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ABSTRACT: Developing sustainable polymers with low-value

lignin remains a challenge. Herein, lignin-containing repairable

polyimines were synthesized with tailored properties using lignin

fractionation. First, softwood Kraft lignin is fractionated into a

more homogeneous fraction with a lower molecular weight and a

higher OH content. Next, Kraft lignin and its fraction are esterified

by levulinic acid to introduce active ketone groups and

subsequently condensed with oleylamine (OAm) and bis(3-

aminopropyl)-terminated polydimethylsiloxane (PDMS) via a

catalyst-free Schiff-base reaction to form grafted lignin-OAm

copolymers and cross-linked lignin-PDMS polymer networks

(MKL-P and MFL-P), respectively. Results show that lignin-

OAm polyimines can be self-repaired and hot reprocessed under

pressure, while lignin-PDMS polyimines can be repaired with the

assistance of a healing agent, heat, and pressure. Dynamic mechanical analyses demonstrate that the stress—relaxation behaviors of
the polyimines follow the Arrhenius law under thermal-stress activation, indicating the occurrence of transimination. Moreover,
compared with Kraft lignin, the lignin fraction ameliorates the grafting density of ketones and enhances the cross-linking density of
lignin-PDMS polyimine networks. The higher cross-linking density of MFL-P leads to superior stress—relaxation activation energy,
thermal stability, hydrophobicity, and light-shielding ability but inferior repairability and translucency. This work provides insights
into the polymerization of lignin-based polymer networks and the potential application of lignin-PDMS polyimines for repairable,
translucent, anti-UV, and hydrophobic coatings.
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B INTRODUCTION could participate in only one imine condensation due to the
singular aldehyde group per molecule. Therefore, to obtain
vanillin-based polyimines with highly cross-linked networks
with favorable thermomechanical properties, vanillin is usually
premodified to enrich the content of aldehydes and afterward
cross-linked with multiamines.”*"

Apart from vanillin, bioderived materials such as lignin,
cellulose, and vegetable oil also offer renewable alternatives to
petroleum-based precursors commonly used in DCPN syn-
thesis.”' "> Lignin is one of the most challenging bioderived
feedstocks to be utilized because of its poor compatibility/
dispersity in solvent, structural heterogeneity, and molecular
rigidity."”'* Nevertheless, lignin still attracts great attention
due to its high abundance, low cost, rich reactive sites, good

To promote a green, sustainable, and circular economy,
researchers are dedicated to developing chemically recyclable
polymers using bioderived polymers as a partial replacement to
be applied in manufacturing industries.' > One promising
avenue is to prepare novel dynamic covalent polymer networks
(DCPN), which typically can be chemically recycled (repaired,
reshaped, and reprocessed) via dynamic chemistries such as
transimination, transesterification, andtranscarbamoylation
etc.t The reversible reaction between amines and ketones/
aldehydes is one of the most common reactions to construct
robust molecules by the formation of covalent imine bonds in
organic chemistry.” The imine bonds can break and reform
simultaneously under triggers like heat, pressure, excessive free
amines, catalysts, or a solvent via imine metathesis and

exchange reactions.*™° Received: December 23, 2023
In terms of the DCPN developed by dynamic imine bonds, Revised:  March 24, 2024
vanillin is a widely investigated bioderived feedstock”® due to Accepted: March 26, 2024

the aldehyde group that allows for imine condensation, the Published: April 12, 2024

capability of monomer recovery, and the retaining of high-
performance properties.” However, one vanillin molecule
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thermal stability, ultraviolet (UV)-shielding ability, and
biodegradability.> Kraft lignin (KL), a byproduct of the pulp
and paper industry, represents a readily available and
inexpensive resource. = The unique chemical structures of
KL comprise a variety of functional groups, including
(phenolic, aliphatic, and carboxylic) hydroxyl (OH), methoxy,
and carbonyl, providing abundant reactive sites for polymer-
ization reactions.”” In addition, the structural heterogeneity of
KL, resulting from its complex chemical structures, cooking
processes, and plant sources, provides opportunities for
tailoring the structures and properties of the synthesized
polymers."*'® More importantly, lignin features a natural
three-dimensional polymer network with rich reactive sites
ready for modification, making lignin a great candidate to act
as a natural cross-linker for developing the DCPN.

Lignin, as a bioderived component, has been widely
investigated to develop novel DCPN (defined as biobased
DCPN) by integrating with multiple polymers, such as
polyurethane,"” poly(ethylene glycol)-epoxy,”® and polyole-
fin>" etc. For example, a mechanically strong polyurethane was
catalytically synthesized with lignin and petroleum-derived
polyols via dynamic (covalent) cross-linking networks and
(noncovalent) interfacial hydrogen bonds, which could
maintain excellent mechanical strength after being hot
reprocessed.”” In addition, a novel thermoset was catalytically
synthesized with lignin and epoxy via dynamic transester-
ification with adequate coating hardness and adhesion
performances, which could be removed by mild alkaline
solution and repaired with the assistance of glycol” In
addition, a new class of strong, tough, and ductile thermo-
plastic elastomers was constructed using lignin and a modified
polyolefin elastomer with the help of zinc chloride by dynamic
coordination and interfacial bonds, which could remember the
shape with fixing and recovery ratios up to 94 and 82%,
respectively.”’ The studies give us insight into the idea that
lignin is feasible and promising for constructing high-
performance chemically recyclable DCPN . However, those
DCNPs usually demand external stimuli of nondegradable
metallic catalysts to activate the dynamic reactions. Therefore,
catalyst-free activation of lignin-based DCNP is highly
attractive because the absence of a catalyst eliminates the
need for hazardous and refractory materials, simplifying the
synthesis procedure and reducing the environmental impact.

