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Abstract: The solution chemistry of aluminum is highly
complex and various polyoxocations are known. Here
we report on the facile synthesis of a cationic Al24 cluster
that forms porous salts of composition [Al24(OH)56-
(CH3COO)12]X4, denoted CAU-55-X, with X=Cl� , Br� ,
I� , HSO4

� . Three-dimensional electron diffraction was
employed to determine the crystal structures. Various
robust and mild synthesis routes for the chloride salt
[Al24(OH)56(CH3COO)12]Cl4 in water were established
resulting in high yields (>95%, 215 g per batch) within
minutes. Specific surface areas and H2O capacities with
maximum values of up to 930 m2g� 1 and 430 mgg� 1 are
observed. The particle size of CAU-55-X can be tuned
between 140 nm and 1250 nm, permitting its synthesis as
stable dispersions or as highly crystalline powders. The
positive surface charge of the particles, allow fast and
effective adsorption of anionic dye molecules and
adsorption of poly- and perfluoroalkyl substances
(PFAS).

Introduction

Aluminum is the third most abundant element in the earth’s
crust at 8.2 percent by weight and its compounds are of great
economic importance. It is employed as a metal due to its
low density and high electrical conductivity. This chemical
element is found in oxides/hydroxides such as corundum,[1–3]

alumina, zeolites,[4] AlPOs[5–7] and LDH’s[8,9] which are used
as catalyst supports,[10] abrasives[11] or fillers.[12,13] The

chemistry of Al3+ ions in aqueous solution is very complex
and has been intensively studied. It is characterized by its
amphoteric character, condensation reactions and the for-
mation of polyoxocations.[14–17] The best-known examples
are the Al13 Keggin ions of composition [AlO4Al12(OH)24-
(OH2)12]

7+ [18, 19] and the Al30 cluster.[16] In addition, Al-O-
clusters containing carboxylate groups have been described,
many of which are also known as inorganic building units in
metal–organic frameworks (MOFs).[20–23]

Porous molecular cages, including metal organic poly-
hedra, metal complexes, porous organic salts or organic
molecules of intrinsic microporosity, have attracted substan-
tial attention since they allow tuning host-guest
interactions.[24–27] Salts containing charged porous coordina-
tion cages have been reported where counter ions are used
to control material properties.[28–30]

In the present study, we describe the discovery, synthesis
optimization and characterization of a series of porous
aluminum salts [Al24(OH)56(CH3COO)12]X4 denoted as
CAU-55-X, containing a cationic Al24 cluster. Unlike
existing Al-based porous crystalline compounds such as
zeolites, AlPOs and MOFs, the porosity in CAU-55 is due
to the assembly of porous cationic cages with anions,
resulting in intra- and inter-cage porosity. It’s discovery is
very surprising as aluminum acetates have been studied and
used industrially for more than 100 years.[31–36] In addition,
CAU-55 is obtained under mild reaction conditions from
common starting materials. For example, the reaction of
sodium acetate with an aluminum salt in water at room
temperature already results in the formation of CAU-55.

Various synthesis procedures were established and the
most flexible protocol involves NaAlO2, CH3COOH and
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NaX, which allows the incorporation of different counter
ions (X� ).

Results and Discussion

Synthesis

The investigation of the chemical system AlCl3/CH3COOH/
NaOH was carried out in our custom made 2 mL high-
throughput reactors[37] by systematically varying the molar
ratios between 0.5–4 (Al3+), 3–9 (CH3COOH) and 3–
9 (NaOH) equivalents, respectively (one equivalent corre-
sponds to 0.18 mmol). The reaction temperature was varied
between 70–130 °C (Figure 1a; Table S1.1). The formation of
CAU-55-Cl is observed under a wide variety of conditions
when equimolar amounts of NaOH and CH3COOH are
used. Larger deviation from a 1 :1 ratio results in the
formation of different polymorphs of AlOx(OH)y or Al-
(OH)(CH3COO)2. The optimized reaction conditions AlCl3/
CH3COOH/NaOH=1 :5 :5 were used to further investigate
the influence of reaction time and temperature.[38]

While CAU-55-Cl can be formed at room temperature
within 28 days, full crystallization is accomplished much
faster at higher reaction temperatures, and in situ PXRD

studies showed that full crystallization is achieved within 3,
10 and 20 minutes at reaction temperatures of 100, 90 and
80 °C, respectively (Figure 1b; Figure S1.1.1–Figure S1.1.4).
In situ 27Al NMR spectroscopy at 70 °C shows a fast decrease
in the concentration of Al3+ ions and the formation of a
solid (Figure 1c; Figure S2.2.1–Figure S2.2.2).

