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Abstract
The properties of spatial phase coherence of molecular 
orientations in coherence domains in water are illustrat-
ed by dynamic molecular simulation. Nano-droplets of 
water are modeled. The behaviors of these nano-droplets 
in their ground state and in their excited state are com-
pared through different models.  Coherence of molecu-
lar orientations is studied in the presence or absence of 
a constant or alternating electric field in the microwaves 
range of frequencies. The input parameters are the in-
tensity or the frequency of the field and the size of the 
nano-droplets. The output data studied are the cohesion 
energy, the electrostatic interaction energy with the elec-
tric field and the coherence degree of the molecular ori-
entations. We then try to analyze and discuss the effect of 
the different types of molecular interactions on observed 
behavior of nano-droplets: it appears that non-oriented 
intermolecular interactions, such as London-type disper-
sive interactions for example, favor an increase in phase 
coherence of the molecular orientations unlike intermo-
lecular electrostatic dipolar interactions.

Introduction
The hypothetical property of water, namely the existence 
of an excited state of the molecules in particular areas 
called “coherence domains” as a result of electromagnetic 
excitation, has been clearly described repeatedly by many 
scientists [1, 2, 3]. Experimental evidence of the existence 
of coherence domains has been reported by some lab-
oratories under special conditions such as in molecular 
nanotubes [4]. The hypothesis that coherence domains 
might exist in other water environmental configurations 
[5] is also mentioned as a justification that water has a 
memory property.

It is assumed that the coherence domains can lie with-
in biological cells [6, 7, 8] and that they possibly retain 

electromagnetic information emitted by the DNA [9] or 
various proteins. These electromagnetic waves can re-
veal pathogenic states of  DNA damaged by oxidation. 
The detection of the electromagnetic signals is strongly 
correlated with the observations of polymerase chain re-
actions (PCR). For example, we can detect the infections 
with HIV or Lyme disease using this approach.

The characteristics of the coherence domains have been 
exhaustively studied [10]. There is a relationship of pe-
riodicity between the dimension of the excited zones 
and the wavelength of the corresponding energy gap. As 
the energetic gap is equal to 12.07 eV, the correspond-
ing electromagnetic wavelength is equal to 75 nanome-
ters, knowing the refractive index is 1.33 in liquid water. 
The periodicity of  the coherence domains corresponds, 
in fact, to this wavelength. The excited water molecules 
are in the energy potential maxima and the ground state 
molecules are in the energy potential minima. Thus, the 
description of this phenomenon implies the existence of 
a trapped photon. Some authors have shown through 
spectroscopic methods such as microwave or near infra-
red spectroscopy that the presence of the coherence do-
mains leads to characteristic spectra which evidence the 
existence of two energetic states of water [11, 12].    

The excited water molecules may have coherent ori-
entations in the coherence domains, particularly in the 
presence of an electromagnetic field. The consequence 
is a greater sensitivity to the electromagnetic fields. Con-
versely, ground-state water molecules may be much less 
structured. This coherence of molecular orientations con-
cerns several million molecules in a coherence domain. 
It is therefore difficult to reproduce this phenomenon in 
a whole coherence domain, particularly by dynamic mo-
lecular simulation because of the computing power re-
quired.

http://waterjournal.org
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The present work will therefore only illustrate this prop-
erty of coherence of the orientations in small environ-
ments, such as nano-droplets of water molecules, with 
the dynamic molecular simulations [13]. According to 
the literature, the nano-droplets of water have been in 
fact the object of several studies by dynamic molecular 
simulation in various environments such as carbon nano-
tubes, zeolites or copper surfaces [14, 15, 16] and these 
studies allowed to evidence particular water structures. 
In the present study, an electric field is used in order to 
stimulate the nano-droplets. This electric field may be 
constant or alternating with a variable amplitude or fre-
quency. Three molecular models will be studied: a “fun-
damental” model of water molecules in their ground state 
and two models of molecules in their excited state as in 
the coherence domains. The first model of the excited 
state, called the “intermediate” model, will take into ac-
count the dipolar interactions (so called Keesom interac-
tions [17]) between the molecules in a less important part 
and London-type dispersive interactions [18] in a signifi-
cant part. The second model of the excited state, called 
the “forced” model, will consider that the intermolecular 
dipolar interactions do not exist and that they are entirely 
replaced by strong dispersive London-type interactions. 
These last two models are justified by the existence of an 
almost free and highly mobile electron in the non-binding 
orbitals of the oxygen atom of excited water molecules. 
Thus, the oxygen atom can become highly polarizable.

This choice of an environment such as nano-droplets 
does not presume to illustrate a real experimental or nat-
ural context but it is used to simplify the approach. One 
supposes here the quantic states of the water molecules, 
fundamental or coherent, are stable in the nano-droplets. 
Obviously, it is an approximation of reality and it may be 
justified by the short durations of the simulation runs. In 
their excited state, the water molecules are still consid-
ered as independent entities like in their fundamental 
state. This assumption is probably not exact, but it will 
allow a comparison with a total quantic approach sup-
ported by ab initio simulations. 

