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carboxylate-based ionic liquids
on catalytic activity of transesterification with vinyl
esters and the solubility of cellulose†

Daisuke Hirose, a Samuel Budi Wardhana Kusuma,a Shuhei Nomura,a

Makoto Yamaguchi,a Yoshiro Yasaka,a Ryohei Kakuchi b and Kenji Takahashi *a

The role of 1-ethyl-3-methylimidazolium (Emim) carboxylate-type ionic liquid (IL) as the solvent and

organocatalyst for transesterification reaction of cellulose was investigated. The reported method using

Emim acetate and vinyl ester caused an undesired side reaction: the acetate anion derived from

EmimOAc was introduced into cellulose ester. To improve the reaction system, ILs with a high cellulose

solubility, a high degree of substitution (DS) value, and low side-reaction were systematically explored.

Newly synthesized Emim p-anisate and a mixed solvent system achieved the transesterification reaction

of cellulose with a high DS value derived from the employed vinyl esters (DS > 2.9), and a low DS value

derived from side reaction (selectivity > 99%).
Introduction

Cellulose has attracted much attention as an alternative to
petroleum. Modern society depends on petrochemicals;
however, from the viewpoint of oil depletion and prevention of
global warming, switching from a petroleum-based society to
a sustainable one is necessary.1 Cellulose is the biomass
produced and accumulated to the greatest extent on earth, and
its derivatives, especially cellulose esters, can be applied to
a wide range of elds such as the production of optical lms,2

molded plastics,3 and membranes.4 The three hydroxyl groups
per glucose unit of cellulose, while providing diversity for
polymer modication, cause poor solubility due to intra-
molecular and intermolecular hydrogen bonding, making
modications difficult.5 Since Rogers reported that ionic liquids
(ILs) are capable of dissolving cellulose,6 modication of cellu-
lose using highly reactive acid chloride or acid anhydride as the
acyl donor have been developed.7 However, these chemicals are
corrosive and moisture sensitive.

In 2015, our group reported that 1-ethyl-3-
methylimidazolium acetate (EmimOAc) works as an efficient
organocatalyst and solvent for cellulose in the homogenous
acetylation of cellulose with isopropenyl acetate (IPA) as the acyl
donor via a transesterication reaction to obtain highly
substituted cellulose acetate [degree of substitution (DS) > 2.9].8
nd Technology, Kanazawa University,

. E-mail: ktkenji@staff.Kanazawa-u.ac.jp

hool of Science and Technology, Gunma
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ESI) available: Characterization of ionic
: 10.1039/c8ra10042j
Furthermore, the recyclability, scalability and scope of the
carbohydrates in this system was conrmed.9 This system
enables us to obtain the desired cellulose esters easily using
mild acyl agents without the need for strong acids and bases
(e.g., 1,8-diazabicyclo[5.4.0]undec-7-ene,10 1,5,7-triazabicyclo
[4.4.0]dec-5-ene), or metal catalysts.11

However, as others have reported,12 in the case of acylation
except for acetylation, this EmimOAc system has side reactions
and undesired peaks corresponding to the introduced acetyl
group derived from anion of EmimOAc appeared around
2.0 ppm in 1H NMR measurement (Scheme 1a).
Scheme 1 Schematic illustration of the transesterification of cellulose
with vinyl ester in ionic liquids.

This journal is © The Royal Society of Chemistry 2019

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra10042j&domain=pdf&date_stamp=2019-01-30
http://orcid.org/0000-0002-3123-370X
http://orcid.org/0000-0003-0977-6940
http://orcid.org/0000-0002-6775-9850
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra10042j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009007


Fig. 1 Chemical structure of ILs 1–9.

