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Abstract: 19 

In this paper, the Benzyltriethylammonium/urea DES was investigated as a new green eco-20 

friendly medium for the progress of organic chemical reactions, particularly the dissolution and 21 

the functionalization of cellulose. In this regard, the viscosity-average molecular weight of 22 

cellulose (𝑀̅𝑤)during the dissolution/regeneration process was investigated. It showed no 23 

significant degradation of the polymer chains. Moreover, X-ray diffraction patterns indicated 24 

that the cellulose dissolution process in BTEAB/Urea DES decreased the crystallinity index 25 

from 87% to 75%, and no effect was induced on type I cellulose polymorphism. However, the 26 

drastic impact of the cosolvent (water and DMSO) on the melting point of DES was inspected. 27 

Besides, to understand the evolution of cellulose-DES interactions, the formation mechanism 28 

of the system was studied in terms of H-bond density and Radial Distribution Function (RDF) 29 

using Molecular dynamics modeling. Furthermore, the Density Functional Theory (DFT) was 30 

investigated to evaluate the topological characteristics of the polymeric system (Potential 31 

Energy Density (PED)), Laplacian Electron Density (LED), energy density, and Kinetic Energy 32 

Density (KED)) at Bond Critical Points (BCP) between cellulose and DES. The Quantum 33 

Theory of Atoms in Molecules (AIM), Bader's Quantum Theory (BQT), and Reduced Density 34 

Gradient (RDG) scatter plots have been exploited to estimate and locate Non-Covalent 35 

Interactions (NCI). The results revealed that the dissolution process is attributed to the physical 36 

interactions, mainly the strong H-bond interactions. 37 
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1. Introduction: 40 

Cellulose is the most abundant biopolymer on earth, and it offers excellent macromolecular 41 

and biological properties, particularly biodegradability, biocompatibility, and renewability 1. In 42 

addition, this famous polymer constitutes the spine of the “green” industries, from the food 43 

industry to the pharmaceutical industry and building materials to green technologies and energy 44 

storage engineering.2-4 However, because of its high melting point “degrades before melting, " 45 

5 cellulose is excluded from formulations based on thermal processes, which constitute an 46 

essential part of industrial processes.6 Therefore, chemical derivatization is the effective way to 47 

increase the economic and industrial values of this valuable renewable resource like fibers, 48 

films, food packaging, membranes, sponges, etc. 7-9 The homogenous functionalization of 49 

cellulose provides reasonable control of the polydispersity and the physicochemical properties 50 

of the polymeric systems, and this can only be achieved through a good understanding of the 51 

solubility phenomenon of cellulose, especially the supramolecular interactions. Cellulose 52 

dissolution is a highly complicated mechanism, where the hydrophobic and the hydrophilic 53 

areas are dispersed on the cellulose structure simultaneously,10, 11 generated by the intra and 54 

intermolecular H-bonds orientations. These bonds result in strong supramolecular interactions, 55 

leading to the high stability of cellulose in most conventional solvents.12, 13  56 

“Solvents” are chemical substances used to dissolve, extract, or suspend other compounds 57 

to form solution mixtures,14 and are extensively used in industrial processes such as degreasing, 58 

cleaning, stripping, printing, painting, adhesives, pharmaceutical manufacturing, etc. 15. 59 

However, traditional organic solvents are generally toxic and volatile (VOCs),16 hence 60 

threatening environmental safety and public health.).17, 18 In this sense, developing new eco-61 

friendly and non-hazardous processes has become an imperative need, especially with the 62 

growing interest in green chemistry and sustainable industries.19-21 Over the past decades, 63 

several alternative solvent categories to usual organic solvents have been developed and 64 

described as green, ecological, biodegradable, and sustainable,22 and the majority of these 65 

families include supercritical fluids, ionic liquids, polarity-switching solvents, and deep eutectic 66 

solvents.23-26 However, the Deep Eutectic Solvents (DES) have proven to be good candidates 67 

for the substitution of VOCs conventional solvents, as well as the elimination of the catalysts 68 
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requirement from reaction environments and treatment processes, and have attracted 69 

widespread attention due to their potential advantages, in particular, their catalytic effect which 70 

has recently been highly investigated as a new line of research.27, 28 Moreover, the DES as low-71 

melting solvent system is the seat of the physical combinations between the quaternary 72 

ammonium salts as H-Bond Acceptors (HBA) and other chemical species able to provide 73 

mobile protons and is considered as H-Bond Donor (HBD), where the counter-ion, often a 74 

halide, acts as an interactional bridge between the HBA and the HBD.29, 30  75 

Since the first publication reported by Abbott et al. in 2003 investigating the solvent 76 

properties of choline chloride/urea mixtures,31 The number of published scientific articles on 77 

the topic of DES applications has significantly increased,32, therefore, the DESs become the 78 

first choice and the most popular solvent, especially for catalysis application,32 biomass 79 

treatment, 33 biodiesel purification,34 and electrochemical chemistry for their wide 80 

electrochemical window.35 Therefore, DESs have emerged as the most promising reaction 81 

medium for valorizing natural resources and biomass dissolution without any additive.36-38 82 

Several DES systems have been reported and demonstrated appropriate ability for 83 

lignocellulosic material fractionation, cellulose dissolution and its chemical 84 

functionalization.37, 39, 40 The effect of HBD on the dissolution efficiency of cellulose was 85 

investigated using CC-based DESs and imidazole (IM), urea, acetamide, ammonium 86 

thiocyanate, and caprolactam as HBD, where the CC/IM DES-system showed the highest 87 

cellulose dissolution capacity at around 2.5 wt.%. This result was attributed to the strong 88 

hydrogen bond basicity of Imidazole and dipolarity-polarizability interactions, therefore the 89 

addition of the Poly(Ethylene Glycol) (PEG) improved the cellulose dissolution capacity up to 90 

4.5 wt.%, indicating that the cosolvent contributes significantly to achieve the energy 91 

equilibrium between DES and cellulose improving the dissolution efficiency.41 Also, the 92 

synergic effect between the quaternary ammonium salt (HBA) and the HBD was demonstrated 93 

by comparing the dissolution capacity of microcrystalline cellulose (MCC) in choline acetate 94 

ChAc (HBA) and a different portion of tributyl-methylammonium chloride TBMACl (HBD), 95 

where the solubility was improved from 0.2 wt.% in pure ChCl to 6 wt.% in ChCl/TBMACl 96 

(8.5/1.5: w/w), respectively.42 Furthermore, Zhao et al. yielded impressive results by replacing 97 

TBMACl with ethanolamine as HBD with ChCl, where the ChCl/ethanolamine based DES 98 

showed good extractability of cellulose from biomasses and high cellulose lignin removal 99 

capacities.43 On the other hand, the DES can act as a solvent and reagent if the reaction 100 



4 

 

conditions are oriented in this regard. Park et al. revealed that the crosslinking reaction of cotton 101 

using benzophenone derivatives in CC/urea or CC/ethylene glycol (1:2) DESs, generated some 102 

reaction between DES and the crosslinking agent.44 On the other hand, Abbott et al. established 103 

that the functionalization of cellulose and cellulose derivatives in DES exhibited excellent 104 

results, where CC/ZnCl2 (1:2) DES showed exceptional efficiency as a medium reaction for 105 

cellulose O-acetylation,45 and therefore as a catalyst for cellulose-based macro-initiator 106 

preparation.46 The catalytic effect of DES, especially the HBD, was motioned by Karachalios 107 

et al. report, which described the application of CCC/urea (and imidazole) DES system for the 108 

cationization of pine-bark wood wastes. In this regard, the catalytic effect was attributed to the 109 

imidazole HBD, which provides a high cationic charge density to the resulting material. This 110 

material can then be used as an effective adsorbent for removing phosphates from aqueous 111 

environments.46  112 

In this work, the cellulose dissolution capacity of Benzyltriethylammonium/urea DES was 113 

investigated. The effect of the cosolvent type on the Eutectic Melting Point (EMP) was studied. 114 

