PHYSICAL REVIEW E, VOLUME 63, 041602

Monte Carlo studies of model Langmuir monolayers

S. B. Opps: B. Yang! C. G. Gray, and D. E. Sullivan
Department of Physics and Guelph-Waterloo Physics Institute, University of Guelph, Guelph, Ontario, Canada N1G 2W1
(Received 2 August 2000; revised manuscript received 14 November 2000; published 23 March 2001

This paper examines some of the basic properties of a model Langmuir monolayer, consisting of surfactant
molecules deposited onto a water subphase. The surfactants are modeled as rigid rods composed of a head and
tail segment of diametersy,,, and oy, , respectively. The tails consist of~4—7 effective monomers repre-
senting methylene groups. These rigid rods interact via site-site Lennard-Jones potentials with different inter-
action parameters for the tail-tail, head-tail, and head-head interactions. In a previous paper, we studied the
ground-state properties of this system using a Landau approach. In the present paper, Monte Carlo simulations
were performed in the canonical ensemble to elucidate the finite-temperature behavior of this system. Simu-
lation techniques, incorporating a system of dynamic filters, allow us to decrease CPU time with negligible
statistical error. This paper focuses on several of the key parameters, such as density, head-tail diameter
mismatch, and chain length, responsible for driving transitions from uniformly tilted to untilted phases and
between different tilt-ordered phases. Upon varying the density of the systemgyyitho,;, we observe a
transition from a tilted NNN)-condensed phase to an untilted-liquid phase and, upon comparison with recent
experiments with fatty acid-alcohol and fatty acid-ester mixtyitds C. Shih, M. K. Durbin, A. Malik, P.
Zschack, and P. Dutta, J. Chem. Ph¥81, 9132(1994); E. Teer, C. M. Knobler, C. Lautz, S. Wurlitzer, J.
Kildae, and T. M. Fischer, J. Chem. Phyk06, 1913 (1997], we identify this as theL;,/Ov—L, phase
boundary. By varying the head-tail diameter ratio, we obserde@easen T. with increasing mismatch.
However, as the chain length was increased we observed that the transition tempenane@sedand
differences inT, due to head-tail diameter mismatch were diminished. In most of the present research, the
water was treated as a hard surface, whereby the surfactants are only allowed to move within the plane of this
surface. However, we have also utilized a more realistic model for the surfactant-water interactions, developed
by Karaborni and Toxvaerd, in order to examine the role which the coupled effects of head group size and head
group-subphase interactions plays in determining tilt ordering and on the stability of the monolayer. It is found
that increasing the head diameter results in a widening of the air-water interface and an associated destruction
of orientational order. Furthermore, the onset of capillary waves at lower temperatures for larger head diam-
eters implies that the,— L, phase boundary for acids and acetates should move to lower temperatures relative
to the L;/Ov—L, phase boundary for alcohols and esters. This feature has yet to be seen in experimental
studies.
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I. INTRODUCTION with modern terminology{2], we shall omit usage of the
term liquid condensed and from now on refer to these two
In the last few years there has been a growing interest itypes of condensed phases as either tilted condensed or un-
the properties of Langmuir monolayefs—12], which con-  tilted condensed. It has been noted that this phase diagram is
sist of surfactant molecules deposited on a water surface. Thapplicable to a number of chemically different Langmuir
surfactants self-assemble at the air-water interface with thenonolayers, which implies that some universal features of
hydrophilic head groups in contact with the aqueous subthe surfactant-water system must be responsible for the pres-
phase while the hydrophobic hydrocarbon tails point awayence of different tilt-ordered phases.
from the water. Despite their relatively simple composition,  Although there has been considerable progress in our un-
Langmuir monolayers have a rich phase diagram displayingerstanding of such general characteristics, there still remain
a variety of different ordered phases, as shown in the generi@ number of unresolved issues pertaining to structure and the
phase diagram for fatty acids Fig(al In particular, within  orders of transitions in the generic phase diagfainAddi-
the “liquid-condensed’(LC) region, there exist three phases tionally, this phase diagram is constantly being modified
(S, CS, and LBwhere the surfactant chains are on averagewith the inclusion of new phases, such as the recently dis-
untilted and, at lower pressures, there are four phases itovered intermediate-tilted | phagd], a modulated-tilted
which the chains are tilted toward either nearest neighborphase{6], and the division of the.; phase into two phases
(NN) (denotedL, andL%) or toward next-nearest neighbors with differing tilt angle[7,9]. From these findings, it is clear
(NNN) (denotedL; and Ov. For clarity, and to conform that the present phase diagram is incomplete. Furthermore,
experiments by Shitet al. [10] and Teeret al. [11] have
found that, whereas certamalkyl acetates and acids share
* Chemical Physics Theory Group, Department of Chemistry, Uni-Similar phase diagrams, both having three tilted phases
versity of Toronto, Toronto, Ontario, Canada M5S 3H6. L,,L,,L5, the corresponding alcohols and esters demon-
TKLA-Tencor Corp., 160 Rio Robles, San Jose, CA 95132. strate a collapse of thé, phase, refer to Fig. (b). The
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' ' model for a Langmuir monolayer in order to gain a better
understanding of their macroscopic properties. We have per-
formed Monte Carlo simulations in the constant molecular
number, area, and temperatyMAT) ensemble to examine
the roles that several physical parameters, such as density
and head-tail diameter mismatch, have in driving transitions
from uniformly tilted to untilted phases. Some simulation
techniques have been implemented to increase efficiency and
minimize CPU time, including the construction of a system
of dynamic filters. It has been found that the CPU time is
reduced by 50% through the use of these filters.

