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Vitrimers have been introduced to circumvent the lack of recycl-
ability of traditional thermosets with permanent cross-linked
structures, while preserving the advantages of structural stability
and mechanical properties. The success of this lies in the success-
ful incorporation of a robust networked structure to achieve
reversible extensibility and toughness while preserving processa-
bility akin to thermoplastics. In this study, we report the synthesis
of vitrimers utilizing 100% renewable and plant-based building
blocks that exhibit transesterification exchange reaction (TER). The
vitrimer was synthesized by solvent-free, high-shear reactive
mixing of a biomass-derived lignin fraction enriched with carboxyl
functionality and an epoxidized polyisoprene from natural rubber.
The oxirane functionality in rubber reacts catalytically (zinc acetyl-
acetonate) with carboxyl moieties in lignin to form esters at
180 °C. The ester linkages in the networked matrix undergo topo-
logical rearrangement upon heating above 180 °C, thus enabling
(re)processability similar to thermoplastics. The material exhibits
fast stress relaxation (characteristic relaxation time of <10 seconds)
above 200 °C, which indicates the material’'s potential for use in
rapid manufacturing of components and their recycling. This
approach provides a pathway for circular and value-added utiliz-
ation of lignin and subsequent use as a matrix for reinforced
composites.

In the past few decades, the growing recognition of the con-
nection between greenhouse gas emissions and global
warming has significantly heightened awareness regarding the
crucial role of bio-based feedstocks in the advancement of
emerging high-performance materials.'™® Replacing fossil-
derived feedstocks, either partially or entirely, with bio-based
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feedstocks in the production of engineering and commodity
plastics shows great promise in enhancing their sustainability.
This approach has the potential to reduce or even eliminate
reliance on non-renewable fossil resources. Extensive efforts
have been dedicated to developing sustainable alternatives to
petrochemical-based plastics, specifically tailored to possess
desired characteristics like chemical circularity of building
blocks and inherent reprocessability.””® However, research in
this field is still in its early stages and faces various challenges,
including scalability, compliance and competitiveness when
compared to fossil-fuel derived counterparts. Addressing these
challenges is crucial to drive the commercialization of
biomass-derived sustainable materials.

Thermosetting polymers are extensively utilized in various
applications due to their remarkable chemical resilience, stabi-
lity, and superior mechanical performance arising from their
inherent permanently crosslinked network. Nevertheless, a
primary challenge in thermoset materials, particularly those
with low glass transition temperature (T}), lies in the success-
ful incorporation of robust networked structure to achieve
reversible extensibility and toughness while preserving proces-
sability akin to thermoplastics. By convention, the inherent
permanence of cross-linkages within thermoset materials con-
stitutes a significant barrier to their processability using con-
ventional methods (e.g., thermal shearing). Utilizing dynamic
covalent bonds in crosslinked networks affords specific bond
exchange mechanisms when exposed to external stimuli (e.g.,
light, heat, pH). The required temperatures for bond exchange
often fall well below the degradation temperature of the
polymer backbone, which enables the networked structures to
be processed and reprocessed similarly to thermoplastics.
Although networked polymers with dynamic covalent linkages
are being investigated for high T, recyclable polymers (or vitri-
mers) as suitable substitutes for industrial thermosets, fast-
relaxing, low T,, networked yet recyclable rubber products as
alternatives to traditional vulcanizates or elastomers are rare."”
Fast relaxing, cleavable networks are desired for rapid manu-
facturing of components via injection molding. Faster relax-
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ation allows shorter time for part manufacturing cycle without
causing shrinkage induced defects.'® For a Maxwell visco-
elastic fluid, characteristic relaxation time, t* is experimentally
measured as the time required for a material to decay its
initial applied stress value to 37% (1/e fraction). Materials with
fast relaxation can maintain low viscosity.

