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Nucleation of liquid bridges and bubbles in nanoscale capillaries
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Nucleation of liquid bridges and bubbles during condensation and evaporation of Lennard-Jones
fluid in cylindrical pores is explored by Monte Carlo simulation. The isotherm of constrained critical
nuclei is constructed using the gauge cell method. We confirm the Everett—Haynes scenario of
bridging through the formation of a bump/undulation on the adsorption film. The molecular
structure of growing bridges and cavitating bubbles is revealed. A new simulation approach is
introduced to calculate the nucleation energy barriers. The method is based on the introduction and
subsequent removal of a virtual “ghost” potential field with a tunable magnitude. Two computation
schemes for determining the free energy of nuclei are elaborated based on the thermodynamic
integration along a trajectory of states generated in the tunable ghost field and on the umbrella
sampling. The methods developed are applicable to study various nucleation phenom26@3 ©
American Institute of Physics[DOI: 10.1063/1.1615760

I. INTRODUCTION numerical simulation of dynamics of capillary condensation
in a gap with a time-dependent Ginzburg—Landau model.
Equilibrium, stability, and formation of liquid bridges Talanquer and Oxtol3§ exploited a two-dimensional local
between solid surfaces and in pores is one of the classicalensity functional theoryDFT) in the gradient approxima-
problems in colloid and interface science dating back to Plation to examine possible pathways of nucleation between
teau and Rayleigh? Recently, this problem has attracted a solvophobic walls and to estimate the free energy of nuclei.
lot of interest from both experimentalists and theoreticians.  Although capillary equilibrium in cylindrical nanopores
Experimental studies considered formation and snap-off ofvas investigated in great details by various technigses,
nanoscale liquid contacts between the sample and the tip ig.g., reviews of Gellet al. and Neimarket al>*?*and refer-
atomic force microscope and surface force apparatus, adhences therein studies of the pathways of phase transforma-
sion, nanotribology, nanolithorgaphy, and capillary condentions were limited to MC and MD simulations of spontane-
sation in pores of nanostructured materfaf®. Theoretical ous formation of periodic structures in quenched binary
and simulation studies were concerned mostly with capillarymixtures confined to long capillaries by Liet al, 2%
condensation and cavitation in a gap between parallel solidghang and Chakrabarif, and Gelb and Gubbirfs:*° Re-
surfaces. Landmahgenerated solidlike and liquidlike junc- cently, Vishnyakov and Neimatk simulated formation and
tions by molecular dynamic$MD) simulations. Yasuoka evaporation of liquidlike bridges in short cylindrical necks of
et al* studied formation and evolution of LJ clusters in aink-bottle pores.
slit nanopore with wetting and nonwetting walls by MD In the present work, we investigate the pathways of con-
simulations and estimated the nucleation rate from the clusdensation and evaporation of a wetting fluid in a nanoscopic
ter distribution. Capillary evaporation, accompanied withcylindrical pore, which are associated with formation and
cavitation, in a lattice liquid confined to a slit pore was mod-rapture of liquid bridges or vapor bubbles spanning the cap-
eled by Luzar and Leunt:** Bolhius and ChandIét inves- illary cross section. Everett and HayResuggested the clas-
tigated the dynamics of cavitation between liophobic sur-sical scenario of vapor condensation in a macroscopic cylin-
faced by using the transition path sampling Monte Carlodrical capillary (Fig. 1). They proposed that the liquid
(MC) technique. Stroucet al’® simulated formation and nucleation in a prewetted pore starts from a bumplike undu-
snap-off of bridges between nanoscale contacts by isostraiation, which grows and transforms into a lenslike bridge
grand canonical MC technique. Other simulation studieshounded by two hemispherical menisci. The bridge swells,
considered two-stage capillary condensation and evaporatiafenisci advance, and ultimately the pore is filled completely
between chemically heterogeneous and corrugated surfaces; condensed fluid. The transient unduloidal configurations
In this case formation of liquidlike bridges in the pore con-have equicurvature interfaces with a constant capillary pres-
strictions or in the regions with a stronger adsorption potensure which fulfills the Laplace equatior® ;5= — y(rit
tial preceded condensation in the rest of the pore+r,t)=constant, where is the liquid surface tension, and
volume:"~*°Also, nucleation in slit-shaped pores was stud-r, andr, are the main radii of curvature. The bump volume
ied by mean-field theories. Restagabal?*** attempted a is a nonmonotonous function of the capillary pressure. The
latter varies from the capillary pressure,y/r (r is the pore

dAuthor to whom correspondence should be addressed. Electronic mai!’:a(;lil?lé, pf the cylindrical interface of _the wetting film for an
aneimark@triprinceton.org infinitesimally small bump to the capillary pressure2y/r,
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A) B) -
DBDB equation of state and has a form of a van der Waals

I I
loop. We determine the conditions of the vapor—liquid equi-
librium, and the vaporlike and liquidlike spinoddiSec. IlI).

