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Abstract. — We present results of the adsorption of charged diblock copolymers at the free
interface between air and solution. These copolymers are water soluble and act as surfac-
tants above some concentration. Through thermodynamic and diffuse X-ray surface scatter-
ing measurements, we demonstrate the influence of the concentration on the formed adsorbed
layer. While sufficiently long copolymers adsorb by forming structures which do not deform
the interface, short copolymers are shown to induce buckling of the interface due to interchain
interactions.

1. Introduction

The influence of host molecules on the properties of interfaces or membranes has recently
received a great deal of attention, and in particular the controlled modification of their elastic
and mechanical properties is of major importance. For instance, the anchoring of copolymers
onto liposomes can mimic interesting biological situations such as the mechanical action of the
cytoskeleton [1,2]. Adsorption or anchoring of a polymer in a lamellar phase has also been
predicted [3,4] to change the elastic constants of the lamellar phase and possibly induce defects
or strain. Even for interfaces where only one component is adsorbed, the equilibrium of stresses
can lead to interesting situations where the surface tension is not the dominant force anymore.
In particular, intriguing cases of buckling of a polymerized or solid Langmuir film have been
reported [5,6]. The potential importance of spontaneous curvature in such situations has
been stressed recently [7]. The spontaneous curvature and the elastic constants of copolymer
monolayers adsorbed at an interface have been already calculated in several situations [8,9].
These calculations have generally dealt with neutral copolymers at the interface of selective
solvents of both blocks. Diblock copolymers can indeed self-assemble in different ways such as
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micelles or lamellar phases in presence of a selective solvent for one of the blocks or adsorbed
layers in presence of a selective surface [10]. The latter configuration is of prime importance
for many applications of industrial relevance [11] since copolymers can play the role of macro-
surfactant in situations of interface tailoring such as colloidal protection. The use of charged
copolymers is of increasing importance since they have been recognized to be good candidates
for protection in water or polar media due to the high stretching of the chains and the weak
sensitivity to added salt [12}. Moreover, interfaces formed by these charged copolymers create
situations where the test of particular behaviors of polyelectrolytes can be done, a situation
which is still of great interest [13].

The system whose study is reported here is the free surface of solutions of charged diblock
copolymers. The adsorbed layer is constrained to be in thermodynamic equilibrium with the
bulk solution. The building of the monolayer is due to the amphiphilic nature of the charged
diblock copolymer and is well-corroborated by the lowering of surface tension. However, in-
teractions between adsorbed chains at the interface cannot be neglected, even for relatively
small adsorbed amounts of polymer, because of the electrostatic repulsion between chains. In
some cases, depending primarily on the architecture of the polymer, the experimental study
presented here suggests that the most energetically favorable configuration is a spatial modu-
lation of the interface, like in buckling phenomena. In the first part, we describe the materials
used and recall what is known about their thermodynamic behavior. In the second part, we
define our experimental strategy, including the experimental details about the X-ray diffuse
surface scattering. Then, in the third part we present the results and the conclusions which
can be drawn from them. In the last part, we derive an interpretation which accounts for the
experimental results and conclude by depicting the future work which is envisioned.

