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Understanding the role of co-solvents in the
dissolution of cellulose in ionic liquids†

Jean-Michel Andanson,a,b Emilie Bordes,a,b Julien Devémy,a,b Fabrice Leroux,a,b

Agilio A. H. Páduaa,b and Margarida F. Costa Gomes*a,b

The dissolution of microcrystalline cellulose in 1-butyl-3-methylimidazolium acetate [C4C1Im][OAc] was

studied using a solid–liquid equilibrium method based on polarized-light optical microscopy from 30 to

100 °C. We found that [C4C1Im][OAc] could dissolve as much as 25 wt% of cellulose at temperatures

below 100 °C. The structure of the composite phase obtained after cooling a solution of 16 wt% of cellu-

lose in [C4C1Im][OAc] was analyzed by low angle X-ray diffraction showing the absence of microcrystalline

cellulose, but depicting an extensive long range isotropic ordering. With the aim of improving the dissolu-

tion of cellulose in the ionic liquid, dimethyl sulfoxide, DMSO, was added as a co-solvent. It was

observed that it enhances the solvent power of the ionic liquid by decreasing the time needed for dissolu-

tion, even at low temperatures. In order to understand what makes DMSO a good co-solvent, two

approaches were followed. Firstly, we studied experimentally the mass transport properties (viscosity and

ionic conductivity) of [C4C1Im][OAc] + DMSO mixtures at different compositions and, secondly, we

assessed the molecular structure and interactions around glucose, the structural unit of cellulose, by

means of molecular dynamics simulations. As expected, DMSO dramatically decreases the viscosity and

increases the conductivity of the mixtures, but without inducing cation–anion dissociation in the ionic

liquid. These results were confirmed by molecular simulation as it was found that the presence of a

0.5 mole fraction concentration of DMSO does not significantly affect the hydrogen-bond network in the

ionic liquid. Furthermore, molecular dynamics shows that in the [C4C1Im][OAc] + DMSO equimolar

mixture, DMSO does not interact specifically with glucose. We conclude that DMSO improves the

solvation capabilities of the ionic liquid because it facilitates mass transport by decreasing the solvent

viscosity without significantly affecting the specific interactions between cations and anions or between

the ionic liquid and the polymer. The behavior of DMSO as a co-solvent was compared with that of

water and it was found that water molecules are more probably found near glucose than those of DMSO,

thus interfering with ionic liquid–glucose interactions, which might explain the unsuitability of water as

a co-solvent for cellulose in ionic liquids.

1. Introduction

Cellulose is a cheap and abundant natural polymer that has
numerous applications.1 In many of these applications, the
polymer has first to be dissolved.2 Natural cellulose is a crystal-
line biopolymer composed of monomers of cellobiose
(2 glucose molecules linked by a β(1–4) bond) each having six
OH groups that give rise to a strong hydrogen-bond network,

both intra- and intermolecular. These specific interactions
make natural cellulose a thermally and chemically stable
material that is very difficult to solubilize.

Dissolving natural cellulose is a demanding task since
water or the usual organic solvents are not able to dissolve this
polymer under relatively mild conditions. The industrial pro-
cesses currently in use are hazardous and should be replaced
mainly because of environmental reasons.3 In 2002, Swatloski
et al.4 reported that ionic liquids could dissolve cellulose
efficiently. These are thermally stable, non-volatile fluids
which might decrease the risk of pollution and facilitate re-
cycling.5 Over the last ten years, numerous ionic liquids have
been tested for cellulose dissolution.6 Those based on acetate
anions and alkylimidazolium cations were proved to dissolve
high amounts of cellulose at temperatures below 100 °C7–11

(>15 wt% after a few hours at 100 °C)9 with the advantage,
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contrary to chloride alkylimidazolium ionic liquids, of being
liquid at room temperature.

Leitner et al. compared the ability of 17 carboxylate-based
ionic liquids to dissolve 1 wt% of cellulose by adding progress-
ively 1 wt% of biomass every 30 min at a given temperature to
determine the solubility of the biopolymer.9 Ionic liquids are
generally highly viscous,12,13 and adding a polymer into a
solvent is known to increase even more the viscosity of the
liquid.14–16 Because of this, the dissolution of high amounts of
cellulose in an ionic liquid can be limited by mass transport
and not only by unfavorable solute–solvent interactions.
Seddon et al.17 followed the kinetics of dissolution of 10 wt%
of cellulose using viscosity measurements thus contributing,
with an original experimental protocol, to a better understand-
ing of the mechanisms of dissolution of cellulose in ionic
liquids.18

