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ABSTRACT: Mixed polymer-surfactant films at the air-water interface have been studied using neutron
reflectivity. When poly(dimethylsiloxane) is spread on the surface of a surfactant layer, the resultant mixed
film is a superposition of two layers: one surfactant-rich and one polymer-rich. The composition and the
degree of mixing of the layers depend on the nature of the surfactant. We find significant penetration of
the polymerinto a monolayer of single-chain nonionicsurfactant, C;cEs. For a double-chain anionicsurfactant,
AOT, no interpenetration of the two layers is detected. This difference is most probably due to the greater
flexibility of the C,cE; monolayer compared to that of AOT. The higher degree of hydration of the nonionic
surfactant layer could also play a role in the mixing behavior of the polymer and surfactant layers. The
molecular thickness of the polymer layer indicates a flat two-dimensional conformation of the spread polymer.
The results from this study together with those in part 1 our paper suggest that the wetting behavior of the
polymer is related to the degree of interpenetration of the polymer and surfactant layers.

Introduction

Spread molecular layers of polymers on the surface of
water have been widely studied!-12 due to their numerous
practical applications. Frequently, these spread polymer
layers are insoluble in the bulk phase, thereby acting as
efficient modifiers of interfacial properties including
surface rheology. Most of the past studies have involved
characterizations of surface pressure—-area isotherms, and
elasticities of the polymer films. Since these films are of
molecular dimensions, it has not been until recently that
structural information has been attainable using
ellipsometry>"9 and reflectivity techniques.li! The
principal question is whether, when deposited on a polar
surface, the polymer molecule undergoes a change in
conformation from its natural three-dimensional random
coil to a spread out two-dimensional film. It has been
noted that such a change in conformation depends not so
much on the polarity of the molecule as the competition
between monomer-monomer and monomer—surface in-
teraction,!2 with the latter favoring a spread out confor-
mation. In the case of poly(dimethylsiloxane) (PDMS)
on water, hydrogen bonding between the oxygen of the
siloxane backbone and the water molecules effect such a
conformation. This hypothesis, dating back from early
days,!3 was recently confirmed unequivocally using neutron
reflectivity on PDMS of different chain lengths.!0

In the present case, we extend our study to a three
component system: the PDMS is spread on a surfactant
solution, the surface of which is covered with a surfactant
monolayer. Two important questions we would like to
address are (i) what is the conformation of the spread
polymer and (ii) will the polymer mix with this surfactant
layer or will it form a separate layer on top of the initial
surfactant layer or will it follow an intermediate route,
i.e., penetrate partially the surfactant layer but with its
center of mass remaining on top of the surfactant layer.
This second problem has already been addressed in the
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literature for the case of alkanes. It is generally agreed
upon, from existing experimental data,'+-1¢ that when the
alkane chain length is smaller than that of the surfactant
chain, the oil molecules penetrate the surfactant layer,
whereas for longer alkane chains, no penetration occurs.
This problem is currently being studied by Thomas and
co-workers.l” In the case of polymers, which are long
molecules, one would expect little penetration. However,
for the case of PDMS, the Si~O group can interact with
the surface and may thus favor mixing with the surfactant
molecules. Surface pressure and ellipsometry experiments
and Brewster angle microscopy have been carried out on
PDMS-surfactant systems and are described in part 118
of this paper. The results strongly suggest the existence
of two separate surfactant and polymer layers, but
interpenetration of the layers cannot be explored using
these techniques. Neutron reflectivity is an ideal tool to
investigate this problem due to the high spatial resolution
as well as the possibility of varying contrast between the
two layers and the subtrate by selective deuteration.

Experimental Methods

Neutron reflectivity experiments were performed on the time-
of-flight reflectometer, CRISP, at the Rutherford Appleton
Laboratory (Spallation Source). The incident angle was 1.5°
with an angular resolution of 8%. A large spectrum of neutron
wavelength from 0.7 to 10.5 A was obtained by running the
chopper at 25 Hz.

