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ABSTRACT: Ionic liquids have become a popular solvent for cellulose
pretreatment in biorefineries due to their efficiency in dissolution and their
reusability. Understanding the interactions between cations, anions, and cellulose is
key to the development of better solvents and the improvement of pretreatment
conditions. While previous studies described the interactions between ionic liquids
and cellulose fibers, shedding light on the initial stages of the cellulose dissolution
process, we study the end state of that process by exploring the structure and
dynamics of a single cellulose decamer solvated in 1-butyl-3-methyl-imidazolium
chloride (BmimCl) and in water using replica-exchange molecular dynamics. In
both solvents, global structural features of the cellulose chain are similar. However,
analyses of local structural properties show that cellulose explores greater
conformational variability in the ionic liquid than in water. For instance, in
BmimCl the cellulose intramolecular hydrogen bond O3H′···O5 is disrupted more
often resulting in greater flexibility of the solute. Our results indicate that the cellulose chain is more dynamic in BmimCl than in
water, which may play a role in the favorable dissolution of cellulose in the ionic liquid. Calculation of the configurational entropy
of the cellulose decamer confirms its higher conformational flexibility in BmimCl than in water at elevated temperatures.

1. INTRODUCTION

Ionic liquids (ILs) are low melting point salts that are usually
fluid below 100 °C. They often consist of an organic cation and
a smaller anion. Because of their low volatility and reusability,
ILs have been suggested to be of potential use in several
industrial processes that involve chemical separation or
synthesis.1−6 One important field of application for ILs is the
nonderivatized dissolution of lignocellulosic biomass before
enzymatic hydrolysis.7−11 In particular, the decomposition of
cellulose, a glucose polymer that occurs in a fibrillar structure in
plant cell walls, into smaller fermentable sugars has been shown
to be more efficient after substrate pretreatment with
imidazolium-based ILs.12−17 Improved efficiency in biomass
pretreatment is essential to the development of a sustainable
biofuel industry based on renewable resources.18−20 To this
end, considerable research efforts have been focused on the
search for ILs that facilitate cellulose dissolution,21−24 as well as
on understanding the molecular mechanisms that govern the
dissolution process.25−31

Molecular dynamics (MD) simulations are useful in the
analysis of interactions at atomic detail. Several MD studies
have examined the effects of solvation of cellulose in water32−34

or the free energy of single-chain detachment from microfibrils
in aqueous solution.35,36 Simulations of crystalline cellulose
fibers in ILs such as 1-butyl-3-methylimidazolium chloride

(BmimCl) or 1-ethyl-3-methylimidazolium acetate (EmimAc),
which contain cations with an aromatic head and an aliphatic
tail group, have revealed conformational changes of cellulose
induced by the ionic solvent.37,38 Recent studies have
confirmed the hypothesis that anions, which usually have
greater hydrogen bond basicity and thus make stronger
hydrogen bonds with cellulose than water oxygens,9 facilitate
cellulose dissolution by breaking its intramolecular hydrogen
bonds.39 It has also been suggested that the less polar cation
participates in the dissolution process, for example, through
stacking and intercalation.40−43 This finding seems plausible
given the fact that cellulose is an amphiphilic molecule with
exposed hydroxyl groups and hydrophobic pyranose rings.
Hence, for efficient cellulose dissolution, both polar and
nonpolar solvent components may be required44,45 as provided
by the most commonly used ILs.
The dissolution of cellulose by ILs involves the transition

from the fiber state to the fully dissolved state of individual
chains.46 All-atom simulation of this entire process is not
currently feasible due to the large system size (generally > 100
000 atoms) and the concomitant timescale limitation to the
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sub-μs regime. Therefore, many previous studies have been
focused on the simulation of a cellulose fiber solvated in water
or in ILs, which sheds light on the initial stages of the
dissolution process. Here, we study a single fully dissolved
cellulose chain, which provides a description of the final state of
dissolution. The comparative analysis of the thermodynamic
and dynamic behavior of a cellulose chain fully solvated in
water and in an IL can reveal differences in the effects of these
two solvents, leading to a better understanding of the
differential dissolution process and its driving forces.
Previously, short simulations (<5 ns) of single cellulose

chains in EmimAc identified more favorable interactions
between cellulose and the IL than between cellulose and
other solvents.40 Moreover, later simulations of solvent-
penetrated cellulose chains in BmimCl have shown that the
Bmim+ and the Cl− ions interact with distinct moieties of
glucan residues.47 However, because many conformational
properties are known to take considerable time to converge in
ILs, drawing major conclusions on the differences in solvation
based on short simulations remains problematic due to limited
sampling.
In this study, we use replica-exchange molecular dynamics

