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ABSTRACT: A major challenge for the utilization of lignocellulosic feedstocks for liquid fuels 

and other value added chemicals has been the recalcitrant nature of crystalline cellulose to 

various hydrolysis techniques. Ionic liquids (ILs) are considered to be a promising solvent for the 

dissolution and conversion of cellulose to simple sugars, which has the potential to facilitate the 

unlocking of biomass as a supplement and/or replacement for petroleum as a feedstock. Recent 

studies have revealed that the orientation of the hydroxymethyl group, described via the ω 

dihedral, and the glycosidic bond, described via the υ-ψ dihedrals, are significantly modified in 

the presence of ILs. In this study, we explore the energetics driving the orientational preference 

of the ω dihedral and the υ-ψ dihedrals for glucose and cellobiose in water and three 

imidazolium based ILs. It is found that interactions between the cation and the ring oxygen in 

glucose directly impact the conformational preference of the ω dihedral shifting the distribution 

towards the Gauche-Trans (GT) conformation and creating an increasingly unfavorable Gauche-

Gauche (GG) conformation with increasing tail length. This discovery modifies the current 

hypothesis that intramolecular hydrogen bonding is responsible for the shift in the ω dihedral 

distribution and illuminates the importance of the cation's character. In addition, it is found that 

the IL’s interaction with the glycosidic bond results in the modification of the observed υ-ψ 

dihedrals, which may have implications for hydrolysis in the presence of ILs. The molecular 

level information gained from this study identifies the favorable IL-sugar interactions that need 

to be exploited in order to enhance the utilization of lignocellulosic biomass as a ubiquitous 

feedstock. 
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 3 

1. Introduction 

The recalcitrance of crystalline cellulose is a major obstacle hindering the immense potential of 

lignocellulosic biomass to supplement and possibly replace petroleum as a major feedstock. The 

kinetics of cellulose hydrolysis by both chemical and bio-chemical/enzymatic methods has been 

significantly limited due to the crystalline nature of cellulose. To some extent this recalcitrance 

issue has been overcome by the utilization of various pre-treatment techniques, one of the most 

promising of which has been ionic liquid pretreatment.
1-3

 Ionic liquids (ILs) are a unique class of 

solvents that are salts in a liquid state at room temperature.
4
 They are promising candidates as 

replacements for volatile organic solvents since they have negligible vapor pressure, are non-

flammable, and have relatively high thermal stability.
4
 ILs are highly versatile and may be 

tailored for specific tasks by varying the core ionic molecule and/or attached functional groups. 

Amongst the various multitude of ILs, the imidazolium based chlorides and acetates have proven 

to be some of the most effective at dissolving crystalline cellulose.
1
 The main advantage of using 

imidazolium based ionic liquids has been their ability to not only dissolve crystalline cellulose, 

but also facilitate its conversion to value added products such as hydroxymethyl furfural (HMF) 

and total reducing sugars (e.g., glucose, fructose, lactose and maltose).
3, 5

 Scheme 1 illustrates a 

few of the processes in which ionic liquids play a key role as solvents and reaction media, and 

aid in the conversion of biomass to various value added products.
6-17

 The significance of 

understanding how ILs solvate cellulose and its components is important considering the 

widespread involvement of ILs in various processes converting biomass to value added products.  
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 4 

 

Scheme 1: Processes that involve ILs as solvents to derive value added products from biomass 

with relevant literature noted along the corresponding arrows. 

