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Abstract

The adsorption of surfactants onto a hydrophobic interiogady laden with a fixed number
of amphiphilic macromolecules, is studied using the sei$istent field (SCF) calculation
method of Scheutjens and Fleer. For biopolymers havingaunfable interactions with the
surfactant molecules, the adsorption isotherms shoabarpt jump at a certain value of
surfactant bulk concentration. Alternatively, the sdo@beaviour is exhibited when the
number of amphiphilic chains on the interface is dectea®ée show that this sudden jump
is associated with a first-order phase transition,digutating the free energy values for the
stable and the metastable states at both sides aatistion point. We also observe that the
transition can occur for two approaching surfaces, frdngla surfactant coverage phase to a
low surfactant coverage one, at sufficiently close sgjmar distances. The consequence of
this finding for the steric colloidal interactions, in@dcby the overlap of two biopolymer
surfactant films, is explored. In particular, a sigmifitly different interaction, in terms of its
magnitude and range, is predicted for these two phaseslstVeoasider the relevance of the
current study to problems involving the competitive displacémeproteins by surfactants in

food colloid systems.



1. Introduction

Colloidal formulations of importance in many technotadiapplications, including inks and
paints, personal care products, agrochemicals, pharmzasuaind above all foods, often
contain a multitude of different surface active moles{de3]. For example, in food
emulsions, lecithin, monoglycerideByeens and other similar low molecular weight swefac
active molecules, are frequently present as emuls[8¢rsThese serve to reduce the
oil-water interfacial tension thus facilitating the break@ipibdroplets. Their relatively

small size also results in fast adsorption kineticsinaga attribute of some importance when
producing fine emulsions. At the same tjrtfesse systems also contain macromolecules such
as proteins and other biopolymers, which act as steric aottadtatic stabilisers and are
necessary to prevent the coalescence of the dropletnance the long term colloidal
stability of the emulsion product [1, 2, 4The simultaneous presence of several different
surface active species gives rise to a number of auiatfrelated phenomena, only seen in
such mixed systeni5-9]. An obvious example is the competitive adsorptieading tca
gradual displacement of one surface active species byhbefaim the interface. Recent
experimental [6, 10-13] and computer simulation studies [14eb8isidering the
displacement of proteins by smaller surfactant moleatlegwater and o#twater

interfaces, have revealed that the process progresaesiher non-homogeneous manner.
During the displacement kinetics, sometimes referred tbeaorogenic displacement

mechanismislands of displaced protein with complex morphologiesformed [5, 6, 14].

The presence of two or more surface active speciegiss rise to the formation of mixed
interfacial adsorbed layers. The structure and composif theselayers is sensitive to the
strength and nature of the interactions that might éeveen different constituent
molecules.In particular, the unfavourable interactions betweeretfit species can lead to
the possibility ofa structural phase transition, as well as phase sepataitaviour in the
interfacial film. However, one aspect of the phase separation behavidw iatérfaces
differentiating it from the more usual case occurrinthmbulk, is that an adsorbed surface
layer is always in contact with two or more bulk suiages Different surface active
molecules, depending on conformational changes they undargy desorption, their
adsorption energies, sia#iffusion coefficient and solubility, may or may not digle to

exchange rapidly enough with the bulk phase during the expeahtemé¢ scalesThus, two



limiting kinds of behaviour can be envisaged. In the fagiarticular surface active species
adsorbed at the interface maintains the same chemitaitad and is at equilibrium with the
bulk phase at all times. In the second cHs® molecules can be considered as being
irreversibly adsorbed at the interface so that the d\srdace coverageset by the initial
conditions, is maintained at a fixed value throughout the iduarat the experiment

As has been argued previbuby us [17, 18] thatwhenever all adsorbed species are at
equilibrium with the bulk sub-phase (or sub-phases), negxbeparation phenomenon can
occur at the interfaceThis follows from the fact that in such systems ndrig®ns on the
composition of the adsorbed layers are imposed. Tatigrrthan separating into two or
more distinct regions, the interface, through adsor@timhdesorption of the appropriate
molecules, can evolve and adopt the composition whickheaswest free energyMore
formally, for a system containing two competing amphiphyige molecules A and B, the
surface coverage of the speci€sand/p, will be determined by the set of equations
(T = p™ and (72, 1) = ™™ . The quantitiegsand s, denote the chemical
potentials of the adsorbed molecules A and B at thefacir For a given temperature and
fixed set of external parameters, these are only fumctid the surface coverage of the two

species. Similarly, we denote the chemical potentiafsarid B in the bulk solution a&™*

and Iubbulk

, respectively. These latter quantities are set bgdheentration of the two species
specified by the initial experimental conditions. It nieyargued that, under certain special
conditions, the above set of equations may admit in@re one set of solutions fofy, 7).

In such casedt is possible in principle to have coexisting regiongtaninterface with
different surface coverage compositioréowever, in practice the existenceadine tension
between these different surface patches means thaf teehases will eventually prevail
and once again the equilibrium coverage at the interfagepected to bauniform one. Of
course, it is also assumed that for such systemstieentration of the individual species in

the bulk is sufficiently low so as not to cause any bulk peaparation.

The above situation is in stark contrast to the oppositeveasee none of the species initially
placed at the interface has time to exchange with thedold-phase. For these systems, the
existence of sufficiently strong unfavourable interacibatween the two surface active

species can result in surface phase separation.



If the surface coverage of A and B molecules in ed¢he two separate phases 1 and 2 is
(2D, i) and (2, 1?), then the equilibrium condition demands that

1a(T32, I5?) = (1, 1oy and (72, 16?) = (120, 1Y), Furthermore, the fixed total
number of each surface active species at the intenfaeamplies that

al D + (1-q) 1P = r® andary® + (1-a) 1v? = 17 | where the overall coverage
values, /3 and/,°® are set by the amount of each molecule A and B plinitéally at

the interface. The fraction of the surface with a position (3", 1) is denoted here as

In defining the coverage values, as is customary, we hkea the Gibbs dividing plane [19,
20] such that the net excess solvent at the inter&aalvays zero. The above four equations,
together with the requirement for the free energy efitkerface to be minimum dictates the
values ofe, 72, ™, r? andri®. Although not necessarily always the case for the
mixtures of two amphiphilic molecules at interfaces, thditional constraint thatz™® + ;™

= I:® + ;¥ = constant reduces the procedure to the familéaer rule for identifying the
composition of the two phases and their abundanceeosuitiace. Qualitatively, the situation
is now similar to tk competitive phase separation behaviour seen in bulkmsgst&urface
phase separation behaviour of this type has been thetsobjeany experimental and

theoretical studies in recent years [21-26].

