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ABSTRACT: Among the most abundant biomass, lignin is an
appealing yet challenging feedstock for manufacturing sustainable
materials. The polyphenolic structure and globular architecture of
lignin makes it a mechanically weak material for being
incorporated in polymer composites. Upon surface modification
with functionalized silyl ether groups via thiol-ene chemistry in this
work, lignin was cross-linked to create reconstructable thermosets.
These thermosets exhibit not only enhanced mechanical properties
but also improved degradability. The synthesis of different cross-
linkers was used to explore the structure−property relationship.
Altering the cross-linking density and the size of cross-linkers has a
large impact on the mechanical properties of the final thermosets.
Furthermore, the chemical recycling of these thermosets was explored for the conversion to initial motifs under basic environments.

■ INTRODUCTION
Thermosetting polymers such as epoxy resins and vulcanized
rubber offer higher glass-transition temperatures and stronger
mechanical properties compared to polymers without cross-
links.1−3 These materials are formed when polyfunctional
groups are covalently cross-linked to create a three-dimen-
sional network. The cross-linking could lead to insoluble rigid
materials that are neither degradable nor reprocessable. Since
thermosets cannot undergo conventional recycling, they are
usually dumped into landfills and waterways, contributing to
the global environmental crisis.4−6 Therefore, there is a strong
need to develop sustainable and recyclable thermosets. One
approach is chemical recycling by integrating labile chemical
linkages into the network, which can be degraded using specific
reaction conditions.7 For example, incorporating ester bonds
into thermosets enables degradability under basic conditions.
However, this kind of material is susceptible to hydrolysis at
relatively high temperature, which may not be desirable for
some high-temperature applications.8,9 In recent years,
reprocessable thermosets have received much attention, most
distinctly on developing covalent adaptable networks (CANs)
that are sensitive to an external stimulus such as light or
heat.10,11 The degraded fragments of reprocessible thermosets
are usually soluble and easily reprocessed.9 In addition to
reprocessibility, sustainability of thermosets could be achieved
when renewable feedstocks such as biomass are used to design
chemically recyclable thermosets.12

Traditional thermosets are usually derived from petroleum
sources with positive carbon emissions.13−15 One way to
reduce carbon emission and thus increase sustainability is to
use renewable feedstocks. To this end, biomass has been

touted as green feedstock toward achieving net-zero carbon
emission. Lignin as one of the three major components of
wood is a class of representative biomass.16 Lignin is an
irregular amorphous polymer naturally formed by the cross
coupling of monolignol radicals.17,18 Despite its rigidity, raw
lignin itself cannot form free-standing films for the measure-
ment of mechanical properties, as their low molecular weights
and branched architectures prevent the formation of polymer
entanglement, which plays the central role in the mechanical
strength of amorphous polymers. Cross-linking lignin to a
thermoset provides a viable pathway to enhance the
mechanical properties while bypassing the need of polymer
entanglement. The current annual production of lignin exceeds
50 million tons, but only a fraction is commercialized for
applications such as dispersion agents and surfactants.19 Given
the high abundance and low cost of lignin, there is great
interest in valorizing this biomass for sustainable thermosets.
The high hydroxyl content of lignin makes it appealing for

undergoing cross-linking reactions. Previous work used
different chemistries to cross-link lignin, including epoxide
opening, esterification, Diels−Alder, thiol-ene, and many
others.20−29 Three factors were considered when designing
cross-linkers: ease of synthesis, strong bonding, and degrad-
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ability. The strength of a Si−O bond is comparable to a C−C
bond, which affords its stability during usage.30 However, the
Si−O bond is highly susceptible to cleavage under various
chemical conditions.31,32 Additionally, most silyl ether
compounds are easy to make and cost-effective. Considering
all these attributes, herein, we combine thiol-ene click
chemistry with silyl ether cross-linkers to make recyclable
lignin thermosets, as illustrated in Figure 1.

