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 A B S T R A C T

The stability of water against cavitation under negative pressures is a phenomenon known for considerable 
discrepancies between theoretical predictions and experimental observations. Using a combination of molecular 
dynamics simulations and classical nucleation theory, we explore how nanoscopic hydrocarbon droplets 
influence cavitation in water. Our findings reveal that while a macroscopic volume of absolutely pure water 
withstands around −120 MPa of tension, introducing a single nanoscopic oil droplet, merely a few nanometers 
in radius, brings this cavitation threshold to around −30 MPa, closely matching the values typically observed in 
highly controlled experiments. The unavoidable presence of nanoscopic hydrophobic impurities, even in highly 
purified water used in experiments, imposes a practical limit on achieving the theoretical tensile strength in 
realistic settings. More broadly, our study highlights the profound impact of nonpolar residues on nucleation 
phenomena and enhances our understanding of metastability in real-world systems.
1. Introduction

Liquids can be brought into a metastable state with respect to 
their vapor phase in two ways: either by superheating them beyond 
their boiling temperature or by stretching them below their saturated 
vapor pressure. Eventually, they will revert to equilibrium through 
the nucleation of vapor bubbles, a phenomenon known as cavitation. 
The ability of a liquid to withstand mechanical tension and maintain 
negative pressures highlights the cohesive forces among its molecules. 
Water is a paradigmatic example, owing to its exceptional cohesion due 
to hydrogen bonds [1].

The phenomenon of negative pressures in liquids may seem counter-
intuitive at first, yet it commonly occurs in nature. A famous example is 
the sap in plants, reaching negative pressures as deep as −10 MPa [2], 
which helps it to ascent against gravity. Octopuses and squids utilize 
negative pressures in their suckers for effective adhesion [3], whereas 
ferns exploit negative pressure for spore dispersal through a catapult-
like mechanism [4]. In porous media, soil, and microfluidic capillaries, 
water can experience tension because of curved air–water interfaces or 
evaporation [5–7]. When cavitation bubbles form under tension, they 
collapse violently when the tension is released, generating microjets 
and shock waves, which can damage nearby surfaces, causing erosion 
in turbomachinery or harm biological tissues [8–11]. Conversely, cavi-
tation is the basis of lithotripsy, a medical procedure that uses acoustic 
shock waves to break down kidney stones and other calcifications 
within the body, the exact mechanism of which is still debated [1,12].
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The study of water under tension and cavitation, dating back to the 
17th century [1], has inspired researchers to understand not only the 
metastable phase diagram of water and its thermodynamic anomalies, 
but also shed light on the nature of first-order transitions as a funda-
mental phenomenon [13]. Cavitation inception, a key process in this 
scope, is the stochastic nucleation of a vapor bubble. The interplay be-
tween the volume and surface energies of the bubble creates an energy 
barrier that has to be surmounted by the thermal fluctuations within 
the system. This concept forms the cornerstone of Classical Nucleation 
Theory (CNT) [14], which suggests that water at room temperature 
should sustain negative pressures between about −120 and −160 MPa 
for extended periods of time [1,15–18]. This remarkably high degree 
of metastability has been confirmed also by recent computer simulation 
studies [19–22].

However, in less controlled experiments, cavitation in water occurs 
near saturated vapor pressure (around 2 kPa), preventing it from 
reaching a significantly metastable state. The prevalent understanding 
is that cavitation initiates at the weak points within a liquid, such 
as hydrophobic surfaces [23], impurities, and especially pre-existing 
bubbles [24–26], as demonstrated by systematic experiments [27] and 
simulations [28,29]. Indeed, purifying and degassing water enhances 
its sustainability against tension and allows it to withstand consider-
able negative pressures. However, even the most rigorous purification 
methods combined with acoustic cavitation or shock waves techniques 
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that avoid solid boundaries seem to consistently reach a threshold of 
only about −30 MPa [1,13,17,30], which is by a factor of 4–5 smaller 
than the theoretically predicted magnitudes. A notable exception in-
volves microsized inclusions in minerals, similar to the Berthelot tube 
method [18,31,32], where negative pressures up to −140 MPa can be 
achieved, though the reasons for this are not fully understood.

A prevailing hypothesis attributes the gap between theory and ex-
periment to nanoscale nuclei suspended even in highly purified water, 
as achieving absolute purity in large liquid volumes is practically 
impossible [28,33–35]. Indeed, recent MD simulations indicate that 
solid particles can promote cavitation within simulation volumes by 
disrupting the hydrogen-bond network [36].  Nevertheless, it remains 
uncertain whether such trace contaminants meaningfully contribute to 
the cavitation of macroscopic systems, given that their minute amounts 
may have a limited influence on the entire system. While testing 
this ‘‘contamination hypothesis’’ via experiment is very challenging, 
theoretical approaches offer a vital alternative.

