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Free-Standing Black Films of Polymers: A Model of Charged Brushes in Interaction
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Free-standing black films drawn from a diblock copolymer aqueous solution were studied by x-ray
reAectivity. Because of the hydrophilic part of the copolymer which is a highly charged polyelectrolyte
(NaPSS), such films behave as two opposing charged brushes. Above a determined threshold the
thickness of the double brush decreases slowly as electrolyte is added. These results are in good
agreement with recent mean-field theories.

PACS numbers: 61.25.Hq, 36.20.Ey, 68.15.+e

The understanding of interactions between two charged
layers of end-grafted polymers [1] is important for the
control of colloidal interactions in polar solvents. The
use of charged macromolecules modifies the force bal-
ance between the two surfaces through a combination of
electrostatic and entropic interactions. In particular, the
disjoining pressure between the grafted surfaces should
be much less sensitive to Debye screening by the addi-
tion of electrolyte than with simply charged surfaces. A
great number of theoretical papers deal with the interac-
tions between neutral brushes [2—4], but only a few recent
papers are devoted to polyelectrolyte brush theory [5] and
interactions between two polyelectrolyte brushes [6,7].
However, Pincus [7] has recently pointed out the reduced
sensitivity to added electrolyte of the interactions between
two brushes, a result which could be of practical inter-
est. A few force machine experiments (force measure-
ments between polymers adsorbed on mica), coupled with
adsorption studies on various surfaces, have been carried
out [1,8,9]. Neutron experiments on polyelectrolytes end-
grafted on porous silica are also in progress [10]. We
present here a new experimental configuration which is
able to test the situation depicted above. Diblock copoly-
electrolytes in aqueous solution can behave as surfactants,
leading to the possibility of free-standing films. In the
following, we discuss why such films are made of end-
grafted chains and we compare x-ray reflectivity measure-
ments to recent models describing the action of electrolyte
on charged brushes.

Free amphiphilic films are simple and well-defined sys-
tems with two opposite amphiphilic layers surrounding a
water layer at the center (Fig. 1). Such films are drawn
from a solution by means of a plane vertical frame. The
black films are the final stages of the thinning due to the
draining of water [11]. The Newton black film (NBF)
is the thinnest form of black films [12], and x-ray re-
Aectivity experiments have recently given a very accu-
rate structural picture of the NBF made of SDS (sodium
dodecyl sulphate) and NaC1 [13]. The NBF is a bilayer
of soap without any liquid water in it except a hydra-
tion layer of the polar heads. The same generic features

black fi
beam

film

n film

d film

FIG. 1. Typical aspect of a free suspended film of a surfactant
solution during its draining. The x-ray beam probes the sample
where it is homogeneous and of thickness smaller than the
wavelength of visible light (black film). Below this zone,
thicker colored zones can be observed.

have been observed with highly different surfactants. It
thus appears that a free black film probed by a reflectivity
experiment is a model system for the study of interac-
tions within an amphiphilic bilayer. The copolymer used
in this study is a diblock copolyelectrolyte of poly(tert-
butylstyrene)/sodium polystyrene sulfonate (PtBS/NaPS S)
with an M~ = 2000 molecular weight for the PtBS
block and M~ = 45000 molecular weight for the PSS
block, synthesized by anionic polymerization [14] with a
sulfonation level of PSS of about 90%. The total poly-
dispersity is small (Mtv/Mz = 1.05) and is estimated by
combined chromatography and NMR data. The results
are virtually identical to that anticipated based upon the
composition of reactants. The hydrophobic part (PtBS) is
small (13 monomers) in comparison with the hydrophilic
part PSS (211 monomers) in order to solubilize this com-
pound in water solution where it self-associates in the
form of micelles [15]. All experiments have been car-
ried out at a constant polymer concentration (3 g/1) above
the critical micellar concentration. This ensures a con-
stant surface concentration even when electrolyte is added
as checked by surface tension measurements [15]. The
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water used in this study is from a milli-Q system and its
conductivity is less than 18 MA/cm.

