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Abstract 

Reline, a mixture of urea and choline chloride in 2:1 molar ratio, is one of the most frequently used deep 

eutectic solvents. Pure reline and its aqueous solution have large scale industrial use. Owing to the presence 

of active hydrogen bond formation sites, urea and choline cation can disrupt the hydrogen-bonded network 

in water. However, a quantitative understanding of the microscopic structural features of water in the 

presence of reline is still lacking. We use extensive all-atom molecular dynamics simulations to elucidate 

the effect of the gradual addition of co-solvents on microscopic arrangements of water molecules. We 

consider four aqueous solutions of reline, between the wt% 26.3 to 91.4. A disruption of the local hydrogen-

bonded water structure is observed on inclusion of urea and choline chloride. The extent of deviation of 

water structure from tetrahedrality is quantified using the orientational order parameter ( 𝑞𝑡𝑒𝑡). Our analyses 

show a monotonic increase in structural disorder as the co-solvents are added. Increment in the 𝑞𝑡𝑒𝑡 values 

are observed when highly electro-negative hetero-atoms like Nitrogen, Oxygen of urea and choline cations 

are counted as the partners of the central water molecules. Further insights are drawn from the 

characterization of the hydrogen-bonded network of the water and we observe gradual rupturing of water-

water hydrogen bonds and its subsequent replacement by the water-urea hydrogen bonds. A negligible 

contribution from the hydrogen bonds between water and bulky choline cation has also been found. 

Considering all the constituents as the hydrogen bond partner we calculate the possibility of successful 

hydrogen bond formation with a central water molecule. This gives a clear picture of the underlying 

mechanism of water replacement by urea. 
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1. Introduction 

Choline chloride (ChCl) based deep eutectic solvents (DES) have become a designer solvent owing to their 

appealing properties and benign nature.1–10 The microscopic arrangement and properties of DES can be 

tailored by changing the molecular ratio of the constituent molecules. Low cost, easy handling, and low 

toxicity have enabled DES to emerge as a promising solvent media in the field of separation, synthesis, 

catalysis, and electrochemical process.11–14 Its remarkable physical properties and biocompatibility have 

caught the attention of various research groups leading to its wide-spread applications in diverse research 

fields, including the preservation of enzyme/protein activity.15,16 Most commonly used hydrogen bond 

donors like urea, ethylene glycol, malonic acid, etc. are taken in a specific ratio with ChCl to obtain these 

lower melting point mixtures.17–20 Several studies related to the morphological properties of ionic liquids 

(IL) guide the community regarding the wise use of the solvent, which is largely lacking in the case of 

DES.21–27 

Reline is one of the most celebrated and highly used DESs, where urea (H2N-CO-NH2) is used as the 

hydrogen bond donor with choline chloride ([(CH3)3N-(CH2)2-OH]+Cl-) (ChCl) in 2:1 molar ratio.28,29 Apart 

from its biodegradability and economic viability,17,28 reline also has ample industrial applications.30–34 In 

particular reline has profound use in surface coating, biodiesel synthesis, and enzymatic reaction.35–37 

Owing to its non-reactivity towards water, and acceptable toxicity limit, reline is used as a solvent for poorly 

water-soluble drugs.38 Recently, Monhemi and co-workers39 pointed out lower diffusivity of highly 

hydrogen-bonded urea in the proximity of Candida Antarctica lipase B that causes structural protection of 

the enzyme in the presence of ChCl forming a deep eutectic solvent. A similar kind of ultraslow solvent/co-

solvent dynamics in the presence of reline is also established in our recent work, that effectively hinders 

the protein to deviate much from its equilibrium position.40 In this earlier work, we thoroughly analyzed 

the reline mediated structural protection of model protein HP-36.41 FTIR42, time-resolved fluorescence 

spectroscopy6 have also been used to explore the stabilizing mechanism of reline. Choline cation has been 

combined with negatively charged amino acids to form a new class of IL, which has no environmental 

effects.43,44 Sahoo et al. in an experimental and computational approach, showed an enhanced stability of 

Cytochrome-c (Cyt-c) in the presence of amino acid-based biodegradable choline IL.45 Reline is also found 

to protect C-kit G-Quadruplex DNA from severely high temperature.46 Hydrogen bond mediated 

electrostatic interaction plays a pivotal role in stabilizing reline microstructure. ESPR, Neutron scattering, 

and molecular dynamics studies establish the position of the chloride ion at the closer proximity of urea and 

hydroxyl group of choline cation.19,47,48 The common outcome of all these studies is the hydrogen bond 

formation between the chloride ion and the urea molecule, which in turn accommodate the urea within the 

hydrogen bond network. Posada et al. confirmed an inhomogeneity in the structure of reline, despite the 



presence of the hydrophilic choline chloride and urea molecules.49 However, only few experimental49–52 

and simulation studies53 demonstrated the role of the addition of water on the hydrogen-bonded network of 

reline. It has been shown that the viscosity, density, and refractive index of reline-water mixture are heavily 

disturbed50 In a recent work, Kashyap and group54 have reported a gradual modification of hydrogen bonds 

between the constituents of reline and water and found a drastic structural change of reline above the 

addition of 40wt% of water, which is in agreement with the neutron scattering study by Edler and co-

workers.52 In another work, Kashyap and group have incorporated molecular dynamics simulation and 

reported the strengthening of the hydrogen bond between ethylene glycol and its subsequent nano-

segregation on the addition of water and pointed out a competition between choline cation and ethylene 

glycol in making a hydrogen bond with the anion.55 Similar kind of competitive hydrogen bond formation 

in case of reline is also reported from the first principle molecular dynamics simulation by Siepmann and 

co-workers.53 

The formation of three-dimensional hydrogen bonds predominantly makes the water structure tetrahedral.56 

