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A HzPW;,0,0—polymer composite was synthesized from a mixture
of triethylene glycol methyl ether methacrylate monomer, triethy-
lene glycol dimethacrylate crosslinker, and H3;PW;,0,49. The
heteropoly acid molecules were trapped in the hydrogel by
hydrogen-bond interactions and did not leach out of the composite
when washed with water. Therefore, this composite could be used as
a heterogeneous catalyst for the hydrolysis of ethyl ester in water.

Despite their excellent yields and high selectivity, homoge-
neous catalysts have difficulties in catalyst separation, which
limit their industrial applications. Thus, the construction of
highly selective, active, stable, and easily recyclable heteroge-
neous catalysts remains a challenging goal in liquid-phase
catalysis."™ Polyoxometalates (POMs) are discrete anionic
metal oxide molecules formed by early transition metals at
their highest oxidation states.>”” This family of compounds has
been studied extensively as their chemical properties can be
greatly varied due to their structural characteristics, which
make them suitable for applications in various fields like
catalysis, energy, magnetism, and materials science. In the
catalysis field, POMs are well known for their excellent acidity
and nontoxicity.>° The Keggin-type [XM;,040]"” (X = P, Si, Ge,
etc.; M = W, Mo, etc.) structure is the most common and stable
among the POM structures™® and is widely used for a variety of
acid-catalyzed reactions. The Keggin-type phosphotungstic
acid, H3PW,,04, has high acidity and thermal stability, and
is widely used as a solid catalyst in the gas phase or as a
homogeneous catalyst in the liquid phase.*®*™* Unfortunately,
H;PW,,0,, readily dissolves in polar solvents, which limits its
usefulness as a catalyst due to the associated separation cost.
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Numerous studies have shown that heteropoly acids can be con-
verted into heterogeneous catalysts when supported on materials
such as silica, active carbon, and polymers with a high surface area.
Most of these heterogeneous catalysts have shown better catalytic
activity than heteropoly acids as homogeneous catalysts.>™> How-
ever, the simple mixing of H;PW;,0,, with support is not enough,
because H;PW;,0,, interacts weakly with the support material and
can easily be leached from it when used in polar solvents.® To
enhance their interaction, materials have been designed using two
main approaches: (1) electrostatic coupling between anionic POMs
and an organic cation, and (2) covalent binding of POMs with
organic linkers attached on the surface of the supports.***¢” To
enhance the activity, high loading and high dispersion are also
needed. The H;PW;,0,44-meso porous SiO, composite is reported to
maintain a H;PW;,04, loading of approximately 25 wt%, but a
continuous increase in loading results in a decrease in the specific
surface area and the appearance of aggregated HzPW;,0,4
molecules."® > Here, we report a new material, a H;PW,;,0,40~
hydrogel composite, with a high loading amount (approx. 40 wt%)
that does not leach out when washed with water. We focused on the
interaction between H;PW;,0,4, and an ether moiety, and used a
hydrogel polymer containing an ethylene glycol moiety. H;PW;,04¢
is known to interact with ether even in water,>** and compo-
sites of divanadium-substituted phosphomolybdic acid and
poly(ethylene glycol) are reported to show characteristic oxidation
activity.””*® Recently, it has been reported that H;PW,0,, and
H,SiW;,04 have been homogeneously mixed with a loading as
high as 70 wt%, and H3PW,,0,,-PEG composites have shown high
proton conductivity.”*>° The controlled assembly of heteropoly acid
with a block-co-polymer containing poly(ethylene glycol) blocks has
attracted much attention.* The POM and polymer composite can
be used in a variety of applications such as wearable strain sensors,*>
luminescent materials,**** and antibacterial materials.>

Our design for a polymer containing a new heteropoly acid,
H3PW,;,0,0, for heterogeneous acid catalysis in water is as follows:
(1) the polymer contains ethylene glycol ether to readily attach
to H3PW;,04 and (2) the polymer is 3D-networked to limit its
solubility in water. The H;PW,;,04-polymer composite was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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No leaching in H,O
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Scheme 1 Schematic of HzPW;,040 trapped in TEGMA gel (left) and
photograph of the composite in TBS (right).

