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Interest in thin films arises both from a theoretical

point of view and from the wide range of applications they
can offer. All the advantages and applications of thin

fitms ave too many to mention. But some of them are, their
use, as compact technological devices, corrosion protections,

optical instruments and sensors of scientific research.

The aim of the present paper consists in the theovetical
investigation of first~order phase transitions in physi-
sorhbed monolayers. Hereby, mainly thermodynamic methods are
applied. Therefore, first a thermodynamic theory of homo-
geneous and heterogencous monolayers is developed. In parti-
cular, general equations for the curvature dependence of the
Iine tension are obtained. It is shown that curvature
dependence of line tension is of importance only for very
small 2~d clusters., A general thermodynamic analysis of
first~order phase transitions, starting from metastable
initisl states, is given. It is shown that in real situations,
when depletion effects are taken into account, the transition
proceeds via three main stages: a stage of nucleation and
possible simul taneous growth, a stage of indepeundent growth
of the clusters, their number being nearly constant and a
third stage of competitive growth of Ostwald vripening. The
results are analogous to phase transitions in 3-d systems, as
was discussed by Schmelzer [19, 20], Ulbrich et.al {i]. DBased
on the thermodynamic investigation, a kinetic description of
the growth of single and ensemble of 2-d clusters is developed.
It is shown that in the stage of independent growth, the
mean radius of the ensemble of clusters grows as, R~ t for
kinetic limited growth and as szit for diffusion limited

growth., Moreover, a kinetic theory of Ostwald ripening in




monolayers is developed which allows a description of the whole

course ot the process., In the asympiotic region, the results
coincide with the predictions obtained fivst by Lifshitz and

Slyozov {23],

The results ave used for a theoretical explanation of the
computer simulation of a first-order phase transition in a
phbysisorbed monolayer carried out by Kock et.al. [4]. That
is, first the asymptotic result of szut for the case of Ost-
wald ripening in kinetic-limited growth is reconfirmed. In
addition, the developed theory allows the interpretation for
the initial slow increase of the mean cluster size, R, in the

first stage of Ostwald ripening.

The analysis, carried out here, is for isothermal condi-
tions and one component systems. A generalization to other
types of constraints, e.g., adiabatic conditions and multi-

component systems is possible.
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Chapter One

Intcoduc tion
1.1 Surface Thermodynawmics

Classical thermodynamics has been developed orginially
for the description of large macroscopic sysStems where sure
face effects may be neglected. Howéver, if the surface area
to volume ratio is not negligible, surface contributions may
determine the thermodynamic properties of the system of
interest. In particulay this may be the case for systems
consisting of different ncarly homogeneous. phases, divided

by inhomogencous interfacial regions.

The basic concepts for a description of thermodynamic
properties of surfaces were developed in the works of Josiah
Williard Gibbs, Van der Waals and Guggenheim. Gibbs and van
der Waals developed theories Tor heterogeneous systems, in
that (Gibbs considered the interface of zero thickness while
van der Waals considered a continuous variation of the thermo-
dynamic parameters of the inhomogeneous surfaces and Guggen-
heim treated the interfacc as a three dimensional thermodyna-

mic phase with a certain volume.

1.2 Surface Bffects and Phase Transitions

Surface effects are important in the course of first-order

phase transitions in three dimensional systems® because the new

e et e« e m e e

“From now on wards three-dimensional is to be shortened
by (3-D) and two-diwensicnal by (2-D}.




phase canp develop  fiest in small amouncs with a large inter-
face and evelves to a bulk phase in the course of the transi=-
tion. The kinetics of both formation and growth of physically
new phases can be understood only if surface effects are
properly considered for metastable states, i.e. states which
are stable against small fluctuations and unstable for large
fluctuations; because existence of metastable states are
dirvect consequences of surface effects. Moreover surface

effecits determine the whole course of first-order phase tran-

The wain topic of our investigations is the theoretical
description of fivst-order phase transition in adsorbed layers.
Hefeby we understand phase transition as qualitative changes
in structure or responsc of a physical system to a variation
of external parawmeters, as temperature pressure, electric and

magnetic fields.

1.3 Adsorbed lLayers
Mechanism of their PFormation

Adsorption is the mechanism of attachment of foreign
particles onto a surface called the substrate or adsorbent.
The adsorbed substance is called an adsorbate. There ave two
fundamental adsoryption processes: physisorption and chemisorp-

tion. ‘These adscvption iypes differ wainly in the magnitude




of their intevaction with the substrate., In physisorption,
the coupling sirengith between adsorbate-adsorbent is weaker
than in chemisorption which can result in the formation of a

new surfacoe chemical compound.

Some methods of adsorption are electrodeposition and
vacuunm deposition, In the former certain ionic solutions can
release chemicals to be adsorbed at the substrate electrode.
in physisorption, particles may be removed from a bulk part
by evaporation and sputtering and forced to stick onto a sub-

strate in a vacuum.

1.4 Adsorbed layers as Jd-d Systems .

Adsorbéd layers may be divided with respect to the solu-
hility of the adsorbed particles in the adjacent bulk phases.
For instahce, if a solute is added to some liquid solvent,
often a loweving of the surface tension occurs connected with
a relative enrichment of the surface with solute particles.
The region that is enriched with such particles usuvally being
of a molecular size can be considered as a monolayer or Gibbs'
layer. On the other hand, different substances which are
insoluble in the adjacent bulk phase may form monolayers which

can be called insoluble films or insoluble layers.

Both types of monlayers can be treated theoretically in
the same way. Moreover, in the variation of the physical state,
the thickness of the layers can be considered as constant and

we may denote them as Z-d systems.
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1.5 Theoretical Pescription of Phase Transitions in

Monolayers, Achievements and Our Aim

Monolayer systems bhave been theoretically predicted and
experimentally verified to show most, if neot all, of the
thermodynamic properties of the bulk phases. In particular,
it was found that as in 3~d systems, first-order phase transi-
tion may occur in 2Z-d systems., [2,...,9]. [However, the inten-
sities and the guantitative values of thermodynamic parameters
describing the transition process in 2-d systems may not be
the same to that of the 3-d systems, i.e¢. types of transitions
are possible, which have no analogue in 3-d systems {e.g. com~
mensurate~incommensurate transitions)[5, 7). Phase transition
in monolayer systems have been studied intensively by methods
of computer simulations and experimental ihvestigations, which
a short account of such investigastions is to be presented in
Chapter Two, and the results obtained were rewarding,
{2,4,5,6,7].

The objective of the paper is a theovetical investigation
of first-order phase transitions in 2~d systems, specifically
it emphasizes on the investigation of the transition process
starting from metastable initial states via. the formation
and growth of monolayer clusters with a higher surface density

compared with the initial homogeneous initial state,

The study witl test if the general scenario of the phase

transition and the methods of theoretical description applied
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for the investigations of phase transitions in 3-d systems [1]

are equally valid also for 2-d systewms.

Here we will widely use thermodynamic wmethods. Conse-
quentily, we have to formulate first a thermodynamic theory of
homogeneous and heterogeneous monolayers, that is ¢ <~ussed
in Chapter three to quicken our arguments in the subsequent
chapters. This theory is developed based on Gibbs approach
because this seems the most natural and consequent evt~—c%~m

of classical thermodynamics to hetevogeneous systems.

Based on the thermodynamic descriptions developed in
Ch. (3), a static description of the main stages of the
transition for differvent thevmodynamic constraints is studied
in Chapter four.

Under a thermodynamic approach the kinetics of growth of
ensembles of ciusters and Ostwald ripeuing in 2-d systems is

discussed in Chapter [ive,

1.6 Application of Thin Films

The rapid development of research on thin films is
stimulated by their wide applications. Thin films ave uscd
as compact technological devices as in: computer memorics,
in the manufacture of opitical instruments, in surface protec-
tions, in the reduction of watef evaporations from reservoirs
and because of their thinness and good sensitivity they ave

manufactured for medical uses, and biological! research as in




intravasculay pressure measurements, in the continuous moni-

toring of organ sensors of concentration of

fnnctionings§ as

gaseous components and ions in the blood stream and tissue

cells [10,11,12], Thus the investigation of the properties
of thin films is not only of theoretical interest but has a

great technological velevance.




Chapter Two

Recent Theoretical Predictions and Bxperimental Pindiongs

on Phuse Transition in dMownolayers

Investigations of thin films in general and monolayers
in particular have a long history connected first mainly with
the works of Rayleigh, Pockels, Devaux, Marcelin, Langmuir and
Adam. However, it was only in the last decades, when the
considerable lapse in time between theory and experiment
started to be narrowed by ingencous experimentalists that the
study has come to be lively, promising and inviting field of
research in physical chemisiry with a large number of applica-
tions,

Modern surface analysis techniques such as the low-ener-
gy-electron-diffraction {LEED) are becoming informative on the
struc ture and thermodynamic properties of adsorbed monolayer
films. 1In particular it is shown that physisorbed monolayers
may exist in different phases and as a result of the variation
of some external parameters, phase transition may occur
[2,5,6,7]. On one hand such 2-d phase transitions show simi-
\1arities to the corresponding transitions in 3~d system, and
on the other hand phases and phase transitions may exist which
‘have no analogue in 3-d systems.{s,ﬁglo}d These differences
are believed to occur due to differences in dimensionality

and the adsorbate-adsorbent interactions.

