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ABSTRACT: Weak polyelectrolytes (PEs) are complex
because intertwined connections between conformation and
charge are regulated by the local dielectric environment. While
end-tethered PE chains—so-called PE “brushes”—are arche-
typal systems for comprehending structure—property relation-
ships, it is revealed that the reference state nominally referred
to as “dry” is, in fact, a situation in which the chains are
hydrated by water vapor in the ambient. Using charge-negative
PE homopolymer brushes based on methacrylic acid and
copolymer brushes that incorporate methacrylic acid and 2-
hydroxyethylmethacrylate, we determine self-consistently the
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water content of PE films using neutron reflectometry under different hydration conditions. Modeling multiple data sets, we
obtain dry polymer mass density and layer thickness, independent of adsorbed water, and PE brush profiles into different pH
solutions. We show that hydration of the chains distorts, here by as much as 30%, the quantification of these important physical

parameters benchmarked to films in ambient conditions.

Wet and dry are concepts familiar to everyone. The
ubiquity of liquid water on blue Earth and its

remarkable properties as a solvent make hydration crucial to
such disparate processes as lubrication,' adhesion and growth of
biofilms,” partitioning and the fate of ions in soils,® and protein
folding and function.* Assessing the degree of hydration is thus
crucial to understanding how the nanoscopic structure of
materials determines their macroscopic properties, yet, at the
nanoscale, our comprehension of the role of water is far from
complete.” Most synthetic polymers encountered in everyday
life, such as polystyrene, polyethylene, and polypropylene, are
hydrophobic and thus by construction repel water and serve as
barriers between different aqueous environments. Hydrophilic
polymers, on the other hand, exhibit a much richer spectrum of
interactions with the aqueous world.

Tethered polymer layers where the chains carry a significant
number of ionizable groups and are covalently bound at one
end to a surface are called polyelectrolyte (PE) brushes.® !
Conceptually, they are important model systems because
surface-sensitive probes can be brought to bear to study
structure and properties that are inherently coupled because of
interactions involving charges and polarization effects. Because
of their responsive behavior, PE brushes play an important role
in many areas of science and technology, such as colloid
stabilization,® adhesion, and lubrication.?? They can be used for
designing biomaterial systems that improve the effectiveness of
drug delivery or mediate cell/surface interactions to allow the
control of the interaction of biological cells and biomolecules
with artificial materials.”® In such cases the polymer layer
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properties are tuned to enhance the biocompatibility of an
implant or to avoid nonspecific adsorption of proteins onto the
active surfaces of an analytical device. Especially significant is
the role of the areal (grafting) density of chains, which regulates
interchain interactions and affects the local dielectric environ-
ment,” "> thereby impacting the range and extent of
interactions across the solid/fluid interface. Weak PEs are
particularly complex in their behaviors because their degree-of-
ionization is pH dependent and because added salt plays a dual
role, affecting both the ionization state and screening
charge. 3101921

We describe here a method for determining self-consistently,
using neutron reflectivity, the degree of hydration of
polyelectrolyte brushes and unambiguously determine basic
physical properties of the brush layer as well as structural
changes as a function of pH, a fundamental example of
stimulus-responsive behavior. Hydrophilic polymer films
equilibrated in air take up water from humid air and may
indeed require it for structural stability. In such situations, the
films are not dry, but rather, they are likely to be solvated. This
has important consequences because not only does solvent
water mediate interactions involving charges but also the
presence of this adsorbed water complicates any character-
ization that aims to quantify layer thickness d, grafting density
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of polymer chains I', or the mass density of the polymer layer p
because these parameters are intimately linked through the
dimensional expression

I' = pdN, /M, (1)
where M, is the number-average polymer molecular weight and
N, is Avogadro’s number. This interplay is even more complex
in weak PEs because, as alluded to earlier, they have the ability
to regulate their structure locally, thereby changing their
properties, through trade-offs in chemical (acid—base)
equilibrium and physical interactions such as charge screening
based on the local dielectric environment.””>'"1?7212%
Common approaches for determining I' involve measuring
film thickness using optical ellipsometry, assuming values for
film density and refractive index,"”'®** or using atomic force
microscopy.'” While neutron reflectometry has been used to
examine the nanoscale structure of strong as well as weak PE
brushes,"* "¢ none of the previous neutron reflectometry
studies have accounted rigorously for the presence of adsorbed
water in polyelectrolyte films. We posit that this accounting is
critical for understanding structure—property relationships
because without knowledge of the amount of adsorbed water
any calculation of layer thickness, grafting density, or film
density is in error. Thus, only by taking into account the latent
hydration in polymer films can one know the amount of
polymer in these films.

