ligand rotates around the same axis as that of Step 1 (Figure 2 (a)), resulting in a quasi-

square pyramidal (SP) opened conformation (Figure 2 (c)). This 1 (Ru)GS
penta

�16 species

bears an electron deficiency on the metal, making it a strong electrophile at the ruthenium

center and is now “sterically” free to interact with a water molecule.48 In parallel, four AIMD

simulations of the singlet state close to the MECP geometry, i.e. as closed 1TBP, lead to the
1 (Ru)GS

penta

�16 intermediate in its opened SP geometry. This intramolecular rearrangement

(end of Step 2) and coordination of a water molecule (Step 3) occur in less than 10 ps

(Figure 3) and lead to the final aqua complex [Ru(tpy)(dcbpy)(H2O)]2+ in its ground state.

Similar observations, i.e.

1TBP ! 1SP relaxation followed by water capture, can be made

from NEB calculations corresponding to the approach of one water molecule towards 1TBP

(Figure S19).

Figure 3: Water capture in the singlet state as illustrated by the Ru-O* distance along
the four simulations performed in the singlet state from initial conditions extracted from
the canonical AIMD simulation of the 3 (Ru)MC

penta

�16 complex (Step 3). O* refers to the
oxygen atom of the incoming water molecule.

The proposed reaction pathway requires both spin conversion and conformational changes
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between TBP and SP geometries. Our investigations echo the experimental results obtained

on the photoaquation of [Fe(CN6)]4� by Chergui et al.,49 which evidenced fast ligand loss

followed by slow ligand capture. In our case, we relate the latter to the conformational

trapping in an unreactive TBP triplet state. Spin crossing to the singlet TBP structure is

shown to be a key event that triggers, following evolution towards a reactive SP singlet state,

coordination of the entering water molecule.

To conclude, by combining AIMD and static methods, both conducted at the DFT level,

we report a theoretical study that reveals for the first time the photoaquation pathway and

timeframe of [Ru(tpy)(dcbpy)(Hmte)]2+ by considering reactivity along both adiabatic and

nonadiabatic pathways. This work demonstrates that populating a 3MC state in solution

can lead to dissociation of the Hmte ligand. Additionally, and most importantly, the release

of the monodentate ligand produces a pentacoordinate 3MC state, in which structural rear-

rangements prevent the coordination of a solvent molecule by adopting a TBP-like structure,

disfavoring the formation of the aqua product in the triplet state. Upon spin conversion to

the singlet, the TBP-like species undergoes a conformational change and evolves to an elec-

trophilic SP-like structure that frees access to an incoming water molecule, leading to the

facile barrierless formation of the aqua product (Figure S15). These findings do not suffer

from any simplification of the solvent description as AIMD allows us to explicitly take its

contribution into account. Although the present study focuses primarily on the mechanism

occurring at and near the metal center, one can hypothesize that the detailed structure of

the hydrogen bond network around the complex, which can be impacted by the nature of

the polypyridyl ligands, could play a role on the timescale of the recombination step. How-

ever, such detailed analysis would require a significant amount of additional simulations to

converge the hydrogen bond network behaviour, which is highly statistical in nature. The

observed entanglement between spin state and reactivity towards ligand exchange (as in

two-state reactivity)50 is reminiscent of metalloenzyme reactivity. Such elementary steps

could be extended to photosubstitution mechanisms in other transition metal complexes.
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In addition, as the SP-to-TBP relaxation observed following ligand loss in the triplet state

seems to delay the capture of the entering ligand, one could anticipate that tuning relax-

ation to the TBP geometry with appropriate substituent effects could be of help to foster

the overall efficiency of the process and thus improve biological applications of polypyridyl

ruthenium(II) complexes.

Static DFT Calculations. All the calculations were performed at the density functional

theory (DFT) level using the Orca 3.0 program package.51 Calculations were performed using

the Perdew-Burke-Ernzerhof functional (PBE)52 to be consistent with the AIMD simulations.

It is worth noting that the present PBE results are also fully consistent with the PBE053

results previously reported in terms of energy ordering and energy gaps reported by Göttle

et al. (see Table S11).37 We used a triple-⇣ quality basis set including one polarization

function for C, N, O, S, Cl and Ru atoms (Ahlrichs Def2-TZVP(-f)), and a double-⇣ quality

basis set also including one polarization function for hydrogen atoms (Ahlrichs Def2-SVP).54

All geometry optimizations, minimum energy crossing points (MECP) optimizations, and

frequency calculations used the conductor-like screening model (COSMO) to simulate the

water solvent.55 Minimum energy paths (MEPs) were optimized using the nudged elastic

band (NEB) method using the module developed by Paulette Clancy’s group interfaced with

ORCA 3.0.56,57 Convergence criterion for NEB calculation was set to 0.05 eV/Å. The number

of beads used in NEB calculations was adjusted to fit the transformation. These calculations

were performed using the BFGS and FIRE algorithms in the presence of COSMO.

