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Abstract

Highly acidic sulfonated polymers are promising heterogeneous catalysts due to their excellent
chemical and thermal stability, as well as the possibility of employing low-cost synthesis routes.
However, their production is time consuming and control of their chemical and physical properties
is often difficult. Here, we produce sulfonated hypercrosslinked polymers using chlorosulfonic acid
as a dual polymerisation catalyst and sulfonation agent, consolidating a conventional two-step
process into a one-pot reaction. The synthesis time of the networks is reduced from 5-6 days to
<24 hours, while significantly lowering or eliminating the requirement of some reagents.
Furthermore, these sulfonated networks display superior acid site densities and porous properties
to conventional equivalents. By varying the ratio of aromatic monomer with the multifunctional
chlorosulfonic acid at the synthetic stage, excellent control over the polymers’ porous properties
and sulfonation density is achieved, permitting judicious catalyst design. The ability of these
polymers to act as heterogeneous acid catalysts is demonstrated via the hydrolysis of cyclohexyl
acetate. Therein, it is shown that fine-tuning polymers has a dramatic effect on their catalytic

performance and allows for the identification of key catalyst properties for optimal conversion.



Introduction

An increased demand for more sustainable approaches in the chemical industry is being driven
by considerable socio-economic and environmental changes. As a result, reusable, energy
efficient, and selective catalysts have become a key pillar in the principles of green chemistry.'
By the immobilisation of homogeneous catalysts or equivalent chemical functionality onto inert
insoluble frameworks, effective heterogeneous catalysts that adhere to these principles can be
realised.? Heterogeneous catalysts offer advantages over homogeneous equivalents, such as
use in continuous flow processes, simple separation and recovery from reactants and products,
and straightforward recycling. However, reduced catalytic activity, high-costs, and poor stabilities
can often hold-back the application of such catalysts in industry.® Immobilisation requires the
synthesis of pre-functionalised frameworks, followed by the anchoring of active sites, often
requiring multistep procedures and expensive reagents.* Moreover, immobilisation can alter the
microenvironment of active sites, leading to decreased activity or accessibility for reactants. To
make heterogeneous catalysts competitive with homogeneous equivalents, their active sites need
to be dense and accessible, their production should exploit low-cost design, and their
implementation has to offer simple operation and compatibility with many facets of modern

catalysis.

Porous organic polymers (POPs) are excellent candidates for heterogeneous catalysis due to
their high surface areas, tuneable textural properties, and excellent chemical, thermal, and
mechanical stabilities. The vast number of synthetic routes to POPs also permit readily modifiable
chemical functionality and/or broad bottom-up design. Common examples of POPs include
covalent organic frameworks (COFs)® and conjugated microporous polymers (CMPs),® both of
which have shown great potential in separation and catalysis applications. However, many POP
synthesis routes require precious metal catalysts, which are typically not recycled, significantly
driving up cost and hindering scale-up. Furthermore, specifically polymerisable groups in
monomeric material are often required for the formation of POP networks. Such monomers are

seldomly commercially available or are expensive.

Hypercrosslinked polymers (HCPs) are a low-cost class of POPs with excellent tunability.” HCPs
are densely crosslinked amorphous networks, produced using simple Friedel-Crafts chemistry.
One approach to HCPs utilises non-functional aromatic compounds (i.e. without specifically
polymerisable groups) that are ‘knitted’ together in a variety of ways, such as using external
crosslinkers,® solvent stitching reactions,® or Scholl reactions.'®"" Another approach produces

HCPs via self-condensation reactions of chloromethyl'? or methyl ether'® moieties with aromatic



carbon to form crosslinks. Hypercrosslinking requires only abundant Fe- or Al-based Lewis acid
catalysts™ or simple organic acid catalysts.>'® Owing to their low costs and broad design scope,
HCPs are developed for a variety of applications including gas separation and storage,' solid
state extraction,’ and energy storage.' HCPs also show promise in heterogeneous catalysis,
both as inert frameworks or as active materials.?° HCP-based catalysts were employed for a wide
array of transformations, ranging from biomass conversion?'-?2 to the photocatalytic reduction of
C0,.2324 High surface areas allow for an abundance of catalytically active sites and hierarchically
porous structures are beneficial to the mass transfer of reactants and products. As such, HCPs
show excellent ability in catalysis and are ideal candidates for industrial applications in

accordance with the principles of green chemistry.

