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The esterification reaction used to prepare butyl paraben (BP) and propyl gallate (PG) catalyzed using a cucurbit
[6]uril-supported Keggin-type silicotungstic acid (Q[6]-STA) catalyst has been investigated. The Q[6]-STA
catalyst has been characterized using FTIR spectroscopy, XRD, SEM, EDS, thermal analysis, and surface area
studies. Q[6]-STA was easy to prepare in high yield and exhibited some advantageous properties, such as high

catalytic activity and its convenient recovery. Moreover, a reusability study showed that the Q[6]-STA catalyst

was stable and active.

1. Introduction

Heteropolyacids (HPAs), as a class of oxy acids, contain heteroatoms
(such as P, Si, Fe and Co) and other metal atoms (such as Mo, W, V, Nb
and Ta), which adopt certain structures based on their oxygen coordi-
nation [1]. HPAs with a Keggin-type structure are widely used as acid
catalysts due to their novel structural properties and very strong
Brgnsted acidity [2]. Keggin-type HPAs, such as phosphomolybdic acid
(H3PMo12040), silicotungstic acid (H4SiW1204¢) and phosphotungstic
acid (H3PW;12040), are readily available and most frequently used as
acid catalysts [3]. However, the main disadvantages of using HPAs as
catalysts are their relatively low surface area (1-10 m?-g~%) and prob-
lematic separation from the reaction mixture [4,5].

Appending HPAs on a suitable support is expected to circumvent the
above mentioned problems. As a result, many traditional acids have
been immobilized on SiO,, Aly03, TiO9, active carbon, anion-exchange
resin [6,7], clay [3], ZrOg [8] and NbyOs [9]. Cucurbit[n]urils (Q[n]s)
are a family of host molecules possessing a rigid hydrophobic cavity and
two identical carbonyl-fringed portals [10]. They have attracted a lot of
attention in supramolecular chemistry because of their superior mo-
lecular recognition properties in aqueous media [11-25]. In particular,
recently studies have revealed that the electrostatically positive outer
surface of Q[n]s can provide a driving force, known as the outer-surface
interaction of Q[n]s (OSIQ), which is capable of generating numerous
novel Q[n]-based supramolecular assemblies, including Q[n]-HPA-
based porous structures [26,27]. Kogerler and co-workers first investi-
gated the interactions of [Hy0@V"V150421'%~ with Q[6] and Q[8]
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molecules, respectively and characterized two novel hybrid porous
complexes [28]. Cao and co-workers prepared a series of hybrid Q[n]-
HPA complexes [29-33] and demonstrated the photocatalytic activity of
water-insoluble Q[6]—[SiW12040]47 and MeloQ[S]—[P2W13062]67 to-
ward the degradation of methyl orange under visible light irradiation
[34,35]. Ion-dipole interactions formed between the electrostatic po-
tential positive outer surface of Q[n]s and HPAs anions, namely OSIQ
[26,27], can adequately explain the formation of these water-insoluble
materials. These results motivated our group to investigate Q[n]-sup-
ported HPAs as acid catalysts for the esterification reaction. In our
previous work, tetramethyl cucurbit[6]uril-supported phosphomolybdic
acid (TMeQ[6]-PMA) and perhydroxylated cucurbit[6]uril-supported
phosphomolybdic acid [(HO);2Q[6]-PMA] catalysts have been exam-
ined in the esterification reaction and showed good catalytic activity
[36,371].

Butyl paraben (BP) and propyl gallate (PG) are commercially avail-
able products obtained from an esterification reaction. Some mineral
acids, such as sulfuric and phosphoric acid, are conventionally used as
catalysts for industrial scale esterification reactions. Although these
mineral acid catalysts have many advantages, such as high catalytic
activity and selectivity, they also have some disadvantages, such as
being homogeneous reaction catalysts, difficult to recover, nonreusable,
difficult to separate from the desired product, corrosive and toxic
[38,39].

In this work, a cucurbit[6]uril-supported Keggin-type silicotungstic
acid (Q[6]-STA) catalyst has been prepared, characterized and applied
toward the synthesis of butyl paraben (BP) and propyl gallate (PG). The
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Ql6] STA

Fig. 1. Structure of cucurbit[6]uril (Q[6]) and silicotungstic acid (STA).

Fig. 2. The outer-surface interaction of Q[n] with HPAs.
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structure of Q[6] and STA are shown in Fig. 1.
2. Experimental section
2.1. Materials

Reagent grade silicotungstic acid hydrate (H4SiW1204¢9-xH20; STA),
p-hydroxybenzoic acid, gallic acid, butyl alcohol and propyl alcohol
were purchased from Shanghai Aladdin Biochem Technology Co. Ltd.
and used as received without further purification. Q[6] was synthesized
according to a literature procedure [40].