To have some impression on the current state of experi-

mental and theoretical investigations on phase transitions in




adsocrbed layers, some vesearch studies by diffevent avthors
are swmnarized below,

“J.G. Dash

Between two and three Dimensions [7]

Astriking qualitative similarity between phases of
adsorbed monolayers and a typical 3-d gas-liquid-solid phase
digdgram for Xenon (see fig, 2.1} indicates the existence of
a 2-d triple point and the 2-d gas-liquid c¢ritical point
shown in the fig. The corvesponding critical and triple
point temperatures are approximately: ﬁz[zud)x 118°%K
T, (5-4) %290°k; 7, (2~d) ¥100°k, T_(3-d) 2165°k. Dash further

discussed the behavior of solid monolayers at low femperatures.
In this, the quadratic tempevature dependence of the heat capa~
city of incommensurate adsorbed solid monolayers [Cbezj cont-
rasted with the Debye cube law for 3-d solids (CrnTS) is
stressed to be a difference atiributed to systems of reduced

dimension,

F.F.fgﬁpham

"Melting in 2-d is fivst order: An Isothermal Isobavic
Monte-Carlo Study" {2]

An isothermal-isobaric Monte-Carlo computer study of a
monolayer Lennard-Jones system carvried out by F. Abraham gives
the inforwation that melting in 2-d is first order; disproving
the theoretical suggestions forwarded by Haliperin and Nelson

as a second-order phase traunsition.
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Fig. 2.1: Phase digs.,
a) for 3-d Xenon and

b) Z-d Xenon (after J.G.
Dash} [7]
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In this study, a number of atoms, (N = 256 atoms) as a

w

sample system at a fixed reduced pressuve P* = Po?/e = 0.0
was considered. The choice of low pressure was intentional,
since Nelson and Halperin predicted that melting iransition to
be a first-order at high pressures and second-ordey at low
pressures. The diagram of the reduced equilibrium density

*p= po? and reduced enthalpy per atom, h* = H|Ne for the L-J
system against veduced temperature T* = KT/e arve shown in
fig. (2.2), with ¢ and ¢ being the'depth of the wellvand"size
parameters’rtespectively. A smap shot picture for the change

from crystalline order to liquid disorder is shown in fig., (2.3)

From the discontinuities in the density and the enthalpy
at the transition temperature T* = 0.48, (see fig., 2.2), Ahra-
ham concluded that “the existence of meta-stabilitly certainly
demonstrates that melting in 2-d solids is a first-order phase

transition.'

Koch, et.al.,

Computer simulation study of "Dynamics of Phase Separation
in 2-d {fluids" [4]

In this research a molecular dynamics computer simulation
study of the evolution of a 2-d fluid system of many atoms
(5041) interacting by the L-J ﬁotentiai was carried out jointly
by S.W. Koch, R.C. Desai and F.F. Abrahan [4]. The computer

simulation result for a kinetic 1imited growth of clusters
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show that the fate time growth law for the average cluster
size in an isochermsl condition is propertional to t%, A
sketch of the computer results for the average cluster size,
R{t) against time is shown by fig (2.4). From the figure it
is an evident that at an early stage the phase sepafation
process depends on time ncavly as tlé followed by t? for the
Jate stage. The difference is suggested by the statement,
"The time developing intevatomic morphologies may be character-
ised as wave creation and growth until local maxima in density
approaches the condensed Jiquid density followed by wave neck-
ing or break up leading to the creation and subsequent growth
of macroscopic clusters,"
J.M. Gay, et.al.
"Low-Energy-EBlectron~Diffraction (LEED) Studies of
Ethane Filwms on Grapbhite.”™ [6]

Properties of ethane monolayers have been investigated
by the LEED.method in the temperature vange of 03.9-100K,
The study showed an ample variety of 2-d phases; in which
there were three solids, 81 s 82 and 83; a well corrglated
25 I,; an isotropic 1iquid, L and

a hypercritical fluid, F. ALl these names were codified by

tiguid, I a lattice fluid,
the authors. The phase diagram (see fig. 2.5) accompaﬁied by
the table on p. 14 shows the characterstic of the various 2-d

phases.
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Fig. 2.4: Cluster size R(t) against time in the dynamics of phase
separation in 2-d fluids. (After S.W. Koch. et.al.} [4]
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Area per
Molecules Temperature
" Phases Structure fa/‘A':"2 Range ' (K)
S1 Rec tangular commensurate 473 21 T<65
herringbone packing lying
down molecules
s, rectangular commensurate 10x2¥3  17.5 T<57
packing unknown
SS hexagonal commensurate 3xV3Vs0°  15.7 T< 85
Il Lattice fiuid commensurate 2x2 . .21 - 65 T 95
I Well correlated 1iquid 16.5¢a<21  S7<T <95
incommensurate
L Isotropic 11qhid continious loss of 21<a<24 95<T<130
positional and bond orientational
order. (high-temp, Il}
F Hypercritical fluid, T. (2-d2) =130 1_5._7§_a'<m - T»130

o




Some isothermal gaSnII transition curves which all have
a structure of a sharp vertical step giving an impression of
a first-order phase transition are shown in fig. (2.6a}. The
plot of the position of the step on a log (P) against 1/T
diagram is shown by By in fig. (2.7). The slope of this clapey-
ron line gives a value of the latent heat of condensation of

phase I,. Its value was found to be Q(1;) = 5.9 * 0.2 K cal/mole,

In addition some selected isotherms of the 2-d 12~83 transi-
tion are shown in fig (2.6b) all with a structure of vertical
step being a sign of the first-order phase transition. This
transition is clearly assured by the coexistence of the I, and
S, LEED patterns along the vertical_part of the isotherm. A
plot of the transition temperature and pressure as in the case
3 {see fig. 2.7).
The isosteric heat transition is given by Q(Izész) = 7.4 1 0.2

of 2-d gas-I;, transition is given by line S

"Kcal/mole,

The LEED study carried out by the authors has shown the
well correlated 1iguid phase structure of Iz and the'existence
of an isotropic 2~d liquid L upto the critical temperature,

T. = 130K, Recalling the 3-d critical temperature, Q:(S{D=HILSK
for ethane, a ratio of TCtZ»d]/TC(Sad) = 0.42 is obtained. This
is one example of the special properties of matter of reduced

dimensionality that has been confirmed by others [7].




Fig. 2.5:

Phase dig. of
monolayer ethane
“adsorbed on
graphite (after
J.M. Gay et.al.)
[6]

Fig. 2.6
Bquilibrium isos.’
therms of
monolayers:
(LEED study)

a} in the nbhd.
of 2-d gas-«I1
transition and

e

b} in the nbhd. of ,

Iz'wS3 transition.

(after J.M. Gay
ettal.) [6]
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M.E.Fisher

An "apologia™ and "overview" of an "interface wandevring
in pure and impure phases' [5].

M.E. Fisher considers the schematic phase diagram for a
2-d phase transition in adsorbed monolayers given in fig, (2.8)
for an atomic or molecular species adsorbed on a planar crys-
talline adsorbent. The figure does not necessarily illustrate
all the features to correspond to a specific real system,
Fisher argues that at a given temperature, T and monolavyer
coverage, n, the coexistence of a gas and a liquid phase may
be observed. When the temperature reaches the neighbourhood
of the critical value, Tc’ it is expected that the difference

in coverage diminishes as an asymptotic power law given by
g T

S ) o _
- A o e Sl —p . & -

nLiq ngas“'B(TC 1) as T;wl 0 B is the critical ampli

tude, 8 is an experimental critical exponent which Onsager

predicted to be %—for 2=-d system and which has experimentally
been verified by Kim and Chan [9] in a wmodel of lattice gas

system of methane adsorbed on graphite at TC?%68967 Ko 8 was

found in their specific~heat analysis data to be p=0.127 # 0.20.

Moreover, the phase diagram of fig. {2.8) shows the possibility
of occurence of phases and phase transitions which have no

analogue in a 3-d systen,.
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Chaptey Three

Thermodymamic Investigations of First-ovder Pluse Transition in 2-D Systems
3.1 Basic Bauations for Homogenecous layers

As mentioned in the introduction, a general overview of
the fundamental thermodynamic descriptions for homogeneous and
heterogeneous layers is now to be discussed in order to develop

a basis for the succeeding chapters.

As a leading postulate, in the thermodynamic description
of 2-d layers we assume that the resuits obtained by Gibbs
approach in the description of surface effects in 3-d systems

are valid for 2-d systems. Hence for a 2-d homogeneous layer

we have
v q 1o

duf = Tcisf * :L:%} ”idnif + odA 3.1

q
up = Tsf + :E ”iéﬁif + oA 5.2

1]

. C

sde + nifd”i + Ade =0 3.3

i=1
Uge is the internal energy, T, the temperature, S the
entropy, ui'the chemical potential, nif'the number of particles

th

or moles of the 1 component, o the surface tension, A the

surface area of the considered surface region.
g

A weak,layer-substrate interaction (physisorption) and
thus the possibility of an independent time evolution of the

layer is assumed. Consequently, in a state of thermal equi-




Tibrivm, the chemlcal potential, surface tension and tempe-
rature are the same thyvoughout the lLayer. This assumption
can be derived from the necessavy equilibrium condition,
which for the case of constant enirvopy, ¢, constant surface
area, A, and constant number of moles, e, ON the surface

we obtain
(6uf)sf,A,nif =0 (3.4)

Since eg. (3.1) is of the same siructurec as the corres=
poﬁding equation describing 3-d homogeneous systems, the
condition for stable equilibrium are given by

4

5Sf6T + oA+ E

St:pdn., > 0O (3.5)
i=1 ifAd

wherve & denotes infinitesimal devistion from the considered
state. From eq. (3.5) a numbetr of wvelations valid for stablce
equilibrium states can be deduced. 1If we assume, e.g, iso-

termal conditions and take N, and A as independent variables,

we get

q 9 Bpsp : q ¢
z b 5ﬁi£ SHifﬁn.r + 2'3%%i anfﬁA
i..':l =1 " f : Jr i:l -
(3.6)
R LT s 5 0
) ooy A

q,being the number of the different components. This condition

is always fulfilled if all major subdeterminants and the deter-

minant of matrix, J in (3.7} are positive
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In particulay it follows that ineq. (3.8) have to be fulfilled.

