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Abstract: A facile, sustainable method for the selective modification of aliphatic hydroxy (R-OH)
groups in Kraft lignin was developed using an ionic liquid, 1-ethyl-3-methylimidazolium acetate
(EmimOAc), as a solvent and catalyst. Selective R-OH modification was achieved by a one-pot,
two-step homogeneous reaction: (i) acetylation of R-OH and aromatic OH (Ar-OH) groups with iso-
propenyl acetate (IPAc) as an acyl donor and (ii) subsequent selective deacetylation of the generated
aromatic acetyl (Ar-OAc) groups. In step (i), IPAc reacts rapidly with Ar—OH but slowly with R-OH.
The generated Ar—OAc is gradually deacetylated by heating in EmimOAc, whereas the aliphatic
acetyl (R-OAc) groups are chemically stable. In step (ii), all R-OH is acetylated by IPAc and Ar-OAc
which is a better acyl donor than IPAc, contributing to the rapid acetylation of the remaining R-OH,
and selective deacetylation of the residual Ar-OAc is completed by adding a tiny amount of water
as a proton source. This two-step reaction resulted in selective R-OH modification (>99%) in Kraft
lignin with the remaining being almost all Ar-OH groups (93%). Selectively modified Kraft lignin
was obtained with an acceptably high isolated yield (85%) and repeatability (N = 3). Furthermore,
despite the lower substitution degree, it exhibited solubility in common solvents, heat-meltability,
and thermal stability comparable to completely acetylated Kraft lignin.
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1. Introduction

Lignin is the most abundant natural aromatic polymer and a potential renewable
source of high-value chemicals and materials for significant applications [1,2]. In its
native form, depending on its origin, lignin contains three types of aromatic repeating
backbone units—p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) (Scheme 1a)—which
have aliphatic hydroxy (R-OH) groups such as primary and secondary alcohols and
aromatic hydroxy (Ar-OH) groups. During biosynthesis, these monomers are linked
through ether and carbon-carbon bonds via the free-radical coupling of the resonance-
stabilized structures (Scheme 1b) [3,4]. The major source of lignin is chemical pulping,
90% of which is performed via the Kraft process using sodium hydrosulfide (NaSH) and
sodium hydroxide (NaOH) under high pressures and temperatures. This process affords
Kraft lignin as a byproduct isolated from spent pulping liquor (i.e., black liquor), with
the global annual production capacity estimated as 265 metric kilotons [5,6]. However,
because of its complex heterogeneous structure, an estimated 98% of Kraft lignin is burned
as a non-optimized energy resource in pulp mill boilers to recover energy and pulping
chemicals [7]. Recently, demands have arisen to convert Kraft lignin into higher-utility
functional polymers such as adhesives [8,9], carbon fiber [10], polymeric components in
thermosets (e.g., phenolic resins [11], polyurethanes [12,13], and epoxy resins) [14], and
thermally stable copolyesters [15].

Catalysts 2021, 11, 120. https:/ /doi.org/10.3390/ catal11010120

https:/ /www.mdpi.com/journal/catalysts


https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0003-2522-6711
https://orcid.org/0000-0002-6775-9850
https://doi.org/10.3390/catal11010120
https://doi.org/10.3390/catal11010120
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/catal11010120
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/2073-4344/11/1/120?type=check_update&version=1

Catalysts 2021, 11, 120

20f 17

i\/OH ;\/OH i\/OH
o/ \O o/
OH OH oH

p-Hydroxyphenyl (H) unit Guaiacyl (G) unit Syringyl (S) unit

@:? 2 9 &) (R-OH)
f 5
N b -5 (9-12%)
L @YY@ e
%)

4

Scheme 1. Structural representation of (a) aromatic repeating units and (b) dominant ether and
carbon-carbon linkages in lignin with R-OH and Ar-OH groups.

Kraft lignin features a rigid backbone comprising aromatic units that can participate
in 77t interactions and a mixture of oxygenated functional groups that can undergo
hydrogen bonding, which result in a relatively high glass transition temperature (Tg) of
over 100 °C [16,17]. Additionally, the molecular weight of isolated Kraft lignin is usually
low since the pulping process results in significant cleavage and condensation [18]. These
factors create a stiff yet fragile material that is stiff yet cannot yield without breaking [19].
Therefore, without significant modification, Kraft lignin itself has little commercial value
for polymeric applications. In turn, the functionalization of Kraft lignin is hindered by its
poor solubility in common organic solvents, non-heat-meltability, and heterogeneity.

Kraft lignin possesses abundant R-OH and Ar—OH groups, which offer handles
for modification to engineer its physicochemical properties. Esterification, a more than
100-year-old prototypical derivatization technique, can be employed to increase the pro-
cessability and usefulness of biopolymers, as exemplified by thermoplastics and ther-
mosets [19-21]. Most reported methods on lignin esterification employ acyl halides and
anhydrides, typically in the presence of catalysts. Conventional acyl donors are highly
activated and react with both R-OH and Ar—OH groups at comparable rates. Although a
model compound study has shown that pyridine catalysts favor R-OH while triethylamine
favors Ar-OH [22], conventional catalysts show no clear chemoselectivity.

Liu et al. demonstrated a chemoselective Fischer esterification of lignin R-OH groups
using an excess of carboxylic acid in the absence of a catalyst [19]. However, the harsh
conditions required for a satisfactory degree of conversion limit the applicability of this
method, as the employed high reaction temperatures (120—160 °C) and long processing
times (24—96 h) are not cost-effective. Furthermore, such severe conditions can induce the
emission of environmentally hazardous organosulfur compounds due to the unavoidable
pyrolysis of the sulfur links created during Kraft pulping [23]. To the best of our knowledge,
apart from protection, there are no facile and sustainable methods for the chemoselective
modification of R-OH or Ar-OH groups in Kraft lignin.

