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/x0xx X Lignin is the second-most abundant biopolymer in nature and remains a severely underutilized waste product of agriculture

www.rsc.org/ and paper production. Sulfur is the most underutilized byproduct of petroleum and natural gas processing industries. On
their own, both sulfur and lignin exhibit very poor mechanical properties. In the current work, a strategy for preparing more
durable composites of sulfur and lignin, LSy, is described. Composites LSx were prepared by reaction of allyl lignin with
elemental sulfur, whereby some of the sulfur forms polysulfide crosslinks with lignin to yield a three-dimensional network.
Even relatively small quantities (<5 wt.%) of the polysulfide-crosslinked lignin network provides up to a 3.4-fold increase in
mechanical reinforcement over sulfur alone, as measured by the storage moduli and fexural strength determined from
dynamic mechanical analysis (temperatue dependence and stress-strain analysis). Notably, LSx composites could be
repeatedly remelted and recast after pulverization without loss of mechanical strength. These initial studies suggest
potential practical applications of lignin and sulfur waste streams in the ongoing quest towards more sustainable, recyclable
structural materials.

Introduction materials®13-26  that are made by crosslinking bulk elemental

Lignin and cellulose are the primary components of agricultural ~ Sulfur with lower percentages of olefins (Scheme 1) to yield high

waste, of which over five billion metric tons result from pre-
consumer processing annually.? Paper production produces an
additional 600,000 tons/yr of lignin waste.2 When embedded in
a cellulose and hemicellulose composite, lignin (Fig. 1) is
responsible for the structural integrity of fibrous plants and thus
ultimately of all timber-built structures.3# Despite the structural
utility of lignin in naturally-occurring composites and significant
motivation to valorise lignin as an element of synthetic
materials, it remains underexploited.! Another abundant,
underutilized by-product of human industry is elemental sulfur.
Elemental sulfur (Sg) is produced by the energy sector when
natural gas, petroleum and coal are refined to produce cleaner-
burning fuels.>¢ So much by-product sulfur is produced in the
refining process that even after industrial sulfur consumption
needs have been met, >7 million tons of Sg are left unused every
year,37 spurring significant efforts to exploit it as an affordable
component of materials.®? Elemental sulfur itself is quite brittle,
yet small quantities of sulfur crosslinking agents improve the
structural properties of natural rubber through vulcanization.10-
12 Pyun’s group has recently made significant strides to
elucidating commercial applications for high sulfur-content

a-Department of Chemistry , Clemson University, Clemson, South Carolina, 29634,
United States

b.-pepartment of Materials Science and Engineering, Clemson University, Clemson,
South Carolina, 29634, United States

tElectronic Supplementary Information (ESI) available: Proton NMR spectral data,

FTIR spectra, TGA curves, analysis of char yield versus composition; DSC curves.

This journal is © The Royal Society of Chemistry 2018

sulfur-content networks. Such high sulfur-content materials
that have proven useful for applications ranging from water
purification to battery materials.#7-53 We and other groups have
explored similar avenues using other organic crosslinkers. 827-29
At STP, sulfur exists as Sg rings in a morphology referred to as
orthorhombic or a-sulfur. Upon heating, sulfur first melts at 120
°Cand then undergoes homolytic ring opening at 159 °C to form
diradicals. At higher temperatures, these diradicals form

HyCO

Figure 1. Representative structure of lignin.
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Scheme 1. A generalized scheme for crosslinking olefins with sulfur

polymeric sulfur diradicals. It is these polymeric diradicals that
react with olefins to form the crosslinked networks (Scheme 1).
We recently demonstrated that materials having reasonable
storage moduli and flexural strengths on par with that of
Portland cement could be attained by utilizing a cellulose
derivative as the organic component for a high sulfur-content
composite.’2 This study demonstrated that mechanical
improvements could be made to sulfur by crosslinking with a
minority fraction of biopolymer: up to a 2-fold improvement in
storage modulus at room temperature was accomplished upon
crosslinking with 20% of the cellulose derivative. These
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Scheme 2. Synthesis of allyl lignin and LSx. Several type of lignin hydroxyl
sites are modified by allyl groups in the current work, as delineated in
Figure 1 and quantified in Table 1.
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materials were also thermally healable over many

pulverization/recasting processes without loss of strength.

