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ABSTRACT 

 
Water is one of the most important solvents due to its large compound on earth. 

Water is essential for many chemical reactions, the fluids of all known living 

organisms, and the main component of biological systems. However, the structure of 

the molecular water ensemble in the vicinity of the polymers is under discussion. 

During the past few decades, many experimental and theoretical studies have investigated 
the hydrated polymer to clarify its structure, especially polymers’ bio/blood compatibility. 
The interactions between water and polymers are dependent on structure, polarity, 
hydrophilicity or hydrophobicity, and functional groups. In this study, we use the 

molecular dynamics method to analyze the structure of water in the vicinity of 

bioactive polymers onto gold surface at various temperatures. The different 

amounts of TIP3P/B water and external electric field are also considered. Water 

distributions around functional groups, hydrogen bond network, and tetrahedral 

order are analyzed to classify various types of water around the polymer. We 
discovered a tight association between water's tetrahedral arrangement and its XES 
experiment. We found that four water zones are separating from one another in the range 
of 1 to 6 Å around polymers. As a result of interactions between water molecules and 
functional groups like hydroxyl, ether, and ester, intermediate and non-freezing water is 
generated. 
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1. Introduction 
1.1 Water Introduction 
   Recognizing that liquid water possesses certain peculiar and significant 
physical and chemical characteristics. In essence, according to scientists, it 
serves as the background against which the molecular building blocks of life 
are arranged due to its potency as a solvent, its capacity to form hydrogen 
bonds, and its amphoteric properties. For instance, simulating biomolecules 
on computers when they are in a vacuum used to be a frequent technique. 
This was due in part to the computational difficulty of modelling a polymer 
chain without taking solvent molecules into account, but it also represented 
the widespread belief that water just tempers or moderates the fundamental 
physicochemical interactions that underlie molecular biology. Therefore, 
water was the matrix of the world and of all its creatures.1,2 
   One water molecule includes of one negatively polarized oxygen atom 
and two positively polarized hydrogen atoms with different 
electronegativity (Fig. 1.1). If there are many water molecules present in a 
system, the polarized nature of the water molecule can be a driving force for 
an intermolecular interaction known as a hydrogen bond. A hydrogen bond, 
as defined by the International Union of Pure and Applied Chemistry 
(IUPAC), is an attractive interaction between an acceptor atom or group 
such as X-H group in which X is more electronegative than H.3, 4 The 
oxygen atom of a water molecule is covered by two non-bonding electron 
pairs, as can be seen in the structural formulas in Fig. 1.1. While hydrogen 
atoms are naturally hydrogen bond donor sites, these lone pairs can serve as 
good acceptor sites for hydrogen bonds. 

Fig. 1.1 Formation of a 
water molecule. a) 
Structural formula. b) 
Schematic model with 
bond length, angle and 
electrostatic potential. c) 
Hydrogen bond between 
two water molecules 
(purple dashed line) 
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As a result, "O ̶ H…O " is used to denote the hydrogen bonding between 
water molecules (Fig. 1.1c). An average hydrogen bond has an enthalpy of 
a few tens kJ/mol (a few thousand cm-1).5-7 Such a number can change the 
entire characteristics of water and is greater than a van der Waals interaction. 
For instance, hydrogen bonding explains the resistance to evaporation when 
heated. Due to this, water has a higher boiling point than would be predicted 
solely on its molecular weight. It is now beyond dispute that the hydrogen 
bond controls water's distinctive properties. 
  
1.2 Hydrated polymer and biomedical materials 
   In medical applications, biomedical materials are utilized to repair or 
replace damaged tissue and to control biological functions based on 
biophysical and biochemical cues.8,9 The fabrication of biomedical 
materials necessitates interdisciplinary understanding of material science 
and technology, basic biological processes, and interactions between 
materials and living things. Surface features of biomedical materials have 
an inescapable impact on their molecular biological characteristics and 
biomedical applications because they influence biological processes such as 
biological signaling, transportation, and kinetics.10,11 
   Since the biomedical materials, including biological fluids, are used in 
water, the hydration of biomedical material will appear on the surfaces. 
Interfacial water is defined as the water at the interface between water and 
the surface of the material. Interfacial water interacts with the surface 

Fig. 1.2 The classification 
of interfacial water was 
divided into three categories 
around a material in this 
regard: free water (FW), 
intermediate water (IW), 
and non-freezing water 
(NFW) 
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through hydrogen bonding, hydrophobic hydration, van der Waals contacts, 
and electrostatic interactions.12,13 The network of water molecules is 
reformed by the interaction with materials at the interface, despite the fact 
that in bulk water, water molecules dynamically form a cluster network that 
does not interact with materials. A distinctive hydration structure is created 
as a result of the restructuring of water molecules at the interface. 
   Due to changes in measuring techniques and the definition of interfacial 
water states, the classification of interfacial water is varied and intricate. On 
the basis of their thermal behavior and mechanism of binding, the interfacial 
water was divided into three categories in this regard: free water (FW), 
intermediate water (IW), and non-freezing water (NFW).14,15 Since the non-
freezing water is not frozen below 273 K and lacks any structures, it is 
regarded as disorder. The intermediate water, on the other hand, has a 
tetrahedral structure when the temperature decreases to below temperature 
273 K, making it the order. The free water at temperature 273 K is regarded 
as the order since it has an ice structure. Free water, furthermore, is regarded 
as bulk water when temperature is higher than 273 K and has no interaction 
with any polymers.  
   At the room temperature, because the intermediate water is weakly 
(loosely) attached to the surface of biomedical materials such as polymer 
molecules, it forms a more stable structure than free water, while non-
freezing water (tightly bound water) has significant interactions with 
polymer molecules. The direct contact between the protein or cell and the 
polymer surface, which is necessary for biocompatibility, is therefore 
prevented if the intervening water layer grows thick enough.15 Breaking the 

Fig. 1.3 Schematic model of the 
4-coordinated water molecule 
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intermolecular hydrogen bond between water molecules causes loosely 
bound water to develop, which is subsequently linked near to the hydroxyl 
groups of polymers to create a layer.16 Accordingly, the water layer can be 
categorized as firmly bound, closely bound, or free based on how near or 
how far away it is from the polymer. In the processes of protein adsorption, 
platelet adhesion, adhesive cell adhesion, proliferation, and differentiation, 
the amount of interfacial water present on the surfaces of biomedical 
materials is essential. As a consequence, the interfacial water of biomedical 
materials plays an important role in the design of advanced biomedical 
materials. However, the formations of these 3 types of water are still debated 
until now. The studies in chapter 2 and 3 contribute to clarify these issues. 
   Nowadays, due to the rapid development of nanotechnology, 
nanomaterials are used in various applications, especially for biomedical 
materials in health and medicine. Nanomaterials, especially gold, have a 
wide range of chemical, optical, and physical properties that make them 
especially interesting for biomedical applications such as drug delivery. 
Gold nanostructures are also used in enhancing scientific analytical 
instruments such as photoluminescence, localized surface plasmon 
resonance, resistance, surface-enhanced Raman scattering, bioinert nature 
or photo thermal effect.17-20 With the new properties of nanomaterials, the 
associations by various nanomaterials in one composite material are 
necessary for developing in materials science in the future. Therefore, these 
studies in this thesis combine gold and polymers as the constituent materials 
to survey the interfacial water of biomedical materials.   
 
1.3 The relationship between tetrahedral order method and XES 

experiment 
   In principle, up to four hydrogen bonds can be formed around a single 
H2O molecule due to the fact that it has two hydrogen bond acceptor sites 
(two lone pairs) and donor sites (two OH groups) (Fig. 1.3 and Fig. 1.1). In 
practice, the local structure of liquid water is united with the propensity of 
water molecules to make four hydrogen bonds with their closest neighbors 
in a tetrahedral arrangement. As a result, the liquid state structure is 
comprised of a fluctuation, open network with local tetrahedral order. 
However, this tetrahedral order increases when the temperature decreases 
below 273 K and tetragonal phase of water changes from liquid to solid state 
with structures such as ice Ic and Ih. In the case of applying an electric field, 



 
 

5 
 

 

tetragonal phase, derived from ice Ic, has a cubic diamond-type oxygen 
sublattice structure.21,22 These network creation and structure are the result 
of the numerous hydrogen bond formation. Structures and dynamics of 
hydrogen-bonded water networks have drawn a lot of attention because of 
the hydrogen bond's inherent significance in the study of water. 
   Measuring structural order in liquids and glasses has proven particularly 
complicated in molecular dynamics simulation because, while such systems 
have short-range order, they lack long-range crystalline organization. 
However, it is still challenging to accurately describe fluids like water, 
where directional attractions (hydrogen bonds) combine with short-range 
repulsions to determine the relative orientation of neighboring molecules as 
well as their instantaneous separation. While some improvement has been 
made using model systems of hard spheres, this challenge still exists.23,24 
This challenge is specifically significant when considering the unusual 
thermodynamic and kinetic properties of water, which have long been 
qualitatively explained in terms of underlying structural factors. Jeffrey R. 
Errington & Pablo G. Debenedetti25 aim to get a superior comprehension of 
these structure-property interactions by investigating orientational order 
parameter q for 4-coordinated water molecules in a water model.26,27 A 
convenient measurement of the local tetrahedral associated with a given 
oxygen atom i is given by:  