The polymer sample, a fully deuterated PDMS (M, = 84 000;
M./M, = 1.29) was prepared and characterized by A. Lapp
(Saclay). Two surfactant solutions were investigated, an anionic
double-chain surfactant, aerosol OT (AOT) and a nonionicsingle-
chain surfactant, penta(ethylene glycol) mono-n-decyl ether
(C10Es). The bulk concentrations were about 3 times the cmc to
ensure the presence of a saturated monolayer of surfactant on
the surface. Two isotopic subphases were used: 100% D0 and
an air contrast-matched water. The polymer was spread on the
surface of the surfactant solution using n-hexane as the spreading
agent. The surface concentration of polymer was increased by
successive addition to a constant surface area.

The sample cell (100 X 40 X 2 mm), made of aluminum, was
enclosed in a quartz cell to minimize evaporation of the subphase.
The data acquisition time for each sample was about 3 h for the
D,0 subphase and about 7-8 h for the air contrast-matched water
subphase.
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Results and Discussion

The propagation of thermal neutrons is analogous to
that of electromagnetic radiation in the s polarization.
Therefore classical optical phenomena such as reflection,
refraction, and interference are also observed with neu-
trons. Descriptions of neutron optics and theoretical
treatments of neutron reflectivity!® as well as the numerous
applications of the technique?® can be found elsewhere in
the literature. Neutron reflectivity from asurface depends
on the component of the wave vector, k., normal to the
surface. k,isdefined as (2x/)) sin # where A is the neutron
wavelength and 8 is the grazing incident angle of the
neutron beam with respect to the surface. In a neutron
reflectivity experiment, one measures the reflectivity R,
defined as the ratio of the intensities of specularly reflected
beam and direct beam, as a function of k, (or wave vector
transfer @). In this paper, we report our reflectivity as a
function of k,. The neutron refractive index, n, of a
medium neglecting absorption is defined as!®

_ _Nbg

n=1 ) A

Nb is the average coherent scattering length density of
the medium. For a perfect interface, void of structure
and roughness, the refractive index changes abruptly as
a step function from one material to another, and one
obtains the classical Fresnel reflectivity.?’ Such an
interface is never encountered in real systems. Deviations
from the Fresnel reflectivity arise from surface imper-
fections such as those due to adsorption or surface
roughness. In specular reflection, these deviations are
related to inhomogeneities perpendicular to the reflecting
surface and can be used to deduce concentration profiles
of the refractive index (and therefore the structure and
composition of interfacial layers) perpendicular to the
surface. However, one has to take into account possible
effects of diffuse scattering even though the reflectivity
measurements are performed under specular conditions.
Diffuse scattering can arise from in-plane surface inho-
mogeneities or from bulk scattering objects close to the
surface. These effects show up as “shoulders” on the
specular reflection peak and should be subtracted from
the specular peak. In this case, even though one takes
care of an important part of diffuse scattering effects, some
doubt still remains as to whether the correct amount of
subtraction has been made.

In our experiments, we have performed independent
measurements on a few of our samples using a multide-
tector. In all cases, the specular reflection peaks show
normal distributions without any “shoulders”. Although
it is not possible to claim from these data that diffuse
scattering effects are completely absent, we have consid-
ered them to be insignificant.

Note that although quantitative information on in-plane
inhomogeneity is not easily accessible by neutron specular
reflection, X-ray reflectivity and scattering measurements
have been performed to obtain such information on
surfaces of solid glass,22liquids?*-%% and polymer systems.?
With neutrons, due to the much lower flux and the smaller
coherence lengths compared to X-rays, off-specular re-
flection measurements are more difficult to perform and
the sensitivity to in-plane inhomogeneity significantly
reduced.

In this paper, we present results of specular neutron
reflection from mixed polymer-surfactant layers on the
surface of an aqueous substrate. The optical matrix
method??7?8 ig used to analyze the reflectivity data. In
this method, the surface region is divided into successive

Polymer-Surfactant Films at the Air~Water Interface. 2 7047

]

|
w
Illl'lllllrl‘l‘r(llli[j’_'"

A ST NP R BRI

Figure 1. Reflectivity curve of AOT in D;0. The dotted line
is the Fresnel curve; the continuous line is calculated using a
one-layer model: d, = 13 A, Nb = 0.90E-6 A-2,

discrete layers with constant refractive indices. An
iterative calculation of the reflection and transmission
coefficients at each interface yields the total reflectivity.
The calculated model curve is then compared with the
experimental curve. The goodness of fit and acceptance
of a model are determined by the x? values. Due to the
rapidly increasing number of parameters one encounters
as the number of surface layers increases, some physically
reasonable assumptions can make the data analysis much
less tedious (in our case, we assume the surfactant layer
thickness to remain constant in the presence of polymers).

