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Abstract

A full comparison of results from binding isotherms and surface tension (ST) mea-
surements on polyelectrolyte (PE)-surfactant (S) mixtures, especially the polymer de-
pendence, shows up clear distinctions between the behaviour of two representative PE—
S systems, poly(sodium styrenesulfonate) (NaPSS) with dodecyltrimethylammonium
bromide (C12TAB) and poly(dimethyl-diallyl-ammonium chloride) (PDMDAAC) with
sodium dodecylsulfate (SDS) in 100 mM NaCl. The surfactant—monomer binding con-
stant in NaPSS—C12TAB is an order of magnitude greater than that in the PDMDAAC-
SDS-NaCl system. This results in the ST behaviour being dominated largely by non—
cooperativity in the former and by cooperativity in the latter. This leads to the ST
in PDMDAAC-SDS-NaCl being at its lowest when the average bound fraction is low,
but increasing rapidly as saturation approaches. A full analysis is also given of how
this is altered in the mixture of PDMDAAC-SDS—NaCl with the nonionic surfactant
hexethylene glycol monododecyl ether. In contrast, the much stronger interaction in
NaPSS—-C15TAB leads to high ST complexes at low bound fractions while the low-
est ST occurs near the maximum bound fraction, close to or at precipitation. In the
PDMDAAC-SDS—NaCl system the ST drops to a low value at low surfactant con-
centrations but then increases to a high value just before precipitation occurs, which,
combined with increasing surface adsorption of free surfactant, results in a sharp ST
peak. In the NaPSS—C12TAB system the ST does not drop until the system is at or
close to precipitation and it then stays on a plateau until the point at which free sur-
factant takes over. Thermodynamics does not allow large step changes in the ST and it
is suggested that where these have been observed they are the result of self-depletion
of PE or PE-S complexes on the finely divided precipitate of the complex and are

therefore not representative of full equilibrium.



Introduction

When an ionic surfactant is added to a solution containing a multicharged electrolyte sur-
face active complexes tend to form at low concentrations by interaction of the surfactant ion
with the oppositely multicharged ion, and this results in a low surface tension (ST) of the
air-water interface. The reaction is driven by electrostatic interactions between the charged
groups, hydrophobic interactions between the surfactant chains, entropic contributions from
the ions and, in the case of a polyelectrolyte, hydrophobic contributions from groups on the
multicharged ion. Examples vary from the interaction of sodium alkylethoxysulfates (SAES)
with AlCl3,! to the interaction of sodium dodecyl sulfate (SDS) with either small amines?
or with cationic polymers such as poly(dimethyldiallyammonium chloride) (PDMDAAC).?
The strong depression of the ST caused by these complexes at low surfactant concentrations
makes them valuable in many surface applications. At higher concentrations of surfactant the
ST behaviour is often complicated by precipitation and further complexation before excess
surfactant causes redissolution back to a single solution whose ST will then be dominated
by the high concentration of surfactant. Precipitation, especially where it involves poly-
electrolytes, may adversely affect equilibration in these systems. Of particular concern has
been the effect of colloid formation in the precipitation step, which can lead to a metastable
suspension instead of redissolution.*?

A quantitative account of the surface behaviour at the air-water interface requires an
understanding of the combined effects of a reacting mixture and phase separation on the
ST. There has been much discussion of the complicated ST behaviour relative to that of
simple surfactant solutions. Buckingham showed that the initial drop in the ST at low con-
centrations can often be accounted for by assuming that the Gibbs equation for the simple
surfactant applies.®” This is result of cancellation of terms involving the stoichiometry of
the polyelectrolyte—surfactant complex (PE-S) in the total coverage and the Gibbs prefac-
tor. Two models for the wider range of ST behaviour have been proposed. The first, by

Bell et al.®? is a simple mass action model that shows how the ST can increase with surfac-



tant concentration over a certain range by preferential solubilization of polymer into micelles.
The second, by Bahramian et al.,'? is a thermodynamic model based on the Butler equation,
which rationalizes the full range of the observed behaviour in terms of a series of fixed points,
whose characteristics are fitted to the data. Both these models assume thermodynamic equi-
libration of the system, the former with only pseudophase (micellar) separation rather than
full phase separation, but the latter includes precipitation. Campbell et al. have focussed on
non-equilibrium aspects of the problem but have recently proposed an equilibrium model for
the peak in the ST for two different types of PE-S mixture, in which the peak is attributed
to the complete precipitation of the polyelectrolyte with the ST being solely determined by
the residual surfactant.!?

Neutron reflection (NR) has separately identified a unexpected range of multilayer struc-
tures adsorbed at the air—water interface, the first of which was for a mixture of polystyrene
sodium sulfonate with dodecyltrimethylammonium bromide (NaPSS-C;,TAB), for which
Taylor et al. discussed at length the question of whether the multilayer (monolayer + bi-
layer) was at equilibrium, but without reaching a definite conclusion other than it was at least
an extremely stable steady state.'? Multilayer structures have since been observed in a wider
range of systems'® including ones not involving polymers or phase transitions, most notably
in multivalent ion-surfactant systems, M™-S, where n denotes the charge.'* 6 These are
simpler systems, often showing a well defined evolution of structure with composition, and
almost certainly at equilibrium. They therefore offer new opportunities for understanding
the more complex PE-S systems. Given the technological value of low ST systems, it is im-
portant to understand both equilibrium and kinetic properties of PE-S systems. However,
since kinetic behaviour can usually only be explained within an underlying thermodynamic
framework, characterization of the equilibrium behaviour is ultimately more important. The
aim of this paper is therefore to establish some rules for assessing equilibration of the air—
water interface in these complex systems, and to use new insight from the simpler M"—S

systems to extend the earlier thermodynamic models of Bahramian et al. and Bell et al.
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Figure 1: Examples of measured surface tension curves of (a) NaPSS-C;;TAB'? and (b)
PDMDAAC-SDS (+ 100 mM NaCl).? Key features are labelled Ty (onset of the initial
fall in ST), Ty (onset of the initial plateau in the ST), Ty (onset of the final ST plateau),
T; (onset of a peak in the ST), and T, (top of the peak in the ST). Ty is off scale for
PDMDAAC-SDS and is not shown. Not all PE-S curves are as clearly defined as the two

shown here.



In principle, the ultimate test of equilibration at the air—water interface is to demonstrate
that the Gibbs equation can be quantitatively fitted to the data. However, this requires more
detail about the surface composition than is normally available. Although NR does offer
some solutions to this problem, it has only so far been applied in relatively simple cases. 7"
The full application of the Gibbs equation to PE-S systems is therefore not a practicable
test, and we have to look for alternatives. We use the M"-S systems to explore the simpler
issues. We then focus particularly on the PDMDAAC-SDS and NaPSS-C,TAB systems
mentioned above, which represent two extremes of behaviour and for which there are sets
of data from a range of different experiments. It is useful to have easy identification of key
parts of the ST curves of these two systems and for this purpose two original examples of
their ST behaviour are shown with points marked Ty, T4, etc. in Figure 1. We discuss other

sets of measurements on the same systems, which differ in greater or lesser respects, in the

body of the paper.

Surface Tension and Complexation

In a simple mixture of two surfactants the surface is often different from the overall bulk
composition and Bahramian et al. have drawn attention to the complications in the surface
behaviour of PE-S systems that may result from this difference.® To discuss the complexes
in PE-S and M"-S systems we use the nomenclature P and M" for the n—valent polyion
and metal ion, and R, S, M and X for polyion monomer, surfactant ion and metal and other
counter ion respectively, when it is necessary to distinguish these terms, but we retain PE—
S for the less well defined polyelectrolyte surfactant complex. Surfactant ions bind to the
polyion individually through electrostatic or entropic interactions. Non—cooperative binding
(N-binding) can be approximately described by a Langmuir isotherm, for which the binding
energy is the same for all sites, whether on the same or different PE molecules. Cooperative
binding (C-binding) is driven mainly by hydrophobic interactions between the surfactant

chains in concert with the electrostatic interactions, and may be assisted or opposed by the



conformational energy of the PE chain and the hydrophobicity of the monomer fragments.
N- and C-binding are combined in an isotherm proposed by Satake and Yang,?° which is

based on the Zimm-Bragg model of the helix—coil transition in DNA?! and is
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where ¢ is the fractional binding, K is the binding constant, c¢; is the concentration of free
surfactant and « is a cooperativity factor. At the limit of no cooperativity a = 1 and
the equation reduces to the Langmuir isotherm. The single cooperative term is not always
adequate to describe the range of cooperativity exhibited by PE-S systems, but here we use
it to make more qualitative distinctions between the two systems, where this inadequacy is
not important.