In light of the successful crosslinking of sulfur with cellulose
derivative, and on the basis of lignin’s ability to provide
structural integrity to biocomposites, we hypothesized that we
could prepare durable composites of sulfur and lignin. Herein,
we report the preparation of composites LSk (x = percent by
mass sulfur in monomer feed, Scheme 2) prepared by reaction
of allyl lignin and sulfur, wherein x is varied from 80 to 99. The
chemical and bulk composition, thermal, morphological and
mechanical properties of the materials are discussed.

Results and Discussion
Synthesis and Characterization of Allyl Lignin

The complex, heterogeneous macromolecular structure of
lignin (Fig 1)3° and its low solubility make synthesis and
characterization of lignin derivatives challenging.31-33 In the
current context, lignin had to be derivatized with olefinic units
to allow reaction with sulfur diradicals.8 19 46 Allyl lignin was
prepared by an established method for this study (Scheme
2).3435 Analysis of allyl lignin by *H NMR spectrometry, FT-IR
spectroscopy (Fig. S1-2 in the ESI), and elemental analysis match
reported data.3¢

Depending on the source (e.g., hardwood, softwood or grassy
plants), the relative ratio of the several hydroxyl-bearing
functionalities in lignin will vary (Fig. 2, upper). Phosphorus-31
NMR spectrometric techniques are typically used to interrogate
these ratios.3* In this work, the commercial lignin and its
allylated derivative were analyzed by first phosphitylating all
hydroxyl groups with excess TMDP (Scheme 3) in the presence
of HNDI as an internal standard.3534 Each of the phosphitylated
—OH units has a characteristic shift in the 31P NMR spectrum
(Fig. 2, upper). Whereas integrations of typical 31P NMR spectra
are not accurate, the integration accuracy in the current context
was assured by employing a 10 s pulse delay, 90° pulse angle,
and adding chromium (lll) acetylacetonate to the samples as a
spin relaxation agent. Analysis of spectra so obtained (Fig. 2a)
allowed quantification of each type of hydroxyl functionality in
the commercial lignin starting material (Table 1), for a total
hydroxyl content of 6.0 mmol/g,37 with relative hydroxyl
functionality ratios typical of a softwood lignin.38

/0 Lignin o)
Lignin—OH cI—r \07P<
TmMDP © o
>
S Pyridine o
4 CDCly 7

N N o}
“OH ~o—¢,
HNDI O o] o)

Internal Standard

Scheme 3. Phosphitylation of —OH groups in lignin and an internal standard
used for quantification by 3P NMR spectrometry. Allyl lignin was treated
under identical conditions, whereupon all non-allylated —OH groups were
phosphitylated.
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In allyl lignin some of the hydroxyl groups are allylated; those
sites will not be phosphitylated and so will not contribute to the
31p NMR spectrum. The relative decrease in peak integration for
allyl lignin versus lignin spectra allowed for the calculation of
percent allylation for each hydroxyl functionality (Table 1). The
expected quantitative allylation of phenolic hydroxyl groups
was observed, in addition to allylation of 49% of aliphatic
alcohol and 72% of carboxylic acid hydroxyl groups. Overall,
there are 4.9 mmol of allyl functionalities per gram of material
in the allyl lignin used to prepare the LSx materials.
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Fig 2. Structures for phosphitylated units in lignin and allyl lignin (upper) and
31P NMR spectra (lower) for a) allyl lignin and b) commercial lignin after
phosphitylation.

ARTICLE

Synthesis and Characterization of Allyl Lignin-Sulfur Materials (LS,)

The reaction of allyl lignin with sulfur was carried out at 180°C,
where sulfur exists primarily as polymeric diradicals (Scheme
2),13 to prepare materials LSx (x = wt% Sg in the monomer feed).
Materials were prepared wherein sulfur feed ratios ranged from
80-99 wt%. Over the course of the reaction, the mixture
changed from the red-orange color characteristic of polymeric
sulfur diradicals to the dark brown color of LS. After reaction,
the reaction mixture consisted of primarily molten LSx and a
small fraction of precipitate. While still at 180 °C, the precipitate
was separated away from the liquid and the liquid (LSx) was
retained for further study. When these molten samples of LSy
were cooled to room temperature, each became a hard, brown,
glassy-looking solid. In contrast, when a sample of pure sulfuris
treated under the reaction conditions in the absence of an
organic crosslinker, the polymeric sulfur that is formed at
elevated temperatures reverts back to the brittle, yellow
material characteristic of orthorhombic sulfur over about 48 h
at room temperature. In sharp contrast, once LSx samples are
stable for at least nine months without change in physical
appearance or deterioration in properties.

