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Abstract

Interactions determining the dissolution of a monomer ofβ-cellulose, i.e., cellobiose in a room temperature ionic liquid,
[Emim][OAc] have been studied using ab-initio molecular dynamics simulations. Although anions are the predominant species
in the first coordination shell of cellobiose, cations too are present to a minor extent around it. Presence of small concentration
of water in the solution does not significantly alter the nature of the coordination environment of cellobiose. All intra-molecular
hydrogen bonds of anti-syn cellobiose are replaced by inter-molecularhydrogen bonds formed with the anions, whereas the anti-anti
conformer retains an intramolecular hydrogen bond.

1 Introduction1

The depletion of fossil fuels and the increasing need for2

energy sources is an issue of paramount importance. Among3

many alternatives, biomass is a promising candidate. It is4

most abundant in the form of lignocellulosic matter presentin5

wood or plant biomass. Major components of lignocellulosic6

biomass are cellulose (40-50%), hemicellulose (20-30%) and7

lignin (20-30%).1 Notwithstanding its abundance and utility,8

the conversion of biomass to biofuel is a rather difficult9

process. One of the main hurdles in this conversion is its10

dissolution. Biomass is reluctant to dissolve in conventional11

organic solvents and requires harsh conditions of pressureand12

temperature.2 Furthermore, traditional solvents for biomass13

have been associated with issues such as toxicity, volatility14

etc.15

Rogers and coworkers3 pioneered the dissolution of16

cellulose in ionic liquids (ILs) under mild conditions, without17

any pretreatment and overcame these challenges. They were18

also able to regenerate cellulose with addition of water and19

other common solvents. Ionic liquids are salts that are liquid20

at room temperature.4, 5 Since their early work, significant21

progress has been made in the dissolution of biomass in22

ionic liquids. Some of the recent studies show that even23

wood can be directly dissolved in ionic liquids without any24

pretreatment. 6, 7, 8 Researchers have employed a variety25

of experimental techniques to investigate the dissolution26

mechanism of cellulose in ILs. Nuclear magnetic resonance27

(NMR) studies performed by Moyna and coworkers9 revealed28

that hydrogen-bonding interaction between the hydroxyl29

group of cellulose and the anion of ILs was responsible for30

the dissolution of cellulose in ILs and that the cation playsa 31

negligible role. Ludwig and coworkers did a systematic study 32

of dissolution of polyols in different salt solution and ILs.10
33

Shift in the OH frequency was used to determine the ability34

of any solvent to dissolve the polyols. Molecular dynamics35

(MD) simulations carried out by Youngs et al11, 12 suggested 36

a similar mechanism. Seddon and coworkers13 used ILs to 37

assist the acid-catalysed hydrolysis of lignocellulosic biomass. 38

Motivated by the work of Rogers and coworkers3, many 39

researchers have employed ILs to dissolve other biomolecules. 40

Silk fibroin14, starch and Zein protein15, hemicellulose16, 41

lignin17, chitin and chitosan18 etc. have also been dissolved42

in ILs. 43

Over time, newer ionic liquids to improve the dissolution44

of cellulose have been identified.19, 20, 21, 22, 23 Experimental 45

studies suggest that ILs with imidazolium cation and acetate 46

anion are the best solvents for cellulose. [C4mim][CH3COO] 47

can dissolve 15 - 20 % of biomass.19, 20 Although it is now 48

well known that ILs currently serve as the best solvents for49

cellulose dissolution, yet the role of cation in this process 50

is under debate. A recent NMR study by Zhang et al24
51

suggests that both cation and anion form hydrogen bonds with52

cellulose. In our earlier work25, we attempted to explain the 53

dissolution mechanism of cellulose and hemicellulose in ILs 54

using density functional theory applied to the clusters. Itwas 55

shown that cations can indeed form weak hydrogen bonds with56

the hydroxyl groups of cellulose and hemicellulose. 57

The mechanism of dissolution has been investigated by58

many researchers using various computational techniques.59

Bergenstr̊ahle et al26 carried out force field based MD 60

simulations to understand the insolubility of cellulose in61
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aqueous solutions. Singh and coworkers27 used MD62

