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Abstract

Hypercrosslinked polymers offer a promising platform for efficient adsorption-based
atmospheric water harvesting, yet remain relatively unexplored. Here, we systematically

introduce nitrogen, oxygen, sulfur, or sulfone moieties into hypercrosslinked polymer

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

backbones to evaluate the impact of heteroatom inclusion on water sorption. Although the

Open Access Article. Published on 05 January 2026. Downloaded on 1/10/2026 3:57:46 PM.

varying of the polymer skeleton significantly enhanced hydrophilicity, leading to total water

capacity increases of up to 300%, heteroatom incorporation alone did not shift water uptake

(cc)

onsets to humidity levels relevant for atmospheric water harvesting. To address this, we also
introduce sulfonate groups, which significantly improve both total water uptake and adsorption
at low relative humidity. The best-performing material, SHCP-SO, achieves 0.69 g-g~" uptake
at 90% RH and 0.18 g-g™" at 30% RH, with excellent long-term cycling stability. By tweaking
network composition, our findings elucidate the role of various heteroatom sites and porosity

for atmospheric water harvesting and unveil key porous organic polymer design principles.
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Water scarcity leaves more than 2.2 billion people without access to safely managed drinking
water.! Rapid population growth and climate change continue to exacerbate this crisis,
particularly in arid regions where traditional water sources are unreliable or polluted.
Addressing this challenge requires new, scalable technologies that generate clean water from

unconventional sources.

Atmospheric water harvesting (AWH) harnesses the vast reservoir of atmospheric moisture
(1.3x10® L globally), which holds significantly more water than all the world's freshwater rivers
combined (2.1x10"° L).2 Adsorption-based AWH utilises materials that passively capture water
vapour from the air for re-release via controlled heat or humidity swings. The effectiveness of
these adsorbents is dictated by key properties, including a high density of hydrophilic sites,
large surface areas, fast adsorption—desorption kinetics, low heats of adsorption, and long-

term chemical and thermal stability.3

Many existing AWH sorbents come with significant trade-offs. Common desiccants, such as
zeolites and hygroscopic metal salts, uptake water at low relative humidity (RH) via
chemisorption, resulting in energetically demanding regeneration processes. Metal-organic
frameworks (MOFs) are considered promising candidates due to their high uptake capacities
and relatively low enthalpies of adsorption.* However, the long-term stability of MOFs remains
a challenge, with many materials susceptible to degradation under prolonged exposure to

moisture, raising concerns about material longevity, metal leaching, and potential health risks.®

Porous organic polymers offer a versatile alternative, with broadly tuneable chemistries, high
surface areas, and long-term stability, while avoiding the use of scarce or toxic metals.
Covalent organic frameworks (COFs), a class of reticular materials, currently make up the

maijority of organic AWH sorbents.5”

Hypercrosslinked polymers (HCPs), a family of amorphous porous organic polymers, have
emerged as promising adsorbents for AWH, offering a scalable and cost-effective alternative

to other frameworks. HCPs form densely crosslinked, micro-/mesoporous networks through
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Friedel-Crafts chemistry, including self-condensation reactions and the 'knit'[ing'Dg‘f:1@_Eg)zr‘g}?grgi“?%%e4 e
compounds using external crosslinkers.8°1n 2023, we reported the first HCP for AWH, SHCP-
10, a highly sulfonated network capable of adsorbing significant amounts of water even at low
relative humidity (0.22 g-g~'at 30% RH) and achieving a total water uptake capacity of
0.81 g-g~" at 25 °C."® Sulfonation enhanced water uptake and shifted adsorption onsets to low

RH, a strategy that was also effective in imine-linked COFs, underlining the potential of sulfonic

acid functionalised networks for AWH.11.12.13

Heteroatom incorporation is a widely used strategy to enhance the water uptake performance
of adsorbents for AWH. By introducing more electronegative atoms such as oxygen, nitrogen,
or sulfur into the polymer backbone, the hydrophilicity of these materials can be significantly
improved. For example, Byun et al. synthesised an epoxy-functionalised network via a Diels—
Alder reaction, producing an oxygen-rich material with a total uptake capacity of 0.41 g-g='."
Similarly, thermal oxidation of HCPs led to the incorporation of various oxygen moieties,
resulting in improvements of up to 400% in the networks’ total water uptake abilities.' Nitrogen
incorporation has been particularly effective in enhancing water sorption performance, with

many COFs leveraging N-rich backbones to improve water uptake.'®'” Covalent-triazine

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

frameworks have also demonstrated high water sorption capacities of up to 0.89 g-g~' at 90%
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RH."™ Comparably, MOF-303," widely recognised as one of the leading AWH materials,

features nitrogen-rich pyrazole units in its backbone, further emphasising the role of

(cc)

heteroatoms in efficient water harvesting materials.

