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We studied cavitation in metastable fluids drawing on the example of liquid nitrogen confined to spheroidal pores
of specially prepared well-characterized mesoporous silica materials with mean pore diameters ranging from ∼6 to
∼35 nm. Cavitation was monitored in the process of evaporation/desorption from fully saturated samples with
gradually decreasing vapor pressure at the isothermal conditions. The onset of cavitation was displayed by a sharp step
on the desorption isotherm. We found that the vapor pressure at the onset of cavitation depended on the pore size for the
samples with pores smaller than ∼11 nm and remained practically unchanged for the samples with larger pores. We
suggest that the observed independence of the cavitation pressure on the size of confinement indicates that the conditions
of bubble nucleation in pores larger than ∼11 nm approach the nucleation conditions in the bulk metastable liquid. To
test this hypothesis and to evaluate the nucleation barriers, we performed grand canonical and gauge cell Monte Carlo
simulations of nitrogen adsorption and desorption in spherical silica pores ranging from 5.5 to 10 nm in diameter.
Simulated and experimental adsorption isotherms were in good agreement. Exploiting the correlation between the
experimental cavitation pressure and the simulated nucleation barrier, we found that the nucleation barrier increased
almost linearly from ∼40 to ∼70 kBT in the range of pores from ∼6 to ∼11 nm, and varied in diapason of 70-75 kBT in
larger pores, up to 35 nm. We constructed the dependence of the nucleation barrier on the vapor pressure, which
asymptotically approaches the predictions of the classical nucleation theory for the metastable bulk liquid at larger
relative pressures (>0.6). Our findings suggest that there is a limit to the influence of the confinement on the onset of
cavitation, and thus, cavitation of nanoconfined fluids may be employed to explore cavitation in macroscopic systems.

