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The atomic structures, and thereby the coordination chemistry, of metal ions in aqueous solution represent
a cornerstone of chemistry, since they provide first steps in rationalizing generally observed chemical
information. However, accurate structural information about metal ion solution species is often
surprisingly scarce. Here, the atomic structures of Ga®" ion complexes were determined directly in
aqueous solutions across a wide range of pH, counter anions and concentrations by X-ray pair
distribution function analysis and *Ga NMR. At low pH (<2) octahedrally coordinated gallium dominates
as either monomers with a high degree of solvent ordering or as Ga-dimers. At slightly higher pH (pH =
2-3) a polyoxogallate structure is identified as either Gasg or Gas, in contradiction with the previously

. Gt S ber 2001 proposed Ga;z Keggin structures. At neutral and slightly higher pH nanosized GaOOH particles form,
eceive th September ) ) .
Accepted 14th October 2021 whereas for pH > 12 tetrahedrally coordinated gallium ions surrounded by ordered solvent are observed.

The effects of varying either the concentration or counter anion were minimal. The present study

DOI: 10.1039/d1sc05190¢ provides the first comprehensive structural exploration of the aqueous chemistry of Ga®* ions with
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Introduction

The atomic structures of ions and clusters in aqueous solution
are of essential importance across chemical disciplines.'”
Undergraduate chemistry text books inevitably devote consid-
erable attention to describing the atomic structures of complex
ions providing this fundamental information as a basis for all
chemists. However, the structures of ion complexes are difficult
to determine in their solvated form, and direct information is
often lacking. Most structural tools, such as EXAFS or NMR, are
challenged as information on atomic positions beyond the first
coordination sphere is fuzzy, while information from IR and
Raman spectroscopies is indirect and limited to bond identifi-
cation and symmetry information.** Therefore “solvated struc-
tures” for decades have mostly been probed indirectly using, for
example, single-crystal X-ray or neutron diffraction, and it
remains an open question whether the observed solid-state
structures are representative of the solvated regime. As an
example, several gallium structures of varying sizes and coor-
dination have been determined using single-crystal X-ray
diffraction.>** While solid state structures presumably have
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atomic resolution, which is relevant for both semiconductor fabrication and medical applications.

given insight into unknown solvated structures, many struc-
tures remain impossible to crystallize and fundamental uncer-
tainty remains due to the structural perturbations caused by the
solvent and the highly dynamic character of a solution. Recent
developments of the total scattering (TS) and pair distribution
function (PDF) techniques are changing the scientific land-
scape, as the accessibility and quality of data and modelling
possibilities have increased enormously. Building on pioneer-
ing early PDF analysis,"* ™ in recent years a range of solution
structures have been refined with atomic resolution using these
techniques.*''®* These advances inspired us to revisit central,
and previously characterised solution systems, to provide
updated structural information. Here we re-examine the
aqueous Ga’* system using X-ray TS to unravel its complex
solution chemistry.

The aqueous Ga®' system is of significant technological
interest since Ga,Oj; is a promising semiconductor material for
applications, e.g., in gas sensors and solar cells."® Fabrication of
both nanostructures and thin films has been reported from
Ga®" salts in aqueous solution.?** Due to the high sensitivity to
disorder in semiconductors, an atomistic understanding of the
nucleation and growth mechanism of solids from solution is
important for tailoring suitable materials. Such understanding
rests on the structure of the ions in solution, sometimes coined
the precursor structure (PS), since that is the origin point of the
formation reaction.’’?* Aqueous Ga*' chemistry is also inter-
esting for medical applications as both radioactive and stable
gallium nitrates are used for diagnostic and therapeutic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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purposes in cancer and bone diseases, while other gallium
compounds have anti-inflammatory and anti-microbial
effects.”>*® Hence, the aqueous chemistry of Ga®" must be
understood on a structural level including the effects of
concentration, pH and counter ions.

Experimentally, there is consensus in the literature that Ga**
in water coordinates octahedrally to oxygen at low pH and
tetrahedrally at high pH. In general chemistry textbooks, this is
often written as [Ga(H,0)]*" at low pH and [Ga(OH),] ™ at high
pH. In the intermediate range there are reports on both amor-
phous Ga(OH);, solid GaOOH and the Keggin structure
([Ga04Gay,(OH),(H,0),,]71).2% Different theoretical
approaches have also been applied to the hydrated salts, sup-
porting pH regions with either octahedral, Keggin or tetrahedral
motifs.**** Several new gallium clusters have been discovered
by single-crystal X-ray diffraction in the pursuit to confirm the
presence of the Keggin structure, but structural information of
the actual Ga Keggin ion remains elusive.*** In general, char-
acterisation of aqueous gallium chemistry is less extensive than
for the well-studied aluminium system, and group trends in the
periodic table between the two systems have guided the analysis
of various data on gallium systems and suggested similar
structures.””>*

Here we use X-ray TS and subsequent PDF analysis in
combination with "'Ga NMR to investigate the atomic struc-
tures of aqueous Ga** complexes across the entire pH range, for
three different counter ions (nitrate, chloride, sulfate) and Ga**
concentrations in the 0.5-2 M range. Through this compre-
hensive parameter study we provide an understanding of the
complex interplay between the Ga®" species and its chemical
environment, and our study reiterates the often neglected
complexity of solvent chemistry.

