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ABSTRACT: The dissolution of cellulosic biomass in room temperature ionic liquids
(RTILs) is studied through free energy calculations of its monomer, viz., cellobiose, within
a molecular dynamics simulation approach. The solvation free energy (SFE) of cellobiose
in ionic liquids containing any of seven different anions has been calculated. The ranking
of these liquids based on SFE compares well with experimental data on the solubility of
cellulose. The dissolution is shown to be enthalpically dominated, which is correlated with
the strength of intermolecular hydrogen bonding between cellobiose and the anions of the
IL. Large entropic changes upon solvation in [CF;SO;]™ and [OAc]~ based ionic liquids
have been explained in terms of the solvent-aided conformational flexibility of cellobiose.

B INTRODUCTION

Lignocellulosic biomass is a potential source of biofuel which
can be converted into ethanol. However, one of the challenging
task in this process is its dissolution. While cellulose is a
crystalline polymer, other components of wood, ie., hemi-
cellulose and lignin, are amorphous." The crystalline nature of
the former arises from strong inter- and intramolecular
hydrogen bonding between its monomers, ie., cellobiose.
These are covalently bonded to one another by p(1—4)
linkages to form long polymeric units. Conventional solvents
such as water or benzene are unable to dissolve cellulose, and
the process requires harsh conditions such as acid pretreatment
and high temperature.”

This issue was addressed by Rogers et al. in 2002, who
successfully dissolved cellulose in room temperature ionic
liquids (RTIL) at relatively mild conditions.> They were also
able to regenerate cellulose by addition of water or simple
solvents. This discipline has seen a large amount of activity
since then,"*72®

NMR spectroscopy has been effectively employed to
understand the dissolution mechanism of cellulose in ionic
liquids.*® The disruption of the inter- and intramolecular
hydrogen bonding network of cellulose polymer in ILs was
identified as key to its dissolution, and the anion was shown to
be chiefly responsible. In most ILs, the cation is bulkier and acts
only as a weak hydrogen bond (H-bond) donor and thus its
role is not as significant as that of the anion. A recent NMR
study by Zhang et al.* showed that cations too can form H-
bonds with cellulose, albeit weaker ones.

Molecular modeling of room temperature ionic liquids has
matured to a considerable extent.’' > There have been many
attempts to understand the dissolution mechanism of
lignocellulosic biomass in ionic liquids through theoretical
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methods.**** Both empirical force field and ab initio based

methods have been employed.**™* These studies also showed
the weakening/disruption of the inter- and intramolecular
hydrogen bond network in polymeric cellulose in various ILs.
Examining the specific role of the ions, Zhao et al****
suggested the following attributes for better dissolution: (i)
ions with less steric hindrance and (ii) anions with high
electronegativity and without any electron withdrawing group.
Our quantum cluster calculations™ and density functional
theory (DFT) based ab initio MD simulations*® have
investigated the disruption of intramolecular H-bonds and the
dependence of the conformation of cellobiose on solvation.
Future development toward the choice of novel anions
demands a comprehensive rationalization of experimental
observations. In ILs, anions not only play a vital role in
influencing the intermolecular structure’’ but also are
important in determining solubilities of various solutes. Crucial
solute—solvent interactions responsible for the dissolution of
the polymer can be understood by carrying out studies on the
solvation environment of the monomer. Thus, far, the free
energy of solvation of model cellulose has not been examined in
the literature. The current work is aimed at calculating the
solvation free energy of a monomer of cellulose, i.e., cellobiose
and its dependence on the anion of the ILs. It is also carried out
to obtain a microscopic understanding of the experimental
observation that the acetate anion is the most suited for this
process. The calculations have been performed in the
thermodynamically most stable conformational state of the
cellobiose, anti-anti, an observation which too has been
established here. Anticipating our results, we find the IL with

Received: December 9, 2014
Published: December 23, 2014

DOI:10.1021/jp512240t
J. Phys. Chem. B 2015, 119, 1654—1659


pubs.acs.org/JPCB
http://dx.doi.org/10.1021/jp512240t

The Journal of Physical Chemistry B

the acetate anion to be the most suited for cellobiose solvation
in terms of the magnitude of change in its free energy from gas
phase, upon solvation. We suggest a choice of anions which
could potentially enhance cellulose solubility.