In this study, we quantify the influence of nanoscale impurities, 
specifically hydrophobic oil droplets, on the cavitation pressure of 
water. Using MD simulations combined with CNT, we demonstrate 
that a single nanoscopic oil droplet, only a few nanometers in radius, 
suspended in a large volume of water brings the cavitation pressure to 
around −30 MPa, closely matching experimentally observed thresholds. 
These results represent the first quantitative perspective into how non-
soluble nanoscale impurities set the reported practical limit on water’s 
tensile strength in realistic environments, thereby helping to bridge 
the gap between theory and experiment. Our simulations provide in-
sights into cavitation inception at hydrophobic droplets, relevant to 
applications such as ultrasonic emulsification. They elucidate how hy-
drophobic inclusions influence cavitation thresholds in water, offer an 
explanation for why the theoretical limit is reached only in microscale 
systems, and shed light on mechanisms of cavitation resilience in plant 
sap.

2. Results and discussions

2.1. Homogeneous cavitation in absolutely pure water

CNT is foundational in the study of homogeneous cavitation, offer-
ing a framework to understand the transition from a metastable to a 
stable phase in liquids [1,18,19]. CNT posits that cavitation inception 
occurs with the stochastic formation of a bubble within the bulk liquid, 
which occurs under substantial negative pressures. The free energy of 
an expanding spherical cavity of radius 𝑟 under negative pressure 𝑝 is 
expressed as 

𝐺w(𝑟) = 4𝜋𝛾(𝑟)𝑟2 + 4
3
𝜋𝑝𝑟3 (1)

where the first term is associated with the free energy of creating 
the bubble interface and the second term to the work gained by per-
forming the volume expansion against the ambient pressure. Achieving 
accurate quantitative agreement with molecular simulations requires 
considering the impact of interface curvature on surface tension, 𝛾(𝑟), 
as highlighted before [19,37]. We describe the curvature-dependent 
surface tension as 𝛾(𝑟) = 𝛾w(1+2𝛿w∕𝑟), where 𝛾w is the surface tension of 
the flat water–vapor interface and 𝛿w the Tolman length.  The Tolman 
length quantifies the deviation in surface tension between a curved and 
a planar interface, which becomes significant for nanometer-scale radii. 
This expression represents the first-order Taylor expansion of Tolman’s 
original expression [38], which is applicable in scenarios of small 
curvatures (𝑟 ≫ |𝛿w|). Eq.  (1) neglects the effect of vapor inside the 
cavity, which is reasonable given that the typical cavitation pressures 
are much higher in magnitude (tens of MPa) than the saturated vapor 
pressure at room temperature (several kPa).

The competition between the two terms in Eq.  (1), each of a 
different sign (note that 𝑝 < 0) and scaling differently with the bubble 
radius, results in a free energy maximum 𝐺∗  at the critical radius 𝑟∗. 
w

2 
To first-order in 𝛿w, the critical radius, determined by the condition 
d𝐺w∕d𝑟 = 0, expresses as 

𝑟∗ = −
2𝛾w
𝑝

+ 𝛿w (2)

and the free energy barrier as 

𝐺∗
w =

16𝜋𝛾3w
3𝑝2

−
16𝜋𝛾2w𝛿w

𝑝
(3)

A bubble exceeding the radius 𝑟∗ will spontaneously grow, leading to 
a spread over the entire system.

Cavitation is a thermally activated stochastic process in which 
a bubble in a given volume spontaneously reaches the critical size. 
According to reaction rate theory, the rate of cavitation within this 
volume is given by [37,39] 
𝑘w = 𝜅w𝑉w 𝑒−𝛽𝐺

∗
w (4)

Here, the kinetic prefactor 𝜅w𝑉w denotes the frequency of ‘‘cavita-
tion attempts’’, which is proportional to the volume of the liquid 
𝑉w. The quantity 𝜅w is the attempt frequency density, an intensive 
property of the liquid. The Boltzmann factor, exp(−𝛽𝐺∗

w), accounts for 
the probability that an individual attempt reaches the critical size.

The survival probability that the system has not yet cavitated decays 
exponentially with time as exp(−𝑘w𝑡). Thus, the cavitation rate 𝑘w
represents the inverse of the mean time for cavitation to occur, 𝜏 =
𝑘−1w . In practical terms, it is often more useful to discuss cavitation 
in the context of cavitation pressures rather than cavitation times. 
Specifically, we define the cavitation pressure 𝑝cav as the pressure at 
which the likelihood of cavitation reaches 𝑒−1 for a given time 𝜏. Note 
that an alternative definition of the cavitation pressure, at which the 
probability reaches 1∕2 is also used in the literature [1], leading to 
a negligible difference in cavitation pressure. From the expressions 
for the free energy barrier (Eq.  (3)) and cavitation rate (Eq.  (4)) and 
considering the result for the mean cavitation time 𝜏 = 𝑘−1w , we can 
compute the cavitation pressure. If we disregard the curvature depen-
dence of surface tension (i.e., setting 𝛿w = 0), as traditionally done in 
the literature, we get the following, well-established CNT prediction for 
the cavitation pressure [1,40] 

𝑝(0)cav = −

√

16𝜋𝛾3w
3𝑘B𝑇 ln(𝜅w𝑉w𝜏)

(5)

where 𝜏 is considered as the observation time. Incorporating the first-
order curvature correction yields the following modified expression 
for the cavitation pressure (see Section S1 in the SI for a detailed 
derivation) 

𝑝cav = 𝑝(0)cav

(

1 −
3𝛿w
2𝛾w

𝑝(0)cav

)

(6)

This modified expression is accurate when the second term in paren-
theses is much smaller than 1, a condition met in our system.