 

While there have been significant efforts to develop an efficient and cost effective process for the 

conversion of oligosaccharides to value added products, they rely on enzymes that function in an 

aqueous environment, in which oligosaccharides have limited solubility, or inorganic catalysts 

composed of expensive transition metals.
18

 In order to realize the most efficient route to utilize 

lignocellulosic biomass we must develop solvents that dissolve and facilitate the conversion of 

cellulose to total reducing sugars, all in a single reactor.
19

 This requires ILs that are compatible 

with not only process equipment, but are also benign towards and maintain, if not enhance, the 

efficacy of the catalysts (e.g., cellobiohydrolase enzymes, metal chlorides).
19

 In this respect, the 

imidazolium acetate based ILs have shown significant promise.
20, 21

 Imidazolium based ionic 

liquids are characterized by a positively charged imidazolium ring that is flanked by a methyl 

group on one side and a longer, typically, hydrophobic alkyl group (e.g., ethyl, butyl, or octyl) on 

the other side. Techniques such as Molecular Dynamics (MD) simulations have proven to be a 

powerful tool in revealing molecular level insights into the interactions between ILs, cellulose, 

and co-solvents.
22-27

 In regards to the interactions between ILs and cellulose, it has been 
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 5 

demonstrated that ILs can impact the conformational flexibility of microfibril cellulose and its 

constituent components, however, the energetics that govern this modified conformational 

flexibility in the presence of ILs is yet to be elucidated. One of the major factors that have 

impeded the evaluation of the energetics is the inherently viscous nature of pure ILs, which 

restricts conformational sampling of these systems. In a recent study, it has been observed that 

the presence of a co-solvent can play an important role in modulating the viscous nature of the IL 

without compromising the beneficial properties of the parent IL.
27

 

 

Currently the most popular ILs with regards to cellulose solvation have been 1-ethyl-3-methyl-

imidazolium acetate (EMIM OAc) and 1-butyl-3-methyl-imidazolium chloride (BMIM Cl).
1, 2, 28

 

While the behavior of cellulose and its representative polysaccharides in EMIM OAc has been 

explored,
23, 25, 26

 the impact of varying the cation’s alkyl chain length on the underlying 

energetics has thus far not been evaluated. Furthermore, while the interactions of the poly or 

oligosaccharides have been studied,
23, 25

 specific interactions of glucose and cellobiose are as of 

yet unexplored. This study characterizes the specific interactions of alkyl imidazolium ILs with 

the constituent components of cellulose, namely glucose and cellobiose, and evaluates the impact 

of the cation’s alkyl chain length on the solvation and conformational perturbation of glucose 

and cellobiose. We compare glucose and cellobiose solvation in an aqueous environment to the 

solvation characteristics of 3 ILs, 1-ethyl-3-methylimidazolium acetate (EMIM OAc), 1-butyl-3-

methylimidazolium acetate (BMIM OAc) and 1-ethyl-3-octylimidazolium acetate (OMIM OAc). 

The MD simulations presented here provide structural insights, elucidate the energetics 

governing the conformations of glucose and cellobiose, and reveal the role played by the cation 

in driving conformational preference of sugars in ILs.   
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 6 

 

2. Methods 

2.1 System Setup. All MD simulations used Amber12, were analyzed with AmberTools12, and 

utilized the PLUMED software packages for biased simulations.
29, 30

 The systems consisted of a 

glucose or cellobiose molecule in either water (7,653 waters molecules), EMIM OAc (810 ion 

pairs), BMIM OAc (695 ion pairs) or OMIM OAc (542 ion pairs) constituting a total of 8 

systems. The Glycam06 force field was used for glucose and cellobiose, TIP3P for water and an 

improved OPLS force field for the ILs.
31-33

 The Packmol program was used to create the starting 

MD configurations, which were subsequently minimized for 4000 steps with the conjugated 

gradient algorithm followed by a cycling protocol.
34

 The cycling protocol involved alternate 

equilibrations in the isobaric-isothermal (NPT) ensemble at 300 K and 1 atm for 500 ps, and the 

isochoric-isothermal (NVT) ensemble at 400 K for up to 5 ns. The cycling protocol was repeated 

until the system density was within 3% of the reported experimental density at 300 K. The 

various simulations were conducted with the hydrogen atoms restrained using the SHAKE 

algorithm and a 2 fs time step.
35

 After the cycling simulations were completed, 10 ns of 

equilibration in the NVT ensemble at 300 K was performed followed by a 100 ns production run 

in the NVT ensemble at 300 K. After the production run was completed an additional 20 ns 

simulation was conducted in the microcanonical ensemble (NVE) at 300 K for computing the 

self-diffusivity coefficients. 

