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Etherification of cellulose was performed using a mixture of ionic liquids (ILs) playing roles in both cellulose dissolution

and catalysis. We investigated the effects of the reaction time and the ratio of these ILs in the mixture. Cellulose
etherification was performed in these IL mixtures. The proportion of propoxy cellulose exceeded 2.5 after 24 h.
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Introduction

Ionic liquids (ILs), organic salts with a melting point below

1008C, have attracted much interest as a unique class of mate-
rials.[1,2] In the liquid state at ambient temperature, they contain
no solvents and consist entirely of ions; this endows themwith a

wide range of properties. Various ILs have been researched as
‘green’ and ‘sustainable’ solvents due to their low vapour
pressure, thermal stability, and recyclability. Their physical,
chemical, and electrochemical properties can be tuned by

exploiting their diverse component organic cations and anions.
Since they can be designed to exhibit a wide variety of solvent
properties by changing their ions, ILs are expected to function as

alternatives to traditional reaction media. As specific functional
groups can also be incorporated, various functionalised ILs are
categorised as ‘task-specific’ ILs (TSILs).[3] TSILs have been

designed and synthesised for specific purposes including
catalysis,[4] organic synthesis,[5] separation,[6] and ion conduc-
tive materials.[7,8]

Cellulose, themost common biological polymer on earth, has
been widely used as a raw material in textiles, chemicals,
pharmaceuticals, and energy industries. Chemically modified
cellulose derivatives[9,10] or prepared composites[11] can be

employed as new functional materials. Over the years, the
functionalisation of cellulose has attracted considerable
research interest. However, well developed intra- and intermo-

lecular hydrogen-bonding networks hinder cellulose dissolution
in conventional solvents, rendering functionalisation challeng-
ing. Thus, the search for homogeneous functionalisation media

has stimulated considerable research interest in developing
suitable solvents for cellulose. Rogers et al. initially reported
the use of ILs as a new class of solvents for cellulose,[12]

prompting several studies focussed on the regeneration[13,14]

and chemical modification[15–18] of cellulose in ILs.

Although Brønsted acidic ILs are employed as versatile
solvents and catalysts in various reactions,[19,20] none of these

could dissolve cellulose. In addition, each functionality may be
inhibited by introducing multiple substituents with different
functionalities onto a single ion. Another approach to tuning IL

properties is to use a eutectic mixture of two or more compo-
nents that have attractive properties individually.[21–23] Numer-
ous studies have been conducted on binary and ternary IL
systems, such as molecular dynamics simulations and detailed

studies concerning mixing and miscibility. We previously
reported the homogeneous epoxidation of cellulose in a binary
ILmixture as solvent and catalyst in the presence of glycidol.[24]

Since then, the degree of substitution (DS) was controlled by the
composition ratio of acidic ILs, but the relationship between the
structure of the acidic ILs and the DS value was not discussed. It

is necessary to discuss the correlation between the structure of
acidic ILs and the catalytic activity. In this study, a series of IL
mixtures with suitable compositions were synthesised that

played different roles in cellulose dissolution and catalysis.
We investigated the cellulose solubility and catalyst activity
towards etherification in these binary IL mixtures to produce a
cellulose derivative.

Results and Discussion

It is known that some mixtures of hydrophilic and hydrophobic
ILs form two distinct phases; this leads to significant differences

in the structures of not only the cations but also the anions.[25]

Miscibility is the most important factor in preparing the binary
IL system, especially when these are employed as homogeneous

reaction media for preparing cellulose derivatives. We demon-
strated the miscibility and cellulose solubility in binary ILs by
tuning the concentrations of the component ions. Themiscibility
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of 1-ethyl-3-methylimidazolium methylphosphonate ([EMIm]
[MeP]) and the acidic ILs shown in Fig. 1 was examined by
mixing them at an acidic IL concentration from 0 to 100 mol-%.

All the binary ILs analysed in this study exhibited a homoge-
neous phase regardless of temperature.