Neutron reflectivity measurements of adsorbed semi-
dilute polymer layers, or of moderately dense organic
surface layers of molecular dimensions, often give rise to
monotonic reflectivity curves void of any special features.
Interpretations of such curves can be tricky and in order
to obtain unique solutions to these curves, data of several
isotopic contrasts coupled with physically reasonable
hypotheses and theoretical models are required. Such an
approach has been successfully applied to the study of
surfactant monolayers®<° and concentration profiles of
polymer layers®1-3 adsorbed from solution at the liquid~
air and solid-liquid interface.

In the present study of an insoluble polymer deposited
on a surfactant layer, we have chosen a combination of
relative contrast in the neutron refractive indices of the
system components such that the structural features of a
reflectivity curve are enhanced. This consists of a layer
of protonated surfactant sandwiched between deuterated
polymer and deuterated subphase. The maximum con-
trast in refractive indices at each interface thus augments
the interference effects in the reflectivity. Air contrast-
matched water is also used as a subphase to deduce the
extent of inclusion of water molecules in the surface layers.

Figure 1 shows the reflectivity curve (log R versus &)
of the surface of AOT solution in D;0. The deviation of
the reflectivity from the Fresnel curve (dotted line) is due
to the presence of the surfactant monolayer. The struc-
tures of surfactant monolayers have been studied in great
detail using X-ray?* and neutron reflectivity.23° Our
purpose here is not to concentrate on the detailed features
of the surfactant layer but to study the behavior of spread
polymer layers on the surfactant. Therefore, for the
purpose of simplicity, the reflectivity curve of the AOT
monolayer has been fitted to a one-layer model (continuous
line). Wefind agood agreement between the experimental
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Figure 2. Reflectivity data for deuterated PDMS on the AOT
monolayer with D;O as the subphase at different polymer surface
concentrations: 1 monolayer (a); 2 monolayers (b); 3 monolayers
(c). The continuous lines are calculated using a two-layer model
with the density profile shown in the inset (scattering length
density for pure polymer (dashed line), for pure surfactant (dotted
line)).

data and the calculated curve using an overall thickness
d, =13 A and an average neutron scattering length density
Nb=0.90E-6 A-2. Thescattering length density obtained
in this case is higher than that of the average for pure
AOT (Nb = 0.59E-6 A-2), which can only be due to inclusion
of D;O (Nb = 6.39E-6 A-?) in the layer. Assuming the
surfactant layer to be composed of surfactant molecules
and D20, we deduce the volume fraction of surfactant ¢,
= 0.95 and volume fraction of water ¢ = 0.05. A value
of 9 A is introduced as the width of the water—surfactant
interface and 5 A as the surfactant-air interface. The
interfacial width is defined as the distance between two
media; in the presence of a layer, the average of the widths
of its two interfaces should be equal to or less than the
layer thickness. The width of this interface takes into
account, to a certain extent, thermally induced roughness.
In our case, we have described the interface by a polynomial
function to the fifth order but a simpler function can also
be used.