■ EXPERIMENTAL SECTION
Materials. Organosolv lignin (Lignol Corporation, Mn = 1200 g

mol−1, Đ = 4.4, the hydroxyl value = 5.62 mmol g−1), allyl bromide
(99%, Alfa Aesar), sodium hydroxide (NaOH 99%, Fisher Scientific),
10-undecen-1-ol (98%, Sigma Aldrich), imidazole (99%, VWR), 2-
mercaptoethanol (99%, Sigma Aldrich), 6-mercapto-1-hexanol (98%,
TCI), benzoin (98%, TCI), thioacetic acid (97%, Alfa Aesar),
dichlorodiisopropylsilane (98%, TCI), tetrachlorosilane (98%, TCI),
methanol (MeOH), dichloromethane (DCM), tetrahydrofuran
(THF), and all other reagents were from commercial resources and
used as received.
Lignin Allylation. A procedure was modified according to the

literature.22 Unfractionated lignin (5.5 g) was dissolved in THF (60
mL) and stirred until the solution was homogenous with a light
brown color. Sodium hydroxide (5.5 g, 137.5 mmol) was then
dissolved in deionized water (4 mL) and added to the lignin solution.
The resulting mixture was stirred while allyl bromide (6.5 g, 53.7
mmol) was slowly added, the temperature was set to 65 °C, and the
reaction was allowed to stir for 48 h. Afterward, the reaction was
quenched by adding 0.1 M HCl and the resulting precipitate was
placed under a rotary evaporator to remove the solvent. The brown
solid was washed with water and then dried under vacuum with a final
dry weight of 7.13 g. The total conversion of hydroxyl groups to ally
groups was calculated to be about 95% according to 31P NMR.
Cross-Linker Synthesis. For mercapto alcohols, 2-mercaptoetha-

nol and 6-mercapto-1-hexanol are commercially available, 11-
mercapto-1-undecanol was synthesized as follows. 10-Undecen-1-ol
(8 g, 47 mmol) was added to a dry flask with a stir bar. Thioacetic
acid (3.6 g, 47 mmol) was added, and the mixture was purged with N2
for 10 min. Benzoin (200 mg, 0.9 mmol) was then dissolved in
methanol (0.25 mL) and added to the flask. The reaction was then
exposed to UV light (355 nm) overnight, and the resulting mixture
was washed with cold DCM and then recrystallized with cold
methanol to afford crude S-(11-hydroxyundecyl) ethanethioate. The
thioester was then refluxed in methanol with sodium hydroxide (4
equiv) for 12 h. The reaction was then neutralized with 2 M HCl in
ice and mixed with 200 mL of diethyl ether. The organic layer was
separated, washed with 100 mL of brine, dried over magnesium
sulfate, and filtered. The filtrate was concentrated and then freeze-
dried to afford 9.4 g of white powder to give 11-mercapto-1-
undecanol.

Six different cross-linkers were synthesized using three mercapto
alcohols and two silanes, as described here. In a round bottom flask

equipped with a stir bar, a mercapto alcohol was added to dry DCM
and stirred at 0 °C in an ice bath. Imidazole (1 equiv) was added, and
the reaction was purged with nitrogen for 10 min. Then, a silane (0.25
equiv for tetrachlorosilane and 0.5 equiv for dichlorodiisopropylsi-
lane) was added dropwise and a white precipitate formed
immediately. The reaction was allowed to warm to room temperature
and react overnight. The solvent was then evaporated, and the
remaining white precipitate was washed with ether. The ether solution
was then dried leaving a yellow liquid. Purification by column
chromatography on silica gel (15:1 hexane/ethyl acetate) provided a
clear foul-smelling liquid.