      𝑞𝑡𝑒𝑡 = 1 −
3

8
∑ ∑ (cos 𝜃𝑖𝑗𝑘 +

1

3
)

2
4
𝑘=𝑗+1

3
𝑗=1                             (1) 

where θ is the angle between the bond vectors rij and rik, j and k labels are 
typical for the four nearest oxygen atoms. The value of q can range from 0 
to 1, where 0 is for the ideal gas, and 1 is for perfect tetrahedral structures. 
   This tetrahedral order value also matches the results of the water X-ray 
emission spectroscopy (XES) experiment. One of the direct observational 
techniques frequently used to study the electronic transitions between core 
and valence orbitals in the spectroscopy of liquid water is XES.28 Previous 
investigations showed that the sharp 1b1’ and 1b1’’ peaks in the high-
resolution O 1s XES spectra of liquid water are separated by the non-
bonding 1b1 lone-pair.29  Due to the presence of a four-fold H-bonded 
structure (1b1’) and lower ones, these two peaks can be linked to two 
different structural geometries in liquid water (1b1’’). These two peaks 1b1’ 
and 1b1’’ were found to change from the ice to gas phase based on practical 
and theoretical studies of excitation energy-dependent spectra at various 
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temperatures.      
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2. The effect of temperatures on the structural order of water molecules 
around polyrotaxane 
2.1 Abstract 
   In materials science, water plays an important part, especially at the 
molecular level. It shows various properties when sorbed onto surfaces of 
polymers. The structure of the molecular water ensemble in the vicinity of 
the polymers is under discussion. In this study, we used molecular dynamics 
methods to analyze the structure of water in the vicinity of the polymer 
polyrotaxane (PR), composed of α-cyclodextrins (α-CDs), a poly(ethylene 
glycol) (PEG) axial chain, and α-lipoic acid linkers, at various temperatures. 
The distribution of water around the functional groups, hydrogen bond 
network, and tetrahedral order were analyzed to classify the various types 
of water around the polymer. We found that the tetrahedral order of water 
had a strained relationship from the XES experiment. Four water regions 
were separated from each other in the vicinity of 1 to 5 Å around PR. The 
intermediate and nonfreezing water were formed due to the interaction 
between water molecules and the functional groups, such as hydroxyl, ether, 
and ester. 
 
2.2 Introduction  
   Water is an essential solvent due to it being the most common compound 
on Earth. Water is necessary for many chemical reactions, is the fluid of all 
known living organisms, and is the main component of biological systems 
and materials science. Many extraordinary properties of water often 
originate from the presence of hydrogen bonds. Although the science of bulk 
water and water on hydrophobic surfaces is well understood, 
comprehension of the hydrophilic surface still needs extensive study, 
especially for superhydrophilic materials. In a water molecule, the oxygen 
atom makes a 104.51 angle with the hydrogen atoms.1 Because of its polarity, 
water can dissolve hydrophilic proteins, ions, gases, and organic liquids.2 
One water molecule in the liquid or solid phase usually has four hydrogen 
bonds with its neighboring molecules. The hydrogen atoms are close to two 
corners of a tetrahedron centered on the oxygen atom.3 
   In contrast, the other two corners are lone pairs of valence electrons that 
the oxygen atom uses to pair up with two hydrogen atoms of different water 
molecules. In a perfect tetrahedron, the atoms form a 109.51 angle, but the 
lone pair repulsion is greater than the repulsion between the hydrogen 
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atoms.4 Therefore, water has many applications at the nanoscale, especially 
in biomaterials.5,6 During the past few decades, many experimental and 
theoretical studies have investigated the hydrated polymer to clarify its 
structure, especially polymer bio/blood compatibility.7,8 The interactions 
between water and polymers are dependent on structure, polarity, 
hydrophilicity or hydrophobicity, and functional groups.9–12 The reordering 
of water molecules under the influence of the above causes has resulted in 
the formation of various geometries of water, such as tetrahedral order and 
different constituted conformations or layering around polymers.13–15 
Several chemical and physical experimental methods have been used to 
identify and quantify the different types of water in the regions close to the 
interfaces. The three primary techniques used are differential scanning 
calorimetry (DSC), nuclear magnetic resonance (NMR), and infrared (IR) 
spectroscopy.16–19 The water around a polymer is classified into three types: 
• Free water (or freezing water) 
• Freezing-bound water (or intermediate water) 
• Non-freezing water (or non-freezing-bound water) 
   The water layer formed from intermediate water is a more stable structure 
than free water due to it being weakly (loosely) bound to the polymer 
molecule, while non-freezing water (tightly bound water) has strong 
interactions with polymer molecules. Thus, if the intermediate water layer 
becomes sufficiently thick, it prevents the protein or cell from directly 
contacting the polymer surface, which is essential for biocompatibility.20 
Loosely bound water arises by breaking the intermolecular hydrogen 
bonding between water molecules, and these water molecules are then 
attached close to the hydroxyl groups of polymers to form a layer.21 
Therefore, the water layer can be classified as tightly bound, closely bound, 
or free depending on the distance between it and the polymer. 
   This study examined the types of water by simulation methods and 
classified water by its tetrahedral order and density in regions around the 
polymer placed on a gold surface. The simulation results were related to 
those reported in previous experimental and theoretical studies. Gold has 
been studied as a functionalized material in recent decades due to the various 
applications of gold nanoparticles in biological systems, especially studies 
on wetting water droplets on gold surfaces with the occurrence of 
polymers.22,23 Gold is also commonly seen in applications such as 
nanofluidic manipulation, lab on a chip, and electrowetting.24,25 In this work, 
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in addition to investigations for water, we also studied the molecular 
dynamics properties of polyrotaxane (PR),26–29 composed of α-
cyclodextrins (α-CDs) with α-lipoic acid (ALA) linkers and a polyethylene 
glycol (PEG) axial chain, placed on a gold surface. PEG is a polymer with 
the subunit C–O–C and is soluble in water, except for PEG with high 
molecular weight.30–32 Thus, it is a prominent solvent for low-temperature 
crystallography, modulators of osmotic pressure, and polymer–drug carriers 
in drug delivery.33–37  
   Furthermore, each α-CD in PR has 18 hydroxyl groups which contribute 
to the formation of intermediate water layers. In this study, we chose the 
water model TIP3P/B because it is appropriate for the explicit calculation 
of long-range electrostatic interactions. In addition, this water model can 
obtain the improved representation of long-range structures for a more 
tetrahedral HOH angle. Therefore, TIP3P/B is very important for the 
categorization of the type of water through tetrahedral order calculation.38  
   We evaluated the water structure based on the ordering situation at its 
different contents, corresponding to the X-ray emission spectroscopy (XES) 
experiment for water. XES is one of the direct observational methods 
commonly applied to investigating the spectroscopy of liquid water 
involving electronic transitions between core and valence orbitals.39 

Previous studies demonstrated that the non-bonding 1b1 lone-pair separates 
two sharp peaks 1b1

’ and 1b1
’’ in the high-resolution O 1s XES spectra of 

liquid water.40 These two peaks can be related to two distinct structural 
geometries in liquid water due to the existence of a four-fold H-bonded 
structure (1b1

’) and lower ones (1b1
’’). From experimental and theoretical 

observations of excitation energy-dependent spectra at various temperatures, 
1b1

’ and 1b1
’’ were found to vary from the ice to gas phase. 

 
2.3 Results and discussion 
Water classification 
   Fig. 2.1b and a show the chemical structure of α-CD with the ALA linker 
and the configuration of PR, including PEG, α-CDs, and ALA linkers, 
respectively. Fig. 2.1c presents the snapshots of the initial and final 
corresponding configurations of the three investigated systems (WL, WN, 
and WH) based on the numbers of TIP3P/B water molecules of 4900, 9025, 
and 18225, respectively. In each system, PR and water molecules are 
inserted between two gold plates (100) perpendicular to the z-direction. By 
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monitoring the physical properties of water at the temperatures of 250 and 
300 K, for simplicity, the WH systems are named as 25WH and 30WH, 
respectively (similarly for the other systems: 25WN, 30WN, 25WL, and 
30WL). We also examined the properties of WH at temperatures of 250 and 
300 K by removing gold and the polymer (named 25PW and 30PW) or 
removing the polymer (named 25WG and 30WG). The gold plates are fixed 
during the simulations, and the periodic boundary conditions are applied 
along the x- and y-directions. The details of the systems and the simulations 
are described in the Simulation section and Table 2.S2 (ESI†). 

