=
&

Swansea University ‘C I'OIlfa

Prifysgol Abertawe Setting Research Free

Cronfa - Swansea University Open Access Repository

This is an author produced version of a paper published in :
Microporous and Mesoporous Materials

Cronfa URL for this paper:
http://cronfa.swan.ac.uk/Record/cronfa29226

Paper:
Bear, J., McGettrick, J., Parkin, I., Dunnill, C. & Hasell, T. (2016). Porous carbons from inverse vulcanised polymers.
Microporous and Mesoporous Materials, 232, 189-195.

http://dx.doi.org/10.1016/j.micromeso0.2016.06.021

This article is brought to you by Swansea University. Any person downloading material is agreeing to abide by the
terms of the repository licence. Authors are personally responsible for adhering to publisher restrictions or conditions.
When uploading content they are required to comply with their publisher agreement and the SHERPA RoMEO
database to judge whether or not it is copyright safe to add this version of the paper to this repository.
http://www.swansea.ac.uk/iss/researchsupport/cronfa-support/


http://cronfa.swan.ac.uk/Record/cronfa29226
http://dx.doi.org/10.1016/j.micromeso.2016.06.021
http://www.swansea.ac.uk/iss/researchsupport/cronfa-support/ 

Accepted Manuscript el

MICROPOROUS AND
MESOPOROUS MATERIALS

Porous carbons from inverse vulcanized polymers

Joseph C. Bear, James D. McGettrick, lvan P. Parkin, Charles W. Dunnill, Tom Hasell

PII: S1387-1811(16)30216-5
DOI: 10.1016/j.micromeso0.2016.06.021
Reference: MICMAT 7763

To appearin:  Microporous and Mesoporous Materials

Received Date: 26 February 2016
Revised Date: 27 May 2016
Accepted Date: 12 June 2016

Please cite this article as: J.C. Bear, J.D. McGettrick, I.P. Parkin, C.W. Dunnill, T. Hasell, Porous
carbons from inverse vulcanized polymers, Microporous and Mesoporous Materials (2016), doi:
10.1016/j.micromes0.2016.06.021.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.



RV e S R

z,s-s\z + é 170-180 °C ‘/lsmb
\S-S' 3

A Vac“”"‘ (Sin Porous carbon monolith

/»(\‘\




and Tom Hasel[[41*

[1] Energy Safety Research Institute (ESRI), CalefjEngineering, Swansea University, Bay Campus,

Fabian Way Swansea, SA1 8EN, UK. E-mail: c.dunmsi@nsea.ac.uk

[2] SPECIFIC, College of Engineering, Swansea Ursitg, Bay Campus, Swansea, SA1 8EN, UK.
[3] Department of Chemistry, University College ldom 20 Gordon Street, London, WC1H 0AJ, UK
[4] Department of Chemistry, University of Liverdp@rown Street, Liverpool, L69 7ZD, UK. E-mail:

t.hasell@liverpool.ac.uk

Abstract:

Elemental sulfur is an underutilised industrial gnpduct. It has been recently shown
that it can be simply and scalably co-polymerisiey,“inverse vulcanisation” with
organic crosslinkers. The properties of porous @ashb which have extensive uses in
science and industry, are influenced by the mdsefram which they are generated.
Reported here are the first examples of porousocartproduced from high-sulfur
inverse vulcanised polymers. The materials produsédw micro-porosity, gas
selectivity, and are doped with sulfur. The simpfiof the technique, and wide range
of other potential inverse vulcanised feedstocksesyscope for transferability and

control of properties.
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interact with atoms, ions and molecules throughbatbulk of the materidl.This has
led to widespread uses in adsorption, catalysigarsgion, purification, and energy
storage and productidnActivated carbon is perhaps the original and nigly used
adsorbent material, simply generated from the ggislof any number of carbonaceous
starting materials (coal, wood, coconut husks &fmtivated carbon is produced in vast
quantities annually and used in bulk worldwide ooly for gas storage and separatfon,
but also filtering organfc® and inorganittoxic pollutants from drinking water, and for
electrode and super-capacitor application$.While bio-waste provides an ideal
feedstock for activated carbons in terms of lowt @l availability’ '° this can mean
the internal surfaces of activated carbons arenofjgite poorly defined in terms of
chemical functionality, reproducibility, and poriges® Recently, there has been interest
in producing porous carbons from feedstock mateneth more defined structures,
such as carbidés; '? coordination-polymer§® synthetic organic polymers ** and
hyper-crosslinked polymer$,in order to control the resultant chemical funetitity,
pore distribution, and reproducibility with moreepision. Here we show for the first
time that “inverse-vulcanised” polymers can be uasdemplates to produce porous

carbons with narrow pore-size distributions.