All reAectivity experiments on the free films have been
performed using a four-circle diffractometer for vertical
surfaces which has been described in detail elsewhere [16].
A conventional, fine-focus copper tube is used as an x-ray
source. The monochromator is a Si(111) crystal which
selects the Cu Kni line (A = 1.5405 A). A low divergence
(=0.15 mrad) of the beam is obtained by means of a small
vertical slit (100 p, m) placed at a distance of 40 cm from
the source. A perpendicular horizontal slit (600 p, m) is
used to limit the height of the illuminated area on the film.
The reflected beam is detected by a scintillation counter
placed behind an analysis slit (250 p, m) at a distance 40 cm
from the center of the diffractometer. The incident and
refIected beams pass through vacuum Aight paths. A new
experimental procedure has been used which consists of
drawing the films using a Oat rectangular metallic frame
with a bevelled edge (Fig. 2). The frame is cleaned before
each experiment with two dilute acid solutions (10% nitric
acid + 1.2% hydrofluoric acid for etching the frame and
10% nitric acid for passivation) and then rinsed with
distilled water. The film is drawn in an airtight cell
with two sealed Kapton windows in order to maintain
a saturated vapor atmosphere. At last the temperature
is regulated (~0.1 C) around room temperature. Under
these conditions we obtain free films stable during hours
or days. Another delicate and important point in order to
obtain accurate reAectivity measurements is the alignment
of the free film with respect to the beam. The film surface
must be parallel to and centered within the beam sheet.
In order to easily position the film one must take into
account that the film equilibrates behind the external plane
of the frame and parallel to it. In a first step the frame is
aligned in the beam before any film is drawn. In a second
step, the film is drawn on the frame and the reflectivity

signal is recovered by moving the frame forward by a small
distance (=100 p, m). Moreover, the width of the frame
is sufficiently large to allow reflectivity measurements
at extreme grazing incidence, and the minimum incident
angle (10 mrad) is only limited by the size of the lateral
meniscus. The maximum illuminated area of the film is
about 0.5 cm . In the following we report the behavior
of black films of polymer as a function of added salt
concentration (NaC1 from Fluka, purity better than 99.5%).

Two typical refiectivity profiles exhibiting many dis-
tinct interference fringes (Kiessig fringes) are reported in
Fig. 3. The analysis of the reflectivity profiles can be
performed rigorously through the use of an optical for-
malism, valid at all angles [17]. This method takes into
account the multiple rejections and the interfacial rough-
ness [18]. At all salt concentrations, a model of a single
homogeneous slab of definite thickness, roughness, and
electron density is sufficient to give a reasonable account
of the experimental data (Fig. 3). This demonstrates that
no appreciable density gradient exists within the film. In
particular, the hydrophobic zone of the PtBS groups is not
detectable. For all salt concentrations, roughness varies
from 1.5 to 2 A. ~ 0.5 A., and the electron density is ex-
pressed through the refractive index 1 —6 where 6 varies
from 2.0 to 3.7 ~ 0.2 X 10 . No systematic variation
is observed with the salt concentration. However, sev-
eral features of the fits, such as a lower contrast at large
angles, a small deviation in the spacing, or a low value
of the density, suggest that inhomogeneities of thickness
could be present along the vertical of the film. These in-
homogeneities have been estimated for each data set and
never exceed 50 A. over 600 p, m of height. Error bars on
the thickness have been calculated from these estimations.
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FIG. 2. Schematic of the setup installed at the center of the
diffractometer. A metallic frame is immersed in the polymer
solution and is then drawn up to form the film suspended on
the central part of the frame. The film is then illuminated by
the x-ray beam.

FIG. 3. Two examples of Kiessig fringes; (a) nz = 0.2M and
(b) n& = 0.5M, where for clarity the reflectivity has been
multiplied by 10 2 in case (b). For each curve, the best
simulation is drawn by a continuous line. Parameters of the
fits are (a) 2L* = 642 A, 8 = 3.3 x 10 6, o. = 1.5 A. and
(b) 2L* = 484 A, , 6 = 3.7 X 10 rr = 2.0 A.
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We have reported in Fig. 4 the thickness of the film as a
function of the salt concentration. Two distinct regimes
are evidenced: at low electrolyte concentration ng ( np
where np = 0.1M, the thickness 2L* is nearly constant
and for higher concentration nq ) n p the thickness is a
decreasing function of the added salt.