Through treatment of HCPs with sulfonating agents, heterogeneous acid catalysts combining the
desirable properties of HCPs with high acid-site densities, so called sulfonated HCPs (SHCPs),
are produced. Dong et al. synthesised sulfonated hypercrosslinked benzene networks containing
up to 2 mmol-g~" of SOzH for the selective dehydration of D-(-)-fructose to 5-hydromethylifurfual,
reaching conversions of >90%.2' An analogous set of materials catalysed the selective conversion
of carbohydrate substrates to ethyl levulinate in yields of up to 67%.22 Therein, it was speculated
that multiple variables, including surface area, catalyst dose, and acid density played a critical
role in the efficiency of the catalytic transformation. Sulfonated carbazole-based HCPs with
impressive SO3;H densities of 3.7 mmol-g~' were developed for the esterification of a number of
fatty acids to produce biofuels, reaching conversions of up to 99%.% Elsewhere, a SHCP
containing a phosphonium salt in its structure was used for the two-phase hydrolysis of cyclohexyl
acetate to cyclohexanol, achieving conversions and selectivity of up to 93 and 95%,
respectively.?® SHCPs have also shown promise as selective adsorbents, including for

propene/propane separation,?’-?8 heavy metal adsorption,?® and water pollutants.3°

In conventional approaches, sulfonic acid groups are introduced via the post-synthetic treatment
of HCPs using sulfonating agents, commonly chlorosulfonic acid. This route involves the swelling
of the HCP network in inert solvent, followed by treatment with large excesses of the sulfonating
agent. Although effective, control over the degree of sulfonation and the resulting porous
properties of the catalyst is lacking. Furthermore, the approach is cumbersome, requiring the
complete synthesis and work up of the HCP prior to sulfonation, resulting in a synthesis time of

up to 6 days.

We present a strategy for the synthesis of SHCPs in a one-pot approach, significantly reducing

reaction times and reagent use compared to conventional approaches. These SHCPs allow for



careful catalyst design and have superior properties to SHCPs obtained using other synthetic
procedures. Hazardous organic solvents and reagents are significantly reduced or eliminated
altogether, making the method simple, safer, cleaner, and more economical. To assess the
potential of these SHCPs as solid acid catalysts, we report their application to the hydrolysis of
cyclohexyl acetate. The properties of these finely-tuned SHCPs had a dramatic effect on their
performance in this two-phase reaction, allowing for the identification of key catalyst properties

for optimal catalytic performance.
Results and Discussion

We synthesised ten SHCPs from 4,4’-bis(chloromethyl)biphenyl using chlorosulfonic acid as a
dual polymerisation catalyst and sulfonation agent (a general reaction scheme is shown in Figure
1a). Throughout the set, the ratio of chlorosulfonic acid to the aromatic monomer was varied to
investigate the effect on the resulting SHCPs'’ textural and chemical properties. The progression
from SHCP-1 to SHCP-10 follows an increasing catalyst-to-monomer ratio, precise values of
which are given in Table 1. Briefly, 4,4’-bis(chloromethyl)biphenyl was dissolved in 1,2-
dichloroethane (1,2-DCE) and cooled using an ice bath, after which a solution of chlorosulfonic
acid in 1,2-DCE was added to initiate polymerisation. Upon formation of a solid, the mixture was
sealed and heated at 80 °C for up to 22 h. The resulting solid was then washed with methanol
before drying to yield the SHCP. More details are given in the supporting information. It is worth
noting that a shortened procedure in which the heating time was reduced to 3 h showed no
apparent detriment to resulting SHCP properties. Polymers were typically produced in yields of
>90 % when considering the incorporation of the acid catalyst as a sulfonic acid group. Networks
ranged from a beige to dark brown colour with increasing catalyst to monomer ratios (Figure S1).

All SHCPs were produced at least four times to ensure reproducibility.