Experimental

Aqueous solutions of Ga(NOj;);-xH,O (99.9%, Alfa Aesar),
Ga,(S04);3-xH,0 (=99.99%, Sigma-Aldrich) and GaCl; (anhy-
drous, 99.99+%, Acros Organics) with a concentration of 1 M
were made by adding demineralized water to the salts. For each
salt, a pH series was made by adding varying volumes of 4 M
NaOH solution to the 1 M Ga*" solution to obtain hydrolysis
ratios, R, ranging from 0 to 4 for Ga(NOj3); and Ga,(SO,); and
from 0 to 5 for GaCl;, each with steps of 0.25. The hydrolysis
ratio is given by R = [OH ]/[Ga*']. [OH ] and [Ga®"] denote the
concentrations in the final solution of NaOH and gallium ions,
respectively, which are calculated based on the used volumes
and concentrations (1 and 4 M) of the stock solutions. As an
unknown amount of crystal water is present in the precursor
powders, the three different gallium stock solutions will have
slightly different Ga®" concentrations. This results in a small
shift between the calculated and actual hydrolysis ratios.
Consequently, the pH is not the same for the same hydrolysis
ratio R in the three series, see Fig. 1b. The calculated hydrolysis
ratio, R, will remain the denominator for different samples
throughout, as the actual hydrolysis ratio remains unknown
and the pH of the samples are not unique. Regarding the pH, it
is worth noticing that the slightly elevated pH for the gallium
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Fig.1 (a) PDFs of the pH series for Ga(NOs)z with increasing hydrolysis
ratio, R = [OH~1/[Ga**]. The four regions octahedral, polyoxogallate,
GaOOH and tetrahedral are marked by colored shading for the data
corresponding to similar shaded areas in (b). (b) Measured pH of the
three anion series as a function of the amount of added NaOH in the
form of the calculated R showing that the similar structural signals are
observed at similar pH.

sulfate solutions at low R can be explained by the weakly basic
nature of the sulfate ion.

An additional series was made for Ga,(SO,); with R = 1-1.6
and steps of 0.1. Furthermore, 0.5 and 2 M Ga®" solutions were
made from all the three salts to investigate concentration effects
at R = 0. Addition of NaOH was also done to achieve solutions of
R = 2 at the different concentrations.

TS data were collected for all solutions in 1.45 mm Kapton
tubes at beamline P21.1, PETRA, Hamburg, Germany.
Measurements were conducted with a wavelength of A = 0.1204
A and an instrumental Q. of 28.8 A~ Data of diluted NaOH
solutions with concentrations corresponding to the gallium
solution data were used as backgrounds. Integration and cali-
bration were done using Dioptas.** The program xPDFsuite**
was used for the subtraction and transformation of the data to
PDFs using Qpin = 1.12-1.25 and Qpax = 22.0-28.8 At (maxi-
mizing Qmax and minimising noise and termination ripples).

Modelling of the structures was performed using the DiffPy-
CMI software.*® For the small structural motifs a cluster
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approach was employed including anion contributions and box
restraints to the atomic positions. A crystalline approach was
used for GaOOH.

Single-pulse 'Ga NMR spectra were obtained either at 14.09
T (v.("'Ga) = 182.8 MHz) on a solid-state Varian-Direct Drive
spectrometer using a 4 mm CP/MAS probe, or at 9.39 T (v.("*Ga)
= 121.9 MHz) on a liquid-state Bruker Avance III HD spec-
trometer equipped with a standard 5 mm liquid-state NMR
probe. Solutions were prepared with Ga(NO;);-xH,0 and D,0
(99.90% D, Euriso-top) as described above for the ratios R = 1.0,
1.5,1.6,1.7,1.8,1.9,1.95,2.0 and 2.1 and analysed at 14.09 T. In
addition, a series was made for R = 0 with concentrations of
0.01, 0.05, 0.1, 0.5, 1 and 2 M, which were studied at 9.39 T. The
spectra were acquired for samples of the clear supernatant of
the solutions, as obtained after 5 min of centrifugation at
5000 rpm.

Results and discussion

The PDFs of the pH series of the gallium nitrate solutions are
presented in Fig. 1a, while the similar series for gallium sulfate
and chloride are shown in Fig. S1.T When the signals from the
anions are accounted for, the remaining signal is assumed to
arise from the gallium structures in the solution. Modelling of
the anion signals is discussed further in the ESIL.{ Four distinct
structural regions appear across the full pH range for all three
anions, Fig. 1b (see also Fig. S1t). The four identified structural
regions are: (1) the octahedral region for pH < 2, (2) the poly-
oxogallate region for pH = 2-3, (3) the GaOOH region for 4 < pH
<12 and (4) the tetrahedral region for pH > 12. The different
regions will be discussed separately below. The hydrolysis ratio
R, given as the concentration of OH™ from NaOH divided by the
concentration of Ga®* from the gallium salts (R = [OH ]/[Ga*"]),
will denominate the samples through the study as the pH value
is not unique for all samples.

