RAPID COMMUNICATIONS

PHYSICAL REVIEW E VOLUME 57, NUMBER 5 MAY 1998

Incomplete phase separation in mixed monolayers
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We propose that phase separation in a mixed, two-component, substrate in the presence of adsorbing
molecules can be incomplete, with an equilibrium finite domain size. The free energy of the system is shown
to decrease near interfaces between the two substrate components, as a result of mismatch between the natural
spacing of the adsorbate molecules and the periodic potential of the substrate lattice. These systems are of
current experimental interest in the context of surface induced freezing, where ice nucleation of varying
efficiency is achieved by mixed monolayers of two types of amphiphiles above supercooled water.
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While there have been many theoretical studies of thewucleators for ice crystallization and significantly diminish
structure and phase behavior of single-component monolayhe large supercooling possible in water. The phenomenon is
ers, there have been far fewer studies of the more realistielated to the highly ordered two-dimensional strucfiieof
case of ordered monolayers composed of a mixture of amthe alcohol monolayer which closely matches that of ice, and
phiphilic molecules. In practical applications, mixed systemshe nucleation properties depend stronfy on the lattice
are ubiquitous; from a fundamental point of view, the com-mismatch between the alcohol monolayer and ice as well as
position degree of freedom in these systems allows a riche?n the crystallinity of the monolayer and its spatial extent
variety of behavior and function than that shown by the sim{9]. In order to more carefully control the crystallization,
pler, single-component system. Understanding how the contecent experiments have studied mixed monolayers of good
position can be tuned to control the properties of the systerand poor nucleatorée.g., diols with alkangsin various ra-
is therefore of great interest and utility. tios. Direct measurements of the monolayers strudtdygl

Here we present a theoretical study of the role of mixingshow that phase separation in these systems is not macro-
in determining the structure and phase behavior of Langmuigcopic in the sense that each phase forms finite domains
monolayers. The case we focus on is where each componewhose average extent is composition dependent in the dilute
in the monolayer shows crystalline ordering, but the mol-regime. This observation is supported by the behavior of the
ecules underneath the monolayer are coupled, with nearljninimal supercooling temperature which decreases with the
commensurate ordering, to only one of the componentsoncentration of the good nucleator, presumably indicating a
(e.g., due to very weak chemical interactions with the secondecreasing average domain size and, hence, a smaller num-
ong. We show how this selective coupling can lead to aber of domains which are above the size of a critical nucleus
modulated, two-dimensional, structure where the domains dior crystallization.
each component are finite in extent, as opposed to the usual AS a model system we considéFig. 1(a)] a two-
case of macroscopiin the thermodynamic limit, infinite  dimensional layer, composed of two speciksandB, above
domains in a phase separated monolayer. The incompletelayer of a third moleculeC (the adsorbade In this picture
separation is explained by the existence of a short range af and B play the role of good and poor nucleators respec-
traction between different domains which, as we calculatdively andC represents the first layer of water molecules. We
from a microscopic model, is induced by the misfitting struc-consider the case where, in the absenc€ ofhe A/B mix-
ture of the adjacent ordered layer of liquid molecules. Fillingture tends to phase separate idterich andB-rich regions
regions of high incommensurability by the noninteractivewhich are typically of macroscopic size. In therich region
component reduces the misfit cost in energy, and this “misthe molecules form a highly ordered two-dimensional crystal
match effect” effectively reduces the interfacial tension andthat imposes an effective periodic potential, of repeat dis-
can result in finite domains of each species in the monolayetancea, on the adsorbing molecul¢big. 1(b)]. Such a po-

It is important to note that, while standard treatmeits3]  tential is not associated with thB region which, in our
of incommensurability effects in crystal structures havemodel, is assumed to have no interaction with dayer.