Ionic liquids are molten organic salts with melting points of below 100 °C [24], and can
be a platform for obtaining functional materials with a wide range of applications [25,26].
In particular, 1-ethyl-3-methylimidazolium acetate (EmimOAc), is an excellent solvent
for biopolymers such as cellulose and lignin [27,28], and functions as an organocatalyst
for the transesterification of R-OH and Ar-OH groups with stable vinyl esters as acyl
donors [9,29,30]. This reaction system is scalable and allows EmimOAc to be easily re-
cycled [31]. Furthermore, our previous study of low-molecular-weight compounds such
as 2-phenylethanol (Ph-EtOH) and phenol (PhOH) revealed that the transesterification
of PhOH with isopropenyl acetate (IPAc) (Scheme 2b) is faster than that of Ph-EtOH
(Scheme 2a) [29], which was attributed to the generally lower basicity and nucleophilic-
ity of PhOH (K}, approximately 10° lower than that of methanol) [32]. Furthermore, the
generated phenyl acetate (PhOAc) was found to be gradually deacetylated by heating
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in EmimOAc (Scheme 2c), whereas 2-phenylethyl acetate (Ph-EtOAc) remained stable.
This deacetylation reactivity difference indicated that EmimOAc selectively catalyzes the
deacetylation of aromatic acetyl (Ar—-OAc) groups [29].
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Scheme 2. Schematic representation of the acetylation of (a) R-OH and (b) Ar—~OH groups using

1-ethyl-3-methylimidazolium acetate (EmimOAc) as catalyst and isopropenyl acetate (IPAc) as an
acyl donor and (¢) EmimOAc-catalyzed selective deacetylation of Ar—-OAc groups.

In previous studies on the transesterification of Kraft lignin using EmimOAc and
excess vinyl esters, both R-OH and Ar-OH groups were esterified, although a similar se-
lective deacylation of the generated aromatic esters was expected [9,30]. This phenomenon
may be caused by the excess acyl donors continuously promoting R-OH esterification.
Thus, we assumed that the selective modification of R-OH groups in Kraft lignin can be
achieved if an appropriate initial concentration of the acyl donor is selected to enhance
the selective deacylation of aromatic moieties. If the concentration of the acyl donor (e.g.,
IPAc) is properly lowered, the Ar—OH groups in Kraft lignin should rapidly react with
IPAc, whereas the abundant R-OH groups should remain intact in the initial stage as their
reaction with IPAc is relatively slow. However, if all the generated Ar-OAc groups are
subsequently deacetylated using the remaining R-OH as a proton source, Ar-OH and
R-OAc groups eventually form. Therefore, the selective R-OH modification in Kraft lignin
with acyl groups can be realized in a one-pot two-step reaction (Scheme 3). If such selective
modification improves the solution and thermal processabilities of Kraft lignin, it is more
advantageous than the thorough modification of all OH groups, as the residual Ar-OH
groups may be of value for further functionalization.
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Scheme 3. Schematic representation of the selective modification of R-OH groups in Kraft lignin via
a two-step reaction in an EmimOAc/DMSO mixed solvent: transesterification of R-OH and Ar-OH
groups with IPAc as an acyl donor and subsequent selective deacetylation of the generated Ar—-OAc
groups with the residual R-OH groups as a proton donor.
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This study aimed to establish a facile and sustainable method for the selective R-OH
modification in Kraft lignin with acetyl groups using EmimOAc as the solvent and catalyst.
Several model reactions were conducted with low-molecular-weight compounds and
analyzed by in situ 'H NMR to compare the reactivities of both types of OH groups and
acetyl derivatives in EmimOAc-catalyzed transesterification reactions. The optimized
reaction conditions were applied to Kraft lignin, and the physicochemical properties of
selectively modified Kraft lignin derivative were compared with those of fully modified
Kraft lignin derivative.

2. Results and Discussion
2.1. Selective Modification of R-OH Groups Accelerated by In Situ Generated Ar-OAc Groups as
an Acyl Donor

In our previous study [29], EmimOAc was employed to catalyze the acetylation of
both R-OH and Ar-OH groups using IPAc as an acyl donor for the subsequent selective
deacetylation of Ar—~OAc groups. However, with excess IPAc (e.g., ~10 Equation/[OH]),
the deacetylation of the generated Ar-OAc was negligible, as the Ar—-OH groups were
continuously acetylated. Thus, the targeted selective R-OH modification was not achieved
at a high IPAc concentration.

In contrast, we expected that selective modification can be realized at an appropriately
low IPAc concentration. Toward this goal, the three model reactions shown in Figure 1a
were performed at 80 °C for PhOH, Ph-EtOH, and an equimolar mixture of minimal
amounts of IPAc and EmimOAc (1 Equation/[Ph-EtOH] or [PhOH] each). In the model
reaction using the mixture of PhOH/Ph-EtOH, the concentrations of IPAc and EmimOAc
were 0.5 molar equivalents of the sum of [Ph-EtOH] and [PhOH]. The changes in OH con-
centration were analyzed by in situ 'H NMR in deuterated dimethyl sulfoxide (DMSO-ds,
see Supplementary Materials for detailed procedures and calculation methods).
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Figure 1. (a) Schematic representation of model reactions in EmimOAc/DMSO-dg: transesterification of PhOH, Ph-EtOH,
and an equimolar mixture using IPAc as an acyl donor. (b) Effect of minimal amounts of IPAc and EmimOAc (0.38 mol L1
each) on the transesterification of individual PhOH and Ph-EtOH or their mixture (0.38 mol L~ each) for 12 or 24 h at
80 °C determined as changes in relative contents by in situ 1H NMR in DMSO-dg.

As shown in Figure 1b, the individual acetylation of PhOH and Ph-EtOH proceeded
immediately upon heating at 80 °C. The concentrations of these reactants decreased at
different rates, and that of PhOH decreased faster than that of Ph—EtOH, in line with our
previous study [29]. After 1h of heating, the Ph—-EtOH concentration continued to decrease,
whereas that of PhOH gradually increased, which suggested that the selective deacetylation
of the generated PhOAc proceeded concomitantly with IPAc consumption. Interestingly,
the rate of increase in PhOH concentration was faster in the presence of Ph—EtOH than that
of PhOH alone. This suggests that Ph—-EtOH contributed to the deacetylation of PhOAc as a
proton source. Consequently, almost all the generated PhOAc was successfully reconverted
to PhOH, while Ph-EtOH was completely acetylated within 24 h. Therefore, the desired
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selective modification of R-OH in the presence of Ar-OH groups was demonstrated in a
model reaction at minimal IPAc and EmimOAc concentrations.

Note that the transesterification of the above mixture was performed at an IPAc loading
of only 1 molar equivalent with respect to Ph-EtOH. Although the PhOH concentration at
one point significantly decreased because of transesterification with IPAc, all Ph—-EtOH was
ultimately acetylated. This suggests that the generated PhOAc was sequentially consumed
as an acyl donor for Ph—-EtOH acetylation. The Ph-EtOH conversion rate in the presence of
PhOH in the middle stage after ~1 h was notably faster than that of Ph—-EtOH alone at the
same IPAc concentration, which was attributed to the fact that the generated PhOAc is a
more active acyl donor for Ph-EtOH than IPAc (see Figure S1).