We will try to analyze the relationship between the phase 

coherence property of the orientations of the molecules 
and the energy properties of the coherence domains 
thus simulated by comparing these properties to those 
of the nano-droplets of water in their ground state, in in-
teraction with the electric field. We will seek to determine 
the effect of the intensity of the electric field, and the ef-
fect of the frequency in the case of an alternating electric 
field, and also the influence of the intermolecular inter-
actions on the coherence of the orientations of the mol-
ecules, through the comparison of the different models. 
We will notably try to compare the results obtained with 
a modeling of the evolution of energy properties with fre-
quency. The used frequencies will be in the domain of 
microwaves around the absorption frequency of water 
(about 20 GHz at 20°C)  [19].

Bibliographic Data and Theoretical 
Framework
Water in its fundamental state: Some physical proper-
ties of liquid water are indicated in Table 1: the molecu-
lar weight M, the boiling temperature Tb, the enthalpy of 
boiling ΔΗb, the liquid heat capacity Cpl and D density at 
20 ºC [20].

The enthalpy of boiling and the high boiling point of wa-
ter, relative to its low molecular weight, are due to the 
strong dipolar interactions between the molecules. These 
interactions are modeled by hydrogen bonds. These 
are numerous in liquid water. In comparison, methane, 
which has almost the same molecular weight (16 g) but 
only involves the weak intermolecular London-type inter-
actions, has a low boiling point (-161 °C) and a low boiling 
enthalpy. On the other hand, other compounds such as 
ammonia or hydrogen fluoride, which also involve hydro-
gen bonds, have a lower boiling point and a lower boiling 
enthalpy too.

The water has a high relative dielectric constant (εr = 80). 
This is related to the high dipole moment of the water 
molecule: μ = 1.85 Debye. Water has a very low conduc-
tivity due to its low dissociation equilibrium constant 

 Rough M Tb AHb Cp1 D
 formula (g) (K) (J) (J/g/K)

 H2O 18.0 373 40600 4.185 1.00

Table 1. Some physical properties of liquid water in its fundamental state.
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(Ke = 1E-14) in the pure state. The presence of dissolved 
ionic species can greatly increase its conductivity.

Coherence domains [1, 2, 3, 10]: In many studies, it has 
been shown that collections of water molecules can have 
excited states under certain conditions. These excited 
states are called “coherence domains.” They are particu-
larly characterized by the indiscernibility of the molecules 
which behave as a single entity. The explanation of this 
phenomenon involves quantum physics. The excited 
state is due to an energy transition of an electron located 
in the non-binding electronic orbitals of the oxygen atom. 
This electron goes from the 2p orbital to a 5d orbital and 
may be less bound to the oxygen atom. The correspond-
ing energy gap has a height of 12.07 eV and is linked to a 
photon whose wavelength is equal to:

(1)   λ = c / ν = c h / E  

According to the relation:  E = h ν  (and then ν = E / h) 

Where:   
c is the celerity of light: c=3E8 m / s 
h is the Planck constant : h = 6.62E-34 J.s = 4.13E-15 eV.s 
λ is the wavelength of the photon in meters 
ν is the wave frequency in hertz

The corresponding photon to the electromagnetic field 

associated with the coherence domain is trapped in a 
quantum box resulting from a grouping of the excited 
molecules. The periodicity of the clusters is then equal 
to the wavelength of the trapped photon. According to 
the frequency of the photons f = 3E15 Hertz which cor-
responds to the energy gap of 12.07 eV and the index of 
refraction in water n = 1.33, the periodicity of the coher-
ence domains thus measures 7.5E-8 m or 75 nm. This ap-
proach is explained in Figure 1.

The electromagnetic waves associated with the coherence 
domains are stationary. The phase speed is much higher 
than the group speed. At the time scale of the laboratory, 
the rate of fluctuation of the coherence domains is very 
high but it is much lower than the frequency of the elec-
tromagnetic wave. The coherence domains form a three-
dimensional fluctuating structure. A spherical coherence 
domain of 50 nm in diameter would contain about 4 mil-
lion molecules. Water molecules have a very slow rate 
of displacement at room temperature compared to the 
fluctuation of coherence domains. Thus, the oscillation 
between the ground state and the excited state of the 
molecules takes place like the mechanism of the Mexican 
wave: the molecules gradually reach the state of excita-
tion and fall in a similar way until the ground state.

Coherence of molecular orientation: One of the proper-

Figure 1. Structure of the coherence domains in water.
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ties of coherence domains, related to the indiscernibility 
of molecules, is the coherence of the molecular orienta-
tions. It is observed that the electric dipoles formed by 
the water molecules in their ground state have various 
orientations in time and in space due to thermal agita-
tion. In the coherence domains, the orientations of the 
molecules should be better organized spatially at room 
temperature. This property is related to a high sensitivity 
of coherence domains to electromagnetic fields. A picto-
rial way of describing a coherence domain is the compari-
son with a school of fish. This coherence of orientations is 
dynamic and the global orientation of the molecules can 
fluctuate over time, but the dispersion of the molecular 
orientations is very weak.