Cellulose dissolution in binary ILs containing [EMIm][MeP]

and 1-(4-butylsulfonic)-3-ethylimidazolium hydrogen sulfate
([EImC4SO3H][HSO4]) at different ratios was evaluated. A
transparent homogeneous cellulose solution was achieved in
these binary IL systems by stirring for 30 min at 608C. Fig. 2

shows the cellulose solubility as a function of mixture composi-
tion. The amount of cellulose in the solution depended strongly
on the predominating IL. Binary ILs containing above 90mol-%

[EMIm][MeP] dissolved cellulose under mild conditions, and
the cellulose solubility depended on the [EMIm][MeP] concen-
tration in the binary IL systems; this indicated the effectiveness

of the [EMIm][MeP] component. The solubility of cellulosewas
almost independent of the acidic IL structure. For example, a
mixture containing 1 mol-% [EImC4SO3H][HSO4] dissolved
9 wt-% cellulose at 608C. However, a mixture containing

5 mol-% [EImC4SO3H][HSO4] necessitated a dissolution tem-
perature of 808C. 13C NMR studies on the dissolution mecha-
nism of cellulose in ILs indicate that the anions function as

hydrogen bond acceptors and interact with the cellulose hydroxy
groups.[26,27] This separates the hydroxy groups in different
cellulose chains, leading to dissolution of cellulose in the ILs. In

our experiment, the hydrogen-bonding basicity (b value) was
evaluated using Kamlet–Taft parameters determined from the
solvatochromism of three different dyes (Reichardt’s dye #33,

p-nitroaniline, and N,N-diethyl-4-nitroaniline) given in
Table 1.[28–30] The b value of the binary ILs decreased as the
amount of acidic ILs containing [EImC4SO3H][HSO4]

increased. It was shown that b values of at least 0.95 were
required to dissolve cellulose powder under these conditions.

Cellulose solutions in binary IL systems were left to react

with propanol for different times. The binary ILs exhibited a
[EMIm][MeP]-to-acidic IL molar ratio of 99.5 : 0.5. The con-
version rate was expected to increase slightly with temperature

in the presence of propanol. Nevertheless, the reaction was
conducted at 608C. The propanol/anhydroglucose unit (AGU)
molar ratio was 6.0 to allow sufficient propanol to react with the

hydroxy groups.
FTIR spectroscopy was used to analyse the cellulose (spec-

trum a) and propoxy cellulose synthesised in the binary ILs
containing [EMIm][MeP] and [EImC4SO3H][HSO4] (spectra b

and c) as shown in Fig. 3. The most significant changes are at
1050, 1110, and 2900 cm�1 and in the range of 3000 to
3600 cm�1. These peaks are mainly assigned to cellulose.[31,32]

These bands are within the vibration range of intra- and
intermolecular hydrogen-bonded hydroxy groups (between
3600 and 3000 cm�1), in the fingerprint region, such as those

at 1110 cm�1, and in the range of C–O valence vibrations from
1050 cm�1. In spectra b and c, the characteristic bands for the
hydroxy group at 1110 and 1050 cm�1 disappeared. In addition,
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Fig. 1. Structures of the ILs employed in this study.
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Fig. 2. Effect of the [EImC4SO3H][HSO4] content on the solubility of

cellulose in the binary ILs.

Table 1. Kamlet–Taft parameters for a series of mixed ILs

[EMIm][MeP]/[EImC4SO3H][HSO4] p* a b

100 : 0 1.00 0.52 1.00

99.5 : 0.5 1.07 0.51 0.97

90 : 10 1.08 0.49 0.92
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Fig. 3. FTIR spectra of (a) original cellulose powder and propoxy cellulose

reacted for (b) 9 h and (c) 24 h.
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the peak intensity between ,3000 and 3600 cm�1 decreased
compared with spectrum a. However, the peaks at 2900 cm�1,

assigned to alkyl C–H stretching, increased with the reaction
time. In the 1H NMR spectrum of the product, the peaks for the
cellulose backbone appeared between 3.2 and 4.8 ppm, and

those for the propoxy groups appeared at 0.84, 1.55, and
,3.3 ppm (Fig. 4). The cellulose reacted successfully under
mild conditions in all the binary IL solutions. The DS of the
propoxy cellulose was determined by 1H NMR spectroscopy

after reaction with benzoyl chloride.[33]

The effectiveness of the solution components for cellulose
modification was evaluated in several binary ILs. Fig. 5 shows

the effect of the binary IL composition on the DS of the propoxy
cellulose with a propanol/AGUmolar ratio of 6 : 1 and a reaction
time of 6 h. The propoxylation of cellulose was quite slow

without the catalytic ILs. When 1.0 mol-% of [EImC4SO3H]
[HSO4] was added, the DS reached 1.9 in 6 h. However, with no
catalytic IL addition, the DS value increased very slightly

