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ABSTRACT: We have prepared polyelectrolyte brushes on silicon blocks in two steps: first, we graft
polystyrene (PS) chains terminated by a trichlorosilane group, and then, we convert the grafted PS to
poly(styrenesulfonate, sodium salt) by using a soft sulfonation reaction. The grafted layers are fully
characterized by ellipsometry and infrared spectroscopy. Using neutron reflectivity, we determine the
interfacial density profile of the polyelectrolyte brushes so formed in aqueous solutions. In pure water,
the chains are strongly stretched because of the electrostatic repulsion between charged monomers; the
mean thickness of the brush is proportional to the chain length and does not depend on the grafting
density. Upon addition of salt, two regimes are observed. As long as the salt concentration is less than
the inner concentration of counterions in the brush ¢, the added electrolytes have no effect. On the
other hand, if the salt concentration exceeds cg, the polyelectrolyte layer shrinks as the ionic strength

increases but never collapses.

Introduction

Polyelectrolyte brushes are layers of charged polymer
chains that are attached by one end on a flat surface
(Figure 1). It has been thought that they could be used
to protect surfaces against adsorption of various col-
loidal objects (such as proteins, polymers, and so on) to
improve the stability of aqueous suspensions and so on.
They could also be of some help to better understand
the statistical physics of polyelectrolytes and the way
some bacteria escape recognition by the immune system.
The structure and properties of polyelectrolyte brushes
have been the subject of extensive theoretical investiga-
tions during the past decade.l~17 It has been shown that
in a dense brush of (water-soluble) polyelectrolyte the
chains are stretched due to the electrostatic repulsion
between charged monomers. The brush thickness is
determined by the balance between the chain elasticity
and the osmotic pressure of the counterions. The effect
of adding salt in solution has also been considered:
polyelectrolyte brushes should be relatively insensitive
to an increase in ionic strength, in contrast to most
colloidal systems.

However, experimental studies of polyelectrolyte
brushes are very scarce because of the extreme difficulty
in preparing samples. Some authors have used diblock
copolymers.18-19 For instance, the adsorption of poly-
(tert-butylstyrene)—poly(styrenesulfonate sodium salt)
(PtBS—NaPSS) block copolymers at a silica water
interface has been investigated by Amiel et al.’® The
small hydrophobic PtBS block can be viewed as an
anchor for the long hydrophilic NaPSS block, which is
the charged, water-soluble chain. Among the results of
this study, it has been shown that the adsorbed amount
of the copolymer is significantly higher compared to that
of the NaPSS homopolymer (of the same molecular
weight) only when the concentration of salt added to
the solution is high enough. Electrostatic interaction
between monomers has to be screened sufficiently.18
Free-standing black films obtained with this copolymer
have also been studied.?° By use of X-ray reflectivity,
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Figure 1. Schematic representation of the polyelectrolyte
brush.

the film thickness (which is approximately twice the
thickness of the polyelectrolyte brush) is measured as
a function of the salt concentration. The results are in
good agreement with theory. Chemically grafted poly-
electrolytes have been synthesized and studied for the
first time by Mir et al.2! They used porous silica as
substrate, on which they grafted polystyrene (PS) chains
terminated by a reactive chlorosilane group. This neu-
tral brush was then converted to a dense NaPSS brush
by an in situ sulfonation reaction. The monomer density
profile in agqueous solution was determined using small-
angle neutron scattering. However, some limitations due
to the synthesis (chain degrafting, insufficient analytical
characterization) did not allow an exhaustive investiga-
tion: in particular, the influence of the molecular
characteristics (chain molecular weight, grafting density
and so on) was not systematically studied. The substrate
(porous silica) was well adapted to neutron scattering
but did not allow a precise control of the sample
preparation.

Recently, the development of the “grafting from”
techniques? has opened new possibilities for the prepa-
ration of polymer brushes. The synthesis of grafted
polycation layers has been reported,? but a lot of work
is still necessary to assess the meaning of these sophis-
ticated methods.

In this study, we followed the same approach as did
Mir et al.,?! but we changed both the solid surface
(which allowed us a much better control of the sample
preparation) and the structural characterization tech-
nique. We chose silicon blocks as planar substrates to
prepare NaPSS brushes. Using ellipsometry and infra-
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red spectroscopy, we were able to control each stage of
the brush preparation. The main characteristics of the
samples were precisely measured: grafting density,
sulfonation rate, and neutralization rate. Once the
brushes were completely characterized, neutron reflec-
tivity was used to determine the concentration profile
of the brush in D,O as a function of grafting density
and chain length. The influence of the degree of sul-
fonation on the interfacial structure was also studied,
even though this parameter could only be varied over a
limited range because of the preparation method and
the hydrophobic nature of polystyrene. The effect of ionic
strength was also investigated by adding salt in solu-
tion.

In the next section, we will recall briefly the main
theoretical investigations concerning polyelectrolyte
brushes. In the Experimental Section, we will describe
the synthesis and the characterization of samples. The
neutron reflectivity method will also be explained. Then,
the results obtained on polyelectrolyte brushes in pure
water will be presented. From the density profile, the
mean thickness is deduced and will be studied as a
function of different parameters (sulfonation degree,
grafting density, and chain length). The counterion
distribution will also be determined. Finally, the influ-
ence of adding some salt into the bulk solution will be
investigated.

Theory of Polyelectrolyte Brushes

Existing scaling theories give a large-scale description
of polyelectrolyte brushes. In particular, the brush
thickness is linked to the main molecular parameters
(chain length, grafting density, and charge degree) and
to the ionic strength by power laws.

