
Journal of Molecular Liquids 264 (2018) 150–164

Contents lists available at ScienceDirect

Journal of Molecular Liquids

j ourna l homepage: www.e lsev ie r .com/ locate /mol l iq
Bicanonical ensemble Monte Carlo simulation of water condensation in
the field of crystal lattice defects
S.V. Shevkunov a,⁎, Jayant K. Singh b

a Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Polytekhnicheskaya Street, 29, 195251, Russia
b Department of Chemical Engineering, Indian Institute of Technology Kanpur, Kanpur 208016, India
⁎ Corresponding author.
E-mail addresses: shevk54@mail.ru (S.V. Shevkunov),

https://doi.org/10.1016/j.molliq.2018.05.004
0167-7322/© 2018 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 4 March 2018
Received in revised form 17 April 2018
Accepted 2 May 2018
Available online 18 May 2018
The free energy, formationwork and entropy dependences for water condensate formed from the vapor over the
defect-free and containing surface defects basal face of β-AgI crystal at initial stage of condensation at tempera-
tures of 260K and400K are calculated using the bicanonical statistical ensemblemethod,with Ewald summation
for long-range electrostatic and polarization interactions with the substrate. The effect of surface defects in form
of rectangular “towers” as a part of regular structure on the stability of condensed phase embryos is investigated.
In contrast to small-scale structures, relatively larger coarse-grained nanostructure of crystal surface demon-
strates an unconditional advantage in the ability to stimulate condensation compared to defect-free surface.
The formation of condensed phase embryos on the surface with multiple defects begins at vapor pressures 5–6
orders of magnitude lower than that on corresponding defect-free surface, and this effect is resistant to temper-
ature variations. The condensate on the surface of the crystal is thermodynamically stable, both on defect-free
and nanostructured surfaces, with the exception of short initial stage of the monomolecular film on the defect-
free surface.
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1. Introduction

Heterogeneous nucleation of vapor is the main instrument for con-
trolling the precipitation in the atmosphere and influencing local cli-
mate [1]. Silver iodide (AgI) in the form of an aerosol is found to be
the most active, though rather expensive, agent of water vapor nucle-
ation. The aerosol is prepared by the combustion of suspension of mac-
roscopic crystalline AgI particles in acetone, by shooting from special
pyrocartridges attached to the fuselages of aircrafts, or from nozzles of
special meteorological rockets. After the sublimation of AgI in high-
temperature flame, the silver iodide condenses into crystalline aerosol
particles,which serve as nucleation centers forwater vapor in the atmo-
sphere. High-temperature processing of AgI suspension is accompanied
by a formation of AgI aerosol particles of different shape and sizes so
that the surface of the particles can have different surface topography
depending on the parameters of the preparation (the temperature,
pressure, heating and cooling rates, the AgI vapor density etc.). Nano-
structures in form of numerous surface defects can drastically influence
the activity of the particles as nucleation centers.

In the last decades, considerable efforts have been directed to
computer simulation studies of molecular mechanisms of water
jayantks@iitk.ac.in (J.K. Singh).
condensation on various defect-free crystalline surfaces [2–13] in-
cluding AgI [14,15,16–18]. Much less work has been reported on sur-
faces containing single defects and nanostructured surfaces. Small
sizes of crystal lattice defects, which are comparable with the radius
of intermolecular correlations in liquids, do not allow the application
of continuous medium as well as mean field and other approxima-
tions that do not take into account consistently the discrete molecu-
lar nature of liquids. Computer simulations represent here a most
reliable source of information both of fundamental character and re-
lated to the surfaces with specific crystal structure.

A distinctive feature of water microcondensation on defect-free sur-
faces is its layer-by-layer mechanism which can be observed on some
crystal substrates. The formation of the first molecular bilayer repre-
sents here themost important stagewhich determines further develop-
ment of the process [19]. At the same time, the cohesion with the
contact bilayer is not a single important factor. It was pointed out in
[20] that changes induced by the substrate away from the interface
might play an important role in the nucleation mechanism. Orientation
order in the first layer at the contact of the liquid with the substrate is
essentially important for the growth of next layers and condensed
bulk phase as a whole [21]. The first layer of water molecules adjacent
to themetal Pt(111) surfacewas found in [22] to display solid-like prop-
erties. The next two layers displayed ordering similar to ice-I. The struc-
ture and dynamics of water outside these layers were found to be bulk-
like.
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https://doi.org/10.1016/j.molliq.2018.05.004
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There are only a limited number of investigations performed for
water on nanostructured surfaces. In these conditions, thedata obtained
for themodel fluids [23] including the system of Lennard-Jones (LJ) liq-
uids [24] represent here certain compensation. Computer simulation
studies for nanoscopic pores [25–28] allowed observing most general
regularities accompanying the contact of liquid phase with solid sur-
faces containing nanoscopic structural elements [29,30]. Multiple de-
fects localized on the surface at the distances compared to the length
of intermolecular correlations make the substrate rough and can de-
stroy molecular order in the first molecular layers completely. The LJ
droplets on smooth andmolecularly rough surfaces consisting of LJ par-
ticles were simulated in [31]. The roughness of the substrate was pre-
pared by creating nanoscopic grooves. Wetting was analyzed in terms
of contact angles. Despite continuum medium approximation argu-
ments laying in the basis ofWenzel's law [32]which suggest that rough-
nessmust always amplify wetting, nanoscopic roughness in [31,33]was
found to deterioratewetting both for strongly andweakly wettable sur-
faces. Computer simulations of LJ droplets on flat and pillar surfaces in
[34] showed that the contact angle increases with the pillar size. In ad-
dition to equilibrium state, a long-livingmetastable state of the droplets
was observed which is characterized by incomplete penetration of the
liquid into hollows between the pillars. Obviously, wetting properties
of roughness are in strong dependence of its characteristic size, and
roughness of nanoscopic scales exhibits qualitatively different proper-
ties in comparison with macroscopic one.

Nanostructured surfaces can display essentially different properties
in interaction with liquid water in comparison with flat, defect-free
ones [35,36]. It was found that the existence of a defect enhances the
water molecule–and cluster–silica surface interactions, but has little ef-
fect on water thin film–silica surface interaction [37]. The origin of the
weakening effect on the film–surface cohesion is the collective hydro-
gen bonding that imposes compromise positions of water molecules
with respect to surface. This can qualitatively change the mechanism
of nucleation as such. Closely located defects can produce in the contact
layer collective effects which are able to speed up or slow down the
growth of ice from liquid water. Thus, the roughness can have positive
or negative effect on the nucleation. In [38], it was found that atomically
flat carbon surfaces in contact with liquid water promote heteroge-
neous nucleation of ice, while molecularly rough surfaces do not.

Density function theory calculations for water molecules at step
edges on rutile TiO2(110) [39,40] and anatase TiO2(101) [41–44] sub-
strates showed higher ability of steps to hold water molecules in com-
parison with ideal surfaces. The calculations are done for a single
watermolecule in different positions close to the surface. The higher ac-
tivity of steps was explained by the action of undercoordinated Ti
atoms. A dramatic enhancement of adsorption properties with respect
to water due to the presence of steps is also confirmed in laboratory ex-
periments with BaF2(111) surface [45].

Molecular dynamics simulations of the deposition of model water
molecules on the substrate with the structure close to the one of plati-
num crystal lattice with roughness composed of periodic parallel
grooves [46] showed that the nucleation behavior of the supercooled
water is significantly sensitive to the width of the grooves. This depen-
dence is not monotonous: when the width of the groove matches well
with the specific lengths of the ice crystal structure, the nucleation ac-
celerates, if not, the nucleation rate is even smaller than that on the
defect-free surface. A complicated character of the dependence of wet-
tability in terms of contact angle on characteristic sizes of roughness el-
ements is confirmed in [47]. One can differ two states of droplets on
nanostructured surfaces – with incomplete penetration of a liquid into
the gaps between roughness elements (Cassie-Baxter state) [48] and
complete contact with the surface including the bottom of nanoscopic
hollows (Wenzel state) [49]. The differences in the mechanism of ad-
hesion to the surface in these two cases show themselves also in ki-
netic properties of the condensate. In particular, the droplets in
Cassie-Baxter state have high mobility in their movement along the
surface, do not leave traces and show a pronounced tendency to
merge into large drops. This phenomenon is used by biological ob-
jects to provide strong water-repellent properties of the surfaces
[50].

Nucleation of ice onwater-ice interface is accelerated by a transverse
local electric field that can be treated as simplest model of nanoscopic
defect. Field bands exceeding a minimum size of 0.15 nm thick and
0.35 nm wide catalyze ice nucleation just as efficiently as full surface
fields [51].

