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Experimental Section

Chemicals and Materials

Alkali lignin was purchased from Sigma-Aldrich. Sulfur powder (99.5%) was purchased from Alfa Aesar. Carbon
disulfide, sodium chlorate and hydrochloric acid, sodium hydroxide (99.5%), were purchased from Bean Town
Chemical, VWR Analytical, respectively. Tris(hydroxymethyl)Jaminomethane hydrochloride and 5, 5’-Dithio-bis-(2-
nitrobenzoic acid were purchased from VWR Analytical. These chemicals were used without further purification
unless otherwise noted.

General Considerations
Phosphorus-31 NMR spectra wer recorded on a Bruker Avance spectrometer operating at 300 MHz in a 10 s pulse
delay and 90° pulse angle. Chromium (lll) acetylacetonate was added as a spin relaxation agent following the
established procedure.['l Thermogravimetric analysis (TGA) data were recorded on a Mettler Toledo 2STARe
instrument over the range 20 to 800 °C, with a heating rate of 5 °C min~' under a flow of N, (100 mL min~"'). Mettler
Toledo DSC 3 STAR® System was used to collect the Differential scanning calorimetry (DSC) data over the range of
—60 to 140 °C, with a heating rate of 10 °C min~" under a flow of N, (200 mL min~"). All the reported data were taken
from the third heat/cool cycles. Melting enthalpies and the cold crystallization enthalpies were calculated using DSC
data and the following equation’® 3 was used to calculate the reduction of percent crystallinity of each material with
respect to sulfur.

AH s, — AHees,)

AHp(s) — AHcc(s)

A)(c:l_{ }*100%

Ay, - Change of percentage crystallinity with respect to sulfur
AHp, (s, - Melting enthalpy of composite materials (LSx)

AH,. (s, - Cold crystallization enthalpy of composite materials (LSx)
AH,y - Melting enthalpy of sulfur

AH. sy - Cold crystallization enthalpy of sulfur

Dynamic Mechanical Analysis (DMA) was performed using a Mettler Toledo DMA 1 STAR® System in single cantilever mode.
DMA samples cured for 120 h were cast from silicone resin molds (Smooth-On Oomoo® 30 tin-cure). The sample dimensions
were approximately 19x9x2 mm. The clamping force was 1 cN-m and the temperature range was —60 to 80 °C with a heating
rate of 5 °C min~'. The results were collected with the measurement mode of displacement control with a displacement
amplitude of 5 ym and a frequency of 1 Hz. Each Sample was cured for 120 h prior to stress-strain analysis at room
temperature with the DMA instrument operating in single cantilever mode. The force was varied from 0 to 10 N with a ramp
rate of 0.1 N-min~". Fourier transform infrared spectra were obtained using a Shimadzu IR Affinity-1S instrument with ATR
attachment, operating over the range of 400-4000 cm~" at ambient temperature. Cary 50-Bio UV-Vis Spectrophotometer was
used to obtain the UV-Visible spectra, scanning from 800-200 nm.

Chlorination of Lignint!

Excess of 8.5 g of NaClOg3 (1.5 equiv with respect to total phenolic groups in lignin) in water (158 mL) was added to
a fine powder of alkali lignin (15 g) taken in a 500 ml round-bottom flask equipped with a magnetic stirring bar at
room temperature. After that HCI (31.6 mL) was added dropwise for 15 minutes. The precipitate was collected by
vacuum filtration followed by four consecutive washes with distilled water. The final product was vacuum dried for 24
hours at 40° C.

General synthesis of CLSx (x = wt.% sulfur in monomer feed)

Elemental sulfur was weighed directly into a pressure tube under inert environment. The tube was heated to 180 °C
in an oil bath over which time the sulfur melted. Once the sulfur turned a viscous dark red-orange color (indicative of
thermal ring-opening), the appropriate amount of chloro lignin was slowly added to the molten sulfur. Following
addition, the temperature was increased to 230°C and heating was continued for 24 h with continuous stirring with a



magnetic stir bar. The whole procedure was done under N, gas. This general synthesis was used to synthesize
CILS99, CILSes5, CILS90, CILSss and CILSso Each of the lignin- sulfur combination was subjected to elemental
combustion microanalysis.

