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Abstract: There is considerable interest in cellulose solubilisation in deep eutectic solvents (DESs) as a new 

emerging class of green solvents. However, the experimental data have indicated that cellulose is almost 

insoluble in most of DESs. Carboxylic acid-based DESs are a category of DESs that exhibit a modest ability to 

solubilise cellulose. However, the molecular-level reasons why carboxylic acid-based DESs can dissolve 

cellulose are unknown. Such information is crucial in developing DESs with enhanced cellulose solubilising 

ability. Here, we use molecular dynamics simulations to explore the molecular mechanism of cellulose 

solubility in oxaline (choline chloride/oxalic acid) as a typical carboxylic acid-based DES and cellulose 

insolubility in reline (choline chloride/urea) as the most famous DES. It was revealed that oxalic acid possesses 

a greater ability to weaken the interaction between the chloride anion and the choline cation when compared 

to urea in reline. Self-interactions of hydrogen bond donors are also highly attenuated in oxaline than in reline. 

These results explain the observed more significant melting point depression of oxaline in comparison to reline. 

We depict a molecular mechanism indicating how oxalic acid synergically works with chloride ion to dissolve 

cellulose and why urea cannot play such a role in reline.  

Keywords: deep eutectic solvents; carboxylic acid; cellulose; hydrogen bonding; molecular 

dynamics simulation  

 

1. Introduction 

Cellulose, being the most abundant biopolymer on Earth, has received considerable interest 

owing to its biocompatibility, biodegradability, renewability, low cost, and widespread availability 

[1,2]. The dissolution and subsequent regeneration of cellulose are critical stages in numerous 

industrial processes, including textile and material manufacturing [3–5]. The majority of commonly 

used effective cellulose solvents are toxic chemicals, demand substantial energy for processing, 

and/or generate environmentally harmful byproducts [4,6–9]. The utilisation of renewable and 

biodegradable resources like cellulose in a green solvent creates a completely environmentally 

friendly and sustainable process [10].  

Ionic liquids (ILs) are one of the most extensively studied green solvents for the dissolution of 

cellulose [11–15]. A variety of ionic liquids containing 1-butyl-3-methylimidazolium cations ([C4mim] 

+) were evaluated, encompassing a spectrum of anions ranging from small, hydrogen-bond acceptors 

(Cl-) to large, noncoordinating anions ([PF6]-), as well as Br-, SCN-, and [BF4]-. The highest solubility 

was achieved using [C4mim] Cl as the solvent. Viscous solution containing cellulose up to 25 wt % 

can be formed in chloride-containing ILs, although compositions ranging between 5 and 10 wt % 

cellulose are more readily prepared [11].The widespread adoption and practical application of ILs 

face challenges due to their high cost, complex synthesis procedure, limited biodegradability, and 
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low sustainability, thereby raising questions about their environmental friendliness and practicality 

[16–20].  

Deep eutectic solvents (DESs) are emerging as environmentally friendly and affordable 

replacements for ILs [21,22]. The discovery of deep eutectic mixture formation was initially 

documented by Abbott et al. in 2003. This phenomenon was observed for specific hydrogen bond 

donors (HBDs) and acceptors (HBAs) at the eutectic composition, and it played a pivotal role in 

sparking interest in the exploration of DESs [23]. The emergence of DESs represents a significant 

breakthrough in 21st-century green and sustainable chemistry [24,25]. DESs have evolved into 

versatile solvents with a broad spectrum of applications across various fields such as biocatalysts 

[26,27], materials [28], extractions [29], gas separation and capture [30–32], biomass and 

polysaccharides processing [33,34]. 

The use of DESs in the processing of polysaccharides has gained significant attention in recent 

years [33] with focus on specific polysaccharides, such as chitin [35], starch, and chitosan [36–39]. One 

of the most captivating research domains in sustainable polysaccharide processing involves the 

development of DESs with a notable capability to dissolve cellulose [40]. While ILs have 

demonstrated the ability to dissolve substantial quantities of cellulose, their application at an 

industrial scale has proven challenging, primarily due to their high cost and limited biodegradability. 

Like various other domains, DESs have emerged as highly promising alternatives to replace ILs for 

cellulose dissolution. However, it is worth noting that many efforts to solubilise cellulose in DESs 

have been met with limited success. [40].  