In general, computer studies of the interaction of water with
crystal surfaces made it possible to reveal a number of regularities
of a fundamental nature, the main of which are the existence of
two nucleation scenarios, namely, the drop and layered nucleation,
the possibility of forming a monomolecular film with a hydrophobic
surface and the dependence of the contact angle on the droplet size.
Optimal conditions for the formation of condensed phase nuclei do
not imply the strongest adhesion of the first layer of molecules to
the surface, but arise at some optimal binding force. The decisive fac-
tor here is the orientation molecular order in the contact layer of the
liquid.

The situation with nanostructured surfaces is more complicated.
Most of the studies of nanostructured surfaces by computer methods
are related to ice formation under conditions of surface contact with a
supercooled bulk liquid phase. Heterogeneous nucleation in contact
with water vapor is much less investigated. The current work is an at-
tempt toward filling this gap.

The present study is focusesmainly on the thermodynamic behavior
of nuclei, primarily free energy and the work of formation, as well as
their stability. To calculate the free energy at themolecular level, instead
of the most popular method of thermodynamic integration [5,21] and
less commonly used, but also well-knownmethod of expanded ensem-
bles [52], the bicanonical statistical ensemble method (BSE) is used in
this work. This method makes it possible to obtain directly and with
minimum expenditures the dependence of the free energy on the size
of the nucleus. Until recently, computer simulation was used for study-
ing nanostructures with a characteristic size of its elements of several
molecular sizes. In the current work, the formation of condensed
water embryos in the field of larger elements of inhomogeneity is sim-
ulated - with a cross section size of 13 × 13 atoms andwith the distance
between them of the same order of magnitude.With the increase in the
spatial dimensions of nanostructure elements, one can expect an in-
crease in collective effects and a more contrasting separation of mole-
cules into those that are accumulated on the upper and lateral parts of
the inhomogeneity elements, and also between them, on the supporting
surface of the substrate, which will inevitably affect the thermodynam-
ics of nucleation.

2. Interaction model

2.1. Elementary interactions

From considerations of continuity with the model developed in
[15], pairwise water-water interaction energy Upair

w−w was described
in terms of five-center Rahman and Stillinger ST2 interaction poten-
tial [19]. The electrostatic interactions of water molecules with the
ions of the crystal lattice of the substrate Ucoul

I−W were represented
by the sum of the Coulomb interactions of the water molecule
point charges qk contained in the ST2 potential with the ion charges
Q0
n:

UI−W
coul ¼

X
i;n

Xk¼4

k¼1

Qn
0

j rik−xn
0 j qk

" #
; ð1Þ

where Q0
n is point charge of n-th ion, and x0n is its coordinates. Here

and below, for brevity, the formulas for electrostatic interactions
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are written without a factor 1/4πε0, like in the system of CGS units.
The polarization energy of molecules located at points r0i in the lat-
tice ions field is written in the form of the first term of the multipole
expansion:

UW−I
pol ¼ −

1
2
αw

X
i

∑
n

En ri0
� �

Þ
� � 2

; ð2Þ

The quantity αw is water molecule isotropic polarizability, En(r0i ) is
electric field strength of n-th ion at the point r0i , where the i-thmolecule
is located:

En rð Þ ¼ Qn
0

r−xn
0

�� �� 3 r−xn
0

� �
: ð3Þ

The energy of the dipoles induced by the field of the ions on the
molecules in the field of other molecules is the sum over all the mol-
ecules:

UW−W
ind;perm ¼ −

X
j

EW r j0
� �

pind
j : ð4Þ

The field of the molecules at the point r0j , where j-th molecule is lo-
cated

EW r j0
� �

¼
X
i≠ j

X4
k¼1

qk

r j0−rik
��� ��� 3 r j0−rik

� �
; ð5Þ

and the dipole moment of the j-th molecule induced by the field of the

lattice ions represents the sum over all the lattice ions: pind
j ¼ αw

X
n

En

ðr j0Þ.
The energy of interaction between the dipoles induced on the

molecules is calculated in form of the first term of multipole expan-
sion:

UW−W
ind;ind ¼

X
ib j

pind
i pind

j

� �
rij
� � 3 − 3

pind
i rij

� �
pind

j rij
� �

rij
� � 5 Þ

2
4

3
5: ð6Þ

Exchange and dispersion interactions between the ions and themol-
ecules are written in the form of LJ potential

UI−W
LJ ¼

X
n

X
i

4εn0
σn

Rni

� � 12

−
σn

Rni

� � 6
 !

; ð7Þ

where Rni= ∣ r0i − x0n ∣ is the distance between the center of the n-th ion
and the oxygen atom of the i-th molecule.

The polarization energy of the ions in the field of other ions and of
the molecules was obtained as a sum over all the ions:

UI− WIð Þ
pol ¼ −

X
m

αI
m

2
EI xm

0

� �þ EW xm
0

� �� �2
; ð8Þ

where αm
I is the polarizability of the m-th ion. The field of all other ions

at the point x0m, where the center of the m-th ion is located, was calcu-
lated according to the formula

EI xð Þ ¼
X
n≠m

Qn
0 x−xn

0

� �
x−xn

0

�� ��3
" #

: ð9Þ

The same values of parameters in the water-ions interaction poten-
tial, as in [15], were used: water molecule polarizability αw = 1.44Å3,
the charge of Ag+ in AgI crystal lattice Q0

+ = 0.6 × e = + 0.96126
× 10−19к, water-ion LJ potential parameters ε0+ = 0.38027 × 10−20J ,
σ+ = 3.17Å, the polarizability of the Ag+ ion α +
I = 2.40Å3. The anal-

ogous values for the I− ion are Q0
−=− 0.6 × e=− 0.96126 × 10−19 к,

ε0− = 0.43241 × 10−20 J , σ− = 3.34Å, and α −
I = 6.43Å3.

Ag+ and I− ions were fixed in accordance with their positions in
β-AgI crystal belonging to the P63mc spatial symmetry group with
lattice parameters a = 4.580 Å and c = 7.494 Å [53,54]. The sub-
strate surface was chosen parallel to the base faces of the unit
cell, with Ag+ ions in surface crystallographic layer. The interac-
tions with the ions of ten crystallographic layers deep into the crys-
tal lattice of the substrate were taken into account explicitly. In the
adsorption plane, the summation of long-range electrostatic inter-
actions was carried out by the two-dimensional Ewald method
[55]. In addition to direct summation of dispersion interactions
within the own periodic cell of each particle, the correction term
containing the dispersion interactions with the ions in the periodic
cell layers closest to the main periodic cell was taken into account.
In particular, the dispersion interactions with lattice ions were
summed up within six layers of periodic cells around the own cell
of the molecule. Two-dimensional version of Ewald method was
applied also for the calculation of polarization energy in the field
of lattice ions located beyond the own periodic cells of the mole-
cules (see Appendixes).

Unlike previous computer simulation studies mentioned in the In-
troduction, in this work, the substrate surface with a much more
large-scale relief is simulated. This allows watermolecules to more eas-
ily penetrate between the nanoscopic elements andmakes possible col-
lective effects in the behavior of suchmolecules. The size of the periodic
cell in the adsorption plane in the calculations for the defect-free surface
was 126.92 Å × 146.56 Å (32 ions × 32 ions), and for nanostructured
surface of 95.194 Å × 109.92 Å (24 ions × 24 ions). In the last case,
each periodic cell contained one defect in form of a rectangular
‘tower’ of six crystallographic layers in height and 13 × 13 ions in
cross section, so that the linear size of the defect was about a half
of the linear size of periodic cell. The linear dimensions of periodic
cell significantly exceed the radius of intermolecular correlations in
the adsorbed component.

3. Method

3.1. Calculation of free energy

The calculations of free energy were performed by the modified
bicanonical statistical ensemble method (MBSE) [56] which is based
on bicanonical statistical ensemble method (BSE) [57,58] successfully
tested in solving many chemical physics problems related to liquid
phase [59–64]. The MBSE method allows advancing in the calculations
at atomic level of absolute values of free energy to systems containing
103–104 particles and more. In MBSE method, a sequence of transitions
between two classes of microstates, with the numbers of molecules n
and n− 1 according to transition probabilities of grand canonical statis-
tical ensemble and with a predetermined for each value of n chemical
potential ~μðnÞ of a virtual thermal bath is generated numerically. The
ratio of the probabilities of finding the system in the states with n and
n − 1 molecules in this sequence is

w nð Þ
w n−1ð Þ ¼ exp −

ΔΨ n; Tð Þ−~μ nð Þ
kBT

	 

: ð10Þ

Here, ΔΨ(n,T) = Ψcond(n,T) − Ψcond(n − 1,T) is a change of Ψcond

(n,T) due to the attachment to the system of n-th molecule. The func-
tionΨcond(n,T) has themeaning of Helmholtz free energy of the system,
Ψcond(n,T)= Fcond(n,T), if the simulation is performed in conditions of a
constant volume, and coincides with Gibbs free energy, Ψcond(n,T) =
Gcond(n,T)in the case of a constant pressure, that is in the conditions of
isobaric-isothermal statistical ensemble.
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Left-hand side of Eq. (10) is calculated numerically by Monte Carlo
method, and Gibbs/Helmholtz free energy of the attachment can be
readily obtained as