We confirmed the successful formation of SHCPs using '*C cross-polarisation/magic angle
spinning solid-state NMR (CP/MAS ssNMR) (Figure 1b). Signals at ~38 ppm are assigned to
methylene bridges from newly formed crosslinks in all cases. A weak signal assigned to C-Cl at
~42 ppm can be seen in SHCP-1 and decreases in intensity through to SHCP-3, indicative of
incomplete crosslinking due to low concentrations of chlorosulfonic acid. A signal at ~120 ppm is
found in the shoulder of a larger peak in samples SHCP-5 — SHCP-10, assigned to the C-S bond
formed during sulfonation. At lower ratios of catalyst to monomer this peak can no longer be seen
due to reduced degrees of sulfonation. All SHCPs showed strong signals at ~129 and ~139 ppm,
corresponding to aromatic (Ca-H) and quaternary, or substituted, aromatic carbons (Car-R),

respectively. Although difficult to quantify due to overlapping peaks, it is clear that the ratio



between substituted and unsubstituted aromatic peaks changes across the polymer set.
Increasing amounts of chlorosulfonic acid in the initial formulation appear to increase the ratio of
substituted to unsubstituted aromatic carbon. Considering the increase in C-S peak as well as the
disappearance of the C-Cl peak with higher initial concentrations of chlorosulfonic acid, this is in
line with expectation. We also confirmed successful polymer formation and sulfonation using
Fourier-transform infrared spectroscopy (Figure S2). There, the presence of bands assigned to
both SOsH and C-S bonds emerged with increasing ratios of catalyst to monomer, confirming
increasing sulfonation. The diminishing of the C-Cl band across the series was also observed, in

good agreement with ssNMR.
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Figure 1. Sulfonated hypercrosslinked polymer characterisation. a) Reaction scheme for the one-pot synthesis of
SHCPs. b) '8C CP/MAS solid state NMR spectra for all SHCPs, with increasing catalyst to monomer ratio used in the
production of SHCP-1 - SHCP-10. * represents spinning side bands. c¢) X-ray photoelectron C 1s spectrum for SHCP-
10. d) X-ray photoelectron S 2p spectrum for SHCP-10. (grey dotted lines in ¢) and d) represent raw data).

We used X-ray photoelectron spectroscopy (XPS) to gain a more in-depth understanding of
SHCPs’ chemical compositions (XPS derived quantitative data for all polymers is provided in
Table S1). The main component of the high-resolution C 1s spectra observed at a binding energy

of 284.8 eV is attributed to C-C bonding, encompassing both sp2 aromatic carbon and sp3 carbon



in methylene crosslinks (SHCP-10 shown in Figure 1c). A peak of lower intensity is observed at
286.8 eV, corresponding to C-S. A broad, low intensity -1m* shake-up feature is also observed at
291 eV. High resolution S 2p spectra showed a typical asymmetrical peak for a sulfonic acid
moiety (SHCP-10 shown in Figure 1d). The peaks at binding energies of 168.5 eV and 169.5 eV
are assigned to S 2ps» and 2p+, respectively.3! This peak is present throughout all sulfonated
networks, confirming the vast majority of the sulfur present exists in sulfonic acid groups. Further
evidence for this is provided by a consistent ratio of 1:3 for S to O across all samples, as would
be expected for sulfonic acid groups. Increasing catalyst to monomer ratios led to higher
concentrations of sulfonic acid sites in the networks, reaching a maximum sulfur content of
4.6 mmol-g™" in SHCP-10, as determined by XPS. This is amongst the highest degrees of
sulfonation reported for hypercrosslinked polymers, with another similarly high example reported
for carbazole based networks (3.7 mmol/g, as determined by elemental analysis).?® We
hypothesize that polymerisation occurs more rapidly than sulfonation, leading to the uniform
distribution of chlorosulfonic acid throughout the HCP structure. This dispersion facilitates
excellent acid densities throughout networks upon sulfonation, as it eliminates the need for the

sulfonation agent to permeate into a pre-formed structure.