(REMD) simulations to investigate the structure and dynamics
of a cellulose decamer solvated in BmimCl and in water. REMD
simulations have been widely used for the study of conforma-
tional equilibria in biomolecules.48−51 With this method,
noninteracting replicas of the molecular system are simulated
simultaneously at different temperatures. Exchange of neighbor-
ing replicas at regular intervals reduces trapping in local minima
and improves phase space sampling. Thus, through comparison
of results on the two different solvent systems, differences in
cellulose solvation mechanisms between the two solutions are
found. The simulations cover a temperature range from 350 to
beyond 500 K, which covers typical cellulose pretreatment
temperatures, in water at ∼375 K and in BmimCl at 425−450
K. The results reveal that, although global structural features of
cellulose show no major differences between the BmimCl and
water solutions, local conformational properties of cellulose
differ significantly between the two solvents. These effects
possibly result in their different dissolution abilities. The solute
is more flexible and the solute−solvent interactions are more
favorable in BmimCl than in water, particularly at elevated
temperatures. Estimation of the intramolecular entropy
contribution to the solvation free energy suggests that the
configurational entropy of the cellulose chain may play a role in
the more favorable solvation in ILs.

2. METHODS
A cellulose decamer (Figure 1a) was solvated in a cubic box
with 1 330 BmimCl ion pairs (Figure 1b) and in a dodecahedral
box with ∼11 500 water molecules. Both systems comprised
∼35 000 atoms. The GLYCAM06 molecular mechanics force
field parameters52 were used for the cellulose, and the TIP3P
water model53 was employed. BmimCl parameters had been
developed previously,54 and partial charges were assigned
through fitting to electrostatic potentials computed at the
Hartree−Fock level with the 6-31G* basis set using the
GAUSSIAN program (see Supporting Information, Table
S1).55

The solvated cellulose systems were first equilibrated at 350
K for 100 ps in the NVT ensemble and at the corresponding
REMD target temperatures for 300 ps in the NPT ensemble. In
all equilibration and REMD simulations, the temperature was

maintained by velocity rescaling with a stochastic term to
ensure proper sampling56 and the pressure was controlled with
the Berendsen barostat57 with a coupling constant of 1 ps and
an isothermal compressibility of 4.2 × 10−5 bar−1 for
simulations in the IL58 and 4.5 × 10−5 bar−1 for simulations
in water. Periodic boundary conditions were applied and long-
range electrostatic interactions were calculated using the
particle-mesh Ewald summation59,60 with a real-space cutoff
at 12 Å. van der Waals interactions were cut off at 10 Å. The
LINCS algorithm was used to fix the bond lengths containing
hydrogens.61 The simulation time step was 2 fs and coordinates
were saved at every ps. All simulations were performed and
analyzed with GROMACS.62

REMD simulations were performed in the NPT ensemble
with a pressure correction term in the exchange probability.63

Sixty replicas of the cellulose−BmimCl system covering a
temperature range from 350 to 550 K were subjected to
REMD, while 68 replicas of the cellulose−water system covered
a temperature range from 350 to 513 K. For both systems,
exchange probabilities were 15−18% averaged over 100 ns of
REMD. The results in this paper are reported for a total
simulation time of ∼13 μs. More details on the REMD
simulations are provided in the Supporting Information.
The cellulose configurational entropy was calculated using

the quasi-harmonic method.64,65 This approach estimates the
absolute intramolecular entropy, S, based on a multivariate
harmonic approximation of the configurational probability
distribution:

Figure 1. (a) Structure of the cellulose repeat unit. (b) Structure of
BmimCl. The cation consists of an imidazole-containing head group
and a butyl tail group.
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Here, N is the number of degrees of freedom, kB is the
Boltzmann constant, and C is the covariance matrix of the
(internal) coordinates q, i.e., C = ⟨(q − ⟨q⟩)⊗(q − ⟨q⟩)⟩,
where angular brackets indicate canonical ensemble averaging
and a⊗b is the matrix with components ij equal to aibi.
According to Di Nola et al.,66 the entropy consists of an
uncorrelated diagonal part, Sdiag, and an expression for the
correlation correction, Scorr:
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Instead of applying the quasi-harmonic approximation, the
diagonal part can be replaced with the exact entropy evaluation
for every degree of freedom i, which gives
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We evaluate the configurational entropy in torsional space,
which results in 120 degrees of freedom for the entire cellulose
decamer. In these and all other profiles, mean values were
computed as block averages over the simulation time and error
bars (if given) correspond to one standard deviation.

3. RESULTS AND DISCUSSION
3.1. Cellulose Conformational Changes. The REMD

enhanced-sampling method allows more rapid convergence of
the dynamics of the simulated systems and greater exploration
of conformational variation than standard MD. Efficient
exchange of replicas and proper REMD performance are
demonstrated by the potential energy distribution overlaps in
Figure S1 and the exchange time series in Figure S2 of the
Supporting Information. In the following, we analyze
thermodynamic properties at temperatures relevant to the
cellulose pretreatment process (e.g., T = 375 K in water or T =
450 K in BmimCl) and also examine the temperature
dependence of these properties.
Through the enhanced sampling, a large number of cellulose

structures were explored in both BmimCl and water. A basic
parameter that quantifies the corresponding overall size of a
polymer is the radius of gyration, Rg. In Figure 2, all sampled
cellulose structures are characterized by Rg calculated using the
glycosidic bond oxygens (O4):
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where rmean(O4) is the average position of the oxygen atom and
Ng = 9 is the number of glycosidic bonds.
The sampled cellulose conformations range from elongated