The results displayed a significant influence of polar protic cosolvent (H2O) to decrease the 115 

EMP than that of aprotic polar cosolvent such as DMSO, where the liquid phase of DES was 116 

achieved at room temperature, from 60°C the EMP of pure DES,47 by adding 2% of water and 117 

the same result was found by addition of around 10% of DMSO. The influence of the 118 

dissolution/regeneration process in BTEABr/urea (1:2) on the physicochemical properties of 119 

cellulose was investigated, and by succeeding the variation of the viscosity-average molecular 120 

weight (𝑀̅𝑤) between non-dissolved and regenerated cellulose, using the intrinsic viscosity 121 

measurements. Furthermore, the crystallinity index and the crystalline X-ray diffraction 122 

patterns studies showed a slight decrease in the crystallinity, but no effect was induced on the 123 

cellulosic polymorphism. In-depth theoretical studies complete the experimental results to 124 

understand the evolution of cellulose-DES interactions at the supramolecular level. The DES 125 

formation mechanism and its interaction with cellulose are investigated in terms of H-bond 126 

interaction density and radial distribution functions using molecular dynamics. The Functional 127 

Density Theory (DFT) quantum modeling the topological characteristics of the cellulose-DES 128 

matrix (potential energy density, electron density Laplacian, energy density, and kinetic energy 129 

density) are calculated at the Bond Crucial Points (BCP) using Atoms-In-Molecules (AIM) and 130 

Quantum Bader's theory. Furthermore, the Reduced Density Gradient (RDG) was exploited as 131 

a computational tool to determine the non-covalent interactions in the DES-cellulose system. 132 
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This paper is part of a global study that aims to design and find new green eco-friendly 133 

environment “solvents” for biomass valorization of natural resources and agricultural waste, 134 

especially the separation, extraction, dissolution, and functionalization of different biomass 135 

constituents (lignin, cellulose, and hemicellulose) and cellulose derivatives. In this regard, the 136 

development of new deep eutectic solvents as an eco-friendly medium constitutes the key stage 137 

of this project. However, even with the great efforts published recently,48 the DESs formation 138 

mechanism and their behavior in the reaction medium remain poorly known.49  139 

To our knowledge, the Benzyltriethylammonium/urea DES system was never discussed 140 

before in the literature as an eco-friendly solvent for cellulose dissolution and functionalization. 141 

Given the limited redaction area dedicated to scientific publication, this article is devoted to the 142 

quantification and distribution of competing interactions in the cellulose dissolution 143 

mechanism. In contrast, the following paper will be dedicated to the functionalization of 144 

cellulose and the catalytic effect of this new DES in organic chemistry. 145 

2. Materials and methods  146 

Materials 147 

 Cellulose powder (Mw ~35.5 103 Da) was purchased from Sigma Aldrich Company. 148 

Triethylamine (TEA), benzyl bromide, and urea were obtained from Fluka. Tetrahydrofuran 149 

(THF), diethyl ether, acetone, and other solvents were received from Merck. All chemicals and 150 

solvents are analytical grade and were used as received without any further purification. 151 

Instrumental analysis 152 

The crystalline patterns of non-dissolved and regenerated cellulose (regn-Cell) samples were 153 

recorded on X-ray Diffractometer EQUINOX 2000 using CuKα (λ=1.5418A°) radiation at 40 154 

kV and 30 mA as accelerating voltage and operating current, respectively. All patterns were 155 

registered in the range of 2θ (0°– 40°). The average molecular weight values of non-dissolved 156 

and regenerated cellulosic samples were estimated using the Mark-Houwink equation[𝜂] =157 

𝐾𝑀𝑤
𝑎  where k and a are the constants describing the specificity of the polymer-solvent pair 158 

depending on the temperature. Therefore, the intrinsic viscosity [𝜂] was derived from the linear 159 

dependence and the extrapolation of the reduced (ηred) and the inherent viscosity (ηinh) to zero 160 

concentration. In this regard, the different viscosities were measured from the flow time of the 161 
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polymeric solution through the Ubbelohde viscometer glass capillary at 25 °C in 162 

NaOH/Urea/H2O solvent.50  163 

Preparation of DES and cellulose dissolution: 164 

BTEABr/urea DES was prepared according to the method reported by Azougagh et al. in 165 

our previous paper.51 In short, 4.5 ml (38 mmol) of benzyl bromide was reacted with an 166 

equimolar amount of TEA (5 ml, 36 mmol) in THF as solvent at room temperature. The white 167 

crystal (BTEAB salt) was recovered by vacuum filtration, frequently washed with diethyl ether, 168 

and dried in a vacuum desiccator to constant weight. The DES (BTEAB/Urea, 1/2) was carried 169 

out by mixing 3 g of BTEAB salt (11 mmol) and 1.5 g of urea (25 mmol), where the reaction 170 

mixture becomes liquid under stirring in the range of the temperatures around 60 °C. The effect 171 

of cosolvent on the Eutectic Melting Point (EMP) was investigated, given ratios of water and 172 

DMSO as polar protic and polar aprotic cosolvents, respectively. The cellulose dissolution 173 

capacity of BTEAB/urea DES was studied at concentrations ranging between 2 % and 11 %, 174 

where the DES was heated at TEMP + 20 °C for 30 min to ensure the thermodynamic equilibrium 175 

between HBA and HBD. Then, the temperature was decreased to 60 - 70 °C, a given amount 176 

of cellulose was added to DES, and the mixture was stirred under reflux for 1 hour. The 177 

regenerated cellulose was recovered by precipitation in water, filtered under reduced pressure, 178 

washed with water and acetone, and kept in a P2O5 desiccator for one week.  179 

Theoretical background 180 

DFT-Quantum calculations 181 

Polysaccharides generally show a remarkable water-affinity against pH, especially starches 182 

(native or modified) which have demonstrated a significant increase in swelling power and 183 

solubility in alkaline regions between pH 8 and 12.52 On the other hand, the protonic behavior 184 

of chitosan allows it to be considered as a weak base soluble in aqueous solutions of weak acids 185 

(pH<6.5) e.g. acetic acid.53 However, cellulose constitutes a structural exception of 186 

carbohydrates, where the strong crystallinity and the high density of H-bonds generate a 187 

structural poly-biphasic anisotropy (hydrophilic and hydrophobic regions),54, 55 which 188 

complicates our understanding of cellulose dissolution mechanisms. This anisotropy makes 189 

cellulose insoluble in common solvents due to the prevention and limitation of reaching 190 

equilibrium between competing forces during cellulose dissolution, including hydrogen 191 
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bonds.56 Recently, DESs have shown a high ability to disrupt the structural stability of cellulose, 192 

which indicates their aptitude to disturb and interrupt the intra and intermolecular H-bond 193 

network of cellulosic fibers 40. However, the cellulose dissolution mechanisms in DESs are still 194 

incompletely elucidated, and several mechanisms are proposed using numerous computational 195 

and modeling calculations.57 In this work, the cellulose dissolution capacity of the new 196 