It is important to realise that the incompatibility betwddferent surface active species need
not necessarily be the result of direct unfavourablesfobetween the constituent molecules
Using Brownian dynamics simulations, we have shown thampeatibility can also arise

from the formation of reversible bonds amongst on@®smolecules, but not the other [17].
Formation of such reversible bonds results in aecéiffe attraction between the bond
forming molecules, sufficient to induce phase separafidre same phenomenon has also
been predicted theoretically and demonstrated experimefaalyixtures of two very similar
set of polymers [27-29]. In these studies the two dgislgmers were chemically very
similar, with one set only slightly modified by attachmehsmall hydrophobic groups at the
two ends of the chains. These serve to produce weakidedysnds, driven by hydrophobic
forces, between the modified molecules, but not the uifiledanes. As a result, it is
observed that the mixed solution breal into two distinct phases, one rich in the associating
molecules and the other in unmodified ones [27-30]e also suspect that the possible
surface phase separation reported for certain mixed prdtas occurring at aiwater

interfaces [31-35] is also the result of a very simmtechanism.



A third and less frequentitudied scenario, intermediate between the two casassdesd
above, can also be envisaged. Here, whilst one of thecsusttive components is rapidly
exchanging with the bulk, the other has a fixed oveuafbse coverage. Once again, in food
colloids such a situation is commonplace, as both lafecalar weight surfactasind
amphiphilic biopolymers are often present together [36, Bifgrfacial dynamic
measurements suggest that the time scale for adsorptiorpties kinetics of some food
protein molecules can be several hours long [38-41]. dwomolecular weight surfactants
this time is typically betweeafew seconds down to a few milliseconds [42-44]. Using
analytical mean field calculations and Monte Carlouations,we have considered phase
separation behaviour in a simple tertiary A + B + sai\tattice model [18] . A this model,

two of the components, the A and the solvent molecutadd alter their surface coverage.
The third component, however, was constrained to haveddo@centration As the
unfavourable interaction between the A and B surface agpigeies was made stronger, a two
phase region emerged. As expected, for a fixed adsomgiergy of the A component, the
extent of the phase separated region in the phase widgoadens with the strength of the
unfavourable AB interaction. However more interestingly, and in clear contrast tqptieese
separation in systems with a fixed overall compositibis, found that the region in which the
separation occurs through spinodal decompositionrbexoarrower as the incompatibility
between A and B is increaseth other words, for strongly incompatible surface active
species, the phase separation at the interface islikegtto proceed by the nucleation and

growth mechanism.

The simple model studied by us [18] took no account of diffeneéetnal configurations
adopted by the adsorbed molecul&se availability ofalarge number of internal states is an
important feature of large macromolecules. In the pteserk, we use the self consistent
field calculation (SCF) scheme of Scheutjens and Eer 7] to study the behaviour of
irreversibly adsorbed macromolecules, in the presencerpeting surfactasthat can

freely exchange with the bulkThe model presented is also relevant to synthetic, polymer
grafted surfaces, which in many process operations comeontact with surfactant
solutions. V& discuss the possibility of the existence of a first-opderse transition in this
systemfor example as manifest through a discontinuity in thegption isotherm for the
surfactantwhen the unfavourable interactions between hydrophobic seafmsurfactants

and polymer chains are sufficiently strong.



A variety of different kinds of structural phase trénsi behaviour in brushes, consisting of
polymeric chains anchored or strongly adsorbed to surfaasdeen reported in the literature
over the past few decade®ne of the best known cases is the so called mushiwosh
transition [47, 48], seen in grafted surfaces in contatt agood oratheta solvent. At low
grafting densities the non-overlapping chains adopt a &eildonfiguration, with dimensions
similar to those of the free polymer in the correspondolgent. As the grafting density is
increased, the chains begin to stretch in order to reduckegnee of overlap with their
neighbouring chains. The balance between this factorrendpposing loss of entropy due to
stretching determines the thickness of the brusisomewhat related case involves anchored
polymers with a certain degree of adsorption affinitthe surface.At low grafting densities,
chains lie flat on the surface to optimise the numb@obfmer-surface contactsAt a higher
grafting coverage, the surface becomes saturated anddtiapbetween the chains causes
stretching of the polymers into the solution. It hasbsseculated that this pancakeush
transition might be a first-order transition [49]. Hawg as with the mushrooe+#rush case,
detaikbd numerical SCF calculations by Currie et al. [50] hslvewn that the transition
remains a continuous one for finite size chains, aefsegment adsorption energi€3nly as
the strength of attractive segment-surface interacjgigbecomes infinite does

discontinuous transition result [50]. It is interestingptant out that, in this sense, the
pancakebrush transition, exhibited in these systems, can bsidered as a zero temperature
phase transition (singg~ 1/T), much in the same way as those predicted in nartadels of
spin-glasses and other magnetic systems [Skyorsov et al. [52], using both analytical and
numerical SCF calculations, have studied a similar ofg@haviour in certain mixed
brushes. These brushes consist of non-adsorbing polyooemsith a small addition of

longer adsorbing chains. All chains are anchored to the satfacee end. For a fixed chain
length ratio, a first-order phase transition is prexdicit a given well-defined surface
adsorption energy, but only in the limit of infinite amd@éngths. For adsorption energies
stronger than the critical value, the minority longiols take up a pancake-type conformation,
whereasa weaker adsorption results in stretched brush configuraid®js As a result, at the
transition point, the number of contacts between tim@rity chains and the surface shows an
abrupt discontinuity. It is worth pointing out that the gdhéransition behaviour reported in
the current work differs from those mentioned abovean tihe phase transition is driven &y

strong incompatibility between the small surfactant and laagehored chains. As such, the



existence of a first-order phase tramsitiand the related metastable staiea,feature that

emerges even for finite sized chains.