If we consider two electric dipoles d1 and d2, we can eval-
uate the dispersion angle of their orientations in space 
as follows, described in Figure 2. The vector S results in 
the average sum of the dipole modules and the vector M 
is the average sum of the dipolar vectors of each dipole. 
The ratio d = M / S characterizes the degree of coherence 
and the dispersion angle θ is then calculated as follows:

(2)   θ = 2 * arcos (M / S) 

Figure 2. Phase dispersion measurement

This method of calculation can be generalized to a group 
of dipoles and a mean degree of spatial phase coher-
ence and a mean dispersion angle are obtained.

Settings of Molecular Dynamic Simulation

For the more complete details one may refer to the an-
nex. However, the principal lines of the simulation pro-

cessing are explained as follows: 

Computer Software: Molecular dynamics simulations 
are performed on a personal computer with a personal 
Java program. A Monte Carlo algorithm is used to move 
each atom or electron doublet in the simulated mole-
cules. The energy potential is calculated both in the initial 
position and in the end position of the moved entity. If 
the difference is negative, the move is always allowed. If 
it is positive, the displacement of the entity depends on a 
probability threshold Pt of displacement according to the 
Boltzmann relation:

(3)   Pt = exp [-(Uf - Ui) / k T]

Where:  
Ui and Uf are the initial and final energetic potentials. 
T is the temperature in Kelvins. 
k is the Boltzmann constant.

A random variable is called. If it is less than Pt, the move is 
allowed. In the other case, it is forbidden. The length step 
for the calculation of the potentials is equal to 0.005 nm. 
After each sequence of 100 computation loops in which 
all the entities are moved, the program gives an updated 
image of the system. This will be chosen as the unit of 
time in the simulations and corresponds approximately 
to a real time of 0.2 picoseconds.

Molecular modeling: The water molecule is simulated 
both in its ground state and in its excited state, using 
some models involving five entities: the oxygen atom, 
the two hydrogen atoms and the two electronic free dou-
blets. This approach resembles a Ti5P water model [21]. 
In the excited state of the molecule, the free electronic 
orbitals are larger and their distance to the oxygen nucle-
us is longer than in the ground state. The van der Waals 
radius of the oxygen atom is also increased. The OH bond 
will however be the same in both types of models and is 
here equal to 1.00 Å (or 0.100 nm). The Van der Waals ra-
dius of hydrogen is equal to 1.20 Å (or 0.120 nm) in both 
cases. Table 2 explains the different parameters.

The intramolecular and intermolecular interactions in-

 Diameter of free Mean distance between Van der Waals    
 doublets and orbitals radius of oxygen nucleus radius of oxygen
   
  Fundamental state 0.090 nm (0.90 Å) 0.080 nm 0.140 nm

  Excited state 0.125 nm 0.150 nm 0.200 nm 

Table 2. Parameters and dimensions of water molecules.
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volved in the simulations are exposed in Table 3.

In the case of the intermediate model, the intermolecular 
electrostatic interactions are weaker than in the funda-
mental model and they are partially replaced by some 
London- type interactions of greater intensity. In this 
case, the electrostatic portion of the cohesion energy 
amounts to 72% of the total cohesion energy, whereas 
it amounts to about 100% of the cohesion energy in the 
fundamental model.

In the case of the forced model, the intermolecular elec-
trostatic interactions are entirely replaced by London-
type interactions, which are then of greater intensity than 
in the intermediate model.

• The chemical bond potentials are parabolic with a mini-
mum energy level at the average bond length.

• Pauli’s exclusion interactions are parabolic and vanish 
when the distance between the centers of the atoms is 
greater than the Van der Waals distance.

• The London-type interactions are represented by the 
Lennard-Jones type potentials [22] with a minimum of 
the energy level at a distance equal to the sum of the van 
der Waals radii of the interacting atoms.

• Attractive and repulsive electrostatic interactions are 
represented by Coulomb potentials.

Modeling of the electric field: The electric field is constant 
or alternating sinusoidal. It has a constant direction on 
the y-axis. The periodic function that describes the alter-
nate field has the following form:

(4)   E(t) = Em sin(2 π f t) 

Where: Em is the amplitude and f is the frequency.

The electric potential is described in all the space by the 
following function:

(5)   V(t, y) = y E (t) + Vo

It is constant in Ox and Oz directions. The constant Vo is 
chosen equal to zero at y = 0.

The energetic potential of an electric charge q (proton or 
electronic free doublet) in the electric field has got the 
following expression:

(6)   Uq(t) = q V(t, y) = q y E(t, y)

This leads in particular to the expression of the electric 
energy of a water molecule in the electric field:

(7)   Um(t) = 2 q E(t) d cos(α)

α is the angle between the direction of the molecular di-
pole axis and the orientation of the electric field and d 
is the dipole distance. For the water molecules in their 
ground state, d = 0.060 nm. This value may be slightly dif-

  Intramolecular Interactions

 Oxygen atom Chemical bonds with hydrogens and free doublets

 Hydrogen atom Chemical bond with oxygen
  Pauli exclusion interaction with the other hydrogens and the free doublets

 Free doublet Chemical bond with oxygen
  Pauli exclusion interaction with the other free doublets and the hydrogens

Table 3. Intramolecular and intermolecular interactions.