When the equivalent of one monolayer of deuterated
PDMS (Cp, = 0.8 mg/m?, which is the concentration where
monomer steric repulsions are felt; it is also interpreted
as the transition region between dilute and semidilute
regimes in two dimensions3?) is added to the AOT covered
surface, the reflectivity curve (Figure 2a) exhibits inter-
ference features. In this case, it is not possible to fit the
data using a one-layer model. This suggests that the
polymer does not penetrate the surfactant layer to form
a homogeneously mixed polymer—surfactant film. How-
ever, a good fit is obtained using a two-layer model which
consists of a surfactant-rich and a polymer-rich layer. In
this model, we have imposed the constraint that the overall
thickness of the surfactant layer remained constant; the
scattering length density, however, is allowed to vary. The
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continuous line is calculated using the following param-
eters: for the AOT-rich layer, d; = 13 A and Nb = 0.90E-6
A-2 for the polymer-rich layer, d, = 6.5 A and Nb = 4.95E-6
A-2 (Nb = 5.01E-6 A2 for pure deuterated PDMS). Note
that the average scattering length density of the AOT layer
is unmodified even after addition of the polymer. Con-
versely, the polymer layer has an average scattering length
density very close to that of pure polymer, with a molecular
thickness comparable to that formed on the surface of
pure water. Thus, it appears that the PDMS spreads on
the AOT film with undetectable mixing of the two layers.
Each layer retains its individual properties while separated
by a small polymer—surfactant interface of 5 A.

When the polymer concentrations are increased to
amounts equivalent to 2 and 3 monolayers, curves 2b and
2¢, respectively, are obtained. The same two-layer model
is also found to describe these data very well (continuous
lines). The parameters used to fit the data are for curve
2b, d, = 13 A and Nb = 0.90E-6 A-2 (surfactant layer) and
dp = 15 A and Nb = 3.98E-6 A-2 (polymer layer) and for
curve 2¢,ds = 13 A and Nb = 0.90E-6 A-2 (surfactant layer)
and dp = 28.5 A and Nb = 3.07E-6 A-2 (polymer layer).
These results show that the scattering length density of
the surfactant layer remains unchanged irrespective of
the amount of polymer deposited on it, confirming the
absence, or an undetectable amount, of mixing of AOT
and PDMS.

Interpretation of the behavior of the polymer layer,
however, is less straightforward. With an increase in
polymer surface concentration, the average thickness of
the polymer layer increases as expected, but the average
scattering length density decreases. Such a decrease may
be attributed to two possibilities: (i) presence of proto-
nated surfactant or (ii) presence of air, in the polymer
layer. One can determine without ambiguity whether it
isone or the other (or both) by using deuterated surfactant,
but in the absence of deuterated AOT, we can make some
reasonable postulates. Since we have shown that under
all circumstances there is no penetration of polymer into
the surfactant layer, and the polymer-surfactant interface
is small (5 A), we propose that the probability of AOT
molecules diffusing into the PDMS layer is minimal. The
alternative, the presence of air in the polymer layer, would
suggest a relatively inhomogeneous layer. In part 1 of our
paper, we have shown that the surface of AOT acts as a
poor solvent for PDMS in two dimensions. It is possible
therefore that, on a molecular scale, the polymer film is
inhomogeneous. At a macroscopic level, there is no clear
indication of spreading problem up to these concentrations.
At higher concentrations however, unspread regions of
polymer are observed with Brewster angle microscopy (see
PartI'#). The existence of aspreading limit of the polymer
on the modified surface results in partial spreading, giving
rise to rather inhomogeneous polymer layers. For the
concentrations studied here, the widths of the polymer—
air interface are 5, 22, and 25 A for 1, 2, and 3 monolayers,
respectively. Note that at three monolayers, dy, is greater
than 3 times the value of d, at one monolayer, indicating
that the polymer molecule adopts a less spread out
conformation as the surface concentration is increased.
This change in conformation coupled with the large
polymer-air interface suggests that with increasing poly-
mer concentration, the polymer layer becomes progres-
sively less homogeneous. We note also that from the
reflectivity data, the amounts of polymer deduced cor-
respond t084.3%,77.5%,and 76.3% of the actual amounts
deposited on the surface for 1, 2, and 3 monolayers,
respectively. This apparent “loss” of polymer could arise



Macromolecules, Vol. 26, No. 25, 1993

~3

P I B P

|
S
-|v|l|-uvl|-|;|.||r||

LN 1 1 I

_6 1 i 1
-0.0 0.1 ) 0.2
kz (A-1)

Figure 3. Reflectivity curve of CygEs in D;0. The dotted line
is the Fresnel curve; the continuous line is calculated using a
one-layer model: d, = 18.5 A, Nb = 0.85E-6 A2,

from inhomogeneous spreading with some unspread
domains collecting at the edge of the sample container
outside the illuminated area of the surface.