Both LSx and the reaction precipitate were subjected to
elemental microanalysis for C, H, N and S to assess their
composition (see Experimental section). This analysis revealed
that the precipitate consisted of primarily lignin that had
separated, presumably due to poor miscibility of lignin with
sulfur. As a result, the lignin content ultimately incorporated
into LSx materials is somewhat lower than that added to the
monomer feed (Table 2).

Table 2 LSx composition data

Material Allyl Lignin in Allyl Lignin CS2-
monomer feed incorporated insoluble

(Wt%) (wt%)2 (Wt%)
LSso 20 5.0 92
LSss 15 3.4 91
LS90 10 1.5 87
LSes 5 1.0 84
LSeg 1 0.4 84

3Determined from elemental analysis

Table 1 Difference in hydroxyl functionality of allyl lignin and reference lignin
sample. Structures for each functionality are provided in Figure 2.

. o Free OHin
. . Chemical Lignin o
Functionality ) Allyl lignin % allylated
Shift (ppm) (mmol/g)
(mmol/g)

Carboxylate 134-135.5 0.36 0.10 70
p-HOPh 137-138.5 0.25 - 100
Guaicyl 138.5-140 1.69 - 100

5-Sub—OH 140.2-145 1.61 - 100
Aliphatic 145-150 2.05 1.0 49

¢ No visible peak is observed.

This journal is © The Royal Society of Chemistry 2018

On the basis of our previous work,8 it was hypothesized that LSx
samples could be composites consisting of bulk sulfur that is
reinforced by an interpenetrating 3D network. If this were the
case, the network would be comprised of allyl lignin crosslinked
with oligo- or polysulfide chains as depicted in Scheme 2 and
orthorhombic sulfur would fill some of the voids in the network.
Free orthorhombic sulfur is highly soluble in CS,, whereas a
highly-crosslinked polymer would not be. In an effort to extract
selectively any free orthorhombic sulfur, each LSx sample was
thus extracted several times with CS, until no more mass was
extractable. The CS,-soluble and CS;-insoluble fractions were
separated and analyzed by elemental microanalysis (Table 2).
As anticipated, the CS;-soluble fractions consist of almost

J. Mat. Chem. A, 2018, 00, 1-3 | 3
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entirely sulfur, whereas lignin and attendant polysulfide
crosslink chains are retained in the CS,-insoluble fractions. The
presence of polymeric sulfur was later confirmed by DSC
measurements as well (vide infra). In lower sulfur-content LSx
samples (x = 80, 85, 90), up to 92% of the sulfur in the sample is
in the polysulfide crosslinked form, with little sulfur present in
the orthorhombic form. This is in stark contrast to similarly-
prepared materials in which sulfur was crosslinked with 5 wt. %
of a polystyrene derivative (twice the wt% of crosslinking agent
as in LSgg),® wherein only 19% of S was incorporated as
polysulfide crosslinks and 81% was orthorhombic. The
elemental analysis data for the CS;-insoluble fraction allowed
accurate calculation of the average length of the polysulfide
crosslinking chains in LSgp and LSgs to be 48 and 103,
respectively. This compares well with some of the reported
cellulose-crosslinked sulfur composite, which had polysulfide
crosslinks ranging from 20 to 60 sulfur atoms in length.

The fact that LSgo90 successfully sequesters the majority of
sulfur in the polymeric form addresses a key deficiency to which
some other high sulfur-content materials are subject. Materials
comprising majority orthorhombic sulfur can release sulfur
through sublimation or blooming of crystalline sulfur to the
surface over time, whereas polymeric sulfur effectively
stabilized by a supporting network is not subject to these
degradation pathways.

In addition to establishing the presence of polymeric sulfur in
LS, direct evidence for C-S bond formation between that
polymeric sulfur and the allyl lignin was revealed by IR
spectroscopy. Specifically, a peak at 620 cm~1, attributable to
C-S stretch,3® is present in the FT-IR spectrum of each LSy
sample (Fig. S3 in the ESI). The IR spectra also confirm retention
of the characteristic peaks for softwood lignin such as the out-
of-plane aromatic C—H deformation (823-875 cm<), symmetric
aryl ring stretching (1594 cm), aromatic CH in plane
deformation (1028 cm) and the methyl/methylene C-H
stretches (2952 cm).4° The extraction/elemental analysis
studies confirmed the presence of some free sulfur in LSy, while
IR spectroscopy confirmed both formation of C-S bonds and
retention of the basic lignin architecture. Taken together, these
data support the characterization of LSx as composites
comprised primarily of sulfur-crosslinked lignin with some

Table 3 Summary of TGA and DSC data.

