G Lot
¢ University

Dissolution mechanism of cellulose in a benzyltriethylammonium/urea deep
eutectic solvent (DES): DFT-quantum modeling, molecular dynamics and
experimental investigation

Azougagh Omar, Jilal Issam, Jabir Loubna, EI-Hammi Hayat, Essayeh Soumya,
Mohammed Nor, Achalhi Nafea, El yousfi Ridouan, El Idrissi Abderrahmane, El
Ouardi Youssef, Laatikainen Katri, Abou-Salama Mohamed, El Barkany Soufian

This is a Author's accepted manuscript (AAM) version of a publication
published by Royal Society of Chemistry

in  Physical Chemistry Chemical Physics

DOI: 10.1039/D3CP02335D

Copyright of the original publication:
© The Owner Societies 2023

Please cite the publication as follows:

Azougagh, O. et al. (2023). Dissolution mechanism of cellulose in a benzyltriethylammonium/
urea deep eutectic solvent (DES): DFT-quantum modeling, molecular dynamics and
experimental investigation. Physical Chemistry Chemical Physics, vol. 25, issue 34. pp.
22870-22888. DOI: 10.1039/D3CP02335D

This is a parallel published version of an original publication.
This version can differ from the original published article.



20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

Dissolution Mechanism of Cellulose in Benzyltriethylammonium/Urea Deep Eutectic
Solvent (DES): DFT-Quantum Modeling, Molecular Dynamics and Experimental

Investigation

Omar Azougagh*?, Issam Jilal®, Loubna Jabir?, Hayat ElI-Hammi?, Soumya Essayeh?, Nor
Mohammed®, Nafea Achalhi?, Ridouan El yousfi, Abderrahmane EI Idrissi?, Youssef EI Ouardi®®,
Katri Laatikainen®, Mohamed Abou-Salama?, Soufian EI Barkany*® ¢

aLaboratory of Molecular Chemistry, Materials and Environment (LMCME), Department of Chemistry, Faculty
Multidisciplinary Nador, Mohammed 1st University, P. B. 300, Nador 62700, Morocco
bLIMOME Laboratory, Dhar El Mehraz Faculty of Sciences, Sidi Mohamed Ben Abdellah University, B.P. 1796 Atlas, Fes
30000, Morocco
¢ Applied Chemistry Unit, Sciences and Technologies Faculty, Abdelmalek Essaadi University, 32 003 Al Hoceima, Morocco
dl_aboratory Applied Chemistry and Environmental (LCAE-URAC18), Faculty of Sciences of Oujda, Mohammed 1%
University, 60000 Oujda, Morocco
éLaboratory of Separation Technology, Lappeenranta University of Technology, P.O. Box 20, FI-53851 Lappeenranta,
Finland.

*Corresponding authors. E-mail addresses: el.barkany011@gmail.com (Soufian El Barkany), 0.azougagh91@gmail.com
(Omar Azougagh)

Abstract:

In this paper, the Benzyltriethylammonium/urea DES was investigated as a new green eco-
friendly medium for the progress of organic chemical reactions, particularly the dissolution and
the functionalization of cellulose. In this regard, the viscosity-average molecular weight of
cellulose (M,,)during the dissolution/regeneration process was investigated. It showed no
significant degradation of the polymer chains. Moreover, X-ray diffraction patterns indicated
that the cellulose dissolution process in BTEAB/Urea DES decreased the crystallinity index
from 87% to 75%, and no effect was induced on type | cellulose polymorphism. However, the
drastic impact of the cosolvent (water and DMSQ) on the melting point of DES was inspected.
Besides, to understand the evolution of cellulose-DES interactions, the formation mechanism
of the system was studied in terms of H-bond density and Radial Distribution Function (RDF)
using Molecular dynamics modeling. Furthermore, the Density Functional Theory (DFT) was
investigated to evaluate the topological characteristics of the polymeric system (Potential
Energy Density (PED)), Laplacian Electron Density (LED), energy density, and Kinetic Energy
Density (KED)) at Bond Critical Points (BCP) between cellulose and DES. The Quantum
Theory of Atoms in Molecules (AIM), Bader's Quantum Theory (BQT), and Reduced Density
Gradient (RDG) scatter plots have been exploited to estimate and locate Non-Covalent
Interactions (NCI). The results revealed that the dissolution process is attributed to the physical
interactions, mainly the strong H-bond interactions.
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1. Introduction:

Cellulose is the most abundant biopolymer on earth, and it offers excellent macromolecular
and biological properties, particularly biodegradability, biocompatibility, and renewability . In
addition, this famous polymer constitutes the spine of the “green” industries, from the food
industry to the pharmaceutical industry and building materials to green technologies and energy
storage engineering.?* However, because of its high melting point “degrades before melting, "
> cellulose is excluded from formulations based on thermal processes, which constitute an
essential part of industrial processes.® Therefore, chemical derivatization is the effective way to
increase the economic and industrial values of this valuable renewable resource like fibers,
films, food packaging, membranes, sponges, etc. "° The homogenous functionalization of
cellulose provides reasonable control of the polydispersity and the physicochemical properties
of the polymeric systems, and this can only be achieved through a good understanding of the
solubility phenomenon of cellulose, especially the supramolecular interactions. Cellulose
dissolution is a highly complicated mechanism, where the hydrophobic and the hydrophilic
areas are dispersed on the cellulose structure simultaneously,'® ! generated by the intra and
intermolecular H-bonds orientations. These bonds result in strong supramolecular interactions,

leading to the high stability of cellulose in most conventional solvents.!? 13

“Solvents” are chemical substances used to dissolve, extract, or suspend other compounds
to form solution mixtures,* and are extensively used in industrial processes such as degreasing,
cleaning, stripping, printing, painting, adhesives, pharmaceutical manufacturing, etc. °.
However, traditional organic solvents are generally toxic and volatile (VOCs),*® hence
threatening environmental safety and public health.).” 8 In this sense, developing new eco-
friendly and non-hazardous processes has become an imperative need, especially with the
growing interest in green chemistry and sustainable industries.!®?! Over the past decades,
several alternative solvent categories to usual organic solvents have been developed and
described as green, ecological, biodegradable, and sustainable,?? and the majority of these
families include supercritical fluids, ionic liquids, polarity-switching solvents, and deep eutectic
solvents.?>2% However, the Deep Eutectic Solvents (DES) have proven to be good candidates

for the substitution of VOCs conventional solvents, as well as the elimination of the catalysts
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requirement from reaction environments and treatment processes, and have attracted
widespread attention due to their potential advantages, in particular, their catalytic effect which
has recently been highly investigated as a new line of research.?”- 22 Moreover, the DES as low-
melting solvent system is the seat of the physical combinations between the quaternary
ammonium salts as H-Bond Acceptors (HBA) and other chemical species able to provide
mobile protons and is considered as H-Bond Donor (HBD), where the counter-ion, often a