To simplify the problem of characterizing the water sub-
phase, in most of our studies that subphase has been replaced
by a hard wall. Using this model, we first investigated the
dependence of the tilting transition temperatiige(between
uniformly tilted and untilted phasg®n the density of the
system. Here the intent was to investigate the nature of the
transition between the condensed and liquid phase. It has
been arguefll 3] that such a transition cannot occur in a rigid
rod system, and that the latter can only exhibit a solid to gas
transition. However, we have found a transition from a tilted
(NNN)-condensed to an untilted-liquid phase and, upon
comparison with Fig. (), we identify this as the.,/Ov
— L, transition. Nonetheless, futher study over a greater den-
sity range is required to confirm the existence of such a tran-
sition and to obtain a more complete phase diagram.

In light of the recent experimental findings mentioned ear-
lier, one of the primary objectives of this work was to exam-
ine the role of head-tail diameter mismatch on tilt ordering.
By systematically varying the head-tail diameter ratio, we
have observed decreasein T, with increasing mismatch,
which is primarily an entropic effect. With greater mismatch
between head and tail diameters, there is more available vol-
ume for the surfactant tails to undergo reorientation. The
resultant increase in the orientational entropy tends to lower
the critical temperaturél .. As the chain length was in-
creased fromn;=4 ton,=7, we observed that the transition
temperatures increased, in agreement with experifiers].
Additionally, the increased chain length tended to diminish

T (C) differences inT; due to head-tail diameter mismatch.
To improve upon the hard-wall model, we considered

FIG. 1. Generic phase diagrams of surface presBufen units  several other potential models to characterize the interactions
of mN m™*) versus temperature for Langmuir monolayers(@f  between the surfactants and the water subphase. One of these
fatty acids or acetates ard) alcohols or esters, displaying a variety was the(9-3) Lennard-Jones potential, but this was found to
of tilt-ordered, condensed phases in addition to the liquid) (  produce several unphysical results, such as premature col-
phase(adapted from Figs. 1 and@ in Ref. [11]). lapse of the monolayer, as described later. To more accu-

rately model these interactions, we considered the Fermi-like
authors attribute these variations to differences in head sizgotential introduced by Toxvaerd and Karabdriy,15. Us-
and head-substrate interactions, which would indicate thahg the latter model, we have been able to replicate the stag-
therecan befundamental differences in tilt ordering in the gering of the head groups across the water interface, as found
condensed phases due to the chemical structure of the sun experimentg20,21] as well as molecular-dynamics stud-
factants. To examine such structural details, Staetie. [5] ies[24]. We have also observed a substantial decrease in the
and Stadler and Schmifb] have performed Monte Carlo mean tilt angle{ 6), for the Fermi-like(FL) model compared
simulations in the WIT (constant molecular number, surface to the hard surfacéHS) model. Additionally, we have stud-
pressure and temperatiirensemble and mapped out the ied the coupled effects of head size and head-substrate inter-
phase diagram for two different values of the head-tail diam-action on the ordering and stability of the monolayer. We
eter ratio. have found that an increase in head diameter leads to a wid-

In the present paper, we devise a simplified microscopi@ning of the air-water interface and an associated destruction
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tions, the Lennard-Jones potential between tail uditgr)
was truncated at=2.50 and shifted in order to remain
continuous. The head-head and head-tail potentilg(r)
O'tt and U(r), were truncated and shifted at their respective
minima, r7g=2"%¢ 5, so that the latter interactions are
1 treated as being purely repulsive.

The bulk of the work reported in this paper utilized an
infinitely attractive hard wall to represent the surfactant-
water interactions. In this sense, our research is comparable

Air to that of Binder and co-workergl6—18. With the hard-
th surface model, which we refer to from now on as HS, the
molecules are grafted onto a rigid surface and only allowed
to move within the plane of the wall, i.e., the head groups are
not permitted to sink into the water or leave the water sur-
face.
To more realistically model the surfactant-water interac-
FIG. 2. A rigid coarse-grained model for surfactant molecules,fions, we also considered a Lennard-Jo@s3) potential,
characterized by bondlength , head diametes,,, tail diameter ~ from here on referred to as ti@-3) model[19]. By allowing
oy, and tail length, which depends on the number of effectivethe surfactants to move both within the plane of the water
monomers in the chain. surface as well as penetrate slightly into the water subphase,
we hoped to replicate features found in experiments, such as
of orientational order. At higher temperatures capillarystaggering of the head groups across the air-water interface
waves are exhibited, the onset of which occur at lower temf20,21], as well as examine how these effects influence tilt-
peratures for larger head diameters. The destabilization dfig behavior. The water subphase plays an important role in
the monolayer for larger head diameters, where the tilting isletermining the ordering of the monolayer. Specifically, the
in the nearest-neighbdiNN) direction, implies that thé.,  acidity of the water can have a strong influence on the solu-
—L; phase boundary should move to lower temperatures fopility of the surfactants in water and, in turn, affect the sta-
acids and acetatgsefer to Fig. 1a)] relative to theL,/Ov  bility of the monolayer. Although the influence of pH has not
—L, phase boundary for esters and alcoHoifer to Fig.  been explicitly incorporated into the model, we attempted to
1(b)]. This property has yet to be examined in experimentaRpproximate such effects by varying the strength of the in-
studies. teraction parameters.
The paper is organized as follows. In Sec. Il we give an For reasons noted previously by Harris and Rit@}, and
outline of the model and explanation for the choice of potenconfirmed by our own studiesee Sec. IVB], the (9-3)
tials. In Sec. Il we discuss the details of how the Montepotential is not suitable and produces several defects, par-
Carlo simulations are performed. The results from thesdicularly “collapse” of the monolayer. Hence, we turned to a
simulations are presented in Sec. IV and conclusions argore realistic model introduced by Toxvaerd and Karaborni
drawn in Sec. V. [14,15, which utilizes Fermi-like functions to characterize
the water-surfactant interactions. This Fermi-like form, from
Il. MODEL here on referred to as the FL model, allows for better pen-
' etration of the water around the surfactant heads. In particu-
In a recent papdi9], we have described a coarse-grainedlar, Toxvaerd and Karaborni devised their model based upon
model in which surfactants are treated as rigid rods comsolubility data of the head groups and methylene,CH
posed of a head group, represented by a single effectivgroups. Instead of using a sharp wall to represent the air-
monomer, and a tail containing, effective monomers, as water interface, continuous finite-width interfaces were em-
illustrated in Fig. 2. Adjacent pairs of monomdisoth tail  ployed, such that there is a net gain in energy when either
tail and head tajlare separated by a bondlength denatgd  head groups or tail segments pass from favorable to unfavor-
Site-site interactions between monomers on different molable regions. For the methylene tail segments, the continuous
ecules are represented @2-6) Lennard-Jones potentials of increase in energy in crossing from the air to water side of
the form the interface is represented by the poterti]