2.2. Key Factors in the Selective Modification of R—-OH Groups

The above model study using a mixture of Ph-EtOH and PhOH in the presence of
1 Equation/[Ph-EtOH] of IPAc and EmimOAc realized the facile selective modification of
R-OH groups through the transesterification of PhOH and Ph-EtOH with IPAc followed
by the selective deacetylation of the generated PhOAc using Ph-EtOH. In this reaction
system, the concentration of IPAc is key. When the IPAc concentration was increased to
3 Equations/[Ph-EtOH], all Ph—-EtOH was rapidly acetylated, as the abundant IPAc and
the in situ generated PhOAc functioned as acyl donors. However, as excess IPAc continued
to react with PhOH and finally reached equilibrium, the reconversion of PhOAc to PhOH
was largely prevented (Figure S2).

To apply the above reaction to actual Kraft lignin, it is also necessary to determine the
proper amount of EmimOAc as it functions not only a catalyst but also as a lignin solvent.
Another model reaction with a ten-fold molar concentration of EmimOAc was performed
on a mixture of Ph-EtOH and PhOH in the presence of 3 Equation/[Ph-EtOH] of IPAc.
As shown in Figure 2, regardless of the presence of PhOH, all Ph—-EtOH was immediately
acetylated because of the significant increase in EmimOAc, and the generated Ph-EtOAc
remained intact for up to 10 h. Although a certain amount of PhOH was converted to
PhOAc immediately upon heating, all generated PhOAc was gradually deacetylated as
this deacetylation was promoted by the increased amount of EmimOAc [33]. Therefore, the
appropriate combined amount of IPAc and EmimOAc was demonstrated to be essential
for selective R-OH modification.
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Figure 2. Effect of the amount of EmimOAc (3.8 mol L™1) on the transesterification of individual
PhOH and Ph-EtOH or their mixture (0.38 mol L~ each) under excess IPAc (1.14 mol L) for 10 h
at 80 °C determined as changes in relative contents by in situ 'H NMR in DMSO-ds.

Prior to the application of the above reaction to Kraft lignin, the PhOAc deacetylation
mechanism should be discussed. As shown in Figure 2, after Ph—EtOH as an effective
proton source for PhOAc deacetylation was completely acetylated in the early stage, PhOAc
deacetylation proceeded until 10 h. This implies that the existence of another proton
source (e.g., traces of water) for PhOAc deacetylation. However, when the EmimOAc
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concentration was low (0.38 mol L), the deacetylation of PhOAc was not significantly
promoted (Figure S2). Thus, the significant deacetylation of PhOAc illustrated in Figure 2
could not be mainly ascribed to water. Considering all other chemicals present in the
reaction system, the weakly acidic proton at the C2 position of the Emim cation [33] is most
likely proton source.

Multiple reaction pathways are expected for PhOAc deacetylation. In the presence of
a sufficient amount of a proton source such as Ph—-EtOH (Figure 1b), PhOAc deacetylation
should proceed through a concerted mechanism involving both the cation and the anion of
EmimOAc, as depicted in Scheme 4 (i). This concerted mechanism is based on the insights
into EmimOAc-catalyzed transesterification reported by Kakuchi et al. obtained by their
experimental and computational investigations [34].

(i) Concerted catalysis

R | R = -CH,CH,Ph or H (water) |

).i H,o,w

. o. ® o OH o
%o W\O\Q — NN +

™ O @ \=/ 2" )LOR
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Scheme 4. Schematic representation of the proposed mechanisms of PhOAc deacetylation in the
presence of EmimOAc: (i) concerted catalysis with the coexistence of R-OH groups and water as
proton sources and (ii) another tentative pathway utilizing a weakly acidic proton at the C2 position
of the Emim cation as another proton source.

For the EmimOAc-catalyzed transesterification of OH groups with vinyl acetate as an
acyl donor, Chen et al. proposed that the acetate anion of EmimOAc can deprive the Emim
cation of a proton at the C2 position, forming an N-heterocyclic carbene and reacting with
vinyl acetate to generate an acylated Emim cation (eventually, the OH group is acetylated
by the acylated Emim cation) [35]. Furthermore, Hirose et al. proposed another minor
pathway via a mixed acid anhydride, which can be generated by a direct nucleophilic
attack from the acetate anion of EmimOAc on the vinyl ester [36]. Considering these two
EmimOAc-catalyzed transesterification pathways, we proposed a tentative pathway for
PhOACc deacetylation without Ph-EtOH as a proton source, as shown in Figure 2. As
depicted in Scheme 4 (ii), PhOAc deacetylation could be promoted by a weakly acidic
proton from EmimOAc as a proton source, and the C2 position of the Emim cation could
be substituted with the acyl group derived from PhOAc.

In tentative deacetylation pathway (ii), first, the acetate anion nucleophilically attacks
PhOAC, forming acetic anhydride and a phenoxide anion as intermediates. Subsequently,
the generated phenoxide anion takes the weakly acidic proton from the C2 position of the
Emim cation and becomes PhOH. Although the generation of an N-heterocyclic carbene
cannot be clarified, the deprotonated Emim could react with acetic anhydride, generating
the acylated Emim cation and acetate anion. In other words, EmimOAc could function as a
kind of substrate in the deacetylation of PhOAc. However, there is insufficient evidence
to prove reaction pathway (ii) because the in situ 'H NMR performed in this study could
not detect clear peaks corresponding to the acylated Emim cation or the other associated
intermediates. It is an important future task to verify proposed mechanism (ii) using
analytical techniques with a higher time resolution.

More importantly, if EmimOAc functions as a proton donor for PhOAc deacetylation,
the consumed EmimOAc could not be reused without subsequent regeneration. To improve
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the efficiency and sustainability of our proposed method for selective R-OH modification, it
would be better to promote the main reaction pathway (i) or another step for the subsequent
hydrolyzation of the acylated Emim cation by adding other proton sources such as water.

2.3. Effects of Methoxy Groups at o-Positions of Ar—OH Groups

A further concern in applying the polymer reaction is the effects of the abundant
methoxy (OMe) groups at the o-positions of the Ar—~OH groups in Kraft lignin. The Kraft
lignin used in this study contains a few H-type Ar-OH groups whose o-positions are not
substituted like PhOH, but it is rich in G- and S-type Ar-OH groups with mono- or di-OMe
groups at the o-positions. To investigate the effect of the OMe groups on the selective
R-OH modification, two more model reactions (Figure 3a) were performed using molar
equivalent mixtures of Ph—EtOH and guaiacol (GuOH) or 2,6-dimethoxyphenol (syringol,
SyOH) in a similar manner to the previous model reactions using 3 Equations/[Ph-EtOH]
of IPAc and 10 Equations/[Ph-EtOH] of EmimOAc.