Octahedral region

The 1 M Ga®*' solution without added NaOH (R = 0) shows
structural correlations at 1.95, 2.73 and 4 A, Fig. 1a. The
correlation at 1.95 A corresponds to the gallium-oxygen
distance for an octahedrally coordinated Ga*" ion, whereas the
distance for tetrahedrally coordinated oxygen is 1.85 A in
various gallium oxide crystal structures, Fig. 2. The oxygen-
oxygen distance in the octahedron gives rise to the signal at 2.73
A.

The significant peak at 4 A is not explained by the simple
octahedral coordination around Ga®" (Fig. 2) and as the peak is
quite wide it requires careful consideration during modelling.
An octahedral dimer model has previously been suggested for
this feature, which describes both the distances and the
intensity ratio of the 1.95 and 4 A peaks when refined (Fig. 3a)."”
We have reanalysed the dimer model, and significantly better
fits of the 4 A peak can be obtained if the atoms of the dimer are
allowed to relax where R,, changes from 0.499 for the model
published by Sommer et al.'” to 0.412 for a relaxed model (see
ESI Fig. S3 and S4t). However, the improved dimer model
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Fig. 2 Comparison of (a) the R = 0 Ga(NOsz); PDF data with (b)
calculated PDFs for four small gallium—-oxygen structures. From the
top the first structure is from the B-Ga,Os crystal structure® the
second and third are from Ga(NOz)3-9H,0O% and the fourth from the
study by Sommer et al.¥’

comes at the expense of increasing the number of refined
parameters. We show below that the 4 A feature alternatively
can be modelled with an octahedral monomer surrounded by
ordered solvent molecules (Fig. 3b). The monomer model with
solvent molecules provides a much better fit (R,, decreases to
0.284), but again at the expense of more parameters. It is
therefore important to scrutinize the different models.

To exemplify the different structural features in the mono-
mer and dimer models we have calculated partial PDFs as seen
in Fig. 4. The partial PDFs clearly show that Ga-O is the 2 A

Gobs»ﬁt

N

5
r(A)
Fig. 3 PDF of the 1 M solution of Ga(NOs)s with R = 0 modelled with
(a) octahedrally coordinated Ga®* in a dimer (R,, = 0.412) and (b)
a monomer with a second solvent shell (R,, = 0.284). The two models

are shown as insets with green ochatedra representing GaOg and
solvent oxygen as red spheres.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Model calculation of partial PDF contribution to (a) the
monomer with the solvent and (b) the dimer model.

peak, while Ga-O and Ga-Ga describe the 4 A peak. The O-O
only makes a small contribution to the PDF and describes the
2.8 A peak for both models. The N-O distance in nitrate
accounts for the shoulder at 2.2 A (see also the ESIt for anion
features).

It is difficult to determine the exact number of solvent
molecules in the monomer model as additional fitting param-
eters naturally will improve the agreement with the data. In
Fig. 5 we show fits using different numbers of water molecules
(oxygen atoms) surrounding the central monomer unit. In
Fig. 5a the oxygen positions are fixed at the values from the
crystal structure,* while in Fig. 5b the oxygen positions are
refined with a box restraint of 0.2 A. As seen in Fig. 5a the
shape of the 4 A peak is too sharp in the crystalline model, but
when the oxygen positions are refined a broadening can be
achieved which better describes the peak shape in the PDF,
Fig. 5b. Use of four or six oxygen atoms is not sufficient to fully
describe the 4 A peak, whereas eight oxygen atoms give a satis-
factory description. Further increasing the number of oxygen
results in slight improvement in the fits, but with a substantial
increase in the fitting parameters. 16 oxygens give slightly too
large intensity in the 4 A peak. It appears that on balance the
best model has eight oxygen atoms, but since the system is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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highly dynamic it is reasonable to expect a significant range of
solvent molecules. The dimer as reported by Sommer et al."’
gives a narrow signal for the 4 A peak, which is similar to the
crystal model for the monomer (Fig. S4bt). For a better
description refinement of atomic positions was done with
altering box restraints (Fig. S4c and Table S1t) resulting in the
model presented in Fig. 3 and 4 with a box restraint of +0.9 A.
The dimer model and the solvated monomer model both
produce satisfactory and quite similar fits of the PDF and it is
not possible to firmly differentiate between the two based on the
present data.

In the solvated monomer model, the oxygen-oxygen
distances between the first and second hydration shell refine to
2.59-3.27 A. These values are within the normal range of
oxygen-oxygen distances in water,"*® confirming that the
refined structure is physically sensible. Hydration shells beyond
the first are often observed as broad signals;******* in contrast to
this, in this respect, a quite narrow peak at 4 A was observed.
This indicates a specific ordering dictated by hydrogen bonds in
the solvent model. For the dimer model, on the other hand, the
peak at 4 A appears quite wide for a specific rigid Ga-Ga
distance, but this can be explained by dynamically varying Ga-
O-Ga angles. In the dimer model the effect of an ordered
solvation shell must be limited as it would lead to an over-
description of the 4 A peak.

