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Cellulosic biomass derived molecules such as glucose can be converted into specific platform 

chemicals like, 5-hydroxymethylfurfural (HMF), levulinic acid, and gamma valerolactone 

(GVL). The solvation medium plays an important role in the selective conversion of glucose to 

these platform chemicals and it is shown that the addition of co-solvents increases the 

selectivity towards desired products and minimizes the formation of undesired 

condensation/polymerization products and humins. Hence, it becomes imperative to understand 

the implications of the solvation of glucose by co-solvents on glucose conversion reactions. In 

the present paper, we implement OPLS-AA force-field based molecular dynamics simulations 

to investigate the solvation of glucose in water, in the presence of dimethyl sulfoxide (DMSO), 

N,N-Dimethylformamide (DMF) and tetrahydrofuran (THF). The local arrangement of 

solvents around the glucose molecule is analyzed using 2-dimensional radial pair distribution 

functions and 3-dimensional volumetric maps. Additionally, lifetimes and activation free 

energies of hydrogen bonds between solvents and glucose and the tendency of glucose 

molecules to agglomerate were studied. It was observed that all the aforementioned co-solvents 

compete with water to be in the first solvation shell of glucose and significant amount of water 

is pushed to the second coordination shell. Though fewer water molecules are directly 

coordinated with glucose in the presence of co-solvents, they are bound strongly to it. 

Additionally, DMSO, THF and DMF tend to localize more around the hydrogen atom of the 

hydroxyl groups of selected carbon atoms of glucose. This preferential arrangement of co-

solvents and water around glucose may play a role in facilitating the reaction pathway for the 

formation of HMF and levulinic acid and may reduce the likelihood of glucose’ degradation to 

unwanted dehydration/rehydration products. Increasing the proportion of co-solvents also 

increases the hydrogen bond lifetimes between water and glucose and reduces the mobility of 

glucose molecules within the solvent. The reduced mobility of glucose molecules in the 

presence of co-solvents might be correlated to the experimentally observed reduction in the 

rate of formation of polymerization/condensation products and humins.   

 

1. Introduction  

Biomass is one of the largest resources of renewable carbon 

based fuel.1 It can be converted to fuels and chemicals using 

thermal processes like pyrolysis,2 liquefaction,3 and 

gasification.4 Additionally, liquid phase catalytic processing is 

also a very promising method. In this process, biomass is 

converted to selective intermediates such as 5-

Hydroxymethylfurfural (HMF), Levulinic acid,5 gamma-

valerolactone (GVL),6 etc. which can then be used as platform 

chemicals for the production of fuels and bulk chemicals. Since 

cellulosic biomass and its monomers like glucose and fructose 

are solid materials, they need to be dissolved in a solvent during 

the liquid phase processing. Water is usually the most preferred 

solvation medium for these reactions. However, experimental 

investigations of the catalytic conversion of glucose to platform 

chemicals like HMF, levulinic acid and GVL (cf Scheme 1) 

have shown that the addition of co-solvents like dimethyl 

sulfoxide (DMSO), tetrahydrofuran (THF) and N,N-

Dimethylformamide (DMF) increases the yield of desired 
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products and minimizes the formation of unwanted 

condensation and polymerization products.7-11 For example, (i) 

DMSO is a commonly used co-solvent in the dehydration of 

glucose/fructose to HMF. It has been used in various 

experimental works and has shown to increase the yield of 

HMF by ~55%.12 (ii) THF has been shown to give high yield 

and selectivity in the presence of catalysts such as Sn-beta. The 

yield of the reaction, when THF is mixed with methyl 

tetrahydrofuran, has been shown to be extremely high for the 

production of HMF, from both glucose and fructose.10 (iii) 

Addition of DMF has also recently shown an increased yield of 

87% in the presence of Sn-beta catalyst.13 However, the exact 

role of these co-solvents in biomass reactions is not yet 

completely understood.   

