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a b s t r a c t

A computational approach is presented for prediction of cellulose solubilities in ionic liquids (ILs) based
on COSMO-RS (Conductor-like Screening Model for Real Solvents). Thermodynamically stable molecular
structures were optimized from 2D structures of cellulose and ILs following specific force-field based
search of conformation lowest in energy and quantum chemical optimizations of molecular geometry.
The thermodynamic property of logarithmic activity coefficient (lng) and excess enthalpy (HE) were
calculated by COSMO-RS based on the COSMO molecular surfaces of cellulose and ILs to qualitatively
predict the ability of ILs for cellulose dissolution. To evaluate the method, four sets of ILs were used to
calculate lng and HE based on four different cellulose models. The goodness-of-fit of linear regressions
between the experimental cellulose solubilities and the calculated lng and HE shows that lng is more
reliable than HE for prediction of the dissolving power of ILs to dissolve cellulose. However, HE is more
suitable for prediction of the dissolution ability of halogen-based ILs. Moreover, all the cellulose models
gave comparably good prediction results regarding of the dissolving power of ILs based on the calculated
lng, but the cellobiose model was identified as the optimal model due to the relatively higher prediction
ability (R2) across different IL datasets. The approach is time efficient and robust, which provides a novel
method for large-scale screening of ILs for cellulose dissolution.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Biomass is an abundant renewable resource on the earth [1].
Growing concerns about sustainability and environmental protec-
tion brings large amount of attention to efficient conversion of
biomass into valuable products such as biofuels, chemicals and
biomaterials, as the concept of biorefinery suggests [2e4]. Plants
and plant-based biomass (lignocellulose) contains three major
components: cellulose, hemicellulose and lignin [5]. Cellulose, as
the largest component of lignocellulose and a sustainable raw
material, is widely used in producing paper, fiber, membrane, and
other commodity materials and chemicals, meanwhile, it has a high
global quantity (~700,000 billion tons) and only a small amount
(~0.1 billion tons) is currently used for production, which leaves a
large space for wide employment [6,7]. For the full utilization of
cellulose, a prime step is to dissolve cellulose. Cellulose is a type of
linear-chain biopolymer consisting of several hundred to over ten

thousand b-(1e>4)-linked glucose repeating units [6,8]. The linear
structure enables numerous cellulose strands to be packed into
crystalline fibrils through enormous number of intramolecular and
intermolecular hydrogen bonds [9], which makes cellulose highly
resistant to chemical modification and difficult to dissolve. Ionic
liquids (ILs) as a new type of green solvents, provides the possibility
to dissolve cellulose [8,10] and lignocellulosic biomass [5,11] in a
clean process, which has attracted a great deal of academic and
industrial interest. These solvents are salts generally composed of a
large, low-symmetry and non-reactive organic cation and an
organic or inorganic anion that can largely tune their physical and
chemical properties [12,13]. Compared to conventional solvents
[14e19], ILs show remarkable properties such as low vapor pres-
sure, high thermal stability, non-flammability, non-volatility and
low toxicity. Moreover, by proper selection of cation e anion
combinations, ILs can be tailored with desired properties (e.g. vis-
cosity, density and solubility) [20,21].

Appropriate ILs can be selected as cellulose solvents. In the
recent years, more than 60 ILs have been experimentally examined
for their solubilities of cellulose [8]. However, there is a vast* Corresponding author.
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number of ILs available, and selection of the most appropriate ILs
with desired solubilities from a large pool of possible ILs for a
specific task requires long time and many experiments, which
highlights the advantage of using rapid and accurate a priori
screening tools to predict the dissolution capacity of ILs. COSMO-RS
(Conductor-like Screening Model for Real Solvents) as a physically
founded approach combining quantum chemistry and statistical
thermodynamics, has recently attracted great attention for calcu-
lation of thermodynamic properties [22e27]. COSMO-RS integrates
dominant interactions of H-bonds, misfits, and van derWaals forces
in the ionic liquid systems to characterize multiple solvation in-
teractions, and can be used for performing mixture calculations at
various temperatures [28]. With COSMO molecular surface gener-
ated by quantum chemical methods (QM), COSMO-RS calculates
the charge distribution (s-profile) on the molecular surface and
chemical potential (m) of molecule in a liquid solvent or mixture
based solely on information concerning the 3Dmolecular structure.
The computed chemical potentials are the basis for prediction of
other thermodynamic equilibrium properties such as activity co-
efficient (g), excess enthalpy (HE) and solubility. By reducing the
thermodynamics of a mixture to the interaction of a number of
surface segments, COSMO-RS gains full predictivity from underly-
ing QM calculations, which enables high-speed screening of com-
pounds for desired properties.