2.2 Umbrella sampling. The solvation of glucose has been characterized by the conformational 

orientation of the hydroxymethyl group of glucose that is described via the 'ω’ (omega) dihedral 

angle (O6-C6-C5-O5), see Figure 1.
36

 The biased umbrella sampling technique along with the 

weighted histogram analysis method (WHAM) was utilized for the construction of Potentials of 
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 7 

Mean Force (PMFs) describing the rotation around the ω angle in water and in each of the 3 

ILs.
37-39

 Comparison of the PMFs for this dihedral rotation in water and the different ILs has 

enabled the evaluation of the impact of ILs on modifying the ω dihedral energy landscape. The 

restraining potential used was of the form, 

umbrella sampling n 2n
n dihedral dihedral 0

k
U ( ) ( )

2
x x x= -                                              (1) 

where Un
umbrella sampling

 is the restraining potential, kn is the force constant, 0 is the equilibrium 

dihedral angle for each window, and xdihedral is the instantaneous value of the dihedral angle. For 

each system 37 windows spaced every 10˚ between -180˚ to 180˚ was conducted in the presence 

of a restraining potential force constant of 30 kcal/mol•rad
2
. Each window was equilibrated for 

500 ps followed by a production run of 8 ns for the IL systems and 4 ns for the water systems. As 

with the unbiased simulations, the hydrogen atoms were restrained using the SHAKE algorithm 

and a 2 fs time step was employed. Convergence of the PMFs was evaluated by comparing 

PMFs calculated using the first half and last half of the simulation data. The final PMFs were 

considered converged when the standard deviation dropped below 0.3 kcal/mol (Supporting 

Information Figure S1). 

 

2.2 Metadynamics simulations. Metadynamics has been an effective method for exploring 

complex free energy surfaces (FESs) over two or more dimensions
40-43

 and was thus chosen for 

elucidating the FES governing the phi (υ O5-C1-O4-C4) – psi (ψ C1-O4-C4-C5) dihedral 

conformation for the glycosidic bond in cellobiose. A biasing potential was applied on the 

collective variables phi (υ) and psi (ψ), and was of the form 

 (   )  ∑  (  )   (∑
(     ( (  )))

 

   
 

 
   )        (2) 
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 8 

where V is the biasing potential, s is the collective variable, τ is the deposition rate between 

Gaussian additions, W(kτ) is the height of the Gaussian, and σi is the Gaussian width. In well-

tempered metadynamics (WTMD), the Gaussian height is re-scaled during the simulation 

according to a bias factor that allows for faster convergence times since large Gaussian heights 

are applied when the simulation visits an unsampled region and smaller Gaussian heights are 

used when the simulation revisits a previously sampled region.
44

 

 

The equilibrated cellobiose systems from the unbiased simulations were used as the starting 

points for the WTMD simulations that were conducted using Amber12 compiled with the 

PLUMED package.
30, 44

 For the WTMD simulations, a maximum hill height of 0.15 kcal/mol 

and a Gaussian width of 1 Å was applied every 500 ps with a bias factor of 15. The WTMD 

simulations were conducted over 115 ns for each system and convergence of the FESs was 

calculated by tracking the evolution of the FESs over each additional 5 ns. FESs for all systems 

were found to have converged to within 1 kcal/mol at the end of the 115 ns simulation 

(Supporting Information Figure S2). 

Figure 1 Structures of the cations, anion, and solute molecules 
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 9 

3. Results and Discussion 

3.1 System Properties. 

Table 1 lists the systems that are considered in this study along with the observed densities, radii 

of gyration and self-diffusivity coefficients for the solvent atoms with the numbers in parenthesis 

corresponding to experimentally observed values. The densities calculated from our simulated 

pure IL systems are found to be in excellent agreement with experimentally measured pure IL 

densities (i.e., within 3%).
45, 46

 In addition to the density, the radii of gyration was calculated as it 

provides an estimate of the compactness of the molecule and, as expected, the values increase as 

the alkyl chain increases. The self-diffusivity coefficients were evaluated from NVE simulations 

using the Einstein’s relation, which relates the mean square displacements (MSD) to the 

diffusion coefficients. The calculated MSD for EMIM OAc compares well with available 

experimental values, and reproduces the experimentally observed difference between the cation 

and anion diffusion coefficients (i.e., the anion diffuses ~0.9 times that of the cation).
47

  

 

Table 1:  System Parameters
†
. 