Table 1 Effect of anion structures of ILs on the transesterification
reaction of cellulose with vinyl pivalate (10)a

Run IL pKa
b Solubilityc DSmain

d DSside
d DStotal

Selectivity
(%)

1 1 4.79 ++++ 2.43 0.54 2.97 82
2 2 4.79 +++ 2.52 0.47 2.99 84
3 3 4.85 +++ 2.55 0.11 2.66 96
4 4 4.94 ++ —e —e 2.58 —e

5 5 4.20 ++ 2.27 0.06 2.33 97
6 6 3.95 � 2.26 0.04 2.30 98
7 7 3.69 � 1.99 0.08 2.07 96
8 8 4.47 ++ 2.78 0.03 2.81 99
9 9 4.47 � 0.43 0.05 0.48 90

a Reaction conditions: initial [AGU]/[IL]/[DMSO]/[VP] ¼ 1 : 2.5 : 80 : 16
(molar ratio); for 18 hours at 80 �C under Ar atmosphere. b The pKa
values of conjugated acid.21 c Solubility test in DMSO (1 mL)/IL ¼ 1/20
(molar ratio) solvent system at 80 �C: ++++ > 60 mg mL�1, +++ >
45 mg mL�1, ++ > 30 mg mL�1, + > 15 mg mL�1, � < 15 mg mL�1.
d Determined by 1H NMR measurements. e Not determined.
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Clarication and control of selectivity are required in the
case that mixture products were obtained. It is necessary to
develop a technique to highly selectively introduce the desired
structure, because the introduction of undesired structure onto
cellulose have the potential to change the thermal3 and chem-
ical properties13 of resulting cellulose derivatives. According to
our previous report,14 when EmimOAc and IPA are used, the
main reaction pathway involves the activation of cellulose
hydroxyl group, due to the basicity of the anion in ILs, and of the
carbonyl group of the acyl donor due to the weak hydrogen
bonding with hydrogen at the C2 position of the imidazolium
cation (Scheme 1b). These experimental and computational
investigations showed that the reaction proceeded under
a concerted activation catalytic mechanism. However, we were
unable to explain the contamination of the acyl group derived
from the anion of ILs with only the concerted mechanism. As
a minor and side reaction pathway, the possible generation of
a mixed acid anhydride, from the anion of the IL and the acyl
donor in this system, followed by the subsequent nucleophilic
attack of the hydroxyl group with the mixed acid anhydride,
were predicted (Scheme 1c).15 Based on this prediction, the
design of different anions can reduce undesired reactivity of the
mixed anhydride and can facilitate the desired acylation with
high selectivity.16–18 In addition, recently, the relationship
between the solubility of cellulose and the molecular structure
of ILs have also been investigated by both of experimental and
computational methods.19

In this study, the optimization of ILs for obtaining the
cellulose esters with high DS and structural homogeneity was
conducted. This was done by evaluating the substituent effect of
the anion structure and the inuence of bulkiness on anion-
derived side reactivity and cellulose solubility.

Results and discussions
Solubility of cellulose in ILs

ILs 1–9 showing a melting point under 100 �C were prepared by
the conventional method. The solubility of cellulose in an IL/
DMSO (¼1/20, molar ratio) mixture was studied in the range
of 15–60 mg at 80 �C (Fig. 1 and Table 1).20 The solubility of
cellulose in ILs 1–4 derived from aliphatic carboxylic acids
indicated a relationship between the size and shape of
substituents [acetate (1), propionate (2), isobutyrate (3), and
pivalate (4) groups] attached to the carboxyl group. Among the
benzoate type ILs 5–8, the inuence of the basicity of the anion
was remarkable. Based on the pKa value21 of the conjugated acid
in Table 1, which is an indicator of the basicity of the anion, the
solubility was also on the ordered 6, 7 < 5, 8 corresponding to
the order of basicity of the anion: 7 (3.69) < 6 (3.95) < 5 (4.20) < 8
(4.47), with pKa values of the conjugated acid of anions in
parentheses. Cellulose solubility based on the basicity of the
anion was experimentally and theoretically investigated in
previous reports.19,22 However, to the best of our knowledge, this
is the rst attempt to evaluate in detail the slight basicity
difference derived from the substituent effect on the carboxylate
anion in a IL/DMSO mixed system. Furthermore, it was found
that the cation structure of ILs directly inuenced the solubility
This journal is © The Royal Society of Chemistry 2019
of cellulose, when Emim (8) and tetrabutylammonium anisate
(9) were compared.

