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ABSTRACT
Stretched water can sustain a large extent of stretching owing to the strong cohesion force prior to
cavitation. However, the impacts of the stretching extent on the structure and dynamic properties
of water is rarely investigated. In this work, molecular dynamics (MD) simulation was performed to
explore the structure and dynamical properties of stretched water under varying stretching extents
(i.e. evaporation coefficient). It was revealed that stretched water was more ordered under stretch-
ing and the ordering was enhanced with the increase of stretching extent. Moreover, the hydrogen
bondwas prolonged under stretching, accompaniedwith the decreased diffusion coefficients. How-
ever, the suddenly decreased structure ordering and the increased diffusion from εN = 0.106 to εN
= 0.121 prior to cavitation was observed, which could be ascribed to the small cavity size of het-
erogeneous water phase that cannot satisfy the requirement for cavitation. This work may provide
helpful insights into the molecular behaviours of water under stretching.
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Introduction

Owing to the strong cohesion force of water under
stretching, stretched water could withstand highly neg-
ative pressure [1]. The extremely metastable state of
stretched water has been involved in many significant
nature processes. For example, the transpiration of water
from roots to the leaves of a tree can be attributed
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to the stretched water under negative pressure [2].
Experimental investigations have indicated that water
in certain plants can reach pressures down to about
−10MPa [3]. In another case, large flow velocity and
acceleration or fluctuations in the pressure of turbulent
flows around propellers will stretch thewater periodically
andmay cause cavitation. The subsequent collapse of cav-
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itation bubbles during this process usually leads to severe
damages to propeller blades [4–6]. Besides, negative pres-
sure of stretched water has been recently identified as a
possible reason of the collapse of porousmaterials during
desorption [7], sonocrystallization by ultrasonic vibra-
tion [8], rain droplet freezing [8] and the pressure denat-
uration of protein [9]. Apart from natural phenomena,
developing novel techniques to accelerate the heat and
mass transfer of water powered by the negative pressure
of stretched water has been firstly proposed [10].

Nevertheless, the properties of stretched water under
negative pressure still remains largely unexplored. Clas-
sical nucleation theory (CNT), the most popular the-
ory describing the pressure of stretched water is under
controversy. According to CNT, the maximum nega-
tive pressure that water can sustain was approximately
160MPa (equal to −160MPa when considered as abso-
lute pressure) at room temperature [11]. However, the
values of negative pressure experimentally measured
by various methods including acoustic method [12],
metastable vapour-liquid equilibration [10], Berthelot
tube [13], quartz inclusion [14], centrifugation [15] are
all inevitablymuch lower than the CNTpredicted results,
which varies from−0.1MPa to about−140MPa. There-
fore, the current experiment techniques still cannot accu-
rately measure the negative pressure of stretched water,
and the discrepancy between experimentally measured
and theoretically predicted negative pressures remains
elusive.

Given the limitation of current experimental tech-
niques, molecular dynamics (MD) simulation is a suit-
able tool to reveal the microscopic structure and dynam-
ical properties of stretched water. MD simulation has
been frequently used to investigate the properties of
water in the metastable state [16–18]. However, a few
MD simulations has been reported on stretched water
[19,20]. Most of these studies investigated the proper-
ties of stretched water by reducing the density of water,
in which cavitation commonly occurs, leading to the
different behaviours from stretched water. Therefore, in
this work, we performed MD simulation to investigate
the impacts of stretching extent on the structure and
dynamical properties of water at varying temperatures.

Simulation details

Classical all-atom MD simulations were performed in
LAMMPS [21] using TIP4P/2005 water model [22],
which has been validated for describing the behaviours
of stretched water [19,23,24]. The cutoff distance is
13Å for both LJ and electrostatic interaction. The par-
ticle–particle particle-mesh (PPPM) algorithm [25] was
adopted to compute long-range Coulombic interaction.