halide, acts as an interactional bridge between the HBA and the HBD.?% %

Since the first publication reported by Abbott et al. in 2003 investigating the solvent
properties of choline chloride/urea mixtures,3 The number of published scientific articles on
the topic of DES applications has significantly increased,*, therefore, the DESs become the
first choice and the most popular solvent, especially for catalysis application,® biomass
treatment, * biodiesel purification,** and electrochemical chemistry for their wide
electrochemical window.* Therefore, DESs have emerged as the most promising reaction
medium for valorizing natural resources and biomass dissolution without any additive.36-%
Several DES systems have been reported and demonstrated appropriate ability for
lignocellulosic  material  fractionation, cellulose dissolution and its chemical
functionalization.3” 3% 40 The effect of HBD on the dissolution efficiency of cellulose was
investigated using CC-based DESs and imidazole (IM), urea, acetamide, ammonium
thiocyanate, and caprolactam as HBD, where the CC/IM DES-system showed the highest
cellulose dissolution capacity at around 2.5 wt.%. This result was attributed to the strong
hydrogen bond basicity of Imidazole and dipolarity-polarizability interactions, therefore the
addition of the Poly(Ethylene Glycol) (PEG) improved the cellulose dissolution capacity up to
4.5 wt.%, indicating that the cosolvent contributes significantly to achieve the energy
equilibrium between DES and cellulose improving the dissolution efficiency.*! Also, the
synergic effect between the quaternary ammonium salt (HBA) and the HBD was demonstrated
by comparing the dissolution capacity of microcrystalline cellulose (MCC) in choline acetate
ChAc (HBA) and a different portion of tributyl-methylammonium chloride TBMACI (HBD),
where the solubility was improved from 0.2 wt.% in pure ChCI to 6 wt.% in ChCI/TBMACI
(8.5/1.5: wiw), respectively.*? Furthermore, Zhao et al. yielded impressive results by replacing
TBMACI with ethanolamine as HBD with ChCI, where the ChCl/ethanolamine based DES
showed good extractability of cellulose from biomasses and high cellulose lignin removal

capacities.** On the other hand, the DES can act as a solvent and reagent if the reaction
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conditions are oriented in this regard. Park et al. revealed that the crosslinking reaction of cotton
using benzophenone derivatives in CC/urea or CC/ethylene glycol (1:2) DESs, generated some
reaction between DES and the crosslinking agent.* On the other hand, Abbott et al. established
that the functionalization of cellulose and cellulose derivatives in DES exhibited excellent
results, where CC/ZnCl, (1:2) DES showed exceptional efficiency as a medium reaction for
cellulose O-acetylation,”® and therefore as a catalyst for cellulose-based macro-initiator
preparation.*® The catalytic effect of DES, especially the HBD, was motioned by Karachalios
et al. report, which described the application of CCC/urea (and imidazole) DES system for the
cationization of pine-bark wood wastes. In this regard, the catalytic effect was attributed to the
imidazole HBD, which provides a high cationic charge density to the resulting material. This
material can then be used as an effective adsorbent for removing phosphates from aqueous

environments.*®

In this work, the cellulose dissolution capacity of Benzyltriethylammonium/urea DES was
investigated. The effect of the cosolvent type on the Eutectic Melting Point (EMP) was studied.
The results displayed a significant influence of polar protic cosolvent (H20) to decrease the
EMP than that of aprotic polar cosolvent such as DMSO, where the liquid phase of DES was
achieved at room temperature, from 60°C the EMP of pure DES,*’ by adding 2% of water and
the same result was found by addition of around 10% of DMSO. The influence of the
dissolution/regeneration process in BTEABr/urea (1:2) on the physicochemical properties of
cellulose was investigated, and by succeeding the variation of the viscosity-average molecular
weight (M,,) between non-dissolved and regenerated cellulose, using the intrinsic viscosity
measurements. Furthermore, the crystallinity index and the crystalline X-ray diffraction
patterns studies showed a slight decrease in the crystallinity, but no effect was induced on the
cellulosic polymorphism. In-depth theoretical studies complete the experimental results to
understand the evolution of cellulose-DES interactions at the supramolecular level. The DES
formation mechanism and its interaction with cellulose are investigated in terms of H-bond
interaction density and radial distribution functions using molecular dynamics. The Functional
Density Theory (DFT) quantum modeling the topological characteristics of the cellulose-DES
matrix (potential energy density, electron density Laplacian, energy density, and kinetic energy
density) are calculated at the Bond Crucial Points (BCP) using Atoms-In-Molecules (AIM) and
Quantum Bader's theory. Furthermore, the Reduced Density Gradient (RDG) was exploited as

a computational tool to determine the non-covalent interactions in the DES-cellulose system.
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This paper is part of a global study that aims to design and find new green eco-friendly
environment “solvents” for biomass valorization of natural resources and agricultural waste,
especially the separation, extraction, dissolution, and functionalization of different biomass
constituents (lignin, cellulose, and hemicellulose) and cellulose derivatives. In this regard, the
development of new deep eutectic solvents as an eco-friendly medium constitutes the key stage
of this project. However, even with the great efforts published recently,*® the DESs formation

mechanism and their behavior in the reaction medium remain poorly known.*°

To our knowledge, the Benzyltriethylammonium/urea DES system was never discussed
before in the literature as an eco-friendly solvent for cellulose dissolution and functionalization.
Given the limited redaction area dedicated to scientific publication, this article is devoted to the
quantification and distribution of competing interactions in the cellulose dissolution
mechanism. In contrast, the following paper will be dedicated to the functionalization of
cellulose and the catalytic effect of this new DES in organic chemistry.

2. Materials and methods
Materials

Cellulose powder (Mw ~35.5 10° Da) was purchased from Sigma Aldrich Company.
Triethylamine (TEA), benzyl bromide, and urea were obtained from Fluka. Tetrahydrofuran
(THF), diethyl ether, acetone, and other solvents were received from Merck. All chemicals and

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

The crystalline patterns of non-dissolved and regenerated cellulose (regn-Cell) samples were
recorded on X-ray Diffractometer EQUINOX 2000 using CuKa (A=1.5418A°) radiation at 40
kV and 30 mA as accelerating voltage and operating current, respectively. All patterns were
registered in the range of 20 (0°— 40°). The average molecular weight values of non-dissolved
and regenerated cellulosic samples were estimated using the Mark-Houwink equation[n] =
KMg where k and a are the constants describing the specificity of the polymer-solvent pair
depending on the temperature. Therefore, the intrinsic viscosity [r] was derived from the linear
dependence and the extrapolation of the reduced (nreq) and the inherent viscosity (ninn) to zero

concentration. In this regard, the different viscosities were measured from the flow time of the
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polymeric solution through the Ubbelohde viscometer glass capillary at 25 °C in
NaOH/Urea/H20 solvent.>®

Preparation of DES and cellulose dissolution:

BTEABr/urea DES was prepared according to the method reported by Azougagh et al. in
our previous paper.®! In short, 4.5 ml (38 mmol) of benzyl bromide was reacted with an
equimolar amount of TEA (5 ml, 36 mmol) in THF as solvent at room temperature. The white
crystal (BTEAB salt) was recovered by vacuum filtration, frequently washed with diethyl ether,
and dried in a vacuum desiccator to constant weight. The DES (BTEAB/Urea, 1/2) was carried
out by mixing 3 g of BTEAB salt (11 mmol) and 1.5 g of urea (25 mmol), where the reaction
mixture becomes liquid under stirring in the range of the temperatures around 60 °C. The effect
of cosolvent on the Eutectic Melting Point (EMP) was investigated, given ratios of water and
DMSO as polar protic and polar aprotic cosolvents, respectively. The cellulose dissolution
capacity of BTEAB/urea DES was studied at concentrations ranging between 2 % and 11 %,
where the DES was heated at Temp + 20 °C for 30 min to ensure the thermodynamic equilibrium
between HBA and HBD. Then, the temperature was decreased to 60 - 70 °C, a given amount
of cellulose was added to DES, and the mixture was stirred under reflux for 1 hour. The
regenerated cellulose was recovered by precipitation in water, filtered under reduced pressure,

washed with water and acetone, and kept in a P.Os desiccator for one week.

Theoretical background

DFT-Quantum calculations

Polysaccharides generally show a remarkable water-affinity against pH, especially starches
(native or modified) which have demonstrated a significant increase in swelling power and
solubility in alkaline regions between pH 8 and 12.52 On the other hand, the protonic behavior
of chitosan allows it to be considered as a weak base soluble in agueous solutions of weak acids
(pH<6.5) e.g. acetic acid.>® However, cellulose constitutes a structural exception of
carbohydrates, where the strong crystallinity and the high density of H-bonds generate a
structural poly-biphasic anisotropy (hydrophilic and hydrophobic regions),>* > which
complicates our understanding of cellulose dissolution mechanisms. This anisotropy makes
cellulose insoluble in common solvents due to the prevention and limitation of reaching

equilibrium between competing forces during cellulose dissolution, including hydrogen
6
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bonds.>® Recently, DESs have shown a high ability to disrupt the structural stability of cellulose,
which indicates their aptitude to disturb and interrupt the intra and intermolecular H-bond
network of cellulosic fibers *°. However, the cellulose dissolution mechanisms in DESs are still
incompletely elucidated, and several mechanisms are proposed using numerous computational
and modeling calculations.®” In this work, the cellulose dissolution capacity of the new
BTEAB/Urea DES was investigated using DFT, which gives the distribution and the
quantification of the competing interactions during the dissolution process, at the
supramolecular level. In this concern, the estimation of the H-bonding electronic properties and
its chemical environment was turned using the cellulose dimer as a calculation model to
simplify the computational calculations. In addition, Becke’s three-parameter hybrid exchange
functional (B3),% the LYP correlation functional,®® and the 6-311+G (d,p) basis set at the
density functional approach has been used to calculate molecular geometries and their
electronic wave functions in current systems. In molecular simulation, the gas phase molecular
structures of cellulose dimer, DES, and cellulose-DES complex were constructed. The chemical
configurations of the cellulose dimer, DES, and the cellulose-DES complex were verified to be
local minima by frequency calculations, and imaginary frequencies absence, ensuring minimum
attendance. The Gaussian 09 suite of software tools®® was first used, in this work, to optimize
the configurations and then to calculate the vibrational frequencies. Furthermore, the
Electrostatic Potential Surfaces (EPS) were generated and plotted for each molecule via the
Gauss-View 05 software.%! The strength and the nature of the intermolecular interactions were
then studied extensively using the Atom In Molecules (AIM) analysis at the Bond Critical Point
(BCP)%2 and the Reduced Density Gradient (RDG) analysis®® based on the optimized geometry
at B3LYP/6-311+G(d,p) level. The results were obtained using the Multiwfn program code ,%

and the mapped 3D iso-surface plot that was produced with the VMD software packages.®®
Topological Analysis

Bader describes binding paths, corresponding to the trajectories connecting two attractors
and passing through a critical point called the Critical Binding Point (BCP).%? This point
corresponds to the minimum local electron density along the bond path and the maximum along
the perpendicular plane and is directly related to the topological AIM analysis calculations.
According to Bader's theory, the presence of a "bond path™ or a BCP between two atoms is the

necessary and sufficient condition for the existence of a chemical bond between the two atoms
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involved.% Well, the total electron density (p(r)) and its related Laplacian (V?p(r)) indicate the
nature of the bonds, where the total Laplacian electron density is given by the following formula
(Eq. 1). V(r) and G(r) are potential energy densities and Lagrangian kinetic energy at critical
points, respectively.

%Vzp(r):ZG(r)+V(r) (Eq. 1)

The relationship between the kinetic energy density G(r) and the potential energy density V(r)
provides important information about the depletion or concentration of electron density,®” and
therefore the nature of the bond, where values of G(r) > 0 while V(r) < 0 are always validated

at critical points.

Viriel’s theorem, applied to BCP, implies that interactions with negative V2p (r) mean an excess
of potential energy V(r) at BCP. This type of interaction is electron-shared interaction and
usually occurs between atoms connected by a “covalent bond “®8 Inversely, the interactions with
positive values of the Laplacian (V2p(r) > 0) are dominated by local excess of kinetic energy,
where the contribution of kinetic energy G(r) is more significant than that of potential energy
V(r), and they are closed shell interaction which generally corresponds to non-covalent
interactions.®® Alternatively, Cremer and Krak have proposed a different approach to evaluating
the strength and nature of interaction at the BCP.”® This method combines the Laplacian of the
electron density V2p(r) along with the total electron energy H (r). The electronic energy density
H(r) at BCP is given by Equation 2:

H(r)=G(r)+V(r) (Eq. 2)
Reduced Density Gradient (RDG):

Topological methods often attempt to study regions with high electron density in order to
rationalize the interacting molecular structures. However, the weak or non-covalent interactions
of regions with low electron density have been successfully described by the RDG, which is a
dimensionless fundamental quantity in the recently developed DFT, also known as the Non-
Covalent Interaction (NCI) method.5® " The RDG, as a function of density p and its gradient

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

L |yl

RDG(p) = —z
(272_2)1/3 p4/3

(Eq. 3)

The RDG is a dimensionless fundamental quantity used to represent the deviation from a
homogeneous distribution of electrons, which can be counted at any point in space (and
especially at any point in a 3D-grid of space).”? In the regions located very far from the
molecule, where the density p decreases to zero exponentially, the reduced gradient will have
very large positive values towards infinity (since its term in p-4/3 dominates its behavior).
However, the reduced gradient gets lower values, near zero, in the regions of covalent and non-
covalent interactions. Since the DGR (p) behavior is governed by |Vp|, non-covalent
interactions can be identified as low density and low gradient areas.”® The density values of the
low-gradient zones appear to be an indicator of the interaction strength as well. However, very
different types of interactions emerge in the same region of density/reduced gradient space.’
Consequently, it is impossible to identify the interaction nature and, in particular, to distinguish
between stabilizing and repulsive interactions (VDW interaction, repulsion, H-bonding...). So,
to get an insight into the nature of the interaction and to understand bonding in more detail, it

is possible to analyze the sign of the second eigenvalue (A2) of the Laplacian density (Eq. 4):