ΔGth n; T; ~μð Þ ≡ΔG n; Tð Þ−~μ nð Þ ¼ −kBT ln
w nð Þ

w n−1ð Þ
	 


: ð11Þ

The chemical potential of the molecules of the condensate growing
on the surface is obtained from Eq. (11), from the very definition of
this quantity as the increment of Gibbs free energy:

μcond n; Tð Þ ≡ΔG n; Tð Þ ¼ ΔGth n; T; ~μð Þ þ ~μ nð Þ ¼ −kBT ln
w nð Þ

w n−1ð Þ
	 


þ ~μc n; Tð Þ−kBT ln
8π2

σ

	 

−kBT ln Zkin

tr Zkin
rot vref

� �
; ð12Þ

where ~μcðn; TÞ is translational component of configuration part ~μconf ðn;
TÞ ≡ ~μcðn; TÞ−kBT ln ð8π2

σ Þof the thermal bath's chemical potential~μ, and
vref is an arbitrary constant, measured in the units of volume and
representing a reference level for the configuration part of chemical po-

tential. Zkin
tr ¼ ð hffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2πmwkBT
p Þ−3 ¼ 1

Λ3 and Zkin
rot ¼ ð2kBTÞ3=2ðI1 I2I3Þ1=2π3=2

h3
are the re-

sults of integration over the momenta of translational motion and
rotational momenta in the partition function of the molecules, h is
Plank constant, Λ is De Broglie thermal wavelength, σ is rotation sym-
metry parameter (is equal to 2 for water), mw = 2.992 × 10−26kg is
the mass of a water molecule, and I1 = 1.024 × 10−47kg × m2, I2 =
1.921× 10−47kg ×m2 , I3=2.947× 10−47kg ×m2 are its principlemo-
ments of inertia.

Chemical potential ~μcðn; TÞ is input parameter of the calculations.
There is an optimal value of ~μcðn; TÞwhich providesminimum statistical
error in calculationswith finite random samplings. It corresponds to the
equality w (n) = w (n − 1) and is evaluated numerically by sequential
iterations on an initial segment of Markov random process, individually
for each value of n.

To obtain free energy of a liquid consisting of N molecules, one
should calculate μcond(n,T) successively for all the values of n in the

range from 1 to N and sum up these quantities numerically: GcondðN; TÞ
¼PN

n¼1 μcondðn; TÞ. So, the successive calculation of μcond(n,T) for a se-
ries of increasing values of n provides not simply a single value of free
energy, but a whole dependence of Gcond(N,T) on the size N of the sys-
tem. This function represents a special interest, since it is the depen-
dence on the size of the system that plays a key role in its
thermodynamic stability. In MBSE method, Monte Carlo calculations of

ΔGthðn; T~μÞ are performed for a certain subset ni∗, i = 1, …, Kof all the
values of n from the interval [1,N].

The number of points K and specific values of ni∗ are assigned taking
into account expected complexity of the shape of μcond(n,T) curve. As a
rule, 20–30 control points are enough to reproduce its course with re-
quired detail. In special cases, the number of points can be increased
to reflect possible irregular dependence on the initial segment of the
curve. It is recommended to calculate without gaps, first 7–10 values
(with ni

∗ = i), corresponding to small sizes of the system and to distrib-
ute all other point exponentially, ni∗~ νi + const, with some optimal
value of arbitrary constant ν. The configuration parts of chemical poten-

tial μconf
condðn�

i ; TÞ ≡ μcondðn�
i ; TÞ þ kBT lnðZkin

tr Zkin
rot vref Þ ¼ ΔGthðn�

i ; T ; ~μÞ
þ ~μconf ðn�

i ; TÞ are obtained according to Eq. (11) from the values ofΔGth

ðn�
i ; T; ~μÞ calculated by Monte Carlo simulations for each ni

∗, i = 1, …, K
and interpolated by cubic splines: a cubic polynomial f iðx; T; ~μÞ as the
function of x with a domain of definition ni

∗ ≤ x ≤ ni+1
∗ is constructed

for each pair of successive points ni∗ and ni+1
∗ . According to approxima-

tion conditions, the f iðx; T ; ~μÞcurves pass through all the calculated

points, f iðn�
i ; T; ~μÞ ¼ μconf

condðn�
i ; TÞ , f iðn�

iþ1; T; ~μÞ ¼ μconf
condðn�

iþ1; TÞ and are
continuously “sewed up” at these points togetherwith their derivatives,
f iðn�
iþ1; T; ~μÞ ¼ f iþ1ðn�

iþ1; T; ~μÞ , ∂ f iðx;T; ~μÞ
∂x

j
j x¼n�iþ1

¼ ∂ f iþ1ðx;T; ~μÞ
∂ x

j
j x¼n�iþ1

. The

chemical potential of themolecules for each value of nwithin the inter-
val [1,N] is obtained from the calculations at control points ni∗ in the fol-
lowing way:

μcond n; Tð Þ ¼ f k nð Þ n; T; ~μð Þ−kBT ln Zkin
tr Zkin

rot vref
� �

; ð13Þ

and its configuration part μcondðn; TÞ ¼ f kðnÞðn; T; ~μÞ, the functional de-
pendence k(n) being defined by the condition nk

∗ ≤ n ≤ nk+1
∗ . The free

energy at control points ni∗ is calculated by numerical summation over
all the points n = 1, …, ni∗, with the step in n equal to unity as

Gcond n�
i ; T

� � ¼Xn
�
i

n¼1

μcond n; Tð Þ

¼
Xn�i
n¼1

f k nð Þ n; T ; ~μð Þ−n�
i kBT ln Zkin

tr Zkin
rot vref

� �
; ð14Þ

and its configuration part is obtained in the same way as Gconf
condðn�

i ; TÞ ¼Pn�
i

n¼1 f kðnÞðn; T; ~μÞ.

3.2. Calculation of formation work and entropy

Equilibrium work of condensate formation from the vapor under
pressure pwas calculated using the formula of ideal gas of rigid rotators
for chemical potential of vapor moleculesμ (p,T):

A n�
i ;p; T

� � ¼ Gcl n
�
i ; T

� �
−n�

i μ p; Tð Þ

¼
Xn�i
n¼1

f k nð Þ n; T; μ �ð Þ þ n�
i kBT ln

8π2

σ
kBT
p vref

	 

ð15Þ

Using Eq. (15) and the condition of the equilibrium between the

condensate and the vapor ∂Aðn;p;TÞ
∂n ¼ 0, we can obtain the following:

f k nð Þ n; T; ~μð Þ ¼ kBT ln
σ
8π2

p vref
kBT

	 

: ð16Þ

As can be seen from Eq. (15), for a given n, variations in vapor pres-
sure do not affect the value of the second derivative:

∂2A n;p; Tð Þ
∂n2

¼ ∂ f k nð Þ n; T; ~μð Þ
∂n

ð17Þ

The sign of which determines the stability of the condensate. Simul-
taneously with the calculation of free energy, the calculation of internal
energy Econdðn�

i ; TÞ ¼ Ucondðn�
i ; TÞ þ 6

2n
�
i kBT as a function of the size ni

∗

was executed. The calculationwas performed in twoways: by direct av-
eraging the interaction energy of ni∗ molecules and by summation of the
energies of attachment reactionsΔE(n,T) = Ucond(n,T) − Ucond(n
− 1,T). The calculations of Ucond(ni∗,T) and Ucond(ni∗ − 1, T) have been
done simultaneously during a single run by averaging the energy sepa-
rately over the states with ni

∗ and ni
∗ − 1 molecules, and ΔE(n,T) was

then obtained using the interpolation of ΔE(ni∗,T)values by cubic
splines. Since in calculations based on finite random samplings the
value of ΔE(ni∗,T) is obtained as a relatively small difference between
two close fluctuating quantities, its relative statistical error grows with
increasing size ni

∗ as
ffiffiffiffiffi
n�
i

p
that makes practically impossible the calcula-

tions for ni∗ N 103. In the MBSE method, the calculation of ΔE(ni∗,T) for
ni
∗ N 30 is carried out by analytic differentiation of a quadratic polyno-

mial representing as a result of the approximation of last four values
of Ucond(nk∗,T), k= i− 3,…, i obtained in Monte Carlo calculations. Sta-

tistical error of the derivativeΔEðn; TÞ ¼ ∂Ucondðn ;TÞ
∂n calculated in this way
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decreaseswith the size of adsorbed component, due to long enough dis-
tances between control points, distributed according to exponential law
as (ni∗ − ni−1

∗ )−1~(ni∗)−1. Taking into account the variations of statistical
error of Ucond(nk∗,T) values (∝(nk∗)1/2), the resulting relative statistical
error of ΔE(ni∗,T) behaves approximately as (ni∗)−1/2, i.e. it decreases
with the size of the system.

