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ABSTRACT: We have used neutron reflectometry to investigate
the behavior of a strong polyelectrolyte brush on a sapphire
substrate, grown by atom-transfer radical polymerization (ATRP)
from a silane-anchored initiator layer. The initiator layer was
deposited from vapor, following treatment of the substrate with
an Ar/H2O plasma to improve surface reactivity. The deposition
process was characterized using X-ray reflectometry, indicating
the formation of a complete, cross-linked layer. The brush was
grown from the monomer [2-(methacryloyloxy)ethyl]trimethyl-
ammonium chloride (METAC), which carries a strong positive charge. The neutron reflectivity profile of the swollen brush in
pure water (D2O) showed that it adopted a two-region structure, consisting of a dense surface region ∼100 Å thick, in
combination with a diffuse brush region extending to around 1000 Å from the surface. The existence of the diffuse brush region
may be attributed to electrostatic repulsion from the positively charged surface region, while the surface region itself most
probably forms due to polyelectrolyte adsorption to the hydrophobic initiator layer. The importance of electrostatic interactions
in maintaining the brush region is confirmed by measurements at high (1 M) added 1:1 electrolyte, which show a substantial
transfer of polymer from the brush to the surface region, together with a strong reduction in brush height. On addition of 10−4 M
oppositely charged surfactant (sodium dodecyl sulfate), the brush undergoes a dramatic collapse, forming a single dense layer
about 200 Å in thickness, which may be attributed to the neutralization of the monomers by adsorbed dodecyl sulfate ions in
combination with hydrophobic interactions between these dodecyl chains. Subsequent increases in surfactant concentration
result in slow increases in brush height, which may be caused by stiffening of the polyelectrolyte chains due to further dodecyl
sulfate adsorption.

■ INTRODUCTION
Polyelectrolyte brushes are of great interest as systems that are
simple enough to be understood theoretically but are important
in many situations of practical importance. For example,
polyelectrolyte brushlike structures are important for the stabil-
ization of colloidal casein particles in milk1 and have been
implicated in lubrication at the ocular surface,2−5 while synthetic
polyelectrolyte brushes have found applications including the
stabilization of colloidal suspensions of synthetic nanoparticles6

and production of responsive, protein resistant, and biofunctional
surfaces.7−9 The properties of polyelectrolyte brushes, including
their structure,10−12 mechanical and lubrication properties,13−16

and their responses to changing pH and electrolyte con-
ditions,10,11,16−23 have thus been widely investigated (for reviews
see, e.g., refs 24−27).
Synthetic polyelectrolyte brushes can be prepared by two

distinct approaches: either via the self-assembly of preexisting
polymer molecules (“grafting-to”) or by first decorating the
substrate surface with functional groups that act as polymerization

initiators from which polymer chains can be grown in situ
(“grafting-from”). Recent years have seen increasing interest in
the grafted-from approach, due to the development of modern
synthetic approaches based on controlled/living radical polymer-
izations, such as atom-transfer radical polymerization (ATRP).
Notably, acrylate- and methacrylate-based ATRPs have been used
to create a wide variety of brushes with different functionalities
and architectures, based on a common synthetic approach (for
reviews, see, e.g., refs 28−30). The advantages of grafted-from
brushes include the ability to access higher density regimes, due
to bypassing the kinetic limitations on grafted-to brush density
that arises from the slow diffusion of preexisting polymer chains
through a partially formed brush.18,31−33 Also, it is generally
straightforward to devise brushes that are strongly surface-
anchored, for example through the use of covalently anchored
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self-assembled monolayers of initiator molecules. Finally, the
use of grafting-from can bypass physical limitations that apply
to the self-assembly of preexisting polymer, e.g., by permitting
unlimited overcompensation of the electrical charge on a sub-
strate surface.34