The incorporation of other counter ions is easily
accomplished under similar reaction conditions employing
equimolar amounts of NaOH and CH3COOH, but varying
the aluminum salt. Thus variation of the aluminum salt to
Al2(SO4)3 (Table S1.2) resulted in the formation of CAU-55-
HSO4, while the route employing NaAlO2, CH3COOH and
NaX, in a molar ratio of 1 :4 : 1, is more versatile and allows
the incorporation of the counter ions Cl� , Br� , I� and HSO4

�

(Figure 2; Table S1.3). According to equation 1, a large
amount of CH3COOH and NaX, are necessary for the
formation of CAU-55.[38]

24NaAlO2 þ 12CH3COOHþ 4NaXþ 36H2O!

½Al24ðOHÞ56ðCH3COOÞ12�X4 þ 28NaOH
(1)

Synthesis scale up of CAU-55-Cl was also carried out
increasing the size of the batch reactor step-wise by an
overall factor of 10000, i.e. from 1 ml (22 mg) to 10 L
(215 g). In addition, continuous synthesis was accomplished

Figure 1. a) Crystallization diagrams of observed phases in the chemical system AlCl3/CH3COOH/NaOH for reactions carried out at 70, 100 and
130 °C using high-throughput methods. The phases that are formed are color-coded and the presence of phase mixtures are presented by pie
charts. Blue, yellow and magenta colored regions correspond to 0.5, 1 and 2 equivalents of AlCl3 in the reaction mixture, respectively. b) Plot of
extent of crystallization (α) as a function of time for in situ PXRD experiments performed at 70 °C (green), 80 °C (blue), 90 °C (red) and 100 °C
(black). The vertical black line marks the time (4 min) at which the sodium acetate (NaO2CCH3) solution was added. c) Plot of extent of
crystallization (α) determined by the decrease in the concentration of Al3+ ions in solution as a function of time for in situ 27Al NMR experiments
performed at 60 °C (pink) and 70 °C (green).
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in a flow reactor (Figure S1.1f) with a residence time of
5 min in the reactor with a space-time yield of STY=

87 kgh� 1m� 3. For batch reactor and flow reactor syntheses
the same compositions and concentrations of reactants can
be used. This demonstrates the robustness of the synthesis
conditions, which tolerates even various anions (Table S1.2–
Table S1.5). Therefore, a versatile, green synthesis proce-
dure was developed, using cheap, readily available and
environmentally benign starting materials. The short reac-
tion time, mild synthesis conditions and the scalability are
also important factors for possible practical applications.

Crystal Structure

The CAU-55 materials were obtained as nano to micro-
crystalline products (Figure 3) and for some of them (X=

Cl, Br, I) structure determination was carried out by three-
dimensional electron diffraction (3D ED) followed by
Rietveld refinement against X-ray diffraction data for CAU-
55-Cl and further confirmed by Density Functional Theory

(DFT) geometry optimization (see ESI). The 3D ED
method provides single crystal data on (sub)micrometer
sized single crystals.. Le Bail fits were carried out for CAU-
55-Br, -I and -HSO4 to confirm phase purity and to
determine the lattice parameters (Figure S3.1.1–Fig-
ure S3.1.4; Table S3.1 and Table S3.2). In the following, the
structure of CAU-55-Cl (Figure 4) is described.[39] The
compound crystallizes in the highly symmetric space group
Im-3m (no. 229) and contains [Al24(OH)56(CH3COO)12]

4+

ions, also denoted as Al24 ions. They are composed of well-
known {Al3(μ3-OH)(μ2-OH)3}