   Intramolecular Interactions

 Oxygen Neutral London-type interactions between the oxygens and the hydrogens

 Hydrogen  Positive Attractive electrostatic interactions with the free doublets
  charge +q Repulsive electrostatic interactions with the other hydrogens
   London interactions with oxygens

 Free doublet Negative Attractive electrostatic interaction with the hydrogens
  charge -q Repulsive electrostatic interaction with the free doublets
   No interaction with oxygens
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ferent in the simulation because of the various approxi-
mations in the modeling. 

In the used molecular models, fundamental state or ex-
cited state, the electric charges on the hydrogens and on 
the free doublets are in fact adjusted in order to have 
for one insulated molecule the same interaction energy 
in the same intensive electric field in these two quantic 
states.

The simulated intensities of the electric field vary from 
2500 to 10 000. These values are expressed in arbitrary 
units. In the case of an intensity E = 10000, the electri-
cal energy per molecule represents about 20% of the 
cohesion energy per molecule in liquid water. The cor-
responding real intensities of the electric fields range 
approximatively from 1E9 to 4E9 V/m. These high values 
are therefore inferior to the dipolar electric field which is 
more than 1E10 V/m close to the water molecule (It then 
corresponds to simulated field intensities greater than 
25000) at a distance inferior to 0.3 nm (which is the av-
erage distance between the mass centers of the water 
molecules in the liquid state).

The simulated frequencies of the alternating electric 
field range from 1E-4 image ^ -1 to 1 image ^ -1. In com-
parison, the relaxation frequency of the simulated water 
molecule in its ground state is about 3E-3 image ^ -1 and 
corresponds to 20 GHz, which is the relaxation frequency 
of the real water molecules. Then, the simulated frequen-
cies correspond to the range of 600 MHz to 6 THz. Thus, 
the highest simulated frequencies (≥ 5E-2 image ^ -1) 
are located in the far infrared domain (≥ 300 GHz). The 
duration of a simulation run is here 10 000 images long. 
It then corresponds to a real duration of 1.5 ns. It is as-
sumed that the quantic state of the water molecules is 
stable during this period. 

Simulation of the nano-droplets of the water molecules: 
The simulated nano-droplets contain 8, 18 or 27 mole-
cules. The density of water in its fundamental state is tak-
en equal to 1.200. The density of water in its excited state 
is taken equal to 0.800. The mean density value is then 
equal to 1.000. The temperature is always equal to 20°C. 

The elemental volume Ve occupied by a molecule is cal-
culated as follows:

(8)   Ve = VM / N = (M / D) / 6.02E23 

Where VM is the molar volume, M the molecular weight, 
D the density and N the Avogadro number.

The simulation boxes are cubic and their dimensions are 
calculated according to the elementary free volume and 
the number of molecules in the nanodroplet.

Figure 3 illustrates the representation of the modeled 
water molecules in their ground state and in the excited 
state: the oxygen atoms are red, the hydrogen atoms are 
cyan. The electronic non-binding pairs are pink in color.

Figure 3. Representation of the simulated molecular models, 
fundamental: left, excited: right.

The acquisition will be made by averaging the simulation 
data on three runs for each simulation. A simulation run 
lasts 10000 pictures.

The cohesion energy of the nano-droplets, their interac-
tion energy in the electric field and the degree of the spa-
tial phase coherence are measured. The dispersion angle 
of the phase is deduced from Equation 2.

The unit used for Esim cohesion energy is arbitrary. The 
following correlation law (9) makes it possible to convert 
the values of the simulation into joules per mole of the 
considered entity. The entity is the nano-droplet, what-
ever its size.

(9)    E (J / mol) = Esim / 26.7 

Simulation Results

Cohesive energy: Graph 1 shows the evolution of the 
cohesive energy in the three simulated models: funda-
mental FS, intermediate: IM, and forced: FM. It illustrates 
either the evolution without electric field or in a constant 
high intensity electric field (E = 10000). Linear adjust-
ments were also represented.

The total cohesion energy increases with the nano-drop-
lets size. The increase is linear in the fundamental model, 
but not in the intermediate and forced models. The cohe-
sive energies are not equal for the same nano-droplets 
size, but this result may not be related to the experimen-
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tal reality because of the arbitrary choice of  the param-
eterization of the London-type interactions. The cohesion 
energy decreases when an intense electric field is applied 
in the fundamental and intermediate models, but not in 
the forced model. 

When the electric field is increasing, more complete sim-
ulations show that the decrease of the cohesion energy 
occurs more and more rapidly in the fundamental model 
and in the intermediate model. On the contrary, the co-
hesion energy does not decrease in the forced model.  

