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Polyoxometalate Aerogels Formed by Organofunctionalized
Anderson Polyoxometalates as Low Molecular Weight

Gelators
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Elnaz Ebrahimi, Dhouha Abid, Soressa Abera Chala, Christof Neumann,

Andrey Turchanin, Johannes Biskupek, Ute Kaiser, Kerstin Leopold,* and Carsten Streb*

Polyoxometalate-based aerogels, built through supramolecular interactions
and metal coordination, have the potential to expand the field of

smart materials. Here, the first example of the conversion of

an Anderson-polyoxometalate-based organogel into a catalytically

active aerogel is reported. The polyoxometalate organogel is formed by

the reaction of ZnCl, with the TRIS-functionalized Anderson polyoxometalate
(nBu,N);[MnMo¢O;3{(OCH,);CNH,},]. Conversion of the organogel

into the aerogel is achieved by a scalable freeze-drying procedure. A range of
experimental methods are employed to follow the conversion of the POM into
the organogel and aerogel, and insights into the role of the polyoxometalate,
the metal salt, and the solvent are reported. The catalytic activity of the
aerogel for selective alcohol oxidations (model compounds: benzyl alcohol,
furfuryl alcohol, octanol) is reported together with initial recyclability studies.
A conversion yield of 30% for benzaldehyde is achieved using aerogel as a

particular are attractive, as classical
coordination chemistry between metal
cations and suitable organic ligands
can be used to design and tune the
gel properties and reactivities.) Fur-
ther, this linkage is assisted via non-
covalent interactions such as hydrogen
bonding, electrostatic, or hydrophobic
interactions.l”#! This has led to applica-
tions ranging from catalysis and sensing
to optoelectronics and magnetism.>-1!
Rational design of metallogelators, there-
fore, is challenging, and significant
attempts in molecular synthesis and
design are requisite to create systems
in which metal is accountable for both
cross-linking and  coordination.l*1]

catalyst. The study opens the door to (multi-)functional polyoxometalate-based
aerogels for sorption, separation, catalysis, and energy technologies.

1. Introduction

Supramolecular gels are a promising class of functional soft ma-
terials with unique structure and function.'}] Metallogels in

Metallogels can also be converted into
technologically important aerogels!'®!]
using freeze-drying.[*®! This approach re-
moves the solvent from the gel structure
while maintaining its 3D architecture.
Aerogels are unique materials that feature high specific surface
area, low density, and hierarchical pore structures.[®] The excep-
tional features of the aerogels have led to their development in
the areas of catalysis,!?") biomedicine,/?!) energy storage,??! and

G. Sachdeva, M. Mondeshki, E. Ebrahimi, D. Abid, S. A. Chala, C. Streb
Department of Chemistry

Johannes Gutenberg University Mainz

Duesbergweg 10-14, 55128 Mainz, Germany

E-mail: carsten.streb@uni-mainz.de

S. Maloul, . Zolg, C. Streb

Institute of Inorganic Chemistry |

Ulm University

Albert-Einstein-Allee 11D, 89081 UIm, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/admi.202500597
© 2025 The Author(s). Advanced Materials Interfaces published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/admi.202500597

Adv. Mater. Interfaces 2025, 12, €00597 €00597 (1 of 8)

R. Miiller, K. Leopold

Institute of Analytical and Bioanalytical Chemistry
Ulm University

Albert-Einstein-Allee 11, 89081 Ulm, Germany
E-mail: kerstin.leopold@uni-ulm.de

C.Neumann, A. Turchanin

Friedrich Schiller University Jena

Institute of Physical Chemistry

Lessigstrale 10,07743 Jena, Germany
A.Turchanin

Center for Energy and Environmental Chemistry Jena (CEEC Jena)
Philosophenweg 7a,07743 Jena, Germany