BTEAB/Urea DES was investigated using DFT, which gives the distribution and the 197 

quantification of the competing interactions during the dissolution process, at the 198 

supramolecular level. In this concern, the estimation of the H-bonding electronic properties and 199 

its chemical environment was turned using the cellulose dimer as a calculation model to 200 

simplify the computational calculations. In addition, Becke’s three-parameter hybrid exchange 201 

functional (B3),58 the LYP correlation functional,59 and the 6-311+G (d,p) basis set at the 202 

density functional approach has been used to calculate molecular geometries and their 203 

electronic wave functions in current systems. In molecular simulation, the gas phase molecular 204 

structures of cellulose dimer, DES, and cellulose-DES complex were constructed. The chemical 205 

configurations of the cellulose dimer, DES, and the cellulose-DES complex were verified to be 206 

local minima by frequency calculations, and imaginary frequencies absence, ensuring minimum 207 

attendance. The Gaussian 09 suite of software tools60 was first used, in this work, to optimize 208 

the configurations and then to calculate the vibrational frequencies. Furthermore, the 209 

Electrostatic Potential Surfaces (EPS) were generated and plotted for each molecule via the 210 

Gauss-View 05 software.61 The strength and the nature of the intermolecular interactions were 211 

then studied extensively using the Atom In Molecules (AIM) analysis at the Bond Critical Point 212 

(BCP)62 and the Reduced Density Gradient (RDG) analysis63 based on the optimized geometry 213 

at B3LYP/6-311+G(d,p) level. The results were obtained using the Multiwfn program code ,64 214 

and the mapped 3D iso-surface plot that was produced with the VMD software packages.65  215 

Topological Analysis 216 

Bader describes binding paths, corresponding to the trajectories connecting two attractors 217 

and passing through a critical point called the Critical Binding Point (BCP).62 This point 218 

corresponds to the minimum local electron density along the bond path and the maximum along 219 

the perpendicular plane and is directly related to the topological AIM analysis calculations. 220 

According to Bader's theory, the presence of a "bond path" or a BCP between two atoms is the 221 

necessary and sufficient condition for the existence of a chemical bond between the two atoms 222 
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involved.66 Well, the total electron density (ρ(r)) and its related Laplacian (∇2ρ(r)) indicate the 223 

nature of the bonds, where the total Laplacian electron density is given by the following formula 224 

(Eq. 1). V(r) and G(r) are potential energy densities and Lagrangian kinetic energy at critical 225 

points, respectively.

  

226 

( ) ( ) ( )21
2                 ( . 1)

4
r G r V r Eq = +

 

227 

The relationship between the kinetic energy density G(r) and the potential energy density V(r) 228 

provides important information about the depletion or concentration of electron density,67 and 229 

therefore the nature of the bond, where values of G(r) > 0 while V(r) < 0 are always validated 230 

at critical points.  231 

Viriel’s theorem, applied to BCP, implies that interactions with negative ∇2ρ (r) mean an excess 232 

of potential energy V(r) at BCP. This type of interaction is electron-shared interaction and 233 

usually occurs between atoms connected by a “covalent bond”.68 Inversely, the interactions with 234 

positive values of the Laplacian (∇2ρ(r) > 0) are dominated by local excess of kinetic energy, 235 

where the contribution of kinetic energy G(r) is more significant than that of potential energy 236 

V(r), and they are closed shell interaction which generally corresponds to non-covalent 237 

interactions.69 Alternatively, Cremer and Krak have proposed a different approach to evaluating 238 

the strength and nature of interaction at the BCP.70 This method combines the Laplacian of the 239 

electron density ∇2ρ(r) along with the total electron energy H (r). The electronic energy density 240 

H(r) at BCP is given by Equation 2: 241 

                ( . 2)( ) ( ) ( )H G Eqr r V r= +   242 

Reduced Density Gradient (RDG): 243 

Topological methods often attempt to study regions with high electron density in order to 244 

rationalize the interacting molecular structures. However, the weak or non-covalent interactions 245 

of regions with low electron density have been successfully described by the RDG, which is a 246 

dimensionless fundamental quantity in the recently developed DFT, also known as the Non-247 

Covalent Interaction (NCI) method.63, 71 The RDG, as a function of density ρ and its gradient 248 

|ρ| (Eq.3), allows the identification and the visualization of weak interaction zones as well as 249 
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the qualitative access to the strength of these non-covalent interactions involved in the structure 250 

of the studied system.  251 

2 1/3 4/3
                ( . 3)

1
( )

(2 )
R EDG q




 


=

 252 

The RDG is a dimensionless fundamental quantity used to represent the deviation from a 253 

homogeneous distribution of electrons, which can be counted at any point in space (and 254 

especially at any point in a 3D-grid of space).72 In the regions located very far from the 255 

molecule, where the density ρ decreases to zero exponentially, the reduced gradient will have 256 

very large positive values towards infinity (since its term in ρ-4/3 dominates its behavior). 257 

However, the reduced gradient gets lower values, near zero, in the regions of covalent and non-258 

covalent interactions. Since the DGR (ρ) behavior is governed by |ρ|, non-covalent 259 

interactions can be identified as low density and low gradient areas.73 The density values of the 260 

low-gradient zones appear to be an indicator of the interaction strength as well. However, very 261 

different types of interactions emerge in the same region of density/reduced gradient space.72 262 

Consequently, it is impossible to identify the interaction nature and, in particular, to distinguish 263 

between stabilizing and repulsive interactions (VDW interaction, repulsion, H-bonding...). So, 264 

to get an insight into the nature of the interaction and to understand bonding in more detail, it 265 

is possible to analyze the sign of the second eigenvalue (λ2) of the Laplacian density (Eq. 4): 266 

2

1 2 3                 ( . 4)Eq    = + +
 267 

When the local repulsion is balanced by inter- or intra-molecular attractions, the effect is 268 

stabilized and non-covalent bonding develops between the involved fractions. This situation 269 

corresponds to the most typical case of hydrogen bonding, which occurs between a donor and 270 

an acceptor, where such interactions correspond to the values of ρ > 0.01 u.a and λ2 < 0. 271 

Moreover, the electron density value ρ at the tips is proportionally dependent on the strength of 272 

the interactions.74 But, when local repulsion is not balanced by significant local attractions, the 273 

stable geometry results from interactions between pairs of atoms as external constraints, which 274 

refer to the state where the repulsion arises from neighboring atom contributions. However, this 275 

situation is associated with the positive value of λ2 that corresponds to the steric repulsion, 276 

where such interactions are associated with the values of ρ > 0.01 u.a. and λ2 > 0.75 Between 277 
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these two limit cases, the critical points that occur at very low density values were considered 278 

as the third weaker interaction type. In these regions, the density and gradient are both low 279 

(usually < 0.01 u.a), and so λ2 is near 0. In fact, this situation is most common for attractive 280 

and weak interactions such as the VDW forces.76 Therefore, we can define a real sign(2) 281 

space function, i. e. the product of sign of the second largest Eigenvalues of the Hessian matrix 282 

2  and .The sign(2) can then be mapped to RDG isosurfaces using the color bar below,77 283 

which reveals where weak interactions occur and intuitively catches the interaction genre. 284 

Molecular Dynamics Simulation Details 285 

MD simulations for all the structures analysed were conducted with the DESMOND software78. 286 