(80 °C, 10 h) GuOH Ph-EtOAC

[OH)[CH],

(Mixture)
IPAC (Excess (j \l( @: ©/\/ I ggi(élt-lOH
EmlmOAchMSO ds 0’
(80°C, 10 h) Ph-EtOAc (Mixture)
- SyOH

SyOAc (30/ SyOH (70%)
—A- Ph-EtOH

! i | I 1 !
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Reaction time / h

Figure 3. (a) Schematic representation of model reactions in EmimOAc/DMSO-dg: transesterification of equimolar mixtures
of GuOH or SyOH with Ph-EtOH using IPAc as an acyl donor. (b) Effect of mono- or di-OMe groups at the o-positions of
Ar-OH groups on the transesterification of mixtures of GuOH or SyOH with Ph-EtOH (0.38 mol L~! each), excess IPAc
(1.14 mol L™1), and EmimOAc (3.8 mol L=1) for 10 h at 80 °C determined as changes in relative contents by in situ TH NMR

in DMSO-dg.

As shown in Figure 3b, all Ph-EtOH in the presence of GuOH was immediately
acetylated, like that with PhOH (Figure 2). Although the rate of decrease in GuOH
concentration in the early stage was faster than that of PhOH, all the acetylated GuOH
(GuOAc) returned to GuOH by 10 h. On the other hand, Ph-EtOH in the presence of SyOH
was completely acetylated, and the initial reduction rate of SyOH was slightly slower
but the maximum conversion rate was the highest. The SyOH concentration gradually
increased after 2 h of heating, but approximately 30% of the initial SyOH concentration
remained in the acylated state (SyOAc) after heating for 10 h. These results imply that an
increase in the number of electron-donating OMe groups improves the chemical stability
of the generated Ar-OAc groups against subsequent deacetylation. Thus, complete SyOAc
deacetylation was prevented. To realize facile and selective R-OH modification in Kraft
lignin, the initial concentration of IPAc should be minimized to prevent excess acetylation
of S-type Ar-OH groups in the early reaction stage.

2.4. Selective R-OH Modification in Kraft Lignin by One-Pot Two-Step Reaction

To improve the solution and thermal processabilities of Kraft lignin without substi-
tuting the valuable Ar—-OH groups, a facile and sustainable method for selective R-OH
modification using EmimOAc was developed (Scheme 5). In this system, (i) fast Ar—-OH
acetylation and relatively slow R-OH acetylation are first performed at 80 °C for 1 h us-
ing a determined amount of IPAc in an EmimOAc/DMSO mixed solvent. Subsequently,
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(ii) selective deacetylation of the generated Ar-OAc groups is conducted at 80 °C for more
than 1 h, which is promoted by adding a tiny amount of water as a proton donor.

o]

HO (i) IPAc (80°C, 1h) (ii)H20 (80 °C, 1 h) )LO
(o] - - o]
/©)\[ EmimOAC/DMSO m ,k
HO' OH HO 0" "0
Kraft lignin Selectively modified Kraft lignin
= C-H or C-OMe

Scheme 5. One-pot two-step reaction for selective R-OH modification in Kraft lignin: (i) acetylation
of Ar—-OH and R-OH groups using IPAc and (ii) subsequent selective deacetylation of generated
Ar-OAc groups promoted by adding 2 Equations/[Ar-OH] of water as a proton source in an
EmimOAc/DMSO mixed system.

Importantly, a certain amount of Ar-OH groups is expected to be acetylated during
step (i). Thus, subsequent deacetylation of the produced Ar-OAc groups must be com-
pleted to realize selective R-OH modification in Kraft lignin. However, the content of
R-OH groups (2.7 mmol g_l) in the employed Kraft lignin is less than that of Ar-OH
groups (3.4 mmol g~ ') [30]. This unbalance can cause a lack of proton sources for the
complete deacetylation of Ar-OAc groups if excess Ar-OH groups are acetylated in the
first step.

The model experiment (Figure 2) demonstrated that the use of excess EmimOAc enabled
the complete deacetylation of Ar-OAc groups, even after all R-OH groups were acetylated.
However, to increase the reusability of EmimOAc, another proton source should be used
instead. Water can act as an optimal proton source in terms of greenness and cost-effectiveness,
but excess water would significantly hydrate EmimOAc and interfere with its excellent
catalytic activity for R-OH acetylation. Therefore, this series of reactions—acetylation of
R-/Ar-OH groups with IPAc and subsequent selective deacetylation of Ar-OAc groups with
water—was divided into two steps, and the added amount of water in the second step was
adjusted to 2 Equations/[Ar—OH] to appropriately promote Ar-OAc deacetylation.

As suggested by the model experiments, the key to selective R-OH modification
should be the IPAc concentration. Our preliminary examination using excess IPAc
(12 Equations/[R-OH]) achieved 100% R-OH acetylation, while 90% of the Ar-OH groups
remained by extending the deacetylation time in the second step to 24 h (see Figure S3).
However, excess IPAc and long reaction times are not time- or cost-effective. Thus,
the reaction time for each step was decided as 1h, and the minimum amount of IPAc
required for selective R-OH modification in Kraft lignin was investigated from 1 to
12 Equations/[R-OH].

As shown in Figure 4, when 10-12 Equations/[R-OH] of IPAc were added, 20-30% of
Ar-OH groups were lost to acetylation because the degree of deacetylation of the generated
Ar-OAc groups was insufficient in the limited reaction time. On the other hand, almost all
Ar—OH groups were retained when the IPAc amount was 1-7 Equations/[R-OH]. How-
ever, R-OH acetylation was incomplete using 1-2 Equations/[R-OH] of IPAc. Therefore,
3 Equations/[R-OH] was determined as the minimum amount of IPAc for the efficient
selective modification of R-OH groups in Kraft lignin.
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Figure 4. Changes in contents of R-OH and Ar-OH (H/G/S-type and C5-Sub. OH) groups in Kraft
lignin before and after acetylation using different amounts of IPAc (1-12 Equations/[R-OH]) at 80 °C
for 1 h and subsequent selective deacetylation with added water (2 Equations/[Ar-OH]) at 80 °C for
1 h in an EmimOAc/DMSO mixed system.