1. Introduction
Behavior of fluids confined to nanoscale pores has been attracting considerable interest among several generations of chemists,
physicists, and materials scientists.1-3 Starting from the seminal
works of Zigmondi in the beginning of 20th century,4 this interest
was triggered mainly by the use of physical adsorption and
capillary condensation phenomena for characterization of surface
area and porosity of adsorbents and catalysts. Recent discoveries
in nanotechnology and biomedicine have significantly expanded
the area of practical applications of confined fluids to nanomaterials synthesis, nanofluidics, and drug delivery. At the same time,
the availability of novel materials with controlled pore structures
has opened up new opportunities for detailed experimental
studies of the mechanisms of phase transformations in confined
fluids.
Major progress has been achieved in the understanding of adsorption, capillary condensation, and desorption phenomena in highly
ordered mesoporous materials with simple pore geometries, such
as MCM and SBA mesoporous crystals.5,6 However, there are
*E-mail: aneimark@rutgers.edu, Matthias.Thommes@quantachrome.com.
(1) Kraemer, E. O. Treatise on Physical Chemistry; Van Nostrand: New York,
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still many open questions concerning adsorption-desorption
mechanisms in more complex porous systems. Fluids adsorbed
in hierarchically structured micro-mesoporous materials exhibit a
great variety of hysteretic adsorption-desorption isotherms with
multiple steps related to phase transformations in adsorbed
phases. Adsorption-desorption processes involve a combination
of physical mechanisms, such as delayed condensation, advanced
condensation, cavitation-induced evaporation, pore blocking,
and percolation, which are reflected in characteristic types of
the hysteresis loops formed by adsorption and desorption isotherms.7-9 The complexity of hysteresis loops causes a considerable complication for the pore stucture characterization; but if
interpreted correctly, they provide important information about
the pore network morphology, which is crucial for discriminating
the physical mechanisms of phase transformation.10,11
On the pore level, capillary condensation hysteresis can be
regarded as an intrinsic property of vapor-liquid phase transitions in finite volume systems.3,12 A classical scenario of capillary
condensation implies that the vapor-liquid transition occures at
a vapor pressure pcc that exceeds the pressure pe of vapor-liquid
equilibrium in the pore, but is below the limit of stability for the
vapor-like states (aka vapor-like spinodal pSV). At pe < p < pSV,
(7) Neimark, A. V. Stud. Surf. Sci. Catal. 1991, 62, 67.
(8) Neimark, A. V.; Ravikovitch, P. I.; Vishnyakov, A. Phys. Rev. E 2000, 62(2),
1493.
(9) Ravikovitch, P. I.; Neimark, A. V. Langmuir 2002, 18(25), 9830.
(10) Thommes, M.; Smarsly, B.; Groenewolt, M.; Ravikovitch, P. I.; Neimark,
A. V. Langmuir 2006, 22(2), 756.
(11) Van Der Voort, P.; Ravikovitch, P. I.; De Jong, K. P.; Benjelloun, M.;
Van Bavel, E.; Janssen, A. H.; Neimark, A. V.; Weckhuysen, B. M.; Vansant, E. F.
J. Phys. Chem. B 2002, 106(23), 5873.
(12) Thommes, M.; K€ohn, R.; Fr€oba, M. J. Phys. Chem. B 2000, 104, 7932.
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vapor-like states are metastable, and condensation is associated
with a certain nucleation barrier, which cannot be overcome
within the time frame of the experiment. In relatively narrow
pores, where the nucleation barrier is low, pcond ≈ pe, while in
wider pores with high barriers, condensation occurs close to the
spinodal pressure p ≈ pSV. According to the classification,8 the
former regime is called the regime of reversible condensation, and
the latter, the regime of developed hysteresis. The hysteresis type
depends on the pore size and shape. In particular, for nitrogen
adsorption at at 77.4 K, reversible condensation occurs in
cylindrical pores smaller than ∼4 nm, and developed hysteresis
occurs in cylindrical pores wider than ∼5 nm. In intermediate
pores, the width of the hysteresis loop gradually increases and the
position of condensation shifts from pe to pSV. This regime is
known as the regime of developing hysteresis. In open uniform
cylindrical or slit-like pores, desorption occurs without nucleation
at pc = pe via the meniscus receding from an open pore end, and
therefore, no metastability is observed. This scenario is not valid
for more complex pore structures, such as SBA-16, KIT-5 silicas,
and so forth, where wider pores are connected by narrower pores
or “necks”.9,10
Two basic mechanisms of desorption in pore networks are
distinquished as pore blocking percolation and cavitation. The
former mechanism was introduced in the early studies of capillary
hysteresis and is referred to as “ink-bottle” or “classical pore
blocking” mechanism.2,3 It is well-understood that evaporation of
the capillary condensate from a network of ink-bottle pores is
hindered by the pore constrictions. In this case, desorption from
the pore body may occur only after emptying of its neck. In other
words, desorption from the neck triggers evaporation in the
blocked pore. Thus, the vapor pressure pd of desorption from
the pore body depends on the neck size and network connectivity.
The onset of evaporation from the pore network is associated with
the percolation threshold and the formation of a continuous
cluster of pores open to the external surface.7,13 The percolation
mechanism is observed in pore networks with sufficiently large
necks. Theoretical and experimental studies9,10 have revealed
that, if the neck diameter is smaller than a certain critical size
(estimated to be ca. 5 nm for nitrogen at 77.4 K), the mechanism
of desorption from the pore body involves cavitation;the
spontaneous nucleation and growth of gas bubbles in the metastable fluid condensed in the pore;while the neck remains filled.
In this case, the desorption transition pressure pd does not depend
on the size of pore necks and is determined by the properties of the
adsorbate and, as we show below, by the size and shape of the
pore body. Both desorption mechanisms, percolation and cavitation, originate from geometrical pore blocking; however, the
physical mechanisms and the pore size dependence are quite
distinct. The pore blocking effects cause a “delay” in desorption,
i.e., desorption occures at vapor pressure below that of the
equilibrium vapor-liquid transition in the given pore (pd < pe).
Thus, in the course of desorption, one observes long-living metastable states of condensed fluid that is overstretched due to the
action of capillary pressure.
In this paper, we focus on the cavitation mechanism of desorption. Cavitation is broadly defined as spontaneous formation
and activity of bubbles in metastable liquids.14 In the process of
desorption, a critically sized bubble serves as a nucleus for
forming the vapor-like phase in a metastable (overstretched)
liquid. In this light, cavitation is a nucleation phenomenon. In
(13) Mason, G. J. Colloid Interface Sci. 1982, 88(1), 36. Neimark, A. V. Acad. Sci.
USSR 1983, 273, 384. Neimark, A. V. Russian J. Phys. Chem. (Z. Fiz. Khim.) 1986,
60, 1745. Wall, G. C.; Brown, R. J. C. J. Colloid Interface Sci. 1981, 82(1), 141.
(14) Young, F. R. Cavitation; McGraw-Hill: Berkshire, U.K., 1989.
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other words, evaporation must be preceded by the formation of a
critical cavity (bubble).15 Creation of a critical cavity is associated
with a free energy barrier to overcome, i.e., the nucleation barrier.
Cavities smaller than a certain critical size collapse back into the
liquid state. Cavities that reach the critical size grow spontaneously and initiate a transition from liquid state to vapor state,
since the latter is thermodynamically more stable. This process is
similar to cavitation processes in bulk liquids, which are widespread in nature, physiology, and technology. Historically, cavitation has been viewed as a negative effect of bubble formation in
flow fields, particularly concerning the design of impellers. It is
also the culprit of “diver’s sickness”, caused by formation of
nitrogen bubbles in the blood during decompression. Nowadays,
cavitation is widely employed in technology and medicine. Stable,
nontransient cavitation via a lithotripter is used to break kidney
and gall bladder stones.16 Recently, it has been suggested that a
similar method can be used to noninvasively treat solid tumors.17
Sonophoresis, a technique that increases permeability of lipid
bilayer membranes to drugs, is also based on cavitation.18 A
better understanding of the formation of critical nuclei that
precede cavitation is vitally important for the design and practical
implementation of these and other cavitation-based technologies.
The study of nucleation in bulk liquids is notoriously difficult;
although a metastable liquid phase can be achieved via superheating, measurements of the energetics and the rate of formation
of critical nuclei is challenging due to natural fluctuations and
impurities. Capillary evaporation of fluids from mesoporous
materials offers a unique opportunity to monitor the very onset
of cavitation. First, a confining solid matrix limits temperature
and pressure fluctuations that are always present in macroscopic
systems. Second, the adsorbing pore walls are covered by liquidlike adsorbed films, which protect the interior of the pores (where
cavitation takes place) from surface pollutants and irregularities
that serve as nucleation centers and thus as facilitators of spontaneous heterogeneous cavitation in bulk liquids. The creation of
nuclei occurs without heterogeneous nucleation sites and is purely
driven by thermal fluctuations at given external thermodynamic
conditions; thus, cavitation in desorbing fluids is homogeneous.
A thorough understanding of cavitation phenomena involved in
desorption of fluids from pores and pore networks is not only of
interest for characterization of nanoporous materials, as mentioned above, but it can provide useful insight to the nature of
cavitation events. Since cavitation is a widespread phenomenon,
improving knowledge of cavitation onset and energetics may have
far-reaching implications.
In a continuation of our previous work,9-11,15,19,20 we study
here the cavitation of nitrogen condensed in pores of wellcharacterized mesoporous silicas of two types: ordered mesoporous crystals (SBA-16), and hierarchically structured materials
(KLE, KLE/IL and SLN-326). Well-defined pore morphologies
of these samples, uniformity of pores, and high precision of the
measurements enable quantitative insights into cavitation from a
comparison of the experimental isotherms on different samples
with the results of molecular simulation of fluid desorption
from individual spherical pores. The focus is made on establishing
(15) Neimark, A. V.; Vishnyakov, A. J. Chem. Phys. 2005, 122 (5), 054707.
(16) Pishchalnikov, Y. A.; Sapozhnikov, O. A.; Bailey, M. R.; W., J. C.;
Cleveland, R. O.; Colonius, T.; Crum, L. A.; Evan, A. P.; McAteer, J. A. Journal
of endourology/Endourological Society 2003, 17(7), 435.
(17) Constantin, C. C.; Ronald, A. R. Annu. Rev. Fluid Mech. 2008, 40, 395.
(18) Terahara, T.; Mitragotri, S.; Langer, R. J. Pharm. Sci. 2002, 91(3), 753.
(19) Ravikovitch, P. I.; Neimark, A. V. Langmuir 2002, 18(5), 1550.
(20) Vishnyakov, A.; Neimark, A. V. Langmuir 2003, 19(8), 3240. Eslava, S.;
Baklanov, M. R.; Neimark, A. V.; Iacopi, F.; Kirschhock, C. E. A.; Maex, K.; Martens,
J. A. Adv. Mater. 2008, 20(16), 3110.
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Table 1. Summary of Experimental Data Used for Comparison with Simulated Isothermsa

sample

geometry

NLDFT internal
pore diameter [nm]

pcav/p0

simulated pore,
accessible/internal [nm]

nucleation
barrier [kBT]

figure

source

b

1,3,4
New
SLN-326
sphere
35
0.487
75.2
1,3
New
KLE-C23
sphere
24
0.484
73.7b
10
1,3
KLE/IL
sphere
13.9
0.480
72.5b
10
KLE
sphere
13.9
0.482
26
SBA16-130C
sphere
11.7
0.480
71.4b
1,3
SBA16-10.5
sphere
10.5
0.471
66.4b
2,3
New
26
SBA16-100C
sphere
9.5
0.460
3,6
26
SE3030
cylinder
9.4
0.482
3
SBA16-9.4
sphere
9.4
0.463
9.56/9.46
60.0
1
New
30
SE10C16
sphere
9.2
0.456
3
SBA16-8.8
sphere
8.8
0.458
9.02/8.92
57.3
2
New
26
SBA16-80C
sphere
8.2
0.439
8.29/8.19
53.8
3
SBA16-7.9
sphere
7.9
0.442
8.02/7.92
46.9
2
New
26
SBA16-60C
sphere
7.1
0.414
7.22/7.12
41.6
3,6
SBA16-6.9
sphere
6.9
0.425
2
New
42
5.54/5.44
30.3c
HMM-3
sphere
5.44
0.352c
SLN-326
cylinder
5
0.421
1,3,4
New
a
Pore size determined by NLDFT. Cavitation pressures obtained by measurement of the midpoint of the desorption step. b Noted nucleation barriers
were extrapolated from the theoretical relationship for 9.56 nm pore; see Figure 7. c The HMM-3 sample is considered just for comparison. Due to the
small size of the pores, the HMM-3 isotherm is reversible and does not exhibit hysteresis, so the pressure listed is the equilibrium pressure, rather than the
cavitation pressure.

relations between the conditions of cavitation and the pore size
and shape.