simulations to study the dissolution mechanism of cellulose63

in [C2mim][OAc]. They reported that the strong hydrogen64

bonding between the anion and cellobiose was a major65

factor in dissolution. They also reported the interaction of66

a few cations with cellobiose. In particular, they observed67

a change in the conformation of cellulose with respect68

to the β(1-4) linkage when it was dissolved in the IL.69

Zhao et al28, 29 carried out systematic MD simulations to70

understand the effect of the structure of cation and anion71

on the dissolution of cellobiose in ILs. Cations with less72

steric hindrance showed a better dissolution capability. In73

the case of anions, apart from steric hindrance, a high74

electronegativity and absence of electron withdrawing groups75

were shown to aid cellulose dissolution. Recently, Rabideau76

et al30 carried out atomistic MD simulations to study the77

dissolution of cellulose bundles in ILs. They too observed that78

ILs weaken the intra- and intermolecular hydrogen bonding79

between the cellobiose units, resulting in their dissolution.80

Quantum chemical calculations have also been employed81

to understand the interaction of cations and anions with82

cellulose. Janesko31 employed dispersion corrected density83

functional theory (DFT) to understand the interaction between84

one ion pair of IL and cellulose. They found that the85

cellulose unit mainly interacts with the anion (Cl− in their86

case). Guo et al32, 33 employed DFT calculations to probe87

the effect of cation and anion structure on interaction with88

cellulose. They too reported that the dissolution of cellulose89

in ILs will have contributions from both cation and anion.90

Pincu and Gerber have recently carried out ab-initio molecular91

dynamics (AIMD) simulations ofβ-cellobiose conformer in92

pure water and examined differences in the solvation of the93

two conformers.34
94

While both gas phase quantum chemical studies as well95

as force field based MD simulations have been employed to96

understand the dissolution mechanism of cellobiose in IL,97

to our knowledge no AIMD simulations have been carried98

out so far. AIMD simulations have the advantage of both99

configurational sampling intrinsic to a liquid phase and a100

quantum chemical framework within which it is realised.35, 36,
101

37, 38, 39, 40 We report results of such simulations here. Ionic102

liquids, particularly in conditions employed to dissolve103

biomass are rarely devoid of water. Thus, we have also104

examined the effect of water concentration in the IL on the105

solvation of the cellulosic unit.106

2 Details of Simulation107

As we are interested in examining the microscopic interactions108

between cellulose and ionic liquid, one monomer unit of109

cellulose, i.e., cellobiose was considered as the solute. Initial110

geometries of the structural unit and of the cation and anion111

were constructed using GaussView41. These were later 112

optimized independently in gas phase at B3LYP/6-311++(g,d) 113

level of theory, using the Gaussian 09 software package41. 114

Two lowest energy conformers for cellobiose and the lowest115