The highest degree of cellulose solubilisation achieved in DESs has been documented in 

carboxylic acid based DESs. In particular, Malaeke et al. [41] and Zhang et al. [42] have reported 2.57 

wt% and 2.54 wt% cellulose solubility in choline chloride/maleic acid and choline chloride/oxalic acid 

DESs, respectively. Nevertheless, it is important to note that these solubility levels remain 

considerably lower than those observed ranges (>10 wt%) in typical ILs [41–45]. The underlying 

molecular factors responsible for the contrast in solubility between carboxylic acid based DESs and 

other DES classes remain unknown. Gaining insights into the molecular mechanism governing 

cellulose solubility in carboxylic acid-based DESs, as well as its insolubility in other DES classes like 

urea-based DESs, can serve a dual purpose. Not only it can provide a better understanding of the 

reasons behind the limited solubility in DESs, but it can also pave the way for the design of new 

generations of DESs with improved cellulose solubility.  

The fundamental property shared by all classes of DESs is hydrogen bonding. Hydrogen 

bonding plays a pivotal role in the formation of DES and their microstructure. The charge 

delocalisation resulting from hydrogen bonding between the hydrogen bond donor (HBD) and 

hydrogen bond acceptor (HBA) is the primary reason for the reduction in the melting point of the 

DES mixture compared to the melting points of its components [46]. Additionally, in DES 

applications, it is not just the presence of hydrogen bonds between the DES components but also the 

hydrogen bond interactions between the DES and any other materials in the system that can 

significantly influence the outcome of the process. We have recently showed that the dissolution 

process of cellulose is influenced by both the interactions between the solvents themselves (solvent-

solvent interactions) and the interactions between the solvent and cellulose (solvent-cellulose 

interactions)[47]. These two sets of interactions collectively play a crucial role in determining the 

outcome of the dissolution process. Despite the examination of hydrogen bond structure and 

dynamics in various classes of DESs, these properties remain poorly understood, particularly in the 

case of carboxylic acid based DESs. 

In recent years, molecular dynamics (MD) simulations have proven to be a versatile 

computational tool for investigating the microstructure, dynamics, and hydrogen bonding in both 

ILs and DESs [48–53]. MD simulations are also commonly employed to gain insights into the 

structure and dynamics of biomacromolecules [54,55] in non-aqueous media [56–60]. Specifically, 

MD simulations have been employed to elucidate the cellulose dissolution mechanism in ILs [61–79]. 

We have recently introduced the first straightforward molecular mechanism for cellulose dissolution 

in NMMO monohydrate through the application of MD simulations [47]. In current work, we have 
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conducted extensive MD simulations to compare the hydrogen bonding structure and dynamics 

within choline chloride/oxalic acid (oxaline) and choline chloride/urea (reline) DESs. These 

simulations also examine the interactions between these DESs and cellulose, aiming to reveal the 

molecular basis of cellulose solubility or insolubility in these DESs.  

2. Methodology 

All MD simulations were carried out using the GROMACS (v. 2019.1) software package and 

repeated multiple times. The well-defined and validated OPLS-AA parameters of Doherty et al. [80] 

were used as force field parameters of DES components of reline and oxaline (Figure 1(A)). The short-

range electrostatic cutoff was set to 1.6 nm while the Particle-Mesh Ewald (PME) [81] summation 

method was used for the treatment of long-range electrostatics. LINCS method [82] was used to 

constrain the chemical bonds involving hydrogen atoms. In the initial stage of the simulation, 

periodic cubic boxes were created, each containing 250 pairs of choline chloride molecules and the 

corresponding ratio of hydrogen bond donors (HBDs) for each DES (Table 1). During the construction 

of the simulation boxes, molecules were inserted using a random distribution algorithm. This ensures 

that the initial positions of the molecules are randomised within the simulation box, avoiding any 

pre-arranged order that could bias the results. The random placement allows for a more 

representative simulation of the molecular interactions as they would occur in a natural, disordered 

state. There are certain limitations when it comes to the size of the system during MD simulations. 

For this reason, we have opted to use a relatively small bundle of cellulose (hexamer cellulose) for 

our simulations. The size of the system does not affect the molecular interactions or the result in this 

study as the objective is solely to compare the potential of two deep eutectic solvents (DESs) for 

cellulose dissolution. 5000 steps of energy minimisation were performed for each box using a 

steepest-descent algorithm. After energy minimisation, each box was equilibrated for 100 ps in an 

NVT ensemble (constant temperature, constant volume) at 300 K. Then, a 100 ps MD simulation 

was carried out in the NPT ensemble; constant temperature (300 K) and, constant pressure (1 bar). 

Next, each box was equilibrated for 20 ns in the NPT ensemble at 300 K and 1 bar. Berendsen [83] and 

velocity rescaling [84] methods were used to fix the pressure and temperature during simulations. 