2. Materials and Methods
2.1. Materials. SBA-16 is a member of the SBA-n family.21
It is a 3D silica mesoporous crystal that comprises a network
of cage-like pores placed at the sites of a body-centered cubic
lattice,22 which belongs to the Im3hm space group. Its pore structure can be described, according to electron crystallographic
studies, as being wrapped by a periodic minimal I-WP surface
of Schoen,23 where regularly spaced cages are connected by
significantly smaller windows (pore entrances);22,24 each cage
has eight entrances. SBA-16 materials are generally prepared
via templated synthesis from segregated nonionic triblock copolymers and are characterized by uniform pore size distributions
(PSD) with tunable pore dimensions (ranging from 6 to 12 nm),
high surface area, and good thermal and mechanical stabilities.25
SBA-16 intrinsically possesses complementary micro- and narrow
mesopores in its wall structure, in addition to the network of
mesopores ordered with Im3hm symmetry.26 For our study, we
selected SBA-16 materials with pore diameters varying from 6.5 to
12 nm. Nitrogen adsorption-desorption isotherms for these
materials were either obtained from literature (see Table 1) or
measured on freshly synthesized SBA-16 samples.27 Pore size
information was obtained by first measuring high-resolution nitrogen sorption isotherms, and then by applying a hybrid NLDFT
method10 to the adsorption branch of the isotherm, which takes
into account the effect of delayed capillary condensation in the
metastable pore fluid (see also section 2.3).
Hierarchically structured silica materials of KLE type were
prepared according to the synthesis scheme described previously.28 In aqueous solutions, the KLE block copolymer forms
(21) Zhao, D. Y.; Feng, J. L.; Huo, Q. S.; Melosh, N.; Fredrickson, G. H.;
Chmelka, B. F.; Stucky, G. D. Science 1998, 279(5350), 548.
(22) Sakamoto, Y.; Kaneda, M.; Terasaki, O.; Zhao, D. Y.; Kim, J. M.; Stucky,
G.; Shim, H. J.; Ryoo, R. Nature 2000, 408(6811), 449.
(23) Schoen, A. H. NASA Technical Note (1970).
(24) Gobin, O. C.; Wan, Y.; Zhao, D. Y.; Kleitz, F.; Kaliaguine, S. J. Phys.
Chem. C 2007, 111(7), 3053.
(25) Van der Voort, P.; Benjelloun, M.; Vansant, E. F. J. Phys. Chem. B 2002,
106(35), 9027. Cheng, C. F.; Lin, Y. C.; Cheng, H. H.; Chen, Y. C. Chem. Phys. Lett.
2003, 382(5-6), 496.
(26) Kleitz, F.; Czuryszkiewicz, T.; Solovyov, L. A.; Linden, M. Chem. Mater.
2006, 18(21), 5070.
(27) Yang, C. M.; Schmidt, W.; Kleitz, F. J. Mater. Chem. 2005, 15(48), 5112.
(28) Thomas, A.; Schlaad, H.; Smarsly, B.; Antonietti, M. Langmuir 2003, 19,
4455.
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an FCC lattice of isolated spherical micelles. In a templated silica
matrix, these micelles produce spherical mesopores that are connected through small micropores, originating from the hydrophilic poly(ethylene oxide) blocks penetrating the silica matrix.
The pore structure of KLE silica, as confirmed by SAXS and
TEM studies,10,28 can be described as spherical mesopores with a
pore diameter of ca. 14 nm, connected via narrow (∼1 nm)
micropores in the pore walls. This represents an ideal morphology
to study the adsorption and desorption phenomena.
KLE/IL silica was synthesized using the same block copolymer as in the case of KLE-silica with an ionic liquid used as
a second template.29 This leads a trimodal pore size distribution. KLE/IL silica contains main spheroidal mesopores of 1114 nm in diameter connected by micropores of ∼1 nm in
diameter similar to those in KLE-silica. In addition, there are
narrow cylindrical mesopores of 2-3 nm in diameter (from the
ionic liquid). The compositions of the parental solutions used
for KLE and KLE/IL silica were optimized to ensure accessibility
of mesopores.10,29,30 KLE-C23 has a pore structure similar to that
of KLE/IL silica, but with spheroidal pores in the range of 24 nm.31
A novel SLN-326 silica material with a hierarchical pore
structure was prepared by employing a copolymer mixture of
SE1010 (“SE” = (poly(styrene)-(poly(ethylenoxide)) þ STEOM
(poly (styrene)539-co-poly((3triethoxysilyl)propylmethacrylate)73)
as a template (a ratio of STEOM /SE1010 = 0.75 was used).
SLN-326 silica consists of spherical mesopores of diameter ∼35 nm,
which are connected through ∼5 nm worm-like mesopores and
additional micropores.32
2.2. High-Resolution Adsorption Measurements. Nitrogen (77.4 K) and argon (77.4 K and 87.3 K) adsorption/desorption
isotherm measurements were performed with an Autosorb-I-MP
adsorption instrument (Quantachrome Instruments, Boynton
Beach, FL) in the relative pressure range from 1  10-6 to 1.
The analysis station of the volumetric adsorption apparatus was
equipped with both the standard pressure transducers, in the
dosing volume (manifold) of the apparatus, and with high precision pressure transducers (Baratron MKS), dedicated to read the
pressure in the sample cell itself. Hence, the sample cell is isolated
(29) Kuang, D. B.; Brezesinski, T.; Smarsly, B. J. Am. Chem. Soc. 2004, 126,
10534.
(30) Sel, O.; Kuang, D.; Thommes, M.; Smarsly, B. Langmuir 2006, 22(5), 2311.
(31) Kuemmel, M.; Grosso, D.; Boissiere, C.; Smarsly, B.; Brezesinski, T.; Albouy,
P. A.; Amenitsch, H.; Sanchez, C. Angew. Chem., Int. Ed. 2005, 44(29), 4589.
(32) Sel, O. Hierarchical Meso- and macropore architectures by liquid crystalline and polymer colloid templating. Ph.D. Thesis, Max Planck Institute of
Colloids and Interfaces, Potsdam, Germany, 2006.
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during equilibration, which ensures a very small effective dead
volume and therefore a highly accurate determination of the
adsorbed amount. The saturation pressure p0 is measured
throughout the entire analysis by means of a dedicated saturation
pressure transducer, which allows the vapor pressure to be monitored for each data point. This improves the precision in determination of p/p0 and the accuracy of the adsorption measurements.
The samples were outgassed overnight at 150 C prior to the
adsorption analysis.