The reminder of the paper is organised as follows. IméResection we give a brief account
of the model and the calculation methodology adoptadettion 3 we present our SCF
calculation results. We provide evidence for the exigt@fienetastability and a first-order
phase transition in grafted polymeric brushes in contattselutions of competing low
molecular weight surface active molecules. Thesdtseare extended to cases involving two
interfaces in close proximity, in section 4. We note, tfmatsolutions involving solely

charged surfactants, a phase transition associated¢avifmnement has already been predicted
[53, 54] as two surfaces approach each other. Therefsodfoathe systems studied here, the
variation in the separation distance between the twassfis expected to et another
parameter that can induce an abrupt transition from oagsepio the other. Finally, in section

5 we provide a summary of the main conclusions of the study

2. M ethodology

The model studied here consists of a sdiiglid interface with macromolecular chains
terminally anchored to the solid surface at one end, pe@fied uniform coverage. The
chains are amphiphilic, consisting of a single hydropholidcaasingle hydrophilic block.
From now on we shall refer to the monomer segmentsngalp these blocks as A and B,
respectively. While the hydrophobic segments are assumedaaalcertain affinity fo
adsorption onto the interface, the hydrophilic B monon@rsudr remaining in the aqueous
solvent. The solvent itself contains additional small chains, whigmselvesomprise of a
hydrophilic head, made from segments D, and a hydrophobeotaisting of monomers.C
These chains represent the low molecular weight surfiatike molecules in our model.
They have to compete for adsorption onto the surface héatlohg chains (representing
protein) already at the interface, but otherwise aeetfseexchange between the bulk and the
surface. For simplicity, we shall assume that the solvent md&sand monomer types A to

D all have the same size, a



Following the formalism of Ferreira and Leibler [55] anHess [56, 57], the free energy for
the above system can be expressed in terms of tbeviiod functional integral, taken over all

possible density profile variations for each type ohomer segment)®(r):

AF =—kgT In( [t (4] HW] o

wherep=1/(ksT) , T is the temperature ang the Boltzmann constant. The functional
Af([6*(r)]) in the above equation, expresses the free energynfiaarea associated with a

given non-uniform density profile, up and begdhat for a uniform density distribution of
non-anchored species. It is given by

é—'}=2—nln(%)—;{ !qﬁ“(r)w(r)dr}

+%Zfzaﬂ(¢a(r) — @) (¢” (r)—®”)dr

aff 0 , (2)

+ D X0 (0)

with the index i running over all molecular species presethe system and summations
andp taken over the solvent molecules and segment tygedDA The number of molecules
of species is denoted byn The bulk concentration of the segments A andBand®®,
belonging to the terminally anchored chains, is set ta zAsousual, the interactions between
different monomer types are assumed to be short ramgkdra represented by the set of
Flory-Huggins parametengg. Similarly, the parameterg,s specify the adsorption energies
for different segment types, in contact with thedsalierface located at0. It is convenient
to express all distances in units gffaom now on and also work with number density
distributions rather than concentrationss suchAf in equation (2) is given as per unit area
a,” and the number densities and volume fractions becomgciaesnd can be used
interchangeably. We have additionally assumed that the interface msdgeneous and
therefore only the variation of the density profilesha direction perpendicular to the surface

needs be consideredlote that equation (2) is not an explicit equationdit()}, as it also



involvesaset of auxiliary fields §* (r)} associated with each monomer kimdsuch that the

functional derivatives are given by [55]

—l//—=¢ (r) . (3)

Thus these fields can be thought of as external fields winbln applied t@ set of non-
interacting free chains (i.an identical system but with allparameters set to zero), result in
the specified concentration profilé%r)}. The quantities Qand @ denote the single chain
partition functions for molecules belonging to speciestine presence and in the absence of
these fields, respectively. For non-anchored molscirieluding those of the solvent, it can
be show that the first term in (2) can be replaced by the exggsrfacial concentration of

those species [47]:

-nn(Q/Q°)=-@ Ni)j(céi (r)—®,)dr , @

where the size of the chains of type i js Ms we are also interested in the nature of colloidal
interactions mediated between two surfaces in theeaboxed system, it is useful from the
onset to consider a situation involving two surfaces at andistaapart. In this case the
integrals in (2) and (4) extend from O to L. The propemiea single isolated interface can

always be calculated, by setting the separation distasafficiently large.

As with other mean-field type models, SCF calculati@sime that the functional integral in
eqguation (1) is dominated by the density profile that minintisedree energy (2). This
density profile, and the subsequent calculation;jpis@ost efficiently achieved through the
numerical scheme introduced by Scheutjens and Fleer [45-UfbrF®mopolymers and
further extended by Evers &t [59, 60] to copolymer systemén this scheme, one divides
the distance between the plates into layers of oo@dmer) unit each, from k=1 toad_. It
turns out that the density profile minimising the free epeagisfies the following set of
conditions [47]

10



v (K) = ZslBi0 +60)= Y 2,07 (K) - ")

=y’ ()= 260 + 5 Zzﬁy ¢ (K)- ") ©)

for all values of the indices andp, when the system is not compressible, i.e. with the

additional restriction thaZng (k) =1 for each layer The symboby; in the above expression
/4

denotes the usual Kronecker delta functigg< 1 for k = j, andy; = O otherwisg More
precisely the set of equations (5) only ensures a stationary @wiih respect to small
fluctuation in the densityln particular, it does not preclude a solution that happehs
local minimum. In the lattice model formulation bdétproblem it is customary to allow for

interactions between different monomers to extenddxen adjacent layers too. This can

easily be achieved by replacing thé(k) in (5) with its value averaged over three

consecutive layers, ¢’ (k) >, as defined by

<¢"(K)>=4,9" (K= +Ap" (K) +4,,¢" (K+D) (6)

The values of the constarits , A+1 andi, depend on the underlying lattice chosen fer th
purpose of the numerical calculations. For the simpgcdattice adopted here, the
corresponding values ake; = A+1 = 1/6 and\, = 4/6. Note that condition (5) implies that the
values of the auxiliary fieldsy{* (r)} are those which correspond to the mean-fields which
will be experienced by the monomers of each typat location r, due to tlireinteractions
with the surrounding monomers. However, it should besstak that this identification of the
values of {y* (r)} with the mean-fields only applies to the set of dengityfiles that

minimise the free energy.

