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Abstract
Intermolecular radical coupling (also interaction of two metal centers I2M) is one of the main mechanisms for O–O bond 
formation in water oxidation catalysts. For Ru(bda)L2  (H2bda = 2,2′-bipyridine-6,6′-dicarboxylate, L = pyridine or similar 
nitrogen containing heterocyclic ligands) catalysts a significant driving force in water solution is the hydrophobic effects 
driven by the solvent. The same catalyst has been successfully employed to generate  N2 from ammonia, also via I2M, but 
here the solvent was acetonitrile where hydrophobic effects are absent. We used a classical force field for the key intermediate 
 [RuVIN(bda)(py)2]+ to simulate the dimerization free energy by calculation of the potential mean force, in both water and 
acetonitrile to understand the differences and similarities. In both solvents the complex dimerizes with similar free energy 
profiles. In water the complexes are essentially free cations with limited ion paring, while in acetonitrile the ion-pairing is 
much more significant. This ion-pairing leads to significant screening of the charges, making dimerization possible despite 
lower solvent polarity that could lead to repulsion between the charged complexes. In water the lower ion pairing is com-
pensated by the hydrophobic effect leading to favorable dimerization despite repulsion of the charges. A hypothetical doubly 
charged  [RuVIIN(bda)py2]2+ was also studied for deeper understanding of the charge effect. Despite the double charge the 
complexes only dimerized favorably in the lower dielectric solvent acetonitrile, while in water the separated state is more 
stable. In the doubly charged catalyst the effect of ion-pairing is even more pronounced in acetonitrile where it is fully paired 
similar to the 1+ complex, while in water the separation of the ions leads to greater repulsion between the two catalysts, 
which prevents dimerization.
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1 Introduction

Bimolecular association of ionic species is a well-known 
reaction in inorganic chemistry. Illustrative examples 
where counterions are involved are the inner- and outer-
sphere electron transfer mechanisms. In the inner-sphere 
mechanism two complexes share a ligand to transfer the 
charge. In the outer-sphere mechanism the charge transfer 
happens by through-space electron-transfer. In both cases, 
the complexes can be positively or negatively charged, but 
they need to form contact complexes despite the possible 
Coulombic repulsion. The counterions can play a direct 
role in the inner-sphere mechanism as a ligand, e.g. in the 
reduction of [Co(NH3)6]3+ with [Cr(OH2)6]2+ where the 
second order rate constant is 8 ×  10−5  dm3  mol−1  s−1 in 
absence of chloride. Introducing  Cl− to the solvent leads 
to a ligand substitution at the Co complex which becomes 
[CoCl(NH3)6]2+. The  Cl− attached to the Co can easily 
enter into the labile sphere of [Cr(OH2)6]2+ generating a 
bridged transition complex with +4 charge and leading 
to a second order rate constant of 6 ×  105  dm3  mol−1  s−1, 
thereby enhancing the reaction almost ten orders of mag-
nitude[1]. In outer-sphere mechanism counterions can play 
a determinant role, nonetheless, do not directly participate 
in the reaction mechanism. The counterions instead reduce 
the dimerization free energy by decreasing the Coulom-
bic repulsion. A well-documented example is the elec-
tron self-exchange between ferri- and ferrocyanide ions 
[2–4], Fe(CN)6

3− and Fe(CN)6
4−. The electron transfer 

occurs via outer-sphere mechanism, meaning that anionic 
complexes need to be close enough to allow the electron 
transfer. Shorper [2] observed that the rate of the reaction 
increased adding cations in aqueous solution correspond-
ing to the series  H+ to  Cs+ and  Mg2+ to  Sr2+. The rea-
soning behind this behavior was explained by Kirby and 
Baker [5], the smaller ions get strongly attached to the 
water, leading to higher hydrated radii and increasing the 
solvent reorganization energy. Similar effects were also 
observed using acetic acid [3] which is also a protic polar 
solvent. Shorper [2] summarized the contributions of ion-
pairing into three terms: the electrostatic term, the solvent 
reorganization term and the term related with the role of 
counterions in the electron transfer mechanism. The first 
two effects are the terms included in Marcus theory of 
the outer-sphere mechanism’s free energy and the third 
one was investigated in the study. Shorper concluded that 
the electrostatic interaction had a noteworthy contribu-
tion and the counterions can affect in the electron transfer 
mechanism by facilitating ferro/ferricyanides pairing or 
serving as a conducting bridge for the electron transfer. 
Campion et al. [4] determined that the solvent reorganiza-
tion effect is difficult to assess, and Kirby and Baker did 