12 6
Jap) | Tap
r r

Water

U op(1) =48 o5 , ) P 2< a0

Un(2)=9 1+[1—(Zay0)]’ ()

wheree ,z; and o,z are strength and range parameters, re- 0, =0

spectively, and the indicea, label which types of sites

(i.e., heach and/or tailt) are interacting. The parameters for wherewt denotes the water-taiimethyleng interaction, e
interactions between different types of sites obey the conven=¢ =665 J/mol is the interaction strength of the methylenes,
tional mixing rules, ,5=(£40ep5)"? and o,5=(0,, andoy=0=3.527 A is the effective diameter of a methyl-
+ 0 6)/2. For computational efficiency, as usual in simula-ene group. The parametg; =8.27 is used to control the
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height of the potential barrier, which is proportional to thethe system has equilibrated, ensemble averages of the ther-
free energy of transfer of a methylene segment from a hymodynamic quantities of interest are calculated over the re-
drocarbon to water, and the parameters=6 and 7, maining MCS. Since we are making single-particle moves,
= —32 control the steepness of the potential. For the waterneighboring sample states are expected to be highly corre-
head group interaction, there is a continuous increase in emated andnot independent. To sample only independent
ergy in passing from the water to the air side of the interfacestates requires an estimate of the correlation “time” in our

so that the potential has the form, simulations, which was achieved using a binary bining algo-
rithm developed by Belohorec and NicK&2]. Using this,
Bae 7> a0 we have determined that the correlation time for our system
Uwh(2)=1 1+[1—(Z apo)]™2’ (3) is ~500 MCS and mainly insensitive to the thermodynamic
0, 7= ayor state.
The parameters are determined in the same context as that B. Filtration
for the water-tail interactiong3,=82.7 is used to control the In addition to a number of standard methods by which to

height of the potential barrier, which is proportional to theimprove the efficiency of a simulation, we have developed a
free energy of transfer of a head group from water to a hy«jjiration” scheme that dramatically reduces the CPU time.
drocarbon, and the other parameters were chosem;as A fyll description of these filters is provided in R¢R3].

=—6 andr,=—16. At a given trial move for molecul&, one is first required
to establish a new neighbor list f&r For a particular mol-
. SIMULATION DETAILS eculel to “qualify” as a neighbor, the separation between its

All of our simulations were performed using the Metropo- head andk’s head must lie within a certain maximum dis-
P 9 PO tanceR™ (here we consider the model where the molecules

l'lrshévlgir:;il;?c:lr? Crzﬁtr\:v(;ds Igatshee d C?:?';C?Auzl—;tgpjerg?ﬁellogre not allowed to leave the substrate surfatis distance
q P is calculated at the beginning of the simulation and is depen-

glrarrln mwti?he przani cl)f thf g}’ﬁt%r tsWurfarfe£htak?3 0 bez‘miet qgent on the size of the simulation box, the density of mol-
piane, an angie o etwee € sides, consiste cules, and the length of the surfactant tails. For purely

with a close-packed trllangular Igtucg. Pe.”Od'C boundaryatomic systems, it would be sufficient to establish a cutoff at
conditions along two triangular directions in tkeg plane

were applied. For the HS model, the head groups were re73'00h“' However, for the monolayer system, one must be

. . o . reful not to omit potential overlap between monomers on
stricted to moving only within this plane, whereas for both caret no omit potential overiap between monomers o

the (9-3) and FL models of the aqueous subphase, the SuP/Vldely separated surfactant tails, which could occur at low

: densities. A typical cutoff value for our simulations ranges
fselxjcr:czrgt; also could move perpendicular to the plane of th%etween 3 and 6.

Most of our runs were initiated witN,,,;= 100 molecules Upon calculating the site-site distancebetween two
. : . . mol ™ : monomers on moleculds and|, it might be found that?
arranged in an untilted orientation on a regular triangular_~ 5. . . . .
; : ) ; <04, i.e., the interaction potential between the monomers is
lattice. We define an effective reduced density as

strongly repulsive. It is perfectly valid to proceed and calcu-

P late all of the remaining site-site distances and energies, but

p*=—, (4) this might be a considerable waste of effortr 4fis less than
Pep some threshold valudﬁqm, corresponding to approximately
wherep=N,,,,/A is the number of molecules per aréand infin.ite hard-core.repuls_ion, then the rgsultjng_ very Iarge
the close-packed density is taken to be positive energy will dommat_e all other site-site interactions
and it is probable that the trial move for molecllavill fail
N the Metropolis acceptance criterion. As such, we could im-
Pep= T(rhm,;n 2} : (5  mediately exit the energy calculations for that trial and at-

tempt a new move. This first line of “filtration” greatly im-

corresponding to an assumed optimal hexagonal packing ¢°ves the speed of a simulation and does not affect the
the head groups at the minimum of the Lennard-Jones potelﬁ’-hys'cs_’ as long as one IS careful_to seligh such that the
tial, with rjp'= 20, In the following results, temperature |nteract|20ns Zare sufficiently r-epulswe. ,
is expressed in the reduced uffit =kgT/s,,. Forr? >dp,i,,» We are required to proceed _W|th_the energy
calculation. However, a second level of filtration can be
implemented to decrease the CPU time of this calculation,
with minimal statistical error, as follows. Having made a trial
A typical simulation in our paper involves>210® Monte ~ move for moleculek, in principle one should calculate the
Carlo sweepgMCS), where a single sweep consistsNyf,,,  new energy of the system, denoted. If the energy of the
trials (i.e., one trial per molecujewith initial thermalization ~ system before the trial wad;, then the move would be
periods on the order of 250 000 MCS. In general, simulationsiccepted with probability mjd,exp(-BAU;;)], whereAU;;
at low temperatures or in the vicinity of critical points are =U;—U;, under the standard Metropolis scheme. Note
run for twice the length of time of other simulations. Oncethat if