B COMPUTATIONAL DETAILS

Ionic liquids containing the [bmim] cation and any of the
following anions were studied: [OAc]™, [NO,]~, [Cl]7, [BF,],
[PFs]~, [CF;SO;]7, and [NTf,]". The conformational free
energy profile of cellobiose in these ILs was studied in a system
containing 100 ion pairs, while its solvation free energy was
studied in systems containing 256 ion pairs. Cellobiose was
modeled using the OPLS force field for carbohydrates** while
ILs were modeled using the all-atom force field developed by
Mondal and Balasubramanian.*’

Three-dimensional periodic boundary conditions were
employed. Tail corrections to energy and pressure were
applied. Long range electrostatic interactions were evaluated
using the particle—particle particle—mesh (PPPM) solver.>® All
the simulations were done at 353 K. The higher than ambient
temperature was necessitated to include results from liquid
[bmim][Cl] [m. pt. 343 K]. Furthermore, such temperatures
are routinely employed in experiments (see Table 3 of ref 1)
Temperature and pressure were maintained using a Nosé—
Hoover thermostat and barostat, respectively.”">* Simulation
trajectories were visualized and snapshots were rendered using
VMD.**

The two stable conformers of cellobiose are anti-anti and
anti-syn (Figure S1 of the Supporting Information), which can
be distinguished by the torsional state of the two CH,OH
groups in the cellobiose.

Free energy calculations. All the FE simulations were
carried out using the colvars module®® embedded in
LAMMPS.*® The Adaptive Biasing Force (ABF)*® method
was used to determine the FE profiles.The span of the reaction
coordinate (RC) was divided into bins in which accumulation
of force takes place.

Conformational free energy. Cellobiose was solvated in a
cubic box containing 100 ionic liquid molecules and
equilibrated in the isothermal—isobaric (NPT) ensemble. The
FE barrier across the C—C—C—0O (see Figure 1) torsion was
determined using the ABF method. RC was spanned from
—180° to 180° with a bin width of 5°. FE calculations using the
dihedral angle as the reaction coordinate were carried out for
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Figure 1. Atoms of cellobiose (labeled A, B, C, D) involved in the
definition of the torsion angle, ¢. Intramolecular H-bonds in the anti—
anti conformer of cellobiose. Bond lengths and angles are in A and
deg, respectively. Color scheme: C, cyan; O, red; H, white.

100 ns in the NPT ensemble. ABF forces were applied every
500 steps.

Solvation free energy (SFE). SFE is the energy required to
bring one cellobiose molecule from the gas phase into the bulk
ionic liquid. 256 ion pairs were equilibrated in the NPT
ensemble (P = 1 atm, T = 353 K). Later, simulations were
carried out in the canonical ensemble (NVT), after increasing
the box-length along the Z direction to a value of 150 A, so as
to create two liquid—vapor interfaces, which was followed by
FE calculations in the NVT ensemble. Colvar style “distance Z”
was used in determining the SFE profiles. RC was defined as
the distance between the center of mass of ionic liquid
molecules and the center of mass of cellobiose. It was divided
into five nonoverlapping windows spanning from 7 to 50 A
along the Z direction such that cellobiose is completely
immersed at 7 A and completely in the gas-phase at 50 A (see
Figure S2 in the Supporting Information). Force samples were
collected for 500 steps with bin width of 0.2 A. Each window
was run for at least 30 ns so as to achieve a sampling ratio
between the highest and lowest points, of around 5.

SFE could have also been calculated using the Bennet
acceptance ratio (BAR)®” or expanded ensemble>®>” methods.
But, we adopted the equally facile ABF method here.