Based on our prior study, lignin structures affect the
copolymerization with poly(é-caprolactone) due to the
heterogeneous molecular weight (MW) and OH concen-
trations.'* In the present study, the OHs, as grafting sites,
could also affect the modification efficiency of lignin, thus
influencing the polymerization with amines. Therefore, lignin
was fractionated into a more homogeneous fraction with a
lower MW and more OHs to fine-tune the structures and
properties of the prepared polyimines. I A long-chain primary
alkylamine (oleylamine, OAm) and a bis(3-aminopropyl)-
terminated poly(dimethylsiloxane) (PDMS) were selected to
condense with lignin because of their versatility, flexible chains,
low-surface energy, and other advantageous features for the
consideration of further applications for hydrophobic coat-
ings,”** which is expected to improve the film-forming ability,
hydrophobicity, and other coating performances of lignin.”> To
enable the polymerization between lignin and amines, lignin
was firstly modified with sustainable levulinic acid (LA) to
introduce active ketone groups.’® OAm and PDMS, termi-
nated with mono- and biprimary amines, respectively, would
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react with ketones in the modified lignin via Schiff-base
reactions. However, the type and complexity of the polymer-
ization with lignin are hypothesized to be different between
OAm and PDMS: (1) The reaction with OAm is expected to
be more feasible than that with PDMS due to the smaller steric
hindrance, and (2) the polymerization types are supposed to
vary due to the different amounts of terminated amines/
molecule. We hypothesize that lignin-OAm polyimines will
afford grafting-polymerized thermoplastic-like properties, while
lignin-PDMS polyimines are prone to be cross-linking-
polymerized thermosets. Branched polyimines and cross-linked
polyimine networks are therefore be formed via a Schift-base
reaction between modified lignin and OAm and PDMS,
respectively.'*

B EXPERIMENTAL SECTION

Materials. Indulin AT softwood KL was provided by MeadWest-
vaco (Richmond, VA, USA). LA, dimethyl sulfoxide (DMSO), 4-
dimethylaminopyridine (DAP), N,N’-dicyclohexylcarbodiimide
(DCC), OAm, PDMS (number-average molecular weight (M,):
~2,500 Da), deuterated DMSO (DMSO-d;), toluene, methanol,
acetone, hexane, acetic anhydride, tetrahydrofuran (THF), 2-chloro-
4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP, 95%), N-hy-
droxy-5-norbene-2,3-dicarboxylic acid imide (NHND), nonane,
octane, heptane, acetonitrile, ethyl acetate, and dichloromethane
were purchased from MilliporeSigma (St. Louis, MO, USA).
Anhydrous pyridine was purchased from Spectrum Chemical (New
Brunswick, NJ, USA). The filter paper (coarse porosity, qualitative:
P8) was purchased from Fisher Scientific (Pittsburgh, PA, USA). All
chemicals and materials were used as received.

Lignin Fractionation and Modification. Fractionated lignin
(FL, yield: 75.8%) was obtained by solvent fractionation of KL using
acetone/methanol/ (7:3, v/v) as a cosolvent and hexane as an
antisolvent (Figure S$1).*” KL and FL were modified by LA to graft
ketone groups using a reported method.”® Briefly, KL (20 g, 111.2
mmol of OH), LA (19.34 g, 166.8 mmol of COOH), and DAP (1.36
g, 11.12 mmol) were dissolved in 500 mL DMSO solvent. The DCC
(25.24 g, 122.32 mmol)/DMSO solution (30 mL) was then added
dropwise and reacted at room temperature (RT) for 48 h. Next, the
condensed liquid phase of the reaction product was obtained by
successive filtration and rotary evaporation and then precipitated in
50% methanol aqueous solution followed by filtration to obtain
modified KL (MKL). Modified FL (MFL) was prepared with the
same procedure as MKL, during which 20 g of FL (123.4 mmol of
OH), 21.46 g of LA (185.1 mmol of COOH), 1.51 g of DAP (12.34
mmol), 28.01 g of DCC (135.74 mmol), and 30 mL of DMSO were
used. MKL and MFL were successively washed with deionized water
three times to remove solvents and vacuum-dried for later use. The
yields of MKL and MFL were 66.8 and 68.7%, respectively, which are
comparable with the yield (64.3%) in the previous report.”® The OH
decreasing percentage was calculated as the molar ratio of consumed
phenolic and aliphatic OH in modified lignin (MKL and MFL) to the
total available phenolic and aliphatic OH in lignin (KL and FL) (eq
1) based on the *'P NMR quantification results (Table S1) under the
assumption that only aliphatic and phenolic OHs in KL and FL
participated in the esterification with the COOH in LA. The content
of ketones in modified lignin is calculated as the reduced aliphatic and
phenolic OH after LA modification.

ConmL

OH decrease percentage = [1 - ] X 100%

(1)

where Coyyyy, is the sum of contents of aliphatic and phenolic OH in
modified lignin and Cqyy, is the sum of contents of aliphatic and
phenolic OH in the unmodified lignin.

The ketone grafting density is calculated by eq 2:

Conr

ketone grafting density = (MML - ML)/ 98 g/mol (2)
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where My, and M are the M, of modified lignin and unmodified
lignin, respectively; 98 g/mol is the increment molecular weight of a
single grafted LA chain.

Synthesis of Lignin-Based Polyimines. The preparation of
lignin-based polyimines was conducted as follows. First, MKL (1 g,
~3.99 mmol of ketone groups) and MFL (1 g, ~4.77 mmol of ketone
groups) were fully dissolved in SO mL of THF, respectively. Then,
OAm or PDMS with a ketone/amine group molar ratio of 1:1 was
added dropwise to the lignin/THF solutions, respectively. The
mixture was prereacted at 80 °C for 24 h via a Schiff-base reaction.
Subsequently, the products were poured into an aluminum dish
(inner diameter: 114 mm) for solvent evaporation at RT overnight in
a fume hood to yield gel-like films. The films were cured and
postcured under 130 and 150 °C in a vacuum oven for 12 h,
respectively, to obtain film-shape polyimines. The lignin-OAm and
lignin-PDMS polyimine films were named MKL-O, MFL-O, MKL-P,
and MFL-P, respectively. The thicknesses of the lignin-OAm (MKL-
O and MFL-O) and lignin-PDMS (MKL-P and MFL-P) polyimine
films are ~1 and ~0.3 mm, respectively.