The pioneering publication of Pincus! indicated dif-
ferent regimes corresponding to different counterion
distributions. In this paper, the behavior of polyelec-
trolyte brushes in salt-free solutions is first considered.
The brush thickness is determined from the balance
between the osmotic pressure and the chain elasticity.
In the osmotic regime that has been predicted for
relatively dense and strongly charged brushes, the
thickness is independent of the grafting density and
satisfies the scaling law:

h ~ Naa*? 1)

where N is the polymerization index, a is the monomer
size, and a is the fraction of charged monomers. In this
regime, the mobile counterions are confined inside the
brush, compensating the immobilized charge of the
grafted chains. The latter are stretched because of the
osmotic pressure due to the counterions. The Pincus
regime corresponds to a sparse grafting of polyions and
low degree of charge. In this situation, the counterion
distribution extends into the bulk far beyond the brush
because of the insufficient electrostatic attraction be-
tween the anchored polyions and the mobile counteri-
ons. The brush can be viewed as a simple charged
surface and its thickness is now given by

a2
h~ 2nIB§a2N3 2)

where Ig is the Bjerrum length (Izs = 6 A in water) and
D is the distance between two anchoring points (o =
a?/D?, the grafting density).
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Figure 2. Diagram of states of a polyelectrolyte brush in the
coordinates ionic strength vs grafting density. ¢s is the volume
fraction of added salt, and o is the grafting density.

The addition of salt to the bulk solution leads to the
screening of the electrostatic interactions. In the “weak
screening” limit, the added electrolytes disturb only the
outer region of the brush whose thickness is the same
as that in the Pincus regime. In the “strong screening”
regime, Debye screening is expected to reduce the
counterion osmotic pressure responsible for the chain
stretching. The equilibrium condition gives

213
h~N a(%) 023 %—1/3 3)

where ¢s is the added salt volume fraction and a is
supposed also to be the size of the counterion (and of
any other electrolytes). Notice that the scaling law for
polyelectrolyte brushes in the strong screening regime
has the same form as the Alexander—De Gennes law
for polymer brushes in good solvent.?* A comparison
with the osmotic regime shows that the brush shrinks
when the salt concentration increases (h O ¢s 13).
However, even for high ionic strength, the chains
remain as stretched as neutral chains in good solvent
with an excluded volume parameter proportional to
@s~ 1. the brush is swollen by the excluded volume
between counterions. The crossover between the osmotic
regime and the strong screening regime occurs at ¢gs =
¢ci, Where ¢ is the inner concentration of counterions
in the brush. For dense and strongly charged brushes,
the osmotic regime is valid as long as ¢s is less than
¢.i. If the added salt concentration exceeds ¢, the added
electrolyte screens the electrostatic interactions and
induces a shrinkage of the layer. Wittmer and Joanny
have recovered these scaling laws by considering a
micellar solution of diblock copolymers adsorbed near
a surface.? Their results are summarized by the diagram
of states in the coordinates ionic strength versus graft-
ing density shown in Figure 2.

Diagrams of states for the 6-solvent and the good
solvent cases have also been presented.* The collapse
of a planar polyelectrolyte brush caused by a decrease
in solvent quality has been found to be a first-order
conformational phase transition.>~® In addition, the
influence of the substrate curvature has been consid-
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ered: the conformation of polyelectrolytes grafted on
spherical or cylindrical surfaces have been calculated.”—8

Self-consistent field (SCF) theories give access to the
equilibrium structure of polyelectrolyte brush; in par-
ticular, they allow the determination of the monomer
volume fraction profile. Misra et al.1° have extended the
SCF theory for neutral grafted chains?® to charged
brushes. Using the SCF approach and the local electro-
neutrality approximation, Zhulina et al.1* have obtained
analytical expressions for the density profile and the
chain end distribution in the whole range of solvent
quality and ionic strength. The local electroneutrality
approximation assumes that the immobilized charges
of the grafted chain backbones are locally compensated
by mobile ions; it is hence applicable to relatively dense
brushes. In salt-free solutions, the density profile (for a
planar brush) has a Gaussian shape. In the strong
screening regime, the profile shape tends to be parabolic
at high ionic strength. Numerical results have been
found to be in good agreement with these analytical
predictions.1? A similar approach has also been applied
to the poor solvent case.® Recently, Borisov and Zhulina
have developed the analytical SCF theory without any
assumption about the distribution of mobile ions. Con-
sidering sparse brushes that are unable to retain their
counterions, they found that a weakly charged brush
has a stepwise density profile, in contrast to an “os-
motic” brush (whose profile is Gaussian).14~15 Finally,
flow effects on polyelectrolyte brushes, in poor and good
solvent, have also been examined.6-17

Experimental Section

In this paper, all of the interfaces are silicon-block—D,0O
interfaces. The use of silicon blocks is a key point of this study:
with these substrates, it is possible to analyze quantitatively
the chemical modifications of the interface during the sample
preparation by using a combination of two techniques (as
described below): ellispometry and infrared spectroscopy in
attenuated total reflection (IR-ATR). But these silicon blocks
are also ideal substrates for neutron reflectivity, which is a
powerful technique for determining the structure of a solid
liquid interface.

Synthesis and Characterization of PSS™Na* Brushes.
Our strategy to synthesize a PSSNa brush on a silicon wafer
is as follows: we use poly(styrene), terminated at one end by
a reactive group that is able to form a covalent bond with the
oxide surface of the silicon block; with this polymer, we build
a dense brush of (neutral) polystyrene. This is followed by a
soft sulfonation reaction performed directly on the brush to
convert the neutral PS chains to polystyrenesulfonate.

Before use, the silicon block is cleaned for 20 min in a
mixture of H;SO4/H.0, (7:3) at 100 °C. This treatment
eliminates all organic molecules present on the substrate
surface and leaves the silicon block with a clean, hydrophilic
oxide layer of about 20 A thickness. The silicon block is rinsed
with water in an ultrasonic bath and carefully dried under
argon stream. Just prior to grafting, it is finally cleaned under
UV ozone exposure (for 1 h).