Conventional rubber products require sulfur, peroxides, or
exotic crosslinking agents to create permanent covalent net-
works which induce very high viscosity, prohibiting thermal
reprocessing potential. Formulating recyclable yet networked
rubber compositions containing only renewable feedstocks
poses two key challenges: (1) decoupling the use of common
crosslinking or vulcanizing agents and (2) tailoring functional-
ities in the building blocks that enable dynamic covalent
bonding at an appropriate thermal condition. Successful man-
ufacturing of these novel fast relaxing elastomer equivalents
from renewable building blocks can alleviate issues pertaining
to carbon emission and post-use environmental pollution.'?
Vitrimeric products’>® from renewables are sought-after not
only for their recyclability and contribution to -circular
economy but also for their potential to exhibit additional func-
tionalities such as self-healing and shape recovery.” Recent
reports on multiple vitrimeric systems, designed exclusively
from renewable building blocks are encouraging'®'® and
therefore, we focus on a combination of a soft and rigid seg-
ments from renewables that meet fast relaxation criteria along
with thermal (re)processability.

We considered lignin, a natural polyphenol that is abun-
dant, low-cost and readily available from sustainable sources
of non-food plant biomass, as a rigid building block in this
work. Lignin constitutes around 30% of the non-fossil carbon
on Earth,®® but its utilization for materials manufacturing
remains comparatively sparse. Rather, it is utilized as an in-
expensive fuel in biomass processing mills.*"** Structurally,
isolated lignin in oligomeric form possesses a highly
branched, aromatic architecture with a variety of naturally
occurring functional groups, such as hydroxyl, aldehydes, and
carboxylic acids, which can be exploited as reactive sites to
design materials with dynamic exchange chemistries that
proceed via transesterification, transacetylation, transimina-
tion, and more.>*** When formulated with a combination of
lignin in a soft matrix, phase separated morphologies prevail,
depending on the miscibility criteria, leading to a broad range
of mechanical properties.>>>’ Moreover, lignin’s inherently
complex macromolecular architecture together with its high
polydispersity contributes to performance variations that limit
its use as a sustainable building block for value-added
applications.*®*° Another dominant factor that limits lignin
valorization is its recalcitrance towards chemical modification
due to the strong self-assembly potential through physical
interactions between its polar functional groups.**? In recent
years, numerous innovative techniques like ozonolysis and
catalytic conversions have been employed to improve reactivity
and to tailor its physio-chemical properties. However, most of
these procedures are very energy intensive, requiring multi-
step synthesis routes that are difficult to control, specifically
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for technical lignin extracted from black liquors produced
during wood pulping.>® Recently, we demonstrated that a frac-
tion of Kraft softwood lignin, obtained via solvent extraction,
consists of functionally enriched lignin oligomer with
improved reactivity and narrower polydispersity.*> We pre-
sumed that a highly polar solvent would enhance compatibility
and the integration of the solvent fractionated lignin phase
within a polar rubber matrix. To test this, we utilized aceto-
nitrile, which can be manufactured from renewables, for frac-
tionation of the Kraft lignin.**

Our earlier report by Cui et al., showed that the degree of
substitution (DS) in lignin aromatic ring for phenolic, alco-
holic, and aldehyde groups were almost identical in aceto-
nitrile extracted (ACN-lignin) and as-received lignin. However,
there is almost a five-fold increase in the DS of carboxylic acid
groups on extracted ACN-lignin as compared to the as-received
lignin.** Secondly, the DS of methoxy groups was reduced by
half in the extracted lignin as compared to as-received lignin.
These factors synergistically contributed to making ACN-lignin
highly polar and more reactive than as-received lignin.
Furthermore, the ACN-lignin obtained displayed a clear and
distinct T, of 75 °C, accompanied by a significantly narrower
polydispersity of 1.16. In contrast, the as received lignin
sample exhibited no noticeable T, and a higher polydispersity
of 1.83. It is surmised that the isolated lignin, being a hetero-
geneous mixture of molecules, can be thoroughly mixed with a
specific solvent that will selectively separate and fractionate
only those molecules that are highly interactive and soluble.
We hypothesized that this polar lignin fraction could be used
as a building block to enable better network forming ability,
as well as to enhance dispersion within a polymer matrix
during reactive mixing and extrusion of the resulting multi-
phase polymer. The carboxylic acid groups from lignin are
reactive (in presence of a catalyst) with oxirane ring in epoxi-
dized building blocks to yield binary mixtures with lignin.