A. Thermalization and averages
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AU;;>U*, (6) Ry=(el+e))?, (7
where U* >0 is some threshold value, this will have very where
small Boltzmann weightindi.e., low probability and will _ 1 Nmo
almost always be rejected. e =—— > € x (8)
To establishU*, one needs some knowledge about the Nimol /=1

magnitude of repulsive energies required so that the . ) .
acceptance/rejection ratios obtained using the filtering condi2nd Wheres; is the unit vector along the molecular axis of
tion [Eq. (6)] do not depart significantly from the ratios ob- MOleculej. Ry, is a measure of the in-plane azimuthal order-
tained without applying the filter. This is readily obtained by I"9 Of the projections of the molecular axes. In a uniform
monitoring the energies and acceptance ratios for the theﬂlt-or.dered.phase, ywth.a hexagonal lattice structure, there
malization stage of a simulatigmithout filters present Itis &€ SiX equivalent directions for in-plane ordering of the mo-

advantageous to begin from a random configuration of mo|1ec_ular axes, and si'mulation'con.figurations could contain a
ecules, since this will generate a large number of molecularMixture” of these different directions. The order parameter

overlaps. For the present system, we have determined thaty Na@s the advantageous feature of being independent of
threshold value ofJ* ~10kgT is sufficient to guarantee the these tilt directions and has the property that idl) in the
proper functioning of the filter. ordered phase an@(1/\Np,) in the disordered phase. An-
If at some neighbo it is found that the interaction energy Other relevant measure of the order is the mean tilt afgjle
betweerk andl is >U*, then it might be possible to exit the Nimo
0=(i % 0.

energy calculationbefore calculating the interactions be- S g
tweenk and all of its remaining neighbors. However, this Nmot (=1 !
would require one to know priori that the sum of all of the

other neighbor interactions is not sufficiently negative so asvhere ¢; is the polar angle betweegy and thez axis. This

to reduce the total energy below the threshold. Instead oérder parameter should decrease in the disordered phase but
actually calculating this energy, we can derive a lower boundot approach zero sinc is a positive definite quantity.
estimate based on the most optimal packing configuration In addition to the tilt-order parameters, which provide in-
(analogous to an approximate ground-state calculgtionformation about the orientational ordering in the system, we
Umin(1). The index! indicates that the energy estimate cor- have also examined the structure factor, defined as

responds to the lower bound contribution from the remaining

(€)

[+1 to N, neighbors in the neighbor list of molecule 1 "\l K(ri—r)

Hence, for each neighbor that we pass in the list, the estimate Sc= N, % e i ) —Nmoidk 0, (10
decreases and is, in this sendgnamic The details of how ’

these estimates are derived are discussed in[Ref. where the double sum is over the positionsf all surfactant

Note that by implementing these filters, it is computation-nead groupsk=(ky k,) is the scattering wave vector, and
ally cheaper to reject a move than to accept it. To accommog, | is the Kronecker delta. This allows us to monitor the
date for this mismatctior take advantage of)itone can positional order of the head groups in the plane of the water
make larger molecular displacemefi®th translational and gyrface. At low temperatures, these head groups remain
orientational resulting in a lower acceptance ratio than thejgcked into a solidlike structure. As the temperature is in-
standard 50%, which may be closer to-3€0%. The filter  creased, the system enters a liquidlike phase in which the
scheme becomes very important at lower temperatures whefgad groups become disordered.
the system is more prone to falling into local free energy Besides the order parameters defined above, we have also
minima. With the use of these dynamic filters, we havemonitored standard thermodynamic quantities such as the
achieved a 50% increase in speed with negligible statisticahean potential energyU), surface pressurél, and heat
error. capacityC, . The surface pressure is defined as,

IT= yy— Yws: (11)

One of the main objectives of our work was to inveStigate\;vLTr?arligV{elflstirﬁ\Sé)tértfﬁgig?::s:zggcgu?g(i:ﬁ\?v;ter slssttgri For
the effects on tilting transitions resulting from variations in : R y :
the models considered in this paper, where the aqueous sub-

the head-tail diameter mismatch. For all of the following hase is represented by an external field, we can defjne
work, we have fixed the relative values of the strength pa—p P y '

rameters to be,=0.7%,, and the bondlengter, =0.7c =0 and thus considey,,= vy as the surface tension due to
ol eenh It interactions involving surfactants. An expression for the sur-

These values scale according to those used in the molecul Al o tension can be derived from the thermodvnamic rela-
dynamics study by Karaborni and Toxvagdb]. y