Vip=iithy+is (Eq. )

When the local repulsion is balanced by inter- or intra-molecular attractions, the effect is
stabilized and non-covalent bonding develops between the involved fractions. This situation
corresponds to the most typical case of hydrogen bonding, which occurs between a donor and
an acceptor, where such interactions correspond to the values of p > 0.01 u.a and A2 < 0.
Moreover, the electron density value p at the tips is proportionally dependent on the strength of
the interactions.’ But, when local repulsion is not balanced by significant local attractions, the
stable geometry results from interactions between pairs of atoms as external constraints, which
refer to the state where the repulsion arises from neighboring atom contributions. However, this
situation is associated with the positive value of A2 that corresponds to the steric repulsion,

where such interactions are associated with the values of p > 0.01 u.a. and A2 > 0.”> Between
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these two limit cases, the critical points that occur at very low density values were considered
as the third weaker interaction type. In these regions, the density and gradient are both low
(usually < 0.01 u.a), and so A2 is near 0. In fact, this situation is most common for attractive
and weak interactions such as the VDW forces.”® Therefore, we can define a real sign(h2)p
space function, i. e. the product of sign of the second largest Eigenvalues of the Hessian matrix
L2 and p.The sign(X2)p can then be mapped to RDG isosurfaces using the color bar below,”’

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

Molecular Dynamics Simulation Details

MD simulations for all the structures analysed were conducted with the DESMOND software’®,
Forcefield parameterizations for all materials considered (DES, cellulose:DES) is OPLS 2005
. The structures considered for this work were:
e Periodic DES system (i.e. DES containing 120 BN cations + 120 Branions + 240 URE,
equivalent to the equimolar mixture of BN™: Br:Urea all at a 1:1:2 mol ratio).
e Periodic cellulose:DES system (i.e. cellulose: DES containing 3 crystallin cellulose
oligomers ( DP=8) + 120 BN cations + 120 Br- anions + 240 UREA, equivalent to the

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

MD simulations have been conducted as an NPT ensemble giving the experimental conditions.
Temperature and pressure were controlled using the Nose-Hoover method, with all simulations
performed at 348 K (except for Periodic DES system simulations performed at 308, 318, 328,
338, 348, 358 and 368 K) and at 1 bar. The motion equations were integrated using the RESPA
integrator method with a time phase of 2 fs. Lennard-Jones encounters were handled with
possible 15 A cut-offs and Periodic boundary conditions have been applied in all directions. 20

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

3. Results and discussion:
3.1. DFT-Quantum Modeling:

Electrostatic Potential surface (EPS)

The Electrostatic Potential Surface (EPS) map is a useful descriptor for defining the total
charge 3D distribution, molecular size, and shape of the molecules in terms of color coding
(colored against the distribution of electron density on the molecular surface),”® which is very

10
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beneficial to find the most probable binding receptor site in the molecule (electrophilic and
nucleophilic sites). Therefore, EPS provides a visual representation of the chemically active
sites by generating the electrostatic potential around the molecular geometry.& Conventionally,
the red color indicates regions of electron-rich or partially negative charge indicating the site of
the electrophilic attack, while the blue color indicates electron-deficient regions or partially
positive charge making the site favorable for nucleophilic attack.

(DES-CELL)

-6.399¢-2 nmm—

P (. 7 99¢-2

Fig. 1: Optimized configurations and EPS (Isovalue 0.005) mapped on electron total density of
Cellulose dimer, DES, and DES-CELL system

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

DES, the distribution of electrostatic potentials at isosurfaces 0.005 were investigated, and the
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cellulose, DES, and cellulose-DES system EPS maps are shown in Fig. 1, where the location
of the positive and negative potentials is displayed using the blue and the red colors,
respectively. The DES EPS map exhibited the positive electron-depleted regions (blue) around
the quaternary nitrogen atom of BTEAB (HBA), near the H-urea (HBD) and benzyl rings.>% 8!
In addition, the most negative regions are observed closer to the Bromide ion and the carbonyl
oxygen atom of urea. The cellulose dimers EPS showed that the most positive potential values
were detected on the proton hydroxide, where the oxygen atoms constitute the colonies of the

most negative potentials (Fig. 1).

During the cellulose dissolution process in DES, the positive (or negative) regions can
interact with any negative (or positive) site of the DES solvent, thus generating a directional
interaction. Therefore, the lowest electrostatic potential values of the electron-enriched regions
of DES, located explicitly around the urea oxygen and the bromine atom, represent the most
electrophilic sites to be considered as hydrogen bond acceptors and electrostatic interactions.®2
On the other hand, the hydrogen hydroxide of the cellulose offered the highest potential values
zones characterized by low electron density and established a nucleophilic character to be the
most probable area of H-bonding and electrostatic interactions. In addition, the interaction
between the oxygen hydroxide of cellulose (the most cellulosic nucleophilic area) and the H-
urea (the most electrophilic zones of DES) is strongly suggested. Moreover, the solvent
environment itself can influence the electrostatic potential distribution within cellulose.
Solvents with more and higher positive (or negative) regions can enhance the solvation of
cellulose, leading to a redistribution of charges and alterations in the electrostatic potential
landscape. This, in turn, affects the interactions between cellulose and solvent molecules,
ultimately influencing the dissolution behavior. In this field, Zhihan Tong et al reported
previously that the negative electrostatic potential (high electron density) areas in the metal salt
hydrate based DES are preferentially combined with the positive electrostatic potential (low
electron density) regions of cellulose.®® This supports the notion that electrostatic interactions
play a significant role in the dissolution process. Furthermore, similar conclusions have been
reported before by Hui Fu et al investigating the dissolution behavior of microcrystalline
cellulose (MCC) in DBU-based DESs *'.