In this work, the reactive carboxylic acid, phenolic, and
alcoholic groups on lignin were exploited for reaction with the
epoxy groups of an epoxidized natural rubber containing
25 mol% epoxy content (ENR-25). The covalent interactions
between the reactive functional groups on lignin and epoxy
groups of ENR-25, in presence of zinc(u) catalyst, yield ester
and ether linkages (Fig. 1). Conventional catalysts, such as Zn
() catalyst, are commonly used to facilitate the opening of
epoxy rings in the presence of -COOH and -OH groups.
Notably, catalysts employed in the epoxy-acid polymerization,
including Zn(acac),, PPh;, and triazabicyclodecane (TBD),
inherently exhibit efficiency in transesterification reactions as
well.>>3° It is well understood that ester linkages undergo TER
in the presence of surrounding -COOH and -OH groups at
elevated temperatures, making such products behave like vitri-
mers.>” As the ~-COOH group exists as a much stronger acid
than corresponding alcohols and phenolic groups due to the
presence of resonance stabilized carboxylate ion, the reactivity
of -COOH groups with epoxy groups of ENR-25 is expected to
be higher than that of the alcohols and phenolic groups.**~®
Thus, the lignin fraction having higher -COOH content is
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Fig. 1 Schematic of ACN-lignin/ENR vitrimer synthesis and potential dynamic covalent bond exchange via TERs.

expected to be a better building block as compared to as-received
technical lignin, where the average -COOH content is low.

Physical characterization of the
vitrimers

Three vitrimers samples with different ACN-lignin to ENR-25
ratios were prepared by using a catalytic, solvent-free high
temperature shear-mixing procedure (described in ESIf) fol-
lowed by molding in a hot-press at 180 °C for 2 h to ensure
complete equilibrium crosslinking. The FTIR spectra (see
Fig. S1, ESI{) confirmed the crosslinking reaction between the
reactive functional groups of lignin and epoxy groups of the
ENR. The covalent interaction between the epoxy groups of
ENR-25 with carboxyl and alcoholic functionalities on lignin
lead to formation of p-hydroxy ester and ether linkages which
was evidenced by appearance of additional peaks in the
vibration band of carbonyl bonds at 1700-1750 cm™" and aro-
matic ether bonds at 1250 cm™ upon curing. The higher
content of lignin in the reaction matrix leads to higher concen-
tration of formed ester linkage (1700-1750 cm™') along with
an increased concentration of f-hydroxy groups at 3400 cm ™"
(Fig. S1, ESIT). The increased loading of ACN-lignin enabled
formation of material with higher crosslink density due to
more reactive functional groups being engaged with epoxy
groups of the ENR-25. Formation of products with higher con-
centration of ester and hydroxyl groups as function of lignin
loading is also evident from increased relative peak intensity
of respective groups (Fig. S1bt). This was evidenced by a sys-
tematic increase in the gel content on increasing the weight
fraction of ACN-lignin in the overall matrix (see Table 1 below;
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Methods in ESIT). The decrease in swelling ratio and increase
in gel content is often correlated with an increase in the cross-
link density of the material.**> Both ACN-lignin and ENR-25
can dissolve well in tetrahydrofuran (THF), thus it was used as
a solvent for gel content and swelling experiments.

All the lignin-derived vitrimeric elastomers exhibited excel-
lent thermostability. The thermal degradation onset starting at
5% weight loss, from thermogravimetry data (see Fig. S2,
ESIY), was detected around 290 °C for 40-50 phr lignin loaded
compositions (Table 1). Thermal degradation onset tempera-
ture (at 5% weight loss) dropped to 286 °C for composition
with 60 phr lignin. The lignin-based vitrimeric compound pre-
sented here exhibits considerably higher thermal stability than
the previously reported lignin-derived vitrimeric systems and
thermoset materials that showed thermal degradation onset at
190°-220 °C.>**° This suggests robust reprocessing potentials
of ACN-lignin/ENR25 compositions without significant
material degradation (see Fig. S2, ESI{). Dynamic mechanical
analysis (DMA) data, specifically, the peak temperature of loss
tangent profile (tan$) and differential scanning calorimetry
(DSC) thermograms revealed an enhancement in the T, with
higher lignin loading (see Fig. S3, ESI}). The lignin-derived
vitrimer with higher lignin content (e.g., 70 phr) acts like a
stiff and brittle plastic with an ultimate elongation at break of
only ~8%, however, with higher tensile strength of 15.1 MPa.
Such brittle glassy plastic-like materials have not been
thoroughly characterized in this work.