The above data show clearly that when spread on the
surface of a monolayer of AQT, PDMS does not penetrate
the AOT to form a mixed polymer-surfactant layer.
Rather, the PDMS forms a separate layer with the ¢enter
of mass above that of the surfactant monolayer. This
means that there is no favorable interaction of polymer
and surfactant. The absence of polymer penetration into
the surfactant layer also suggests the absence of polymer
interaction with the water surface, since the surfactant
layer presents a barrier between the polymer and the water
surface. In our previous study of PDMS spread on the
free surface of water,'® we had explained the spread out
two-dimensional conformation of the polymer to be favored
by direct interaction of the slightly polar siloxane with
water through hydrogen bonding. In the present case, in
spite of the inaccessibility of the polymer to the water
surface, we measure a thickness which corresponds to a
spread two-dimensional conformation at 1 monolayer. It
should be noted that films of very similar thickness (7 &)
have been observed on silanated wafers.? Hydrogen
bonding as a mechanism for maintaining this conformation
seems unlikely. In our case with AOT, even though the
surfactant layer contains about 5% water, the water
molecules are more likely to be situated near the charged
headgroups than in the hydrocarbon chains, therefore even
interaction of the polymer with these water molecules
would require significant penetration into the surfactant
layer. Itispossiblethat the low cohesion energy of PDMS
is sufficient to explain this spreading phenomenon even
in the absence of strong monomer—substrate interaction.
Another possibility is that when spread on the AOT
monolayer, the PDMS molecule is not spread out with the
siloxane backbone completely exposed but rather adopts
a slightly helical conformation with a low energy. This
helical structure has been proposed for PDMS spread on
nonpolar liquids.36:37

In Figure 3, the reflectivity curve of the nonionic single
chain surfactant, C1oEs (Nb = 0.16E-6 A-2) on D20 is fitted
to a one layer model with d, = 18.5 A and Nb = 0.85E-6
A-2, with an interface of 10 A on each side of the layer.
This gives ¢s = 0.89 and ¢ = 0.11. Thenonionicsurfactant
thus solubilizes more water than AOT. For both AOT
and C1oEs, due to their low solubilities, the scattering length
density of the water subphase is not modified.

Polymer-Surfactant Films at the Air-Water Interface. 2 7049
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Figure 4. Reflectivity data for deuterated PDMS on the CioEs
monolayer with D0 as the subphase at different polymer surface
concentrations: 1.5 monolayers (a); 2.5 monolayers (b); 3.5
monolayers (¢). The continuous lines are calculated using a two-
layer model with the density profile shown in the inset (scattering
length density for pure polymer (dashed line), for pure surfactant
(dotted line)).

Parts a—c of Figure 4 show the reflectivity curves after
addition of 1.5, 2.5, and 3.5 monolayers, respectively, of
deuterated PDMS. As in previous figures, the continuous
lines are calculated from two-layer models. Contrary to
the case of AOT, we find in all cases a significant increase
in the average scattering length density of the C;oE;5 layer
(Nb =1.85-2.15E-6 A-2) upon addition of the PDMS. This
increase can be due to two possible reasons: (i) increased
solubilization of deuterated water molecules in the sur-
factant layer upon addition of polymer and (ii) penetration
of deuterated PDMS into the surfactant layer.

The problem of whether the scattering length density
of the surfactant layer is increased by deuterated water
ordeuterated polymer can be resolved by using air contrast-
matched water (average Nb = 0) as the subphase. In this
case, the presence of water molecules in the surfactant
layer would only serve to decrease the average scattering
length density of the surfactant layer, and any increase
observed can only be attributed to the deuterated polymer.
Parts a—c of Figure 5 show the reflectivity curves corre-
sponding to 1.5, 2.5, and 8.5 monolayers of deuterated
PDMS spread on CioE; in air contrast-matched water,
together with calculated two-layer model curves (contin-
uous lines). In all cases, the average scattering length
density of the C;0E; layer is also found to be higher (Nb
=(.80-1.10E-6 A-2) than that expected for pure surfactant
(0.16E-6 A-2). Sincethisincrease cannot be dueto presence
of water molecules, we conclude unambiguously that there
is penetration of the deuterated polymerinto the surfactant
layer. The data from the D;O subphase and the air
contrast-matched water subphase yield respectively the
following equations: ¢ Nb, + ¢ Nb, + ¢xNby = Nbp,o
and ¢.Nb, + ¢,Nby, + ¢, NbZ, = Nbog. NbJ is the average
scattering length density of the air contrast-matched water
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Figure 5. Reflectivity data for deuterated PDMS on the CioEs
monolayer with air contrast-matched water as the subphase at
different polymer surface concentrations: 1.5 monolayers (a);
2.5 monolayers (b); 3.5 monolayers (c). The continuous lines are
calculated using a two-layer model with the density profileshown
in the inset (scattering length density for pure polymer (dashed
line), for pure surfactant (dotted line)).

