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z Inorganic Chemistry

Proton-Exchange Rates on Hydroxide Bridges of
Mineral-Like Metal-Hydroxide Clusters
Caitlyn R. Fields+,[a] Anna F. Oliveri+,[b] Christopher A. Colla,[b] Darren W. Johnson,*[a] and
William H. Casey*[b]

Soluble metal-hydroxide clusters of Group 13 metals are popu-
lar in both materials chemistry and geochemistry. In geo-
chemistry these clusters are used as experimental models for
clay-like minerals. In materials chemistry these clusters are the
precursors for useful thin films. However, little is known about
the formation mechanisms and solution dynamics of these spe-
cies or how they compare to monomer ions. In this study we
use 1H-NMR spectroscopy to estimate the exchange rates of
protons on sites in the Ga13(m3-OH)6(m2-OH)18(H2O)24(NO3)15

(Ga13) and Ga7In6(m3-OH)6(m2-OH)18(H2O)24(NO3)15 (Ga7In6) cluster
species. To date, these clusters provide the best molecular-scale
models for the surface chemistry of thin films and layered min-
erals. Trivalent metal-hydroxide minerals are environmentally
important, because of the rich acid-base chemistry that exists
in the pH regions of most soils. Our data suggest millisecond
timescales for the exchange of protons on the m2-OH bridges
with bulk water in Group 13 metal-hydroxide minerals, such as
tsumgallite and diaspore.

Little is known about the molecular-scale dynamics of sheet-
like hydroxide materials in spite of their overwhelming im-
portance to environmental chemistry and materials science. For
example, the amorphous version of the mineral tsumgallite
(GaOOH), shown in Figure 1C, is a key intermediate of solution-
processed thin films before the final annealing step of dehy-
dration to Ga2O3, and is isostructural with common soil miner-
als diaspore (AlOOH) and goethite (FeOOH).[1–3] Table 1 includes
examples of related Group 13 materials and their mineral ana-
logues, to emphasize the links between materials chemistry
and geochemistry.

Thin films can be formed from aqueous solutions of poly-
nuclear clusters,[10] which serve an additional role as ex-
perimental models for clay-like minerals to probe solution dy-

namics.[11] Metal (hydr)oxide clusters have interested scientists
because of their widespread uses as catalysts for water-split-
ting,[12–14] sensors,[15] pillaring agents,[16] medical diagnostics,[17]

and precursors for the thin-film industry.[9, 10, 18–20] For many
years, geochemists had no good systems to estimate the dy-
namics of elementary processes, such as proton-exchange,
electron-exchange, or ligand-substitution reactions for mineral-
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Figure 1. The structure of a) Ga13 with capping water ligands eliminated for
clarity. Metal and oxygen atoms are shown in grey. Sets of protons on hy-
droxide bridges are indicated by: * m3-OH, * m2-OHext, * m2-OHint. b) bru-
cite, a sheet like mineral with m3-OH bridges (*) between divalent metals
that resembles the planar core in these clusters. Several metal centers are
removed to emphasize the structural similarity to the Ga13. c) the mineral
tsumgallite, GaOOH. The m2-OHGaOOH protons (*) are structurally similar to
the m2-OHint (*) of Ga13.
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like materials. The need for such data became more pressing as
computational models advanced and the experimental ver-
ification lagged because it is so difficult to follow molecular
processes on solids.[21] Fortunately, methods of syntheses have
advanced to provide stable, monospecific solutions of useful
metal cluster ions. In this paper we employ 1H-NMR spectro-
scopy to estimate rates of proton exchange from hydroxide
bridges in the Ga13(m3-OH)6(m2-OH)18(H2O)24(NO3)15 (Ga13) and
Ga7In6(m3-OH)6(m2-OH)18(H2O)24(NO3)15 (Ga7In6) cluster species.
The results compare well with a geochemically important alu-
minum [AlO4Al12(OH)24(H2O)12]7 + cluster,[22, 23] suggesting re-
activity similarities among the Group 13 clusters.

We assigned 1H-NMR signals for the isostructural set of
[Ga13-xInx(m3-OH)6(m2-OH)18(H2O)24](NO3)15 (0�x�6) cluster spe-
cies in wet d6-dimethylsulfoxide (d6-DMSO) in order to study
the kinetics of proton-exchange events.[24, 25] When completely
ligated with water, the Ga13 and Ga7In6 have D3d symmetry and
three types of hydroxide bridges (Figure 1a).[24] Each of the
bridges (m3-OH, m2-OHext, and m2-OHint) are visible in the 1H-NMR
spectrum, are assigned, and behave uniquely in solution. The
m2-OHext bridges bind the exterior metal ions to the planar sev-
en-ion Ga(III) core of the clusters. Both the m3-OH and m2-OHint

bridges bind the cluster core. Protons on the bridges of the
core are perpendicular to the surface, similar to the protons on
thin-film surfaces and between sheets in minerals (e. g., brucite,
boehmite, gibbsite) (Figure 1b). The m3-OH of the Ga13 re-
semble the bridges in söhngeite (Ga(OH)3) and m2-OHint bridges
resemble those in the mineral tsumgallite (GaOOH) (Figure 1c).