Material Ta DSC DSC AHm AHce %xtl
(cp Tg Tm /g /g
(°C) (°C)
LSso 236 -34 118 30 25 8
LSss 235 -35 118 34 13 40
LSs0 237 NAP 117 34 NA 67
LSos 235 NAP 107 37 NA 63
LSo9 233 NAP 113 47 NA 91
Sg 228 NAP 120 51 NA 100

aTq was determined by calculating the temperature at which 5% mass
was lost. PNo visible transition in the range studied. °percent
crystallinity compared to that of sulfur (normalized to 100%).

4 | J. Mat. Chem. A, 2018, 00, 1-3

quantity of retained orthorhombic sulfur backfilling available
volume in the network.

Thermal Analysis of LS«

The thermal stability of LSx samples was assessed by
thermogravimetric analysis (TGA, Table 3). The TGA trace for
pure sulfur exhibited a single decomposition event with a
decomposition temperature (T,) at 228° C. In contrast, lignin
decomposes over a broader temperature range, reflecting the
variable stabilities of the diverse functionalities present.*! The
onset of initial lignin decomposition at 201 °C is attributable to
degradation of propanoid side chains, while the second
decomposition from 360-370 °C is due to cleavage of the -
and C-C linkages.*? In LSgp99 the thermal decomposition is
driven by the predominant sulfur component, so all of them
exhibit a Ty of 233-237 °C (Fig S4, ESI). These values are similar
to those for previously-reported high sulfur-content
materials.17-8 In contrast, a conspicuous two step degradation
was observed for LSge and LSgs, wherein the first decomposition
event resembles that of sulfur and a second decomposition step
occurs over the range of 355-365 °C, attributed to - and C—C
linkages cleavage in lignin. The expected increase in char yield
(at 800 °C) concomitant with increasing lignin content was also
observed (Fig. S5 in the ESI).

100 |~

— LSy
- ==+ LSg
80 Allyl Lignin
Sulfur
xR
§ 60
-
-
®
S 40
s
20

25 125 225 325 425 525 625 725
Temperature °C

Fig 3. TGA curves of LSso and LSss compared with those for sulfur and allyl
lignin. DGA (derivative curves) are provided in the ESI Fig. S8.

Differential scanning calorimetry (DSC, Table 3) did not reveal
any glass transition (Ty;) temperature over the range
investigated for the higher sulfur-content composites (LSgg,
LSos, LSgo) or for sulfur alone. That the DSC data for LSgg.99 are
nearly identical to that of sulfur is perhaps not surprising, given
that they are themselves comprised of 98.5-99.5% sulfur, such
that if other transitions are present, they would likely be too
small to detect. LSgo and LSgs, however, showed the glass
transition for polymeric sulfur at -34 to -35 °C.4243 The LSy
composites also exhibited melt peaks at approximately
106-116 °C, the intensity of which scales with the relative
amount of sulfur in the material (Fig. S6 , ESI). DSC analysis of
the most-crosslinked LSgo and LSgs samples also show cold

This journal is © The Royal Society of Chemistry 2018
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Fig 4. DMA data of LSso (blue solid line), LSss (purple dashed line), LSso (orange dotted line), LS5 ( black solid line), LSeg (red dashed line), sulfur (green solid line) a)
Comparison of storage modulus curves of LSx materials. b) tan delta curves. c) Loss modulus curves.

crystallization peaks. The cold crystallization exotherm reflects
partial organization of polymer chains above the glass transition
temperature, typical of network-stabilized polymeric sulfur
domains.*4

By comparing the integration of melting and cold crystallization
enthalpies of sulfur and LSx materials, the relative percent
crystallinity of the materials was calculated (the equation for
this calculation is provided in the Experimental section and data
are summarized in Table 3). The crystallinity of LSgo is only 8%
that of pure sulfur. Perhaps more surprisingly, the incorporation
of even 1% lignin in LS¢s leads to a material only 63% as
crystalline as orthorhombic sulfur. The reduction of crystallinity
is one feature that results in reduced brittleness of high sulfur-
content materials, as elucidated by the DMA measurements
discussed below.

Table 4. Summary of DMA data.