Forcefield parameterizations for all materials considered (DES, cellulose:DES) is OPLS 2005 287 

. The structures considered for this work were:  288 

● Periodic DES system (i.e. DES containing 120 BN cations + 120 Br- anions + 240 URE, 289 

equivalent to the equimolar mixture of BN+: Br-:Urea all at a 1:1:2 mol ratio). 290 

● Periodic cellulose:DES system (i.e. cellulose: DES containing 3 crystallin cellulose 291 

oligomers ( DP=8) + 120 BN+ cations + 120 Br- anions + 240 UREA, equivalent to the 292 

equimolar mixture of cellulose monomer:DES all at a 1:5 mol ratio). 293 

MD simulations have been conducted as an NPT ensemble giving the experimental conditions. 294 

Temperature and pressure were controlled using the Nose-Hoover method, with all simulations 295 

performed at 348 K (except for Periodic DES system simulations performed at 308, 318, 328, 296 

338, 348, 358 and 368 K) and at 1 bar. The motion equations were integrated using the RESPA 297 

integrator method with a time phase of 2 fs. Lennard-Jones encounters were handled with 298 

possible 15 Å cut-offs and Periodic boundary conditions have been applied in all directions. 20 299 

ns long MD Simulations have been used for all the studied systems. 300 

3. Results and discussion:  301 

3.1. DFT-Quantum Modeling: 302 

Electrostatic Potential surface (EPS) 303 

The Electrostatic Potential Surface (EPS) map is a useful descriptor for defining the total 304 

charge 3D distribution, molecular size, and shape of the molecules in terms of color coding 305 

(colored against the distribution of electron density on the molecular surface),79 which is very 306 
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beneficial to find the most probable binding receptor site in the molecule (electrophilic and 307 

nucleophilic sites). Therefore, EPS provides a visual representation of the chemically active 308 

sites by generating the electrostatic potential around the molecular geometry.80 Conventionally, 309 

the red color indicates regions of electron-rich or partially negative charge indicating the site of 310 

the electrophilic attack, while the blue color indicates electron-deficient regions or partially 311 

positive charge making the site favorable for nucleophilic attack. 312 

 313 

Fig. 1: Optimized configurations and EPS (Isovalue 0.005) mapped on electron total density of 314 

Cellulose dimer, DES, and DES-CELL system  315 

To better understand the interaction mechanism between cellulose and the BTEAB/Urea 316 

DES, the distribution of electrostatic potentials at isosurfaces 0.005 were investigated, and the 317 
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cellulose, DES, and cellulose-DES system EPS maps are shown in Fig. 1, where the location 318 

of the positive and negative potentials is displayed using the blue and the red colors, 319 

respectively. The DES EPS map exhibited the positive electron-depleted regions (blue) around 320 

the quaternary nitrogen atom of BTEAB (HBA), near the H-urea (HBD) and benzyl rings.51, 81 321 

In addition, the most negative regions are observed closer to the Bromide ion and the carbonyl 322 

oxygen atom of urea. The cellulose dimers EPS showed that the most positive potential values 323 

were detected on the proton hydroxide, where the oxygen atoms constitute the colonies of the 324 

most negative potentials (Fig. 1).  325 

During the cellulose dissolution process in DES, the positive (or negative) regions can 326 

interact with any negative (or positive) site of the DES solvent, thus generating a directional 327 

interaction. Therefore, the lowest electrostatic potential values of the electron-enriched regions 328 

of DES, located explicitly around the urea oxygen and the bromine atom, represent the most 329 

electrophilic sites to be considered as hydrogen bond acceptors and electrostatic interactions.82  330 

On the other hand, the hydrogen hydroxide of the cellulose offered the highest potential values 331 

zones characterized by low electron density and established a nucleophilic character to be the 332 

most probable area of H-bonding and electrostatic interactions. In addition, the interaction 333 

between the oxygen hydroxide of cellulose (the most cellulosic nucleophilic area) and the H-334 

urea (the most electrophilic zones of DES) is strongly suggested. Moreover, the solvent 335 

environment itself can influence the electrostatic potential distribution within cellulose. 336 

Solvents with more and higher positive (or negative) regions can enhance the solvation of 337 

cellulose, leading to a redistribution of charges and alterations in the electrostatic potential 338 

landscape. This, in turn, affects the interactions between cellulose and solvent molecules, 339 

ultimately influencing the dissolution behavior. In this field, Zhihan Tong et al reported 340 

previously that the negative electrostatic potential (high electron density) areas in the metal salt 341 

hydrate based DES are preferentially combined with the positive electrostatic potential (low 342 

electron density) regions of cellulose.83 This supports the notion that electrostatic interactions 343 

play a significant role in the dissolution process. Furthermore, similar conclusions have been 344 

reported before by Hui Fu et al investigating the dissolution behavior of microcrystalline 345 

cellulose (MCC) in DBU-based DESs 57. 346 

Topological Analysis: 347 
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Through the topological properties of electron density and its derivatives related to the 348 

Critical Points of CPs and bonding paths, Bader's theory of atoms in molecules provides 349 

important details on the nature and classification of binding interactions.84 Also, the 350 

combination of the interatomic distance, as a geometric parameter, with the corresponding 351 

topological properties proves to be an excellent method for accurately identifying the nature 352 

and strength of chemical bonds.85 In the case of this study, the most significant BCPs of NCI in 353 

the DES-CELL system were obtained from the AIM approach and are illustrated in Fig. 2. The 354 

QTAIM analysis revealed the presence of two categories of BCPs: intermolecular BCPs 355 

between cellulose dimers and DES, and intramolecular BCPs in DES between the two 356 

components of DES (HBD and HBA). The AIM Image revealed the formation of three BCPs 357 

(BCP123, BCP128, and BCP197) as intramolecular BCPs between BTEAB and urea, and that 358 

in the linear reaction paths of H-urea (53) ···Br (37) H-urea (51) ···Br (37) H-urea (42) ···Br 359 

(37), where the interatomic distances H···Br were 2.67, 2.52 and 2.69 Å, respectively.86 These 360 

results are consistent with the recent findings reported by Chai et al. in their recent publication, 361 

which focused on the structural analysis of Choline chloride (ChCl)-carboxylic acid deep 362 

eutectic solvents (DESs). In their study, Chai et al. identified strong hydrogen bonding 363 

interactions between Cl- and AA/FA, as well as between the carbonyl oxygen in AA/FA and 364 

the hydroxyl group of Ch+. Furthermore, weak hydrogen bonds were observed between the 365 

methyl groups of ChCl and the carbonyl oxygen in AA/FA, with bond lengths ranging from 366 

2.64 to 2.77 Å and 2.50 to 2.60 Å. The consistency between these research findings provides 367 

further support for our existing understanding of hydrogen bonding interactions in DESs.86  368 

However, the interaction between cellulose and DES gives rise to many different BCPs 369 

(BCP100,  BCP105, BCP122,  BCP144, BCP181, BCP233, and BCP247) in the reaction paths 370 

of Hcell(98)····Ourea(49), Ocell(67)····Hurea(52), Hcell(62····Nurea(48), Hcell(67)····Br(37), 371 