Several binding curves, with Satake—Yang fits, plotted against free surfactant concentra-
tion are shown for NaPSS-C;5TAB in Figure 2. The data are for 100 ppm NaPSS-C,TAB
in 21 mM NaCl1?? and 1000 ppm PSS-C;,TAB in 10 mM NaCl plotted against [S]/10.232 A
third calculated curve for 100 ppm NaPSS—-C12TAB in 10 mM NaCl (dashed line) is based
on parameters of Hayakawa and Kwak (HK) which they used to fit data that was not shown
in their paper.?? For the data in 21 mM NaCl an optimized fit to the cooperative region of
binding (o = 200) is shown as a continuous line and a dotted line shows a very approximate
fit of the Langmuir isotherm (o = 1) to the binding at higher concentrations. HK showed
that the curves change little in shape as the concentration of NaCl increases but the binding
constant K decreases strongly. Another important feature of the NaPSS—-C;,TAB system
is that the binding curves shift in concentration by a factor proportional to the polymer
concentration.?* This is demonstrated in Figure 2 by the 1000 ppm data of Almgren et al.
which closely fits the 100 ppm curve of HK when the bound fraction is plotted against [S]/10
instead of [S]. Thus, in terms of Eqn (1) the parameter K can be accurately represented by

K'/[R] where [R] is the molar segment concentration. Hansson and Almgren interpreted this
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Figure 2: Experimental and fitted binding curves for NaPSS-C,,TAB as a function of free
surfactant concentration. Experimental data are shown for 100 ppm NaPSS in 20 mM NaCl
(from Hayakawa and Kwak (HK)??) and 1000 NaPSS in 10 mM NaCl plotted against [S]/10
(from Almgren et al. (HA)??). Fits are shown for different parameters in the Satake-Yang
equation. A calculated curve is shown for 100 ppm NaPSS in 10 mM NaCl using parameters
from HK. The free surfactant concentration at T; (see Figure 1) for NaPSS-C;,TAB as
determined from Figure 6 is shown as a vertical line with the shaded area indicating the

error.



as resulting from initial N-binding of individual surfactant molecules, which has to reach
a threshold bound fraction before C-binding to give attached micelles can begin. At 100
ppm NaPSS ([R] of 0.048 mM) the onset of cooperativity is at about 0.005 mM, i.e. about
10% of the NaPSS charged sites must be occupied before C-binding starts. In Figure 2 we
also show the estimated free surfactant concentration at T, determined as described below,
which marks the onset of the ST plateau. This shows that neither the initial N-binding of
surfactant nor most of the C-binding range leads to species that lower the ST in this system,

a feature that had previously been clearly identified by Monteux et al.?’
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Figure 3: Experimental and fitted binding curves for 100 ppm PMDAAC-SDS in 0.1 M
NaCl (data from Nizri et al.?®) as a function of free surfactant concentration. The calculated
binding curves use Eqn (1). The free surfactant concentrations at T3 for PDMDAAC-SDS-
NaCl(100 mM) as determined from Figure 6 are shown as vertical lines with the shaded area
indicating the error.

Figure 3 shows the binding curve for our other main example, PDMDAAC-SDS in 100
mM NaCl.2?¢ The main part of the curve shows moderate cooperativity. The striking feature
is that it is now the initial binding region that leads to a low ST so that, although the binding

constant is an order of magnitude weaker than for NaPSS—C1,TAB, the onset of the low ST



plateau in the two systems is at about the same surfactant concentration. The variation
of this isotherm with polymer concentration in 100 mM NaCl has not been studied but, in
contrast to the binding in NaPSS—C;>,TAB at low concentrations, the binding in PDMDAAC-
SDS (in 1 mM NaCl, i.e. very little electrolyte) is independent of polymer concentration
over the range 100-400 ppm and is more cooperative than in 100 mM NaCl.252® Indirect
information on the effect of polymer concentration in 100 mM NaCl comes from the ST
curves shown in Figure 5(b). Thus, at an ST of about 42 mN m™' the curves at four
different polymer concentrations pass through a point where they all have the same ST at
the same overall surfactant concentration. This requires that the bound fraction at that
concentration does not change with polymer concentration, which is again only compatible
with C-binding. Furthermore, since the constant ST at this point is low these C—bound

complexes are strongly surface active.

a) C-binding lT (b) N-binding

bulk solution

Figure 4: Schematic diagrams of different types of binding in PE-S complexes in the bulk
and at surfaces. The terms C— and N-binding are explained in the text.

It is helpful to assess how N— and C-binding might influence the surfac tension. Figure

4 gives a schematic sketch of possible complexes in bulk and at the surface. The simple
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structures shown suggest that N-binding is generally more likely to favour lowr STs because
the surfactant molecules (S) can attach to the PE in a way that favours the hydrophobicity
of the S chains while allowing the complex to extend at the surface. C—binding, on the other
hand, favours bulk complexes because it shields the S chains from water by the formation
of aggregates. However, the opposite seems to be occurring in our two main examples. At
low S/PE ratios a uniform distribution of S on the segments in NaPSS—C1,TAB is driven by
a large binding constant,? which controls the individual interaction of S with PE binding
sites. However at low [S] the complexes contain too little S to lower the ST significantly, even
though adsorption is favoured by the N—binding. For PDMDAAC-SDS the C-binding that
causes high stoichiometry complexes to be formed in preference to a uniform distribution
of S amongst the PE molecules is helped by the weaker individual interactions of S with
PE binding sites, i.e. by the lower K.?? The Gibbs equation, however, shows that the ST
behaviour is driven not just by an intrinsically low ST of the complete layer but also by a
high concentration of the surface active complex in the bulk solution. C-binding can result
in a significant concentration of complexes with a high enough S—PE ratio to be surface
active. These then have the potential to lower the ST if they can rearrange themselves at
the surface. A possible rearrangement is illustrated schematically in Figure 4(a). To show
how it can occur we use a thermodynamic device of Thomson. 3

The formation of a complex in the bulk solution can be written in terms of R and S by
R +nS S RS, (2)

and it is governed by an equilibrium constant K, where RT In K,, = —AG, where AGy
includes all the bulk free energy terms from the Satake—Yang equation, but no surface terms.

We then define a different equilibrium constant K7 by

Ky _
RT In ot (A (ao) + AP (3)

n
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where a is the molecular area, o is the surface tension, [ is a measure of cooperative binding
energy, and A represents changes between bulk solution and surface. Although this concept
of the surface region has not been defined in the framework of the Gibbs formulation, it has
sufficient validity for the semi—quantitative explanation of differences between surface and
bulk compositions. Thus, a negative value of A (ao) for a complex of given stoichiometry will
shift K7 in favour of that complex at the surface. Per surfactant the maximum estimated
effect on the surface energy is an increase of an order of magnitude in K?/K,, (based on
a = 40A% and o = 45 mN m~!). This is large enough to cause a low ST even when the
adsorbed complex is only present at low concentration in the bulk solution. If C-binding is
strong enough for a complex with high surfactant stoichiometry to be present at significant
concentration in the bulk solution, adsorption then only requires a small gain in surface
energy. Thus, in Figure 4(a), although C-binding energy is lost (positive Af) on moving
from bulk to surface a relatively small gain in surface energy is sufficient to offset this loss
and ensure a low ST. This is evidently the situation for PDMDAAC-SDS at a low average
bound fraction.

