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Fig. 2 A) The excess charge (ze) plot of 1 as a function of pH as the complex was titrated first with HClO4 and then with NaOH. Acid addition is shown

by filled squares and base addition is indicated using empty circles. The fitted line indicates the expected ze for pKa 4.4±0.0(2). B) Absorbance at 400

nm as a function of pH. The fitted line indicates the change in absorbance with pH for pKa 3.5±0.1. C) 31P NMR signal of distal phosphorus as a

function of pH. The fitted line indicates the change in shift with a pKa 4.0±0.2. D) k293.15K as a function of pH. The fitted line is based on a simple

protonation speciation model, with pKa ca 3.3±0.2.

Fig. 1 Structure of αββα-[Mn4(H2O)2(P2W15O56)2]16−. Tungsten,

oxygen, phosphorous and manganese atoms given in blue, red, orange

and purple, respectively.

corresponding to weakened O-W CT,13 on acidification, with a

fitted pKa of 3.5±0.1 (fig. 2B). The 31P NMR signal from the dis-

tal phosphorous centre in the ligand also showed a pH depen-

dent behaviour with irreversible breakdown indicated below pH

3, with a pKa of 4.0±0.2 (fig. 2C). No protonation events were

observed for the [Mn(H2O)6]2+ ion in this range, in accordance

with the reported pKa of 10.6.14

Note that these results differ somewhat from those of

Ruhlmann et al.,15 who found two pKas each for the Mn, Fe, Co,

Cu, Zn and Cd derivatives of [M(II)4(H2O)2(P2W15O56)2]16− at pH

3.2-3.6 and 5.0-5.6, and attributed them all to the aquo-ligands

bound to the heterometal centres. We find it surprising that ions

as different as Cu(II) (pKa of [Cu(H2O)6]2+ ca 7.3-8.0) and Mn(II)

(pKa of [Mn(H2O)6]2+ ca 10.6),14 would exhibit such similar pKas

solely by virtue of being complexed to the same ligand. Instead,

the observed pKa is most likely associated with protonation of

the polyoxotungstate ligands, as supported by the observation of

two simultaneous protonation events which indicates that the two

locii are identical but located distantly enough from one another

that protonation at one of the sites does not affect the pKa of the

other.

The rates of exchange of the aquo ligands in [Mn(H2O)6]2+ and

1 were determined as a function of temperature and pH (see ta-

ble 1). We took a two-fold approach to calculating the activation

parameters: the first approach, method 1, was to calculate the

parameters by focussing only on the region where 1
T2p

≈ Pmkm,12

and the second approach, method 2, involved fitting the data us-

ing equation 1,1 which is applicable for manganese species with

negligible signal shift and a long T1e. The chief weaknesses with

the first approach is the difficulty in objectively delimiting the lin-

ear region, and, more significantly, that 1
T2p

is approximate to, but

not exactly equal to, Pmkm. The consequence is that ∆H‡ and ∆S‡

are somewhat underestimated.

As T1e and A/h are covariant, and eq. 1 gets progressively

decoupled from T1e as it is increased, we used the value of

1.25·10−8s by Ducommun et al. for the hexa-aqua ion rather than

fitting it.4 However, a value of 5.25·10−8s was chosen for 1 via

fitting, as there is no literature value available. See supporting

information for details.

1

T2p
=

Pm

1
km

+ 1

B( A
h )

2

(

1
T1e

+ km

) (1)

The rates of exchange are calculated by the difference in line-

width at 293.15 K using eq. S16. The width of 17O NMR signals

are well determined and fitted such that the errors in rates are

almost negligible. As seen from the rate data, the exchange of

aquo-ligand on the manganese hexa-aqua ion is insensitive to

pH, as would be expected from the known pKa of ca 10.6.14 The

∆H‡ and ∆S‡ are consistently lower for method 1 than 2, as would

be expected from not accounting for the contribution of A
h

and

T1e. For method 2, activation parameters and A
h

are consistent

with the literature.

In contrast, the rates of water exchange involving complex 1

depend strongly on pH, with a fifteen-fold increase in rate mov-

ing from pH 6.0 to pH 3.2. The change in rates with pH is consis-

tent with the pKas determined from potentiometric titration and

UV/VIS measurements, and a very crude pKa of 3.3±0.3 was

obtained by fitting the rates against a simple speciation model

(fig. 2D). Looking at the data from method 2, the ∆H‡ increases

somewhat with pH, whereas ∆S‡ is constant to within error, with

the exception of at pH 6.0.

It is important to note that whereas the values of absolute rates

and the activation parameters vary with the method chosen to fit

the data, the same trends are observed. Whereas the values

from method 2 agrees better with literature – as this is the ap-

proach taken in previous studies – it is troubling that the choice

of T1e, contrary to the common perception, has a very large in-

fluence on the determined ∆H‡, ∆S‡ and A/h values for 10−9<T1e

<10−7s, as shown in figures S11-S12. This is a particular prob-

lem for species such as Mn(II) where the ∆ωm is too small to aid

in the independent determination of A/h, and where the temper-

ature stability region is limited, as in the case of 1.