Specular neutron reflection, which is the principal technique
used in this study, has proved especially valuable in investi-
gating polyelectrolyte brushes, enabling in situ determination of
static structures at the solid−liquid interface, on length scales in
the range of 1−2000 Å. This technique has been applied to
brushes prepared using both grafting-to8,10,35−37 and grafting-
from methods. Recently, a number of studies have been per-
formed of grafted-from brushes prepared using methacrylate
ATRP, focusing on a variety of weak pH-responsive
brushes,11,21,34,38,39 as well as strong polyelectrolyte brushes21,40,41

and polyampholytes.22

In this study, we investigate a strong polyelectrolyte brush,
determining its response to both added electrolyte and oppositely
charged surfactant. In contrast to most previous neutron
reflectometry studies, which have investigated brushes on silicon
or quartz substrates, we use a sapphire single crystal whose
scattering length density (effectively the neutron refractive index)
is close to that of D2O. This gives an enhanced signal since, in the
case of a nondeuterated brush, a greater proportion of the
reflected intensity derives from the brush itself rather than from
the contrast between substrate and solvent. For this reason,
sapphire substrates offer substantial promise for neutron
reflectometry investigations of low-density structures such as
polymer and polyelectrolyte brushes, especially in systems that
incorporate components that are difficult to deuterate, such as
biological molecules.
A feature of the present study is that we use a trimethoxysilane-

based self-assembled monolayer as the basis for initiator
functionalization of the sapphire substrate, whereas the small
number of previous studies using this substrate have relied on
electrostatic immobilization.34,39 The trimethoxysilane approach
has the advantage of strong anchoring to the substrate, based on a
covalently bonded cross-linked layer. This approach is general-
izable well beyond polymer brushes, due to the ready availability of
trimethoxysilane molecules with a wide range of functionalities.
The present study thus serves as a proof-of-principle for this
method.

■ EXPERIMENTAL SECTION
Synthesis of Polyelectrolyte Brushes. Preparing an Initiator-

Functionalized Surface. A sapphire single-crystal substrate whose
front surface (126 mm × 50 mm) had been made flat by lapping and
polishing was incubated in a fresh mixture of sulfuric acid, hydrogen
peroxide, and ultrapure water (volume ratio, 4:1:5) at 80 °C for 15−20
min to remove organic contamination, then rinsed with ultrapure
water, blown dry with filtered nitrogen, and treated for 2 min at 6.8 W
radio-frequency power in an argon−water plasma (Basic Plasma
Cleaner, Harrick Scientific Corp., Ossining, NY, USA), to ensure the
presence of pendant -OH groups. The crystal was incubated in a mixed
vapor of 3-(trimethoxysilyl)propyl 2-bromo-2-methylpropionate,
which we will call silane initiator (Figure 1b), and hexane for 65 h.
(A beaker containing 10 mL of hexane (anhydrous, Sigma-Aldrich, St.
Louis, MO, USA) and silane initiator (0.25 g, custom synthesized by
Gelest, Inc., Morrisville, PA, USA), stored anhydrously, was placed in a
2 L desiccator along with the crystal; the desiccator was exposed to
vacuum (0.6 L PTFE diaphragm pump, Leybold Vacuum, Cologne,
Germany; minimum pressure ∼ 8 mbar) and then sealed to permit the
crystal surface to react with the vapor.) The sapphire surface was thus
functionalized with -O−(CO)−C(CH3)2Br groups that can act as
initiators for acrylate ATRP.

Atom-Transfer Radical Polymerization. The polyelectrolyte brushes
were synthesized from the monomer [2-(methacryloyloxy)ethyl]-
trimethylammonium chloride (METAC; Figure 1a). The electrical
charge of the brush in aqueous conditions arises from the quaternary
ammonium group on each METAC monomer. The synthesis protocol
has been published previously.16 All steps were carried out under
ambient conditions. METAC solution (100 g of 75 wt % water, Sigma-
Aldrich) was mixed with ultrapure water (100 mL). The solution
was adjusted to pH 8 with aqueous sodium hydroxide. N,N′-Bis-
[2-(dimethylamino)ethyl]-N,N′-dimethylethane-1,2-diamine (HMTE-
TA; 2.2 mL, Sigma-Aldrich), copper(I) chloride (anhydrous, 0.143 g),
and copper(II) chloride (anhydrous, 0.88 g) were added, and the
solution was stirred for 15 min to ensure dissolution. The sapphire
crystal was incubated in the resulting solution for 15 min to allow the
polymerization to occur and was then removed, rinsed with ultrapure
water and blown dry with filtered nitrogen. The crystal surface was
examined by X-ray reflectometry to confirm that a brush had been
successfully grown. Neutron reflectometry measurements were begun
within 24 h: in the meantime the crystal was stored under ambient
conditions.