Determining the attempt frequency density, 𝜅w, and the Tolman 
length, 𝛿w, presents a considerable challenge, as they are not amenable 
to simple continuum descriptions. Instead, these parameters require 
molecular-level considerations for an accurate estimation. While var-
ious theoretical estimates exist for the attempt frequency [41,42], their 
reliability often remains questionable. Fortunately, advancements in 
molecular simulations provide a robust solution to this challenge, offer-
ing detailed microscopic insights into cavitation and enabling precise 
quantification of relevant physical quantities [19,37,43].

For accurate cavitation simulations, the molecular model must re-
liably reproduce surface tension. After evaluating four popular water 
models (see Section S2 of the SI for details), we chose TIP4P/2005 [44], 
which has a surface tension of 68 mN/m, closely matching the experi-
mental value.

In our simulations, we employed the pressure-ramp technique [37,
45], as described in the Methods section. In this approach, the negative 
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Fig. 1. (a) Sequential snapshots of a cavitation event in absolutely pure bulk water 
from a pressure-ramp simulation, occurring as the ramping pressure reached 𝑝∗cav =
−178 MPa under an imposed pressure rate of 𝑝̇ = −1 MPa ns−1. Each snapshot shows 
a thin cross-sectional slab through the cavitation site. The values of 𝛥𝑡 indicate the 
elapsed time from a reference point just at cavitation onset. (b) Cavitation pressure as 
a function of observation time for three different volumes of bulk TIP4P/2005 water. 
Dashed lines show the result without the Tolman correction (Eq.  (5)), and the solid 
lines include the Tolman correction (Eq.  (6)).

pressure decreases linearly over time until bulk water cavitates, as 
shown in Fig.  1a. The pressure, 𝑝∗cav, at which cavitation occurs depends 
on the applied pressure rate, 𝑝̇ (shown in Fig.  5a in the Methods 
section). The resulting relationship between 𝑝∗cav and 𝑝̇ allows us to 
extract two key parameters: the Tolman length (𝛿w = −0.058 nm) and 
the attempt frequency density (𝜅w = 1.25×1018 s−1 nm−3). The sign and 
magnitude of the Tolman length for TIP4P/2005 water are broadly con-
sistent with most studies [19,22,46,47], though reported values vary, 
with some even disagreeing on the sign [48]. The discrepancies arise 
from differences in computational methods and analysis approaches, 
representing an ongoing open question in the literature.

The determined parameters were then used in the CNT model to 
calculate the cavitation pressures for variable water volumes and obser-
vation times at static conditions (Eq.  (6)). Fig.  1b shows these pressures 
for three different volumes of absolutely pure water against observation 
time (solid lines). Longer observation times and larger volumes result in 
slightly less negative cavitation pressures. However, their influence is 
very weak, as they combine within the logarithmic function under the 
square root in Eq.  (5). For a wide range of practical scenarios, ranging 
from microseconds to years (∼ 108 s) and involving water volumes from 
cubic micrometers to liters, cavitation pressures span between −100 and 
−150 MPa. This relatively narrow window allows us to consider the 
cavitation pressure, in a rough approximation, as the tensile strength 
of water in the sense of an intrinsic material property. Additionally, 
for typical simulation volumes of 10 × 10 × 10 nm3 (solid orange line), 
the cavitation pressures are around −190 MPa, close to the dynamic 
cavitation pressures in our pressure-ramp simulations (Fig.  5a in the 
Methods section).

The negative Tolman length in our water model reduces the critical 
bubble radius (Eq.  (2)) and lowers the free energy barrier (Eq.  (3)), 
which facilitates cavitation. For comparison, we also show predictions 
without the Tolman correction (Eq.  (5)), represented by dashed lines 
3 
in Fig.  1b, consistent with other theoretical studies [1,15–18]. These 
values are about 20% higher in magnitude than those with the correc-
tion. Although often disregarded in CNT models to avoid complexity, 
the Tolman correction significantly impacts results, highlighting the 
importance of accounting for curvature-dependent surface tension for 
accurate quantitative predictions.

It is important to recognize that the outcomes of simulations are 
influenced by the choice of the water model. For reference, we con-
ducted additional simulations using the OPC water model [49], known 
for its very accurate reproduction of the surface tension of actual water, 
yielding 𝛾w = 72 mN/m (see Section S3 in the SI). As expected, the 
OPC model results in slightly more negative cavitation pressure values. 
However, the difference is relatively minor, amounting to only a few 
percent. This small variance underscores the robustness of the conclu-
sion that ideally clean water cavitates at pressures between −100 and 
−150 MPa, in agreement with other theoretical predictions [1,15–18].