Topological Analysis:

12
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Through the topological properties of electron density and its derivatives related to the
Critical Points of CPs and bonding paths, Bader's theory of atoms in molecules provides
important details on the nature and classification of binding interactions.®* Also, the
combination of the interatomic distance, as a geometric parameter, with the corresponding
topological properties proves to be an excellent method for accurately identifying the nature
and strength of chemical bonds.?® In the case of this study, the most significant BCPs of NCI in
the DES-CELL system were obtained from the AIM approach and are illustrated in Fig. 2. The
QTAIM analysis revealed the presence of two categories of BCPs: intermolecular BCPs
between cellulose dimers and DES, and intramolecular BCPs in DES between the two
components of DES (HBD and HBA). The AIM Image revealed the formation of three BCPs
(BCP123, BCP128, and BCP197) as intramolecular BCPs between BTEAB and urea, and that
in the linear reaction paths of H-urea (53) ---Br (37) H-urea (51) ---Br (37) H-urea (42) ---Br
(37), where the interatomic distances H---Br were 2.67, 2.52 and 2.69 A, respectively.® These
results are consistent with the recent findings reported by Chai et al. in their recent publication,
which focused on the structural analysis of Choline chloride (ChCl) carboxylic acid deep
eutectic solvents (DESs). In their study, Chai et al. identified strong hydrogen bonding
interactions between CI- and AA/FA, as well as between the carbonyl oxygen in AA/FA and
the hydroxyl group of Ch*. Furthermore, weak hydrogen bonds were observed between the
methyl groups of ChCI and the carbonyl oxygen in AA/FA, with bond lengths ranging from
2.64 t0 2.77 A and 2.50 to 2.60 A. The consistency between these research findings provides
further support for our existing understanding of hydrogen bonding interactions in DESs.8
However, the interaction between cellulose and DES gives rise to many different BCPs
(BCP100, BCP105, BCP122, BCP144, BCP181, BCP233, and BCP247) in the reaction paths
Of  Hce(98)----Ourea(49), Ocen(67)----Hurea(52), Hecen(62----Nurea(48), Hecen(67)----Br(37),
Heenl(95)----Br(37), Ocei(85)- - -Hurea(43), Ocei(89)----Hurea(45), where the distances of the
intermolecular interaction paths are all within the range of 1.89 to 4.12 A (Table SD1). It is
interesting to note that the non-bonded (non-covalent) interactions in the DES-CELL system
were identified as H-bonds, and that is due to the short distance between atoms,®” which are
long compared to the length of the covalent bond and shorter than the sum of the VDW
distances,® except the BCP105 (Ocell(67)---Hurea (52)) and BCP144 (Hcen (67)---Br (37)) which
are regarded as electrostatic or van der Waals interactions (4.12 A ).8°
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Along with the interatomic distance, the nature of chemical bonds between atoms and
molecular reactivity can be described by the values of the topological parameters at BCP.*%
Physical quantities such as the total electron density p(r), Laplacian electron density V2p(r), and
electron energy density H(r) (proportional to the electron potential energy density V(r)) have
great significance in the classification of the bonding interactions taking place in the molecular
system.®! The values of the DES-CELL AIM topological parameters (Table SD1) indicate that
the balance between the electron energy density H(r) and the Laplacian total electron density
(V?p(r) gives a rich and straightforward understanding of the nature of the interatomic

interaction established between the two atoms involved.

BCP247

BCP233

BCP197

v/

"
‘ ) 4
‘ =/
%
A o

: e ‘ <
ﬁ X woiting (W
Y U I
(™ \ BCPI28
“A 00w
BCPI123

BCPI105 \
BCP100

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

Indeed, according to the sign of (V2p(r) and H(r), the interaction strength has been classified
into three categories: i) V2p(r) < 0 and H(r) < 0 at the BCP indicates that the molecules interact
strongly, known as “shared-shell interaction”, and also defined as an electron-rich zone that

can be attributed to free pairs of electrons as well as to covalent chemical bonds,®? ii) V2p(r) >
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0 and H(r) < 0O reflects that the system is governed by moderate interactions (H-bonding
interaction) and iii) V2p(r) > 0 and H(r) > 0 reveals weak interactions (electrostatic interaction
or weak H-bonds).®® Unlike the first category, the last two are defined as “closed-shell
interactions” between the two atoms and indicate an electron deficiency at the BCPs. Table
SD1 shows the computed topological BCP parameters of DES-CEL. The positive values of
V2p(r) range from 0.033 to 0.034 a.u., and the positive H(r) values diverge from 0.0012 to
0.0014 a.u., indicating that the electrostatic or weak H-bonds interactions occurred between
BTEAB and two urea molecules.®® However, the positive values of all V?p(r), which range from
0.012 to 0.12 a.u. between cellulose and BTEAB-based DES indicate the non-covalent
interaction nature. In addition, the strength of the H-bond can be classified according to the sign
of H(r), where H(r) < indicates a strong or medium H-bond, while H(r) > 0 suggests weak
hydrogen bond interaction.®* Given the results in table SD1, the negative value of H(r) (H(r) =
-0.0015 a.u) of Hecen(98)---Ourea (49) at BCP100 is a strong indication of the interaction between
cellulose and DES by strong or moderate H-bonding interactions. In contrast, the positive H(r)
values ranging from 0.00046 to 0.00235 at BCP105, BCP122, BCP144, BCP181, BCP233, and
BCP247 assume that the interactions, between DES and cellulose are H-bonding (closed-shell

interactions) that dominated by weak H-bonds interaction.®> %

Additionally, bond strength can be measured by the magnitude of p(r), where the strongest
bond is associated with the largest p(r) value. The data listed in Table SD1 shows that the p(r)
values within the range of 0.006 to 0.04.u.a of BCPs between DES and cellulose in the DES-
CELL system are more significant than that for intra BCPs in DES. Among the H-bond
interactions in the DES-CELL complex, the Hcell(98)---Ourea(49) bond exhibited the strongest
strength, characterized by a p(r)=0.039 a.u. Importantly, these values are generally higher than
those previously reported in the literature and recommended by Koch and Popelier (0.002—
0.0274 a.u)*, highlighting the significant bonding characteristics observed in this study. Li et
al. have reported p values ranging from 0.002 to 0.035 a.u in the dissolution of cellulose using
a combination of metal chlorides (ZnCI2, LiCl, or NaCl) mixed with AmimCl ionic liquid.*®
which shows that the cellulose will be more favorable to combine easily with BTEAB/urea.®®
indicating that the BTEAB/Urea is strongly suggested as a reaction medium to the cellulose
dissolution and functionalization. Therefore, this result confirms that the urea-based DES
appears to be the most effective solvent, which can dissolve cellulose through HBs between
urea molecules and the released —OH groups on cellulose chains, resulting in severe swelling
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of cellulose fibers in DES and subsequent dissolution. Furthermore, the results obtained in this
paper are in good agreement with previous studies investigating the insightful role of urea in

cellulose dissolution, 100-102
Reduced Density Gradient (RDG):

Within the AIM theory, the RDG approach provides a valuable tool to distinguish between
different types of weak interactions, which allows graphical visualization of the distribution of
non-covalent interaction regions in real space.'®® According to the RDG scatter plots as a
function of the sign (A2) p(r) and RDG isosurfaces (Fig. 3), the RDG method was successfully
applied to distinguish the strength and the type of multiple non-covalent interactions in the
DES-CELL matrix using the color-mapped isosurfaces, where the surfaces are colored on a
blue-green-red scale according to values of sign (A2)p, and that is from & strong attractive
interactions such as H-bonds (blue color) to higher repulsion (red regions), whereas the green

regions indicate the electrostatic interactions.%4 10°
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0.000
+ -0.005
1 -0.010
-0.015
-0.020
-0.025
-0.030
-0.035

o o - o @« = w
S S &8 &5 & 5 & ©
o, o o o o o o o

-0.03
-0.02

(=)
N 7
sign(Ao)p (a.u.)

