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Abstract

A weak polyelectrolyte brush is composed of a layer of polyacids or polybases grafted by one end
of their chains to a substrate surface. For such brush layers immersed in an aqueous solution, the
dissociation behavior of the acidic or basic groups and the structural and physical properties of the
brush layer will thus be strongly dependent on the environmental conditions. For a polyacid brush
layer consisting of, e.g., poly(acrylic acid), this means that the chains in the brush layer will be
charged at high pH and uncharged at low pH. However, theoretical scaling laws not only foresee
the structural changes occurring in response to the pH-induced dissociation behavior but also how
the dissociation behavior of the brush layer depends on the ionic strength of the aqueous solution
and the density of acidic groups within the brush layer. We have herein employed spectroscopic
ellipsometry and quartz crystal microbalance with dissipation monitoring (QCM-D) to
experimentally evaluate the theoretically predicted dissociation and structural behavior of PAA
brushes. Spectroscopic ellipsometry allows us to study the brush thickness as a function of pH and
ionic strength, while QCM-D gives us an opportunity to investigate the swelling behavior of PAA
brushes at various penetration depths of propagating acoustic waves. Our studies show that the
dissociation degree of the carboxylic acid groups in a PAA brush increases with increasing
distance from the substrate. Moreover, the ionic strength enhances carboxylic acid dissociation,
such that a higher ionic strength leads to a narrower distribution and higher average dissociation
degree. In conclusion, our results provide an experimental verification of the theoretically
predicted gradient in the degree of dissociation of the acid groups in weak polyacid brush layers
and shows that at a pH value equal to approximately the average pKa value of the brush, the state
of the acid groups varies from being almost uncharged to almost fully dissociated depending on

the ionic strength and vertical position in the brush.

Introduction

Since the first theoretical description of polymer brush layers by Alexander and de Gennes,*? such
molecular structures have attracted major interest due to their simple nature and very complex
structural behavior. From a theoretical perspective, polymer brush layers constitute attractive

systems with well-defined fixed conditions, such as monomeric chemistry, grafting density, chain



contour length and some well-defined system variables such as solvent quality, ionic strength and
pH, which allow for predictions about the polymer brush structure and, in particular, the brush
height. To this end, a number of scaling relations between the polymer brush height and the fixed
conditions and system variables have been derived for brush layers of neutral polymers, strong
polyelectrolytes and weak polyelectrolytes.’*° From an experimental perspective, the interest in
these structures has been two-fold. First, experimental tests of the theoretical scaling relations are
attractive because variations in some starting conditions, i.e., monomeric chemistry, grafting
density and polymer contour length, can be controlled during brush layer preparation, while
variables such as solvent quality, ionic strength and pH can be controlled after brush layer
preparation.!*1° Second, polymer brush layers constitute novel functionalities such as low
friction,2>22 high loadbearing capacity,?®?* antifouling behavior®2" and responsive nature?-3!

and have many potential applications. 32-34

Weak polyelectrolyte brushes, in general, demonstrate a more complex structural behavior than
layers composed of strong polyelectrolytes. Starting from a simple monomeric structure with an
acidic or basic group and a well-defined pKa value, the situation already becomes more
complicated when these groups are constrained to the polymer backbone where the dissociation of
a specific group depends not only on the solution pH but also on the state of neighboring
dissociable groups and the local electrostatic environment. However, the most complex situation
is found in the brush layer structure, where the degree of dissociation will depend on the solution

pH, the concentration of added salt and the local polymer concentration.