Graph 2 shows, in the three simulated models (nano-
droplets of 27 molecules), the evolution of the cohesion 
energy when an intense alternating electric field (Em = 
10000) with variable frequency is applied.

For the fundamental model and the intermediate model, 
the cohesion energy is lower at low frequencies than at 
high frequencies. The increase is significant between 1E-3 
and 1E-1 image ^ -1. For the fundamental model, this in-
crease represents about 5% of the average cohesion en-
ergy. For the forced model, the cohesion energy is con-
stant at all frequencies.

Energy of interaction with the electric field: In the 
three models, the interaction energy in a constant intense 
electric field (E = 10000) increases with the nano-droplets 
size. The interaction energy is the highest for the forced 
model and it is the lowest for the fundamental model.

In the fundamental model and the intermediate model, 
the variation of the interaction energy in the constant 

Graph 1. Evolution of 
the cohesive energy 
for the three models 
as a function of the 
nano-droplet size in 
absence (E=0) or in 
presence of a constant 
electric field (E=10000).

Graph 2. Evolution of 
the cohesive energy 
as a function of the 
frequency of the 
alternating electric 
field (E=10000) for the 
three models.
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electric field is parabolic when the intensity of the field 
increases. In the forced model, the variation is not para-
bolic and approaches the linearity.

The normalized variation of the interaction energy in an 
intense alternating electric field (E = 10000) at the differ-
ent frequencies is represented on the semi-logarithmic 
Graph 4 in the case of a nano-droplet of 27 molecules for 
the three models. The adjustments were made according 
to the following equation, which is a simplified form of 
Cole-Cole equation [23, 24]:

(10)    U = Uo / (1 + (f / fo)β)     β ≤ 2 

The normalized interaction energy decreases as the fre-
quency increases. The shape of the variation curve is sig-
moidal. In the case of the three models, a cutoff frequen-
cy is observed. The cutoff frequencies are almost equal 
for the fundamental model and the intermediate model. 
In the case of the forced model, the cutoff frequency is 
slightly higher. The found values of the adjustment pa-
rameters fo and β are given in Table 4.

The coefficient β has the lowest value in the fundamental 

Graph 3. Normalized interaction energy of a nano-droplet containing 27 molecules  as a function of the  
frequency of the alternating electric field (Em=10000) for the three models.

Table 4. values of adjustment parameters for the three models

  Fundamental Intermediate Forced 

 Fo 3.30E-03 3.20E-03 4.20E-03 

 β 0.60 0.80 1.50

model and it is the highest in the forced model. In the lat-
ter case, the relaxation almost resembles a simple Debye 
relaxation (characterized by β = 2).

Coherence degree of molecular orientations: The vari-
ations of the coherence degree of the molecular orienta-
tions as a function of the nano-droplet size in the absence 
of an electric field (E = 0) or in the presence of an intense 
constant electric field (E = 10000), are shown in Figure 4 
for the three models: the fundamental model (FS), the in-
termediate model (IM), and the forced model (FM).

The coherence degree of molecular orientations is much 
higher in the presence of the electric field than when 
there is no electric field. When the electric field is applied, 
the coherence degree of orientations is the highest in the 
forced model and the lowest in the fundamental model. 
In these two extreme cases, the coherence degree is con-
stant as the nano-droplet size increases. In the interme-
diate model, the degree of phase coherence decreases 
slightly as the nano-droplet size increases. In the absence 
of an electric field, the coherence degree decreases in all 
cases according to the inverse of the square root of the 
nano-droplet size. These adjustments are relatively accu-
rate (the relative error is less than 4%).

Figure 4 illustrates the corresponding dispersion angles in 
the three models when a constant high intensity electric 
field (E = 10000) is applied.

Even if in the forced model, the angle of dispersion of 
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the phase is the smallest, it is not close to the angle 
zero. Indeed, during the simulations, a fluctuation of the 
molecular orientations is observed.

Graph 4. Evolution of the coherence degree with the number of molecules in the nano-droplets in presence 
(E = 10000) or no (E = 0) of a constant electric field.

Figure 4. The dispersion angles in presence of a strong con-
stant electric field (E = 10000) for a nano-droplet containing 18 
molecules. 

Graph 5 shows the relative evolution of the coherence 
degree of the orientations (nano-droplet of 27 mole-
cules) with the frequency of the electric field (intensity 
Em = 10000) in the three models. 

The three curves are sigmoidal with a cutoff frequen-
cy. The forced model has the highest cutoff frequency, 
while for the other two models the cutoff frequencies 
are lower and almost identical. Parameters fo and β are 
shown in Table 5 (adjustments by equation 10).

The highest coefficient is the fit of the forced model 
curve, which almost characterizes a Debye-type relax-
ation.

Graph 5. 
Evolution of the 
coherence degree 
as a function of the 
frequency of the 
alternating electric 
field (intensity Em 
= 10000) for the 
three models.
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In the forced model, the Figure 5 shows the images of a 
nano-droplet of eight molecules at different times during 
a period of oscillation of the electric field (Em = 10000, f = 
1E-4 images).