In numerical calculations, the interpolation by cubic splines gk(n)
(n,T)of all ΔE(nk

∗ ,T) values obtained in Monte Carlo simulations is
carried out, with subsequent summation to calculate internal energy

Eclðn�
i ; TÞ ¼

Pn�i
n¼1 gkðnÞðn; TÞ þ 6

2n
�
i kBT and formation enthalpyHf ðn�

i ; TÞ ¼Pn�
i

n¼1 gkðnÞðn; TÞ−n�
i kBT. The attachment energy isΔE(ni∗,T)= gk(ni∗)(ni

∗,T).
The entropy was calculated through the difference between internal and
Helmholtz free energies Scond(ni∗,p,T) = (Econd(ni∗,p,T) − Fcond(ni∗,p,
T))/T or between the enthalpy and Gibbs free energy Scond(ni∗,p,T) =
(Hcond(ni∗,p,T) − Gcond(ni∗,p,T))/T, where the enthalpy of the system is
Hcond(ni∗,p,T) = Econd(ni∗,T) + p V0

cond. The enthalpy of attachment
reaction in the conditions with a fixed volume V0

cond of the system is
equal to ΔH(ni∗,T) = ΔE(ni∗,T)− kBT, the attachment Gibbs free energy
is ΔG(ni∗,p,T) = μcond(ni∗,T)− μ(p,T), and the attachment entropy is Δ S
(ni∗,p,T) = (ΔH(ni∗,T) − ΔG(ni∗,p,T))/T.

3.3. Simulation algorithm

A random sequence of molecular configurations was generated nu-
merically on the computer, with probabilities of their realization pro-
portional to the equilibrium distribution function of grand canonical
statistical ensemble

ρ q1;…; qk; kð Þ∝ 1
k!

Zkin
tr Zkin

rot

� �k
exp ~μk=kBT−Un q1;…; qkð Þ=kBTð Þ ð18Þ

with two allowable values of the number of themolecules, k= n and k=
n− 1, where Uk(q1,…,qk) is potential energy, and q1,…, qk are the coor-
dinates of the molecules. The sequence of the configurations was ob-
tained by numerical simulation of a single element of the statistical
ensemble, the development ofwhich occurs according to the laws ofMar-
kov random process. The process was directed by transition probabilities
p(X,Y) between the microstates X = q1, …, qn, k1 and Y = q1′, …, qk′, k2
which satisfy the detailed balance condition ρ (X)p(X,Y) = ρ (Y)p(Y,X)
with equilibrium distribution function ρ(X). One step of the procedure
consisted in a trial to go over from a currentmicrostate X into a randomly
selected microstate Y. Two types of steps alternated: attempts to bias
and rotate one randomly chosen molecule and attempts to remove
or add one molecule by placing it at a randomly chosen point in
the system. In the execution of the first type steps, all three Euler
angles of the molecule to be displaced got random increments uni-
formly distributed within (−δ,+δ) interval with δ = 10°, whereas
the increments of the coordinates of the molecular center of mass
were uniformly distributed in (−Δ,+Δ) interval with Δ = 0.15Å.
The transition from a microstate X into a microstate Ywas executed
with the probability

min
sin θYð Þ
sin θXð Þ exp − Uk Yð Þ−Uk Xð Þð Þ=kBTð Þ; 1

� 
; ð19Þ

where Uk(X), Uk(Y) are potential energies, and θX, θY are Euler angles
between the axis of biased molecule and z-axis in the microstates X
and Y, correspondingly. The frequency of acceptance of new config-
urations varied here within the limits of 40–50%. The removal of a
randomly selected molecule was executed with the probability

p Y;Xð Þ ¼ 1
n

min
n
V

exp −
~μc− Un Yð Þ−Un−1 Xð Þð Þ

kBT

	 

vref ; 1

� 
: ð20Þ
Adding to an elementary configuration volume at a randomly se-
lected point was executed with the probability

p X;Yð Þ ¼ 1
n

dΩ
8π2=σ

dV
V

min
V
n

exp
~μc− Un Yð Þ−Un−1 Xð Þð Þ

kBT

	 

v−1
ref ; 1

� 
:

ð21Þ

Here, Ω = (α, cos(θ),φ), α, θ, φ are Euler angles, and dΩ = sin (θ)
dα dθ dφ. The new orientation of the molecule was randomly assigned
according to the distribution∝ sin (θY). The multiplier 1/n in Eqs. (20)
and (21) is realized, when a specific number of the molecule to be re-

moved or added is randomly assigned, and the multipliers dα dθdφ
8π2=σ and

dV
V manifest themselves, when certain position and orientation of the
molecule to be added are randomly selected. The probabilities (20)
and (21) satisfy the detailed balance condition which provides the lim-
iting distribution of grand canonical statistical ensemble

p X;Yð Þ
p Y;Xð Þ ¼

dΩ
8π2

σ

	 
 dV
V

V
n
v−1
ref exp

~μc− Un−Un−1ð Þ
kBT
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� �n−1
exp n−1ð Þ~μ−Un−1½ �=kBTð Þ

¼ ρ Yð Þ
ρ Xð Þ :

ð22Þ

The frequencies of acceptance of new configurations in attempts to
change the number of the molecules in the system varied, depending
on temperature, within the limits of 0.1–0.5%. For each specific value
of n, the random processes 5 × 108 steps long were generated, the
first 108 steps ofwhichwere used for thermalization, and the remaining
ones for the calculation of canonical averages.

4. Computer simulation results

4.1. Structure

The patterns of successive growth of condensate nuclei on the
defect-free base face of β-AgI crystal and on the nanostructured surface
containing periodically repeated defects in the form of rectangular
towers from water vapor at a temperature of 260 K are represented in
Figs. 1 and 2, respectively. It was observed in preliminary calculations
that the adsorption ability of the surface depends crucially on the type
of ions present in the surface layer. Stronger adsorption ability is
shown by the face, where the first crystallographic layer is formed by
Ag+ ions. This case is represented in Figs. 1 and 2, and for this case all
thermodynamic data are calculated in this study. In both cases, on
smooth and nanostructured surfaces, surface density of water mole-
cules on the substrate increases with increasing vapor pressure and de-
creases reversibly with its reduction.

At the same time, molecular mechanisms of the condensate reten-
tion on smooth and nanostructured surfaces are qualitatively different.
On a smooth surface, see Fig. 1, a successive growth of monomolecular
film spots with pronounced hexagonal structure is observed. The
spots grow and merge, Fig. 1(a,b), forming a continuous film, as it is
seen in Fig. 1(c). The growth of the next layers begins only after the
completion of its formation. The molecules in the film form a two-
dimensional network resembling the honeycomb structure. Hexagonal
molecular cycles are located around the silver cations of the surface
layer. The molecules of the cycles are retained on the surface due to
the interactions of their hydrogen atoms with the three iodine ions of
the second crystallographic substrate layer: hydrogen atoms penetrate
deep into the crystal lattice and establish hydrogen bonds with iodine
ions. In these conditions, the interaction of themoleculeswith silver cat-
ions is not consolidating one, but has a loosening character – the energy



Fig. 1.The growth of themolecularfilmon the basal face of theβ-AgI crystalwith Ag+ ions
in the surface crystallographic layer, without surface defects, at a temperature of 260 K. A
periodic cell of a size of 32 × 32 ionswith different numbers ofmolecules is depicted:N=
1224 (a), 1621 (b) and 2152 (c). The last figure shows only Ag+ ions of the surface
crystallographic layer. Blue (dark) color indicates Ag+, and red (light) color indicates I−

ions.
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of interaction with these ions has a positive sign which corresponds to
the repulsion. Six more hydrogen atoms are involved in integrity of
the hexagonal cycles, and the remaining three atoms are involved in in-
teractions with neighboring atoms. Thermal fluctuations introduce dis-
turbances into this picture which consist mostly in spontaneous
redistributions of hydrogen atoms between molecule-molecule and
molecule-ions interactions.
A deficiency of free hydrogen atoms in such a structure is a main
cause of the hydrophobicity of the film and inhibition of its growth
in the direction perpendicular to adsorbing surface. The hydropho-
bicity of the film is confirmed also by an oscillating character of
free energy on β-AgI surface [55,65]. In [66], a long-living state of
nonspreading microdroplet on the surface of water monomolecular
film adsorbed on a crystalline substrate with a similar hexagonal
structure was reproduced by molecular dynamics method.

A qualitatively different picture of the adsorption of vapormolecules
is observed on nanostructured surface, as it can be seen in Fig. 2. The
monomolecular film with the hexagonal structure does not form here.
Instead, water molecules are captured one by one in themost favorable
places of the crystal structure and kept there solely due to direct inter-
actions with the ions of crystal lattice. Although a weak tendency of
the formation of molecular chains on two opposite lateral faces is ob-
served, Fig. 2(a,d), intermolecular interactions are not a decisive factor
in the retention of molecules at this stage.