The effects of the addition of a co-solvent can be classified into 

two types, viz., physical and chemical. Physical solvation 

effects would include preferential solvation of selected 

functional groups of biomass molecules and their derivatives, 

thereby protecting them from undesired side reactions.14, 15  

Whereas, chemical effects of the co-solvent would include 

direct participation of the solvent in the reaction as a catalyst16, 

17 or solvent dynamics/environment altering the key activation 

energy barriers in the reaction mechanism.18-23 It would be 

extremely difficult to decouple physical solvation and chemical 

participation effects using experimental methods, so as to study 

them individually. However, it is possible to do it 

computationally by combining force–field/molecular mechanics 

based simulations with first–principles calculations. The force–

field based molecular simulations can accurately capture 

physical interactions, but do not contain the physics to model 

chemical reactions; whereas the first–principles simulations can 

investigate both, physical and chemical interactions.  

Recent investigations by Mushrif et al.22 and Mellmer et al.23 

have shown how the solvent environment can alter reaction 

kinetics of biomass reactions. Mellmer et al.23 have suggested 

that the enhanced stabilization of the reactant state by water can 

increase the activation barrier for acid catalyzed reactions; 

whereas Mushrif et al.22 have shown, using ab initio molecular 

dynamics simulations, that the enhanced stabilization of the 

transition and the product state by water can reduce the 

activation energy barrier for hydride transfer reactions. Keeping 

in mind the findings of these recent publications, it becomes 

extremely important to investigate the local solvation 

environment of glucose in the presence of co-solvents that are 

routinely employed in glucose transformation reactions. 

Depending on the solvent environment in the immediate 

vicinity of glucose (water and/or co-solvent), the free energy 

barriers, and thus the reaction kinetics would be different. For 

any future work that aims at investigating how the free energy 

barriers for key elementary steps change due to the addition of 

co-solvents, it is extremely important to know the local 

arrangement of solvent in the immediate vicinity of the 

reactant. This can only be done using classical force-field based 

simulations, since ab initio molecular dynamics simulations 

would be unrealistically expensive. 
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Scheme 1: Glucose conversion pathway to HMF and Levulinic acid.  

For the reasons state above, in the present paper, we investigate 

the solvation of glucose, a monomer of cellulose, in water, 

DMSO, DMF and THF, in different mixture proportions, using 

force-field based molecular simulations. Solvents selected in 

the present study have shown to increase the yield of HMF, 

when the reaction is catalyzed by inorganic catalysts like Cr, 

Sn, etc.24, 25 This is one of the most widely studied and an 

important reaction in biomass conversion technology, because 

HMF is considered as a platform chemical for the production of 

different chemicals that have further use as fuels, fuel additives, 

polymers, plasticizers, etc.  Scheme 1 illustrates the pathway 

for the conversion of glucose to HMF and levulinic acid.12 It 

has to be noted that computational work has also shown the 

possibility of converting glucose to HMF without forming 

fructose as an intermediate.26 The objective of the present paper 

is to study the preferential solvation of glucose and its “active” 

functional groups by different solvents (in mixtures with water) 

and to understand the possible impact of it on its conversion to 

HMF and levulinic acid. Section 2 gives the details of 

simulation methods, parameters chosen for the simulation 

system and analysis tools. Simulation results will be analyzed 

and discussed in section 3 and we conclude our findings in 

section 4.  

2. Computational Methodology  

Molecular dynamics (MD) simulations were performed using 

GROMACS27-30 for pure and mixed solvents systems. In the 

case of mixed solvents systems, THF, DMSO and DMF were 

mixed with water in different proportions. Number of glucose 

and solvent molecules in the simulation systems and simulation 

box sizes are given in Table 1. Simulations were performed 

using the OPLS/AA force-field31 parameters that were chosen 

and benchmarked against the published literature.32-34 For 

solvent molecules, macroscopic properties such as density and 

dielectric constant were also predicted and compared to 

experimental values. We would like to point out that applying a 

partial negative charge to the nitrogen atom on DMF, as 

suggested in the literature,34 resulted in its reduced miscibility 

with water. Hence, DMF molecule was reparameterized and the 

details can be found elsewhere.35 The TIP4P water model31 was 

used to model water molecules in all the simulations. 

Simulation parameters for all the species are provided in Table 

2. Each system was simulated for 4 ns in an NVT ensemble 

with an integration time step of 0.001 ps. This was preceded by 

a 100 ps of NPT simulation to get the correct density.  
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Table 1: Compositions of simulation systems and simulation box sizes for 

model systems studied in this work. 