energy structure of the ions were taken for further calculations. 116

The conformers of cellobiose were either anti - anti or anti -117

syn, as determined by the torsional state of the two CH2OH 118

groups (Figure 1). For each of these conformers, two different 119

sets of simulation were carried out. In the first, cellobiosewas 120

solvated in pure IL (with 30 ion pairs of IL only). In addition, 121

a simulation containing cellobiose dissolved in 30 ion pairs of 122

IL along with 5 water molecules was also carried out. While123

the former system consisted of 825 atoms and 2176 valence124

electrons, the latter involved 840 atoms and 2216 valence125

electrons, making these simulations rather computationally 126

challenging. Prior experimental studies have suggested the 127

first and second solvation shells of cellobiose to contain 7128

and 19 ion pairs respectively24 and thus these system sizes,129

although small, are not unreasonable. 130

The system was initially equilibrated using classical MD131

simulations during which the ionic liquid was described using 132

the force field of Senapati et al42. Water was described using133

the SPC/E model43. Gas phase ESP charges for atoms on134

cellobiose were calculated through Gaussian-0941 and the 135

same were used in these classical MD simulations. The136

initial configuration of solvent molecules in each system137

was generated using Packmol.44 The system was energy138

minimized prior to a short MD run under constant NVT139

conditions of 500 ps. Subsequently, the systems were140

studied under constant NPT conditions for 15 ns. This141

was followed by a constant NVT run for 16 ns whose142

final configuration constituted the initial configuration for the 143

AIMD run. Box lengths for the systems containing anti-anti144

or anti-syn conformer soaked in pure IL were 19.8802Å and 145

19.8806Å respectively. For the IL+5H2O systems, it was 146

19.9796Å for the anti-anti conformer and 20.1040̊A for the 147

anti-syn one. All classical MD simulations were carried out148

using the LAMMPS45 software package. 149

AIMD simulations were performed using the150

CP2K/Quickstep code.46 Double zeta valence polarization151

(DZVP) basis with Goedecker, Teter and Hutter152

(GTH) pseudopotentials were used. The BLYP47
153

exchange-correlation functional was employed. Dispersion 154

corrections at the D2 level48 were also included. Simulations155

were carried out in the NVT ensemble at 300 K using a156

Nośe-Hoover chain thermostat.49 Equations of motion were 157

integrated with 0.5 fs timestep. Three dimensional periodic 158

boundary conditions were employed in order to mimic a bulk159

system. Electronic orbitals were expanded in a Gaussian160

basis set. The electron density was expanded in plane wave161

basis set with energy cut off of 280 Ry. All the systems were162

studied for 35 ps. All the analyses were carried out on the163
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Fig. 1 Schematic of the two cellobiose conformers, ions of ionic
liquid and water molecule, showing different atom types used in the
discussion.