B RESULTS AND DISCUSSION

Conformational free energy. Figure 1 displays the
molecule in its anti-anti conformation and illustrates two
categories of intramolecular H-bonds: (i) longer and bent and
(ii) shorter and linear. The conformational free energy profile
of cellobiose across ¢ in the gas phase is shown in Figure 2(a).
A minimum in the free energy occurs at —25°, corresponding
to its anti-anti state. This conformer is nearly planar and
contains five intramolecular H-bonds, two of which are stronger
than the other three. Two other minima are seen at 160° and
—165°, which correspond to the anti-syn state of cellobiose.
This conformer possesses four intramolecular H-bonds, of
which two are stronger than the rest. The nonplanar conformer
is thus less stable than the anti-anti one. The two maxima at
110° and —120° correspond to states where the hexose rings
are nearly perpendicular to each other.

Figure 2(b) shows the conformational free energy (FE)
profiles of cellobiose soaked in IL. The anti-anti configuration
of cellobiose is more stable than the anti-syn one even when it
is solvated in any IL. However, the torsional angle at which the
free energy is a minimum shifts to a lower value (more
negative) than what it was in the gas phase. In fact, the extent of
shift in a specific ionic liquid is correlated with the potential
energy change (AU) associated with solvation (see later). The
shift is caused due to the breaking of intramolecular H-bonds of
cellobiose and consequent formation of intermolecular H-
bonds with solvent ions (see Table T1 in the Supporting
Information). In fact, the anti-syn conformational state too gets
shifted in solution. In most ILs, it is found at 140° and —160°.
Two maxima are seen in the conformational FE profiles of
solvated cellobiose. One of them is around 100° (shorter) and
another is around —150° (taller). As compared to gas phase
data (Figure 2(a)), the relative intensities of these maxima are
observed to be swapped in the presence of IL. The change can
be explained thus: the FE maximum at 100° occurs when the
two hexose rings are almost perpendicular to each other. In this
situation, most of the hydroxyl hydrogen atoms are exposed to
the solvent and can form H-bonds with solvent ions, which
decreases the free energy of this state relative to its value in the
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Figure 2. Conformational free energy of cellobiose (a) in the gas phase and (b) solvated in ionic liquids. Anions are shown in the legend, while the

cation is [bmim]. T = 353 K.

gas phase. When ¢ = —145°, none of the hydroxyl hydrogens
are able to form either intra- or intermolecular H-bonds,
leading to a high FE barrier.

Again, two kinds of H-bonds can be formed between
cellobiose and IL: viz. one between the anion of IL and the
hydroxyl hydrogen of cellobiose (stronger) and a second
between the cation of IL and the oxygen of cellobiose
(relatively weaker). In general, the former are more in number
than the latter. These results are in good agreement with our
previous works.**¢ In [emim][OAc], all intramolecular H-
bonds of cellobiose in its anti-syn state were found to be
broken, while the anti-anti state retains one or two such H-
bonds.*® Figure S3 and S4 (Supporting Information) display
snapshots of H-bonds formed between cellobiose and the ions
in [bmim][OAc] and [bmim][NT£,].