Figure 2.1. (a) Configuration of PR; (b) Chemical structure of α-CD with 
ALA linker; (c) Initial Models and Final Models after running simulation 
at temperatures 300 K and 250 K with different amount of water – WL, 
WN, and WH. 
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   To observe the interaction of water, gold, and polymer, we first 
investigated the density of water along the z-axis. In Fig. 2.2a, the densities 
of pure water focus on the horizontal line with oscillating values around 1 g 
cm-3 from 25 to 57 Å and 20 to 63 Å for 30PW and 25PW, respectively. 
However, in the cases of 30WG and 25WG (Fig. 2.2b), the interaction 
between the two gold plates and water led to the presence of six peaks: a1, 
b1, c1, a2, b2, and c2 at the positions of 5.05, 7.75, 11.75, 78.05, 75.35, and 
71.35 Å, respectively. Therefore, water is separated into three layers on each 
gold surface due to the dominance of surface forces, similar to that reported 
in the literature.41,42 These forces were extensive on the hydrophilic gold 
surface, leading to higher peak water density near the gold surface. From 12 
to 78 Å, because the interaction occurs between water molecules only, water 
shows a density around a constant value of 1 g cm-3. The zero-density region 
between the liquid and solid surfaces has been observed both experimentally 
and mathematically.43,44 In Fig. 2.2c, the six peaks reappeared in 30WH and 

Figure 2.2. Density of water by z-axis at temperatures 300 K and 250 K 
with models – (a) 30PW, 25PW; (b) 30WG, 25WG; (c) 30WH, 30WN, 
30WL; (d) 25WH, 25WN, 25WL. 
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30WN, while 30WL did not have peak c2 due to the low amount of water. 
There are no water molecules from 24.55 to 68.45 Å in 30WL and 28.55 to 
54.75 Å in 30WN. These phenomena similarly occur in 25WH, 25WN, and 
25WL (Fig. 2.2d). In Fig. 2.S1 (ESI†), the polymer spreads out from 5 to 34 
Å in 25WH and 30WH, and 5 to about 25 Å in the other systems. However, 
we did not see any clear peak for water density by the interaction between 
polymer and water in Fig. 2.2c and d. This demonstrates that the interaction 
between gold and water is stronger than that between polymer and water. 
For the density of water in the x-axis and y-axis, there are horizontal lines 
(data not shown).  
   The above results can be explained by analyzing the total interaction 
energy between the groups of materials, i.e. gold–water, gold–polymer, and 
water–polymer (Fig. 2.3a). The interaction energy of gold–water has the 

Figure 2.3. (a) Total Interaction energy of all atoms gold-water, gold-
polymer, and water-polymer at temperatures 300 K for 30WH, 30WN, 
30WL and 250 K for 25WH, 25WN, 25WL; (b-d) Comparing interaction 
energy per water molecule of gold-water and water-polymer (WH, WN, 
WL) at temperature 300 K and 250 K. 
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highest value with over – 6000 kcal mol-1. However, that of water–polymer 
is only from –784 to –1164 kcal mol-1, and this energy is 5.6 to 7.7 times 
lower than that of gold–water because the number of polymer atoms is 
relatively small (723 atoms) compared to gold (3528 atoms). These results 
explain the disappearance of the peaks of water density for the interaction 
of polymer and water described in Fig. 2.2. On the other hand, the 
interaction energy of gold–polymer has the lowest value, which is from –25 
to –170 kcal mol-1. All the values of energy are shown in Table 2.S1 (ESI†). 
The temperature variation also affects the interaction energy per water 
molecule (Fig. 2.3b–d) due to 25WH, 25WN, and 25WL having higher 
energy than 30WH, 30WN, and 30WL, respectively. Therefore, the 
variation of temperature impacts the water structure to polymer and gold 
through different water molecules.  
   To verify the attractive interaction between polymer and water, we 
analyzed the distribution of the water molecules around the polymer using 
the radial distribution function (RDF) between the oxygen atoms of water 
and the atoms of the polymer. As shown in Fig. 2.4, all six models have the 
same positions of the four peaks at 1.75, 2.85, 3.75, and 4.85 Å. These peaks 
indicate that there are four separate regions of water around the polymers. 
There are no water molecules in the distance of 0 to 1 Å estimated from any 
atoms of the polymers; therefore, there is no hydrogen bond between water 
and the polymer. In the distance of 1 to 4 Å, we found three clear peaks. 
However, in the distance of 4 to 5 Å, the fourth peak is broad, so the fourth 
region is thinner than the other three regions. For the further distances, there 
are no peaks and no interaction between polymer and water. Besides, the 
density of water at each peak of the given system (WH, WN or WL) is also 
higher at 250 K than at 300 K. These results also match the oxygen atoms 
of water around the polymer calculated from the last frame (data of the last 
simulation step) in Fig. 2.S4 (ESI†). 
   To classify water around the polymer, we analyzed the tetrahedral order 
of oxygen in water molecules and polymers. Debenedetti and Errington 
have extensively discussed the orientational order parameter q for 4-
coordinated water molecules.45 A convenient measurement of the local 
tetrahedral associated with a given oxygen atom i is given by: 

𝑞𝑡𝑒𝑡 = 1 −
3

8
∑ ∑ (cos 𝜃𝑖𝑗𝑘 +

1

3
)

2
4
𝑘=𝑗+1

3
𝑗=1                             (1) 

where θ is the angle between the bond vectors rij and rik, and the j and k 
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labels are typical for the four nearest oxygen atoms. This formula is the most 
common type for tetrahedral order parameters.46–51 This order parameter 
uses the four closest oxygen neighbors in the water molecules and polymer 
to calculate. The value of q can range from 0 to 1, where 0 is for the ideal 
gas or the disorder, and 1 is for perfect tetrahedral structures or the order. 
   In Fig. 2.5a, we checked the tetrahedral order of the oxygen atoms of water, 

Figure 2.4. Radial distribution function (RDF) between the oxygen of 
water molecules and atoms of polymers 
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and all the models had one prominent peak called T1 at q = 0.5. The sharp 
peak T1 decreases with increasing amount of water from 30WL to 30WH. 
This phenomenon is explained by increasing the tetrahedral order of water 
molecules at q ≥ 0.5. When a huge amount of water molecules combines 
with each other to form a tetrahedral geometry, the areas under the curves 
at q ≥ 0.5 are more extensive than areas at q < 0.5 with the ratios of 1.53, 
1.84, 2.2, 2.2, and 2.0 for model 30WL, 30WN, 30WH, 30WG, and 30PW, 
respectively. The curve of 30WG is similar to that of 30WH due to the same 
number of water molecules. However, although 30PW has the same number 
of water molecules as 30WH and 30WG, there is only a broad peak at q = 
0.5. This T1 peak shows that under the interaction of gold, the water 
molecules align to form a tetrahedral order from q ≥ 0.5. This phenomenon 
is also observed in Fig. 2.5b. The peak T1 appears in the models 25WL, 
25WN, 25WH, and 25WG at q = 0.5, but it nearly disappears in 25PW. 
Furthermore, another peak T2 appears in all the five models at the lower 
temperature of 250 K. The position of the peak T2 depends on the number 
of water molecules in each model. The peaks T2 show up at q = 0.64, 0.71, 
0.79, 0.8, and 0.8 for 25WL, 25WN, 25WH, 25WG, and 25PW, respectively. 
There is a shift of the peak T2 from left to right when the number of water 
molecules increases from WL to WH. As is well-known, water is 
transformed from the liquid phase to the ice phase when temperature is 
below 273 K. In the ice phase, water has structures such as the tetrahedral 
lattice for the simplest form of ice, Ice I, as mentioned in the literarture.1,52 
Therefore, the proportions of areas with q ≥ 0.5 and q < 0.5 are higher at 
250 K than at 300 K with the ratios of 2.3, 2.95, 3.95, 4.0, and 3.8 for models 
25WL, 25WN, 25WH, 25WG, and 25PW, respectively. The tetrahedral 
structure of the ice phase contributes to the explanations for the appearance 
of the peak T2 at 250 K. 
   In other studies, scientists revealed that the hydrogen bond interactions by 
ether and ester groups with water, such as C=O…HOH, C=O…HOH…O=C, 
and C ̶ O…HOH…O ̶ C, were related to non-freeze water, but C ̶ 
O…HOH…HOH and C ̶ O…HOH were related to intermediate water.16,20 In 
the case of the OH group, Kitano and collaborators surveyed the FT-IR 
spectra for the O ̶ H stretching band peaks of PEG, including the bonding 
types such as C ̶ OH…HOH, C ̶ OH…HOH…O ̶ C, and HOH…OH…HOH.53 
From the FT-IR study, if the molecular weight of PEG is low, the OH group 
can be considered as intermediate water. Similarly, the polymer’s molecular 
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weight is low in our simulation, and the α-CDs also supply many OH groups. 
In addition, α-CDs are soluble in water, and PEG of low molecular weight 
is infinitely soluble in water. Therefore, combining all these characteristics 
and the obtained results, the hydrogen bond between the OH group and 
water should match with that of intermediate water in our study. Besides, 
the non-freezing water is not frozen below 273 K, hence it does not have 
any structures; thus, it is considered the disorder. On the contrary, the 
intermediate water is freezable below 273 K, hence it has a tetrahedral 
structure; thus, it is considered the order. 
   For more detail, we continued to study the tetrahedral order of oxygen, 
including the oxygen of polymer and oxygen of water around the polymer 
(Fig. 2.6). The polymer has 133 oxygen atoms, with 53 in the OH group and 
80 in the ether and ester groups. Here we surveyed the tetrahedral order not 
only for the total number of oxygen atoms of the polymer (red curve) with 
the oxygen atoms of water but also for the oxygen in the OH group (blue 
curve) or the oxygen in the ether and ester groups (black curve) with the 
oxygen atoms of water. The red curve represents the sum of the blue curve 
and the black curve. We also found that the positions of the peaks T1 around 