(g%)T n,. oY (2%£W)T A, . >0 (3.8)
A B ¢ g Fofalyg

For non-equilibrium processes in the layer, eq. (3.1) has to be

replaced by

q
(luf < Tdsf + 1§1uidnif + odA {(3.9)

for a constant temperature eq. {(3.9) can be expressed as

g '
d(ufeﬁ]sf) < ﬁfﬁnif + odA ' (3.10)

and for an isothermal closed system of constant surface area
it is given by

dF, < 0 (3.11)

£
where here the 2-d Helwmholtz free energy, FF of the surface is
defined in the usual way by

Ff = uf=‘Tsf (3.12)




If the surface area 1s variable but the suvrface tension of the

considered layer 1s constant, we may have eq. (3.13) instead

of eq. (3.10}

a(ufvnTsf-ﬂaA)T g S 0 : (3.13)

]

and the 2-d Gibbs function is defined by‘

Gy = up=Tse =~ oA = Fe - oA _ (3.14)

The above definitions are introduced to make the properties
of 2-d potentials similar to the corresponding potentials in the

3+d case.

3.2 Thermodynamics of Adsorbed Heterogeneous layers

in EBquilibrium States

For the development of the theory, the coexistence of two
different and nearly homogeneous layers in thermodynamic equi-
librium is considered. The coexistence of such two phases
implies the presence of an inhomogeneous interfacial region
{see fig. 3;1), in addition it is assumed that our system is
not disturbed by external fields like magnetic and electric
fields. Moreover all particles that hit the substrate arve
assumed to stick to it and as monolayer coverage is approached,
late arrviving and impinging particles will hit occupied areas

and rebound without influencing the laver.
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Fig (3.1) a monolayer model fig. of two different howo genecous
regions « and g with an inhomogeneous inteyface region, a- g,
1 and 2 specify lines separating the homogeneous regions from

the inhomogeneous one. 3 is an ideal dividing 1linec.

Considering an infinitesimal part of the interfacial

region of fig. (3.1), we postulate (2) that for fixed positians
of lines 1, 2, and 3 the internal energy of the infinitesimal

section can be expressed by

q
du = Tds + 3 y._dn

2 vgdng (3.15)

where at equilibrium, the values T, and vy are equal to the

corresponding values of the surrounding phases. The subscript

"f'" is omitted fory convenience,

Going over from the actual interface vegion to an ideal-
ized dividing model, (1ine 3L in the w«w-g region where this

line divides the region into two parts with the same proper-

ties as in the homogeneous repgions

internal energy of each homogenecous phase for a

of Line 3 is given by
du = Tds +
o

o . 171
1=1 ¥

du Tds +

» « and B respectively the

a fixed position

(a)
{3.16)
{b)




subtracting these equations from eg. (3.15) it gives
S { i

q

- - = T 3 e g Y4y e, =T}, 2 y
d{u v UB) Id (s 5, ‘B) %_y (nl N, n_ﬁ) £3.17)

[
'i

Defining the line excess quantities by

Up ZU=u U, , Sy =g=5 =5, , 1= Do mH (5.18)
eq. (3.17) may be expressed as
4
= " 4y . e C
duL FdsL jiluidniL (3.19)

The line excess quantities introduced here are excess quanti-
ties over the values which would describe the film system
consisting of two uniform parts [14]. The above relations are
valid for any arbitréry position of lines 1 and 2 and can be

identifies with the boundaries of the system as a whole.

Taking the 1ength)1)and,curv&ture)c}of the ideal dividing
line as an additional thermodynamic variables, the correction
tern, duI is expressed in the following way (Postulate 3).

q
duL = TdsL +ii1”idniL + edl + Cdc (3.20}

« and C are parameters that can be Tunctions of T,ui, 1 and c.
Depending on the position of the dividing line, « and the para-
meter, Cjcan have different values. It is possible to define
the position of the dividing line in such a way that C = 0O

(to be shown later), This special position of the dividing

line is named as line of tension and « as the line tension [15].




From the extensive charvacterstics of s 1 and the inten-

1o Mg

sive chgrvacterstic of ¢ and by Euler's theorem we can have eq.
(3.2%).

T WP | (3.21)

T N L)

i=1
out of which we have eq. (3.22) in regard to eq. (3.20).
5

g
dT + ¢ n.
J . - 1

du., + ITde = Cdc {(3.22)
i=l Mot

1 I

With the imposition ot € = 0, we obtain

q ‘ :
SLdl * iilniLdui + 1de = O (3.23)

eq. {3.23) is analogous to the Gibbs adsorption equation. For

the isothermal case it gives

q
L n.

oy ipdryp Ylde =0 (3.24)

if the position of the boundaries of the system as a whole and

of the dividing line varies, eqs. (3.,106) have to read as

q .
dua = Tdsq'fii.i‘uidnim ) o{idAa @)

q (3.25)
duﬁ = T(15f5+i§luidllif3 - UBdAH (b)

and the total change of the inernal energy of our considered

system 1is _ ‘

-4
= + ¥ o A 4 + (G K
du = Tds + ;;Luidni + UadAa GBdAB vdl + Cde {(3.26)
where, - - s s o 1o e T omn . Ay A 0 o
3] ua+ uB U’L’ 8 = * hB *+ ngni nia ﬂig niL (3.27)
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Applying eq. (3.4) and taking the conséraint, A = Aa t Ag =

constant, into account, the mechanical cquilibrium condition
reads as

&4 o

For a minimum value of Uy,

1,0f the ideal dividing line 1s required. This minimum is

a minimum length of a closed curve,

reached for a circle and eq. (3.28) is reduced to eq. (3.29).

6 mg, _"Aég.x 0 (3.29)
a ZHTG

T is the radius of the circular region of the a-phase. I wc

rearrange eq. (3.29) we obtain

[
i

x . _C (3,30) -
43 FAIGY !

w
=
-
2 A

This is analogous to the Young-laplace relation given for ¥-d

case [16].

Redefining the position of the dividing line in a way that
the physical state of the system is not affected, i.e.,
u, T, s, vy, n,, Ogr g being constants, eq. (35.26) yields

C [dc

o4l de . .
Oy Otk Igxt dAi 0 (3.31)

o i o

where the square brackets denote the special variation consi-
dered. Moreover, for such type of variation, eq. (3.22) leads
to eq. (3.32).

1{dx] = Cldc] (3.32)



28

Hgs. (3.31) and (3.32} give

] ! dl . dk -
P L L @)
. o 4
(3.33)
6 o, Ko (LK -0 (b)
o g r dr '
o4 [a s

This is the 2-d analogue of the generalized 3-d Young-laplace
equation [167. qu.(S.BSb) describes the variation of x with
a change of the position of the dividing curve and the physical
state being unvaried. There may exist a specific position of

this line, in which « has an extremum value defined by

d x - ~ - &
[E;M 7, UB +¥u O (3.34)
b ¢4 Iy}

Comparing cqs. (3.29) and (3.33b), we obtain

dey = (3.35)

Thus we come to the conclusion, that for the line of tension,
(C = 0), « has an extremum value compared with all other poss-
ible definitions of the dividing line. This extremum is

aminimum since

de K
e | (3.36)
Fa T

For the line of tension being the dividing line, the mechanical
equilibrium condition can be expressed by the modified 2-~d

Young-laplace eq. (3.37). (3.37)
.= O "
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3.3 Non-Equilibrium States of Heterogencous Layers

and the Thermodynamic Potentials

To generalize the thermodynamic descriptions of hetero-
geneous layers we postulate (4) that in non-equilibrium states,
each of the 2-d bulk phases and the boundary-phase are in a

state of intrinsic thermodynamic equilibrium described by

. q
a = T s + g A + 5 p, n,
o VRRY a’a oy deia
q (a)
du = T ds + ¢ dA  + gy, dn.
o o} o j=1 % o 1
q
= 4 5 - . .
uB Fﬁsg URAB%lil LET L
(L) (3.38)
d ) i
UG isds wquAB Tj%?ia‘“is
. ('i
b, T Tsp el Rugyngg
i=1 X
(c)
q
duL = TLdSLT wdl ;f}”iLdniL

Moreover the 2-d analogue of the Gibbs adsorption and the Gibbs

adsorption equations themsclves have to be fulfilled as (3.39),

= q - ———
badfa + Aado&l ji]niﬁdui“ = () {a)
dT, + A dg = g n. . d = { (b} (3.39)
S BU080 4 s uie "
. a
SLdFL + 1dkg + b3 niLd“iL = 0 (c)

1=1




in principle, T , T, ,

. . o and o, and & may be measured
{4 i [ 3]

iar Mige
divectly from their respective phases. But T, and uiy, cannot

be determined directly from the adjacent homogeneous phases and
thus we postuiéte {5) that these parameters are equal To the
respective variables of the phase with a higher surface density -
o-phase in our case [11,15]. This will lead to the physically
satisfactory conclusion that « is determined by the properties

of the surface with higher surface density.

Considering an evolution of a Z-d cluster (a-phase) of
higher density compared with the medium (g£-phase), we may thus
write eq. (3.40) for the internal energy of the considered

system {cluster in the otherwise homogeneous medium).