The time integration scheme closely follows the time
reversible measure-preserving Verlet and rRESPA inte-
grators derived by Tuckerman et al. [26] with a time step
of 1 fs. The simulation cubic box contains 5000 water
molecules with periodic boundary conditions (PBCs)
applied in all three dimensions. The simulation tem-
perature is kept at 280, 300 and 320K, respectively, via
Nose–Hoover thermostat. The pressure is controlled by
Nose–Hoover barostat. Each simulation is initially equi-
librated under NPT ensemble at 1 bar for 4 ns. In order
to simulate the stretched water, similar to the experimen-
tal process of metastable vapour-liquid equilibration, we
removed a number of watermolecules gradually from the
initial water box to generate different stretched extents.
To quantitively describe the stretching extent, we intro-
duced the evaporation coefficient (εN) defined as follows.

εN = �N
N

(1)

whereN represents the initial number of watermolecules
in our simulation box, �N means the number of water
molecules that was removed from the initial system. Each
box of stretched water was simulated under NVT ensem-
ble for 0.5 ns to calculate the corresponding negative
pressure P using Equation (2).

P = NkBT
V

+
∑N

i ri · fi
3V

(2)

where N is the number of atoms in the system, kB is the
Boltzmann constant, T is the temperature, and V is the
system volume. The second term is the virial, where ri
and fi are the position and force vector of atom i.

In order to quantitatively describe the structure order
of water under stretching, we calculated the tetrahedral
order parameter q [27] by using the four neighbouring
water molecules defined by Equation (3).

q = 1 − 3
8

3∑

j=1

4∑

k=j+1

(cosψjk + 1
3
) (3)

where ψjk is the angle formed by the vectors formed
by the oxygen atoms j and k of neighbouring water
molecules under consideration. The average q is obtained
from Equation (4).

q = 1
N

N∑

i=1
qi (4)

The average value of q varies from 0 (in an ideal gas)
to 1 (in a perfect tetrahedral network).

The hydrogen bond kinetics of stretched water are
characterised by hydrogen bond autocorrelation function
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Figure 1. Negative pressure of stretchedwater obtained through
evaporation fromMD simulations at 298 K, 300 K and 320 K.

C(t) [27] defined as Equation (5).

C(t) = h(0)h(t)
h

(5)

where h(t) is the hydrogen bond population operator,
which has a value of 1 when the particular tagged pair
atoms 1 and 2 are bonded and 0 otherwise. The average
number of hydrogen bonds in an equilibrium fluid of N
water molecules is 1/2 N(N-1)〈 h〉 , where 〈 h〉 denotes as
the average of h(t). The function is the probability of the
existing hydrogen bond at time t.

Self-diffusion coefficient (D) ofwatermolecules can be
calculated using the Einstein equation of Equation (6).

D = 1
6

lim
t→∞

dMSD(t)
dt

(6)

MSD(t) = 1
N

n∑

i=1
|ri(t) − ri(0)|2 (7)

where ri(t) is the position vector of molecule i at time t.
The bracket 〈 〉 indicates the ensemble average. Finite size
correction was not applied for self-diffusion coefficient
because of the constant box size during evaporation of
MD simulations, thus leading to identical errors for each
system.

Results and discussion

Figure 1 shows the negative pressure of stretched water
of varying evaporation coefficients (εN) at different tem-
peratures. As evaporation coefficient increases, the value
of negative pressure continuously increases until a maxi-
mum followed by the sudden decrease with the occurring
of the cavitation and the formation of vapour bubbles
(highlighted in the snapshot of Figure 1). Stretched water

Table 1. The locations of the first and second peaks of RDF with
different evaporation coefficients (εN) at 300 K.

Peaks εN = 0.000 εN = 0.063 εN = 0.106 εN = 0.121

the first peak 2.77 Å 2.77 Å 2.79 Å 2.79 Å
the second peak 4.44 Å 4.52 Å 4.55 Å 4.55 Å

Table 2. The locations of the second peak of RDF with different
evaporation coefficients (εN) at 280, 300 and 320 K.