In the usual implementation of the Scheutjéifeer scheme [59], (5) is solved through an
iterative procedure, starting with a suitable initial guies the set of auxiliary fieldsy® (r)}.

The density profiles associated with these fields arecagulated by constructing the end
segment distribution functionGi“) (k,s), for the first s segments of tHegpecies, at each
layer k. Since it is possible to consider s monomers from egéhd of a chain, there will be

11



two complementary ways of defining such an end point digtob function. To distinguish
between the two we use the index j=1 oM2e also define two groups of chain architecture
operators;i(s) and i(s) for each species. These simply equate to the typemomer (A, B,

C or D) with the ranking number s, counted from the appropeiadeof the chain, j=1 or 2.
Using the connectivity of the chains, the valueGff’ (k,s) is readily obtained using the

following recurrence relation:
G (k,9) = 9, o (2, (k-15-1) + .G (k,5-1) + 4G (k+15-1))

, (7)

whereg,, (k) denotes the free segment distribution function for ameers of kindo. and is

simply given by the Boltzmann factexp (8w “ (K), featuring the potential*(k) acting on
every such monomer type at layer k. To initiate tlemence equations (7), the value of
G (k1) needs to be specified first. This is seBi8 (k,1) = 9, o (K), if the molecules are
free. However, for chains tethered to the surface, asgutimat the anchored end is the one
denoted by j=1, we ha@® (k) = g, 4, (K)(S,y + 5, ). This reflects the fact that the first

segments of these molecules can only reside in laydrsikk=L which aren contact with
the solid surfaces. The final step in the calculatioth® density profiles involves the use of

the so called compositional law [47, 59]:

. O~ G'(k,9)G?(k,N, —s+1
p0=3 3 HEFOA s, ®

i S=
The normalisation constant;, @ the above equation can be shown tabié\; for the free
chains [54], while for the anchored chains, Witlthains per unit area on each surface, it is
L -1
given by 2T, [ZGﬂ(k, Ni)J . In using this latter equation, we have assumed that our fina
k=1

solution will be a symmetrical one with respect to the $wdaces. This also means that the

single chain partition function;Qreferred to in (1), is given as

12



o (1/2)(2630«'\!»} , ©

for the tethered chains. With the density profiles hergiven values of the auxiliary fields
determined, one can now check to see if the conditiomg5)ell as the incompressibility

criteria, are satisfied. The values of the fieldsthen systematically adjusted and the process

is repeated for a sufficient number of iterations umtiiveergence is obtainedThe free
energy change in the system, resulting from the mofeum density profile due to the
presence of the two surfaces, can be calculated by smibstibur solution into theutably
discretised form of (2), appropriate to the underlying lathice adopts in the numerical
computation. The modification also reflects the intBoas between adjacent layers,

introduced in the discretised lattice scheme, and themmesd a second solid surface at k=L.

With these additions accounted for, the final expresiothe discretised forraf (2)
becomes [61, 62]

—_Z zrln(g) ZL:ZJ:( i (k) — CD)

KgT i Q, k=1 N;

—ZZ¢“(|<)!//“(|<)

k=1 a

+= ZZ;{aﬁ(¢ (k) — D )(< ¢” (k) > —®*)

k =1 af
+ D Xus(9” @) +¢7 (L))

(10)

where the summatioinis taken over all the free species, while that ovevglves the
anchored chainsThe first three terms in the above expression reprélserentropic and the

last two the enthalpic contributions to the free enefghi®system [63].

As well as studies involving the adsorption and interfgmaperties of macromolecules in

food systems, it should be mentioned that SCF caiontahave also been successfully used

13



to predict the bulk self-assembly behaviour and formatidigwil crystalline phases in foods

involving biopolymers [64, 65]

3. Adsorption onto a single surface

3.1 Surfactant surface coverage

In this section we shall consider the adsorption of stafd molecules, consisting of 6 head
and 6 tail segments, onto an otherwise hydrophobic solid sudentaining diblock

polymers. We refer to these segments as (D) and (C)mmens, respectively. As mentioned
before, the diblock polymers are also amphiphilic, eacisistng of a hydrophobic (A) and a
hydrophilic (B) block. Such diblock models are often takethasimplest first
approximation to disordered protein molecules in many theatatiudies [66, 67]. In what
follows we shall take the size of the chains to be 200 setgntgpical of proteins, with each
block comprising 100 monomer unitsThe chains are tethered to the surface at their
hydrophobic end.The solvent is assumed to be a bad solvents xcs= 1 (in units of kT),

for the hydrophobic segments of both the diblocks polymérthe surfactant. Similarly, for
the hydrophilic monomers of both molecules, i.e. segrtygets B and D, the solvent is
considered to be athermal (that is a good sojvygnt yps=0). The Flory-Huggins
parameters for all the interactions between hydrophobitgaaphilic segments are set to 1.
While the hydrophilic monomers (B) and (D) have no affibityadsorb onto the solid
interface, the adsorption energy of hydrophobic segnf@jtand (C) per monomer unit, are
taken as-1 and-2.5 (in units of KT), respectively. Lasty, but most crucidy, we assume
xac = 2.5, indicating some degree of incompatibility betweeratteorbing segments of the

macromolecule and those of the surfactant molecules.

Figure 1 presents the results of the adsorption isotf@rthe surfactant onto an isolated
hydrophobic solid surface, pretreated with a diblock polymestbas mentioned abovéhe
amount of the macromolecule at the interface i$cs6t005 chains per unit monomer area
(ag)®>. The graph shows the value of the excess amount of suntfpeainterfacial unit area,

defined as

14



0,==) (.(0)-D,) S

k=1

N[

plotted against the bulk volume fraction of surfactdnt, We obtain the results for an
isolated interface by performing the calculations fortewr surfaces placed at sufficiently

large separations from each other (hence the fact@b6adh (13).