2.5. Isolated Yield and Repeatability of the Reaction with Kraft Lignin

Under the optimized reaction conditions, the synthesis of selectively modified Kraft
lignin, Lig-Ac (Selective), succeeded with a good isolated yield (~85%) and reproducibility
(N = 3). During the one-pot two-steps reaction, Kraft lignin was completely dissolved in
the EmimOAc/DMSO mixed system and sufficiently reacted. Thus, the obtained product
should not have contained the unreacted material. In step (ii) for promoting selective
deacetylation of the generated ArOAc, water (Scheme 5) was added into the reaction
system. However, since the amount of water was very tiny, nothing was precipitated,
which allowed that the selective deacetylation proceeded in totally homogeneous reaction.
Therefore, the finally obtained water-precipitate is expected not to have contained fully
acetylated Kraft lignin, either. The reason why the isolated yield of the Lig-Ac (Selective)
was not reached to 100% might be because a part of the products dissolved in water and/or
were uncollectable.

To clarify the advantage of the selective modification of R-OH groups with Ac groups
in terms of physicochemical properties, fully modified Kraft lignin, Lig-Ac (Full), in which
all OH groups were acetylated using excess IPAc, was also prepared as a reference. Table 1
shows the isolated yields, average OH contents, and molecular weight distributions of the
Kraft lignin and selectively and fully modified Kraft lignin derivatives. The OH contents
were estimated by quantitative 3'P NMR analysis (see Supplementary Materials for the
assignments in Table S1, and spectra in Figure S4) according to previous studies [37,38].
The Ar-OH content in Lig-Ac (Selective) was 3.2 mmol g~!, whereas the R-OH content
was less than 0.1 mmol g~!. On the other hand, Lig-Ac (Full) had less than 0.1 mmol g~!
of both types of OH groups. These results strongly support that the selective modification
of R-OH groups and full acetylation of both R—/Ar-OH groups succeeded, respectively.

Table 1. Average yields, OH contents, and molecular weight distributions of Kraft lignin and
acetyl derivatives.

Molecular Weight
b -1 8
OH Content °/mmol g Distributions ¢
Entry Isolated Yield ?/% R-OH Ar-OH M,,/10 3 g mol-1 pd
Lig-Ac (Selective) 8 +£1 0.1£0.0 32+00 8.6 5.3
Lig-Ac (Full) 98+ 6 0.0+0.0 01+00 6.4 43
Kraft lignin - 27£00 34+01 8.9 5.4

2 Average yield (N = 3). ® Determined by quantitative 3'P NMR analysis after phosphitylation. ¢ Estimated by
SEC measurement in 0.01 mol L~! LiBr/DMF solution with polystyrene standards. 9 Polydispersity = My, /M.
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There was no significant change in the weight average molecular weight (M,,) or
polydispersity (D) between Lig-Ac (Selective) and the original Kraft lignin, suggesting that
side reactions such as degradation and crosslinking did not occur during the mild one-pot
two-step reaction. On the other hand, M., of Lig-Ac (Full) decreased slightly (see details
in Figure S5). The use of excess IPAc for the full acetylation of Kraft lignin could cause
unexpected side reactions, and/or the apparent My, could decrease due to a change in
cohesiveness in the SEC eluent (0.01 mol L~! LiBr/DMEF solution).

2.6. Chemical Identification

To provide clear chemical structural information, Lig-Ac (Selective) and Lig-Ac (Full)
were analyzed by ATR-mode FT-IR, 'H NMR, and '3C NMR and compared with Kraft
lignin, as shown in Figure 5. The FT-IR spectrum of Lig-Ac (Selective) contains bands
at 1589, 1513, 1426, 1144, and 851 cm™! corresponding to the aromatic ring vibrations
of the phenylpropane skeleton; [39] the bands for Lig-Ac (Full) were observed at 1593,
1508, 1420, 1124, and 852 cm ™!, and those of Kraft lignin were observed at 1593, 1511,
1420, 1124, and 854 cm~!. The bands at 2939-2938 and 2839-2838 cm !, which were
observed in all samples, are related to the C-H vibration of CH, /CHj groups and OMe
groups, respectively [39]. The sharp band at 1032-1029 cm ! arising mainly from C-O(C)
stretching, which was also observed in all samples, is due to the C-O-C linkages in
lignin molecular [40]. The large, broad band at approximately 3401 cm~! due to O-H
stretching in the FT-IR spectrum of Kraft lignin disappeared in the spectrum of Lig-Ac (Full),
indicating that both R-OH and Ar—OH groups were acetylated. On the other hand, a broad
band at approximately 3502 cm~! was observed in the spectrum of Lig-Ac (Selective)
corresponding to the retained Ar-OH groups. Notably, the strong bands at approximately
1221 and 1216 cm ! in the spectra of Lig-Ac (Selective) and Lig-Ac (Full) correspond to the
C-0O(C) symmetric stretching of the C-O-C ester linkage in Ac groups. Furthermore, the
bands at 1367 and 1368 cm ! in both spectra arise from CHj in Ac groups. Interestingly,
Lig-Ac (Full) has C=0 stretching bands at 1735 and 1761 cm ™!, while Lig-Ac (Selective)
shows only one peak at 1736 cm ™!, suggesting that the band at 1736-1735 cm ™! arises
from Ar-OAc groups. The distinct differences between the bands of Lig-Ac (Selective) and
Lig-Ac (Full) indicate that the R-OH groups in Lig-Ac (Selective) were acetylated in the
two-step reaction, while the Ar—-OH groups remained mostly intact.

—— Lig-Ac (Full) v

— Kraft lignin
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OMe
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Aliphatic-H _MM
"
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Figure 5. (a) ATR-mode FI-IR, (b) TH NMR, and (c) 3C NMR spectra of Lig-Ac (Selective), Lig-Ac (Full), and Kraft lignin.