Experimental investigation of the degree of dissociation in a weak polyelectrolyte brush layer is
not as straightforward as for weak polyelectrolytes in solution, where the solution can be titrated
by acidic or basic solutions and the pH can be monitored. For polymer brush layers, one way to
obtain direct information about the degree of dissociation is via a spectroscopic approach, for
example, grazing-angle reflectance (GAR) Fourier-transform infrared spectroscopy (FTIR).
However so far this has not been done directly in a pH adjusted solution but in a dry state after the
chemical structure was quenched at a given pH value.®® Thus, as consequence of the difficulties in
obtaining direct chemical information for weak polyelectrolyte brush layer at the relevant
experimental condition, it has been a common to study how different physical parameters like
brush wettability, brush height or viscoelasticity using techniques like contact angle



measurement,>>° ellipsometry,'318:1937-43 neytron reflectometry,***> or QCM-D #3468 varies as
a function of pH. A drawback of such an approach is that one cannot automatically assure a 1:1
correspondence between the change in dissociation and the physical response to the change in
dissociation. This for example mean that the midpoint of a structural change, which occurs in
response to the change in the degree of dissociation does not necessarily correspond to the true

pKa value. For that reason, we will in this work refer to such a value as the “apparent pKa value”.

For both direct and indirect methods, one in addition has to be aware that the measured signal does
not necessarily represent a response to the dissociation behavior of all acidic or basic groups in the
brush layer. Instead, such measurements reflect the behavior of either the groups in the outer part
of the brush layer (contact angle measurements) or a (differently) weighted average of all the
groups in the brush layer (typically all other techniques). While this information might be sufficient
if one aims to test the established scaling relations or wants to apply the brush as a stimuli
responsive surface, it does not reveal full information about the dissociation behavior in a weak
polyelectrolyte brush layer. In particular, such measurements do not carry any information about
local variations in the dissociation behavior related to an uneven vertical polymer density profile
through the brush layer. To this end, experimental studies have demonstrated an uneven polymer
density profile in neutral and charged polymer brushes,**°-5! confirmed by theoretical studies,*
5254 and variation of this profile with pH, salt, and temperature for stimuli-responsive brushes.*>*
This means that the polymer density indeed changes with the vertical distance from the grafting
points. Dissociation of acid groups in a weak polyelectrolyte brush, on the other hand, depends on
the polymer density® and on the vertical position in the brush, consequently. In this regard
theoretical modeling has shown that at a fixed pH value the degree of dissociation generally
increases with increasing distance from the surface grafting point.>>®>" Further, a comparison
between the apparent pKa values obtained by contact angle measurements and grazing-angle
reflectance FTIR demonstrate a higher degree of dissociation at the outer part of the brush layer
compared to the average degree of dissociation.®® However, more detailed insight into the
dissociation behavior of weak polyelectrolyte brush layers has so far been experimentally
inaccessible.

In this work, we use ellipsometry and QCM-D for indirect studies of the dissociation behavior of
poly(acrylic acid) (PAA) brush layers as a function of pH and ionic strength. To this end,
ellipsometry shows variations in the optical properties and the thickness of the brush as a function



of increasing pH, which we use to estimate an average apparent pKa value for the PAA brush. On
the other hand, the quartz crystal microbalance with dissipation (QCM-D) technique is an acoustic
method that can be used to measure the viscoelastic properties of the brush layer; this method is
extremely sensitive to conformation changes that influence the water content of the layer or its
dissipative behavior.**4¢ We are, however, focus on the fact that the propagations of the shear
acoustic waves representing the different overtone harmonics have varying magnitudes.®®° This
explicitly means that higher overtone harmonics exhibit shorter decay lengths than lower overtone
harmonics and that the various overtone harmonics sense dissimilar penetration depths for the
brush layer. Here, we utilize this knowledge as an indirect tool to probe the dissociation behavior

as a function of the vertical position in the brush layer.

Experimental

Materials

Dichloromethane, 2-bromoisobutyrylbromide, triethylamine, toluene, N,N-dimethylformamide
(DMF), N,N,N’,N’,N”-pentamethyldiethylenetriamine (PMDETA), tert-butyl acrylate (tBA),
ethyl a-bromoisobutyrate (EBiB), copper (Il) sulfate pentahydrate, sodium sulfite, and
trifluoroaceticacid were obtained from Sigma Aldrich and used as received. Copper (1) bromide
(CuBr) and (3-aminopropyltriethoxysilane (APTES) were purchased from Riedel-de Haén and
Tokyo Chemical Industry, respectively. Ultra-pure water with a resistance of 18.2 MQ.cm
(Sartorius Arium Pro) was used for the preparation of all the aqueous solutions. Solutions for
ellipsometry experiments were prepared using ultra-pure water and NaCl to adjust the ionic

strength. HCI and NaOH were used to adjust the pH values.