last 25 ps of the AIMD trajectory using home grown codes164

written in FORTRAN 90. 165

MD trajectories were visualized and spatial density maps166

were created using VMD.50
167

3 Results and Discussion 168

The structural properties of a liquid system can be well studied 169

through the radial distribution function, g(r). Figure 2(a) 170

shows the g(r) between the three ring hydrogen atoms of the171

cation (HIs) and the oxygen (OC) atom of cellobiose. All172

these pair correlation functions exhibit a first peak at around 173

2.7 Å; on rare occasions, the ring hydrogen of the cation174

approaches cellobiose to distances less than 2Å indicating 175

the likely formation of a weak cation-cellobiose hydrogen176

bond. Addition of water decreases the height of the first peak177

in the anti-anti case; thus, water could partially displacethe 178

cations in the first coordination shell of cellobiose. Figure 2(b) 179

shows the g(r) between oxygen (OA) of anion and hydroxyl180

hydrogen (HC) of cellobiose. The sharp peak at 1.6Å in all the 181

g(r)s indicates the formation of strong hydrogen bonds. Also 182

the peak height changes negligibly upon addition of water,183

implying that anions surrounding the cellobiose unit are more 184

or less unaffected by the presence of water molecules. 185

This behavior is evident from the running coordination186

number (Figure 4). The running coordination number of187

cation HIs around OC of cellobiose is insignificant till 2188

Å. However, in the corresponding distance range, that of189

anion OAs around HC of cellobiose varies between 0.70 to190

0.85. Thus, each of the hydroxyl hydrogen of cellobiose is191

surrounded by 0.75 anion oxygens. Given that there are eight192

HC atoms in cellobiose, we can conclude the presence of193

around six to seven anions hydrogen bonded to cellobiose, in194

its first coordination shell. This observation can be further 195

supported by the radial distribution function between the HC 196

of cellobiose and carboxylate carbon of anion (See Figure S1). 197

At the first coordination minimum (3.5̊A), the coordination 198

number is around 0.85. As there are 8 HCs in cellobiose,199

one can say that nearly 7 anions are hydrogen bonded to it.200

The acetate anion possesses two carboxylate oxygen atoms201

(OA). Either of them can form hydrogen bond with hydroxyl202

hydrogen (HC) of cellobiose. However, we observe that only203

one of the two OAs hydrogen bonds with HC. The other OA204

atom is hydrogen bonded with the acidic proton of the cation205

(see Figure 3). For the case of cellobiose-cation, the first206

coordination shell extends up to 3.25̊A and the number of 207

cations varies between 0.50 to 1.0; however, the coordination 208

number at 2.5̊A is only 0.4. Thus, within this distance from209

cellobiose, nearly six to seven anions are hydrogen bonded210

and around three to four cations are present. This observation 211

is in reasonable agreement with the earlier NMR study of212

Zhang et al24, where they suggested the first coordination213
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Fig. 2 Radial distribution function between (a) OC of cellobiose
and HI of cation and (b) HC of cellobiose and OA of anion.

Fig. 3 Snapshot from simulation exhibiting the neighbourhood of
cellobiose in ionic liquid. Only one of the OA atom of acetate anion
is hydrogen bonded with HC of cellobiose. The other OA atom is
hydrogen bonded to HI of the cation. Only two anions present
around cellobiose are shown for the sake of clarity.

shell of cellobiose to consist of 7 ion pairs. Since anions are 214

seen to be closer to the cellobiose units, it can be concluded215

that they form stronger hydrogen bonds and play the primary216

role in its dissolution which is in agreement with earlier217

experimental9, 11 and simulation studies.27
218

While the role of anions in the dissolution mechanism is219

widely accepted, that of the cations needs to be understood220

better. Plots of both radial distribution function and running 221

coordination number suggest that cations can approach222

cellobiose close enough such that their HIs can form weak223

hydrogen bonds with the OC atoms of cellobiose. The224

cation-cellobiose hydrogen bonds are considerably weaker225

as compared to those formed by the anions. These results226

are in agreement with our previous cluster calculations25, in 227

the sense that both cation and anion are found to interact228

favorably with cellobiose. Further, these observations are 229

in agreement with the NMR spectroscopic studies of Zhang230

et al.24 Thus, although the cation has only a secondary231

role to play in the dissolution mechanism, its effect cannot232

be neglected, a conclusion drawn through MD simulations233

recently reported by Zhao et al.28 Further, the shortest distance234

of approach for both the cation and the anion to cellobiose235

is independent of the amount of water present, although236

the peak height of the cellobiose-ion g(r) decreases with237

increasing water concentration. Similar effect of cation on 238

dissolution of CO2 in ILs was observed by Kirchner and239

coworkers.51 In case of CO2 dissolution also anion plays 240

the major role. Examination of the first solvation shell241

for the anti-anti conformer of cellobiose shows that all but242

one of its intramolecular hydrogen bonds are replaced by243

intermolecular hydrogen bonds between cellobiose and ions244

of IL (see Figure S2 in Supporting information). Interestingly, 245

the unbroken intramolecular hydrogen bond present in the246

anti-anti conformer is found to be broken in the anti-syn case 247

(see Figure S3 in Supporting Information). Through DFT248

calculations of clusters, we had reported earlier25 that the 249
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Fig. 4 Running coordination number between (a) OC atom of
cellobiose and HI of cation and (b) HC of cellobiose and OA of
anion.