4]
L R o .
= + ¥ ou,n. +l s+ Y ou.on. F 3.
4 T&S " GaAa : ”1aﬂ;a‘f18¢8 UBAB‘;ilulﬁnlﬁ xl (3.40)
Im which we have iniroduced the notations:
Y = 5 4s N = 7 T 0
= “a L ? in ia il
The change in internal energy, dq}is:
" 4 ~,
du = T ds + ¢ dA + % p. di.
s} o [+ ¢4 . 1o 1¢
i1=1
q {(3.41)
} < - + ¥ o, R
+ TBdQB GBdA8 -i.wlﬁdnlﬁ wdl
=]
Considering the constraints
n,
s =45 + s = const,
o &
A=A AB = consts _ (3.42)
Y

n. = 0. * n. = const,.
i LB




for equilibrium process the internal cnergy is cxpressed by

o (3.43)

U, = O * ,._:55“ = (3.4—4)

Once we have the internal energy expression, the other
thermodynamic potentials may be introduced easily. If the
temperature is constant, the Helmholtz free energy is defined

by eq. (3.45} below,

From eq. {3.40) and the above considered equations, we can have

eqs. (3.46)

a

i Y e
Faog A+ ¥ u.Ti. +g A+ % nu. n,, +ei
¢ o _i’_;]p.“m i CRCB j;]“l{% 18

]

(3.406)
i1 1 k 0N I (}
3o 4+ % T + - + % . . ¥
di O’a(ﬁa 1‘21 W, GBK e _.Lglumdnlsﬁ i

It is evident from eq. (3.46), that « is in some approxinmtion the Helm-
holtz free energy per unit length of the dividing line. It follows, that
k >0 otherwisc the cluster would dissolve and a two-phase

system would not evolve.




The Gibbs function is similarly defined by

G = u-Ts~cA ; A = Aa+ AH = const. (3.47)

For o, =0 = constant, eq. (3.47) gives eq. (3.48)
q " 1|

o= -g Ea .. + ¥
G (Ua OB)A& . v, 1 ix

. n. +t okl
- i do i
1=

;p 18 18
(3.48)

q
dG = (G&ﬁﬁﬁ)dAﬁ+ b3

"y
w. dn. + % oy, dn._+ xdl
Lo da .

i=1 i=]

17 iR

These are the fundamental thermodynamic potentials we will need
in our work, because they contain all the thermodynamic informa -~
tion about the monolayer systems for the constraints we will

discuss in detail in the next chapters.

3.4 Stability Investigation

The stability analysis we go over in this section is
developed for the case of a circular Z-d single cluster (s} in
the homogeneous medium (8) and can be generated easily to many

clusters. As an approximation we assume a zero value of the

correction terms .

iLe In addition constancy of the temperature

is supposed. The cquilibrium states are then determined by

. q
§G = (0d=08 + ;;)6Aa‘+ii}(uiumuiﬁ)apiaﬂ 0 (3.49a)
or
To= IS -5‘- ri +4- q . =
§F (Géyjﬁ Tﬁ)ﬁﬂ oy (Uiu Niﬂ)ania O {(3.49b)

el o i=]
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For both of the cases we considered, these states are stable
states if they fulfill the inecuality requirements of (3.50).

§2F >0 or 82G>0 (3.50)

Lfm, and 1’\a avre taken as the independent variables, then the

inequal ity expressions of (3.50) yield

g ou.  9p. a4 duy By
A R < P T (uw-- - Mﬂ) on; A
D4 oen S0, “N. Jou do . o
i=l 7 ja o ] i=l o
=1 _ >0 (3.50a)
q do 30 3G Jo_ . .
+ o B S N R -, Z
b on, ot }n.,,r G‘[\amju (BK_ T ff?)A(ﬁAa)
=l o jo 37w ot o 20

This can be written in the {form of

q B}_ .3u g oL, .
3
N ) én, én, + L( 1¢ -——}L) 8n. SA
i on anj 6 Yy jo ig dA BAB A i
i >0 (3.50b)
q. 40 .80 90 30 9
£y (e 4B A 1.+ (oAt = ) (SA)
jep Ogg Mg, T e e oA, BA% Zﬁrf

This inequality holds always if the principal subdeter~

minants and the determinant J of matrix (3.51) are positive




= N . Fod
M, Mg Mo, e L Me, Ms
) 3. :
..( EZ C{, + _‘iir?:g - f_-i iégl { .aji?’—Ei e & = & .{,)jl_rzg_ s a ;j Z 8
o ] . . A Y
n1 3“13 anza anis 3Aﬁ BAg
‘I = - * . B - 5 . B + . . (3 © 51 }
5 .
oo, Mas Mo e L Vae | Mg
mﬁ_ Bnls 3“2& 3”23 BAa 8AB
3o : : :
Mo % LT TR T S
gty T - j 5 - ’
amy BNy 3N, A, A, A, ZHTé i

gue to the intrinsic stability condition of each howmogencous

phases (cf. section 3.1}, all subdetorminants are positive and
the condition for stability is only when J > 0.
For our special case of a4 one componeni system, the stabi-

Jity condition is reduced to inequality form of 3.52) below.

3 J
P, Me g Mg
allﬁ 0316 . SAQ :}A{{
> 0 (3.52)

o SO oG dg . K
vy B ey B

3
Bnm 3?6 aAa BAB ?.HI‘Ci

g v Og can be considered as functions of the surface

densities P and Iy rezpectively as it can be shown below.
D

U o and u
o f o L



For isothermal conditions we can write the variztion

o

of the Heimholiz free energy f{or the bulk a-phase as

q
dif = o dA + ¥y, dn.
41 14 (41 10 i e

i=] “

ont of which ¢ and y. are to be
o ia

oF oF_
o =GR vn, o AR A o,
R T 1la o

(3.53)

Since Fu i1s a function of the independent -variables Aa and

-
=

=
=
s
"

15 obviocus, that for the one component case,

Y - Ga{na’Aaj
“a - na(na’Aa)
(3.54)
or
D(i = Gt:: (l(’i)
P e R
w, © patfa) o

The same argument can lead %o uB(Fg) and UB(FB).

Moreover, for isothermal conditions and one component

system we obtain, from eq. (3.39a):

Ado +ndy =20
o o ta

and the partial devivatives of the surface tension can be

expressed in terms of the chemical potentials as below.
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The partial derivative of the chemical potentials

(3.55)

with respect

to A can be transformed to a derivative with respect to r, as

3
r]ja

Al
8

Thus instead

of

=3

r EEY!
& o)
A BT
& Bt

when (3.57) is evaluated we get

) d
o B @__E&
2y f\aa] )

[ Y
L
A BT
a o
rZ sy
T S
A ar
o4 [+
p
' el
4.££i¢§1;
Ah AB

;@ g
e 2Tg

o1 ? ,
Te Pvg
Aot .3
8 B Zﬂla
3 )
:._.l,:[E ?_ici > 0

3 ,

rsa:&

(3.56)
>0 {3,57)
(3.58)




From the stobil ity condition of {3.58) the following conclusions
can be developed.
When the characterstic potential is F, it means, if the

constraints ave given by

b
g
o
st
]
[ 37]
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A=A + A

it 7 n i = CONnst.

the variation of the size of the Cluster leads to a depletion
which is a variation of the state of the medium. As a result,
a stable egquilibrium S{ate - evolution of a cluster of finite
$ize in the otherwise howmogeneous medium (g-phase), is possible.

In contrast, if depletion ciiect does not occur, ugmlm(rg)
is constant and a finite sized state cluster cannot evolve and only unstable

equilibrium states ave possible.

ALl the arvguments and the results obtained arve qualita-
tively similar to 3-d case {17,18]. Under the same footihg,
the stability analysis can be carvied out for any other cone=-
straints and also for the case where many clusters exist in

the system.

5.5 Curvature Dependence of Line Tension

The parameters of a 2-d cluster in cquilibrium with the
medium in which Doth belong to a one-component sysiem under

isothermal conditions, are (cf. eq. (3.44) given by:




5
w
jeier}

(3.59)

The 1ine of tension 1s chosen as the dividing line and for a
given size of the clusters, the line teusion, x has a properly
defined value. It is of interest to investigate how this line
tension depends on the size of the cluster. Such an analysis
is carried out unow to check, under which conditions such a

dependence has to be taken into account.

From eqs. (3.59) we can have

du = du. = dy {a)
o b (%.60)

duﬁ - dgﬁx - 6(%2) (h)

and from the Gibbs adscrption isotherms of eqgs. (3,617},

Ado +ndp =0
o] & &

o {3.61)
ABdGB +'n8dn63 0
eq. (3.00b) is veduced to
(v~ v ) du = = d (- J o {a)
Booa o (3.62)

. - d 1
(lB=- 10'.) duy = "’éﬁ;f' = Kd('g';)s (b)

g

Again for isothermal conditions and a one component system

eq. (3.23) reads:

n g
de = - ~E4h1 = ALdu ;oA T _ (35.63)




34

and thus from eqs. (3.02b) apd 3.63) we have

P17 - oo
B.-_h [ L.,_j' - = _— "’u;:‘
S| -AI ;] che d &.1,"}
a (¥ 6 (3 N 64 )
o] I ]
{2’ t i;ij d = =xd (5})
¥ ad ’ &)
A i
where, ¥ o= ?ﬁf%w is a Z2«d Tolmwan coefficient.
a B
Rearranging eq. (3.04) we have
ain(e) = ~atn 1+ Le lav
68
HE {*if/ra) ‘
The general solution of ithis differential equation is given by
S I PO
. . o N T 134657
T ST — e e
IR S G e ol
‘ T+977)

Bq. (3.65) is one form of the most general thermodynamic rela-
tion that describe the curvature dependence of the line tension.:
it is qualitatively analogous to the expression for the curva-

ture dependence of surface tension {16].
When ¥ is constant eq. {3.65) is reduced to eq. (3.66)
4
< (1) =m7ey o (3.00)
and it is the 3-~d analogue of 2-d Tolmn eqution for the curvature depend-

ence of line tension [161.




From eq, (5.06) and 2lso {rom the genevad oxpression of
€q. (3.65), it is evident tha it the region whege & curvature
dependence of line tension becomes impovtant is deteritined
by the value of v, 7o determine ¥ let us discuss in addi-
tion to Gibbs! dividing 1ine of tension also another dividiqg
line (see Fig, 3.2}, catled as the equinocl scular dividing |

tine, defined by w0,
For the Gibbg! dividing line (¢ = 0}, the total number of

particles, b, are expressed by: (cf. eq. 3,27},

noeom s ng *omy o= oA +FSAG tony (3.67a)

For the equimolecular dividing 1ine we have for n as

no= (@), L (e) oo (e) o Ca)
1 na : ﬂB F'&Aa + }BAQ

(3.67b)

The Superscript, e, indicates the cquimol ecular dividing line.