Conversely, the addition of osmolytes into water has an immense effect on the microscopic structure of 

water, for example: in a recent work, Smiatek and group proposed the strengthening of the water network 

in the presence of urea and TMAO.57 Besides that TMAO alone could also impact water network.58–63 

Molecular dynamics simulations have shown that water-TMAO interaction is stronger than that of water-

tetramethylurea.64 This is in line with an earlier study by Paul et al.65 Despite having a similar structural 

framework, tert-butyl alcohol and TMAO show a drastic difference in their behaviors on the water 

structure.26 The presence of multiple potential hydrogen bonding sites is responsible for the interference of 

urea into the tetrahedral structure of water.58,60,66,67 In their investigation, Choudhury and group probed a 

range of aqueous solutions of urea from ~1M to ~9M and verified that even at very high concentration urea 

does not have its deleterious effect on the tetrahedrality of water.68 The same group in another work 

correlates the structural order and hydrogen bond network of water with varying temperature.56 This kind 

of behavior of urea in water is also reported by Ojha et al. in their recent work69, though it is not in agreement 

with the Raman band analysis experiment by Walrafen et al.,70 which predicts urea to be a structure breaker. 

Adding to the case of sustaining tetrahedrality of water around a biomolecule, computational investigations 

by Bagchi and group have confirmed enhanced structural ordering of water molecules at the minor groove 

of DNA.71 In another study, the extent and mechanism of water structure perturbation in the presence of 

Glycerol and DMSO is analyzed thoroughly at the interface and the bulk of a nonpolar solute.72 Nayar et 

al. investigated the degree of disorder of water around a small peptide for different established water 

models.73 Later, Dubey et al. correlate the variation of temperature and contribution of jump-diffusion 

coefficient with that of the average tetrahedrality of water, which shows a decreasing average tetrahedral 



ordering with increasing temperature, while the contribution of jump-diffusion coefficient increases linearly 

with that of the average tetrahedral parameter.74 

The effect of urea on the water structure is arguable and how a bulky molecule like choline affect the 

structure of water is still largely unknown. In this investigation, by considering a range of aqueous ternary 

solutions with urea and choline chloride in 2:1 molar ratio, we have explored the role of the individual 

constituents in making/breaking the tetrahedral framework of water. The extent of contributions of the 

hetero atoms, capable of forming the hydrogen bond with the central water oxygen, has also been analyzed. 

The manuscript is arranged as follows: in section 2 we provide the modeling of the system and simulation 

details, in section 3 we discuss the distribution of solvent and co-solvents. Section 4 comprises of the 

quantification of the tetrahedrality of water structure and hydrogen bond structure analyses, followed by 

the concluding remarks in section 5. 

 

2. Methods 

2.1. Modeling 

We construct a cubic simulation box of edge length ~3.6nm. Subsequently, the simulation box is filled with 

the solvent and co-solvents accordingly. We have generated five different systems for this investigation, by 

varying the concentration of co-solvents urea and choline chloride along with the solvent water. These 

systems are, W: bulk water (represented in orange), W-UC (2:1): aqueous solution of 2M Urea and 1M 

choline chloride (represented in black), W-UC (4:2): aqueous solution of 4M Urea and 2M choline chloride 

(represented in red), W-UC (6:3): aqueous solution of 6M Urea and 3M choline chloride (represented in 

blue), W-UC (8:4): aqueous solution of 8M Urea and 4M choline chloride (represented in green). The 

aforesaid color codes for these different systems are maintained throughout the manuscript. Detailed 

information for each system is provided in the supplementary information (Table S1). 



 

Fig 1: Representative snapshot of the simulation box filled with Water (green), Urea (dark yellow), and Choline (violet). All 

constituents are represented in ball-stick. For the sake of visual clarity hydrogen atoms and chloride ions are not shown. 

2.2. Simulation Details 

We have performed all-atom molecular dynamics simulations using GROMACS package.75 OPLS-AA76 

force field is used to collect the topological parameters for the ammonium-based protein secondary structure 

stabilizer choline chloride and the protein denaturant urea, which is consistent with our recent works.40,41,77 

OPLS-AA performs quite well to reproduce experimentally verified physical properties. For example, in a 

very recent study, Doherty and Acevedo could reproduce physical properties like density, viscosity, surface 

tension and heat capacity of ChCl based DES that included urea too, for a wide range of temperature using 

the OPLS force field.78 Again in a recent work, Zhu et al. also showed that OPLS-AA force field could 

effectively reproduce the osmotic coefficient of sixteen drug-like small molecules.79 The force field 

parameters of the small molecules used in this investigation are represented elsewhere.41 To suffice the 

purpose of force field validation of the small molecules used here, we have computed the bulk densities of 

the investigated solutions (Table S2 and Fig S1 in Supplementary Information) and compare it with the 

experimentally verified one.80 We have found a good agreement between the experimental and simulated 

bulk density. SPC/E water model is used for our study.81 A 5000-steps energy minimization is performed 

for each system using the steepest descent method82 to remove the initial steric clashes. Subsequently, a 

500 ps equilibration under NVT ensemble is performed using the V-rescale thermostat83 to equilibrate each 

system at a temperature of 310K and to avoid the possibility of void formation in the simulation box. 