All simulations were performed with a 2 fs timestep and were repeated three times to test the 

convergence of the results. The final simulation boxes are shown in Figure 1 (B). To validate the force 

field parameters, the density of each box was calculated and compared with experimental values 

(Table 2). The results show that there are good agreements between experimental and simulation 

data indicating the validation of force field parameters. 
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Figure 1. (A) structure of DES components in this study and (B) final simulation boxes of reline and 

oxaline (red: oxygen, blue: nitrogen, green and purple: carbon, chloride: yellow, and hydrogen: grey). 

Table 1. The number of molecules of each system. 

System 
 Hexamer 
cellulose 

Choline Cl- Urea Oxalic acid 

Reline - 250 250 500 - 
Oxaline - 250 250 - 250 

Cellulose in reline 4 500 500 1000 - 
Cellulose in 

oxaline 
4 500 500 - 500 

Table 2. The calculated (from simulations) and experimental densities (g/cm3) of reline [85] and 

oxaline [86]at 298 K. 

DES  Simulation Experimental 
Reline 1.182 1.198 

Oxaline 1.243 1.259 

To obtain more insights about the interactions in two DESs, the hydrogen bond stabilities were 

estimated using hydrogen bond time correlation function (CHB(t)). CHB(t) is a common hydrogen bond 

analysis in MD simulations. It is a measure of the hydrogen bond population and decay over time. 

CHB(t) is defined as: 

CHB(t)= 
��(�)�(�)�

��(�)�
                (1) 

where h(t) is unity when a particular pair of atoms are hydrogen bonded at time t according to the 

hydrogen bonding criteria (the distance between the donor and the acceptor should be less than 0.35 

nm, and the angle is less than 30 degrees), otherwise h(t) = 0 [87]. A hydrogen bond is defined based 

on two parameters: the distance between the donor and acceptor atoms, and the angle formed 

between the donor-hydrogen-acceptor atoms. The angle criterion refers to the angle between the 

hydrogen atom and the line connecting the donor atom (e.g., oxygen or nitrogen) to the acceptor atom 

(e.g., oxygen). Typically, the hydrogen bond angle is considered significant if it is within 30° of 

linearity (i.e., an angle of 150° to 180°) 
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3. Results and Discussion 

3.1. Hydrogen Bonding Network in Pure Solvents 

To gain a deeper understanding of the molecular mechanisms underlying the disparities in 

cellulose dissolution capabilities between oxaline and reline DESs, we conduct a comprehensive 

analysis of the hydrogen bond networks established in the pure solvent states as well as in solutions 

containing cellulose. Since each DES structure contains numerous HBAs and HBDs, it results in 

intricate hydrogen bond networks unique to each DES. In this context, Sankey diagrams have been 

employed to illustrate and characterise the quantity and arrangement of diverse hydrogen bonds 

within reline and oxaline DESs. A Sankey diagram for hydrogen bonds serves as a valuable tool for 

analysing the topology of hydrogen bond networks in systems featuring multiple and intricate 

hydrogen bonds [88]. In Figure 2, linear Sankey diagrams are shown illustrating the hydrogen bond 

networks of pure reline and oxaline. In these diagrams, the hydrogen bond donors are positioned on 

the left-hand side, while the hydrogen bond acceptors are located on the right-hand side. The 

numbers within the diagram represent the average hydrogen bond count of the donor or acceptor, 

and the width of the connection bars is proportional to the number of hydrogen bonds. As depicted 

in this figure, the hydrogen bond network of both DESs is characterised by a multitude of complex 

and interconnected hydrogen bonds. It should be noted that in an aqueous environment, water molecules 

can compete with DES molecules for hydrogen bonding interactions with cellulose. This competition 

may affect the dissolution behaviour of cellulose in DES aqueous mixtures. The presence of water 

may hinder or enhance cellulose dissolution depending on the relative strengths of hydrogen 

bonding interactions between water, DES, and cellulose however, in the designed DESs in this study, 

no water was involved. Interestingly, despite the distinct properties of reline and oxaline, the 

hydrogen bond topologies appear to be remarkably similar. Nevertheless, it is important to note that 

there are variations in the quantity of hydrogen bonds among different components within the DESs. 

The diagram highlights a prominent observation, which is the central role played by chloride ions in 

the hydrogen bond networks. It serves as a key acceptor for many hydrogen bonds from both choline 

(Chl) and HBD (hydrogen bond donors). Chloride ions accept a greater number of interactions in 

oxaline (5.9) compared to reline (5.01). Notably, in oxaline, chloride ion forms more interaction with 

HBD but fewer interaction with Chl in comparison to reline. In oxalic acid, hydroxyl oxygen forms a 

higher number of hydrogen bonds with Chl hydrogen in comparison to the amine nitrogen of urea. 