Hcell(95)····Br(37), Ocell(85)····Hurea(43), Ocell(89)····Hurea(45), where the distances of the 372 

intermolecular interaction paths are all within the range of 1.89 to 4.12 Å (Table SD1). It is 373 

interesting to note that the non-bonded (non-covalent) interactions in the DES-CELL system 374 

were identified as H-bonds, and that is due to the short distance between atoms,87 which are 375 

long compared to the length of the covalent bond and shorter than the sum of the VDW 376 

distances,88 except the BCP105 (Ocell(67)---Hurea (52)) and BCP144 (Hcell (67)---Br (37)) which 377 

are regarded as electrostatic or van der Waals interactions (4.12 Å ).89 378 
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Along with the interatomic distance, the nature of chemical bonds between atoms and 379 

molecular reactivity can be described by the values of the topological parameters at BCP.90 380 

Physical quantities such as the total electron density ρ(r), Laplacian electron density 2ρ(r), and 381 

electron energy density H(r) (proportional to the electron potential energy density V(r)) have 382 

great significance in the classification of the bonding interactions taking place in the molecular 383 

system.91 The values of the DES-CELL AIM topological parameters (Table SD1) indicate that 384 

the balance between the electron energy density H(r) and the Laplacian total electron density 385 

(∇2ρ(r) gives a rich and straightforward understanding of the nature of the interatomic 386 

interaction established between the two atoms involved. 387 

 388 

Fig. 2: Topological atoms in molecules (AIM) graph of the DES-CELL system  389 

Indeed, according to the sign of (∇2ρ(r) and H(r), the interaction strength has been classified 390 

into three categories: i) 2ρ(r) < 0 and H(r) < 0 at the BCP indicates that the molecules interact 391 

strongly, known as “shared-shell interaction”,  and also defined as an electron-rich zone that 392 

can be attributed to free pairs of electrons as well as to covalent chemical bonds,92 ii) 2ρ(r) > 393 
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0 and H(r) < 0 reflects that the system is governed by moderate interactions (H-bonding 394 

interaction) and iii) 2ρ(r) > 0 and H(r) > 0 reveals weak interactions (electrostatic interaction 395 

or weak H-bonds).66 Unlike the first category, the last two are defined as “closed-shell 396 

interactions” between the two atoms and indicate an electron deficiency at the BCPs. Table 397 

SD1 shows the computed topological BCP parameters of DES-CEL. The positive values of 398 

2ρ(r) range from 0.033 to 0.034 a.u., and the positive H(r) values diverge from 0.0012 to 399 

0.0014 a.u.,  indicating that the electrostatic or weak H-bonds interactions occurred between 400 

BTEAB and two urea molecules.93 However, the positive values of all 2ρ(r), which range from 401 

0.012 to 0.12 a.u. between cellulose and BTEAB-based DES indicate the non-covalent 402 

interaction nature. In addition, the strength of the H-bond can be classified according to the sign 403 

of H(r), where H(r) < indicates a strong or medium H-bond, while H(r) > 0 suggests weak 404 

hydrogen bond interaction.94 Given the results in table SD1, the negative value of H(r) (H(r) = 405 

-0.0015 a.u) of Hcell(98)···Ourea (49) at BCP100 is a strong indication of the interaction between 406 

cellulose and DES by strong or moderate H-bonding interactions. In contrast, the positive H(r) 407 

values ranging from 0.00046 to 0.00235 at BCP105, BCP122, BCP144, BCP181, BCP233, and 408 

BCP247 assume that the interactions, between DES and cellulose are H-bonding (closed-shell 409 

interactions) that dominated by weak H-bonds interaction.95, 96  410 

Additionally, bond strength can be measured by the magnitude of ρ(r), where the strongest 411 

bond is associated with the largest ρ(r) value. The data listed in Table SD1 shows that the ρ(r) 412 

values within the range of 0.006 to 0.04.u.a of BCPs between DES and cellulose in the DES-413 

CELL system are more significant than that for intra BCPs in DES. Among the H-bond 414 

interactions in the DES-CELL complex, the Hcell(98)···Ourea(49) bond exhibited the strongest 415 

strength, characterized by a ρ(r)= 0.039 a.u. Importantly, these values are generally higher than 416 

those previously reported in the literature and recommended by Koch and Popelier (0.002–417 

0.0274 a.u)97, highlighting the significant bonding characteristics observed in this study. Li et 418 

al. have reported ρ values ranging from 0.002 to 0.035 a.u in the dissolution of cellulose using 419 

a combination of metal chlorides (ZnCl2, LiCl, or NaCl) mixed with AmimCl ionic liquid.98 420 

which shows that the cellulose will be more favorable to combine easily with BTEAB/urea.99  421 

indicating that the BTEAB/Urea is strongly suggested as a reaction medium to the cellulose 422 

dissolution and functionalization. Therefore, this result confirms that the urea-based DES 423 

appears to be the most effective solvent, which can dissolve cellulose through HBs between 424 

urea molecules and the released –OH groups on cellulose chains, resulting in severe swelling 425 
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of cellulose fibers in DES and subsequent dissolution. Furthermore, the results obtained in this 426 

paper are in good agreement with previous studies investigating the insightful role of urea in 427 

cellulose dissolution. 100-102 428 

Reduced Density Gradient (RDG): 429 

Within the AIM theory, the RDG approach provides a valuable tool to distinguish between 430 

different types of weak interactions, which allows graphical visualization of the distribution of 431 

non-covalent interaction regions in real space.103 According to the RDG scatter plots as a 432 

function of the sign (λ2) ρ(r) and RDG isosurfaces (Fig. 3), the RDG method was successfully 433 

applied to distinguish the strength and the type of multiple non-covalent interactions in the 434 

DES-CELL matrix using the color-mapped isosurfaces, where the surfaces are colored on a 435 

blue-green-red scale according to values of sign (λ2)ρ, and that is from a strong attractive 436 

interactions such as  H-bonds (blue color) to higher repulsion (red regions), whereas the green 437 

regions indicate the electrostatic interactions.104, 105 438 

 439 

Fig. 3: RDG against sign (2) isosurface scatter plot and RDG analysis of the DES-CELL 440 

The reduced density gradient function scatter plot versus the sign(λ2)ρ ranging from -0.05 to 441 

+0.05 a.u of cellulose-DES complex (Fig. 3) displayed the presence of highly reduced density 442 

gradient spikes at negative density values of sign(λ2)ρ (ρ < 0.05), which indicates the existence 443 

of non-covalent interactions.103 Moreover, the nature and strength of these interactions can be 444 

distinguished depending on the location of the spikes, where the coexistence of strong-attractive 445 

dispersion interactions between cellulose and DES are indicated by the presence of the spike at 446 
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sign (λ2)ρ < -0.03 a.u. It can be compared to spike  at -0.036 a.u, 106 reported by Zhang et al. 447 

for the interaction of lignin with imidazolium-based ionic liquids. On the other hand, the spike 448 

at a positive sign (λ2)ρ value (0.02 a.u.) is attributed to the steric effect.107 However, the large 449 

spike at sign(λ2)ρ values of -0.02 to 0 a.u indicates the presence of weakly-attractive dispersion 450 

interactions.108 Furthermore, RDG isosurfaces (3D-plot) were explored to visualize the spatial 451 

location of chemical interactions in the complex formed by cellulose and BTEAB/urea EDS 452 

(Fig. 3). Therefore, the different types of color-filled RDG isosurface regions were 453 

distinguished by analyzing the surface color shift (red-green-blue scale) given the sign(λ2)ρ.51 454 