Further, we ensure equilibration at isothermal-isobaric (NPT) ensemble by attaining a steady pressure of 

~1 atm using the Parrinello-Rahman barostat84, considering a pressure relaxation time of 1ps. We found 

that this period of equilibration is sufficient for the convergence of thermodynamic parameters like pressure, 

Water           Urea        Choline 

3.6 nm 

3.6 nm 

3.6 nm 



temperature. Short-range Lennard–Jones interactions are accounted for using the minimum image 

convention.85 To estimate the non-bonding interactions including electrostatic as well as van der Waals 

interactions, a spherical cut-off distance of 1 nm is taken into account. In all three directions, periodic 

boundary conditions have been used to remove the edge effects. SHAKE algorithm is incorporated to 

constrain the bonds involving the hydrogen atom of the water molecules.86 Long-range electrostatic 

interactions are calculated using the particle mesh Ewald (PME) method.87 The production run time 

considered for all ternary mixture systems is 100ns (for bulk water it is 50ns) with a time step of 2fs and 

the trajectory is saved at every 2ps for analysis purpose. To extract a wide range of microscopic structural 

properties of the solvent, in-built modules of GROMACS 5.0.5 and some in-house scripts are used. For 

visualization purpose, we have used VMD 1.9.3.88 

 

3. Distribution of solvent and co-solvents around Water 

3.1. Radial Distribution Function 

Radial distribution function (rdf) (g(r)) provides insights on the average picture of the distribution of the 

constituents in the systems considered. This is calculated with the in-built module of GROMACS. In this 

investigation, we are mainly interested in structural aspects of water in the aqueous solution of reline, e.g. 

its self-distribution and also the distribution of urea and bulky choline molecules around the water-oxygen 

atoms (Ow). g(r) of water-oxygen (Ow), urea and, choline around water-oxygen (Ow) is represented in Fig 

2. We have calculated the g(r) from the last 10ns of the total trajectory. 



 

Fig 2: Radial distribution functions (g(r)) of a) water-oxygen (Ow), b) urea, and c) choline around water-oxygen (Ow) for different 

systems under study. The relevant parts of the aforesaid respective plots are magnified and shown in the same row. 

A careful examination of Fig 2 shows the existence of a sharp and single peak ~0.275nm (represented in 

Fig 2.a.I and magnified in Fig 2.a.II) which is present for all systems for the distribution of Ow around Ow. 

The position of this particular peak is also verified earlier by other groups.89,90 While increasing the wt% of 

reline in the system (W-UC (2:1) to W-UC (8:4)), water-oxygen atoms (Ow) approach each other as evident 

from Fig 2.a.II and the g(r) value increases to almost double from W-UC (2:1) to W-UC (8:4). This could 

be attributed to the crowding induced by reline on the water molecules. Similarly, an increase in the amount 

of urea (Fig 2.b.I) and bulky choline molecules (Fig 2.c.I) increases their amount around the Ow atoms. A 



closer observation of the g(r) plots reveals both urea (Fig 2.b.II) and choline (Fig 2.c.II) to have a peak 

around 0.2 nm, which precedes the Ow-Ow peak. This observation is in agreement with the work by 

Banerjee et al.91, where the authors show that owing to hydrogen bond formation between water-oxygen 

and the hydrogen bond donor, there is a peak around 0.2 nm. Here too, we have considered the center of 

mass (COM) rdf for urea and choline around Ow, where both molecules have potential hydrogen bond 

donor sites and Ow is an acceptor. For a deeper analysis of the distribution, we have plotted the g(r) of 

Ow/Urea/Choline around Ow for each system individually (Fig S2 in Supplementary Information) where 

peak intensity and peak positions of the constituents for a particular system are clearly visible. 

Further insights come from the quantification of the positional occupancy by the aforesaid components 

around Ow. We have calculated the relative number fraction (𝛷𝑖(𝑟)) of Ow/Urea/Choline around Ow to 

account for how the environment around Ow is being occupied by these constituents as we did in our earlier 

work.40 𝛷𝑖(𝑟) is formulated as- 

𝛷𝑖(𝑟) =

𝑁𝑖(𝑟)
∑ 𝑁𝑖(𝑟)𝑖

⁄

𝑁𝑖(𝑟𝐵𝑢𝑙𝑘)
∑ 𝑁𝑖(𝑟𝐵𝑢𝑙𝑘)𝑖

⁄
          (1) 

Here, 𝑁𝑖(𝑟) signifies the coordination number of Ow/Urea/Choline around Ow and 𝑁𝑖(𝑟𝐵𝑢𝑙𝑘)is designated 

as the coordination number of Ow/Urea/Choline around Ow at the bulk and  𝑟𝐵𝑢𝑙𝑘 ≫ 3Å. The subscript 

𝑖denotes the different components considered in the calculation, here Ow, urea, and choline. 



 

Fig 3: Relative number fraction 𝛷𝑖(𝑟) of Ow/urea/choline in (a) W-UC (2:1), (b) W-UC (4:2), (c)W-UC (6:3), (d) W-UC (8:4) as 

a function of distance (r) from Ow, respectively. In the inset, respective plots are magnified (up to r = 0.3 nm) for better 

visualization. 

𝛷𝑖(𝑟)> 1 signifies accumulation and 𝛷𝑖(𝑟) < 1 signifies exclusion of a particular constituent. As can be 

seen from Fig 3, for each system, 𝛷𝑖(𝑟) derived from Urea-Ow distribution and Choline-Ow distribution 

is compensating each other up to 0.25 nm and after that, there is a decrease of these two 𝛷𝑖(𝑟) values and 

rise of the 𝛷𝑖(𝑟), derived from Ow-Ow radial distribution which is also reflected in the g(r) plots (Fig S2 

in Supplementary Information). The 𝛷𝑖(𝑟) corresponding to Ow-Ow distribution is anticorrelated to  𝛷𝑖(𝑟) 

of Ow-Urea and Ow-choline. This is particularly visible around the maximum of the Ow-Ow distribution, 

where Ow-Urea and Ow-choline have sharp minima. For each pair, as bulk is approached, preferential 

accumulation/exclusion is diminished and 𝛷𝑖(𝑟) converges to 1. 