decamer structures to collapsed configurations (see Supporting
Information, Figure S3). Temperature profiles based on Rg
(Figure 2a) or on the cellulose end-to-end distance d
(Supporting Information, Figure S3) both indicate that in
both solvents the overall size of the decamer reduces with

increasing temperature. The polysaccharide does not collapse
to a compact structure with increasing temperature but rather
gradually reduces its stiffness and thus samples more
conformations of smaller overall size at higher T. This behavior
is qualitatively different from that in proteins that denature and
expand upon increasing temperature and fold into a compact
native state structure at lower, physiological temperatures.
Negligible changes in the solvent-accessible surface area and in
the solvent-excluded volume of cellulose (Supporting Informa-
tion, Figure S4) both confirm that a sharp transition from an
extended to a compact conformation does not occur.
The fact that the decrease of Rg or d as a function of the

temperature is comparable in both solvents means that this
temperature-dependent conformational change is not driven by
specific interactions of the solute with water molecules or with
BmimCl ions. However, in BmimCl both profiles show greater
variation at any temperature as indicated by the larger error

Figure 2. (a) Temperature profile of the radius of gyration, Rg,
calculated using the cellulose linker oxygens O4 in BmimCl (black)
and in water (red). (b) Distribution of Rg, P(Rg), for cellulose
structures in BmimCl (left) and in water (right) binned with ΔRg = 0.1
Å at the four temperatures T = 375, 400, 425, and 450 K. Colors
correspond to the given temperatures (see far right). In both solvents
about three-quarters of all structures are extended with Rg > 14 Å. (c)
Fraction of extended (Rg > 14 Å, solid lines) and compact (Rg < 14 Å,
dashed lines) structures for cellulose in BmimCl (black) and in water
(red).
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bars, suggesting higher flexibility of cellulose in the IL than in
water. On the basis of the value of Rg, any given cellulose
decamer structure can be broadly classified as compact (Rg < 14
Å) or extended (Rg > 14 Å). According to this classification, in
both solvents at any temperature the majority of all sampled
cellulose structures is extended (Figure 2b). Interestingly, while
∼90% of cellulose structures are extended at the lowest
simulation temperature, only ∼55% are extended at the highest
temperatures (Figure 2c). This shows that the REMD approach
broadly explores conformational space, sampling both compact
and extended cellulose conformations at any temperature.
The cellulose decamer behaves like a semirigid rod polymer

at lower temperatures, which is characteristic at length scales
below a polymer’s persistence length, LP.

67 The values of LP of
cellulose in aqueous solution at room temperature reported in
the literature are between ∼100 and ∼160 Å, significantly
longer than the contour length of the decamer studied
here.68−70 By extrapolation, in the present REMD simulations
LP for the decamer is indeed estimated to be >10 glucose units
at T < 400 K but decreases to 5 glucose units (∼26 Å) at T =
500 K in both solvents (Supporting Information, Figure S5).
This explains why the cellulose decamer is mainly extended at
lower temperatures and collapsed at higher temperatures in this
study. The polymer structure of cellulose in the simulations is
characterized and discussed in more detail in the Supporting
Information.
Except for the greater flexibility of the solute in BmimCl, the

present results on overall structural parameters such as the
radius of gyration and the persistence length do not reveal a
significant difference between the two solvents. However, in
addition to these parameters, we investigated the rotamer

conformations of the hydroxymethyl groups and the glycosidic
bonds as well as the ability to form intramolecular hydrogen
bonds or to maintain the six-membered ring of its glucose units
in the favorable chair conformation (pyranose ring puckering).
The hydroxymethyl group of a glucose unit can adopt stable

staggered rotamers, referred to as GG, GT, and TG,
corresponding to the trans and gauche conformations of the
O5−C5−C6−O6 and C4−C5−C6−O6 torsions. We define
the angle ω as the former torsion. The distributions of ω at
distinct temperatures for simulations in BmimCl and in water
are given in Figure 3a. The TG conformation is populated at
<1%. The GG and GT populations differ significantly between
the BmimCl and water solutions. On average, ω adopts the GG
conformation in ∼50% of cellulose configurations in water at
the lowest temperature (T = 350 K) and in ∼40% at the highest
temperature (T ≈ 513 K). Accordingly, the population values
for the GT conformation range from ∼50% to ∼60% of
cellulose structures with increasing simulation temperature in
water. In BmimCl, however, the corresponding values for the
GG and GT populations change from around 30% and 70% (at
T = 350 K) to around 20% and 80% (T = 550 K), respectively,
depending on the temperature. This result is similar to that
found in previous simulations of cellulose oligomers of different
lengths solvated in water or the IL 1-ethyl-3-methylimidazolium
acetate (EmimAc).40 Together, these results suggest that the
preference of the GT over the GG conformation of the
hydroxymethyl groups is higher in cellulose-dissolving ILs, such
as EmimAc or BmimCl, than in water. Thus, the ratio P(GG)/
P(GT) may serve as a parameter that distinguishes between the
different structures the cellulose chain can adopt in the two
solvents. The temperature dependence of this ratio is visualized