The ST behaviour of PE-S systems is measured as a function of total surfactant, whereas
the binding curves are measured in terms of the free surfactant in the system. The free
surfactant concentration for the approximate onset of the low ST plateau in Figures 2 and
3 was extracted from the variation of ST with polymer concentration by using the ST plots
at different polymer concentrations shown in Figure 5. Certain features are well defined
and vary systematically with polymer concentration, e.g. Ty for NaPSS—-C;,TAB, and T3
for PDMDAAC-SDS, for the reasons given above. Since the ST depends on the monomer
activity (approximately monomer concentration) it is reasonable to assume that for such
features the free monomer concentration is approximately the same at corresponding points

in the curves for different polymer concentrations. We can then write
cr = a[R] + ¢ (4)
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Figure 5: The surface tensions (a) NaPSS-C;3TAB and (b) PDMDAAC-SDS in 0.1 M NaCl
mixtures at different polymer concentrations. The data are redrawn from (a) Taylor et al'?
and (b) Staples et al.® The lines drawn through the initial drop in ST in (a) are fits to the
initial ST by Bahramian et al,'® but are primarily there to guide the eye.
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Figure 6: Determination of the free surfactant concentration using Eqn (4) and data for
the variation of Ty of NaPSS-C15TAB' and T5 of PDMDAAC-SDS + 100 mM NaCl? at
different polymer concentrations.

where cr is the concentration of any feature that is the same for solutions of different amounts
of polymer, [R] is the polymer monomer concentration and ¢y is the free surfactant concen-
tration. Figure 6 shows the use of this equation to determine the concentration of free
surfactant at the onset of the surface plateau, Ty, for NaPSS-C1,TAB'2 and at the onset of
the sharp rise in ST, T3, for PDMDAAC-SDS.? The value of the free surfactant at each of
these points is determined using the extrapolations shown in Figure 6 and Eqn (4), and was
found to be 0.064£0.05 mM and 0.035+0.05 mM for NaPSS-C1,TAB and PDMDAAC-SDS
respectively. These values locate these particular ST features on the binding curves and they
are shown as lines in Figures 2 and 3 with a shaded region representing the error.

An independent comparison of the bound fraction with the onset of the low ST plateau,

which does not require the assumption above, is to use the experimental binding curve to
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Figure 7: Experimental binding curves as a function of total surfactant concentration for
(a) 20 ppm NaPSS-C2TAB (binding data scaled from Hayakawa and Kwak data at 21 mM
NaCl1??) and (b) 10 ppm PMDAAC-SDS in 0.1 M NaCl (binding data from Nizri et al.?%).
The shaded regions mark part of the precipitation region as determined for PDMDAAC-
SDS by Staples et al.?® and Varga and Campbell'! and for NaPSS-C;,TAB by Hansson and
Almgren.?* Vertical dashed lines mark the the theoretical charge equivalence point.
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convert the bound fraction into a function of the total surfactant given by

Ctotal = Cfree T Qb X [R] (5)

where ¢ is again the bound fraction and [R] is the molar monomer concentration. The
results can then be compared more directly to the observed ST plots and they are shown in
Figure 7. The application of Eqn (5) is straightforward for PDMDAAC-SDS because the
binding isotherm is independent of polymer concentration, as already discussed. It is less
straightforward for NaPSS—C15,TAB because the lowest concentration published data are for
100 ppm NaPSS and 21 mM NaCl and the binding curves are known to depend on both
electrolyte concentration?? and polymer concentration.?* Hansson and Almgren showed that
the binding constant is inversely proportional to [P], and Hayakawa and Kwak (HK) found
a good linear log[NaCl] — log[1/ K] extrapolation to experimental data down to 6 mM NaCl.
We have used these two results to scale the 100 ppm 21 mM NaCl HK data to 20 ppm and 1
mM NaCl to give the plot shown in Figure 7(a). The comparison of the binding curves with
the scaled ST and onset of precipitation on the same total surfactant scale confirms that the
range of low ST is similar, even though the binding constants in the two systems differ by
an order of magnitude. This is a result of the opposite changes in the surface activity of
the two complexes. Precipitation is associated with approximate saturation of the two PE
by surfactant, as would be expected. We have used the onset of precipitation obtained by
Hansson and Almgren?* but we note that this has recently been challenged by Varga and

1'' and we discuss this disagreement further below.

Campbel

The overall ST behaviour can now be summarized in terms of the binding curves. NaPSS—
C12TAB shows N-binding at average bound fractions less than about 0.1 but the low bound
fraction is not enough to induce a low ST. The binding then becomes cooperative as indi-

cated by the binding isotherms, but only over a limited range that falls well short of complete

occupation of all the binding sites. This suggests that the cooperativity in this range results
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in micelles distributed relatively uniformly between the available PE molecules. Thus, either
the bound fraction is again too low for surface activity or the mechanism of Eqn 3 is insuf-
ficient to make the complex surface active. The second N-binding region is reached at not
a very high average bound fraction. Almgren et al. suggested that this was probably due
to neutralization of polyion charges when the chain wraps around the micelles. Repulsion
between partially charged micelles would then cause the chain to becomes more extended,
as required for a low ST. Regardless of the mechanism of loss of cooperativity, full surface
activity will not occur until the chain is both reasonably extended and almost saturated with
surfactant. In PDMDAAC-SDS-100 mM NaCl C-binding dominates the initial adsorption.
At the most cooperative limit, C—binding produces a small number of complexes with a high
S content at low average bound fractions, which have the potential to lower the ST via the
mechanism of Eqn 3 as described above. However, as C—binding becomes more extensive
it will eventually produce 3—-D complexes that are not at all surface active. As surfactant
binding approaches saturation, the small number of surface active complexes of lower sur-
factant content that maintain the ST at a low level, are eventually lost. If the threshold
concentration of surface active complexes required for a low ST is low the transition from
low to high surface tension will start to occur approximately when all but the small con-
centration of surface active complexes required to maintain a low ST, are nearly saturated.
The concentration range over which this loss of surface activity occurs will then be about
the same as that required for the initial drop in ST approaching T, which is about 0.045
mM. The corresponding loss of surface activity then occurs from about 0.06 to just above
0.1 mM for the 10 ppm sample, which is easily observed on a log scale. However, at 100
ppm where the transition occurs at about 0.6 mM the width of the transition on a log scale
is reduced by 1/10th and it appears to be very sharp. This is probably an artefact of the
measurements, all of which have been made in terms of log(concentration).

None of the above mentions precipitation and most of the processes above precede precip-

itation. In principle, precipitation is thermodynamically a separate process from the surface
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behaviour in that the activities, and hence the surface activities, of the components are not
expected to change at phase separation. However, precipitation may interfere with any ex-
perimental measurement on the surface. We consider the possible effects of precipitation in

the next two sections.

Precipitation and Low Solubility
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Figure 8: Solubility diagram for dilute mixtures of calcium chloride and a commercial linear
sodium dodecyl benzene sulfonate, redrawn from Chou and Bae.?' The line through the
experimental points is not a quantitative fit.

We have recently drawn attention to the similarity in the multilayer structures exhibited
by PE-S and M"-S systems,!® which suggests that studies of the simpler M"-S systems
might give useful insight into the layering in PE-S systems. The basic solubility pattern
for both systems can be represented by the example of the experimental phase diagram for
the addition of CaCly to a commercial linear sodium dodecyl benzene sulfonate surfactant
(NaDBS) in aqueous solution,3! which is shown in Figure 8. The solubility boundary is
the line on the left hand side of the Figure and is determined by the value of the solubility

product. Addition of surfactant to the right of the solubility line initially causes further
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precipitation of M"S,,, but when its CMC is reached M" ions will start to be incorporated
into the M!S micelles. To maintain equilibrium then requires redissolution of some of the
M"S,, precipitate. It is not easy to determine the onset of redissolution except that it must
lie between a lower limit equal to the mixed CMC and a higher limit equal to the amount of
surfactant required to precipitate all the M™ present as M"S,,. These limits are represented
by dashed lines in the Figure. The precipitate continues to be solubilized until the system
becomes a micellar phase at the redissolution line on the right of the Figure. Although the
phase diagram of Figure 8 gives little information about the mechanism of the changeover
between precipitation and redissolution, the region between the precipitation and redissolu-
tion curves is clearly a two phase region where the activity of the precipitated M"S,,, and
hence the solution activity, is approximately constant. The redissolution line is an approx-
imate measure of the solubilization ratio (effectively the ratio of the total concentration of
M!S to the initial concentration of M"X,,). There may also be micelles present in part of
the two phase region and they are present in the final solution. The line through the ex-
perimental points of the redissolution line in Figure 8 is just a guide to the eye but, for
the simple case described and in dilute conditions, both arms of the plot can be calculated
when activity coefficients, values of the association constants of the two ions to the micelles
and the precipitate, and the effect of the added electrolyte on the CMC are included. 31735
When further surfactant is added beyond complete redissolution the M™ ion continues to be
solubilized into the micelles, which reduces its activity in the solution until the micelles are
saturated. There are a number of further possible complications in M"-S systems but for
our present purposes most of these are unimportant. However, we mention that the same
failure to reach equilibrium by the formation of a colloidal suspension as is commonly found
in PE-S systems sometimes occurs. This manifests itself experimentally as a horizontal line
intersecting the redissolution line at a threshold M"X,, concentration.*

It is relatively easy to assess the ST behaviour corresponding to a typical measurement

along a horizontal cut through the phase diagram. First, since surfactants with multivalent