The polystyrene is synthesized by anionic polymerization
in benzene, by use of sec-butyllithium as initiator, and
terminated by a trichlorosilane end-group.?® The main char-
acteristics of the PS used in this study are summarized in
Table 1. For the grafting, the reactive PS is dissolved at 1%
in carefully dried toluene; this solution is spread onto the
silicon block, and the solvent is removed by either spin-coating
or vacuum evaporation. The silicon block, covered by a thin
layer of PS, is then immediately put in a vacuum oven, and
the temperature is raised to 160 °C. Depending on the desired
grafting density, the grafting reaction time is set between 5
and 24 h. Finally, the silicon block is thoroughly rinsed with
toluene to eliminate all of the free chains that have not reacted.
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Table 1. Main Characteristics of the Polystyrene Samples

Used
H/D Mw polym. index, N polydispersity
protonated 6550 63 1.16
protonated 12 550 121 1.08
protonated 32 250 310 1.04
protonated 114 020 1100 1.03
deuterated 4160 37 1.32

The thickness of the dry brush (which corresponds to the
amount of PS per unit area) is measured by ellipsometry, from
which the average distance D(A) between anchoring points (or
equivalently, the area per chain D?, in square angstroms) is
calculated. Therefore, with dry PS brushes, ellipsometry can
be used to determine the number of —CH,— and aromatic
—CH~— groups per unit area. This allows us to calibrate the
IR-ATR technique: on the same samples, the IR absorbance
at 2924 cm™! (characteristic of —CH,—) and the IR absorbance
at 3026 cm (specific of a monosubstitution of the phenyl ring)
are measured, and thus, combining the two measurements,
calibration curves of “absorbance versus number of groups per
unit area” are obtained. It has to be noted that no orientation
effect is detected on the IR spectra of the dry brushes, as it is
commonly observed with short molecules,?” because the order
parameter in our grafted polymer samples is 2 orders of
magnitude lower than that in self-assembled monolayers.

It was checked that the PS chains that are terminated by a
trifunctional group —SiCl; do not form cross-linked aggregates
during the grafting procedures we have used: the excess of
free chains was analyzed by GPC after grafting, and the
molecular weight distribution was found to be the same as that
before. The dry PS brushes were also characterized by atomic
force microscopy; they appeared as atomically smooth, homo-
geneous, and flat surfaces, with very rare holes. No clusters
were detected. The holes however were useful: they allowed
us to determine the thickness of the dry PS brush by AFM,
and it turned out that this measurement was in complete
agreement with the result obtained by ellipsometry.

The soft sulfonation reaction is adapted from MakowskKi et
al.?8; the sulfonation reagent, “acetyl sulfate”, is prepared by
slowly adding concentrated sulfuric acid to a solution of acetic
anhydride (2.2 mol/L, 1.7 molar excess) in freshly distilled 1,2-
dichloroethane, at 0 °C. The silicon block whose surface was
grafted with PS is put in a specially designed reactor; the
acetyl sulfate solution is introduced, the reactor is tightly
closed, and the temperature is raised to 60 °C for 3—20 h. The
poly(styrene sulfonic acid) so formed is neutralized rapidly by
immersing the block in a 0.5 mol/lL NaHCO; solution and
rinsing it with pure water. A brush of poly(styrenesulfonate
sodium salt) is thus obtained. The grafting density and the
sulfonation degree of the polyelectrolyte brush are determined
by comparing the IR spectra of the brush before and after
sulfonation (see Figure 3). The adsorption band of the —CH,—
group at 2924 cm™* (or that of the aromatic —CH— group at
3026 cm™1) gives access to the rate of polymer degrafting (or,
respectively, to the sulfonation rate). The neutralization rate
is estimated using the signature of small counterions (tetra-
methylammonium or tetraethylammonium) other than so-
dium, which is not directly detectable in infrared spectroscopy.
We take advantage of the sensitivity of the IR-ATR technique
to the H/D substitution: we have synthesized deuterated PS
chains (terminated by a trichlorosilane group), and we follow
the same procedure as that explained above to obtain a
deuterated polyelectrolyte brush. The last stage however is
different: protonated tetraethylammonium (or tetramethyl-
ammonium) hydroxide is used as base (instead of sodium
hydrogen carbonate). The neutralization rate corresponds to
the ratio of the number of tetraethylammonium and the
number of sulfonate groups per unit area, which are deter-
mined by the intensity of specific absorption bands (3010 cm~
for the ethyl group and 2230 cm™?! for the aromatic —CD—
group). Comparison with bulk samples proves that the neu-
tralization is complete in the polyelectrolyte brush.

Except for the study of the sulfonation degree influence on
the brush structure, the reaction conditions have been opti-
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Figure 3. Comparison between the IR—ATR spectra of the same sample, before and after sulfonation. Solid line: PS brush (N
=310, D = 17.8 A) before sulfonation. Dotted—dashed line: same brush converted to PSSNa after a 5 h sulfonation reaction. The
absorption bands at 2924 and 3026 cm™* are used to measure the polymer degrafting and the sulfonation rate.

Table 2. Brush Characteristics?

sulfon.
rate, o

polym. D before sulfon. D after
consolidation index, N sulfon.t time¢ sulfon.?

yes 1100 25.0 5 26.4 0.60+0.08
no 310 17.8 5 22.0 0.62+0.08
no 310 17.8 4 21.0 0.45+0.10
no 310 17.8 3 200 0.35+0.11
yes 310 17.8 5 21.2 0.60 £ 0.08
yes 310 21.2 5 23.0 0.60+0.08
yes 310 25.6 5 27.0 0.60+0.08
yes 310 275 5 29.0 0.60+0.08
no 120 13.7 20 156 0.45+0.10
no 63 12.4 20 13.0 0.45=+0.10

a For each chain length N, the experimental conditions have
been optimized to have the maximum grafting density and the
highest sulfonation rate. ® In angstroms. ¢ In hours.

mized in order to maximize the sulfonation rate and to
minimize the degrafting of the polymer, which appears to be
unavoidable. The reaction time that corresponds to the “opti-
mal” sulfonation varies with the brush grafting density (cf.
Table 2).