Thiol-Ene Thermoset Formation. Various feed ratios of allyl
lignin and di/tetra thiols were used. Here, LT-29 is used as a
representative example (refer to Table 2). In a 10 mL dram vial, 200
mg of allylated lignin was added along with 200 mg of DSE-11. A total
of 2 mL of THF was added, and the solution was sonicated and
stirred for 1 min. After the solution became homogenous, it was
poured into a Teflon mold. The THF was allowed to evaporate
overnight, and the mold was then put into a vacuum oven at 120 °C
and cured for 1 day and then put under vacuum for another day
before testing.

Thermoset Deconstruction and Reconstruction. Using LT-29
as an example, 3.2 g of LT-29 (see Table 2) was placed in a round
bottom flask along with a stir bar. A total of 2.6 g of
tetrabutylammonium fluoride was dissolved in 10 mL of THF to
form a 1 M solution and added to the flask. Alternatively, a 0.1 M
solution of NaOH (aq.) was added at 40 °C overnight. The reaction
was stirred overnight, and the resulting mixture was precipitated in
water three times. The precipitant was dissolved in THF, filtered, and
concentrated to a dark brownish-colored viscous liquid that was then
dried under vacuum to a dark brown solid. The recovered solid mass
after deconstruction was weighed at 3.1 g, which only had a loss of
mass less than 5%. The materials were reconstructed using the
aforementioned lignin allylation process, after which the mass
increased to 3.8 g. Based on the initial allylation of lignin, the yield
of mass increase was calculated to be about 94%.

■ CHARACTERIZATION
Fourier Transform Infrared Spectroscopy (FT-IR). FT-

IR spectra of samples were recorded on a PerkinElmer
spectrum 100 FTIR spectrometer using an attenuated total
reflection (ATR) method. Absorption spectra were recorded at
4 cm−1 resolution, and the signal averaged over 32 scans.

Gel Permeation Chromatography (GPC). The molec-
ular weight (Mn) and dispersity (Đ) of polymers were
determined and conducted on a Varian 390-LC system. A
refractive index detector and 3 × PLgel 10 μm mixed-BLS
columns (300 × 7.5 mm) were employed using THF as an
eluent at 30 °C. The flow rate of THF is set at 1.0 mL min−1.
The GPC system was calibrated with polystyrene (PS) from
PSS Laboratories.

Figure 1. Graphical illustration of lignin and cross-linkers forming a recyclable loop system.
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Nuclear Magnetic Resonance Spectroscopy (NMR).
NMR spectra were recorded on a Bruker Avance III (400 or
300 MHz). Chemical shifts are reported in ppm with TMS as
an internal standard (TMS 0.00 ppm for 1H and 13C or DMSO
δ 2.5 ppm and 39.52 for 1H and 13C, respectively). For 31P
NMR experiments, 2−chloro-4,4,5,5-tetramethyl-1,3,2-dioxa-
phospholane was used to quantify the hydroxyl groups, and N-
hydroxy-5-norbornene-2,3-dicarboximide was used as an
internal standard following a previously published proce-
dures.33,34

Thermogravimetric Analysis (TGA). Thermogravimetric
analysis (Hitachi 7200) was used to analyze the thermal
properties of thermosets. A sample (10−15 mg) was
encapsulated in a 60 μL Pt pan. The sample was then heated
to 800 °C with a heating rate of 10 °C/min under a nitrogen
atmosphere.
Differential Scanning Calorimetry (DSC). A differential

scanning calorimeter (Hitachi 7020) was used to analyze the
thermal properties of thermosets. A sample (5−10 mg) was
encapsulated in a 40 μL aluminum pan. The sample was
submitted (I) heating from 25 to 150 °C, (II) cooling to −60
°C, and (III) heating to 150 °C with cooling and heating rates
at 10 °C/min under a nitrogen atmosphere.
Inductively Coupled Plasma Mass Spectrometry (ICP-