As schematically shown in Fig. 1, the crosslinking reaction
between ACN-lignin and ENR-25 yields ester and ether linkages
along with B-hydroxy bonds. The f-hydroxy bonds further par-
ticipate in transesterification exchange reactions (TERs) with
adjacent ester linkages at elevated temperatures. In turn, these

This journal is © The Royal Society of Chemistry 2024
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Table 1 Composition and properties of ACN-lignin/ENR vitrimer
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ACN-lignin®  T,” T,* Tase®  Ts® Gel Content’  E,* Thi0oc” Ty Tensile strength  Elongation at
Sample (Wt%) (°C) (°C) (°C) (°C) (%) (k] mol™)  (s) (°C) (MPa) break (%)
ENR25 0 —47 — 328 172.0 0 — — — 0.3" >1000
40 phr 28.5 —-41.8 -18 292 166.5 75.14 210.22 95.3 119.0 5.4+0.7 1334 + 87
50 phr 33.3 —-40.1 -15.5 291 164.8 81.23 198.44 18.9 120.5 7.4+0.2 1213 + 226
60 phr 37.5 —-37.4 -5 286 167.4 83.31 169.30 6.7 1129 9.5+0.4 1342 + 132
ACN-lignin 100 724 — 184 151.3 0 — — — — —

“Weight fraction of ACN-lignin in the sample. ” Glass transition temperature (T,) from DSC thermogram curves (Fig. S31). “ T, from loss tangent
spectra (DMA data) (Fig. $3t). ¢ Temperature corresponding to 5% mass loss. ® Static heat resistant temperature (T;) calculated from equation A1
(shown in ESIt)./ Gel content of the samples were measured by extraction with THF for 48hrs at room temperature. £ Activation energy calculated
from Arrhenius plots for each sample. " Characteristic relaxation time (z*) at 210 °C obtained from stress relaxation plots. { Theoretical topology
freezing temperature (7,) calculated by extrapolation for a viscosity of 10'* Pa s.

thermally stimulated TERs result in the topological rearrange-
ment of the overall matrix resulting in changes in the visco-
elastic properties of the vitrimer. Usually, thermal stress relax-
ation experiments assist in revealing the viscoelastic behavior
of a vitrimer, where a constant external strain is applied to a
sample and the stress response is followed as a function of
time at different temperatures. The viscoelastic characteristics
of the ACN Lignin/ENR vitrimers were investigated through a
stress relaxation experiment. In this procedure, a consistent
strain of 0.667% was applied, and the relaxation modulus was
tracked over the course of one hour. All the ACN Lignin/ENR
vitrimer samples exhibited a clear stress relaxation trend. As
the temperature surpassed 180 °C, a systematic decrease in
relaxation times indicated an accelerated rate of TERs, point-
ing to the vitrimeric nature of the material. Notably, at lower
temperatures (25 °C, 70 °C), all vitrimer materials exhibited
conventional thermoset-like (networked) behavior, observable
through the insignificant stress relaxation (see Fig. 2 and
Fig. S5 and 6 in ESIf). The 60 phr composition (ACN-lignin/
ENR25 = 60/100), with the highest lignin content, showed the
fastest relaxation rate with a 7* of a mere 6.7 s at 210 °C. Zn
(acac),, the catalyst used in this work, is known to play a dual
role in epoxy-acid polymerization. Not only does it facilitate
crosslinking between epoxy and acids, but it also aids in pro-
moting bond exchange between ester linkages and neighbor-
ing B-hydroxy groups within the matrix. To comprehend the
impact of TERs as a driving force for stress relaxation in the
vitrimer, we synthesized a 60 phr ACN Lignin/ENR control
sample without the catalyst. In absence of the catalyst, the
control sample not only possesses fewer ester cross-linkages
but also undergo sparce TERs. During stress relaxation experi-
ments on both samples, which contain identical amounts of
lignin and ENR, the sample with the catalyst exhibits instan-
taneous stress relaxation (z < 10 seconds) at 210 °C. In con-
trast, the sample without the catalyst exhibits insignificant
relaxation even after one hour, underscoring the crucial role of
TERs in driving stress relaxation phenomena at elevated temp-
eratures (Fig. S5t). This result suggests that the rapid stress
relaxation observed in the vitrimer samples can be attributed
to TERs facilitated by Zn(u) catalyst.