Characterization of Lignin, Modified Lignin, and Lignin-
Based Polyimines. The weight-average molecular weight (M,,), M,,
and molar-mass dispersity (Dy) of lignin, modified lignin, and
polyimines were measured by gel permeation chromatography (GPC)
using an Agilent 1200 HPLC system (Agilent Technologies, Inc.,
Santa Clara, CA, USA) equipped with water Styragel columns (HRI,
HR2, and HR6; Waters Corporation, Milford, MA, USA) and an
ultraviolet detector (wavelength: 270 nm). The mobile phase was
THE that flowed at a rate of 0.5 mL/min. Polystyrene was used as the
calibration standard. KL and FL samples were acetylated to be fully
dissolved in THF for the GPC measurements referring to our
previous study,"* while modified lignin and synthesized polyimines
were dissolved in THF under shaking at 60 °C for 72 h. Lignin-PDMS
polyimines were partially dissolved in THF (gel fraction: MKL-P =
48.9% and MFL-P = 67.6%) with soluble portions used for GPC
measurements.

The structural features of lignin, modified lignin, and polyimines
were characterized by Fourier transform infrared spectroscopy
(FTIR), 'H nuclear magnetic resonance (NMR), *'P NMR, and
3BC NMR. FTIR spectra of samples were recorded by an FTIR
spectrometer (Spectrum One FTIR system, PerkinElmer, Wellesley,
USA) with a universal attenuated total reflection accessory under
wavenumbers using 4,000 to 600 cm™" with a resolution of 4 cm™" for
32 scans. Samples were dissolved in DMSO-dg at a concentration of
100 mg/mL for the acquisition of NMR spectral data using a Bruker
Avance III HD 500 MHz spectrometer (Bruker, Switzerland)
equipped with a S mm N, cryogenically cooled BBO H&F probe.
One-dimensional “zg30” and “zgpg” pulse sequences were employed
for '"H NMR and “C NMR spectra, respectively. The lignin-OAm
and lignin-PDMS polyimines were dissolved in DMSO-d¢ under
shaking at 60 °C for 24 and 72 h, respectively. Lignin-OAm
polyimines were fully dissolved, while lignin-PDMS polyimines were
partially dissolved in DMSO-d; (gel fraction: MKL-P = 65.4% and
MFL-P = 82.5%) with soluble portions used for NMR measurements.
The number of scans is 16 for the acquisition of 'H NMR spectra,
1024 X 2 for 3C NMR spectra of lignin, modified lignin, and lignin-
OAm polyimines, and 1024 X 16 for '*C NMR spectra of lignin-
PDMS polyimines. An inverse-gated decoupling pulse sequence
“Waltz-16” was used for *'P NMR experiments to quantify the OH
contents of samples using NHND as an internal standard and TMDP
as a phosphitylation agent.”® The acquired spectra were processed by
using Bruker Topspin 3.5 software.

The solvent stability of lignin-OAm polyimines and the gel fraction
(cross-linking degree) of lignin-PDMS polyimines were evaluated
according to previous studies with minor modifications.”**” In brief,
polyimine films (~1 X 1 cm, vacuum-dried mass: m,) were soaked in
10 mL of five different solvents, i.e., toluene, acetone, THF, DMSO,
and water, at RT and 60 °C for 24 h. Next, the films were taken out
on a filter paper to remove extra solvent on the surface and then
vacuum-dried at 100 °C overnight to completely remove the solvents.
The oven-dried mass was recorded as m;. The solvent stability/gel
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fraction was calculated (eq 3) below. The solvent stability and gel
fraction are used to denote lignin-OAm and lignin-PDMS polyimines,
respectively. Each sample was measured twice with the means and
standard deviations recorded. The solvent stability/gel fraction of
films that were fully dissolved or unable to preserve the shape after the
immersion was recorded as 0.

solvent stability/gel fraction (%) = 100% X m,/m, (3)

Thermogravimetric analysis (TGA) was conducted using a Q-S0
thermogravimetric analyzer (TA Instruments, USA) by the
combustion of samples from 30 to 800 °C at a rate of 20 °C/min
under N,. The heating temperatures against weight losses of samples
during the combustion that are recorded as TGA curves and
differential TGA curves (DTG) were analyzed by Universal Analysis
2000 software. Differential scanning calorimetry (DSC) was carried
out using a Q-2000 differential scanning calorimeter (TA Instruments,
USA). About S mg of each sample was hermetically sealed in an
aluminum pan and afterward subjected to a heating and cooling cycle
twice, from —80 to 200 °C, at a rate of 10 °C/min under a N,
atmosphere. The second scanning DSC heating and cooling curves
were used to determine the glass transition temperature (Tg).

The stress—relaxation behaviors of modified lignin and synthesized
polyimines were measured by a rotational rheometer (ARES-G2, TA
Instruments, USA) equipped with 8 mm parallel-plate geometry. The
polyimine films with a thickness of ~300 ym were cut into a circle
shape with a diameter of 1 cm to fit the geometry. The stress—
relaxation steps were tested under different temperatures (100—200
°C) after equilibrations of temperature and geometry gaps for at least
S min. An external axial force of 2 N and a strain of 1.5% were applied
to the films. The stress—relaxation curves of the modulus as a function
of time were recorded. The Arrhenius law is fitted by eq 4°° below:

E
Int*=— —-hA
RT

(4)

where 7* is the time (s) that it takes for samples to relax to 1/e
(~37%) of their initial modulus, E, is the activation energy (the
minimum energy required for chemical reactions to occur, kJ/mol), R
is the ideal gas constant (~8.315 J/(mol-K)), T is the absolute
temperature (K), and A is the pre-exponential factor.

The dispersive (y;) and specific (ysp) surface energies of lignin,
modified lignin, and polyimines were measured by an inverse gas
chromatography (iGC) surface energy analyzer (SEA) equipped with
a flame ionization detector (Surface Measurements Systems, Ltd.,
Alperton, UK). Nonpolar (nonane, octane, heptane, and hexane) and
polar (acetone, ethanol, acetonitrile, ethyl acetate, and dichloro-
methane) probe molecules were injected successively under surface
coverage from 0.01 to 0.4 n/n,,. Data were analyzed by advanced SEA
analysis software (Advance version 1.4.2.0). The static water contact
angle (WCA) of polyimine films was measured by using a contact
angle goniometer (Ramé-Hart Instrument Co., USA).