2 | 1–4
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Table 1 Kinetic and rate parameters of water-exchange in [Mn(H2O)6]2+ and 1 calculated from temperature dependent 17O NMR spectroscopy at

different pH

pH k293.15
m

a ∆H‡ ∆S‡ A/h Reference
[107s−1] [kJ· mol−1] [J· mol−1 K−1] [MHz]

[Mn(OH2)6]2+

3.2 1.34±0.02 (1.22±0.02) 35±1 (30±1) 13±4 (-6±4) 6.17±0.06
4.0 1.65±0.02 (1.21±0.02) 37.9±1.0 (31±2) 22±3 (-4±5) 6.15±0.05
5.0 1.38±0.02 (1.25±0.02) 35±1 (29±2) 11±4 (-11±7) 6.17±0.06
6.0 1.86±0.02 (1.31±0.02) 33±1 (26±3) 7±5 (-20±11) 6.15±0.07

1b 3.1 33.9 12.1 9.2 Swift et al. 1,2

1-2c 2.1±1.7 32.9±1.3 5.7±5.0 5.3±0.5 Ducommun et al. 4

3 2.2±0.6 32.2±0.4 3.8±1.7 5.4±0.3 Zetter et al. 16

4.3 2.7±6.2 36.8±4.2 20.9±12.6 4.4 Grant et al. 3

1

3.2 1.98±0.01 (1.16±0.01) 28.1±0.8 (19±2) -10±3 (-44±9) 3.06±0.01
4.0 0.41±0.00 (0.38±0.00) 30±1 (20.6±0.9) -14±4 (-49±3) 1.44 ±0.01
5.0 0.27±0.00 (0.18±0.00) 31±2 (25±2) -15±8 (-41±7) 1.05±0.02
6.0 0.13±0.00 (0.11±0.00) 44±4 (41±2) 21±14 (12±7) 1.04±0.02

Activation parameters were obtained using equation 1 (method 2). Values in parentheses were obtained by fitting only the linear region (method 1; eq.
S12). aCalculated from difference in line-width at 293.15 K with and without paramagnetic ion (method 1: eq. S12; method 2: eq. S16). b[HClO4]
given as 0.1 M. c[HClO4] given as 0.06-0.1 m.

The cause of the increase in rates of exchange with pH is

not immediately clear. As discussed, the locus of protonation

is very unlikely to be an aquo-ligand, but is instead on the poly-

oxotungstate ligand. Whether the locus is close to the Mn-OH2

moiety and affecting the solvent shell near the aquo-ligand, or

farther away and causing a change in rates solely via the de-

crease in charge on the polyoxotungstate ligand, is difficult to

resolve. However, the observation that the pH-driven change in

rates is accompanied by a change in the magnitute of the O-W

charge transfer suggests the latter. It should also be noted that

there are likely many protonation states of similar energies, ren-

dering protons effectively delocalised over the ligand. An intrigu-

ing observation is the lack of pH dependence of the rates for the

cobalt(II) analogue of 1, [Co4(H2O)2(P2W15O56)2]16−,10 in spite

of the similar protonation behaviour. Without a more systematic

study of the entire series of transition metal substituted clusters

it is difficult to know how well the observations for monomeric

aqua species in terms of associative and dissociative mecha-

nisms translate to these highly substituted systems.17

Finally, it is important to note that the pKa is associated with the

labilisation of 1. Below pH 3.0, 31P NMR, potentiometric titrimetry

and UV/VIS data all show decomposition of the molecule. How-

ever, the reversible ze-plot shows unequivocally that the molecule

is intact in the pH range (3.2-6.0) where the dynamic NMR study

was executed, and the rate data shows that the rate of exchange

of the bound water ligands increases at least fifteen-fold as the

pH approaches the pKa. The increase in rate can thus not be due

to release of Mn(II). This behaviour, where sites in a molecule be-

come labile to exchange as the pH is approaching the unstable

regime, has recently also been demonstrated for a uranyl peroxo-

hydroxide cluster.18

Conclusions

In conclusion, this study provides the results of the first pH de-

pendent study of the exchange involving the manganese hexa-

aqua ion and confirmed that it is pH independent, and presents

the first rate data for a manganese-containing POM. We have

also re-interpreted the previously pKa values for 1. Significantly,

we have demonstrated that even protonation events that are

not directly associated with bound aquo-ligands can have dra-

matic impacts on the lability of such ligands. These observations

are important when considering the reactivity of extended metal-

oxide surfaces where the reactivity of a site on one type of crystal

face or kink site may have regional or global effects, and affect

the reactivity of neighbouring but different types of sites.
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The NMR-determined pH-dependent water-ligand exchange rates of a Mn(II)-polyoxometalate varies by
more than an order of magnitude, in contrast with those of the hexa-aqua ion.
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