Synthesis of poly(acrylic acid) brushes on solid surfaces
Thermally oxidized silicon wafers (Wafer Net, USA) and a QCM-D sensor (QSX335, Biolin

Scientific, Gothenburg, Sweden) were used to prepare the PAA brushes. Prior to functionalization,
the silicon wafers were rinsed with acetone, ethanol, and deionized water 3 times. The surfaces
were subsequently plasma-cleaned (Harrick Plasma) for 3 minutes under 500 mTorr water vapor

to produce hydroxyl groups on the wafer surfaces. Vapor deposition was applied to functionalize



wafer surfaces with amine groups; the surfaces were kept in a desiccator, where a solution of
APTES and toluene (volume ratio: 1:1) had been placed for 24 hours. Afterwards, the wafer
surfaces were washed with toluene, ethanol, and acetone and dried under a stream of argon. The
QCM-D sensor and the silicon wafer were placed in the same reaction mixture in every step. A
Teflon fixture was used to cover the backside of the QCM-D sensor in the reaction mixture. To
graft the initiators onto the surface, functionalized surfaces were placed into a mixture of
dichloromethane (40 mL) and triethylamine (1.9 g, 19 mmol) at 0 °C; then, 2-
bromoisobutyrylbromide (3.7 g, 16 mmol) was added dropwise. The reaction mixture was stirred
at room temperature for 12 hours. After rinsing and drying under argon, initiator grafted surfaces

were used immediately for the polymerization reaction.

Poly(tert-butyl acrylate) (PtBA) was synthesized using surface-initiated atom transfer radical
polymerization (SI-ATRP) following the procedure by lkkala et al.! The catalyst, copper (1)
bromide (CuBr), was synthesized through reduction of copper(ll) sulfate pentahydrate by sodium
sulfite. Monomethyl ether hydroquinone (inhibitor) was removed from tert-butyl acrylate by
passing it through an alumina column. Initiator grafted surfaces from the previous step were placed
into a solution of tert-butyl acrylate (24.5 g, 190 mmol) in DMF (14 mL). Subsequently, EBiB
(23.3 pL, 0.16 mmol) and PMDETA (146.4 pL, 0.7 mmol) were dissolved, and the mixture was
purged with argon for 15 minutes. Afterwards, CuBr (45.6 mg, 0.32 mmol) and CuBr; (7.2 mg,
0.032 mmol) were added to the reaction mixture. Then, reaction mixture was purged with argon
for 15 minutes and finally placed in a preheated water bath at 75 °C to initiate the polymerization.
The molar ratio of reactants was [tBA]:[EBiB]:[CuBr]:[CuBr;]:[PMDETA]=600:0.5:1:0.1:2.2.
The P(tBA) brushes were finally hydrolyzed in an acidic solution of trifluoroaceticacid (9 mL) in

dichloromethane (33 mL) at room temperature for 24 hours.

Two samples with high grafting density (0.62 chain/nm? and 0.58 chain/nm?), low dispersity (1.12
and 1.10) and different molecular weights were synthesized in this study (one with a relatively
higher molecular weight suitable for ellipsometry-based studies of the effect of ionic strength and
one with a relatively lower molecular weight suitable for QCM-D and ellipsometry-based studies
of the effect of pH). The molecular weights of the PtBAs synthesized in solution were 62100 g/mol
(so that the thickness-ionic strength test could be used to obtain a sensible variation in thickness)
and 33700 g/mol (for the pH titration tests). The molecular weight and dispersity were determined

using GPC (see supporting information section S2) and the grafting density was calculated



according to the equation (o = p;ﬁ), assuming that the number average molecular weight of the

polymer chains synthesized in the solution phase is equal to that for chains tethered to the surface.
The controlled nature of the polymerization was verified by the linearity of the conversion-time
plot for the polymerization reaction (see supporting information section S3).