2.3. NLDFT Method for Pore Size Characterization.
The adsorption data were analyzed using a hybrid NLDFT
approach that allows quantification of both micro- and mesopores.10 The hybrid NLDFT method allows one to calculate
PSDs in materials containing pores of different geometry. The
method is applied to the complete range of micro- and mesopores.
Calculations of PSDs are performed from the adsorption branch
of the isotherm. For materials with spheroidal pores, the method
uses the spherical pore model in the region of hysteresis and the
cylindrical pore model in the region of reversible filling of micropores and narrow mesopores. In the region of hysteresis, the
method takes into account the effect of delayed condensation
and uses the NLDFT metastable adsorption isotherms, while
in the region of reversible capillary condensation/desorption, the
method uses NLDFT equilibrium isotherms. We have demonstrated successful application of this method in previous work.19,33-35
2.4. Monte Carlo Simulation Studies. Monte Carlo (MC)
simulations were carried out to model N2 adsorption in spherical
silica pores of 5.54 nm, 7.22 nm, 8.02 nm, 8.29 nm, 9.02 nm, and
9.56 nm in accessible diameter. These sizes correspond to internal
pore diameters of selected SBA-16 samples studied experimentally
(Table 1). Nitrogen was modeled as a spherical Lennard-Jones
(LJ) particle of effective diameter σFF = 0.361 54 nm and LJ
energy parameter εFF/kB = 101.5 K.34 The fluid-fluid potential
was truncated at rc = 5σFF. The solid-fluid interaction was
modeled as mean-field “smeared-out” LJ potential,19 with parameters36 of σSF =0.317 nm and εSF/kB =147.3 K, and the effective
surface density of adsorption sites was Fs = 15.3 nm-2. The
chemical potential μ was converted to the bulk vapor pressure
p using the Johnson-Zollweg-Gubbins (JZG) equation of state for
LJ fluid.37 Each system was held at the constant temperature T=
77.4 K of experimental measurements.
The accessible pore diameter is defined as the diameter of the
pore interior that is available for adsorbed molecules. This differs
from the internal diameter, used in calculation of pore diameter
via the NLDFT method, and the external, or center-to-center
diameter. This definition of accessible diameter provides the
correct asymptotic value of the fluid density in the pore to
the equation of state. The accessible diameter omits the volume
excluded due to LJ repulsion between the adsorbate and the pore
wall. For the model utilized, the difference in external and accessible diameters is 0.18 nm, which is the difference between the
center of a hypothetical solid particle in the pore wall with the edge
of nitrogen (adsorbing) particle, found when USF(r) = 0. Therefore, the external pore sizes calculated were 5.72 nm, 7.40 nm, and
so forth. To avoid confusion, we will only refer to the accessible
pore diameters when referring to simulation and internal diameters
when referring to experimentally determined pore diameters.
Simulations were performed using grand canonical ensemble
(GCMC)38 and gauge cell MC simulation methods. Standard
algorithms39 were employed with simulation runs of at least
(33) Ravikovitch, P. I.; Neimark, A. V. Colloids Surf., A 2001, 187-188, 11.
(34) Ravikovitch, P. I.; Vishnyakov, A.; Russo, R.; Neimark, A. V. Langmuir
2000, 16(5), 2311.
(35) Ravikovitch, P. I.; Wei, D.; Chueh, W. T.; Haller, G. L.; Neimark, A. V.
J. Phys. Chem. B 1997, 101(19), 3671.
(36) Neimark, A. V.; Ravikovitch, P. I.; Gr€un, M.; Sch€uth, F.; Unger, K. K.
J. Colloid Interface Sci. 1998, 207(1), 159.
(37) Johnson, J. K.; Zollweg, J. A.; Gubbins, K. E. Mol. Phys. 1993, 78(3), 591.
(38) Norman, G. E.; Filinov, V. S. High Temp. (USSR) 1969, 7, 216.
(39) Neimark, A. V.; Vishnyakov, A. J. Chem. Phys. 2005, 122(23), 234108.
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300 000 MC steps per molecule. Each step included an attempt
of a molecule displacement in each cell or attempts of molecule
removal, insertion, or transfer between the cells (where applicable). The maximum number of molecules in the largest pore was
about 7600.
The gauge cell method38,40 models equilibrium between the
fluid in a pore sample system and a finite size reservoir of a limited
capacity, the so-called gauge cell. The two cells of constant volume
are considered in thermal and chemical equilibrium, maintained
using particle exchange between them, somewhat similar to
GCMC. The total number of particles, Ntotal = Npore þ Ngauge,
is conserved. The gauge cell MC setup is referred to as the
mesocanonical ensemble;40 it approaches the canonical ensemble
when the gauge cell is infinitely small (Vgauge = 0) and the grand
ensemble at the infinitely large gauge cell (Vgauge f ¥). The gauge
cell fulfills two purposes: its limited size restricts density fluctuations in the system, and it serves as a reference for finding the
chemical potential of the pore fluid (since the condition of
equilibrium between the pore and the gauge is the equality of
chemical potentials). The suppression of fluctuations allows for
simulations of metastable and labile states, resulting in a continuous van der Waals’s type isotherm that can be thermodynamically integrated. The backward trajectory of unstable states corresponds to critically sized bubbles, which would spontaneously
evaporate in an open system. The number of simulations was
increased near spinodal conditions to improve statistics. For
further details of the gauge cell method, see refs 38, 40, 41.
The simulated isotherms were compared to the experimental
isotherms to ensure the model’s validity. This was achieved
through fitting simulated data to two characteristic experimental points at p/p0 = 0.95 (complete filling of all pores) and
p/p0 = 0.40 (complete filling of connecting pores prior to
capillary condensation in main mesopores). The simulated
isotherms corresponded to spheroidal pores of diameter
equal to the mean mesopore diameter determined from the
experimental adsorption isotherms. The general fit used was
Nexp/Nexp(0.95) = (Nsim þ ΔN)/(Nsim(0.95) þ ΔN). This fit
implies that both simulation and experimental adsorption isotherms are normalized at p/p0 = 0.95 to ensure the same pore
volume. The value of ΔN was determined to ensure the same
adsorption at p/p0 = 0.40. In so doing, the gauge cell canonical
isotherm was then mapped onto the corresponding experimental
isotherm.

3. Experimental Results
We have studied the pore size dependence of the cavitation
pressure on a series of well-characterized samples with the mean
diameter of spheriodal mesopores ranging from 6.9 to 35 nm.
Selected adsorption/desorption isotherms are presented in
Figures 1 and 2. All isotherms display a characteristic sharp step
on the desorption branch, which is associated with cavitationinduced spontaneous evaporation from mesopores. The mean
pore diameters and the relative pressures of cavitation are given in
Table 1. The mean pore diameter was determined with the hybrid
NLDFT method applied to the adsorption branch (section 2.3).33
Since the experimental desorption steps are never vertical due to
the distribution of pore sizes, the reported pressures of cavitation
were defined in the middle of the desorption steps. Thus, for a
quantitative analysis, we assumed that the middle of the desorption step corresponded to the onset of cavitation in pores of the
mean diameter. This assumption seems reasonable, yet it implies
some uncertainty in the reported values.
As clearly seen from Figure 1, there is a little difference in the
positions of cavitation for samples with pores larger than ∼11 nm
(40) Neimark, A. V.; Vishnyakov, A. Phys. Rev. E 2000, 62(4), 4611.
(41) Vishnyakov, A.; Neimark, A. V. J. Chem. Phys. 2009, 130(22), 224103.
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Figure 1. (a) Nitrogen adsorption (at T = 77.4 K) in SBA-16 and hierarchically structured silica samples with pore main cavity diameters
exceeding 9.4 nm. (b) Selected NLDFT pore size distribution curves.