System 

System 

Densities 

(gm/cc, 300 K) 

Radius of 

gyration 

of cation 

(Å) 

Solvent Diffusion (cm
2
/s) 

Wt % 

Sugar 

    Water  

Control 
1G 1.00 - 6.09 x 10

-5
 0.13 

2G 1.00 - 6.49 x 10
-5

 0.25 

    Cation Anion  

EMIM 
1G 1.13 (1.12

48
) 2.59 ± 0.1 1.69 (1.40

47
) x 10

-7
 1.57 x 10

-7 
0.13 

2G 1.13 (1.12
48

) 2.59 ± 0.1 1.76 (1.53
47

) x 10
-7 

1.34 x 10
-7 

0.25 

BMIM 
1G 1.08 (1.05

49
) 3.08 ± 0.1 1.41 x 10

-7 
1.1 x 10

-7 
0.13 

2G 1.08 (1.05
49

) 3.08 ± 0.1 1.43 x 10
-7 

1.24 x 10
-7 

0.25 

OMIM 
1G 1.01 4.07 ± 0.3 3.55 x 10

-7 
2.14 x 10

-7 
0.15 

2G 1.01 4.04 ± 0.3 3.17 x 10
-7

 1.8 x 10
-7 

0.28 
†
The values in parentheses are experimentally observed values.  
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 10 

The solvation of IL-cellulose systems at the molecular level has been characterized via radial 

distribution functions (RDFs), conformation of the ω dihedral (i.e., trans-gauche, gauche-trans 

and gauche-gauche) and the υ-ψ plots for the 

glycosidic bond.
23, 25, 50

  The following 

sections discuss and compare each of these 

characteristics, in detail, from the context of 

EMIM OAc, BMIM OAc and OMIM OAc 

solvation of glucose and cellobiose with 

respect to an aqueous environment. 

 

3.2 Solvent-Solvent and Solvent-Solute 

Structure 

RDFs are central to understanding solvation 

structure and are therefore used to evaluate the 

polar interactions between cation 

(alkylimidazolium C4) and anion (OAc C2) 

observed over the 100 ns unbiased trajectories 

(Figure 2).
50

 In all 3 IL systems there is a 

distinct double peak at 3.8 Å and 5.7 Å in the 

cation-anion RDF, which is consistent with 

previously reported observations for EMIM 

OAc.
25, 26

 The coordination number for the 

first solvation shell is calculated to be around 

Figure 2 RDFs depicting the polar interactions 

between the cation and anion in the presence of 

glucose. The cation is represented by the C4 

atom in the alkylimidazolium while the anion 

is represented by the C2 in OAc. The Cation-

anion (solid line), cation-cation (dashed line), 

and anion-anion (dotted line) interactions are 

presented for EMIM OAc (top), BMIM OAc 

(middle), and OMIM OAc (bottom). The 

coordination numbers are reported in the inset. 
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 11 

2, indicating that on average 2 anions can be found relatively close to the alkylimidazolium (i.e., 

~3 Å to ~4.8 Å ) and the presence of an ordered repeating of cation-anion solvation shells. The 

cation-cation and anion-anion interactions are characterized by a broad first peak with the cation-

cation possessing a maximum around 6 Å and shoulder features that indicate the 1
st
, 2

nd
, and 3

rd
 

solvation shells while the anion-anion has a maximum around 6.4 Å, a clear 1
st
 solvation shell, 

and shoulders that indicate subsequent solvation shells. The reported coordination numbers for 

the cation-anion (3 Å to ~4.8 Å) and cation-cation (3 Å to ~7 Å) interactions is similar for the 3 