which is equal to zero, Nbp,o and Nbo are the values
obtained for the surfactant layer with DO and air contrast-
matched water as the subphase, respectively. Coupled
with mass balance ¢ + ¢, + ¢w = 1, we have three equations
from which we can deduce the composition of the
surfactant layer in terms of the volume fraction of
surfactant, polymer, and water, ¢, ¢p, and ¢+, respectively.
We obtain ¢; = 0.64-0.70, ¢, = 0.14-0.20, and ¢, = 0.16~
0.18. For each component, the range of values indicates
the experimental dispersion between the two separate
geries of experiments. We find therefore, considerable
penetration of PDMS into the C1E;5 layer accompanied
by a small increase in the amount of water in the surfactant
layer. The width of the polymer—surfactant interface is
10 A, larger than that of AOT-PDMS.

For the polymer-rich layer, the parameters obtained
for 1.5, 2.5, and 3.5 monolayers are d, = 10-12 A, Nb, =
3.20-3.60E-6 A-2% d, = 18.5-19.8 A, Nb = 3.95-4.15E-6
A-%and d, = 24-26 A, Nb = 4.80-4.96E-6 A-2, respectively.
At low surface concentration of the polymer, the average
scattering length density of the polymer layer is lower
than that of pure polymer (5.01E-6 A-2). With increasing
amount of polymer added to the surface, the average
scattering length density of the polymer layer increases
and approaches that of pure polymer. This trend is
opposite to that observed for the case of AOT-PDMS
where the average scattering length density of the polymer
layer decreases with concentration. A summary of these
data is given in Table I. The error bars corresponding to
a change in about 5% of the x2 values are as follows: for
Ry, R1, Ra £1 A; for d, dj, 0.2 A; for Nb,, Nb,, £0.02E-6.

From the data of the surfactant-rich layer, we have
shown that there is significant penetration of the polymer
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into the surfactant layer to form a mixed PDMS-C(E;
layer. This picture is consistent with our previous
conclusion in part 1 that C1oEs acts as a good solvent for
PDMS in two dimensions. As a result, at lower surface
concentration of polymer, we donot obtain a pure polymer
layer in the polymer-rich zone. Instead, this latter region
seems to be only partially covered with polymer, with
possibly some exposed ends of the surfactant chains. One
can postulate that in this case, the PDMS molecule unfolds
tointeract with water molecules, as in the case whenspread
on the free surface of water. We can also surmise that
penetration of PDMS into C1oE; is rendered more acces-
sible by the greater flexibility of the film formed with the
single-chain surfactant compared to that formed with the
more rigid double-chain AQOT.

With increasing polymer concentration, the polymer-
rich layer becomes increasingly more saturated with pure
polymer, as seen from the average scattering length density
which approaches that of pure polymer at 3.5 monolayers.
At 1.5, 2.5, and 3.5 monolayers of polymer, the average
widths of the polymer—-air interface are 8, 22, and 27 A,
respectively. Thus, even though the values of the polymer
film thickness suggest that the polymer molecules adopt
a flat two-dimensional conformation with respect to its
three-dimensional coil, the increase in the width of the
polymer—air interface indicates a decrease in the extent
of spreading with increasing amount of polymer. Mac-
roscopically, no inhomogeneity is observed up to these
concentrations. Forallthe three concentrations of polymer
spread on C;oE;, the amounts of polymer deduced from
the reflectivity data correspond to more than 95% of the
actual amounts deposited on the surface.