E) F : :
Second, we construct a trajectory of nonuniform states,
which correspond to bumps, bridges, and bubbles, and show
that the bump-to-bridge transformation follows qualitatively
the Everett—Haynes scenaffoThe free energy barriers for

: : o _._bridge condensation and bubble cavitation are determined by
FIG. 1. The mechanism of capillary condensation in cylindrical pore with h d L. . | hi .
attractive walls according to the Everett—Haynes scen@&@f. 34. (A) A t e_rmo yn_am'c Integration aong this traJeCtd@ec' M' )
laterally uniform adsorbed filnimetastable vaporlike phaseB) a liquid- ~ Third, we introduce a new techniqgue named the ghost field
like bump/undulation builds up breaking the symmet@) the bump de-  method, which is based on thermodynamic integration and
velops into a liquidiike bridge which spans the pore cross sectbnthe ~ ,mpyrella sampling methods. The ghost field method allows
bridge grows;(E) the growth of bridges is accompanied by the contraction . . .
of bubbles;(F) the bubbles collapse and a laterally uniform liquidlike state ON€ tO _CalCU|ate the free energies of nucleation indepen-
is established. The reverse process of evaporation of condensed liquid stadently, in a regular manngiSec. \j. We conclude that the
from the cavitation of bubbles and ends by the snap-off of bridges and the ombination of the gauge cell and the ghost field methods
relaxation of bumps. provide a quantitative description of nucleation in nanocon-

fined fluids(Sec. V).

of the hemispherical interface of the equilibrium meniscus It shou_ld b_e noted_ tha_t the co_nS|derat|on of the Cap"!"’?fy
for the limiting bump of the height approaching the porecondensatlon in a cyl_mdrlcal capll_lary as a.phfas.e transition
radius. The most instructive conclusion of this scenario isbetween laterally uniform vaporlike and liquidike states

that the critical nucleus of capillary condensation is the bumpsteetmts. th> be ”;] an anarer;t gontra?]|_ctr|]o? V;'t: t:\e r|gct)1rous
of maximum volume, rather than the lens of minimum vol- Statistical mechanical conclusion which 1orbids true phase

ume that one would intuitively assume. Thus, capillary Con_j[r?n3|t|?nss4|2r1_4?_lr]e dlmc;ansmn.abll syst(;\m_s with dsho'rt?r?nge
densation in a cylindrical pore implies a morphological tran-" etratp lon I. ¢ 0 avolll tgotsilh elf:ondusmtr;]s ;%mmk;%n er
sition between laterally uniform configuratiorigdsorbed pretations et us recall that the Landau the roids

film coating the pore walls and condensed liquid filling the_thermodynamm equilibrium between two uniform semi-

pore volume through nonuniform configurationgbumps |nf|nt|tetpha3es, whlc_lhba_re Sm:atteq onl_a Ilnedand _have ? pomft
and bridges This concept was recently elaborated bycont act, an arl e(tq_uu r]lu.”l sfaelmg It?;a ?_m_iunlsyst(;mo
Kornev et al.®® who studied the bump-to-bridge evolution certain concentration ot interfaces between ninite fength va-

within  the  Derjaguin—Broechoff—deBoer (DBDB) porlike and liquidlike regions. In simulations with laterally

theory**35which takes into account the stabilization of wet- periodic cells and in experiments with open-ended capillaries

ting films due to the action of the disjoining pressure. They(even as long as those in MCM-41 materials with the ratio of

. . 3
showed that the spinodal of the DBDB equation of state,the length-to-diameter ratio of the order of*J0one deals

which determines the limit of stability of adsorbed films, is with essentially finite length systems which cannot be treated

the bifurcation point that gives rise to symmetry breakingas guhaspor:r?-dlme_?ks)u_)nal. At SUth”tt.'CE‘I (;(_)ntdn:cons Conﬁld{]
bumplike and periodic solutions. ered here, the equilibrium concentration of interfaces, whic

We attempt to simulate the pathways of condensati0|j1$ reciprocal to the exponent of the interfacial free energy, is
and evaporation by the Monte CarlbIC) technique. In do- extremely low—many orders of magnitude smaller than the

ing so, we encounter a fundamental problem inherent to anguprocal length of the capillary under consideration. The

cally, the nuclei are modeled in the canonical NVT ensemble
(e.g., Ref. 38 or generated in a homogeneous system using
the umbrella sampling and configuration bias techniciié®.

We employ the gauge cell MC simulation metHdd,
which allows one to control the level of fluctuations and to
generate at isothermal conditions a series of states with con-
tinuously varying average density. The models and simula-
tion details are described in Sec. Il. First, we construct the
isotherm of laterally uniform states, which is an analog of the

nucleation phenomenon. Nuclei and transient states are u biective of this work is to study the pathways of transitions

stable in an open syste#3 Thus, to study the pathways of etween laterally uniform vaporlike and liquidlike states,
’ § which have practically “infinite” lifetime in the finite length

phase transformations and to calculate the work of nucle- o " " .
ation one has to trace thermodynamically metastable and usystems at subcritical conditions. The near-critical behavior

stable states. This can be done by imposing certain cor® beyond the scope of this paper.