Ellipsometry

Variable angle spectroscopic ellipsometry (M-2000, J. A. Woollam Co., Inc.) was employed to
assess the thickness of the P(tBA) and PAA brush layers. The standard liquid cell of the instrument
(5mL heated liquid cell) was used for the measurements in solution. The measurements were
conducted over a wavelength range between 250 and 1000 nm and at an angle of incidence of 75°.
For the titration test, the brush was kept in each pH for 40 minutes, which is longer than the
estimated maximum time required for the PAA brush to reach equilibrium.®

In such experiments, p- and s-polarizied light waves are illuminated onto a sample.®%% The light—
matter interaction varies the polarization state of the reflected light, which is quantified in terms
of ellipsometric y(A) (amplitude ratio) and A(A) (phase shift). These two parameters are related to

the sample properties through the complex reflectance function (p):

tany.e'd = p(6y, hy, ..., hj, Ny, Ng, Ny, ..., N;) (1)

Accordingly, the change in the polarization state of the reflected light depends on the angle of
incidence (o), the thickness of the layers (h;), as well as the complex refractive indices (N; = nj +
ik;) of the layers, the ambient medium (Na), and the substrate (Ns). Therefore, one has to construct
an appropriate optical model describing the nominal structure of the sample with information on
thickness and optical constants of all the components. Based on this model, the Fresnel coefficients
of reflection for p- and s-waves can describe the changes in amplitude and phase at the interface.
Next, the best match is found between the calculated and experimental y(A) and A(L) through
regression. The analysis of the data herein was conducted using the instrument software
(CompleteEASE, J.A. Woollam Co., Inc.).



The optical model herein comprises a thick Si substrate, an intermediate layer with a thickness of
1 nm, a SiO; layer, and a transparent polymer layer. Before grafting the brush layers, the thickness
of the silicon oxide layer was determined in air. The optical dispersion of the polymer layer is
described using the empirical Cauchy relation (n = A + B/A?). For experiments in water and saline
solutions with concentrations up to 100 mM, optical constants of pure water was used for the
medium (Cauchy parameters of A=1.322 and B=0.00327). For saline solutions with higher
concentrations, the difference in refractive index compared to water was calculated according to
previous studies.®*% Since both thickness and optical constants of the polymer film were unknown,
the model comprises a total number of three free parameters (thickness, A, and B of the polymer
layer). Uniqueness of the estimated thickness values was checked using thickness-mean square
error (MSE) plots. In addition, including roughness, thickness non-uniformity, grading, and
anisotropy did not significantly improve the fitting quality (the modeling data are available

supporting information, Section S1).

Quartz Crystal Microbalance with Dissipation (QCM-D)

Changes in the viscoelastic properties of the PAA brush in response to varying pH and ionic
strength were studied using a Q-Sense E1 quartz crystal microbalance with dissipation (QCM-D)

equipped with a standard Q-Sense flow module (Biolin Scientific, Gothenburg, Sweden).

For a QCM sensor surface (QSX335, Biolin Scientific, Gothenburg, Sweden) with an attached
viscoelastic polymer layer (the PAA brush) immersed in saline solution, the measured changes in
resonance frequency, Af, and energy dissipation, AD, can be modeled by the so-called Voigt
model.%6-%8 Here, the polymer layer attached to the QCM sensor surface is represented as a film of
uniform thickness and density coupled to a Newtonian fluid under nonslip conditions and is
characterized by a given elastic shear modulus and shear viscosity. The relationship between the

measured values of Af and AD, respectively, and the physical properties of the system is given by