J. Biskupek, U. Kaiser

Electron Microscopy Group of Materials Science
Ulm University

Albert-Einstein-Allee 11,8908 1 Ulm, Germany

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH


http://www.advmatinterfaces.de
mailto:carsten.streb@uni-mainz.de
https://doi.org/10.1002/admi.202500597
http://creativecommons.org/licenses/by/4.0/
mailto:kerstin.leopold@uni-ulm.de
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmi.202500597&domain=pdf&date_stamp=2025-09-24

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

[ Open Access])

www.advancedsciencenews.com

Layered Structure

a

o

www.advmatinterfaces.de

o f—a [=——— =1
@ Vo > MeCN, 10 s
) Mn Self-assembly
@®o L P v~ o
oc Inverted Lightweight aerogel supported
@ NH, MnMo, vial by flower petals

Figure 1. a) lllustration of the TRIS-functionalized Anderson POM low molecular weight gelator. b) Illustration of the organogel formation. c) Photograph

of the low-weight aerogel placed on top of a flower.

water treatment.[?3] Furthermore, the use of numerous materials
and their modification in the construction of aerogels has broad-
ened their application area, ranging from photocatalysis to the
food industry.*] Recently, metal-based aerogels have been widely
explored for their unique function in catalysis,!*! engineering
materials,[?! and sensing.[”]

In particular, molecular metal oxide anions, so-called polyox-
ometalates (POMs),?8] have recently been put forward as a new
low molecular weight gelator class for the design of metallogels.
POMs are versatile molecules having tunable structures and re-
activities. In addition, they are excellent electron reservoirs and
possess rich redox chemistry, making them ideal for catalysis,
energy storage, and conversion.[?*3% POMs can be cross-linked
by a number of interactions, including electrostatics or hydro-
gen bonding. Moreover, POMs can be covalently functionalized
with a range of organic ligands, which opens the pathway to use
the ligands for further linkage and to control the properties of
the resulting gels.>!) Inspired by these possibilities, Zhou, Wang,
and colleagues have reported metallogels based on Keggin-type
anions [PMo,,0,,]>~ which were employed as anode materials
for lithium-ion batteries and displayed promising rate capability,
high reversible capacity, and decent cycling stability.(*?) Izzet, Bo,
and co-workers have developed dumbbell-type dimers linked via
Co(II) or Co(III) made of Keggin and Dawson POMs functional-
ized with terpyridine ligands. The resulting metallogels showed
intriguing solvent exchange properties, opening the path to form
hydrogels.**]

One prototype gel-forming POM is the organofunctionalized
Anderson-Evans polyoxometalate**! [XMo,O,4{RC(CH,0),},]*~
(where X = Mn, Fe, Co, and R = -NH,, -CH,, -CH,0H) which
features two organic ligands arranged in a linear fashion on

Adv. Mater. Interfaces 2025, 12, 00597 00597 (2 0f8)

opposite sides of the cluster, tethered by tris-alkoxide groups
(Figure 1a). Pioneering work on Anderson-based gels was per-
formed by Hasenknopf and colleagues, who reported the forma-
tion of an anisotropic supramolecular gel showing good ther-
mal stability and birefringence.3°] The gel was formed by the
coordination of Pd(II) salt to Anderson anions covalently func-
tionalized with pyridyl moieties.[**! In a related study, Li and co-
workers showed that the intermolecular combination of pyridyl
functionalized Anderson POM with suitable dicarboxylic acids
resulted in the immediate formation of a supramolecular gel,
which showed rapid stimuli-responsiveness to organic acids and
bases.3¢] More recently, Izzet, Merland, Davidson, Solé-Daura,
and co-workers designed supramolecular metallogels by linking
terpyridine-functionalized Anderson anions with Zn(II) or Co(II)
cations. The hybrid gels exhibited intriguing properties, includ-
ing luminescence, birefringence, and spin-crossover.*”] To date,
to the best of our knowledge, the conversion of purely POM-
based metallogels into aerogels has not been reported. However,
there is widespread interest in POM-containing aerogels, as they
have been utilized in areas ranging from electrocatalysis(*® and
batteries!*?) to pollutant removall*’! and aerospace materials.[*!]
The structural and chemical tunability and redox behavior offered
by POM make them an ideal candidate for utilization in several
applications as compared to conventional aerogels.[*>#3]
Furthermore, in recent years, Anderson-Evans POMs have
been widely studied as catalysts for several oxidation reactions,
showing their potential to oxidize several organic compounds,
such as thioanisoles and furan-based chemicals.[***] Building on
these studies, we now report the use of POM-based aerogel in
the oxidation of primary alcohols, paving the path to using POM-
based porous catalysts in the transformation of organic reactions.