In preliminary experiments to characterize and optimize the synthesis
protocol, poly(METAC) brushes were grown on commercially polished
sapphire wafer pieces (40 mm (axis parallel to X-ray beam) × 20 mm)
using a procedure identical to that described in preceding text except that
the wafers were not acid-cleaned, and the incubation time in the silane
initiator−hexane vapor was varied.

Specular Neutron Reflectometry. For an introduction to the
principles of specular neutron reflectometry, see, e.g., ref 42. Briefly, a
neutron beam passes through a solid substrate, in this case a sapphire
crystal, and is incident on the solid−liquid interface. Total reflection
occurs if the angle between the incident beam and the interface, θ, is
less than the critical angle θc given by sin θc = λ(δρ/π)

1/2, where λ is
the de Broglie wavelength of the neutrons and δρ is the difference
between the scattering length density of the solid and the liquid
subphase; the scattering length density, ρ, is defined to be the product
of the number density of atoms with the scattering length of a neutron
from a single atom. Above the critical angle, the reflectivity, R(θ), falls
off rapidly with increasing θ. In practice, R is usually given as a
function of the momentum transfer, q = (4π/λ)sin θ, where λ is the de
Broglie wavelength of the neutrons. Superimposed on this falloff is a
function g(q) that gives information on the structure of the interface, that
is, on the neutron scattering length density of the liquid phase as a
function of distance from the solid surface, f(z). For q ≫ qc = (4 π/λ)sin
θc, when the so-called kinematic approximation applies, g(q) is
proportional to the Fourier transform of f(z); more generally, it may
be taken that features in g(q) at high q correspond to short length scale
features in f(z) and vice versa. For structures consisting of multiple layers
of varying scattering length density, calculations of the reflectivity valid for
all q can be made using the so-called optical matrix method or Parratt
algorithm.43 In this study we follow the common practice of using a
multilayer model for the studied structures and adjusting the model
parameters until the reflectivity calculated using the optical matrix method
corresponds to the measured reflectivity.

Specular neutron reflectometry measurements were made using the
SURF reflectometer at the ISIS neutron source, Rutherford Appleton
Laboratory, Chilton, U.K.44 Solution changes were made by thorough
rinsing with water and/or D2O, followed by injection of the desired
solution immediately before measurement. The sample holder was

Figure 1. (a) [2-(Methacryloyloxy)ethyl]trimethylammonium chlor-
ide (METAC); (b) 3-trimethoxysilylpropyl-2-bromo-2-methylpropio-
nate (silane initiator).
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dismounted and remounted on a kinematic mount between measure-
ments, introducing errors in the incident angle, θ, which were allowed
for by adjusting data so that the critical angle for total internal
reflection was consistent (allowing for scattering length density
variations between the different subphase solutions). Neutron
scattering length densities were taken from the literature (sodium
dodecy sulfate (SDS), 0.398 × 10−6 Å−2; D2O, 6.35 × 10−6 Å−2)45 or
calculated from tabulated chemical formulas and densities (sapphire,
5.72 × 10−6 Å−2; METAC, 0.77 × 10−6 Å−2; silane initiator, ∼0.4 × 10−6