(DS¼ 0.11). The DS increased with the molar ratio of acidic
ILs. When the molar ratio of acidic ILs to [EMIm][MeP] was
below 1.0, the reactivity of cellulose propoxylation differed
depending on the acidic IL structure. For comparison, as the

molar ratio of acidic ILs to [EMIm][MeP] increased, the DS of
cellulose remained unchanged. The solubility in the binary IL
system decreased as the amount of acidic ILs increased; there-

fore, low levels of acidic ILs effectively catalysed the ether-
ification while ensuring high cellulose solubility.

To evaluate the effect of the acidic IL structure on reactivity,

the Brønsted strengths of acidic ILs were determined by UV-vis

spectroscopy with p-nitroaniline (pKa¼ 0.99) as indicator.[34,35]

The Brønsted acid strengths of acidic ILs and theDS in binary IL

systems containing several acidic ILs are shown in Table 2, and
the corresponding acidity order is as follows: [EImC4SO3H]
[HSO4]. [EImC3SO3H][HSO4]. [BImC4SO3H][HSO4].

H2SO4. TheH0 parameter of the acidic ILs in this study showed
higher values than that of H2SO4. The SO3H-functionalised
acidic ILs have strong intramolecular hydrogen bonds.[35]

Owing to these strong interactions, the H–O bond of the sulfonic

acid group has been lengthened; thus, the SO3H-functionalised
ILs tend to exist in the zwitterion and H2SO4 forms. As a result,
the SO3H-functionalised ILs containing two adjacent acid sites

show strong acidities as well as H2SO4; they then catalyse the
etherification reaction to produce considerable conversions. The
strength of intramolecular hydrogen bonds is closely related to

the substituent structure at the 1-position and the distance
between imidazolium and SO3H. Their relationships are cur-
rently being investigated through computational methods.
Therefore, [EImC4SO3H][HSO4] exhibited the highest

Brønsted acidity and catalytic activity in this study.
The effect of the reaction time on theDS of propoxy cellulose

was investigated (Fig. 6). TheDS initially increased rapidlywith

the reaction time before eventually slowing down. In particular,
the binary IL system containing [EImC4SO3H][HSO4] allowed
a rapid reaction over a short time period. For the binary IL

system containing [EImC4SO3H][HSO4] (molar ratio of
[EMIm][MeP] to [EImC4SO3H][HSO4] of 99.5 : 0.5), the DS
reached 1.5 in 6 h with no reduction in cellulose solubility. The

DS values were 1.8 and 2.5 at 12 and 24 h, respectively.
Conversely, etherification proceeded to a limited extent in the
absence of acidic ILs under the same reaction conditions.
Furthermore, the acidic ILs exhibited significantly better
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Fig. 4. 1HNMR spectrum in CDCl3 of the obtained propoxy cellulose with

DS of 2.04. The cellulose was refluxed in a [EMIm][MeP]/[EImC4SO3H]

[HSO4] system (molar ratio¼ 99.5 : 0.5) at 808C for 18 h.
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Table 2. Brønsted acid strengths of the ILs

Concentration, 80 mmol L�1 ethanol solution; indicator, p-nitroaniline

(Amax¼ 0.990 at 100% deprotonation); Amax, maximum absorbance of

p-nitroaniline in solution; [I], percentage of unprotonated p-nitroaniline;

[IHþ], percentage of protonated p-nitroaniline; H0, Hammett function

Acid Amax [I] [%] [IHþ] [%] H0

[EImC3SO3H][HSO4] 0.527 53.22 46.78 1.05

[EImC4SO3H][HSO4] 0.488 49.30 50.70 0.98

[BImC4SO3H][HSO4] 0.534 53.94 46.06 1.06

H2SO4 0.668 67.49 32.51 1.31

3.0

2.5

2.0

1.5

1.0

0.5

0
0 5 10 15 20 25 30 35 40

Reaction time [h]

D
S

45 50

[EImC3SO3H][HSO4]

[EImC4SO3H][HSO4]

[BImC4SO3H][HSO4]

H2SO4

None

Fig. 6. Dependence of DS on reaction time for propoxy cellulose.
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Brønsted acid catalytic performance than sulfuric acid under the

same reaction conditions. This indicates that the binary ILs
based on [EMIm][MeP] and Brønsted acidic [EImC4SO3H]
[HSO4] are suitable solvents for cellulose etherification.