The addition of highly polar and aprotic co-solvents to
ionic liquids has proven to considerably improve cellulose dis-
solution.19,20 Several solvents were tested and dimethyl sulfox-
ide, DMSO, a strongly polar (μ = 3.96 D) aprotic organic liquid
with a high boiling point (189 °C) and a good thermal stability,
appears to be a good co-solvent. The addition of a co-solvent
induces an exponential decrease of the viscosity of the
polymer solutions as recently observed for DMSO21 or carbon
dioxide.22 Because mass transfer is improved, the temperature
at which the dissolution of a given concentration of polymer is
observed might be lower. This should constitute an advantage
in terms of recyclability when using ionic liquids such as
1-butyl-3-methylimidazolium acetate, [C4C1Im][OAc], which
decomposes by 1% within 10 h at 102 °C.23

Here we report the study of cellulose dissolution in
[C4C1Im][OAc] and in [C4C1Im][OAc] + DMSO mixtures. To
study the dissolution of the polymer, we used a synthetic
(global composition) phase equilibrium method with visual
detection by polarized-light optical microscopy, an easily
accessible technique especially useful to study microcrystalline
cellulose (MCC) in ionic liquids.24,25 The first original
approach of this work concerns the accurate determination of
the dissolution conditions (temperature, concentration and
time) of well-characterized commercial samples of microcrys-
talline cellulose. To the best of our knowledge, only one study
of the kinetics of cellulose dissolution in ionic liquids has
been reported using viscosity measurements.17 In order to
understand the effect of DMSO on the polymer solvation, we
have studied the properties of the ionic liquid + DMSO mix-
tures both experimentally and by molecular dynamics simu-
lation. Experimentally, we determined the viscosity and
conductivity of the mixtures and calculated their “ionicity” in
order to evaluate the effect of the molecular solvent on the
cation–anion interactions in the ionic liquid.26 Molecular
dynamics simulations were performed both of the [C4C1Im]-
[OAc] + DMSO mixtures and of the solutions of glucose (the
basic structural unit of cellulose) in those mixtures. The micro-
scopic structure and the molecular interactions in solution
were analyzed. The association of simple macroscopic
measurements with molecular simulation studies to assess the

molecular interactions in the solutions of cellulose constitutes
the second original approach of the present work.

2. Methodology
2.1. Materials

[C4C1Im][OAc] from Interchem (98%) was used without further
purification. The amount of water of the ionic liquid freshly
purchased was 0.6 wt%. Because [C4C1Im][OAc] is highly
hygroscopic and it was very difficult to keep it under a dry
atmosphere during the experiments, we have performed all the
measurements in an ionic liquid with a controlled quantity of
water of 1 wt%. We have avoided in this way the change in the
properties of the ionic liquid (in particular of its viscosity) due
to an uncontrolled absorption of water. DMSO (dimethyl sulf-
oxide, >99.9%, from Fluka) was used as a co-solvent. [C4C1Im]-
[OAc] + DMSO mixtures with mole fraction concentrations in
ionic liquid of xIL = 0.25, 0.50 and 0.75 were prepared gravi-
metrically. Cellulose (microcrystalline cellulose from Sigma-
Aldrich) was dried in an oven at 90 °C for 1 day prior to usage.

2.2. Experimental

A small amount of cellulose suspension was prepared by
adding 50 mg of [C4C1Im][OAc] (or [C4C1Im][OAc] + DMSO
mixture) to a known amount of cellulose on a glass slide. The
suspension was quickly stirred before closing the sample with
a glass coverslip. The overall compositions of cellulose given in
this paper refer to the mass ratio of cellulose over the mass of
solvent (ionic liquid + co-solvent), %wt = 100 × (mcellulose/
msolvent). The sample of cellulose suspension was then placed
in the hot stage (Linkam LTS420) of the optical microscope
(Leica DM2500M) preheated at 30.0 °C.

Changes in the sample when it was heated at rates of 1.0,
0.1 or 0.01 °C min−1 were followed in the microscope via cross-
polarized light, which is specifically sensitive to the crystalline
part of the sample. In a typical experiment, the sample was
heated from 30.0 to over 100.0 °C and an image (2048 × 1536
pixels) was recorded every 0.5 °C. Some experiments were also
conducted at constant temperature. The area observed in the
microscope is of 900 × 1200 μm while the whole sample area is
of approximately 4 cm2. During the experiment, the hot stage
containing the sample is flushed with N2 to avoid any water
uptake, especially for the longest experiments that take several
days.

The electrical conductivity, κ, was measured with the ac
impedance bridge technique using two platinum electrodes.
Details of our setup can be found elsewhere.27 Viscosity
measurements were performed with an Anton Paar AMVn
rolling ball viscosimeter. The overall uncertainty in the vis-
cosity is estimated as ±1.5%.27 In order to calculate the vis-
cosity of the sample using a rolling ball viscosimeter, the
density of the sample has to be known. Densities of all
samples were also measured for all temperatures with a DMA
5000M vibrating-tube densimeter from Anton Paar. Conduc-
tivity and viscosity of the [C4C1Im][OAc] + DMSO mixtures were
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measured at compositions xIL = 0.0, 0.25, 0.50, 0.75 and 1.0,
from 25.0 to 100.0 °C.