Previously reported EXAFS data are also equally well
described by the two different structural models (Table S3 and
Fig. S5-S971). Theoretical studies have not included a dimer
model, and therefore its relative stability with respect to the
solvated monomer model is unknown. It should be noted that
the two models and their refinements are not considered to be
uniquely correct and mutually exclusive models for the struc-
tures in the solution, but rather as examples of possible struc-
tures. Indeed most likely many slightly different structures are
present in a dynamic solution, where the two presented models
capture the structural characteristics of the actual structures. A
mixture is possible - the present PDF data cannot differentiate
between the two models.

The above observations are in general agreement with the
literature, which describes the structure as an octahedrally
coordinated Ga** ion at R = 0 based on EXAFS, NMR, Raman
spectroscopy and theoretical calculations.”=*>** Only a few of
these studies treat the structure beyond the first coordination
shell of six water molecules, and the structure is often simply
written as [Ga(H,0)s]*".>>** The present modelling clearly shows
that a higher degree of structural complexity (and order) is
present in the aqueous solution.

While the X-ray scattering signal from hydrogen atoms is low
and difficult to describe in the PDF models, it is still possible to
consider the ligated species from a chemical perspective. As the
pH is measured to be approximately 0 for the R = 0 solutions
(except for the Ga,(SO,); solution due to the basic properties of
the anion) hydrolysis must occur as [Ga(H,O)s]" —
[Ga(OH),(H,0)s_]® " + xH" with x = 1 to give the correct pH.
This makes [Ga(OH)(H,O);]*" a more chemically correct
description of the gallium species at pH = 0 rather than the
commonly used [Ga(H,O)¢]**. If we include this chemical

Chem. Sci., 2021, 12, 14420-14431 | 14423
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Fig.5 PDFsof Ga(NOs)s R = 0 fitted with: (a) the monomer model with different number of solvent oxygen atoms with positions fixed at values in
a crystal structure® and (b) the same models with refined oxygen positions and a box restraint of £0.2 A.

consideration then the modelled dimeric species can be written
as [Ga,0(H,0)10]"", while it is [Ga(OH)(H,0)5(H,0)s]*" for the
solvated monomer model.

When NaOH is added to the solutions (increasing R) the
signal at 4 A gradually disappears, while the remaining signal is
left unchanged, Fig. 1a. The 4 A distance corresponds to either
the Ga-Ga distance in the dimer or the solvent coordination.
The disappearance of a peak at 4 A suggests that either the
dimer breaks down or the solvent coordination becomes less
significant. This might be caused by a deprotonation of
[Ga(OH)(H,0)s]** which in turn would reduce the electrostatic

14424 | Chem. Sci, 2021, 12, 14420-1443]

ordering of the second water coordination. Addition of counter
ions might also be a part of the explanation for lower ordering
of the solvent or breaking of the dimer in the octahedral region.
Additional ions are known to affect the bulk water structure,>*?
and they would likely result in a less ordered structure around
Ga*".

Polyoxogallate region

A larger structure gradually forms with increasing R. New peaks
appear first at 3.1 and 3.5 A and their heights become similar to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the Ga-O peak at 1.95 A which is observed for R = 2 (Fig. 1a).
With correlations extending to at least 8 A, the structure must
be a polyoxogallate cluster.

Several different polyoxogallates have been reported with the
first being the Ga;; Keggin ion with the nominal stoichiometry
[Ga0,Ga;5(OH),4(H,0)1,]" "2 This structure was suggested
based on potentiometric measurements and “'Ga NMR
(observing both tetrahedral and octahedral coordination), and
combined with gallium's similarity to aluminium where the Al;3
Keggin ion is well established.?® Several studies have sought to
crystallise the Ga;; Keggin structure, but these resulted in
different polyoxogallate clusters of varying sizes: Gag, Gao, Ga,,
planar Ga;s, Gazo and Gas, (full nominal composition in Table
S41).5** Importantly, no study specifically has observed the
atomic positions in the suggested Ga,; Keggin structure.