Å−2). Since the scattering length densities of the organic species are
very similar in comparison with that of D2O, they may be taken as
identical to a good approximation, following an approach used
previously.39 Thus, fitting was used to determine the total surface
excess of organic material, Γ, assuming that all material present has the
same scattering length density as poly(METAC); surface excesses of
individual species, Γi, were then determined from Γ = ∑i Γi.
Modeling and Fitting Data. Neutron reflectivity profiles for the

surface-grown polyelectrolyte layer in pure water and electrolyte
solutions were fitted with a model that divided the polyelectrolyte
layer into two regions: a dense surface region of polyelectrolyte in
the vicinity of the surface, with a more diffuse brush region above this. To
allow the use of the optical matrix method to calculate the reflectivity
profile, this picture was implemented as a multilayer mode. A precise
description of the model follows.
Surface Region. This region was divided into two layers, as the

minimum required to obtain a good fit, and was thus defined by the
thickness (d1, d2), polymer volume fraction (ϕ1, ϕ2) and roughness
(σ1, σ2) of each of these layers. All of these parameters were varied
independently. (The roughness of layer 0 (the sapphire substrate) was
determined from X-ray reflectometry measurements.)
Brush Region. This was defined by the total amount of polymer in

this region, Γb, the brush height, h, and two parameters associated with
the shape of the volume fraction profile, which we call brush
roughness, σb, and brush roughness increase, Iσ. The brush region was
divided into 10 layers for fitting purposes, with the thickness of each
layer equal to h/10. The volume fraction of layer n, ϕn, is given by

ϕ =
Γ

−
h

h x
3

2
( )n n

b
3

2 2
(1)

where xn is the distance between the center of layer n and that of the
outer layer of the surface region, and the outer roughness of layer n
(defined such that the substrate is layer zero, so that n = 3 for the
innermost brush layer) is

σ = + − σσn I(1 ( 3) )n b (2)

where 0 ≤ Iσ ≤ 1, so that if Iσ = 0, each of the brush region layers has
the same roughness, and the brush layer volume fraction profile is
approximately parabolic, but with an error function falloff at the outer
edge. As Iσ is increased toward 1, the volume fraction profile falls off
more slowly with distance from the surface. The parameter Iσ was
introduced to allow for the observed variation of volume fraction
profile shape with electrolyte concentration.
Specular X-ray Reflectometry. Characterization of dry brushes

in ambient air by specular X-ray reflectometry was carried out using a
Bruker D8 Advance X-ray reflectometer (Bruker-AXS, Karlsruhe,
Germany), with a home-built sample stage, using Cu Kα X-rays
(wavelength, λ = 1.51 Å). Data analysis was performed using the
optical matrix method43 as implemented in the Parratt32 program.46

In the case of the preliminary experiments on sapphire wafer pieces, a
correction to the intensity was made at low incident angles to allow for
the effect of the finite sample size.

■ RESULTS AND DISCUSSION
Sapphire−Silane Chemistry and Brush Growth. In

experiments to determine the effect of the reaction time
between the sapphire surface and the silane initiator vapor,
poly(METAC) brushes grown as described in the Experimental
Section, but with various sapphire−silane initiator vapor

reaction times, were characterized by X-ray reflectometry in
ambient air after they had been blown dry with dry nitrogen. X-
ray reflectivity profiles showed prominent interference fringes
and could be fitted by treating the brush as a single layer with
Gaussian roughness to determine the thickness, scattering
length density, and roughness of the film. Figure 2 shows the

effect of the sapphire−silane initiator vapor reaction time on
the thickness and scattering length density of the eventual
brush. It can be seen that the brush thickness had already reached
a plateau within the scatter by 1 h reaction time, whereas the
scattering length density reached a plateau only at longer times.
These results can be understood if the silane initiator layer grows
in islands, where the local silane initiator density within the islands
is always saturated and is therefore a constant, regardless of the
fraction of the surface covered by the islands. The poly(METAC)
brush thickness is determined by this local initiator density and
thus also remains constant. The scattering length density, however,
depends on the overall surface coverage and thus saturates only
slowly with time. This suggested layer growth mechanism based
on islands is plausible if cross-linking between adjacent molecules
is important for the formation of the layer, as has previously been
suggested for alkylsilane layers on sapphire.47 The thickness of the
initiator layer at itself was shown by X-ray reflectometry of a bare
initiator surface to be 10 Å, consistent with previously published
measurements that used a similar functionalization protocol on
plasma-activated mica.16 This is thicker than would be expected for
a genuine monolayer, suggesting that silane polymerization plays a
role in the layer formation. It should be noted that these X-ray
measurements do not allow us to distinguish between METAC
and water, as these have rather similar X-ray scattering length
densities. However, comparing the X-ray “blown-dry” thickness
with the values for total polymer coverage obtained from neutron
reflectometry measurements below shows that the blown-dry
brush is 19% polymer and 81% water.