Yet, a persistent question is why most carefully conducted exper-
iments with ultra-purified water (purified and degassed as much as 
possible) consistently report cavitation pressures that are 4 to 5 times 
lower in magnitude than the theoretical value [1,13,17]. The harsh re-
ality is that achieving absolute purity in liquids is virtually impossible, 
as trace impurities are almost always present [33,34]. Notably, even 
the highest grade of ultrapure water achievable with current technology 
still contains total organic carbon (TOC) levels above 1 μg/L [35,50]. In 
a cubic millimeter of such water, the entire organic matter is equivalent 
in volume to a droplet of about 1 μm in diameter. While smaller and 
medium-sized organic molecules may dissolve, larger molecules, such 
as typical phospholipids [51] or alkanes with more than 12 carbon 
atoms [52] have solubilities comparable or below this TOC level and 
thus tend to stay aggregated. Consequently, hydrocarbon aggregates are 
inevitably present in any macroscopic volume of water, even when it 
is highly purified [53]. This notion brings us to an important question: 
could these tiny aggregates—referred to here as droplets—even in 
minimal quantities, impact the tensile strength of the entire aqueous 
system? Addressing this question is the central aim of our study.

2.2. Homogeneous cavitation in bulk liquid hydrocarbon

Before delving into the impact of small hydrophobic droplets, we 
first analyze homogeneous cavitation in a pure liquid hydrocarbon 
subjected to negative pressure. This setup effectively represents cavi-
tation inside a large oil droplet, as the expansion of the outer droplet 
boundary becomes negligible before the nucleating bubble inside the 
droplet reaches the critical size. Consequently, the expressions for the 
cavitation pressure in this scenario are equivalent to that of bulk water 
(Eqs. (5) and (6)) with appropriate substitutions of the quantities to 
account for the properties of the oil, specifically, 𝛾w → 𝛾o, 𝛿w → 𝛿o, 
and 𝜅w → 𝜅o. To determine these parameters, we perform cavitation 
simulations of bulk decane, following the same approach used for bulk 
water. We employed the CHARMM36 force field for decane, which 
accurately reproduces decane–vapor [54] and decane–water surface 
tensions (see Section S2 in the SI). Pressure-ramp simulations of bulk 
decane (results shown in Fig.  5b in the Methods section) provided the 
values for 𝜅o and 𝛿o listed in Table  1.

The cavitation pressures for bulk decane based on Eqs. (5) and (6) 
(shown in Section S4 in the SI) exhibit a trend qualitatively similar to 
that observed for water, but fall within the range of −20 to −30 MPa
for volumes spanning from cubic micrometers to liters and observation 
times from microseconds to days. This range is consistent with mea-
sured cavitation pressures in many other organic liquids [55–58]. The 
reduced threshold in hydrocarbons arises primarily from their lower 
surface tension values, 𝛾o ≈ 20–30 mN/m, which are comparable across 
most organic liquids [59] and significantly lower than that of water. 
The surface tension of hydrocarbons is primarily due to weak cohesive 
forces driven by dispersion (London) interactions, whereas the high 
surface tension of water and corresponding strong cohesion are due to 
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Fig. 2. (a) Oil droplet of initial radius 𝑅o in water can undergo three cavitation scenarios: (b) homogeneous cavitation inside the bulk water phase, (c) heterogeneous cavitation 
at the droplet interface, and (d) cavitation inside the oil droplet.
Table 1
Model parameters obtained from pressure ramp simulations that are used in CNT.
 System Parameter values  
 Cavitation in bulk water (w) 𝜅w = 1.25 × 1018 s−1 nm−3, 𝛿w = −0.058 nm 
 Cavitation in bulk decane (o) 𝜅o = 5.4 × 109 s−1 nm−3, 𝛿o = −0.116 nm  
 Cavitation at o/w interface 𝜅ow = 7.8 × 1013 s−1 nm−2, 𝛿eff = −0.076 nm 
 Water–vapor 𝛾w = 68 mNm−1  
 Decane–water 𝛾ow = 57 mNm−1  
 Decane–vapor 𝛾o = 23 mNm−1  

hydrogen bonding. Overall, the cavitation pressure in hydrocarbons is 
roughly five times lower in magnitude than that of bulk water. This 
difference can be expressed analytically from Eq.  (5) for water and oil 
parameters in the macroscopic limit, where 𝑉 𝜏 → ∞, and one indeed 
finds 𝑝cav,o∕𝑝cav,w ≈ (𝛾o∕𝛾w)3∕2 ≈ 1∕5. Thus, the disparity in tensile 
strengths between water and hydrocarbon is primarily influenced by 
the different surface tensions of the two liquids.

2.3. Cavitation of water containing oil nanodroplets

An intriguing question is whether nonsoluble hydrocarbons also 
influence cavitation when present as nanoscopic droplets in water. To 
investigate this, we proceed by considering a macroscopically large 
volume of water, 𝑉w, containing a single oil droplet of radius 𝑅o, as 
illustrated in Fig.  2a. We then extend our analysis to a system with 𝑁
monodisperse oil droplets.

Under negative pressures, this system can undergo three generic 
cavitation scenarios: The bubble can nucleate (i) in the bulk water 
phase (Fig.  2b), (ii) at the droplet–water interface (Fig.  2c), or (iii) 
inside the oil droplet (Fig.  2d).