19



ions are more surface active than those with monovalent ions, the initial addition of surfactant
lowers the ST progressively and this part should be quantitatively explained by the Gibbs
equation. Secondly, at concentrations of S above the precipitation line the bulk concentration
and hence the ST of the surface active component M™S,, will be approximately constant. In
practice, since the activity coefficients change on further addition of surfactant the ST may
slightly increase or decrease slightly in this region. For a nonionic compound, the slope of
the ST—In [S] plot can change at the point of precipitation but there is no step change in the
ST. This is because, the chemical potentials for the solute are the same in the precipitate,

the saturated solution and the surface layer,3° i.e.

g = Jlg = [1g (6)

where p/g, @ and p denote the chemical potentials of nonionic surfactant S in the bounding
bulk phases (" and ”) and the interfacial region (7). Note that u” here is as defined in
the Gibbs convention, for which Eqn (6) holds for a plane surface at equilibrium. The
relation does not hold for non-planar interfaces where p” then partly depends on the chemical

potentials of the bounding phases.®” Since the Gibbs equation at constant temperature is

dy = —Tsdps (7)

where I'g is the surface excess of S, Eqn (6) requires there to be no step change in the ST at
a phase transition for a nonionic surfactant. The same set of equations will hold to a good
approximation for an M"—S system but the equilibrium between precipitate and solution
now requires the mean activity of the components of the precipitate not to change across the
phase transition. If the solution consists of pure M"S,, the same mean activity applies to the
adsorbed layer and Eqns (6) and (7) again hold. This will generally be a good approximation
for M"-S systems.

Two examples of the ST behaviour are shown in Figure 9 for AICl3 with (a) sodium
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Figure 9: The variation of the surface tension of (a) SLE,S (SC12E2S) and (b) SCioE2S as
the concentration of sodium surfactant is varied at different fixed AICI3 concentrations. The
vertical lines in (a) mark the boundaries of the two phase region defined in Figure 8. The

filled in points in (a) indicate solutions that are visibly turbid. Data redrawn from Xu et
al.!
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dodecyldiethyleneglycol sulphate (SCi2E5S), where there is phase separation, and with (b)
SC10E2S, where there is no phase separation at comparable AlCls concentrations.! That
the two breaks at either end of the approximate plateau in (a) are associated with phase
separation is confirmed approximately by the visual turbidity. There is no step change in
the ST at phase separation at either break, as expected, there is a slight upward slope in
the ST plateau, and the greater width of the plateau indicates that the ST is slightly more
sensitive than turbidity measurements to the phase separation. The first break is the onset of
precipitation and the second is the completion of redissolution. There is no turbidity and no
indication of an ST plateau for the more soluble SC1¢E5S, which is consistent with no phase
separation, although precipitation and the plateau do occur at higher starting concentrations
of AICl;. Small angle neutron scattering (SANS) also confirms that both these systems are
micellar at higher surfactant concentrations,'® i.e. they do not form non—equilibrium colloidal
dispersions in the redissolved region. A striking feature of this comparison is that the overall
magnitude and direction of the ST changes is the same whether or not there is precipitation.
The phase change does not alter the underlying ST behaviour except that smooth changes
become sharp ones at the two phase boundaries.

The precipitation of a simple non—ionic solid would give a horizontal plateau above the
first precipitation step because the system is invariant. Thus the phase rule for a system

containing only plane surfaces is®”

w=2+(c=r)=p—(d—s) (8)

where w is the number of degrees of freedom, ¢ the number of components connected by r
chemical reactions, p the number of bulk phases, ¢ the number of surface phases and s the
number of distinct surfaces. This becomes the same as the normal phase rule when there
is only one surface phase per surface. For a non—ionic solid at saturation in water with a

nitrogen atmosphere, i.e. 3 components and 3 phases, w = 2 and if T" and P are fixed the
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system is invariant, i.e. the concentration and hence the ST are fixed. In M"-S systems +
nitrogen there are 5 independent components. In the plateau region w is therefore 4 and,
since T, P and the M" concentration are fixed the system is univariant, i.e. the ST can
vary with surfactant concentration and is not restricted to a plateau. In the AlCl3—SCioEoS
system the solubility of AlS3 will be relatively insensitive to added surfactant and the ST is

therefore close to a horizontal plateau.
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Figure 10: Limiting surface tension at saturation (or equilibrium spreading pressure) and
bulk solubilities of n-alkanols. The ST data are taken from from Deo et al.?® and Prigogine
and Defay3” and the solubility is based on an empirical equation.?® The ST of water is shown
for comparison as a dashed line

PE-S systems differ from M"-S systems in that the precipitate is much less soluble
when it occurs and because the equilibria are more complicated. Both have potentially
important consequences. We address the low solubility first. At charge equivalence a PE-S
system stoichiometrically is a mixture of the neutral polymer salt, which we write as PS, and
electrolyte MX, and Piculell has shown that several of these salts are virtually insoluble.*°
The way surface activity and low solubility interact is well illustrated by the extensive work

that has been done on low solubility systems, particularly on the longer chain n—alkanols.
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The alkanols are surface active and their adsorption results in an ST that increases slowly
with chainlength, while their solubilities simultaneously rapidly decrease. The combination
of these two effects leads to the ST of their saturated solutions remaining reasonably low
regardless of chainlength, as can be seen in Figure 10 where they are plotted against the log of
the limiting solubility in water for Cg to Cos. Thus the compounds remain moderately surface
active up to and including the Cy, alkanol, whose solubility is 2.8 x 1071 M (extrapolated
value®?). The thermodynamic definition of the solubility of a solid is via its solubility or
solubility product. This is never zero and for substances that are amphiphilic the decrease
in solubility with increasing chainlength often has little effect on their surface activity at
saturation, as shown by Figure 10. Low solubility on its own does not affect the limiting ST
at saturation.

The low solubilities of the higher alkanols do, however, lead to substantial difficulties
with surface equilibration, mainly associated with depletion. The problems in the case of
hexadecanol have been examined systematically by Park et al.#! They used a trough and
Wilhelmy plate to measure the equilibrium spreading pressure (ESP) for spread monolayers,
and both bubble and pendant drop tensiometers to measure the limiting ST of layers formed
by diffusion upwards and downwards respectively, and to study the rate and mechanism
of equilibration with the surface. They used suspensions of hexadecanol of varying parti-
cle size and compared these with a sample filtered with a 0.02 gym pore membrane. The
definitive experimental determination of the ST was made via spreading of a monolayer and
determination of the equilibrium spreading pressure (ESP), using ST = ST\ter—ESP, which
has long been known to be the only reliable method for sparingly soluble componds. 4243
The ST results on the diffusing systems could be well modelled in terms of a homogeneous
distribution of particles acting as the primary sources of monomer adsorbate in a situation
characterized by the depth of saturated solution required to generate a complete monolayer

and the thickness of suspension required to generate a complete monolayer. The parameters

required for the fit showed that an equilibrium ST (by direct measurement) could not be
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achieved in the absence of a dispersion of solid particles. They also observed that gravity
increased the rate of equilibration in the bubble measurements but hindered it in the pen-
dant drop, which was attributed to the effects of gravity on the hexadecanol particles with

hexadecanol being less dense than water.
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Figure 11: Values of the ST obtained from approximate equilibrium spreading pressures
(ESP) for NaPSS-C,, TAB mixtures and a direct measurement of the plateau ST for NaPSS—
C12TAB. ESP data are from Lee et al.** and Campbell et al.*> (C;,TAB). Polymer ST data

are from Varga and Campbell'! and Taylor et al.!?

The alkanols demonstrate clearly that there are likely to be serious difficulties in mea-
suring the true ST for PE-S systems when precipitation is extensive. The determination
of the limiting ST using spreading methods has not been used explicitly for PE-S systems.
However, two spreading experiments have been performed on NaPSS—-C, TAB systems and
give interesting and relevant results. Lee et al. measured the spreading of monolayers of the
precipitated complex from NaPSS-CsTAB, NaPSS—-C1,TAB and NaPSS—-C;3TAB. All three
spread spontaneously on water starting with complexes of composition RS5. Excess surfac-
tant dissolved in the subphase to give a final surface composition of RS;5,% measured ex

situ. Campbell et al. later made a similar study of NaPSS—C,TAB. Here the initial complex
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was precipitate taken from concentrated residue slightly above charge neutral precipitation
and in situ NR showed that the spreading complex was RS;.4% The approximate equilibrium
spreading pressures (ESP) of these PE-S complexes with different surfactant chainlengths
show that they are all surface active, as can be seen in Figure 11, where they are plotted
as the ST. The collapse pressure was measured rather than the ESP but, as discussed by
Smith and Berg,*6 the onset of collapse of a spread monolayer under pressure is a good ap-
proximation for the ESP. Also included in the diagram is the average ST of the long plateau
for NaPSS-C 5, TAB measured directly by Taylor et al.,'? which is in good agreement with
the ST from the ESP of the complex used by Campbell et al. and with the trend in Figure
11. However, the ESP of the complex used by Campbell et al. disagrees with Varga and
Campbell’s own direct measurement of 54 mN m~!, which is also plotted in the figure. We
discuss this result further below.