The sign (λ2)ρ negative values (blue color) indicate the strong attractive interaction between 455 

cellulose and DES, in particular between Ocell(67)•••Hurea (52) and Hcell(98)•••Ourea (49 ) 456 

that display blue-light color of the disc-shaped slab, indicating the occurrence of strong H-457 

bonding interactions. In addition, the Hcell(62)···Nurea (48), Hcell (67) ···Br (37), Hcell(95)···Br 458 

(37), Ocell(85)···Hurea (43), and Ocell(89)···Hurea (45) bond interactions are clearly exhibited by 459 

elliptic RDG isosurfaces with green-blue color in the central regions of contact, which reveals 460 

the existence of weak H-bonds and electrostatic interactions between the different sites. 461 

However, the electrostatic interactions were strongly suggested between the constituent entities 462 

of DES (green color), where the strong “red” steric interaction regions were detected at the 463 

benzene center and glucose ring. These results are in good agreement with the previously 464 

published theoretical studies on the cellulose interactions mechanism with DES and ILs.57, 83, 95 465 

According to the RDG results, the mechanism of cellulose dissolution in BTEAB/urea DES 466 

involves the different types of NCIs, including strong and weak H-bonds and electrostatic 467 

interactions, which can coexist at such contribution. In addition, agreeing to AIM calculations 468 

and geometric and topological analysis, the progression of cellulose dissolution is strongly 469 

dominated by strong H-bond interactions, where the results showed that the region and the force 470 

of attraction between cellulose and HBD are considerably stronger than those between cellulose 471 

and HBA, suggesting a primordial role and an important contribution of urea to the cellulose 472 

dissolution process.  473 

Our results agree with the research conducted by Zhang et al., who investigated the interactions 474 

between ionic liquids (ILs) and a model lignin compound. In their study, they utilized various 475 

theoretical methodologies, such as DFT, AIM, NBO, and RDG, to explore the dissolution 476 

mechanism of lignin in imidazolium-based ILs. The computational data provided insights into 477 

the dissolution mechanism. They emphasized the significant role of hydrogen bonding (H-478 
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bonding) in facilitating the dissolution of lignin in ILs, which is consistent with experimental 479 

evidence. 106 480 

Cao et al.95 also examined the mechanism of cellulose dissolution in acetate-based ILs using 481 

cellobiose and BmimAc as a model system. Their findings revealed that hydrogen bonds and 482 

van der Waals interactions between cellobiose and ILs play pivotal roles in the dissolution 483 

process. Electrostatic Potential analysis was employed to identify reactive sites on the 484 

molecular surface, aiding in determining the most stable configuration. The geometrical 485 

analysis provided insights into the complex formed by cellobiose and [Bmim]OAc. The study 486 

utilized AIM theory to examine the characteristics and variations of bond types at Bond Critical 487 

Points (BCPs). Noncovalent interactions within the complex were comprehensively 488 

characterized and visualized using RDG analysis. 489 

3.2. Molecular Dynamics (MD):  490 

The molecular structure of BTEAB/urea DES (benzyl triéthyle ammonium (N+): Bromide 491 

ion (Br‒): Urea) was investigated in terms of H-bond densities and radial distribution functions. 492 

The MD simulation analysis of DES (Fig. 4) showed that the H-bond interaction densities given 493 

temperature had enfeebled brusquely and continuously above the Eutectic Melting Point 494 

(EMP), this behavior indicates the strong destruction of physical interactions, especially H-495 

bonds, which the phase-change transformation is strongly suggested, and therefore the MD 496 

results are in good agreement with the experimental effects and confirming the DFT results 497 

obtained previously. However, the salt bridge (between N+ and Br-), the Pi-Pi stacking (between 498 

benzyl groups), and the Pi-cation (between N+ and benzyl groups) interactions are slightly or 499 

not sensitive to temperature changes.109 Moreover, the results show that the constituents of EDS 500 

(N+, Br-, and urea) are not amphiphilically structured, and this is due to remnants of Pi-Cation 501 

interactions. Thus, the polar domain consists of a variety of H-bonds and electrostatic (salt 502 

bridge, pi cation) interactions (i.e. cation-bromide, cation-urea, bromide-urea, and urea-urea), 503 

whereas in the nonpolar domain, solvobic segregation is strong for Benzyltriethylammonium 504 

which leads to benzylic clusters. 505 
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 506 

Fig. 4: Intermolecular interaction densities in DES at 308-358 K, the line at 323K indicate the 507 

Eutectic Melting Point (EMP) 508 

To study further the nature of interactions between these components, Radial Distribution 509 

Functions (RDFs) study was implemented. The behavior of BN+: Br-: Urea DES was initially 510 

evaluated for 308 - 368 K and 1 bar using RDF center-of-mass radial distribution functions as 511 

reported in Fig. 5. Fig. 5a shows the organization of bromide within the polar DES network. 512 

The RDFs for the bromide around urea oxygen, ammonium, and urea nitrogen have clear peaks 513 

at 5.4 Å, 4.8 Å, and 3.7 Å respectively, indicating strong H-bonding between Br- and hydrogen 514 

urea, resulting in the competition between ammonium and amino urea on binding with the 515 

bromide.110 On the other hand, the organization of ammonium within the polar DES network is 516 

shown in Fig. 5b. The RDFs for the ammonium around urea nitrogen, urea oxygen, and bromide 517 

ion have maximum peaks at 5.5 Å, 4.5 Å, and 4.8 Å respectively, resulting in a competition 518 

between bromide and urea for binding sites with the cationic ammonium group.111 It should be 519 

mentioned that the RDFs of cationic ammonium groups and bromides are slightly sensitive to 520 

temperature changes, especially for N(urea) and O(urea), where the peaks decrease at 521 

temperatures above the EMP, which explains the decrease in H-bond densities (Fig. 4). The 522 

RDF results confirm the DFT calculations indicating a weakening of interactions between N+ 523 

and N+ ions and interactions within urea molecules in the DES. Moreover, RDFs revealed more 524 

interactions between Br− ion and the amino group of urea components. 525 
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 526 

Fig. 5: Radial Distribution Functional (RDF) of atoms (a) around Br- anions (b) around 527 

ammonium cation and (c) of atoms system at 308 – 358 K (Blue double arrow: H-bonds, 528 

Orange arrow: Salt bridge) 529 

The results are important to understand the behavior of DES, where the Br− charge is 530 

compensated by N+ and amino H-urea, whereas the N+ charge is recompensed by carbonyl and 531 
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Br− anions. However, the bromide ion and urea (via oxygen atom) compete for the same binding 532 

sites on the cation charge center, as well as other urea molecules with urea consistently showing 533 

shorter bond distances.112 In addition, the RDF confirms the formation of two sub-aggregations 534 

in bulk N+: Br-: urea structure. The temperature affects N+/Br- and N+/O- RDFs which leads to 535 

the weakening of the salt bridge while increasing N+/O-electrostatic interactions against 536 

increasing temperature. The RDFs of atoms, elucidating the bulk DES structure, are shown in 537 

Fig. 5c. RDF results indicate that the ratio of urea molecules in DES and its hydrogen bond 538 

acceptor-donor nature weaken the salt bridge interactions between Br-/N+, and this is due to the 539 

hydrogen bonding of H-urea/Br- and to electrostatic interactions between O-urea/N+, leading to 540 

the formation of a stable liquid bulk structure. Moreover, this behavior is favored by the 541 

increase in temperature, which plays a central role in the rupture of the network of hydrogen 542 

bonds of urea.113  543 

Molecular structure of DES-CELL system 544 

MD simulation results in the segregation of cellulose oligomers after 20 ns are shown in Fig. 545 