Conclusion

In this work, homogeneous etherification of cellulose was

conducted using binary IL mixtures as solvent and catalyst
under mild conditions. Propoxylation of cellulose samples was
achieved in the presence of propanol. Their DS values, which

were between 0.1 and 2.5, were controlled by changing the
reaction time and the structures and compositions of acidic ILs.
This reaction system is simple and its energy costs are low.

Furthermore, other cellulose derivatives, including cellulose
ethers, esters, and grafts, may be synthesised using an appro-
priate binary IL combination. Their synthesis is currently being
investigated.

Experimental

Materials

Dimethyl phosphite, 1-ethylimidazole, 1-butylimidazole, 1,4-
butanesultone, and 1,3-propanesultone were purchased from

Tokyo Chemical Industry Co. Sulfuric acid and propan-1-ol
were purchased from Fujifilm Wako Pure Chemical Co. Cel-
lulose powder (Avicel, PH-101) was obtained from Sigma–

Aldrich Co. All chemical reagents were used as received.

Synthesis of IL as a Solvent

After dissolving 1-ethylimidazole (10 g, 0.104 mol) and

dimethyl phosphite (12.6 g, 0.114 mol) in 100 mL of THF, they
were mixed slowly in a dry nitrogen gas atmosphere. The
resulting solution was refluxed with stirring at 808C for 24 h.
After removing the THF by evaporation, the product was

washed thrice with 100 mL of diethyl ether. Finally, removal of
diethyl ether under reduced pressure yielded 1-ethyl-3-methy-
limidazolium methylphosphonate ([EMIm][(MeO)(H)PO2], or

[EMIm][MeP]) as a colourless liquid.

Synthesis of IL as a Catalyst

As a general procedure for preparing Brønsted acidic ILs, the

synthesis of 1-(4-butylsulfonic)-3-ethylimidazolium hydrogen
sulfate ([EImC4SO3H][HSO4]) is given as an example. To
1-ethylimidazole (10 g, 0.104 mol) in 50 mL of toluene, 1,4-

butanesultone (14.2 g, 0.104 mol) dissolved in 50 mL of toluene
was added dropwise under a dry nitrogen gas atmosphere. The
resulting solution was refluxed with stirring at 608C for 24 h.
After removing toluene, the product was washed thrice with

100 mL of diethyl ether to yield 1-(4-butylsulfonate)-3-ethyli-
midazol ([EImC4SO3]) as a white powder. After dissolving
[EImC4SO3] (20 g, 8.6� 10�2 mol) in 50 mL of methanol,

sulfuric acid (0.84 g, 8.6� 10�2 mol) was added dropwise in an
ice bath. The resulting solution was refluxed with stirring at
608C for 24 h. Following the reaction, methanol was removed

by evaporation and then under reduced pressure, giving
1-(4-butylsulfonic)-3-ethylimidazolium hydrogen sulfate
([EImC4SO3H][HSO4]) as a viscous liquid.

Preparation of Cellulose Ether

Cellulose powder (0.25 g) was dissolved at 5.0 wt-% in several
binary ILs (4.75 g) with gentle stirring; propan-1-ol was then
added dropwise to the cellulose solution, and the mixture was

refluxed with stirring at 808C. To terminate the cellulose

etherification, excess butanol (20 mL) was poured into the
reaction mixture. The resulting propoxy cellulose was purified
by washing twice with 50 mL of butan-1-ol. Finally, the pure

propoxy cellulose was obtained by filtration and vacuum
dried at 258C for 24 h. The reaction time was controlled between
6 and 48 h.

1H NMR Spectroscopy

The structures of the ILs and cellulose derivatives were con-
firmed by 1H and 13C NMR spectroscopy (BRUKER, DXR500,
500 MHz) relative to tetramethylsilane (TMS) in CDCl3.

FTIR Spectroscopy

FTIR spectroscopy of the original cellulose and propoxy cel-
lulose was performed with a JASCO FT/IR-4100 spectrometer.

Samples were dried at 808C under vacuum for 24 h before
measurement. The standard KBr pellet method was used.
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