IV. RESULTS AND ANALYSIS

In order to study tilting transitions, one needs to deter—t'onSh'p’
mine appropriate measures of the tilt order. We have used 9F
the dimensionless order parameter introduced by lehas y= (-) , (12
[18], Ay
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whereF is the Helmholtz free energy is the area and the ' ' ' ' '
derivative is taken at fixed volumé and fixed temperature 3 A 6—0p=1.0 )
T. From this definition, one obtains the surface pressure as ‘ B—=ap=0.95
23 | —op=0.9 1
N n ij AH5—Ap=0.85
1/1 X R ae AU (1Y ) P
=25 > (3z5k—ry)- >, 1l —LE 21 | —xp=08
A\2 15 ap drilg
Nmol " du (Zi ) g BT i
+2 23— 1y ¥
i=1 e=1  dz, 17 + -
The indicesi andj label different molecules whereas the 15 .
indicesa and B label monomers on the different molecules.
Heren=n.+1 is the total number of monomers per mol- 13 + :
ecule,rjj=r;—r;, wherer; is the position of the head group (a)
of moleculei, Kk is the unit vector in the-direction, and'}, ", ; ; s . s 5
denotes the unit vector pointing from siteon molecule to T
site B on moleculg. It is not clear whether Eq13) agrees
with that used by Karaborni and Toxvaef#i4], since the 0.45 ' ' ' ' '

latter is expressed in a form that is strictly applicable onlyto ,
monatomic liquids. In the case of the HS model, the term

involving derivatives of the wall-site potentidls,,(z) yield 0.35 |
the ideal-gas contibutiokg T N,,o,/A to IT while one can set

z;=0 in the term containing pair interactions. 03T 7
0.25 | .
A. Hard surface model &
02} .
1. Variations in density
015 | ;

To compare with the generic phase diagram Fig. 1 for
Langmuir monolayers, we first studied tilting behavior at dif- 01 |
ferent densities witlr,= o,,,. Note that all of the observed
tilted phases corresponded to tilting in the NNN direction. In ~ 0.05 |
Figs. 3a) and 3b), we display the tilt-order parameters at a
number of different densities witlr=op,, and a tail 0 1 2 3 4 5 6
length ofn,=4. In this figure, the tilted-untilted critical tem- T
peratureT, is identified with the temperature at which the
curves of(¢) andR,, vs T* begin to level off. These are
somewhat rough estimates since the curves broaden due
thermal fluctuations with increasind and some of the
curves have not yet completely flattened out. Nonetheless, . :
one observes thaf, decreases with decreasing density, gl-transition between the gas phase and an untilted condensed

though there is an intermediate regiitier densities ranging pha_se_,-._ Ac_:cordin_g to the meg_n-field theory in Res]’ chain
betweenp* =0.85 andp* =0.95) where there does not ap- erX|b_|I|ty is reqwre_d to stabilize homogeneo_us tilted phases
pear to be any strong correlation between density Bnd qllowmg for coexistence between the Ilqwq phase and a
Such behavior suggests that this regime is within the t”tednted—condensed phase. In order to conymcmgly support or
(NNN) condensed-untilted liquid coexistence region. refute these arguments, a greater densny.range needs to be
To further examine this hypothesis, we also calculated thg)gplot[(;d t?{ %rlc?t;)erllc)/ttznagltogt tEe phafse dc;agram and deter-
surface pressure as a function of temperature, for the sanjg!ne the stability of the tited phases tound in our paper.

range of densities. The corresponding phase diagram of the
surface pressure versus temperature is given in Fig. 4. Com-
parison with Fig. 1b) for Langmuir monolayers of estefsr One of the primary motivations for examining the effects
alcoholg, where the effective head diameter is smaller thardue to head-tail diameter mismatch has been the recent ex-
that for the acids and acetates, supports identifying the curvgerimental findingg11] showing variations in tilt ordering
displayed in Fig. 4 with theL;/Ov—L, phase boundary, due to differences in head diameter. As was shown in Ref.
confirming our earlier hypothesis. However, there is debaté8,9], increasing the head diameter drives a transition from
about the existence of such a transition for rigid rods. Inthe NNN to the NN tilted phase, which is consistent with
particular, it was concluded by Schm|d3] that neither these experimentgll]. We now consider the tilt-ordering
stable tilted-condensed phases nor liquid phases can Hxehavior at finite temperature as a function of head diameter
found for rigid rods and there exists only a first-order phasery,,,. The following simulation results are performed at a

FIG. 3. Effects on tilting transitions due to variations in density,
f% onnlow=1 andn;=4: mean tilt angle(6) (degrees (a), tilt
order parameteR,, (b), vs reduced temperatufie®.

2. Head-tail diameter mismatch
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40 I NNN Tilted (Condensed) i
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=
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FIG. 4. Phase diagram of the surface pres$lineersus reduced
temperaturel*, for the same states as in Fig. 3.

reduced density op* =1.0 with tails of fixed diametet,
and of lengths\,=4 andn,=7.

In Figs. 5a)-5(f), equilibrium configurations and struc-
ture factors are displayed for,=7 ando,,=1.100; at re-
duced temperatureg* =kgT/e;;=0.97, 3.75, and 9.03. It is
clear that at low temperature${=0.97), the system is in a
solidlike state as evident by the scattering peaks in the struc ) ®
ture factor[Fig. 5(b)] corresponding to the reciprocal lattice o _
of a centered rectangular lattice. The distortion of the hex- G- 5. Projections of the molecular axes in tg plane and
agonal lattice, which is due to tilting in the NN direction, (S;;u(lc)gu_;i f_agtg;s. (gr:g')“/_r‘ﬁt__;'?lg (g)t?f)? ’Tfn_dgdoegs'tw =Loa
corresponds to contraction in tlyedirection and expansion ST ST e

in the x direction. This configuration is more clearly illus- tajl-diameter ratiooy,, /oy in Fig. 6. The prominent peak in
trated by the projections of the molecular axes in #)¢  the heat capacity fot,,/ o, =1.10 and 1.20 corresponds to
plane, as shown in Fig.(&8. Notice that the contraction in the onset of translational disordering. Fot,,/oy=1.05,

they direction affords more optimal packing of parallel strips there are two dominant peaks; the first peak, occuring at low
of tilted tails. Furthermore, one observes a number of dislo-