The UV-blocking ability of films was evaluated by using UV—vis
spectra as a function of the light wavelength (ranges from 200 to 800
nm) against transmission recorded by an Evolution 60S UV—vis
spectrometer (Thermo Fisher Scientific, USA).

Repairability of Synthesized Polyimines. The repairability of
the polyimines was measured by referring to a previous study.”’
Briefly, the surface of polyimine films was scratched by a razor blade,
and the damaged surface of MKL-O and MFL-O polyimine films was
repaired by pressing them under a flat plate with a pressure of 0.1
MPa. The damaged surface of MKL-P and MFL-P polyimine films
was repaired at 150 °C in a vacuum oven for 12 h after a healing agent
was filled to the damaged gaps. The healing agent was prepared by
prereacting modified lignin and PDMS in THF at 80 °C for 12 h. The
optical microscopy images of the damaged surface were taken before
and after the repair to make comparisons using a BXS51 optical
microscope (Olympus, Bartlett, TN, USA).

https://doi.org/10.1021/acssuschemeng.3c08482
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B RESULTS AND DISCUSSION

Lignin Fractionation and Modification. It has been a
historical challenge to utilize KL on a large scale because the
structural heterogeneity of KL will affect the KL-based
polymers or composites.”’ To investigate the effect of lignin
structural nonuniformity on the synthesized polymers, a more
homogeneous (Dy: 2.02 vs 2.98) and lower-MW (M,,: 2.167
kDa vs 4.659 kDa) FL is fractionated from KL with a yield of
75.8% (Figure S1 and Table 1). From the OH quantification

Table 1. Weight-Average (M,,) and Number-Average (M,)
Molecular Weight and Molar-Mass Dispersity (D) of
Lignin, Modified Lignin, and Lignin-Based Polyimines®

M, (kDa) M, (kDa) Dy
PDMS 5.463 + 0.034 2.983 + 0.023 1.83 + 0.00
Lignin and modified lignin
KL 4.659 + 0.241 1.566 + 0.039 298 +£0.23
MKL 5.359 + 0.418 1.120 + 0.042 4.78 + 0.20
FL 2.167 + 0.099 1.071 + 0.019 2.02 + 0.06
MFL 3.603 + 0.0485 1.120 + 0.083 323 £ 0.20
Polyimines

MKL-O 6.388 + 0.721 2.150 + 0.0S5 298 + 041
MFL-O 6.486 + 0.793 1.724 + 0.038 3.77 £ 0.54
MKL-P 54.302 + 1.680 26.664 + 1.113 2.04 + 0.02
MFL-P 113.144 + 21.531 100.91S + 10.514 1.11 + 0.10

“Note: MKL-P and MFL-P were measured only for the partially
THF-dissolved portion under shaking at 60 °C for 72 h.

results by *'P NMR analysis, the concentrations of phenolic,
aliphatic, carboxylic, and total OH between FL and KL vary
(Table S1), which will influence further lignin modification
and synthesis reactions.

To enable the functionality of KL reactive sites, chemical
modifications such as esterification, hydroxylation, amination,
etc. are typically required.‘n_33 In the current study, lignin is
esterified with LA to introduce active ketone groups allowing
for the Schiff-base reaction with amines (Figure 1).2° GPC,
FTIR, 'H NMR, *C NMR, and *'P NMR analyses prove that
KL and FL are successfully modified with the following
observations: (1) the M, values of modified lignins are
increased compared with the corresponding lignins (Table 1),
which is attributed to the grafted LA and/or removal of low-
MW lignin during methanol puriﬁcation;26 (2) the new signals
of ketone groups at 1710 cm™" is identified in the FTIR spectra
of modified lignins (Figure $2);*° (3) the new signals of
methylene (signals a and b at ~2.73 ppm) and methyl (signal ¢
at ~2.12 ppm) in LA are identified in the "H NMR spectra of
modified lignins®® (Figure S3); (4) the new signal of ketone
(signal Cq at 206.9 ppm) is observed in the '*C NMR spectra
of modified lignins (Figure S4) ;2% (5) the signals of aliphatic
OH, guaiacyl phenolic OH, and p-hydroxyphenyl OH
disappear, and the signal intensity of Cs-substituted OH
apparently recedes in the *'P NMR spectra of modified lignins
(Figure SS). The reduced content of aliphatic OHs and
phenolic OHs in modified lignins (Table S1) is attributed to
the esterification with the carboxyl of LA.*® There are ~26%
aliphatic and 22% phenolic OH remaining in MKL and ~17%
aliphatic and ~16% phenolic OH remaining in MFL,

Figure 1. Proposed mechanisms of lignin modification and polyimine synthesis.
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compared with unmodified lignin (Table S1). The reasons
could be that (1) the OHs in lignin were not fully esterified by
LA. It is worth noting that compared with MKL, the ketone
grafting density of MFL is approximately twice as many as that
of MFL (14.65 vs 7.14), which is likely on account of the
higher amount of OHs and lower MW of FL that favor the LA
esterification."* Moreover, from Figure S4, the intensity of the
chemical shift of C, (ester) in MFL is stronger than that in
MKL, which is attributed by the fact that at a concentration of
100 mg/mL, the MFL/DMSO-d solution contains more ester
groups than the MKL/DMSO-dg solution because of the
higher ketone grafting density (14.65 vs 7.14) and lower M,
(3.603 kDa vs 5.359 kDa) of MFL. However, there might be a
rare occurrence of intramolecular and intermolecular ester-
ification among lignin molecules”® because the COOH content
in both MKL (0.08 vs 0.32 mmol/g) and MFL (0.09 vs 0.46
mmol/g) is decreased compared with KL and FL, respectively
(Table S1).