In previous work, we produced a series of HCPs via the crosslinking of fluorene analogues
possessing C, N, O, S, or SOz in the 9-position with 4,4'-bis(chloromethyl)-1,1'-biphenyl.2°
There, the networks were utilised for the capture of volatile and very volatile organic
compounds from complex analyte mixtures. Here, we repurpose these networks for AWH to
determine the role of the heteroatoms in water sorption. We subsequently sulfonate the
networks to enhance water uptake further and assess how polymer composition impacts post-

functionalisation and overall AWH performance. This work aims to illustrate the adaptability of
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the networks across distinct application spaces, moving from the capture of pO”H&?Q&%&?ﬁ%@,@Q& e

generation of clean water from air.

Results and discussion

We synthesised five heteroatom-containing HCPs via the crosslinking of fluorene analogues
possessing C, N, O, S, or SO: in the 9-position with 4,4"-bis(chloromethyl)-1,1"-biphenyl
(Figure 1) following our previous report.2’ The resulting polymers were washed with methanol,
dried under vacuum at 80 °C, and obtained in yields of 73-98 % (Table S1). The materials
were designated HCP-X, where X denotes the network functionality. Further experimental and

synthetic details are provided in Section 1 and 2 of the supporting information (ESI).

The chemical and physical properties of HCP-X were characterised extensively and agree well

with our previous work (see Figure 2 and Section 2 of the ESI).20
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Figure 1. Reaction scheme for the synthesis of hypercrosslinked polymers containing various
heteroatoms in their backbones.

We measured N2 sorption isotherms of all HCPs to probe their textural properties (Figure 2a).
All networks exhibited a combination of type | and type 1Va isotherms, signifying the presence
of micro- and mesopores, respectively.2’ With the exception of HCP-SO, all HCPs showed type
H4 hysteresis, indicative of narrow slit-like mesopores. HCP-SO exhibited H2 hysteresis,

suggesting the pore structure comprises restricted pore necks, which was attributed to the
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incorporation of bulky -SO> groups. We confirmed the heterogeneity of the pore, F}J%%g%?&?& e

using QSDFT analysis (Figure 2b), which revealed significant micropore volume and

contributions from mesopores of up to 10 nm in diameter.
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Figure 2. a) N2 isotherms measured at =196 °C, b) QSDFT pore size distributions, and c) water sorption
isotherms (25 °C) of all HCPs. Closed spheres represent uptake and open spheres represent desorption
in both nitrogen and water isotherms.

All networks exhibited BET specific surface areas (SSAset) exceeding 450 m?-g~' (Table 1).
Network HCP-SO displayed the highest SSAger of 1590 + 80 m?-g™", potentially due to a

reduced incorporation of the fluorene analogue as evidenced by significantly lower yields

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

compared to the other polymers (Table S1).

Table 1. Summary of the porous properties and water sorption of all HCPs, including BET specific
surface area, SSAgeT, micropore volume, Vwmicro, total pore volume, Vtor, and water uptake at 10, 30,
and 90% RH at 25 °C. Data was averaged from a sample number, n, of 3 (n = 3).

Open Access Article. Published on 05 January 2026. Downloaded on 1/10/2026 3:57:46 PM.

0
ol SSAgeT VMicro V7ot Water uptake (g-g™")
Sample
(m2-g") (cms3-g") (cm3-g™1) 10% RH 30% RH 90% RH

HCP-C 550 + 30 0.12 £ 0.02 0.38 £ 0.01 0.00 0.00 0.07
HCP-N 790 + 80 0.17 £0.01 0.57 £ 0.06 0.00 0.01 0.14
HCP-O 620 + 10 0.11 +£0.01 0.45+0.02 0.00 0.00 0.05
HCP-S 450 £ 20 0.09 £ 0.01 0.29 + 0.01 0.00 0.00 0.03
HCP-SO 1590 + 80 0.20 +£0.03 1.62 £ 0.07 0.00 0.00 0.29

We used thermogravimetric analysis (TGA) in air to confirm that all HCPs were stable up to

300 °C (Figure S8). Beyond this temperature, an initial weight increase was observed due to
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oxidation, followed by complete degradation at higher temperatures. In a previogg‘:slgqgé};%vg@g&g’ggé
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demonstrated that thermal oxidation enhanced network hydrophilicity in HCPs, improving their

AWH ability."