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. a) Stacked FT-IR spectra of the organogel and the aerogel (1), and their comparison with the distinctive peaks of reference MnMog. b) Stacked
TH NMR spectra of deuterated acetonitrile solutions of MnMog and varying equivalents of Zn(ll). Conditions: [MnMog] = 63.7 mM, and [ZnCl,] =

82.8 mM, solvent = acetonitrile-d;.

Herein, we report the development of a POM-based organogel,
formed within 10 s by reaction of ZnCl, with TRIS-functionalized
Anderson POM in acetonitrile solution. The resulting organogel
can easily be converted into an aerogel by freeze-drying. We pro-
vide a full characterization of the aerogel and demonstrate its
principal suitability for selective alcohol oxidation reactions using
benzyl alcohol, furfuryl alcohol, and octanol as model substrates.
In addition, initial insights into the scope of gel formation are
presented with a focus on the role of the POM, the ZnCl, and
the solvent.

2. Results and Discussion

2.1. Catalyst Synthesis and Characterization

Briefly, the POM-based organogel was prepared by combining
acetonitrile solutions of ZnCl, and the TRIS-functionalized An-
derson anion (nBu,N);[MnMo,O,4{(OCH,),CNH,},]l*! (here-
after: MnMo;). Reaction of both solutions resulted in near-
instantaneous gel formation (gelation time ca. 10 s). The vial in-
version testl*’*8] was used to demonstrate the stability and vis-
coelasticity of the gel, see Figure 1b. Next, the organogel was
converted into an aerogel (1) by freeze-drying (for synthetic and
characterization details of the organogel and 1, see Supporting
Information).

The structural changes occurring during gelation and freeze-
drying were investigated using FT-IR spectroscopy (Figure 2a).
Upon gelation, both the bridging Mo—O—Mo band (ca. 650 cm™!)
as well as the terminal Mo=0 feature (890-950 cm~!) showed
minor, but characteristic changes (peak splitting, peak broad-
ening). These changes indicate that the outer oxo ligands of
MnMo, are involved in the gelation process. In addition, the
presence of the bands at ca. 749 and 920 cm™ corresponding to
the acetonitrile molecules!**>% suggests the possibility of solvent-
coordination for the stabilization of the Zn(II) center. Further,
upon freeze-drying and removal of the MeCN solvent, further
broadening of these signals is observed, in particular for the band
located at ca. 900 cm ™. This indicates that further molecular-level
structure changes of the gel network occur upon freeze-drying.
One plausible interpretation of these findings is that acetonitrile-
stabilized Zn(II) coordinates to the oxo ligands of MnMoj to trig-
ger the gelation process. Upon solvent removal, minor structural
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changes at the Zn(II) center might occur, which would be in line
with the observed spectroscopic changes reported.

To gain more structural insights into the gelation process, we
performed 'H NMR spectroscopic titrations, where 0 to 2 mo-
lar equivalents of ZnCl, were added to the MnMo, solution in
deuterated acetonitrile (Figure 2b). Note that the methylene pro-
tons of the TRIS-NH, experience a significant paramagnetic shift
due to the effect of the Mn(II1) center of the Anderson POM.[*¢]
Upon the addition of increasing amounts of ZnCl,, we observe a
broadening and intensity decrease of all 'H NMR signals. The re-
duced molecular mobility as a result of gelation results in the par-
tial reintroduction of the anisotropic chemical shift and dipole—
dipole couplings, which affect the spectral lines. Previous reports
also have shown similar observations of line broadening of char-
acteristic peaks, where Keggin-type POMs have triggered the hy-
drogel formation with y-cyclodextrin.>!!