Synthesis and Characterization of Polyimines. Imine
chemistry is one of the few synthetic strategies to construct
robust molecules with chemical recyclability due to the
formation of dynamic covalent bonds.”” Lignin is a widely
used bioderived precursor for the synthesis of high-perform-
ance polymers or DCPN due to the abundant functional
groups.”* Herein, lignin-OAm and lignin-PDMS polyimines
are successfully synthesized via a catalyst-free Schiff-base
reaction between ketones in the modified lignin and amines in
OAm and PDMS (Figure 1). GPC, FTIR, and *C NMR
analyses confirm the successful synthesis of polyimines. First,
the tested M,, of MKL-O, MFL-O, MKL-P, and MFL-P is
significantly augmented compared with the corresponding
MKL and MFL (Table 1). It can also be assumed that the
actual M,, of MKL-P and MFL-P is higher than the tested
values (54.302 + 1.680 and 113.144 + 21.531 kDa) due to the
partial dissolution (the undissolved portion was not reflected
in the chromotographic analysis). Second, the newly formed
C=N bonds are detected at around 1,660 cm™! in the FTIR
spectra of MKL-O, MFL-O, MKL-P, and MFL-P**° (Figure
2). Lastly, the *C NMR spectra verify the formation of the

Figure 2. FTIR spectra of modified lignin and lignin-based polyimines

C=N bonds (signal Cy at ~164 ppm) in lignin-OAm
polyimines and (signal Cy at 168.5 ppm) in MKL-P (Figure
3).”%% With a similar method to calculate LA (ketone)
grafting density based on the GPC results (eq 2 and Table 1),
the OAm grafting density is 4.13 for MKL-O and 11.58 for
MFL-O. Combined with the calculated ketone grafting density
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of MKL (7.14) and MFL (14.65), the OAm grafting efficiency
of MKL-O and MFL-O is 57.8 and 79.0%, respectively. The
results are verified by the peak integral ratio of C, (ester) to Cq
(imine) in the C NMR spectra of MKL-O (52.5%) and
MFL-O (69.2%) (Figure 3). For lignin-PDMS polyimines, the
peak integral ratio of C, (ester) to C4 (imine) in the *C NMR
spectra MKL-P is ~1.07; however, the imine bond was not
detected in *C NMR spectra of MFL-P, which is attributed to
its poor dissolution in DMSO-d, caused by the high MW. The
solid-state '*C NMR spectra exhibit weaker and broader but
identifiable signals of C=N bonds (C4 at 160—170 ppm,
Figure S6) in MKL-P and MFL-P due to the immobility of
molecules under scanning,

The better solubility of lignin-OAm than lignin-PDMS
polyimines agrees with the noticeably larger tested M,, of the
latter than the former, which suggests that OAm with a
singular amine group was grafted to modified lignins to form
branched copolymers with modified lignins as skeletons and
OAm as arms, while PDMS with double amine groups was
cross-linked with modified lignins to form lignin-PDMS
polymer networks. In addition, comparing MKL-based and
MFL-based polyimines, the latter shows a higher testable M,,
(Table 1), implying that lignin fractionation favors the grafting
and cross-linking polymerization with amines. It could be
attributed to the enhanced reactive (phenolic and aliphatic)
OH sites in FL (Table S1), reduced steric hindrance effect of
lower-M,, MFL,* and the increased ketone grafting density of
MFL compared with MKL in the current study. As for the
lignin-OAm polyimines, the Dy, is slightly decreased compared
with the modified lignin prior to the imine condensation
(Table 1), which could be related to the negative relationship
between the content of active OHs and lignin MW.”” It means
higher-MW lignin tends to have less LA and OAm grafted arms
and vice versa, thus narrowing the MW distribution of
synthesized lignin-OAm polyimines.

Physicochemical Properties of Polyimines. For the
sake of future applications, it is of great significance to have a
thorough understanding of the physicochemical properties of
synthesized lignin-based polyimines. During the solvent
stability test, MKL-P and MFL-P were swollen into transparent
gels after immersing under toluene, acetone, THF, and DMSO,
while no swelling occurred to MKL-O and MFL-O, which
aligns with our hypothesis that lignin-PDMS polyimines are in
the form of a cross-linked polymer network while lignin-OAm
polyimines are in the form of grafted copolymers. Furthermore,
the gel fractions of the synthetic lignin-PDMS polyimines
reach over 85% after being immersed under polar solvents
including acetone, DMSO, and water; however, their gel
fractions are below 80% in less polar solvents including THF
and toluene (Table 2). It suggests an overall nonpolarity of
lignin-PDMS polyimines. Theoretically, the Schiff-base con-
densation reaction proceeds with water as a byproduct, and the
reversible hydrolysis reaction will proceed at the presence
water molecules,”” which could lead to humidity instability.
However, in the current study, the gel fractions of lignin-
PDMS polyimines are 100% after immersion under water for
24 h at RT (Table 2). We reason that it may be related to the
facts that (i) the incorporation of low-surface-energy PDMS
restrains the water uptake to the polyimines, (ii) the
hydrophobic functional groups in lignin (like aromatics and
esters and the long-chain alkyls in OAm) prevent water from
penetrating the polymers, and (iii) the compact structures of
covalent cross-linking polymer networks of lignin-PDMS
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Figure 3. 3C NMR spectra of lignin-based polyimines with DMSO-d, as a solvent.

Table 2. Solvent Stability and Gel Fraction of Synthesized Lignin-Based Polyimines

solvent stability (%)

gel fraction (%)

MKL-O MEFL-O MKL-P MEFL-P
solvent 25 °C 60 °C 25 °C 60 °C 25 °C 60 °C 25 °C 60 °C
toluene 352 £ 04 32.5+25 46.9 + 0.9 429 + 0.8 78.5 £ 0.5 753 £ 03 84.5 £ 22 82.5 + 04
acetone 743 £ 29 0 80.7 £ 2.9 0 852 + 0.3 83.8 + 0.5 91.9 + 0.6 90.5 £ 0.5
THF 0 0 0 0 67.5 £ 1.1 58.6 + 3.1 82.1 + 1.6 80.1 + 2.5
DMSO 745 + 2.8 0 83.8 22 0 872 £ 853 81.6 + 4.0 92.1 + 3.8 90.8 + 3.7
H,0 99.5+0 98.4 + 0.6 99.5+0 99.1 + 0.1 100.0 + 0 99.9 £ 0.2 1000 + 0 100.0 + 0

polyimines slow down water molecular access for imine
hydrolysis, presenting the observed water stability. In addition,
the gel fraction of MKL-P is lower than that of MFL-P under
five tested solvents, together with the testable M,, (Table 1),
indicating a higher cross-linking density of MFL-P. The higher
cross-linking density of MFL-P results from the more active
sites with PDMS in MFL caused by the increased ketone
grafting density of FL (Table S1) and the reduced steric
hindrance effect of MFL with a lower M,, (Table 1)** that
would further lead to various physicochemical properties of the
synthesized polyimines.*’