6. The segregation of chains established is due to the formation of molecular clusters driven by 546 

stronger intermolecular interactions (i.e.,  hydrogen bonds, Pi-Pi stacking, Pi-cation 547 

interactions, salt bridge, and hydrophobic stacking), leading to solvation shell formation around 548 

cellulose chains.114 Also, MD results reveal that the strong H-bond interactions of Br-/OH 549 

cellulose groups (Fig. 6bA, 6bB, 6bC, 6bE), urea/OH cellulose groups (Fig. 6bB), and 550 

hydrophobic benzyl ring/cellulose ring stacking (Fig. 6bD) competes for the intermolecular 551 

hydrogen bond cellulose network, resulting in a stable molecular cluster (Fig. 6c).115, 116 552 
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 553 

Fig. 6: The cellulose oligomers confirmation (a) after 20 ns MD simulation, (b) with DES 554 

after 20 ns MD simulation and (c) Graphic cellulose dissolution mechanism in DES 555 
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The MD results reveal the contribution of each DES component in the process of cellulose 556 

oligomers disassociation. Fig. 6b reassembles the different DES-CELL sub-clusters, and the 557 

urea and cellulose form hydrogen bonds i.e., O-urea/H(OH)-Cell, H-urea/O-Cell (Fig. 6bB), 558 

bromide ions and cellulose forms hydrogen bonds i.e., Br-/ H(OH)-Cell, Br-/H-urea (Fig. 6bA, 559 

6bC and 6bE). On the other hand, bromide ions also act as a bridge between cellulose and the 560 

polar head of Benzyltriethylammonium. The nonpolar nature of both benzylic and cellulose 561 

rings leads to the stacking conformation (Fig. 6bE), resulting in the breaking down of 562 

intermolecular cellulose H-bond and the solvation shell formation (Fig. 6a and 6c) 116.  563 

3.3. Cellulose dissolution in BTAB/urea DES: Experimental investigation 564 

The limited solubility of various biopolymers, including cellulose, in the majority of 565 

solvents, is due to their considerable intra- and inter-molecular H-bonding densities and high 566 

molecular weight.117, 118 Therefore, a suitable solvent system capable of solubilizing cellulose 567 

effectively, should possess H-bond rupture properties and exceptionally high ionic strength, 568 

where urea is one of the most well-known chemical molecules used to break H-bonds.119 For 569 

this purpose, the ability of novel solvent systems consisting of BTEAB-Urea (1:2) DES to 570 

dissolve cellulose has been investigated in this section. Thus, for BTEAB-based DES freshly 571 

prepared in a flask placed in an oil bath, under stirred and heated at 60-70° C (clear and 572 

transparent in nature), desired amounts of cellulose were added, and solubility was estimated 573 

in 15 min after each cellulose addition. In case of complete dissolution, approximately 2% more 574 

cellulose was continuously added until insoluble solids were observed. Then, time and 575 

concentration were recorded against the solubility. Fig. 7 shows that the cellulose solutions in 576 

BTEAB-Urea (1: 2) are macroscopically homogeneous although there is a color change for the 577 

highest concentrations. As a reminder, the highest concentration of cellulose solubility in a DES 578 

containing malic acid and proline is claimed to be 0.78%.120 In contrast to the relatively high 579 

solubility of cellulose in DES described in the literature, such as  6.1wt%  in ChCl/Res121 and 580 

2.48 wt% in ChCl/Im41, the BTAB/urea DES has shown excellent cellulose solvation properties 581 

in the range of 2% to 11% knowing that the results published in the literature generally range 582 

from 2 to 6%w.122 The dissolution results were obtained without any additional pretreatment 583 

that might have reduced the degree of crystallinity and DP and no auxiliary component was 584 

introduced to the TBEAB-based DESs. Furthermore, cellulose has been shown to be insoluble 585 

in choline chloride and ethylene glycol or glycerol-based DESs due to the inability of these 586 
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HBD compounds to break H-bonds as in the case of urea-based DESs. We can reasonably 587 

assume that the DES compounds containing urea as HBD participate in the formation of H-588 

bonds within the system. The interaction between the solvent system and cellulose, specifically 589 

urea, plays a critical role in disrupting the H-bonding network of cellulose and stabilizing the 590 

cellulose chains in the medium to form a homogeneous cellulose solution, and consequently, 591 

significant solubility of cellulose was achieved.122 Based on the observations above, 592 

BTEAB/urea (1:2) has emerged as the most promising potential ‘green’ solvent system. 593 

 594 

Fig. 7: Macroscopic observations of BTEAB-urea and cellulose/BTEAB-urea mixture with 595 

2.2, 4.4 and 11%w of cellulose at 60-70°C after 2 hours of heating 596 

Experimental viscosity determination is currently one of the most popular and earliest 597 

techniques in macromolecular chemistry for the characterization of polymers in solution.123 The 598 

Mark-Houwink-Sakurada (MHS) graphic viscosity method is frequently used to evaluate the 599 

average chain length of cellulose and derivatives.124 Viscosity is directly related to the strength 600 

of cohesive forces between molecules, which increase against molecular weight (longer chains) 601 

that augments resistance to flow.125 At this point, the inherent viscosity of the cellulosic solution 602 

is directly proportional to the average chain length or viscosity-average molecular weight (Mw) 603 

where the corresponding DP is the average degree of polymerization).126 To determine the 604 

structural changes caused by the dissolution of cellulose in DES in particular, the influence of 605 

the new solvent on the length of the cellulose chains (the average molecular weight) of the 606 

commercial and regenerated cellulose chains was investigated and estimated using the Mark-607 

Houwink equation. Therefore, the intrinsic viscosity [η] was derived from the linear 608 
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dependence and extrapolation of reduced and inherent viscosity at zero concentration (Fig. 8). 609 

The different viscosities were measured from the flow time of the polymer solution through the 610 

glass capillary of the Ubbelohde viscometer, at 25°C in a NaOH/Urea/H2O solvent according 611 

to El-Barkany et al. method (El Idrissi, El Barkany 2013) and the results are regrouped in Table 612 

SD2. In brief, the cellulose samples were dissolved in DES for 4h at 60-70 °C until the complete 613 

dissolution of cellulose and the obtaining of transparent clear solutions. Subsequently, the 614 

cellulose solutions were cooled to room temperature, and then regenerated from the (cellulose-615 

DES) solution by adding water, filtration under vacuum and then washed frequently and dried 616 

at 60 °C overnight and in a desiccator with P2O5. 617 

 618 

Fig. 8: The intrinsic, inherent and reduced viscosity measurements of commercial and 619 

regenerated cellulose 620 

The intrinsic viscosity measurements were performed for a range of concentrations from 621 

0.05 to 0.60 g/dl for the commercial and regenerated cellulose solutions (1g/dl stock solution). 622 

The cellulose samples were dissolved in a solution of 6wt% NaOH/4 wt% urea/90wt %H2O, 623 

where the MHS constants were extracted from the work previously reported by Zhou et al.126 624 

In this work, the obtained results show that the average molecular weight of regenerated 625 
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cellulose (Mw = 31644 Da, DP = 195) was not affected by the dissolution process in 626 

BTEAB/urea DES system compared to that of commercial cellulose (Mw = 34390 Da, DP = 627 