straints on density fluctuations. In  macroscopic

thermodynamic models and mean-field approximations, sucH' MODEL SYSTEMS AND SIMULATION DETAILS

as the density functional theory, the constraints are enforced We consider capillary condensation of a Lennard-Jones
explicitly. In molecular simulations, the states of interest can(LJ) fluid in a cylindrical pore of ten molecular diameters in
be stabilized by restricting, in one way or another, the samwidth, 2r=100, with attractive LJ walls. The interaction
pling in order to avoid their spontaneous destruction. Typi-parameters were chosen to mimic the experimentally rel-
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evant system: Ar at its boiling temperature of 87.3 K within — coMC

a nanopore typical for MCM-41 silica mesoporous molecular dmp':nejﬁ,n,-——-—"“"/'—./
sieves. The LJ parameters for Ar ware=0.34 nm ance/k 065 1 Sia A® o

=119.8 K. The solid—fluid interactions were represented by " .

the integrated LJ potential induced by the structureless cylin- e ooMG B

drical layer of oxygen atoms with solid—fluid parameters

[ ]
®
[ ]
L]
a
long cell, gauge {(uniform) E a

o short cell, gauge
psesi/k=2253 K/nnt, o04=0.317 nm p is the surface "’g o
density of attractive centersAs shown in Ref. 45, this e long cel, gauge (bridges) sy
model provides excellent agreement between the simulate: A long cell, gauge (bumps) an rg=§n
equilibrium adsorption isotherm and the experimental iSO- 445 | | o longcel, NVT (bridges)
therm MCM-41 sample with the average “internal” pore di- —a—ghost field, GEMC/gauge EF?
ameter of 3.17 nt® Periodic boundary conditions were ap- SO et
plied in the lateral directiorz. We varied the lateral period
[,: Laterally uniform configurations were generated in
“short” pores with of | ,= 100, where the periodicity practi-
cally dictates the lateral uniformity of fluid configurations.
For simulations of symmetry breaking configurations, longer 025 ] ‘ ‘ ‘
simulation cells ofl ,=300 were employed. As shown be- 113 11.05 108 1055 ule

low, the lateral period does not affect any appreciably the
generated adsorption isotherms of laterally uniform states. FIG. 2. Argon adsorption isotherms in @&Ocylindrical pore atkT/e
In the gauge cell MC methdt, the simulation is per- =0.73. Lines/closed squares: GCMC adsorption and desorption branches in
formed simultaneously in two cells. which are in chemicala short cell(solid vertical line shows the vapor—liquid equilibrium in the
Lo . y it ! pore); gray triangles: gauge cell method in a short cell; gray circles: laterally
equilibrium at isothermal conditions. One of the cells repre-uniform configurations in a long cell obtained with the gauge cell method;
sents the pore and the other is the gauge cell of a limitedpen circles: bridgelike configurations in a long cell obtained with the gauge
capacity. Mass exchange between the cells is allowed:; hOV\?—e” method; open triangles: bridgelike configurations in a long cell obtained

th I | kept h d. The d itv fl using CEMC(these points drawn at the same chemical potential as the point
ever, he cell volumes are kept unchanged. € density MuGs oyest density obtained with the gauge cell method, smamuld not be

tuations in the pore are controlled by the capacity of theestimated reliably in CEMC simulationsopen squares: bumplike configu-
gauge cell. In the limit of infinite capacity, the gauge cell rations obtained with the gauge cell method; solid lines/open diamonds:
method is equivalent to the grand canonical NGCMC isotherm in a long cell with the ghost field obtained using GCMC and gauge
hod. | f? limit of . h'g . ival ) cell method (dotted vertical line shows the formation/destruction of the
method. n the limit of vanishing capacity, it is equn_/a entto bridge in GCMC simulation Point A denotes the smallest bubble generated
the canonical ensemble MECEMC) method. Choosing the using gauge cell method; point B denotes the narrowest bridge generated in
ratio of the gauge cell and pore volumes sufficiently small CEMC simulationsS, andS, denote vaporlike and liquidlike spinodals.
one can stabilize the fluid in the pore cell in a state, which

would be unstable in the contact with the bulk. Thus, the

gauge cell has tWO. funct|0ns,_ to prevent nucle_at|on and t_%leveloping fluctuations. The laterally uniform states are
measure the chemical potential of the pore fluid. The perig, . % closedGCMC) and oper(gauge cell MG squares
odic boundary conditions provide additional constraints on, Fig. 2. In the CGMC simulation the fluid underwent spon-
the development of lateral wavelike fluctuations leading 10,4, capillary condensation and evaporation transitions at

spinodal decomposition. _ _ _3
o - . pu=-—10.4& (from p=0.446 to 0.696°), and u
A cube with triply periodic boundary conditions was em- _ 10.8% (from p=0.674 to 0.308 3), respectively. The

ployed as the gauge cell. The linear size of the gauge celg

t least 40y and diusted that th Hicient terally uniform states of intermediate density were con-
was at feast 4 and was adjusted so that the Sutliclent gy q1eq by the gauge cell meth@mpen squares, Fig)2ZThe
number of fluid molecules was contained in the gauge cel