The molecules globally change their orientations accord-
ing to that of the electric field, but all the molecules are 
not rigorously oriented in the same direction.

Discussion
The three models have different behaviors. We will try to 
analyze the main factors that led to the previous results.

Behavior in the absence of an electric field: Graph 1 
shows that the cohesion energy evolves differently for 
the three models. It increases linearly with the number of 
molecules in the nano-droplets only in the fundamental 
model where there are only intermolecular dipolar inter-
actions. In the intermediate model and the forced model, 
where the dispersive intermolecular London-type inter-
actions are present or preponderant, the linearity is not 
observed. 

Graph 4 shows that the coherence degree of molecular 
orientations decreases with the square root of the num-
ber of molecules in the nano-droplets for the three mod-
els. Here we recognize a behavior in accordance with the 
normal law. Larger nano-droplet sizes could be usefully 
simulated to test whether this evolutionary law can be 
extended to a larger set of molecules. The forced model 

Figure 5. Different views of a nanodroplet of eight molecules in the alternating electric field.

E (0) = 0 E (T/4) = 10000 E (T/2) = 0 E (3/4T) = 10000 E (T) = 0

Table 5. Values of adjustment parameters for the three 
models.

  Fundamental Intermediate Forced 

 Fo 3.30E-03 3.00E-03 7.50E-03 

 β 0.70 1.10 1.50

that uses only London-type intermolecular interactions 
leads to the highest values of the degree of spatial phase 
coherence. The fundamental model that involves only in-
termolecular dipolar interactions has the lowest values. 
Probably, dipolar interactions have a dissipative effect on 
the organization of molecules, which would not be the 
case for the London-type interactions. But we must also 
take into account the effects of small simulation boxes 
that can impose an organization of molecules, especially 
in the intermediate model and the forced model for which 
the oxygen atom of the water molecules is greater than 
in the ground state; Figure 5 shows that the molecules of 
small nano-droplets are arranged as a cubic form. This is 
not the case with the fundamental model where the van 
der Waals radius of the oxygen atom is smaller.

Behavior in the presence of a constant electric field: 
Graph 1 shows that the cohesion energy decreases in the 
presence of a constant electric field in the fundamental 
model and in the intermediate model, for which intermo-
lecular dipolar interactions are present. We can assume 
the existence of an intensity threshold above which the 
cohesion energy becomes zero. But no linear behavior of 
these decreases has been observed during complemen-
tary simulations and so there is no possibility of accurate 
predictions. Some more intense electric fields should 
therefore be simulated. In the case of the forced model 
where only the London-type intermolecular interactions 
are present, there is no decrease in the cohesion energy. 
In the case of the forced model, The London-type inter-
molecular interactions are not disturbed by the electric 
field.

The coherence degree increases when the electric field is 
applied and this effect is much greater in the forced mod-
el than in the other models. But full simulations show that 
a saturation effect at the value of 0.80, so not 1.00, was 
observed for electric field intensities higher than 7500. 
The corresponding dispersion angle is then not equal to 
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zero, as shown in Figure 4. The orientations of the mol-
ecules cannot be completely spatially synchronized. We 
cannot exclude a possible steric hindrance caused by the 
simulation boxes.

Behavior in the presence of an alternating electric 
field at variable frequencies: Graph 2 shows that the 
cohesion energy increases with the frequency of the al-
ternating electric field in the fundamental model and the 
intermediate model, whereas in the forced model, the 
cohesion energy remains constant. At high frequencies, 
the cohesion energy is equal to that obtained in the ab-
sence of an electric field. In the fundamental model and 
in the intermediate model, a relaxation threshold can be 
highlighted and it is in the range 1E-3 to 1E-2 image ^ -1. 
It is probably related to the relaxation frequency of the 
simulated water molecules. At low frequencies with re-
gard to the effect of the different types of intermolecular 
interactions, one can formulate the same conclusions as 
in the case of a constant electric field. At high frequency, 
the three models behave as if there was no electric field. 
In particular, in the case of the fundamental model and 
the intermediate model, because the molecules can no 
longer follow the orientation of the electric field, the lat-
ter no longer influences the intermolecular interactions.

Graph 3 shows that the interaction energy with the elec-
tric field also decreases with the frequency and that there 
is a relaxation threshold that may correspond to the re-
laxation frequency of the water molecules (4E-3 image^-1 
here, which is equivalent to 20 GHz). In the three models, 
the decrease is total but it is more or less rapid around 
the relaxation frequency. In the case of the fundamental 
model and in the case of the intermediate model, we can 
invoke the contribution of dipolar interactions to explain 
the low values of the coefficient β (Table 4). In the case of 
the forced model, β is the highest, which makes it pos-
sible to conclude that the London-type dispersive interac-
tions do not interfere with the reorientation movements 
of the dipoles and that they thus lead to less interdepen-
dent intermolecular behaviors, as in the case of a Debye-
type relaxation [25].