Solvation free energy. Conformational free energy
profiles of cellobiose solvated in various ionic liquids have
unambiguously shown the greater stability of the anti-anti
conformer over the anti-syn one. Thus, the question of relative
stability and consequently the solubility of cellobiose in
different ionic liquids can be addressed now. The free energy
profiles for bringing the solute, cellobiose, from its vapor phase
into the IL have thus been calculated using its anti-anti
conformer. Needless to state, cellobiose was not constrained to
be present in this conformation during the free energy
simulations. However, once initiated from this torsional state,
the same remained invariant (within fluctuations) during the
simulations (Figure SS of Supporting Information). Figure 3
displays solvation free energy profiles in various ILs containing
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Figure 3. Solvation free energy of cellobiose in various ionic liquids, at
353 K. The cation is [bmim].
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the same cation but different anions. The difference in the free
energies between the vapor (gas phase) and the solvated state is
the solvation free energy (SFE) of cellobiose in that particular
IL. SFE is highest for [bmim][OAc] and lowest for
[bmim][PF]. Moving in from the gas phase, the SFE profiles
in most ILs become nonzero at around 38 A. However, in the
cases of [bmim][Cl] and [bmim][NT%,], such changes appear
at 41 A itself. In [bmim][NTf,], this is due the larger width of
the density profile (see Figure S6 of the Supporting
Information), while in [bmim][Cl], this is due to the
movement of a few chloride ions from the liquid phase toward
cellobiose (see Figure S7 of the Supporting Information).
Given that the liquid slab is in equilibrium with its vapor
phase, one can assume the system to be at zero pressure, and
thus changes in potential energy can be assumed to be identical
to that in enthalpy. Enthalpic contributions to the relative
stability of cellobiose in different ILs can be interpreted in
terms of the strength of the intermolecular H-bonds. [OAc]™,
[NO;]7, and [CI]™ anions form strong H-bonds with
cellobiose. Solvation free energies in [bmim][NTf,], [bmim]-
[CF;S0;], and [bmim][PF,] are comparable, as the H-bonding
strengths of their anions are nearly the same. [bmim][BF,]
exhibits an intermediate behavior. This behavior is also
observed in the radial distribution function between the
hydroxyl hydrogen of cellobiose and the H-bonding site of
the anion (Figure 4). The first peak for [OAc]™, [NO;], and
[Cl]™ is present at 1.8 A, whereas for [NTf,]~, [CF;SO;]7, and
[PF¢] 7, it is at 2.10 A. In the case of [BF,]”, the peak position is
at 2.0 A. The trend in the SFE is similar to that exhibited by the
binding energy of one ion pair of any IL with cellobiose (Figure
S8 of the Supporting Information shows the optimized
configuration of cellobiose with an IL ion pair). Table T2
(Supporting Information) provides BE of cellobiose with ion
pairs in the gas phase. A correlation between the BE in the gas
phase and SFE can be established, which is displayed in Figure
S, which suggests an enthalpic basis for cellulose dissolution.
A breakup of the solvation free energy into its energetic and
entropic contributions is vital to understand its anion
dependence. Figure 6 provides the free energy and potential
energy profiles for the system of cellobiose and [bmim][Cl].
The latter includes both cellobiose—IL and IL—IL interactions.
Such a dissection of contributions to the free energy profile
across a liquid—vapor interface has earlier been presented in ref
60. Similar profiles were calculated for all the liquids.
Interestingly, the potential energy profile shows a small barrier
at the liquid—vapor interface, which likely arises from the
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Figure 4. Radial distribution function between the hydroxyl hydrogen of cellobiose and the hydrogen bonding sites of anions.
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Figure S. Binding energy of cellobiose with the ion pair where [bmim]
is the cation versus the solvation free energy of cellobiose in bulk ionic
liquid. The line is the best fit for the data, and positive slope indicates
that the dissolution is determined by the enthalpic contribution.
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Figure 6. Solvation free energy and potential energy profiles of
cellobiose in [bmim][Cl]. The two curves have been plotted by

considering the respective gas phase values as reference. The difference
between the two curves is the entropic contribution.

repulsive interaction between cellobiose and the butyl tails of
the cation preferentially oriented normal to the interface. A
similar barrier was present in the potential energy vs RC
profiles in all ILs. In bulk IL, the cellobiose is well solvated by
the ions, which leads to a large, negative potential energy. The
difference between the solvation free energy and the potential
energy equals the entropy change (times the temperature)
upon solvation. The same has been calculated for cellobiose
dissolution in different ILs and is presented in Table 1.