Under extremely low vapor pressures above the substrate
(0.2 × 10−3 Pa, which is 10−6 of saturation pressure at this tempera-
ture), the first molecules are captured by the lateral faces of the defects,
Fig. 2(a–c). At this stage, theupper edge of thedefect and the supporting
surface of the crystal between the defects remain free of molecules,
Fig. 2(a–c). After increasing the vapor pressure, some molecules begin
to settle on the upper face of the defect, Fig. 2(d), and then cover it
completely, Fig. 2(e). The molecules appear on the surface between
the defects only after the “tower” turns out to be covered with a contin-
uous layer of molecules, Fig. 2(f).

The main difference in the mechanisms of the adsorption of water
molecules on smooth and structured AgI surfaces is high degree of
clusterization of molecules which accompanies the adsorption on
ideal surface and is absent on nanostructured one. The growth of two-
dimensional film spots on ideal crystal surface is like the nucleation of
a two-dimensional gas and can be described in spirit of classic nucle-
ation theory. In contrast, when condensing on nanostructured surface,
the role of strongly non-uniform substrate field turns out to be decisive.
In this case, collective effects inside the growing nuclei are weakened at
the background of the substrate field.

Heating from the temperature, below the freezing point to a value
exceeding the boiling point of water does not lead to cardinal changes
in the molecular mechanisms of the retention on the surface. Under
high temperature, defects still remain active centers of nucleation.
With increase of the vapor pressure, they get coated with molecules
long before the filling of the space between defects begins. At the tem-
perature of 400 K, like that at 260 K, the capture of vapor molecules oc-
curs first on the side faces of the defects (see Fig. 3(a,b)), although the
tendency of the formation of chain structures here is weakened. With
increasing vapor pressure, the molecules cover first the top face of
the defect, Fig. 3(c–d), and only then settle on the carrier surface be-
tween the defects, Fig. 3(e). The elevated temperature makes ad-
sorption on the upper face of the defect more probable than on the
supporting surface between the defects, Figs. 2(f) and 3(f). This is
an indication of somewhat higher entropy of molecules on upper
face.

4.2. Free energy and enthalpy of attachment reaction

TheGibbs free energy, Fig. 4(a), and the enthalpy, Fig. 4(b), of attach-
ment of water molecules to the adsorbate retained on nanostructured
surface grow with the increasing number of adsorbed molecules.
Under the conditions of a sufficiently rarefied vapor,p vcond ≪ kBT,
where vcond is the volumeper onemolecule in the condensate, the attach-
ment enthalpy is ΔH(N,T) = Ucond(N,T) − Ucond(N − 1,T) − pvg = ΔU
(N,T) − kBT. Here, vg = kBT/p is the volume per one molecule in the
water vapor, ΔU(N,T) = Ucond(N,T) − Ucond(N − 1,T) is the change in
the potential part of internal energy of the condensate on the surface
due to the attachment of a single molecule, and attachment Gibbs free



Fig. 2. Sequential precipitation ofwater vapormolecules at a temperature of 260 K on a nanoscopic fragment in the formof a rectangular “tower” six crystallographic layers inheight (three
layers of Ag+ ions and three layers of I-ions) and with a base of 13 × 13 ions which represents a part of the periodic structure on the surface parallel to the basal face of β-AgI crystal. The
stages with different numbers of molecules in periodic cell of the size of 24 × 24 ions are shown: N = 83 (a, b, c), 307 (d), 701 (e) и 1224 (f).
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energy is ΔG(N,p,T) = μcond(N,T)− μ(p,T), where μcond(N,T) is chemical
potential of the molecules in the condensate which is numerically calcu-
lated by MBSE method, and μ(p,T) is vapor molecules chemical potential
for which the formula of ideal gas of rigid rotators is applied. The increase
in the enthalpy in Fig. 4(b) is due to a stronger interaction of molecules
with the substrate than with neighboring molecules. This energy factor
is also the main reason for the growth of free energy in Fig. 4(a). This ef-
fect is amplified in free energy also due to the entropy drop, Fig. 5(a),
(curve 2), which reflects strengthening the rigidity ofmolecular structure
in the conditions of nanostructured surface. The entropy is contained in
free energy with negative sign, −TS, so the drop of the entropy contrib-
utes to the growth of free energy. The role of crystal lattice field turns
out here to be the leading one. Against the background of highly non-
uniform field above the substrate with surface defects, collective effects,
in particular, the degree of clusterization of the molecules adsorbed on
the surface is also weakened. Thus, both the energy and entropy factors
make their commensurate contributions into the growth of attachment
free energy here, which also persists with increasing temperature, see
curve 2 in Fig. 4(a).

The growth of attachment free energyΔG(N,p,T)means the positive

signs of the second derivatives of Gibbs free energy GcondðN; TÞ ¼
Pn¼N

n¼1
μcondðn; TÞ and of the formation work of the condensate on the surface

A N;p; Tð Þ ¼ Gcond N; Tð Þ−N μ p; Tð Þ ð23Þ

as functions of the number of adsorbedmolecules: ∂
2A ðN;p;TÞ
∂N2 ¼ ∂2GcondðN;p;TÞ

∂N2

¼ ∂μcondðN;TÞ
∂N N0. In turn, the positivity of the second derivative of the for-

mation work at the equilibrium point with the vapor μcond(N,T) =

μ (p,T), ∂A ðN;p;TÞ
∂N ¼ 0, means the existence of a minimum on the depen-

dence (23) and thermodynamic stability of the state. Thus, the growing
dependence of attachment free energy in Fig. 4(a) entails thermody-
namic stability of the condensate which persists also even at elevated



Fig. 3. The same as in Fig. 1, at a temperature of 400 K, and with different numbers of the
molecules per periodic cell: N = 83 (a,b), 307 (с), 701 (d), 925 (e) и 1224 (f).

Fig. 4. The free energy (a) referred to the standard vapor pressure of 1 atm. and the
enthalpy (b) of the attachment of water vapor molecule to the nanostructured crystal
surface shown in Figs. 2,3, depending on the number of the molecules per one periodic
cell 24 × 24 ions in size at temperatures of 260 K (curve 1) and 400 K (curve 2).
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temperatures. On a smooth adsorption surface, the dependence of for-
mation work on the surface density of the condensate has a more com-
plex shape, due to layer-by-layer adsorption and edge effects as a result
of the formation of film spots [55].

The total energy of the condensate in the model of rigid rotators in
the system with fixed lattice ions is equal to Econd(N,T) = Ucond(N,T)
+ (6N/2)kBT, and the enthalpy is Hcond(N,p,T) = Econd(N,T) + Npvcond.
In sufficiently rarefied vapors,pvcond ≪ kBT, the difference between the
enthalpy and the internal energy of the condensate can be neglected,
and the dependence on the pressure in the enthalpy is absent: Hcond

(N,p,T) ≈ Econd(N,T) = Hcond(N,T). The entropy of the condensate in
these conditions does not depend on the pressure above the surface,
as well: Scond(N,T) = (Hcond(N,T) − Gcond(N,T))/T.

4.3. Entropy

Fig. 5(a) shows the calculated dependences of the specific entropy of
the adsorbed component on the smooth (curve 1) and nanostructured
(curve 2) crystal surfaces as a function of the amount of adsorbedmate-
rial. With the increase of adsorption density, the entropymonotonically
decreases with approximately the same rate for both kinds of surfaces.
The absolute values of the entropy on the nanostructured surface are
lower than that on the smooth surface, which indicates more rigid
bonds with the substrate in the presence of defects. The curves of en-
tropy, drawn on a linear scale, first show a sharp drop, and then a
shallower course, Fig. 5(b). The sharp change in slope on curve 1 in
the region of N = 6 corresponding to the smooth surface of adsorption
reflects the formation of a closed six-member molecular cycle. A six-
member ring fits poorly into the structure of the electric field of the
nanostructured substrate, and the same feature in the form of the
curve 2 at N = 6 is absent. Instead of a six-member cycle, a relatively
strong structural element here is a molecular dimer. This is evidenced
by a sharp drop in entropy on curve 2, accompanying the attachment
of the second molecule, and its relatively smooth course for the next
molecules. It should be noted that a rigid design that corresponds to
low entropy, under conditions of thermal fluctuations, is not necessarily
themost stable. Since the entropy term−TS is contained in free energy
with the opposite sign, a decrease in entropy does not mean a decrease
in free energy, but quite the contrary. Analysis of the behavior of free en-
ergy shows that, on thedefect-free surface, at the initial stage of the con-
densation, five-member cycles successfully compete with six-member
ones. The hexagonal structure acquires stability only after the formation
of a network of hydrogen bonds and is, therefore, the result of collective
effects.