Organocatalytic properties of ILs: analysis of the role of anion

The transesterication of cellulose was carried out using vinyl
pivalate (10) as the sterically hindered acyl donor in the IL/
DMSO mixed solvent system at 80 �C. Aer the reaction, the
resulting polymer was recovered from the solution by repreci-
pitation in MeOH/water solution. Resulting cellulose esters
were conrmed that dissolving in various solvents (Table S1†)
and measured by 1H NMR to conrm the introduction of the
desired pivaloyl group and the undesired peak derived from the
anions in the ILs. The DS value was calculated from the integral
RSC Adv., 2019, 9, 4048–4053 | 4049
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ratio of newly introduced peaks and the cellulose skeleton. The
DS values of desired and undesired peaks were denoted as
DSmain and DSside, respectively. DStotal is the sum of DSmain and
DSside, and selectivity was calculated from the proportion of
DSmain to DStotal. In all experiments in Table 1, pivaloyl and
cellulose skeleton peaks were observed at 0.9–1.3 ppm and 3.0–
5.5 ppm, respectively (Fig. 2). These results indicated that all
employed imidazolium-based ILs 1–8 worked as the catalyst
according to previous reports. As expected, the resulting poly-
mers were cellulose esters, including an undesired ester
component derived from the corresponding anion of each IL.
For example, acetate groups on cellulose esters derived from
EmimOAc were observed at 1.7–2.2 ppm. However, determina-
tion of actual DSmain and DSside values of Emim pivalate (4) was
unable for us because the desired and undesired ester struc-
tures were the same. In ILs 1–3 with aliphatic carboxylate
anions, the DStotal values decreased and selectivity increased as
the steric hindrance of the anion increased (Runs 1–3). In the
proposed side reaction via the mixed acid anhydride, the
nucleophilic attack of the hydroxyl group on the carbonyl
carbon derived from the anion of the employed IL decreased
among the two carbonyl groups of the mixed anhydride due to
the steric hinderance of the anion.12,15,17 In other words, the
steric effects of the anion can improve the selectivity of the
desired reaction. Furthermore, the DSmain value changed due to
the difference in the basicity. In ILs 5–8 having an aromatic
carboxylate anion, an improvement in the DStotal value was
Fig. 2 1H NMR spectra of the resulting cellulose esters of Run 1 in
CDCl3 (upper) and Run 8 in acetone-d6 (lower) measured at room
temperature.

4050 | RSC Adv., 2019, 9, 4048–4053
observed by increasing the basicity of the anion. The DSside
values decreased and the selectivity increased compared to the
ILs 1–3 with aliphatic carboxylate anions (Runs 5–8). In the case
of ILs 5–8, which had the aromatic carboxylate, the carbonyl
carbon derived from the anion on the resulting mixed acid
anhydride was stabilized by the aromatic ring and the chemo-
selectivity of the nucleophilic attack of the hydroxyl group on
the mixed acid anhydride increased. Although the inuence is
smaller than that of aliphatic-type ILs, even in aromatic-type
ILs, a decrease in the DSside value derived from the increase in
basicity of the anions was demonstrated in aliphatic-type ILs. In
the case of IL 6, the steric effect of the methyl group at the ortho-
position decreased the DSside value.18

From these results, the relationship between the IL structure
and reactivity was as follows: (1) increase in the basicity of anions
increases the DSmain and decreases DSside, (2) the bulky substituent
around the carboxylate group increases the selectivity and
decreases DStotal, and (3) the aromatic carboxylate reduces DSside.
Emim p-anisate (EmimOAn: 8), which promoted the main reaction
pathway and strongly inhibited the side reaction pathway, was
selected as the optimized carboxylate-type IL in this system.
However, it is interesting to note that the pivaloyl group is
predominantly introduced in EmimOAc based on its tendency to
preferentially introduce the sterically smaller acyl group derived
from an anion or vinyl ester.12,15 This showed that a concerted
pathway exists in the case of vinyl esters, as estimated by calcula-
tions.14 In fact, when the transesterication reactionwas performed
using tetrabutylammonium p-anisate (9), a signicant decrease of
DS value and the selectivity (90%) was observed (Run 9).23
Organocatalytic properties of ILs: scope of vinyl esters