5+ trinuclear building units.
These are also observed, for example, in Al13 Keggin
ions[18,19] and are similar to the ones in the Al-MOFs MIL-
96,[40,41] -100[42,43] and -101.[44,45] In the two latter MOFs the
trinuclear units are connected through the carboxylate
groups to give supertetrahedra which form the framework.
In Al13 and Al24, edge sharing of adjacent trinuclear unit
through μ-OH-groups is observed leading to higher degrees
of condensation. The structure of Al13 and Al24 can be
formally derived from the assembly of four and eight
trinuclear clusters into a tetrahedron and a cube respec-
tively. Truncation of the polyhedra and occupation of the
newly formed faces by the trinuclear ions followed by their
interconnection through the μ-OH groups leads to the cage
structures. In the case of Al13 the structure is related to an
octahedron with 4 of the 8 triangular faces occupied by the
trinuclear clusters, and the other four faces parallel to the
pore window. In the case of Al13 an additional Al3+ ion is
incorporated at the tetrahedral center. In Al24 adjacent
trinuclear clusters are further interconnected by acetate
ions. The structure of the Al24 ion is related to a cuboctahe-
dron, with the 8 triangular faces occupied by the trinuclear
cluster, the 6 square faces parallel to the pore windows and
the 12 vertices occupied by the acetate ions. The inner
diameter of the Al24 cage amounts to �3.8 Å (Figure S3.5.1).
Similar clusters have been very recently reported which
contain methoxy or ethoxy groups partially replacing the
OH groups and more complex organic ligands. In addition,
these compounds were synthesized in much lower yields (<
50%) employing organic solvents and long reaction
times.[46,47] In the crystal structure of CAU-55-X, a body-
centered cubic packing of the Al24 ions, with counter ions
partially occupying the octahedral voids. However, due to
favorable interactions with the μ-OH sites on the cage
windows, a shift of Cl� ions from the ideal position (1=2 0 1=2
and 1=2 0 0) to (1=2 y

1=2 and x 0 0) towards the windows is
found. Indeed, the DFT-optimized structure confirms that
the Cl� ions are located on the apex of equilateral square
pyramids with four H(μ-OH) atoms on the base (Figure 4d)
with a characteristic distance between Cl� and H(μ-OH) of
2.19 Å (Figure S3.4.1).

Characterization

All compounds were thoroughly characterized in terms of
composition as well as thermal, sorption and colloidal
properties. EDX analyses were carried out to determine the
Al to X ratio (Table S4.2).

Figure 2. a) PXRD pattern of CAU-55 compounds with different counter
ions. b) Reconstructed reciprocal space projection of CAU-55-Cl from
the collected 3D ED data and c) transmission electron microscopy
image of the crystal from which the 3D ED data were collected.

Figure 3. Scanning electron micrographs of a) CAU-55-Cl, b) CAU-55-
Br, and c) CAU-55-I acquired at 10000 times magnification.
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In addition to aluminum and the counter ions, Na was
also detected in most of the samples. The theoretical molar
ratio of Al :X=24 :4 is observed in many cases, but it can
deviate substantially, with a strong dependence on the
counter ion. Smaller ratios, i.e., an excess of the counter ion,
are only observed for X=Cl� in conjunction with additional
Na+ ions to compensate the overall electronic charge of the
system. Excessive washing of the sample does not lead to
changes of the composition and, therefore, the ions must be
trapped in the pores. Electron density within and between
the cages was observed which could be due to water
molecules or sodium ions. A special case is CAU-55-HSO4.
EDX analysis revealed a molar ratio Al :S :Na of 24 :3.6 : 1.5.
Taking the large amounts of Na+ ions into account, which
could not be removed by washing, the presence of SO4

2�

ions seems likely. Elemental analysis (Table S6.1) in combi-
nation with thermogravimetric measurements (Figure 4f;
Figure S5.1–S5.4) allows the determination of the water
content and the composition of the samples (Table S6.2).
Depending on the counter ion, removal of the water
molecules is found at different temperatures (room temper-
ature to approximately 200 °C) and in some cases well-
defined plateaus and weight loss steps are observed. In the
following, only the data for CAU-55-Cl is presented, the
other data are available in the Supporting Information. Up
to 180 °C, the 22 water molecules per formula unit are
desorbed. Further heating to 900 °C leads to a reaction
product of low crystallinity, which can be assigned to Al2O3.

Monte Carlo (MC) simulations were performed at this
water loading to gain insight into the distribution of water
molecules in CAU-55-Cl (Figure 4g). The results show that

each cage can accommodate 5 to 7 water molecules (Fig-
ure 4i) and the remaining ones are located in the inter-cage
voids. This observation holds true regardless of whether Cl�

ions are fixed at their initial DFT-optimized positions or are
allowed to move upon water loading during the MC
simulations (Figures S3.6.1 and S3.6.2).

IR spectroscopy of CAU-55-X confirms the presence of
carboxylate and sulfate ions and the water content of the
samples correlates with the intensity of the broad band in
the region 3000–3700 cm� 1 (Figure S4.1; Table S4.1).