synthesized via a simple radical polymerization reaction using
asobis(isobutyronitrile) (AIBN) in a mixture of triethylene glycol
methyl ether methacrylate (TEGMA) monomer, triethylene glycol
dimethacrylate (TEGDMA) crosslinker, and H;PW;,0,, (Scheme 1).
H,SiW,,0,, has been reported to have been homogeneously mixed
with an acrylate ester monomer, which was then polymerized by
AIBN.?® The heteropoly acid molecules were trapped in the hydrogel
by polymer chains by hydrogen-bond interaction forces. Thus, the
heteropoly acid is prevented from being lost by leaching when
washed with water (Scheme 1). The suitability of the H;PW;,0,0
poly-TEGMA composite as a catalyst was evaluated via leaching tests
and catalytic experiments (see section S1, ESIt).

At 298 K, the H3PW;,0,, solid can be fully dissolved in the
TEGMA monomer at a high concentration (approx. 80 wt%) to form
a clear and stable solution. The color of the solution gradually
turned light yellow with increase in the H;PW,,0,, concentration
(Fig. S1(a), ESIt). Similarly, the dissolving of H,SiW;,0,, in acrylate
ester molecules has been reported.®” The refractive index of the clear
solution also increased with the addition of H;PW;,0,, (Fig. S2,
ESL7 black balls). Finally, clear plate composites were produced by
free-radical polymerization using AIBN as an initiator and the
TEGMA monomer with TEGDMA as a crosslinker (Fig. S3, ESIT).

Fig. S4 (ESIY) shows the FT-IR spectra of the poly-TEGMA
hydrogel, pure HzPW;,040, and H;PW;,0,5-poly-TEGMA compo-
sites. In the IR spectrum of pure H;PW,,0,,, the absorption bands
at 1081 cm ™%, 978 cm™ %, 896 cm™*, and 802 cm™* are characteristic
of the absorptions of the P-O, bond and the three W-O bonds
(Og, terminal oxygen to W; Oy, corner-sharing oxygen; and O, edge
sharing oxygen), respectively (Fig. S5, ESIT).>® The IR spectra of the
10-80 wt% H3PW;,0,4¢-poly-TEGMA composite show the character-
istic bands of H;PW;,0,, which indicates the structural integrity of
H;3PW;,0,, in the composites. The intensity of these bands strength-
ens with increase in the H;PW;,0,, content. Interestingly, the
absorption peak at 802 cm™ ', which corresponds to the vibration
of W-0, in H;PW,;,0,,, becomes sharper and shifts to 820 cm™*
(for 40 wt% HzPW;,0,0-poly-TEGMA composite), which implies
hydrogen-bond interactions between H;PW,;,0,, and TEGMA. A
similar shape change and wavelength shift of the band at 802 cm™*
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were observed when H;PW,;,0,, was mixed with poly(ethylene
glycol).”® This suggests that the bridging oxo ligand, O, has a
comparatively higher negative charge and thus behaves as a hydro-
gen bonding acceptor group. The oxygens in HzPW;,0,, can form
hydrogen bonds with the ether groups of TEGMA, thereby contribut-
ing to the high solubility of H;PW;,0,, in the TEGMA monomer.>*?®

Fig. S6 (ESIf) shows the XRD patterns of the poly-TEGMA
hydrogel, pure H;PW;,0,40, and Hz;PW;,040-poly-TEGMA compo-
sites. Only broad diffraction peaks were observed in the 10-80 wt%
H;3PW,,0,0-poly-TEGMA composites, and no diffraction peak was
assignable to the crystalline H;PW,;,0,, species, which indicates
that the H;PW;,0,40-poly-TEGMA composites were amorphous. It
can be inferred that the H;PW;,0,4, molecules were well dispersed
in the poly-TEGMA carriers. Fig. 1 presents element mapping
images of the 40 wt% H3PW12040-poly-TEGMA composite, which
show that the distribution of elements C and W was highly
consistent. These results further confirm that the Hz;PW;,049
molecules were finely dispersed in the poly-TEGMA hydrogel.