not observe that counterions were serving as conducting 
bridges [6] leaving the pairing facilitation as the only pos-
sible contribution. More recently, solvent and counterion 
combined effects were addressed by Chaumont and Wipff 
[7]. They performed molecular dynamics simulations of 
Keggin anions in water and methanol (protic polar sol-
vents) and found that in the pairing of the anions, hydro-
phobic and counterion effects have a significant impact. 
The hydrophobic effect is responsible of aggregation of 
apolar moieties in water. For Keggin anions in water π–π 
stacking were observed and characterized by a minimum 
in the potential mean force curve. In methanol no pairing 
was observed meaning that the hydrophobic effect in water 
is able to partially overcome the Coulombic repulsion. The 
counterion contribution was analyzed through its distribu-
tion in the Keggin ions dimer and a neutralization of the 
total negative charge was observed due to the distribution 
of the counterions on the surroundings of the dimer. The 
role of counterions in aprotic solvents, to the best of our 
knowledge, have not been studied before.

In the framework of this particular study, molecular cata-
lysts offer a straightforward way to understand the relation-
ship between structure and catalytic activity [8], and the role 
of solvent dynamic effects is central. Ru-bda is one of most 
studied molecular water oxidation catalysts (MWOCs), not 
only due to its excellent performance [9] also for some inter-
esting features including a distorted 6-coordinate geometry 
which easily allows a 7-coordinate geometry, and the key 
role of carboxylate ligands in the stability and reactivity [8]. 
The development of this particular catalyst by Sun [10] was 
inspired by the oxygen evolving complex in photosystem II, 
where the carboxylate ligands can stabilize high-valent Mn 
states [11]. The key properties of this catalyst are, in addition 
to the mentioned distorted 6-coodination geometry, a sec-
ond order kinetics with respect to the catalyst concentration, 
indicating an intermolecular interaction in the rate-limiting 
step [10, 12]. From the discovery of Ru-bda catalyst in 2009 
several investigations in the mechanistic steps have been 
done, Privalov et al. proposed direct O–O coupling from two 
 RuIV–O. radicals as O–O bond formation mechanism (the so 
called I2M mechanism) [12]. After that point many research-
ers have been explored the complete catalytic cycles and the 
key properties explaining reactivity and stability [8]. In our 
group we have explored the role of the solvent in the dynam-
ics of  RuV=O moieties and the nature of O–O bond forma-
tion barrier based on empirical valence bond theory (EVB) 
[13–17]. We found that the intrinsic barrier in the O–O bond 
formation between the two radicals is negligible and the for-
mation of the prereactive dimer is determining the activity 
of the catalyst. In addition, solvation effects and the hydro-
phobic character of the oxo moiety are determinants in the 
formation of prereactive dimer [14] in aqueous solution. To 
exploit the hydrophobic effects on the I2M mechanism Sun 
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and co-workers introduced π-extended isoquinolines as axial 
ligands in the Ru-bda obtaining a significantly improved cat-
alytic performance in water oxidation [18]. From molecu-
lar dynamics simulations we found that the π–π stacking 
interaction is driven by the water medium [14]. Additional 
studies performed by Sun’s group indicated that increasing 
the hydrophobic effects, by adding halogen substituents (F 
and Br) on the axial ligands leads to better performance on 
the Ru-bda [19]. All these observations point in the direction 
of hydrophobic effects and π–π stacking interaction as a key 
driving force for the I2M mechanism.

Since we found that water has a key role in the dimeriza-
tion of Ru-bda catalysts we were surprised by the study from 
Nakajima et al. [20], where production of  N2 from ammo-
nia was assisted with Ru-bda catalyst using acetonitrile as 
solvent with second order kinetics. It was found that a key 
step was very similar to the O–O bond formation in water 
and involved coupling of two Ru–N intermediates. However, 
since experiments were carried out in acetonitrile, the forma-
tion of the prereactive dimer cannot be reliant on the hydro-
phobic effect. Moreover, the key intermediate is positively 
charged, and it is to be expected that the Coulomb repulsion 
should be more significant in a less polar solvent than water 
due to a lower charge screening. It is therefore not clear what 
drives the two catalysts to form the dimer in non-aqueous 
solvents and how the step differs from the corresponding 
reaction in water. We have performed classical MD simula-
tions to understand the supramolecular effects in water and 
acetonitrile solvents. We also created artificially oxidized 
doubly charged complexes to further understand the effect of 
the overall charge on the formation of the prereactive dimer. 
Since radical coupling can overcome limitations of scaling 
relations of other mechanisms [21] understanding all aspects 
of this mechanism is key to development of highly reactive 
water and ammonia oxidation catalysts.