4.4. Formation work

To obtain thedependences of thework of adsorption ofwater vapors
at different pressures, it is sufficient to calculate once the dependence of



Fig. 5. The entropy of the condensate (calculated per molecule) on smooth, as in Fig. 1
(curves 1) and nanostructured, as in Figs. 2,3 (curves 2) crystal surfaces at a
temperature of 260 K, depending on the number of the molecules within the periodic
cell: a – in the range of moderate values of surface density, b – in the region of low
densities (linear scale).

Fig. 6. The equilibrium work of water molecules attachment per one periodic cell to
smooth crystal surface shown in Fig. 1, at a temperature of 260 K of water vapors at
different pressures close to and higher than saturation value: 1–156, 2–262, 3–441,
4–742, 5–1247 Pa (a). The same for strongly unsaturated vapors: 1–23.2, 2–27.6, 3–32.8,
4–39.0, 5–46.3 Pa (b).
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free energy Gcond(N,T) on N, which must then be substituted into
Eq. (23) using the expression for chemical potential of vapor molecules
in the approximation of an ideal gas of rigid rotators.

μ p; Tð Þ ¼ −kBT ln
8π2

σ
kBT
p

Zkin
tr Zkin

rot

	 

: ð24Þ

Thus, the entire dependence on pressure in the right-hand side of
Eq. (23) reduces to the logarithmic function A(N,p,T) = − NkBT ln (p/
kBT) + … in the summand linear in N. Although the masses, moments
of inertia, and symmetry parameter of the molecules are present in
the expression (24), the work of the formation of condensed phase em-
bryo A(N,p,T) does not depend on them, since the same terms, but with
the opposite sign are contained also in Gcond(N,T) and cancel out in the
expression (23).

Fig. 6 shows the dependences of the work of the formation from the
vapor at different pressures on the smooth (defect-free) crystal surface,
and in Fig. 7, the results of comparative calculations for smooth and
nanostructured surfaces are presented. Fig. 6(a) shows the depen-
dences in the region of the medium surface densities, and in Fig. 6(b),
corresponding dependences in the region of low density are depicted.
An ideal monomolecular film corresponds to N = 2048 molecules
within the periodic cell or the surface density of 0.11 Å−2. The saturated
vapor pressure over a flat interface at 260 K is 200 Pa: curve 1 in Fig. 6
(a) corresponds to unsaturated vapor, and curves 4–6 are obtained for
supersaturated vapor.
The minimum representing the stable thermodynamic equilibrium
on curve 1 is located in the region of N = 1800 i.e., it corresponds to a
state of an incompletely filled monomolecular film. The minimum on
curve 2 corresponding to a slightly supersaturated vapor is located in
the region of N = 2500 which is somewhat larger than in the state
with the completely filled monomolecular film. Between these curves,
there are the states corresponding to saturated vapor with the mini-
mum on the curve of adsorption work close to the state of completely
filled monomolecular film. Thus, for saturated water vapor at 260 K,
the base face of the crystal is completely covered with the monomolec-
ular film.

The equilibrium between the film and the vapor is stable - with in-
creasing vapor pressure the thickness of the film grows successively,
and as the pressure decreases, some of the molecules reversibly evapo-
rate causing ruptures in the continuous film. In the region of highly un-
saturated vapor, at the pressures several times lower than saturation,
and the surface densities 1–2 orders of magnitude smaller than in the
monomolecular film, the adsorption curves have a more complex
shape, with local maximums corresponding to an unstable equilibrium
with the vapor, Fig. 6(b). The maximums of the adsorption curves are
due to a specific nucleation regime at this stage: themolecules are orga-
nized here into flat clusters and monomolecular film spots with excess
positive free energy at their edges. The edges of these spots produce
the same effect as the surface free energy of the embryos in the homo-
geneous nucleation of bulk gases, forming a complex shape of the free
energy curves and the maximums on the curves of formation work



Fig. 7. The equilibrium work of water molecules attachment to smooth crystal surface
shown in Fig. 1 (curves 1, 2, 3) and nanostructured surface depicted in Figs. 2,3 (curves
4, 5, 6) per one periodic cell at a temperature of 260 K, at different vapor pressures p: a -
156 (1,4), 262 (2,5) and 441 (3,6) Pa; b - 0.256 (1,2) Pa.

Fig. 8. The equilibriumwork ofwatermolecules attachment to the nanostructured surface
shown in Figs. 2,3 per one periodic cell in unsaturated vapor, at different pressures p:
1–27.6, 2–46.3, 3–77.9, 4–131, 5–220 Pa at T = 260 K (а) and 1–47.5, 2–79.8, 3–134,
4–225, 5–379 kPa at T = 400 K (b).
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[55]. At the same time, themaximums on the curves in Fig. 6(b) are too
low to noticeably inhibit the adsorption with the formation of metasta-
ble states (note the scales along the vertical axis in Fig. 6(a) and (b)).
However, the oscillating shape of the curves influences the equilibrium
size distribution of the clusters.

Fig. 7 shows the results of comparative calculations of the formation
work at the same vapor pressures on the smooth and nanostructured
surfaces of β-AgI crystal. Fig. 7(a) depicts the curves obtained at pres-
sures somewhat lower (curves 1 and 4) and much higher (curves
2,3,5,6) than saturation pressure, and in Fig. 7(b), the results for ex-
tremely low pressures are presented. Comparison of the dependences
presented in Fig. 7(a) shows that surface nanostructuring leads to a
strengthening of adhesion of the adsorbate to the substrate and a de-
crease in adsorption work. In saturated vapor, the equilibrium amount
of adsorbed material in the case of the nanostructured surface, other
things being equal, is approximately 20–25% greater than on smooth
crystal surface. Under conditions of extremely low vapor pressure,
Fig. 7(b), this difference can increase by an order of magnitude and
even more.

Fig. 7(b) shows the results for a pressure at which there are nomol-
ecules on a smooth surface in the equilibrium state, and, at the same
time, several hundred molecules per periodic cell are retained on the
nanostructured surface. Thus, the enhanced adsorption capacity of the
nanostructured surface shows itself the stronger, the lower the vapor
pressure above the substrate. In the stability region of a completely
filled monomolecular film, the nanostructured surface retains about
one-quarter of the molecules more than the smooth crystal surface. In
supersaturated vapors, this difference is leveled gradually with increas-
ing pressure.

The dependences of formationwork depicted in Fig. 8 give an idea of
the effect of temperature on the adsorption capacity of the nanostruc-
tured surface: the curves at 260 K for unsaturated pressures and at
400 K for approximately two thousand times higher pressures are
close in shape and the depth of the minimums expressed in kBT units.
The increase in temperature from the freezing point to the boiling
point of water with simultaneous increase in pressure by more than
three orders of magnitude leaves the amount of adsorbed material
and its stability on the surface unchanged. The condensedphase embryo
rising on the crystal surface is sufficiently stable with respect to temper-
ature variations.

4.5. Thermodynamic stability

An informative characteristic of thermodynamic stability of a con-
densate embryo on a substrate is the work of its formation from the
vapor that is in equilibrium with the embryo:

Aeq N; Tð Þ ¼ Gcond N; Tð Þ−N
∂Gcond N; Tð Þ

∂N
: ð25Þ



Fig. 9. The work of water molecules attachment to the substrate in the vapor existing in
equilibrium with the condensate on smooth (curve 1) and nanostructured (curve
2) surfaces, per one periodic cell at 260 K as functions of the number of molecules
within the periodic cell in the regions of moderate (a) and low (b) values of surface
densities.
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The expression (25) is obtained by the substitution of the condition
of material balance between the vapor and the condensate

μ p; Tð Þ ¼ μcond N; Tð Þ ¼ ∂Gcond N; Tð Þ
∂N

ð26Þ

into Eq. (23).
The direction of change of Aeq(N,T) with variations ofN is directly re-

lated to the type of extremum (maximum or minimum). Indeed, differ-
entiating expression (25) gives.

∂Aeq N; Tð Þ
∂N

¼ −N
∂2Gcond N; Tð Þ

∂N2 : ð27Þ

In the case of a maximum (∂
2GcondðN;TÞ

∂N2 b0), the work Aeq(N,T) grows

with N, whereas in the case of a minimum, on the contrary, it decreases.
On the descending part of the curve, the system is thermodynamically
stable, and on growing section, is unstable. The sensitivity of this crite-
rion is enhanced at great numbers of molecules by the presence of a fac-
tor N in front of the second derivative in the right-hand side of Eq. (27).

The half-width of the minimum on the formation work curve
(Eq. (23)) at the point of stable equilibrium is estimated by the quantity

ΔN ≈ Aeq N; Tð Þ= ∂
2Gcond N; Tð Þ

∂N2

 !1=2

¼ N1=2 −
∂ ln jAeq N; Tð Þj� �

∂N

	 
−1=2

: ð28Þ

It is seen from Eq. (28), the higher the rate of the fall of Aeq(N,T) with
N the more acute the minimum on A(N,p,T) curve and the more stable
the system at the point of equilibrium. According to the very definition,
the quantity Aeq(N,T) is equal to the depth of the minimum on the for-
mation work curve A(n,p,T) which at corresponding vapor pressure is
located at the point n=N. The slope of the Aeq(N,T) curvemakes it pos-
sible to judge about the width of this minimum.

