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The rates and activation parameters of water exchange at pH 3.0 have been determined using variable temperature 17O NMR
spectroscopy for four CoII complexes and one MnII complex: [Co(bpy)(H2O)4]

2þ, [Co(bpy)2 (H2O)2]
2þ, [Co(phen)-

(H2O)4]
2þ, [Co(phen)2 (H2O)2]

2þ, and [Mn(bpy)(H2O)4]
2þ (bpy¼ 2,20-bipyridyl and phen¼ 1,10-phenanthroline). Substi-

tution of aquo ligandswith 1,10-phenanthroline or 2,20-bipyridyl leads to an increase in the rate of exchange in themanganese
complexes, from k298 (1.8� 0.1)� 107 s�1 for [Mn(H2O)6]

2þ to (7.2� 0.3)� 107 s�1 for [Mn(phen)2 (H2O)2]
2þ, whereas the

trends are more complex for the cobalt complexes. We have used the new data in conjunction with literature data for similar

complexes to analyse the effect of M–OH2 distance and degree of substitution.
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Bidentate N-donor ligands such as 1,10-phenanthroline (phen)
and 2,20-bipyridine (bpy) and their derivatives are seeing

renewed interest as ligands for transition metal catalysed
transformations, in particular in systems using first-row transi-
tion metals and where oxidation stability may be an issue. Such
applications include dye-sensitised solar cells, water oxidation

catalysis, or as geochemically relevant models.[1–7]

The solvent in a homogeneous catalytic system is rarely
completely innocent, but interacts with the catalyst, for example

by stabilising coordinatively unsaturated intermediates or by
competing with substrate molecules. In the extreme case, such
as inwater oxidation catalysis ormineralweathering, the solvent

doubles as both the substrate and the solvent, making the
understanding of this type of fundamental solvent–oxide inter-
action important for the successful design of stable and efficient
catalysts.[8] Importantly, substituted coordination complexes of

the kind used in this study are also key to answering geochemical
questions, as they provide a tunable environment for metal-
bound aquo ligands.[7]

Using 17O NMR line-broadening studies and Swift–Connick
formalism (see Supplementary Material for details),[9,10] we
here determine the rates of ligand-water exchange at pH 3.0 with

bulk water of a series of catalytically relevant cobalt(II) and
manganese(II) complexes,[11,12] namely [Co(bpy)(H2O)4]

2þ,
[Co(bpy)2(H2O)2]

2þ, [Co(phen)(H2O)4]
2þ, [Co(phen)2(H2O)2]

2þ,
and [Mn (bpy)(H2O)4]

2þ, andwe have re-evaluated the rates of the

closely related [Mn(phen)(H2O)4]
2þ and [Mn(phen)2(H2O)2]

2þ

complexes,[13,14] as well as the corresponding hexa aqua ions.

[Mn(bpy)2(H2O)2]
2þ is not included as no solution composition

where this was a major species could be obtained.
This systematic study allows us to make crucial comparisons

of the influence of degree of water substitution and metal–aquo

ligand bond distances. In addition,while computationalmethods
such as density functional theory is often unable to accurately
reproduce absolute measurements, deriving insight from trends

and relative reactivities is more straightforward, emphasising
the need for systematic experimental studies.

Due to the presence of dynamic equilibria it was not possible

to obtain monospecific solutions of the [ML(H2O)4]
2þ and

[ML2(H2O)2]
2þ (L¼ phen or bpy) complexes of any of the

ligand and metal combinations. Instead, the solution composi-
tions were modelled using the Hyss2009 software[15] with

stability constants by Anderegg et al.[16] Stability constants
were temperature corrected using enthalpy values from the
literature (see Supplementary Material).[16,17] As perchlorate

salts of MnII with bpy or phen are insoluble, we chose sodium
nitrate as the background salt since stability constants are
available for this counter ion.[16]

The fitted activation parameters are tabulated in Table 1. The
fitting of a series of compounds started by determining the
exchange parameters for the corresponding M(H2O)6

2þ com-

plex. The activation enthalpies and entropies for theM(H2O)6
2þ
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complex were then used to reduce the number of variables when
fitting the data for the ML(H2O)4

2þ complexes. The activation
parameters for the M(H2O)6

2þ and ML(H2O)4
2þ complexes

were in turn used in the fitting of the activation parameters of the
ML2(H2O)2

2þ compounds. While it may in some cases be
technically possible to fit all activation parameters simulta-

neously, the number of unknowns relative to the low variability
of the data made this undesirable due to the large number of
possible solutions and the corresponding difficulty in estimating

fitting errors, and we consider our constrained approach to give
more meaningful results.