Conversely, in reline, the carbonyl oxygen of urea engages a greater number of hydrogen bonds with 

Chl hydrogen compared to the carbonyl oxygen of oxalic acid in oxaline.  
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Figure 2. Linear Sankey diagram representing the hydrogen bonding topology of (A) reline and (B) 

oxaline. The numbers represent the average hydrogen bond count for each donor or acceptor. 

Although the Sankey diagrams give good information about the total shape of the hydrogen 

bond network in DESs, to understand the microscopic differences, deeper analysis of each hydrogen 

bond is needed. The strong interaction formed between Chl and Chloride ions is crucial in choline 

chloride, contributing significantly to the reinforcement of the crystal structure of this quaternary 

ammonium salt. As a result, it is anticipated that the interactions of HBD with both choline and 

chloride ions will have a weakening effect on these two interactions. This weakening is likely to 

induce alterations in the crystalline structure of ChlCl, lower its melting point, and ultimately lead to 

the formation of a “deep” eutectic. Hence, the estimation of the structure and strength of the choline-

chloride hydrogen bond in each DES can provide insights into the potential of different HBDs to 

diminish or weaken this interaction. Radial distribution functions (RDFs) can offer more in-depth 

and intricate insights into the hydrogen bond interactions depicted in Sankey diagrams. In Figure 3, 
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atom-atom RDFs are shown illustrating the relationships between chloride and oxygen atoms of 

choline, with choline serving as the hydrogen bond donor. These RDFs are presented for both reline 

and oxaline. 

 

Figure 3. Atom-atom RDFs between chloride and oxygen atoms of choline in reline and oxaline. 

The radial distribution functions (RDFs) of both solvents exhibit high-intensity first peak at 

approximately 0.3 nm. Interestingly, the strength of the choline-chloride interaction’s first peak is 

notably reduced in oxaline when compared to reline. This indicates that oxalic acid exerts a more 

substantial influence on diminishing the strength of the choline-chloride bond when compared with 

urea. The enhanced capacity of oxalic acid to weaken the choline-chloride interaction can provide a 

molecular-level explanation for the more pronounced depression in melting point observed 

experimentally in oxaline, as compared to reline [21,23]. Another important interaction that directly 

influences the extent of melting point depression in a DES is the self-interaction between hydrogen 

bond donors (HBD-HBD). Both urea and oxalic acid, which serve as HBDs in reline and oxaline, were 

in crystalline form before the creation of DESs and therefore have strong hydrogen bond self-

interactions. The weakening of HBD-HBD self-interactions, in conjunction with the decrease in 

choline-chloride interactions, results in the formation of a eutectic mixture. RDFs illustrating the self-

interactions of urea and oxalic acid in the corresponding DES are shown in Figure 4. 
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Figure 4. Atom-atom RDFs between (A) carbonyl oxygen-hydroxyl hydrogen in oxalic acid/ carbonyl 

oxygen-amine hydrogen in urea (B) Hydroxyl oxygen-hydroxyl hydrogen in oxalic acid/amine 

nitrogen-amine hydrogen in urea. 

In the HBDs, there are two types of comparable self-interactions involving hydrogen bonds: 1) 

Carbonyl oxygen-hydroxyl hydrogen in oxalic acid, contrasted with carbonyl oxygen-amine 

hydrogen in urea, 2) Hydroxyl oxygen-hydroxyl hydrogen in oxalic acid, compared to amine 

nitrogen-amine hydrogen in urea. As shown in Figure 4, both types of hydrogen bonds exhibit peaks 

at shorter distances with greater intensities in urea when compared to oxalic acid in their respective 

DESs. This suggests that the self-interactions between hydrogen bond donors (HBD-HBD) are 

notably stronger in reline compared to oxaline. In other words, the interactions of chloride and 

choline ions with HBDs result in a more pronounced reduction of HBD self-interactions in oxaline 

when compared to reline. This interesting finding, coupled with the results obtained for choline-

chloride interactions, provides important insight into the molecular explanations for the more 

significant melting point depression observed in oxaline compared to reline, starting from their 

components. To the best of our knowledge, these findings are the first microscopic insights for this 

important experimental observation in carboxylic acid-based DESs. These results can also be keys to 

obtaining the molecular basis of observed differences in cellulose dissolution in reline and oxaline 

which will be discussed in the next sections.  