Fig. 2 shows the changes in the amount of H;PW;,0, in the
H3PW;,0,40-poly-TEGMA composites with different H;PW,,040
loading amounts after they had been washed with water. Prior to
washing, H;PW,,0,4, was successfully loaded into the poly-TEGMA
hydrogel at all loading concentrations. When the loading concen-
tration of H3PW;,0,, was less than 40 wt%, the loading amount of
H3PW;,0, did not decrease after washing with water, which shows
that H;PW,;,0, can be fixed stably in poly-TEGMA hydrogel via the
hydrogen bond interactions between H;PW;,04 and the poly-
TEGMA hydrogel. When the loading concentrations of H;PW;,0,0
were increased to 60 wt% and 80 wt%, the loading concentrations of
H;3;PW;,0, in the composite decreased to 51 wt% and 55 wt% after
washing, respectively. This indicates that the loading capacity of
poly-TEGMA hydrogel for H;PW;,0,, had reached its limit, and the
addition of H;PW;,04 in excess of this limit cannot be stably
loaded. Fig. S7 (ESIf) shows SEM images of the poly-TEGMA
hydrogel, 40 wt% H3;PW;,0,0-poly-TEGMA composite, and 80 wt%
H;3PW;,0,40-poly-TEGMA composite. We can see that the poly-
TEGMA hydrogel and 40 wt% H;PW,,0,5-poly-TEGMA composite
have relatively flat surfaces and similar surface states. When the

(c)

Fig. 1 SEM patterns of the 40 wt% HzPW;,040-poly-TEGMA composites
(a), carbon (b), and tungsten (c).
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Fig. 2 H3PW;04 content estimated by thermogravimetry (TG) versus the
amount of HiPW;O49 added in the polymerization. As-synthesized
H3PW15,040-poly-TEGMA  composites  (green  square), HzPWq,040-poly-
TEGMA composites after the first washing with water (blue cross), and
H3PW1,040-poly-TEGMA composites after washing twice with water (red circle).

H;PW;,0,0 loading concentration exceeds 80 wt%, many pocket-
shaped cavities can be observed on the surface. Combined with the
results of the leaching test, this suggests that the change in the
surface state of the composite is related to the H;PW;,0,, loading
concentration. We can conclude that when the loading concen-
tration of H;PW;,0,, in the poly-TEGMA hydrogel reaches its limit,
the surface morphology of the composite will change.

Fig. S8(a) (ESIt) shows the swelling behavior of composites
with different H;PW;,0, loading amounts, and Fig. S8(b) (ESIt)
shows the calculated volume swelling rates. The volume of all the
composites increases and the plate structure of the 80 wt%
H;3PW,,0,0/TEGMA composite was broken (Fig. S8(a), ESIT). The
poly-TEGMA composites swelled even in the presence of
H3PW,,0,, with a volume swelling rate of about 3-4 (Fig. S8(b),
ESIt). This swelling behavior may facilitate the composite’s
absorption of the reactant from the solution and the completion
of the catalytic reaction with the catalyst in the composite.

Fig. 3 shows the color change of the poly-TEGMA hydrogel
and H3;PW,,0,-poly-TEGMA composites when immersed into
thymol blue water solution. The thymol blue solution is yellow
under neutral conditions and turns pink under acidic condi-
tions with a pKa of 1.7. The poly-TEGMA hydrogel was yellow in
the thymol blue solution (Fig. 3(b)), which means it had no acid
sites. In comparison, the color of the H;PW;,0,o-poly-TEGMA

Fig. 3 Photograph of 0.0008 wt% thymol blue water solution (TBS) (a), poly-
TEGMA hydrogel in the TBS (b), 20 wt% H3PW;,040-poly-TEGMA composite
in the TBS (c), 40 wt% HzPW;,040-poly-TEGMA composite in the TBS (d).
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composite changed to pink, indicating the presence of acid
sites in the H3PW;,0,40-poly-TEGMA composite. However, the
color of the solution above the H;PW,,0,y-poly-TEGMA com-
posite stayed the same as the thymol blue solution, which
means that no protons of H;PW;,0,, leached out from the
composite, but remained locked stably in the composite.