Graph 5 shows that the coherence degree decreases sig-
nificantly as the frequency increases. There is an effec-
tive correlation between the variations of the interaction 
energy with the electric field and the degree of phase co-
herence. At high frequencies, it is noted that the degree 
of phase coherence has a value equal to that obtained 
when there is no electric field. The relaxation frequency 
is higher in the case of the forced model than in the case 

of the other two models. This could be related to some 
possible inversions between the electronic-free doublets 
positions and the hydrogens positions in the molecule, 
since the mobility of the orbitals is greatly increased and 
their motion is also not hampered by dipolar intermo-
lecular interactions which are not present in the forced 
model. In the case of the intermediate model, it is likely 
that intermolecular dipole interactions, which involve 
electrostatic interactions between non-binding electron 
pairs and hydrogen atoms, partially hinder this orbital in-
version phenomenon.

Some correlations with experimental investigations: ac-
cording to the author [11], Microwave spectroscopy anal-
ysis results carried out on water show some characteris-
tic peaks which are associated with the presence of co-
herence domains that have a semi-crystalline structure. 
According to this work, the frequencies of the absorption 
peaks are higher than that of the rotation of the water 
molecules (20 GHz) and are around 50 GHz and then at a 
frequency 2.5 times higher. There is an analogy between 
these experimental results and those simulated in Graph 
5 and Table 5 (about the coherence degree) in which the 
cut-off frequency of the coherent water simulated using 
the forced model (7.5E-3 image^-1) is 2.5 times higher 
than that of the water simulated in its fundamental state 
(3.0E-3 image-1). The simulated frequencies correspond 
here to 45-50 GHz and 18-20 GHz.  According to the im-
ages of the simulations (Figure 5), the simulated coherent 
water would have a more ordered structure than simu-
lated water in the ground state. 

It would therefore be interesting to carry out simulations 
with a larger number of molecules to confirm these simi-
larities in results on a larger scale. The small number of 
molecules involved here may illustrate with a relative fi-
delity the behavior of water molecules localized between 
the proteins in a biological environment. Some experi-
mental investigations such as Coherent Raman Scatter-
ing Microscopy, which shows evidence that the water 
molecules are ordered near phospholipids layers, [26] 
may then confirm here the step of the present approach. 
In the case of a natural environment such as the water-
falls, one may consider that the droplets contain a much 
higher number of molecules and then the bounding ef-
fects would be neglected. It would be thus necessary to 
run the modeling with a much greater number of mol-
ecules and use the periodic conditions [13]. 
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Conclusion
The present work consisted in simulating coherence do-
mains in an excited state of water, in comparison with 
water in its ground state, involving the molecular dy-
namic simulation of some nano-droplets of water. Three 
models have been implemented: a “fundamental” model 
for water in its ground state and two models for water in 
an excited state: an “intermediate” model and a “forced” 
model. The intermediate model takes into account inter-
molecular dipolar interactions in a smaller proportion 
than in ground-state water, and a significant portion of 
London-type intermolecular interactions. The forced 
model involves only some intense London-type intermo-
lecular interactions. The coherence degree of the mo-
lecular orientations has been characterized in particular 
by the coherence degree and the dispersion angle. We 
have also tried to highlight correlations on cohesion en-
ergy measurements and interactions with a constant or 
alternating electric field.

The principal results are the following:

• In the case of the fundamental model and the inter-
mediate model in which some intermolecular dipolar in-
teractions occur, the cohesion energy decreases slightly 
when a constant or low-frequency alternating electric 
field is applied. It does not decrease when the frequency 
of the alternating electric field is high. In the case of the 
forced model where only London-type intermolecular 
interactions are involved, the cohesion energy does not 
vary, whatever the intensity or the frequency of the elec-
tric field, as if the electric field were absent.

• The interaction energy with the electric field has a par-
abolic variation with the intensity of a constant electric 
field in both the fundamental model and the intermediate 
model. On the contrary, in the case of the forced model, 
the variation tends towards linearity. In all three cases, 
the interaction energy with the electric field decreases 
sharply as the frequency increases, but only the forced 
model exhibits a behavior that almost resembles Debye’s 
simple relaxation. The fundamental model presents the 
most different behavior compared to Debye-type relax-
ation. 

• In the presence of a constant electric field, the coher-
ence degree is the highest in the forced model and the 
lowest in the fundamental model. In the absence of an 
electric field, one has in all three cases a law of decrease 
of the coherence degree with the inverse of the square 

Table 6. Intramolecular interactions.

 Interaction Type Mathematic Function

 Covalent bond Ec = l * (d – dc)2 

 Pauli exclusion Ep = p * (d – da)2 if d < da

  Ep = 0 if d >= da

root of the number of the molecules in the nano-drop-
lets. In the presence of an alternating electric field, one 
observes a cut-off frequency in the three models but 
only the forced model has a behavior which approaches 
a Debye-type relaxation.