MS). The samples were digested with 4 mL of aqua regia at
180 °C for 5 h, and the digestates were brought to 5 mL and
analyzed using a Finnigan ELEMENT XR double focusing
magnetic sector field inductively coupled plasma-mass
spectrometer (SF-ICP-MS). A 0.2 mL/min Micromist U-
series nebulizer (GE, Australia), quartz torch, and injector
(Thermo Fisher Scientific, USA) were used for sample
introduction.
Tensile Testing. Tensile stress−strain testing was con-

ducted on an Instron 5543A testing instrument. Thermoset
samples were prepared using a PTFE dog-bone mold with a
cross-sectional length of 20 mm and a width of 5.0 mm. The
thickness was between 0.29 and 0.31 mm. After evaporation of
the solvent, the materials were dried under vacuum for 12 h at
room temperature. Tests were done at room temperature with
a crosshead speed of 1 mm min−1.

■ RESULTS AND DISCUSSION
Modification of Lignin and Synthesis of Cross-

Linkers. Unfractionated Organosolv lignin was used, which
has molar mass around 1200 g/mol with a dispersity of Đ ≈
4.4. Lignin was allylated by reacting allyl bromide with alcohols
in lignin under alkaline conditions. The conversion was
measured quantitatively using 31P NMR, following a previously
established procedure,34 in which 2−chloro-4,4,5,5-tetrameth-
yl-1,3,2-dioxaphospholane was used to react with all hydroxyl
groups and N-hydroxy-5-norbornene-2,3-dicarboximide was
used as an internal standard. 31P NMR revealed a hydroxyl
content of 5.6 mmol OH g−1 for the virgin lignin (Table 1).33

After the lignin was allylated, the same analysis was used to

determine the remaining hydroxyl group content, which can
determine the total conversion from hydroxyl groups to allyl
groups at 96%. Unsurprisingly, virtually all the phenolic alcohol
groups were reacted, while over 90% aliphatic alcohols were
consumed (Figure 2). 1H NMR and IR spectra (Figures S1
and S2) further supported this transformation with the
presence of allyl groups. NMR characterization shows that
the phenolic and aliphatic hydroxyl groups were converted to
the allyl ethers. The alkenylation is also evident by the increase
in solubility of modified lignin in THF, acetone, and ethyl
acetate compared to the virgin samples.
The cross-linkers are designed to possess a few function-

alities. First, they can promote thermal thiol-ene “click”
chemistry to react with allylated lignin. Second, the cross-
linkers possess tunable cross-linking densities. Third, they can
enable a specific degradation pathway. Therefore, we
combined silyl ether with thiol in difunctional and tetrafunc-
tional structures. As shown in Scheme 1, silyl chlorides
(dichloro and tetrachloro) were reacted with hydroxyl-capped
thiols to create thiol-capped silyl ethers that could readily
undergo thermal click reactions with allyl groups. Another
aspect investigated was the length of spacers in cross-linkers.
The hydroxyl-capped thiols were chosen with a spacer of 2, 6,
and 11 methylenes. The library of cross-linkers is shown in
Scheme 1.
To ensure that the silyl ethers could be chemically degraded,

in a model reaction TBAF was added to a solution of cross-
linker using DSE-6. The reaction was tracked via 1H, 13C, and
1H−29Si HMBC NMR (Figures S3−S5). Disappearance of the
alpha protons to the silyl ether confirms its degradation while
the correlation between the Si and the methine proton in
isopropyl remains intact. This indicated that only the Si−O
bonds were cleaved.35