In addition, the homogeneity of the sulfonate group distri-
bution along the backbone has been assessed by using a block
copolymer. This question arises naturally because the sul-
fonation rate is not equal to 1. A diblock copolymer PS(D)—
PS(H)SiCl; (number of deuterated (respectively, protonated)
monomers Np = 156 (respectively, Ny = 131); polydispersity
index = 1.03) has been synthesized and grafted in the same
way as that explained above to form a dense brush. After
sulfonation, the sulfonation rate of each block (measured by
IR-ATR) is found to be equal to that of the corresponding
homopolymer. This indicates that the sulfonation is homoge-
neous along the backbone of the grafted PS chains.

Finally, we have observed that some PSSNa chains can be
degrafted when the samples are immersed for a long time in
water and especially when salt is added; in particular, brushes
made with long chains (N = 1100) or of weak grafting density
(D > 25 A) appear to be fragile. The structure of these brushes
cannot be determined by neutron reflectivity because the
counting time is on the order of a few hours, which is too long
to consider that the grafting density of these fragile samples
remains constant. This difficulty has been solved by consoli-
dating the grafted PS layer before sulfonation: the anchoring

points are protected by tethering very short deuterated PS
chains (Np = 37). These oligomers are deuterated so that they
can be distinguished from the protonated long chains in IR
spectroscopy and neutron reflectivity. The amount of deuter-
ated oligomers forming the protective carpet is measured by
IR-ATR and ellipsometry; it decreases with the grafting
density of the initial brush, from about 40 to 15 A for the
samples of this paper. This consolidating process appears to
be very efficient: it reduces considerably the chain degrafting
and allows us to prepare stable PSSNa brushes in a wide range
of grafting density and chain length. More details about the
synthesis and the characterization of PSSNa brushes will be
given in a forthcoming publication. The main characteristics
of the samples used in this paper are summarized in Table 2.

Neutron Reflectivity Experiments. Specular neutron
reflectivity can be used to gain information about the structure
of planar surfaces, both liquid and solid, at a mesoscopic length
scale (from a few angstrom up to a few thousand angstroms).
In particular, this method has been extensively used to
characterize polymer interfaces.?® Indeed, the specular reflec-
tivity (which is the ratio of the reflected beam intensity and
the incident beam intensity) is sensitive to the scattering
length density profile (approximately, the equivalent of the
refractive index for light reflectivity) in the direction normal
to the interface Nb(z). In the kinematic approximation, the
reflectivity R(k) is linked to Nb(z) by

R(K) = Re(K) | L i % exp(2ikz) dz|? 4

k is the wave vector 4z sin 6/4, where 1 is the neutron
wavelength and 6 is the angle of incidence. The Fresnel
reflectivity Re(K) is the reflectivity of the bare surface. As Re-
(k) falls off sharply (it decreases asymptotically as k™), the
R/Re versus k representation will usually be preferred in order
to emphasize the contribution of the scattering length density
profile of the surface layer to the reflectivity signal. The power
of the neutron reflectivity or scattering methods arises from
the fact that the scattering length of hydrogen and deuterium
is very different, whereas chemically, H and D can be
considered as nearly equivalent. Therefore, selective deutera-
tion can be used to highlight one particular component of the
interface from others. To determine the polyelectrolyte brush
profile in water, the polymer chains are protonated, whereas
the solvent (D,0O) is deuterated. On the other hand, the
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Figure 4. Schematic drawing of the neutron reflectivity
experimental setup.

counterion distribution is investigated by contrast matching
the grafted polymer backbone to the solvent: the counterions
(tetraethylammonium) are protonated, whereas the poly-
(styrenesulfonate) is 96% deuterated, and the solvent is pure
D,0. Under this contrast matching condition, the neutrons are
sensitive solely to the counterions.

The neutron reflectivity experiments were performed on the
reflectometer DESIR at the Laboratoire Léon Brillouin, CE-
Saclay (France). The sample holder keeps the silicon block (10
x 5 x 1 cm?®) tightly clamped against a Teflon trough filled
with D,O (or salted D,O). The collimated incoming neutron
beam traverses the silicon block (at a fixed angle), before
reflecting at the silicon D;O interface (Figure 4). Reflectivity
was measured at a glancing angle of 1.2°, using neutrons of
wavelength 3.5—22 A. The reflectivity curves were normalized
with respect to the plateau value corresponding to total
reflection (observed for k < k., with k. being the critical wave
vector characteristic of the silicon D,O interface). The experi-
mental reflectivity curves were then analyzed as explained
below.

The problem is to determine Nb(z) using eq 4. The method
we have chosen?° consists of approximating Nb(z) by a (fixed)
number of layers of constant scattering length density, calcu-
lating the corresponding reflectivity curve and finding, by
iterations, the parameters that best fit the experimental data.
The adjustable parameters are the thickness h;j, the scattering
length density Nbj, and the roughness o; of the layer i. This
roughness (of the error function type) allows one to connect
two adjacent layers in a smooth way. Thus,

N [Nb; — Nb;,, (z-12)
Nb(z) = Z ——||1—erf
n= 2 0j

with hj = zi — zi+1. The first (n = 0) and last (n = N) layers are
semi-infinite media. We have Nbn+1 = 0 and Nby = 2.0273 x
10-¢ A-2 (scattering length density of the silicon).

It appears that all our data can be fitted reasonably well
using only four layers. No real improvement is obtained if this
number of layers is increased up to 10, as shown by Figure 5.
Although the fit seems to be better at large k (where the
statistics is the worst), the density profile does not show any
significant change. Among the four layers of the model, one
describes the oxide layer, present at the surface of the silicon
block. Its characteristics are determined before grafting and
do not change for the rest of the experiment. Therefore, only
three layers (nine parameters) are needed to describe the
polymer interface.

The last operation of the method is to go from the scattering
length density profile Nb(z) back to the density profile ¢(z) of
the protonated species. Usually, this is trivial. However, with
our samples, we observed that a significant amount of H,O
introduces an additional difficulty. The presence of H,O
molecules has been detected by several methods. The PSSNa
brushes, even “dry”, exhibit an infrared absorption band
characteristic of H bonds due to H,O (between 3200 and 3600
cm™Y); cf. Figure 6. X-ray reflectivity experiments show that
the electronic density is smaller than the density of pure
PSSNa; it corresponds to the density of PSSNa with about 35%
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the best fits corresponding to the reflectivity calculated with

a model of 3 (solid line) or 10 layers (dashed line). (b) Similar
monomer volume fraction profiles given by both fits.