212). The small difference noted is suggested for the structural gain of the amorphous behavior 628 

that facilitates penetration of solvent and the mobility of chains.127 These results are in good 629 

agreement with previous studies reported in the literature. Indeed, Ahn et al. observed a 630 

significant decrease in the average molecular weight of cellulose dissolved in the Bmim[Cl] 631 

system.128 Rebière describes the modifications caused by the dissolution of 4 commercial 632 

cellulosic samples, with different crystalline rates and degrees of polymerization (DP), in 4 633 

solvent systems,129 which are known and used to dissolve cellulose and depending on the 634 

solvent used to solubilize the samples, some degradation could be observed. In addition, some 635 

investigations have revealed a decrease in the value of DP by 50%.128 However, the cellulose 636 

dissolution process in BTEAB/urea was carried out by the rupture of the intra and inter-637 

molecular interactions between the cellulosic chains without length degradation, which made 638 

BTEAB/urea affordable as a suitable solvent,130 where the good solvent for cellulose involves 639 

high diffusivity, aggressiveness in decrystallization, and the capability of disassociating the 640 

cellulose chains without degradation.131 641 

The impact of the cellulose dissolution process in DES (BTEAB/urea) was evaluated by 642 

investigating the changes in crystalline behavior and the cellulosic polymorphism of the 643 

regenerated cellulose (Fig. 9). The regn-Cell diffractogram displayed the characteristic peaks 644 

of cellulose type I polymorphism at  Bragg diffraction angle at around 2𝜃  ~15°, 16.5°, 22.7°, 645 

and 34.5° attributed to the reticular planes within the Miller (hkl) indices (101), (101̅), (002), 646 

and (040), respectively.132 However, the comparison of the crystallinity indices (C.I.), 647 

calculated from the equation (Eq. 5) where Imin is the minimum intensity between  18° and 19° 648 

and Imax is the maximal intensity between  22° and 23°,133 revealed a slight decrease in the 649 

crystallinity index (C.I.) after the dissolution (cellulose (87%) and Cel-regen (75%)). 650 

C.I. 1                   ( . (5))min

max

I
Eq

I
= −  651 
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 652 

Fig.  9: X-ray diffraction patterns of cellulose and regenerated cellulose (regn-Cell)   653 

In order to improve our knowledge of the nature of DES and to extend their application, 654 

detailed insight into their thermodynamic behavior is required. To consider their potential use 655 

as solvents, it is extremely important to have insight into the properties of DES mixed with 656 

water or organic solvents.134 The melting point of certain DES is one of the most important 657 

limiting factors that inhibit the development of emerging DES-based technologies that could 658 

provide promise in various applications. Consequently, one of the most promising possibilities 659 

for the development of DES-based processes is the incorporation of a suitable cosolvent.135 660 

Among the different potential cosolvents, H2O is preferable because it’s both inexpensive and 661 

eco-friendly.136 To better understand the impact of cosolvents on the melting point BTEAB/urea 662 

DES system, different quantities of water or DMSO were added to BTEAB/urea DES, and then 663 

the eutectic temperatures were measured. The evolution of the eutectic melting point against 664 

water or DMSO added quantities (wt. %) was illustrated in Fig. 10. 665 
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 666 

Fig.  10:  The evolution of the EMP against water and DMSO added quantities (wt. %) 667 

Increasing water or DMSO (cosolvent) added quantities (wt. %), a notable decrease in 668 

eutectic melting temperature was observed. As shown in Fig. 10, the melting temperature of the 669 

DES-H2O mixture was drastically decreased from 60-70 °C without water to -15 °C as the H2O 670 

concentration increased to 10 wt. %. However, at the same added quantities (wt. %) of DMSO, 671 

the EMP remained around 20°C.  comparing the impact of different cosolvents on the properties 672 

of DES, it was observed that the addition of water and DMSO could significantly affect the 673 

microstructure of DES, resulting in the formation of a new eutectic mixture with a lower melting 674 

point than the original DES. This achievement was expected and suggested that H2O affects the 675 

inter-molecular interactions of DES more effectively than DMSO. The difference in the effect 676 

can be attributed to the fact that H2O is protic, which means that it can form an H-bond with 677 

other species, such as HBD, allowing the ionization and the solvation of the DES 678 

components.137   679 

The results agree with those reported by Meng et al.138 who examined the effect of water, 680 

which can be naturally absorbed by deep eutectic solvents, on the melting point of ChCl:U. The 681 

melting point was determined using three different techniques: a thermostated bath, optical 682 

microscopy, and Differential Scanning Calorimetry (DSC). The results showed a linear 683 
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decrease in melting point with an increase in water content. Specifically, the melting point 684 

decreased from 30 °C for the anhydrous deep eutectic solvent to 15 °C in the presence of 5 wt% 685 

water. The melting point of 1:1 ChCl: boric acid, on the other hand, was increased slightly by 686 

adding up to 10 wt% water, which was explained by a possible water-boric acid reaction.139 687 

Regarding applications, even 10% H2O or DMSO content in BTEAB/urea drastically affects 688 

its physical properties, especially the melting point. The decrease in the eutectic point of 689 

BTEAB/urea DES to around -15°C may hinder the use of DES-H2O/DMSO as a solvent in 690 

organic, electrochemical, and other applications.140-144 691 

 692 

Conclusion: 693 

In the present work, a new green and eco-friendly DES based on Benzyltriethylammonium 694 

bromide was successfully used and studied as a new system for cellulose dissolution and 695 

functionalization. As a result, significant solubility of cellulose was obtained; the system 696 

emerged as the most promising possible "green" solvent solution, with the ability to dissolve 697 

cellulose. Intrinsic viscosity measurements and X-ray diffraction of untreated and regenerated 698 

cellulose samples were performed to assess the structural change caused by the dissolution 699 

process. The new DES-system has no significant effect on the chain length of the dissolved 700 

cellulose samples. However, the comparison of the Crystallinity Indices (C.I.) revealed a slight 701 

decrease in the crystallinity of cellulose after dissolution. The results suggest that water has a 702 

more significant impact on the inter-molecular interactions of the DES components compared 703 

to DMSO. Specifically, adding water to the DES significantly decreased its eutectic point 704 

temperature from 60-70 °C to -15 °C, while adding DMSO had a lesser effect, keeping the 705 

melting temperature around 20°C. The different solubility properties of cellulose in DES were 706 

simulated and computed, and the atomic geometry and electronic properties were calculated 707 

using DFT with the B3LYP/6-311+G (d,p) approximation, as well as the H-bond densities and 708 

radial distribution functions through molecular dynamics. Both approaches generally provide 709 

reasonable results for the interaction and demonstrate that it is the cooperation of each DES 710 

component in the process of cellulose disassociation that determines the dissolution efficiency. 711 

In summary, the computational data provides insight into the mechanism of cellulose 712 

dissolution. A variety of NCIs, including strong and weak hydrogen bonds and electrostatic 713 

interactions, play a crucial role in the formation of DES and the dissolving cellulose. The results 714 
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from the distribution of EPS, AIM, and RDG suggest that the dissolution of cellulose in 715 

BTAB/urea is mainly driven by strong hydrogen bonds. And indicate that the region and the 716 

strength of the attractive forces between cellulose and HBD are notably stronger than those 717 

between cellulose and HBA, indicating that the urea has a crucial and significant contribution 718 

to the cellulose dissolution process. To design an effective DES for cellulose dissolution, an 719 

HBD with a small volume, high hydrogen bond basicity, and the ability to form multiple 720 

hydrogen bonds is desirable. 721 

 722 
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