Ke wEy e
N i ;3
P . MU N

5,
S e o e p s e sen e g;_’é P,
v

Fig. 3.2: Model fig. forﬁ$he two arbitrary
interfaces, XFQX of ¢ finite 2-d
systenm. ’

XG and X(e) in fig. 3.2, are the position of Gibbg! dividing

line, (¢ = 0}, and the position of the equimol ecular dividiqg

line respectively,
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By the conservation of particles,

PA+ T A+, = Al)yp s(0)
oo B L oo

8 g B
(3.08)}
4 . A i rr o 3, (C) i - (e)
Palx(; Fﬁ(d XG)I n lalﬁ ngl(d-X )
Rearranging eq. (3.68) we obtain eq. (3.69).

A
X(e)~XG = ?miga =y (3.69)

- [,

o B

Since the distance between both dividing Iinesis, in
general, very small -« less than the width of the interfacial
region, ¥ is also much less than this width and in a good appro-

ximation, x can be taken as a constant,




Chapter Pour

Formation of 2-0) Clusters Undor Biffereont Constraints

4.1  Thermodynamic Analysis of the Formation of one 2.0 Clustier

Till now a discussion of the general thermodynamic theary

of heterogeneous 2-d systems without any repard to the process

of formation of clusters is given,

Hlere as speciail cases, two thermodynamic potentials, the

Gibbs function and the Helmholtz free energy ave

under the constraints g T ¢ = comnst., T = const.

and A = const.

analyzed

» L = const,

» T = const,, n = const., respectively which

give adequate description for the analysis of cluster forma-

tion (see also Ch.3).

As a model system an adsorbed thip £ilm

supported by a firm base or

substrate jg assumed

(4.1) belou,

Fig. 4.1: Model system for the study of 2.

In the transition that leads to the formation of on

cluster, the

two potentials are described hy (cr.
and 3.48),

developed on and

as in fig.

< phase transitions.,

e a-phase’

eqgs. 5.46
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He t A

FHet.= Gaﬂu+nqpu+UﬁAg +nﬁuﬁ+ k1 (h)

As usual, A is the surface area, n, the number of moles,
¢ , the surface tension, p, the chemical potential, 1 the
length of the boundary 1line between the two phases and «, the
line tension. The thermodynamic parameters with a subhscript
a correspond to the cluster (a-phase) and with a subscript B
correspond to the medium (R-phase), Eqs,-(égl) are equations
of heterogenecous systems. For a homogeneous phase, parti~
cularly for the initial metastable state, these potentials

are described by

G pun {(a)

Hom, (4.2)

FHom" une +gd (b))

Since the change in potentials rather than the mere potentials
themselves are of importance, first the change in Gibbs!
functions with respect to certain parameters, like the size

of the cluster is given by

AG = GHet 6

Hom. (.3

AG nq(ua~u8) + AG(GQWOB) + k1l

i

As y and o are functions of +he surface concentration, ', both

values are constant in the Gibbs polential case and is equal




to the values for the homogenecouns metastable state, (0C= U,
B
g wY. Moreover from the Gibbs adsorotion velation of the
>
form:

dﬁa = '“I‘udua (4.4)

and a reasonable assumption of the incompressibility of the

2=d liquid (u-phase) we get:

S [v, (o) mug(ﬁ)} ; (4.5)

where uu(d) is the chemical potential of the particles in the
cluster for a value of the surface tension being equal to the
external tension o, Thus substituting eq. (4.5) into eq. (1.3)

we obtain eq. (4.06) as follows.
i
AG = nq[ ua{o)m UB(U)] + el (4.6)

The change of the Gibbs function with the size of the cluster

is then givern by

PSSl A v 1 > -+ < 4..7
5y 2y T (ua “B) 21 ( )
41
and the critical cluster size is determined to be

-k
T F e (4.8)
C PaTuBt» o
It can then be said, from eq. (4.8), that a phase transition

may proceed only if the chemical potential of the medium,

(8-phasc) is greater than the chemical potential of the particles




- 45 .

in the cluster (e-phase), Otherwise, AG as a function of ro
would be a monotonically increasing functiop and the homo-
geneous initial state is globally stable, Jn the test for

the stability of the equilibrium state of ¢q. {4.8) we obtain,

2
d7AG 2k
g8y = 200 (po-p,) = - 2l (4.9)
drz T =7 R Ty
o a C

Hence, the potential, AG being the potential for the case of
constant surface tension as a constraint has only one extremum,

a maximum. The ‘above analytic arguments are verified by
fig., (4.2). ‘

:‘ aHF !Tﬂg-
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Fig. 4.2: Description of the thermodynamic potential
changes as a function of the size of cluster
(cf. 3-d case) 1}

The figure shows that for a cluster of size LIS the cluster shrinks.
In contrast, for a cluster of size Y>I., 4G has to decrease, ful £i11ing
the criterion of evolution to equilibrium which results in

a further growth of the cluster. A cluster pf size r=r

c
has an equal chance for shrinking as it has for growing and

it is unstable.

An equivalent argument for the above description is as

follows:
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P S A T
A(l(:[c) - [IC’.I}JH(“(I MB) '\.1}1_ =y

(4.10)
K lc
AG (TC) 2 g
From eqs. (4.6) and (4.10), eq. (4.11) is formulated.
T T
AG AUy 2 o
s o= e (o) 4 2(=D) (4.11)
AGC r. r.

Eq. (4.11) has the same structure given for AG in fig. (4.2)

but in a dimensionless form.,

For the second considered type of constraints, A, n and
T being constant, the characterstic potential is the Helmholtf
free energy. Its change for the case of formation of one

cluster is given, from eqs. (4.1b) and (4.2b), as

AF = A (o ~0g) +n (e =ug) + 0 (ug=n)

(4.12)
+ Ao ~0) +xl
B
From the incompressibility of the cluster, we can have
e (5)7 1, (01 = (o~ o) (4.13)
oG o Pu o :
and,
AF = Au(c'mas) * [ua(d'} él%(ge)} n,
(4.14)

+ A(06~q) + 1 (”ﬁ"“) +x 1

where o and u refer to the homogeneous phase and are constant.

o' is the value of o for the 2-d liquid-vapor saturation state
and n is the total nuwber of monomers in the considered system. The
change of AF with the cluster size is:




dal Lo . .
e B - e -+ A ! § £x
e Zﬂla(U GB) ZHTan[ua(o ) ps(as)j
Y ! da . 9o
- B B B . B 4 2mk
Rl R e ) (4.15)
« @ « a
JAF

e 2 - .. + -~ 1.
A Zﬂlu(u OB) ZHlaPa(“ “3) + 20k

where M, (¢') =qp!

Applying the isothermal Gibbs adsorption relation for the
p-~phase

do = « ¥ dyu

8 6 g’

and introducing a mean value, <Ty> in the interval (r',r)

we have
o! mOg o <> (u'wuﬁ) ' (4.16)

where at the . . saturation state, u,(e') = us(o') = opt,

Eq. (4.15) is then rewritten as:

By, T AT rg>(ut - ug)
4.17)
+ ZIII‘OILI‘O&(u'-3118)41 21k

For a phase transition to occur, u, must be greater

8
than u' (i.e., UB(OB) >pa(0') = us(o‘)) and moreover

aAF/arOL <0, The extrema are evaluvated from




P g LI [ b S,
a 08% Fu(“ uBJ N 0
o

ar

» - 1. & s

r, (Pa <FB>)(LI “6) K
fo bet

¥ Yaxe, T*l-<r 5)(uﬁ
For stability test, 32AF/ari

(&)
(4.18)
= 0 (b)
Y {4.19)

is computed at the extrema.

2 3, 3T
3%6F 2 k: B A
ars o “““[J - k' (Tﬁ r,) YT
o fi B 43
(4 .20)
2
akE LR Ty, M
. kA (TR )) aTp
o "K‘

I'is the concentration of particles

phase. For very small clusters we

in the homogencous initial

obtain

_m'.,?w . ;%E“i 0 (4.21)
2 1
a1 o
o

which corresponds to a critical state of the cluster. And
for large clusters eq. (4.20) is vreduced to

. '4HA (e-r ) By

e j‘.i"' -w-mw-m g > 0 (4.22)

ara (1-A ) R

?\m

which corresponds to a stable cluster.




- 49 -

The characterstic potentinl, AF has two exXtrema, a
maximum that corresponds to a thermodynamically unstable
cluster and a minimum corresponding to a thermodynamically
stable cluster. The behavior of AF as a function of cluster
size is briefed in fig. (4.2). 4G and apg have different
number of extrema. AG has only a maximum because the sur-
face tension is kept constant in the system by the transia-
tion of the 1-d interface in the course of the transition.
(see fig. 4.,1) and AF has an additional extremum (a minimum)

due to depletion effects.

4.2 Depletion Bffects and the Work of Formation of Critical

Clusters in 2-D Systenm )

From the point of view of classical thermodynamiés the
homogeneous initial state would exist fory ever, since)accord-
ing to thermodynamies)evolution processes are connected with
a decrease of the thermodynamic potentials F or G respectively.
But in every real system spontaneous deviations from the

equilibrium state - fluctuations, occur which are not con-

sidered in classical thermodynamics.

ot particuiar importance for the nucleation process are
fluctuations leading to the cvolution of clusters with the
critical size?rc. Such clusters.can be formed also in a
reversible thermodynamic process, if an external work is

done on the system. This work of formation of critical




clusters, W is equal to W = AV or W = AGC respectively for

both of the considered cases,

According to classical nucleation theory, the nucleation
rate, I, i.e. the number of critical clusters formed per unit
time is given by

_ v fL W
I = IO exp { K‘—i;f (4.23)

I[f depletion effects can be neglected, W is given‘by
1!.1' = AG(r ) = ...;....)_S;. . (4-‘10)
C 2 ' :

It is evident {rom both these eqs. that 1 decreases rapidly
with an increasing cluster size. Therefore, phase transitions
in layers occur only if the critical cluster contains for

about two to ten pavticles.

