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We report sulfonated hypercrosslinked polymers (SHCPs) as het-
erogeneous catalysts for the selective esterification of hexanoic
acid with benzyl alcohol. The SHCPs demonstrate tuneable cataly-
tic activity and selectivity, outperforming conventional acid cata-
lysts. We also explore detrimental structural changes over multiple
cycles,
performance.

providing insights for optimising long-term catalyst

Increasing socio-economic and environmental pressures are
driving a shift toward sustainable practices in the chemical
industry. The development of reusable and highly selective
catalysts is a key principle of green chemistry, prioritising the
minimisation of waste. Effective heterogeneous catalysts that
embody these principles can be realised through the immobi-
lisation of catalytically active functionalities onto inert, insolu-
ble scaffolds. Heterogeneous catalysts offer several advantages
over their homogeneous counterparts, including straightfor-
ward separation from reactants and products, ease of recycling,
and potential use in continuous flow processes." Despite these
benefits, the application of heterogeneous catalysts in industry
is often limited due to high costs, reduced catalytic activities, or
poor stabilities.” Additionally, the anchoring of catalytic sites to
inert scaffolds can lead to changes in their microenvironment,
reducing accessibility and/or activity. For heterogeneous cata-
lysts to be effective, they must be cost-efficient, feature dense
and accessible active sites, and be applicable to a wide range of
catalytic transformations.
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Tuneable sulfonated hypercrosslinked polymers
for selective esterification: insights into
performance and stabilityy

*® and

Acidic inorganic and organic nanomaterials, including
zeolites,®> mesoporous organosilicas,” metal-organic frame-
works (MOFs),> and organic ion-exchange resins®’ have
emerged as promising alternatives to homogeneous acid cata-
lysts. However, these classes of materials each come with a
unique set of challenges and limitations that restrict their use
in industry. The inherent microporosity of zeolites constricts
the accessibility of active sites, resulting in mass transfer
limitations and slow conversion,® while the synthesis of meso-
porous silicas often requires several processing steps, including
template removal, driving up costs. Many MOFs exhibit poor
thermal- and water stability, rendering them unsuitable for a
range of catalytic applications.® Commercial organic ion-
exchange resins, such as Amberlyst-15, although highly acidic,
are limited by low surface areas.'”

Porous organic polymers offer numerous advantages for
heterogeneous catalysis, including general chemical inertness,
thermal stability, broad pore size distributions for effective
mass transfer, and low-densities."' Hypercrosslinked polymers
(HCP) are a subclass of porous organic polymer comprising
densely crosslinked amorphous networks produced using Frie-
del-Crafts chemistry.'” An extensive array of synthetic pathways
to HCPs offer broad chemical and textural design, permitting
the development of HCPs for various applications including gas
storage and separation,"'* energy storage,">'® and water
remediation.’”*® In 2022, we reported a one-pot route to
sulfonated hypercrosslinked polymer (SHCP) acid catalysts that
allowed for the tuning of active site densities and pore
architecture.'® A library of SHCPs was applied to the acid-
catalysed hydrolysis of cyclohexyl acetate to cyclohexanone,
where it was found that catalyst amphiphilicity was crucial
for optimal substrate conversion in the two-phase reaction.

Esterification plays a key role in industry for the production
of paints,*® varnishes,?* perfumes,”® pharmaceuticals>® and
biodiesel. Acid-catalysed esterification reactions typically yield
the corresponding ether as a byproduct due to the dehydrative
coupling of two alcohol molecules. Herein, we employ SHCPs
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(a) Representative SHCP structure. (b) Conversion of benzyl alcohol over time, and (c) selectivity toward the desired ester product over the ether

by-product upon esterification using SHCP-3 (light grey), SHCP-5 (dark grey), SHCP-7 (grey-blue), and SHCP-10 (blue). Data are provided as mean +

standard deviation (n = 3).

as acid catalysts for the esterification of hexanoic acid with
benzyl alcohol, a model reaction used to probe the selectivity
and efficiency of acid catalysts. The tuneability of SHCPs allows
us to modify their acid-site densities, pore volumes, and surface
areas, offering a tailored approach to catalyst design for ester-
ification. By evaluating the catalytic performance of system-
atically varied SHCPs, we seek to identify key catalyst properties
for selective esterification.