p >0 sign(4,)p decreases p =0 sign(4,)pincreases p >0
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Strong interaction Van Der Waals Strong repulsion
H-bond, Halogen-bond... interaction steric ¢ffect in ring

Fig. 3: RDG against sign (A2)p isosurface scatter plot and RDG analysis of the DES-CELL

The reduced density gradient function scatter plot versus the sign(A2)p ranging from -0.05 to
+0.05 a.u of cellulose-DES complex (Fig. 3) displayed the presence of highly reduced density
gradient spikes at negative density values of sign(A2)p (p < 0.05), which indicates the existence
of non-covalent interactions.'®® Moreover, the nature and strength of these interactions can be
distinguished depending on the location of the spikes, where the coexistence of strong-attractive
dispersion interactions between cellulose and DES are indicated by the presence of the spike at
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sign (A\2)p < -0.03 a.u. It can be compared to spike at -0.036 a.u, 1% reported by Zhang et al.
for the interaction of lignin with imidazolium-based ionic liquids. On the other hand, the spike
at a positive sign (A2)p value (0.02 a.u.) is attributed to the steric effect.l®” However, the large
spike at sign(A2)p values of -0.02 to 0 a.u indicates the presence of weakly-attractive dispersion
interactions.'% Furthermore, RDG isosurfaces (3D-plot) were explored to visualize the spatial
location of chemical interactions in the complex formed by cellulose and BTEAB/urea EDS
(Fig. 3). Therefore, the different types of color-filled RDG isosurface regions were
distinguished by analyzing the surface color shift (red-green-blue scale) given the sign(A2)p.>
The sign (A2)p negative values (blue color) indicate the strong attractive interaction between
cellulose and DES, in particular between Ocell(67)eeeHurea (52) and Hcell(98)+e+Ourea (49 )
that display blue-light color of the disc-shaped slab, indicating the occurrence of strong H-
bonding interactions. In addition, the Hcel(62)- - -Nurea (48), Heet (67) ---Br (37), Heen(95)---Br
(37), Oceil(85)---Hurea (43), and Ocen(89)- - -Hurea (45) bond interactions are clearly exhibited by
elliptic RDG isosurfaces with green-blue color in the central regions of contact, which reveals
the existence of weak H-bonds and electrostatic interactions between the different sites.
However, the electrostatic interactions were strongly suggested between the constituent entities
of DES (green color), where the strong “red” steric interaction regions were detected at the
benzene center and glucose ring. These results are in good agreement with the previously
published theoretical studies on the cellulose interactions mechanism with DES and 1Ls.>" 8%
According to the RDG results, the mechanism of cellulose dissolution in BTEAB/urea DES
involves the different types of NCIs, including strong and weak H-bonds and electrostatic
interactions, which can coexist at such contribution. In addition, agreeing to AIM calculations
and geometric and topological analysis, the progression of cellulose dissolution is strongly
dominated by strong H-bond interactions, where the results showed that the region and the force
of attraction between cellulose and HBD are considerably stronger than those between cellulose
and HBA, suggesting a primordial role and an important contribution of urea to the cellulose

dissolution process.

Our results agree with the research conducted by Zhang et al., who investigated the interactions
between ionic liquids (ILs) and a model lignin compound. In their study, they utilized various
theoretical methodologies, such as DFT, AIM, NBO, and RDG, to explore the dissolution
mechanism of lignin in imidazolium-based ILs. The computational data provided insights into

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

evidence. 1%

Cao et al.® also examined the mechanism of cellulose dissolution in acetate-based ILs using
cellobiose and BmimAc as a model system. Their findings revealed that hydrogen bonds and
van der Waals interactions between cellobiose and ILs play pivotal roles in the dissolution
process. Electrostatic Potential analysis was employed to identify reactive sites on the
molecular surface, aiding in determining the most stable configuration. The geometrical
analysis provided insights into the complex formed by cellobiose and [Bmim]OAc. The study
utilized AIM theory to examine the characteristics and variations of bond types at Bond Critical
Points (BCPs). Noncovalent interactions within the complex were comprehensively

characterized and visualized using RDG analysis.
3.2. Molecular Dynamics (MD):

The molecular structure of BTEAB/urea DES (benzyl triéthyle ammonium (N¥): Bromide
ion (Br)  Urea) was investigated in terms of H-bond densities and radial distribution functions.
The MD simulation analysis of DES (Fig. 4) showed that the H-bond interaction densities given
temperature had enfeebled brusquely and continuously above the Eutectic Melting Point
(EMP), this behavior indicates the strong destruction of physical interactions, especially H-
bonds, which the phase-change transformation is strongly suggested, and therefore the MD
results are in good agreement with the experimental effects and confirming the DFT results
obtained previously. However, the salt bridge (between N* and Br’), the Pi-Pi stacking (between
benzyl groups), and the Pi-cation (between N* and benzyl groups) interactions are slightly or
not sensitive to temperature changes.*® Moreover, the results show that the constituents of EDS
(N*, Br-, and urea) are not amphiphilically structured, and this is due to remnants of Pi-Cation
interactions. Thus, the polar domain consists of a variety of H-bonds and electrostatic (salt
bridge, pi cation) interactions (i.e. cation-bromide, cation-urea, bromide-urea, and urea-urea),
whereas in the nonpolar domain, solvobic segregation is strong for Benzyltriethylammonium

which leads to benzylic clusters.
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Fig. 4: Intermolecular interaction densities in DES at 308-358 K, the line at 323K indicate the
Eutectic Melting Point (EMP)

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

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

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

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

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

at5.4 A, 4.8 A, and 3.7 A respectively, indicating strong H-bonding between Br-and hydrogen