The thermal stability of 1 was examined by thermogravimetric
analysis (TGA) in an air atmosphere (Figure S1, Supporting In-
formation). A significant weight loss of 27.6% (calculated: 28.3%)
is observed between 200 and 385 °C, which is attributed to the
loss of three nBu,N* cations. A second weight loss of 18.4% be-
tween 410 to 555 °C is associated with the simultaneous decom-
position of the TRIS moieties!>?! and volatilization of ZnCl,.[>3>4
This data was supported by CHN elemental analysis, which is
in line with the presence of three nBu,N* cations and two TRIS
moieties per formula unit (Table S6, Supporting Information).
Next, the elemental composition and oxidation states at the sur-
face of 1 were investigated by X-ray photoelectron spectroscopy
(XPS). The survey XP spectrum verifies the presence of all ex-
pected elements (Figure S2, Supporting Information). The de-
convoluted high-resolution Mo 3d spectrum (Figure 3a) shows
two peaks at binding energies of 232.4 and 235.6 eV correspond-
ingto Mo 3d; , and Mo 3d, ,, respectively, indicating the presence
of Mo(VI).’*]' A spin-orbit coupled doublet of Mn 2p at binding
energies of 640.9 and 652.7 eV is assigned to Mn 2p;;, and Mn
2p,;, of Mn(III), respectively (Figure 3b).°%%7] The CI 2p spec-
trum (Figure 3c) shows binding energies at 200.2 eV (Cl 2p, )
and 198.5 eV (Cl 2p; ,), assigned to Cl-Zn coordination.** More-
over, the Zn 2p XP spectrum revealed two peaks at 1045.3 and
1022.4 eV, which are assigned to Zn 2p, ;, and Zn 2p;, signals of
the Zn(Il) species (Figure 3d).1>>%

The morphology of 1 was studied by scanning electron
microscopy (SEM, Figure 4ab). This analysis showed a
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Figure 3. Deconvoluted high-resolution a) Mo 3d, b) Mn 2p, ¢) Cl 2p, d) Zn 2p XP spectra for 1.

Open Access,

Figure 4. Electron microscopy of 1. a) SEM image, b) magnification of the selected area (in a red rectangle), c,d) TEM images, e,f) HRTEM images.
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Figure 5. Representative Histograms of a) N, adsorption-desorption isotherm, b) Pore size distribution of 1.

layered structure composed of stacked and agglomerated
sheets. To obtain further insights into the morphological and
structural properties of as synthesized 1, transmission elec-
tron microscopy (TEM), high-resolution transmission electron
microscopy (HRTEM), and scanning-transmission electron
microscopy (STEM) together with energy dispersive X-ray spec-
troscopy (EDS) were employed. As shown in Figure 4c,d, the
structure of 1 consists of thin and long fibrous sheets that appear
stacked. Furthermore, HRTEM analysis (Figure 4e,f) indicates
the existence of both long fibrous and layered structures, which
might be due to the supramolecular linkage of the Anderson
anions. Moreover, high-angle annular dark field scanning TEM
(HAADF-STEM) imaging and the corresponding EDS elemental
mapping (Figure S3a, Supporting Information) verify the uni-
form distribution of C, N, O, Cl, Mn, Zn, and Mo throughout
1. Additionally, local selected area electron diffraction (SAED)
analysis (Figure S3b, Supporting Information) indicates its
crystalline characteristic, and the d-spacing calculated from
SAED is 4.83 nm™!, which is indeed in line with the d-spacing
value calculated from powder X-ray diffraction (pXRD), which is
4.40 nm~! (Figure S3c, Supporting Information).