Dynamic vapour sorption (DVS) analysis was conducted to evaluate the impact of heteroatom
moieties on water sorption performance (Figure 2c¢). Network HCP-C exhibited a total water
uptake capacity of just 0.07 g-g™" at 90% RH and 25 °C with an uptake onset at 60% RH.
Surprisingly, the introduction of oxygen and sulfur did not enhance hydrophilicity but instead
reduced water uptake, with HCP-O and HCP-S achieving 0.05 g-g”' and 0.03 g-g',
respectively. In contrast, the incorporation of amine and sulfone moieties improved water

uptake, with HCP-SO displaying the highest total capacity of 0.29 g-g™' at 90% RH and 25 °C.

To rationalise the water sorption behaviour of the HCPs, the underlying adsorption mechanism
was examined. Water adsorption generally proceeds via three stages: initial binding of water
molecules at hydrophilic sites, water cluster formation and growth, and capillary condensation.
The type V water sorption isotherms of heteroatom-containing HCPs indicate the absence of
sufficient hydrophilic sites, leading to adsorption dominated by van der Waals interactions.?223
Despite adsorption being dominated by weak dispersive interactions, the potential influence of
surface chemistry was assessed using logP values and Hansen solubility parameters of the
monomers (Table S4). Dibenzothiophene sulfone and carbazole exhibit the highest polarity
and hydrogen-bonding parameters, consistent with the water uptake behaviour. In contrast,
the trend observed for HCP-C, HCP-O, and HCP-S could not be explained by Hansen solubility
and logP alone, as the corresponding monomers show similar values. Differences in their water
uptake are instead attributed to variations in the proportion of small-radius micropores (Table
1, Figure 2b). Despite improvements in total water uptake, none of the networks demonstrated

significant uptake <30% RH, a key requirement for AWH in arid regions.

Building on the increased water uptake of the heteroatom-containing HCPs and aiming to shift
the sorption onset to lower RH, we synthesised sulfonated variants of each network. Our

previous work has shown that incorporating sulfonic acid moieties significantly enhances the
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water sorption performance of porous organic materials.'®'" In brief, sulfonated HCPs w
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produced through a modified literature procedure, replacing FeCls with chlorosulfonic acid,
which acted as a dual polymerisation catalyst and sulfonation agent.?* The resulting sulfonated
networks (Figure 3a) are named SHCP-X, in accordance with the nomenclature above, where
X denotes network functionality. A detailed synthesis description, as well as the corresponding

yields (Table S5), is provided in Section 3 of the ESI.
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Figure 3. a) Representative structure for SHCP-X. b) Water isotherms at 25 °C. Closed spheres
represent uptake and open spheres represent desorption, and c) water uptake plotted against surface
area for SHCP-Xs and SHCP-10 from reference 10. d) Water sorption—desorption of SHCP-SO at 10%,
20%, 30%, and 90% RH. e) Desorption of water from SHCP-SO over time at various temperatures,
measured using TGA. f) Long-term stability of SHCP-SO over 120 adsorption-desorption cycles
consisting of a humidity swing between 0% and 40% RH.

Spectroscopic and physical characterisation confirmed the successful incorporation of
sulfonate moieties (Figures S10-S16). In FTIR spectra, new signals at 1345 and 1140 cm™
were assigned to asymmetric and symmetric S=0 stretching of sulfonic acid groups, while a
C-S stretching peak at 598 cm™ further verified sulfonation. A distinct C—S signal at ~121 ppm
was observed in all ssNMR spectra, while high-resolution XPS S 2p spectra displayed a
characteristic sulfonic acid peak, with S concentrations reaching up to 5.1 + 0.1 mmol-g™" in

SHCP-SO (Table S6).
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Nitrogen sorption isotherms of all SHCPs (Figure S17a) showed reduced uptakgog%:_llo@ e one
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lower surface areas compared with their non-sulfonated counterparts due to the introduction
of bulky SO3H groups. All networks exhibited SSAger >70 m?-g™", with SHCP-SO reaching 410
+40 m?-g™" (Table 2). TGA revealed increased water retention upon sulfonation but a decrease

in thermal stability, with degradation onset reduced to ~200 °C (Figure S18).

Table 2. Porous properties and water sorption of SHCP-Xs, including BET specific surface area,
SSAgeT, micropore volume, Vwmicro, total pore volume, Vrtor, and water uptake at 10, 30, and 90% RH at
25°C. (n=3).