Material E' (-60 tan E” flexural
°C) 8T Ty (°C) strength/modulus
(MPa) (°C) (MPa)
Ss 373 NA?2 NA?2 NA
LSso0 1265 3.3 -2.5 2.1/87
LSss 1049 5.9 -1.2 1.5/76
LSg0 1016 6.3 0.5 1.7/57
LSos 824 NA?2 NA?2 ND
LS9 656 NA?2 NA?2 ND

a No visible transition in the range studied.

Mechanical Analysis of LS.

One of the main objectives of this work was to determine the
extent to which the incorporation of lignin into sulfur could
enhance the mechanical properties of the composite materials.
Dynamic Mechanical Analysis (DMA) was thus carried out to
assess the viscoelastic properties of the LSy samples.

This journal is © The Royal Society of Chemistry 2018

The results of DMA data are summarized in Fig. 4 for the storage
moduli (E’, Fig. 4a), loss moduli (E”, Fig. 4b) and energy
dissipation parameter (tan 9, Fig. 4c) for the five composites and
for orthorhombic sulfur. The calculated Flexural strength and
the modulus for the strongest materials (LSgo, LSss and LSqo) are
also indicated in the Table 4. The most lignin-reinforced
material predictably had the highest storage modulus prior to
the glass transition, with steady decrease storage moduli with
decreasing lignin percentage. Remarkably, even LSgg,which is
comprised by only 0.4% lignin has a ~2-fold greater storage
modulus below T; than does elemental sulfur. The storage
moduli data also validate the hypothesis that very little
polymeric crosslinking agent is needed to reinforce sulfur as
compared to small molecule crosslinking. For example,
sulfur/1,3-diisopropenylbenzene (DIB) copolymers having 17.5
wt% DIB crosslinking agent, exhibits a storage modulus of 1000
MPa at —50 °C, on par with that of LSgo in which only 1.5% of the
crosslinking agent has been added.?

The ability of the LSx composites to dissipate energy, as
reflected in the intensity of the tan & curves in Fig. 4C), also scale
predictably with the percent of lignin in the sample, with the
highest ability to dissipate energy predictably assigned to the
most-reinforced LSgo composite. The Tg values obtained from
DMA differ from those determined by DSC (Table 4). This is
expected because, whereas DSC, T; values reflect a change in
specific heat capacity, the DMA-derived values reflect changes
in the coefficient of thermal expansion.*>

Flexural stress, a combination of tensile and compression stress,
are typical challenges to structural materials. The flexural
strength and the modulus were thus calculated from stress-
strain analysis of LSse-00 (Fig. 5). As expected, the highest
flexural strength (2.1 MPa) and modulus were attained for LSgo
due to higher stiffness endowed by higher crosslink density.
These are fairly good flexural strengths; for comparison, the
flexural strength of Portland cement is 3.7 MPa when measured
under the same conditions used for the LSx materials, though

J. Mat. Chem. A, 2018, 00, 1-3 | 5
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Figure 6. Storage moduli values of LSso at room temperature, over five
heating cycles.

Portland cement has a much higher storage modulus at room
temperature.

Because S-S bond formation is thermally reversible,2® materials
comprising such bonds are tantalizing targets for thermally-
healable and recyclable materials.8 In order to assess the
thermal healability/recyclability of LSgo, the storage modulus (at
25 °C) was measured, then the sample was subjected to several

6 | J. Mat. Chem. A, 2018, 00, 1-3
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cycles in which it was pulverized into small pieces, reheated at
180 °C in the mold, and then allowed to cure at room
temperature. After each cycle, the storage modulus was
remeasured. The storage modulus was maintained within
experimental error over at least five cycles (Fig. 6).

Conclusions

Softwood lignin biopolymer can be readily modified with allyl
groups to allow its reaction with sulfur diradicals. The resultant
materials are primarily polysulfide chains that crosslink lignin to
form a network. Some free orthorhombic sulfur is still present
in these materials that is not covalently attached to the
network. The composites, though comprised of 295% sulfur by
mass, are remarkably stronger than sulfur alone. The
composites are also thermally healable, and so can be recast
over several cycles without loss of strength. Efforts to improve
on the mechanical strength of such biopolymer/sulfur
composites is underway.
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Experimental Section
Chemicals and Materials

Alkali lignin and 2-chloro-4,4,5,5,-tetramethyl-1,3,2-
dioxaphospholane (TMDP) were purchased from Sigma-Aldrich.
Sulfur powder (99.5%), Endo-N-hydroxy-5-norbornene-2,3-
dicarboximide (HNDI) and chromium (lll) acetylacetonate
(99.9%) were purchased from Alfa Aesar. Carbon disulfide was
obtained from Bean Town Chemical. Acetone, sodium
hydroxide (99.5%), dry pyridine, deuterated chloroform and
allyl bromide were purchased from Fisher Chemical, VWR
Analytical, Acros Organics and Oakwood Chemical, respectively.
These chemicals were used without further purification unless
otherwise noted.