 

4. Quantification of structural changes of water 

4.1. Tetrahedral order parameter (TOP) 

The most widely used order parameter to elucidate the microscopic tetrahedral structure of water is the 

orientational tetrahedral order parameter (𝑞𝑡𝑒𝑡)92–94 (TOP), where 𝑞𝑡𝑒𝑡 is formulated as- 



𝑞𝑡𝑒𝑡 = 1 −
3

8
∑ ∑ (𝑐𝑜𝑠𝜃𝑗𝑘 +

1

3
)

24

𝑘=𝑗+1

3

𝑗=1

          (2) 

As tetrahedrality is concerned, for neat liquid water, four immediate water-oxygen (Ow) is considered 

around a central water-oxygen (Ow) and the angle subtended by two partners (j, k) with the central Ow is 

designated as 𝜃𝑗𝑘 here. 𝑞𝑡𝑒𝑡 = 1 signifies a perfectly tetrahedral ice-like structure, and 𝑞𝑡𝑒𝑡 = 0 signifies a 

completely random orientation like an ideal gas. A detailed explanation of this formula can be found 

elsewhere.95,96 For calculation purposes we have considered the last 10 ns of the trajectory. 

4.1.1. Probability distribution of TOP 

Following the trend found in some recent works,68,72,97 we have calculated 𝒒𝒕𝒆𝒕 using two protocols. In 

Protocol-1, while calculating 𝒒𝒕𝒆𝒕, only four immediate Ow atoms are chosen around a central Ow as the 

partners, and in Protocol-2 other electronegative heavy atoms (Nitrogen and Oxygen from Urea and 

Choline) along with Ow are chosen as the partners. 

As can be seen from Fig 4, the probability distribution of TOP (𝑃(𝑞𝑡𝑒𝑡)) of bulk water is represented in 

orange for comparison purpose (with Protocol-1 and Protocol-2), which has its peak value at 𝑞𝑡𝑒𝑡 ~ 0.75. 

The first row of Fig 4 is dedicated to Protocol-1 (solid lines) and the second row is dedicated to Protocol-2 

(dashed). It is evident from Fig 4 that for both Protocol-1 and 2 a shift of peak towards lower 𝑞𝑡𝑒𝑡 is observed 

as wt% of reline is increased, which indicates deviations from tetrahedrality and existence of structural 

disorderness. The peaks for the W-UC (2:1), W-UC (4:2), and W-UC (6:3) resides between 𝑞𝑡𝑒𝑡value of 

0.25 to 0.5. This is to be noted that in the case of W-UC (8:4) (for Protocol-1 and Protocol-2) the distribution 

is broad without any distinct peaks indicating the absence of any preferred structure. At this point, the 

increasing deviations of water molecules from tetrahedrality with increased reline wt% may seem 

contradictory with the increasing peak height in Ow-Ow rdf (Fig 2a). This apparent contradiction arises 

because, at higher concentrations, cosolvent molecules impose closer packing to the water molecules but 

the proper orientation to attain tetrahedral geometry is hindered in the crowded environment. Similar 

behavior was observed by Elola, M. D. et al. in aqueous solutions of formamide of different 

concentrations.98 



 

Fig 4: Probability Distributions (P(qtet)) of TOP considering (a.I.) Protocol-1 (solid line), (b.I.) Protocol-2 (dashed line) are plotted 

in the first column. In the second column, the respective differences of probability distributions of TOP from the probability 

distribution of TOP for the bulk water are plotted (a.II. & b.II.). 

In the second column of Fig 4, we provide the difference of 𝑃(𝑞𝑡𝑒𝑡) between bulk water and different 

systems under consideration and the magnitude of its non-zero value is a measure of deviation from the 

bulk water behavior. In the structured region (𝑞𝑡𝑒𝑡 > 0.5), peak height increases as wt% of reline increases. 

For this particular plot (Protocol-1 or 2) greater peak height in the structured region signifies a substantial 

deviation from the tetrahedrality. Conversely, as we move towards a less structured region (𝑞𝑡𝑒𝑡 < 0.5), the 

dip is maximum for W-UC (8:4) system as an increase in reline wt% shows a greater population in the 

disordered region. We find a similar trend for Protocol-1 and 2, as can be seen in either of the plots. 

The average values of TOP (〈(𝑞𝑡𝑒𝑡)𝑠𝑦𝑠𝑡𝑒𝑚〉) calculated for Protocol-1 (solid color bar) and Protocol-2 

(striped color bar) are shown in Fig 5 using bar diagrams along with that of the bulk water (solid orange 

bar). 



 

Fig 5: Average values of TOP (〈(𝑞𝑡𝑒𝑡)𝑠𝑦𝑠𝑡𝑒𝑚〉) for different systems following Protocol-1 and Protocol-2 are represented as bar 

plots. For comparison purpose 〈(𝑞𝑡𝑒𝑡)𝑠𝑦𝑠𝑡𝑒𝑚〉 for bulk water is also provided. 

The summarized outcome of Fig 5 is the gradual decrease in qtet value as reline wt% increases in the system. 

We also encounter an enhanced tetrahedrality in Protocol-2 than Protocol-1 for all the systems under 

investigation. 

System % increase in 〈(𝒒𝒕𝒆𝒕)𝒔𝒚𝒔𝒕𝒆𝒎〉 

W-UC (2:1) 6.95 

W-UC (4:2) 18.45 

W-UC (6:3) 27.34 

W-UC (8:4) 10.37 
 

Table 1: Percentage increase in the value of average TOP 〈(𝑞𝑡𝑒𝑡)𝑠𝑦𝑠𝑡𝑒𝑚〉 in Protocol-2 while comparing it with Protocol-1 for 

different systems. 