: . . 4 esults obtained with the two methods are in good agree-
during the simulation. The number of the molecules in the . 11 vaporlike spinodal, represents the limit of meta-
reference cell varied from 40 to 100. The standard Simmatiorétability of adsorption films. The liquidlike spinodsy rep-
length was about ¥ 10° MC steps per molecule for laterally resents the limit of metastability of stretched condensed

uniform configurations and :810° steps for bridge-type fluid. The spinodals are connected by the backward trajec-

states. Each step included one attempt of a molecule d'?bry of labile states of negative compressibility, which would

placement in each cell, and tvx{o attempts of molecule transfe{ge subject to the spinodal decomposition in a system uncon-
betvx{een the cellswhere applicable to the ensempl@he strained by periodic boundary conditions. In the following
maximum number of molecules was about 1500 in SImUIa'discussion, the ascending regions of the isotherm limited by
tions in the long pore of 3@ length. the spinodals are called the adsorption and desorption
branches. The former corresponds to stable and metastable
films, or vaporlike states, the latter, to stable and metastable
condensed fluid, or liquidlike states.

Using the GCMC(Ref. 47 and gauge cell MC methods The chemical potentialu. that corresponds to the
we constructed a continuous, van der Waals-type isotherm ofapor—liquid equilibrium(VLE) in the pore(more specifi-
laterally uniform states in the short cell of lateral perigd cally, the condition of the equilibrium meniscus which would
=100, which is smaller that the minimum wave length of be determined in the Gibbs ensemble MC simulation as the

Ill. LATERALLY UNIFORM CONFIGURATIONS:
VAPOR-LIQUID EQUILIBRIUM AND SPINODALS
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8 two adsorbed layers, while the central part of the pore is
filled with vapor. However, at the densities abqyg/, the

1 laterally uniform configuration is no more stafjis/en in the
canonical ensembleStarting from a uniform film, the fluid
equilibrates to a nonuniform configuration in the form of a
5 3 —o— vapor-like liquidlike bridge that spans the pore cross section. The den-
sity profile of a bridge is given in Fig.(A). Since the system
is periodic in the lateral direction, this configuration is a
periodical sequence of bridges and bubbles. The fluid in the
center of the bridge is structured into five distinct layers; the
radial density profile is close to that of the uniform liquidlike
state at the same chemical potential. The menisci between
the bridge and bubbles are visibly concave. Similar
periodic configurations were observed in simulations of
spinodal decomposition of binary solutions in cylindrical
pores?6:29
rlc The isotherm in the intermediate range of densities be-
FIG. 3. Radial density profiles of laterally uniform vaporlike and liquidlike tween the Sp_mOdaIS was ConStr.UCted by addmg.and remc.)vmg
states in 16 cylindrical pore at the vapor—liquid equilibrium. The liquidiike Molecules via the gauge cell in small quantities. The iso-
state consists of five distinct layers of molecules and the vaporlike stattherm has a sharp backward step in the vicinity of the VLE,
corresponds to the two layer adsorbed film. which corresponds to the growing bridge in the process of
condensatioridensity increasewr, vice versa, to the grow-
o ] o ing bubble in the process of evaporati@ensity decreasgs
equilibrium between the film and the condensed fluid in tWOSimiIarIy to liquid droplets in supersaturated vapor and gas

pore cell3, was obtained from the condition of equality of 1 hpieg in stretched liquid, these states have negative com-
the grand thermodynamic potentials of equilibrium liquidlike pressibility; they are stable in the canonical ensemble and

and vaporlike states. The grand potentiawas calculated \ngtaple in the grand canonical ensemble. In a sufficiently

by thermodynamic integration along the isotherm starting ;e range of densities along the almost vertical part of the
from a reference ideal gas state at a sufficiently low vapof.oiherm (0.483<p=<0.6102), the bridge width practi-

pressureQ(u, , T)=—kNT, cally does not influence the shape of the meniscus and the
(») densities in the middle of the bridge and in the center of the
Qp, T =Q(pe, T) = _f N(g, T)dp. (1) pubble. The substeps seen on the plot may lay within inher-

(ﬂr) . . . .
. . ent computational error. This makes us believe that despite
Thenpu, may be determined using the Maxwell rule of equalthe finite length of the simulation cell and periodic boundary

—o—liquid-like

areas, conditions, our simulations reveal the structure of the
bridge—bubble interface correctly.
jg Ndu=0. 2 The stepwise trajectory of bridges is connected to the
M

adsorption branch of uniform films through a series of states,
The equilibrium chemical potential foungy.= —10.56, depicted by open squares in Fig. 2, which can be thought as
shown in Fig. 2 by the black vertical linéor argon at 87.3 K bumplike configurations. The density profile in Fig(B4
this corresponds tp.=0.256 atm), agrees with the result, shows a bridgelike configuration, however the density in the
me=—10.5Z, of the thermodynamic integration method of pore center is significantly lower than the liquid density
Peterson and Gubbift&In order to implement the Peterson— [compare to Fig. @\)]. If this configuration were treated in
Gubbins method, a supercritical isothernkdie=1.38 and  the framework of classical thermodynamics as a two phase
a constant chemical potential path @t=9.0c were gener- system with the liquid—vapor interface drawn in accord with
ated using the GCMC method. At the VLE, the fluid forms the Gibbs construction of dividing surfac&sthe liquid
five distinct concentric layers in the liquidlike state and two phase would be associated with a bump/undulation, and thus
layers in the vaporlike state demonstrated by density profilethe continuity of the liquid phase in the pore cross section

shown in Fig. 3. would be lost. This is an instructive example of limitations of
the classical thermodynamics for description of nanoscale
IV. BRIDGES. BUMPS. AND BUBBLES interfacial phenomena, even in a qualitative manner.