2  Results and Discussion

In order to determine the intermolecular effects behind 
the dimer formation we developed a force field model of 
 [RuVIN(bda)(py)2]+1 founded on our recent OPLS-AA [22] 
based force field [14]. The bonded terms of ruthenium were 
adapted from our previous studies of  [RuVO(bda)(py)2]+1 
exception of those related to the nitrogen, and ESP charges 
were calculated for all atoms. The geometry of  [RuVIN(bda)
(py)2]+1 is similar enough to  [RuVO(bda)(py)2]+1 to con-
sider equivalent bonded parameters, and the nitride also has 
a close-to-zero charge similar to the oxo (Fig. 1) and is there-
fore also likely hydrophobic [15]. This common characteris-
tic in localized hydrophobicity can partly explain the forma-
tion of the prereactive dimer in water but not in acetonitrile.

For the study of the formation of the prereactive dimer 
we calculated the potential of mean force by performing 
umbrella sampling (US) simulations. The simulation peri-
odic box had a size of 47.744 Å in each direction and the 
molecules were separated 18.55 Å (Ru–Ru distance) with 
each nitride pointing in a different direction to not bias the 
formation of the face-to-face geometry from the initial struc-
ture (Fig. 2). The simulation box was filled with SPC/E [23] 
water or with acetonitrile. US simulations were carried in 
an NPT ensemble to derive Gibbs free energies at 300 K.

We found from both profiles that the interaction is favora-
ble (Fig. 3), but two details can be highlighted: Firstly, free 
energy needed to reach the interaction distance (around 11 
Å) is similar in acetonitrile and in water and counterintui-
tively the encountering of catalysts is equally easy in a less 
polar solvent with an electrostatic repulsive interaction. Sec-
ondly, the prereactive minimum is at slightly different dis-
tances. In acetonitrile the minimum is closer than in water, 
and we therefore looked closer on the conformations to see 
if there is any difference between both solvents. Since the 
computed PMF is referred to the distance between the cen-
troids of the catalysts we do not have information about the 
orientation and the catalysts could be paired in unproductive 
ways. We recently reported that the effect of hydrophobic/
hydrophilic directionality affects the performance of Ru-cat-
alyzed water oxidation due to the orientation of the catalysts 
during dimerization [17]. We calculated the radial distribu-
tion function (RDF) on the N–N intermolecular distances 
using the US simulation snapshots (thus, we have a statisti-
cally well weighted distribution) to get information on the 
most probable conformations. In Fig. 4 we observe different 
statistically predominant regions for each solvent and just 
by visualizing the simulation in those regions we observed 
two different conformations. In water, pyridine π–π stack-
ing is the dominant conformation and, therefore, is more 
stable than the prereactive. So, the “driving force” in water 

Fig. 1  Partial charge of nitride in  [RuVIN(bda)(py)2]+1 (left) vs. par-
tial charge of oxo group in  [RuVO(bda)(py)2]+1 (right). Atom colours 
are respectively: Grey, white, red, blue, green—carbon, hydrogen, 
oxygen, nitrogen and ruthenium
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Fig. 2  Initial positions of the 
catalysts for US simulations

Fig. 3  Potential of mean 
force profile of the catalysts 
approaching in water and 
acetonitrile. The lines repre-
sent the free energy as the two 
catalysts are approaching using 
as reference for the distance 
the centroids of the molecules. 
The PMF have been corrected 
respect to the maximum dis-
tance, therefore, representing 
the relative free energy respect 
to the farthest distance

Fig. 4  Radial distribution func-
tion of nitride-nitride distance 
using the potential of mean 
force simulation snapshots in 
water and acetonitrile. The RDF 
have been computed using as 
reference one nitride and as a 
target the nitride of the other 
catalysts
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is, as expected, the hydrophobic effect leading to stacking 
of the pyridines, but at the same time the axial π extended 
systems generate some resistance to reach the prereactive 
conformation. In acetonitrile the dominant conformation is 
the prereactive one, and the π–π stacking is not observed, 
indicating that a different effect is leading the dimerization 
process in acetonitrile.