Using the information from the TG measurements, the
samples were activated under reduced pressure to remove
the guest molecules. Long-range order of the samples after
the sorption measurements were confirmed by PXRD (Fig-
ure S7.1.4–S7.1.7) and removal of water molecules result in
a reduction of the lattice parameters, i.e. a smaller unit cell,
and variations of the relative intensities of the reflections
(Figure S3.3.1–S3.3.2). N2 at 77 K, H2O sorption measure-
ments at 298 K and 129Xe NMR spectroscopic experiments
using hyperpolarized 129Xe[48] at variable temperatures were
carried out to confirm the porosity of CAU-55 compounds
(Figure 4g; Figure S7.1.1–Figure S7.1.3; Figure S7.2.1). The
N2 sorption isotherm of CAU-55-Cl shows a Type I shape
up to p/p0�0.1, while for H2O an S-shape (0.1<p/p0<0.45)
is found. Only a small hysteresis is observed in the latter
sorption isotherms. Evaluation of the N2 sorption data
results in a BET surface area of sBET=490 m2g� 1 and a
micropore volume of 0.216 cm3g� 1 in line with the theoret-
ical pore volume assessed from the DFT-optimized structure
(0.20 cm3g� 1). A 3D PSD map of CAU-55-Cl presented in
Figure S3.5.2 evidences that, in addition to the Al24 cages,

Figure 4. Crystal structure of CAU-55. a)–(c) structural relationship between the Al24 cluster ion {[Al24(OH)56(CH3COO)12]
4+} (a) built up from

trimeric building units (b) compared to the Keggin ion (c). d) and e) Body centered packing of Al24 cluster cations and anions (X� =Cl� , Br� , I� ,
HSO4

� ) occupying the octahedral voids, the cages being marked by yellow spheres. f) Thermogravimetric curve and decomposition steps of CAU-
55-Cl measured with a heating rate of 4 K/min in air atmosphere allowing the determination of the water content of the sample. g) N2 sorption
(black triangles) and H2O sorption (grey squares) isotherm of CAU-55-Cl collected at 77 K and 298 K, respectively, and distribution of the water
molecules in the Al24 cage (yellow sphere) revealed by Monte Carlo (MC) simulations performed with 22 H2O molecules per formula unit.
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significant porosity arise from the intercage voids. MC
simulations were carried out to elucidate the plausible
distribution of experimentally determined adsorbed N2

molecules within the pore space of CAU-55-Cl (Fig-
ure S3.6.3 and S3.6.4). Indeed, we found that N2 molecules
are distributed within the intercage voids and inside the Al24
cages. 129Xe NMR spectroscopic measurements further
confirm that both pores, i.e. the ones within the Al24 clusters
and the void space between the clusters can be assessed,
which in turn confirms the flexibility of the cage windows
(Figure S7.2.1). It is worth noting that CAU-55-Cl also
exhibits a relatively large water uptake of 320 mgg� 1 at p/
p0=0.9 (Figure 4g).

The isotherms of the other CAU-55 samples exhibit a
very similar shape but specific surface areas (350< sBET<

930 m2g� 1) and maximum water sorption capacities (140<
H2O uptake<430 mgg� 1) vary strongly. These data are
presented in Table S7.1.1. Hysteresis is prominent in some
of the water sorption measurements.

The particle size of CAU-55-X samples depend on the
counter ions, the Al3+ concentration and the reaction
temperature employed and range from 140 to 1250 nm
(Table S8.1). Systematic studies were carried out for CAU-
55-Cl. The smallest particle sizes (�140 nm) were found at
low reaction temperatures, high overall concentrations, and
a molar ratio of CH3COOH:NaOH <1, while the largest
particles (�250 nm) were observed employing low overall
concentrations and molar ratios of CH3COOH:NaOH>1.
All samples exhibit high positive zeta potentials between
+34 and +86 mV (Table S8.1), and stable colloidal dis-
persions are found.

Due to the positive zeta potentials of CAU-55 disper-
sions, a screening for the adsorption of the anionic dyes was
carried out from solution (Figure S9.8).