Solvent 

System 

Water 

Proportion 

in solvent 

(in wt.% ) 

Number 

of glucose 

molecules 

Number of 

co- solvent 

molecules 

Number 

of water 

molecules 

Cubic 

Box 

side 

length 

(nm) 

Pure 

Water 
100 3 0 2984 4.47 

Pure 

DMSO 
0 3 865 0 4.69 

Pure DMF 0 3 709 0 4.49 

Pure THF 0 3 1003 0 5.23 

DMSO-

Water 

Mixture 

90 3 60 1900 4 

50 3 300 1169 4.13 

10 3 530 270 4.13 

DMF-

Water 

Mixture 

90 3 67 2430 4.32 

50 3 333 1350 4.31 

10 3 600 270 4.33 

THF-

Water 

Mixture 

90 3 68 2430 4.33 

50 3 338 1350 4.37 

10 3 538 240 4.28 

 

The coordinates, forces, velocities and energies were recorded 

for every 0.1 ps along the MD trajectory. The output was 

visualized using VMD36 and the analysis of MD trajectories 

was performed using standard tools within VMD and 

GROMACS. All the simulation systems were maintained at 

298 K using the Nosé-Hoover thermostat.37, 38 A time constant 

of 0.2 ps was applied for the temperature coupling. No 

constrains on bonds and angles were applied. The cut-off 

distance of 1.2 nm was used for Lennard-Jones potential. The 

Coulomb potential was calculated using Particle Mesh Ewald39 

with a cut-off of 1.3 nm and Fourier grid spacing of 0.12. The 

neighbor list was updated every 0.01 ps within 1.3 nm. Periodic 

boundary conditions were applied in all directions. 

The hydrogen bond lifetimes between glucose and solvent 

molecules were calculated from the auto-correlation function 

derived from the simulation trajectory. The methodology 

suggested by Luzar and Chandler was adopted.40 The kinetics 

of hydrogen bonding are given as  

)()(/)( tnktkcdttdc ′−=
 

where k and k’ are rate constants of breaking and making of 

hydrogen bonds and c(t) and n(t) are probabilities 

corresponding to local populations. c(t) was numerically 

differentiated to get the rate constants and, from the rate 

constants, the hydrogen bond lifetimes were calculated. The 

hydrogen bond activation free energy was calculated using the 

Eyring equation. 

Table 2: Non-bonded force-field parameters for glucose and co-solvents.  

 

3. Results and Discussion  

In this section, we analyze the solvation of glucose in pure 

solvents (as a reference) and in mixed solvents systems. Since, 

the solvent medium in which the reactions in scheme 1 occur 

has an effect on the conversion and on the selectivity, we 

investigate the local organization and bonding of solvent 

molecules in the immediate vicinity of glucose by calculating 

radial distribution functions (RDF) between the solute–solvent 

pairs. RDFs, however, may not be able to differentiate the high 

and low probability solvent regions which are at the same 

distance from a solute molecule and the local structure gets 

hidden in the computed radial averaging over the angular 

coordinates. Hence, we present and discuss the 3-dimensional 

arrangement of solvent around the solutes by constructing 

volumetric maps of the time averaged solvent densities. 

Additionally, we also analyze the hydrogen bonding lifetimes 

and the mobility of glucose molecules in different solvent 

mixtures since that could have an effect on glucose 

condensation and polymerization reactions.  

 

Molecule Atom Type q(e) 
σ 

(nm) 

ε (kJ/ 

mol) 

Glucose 

 
Tetrahydrofuran (THF) 

 
N,N–Dimethylformamide 

(DMF)  

 
Dimethylsulfoxide (DMSO)  

 

C1/C5 
 

0.263 0.35 0.28 

C2/C3/ 

C4/C6 

0.203 0.35 0.28 

O1/O2 -0.685 0.31 0.71 

O3/O4/O6 -0.684 0.31 0.71 

O5 -0.402 0.296 0.59 

HO1/H02/ 

H03/ 
H04/HO6 

0.416 0 0 

H1/H2/H3/ 

H4/ H5/ 
H61/H62 

0.058 0.25 0.126 

C1/C4 0.17 0.35 0.28 

C2/C3 0 0.35 0.28 

O -0.4 0.296 0.59 

H11/H12/ 
H41/ H42 

0.015 0.250 0.126 

H21/H22/ 

H31/ H32 

0 0.250 0.126 

C1/C2 -0.11 0.350 0.276 

C3 0.50 0.375 0.439 

O -0.68 0.296 0.878 

H11/H12/ 

H13 

H21/H22/ 
H23 

0.06 0.25 0.126 

H3 0.00 0.250 0.126 

N 0.04 0.325 0.71 

C1/C2 -0.02 0.35 0.28 

H11/H12/ 
H13/ 

H21/H22/ 

H23 

0.06 0.25 0.126 

O -0.459 0.29 1.17 

S 0.139 0.36 1.65 
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3.1 Glucose in pure solvents  