For the present data the B-, y- and 3-Ga;3 Keggin isomers
derived from aluminium crystal structures along with the Gaz,
and Gag, structures give the best descriptions of the PDF (R,, =
0.45, 0.37, 0.40, 0.36, 0.38, respectively, Fig. 6a and Table S57).
The remaining gallium structures and other common poly-
oxometalate clusters fail to describe the data (Table S5 and
Fig. S10%). It has not been possible using only the PDF data to

Gag,

Fig. 6 (a) PDF refinements of the five Keggin isomers as well as Gazg
and Gas, for the Ga(NOs3)z solution with R = 2. (b) The different pol-
yoxogallate structures.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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firmly determine which of the structures are present. Further
information on the modelling can be found in the ESI.{

The different polyoxogallate structures are shown in Fig. 6b.
The Keggin structures consist of four trimers of edge-sharing
Ga-O octahedra surrounding a tetrahedrally coordinated Ga
atom. For the o-Ga,; isomer, the trimers are connected by
corner-sharing between neighbouring trimer units. Isomeriza-
tion occurs by rotation of a trimer with 60° around its center. In
this way, the bonding between the trimers shifts to being edge-
sharing for the e-isomer. A previous theoretical study reported
the y-Ga,; Keggin isomer as the most stable structure at the pH
interval above the octahedral regime,** while a combined NMR
and EXAFS study suggests the e-Ga,; isomer. For comparison,
the Al,; Keggin ion has been observed as y-, 8- and e-iosomers.**

The Gaz, and Gaj, structures both have similar structural
motifs to the Keggin ions with four tetrahedrally coordinated Ga
atoms in the center surrounded by planes of edge-sharing Ga-O
octahedra. The Gaj, structure is indistinguishable from the
Gaz, structure except for the addition of two octahedra in
opposite corners of the structure.

The Ga,3, Gazo and Gaj, structures have different ratios of
tetrahedrally to octahedrally coordinated Ga®** (Fig. 7, lines).
The experimental ratios of Ga(iv)/Ga(vi) were determined by
spectral integration over the characteristic ranges for Ga(v) at
=~ 180 ppm and Ga(vi) at = 0 ppm, giving values of 0.13-0.17(2)
for samples with R = 2 and pH matching the polyoxogallate
region (Fig. 7 and S11, S127). As the structures in the neigh-
bouring pH regions solely consist of octahedrally coordinated
Ga*", it is assumed that no free tetrahedrally coordinated Ga*" is
present in the solutions. In that case the measured NMR ratios
clearly suggest that Gaz, and/or Ga;, structures dominate the
solutions with R = 2, where the PDF signal of the polyoxogallate
is strongest.

At R = 1.8, a lower Ga(v)/Ga(vi) ratio is observed, and this
may have two explanations: (1) the combination of an octahe-
drally coordinated Ga®" and a Ga,/Gas, structure, or (2) a Gays

0.184 e Experimental ratio
0.16
Gag + TR
~ 0144 Gag, * T
>
T 012 T
Q 0.10
<. :
T 008 Gag '
O
0.06
0049 Polyoxo-
0.02 4 % % } i gallate
region
0.00 T T T T T

T
1.0 1.2 1.4 1.6 1.8 20 22
R

Fig. 7 Experimental ratios of the tetrahedrally to octahedrally coor-
dinated Ga®* determined by "*Ga NMR. The horizontal lines indicate
the ratios in the Gajz, Gazg and Gas, structures at 0.083, 0.154 and
0.143 respectively. The grey area marks the R-region with the highest
PDF signal from the polyoxogallate structure.
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Keggin structure, which transitions to the Gazo/Gas, structure
upon further OH™ addition. The first explanation is the
simplest with only one stable polyoxogallate structure. This
matches previous reports, where there is no evidence of more
than one structure in the interval between the octahedral
structure at the lowest pH and the GaOOH structure at inter-
mediate pH. Thus, the present data suggest that the Ga;; Keg-
gin structure does not exist for Ga** in aqueous solution, and in
reality the polyoxogallate is a Gazo/Gasz, structure. The misin-
terpretation presumably is due to weak experimental evidence
in combination with a tendency to correlate Ga data with the
well-known Al;; Keggin structure. It should be noted that the
Gazo and Gajz, moieties have been observed in crystal struc-
tures,"** whereas the Ga,; structure has never been firmly
demonstrated.

The formation of large polyoxogallates must originate from
one of the octahedral [Ga(OH)(H,O)s]** structures. With the
addition of OH™ the reaction for the Ga;, could be:

30[Ga(OH)(H,0)s]*" + 480H~ — [Ga300;6(OH)46(H,0)16]' > +
150H,0 (1)

(corresponding Gaj, and Ga,; reactions are given in the ESIT).
Upon addition of OH™, neutralisation of the H" also occurs as
the pH goes from =0 to =2 ([H'] = 1 M to [H'] = 0.01 M).
Approximating a complete neutralisation the hydrolysis ratio
for Gaz, will be R = (48 + 30)/30 = 2.6, while the ratios are 2.46
for Ga,3 and 2.9 for Gas,. These values correspond well with the
R values used for the observed data, and thus they cannot be
used to distinguish between the structures.