X-ray diffraction analysis, XRD, of the composite sample
cellulose + ionic liquid was performed at room temperature on
a Siemens D501 diffractometer in a Bragg–Brentano θ–2θ con-
figuration using a Cu Kα source (25 mA, 35 kV). Data were col-
lected in a step scan mode between 0.7 and 28.0° (2θ) with a
step size of 0.005° and a counting time of 9 s per step. The
slits before and after the sample were close to 0.3°. The solu-
tion analyzed was prepared as described above with a concen-
tration of 16.2 wt% of cellulose in [C4C1Im][OAc]. After
dissolution, the sample was left at room temperature under a
nitrogen atmosphere for 48 h before the X-ray measurement.
The Bragg relationship was used to access the distance values
d as λ(Å) = 2d sinθ, where λ and θ are the wavelength (here
1.5418 Å) and the diffracting angle, respectively. The instru-
mental full width at half maximum (FWHM) was not con-
sidered here at such low 2θ values when using the Scherrer
relation

L ¼ 0:9� λffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δθ2m � Δθ20

q � 1
cos θ

where L is the size of the coherent domain visualized by X-ray,
Δθ2m is the full width at half maximum (FWHM) of the diffrac-
tion line, Δθ20 is the instrumental FWHM (here not considered)
and λ is the wavelength. The sample was observed by the
optical microscope under polarized light before and after the
diffraction analysis.

2.3. Molecular simulation

Flexible all-atom models of the OPLS-AA family were used for
[C4C1Im][OAc],28–30 glucose,31 DMSO,28 and water (TIP4P)32

molecules. Their chemical structures are represented in Fig. 1.
Simulations were performed in periodic cubic boxes con-
taining 512 ion pairs (or 1024 ion pairs if no co-solvent), using
the molecular dynamics method implemented in the
DL_POLY package.33 Equimolar mixtures of [C4C1Im][OAc]
with 512 molecules of DMSO or water were also simulated.
Systems including sixteen glucose molecules were simulated
in order to study the microscopic structure and the molecular
interactions of the solvent around the structural unit of cellu-
lose. The composition of the different simulated systems is
summarised in ESI.† Once the equilibrium density was
achieved, simulation runs of 400 ps were performed in the
NPT ensemble at 150 °C and 1 bar (5 bar in the case of water
as a co-solvent), maintained by the Nosé–Hoover thermostat
and barostat. The time step used was 2 fs and the cutoff dis-
tance was 16 Å for non-bonded interactions. Long-range elec-
trostatic interactions were handled by the Ewald summation
method with an accuracy of 10−4. Structural quantities such as
radial distribution functions and hydrogen bond statistics
were calculated from configurations saved every 2 ps. H-bonds
were defined using standard geometric criteria of distance and
angle: H⋯O distance under 2.5 Å and O–H⋯O angle between
150° and 180°; for the weaker C–H⋯O bond involving the

aromatic ring of the cation, a longer distance of 3.0 Å was
necessary (see radial distribution functions below). Similar
parameters were used for the study of cellulose–[C2C1Im]-
[OAc]–water ternary mixtures.34

3. Results and discussion

Typical images of the cellulose dissolution in [C4C1Im][OAc]
are shown in Fig. 2. In these images, white spots correspond
to the crystalline cellulose fibres, which disappear with time.
Dissolution experiments were explored by evaluating automati-
cally all images using a home-made software that analyses the
brightness of each image and plots it as a function of time
during the experiment. Examples of measurements are rep-
resented in Fig. 3 for three mass concentrations of cellulose in
[C4C1Im][OAc] at 50 °C. At the lower concentration of 5 wt%,
cellulose is dissolved in less than 2 hours, while at 10 wt% it is
still slowly dissolving after 10 hours and for 20 wt% of cellu-
lose the polymer is not fully dissolved in the ionic liquid at
this temperature. For the 10 wt% concentration, it is observed
in Fig. 3 that the brightness first decreases (corresponding to
the disappearance of the crystals of cellulose seen in white, see

Fig. 1 Adopted nomenclature for the sites of the ionic liquid 1-butyl-3-
methylimidazolium acetate ([C4C1Im][OAc]), dimethyl sulfoxide (DMSO),
water and glucose.
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Fig. 2) and then increases again. This can be attributed to
different phenomena: some agglomerates can trap gaseous
bubbles (bigger and darker particles shown in some of the
snapshots) and, as pictures are taken from the top, agglomer-
ates of particles can hide others; during the dissolution, the
agglomerates of cellulose can spread, thus increasing the
brightness of the sample. A video of the dissolution processes
at 10 wt% at 50 °C showing the release of air bubbles and the
increase of the surface taken by agglomerates during their dis-
solution is given in ESI.†