ILs at 2 and ~4.5, respectively. The cutoff value of ~7 Å for the cation-cation interaction 

indicates the combination of the 1
st
 and 2

nd
 solvation shells with the 1

st
 solvation shell being 

depicted by the shoulder feature at around 4.5 Å. The coordination number for the anion-anion 

interaction was taken between 3 Å and 10.5 Å, and similar to the cation-cation interaction, 

encompasses the 1
st
, 2

nd
, and possible 3

rd
 solvation shells. It is interesting to note that the 

increasing size of the cation’s alkyl tail length has no significant impact on the overall solvent 

structure. It is noted that the observed decrease in the anion-anion coordination number as the 

alkyl tail length increases is due to the reduced number of ion pairs. The RDFs for the 2G system 

are nearly indistinguishable from the 1G system and are therefore not shown. 

 

The presence of hydroxyl groups on both the solute (i.e., 1G and 2G) and the IL’s anion result in 

characteristic sugar-anion and sugar-cation interactions as illustrated in Figure 3 for the 1G and 

2G systems. The RDFs consider the hydroxyl oxygens on the sugar (O2, O3 and O6); the C4 

carbon on the cation for the sugar-cation interactions, and the C2 carboxylic carbon on the anion 

for sugar anion interactions.
50

 The location of the first peak for the sugar-anion interaction occurs 

at 2.6 Å for all the 3 ILs indicating that the sugars are first solvated by the acetate anions and that 
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 12 

the increasing imidazolium cation chain length does not impact acetate solvation of the sugar’s 

hydroxyl groups. The first sugar-cation peak occurs between 3.3 Å and 3.5 Å for all the cations 

indicating that the second solvation shell contains primarily the cation. Further solvation shells 

are not as well defined but appear to alternate between the anions and cations, in line with the 

current hypothesis of IL structure and solvation characteristics of sugars.
50

 

 

Figure 3 RDFs depicting the solvent-solute interactions. The sugar-cation (solid line), and sugar-

anion (dashed line) interactions are presented for EMIM OAc (top), BMIM OAc (middle), and 

OMIM OAc (bottom) for the glucose (left) and cellobiose (right) systems. The coordination numbers 

are reported in the inset. 
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 13 

3.3 The conformation of the ω dihedral 

It has been observed in the literature that the presence of ILs impacts the ω dihedral (O6-C6-C5-

O5) conformation for the hydroxymethyl group in oligosachharides.
22-25

 In water, the ω dihedral 

is observed to equally sample the gauche-gauche (GG; ω = ~ -60°) and the gauche-trans (GT; ω 

= ~60°) conformations with a minor amount of conformations observed in the trans-gauche (TG; 

ω=~180°). However, in the presence of ILs the distribution of the ω dihedral angle is found to 

shift predominantly towards the GT conformation. These observations are also seen in our 

simulations of 1G in ILs, where the ω dihedral distribution is found to shift towards the GT 

conformation irrespective of the cation’s alkyl chain length, Figure 4. In recent studies, this shift 

in the conformational distribution of the ω dihedral in ILs has been linked to the formation of an 

intramolecular hydrogen bond between O2 and O6 of adjacent saccharide rings.
22, 23

 However, 

we observe a similar shift in the ω dihedral distributions for our 1G in ILs simulations, which 

doesn’t involve the O2-O6 intramolecular H-bond. This observation leads us to believe that the 

very presence of the IL plays a role in 

impacting the ω dihedral distribution. Clearly, 

a new hypothesis must be presented that 

adequately describes the role of ILs on the 

shifted ω dihedral distribution and is valid for 

glucose, cellobiose, and larger 

oligosacharides.  