Inthe above studies, we have shown that PDMS spreads
out to form a two-dimensional molecularly thin film on
the surface of pure water as well as on the surface of water
covered with a monolayer of surfactant. Such a surface
oriented conformation is entropically unfavorable unless
balanced by an interaction energy. In our case, we spread
the PDMS from a spreading solvent in which the PDMS
adopts a random coil conformation. Upon evaporation of
the spreading solvent, the polymer molecule, which now
sits on the surface, can retain its original three-dimensional
random coil or it can take on a flat film structure of
molecular thickness. Such a change from three-dimen-
sional to two-dimensional conformation involves a loss in
configuration entropy which must be overcome by energy
of monomer—substrate interaction. (It may also adopt
intermediate conformations such as the proposed helical
conformation,’37 but we will consider here only the two
extreme cases of three-dimensional random coil and two-
dimensional flat film.) For a polymer molecule with one
point fixed on the surface, the entropy of the molecule
depends on the total number of possible configurations,3?
T['(N) = zN, where N is the number of monomers and z is
the coordination number. Ifwetake asimplelattice model,
z is 6 in three dimensions and 4 in two dimensions.
Therefore, in going from a three-dimensional to a two-
dimensional conformation, the change in configurational
entropy is In 4V - In 6~ = N In(4/6) or —0.405N (in kg
units). Note that entropic loss is directly proportional to
the chain length. This explains why entropically it is less
favorable for longer chain molecules to adopt a confined
structure such as that of an adsorbed, a flattened, or a
stretched conformation unless this loss is entropic energy
is overcome by an interaction energy. Inour case of PDMS
on surfactant, we have no measure of the monomer-
surfactant interaction but the fact that PDMS spreads
indicates that the energy of such interaction overcomes
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Table I. Summary of Neutron Reflectivity Data®

Cp Ry di 10°Nb, R, d 108Nb, Ry
(monolayey (&) &) A3 A & &Y A
AQT (D20 Subphase)

AOT only 9 13 0.90 5
1.0 9 13 0.90 5 6.5 4.95 5
2.0 13 13 0.90 5 15,0 3.98 22
3.0 9 13 0.90 5 285 3.07 25

CyioEs (D20 Subphase)

CwEsonly 10 185 0.85 10
1.5 12 185 2.15 10 120 3.20 8
2.5 10 185 1.85 10 19.8 3.95 20
3.5 11 185 2.05 10 26.0 4.96 26

C1oEs (Air Contrast-Matched Water Subphase)

1.5 10 185 1.10 10 10 3.60 8
2.5 10 185 0.80 10 185 4,15 24
3.5 10 185 0.90 10 240 4.80 28

¢ Cpisthe polymer surface concentration (expressed in the number
of monolayers), Ry, R1, and Rs are the interfacial widths of surfactant—
water, surfactant—polymer (or air), and polymer-—air, d, and d;, are
the thicknesses of the surfactant and polymer layers, and Nb, and
Nb,, are the average scattering length densities of the surfactant and
polymer layers, respectively.

the entropicloss. On the surface of pure water, H bonding
energy between the exposed siloxane oxygen and the water
molecule certainly exceeds such entropic loss.