The possible presence of structural correlation at long dis-
tances was scrutinized using low angle X-ray diffraction (2θ
limit of 0.7°). The usual cellulose structure was also searched
as we covered values of 2θ up to 28°.35 As shown in Fig. 4, no

peak was found at 2θ around 15° and 22.5°, values that are
characteristic of microcrystalline cellulose inter-chain organi-
zation. This structural organization is apparently replaced by
another at longer length scales (corresponding to lower 2θ
values). Well-defined diffraction peaks are observed at low
angles corresponding to large distance correlations, as high as
12 nm. These sharp peaks indicate a high degree of ordering,
i.e. large domains of coherence of the composite phase. Arrest-
ingly, for the more intense and single diffraction peak at 2θ =
0.717°, a measured FWHM of 0.013° is indicative of very large
size of the associated X-ray coherent domains (in the corres-
ponding diffraction plane here not known) of about half μm
(≈ 600 nm). At 2θ = 0.814° two overlapped contributions are
observed (2θ = 0.806 and 0.822°) as well as others that are less

Fig. 2 Images obtained by microscopy under polarized light of 5 wt% cellulose dissolving in [C4C1Im][OAc] at 50 °C. MCC fragments appear in
white in the images taken after 1, 10, 19, 28, 37 … 91 and 100 minutes (from top left to bottom right).
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intense. The observation of the sample under optical polar-
ized-light microscopy, before and after the X-ray analysis,
showed no evidence of birefringence (absence of liquid-crystal-
type structures), as observed by Song et al.35 for cellulose +
[C2C1Im][OAc]. This suggests that the ordering of the com-
posite phase herein is isotropic, probably three dimensional
(bi-dimensional arrangement characterized by harmonic peaks
is not depicted here), and adopting a low symmetry (presence
of several diffraction peaks).

In order to determine the solubility of cellulose in [C4C1Im]-
[OAc] as a function of temperature, we have followed, using the
methodology described above, the dissolution of the polymer
while heating samples of different mass concentrations at
different rates: 0.01, 0.1 and 1 °C min−1. The results are sum-
marized in Fig. 5. For a given heating rate, the temperature of
dissolution increases with increasing cellulose concentration
and, for a given concentration, increases with increasing
heating rate. At temperatures below 100 °C (temperature at
which the ionic liquid is known to be decomposed by 1%
per 10 hours23) up to 25 wt% of cellulose can be dissolved if
the sample is heated sufficiently slowly (0.01 °C min−1). This
solubility is comparable to what was found in the literature,9

considering that it strongly depends on the cellulose source
and on impurities (such as water or chloride) that can be
present in the ionic liquid. Direct comparisons from one study
to another are difficult and should be made with care.

The temperatures of the complete dissolution of cellulose
are regrouped in Table 1. It can be observed that, when
heating at a rate of 1 °C min−1, 5 wt% of cellulose dissolves at
72 °C, while with the slower heating rates of 0.1 and 0.01 °C
min−1 the temperature of dissolution decreases to 55 °C and
34 °C, respectively. This decrease of the temperature of
dissolution is seen for all of the cellulose concentrations and
is typical of a solvation process controlled by mass transport.
Two different dissolution patterns can, nevertheless, be identi-
fied: for the low concentrations of cellulose (5 or 10 wt%) the
polymer dissolves at low temperature (around 35 °C) but for
higher concentrations of cellulose, part of the polymer dis-
solves at low temperature, then almost nothing is dissolved up
to 70 °C and finally the dissolution restarts to reach complete
dissolution between 80 and 95 °C. This result observed in
Fig. 5 is in agreement with the results of the dissolution at
constant temperature (Fig. 3), where the dissolution of the
sample with 20 wt% of cellulose stops around 120 min while
the sample with 10 wt% of the polymer continues to dissolve
slowly. The cellulose is clearly not dissolving at a constant rate
– the first 10 wt% dissolving easier than the remaining solid.
These experiments show that, up to around 10 wt% of cellu-
lose, dissolution is accomplished within a few hours at low
temperature, while temperatures over 75 °C appear to be
necessary in order to dissolve higher concentrations of this
polymer.

Adding DMSO to the ionic liquid makes cellulose dissolve
much faster and at lower temperatures, as illustrated in Fig. 6
(all experiments using DMSO as a co-solvent were performed
using a heating rate of 1 °C min−1). The improvement is negli-
gible when DMSO is added at a concentration of 0.25 mole
fraction (or 12 wt%) to [C4C1Im][OAc]: as in the pure ionic
liquid, 5 wt% of cellulose could be dissolved at 70–75 °C.
When increasing further the concentration of DMSO (to
xDMSO = 0.50 or 28 wt%), we observe the complete dissolution
of 5 and 10 wt% of cellulose at temperatures close to 60 °C,
in less than 30 min. With xDMSO = 0.75 (54 wt%), complete dis-
solution of the polymer occurs at a temperature as low as
45 °C (15 min). Temperatures of dissolution obtained for

Fig. 3 Dissolution of cellulose at 50 °C as a function of time in solu-
tions of: 5 wt% in [C4C1Im][OAc]; , 10 wt% in [C4C1Im][OAc] and ■,
20 wt% in [C4C1Im][OAc].