1.4 1 -—-—'-'——————-

1.2 4 -

0.8 A
0.6 A

0.4 A

-
—--.—---——-""
-

adsorbed surfactant amount

0.2 A

0 T T L] L]
0.00 2.00 4,00 6.00 8.00
bulk surfactant volume fraction ( X 10%)

Figure 1. Discontinuity in the surfactant adsorption isothermdating a first-order phase transition at a bulk
surfactant volume fraction of 4.3510* highlighted here by the arrow. The amount of adsorbddaant is
calculated according fd1). The dotted lines correspond to the metastable soluibonsl for each phase.

At low values of surfactant bulk volume fraction below 4B%’, the amount of excess
surfactant at the interface is seen to increase smdgttilgl line) following a typical isotherm
for adsorption of such surfactants onto a surfadewever, as the bulk volume fraction of
surfactant reaches the value 4B8*, the amount of excess adsorbed surfactant is found to
make a sudden and discontinuous jump to a much higher vadueasing fronts = 0.254 to
1.320 per monomer unit areagfa The location of this abrupt jump is indicated by ttrea

in figure 1. For surfactant bulk volume fractions beyohg= 4.35%10*, the excess

surfactant amount continues to increases smoothly onae adas trend is also closely
followed by the volume fraction of surfactant segmemtihe first layer in direct contact with
the solid surface. The graph in figure 2a shows theti@rian the value ob41) plotted

against the surfactant bulk volume fraction.
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As might be expected, associated with a sudden incretise mumber of surfactant
molecules adsorbed at the interface, there is alsdapt drop in the volume fraction of the
diblocks polymer segmentg,(1), that are in contact with the surface. As is seehe plot

of ¢p(1) againstds in figure 3, the drop occurs at precisely the same surfaotdinvolume
fraction of 4.3%10”. The change in the value @f1), from 0.455 down to a much lower
value of 0.01 at this surfactant bulk volume fractionnisrpreted as signalling a sudden
change in the conformation of the chains, from oatiynhaving their hydrophobic blocks

lying relatively flat on the surface to ones which now protrudayasome distance into the

bulk solution.
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Figure 2. Variation in the number of contacts between theasarfind surfactant monomers (a) monomers
belonbging to chains (b), plotted against the volume fractfdhe surfactant in the bulk solution. Dotted lines

indicate the values obtained for the metastablesstate

The abrupt changes in the amount of adsorbed surfacth@associated changes in the
number of biopolymer segments in contact with the sudaeeeminiscence of the existence
of a first-order phase transition in these layers,esoat similar to those already predicted
for pure ionic surfactant systems under certain circamests [53, 54]. One of the most
notable features of any first-order phase transitidhasexistence of metastable states. Such
metastable states should be easily detectable by theinahseheme presented in the
previous sectionAs mentioned previously, the method can converge to sokiti
representing local free energy minimune investigated such a possibility, by starting our
calculations with a large number of initial guess valoesHe set of auxiliary fieldsy* (K)}.
Close to the surfactant bulk volume fraction at whiehttnsition is observed, we indeed

find that for some of these initial starting values, ¢dakeulations converge tsecondary
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solution different to the one shown by solid lines in fegut and 2. The corresponding
valuesof 6s, ¢s(1) anddy(1) for these secondary solutions are shown as dashedrlieach

of the three figures, respectively. It is noticeabd these additional solutions form the
continuation of the solid lines on each side of the itianspoint. Furthermore, the free
energy associated with these secondary solutions is ailnwglger than the one calculated for
the stable ones shown by the solid lines. From now oshairefer to the two distinct
branches of the curves in figures 1 and2the low surfactant coverage (LSC) and the high
surfactant coverage (HSC) phases. Thus, the solutioesdbrphase, shown by the dashed
lines, essentially constitute parts of a van der Waalsdomynd the transition point. Using
our current method we have not been able to calculate tine leop, but this has been done
in a number of recent studies focusing on transitioaslgorbed single component ionic
surfactant layers [53, 54However, the transition in these systems has a v#feyeht

driving force resulting from the interplay between therfation of bilayers and the

electrostatic forces between the interfacial adsofibed.

The existence of a first-order phase transition in Hue/@ mixed surfactant + diblock

polymer layers can be further verified by considering tl@ges in the free energy

difference between the high and the low surfactant egeephases, as the bulk concentration
of the surfactant is varied. Using (10), the free gyérr each phase was determined and the
difference, in units ofdd(ag) %, is plotted against the surfactant bulk volume fraciiofigure

3. The graph clearly shows that at the transition poortesponding to a bulk surfactant
volume fraction of 4.3610", the difference between the free energy of the two phases
becomes zero. This is much as one would expect. Baiswalue, the HSC phase has a
higher free energy and therefore constitutes a métasttate. Above the surfactant bulk
concentration corresponding to the transition on therdiand, the high surfactant coverage
phase has a lower free energy and it is the now thepb@€e that is the metastable state.
This result further supports the presence of a first-qrdase transition in suemixed
biopolymer + surfactant system, with the differencthaexcess amount of surfactant at the
interface for the two phases providing a possible measuhe @ffder parameter for the
transition. Schematics for the variation of the free energyhiis order parameter,

displaying the metastability, are included in figure 3 at biokissof the transition point. The
maxima in these diagrams are also stationary poirttsrefore, using the implementation of

the SCF method presented in section 2, it should be posgsiptinciple to locate them.
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While we have been able to obtain such maxima for a few erapiplmost cases this
requires a rather large number of initial guess solutefisre some of these converge to the
maximum. For the overwhelming majority of these, thémstary solution found is one of
either the stable or the metastable minimu¥onetheless, determination of the energy barrier
between the stable and metastable states can be eéuyinsallowing one to make some
predictions regarding the life time of the metastaldgesand the kinetic time scales for the

transitions.
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Figure 3. The difference in the free energy of the high surfactadttiae low surfactant coverage phases, in units

of keT/(a0)?, plotted as a function of the bulk surfactant voluraetfon.