Ab-Initio Molecular Dynamics Simulations. AIMD simulations were performed

within the Car-Parrinello formalism as implemented in the CPMD code v. 3.17.58,59 The

exchange-correlation interaction was described using the PBE functional.52 Generalized gra-

dient approximated (GGA) functionals such as PBE are known to lead to an over-structured

and frozen-like liquid water compared to the experiments. In particular, Sit and Marzari

demonstrated that PBE liquid water displays a frozen-like character below 400 K and a

liquid-like character above.60 Thus, to overcome this limitation, we chose to perform all the
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simulations at 400 K to conserve a proper liquid-like character of the solvent, as performed

elsewhere.61 Electronic wave-functions and densities were expanded with a plane-wave basis-

set defined by an energy cut-off of 35 and 280 Ry, respectively. Valence-core interactions

were described by use of ultra-soft pseudo-potentials.62 For Ru, the valence included the

4s, 4p, 4d and 5s states. The Koelling-Harmon scalar relativistic equation was solved for

the initial all-electron calculation of the Ru pseudo-potential generation. The Brillouin zone

integration was done at the �-point only.

All simulations of [Ru(tpy)(dcbpy)(Hmte)]2+ consisted in 103 heavy water molecules

and one complex in a 16.5 ⇥ 16.5 ⇥ 16.5 Å3 cubic box. For simulations in the canonical

ensemble, a colored-noise Langevin thermostat especially designed for CPMD simulations

and tuned to optimally sample all the frequencies of the system up to 800 cm�1.63 The initial

configuration of the water molecules was generated from a 25 ps AIMD simulation of pure

water performed at 400 K at the ambient density. The 1 (Ru)GS
Hmte complex, configuration of

which was obtained from a static PBE calculation, was then added by hand in the simulation

box that was then equilibrated in the canonical ensemble during 16 ps prior to a 75 ps

production simulation in the singlet ground state. A time step of 0.1 fs and a fictitious

electron mass parameter of 400 a.u. were employed in all singlet-state simulations. The six

simulations performed in the lowest-energy triplet state presented in Figure 1 were performed

in the microcanonical ensemble starting from initial conditions randomly selected along the

aforementioned singlet ground state simulation. They were 12 ps long each. A time step of

0.075 fs was used in combination with a fictitious electron mass parameter of 400 a.u. These

parameters were also used in all subsequent simulations performed in the triplet state. All

simulations performed in the triplet state were done by fixing the spin multiplicity to 3 which

imposes that all such simulations evolve on the lowest energy triplet state potential energy

surface.

Simulation of the 3 (Ru)MC
penta

�16 complex consisted in 110 heavy water molecules and one

complex. The initial structure was constructed using one frame randomly taken from one of
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the dissociation simulations from which the Hmte ligand was removed and replaced by seven

water molecules. An equilibration run of 10 ps was performed prior to 46 ps of production

run in the lowest energy triplet state. The four recombination trajectories presented in

Figure 3 were preformed in the singlet state, in the microcanonical ensemble, from four sets

of initial conditions extracted from the aforementioned simulation of 3 (Ru)MC
penta

�16.
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Supporting Information contains the coordinates of the 1 (Ru)GS
Hmte, 3 (Ru)MLCT

Hmte , 3 (Ru)MC
hexa

Hmte ,
3 (Ru)MC

penta

�18
Hmte , 3 (Ru)MC
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�16, 1 (Ru)GS
penta

�16 and 1 (Ru)GS
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H2O complexes optimized at

the PBE level. Structure of the MECPs 3 (Ru)MC
hexa

Hmte �!1 (Ru)GS
Hmte, 1/3 (Ru)MC

penta

�18
Hmte and

1/3 (Ru)MC
penta

�16 optimized at the PBE level are also provided. MEPs between 3 (Ru)MLCT
Hmte

and 3 (Ru)MC
hexa

Hmte , 3 (Ru)MLCT
Hmte and 3 (Ru)MC

penta

�18
Hmte , 3 (Ru)MC

hexa

Hmte and 3 (Ru)MC
penta

�18
Hmte ,

MECP(1/3 (Ru)MC
penta

�16)+H2O and 1 (Ru)GS
hexa

H2O , a Jablonski diagram and a comparison

between PBE and PBE0 energies and energy gaps are presented. Time evolution of Ru-S

distance during a canonical simulation following simulation of 1 (Ru)GS
Hmte, time evolution

of Ru-S distance from seven microcanonical simulations starting from predissociated state,

gRu�O(r) pair radial distribution functions and time evolution of N⇧�Ru�N† angle are finally

presented.

Supporting Information is available free of charge.
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