2.2. Preparation of the Q[6]-STA catalyst

The Q[6]-STA catalyst was prepared by simply mixing solutions
containing Q[6] and STA, respectively. A solution of STA (2.5 x 107>
mol-L™Y) in H,0 (10 mL) was added slowly to a solution of Q[6] (5.0 x
107° mol-L’l) in 3 M HCI (10 mL) with stirring. A precipitate imme-
diately appeared and after stirring for a further 2 h, the solvent was
removed under vacuum. The Q[6]-STA catalyst was dried at 353 K for 3
h to afford a yield of > 90% based on STA.

2.3. Characterization of the Q[6]-STA catalyst
The FTIR spectra of Q[6], STA and Q[6]-STA catalyst were measured
on a Bruker Vertex 70 FTIR spectrometer using KBr pellets. Powder X-

ray diffraction (XRD) analysis of Q[6]-STA was performed on a X’Pert-
Pro MPD (CuKa radiation) and compared to mechanical mixtures of Q
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Fig. 3. (a) FTIR spectra obtained for Q[6], STA and the Q[6]-STA catalyst. (b) XRD patterns obtained for a simple mixture of Q[6] and STA, and the Q[6]-STA
catalyst. (¢) DTG and TG curves obtained for the Q[6]-STA catalyst. (d) Nitrogen gas adsorption-desorption isotherms obtained for the Q[6]-STA catalyst.
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Fig. 4. (a,b) SEM images obtained for the Q[6]-STA catalyst. (c) The surface elemental analysis images and (d) corresponding composition of the Q[6]-STA catalyst

obtained using EDS.

[6] and the STA. The XRD patterns of the samples were recorded in the
20 range of 5 — 50°. TG-DTA analysis of the samples was carried out on
an Netzsch STA499C thermal Analyzer using ~ 20 mg of sample in a
platinum crucible. SEM and EDS were carried out using an Hitachi
SU8010 FESEM instrument. The samples were suspended in ethanol,
subjected to ultrasonication for 30 min, filtered and dried prior to
measurement. The specific surface area, pore volume, and pore size
distribution of the samples were measured on a ASAP 2020 HD88
automatic adsorption instrument using low temperature Ny adsorp-
tion—desorption isotherms. Prior to measurement, the samples were
degassed in situ at 393 K for 6 h under vacuum.

2.4. Catalytic tests

QI[6]-STA was used as a catalyst for the synthesis of butyl paraben
(BP) to investigate its catalytic activity. 20-100 mg of freshly activated
Q[6]-STA catalyst (dried at 353 K for 3 h), 0.036 mol of p-hydrox-
ybenzoic acid and 0.072-0.432 mol of butyl alcohol were added to a 50-
mL three-necked flask equipped with a reflux condenser and water
separator, and the resulting reaction mixture was heated at reflux for
1-5 h. The resulting mixture was filtered while hot to separate the solid
catalyst and the filtrate subjected to vacuum distillation to remove the
excess butyl alcohol. The crude product was placed into a beaker, water
added and the solution was left to stand at room temperature for 12 h.
The resulting colorless crystals were filtered, washed with water (3 x )
and recrystallized from ethanol (75% v/v). The BP product was obtained
via filtration, dried, weighed and the yield calculated.

In order to further investigate the catalytic performance of Q[6]-STA
during the esterification reaction, PG was synthesized using a similar
method to that used to prepare BP. A total of 20-150 mg of freshly
activated Q[6]-STA catalyst (dried at 353 K for 3 h), 0.015 mol of gallate

acid,0.015-0.210 mol of n-propyl alcohol and 5 mL of toluene as a
water-carrying agent were added to a 50-mL three-necked flask equip-
ped with a reflux condenser and water separator, and the resulting re-
action mixture heated at reflux for 1-5 h. The resulting mixture was
filtered while hot to separate the solid catalyst and the filtrate subjected
to vacuum distillation to remove the excess n-propyl alcohol. The crude
product was placed into a beaker, water added and the solution was left
to stand at room temperature for 12 h. The resulting colorless crystals
were filtered, washed with water (3 x ) and recrystallized from ethanol
(75% v/v) to give PG.

The Q[6]-STA catalyst was recovered by filtration, washed with
water, and vacuum-—dried. The activated catalyst was reused for further
experiments.