To understand the thermal properties of lignins and the
synthesized polyimines, T, and thermal stability are charac-
terized by DSC and TGA (Table 3 and Figure 4). Firstly, the
T, of modified lignin and polyimines is slightly different from
the lignin source. Furthermore, the thermal stability of FL
increases compared with KL revealed by a higher T,,., (385 °C
vs 363 °C, Table 3), which is triggered by the occurrence of
less stable ether bonds and more stable C—C bonds in FL than
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Table 3. Glass Transition Temperature (Tg), Temperatures
at the Onset of Thermal Degradation (T,,.) and Maximum
Mass Loss (T,,,,), Residual Carbon Content (C,), and
Calculated Average Activation Energy (E,) of Lignin,
Modified Lignin, and Lignin-Based Polyimines

Ty (°C)  Tope (°C) T (°C) € (%) E, (KJ/mol)

KL 154 252 363 43.6 N/A
FL 158 261 385 40.0 N/A
MKL 154 157 342-387 272 N/A
MFL 152 164 326-394 256 N/A
MKL-O 157 222 434 113 433

MFL-O 158 251 429 16.7 44.8

MKL-P 154 325 518 7.9 100.0
MFL-P 155 385 576 29.7 1302

KL after fractionation.” In addition, the modified lignin
exhibits a broader thermal degradation range than the
unmodified lignin, which is due to the more complex

https://doi.org/10.1021/acssuschemeng.3c08482
ACS Sustainable Chem. Eng. 2024, 12, 6606—6618


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c08482/suppl_file/sc3c08482_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c08482?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c08482?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c08482?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c08482?fig=fig3&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c08482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

Figure 4. DSC (a), TGA (b), and DTG (c) curves of lignin, modified lignin, and lignin-based polyimines

compositions including a lignin core and grafted LA arms that
lead to multiple degradation pathways.”' Also, the thermal
stability of the synthesized polyimines is much higher than the
corresponding modified lignin (T,: ~400 °C vs ~500 °C,
Table 3), which can be explained by the introduction of
thermally stable structures such as C—C and silicones and
elevated MW after the polymerization. For lignin-PDMS
polyimines, the dual (lignin—lignin and lignin-PDMS) cross-
linking network further contributes to a higher thermal
stability. Compared with MKL-P, MFL-P displays higher
thermal stability (T, 576 °C vs 518 °C, Table 3), which
agrees with our previous measurement of the gel fraction
(Table 2) that the cross-linking density of MFL-P is higher
than that of MKL-P.

Dynamic imine chemistry with reversible imine bonds can
be stimulated by heat, pressure, excess primary amine, and
polar solvents.””” In this study, no product purification process
was addressed in the protocol. Theoretically, all the amines are
expected to be consumed stoichiometrically since the ketone/
amine group molar ratio is pre-dosed as 1:1. However, the
ketone molar amount in modified lignin is calculated based on
eq 1 without considering the intermolecular and intra-
molecular esterification. In addition, the OAm grafting
efficiency of MKL-O and MFL-O is 57.8% and 79.0%,
respectively. Therefore, excess amines are present in the final
products without forming imine bonds. To further confirm the
associated imine bond exchanging process of synthesized
polyimines, dynamic mechanical compression analysis was
conducted. As a result, all four synthesized polyimines
recovered their original shape and hardness after the removal
of heat and stress without using a mold. They also show
observable temperature-dependent stress—relaxation behaviors
and follow the Arrhenius law (Figure S), suggesting that
chemical reactions took place under thermal and stress
activation.” On the one hand, lignin-OAm polyimines are
more thermoplastic-like whose relaxation modulus decreases
exponentially in the early stage and tends to be constant in the
late stage (Figure Sa,b), indicating that lignin-OAm polyimines
are copolymers mainly consisting of noncovalent hydrogen
networks that are easily overcome, and the imine bonds act as
chain extenders of the lignin core.”” On the other hand,
traditional thermosets are hard to stress—relax under heating
because of the irreversible covalent bonds.”’ However, in this
work, the relaxation modulus of lignin-PDMS polyimines is
released slowly first and significantly later (Figure Sc,d),
indicating that they are adaptable thermoset-like networks
mainly due to the dynamic imine covalent networks that are
responsible for their stress—relaxation behavior.”” In other
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words, the occurrence of imine exchange and metathesis is
likely the reason for their network rearrangement and stress—
relaxation behavior.”*** Comparing lignin-PDMS and lignin-
OAm polyimines, the latter exhibits much faster relaxation
rates under the same temperatures and applied strain (Figure
5), as well as a lower E, (Table 3), which can be explained by
the fact that the covalent cross-linking network of lignin-PDMS
polyimines is more complex and rigid than the core-branch-
shaped lignin-OAm polyimines, leading to a more difficulty in
chain mobility and rearran§ement and a reduced capability to
dissipate stress over time.*

Herein, both MKL-P and MFL-P relax faster as the
temperature increases (Figure Sc,d), which is due to the
elevated temperature and pressure promoting the mobility and
diftusion of the silicone chains, allowing for the rearrangement
of imine bonds in response to the applied pressure.”* In
addition, MKL-P shows comparable E, with reported trans-
amination of Schiff-base bonds,”****” while MFL-P shows a
higher E, than MKL-P (Table 4), indicating that their stress—
relaxation behaviors highly depend on the cross-linker, i.e.,
lignin. We contend that MFL-P synthesized by the more
homogeneous and lower-MW FL possesses an increased
covalent cross-linking density and a less flexible network than
non-fractionated and larger lignin-led MKL-P, restricting the
intermolecular and intramolecular mobility of the amine and
imine groups, thus hampering the dynamic imine metastasis
and exchange reactions and the reformation of the polymers.**
It may also be attributed to the reduction of noncovalent
interactions (H-bonding) among lignin, PDMS, and poly-
imines that favor the melting and reshaping of MFL-P under
heat.”* Therefore, MFL-P requires a longer time and/or higher
temperature to relax.