Now if the state of the medium is affected by the forma-
tion and growth of the clusters, i.e., if depletion effects
occur, the critical Clgster $ize 1s affected by these varia-
tions. Let us now analyse the influence of depletion effects
on the work of formation of the critical clusters. Here, as
an example, the case of constant surface area and constant
temperature is considered; where F is the characterstic

potential,

From eq. (4.14) we have,

AF = Aa(o' ~ UB) 'l*lla(u' o uB) + o 1+ AW, ) (4.24)

where the depletion effect term, AW is;:




AW = Ao eu) n{w,eu)
&4 ) {)

At the extremum, AF is given as in the following.

AT = o .i:}fn. At kl o+ AW
1:{ [§1
2

In the absence of depletion effect, AW = 0,
minimum work for critical cluster formation
(cf. eq. 4.10).
AR = AG_ = kir
C < o
But in general AW is not equal to zero. To
properties of AW, let the parameters o and

8
of ng and AB represented by

O-B £ g{ﬂ‘f‘ﬂ]l, A'FE\A}EU (X]"‘AX XZFA

i?+?

Mg = untbn, A+AA)=p(X;+AX, , X, +A

(4ﬂ25)

we have the

of eq.

(4.26)

(4.26)

find out the

Mg be functions

XZ)

Xz)_

(4.27)

and Let us denote these independent variables for a while by

XI and XZ. By a trancated Tayler expansion of g and Mg We

have:
Y 2 9 ‘
3q 3G
Gp 7 0 b N oagebX ot LR oo AX.AX. (a)
B qe1 0%y i3 3X1§Xj 177
s A NP h,uﬁf"_ﬂm
Mg =t 0 MK ? 5%, %




and the depletion effect term roads

4 Da g 2 220
n“;\? = .A { z ‘i“'.—‘—'“ + 1 “"‘_ ") A E_ )_: ( t F il v
i=1 E\“5&1_ i i i, =1 QX ,ﬂ

S ﬁ L
1 X J}AX AK }

Using isothermal Gibbs adsorption velation this will reduce

{o
2 ¥
AW s n o (Ayy o R ) AX AX. ' (4.29a)
2 . 5} XX, j :
I 3 197
From the velaiion:
- 3o s
S Y nOEX
i i
we get
Z
W L3 oy ¢AA B39, 3N 9
T N TINC. G Sl o LS (4.290)
B, =1 77 i 3

From the intrinsic equilibrium condition (cf. eq. 3.5), we

obhtailn

2 .
y (,-?Kj_\ a(f + é—ax{-l—“ ““.(LH"‘)A_X !’:\Y_ > O (4&30)
i,9=1 i 5 9%y J
lence,
2
g e . ¢ 8A 38g an

AW = 51 1:;_] Lfi'ﬁ'j BX b ’a}?' A‘( aX, < 0 (4.31)

L, 3171

The depletiin cffect term, AW in the 2-d cluster formation

is negative analogous to the 3-d case {lf.




Morcover, depletion effects also result in a variation
of the radius aand the number of parvticles in the critical

3

cluster. To account for this effect it is yealized that I

B
can be expressed as:
n-p
e 4,37
e © A2K ( )
o)
The parameters of the critical clusters are given by:
£, 0= n (r ) ~u (v} =0 (a)
1 oo B B {(4.33)
£ E) v " e [y ol L_}i_ s
£, Da(ld) nS[PB) v 0 (b)
Taking eq. (4.32) in to account it can be concluded that
cqs. (4.33) vepresent twos equations of the type
£y A 0,80 = 0, = 1,2, (4.53¢)

for the detevmination of the pavameters of the critical

clusters.

To obtain expressions for the dependence of the paraQ
meters of the critical clusters on depletion effects we start
with the argument, that with an increasing size of the total
system depletion efféects will become less important. There-
fove, the analysis may be reduced to the consideration of the
dependence of the parameters of the critical clusters on the

total size of the system, provided the initial representation

is kept constant (see fig. 4.3).
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Fig. 4.3: Model used for the investigation of the influence

of depietion effects on the parameters of the

critical clusters,
The two systenms, represented dn fig, 4,3, differ by the tota}
number of particles, n and the total surface area, A, Accord-
ing to e (4.33), also tho paraimeters of the critical clustey
will be different. And for the systeme in tig., (4.3) we can
formulate eqs, {(4.347}.
(1) 4 {2}
¥ = T 3 oy 1+ AT A
n, n (n,A) i na(n An, Atap)

_ : ] (4.34)
A(El) " Aq (n,A) ; ﬁt(gé)j"‘ A&_ (ntAn, A+AA) : 1

Expanding in a Tayler series and neglecting highery order terms,
the following eqs. {(4.35a) and (4.35h) are pbtained for An&

and AA .
4

An o= e Al My AA
o an \SKA (4 .354)
BA_ = gf}‘f Y f{:“ A ,
L
“ ;ri Biﬁ' (1.351)




From eq. (4.33c),

The Jacobi determinant, J

below,.
i g
o ] (j.l + Ty
J = "f(.}ﬁ.(-;i“..‘.,;_n
of

For the particilar case of egs.

minant is

A TP
o

*

o aua

A or A
oL [41

G5 .

B

Using Cramers rule,

are evaluated by the following egs. (4.3

an o 8n aA
4o o

(4.%07) are aiszso formulated,

at

4

3A af .
T

(4.36)

of eqs. (4.36) is given by (4.37)

a

I .
b ._,G'
A oar
et )
rt s u
P S A
A BA
o 5]

a I

FROA 2 BR 0 R

(4.37a)

{d.3%a ,b), the Jacobi deter-

(4.37b)




a1

P

VoA

01,

From Bgs.

fi

AT
¥

and

AA

44

(-

) A b=
n, 1\0"

(_arii) A, A z
o

(4.356) and {4.38)
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, tlowing can be obtained.

S R L R AR
RETGW A

sf aF. 3 Y
P PR N
on aA DA

(4.3%9)

. 3l 3t
froe : 2
an 3R ai
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i e s R
2 (“(E N i)} 3 (n“ 5 A

3

7

5f af. nt
?}; M,E + - ,._}:
an 3A an

(4.,39h)

{

¥

Substituting the expressions of f} and f? of eqs. (4.33) into

eqgs. (4.3%9a) and'(dQSQb) it yields
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and it can be simplificd to

(r = r)--L-7}

ana = e - {;.«.,,.:.i,‘ﬁp:ﬂ h_.'_ .a [" . o 8 -

8]

- i
o
T
w

ey e
W =
e

AA

CATWE T AT BT A

and this again can be sinplified to

; R T

I o B
T KK v T
a g ) f’

For the variation of density of the cluster we have

noTAD n -
o o, b

X (AN =T AR)

A] -4 s e a3y mees T e - Ind i

6 A +AA A A A
[£4 X

[£4 51
to

substituting the values of bn . and Af\(? we get it

{4.40a)

(4.40b)
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To discuss the vesulis, we realize first that the deter-
minant, J, of eq. (4.37b) is identical with the determinant,
J, that was discussed in the stability investigations of
VChapter 4. Therefore, according to eq. (4.40b), the size of
the c¢ritical cluster decreases and the size of the stable
cluster increases with an increasing surface area, A, This
results in an increase of the critical clustev size and.an
increase of the wovk af formation of the critical cluster
with a decyreasing size of the systoem.

Going back to ouy initial system - the dependence of the
parameters of the critical clusier on deplebion elfects, we
may concliude, that depletion leads to the increase of the size
of the critical c¢lusters. Since ihis incvement is a liﬁear
function of the variation of the state of the medium ,

(cf. eq. 4.40b), it is thig cdlectand not the rerm AW that
determines the variations of W due o depletion. Therefore,
depletion results in an increase of the work of formation

of critical clusters and thus in 2 decrease of the nucleation
rate,

4.3 Generalization to Ensembles-of 2-D Clusters and the

Scenario of Phase Transition

What has been discussed about the change of the therme-

dynamic potentials due to an evolution of a cluster as a
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resul t of phase transition can be generalized to ensembles

of clusters,

For the evolution of N distinct clusters out of the
homogeneous metastabie initial state, the change in the
considered thermodynamic potentials is given by (cf. eqs.

4.6 and 4,14):

i

AG

I 2

e e O B O R R B CY
’ ' (4.42)

AT

if

n o

iy ooy 6 ) (03 o))+ (1 G4

1=1

+ n(ugmn) + A(ogud)‘ (b)

The subscript (i) refers to the different clusters. For N

identical clusters, eqs. {(4.42) ave rewritten as

it

86 = N [ny (g, (o) =ug(6)) * k1]

(4.43)

==
i
H

N TA, ("= )en (u (o' )=u, (o )+l ]
i (pg=u) * A(Gﬁwo)

The potentials of eqs. (4.43) depend on the number of clusters,
N and their size. For a constant number, N, the extrema of
the potentials are computed in the same case as for a single

3

cluster., (cf. eqs. 4.7 and 4.15)
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" (4 .44)
anky C ¥ (ot e, YT Ny, 3+ X120
BRIy = 2N 167011, 0 (o)) + -]

For the stability test, BQAG/BFS and BQAF/ayé are examined at the extrena.

For G we obtain

Cn2
el ZnNPa(uu(d') “HB(U))

Y e ow Z205 00 (8 maximum) : ' (4.45)
ar, T

faS)

Moreover AG for the N number of clusters can be as eq. (4.46)

7 T
86 = NG, [~GD 7 2G9) - NG 4.46)
' C C

1
Y. and AGC being the critical values of the Gibbs free energy
for a single cluster and 4Gy a value of single cluster.

The extrema (only a maximum) of AG is increasing at a
fixed critical radius, r. as N increases and crosses the same

point in the rau=axis irrespective of the number N.