These three scenarios represent three distinct pathways for the 
cavitation process within the system. Each pathway evolves with its 
specific rate, and the overall cavitation rate of the system is the sum 
of all the contributions, assuming they proceed independently. For 
generality, we express the overall cavitation rate for a system with 𝑁
monodisperse oil droplets as 
𝑘 = 𝑘w +𝑁𝑘ow +𝑁𝑘o (7)

The first pathway, homogeneous cavitation within the bulk water 
phase, is characterized by the cavitation rate 𝑘w and is given by Eq.  (4). 
Moving on to cavitation in the droplet’s interior (Fig.  2d), the cavitation 
rate for a single droplet can be expressed as 
𝑘o = 𝜅o𝑉o𝑒

−𝛽𝐺∗
o (8)

where 𝜅o is the attempt frequency per volume of oil, derived from our 
bulk decane simulations in the previous section, 𝑉o = (4𝜋∕3)𝑅3

o is the 
volume of the oil droplet, and 𝐺∗

o is the corresponding free energy 
barrier. The latter is the maximum in the free energy of a bubble 
nucleating within the droplet, which we formulate as 

𝐺 (𝑟) = 4𝜋𝛾 (1 + 2𝛿 ∕𝑟)𝑟2 + 4𝜋𝛾
[

𝑅(𝑟)2 − 𝑅2] + 4𝜋𝑝𝑟3 (9)
o o o ow o 3

4 
and is associated with the expansion of two interfaces: the inner one of 
radius 𝑟, characterized by the oil–vapor surface tension 𝛾o, and the outer 
interface of radius 𝑅, characterized by the oil–water surface tension 
𝛾ow. The two radii are linked through the reasonable assumption that 
the oil volume remains constant, leading to 𝑅3 = 𝑅3

o + 𝑟3. In the 
above expression, we have only included the term associated with 
the curvature correction of the inner oil–vapor interface (described 
by the Tolman length 𝛾o). We have omitted the curvature correction 
of the outer oil–water interface, reading 8𝜋𝛾ow𝛿ow(𝑅 − 𝑅o), where 𝛿ow
is the Tolman length of the oil–water interface, which we have not 
quantified. This omission is justifiable, especially for larger droplets 
where 𝑅o significantly exceeds 𝑟. In such cases, we can approximate 
𝑅 − 𝑅o ≈ 𝑟3∕(3𝑅2

o), resulting in a much smaller contribution from 
the curvature correction of the oil–water interface compared to the 
curvature correction of the internal, oil–vapor interface. The maximum 
in 𝐺o(𝑟) does not lend itself to a simple analytical expression and 
requires numerical evaluation, which we provide in Section S5 in the 
SI.

Finally, the rate of heterogeneous cavitation at the oil–water inter-
face of a single droplet (Fig.  2c) is governed by the equation 
𝑘ow = 𝜅ow𝐴o𝑒

−𝛽𝐺∗
ow (10)

where 𝜅ow represents the cavitation attempt frequency per surface area 
of the droplet, 𝐴o = 4𝜋𝑅2

o is the droplet’s surface area, and 𝐺∗
ow is the 

associated free energy barrier.
To quantify this cavitation pathway, we performed a series of 

simulations with decane droplets with radii ranging from 2.5 to 6.5 nm. 
Density and order-parameter profiles indicated a rapid transition to an 
isotropic bulk-like region inside the droplet, with an effective water–
decane interface being approximately half a nanometer thick (see 
Section S6 in the SI). Exposing these droplets to increasing negative 
pressures, we consistently found that cavitation begins at the oil–
water interface (see Section S7 in the SI), thus, corresponding to the 
heterogeneous cavitation scenario. An example of such a cavitation 
event is captured by sequential snapshots in Fig.  3 for a droplet with 
an initial radius of 4.2 nm.

Heterogeneous nucleation at the droplet interface involves three 
phases in direct contact (water, oil, and vapor), resulting in a more 
complex geometry than in the other two pathways. Because the shapes 
do not conform to equilibrium geometries [60], formulating an ex-
pression for 𝐺∗

ow becomes challenging. As seen from the snapshots, the 
nucleating cavity expands predominantly into the oil phase, while the 
water phase retains a nearly spherical interface with both the oil and 
the vapor. Conceptually, this scenario can be envisioned as bringing 
a spherical bubble from the droplet’s interior to its outer interface 
with water, creating a water–vapor interface while eliminating the oil-
bound interfaces at the patch. Antonov’s rule states that the interfacial 
tension between two liquids approximately equals the difference in 
their respective surface tensions with vapor, that is, 𝛾o + 𝛾ow ≈ 𝛾w [61]. 
This relation implies that the transition of a spherical bubble results in 
minimal net change in free energy. 
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Fig. 3. Sequential snapshots from a pressure-ramp simulation at a rate of 𝑝̇ = −1 MPa
ns−1, showing a cavitation event of a decane droplet with an initial radius of 𝑅o =
4.2 nm in water. The cavitation occurred as the pressure decreased to 𝑝∗cav = −63 MPa. 
Each snapshot represents a thin cross-sectional slab through the droplet center.