CAUTION: Heating elemental sulfur with organics can result in the formation of H2S gas. H-S is toxic, foul-smelling,
and corrosive

Depolymerization with AlBr;

The highest lignin incorporated sample was selected for the below procedure. 30 mg of powdered CLSg, sample and
60 mg of AlBr; were added to a 20 mL scintillation vial. The mixture of solid was dissolved in 6 mL of anhydrous
toluene in N2 environment for 72 h. At the end of the reaction time, the solvent was filtered and 5% (v/v) HCI : ethanol
5 mL was added. The solution was subjected into three consecutive washing and the organic layer was separated
out.

The Procedure for the reaction of aryl thiols with Ellman’s reagent

The procedure was carried out according to a known method®®l. The stock solution of DTNB (5, 5'-Dithio-bis-(2-nitrobenzoic
acid) was prepared by dissolving 40 mg of DTNB in 10 mL of DMSO. The solution was100-fold diluted into 0.1 mM DTNB
solution using 0.1 MTris HCI (Tris(hydroxymethyl)aminomethane hydrochloride) buffer solution at pH 7.4. 1mL of the solution
containing depolymerized products and 19 mL of 0.1 mM DTNB were mixed together and let it to sit for 2 minutes at room
temperature. The samples were then analyzed through UV-vis spectrophotometer by using 10% (v/v) Tris HCI: DTNB solution
as the blank. In order to confirm that the initial CLSgo sample does not carry the thiol groups, the same procedure was carried
out without adding AlBr; and obtained the spectroscopy.

Note; DTNB solution was freshly prepared for the experiment and wrapped with aluminum foils throughout the
experiment in order to minimize the formation of yellow degradation products.

Elemental Analysis
Table S1. Elemental Analysis of CLSx Materials

Materials C wt% H wit% S wit% Cl wt%
CLSso0 11.8 0.6 81.4 1.0
CLSss 8.6 1.1 88.4 0.6
CLS90 5.8 0.7 91.1 0.5
CLSos 3.3 0.3 95.4 0.6
CLSo 0.8 0.0 98.6 0.4




Table S2. Elemental Analysis of CS2 insoluble Fraction

Materials C wtth H wt% S Wt% Clwt%
CLSwx 44.9 25 33.4 24
CLSss 35.8 1.8 49.8 1.4
CLSw 25.7 1.3 63.3 13

Incorporation of Lignin into Composites for Various Monomer Feeds
Table S3. Composition data

Materials Chloro Lignin in Chloro Lignin CS; Insoluble Removal of Cl Average Sulfur

monomer feed incorporated wt% Wt% crosslink chain
wt% Wt% length

SALso 20 5 92 NA 48

CLSs0 20 19 31 58 12

CLSss 15 13 24 66 19

CLSe0 10 9 22 64 31

CLSes 5 5 21 NA NA

CLSss 1 1.0 19 NA NA




Composition Analysis of Lignin

Table S4. Phosphorus-31 NMR quantification of subunit composition of lignin used in this work.

Functionality Chemical shift (ppm) Lignin (mmol/g)

Carboxylate 134-135.5 0.36
p-HOPh 137-138.5 0.25
Guaicy! 138.5-140 1.69
5-Sub-OH 140.2-145 1.61
/
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Scheme S1. Phosphitylated subunits of lignini?!
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Figure S1. 3'"P NMR of the phosphitylated lignin.

2-chloro-4,4,5,5,-tetramethyl-1,3,2-dioxaphospholane was used as the phosphitylation agent and for the accurate
quantification endo-N-hydroxy-5-norbornene-2,3-dicarboximide was used as the internal standard.®!



IR Spectroscopy analysis
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Figure S2. Inset of the IR spectra for lignin (brown solid line) and chloro lignin (green solid line). The highlighted peaks at the chloro lignin IR spectra
are the distinguished peaks to differentiate chlorinated lignin over the initial, unchlorinated lignin sample.
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Figure S3. C-S stretching IR absorbance peak of composite materials CLSgo (blue solid line), CLSss (purple dashed line), CLSg0 (orange dotted line),
CLSes (black solid line), CLSe9 (red dashed line) and the absence of the peak in Chloro lignin (green solid line) spectrum. The box highlights the
emergence of the C—S stretching band.[



Physical Properties analysis

Table S5. Water uptake test results and the densities of CLSx materials.

Materials Change in the wt% Density
upon water uptaking®

glem?®
CLSso 0.49 1.54
CLSss 0.46 1.61
CLSw 0 7
CLSss 0 1.73
CLSw 0 177

18l Samples were soaked in water for 24 h and calculated the change in the weight percentage

Pure Sulfur CLSgo CLSg;

CLS,, CLS,s CLS,,

Figure S4. Photos of CLSx materials and sulfur.