GaOOH region

At elevated pH (10-12) the solutions show PDF correlations up
to 20 A, and the peak positions match those of crystalline
GaOOH.” The GaOOH structure consists of octahedrally coor-
dinated Ga with both edge- and corner-sharing motifs. Below 5
A the correlations are very similar to those observed for the
polyoxogallate structure (Fig. 1a). This is explained by the very
similar local coordination of Ga in GaOOH and the poly-
oxogallate structure, where edge-sharing octahedra dominate.
Above 5 A the correlations are stronger for the GaOOH region
data and at 5.3 A a new and distinct peak appears, which clearly
distinguishes the newly formed structure from the poly-
oxogallate regime. The peak corresponds to the Ga-Ga distance
in GaOOH, which is not present in the polyoxogallate struc-
tures. The transition from the polyoxogallate cluster to GaOOH
occurs with addition of only a small amount of NaOH.
Assuming the polyoxogallate structure to be Gas, the reaction
could be:

[Gas0,6(0OH)46(H,0)6]'>* + 120H™ — 30GaOOH + 30H,0(2)

Both these reactions, as well as the reactions from Ga,; and
Gag, to GaOOH require only a small amount of OH™ (see the
ESIt), and this agrees with the observed abrupt transition.

The strongest signal from GaOOH is for the R = 2.5 solution
(Fig. 1a). Modelling of the PDF was attempted with several
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Fig. 8 GaOOH modelled using two GaOOH phases at R = 2.5 for

Ga(NOg3)s solution. The refined structure of the large GaOOH phase is
shown as the inset.
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different models (ESI Tables S7, S8 and Fig. S137). A two-phase
GaOOH model is necessary to describe the relative peak inten-
sities, and both atomic positions, particle size and unit cell
parameters were refined individually for each phase (Fig. 8 and
Table S9). The model suggests that distorted GaOOH struc-
tures are present with bimodal size distribution or anisotropic
size. The refined particle sizes are approximately 25 A and 10 A
for the two phases, respectively.

Tetrahedral region

When the pH is raised above 12 the long-range order of the
GaOOH nanoparticles disappears. The only remaining sharp
peak (besides the anion signals) is the Ga-O peak, which shifts
from 1.95 A to 1.85 A revealing a transformation from octahe-
dral to tetrahedral Ga. The transition may be described as
GaOOH + OH™ + H,0 — [Ga(OH)4]". Modelling using a Ga-O
tetrahedron and anion contributions describes the PDF data
below 3 A very well, but as for the octahedral region (R = 0)
a peak at 4 A is not accounted for in a simple monomer model
(Fig. 2). The peak is broader and weaker than for the R = 0 data,
and a structure of tetrahedral dimers is therefore unlikely. This
leaves solvent ordering as an obvious possibility. No crystal
structure exists for a tetrahedral coordinated Ga*" with
surrounding oxygen, thus the solvent oxygen was placed
manually and their positions refined. The number of
surrounding oxygens was varied. For four oxygens the signal at 4
A is not fully described, while the PDF data can be very well
described by including five to six oxygen atoms from ordered
water molecules (Fig. 9a). As for the octahedral model, the
model with the lowest amount of oxygen, ie., five, could be the
best for the description of the system, while it is reasonable to
expect a range of solvent molecules. The structure is illustrated
in Fig. 9b.

The inclusion of five solvent molecules in the model results
in a structure which can be written as [Ga(OH),(H,O)s] . The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) PDFs of the Ga(NOs)s solution with R = 4 modelled with
tetrahedrally coordinated Ga®* including anions 4, 5 and 6 solvent
oxygen atoms. (b) The refined structure with 5 solvent oxygen atoms is
shown as the inset with the green tetrahedra representing GaO,4 and
oxygen as red spheres.

nearest neighbour O-O distances between the first and second
hydration shells are 3.15-3.60 A, which is mostly within the
normal O-O distance in water."*® Further details on the
modelled cluster are given in Tables S10 and S11.7 As for the
octahedral models it should be noted that this is not a unique
model, but rather a representation of possible similar
structures.

Assuming the monomer models to be correct then it is
interesting to observe that the solvent molecules behave
differently around octahedrally (R = 0) and tetrahedrally (R = 4)
coordinated Ga** ions. More water molecules are ordered in the
second coordination shell around the octahedral Ga** than
around the tetrahedral Ga®" (eight versus five oxygens, respec-
tively). This can only partly be explained by geometrical
considerations due to the size difference of the first coordina-
tion shell (six versus four water molecules). The O-O distances
between the coordination shells are generally shorter in the
octahedral model (2.59-3.27 A for Ga(NO,);) than in the tetra-
hedral model (3.15-3.60 A for Ga(NO;);). For octahedral Ga®"
(low pH) stronger attraction to the inner complex [Ga(OH)(H,-
0)s]*" is expected, while the tetrahedral complex at high pH is
[Ga(OH),]". Despite the large size of the first shell of the octa-
hedral complex, the charge density is larger than that for the
tetrahedral complex. This makes stronger hydrogen bonds

© 2021 The Author(s). Published by the Royal Society of Chemistry
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possible and therefore relatively less solvent ordering is
observed for the tetrahedral complex.> However, one should
remember that the ion concentration increases with increasing
R-values. As ions are known to affect the bulk water structure>**
this may affect the solvent ordering around the Ga*" ions, and
thereby partly explain the observed differences between
aqueous octahedral and tetrahedral Ga®* species.