cations, which result from the incommensurate structures of 10 T T T T T T
the head-group lattice and the simulation box. Another inter-
esting and possibly related feature is that the head-group lat
tice is rotated slightly from the axis by an amount of 4-5
degrees. At a temperature ©f =3.75[Figs. 5c) and 5d)],
the tilting is still in the NN direction, with some tilting in a
direction intermediatél) between the NN and NNN direc-
tions, but the head-group lattice has rotated-by-20° to H
345°, as seen in Fig.(8). At a temperature 6f* ~4.31,the &
system begins to become disordered and has become tran
lationally disordered byl* =9.03 [see Fig. %)], although
there still is some orientational ordering as seen in Hg).5
In contrast, we have found that for tail length=4, changes 1
in the azimuthal direction of tilt ordering are almost imme-
diately followed on further increase in temperature by a tran- 0
sition to an untilted disordered state. Therefore, for longer _1 .
chains, translational disordering of the head-group positions
occurs at significantly lower temperatures than orientational
disordering of the chains. FIG. 6. Heat capacity per moleculgn units of kz*) versus
To corroborate the above findings, we present heat capaeeduced temperatur*, for various head-tail diameter ratios, at
ity data forn,=7 and several values of the head-diametem,=7 and densityp* =1.0.

N WA O N 0 ©

0 1 2 3 4 5 6 7 8 9 10111213 14 15
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temperature, is associated with distortions of the head-grouy 0.5 . - . .
lattice accompanied by a transition from NN to I_\INN tilting, . 6—06,,~1.050,
and the second peak, at higher temperature, signals the dit G—=8o,,=1.106,
ordering transition. In addition to the principal peaks, one 04 o—=o,=1.150,

also observes other features in the heat-capacity data. Fc
onn=1.100, the series of smaller peaks preceding the main
peak are not associated with transitions in tilt-ordering direc-

0.3

PHYSICAL REVIEW B3 041602

L—~A6,,=1.200,

tion but are related to rotations of the head-group lattice, as _
we have discussed above. We have determined that, for tent
peratures below the disordering transition, the tilt is on aver- ¢2 |
age in the NN direction foor,/0o=1.10 and 1.20 and in
the NNN direction foroy,,=1.0%;. Tilt-ordering transi-
tions are observed at higher temperatures but these appear ¢.1 |
be coupled to the translational disordering of the head
groups. However, as mentioned above, there is still some (@)

orientational order in the system at temperatures substan ¢ : : ) s s ) s
tially greater than that for translational disordering. One of 0 1 2 3 4 5 6 7 8
the main differences between the heat-capacity datanfor

=4 andn,=7 is that the second peak is shifted to higher g
temperatures fon,=7, again showing that the onset of tilt
disordering of the chains occurs at higher temperatures for 26 |
longer chains.

To examine the tilt ordering in more detail, we show the
mean tilt angle and tilt-order parametB, for n;=4 in 20
Figs. 7@ and 7b). One observes that there is a decrease in
the critical temperature as the head diameter is increasec, 20 f
This is an entropic effect resulting from a greater free vol- §
ume available for the tails as the head-tail diameter ratio is 18
increased. At low temperatures, the head-tail diameter mis:
match favors tilting. This is an energetic effect and, again, is
consistent with the results obtained from the ground-state 44 [
analysis of Ref[9]. As the temperature is increased, there is
a competition between the energetic benefits of tilt ordering 12 | ]

S . b
and the gain in entropy when the tails are, on average, un 10 ) . . . . . . .
tilted. Again, at higher temperatures the increase in the head 0 1 2 3 4 5 6 7 8
tail diameter ratio contributes to greater entropy of the chains T

and, thereby, tends to decrease the critical temperature.
For tails of Iengtmt:7,'the'mean tilt angle and tilt-order vs reduced temperatufE, for n.—4, p*—=1.0, and indicated di-
parameter are presented in Fig&)8&nd &b). Although for .
. . . . ameter ratios.
longer chains it is more difficult to ascertain the exact loca-
tion of T, since the levelling out of the curves occurs atthe water-surfactant interactions. This work was motivated
substantially higher temperatures, we again see similapy the observation that, as discussed in Ret], it is the
trends to those observed for,=4. In particular, T, de-  head-group-water interactions that govern the effective diam-
creases with increasing head-tail diameter mismatch. Howeter of the head group and, in turn, influence the direction of
ever, one sees that the longer tail length=7 results in tilt. In particular, it was argued that the collapse of the
larger values of, in agreement with other simulation stud- (NN) phase for alcohols and esters is a consequence of con-
ies [6,16] and confirmed by experimefif—3], and dimin- formational changes of the head groups when they are in
ishes the differences ifi, due to increasing diameter mis- contact with water. Since we are using only a crude model
match. for our head groups, we are unable to replicate such confor-
Therefore, we conclude that increasing the tail length mational changes. Nonetheless, it is instructive to analyze
tends to stabilize uniformly tilted phases and diminish thethe effects due to variations in head diameter when head-
effects of head-tail diameter mismatch. group-water interactions are explicitly included in the model.

FIG. 7. Tilt-order parameteR,, (a), and mean tilt angles) (b),

1. (9-3) Model

Here we briefly discuss the model where the water sub-
In the previous sections we reported our results for simuphase is treated as a continuum and the interactions between

lations performed on a HS model. As mentioned in Sec. Il surfactants and water substrate are governe(®8) poten-

we have also considered other models, namely(3k® and  tials [19]. For the surfactant-surfactant interaction strengths

FL models, which account approximately for more details ofand lengths, we used the values given by Karaborni and Tox-

B. Water models
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siderable gain in entropy and only a minimal penalty in en-
ergy. Once the chains have inverted, it is too costly to rotate
back to the original, lower-energy configuration. At higher
temperatures, it is more favorable for the chains to enter the