The other important feature to consider is how the thermodynamic restrictions of Eqn (6)
are relaxed by the more complex equilibria in a PE-S system. The equilibria at precipitation
can be represented by

RS Xi_m S R+ mS + (1 — m)X 9)
RS, S R +nS (10)

where m and n are the stoichiometries of the adsorbed layer and the bulk solution /precipitated
complex respectively. The mean activity of the precipitated species must be the same in so-
lution and precipitate at the phase transition but if m # n the mean activity of the adsorbed
layer may change at the transition. In general, the stoichiometry of the precipitate is close
to 1 and that of the adsorbed layer slightly lower than 1 and the effect should therefore
be small. The conditions of Eqn (6) and (7) clearly hold closely for the example given in
Figure 9 but more care may be needed in applying them to PE-S systems. In the positions
drawn for precipitation in Figure 7 there are no step changes in the ST, as expected from

the above argument, although there are large changes in the slopes on either side. However,
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the positions of the phase changes may not be sufficiently accurately known to make the
comparison and, as already mentioned, there is disagreement about the phase change in

NaPSS-C1,TAB, which is discussed in a later section.

Equilibration

There are two mechanisms that may prevent equilibrium being established at the surface of
PE-S systems. One is the slow chain dynamics of the polymer chain and the other is that
precipitation may lead to a colloid. There has been little exploration of the first in PE-
S systems but considerable attention has been given to the second, which also occurs less
frequently in M"—S systems. The presence of colloidal particles must in principle interfere
with equilibration at the surface because colloids are inherently non-equilibrium particles.
The concept of using equilibrium principles to discuss the surface of a colloidal solution raises
some interesting questions that do not seem to have been addressed.

Colloidal particles are not surface active unless there is some asymmetry in their charge or
hydrophobicity and they therefore do not generally adsorb at the air—-water interface. They
also diffuse very slowly in comparison with molecular species and, even if they are weakly
attracted to the surface, do not compete for adsorption with surface active molecular species.
For the purposes of the following discussion, we assume that both these conditions hold and
that colloidal particles of complex precipitate are formed on mixing. In the two phase
region what is required for solution and surface equilibrium is the presence of a sufficient
fraction of normal precipitate to ensure that the solution is saturated. Since the colloid is
generated by random mixing and the solubility is low enough for little normal precipitate
to be required for saturation, it would be unusual for the solution not to be saturated,
and hence true surface equilibrium achieved. In the one phase region the solution may
contain some colloidal particles as a result of inhomogeneous mixing. Depending on the
stoichiometry of the particles the solution will gradually change to a new and unknown

composition as the particles dissolve. Because the precipitate will be not be very different
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from the stoichiometry of the normal complex the result will be a solution with a slightly
different S-PE ratio, i.e. the surface will be slightly different from the true equilibrium
expected for the nominal composition. Unless the majority of the complex is in colloidal
form, neither of these situations will interfere significantly with NR or ST measurements
except to introduce some additional inaccuracy, i.e. these measurements are not strongly
affected. However, the bulk physical properties may be more strongly affected depending
on how they respond to colloidal particles. For example, turbidity measurements might be
strongly affected.

A defining feature of colloidal particles is that they are significantly less than 1 pm in
diameter. A colloid therefore has a high internal area. For example, the colloidal particles
in 1L of solution containing 100 ppm NaPSS and forming a nearly complete precipitate with
C12TAB of stoichiometry about RS have a total mass of about 0.25 g. For spherical particles
at the maximum size to count as colloidal, i.e. a diameter of 1 um, the resulting surface
area is 1.5 m?. However, given the rapid formation of these particles and the involvement of
polymers the diameters are more likely to be in the hundreds of A with non-spherical shapes,
which could further increase the area. For 200 A spherical particles, for example, the total
internal surface area of the same amount of sample increases to 75 m? (the internal area scales
as 1/r). The surface active species maintaining the low ST is typically also of stoichiometry
RS and would probably adsorb as a monolayer with an area per unit of about 50 A. The
complete coverage of the colloidal surface would then require 2.5 x 10~* moles of RS or half
the total amount of RS in the system. If we assume that the colloid is only formed from
50% of the initial material half the RS becomes colloidal particles and half of the remainder
is lost in adsorption on the colloidal surface, leaving a final solution concentration 25% of
the original. This is a metastable equilibrium but it is not the full equilibrium appropriate
to the nominal concentration and there is the more serious possibility that one component is
preferentially adsorbed. Although the above is an approximate calculation and the system

could, to some extent, readjust, it indicates that depletion effects in these system must be

28



taken seriously. Interestingly, the reverse problem occurs in the determination of adsorption
isotherms at the solid-liquid interfaces, in which depletion of the solute is the method of
choice for measurement and the objective is then to make the surface area of the adsorbent
as high as possible. For example, Gispert et al. used alumina powder with a total surface
area of 3 m? in 10 mL of a protein solution to study the adsorption of serum albumin, a
similar condition to that generated by a PE-S system in the two phase region, but designed
to obtain a significant adsorbed fraction.*”

Colloidal precipitation in any system will nearly always result in a high area non-equilibrium
surface. If this surface also adsorbs, it will compete with the air—water interface. In PE-S
systems, since adsorption of a complex is likely to be comparably strong at air-water and
at colloid—water interfaces and, since the area of the colloidal surface is orders of magni-
tude greater than the geometrically defined air-water interface, adsorption at the colloid—
solution interface can potentially overwhelm any air-water measurement. The effect cannot
be avoided by changing the sample size because it is an internal surface and is not affected
by sample size. However it is dependent on the extent of precipitation and should therefore
be small except in the two phase region, where it will reach a maximum when precipitation
is a maximum. Colloidal dispersions are often metastable and are vulnerable to mechanical
disturbance because it brings non—equilibrium particles into contact either with each other
or with containing surfaces. For example, Marangoni effects would surely break a PE-S
colloidal particle into its constituent fragments upon any collision of such a particle with any
interface. The conclusion is that the more a two phase PE-S sample is disturbed the closer
it, and especially its air—water interface, will be to equilibrium. The corollary is that with
minimum disturbance the air-water interface is more likely to be prevented from reaching

equilibrium by competitive adsorption at the colloid—water interface.
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Figure 12: Values of the adsorbed amounts of SDS and DMDAAC segments determined by
NR at a PDMDAAC concentration of 10 ppm. The segment surface excesses are calculated
from the volume fraction and thickness of polymer in the adsorbed layer given by Staples
et al.,® using an segment volume of 260 A® estimated from the bulk density of PDMDAAC.
The ST behaviour (dotted line) is shown on an arbitrary scale for comparison.

Mixing and Surface Tension

In a PE-S system with only a single surfactant the issue of surface mixing arises if there
is a crossing point of the ST curves of two surface active groups of species, usually a PE-S
complex and the surfactant at higher concentration. The surface phases of each of these
states are expected to be miscible since they are relatively similar. The ST of the surfactant
at high concentration will generally be close to that of the free surfactant but, in some cases
there is polymer adsorption and this will lead to a small additional reduction in the ST. This
can be observed either indirectly from the ST at high surfactant concentrations or directly
with NR. For example, for PDMDAAC-SDS (100 mM NaCl) Figure 5(b) shows that above
the CMC of SDS the ST in the presence of polymer decreases by about 1 mN m~!, which

by the Gibbs equation means that some polymer is adsorbed. This is supported in more
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detail by NR results. Figure 12 illustrates the change. The surface excess of polymer can
be determined by matching the SDS to the solvent, i.e. making them both deuterated, so
that the reflected signal is entirely from the polymer at the surface. Although the accuracy
is lower than that with which the surface excess of SDS can be determined, it is sufficient to
show what is occurring in this system. The adsorbed complex below T3 has the approximate
stoichiometry RsS, indicating that only about half the segment charges can be neutralized by
surfactant, as shown schematically at the top of Figure 12. There is a dip in the coverage of
both polymer and surfactant at the ST peak, but then the higher concentration of surfactant
lowers the free energy of the normal free surfactant surface so that it can form a more stable
mixed monolayer with the RyS. The decrease brought about by the extra favourable free
energy of mixing of two systems of approximately equal surface activity then creates a stable
layer with equal amounts of each component, i.e. a 1:1 or R;S; layer in total, as observed
by NR. This presence of polymer below, at, and above the ST peak was the key result
that caused Staples et al. to argue that depletion by precipitation was not responsible for
the presence of the ST peak. This measurement also directly contradicts the conclusion of
Varga and Campbell that all the polymer is lost by precipitation, which we discuss further
below.