_Im(B)
Af = 2mt, (2)
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By plotting Eq. 2 and 3 as a function of the polymer layer thickness, one will observe that for given
values of ps, pp, Ns, Np and pp, Af and AD are highly sensitive to changes in film thickness up to a
certain thickness. However, there exists a range of layer thicknesses beyond which Af and AD
become relatively insensitive to further increases in layer thickness.®® The film thicknesses where
Af and AD are either sensitive or insensitive to changes in the film thickness has in previous work
been referred to as the limited cases of thin and thick films, respectively.®® Physically, the change
in sensitivity of Af and AD are related to the situations where the polymer layer is either much

thinner or much thicker than the characteristic decay length, 3, of the shear wave travelling in the



normal direction from the QCM sensor surface through the polymer layer and the overlaying

fluid.” The decay length is defined as:

Py (8)

where 1x and px here refer to the shear viscosity and density of either the fluid or the polymer layer

depending on whether one is solving for the limited case of a thin or a thick film, respectively.

For a PAA brush layer in aqueous solution the decay length can be estimated to approximately 250
nm for the fundamental frequency of the propagating wave and approximately 70 nm for the
thirteenth overtone of the propagating wave. For these calculation the density was set to 1043
kg/m3 (corresponding to the density of our PAA brush layer with a 70 % water content (derived
from our ellipsometry data of the PAA brush at intermediate pH by use of the BEMA model) and
by assuming ideal mixing of water and PAA). The viscosity was set to 1 mPa s corresponding to
the shear viscosity previously reported for a 38 nm PAA brush.®® Thus, for brush layers with
thicknesses of the order of 100 nm, neither the conditions for the limited cases of thin nor thick
films are fulfilled; therefore, the different overtones will respond differently to changes in the film
thickness.®® As will be demonstrated further in the results section, in this work, we have taken
advantage of this fact to probe different depths of the polymer layer by using the different measured
overtones of frequency and dissipation. It should however here be stressed that the decay lengths
are numbers reflecting the decay rate of the acoustic waves of the different overtone harmonics
and not numbers related to exact vertical positions in the brush. The various overtone harmonics
thus sense the layer with a different weighted average where the higher overtone harmonic mainly
senses the inner part of the brush layer and the lower overtone harmonic sense both the inner and

more outer part of the brush layer.

Results and discussion



As described in the experimental sections, we have synthesized PAA brush layers with a fixed
grafting density and, in the following, we will discuss how such brush layers respond to changes
in pH and ionic strength. However, before presenting our experimental results, we briefly
recapitulate the theoretically expected behavior of polyelectrolyte brushes, particularly the
behavior of weak polyelectrolyte brushes. For further theoretical considerations, the reader is
referred to the original works and some newer summaries,3>68-113057

For a strong polyelectrolyte brush at moderate to high grafting density and at low salt
concentration, ¢s, the counterions will be restricted to the volume of the brush layer, which leads
to a swollen brush, where the osmotic pressure of the counterions is balanced by chain contraction

and where the brush height, H, scales as

N =

HoxNf ©)
Here, N is the number of chain segments and f is the fraction of monomers carrying a permanent
charge. In this regime, the brush height is thus independent of the grafting density, ¢, and the salt
concentration, ¢s. However, when ¢s exceeds a certain value, the brush enters the salted brush
regime where the added salt significantly starts to screen the electrostatic interactions in the brush
layers and the osmotic pressure is reduced. In this salted brush regime, the brush height scales as

1/3

2
H < Ng1/3 (—)
®s (10)

Thus, in the salted brush regime, the layer will shrink by increasing ¢s until the influence of
electrostatic interactions diminishes and the excluded volume effects determine the brush
structure. By equating the scaling laws for the osmotic and the salted brush regimes, the
crossover between these regimes is found to be

1/2

X o
@5 xof (1)
The behavior of a weak polyelectrolyte brush is unlike that of a strong polyelectrolyte brush

because the charge fraction is not constant but depends on the degree of dissociation of acid or



basic groups. In our case of a polyacid, the degree of dissociation, a, is given by the acid-base

equilibrium
HA S A™ +H?
(12)
and o then becomes
Kp
a = S ————
Kp + [H™] (13)

Here, Kp is the dissociation constant for the acid-base equilibrium and [H*]=10"" is the proton
concentration. For a polyacid brush layer, this simple relation directly implies that the degree of
dissociation in the brush is not only a function of the polymer chemistry but also a function of the

local pH value, which again is controlled by the bulk pH, ionic strength and local polymer density.