It can be assumed that the nature of intermolecular in-
teractions has a significant influence on the behaviors of 
the models studied. London-type dispersive intermolecu-
lar interactions favor the coherence of orientations while 
the intermolecular dipole interactions create a disadvan-
tage to the coherence of the orientations. The hypoth-
esis of modeling intense intermolecular London-type 
interactions, whose origin would be the high mobility of 
the electron present on the layer 5d on the oxygen atom 
of the water molecule in the excited state, could be evo-
cated among others of spatial coherence properties. But 
also, the hypothesis of Debye-type intermolecular inter-
actions [27, 28] could be a complementary study to con-
sider more possibilities of the phenomena involved in the 
emergence of coherence domains. On the other hand, 
one could simulate a global coherence function on the 
nano-droplets, this function being associated with the 
concept of trapped photons. In that way, one may try for 
example some improved modeling such as the RexPoN 
force field [29] which is based entirely from quantum me-
chanics and which gives a good fit with the experimental 
data for water. 

Annex: Formulas and Adjustment of  
Parameters in the Simulations

Used mathematic functions:
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Where:

 d is the distance between atoms
 dc is the covalent distance
  dc = rc1 + rc2 whit rc1 and rc2 the covalent radii 
  of the atoms
 da = ra1 + ra2 with ra1 and ra2 the atomic radii 
 of the atoms
 dr is a reference distance in electrostatic interactions
 do is the van der Waals distance
  do = ro1 + ro2 with ro1 and ro2 the van der Waals 
  radii of the atoms
 A1 and A2 are the polarizabilities of the atoms

The constants l, p, a, b and c are fitted. 

For the model of the fundamental state of water, the con-
stants are as follows:

Table 7. Intramolecular interactions.

 Interaction Type Mathmatic Function

 Attractive Ea = a * -q1 * q2/d     if d >= dr
 electostatic Ea = b * (d –dr)2 - a * q1 * q2 / dr  if
 potential d < dr

 Repulsive Er = a * q1 * q2 / d      if d >= dr
 electostatic Er = b * (d –dr)2 + a * q1 * q2 / dr   if  
 potential d < dr

 London-type 
 interactions El = c * A1 * A2 * [2 / (do / d)9 - 3 
 (Lennard-Jones 6-9) (do / d)6]

In the case of the intermediate model, the hydrogen 
bond has the following length:

(12) do—H = rc O + rc d + dr = 0.065 + 0.085 + 0.100 =
 0.250 nm

The step of calculation is 0,005 nm length. It corresponds 
to 1 pixel in a graphic representation. 

Thus:

• The van der Waals radius of the oxygen atom is equal to 
0.140 / 0.005 = 28 pixels

• The van der Waals radius of the hydrogen atom is equal 
to 0.120 / 0.005 = 24 pixels

• The chemical bond length O-H is equal to 0.100 / 0.005 
= 20 pixels

When the unit of length is expressed in calculation steps, 
the adjustable constants of the mathematical formulas 
have the following values: 

Table 8. Constant values for the fundamental water model  
in nm.

Table 10. Values of adjustable constants.

 rc0 rcH rcd raH rad dr rOO  r0H

 0.065 0.035 0.015 0.080 0.090 0.100 0.140 0.120

 Parameter L p A B C

 Value 25000 5000 100 100 100

Table 9. Constant values for the excited water models in nm.

 rc0 rcH rcd raH rad dr rOO  r0H

 0.065 0.035 0.085 0.080 0.125 0.100 0.200 0.120

The hydrogen bond has then got the following length:

(11)  do—H = rc O + rc d + dr = 0.065 + 0.015 + 0.100 = 
  0.180 nm

For the models of the excited state of water, the constants 
are as follows:

The parametrized polarizabilities and charges of the at-
oms and electronic free doublets are as follows: 

Table 11. Simulated values of charges and polarities.

Physical 
Model

 Simulated Simulated
state  charge charge

fundamental Fundamental 115 H : 5  O : 5

excited
 Intermediate 84 H : 5  O : 36

  Forced 84 H : 5  O : 44

In the forced model, the electrostatic dipolar intermolec-
ular interactions are completely annihilated (but not the 
electrostatic dipolar interactions with the electric field). 
Thus, the polarizability of the oxygen atom is increased 
to compensate partially the resulting decrease in inter-
molecular interactions.

Relationship between simulated energy and the real en-
ergy:

In the simulation program, according to the simulated 
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length units chosen and the adjustable constant values, 
the relationship between the simulated energy values 
and those expressed in J / mol is as follows:

(13)     Esimulated = 26.7 E (J /mol)

Note: In the case of the total energy of a nano-droplet, 
the mole of entities considered in the conversion is a 
mole of nano-droplets.

The relationship between the simulated temperature 
and the temperature expressed in kelvins is as follows: 

(14)     Tsimulated = 0.00741 T(K)

In the simulations the perfect gas constant is equal to 
30000.

We have the following relation:

(15) E(J/mol) / [R(J/mol.K) * T(K)] = Esimulated /  
 [30000 * Tsimulated]

Note: At 20°C or 293 K, Tsimulated = 2.17

Table 12 gives the dimensions of the cubic simulation 
boxes for the different sizes of nano-droplets, given that 
the ground-state water density is 1,200 and the density of 
the water in the state excited is equal to 0.800.
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