The 'H NMR spectra (Figure 5b) contained broad peaks at 6.2-7.5 ppm from the
aromatic skeleton of lignin and strong peaks at approximately 3.7 ppm from OMe groups.
There were also sharp peaks at 1.7-2.1 ppm from CHj in R-OAc groups and another peak
at 2.1-2.4 ppm from CHjz in Ar-OAc groups in the spectrum of Lig-Ac (Full). The strong
peak at 1.7-2.1 ppm from R-OAc groups was also observed in the spectrum of Lig-Ac
(Selective), but the Ar-OAc peak was hardly present. These observations proved that the
selective modification of R-OH groups in Kraft lignin succeeded.
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For additional chemical investigation of Lig-Ac (Selective) and Lig-Ac (Full), 3C NMR
analysis was performed. All the '3C NMR spectra (Figure 5¢) contained several peaks in
the aromatic carbon region from 100 to 150 ppm, strong peaks at approximately 56 ppm
corresponding to OMe groups on G/S units, and characteristic aliphatic carbon peaks of
[3-O-4 linkages from 60 to 85 ppm. Notably, Lig-Ac (Full) showed two carbonyl carbon
(C=0) peaks from Ac groups at 169.6 and 168.9 ppm, as well as a sharp peak at 20.6 ppm
and two small peaks at 20.1 and 21.0 ppm, which correspond to the methyl carbons (CH;3-)
of Ac groups. On the other hand, Lig-Ac (Selective) showed single peaks at 168.2 and
20.6 ppm. The absence of the peaks in the Lig-Ac (Full) spectrum that might correspond to
C=0 and CHj3- in Ar—OAc groups implies that the selective modification of R-OH groups
in Lig-Ac (Selective) was achieved.

2.7. Solubility in Common Solvents

Considering the future applications of Kraft lignin derivatives, their solubility in
common solvents is often necessary. Table 2 shows the measured solubilities of Lig-Ac
(Selective), Lig-Ac (Full), and Kraft lignin in several solvents (see Supplementary Materials
for the pictures in Figure S6). The original Kraft lignin hardly dissolved in common
solvents except for DMSO, while Lig-Ac (Full) was also soluble in acetone and chloroform.
Interestingly, Lig-Ac (Selective) dissolved in a chloroform/methanol mixed solvent (8:2,
v/v), although it was insoluble in chloroform. Therefore, selective R-OH modification
improved the limited solubility of the original Kraft lignin despite the lower substitution
degree than that of Lig-Ac (Full).

Table 2. Solubilities of Kraft lignin and acetyl derivatives.

Solvent Lig-Ac (Selective) Lig-Ac (Full) Kraft Lignin
DMSO ++ ++ ++
Acetone + ++ -

Chloroform/methanol

(8:2,v/0) - A B
Chloroform - ++ -
Methanol - - _
Water - - -

++: soluble (>10 g L™1), +: partially soluble (<10 g L!), — insoluble.

2.8. Thermal Properties

To investigate the effects of selective R-OH modification in Kraft lignin on the thermal
properties, the degradation temperature (Ty), T, and the temperature at which heat flow
begins (Tfoyw) were determined by thermogravimetric analysis (TGA), differential scanning
calorimetry (DSC), and heat-flow tester, respectively, as shown in Figure 6. As shown
in the TG curves in Figure 6a, Kraft lignin gradually degraded with heating, and the
1%-weight-loss-temperature (T 4.19,) was 186 °C because the original Kraft lignin contains
easily volatized impurities. On the other hand, T4.19, of Lig-Ac (Selective) increased to
215 °C, indicating its purity and acceptable thermal stability. Furthermore, the T4.19, of
Lig-Ac (Selective) was higher than that of Lig-Ac (Full) at 201 °C. The higher T4 could be
attributable to the absence of Ar—~OAc groups in Lig-Ac (Selective).

The residual weight of Kraft lignin (53 wt.%) after heating to 500 °C under an N,
atmosphere gradually decreased with increasing substituted Ac groups, with weights of
48 and 45 wt.% for Lig-Ac (Selective) and Lig-Ac (Full), respectively. The slightly higher
residual weight of Lig-Ac (Selective) might be due to its fewer Ac groups than Lig-Ac (Full)
because the elimination of Ac groups and subsequent volatilization are much easier than
the thermal degradation of the aromatic backbone of lignin itself.
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Figure 6. (a) TG-DTG and (b) DSC curves of Lig-Ac (Selective), Lig-Ac (Full), and Kraft lignin and (c) thermal flow curves
of the acetyl derivatives expressed as displacement of a piston in a capillary rheometer.

Figure 6b shows the DSC curves of Lig-Ac (Selective), Lig-Ac (Full), and Kraft lignin
in the 2nd heating. The DSC curve of the original Kraft lignin showed a step in the baseline
corresponding to T at 130 °C. This broad transition with increasing temperature is consist
with previous results [41] Ty decreased with increasing substitution degree of Ac groups,
reaching 108 and 85 °C for Lig-Ac (Selective) and Lig-Ac (Full), respectively. Considering Ty
and Ty, Lig-Ac (Selective) is advantageous in terms of thermal stability compared with Lig-Ac
(Full) and has the potential for further functionalization utilizing the rich Ar-OH groups.

To further investigate the effect of the selective modification of Kraft lignin on its
thermal processability, Lig-Ac (Selective) and Lig-Ac (Full) were subjected to heat-flow
testing in a capillary rheometer. In Figure 6c, the heat-flow curve of each sample is depicted
as the change in displacement of a piston on the resin packed into a cylinder and gradually
heated (see Supplementary Materials for heat-flow tester diagrams in Figure S7). Since
the original Kraft lignin is not heat-meltable, this measurement was not applicable. On
the other hand, Lig-Ac (Full) began heat flow at 126 °C due to the sufficiently high degree
of acetylation. Surprisingly, Lig-Ac (Selective) showed a similar heat-flow behavior, with
Thow of 127 °C. Based on these results, selective R-OH modification in Kraft lignin provides
thermal fluidity with an excellent processing window (i.e., difference between Tgq,, and
T4), and the lower degree of substitution of Lig-Ac (Selective) contributes to a higher Tg.

3. Materials and Methods
3.1. Materials

1-Ethyl-3-methyl-imidazolium acetate (EmimOAc) was obtained from Kanto Chem-
ical Co., Inc. (Tokyo, Japan) used without further purification. Kraft lignin ([R-OH]:
2.7 mmol g1, [Ar-OH]: 3.4 mmol g~!) was procured from Sigma-Aldrich Co., LLC.
(St. Louis, MO, USA) and dried under vacuum at 70 °C until a constant weight be-
fore use. Isopropenyl acetate (IPAc) and anhydrous dimethyl sulfoxide (DMSO) were
obtained from Sigma-Aldrich Co., LLC. (St. Louis, MO, USA) and used as received.
DMSO-dg (99.9 atom% D with 0.03 vol% TMS) was purchased from Kanto Chemical Co.,
Inc. (Tokyo, Japan), and phenol (PhOH), 2-phenylethanol (Ph-EtOH), guaiacol (GuOH),
2,6-dimethoxyphenol (syringol, SyOH), phenyl acetate (PhOAc), and 2-phenethyl acetate
(Ph—EtOAc) were purchased from Tokyo Chemical Industry Co., LTD. (Tokyo, Japan) and
always stored and used in the grove box. Other chemicals were commercially available
and used as received unless otherwise stated.