Typically, most bio-based vitrimeric systems exhibit longer
relaxation times (>100 s), thereby limiting applications in con-

This journal is © The Royal Society of Chemistry 2024

tinuous processing like extrusion and injection molding,**™*>

but are of interest for processing via compression molding.
Apart from the dynamic character of covalently adaptable net-
works, the macromolecular architecture and spatial orien-
tation of bonds also play a crucial role in governing the
exchange kinetics.*®™*® The formation of hydroxyl bonds upon
ring opening of epoxy due to the nucleophilic attack of the car-
boxylic acid group from ACN-lignin plays a pivotal role in the
fast topological rearrangement. The presence of a hydroxyl
nucleophile (B-hydroxy) in the vicinity of an ester moiety
increases the likelihood of a productive exchange between the
reaction partners, thus accelerating the exchange rate.
Reducing the weight fraction of lignin in the system resulted
in a slower relaxation rate of the system (Fig. 2d). The 50 phr
and 40 phr ACN-lignin/ENR25 samples demonstrated z* of
18.9 s and 95.3 s, respectively, at 210 °C. This is likely due to
decreased ester cross-linkages and unreacted carboxylic acid
and alcoholic moieties, which result in lower site availability
for effective chemical exchange within the system. The experi-
mental relaxation times follow the Arrhenius law, allowing
determination of the activation energy from the plots of In(z*)
against 1000/T (Fig. 2c; see ESIf for activation energy data
assessment). The activation energy for relaxation via topologi-
cal rearrangement dropped from 210.22 k] mol™" to 169.30 k]
mol~" upon increasing the lignin content from 40 phr to 60
phr, causing a faster relaxation (Fig. 2d). Furthermore, the
theoretical topology freezing temperature (7,) calculated by
extrapolation for viscosity of 10'> Pa s (see ESI{) was observed
to decrease with higher lignin content as well, indicating a
faster topological rearrangement (Table 1). To understand the
creep resistance behavior of the vitrimers and a representative
control, creep experiments were conducted at 200 °C (see ESIT
for Methods). While the vitrimer demonstrates a capacity to
undergo reversible breaking and reforming of bonds which
enables a stress relaxation phenomenon, it still maintains a
networked structure crucial for imparting creep recovery
(Fig. 2e). Our observation revealed an augmentation in creep
recovery with increasing lignin content, attributed to an
elevated crosslink density in the material (see earlier dis-
cussion on solvent swelling and gel content). A vitrimer con-
sisting of 60 phr lignin shows nearly 70% creep recovery at
200 °C. Presence of a consistent networked structure (even

Polym. Chem., 2024,15, 714-724 | 717


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3py01177a

Open Access Article. Published on 29 2024. Downloaded on 14-02-26 05.30.43.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

View Article Online

Polymer Chemistry

0.8

@ 06
&
0.4 o
—— 40phr
—— 50phr
0.24—— 60phr
—— 60phr Control
- /e 60phr 00 aie __200°C. ; ;
. v T T T T
0.1 1 10 100 1000 0.1 1 10 100 1000
Time (s) Time (s)
9
ST (d) — FE N
84 © phr
4 60phr 1000 4 [ 60phr|
7 O g\’io.s-
[
6 g s
. = 100 5 06
£5+ 5 3
= N
& 8
4 s & 04+
g 1 s
a J
34 = —— 40phr
Ea = 210.22kJ/mol 024 50phr
2l Ea = 198.44kJ/mol —— 60phr
Ea = 169.30kJ/mol 00— 60phr Control 200°C
T T T T T T T | X : T T
206 208 210 212 214 216 218 220 222 ! 180 200 0 500 1000 1500 2000

1000/T (K")

Temperature ('C)

Time (sec)

Fig. 2 Rheological characterization of ACN-lignin/ENR25 vitrimer: (a) stress relaxation curves of 60 phr vitrimer at different temperatures (b) stress
relaxation curves of vitrimer with different lignin content and 60 phr control sample without catalyst at 200 °C. (c) Fitting of the experimental relax-
ation times to the Arrhenius equation. (d) Relaxation times of vitrimers with different lignin content at different temperatures. (e) Creep and creep
recovery behavior of vitrimers with different lignin content and 60 phr control sample without catalyst.

though bonds are exchanging) at elevated temperature enables
storage of deformation energy; this is a reason why a fast-relax-
ing vitrimer does not achieve complete relaxation even at elev-
ated temperatures. In contrast, the 60 phr control sample
(without catalyst) exhibits instantaneous creep behavior with
significantly lower degree of creep recovery (nearly 25%) due to
limited network structure formation in the absence of Zn(u)
catalyst.