SSAgeT Vmicro Vot Water uptake (g-g™")
Sample

(m2-g™") (cm3-g™") (cms-g™1) 10% RH 30% RH 90% RH
SHCP-C 140 £ 20 0.04 £0.01 0.14 £0.02 0.08 0.18 0.57
SHCP-N 290 + 40 0.06 £ 0.02 0.26 £ 0.04 0.07 0.16 0.63
SHCP-O 70+ 30 0.02 £0.01 0.06 £ 0.01 0.08 0.17 0.51
SHCP-S 110 £ 60 0.02 £ 0.02 0.10 £ 0.04 0.08 0.16 0.53
SHCP-SO 410 £40 0.09 £ 0.01 0.23+£0.04 0.09 0.18 0.71

Sulfonation significantly enhanced the water sorption behaviour of the heteroatom-containing
SHCPs, shifting the uptake onset to lower RH (Figure 3b). At 30% RH, no significant difference
was observed between the SHCPs, with uptake ranging from 0.16 to 0.18 g-g™', likely
dominated by the hydrophilic sulfonate moieties. Total water uptake also increased across all
sulfonated samples, with SHCP-SO achieving the highest total capacity (0.69 g-g™' at 90% RH

and 25 °C), and SHCP-O displaying the lowest (0.50 g-g™").

The improved uptake in SHCPs can be rationalised by our proposed water adsorption
mechanism in sulfonated porous networks,?5 which is based on work by Shih et al.?¢ Initially,
single water molecules are adsorbed at sulfonate sites at low RH. Assuming each sulfonic acid
group binds one water molecule, the calculated water uptake closely matched the experimental
value at 10% RH (Table S7) and highlights the key role of sulfonate groups in low RH water
sorption. Further increasing RH leads to cluster growth facilitated by the hydrophilic surface of
the sulfonated networks. At >70% RH, these clusters coalesce, leading to capillary

condensation within the pores. We analysed correlations between the textural properties and
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water sorption behaviour of the SHCP-Xs and SHCP-10"0 to better understand the roler gfce ontine
DOI: 10.1039/D5NR04338G
network porosity (Figure 3c, Figure S19). A linear relationship was observed between total
water uptake and specific surface area, consistent with our perspective on porous organic
polymers for AWH, where a similar trend was identified for COFs.3 Further correlations of water
uptake with micropore volume, total pore volume and sulfonation density (Table S7, Figure
S20-21) reveal that water uptake at low RH is governed by the density of highly hydrophilic
adsorption sites, whereas at increased RH, the available surface area and pore volume

become the dominant factors for uptake, provided a certain threshold hydrophilicity is

achieved. .

The water sorption and porous properties of all networks are summarised in Table 2 and
compared with examples from the literature in Table S8. SHCP-Xs rank among the top-
performing materials for AWH, surpassing several prominent porous adsorbents, including
MOFs and COFs. We note that for real-world application, additional tests including the
adsorption of contaminants and the assessment of the quality of harvested water are required

but are beyond the scope of this study.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Network SHCP-SO was selected as a representative material for a detailed AWH evaluation

due to its excellent total water uptake and performance at low RH. The determination of water

Open Access Article. Published on 05 January 2026. Downloaded on 1/10/2026 3:57:46 PM.

sorption/desorption kinetics is essential, as rapid cycling increases water yields within a given

(cc)

timeframe. We subjected SHCP-SO to 10%, 20%, 30%, and 90% RH at 25 °C, and monitored
water uptake gravimetrically over time (Figure 3d, all SHCP-Xs are provided in Figure S22).
SHCP-SO adsorbed 0.72 g-g~' of water following exposure to 90% RH for 8 h. Remarkably, at
<30% RH, almost complete uptake (0.20 g-g~') occurred within 1 h. Fitting the uptake data at
30% RH and 25 °C to Fick’s laws of diffusion, the water diffusivity of SHCP-SO was estimated
to be 2.12 x 10™° m2-s~'. This value is comparable to that reported for SHCP-10 (2.31 x 10°
m?-s7),'0 and consistent with the adsorption dynamics expected for polymeric adsorbents,
which take up water vapour more rapidly than inorganic adsorbents such as zeolites and

MOFs.?”
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To demonstrate the reversibility of water sorption, SHCP-SO was conditioned at ~4§% RHarigcte ontine
DOI: 10.1039/D5NR04338G

20 °C for 24 h to allow water adsorption. Subsequently, the water-loaded SHCP-SO was
subjected to 30, 45, 60, 75, and 90 °C under dry airflow in the TGA, where desorption was
monitored gravimetrically (Figure 3e, all SHCP-Xs are provided in Figure S23). Water
desorption commenced at 45 °C, due to the flow of dry air over the sample. Water removal of
>80% was achieved for all samples within 10 min at 75 °C, while at 90 °C, almost complete

desorption occurred within the same timeframe.