Figure 2. Nitrogen adsorption/desorption isotherms in SBA-16
silica materials with pore diameters of <11 nm. The shift of the
cavitation step can be clearly seen. The isotherms are presented in
reduced adsorption units (reduced to the adsorption at p/p0 =
0.95); they are shifted upward progressively by 0.25 to avoid
overlap of desorption steps to illustrate the dependence of cavitation pressure on pore size. The original non-normalized isotherms
are given in Supporting Information.

disregarding the sample nature. The cavitation in KLE/IL, KLEC23, SLN-326, and SBA-16 (11.7 nm) samples occurs essentially
at the same relative pressure of p/p = 0.48 ( 0.01. At the same
time, the cavitation step for 9.4 nm pore sample of SBA-16 is
noticeably shifted to lower pressures. To show that this shift was
not caused by the difference in the sizes of connecting pores, we
plot PSDs for SBA-16 (9.4 nm), KLE-C23, and KLE/IL samples
in Figure 1b. These distributions show two groups of pores:
spheroidal mesopores, in which cavitation occurs, and connecting
channels, or necks. While the sizes of mesopores are significantly
different, the sizes of connecting pores in all samples are essentially the same. Thus, the shift in the cavitation pressure cannot be
explained by the classical pore blocking effect, which would imply
a difference in the size of connecting pores.
The pore size dependence of the cavitation pressure is demonstrated in Figure 2 with a series of SBA-16 samples with the main
mean pore diameter ranging from 6.5 to 10.5 nm. To make a visualization comparison easier and to an avoid overlap of desorption
steps, the isotherms are presented in reduced adsorption units
(reduced to the adsorption at p/p0 =0.95) and the isotherms for 7.8,
8.8, and 10.5 nm samples are shifted upward by 0.25, 0.50, and 1.0,
respectively. The unmodified isotherms are available in Supporting
Langmuir 2010, 26(12), 10147–10157

Figure 3. Effect of pore diameter on cavitation pressure. Experimental data for the samples with spheroidal pores are in red and
with cylindrical pores in blue. Sample denotation is given in the
insert. The cylindrical pore d ≈ 5 nm refers to the worm-like
channels in SLN-326, while the cylindrical pore at d ≈ 9 nm is
SE3030.

Information. The isotherm on 9.4 and 11.7 nm SBA-16 samples
given in Figure 1 fit nicely into this trend.
The pore size dependence of the cavitation pressure is summarized in Figure 3. In addition to the data for SBA-16, KLE-type silica,
and SLN-326 silica, which are materials with cage-like (spheroidal)
mesopores, we also added two data points reflecting cavitation in
worm-like (cylindrical) pores. The data point for ∼5 nm pore
corresponds to SLN 326 sample discussed below, and the data
point for ∼9.4 nm pore refers to SE3030 silica that was addressed in
our previous work.10 The cavitation pressure in spheroidal pores
increases almost linearly from ∼0.42 to ∼0.49 with the increase of
pore diameters from ∼7 to ∼11 nm and then saturates at ∼0.49 in
the range of pore diameters from ∼11 to 35 nm.
It is well-understood that as the confinement size decreases, the
liquid spinodal, which determines the limit of metastability and
the conditions of cavitation, shifts to lower pressure.8,43,44 On the
other hand, one can hypothesize that the observed saturation of
the pore size dependency on the cavitation pressure observed in
pores of 11-35 nm corresponds to the achievement of the limit of
(42) Inagaki, S.; Guan, S.; Fukushima, Y.; Ohsuna, T.; Terasaki, O. J. Am.
Chem. Soc. 1999, 121(41), 9611.
(43) Neimark, A. V.; Ravikovitch, P. I.; Vishnyakov, A. Phys. Rev. E 2002, 65
(3), 031505. Vishnyakov, A.; Neimark, A. V. J. Phys. Chem. B 2001, 105(29), 7009.
(44) Neimark, A. V.; Vishnyakov, A. J. Phys. Chem. B 2006, 110(19), 9403.
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Figure 4. (a) Nitrogen adsorption in SLN-326 silica at 77.4 K. Scanning isotherms demonstrate two groups of mesopores: cages of size 35 ( 3
nm and worm-like channels of 5 ( 1 nm. (b) Argon adsorption at 87.3 and 77.4 K. (c) NLDFT PSDs of worm-like channels calculated from
the scanning isotherms of N2 and Ar.

stability in metastable bulk liquid due to homogeneous nucleation. If this were true, one could offer an efficient method for
studies of the limits of cavitation stability in metastable bulk
liquids by measuring desorption isotherms on materials with large
mesopores.
The pressure at which cavitation occurs is determined by the
probability of nucleation in a pore of a given size during the observation time. It is proportional to exp(-ΔΩcav(d)/kBT), where
ΔΩcav(d) is the nucleation barrier associated with the formation of
a critical cavity in a pore of diameter d.15 The pore size dependence (Figure 3) suggests that the nucleation barrier should
depend strongly on the pore size at d < 11 nm and show little
or no dependence afterward, while the fluid state in the central
part of the pore gradually approaches that of the bulk liquid. We
therefore may assume that in pores larger than 14 nm the cavitation barrier approximately equals that for the homogeneous
nucleation in the bulk liquid nitrogen. This hypothesis is confirmed in MC simulation described below.
It is worth noting that metastable states and associated cavitation and hysteresis behaviors can be observed for nitrogen adsorption at 77.4 K in SBA-16 and other mesoporous silicas with
spheroidal pores only when the pore diameter exceeds ca. 5 nm.
Samples with smaller pores exhibit reversible adsorption-desorption
isotherms.26,42 The isotherm reversibility is explained by a decrease of the nucleation barriers down to ∼30 kBT, which are easily
crossed due to thermal and other fluctuations in adsorption
10152 DOI: 10.1021/la100268q

experiments. Note that, since the hysteresis behavior depends
on the pore shape as well, the isotherm reversibility in cylindrical
pores is limited by ∼4 nm that corresponds to the lowest relative
pressure of hysteresis of ∼0.42.8
The difference in cavitation pressure in spherical and cylindrical pores can be shown with the isotherm on SLN-326 sample,
which exhibits a two-step desorption branch and a pronounced
inflection of the adsorption branch far below the main capillary
condensation step. As seen in Figure 4a, where we present a series
of scanning desorption isotherms, the hysteresis loop can be decomposed into two non-overlapping loops, which correspond to
two different groups of pores: large spheroidal pores with the
mean diameter of ∼35 nm and cylindrical worm-like channels
with the mean diameter of ∼5 nm. The existence of these two
groups of pores is confirmed by the argon isotherms presented in
Figure 4b. The Ar isotherm at 87.3 K has similar features as the
N2 isotherm at 77 K. The Ar isotherm at 77.4 K has only one
hysteresis loop that corresponds to the smaller pores, since at this
low temperature (6.5 K below the argon triple point), the pores
larger than ∼18 nm cannot be filled from the vapor phase
anymore by capillary condensation.5,12,45
While the cavitation mechanism of desorption from large pores
is obvious, the mechanism of desorption from smaller pores
requires an additional consideration. Indeed, it may be driven
(45) Thommes, M.; K€ohn, R.; Fr€oba, M. Appl. Surf. Sci. 2002, 196,(1-4), 239.
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Figure 5. (a) Simulated nitrogen isotherms in pores of different sizes on SBA-16 silica at T = 77.4 K. Vertical line E-A corresponds to
cavitation in a metastable liquid state in GCMC simulation. Line F-B represents vapor-liquid equilibrium. Line C-G represents capillary
condensation in GCMC. SL and SV are the limits of stability in the liquid and vapor states, as calculated by the gauge cell method. (b)
Summary of calculated spinodal points (red squares, vapor spinodals; blue diamonds, liquid spinodals). In systems d > 8 nm, nearly identical
values of spinodals are calculated, corresponding closely to the JZG equation prediction of the bulk value of p/p0 = 0.268. This value
corresponds to the horizontal line.