The 1H-NMR signals of the m3-OH bridges are the farthest
downfield (6.5-6.8 ppm), and therefore the most acidic proton
site on the cluster.[26] In the 1H-NMR spectra of Ga13, the signal
associated with the proton of this bridge disappears over time,
indicating a slow, yet-unidentified, deprotonation reaction (Fig-
ure 2).[25] This signal persists in the 1H-NMR spectrum for any-
where from ~1 week to a few hours, depending upon the con-
centration of water in the d6-DMSO solvent. The area of the m3-
OH peak can be directly related to concentration of these sites
in solution because we used an internal standard (1,3,5-tri-
chlorobenzene). By plotting the normalized concentration

C tð Þ
C0

� �
of the m3-OH protons with respect to time (s), the result-

ing slope yields a reaction rate for proton exchange (Figure 3a).
(Peaks with C tð Þ

C0
�0.05 were not included.) To determine the rate

constant (k298) for this slow deprotonation reaction, the rates
from Figure 3a were plotted as a function of water concen-
tration (Figure 3b). The linearity of data (Figure 3b) indicates

Table 1. Group 13 thin films of interest and the mineral analogues.

Film Mineral Analogue Use in Materials Industry

Al2O3 Corundum Sapphire, Ruby, Solar cells[4–6]

Ga2O3 - H2 sensors,[7] Transistors[8]

GaInO3 - Transistors
AlOOH Diaspore, Boehmite Intermediate in Al2O3 film formation
GaOOH Tsumgallite[1] Intermediate in Ga2O3 film formation[2]

Al(OH)3 Gibbsite Soluble precursor for Al2O3 films
Ga(OH)3 Sçhngeite Soluble precursor for Ga2O3 films[9]

Figure 2. 1H-NMR spectra for the m3-OH bridge (*) in the seven-ion Ga(III)
core of Ga13. a) 0.007 cH2 O b) 0.045 cH2 O c) 0.123 cH2 O.

Figure 3. Kinetic data for the slow deprotonation of the m3-OH bridge in the
Ga13 cluster. a) The normalized concentration C tð Þ

C0

� �
of the m3-OH protons as a

function of time. b) Reaction rates as a function of the mole fraction of water
in the solvent. This data shows that the slow deprotonation is first order with
respect to water and has a rate constant k298 = 1.1x10�5 � 0.1x10�5 s�1

. .
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that the reaction is first order with respect to water, with a rate
constant k298 = 1.1x10�5 � 0.1x10�5 s�1.

In contrast, 1H-NMR signals for the m3-OH proton in the Ga7

In6 cluster did not change with time. Because we see no evi-
dence for slow elimination of this proton, we conducted VT-
NMR experiments to estimate the rates of exchange. However,
no broadening was observed, indicating that the proton is not
exchanging on the NMR time scale, which indicates a differ-
ence in kinetic behaviors of the Ga13 and Ga7In6 clusters.

Rates of proton exchanges on the internal and external m2-
OH bridges differed. Although we previously found that the
outermost metal ions exchange slowly (days) in the mixed-met-
al clusters (Figure SI1),[26] no kinetic information could be ac-
quired for the m2-OHext. VT-NMR experiments indicate no rapid
proton exchanges, therefore, we speculate that the protons
may be exchanging as a unit with the oxygen and metal ion at
these outer sites. We recognize, however, that the protons may
be exchanging much more rapidly than the metals, but at rates
that are much slower than the 1H-NMR timescale.

The m2-OHint bridges have the only proton signals that ex-
hibit evidence of exchange with bulk water (Figure 4). Line-

shape analysis can be used to calculate exchange rates using
modified forms of the Bloch-McConnell Equations under specif-
ic conditions that were met in this study (See SI).[23] In this case,
the difference of the full-width-at-half-maximum (FWHM) rela-

tive to the inherent linewidth (FWHM0) of a signal can be re-
lated to the lifetime of a proton (t) and the rate constant (k):

1
t
¼ k ¼ pðFWHM � FWHM0Þ ð1Þ

The FWHM0 for Ga13 was estimated to be 3.6 � 0.2 Hz for all
samples by averaging the lowest-temperature measurements
(25-33 8C) from samples with the least amount of water present
(cH2O � 0.001). At these conditions, the linewidths did not vary
with temperature and had asymptotically reached a constant
value (Figure 5a). To measure rates, 1H-NMR spectra were col-
lected over the temperature range 25 to 57 8C with varying
concentrations of water in the solvent. The maximum change
in FWHM for Ga13 ranges from 2 to 14 Hz in this temperature
range, depending on the concentration of water in the solvent
(Figure 4 and 5a).