The changes in the internal interactions between choline chloride and HBDs are intricately 

linked to the interactions of choline and chloride with HBDs within each respective DES. We have 
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calculated RDFs that illustrate potential hydrogen bond interactions for such relationships, guided 

by the information provided in the Sankey diagrams of the hydrogen bond network. These RDFs are 

depicted in Figure 5.  

The primary and critical hydrogen bond of such interactions is the chloride-HBD hydrogen bond 

(Figure 5 (A)). Notably, the first peak in the atom-atom RDFs for chloride-HBD interactions occurs at 

shorter distances with greater intensity in oxaline compared to reline. This suggests a more robust 

hydrogen bond interaction between chloride and oxalic acid, as compared to chloride and urea in the 

respective DESs. This hydrogen bond plays a key role in the substantial reduction of internal 

interactions within choline chloride and HBDs. Stronger interactions of HBD with chloride in oxaline 

lead to a stronger reduction in both choline-chloride and HBD-HBD interactions and subsequent 

more melting point depression experimentally seen in oxaline than in reline.  

It is important to note that Cl⁻ can participate in hydrogen bonding, but these bonds are not 

considered traditional hydrogen bonds as seen with more electronegative atoms like oxygen, 

nitrogen, or fluorine [89,90]. The Cl⁻has a lower electronegativity and larger size, which makes its 

hydrogen bonding interactions weaker and primarily electrostatic in nature rather than purely 

hydrogen bonding. In the case of Cl⁻, the hydrogen bonding occurs when the chloride ion interacts 

with hydrogen atoms that are part of highly polar molecules, typically those where hydrogen is 

bonded to an electronegative atom like nitrogen or oxygen. While this interaction is sometimes 

termed a hydrogen bond, it is more accurately described as a charge-assisted hydrogen bond or an 

electrostatic interaction, due to chloride’s negative charge and weaker ability to form strong 

hydrogen bonds [91,92]. Studies have shown that chloride-hydrogen interactions do occur, especially 

in the context of ionic liquids and aqueous solutions, but they are often weaker and exhibit different 

characteristics compared to classic hydrogen bonds [93,94]. These interactions are significant in many 

solvent systems and biological environments, but they generally lack the directional strength 

associated with traditional hydrogen bonds. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 November 2024 doi:10.20944/preprints202411.0045.v1

https://doi.org/10.20944/preprints202411.0045.v1


 10 

 

 

Figure 5. Atom-atom RDFs between (A) chloride-amine nitrogen of urea and hydroxyl oxygen of 

oxalic acid, (B) choline oxygen-amine nitrogen of urea and hydroxyl oxygen of oxalic acid, and (C) 

choline oxygen-carbonyl oxygen of urea and carbonyl oxygen of oxalic acid. 

There are two other important hydrogen bond interactions between ChCl and HBDs (RDFs in 

Figure 4 (Band C)) including hydrogen bonds of choline hydroxyl with carbonyl and amine of urea 

and with carbonyl and hydroxyl of oxalic acid. As shown in this figure, both interactions are 

insignificant and similar in both DESs. Based on these findings, three critical hydrogen bond 

interactions likely contribute to the distinct behaviors of reline and oxaline: choline-chloride, HBD-

chloride, and HBD-HBD interactions. To obtain more insights into these important interactions in 

two DESs, the hydrogen bond stabilities were estimated from simulation trajectories. As an 

estimation of hydrogen bond stability, the hydrogen bond time correlation function CHB(t) was 
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calculated for each hydrogen bond. CHB(t) for the most significant distinct hydrogen bonds is depicted 

in Figure 6. As shown in Figure 6 (A), the stability of the choline-chloride interaction is notably greater 

in reline compared to oxaline. This finding aligns with the observations in the RDFs shown in Figure 

3, emphasising the capacity of oxalic acid to a�enuate the interaction between choline and chloride 

when compared to urea. CHB(t) of hydrogen bonds between HBD and chloride ion is compared in 

Figure 4 (B). CHB(t) reveals a slower decay for the hydrogen bond between HBD and chloride in 

oxaline compared to reline. This indicates the stronger nature of this hydrogen bond, which aligns 

with RDF values observed in Figure 5 (A). The stability of hydrogen bonds relating to self-interactions 

of HBDs is shown in Figure 6 (C and D). As shown in this figure, hydrogen bonds in both DES are 

similar and show quick decay. This implies fast hydrogen bond exchanges for HBD-HBD interaction 

in both DESs.  