H0. Finally, the neutron reflectivity curves of 96% deuterated
brushes, which in principle are contrast matched with D,0O,
are (slightly) different from the expected Fresnel reflectivity.
If this difference is interpreted by the presence of H,O within
the polymer interface, we find again an amount of water on
the order of 30%. This amount is, for all our samples, between
25% and 35%. These H,O molecules cannot be removed even
under high vacuum conditions nor can they be replaced by
D,0. They are introduced probably during the neutralization
stage; they are strongly bound to the brush and presumably
solvate the sulfonate groups.

If we assume that these H>O molecules are distributed
throughout the polymer interface in the same way as the
sulfonate groups (or the counterions), then the unknown
volume fraction of the protonated species can be obtained as

Nbp o — Nb(z)
(Nbp, o — Nby;) +wW(Nbp o — Nby, o)

#(2) = ®)

w is the amount of HO and is precisely determined by
comparing y = [g#(z) dz with the layer thickness measured
by ellipsometry (which is the total amount of matter in the
interface per unit area). (The z axis is oriented from the silicon
block toward D,O. The origin z = 0 for ¢(z) is taken at the
silicon oxide D,O interface.)

A typical example of a reflectivity curve and the correspond-
ing volume fraction that best fits the data, determined accord-
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Figure 6. Typical infrared spectrum of a PSSNa brush. A broad absorption band characteristic of H bonds due to H,O (3200—

3600 cm™) can be observed.

\:

-6 I { L | ] L |
0.0t 0.015 0.02 0.025 0.03 0.035 0.04 0.045

Wave vector k(A'l)

Figure 7. Same data as in Figure 5 but in the representation
log R vs k. The solid line corresponds also to the best fit
obtained with the three-layer model.

ing to the above-described procedure, was given in Figure 5
(solid line). In Figure 7, the same data are reported but in the
representation log R versus k.

y = [o¢(z) dz is an important physical parameter, because
it does not depend on the shape of the density profile.
Therefore, for a given sample, it should not vary from one
experiment to another. For instance, if the ionic strength is
changed, y must remain the same even if the density profile
shape completely changes. y should also be the same when it
is measured by different techniques. This parameter is thus
a good tool to assess the meaning of the density profile ¢(z)
determined by neutron reflectivity.

To determine quantitatively the influence of the chain
length, the grafting density, and so on and to compare
the experimental results with theoretical predictions, it is
useful to define the mean thickness of the brush h (A) as h =
2/2¢(2) dz/f¢p(z) dz. The maximum thickness hmax (A), which
corresponds to the z value where ¢(z) < 0.01, can also be

used for the same purpose. Both are complementary ways to
evaluate the chain extension.

Results

Influence of the Sulfonation Rate. Before studying
the variation of the polyelectrolyte brush profile with
grafting density and chain length, it was necessary to
determine the influence of the sulfonation rate because
it was not possible to keep this latter characteristics
constant for all the samples. For instance, the maximum
sulfonation rate depends on the grafting density: the
most dense brushes (obtained with the shortest chains,
N = 63) cannot be sulfonated above 45%. Therefore, it
was important to determine to which extent this varia-
tion could influence the brush structure. However, the
sulfonation rate could vary only in a limited range: from
30% to 65%. Indeed, below 30%, the poly(styrene-
sulfonate sodium salt) is not water-soluble and the (soft)
sulfonation method we used does not allow a sulfonation
rate higher than 65%.

Figure 8a shows the density profile obtained for
different sulfonation rates, with brushes of the same
chain length (N = 310) and similar grafting density. It
appears that the more the brush is charged, the more
the chains are extended. This is confirmed by a quan-
titative analysis (Figure 8b). We observe that the
variation of the mean thickness h with the sulfonation
rate is compatible with the theoretical prediction h ~
a2 (cf. eq 1). However, it must be recalled that these
data were obtained in a limited range of sulfonation rate
(and thickness).

The profile shape can be analyzed in more detail. The
differences between the three density profiles in Figure
8a are not very pronounced: they are all rather gently
sloped and extend far in the bulk. Nevertheless, it seems
that when the sulfonation rate is low, the density profile
tends to be structured in two layers: the first is a dense
layer near the surface (its thickness and its mean
volume fraction ¢ are, respectively, about 250 A and 40%
for the less sulfonated sample), and the second, far from
the surface, is more dilute (thickness ~ 250 Aand ¢ ~
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Figure 8. (a) Monomer volume fraction profile for various
sulfonation rates o. The PSSNa brushes have the same
polymerization index N = 310 and similar grafting density.
(b) Variation of the mean thickness h (A) as a function of o2,

15%). The dense zone might correspond to hydrophobic
domains. There are two possible explanations for the
existence of such hydrophobic domains: either they are
the less sulfonated parts of the chains (randomly
distributed along the backbone) or they might be due
to globule formation. Globule formation has been pro-
posed by Dobrynin et al.3! to describe the conformation
of “hydrophobic” polyelectrolyte chains: the most favor-
able conformation of a single chain is to form a string
of beads (the “globules”). This would result from a
compromise between the elastic free energy, the elec-
trostatic repulsion and the interfacial tension with
water. In that sense, this conformation is reminiscent
of the Rayleigh instability. The number and the size of
the globules depend on the charge rate, the ionic
strength, the interfacial tension between water and the
hydrophobic monomers, and so on. When decreasing the
charge rate, the number of monomers involved in the
globules increases. For free chains, the globules are
located everywhere along the backbone. This study can
be extended to the semidilute case. The model of
Dobrynin et al. could also apply to our brushes; however,
the globules would form preferentially close to the solid
surface because it would allow a gain in interfacial
energy. This second explanation accounts qualitatively
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Figure 9. Comparison of the monomer volume fraction profile
of a PSSNa brush (N = 310, D = 22.0 A, & = 0.62 + 0.08) in
D,O (dotted line; same data as in Figure 5) with a Gaussian
(solid line).

for our observations and seems to be more reasonable
than the first one (less sulfonated domains) because the
chains do not need to fold up in order to bring their
hydrophobic domains near the solid surface.