Sustainable chemical processes and those usinge wasterials provide
alternate routes to a more environmentally benigpnemy of chemical utilisation.
Sulfur is a promising alternative feedstock to carlbor polymeric materials and is a
by-product from hydrodesulfurisation; a crucialpste the petroleum refining proce¥s.

This has led to vast unwanted stockpiles of suligrsupply greatly exceeds demand,



opening polymerisation (ROP) to form polymeric sulbf high molecular weight.
However, this form is not stable, and it readilypadlymerises back to the monomerig S
rings. It has been recently shown that ‘inversecamisation’ can be used to stabilise
sulfur in its polymeric form®2?° In conventional vulcanisation, polydienes are
crosslinked by a small fraction of sulfur to fornynghetic rubber. In inverse
vulcanisation, polymeric sulfur is stabilised ag&in depolymerisation by
copolymerisation of a large amount of sulfur witimadest amount of small molecule
dienes. The term “inverse vulcanisation” was firsined by Pyuret al*® in 2013, when
they reported high sulfur polymers crosslinked witB-diisopropenyl benzene (DIB),
(Scheme. l1a). These S-DIB copolymers were then dédam supercritical carbon
dioxide by Hasellet al. to produce macroporous solids which were showrbdo
effective for mercury capture from waterSimilarly, Chalkeret al. were able to
demonstrate a limonene based inverse vulcanisaangolfor potential applications in
mercury remediatioff (Scheme. 1b). Sulfur is produced annually in excef 60
million tons and more than 70 thousand tons of hiere are isolated each year from
orange zest in the citrus industfy.The resultant sulfur-limonene polysulfide is
therefore inexpensive, and a suitable source fooysocarbon materials, as may be

many of the wide range of other inverse vulcanipetymerst® 222

either those
reported so far, or those likely to be reportedhe next few years, especially those
from renewable sources. We found that the propedig¢he porous materials produced

by a simple carbonisation process (Scheme 1c), ascsurface area or effective gas



Experimental

Materials: Sulfur £99.5 %) poly(4-styrenesulphonate) (averagg M70000,
powder), and limonene (>93%) were purchased fragm&iAldrich and used as
received. 1,3-diisopropenylbenzene (>97 %) washasged from TCI and used as

received.

Synthesis of sulfur-1,3-diisopropenyl benzene (S-DIB) copolymer:

The sulfur polymer was synthesised according toptfmeocol developed by Churey
al.®® with modifications. The following protocol is f&0 wt. % DIB polymer: Briefly,
elemental sulfur (§ 2g, 7.81 mmol) was added to a vial and heatek8%°C in an oil
bath under vigorous stirring. Once 185 °C was redcBIB (2.16 mL, 12.6 mmol) was
injected, the whole mixture agitated with a glaes and stirred for 4-5 minutes.
Calculations for different DIB:S polymer composiig are given in table 1. At this
point, the solution was poured into a mould andceduior 30 minutes in a pre-heated
200 °C oven.

After 30 minutes, the mould was removed and thgmel allowed to cool to room
temperature in air. The polymer samples were thheargl to a coarse powder using a
pestle and mortar. Due to the low glass transitiemperature of the sulfur-DIB
polymers, it was helpful to place the bulk polynrethe freezer prior to grinding. The
coarse granules were then placed evenly into a ¢engmic crucible and placed into a

tube furnace. Nitrogen gas was passed over theledorp30 minutes at a flow rate of



maintained at 600 ctfmin throughout.

S-limonene synthesis: Closely following the procedure previously repdrté Sulfur
(25.0 g, 97.5 mmol, §p was added to a 100 mL round bottom flask equippid a
stirrer bar. The flask was then placed in an othhare-heated to 170 °C and stirred
vigorously. After 30 minutes, limonene (25.0 g, 9nL, 183 mmol) was added
carefully over 2 to 5 minutes. The flask was thenipped with distillation head and
condenser. After another 60 minutes the temperataseincreased 180 °C and volatile
material was removed by vacuum distillation (~50 mg). The non-volatile material
remaining in the flask was then cooled and drieth&r under high vacuum (< 1 mm
Hg) at 100 °C overnight. After cooling to room tesmgture, the final product vitrified
and was obtained as a dark red matefid.NMR is in agreement with previously

published results (Fig. S1.