In the salted brush regimes, where there exists an excess of salt in the bulk, the concentration of
protons in the brush becomes approximately equal to the concentration of protons in the bulk; the
internal degree of dissociation is thus approximately the same as it would be for a diluted chain.
Hence, in the salted brush regime of a weak polyelectrolyte, the brush height follows a similar
scaling relation as for a strong polyelectrolyte:

1
1 2\3
H « No3 <“—> (14)

Ps

where the brush height, however, scales with the dissociation degree of an isolated chain in the

bulk, o, instead of with the fixed charge fraction, f.

On the other hand, in the osmotic brush regime, the activity of the counterions is too low to
substitute all the protons in the brush originating from dissociation of the acid groups; the
concentration of protons in the brush will thus be higher than in the bulk. In response to this
unfavorable condition, the brush will undergo a charge regulation process, which leads to a
dissociation degree, ao, that is lower than expected from the bulk pH value (c0<a). Consequently,
ao Will increase with increasing ionic strength, and, in this regime, the brush height of a weak

polyelectrolyte (polyacid) will scale as



a

1/3
H o« Ng~1/3 ( ) ([H™] + @s)/3

11—« (15)
where o again is the dissociation degree of a diluted chain in the bulk, [H'] is the proton
concentration in the bulk, and ¢s is the concentration of added salt, while the local polymer

concentration in this approach is indirectly given by the grafting density, c.

In the following, we have experimentally evaluated how the PAA brush height is affected by the
bulk pH and the ionic strength in accordance with Eq. 15, as well as how the local degree of
dissociation supposedly varies with the vertical position in the brush. To compare experiments
conducted on different prepared brush layers, we present the brush heights normalized by the PAA
chain contour lengths (see supporting information, section S5). This can be done because the brush
height, according to Eq. 14, and 15, scales linearly with the number of monomers, N, in both the

salted brush and osmotic brush regimes.

Effect of ionic strength at fixed pH

As a first step, we employed in situ spectroscopic ellipsometry to measure the height of the PAA
brush as a function of ionic strength at fixed bulk pH values of 6 and 9, respectively. After each
change in environmental condition (ionic strength or pH) the in situ ellipsometry signals were
followed and the equilibrium thickness was defined as the thickness measured over a time interval
of 10 min where the variation in thickness was less than 0.1 nm. As seen in Figure 1, the brush
height at both pH values is a nonmonotonic function of the ionic strength. At low ionic strength,
where the brush is found in the osmotic brush regime, the brush height increases with increasing
ionic strength because of the increasing degree of dissociation. Oppositely, at high ionic strength,
where the brush is found in the salted brush regime, the brush height decreases with increasing
ionic strength because of increased electrostatic screening. By comparing the results obtained at
the two different pH values, three interesting observations can be made. First, it is observed that
the brush layer at all ionic strengths is significantly more stretched at pH 9 compared to at pH 6.
This indicates a higher dissociation degree and, thus, a larger osmotic pressure at the higher pH
value. This behavior is to be expected for a polyacid. Second, it is observed that the relative change

in brush height is much smaller at pH 9 than at pH 6. This behavior occurs along the same lines,



because the charge regulation process in the osmotic brush regime is much smaller at a pH value
far above the pKa value compared to that at a pH value close to the pKa value. Third, it is observed
that the ionic strength, which gives rise to the maximum brush height at each respective pH value
is higher at pH 9 compared to at pH 6. This observation is in agreement with the scaling prediction
(Eg. 11). The fact that the crossover between the osmotic brush regime and the salted brush regime
is found at approximately 100-200 mM NaCl also means that for studies of the effect of varying
ionic strength on the degree of dissociation, one should operate at salt concentrations below this

level.
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Figure 1. Ellipsometry-based normalized PAA brush height measure as a function of ionic strength

at pH 6 (blue) and pH 9 (red). Lines are guides to the eye.