General Considerations

All NMR spectra were recorded on a Bruker Avance
spectrometer operating at 300 MHz for protons and 121.4 MHz
for 3P NMR. In order to obtain accurate quantitative
integrations from 31P NMR spectra, a 10 s pulse delay and 90°
pulse angle were employed and chromium (lll) acetylacetonate
was added as a spin relaxation agent following the established
procedure.3534 Thermogravimetric analysis (TGA) data were
recorded on a Mettler Toledo TA SDT Q600 instrument over the
range 20 to 800 °C, with a heating rate of 2 °C min-1 under a flow
of N2 (100 mL min-1). Differential scanning calorimetry (DSC)

This journal is © The Royal Society of Chemistry 2018
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data were acquired using a Mettler Toledo DSC 3 STARe System
over the range of —60to 140 °C, with a heating rate of 10 °C min-—
1under a flow of N2 (200 mL min—1). Each DSC measurement was
carried out over three heat-cool cycles, and data are reported
for the third cycle. The change in crystallinity between sulfur
and the composites was calculated from DSC data using the
following equation:

AHpmws,) — AHceus,)
AHpsy — AHg(s)

A)(C=1—{ }*100%

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

AHcc(s,) - Cold crystallization enthalpy of composite materials (LSx)
AHp, sy - Melting enthalpy of sulfur

AH. () - Cold crystallization enthalpy of sulfur

Dynamic Mechanical Analysis (DMA) was performed using a
Mettler Toledo DMA 1 STARe 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 1.5 x 8 x 23 mm. The clamping force was 1
cN-m and the temperature range was —60 to 40 °C with a
heating rate of 2 °C min. The measurement mode was set to
displacement control with a displacement amplitude of 5 um
and a frequency of 1 Hz. Samples were cured for 120 h prior to
stress-strain analysis at ambient conditions with the DMA
instrument operating in single cantilever mode. The force was
varied from 0 to 7 N with a ramp rate of 0.1 N-min-1. Fourier
transform infrared spectra were obtained using a Shimadzu IR
Affinity-1S instrument operating over the range of 400-4000
cm~1 at ambient temperature using an ATR attachment.

Allylation of Lignin

This procedure is based on literature precedent.3435 Lignin 20 g
was dissolved in 800 mL of 0.5 M NaOH(ag)/acetone (1:3). Allyl
bromide (40 g, 0.33 mol) was added and the mixture was
allowed to heat for 5 hours at 40° C with continuous stirring.
After 5 hours, the solution was concentrated under reduced
pressure using a rotary evaporator. The remaining solution was
acidified to pH 2 by dropwise addition of concentrated HCl(aqg),
resulting in the formation of a precipitate. The precipitate was
collected by vacuum filtration followed by four consecutive
washes with distilled water and then with hexanes. The final
product was vacuum dried for 24 hours at 40° C.

Phosphitylation Reaction

Phosphitylation of lignin was performed with TMDP in pyridine
and CDCl; (1.6/1.0, v/v), according to a known method.3534
HNDI (HNDI, 121.5 mM, CDCls/pyridine 4.5:0.5) was used as the
internal standard while chromium (lll) acetylacetonate (1
mg/mL) was used as the relaxation agent. The reaction was
carried out in a glove box in order to prevent the interference
of moisture.

General synthesis of LS, (x = wt% sulfur in monomer feed)

This journal is © The Royal Society of Chemistry 2018
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Elemental sulfur was weighed directly into a glass vial. The vial
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
allyl lignin was slowly added to the molten sulfur. Following
addition, heating was continued for 48 h with continuous
stirring with a magnetic stir bar. This general synthesis was used
to synthesize LSgg, LSes, LSao, LSss and LSgo Each of the lignin-
sulfur combinations (composite materials) was subjected to
elemental combustion microanalysis.

CAUTION: Heating elemental sulfur with organics can result in

the formation of H,S gas. H,S is toxic, foul-smelling, and
corrosive.
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