The local arrangement of the solvent molecules around glucose 

was analyzed by calculating the center of mass (of the 

molecule) RDFs, as shown in Fig 1. The first solvation peak for 

water is at ~0.41 nm and that for other solvents is at ~0.55 nm. 

Given the significantly smaller size of water molecules, as 

compared to other solvents, the number of water molecules in 

the first solvation shell (calculated from the area under the first 

peak in the RDF curve) is much higher than that of other 

solvents. The absence of an intense first solvation shell peak for 

the glucose−water RDF can be attributed to the point that the 

interactions between hydroxyl groups of glucose and water 

would be similar to those amongst water molecules. Thus, the 

packing of water molecules around glucose is not significantly 

different than that in the bulk. However, the RDF curves 

between glucose and DMF, DMSO and THF exhibit an intense 

and distinct first solvation peak, indicating that the co-solvents’ 

molecules interact strongly with glucose and are significantly 

more densely packed around glucose than those in the bulk 

solvent system. This indicates that, in the mixed solvents 

systems, DMSO, DMF and THF molecules would compete 

with water to be in the first solvation shell of glucose. Analysis 

of MD simulations of glucose in mixed solvents’ systems is in 

the following section.   

 
Figure 1: Center of mass radial pair distribution functions of glucose with water 

(black), DMSO (red), THF (green), and DMF (blue). The numbers in parentheses 

are the first solvation shell coordination numbers.  

3.2 Glucose in mixed solvents’ system 

As mentioned before, simulations were also performed for 

systems containing glucose in aqueous mixtures of DMSO, 

DMF and THF. Since the dehydration of glucose, leading to the 

formation of HMF, and the undesired condensation reactions, 

leading to the formation of humins, are acid catalyzed 

reactions6, 13, 41, 42, the presence of water in the first solvation 

shell of glucose is crucial. It has been shown that excessive 

water is detrimental towards the selectivity of desired products 

like HMF and levulinic acid and it enhances the formation of 

undesired products like humins.7, 43 Thus, the local arrangement 

of water around glucose, in the mixed solvents systems, was 

analyzed using the RDF of water around glucose and is shown 

in Fig 2.  

 

 

 

Figure 2: Center of mass Radial pair distribution function of glucose with water in 

a) DMSO-water-glucose system; b) THF-water-glucose system; c) DMF-water-

glucose system. The numbers in parentheses are the first solvation shell 

coordination numbers.    

It can be seen for all the solvents that as the proportion of water 

decreases and that of the co-solvent increases, the glucose–

water RDF peak height increases. The number of water 

molecules in the first solvation shell however goes down. This 

suggests that all the co-solvents compete with water to be in the 
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first solvation shell of glucose. In the absence of a co-solvent, 

there are 43 water molecules in the first solvation shell (cf Fig. 

1); however, even with the addition of 10 wt% of a co-solvent, 

almost half of the water molecules are replaced. Though the 

amount of water in the first solvation shell decreases with an 

increase in the proportion of the co-solvent, the coordination 

between glucose and water becomes stronger, as suggested by 

the increased intensity of the RDF peaks. Even when 90% of 

water is replaced by the co-solvent, few (2 to 6) water 

molecules are left in the first solvation shell of glucose and 

those water molecules are coordinated very strongly. It has 

been shown in the literature10, 13 that excessive water leads to 

the formation of undesired side products and very little (less 

than 10%) water is required to obtain high yields of HMF. Our 

findings suggest that the small amount of water added to the 

reaction mixture strongly coordinates with glucose and hence 

could be responsible for its dehydration to HMF.  