Thus, the distinction between 𝐺ow and 𝐺o arises primarily from 
additional correction terms in the former, such as the Tolman curvature 
corrections of the water–vapor interface and the contribution of the 
three-phase contact line where oil, water, and vapor meet. Since all 
these factors scale linearly with the bubble radius, 𝑟, we adopt the 
expression for the free energy as given by Eq.  (9) but substitute the oil–
vapor Tolman length with an effective value, thus 𝐺ow = 𝐺o(𝛿o → 𝛿eff). 
This ‘‘effective Tolman length’’ serves as a fitting parameter to our 
simulation results, offering a pragmatic approach to encompass these 
complexities. In Section S8 of the SI, we provide a more detailed deriva-
tion of 𝐺ow. Performing pressure ramp simulations and fitting their 
results (shown in Fig.  5c in the Methods section) yield the parameters 
𝜅ow and 𝛿eff, listed in Table  1. We note that the global fit is not perfect, 
likely reflecting the complexity and dynamic nature of the cavitation 
geometry. A better fit would require higher-order corrections in the 
free energy or even in the attempt frequency density, which, however, 
is beyond the scope of this study.

Equipped with all the required model parameters, we are now set to 
calculate the cavitation pressure by solving Eq.  (7). Unlike the scenario 
of cavitation in bulk liquid, where an analytical expression was possible 
(provided by Eqs. (5) and (6)), we have to rely on numerical methods 
in this case. Doing so, we plot the calculated cavitation pressure for 
𝑉w = 1 liter of water containing a single decane droplet (𝑁 = 1) as a 
function of its radius 𝑅o for three observation times in Fig.  4. This plot 
represents the central finding of our study.

In the case of a vanishingly small droplet, 𝑅o ≲ 1 nm [region 
(i)], the cavitation rate is dominated by the first term in Eq.  (7) 
(homogeneous cavitation in water), and the cavitation pressure of the 
system converges to the tensile strength of absolutely pure water, as 
given by Eq.  (6). A notable transition occurs when the droplet radius 
exceeds approximately 1.5 nm. At this point, the cavitation pressure 
abruptly increases to less negative values [region (ii)]. This transition 
occurs when the rate of heterogeneous cavitation reaches that of the 
bulk water phase, 𝑘w = 𝑘ow (denoted by the left vertical dotted line). 
The total volume of the system, 𝑉w, has a minor effect on this transition, 
as demonstrated in Section S9 in the SI.

As the droplet radius continues to increase, the predominant cavita-
tion mechanism transitions from heterogeneous to in-droplet cavitation 
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Fig. 4. Cavitation pressure (tensile strength) of 1 liter of water containing a single 
decane droplet (𝑁 = 1) plotted versus its radius for various observation times 𝜏 (solid 
lines). With an increasing droplet size, the cavitation starts as homogeneous cavitation 
in bulk water [region (i)], crosses over at 𝑅o ≈ 1.5 nm to heterogeneous cavitation 
at the droplet surface [region (ii)], and at 𝑅o ≈ 80 nm eventually crosses over to 
cavitation in the droplet’s interior [region (iii)]. For large droplets, the cavitation 
pressures asymptotically approach the results for bulk decane of equivalent volume 
(shown by dashed lines).

[region (iii)]. The crossover between the two pathways, i.e., when their 
rates are equal, i.e., 𝑘ow = 𝑘o, occurs at a droplet radius of approxi-
mately 80 nm (denoted by the right vertical dotted line). Beyond this 
size, bubble nucleation primarily occurs within the hydrocarbon phase 
of the droplets.

Two key insights emerge from Fig.  4. The first and most impor-
tant insight is that remarkably tiny amounts of nonpolar material are 
sufficient to substantially reduce the cavitation pressure of an entire 
macroscopic aqueous system. A single oil nanodroplet, only a few 
nanometers in size, weakens the tensile strength from the theoretical 
value for absolutely pure bulk water (around −100 MPa for 1 liter) 
down to the tensile strength typical of hydrocarbons, which is around 
−30 MPa [55–57]. As mentioned above, avoiding such tiny insoluble 
droplets is basically impossible. The other insight from Fig.  4 is that 
once the droplet radius exceeds several tens of nanometers, any further 
increase in its size has a rather modest impact on the further decrease 
in the tensile strength.

Increasing the number of oil droplets in the system, 𝑁 , has only a 
minor effect on the cavitation pressure. When cavitation is dominated 
by droplets, the rate simplifies to 𝑘∕𝑁 ≈ 𝑘ow + 𝑘o, indicating that 
cavitation pressure depends on 𝑁 in the same weak manner as it 
does on observation time 𝜏. Section S10 of the SI presents cavitation 
pressures across varying numbers of monodisperse droplets and TOC 
levels, clearly illustrating the minimal impact of droplet number. For 
cavitation, the critical factor remains the size of the largest oil droplet.

This observation underscores a challenging aspect of water pu-
rification: regardless of the extent of purification, preventing cavi-
tation becomes a matter of eliminating the very last oil droplet in 
the system. Namely, that very last droplet is the ‘‘weakest link’’ and 
inevitably contributes to cavitation. Consequently, we assert that the 
cavitation pressures observed experimentally in aqueous systems reflect 
the presence of minute amounts of nonpolar residues, even in the most 
thoroughly purified samples.