 

The potentials of mean force (PMFs) 

describing the rotation around the ω dihedral 

Figure 4 PMFs for the rotation of the ω dihedral 

(C5-O5-C6-O6) in EMIM OAc (solid black), 

BMIM OAc (black dashed), OMIM OAc (black 

dotted), and water (solid grey). The GG, GT and 

TG wells have been indicated according to their 

corresponding ω values in addition to the 

transition state (TS) between GG and GT. 
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 14 

in glucose (Figure 4) clearly indicate that in water (grey line) the wells for the GT (~60
°
), GG (~-

60
°
) conformations are thermodynamically equivalent, and are separated by a barrier of 4 

kcal/mole located at 0
°
, in agreement with previously published work.

25
  Analysis of the 

transition state (TS) region between the GG and GT wells indicates that this barrier is caused by 

repulsive interactions between the electro-negative hydroxymethyl oxygen (O6) atom and the 

ring oxygen (O5) atom. The unfavorable interaction arises because the two groups are in the 

same plane and reside in close proximity (~2.7 Å). In the presence of ILs, the GG conformation 

is found to be less stable as compared to the GT conformation. Furthermore, it is observed that 

the GG well becomes increasingly more unstable as the cation’s tail length increases (EMIM 

OAc: 1.2 kcal/mol, BMIM OAc: 2.5 kcal/mol and EMIM OAc: 3.0 kcal/mol). These results 

indicate that the cation’s alkyl tail interactions play a role in determining the stability of GG and 

GT wells thereby shifting the orientation of the ω dihedral. 

 

To evaluate the role of the cation’s alkyl tail, iso-surface plots for the volumetric occupancy 

around glucose for the 3 different ILs in the destabilized GG well and the stable GT well were 

created (Figure 5). In the presence of ILs, it is observed that the electronegative nature of the ring 

oxygen attracts the positively charged imidazolium ring of the cation (note the green iso-surface 

in front of the sugar ring oxygen in Figure 5). In the GG well, this interaction places the cation’s 

alkyl tail in close proximity to the space occupied by the sugar’s hydroxymethyl group. As the 

tail length increases, the unfavorable hydrophobic-hydrophilic interaction increases, resulting in 

the destabilization of the GG well. This interaction also explains the progressively higher energy 

for the TS region (ω ~0
°
) as the cation’s alkyl tail length increases (Supporting Information 

Figure S3). In the GT (ω ~60
°
) well, the conformation of the hydroxymethyl group places it 
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 15 

farther away from the sugar ring’s oxygen, thus enabling the accommodation of the cation’s 

alkyl tail. This elimination of unfavorable contacts in the GT well results in a conformation of 

the hydroxymethyl group that is stable for all 3 ILs, irrespective of the cation’s alkyl tail length.  

 

3.4 Free energy surfaces for rotation around the glycosidic bond (φ-ψ plots) The relative 

orientation of the carbohydrate rings in any oligosaccharide is dictated by the specific value of 

the υ (O5-C1-O4-C4) and ψ (C1-O4-C4-C5) dihedral angles. In the case of cellobiose, the 

orientation of the rings impacts the glycosidic bond’s accessibility to the solvent, which is 

particularly relevant for the hydrolysis of the glycosidic bond. In our MD simulations, the 

Figure 5 Iso-surface plots based on volumetric occupancy of acetates (Blue), Imidazolium ring 

(Green) and Cation Tail (Red Transparent) in the GG well (a) and GT well (b) for EMIM OAc (left) 

BMIM OAc (center) and OMIM OAc (right). 
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 16 

preferred orientation of the cellobiose glycosidic bond in ILs is observed to be shifted in the 

presence of ILs. While this orientational shift of the glycosidic bond in oligosaccharides in the 

presence of ILs has been observed in earlier studies by Liu et al. 
25

 and Mostofian et al.
22 

the 

Figure 6 Free energy surfaces obtained from Metadynamics simulations of 2G in water (top left) 

EMIM OAc (top right), BMIM OAc (bottom left) and OMIM OAc (bottom right). The aligned 

structures of 2G corresponding to each well are shown in licorice representation. In the case of 