A comparison between the probability distributions is also provided in the supplementary information (Fig 

S3) using both the protocols for all the different systems. Table 1 represents the percentage of increment in 

〈(𝑞𝑡𝑒𝑡)𝑠𝑦𝑠𝑡𝑒𝑚〉 while going from Protocol-1 to Protocol-2. An increasing rise in the enhancement is 

observed going from W-UC (2:1) to W-UC (6:3), but the enhancement drops drastically to ~10% from 

~27% from W-UC (6:3) to W-UC (8:4). It can be attributed to the fact that, while accounting for the system 

W-UC (8:4), the number of water molecules in the system is negligibly small and the environment is highly 

crowded. Even in the case of Protocol-2, water molecules cannot suitably coordinate with electronegative 

hetero. This gets reflected in a considerably lesser enhancement of the average TOP value from W-UC (6:3) 

to W-UC (8:4). 



While calculating 𝑞𝑡𝑒𝑡 we need to consider the four immediate neighbors of the central water-oxygen (Ow) 

as partners. Depending upon the protocol of calculation chosen and the concentration of reline in the system, 

the distance of the neighbors from Ow varies. Fig S4 (supplementary information) represents the probability 

distribution (𝑃(𝑠)) of distance of the partners (according to Protocol-1 and 2) surrounding the central water-

oxygen atom (Ow) for different systems investigated and for different neighbors. 

4.1.2. Probability distribution of  𝜽𝒋𝒌 

A closer investigation of 𝑞𝑡𝑒𝑡 shows that, its value is completely governed by the value of 𝜃𝑗𝑘. Hence the 

trend we have obtained in Fig 4 can be best described by the distribution of the subtended angle (𝜃𝑗𝑘). 

 

Fig 6: Probability Distribution (P(θjk)) of angle  θjk subtended by two partners (j, k) with the central Ow following a. Protocol-1 

(solid line representation), b. Protocol-2 (dashed line representation). 

In Fig 6, Bulk water is represented in an orange solid line for comparison purposes. It shows that the peak 

of the probability ( 𝑃(𝜃𝑗𝑘)) resides between 100° and 110°, which accounts for the experimentally observed 

local tetrahedral angle constituted by the water-oxygen. For Protocol-1 and 2 we see a flattening of the 

probability plot between 100° and 110° and a sharp rise followed by a sudden drop between 30° and 50° as 

the wt% of reline increases (from W-UC (2:1) to W-UC (8:4)). However, this sharp peak rather resembles 

a hump when the reline concentration is low. As the reline concentration increases the transformation of a 

hump to a sharp peak between 30° and 60° addresses a noticeable structural distortion of water from 

tetrahedrality, which is in agreement with an earlier study,68 where the addition of urea molecules to the 

aqueous solution invokes a disturbance in the microscopic structural network of water. 

We have already witnessed an increase in average TOP value for Protocol-2 while comparing it with that 

of the Protocol-1 (Fig 5), for respective systems, this enhancement is originated from the value of the 

subtended angle 𝜃𝑗𝑘. In Protocol-2 as we have considered electronegative heteroatoms (Nitrogen and 



Oxygen) irrespective of the source, the central Ow finds its partner frequently in a more suitable position 

that forms an angle which contributes towards sustaining the tetrahedrality. To elucidate this point more 

clearly, we have plotted (𝑃(𝜃𝑗𝑘)) following Protocol-1 and Protocol-2 together for all the systems in the 

supplementary information (Fig S6). Here we find a higher probability of angular values for Protocol-2 in 

the structured region (between 100° and 110°), whereas the first peak (between 30° and 60°) is much 

prominent in case of Protocol-1. This trend is consistent in all the systems, which unarguably confirms a 

recovery of tetrahedral structure considering Protocol-2 but not Protocol-1. 

While analyzing Fig 6 for all the systems, we find a co-existence of two humps and the conversion of the 

first hump to a sharp peak at higher reline concentration. The stability of these two peaks can be expressed 

in terms of change in free energy and the position of their respective minima. This point out the propensity 

of a system to move from the highly structured region to the locally stable unstructured region and vice-

versa. The change in free energy (∆𝐺) is calculated as follows, 

∆𝐺 = −𝑅𝑇𝑙𝑛 𝑃(𝜃𝑗𝑘)                    (3) 

The free energy plots correspond to the subtended angle distribution are provided in the supplementary 

information (Fig S7) using the same color code as in Fig 6. 

4.1.3. Contribution of the cosolvent and recovery of tetrahedrality 

As evident from the earlier plots and calculations, we quantify the recovery of tetrahedrality in terms of 

orientational tetrahedral order parameter in Protocol-2, which is mainly driven by the subtended angle  𝜃𝑗𝑘 

as evident from Fig S6 in the supplementary information. 

The structural recovery observed in Fig 5 and Table 1 is due to the frequent presence of the co-solvents as 

the immediate neighbors. In Fig 7 we represent the contribution of the water, urea, and choline cation 

towards 𝑞𝑡𝑒𝑡 at different neighboring positions for which a substantial increment in 𝑞𝑡𝑒𝑡 is observed in 

Protocol-2. The fraction of contribution as a partner while calculating 𝑞𝑡𝑒𝑡 is designated by 𝛾𝐶 in Fig 7. 



 

Fig 7: Contribution of the constituents in calculating 𝑞𝑡𝑒𝑡 as four immediate neighbors in the systems considered for this 

investigation using Protocol-2. 

It is evident from Fig 7 that in case of the W-UC (2:1) system, the neighbors are majorly populated by the 

water molecules having a value of 𝛾𝐶 ~ 0.9 and the presence of the other constituents as neighboring 

partners is negligibly small. The presence of water molecules as neighbors decreases as the wt% of reline 

increases which causes the increment in 𝑞𝑡𝑒𝑡 in Protocol-2. As can be seen from Fig 7, for every system we 

find a steady decrease in contribution from the water molecules while considering the fourth neighbor, 

hence accountable numbers of urea and choline cation are populated in the fourth neighboring position even 

when the wt% of reline is low enough. Therefore, the bulging observed in Fig S3 (supplementary 

information) majorly comes from the consideration of co-solvents as the fourth position. In W-UC (4:2) 

system, almost 20% contribution at the fourth neighboring position comes from urea which even increases 

further in W-UC (6:3) and equally shares 80% of the total partner contribution with water. We further 

increase the wt% of reline to ~91% in the case of W-UC (8:4), where urea and choline cation contributes 

almost 60% to 70% of the total partner count at all neighbors. Fig 7 provides an idea that even in the low 

reline concentration particularly the fourth neighboring position started contributing to TOP that makes a 



difference in Protocol-1 and 2 and this neighbor contribution keeps on increasing and contributes heavily 

to further addition of reline along with other neighbors. 