Let us now discuss AF at the extrema, it gives

- oy 3F
32AT B B K .
e A 1 o I R S B | , (4.47)
3 ; .
3ra .a B BPB 81@ ri

By evaluating 3?8/3ra as

P Ny -
Mg o 2Ny T
3 A X
r, a H'NAOL)S

T

s we get

S S S




oy H - A
22h SNy e ) (4.48)
o o
o
where, 2
g o el Ty
A (1“§%£J3 B,

Eyom eq. (4.48) two conditions can be predicted.

20w
1) E“%% < 0 implies 1+y >0,
ar

being the condition for the critical state.

2 -4
2) §m%§ > 0 implies 1+y <0 |
ST

being the condition for the stable state, (stable, if

the number of clusters is Tixed).

For an analysis of the qualitative behavior of AF as a func-
tion of N, the 2-d Gibbs Thomson ecquation (4.49), obtained
from eq. (4.44) is differentiated with vespect to N taking
into account that T is a function of N and evaluated at the

extyrema.

(04H03) +raﬁﬁﬂﬂﬁ) ¥ %i = 0 | (4.49)
o ,
, ar

. N Ty a K. L
5;;1(6'@63) ARG PO N ;;J an

i

. .
tagl (et og) AT Gl -ng) £1=0
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The number of eq. (4.50) can be transformed into:

8118 ]6 ok )
SRR T U T R (. 51)

and the denominator is:

¢ BuB : 81'8 . )c
=¥ ) p g =y 7 oy ) (1.52)
’ g ol l‘a 1’0'

where y is that determined above. Thus we get

,dra =T
B (4.53)
T avany™)

At the critical state,
(l+yul}<10 , consequently, drd/dN > 0
and at the stable state,

(1+Y"1) >0, consequently, drn/dN < O

To finalize the analysis of this section, let us evaluate

dAFR/dN at- the extrema.

dAF _ asF  *To  9AF _ 0AF

P 4 SOl =

dN T N aN” BN

A ECART PO R (it =pg )} il

{a

= e, = S e 0 (4.54)
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From all ihe avegumenis {ov A as a thermodynamic poten-
tial for the phase rrausition in the formation and growth
of 2-d clusters, it can be said that the position of AF(IG)
for the critical state increases with the number of clusters
and For the stable state it decreases with the number of
clusters, N, until both extrema coincide in a common point

called the inflexion point characterized by

(5 arAy
éii - _,(E..J;,L -0 | (4,5%)
3 21

(a4 44

This point corresponds to the maximum possible number of
clusters, NC of the considerved system. Tfhe function AF(rU)

for a delinite number of clusters is shown in fig. (4.4a).

w Ty

v

Fig. 4.4a: AF as a function of r, for a given number of
identical clusters. The variation of the
position of the extrema of ¥ as a function
of the number of clusters, N is indicated by

ATYTOWS,

-Fig. 4.4b presents the Ffunction AP = AF(TQ) for diffevent
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values of the muber of clusters.  Based opn thic figare «
Refieral scenaria of fiyrgteorder phase transition in 2-d
systems, starting from metastable initial states may he

developed,

&
.
S

hedd, e, 40
M, Ly e

Fig 4.4b:  The main seages of a first-order transition
in 2-d system: nucleation aid possible simule
tancous growth (dotted curve}, independent
growith of the clusters (dashed curve}, Ostwald

tipening (dashedestared cuarve),

The transition stages in fig, (4.4h) are malogous to
the Z.d cags §2i}, To ﬂnmelthem, first a stage of nucleatiaon
and 4 possible simuls Ldneous growth of the alg ‘eady formed
supercrifical clustevs (dotted curve), subsequently a second
stage of ncarly Lidependent growth of the clusters with an
almost constant number ui them (dashed curve) and a third
stage of competitive growth or Ostwald repening where mono -
mers leave the smaller clustars and diffuse ovey to thefkngé
ones because the former have a highey VAPOT pressuce 223
esulting in a decresse of the number of clustersriu the
system and an dincrease of their mean vadiue {(dashed-stared

curvej,
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The results of the thermodynamic descripiion developed
in the preceding chapters are now to be applicd to the kinetic
description 6f the growth of clusters, In this study, 1t will

be assumed that growth proceeds by accretion,




Chupter Five

Kinetics of Phase Transition in Adsorbed Mondayers

So far a static thermodynamic description of the phase
transition was discussed. The consideration of the kinetic
process when matter oy energy or both are transporied between
parts of the system is fto follow in Cthis chapter. !
of transport process of thermodynamic quantities is the object
ol study of physical kinetics.

Transport processes of material particles in a finite
Z-d system are in general described by the flux, j of a
physicai gqurantity, z defined as the anount of the considered
guantity crossing a unit length (cf. unit area) in a unit

time. Mathematicaly it can be expressed by:

. 1 d
Yy L d

(5.1}

ﬁ.-l r3

The flux of mateer in diffusion, the [lux of heat in
thermal conductiou and the {fiux of charges in a conductor are
a few examples ofrkinetic processes. FHach of these fluxes is
caused by a gradient of a physical quantity iike concentration
of particies, temperatures, and electric potential. In the
case ol 2-d kinetics of phase transition the objective of the

study is the fiux of matter by diffusion.

5.1 Kinetics of Cluster Growth by Diffusion

In the kinetics of phase transition of 2-d systems, the

*3-d mmalogue to the 2-d diFfusion equation is expressed by
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> bB.r.
J = - :,,,..J,_.ﬂ;,’?, YA . 5.
Ky Sy (5.2)

Dys Ty oWy are the partial diffusion coefficient, the surface
concentration and the chemical potential of the i-th compo-
aent in the system respectively. Ky is the Boltzman constant
and T the absolute tempevature. The negative sign in the
equation indicates the ditvection of duffusion being towards
degreasinQﬂCOncent@ation or what is equivalent 1is towards

decreasing chemical potential. Assuming a perfect mixture,

ity can be expressed by:

by o= uig} + KBTln(Xi) (5.3)

(©) i ¢he chemical potential in a standard state, and

wvhere M

x, = ;0 = o14)
Y Cﬁt;Aj ot

with A and n, being the area and total number of moles,
respectively. Xj is the mole fraction of the i-th component.
the gradient of eq. (5.3) reads for this case

, K. T
Pu, = K,Ivin{r,) = HEEVF (5.5)
i B Vitory i ?

Then from eqs. (5.2) and (5,5}, eq. (5.6} is obtained for
perfect mixtures.

J-i = “T}i?f'i (596)
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For a one component sysiem, s2qs. (5.2) and {5.6) arve:

A DIy
J o= - SRy o
K0 (&)
iy
-3 ) N
J e Ejvrg ' (E‘)} (5e7)

where Mg and PB.refer to the chemical

concentration of the p-phase. Basec

potential and surface

on eq.-{5.7a), now a 2-d

cluster growih equation is to be developed following the

approach introduced by Schwmelzer [20] for 3:d clusters. Heren

by, is started with the consideration of arepion of the interw

face between twe coexisting phases (see fipg, 5.1), consisting

of two homogeneous parts of the iliquid (o) and vapor (R),

H
divided by an inhomogenecus vegion with the width } Hg.
(5.7a) when rvefered to such system is written as:
b I}I‘g Ay ag”
J o= TETEE s e (r).g)
R b i .
B 0 .
where,
' =] TR 0 'd &, 7' SE ] 3 4 ] "_ e YO PG 3 5 - IJ_ e - =
Auog™ Maw¥, 800 €. s & unit vector peypendicular to the

su faLe OT ihb IeRe phasu,
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Fig. 5.1¢ a) Schematic dig. for
the ira nsport process
between coexisting phases,

b u(7T) at constant”
surface tension.
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The phasé t?aneitjéu PrOCEGs MIY COHMMence at any point in
the metastable state iuterval (4,2) of the p~phase (see fig.
5.1p). Theretfore, for a condensation pvocess to occur, Ap 4
must he positive., [quation (5.8) can be genevalized now as

follows.

From the thermodynamic point of view, a process in a
system will take place, if the characterstic thermodynamic
potential, & decreases. Thevefore, the thermodynamic poten-
tial change, ﬂﬁ)connected with the increment of particles,
An in the o-phase can be taken as the thermodyndmic driving

force of tha transition; and edq. (5.4) is obtained.

ooDr,
J } ; -
J = .._.;ME. .f{%_ - ‘K{\fiﬁt’u ] i_; (S & 9 }
KRT oo T '

Since growth rate may depend on the number of particles in
the e-phase we can go over Lo the limit an -~ 0 and get

e({i (_5010:}6

AN SR S . ST 5
R S\ U T €y (5.10)
O &1

As a special case let us take o to be the Gibbs function,
G under the constrainis of T = const, and Uﬁﬁciﬁ constant.