The existence of the free film implies a lowering of
the surface tension connected with some organization of
the chains at the surface. The adsorption of the charged
chains of NaPSS is ruled out since polyelectrolytes hardly
adsorb on a neutral surface [4] in the absence of salt. The
other situation is a structure of NaPSS chains which are
terminally attached to the air by the hydrophobic moi-
ety. In the following we will then compare our results
to the simplest relevant model: two end-grafted brushes
in contact (Fig. 5). This model has been recently stud-
ied [7,19] and only the electrostatic interactions are con-
sidered here in the framework of a mean-field approach.
The equilibrium thickness L of the charged blocks is
obtained by balancing the osmotic pressure of the counter-
ions (neutralizing the brushes) against the entropic poly-
mer elasticity which tends to contract the chains. The
typical distance between chains, d, is assumed to be
fixed. This is a nontrivial assumption with respect to
the experiment. We first consider the situation in the ab-
sence of added salt where the Na+ counterions are only
due to the dissociation of the polyelectrolyte. Defining
g as the scale over which a test charge is neutralized
within the brush, a force balance leads to L = f'~2 Na
when $ « L. Throughout this Letter the symbol "="
means "equal within a numerical factor of order 1." Here
f is the fraction of charged monomers and a = 2.5 A
[4] is the monomer dimension. The NaPSS is fully
dissociated in water, but, if we assume that the model
of Manning condensation holds [20], there is only one
monomer charged over a Bjerrum length scale (7 A for
water, 1 = e2/k&T is the Bjerrum length) which gives
f = 3. When a concentration ns of electrolyte associ-
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FIG. 4. Evolution of the length 2L* versus the quantity of
added salt in a log-log plot. The straight line is the best slope
(0.31) passing through the last four data points.
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FIG. 5. Model of the diblock film where the collapsed PtBS
blocks are on the sides of the scheme and the PSS chains extend
over a distance 2L in the middle. Each chain is separated by
a typical distance d. Counterions (Q) are represented within
and in between the chains.

ated with a Debye length ~z
' is added to the solution,

two regimes can occur. If ~sf ( 1 the salt contribu-
tion is weak and the blocks keep their extension L. If
~zg ) 1, the quantity of counterions in the film is mod-
ified by the added electrolyte and the balance of forces
yields [7] L = (fa/d)2~3(1/4ns)' N

Our results agree well with the above scheme (Fig. 4).
According to the model, the crossover concentration
no = 0.1M corresponds to N-ss = 1. One finds
14 A, a value which fulfills s « L. It is then justified
to check the equality L = f'~ Na in the regime ns ( no.
Subtracting the extension (7 A.) of the monomers of PtBS
which are in a collapsed molten state, we find L = 333 ~
3 A.. This is in good agreement with the scaling prediction
which gives L = 304 A. since L = f'~~ Na holds only
to within a numerical factor of order 1. At higher salt
concentrations the slope of the curve reported in Fig. 4
in a log-log scale is —0.31 ~ 0.06; this value is in good
agreement with that expected by Pincus (—3) when one
takes into account the only four data points which can
be reasonably chosen as being in the asymptotic regime.
The good agreement with the model is not sufficient to
fully elucidate the structure. In particular, more work is
needed in order to check if the spacing d between polymer
chains stays constant as suggested by the results. Other
reorganizations of the structure can also be imagined and
compared to the results.

Comparable behaviors have been studied by vari-
ous techniques in similar or slightly different systems.
Charged star polymers have been shown to contract
very weakly with added salt [21], but large constraints
probably originate from the geometry. Adsorbed layers
and micelles made of the same diblock PtBS/NaPSS also
shrink with added salt. Preliminary results are compatible

1

with a ~ power law for the adsorption situation [8,9] and
with a smaller exponent for micelles [15]. Interestingly,
scaling theories [22] give a different answer L = nz

—2/3

in the case of end-grafted brushes. However, this discrep-
ancy can originate from the generic difficulty that scaling
theories have in describing polyelectrolytes.

In conclusion, our experimental results are in good
agreement with recent theoretical predictions describing
two opposite polyelectrolytic brushes. The electrolyte
plays a central role in determining the brush structure only
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when its concentration is sufficiently large that the cor-
responding Debye length ~z

' becomes comparable to the
neutralization length g. We are able to demonstrate the
salt concentration of crossover between the two regimes,
which is important for the elucidation of colloidal stabi-
lization phenomena. We believe that this way of probing
polymeric interfaces by x-ray refIectivity on free films can
be applied to many different systems. In particular, more
complicated bilayers such as mixed systems of polymers
and surfactants can be studied.
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