Fig. 4 X-ray diffraction pattern of the ionic liquid + cellulose composite
phase.
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different concentrations of DMSO and cellulose are given in
Table 2. In pure DMSO (xDMSO = 1.0) even 1% of cellulose
could not be dissolved. Interestingly, dissolution of cellulose
follows the same trend (in terms of kinetics or of the tempera-
ture of dissolution) when DMSO is added as a co-solvent or
when the heating rate is decreased in the pure ionic liquid.
Moreover, it is observed that the addition of DMSO does not
have a strong impact on the quantity of cellulose dissolved by
an amount of ionic liquid.

Among the broad range of co-solvents tested for the dissolu-
tion of cellulose in ionic liquids by Rinaldi,19 DMSO and
DMF (N,N-dimethylformamide) appear to be the most efficient
ones. The ability of organic solvents to swell the cellulose
fibers was also recently compared36 and it was found that
microcrystalline cellulose can double in volume when dropped
in pure DMSO.36 The addition of molecular co-solvents to
ionic liquids also decreases the viscosity and improves mass-
transport substantially.37 In order to test the hypothesis that
the addition of DMSO, a highly polar aprotic solvent, separates
the ions of [C4C1Im][OAc] and thus improves the dissolution of
cellulose,26 we measured the conductivity of the pure fluids
and of the [C4C1Im][OAc] + DMSO mixtures between 25 and
100 °C (Fig. 7). We observed that the conductivity of the binary
mixtures and of the pure [C4C1Im][OAc] increases with increas-
ing temperature. The values given here for the conductivities
are higher than the data found in the literature for [C4C1Im]-
[OAc],13,38 as expected since the ionic liquid studied here is
doped with 1 wt% of water. The addition of DMSO increases
considerably the ionic conductivity for all concentrations and
temperatures tested. This increase in conductivity could be

Fig. 5 Dissolution of 5 wt% ( ), 10 wt% ( ), 15 wt% ( ), 20 wt% ( ) and 25 wt% (●) of cellulose in [C4C1Im][OAc], as a function of temperature with
heating rates of, starting from the left-hand graphic, 1.0, 0.1 and 0.01 °C per minute.

Table 1 Temperature (and time) required for full dissolution of cellu-
lose in [C4C1Im][OAc] at different rates: 0.01; 0.1 and 1 °C min−1. In each
experiment the sample is heated from 30 to 100 °C

Cellulose 1 °C min−1 0.1 °C min−1 0.01 °C min−1

5 wt% 72 °C (42 min) 55 °C (250 min) 34 °C (400 min)
10 wt% 70 °C (40 min) 52 °C (270 min) 38 °C (800 min)
15 wt% 92 °C (62 min) 72 °C (420 min) 78 °C (4800 min)
20 wt% X 89 °C (590 min) 84 °C (5400 min)
25 wt% X X 90 °C (6000 min)

Fig. 6 Dissolution of 5 wt% ( ), 10 wt% ( ), 15 wt% ( ), 20 wt% ( ) and 25 wt% (●) of cellulose in [C4C1Im][OAc] + DMSO mixtures, as a function of
temperature with a heating rate of 1.0 °C per minute. Mole fraction concentration of DMSO, starting from the left-hand graphic, xDMSO = 0.25, 0.50
and 0.75.
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due to an increase of the number of ions able to transport
charges or to a decrease of the viscosity.

The viscosities of the pure fluids and of the [C4C1Im][OAc]
+ DMSO mixtures were also measured herein and are pres-
ented in Fig. 8. Conductivity and viscosity data are given in
the ESI.† The viscosity obtained for [C4C1Im][OAc] in this work
is, as expected, lower than the data found in the literature13,38

as the ionic liquid is doped with 1 wt% of water.39 The Walden
rule establishes that the product of the molar conductivity and
viscosity is constant for dilute electrolyte solutions of weakly
coordinating ions in solvents with nonspecific ion–solvent
interactions. Data from [C4C1Im][OAc] and [C4C1Im][OAc] +
DMSO mixtures of different compositions are depicted in
Fig. 9 as a Walden plot that can be used to provide a qualitat-
ive measure of the “ionicity”, defined as the effective fraction
of ions available to participate in conduction. The reference of
ionicity is arbitrarily considered as the line corresponding to
an ideal extrapolation of the 0.01 M aqueous KCl solution at
25 °C, which is composed of completely dissociated ions (red

line in Fig. 9).40 Diluted aqueous KCl solutions and mixtures
containing ionic liquids are clearly different systems and so
the comparisons on the basis of a Walden plot are purely
qualitative.41