Figure 3. (a) Probability distributions of the cellulose hydroxymethyl angle ω (displayed on the far right) in BmimCl (left) and in water (right) for
the four temperatures T = 375, 400, 425, and 450 K. The two preferred conformations around ω = −60° and ω = 60° are referred to as GG and GT,
respectively. Colors correspond to the given temperatures (see far right). (b) Temperature profiles of occupancies for cellulose intramolecular
hydrogen bonds O3H′···O6, O2H···O6′, O6H′···O2, and O3H′···O5 (displayed on the far right) between any two neighboring glucose units in
BmimCl (left) and in water (right). Only the O3H′···O5 hydrogen bond is formed to a significant degree. Colors correspond to the given bonds (see
far right).
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as an average per glucose monomer in Figure 4a. P(GG)/
P(GT) is higher for cellulose in water (0.7−0.8) than in
BmimCl (0.2−0.5). In the cellulose−water simulations, the
value of P(GG)/P(GT) decreases slightly with increasing T for
all the hydroxymethyl groups except for the terminal group at
the nonreducing end, which lacks a neighboring monomer. In
contrast, in the cellulose−BmimCl simulations P(GG)/P(GT)
generally increases with T. It is worth noting that the
corresponding distributions of this ratio also follow the same
trends if we consider only compact (Rg < 14 Å) or extended (Rg
> 14 Å) cellulose chains (data not shown).
In the Iα and Iβ forms of crystalline cellulose, intramolecular

hydrogen bonds exist between O3H′···O5, O3H′···O6, O2H···
O6′, and O6H′···O2 of neighboring monomers (where the
prime labels the residue toward the reducing end).71 In this
study, we consider a hydrogen bond formed when the donor−
acceptor distance is <3.5 Å and the hydrogen-donor−acceptor
angle is <60°. The average occupancies of these hydrogen
bonds as a function of simulation temperature are given in
Figure 3b. The only hydrogen bond that is formed to any

significant degree is O3H′···O5; all other hydrogen bond
occupancies are <1%. With increasing temperature, the average
O3H′···O5 occupancy, P(O3H′···O5), decreases from around
20% to 15% in BmimCl, while in water this value decreases
from around 38% to 30%. Temperature profiles for individual
O3H′···O5 hydrogen bond occupancies along the cellulose
chain are shown in Figure 4b. With the exception of the
cellulose−BmimCl simulations at low temperatures (350−400
K), P(O3H′···O5) assumes similar values for individual
hydrogen bonds at any given temperature in either solvent.
These above results reveal clear differences between cellulose

chains in BmimCl and in water in terms of the hydroxymethyl
rotamer conformation and intramolecular hydrogen bonding.
However, these two properties may be coupled to each other,
as the hydroxymethyl conformation of a glucose residue could
depend on the hydrogen bond state of its O5 atom. Thus, it is
desirable to know how the conformational state of a
hydroxymethyl rotamer changes with the adjacent O3H′···O5
hydrogen bond state. To this end, we analyzed the values of the
hydroxymethyl angle, ω, as a function of the neighboring

Figure 4. Temperature profiles for (a) the ratio of ω populations P(GG)/P(GT) and (b) the intramolecular O3H′···O5 hydrogen bond occupancies
P(O3H′···O5). Colors correspond to the hydroxymethyl group or hydrogen bond given below the corresponding graph.
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O3H′···O5 hydrogen bond state in both solvents. We find that,
in >75% of all cases in which the O3H′ hydrogen atom is
bound to a solvent water oxygen or Cl− anion and not to the
O5 atom of the neighboring residue, the adjacent hydrox-
ymethyl group assumes the GT conformation. This indicates
that the intramolecular O3H′···O5 hydrogen bond is coupled
to the hydroxymethyl conformation. In fact, the difference in ω
populations between the two solvents, with ω assuming the GT
conformation more frequently in BmimCl than in water, as
discussed earlier, may be indirectly controlled by the greater
hydrogen-bond basicity of Cl− anions than water oxygens.
In Supporting Information, Figure S7, we visualize the

correlation of the above two parameters, P(GG)/P(GT) and
P(O3H′···O5), in two-dimensional free energy landscapes
based on population histograms for simulations at the
corresponding cellulose pretreatment temperatures, i.e., at T
= 375 K in water and at T = 450 K in BmimCl. For these and
all following free energy landscapes, it should be mentioned
that a value of 0.1% corresponds to >100 structures and that
the standard deviation in the free energy basins is 0.01−0.02%.
The most populated region of the free energy landscape in