mostly been restricted to the case where each layer is conl-he misfit parameter is defined &= 2x(c—a)/a, wherec

posed of a single component, the present study of a mixet$ the lattice spacing between order€dmolecules in the
substrate provides insight into the generic physics of thebsence of a substrate. In the previously stuffédases of
competition between phase separation and ordering in ina substrate with only one type of speciesy.,A), the system
commensurate systems. remains in a commensurate phase for sidlle., the lattice

The work is motivated by recent experiments where bi-of C molecules has period). Above the critical misfit,d
nary mixtures of alcohols with perfluoroalcohg#g or diols >, various incommensurate structures occur which are
with alkanes[5] were used to induce ice nucleation. It was characterized, near the transitidi, by large commensurate
previously demonstratefb] that monolayers of long chain C domains separated by narrow domain walls where the
alcohols, covering the surface of water, serve as excellenholecules are incommensurate.
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that, in contrast to the ordered phadesg., hexagonal or

~a,
A B stripped commonly obtained in the presence of long-range
@ forces[10], here only short-range interactions are considered
0 0. 00 0. 0
o

and the structure expected is a disordered array of domains
.0 with various sizes and shapes. Denoting the volume fraction
of A-rich domains byW, the free-energy per unit arda
—— units ofk_T) can be written as:
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1= L - where the logarithmic terms account for the random mixing
-7 (c entropy [11] and F_ is the energy of the adsorbate mol-
0o-k o ecules. In the interfacial terms, proportional¥g1—V), v
M " is the line tension betweeA and B domains, andyo is a
0

positive “crossing energy” which accounts for curvature
FIG. 1. (a) Mixed monolayer ofA andB molecules above ad- correctiong12] to the line tension description near domains
sorbateC molecules. The natural lattice spacingaifor theA layer ~ corners. To make the model self-consistent we require that,
andc for the C layer. (b) The periodic potential imposed by on  within the coexistence region of the two phasges., ¥ not
the C layer and the harmonic interaction between ¢henolecules.  too large/small the crossing term overcomes the entropy so
The B molecules do not impose a potential on the adsorlaje. thatF—o« for d—0.
The composition ofA moleculesy and the phase of th€ mol- The equilibrium size of the patches is obtained by mini-
ecules¢ as a function of the distance from tAgB interfacex. mization of F with respect tad. In the absence of adsorbate
(FC:O), the free-energy is minimal fat— oe; this means,
The presence of “neutral'B molecules enables th€  as one would expect, that the coexistidgrich and B-rich
molecules to vary their lattice spacing already in the tranSiphases are Comp|ete|y Separated into two macroscopic re-

tion region betweed andB (Fig. 1) in order to more closely gions in the plane. To understand the role played by the
match their preferred spacing, As we show later, this pro- adsorbate layer, we write its energy as

file results in areduction in the net energy of th€ layer,
which physically means that a creation AfB interfaces is 7
favored by theC molecules. Consequently, even below the Fc:q,fAc_‘P(l_qf)a’ 2
critical misfit (6<é6.), a new modulated phase can arise in
which finite sizedA andB domains coexist in order to take wherefAC is the surface energy @ molecules adsorbing on
advantage of the energy reduction of the misfitting layer neagn A rich substrate, and is the magnitude of reduction in
the A/B interfaces. The length scale of the domains is deteranergy(per unit length across am/B interface due to or-
mined by the competition between this interfacial energy reyering modification of. 7 acts to effectively reduce the line
duction and the conventional line tension, originating froMiension and can be determined from a more microscopic
AIB interactions, which favors large domains. Fé8F 6. model which is presented below. The first term is indepen-
there can be an additional fine structure of many nearly comgent ofd and is only relevant for the fine structure below
mensurate domains @ underneath thé regions. bulk A regimes, which has been extensively studied in the
We first use a coarse-grained, phenomenological apsontext of incommensurate systems and is less important
proach and consideA-rich and B-rich patches of siz&l  pere. Minimizing the free energy we find that for smalthe
randomly mixed in a plane, as illustrated in Figa2 Note  ontimum domain size is still infinite, but whep> y there is
separation oA andB with finite patches of size