The symmetry breaking is observed in the long pore qu_ Nucleation barriers

lateral period |,=300. The adsorption and desorption Connecting the spinodals by a monotonously descending
branches of the isotherfthe results shown by gray circles in trajectory passing through the states of bubbles, bridges, and
Fig. 2), practically coincide with the isotherm of laterally bumps, generated in the gauge cell MC simulation, we cal-
uniform states generated in the short pore, including the vergulated the grand thermodynamic potential by integration ac-
vicinities of the spinodals. At the vaporlike spinodal,, the  cording to Eq.(1). The results are given in Fig. 5 in com-
fluid forms a uniform film on the pore wall that consists of parison with the similar calculation for the laterally uniform
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FIG. 4. Local density profiles of laterally nonuniform configuratio@®s) Bridgelike configuration aju=—10.5%, p=0.488"3; (B) a bumplike configu-
ration atu=—10.4&, p=0.475 3, where the density in the central part of the unduloid is substantially smaller than that in the liquidlike configuration at
the sameu; (C) bubblelike configuration at.= —10.66, p=0.662"2; (D) the narrowest bridge obtained in the canonical ensembted(454~3).

states. The point of intersection of the grand thermodynamic AQ ()= Qpp( ) — Q). (3b)
potentials of uniform vaporlike and liquidlike states corre-
sponds to the Maxwell rule and determines the VLE. As seen
in the inset, the difference between the VLE points calcu-
lated from the two isotherms is very smadbout 0.0% or
o ) o
0.5% in the vapor pressure of VLBy.g), practically within An analysis of the nucleation barriers gives an illumina-
the simulation error. This construction allows us to predict,. . . . .
tive insight onto the hysteresis, which is commonly observed
the free energy barriers of nucleation of bubbles and bridges
in virtual (GCMC simulationg and natural experiments. The
as the difference in grand thermodynamic potentials betwee
maximum nucleation barrier in the system under consider-
nonuniform and uniform states at given external conditions
ation was approximately Xd@, too high to be overcome in

specified here by the chemical potential and temperatureéCMC simulation within any reasonable CPU time. In our
Thus, the bridges/bumps and bubbles generated under co CMC simulations of 12—50 million MC steps, the sponta-

straints represent the critical nuclei of condensation an

neous condensation and evaporation transitions, indicated by
evaporation, respectively. The calculated nucleation barriers

Vertical dotted lines in Fig. 6, occurred at the nucleation

are given in Fig. 6. The right branch p<u< s, corre- barriers of 3.&T and 2.kT, respectively. At the same time
sponds to the vapor-to-liquid nucleation via bridging, and thethe experimental isotherm of Ar at 87 K on a MCM-41

left branch afus, << . corresponds to the liquid-to-vapor sample with the average pore internal diameter of 3.13 nm

nucleation via cavitation, (the prototypical experimental system we attempted to simu-
AQ ()= Qp(p)—Q (1), (33 late) is reversible’® This means, that at the typical conditions

The maximum,AQ,(ne) =AQ,,(ne), is achieved at the
VLE, according to the Maxwell rulg2).
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-10.9 -10.7 -10.5 -10.3

Hne

FIG. 5. Grand thermodynamic potentials obtained using the thermodynamic
integration along the isotherms of laterally uniform and nonuniform con-
figurations(bridges/bubbles/bumpsin the latter case the discontinuities of £ 6. The nucleation barriers for condensatidght branch and evapo-

the isotherm were interpolated. ration (left branch calculated using different methods. Squares: thermody-
namic integration along the interpolated isotherm of bridges and bubbles
generated by the gauge cell metHed. (4)]. Circles: thermodynamic inte-

and duration of adsorption experiments, the level of surgration along the ghost field isotherfiigs. (9)-(10)]. Triangles: umbrella

mountable nucleation barriers far exceedk 20 sampling along the ghost field isothefiggs. (13)—(14)]. The arrow marks
the bridgelike configuration which was generated in the ghost field method.

The maximum corresponds to the VLE.
B. Superspinodal behavior

In the gauge cell MC simulations, we could not avoid
spontaneous transitions. Although, as shown below, thesEEMC states are denoted by open trianglt®e chemical
discontinuities did not affect the results of thermodynamicpotential in CEMC simulations could not be determined with
integration any appreciably, they are worth of thorough distequired accuracy, and we placed these states underneath the
cussing. smallest bridge with the gauge cell measured chemical po-