Effect of pH at fixed ionic strength

Next, we investigated the effect of bulk pH value on the relative PAA brush height at three fixed
ionic strengths, which are chosen such that the brush is expected to be found in the osmotic brush
regime in all three cases. Figure 2 presents the relative PAA brush height as a function of pH in
aqueous solutions of 1 mM, 10 mM and 100 mM NaCl measured with spectroscopic ellipsometry.
At all three ionic strengths, similar trends are observed and the trends, which are due to the
charging of the brush, are in agreement with previous studies on PAA brush layers®1937:38:42 gnq
other weak polyelectrolyte brushes.3183%-4143 At Jow pH, where the brush can be assumed to be
almost uncharged, the brush height is reduced to approximately 40% of its maximum value and is
only weakly dependent on pH. Oppositely, at high pH, where the brush can be assumed to be
highly charged, the brush height is increased to approximately 75% of its maximum value and is



again only weakly dependent on pH. At intermediate pH values, one finds the transition zone,
where the PAA chains undergo a charge regulation process, which according to the above-
presented theory should depend on the bulk pH, ionic strength and the local polymer concentration.
As a first observation, one notes that the relative brush height starts to increase at lower pH for
higher ionic strength compared to for lower ionic strength. This is in agreement with the scaling
relation for a weak polyacid in the osmotic brush regime (Eq. 15). Next, as the increase in the
relative brush height results from the increased number of dissociated acid groups and the
subsequent increased osmotic pressure in the brush, we assume that the apparent pKa value of the
brush layer to a first approximation can be determined from the midpoint of a sigmoid function
fitted to the relative brush height versus bulk pH values (see supporting information section S4).
By using this approach, we determined the apparent pKa values to be 6.4, 5.2 and 4.6 at 1, 10 and
100 mM NacCl, respectively. It should again be stressed, we use the term apparent pKa because
the value is taken relative to the bulk pH value and not the local pH value in the brush and because
it is related to the inflection point of the swelling transition, which does not necessarily correspond

to the situation where 50% of the acid groups are dissociated.
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Figure 2. Ellipsometry-based normalized PAA brush height as a function of pH at 1 mM (blue),
10 mM (green) and 100 mM (red) NaCl.

Local dissociation degree through the brush



In addition to the dependence on the bulk pH and ionic strength, the degree of dissociation and,
therefore, the apparent pKa value, also depends on the proximity to other dissociable groups, i.e.,
the local polymer density. As discussed in relation to Eq. 15, the local PAA density can thus be
tuned by the grafting density, and it is known that an increased grafting density can lead to a
decreased degree of dissociation at a constant ionic strength and bulk pH value.*® In our case where
the grafting density is constant, one can, however, expect a variation in the local PAA density as
a function of the vertical position in the brush due to the expected approximately parabolic density
profile. However, although such a variation in the degree of dissociation is expected from basic
considerations and has been demonstrated in theoretical studies, it has never been experimentally

verified.5°657

Fundamental mode Low harmonic

Intermediate harmonic High harmonic

Figure 3. Schematic illustration of the acoustic wave decay for various oscillatory modes.

To probe the local variation in the dissociation degree through the brush layer vertically, we
employed QCM-D. As discussed in details in the Experimental section, we here take advantage of
the fact that the PAA brush layer thickness is comparable to the magnitude of the decay length of



the shear wave propagating in the normal direction to the QCM sensor surface. In such a case, the
measured frequencies and dissipation values associated with different overtones of the oscillation
of the QCM sensor with the attached PAA brush probes different parts of the brush layer with
different weights, as illustrated in Figure 3. Thus, for any overtone number, the sensitivity will
decrease with the distance from the sensor surface. However, due to the different decay lengths of
the different overtones, the lower overtone numbers will probe a relatively larger fraction of the

outer part of the brush layer, compared to the higher overtone numbers.