2 [ Inw In(1-7)
77—7[1—\1’+ v

d (¥)= +(1—\I’+\I’2)yo}.
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Small ¥, Or T give negativedm but this nonphysical situa-

tion (where F is in fact a maximum is excluded in our
model, by requiring large enougho, because it corresponds
to volume fractions outside the coexistence region of the
FIG. 2. (a) Random mixing ofA andB domains with a minimal mlx_tur.e. IThe avﬁr?é]e ;:xtemoht_arence Ieng_)mf ?nA do-h
domain sized. The possibility for adjacent domains make the av- main 1S argefr tha m DECAUSE It can consist o more than .
erage domain sizeD, larger. (b) At high volume fractions ofA one patch. Since the average number of successive patches is
molecules, theB molecules are expected to order into thin films, =,NWY/2 W"=(1—W¥) ", the measured domain sife is
separatingd domains, in contrast to the picture (a). predicted to vary with the volume fractiobl as
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150 unit area of a uniformA/B mixture [11] and an energy pen-
alty for spatial variations of the local compositiéwhich is

- == the origin of interfacial tension The third term is the

D substrate—adsorbate coupling, which favors commensurate
ordering of beads¢=0) aboveA, and the last term is the
“spring” energy of interaction between the adsorbate mol-
eculeg[2].

While a formal treatment of the problem requires a func-
tional minimization ofF (or its two-dimensional generaliza-
tion [3]) with respect to bothy and ¢, here we focus only on
the effect of the adsorbate molecules nearAHB interfaces.

0 L Consider such an interfa€Eig. 1), located ak=0, between
Y 0.5 1 A-rich phase on the left ari8-rich phase on the right. At low
L4 enough temperatures, tiBefraction in theA-rich phase can
be ignored and we take the coexisting phases to be either
pureA or B. For 8 not much larger thad,= 4/7V/K there
are large regions of commensurately ordered adsorbate mol-
ecules below thé\ regions, i.e.,¢» vanishes ax decreases
from zero. However, fox>0 the C molecules, which are
not coupled to thé& domain periodicity, are free to minimize
d their elastic energy, witlp~ 6x. The energy change in this
(P) o i : - X
m ) transition region can be approximated variationally by defin-

751

FIG. 3. Average domain sizd), as a function of the volume
fraction of A molecules,W. Equation(4) is plotted as a solid line
and the dashed line indicates the valueboin the highW regime.

D is measured in units af and the values used for the parameters
are y=6; p—y=0.la™".

D(P)

T1-v ing [see Fig. 1c)]
In Fig. 3 we plot the resulting domain size as a function of 1 x<0
¥ for a typical choice of the parameters. At large volume v= 0 for x>0 ©

fractions the random mixing picture is less reliable because

the equivalent role ofA and B patches, assumed in the and choosing
model, is inadequate in that regime. Instead, we expedBthe

molecules to form thin films surrounding large domains, 0 x<0
similar to surfactants bilayers in anslphase of dilute sur- = S(x—x) for x>0
factant solution$13]. Arguments and calculations similar to 0 ’

those of Ref{13] lead to the conclusion that in this regime \yherex_is a variational parameter that denotes the boundary

the domain size is mdependent o addlng_ moreB r_nol- of the commensurate region. Substituting these functions in
ecules to the system only increases the width ofBhfdms L . .
F and minimizing with respect @ we obtain

betweenA domains. The value calculated fbrin the large

@)