Supporting Information, Figure S7, is split into two basins
along the ratio P(GG)/P(GT). The two basins in the BmimCl
simulations (IL1/2) contain 23%−28% (depending on the
simulation temperature) of the sampled cellulose structures
while only ∼15% fall in the basins of the corresponding water
simulations (W1/2). However, the two energy basins cannot be
distinguished from each other based on global features of the
cellulose structures they contain. For instance, both extended
and compact structures are found in either basin, and individual
structures have comparable average potential energies and
average solute−solvent interaction energies. Hence, cellulose
structures with similar global properties can differ in local
structural properties such as the order parameters P(GG)/
P(GT) and P(O3H′···O5), with the latter possibly leading to
their different dissolution abilities.
The two torsional angles around the cellulose glycosidic

bond, ϕ for C4′−O4′−C1−O5 and ψ for C5′−C4′−O4′−C1,
define the backbone structure of the polysaccharide. Two-
dimensional scatter plots of ϕ and ψ reveal three distinct
regions of stable conformations, which have previously been
referred to as basins O, A, and B (see Figure 5a).70 The

Figure 5. (a) Two-dimensional scatter plots for the glycosidic bond torsions ϕ and ψ binned with (Δϕ, Δψ) = (1°, 1°) for simulations in BmimCl
and in water at the two temperatures 375 and 450 K. The three different basins O, A, and B are indicated in the top left scatter plot. (b) ϕ−ψ
difference maps (BmimCl - Water) for the most populated basin O (−180° < ϕ/ψ < 0°) at both temperatures. Two example cellobiose structures
characterize the difference between structures from the “BmimCl basin” (red) and those from the “water basin” (blue).
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populations of these different basins are similar for any
individual glycosidic bond of the cellulose decamer: >80%
can be attributed to basin O, <20% can be attributed to basin B,
and a negligible amount can be attributed to basin A.
Comparison of ϕ−ψ plots reveals differences of populations

in basins O and B between cellulose in BmimCl and in water
(Figure 5a). For example, a small population occurs in basin B
of the BmimCl simulations but not in that of the water
simulations at ϕ ≈ 90° and ψ ≈ 120°. This additional ϕ−ψ
conformation is mainly assumed by glycosidic bonds at the
cellulose chain ends, which are more flexible in BmimCl than in
water. In basin O, difference plots at T = 375 and at T = 450 K,
respectively, highlight two distinct subregions that are
preferably populated in water (“water basin”, blue) or in
BmimCl (“BmimCl basin”, red). Representative structures from
these two areas of the ϕ−ψ plot are also illustrated in Figure 5b.
Regardless of the simulation temperature and solvent environ-
ment, the average O3H′···O5 separation is 4.2 Å for any
cellobiose unit that falls in the BmimCl basin but only 2.5 Å for
those in the water basin. The corresponding average hydrogen
bond occupancies are <1% in the BmimCl basin but around
40% in the water basin, once more showing the destructive
effect of the IL on the intramolecular O3H′···O5 hydrogen
bond. This result indicates a correlation between this hydrogen
bond and the backbone conformation. A similar population
difference in basin O of the ϕ−ψ plot between water and IL
solvated cellulose oligomers has been reported previously.40

The authors found three distinct basins in basin O based on
much shorter MD simulations (<5 ns).

The glycosidic bond torsions ϕ and ψ describe the
orientation of two neighboring glucose units and so can be
referred to as internal coordinates for the cellulose backbone.
Hence, the root-mean-square deviation (RMSD) in ϕ−ψ space
is a metric sensitive to structural changes of the cellulose. We
define chain-averaged ϕ−ψ RMSDs as

∑

ϕ ψ

ϕ ϕ ψ ψ= − + −
=N

t t t t

RMSD( , )
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( ( ) ( )) ( ( ) ( ))
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i i i i
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where the reference structure at t0 is the REMD starting
structure after the initial NVT equilibration with ϕi(t0) = −83°
and ψi(t0) = −32° for any glycosidic bond i and Ng = 9 is the
number of glycosidic bonds.
Figure 6a shows free energy landscapes using RMSD(ϕ,ψ)

and P(O3H′···O5) as the order parameters for T = 375 and T =
450 K. In all landscapes, there is a clear separation between a
basin RMSD(ϕ,ψ) ≈ 45° (IL1 or W1) and another at
RMSD(ϕ,ψ) ≈ 90° (IL2 or W2). Extended cellulose decamers
(Rg > 14 Å) populate the basins IL1/W1 for the most part, while
compact structures (Rg < 14 Å) generally fall into IL2/W2, as
the distribution of basin-specific Rg values indicates (Figure 6b).
Thus, consistent with our results on the temperature
dependence of cellulose chain length (see Figure 2), the basins
IL1/W1 depopulate with increasing temperature as more
compact structures are sampled. Therefore, the chain-averaged
RMSD of ϕ−ψ is shown to be a suitable parameter for