The CLSx materials are brown to black solids and took on a progressively glassier appearance as the percentage of
chlorolignin in the monomer feed increased. The black color of the CLS, materials retained with the aging while the
pure sulfur sample heated in the same temperature and time period, turned into yellow color from the initial black-brown
color



Thermal analysis of CLSx materials
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Figure S5.TGA curves of CLSx materials. CLSgo (blue solid line), CLSss (purple dashed line), CLSgo (orange dotted line), CLSes
(black solid line), CLS9s (red dashed line) and the Chlorinated lignin (green solid line)
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Figure S6. The graph of char yield percentage vs the lignin wt%in monomer feed
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Figure S7. a) DSC curves of CLSso (blue solid line), CLSss (purple dashed line), CLSgo (orange dotted line), CLSgs (black solid line), CLSg9 (red dashed
line), sulfur (brown solid line. b) Enlarged view of DSC curves, showing Ty (highlighted area) and cold crystallization peaks of CLSso, CLSss5, and CLSeo.
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Stress/MPa

Figure S8. a) Stress strain curves of CLSx materials of CLSsgo (blue dashed line), CLSss (purple dashed line), CLSg (orange dashed line), CLSes (black
dashed line), CLS99 (red dashed line). All the trend lines are depicted in solid lines. b) Enlarged view of the linear region of stress strain curves with the trend

lines.
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Figure S9. Stress strain curves comparison upon 24 h, 0.5 M H2SOs soaking. Blue line indicates before soaking and the orange line after soaking.
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Remeltability of CLSx Materials

120

100
80
60
40
20
0

1 2 3 4 5

Heating Cycles

Storage Modulus (% of initial)

Figure $10. Storage moduli of CLSgs as the percentage of initial over five pulverizing-melt-recast cycles.

XRD data
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Figure S11. XRD Data of CLSego (blue solid line) and Pure sulfur sample (orange solid line)
All the peaks present in the CLS80 sample are broader and less intense compared to pure sulfur sample, exhibiting the less crystallinity of CLSx samples
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Figure S12. The GC-MS analysis of depolymerization products from CLSs0 sample revealed aryl thiols such as those whose structures and
mass spectra are shown above.
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Figure S13. Surface analysis of CLSx materials by scanning electron microscopy revealed sample-dependent sulfur crystal morphology
consistent with the high orthorhombic sulfur content in the composites.
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Figure S14. Surface analysis of CLSx materials by EPS revealed distribution of carbon and sulfur content on the polymer surface, consistent
with the varying amount of chlorolignin in the monomer feed.

15



References

)
[2]
3]
4]
5]
6]
[7]
8]

A. Granata, D. S. Argyropoulos, J. Agric. Food Chem. 1995, 43, 1538-1544.

M. K

A. V. Tobolsky, W. MacKnight, R. B. Beevers, V. D. Gupta, Polymer 1963, 4, 423-427.

S. K. Sharma, D. D. Agarwal, 2014, 1.

P. Eyer, F. Worek, D. Kiderlen, G. Sinko, A. Stuglin, V. Simeon-Rudolf, E. Reiner, Analytical Biochemistry 2003, 312, 224-227.
L. Zoia, A. Salanti, P. Frigerio, M. Orlandi, BioResources 2014, 9, 6540-6561.

K. K. Jena, S. M. Alhassan, Journal of Applied Polymer Science 2016, 133.

Ellman’s Reagent 5,5'-dithio-bis-(2-nitrobenzoic acid) (DTNB) (Cat. #8C87) www.GBiosciences.com

arunarathna, M. K. Lauer, T. Thiounn, R. C. Smith, A. G. Tennyson, Journal of Materials Chemistry A 2019, 7, 15683-15690.

16



	Experimental Section
	Chemicals and Materials
	General Considerations
	Chlorination of Lignin[4]
	General synthesis of CLSx (x = wt.% sulfur in monomer feed)
	Depolymerization with AlBr3
	The Procedure for the reaction of aryl thiols with Ellman’s reagent

	Elemental Analysis
	Incorporation of Lignin into Composites for Various Monomer Feeds
	Composition Analysis of Lignin
	IR Spectroscopy analysis
	Physical Properties analysis
	Thermal analysis of CLSx materials
	Remeltability of CLSx Materials
	XRD data