Despite the points discussed above, nanoscopic oil droplets may be 
avoidable only in very small volumes of ultrapure water, specifically 
those approaching the micron scale. In a cubic micrometer of ultra-
pure water of a TOC purity level of 1 μg/L, the condensed organic 
content would amount to an oil droplet with a radius of one nanometer 
(equivalent to 50 decane molecules). However, since smaller organic 
molecules dissolve at this TOC, micrometer-sized water volumes may 
indeed realistically be free of organic aggregates larger than around 



M. Šako et al. Surfaces and Interfaces 62 (2025) 106243 
1 nm in size. This absence could elucidate the outcomes of experiments 
with microsized water inclusions in minerals, which have reported 
cavitation pressures as deep as −140 MPa [18,31,32], aligning with our 
theoretical predictions for absolutely pure water of volume 𝑉w = 1 μm3

(red solid line in Fig.  1b).
While our theoretical approach provides a foundational understand-

ing of cavitation at nanoscopic hydrophobic inclusions, it has certain 
limitations. One of the limitations is the computational costs of MD 
simulations, which limit our ability to simulate much larger systems 
or extend them to longer time scales. Consequently, we have to rely 
on the integration with CNT, which has its own simplifications and 
shortcomings [62,63]. For instance, we have used a simplified analytic 
expression for 𝛥𝐺ow, potentially contributing to the suboptimal fit in 
Fig.  5c. Another limitation concerns the realism of our model. We 
assume no dissolved gases within the oil phase, while, in real scenarios, 
gases and gas pockets, especially in larger hydrophobic droplets, may 
influence cavitation dynamics and could introduce additional effects 
not captured here. For example, a recent study has shown that a sudden 
pressure drop in shockwave experiments can trigger the nucleation of 
gas bubbles from a locally supersaturated liquid with gas [64].

As a final remark, we emphasize a key distinction between nonpolar 
liquid droplets and gas bubbles. While bubbles are inherently unstable 
in bulk, they can be stabilized by surfaces, where they can act as cav-
itation nuclei. The size dependence of cavitation pressure for bubbles 
follows a similar trend to that shown in Fig.  4, but with significantly 
higher (less negative) cavitation pressures [28,29]. Unlike nonpolar 
droplets, which saturate at around −30 MPa, bubbles can impose much 
higher cavitation pressures, approaching the saturated vapor pressure. 
The fundamental difference lies in intermolecular interactions: liquid 
droplets experience dispersion forces that enhance their cohesion and 
adhesion—an effect absent in bubbles. The kinetic stability of surface 
bubbles and their role in cavitation are analyzed in detail in our 
follow-up study [29]. 

3. Conclusions

Even the most rigorously purified water samples contain insoluble 
aggregates and droplets. By integrating MD simulations with classical 
nucleation theory, we have quantitatively evaluated the impact of these 
tiny organic aggregates on cavitation pressures in water. Remarkably, 
a single nanoscopic oil droplet, merely a few nanometers in size, can 
induce cavitation at pressures significantly less negative than those 
predicted for absolutely pure water. Specifically, we find that cavitation 
pressures rise to levels similar to those in bulk hydrocarbons, approx-
imately −30 MPa, a value consistent with measurements from highly 
purified water experiments.

The quest for absolute water purity in any macroscopically signif-
icant system remains an elusive goal, suggesting that the theoretical 
tensile strength of water may be inherently unattainable in exper-
imental contexts. However, an intriguing outlier exists in the form 
of microsized inclusions, which are so small that they could actu-
ally be free from clusters formed by impurities, enabling cavitation 
pressures as low as −140 MPa to be documented [18,31,32]. Under-
standing the role of hydrophobic inclusions provides valuable insights 
into xylem transport in plants, where hydrophobic and amphiphilic 
biomolecules, such as lipids, are present [65]. Although these molecules 
might initially seem like potential nucleation sites, they appear to be 
unproblematic at pressures of −10 MPa found in plant xylem. We 
intend to investigate their specific role in future work. 

Our findings extend beyond the realm of cavitation, shedding light 
on closely related processes such as the boiling of superheated water, 
bubble nucleation in supersaturated solutions, and even more gen-
eral nucleation phenomena. The influence of tiny impurities on these 
processes highlights a broader principle: the profound impact that 
seemingly negligible components can have on the behavior of large-
scale systems. This principle is of paramount importance, not only for 
advancing our theoretical understanding but also for improving exper-
imental methodologies and technologies in fluid mechanics, material 
science, and beyond.
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4. Methods

4.1. Simulation details

Molecular dynamics simulations were conducted using Gromacs 
2022.1 [66], with an integration timestep of 2 fs. The temperature was 
maintained at 300 K using the v-rescale thermostat [67], except in cases 
where we deliberately examined temperature dependence. The pressure 
was controlled by the C-rescale barostat [68] with isotropic coupling.