Preparation and Characterization of Thermosets.
Thermosets were synthesized using various lignin contents
and different ratios of DSE:TSE. In comparison with lignin,
allyl lignin has an enhanced solubility that facilitates the mixing
with cross-linkers. Since the thiol-ene reaction proceeded via
thermal initiation, the thermosets could be used directly for
testing after curing.36 The incorporation of silyl ether cross-
linkers into the thermosets was qualitatively measured using
FTIR and solid state 13C and 29Si NMR (Figure 3 and Figure
S6) and ICP-MS (Table S1).
As shown in Figure 3b, FTIR spectra verify the presence of

the cross-linkers with the appearance of stretching C−H and
Si−O peaks at 2800 and 1100 cm−1, respectively. Solid-state
NMR spectra show the appearance of new chemical shifts at δ
= 20−40 ppm, corresponding to the aliphatic carbons from the
cross-linkers (Figure 3a). Furthermore, the decrease in peak
intensity for the δ = 100−140 ppm and the formation of a new
chemical shift around δ = 60 ppm indicate the conversion of
alkenes to thioethers via the thiol-ene reaction. Further studies
using 29Si NMR confirmed the presence of Si in the material at
δ = 100 ppm, which corresponds to the chemical shift of the
cross-linker (Figure S6).
The mechanical properties were then examined using tensile

testing (Table 2). Initially, dithiolsilyl ether (DSE-2) was used
as a difunctional cross-linker to evaluate the curing processing
with different weight fractions of lignin (Figure 4a). With the
weight fraction of lignin at 33 wt %, the thermoset was too soft
to be measured by the tensile testing. Increasing the lignin
content to 50% and then to 66% greatly increases the tensile
strength of the thermosets to 0.19 and 0.63 MPa, respectively.

Table 1. 31P NMR Quantification of Hydroxyl Groups and
Carboxylic Acid in Lignin

lignin
aliphatic alcohol

(mmol/g)
phenolic alcohol

(mmol/g)
carboxylic acid
(mmol/g)

organosolv 1.1 4.2 0.3
allylated 0.1 ∼ 0.0 0.1
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We then evaluated the effect of spacers in difunctional cross-
linkers on the mechanical properties. Figure 4b,c shows the
tensile profiles using DSE-6 and DSE-11. When the cross-
linker was maintained the same, the tensile strength increases
with the increase of lignin content. However, when the lignin
content was maintained constant, cross-linkers with a longer
spacer resulted in high tensile strength. With 66 wt % lignin,
the use of DSE-11 led to the thermosets with the tensile
strength of 2.10 MPa. This observation was initially counter-
intuitive, as one would expect the longer spacer to reduce the
cross-linking density and thus weaken the thermoset. However,
it may be related to the efficiency of cross-linkers affected by
the length of a spacer. When the spacer is very short (e.g.,
DSE-2), the inflexibility of the spacer could significantly reduce
the cross-linking efficiency. By contrast, the flexibility of the
long spacer could raise the cross-linking efficiency. By contrast,
the flexibility of the long spacer could raise the cross-linking
efficiency, as illustrated in Figure 5a. This explanation was
supported by FTIR spectra, which show that the thiol groups
were present in thermosets using DSE-2 but not the one using
DSE-11 (Figure 5b).
The scenario in the case of a tetrafunctional cross-linker is

quite different. It is expected that TSE could lead to efficient
cross-linking, regardless the length of spacers. Thus, the

presence of a shorter spacer with less flexibility would lead to
more brittle thermosets. This was exactly what was observed.
With the use of either TSE-2 or TSE-6 as a cross-linker, all
thermosets are very brittle. The only thermoset, which can
form a free-standing film, is the one when TSE-11 that carries
flexible long spacers was used with only 33 wt % lignin (Figure
4d). This thermoset, compared to the one containing DSE-11
with 33 wt % lignin, has a much smaller tensile strain (∼4% vs
∼45%) yet a much higher tensile strength (∼1.75 MPa vs ∼0.5
MPa). The changes in the stress−strain curve are consistent
with the increase of cross-linking density when TSE-11
replaces DSE-11.
The above mechanical characterization demonstrated that

incorporating either too much lignin or TSE led to very brittle
thermosets. We then investigated the effect of a mixture of
DSE and TSE on the mechanical properties of thermosets.
DSE and TSE were combined in molar ratios of 1.0:0.5,
1.0:1.0, and 1.0:2.0. These ratios were chosen to examine
which cross-linker has a more profound effect on mechanical
strength. DSE-11/TSE-11 showed the highest strength among
the materials tested and are presented in Figure 6.
We first evaluated the mixtures of DSE-6 and TSE-6 and

compared them with the one only using DSE-6. With the
lignin at 50 wt % (Figure 6a), the incorporation of TSE-6