In order to further investigate the interaction of the 
charged complexes in water and acetonitrile, we decided to 
amplify the Coulombic repulsion and create an artificial +2 
charged complex. Acetonitrile has a relative polarity of 0.46 
compared to water [24] and a dielectric constant [25] of 
36.0 versus 80.2 for water [26] at 298.15 K, implying a low 
solvent-screening of charges. This consideration is impor-
tant because electrostatic interactions are more significant in 
acetonitrile since lower dielectric constants leads to a lower 
screening of charges. We followed the same process as the 
single charge catalyst and the results on the PMF calculation 
are shown in Fig. 5. We find qualitatively different results 
for the doubly charged complex compared to the singly 
charged. In water the interaction is no longer favorable, and 
the dimer is not stable anymore. This indicates that the +2 
charge on the catalysts the repulsion is significant enough 
in water to counterbalance the hydrophobic-effect/electro-
static-repulsion balance in favor of the latter. In acetonitrile 
the interaction becomes favorable even at longer distance. 
This observation indicates more markedly that something 
else should be playing a key role in the dimerization pro-
cess. Counterions have been found to affect dimerization 
processes in protic solvents [1–7]. We therefore decided 
to study the behavior of the counterions in the protic and 
aprotic systems with the large hydrophobic ruthenium bda 
catalyst ions.

In our MD simulations, as a common practice, we added 
counterions to the solvent in order to create a neutral sys-
tem and avoid non-convergence in particle mesh Ewald 

(PME) electrostatic field calculation [27]. Since catalysts 
are positively charged,  Cl− ions have been added to the sol-
vent. In order to get quantitative data on solvent influence 
on catalyst-counterion interaction we studied the probability 
distribution of counterions around catalyst (considering Ru 
as the reference) in twelve systems: One catalyst +1 charged 
in water and in acetonitrile. One catalyst +2 charged in water 
and in acetonitrile. Two catalysts +1 charged in water and 
in acetonitrile dimerized and separated a minimum of 18 Å. 
Two catalysts +2 charged in water and in acetonitrile dimer-
ized and separated a minimum of 18 Å.

2.1  Single Catalyst Counterion Distributions

For +1 charged catalyst in acetonitrile there is significant 
probability that the chloride ion is located within 10 Å from 
the Ru with 41 % of the cumulative probability (Fig. 6), 
which indicates a tendency to form a pair of charges and 
moving as a neutral set. This tendency can explain a lower 
free energy to set the catalysts close enough to form the 
prereactive dimer. Nevertheless, in water, the probability 
distribution is quite close to a Gaussian distribution (see 
Fig. S3) indicating a Quasi-Brownian motion, but vaguely 
overpopulated at shorter distances with only 7.4 % of the 
cumulative probability within 10 Å (Fig. 6).

In +2 charged systems (Fig.  7) tendencies are quite 
similar as +1, but since the charge is higher, the effect is 
more dramatic in acetonitrile with cumulative probability of 
68.7 % below 10 Å and since there are two counterions per 
catalyst also the cumulative probability below 7 Å increases. 
That is because the counterion can be on the edge of the 
pyridine or/and the terpyridine. One question that arises is: 
how probable is to find two counterions in the same solva-
tion shell? To that we calculated the probability of a new 
variable, the difference in between Ru-Cl− 1 and Ru-Cl− 2 
distances (subindices are used just to distinguish the two 

Fig. 5  Potential mean force 
profile of the +2 charged cata-
lysts approaching in water and 
acetonitrile. The lines repre-
sent the free energy as the two 
catalysts are approaching using 
as reference for the distance 
the centroids of the molecules. 
The PMF have been corrected 
respect to the maximum dis-
tance, therefore, representing 
the relative free energy respect 
to the farthest distance
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ions). As we can see in the probability distribution (Fig. 8), 
the highest probability is in between 0 Å and 3 Å, this means 
that mainly both  Cl− are mainly located in the same solva-
tion shell but also can be separated 3 Å (which is consistent 
with the two peaks observed at 5 Å and 8 Å in the probabil-
ity distribution).