For the M(H2O)6
2þ (M¼CoII, MnII) complexes, positive

activation enthalpies and negative activation entropies were

determined, which are indicative of generally associative mecha-
nisms in agreement with previous observations.[18–20] Note,
however, that caution is called for when evaluating activation

entropies strictly in terms of associative and dissociativemechan-
isms for reactions involving charged species, and highly coordi-
nating solvents such as water that can form polymeric clusters.[20]

With this inmind, it is striking that the activation entropies for the
manganese species become increasingly positive with increasing
substitution of bpy or phen ligands for H2O.

Furthermore,wefind that replacementof twoH2Owithonebpy
or phen ligand causes an increase in activation entropies for MnII

and CoII, but that the effect for additional substitutions is smaller.
These relationships between substitution, activation enthalpy,

and entropy are associated with rates of exchange that increase
with substitution for MnII. For cobalt(II) the rate of exchange is
faster for bpy complexes than for phen complexes, but decreases

with increasing number of phen or bpy ligands. This decrease in
observable rates is associated with a decrease in activation
entropy, whereas DHz remains quite constant. However, the ML

(H2O)4
2þ complexes with either bpy or phen still exhibit faster

rates of exchange than the [Co(H2O)6]
2þ ion.

The potential impact of the background salt was also investi-
gated. As the impact of using chloride and nitrate salts on the

speciation equilibria are known,[21] we could use the rates of
exchange determined in the presence of nitrate to predict the
observed rates and corresponding excess line widths in the

presence of chloride (see Table 2). Lacking experimental DH
for the stability constants in chloride, we used the corresponding
parameters determined in nitrate to temperature correct the

stability constants. As can be seen, the agreement between
predicted and observed excess line widths is good for
Co : bpy and Mn : bpy, but at best is fair for Co : phen and

Mn : phen. This is somewhat surprising, as our determined rates
for the previously studied Mn : phen system are in excellent

agreement with the literature,[13] in spite of this study using
nitrate, and the literature study using chloride, as the background
salt. It is not clear whether the discrepancy between predicted

and observed excess line widths is hinting towards the coordi-
nating nature of the ligand, or is due to other factors relating to
the stability data used to make the predictions.

Early divalent transitionmetals, such asMnII, are expected to
react via an associative interchange (Ia) type mechanisms,
whereas later metals, such as CoII, typically exhibit more
dissociative interchange (Id) mechanisms.[20] While reactions

involving ions in water rarely conform exactly to simplistic
pictures such as pure associative or dissociative mechanisms,
the activation entropies indicate that cobalt undergoes a mainly

dissociative mechanism, whereas at lower degrees of substitu-
tion manganese undergoes a mainly associative mechanism.
This is in line with expectations. However, activation entropies

for MnII become increasingly positive with substitution, while
rates are also increasing (Fig. 1), suggesting a change in
mechanism. Here, the activation entropies are likely misleading
as there is a clear correlation between MnII–OH2 bond distance

and rate of exchange (Fig. 1c). The lack of a similarly clear trend
for CoII is similarly consistent with a dissociative model, as the
CoII–OH2 bond is not present in the transition state and it is the

stability of the corresponding penta-coordinate complex that is
the main determinant on the rate of reaction.