Reported experimental results [5, 6, 14], involving disptaaa off3-casein molecules by
Tweensurfactant at aiwater interface, shows some evidence of possible nuambeazitid

growth of surfactant islands within the protein film. Dursugh displacement, it is the
amount of protein at the interface that gradually ckanyj is therefore useful to consider a
situation in which the bulk volume fraction of surfatdtes maintained at a fixed value while
the number of macromolecular chains at the interfaggg varied. The results for such a
exercise are displayad figure 4 for a system with the same model polymer and surfactant
molecules as those of figure 1. The surfactant bulkmelraction is set tds = 4.35x 10%.
With a relatively high number of polymers at the integfathe amount of adsorbed surfactant
is quite small. As the number of chains decreasesalbe wvf6sincreases smoothly at first.

However, once the coverage of chains reaches thetivanglue of 0.005 chains per
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monomer unit area @, the amount of surfactant adsorbed at the interfameshn abrupt
increase from a value of 0.254 to a much higher value of 1.320.
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Figure 4. The same as figure 1, but now with the bulk surfactahime fraction kept constant at 4.830%,

and the number of chains on the surface varied instead

At the same time, the number of contacts betweebitmolymer chains and the solid surface
is reduced from 0.455 down to 0.010 contacts per unit monomer Asdzefore, in figure 4
we have also shown some parts of the van der Waals &ropind the transition point

corresponding to the metastable states. These aregpf@@dy the dotted lines in the graph.

The results obtained here indicate that the displaoeof protein molecules at interfaces can
be accompanied kg configurational and structural phase transition in therfatial layer,
whereupon there can be a sudden uptake of surfactant oraraahb@t of displaced polymer
reaches the transition value. This can manifest isetfucleation and growth of the HSC
phase domains within the LSC phase. Some evidence fdrethés/iour seems to be provided
by the AFM images during the displacemengafasein molecules by the non-ioni
surfactant Tween 20. These show the formation of neaslar surfactant-rich domains,

from which the biopolymer has been displaced, withirptie¢ein film [5, 6, 14].

Furthermore, phase transition behaviour of this typeatsmlead to emergence of phase
separated regions, resulting in a heterogeneous fillme idimphiphilic macromolecules
possess some degree of lateral mobility. In this wimekkinetics of the formation and growth
of such domainsas not been considered. Instead the focus is onlaafayithe properties of

the initial (metastable) and the final (equilibrium) ssateoth of which are assumed to be
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laterally homogeneous. The possibility of combining the ptasedel with our previous one
[18] to account for such mobility and kinetics of phase separatill be investigated i

future study It is interesting to note that, where the bonds betweateiprmolecules are
stronger and closer to being irreversible, the displacekinetics becomes entirely different,
as has been demonstrated by experiments invopAlagtoglobulin and surfactants [7, 10, 11]

and our own Brownian dynamic simulations [14,.15]

3.2 Segment density profiles

The phase transition in the macromolecular brush Jayeguced by the adsorption of the
surfactant molecules, involves substantial chang#digonformation of the chains at the
interface. Useful information on the configurations dddgby the chains can be inferred by
studying hevariation of the density profile of biopolymer and surdattmolecules within the
mixed interfacial layer.

The graph in figure 5a presents the density profile @ftichored chains, plotted as a

function of the distance away from the solid surface.
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Figure 5. Density profile of biopolymer (a) hydrophobic residueghef biopolymer (b), plotted as a function of
distance away from the interface, for the LSC (dashe) #ind HSC (solid line) phases.

The profiles shown are for the high surfactant cove(aglkd line) and the low surfactant
coverage (dashed line) phases, both at the bulk concentcatiresponding to the transition
point. Although the surface free energies associatedoatithof these profiles are identical,

it is seen that the two are markedly differenthe Thains in the HSC phase are significantly
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more stretched into the bulk solution. In turn, thiexpected to give rise to longer range
interactions between two surfaces covered with such lyioj@sk, when the chains adopt the
configurations in the HSC phase. We shall discuss this |adért In the case of the low
surfactant coverage phase, the concentration of tlgenpoincreases significantly as one
approaches the solid surface. On the other hand, fbighesurfactant coverage phase, the
polymer density at the solid surface is much lower, witheaimum now occurring at a
distance of around 7 monomer units away from the surfAteost all the segments
belonging to macromolecules that reside in this peakigel the hydrophobic parts of the
chains. This can more clearly be seen from the satwedn figure 5b, where we have now
only included the variation of the density of the hydropb@egments of the diblocks
polymer chains. We stress again that the displacement of the hydropkebgiments of the
polymer by the surfactant is in itself not surprising; imtliéés very much expected.
However, what is interesting here is the possibility afsa-brder phase transition, and the

associated metastability, during the process.

21
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Figure 6. The average distance away from the surface for eacilommer of the tethered chain. Monomers are
numbered sequentially from 1 to 200, starting with the amechend. The solid line shows the results for the
HSC and the dashed line for the LSC phases, boltedtansition point.

Further information on the configurations adopted by chaiang also be obtained by
considering the average distancg><&f each segment away from the solid surface. Figure 6
shows such a graph. The segments have been numberedutimety along the chain
backbone, starting from the hydrophobic segment attachéeé sutface.Once again, the
solid line represents the results for the HSC and the déiskdtiose for the LSC phases. In
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the low surfactant coverage phase the hydrophobic pate didpolymer lie very flat on the
surface. For the HSC phase, a large portion of these ptyolbac segments now reside at a
distance of around 7 monomer units, consistent with thie e in figures 5b. The more
extended nature of the chains in the HSC phase is also efrmierthesegraphs. At the
transition point, the average distance of the free ehtfee chains from the surface changes
from a value of <R =11.2a up to <R> =17.6a.

We note here that some of the main features of thdtsetescribed above were presented in
preliminary form in a published conference report [68].sEmevious calculations were
based on a slightly different model system with théastant species comprising 2 head and
2 tail segments and with different assumed valueseo¥dhious Flory-Huggins parameters.