Fig. 9(a) and (b) show thedependences ofAeq(N,T) on thenumber of
themolecules per periodic cell calculated in the regions of medium and
low values of surface density, respectively. A fast fall of Aeq(N,T) means
increased stability. It is seen that the stability of the condensate in-
creases with the growth of adsorbed component, and the stabilization
occurs earlier on the nanostructured surface. On the smooth surface,
the stability sharply increases after the formation of a monomolecular
film, whereas the same enhancement of the stability on nanostructured
surface takes place at the surface density an order of magnitude lower.
The loss of stability (the segment of growing dependence in the region
N≈ 103) is observed at the stage of the fusion of spots into a continuous
monomolecular film, Fig. 9(a). At this stage, the edges of the spots are
disappearing, and with them, the excess free energy they carry is also
annulled. The result is an accelerated drop in the free energy. Following
this, the next molecular layer on the surface of the monomolecular film
begins to grow. In viewof the hydrophobicity of thefilm surface, the for-
mation of the next layer is coupled with the overcoming of the free en-
ergy barrier [55]. The action of the barrier is intensified against the
background of accelerated fall of the free energy preceding it. The bar-
rier is a source of thermodynamic instability, and its existence is
reflected in the shape of Aeq(N,T) curve in form of the growing segment.

In the region of extremely low surface density (see Fig. 9(a)), the sta-
bility of adsorbed component on the nanostructured surface is incom-
parably higher than on smooth crystal surface. This is observed for
conditions where the surface density of molecules is insufficient to en-
sure thermodynamic stability of condensate through collective interac-
tions betweenmolecules. The stability is supported here due to the field
of numerous nanostructure elements on the surface. The enhancement
of stability is accompanied, according to Eq. (28), by the suppression of
fluctuations, producing the effect of “freezing” the adsorbate on the
substrate. In combination with entropy data, it should be concluded
that on nanostructured surface, the molecules are more rigidly fixed
and less mobile than on a smooth crystal surface. This difference be-
tween the behavior of the molecules on smooth and nanostructured
surfaces is the more pronounced the less the surface density of the
molecules.

4.6. Adsorption isotherms

Adsorption isotherms (the amount of vapor adsorbed as a function
of vapor pressure over the substrate) represent a characteristic that is
most often measured in real laboratory experiments and is therefore
of particular interest. As it is seen in Fig. 10, the shapes of adsorption iso-
therms for smooth and nanostructured crystal surfaces are very differ-
ent. The curve corresponding to nanostructured surface begins in the
region of extremely low pressures. The molecules are captured by the
surface already at pressures of 10−5–10−8 Pa, whereas on smooth sur-
face, the formation of the condensate begins at the pressures 5–6 orders
of magnitude higher, Fig. 10(a). Because of the lack of instability effects,
which arise due to the formation and fusion ofmolecularfilm spots, as is
the case on the smooth surface, the isotherm on nanostructured surface
is not only strongly extended toward low pressures, but also has amuch
smoother shape.

The monotonically increasing dependence of the adsorption iso-
therm is directly related to thermodynamic stability of the condensate.



Fig. 10. Isotherms of water adsorption: (a) - equilibrium number of adsorbed vapor
molecules per one periodic cell on smooth, as in Fig. 1 (curve 1) and nanostructured, as
in Figs. 2,3 (curve 2), surfaces at 260 K; (b) - the same on nanostructured surface at
260 K (curve 1) and at 400 K (curve 2).
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Indeed, at the point of equilibrium between the condensate and the
vaporN = Ns, it follows from the equations

∂2Gcond N; Tð Þ
∂N2

j
j
j N¼Ns

¼ ∂μcond N; Tð Þ
∂N

j
j N¼Ns

¼ ∂μ p; Tð Þ
∂p

∂Ns

∂p

	 
−1

ð29Þ

and the expression (24) for chemical potential of vapor molecules
μ(p,T) that

∂ Ns

∂p

	 

¼ kBT

p
∂2Gcond N; Tð Þ

∂N2

j
j
j N ¼ Ns

0
@

1
A

−1

: ð30Þ

In the region of stability, ∂
2GcondðN;TÞ

∂N2 N0, according to Eq. (30),Ns grows

with increasing pressure,while in the instability region, on the contrary,
it decreases. High thermodynamic stability of the adsorbed component
along with a smooth and elongated shape of adsorption isotherm for
nanostructured surfaces provide enhanced functional properties of
this material for use in programmable adsorption in the conditions of
a deep vacuum. Though temperature variations do not change essen-
tially the shape of the adsorption isotherm of nanostructured surface,
a significant shift of the curve over pressure is certainly observed. An in-
crease in temperature from the freezing point to the boiling point of
water leads to a displacement of the isotherm along pressure axis by
3–4 orders of magnitude (see Fig. 10(b)).
5. Conclusions

In the presented work, the influence of nanoscopic surface topogra-
phy on the adsorption properties of β-AgI crystal substrate with respect
to water vapor is investigated. A concrete type of surface roughness in
form of periodically repeating rectangular towers is studied. Unlike pre-
vious works, we studied here the more coarse-grained surface, which
allows collective effects in the behavior of deposited molecules already
in an area comparable to the dimensions of one element of the rough-
ness, and investigated in detail the nucleation of water in its vicinity.
In these conditions, it becomes possible to observe different types of
structures of adsorbed material on the lateral faces of roughness ele-
ments and on their tops.

The main efforts in the present study were focused on obtaining
thermodynamic characteristics. The free energy and the entropy as
functions of the amount of the material adsorbed are calculated accu-
rately, with the application of simulation methods based on fundamen-
tal principles of statistical mechanics. The adsorption properties depend
on a specific type of nanostructured surface, and one should not expect
that all the quantitative results obtained in this work for a specific case
under consideration will also be observed on other surfaces. However,
we expect that some of the regularities are fundamental and remain
valid for a wide range of surfaces.

A main consequence of nanoscopic surface defects is a sharp in-
crease in thermodynamic stability of the condensate formed on
such a surface. The degree of the enhancement of adsorption capac-
ity of the surface depends on the concrete shape and size of rough-
ness elements. The effect of their geometry on the stability of the
condensate should be the subject of future research, but even
now one can conclude that the relatively coarse-grained relief
consisting of convex nanoscopic formations has a significant stim-
ulating effect on the adsorption. The nucleation at such a surface
begins in water vapors with the density that is orders of magnitude
lower than on a smooth crystal surface and covers a much wider
range of pressures. The adsorption isotherm for nanostructured
surfaces is much smoother and elongated toward low pressures,
which makes it possible to use them as efficient absorber under
deep vacuum conditions.

The mechanism of the microcondensation on smooth surfaces dif-
fers from that on nanostructured surfaces by a much stronger degree
of clustering of molecules. On a structured surface, the clusters are
destroyed in a strong electric field of surface inhomogeneities. The ad-
sorption of the water molecules begins at the lateral edges of the
nanoscopic structural elements, then continues on their upper faces
and lastly extends to the supporting surface between them. The nuclei
of the condensed phase formed from the vapor on a smooth surface of
the base face of the β-AgI crystal are thermodynamically stable in al-
most the entire range of vapor pressures. Local stability disturbances
can be observed only at the initial stage of the nucleation, when the
monomolecular layer is not yet completely filled. On a nanostructured
surface, the condensed phase is stable at any pressures, and the pres-
ence of nanoscopic inhomogeneity on the surface leads to a significant
suppression of fluctuations and the formation of more rigid molecular
structure. The amount of water held on the surface increases or de-
creases reversibly depending on increasing or decreasing pressure.
The nanoscopic inhomogeneity of the surface promotes removing free
energy barriers and the suppression of metastable states together with
hysteresis phenomena in the adsorption-desorption cycle.