Carbonisation method:

Carbonisation of the sulfur polymer was achievedabpealing ~ 4 g of the chosen
sulfur polymer at 750 °C. The sulfur polymer wasugrd before loading into a ceramic
trough. If the polymer became sticky with grindinigywas frozen (-20 °C) to increase
brittleness. The polymer was then loaded into & tuibphace and subjected to nitrogen
flow for 1 hour (600 sccm) before heating to 750&tCa heating rate of 10 °C rifin
maintaining 750 °C for 1 hour. When the temperattgached 350 — 400 °C, it is

noteworthy that elemental sulfur leaches out ofdtracture and exits the furnace via



I nstrumentation:

Gas Sorption Analysis: Surface areas were measured by nitrogen adsorgtic
desorption at 77.3 K. Powder samples were degasigw at 100 °C for 15 h under
dynamic vacuum (10-5 bar) before analysis, followgdlegassing on the analysis port
under vacuum, also at 100 °C. Isotherms were medsiging Micromeritics 2020, or
2050 volumetric adsorption analyzer.

X-Ray photoelectron (XPS) spectroscopy: XPS spectra were recorded on a K-alpha
instrument (Thermo Fisher Scientific, East GrindtddK) using a monochromated Al
Ko source. All spectra were recorded using a chamgéralizer to limit differential
charging and subsequently calibrated to the mawerstdious CxHy carbon peak at a
binding energy of 284.8 eV. Survey scans were igbat a pass energy of 200 eV and
step size of 1 eV. High resolution scans of S (Epj1s) and O (1s) were recorded at a
pass energy of 50 eV with 0.1 eV step size. Data fited using CASA XPS with
Shirley backgrounds.

Electron microscopy: Transmission electron microscope (TEM) images vobtained
using a high resolution TEM Jeol 2100 with a ka®urce operating at an acceleration
voltage of 200 kV. Images were recorded on a G&ans Charge-coupled device
(CCD). Samples were prepared by drop-casting acated suspension of the annealed
S-polymer powders in n-hexane onto a copper 40thmeédl grid with a holey carbon

film (Agar Scientific Ltd.). Energy dispersive X-RRapectra (EDS) were recorded on an



voltage of 15 kV.

Results

Sulfur polymers were synthesisda “inverse vulcanisation” polymerisation, involving
the addition of an aromatic, divinylic cross-linkél,3-diisopropenylbenzene or
limonene) to molten elemental sulfur. This reactiorms a red, intractable solid which
was then annealed under a flow of nitrogen at 1G§iélding a highly porous, sulfur-
carbon framework. Several S-polymers with differmty % ratios of sulfur to 1,3-
diisopropenylbenzene were examined.

During the annealing process, it was observeddlemental sulfur leached out
of the structure due to large quantities of yellpgwder appearing in the tube furnace
exhaust. The exhaust tube was run through watéo, which particulate sulfur
precipitated, and was confirmed to éeulfur by PXRD (Fig. S2). b6 and C$% gas
were also detected in the exhaust stream by maedoiminant [M+] at 34 and 76
respectively). The production of,H was further confirmed by placing lead(ll) acetate
trihydrate and copper(ll) chloride dehydrate in thees stream, both of which turned
black indicating the presence opFHover SQ. The sulfur leaching process ceased as
the temperature increased beyond ~650 °C, presymaakdll sulfur not intrinsic to the
structure had exited. Capture and re-use of leachdfdr from this process would

therefore be industrially viable if required onlseap.

On cooling, all products were a shiny-metallicygbéack in colour, and despite

being ground and placed as a powder in ceramikdbefore entering the furnace, the



large, unbroken monolith (figure S6, graphical edxd). 20 g of obtained product was
an arbitrary quantity, so the process could paadigitbe scaled-up.