 

Figure 6. Hydrogen bond time correlation function CHB(t) for hydrogen bonds between (A) choline-

chloride, (B) HBD-chloride, (C) carbonyl oxygen-hydroxyl hydrogen in oxalic acid/ carbonyl oxygen-

amine hydrogen in urea (D) Hydroxyl oxygen-hydroxyl hydrogen in oxalic acid/amine nitrogen-

amine hydrogen in urea. 

The investigation of hydrogen bonds in pure state of reline and oxaline showed some key facts 

about the different behaviors of these two solvents: 1) the hydrogen bond interaction between choline 

and chloride is highly attenuated in oxaline than in reline, 2) there are more significant interactions 

between HBD and chloride in oxaline than in reline, and 3) HBD-HBD self-interactions are stronger 

in reline than in oxaline. These three important findings along with simulation data of cellulose in 

DESs (next section) will be used to depict a molecular basis for cellulose dissolution in DESs.  
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3.2. Cellulose-DES Interactions 

To understand the molecular reasons for the greater dissolution capability of oxaline compared 

to reline, a cellulose bunch including four hexamer cellulose was simulated in reline and oxaline. 

Here, the cellulose bunch is considered as a crystalline structure, in which the cellulose chains are 

arranged in a highly ordered manner, representative of a crystalline form of cellulose Iβ. There is no 

randomness in this arrangement; the crystalline nature ensures that the chains are tightly packed, 

forming distinct layers through intermolecular hydrogen bonding. The two layers refer to the 

different planes within this crystalline structure. Figure 7. illustrates the configuration of the initial 

cellulose bunch structure and provides details regarding the shape and dimensions of the simulation 

box in reline and Figure 8 represents the graphical representation of the cellulose bunch after 100 ns 

MD simulation in both reline and oxaline. 

 

Figure 7. Graphical representation of cellulose bunch and its solvation with reline in the simulation 

box at two different dissolution times. 
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Figure 8. Graphical representation of cellulose bunch before and after simulations in reline and 

oxaline. 

As depicted in the figure, the structure of the cellulose bunch remains relatively like its initial 

configuration in reline. In contrast, the structure of the bunch undergoes decompositions during the 

100 ns simulation in oxaline. The root means square deviation (rmsd) values of cellulose structure 

during the simulations in reline and oxaline are compared in Figure 9 (A)). 
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Figure 9. (A) The root means square deviation (rmsd) values of cellulose bunch and (B) total hydrogen 

bonds of cellulose bunch during simulation reline (blue) and oxaline (green). The rmsd applied to all 

atoms of the cellulose bunch. 

In reline, after an initial increase in rmsd (due to a change from crystal state to solution state), 

the deviations remain constant and stable until the end of simulation time. In contrast, the deviations 

are severely increased in oxaline in comparison with in reline. The key internal interaction in cellulose 

structure is hydrogen bonds [95]. The reduction in cellulose hydrogen bonds is an indicator of 

solubility in different solvents [47,79]. The number of hydrogen bonds in cellulose bunch was 

calculated during the simulation (Figure 9 (B)). As shown in this figure, the number of hydrogen 

bonds is relatively constant in reline while gradually decreasing in oxaline. These results agree with 

the cellulose dissolution ability of oxaline in comparison to cellulose insolubility in reline which was 

previously reported in experiments. To obtain the molecular basis of the different cellulose 

solubilities, we have examined the most important interactions that lead to instability and hydrogen 

bond reduction of the bunch in oxaline and have compared them with the same interactions in reline. 

The primary interaction in the cellulose dissolution process is solute-solvent hydrogen bonding 

[79,93]. O2, O3, and O6 atoms of cellulose typically serve as hydrogen bond donors to interact with 

hydrogen bond acceptors within the solvent. Consequently, to examine the principal hydrogen 

bonding interactions between cellulose-solvent in reline and oxaline, RDFs between the oxygen 

atoms of cellulose and the primary hydrogen bond acceptors of reline (chloride ion, urea carbonyl 
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and amine) and oxaline (chloride ion, oxalic acid carbonyl and hydroxyl) have been computed and 

are compared in Figure 10.  

 

Figure 10. Atom-atom RDFs between (A) cellulose O-chloride of reline and oxaline (B) Cellulose O-

carbonyl of urea and carbonyl of oxalic acid and (C) cellulose O-amine nitrogen of urea and hydroxyl 

oxygen of oxalic acid (here, O2, O3, and O6 correspond to the oxygen atoms attached to the hydroxyl 

groups at positions C2, C3, and C6 of the cellulose backbone, respectively). 