Point A (p=0.662"2) denotes the smallest bubble that tentia). It is worth noting that for such a strongly inhomo-
was stabilized in the gauge cell simulation. Its density profilegeneous system, the Widom method for determining the
is shown in Fig. 4C). The isotherm of bubbles could not be chemical potentidf gives an error far exceeding the devia-
continued beyond this point to the vaporlike spinodal due tdions inherent to the gauge cell method. The limit of stability
the superspinodal phenomenon described in detail in Ref. 5bf bridges in the canonical ensemlifpint B) was estimated
Indeed, we were able to generate in CEMC simulation asp=0.452r"3, which is considerably lower than the den-
bubblelike state of the densipy=0.6670 "2, which exceeds sity of the bumplike configurationdig. 2). The density pro-
the spinodal density estimated ags=0.65% 3. (This state  file shown in Fig. 4D) does not allow us to assign to this
is not shown in Fig. 2 since the chemical potential could notoridge any width, and the density in the middle of the bridge
be determined in the canonical ensemble with required accus lower than the liquid density that shows a gradual ap-
racy) That is, in the density range 0.659°<p proach to bump-type configurations.
<0.6670 3, there exists at least two states of equal density  Thus, the isotherm of nonuniform configurations in the
and different chemical potentials. Thus, the isotherm ofregion of the bump-to-bridge transition is nonmonotonous
bubbles is nonmonotonous. Its local maximum and minimumand is qualitatively similar to that described by Everett and
correspond to the superspinodals, the states of zero coritaynes’? The minimum corresponding to the smallest
pressibility, which are not achievable. The region betweerbridge and the maximum corresponding to the largest bump
the superspinodals does not contain the states correspondifigit the states stabilizable in the canonical ensemble. Thus,
to the local minima of the Helmholtz free energy, which the state of the largest bump has zero compressibility and
could be stabilized in CEMC simulations. represents a superspinodal. The bump cannot be grown up

The transition between the leftmost bumplike stage ( beyond the superspinodal, it will be inevitably transformed
=0.476 %) with the smallest bridge stabilized in the gaugeinto a bridge of the same average density with a gain in the
cell MC simulation p=0.479 %) resembles the bump-to- free energy.
bridge transition of Everett and Hayn&sA series of CEMC As the density decreases, the bump undergoes a sponta-
simulations of bridgelike states of lower densities confirmedneous transition from the bumplike configuration to the uni-
this hypothesis. Starting from=0.47% "3, we gradually form film. Since we were unable to generate any additional
decreased the number of molecules in the pore by 5. Theumplike states, we can only hypothesize that this transition
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indicates the existence of another superspinodal state of zer

compressibility, which limits the density of stabilizable bum-

plike configurations from below. 1
Note that the multiplicity of states of equal density and

corresponding superspinodal behavtare characteristic of i
phase transitions in finite volumes. Recently, Rigustral>®

considered droplet nucleation in a finite reservoir of a super- 2 ; |
saturated vapor. Keeping fixed the total number of mol-
ecules, they constructedpa-V isotherm with two solutions
that corresponded to “small” and “big” droplets. Therefore,
small droplets, that are unstable in the canonical ensembls
are separated from metastable big droplets by a state of zer 5 10 5 20 55 20
compressibility, which in accepted terminology here are
called superspinodafs.The configurations located between
the superspinodals correspond to local maxima of the HelmgiG. 7. Profile of the ghost field along the pore axis=0): a potential
holtz free energy and therefore cannot be stabilized by conwell, where the liquidlike bridge is formed, is surrounded by potential bar-

straints on density imposed in the canonical ensemble or thiéers to prevent the bridge growth beyond a desired size. The total external
. . otential in the pore is a sum of the solid—fluid potential and the ghost field.
gauge cell MC simulation®: potentialin fhe pore s a su 1a—fiuld potent gnosth

Dy

V. THE GHOST FIELD METHOD

In order to calculate the nucleation barriers in a rigoroudn the potential well, while the barriers prevent its expansion.
fashion, using thermodynamic integration without an inter-At 4= #¢=1=—10.5&, the configuration of the bridge gen-
polation of the isotherm through the regions of spontaneou§atéd with the ghost field resembles the corresplo3nd|ng
transitions, one has to construct a continuous trajectory dpfidgelike configuration of the same densjiy=0.488»
equilibrium states, which connects a bridgelike configuratiorPPtained without the ghost field gt=pu —o=—10.53.
to a reference state the free energy of which is known. FoFfowever, the bridge formed in the ghost field has higher
this purpose, we elaborated on a special technique using tensity in the center due to the' potential well and dlstlnct
ideas of thermodynamic integration and umbrella samplin®undaries caused by the repulsive bands that prevent bridge
method®*55In this technique, we introduce a virtual external 9roWth (Fig. 8. The free energy of the fluid in the ghost field
attractive field with a potential well localized in the pore €@n be calculated by the thermodynamic integration along
center, which is named the ghost field. The magnitude of th&1€ constructed continuous isotherm via Ef),
ghost field is tunable. Once switched on, the ghost field fa-  F(N v, T 1)=F5(N,V,T)=Qc(x,,T)
cilitates the vapor condensation in the potential well. In the
presence of the ghost field, a bridge of a given size is formed B f(
continuously in a series of GCMC or gauge cell simulations,
as the vapor pressure increases. Once the desired configura- ) ) )
tion is achieved, the ghost field is turned off gradually, step ' the subsequent series of CEMC simulations the ghost
by step in a series of CEMC simulations. The difference ofield ha_s been gradually removed by incremental decreasing
the free energies of the bridge with and without the ghost® tUning parametef from 1 to 0. The Helmholtz free en-
field is calculated using the methods described below. ergy,F(N,V,T,{), of the fluid in the ghost field of the mag-

