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Novel crystalline transformation of Al polycation sulfates from
tetrahedral to block shape was observed spontaneously in
aqueous solution. Theoretical calculations revealed that the
transformation reaction was driven by thermodynamics, which led
to the dissolution of Na+ from Al13 polycations in the crystal
lattice. A new crystalline phase was formed by subsequent reorganization and re-growth.

Aluminum is the third abundant element in the earth's crust;
various aluminous minerals, such as aluminum hydroxide,
alumina and aluminum oxyhydroxide, were formed via
various geochemical reactions. These aluminous minerals
greatly impact the chemistry of aluminum in the dynamic
living environment.1 However, the formation and evolution of
these minerals are not very clear. In AlĲIII) aqueous chemistry,
various model molecules used to simulate the kinetic
properties of mineral surfaces in aqueous solutions can be
generated by hydrolysis reactions, providing good
opportunities to study the formation mechanisms of
aluminous minerals in natural conditions.2 Ion-exchange and
absorption are the most important reactions for mineral
transformation, during which their composition and crystal
phase can change correspondingly.3
A series of soluble inorganic oligomers and polymers can
be generated in AlĲIII) hydrolysis reactions. In particular,
[AlO4Al12ĲOH)24ĲH2O)12]7+ (Al13) is the most famous and important polycation, which links the initial hydrolysis process
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and the formation of aluminium hydroxide. Al13 is composed
of one central AlO4 tetrahedron and twelve surrounding edgeshared AlO6 octahedra to form a so-called Keggin structure
(Td symmetry).4 For its great potential applications in geochemistry, material science, coagulation science and other
areas, Al13 has been widely studied with respect to its physical and chemical properties.5 Although researchers have
obtained deep understanding of Al13 with respect to its formation and evolution, molecular exchange and coagulation
mechanism, etc., studies on its properties in solid phase are
still lacking. So far, Al13 has been found in the so-called
zunyite mineral, stabilized by silicates.6 Other Al13 salts with
different morphologies and compositions can be obtained by
the addition of different anions into Al13 solutions.7 It was
found that aluminum hydroxide could be formed from Al13;
Bradley et al. believed that the transformation underwent
Al13 → pseudo spinel → pseudo boehmite → bayerite process.8 However, different surrounding ions and molecules
can greatly influence the transformation of Al13 in the solid
phase. Thus, it is of great significance to study the properties
of Al13 in various solids to reveal the possible mechanisms
for the formation of aluminous minerals from Al13.
Herein, two types of sulfate crystals based on Al13 (type I
and II) were synthesized, and novel crystal transformation
was observed from tetrahedral crystals (type I) to blockshaped crystals (type II) after soaking in water. Al13 could react with other anions via hydroxyl groups and water molecules outside the polycation to form precipitates.9 It is noteworthy that sulfate could prevent the formation of Al13 in
AlĲIII) hydrolysis solution.10 However, when Al13 was formed
beforehand, sulfate could stabilize Al13 by forming precipitates, which could be used to purify Al13 from polyaluminum
chloride (PAC).11 Currently, various morphologies of Al13 sulfates have been observed under different conditions such as
fiber shape, monoclinic rectangle shape and tetrahedral
shape.7 Tsuchida et al. prepared two types of Al13 sulfates;
one sample was obtained by washing with water and for
obtaining the other sample, washing was not used.12
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Although various Al13 sulfate crystals were synthesized, it was
confirmed that type II crystal was the ultimate stable crystalline phase for Al13 sulfates in aqueous solutions.13
Experimental results showed that type I crystals are
formed only in the presence of Na+. To investigate the composition differences between type I and II crystals, elemental
analysis and solid 27Al-NMR characterization were carried
out. As shown in Fig. S1,† the peaks at 62.5 ppm in both 27AlNMR spectra were assigned to the Al13 structure due to the
resonance of central AlO4 units.14 The element analysis results indicated that the Al : Na : S ratio for type I crystals was
13 : 1 : 4 and for type II crystals, it was 13 : 0 : 3 (Table SI†).
Thus, the Al13 polycations were preserved and Na ions
disappeared after transformation. Therefore, Na+ should play
an important role in forming type I crystals. Meanwhile, the
XRD results indicated that the transformation was a slow process; many months were required to complete the transformation at room temperature (Fig. 1A).
To confirm the effect of Na+ during transformation, a series of immersion tests were carried out; NaCl, Na2SO4, KCl,
NH4Cl and (NH4)2SO4 solutions were selected, and pure water
was used for comparison. The XRD patterns (Fig. 1B) for the
resulting crystals (soaked for 1 month) showed that the transformation clearly occurred in solutions without Na+ and almost no transformation occurred in the presence of Na+ ions
(0.2 mol L−1). According to kinetic equilibrium theory, it was
certain that Na+ dominated the solubility and transformation
equilibrium in aqueous solutions. The same question of why
type I crystals were formed in the presence of Na+ at the
beginning was considered. Zhang et al. believed that
[NaĲSO4])4]7− templates were formed at first; then, Al13 polycations stacked around the templates and assembled into
large tetrahedral blocks.15 However, it can be difficult to form
stable [NaĲSO4])4]7− templates due to intense electrostatic repulsion between SO42− ions; the effect of Na+ ions in forming
type I crystals will be discussed below.
The EDS results (Fig. S2†) indicated that Na ions
disappeared after transformation, which was consistent with
the result of elemental analysis. The most important fact was
revealed by SEM images (Fig. 2); it can be seen that the transformation process included two steps: (I) Type I crystals
decomposed into small crystals with size of about 2 μm
(Fig. 2B and C). (II) The small crystals grew to form large
crystals with size of about 1 mm (Fig. 2D). It was confirmed
that the composition of the small crystals was the same as