Figure 6. (a) Free energy landscape for the order parameters RMSD(ϕ,ψ) and P(O3H′···O5) for simulations in BmimCl (left) and in water (right)
at T = 375 (top) and T = 450 K (bottom). The two distinct basins in each plot are referred to as IL1/2 and W1/2. Representative structures for each
basin are given on the bottom (O3H′···O5 hydrogen bonds are indicated in red). (b) Total count of cellulose structures in BmimCl (black) and in
water (red) binned with ΔRg = 1 Å for the four basins IL1 (solid black), IL2 (dashed black), W1 (solid red), and W2 (dashed red) at T = 375 (top)
and T = 450 K (bottom).
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identifying distributions of compact and extended cellulose
structures.
Another conformational characteristic concerns the pyranose

rings, which can adopt several conformations referred to as
chair, boat, skew, half-chair, and envelope.72 While the most
stable ring conformation of D-glucopyranose is the 4C1-chair,

73

other conformations are adopted by ring flipping or puckering.
We derived the 4C1 population, P(4C1), by calculating the
angles of the three improper torsions C4−O5−C2−C1, O5−
C2−C4−C3, and C2−C4−O5−C5. Following ref 74, the 4C1
conformation is characterized by a value of 35° for these
improper torsions (we apply a tolerance value of ±15° in our
analysis). The temperature dependence of P(4C1) is shown in
Figure 7a. The deviation of the pyranose ring conformation
from the stable 4C1 is increased at elevated temperatures.
Clearly, the ring flipping occurs more often in BmimCl than in
water. This is in accord with other results presented in this
section supporting the fact that the cellulose chain is more
flexible in BmimCl than in water.
The REMD simulations were performed on a decamer as the

study of longer cellulose chains would have required larger
simulation systems and a much greater number of replicas.

However, because cellulose solubility is independent of chain
length for DP > 8,75 the present results derived from
simulations of cellulose 10-mers should be applicable to longer
chains. Nevertheless, it is useful to determine whether the
current results hold for a larger cellulose chain. To this end, we
have additionally simulated cellulose 20-mers at three different
temperatures around the corresponding pretreatment temper-
atures in water (T = 350, 375, and 400 K) and in BmimCl (T =
400, 450, and 500 K). On the basis of the time evolution of Rg

in these additional simulations shown in Supporting
Information, Figure S6, the cellulose 20-mer has much fewer
transitions between extended and collapsed conformations,
demonstrating the need for an enhanced sampling approach
such as REMD. Moreover, while overall structural parameters,
such as Rg, are ∼2 times greater for the 20-mer compared to the
10-mer at any of the given temperatures, all the other cellulose
conformations analyzed in this study have comparable relative
populations as shown in Supporting Information, Table S2.
This shows that the local structural properties of cellulose are
not dependent on the polymer chain length, and it validates the
fact that meaningful conclusions for the cellulose dissolution

Figure 7. Temperature profiles for (a) the 4C1-chair conformation percentages and (b) the average Cl
− anion or water oxygen coordination numbers

cn around cellulose hydroxyl groups. Colors correspond to the pyanose ring or hydroxyl groups given below the corresponding graph.
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abilities of the two solvents can be drawn from the results based
on simulations of a decamer.
3.2. Cellulose−Solvent Interactions. A good cellulose

solvent must make favorable interactions with both the polar
and the nonpolar parts of the amphiphilic solute. It has been
shown that imidazolium-based ILs are capable of breaking
hydrogen bonds and separating chains in large cellulose
aggregates.42 It is desirable to know to what extent these
interactions take place in the dissolved state of an individual
cellulose chain. To this end, we first investigate the binding of
Cl− anions and water molecules to the polar cellulose hydroxyl
groups O2H, O3H, and O6H. These sites form hydrogen
bonds with water oxygens (average separation of 1.8 Å) or with
Cl− anions (average separation of 2.4 Å). Average coordination
numbers derived from site−site pair correlation functions
describe the probability of binding. These numbers reveal that
the O2H hydroxyl groups are most likely bound (at 350 K, 95%
probability for Cl− and 85% for water oxygen), followed by the
O6H (85%, 80%) and the O3H hydroxyls (80%, 55%).
Moreover, the probabilities indicate that Cl− anions bind to
these groups stronger than water molecules do, consistent with
the notion that the hydrogen bond basicity of the anion
determines its dissolution ability. The fact that O3H hydroxyls
are the least solvent-coordinated of the three hydroxyl groups is
due to the formation of intramolecular O3H′···O5 hydrogen
bonds as discussed in the previous section. This suggests that
the higher coordination of hydroxyl groups by Cl− than by
water molecules results in greater disruption of the O3H′···O5
hydrogen bonds, thus leading to the cellulose chain being more
flexible in BmimCl.
The sum of coordination numbers, cn, around all hydroxyls of

individual glucose units is given in Figure 7b. The binding of
solvent to the terminal monomer is strong because of the
availability of its O3H hydrogen, which cannot form an
intramolecular O3H′···O5 hydrogen bond. The decline of cn
with temperature is consistent with the gain in entropy upon
solvent liberation. Interestingly, the water oxygen profile, which
has a value of <1.5 at the highest temperature, decreases more
sharply than the Cl− profile. The coordination number of 2−2.5
Cl− anions per glucose unit agrees well with previous
results.47,76 The higher coordination numbers and the slower
decay of the Cl− profile compared to water show that the anion
binds to cellulose more strongly.
Three-dimensional spatial distributions underline the stron-

ger interaction of Cl− versus water molecules with cellulose

(Supporting Information, Figure S8). The anions occupy
distinct positions around the hydroxyl groups O2H, O3H,
and O6H at densities 5 times higher than that of bulk BmimCl.
Density distributions for water oxygens show an average
accumulation of water with densities up to 1.8 times its bulk
density mainly around the O2H/O3H hydroxyls and around
the glucose rings. This analysis confirms the relatively high
density of Cl− around hydroxyls, indicating strong hydroxyl-
anion binding, which may contribute to the more effective
dissolution of cellulose in BmimCl than in water.
As shown in previous work on cellulose fibers,43 the cation