Atomic force microscopy (AFM)
coupled with nano-IR spectroscopy

To probe the morphology and interfacial characteristics, we
conducted AFM and nano-IR experiments. First, we developed
a protocol to determine the transition temperature of a Lignin/
ENR sample using polycarbonate as a reference material for
calibration (see ESI{ for methods, calibration, and analysis of
structure by AFM coupled with nano-IR spectroscopy; Fig. S8
and 97). Topography images of the sample film revealed mor-
phological features, as shown in Fig. 3a. Lignin particulate fea-
tures protruding up to 4 pm above the surface of the rubber
matrix are distributed in the material. The spectral finger-
prints of the two main regions of the films were acquired
using nano-IR spectroscopy in contact mode. The contact reso-
nance of the cantilever was first acquired at each point
immediately before collecting each nanoscale infrared spec-
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trum. The contact resonance in the 260-320 kHz range was
used for the spectral analysis, as it was the strongest resonance
of the cantilever used for the study. The nano-IR spectra of the
two different regions, acquired by monitoring the amplitude of
the resonance as a function of illumination wavenumber, are
shown in Fig. 3b. Before normalization, the signal acquired
from the regions denoted by point A exhibited much lower
photothermal expansion (15 times lower) compared to the
spectra of the protruding particulate morphological features.
For comparison of the fingerprint and position of the peaks,
we normalized and smoothed the data (see Methods). At room
temperature, the rubber-rich regions (point A, green curve)
and of the lignin-rich regions (point B, blue curve) exhibit
notably different fingerprints in the 1800-1300 cm™" range.
The spectrum acquired at point A exhibits absorption peaks at
1715 cm™" (rubber, C=O0 stretching), 1660 cm™" (rubber, C=C
stretching), 1610 cm™" (epoxy, C=C stretching in aromatic),
1508 cm™' (epoxy, C=C stretching in aromatic), and
1448 cm™' (CH, deformation).*® The spectrum acquired at
point B exhibits strong peaks at 1660 cm™" (C=O0 stretching),
1600 cm™' (aromatic skeleton vibration), 1555 ¢m™, and
1456 cm™" (C-H bending) which are attributed to lignin.>® The
strong signal of the carboxylic group at point B agrees with pre-
vious demonstration that the degree of substitution for car-
boxylic acid is high in ACN-lignin.

Based on these fingerprints, the illumination parameters
were set at a power (~130 mW) under illumination at

This journal is © The Royal Society of Chemistry 2024
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(a) AFM topography image of the lignin-ENR25 50 phr film with (b) corresponding nanoscale infrared spectra collected at point A (green

curve) representative of a rubber-rich material and point B (blue curve) representative of a lignin-rich material.

1670 cm ™", which is expected to heat up the material by excit-
ing the vibrational mode of lignin to reach ~150 °C. The topo-
graphy images of the films at increasing laser power up to
130 mW are presented in Fig. S10a-e.f The images were
acquired in tapping mode using the first resonance mode of
the cantilever (~60 kHz) to record the topography information,
with the infrared laser pulse frequency set at 300 kHz.
Comparison of the same region imaged under increasing laser
power makes it possible to visualize the selective changes
taking place in the material, with very slight changes in mor-
phology (width, shape, and height) of the lignin-rich features
(Fig. S10b and c¥). At 130 mW the rubber region was found to
expand and become more unstable for imaging (Fig. S10d¥),
which was accentuated when increasing the pulse width from
200 ns to 400 ns (Fig. S10et). Under these conditions, the
sample surface became too unstable for high resolution
imaging, but the response was found to be preferentially from
the lignin features, with an effect on the flatness of the rubber
matrix. Force curves measurements acquired before illumina-
tion and during illumination at 130 mW confirms notable
changes in the behavior of the material. Before heating, the
rubber exhibited a significantly larger adhesion to the AFM tip
compared to lignin, while the contact indentation was compar-
able between lignin and rubber. Upon heating, the indentation
of rubber increased and the adhesion force with the tip
decreased. In addition, the slope of the approach and with-
draw curve transitioned from linear to nonlinear when
probing the heated rubber matrix. The work of adhesion
between the AFM tip and lignin increased upon heating the
material, while the indentation and slope of the fore-indenta-
tion curve remained linear, though with a lower slope than
before heating.