anti-anti conformer, which is the most stable in gas phase,250

becomes less stable than the anti-syn one in the presence of251

explicit ions of IL. The results reported here on the absenceof 252

an intramolecular hydrogen bond in the anti-syn conformer253

confirms our earlier observations. This structural detail is 254

observed in the systems studied with water as well. 255

Figures 5 and 6 show the spatial density map of the256

three ring hydrogens of cation (HI) and of oxygens of the257

anion (OA) around the two cellobiose conformers. Both258

anion and the cation are present in the first coordination259

shell of cellobiose. The isosurface value used for the cation 260

in the figures is an order of magnitude larger than that for261

the anion. Despite its higher isosurface value, the cation262

map is much more dispersed than the corresponding one263

for the anion. Anions exhibit very specific binding as seen264

from their relatively narrow spatial distribution. The bulky 265

nature of the cations may impose steric hindrance and does266

not permit them to approach closer to the hydroxyl sites of267

cellobiose. In addition, the larger volume over which the268

positive charge is distributed on the cation could also be269

a reason for its weaker binding to cellobiose. In the case270

of the anti - anti conformer, anions are absent near one of271

the hydroxyl hydrogen as the latter forms an intramolecular272

hydrogen bond which is intact over the entire duration of the273

simulation (see Figure S2 in Supporting Information). In fact, 274

the hydrogen bond that this hydrogen atom participates in,275

exhibits an interesting behavior. As shown in Figure 7(a), it 276

can form a hydrogen bond with either O1 (ring oxygen) or277

with O2 (CH2OH). Shown in Figure 7(b) is the distance of278

this hydrogen from these two sites as a function of time in279

the case of cellobiose dissolved in pure IL. Over the duration 280

of the AIMD trajectory, we find that this hydrogen forms281

a hydrogen bond between these two sites in the ratio of282

approximately 4:1, i.e., the ring oxygen site (O1) is more283

preferred than the CH2OH oxygen (O2). There also exists284

a transient state where the intramolecular hydrogen bond is285

replaced by the intermolecular hydrogen bond ( 7(c)). In the286

anti-syn conformer, this intramolecular hydrogen bond was287

never observed and is replaced by an intermolecular one – the288

hydrogen atom h-bonds with OA of the anion (see Figure S3289

in Supporting Information). 290

Figure 8 is a snapshot from the AIMD simulation displaying291

the cations and anions in the vicinity of the cellobiose unit. 292

Most of the HC atoms of cellobiose form hydrogen bonds with293

one of the OA atoms. The other OA atoms of the anion are294

seen to form a hydrogen bond with the HI of cation. In most295

cases of hydrogen bond between the anion and the cation,296

the most acidic ring hydrogen is the atom which is involved.297

In the vicinity of cellobiose, some cations are seen not to298

form hydrogen bond with it. However, they are involved in299

hydrogen bonds with anions. 300

Figures 9 and S4 (Supporting information) compare the pair301
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Fig. 5 Spatial distribution of (a) cation’s ring hydrogen and of (b)
anion’s oxygen around cellobiose in anti-anti conformation.
Isosurface values are 0.01Å−3 and 0.001Å−3 respectively. Carbon
: Cyan, Oxygen : Red and Hydrogen : White.

Fig. 6 Spatial distribution of (a) cation’s ring hydrogen and of (b)
anion’s oxygen around cellobiose in anti-syn conformation.
Isosurface values and colour scheme are same as in Figure 5.
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Fig. 7 (a) Snapshot of cellobiose taken from the AIMD trajectory.
O1 and O2 are two possible hydrogen bonding sites for H atom of
cellobiose in its anti - anti conformation. (b) distance of H from O1
and O2 during the AIMD trajectory and (c) a transient state, where
such intramolecular hydrogen bond(s) are replaced by one
intermolecular hydrogen bond with the anion. Colour scheme is the
same as in earlier figures. Distances are inÅ units.