Poly(METAC) Brush: Dry Characterization. The poly-
(METAC) brush used for the neutron reflectivity experiments
was grown from a large home-polished sapphire block and
blown dry immediately after synthesis. The X-ray reflectivity of
this brush was measured, to confirm that the brush grown was
similar to that obtained using commercially available polished
sapphire wafers (previous section). A single layer fit to the X-
ray reflectivity profile gave a “dry” thickness of 215 Å, similar to

Figure 2. Effect of the sapphire−silane initiator vapor reaction time on
the thickness in air, d (■, left-hand axis), and scattering length density,
ρ (○, right-hand axis), of the eventual “blown-dry” poly(METAC)
layer. Values are derived by fitting measured X-ray reflectivity profiles
of samples prepared on sapphire wafer substrates, as described in the
text. Polymerization conditions were the same for all samples. Error
bars show the uncertainty in the fitting (uncertainty in values of d is
less than the symbol size). Note that neutron experiments show that
this blown-dry layer has a high remaining volume fraction of water.
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those of the wafer-grown brushes, and a scattering length
density of (1.0 ± 0.1) × 10−5 Å−2, identical to that expected for
a METAC/water layer that entirely covers the substrate surface.
Poly(METAC) Brush in Pure Water (D2O): A Two-

Region Structure. Figure 3a shows the neutron reflectivity

from the sapphire−poly(METAC) brush−water (−D2O)
interface. Fitting the reflectivity profile at higher q values
required the presence of a thin, dense, surface region, 80 Å
thick, and containing about half of the observed material.
Although the fitting did not distinguish between silane initiator
and the poly(METAC) brush, due to their similar scattering
length densities, the thickness of the surface region greatly
exceeds that of the 10 Å initiator layer. A further feature of the
reflectivity profile is the point of inflection at lower q (around
q = 0.08 Å−1), indicating that the total swollen thickness of the
poly(METAC) brush is large. Upon fitting, it turns out that the
remaining half of the poly(METAC) had swollen well away
from the surface, forming a diffuse brushlike region which
extended to a maximum distance of around 830 Å from the
surface. The poly(METAC) brush could thus be seen to have
adopted a two-region structure, with some polymer in a thin,
dense surface region, and the rest in a brush region that stretches
far away from the surface. The overall polymer volume fraction
profile obtained by fitting is shown in Figure 3b.
The polymer volume fraction profile in the brush region was

modeled using a stretched parabolic function. Initially, a model
that approximated to a parabola ϕ(x) ∝ (h2 − x2), where ϕ(x)
is the polymer volume fraction, x is the distance from the sur-
face, and h is the brush height, was tried, since this density
profile is theoretically predicted for a (monodisperse) polymer
brush.48 Such a density profile was unable to precisely re-
produce the point of inflection at low q, even when a Gaussian
falloff at the outside edge was added. A good fit was produced
by a density profile with a less sharp falloff. For details of this

final model, which was used throughout this paper except
where otherwise stated, and the precise meaning of parameters,
see the Experimental Section.
The presence of the dense surface region can be rationalized

by the adsorption of poly(METAC) chains to the silane
initiator-functionalized substrate surface. Since the backbone of
the poly(METAC) is essentially hydrophobic, it makes sense
for it to exhibit adhesion to the hydrophobic initiator substrate.
The amount of polymer in the surface region may also be
increased by the presence of some shorter chains due to
polydispersity within the brush. Provided there is sufficient
polymer in the surface region to give the surface a strong
effective positive charge, the surface will be repulsive to the
remaining poly(METAC) chains. These remaining chains will
then stretch away from the surface due to the osmotic pressure
of their confined counterions, forming a classical polyelectrolyte
brushlike region with a much lower polymer volume fraction
than the surface layer. Such an effect has been proposed
theoretically by Zhulina et al.,49 for a polyelectrolyte brush on
an oppositely charged surface, although in the present system,
the attraction of the polymer to the surface is likely to be
hydrophobic rather than electrostatic. It is interesting to note
that this effect would be difficult to observe using a brush
formed by grafting-to, since the electrostatic repulsion between
polyelectrolyte chains would make it difficult to achieve a
sufficiently high surface coverage. A similar two-region structure
has recently been reported in a related system.34 The idea that
the brush region consists of polyelectrolyte that is electrostati-
cally excluded from the surface region is supported by the
observation that the amount of polyelectrolyte in the brush is
reduced at high electrolyte concentrations (next section).