either by cavitation or by pore blocking. In order to detect which
mechanism is dominant, we applied a test suggested in our previous work.10 This test is based on measuring adsorption isotherms with different adsorbates (such as nitrogen and argon
here) and/or at different temperature and comparing PSDs
calculated from the data obtained at these different conditions.
In the case of pore blocking, the pressure of evaporation is controlled by the size of connecting pores. Therefore, PSDs calculated
from the desorption branches should be independent of the choice
of the adsorbate or temperature. In the case of cavitation, the
pressure of desorption depends on the adsorbate and temperature
and is not correlated with the size of connecting pores. Hence,
PSDs calculated from the desorption branch of the hysteresis loop
are artificial; they do not reflect the real pore sizes and they should
depend on the choice of the adsorbate and/or temperature. This is
exactly what is seen in Figure 4c, where we present the PSDs
calculated from the nitrogen at 77.4 K and argon at 87.3 K
isotherms in the range from 2 to 10 nm. The PSDs calculated from
the desorption branches are significantly different. At the same
time, the PSDs calculated from the adsorption branches agree
nicely and reflect the real sizes of connecting pores. This analysis
confirms that (i) desorption from the cylindrical mesopores of
SLN-326 is induced by cavitation and (ii) cavitation pressures in
spherical and cylindrical pores are different.

4. Results of Monte Carlo Simulations and
Comparison with Experiment
Monte Carlo simulation results for pores of different diameters
(from 5.54 to 9.56 nm) are shown in Figure 5a. These isotherms
combine the data obtained in the GCMC and gauge cell simulations as the particle density Nσ3/V versus the bulk relative pressure, p/p0. The isotherms determined in the gauge cell simulations
are the canonical isotherms that would be obtained with the
Widom particle insertion method44 in the canonical ensemble.
The canonical isotherms are continuous and have a sigmoid shape
resembling van der Waals’s loops typical for mean field theories of
first-order phase transitions. It is important to recognize that the
sigmoid shape comes here from the finite size of the system rather
Langmuir 2010, 26(12), 10147–10157

than from a mean field approximation.37 The canonical isotherm
is composed of three parts: (i) adsorption branch of low density vapor-like states that terminates at a vapor spinodal SV;
(ii) desorption branch of high density liquid-like states that terminates at a liquid spinodal SL; and (iii) backward trajectory of
labile states connecting the vapor and liquid spinodals; these
states of negative compressibility would be totally unstable in
experiment or the grand canonical ensemble. The metastable and
labile states that are not achievable in the grand canonical
ensemble were sampled as the mesoscopic canonical ensemble
conditions of the gauge cell MC simulation.40
The position of vapor-liquid equilibrium (vertical line BF) is
determined from the condition of the condition of the nil work of
the transition between equilibrium vapor-like and liquid-like
states. This condition is equivalent to the Maxwell rule of equal
areas (area BSVD = area FSLD, D is the intersection of lines BF
and SVSL). The corresponding equilibrium chemical potential, μe,
is found using thermodynamic integration along the canonical
isotherm:
I
NðμÞ dμ ¼ 0
ð1Þ
μe

The states on the adsorption branch at μ > μe and desorption
branch at μ<μe of the canonical isotherm are metastable, and the
spinodal points represent the thermodynamic limits of metastability.
GCMC adsorption-desorption isotherms form hysteresis
loops like the one (ACGEA) shown on the 5.54 nm isotherm.
The abrupt steps CG and EA correspond to the spontaneous
capillary condensation and desorption/cavitation transitions
observed in the GCMC simulation, below and above the respective spinodals. Virtual experiments of GCMC simulations mimic
experimental conditions of real adsorption measurements: the
sample is set in equilibrium with a macroscopically large (thermodynamically infinite) reservoir of vapor kept at given vapor
pressure and temperature. However, the positions of spontaneous
capillary condensation and desorption in simulations may differ
significantly from those observed experimentally. The spontaneous
DOI: 10.1021/la100268q
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Figure 6. Comparison of MC simulations and experiments. (a) 9.4 nm SBA16-100C (exp) and 9.56 nm gauge cell (sim), and (b) 7.1 nm
SBA16-60C (exp) and 7.22 nm gauge cell (sim). Isotherms are fitted to 2 points, one near saturation and another in the linear region of the
vapor-like branch. The calculated isotherm is shifted up to account for adsorption in connecting and matrix pores. This shift is indicated by X
on the y-axis. Note that the liquid spinodal is far removed from the point of experimental desorption (cavitation).

transition in a metastable phase is a fluctuation-driven process
that requires formation of a critical nucleus. The probability of nucleation at given conditions depends on the level of
natural thermal fluctuations and the observation time, which in
real experiments is significantly larger than in simulations. Thus,
spontaneous transitions in GCMC simulations occurs closer to
the spinodals that in real experiments.
Naturally, the locations of VLE and both spinodals shift to
higher pressures as pore width increases; however, while the vapor
spinodal continues to increase steadily with the pore diameter, the
liquid spinodal reaches a plateau of p/p0 ≈ 0.270 (see Figure 5b).
This supports our hypothesis that cavitation in large pores occurs
at conditions near that of a bulk fluid. The JZG equation predicts
a nearly identical bulk liquid spinodal of p/p0 = 0.268. However,
this comparison must be treated with caution, as this equation
was not explicitly designed to calculate spinodals.15 Also noteworthy is that for the condensation transition the situation is
qualitatively different. The vapor spinodal pressure monotonically increases with the pore size, but the fluid always condenses at
pressures lower than the bulk VLE pressure p0. The condensation
transition has no relevance to the bulk vapor spinodal, which
occurs at oversaturated conditions (at p/p0 = 6.94, according to
the JZG equation).
The MC simulated isotherms are generally in good agreement
with the experimental isotherms given in Figures 1 and 2. In
Figure 6, we present two typical examples for SBA-16 samples,
where the experimental isotherm is compared with the simulated
canonical isotherm in the spherical pore of the mean diameter for
the given sample. To display simulated data as functions of the
vapor pressure, the JZG equation of state was employed to relate
the vapor pressure and the respective chemical potential. One
cannot expect to get the exact agreement since the samples contain
mesopores of different sizes (see pore size distributions in
Figure 1b) that is not captured in single-pore simulations. Most
importantly, the samples contain additional micropores that are
filled at pressures below the condensation region for the main
spherical mesopores. For the purpose of comparison, the experimental and simulated isotherms were normalized at p/p0 = 0.95,
and in order to account for real adsorption of the micropores, the
simulated isotherm was shifted up to fit the experimental isotherm
prior to the region of capillary condensation in mesopores. The
10154 DOI: 10.1021/la100268q

quantitative value of this shift is displayed as a crosshair on the
y-axis of Figure 6.
The simulated and experimental isotherms overlay nicely,
indicating that the simulations correctly describe the physics of
adsorption/desorption processes. The compressibility of the condensed fluid (the slope of the desorption isotherms prior to
cavitation) aligns in experiments and simulations, as well as the
slopes of the adsorption isotherms prior to the capillary condensation. As expected, capillary condensation in experiments
occurred near the position of the vapor spinodal SV. At the same
time, cavitation in experiments occurred prior to the achievement
of the liquid spinodal SL, and the difference in the respective
relative pressures is significant.
To get a better understanding of the conditions of the cavitation onset in experiments, we calculated the nucleation barriers in
metastable condensed fluid from the canonical isotherms. The
continuity of the canonical isotherm allows one to employ the
thermodynamic integration to calculate the grand thermodynamic potential, Ω(μ,T)
Z
Ωðμ, TÞ - Ωðμr , TÞ ¼ -