Fig. 8 Environment around cellobiose solvated in ionic liquid.
Colour scheme same as in earlier figures, Nitrogen : Blue.
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Fig. 9 Comparison of OA-HC RDFs obtained from classical and
ab-initio MD simulations for the anti - anti conformer of cellobiose.

correlation functions between anions and cellobiose obtained302

from force field based MD (with empirical potentials) and303

AIMD simulations. The g(r)s between the anion’s oxygen304

and cellobiose’s hydroxyl hydrogen are nearly identical as305

obtained from the two methods. Since this hydrogen bonding306

is the most dominant interaction between cellobiose and the307

ions, the current results can also be seen as a validation of308

the classical force field. However in both the cases, the309

anion-cellobiose g(r) is shifted to higher distances in AIMD310

simulations. This observation suggests that the anion may be311

overbound in classical force field based simulations. Typical312

force fields of ILs employ a unit charge on the ions although313

many researchers52, 53, 54, 55 advocate a sub-unit charge to314

account for charge transfer and polarization effects present in315

the condensed phase. The force field employed herein treats316

the ions with unit charge and this is likely to have led to317

the overbinding of anions to cellobiose within the force field318

description.319

Figure S5 (Supporting information) compares various g(r)s320

of IL-cellobiose and water-cellobiose. The ions approach the321

cellobiose unit closer than water does. Furthermore, within322

water, its oxygen atom (OW) is closer to cellobiose than323

its hydrogen (HW). Thus, water chiefly acts as a hydrogen324

bond acceptor with cellobiose. However, the effect of water325

on the two conformers is different. A comparison between326

the running coordination number of (HI-HW) and (OA-OW)327

pairs (see Figure S6 in Supporting Information) captures the328

difference in the nature of interaction of water molecules329

with the two cellobiose conformers rather well. For both the330

conformers, the running coordination number of HW around331

OC is insignificant for distances less than 2.5Å, while OW332

approaches HC up to a distance of 2.0Å. The latter suggests 333

the occasional formation of a OW-HC hydrogen bond. Figure334

S5 also demonstrates that water molecules interact differently 335

with each conformer. Water molecules are able to approach336

closer to the anti-anti conformer as compared to the anti-syn 337

conformer. The effect of cellobiose geometry on its interaction 338

with pure water has already been studied by Pincu and339

Gerber34 using AIMD simulations. They too observed the two340

conformers of cellobiose to interact differently with water and 341

concluded that water molecules are able to better solvate the 342

anti-anti conformer than the anti-syn one. The presence of343

water was not able to alter the nature of the solvation shell344

of cellobiose significantly. This may be due to the small345

concentration of water studied here. 346

During the AIMD run, no conformational transition347

was observed in the cellobiose; the anti-anti and anti-syn348

conformers retained their respective torsional angles forthe 349

bond between the two pentose rings (See Figure S7 in350

Supporting Information). The torsional angle about theβ(1-4) 351

linkage varied between 40 and 80o, in agreement with an 352

earlier MD simulations of Singh et al.27 Furthermore, it was 353

observed that the hydrogen bonds formed by cellobiose with354

the cation, anion or any water molecule were intact during the 355

entire duration of the AIMD simulation. 356

4 Conclusions 357

The dissolution of cellulose in ILs depends on the breaking358

of the strong, inter and intra-molecular hydrogen bonding359

network present in cellulose. ILs are able to disrupt this360

hydrogen bonding network more efficiently. The anions of IL361

play the major role in the dissolution mechanism. They form362

strong hydrogen bonds with hydroxyl hydrogens of cellobiose, 363

in either of its conformers (anti-anti or anti-syn). However, 364

the role of cation in the solvation of cellobiose cannot be365

completely ignored. Strong electrostatic interactions between 366

the cation and the anion necessitate that the cation be proximal 367

to the anion. Thus, a few cations are indeed present in368

the first coordination shell of cellobiose. They too form369

hydrogen bonds with the cellobiose unit, albeit weaker ones370

than what the anions do. The coordination offered by the371

ions of IL to the anti-anti and anti-syn conformer of cellobiose 372

are different. Thus the conformation of cellobiose will play a 373

crucial role in its dissolution in the ionic liquid. The addition 374

of a small quantity of water does not significantly alter the375

local environment of the cellobiose which continues to be376

coordinated primarily by the ions. 377
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