The results indicate that the lifetime of a proton at room
temperature (t298) for samples where cH2O > 0.001 is ~40 ms
(Figure 5b). The values for t298 at the driest conditions (cH2 O �
0.001) could only be estimated from experiments at relatively
high temperatures, followed by back-calculation of the rates to
room temperature conditions where there is no evidence of
broadening (see below). To accomplish the calculation we used
the Arrhenius Equation to determine activation parameters for
the exchange reaction. The logarithm of the rate constants, ln
(k) were plotted with respect to 1/T (K�1) (Figure 5c). The result-
ing data were fit to the linear equation:

ln kð Þ ¼ � Ea

R
1
T

� �
þ ln Að Þ ð2Þ

in order to estimate activation parameters, including the en-
thalpy of activation (DH�

298) using equation (3):

DH�

298 ¼ Ea � RT ð3Þ

and the entropy of activation (DS�

298), which is calculated from
the intercept and Equation (4):

DS�

298 ¼ Rln Að Þ � Rln
kBT
h

� �
� R ð4Þ

Finally, DG�

298 can be determined using equation (5):

DG�

298 ¼ DH�

298 � TDS�

298 ð5Þ

Both DH�

298 and DS�

298 for exchange of a proton on the m2-
OHint bridges of Ga13 are affected by water addition (Figure 5d).
However, the values quickly reach a constant value as water in-
creases. We extrapolate the weak dependence at these concen-
trations to estimate rates for a purely aqueous solution. Our es-
timates are: DH�

298 = 39 � 4 kJ/mol, DS�

298 =-90 � 10 J/mol·K,
and DG�

298 = 66 � 1 kJ/mol. The DS�

298 changes sign as water is
added to the solution, indicating that water orders the system,
since hydrogen bonding may activate exchange. Using the acti-

Figure 4. VT 1H-NMR spectra for the m2-OHint bridge (*) in the seven-ion Ga
(III) core of Ga13. a) 0.001 cH2 O. b) 0.007 cH2 O. c) 0.013 cH2 O.

Communications

1120ChemistrySelect 2016, 6, 1118 – 1122 � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



vation parameters, we estimate lifetimes of protons in the dri-
est solvent at ~2-3 s. It was impossible to accurately measure
FWHM0 of the m2-OHint bridges in the Ga7In6 cluster as the max-
imum observed change in FWHM was only 2–3 Hz, and these
differences are too small to estimate rates accurately (Figures
SI2-3).

To test the accuracy of our approximations, six sets of data
(0.02 � t � 0.0008 s) were generated by solving the Bloch-
McConnell equations for two-site exchange and for two cases
where jnw-nGa j = 2000 and 5000 Hz. The value jnw-nGa j is the
difference in Hertz of the resonance of the 1H-NMR signals from
water and sites on the Ga13, respectively. In the simulations, the
intensity of the Ga13 signal was set 0.0005 that of the proton
signals, to approximate our case where the concentrations of
protons in exchanging sites are a small fraction of the total. The
synthetic data were then treated as experimental results and, in
each case, the approximations lead to estimates of t that are
accurate to within a factor of two. This variation is within the
uncertainties given by errors in the activation parameters.

Our conclusions can link results from the Ga(III) clusters to
other Group 13 polyoxocations. The lifetimes of a proton on a
m2-OHint bridge of the Ga13 cluster (t298 = 0.04 � 0.01 s) com-
pare well with those measured for the two unassigned hydrox-
ide signals of the Al13 Keggin ion (t298 = 0.013 s and t298 =

0.201 s)[23] at similar conditions. These clusters are not only

structurally distinct, but also contain different Group 13 metal
ions, which suggests that the rates of proton exchange on
these hydroxyl bridges might be relatively insensitive to small
changes in structure and bonding to the oxygen. We recognize
that these are the only such measurements and future experi-
ments are needed to support this hypothesis.

Another important question is whether the rates are af-
fected by the overall cluster charges and solution pH. From
studies of minerals, there seems to be a strong relationship be-
tween surface charge and kinetics of reactions so that any rates
vary in a broad amphoteric distribution with pH as the solid de-
velops positive or negative surface charge.[27, 28] In these clusters
the surface charge would be controlled by acid-base reactions,
and undoubtedly also by ion association. In our experiments,
surface charge is not controllable because of the mixed-solvent
systems but we can change the overall charge of a cluster via
suitable choice of a ligand and examine the effect on proton
lifetimes. Our data suggest millisecond timescales for the pro-
tons on the bridges of metal-hydroxide minerals, such as tsum-
gallite and diaspore, the most similar minerals to our cluster
ion.

Figure 5. Kinetic data for the exchange between the m2-OHint bridge in the Ga13 cluster and bulk water. a) The 1H-NMR FWHM measurements at various
temperatures and concentrations of water. The FWHM0 is approximated for all Ga13 samples as the asymptotic limit at low temperatures for the cH2 O � 0.001
solutions, indicated by the line as 3.6 � 0.2 Hz. b) Lifetime of a proton at 298 K as a function of water concentration. Circled data points were back-calculated
from higher temperature measurements. c) Linear Arrhenius plot for select examples of data. d) Calculated activation parameters in respect to cH2 O:distinct,
but also comprise different Group 13 metal ions, which suggest that the rates of proton exchange on these hydroxyl bridges might be relatively insensitive to
small changes in structure or bonding to the oxygen. We recognize that these are the only such measurements and future experiments are needed to support
this hypothesis.
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