μ

Nðμ, TÞ dμ
μr

ð2Þ

where μr is an ideal reference state with sufficiently low pressure.
The states on the backward branch between the vapor spinodal
and the vapor-liquid equilibrium correspond to the critical nuclei
(cavities or bubbles) that should be formed to trigger cavitation in
the metastable condensed liquid.15,40 The nucleation barrier at a
given chemical potential μ < μe represents the work of formation
of the critical nucleus. The latter equals to the difference of the
grand thermodynamic potentials of respective liquid and “bubble” states, ΔΩcav =Wc =Ωl(μ, V, T) - Ωb(μ, V, T). Here, Ωl and
Ωb are the grand thermodynamic potentials along the liquid and
backward branches of the canonical isotherm. This is graphically
represented by the area from SL to F (or any other desirable μ),
between the unstable and liquid branches in Figure 5a.
The nucleation barrier of cavitation Wc as a function of the
vapor pressure is plotted in Figure 7 for different pore sizes. The
nucleation barrier monotonically increases from the liquid spinodal (where it is zero by definition) to the vapor-liquid equilibrium, where the nucleation barrier of evaporation reaches a
Langmuir 2010, 26(12), 10147–10157
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Figure 7. Calculated nucleation barriers of nitrogen at 77.4 K confined to spherical silica pores of different sizes. The solid blue curve
corresponds to the classical nucleation theory estimate of the barrier. Solid vertical lines show the positions of cavitation observed
experimentally (see Figure 3 and Table 1). The calculated curves
are terminated at the respective pressures of equilibrium vaporliquid transition.

maximum equaled to the nucleation barrier of condensation
defined as ΔΩcond = Ωv(μ, V, T) - Ωb(μ, V, T) (due to the
Maxwell rule). The nucleation barriers for condensation are
shown by dotted lines. Most remarkably, the nucleation barriers
in pores larger than 8 nm at relative pressures larger than
∼0.5 collapse on one universal dependence. This finding suggests
that the conditions of bubble nucleation in sufficiently large
mesopores do not depend on the size of confinement and, thus,
are characteristic of homogeneous nucleation in the bulk liquid.
For comparison, we also calculated the nucleation barriers
using the classical nucleation theory (CNT). According to CNT,46
the work of critical bubble formation equals
Wc ¼

4π 2
rγ
3 s s

ð3Þ

where γs is the surface tension of a bubble with radius rs. The
radius of a critical nucleus is then approximated using the Laplace
equation
rs ¼

2γs
pl - pv

ð4Þ

where pl and pv are the pressures of bulk liquid and vapor
corresponding to the same chemical potential μ via the bulk
equation of state, and also assuming the ideal vapor phase and
noncompressible liquid phase. The surface tension of the LJ
model of nitrogen was estimated from simulation data reported
in the literature.47 A value of γσ2/ε = 0.922 was obtained by
interpolation using kBT/ε = 0.762 and rc/σ = 5. CNT has several
severe drawbacks, namely, the assumption that cavities are spherical and that the fluid outside the cavities represents a uniform
liquid phase.48 Also, CNT does not predict zero nucleation
barriers at the spinodal. However, CNT is expected to provide
correct asymptotic values as the bubble size increases. The CNT
result for the LJ model of nitrogen is displayed as a solid line in
Figure 7. As expected, CNT largely overestimates the nucleation
(46) Gibbs, J. W. The Scientific Papers of J. Willard Gibbs; Dover: New York,
1961.
(47) Mecke, M.; Winkelmann, J.; Fischer, J. J. Chem. Phys. 1997, 107(21), 9264.
(48) Punnathanam, S.; Corti, D. S. Ind. Eng. Chem. Res. 2002, 41(5), 1113.
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Figure 8. Pore size dependence of the nucleation barrier of cavitation. Nucleation barriers in large pores that cannot be adequately
sampled with Monte Carlo simulations were extrapolated from the
nucleation barrier relationship for a 9.56 nm pore (see Figure 7).
They are shown by red squares.

barriers in nanometer-sized pores in the practical region of
cavitation pressures (p/p0 < 0.5). However, the MC calculated
barrier of the largest pore of 9.56 nm asymptotically approaches
the CNT value at high relative pressures. This observation
suggests that the latter dependence can be employed for predicting
nucleation barriers in larger pores and making extrapolations for
the bulk liquid.
For the smallest of the simulated pores (5.54 nm), experimental
desorption (HMM-3 sample) occurred at the vapor-liquid
equilibrium without any hysteresis. The corresponding nucleation
barrier is only 32 kBT, which is easily crossed by thermal
fluctuations at the conditions of standard adsorption experiments. As seen in Figure 7, the nucleation barrier at the equilibrium sharply increases with the pore size from ∼75 kBT in 7.22 nm
pore to ∼175 kBT in 9.56 nm pore. These barriers are insurmountable during the experiments, and thus the adsorption-desorption isotherms exhibit prominent hysteresis. The position of
desorption in these samples is determined by the conditions of
cavitation.
From the comparison of simulated and experimental data, we
evaluated the nucleation barriers that corresponded to the experimentally observed cavitation in pores of difference sizes. The
nucleation barriers were determined at the experimental cavitation pressures reported in Table 1 and shown by solid vertical lines
in Figure 7. Cavitation pressures were adjusted slightly by
interpolation to correct for the minor differences between experimentally measured NLDFT diameters and the internal diameters
used in simulation. The pore size dependence of the nucleation
barriers is given in Figure 8. The nucleation barrier is plotted
against the mean diameter of main mesopores of the samples
explored experimentally. For pores d > 10 nm, the nucleation
barrier was obtained from the results of simulation in 9.56 nm
pore.
As the pore size increases, so does the nucleation barrier of
cavitation from ∼40 kBT at 7 nm to 70 kBT at 11 nm. In larger
pores up to 35 nm, the nucleation barrier varies insignificantly in
the diapason of 70-75 kBT that corresponds to minor variations
of the cavitation pressure in large pore samples (Figure 3). It is
worth noting that nucleation barriers of ∼70 kBT correspond to
the largest degrees of metastability achievable in macroscopic
experiments with overheated cryogenic liquids like nitrogen and
DOI: 10.1021/la100268q
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argon prior to their spontaneous boiling.49 This estimate suggests
that (i) the results of simulations of nucleation barriers for
confined fluids can be extrapolated to the bulk systems and
(ii) the conditions of cavitation in large mesopores are similar
to the conditions of homogeneous cavitation in bulk metastable
liquids.