In the ghost field method, the fluid is subjected to thenltudeg, is defined through the canonical partition function:

)
Ne(u, T)du+ uN. 4

(I'Lr

total external potential field which is a sum of the adsorption 1

potential from the pore wall®s(r) (see Sec. )l and the Q(N,V,T,0)= WI dr®

tunable ghost field ®g(r): P gy r) =D ge(r) + P g(r), '

where{ is the ghost field magnitude,<0/<1. /=1 corre- xexp(— (D(rNy+7dg(rN)/KT),  (5)

sponds to the full scale ghost fieldl=0 corresponds to its
absence. The ghost fietli(r) was chosen for the sake of whered (") = ®ee(r") + P se(r™), as

convenience as followgFig. 7). In the center of the basic F(N,V,T,0)=—kTInQ(N,V,T,?). (6)
cell, we created a potential well f 2e depth and & width

(in the lateral direction Small potential barriers of height
and 2 width were created on both sides of the well in order
to prevent the bridge growth. The continuity of the total po-

The derivative ofF(N,V,T,) with respect to the host
field magnitude is represented as the ensemble average of the
host field,

tential in the radial direction was secured using transition g 14Q
zones between different aredsg. 7). (?_g =-k 6(9_5

The adsorption isothernNg(w) in the cell with the N.V.T N.V.T
ghost field ¢=1) obtained using GCMC and the gauge cell JdrNd o (rNyexp(— (P (rN) + (D (rN))/KT)
method is shown in Fig. 2 by open triangles. The equilibrium = N — N N
transition from a laterally uniform film to a bridge-type con- JarTexp(—(®(rH) + {0o(r))/kT)
figuration takes place gi~—11.1e. The bridge is formed =(Pe)nv,Ts- (7)
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Thus, the sought Helmholtz free energy of the bridge without
the ghost field=(N,V,T)=F(N,V,T,0), is given by

1
F(N,V,T)=FG(N,V,T)—J'O (Dg)dL. (10

|1\l|
\\\mmlll\‘\““m'\"\'w | I Equation(10) implies numerical integration which accuracy

fl
i
\“\ L

depends on the number of CEMC simulations at diffeent

=1,..51,{1+1,...,0.
To check the thermodynamic integration accuracy we

employ the umbrella sampling technique of Torrie and
Valleawr* to calculate the Helmholtz free energgee Ref.
55). Starting from Egs(4) and (5), the incremental differ-
ence in the Helmholtz free energy of two states with the
ghost field magnitudeg; and;,,, AF;,,;, equals

AI:i+l,i
Jdrtexp(— (P(r") + £, Ps(r™)/KT)
JdrVexp(— (@ (rN) + L Po(rM)/kT)
11)

AF;,1; can be expressed through the ensemble average
performed in CEMC simulation af=¢; as

Tl
\“\‘\\“l\‘\Wl“!w\w’"”'WI i AFj 1= —KTIn(exp(— (&i+1— L) P /KTy (12)

=—kTIn

i m”‘ [ However, the best estimate is achieved by using en-
Hl“” SR g semble average performed in CEMC simulation with the
ghost field of the intermediate magnitud@ =¢,+ (&1,
—{})/2 in the form

A - <exq_(§i+1_§i*)q)elk-r)>{f 3
Fi=—kT S«
R TF AT

This choice provides a better overlapping of sampled con-
figurations. The total change of the Helmholtz free energy of
the fluid is given by

FIG. 8. Local density profiles of the bridgelike configurations mt F(N,V,T)=FG(N,V,T)—Z AF;. (14
=0.4887"3. (A) Without the ghost field {=0) and(B) with the ghost field !
(£=1). In the limit of B({.,—¢;)Ps<1, both methods, Eq.

(10) and Egs.(13)—(14), are precise and give identical re-
sults. This is seen from the expansion of the exponent and

Here<q)G>NVT§ denotes the canonical ensemble aver-then the logarithm in Eqgs(12)—(14) into the Tailor set,
age for the fluid in the ghost field of the magnitugddt can ~ namely,
be calculated by weighting the host field with the average
fluid densitypZ(r) in the ghost field of the magnitudg —kTE In(exp( = ({i+1= £ P /KT)),,

(PeInvT= JV¢G(r)P§(r)d3r- (8) ~-2 (§i+1—§i)<‘1’e>gi”—fl@ehd(- (15)
i 14

Integration of Eq(6) along the CEMC trajectory gives a In practice the ghost field method was implemented as
practical formula for calculating the Helmholtz free energy,follows. The difference of free energies of the bridgelike
F(N,V,T,0), configurations with and without the ghost field was estimated
at p=0.48% "2 using a series of ten CEMC simulations by
reducing from 0.95 to 0.05. Therefore, the chemical poten-
tial is increased fromu,_1=—10.56 to u,—o=—10.53,
while Ng(a;=1) =Ng(a;=1) =Np,. The CEMC steps were
=Fg(N,V T):_j (I)G(r)pg(r)d3r. 9) generated_usmg _regl_JIar cano_nlcal ensemble sampling with

the canonical weighting function af° . At each step, the

1
F(N,V,T,g): F(N,V,T,l)_ J; <(I)G>N,V,T,§d§

Downloaded 28 Jul 2007 to 74.93.74.253. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 119, No. 18, 8 November 2003

-120

A)

-140
-160

-180

<®G(”)>§/ e

-200

-220

B)

-50

-100

AF(Q)fe

-150

-200 T T T T
0 02 04 0.6 08 1

g

Nucleation of liquid bridges and bubbles in nanoscale capillaries

9763

Figure 9B) shows the result of integration ovér[Eq.
(10)] and the umbrella sampling meth¢&qgs. (13)—(14)].