The free energy of attachment of water vapormolecules on the basal
face of β-AgI crystal with coarse-grained nanoscopic structure is lower
than on its smooth surface. The coarse-grained roughness leads to a de-
crease in both the energy and entropy of the condensate. At the same
time, the free energy decreases on the nanostructured surface, since
the effect of lowering the internal energy is more pronounced than
the opposite effect of decreasing entropy. These features in the thermo-
dynamic behavior ofwatermolecules on a nanostructured surface show
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themselves particularly contrastingly at the initial stage of condensation
and become stronger with decreasing temperature.
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Appendix A. Summation of long-range electrostatic interactions

In accordance with 2D Ewald method, electrostatic energy of N
point charges qi contained in a periodic cell of the size lx × ly in ad-
sorption plane was written down in form of a two rapidly converging
series, over the nodes of the two-dimensional direct and inverse lat-
tices [55]:

U r1;…; rNð Þ

¼ 1
2

XN
i¼1

XN
j¼1

∑
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0 qiq j

j rij þ L j erfc αjrij þ Lj� �
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j ¼ 1;
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qiq jφ rij
� �þXN

i¼1

q2i ξ; ðA1Þ

where rij = (xij,yij,zij) is the vector connecting the charges qi and qj, L
≡ (nxlx,nyly, 0) is a node vector of the lattice in the direct space, and H
≡ ((2πmx)/lx, (2πmy)/ly, 0) is corresponding node vector in inverse
space, nx, ny,mx,my are integers, α is a parameter determining a con-
crete way of partition into the sums in direct and inverse spaces,
erfc (…) is error function. The prime at the sign of the sum in the
left-hand side of Eq. (A1) means that for i = j, the term with L = 0
is absent there. The last term in the left-hand side owes its existence
to the interaction of the charge with its own images. It is obtained as
a limiting value at r → 0 of interaction energy uii(r) of virtual charge
qi with the same charge and its images in all other cells of the period-
icity after the deduction of Coulomb energy of interaction of two
charges without taking into account the images:

u sð Þ
i ¼ q2i lim

r→0

1
2
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ffiffiffi
π
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 !

−
αffiffiffi
π

p
)
:

ðA2Þ

The last term in Eq. (A2) is obtained as a limiting value of the differ-
ence between the terms with L = 0 in Eq. (A2) and qi

2/r:

lim
r→0

1
r

erfc α rð Þ−1½ � ¼ −
2αffiffiffi
π

p : ðA3Þ
According to Eq. (A1), the energy of an i-th point charge located at
the point ri as a part of a molecule has the form:

Ui rið Þ ¼ u pð Þ
i rið Þ þ u sð Þ

i ; ðA4Þ

were ui
(s) ≡ qi

2ξ. uðpÞ
i ðriÞ ≡

PN
j ¼ 1;
j≠i

uijðrijÞ, and the energy of interaction

of i-th charge with other j-th charge at the relative position r and with
its images is

uij rð Þ ≡ qiq jφ rð Þ: ðA5Þ

The total energy of the system per one periodic cell in terms of
Eq. (A4) has the form

U r1;…; rNð Þ ¼
XN
i¼1

1
2
u pð Þ
i rið Þ þ u sð Þ

i

	 

: ðA6Þ

The electrostatic energy of a molecule was written as

Wn Xn;Ωnð Þ ¼ w pð Þ Xn;Ωnð Þ þw sð Þ Ωnð Þ; ðA7Þ

were Xn and Ωn are positional and angle coordinates of m-th molecule

w pð Þ Xn;Ωnð Þ ≡ ∑M
m¼1

0w Xn;Ωn;Xm;Ωmð Þ

¼ ∑M
m¼1

0 XP
l¼1

XP
k¼1

ulk xnmlk
� � ðA8Þ

has a meaning of the interaction of the molecule with all other mole-
cules within its own periodic cell and their images in all other cells,
xlknm = xkm − xln is the vector connecting l-th point charge of n-th mole-
cule and k-th point charge (or its image) of m-th molecule, located
within the own periodic cell of l-th point charge of n-th molecule, and

w sð Þ Ωnð Þ ≡
XP
l¼1

1
2
∑P

k¼1
0 ulk xnnlk

� �
−

ql qk
rnnlk

 !
þ u sð Þ

l

 !
ðA9Þ

is the interaction of the molecule with its own images.
In a general case, the electric field of each molecule is approximated

by the field of P point charges. The number of the molecules within the
periodic cell in these formulae is equal toM. The strokes at the sumsigns
mean that the termswithm= n in Eq. (A8) and k= l in Eq. (A9) are ab-
sent there. The total energy of electrostatic interaction of the molecules
per one periodic cell is equal to

W X1;Ω1;X2;Ω2;…;XM ;ΩMð Þ ¼
XM
n¼1

1
2
w pð Þ Xn;Ωnð Þ þw sð Þ Ωnð Þ

	 

: ðA10Þ

The function erfc(x) was tabulated beforehand, and its values were
obtained by interpolating. One-dimensional table saved in the
computer's RAM contained 3 × 105 values with the increment of Δx =
10−4. For a numerical calculation ofuij(r) in Eq. (A4), the values of the func-
tion T(r; lx,ly,α)=φ(r)− 1/rwithin the limits of 0 b x b (1/2)lx, 0 b y b (1/
2) ly, 0 b z b zmax, at a given values of lx, ly and α were also stored in the
computer's RAM in the form of three-dimensional table 200 × 200 × 400
in size. The φ(r) values were obtained by interpolating table data with
account of the parity of the function. At∣z ∣ N zmax = Max (lx, ly), the
formula for the field of uniformly charged plane φ(r) = φ(x,y,zmax) −
(2π/(lxly))(|z|−zmax) was applied.

The same formulae are valid for the calculation of long-range inter-
actions of the molecules with lattice ions within periodic cell having
the size lx′× ly′ and reduced energy functionφ′(r) corresponding to them.
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Appendix B. Summation of polarization interactions

Two-dimensional version of Ewald method was applied also for the
calculation of polarization energy in the field of lattice ions located be-
yond the own periodic cells of the molecules. The polarization energy
was calculated as wi

(pol) = − αwE
2(Xi)/2, where E(Xi) = ∣ E(Xi)∣ is the

strength of lattice ions electric field at the center of the i-th molecule.
The components of the electric field strength vector at the point X
were calculated by differentiating the reduced energy in the form of
the Ewald sum Eq. (A5):

E Xð Þ ¼ −
XN
i¼1

qi
∂φ0 ri0ð Þ
∂ ri0

; ðB1Þ

where ri0=X− ri, and ri is the position of i-th ion carrying the charge qi
within the own periodic cell of themolecule. The numeric calculation of
∂φ0 ðrÞ
∂r is evenmore costly than the calculation ofφ′(r). For this reason, the

calculation of∂φ
0ðrÞ
∂r was performedby numerical differentiating the inter-

polated values from the Tðr; lx 0; ly 0;αÞ ¼ φ0ðrÞ−1=r table, already pre-
pared for the calculation of electrostatic interactions of molecule
permanent charges with the lattice ions and saved in Double Precision
format (with the accuracy of 15 decimal digits).

Appendix C. Summation of dispersion interactions

The contribution of dispersion interactions with neighboring cells
can reach 0.1kBT per one molecule. Relatively rapid decrease of disper-
sion interaction with the distance (~1/r6) allows restricting the direct
summation of these interactions by several closest layers of periodic
cells. In the calculations presented, the dispersion interactions with lat-
tice ions were summed up within six layers of periodic cells around the
own cell of the molecule. Exchange and dispersion energies of interac-
tion of a single molecule with the crystal were calculated as the sum
over the periodic cells

UDE X;Ωð Þ ¼
Xnx¼nmax

nx¼−nmax

Xny¼nmax

ny¼−nmax

XI
i¼1

uDE
i X;Ω;Xi

0 þ L0;Ωi
0� �
; ðC1Þ

where I is the number of the ionswithin the periodic cell of the size lx
0 �

ly
0, uDE

i ðX;Ω;Xi
0;Ωi

0Þ is exchange and dispersion energy of the interac-
tion of the molecule with the ion, X, Ω are the coordinates of the mole-
cule and Xi

0;Ωi
0 are the coordinates of the i-th ion in the own periodic

cell of the molecule, and the vector of the cell L0 ¼ ðnxlx
0
;nyly

0
;0Þ. The

integer nmax determines the number of nearest layers of periodic cells,
for which the dispersion interaction with the ions is taken into account.

The sumof exchange anddispersion interactionswith the i-th ion lo-
cated at the point with the coordinates X′ + L′, Ω′ has the form

uDE
i X;Ω;X0 þ L0;Ω0� �
¼
XK
l¼1

XKi

k¼1

4εilk
σ i

lk

rilk þ L0
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@

1
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where εlki and σlk
i are the parameters of LD potential, rlki = rki − rl is the

vector, connecting l-th force center of the molecule and k-th force cen-
ter (or its image) of the i-th ion, located in the own periodic cell of the l-
th center of the molecule, K and Ki are the numbers of force centers of
the molecule and of the ion used for the description of exchange and
dispersion interactions between the particles.

The values of TDðz; lx0; ly 0Þ ¼ UDEðX;ΩÞ−PI
i¼1 u

DE
i ðX;Ω;Xi

0;Ωi
0Þ at

X = (0, 0, z) and Ω = (0, 0, 0) as functions of z-coordinate in
neglecting the dependence on its x- and y-coordinates aswell as on its spa-
tial orientationΩwere calculated, tabulated and stored in computer's RAM

before the simulation. First, the one-dimensional table TDðz; lx 0; ly 0Þ 100
elements in size has been constructed by direct numerical summation.
Then, the analogous table consisting of 10,000 elements separated
by 100 times shorter increments in z was formed with the help of
the interpolation of these data by cubic splines. The energy values
were extracted from resulting table during the simulation process
by linear interpolation.
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