We synthesised four SHCPs with varying sulfonation densi-
ties following our previous report (representative SHCP struc-
ture shown in Fig. 1a).’® In brief, networks SHCP-3, SHCP-5,
SHCP-7, and SHCP-10 were prepared using chlorosulfonic acid
as a dual catalyst and sulfonation agent in the self-
condensation and sulfonation of 4,4’-bis(chloromethyl)-1,
1’-biphenyl. Network nomenclature was retained from our
previous research.'® The successful formation of SHCPs was
confirmed by extensive chemical and physical characterisation
and agrees well with previous work (see Section S2 of the
ESI1)."*"® Higher sulfonation densities led to a decrease in
Vrot, While Vysiero remained relatively unchanged, suggesting
that sulfonation predominantly occurred within more accessi-
ble meso/macropores. Key network data including sulfonate
content, Brunauer-Emmett-Teller (BET) specific surface area,

Table1l Sulfonate contentand porous properties of SHCPs, including BET
surface area, micropore volume Vuicro, and total pore volume Vro. Data
are provided as mean =+ standard deviation (n = 3)

Sulfonate BET surface
Catalyst: content area
Network monomer (mmol g~ ')* (m? g %)?

Vmicro b Vrot b
(em®g™")” (em’g™)

SHCP-3 0.5 1.26 £ 0.16 1093 £ 228 0.16 + 0.04 0.82 + 0.27
SHCP-5 1.0 2.19 £ 0.31 954 £59 0.21 £ 0.02 0.58 & 0.02
SHCP-7 2.0 3.40 £ 0.42 777 £34 0.17 £ 0.02 0.49 £ 0.09
SHCP- 4.0 4.44 £ 0.23 645 £ 48 0.17 = 0.02 0.34 £ 0.02
10

“ Determined using XPS analysis. ” Derived from N, sorption isotherms
recorded at 77 K.
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micropore volume (Viicro), and total pore volume (Vy) are
provided in Table 1.

SHCPs with varied chemical and textural properties were
applied to the esterification of hexanoic acid with benzyl
alcohol (reaction scheme shown in Fig. S1, ESIt), to investigate
their efficiency with respect to both conversion and selectivity.
Briefly, SHCP was added to a mixture containing both reactants
in dry toluene, which was heated at 75 °C in a nitrogen atmosphere
for 22 h. The reaction was sampled at regular intervals, diluted in
ethyl acetate, and analysed using gas chromatography-mass spec-
trometry (GC-MS). Benzyl alcohol conversions over time are plotted
in Fig. 1b (corresponding GC traces and numerical data are shown
in Fig. S6 and Table S2 (ESIf), respectively). Network SHCP-3
displayed the lowest catalytic activity and the highest standard
deviation across all samples, reaching 61 £+ 12% conversion after
22 h. The relatively poor catalytic activity of SHCP-3 is due to its low
sulfonation density. The more acidic SHCP-5 gave benzyl alcohol
conversions of 82 + 3% after 22 h, while SHCP-7 and SHCP-10 both
achieved a substrate conversion of >90%, exceeding the perfor-
mance of both the commercial resin Amberlyst-15 and homoge-
neous (liquid) H,S0,.>* Control experiments utilising a non-acidic
hypercrosslinked polymer equivalent showed negligible conversion
after 22 h (Fig. S7, ESI), confirming the role of the acidic sulfonate
moieties. Achieving high sulfonation densities did not appear
crucial for catalyst performance, as the more acidic SHCP-10
displayed similar conversion rates to SHCP-7, in which catalytic
conversion reached a maximum of 95 + 4%. The elevated activity
in SHCP-7 may be attributed to the higher surface area and
improved mesopore/macropore content, resulting in greater acces-
sibility to catalytic sites.

The two polymers with the highest acidity and conversion
rates, SHCP-7 and SHCP-10, exhibited the lowest selectivity for
the ester product, with values of 6 + 1 and 7 + 1 mol mol™*
after 22 h, respectively (Fig. 1c and Table S3, ESIf). It is
noteworthy that, although these selectivities are not optimal
for industrial application, they are superior to Amberlyst-15.>*
Conversely, the polymers with lower sulfonation densities,
SHCP-3 and SHCP-5, exhibited significantly higher selectivities

This journal is © The Royal Society of Chemistry 2024
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Fig. 2

(a) Catalytic efficiency of SHCP-7 across five cycles, showing benzyl alcohol conversion and ester/ether selectivity. (b) N, sorption—desorption

isotherms of SHCP-7 (dark blue) before and after (pink) cycling, measured at —196 °C. (c) Scheme of benzyl alcohol condensation onto an SHCP, the
proposed cause of gradual catalytic decline. (d) FTIR spectra and (e) **C CP/MAS ssNMR of SHCP-7 before and after cycling.

after three hours, reaching 24 £+ 4 and 30 + 4, respectively,
comparable to that of a homogeneous sulfuric acid catalyst®*
but inferior to sulfonated polymer networks with columnar
hexagonal pore structures.”” The performance of SHCP cata-
lysts for this esterification is compared with examples from the
literature in Table S4 (ESIt). Considering the lower conversion
rates of SHCP-3 and SHCP-5, their improved selectivity
indicates the initial slow formation of the desired ester product,
followed by ether production. When using the more acidic
SHCP-7 and SHCP-10, the reaction proceeds faster, and thus
also leads to the formation of more ether product. Interestingly,
the selectivity of all samples decreased after 22 h reaction time,
again indicating elevated ether formation with time.