The more interesting type of mixing in these systems occurs when surfactant mixtures
are used to change the mean properties of the surfactant. Thus mixtures of charged and
uncharged surfactant can be used to change the cooperative component of the binding and
hence to tune the ST behaviour. Anionic SDS and the nonionic Ci5Eg interact synergistically
and the ST of this mixture with PDMDAAC and PEI has been studied in some detail.*® 50
The synergy between the two surfactants is partly distorted by the large difference in the
CMCs of the two surfactants, 8 mM for SDS and 0.07 mM for Ci3Eg, but these change to
1.3 mM and 0.07 mM in 100 mM NaCl.

A selection of features in the ST of PDMDAAC-SDS-C;3E¢ systems in 100 mM NaCl is

shown in Figure 13.°! Figure 13 (a) shows the results for a fixed PDMDAAC composition
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Figure 13: Surface tension of PDMDAAC-SDS-C13E¢—100mM NaCl mixtures (a) 20 ppm
PDMDAAC and different surfactant compositions (dashed lines show the surfactant in the
absence of PDMDAAC at 100% SDS and 80% SDS, (b) 10, 20, 50 and 80 ppm PDMDAAC
and a constant ratio of 80:20 SDS:Ci3Eg, (c) the same as (a) but over a limited linear
concentration range. Data redrawn from Staples et al.5!
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of 20 ppm and a sequence of SDS:Ci3Eg ratios, Figure 13(b) shows the results for four
PDMDAAC concentrations with pure SDS and with 80:20 SDS:C;5Es, and Figure 13(c)
replots the results from (a) on a linear concentration scale. Although complicated by the
extra variable of the surfactant composition, the results follow a pattern of peak position
and intensity that seems too systematic for anything other than equilibrium behaviour. In
this context, it is interesting that, although this is the largest set of ST peaks reported in
the literature, it has not yet been included as part of any discussion that couples ST peaks
with the question of equilibration.

There are a number of interesting features in Figure 13, (i) the ST peaks are substantially
reduced by the introduction of a relatively small proportion of nonionic surfactant, (ii) the
peaks are displaced towards higher total surfactant concentration with increasing Ci2Eg, (iii)
the ST has a stronger polymer concentration dependence below Ty than for 100% SDS, (iv)
the limiting ST of the mixtures at Tj is lower by about 4 mN m™' compared with 100%
SDS, and (v) the linear plots emphasize that the apparent sharpness of the ST peaks results
in part from the use of a log(total surfactant) scale. Features (i), (ii) and (iii) are consistent
with an enhancement of the stability of adsorbed complexes by CisEg. The presence of
uncharged surfactant molecules in the outer part of the layer would allow a more relaxed
chain conformation and hence a more stable layer in the region where the complex is surface
active. As C—binding becomes more dominant with higher fractional binding it is less obvious
what the effect of the nonionic surfactant might be. The calculations below suggest that
nonionic surfactant is increasingly squeezed out of the complex and hence has little impact
on its surface activity. However, the greater surface activity of the mixture means that the
ST is dominated by free surfactant at lower bulk concentrations.

The measurements of composition by NR on the same system are shown in Figure 14
and have a further set of interesting features, (i) the total adsorption (not shown) below T4
is enhanced by about 20% when Cy3Eg is present, (ii) at the lowest measurement below T

about 30% of the layer for the 80:20 composition is nonionic surfactant, (iii) the fraction of
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Figure 14: Adsorbed fractions of SDS and Ci5Eg, as determined by NR, for 20 ppm PDM-
DAAC with different total concentrations of SDS and Ci3Eq and with SDS:C,5Eg ratios of
80:20 and 40:60, all in 100 mM NaCl. The ST variation is shown for 20 ppm PDMDAAC
for each of the two compositions. Data replotted from Staples et al.®!

nonionic surfactant in the layer increases steadily and substantially from a point below Tj
to a point above the ST peak, (iv) the amount of polymer (not shown) in the layer below
T} is significantly less than for just SDS on its own, and (v) there is very little polymer at
the surface above Ty, unlike SDS on its own.

The lowest concentration for which there are NR results is too low for significant adsorp-
tion of free nonionic surfactant and the surface should therefore be dominated by adsorption
of surface active complexes. This can be quantitatively analysed using the pseudophase ap-
proximation, for which the treatment is the same for adsorbed layers, CMCs or CACs. For
a two component mixed layer the approximation gives the concentration at a fixed ST, ¢/
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Figure 15: Fit of the pseudophase mixing model to (a) the total surfactant concentration
at an ST of 48 mN m~! of 20 ppm PDMDAAC at different SDS:C5,E¢ compositions and
the CMC of the corresponding surfactant mixtures, (b) the adsorbed fraction of Cj5FEg at
SDS:C19Eg compositions of 80:20 and 40:60 at the same ST as measured by NR, and (c)
the corresponding adsorbed fraction of C;5Eg at SDS:Ci3Eg at an ST of 35.5 mN m~!. The
dotted lines in (b) and (c) mark the position of the minimum in the free energy of mixing
on the polymer. All measurements were in 100 mM NaCl, the PE-S data are from Staples
et al.,’! and the adsorption at the air-water interface in the absence of PDMDAAC (red
triangles in (b) and (c)) are from Penfold et al.*®

35



where «; are the fractions of surfactant relative to total surfactant in the bulk solution,
fi are the activity coeflicients of the surfactants, and ¢ are the concentrations of the pure
components at a given ST (labelled here as 7, the surface pressure). The activity coefficients,

f;, in the aggregate are determined from the excess free energy of mixing and are given by 5354

In f; = By + 15(3 — 415)C + 23(5 — 1629 + 1223) D (12)

with a parallel expression for f, except that the sign changes for the C' term. Thus the
composition of the layer or adsorbed aggregate and the c] .. are entirely determined by the

Yy
mixr

values of ¢7 . of the pure surfactants and the set of interaction parameters, B, C' and D for

the aggregate attached to the polymer. The set of values of the ¢} ;. at a fixed ST of 48 mN
m~! (about halfway between T and T;) were fitted by iterative solution of Eqns (11) and
(12)5%56 to give the results shown in Figure 15(a), where they are compared with the parallel
calculation for mixed micellization in the absence of PDMDAAC. The polymer data require
a larger attractive value of the B term in the interaction than the micellization and a small
negative value of the cubic term C' gives a better fit to the adsorption data but has little
effect on the CMC data. The data is not sensitive enough to justify including the D term.
The effect of the cubic term C'is mainly to change the position of the minimum in the surface
excess free energy. Thus, when B and C have the same sign and same value, the minimum
of the excess free energy of mixing is at 1:2 SDS:C;5Eq,%" and when C' = 0 the minimum is
at 1:1. The surface composition at the crossing point of the fitted and ideal mixing curves
is the composition at this minimum. The calculated surface composition is compared with
experiment at the two compositions 80:20 and 40:60, and with the corresponding adsorption
in the absence of PDMDAAC, in Figure 15(b). As expected the values of the limiting ¢ for
the single components required to fit the data show a large reduction from the corresponding

¢™ for SDS (0.39 mM to 0.023 mM at 48 mN m™!), i.e. a large binding energy of SDS to

the polymer, and a small decrease from 0.07 to 0.05 mM for Cy3Eg, i.e. weak binding to the
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polymer. The minimum free energy of mixing occurs close to a 50:50 surface composition
and its depth is about 25% larger than in the absence of polymer,*® but this difference is
probably within the combined error of the two experiments.