In this Letter, we determine the pH-dependent structure of
weak polyelectrolyte brushes, taking into account in a self-
consistent manner the amount of adsorbed water. We
introduce the concept of a “dry” thickness of polymer of a
given density, which represents the material that is truly
conserved upon exposure to different buffer solutions and
humid air. This polymer inventory is established using neutron
reflectometry measurements in humid air and in a liquid/solid
solution cell in contact with deuterated water (D,O) buffer
solutions at pH 3, 6, and 8 (constituted to be 10 mM using
NaCl as the added salt to control ionic strength, as described in
the Supporting Information). Weak polyelectrolyte brushes
made of poly(methacrylic acid) and also random copolymer
brushes consisting of methacrylic acid (MAA) and hydroxyethyl
methacrylate (HEMA) were studied. As described in the
Supporting Information, these polymer brushes were synthe-
sized using surface-initiated atom transfer radical polymer-
ization (SI-ATRP). Brushes were grown from silicon substrates
(50 mm diameter, 5 mm thickness) that were first function-
alized with the initiator, 2-bromo-N-(11-(dichloro(methyl)-
silyl)undecyl)-2-methylpropanamide. To alleviate problems
with Polymerization of the reactive electrolytic form of
MAA,"® brushes were made by chemical conversion of neutral,
precursor brushes comprised of tert-butyl methacrylate
(tBMA). Random P(MAA,_,-co-HEMA,) brushes identified
by the mole fraction r of HEMA were also synthesized. Chains
simultaneously grown from sacrificial initiator in free solution
were recovered and characterized by size exclusion chromatog-
raphy. (See Supporting Information for details.)

To understand the role of water in PE brushes, we must
explicitly account for its presence and its effect on the measured
neutron reflectivity. The mass m of a film is given by pAd, the
product of mass density p, area A, and thickness d. Area A is not
intrinsic to the polymer, but mass per area y is:

u=m/A=pd 2
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Neutron scattering-length density (SLD) likewise depends on
25
P

J J
=) b/V=pN, ) b/M=pS

j=1

©)

where M is the molar mass of the ] atoms in the compound
(e.g, monomer) composed of nuclei of scattering length b;.
Since stoichiometry S is known, but mass density p may not be,
we separate them. The SLD of a layer composed of tethered
polymer containing adsorbed water may be written as a
volume-fraction weighted sum of the constituent SLDs:

2'hum =fhumZH + (l _fhum )ps (4)

where fi,, is the volume fraction of water in the film, Xy the
SLD of water, and pS the SLD of the polymer. If the adsorbed
water does not react with the polymer and maintains its bulk
density, then it may be assumed to swell the film

/l/P = (1 _fhum)dhum (5)

where dp,, is the fitted thickness of the swollen hydrated film
and p/p can be understood as the dry thickness of polymer in
the absence of adsorbed water [recall eq 2]. A neutron
reflectivity measurement of the film in humid air will yield two
fitted parameters dy,, and X, but eqs 4 and S contain three
unknown quantities: p, p/p, and fi.,. One must therefore
perform at least one additional measurement under different
hydration conditions, for example, against a pH-controlled D,0
bufter solution:

EpH =prED + (1 _pr)pS

plp =1 =f)du @)

yielding four equations (X, being the SLD of D,0) to solve for
the four unknown quantities p, /p, fium and the volume
fraction of D,0 in the film against the buffer solution, f,y. The
reduced thickness diy accounts for the fact that polymer
brushes often exhibit volume-fraction profiles ¢ that are
observably not “slab-like”, but smoothly decaying, such as the
modified parabola, a phenomenological shazpe derived from a
theoretical treatment of uncharged brushes, 6

p(x) = (1= £, = (/dy)’ ) (8)

where varying 0 < a < 1 changes the shape of the profile
continuously from block (a = 0) to parabola (a = 1). For such
a profile

dpg ~ (1 — a/3)d,y

j=1

(6)
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because mass balance requires that the area under ¢(z) be
preserved.”” The equations above may be solved for the four
parameters of interest and written in forms more impressive for
length than clarity, as shown in the Supporting Information.
The most compact is the expression for the mass density of the
dehydrated polymer film:

1 z“D(ZH - z“hum)dhum - z:H(ZD - z“pH)d};H
pP== ;
N (EH - 2hum)dhum - (ZD - ZpH)de (10)
Neutron reflectivity measurements were made at the
Spallation Neutron Source (SNS) at Oak Ridge National