3.3 Variation of the transition point with system dependent parameters

The transition in the adsorption behaviour of surfaatasiecules studied in the previous
sectionis focused on a particular surfactant size, polymer ar¢hite@nd strength of
unfavourable interactions between the two spedie®rder to establish the generality or
otherwise of the transition behaviour, in this secti@examine how sensitive such

behaviour is to the variation in one of these parameters.

We consider the surfactant size dependence of thetimansoint. It is known that larger
amphiphilic molecules tend to have a higher affinity foéenfacial adsorption at lower bulk
concentrationsvhen compared to smaller surfactants. This is despitt¢héhat normally
they have a lower maximum surface coverage at high bulecrations than latter. It is for
this reason that, at higher concentrations, such faapeomolecules are displaced by lower
molecular weight surfactants. Therefosee may expect that the transition in the surfactant
adsorption isotherms should occur at evereldbulk concentrations, as the size of the
surfactant molecules is increased. This is indeed wipaedicted by our SCF calculations.

In figure 7 we present the bulk surfactant concentratiavhich the transition occurs, plotted
against the inverse surfactant size, for a range cdctarit sizes from 4 to 18. We have kept
the number of hydrophobic and hydrophilic segments of thecsarfaequal to each other for
all sizes. Also the interaction parameters are idahto those used in previous sections, with

the surface coverage of macromolecules set once &g@if05 chains per area)a
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Figure 7. The bulk surfactant volume fraction at which the traosifrom LSC to HSC phases occurs, plotted

as a function of the inverse surfactanesiz

From figure 7 it is not entirely obvious whether thesition concentration continues to
decrease indefinitely as the number of hydrophobic and hydiopsidues of the surfactant
are increased (N~ «). It could also be the case that at some finite\shge the transition
ceases altogether. If so, this point may be a cripioatt for the transition studied here. The
existence of a critical point is more likely if one cuoless the variation of the surfactant bulk
volume fraction at the transition, with the degreéhefincompatibilityy between the
adsorbing groups of the diblocks polymer and the surfactaoiveter, we leave the
investigation of this interesting problem to a future publicati Suffice it to say here thats
the strength of unfavourable interactions between the santaand biopolymeis reduced

the gap in the adsorption isotherms of figures 1, 2 andl 4@dome smaller. Taking the
difference in the surfactant coverage between the twseghas the order parameter, one sees
that this is likely to vanish at some given value ofThis value of; then constitutes a critical
point. As with all critical phenomena, we expect thatfthctuations (in the amount of
adsorbed surfactant molecules here) to become large @ittbal point. Therefore, it is also
likely that close to the critical point, our mean-field S€ficulations cease to become valid

and a resort to other technigues has to be made
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4. Interaction between two surfaces

So far, our discussions have solely focused on the adsogftsurfactant onto a single
isolated interface. For two surfaces approaching edwr,acdnother parameter that could also
induce a transition is the separation distance betweeintérfaces. To investigate this
aspect, we consider a system with a bulk surfactanecoration slightly above the transition
value in figure 1. Then, at large separations, the equitibconfiguration of the chains will

be a stretched out one similar to that shown as tieels® in figure 6. This allows for the
high surface coverage of the interface by the surfactdatvever, as the plates are moved
closer and the extended macromolecular layers begweidap, it is likely that a transition to
the lower surfactant surface coverage phase will take,maasing the hydrophobic sections
of the chains to lie flat on the surfaces and the chiaibgcome less stretched (see the dotted
line in figure 6). This in turn reduces the degree of ovdstmeen the chains. Thus, while
for this system at large separations the HSC phase hésméiefree energy, one expects that
at closer distances the LSC phase will become the lequith stateln other words there will

be a distance at which both phases will have equal fregyen€his surface separation is the

transition point.

To test this idea we have calculated the value of theefieggy for the density profiles that
result from the procedure described in section 2. Thisdeae at various plate separation
distances. We used a system vaitiiopolymer surface coverage of 0.005 chains per unit
area (g)° and a bulk surfetant volume fractiorbs=5 x 10*, marginally above the transition
value of 4.35« 10* reported in section 3.1. At all gap sizes we found more ¢he free
energy minimum, with one of these possessing the lofineestenergy value, thus being the
stable phase, and the otlwenstituting a metastable state. It was noticed thafiaite
surface separation ef28a, the calculated free energy values of HSC and LSC phases
crossed over, with the low surfactant coverage phasaeg the stable phase for smaller
gap sizes, while the HSC being the equilibrium state at laigimndesA phase transition
induced by confinement has also been observed in the $¢Catians of Leermakers et al.
[53, 54], involving the adsorptioin somewhat different systems, consisting only of pure
ionic surfactant. As these studies have highlightedexistence of the phase transition and

metastable states can lead to hysteresis loops for gsteims in the forealistance curves, as
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for example obtained by AFMWe have calculated the interactions induced by the oveflap
biopolymer + surfactant layers both in HSC and LSC phaseg M§&) = AF(r) —AF(w). The
free energiegiF(r) andAF(«) are calculated according to (10) for each of the two phases, at
plate separations r and at a suitably large distance whekalue ofAF no longer changes
with the gap size. The interaction potential for epleaise, throughout the whole separation
range considered, was obtained irrespective of whethesi the stable or the metastable
state. The variation of the interaction potentialyogit area (in units of (/7/(a0)? ), plotted
against the separation distance (in units of monorerag), is displayed in figure 8, for both
of the phases. In both cases the interactions aréypepilsive as may be expected given the
diblock nature of our model protein. However, it is quit@actbat the magnitude and the
range of the repulsive forces are quite different fertito cases, being distinctly longer
ranged and stronger for the HSC pha&gain, this is not unexpected, since as we have seen
previously (figure 6) in the high surfactant coverage phasediblocks polymer chains
protrude much further into the solution and away from thefates
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Figure 8. Interaction potential per unit area, mediated by the ovefldppolymer + surfactant films, plotted

against the surface separation distance, for laydrstinthe high surfactant (HSC) and low surfactant (LSC)

coverage phases. The dashed part of each curve showsdgbhefaeparatits for which the corresponding
phase is a metastable state.