Water and BMIM OAc, Well1 indicates the lower energy well and Well2 is higher by 0.5 kcal/mol 

for Water and 1.2 kcal/mol for BMIM OAc. 
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energetics that drive the orientational shift have not yet been explored. Unlike the ω dihedral, 

which involved biased sampling along a single coordinate, sampling the υ-ψ involves sampling 

across 2 dimensions and the generation of a 2-D PMF. The υ-ψ conformational space of 

cellobiose in water has been previously explored using replica exchange MD and the free energy 

surface (FES) elucidated using umbrella sampling.
51, 52

 In these previous works it was found that 

cellobiose prefers 3 distinct regions of the υ-ψ plot labeled in Figure 6 as O, A and B in 

increasing order of probability.  

Figure 6 depicts the well tempered metadynamics (WTMD) derived FESs that describe the 

conformational υ-ψ energy landscape for cellobiose (2G) in water and the 3 ILs along with the 

sugar conformations in the observed wells. The FES and the low energy wells observed in the 

case of water are consistent with existing literature and indicate that the lowest energy basin is 

the O basin followed by the B and A basins.
22, 51, 52

 It is observed that the lowest energy wells in 

the B and A basins are ~0.5 kcal/mol and ~3.5 kcal/mol higher than the lowest energy well in the 

O basin, respectively. The υ-ψ energy landscape for 2G in EMIM OAc and OMIM OAc is 

characterized by a single low energy well while BMIM OAc has 2 low energy wells. In the case 

of EMIM OAc, the energy minimum is found to be in the O region with a relatively flat plateau 

in the B region that is ~6 kcal/mol higher in energy than the O region. The OMIM OAc energy 

landscape is characterized by a single well and a ~5 kcal/mol higher plateau that corresponds to 

the B region. BMIM OAc is observed to have 2 wells one each in the O and B regions, similar to 

the water case, and a plateau in the A region that is ~5 kcal higher in energy. In two recent 

studies involving oligosaccharide solvation in BMIM chloride and BMIM OAc, it was found that 

the regions of stable conformation for the glycosidic bond were predominantly in the O and B 

regions, which is in good agreement with our results.
9, 27
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To describ e the orientation of the glycosidic bond and evaluate the specific molecular 

interactions in these wells, all conformations within 3 kcal/mol of the lowest point in the well 

were analyzed.  

The interactions of the glycosidic oxygen and ring oxygens with the solvent (acetate, 

imidazolium ring and alkyl tail) were evaluated using RDFs and iso-surface plots based on 

volumetric occupancy. These iso-surface plots and the glycosidic oxygen RDFs for the single 

wells of EMIM OAc and OMIM OAc are depicted in Figure 7. In EMIM OAc, the glycosidic 

oxygen is observed to interact with the cation’s alkyl tails (~3 Å) and with the imidazolium ring 

at (~6 Å), while the anion interactions appear to be disordered. The ring oxygens of the 

cellobiose primarily interact with the cation imidazolium ring and the alkyl tails (Supporting 

Figure 7 Iso-surface plots based on volumetric occupancy (Top) calculated from the conformations 

observed in the EMIM OAc (left) and OMIM OAc (Right) υ-ψ wells. The acetates are represented in 

transparent Blue, Imidazolium ring in transparent Green and Cation Tail in transparent Red. The 

interactions of the Glycosidic Oxygen with the imidazolium ring (solid line), alkyl tail (dashed line) 

and the acetates (dotted line) indicated by RDFs (Bottom). 
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Information Figure S4). The υ-ψ energy minima for OMIM OAc is found to orient the glycosidic 

bond into an alternative conformation than that seen in EMIM OAc, which allows the glycosidic 

oxygen to have increased interactions with the imidazolium ring (~3 Å). This particular RDF 

also indicates the repeating cation-anion solvation characteristics with the next solvation shell 

out from the imidazolium ring being occupied by acetates (~6 Å) and then followed again by the 

imidazolium ring (~7 Å). Unlike EMIM OAc the ring oxygens of cellobiose in OMIM OAc 

primarily interact with the alkyl tail (Supporting Information Figure S4). 