Another significant aspect to be noted in Fig.2 is the presence 

of a prominent second solvation shell for glucose-water RDF 

for high co-solvent proportions. When DMF is used as a co-

solvent, the first solvation shell loses its intensity at high DMF 

proportions as the competition from DMF, for the interaction 

with glucose, pushes water molecules away to the second 

solvation shell. It has to be noted that the location of the second 

solvation peak in glucose-water RDF (in the presence of all co-

solvents) is very close to the location of the peak of the first 

solvation shell of the glucose-co-solvent RDF curve (refer 

supporting information Fig. S1). Hence, we believe that the 

second solvation shell arises due to the interaction between the 

co-solvent and water (refer supporting information Fig. S2 for 

co-solvent–water RDFs).   

3.3 Atomic details of the positioning of solvents around glucose 

Experimental and molecular dynamics studies have shown that 

the reaction output for glucose depends on the location at which 

the initial protonation occurs.41-49  It is also suggested that the 

selectivities of different reaction pathways are very similar.  

Feng et al. showed that there is an equal probability for the 

protonation of different oxygens in the glucose molecule.44 

Thus, preferential solvation or shielding of selected oxygen 

atoms of glucose by co-solvents can reduce the probability of 

certain reactions; since, there is a lesser chance of the co-

solvent shielded oxygen atom to get protonated. Liu et al. have 

used Car-Parrinello molecular dynamics to study the reactions 

that occur as different oxygen atoms in glucose are 

protonated.45 It has been shown that the protonation of glucose 

at C2 oxygen (carbon atom numbering same as shown in Table 

2) leads to the formation of HMF, while the protonation of the 

oxygen attached to C3 and C4 leads to other 

dehydration/rehydration products. It was suggested that 

protonation of C1 oxygen did not lead to any significant 

dehydration products. Qian et al. have done a series of studies 

using Car-Parrinello molecular dynamics to study the 

conversion of glucose via different dehydration and 

condensation pathways by protonation of different oxygens.43, 

47-49 They also proposed that it was the protonation of the C2 

oxygen which led to a dehydration reaction forming a 5-

membered ring intermediate, which was a precursor to HMF. 

IR spectroscopy studies by Patil et al. indicated that the 

protonation of the C1 oxygen in glucose leads to aldol 

condensation products which include unwanted humins.41, 42 

Yang et al. performed DFT calculations to confirm that 

different reaction pathways are generated due to protonation of 

different oxygen atoms. 46 Protonation of glucose is water 

mediated.19, 50 For both condensation and dehydration products 

to be formed, water molecules need to be present in the 

immediate vicinity of the specific oxygen atom so that proton 

can be transferred from water to that oxygen atom. 

  

   

Figure 3: Volumetric spatial density maps (isosurfaces) of the time averaged 

distribution of the co–solvent (blue isosurfaces) and water (red isosurfaces) 

around glucose, in mixtures containing 10% by wt. water and 90% co-solvent. 

The co-solvents are (a) DMSO, (b) THF and (c) DMF. Water and co-solvent 

isosurfaces are drawn at different isovalues for clarity purpose; isovalue for 

water = 0.01 and isovalue for co-solvent = 0.02.  

To identify which oxygen atoms of the glucose molecule are 

accessible to water and which ones are preferentially shielded 

by the co-solvent, the volumetric spatial density map of the 

solvent oxygen atoms around glucose was calculated. The 

volumetric spatial density maps were calculated (using VMD 

tools) for different co-solvent proportions to see if the change in 

the proportion of the co-solvent could affect the location and 

orientation of hydrogen bonded waters around glucose. To 

compute the volumetric spatial density maps of solvent around 

a solute glucose molecule, the MD computed trajectory is first 

aligned around a randomly selected solute glucose molecule. 

The volumetric map is then generated by mapping the weighted 

atomic density at each grid point in a three dimensional grid. 

This is done by replacing each atom in the selected space with a 
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normalized Gaussian distribution of width (standard deviation) 

equal to its atomic radius. The Gaussian distribution for each 

atom is then weighted using an optional weight. The 

calculations done in this work assume a default weight of one 

(i.e, the number density).  