In addition, to examine the elemental distribution of Mn, Zn,
Cl, and Mo of the bulk material, a small piece of 1, 2D micro
X-ray fluorescence spectroscopy (2D-uXRF; resolution ~25 um)
was employed. Homogeneous distribution of the four elements
is reflected by similar intensities, i.e., coloring of the bulk mate-
rial, notably within the selected area of (1 X 1) mm? in the bulk
material as indicated by the green square (Figure S5a, Support-
ing Information). This becomes more obvious when assessing
the intensity histograms that were generated for this area (Figure
S5b, Supporting Information), displaying a normal distribution
of intensities and no extreme values. The parameters of the inten-
sity histograms are listed in (Table S7, Supporting Information),
showing relative standard deviations of 9% to max. 20%. In or-
der to investigate possible inhomogeneities in the element com-
position within the sample, the elemental intensity ratios were
calculated along three exemplary lines, each 2.5 to 3.5 mm long.
As illustrated in (Figure S6, Supporting Information), a constant
elemental ratio with a spread width of less than 0.01 (see insert)
was achieved in comparison to a spread width in the range of 2
for the background. Hence, high homogeneity in the elemental

Adv. Mater. Interfaces 2025, 12, €00597 €00597 (5 of 8)

distribution and composition within the investigated sample is
proven. In addition, EDX analyses showed the expected atomic
metal ratios for Mn: Mo (calcd: 1: 6, obsd: 1: 5.6), confirming the
presence of the two Anderson-metal components at the expected
ratio.

In order to probe the porosity of 1, N, sorption studies were
performed using Brunauer—-Emmett-Teller (BET) and Barrett-
Joyner-Halenda (BJH) analysis (Figure 5). 1 showed an IU-
PAC Type III isotherm (Figure 5a),l®! indicating weak interac-
tions between the N, gas and the surface of 1. The BET sur-
face area of 15.9 m? g~! and narrow pore size distribution with
an average pore diameter of 11.5 nm (Figure 5b) is displayed
by 1.

2.2. Oxidation of Benzyl Alcohol, Furfuryl Alcohol and Octanol

POMs have been widely investigated as catalysts for a range
of organic oxidation reactions.l®?%] Anderson-type POMs in
particular have proven to be efficient catalysts for alcohol ox-
idation reactions.l®-%8 Therefore, we explored the selective
heterogeneous oxidation of primary alcohols using benzyl al-
cohol, furfuryl alcohol, and octanol as substrates with tert-butyl
hydroperoxide (tBuOOH) in decane as an oxidant to study
the catalytic performance of 1. In brief, a typical experiment
was performed using a stock solution of toluene-dg; (9.8 mL)
containing the corresponding alcohol (1 mmol), and tBuOOH
(1 mmol), as well as 1 as a heterogeneous catalyst (10 mg). 1 mL
of this reaction solution was added to catalytic vials, which were
heated at 65 °C for a specific time. After the reaction, the catalyst
was separated via centrifugation, and analysis of the products
was performed by quantitative 'H NMR spectroscopy (for exper-
imental and characterization details, see Section S2.2 and Figure
S7, Supporting Information). For benzyl alcohol oxidation, our
data show that in the presence of 1, we observe significantly
higher yields of benzaldehyde compared with the blank refer-
ence reaction (Figure 6a). Similarly, significantly higher furfural
and octanal yields were observed in the presence of 1 catalyst
(Figure 6b; Figure S8, Supporting Information) over time. These
findings suggest that 1 shows higher performance for benzyl
alcohol oxidation compared with furfuryl alcohol and octanol
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Figure 6. Catalytic oxidation of a) benzyl alcohol; b) furfuryl alcohol. Reaction conditions: catalyst: 1 (10 mg), solvent: toluene-dg (9.8 mL), substrate:
benzyl alcohol, furfuryl alcohol (1 mmol), oxidant: tBuOOH (1 mmol). T =65 °C.

oxidation. This might be related to the more complex structure
of furfuryl alcohol and octanol, and mechanistic studies are
ongoing.