Figure 2.5. Orientational Tetrahedral Order of oxygen water. (a) At 
temperature 300 K for models 30PW, 30WG, 30WH, 30WN, and 30WL; 
(b) At temperature 250 K for models 25PW, 25WG, 25WH, 25WN, and 
25WL 
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q = 0.5 in 30WH, 30WN, and 30WL had almost symmetric red curves, as 
seen in Fig. 2.6a–c. This result indicates that the interaction of polymer and 
water affects the tetrahedral order of oxygen just like the interaction of gold 
and water. As shown in Fig. 2.6d–f, the red curves tend to order when the 

Figure 2.6. Orientational Tetrahedral Order at 300 K and 250 K by oxygen 
in water with total oxygen of polymer (red curve), oxygen in water with 
oxygen in OH group (blue curve) and oxygen in water with oxygen in ether 
and ester (black curve). Red curve = blue curve + black curve. 
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temperature is 250 K, as observed for the tetrahedral order of water in Fig. 
2.5. 
   Meanwhile, at 300 K, the blue curves tend to order and the black curves 
tend to disorder (Fig. 2.6a–c). However, at 250 K, the blue curves tend to 
order totally and the black curves tend to be a half disorder and a half order 
(Fig. 2.6d–f). Therefore, the blue and black curves conform with other 
studies.16,20,53 The interaction of oxygen in the OH group with water 
corresponds to intermediate water, whereas that in the ether and ester groups 
with water corresponds to intermediate water and non-freezing water in our 
study, respectively. 
   With the results in Fig. 2.5 and 2.6, we continue to categorize the water 
molecules based on the position of peak T1 at q = 0.5, to study the width and 
distance of each type of water around the polymer. Water molecules 
belonging to q ≥ 0.5, were classified as the order, while others are the 
disorder with q < 0.5. Hence, water is classified based on the distance from 
its oxygen atoms to the polymer atoms (Fig. 2.7). Here, the last frame in the 
equilibrium simulation of eight relaxation nanoseconds was considered for 
the calculations. We focused on water molecules around the polymer at 5 Å 
due to the four water regions formed around it at this distance, as described 
in Fig. 2.4. Again, there are no water molecules in the distance from 0 to 1 
Å. With the distance from 1 to 2 Å, the percentage of water molecules 
belonging to the disorder is more dominant than those with the order for all 
models. This result means that the first region should be non-freezing water.  
   In the distance from 2 to 3 Å, the disorder of the water molecules (68%) 
in 30WH, 30WN, or 30WL is more than double their order (32%). However, 
with the models 25WH and 25WN, the percentage of the disorder and order 
are pretty equal. When the temperature decreases from 300 K to 250 K, the 
water molecules tend to change from disorder to an equilibrium situation 
between disorder and order. Therefore, the second region is an interference 
area of non-freezing and intermediate water in the distance from 2 to 3 Å. 
In 25WL, due to the lack of water molecules covering all the polymers, 
especially the CDs, the order of the water molecules (37%) is lower than the 
disorder (63%).  
   In the distance from 3 to 5 Å, the order percentage is higher than the 
disorder percentage for all models. However, the total water molecules, 
including their order and disorder, from 3 to 4 Å are higher than the total 
water molecules from 4 to 5 Å (Fig. 2.S4, ESI†). Hence, the third region 
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should belong to intermediate water in the distance from 3 to 4 Å. The fourth 
region is an interference area of intermediate water and free water because 
it is a thin region (Fig. 2.4), and has the lowest number of oxygen atoms of 
water (Fig. 2.S4, ESI†). A distance greater than 5 Å means that water 
molecules are related to free water. 

Figure 2.7. The percentage (%) of oxygen waters which reside in Order and 
Disorder by shortest distance to polyrotaxane at temperature 300 K for 
models (a) 30WH; (b) 30WN; (c) 30WL; and 250 K for models (d) 25WH; 
(e) 25WN; (f) 25WL 
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   To further investigate water’s structural properties, we calculated the RDF 
of water molecules (gOO) that are typical for order and disorder, based on 
Fig. 2.7. Firstly, the last frame of pure water was examined at 300 K and 
250 K (Fig. 2.8a). The first peak of 25PW is slightly higher than that of 
30PW on the x-axis. This result shows that the density of water at 250 K is 
lower than that at 300 K. This observation is consistent with reality. 
However, there is no difference between 30PW and 25PW (Fig. 2.S3, ESI†) 
for the first peak when RDF is averaged over the last 100 frames, and the 
averaged RDF lines are also smoother than those of one frame (Fig. 2.8a). 
By checking the last frame in Fig. 2.8b–d, all the sharp peaks of order water 
molecules are at 2.6 Å in all the models. Disorder water molecules have 
broad peaks from 2.6 to 3 Å (Fig. 2.8b and c). However, when the amount 
of water decreases from WH to WN, the highest peaks of disorder water 

Figure 2.8. Radial Distribution Function (RDF) of oxygen water. a) 30PW 
and 25PW; (b-d) oxygen water of disorder and order in models with (b) 
30WH and 25WH; (c) 30WN and 25WN; (d) 30WL and 25WL. 
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molecules shift from 3 to 2.6 Å. In the case of the low water amount, the 
peaks of disorder water molecules completely change from broad peaks to 
a sharp peak at 2.6 Å (Fig. 2.8d). As a result, the density of disorder water 
molecules is lower than that of the order ones. In addition, the height of the 
order and disorder peaks at 250 K is higher than at 300 K (Fig. 2.8c and d). 
However, as shown in Fig. 2.8b, the disorder peaks at 250 K and 300 K are 
the same. There is a slight difference in the height of the order peak at 300 
K and 250 K. These results imply that the classification of types of water 
depends on the temperature and amount of water around the polymer. 
   Besides, the hydrogen bond between polymer and water and the hydrogen 
bond between water and water were investigated by analyzing the trajectory 
of this interaction; in geometric criteria, an acceptor–donor distance is lower 
than 3.5 Å, and an angle of donor–hydrogen–acceptor is less than 351 (Fig. 
2.S2, ESI†). The number of hydrogen bonds at 250 K is higher than that at 
300 K for all the six models (Fig. 2.S2a–c, ESI†). These results are similar 
to the increasing tetrahedral order seen in Fig. 2.6 and 2.7 when the 
temperature is below 273 K. Therefore, water molecules should arrange into 
a tetrahedral-like lattice structure or increase the order in the ice phase. As 
shown in Fig. 2.S2d (ESI†), the ratios of the total average number of water–
water hydrogen bonds among WH, WN, and WL are 1 : 0.487 : 0.263 at 300 
K and 1 : 0.484 : 0.258 at 250 K. These ratios are proportional to the ratio 
of water molecules among WH, WN, and WL, i.e. 1 : 0.495 : 0.268. The 
number of hydrogen bonds between water and the polymer depends on the 
torsion and curvature of the polymer, and thus it fluctuates. As a result, the 
maximum values cannot be obtained to compare with those of the total 133 
oxygen atoms of the polymer (Fig. 2.S2a–d, ESI†). 
Relationship between tetrahedral order and XES spectra 
   T. Tokushima and colleagues showed two peaks (1b1’ and 1b1’’) of the O 
1s XES spectra of liquid water over the temperature range of 280 to 338 
K.40 With crystalline ice, E. Gilberg and colleagues revealed a dominant 
peak 1b1’ and unclear peak 1b1’’.39 These two peaks are related to four-fold 
(1b1’) and less than four-fold (1b1’’) H-bonded structures in the water. For 
water in the electrolyte brush, K. Yamazoe and colleagues exhibited only 
one peak 1b1’ in their study.13 However, with heavy water (D2O) in 3-
methylpyridine, H. Arai and colleagues reported that, depending on the 
ratios of D2O in solution from high to low, the intensity of peak 1b1’ 
decreased while that of peak 1b1’’ increased.14 In another study of D2O in 



 
 