We observed that the co-solvent molecules formed hydrogen 

bonds with the hydrogen atoms of the hydroxyl groups of 

glucose. On the contrary, water molecules can form hydrogen 

bond with both, the oxygen and hydrogen atoms of the 

hydroxyl groups of the glucose molecule. Fig 3 shows the 

volumetric density map (isosurface) of co-solvent and water 

molecules around glucose for the all three co-solvents, in a 

mixture containing 10% by weight water. Simulation systems 

containing high water proportions (90%) show similarity with 

pure water solvated glucose, and hence not shown here. In 

those systems, water forms hydrogen bonds and solvates most 

of the hydroxyl groups. Since the protonation is not selective, 

presence of water around all hydroxyl groups can lead to a 

higher number of dehydration products and a reduction in yield 

and selectivity towards HMF.  At low water proportions (10% 

water by weight), it is observed that that C1-OH group of 

glucose is preferentially covered by water for the DMSO-water 

system. The THF-water and DMF-water systems also have 

little co-solvent near C1-OH which could compete with the 

water molecules present. For the DMSO-water system (Fig. 

3a), it can be seen that the high density region of water is in 

direct contact with the oxygen atom of the hydroxyl group of 

C2 and the co–solvent DMSO does not obstruct or compete 

with water. However, water and DMSO isosurfaces overlap in 

the vicinity of the hydrogen atom of the hydroxyl group of C2. 

No high density isosurfaces of water are present in the vicinity 

of C3 and C4 oxygens and those that are present in the vicinity 

of hydrogen atoms of the hydroxyl groups are overlapping with 

the isosurfaces of DMSO. Reduced probability of finding water 

molecules near C3 and C4 oxygen atoms suggest that, in the 

presence of co-solvents, there is a reduced probability of water 

being hydrogen bonded to these groups strongly, thus reducing 

the chances of these hydroxyl groups getting protonated. 

Similar are the observations for the solvation of glucose in the 

water-THF system (Fig. 3b). In the case of water-DMF system, 

the high density isosurfaces of water are not seen near C1 and 

C2 carbons since very little water is present in the first solvation 

shell of the glucose molecule (cf Fig. 2c and Fig. 3c). 

Combining these results with the aforementioned findings 

about the site specific protonation leading to a specific product 

makes us suggest that undesired products which are formed due 

to the protonation of glucose at C3 and C4 positions could be 

prevented because of the competitive solvation of these 

positions by co-solvent molecules. Additionally, the 

preferential and competitive arrangement of co-solvents near 

the hydrogen atoms of the hydroxyl groups would deter the acid 

catalyzed condensation reaction between glucose molecules.   

3.4 Mobility of glucose molecules in solvent mixtures and 

hydrogen bonding analysis  

The root mean square fluctuation (RMSF) of glucose molecules 

was calculated for all the mixed solvent systems. The initial 

state at time t = 0 in the NVT simulation was taken as the 

reference. The RMSF is shown in Fig 4. For all the co-solvents, 

it can be seen that the RMSF systematically decreases as water 

proportion decreases. This suggests that the mobility of glucose 

molecules is reduced as the water proportion decreases and co-

solvent increases. Patil et al. have shown that humins are not 

only formed as condensation products of HMF molecules but 

also from condensation reactions between HMF and glucose 

and fructose.41, 42 For condensation products to be formed, the 

different components, namely glucose and HMF, or two 

glucose molecules have to come in the immediate vicinity of 

each other. The visibility of glucose molecules to each other is 

affected by the mobility of glucose molecules. Lower mobility 

would lead to lesser visibility and agglomeration and thus, 

lower formation of unwanted condensation products. As can be 

inferred from Fig. 4, addition of co-solvents reduces the 

mobility of glucose molecules.  

Hydrogen bonds are key interactions that can affect the 

mobility and orientation of molecules. The hydrogen bond 

lifetimes and the hydrogen bond activation free energies 

between glucose and the solvent molecules were calculated and 

are given in Table 3. It can be seen that the hydrogen bond 

lifetimes of glucose with water and with co-solvents increase 

with an increase in the proportion of co-solvents. All the 

hydrogen bond calculations were performed using the Luzar 

and Chandler method,40 as described before. This observation is 

in agreement with the RDF results in Fig. 2, which suggested 

stronger glucose–water interaction in the presence of co-

solvents. The increase in the hydrogen bonding strength of 

glucose with water and with co-solvents with increase in the 

proportion of the co-solvent would also be the reason behind 

the reduced mobility of glucose molecules in the presence of 

co-solvents.  