The two methods agree reasonably with each other, giving
F(N,V,T)—Fg(N,V,T)=-180.1 and —177.%, respec-
tively. The umbrella sampling technique predicts larger free
energy difference that seems to be a result of a systematic
statistical error, which is likely caused by an imperfect over-
lap of configurations sampled at differetit The potential
barrier associated with the formation of a bridge st
=—10.5% is calculated according to Eg&l) and(16). For
po>=0.488, we obtain the grand potential of the bridgelike
configuration at{=1 of —1959. k using EQ.(4), (us=0
—me=1)Np=38.C6, Q(u,-0)=—1826.E, that is, for the
formation of the bridgeA 2 =9.1e=12.%T using Eq.(10)

and 6.2=9.2T using Eq.(13).

Using the bridge state at,_,=—10.53% as a reference
state, the grand potenti& (u,T) of bridges and bubbles
along the continuous portion of the gauge cell isotherm was
calculated via Eq(1). Then the nucleation barrietsQ(u)
were calculated using E@3). The dependencieSQ(u) de-
termined by the thermodynamic integration and umbrella
sampling techniques are shown in Fig. 6. Accounting for
inherent errors of computations, the agreement with the re-
sults of thermodynamic integration along the extrapolated
gauge cell isotherm is quite satisfactory. We may conclude
that in the case under consideration, the method developed
for calculating the nucleation barriers provided a reasonable
accuracy of~10%.

VI. CONCLUSIONS

FIG. 9. Calculations of the Helmholtz free energy of the ghost field “re-
moval” AF=F(N,V,T)—Fg(N,V,T) at po®=0.488.(A) (d¢),, the en- The processes of nucleation of liquid bridges and
ergy of the fluid interaction with the ghost field averaged over configurations, phples in a nanoscale cylindrical pore were studied by using

obtained at 6<{=<1. {=0 corresponds to the “undisturbed” bridge with no . . . .
ghost field with the ghost field,=1 corresponds to the bridge generated in a combination of grand canonical, canonical ensemble, and

the ghost field(B) AF=F(N,V,T,1)—F(N,V,T,{) obtained using direct
integration(squaresand umbrella samplingdiamonds.

free energy differencAF; between the state§’ —0.05 and
{f+0.05 For example{* +0.45, internal energies fot
=0.4 and{=0.5 was calculated according to EG.3). The

difference in the grand potential between the bridge-typ

configuration in the cell with ghost field’/& 1) and without
it ({=0) was estimated as

o/ dF

Aflyo= fl (ﬁ_g
10

~j21 AFj=N(pg=1=Hs=0)-

d{—=N(ps=1—p¢=0)
NVT

(16)

Figure 9 demonstrates the evaluation &f(N,V,T)
—Fg(N,V,T) with both methods: the integration ¢fbg),
over { and umbrella samplind®¢), is shown in Fig. A).
(Pg),, decreases monotonously frofs=1 to {=0. Since

gauge cell MC simulation methods. Considering, as a case
study, capillary condensation and evaporation of a LJ model
of Ar in a silica channel of ten Ar molecular diameters in
width, we investigated the pathways of vapor-liquid and
liquid—vapor transitions and determined the nucleation
mechanisms and the nucleation barriers. We confirmed the
Everett—Haynes scenario of capillary condensation as a sym-
metry breaking morphological transition between laterally

niform configurations of adsorbed films and condensed lig-

uid through nonuniform bridgelike configurations. Therefore,
the development of a bumplike undulation of the adsorbed
film precedes the bridge formation. The growth of bridges is
accompanied by the contraction of bubbles between them.
The reverse process of evaporation starts from the cavitation
of bubbles and ends up with the snap-off of interbubble
bridges. Simulations revealed the molecular structure of
growing bridges and cavitating bubbles.

Since nuclei and transient states are intrinsically unstable
in an open system, certain constraints must be imposed in
order to generate and stabilize them in molecular simula-
tions. The problem of stabilization of thermodynamically la-

(®g), at =0 is the energy of the fluid interaction with the bile states was solved by the gauge cell MC simulation tech-
ghost field of the magnitude 1 averaged over configurationsique developed recently.With the gauge cell method, we

obtained atZ=0 (that is, over the bridge undisturbed with control the level of admissible fluctuations in the system and
the ghost fielgl because of a redistribution of molecules avoid spontaneous transitions inherent to GCMC. By varying

within the bridge.

the length of the simulation cell, we constructed two van der
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