To further examine the activity of different catalysts under
identical conditions, we opted to use benzyl alcohol as a test re-
action. Significantly, lower yields of benzaldehyde were observed
with various catalysts, whereas catalyst 1 showed a 30% yield of
benzaldehyde after 48 h, highlighting that under the given reac-
tion conditions, catalyst 1 is the superior catalyst (Table S8, Sup-
porting Information, entries 1-4). Also, a controlled experiment
without tBuOOH shows noticeably low benzaldehyde yield, sig-
nifying the role of the oxidant in the catalysis (Table S8, Support-
ing Information, entry 5).

The recyclability of 1 was investigated in four catalytic runs us-
ing the benzyl alcohol oxidation as a test reaction. After each run,
the catalyst was separated from the reaction solution via centrifu-
gation, washed twice with toluene and diethyl ether, and vacuum
dried. Then, the dried catalyst was employed for the subsequent
reaction batch. It was noticed that the catalyst can be recovered
and reused at least 4 times without a major loss in its catalytic ac-
tivity (Figure S9, Supporting Information). The observed reduc-
tion in benzaldehyde yield might be due to the loss of catalyst
during the washing process, as well as the leaching of the cata-
lyst.

2.3. Post-Catalytic Studies

Stability is one of the crucial parameters to evaluate the catalytic
performance of a catalyst. Therefore, to gain insights into the sta-
bility of 1, we recovered the catalyst after 48 h of the reaction cy-
cle of benzyl alcohol oxidation. The morphology and structural
changes of 1 after catalysis were studied by SEM, FT-IR, and XPS.
The SEM image of 1 (Figure S10c, Supporting Information) after
catalysis displayed that the original layered structure was mostly
maintained. Furthermore, the FT-IR spectrum of 1 (Figure S10a,
Supporting Information) showed that the positions of charac-
teristic bands of MnMo, are retained. Deconvoluted XPS data
(Figure S11, Supporting Information) revealed the retention of
the elemental composition and oxidation states in 1. Moreover,
the elemental composition (in at.%) of 1 was calculated from
XPS, indicating the leaching of the catalyst (Table S9, Supporting
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Information). The results suggest that the structural and mor-
phological features of 1 are maintained during catalytic runs.

2.4. Mechanistic Insights of the Gelation

It was observed that the addition of ZnCl, solution (in MeCN) to
the MnMoy solution (in MeCN) led to the immediate formation
of a gel. A systematic investigation was conducted to understand
the factors influencing the gel formation, such as POM type,
metal salts used, solvent, etc. (for details see Section S2.3, Tables
S1-S5, Supporting Information). Attempts to replace ZnCl, with
other metal cations, including transition metals, alkali, and alka-
line earth metals, did not result in the formation of a stable gel.
However, when CoCl,.6H,O was used, we observed the forma-
tion of a gel that was unstable and showed syneresis (release of
solvent from the gel) over the course of a day. A similar behavior
was observed when using Zn(NO,),.6H,O, however, syneresis
occurred within a 15 min timeframe. Based on these analyses,
we can state that formation of a stable gel under the given con-
ditions is specific to ZnCl,, and both Zn(II) as well as CI~ are re-
quired to form the stable gel. Efforts to substitute acetonitrile with
other protic and aprotic organic solvents showed that formation
of gel particles was observed when benzonitrile was employed,
suggesting that nitrile groups might be involved in the gelation
process. Also, a variety of POM anions were tested; however, only
the TRIS-bearing Anderson POM resulted in gelation.

3. Conclusion

In summary, we have demonstrated a facile approach to synthe-
size 1 based on TRIS-functionalized Anderson polyoxometalate
anions as low molecular weight gelators when crosslinked with
Zn(l, in acetonitrile. The resulting gel showed promising initial
alcohol oxidation reactivity for benzyl alcohol and the bio-based
furfuryl alcohol. Initial insights into the individual roles of POM
anion, metal salt, and solvent are provided to guide the future
development of this new class of POM-based porous catalyst.
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