¥ regime[14] is indicated by a dashed line in Fig. 3. We > 28
note that wher? —1 it is insufficient to describe the inter- X = — —arcsir( ) (8)
actions byy and » because thd& regions shrink to a mo- 0 o e

lecular size and a full microscopic treatment is required. : . -
To motivate our phenomenological theory more micro-The hegative sign Of(o mqllcates that, _even fob< 4, the
scopically and to allow us to estimate the reduction in energjdsorbate molecules begin to lose their commensurate order-
across anA-B interface, 7, we use an elastic model and "9 b_eforethey reach the\-B |nt¢rface[15]. '_I'he reason for
consider an array of beadbe adsorbateC-moleculey, con-  this is that, in contrast to ordinary domain walls between
nected by harmonic springs, which interact with a periodiccommens_urate regions Where_ the insertion of an additional
potential induced by th& component of the substrafgig. ~ Molecule involves a jump of 2 in ¢, here the molecules on
1(b)]. We definegs(x) as the local volume fraction ok in  the A side k<<0) need to only rearrange, with a relatively
the A/B mixture and ¢(x) as the relative change in the small jump in phgse, which costs less potential energy than
beads’ position from the minima of the periodic potential. Itthe gain in elastic energy. Consequently, the eneigy
is sufficient to consider a one-dimensional array A/B  creasesnear the interface for any and the reduction in
stripe domains whose free-energy can be represented, in ti§&€ray 1S
continuum approach, by

F=fdx

1 2
+5K(V$-9)

\% sin(6x,)
1, ) =K xocos{éxo)——5 9
f()+ 5 E(V) "+ V(1 —cosp)

With Eq. (8) for X, EQ. (9) predicts thaty increases with

the mismatch and the elastic constatt,and decreases with
the potential amplitud¥. Large enoughy can drive the total
interfacial tension negative even if one is far from the critical
whereV, K, and ¢ are constants and is the mismatch pa- temperature of the mixture, so that theB interface remains
rameter. The first and second terms are the free-energy psharp, as assumed in E@). A more rigorous calculation,

: ©)
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size, forming a mixture of mesoscopic domains for small or
mediumV¥, and a structure of domains separated by thin
films of B when the volume fraction is largel6]. The or-
dering of C molecules belowA regimes is commensurate
with the substrate for small misfits, but @&exceedsé,,
incommensurate regions @f evolve.

A detailed application of our theory to experiment is not
yet available, although the composition dependence of the
domain sizeD(V), which we obtain(Fig. 3J) is in qualita-
tive agreement with the experimental resyiss]. In order
to check the validity of the theory more closely one should
systematically control the parameters of the systerg., by
varying the chain length of the molecules which control the
misfit ) and look for the transition lin€~ig. 4) between the
| regime of macroscopic phase separation and that of finite
0 1 sizedA/B domaing[17]. Many combinations of components

v which tend to phase separate may provide possible realiza-

FIG. 4. Schematic phase diagram as a function of the mismatcHons of our model, allowing a large variation of the param-
between theA and C lattice spacingsg, and the fraction ofA  eterséd, V, K, andy. However, the conditio;>y may be
molecules, . At small values ofs, the bare interfacial energy satisfied only whem\ andB are similar molecules, as in the
dictates macroscopic phase separation ofAhand B monolayer  case of a diol-alkane mixture. We note that even+f v but
molecules. At larger values af, this phase separation can be in- the difference is small, the dynamics can still be very slow so
complete, with equilibrium finite domains arranged in either ran-that, experimentally, finite domains will be measured. In the
dom mixing (at small to moderate values ®f) or in films of B (&t ore practical case, where both molecules are ice nucleators

large values o#). When the misfit exceeds the critical misfit for 1, v \ith gifferent lattice mismatches, the water molecules
mcc_)mmensura_te domains, an _addltlonal fine structure o_f the dol]nder the monolayer will order in a more complex way but
mains is superimposed on the incompléiB phase separation.

the main mechanism behind the “mismatch effect” is ex-

with the interfacial width treated as a variational parameterP€Cted to hold and a finite domain structure should still be

indeed shows that the reduction of the interfacial tensiorPPServed.
does not involve an increase in the widt¥].
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