23 
 

 

organic solvents, T. Tokushima and colleagues showed similar results.15  
   In our study, the water model TIP3P/B might be obtained with a more 
tetrahedral HOH angle by calculating long-range electrostatic interactions. 
The tetrahedral order is one of the four-fold structures that increases when 
the temperature is below 273 K. Therefore, we considered 1b1’ as the order 
and 1b1’’ as the disorder in our study on tetrahedral order. Besides, the 
tetrahedral order shows two peaks in the XES spectra (Fig. 5b). We see the 
similarity between the peaks T2 and T1 of 25PW and 1b1’ and 1b1’’ of 
crystalline ice, respectively. With 30PW (Fig. 2.5a), T1 appears more clearly 
than T2. This phenomenon shows that the water molecule tetrahedral 
geometries significantly increase, but these structures are not as close to 
perfect tetrahedral structures as those of 25PW. Therefore, T2 is not distinct 
in 30PW, although there is a sizeable tetrahedral order with q ≥ 0.5. For the 
ratios of water in systems from low (WL) to high (WH/WG), the intensity 
of peak T1 decreased at 250 K and 300 K while that of peak T2 increased, 
especially at 250 K for all systems. These results were similar to the 
abovementioned experimental studies.  
   With the interaction between chemical groups of polymers and water 
shown in Fig. 2.6, the tetrahedral order can be utilized to predict the XES 
spectra. The two peaks 1b1’ and 1b1’’ can be recognized depending on the 
ratio of the number of OH groups (order) to ether and ester groups (disorder) 
in the polymer, the amount of water, and the temperature. It should be 
possible to view two peaks 1b1’ and 1b1’’ at 250 K in Fig. 2.6d–f, or only a 
broad peak from the emission energy position of 1b1’ to 1b1’’ at 300 K in 
Fig. 2.6a–c due to the asymmetry or symmetry of the red curves. Therefore, 
we hope for more data from the XES experiments to classify the types of 
water in the future. Furthermore, the combination of tetrahedral order in 
simulation and XES can categorize the water types in more detail to 
compare with other known methods.  
Simulation section 
   Each simulation box with a size of x × y × z = 85 × 85 × 85 Å3 contains 
one PR and the water molecules inserted between the two Au plates (Fig. 
2.1). Each Au plate of 1764 atoms has the sizes in the x- and y-directions 
equal to those of the box and the two atomic layers in the z-direction. One 
PR, which is described in detail in Fig. 2.1, includes three α-CDs, three ALA 
linkers and one PEG chain of 38 monomers. In the initial configurations, 
the three systems WH, WN, and WL contain 18225, 9025 and 4900 water 
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molecules, respectively, which are regularly arranged along the directions 
with constant distances of (x, y, z) = (3.1, 3.1, 3.1), (4.3, 4.3, 3.1) and (6.1, 
6.1, 3.1) Å, respectively. The ratio of water molecules among WH, WN, and 
WL is 1 : 0.495 : 0.268. General AMBER Force Field (GAFF) parameters 
are used to describe the interactions between the atoms of the PR. The 
atomic partial charges for the α-CDs and ALA linkers were taken from 
density functional theory calculations using the B3LYP/6-31G(d,p) by 
Gaussian software.54 Those of PEG were calculated from AM1-BCC by 
Antechamber.55,56 GolPCHARMM parameters for the interactions of Au–
Au, Au–water and Au–S (thio) were taken from the literature.57 Lorentz–
Berthelot rules are used to calculate the interaction parameters between two 
unrelated non-bonded atoms. Long-range Coulombic interactions are 
computed in particle–particle–particle-mesh (pppm) K-space. All atomistic 
simulations were performed with the LAMMPS package.58 Each system is 
under NVT canonical ensemble behavior and periodic boundary conditions 
in the x- and y-directions. The atoms of the Au plates are fixed during the 
simulations. Temperature is controlled by the Nose–Hoover thermostat 
method. Properties of each system are detected at the two different 
temperatures of 250 and 300 K for comparison. The equations of motion are 
integrated using the velocity-Verlet algorithm with a time step of 1 fs. Each 
simulation is run in the time of 8 ns and the obtained values are averaged 
over this time. After 8 ns, the simulations achieve equilibrium by 
temperature, total energy, and the radius of gyration of the polymer (data 
not shown). 
 
2.4 Conclusions 
   In summary, we have demonstrated that our simulation study successfully 
classifies non-freezing water and intermediate water based on the analysis 
of the tetrahedral order of water molecules around a polymer in the distance 
from 1 to 5 Å, by observing four separate regions. The first region is the 
nearest distance to the polymer and belongs to non-freezing water. The 
second region is an interference area of non-freezing water and intermediate 
water. The third region belongs to intermediate water. The fourth region is 
an interference area of intermediate and free water due to the polymer and 
water’s weak interaction and is the thinnest region. Beyond a distance of 5 
Å, water molecules are considered free water. 
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2.5 Support Information 

 

 
 

Figure 2.S1. Density of polymer by z-axis at temperatures 300 K and 250 K 
with models – (a) 30WH, 30WN, 30WL; (b) 25WH, 25WN, 25WL. 
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Figure 2.S2. Number of H-Bonds at 300 K and 250 K. (a) 30WH and 25WH; 
(b) 30WN and 25WN; (c) 30WL and 25WL; (d) total average H-bonds of WH, 
WN, and WL. Water-Water is number H-Bonds between water and water. 
Polymer-Water is number of H-Bonds between polymer and water. 
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Figure 2.S3. Radial Distribution Function (RDF) of oxygen water in models 
30PW and 25PW with 100 frames 
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Figure 2.S4. Number of oxygen atoms around polyrotaxane in the last frame at 
300 K and 250 K for WH, WN, and WL systems. 
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Figure. 2.S5. The number of oxygen waters which reside in Order and Disorder 
by shortest distance to polyrotaxane at temperature 300 K for models (a) 30WH; 
(b) 30WN; (c) 30WL; and 250 K for models (d) 25WH; (e) 25WN; (f) 25WL. 
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Table 2.S1. Total interaction energy (Kcal mol-1) of all atoms: gold-water, gold-
polymer, and water-polymer at temperatures 300 K for 30WH, 30WN, 30WL, 
and 250 K for 25WH, 25WN, 25WL 

Table 2.S2. System specifics of all models 
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Table 2.S3. Averaged charges of atoms. The α-CD and ALA linker were taken 
from density functional theory calculations using the B3LYP/6-31G(d,p) by 
Gaussian software. For PEG, the atomic partial charges were calculated from 
AM1-BCC by Antechamber. 
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3. The effect of electric field on the structural order of water molecules 
around chitosan 
3.1 Abstract 
In this paper, we classified the types of water in the vicinity of the chitosan 
polymer and gold plate by applying an electric field of magnitude 1 V Å-1 
in various directions at varying temperatures by using molecular dynamics 
simulation. The three types of water were categorized by analyzing the data 
through the tetrahedral order method with four water regions separated in 
the distance from 1 to 6 Å around polymers. The interaction between water 
molecules and functional groups, such as hydroxyl, ether, and ester, leads to 
the formation of intermediate and nonfreezing water. Under an electric field, 
this formation appeared more clearly due to the transformation of liquid 
water to crystal cubic ice with two structural formations depending on gold 
plates at temperature 300 K. The enhancement of the tetrahedral order of 
water in cubic ice is related to the existence of a four-fold H-bonded 
structure and lower ones in the XES experiment. 
 
3.2 Introduction  
   Water is one of the most abundant chemicals on Earth, playing a crucial 
role in the fluids of all known living beings. It can also be found on planets, 
moons, and comets.1-2 Hydrogen bonding, molecular structure, and dipole 
moments of water molecules are linked across different fields, including 
physics, chemistry, and biology, and have a variety of industrial applications 
in materials science with many unique properties.3-5 However, despite 
widespread interest and an enormous amount of basic and applied research, 
a thorough understanding of its peculiar behavior remains elusive, 
necessitating extensive research, particularly in superhydrophilic 
materials.6-7 
   The role of water molecules in the polymer interface between biological 
systems has been debated for a long time in determining biocompatibility 
of polymeric materials, especially the mechanism underlying the formation 
of three types of water (free water, intermediate water, and non-freezing 
water).8-10 Here, its role has yet to be fully understood. In previous work11, 
we successfully classified the type of water around polyrotaxane by using 
the tetrahedral order method.12 This method confirmed the non-freezing 
water related to the ether and ester group, and the intermediate water related 
to the OH group in the distance from 1 to 5 Å around a polymer, by 



 
 

38 
 

 

observing four separate regions. Furthermore, the existence of a four-fold 
H-bonded structure and lower ones demonstrated the relationship between 
tetrahedral order and X-ray emission spectroscopy (XES) experiment for 
water.13-14  
   The current study builds on our past study on the structure and dynamics 
of bulk water in polymer onto a gold surface when exposed to uniform and 
static external electric fields in the 1 V Å-1 range. A tiny number of water 
molecules were used to study the structure of water in an electric field, but 
the appearance of water in metal and polymer was ignored on a big scale.15-

21 In this study, the polymer observed is chitosan because it is a polycationic 
biopolymer composed of 2-acetamido-2-deoxy-β-D-glucopyranose and 2-
amino-2-deoxy-β-D-glucopyranose residues.22 Furthermore, the NH2, ether, 
and ester groups, as well as OH groups in chitosan's structure are principally 
responsible for its properties and potential infinitive applications, especially 
in biomaterials and drug delivery.23-24 
   The water model TIP3P/B continues to be used due to its appropriateness 
for the explicit calculation of long-range electrostatic interactions. This 
water model can improve the description of long-range structures for a more 
tetrahedral HOH angle comparing TIP3P and SPCE. Furthermore, TIP3P/B 
accurately reflects the first peak of radial distribution function (RDF) goo 
and two initial troughs versus the experimental values, as well as TIP5P, a 
model that is reproduced perfectly with experiment goo and more properly 
describes the distribution of charge about the oxygen.25 Besides, gold has 
been studied as a functionalized material in recent decades due to the various 
applications of gold nanoparticles in biological systems, such as non-toxic 
carriers for drug delivery, extensive surface-to-volume ratio, electrowetting, 
and possibilities for tailoring their charge, hydrophilicity, and functionality 
through surface chemistries.26-29 
 