Effect of Added 1:1 Electrolyte. Figure 4 shows the
neutron reflectivity profiles of the poly(METAC) brush in

solutions of increasing concentration of potassium nitrate in
D2O. All of these data could be fitted with the same two-region
model as was used for the brush in pure water: the fitted
volume fraction profiles are shown in Figure 5 (see the
Supporting Information for full values of fitting parameters).

Figure 3. Two-region structure of poly(METAC) brush in pure water
(D2O). (a) Neutron reflectivity, R, as a function of momentum
transfer, q. Symbols show measured data; solid line shows fit to two-
region model (for parameter values see Supporting Information). (b)
Polymer volume fraction of profile corresponding to solid-line fit in a.
Solid line (−) shows total volume fraction; dashed line (--) shows
polymer associated with surface region, and dashed−dotted line (-·-)
shows the brush region.

Figure 4. Neutron reflectivity from poly(METAC) brush in increasing
concentrations of KNO3 in D2O. Symbols show measured data; solid
lines show fits to two-region model (for parameter values, see the
Supporting Information). Successive profiles are shown displaced
vertically for clarity. The shifted critical edges at 1 and 3 M are due to
the changed refractive index of the aqueous subphase.
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The amount of poly(METAC) in the brush region, Γb,
remains constant within the scatter at concentrations up to and
including 10−1 M but roughly halves when the concentration is
raised to 1 M, as shown in Figure 6a. This effect is likely to arise

from the screening out of electrostatic repulsions between the
charged chains due to the added electrolyte which enables more
chains to join the surface layer. (The total amount of bound
organic material remains constant at 48 ± 4 Å equivalent dry
thickness.)
Similarly to Γb, h (i.e., the thickness of the brush region)

remains constant within the scatter at concentrations up to 10−1

M but falls dramatically when the concentration is raised to 1 M
(Figure 6b; see also the inset to Figure 5). This drop is likely to
be due to the reduced number of chains in the brush at
[KNO3] = 1 M (as evidenced by the fall in Γb), in combination
with a reduction in the electrostatic repulsion between the
chains due to screening by the added electrolyte.
These observed changes in the brush region at high

electrolyte concentrations can be considered quantitatively
with reference to the work of Pincus,50 who showed that a
nonadsorbing polyelectrolyte brush should enter the so-called
salted brush regime where electrostatic screening becomes
important when electrolyte and monomer number densities
are of the same order of magnitude (assuming full dissociation
of counterions from the polyelectrolyte). This is because the
osmotic pressure of added electrolyte is then equal to that of
the brush-confined counterions. These predictions for a
nonadsorbing polyelectrolyte brush have previously been

confirmed experimentally.21,51 In the present case, dividing
the measured brush adsorbed amount by the brush height
shows the monomer density in the brush to have been of order
10−1 M, consistent with the observation that the brush structure
altered dramatically when the concentration was raised beyond
this point.
The height of a polyelectrolyte brush in the salted brush

regime where the electrolyte concentration greatly exceeds the
counterion concentration in the brush is given by

≅ ⎜ ⎟
⎛
⎝

⎞
⎠h v N

a
s

1/3
2

(3)

where N is the number of Kuhn statistical steps in the polymer
chain, a is the Kuhn step length, s is the interanchor spacing,
v is the excluded volume coefficient, which may be thought of
as the volume surrounding a single monomer into which other
monomers cannot penetrate due to repulsive force, and the
symbol ≅ means equal to within a numerical prefactor of order
unity. In the salted brush regime, v arises from electrostatic
repulsion and is given by v ≅ lch/κ