The effect the inverse vulcanisation polymers twiadhe resultant structures was
examined using poly(4-styrenesulphonate) (a sudfuntaining polymer) as a control to
see if the inverse vulcanisation was important erety the mixing in with sulfur before
carbonisation. Traditional “activators” such asgssium hydroxide for activated carbon
based porous structures were also used, leading frosity or sulfur leaching and a
solid mass present in the base of the ceramicliroug

SEM imaging of the samples reveals relatively ceheiand smooth surfaces
when a lower percentage of sulfur is used, butamgar structure of micro-spheres
when a higher percentage of sulfur is used (FigyreThis is likely the result of the
removal of sulfur during the carbonisation — lowalfur inclusion allowing retention of
original shape, but higher sulfur inclusion causangontraction on removal, leading to
the formation of agglomerated sub-micron spherésis |noteworthy that in the
intermediate samplesi.€ 30 and 40 wt. % DIB) there is evidence for both
morphologies, indicating that the resultant strtestgan be directly related to the
amount of sulfur:DIB in the original polymer.

Closer investigation of the higher DIB content miais, by TEM, reveals the
internal structure of these materials (Figure 2jisTperhaps gives some understanding
of why the larger monolithic structure, and smostiiface are maintained. While the
loss of sulfur results in the formation of internalids, the material left effectively

forms struts, maintaining a coherent structure.r@he also evidence of crystallinity in



EDS analysis of the TEM samples (Figure 2 d)) iatid the presence of sulfur
and carbon with copper (a consequence of the copght grid), chromium and iron
(from the steel TEM goniometer), silicon (used alularicant in the manufacture of
glass vials, from the original polymer synthesis)d aoxygen (present from the
combustion process). EDS analysis showed that titfeirsto carbon ratio in the
structure was 87.9 C to 12.1 S (in at. %, 40 wDH sample), showing the decrease in
sulfur attributed to the leaching out in the anmgpprocess. The TEM grids themselves
contain a carbon film, causing a slight overestiomabf the carbon content.

The EDS analysis was supported using quantitativ& XXPS showed that the
ratio of carbon : sulfur didn’t alter significantbfter annealing despite large variations
in carbon:sulfur content in the starting materidlee results are summarised with the
initial composition of samples in Table 1. In aingples, there appears to be between
7.4 and 14.1 % sulfur composition when comparedattoon (assuming the structures
are composed entirely of carbon and sulfur). Thiggests there is a critical amount of
sulfur which remains in the structure, no mattewhagh the initial concentration,
leading to the frameworks seen by electron micnegdn Figures 1 and 2. It is likely
that a higher initial concentration of sulfur leadslonger polysulfide chains (S+S)
between the —C-S- linkages. As S-S bonds are rnblersespecially at elevated
temperatures, this leads to a loss of these extlegideips as the material forms shorter,
e.g. mono- or di-sulfide, linkages, which are mstable and account for the remaining

sulfur content.



samples are mostly comprised of sulfur and carbad, high resolution scans of those
environments elucidated details about the surfdesmestry. High resolution S(2p)
analysis revealed a highly complex spectrum witlo tdistinct sulfur chemical
environments, the first doublet with its S;3peak at 168.0 eV is ascribed to organic
sulfate groups — as expected this signal is mosaqumced for systems where larger
O(1s) peaks are observed. A second, stronger dasbidserved with the S Zppeak

at 164.0 eV, which accounted fca. 80 % of the sulfur signal and ca. 8 % of the entir
surface region. Several assignments are possibthify but it is consistent with species
such as thioethers or disulfid®s,* showing the retention of sulfur despite the
significant leaching observed during the annegtiragess.

Analysis of the C(1s) envelope shows a main peakigasd to 284.8 eV for
hydrocarbonsada. 65 at. % of total surface), which assumes thabtlik of the carbon
aromaticity is lost in the carburization procesghviow level peaks observed also for
RCOOR environments at 288.7 eV and RCOR environsnan286.5 eV (comprising
ca. 10 at. % of total surface). It is highly likelyatsurface oxide groups will be present,
with similar results obtained for typical XPS arga$yof carbonaceous materials such as
carbon nanotubé.