The surface properties, including dispersive and specific
surface energy, hydrophilicity index, and WCA, are also
characterized. As expected, both the dispersive and specific
surface energy of modified lignin are more heterogeneous (ie.,
the range between maximum and minimum surface energy is
relatively narrow) than those of original lignin because the
grafted active arms introduce more diverse functional groups
and more complicated structures, whereas they become more
homogeneous after the synthesis with amines because the
incorporations of long-chain OAm and low-surface-energy
PDMS™® lower the maximum surface energy of modified lignin
(Figure 6a,b). However, we want to point out the specifica
surface area of the polyimine products in this study is very low
< 1 m*/g, which easily leads to a disparity of the surface
coverage and surface energy quantification. Further verification
with large samples running needs to be conducted. The
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Figure S. Stress—relaxation curves (a—d) and Arrhenius equation plots (a’—d’) of MKL-O (a,a’), MFL-O (b,b’), MKL-P (c,c’), and MFL-P (d,d’).

The dashed line refers to 1/e (~0.37) of the initial modulus.

decreased hydrophilic index of polyimines implies that the
introduction of OAm and PDMS weakens the water affinity of
modified lignin (Table 4). It is worth noting that the WCA of
MFL-P reaches 111°, higher than many of the reported lignin-
based hydrophobic thermosets.”””***" Also, the WCA of
MFL-P is higher than that of MKL-P (111° vs 106°), which is
aligned with the hydrophilic index (0.10 vs 0.06) tested by iGC
(Table 4). The difference might be attributed to the lower
surface energy and higher water resistance of MFL-P caused by
the higher cross-linking density. However, the WCA shows a
minimal difference between the two lignin-OAm polyimines.
The increased hydrophilicity index of MFL-O compared with
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MKL-O (0.09 vs 0.0S, Table 4) may be attributed to the higher
LA grafting efficiency of MFL that brought more polar
moieties.

Compared with KL, FL has a relatively higher OH content
ready for LA esterification (5.71 mmol/g vs 5.24 mmol/g) and
a more homogeneous MW distribution (Dy: 2.98 vs 2.02).
MFL has a higher OH decreasing percentage (83.54% vs
76.15%), ketone grafting density (14.65 vs 7.14), and lower M,,
(3.603 kDa vs 5.359 kDa, Table 1) compared with MKL,
which causes little differences in the structures and properties
between MKL-O and MFL-O that modified with OAm but
causes noticable differences between MKL-P and MFL-P that
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Table 4. Minimum, Median, and Maximum Values of 7,4 and 7, as well as Hydrophilicity Index (}'SP/ (ysp +74)) and WCA of

Lignin, Modified Lignin, and Lignin-Based Polyimines

¥a (mJ/m?) Vs (mJ/m?)
samples minimum median maximum minimum median maximum Yop! (]/SP +74) WCA (deg)
KL 42.60 46.74 60.51 0.71 3.56 6.45 0.08 N/A
FL 11.63 20.10 35.57 0.17 0.71 4.38 0.04 N/A
MKL 42.19 45.57 110.20 11.27 6.81 26.99 0.15 N/A
MEFL 33.08 41.88 114.05 5.74 7.92 20.15 0.19 N/A
MKL-O 0.68 21.12 23.41 0.03 1.02 2.14 0.05 99
MFL-O 0.93 28.85 39.52 0.70 2.73 3.19 0.09 98
MKL-P 39.74 43.57 46.80 3.59 4.54 5.49 0.10 106
MFL-P 2.25 12.93 59.41 0.11 0.83 10.88 0.06 111

Figure 6. Dispersive (a) and specific (b) surface energy and WCA (c) of lignin, modified lignin, and synthesized lignin-based polyimines.

Figure 7. UV-light blocking ability (a) and images of MKL-P (b) and MFL-P (c) translucent films.

crosslined with PDMS. In particular, MFL-P possesses higher
cross-linking density than MKL-P, which further leads to
different thermal stability (T, 576 °C vs 518 °C, Table 3)
and hydrophobicity (WCA: 111° vs 106° hydrophobicity
index: 0.06 vs 0.10, Figure 6 and Table 4). The differences are
likely related not only with the amount of OH content in lignin
and grafting density of LA but also the different steric
hindrance of modified lignin that influences the lignin-amine
polymerization.

The synthesized polyimine films exhibit a good ability to
shield broad-spectrum UV radiation including UV-A (wave-
length: 400—320 nm), UV—B (wavelength: 320—280 nm),
and UV—C (wavelength: 280—200 nm) with 0% transmittance
of UV light. Among them, lignin-OAm films exhibit a better
ability to shield visible light (wavelength: 400—800 nm) than
lignin-PDMS films (Figure 7a). Their UV-blocking ability
mainly is attributed to the conjugated C=C double bonds,
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unsaturated ethylene groups, and condensed structures in
lignin.”® Moreover, synthesized lignin-PDMS polyimine films
are translucent. As we can see from Figure 7b,c, the letters
“Center for Renewable” could be seen through the MKL-P and
MFL-P films. The transparency mainly derives from the PDMS
component, and the brownish color is mainly derived from the
chromophore groups such as conjugated C=C, C=0, and
COOH with aromatic rings in the lignin component.”">
However, MKL-P displays better visuality than MFL-P, which
is in accordance with the higher visible-light transmittance of
MKL-P in Figure 7a. Overall, the synthesized lignin-PDMS
polyimines could act as a potential candidate for translucent,
anti-UV, and hydrophobic coatings.

Reprocessing Ability and Repairability of Polyimines.
Imine exchange and metathesis are the two primary reactions
responsible for the reprocessing ability and recyclability of
polyimines without requiring catalysts."”®® In a previous
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Figure 8. Optical microscopy images of MKL-O (a,2’), MFL-O (bb’), MKL-P (c,c’), and MFL-P (d,d’) before (a—d) and after (a’—d’) repair.