To assess cycling stability, a total of five consecutive catalysis
experiments were conducted utilising SHCP-7, given that this
displayed the highest benzyl alcohol conversion rate (Section S3
of the ESIt). The catalytic efficiency of SHCP-7 exhibited a
gradual decline across the five cycles (Fig. 2a and Table S5,
ESIT), with the initial conversion of 95 + 4% in the first cycle
decreasing to just 27% in the fifth. The drop in catalytic
efficiency is in contrast to the repeated hydrolysis of cyclohexyl
acetate to cyclohexanol using SHCP-10, where no measurable
changes were observed upon cycling.'® Attempts to regenerate
the catalysts by washing with 1 M HCI acid or thermal treat-
ment at 150 °C for 1 h were unsuccessful. Wolska et al.®

This journal is © The Royal Society of Chemistry 2024

reported a decrease in catalytic activity for similar SHCPs in
the esterification of acetic acid with various alcohols. There, the
decline was attributed to leaching of sulfonic acid moieties over
time. To assess the catalyst stability and potential leaching
phenomena, we reanalysed SHCP-7 after cycling. Post-cycling,
N, sorption isotherms of SHCP-7 (Fig. 2b) showed an almost
complete pore structure collapse, resulting in a BET surface
area reduction from 777 + 34 to just 1 m* g~ ', i.e. non-porous.
X-ray photoelectron spectroscopy (Table S6, ESIt) showed a
reduction in both sulfur and chlorine content after recycling, as
well as an increase in oxygen and carbon content. The changes
in elemental composition upon recycling suggest the incor-
poration of benzyl alcohol via condensation reactions, ie.
conversion of both residual chloromethyl groups of the SHCP
and hydroxymethyl groups of the benzyl alcohol into additional
methylene bridges (Fig. 2¢). Fourier transform infrared spectro-
scopy (Fig. 2d) showed the emergence of bands at 726 cm™* and
698 cm~', assigned to monosubstituted aromatic rings, in
agreement with the increased carbon content measured via
XPS. Further analysis of the recovered SHCP-7 using '*C cross-
polarisation/magic angle spinning solid-state NMR (CP/MAS
ssNMR, Fig. 2e) revealed an increase in the ratio of unsubsti-
tuted to substituted aromatic carbon, in agreement with the
addition of mono- and disubstituted aromatic rings. Thermo-
gravimetric analysis of recovered SHCP-7 (Fig. S9, ESIY)
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revealed a reduced residual water content, indicative of dimin-
ished hydrophilicity. Luo et al. reported the self-condensation
of benzyl alcohol using a Lewis acid catalyst for the formation
of a hypercrosslinked polymer.?” With this in mind, consider-
ing the analysis of the recovered SHCP-7, it is proposed that
benzyl alcohol molecules are attached to SHCP-7 during the
conversion reaction via acid-catalysed condensation. The detri-
mental effect of this attachment is exacerbated with subse-
quent catalytic cycles, in which the adduct is replenished. In
contrast to Wolska et al., who proposed the leaching of sulfo-
nate moieties, our findings indicate that the condensation of
benzyl alcohol onto the network gradually dilutes the sulfonate
content of the catalyst, reducing acidity, hydrophilicity, and
network porosity.

To conclude, we use low-cost and tuneable sulfonated
hypercrosslinked polymers in the esterification of hexanoic
acid with benzyl alcohol. The importance of high active site
densities was underscored by SHCP-7 and SHCP-10, which
displayed the highest conversion rates, reaching a maximum
of 95 + 4% after 22 h, higher than that of sulfuric acid and the
commercial ion-exchange resin Amberlyst-15. Lower sulfonate
concentrations in SHCPs led to decreased catalytic activity yet
significantly improved selectivities, achieving values of up to
30 + 4, underlining the potential for further catalyst optimisa-
tion. Finally, we put forth a mechanism for the poor cycling
stability of SHCP-7, in which the condensation of benzyl
alcohol onto the catalyst surface led to a decline in efficiency.
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