05 | gas phase.
: 2. Fermi-like model
04 &t
> To model the surfactant-water interactions more realisti-
- 03 | cally, we adopted the potentials used by Karaborni and Tox-
' vaerd[14,15, described in Sec. Il. In particular, this model
02 | allows the head groups to penetrate below the water surface,
| which is more realistic. Although the hydrocarbon tails on
surfactants are hydrophobic, the interactions between the
01 tails and water are not infinitely repulsive and the FL model
@ accounts for this property. In our preliminary analysis using
P oo ——— this model, we have studied the effects of varying head di-
01238456 7T—8 9 10 11 12 13 1415 ameter on both the tilt ordering of the system and the stabil-
ity of the monolayer. Using tails of length=7 at a density
L L L of p*=1.12 and bond length of;=0.70,;, we have per-
42 6—o00,=1.056, | formed simulations at temperaturesTof=1.39 and 4.44. In
a8 | &—H&o,=1.100, the following figures we display equilibrium configurations
&—=% 0,,,=1.200, and probability distributions for the displacement of the
34 | head groups atr,,=1.100; [Figs. 9a) and 9c)] and oy,
=1.200; [Figs. 1Ga)—100c)].
30 It can be seen in these figures that, even at low tempera-
4 tures, the head groups are staggered across the water inter-
v 26 g5 face, which more accurately portrays the behavior of real
monolayers. The width of the probability distribution for the
27 zdisplacement gives a measure of the interface width created
18| by the head groups. At higher temperatures, the interface
widens, as indicated by the broadening of the probability
14 | distributions. Referring to the configuration figures, one also
notices the development of surface waves as the system be-
10 IS Y R TRTRCECETRL comes disordered. The onset of the disordered phase occurs

FIG. 8. Tilt-order parameteR,, (a), an

ameter ratios.

d mean tilt angl¢s) (b),
vs reduced temperatufg*, for n,.=7, p*=1.0, and indicated di-

at temperatures substantially lower than those found for the
hard surface model fan,=7 in Sec. IVA2. This is clearly
because the presence of the water subphase allows for
greater mobility of the chains and, hence, an increase in con-
figurational entropy.

Comparing thez distributions corresponding to the differ-

vaerd[15] and for the surfactant-water interactions, we usecent head diameters, @t =1.39, it is seen that the distribu-
the parameters provided by Harris and Rj&6]. In agree- tion is wider for theoy,,=1.20r; case. This is indicated
ment with the findings by Harris and Ri¢&9], we observed quantitatively by the standard deviationznvalues of which
that at temperatures between 300 and 400 K the head groupse given in Table I, along with values of the meaulis-
begin separating from the water surface and the chains b@lacement, which is also seen to be lower for larger head
come inverted. diameter. These results can be attributed to the fact that, for

At slightly higher temperatures, about 1/3 of the mol-larger head diameters, the head groups must form a more
ecules are removed from the water subphase and the systestaggered structure in order to maintain optimal packing of
enters a gaseous state. The apparent lack of a liquid phaseti®e chains. As we have noted, the interface width increases
also in accord with the results in R¢19]. In the latter work,  with increasing temperature. Furthermore, it appears that in-
the absence of the liquid phase was attributed to deficienciegeased tail-head diameter mismatch tends to compound the
in the model and an inadequate characterization of the watetfisordering effect due to the presence of water.
molecules and head groups. In terms of the tilt ordering of the system, we find similar

It is clear that the 9-3 potential is too soft, since, in thetrends to those determined in Sec. IVA2. In particular, the
vicinity of the minimum of the potential, moderate changestilted states corresponding to smaller head-tail diameter mis-
in z result in only minimal changes in the energy. This re-match, remain stable to higher temperatures than for larger
sults in premature dissociation of head groups from the watemismatch. It is found that, at* =1.39, the tilt is in the NNN
surface. In particular, at moderate temperatures, the heatirection for o,,=1.100;, whereas the tilt is in thé¢ and
groups can become delocalized from the surface with a corNN directions for oy,,=1.20s;. Additionally, one of the
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FIG. 9. Equilibrium configurations using the FL model @t (C)
=1.12,n,=7, for op,=1.100;: (&) T*=1.39, (b) T* =4.44,(c) 0 ) ) . .
corresponding displacement probability distributions. -4 -3 1 2 3 4

most noticeable effects due to the water subphase, is the

substantial reduction in the tilt angle. Since the head groups FIG. 10. Equilibrium configurations using the FL modelgt

are allowed to form a staggered structure, the tails do nof .12, n=7, for op,=1.20: (&) T*=1.39, (b) T*=4.44,(c)
have to tilt as far in order to maintain an optimal packing.corresponding displacement probability distributions.

Although the monolayer enters a liquidlike state at lower

temperatures than found with the hard surface model, th®epending on head-tail diameter mismatch, there can also
monolayer still remains stable and does not buckle to formyccur tilting transitions between different tilted phases.
multilayered structures or enter a gaseous phase, as fouRghese results concur with both experimental work and other
with the (9-3) model. Thus, from our preliminary studies gimylation studie$1,2,17,18.

with the_ FL model we find that it pr_owdes a more realistic 19 compare the phase behavior of our model system and
description of the surfactant-water interactions than the 9-3ye generic phase diagram for Langmuir monolayers, we first

model and is capable of replicating staggering behavior sucky,gied the effects on tilting transitions due to variations in
as found in experimentf20,21] as well as in molecular-

dynamics studief24] of more complex microsopic models. ) _ ]
TABLE |. The width and mearz displacement of the interface

formed by head groups at the water surface using the FL model at

V. CONCLUSIONS T* =1.39.

Using a simplified microscopic model for Langmuir 110 1200
monolayers, we have demonstrated that the model exhibits Thh~ =~ Thh™ = e
tilting transitions from uniformly tilted to untilted structures Meanz displacementA) —1.037 —1.088
with increasing temperature. At low temperatures, uniformlywidth of interface(&) 0.212 0.484