We employed CHNS-O elemental analysis (EA) to measure the bulk chemical composition of the
networks (Table S2). The EA results showed a similar trend to XPS, with sulfonation densities
increasing upon an increase in catalyst-to-monomer ratio, confirming a good dispersion of acid-
sites both at the surface and throughout the bulk of the networks. At higher catalyst-to-monomer
ratios (22), the EA results deviate quite significantly from XPS, with SHCP-10 measured as
containing 3.8 mmol-g™" of SOs;H compared to 4.6 mmol-g™" in XPS. This is due to water
adsorption owing to the increased hydrophilicity of the networks with higher sulfonation densities.
This can be observed in the S:0 atomic ratios calculated from EA, which ideally should be 1:3 but
is as high as 1:5.4 in SHCP-10. Furthermore, XPS cannot consider H when determining at.% of
elements present, leading to a slight overestimation. Therefore, the real concentration of SOsH

likely lies somewhere between the values determined by XPS and EA.

We measured N2 sorption isotherms for all SHCP polymers at 77 K to gain information about their
porous properties (Figure 2a and S3). The sulfonated networks showed excellent reproducibility
regarding their porous properties. Networks displayed characteristics of both Type | and Type IVa
isotherms, with uptake at low relative pressures signalling microporosity and significant hysteresis
observed upon desorption deriving from capillary condensation, indicative here of

mesoporosity/macroporosity. All SHCPs displayed H2 type hysteresis curves, indicative of broad



pore size distributions with narrow pore necks.?? The absence of a closed hysteresis loop is
common in the isotherms of HCPs and likely due to the swelling of the networks during
adsorption.® With increasing sulfonation density the hysteresis loops upon desorption appear
less pronounced, indicating that the mesopore component of the networks decreases. This is
reflected in the values for total pore volume, Vror, and micropore volume, Vwuicro (Figure 2b,
Table 1), which confirmed the broad pore size distribution. Intriguingly, the micropore volume
remains relatively constant with increasing degrees of sulfonation from SHCP-3 onward,

permitting the careful control of micropore-to-mesopore/macropore ratio in SHCPs.
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Figure 2. Textural properties of SHCPs: a) N2 adsorption-desorption isotherms for a selection of SHCPs, the
remainder are shown in Figure S3. Filled symbols represent adsorption and empty symbols represent desorption.

b) Pore volume of all SHCPs divided into micropore contributions (red) and mesopore/macropore contributions (pink).

The BET specific surface area (SSAger) of all SHCPs was >530 m?-g~'! (Table 1), with SHCP-1
displaying the lowest SSAger of 539 m?-g~'. A trend can be seen across the catalyst set, with
SSAger increasing dramatically to a maximum of 1059 m?g™" in SHCP-3 before gradually
decreasing to 688 m?-g”' in SHCP-10. A clear trade-off between porous properties and
sulfonation density was observed. In SHCP-1 and SHCP-2, inefficient hypercrosslinking occurs
due to the relatively low catalyst to monomer molar ratios, as evidenced by C-Cl in ssNMR and
the presence of higher concentrations of residual Cl in XPS (Table S1). Although SHCP-3 displays
the highest SSAger of the set, some evidence of remaining C-Cl was again seen during
characterisation. It is likely that the degree of sulfonation is insufficient to become significantly
detrimental to the porous properties. In previous examples, the self-condensation of 4,4-
bis(chloromethyl)biphenyl catalysed using triflic acid yielded HCPs with SSAger of up to
1842 m?-g™", much higher than the approach herein.'> However, the production of SHCP-3

requires just one third the amount of acid catalyst used therein. When further increasing the



chlorosulfonic acid concentration, as in SHCP-4 to SHCP-10, the resulting SSAger worsen due to
the increased sulfonation. Even with the trade-off between SSAger and acidity, these materials
have excellent porous properties considering their high sulfonation density. The carbazole-based
SHCP with a comparable SO3H concentration of 3.7 mmol-g”" displayed a SSAger of just
346 m2-g71.%

Table 1. Summary of SOsH content and textural properties of SHCPs produced from various ratios of catalyst to

monomer, including BET specific surface area, SSAger, volume of micropores, Vwmicro, and total pore volume, Vror.