By observing Fig. 9, we can conclude that increasing the
amount of DMSO in [C4C1Im][OAc] does not increase the ioni-
city of system under the conditions covered by this work. For
the same viscosity, the conductivity tends to decrease slightly
when adding the co-solvent (points are more distant from the
ideal KCl line). In other words, the addition of DMSO does not
increase the number of charge carriers but instead accelerates

Fig. 7 Electrical conductivity of [C4C1Im][OAc] (●) and [C4C1Im][OAc] +
DMSO mixtures – xDMSO = 0.25 ( ), 0.50 ( ) and 0.75 ( ) – as a function
of temperature from 25 to 100 °C. Lines correspond to correlations
using the VFT equation with parameters reported in ESI.†

Fig. 8 Viscosity of [C4C1Im][OAc] (●), DMSO ( ) and [C4C1Im][OAc] +
DMSO mixtures – xDMSO = 0.25 ( ), 0.50 ( ) and 0.75 ( ) – as a function
of temperature from 25 to 100 °C. Lines correspond to correlations
using the VFT equation with parameters reported in ESI.†

Fig. 9 Walden plot of [C4C1Im][OAc] (●) and [C4C1Im][OAc] + DMSO
mixtures – xDMSO = 0.25 ( ), 0.50 ( ) and 0.75 ( ).

Table 2 Temperature of the full dissolution of cellulose in [C4C1Im]-
[OAc] + DMSO mixtures at different molar concentrations (xIL = 0.25,
0.50 and 0.75) with a heating rate of 1 °C min−1 between 30 and 100 °C.
The dissolution of 5, 10, 15 and 20 wt% of cellulose (mass of cellulose/
mass of solvent) in ionic liquid was tested. The proportion of cellulose
compared to the ionic liquid alone is given in parentheses

Cellulose xIL = 0.25 xIL = 0.50 xIL = 0.75

5 wt% 45 °C (11 wt%) 56 °C (7 wt%) 74 °C (6 wt%)
10 wt% 45 °C (22 wt%) 62 °C (14 wt%) 87 °C (11 wt%)
15 wt% X (33 wt%) 72 °C (21 wt%) 75 °C (17 wt%)
20 wt% X (28 wt%) X (23 wt%)
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significantly the mass transport as expected: the strong
increase of conductivity in the present case is mainly due to a
decrease of the viscosity.

The molecular interactions and structure of the [C4C1Im]-
[OAc] + DMSO mixtures were studied by molecular simulation.
Examples of the radial distribution function corresponding to
the probability of finding the oxygen atoms of the acetate
anion or of DMSO close to the hydrogen atom in position C2
of the imidazolium cation are given in Fig. 10. The first peak
at 2.4 Å indicates the presence of numerous H-bonds between
cations and anions both in the pure ionic liquid and in the
[C4C1Im][OAc] + DMSO mixtures, an observation already made
for [C2C1Im][OAc] at lower temperatures.42 DMSO molecules
and acetate anions can accept H-bonds while the imidazolium
cation is a H-bond donor mainly via the three hydrogen atoms
of its aromatic ring. In the [C4C1Im][OAc] + DMSO mixtures,
DMSO and the anion of the ionic liquid compete to establish
H-bonds with the cation, this balance determining the ability
of the anion to interact specifically with other molecules such
as glucose or cellulose. The radial distribution functions of
Fig. 10 show that the presence of DMSO does not perturb the
H-bond network of the ionic liquid.

The probability of establishing H-bonds between the three
hydrogen atoms of the imidazolium ring of the cation and the
anion in [C4C1Im][OAc], calculated by molecular simulation, is
given in Table 3 for the pure ionic liquid and when mixed with
DMSO. Without a co-solvent, almost 50% of the cations inter-
act through H-bonds between the oxygen atoms of the acetate
anion and the hydrogen atoms in position 4 or 5 of the

imidazolium ring of the cation, HC4,5, while less than 20% are
bonded by the most acidic hydrogen (HC2) of the imidazolium
ring. The number of H-bonds between the anion and the
cation ring decreases from 67% to 61% with the addition of
DMSO, and the number of H-bonds formed between the
cation and DMSO is around fifteen times smaller than that
between the two ions. Most of the ionic liquid structure is pre-
served while adding DMSO, confirming the results found
experimentally that show a constant ionicity of the system.
In Table 3 are included the probabilities of finding H-bond
specific interactions in the presence of glucose, both in
the pure [C4C1Im][OAc] and in the [C4C1Im][OAc] + DMSO
mixtures. It is observed that a small amount of glucose has no
significant impact on the H-bond network of the ionic liquid.