Figure 2. 31P NMR spectral analysis of different hydroxyl and carboxylic acid groups: (top) Organosolv lignin; (bottom) allylated lignin.
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substantially increased the stress while having a small reduction
of tensile strain. With the increase of lignin fraction to 66 wt %
(Figure 6b), the mixtures of cross-linkers resulted in
thermosets much stronger than those with 50 wt % lignin
and also the thermoset using only DSE-6 with the same
amount of lignin. These results were not surprising, as it was
expected that either increasing the fraction of lignin or
incorporating more TSE cross-linker would lead to higher
stress and lower tensile strain. However, when the cross-linkers
with a longer spacer (DSE-11 and TSE-11) were mixed, the
results are significantly different. With the fraction of lignin at
50 wt % (Figure 6c), all mixtures of cross-linkers led to lower
strain at break (from 33 to 15%) compared to the use of only

DSE, while maintaining similar levels of stress at break (∼0.65
MPa). This result on stress was quite surprising. Perhaps under
this level of lignin, the cross-linking reactions involving TSE
may not be highly efficient, leaving some of thiol groups
dangling. The impact on stress from the increase of cross-
linking density would be offset by the dangling groups. When
the lignin fraction increased to 66 wt % (Figure 6d), an
appreciable increase of cross-linking density resulted in higher
stress at break (by 0.25 to 0.5 MPa) and much smaller strain at
break (∼10% or smaller). Since a higher fraction of lignin has
more ally groups, it would consume more cross-linkers that
were incorporated into the thermosets, enhancing the cross-
linking density, thus leading to higher stress and lower strain.

Scheme 1. Synthesis and Click Chemistry of Allyl Lignin and Thiol Silyl Ethers and Library of Cross-Linkers. (a) Synthesis of
Allyl Lignin; (b) Synthesis of Thiol Silyl Ethers (DSE-X or TSE-X, Where D and T Refer to Dithiol and Tetrathiol,
Respectively, and X Is the Number of Carbons between Sulfur and Oxygen); (c) Click Chemistry between Allyl Lignin and
Thiol Silyl Ethers; (d) A Library of Thiol Silyl Ethers as Cross-Linkers

Figure 3. (a) CP-MAS 13C NMR spectra of organosolv lignin (blue), allyl lignin (green), and lignin thermoset (red); (b) FTIR spectra of lignin
thermosets using different cross-linkers.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c02428
Macromolecules 2023, 56, 2831−2840

2835

https://pubs.acs.org/doi/10.1021/acs.macromol.2c02428?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02428?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02428?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02428?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02428?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02428?fig=fig3&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c02428?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Deconstruction and Reconstruction of Thermosets.
We then carried out the deconstruction of thermosets and
evaluated the plausibility of reconstruction using thermoset
LT-29 with DSE-11 as a cross-linker (Figure 7). Silyl ethers are
known to degrade readily when reacted with fluoride.35,32

Table 2. Selected Lignin Thermosets: Compositions and
Mechanical Propertiesa

sample
code

lignin
(wt %)

cross-linker
spacer length

DSE:TSE
(molar
ratio)

tensile
strength
(MPa)

tensile
strain
(%)