2, where lch is the distance
between adjacent charges along the chain and κ is the Debye
screening length defined by κ2 = 2ρ0e

2/εε0kBT, where ρ0 is the
electrolyte number density, e is the elementary charge, εε0 is
the electrical permittivity of the solvent, kB is Boltzmann’s
constant, and T is the temperature,52 so that, using Γb = Na3/s2,
the brush height obeys50

∝
Γ
ρ

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟h b

0

1/3

(4)

On changing the electrolyte concentration from 10−1 to 1 M,
the known changes in ρ0 and Γb, therefore predict a decrease in
the brush height by a factor of 0.58, predicting h = 490 at 1 M,
close to the measured value of 540 Å, suggesting that the salted
brush is indeed a good model for this system. However, on
increasing the electrolyte concentration further to 3 M and
allowing for the fact that no significant change in Γb was
measured, eq 4 predicts h = 340 Å, significantly different from
the measured value of 530 Å. This discrepancy may be
attributed to the fact that the excluded v only obeys v ≅ lch/κ

2

as long as lch/κ
2 > v0, where v0 is the value of the excluded

volume coefficient given by v0 = b3(1/2 − χ), where b is the
monomer size and χ is the Flory−Huggins interaction
coefficient. Since the Debye length, κ −1, is 0.3 Å at 1 M,
which is less than the monomer size b, v must fall to v0 at
around this concentration, whereupon it cannot fall any further,
accounting for the similarity of the brush heights at 1 and 3 M.

Effect of Oppositely Charged Surfactant. This section
describes the effect of immersing the poly(METAC) brush in
solutions of sodium dodecyl sulfate (SDS), a negatively charged
surfactant, of successively increasing concentrations between 10−4

and 10−2 M. Prior to these measurements, and after the
measurement at 3 M KNO3, the poly(METAC) brush was
thoroughly rinsed and the neutron reflectivity profile in pure water
(D2O) was measured and showed that the two-region structure
associated with [KNO3] ≤ 10−1 M had been recovered. We can
therefore regard the SDS measurements described in this section
as having been taken after a “new start” from pure or low
electrolyte concentration water.
Figure 7a (red profile) shows the reflectivity profile from a

poly(METAC) brush immersed in 10−4 M SDS (non-
deuterated) in D2O, which was readily fitted by a model

Figure 5. Effect of electrolyte on poly(METAC) layer structure.
Polymer volume fraction profile of the poly(METAC) brush in
increasing concentrations of KNO3 in D2O. Lines show the total
polymer volume fraction profiles derived from solid-line fits in Figure
4, with different KNO3 concentrations represented by the same colors
as in Figure 4. Inset shows a close-up on the brush region (same data
as the main figure).

Figure 6. Effect of KNO3 concentration on (a) the volume of
poly(METAC) per unit substrate surface area in the brush region, ΓB,
and (b) the brush height, h (■, KNO3 in D2O; ●, pure D2O).
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consisting of a single layer with Gaussian roughness; there is no
sign of the two-region structure associated with the brush in
pure water. The thickness of the layer is only 166 Å, indicating
that the brush underwent a dramatic collapse with respect to its
unperturbed thickness of 830 Å. Surfactant was incorporated
into the layer: assuming that no poly(METAC) was been
removed from the surface, the number of SDS molecules was
similar to the number of METAC monomers (Table 1). It

should be noted that the collapse of the brush to less than the
blown-dry thickness observed by X-ray reflectometry is not a
contradiction, since the blown-dry brush was found to be
mostly water. Figure 7b (red profile) shows the volume fraction
profile of organic material determined by fitting.
Since the collapse of the poly(METAC) brush on addition of

SDS occurred at a concentration of only 10−4 M, whereas
electrolyte effects only onset at KNO3 concentrations of order
1 M, it is clear that the effect of the SDS cannot have been
purely electrostatic. Rather, these results may be attributed to
the adsorption of surfactant molecules to the poly(METAC)

chains, which neutralizes the poly(METAC) charge, reducing
the number of counterions confined within the brush, and also
introduces attractive hydrophobic interactions between neigh-
boring dodecyl chains. Similar effects have been reported in
weak polyelectrolyte brushes,39,53 as well as in a strong spherical
polyelectrolyte brush.54