Laboratory using the Liquids Reflectometer (LR). By collecting
specular reflectivity data using a continuous wavelength band
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(2.5 A< 2<6.0A) at several different incident angles (here 6 =
0.19°, 0.27°, 0.34°, 0.48°, 0.62°, 1.11°, and 2.01°), data were
acquired over a wavevector transfer (Q = 47 sin 6/4) range of
0.006 A™' < Q < 0.176 A™". Setting the incident beam slits at
each angle to maintain a constant relative wavevector resolution
of 6Q/Q = 0.02 allows the data obtained at different 6 to be
stitched together into a single reflectivity curve. The neutron
refractive index depends on the SLD. To model the measured
reflectivity, layer compositions, thicknesses, and interfacial
widths were adjusted to optimize goodness-of-fit.*® Samples
were measured in air and against 10 mM buffer solutions at pH
3, 6, and 8 made using D,0.* Reflectivity measurements in
buffer solutions were performed using an inverted geometry,
with neutrons incident on the brush/solution interface through
the silicon substrate. Figure 1 shows neutron reflectivity data
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Figure 1. Reflectivity curves RQ* vs wavevector Q (a) and fitted
scattering density profiles (b) for an r = 0.2 random copolymer film
before deprotection [P(fBMAg-co-HEMA,,)] and after deprotection
[P(MAAyg-co-HEMA,,)] in humid air and against a pH 8 buffer
solution (10 mM) made with D,0O. Curves shown in (a) are shifted
vertically for clarity.

and model fits for a random copolymer film (r = 0.2) composed
of 80% MAA and 20% HEMA monomers [P(MAA,g-co-
HEMA,,)]. Upon deprotection, the film thickness decreases,
and the SLD increases, indicative of the replacement of fert-
butyl groups (C,H,) by protons. For pH values above the MAA
isoelectric point, the film expands into the solution (pH 8). As
can be seen from the profiles in Figure 1(b), changes to the
SLD profile may be subtle and will vary depending on the
subphase. In addition, one must account in the model for the
native silicon oxide and polymer initiator layers.

For clarity, in Figure 2, we depict polymer volume fraction
profiles derived from fits like those shown in Figure 1, rather
than the less intuitive, more cluttered SLD profiles. Shown are
profiles for r = 0, 0.2, and 0.3 random copolymer films
measured in the ambient and against pH 3, 6, and 8 D,O buffer
solutions. The inset to Figure 2(c) depicts the MAA and
HEMA monomers and their random association in the
polymer. At first glance, the variation in thicknesses of the
polymer layers measured in humid air stands out. With an areal
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Figure 2. Fitted random copolymer P(MAA, -co-HEMA,) volume
fraction profiles for (a) r = 0, (b) r = 0.2, and (c) r = 0.3 for films
measured in air and the same films in contact with pH 3, 6, and 8 D,0O
buffer solutions at 10 mM ionic strength. The inset in (c)
schematically represents MAA and HEMA monomers and their
random association in the polymer.

density of initiators on the order of 10'” cm™, a low number of
radicals are generated in SI-ATRP, making growth of these
brushes highly sensitive to surface preparation and polymer-
ization conditions and difficult to control,'® so a certain amount
of thickness variation is unavoidable. Surface roughnesses in
excess of Gpm = 80 A were measured for all of the films,*® a
consequence both of surface-preparation sensitivity and of the
natural stochastic thickness variation of films grown from
surface initiator layers on large-diameter (50 mm) wafers.
Nonetheless, the swelling response of the PE brushes exhibits
clear trends with increasing HEMA fraction r and pH. Upon
exposure to buffer solution, the pure PMAA film remains
collapsed until pH 8, while both of the HEMA-containing
copolymers initially swell at pH 3 and pH 6 before further
expanding at pH 8. Degree-of-swelling increases both with
increasing r and with pH. The apparent shift in the pK, of the
PMAA, manifest in the collapsed-to-swollen transition that
occurs between 6 < pH < 8, is striking; however, it is consistent
with the shift to higher pH values Ober et al. determined using
contact angle titration experiments, which probe the periphery
of the film."* This shift arises because, as stated previously, the
PMAA chains locally regulate their degree-of-dissociation based
on the local dielectric environment.
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Table 1. Results of Iterative Fitting of the Neutron Data®