Peak Temperature εN = 0.000 εN = 0.063 εN = 0.106

the second peak 280 K 4.44 Å 4.51 Å 4.55 Å
300 K 4.44 Å 4.52 Å 4.55 Å
320 K 4.44 Å 4.53 Å 4.57 Å

could withstand the high negative pressure under the
lower temperature at the same evaporation coefficient.
According to Figure 1, water went through two stages:
stretching state during which water remains homoge-
neous without remarkable voids and cavitation during
which water is in heterogeneous state with the forma-
tion and growth of bubbles. The cavitation stage has been
studied for long time, including bubble nucleation at neg-
ative pressure [28], morphology of bubble growth [29],
dynamics of cavitation bubble or molecular mechanism
of cavitation [30] using both experiments and simula-
tions. In this work, we mainly focused on the stretching
state and chose the stretched states at varying evapora-
tion coefficients (εN =0.000, 0.063, 0.106, 0.121) from
MD simulations for further analysis of structural prop-
erties and dynamical properties. It should be noted that
εN =0.000, 0.063, 0.106 represent the homogenous state
of stretched water, while εN =0.121 indicates heteroge-
neous water.

First of all, we analysed the oxygen-oxygen radial dis-
tribution function goo(r) of stretched water under dif-
ferent stretched states. It was revealed that goo(r) of
water exhibitedmore pronounced oscillations under neg-
ative pressures (Figure 2a), implicating more structured
water. As shown in Tables 1 and 2, with the evaporation
coefficient increases, the first peak intensity is enhanced
with the slight shift of the peak location (r = 2.77Å to
r = 2.79Å). The location of the second peak slightly
shifts from r = 4.44 Å to r = 4.55 Å. Compared with the
effect of highly positive pressure on the structure of liq-
uid water reported before [31,32], negative pressure of
stretched water imposes the completely opposite influ-
ence. Firstly, the obvious reduction in the peak intensity
of RDF has been observed under large positive pressure
[33]. Secondly, it has been proved that increasing posi-
tive pressure modifies the structure of the water shell by
compacting more water molecules into the water shell.
On the other hand, the peak intensity decreases with
the increase of temperature as shown in Figure 2(b-c).
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Figure 2. Radial distribution function of O-O pairs of water with different evaporation coefficients at 280, 300 and 320 K.

Figure 3. The coordination numbers of water molecules in the
first water shell with different evaporation coefficients (εN) at 280,
300 and 320 K.

It suggests that stretching enhances the order of water
structure, especially at low temperatures.

According to the definition of the first water shell
(r = 3.4 Å), the coordination number (CN) of water
molecules in the first water shell was calculated as shown
in Figure 3. The coordination number of watermolecules
within the first water shell decreases as the evapora-
tion coefficient increases, suggesting that stretching tends
to pull more and more water molecules out from the
first water shell. The coordination number approaches

to 4 at εN = 0.106, implicating the enhanced tetrahe-
dral arrangement of water molecules at negative pres-
sures. This feature is consistent with the more ordered
structure observed from the radial distribution func-
tion of Figure 2. With the increase of stretching extent,
the bubble is supposed to be initially formed within the
inter-shell region of water due to the weak interaction
of inter-shell water molecules. The higher coordination
number of water molecules in the shells indicates the
smaller number of water molecules is likely to be found
between two water shells, as well as the weaker interac-
tion between water shells. Therefore, The formation of
bubbles occurs at lower negative pressure for T = 320K
than that for T = 300K or 280K as shown in Figure 1.
However, CN increases as the evaporation coefficient
goes up from0.106 to 0.121, whichwill be discussed latter
Figure 4.