LT-5 50 2 1.0:0.0 0.19 24.3
LT-6 1.0:0.5 0.21 20.1
LT-7 1.0:1.0 0.24 19.7
LT-8 1.0:2.0 0.26 19.6
LT-9 66 2 1.0:0.0 1.00 21.9
LT-10 1.0:0.5 1.20 6.9
LT-11 1.0:1.0 1.20 7.8
LT-12 1.0:2.0 1.30 6.4
LT-17 50 6 1.0:0.0 0.33 20.2
LT-18 1.0:0.5 0.54 16.3
LT-19 1.0:1.0 0.40 14.3
LT-20 1.0:2.0 0.46 15.9
LT-21 66 6 1.0:0.0 1.43 10.7
LT-22 1.0:0.5 1.60 4.4
LT-23 1.0:1.0 1.80 5.9
LT-24 1.0:2.0 1.50 6.1
LT-29 50 11 1.0:0.0 0.66 29.5
LT-30 1.0:0.5 0.68 17.7
LT-31 1.0:1.0 0.67 14.6
LT-32 1.0:2.0 0.67 26.0
LT-33 66 11 1.0:0.0 2.10 28.7
LT-34 1.0:0.5 2.30 4.9
LT-35 1.0:1.0 2.70 7.1
LT-36 1.0:2.0 2.60 10.8
LT-37 33 11 0.0:1.0 1.70 3.0
aThe lignin wt % refers to the feed weight fraction.

Figure 4. (a) Tensile curves of thermosets using DSE-2 (50 and 66 wt % lignin); (b) tensile curves of thermosets using DSE-6 (33, 50, and 66 wt %
lignin); (c) tensile curves of thermosets using DSE-11 (33, 50, and 66 wt % lignin); (d) tensile curve of thermosets using TSE-11 (33 wt % lignin).

Figure 5. (a) Graphical representation of short DSE-2 cross-linker vs
long DSE-11 cross-linker; (b) FTIR spectra of thermosets using DSE-
11, DSE-2, or DSE 11 at 50 wt % lignin.
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However, fluoride poses safety concerns; thus, 0.1 M sodium
hydroxide in a mixture of water and THF was explored in this
work to evaluate possible degradation mechanisms for these
thermosets. It was also found that degradation under the basic
condition occurred rapidly regardless of the weight fraction of
lignin in the thermosets, as the initial heterogeneous mixtures
became homogeneous solutions (Figure S7). Both solutions
were then subject to filtration to remove any remaining cross-
linked materials. As described in the Experimental Section, we

determined the mass recovery of both lignin deconstruction
and reconstruction of lignin allylation. The first step was
observed with less than 5 wt % loss, which corresponded to the
very small fraction of diisopropyl silicone. The re-allylation
step had a high yield at 94%, which was similar to the initial
allylation. The deconstruction process was supported by FTIR
studies. The appearance of a broad peak around 3200 cm−1

indicated the presence of hydroxyl and C−H stretching
(Figure 8).

Figure 6. Tensile curves of thermosets using a mixture of DSE-6:TSE-6: (a) 50 wt % lignin; (b) 66 wt % lignin; tensile curves of thermosets using a
mixture of DSE-11:TSE-11: (c) 50 wt % lignin; (d) 66 wt % lignin.

Figure 7. Illustration of a reprocessing loop of lignin thermosets using allylation. The graphical representation suggests what the material would
look like after one cycle of reconstruction. Optical images are included for reference.
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In parallel, we also evaluated the deconstruction using NMR
characterization. However, to improve the signal accuracy, we
chose LT-5 (with DSE-2 as a cross-linker) because it is more
convenient for NMR analysis due to the fewer methylene
groups in the spacer of the cross-linker. Reappearance of the
O−H and C−H suggests that the alkyl spacer chain remained
on lignin and the Si−O−C bonds were converted to hydroxyl
groups on lignin (Figure 9b). Furthermore, any esters formed
from the allylation of carboxylic acid would convert to the