To better probe topological exchange reaction via transes-
terification, spectral analysis was done by acquiring nano-IR
spectra at increasing laser power (Fig. 4). Four spectra were
collected across the transition from the lignin feature to the

This journal is © The Royal Society of Chemistry 2024

rubber region at room temperature (Fig. 4a) and at ~150 °C
(Fig. 4b), as marked on the AFM images. The spectra
acquired at room temperature correspond to the finger-
prints presented in Fig. 3, namely three points exhibit the
fingerprint of lignin while the last point corresponds to
rubber. The main IR bands were marked with dashed lines
for reference. When the sample was heated, the infrared fin-
gerprint revealed important changes in the chemical bonds
of the material, including in the lignin region (red curve),
in the rubber region (green curve), and in the transition
between the two regions (blue and yellow curves). Variations
in the peak position and width in carbonyl region
(1800-1700 cm™") suggest a change in the ester linkages in
the material. A strong peak at ~1224 cm™' at the interface
and in the rubbery region suggests changes related to the
ether bonds in the system. At high temperature the interface
region displays strong presence of ether group, likely due to
the extended esterification reaction at the interface. During
transesterification some non-resonating carbonyls are
formed, exhibiting strong blue-shift in carbonyl intensity.
The variations in the spectra indicate that the chemical
changes depend on the phases and morphological struc-
tures of the vitrimer considered.

'H time domain NMR spectroscopy

The dynamics of soft and rigid components of a representative
vitrimer at various temperature range was investigated by low-
field NMR relaxometry. 'H time domain NMR was collected on
the vitrimer containing 60 phr lignin and its corresponding
control without use of catalyst. The analyzed data (see Method
in ESIt) are summarized in Fig. 5(a-d). Overall, the mobile
phase with the catalyst has reduced mobility compared to the
control group over the entire temperature range Fig. 5(b). This
indicates better networking throughout the system and better
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compatibility between rubber and lignin phases. The rigid
lignin phase relaxations are similar until higher temperatures
where the control starts to dramatically increase at 175 °C,
while this increase is subdued/delayed until 200 °C in the cata-
lyst system (Fig. 5a). The phase fraction behavior of the catalyst
added system has a sharper, more linear response to tempera-
ture until ~125 °C and then seemingly plateaus (Fig. 5¢ and
d). The control system has a milder temperature response
until ~160 °C where it then increases more aggressively which
sensibly coincides with the large increases in T, (relaxation
time) for the rigid and mobile phases. It is important to note
that the intra-system phase fraction comparison must be
weighted by the 7, relaxation times for each system when
doing a comparative analysis. For instance, that the mobile
phase is higher for the catalyst containing system above
~90 °C (Fig. 5d) is at face a bit misleading as, while that is rela-
tively true, the catalyst mobile phase is overall more restricted
according to the T, relaxometry. It does, however, suggest that
there is better mixing/interfacing of the lignin and rubber

720 | Polym. Chem., 2024,15, 714-724

phases in the catalyst system and that the control lignin/ENR
(without a catalyst) developed poorer lignin/rubber compatibil-
ity in the system during melt-mixing. The lack of catalyst failed
to enable increased interface fraction during synthesis itself.
The lack of network in the structure for control makes the
lignin phase more mobile than the vitrimer sample above the
T, of the lignin. The latter undergoes catalytic TER above
125 °C which helps stabilize the rigid phase. Fig. 5b showing
relatively low relaxation time for mobile phase also suggests
mobile phase is under the influence of lignin due to better
mixing via reaction during synthesis of material and even at
high temperature the transesterification keeps the mobility of
soft segments lower than that in control. It is notable that the
phase behavior plateaus around the predicted 7, from rheol-
ogy for the vitrimer system. It is possible that the bond switch-
ing events provide transient stabilization of the system as it
competes with thermal induced flow which is random. It is
also possible that this is simple a reflection of better network
density.