If DMSO is replaced by a polar protic solvent, for example
water at equimolar concentrations, we can observe from the
molecular dynamics calculations that water molecules are
mainly organized following a (anion⋯H–O–H⋯anion) struc-
ture, leading to an average of 1.71 and 1.65 H-bond probability
between one water molecule and acetate anions (Table 4). This
observation (water forming H-bonds simultaneously with two
anions at this concentration) agrees with the experimental
measurements reported in the literature.43 Considering that
we analyzed equimolar mixtures and that the molar volume
of water is smaller than that of DMSO, having a number of
H-bonds between anions and cations smaller in the mixture
[C4C1Im][OAc] + H2O than in [C4C1Im][OAc] + DMSO indicates
that H2O perturbs more the H-bond network of the ionic

Fig. 10 Site–site radial distribution functions, g(r), between selected
sites of the cation, anion and DMSO in pure [C4C1Im][OAc] and in
[C4C1Im][OAc] + DMSO mixtures: OAc around the hydrogen in position
C2 of the imidazolium ring in [C4C1Im] in the pure ionic liquid; ■, OAc

around the hydrogen in position C2 of the imidazolium ring in [C4C1Im]
in the equimolar [C4C1Im][OAc] + DMSO mixture; ● oxygen atoms of
DMSO around the hydrogen in position C2 of the imidazolium ring in
[C4C1Im] in the equimolar [C4C1Im][OAc] + DMSO mixture.

Table 3 Probability of hydrogen bond formation (given in percentage)
between the three hydrogen atoms of the imidazolium ring of the cation
and the anion in [C4C1Im][OAc], calculated by molecular simulation for
the pure ionic liquid and when mixed with DMSO

Without glucose With glucose

[C4C1Im]-
[OAc]

[C4C1Im]-
[OAc] + DMSO

[C4C1Im]-
[OAc]

[C4C1Im]-
[OAc] + DMSO

HC4,5–OAc 49.0 43.4 48.2 42.0
HC2–OAc 18.0 17.6 18.1 17.8
HC4,5–ODMSO — 3.0 — 3.1
HC2–ODMSO — 0.9 — 0.9

Table 4 Probability of hydrogen bond formation (given in percentage)
between the anion, the cation and water in the pure ionic liquid and in
the [C4C1Im][OAc] + H2O mixtures

Without glucose With glucose

[C4C1Im]-
[OAc]

[C4C1Im]-
[OAc] + H2O

[C4C1Im]-
[OAc]

[C4C1Im]-
[OAc] + H2O

HC4,5–OAc 49.0 40.2 48.2 38.7
HC2–OAc 18.0 21.7 18.1 21.3
HC4,5–OH2O — 14.1 — 13.7
HC2–OH2O — 8.3 — 8.1
HH2O–OAc — 171.0 — 164.5
HH2O–OH2O — 6.8 — 8.0
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liquid than DMSO. This is clearly demonstrated by the
large probability of formation of H-bonds between H2O and
C4C1Im

+ (22.4%) when compared with that between DMSO
and C4C1Im

+ (3.9%), as listed in Table 4. Similarly as for
DMSO, the addition of glucose molecules has no significant
impact on the H-bond network of the ionic liquid.

Glucose is capable of forming H-bonds with [C4C1Im][OAc]
and with the co-solvent through its five hydroxyl groups that
are able to donate or accept H-bonds. Examples of site–site
radial distribution functions, calculated by molecular
dynamics simulations, are shown in Fig. 11. Radial distri-
bution functions involving other hydroxyl groups of glucose
are depicted in the ESI.† The first peak, with a maximum at
1.7 Å, is the typical signature of a strong H-bond here formed
most probably between the hydroxyl groups of glucose and the
oxygen atoms of the acetate anion of [C4C1Im][OAc], both in
the pure ionic liquid and in the [C4C1Im][OAc] + DMSO mix-
tures. The probability of existence of H-bonds between glucose
and DMSO is low as seen in Fig. 11.

The structure of the [C4C1Im][OAc] + H2O mixtures in the
presence of glucose was also studied. The calculated site–site
radial distribution functions between selected hydroxyl groups
of glucose and atomic sites in water and DMSO are plotted in
Fig. 12 (other radial distribution functions are given in the
ESI†). It is clearly observed that water can establish H-bonds
with glucose, thus competing with the ionic liquid for the
same interaction sites, a situation not observed for DMSO
since the oxygen atom of DMSO is almost never found within
less than 4 Å of a hydrogen atom of glucose. These specific
interactions between water and glucose are not enough to

promote the dissolution of the biopolymer in this solvent, H2O
being rather used to precipitate cellulose from the ionic liquid
solution. This observation was made also by molecular simu-
lation, for example for cellulose in [C2C1Im][OAc] where water
displaced the ionic liquid’s cations out of the first solvation
shell of cellulose.34 Water added at an equimolar ratio (8 wt%
of H2O) competes with the anion of the ionic liquid to form
H-bonds with the glucose molecules and so perturbs the specific
molecular interactions between glucose and [C4C1Im][OAc],
decreasing the ability of the ionic liquid to dissolve cellulose.
[C4C1Im][Cl] with cellulose and either DMSO or water as a co-
solvent were also studied recently using the simulation by Huo
et al.44 It was found that water molecules were competing with
the anion on the cellulose surface while DMSO was only found
further in the liquid phase, in agreement with the present
results.