In the case of [bmim][OAc], [bmim][NO,], and [bmim]-
[Cl], the energy differences are relatively high whereas the
entropic contribution is moderate. Hence, the solvation free
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A

Table 1. Change in the Free Energy (AA = A;, — Ag,),

Potential Energy (AU = Uy, — U,,), and Entropy
Contribution (TAS = S;, — S,,,) for the Dissolution of

Cellobiose in Various ILs Relative to Its Gas Phase”

AA AU TAS TAS/

IL (kcal/mol) (kcal/mol) (kcal/mol) AU
[OAc] —56.4 ~113.8 —57.4 0.5
[NO,] -53.7 —84.1 -30.3 0.3
[c1] —499 —87.4 —374 0.4
[BE,] —417 —78.5 —367 0.4
[PF¢] -36.5 —64.7 —28.1 0.4
[CF,S0;] —382 ~127.0 —88.7 07
[NT£] —388 711 323 04

“[bmim]* is the cation.

energy of cellobiose is higher in these liquids than in others. In
[bmim][CF;SO;], both energy and entropy differences are
high, and as a result, the net solvation free energy is low. In
other ILs, both energy and entropy contributions are moderate,
causing the poor solubility of cellobiose in these ILs. Among
the ILs studied here, the dissolution of cellulose is most facile in
[bmim][OAc], as determined experimentally. The calculated
SFE for cellobiose in [bmim][OAc] being the most negative
(among ILs studied here) is consistent with the experimental
observation and offers a microscopic understanding of its
dissolution.

Figure 7 shows the distribution of the angle between the
normal vectors of the hexose rings of cellobiose. The
distributions in [bmim][OAc] and [bmim][CF,SO;] are
much broader than those in other ILs. They are also compared
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Figure 7. Distribution of the angle between the the two hexose ring
planes of cellobiose in various ILs.
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against the distributions in gas phase cellobiose in Figure S9
(Supporting Information). The larger width in these two ILs
indicates the facile deviation from the planar geometry of
cellobiose; it is also consistent with the high entropy difference
(TAS) in these two ionic liquids. The nonplanar geometry is
also responsible for the high enthalpy values, as it allows for the
formation of intermolecular hydrogen bonds at the expense of
intramolecular ones. The larger width in the case of the above-
mentioned two ILs can also be associated with the size and
symmetry of the anion. [OAc]™ and [CF;SO;]” are less
symmetric and bulkier as compared to other anions. Thus, the
hexose rings of cellobiose will be farther apart in order for its
hydroxyl hydrogens to form H-bonds with such anions,
resulting in a broader distribution of the interhexose angle in
such ILs.

B CONCLUSIONS

In summary, our simulations show that a high enthalpy
difference with a moderate entropic contribution appears to be
vital in determining the solubility of cellulosic biomass in room
temperature ionic liquids. A good solvent is one which contains
a strong H-bond acceptor and a moderate H-bond donor.
Anions have earlier been implicated to play an crucial role in
cellulose dissolution, and the same has been examined here.
Experimentally determined solubility of cellulose in ILs varies
as [OAc]™ > [CI]™ > [BE,]™ ~ [PF4]~."* SFE values calculated
here are consistent with the experimental observations. In
particular, the large entropic contribution to free energy in
[OAc]™ and [CF;SO;]” based ionic liquids has been
demonstrated to originate from the conformational flexibility
of cellobiose in these systems.

The disruption of the inter- and intramolecular hydrogen
bonding network of cellulose is the key to its dissolution
mechanism. Fluorine in [CF;SO;] makes it less basic due to its
electron withdrawing nature. Replacing fluorine atoms with
hydrogen can make it a better hydrogen bond acceptor.
Methylsulfonate anion could also be explored as anion. Also,
the reduction in the size of the anion will result in less steric
hindrance and can also improve the solubility of cellulose in
ionic liquids.

B ASSOCIATED CONTENT

© Supporting Information

Table and figures of the hydrogen bonding environment of
cellobiose in ionic liquids, the two most stable conformers of
cellobiose in the gas phase, schematic of reaction coordinate for
determining solvation free energy, conformational states of
cellobiose in gas phase and in bulk IL, mass and number density
profiles of ionic liquids, values of binding energies of ion pair
with cellobiose, distribution of angle between ring normals of
cellobiose in gas phase and bulk IL (OAc and CF;SO;). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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