The scope of vinyl esters 10–13 using the optimized IL 8 was
investigated (Table 2). DSmain was high and DSside was low in all
four experiments, and the selectivity reached a maximum of
Table 2 Scope of vinyl ester in an EmimOAn/DMSO mixed solvent
transesterification systema

Run Vinyl ester DSmain
b DSside

b DStotal
Selectivity
(%)

10 10 2.78 (2.43)c 0.03 (0.54)c 2.81 (2.97)c 99 (82)c

11 11 2.91 0.05 2.96 98
12 12 2.87 0.06 2.93 98
13 13 2.80 0.01 2.81 >99

a Reaction conditions: initial [AGU]/[EmimOAn]/[DMSO]/[VE] ¼
1 : 2.5 : 80 : 16 (molar ratio); for 18 hours at 80 �C under Ar
atmosphere. b Determined by 1H NMR measurements. c Using
EmimOAc instead of EmimOAn.

This journal is © The Royal Society of Chemistry 2019
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>99% in the case of vinyl ester 13 based on the calculation using
1H NMR spectra (Fig. S17–S19†). For vinyl esters 10, a signicant
improvement in the selectivity was seen compared to the results
obtained when using EmimOAc. These data indicated that the
transesterication reaction using EmimOAn as the solvent and
catalyst is thus a promising approach to cellulose modication.
Conclusions

The effects of bulkiness and substituents in the anion structure
on catalytic activity, including anion-derived side reactions and
cellulose solubility for the transesterication reaction of cellu-
lose, were evaluated. Cellulose solubility of imidazolium-
carboxylate type IL was highly depended on the basicity of the
carboxylate. The relationship between the IL structures and
reactivities was found to be: (1) an increase in the basicity of
carboxylate-anion promoted the desired esterication pathway,
(2) bulky substituents around the carboxylate suppressed both
the desired and side pathways, and (3) the aromatic carboxyl-
ates suppressed the side pathway. Therefore, newly synthesized
1-ethyl-3-methylimidazolium p-anisate, selected herein as an
optimized carboxylate-type IL showing solubility of cellulose,
promoted the desire reaction pathway and strongly inhibited
the side reaction pathway to obtain the cellulose esters with
a high degree of substitution and structural homogeneity.
Experimental section
Materials

1-Ethyl-3-methylimidazolium acetate (EmimOAc) was obtained
from Kanto Chemical Co., Inc. (Tokyo, Japan) and was used
without further purication. 1-Ethyl-3-methylimidazolium
chloride (EmimCl) was purchased from Sigma-Aldrich Co.
LLC. (St. Louis, MO, USA) and was used aer recrystallization
twice from acetonitrile. Cellulose (Avicel® PH-101, particle size
< 50 mm) was obtained from Sigma-Aldrich Co. LLC. (St. Louis,
MO, USA). The number-average degree of polymerization of
Avicel was calculated to be 105.14 All the ILs, except EmimOAc,
were synthesized according to conventional protocols. Tetra-
butylammonium hydroxide (TBAOH) methanol solution, vinyl
propionate, vinyl laurate, vinyl pivalate and vinyl 4-tert-butyl-
benzoate were purchased from Tokyo Chemical Industry (TCI,
Tokyo, Japan). Other chemicals were obtained from commercial
sources and were used as-received unless otherwise stated.
Instruments
1H and 13C NMR spectra were recorded using a JNM-ECA 400
and 600 spectrometers (JEOL Ltd., Tokyo, Japan) in deuterated
solvents, and the chemical shis (d, ppm) were referenced to
either the residual solvent peak or tetramethylsilane [TMS, d ¼
0 (ppm)] as the internal standard. Fourier transform-infrared
spectrometer (FT-IR) spectra were recorded on a Thermo
Fisher Scientic Nicolet IS10 (Thermo Fisher Scientic Inc.,
Tokyo, Japan) spectrometer equipped with an attenuated total
reection (ATR) unit. Mass spectra were recorded in fast atom
bombardment (FAB) on a JMS-700 (JEOL Ltd., Tokyo, Japan).
This journal is © The Royal Society of Chemistry 2019
Experimental procedures