The probability of H-bond formation between the glucose
hydroxyl groups and the different sites of the [C4C1Im][OAc]
mixtures is listed in Table 5. The hydrogen bonds involving
the hydroxyl groups of glucose as donors and the acetate
anion as an acceptor are the most probable (between 88 and
90%), except for the OH group labeled as G6, for which the
probability of establishing an H-bond with acetate is lower
(around 75%). It is also shown that the oxygen atom in water
is accepting H-bonds from glucose around 10 times more than
the oxygen atoms in DMSO. Moreover, the addition of water as
a co-solvent decreases substantially the probability of the
H-bonds between glucose and the anion of the ionic liquid
while DMSO does not have a measurable effect (for equimolar
concentrations of ionic liquid and co-solvent). It was also

Fig. 12 Site–site radial distribution functions, g(r), between selected
sites of glucose and the two co-solvents, water and DMSO: ■, DMSO
around the hydrogen in position C2 of glucose (see Fig. 1) in the equi-
molar [C4C1Im][OAc] + DMSO mixture; , H2O around the hydrogen in
position C2 of glucose in the equimolar [C4C1Im][OAc] + H2O mixture;
, H2O around the oxygen in position C2 of glucose in the equimolar

[C4C1Im][OAc] + H2O mixture.

Fig. 11 Site–site radial distribution functions, g(r), between selected
sites of glucose and the anion [OAc] or DMSO in solutions of glucose in
[C4C1Im][OAc] + DMSO mixtures: OAc around the hydrogen in position
C6 of glucose (see Fig. 1) in the pure ionic liquid; ■, OAc around
the hydrogen in position C6 of glucose in the equimolar [C4C1Im][OAc]
+ DMSO mixture; ● oxygen atoms of DMSO around the hydrogen in
position C6 of glucose in the equimolar [C4C1Im][OAc] + DMSO mixture.
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observed that water molecules act preferentially as H-bond
receptors for the glucose molecules than as H-bond donors.
These results agree well with the study of Huo et al. on the
interface between cellulose and [C4C1Im]Cl plus DMSO or
water as a co-solvent.34,44

Zhao et al.26 reported recently a molecular simulation study
of the effect of co-solvents on the interactions between
[C4C1Im][OAc] and cellulose, including DMSO and water. In
their study the molar ratio of DMSO/ionic liquid is signifi-
cantly higher than here (R = 2.54 compared to R = 1 in the
present work). Also, herein are obtained by simulation mainly
structural quantities such as H-bond statistics and radial dis-
tribution functions, which give a detailed picture of the spatial
correlations between specific interaction sites, whereas Zhao
et al. report energetic quantities, which are more global. These
authors observe a larger effect of DMSO on the cation–anion
interactions, compatible with the difference in molar
ratio. The observations on the effect of water reducing the
anion–cellulose interactions reported by Zhao et al.26 agree
with the conclusions of this work.

4. Conclusions

Cellulose dissolution in [C4C1Im][OAc] (with a constant 1 wt%
water) and in [C4C1Im][OAc] + DMSO mixtures was studied
experimentally from 30 to 100 °C using a synthetic phase
equilibrium method based on polarized microscopy. The
brightness of the microscope images was quantified and could
be used to qualitatively assess the evolution of the dissolution
of the biopolymer. A quantitative analysis was difficult due to
non-controlled changes in the brightness of the sample during
the dissolution. The complete dissolution of cellulose could be
determined reproducibly using this technique.

Up to 10 wt% of cellulose could be dissolved at tempera-
tures below 40 °C within a few hours, while higher concen-
trations of cellulose (up to 25 wt%) were dissolved at
temperatures above 75 °C. Addition of DMSO as a co-solvent
allows a much faster dissolution of cellulose – up to 10 wt%
within 15 minutes at 45 °C. This faster dissolution can be

explained here, as for other polymers in different solvents, by
a decrease in the viscosity of the medium as no increase in
the ionicity (anion–cation dissociation) of the ionic liquid
solutions was observed experimentally and, by molecular
simulation, only a small decrease of the probability of cation–
anion H-bond formation was obtained for glucose solutions.

The structure and molecular interactions of the glucose
solutions were assessed by molecular simulation. It is con-
firmed that the mechanism of glucose dissolution in the
acetate-based ionic liquid involves the formation of a new
H-bond network between the anions and the solute. The
addition of DMSO does not affect significantly the ionic
liquid–glucose interactions, indicating that this molecular
co-solvent enables the dissolution of cellulose by facilitating
mass transport in the fluid. The same results were not found
for water as a co-solvent. In this case, H2O participates in the
H-bond network of the solvent and, in the presence of glucose,
competes with the anion to form H-bonds with glucose. This
might have caused the precipitation of the polymer upon
addition of water.
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