High resolution scans of the S2p regime revealedhighly complex
environment, with regimes attributed to (Spbinding energies quoted): C-S (163.98
eV) and sulfates (SOand R-S@QR’ 167.88 eV} Regions at lower binding energy
such as 161.5 eV were attributed as C=S, but weeveritensity. The C-S 2p 3/2 and 2p

% regions were the most intense, accountingcéoB80 % of the sulfur signal and an



the retention of sulfur despite the significantcleéiag observed in the annealing process.
Gas sorption analysis shows microporosity is preseall of the carbonised S-
DIB samples (Figure 4). In order to determine ik tinverse vulcanisation (i.e.
crosslinking of the polymeric sulfur by the orgamibase) was important, we ran a
control sample of Poly(4-styrenesulfonate) mixedhwsulfur, without vulcanisation.
This showed no porosity to nitrogen. However, therbonised sulfur-limonene
copolymer also showed no porosity to nitrogen. ther carbonised S-DIB samples it
can be seen that the nitrogen uptake increaséallnivith DIB uptake (between 5 and
10 wt.% DIB) before becoming relatively consistactoss the range of compositions
(Fig. S3). The 5 wt.% DIB sample has an apparenh8uer—Emmett—Teller surface
area (SAgr) of 223 nf g, All of the samples with a higher % DIB componergre
>500 nf g’ (533, 537, 512, and 503°m” for 10, 20, 40, and 50 wt. % respectively). It
is possible that at the lowest % DIB component rasufficiently connected carbon-
carbon bonded network is created, such that thectste collapses to an extent on
removal of the sulfur. For the lower % DIB compmsis (5-20 wt. %), some degree of
meso-porosity is also detected, as indicated blibyge of the isotherm (Figure 4), and
differential pore size distribution (Figure 5). $his consistent with the electron
microscopy results, which showed aggregated subemiparticles in these lower DIB
proportion samples. It is likely that this mesogity results from the relatively high
volume of sulfur removed during carbonisation — théfur effectively acting as a
template. For the higher proportion DIB samples, itnich the electron microscopy

showed they were able to maintain a coherent megpas structure, no such meso-



higher proportion DIB samples show a remarkablyovarand defined range of pore
sizes, for what is in essence an activated carv@h, the entire pore width range <2
nm. These samples also show significant, @Ptake, with the 10 wt.% DIB sample
taking up over 15 wt.% CfQat 263 K (Fig. S4). The heat of adsorption of ,GfDto
these carbonised polymers is quite high, 29 kJ/fRig. S5), in comparison to many
common activated carbons, e.g. heats of adsormfo€O, in activated carbons
Maxsorb Il and ACF (A-20) are found to be (20.3Wd.9.23) kd/mol respectively.

The S-Lim copolymer is known to form a lower molkecuweight species in
comparison to S-DIB, more a polysulfide than aneeged, highly crosslinked
polymer!® 22 Therefore was thought possible that the structight be more able to
‘close-up’ during carbonisation, resulting in muchrrower pores, and explaining the
lack of porosity to nitrogen (Figure 4). In ordertest this, the carbonised S-Lim was
examined for uptake of smaller gasses, carbon dikoand hydrogen (Figure 6). This
revealed that although nitrogen is effectively sbfiif the structure remains porous to
carbon dioxide and hydrogen. This gives potental das separation applications,
especially when combined with the possibility to ltmgrocess the pre-carbonised
polymer into films/membranes. The molar selectivdyCQO/N, at 273 K is 24 at 0.1
bar and 8 at 1 bar. The molar selectivity 8N4 at 77.3 K'is 975 at 0.1 bar and 66 at 1

bar.

Discussion/conclusions



cost precursors (e.g. sulfur and limonene), amglatsimple one step process, with high
atom efficiency and no exogeneous solvents or rdag&he carbonisation route itself
is simple, scalable, allows for the reclaimatiom aa-use of the sulfur, and could be
easily adapted to produce different architectufidse molten state formed by the S-
polymer feedstock (100 °C for S-Lim, 200 °C for $) could be used to generate
films, membranes, or coherent monoliths. The ussioh porous carbon monoliths can

34 to

be preferential to granular systems for applicatiofrom sorptiof®
supercapacitanc®.Porous membranes are routinely widely used iniigtfor both
gas and liquid phase separatidfi¥’ The resultant materials are left doped with small
amounts of sulfur. This could have interesting effeén both electrochemisf/*? and
sorptiort?*° applications, as sulfur doping has been used ih b these fields to
enhance properties and function. Disulfide linkedymer networks have been shown
to demonstrate effective separation of organics frater?’