Catalyst:Monomer  SOsH content Vmicro
Sample SSAgeT (M?g")P° V7ot (cm3-g~')P

(molar ratio) (mmol-g™")2 (cm3-g P
SHCP-1 0.125 0.03 £0.02 539 £ 123 0.11 £0.03 0.37 £0.07
SHCP-2 0.25 0.44 £ 0.06 899 * 165 0.14 £ 0.01 0.72+0.19
SHCP-3 0.5 1.15+ 0.06 1059 + 165 0.20 £ 0.01 0.77 £0.16
SHCP-4 0.75 1.72 £ 0.08 947 + 89 0.21 £0.01 0.60 £ 0.09
SHCP-5 1 2.20+0.13 889 + 44 0.22 £0.01 0.51 £0.04
SHCP-6 1.5 2.82 +£0.09 805 £ 50 0.20 £ 0.00 0.44 £ 0.04
SHCP-7 2 3.24 +0.16 723 + 31 0.20 £ 0.00 0.38 £0.02
SHCP-8 2.5 340012 706 + 24 0.20 £ 0.01 0.37 £ 0.01
SHCP-9 3 3.60+0.17 682 + 14 0.19 £ 0.01 0.36 £0.02
SHCP-10 4 3.76 £ 0.1 688 £ 47 0.20 £ 0.01 0.37 £ 0.04

aDetermined by elemental analysis

b Determined from N2 sorption isotherms at 77 K

We analysed the thermal stability of all SHCPs using thermogravimetric analysis (TGA) in either
an inert N2 atmosphere (Figure 3a and Figure S4) or in air (Figure S5). Negligible weight loss is
observed in SHCP-1 and SHCP-2 until >250 °C. With increasing sulfonation density the weight
loss prior to and during an isothermal step at 110 °C increases dramatically, reaching a maximum
of 21 wt.% for SHCP-10, indicative of a significant increase in water adsorption at high sulfonation
densities. XPS measurements showed that the chemical composition of the networks remained
unchanged after heating overnight at 120 °C under N2 flow, confirming degradation was not
responsible for the weight loss seen in the TGA (Table S1). Finally, we employed powder X-ray

diffraction (PXRD) to confirm the amorphous nature of all networks (Figure S6).
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Figure 3. Varying hydrophobicity/hydrophilicity in SHCPs: a) Thermogravimetric analysis of SHCPs heated to
800 °C in a N2 atmosphere. A 10 min isothermal step was included at 110 °C to remove residual water (indicated by
grey dotted line). b) Photographs of all polymers in cyclohexyl acetate/cyclohexanol-water two phase systems, post-

catalysis reaction.

The synthetic approach to SHCPs described herein provides a set of acidic non-soluble networks
in which the sulfonation density, hydrophilicity, and textural properties can be carefully controlled.
This presents a unique opportunity for the application of such a set of materials to acid-catalysed
conversions in order to unveil optimal catalyst properties. To investigate the catalytic ability of
SHCPs, the organic-aqueous biphasic liquid hydrolysis of cyclohexyl acetate to cyclohexanol was
selected as a model reaction (reaction scheme in Table 2 and mechanism in Figure S7). We
investigated substrate conversion and selectivity across our SHCP series (Table 2). Briefly, SHCP
was added to a two-phase cyclohexyl acetate and water system, which was heated at 120 °C
under autogenous pressure for 3 h. The reaction products were extracted using ethyl acetate and
analysed using gas chromatography-mass spectrometry (GC-MS). A complete set of GC traces
are shown in Figure S8. It is worth noting that all catalysis reactions were repeated at least four

times.

Network SHCP-1 showed no measurable catalytic activity due to low acidity (S content of
0.1 mmol-g™"). Control experiments with non-acidic hypercrosslinked polymer equivalents
confirmed that no measurable conversion was achieved without sulfonation. The more acidic
SHCP-2 (S content of 0.4 mmol-g™") gave substrate conversions of 31% with a high standard
deviation of £ 18%, suggesting that this polymer lies at a critical concentration upon which catalytic
activity depends highly on network acidity. The remaining SHCPs all achieved 260% conversion
of cyclohexyl acetate, outperforming both the commercial resin Amberlyst-15 and homogeneous

(liquid) H2S04.%8 Interestingly, high acid densities did not appear crucial for catalyst performance.