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

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

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

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

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

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

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

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

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

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

interactions between Br~ ion and the amino group of urea components.
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The results are important to understand the behavior of DES, where the Br~ charge is

compensated by N* and amino H-urea, whereas the N* charge is recompensed by carbonyl and
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Br~anions. However, the bromide ion and urea (via oxygen atom) compete for the same binding
sites on the cation charge center, as well as other urea molecules with urea consistently showing
shorter bond distances.'*? In addition, the RDF confirms the formation of two sub-aggregations
in bulk N*: Br~: urea structure. The temperature affects N*/Br- and N*/O" RDFs which leads to
the weakening of the salt bridge while increasing N*/Oelectrostatic interactions against
increasing temperature. The RDFs of atoms, elucidating the bulk DES structure, are shown in
Fig. 5¢c. RDF results indicate that the ratio of urea molecules in DES and its hydrogen bond
acceptor-donor nature weaken the salt bridge interactions between Br/N*, and this is due to the
hydrogen bonding of H-urea/Br and to electrostatic interactions between O urea/N*, leading to
the formation of a stable liquid bulk structure. Moreover, this behavior is favored by the
increase in temperature, which plays a central role in the rupture of the network of hydrogen

bonds of urea.'*?
Molecular structure of DES-CELL system

MD simulation results in the segregation of cellulose oligomers after 20 ns are shown in Fig.
6. The segregation of chains established is due to the formation of molecular clusters driven by
stronger intermolecular interactions (i.e., hydrogen bonds, Pi-Pi stacking, Pi-cation
interactions, salt bridge, and hydrophobic stacking), leading to solvation shell formation around
cellulose chains.!** Also, MD results reveal that the strong H-bond interactions of Br/OH
cellulose groups (Fig. 6bA, 6bB, 6bC, 6bE), urea/OH cellulose groups (Fig. 6bB), and
hydrophobic benzyl ring/cellulose ring stacking (Fig. 6bD) competes for the intermolecular

hydrogen bond cellulose network, resulting in a stable molecular cluster (Fig. 6c).> 16
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The MD results reveal the contribution of each DES component in the process of cellulose
oligomers disassociation. Fig. 6b reassembles the different DES-CELL sub-clusters, and the
urea and cellulose form hydrogen bonds i.e., O-urea/H(OH)-Cell, H-urea/O-Cell (Fig. 6bB),
bromide ions and cellulose forms hydrogen bonds i.e., Br/ H(OH)-Cell, Br/H-urea (Fig. 6bA,
6bC and 6bE). On the other hand, bromide ions also act as a bridge between cellulose and the
polar head of Benzyltriethylammonium. The nonpolar nature of both benzylic and cellulose
rings leads to the stacking conformation (Fig. 6bE), resulting in the breaking down of

intermolecular cellulose H-bond and the solvation shell formation (Fig. 6a and 6c) 6.
3.3. Cellulose dissolution in BTAB/urea DES: Experimental investigation

The limited solubility of various biopolymers, including cellulose, in the majority of
solvents, is due to their considerable intra- and inter-molecular H-bonding densities and high
molecular weight.!*" 118 Therefore, a suitable solvent system capable of solubilizing cellulose
effectively, should possess H-bond rupture properties and exceptionally high ionic strength,
where urea is one of the most well-known chemical molecules used to break H-bonds.!!° For
this purpose, the ability of novel solvent systems consisting of BTEAB-Urea (1:2) DES to
dissolve cellulose has been investigated in this section. Thus, for BTEAB-based DES freshly
prepared in a flask placed in an oil bath, under stirred and heated at 60-70° C (clear and
transparent in nature), desired amounts of cellulose were added, and solubility was estimated
in 15 min after each cellulose addition. In case of complete dissolution, approximately 2% more
cellulose was continuously added until insoluble solids were observed. Then, time and
concentration were recorded against the solubility. Fig. 7 shows that the cellulose solutions in
BTEAB-Urea (1: 2) are macroscopically homogeneous although there is a color change for the
highest concentrations. As a reminder, the highest concentration of cellulose solubility in a DES
containing malic acid and proline is claimed to be 0.78%.1% In contrast to the relatively high
solubility of cellulose in DES described in the literature, such as 6.1wt% in ChCl/Res*?! and
2.48 wt% in ChCl/Im*, the BTAB/urea DES has shown excellent cellulose solvation properties
in the range of 2% to 11% knowing that the results published in the literature generally range
from 2 to 6%w.1%2 The dissolution results were obtained without any additional pretreatment
that might have reduced the degree of crystallinity and DP and no auxiliary component was
introduced to the TBEAB-based DESs. Furthermore, cellulose has been shown to be insoluble

in choline chloride and ethylene glycol or glycerol-based DESs due to the inability of these
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HBD compounds to break H-bonds as in the case of urea-based DESs. We can reasonably
assume that the DES compounds containing urea as HBD participate in the formation of H-
bonds within the system. The interaction between the solvent system and cellulose, specifically
urea, plays a critical role in disrupting the H-bonding network of cellulose and stabilizing the
cellulose chains in the medium to form a homogeneous cellulose solution, and consequently,
significant solubility of cellulose was achieved.’? Based on the observations above,

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

cellulose

60-70°C 2h

Fig. 7: Macroscopic observations of BTEAB-urea and cellulose/BTEAB-urea mixture with
2.2, 4.4 and 11%w of cellulose at 60-70°C after 2 hours of heating

Experimental viscosity determination is currently one of the most popular and earliest
techniques in macromolecular chemistry for the characterization of polymers in solution.? The
Mark-Houwink-Sakurada (MHS) graphic viscosity method is frequently used to evaluate the
average chain length of cellulose and derivatives.'?* Viscosity is directly related to the strength
of cohesive forces between molecules, which increase against molecular weight (longer chains)
that augments resistance to flow.*?> At this point, the inherent viscosity of the cellulosic solution
is directly proportional to the average chain length or viscosity-average molecular weight (Mw)
where the corresponding DP is the average degree of polymerization).!?® To determine the
structural changes caused by the dissolution of cellulose in DES in particular, the influence of
the new solvent on the length of the cellulose chains (the average molecular weight) of the
commercial and regenerated cellulose chains was investigated and estimated using the Mark-

Houwink equation. Therefore, the intrinsic viscosity [n] was derived from the linear
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dependence and extrapolation of reduced and inherent viscosity at zero concentration (Fig. 8).
The different viscosities were measured from the flow time of the polymer solution through the
glass capillary of the Ubbelohde viscometer, at 25°C in a NaOH/Urea/H0 solvent according
to El-Barkany et al. method (EI Idrissi, EI Barkany 2013) and the results are regrouped in Table
SD2. In brief, the cellulose samples were dissolved in DES for 4h at 60-70 °C until the complete
dissolution of cellulose and the obtaining of transparent clear solutions. Subsequently, the
cellulose solutions were cooled to room temperature, and then regenerated from the (cellulose-
DES) solution by adding water, filtration under vacuum and then washed frequently and dried

at 60 °C overnight and in a desiccator with P20Os.

1,47 ® (Commercial cellulose
O Cellulose regenerated in DES g
1,33 4, e
E 1l o —
B 440 e §
= 1,19 —A O
c e S
= 1.14|_—© .
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Fig. 8: The intrinsic, inherent and reduced viscosity measurements of commercial and

regenerated cellulose

The intrinsic viscosity measurements were performed for a range of concentrations from
0.05 to 0.60 g/dI for the commercial and regenerated cellulose solutions (1g/dl stock solution).
The cellulose samples were dissolved in a solution of 6wt% NaOH/4 wt% urea/90wt %H-0,
where the MHS constants were extracted from the work previously reported by Zhou et al.*?