Shape of the Monomer Volume Fraction Profile:
Comparison with Theory. In the osmotic regime,
theory predicts that the monomer volume fraction
profile ¢(z) of a polyelectrolyte brush is Gaussian (for
sufficiently large N). However, this result is based on
simplified views: for instance, the solid surface is
assumed to be perfectly neutral and no hydrophobic
interaction is taken into account. It is not clear whether
such a description can apply to our samples and to what
extent the shape of ¢(z) is modified by these interactions.
Nevertheless, a comparison with theory might be rel-
evant in the case of the sample of following character-
istics: N =310, D =22.0 A, and o. = 0.62 + 0.08; because
D is small compared to the radius of gyration, it is not
altered by a consolidation layer and the degree of
sulfonation is high, which should minimize the forma-
tion of globules.

No simple analytical forms (Gaussian, step function,
or exponential) fit the reflectivity data very well,
especially in the “high” k range (k > 0.015 A-1), which
is sensitive to the details of the monomer volume
fraction profile. This is why we introduced the “layered”
model described above, which can account for any
regular shape of monomer volume fraction profile,
provided the number of layers is sufficiently high.
Experimentally, it appears that three layers are enough
to describe all our data. Figure 5b gives an idea of the
resolution of our reflectivity experiment, translated in
terms of ¢(z). At this level, if the best monomer volume
fraction profile obtained with the layered model is
compared with the theoretical prediction (Gaussian
form) (cf. Figure 9), significant deviations are observed,
although the agreement is qualitatively good.

Effect of the Consolidation on the Brush Struc-
ture. As explained above, it was necessary to consoli-
date the brushes when their grafting density was
relatively low and the molecular weight of the polymer
was high (namely, for N = 1096). This was achieved by
grafting oligomers whose role was to protect the anchor-
ing points of the long (grafted) chains. Although this
oligomer carpet is not directly “visible” to neutrons
(because it is contrast matched to D,0), its presence
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Figure 10. Monomer volume fraction profile of a brush
without consolidation (solid line characteristics: N = 310, D
=22.0A, and o. = 0.62 + 0.08 with the same data as in Figure
5) and a brush after consolidation, of similar characteristics

(dashed line characteristics: N = 310, D = 21.2 A, and o =
0.60 + 0.08).

might be detected indirectly if it disturbs the brush
profile. This effect can be evaluated, to some extent, by
comparing two samples of similar characteristics, with
only one of the two being consolidated (Figure 10). It
has to be noted that this evaluation cannot be done on
samples whose grafting density is relatively low, be-
cause they are not robust enough to be observed by NR,
as mentioned above. In Figure 10, we can notice that
the oligomer carpet has an influence only close to the
solid surface. In this region, because the monomer
volume fraction is increased (due to the “invisible”
oligomers), the formation of hydrophobic globules is
promoted. Nevertheless, this perturbation is localized
within the first 60 A. We assume that this remains valid
for all the consolidated brushes, especially for those at
low grafting density.

Effect of the Grafting Density on the Brush
Structure. Figure 11a shows the concentration profile
of (consolidated) PSSNa brush as a function of the
grafting density, with all of the other characteristics
being kept constant (chain length N = 310, sulfonation
rate oo = 0.60 + 0.08). It can be seen that both the
maximal extension and the mean thickness are about
the same for all of the four samples (hmax ~ 700 A and
h ~ 450 A). h is more than twice as large as the mean
thickness of the corresponding neutral brush in good
solvent; the thickness of a PS brush varies from 160 to
230 A for D = 21.0 to 29.0 A and N = 310.32 We can
include the data of Figure 8b and plot h/aY? as a
function of the distance between two anchoring points
D as shown in Figure 11b. We observe that the mean
thickness h/a!2 does not depend on the grafting density.
This result characterizes the osmotic regime that has
been predicted for dense and highly charged polyelec-
trolyte brushes. h does not depend on ¢ because each
chain is stretched by the osmotic pressure due to its own
counterions.

The discussion of the density profile shape is again
complicated by the presence of a quite dense layer close
to the solid surface. This dense proximal layer is mostly
due to the oligomer carpet that protects the anchoring
points, as seen above. If we examine the rest of the
profile, we can observe that the shape of the density
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Figure 11. (a) Monomer volume fraction profile for various
distances between anchoring points D. The PSSNa brushes
have the same polymerization index N = 310 and the same

sulfonation rate o = 0.60 & 0.08. (b) Variation of h/a'? as a
function of D.

profile seems to change with the grafting density. As D
increases, ¢(z) tends to be a step function. This result
is quite surprising, especially because it is exactly the
opposite of what is observed for neutral brushes in good
solvent. Nevertheless, one can notice that theory pre-
dicts such a stepwise density profile for weakly charged
brushes.14-15

Chain Length Effect. The effect of chain length on
the brush structure has also been studied. The reflec-
tivity data corresponding to the samples with N = 63
and 1100 are shown in parts a and b, respectively, of
Figure 12, and their respective volume fraction profiles
are shown in Figure 12c. The two brushes with the
longest chains (N = 310 and 1100) are consolidated by
an oligomer carpet; however, we will consider as we did
above that the perturbation induced by this dense
protection layer is limited to the first 60 A, close to the
solid surface. For each sample of this part, the grafting
density and the sulfonation rate a are as high as
possible; this means that the distance between grafting
points D and o can differ from one sample to one
another. (Experimentally, it is observed that the maxi-
mum grafting density decreases with N, whereas the
maximum sulfonation rate increases with N). However,
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Figure 12. (a) Reflectivity curve of a PSSNa brush in DO for N = 63. (b) Same curve as in part a but for N = 1100. (c) Monomer
volume fraction profile of PSSNa brushes of different chain length in D;O. (d) Variation of h/a*? as a function of the polymerization

index N.

it is still possible to compare these samples because as
shown previously, for a given N, the mean thickness h
does not depend on D and it is proportional to o2,
Therefore, it is justified to plot h/a!2 versus N. We can
observe in Figure 12d that h/a%?2 is proportional to N
with a factor of proportionality equal to 2.2 A, compa-
rable to a monomer size. This result is in agreement
with the theoretical scaling law h = Nao'? (eq 1)
characteristic of polyelectrolyte brushes in the osmotic
regime.