4.2. Analysis of Hydrogen bonded solution structure 

4.2.1. Substitution of number of hydrogen bonds 

 

Fig 8: Bar plot representation of scaled hydrogen bond number (𝜒𝐻𝐵 ) for water-water, water-urea, water-choline for different 

systems under consideration. In the inset, the sums of 𝜒𝐻𝐵 s of all three aforesaid pairs are provided. 

We further analyze the number of hydrogen bonds between different constituents in the system. For this, 

we have considered a parameter 𝜒𝐻𝐵 to account for the number of hydrogen bonds formed between water 

molecules and other co-solvents and we termed it as the scaled hydrogen bond number 𝜒𝐻𝐵 and defined it 

as follows, 

𝜒𝐻𝐵 =
𝑛𝐻𝐵

𝑛𝐻2𝑂
          (4) 



Here, 𝑛𝐻𝐵 denotes the number of hydrogen bonds between two specific constituents, such as water-water, 

water-urea, water-choline and 𝑛𝐻2𝑂  is the number of water molecules in that particular pair. 

Fig 8 depicts that, as reline wt% increases there is a decrease in 𝜒𝐻𝐵(Water-Water), and a simultaneous 

increase in 𝜒𝐻𝐵(Water-Urea) and 𝜒𝐻𝐵(Water-Choline). This observation is quite expected as the number of 

urea and choline molecules increases with increase in wt% of reline. It is also evident from Fig 8 that the 

water-water hydrogen bond is substantially replaced by water-urea hydrogen bonds. A drastic reduction of 

~75% in the magnitude of 𝜒𝐻𝐵(Water-Water) is observed while comparing W-UC (8:4) and W-UC (2:1). 

Simultaneously 𝜒𝐻𝐵(Water-Urea) increases five folds in W-UC (8:4) compared to W-UC (2:1) and 

dominantly water-urea hydrogen bonds govern the hydrogen bond network in the system. 𝜒𝐻𝐵(Water-

Water) and 𝜒𝐻𝐵(Water-Urea) shows comparable values in W-UC (6:3) system, and then 𝜒𝐻𝐵(Water-Urea) 

surpasses 𝜒𝐻𝐵(Water-Water) on further addition of co-solvents into the system. 

In the inset of Fig 8, we have plotted ∑ 𝜒𝐻𝐵 which is calculated as follows, 

∑ 𝜒𝐻𝐵 =
𝑛𝐻𝐵(𝑊𝑎𝑡𝑒𝑟 − 𝑊𝑎𝑡𝑒𝑟) + 𝑛𝐻𝐵(𝑊𝑎𝑡𝑒𝑟 − 𝑈𝑟𝑒𝑎) + 𝑛𝐻𝐵(𝑊𝑎𝑡𝑒𝑟 − 𝐶ℎ𝑜𝑙𝑖𝑛𝑒)

𝑛𝐻2𝑂
          (5) 

We find constancy in ∑ 𝝌𝑯𝑩 value for all systems under consideration, though a little reduction in W-UC 

(8:4) system is observed, which is due to a stark reduction in the number of water-water hydrogen bonds. 

This constancy in the number of hydrogen bonds while adding co-solvents is in agreement with that of the 

molecular dynamics study by Stumpe et al.99 

In the supplementary information (Fig S8) we have provided the numbers of hydrogen bonds between 

choline and urea per choline cations. We find that with an increase in the reline wt% in the system the 

number of hydrogen bonds increases from 0.1 (in W-UC (2:1)) to 0.7 (in W-UC (8:4)). It accounts for the 

closer proximity and stronger interaction between choline and urea at higher concentrations. 

4.2.2. Microscopic origin of structural recovery 

While analyzing the water structure, we find that different water molecules are surrounded by different 

numbers of co-solvents, along with other water molecules. The successful numbers of co-ordination of a 

central water molecule are calculated using the geometric criteria of hydrogen bonding. 100 We have taken 

all donor-acceptor possibilities into account that could potentially form a hydrogen bond. Different modes 

of hydrogen bond formation for water molecules are provided in the supplementary information for a better 

understanding (Table S3). 



 

Fig 9: Fraction of mono, bi, tri, tetra, and penta coordinated successful hydrogen bonds with a central water molecule for different 

systems considering all constituents as potential donor/acceptor having proper hydrogen bond-forming site. 

 

As can be seen from Fig 9, the bi and tri coordinated (red and green bar respectively) water molecules play 

the major role in deciding the hydrogen-bonded structure, but in the case of W-UC (8:4), which is the 

densest system considered, an abundance of mono coordinated (black bar) central water molecules was 

found that govern almost 50% of the total hydrogen-bonded structure. Calculation of TOP considering 