 
Figure 4: RMSF of glucose molecules in the mixtures of a) DMSO-water; b) THF-

water; c) DMF-water, at different water – co-solvent proportions.   
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Table 3: Hydrogen bond lifetimes in picoseconds and hydrogen bond 

activation free energies in KJ/mol. Free energies are in the parentheses.   

System 
Hydrogen 

bond 

Water proportion 

90% by wt. 50% by wt.  10% by wt.  

DMSO-

Water 

Mixture 

Glucose-
DMSO 

23.38 (12.34) 60.46 (14.7) 410.24 (19.44) 

Glucose-

Water 
6.67 (9.23)          13.73 (11.02) 61.77 (14.75) 

DMF-

Water 

Mixture 

Glucose-

DMF 
34.83 (13.33) 154.94 (17.03) 1096 (21.8) 

Glucose-

Water 
7.11 (9.39) 32.36 (13.15) 66.36 (14.93) 

THF-

Water 

Mixture 

Glucose-

THF 
27.3 (12.78) 75.56 (15.25) 157.37 (17.08) 

Glucose-
Water 

7.53 (9.53) 19.68 (11.91) 25.16 (12.53) 

 

This is also in agreement with the experimental ATR/FTIR 

analysis, reported by Nikolakis et al.15 When the ATR/FTIR 

spectra in the OH stretching region of fructose was analyzed, it 

was observed that there was a blue shift in the OH stretching 

vibration of fructose, due to the increase in the strength of the 

hydrogen bond between fructose and the solvent.51 It can be 

explained as follows. When glucose is solvated in water only, 

water molecules in the immediate vicinity of glucose are 

hydrogen bonded to it and to the neighboring water molecules. 

However, this competitive and dynamic hydrogen bonded 

network gets broken when a co-solvent is introduced in the first 

solvation shell. Water molecules are now mostly hydrogen 

bonded to glucose and this would result in a change in 

hydrogen bonding interactions.  

4. Conclusions  

The solvation of glucose in water, dimethyl sulfoxide (DMSO), 

tetrahydrofuran (THF) and N,N−Dimethylformamide (DMF) 

and in mixtures of aforementioned solvents and water was 

studied using molecular dynamics simulations. Our simulation 

results suggest that DMSO, DMF and THF form a strong first 

solvation shell around glucose and they compete with water to 

be in the first solvation shell. Even with the addition of a small 

amount of co–solvent, almost 50% of water molecules are 

moved out of the first solvation shell. Though the number of 

water molecules in the first solvation decreases upon the 

addition of these co–solvents, the interaction between glucose 

and water becomes stronger. Additionally, analysis of the 3-

dimensional arrangement of co-solvent and water molecules 

around glucose shows that there is a pronounced localization of 

co-solvent near C3 and C4 oxygen atoms of glucose. These 

observations, in conjunction with the previous experimental and 

computational literature on the mechanism of HMF formation, 

indicate that the removal of excess water from the immediate 

vicinity of glucose, stronger water−glucose interaction due to 

the presence of co-solvents and preferential arrangement of co-

solvents around glucose could promote the HMF formation 

reaction and could deter the formation of other 

dehydration/rehydration products. The analysis of the root 

mean square fluctuations of glucose molecules along the 

molecular dynamics trajectory suggest that the mobility of 

glucose molecules decreases with increasing the co-solvent 

proportion. This decrease in the mobility is attributed to 

increased lifetimes of hydrogen bonds between glucose and 

solvent molecules. This could have an implication on 

condensation reactions leading to the formation of unwanted 

products like humins. The reduced mobility of glucose 

molecules and stronger interaction with solvents would 

minimize the probability of two glucose molecules or a glucose 

molecule and a sugar derivative like HMF to come in close 

proximity to undergo intermolecular condensation reactions. 

Thus, co-solvents may also indirectly promote the unimolecular 

dehydration reaction of glucose to form HMF and levulinic acid 

by hindering the formation of humins and other condensation 

products. We believe that these simulation studies provide a 

unique insight into the possible role of physical (and 

preferential) solvation of glucose by co-solvents like DMSO, 

DMF and THF in altering/affecting the chemistry of glucose 

transformation, without directly taking part into the reactions.  
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