3. Results and discussion
3.1. Interaction of Q[6] and HPA

It is common that Q[n]s interact with HPAs in aqueous media to form
water-insoluble hybrid compounds, in which the driving force is derived
from the so-called OSIQ[26]. That is to say, the electrostatically positive
outer surface of the Q[n] interacts with the HPAs anions via ion-dipole
interactions, which generally involve the protruding oxygen atoms of
the HPAs and portal carbonyl carbon atoms or methine/methylene
protons on the back of the Q[n] (Fig. 2) [28]. Previous studies have
revealed that some Q[n]s interact with selected HPAs to form hybrid
compounds via OSIQ[23,28-35]. Generally, Q[n] molecules interact
with HPAs in simple ratios, such as 1:1 [28,31,33,34] or 2:1
[29,30,32,33,35]. This was corroborated in the present work when we
prepared a Q[6]-supported STA catalyst. The as-obtained precipitate
exhibited a fixed composition and was obtained in high yield (>90%
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Fig. 5. (a) The influence of the molar ratio of the reactants on the yield of BP. (b) The influence of the catalyst loading on the yield of BP. (c) The influence of the
reaction time on the yield of BP. (d) The synthesis of BP was repeated 5 times under the optimal reaction conditions.

based on STA). The elemental analysis results showed that the Q[6]:STA
stoichiometry was consistently 2:1 and the chemical formula was
C72H76N48064SiW12-nH0.

3.2. Characterization of the Q[6]-STA catalyst

Fourier-transform infrared (FTIR) spectroscopy provides an insight
into the interaction of Q[6] with STA (Fig. 3a). Generally, Q[6] exhibits
characteristic IR bands at 2929 cm [V(—-CH>-)] and 1728 em! (ter-
minal C=0). Meanwhile, STA exhibits four characteristic IR bands at
1080 cm ™! (Si-O in central tetrahedron), 980 cm™! (terminal W = 0),
890 cm ! (corner-sharing oxygen), and 800 cm ™' (W-O-W edge-sharing
bridging oxygen) [1]. When compared to the spectra obtained for the
two pure compounds (Q[6] and STA), the characteristic IR bands of Q[6]
and STA can still be observed in the Q[6]-STA catalyst. In particular, the
bands due to the portal carbonyl groups showed no obvious changes,
whereas the bands due to the bridging —CHy- showed different shapes,
suggesting that the STA molecules may reside on the outer surface via
weak intermolecular interactions. It is conceivable that the electrostat-
ically negative carbonyl-fringed portals of the Q[6] molecules may
prevent the approach of the STA anions. Evidently, Q[6] and STA
maintained their initial structures in the Q[6]-STA catalyst without
being destroyed. The XRD patterns of Q[6]-STA was completely
different form that of a simple mixture of Q[6] and STA (Fig. 3b),
indicating that a new phase was formed between Q[6] and STA in so-
lution, that is, Q[6] formed interactions with STA. Thermogravimetric

analysis was carried out on the Q[6]-STA catalyst (Fig. 3c), which
showed a mass loss of 12.02% at 108.24 °C. This can be attributed to the
loss of free water from the compound. The following two endothermic
bands corresponded to decomposition of Q[6] and STA at 378.74 °C and
760 °C. These experimental results suggested that the interactions
formed between STA and Q[6] render STA with increased thermal sta-
bility. Nitrogen gas adsorption measurements were applied to charac-
terize the porosity of the Q[6]-STA catalyst (Fig. 3d). The surface area
was calculated from the isotherms using the multi-point Brunauer-
Emmett-Teller (BET) method. The pore size distribution was determined
using the Barrett-Joyner-Halenda (BJH) method from the desorption
parts of the isotherms. The results showed that the BET surface area,
micropore volume and pore size of the Q[6]-STA catalyst were 55.41
m2.g71, 0.018 em®.g7! and 27.66 nm, respectively. Evidently, the
surface area of the Q[6]-supported STA was greater than that of the
unsupported STA [4,5].

The morphologies and elemental distribution of the Q[6]-STA cata-
lyst were investigated using SEM and EDS. The SEM image shows that
the Q[6]-STA catalyst was uniform with a particle size of ~100 nm
(Fig. 4a.b) and the surface of the composite was rough, which was
beneficial for the enhanced contact area between the catalyst and
reactant. Furthermore, the surface elemental analysis (Fig. 4c) and
strong peaks attributed to C, N, O, Si and W were observed in the EDS
spectrum (Fig. 4d), and confirmed that the composition of the sample
was consistent with the Q[6]-STA catalyst.
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Fig. 6. (a) Influence of the molar ratio of the reactants on the yield of PG. (b) The influence of the catalyst loading on the yield of PG. (c) The influences of the
reaction time on the yield of PG. (d) The synthesis of PG was repeated five times under the optimal reaction conditions.
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Fig. 7. The reusability of the Q[6]-STA catalyst in the esterification reaction used to prepare BP and PG.