Remarkably, the initial peak in the RDFs for all types of hydrogen bonds exhibits greater 

intensity in oxaline compared to reline. In all three cases, oxaline makes significant interactions with 

cellulose. In contrast, there are no significant hydrogen bond interactions between reline components 

and cellulose. These microscopic insights reveal how cellulose can be solubilised in oxaline and not 

in reline. Interestingly, the interaction of cellulose with oxalic acid hydroxyl groups is unexpectedly 

stronger than with oxalic acid carbonyl (Figure 10 (B and C)). Therefore, it can be said that the most 

important interaction sites of cellulose with oxaline are chloride ions and oxalic acid hydroxyl. Apart 

from chloride ions, the methyl (CH3) groups present on choline have the capability to interact with 

the hydrophobic ring surfaces of cellulose in oxaline, primarily due to the reduced presence of 

chloride ions compared to reline which leads to dispersion interaction. Dispersion forces between the 
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methyl groups in oxaline or reline and the hydrophobic regions of cellulose molecules facilitate 

solvent-solute interactions. These interactions help weaken the intra- and intermolecular hydrogen 

bonds within cellulose, aiding its dissolution. Also, dispersion forces help to stabilise the dissolved 

cellulose chains in the solvent, preventing re-aggregation and facilitating dissolution and apparently 

this positive effect is felt more in oxaline than reline. This could be evident from the difference in the 

molecular orientation of cellulose bunch before and after simulations in reline and oxaline (Figure 

8).To compare the stability of hydrogen bonds related to these interactions during cellulose 

simulations in reline and oxaline, the CHB(t) for the related hydrogen bonds are shown in Figure 11. 

As shown in this figure, the stability of the hydrogen bonds between the components of DESs and 

cellulose is notably greater in oxaline than in reline. These findings highlight the crucial roles played 

by both chloride and oxalic acid in the molecular mechanism of cellulose dissolution in oxaline. Based 

on the results obtained, we can construct a molecular mechanism for cellulose dissolution in oxaline 

and elucidate why cellulose can be dissolved in oxaline but not in reline. 

 

Figure 11. Hydrogen bond time correlation function CHB(t) for hydrogen bonds between (A) cellulose 

O-chloride in reline and oxaline and (B) cellulose O-amine nitrogen of urea and hydroxyl oxygen of 

oxalic acid. 

4. Molecular Mechanism of Cellulose Dissolution in Oxaline 

In the preceding sections, it was demonstrated that the robust chloride-HBD interaction in 

oxaline results in reductions in both choline-chloride and HBD-HBD interactions. This notably 

separates chloride from choline and HBD from other HBDs in oxaline when compared to their initial 

crystal structures. Hence, it is reasonable to anticipate the formation of a stable complex between 
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oxalic acid and chloride. We believe that the formation of these complexes could play a crucial role 

in the molecular mechanism of cellulose dissolution in oxalic acid. Due to the strong HBD-HBD and 

choline-chloride interactions in reline, the formation of these complexes occurs with a lower 

probability in comparison to what can be seen in oxaline. Considering these findings, we have 

outlined a stepwise molecular mechanism for cellulose dissolution in oxaline (Figure 12) which is not 

possible in reline. Due to the smaller size of chloride ions in comparison to choline and HBDs, they 

can initially diffuse between the cellulose chains and make initial H bonds with cellulose (Figure 12 

(A)). This leads to a slight loosening of the strong interactions between cellulose chains. Due to the 

potent interaction between oxalic acid and chloride ions, oxalic acid can subsequently diffuse to the 

chloride ion’s location and make hydrogen bonds with it in the proximity of cellulose chains (Figure 

12 (B)). At the same time, oxalic acid can form hydrogen bonds with the hydroxyl groups in cellulose. 

This leads to more loosening of cellulose chains. Oxalic acid can make hydrogen bonds (through its 

hydroxyls) with both chloride and cellulose which is a key step in cellulose unzipping (Figure 12 (C)). 

Additional chloride ions can diffuse towards the cellulose chains to engage in interactions with both 

the hydroxyl groups of oxalic acid and those of cellulose. This leads to the gradual formation of the 

complex described earlier, consecutively between cellulose chains. Choline molecules may also 

diffuse among cellulose chains engaging in interactions with chloride, oxalic acid, and cellulose. 