Synthetic procedure for ILs starting from EmimCl and cor-
responding carboxylic acids. The imidazolium ILs bearing
carboxylate anions were synthesized as follows. 1-Ethyl-3-
methylimidazolium chloride (EmimCl; 10 g, 68.2 mmol) and
KOH (4.94 g, 75.0 mmol, [KOH]/[EmimCl] ¼ 1.1 (molar ratio))
were reacted in 2-propanol (340 mL) at �60 �C followed by
ltration twice to remove the precipitated KCl and the residual
KOH by ltration at �60 �C, 1-ethyl-3-methylimidazolium
hydroxide (EmimOH) was obtained as a 2-propanol solution.
The concentration of the EmimOH solution was calculated by
titration using benzoic acid, and a phenolphthalein solution as
the indicator. The employed ILs were prepared by neutralization
of the EmimOH 2-propanol solution with equal amounts of the
corresponding carboxylic acids, followed by ltration using
glass bre lter (Advantec, GA-55, 21 mm) and evaporation of 2-
propanol and drying in vacuo at room temperature. Character-
ization of the synthesized ILs was primarily performed by 1H
NMR measurements. The 1H NMR and 13C NMR spectra of all
the ILs showed that all the peaks derived from the cations and
the anions were present, conrming the IL structures.
Furthermore, the integral values of the peaks attributed to the
cations and anions were estimated, and no signicant differ-
ence was obtained between the theoretical and experimental
values. These synthesized ILs were used without further
purication.

1-Ethyl-3-methylimidazolium propionate (2).24 Pale yellow oil.
1H NMR (600 MHz, DMSO-d6) d; 9.93 (s, 1H), 7.89 (dd, J ¼
1.8 Hz, 1.8 Hz, 1H), 7.80 (dd, J ¼ 1.8 Hz, 1.8 Hz, 1H), 4.25 (q, J ¼
7.2 Hz, 2H), 3.91 (s, 3H), 1.89 (q, J ¼ 7.8 Hz, 2H), 1.44 (t, J ¼
7.2 Hz, 3H), 0.92 (t, J ¼ 7.8 Hz, 3H). 13C NMR (150 MHz, DMSO-
d6) d; 176.45, 137.32, 123.49, 121.92, 43.95, 35.51, 31.08, 15.12,
11.25.

1-Ethyl-3-methylimidazolium isobutyrate (3).25 Pale yellow oil.
1H NMR (600 MHz, DMSO-d6) d; 9.69 (s, 1H), 7.84 (dd, J ¼
1.8 Hz, 1.8 Hz, 1H), 7.76 (dd, J ¼ 1.8 Hz, 1.8 Hz, 1H), 4.24 (q, J ¼
7.2 Hz, 2H), 3.90 (s, 3H), 2.09–2.03 (m, 1H), 1.44 (t, J ¼ 7.2 Hz,
3H), 0.94 (d, J ¼ 6.6 Hz, 6H). 13C NMR (150 MHz, DMSO-d6) d;
179.08, 137.01, 123.50, 121.90, 44.01, 36.37, 35.57, 20.78, 15.17.

1-Ethyl-3-methylimidazolium pivalate (4).26 Pale yellow solid.
1H NMR (600 MHz, DMSO-d6) d; 9.70 (s, 1H), 7.86 (dd, J ¼
1.8 Hz, 1.8 Hz, 1H), 7.77 (dd, J ¼ 1.8 Hz, 1.8 Hz, 1H), 4.24 (q, J ¼
7.2 Hz, 2H), 3.90 (s, 3H), 1.44 (t, J¼ 7.2 Hz, 3H), 1.00 (s, 9H). 13C
NMR (150 MHz, DMSO-d6) d; 180.12, 137.06, 123.47, 121.88,
43.97, 38.40, 35.55, 28.76, 15.16.

1-Ethyl-3-methylimidazolium benzoate (5).27 Pale yellow oil. 1H
NMR (600 MHz, DMSO-d6) d; 9.53 (s, 1H), 7.88–7.86 (m, 2H),
7.85 (dd, J¼ 1.8 Hz, 1.8 Hz, 1H), 7.76 (dd, J¼ 1.8 Hz, 1.8 Hz, 1H),
7.31–7.26 (m, 3H), 4.24 (q, J ¼ 7.2 Hz, 2H), 3.90 (s, 3H), 1.44 (t, J
¼ 7.2 Hz, 3H). 13C NMR (150 MHz, DMSO-d6) d; 168.28, 140.89,
136.71, 128.87, 128.32, 126.96, 123.52, 121.93, 44.04, 35.60,
15.13.