As the SDS concentration was increased above 10−4 M, the
amount of SDS confined within the brush increased, as shown in
Table 1. At the same time, the effective volume fraction profile
began to fall off less rapidly with distance from the surface, as
shown in Figure 7b. The reflectivity profile at 10−2 M SDS fell off
too gradually to be well-fitted by a single layer with Gaussian
roughness and was instead fitted using a quasiparabolic density
profile: the model used to fit the profiles measured in pure water
but without any appreciable surface region. It can be clearly seen
from Figure 7b that the overall height of the organic layer
increased significantly as SDS concentration was increased from
10−4 to 10−2 M, although always remaining well below the
unperturbed value of ∼1000 Å (Figure 3b).
This observed increase in brush height with increasing

surfactant concentration above 10−4 M may be attributed to the
likely stiffening of the polymer chains due to the addition of
further pendant surfactant molecules, causing the chains to extend
further away from the surface. Possible surfactant aggregation
within the brush could also have played a role, as the concen-
trations used are within the range where polymer−surfactant
aggregation could occur; the critical micelle concentration of SDS
is 8 × 10−3 M.55 No direct evidence of aggregation was, however,
visible in the measured reflectivity profiles, in contrast to a pre-
vious study where surfactant multilayers forming parallel to the
substrate surface in a weak polyelectrolyte brush gave rise to a
Bragg-like peak in the reflectivity profile.39 This suggests that any
aggregates forming in the poly(METAC)/SDS system are not
ordered lamellae.

■ CONCLUSIONS

We have synthesized surface-grown polyelectrolyte (poly-
(METAC)) brushes on a sapphire substrate using a
combination of ATRP and silane self-assembled monolayer
formation. A kinetic study of dry brush thickness indicates that
a saturated and cross-linked self-assembled silane monolayer
was produced. Neutron reflectometry measurements of a
polyelectrolyte brush at the solid liquid interface showed a
dense layer of surface-confined polyelectrolyte, the electrical
charge of which caused the remaining polyelectrolyte to stretch
away from the surface forming a diffuse, brushlike region with a
volume fraction profile in the form of a stretched parabola.
When electrostatic interactions were screened out in potassium
nitrate solutions of order 1 M, some polyelectrolyte was
transferred from the brush region to the surface layer, and the
brush height decreased. The addition of oppositely charged
SDS surfactant at only 10−4 M (after rinsing away of electrolyte
from the brush) caused the brush to collapse dramatically,
destroying the two-region structure. This may be attributed to
adsorption of SDS to the oppositely charged polyelectrolyte,
which neutralizes the brush charge and introduces hydrophobic
attractions between SDS-bearing monomers. Subsequent
increases in the surfactant concentration caused the brush
height to increase slightly, most likely due to stiffening of the
polymer chains by steric interactions between the pendant
surfactant molecules.

Figure 7. Effect of oppositely charged surfactant on the poly-
(METAC) layer structure. (a) Neutron reflectivity from poly-
(METAC) brush in solutions of increasing concentrations of sodium
dodecyl sulfate (SDS) in D2O. Symbols show measured data; solid
lines show fits as described in text (for parameter values, see the
Supporting Information). Successive profiles are shown displaced
vertically for clarity. (b) Lines show effective volume fraction profiles
(neglecting differences in scattering length density between SDS and
poly(METAC)) derived from solid-line fits in part a with different
SDS concentrations represented by the same colors as in part a.

Table 1. Surface Excess of Sodium Dodecyl Sulfate (SDS)
per Unit Area of Poly(METAC) Brush, ΓSDS, as a Function
of SDS Concentration, Derived from Solid-Line Fits in
Figure 7, and the Corresponding Number Ratio of METAC
Monomers to Confined SDS Molecules

[SDS]/M ΓSDS/Å molecular ratio METAC:SDS

10−4 55 0.92
10−3 71 0.72
10−2 108 0.47
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