~

2. Chemistry and Thermodynamics of the System

We made use of two diblock copolymers (labeled as (128, 4) and (211, 13) from their number of
segments, see below) made of one short hydrophobic moietie (polytertiarybutylstyrene, PtBS)
and of one longer polyelectrolytic part (polystyrenesulfonate, PSSNa) ionized at 90%. These
polymers where synthesized by anionic polymerization and appropriate post-polymerization
chemistry [14] and their characteristics are as follows in terms of number of segments:
N(PSSNa) = 128, N(PtBS) = 4 for the one denoted (128, 4); N(PSSNa) = 211, N(PtBS) = 13
for the one denoted (211, 13). Polydispersities are well under 1.1 for both polymers. These
copolymers are water soluble and are able to micellize in solution for the (211, 13), or appar-
ently do not form micelles (128, 4). The micelle formation for such symmetric diblocks results
of a balance between the energy gained by the hydrophobic segments upon aggregation and the
loss of energy which can result from tethering charged chains together and forming a stretched
corona. Such a stretched corona is due to the osmotic pressure of the counter-ions trapped
within the micelle {15]. The low number of hydrophobic segments of the (128, 4) polymer could
explain why, contrary to the (211, 13), no apparent micellization can be observed. However, for
both copolymers, a substantial reduction of surface tension can be observed at sufficiently high
concentration. This shows that, despite its low number of hydrophobic segments, even (128, 4)
can form an adsorbed structure at the air-solution interface. Surface tension measurements of
both copolymer solutions have been carried out as a function of concentration and as a function
of time for copolymer solutions with no added salt. A Wilhelmy balance using a filter paper
as a sensor was used. This method was already qualified for such copolymers [16] by checking
that no adsorption can be detected on the sensor. All measurements, like X-ray measurements
(see below) were carried out at ambient temperature. Results are shown in Figure 1 where, for
all measured concentrations, an equilibrium is reached about after 10 hours.
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Fig. 1. — Surface tension vs. concentration for the (128, 4) polymer (empty circles) and the (211, 13)
polymer (filled circles). Inset: surface tension of (128, 4) at 20 g/l as a function of time.

The surface tension is always lowered with respect to pure water. Whereas the surface
tension of (128, 4) appears lower than that of (211, 13) at high solution concentration, the
relative importance of the error bars and the lack of determination of the surface concentration
precludes any definite conclusion. Note that homopolyelectrolytes such as PSSNa always induce
an increase of the surface tension in absence of added salt. The ability to achieve an equilibrium
is already worth discussing with respect to some theoretical considerations which take into
account the image charge induced by a charged chain as it adsorbs at the air-water interface
[17,18]. We postpone a detailed discussion about this kinetics for another publication.

Several solutions of copolymer were prepared prior to the runs by dissolving the polymer in
ultrapure deionized water (Millipore of resistivity larger than 18 M2 cm). We studied several
solutions of (128, 4) at respectively 3, 10, 20 and 30 g/l and one solution of (211, 13) at
8 g/l. Dedicated troughs made of teflon were used for each solution both for ageing and for
the scattering experiments.

3. Experiment

We made use of X-ray reflectivity and surface scattering in order to quantitatively determine
the adsorbed structures. The reflectivity measurements were carried out on a reflectometer
equipped with a fine focus copper tube (A = 0.154 nm) followed by a Si(111) monochromator
and 110 um divergence slits. The reflected intensity was measured using 200 pm analysis slits
and a Nal scintillator. “Rocking curves” were performed around each normal ¢, wave-vector
transfer value in order to substract the background. As the contrast between the adsorbed layer
and water is very low, the curves could be analyzed using only a single index step between air
and water in a first approximation. The surface fluctuations were analyzed using the standard
scattering cross section for thermally excited capillary waves [5]. Reflectivity results are shown
in Figure 2.
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Fig. 2. — Reflectivity curves for (211, 13) at 8 g/l (circles), (128, 4) at 3 g/l (grey squares), and
(128, 4) at 30 g/1 (triangles). Solid lines are fits to the data as indicated in the text with additionnal
roughness factors equal to 0.2 nm for (128, 4) at 3 g/l and 0.42 nm at 30 g/l. The dashed lines are
the corresponding calculations without the additionnal roughness factors.

Clearly the (211, 13) solution (8 g/1) is nicely fitted by this model without any additional
roughness. On the contrary, solutions of the (128, 4) polymer all necessitate the inclusion of
an additional roughness which increases with concentration. Since reflectivity measurements
give information about the structure normal to the interface only, diffuse surface scattering
experiments at grazing angles have been performed in order to elucidate the origin of this
roughness.

Diffuse scattering experiments were performed at the ESRF, BM32 line (at 8.9 keV, 0.139 nm)
since such experiments need a high flux and a high resolution. The experimental configuration
has been detailed elsewhere [19] and only the main features are reported here. Two different,
resolutions were used in order to eliminate systematic errors.