5. Discussion and Conclusions
By means of high-resolution adsorption-desorption experiments with specially prepared mesoporous silica materials, we
studied cavitation in metastable liquid nitrogen at its boiling
temperature of 77.4 K. Complementary experiments were performed with argon at 77.4 and 87.3 K (argon boiling temperature). All samples possessed 3D pore networks with uniform
cage-like spheroidal mesopores connected by more narrow channels. Two classes of samples were explored: ordered mesoporous
crystals SBA-16 with the Im3hm cubic pore network and hierarchically structured silicas of KLE, KLE/IL, and SLN-326 types.
The samples were characterized by the mean internal diameter of
spheroidal mesopores, which varied from sample to sample in the
range 6-35 nm. The pore size distributions were determined by
the NLDFT hybrid method.10
The cavitation mechanism of evaporation of condensed nitrogen
confined to cage-like pores is displayed by a sharp step on the
desorption isotherm. This mechanism was confirmed by the independence of the desorption step position of the size of connecting pores, as well as by a comparative analysis of adsorption-desorption isotherms of nitrogen and argon at the normal
boiling temperatures of nitrogen and argon. It is well-understood
from earlier studies that the onset of cavitation is related to the
achievement of the limit of stress stability in the metastable
condensed liquid. The so-called limiting stress hypothesis was
suggested in the seminal works of Everett50 and Dubinin51 to explain
the position of the lower closure point of the hysteresis loop formed
by the adsorption and desorption isotherms. However, it is generally
assumed that the cavitation pressure depends on the adsorbate and
is independent of structural and chemical properties of the porous
solid.3 In contrast to this classical viewpoint, our data show that the
vapor pressure at the onset of cavitation does depend on the pore
size for the samples with pores smaller than ∼11 nm and remains
practically unchanged for the samples with larger pores.
We have found a difference in the cavitation pressure in
spherical and cylindrical pores of the same diameter. This conclusion was confirmed by a detailed analysis of the characteristic
hysteretic behavior observed in SE3030 silica, which consists of
worm-like pores of diameter 9.4 nm, and SLN-326 silica, which
contains extra-large cage-like pores with the mean diameter of
35 nm and worm-like cylindrical channels of ∼5 nm. By measuring scanning desorption isotherms and, in addition, Ar adsorption at 87.3 and 77.4 K, we showed that two characteristic steps on
the desorption branch corresponded to two independent cavitation processes in spheroidal and cylindrical pores. Within this
context, it is worth restating that cavitation occurs in the materials
containing mesopores accessible only through narrow channels
(necks/windows smaller than ∼4 nm) that are remained filled at
the pressure characteristic of the onset of cavitation, which
depends on the mesopore shape and size.
The onset of cavitation is preceded by the formation of a critical
nucleus of the vapor phase in the metastable liquid. Thus, the
(49) Baidakov, V. G. Explosive Boiling of Superheated Cryogenic Liquids;
WILEY-VCH Verlag GmbH & Co. KGaA: Weinheim, 2007.
(50) Burgess, C. G. V.; Everett, D. H. J. Colloid Interface Sci. 1970, 33(4), 611.
(51) Kadlec, O.; Dubinin, M. M. J. Colloid Interface Sci. 1969, 31(4), 479.
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position of cavitation is determined by the nucleation barrier,
defined as the critical nucleus free energy, which depends on the
degree of metastability. We suggest that the observed independence of the cavitation pressure of the size of confinement
indicates that the conditions of bubble nucleation in pores larger
than ∼11 nm approach the nucleation conditions in the bulk
liquid. In smaller pores, the nucleation barrier depends on the
pore size and shape: the smaller the pore, the smaller the barrier,
and thus the vapor pressure of cavitation increases with the pore
size, from ∼0.42 to ∼0.49 (for spheroidal mesopores). According
to this consideration, the absence of experimentally observed
hysteresis in cage-like pores smaller than ∼6 nm is explained by
low nucleation barriers that can be overcome at the conditions of
vapor-liquid equilibrium.
To test this hypothesis and to evaluate the nucleation barriers,
we performed grand canonical Monte Carlo and gauge cell Monte
Carlo simulations of nitrogen adsorption and desorption in
spherical silica pores ranging from 5.54 to 9.56 nm in diameter.
Simulated and experimental adsorption isotherms were in good
agreement. Exploiting the correlation between the experimental
cavitation pressure and the simulated nucleation barrier, we
found that the nucleation barrier increased almost linearly from
∼40 to ∼70 kBT in the range of pores from ∼7 to ∼11 nm, and
varied in narrow diapason of 70-75 kBT in larger pores (up to 35
nm). The nucleation barriers of this magnitude correspond to the
limit of sustainable metastability and the onset of spontaneous
boiling in macroscopic metastable nitrogen droplets.49 This coincidence confirms that the conditions of cavitation in pores
larger than 11 nm are similar to the conditions of homogeneous
nucleation in the bulk.
The conclusion that cavitation in sufficiently large pores does
not depend on the size of confinement is supported by calculated
density profiles of condensed nitrogen (see Supporting Information). As the pore size increases, the density in the pore center
approaches the density of bulk liquid nitrogen, and the size of
critical nucleus becomes progressively smaller than the pore
diameter; respectively, the stabilizing effect of fluid-solid attractive interactions diminishes. An additional confirmation comes
from the fact that the constructed dependence of the nucleation
barrier on the vapor pressure asymptotically approaches the
predictions of the classical nucleation theory in the bulk at the
larger relative pressures (∼0.6).
The established correlation between the nucleation barrier at
the onset of cavitation and the pore size gives a rough quantitative
estimate for the criterion of adsorption hysteresis. The nucleation
barrier of ∼40 kBT, which corresponds to the smallest pore in
which we observed adsorption hysteresis (∼7 nm), can be
regarded as a boundary of sustainable metastability in condensed
nitrogen at the standard conditions of adsorption measurements.
The absence of hysteresis in smaller pores suggests that nucleation
barriers smaller that ∼40 kBT are overcome due to natural
thermal fluctuations and temperature and pressure variations
during the equilibration time set by the experimental protocol. It
is worth underscoring that the conditions of sustainable metastability in experiments and simulations are significantly distinct.
Nucleation barriers insurmountable in simulations are significantly smaller due to the smaller observation times and the lack of
natural variations of external thermodynamic parameters inherent to real experiments.44
In conclusion, our study provides new insights into the origin of
adsorption-desorption hysteresis in nanopores materials, which
is crucial for a correct and comprehensive structural characterization of advanced nanomaterials with hierarchical pore structure.
The established relationship between the cavitation pressure and
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the pore size may be instrumental in discriminating and validating
pore network morphologies and pore shapes. Although our
experimental and simulation studies were limited to nitrogen
desorption and mesoporous silicas, the qualitative conclusions
should be valid for other adsorbate-absorbent systems. Our
findings imply that there is a limit to the influence of the
confinement on the onset of cavitation, and thus, cavitation of
nanoconfined fluids may be employed to explore cavitation in
macroscopic systems. This is an important outcome, which may
give rise to novel experimental techniques for measuring limiting
tensile stress, nucleation barriers, and conditions of cavitation in
metastable liquids.
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