2.2  Two Catalysts Counterion Distributions

To further understand the dimerization process and the 
effect behind it we studied the counterion distribution 
around the two catalysts in one simulation box. In the 
simulations with two catalysts, we computed the distances 

and established a cutoff distance of 9 Å to consider the 
counterion paired with the catalyst. The choice of 9 Å as 
a cutoff distance comes from the peaks in the probability 
distributions for one catalyst (see S.I) Then, we counted 
the number of counterions with the following rule:

 where  Cij is the counterion count for the ith counterion dis-
tance  dij with the jth ruthenium. So, the total number of 
counts per snapshot is:

Cij =

{

Cij = 1 if d
ij
≤ 9Å

Cij = 0 if d
ij
> 9Å

Fig. 6  Representation of the 
accumulated probability to find 
a counterion (yellow) at 7 Å and 
10 Å when the catalyst is +1 
charged in acetonitrile (left) and 
water (right)

Fig. 7  Representation of the 
accumulated probability to find 
a counterion (yellow) at 7 Å and 
10 Å when the catalyst is +2 
charged in acetonitrile (left) and 
water (right)

Fig. 8  Histograms of the 
probability distribution of the 
relative distance in between the 
two counterions respect to the 
ruthenium
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 where  Nc is the total number of counterions, which are 
two for dimer of +1 complexes and four for dimer of +2 
complexes. Finally, due to the possibility of numbers above 
 Nc at short Ru–Ru distance (one counterion can be below 
the cutoff with respect to the two catalysts), we stablished 
the limit of N ≤ Nc . The probabilities of N in the studied 
systems are shown in Table 1. Based on the result we can 
propose that the balance between a few effects is determin-
ing if the dimer formation is favorable or not (Figs. 4, 5 and 
9). The hydrophobic effect is still the driving force in water, 
but the operational limit is +1 charged catalyst, since for 
+2 or higher the electrostatic repulsion leads to a signifi-
cant decrease in the dimerization tendency. But in aprotic 
solvents like acetonitrile, we observed a reverse screening 
effect due to ion pairing, thus the repulsion is cancelled, 
and even longer-range attraction is observed. So, from the 

N =

2
∑

j=1

Nc
∑

i=1

Cij

counterintuitive observation of a positive interaction in 
between charged catalysts in an aprotic solvent, we derived a 
novel effect of ion pairing that enables a completely new way 
to rational design of catalysts working via I2M mechanism, 
where highly charged states are accepted and even favored.

3  Conclusions

We have demonstrated the key role of counterions in the 
dimerization process of Ru-bda in acetonitrile, which 
is not only to diminish the expected electrostatic repulsion 
in between both charged catalysts but also leads to over-
all attractive interactions thanks to its capacity to pair and 
unpair. Moreover, the total charge of the catalyst favors the 
dimerization by enhancing the catalyst-counterion pairing. 
We believe that this understanding of the counterion effect 
in aprotic solvents opens for design of new catalysts for 
other applications that involves bimolecular steps. At the 
same time, we confirmed that the main effect driving the 

Table 1  Probability of N in the systems studied dimer conformation vs separated catalysts

Counterions Acetonitrile +1 Water +1

Separated (%) Dimer (%) Separated (%) Dimer (%)

0 42.7 42.7 92.6 92.6
1 47.8 32.0 6.4 6.4
2 9.5 25.2 1.0 1.0

Counterions Acetonitrile +2 Water +2

Separated (%) Dimer (%) Separated (%) Dimer (%)

0 0.3 0.0 73.3 66.2
1 9.1 0.8 24.3 26.6
2 31.3 4.5 2.5 6.5
3 41.2 9.0 0.0 0.6
4 18.1 85.7 0.0 0.1

Fig. 9  Summary of the effects involved for the two solvents (water 
and acetonitrile) and schematic representation of the reactions. 2Ru 
refers to the free ruthenium complexes,  Ru2 is the dimerized complex 
in prereactive conformation, RuRu refers to the dimer in non-prere-

active conformation. Cl refers to the chloride ions and  Ru2Cl2 and 
 Ru2Cl4 refers to the catalyst-counterion neutralized pairs. 2Cl or 4Cl 
indicates 2 or 4 free counterions
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dimerization in water is the hydrophobic effect produced by 
the axial ligands. The counterions do not play a role in protic 
solvents due to the charge screening which leads to a Quasi-
Brownian motion, meaning that counterions in water dif-
fuses practically identical as water molecules (see S.I.). The 
hydrophobic effect can compensate the Coulombic repulsion 
when the charge is +1 in the catalysts, but for +2 the rate of 
the dimerization will be significantly lower hindering good 
performance of the catalyst. In protic water the low ion-pair-
ing tendency will limit the possibility for using complexes 
with charges higher than 1+, which provides a guiding prin-
ciple in the design of highly active water oxidation catalysts. 
In conclusion, we have showed how the dimerization of ionic 
catalysts lies in the balance between solvent effects (such as 
hydrophobic effect and charge screening), catalyst-catalyst 
Coulombic repulsion and catalyst-counterion coupling.
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