In order to minimize the background, the troughs were maintained under a gentle helium
flux, and the grazing angle of incidence 6; was fixed below the critical angle for total external
reflection. The scattered intensity I(q) was then recorded as a function of the detector angle
above the surface in the plane of incidence 6y, see Figure 3. With this geometry I(q) essentially
writes as [20]:

I(q) A F(g,) - (z(@)z(~q)) (1)

where F(q,) gives account of the vertical interfacial structure, and (z(q)z(—q)) is the in-
plane correlation function, and the resolution is mainly given by the slits in the beam-path.
The results were again analyzed using a single index step and a standard correlation function
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Fig. 3. — Experimental configuration. The sample to detector distance is 720 mm and the $2 to s3
distance is 510 mm. The vertical x horizontal openings of the slits are respectively: resolution A
s2 0.1 mm x 0.5 mm, s3 2 mm x 2 mm, 4 0.5 mm X 4 mm; resolution B s; 0.1 mm x 0.5 mm,
53 0.5 mm x 2 mm, s4 0.2 mm x 4 mm. The inset shows the corresponding scattering geometry.

w(f2)-meR)] e

where Ky is the modified Bessel function of second kind of order 0, K is the bending rigidity
which was assumed to be on the order of kg7 in all calculations [21], and r = /2% + y2.
The measured scattered intensity is represented in Figure 4.

As compared to a pure capillary wave scattering given by equation (2), one can note an
extra-scattering due to the polymer film of (128, 4) (large peak around 107 m~?!). This is not
observed with the (211, 13) polymer. It should be noticed that, although our measurements
actually involve a coupling between ¢, and g,, reflectivity measurements (g, only) prove that
the extra-scattering is due to surface corrugations and not to a structural effect as included in
F(q.): the only source of contrast is provided by the air-solution interface. These corrugations
for the (128, 4) were taken into account by adding a contribution to the correlation function:

including the measured surface tension [19]:

(2(0,0)2(a,9)) = 5

2nr

(0,0)5(z.0)) = W (22 ) &7/ ®)

where Jy is the Bessel function of first kind of order 0, and by multiplying the intensity by
the additional roughness factor determined from the reflectivity experiments. This correlation
function is the one obtained using a simple sine corrugation of amplitude hy with coherence
length £ angularly averaged in the plane of the surface. As the correlation length £ (50 nm) is on
the order of the wave-length A (200 nm), the in-plane order is quite disordered exhibiting only a
characteristic size. We interpret the occurrence of this corrugation as due to the development
of an instability of wave-vector @ = 27 /A in the plane. The wavelength of modulation A
is insensitive to concentration, and only the amplitude ho increases upon concentration of
polymer from 0.1 £ 0.02 nm at 3 g/l to 0.20 £ 0.04 nm at 20 g/l.

The deformation of the interface is probably favored by the repulsive interactions between
adsorbed chains, since curvature favors a larger space between chains at the same area per chain.
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Fig. 4. — Scattering intensity xg. as a function of g;. Solid lines are fits to the data as described in

text. Resolution A: water (grey triangles) and (128, 4) polymer at 20 g/ (circles). The dashed line is
a calculation with the correlation function equation (2) only and a surface tension v = 48 mN/m as
measured for the (128, 4) polymer. Resolution B: water (inverted grey triangles), (128, 4) polymer at
3 g/1 (squares) and 20 g/1 (filled circles). Dashed line for the 20 g/1 solution as indicated above.

However, curvature costs capillary energy and defect energy localized at the walls between
curved zones of extension A. The equilibrium value of A should come out of a minimization
of the full grand potential including the above listed surface energies and the bulk chemical
potential. Its precise calculation is clearly out of the scope of our study although a correct
estimation of the spontaneous curvature of the adsorbed layer should be a first step in the
calculation of @. An intriguing question is why this phenomenon does not occur with the
longer and more symmetrical (211, 13). Although not shown in Figure 2 because of a lack of
place, the experimental data for (211, 13) are actually well-described by a pure capillary wave
model with an input given by the measured surface tension. We speculate that this could be
related to the ability for (211, 13) to micellize since such a micellization can also occur at the
surface [22] and would allow to accomnmodate curvature. Crucial experimental tests should be
the study of such adsorbed layers when electrolyte is added in order to decide if electrostatic
interactions between chains or osmotic effects of confined counterions are essential.
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