corresponding acid under basic conditions followed by
aqueous workup. However, since the degradation using
TBAF produced similar results it is unlikely that the acid
moieties contribute to the −OH signal in IR. 2D NMR was
used to understand the deconstruction mechanism (Figure 9).
Lignin allylation resulted in two new shifts around δ 5.5 ppm
corresponding to two unique carbons around δ 130 ppm,
which is characteristic of terminal alkenes and in line with
previously reported modifications (Figure 9b).37 The decon-
structed structures of thermosets observed the disappearance
of the allyl signals around δ 5.5 ppm in 1H spectrum and the
appearance of alpha thioether signals at δ 35 ppm in 13C
spectrum (Figure 9c). Furthermore, 1H NMR shows the
appearance of a broad peak at δ 2.5 ppm, which has similar
chemical shifts to the alkyl chain of the cross-linker (Figure
9d), suggesting that the spacer chain, alkyl group from the
cross-linker, was maintained on the lignin surface (Figure S4).
Reconstructing the degraded thermosets was then explored.

The first route was the direct silylation on the deconstructed
lignin thermosets. This route presented several disadvantages.
First, the addition of imidazole to catalyze the reaction made
workup harder when trying to remove the catalyst. Second, the
sensitivity of silyl chlorides to moisture made measuring
precise amounts difficult unless inert air-free environments
were employed. Finally, the byproducts of the silyl ether
formation weakened the final material. HCl gas from the

Figure 8. FTIR spectra of organosolv lignin, allyl lignin, thermoset
LT-29, and deconstructed thermoset.

Figure 9. 13C-1H HSQC NMR spectra: (a) organosolv lignin; (b) allyl lignin; (c) deconstructed lignin thermoset (from LT-5); (d) 1H NMR
spectra of organosolv lignin, allylated lignin, and deconstructed lignin thermoset. Insets in (a−c) are optical images of respective lignin samples. LT-
5 was chosen because it is more convenient for NMR analysis due to the few methylene groups in the spacer.
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reaction creates bubbles in the reformed material that adds
weak points under stress.38,39 The silyl chloride may also
undergo polymerization with water to form polysiloxanes,
which would introduce heterogeneity into the thermosets.
These drawbacks encouraged us to pursue a more facile route
to thermoset reconstruction.
The deconstructed thermosets were reacted with allyl

bromide followed by thiol-ene click chemistry with the cross-
linker DSE-2. The entire process employed the same route as
used for the virgin Organosolv lignin initially (Figure 7). The
major byproducts formed are sodium salts, which can be easily
removed with an aqueous wash. This route possesses several
advantages. No side products were formed that could require
tedious purification or cause heterogeneity in the thermosets.40

An additional DSE-11 cross-linker was used to reconstruct
degraded LT-29 after allylation to create a free-standing film.
The reconstructed LT-29 was compared to the original
thermoset using FTIR and found to have very similar
absorptions, indicating there were minimal, unintended
transformations (Figure 10a) Next, the mechanical properties
were studied using tensile testing and were found to differ from
the original thermoset (Figure 10b). A reduction in tensile
stress was observed from 0.65 to 0.46 MPa, and an increase in
strain at break from 30% to 43% occurred. After the
deconstruction, there are additional spacers between periphery
hydroxyl groups and the lignin core. The addition of the cross-
linker in the reconstruction process would further extend the
linear chains, thioethers, and ethers of between lignin cores.
Thus, it would not be a surprise to observe the change of
mechanical properties. Similar systems have been reported a
decrease in stress and an increase in stretchability with
ethylene glycol cross-linkers.41

■ CONCLUSIONS
We developed a facile approach to the preparation of lignin
thermosets via thiol-ene click chemistry. Several thiol ether
cross-linkers were synthesized and incorporated into a fully
sustainable thermoset composed of lignin using thermal curing.
The mechanical properties of the thermosets were measured
and strongly correlated with the structures and density of
cross-linkers as well as the fraction of lignin in the thermosets.
Deconstruction experiments were performed on of these
thermosets, which were degradable under alkaline conditions.
The reconstruction process enabled the reformation of
thermosets.
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