fom Shum

0.16 0.27 + 0.01
0.19
0.62
0.50
0.46
0.72
0.60
0.68
0.87

r

0

bl
o

0.2 0.15 + 0.03

0.3 0.31 + 0.03

AN W AN W N W

el

p (g/cm’)
1.04 + 0.03

091 + 0.06

1.01 + 0.06

Ceutron (107 A7)
0.17 + 0.01

stretch ratio

13
13
2.8
2.0
2.0
3.5
2.6
32
7.8

ulp (A)
1425 + 2.7

187.5 £ 6.7

0.22 + 0.01

574 +£23 0.13 + 0.01

“Here, r is the mole fraction of HEMA in the random copolymer, f,; the water volume fraction in the copolymer against D,O pH buffer, fi,, the
volume fraction of water in the polymer film in humid air, p the mass density of the polymer, y/p the polymer “dry” thickness in the absence of
hydrating water. The stretch ratio is wet vs dry thickness, djy/(4/p), and Tyeuon is the neutron-derived grafting density.

The qualitative observations of the pH-induced swelling
behaviors are borne out by the models. Fitted parameters are
listed in Table 1. In fitting the neutron reflectivity data for
different backing media, we employed an ad hoc self-consistent
approach in which we held dry polymer mass density p and
thickness y/p constant across the solvent series, determining
water content and profile shapes in an iterative process. In
future studies, self-consistency can be built explicitly into a
model that fits all of the data sets simultaneously. Parameter
uncertainties were determined statistically from the fitted
individual solvent data sets. The uncertainty on the water
volume fraction measured in air applies to all volume fraction
values for a given sample. The water content of the films in
humid air, fy,,, varies from 0.15 to 0.31, and while one might
expect such variation between the three films prepared and
measured over several months unless humidity is explicitly
controlled, there appears to be an inverse correlation between
fhum and grafting density of chains, suggesting that less dense
layers are able to take in more water. The sensitivity of brush
thickness to changes in humidity was demonstrated by Biesalski
and Riihe,®" who used optical waveguide spectroscopy to show
that the thickness of a cationic brush based on quaternized
poly(4-vinylpyridine) increases dramatically (up to 40%
increase) as the relative humidity of contacting air is increased.
For all three films examined here, mass density p is close to 1
g/cm®, but dry thickness u/p exhibits the growth-condition
sensitivity discussed above. The stretch ratio between water-
swollen and dry thicknesses, dyy;/(1/p) removes this variation,
revealing a clear trend for greater swelling with increasing r. For
all films, the shape parameter o was 0, indicative of collapsed
block-like profiles, except at pH 8, where the data were best fit
using @ = 0.5 + 0.2, producing the extended, tapered shape of
the pH 8 profiles. The polymer grafting densities I', ., Were
determined from eq 1 using fitted p and u/p values.

The differences between structural parameters derived from
constrained fits of neutron reflectivity data described above and
those derived from ellipsometric measurement of film thickness
in air (see Supporting Information) are significant. The greater
film thickness and assumed mass density result in values of
grafting density [yjipsometry = 0-22, 0.36, and 0.23 (107> A™?) for
r =0, 0.2, and 0.3, respectively. Clearly, using thicknesses of
films hydrated by ambient moisture leads to overestimation of
grafting densities and underestimation of stretch ratios, a
conclusion also reached by Biesalski and Riihe in their studies
of swelling behavior of a very thick brush.*" Due to the
variation of film hydration in humid air, this discrepancy cannot
easily be corrected in thin film systems. Only by explicitly
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accounting for adsorbed water by a method similar to that
described here can one accurately determine how much
polymer is deposited on a surface and how much it expands
in contact with solvent.

In summary, it is clear that material characterization begins
with proper accounting. This is particularly important in PE
brush systems, where grafting density establishes the local
dielectric environment’~”'"'*~*! and sets the balance between
intra- and interchain interactions, which govern chain extension
and thus the range of interactions across a brush-modified
interface. Control of these characteristics is central to the utility
of brushes as surface-modifying agents. Moreoever, it is fully
expected that water-soluble thin films in general suffer the same
ambiguity between grafting density, mass density, and thickness
if measured in the ambient using conventional benchtop
methods such as ellipsometry, atomic force microscopy, or
quartz crystal microbalance techniques only. While these
methods are useful in their own right, the ability of neutron
scattering to discriminate between adsorbed water and native
polymer chains while simultaneously providing insight into
nanoscale structural behaviors offers an important advantage for
determining parameters that control structure and physical
behaviors of PE brushes and other water-swellable thin films.
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Details of the initiator and polymer syntheses and character-
izations, recipes for buffer solutions, and a complete derivation
of hydration parameters. This material is available free of charge
via the Internet at http://pubs.acs.org.
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