For each curve in figure 8 we have highlighted the rangalaés of r for which the
corresponding phase is a metastable phase using dashedlmes.an AFM experiment,

done extremely slowly so as to keep the layers at equitibaiuall times, would be expected
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to follow the solid line with an abrupt change occurring gaja size of 28a In practice, and
depending on the height of the energy barrier betweetwth@hases, one expects that the

sudden change would occur at some distance less than tlszgdpr the inward sweep and
at a higher value for the outward one, giving rise to the Ipiisspf hysteresis in the

measured forealistance curves.

We finish this section by cautioning that a more exhaegearch, involving a much larger
number of initial starting guess solutions in our SCEwations, may reveal a larger number
of metastable states and a rougher free energy land$@apthe one found here. In

particular, in future studies, the possibikiffa non-symmetric phase needs to be explored. In
such a case, the adsorbed amount of surfactant on th@ati®s need not necessarily be the
same, with the likelihood that the broken symmetric phraay even become the lower free

energy ground state.

5. Conclusions

Protein and surfactant molecules are invariably found teg@hmany food colloid
formulations. We have argued that, during the competiisgglacement of protein by the
surfactant from the interfaces, the amount of proteithe surface varies slowly, whereas the
kinetics of adsorption/desorption of the surfactamiugh faster. Thus, one may consider the
system as one with a fixed number of macromoleculgding on the interface at any given
time, with the surfactant coverage on this biopolymer laden sgi@ing in equilibrium with
the bulk solution We show, by means of numerical SCF calculations tta¢re there is a
strong degree of incompatibility between the adsorbing pattediiopolymer and the
surfactant molecules, the equilibrium adsorbed amounedfuhfactant shows an abrupt
change as the coverage of the interface by the biogolghains is reduced. This sudden
transition also manifests itself in the adsorptiartherm for the surfactant, where the number
of amphiphilic macromolecules is kept fixed and the bulkastiaiht concentration is varied
instead. Although direct unfavourable interactions betweeteims and certain surfactants,
such as fluorinated surfactants [23], can in principle béneaged, we believe thatmore
common possibility involves protein molecules capable ohiiog reversible bonds amongst

themselves. These bonds need to be sufficiently stropigptiuce a reasonable degree of

26



incompatibility, while still remaining reversible so as tmtrap the structure and hinder the
lateral movement of the chains [17h our previous work using both theoretical calculations
and Brownian dynamics simulations [17, 27] we had shown thébdibgof both bulk and
surface phase separation, resulting from the presermebfreversible bonds between one
set of molecules but not the other, in systems congistia mixture of the two.

We demonstrate that the abrupt change in the amountafedsssurfactant is the result of a
first-order phase transition in the system. Using S&l€utations, we have also been able to
locate the metastable states associated with thistinansind therefore the parts of the van
der Waals loop around the transition point. We find, thaiis expected for a first-order phase
transition, the free energy of the stable and thestable state approach each other as the
surfactant bulk concentration corresponding to the tiansis approachedAt the transition
point, the two free energies become equal and then ealtbitssover. We identify the stable
and the metastable stagessurfactant + macromolecule films having high surfactarfase
coverage (HSC) and low surfactant surface coverage (LS@iyoaations It is shown that

the separation distance itself can act as anotheibpsrameter, capable of inducing the
phase transition. In particular, while in the saméesygshe HSC phase can be the minimum
free energy state when the surfaces are far apart,sar deparations the LSC becomes the
equilibrium state. Once again the transition betweenvbdilm structures occurs abruptly at
a transition gap size. The very different conformatibthe diblocks polymer chains in these
two states produces significantly different steric colloidedraction potentials when two
such adsorbed layers overlap. Depending on the heigi ehergy barrier between the
HSC and LSC phases, and the duration of the experimbysteresis in the force versus
separation distance graph is predicted, much in the sagnasazas been calculated for

certain pure ionic surfactant systems [53, 54].

A possible practical application of the phase transpib@nomenon described in this study is
in the development af ‘smart responsive colloid. In a suitably designed dense colloida
dispersion or emulsion, the occurrence of an int@fdirst-order transition of the type
described here could induassubstantial change in the effective particle voluraetfon or

the state of particle aggregation. This might then leadstadden jumjn the system’s bulk

rheological behaviour, as reflected in the transformdtiom a low-viscosity state to a solid
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gel-like state. Such a sudden jump in macroscopic propedidd therefore be induced by
the addition of a very small amount of extra surfacta the system. Additionally, in a
dispersion containing adsorbed polyelectrolyte, the ep@&ition of the phase transition point
is likely to be highly sensitive to solution thermodynamic Jalga such as temperature or
pH. Hence it is possible to envisage that a small change in tetoperor pH of mixed
surfactant/biopolymer colloidal system, under conditions Iginge to the interfacial phase
transition point, could also trigger a dramatic changesirhitological and textural properties.

This corresponds to the behaviour of an environmentally nssgocolloid.

The current exploratory study has highlighted the ricketsaof behaviour in these types of
biopolymer + surfactant films. Further theoretical stutiiedetermine the behaviour of the
system near the critical point, as well as a fulleryseef the free energy landscape of these
layers, particularly when confined between two surfacesaireimteresting problems for
future research. It would also be useful to study the sgstens using a slightly different
model more amenable to direct analytical calculatigkis.example of such model might be
the one developed by Fainerman et al. [8, 16, 69], whereates ©f the adsorbed protein
chains are represented by a relatively small number oigtoafions, each occupying a
different surface area. ®model was used to study the kinetic and equilibrium progestie
surfactant + protein layers where the association bettheenvo species was synergistic

We suspect that the same model could also be useadipsstuations where the interaction
between the competing surfactant and biopolymer is an wniabie one. Similarly, careful
experimental studiesvolving AFM force measurements, to investigate the possilifity
hysteresis, and Brewster angle microscopy to probehameging structure of the mixed
layers, might provide more direct evidence for the existemnd nature of the phase transition

behaviour predicted for the interfacial films studied here
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