However, owing to its considerable size, the diffusion of choline molecules among cellulose chains 

may take place during the later stages of cellulose unzipping. Moreover, some other works reported 

delayed diffusion by larger molecules in ionic liquids and their interactions with cellulose. For 

example, Y. Li et al [93] reported that choline ions, due to their relatively larger size, typically exhibit 

slower diffusion compared to smaller species like chloride or urea. This behaviour is observed in 

many ionic liquids and DESs, where the smaller ions initiate interaction with cellulose while larger 

ions follow later in the solvation process. They discussed how cation-anion interactions influence the 

dissolution process in ionic liquids, with cations like choline playing a key role at later stages due to 

their size. Similar observations are reported in the work by X. Yuan and G. Cheng [96] which explored 

the solvation and dissolution mechanisms of cellulose in ionic liquids. The study highlights how 

larger cations like imidazolium diffuse into cellulose networks after smaller ions initiate disruption 

of the cellulose hydrogen bonding network. These studies align with the explanation provided 

regarding the delayed diffusion of larger molecules like choline during the cellulose unzipping 

process. Given the robust self-interactions observed in choline-chloride and urea-urea interactions, 

the formation of a chloride-urea complex and the subsequent unzipping of cellulose probably 

occurred to a lesser extent which is not enough for cellulose solubilising. We have recently explored 

a similar molecular mechanism for NMMO monohydrate [47]. We found that in NMMO 

monohydrate, self-interaction of NMMO-NMMO was the key to the molecular mechanism of 

cellulose dissolution. Here, oxalic acid-chloride interaction plays a pivotal role in the dissolution 

mechanism. This molecular representation not only explains the molecular basis of different cellulose 

solubility in oxaline and reline, but it also outlines the inaugural molecular mechanism for cellulose 

dissolution in DESs. Furthermore, this insight can facilitate the development of novel DES systems 

with enhanced cellulose solubility. The design of choline chloride-based DESs with improved 

cellulose dissolution capabilities is closely linked to the characteristics of their HBDs. An effective 

HBD for choline chloride based DESs should possess several key attributes. Firstly, it should be able 

to strongly attenuate choline-chloride interactions. Secondly, it forms robust interactions with 

chloride ions. Finally, it contains multiple hydrogen bond acceptors within its structure. These 

properties are very helpful in designing DESs with heightened cellulose dissolution abilities. 
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Figure 12. Molecular mechanism of cellulose dissolution in oxaline (A) chloride ion establishes H 

bonds with cellulose chain which leads to initial loosening of cellulose chain (B) due to strong 

interaction between chloride and hydroxyl of oxalic acid, oxalic acid diffuses between chains which 

leads to further loosening, (C) oxalic acid interacts with both chloride and cellulose through its 

hydroxyls which is important step in cellulose unzipping (dashed lines show H bonds). 

5. Conclusions  

Despite substantial efforts and interest in developing customised DESs for cellulose dissolution, 

this research field has encountered limited success so far. Carboxylic acid-based DESs, especially 

those derived from choline chloride and oxalic acid, are some of the relatively few DESs that exhibit 
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restricted cellulose solubility. However, the molecular basis of cellulose solubility in this DES class is 

almost unknown. By conducting a comparative analysis of the microstructure, hydrogen bonds, and 

their interactions with cellulose in DESs characterised by limited cellulose solubility, like choline 

chloride/urea (reline) and choline chloride/oxalic acid (oxaline), our objective was to unveil the 

molecular foundation for this limited solubility in deep eutectic solvents. Furthermore, we intended 

to outline a molecular mechanism for cellulose solubility within oxalic acid-based DESs. Molecular 

dynamics simulations of this system demonstrated that within DESs, HBDs may play a critical role. 

They achieved this by forming strong interactions with chloride ions and choline, effectively 

weakening choline-chloride interactions. These also led to weakening HBD-HBD interactions. These 

phenomena resulted in both chloride ions and HBDs being liberated from internal interactions with 

other components of the DES. This newfound freedom allows them to establish multiple hydrogen 

bonds with cellulose. We have effectively illustrated how this molecular representation is feasible in 

oxaline but not in reline, potentially assisted by the dispersion interaction governed by the CH3 

groups of choline which were more free in oxaline than reline. Ultimately, we have outlined a clear 

and direct molecular mechanism for cellulose dissolution in oxaline. We have elucidated how oxalic 

acid and chloride ions synergically function to dissolve cellulose in oxaline.  The important 

properties that make a HBD suitable for cellulose dissolution were summarised as: the ability to 

attenuate choline-chloride interactions, forming strong interactions with chloride ions, and having 

multiple hydrogen bond acceptors within its structure. We believe that these significant microscopic 

revelations not only resolve certain ambiguities in cellulose/DES systems but also have the potential 

to open new and promising avenues for designing novel DESs with enhanced cellulose dissolution 

capabilities. As a next step of this work, the impact of different temperatures and the generation of 

free energy in the system towards the cellulose solubility will be analysed to further validate the 

results. 
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