Protocol-1 and 2 (Fig S3, green solid line and dashed line) evaluates this particular system to be the most 

disordered one, which is the consequence of the major absence of multiple successful hydrogen bonds 

especially the simultaneous formation of four successful hydrogen bonds, evident from Fig 9. For other 

systems, we observe around 70% of the central water molecule is either bi or tri coordinated. The presence 

of water molecules with lower coordination numbers has been confirmed using dielectric relaxation 

spectroscopy. For example, Lu et al. estimated the average hydrogen bond number per water from the 

activation enthalpy obtained from dielectric relaxation spectroscopy of DMSO solutions.101 The numbers 

vary between 2 and 3 justifying the presence of bi or tri coordinated water molecules. Similar results were 

found when the effective hydration number of choline was monitored in aqueous choline chloride solutions 



by Shaukat et al.102 The average hydrogen bond numbers in the ternary mixtures considered in the present 

study are influenced by both choline and urea molecules and a properly designed similar experiment, on 

the mixtures with higher reline wt% can in principle confirm the presence of bi and tri coordinated water 

molecules. The formation of a proper tetrahedral water structure requires four hydrogen-bonded partners 

but it is evident that successful tetra coordination (blue bar) is maximum in the case of W-UC (4:2) which 

is 20% of the total hydrogen-bonded network. The value of the contribution of tetra-coordinated water 

molecules for the W-UC (8:4) system is less than 5% and as a result, the microscopic water structure 

deviates severely from tetrahedrality. In Fig 9, we have also considered the penta coordinated (sky blue 

bar) central water molecules but it shows a negligibly small contribution, and therefore not considered here. 

Further, the numbers of different constituents connected to water with a specific coordination number have 

been calculated. Based on these constituent numbers, the coordination number has been classified into 

different binding modes and represented as triplet of numbers consisting of the numbers of Water (W), Urea 

(U), and Choline (C) coordinated to it. The triplet of numbers used in the next few plots (Fig 10 a-d) 

designates successful coordination of a central water molecule by water (W), urea (U), and choline (C) 

respectively as it is provided in Table S3 in the supplementary information. We use the term coordination 

to simply explain the number of successful hydrogen bonds with the central water molecule. We provide 

the representative structure of the majorly contributing binding modes in the following plots. 



 

Fig 10a: Fraction of different possible mono coordinated binding modes for successful hydrogen bond formation with a central 

water molecule for different systems considering all constituents as potential donor/acceptor with proper hydrogen bond-forming 

site. In the plot, we represent the diagram of the major contributing modes only. 

 

Fig 10a explains the different coordination possibilities of mono coordinated water molecules. In W-UC 

(2:1) system where reline wt% is only 26%, we find above 95% of the mono coordinated (Fig 10a, black 

bar) water molecules are coordinated only with water molecules. The presence of urea and choline in the 

coordination sphere is negligible. As reline wt% increases the potential contribution in the mono 

coordination mode is coming from the urea molecules and it reaches to cover maximum of 50% of the 

mono coordinated (Fig 10a, red bar) water molecules which are singly and successfully hydrogen-bonded 

by a urea molecule in the W-UC (8:4) system. The contribution of singly hydrogen-bonded water molecules 

by a water molecule reduces to 40% of the total mono coordinated counts (Fig 10a, black bar). This clearly 

shows the proper positioning of a urea molecule near the central water molecule that could potentially form 

the hydrogen bond. 



 

Fig 10b: Fraction of different possible bi coordinated binding modes for successful hydrogen bond formation with a central water 

molecule for different systems considering all constituents as potential donor/acceptor having proper hydrogen bond-forming site. 

In the plot, we represent the diagram of the major contributing modes only. 

 

Fig 10b sheds light on the bi coordinated water molecules. We find that for W-UC (2:1), W-UC (4:2), and 

W-UC (6:3) the bi coordination mode entirely comes from the water molecule (Fig 10b, black bar) and it 

is around 95%, 80%, 55% respectively. Other modes of bi coordination contribute negligibly in the 

aforesaid systems but an increase in the number of co-solvents in the system favors the coordination from 

the urea molecules and one of the water molecules is successfully replaced by one of the urea molecules in 

the major contributing mode within the coordination sphere (Fig 10b, black bar height gradually decreases 

and red bar height gradually increases as reline wt% increases). A closer look into the W-UC (6:3) system 

depicts the simultaneous coordination from the water and urea (Fig 10b, red bar) contributes around 30% 

of total bi coordination. In W-UC (8:4) we find a substantial amount of water molecules where bi 

coordination entirely comes from the urea (Fig 10b, blue bar) which covers ~30% of the total bi 

coordinating binding mode. Also, in W-UC (8:4), simultaneous coordination from urea and water (Fig 10b, 

red bar) contributes ~40% of the binding mode which is maximum in this system. 



 

Fig 10c: Fraction of different possible tri coordinated binding modes for successful hydrogen bond formation with a central water 

molecule for different systems considering all constituents as potential donor/acceptor having proper hydrogen bond-forming site. 

In the plot, we represent the diagram of the major contributing modes only. 

 

It is evident from Fig 10c that coordination by water molecule is pivotal for W-UC (2:1), W-UC (4:2), and 

W-UC (6:3) (Fig 10c, black bar). This observation is similar to that of the mono and bi coordinated (black 

bar in Fig 10a and Fig 10b) water molecules where we find a potential contribution coming from the 

occupancy of space only by the water molecules. An increase in reline wt% increases the coordination 

possibility by urea and choline which is very likely. The direct and most prominent outcome of the inclusion 

of co-solvent is the replacement of a water molecule by a urea molecule within the coordination sphere (Fig 

10c, decrease in the height of the black bar and rise in the height of the red, blue, yellow bars). As we 

include urea and choline into the systems, W-UC (4:2) system onwards, at least one of the coordination 

sites always remains occupied by the atoms from urea molecules (Fig 10c, red bar), while in W-UC (8:4) 

system tri coordinated binding mode that contains two atoms from the urea molecules contributes maximum 

(Fig 10c, blue bar). Another astonishing observation is the gradual rise of the yellow bar which signifies 

that the central water molecule could even accommodate three potential hydrogen bond-forming atoms 

from the urea molecules. 



 

Fig 10d: Fraction of different possible tetra coordinated binding modes for successful hydrogen bond formation with a central 

water molecule for different systems considering all constituents as potential donor/acceptor having proper hydrogen bond-forming 

site. In the plot, we represent the diagram of the major contributing modes only. 