3.3 Results and discussion 
   Figures 3.1b and a show the chemical structure of chitosan polymer and 
the basic system configuration, which includes water, chitosan, and gold. 
Figures 3.1c-e depict snapshots of the final configurations of the three 
investigated systems (WGC, WGC-x, and WGC-z) with and without an 
external electric field in the x- or z-direction. On a gold plate perpendicular 
to the z-direction, chitosan polymer and water molecules are inserted into 
each system. By monitoring the physical properties of water at the 
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temperatures of 250 and 300 K, for simplicity, the WGC systems are named 
25WGC and 30WGC, respectively (similarly to the other systems: 25WGC-
x, 30WGC-x, 25WGC-z, and 30WGC-z). We also examined the properties 
of water at temperatures of 250 and 300 K by removing the polymer (named 
25WG, 30WG, 25WG-x, 30WG-x, 25WG-z and 30WG-z). During the 
simulations, the gold plates are stationary, and the periodic boundary 
conditions are applied along the x-, y-, and z-directions. The details of the 
systems and the simulations are described in the Simulation section and 
Table 3.S1. 
   To observe the different structures of water with and without an electric 
field, we first investigated the X-ray diffraction (XRD) in systems WG, 
including only water and gold at temperatures 250 and 300 K. In Fig. 3.2a, 
the water of 30WG has an amorphous structure because it is liquid which is 
thermodynamically stable non-crystalline forms. Therefore, the XRD 
pattern is essentially continuous in appearance. However, water in 30WG-x 
or 30WG-z has crystallization under an external electric field in the x- or z- 
direction. Many sharp peaks show positions similar to planes (111), (220), 
(222), and (311), which belong to cubic ice (IC) structure in XRD reference 
ICSD 029066 and other studies.19,30 When the temperature decreases to 250 
K, the peaks of XRD patterns of 25WG-x and 25WG-z in Fig. 3.2b show 

Fig. 3.1 (a) Initial models. (b) Chemical structure of chitosan. (c-e) The 
snapshots of the corresponding final configurations of the three 
investigated systems (WGC, WGC-x, and WGC-z). 
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the same positions as at the temperature of 300 K, exclusive the peaks are 
not sharped as them in 30WG-x and 30WG-z. It demonstrates that 
crystallization can occur at a high temperature in the presence of an electric 
field. In the system 25WG, because the TIP3P/B model is modified from 
TIP3P and the melting point of the TIP3P water model begins at 146 K, the 
structure of water remains amorphous at temperature 250 K.31-32 Besides, 
we also check XRD of gold including 42 layers (Gold42) and 4 layers 
(Gold4) in Fig. 3.S1. Gold42 matches completely all peaks as XRD 
reference COD 9011612, but the peaks of Gold4 are fluctuated which peak 
of plane (010) is higher than plane (111).  
   To inspect the water distribution and the interaction between water and 
gold in systems WG, the density of water along the x-, y-, and z-axis was 
examined. In Fig. 3.3a and b, without the electric field, three layers of water 
appear on each side of the gold plate, which are present by three peaks: a1, 
b1, and c1 along the z-axis. Due to the dominance of surface forces, similar 
to that reported in the literature33-34, these forces were extensive on the 
hydrophilic gold surface, leading to higher peaks of water density near the 
gold surface. Far away from the gold surface, the water density converges 

Fig. 3.2 (a) XRD of systems 30WG, 30WG-x, and 30WG-z at temperature 
300 K. (b) XRD of systems 25WG, 25WG-x, and 25WG-z at temperature 
250 K. 
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around a value of 1 g cm-3. The zero-density region between the liquid and 
solid surfaces has been observed experimentally and mathematically.35-36 
The water density on the x-axis and y-axis are horizontal lines with an 
approximated value of 0.87 g cm-3 due to the absence of gold plates on these 
axes.  
   With an electric field along the x-direction, the water density of 30WG-x 

Fig. 3.3 Density of water by x-, y-, and z-axis at 300 K and 250 K with 
the models (a) 30WG. (b) 25WG. (c) 30WG-x. (d) 25WG-x. (e) 30WG-
z. (f) 25WG-z. 
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on the z-axis displays the highest peak a1 and several low peaks oscillating, 
gradually reducing to 1 g cm-3 in Fig. 3.3c instead of only three peaks in 
system 30WG or 25WG on each gold surface. On the x-axis, the water 
density of 30WG-x exhibits the waves with oscillation amplitudes ranging 
from 0.76 to 1 g cm-3, but on the y-axis, the water density remains a 
horizontal line. It suggests that under an electric field along the x-direction, 
water molecules interact to form many parallel layers on the x-axis. This 
phenomenon is known as water whiskers, and it occurs when water 
aggregates become linear and long chains of water form under high electric 
fields.15 When the temperature decreases to 250 K, the water density of 
25WG-x on the x-axis reveals water whiskers more clearly with oscillation 
amplitudes of waves ranging from 0.21 to 1.64 g cm-3 in Fig. 3.3d. However, 
the water density of 25WG-x on the z-axis, except for the highest peak a1, 
exposes many areas of randomly low peaks, which do not converge 
gradually to 1 g cm-3 as results in systems 30WG and 25WG. On the y-axis, 
the water density of 25WG-x produces similar results as on the z-axis except 
for the absence of the highest peak a1. The difference in water density 
between 30WG-x and 25WG-x is due to temperature variations. The water 
molecules at 250 K travel more slowly than those at 300 K. Furthermore, 
the electric field in the x-direction affects the water molecules to create 
water whiskers; meanwhile, two hydrogen and two lone pairs of valence 
electrons on the atom oxygen of a water molecule connect easily with four 
other water molecules to form a tetrahedral arrangement.1,37 As a result, the 
water density of 25WG-x looks to be almost separated layers on the x-axis 
when compared to 30WG-x, but the water molecules of 25WG-x require a 
longer time on the z-axis and y-axis to achieve the same results as 30WG-
x. 
   With an electric field along the z-direction, the water density of 30WG-z 
on the z-axis, which forms by the water whiskers, appears not only in the 
quite uniform peaks with oscillation amplitudes of waves ranging from 0.01 
to 3.72 g cm-3 but also in the highest peak a1 on each gold surface in Fig. 
3.3e. On the y-axis, the water density of 30WG-z shows rather 
homogeneous peaks with oscillation amplitudes of waves ranging from 0.09 
to 2.41 g cm-3, whereas the peaks on the x-axis fluctuate erratically with 
oscillation amplitudes of waves ranging from 0.57 to 1.38 g cm-3. The water 
densities on the x-, y-, and z-axes for system 25WG-z are similar to the 
water density of 30WG-z on the x-axis. It verifies the XRD findings above 
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that water crystallizes faster at 300 K than at 250 K under an electric field, 
especially in the z-direction, where gold plates are put on the z-axis. 
   Fig. 3.4 shows snapshots of the final configurations of the six systems for 
visual views of the parallel layers (water whiskers) in water density and 
structure (30WG, 30WG-x, 30WG-z, 25WG, 25WG-x, and 25WG-z). In 
the absence of an electric field, water molecules in systems 30WG and 
25WG are arranged in perturbation, regardless of whether the temperature 
is 300 K or 250 K in Fig. 3.4a and b. In the presence of an electric field 
along the x-axis, water molecules in systems 30WG-x and 25WG-x produce 
parallel layers, but the parallel water layers in 25WG-x are more 
perpendicular to the x-axis than those in 30WG-x in Fig 3.4c and d. It 
explains why the water density of 25WG-x on the x-axis produces waves 
with oscillation amplitudes greater than those of 30WG-x in Fig. 3.3c and 
d. The most intriguing aspect is that water molecules in system 30WG-z are 
organized diamond-type tetragonal structures of an ordered version of ice 
IC with an electric field applied perpendicularly on gold plates in Fig. 3.4e. 
However, this crystallization requires an external electric field and a below 
temperature of 190 K to get a stable structure, according to prior research 
by our colleagues.38-42 Therefore, our models are simple and easy to obtain 

Fig. 3.4 The snapshots of the corresponding final configurations of the 
three investigated systems (WG, WG-x, and WG-z) in planes xz and yz 
at temperatures 250 and 300 K. (a) 30WG. (b) 25WG. (c) 30WG-x. (d) 
25WG-x. (e) 30WG-z. (f) 25WG-z. 
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this ice structure at room temperature. In Fig. 3.4f, at 250 K, the water 
molecules of 25WG-z display the mixture of water whiskers and tetragonal 
structures. It indicates that the water whiskers are transformed into 
diamond-type tetragonal formations during the process.  
   For a clearer view, in Fig. 3.5c and a, the trajectories of oxygen atoms in 
water molecules traveling during 0.5 ns are also drawn, and the water 
structures are zoomed-in for the diamond-type tetragonal structures, 
respectively. The molecular dipoles in this crystal's lattices all point in the 
same direction along the z-axis due to the appearing electric field in z-
direction. Furthermore, the trajectories reveal that oxygen atoms move 
around within a diameter of 1.5 Å in fixed positions. With the electric field 
in the x-direction, in Fig. 3.5b and d, the molecular dipoles of water 
whiskers structures are all oriented in the same direction along the x-axis, 
and the trajectories show that the water molecules of each water whisker 
layer only travel on this layer. There is no interference between water 