Fig. 1 The XRD patterns of type I crystals (A) soaked in water for
different times and (B) soaked in aqueous solutions of different salts
for 1 month.
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Fig. 2 The SEM images of crystals obtained from different steps of
transformation. The type I crystals were soaked in water for (A) 0 day,
(B) 1 month, (C) 2 months and (D) 3 months.

that of the type II crystals. Therefore, the transformation
should be a process that occurs inside the type I crystals in
the first step; the small crystals were crystal seeds for the second step. Unlike re-crystallization, transformation could be
achieved in very dilute solutions spontaneously. To study the
solubility of Al13 sulfates, Al concentrations were determined
after type I crystals were soaked in NH4Cl and (NH4)2SO4 solutions. As shown in Fig. S3,† the balanced Al concentrations
were both low; the concentration was higher in NH4Cl solution (44 μmol L−1) than in (NH4)2SO4 solution (30 μmol L−1),
indicating that the main Al species in two solutions were Al13
categories. This explains why it took months to complete the
transformation.
The crystal structures of type I and II crystals were determined by single crystal X-ray diffraction. Crystallographic
data and selected bond distances and angles are listed in Table S2 and S3.† The crystal system was converted from cubic
to monoclinic, corresponding to the transformation. As
shown in Fig. S4,† the Al species in two crystals are basically
Al13. For type I crystal, there is one Na+ capping on one set of
Al3(OH)6 trimer via three μ3-O to form a new species (Na–Al13).16
However, for type II crystal, Na+ disappeared. Previously, a
new Al species Na–δ-Al13 was synthesized in 2,6-napthalene
disulfonate solution. Na–δ-Al13 is similar to Na–Al13, but the
Al3ĲOH)6 trimer linked to Na+ rotates by 60°, which leads to
considerable variation in Al–O bond lengths in the AlO4

Fig. 3 The packing structure of type I crystal seen from the side (A)
and the top (B); Na+ and binding water are present as disordered form.
(C) The tetrahedral configuration of adjacent sulfates in crystal
structure.
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Fig. 4 The average displacements of different elements in two
crystals as a function of time simulated by MD calculations.

unit.17 δ-Al13 is a part of Al30 ([Al30O8ĲOH)56ĲH2O)26]18+) structurally; it was thought that Na+ played an important role in
the formation of δ-Al13 by stabilizing the intermediates.18
Here, Na+ reacted with Al13 just to form Na–Al13 by quick addition of SO42−, as reported before.7d,19
The packing structure of type I crystal is shown in Fig. 3.
Al13 polycations are arranged in parallel layers, and the distance between two neighbouring layers is 10.26 Å. In each
layer, three adjacent Al13 polycations comprise a regular triangle; another Al13 polycation in a neighbouring layer is located over this triangle to form a tetrahedron (Fig. 3A). Na+
and its binding water molecules are disordered and located
in the internal void of the above-mentioned tetrahedron; the
ratio of Al13/Na+ is 1 : 1. According to the distances between
the water molecules and Al13, medium or weak hydrogen
bonds should exist (Fig. S5†). Observing from the top, the
two triangles surrounding the same Al13 are parallel and
crossing by 60° to satisfy the cubic ABC close packing mode
(Fig. 3B). In addition, the adjacent sulfates are also arranged
into tetrahedra (Fig. 3C) and placed in the gap between
layers; the sulfates interact with Al13 polycations to form
strong hydrogen bonds (Fig. S6†). The packing structure of
type II crystal is shown in Fig. S7.† It can be seen that the sulfates are intricately placed in the crystal, and Al13 polycations
are arranged into parallel layers along the b axis; the distance
between adjacent layers is 12.03 Å. By comparing the packing
structures, it can be confirmed that Na+ plays an important
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role in the formation of tetrahedral crystals by hydrogen
bonds. The shapes of the two types of crystals truly reflect
the internal arrangement of Al13 polycations.
To understand the nature of the transformation, the theoretical simulation and computation for the motion of
atoms in two crystals at room temperature were performed
by molecular dynamics (MD) program. The average atom
displacements <u> of different elements as a function of
time are plotted in Fig. 4. It can be seen that Na atoms
have the largest motion displacement in the type I crystal,
revealing that Na–O bonds are unstable and Na atoms tend
to dissociate from Al13 matrices.20 The long Na–O bond permits large-scale movement of Na atoms in the void of the
crystal. The average displacements of S atoms in the type I
crystal are smaller than those in type II crystals due to the
strong hydrogen bond interaction. Therefore, the transformation is mainly induced by the instability of Na–O bonds
in the type I crystals.
In the second step, type II crystals gradually grew in solution. Thus, free Al13 polycations were expected to be formed
from dissolved Na–Al13. To study this possibility, DFT computation for simulating this reaction was performed. The computation considered Na–Al13/H2O as reactants and Al13/
[NaĲH2O)4]+ as products, as shown in reaction (1).
[Na–Al13]8+ + 4H2O → Al137+ + [Na(H2O)4]+