We measured additional water sorption isotherms at 15, 35 and 45 °C to monitor performance
over a wide range of temperatures and to calculate the heat of water adsorption (Figure S24).
SHCP-SO retained its water uptake at varying temperatures under static conditions, confirming

robust adsorption, and the heat of adsorption was estimated to be 45 kJ-mol=".

Lastly, we performed a long-term performance evaluation of SHCP-SO through repeated
adsorption-desorption cycles using either heat or a reduced RH as a desorption trigger. After
120 humidity-swing cycles between 0 and 40% RH (Figure 3f), SHCP-SO exhibited a minimal

reduction in working capacity, underscoring its potential for repeated AWH.

a) o7 ——b) 200 c)
—e— SHCP-SO —e— SHCP-SO —— SHCP-SO
/ o .
L 150 5 Oy Bl
5 L
:?O'; il ,i‘ AC—S C—CIiC*Hzi
£ 2 —
] 2
c
g 50 =
o~
- | |
0 T T T T T T T T T 1
100 00 02 04 06 08 10 200 150 100 50 0
Relative humidity / % Relative pressure / P/P, o/ ppm

Figure 42. Comparison of SHCP-SO (dark blue) and recovered SHCP-SO after 20 sorption—desorption
cycles (cyan, Rec. SHCP-SO), in which desorption was driven by heating at 90 °C for 1 h per cycle. a)
Water isotherms measured at 25 °C, b) N2 isotherms measured at —196 °C. Filled and empty circles
represent adsorption and desorption, respectively. c) 13C CP/MAS ssNMR spectra.
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To further assess durability under harsher conditions, we subjected all SHCP-X ge}w%rg(svmde Online

DOI: 10.1039/D5NR04338G

20 thermal desorption cycles at 90 °C for 1 h per cycle. Post-cycling, SHCP-SO retained its
water uptake performance up to 70% RH (Figure 4a) but showed a slight decrease in total
uptake capacity at 90% RH to 0.63 g-g~' from 0.69 g-g~'. Nitrogen sorption analysis revealed
a reduction in the porous properties of SHCP-SO (Figure 4b, Table S9), including a decrease
in SSAger from 405 to 175 m2-g~", consistent with the reduction in total water uptake capacity.
The textural properties of the other SHCP-X networks did not decrease as significantly (Figure
S25). The increased instability in SHCP-SO is consistent with our previous study which
reported a reduced thermal stability of HCP-S0.2° Chemical integrity was maintained across
all SHCP-Xs, as confirmed by FTIR, TGA, ssNMR, and XPS (Figure 4c, Figure S26-S28, and
Table S10), with no significant changes observed compared to the pristine samples. The
absence of a detectable change in SHCP-SO is likely due to the high degree of sulfonation,

which masks the spectral regions associated with the sulfone groups.

Conclusion

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

In this study, we demonstrated the enhancement of hypercrosslinked polymer hydrophilicity

via the inclusion of various heteroatoms, improving their atmospheric water harvesting ability.
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The introduction of nitrogen and sulfone moieties led to an improved total uptake capacity with
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HCP-SO reaching 0.29 g-g~', while ether and thioether groups did not yield any improvement
compared to a non-functionalised HCP (HCP-C). Heteroatom inclusion in the network
backbone at the achieved concentration was insufficient in shifting the water uptake onset to
<30% RH, a critical threshold for adsorption-based atmospheric water harvesting. The
additional inclusion of sulfonate groups successfully addressed this limitation, lowering the
water uptake onset to <10 % RH and improving the total water uptake capacity. The highest-
performing network, SHCP-SO, achieved an impressive total water uptake of 0.69 g-g~' and
good performance in drier conditions (0.18 g-g'at 30% RH and 25 °C). Long-term

performance evaluations confirmed the retention of water sorption performance in SHCP-SO,
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with no significant changes in chemical composition but some decrease in porosi%%%?&;}/a&%g&%’;gé
cycling. Comparative analysis revealed that the total water uptake capacity of sulfonated HCPs
correlated linearly with specific surface area, while performance in drier conditions (30% RH)

was solely dependent on the presence and concentration of highly hydrophilic sulfonate

groups.
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