Bmim+ adopts preferred orientations with respect to proximal
surface monomers on cellulose fibers. No specific orientations
are observed in the present simulations of a single cellulose
chain. Spatial distributions of atoms from the Bmim+ head
group show density peaks around the glucose unit at values of
1.5 times the value of bulk BmimCl (Supporting Information,
Figure S8). These peaks are located on top of the glucose ring
and near the equatorially positioned hydroxyls, but no distinct
site−site interactions were found.
Gross et al.47 have recently reported clearly higher densities

of BmimCl ions and water molecules around cellulose chains.
In their study, Cl− anions were found around cellulose
hydroxyls with average densities up to 15 times that of bulk
BmimCl, and even Bmim+ cations and water molecules were
found to accumulate above and below the glucose rings, with
average densities of 3.5−4 times that of their bulk values. The
reason for their values being significantly higher than those
found here is probably that in ref 47 the cellulose chains were
simulated with restraints on the terminal residues (and on all
residues during equilibration) to keep the chain extended and
thus effectively flat during the entire simulation, which lasted
only 30 ns. The present REMD simulations, in contrast, were
performed on an unrestrained cellulose chain.
To further investigate the interaction between solute and

solvent, we decomposed the interaction energies between the
solvated cellulose decamer and its solvent molecules into
Coulomb (ECoul) and van der Waals (EvdW) contributions.
Figure 8 shows that cellulose−BmimCl interactions are more
favorable than those of cellulose with water. While all solute−
solvent interactions become less favorable with temperature,
ECoul for the cellulose−water interaction is the most affected.
However, at the optimal cellulose pretreatment temperature,
that is, at 375 K in water and at 425−450 K in BmimCl, the

Figure 8. Decomposition of solute−solvent interaction energies into Coulomb (a) and van der Waals (b) contributions. Profiles are given for
interactions between the entire cellulose molecule and water (blue circles), BmimCl (orange diamonds), only the Cl− anion (green squares), only
the Bmim+ cation head group (black upward triangles), and only the Bmim+ cation tail group (red downward triangles).
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corresponding cellulose−solvent Coulomb interaction energies
are similar (ECoul ≈ −350 kcal/mol).
Consistent with the results on Cl− coordination of the

cellulose hydroxyl groups, ECoul is significantly stronger for
cellulose−Cl− than for cellulose−Bmim+ in the BmimCl
solution. However, EvdW is positive for the cellulose−Cl−
interaction but negative for the cellulose−Bmim+ interaction.
This corresponds to favorable interaction between cellulose and
both the methylimidazole head group and the aliphatic tail
group of the cation. In fact, all ECoul and EvdW profiles are
comparable for the two Bmim+ moieties.
Additionally, monomer-wise separation of these solute−

solvent interaction energies reveals that ECoul lies between −37
and −27 kcal/mol/glucose in BmimCl and between −35 and
−22 kcal/mol/glucose in water depending on the temperature
(Supporting Information, Figure S9). The terminal monomers
have lower electrostatic interaction energies due to the
exposure of the additional polar hydroxyl groups at O1H′
and O4H. The corresponding van der Waals interaction energy
is about −12 to −10 kcal/mol/glucose in BmimCl and about
−7 to −5 kcal/mol/glucose in water.
These findings show that cellulose chain solvation is

facilitated by the interplay of both IL components. The larger
cation has more favorable van der Waals interactions with
cellulose than does water, and the smaller anion has more
favorable Coulomb interactions. The presented interaction
energies between the cellulose decamer and its solvent
environment, taken together with the analysis of distinct
interaction sites between solute and solvent molecules, all imply
a more favorable enthalpy of single-chain solvation in BmimCl
than in water.
3.3. Cellulose Configurational Entropy. To understand

the differential dissolution of cellulose in the two solvents, in
addition to the enthalpy contribution the difference in entropy
has to be addressed. The above results on cellulose conforma-
tional distributions have indicated the solute to be more
dynamic in the IL than in water. Therefore, it is of interest to
estimate the absolute configurational entropy of the chain in
the two solvents.
The most widely used analytical method for the calculation

of conformational entropies from simulations is the quasi-
harmonic (QH) approximation that estimates the absolute
entropy of a molecule as the sum of entropy contributions from
its degrees of freedom.64,77−79 The QH method has been