Combining the observations in this study with the existing

literature, a correlation is observed between M–O(H2) bond
distance and rates of exchange (see Fig. 1) for hexa-coordinate
MnII. Stronger, shorter bonds for the ground state lead to faster

exchange and is consistent with an Ia reaction mechanism
where stronger M–O bonds involving the incoming aquo ligand
correspond to a lower energy, seven-coordinate intermediate.
This is further substantiated by the lack of a clear trend for hepta-

coordinate MnII complexes in Fig. 1. Somewhat surprisingly,

Table 1. Activation parameters for the complexes investigated in this study

The rate constants (k298) were calculated at 298K using the Eyring–Polanyi equation; errors are given as one standard deviation

Entry Species DHz [kJ mol�1] Sz [J mol�1 K�1] k298 [s�1]

1 [Mn(H2O)6]
2þ 26.8� 0.6 �16.2� 2.1 (1.8� 0.1)� 107

2 [Mn(phen)(H2O)4]
2þ 29.6� 2.1 �1.5� 7.3 (3.4� 0.1)� 107

3 [Mn(phen)2(H2O)2]
2þ 31.5� 1.4 11.1� 5.0 (7.2� 0.3)� 107

4 [Mn(bpy)(H2O)4]
2þ 36.8� 2.9 26� 10 (4.9� 0.3)� 107

5 [Co(H2O)6]
2þ 35.6� 0.7 �6.7� 2.6 (1.6� 0.1)� 106

6 [Co(bpy)(H2O)4]
2þ 46.1� 1.8 33.9� 6.1 (3.1� 0.1)� 106

7 [Co(bpy)2(H2O)2]
2þ 41.7� 4.0 16� 14 (2.1� 0.1)� 106

8 [Co(phen)(H2O)4]
2þ 44.0� 3.7 25� 13 (2.6� 0.1)� 106

9 [Co(phen)2(H2O)2]
2þ 43.0� 4.0 18� 14 (1.6� 0.1)� 106

Table 2. Predicted and experimental 17O NMR excess line widths at

284K using activation parameters from Table 1 and Eyring–Polanyi

equation (see Supplementary Material)

Aqueous solutions had a M : L ratio of 1 : 2.6 ([Co] 10mM, [Mn] 0.5mM)

in KCl (0.1M) at pH 3.0 (HCl)

Entry Solution Dvcalc. [Hz] Dvexp. [Hz]

1 Co : bpy 45 48.2� 2.2

2 Co : phen 34 49.9� 2.3

3 Mn : bpy 181 162.9� 6.1

4 Mn : phen 162 216.9� 7.1
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while it would be expected that shorter bond distances would
correlate with slower exchange for CoII for the expected
dissociative mechanism, no particular trend is observed. This

may of course be due in part to the narrow range of the bond
distances of the complexes in the study.

In conclusion, we have determined the rates of exchange of

ligand-water in a series of four CoII and one MnII bipyridyl and
phenanthroline complexes. The effect of ligand substitution on
the cobalt and manganese aqua ions was determined and found

to be largely opposing:whereaswaters bound to cobalt exchange
slower with increasing substitution, waters bound to manganese
undergo faster exchange. The suggested associative mechanism
for hexa-coordinate MnII is supported by the excellent inverse

correlation of the rate of exchange with MnII–O bond distances.
The overall picture is, however, complicated by a large increase in
rate of exchange on replacing aquo-ligands in the cobalt hexa-

aquo ion with either bpy or phen ligands.

Supplementary Material

Information about sample preparation, NMR experiments, and
underlying theory, speciation modelling, experimental data,
line-width fitting program, computational details, and literature
data for crystallographically determined bond distances are

available on the Journal’s website.
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Fig. 1. (a) Decimal logarithm of the rate of water exchange versus crystallographically determined (¢) and (�) computed (at PBE0/def2-tzvp)M–OH2 bond

distances for CoII. (b) Rates of exchange versus number of phen (¢) or bpy (’) ligands for CoII; Co(H2O)6
2þ is given as �. (c) Decimal logarithm of the rate of

water exchange versus crystallographically determined (¢) and computed (at PBE0/def2-tzvp) (�) M–OH2 bond distances for MnII. Octahedral and hepta-

coordinate MnII complexes are shown in black and red, respectively. (d) Rates of exchange versus number of phen (¢) or bpy (’) ligands for MnII;

Mn(H2O)6
2þ is given as �. See Supplementary Material for literature references.
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