Effect of counter anions

So far we have only discussed the PDFs for the Ga(NO3); solu-
tions, and we now turn to the Ga,(SO,); and GaCl; solutions.
For the octahedral (pH < 2), tetrahedral (pH > 12) and GaOOH (9
< pH < 12) regions, the PDFs are very similar across the three
salts, and this directly demonstrates that the counter anions in
the solution have a limited effect on the aqueous gallium
structure. As shown in the ESI,¥ the models used for the
Ga(NO;); solutions can also be used to obtain satisfactory fits to
the PDFs from the Ga,(SO,); and GaCl; solutions (Fig. S3, S4,
S14, S15 and Tables S1, S2, S19, S11}). For the GaOOH region
a small difference is observed. Here, the refined sizes for the two
GaOOH phases are approximately 25 and 10 A for the Ga(NO3);
and Ga,(S0,); solutions, while they are 15 and 8 A for the GaCl,
solution. This indicates that the chloride ions might impede the
growth of GaOOH crystals.

More pronounced differences are observed for the poly-
oxogallate region. As seen in Fig. 10a the PDFs of the Ga(NO3);

_ —S0,.#R=15
o) NO; R=2
—CI'R=25

G(r)

Fig. 10 (a) PDFs for Ga,(SO4)s at R = 1.5 A, for Ga(NOz)s at R = 2 and
for GaClz at R = 2.5 with the anion contributions subtracted. (b)
Simulated PDFs for the different structural units depicted in (c). (c)
Structural units with the Gaszg structure at the top followed by the y-
Gagz Keggin unit and then different motifs extracted from these
structures. The red shaded units are used for fitting the PDF for the
Ga,(SOy4)3 solution, while the yellow/green shaded structures are the
Gazo and y-Gayz structures which describe the Ga(NOs)z and GaCls
PDFs (see text).
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and GaCl; solutions have very similar peaks and relative
intensities, when the anion contribution is accounted for, and
the GaCl; solution therefore contains the same polyoxogallate
structure as the Ga(NO3); solution (the Gazo/Gas, moiety). For
the Ga,(SO,); series with R = 1.5 the PDF peaks above 5 A are
weak and the ratio of the peaks at 3.1 and 3.5 A is different from
the other two solutions. Since derivatives of Keggin ions are
known with octahedra or full trimers removed,* different
alterations of the Ga,; and Gaj, structures were used to fit the
Ga,(S0,); data (Fig. S16t). Removal of more than half of the
edge-sharing octahedra gives satisfactory fits (red shaded
structures in Fig. 10b and c). These structural motifs include
one or two trimers of octahedra connected to a central tetra-
hedron by corner-sharing.

The structural motifs describing the Ga,(SO,); data are part
of the Gaszy, Gaz, and Ga;; Keggin structures, and it is possible
that they are intermediates in the formation of these larger
polyoxogallate structures at a different R-value. However, PDFs
of samples with R between 1 and 1.6 contradict this possibility,
since similar PDFs are obtained across the entire polyoxogallate
region for the Ga,(S0,); solutions (Fig. S171). Since the anions
represent the primary difference between the different salts, the
sulfate must be the origin of the different behaviour, and it may
coordinate with the clusters and stabilize smaller structures.

The transitions between the octahedral region and the pol-
yoxogallate region are different for the three counter ions
(Fig. S11). For the Ga,(SO,); series the peak at 3.5 A is somewhat
more pronounced than the one at 3.1 A already at low R,
whereas for Ga(NO;); these two peaks have similar intensity
throughout the series. GaCl; seems to follow the same trend as
Ga(NOs3); even though it is harder to distinguish, as the broad
signal from CI-O bonding at 3.2 A is present in the same area.
The similar intensity ratio of these peaks is seen for the full
Gasg, Gaz, and Ga,; Keggin structures previously identified for
Ga(NO3); R = 2 (Fig. 10b and c structures marked with yellow/
green). This indicates that the full Gas,/Gaz,/Ga; structure
could form directly without intermediates, while not all
possible intermediates can be excluded.

Based on EXAFS and NMR data on a similar pH series for
Ga(NO3); and GaClz, Michot et al. suggested the presence of
distinct trimers/tetramers before the signals from the Keggin
ion arise.” Such isolated trimers do not give rise to a significant
peak at 3.5 A (Fig. 10), and thus clearly the models proposed by
Michot et al. cannot describe the present PDF data.