COSMO-RS has a general suitability for prediction of properties of
IL systems [27,29]. Previous publications have also demonstrated the
applicability of COSMO-RS in prediction of solubilities of bio-
polymers [30e32] and drug molecules [28] in ILs based on COSMO
surfaces of different molecular models. Given that an appropriate
database of QM-COSMO calculations is available, COSMO-RS are well
suited for the task of screening large numbers of solvents or solutes.
On the other hand, the impact of conformations of cations/anions/
solutes on the prediction quality of COSMO-RS is well recognized
that even two different conformations with nearly identical energies
for same molecule can result in complete different predictions of
thermodynamic properties [33,34]. Thus, it is important to carefully
select molecular model and conformation in order to obtain quan-
titatively and qualitatively correct predictions. Sampling of multiple
relevant conformers according to their Boltzmann distribution of
free energy can be a good solution [30]. In this work, we were
interested in examining the solubilities of cellulose in ILs by the use
of a ‘medium’ thermodynamically stable conformational state [35]
both for cellulose and IL in COSMO-RS calculation, whichmay help to
rapidly reduce computation time. The thermodynamically stable
molecular conformation was obtained through specific force-field
based search of lowest-energy conformer and QM-based geometry
optimization. The ADF COSMO-RS [36e39] was facilitated to conduct
the DFT (density functional theory) optimization of molecular ge-
ometry and calculations of thermodynamic properties for prediction
of cellulose solubilities in ILs on the availability of convenient
scripting tools. In order to evaluate our approach, four different
cellulose models (i.e. glucose, cellobiose, cellotriose and cellote-
traose) were selected to represent cellulose, and four diverse sets of
ILs were used to calculate the lng of cellulose in ILs and the HE of
mixture at different temperatures. The calculated lng and HE were
compared with available experimental data of cellulose solubilities
by linear regression, and the best cellulose model for prediction of
cellulose solubilities in ILs was selected based on the goodness-of-fit
of the regressions.

2. Methods

2.1. Theoretical basis for COSMO-RS calculation

Dissolution of cellulose is a result of disruption of the inter- and

intra-molecular hydrogen bonding, and the formation of new
hydrogen bonds mainly between the carbohydrate hydroxyl pro-
tons and the anions of the ILs [35,40e42]. The logarithmic activity
coefficient (lng) of cellulose in ILs at infinite dilution and HE of
mixture (0.8:0.1:0.1 in mole fraction for biopolymer, IL cation and
anion respectively) which are supposed to have correlations with
cellulose solubility were calculated by COSMO-RS to qualitatively
measure the dissolution ability of ILs.

The activity coefficients is associatedwith the affinity of solutes to
solvents resulting from differences in the strength and nature be-
tween molecules caused by local pairwise interactions of surface
segments due to the electrostatic misfit, hydrogen bonding and van
derWaals dispersive forces [34].With the chemical potential (miS) of a
compound inamixturebeingcalculated, theactivitycoefficient (giS) at
agiven temperature (T) canbederivedby the followingequation [23]:

gSi ¼ exp

(
mSi � mXi

RT

)
(1)

where mi
S and mi

X are the potential of compound i in the reference
state of the mixture and the pure compound, respectively.

HE is a fundamental thermodynamic property (defined as the
temperature derivative of the Gibbs free energy), which gives an
insight into the behavior of the species in solution and can act as a
sensitive measure of the intermolecular interactions within the
mixture [33]. In the current version of ADF COSMO-RS, the HE (kJ/
mol) is calculated based on Gibbs-Helmholtz equation:

HE ¼ �T2
v
�
GE�T�
vT

(2)

where GE is excess Gibbs free energy (kJ/mol), and T is temperature
(K).

2.2. Geometry optimization and COSMO-RS calculations

The COSMO-RS calculations were based on the ADF COSMO
result files [38], which are the results of COSMO quantum me-
chanical calculation on the basis of information solely concerning
the molecular structure. The molecular structure used for COSMO
calculation were generated through a computational route
including following steps: 1) the molecules of cellulose models and
ILs were sketched as 2D structures using Marvinsketch [43]; 2) the
structures of cellulose models were subjected to a 3D conversion
from 2D by Molconvert [43] and a conformational search at energy
minimization based Dreiding force field [44] by Cxcalc [43]; and 3)
the obtained lowest-energy conformer of celluloses were opti-
mized with geometry based on PM6 [45] method of MOPAC [46,47]
e and this saves time of DFT optimization at the late stage that the
SCF (self-consistent field) gets converged at a smaller amount of
geometry cycles. In contrast, the ILs were conducted with searching
a lowest-energy conformer based on the universal force field (UFF)
[48] implemented in OpenBabel [49]. The PM6method will deform
the structures of some cations thus was not used in optimization of
ILs. The obtained geometries of cellulose and ILs were further
optimized to obtain the COSMO-RS result files by DFTmethod using
the main parametrization GGA:BP/TZP in ADF [36]. The s-profiles,
s-potentials, and thermodynamic properties such as lng and HE

were then calculated at a given temperature by COSMO-RS based
on the obtained COSMO result files. A self-developed scripting tool
called MoDoop was utilized to automatize the overall computa-
tional workflow, which imports the 2D structures of cellulose and
ILs and exports the COSMO-RS calculated s-profiles, s-potentials
and thermodynamic properties. Here, generation of COSMO-RS
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