(1)

As expected, the Gibbs free energy ΔrGmθ for reaction (1)
was −56.92 kJ mol−1; the negative value revealed that reaction
(1) could occur spontaneously in water at room temperature.
Although the solubility of Al13 sulfates was low, Al13 could be
generated from Na–Al13 continuously in solution. Then, large
type II crystals were formed by stacking Al13 polycations onto
small crystal seeds. However, when adequate Na+ ions were
present in solution, the reaction was hindered due to chemical reaction equilibrium.
According to experimental and theoretical results, the
transformation mechanism can be summarized as shown in
Fig. 5. When type I crystals are soaked in water, water molecules diffuse into the voids of crystals to form water channels; then, Na+ ions leave Al13 matrices and diffuse into solution via water channels. As a result, the relevant hydrogen

Fig. 5 The mechanism of crystalline transformation of type I crystals into type II crystals. Al13 polycations in different layers are drawn with
different colours; sulfates are neglected for clarity, and disordered sodium ions are simplified to connect with Al13 in parallel direction.
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bonds are destroyed and the crystal stacking structure begins
to collapse; some of the Al13 polycations and sulfates move
by means of self-rotation and displacement on sites and
then, type II crystal seeds are finally formed by structure reorganization (process ①). This explains that the transformation
is easy to achieve for newly prepared crystals. Meanwhile,
some Na–Al13 species (including some Al13 species formed in
process ①) on the surface of crystals are dissolved and finally
transform into Al13 by reaction (1) (process ②). Then, free
Al13 polycations and sulfates stack on the crystal seeds to
form large type II crystals (process ③). Finally, block-shaped
type II crystals are formed by means of Ostwald ripening
(process ④). Overall, the crystalline transformation of type I
crystals is a process induced by Na+.
According to DFT results, it seems that type II crystals are
formed at first rather than type I crystals. Actually, the growth
of crystals is controlled by several principles; one important
principle is that the final structure of the crystals tends to be
located in a minimum energy state. To study the energy state
of type I and II crystals, VASP (Vienna ab initio simulation
package) calculation was carried out. The results showed that
the free energy was −1852.37 eV for type I crystals and
−976.52 eV for type II crystals. Thus, the growth of type I
crystals was promoted by thermodynamics in the initial
solutions.
It is important to study the thermal properties of type I
and II crystals to obtain valuable information about the formation of aluminous minerals. TG-DTA characterizations for
two types of crystals were also carried out from room temperature to 1200 °C. As shown in Fig. S8,† the weight losses
at 180–700 °C for the two crystals were similar, indicating
that Na–Al13 and Al13 displayed similar thermal behaviors of
dehydration and dehydroxylation. Upon further heating, type
I crystals transformed mainly into α-Al2O3 and type II crystals transformed into γ-Al2O3 (Fig. S9†). The difference of
thermal behaviors between two crystals resulted from the
different arrangements of Al13 polycations and sulfates in
crystals. It is believed that different arrangements of Al13
polycations in the solid phase can have a more significant
influence on the transformation of Al species under natural
conditions.
In conclusion, we have reported novel crystalline transformation of Al polycation sulfates from tetrahedral to block
shape. SEM images indicated that the transformation includes two steps: the transformation of structure and the
growth of crystals. This process was studied by DFT, MD and
VASP computations. It was found that the transformation of
crystals was induced by the dissociation of Na+ ions from Al13
matrices. VASP calculations revealed that the growth of type I
crystals in original solution was dominated by thermodynamics. Although the two types of crystals transformed into Al2O3
solids during thermal treatment, the internal reaction processes were different due to distinct arrangements of Al13
polycations in crystals. Further studies are expected to interpret the formation of AlĲOH)3 and Al2O3 minerals in natural
environments.
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