The fitted results of Figure 15 are for the lowest concentration measurements in Figure 14.
As the total surfactant concentration increases from this point the adsorbed mole fraction
of SDS at first increases markedly up to a point between 0.05 and 0.1 mM when it then
steadily decreases to the much lower value of about 0.5 beyond the ST peak. Both effects

can be attributed to a gradual exclusion of the nonionic surfactant from the complexes. First

T
mix

we use the pseudophase approximation to fit the ¢” . and composition at a total surfactant
concentration of 0.065 mM where the ST is 35.5 mN m~! (the third point in Figure 14).
The fit to the c] .. is good but for reasons of space we only show the fit to the more sensitive
composition data, which is given in Figure 15(c). Very different interaction parameters are
required to fit the two sets of composition, (b) and (c) in the Figure. The minimum in the
excess free energy of mixing changes from —0.9RT" at the lower concentration to —0.4RT
at the higher concentration but the corresponding change in the position of the minimum
changes from a surface mole fraction of 0.5 Ci3Eg to 0.3. Both changes show that Cq5Eg is
gradually being squeezed out of the layer and this results in some loss of surface activity of
the surface complex (the mixed layer has a significantly lower ST'). The loss of nonionic from
the polymer is also emphasized by the much greater adsorption of the nonionic in the absence
of PDMDAAC, shown as red triangles in Figure 15(b) and (c). The remaining changes can
be explained by the increasing cooperativity of the bulk complex, which starts to increase the
ST, decreases adsorption, and squeezes CioEg from the complexes. That the complex tends
to exclude the nonionic surfactant is supported by the compositional phase diagram which
shows that maximum precipitation is approximately along the charge equivalence line.®®
The overall pattern of adsorption in the mixture is then that the nonionic surfactant

increases the stability of the surface layer in the region where cooperative binding leads to

a surface active complex. However, polymer is increasingly lost to the non—surface active
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complex, which is approximately the pure PDMDAAC-SDS complex containing no nonionic
surfactant. In the 90:10 (SDS:C;2Eg) mixture this should cause the peak of the ST to move
by 10% towards higher surfactant concentration. That it moves by significantly more than
10% (about 30%) indicates that the extra stability that the nonionic brings to the surface
complex extends the concentration range of low ST and pushes the onset of the formation of
non-surface active to higher concentration. The combination of this shift and the boost to the
monomer Ci5Eg concentration because of preferential fractionation of SDS into the complex
means both that the ST increase is moved to higher concentration and the free surfactant ST
is significantly reduced. Hence the very large suppression and the anomalous upwards shift
in concentration of the ST peak clearly seen in Figure 13(c). That the increase in ST occurs
significantly below the onset of precipitation emphasizes that precipitation is not directly
linked to the ST rise. Finally, it is also interesting that exactly the same peculiar pattern
of surface composition occurs when the same surfactant mixture interacts with branched
poly(ethyleneimine)(PEI) at pH 7 and at pH 10.%° The ST behaviour of PEI is less clear
cut but again a broad but pronounced ST peak with SDS is significantly reduced when the

anionic—nonionic mixture is used.

Discussion

Figure 16 compares the results of two independent sets of measurements of the ST of each
of (a) NaPSS-C;5,TAB. and (b) PDMDAAC-SDS with 100 mM NaCl. For both systems the
ST measured by Varga and Campbell (VC) exhibits a sharp peak. VC attributed the sharp
rise in ST to an equilibrium precipitation that reduces the polyelectrolyte to a low enough
concentration that it can make no contribution to the ST.% Of the two sets of data in Figure
16 the ST measurements and the precipitation measurements of VC and Staples et al. on
PDMDAAC-SDS agree over the limited range measured by VC. Thus, although the rise in
ST with surfactant concentration is steep, it is not a vertical edge in either set of 10 ppm

data shown in the Figure. VC’s data at 100 ppm (not shown) does have a sharper change
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Figure 16: Surface tension measurements of (a) 100 ppm NaPSS-C;2TAB by Varga and
Campbell and Taylor et al.,'? and (b) 10 ppm PDMDAAC-SDS in 100 mM NaCl by Varga
and Campbell'! and Staples et al.> The shaded regions mark the long time turbidity mea-
sured by VC and the dashed lines mark the total of the free surfactant concentration and

charge equivalence. The data points are redrawn from the original papers.
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in ST but this was also observed by Staples et al. The onset of precipitation, observed
using turbidity, is also the same within error in the two sets of results. Apart from an
anomalously low baseline ST in VC’s data, the overall agreement between the two sets of
data, ST and phase diagram is good. Agreement between measurements made in different
ways on a system that is difficult to reproduce tends to support the conclusion that both are

equilibrium results.

100

total [C,,TAB]/mM

0.01

20 100 200 1000 2000
[NaPSS)/ppm

—&=— CAC (Hansson and Almgren)
V¥ CAC (Monteux et al.)
—A— precipitation (Hansson and Aimgren)
A precipitation 1 month (Varga and Campbell)
A precipitation 1 week (Varga and Campbell)
—— onset of ST plateau (Taylor et al.)
¥ onset of ST plateau (Monteux et al.)
——— charge equivalence

Figure 17: Values of the critical aggregation concentration (CAC) in NaPSS-C;,TAB mix-
tures, the onset of phase separation determined by Hansson and Almgren,?* the onset of
precipitation and the onset of metastable precipitation at 100 ppm determined by Varga
and Campbell,!* T; as measured by Taylor et al.,'? a single measurement of the CAC and
of Ty in 500ppm NaPSS,?° and the theoretical charge equivalence line.

In contrast to the PDMDAAC results, there are several disagreements between VC’s

NaPSS-C1,TAB data and those measured by others. First, none of the the three other ST
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measurements has an ST peak.?*%? Secondly, spreading pressure measurements by Campbell
et al.* on a sample in the almost fully precipitated region give a value that is not consistent
with the value of the ST at its peak (Figure 11). Thirdly, the onset of precipitation deter-
mined by VC is nearly an order of magnitude larger than the onset of precipitation found
by Hansson and Almgren (HA), as shown in Figure 17. This discrepancy in the onset of the
phase separation was not discussed in any detail by VC, but they made a brief comment,
in which they seem to attribute the discrepancy to an approximation that the concentra-
tion of bound surfactant used by HA neglects the free surfactant concentration. However,
we find no evidence that such an approximation was made by HA, nor that it would have
been necessary. HA’s methodology is discussed further below. The values of HA’s onset of
precipitation occur approximately at the charge equivalence point. A fourth disagreement
is that the sharp drop in ST to a horizontal plateau at Ty (Figure 5) suggests the onset
of precipitation at T; and Monteux et al. confirmed this by identifying gel and aggregate
structures in the system over a range from Ty up to an intermediate concentration on the
plateau (their Zone 2).2° A set of values of T; was obtained by Taylor et al. and together
with the value at the higher polymer concentration of Monteux et al. gives a further set of
points in Figure 17 that support HA’s phase diagram. VC determined their phase diagram
by measurement of the turbidity. The turbidity in the early stages of precipitation gave an
onset of phase separation that agrees perfectly with that of HA and this is shown as a filled
red triangle in Figure 17. VC, however, attributed it to the presence of metastable particles
in the system on the grounds that the turbidity between the filled red and blue triangles in
Figure 17 disappears at long times. That VC’s NaPSS—C1,TAB disagrees with all the several
other different types of measurements suggests that their NaPSS—-C;,TAB system was not
fully at equilibrium, and we now examine that question in more detail.

HA’s samples for the precipitation study were prepared by putting defined amounts of
each of the three components in tubes that were sealed and slowly rotated end over end

for at least 2 days, centrifuged at 3500 rpm for 10 min, and then kept at rest for a month

41



before spectroscopic analysis of the dilute phase for both C13TAB and NaPSS. Since they
also determined the amount and the density of the dilute phase, they would have been able
to determine the concentrations of both solute species in both phases. VC prepared their
samples by simple initial mixing, swirling gently for a few seconds, and then transferring
aliquots to small cells (4 cm?), where they were also left for a month before examination
of their turbidity to determine the phase diagram. The difficulty with turbidity is that
low levels of precipitation can be lost to the walls over time leading to a narrowing of the
apparent range of precipitation. This is especially the case for small cells where the area—
volume ratio is high. The analytical method used by HA would not be sensitive to this
problem. The preparation of colloids is favoured by relatively quiescent conditions and VC’s
method of equilibration was deliberately chosen to cause as little disturbance to the sample
as possible. This is unusual and more characteristic of the preparation of colloids. Most
researchers routinely use more vigorous mixing methods to ensure equilibration, especially
when polymers are involved, e.g. vigorous stirring, shaking or periodic rotation over an
extended period, as used by HA. HA’s system is therefore (a) more likely to have reached
equilibrium and (b) less vulnerable to artefacts of the measurement. As shown by Campbell
et al., ST and NR measurements are vulnerable to the presence of colloidal particles resulting
from heterogeneous mixing. However, the possible depletion by adsorption on the very colloid
prepared in the mixture (self-depletion) has not yet been considered in these systems. The
experimental protocol of Varga and Campbell would seem to be optimized for self-depletion.
Although Taylor et al. were clear in their original papers that there was uncertainty as to
whether some of the features they observed were or were not at equilibrium, their samples
were treated more vigorously than those of VC. Thus, initial stock solutions were made by
mixing surfactant and polymer under vigorous stirring and left for typically a day or more.
The final solutions used for the experiments were made by mixing such stock solutions of
mixed surfactant and polymer with stock solutions of polymer, i.e. the polymer was at the

same concentration in each solution. Such a final solution would typically be over a day old
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by the time of the NR measurement and the measuring time per sample, at that time (2001)
was typically 1-2 hours and samples were in a multi-trough system awaiting measurement
for several hours.