The porous carbons produced show a microporositi well defined pore
distribution (S-DIB) or the potential for gas sdleity (S-Lim). This gives potential for
separation of gas mixtures that are of industriewance, such as GI.*® for
application post-combustion G@apture, and ¥N,*. The properties of the porous
carbons produced was found to depend on both thrg&ric ratio used, and the nature
of the organic crosslinker. Given the wide rangepotsible inverse vulcanisation

crosslinkers, and the scope to mix multicompongstesns, this gives a remarkable

potential for control and tenability.



materials, with properties dependent on sulfuroraind crosslinker choice. The
retention of sulfur in the microporous carbon stuue, with implications in widespread
applications, and scope for variation in structsuggest many more such materials

could be reported in the future.
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Tables
Table 1. Synthetic quantities of each reagent added foouarcompositions of S-DIB

copolymer, and quantitative ratios of sulfur : carlmbtained by quantitative XPS:

Sample / wt.%| 1,3-diisopropenylbenzeneSulfur / g Sulfur/ % | Carbon/
(of DIB) / ml (mmol) (mmol) conc. % conc.
5 0.114, 0.665 2,781 9.5 90.5
10 0.240, 1.40 2,781 111 88.9
20 0.541, 3.16 2,781 14.1 85.9
40 1.44, 8.40 2,7.81 11.8 88.2
50 2.16, 12.6 2,7.81 7.4 92.6
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Scheme 1. a) Sulfur-diisopropenyl benzene (S-DIB) copolyragnthesis, b) sulfur-limonene (S-Lim)

copolymer synthesis, and c) subsequent carbonisate&thod.

Figure 1. SEM images of: a) and b) high sulfur (90 wt. %p8lymer showing the porous microstructure
of the monolith and ¢) and d) as the smooth, lolfus50 wt. % S) polymer sample, showing the

smooth architecture.
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Figure 2. TEM images of a carbonised sample of S-DIB (40 wtf8). Images a) and b) show the
internal voids in the structure, from removal dffsuduring carbonisation. HRTEM, c), reveals some
degree of local order and crystallinity in the carised material. EDS analysis, d), indicates tlesgmce

of carbon and sulfur. It should be noted that cogmeanates from the copper sample grid and chromium

and iron emanate from the steel sample holder.
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Figure 3. High resolution XPS scans of C1s and S2p of 104v&nd 50 wt. % DIB content sulfur

polymers after carbonisation: a) 10 wt % C1s, by1.®% S2p, ¢) 50 wt. % C1s and d) 50 wt. % S2p.
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Figure 4. Nitrogen adsorption isotherms (at 77.3 k, 1 baasbonised samples of S-DIB polymers, as

well as S-limonene copolymer (S-Lim) and a sulfatyf4-styrenesulfonate) mixture (S-PSS).
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Figureb. (b) NL-DFT pore size distribution, calculated frahe nitrogen isotherms, for a series of

carbonised S-DIB copolymers.
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Figure 6. a) Adsorption isotherms (solid symbols) and desongsotherms (open symbols) for carbon
dioxide and nitrogen on carbonised S-Lim (50 wtfédhene), up to 1 bar pressure and at 273 K. b)
Adsorption isotherms (solid symbols) and desorpisotherms (open symbols) for hydrogen and
nitrogen on carbonised S-Lim (50 wt% limonene)taf0 bar pressure and at 77.3 K.
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Figure S1. *H NMR spectrum of the sulfur-limonene polysulfid®guced.
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Figure S2. Powder XRD of the yellow precipitated powder colézl from water
through which the exhaust gas was bubbled (indstfan be seen, the experimental
pattern matches the commetiorm of elemental sulfur.
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Figure S3. Apparent BET surface area as a function of inDH content in carbonised
S-DIB copolymers.
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K is included for comparison.
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Figure S5. Isosteric heat@st/ kJ mot') of adsorption for C@as a function of the
amount adsorbed (mmof‘yfor the temperature range 263—298 K, determirsiagLthe
standard calculation routines in the Data-mastiéinefdata reduction software
(Micromeritics), for 10 wt. % DIB carbonised S-DIB.



Figure S6. Photograph of a large sulfur-carbon monolith sgeibed from annealing 20
g of ground 50 wt. % DIB polymer at 750 °C for lunhainder N. For scale, a UK 50
pence piece is added.

Figure S7. a) Photograph of a sulfur-carbon monolith synsessifrom annealing 4 g of
50 wt. % Limonene polymer at 750 °C for 1 hour urdg b) powdered form of the
carbonised S-limonene polymer after breaking ifargsorption analysis.



Produces sulfur-aoped microporous and gas selective monoliths