Consequently, Tsﬂ i = const. also and AG is writfen as:

bl

AG n {p -v
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P
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Then ibe general expression fov the denst
the intervface is fte be writien as
j‘ o A.DE_, B lFE (y =n,) * I
K, T 1 < PV T
e B o o
or
* nr gk . 1 |
JoE e e o iu e fl e
f Kal L T R
a B 0 < o
where ¥ jg the critical yadivs . (cf. eq.
can be said of

dn
[c3

T

and assSumiIng,

=l Z’HTO&

again,

inconpressibility of

fy of fiux through

5.,
{5:12)

4.8). Moreover, it
(5.13a)

the cluster phase,

we pety
dr . y . ]
.akt:_.(i = -I;m ....,_r.,_i_}_}hf__,_ _j_{_‘ﬂ [l};_'u = .;{F_ (5 01 Sb)
o e T To ¢ G
a B
Thus From cy. (5.15b) 3T can be concluded that when
dro
¥, < T it implies I < O
and
_ dr (5.14)
r, ? T it implaes ng-> 0

The first ineq

quently

(5.14b) leads o

l/r”-<<1/rf and thus ve

o the disaopesrance

uality (5.14a)

a further growth.

have

1eads to a shrinkag

of the cluster while

e and conse-

inequality

For a large cluster,
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To complete the derivati

have to define the pairameteT
width of the inhomogeneous
phases. Thus for (interface)

has - to be a constant, of the

and for diffusion fimited growth it

on and give a full argument, we

lo which was introduced as the

region between the coexisting

or kinetic limited growth, 10

order of a molecular dimension

has to be equal to the

radius of the cluster to a good approximation (8,20}, There-
fore, the coluiion oi eq. (5.15) is
R ;
§ E
1'» = (\... ?“.‘.‘l,)uui{ ))"f_? (S lsl 63)
& roK T '
o B C
/
T T L Er . 2
for diffusion 1 imited prowih, (¥ o™ i)
T |
T, ~?hm5«~ e L (5.3.6L)
' peK Ty o
a b C
for kinetic limited growth, (r&:t),
These results can be obtained also by the diffusion-equa-
tion (5.7b) [11- The method outlined fhere has the advantage

that it has s widder applicab

in addition the development ©

description of Ostwald wipening that we are

now .

in application to phase trans

This approach was develope

ility; (sec ¢-f. {1]) and allows

{ a new approach to the kinetic
going to discuss
d {irst by Schmelzer [20,1]

stions in 3-d systems.




5.7 Generalization to the Kinetics of Growth of EBnsembles
of Clusters: Ostwald Ripening
The growth equation of an arhitrary clusier, (i) out
of a number of clusters in a considered system is given by

(see eqs. (5.10), (5.13a))

My b A aft

dt FoXy 1gl) aﬁ(l)

« (5.17)

g " -
(h 0L e }}jﬁ . ?‘?fi (b)

9 -

e 21’11'('!)1‘?'}(“;1" 1(1’ 31‘“

o o B 0 0]

The thermodynamic potential, o can be replaced by AG oY AR

given by eqs. (4.42).

In the absence of depletion of +he medium by the growth
of ctlusters of a new phase, ¢ = b6, and clusters develop
independently by the growth law cquations developed for AG &ﬁ)

e dmt the previous chapter, where ¥ is a constant. In con-

L]

trast, when the growth of each cluster is influenced by the

[

Lagn

size and total number of all other clusters in a finite system
of constant surface area in which the characterstic potential
is ¢ = AF, the growth equation is that given by edq. (5.13)
again; but now r. depends on the number of size of all clusters
in the system. However, iq the second stage of the phase
transition (dashed-curve, sce fig. 4.4b) clusters do not affect

. each other and most of them grow at the eXpense of free particles




(wonomers) of Lhe medium (p-phase) with v A1 for kinetic

£

Limited growth and as v T for diffusion §imited growth.

o,

For the analysis of ihe kinetic egquations of competitive
growth or Ostwald ripening of clusters (see the valliey points
of fig. 4.4b, dash-stared curve) we start with eq. (5.17b)
under the additional assumption that all the mass.of the new
phase is evenly distributed among N identical clusters, Fox
all possibie numbers of N identical clusters, and ¢ = AF we
obtain

51

daR | g 3 daR AN .
P r RN Sl G SRS

KT o -
5

2URY

o]

where the following veplacement is yade.

{i}) L e
pa¥ S, dan gN :
N Ty . | A (5.19)

ATF is given now LY eq. (4 .43, Bxpression (5.19) 3s motivated
by the avgument that in the course of Ostwald vipening, the
thermodypanic driving force is the decvease of the Thermo-
dynamic potential connected with the decrease of the nuwber
of clusters. R is ceansidered as the mean vadivus of the
ensemble of clusters in this stage of the phase transition.

From the previous chapter we have:

= gIR




whotre

- : "‘(r ")
e AT A 31
A U
A _ ) A B
) e 2
Zh

Thus eq. (5.18) yiel.

B r\"

When a numerical corrvection factor, b is 1 troduced into

il

eq. (5.20) to compensate the above approximatiou., eq. (5,20
i 2 . {

is rewrititen 4%

b will be detormincd s007n.

To complete the kinetic description of Ostwald ripening,
4 enmnlements sy equation describing the timz-evelution of the
numbat of clustars has o sCCcompany it. To develope this

suppl tmcutary equation let Us start with the ftime derivative

of Gibbs Thomson cguation, It reads:

s

' do dy
8 s

P s

a " Taar

oo B b s K
(JB fa) aF 5 3 7

P . - R b . - o ome] et
wiih the value of 2 peing expressad as:




érp o

i (5.22)
equation (5.21) can be rewritien as €. (5.2%3}

I:) A 7 2 1 3

A _:El-i‘,”i_ ?Aﬁ & in (?‘j;\@} uu,fl -4 in R (5.23)
NA i di ATy at !
a - o3 B
A

This is written in a cowmpact form as

A pin oty oyl & ) (5.24)

ap MU oy gy AR ' i

Eeuation (5.24) pives the time-cvolution of the number of
clusters. The two eds. (5.20b) and (5.24) can be sotved by
aumerical methods. 1In the asympiotic rTegion where the system
attains its satuvation density T = T and le is tending to

zera, ¢q. (5.20b} gets the form of

R THDT  k
t\(i}} =t I.E::-QE-REL ’t (Sn-z 5)
}&Kﬂi
for diffusion limited growth, (1 = Ry; and it will have the
form
2 IHDT Y g
R = f%?lfmhwm“ t (5.26)
s PR T
4 B0

foy kinetic 1imited growth.

Asympiotic solutions fov the process of Nstwald ripenin
il

in the 3-d case were ohtained first by Lifshitz and Slyozov




[23), [{ their method s applied to the 2-4 case considered

fusion Limited growth

i

here, the asympiotic solution for dif

is given by eq. (5.27)}

(5.27)

Since the results of Lifshitz and Slyozov are corrvect in the
r

asymptotic region we set b of eq. (5.25) equal to

bos (5.28)

Y
4

H

to get an agreement with the vesulis obtained in this Llimit-

ing casc., Let us go over again to eq. (5.24},

NA ‘ , |
a ) L =1 d 0l
Lol m1- -y e (5.24)

(e

. -l .. . o : p
Since vy < 0, it follows that the total surface area or the

total mess of the new phase increases with time. In the

. . =1 . .
asymptotic rveglon (y & —» Q) the equation is veduced to

4 NAU
¢ Un(5M1 =0 - (5.29)
and thus
NA CNn T
”Kg 2 mﬁ%d = constant. (5.30)
43

Therefore, in this limiting case, any variation in the mass
consists only in a redistribution among all the clusters.
To obtain the value of the constant in eq. (5.30) Let us

!
"analysce the Gibbs Thomson eauation in the asymptotic vegion.




in witch the following is obiained.

SRR S T 0 5.5%
v B Jﬁt“ M) {5 }
since 1 = O
v
o

Moreover,

Ia‘mﬁgi << [Tﬁ(u;vuﬁ)l {5.32)

and we have:
= () (5.33)

Again,

{5.34]

Since the deusity of the Iiguid is much wore greater than that
of the initial gas phase, NA << A, and we can neglect this
term compared with 1 . Expanding Mg about the initial stage,

X = =% % 0 and neglecting higher order terms the following

,Bug ar
¥ = U‘*‘gﬁg‘ Y (X3

7

a .
g R

HORTEORRY 8 X

n

]

e AU oy
et e (X

“Then

whep, = Ui“11+11;F(X} 0 {L.35a)




= Cconsi, {5.35b)

This equation is equivaleut o eg. (5.30) and eives in addi-
tion an estimate of the counstant. To Lfind the time evolution
of the number of clusters, in the asymptotic region it is

possible to write

o ,
Now oD Lel) o ar (5736)

. s . 2 . , .
Substituting the value for R”(t) obtained from eq. (5.25) in

eq. (5.36 N(t) for diffusion limited growih is to be
7 E)

N{E) = | ﬁm“ﬂfﬁzwmw)%% o (pept) ‘iz} tm@% (5.37}

Abiar e/t o ! u
[}

and for the kinetic - Limited grvowth, N(t} is given by

T K, Tu .
TE N A A 0 A N 3 s |
N(E) [oppyemy) o™ 33‘1 T (5.38)

The computer simulation resulis of {irst-order phase
transitions in Z-d system carried cut by Koch and coworkers
[4} is theoretic&lly ascertained in the work of this paper.
That is, the asymptotic condition for the mean radius of a
2~d cluster in the Ostwald ripening is related with time as

2. . . . Vs . _ i
R* (t)~t for kinetic -limited growth; while for the slow and

early siage predictions of the computer, an approximate

value, yy -1, in the neighbourhood of the inflexion point

can be proposed.




fhe theorvevical awalysis, carricd out nere is for iso-
thermal conditious and one component sysiem case.  Somilayr
analysis for other constraints, Jike, adiabetic conditions

and smulticomponent system case, can be developed,




Discussion

I'n the present paper a thermodynamic descripiion of
hvsisorbed monolavers was developed. Based on this theory
¥ ¥ ¥
Fivst ore

a thermodynawmic analysis of v phase transition

e
in monolayers and a kinetic description of the process were

presented.

The analysis was carricd out under a special considera-
tion of isothermal comstyainis and one component systems.
Very often, however, it is more appropriate to assume adia-
batic conditions aad +£o consider multi~component systems.
Moreover, someiimes the approximation of an incompressible

cluster phase may be crude.

It is believed, that similar investigations as for 3-d
systems can be considered as a {irst proof, that the method
can also be applied for Z-d systems with qualitatively the

same result in these morve general situations.
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