If the brush maximum extension is considered, it can
be noticed that for N = 63 hnyax corresponds to the length
of a fully stretched chain L = Na (with a = 5.1 A,
calculated from the PSSNa density d = 1.97 g/cm?). For
larger N, hmax/Na decreases while N increases. There-
fore, there are two results that appear rather contradic-
tory: h is a linear function of N, but hnax does not
increase proportionally to N. However, it is possible to
reconcile these two observations by considering the
shape of the density profile: it is rather close to a step
function for brushes made with long chains (of relatively
low grafting density), whereas it is much more rounded
for short chain brushes (of higher grafting density). To
our knowledge, this is not well accounted for by theory.

Counterion Distribution. We have seen that grafted
polyelectrolyte chains are strongly stretched in pure

water. The interface thickness is proportional to the
number of monomers and does not depend on the
grafting density: h ~ Naa'?, in agreement with the
theoretical prediction in the osmotic regime. This has
been interpreted by considering that each chain is
stretched by the osmotic pressure of its own counterions.
This implies that the counterions are confined inside
the brush to ensure a highly local electroneutrality. We
have tested this scheme by determining the counterion
density profile.33 As explained above, this experiment
was done under contrast match condition using a poly-
(styrenesulfonate tetramethylammonium) brush. The
poly(styrenesulfonate) backbone was 96% deuterated to
be “invisible” in D,O to neutrons; its characteristics (N
=300, D =21.9 A, and o = 0.40 & 0.10) are comparable
to those of a protonated brush already studied; cf. Figure
8a (N = 310, D = 21.0 A, and o = 0.45 + 0.10). The
reflectivity curve of the (protonated) tetramethylammo-
nium counterions3* and the corresponding density pro-
file that best fits the data are reported in Figure 13.
This latter has been normalized to take into account the
difference in molecular volume between styrenesulfonate
and tetramethylammonium. Hence, the density profiles
in terms of charge distribution can be directly compared.
It turns out that the counterion profile follows quite
closely the backbone profile; this means that most of
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Figure 13. (a) Reflectivity curve of a poly(styrenesulfonate
tetramethylammonium salt) brush (characteristics: N = 300,
D = 219 A and o = 0.40 + 0.10). (b) Distribution of
tetramethylammonium counterions (corresponding to the data
shown in part a compared to the monomer volume fraction of
a poly(styrenesulfonate sodium salt) brush (characteristics: N
=310, D =21.0 A, and o = 0.45 + 0.10).

the counterions are confined inside the brush and the
local electoneutrality scheme is rather well confirmed.

PSSNa Brushes in Salt Solutions. We have ob-
served that the grafted PSSNa chains are extremely
stretched in pure water due to the electrostatic repulsion
between charged monomers. What happens to the
density profile if we add some salt in the bulk to screen
this repulsion?

For low salt concentrations (0.01 and 0.1 mol/L of
NacCl), the PSSNa brush has almost the same reflec-
tivity curve as it does in pure water, which means that
the profiles are quite similar (Figure 14). (Incidentally,
these experiments give another estimate, an upper
bound, of the reproducibility of our experiments.) This
is not really surprising because the bulk salt concentra-
tion remains smaller than the inner concentration of
counterions in the brush (M¢ = 1.4 mol/L for this
sample).3> Under this condition, we are still in the
osmotic regime: the added electrolytes are not able to
screen the electrostatic repulsion into the brush, and
the chains remain strongly stretched.

For higher salt concentrations, the reflectivity curve
is modified significantly. In Figure 15a, the data of a
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Figure 14. (a) Reflectivity curve of a PSSNa brush in pure
D,O (©) and in D,O at 0.1 M NacCl (+). The brush has the
following characteristics: N = 310, D = 22.0 A, and a. = 0.62
=+ 0.08. (b) Same curve as in part a but in the representation
logio R/Rr vs K. (c) Monomer volume fraction profiles that best
fit the data shown in parts a and b. The result obtained for
0.01 M NaCl has been added.

PSSNa brush in pure water and in 5 mol/L NaCl
solution3® are compared. The logio R/Rg versus k rep-
resentation (Figure 15b) highlights the oscillations of
the reflectivity curves that look like interferences
between the two edges of the polyelectrolyte brush. The
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Figure 15. (a) Reflectivity curve of a PSSNa brush in D,O and in 5 mol/L NaCl solution. The brush characteristics are as follows:
N =310, D = 27.0 A, and o = 0.60 + 0.08. (b) Same curve as in part a but in the representation R/Rg vs k. (¢) Monomer volume
fraction profile of the same brush as in part a for various NaCl concentrations in the strong screening regime. (d) Variation of the
mean thickness h as a function of the added salt concentration Ms.

period and the amplitude of the oscillations are larger
in 5 mol/L NaCl than those in pure water. It means that
at high salt concentrations the brush thickness is
smaller and the profile is closer to a step function. This
can be clearly seen with the result of the fit to the
reflectivity data shown in Figure 15c: the polyelectrolyte
layer shrinks more and more as the ionic strength is
increased. In Figure 15d, the layer thickness h is plotted
as a function of the salt concentration Ms. This plot
shows clearly two regimes: a first regime at low NacCl
concentration where h is rather constant and a second
regime where h decreases with Mg for Ms = 1 mol/L. In
the regime where h is constant, the NaCl concentration
is smaller than the inner concentration of counterions
(M¢i = 0.9mol/L for this sample): this corresponds to the
osmotic regime described before. For Ms > Mg, h
decreases with Ms as h = 407.2Mg 0274001 or h =
148.1¢s 0274001 (g5 is the added salt volume fraction).
This result compares quite favorably with the theory
(see eq 3): the experimental exponent is quite close to
that predicted, —/3, and from the numerical prefactor,
we can deduce a typical size a = 2.9 A, which is again
a reasonable value for a monomer size. Concerning the
profile shape, we can observe that the dense proximal
layer induced by the presence of the protective oligomer