As the hydrolysis of ethyl acetate can be catalyzed by acid, the
activity and concentration of its acid sites are of great importance
to its catalytic properties. Table S1 (ESIT) shows the conversion of
ethyl acetate after 72 hours with 0 wt%, 10 wt%, 20wt% and
40 wt% H3PW,,0,40-poly-TEMGA composites. It shows that higher
H3PW;,0,0 contents lead to higher catalytic activity. Fig. 4(a)
shows the conversion of ethyl acetate over time with the as-
synthesized and twice-washed 40 wt% H;PW;,040-poly-TEMGA
composites (solid lines), with the dotted lines indicating conver-
sion after filtering. The results show that the synthesized and
washed composites have similar curves, which means that the
acid activity of the 40 wt% H;PW;,0,,-poly-TEGMA composite did
not decrease after washing with water. This also confirms that no
H3;PW;,0,, leached out from the 40 wt% H3;PW;,0,0-poly-TEGMA
composite. In addition, the conversion rate was almost the same
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Fig. 4 Conversion change of AcOEt catalyzed by the as-synthesized
40 wt% HzPW1,040-poly-TEGMA composite (square) and twice-washed
40 wt% HzPW,040-poly-TEGMA composite (triangle). Solid and dotted
lines show the conversion change before and after filtering the compo-
sites, respectively (a); concentration changes of AcOEt catalyzed by poly-
TEGMA hydrogel (gray triangle), pure HzPW;,040 (blue square), and
40 wt% HzPW1,040-poly-TEGMA composite (red circle) (b).
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after filtration, which indicates that no leaching of H3;PW;,0,,
had occurred during the reaction. Fig. 4(b) shows the conversion
changes of ethyl acetate with poly-TEGMA hydrogel, pure
H3;PW;,0,4, and 40 wt% H;PW;,0,0-poly-TEGMA composite,
where the pure H;PW;,0,, and 40 wt% H;PW;,0,,-poly-TEGMA
composite had the same amount of H;PW;,0,,. The poly-TEGMA
hydrogel shows no acid catalytic activity. The conversion of ethyl
acetate with pure H3;PW;,0,4, and 40 wt% H;PW;,0,0-poly-
TEGMA composite both increased over time and the acid sites
in the H3PW;,0,0-poly-TEGMA composite showed higher activ-
ities than the pure H;PW;,0,,. We can suppose that the high
density of the composites supplied highly active acid sites for the
hydrolysis of ethyl acetate, leading to a higher reaction speed.

In this work, we used poly-(triethylene glycol methyl ether
methacrylate) (poly-TEGMA) to support phosphotungstic acid
as an acid catalyst for the hydrolysis of ethyl acetate. During the
synthesis process, H;PW;,0,, was dissolved in the TEGMA
monomer and the TEGDMA linker, and was polymerized using
the AIBN initiator. The FT-IR, XRD, and SEM-EDX results
suggest that the Keggin structure of the H;PW;,0,, molecule
is finely preserved in poly-TEGMA. The results of leaching and
catalytic tests in water indicate that the 40 wt% H;PW;,0,0-
poly-TEGMA composite is stable, with H;PW;,0,, not being
leached when washed with water. The 40 wt% H3PW;,040-poly-
TEGMA composite was proved to be a more efficient catalyst
than pure H3;PW,;,0,4,. This work provides new opportunities
for extending the application range of heteropoly acids.
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