tilted phases exist in one of the NN, NNN, bdirections.
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the density. It was shown by ground-state analysis in Rgf. and make it difficult to establish true tilt ordering. What is
that increasing the area, for fixed head diameter oobserved, instead, is a composite structure composed of both
bondlength, resulted in transitions between tilted phases. AUN and NNN tilting. However, since the area is constant,
higher temperatures, we also find a dependence of the tiltinghese phases are not in equilibrium with each other, they
transition temperatur; on area or density; in particulaf,  are at different pressuresAt low temperatures, this con-
increases with increase in density. We noted that there wagraint results in negative surface pressures indicative of the
an intermediate regime where there did not appear to be @etastability of the system. To alleviate this problem, one
strong correlation between density afigh Since all of the  should execute simulations in thd N ensemble, as recently
tilted phases corresponded to tilting in the NNN direction,considered by Stadlest al.[5,6].
we compared our phase diagram with that for Langmuir = Although the majority of the work presented here was
monolayers of alcohols or esters, as recently determined byerformed using the HS model, in which the water subphase
experimen{10,11], and surmised that this could correspondwas replaced by a hard attractive surface, we have also uti-
to the L,/Ov—L, coexistence region. Although such coex- lized the (9-3) potential model to account for surfactant-
istence between condensed and liquid phases has been pweater interactions. However, using this model, it was found
dicted to not occur for rigid rodgl3], it is clear that we find that the monolayer would buckle, akin to the phenomenon
a transition from a tilted(NNN)-condensed phase to an termed “collapse,” forming bilayer or multilayered struc-
untilted-liquid phase. However, a larger range of densitiesures at temperatures and densities where one would expect
needs to be examined in order to confirm the existence of ato find the liquid phase for a Langmuir monolayer. The sud-
L,/Ov—L, transition in the present model and obtain a moreden jump to a gas phase, and the apparent lack of a liquidlike
complete phase diagram. phase, can be attributed to the “softness” of the potential,
The main emphasis of this paper has been the investigavhich allows the head groups to leave the water surface with
tion of the effects of head-tail diameter mismatch on tiltingonly a small penalty in energy but with a substantial increase
transitions at higher temperatures. It was found that as thig entropy. Thus, it is favorable for the molecules to leave
mismatch increases, the critical tilting transition temperaturghe surface even at moderate temperatures.
T. decreases. Although the ground-state analysis of [Réf. We have shown that a more realistic model to character-
indicated that an increase in the mismatch between head aiek the water subphase is the FL model developed by
tail diameters favors a tilted state at low temperatures, whictKaraborni and Toxvaerfl4,15. An advantageous feature of
is an energetic effect, at higher temperatures the increase this model is that the head groups are allowed to penetrate
mismatch favors an untilted state, an entropic effect. Withinto the water subphase. In combination with this property,
greater mismatch between head and tail diameters, there tie tail-water interactions are not infinitely repulsive and,
more available volume for the surfactant tails to reorient.thus, allow for some mixing of the tail groups with water. It
The resultant increase in the orientational entropy tends tappears that these features are responsible for producing the
drive downT.. Hence, we see that the effects of head-tailstaggering of head groups across the air-water interface ob-
diameter mismatch on the tilting behavior of the model sys-served in our simulations, an effect which is certainly seen in
tem is determined by a competition between energeticallgxperiment20,21], and a substantial decrease in the mean
and entropically driven processes. tilt angle. At low temperatures, we find that there are small
Although for the longer tail lengths ofi,=7, we still  fluctuations of the head groups across the interface. As the
observed a trend towards decreaJedfor increased head- temperature is increased, the magnitude of these fluctuations
tail diameter mismatch, the transitions were shifted to higheincreases and, in the disordered phase, leads to the presence
temperatures compared with=4, as anticipated from ex- of surface waves. In our preliminary studies with this model,
periment[1-3]. That is, the longer chains tend to stabilize we find (as with the HS modgfthat increased head-tail mis-
the tilted phases and induce more pronounced tilt orderingnatch results in a decrease in the transition temperatgre
Furthermore, the increased chain length tended to diminisfrom the tilted to untilted phase. Additionally, it appears that
differences inT. due to this mismatch, i.e., the effect of the this mismatch tends to accentuate the disordering of the
head-tail diameter is less prominent for longer tail lengths. monolayer due to the presence of the water subphase. The
We also find low-temperature tilt-ordering transitions be-destabilization of the monolayer for larger head diameters,
tween different tilted phases. For the shorter tails of lengtiwhere the tilting is in the NN direction, implies that the
n,=4, the resulting phases are short lived and are immedi= L, phase boundary for acids and acetates should move to
ately followed, at slightly higher temperatures, by transitionslower temperatures relative to the,/Ov—L, phase bound-
to untilted disordered states. It is quite possible that, aary for esters and alcohols. This feature has yet to be exam-
greater densities, the tilted phases resulting from lowdined in experimental studies.
temperature tilt-ordering transitions could be stabilized. A natural extension to our Monte Carlo work would be to
Since the present simulations have been performed in theonsider semiflexible chains and study the role that chain
NAT ensemble, we expect that there is frustration of theordering and packing have on tilting transitions. Addition-
system, which inhibits observing true first-order transitionsally, we have seen that to avoid some of the artifacts due to
associated with the changes in area and lattice distortion thaeriodic boundary effects present in NAT simulations, it
should accompany changes in tilt direction. By fixing thewould be preferrable to utilize thellNl ensemble. Such re-
area and, more importantly, the shape of the simulation cellsearch has been performed by Stadieal. [5] and Stadler
our calculations suppress the expected first-order transitioand Schmid 6], who have examined the phase diagrams cor-
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responding to surfactants with head diametersrgf=1.1  be addressed. In particular, we have begun more detailed
and o;=1.2. As such, it would be more fruitful for us to studies of the coupling between the effective head-group-size
focus on other unresolved issues related to details of thend head-group-water interactions in terms of the role they
phase diagram for Langmuir monolayers, which have yet tglay in determining tilt ordering.
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