In this work, the obtained results show that the average molecular weight of regenerated
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cellulose (Mw = 31644 Da, DP = 195) was not affected by the dissolution process in
BTEAB/urea DES system compared to that of commercial cellulose (Mw = 34390 Da, DP =
212). The small difference noted is suggested for the structural gain of the amorphous behavior
that facilitates penetration of solvent and the mobility of chains.?” These results are in good
agreement with previous studies reported in the literature. Indeed, Ahn et al. observed a
significant decrease in the average molecular weight of cellulose dissolved in the Bmim[Cl]
system.'?8 Rebiére describes the modifications caused by the dissolution of 4 commercial
cellulosic samples, with different crystalline rates and degrees of polymerization (DP), in 4
solvent systems,?® which are known and used to dissolve cellulose and depending on the
solvent used to solubilize the samples, some degradation could be observed. In addition, some
investigations have revealed a decrease in the value of DP by 50%.'% However, the cellulose
dissolution process in BTEAB/urea was carried out by the rupture of the intra and inter-
molecular interactions between the cellulosic chains without length degradation, which made
BTEAB/urea affordable as a suitable solvent,*3® where the good solvent for cellulose involves
high diffusivity, aggressiveness in decrystallization, and the capability of disassociating the

cellulose chains without degradation.*!

The impact of the cellulose dissolution process in DES (BTEAB/urea) was evaluated by
investigating the changes in crystalline behavior and the cellulosic polymorphism of the
regenerated cellulose (Fig. 9). The regn-Cell diffractogram displayed the characteristic peaks
of cellulose type I polymorphism at Bragg diffraction angle at around 26 ~15°, 16.5°, 22.7°,
and 34.5° attributed to the reticular planes within the Miller (hkl) indices (101), (101), (002),
and (040), respectively.'® However, the comparison of the crystallinity indices (C.l.),
calculated from the equation (Eq. 5) where Imin is the minimum intensity between 18° and 19°
and Imax is the maximal intensity between 22° and 23°,* revealed a slight decrease in the

crystallinity index (C.1.) after the dissolution (cellulose (87%) and Cel-regen (75%)).

Cl =1 Jmn (Eq. (5))

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

In order to improve our knowledge of the nature of DES and to extend their application,
detailed insight into their thermodynamic behavior is required. To consider their potential use
as solvents, it is extremely important to have insight into the properties of DES mixed with
water or organic solvents.'* The melting point of certain DES is one of the most important
limiting factors that inhibit the development of emerging DES-based technologies that could
provide promise in various applications. Consequently, one of the most promising possibilities
for the development of DES-based processes is the incorporation of a suitable cosolvent.3®
Among the different potential cosolvents, H>O is preferable because it’s both inexpensive and
eco-friendly.**® To better understand the impact of cosolvents on the melting point BTEAB/urea
DES system, different quantities of water or DMSO were added to BTEAB/urea DES, and then
the eutectic temperatures were measured. The evolution of the eutectic melting point against
water or DMSO added quantities (wt. %) was illustrated in Fig. 10.
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Fig. 10: The evolution of the EMP against water and DMSO added quantities (wt. %)

Increasing water or DMSO (cosolvent) added quantities (wt. %), a notable decrease in
eutectic melting temperature was observed. As shown in Fig. 10, the melting temperature of the
DES-H20 mixture was drastically decreased from 60-70 °C without water to -15 °C as the H.0
concentration increased to 10 wt. %. However, at the same added quantities (wt. %) of DMSO,
the EMP remained around 20°C. comparing the impact of different cosolvents on the properties
of DES, it was observed that the addition of water and DMSO could significantly affect the
microstructure of DES, resulting in the formation of a new eutectic mixture with a lower melting
point than the original DES. This achievement was expected and suggested that H.O affects the
inter-molecular interactions of DES more effectively than DMSO. The difference in the effect
can be attributed to the fact that H-O is protic, which means that it can form an H-bond with
other species, such as HBD, allowing the ionization and the solvation of the DES

components.*%’

The results agree with those reported by Meng et al.*3® who examined the effect of water,
which can be naturally absorbed by deep eutectic solvents, on the melting point of ChCI:U. The
melting point was determined using three different techniques: a thermostated bath, optical

microscopy, and Differential Scanning Calorimetry (DSC). The results showed a linear
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decrease in melting point with an increase in water content. Specifically, the melting point
decreased from 30 °C for the anhydrous deep eutectic solvent to 15 °C in the presence of 5 wt%
water. The melting point of 1:1 ChCl: boric acid, on the other hand, was increased slightly by
adding up to 10 wt% water, which was explained by a possible water-boric acid reaction.!
Regarding applications, even 10% H.O or DMSO content in BTEAB/urea drastically affects
its physical properties, especially the melting point. The decrease in the eutectic point of
BTEAB/urea DES to around -15°C may hinder the use of DES-H.,O/DMSO as a solvent in

organic, electrochemical, and other applications.140-144

Conclusion:

In the present work, a new green and eco-friendly DES based on Benzyltriethylammonium
bromide was successfully used and studied as a new system for cellulose dissolution and
functionalization. As a result, significant solubility of cellulose was obtained; the system
emerged as the most promising possible "green"” solvent solution, with the ability to dissolve
cellulose. Intrinsic viscosity measurements and X-ray diffraction of untreated and regenerated
cellulose samples were performed to assess the structural change caused by the dissolution
process. The new DES-system has no significant effect on the chain length of the dissolved
cellulose samples. However, the comparison of the Crystallinity Indices (C.1.) revealed a slight
decrease in the crystallinity of cellulose after dissolution. The results suggest that water has a
more significant impact on the inter-molecular interactions of the DES components compared
to DMSO. Specifically, adding water to the DES significantly decreased its eutectic point
temperature from 60-70 °C to -15 °C, while adding DMSO had a lesser effect, keeping the
melting temperature around 20°C. The different solubility properties of cellulose in DES were
simulated and computed, and the atomic geometry and electronic properties were calculated
using DFT with the B3LYP/6-311+G (d,p) approximation, as well as the H-bond densities and
radial distribution functions through molecular dynamics. Both approaches generally provide
reasonable results for the interaction and demonstrate that it is the cooperation of each DES
component in the process of cellulose disassociation that determines the dissolution efficiency.
In summary, the computational data provides insight into the mechanism of cellulose
dissolution. A variety of NClIs, including strong and weak hydrogen bonds and electrostatic

interactions, play a crucial role in the formation of DES and the dissolving cellulose. The results
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from the distribution of EPS, AIM, and RDG suggest that the dissolution of cellulose in
BTAB/urea is mainly driven by strong hydrogen bonds. And indicate that the region and the
strength of the attractive forces between cellulose and HBD are notably stronger than those
between cellulose and HBA, indicating that the urea has a crucial and significant contribution
to the cellulose dissolution process. To design an effective DES for cellulose dissolution, an
HBD with a small volume, high hydrogen bond basicity, and the ability to form multiple

hydrogen bonds is desirable.
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