Figure 9. Proposed mechanisms of imine condensation, exchange, and metathesis reactions during the repair of lignin-OAm (a) and lignin-PDMS

(b) polyimines.

report, a lignin-based polyimine thermoset was successfully
reprocessed under hot press via dynamic imine chemistry with
minimally detrimental effect on mechanical strength.6 The
dynamic imine exchange and metathesis are closely influenced
by the polyimine’s structures, molecular chain flexibility, and
rigidity etc.””® In our study, lignin-OAm polyimine films can
be repurposed into new films at 160 °C and 1 MPa for 3 h
after being cut into small pieces (Figure S9); however, the
lignin-PDMS films are hardly reprocessed using the same
procedure. It agrees with the stress—relaxation analyses that
lignin-OAm polyimines are more thermoplastic-like, while
lignin-PDMS polyimines are more thermoset-like.
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A simple experiment testing of repairability was also
conducted by reheating the razor scratches on the films
under a hot press. As a result, the scratches on the lignin-OAm
polyimine films could be self-healed under RT and 0.1 MPa for
20 min (Figure S10). Nevertheless, a healing agent consisted of
a prereacted lignin and PDMS solution under 80 °C for 12 h
was required to repair the damaged lignin-PDMS polyimine
films under 150 °C and reduced pressure for 12 h (Figure
S11). Under a microscale, the scratches on lignin-OAm
polyimine films are nearly invisible after repair (Figure
8a’b’), while the scratches on lignin-PDMS polyimine films
are repaired significantly but still observable (Figure 8c’,d’).
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Meanwhile, MKL-P appears to have better repairability than
MFL-P based on the differences in the wider gap of the
repaired scratche, which might be due to the higher cross-
linking density of MFL-P that raises the difficulty in chain
mobility and polymer rehealing.”> Overall, lignin-OAm
polyimine films can be self-healed by simply applying pressure,
while lignin-PDMS polyimine films can be repaired with the
help of a healing agent, heat, and pressure.

Based on with the structural characterization results, the
possible dynamic bonds are imine and ester bonds in the
synthesized polyimines. To investigate whether transesterifica-
tion contributed to the DCPN, dynamic mechanical analyses
of the esterified lignin (MKL and MFL) were also conducted.
As shown in Figure S8, although MKL and MFL exhibit classic
stress—relaxation behavior (viscosity—temperature depend-
ence), the weak Arrhenius correlations (R*> = 0.84 and 0.65,
respectively) provide limited evidence for transesterification.
The stress—relaxation behavior of the esterified lignin is
probably attributed to the polymer melt, which rules out the
contribution of transesterification to the DCPN. Therefore,
dynamic imine chemistries including imine exchange and
metathesis are mainly responsible for the repairability of the
synthesized polyimines.

Several factors are considered to affect the dynamic imine
chemistries: (1) Higher temperatures can increase the reaction
rate by (i) providing more thermal energy to the reactant
molecules® and (ii) increasing the chain mobility of the
silicone,”* thereby promoting the breaking and reformation of
C=N bonds and bond rearrangement in response to heat and
pressure; (2) Pressure can affect imine exchange and
metathesis reactions indirectly by influencing the solubility
and diffusion of reactants to impact the reaction kinetics;>> (3)
Excessive amines play an important role in initiating the
dynamic imine exchange and metathesis. A prior report
investigated that the amine concentrations affect the dynamic
imine bond exchange kinetics by taking part in noncovenant
interactions and that a higher amine concentration is beneficial
to decreasing the activated energy of relaxation of the vanillin-
PDMS polyimines.”* As discussed above, excess amines are
present in the final products in this study. Under the
stimulation of unreacted amines, the polyimines were
repairable via imine exchange and metathesis.

The proposed reactions during repair are displayed in Figure
9. As for lignin-OAm polyimines, unreacted ketones in
modified lignin further condense with excess amines in the
OAm to form imine bonds. Meanwhile, lignin-OAm polyimine
molecules exchange imine bonds and metathesize with amines
in unreacted OAm under pressure reversibly (Figure 9a). As
for lignin-PDMS polyimines, unreacted ketones in modified
lignin are likely stimulated to condense with free PDMS via
heat and pressure. Simultaneously, imine exchange reactions
occurred among the existing and newly formed imine bonds,
and imine metathesis reactions occurred between imines and
uncondensed amines in PDMS or lignin-PDMS polyimines
(Figure 9b).

We also admit that there are a couple of limitations in the
current study. Firstly, a more precise control of the lignin
fractionation to yield several representative lignin chemistry
(i.e, MW and functional groups) will be beneficial to further
illustrate the MW and ketone grafting density of KL, so that
the tailoring effect of lignin will be more underlying to
establish a fundamental relationship. Secondly, the repair time
is long, which is energy-consuming. Further studies on lignin
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pretreatment/structural tailoring and application of lignin-
PDMS polyimines for coatings are ongoing in our group.

B CONCLUSIONS

We have showed that lignin-based polyimines were successfully
prepared via a catalyst-free Schiff-base reaction between the
ketone groups in modified lignins and amine groups in OAm
and PDMS. The ketone grafting density of MFL is higher than
that of MKL, resulting in a higher M,, of MFL-O and a denser
cross-linking network of MFL-P, suggesting lignin fractions
with lower MW and more active functional groups are
favorable to the synthesis of polyimines. Additionally, lignin-
OAm polyimines are linear grafted copolymers with lignin as
skeletons and OAm as arms, while lignin-PDMS polyimines are
three-dimensional cross-linked polymer networks. The stress—
relaxation behaviors of synthesized polyimines indicate the
occurrence of transimination under thermal-stress activation.
As a result, lignin-OAm polyimines are self-repairable and hot
reprocessable, while lignin-PDMS polyimines are repairable
with the assistance of a healing agent, heat, and stress.
Moreover, lignin-PDMS polyimines exhibit great hydro-
phobicity, thermal stability, translucency, and UV-blocking
ability. MFL-P features better hydrophobicity and light-
shielding ability but inferior repairability and translucency
because of the intensified cross-linking density and a more
rigid network structure. The synthesized lignin-PDMS
polyimines appear to have a great potential to be applied for
repairable, and hydrophobic coatings.
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