Anionic organic dye molecules are used in large
quantities for example in the textile and paper industries or
plastics, but their removal from wastewater remains a
challenge.[49,50] A first experiment using CAU-55-HSO4 and
Alizarin Red S (ARS) showed a high adsorption capacity
and hence a systematic study using six different anionic dyes
was carried out (Figure 5). The adsorption was followed by
UV/Vis spectroscopy and fast uptake within minutes is
found (Figure 5b). Fixing the amount of dispersed CAU-55-
HSO4 to 1 mmolL� 1, the concentration of the dye solution
was varied between 0.1 and 5 mmolL� 1. Quantitative
adsorption of the dye is observed for dye solutions with
concentrations under 1 mmolL� 1 (Figure S9.7). High con-
centrations of anionic dyes lead to brightly colored compo-
sites as shown in Figure 5a and a maximum adsorption
capacity of 3.75 moldye/molCAU-55 is observed. The adsorption
kinetics were evaluated by employing the pseudo-second-
order kinetic model to the time-dependent adsorption
experiments (section S9.1) leading to a second order kinetic
constant (k2) of 1.1×10� 3 gminmg� 1. Over 80% dye removal
is accomplished within 5 min for CAU-55-HSO4, which is
much shorter than for conventionally used activated
carbon[51] or carbon nanotubes[52] (>40 min) and is similar to
the adsorption kinetics of some MOFs.[53,54] The adsorption
capacity at equilibrium of 239 mgg� 1 is slightly higher than

for activated carbon materials and in the range of the MOFs
Cr-MIL-101 (�115 mgg� 1)[54] and Fe-MOF-235 (>
400 mgg� 1).[53] The adsorption of Methyl Orange (MO) can
proceed through coordination to fivefold coordinated Al
ions, as recently reported for a Al13 derived material.[55]

According to the crystal structure determination, the Al3+

ions in CAU-55-X are sixfold coordinated and do not have
any free coordination sites, which is also confirmed by NMR
spectroscopy (Figure S9.3.1–Figure S9.3.4). Electrostatic in-
teractions and hydrogen bonds between the positively
charged Al24 clusters and the small anions X are found
(Figure S3.7) and dye adsorption leads only to small changes
in the lattice parameters (Figure S9.2.1–S9.2.3) and influen-
ces only a part of the Al atoms (Figure S9.3.3). Therefore,
we conclude that mainly electrostatic interactions of the
anionic dye and the positively charged particles take place.

Based on the cationic nature of the Al24 clusters,
preliminary tests for the removal of per- and polyfluoroalkyl
substances (PFAS) by CAU-55-HSO4 were carried out.
PFAS are persistent industrial compounds that are of
growing environmental and health concerns and often have
carboxylate and sulfonate functional groups and are anionic
in water at near-neutral pH.[56] Porous materials have been
intensively tested for the adsorption and removal of PFAS
from groundwater.[57,58] Thus, an aqueous solution containing
a mixture of PFAS was treated by stirring in CAU-55-HSO4

and after 60 minutes CAU-55-HSO4 was removed by a
syringe filter. The removal efficiencies (RE) varied depend-
ing on the PFAS species. High REs were achieved for all
long-chain perfluorinated PFASs including linear perfluor-
ooctanesulfonic acid (PFOS, 100% RE), branched PFOS
(99.9% RE), perfluorononanoic acid (PFNA, 85.2% RE)
and perfluorodecanoic acid (PFDA, 98.1% RE) (Ta-
ble S10.1, Figure S10.1)).

Figure 5. a) CAU-55-HSO4 powder after the adsorption of anionic dyes
(Bromocresol Green (BCG), Bromophenol Blue (BPB), Methyl Red
(MR), Methyl Orange (MO) and Eriochrome Black T (EBT)) from
solution. b) Fast and effective removal of Alizarin Red S (ARS) from
aqueous solution by CAU-55-HSO4 powder monitored by time-depend-
ent UV/Vis spectroscopy.
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Conclusion

Systematic high-throughput investigations of the chemical
system AlCl3/CH3COOH/NaOH led to the discovery of a
porous aluminium salt [Al24(OH)56(CH3COO)12]Cl4 (CAU-
55-Cl) containing the Al24-hydroxide-acetate cluster cation
[Al24(OH)56(CH3COO)12]

4+. The crystal structure of the title
compound was elucidated by 3D electron diffraction
followed by Rietveld refinement against X-ray diffraction
data and further confirmed by DFT geometry optimization.
A scalable green synthesis procedure for CAU-55-Cl was
developed to the 215 g scale, using cheap, readily available
and environmentally benign starting materials and short
reaction times. A general synthesis route was developed that
allows the incorporation of other anionic species (X� =Br� ,
I� , and HSO4

� ). Relatively high BET surface areas were
observed which vary with the anionic counter ion, with a
maximum value of 930 m2g� 1. Large water sorption uptakes
were also evidenced with a maximum value of 430 mgg� 1

associated with adsorption in cages and inter-cage voids of
the solid. The positive surface charge of the nano- and
microcrystalline powders was confirmed by zeta potential
measurements and the fast and effective adsorption of
anionic dye molecules and adsorption of per- and polyfluor-
oalkyl substances (PFAS) was demonstrated.
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