For simulating decane, we used the all-atom CHARMM36 [69] force 
field. Electrostatic and Lennard-Jones (LJ) interactions were treated 
using particle mesh Ewald (PME) [70,71] methods with a 1.4 nm 
real-space cutoff. Unlike traditional approaches that employ a cutoff 
for handling LJ interactions, we used PME summation of LJ inter-
actions [72] with a real-space cutoff of 1.4 nm. This approach ac-
curately reproduces experimental values of decane surface tensions 
over a range of temperatures, as tested recently [54]. We opted for 
the TIP4P/2005 [44] model for water, a 4-point model renowned for 
its accurate reproduction of experimental interfacial tensions and its 
compatibility with the CHARMM36 force field. As a comparison to the 
TIP4P/2005 model, we also tested the OPC [49] water model for bulk 
water simulations (see Sections S2 and S3 in the SI). While the OPC 
model effectively reproduces a comprehensive set of bulk properties, 
including the surface tension, very well [49], it demonstrates less 
favorable results when combined with the CHARMM36 force field for 
alkanes (see Fig. S1a in the SI).

4.2. Ramping pressure method

Evaluating the attempt frequency densities for cavitation (𝜅w, 𝜅ow, 
and 𝜅o) via simulations at constant negative pressure by measuring the 
mean cavitation time turns out to be impractical. The primary difficulty 
lies in the very strong dependence of the cavitation time on the imposed 
pressure. There exists only a very narrow window of negative pressures 
where cavitation events can be observed within feasible simulation 
times, without overly reducing the free energy barrier. Predicting this 
optimal range of pressures in advance is difficult.

To circumvent these challenges, we employ the pressure ramp 
method [37,45], in which we impose a linearly decreasing negative 
pressure over time, defined as 𝑝(𝑡) = 𝑝̇𝑡, where 𝑝̇ is the rate of pressure 
change, assumed to be negative (𝑝̇ < 0). Consequently, the free energy 
barrier decreases over time, reaching a threshold low enough to allow 
a cavitation event within the simulation time. This protocol renders 
reaction rates (such as 𝑘w in Eq.  (4)) time-dependent. Solving the time-
dependent transition rate equations for 𝑘(𝑡), as described in Ref. [37], 
brings us to the following equation 

𝑝∗cav = 𝑝̇∫

∞

0
𝑒−𝑘0𝐼(𝑡)d𝑡 (11)

where 𝑘0 is the attempt frequency and 

𝐼(𝑡) = ∫

𝑡

0
𝑒−𝛽𝐺

∗(𝜏)d𝜏 (12)

with 𝐺∗(𝑡) being the time-dependent free energy barrier as a direct 
consequence of 𝑝(𝑡). Eq.  (11) predicts the mean cavitation pressure, 𝑝∗cav, 
in a system subjected to a pressure ramp at a rate of 𝑝̇. This ‘‘dynamic’’ 
cavitation pressure 𝑝∗cav should not be confused with the cavitation 
pressure, 𝑝cav, observed under constant pressure conditions, which is 
our final aim to compute.

Since Gromacs does not support simulating a pressure ramp, we 
devised a workaround by conducting a sequence of short simulations. 
Each subsequent simulation was set to a pressure 0.1 MPa lower than 
its predecessor, effectively emulating a linear pressure decrease. The 
duration of each simulation depends on the desired pressure rate 𝑝̇. 
We identify a cavitation event based on an abrupt increase in the 
system’s volume after it had linearly risen due to the increasing pressure 
magnitude, as shown in Section S11 in the SI. We employed the random 
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Fig. 5. Mean dynamic cavitation pressures from pressure ramp simulations, plotted as 1∕𝑝∗cav2 against pressure rate for (a) bulk water with a volume of 731 nm3, (b) bulk decane 
of three different volumes (see legend), and (c) oil droplets with four different initial radii, 𝑅o (see legend), in water. Solid lines are fits of Eq.  (11) to the data points. In panel 
(a), the fit corresponds to the single volume, whereas in panels (b) and (c), global fits are simultaneously applied across all three and four datasets, respectively.
sample consensus (RANSAC) [73] algorithm to accurately pinpoint the 
moment when the volume begins to increase sharply. For each setup, 
we conducted 8 to 10 independent simulation runs to determine the 
mean dynamic cavitation pressure, 𝑝∗cav, at specific rates of pressure 
change, 𝑝̇. In doing so, we plot 1∕𝑝∗2cav against −𝑝̇, as shown in Fig.  5. 
Subsequently, we fit Eq.  (11) (shown by lines) to the simulation data 
points with 𝑘0 and the Tolman length (which enters the free energy 
barrier) as fitting parameters.

Specifically, for bulk water (Fig.  5a), the attempt frequency 𝑘0 is 
linked to the simulation volume 𝑉w through the relation 𝑘0 = 𝜅w𝑉w
from which 𝜅w is extracted. In the case of bulk decane (Fig.  5b), the 
attempt frequency is 𝑘0 = 𝜅o𝑉o, where 𝑉o is the simulation volume. 
Given that we conducted simulations over three volumes in this case, 
we perform a global fit to all three datasets, with 𝜅o and 𝛿o as fitting 
parameters. Finally, for heterogeneous cavitation at the droplet inter-
face (Fig.  5c), the attempt frequency is connected to the droplet area as 
𝑘0 = 4𝜋𝜅ow𝑅2

o. With four different radii simulated, we again perform a 
global fit to all four datasets with 𝜅ow and 𝛿eff as the fitting parameters.
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