The spreading capacity of PDMS on both hydrophilic
and hydrophobic surfaces to form molecularly thin films
can also be understood in terms of its low intermolecular
forces or cohesive energy. This is manifested in its low
glass transition temperature (T, = -120 °C%9), low tem-
perature dependence of its viscosity, and high compress-
ibility. Another direct manifestation of the cohesive energy
is the surface tension. These two properties are related
by an empirical expression® v ~ 0.75e%3, where v is the
surface tension and ey is the cohesive energy density.
Thesurface tension of PDMS, vppums, is about 19-20 dyne/
cm. Such a low surface tension value results in a positive
spreading parameter S = vg - yYppMs — vs;ppMms for many
substrates, allowing spontaneous spreading of the PDMS,
vg is the surface tension of the substrate, and ys/ppms, the
interfacial tension between the substrate and PDMS. As
can be seen from the expression of the spreading parameter,
the interfacial tension also plays an important role in the
spreading process. One can estimate the interfacial tension
between two materials 1 and 2 by the general expres-
sion given by Owens and Wendt:4! yi5 = v; + 73 -
2('y‘1"y‘21)1/2 - 2(7?7}2')1/2, where v = v4 + ~! and the
superscripts d and h refer to dispersion and hydrogen
bonding force components, respectively. For PDMS,41:42
in units of dyne/cm, yppe = 16.9 and yhpys = 2.1 For
the surface of water covered with a saturated layer of AOT,
vs = 28.5.18 If we assume that the contribution from the
hydrogen bonding force is negligible on the AOT layer (y"
= 0), we obtain an interfacial tension yaor/pPDMs = 3.6,
giving a corresponding value of about +5.9 for S (using
vppms = 19). For the surface of water covered with CoEs,
vs = 31.5;!8 yc g /pDMS = 4.4, giving a corresponding S
value of +8.1, higher than that for AOT. These values
show that PDMS can spread spontaneously on the AQT
and CgEs covered water surfaces, as observed experi-
mentally. Note that these estimations assume negligible
contribution from hydrogen bonding forces. For the case
of AOT where the double chain hydrocarbon tails are rather
closely packed, this assumption may be justified by the
fact that v® = 0 for alkanes. For the case of CioEs where
there is some degree of water molecules incorporated in
the surfactant film, v? may not be negligible; in this case,

Polymer-Surfactant Films at the Air—-Water Interface. 2 7051

we would obtain a lower value for the interfacial tension
and an even higher positive value of S.

Summary

This work shows clearly that at the water—air interface,
mixed surfactant-PDMS layers are a superposition of two
layers: a surfactant-rich and a polymer-rich layer. The
composition, and therefore the degree of mixing of the
components in each layer, depend strongly on the nature
of the surfactant. We measure significant penetration of
PDMS into the C;oE5 layer (14-20%). Inthe caseof AOT,
no interpenetration of the two layers is detected and the
interface of the layers is sharper (5 A compared to 10 A
for C10Es). The polymer layer on AOT seems to incor-
porate air, the amount of which increases with polymer
concentration, suggesting an increasing degree of inho-
mogeneity. This is in agreement with ellipsometry data
and Brewster angle microscopy images discussed in part
1of our paper. The wetting behavior of PDMS is markedly
different on the two surfaces; our study of the two model
systems shows that it is strongly related to the degree of
interpenetration of the polymer and the surfactant layers.

The results of surfactant layers in the absence of polymer
show that the AOT layer contains about 5% water while
the CioEs layer contains about 11% water. AOT is a
double-chain anionic surfactant which forms relatively
compact layers. CioEs on the other hand is a single-chain
nonionic surfactant and forms monolayers in which the
area per chain ~40 A2 is about twice the minimum value
for hydrocarbon chains. It is therefore expected that the
C1oEs5 layer will be more flexible than that of AOT. This
has been confirmed by the values of the bending elastic
moduli of monolayers of AOT“ and nonionic surfactants
similar to CioEs. The significant penetration of PDMS
into C10E5; compared to AOT could be due to either the
larger flexibility or/and to the higher water content in the
CioEs layer.

Polymer spreading is controlled by a competition of
monomer-monomer and monomer—substrate interactions.
The latter must overcome the entropy loss as a result of
uncoiling of the molecule from a three-dimensional random
coil to a flat two-dimensional conformation. This entropic
factor is obviously unfavorable for polymer penetration
into the surfactant layer and may explain the behavior of
alkane penetration into surfactant layers, which is, as
mentioned earlier, limited to short chain alkanes. Since
at low concentrations the polymer spreads out on the
surface, the entropy term is clearly negligible in this case
compared tothe molecular interactions. Ourresultislikely
tobe also relevant to the problem of polymer solubilization
inmicroemulsions. Itisgenerally agreed thatthe polymer
is solubilized in the core of the microemulsion droplet if
the core size is larger than the radius of the polymer coil;
this would not be the case if the molecular interactions of
monomers and surfactants are large enough to produce a
flat polymer conformation along the droplet surface, or
even penetration of the polymer into the surfactant layer.
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