 

Fig 10d also shows that even in the case of tetra coordinated binding mode for lower reline concentration, 

successful hydrogen bond is only formed by the water molecules (Fig 10d, black bar). Similar to the tri 

coordinated water molecules hydrogen bond formation by urea molecules increases (red, sky blue, and 

yellow bar) as reline wt% increases. Though the percentage of water molecules that undergo successful 

tetra coordination is negligible for W-UC (8:4) as evident from Fig 9, the presence of three coordination 

sites (yellow bar) and four coordination sites (brown bar) entirely contributed from urea molecule is not 

negligible. 

5. Conclusion 

We use extensive all-atom molecular dynamics simulations to explore the microscopic characteristics of 

water in the presence of co-solvents. In this investigation, we use reline as the co-solvent in a solution which 

consists of a well-known protein denaturant urea and a well-known protein secondary structure protecting 



osmolyte choline chloride. We gradually increase the amount of reline within the system to observe the 

change it could invoke around the water. An accumulation of water molecules is observed while the wt% 

of reline is increased in the system, as evident from the radial distribution plot. There is also the likelihood 

of more amounts of co-solvents surrounding the water molecules (Fig 2). The position of the water-oxygen 

(Ow) self pair-correlation peak is in good agreement with that of the experimentally verified one103. Further 

insights are drawn from the relative number fraction ( 𝛷𝑖(𝑟)), which accounts for the spatial occupancy of 

the constituents surrounding the water-oxygen (Ow). It shows whenever there is an increase in the amount 

of water surrounding the water molecule there is an overall decrease in the amount of urea and choline (Fig 

3). 

The internal structural arrangement of water is further explored by computing the orientational order 

parameter (𝑞𝑡𝑒𝑡), the value of which varies between 0 and 1.  The value 0 signifies complete random 

orientation, while the value 1 confirms the ice-like tetrahedral structure. In our work, we witness a gradual 

deviation from tetrahedrality as we introduce reline in water and increases reline concentration (Fig 4). 

Consideration of Protocol-2 shows an increase in the tetrahedrality of the water molecules as the central 

water molecule has more partners (Fig 5). But this increased in tetrahedrality in Protocol-2 compared to 

Protocol-1 is non-monotonic (Table 1). As discussed earlier the value of 𝑞𝑡𝑒𝑡 is dependent on the subtended 

angle  𝜃𝑗𝑘 and we find a stabilization value of ~1kcal/mol by converting this to a free energy landscape that 

looks like a double well. This signifies structural disorder for bulk water, but this difference decreases 

gradually as the amount of reline increases in the system (Fig S7, supplementary information). However, 

this stabilization is negligible as it is comparable to the thermal fluctuations. 

The water internal structure is guided by the enhanced hydrogen bond network, and we have quantified it 

by calculating the scaled hydrogen bond number (𝜒𝐻𝐵). It reveals the substitution of water-water hydrogen 

bonds substantially by the water-urea hydrogen bonds and to some extent by the water-choline hydrogen 

bonds. Interestingly choline has significant hydrogen-bonded interactions with urea molecules. A plot of 

the number of urea-choline hydrogen bonds in different systems indicates an enhanced urea-choline 

interaction with increased reline concentration (Fig S8, supplementary information). The important role of 

choline mediated hydrogen bonds in reline and other deep eutectic mixtures has been shown by Minofar 

and group.104–106 However we focused to elucidate the structure of water in the presence of reline with 

varying concentrations. We strengthen our study by calculating the fraction of water molecules that could 

effectively accommodate different numbers of hydrogen bonds. We find that while the wt% of water is 

higher the system is mainly driven by the bi and tri coordinated water molecules, an increase in reline wt%, 

especially in case of W-UC (8:4) system is driven by the mono coordinated water molecules. Further 

analyses of the different modes of binding for mono, bi, tri, tetra coordinated water molecules reveal that 



the successful hydrogen bonds made by water molecules with other water molecules are gradually replaced 

by urea those enter the coordination sphere of the water molecules. For example, in the case of tetra 

coordinated water molecules, we find a gradual replacement of the water-bound sites by the urea hydrogen 

bond sites, as can be seen from the bar plot diagrams. From these aforesaid plots (Fig 10 a-d) it is evident 

that owing to the presence of multiple potential hydrogen bonding sites the scenario of water structure 

recovery in terms of tetrahedrality mainly comes from the urea molecules as it actively penetrates the water 

coordination sphere whereas the bulky choline molecules do not significantly participate in hydrogen bond 

formation. This in turn accounts for the interference of urea molecules within the hydrogen-bonded water 

molecules. Hence it proves the crucial role played by the hydrogen bond network in deciding the overall 

property of a system. We believe now we have a better understanding of the change in the microscopic 

picture of water structure in the presence of reline as the latter is varied from low to high concentration. 

The reline and aqueous reline solution have important roles to modulate the solvation and stabilization of 

large macromolecules like protein, nucleic acid, polymer, etc. For example, (i) aqueous reline solution can 

prevent the unfolding of HP-36 by urea,40 (ii) it can stabilize the quartet DNA conformation107 and (iii) it 

also helps in the solvation of PEG 400105. The understanding of the role of hydrogen bond acceptor and 

donor in deep eutectic solvent (DES) from this study can motivate the design of more efficient DES for 

specific purposes by modulating the chemical nature of the constituents and their compositions. 

Supplementary Information 

A brief overview of the simulated systems; Comparison between experimental and simulated density; RDF 

of the constituents for all systems; Comparison of P(qtet) between Protocol-1 & 2; Distance distribution of 

the four immediate neighbors; Probability distribution of the subtended angle for Protocol-1 and 2 and free 

energy representation; Number of hydrogen bonds between urea and choline; Hydrogen bond coordination 

statistics. 
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