VC have argued that the ST behaviour of the PDMDAAC-SDS and NaPSS-C;,TAB
systems has the same underlying explanation, which is that the onset of the ST peak coincides
with the complete removal of polymer at the onset of precipitation of the PE-S complex. This
leads to a step change in the ST. We have shown in the section on precipitation that a large
step change in the ST is not allowed thermodynamically to accompany any phase transition.
A second point is that the observed change in ST in the PDMDAAC-SDS system is not
strictly vertical, i.e. it is not associated with a phase change. The third crucial observation,
not mentioned by VC, is that NR shows that polymer is present at the surface both sides
of the peak for the PDMDAAC-SDS system, although it undergoes a dip at the peak and
decreases in its coverage above the peak (Figure 12).

As shown earlier, the steep change in ST for PDMDAAC-SDS is well explained in terms
of the way SDS binds to the PDMDAAC, which depends on the site binding of surfactant
being much weaker than in the NaPSS-C,TAB system. This leads to strong cooperativity
in the binding of the surfactant, as identified by the polymer concentration independence
of both binding isotherm and initial ST behaviour. The strong cooperativity results in the
initial formation of a small concentration of complexes high in surfactant. This concentration
is sufficient to drive a strong decrease in ST with some rearrangement of the structure at
the surface. The polymer concentration dependence of the points T3 and T, in the ST
shows that as further surfactant is bound the cooperativity increasingly stabilizes 3D bulk
structures, i.e. they lose their surface activity. T3 represents the point at which the threshold
concentration for monolayer adsorption of the residual surface active complexes is crossed
and the ST therefore starts to rise rapidly. The concentration range over which this loss of
surface activity occurs will be about the same as that required for the initial drop in ST

approaching T;. As already discussed, the width of this transition on a log scale will appear
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increasingly sharp at higher concentrations. The complete loss of surface activity is reached
as the polymer is saturated with surfactant and this will also be close to the condition for
precipitation.

In contrast, binding in the initial NaPSS-C15TAB complex is non—cooperative, as iden-
tified by the dependence of the binding curve on polymer concentration. Non—cooperativity
generally favours surface activity but the average bound fraction in this step is less than
about 10%, which is too low for complexes to form a low ST layer. Immediately above this
initial step there is a short range of cooperative binding in NaPSS—C;,TAB, which leads to
a noticeable cooperativity in the binding isotherm, but again appears either to be too low or
to be too three dimensional to lower the ST. At higher bound fractions the binding isotherm
changes to being non—cooperative. However, the resulting complexes do not contain suffi-
cient surfactant for the non—cooperativity to favour a low ST until the bound fraction is
relatively high, quite close to saturation at T;. A consequence of non—cooperative binding
is that at any given point the complexes have a wide range of stoichiometry and the most
strongly ST lowering complexes will be those close to saturation and close to precipitation.
The wide range of stoichiometry also causes precipitation to be a gradual process. There is
then no reason for the ST to increase at the onset of precipitation, although as the amount
of added surfactant increases so does the extent of precipitation. However, thermodynamics
does not allow maximum precipitation to be complete precipitation. As shown earlier, loss of
surface activity can only occur if the individual complex units that make up the precipitate
do not significantly lower the ST. The spreading data given in Figure 11 indicate that this
does not happen in the NaPSS—C;,TAB system. Any explanation of a peak occurring some-
where well into the precipitation range can then only be a non—equilibrium one, such as the
self-adsorption suggested in the section on Equilibration. The solubility of NaPSS-C,, TAB

1 and the proba-

complexes is known to decrease as the surfactant chain length n increases®
bility of a non—equilibrium peak occurring therefore also increases with n. Using the same

protocols for ST as for NaPSS—-C15,TAB Taylor et al. observed such peaks for NaPSS with
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C14TAB and C4TAB.% Since the spreading measurements (Figure 11) indicate that the
saturated complexes in both these systems spread strongly, it must be concluded that those
particular ST results must also be partly non—equilibrium results, with the low concentration

of the onset of the peaks occurring at the points of maximum precipitation.

Conclusions

The combination of the extensive measurements of binding isotherms, particularly their de-
pendence on polymer concentration, with surface measurements, and the comparison of the
surface and phase behaviour of PE-S with the simpler M"-S systems, have led to a much
fuller description of the equilibrium surface behaviour of PE-S systems. A classification of
the surface behaviour of PE-S complexes by ourselves about 15 years ago was based on the
NR observation of multilayering and how that seemed to be associated with systems that
showed no ST peak. NaPSS-C,TAB was taken to be representative of the multilayering
category and PDMDAAC-SDS-100 mM NaCl of the category with an ST peak. We have
now confirmed that these two systems are quite distinct in their surface behaviour. The
surfactant—polymer interaction is an order of magnitude weaker in PDMDAAC-SDS-100
mM NaCl than in NaPSS—-C,TAB and this can be attributed, at least partly, to the lower
linear charge density in PDMDAAC.?° This allows the cooperative interactions between
surfactant chains to dominate the binding and surface activity. The ST of the PDMDAAC-
SDS-100 mM NaCl is therefore at its lowest when the bound fraction is low, but it increases
more or less sharply to a high value as saturation approaches. The stronger surfactant—
polymer interaction in NaPSS-C;5,TAB results in the dominance of non—-coooperative inter-
actions, which leads to high ST complexes at low bound fractions and low ST at saturation,
close to or at precipitation. This is not accompanied by an equilibrium increase in the ST.
Any such increase probably arises from adsorption on a high area precipitate and does not
represent the true equilibrium.

The results here give some physical insight into two earlier quantitative models of the
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ST behaviour of PE-S mixtures. The first of these divided the complexes into a single
surface active and a single non—surface active complex, in which the behaviour depended
on the relative stability of the two complexes and the adsorption was calculated on the
basis of mass action.® This introduced the idea of the non-surface activity being significant.
However, the second model,'® based on Butler’s thermodynamic model of the surface,®
is more closely linked to the present analysis. The region of the ST curve that is most
challenging to explain is between T; and T4. Bahramian et al. emphasized the importance
of the varying stoichiometry of the complexes in this region but used a relatively simple
empirical device to handle the ST. The ST was taken to be approximately constant from T4
up to a lower limit where the ST just started to rise, i.e. effectively Ts as defined here Figure
1. The activity of the surfactant was then assumed to be a linear combination of a non—
dissociable (non—surface active) complex and that of the free surfactant in the case of the
plateau region continuing above Tj3. Although this involves some further assumptions about
the concentration of free surfactant at T3, the model accounts well for the variation of both
the ST and the relative adsorption for the PDMDAAC-SDS system in 100 mM NaCl (Figure
4 of Bahramian et al.'?). Part of this success is that the assumption of the linear variation
of the ST between the two limits is a good approximation to almost any variation over a
short range. However, the model cannot accomodate an abrupt change in the ST between
T3 and T, and therefore fails to give an adequate fit to the peaks in NaPSS-C4,TAB and
NaPSS—-C1TAB. We now know from the analysis here that abrupt peaks are not equilibrium
peaks.

The propensity to form multilayers will be discussed in a separate paper. However,
it is clear that the formation of multilayers would be structurally more favourable with
(i) layer forming structures, such as are generated by non—cooperative interactions, and
(ii) entropically more favourable adsorbing units, such as complexes with a high surfactant
content. Thus, on the basis of its binding curves and its ST behaviour, NaPSS—-C,TAB is

more likely to form multilayers than PDMDAAC-SDS-100 mM NaCl. The original empirical
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distinction between these two systems is therefore soundly based on their underlying binding
characteristics, although many PE-S systems are now known not to conform closely with

these two limiting cases.
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