Table 3. Brush Thickness at High Salt Concentration (5

M NaCl)
polym. index, N D (A) a h (A)
63 13.0 0.45 115

310 22.0 0.62 306

310 27.0 0.60 261

1096 26.4 0.60 1002

carpet seems to disappear as the ionic strength in-
creases. This results probably from the shrinking of the
layer: it becomes progressively more homogeneous.
The effects of chain length and grafting density have
been investigated in more detail at a fixed salt concen-
tration, — 5 mol/L in NaCl,3% although this study is far
from being exhaustive. From the few samples we
examined, we can say that the brush thickness h seems
to vary with the chain length and the distance between
grafting points in a manner similar to that predicted
by eq 3, namely, h (&) 0 ND~%67 (c¢f. Table 3 and Figure
16). However, a definite conclusion cannot be drawn
because of insufficient data. Nevertheless, the compari-
son of the salt effect on a polyelectrolyte brush and the
solvent quality effect on a neutral polymer brush may
be interesting. The thickness of the PSSNa brush (N =
310, D = 22.0 A) is 490 A (respectively, 260 A) in pure
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Figure 16. Variation of the mean thickness (normalized by
0~2PD?3) as a function of N, for PSSNa brushes in 5 mol/L
NacCl solution. The corresponding data and the other charac-
teristics are given in Table 3.

water (respectively, in 5 mol/L NaCl), whereas the
thickness of the equivalent PS brush should be 260 A
(respectively, 120 A) in good solvent (respectively, in
poor solvent).32 Thus, it appears that the addition of salt
has an effect similar to that of a change in solvent
quality: the brush shrinks by a factor of 2. However,
the polyelectrolyte chains do not collapse even in 5 mol/L
NacCl; they are as stretched as neutral chains in good
solvent (the thickness is comparable). Although the
PSSNa chains have some hydrophobic character, there
is still a repulsive excluded volume interaction between
the counterions that remains even if the long-range
electrostatic repulsion is completely screened. This
explains why the chains are stretched and why poly-
electrolyte brushes follow the same scaling law in the
strong screening regime as do polymer brushes in good
solvent (the excluded volume parameter being propor-
tional to @s71).

Finally, a few experiments have been done with a
divalent salt. Figure 17a shows the profile of a poly-
(styrenesulfonate calcium salt) brush in CacCl; solutions
of different concentration (all samples were consolidated
with deuterated oligomers). As has been observed for
the monovalent salt NaCl, the poly(styrenesulfonate
calcium salt) layer shrinks progressively as the CaCl,
concentration increases. Quantitatively, h ~ Mg.70-28
This law is similar to the result obtained for NaCl. The
valence difference must be taken into account to com-
pare the effect of NaCl and CaCl,. For the two profiles
obtained with the same brush in 2 mol/L NaCl and 1
mol/L CaCl, shown in Figure 17b, there are approxi-
mately the same number of charges per unit volume.
The screening of the electrostatic interaction looks
nearly as efficient for 1 mol/L CaCl; as for 2 mol/L NacCl:
the brush thickness is comparable (335 A in 2 mol/L
NaCl and 303 A in 1 mol/L CaCl,). However, in CaCly,
the brush is a bit denser and a depletion layer appears
near the surface; this can also be observed in Figure
17a. This slight difference might be due to chain cross-
links induced by the divalent ions. The cross-links would
be responsible for the further shrinkage. However, the
chains cannot come close to the surface because of the
steric exclusion due to the deuterated oligomers, which
likely form a cross-linked network themselves. (By
comparison with the data obtained with the shortest
protonated polymer, N = 63, cf. Figure 12b, the volume
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Figure 17. (a) Monomer volume fraction profile of a poly-
(styrenesulfonate calcium salt) brush for various CacCl; con-
centrations (in the strong screening regime). The brush has
the following characteristics: N = 310, D = 27.0 A, and o. =

0.60 =+ 0.08. (b) Comparison between the effect of adding NaCl
or CaCl; on the brush monomer volume fraction profile.

fraction of the deuterated oligomer layer can be esti-
mated to be 50%.) Nevertheless, the cross-link effect is
probably weak compared to the charge-screening effect.

Conclusion

In this paper, we have studied the interfacial struc-
ture of polyelectrolyte brushes in aqueous solutions. We
have observed that the chains are strongly stretched due
to the electrostatic repulsion between charged mono-
mers; in some cases, they are fully extended. The
characteristic thickness of the brush is proportional to
the chain length but does not depend on the grafting
density. These results are in agreement with the
theoretical predictions for polyelectrolyte brushes at
high charge and high grafting density in the osmotic
regime where the chains can be viewed as if each of
them were stretched by the osmotic pressure due to
their own counterions. These counterions are found
experimentally to be confined inside the polyelectrolyte
layer to ensure a highly local electroneutrality. The
effect of adding salt in solution has also been investi-
gated. We have shown that the added electrolytes have
no influence on the brush profile as long as their
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concentration is less than the inner counterion concen-
tration. On the other hand, for higher salt concentration,
the polyelectrolyte layer shrinks but never collapses. If
a divalent salt is used, there might be some cross-link
effects but they are weaker than the charge-screening
effect.

Among the extensions that we can suggest from this
study, it would be interesting to investigate the wetting
properties of such polyeletrolyte brushes. There might
be a wetting transition induced by the salt concentra-
tion. To our knowledge, nothing has yet been done in
this area. It would also be interesting to take advantage
of the methods we have used in this study to address
other questions: for instance, it might be possible to
observe directly by neutron reflectivity the action of a
restriction enzyme onto an adsorbed protein.
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