To further elucidate the tetrahedral arrangement of
water under stretching, tetrahedral order parameter q
of water under varying evaporation coefficients is cal-
culated as shown in Figure 3. It is found that the dis-
tribution of tetrahedral order parameter probability of
stretched water is a bimodal curve at 300K (Figure 3a),
which is consistent with previous reports [27,34]. With
the increase of the evaporation coefficient, the low-q
peak (unstructured) gradually diminishes and a high-
q peak intensity is increased and accompanied with
a shift of peaks towards the high q value regardless
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Figure 4. The tetrahedral order parameter q with different evaporation coefficients (εN) at 280, 300 and 320 K.

of the temperature, indicating the enhanced tetrahe-
dral arrangement of water molecules under stretching.
Nonetheless, at εN = 0.121, the distribution of q is simi-
lar to the distribution of q at εN = 0.063. This transition
is in agreement with the anomaly observed in the coor-
dination number of water molecules in the first water
shell of Figure 3. With the decrease of the tempera-
ture, the tetrahedral order of water molecules was greatly
enhanced (Figure 3b–d), which was more remarkable
than the influence of evaporation coefficient.

In addition, we explored the hydrogen bond dynamics
of stretched water. The standard definition of a hydrogen
bond is applied in our work, which satisfies three cri-
teria: O. ..O distance is less than 3.4 Å, H. ..O distance
is less than 2.5 Å, and the ∠HOO is no more than 30°.
Hydrogen bond dynamics can be characterised by the
hydrogen bond lifetime obtained from autocorrelation
function of the hydrogen bond. Intermolecular hydro-
gen bond lifetime is usually short, resulting from the
fast vibrational and librational motions of the hydrogen
bonded molecules. As shown in Figure 5(a), the auto-
correlation function of hydrogen bonds under stretched
conditions (i.e. negative pressure) decays slower than
un-stretched water, which is more significant with the
increase of εN , indicating the extended lifetime of hydro-
gen bond under stretching. Such a tendency is similar to
the impacts of temperature, in which the lower the tem-
perature, the longer the hydrogen bond lifetime. In other
words, the hydrogen bond network is more stable under

Table 3. The hydrogen bond lifetime constant τ with different
evaporation coefficients (εN) at 280, 300 and 320 K.

Temperature εN = 0.000 εN = 0.063 εN = 0.106 εN = 0.121

280 K 5.8 ps 8.8 ps 10.9 ps 9.0 ps
300 K 3.5 ps 4.2 ps 5.1 ps 5.2 ps
320 K 2.2 ps 2.6 ps 3.0 ps 2.6 ps

stretching, especially at low temperatures, which may be
correlated with the enhanced tetrahedral arrangement
of stretched water. The hydrogen bond lifetime constant
(C(τ ) = e−1) is provided in Table 3 formore quantitative
comparison, from which the hydrogen lifetime increases
with evaporation coefficients until εN = 0.106.

It is noticed that the impacts of negative pressure
imposed on structural organisation of water is similar
to the effects of adding hydrophobic solutes on the local
structure of water [35,36]. It has reported that adding
hydrophobic solutes into water reduced the local density
and enhanced the structure order of water shells, even-
tually resulting in the decreased mobility of water[37].
Thus, the decreased mobility of water under nega-
tive pressures is expected as shown in Figure 6. With
the increase of εN , self-diffusion coefficient is reduced
until εN = 0.106, after which the diffusion was slightly
increased. This feature ismore remarkable at low temper-
ature (i.e. 280K). However, with the increasing tempera-
ture, the influence of stretching on the diffusion of water
molecules is less significant. In fact, the reduced diffusion
of stretched water at lower density has been previously
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Figure 5. Hydrogen bond correlation function with different evaporation coefficients (εN) at 280, 300 and 320 K.

reported using molecular simulation [20,24], in which
the self-diffusion coefficient firstly decreased as density
decreased and reached a minimum value near the ice
density. Further decrease in density caused the increased
diffusion, which is more pronounced at low temperature.
However, the similar dependence of self-diffusion coeffi-
cient on the evaporation coefficient or negative pressures
is observed. The trend in diffusion coefficient can be
attributed to themore structured water and stable hydro-
gen bond network under stretching, which is favourable
for the rigidity of structure organisation and the lower
the vibrational and librational motions of the hydrogen
bonded molecules.