3.2. In Situ '"H NMR Analysis in Transesterification of Model Compounds

EmimOAc was previously vacuum dried at 80 °C for over 24 h and transferred into
the glove box filled with Ar gas and less than 10 ppm of water. A determined amount of the
dried EmimOAc (1 or 10 Equations/[R-OH]) was weighted into a 9 mL vial and dissolved
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in DMSO-dg (1.5 mL). The low molecular weight model compounds (e.g., Ph-EtOH, PhOH;
0.6 mmol) and IPAc (1 or 3 Equations/[OH]) were added into the vial. After shaking the
reaction solution by hand, it was transferred into an NMR test tube. The tube was closed
with a plastic cap and tightly wrapped by a parafilm. Then, it was taken out from the
glove box, and 'H NMR of the resultant solution was immediately measured at room
temperature (r.t., 22 °C) in 80 scans. The obtained 'H NMR spectrum was regarded as
the reaction time: 0 min. After the first measurement, the test tube was heated to 80 °C
in the NMR spectrometer. After the prove tuning and re-gradient shimming, 'H NMR
was measured again at 80 °C in 80 scans, and the obtained spectrum was regarded as the
reaction time: 10 min. Subsequently, the 'H NMR spectra were repeatedly measured in the
predetermined period in the similar manner. The concentration of each model compound
and product was estimated by the integration ratio of the corresponded peaks of the proton.

3.3. Selective R-OH Modification in Kraft Lignin

Kraft lignin (1.8 g, 6 wt.%/EmimOAc]) in EmimOAc (30 g) was dried under vacuum
at 80 °C for 16 h to remove moisture. After DMSO (45 mL) was added to the solution
under an Ar atmosphere, the resultant mixture was stirred at 110 °C for 2 h for complete
dissolution of the Kraft lignin. The obtained clear blackish-brown solution was moved to
another oil bath at 80 °C and stirred for 30 min. It was further stirred for 1 h at 80 °C with
a determined amount of IPAc (1-12 Equations/[R-OH]), which was performed as a step
(i) for acetylation of both R-OH and Ar-OH groups of Kraft lignin. Then, a small amount
of distilled water (0.22 mL, 2 Equations/[Ar-OH]) was added to the reacted solution
by a micro syringe, and it was further stirred for 1 h at 80 °C. The latter reaction was
regarded as a step (ii) for selective deacetylation of the generated Ar-OAc groups during
the step (i). Notably, the amount of Ar-OH groups (3.4 mmol g~ !) in Kraft lignin was
higher than that of R-OH groups (2.7 mmol g~ 1), implying that the proton source was
insufficient for deacetylation of all the Ar—OAc groups. Then, the water was subsequently
added in the step (ii). Carefully, excess water can inhibit the catalytic activity of EmimOAc
in transesterification of OH groups and IPAc, and so the acetylation of OH groups and
selective deacetylation of the Ar-OAc groups were performed in two steps with adding
IPAc and water, in order. After quickly cooling of the reaction solution using ice bath to
quench the reaction, it was poured into 1.6 L of distilled water to precipitate the light brown
particles. The precipitated polymer was collected by vacuum filtration, and repeatedly
washed with distilled water. After freeze-drying for 2 days, it was vacuum dried at 70 °C
for over 24 h to afford selectively modified Kraft lignin, Lig-Ac (Selective).

3.4. Complete Acetylation Kraft Lignin

Kraft lignin (1.8 g, 6 wt.%/EmimOAc) in EmimOAc (30 g) was dried under vacuum at
80 °C for 16 h to remove moisture. After DMSO (45 mL) was added to the solution under an
Ar atmosphere, the resultant mixture was stirred at 110 °C for 2 h for complete dissolution
of the Kraft lignin. The obtained clear blackish-brown solution was moved to another oil
bath at 80 °C and stirred for 30 min. An excess amount of IPAc (50 Equations/[Total OH])
was applied to complete acetylation of both R-OH and Ar-OH groups within Kraft lignin,
and the reaction was performed at 80 °C for 1 h. After quickly cooling of the reaction
solution using ice bath to quench the reaction, it was poured into 1.6 L of distilled water to
precipitate the light brown particles. The precipitated polymer was collected by vacuum
filtration, and repeatedly washed with distilled water. After freeze-drying for 2 days, it was
vacuum dried at 70 °C for over 24 h to afford fully acetylated Kraft lignin, Lig-Ac (Full).

3.5. Nuclear Magnetic Resonance (NMR) Spectroscopy

The 'H, 13C, and 3P NMR spectra in solution were recorded using a JINM-ECA 600
spectrometer (JEOL Ltd., Tokyo, Japan) in deuterated solvents at Advanced Research Cen-
ter in Kanazawa University. All NMR spectra were analyzed using Delta NMR software
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(JEOL Ltd., Tokyo, Japan), and the chemical shifts (5, ppm) were referenced to tetramethyl-
silane (TMS, 6 = 0 ppm) as an internal standard.

The contents of OH groups in the Kraft lignin and the acetyl derivatives were esti-
mated by quantitative 3P NMR analysis by the phosphitylation of the samples, according
to previous studies [37,38]. The used NMR spectrometer was the same JNM-ECA 600 spec-
trometer, but different internal standards (ISs) of N-hydroxy-5-norbornene-2,3-dicarboxylic
acid imide (IS-1, 10 g L™!) and cyclohexanol (IS-2, 10 g L~!) were applied with a relaxation
reagent of tris(2,4-pentanedionato)-chromium (IIT) (5 g L~!) in CDCl3/pyridine mixed
solvent. The inverse gated 'H decoupling sequence was employed with a recycle delay
of 25 5. The free induction decays of 128 were collected and averaged to obtain each
31P spectrum. The phosphitylation reaction was conducted in the same manner at room
temperature for 15 min as our previous report [29] using 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholate (TMDP) which is a common phosphitylation reagent.

3.6. Size Exclusion Chromatography (SEC)

The molecular weights of the Kraft lignin and the acetyl derivatives were determined
by SEC (UFLC system, Shimadzu Co., Kyoto, Japan) based on polystyrene standards. All
the SEC measurements were carried out at 40 °C using TSK gel a-M (Tosoh Co., Tokyo,
Japan), and 0.01 mol L~ ! LiBrin dimethylformamide (DMF, HPLC grade, Kanto Chemicals

Co., Inc., Tokyo, Japan) was used as an eluent at the flow rate of 1.0 mL min—1.