Fig. 3.5 The water structures and trajectories of oxygen in water 
molecules traveling during 0.5 ns are zoomed-in. (a) Diamond-type 
tetragonal structures. (b) Water whiskers structures. (c) Trajectories of 
diamond-type tetragonal structures. (d) Trajectories of water whiskers 
structures. 
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whisker layers, and the width for each layer is 1.36 Å. As a result, when an 
electric field is applied, diamond-type tetragonal and water whiskers 
structures are extremely stable. 
   In the next survey, we examined at the tetrahedral order of oxygen in water 
molecules and polymers to better understand diamond-type tetragonal 
structures and classify water around the polymer. The orientational order 
parameter q for 4-coordinated water molecules has been thoroughly 
addressed by Debenedetti and Errington.12 The following formula calculates 
the local tetrahedral associated with a particular oxygen atom i: 

               𝑞𝑡𝑒𝑡 = 1 −
3

8
∑ ∑ (cos 𝜃𝑖𝑗𝑘 +

1

3
)

2
4
𝑘=𝑗+1

3
𝑗=1                             (1) 

where θ is the angle between the bond vectors rij and rik, and the j and k 
labels are typical for the four nearest oxygen atoms. This formula is the most 

Fig. 3.6 Orientational tetrahedral order of oxygen water at 250 and 300 
K. (a) 30WG, 30WG-x, and 30WG-z. (b) 25WG, 25WG-x, and 25WG-z. 
(c) 30WGC, 30WGC-, and 30WGC-z. (d) 25WGC, 25WGC-x, and 
25WGC-z. 
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common type for tetrahedral order parameters.43-47 The four closest oxygen 
neighbors in the water molecules and polymer are used to compute this 
order parameter. The value of q can range from 0 to 1, with 0 being the ideal 

Fig. 3.7 Orientational tetrahedral order at 300 and 250 K by oxygen in 
water with total oxygen of polymer (red curve), oxygen in water with 
oxygen in OH group (cyan curve) and oxygen in water with oxygen in 
ether and ester group (black curve). Red curve = cyan curve + black curve. 
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gas/the disorder and 1 representing the perfect tetrahedral structure/the order. 
   In Fig. 3.6, we checked the tetrahedral order of the oxygen atoms of water 
for all the models. At 300 K, system 30WG has one prominent peak named 
T1 at q = 0.5 with P(Q) = 1.87 in Fig. 3.6a. Nevertheless, under the electric 
field, the peaks T1 of systems 30WG-x and 30WG-z shift slightly on the left 
at values q = 0.45 and 0.46, with reducing the intensities P(Q) = 0.29 and 
0.45, respectively. Furthermore, the sharp peaks T2 appear at q = 0.9 and 
0.92 in systems 30WG-x and 30WG-z, respectively, with a high-intensity 
P(Q) of nearly 8. Therefore, under the influence of an electric field, water 
molecules easily acquire the order or tetrahedral formations. In comparison 
to 30WG, 30WG-x, and 30WG-z, the peaks T1 emerge clearer and the peaks 
T2 fall lower for the intensities P(Q) with systems 30WGC, 30WGC-x, and 
30WGC-z in Fig. 3.6c. It suggests that chitosan polymers interact with water 
molecules, causing the disorder to increase. At 250 K, except for 25WG and 
25WGC, the graphs of systems 25WG-x, 25WG-z, 25WGC-x, and 
25WGC-z in Fig. 3.6b and d show the same features as systems at 300 K. 
In contrast to the sharp and high intensity of peaks T2 in systems 25WG-x 
and 25WG-z, the peak T2 arises in systems 25WG and 25WGC with a round 
form and low intensity P(Q). It indicates that when the temperature drops, 
the tetrahedral structures in water grow. This rise, however, is not as 
significant as water in an electric field.  
   To assess the affinity of the ether and ester group and OH group to the 
structure of water, we continued to study the tetrahedral order of oxygen, 
including the oxygen of polymer and oxygen of water around the polymer 
(Fig. 3.7). The polymer has 702 oxygen atoms, with 360 in the OH group 
and 342 in the ether and ester groups. We examined the tetrahedral order not 
only for the total amount of oxygen atoms of the polymer (red curve) with 
the oxygen atoms of water but also for the oxygen in the ether and ester 
groups (black curve) or the oxygen in the OH group (cyan curve) with the 
oxygen atoms of water. The red curve represents the summation of the cyan 
and black curves. Without the electric field, at temperature 300 K, the red 
and black curves in system 30WGC have the peaks T1 around q = 0.5, and 
the shape of the black curve is relatively symmetric, except the red and cyan 
curves tend to asymmetry with the area under the curve at q ≥ 0.5 larger than 
q < 0.5 as shown in Fig. 3.7a. However, at temperature 250 K, the red, cyan, 
and black curves in system 25WGC tend to asymmetry, with the area under 
the curve at q ≥ 0.5 larger than q < 0.5 in Fig. 3.7b. Therefore, the OH groups 
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increase the tetrahedral structure/the order of water molecules despite 
temperature 300 K or 250 K. Meanwhile, the ether and ester groups 
contribute a half order and a half disorder at 300 K, but offer more order 
than disorder at 250 K.  These results confirm our previous study and other 

Fig. 3.8 The percentage (%) of oxygen waters which reside in order and 
disorder by shortest distance to chitosan polymers at 300 K for models (a) 
30WGC. (c) 30WGC-x. (e) 30WGC-z; and 250 K for models (b) 25WGC. 
(d) 25WGC-x. (f) 25WGC-z. 
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scientists' studies that the hydrogen bond interactions of ether and ester 
groups with water, such as C ̶ O…HOH…HOH and C ̶ O…HOH were related 
to intermediate water, whereas C=O…HOH, C=O…HOH…O=C, and C ̶ 
O…HOH…O ̶ C were associated to non-freeze water.8,48 The hydrogen bond 
interactions of OH groups with water such as C ̶ OH…HOH, C  ̶
OH…HOH…O ̶ C, and HOH…OH…HOH can be considered to the formation 
of intermediate water.49 Here, because non-freezing water does not freeze 
below 273 K, it lacks structures and is classified as the disorder. On the other 
hand, the intermediate water is freezable below 273 K and hence has a 
tetrahedral structure, making it the order. 
   With the appearing electric field, the graphs of the tetrahedral order 
parameter in Fig 3.7c-f are split by two specific regions, identical to the two 
peaks T1 and T2 in Fig. 3.6. The section beginning at q from 0.5 to 1 is 
referred to as the ordered region, while the section beginning at q from 0.4 
to 0 is referred to as the disordered region. The ordered regions have larger 
areas and higher probability P(Q) values than the disordered regions. In 
addition, the red curves of ordered regions have shoulder peaks compared 
to broad peaks of the cyan curve due to the continuous appearance of the 
black curve, and the height of black curves is also lower than those of cyan 
curves. In contrast, in the disordered regions, the area and height of black 
curves are larger and higher than cyan curves. As a result, an electric field 
in the x or z direction increases the number of tetrahedral structures of water, 
but the number of tetrahedral structures of water in polymers increases or 
decreases depending on whether the ratio of ether and ester groups and OH 
groups in polymers is lower or higher than 1.   
   Based on the results in Fig. 3.6 and 3.7, we categorized the water 
molecules belonging to q ≥ 0.5, were classified as the order, while others 
were the disorder with q < 0.5. Hence, water was classified based on the 
shortest distance from its oxygen atoms to the polymer atoms (Fig. 3.8). 
Therefore, we focused on water molecules around the polymer from 0 to 6 
Å to study the width and distance of each type of water around the polymer. 
Here, the last frame in the equilibrium simulation of twelve relaxation 
nanoseconds was considered for the calculations. There are no water 
molecules in the distance from 0 to 1 Å. For all systems, the percentages of 
water molecules belonging to the disorder are more dominant than those 
belonging to the order when the distance is between 1 and 2 Å with 
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percentages greater than 80%. As a result, the first zone should have non-
freezing water.  
Despite the reduction in temperature from 300 to 250 K and the appearance 
of an electric field in the x or z direction, the percentages of disorder fall in 
the distance from 2 to 3 Å, but the values are still over 50% when compared 
to those of order. Therefore, the second zone is an interference area of non-
freezing and intermediate water with a distance of 2 to 3 Å. In the distance 
from 3 to 6 Å, the percentages of order outrace to compare those of disorder 
for all systems with values above 80% except 30WG with values above 61% 
and 25WG with values above 73%. However, in Fig. 3.8c-f, when an electric 
field appears in the x or z direction, the percentages of order in the distance 
from 4 to 6 Å are higher than those in the distance from 3 to 4 Å with values 
greater than 90%. Consequently, the third zone should be intermediate water 
with a distance from 3 to 4 Å. The fourth zone is an interference area of 
intermediate water and free water in the distance from 4 to 5 Å because its 