The sudden increase in the diffusion coefficient at
the maximum stretching coefficient is an anomaly, sim-
ilar to the tendency observed in coordination number,
tetrahedral arrangement and hydrogen bond lifetime.
In order to understand the anomaly in both structural
and dynamical properties of water at εN = 0.121 (crit-
ical point of negative pressure), we calculated the void
fraction of water under varying pressures as shown in
Figure 7. It is revealed that the void fraction remarkably
increases when εN increased from 0.106–0.121, suggest-
ing the transition from homogenous to heterogeneous
phases as demonstrated by the morphology of cavities
(Figure 7a-b) under varying stretching states (i.e. neg-
ative pressure). Further excessive stretching or decreas-
ing pressure will result in the emergence of mas-
sive cavities and the existing vapour voids (Figure 7c)

Figure 6. Self-diffusion coefficient with different evaporation
coefficients (εN) at 280, 300 and 320 K obtained from three inde-
pendent simulations.

disrupt the local structure of metastable water. Thus,
the tetrahedral arrangement also shows a decreasing
tendency, similar to the shortened hydrogen bond life-
time, leading to increased diffusion. Nevertheless, no
cavitation occurs at εN = 0.121 according to Figure 1
regardless of the heterogenous phase of water. Accord-
ing to the classical nucleation theory (CNT) [4,38], a
cavity can only survive and grow to a stable bubble
(Figure 7d) when it exceeds critical radial size (RC).
Before reaching that point, stretched water could with-
stand the higher strain as shown in Figure 1. The radius
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Figure 7. Simulation snapshots and void fraction with different
evaporation coefficients εN at 280, 300 and 320 K.

of critical cavity (RC) is calculated by the following
equation:

RC = 2γ
P0 − P

(8)

where γ is surface tension coefficient of water, P0 is the
saturated vapour pressure and P is the hydrostatic pres-
sure of water. When R > RC, cavities can grow larger.
When R < RC, cavities are unstable and may disappear.
Take T = 300K, γ = 72 mN/m and P = −0.19GPa as
an example (the value of P0 compared with the P is
small enough to be ignored), the critical cavity radius
is predicted to be 0.76 nm. We also measured the cav-
ity size at εN = 0.121 fromMD simulation by ‘Construct
surface mesh’ method using OVITO [39]. The probe
sphere radius is 3.4 Å, which is the diameter of the first
water shell, and the smoothing level is 8 in OVITO. The
radius of cavity under −0.19GPa at 300K is predicted
to be 0.74 nm, which is smaller than the predicted RC
of CNT theory. Therefore, no cavitation was observed
at εN =0.121 although the negative pressure εN = 0.121
has achieved the maximum.

Conclusions

In this work, we performed MD simulation of stretched
water at varying temperatures. Local structure analysis
was employed to investigate the influence of evaporation
coefficient on. According to RDF and coordination num-
ber, it was found that more and more water molecules
were pull out from the first under stretching. From tetra-
hedral order parameter, it is proposed that the tetrahedral
arrangement is enhanced with the increasing evapora-
tion coefficient. Hydrogen bond analysis dynamics sug-
gests the HB network turns into a more stable state. This
improved network stability thus results in a decrease in

the diffusion coefficient. The anomalous properties of
water under negative pressure observed in our work is
attributed to the increasing cavity size prior to cavita-
tion during the phase transition of water from homo-
geneous to heterogeneous. These findings may provide
useful insights into water under negative pressure from
the molecular level, which could further inspire experi-
mental and theoretical studies on stretched water of the
community.
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