1-Ethyl-3-methylimidazolium o-toluate (6). Yellow oil. 1H NMR
(600 MHz, DMSO-d6) d; 9.53 (s, 1H), 7.84 (dd, J ¼ 1.8 Hz, 1.8 Hz,
1H), 7.76 (dd, J ¼ 1.8 Hz, 1.8 Hz, 1H), 7.43–7.41 (m, 1H), 7.09–
7.03 (m, 3H), 4.22 (q, J ¼ 7.2 Hz, 2H), 3.89 (s, 3H), 2.42 (s, 3H),
RSC Adv., 2019, 9, 4048–4053 | 4051
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1.44 (t, J ¼ 7.2 Hz, 3H). 13C NMR (150 MHz, DMSO-d6) d; 171.44,
143.15, 136.72, 134.73, 129.61, 127.85, 126.27, 124.47, 123.51,
121.93, 44.02, 35.58, 20.76, 15.13. IR (ATR, cm�1) 3057, 1602,
1579, 1557, 1363, 1172. HRMS (FAB) calcd for C6H11N2 ([M]+)
111.0917, found: 111.0926 (cation), and C8H7O2 ([M]�)
135.0452, found: 135.0448 (anion).

1-Ethyl-3-methylimidazolium p-triuoromethylbenzoate (7).
Pale yellow oil. 1H NMR (600MHz, DMSO-d6) d; 9.10 (s, 1H), 8.03
(d, J ¼ 7.8 Hz, 2H), 7.73 (dd, J ¼ 1.8 Hz, 1.8 Hz, 1H), 7.66–7.64
(m, 3H), 4.19 (q, J ¼ 7.2 Hz, 2H), 3.85 (s, 3H), 1.42 (t, J ¼ 7.2 Hz,
3H). 13C NMR (150 MHz, DMSO-d6) d; 168.34, 144.47, 136.36,
129.40 (q, J ¼ 18.6 Hz), 125.68, 124.47, 124.44, 123.76, 122.15,
44.45, 35.91, 15.30. IR (ATR, cm�1) 3059, 1604, 1561, 1362, 1319,
1158. HRMS (FAB) calcd for C6H11N2 ([M]+) 111.0917, found:
111.0919 (cation), and C8H4F3O2 ([M]�) 189.0169, found:
189.0170 (anion).

1-Ethyl-3-methylimidazolium p-anisate (8). Yellow oil. 1H NMR
(600 MHz, DMSO-d6) d; 9.79 (s, 1H), 7.88 (dd, J ¼ 1.2 Hz, 1.2 Hz,
1H), 7.82–7.79 (m, 3H), 6.79 (d, J¼ 8.4 Hz, 2H), 4.25 (q, 2H), 3.91
(s, 3H), 3.55 (s, 3H), 1.44 (t, J ¼ 7.2 Hz, 3H). 13C NMR (150 MHz,
DMSO-d6) d; 168.46, 159.39, 137.07, 134.41, 130.38, 123.51,
121.93, 112.00, 54.89, 44.01, 35.55, 15.17. IR (ATR, cm�1) 3373,
2975, 1594, 1552, 1357, 1239, 1165. HRMS (FAB) calcd for
C6H11N2 ([M]+) 111.0917, found: 111.0917 (cation), and C8H7O3

([M]�) 151.0401, found: 151.0391 (anion).
Synthetic procedure of tetrabutylammonium p-anisate. Tet-

rabutylammonium p-anisate (TBAOAn) was prepared by neutrali-
zation of a 10 wt%TBAOHmethanol solutionwith equal amount of
the corresponding p-anisic acid. The methanol was evaporated and
the resulting material was dried in vacuo at room temperature.
Characterization of the synthesized TBAOAn wasmainly performed
by 1H NMR measurement. The 1H NMR spectra of the ILs showed
that all the peaks derived from cations and anions were present.
Furthermore, the integral values of the cations and anions peaks
were estimated, and no signicant difference was observed between
the theoretical and experimental values. The thus-synthesized
TBAOAn was used for the reaction without further purication.