This journal is © The Royal Society of Chemistry 2024
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Mechanical property analysis

Mechanical properties play a crucial role in defining the suit-
able applications of a vitrimeric material. Tensile testing was
used to examine the mechanical properties of all the lignin-
ENR vitrimers. The results are summarized in Table 1 and
Fig. 6. The incorporation of higher mass fractions of highly
branched aromatic lignin in the reaction mixture with inher-
ently flexible ENR-25 segments markedly increased the tensile
strength and toughness of the vitrimer. Of all compositions
evaluated, 60 phr ACN-lignin/ENR25 exhibited the highest
tensile strength and toughness of 9.45 MPa and 77.5 MJ m >
respectively, with an elongation at break at ~1350% (Fig. 6a
and b). The gradual increase in the tensile strength and tough-
ness of the vitrimer upon increasing the lignin mass fraction
can be attributed to the increase in the rigidity and cross-
linking density of the vitrimer. Moreover, the innate three-
dimensional phenylpropanoid backbone of lignin containing
multifunctional groups offers reinforcing capabilities to the
rubber matrix.>”*" This was further evidenced by a systematic
increase in the storage modulus of the vitrimer on increased
lignin loading. At the onset (40 °C) of the rubbery plateau
range (40 °C to 180 °C), as depicted in Fig. 6¢, the 60 phr ACN-
lignin/ENR25 vitrimer demonstrated a higher storage modulus

This journal is © The Royal Society of Chemistry 2024

(10.8 MPa) than the 50 phr (5.4 MPa) and 40 phr (4.8 MPa)
vitrimer samples. Furthermore, the presence of secondary alco-
hols, ethers, and esters upon crosslinking are responsible for
overall balance between hydrogen bonding acceptor and donor
species in the material at any given time. It is well known that
the dynamic character of hydrogen bonding often assists in
dissipating energy during force loading, thus contributing to
increased toughness of the material, as demonstrated for
various elastomeric and hydrogel systems.>*™° The stress relax-
ation behavior induced by TERs at elevated temperatures is
instrumental in imparting various sought-after properties like
self-healing, shape-recovery, and reprocessability. The repro-
cessed mechanically failed vitrimer samples demonstrated
almost identical tensile properties as the original specimen
even after two reprocessing cycles (Fig. 6d and e). The elastic
recovery of the original and reprocessed vitrimer samples was
investigated by applying a cyclic tension-retraction test for
both original and reprocessed 60 phr vitrimer samples. Both
original and reprocessed vitrimer samples exhibited excep-
tional elastic recovery with little energy dissipated (low hyster-
esis) during cyclic loading (Fig. 6f). The strong covalent inter-
action between rubber with low elastic modulus and lignin
reinforcement with a high elastic modulus resulted in a
material with high toughness and low hysteresis loss.
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Conclusion

In summary, we demonstrated the synthesis of a TER-based
vitrimer by using 100% renewable biomass starting materials.
The vitrimer was synthesized by reacting functional groups of
ACN-lignin and ENR25. The ACN fractionation of lignin
received from pulp manufacturers resulted in a lignin with a
narrower polydispersity and improved reactivity due to sig-
nificant reduction in methoxy groups and around five-fold
increase in the DS of carboxylic acid groups after extraction. A
substantial increase in the T, modulus, and tensile pro-
perties was observed upon increasing lignin content in the
reaction mixture. The ester cross-linkages undergo dynamic
exchange with nucleophilic hydroxyl and carboxylic acid
groups from lignin at elevated temperatures, which allows the
topological rearrangement of the crosslinked matrix, thereby
enabling material to show thermal stress relaxation behavior.
The rate of relaxation decreased with lower lignin content,
which was evidenced by increase in relaxation times and acti-
vation energy for productive exchange. The material was
observed to retain its tensile properties after multiple repro-
cessing cycles, suggesting its potential utilization in circular
applications. By taking advantage of sustainable and afford-
able feedstocks, this approach introduces a facile method to
synthesize fully bio-based vitrimeric elastomers for potential
applications in both industrial development and frontier
research.
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