Fig. 3.9 (a) and (b) Radial distribution function (RDF) between the 
oxygen of water molecules and atoms of polymers. (c) and (d) RDF of 
oxygen water. 
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number of water   molecules is lower than that of in the distance from 5 to 
6 Å (Fig. 3.S2). Water molecules are related to free water if the distance 
between them and polymers is higher than 5 Å.  
   For verification of tetrahedral order method by experiment, in our 
previous study11, we showed the relationship between tetrahedral order 
parameter and XES experiment, by comparing two peaks T2 (tetrahedral 
order) and T1 (disorder) to two peaks 1b1’ (four-fold H-bonded structure) 
and 1b1’’ (less than four-fold), respectively. In this study, at temperatures 
below 273K, the peaks T2 and T1 of systems 25WG and 25WGC are similar 
to the peaks 1b1’ and 1b1’’ of crystalline ice, respectively.13,14,50-52 
Furthermore, due to the separation completely of two peaks T2 and T1 with 
the appearance of the electric field in Fig. 3.6 and Fig. 3.7c-f despite the 
temperature, we suggest including the electric field in the XES experiment 
in order to see two peaks 1b1’ and 1b1’’ of water in polymer more clearly. 
By combining tetrahedral order in simulation and XES to compare with 
other known methods, we may better understand the development of water 
types surrounding polymers. 
   The distribution of the water molecules around the polymer using RDF 
between the oxygen atoms of water and the atoms of the polymer is plotted 
in Fig. 3.9a and b. Again, there are no water molecules at a distance of 0 to 
1 Å measured from any atom of the polymer; thus, no hydrogen bond exists 
between water and the polymer. We identified three distinct peaks in the 
distance of 1 to 4 Å despite temperatures of 300 or 250 K and with or 
without an electric field. However, in the distance of 5 to 6 Å, the fourth 
peak is broad, so the fourth region is thinner than the other three regions. 
For the further distances, there are no peaks and no interaction between 
polymer and water. Figure 3.9c and d show the oxygen-oxygen RDF of 
water for all WGC systems at temperatures of 250 and 300 K, including 
with and without an electric field. Without the electric field, the g(r) of water 
in systems 30WGC and 25WGC shows the greatest peak at r = 2.75 Å and 
multiple low and broad peaks oscillating, progressively dropping the density 
to 1 g cm-3. The peaks in systems 30WGC-x, 30WGC-z, 25WGC-x, and 
25WGC-z show g(r) values higher than those in systems 30WGC and 
25WGC when an electric field is applied in the x or z directions. These wave 
fluctuations, on the other hand, are unable to converge the density to 1 g cm-

3 as quickly as those without an electric field and matches the data reported 
in.39  
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   We also calculate the radius of gyration Rg of the atoms of chitosan 
polymers, including all effects due to atoms passing through periodic 
boundaries. Rg is a measure of the size of the group of atoms, and is defined 
as the square root of the Rg

2 value in this formula53: 

                                                          𝑅𝑔
2 =

1

𝑀
∑ 𝑚𝑖(𝑟𝑖 − 𝑟𝑐𝑚)2

𝑖                                                  (2) 

where M is the total mass of the group, rcm is the center-of-mass position of 
the group, and the sum is over all atoms in the group. The value Rg of 
polymers in the initial configurations is 40.9. In the absence of an electric 
field, the values Rg in systems 30WGC and 25WGC are 52.1 and 48.5, 
respectively, once the simulations reach equilibrium. The values Rg in 
systems 30WGC-x, 30WGC-z, 25WGC-x, and 25WGC-z, on the other hand, 
do not vary significantly as the electric field appears, with values of 42.8, 
42.3, 41.9, and 41.7, respectively. It means that the electric field maintains 
the shape of polymers, and that high temperatures enhance Rg in comparison 

Fig. 3.10 (a) The illustration of four water layers around polymer. (b-d) The 
snapshots of the corresponding final configurations of 30WGC-z. 
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to low temperatures; thus, it increases the interaction between water 
molecules and functional groups in polymers. For a clearer view, the 
configurations of polymers are zoomed-in in Fig. 3.S3. 
Simulation Section 
   Each simulation box with a size of x × y × z = 86 × 86 × 86 Å3 contains 
eighteen chitosan polymers and 18225 water molecules and one Au plate 
(Fig. 3.1). The Au plate of 3528 atoms has the sizes in the x- and y-directions 
equal to those of the box and the four atomic layers in the z-direction. One 
chitosan polymer is described in detail in Fig. 3.1, includes one 2-
acetamido-2-deoxy-β-D-glucopyranose and eight 2-amino-2-deoxy-β-D-
glucopyranose monomers. In the initial configurations, the water molecules 
are regularly arranged along the directions with constant distances of (x, y, 
z) = (3.1, 3.1, 3.1) Å. General AMBER Force Field (GAFF) parameters are 
used to describe the interactions between the atoms of the chitosan polymer 
which were calculated from AM1-BCC by Antechamber.54-55 
GolPCHARMM parameters for the interactions of Au–Au were taken from 
the literature.26 Lorentz–Berthelot rules are used to calculate the interaction 
parameters between two unrelated non-bonded atoms. Long-range 
Coulombic interactions are computed in particle–particle–particle-mesh 
(pppm) K-space. All atomistic simulations were performed with the 
LAMMPS package.56 Each system is under NVT canonical ensemble 
behavior and periodic boundary conditions in the x-, y- and z-directions. 
The atoms of the Au plates are fixed during the simulations. Temperature is 
controlled by the Nose–Hoover thermostat method. The uniform and static 
external electric field in the 1 V Å-1 range is applied in the x- or z-direction. 
Properties of each system are detected at the two different temperatures of 
250 and 300 K for comparison. The equations of motion are integrated using 
the velocity-Verlet algorithm with a time step of 1 fs. Each WG and WGC 
simulation are run in the time of 8 and 12 ns, respectively, and the obtained 
values are averaged over this time. After 8 and 12 ns, the simulations 
achieve equilibrium by temperature, total energy, and the radius of gyration 
of the polymer. 
 
3.4 Conclusions 
   In conclusion, the electric field increases the tetrahedral arrangement of 
water leading to the formation of water whiskers with the structure similar 
to the cubic ice. These water whiskers are transformed into diamond-type 



 
 

54 
 

 

tetragonal formations when water molecules inserted between the Au plates, 
and the electric field is set perpendicular to Au plates. Under the strong 
electric fields with 1 V Å-1, we also have shown that our simulation study 
successfully distinguishes non-freezing water and intermediate water based 
on an investigation of the tetrahedral order of water molecules around a 
polymer at distances ranging from 1 to 6 Å by seeing four distinct zones. 
For visualization, Fig. 3.10 shows the illustration of four distinct water 
zones around polymer and the snapshots of the corresponding final 
configurations of 30WGC-z. The first zone is non-freezing water and is the 
nearest from the polymer. The second zone is an interference area of non-
freezing water and intermediate water. The third zone is made up of 
intermediate water. The fourth zone, which is the narrowest, is an 
interference area of intermediate and free water caused by the polymer and 
water's weak interaction. Water molecules are considered free water after a 
distance of 6 Å.   
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3.5 Support Information 
 

 

Fig. 3.S1 XRD of gold plates with Gold42 including 42 layers and Gold4 
including 4 layers. 
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Fig. 3.S2 Number of water molecules around polymers by the shortest distance 
of oxygen water to chitosan at 300 K and 250 K in systems including WGC, 
WGC-x, and WGC-z. 
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Fig. 3.S3 Snapshots of configurations including 18 chitosan polymers. (a) The 
initial configurations. (b) The final configurations without the electric field. (c) 
and (d) The final configurations with the appearing electric field in x- and z-
direction, respectively. 
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Table 3.S1. System specifics of all models. 

 
 
Table 3.S2. The averaged atomic partial charges of chitosan were calculated from 
AM1-BCC by Antechamber. 
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4. Conclusions and future 
4.1 Conclusions 
   The simulation study successfully distinguishes non-freezing and 
intermediate water by examining the tetrahedral order of water molecules 
around polymers. Furthermore, the tetrahedral order method also confirms 
and explains the various and complex classifications of interfacial water 
theories and experiments. The hydroxyl group is responsible for forming 
intermediate water. Meanwhile, the ether and ester groups form non-
freezing water and intermediate water. Depending on high or low 
temperature, the ether and ester groups increase the number of non-freezing 
water or intermediate water, respectively. Even applying a high electric field 
for appearing the ice water, the water molecules still grow into non-freezing 
water at a distance of 1 Å to the surface of the polymer. Due to the successful 
classification of interfacial water by a simple method, this simulated study 
can reduce the cost and time for choosing biomedical materials in 
experiments. 
4.2 Future 
   Composite materials are the development trend of the future when the 
properties of single materials have been studied almost fully and cannot 
meet the requirements for rapid development in research and practical 
applications nowadays. In biomedical materials areas, polymers are the 
primary materials for bio/blood compatibility besides 2D materials such as 
graphene, graphene oxide, and molybdenum oxide. Although the polymer 
materials used inside the human body, especially in the drug delivery area, 
are not easily dissolved in solvents such as water, the advanced syntheses of 
polymers handle neutral polymers to positively charged polymers and 
negatively charged polymers which are combined to form composite 
materials. In the future, choosing suitable polymers can be comfortable and 
speedy by using simulation. 