The orientation of the glycosidic bond and its solvent interactions in the two BMIM OAc wells 

are compared in Figure 8. In well 1, the glycosidic bond is more exposed to the solvent as 

compared to well 2, and is characterized by close interactions with the cation’s imidazolium ring 

Figure 8 Iso-surface plots based on volumetric occupancy calculated from the conformations 

observed in the BMIM OAc υ-ψ Well 1 (left) and Well 2 (right). The acetates are represented in 

transparent Blue, Imidazolium ring in transparent Green and Cation Tail in transparent Red. The 

interactions of the Glycosidic Oxygen with the imidazolium ring (solid line), alkyl tail (dashed line) 

and the acetates (dotted line) indicated by RDFs (Bottom). 

Well 1 Well 2 
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(~3-4 Å). Contrastingly, well 2, is characterized by the glycosidic oxygen predominantly 

interacting with the cation’s alkyl tail (~3-5 Å), followed by interactions with the imidazolium 

ring (~5 Å). The higher free energy associated with well 2 is hypothesized to be attributed to the 

conformational rigidity (or loss of entropy) due to the presence of the relatively larger alkyl tails 

around the glycosidic bond. Supporting this hypothesis is the observation that the ring oxygens 

in this well interact closely with the cation’s alkyl tail and the imidazolium ring (Supporting 

Information Figure S5). 

 

4. Conclusions 

A systematic approach to understanding the impact of the cation’s alkyl chain length on the 

solvation of 1G and 2G has been undertaken via fully atomistic molecular dynamics simulations. 

The observations of structural and conformational properties in this study are consistent with 

existing literature and reveal that the increasing alkyl tail length of the cation does not impact the 

acetate solvation of the hydroxyl groups of 1G and 2G. It is apparent from the MD simulations 

that the presence of ILs significantly restricts the conformational sampling of 1G and 2G. This 

may be attributed to the inherently viscous nature of the ILs, which extends the simulation 

timescales required to observe adequate conformational sampling. While the intramolecular H-

bonding in oligosaccharides was hypothesized to be responsible for the skewed distributions of 

the ω dihedral, observations of similar skewed distributions is found for the 1G systems, which 

do not possess the purported molecular H-bonding. It is found that the cation’s hydrophobic 

alkyl tail interactions with the sugar’s hydrophilic hydroxymethyl group is the main driving force 

for the observed shifting in the ω dihedral. 

 

Page 20 of 26Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 21 

The energetics governing the rotation of the hydroxymethyl group in glucose, measured via the 

ω dihedral, were elucidated through the calculation of the potential of mean force for rotation 

about the ω dihedral in water as well as the 3 ILs. It was found that the GG and GT 

conformations are thermodynamically equivalent in water, but in ILs it is observed that the GT 

conformation is more stable than the GG conformation. The interaction of the imidazolium ring 

with the oxygen of the glucose ring causes the placement of the alkyl tail to reside close to the 

hydroxymethyl group in the GG conformation. This unfavorable interaction also explains the 

increasing instability of the GG conformation with increasing alkyl tail length. The free energy 

surface governing the orientation of the glycosidic bond has also been explored for cellobiose in 

water and the 3 ILs, and indicates a single well for EMIM OAc and OMIM OAc and double 

wells for BMIM OAc. The double wells in the case of BMIM OAc are in general agreement with 

the regions of stable conformation observed in previous reports of BMIM chloride and BMIM 

OAc. The volumetric occupancy maps and RDFs for the conformations in the wells indicate 

specific interactions that stabilize cellobiose in the corresponding wells and indicate that the 

character of the cation is the main driving force for the shifting in observed dihedrals about the 

glycosidic bond.   
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Supporting Information. Convergence of PMF calculations using Umbrella Sampling, 

Convergence of Well-Tempered Metadynamics derived FES for υ-ψ dihedrals, Barrier at the TS 

for the ω dihedral for the 3 ILs and Interactions of the cellobiose ring oxygens with the solvent. 
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