SHCP-3 contained just 1.15 mmol-g™" of SOs;H sites and achieved a substrate conversion of
68 + 8%. Catalytic conversion reached a maximum of 75 + 2% in SHCP-5 and with increasing
sulfonate content (i.e. SHCP-6 to SHCP-10), catalytic conversion decreased, reaching 60 + 8%
in SHCP-10, with a SO3H concentration of 3.8 mmol-g~'. This emphasises the importance of other
catalyst properties as well as acidity for this conversion. Figure 3b shows each polymer in the
biphasic cyclohexyl acetate/cyclohexanol and water system after catalytic conversion. Networks
SHCP-5 to SHCP-8 formed quasi-stable emulsions during catalytic conversion, demonstrating
amphiphilicity. As the reaction is comprised of both an organic and aqueous phase, the formation
of emulsions improves the dispersion of one phase throughout the other and ensures that the
catalyst resides at the organic/aqueous interface. Additionally, improved mesopore/macropore
content ratios in SHCP-3 - SHCP-5 may provide good phase transfer ability, while their high
surface areas ensure the substrate good access to active sites, improving conversions compared
to materials with reduced mesopore/macroporosity. Selectivity in all materials was >99% for
cyclohexanol, with the formation of some trace quantities of cyclohexanone in many examples.
We suspect that cyclohexanone is produced via oxidation of cyclohexanol, however as this was
not confirmed it is herein considered a trace product, which was never found in quantities of >1%.
The combination of amphiphilicity, high surface area, hierarchical porosity, and acidity endows

SHCP-5 with the highest catalytic ability for the hydrolysis of cyclohexyl acetate to cyclohexanol.



Table 2. Catalytic performance of SHCPs in the hydrolysis of cyclohexyl acetate to cyclohexanol. Materials are

compared with sulfuric acid and the commercial resin Amberlyst-15.

oy e P 5

T Ao
Catalyst Conversion Selectivity
(mol%)? (mol%)?

SHCP-1 0 >99
SHCP-2 31+18 >99
SHCP-3 687 >99
SHCP-4 72+6 >99
SHCP-5 75+2 >99
SHCP-6 725 >99
SHCP-7 647 >99
SHCP-8 68+6 >99
SHCP-9 657 >99
SHCP-10 608 >99
H2S04P 27 87
Amberlyst-15P 48 95

a Determined by GC-MS
b Reported in ref®

Conclusion

We present a rapid one-pot method for the synthesis of polymeric solid acid catalysts with
carefully controlled properties using a dual polymerisation catalyst and sulfonation agent. Ten
SHCPs were prepared with varying porous properties, acidity, and hydrophilicity by simply varying
the initial catalyst to monomer ratio. These materials could be obtained in less than 24 h by
combining the polymerisation and sulfonation steps into a one-pot procedure, significantly
increasing the speed and ease of production. This had several advantages over conventional
techniques, such as eliminating the need for metal-based polymerisation catalysts, dramatically
reducing the amount of toxic solvents and sulfonation agents required, and hence lowering the
cost of porous heterogeneous solid-acid catalysts. Comparison with equivalent materials
produced via conventional routes showed that the properties obtained in SHCPs herein are
superior with respect to both acidity and surface area. The SHCPs were applied to the acid-
catalysed hydrolysis of cyclohexyl acetate to cyclohexanol. Conversions of up to 75% were

measured, with all networks displaying excellent selectivity (>99%). Results strongly suggested



that acidity is one of a number of important properties in the design of solid acid catalysts, with
high acid densities even leading to reduced conversion rates. The ability to fine-tune polymer
catalysts allows for the identification of key properties for further catalyst design and optimisation.
We envision the application of such polymers to a plethora of acid-catalysed reactions in order to
find catalyst properties most suited to each conversion, paving the way to truly tailorable low-cost

acid catalysts.
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