3.3. Catalytic activity tests using the Q[6]-STA catalyst

In order to evaluate the catalytic activity of the Q[6]-supported STA
catalyst, it was applied in the esterification reaction. The influencing

factors, including catalyst loading, reaction time and molar ratio of acid
to alcohol, on the synthesis of BP and PG were investigated. BP was
synthesized heating different molar ratios of butyl alcohol to p-
hydroxybenzoic acid with 100 mg Q[6]-STA catalyst at reflux for 3 h
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(Fig. 5a). The optimal molar ratio of butyl alcohol to p-hydroxybenzoic
acid was identified to be 6:1, which gave the maximum yield of BP
(95.6%). Fig. 5b shows the influence of the catalyst loading on the yield
of BP using a fixed molar ratio of butyl alcohol to p-hydroxybenzoic acid
of 6:1 at reflux for 3 h. The yield of BP increased upon increasing the
catalyst loading with a maximum yield of 95.8% obtained when using
80 mg of the Q[6]-STA catalyst. To investigate the influence of reaction
time on the yield of BP, the molar ratio of butyl alcohol to p-hydrox-
ybenzoic acid was fixed at 6:1, the catalyst loading was fixed at 80 mg
and the reaction heated at reflux. Fig. 5¢ shows the yield of BP increased
upon increasing the reaction time up to 3 h, after which it levelled off at
95.8%. Under optimal conditions (catalyst loading, 80 mg; molar ratio
of butyl alcohol to p-hydroxybenzoic, 6:1; reaction temperature, 391 K,
reaction time, 3 h), the reaction was repeated 5 times. The results
showed that the yield of BP was maintained at ~ 95% (Fig. 5d).

In the PG synthesis, the reaction conditions were similar to that used
to prepare BP and the details listed in Table S1-S4. The optimum re-
action conditions were catalyst loading, 100 mg; molar ratio of n-
propanol to gallic acid, 8:1; reaction temperature, 370 K; reaction time,
4 h. The yield of PG was >94% over five repeated reactions (Fig. 6). BP
and PG were characterized using FTIR and NMR spectroscopy, and the
results shown in Figs. S1 and S2.

Q[6] has no catalytic activity in esterification reaction, and its role is
to formed a stable solid catalyst through the self-assembly interaction of
Q[6] and STA. The active species in Q[6]-STA is STA. However, control
experiments revealed the low efficiency of unsupported STA. When 47
mg of STA was used as a homogeneous catalyst, the yield of BP was
found to be 85%. And the yield of PG became as low as 83% using 59 mg
of pristine STA. The results showed that the catalytic performance of Q
[6]-STA is better than that of unsupported STA.

Q[n]s-HPAs self-assembled systems often have the characteristics of
porous structure [28,36]. In addition, the morphology of Q[6]-STA
nanoparticles also increase its surface area and active site on the cata-
lyst surface. The greater the specific surface area of the catalyst, the
more dispersed the active species, and the larger the number of active
sites. The high porosity of the catalyst makes it easy to adsorb the re-
actants, thus enhancing its catalytic performance.

Since STA is a Brgnsted acid [2,41], we speculate that the afore-
mentioned reaction can be explained by acid-catalysed Fischer esterifi-
cation mechanism [42]. When the carbonyl oxygen atom of carboxylic
group binds with a proton of STA, the density of positive charge on
carbonyl carbon atom increases. The nucleophillic attack of the alcohol
on the protonated carbonyl group gives a tetrahedral intermediate
bearing two hydroxyl groups, which undergoes a water and proton
elimination process to produce the ester.

3.4. Recyclability of the Q[6]-HPA catalyst.

We previously mentioned that the Q[6]-STA catalyst can be easily
prepared in high yield and shows high stability because it is insoluble in
both acidic aqueous solutions and organic solvents. As an esterification
reaction catalyst, Q[6] — STA is characterized by its high catalytic ac-
tivity when compared to its classical counterparts and it may be easily
isolated from reaction media via filtration due to its insolubility. An
additional important advantage of the Q[6]-STA catalyst is its stability
with respect to leaching of the acid sites during the esterification reac-
tion. Thus, the catalyst can be collected using simple filtration after
completion of the reaction. The catalyst can be regenerated by washing
with water several times, followed by drying at 373 K in an oven under
an air atmosphere. Thereafter, it can be reused in a new esterification
reaction system. Fig. 7 shows the results of 5 consecutive reactions under
the optimal conditions used to prepare BP and PG with the Q[6]-STA
catalyst. The normalized yields suggested the catalyst retained its orig-
inal catalytic activity. XRD shows that the composition and structure of
Q[6]-STA remained unchanged after repeated use (Fig. S3).

Inorganica Chimica Acta 523 (2021) 120418

4. Conclusion

In this work, a cucurbit[6]uril-supported silicotungstic acid (Q[6]-
STA) catalyst has been prepared. Q[6] and STA not only exhibited good
catalytic activity in the esterification reaction, but are also insoluble
solids, which could be easily isolated from the reaction system. The Q
[6]-supported STA enhanced the stability of STA and improved its cat-
alytic efficiency.
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