Tetrabutylammonium p-anisate (9).28 White solid. 1H NMR
(600 MHz, DMSO-d6) d; 7.81–7.79 (m, 2H), 6.82–6.80 (m, 2H),
3.77 (s, 3H), 3.20 (t, J ¼ 6.0 Hz, 8H), 1.63–1.57 (m, J ¼ 7.8 Hz,
8H), 1.37–1.31 (m, J ¼ 7.2 Hz, 8H), 0.97 (t, J ¼ 7.2 Hz, 12H). 13C
NMR (150 MHz, DMSO-d6) d; 168.10, 159.63, 130.46, 111.94,
57.51, 54.93, 23.06, 19.09, 13.41.

Solubility test of cellulose in ILs. Cellulose was dried for 4 h
in vacuo at 80 �C. The dried cellulose, DMSO, and ILs were used.
Every 15 mg of cellulose was added to a DMSO (1 mL)/IL mixed
solution (20 : 1, molar ratio), and heated at 80 �C for 1 h until
the cellulose cannot be dissolved any further.

Transesterication reaction of cellulose in ILs/DMSO
system. Cellulose (240 mg, [monomeric unit]0 ¼ 1.48 mmol)
in IL (3.52 mmol) was dried for 4 h in vacuo at 80 �C. Aer the
drying process was completed, DMSO (8.0 mL) and vinyl ester
(71.6 mmol) were added under Ar atmosphere. Aer the reac-
tion mixture was stirred for 18 h at 80 �C, it was diluted with
CH2Cl2 and poured into a large amount of MeOH/water. The
polymer was puried by reprecipitation (from acetone solution
to water) to give a pale yellowish powder.
4052 | RSC Adv., 2019, 9, 4048–4053
Evaluation of cellulose esters. The DS values of the cellulose
esters were determined by 1H NMR measurements in CDCl3,
DMSO-d6 and acetone-d6 depending on the solubility of the
product and avoidance of overlap with the target peaks.

Generally, the DSmain values were calculated using following
equation:

DSmain ¼ Imain=X

IAGU=7

The DSmain values of pivalate, propionate, laurate, and 4-tert-
butylbenzoate of cellulose were calculated from the integrals of
the corresponding peaks (Imain) at 0.9–1.3 ppm (X ¼ 9), 1.0–
1.3 ppm (X ¼ 3), 0.7–1.0 ppm (X ¼ 3) and 0.9–1.5 ppm (X ¼ 9),
respectively, and the area of the AGU signals (IAGU) at 3.0–
5.5 ppm.

Generally, the DSside values were calculated using following
equation:

DSside ¼ Iside=X

IAGU=7

The DSside values of cellulose ester derived from Emim
acetate (1), Emim propionate (2), Emim isobutyrate (3), Emim
benzoate (5), Emim o-tolylate (6), Emim p-tri-
uoromethylbenzoate (7), Emim p-anisate (8) and TBA p-anisate
(9) were calculated from the integrals of the corresponding
peaks (Iside) at 1.7–2.2 ppm (X ¼ 3), 2.1–2.2 ppm (X ¼ 2), 2.3–
2.6 ppm (X ¼ 1), 7.3–8.2 ppm (X ¼ 5), 6.8–8.1 ppm (X ¼ 4), 7.8–
8.8 ppm (X ¼ 4), and 6.8–8.3 ppm (X ¼ 4), 6.8–8.3 ppm (X ¼ 4),
respectively, and the areas of AGU signals (IAGU) at 3.0–5.5 ppm.

In the case of using Emim p-anisate (8), and TBA p-anisate
(9), the corresponding peaks at 3.5–4.5 ppm of their methoxy
group (as prediction) were overlapped with the AGU signals at
3.0–5.5 ppm. The IAGU value was corrected by subtracting the
value corresponding to Iside.

The DStotal values and selectivity were calculated using the
following equations:

DStotal ¼ DSmain + DSside

Selectivityð%Þ ¼ DSmain

DStotal

� 100
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