applied for the analysis of configurational entropy of various
molecular systems, such as peptides, DNA, and hydro-
carbons.80−82 Here, we use this approach mainly as a means
of roughly estimating the conformational flexibility of cellulose
in the two solvents. It is known that the QH analysis
overestimates the entropy value due to artifacts arising from
anharmonicity and pairwise correlations,83,84 and thus
correction terms and various alternative approaches have
recently been proposed.85−90 Here, we apply a model that
evaluates first-order entropies independently based on their
probability distribution and that determines correlations based
on the QH method.91 We use 120 torsional angles along the
decamer chain as the relevant degrees of freedom. This
approach, combined with enhanced phase-space sampling, is
expected to provide robust results on qualitative differences in
cellulose conformational flexibility between the two solvents.
Figure 9a shows the temperature profiles for the configura-

tional entropies calculated using all torsional angles of the
cellulose chain in BmimCl and in water. Clearly, above ∼425 K
the entropy is higher for cellulose in BmimCl than in water,
indicating that the solute is more dynamic in the IL than in
water at elevated temperatures. Performing the same calculation
using only the two glycosidic bond torsions (C4′−O4′−C1−
O5 and C5′−C4′−O4′−C1), only those two associated with
the hydroxymethyl groups (O5−C5−C6−O6 and C5−C6−
O6−H6O), or only two such torsions from the pyranose rings
(C5−C4−C3−C2 and C2−C1−O5−C5) allows us to compare
the difference in the configurational entropy with respect to
these components. This analysis corresponds to diagonalizing a
submatrix of the covariance matrix obtained for the entire
cellulose chain while neglecting all the off-diagonal block
correlations. This corresponds to an approximate decom-
position because the sum of the estimated entropy values for
the individual components will not add up to the total entropy
of the entire chain. Nevertheless, this allows us to make a
qualitative assessment of the conformational flexibility of
individual cellulose parts in the two solvents. As shown in
Figure 9b, the value of the configurational entropy contribution
is highest for the hydroxymethyl groups followed by the
glycosidic bonds and the pyranose rings in either solvent. This
suggests that the hydroxymethyl rotamer is the most flexible
part and the pyranose ring structure is the least flexible part of a
glucose unit. Interestingly, all three moieties are estimated to be
more flexible in BmimCl than in water. Taken together, this

Figure 9. (a) Configurational entropy contribution to the free energy of solvation of cellulose in BmimCl (black) and in water (red) based on all
cellulose torsions. (b) Configurational entropy contribution to the free energy of solvation of cellulose in BmimCl (black) and in water (red) based
on torsions from the hydroxymethyl group (dashed) or from the glycosidic bond (dotted) or from the pyranose ring (solid) only.
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analysis confirms that cellulose is more dynamic in the IL than
in water, and that this higher mobility is present in all parts of
the glucose unit.
In a previous study, the intramolecular contribution to the

entropy change upon cellulose dissolution was found to be
more favorable in water than in BmimCl,92 which seems to be
in contrast to our result. However, in ref 92, the authors used a
two-phase thermodynamic model, in which the entropy
contribution from intramolecular degrees of freedom was
derived from the density of states of an ideal solid system based
on sub-ns simulations. Thus, the conformational dynamics
captured for the entropy calculation take place at a much
smaller timescale in the previous work92 than in the present
study, where the intramolecular entropy is estimated from
configurational probability distributions derived from 100 ns of
REMD.

4. CONCLUSION
In this study, we have examined the structure and dynamics of a
fully dissolved cellulose decamer in BmimCl and in water with
REMD simulations. We performed 100 ns of REMD between
350 and 550 K, which is necessary for the sampling of a variety
of cellulose structures in a solvent such as BmimCl. Although
global size-related properties of the decamer are comparable in
the two solvents, differences are found in the flexibility and
conformations of cellulose. For example, in both solvents the
temperature profiles of Rg are similar, but the temperature
profiles of P(GG)/P(GT) or P(O3H′···O5) are not. Also,
cellulose ϕ−ψ scatter plots reveal distinct BmimCl and water
basins. Furthermore, higher conformational variability of
cellulose in BmimCl is indirectly suggested by a wider free-
energy basin for the order parameters P(GG)/P(GT) and
P(O3H′···O5) and by a larger variance in their corresponding
temperature profiles. The analysis of ring puckering indicates
greater flexibility of pyranose rings in BmimCl compared to
water. All of the above-mentioned differences in local cellulose
structural properties in BmimCl compared to water may lead to
the greater dissolution ability of the IL.
A complete understanding of the differential solvation of a

cellulose chain in BmimCl and in water will require simulations
of the complete fiber-dissolution process, which takes place on
timescales significantly larger than presently accessible to
atomistic MD. However, the simulations presented here do
provide some relevant insight. On the basis of REMD enhanced
sampling, the results suggest that the efficient dissolution of
cellulose in BmimCl may arise from favorable solute−solvent
interactions coupled with an increase in cellulose conforma-
tional flexibility. A fundamental knowledge of the driving force
for the more efficient cellulose dissolution in ILs than in water
will enable us to improve the biomass pretreatment process,
which is an essential step in biofuel production.
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