3.7. Fourier Transform Infrared (FT-IR)

FT-IR spectra were recorded on a Thermo Fisher Scientific Nicolet IS10 spectrometer
(Thermo Fisher Scientific Inc., Tokyo, Japan) equipped with an attenuated total reflection
(ATR) unit: Measurement range, 4000—400 cm !, number of scans, 64, resolution, 4 cm 1,

S/N, 35,000:1.

3.8. Solubility Test

The solubility of the Kraft lignin and the acetyl derivatives in common solvents were
investigated by a brief test. All samples were vacuum dried at 70 °C for 24 h before the test.
The dried sample (10 mg) was weighted into a 1 mL vial, and various solvents were added,
respectively. The solubility was observed by visual confirmation after standing at room
temperature for 24 h.

3.9. Thermogravimetric Analysis (TGA)

TGA was performed by a DTG-60AH (Shimadzu Co., Kyoto, Japan) equipped with a
gas-flow controller (FC-60A, Shimadzu Co., Kyoto, Japan) and an analysis system (TA-60,
Shimadzu Co., Kyoto, Japan). All samples were vacuum dried at 70 °C for 24 h prior to
use, and the measurement temperature range was settled from 50 to 500 °C at a heating
rate of 10 °C min~! in a N-flow rate of 50 mL min™!. A sample of about 10 mg was used
with pre-drying at 120 °C for 2 h. The thermal decomposition temperature (T4) was taken
as the onset of 1%-weight-loss (T4-19,).

3.10. Differential Scanning Calorimetry (DSC)

DSC was performed using a DSC-60A plus (Shimadzu Co., Kyoto, Japan) apparatus.
Prior to DSC measurements, all samples were prepared in a glove box under Ar atmosphere
after vacuum drying at 70 °C for 24 h. Each sample was first cooled to —100 °C and
then heated at a scanning rate of 20 °C min~! to +170 °C, which was maintained at
170 °C for 3 min (first heating scan) and immediately quenched to —100 °C at a rate of
—50 °C min~!. The second heating scans were run from —100 °C to +170 °C at a scanning
rate of 20 °C min~! to record stable thermograms.
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3.11. Heat Flow Tester

Heat-flow tester, a capillary rheometer (CFT-500EX, Shimadzu Corporation, Kyoto,
Japan), was used to measure the temperature at which heat flow begins (Tgy,). Prior to
the measurement, all samples were vacuum dried at 70 °C for 24 h. The dried sample (1 g)
was loaded into the barrel and roughly pressed with a piston (diameter, 10 mm). After
preheating at 50 °C for 300 s, a constant pressure of 4.9 MPa was applied on the piston and
heating was started at a heating rate of 3 °C min~!. The temperature where the sample
was extruded from an equipped die (diameter, 1.0 mm and length, 10 mm) under the barrel
was defined as Ty -

4. Conclusions

In situ 'H NMR analyses of the transesterification of several model compounds with R—
OH and Ar-OH groups revealed that an ionic liquid, EmimOAc, catalyzes the acetylation of
both types of OH groups with isopropenyl acetate (IPAc) as an acyl donor and the selective
deacetylation of Ar-OAc groups. The selective deacetylation was found to arise from the
transesterification of Ar—-OAc groups and remaining R-OH groups, and the reaction was
faster than the transesterification of R-OH groups with IPAc. Analyses suggested that
these reactions enabled the facile selective modification of R-OH groups depending on the
combined amount of IPAc and EmimOAc. Applying the optimized conditions determined
using model reactions considering the effects of electron-donating OMe groups at the
o-positions of Ar—~OH groups within the lignin structure, the R-OH groups in Kraft lignin
were selectively modified with Ac groups. The process was performed in a one-pot two-step
reaction at 80 °C for a total of 2 h using IPAc followed by the addition of water as a proton
source to promote Ar-OAc deacetylation. The resulting selectively modified Kraft lignin,
Lig-Ac (Selective), was found to dissolve in DMSO and a chloroform/methanol mixed
solvent and had a higher Ty at 108 °C and Tg.1¢, at 215 °C than those of a reference sample
of fully modified Kraft lignin, Lig-Ac (Full). Furthermore, despite the lower substitution
degree, Lig-Ac (Selective) showed a similar heat-flowing temperature of 126 °C to that
of Lig-Ac (Full). The selective modification of R-OH groups in Kraft lignin and resulting
solubility, thermal stability, and heat-meltability warrant further functionalization, such
as polymerization via the rich Ar-OH groups for lignin-derived polymer applications.
Therefore, this facile and sustainable method for selective R-OH modification paves the
way for the valorization of Kraft lignin as a functional polymeric material.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-434
4/11/1/120/s1, Figure S1: Conversions of Ph—EtOH (0.38 mol L~1) in transesterification reaction
with different acyl donors of PhOAc or IPAc (each 0.38 mol L1 for 12 h at 80 °C catalyzed by
EmimOAc (0.38 mol L), as determined by in situ 1TH NMR in DMSO-d6, Figure S2: Changes in the
relative contents of PhOH and Ph-EtOH (each 0.38 mol L™1) in transesterification of the mixture with
excess IPAc (1.14 mol L~1) for 10 h at 80 °C catalyzed by EmimOAc (0.38 mol LD, compared with
those in transesterification of individual PhOH or Ph-EtOH under the same condition, as determined
by in situ 1H NMR in DMSO-d6, Figure S3: OH contents of R-OH and Ar-OH (H/G/S-types and
C5-Sub. OH) groups in Kraft lignin before and after acetylation using IPAc (12 Equation/[R-OH]) at
80 °C for 1 h and subsequent selective deacetylation with added water (2 Equation/[Ar-OH]) at 80 °C
for 0—24 h in an EmimOAc/DMSO mixed system, Figure S4: Quantitative 31P NMR spectra of the
phosphitylated Lig-Ac (Selective), Lig-Ac (Full), and Kraft lignin measured in CDCI3/pyridine mixed
solvent using two kinds of ISs and a relaxation reagent, Figure S5: Molecular weight distributions
of Lig-Ac (Selective), Lig-Ac (Full), and Kraft lignin measured by SEC in 0.01 mol L~! LiBr/DMF
solution, Figure S6: Pictures of solutions of Lig-Ac (Selective), Lig-Ac (Full), and Kraft lignin in
chloroform/methanol (8:2, v/v) solution, Figure S7: Heat-flow tester diagrams, Table S1: OH contents
of the used Kraft lignin and the assignments in quantitative 31P NMR.
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