Effect of precursor concentration

The salt concentration has been reported to influence the
structures in aqueous solution based on calculated Gibbs
energies from a group additivity method.*> Here we have
investigated concentrations of 0.5, 1 and 2 M for all three salts
at R = 0 and R = 2 (Fig. 11), and the PDFs are virtually identical
across this concentration interval. The most noticeable differ-
ence is that the noise level is higher at low concentrations due to
the lower scattering signal relative to the background. The
present PDF data do not support appreciable effects of
concentration on the solution structures of Ga>".
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Fig. 11 PDF data for aqueous solutions of Ga(NOs)s;, GaCls, and
Ga,(SO4)3 with concentrations of 0.5,1and 2 M. (a) R=0and (b) R = 2.
The variations between the salts is due to differences in pH as outlined
in Fig. 1b and Table S12.7

We also investigated a concentration series from 0.05 to 2 M
for Ga(NO;); at R = 0 by "'Ga NMR. A significant increase of the
linewidth was observed at lower concentrations (Fig. S18, S19
and Table S137), indicating a more rigid environment around
Ga*' or increased dynamics at low concentration. However, the
linewidth of the "'Ga NMR signal is nearly the same for the 0.5-
2 M solutions, supporting the PDF observations. Further dilu-
tion leads to an increase in pH up to 2. Michot et al. observed
linewidth broadening with addition of NaOH to Ga** solutions
in their NMR data.” Thus, the line broadening might be caused
by a change in pH and compared to small increases in R-values.

Concluding remarks

Aqueous structures of metal ions represent one of the most basic
pieces of information in chemistry, and every general chemistry
text book will touch on this issue. Even so the experimental data
used to deduce solution structures of metal ions are often weak
and indirect, and conclusions are often quite speculative. The
most concrete structural information comes from local struc-
tural probes such as NMR and EXAFS, but these techniques are
challenged when looking beyond the first coordination sphere.
Here we have introduced X-ray total scattering and PDF analysis
to probe the aqueous structures of Ga®* ions across pH and
using three different counter ions (sulfate, chloride and nitrate).
Since the PDF implicitly probes both short range and long range
order, very detailed structural models can be obtained, and the
present study exposes a huge complexity in solution phase
structures including the ordering of adjacent solvent molecules
to both first and second coordination spheres.

For aqueous Ga®" four structural motifs are identified with
variation in pH. At low pH (<2), Ga®* is octahedrally coordi-
nated, and the PDFs can be modelled either with a corner-
sharing dimer or with a monomer further surrounded by
eight ordered water molecules. Both models are significantly
more complex than previously established models in the liter-
ature. Above a pH of 12, a tetrahedrally coordinated Ga®" ion is
present, and also here it is essential to include ordered solvent
molecules in the model to properly describe the PDFs. Usually
the structures in these two pH ranges are described as free Ga>*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ions, [Ga(H,0)s]>" and [Ga(OH),] , respectively. The present
PDF data show that such simplistic structures are incorrect, and
even the simplest aqueous metal ion systems contain complex
structures that must influence their chemical behaviour.

At pH = 2-3, polyoxogallate structures are observed. The
PDFs can be described by both the B-, y- and 8-Ga;3 Keggin
isomers and the previously reported Gasz, and Gas, structures.
However, "'Ga NMR spectroscopy strongly indicates that Gaso/
Gas, species must be present at pH = 2-3. Our data therefore
question the actual existence of the Ga,; Keggin ion. The three
structures Ga;3/Gazy/Gaz, share many structural similarities,
which may explain why the Ga,; Keggin ion has been the
prevalent structural suggestion in this pH interval.

At neutral and slightly elevated pH, nanosized GaOOH
particles form, with a slightly distorted atomic structure. The
particles are observed to have a bimodal size distribution, but
overall the sizes range between 8 and 25 A.

The nature of the counter anion (sulfate, chloride, nitrate)
has little effect on the solution structures of Ga®". Only in the
polyoxogallate region of the sulfate solutions there is a differ-
ence, and the large Ga;3/Gasy/Gas, structures observed for
chloride and nitrate are absent. Instead, the sulfate ion stabi-
lizes smaller structures containing trimer(s) of octahedra,
which are corner-sharing with a tetrahedron. These smaller
structures are also part of the Ga,3/Gazo/Gas, structures, but it
does not appear to be an intermediate in the formation of the
larger structures since it is not observed for the other counter
ions when the pH is altered.

Change in metal ion concentration from 0.5 M to 2 M has no
effect on the solution structures observed by PDF in contra-
diction with previous reports. We observe an effect on the "'Ga
NMR linewidths when the concentration change is very large,
but since the metal ion concentration correlates strongly with
the pH, a pure concentration effect is not documented.

The study highlights similarities between the aqueous
gallium system and the more extensively studied aluminium
system, but it also showcases the importance of not just relying
on expected chemical similarities as seen, e.g. with the differ-
ence of polyoxometallate structures. The similarities and
differences observed for the solvated gallium ions can in turn
form the basis for further understanding of the behaviour of
gallium ions in different applications such as during hydro-
thermal formation of gallium oxides.

The present work has unravelled a fascinating, but hitherto
unappreciated, structural complexity even for simple metal ions
in solution. The data presented here touch on the most basic
chemical information available, and such information is widely
used, e.g. for rationalising electrochemical data in Pourbaix
diagrams. It appears that the structures of metal ions in solu-
tion should systematically be revisited using the powerful
analytical probe of X-ray total scattering, which is now
becoming more widely available due to advances in synchrotron
radiation technology. Such work could provide more complex
and precise information about solvated species and form
a better basis for rationalising the solution chemistry of metal
ions.
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