Figure 4 shows the overtone dependence of the frequency and dissipation as a function of bulk pH
at 1, 10 and 100 mM NacCl. The dissipation value is dependent on the conformational changes in
the brush layer and will, in general, increase with increasing brush height. Thus, the overall
appearance of the dissipation as a function of bulk pH for any overtone and at any ionic strength
has a similar shape as the brush height as a function of pH obtained by ellipsometry - with a low
and approximately constant value at low pH, a high and approximately constant value at high pH
and a rapid changing value at intermediate pH values. The change in frequency is mainly related
to the change in the sensed mass, which increases when the brush layer swells, as seen in Figure
4. Thus, the overall appearance of the frequency as a function of bulk pH follows an opposite trend
compared to the change in dissipation. The growth in dissipation and decline in frequency with
increasing pH is in agreement with previous QCM-D data reported in the literature for PAA brush
layers.”>" This is due to formation of charges, which makes the weak polyelectrolyte brush highly

hydrated. Similar trends have been observed for other weak polyelectrolyte brushes as well.0:4346-
48,76
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Figure 4. QCM-D-based dissipation shift at 1 mM (a), 10 mM (c), and 100 mM NaCl (e) and
frequency shift at 1 mM (b), 10 mM (d) and 100 mM NacCl (f) for the PAA brush as a function of
pH at different overtone harmonics (O3-013). The lines show results of the fitting according to

the sigmoid function.

To compare the apparent pKa values at different decay lengths with the apparent pKa values found
from the ellipsometry data, we fitted the same sigmoid function to the dissipation versus bulk pH
data at three different ionic strengths (a similar analysis based on the frequency data is presented
in the supporting information section S6. However as discussed in section S6, the dissipation
values are mostly related to the structural changes in the brush layer and the apparent pKa values
obtained from the dissipation values are thus more comparable to the apparent pKa values obtained
from the ellipsometry data). The results of this exercise are shown in Figure 5(a), and three main
observations can be made. As a first observation, the apparent pKa decreases with increasing decay
length at all three ionic strengths. As the brush layer is expected to show a higher density deep into
the brush and a decaying density closer to the outer part of the brush (approximately parabolic
profile),*52-5 this observation is in agreement with that expected and with previous theoretical

calculations.®°%57 As a second observation, the apparent pKa value at any decay length decreases



with increasing ionic strength. This observation is in agreement with the scaling prediction (Eqg.
15), the results based on the ellipsometry measurements and previous experimental results.®® As a
third observation, the variation in the apparent pKa as one moves vertically through the brush is
much more significant at low ionic strength compared to at high ionic strength. The reason for this
is that the electrostatic interaction leading to increased discharging at higher local PAA densities
is more effectively screened at higher ionic strength when the charge regulation is less significant.
This point is further illustrated in Figure 5(b), where the dissociation degree at pH 5.0 (which
corresponds to the average pKa value across all decay lengths and ionic strengths) is plotted against
the decay length. The dissociation degrees were here calculated by using the equilibrium constants
derived from the apparent pKa values presented in Figure 5(a) and the [H+] concentration in
bulk.From Figure 5(b), it is seen that the charge fraction varies from 0.02 to approximately 0.49 at
1 mM NaCl, while it varies from approximately 0.65 to approximately 0.87 at 100 mM NacCl.
Notably, this means that at this intermediate pH value, the acid groups can be either almost
completely protonated or almost fully deprotonated depending on the ionic strength and vertical
position in the brush layer. For future studies we suggest that the vertical counterion distribution
should be investigated as a function of pH. Previously, contrast variant neutron reflectivity and
small angle X-ray scattering have been employed to study counterion distributions in layers of
weak and strong polyelectrolyte.”""® Thus, by assuming some degree of local charge neutrality,
one could speculate that the counterion distribution should be correlated to the vertical dissociation
profile in the brush.
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Figure 5. Apparent pKa value (a) and dissociation degree at pH=5.0 (b) as a function of the decay
length, as determined by the QCM-D-based dissipation data presented in Figure 4.

Conclusion

In this work, we investigated the structural and mechanical variations in a PAA brush as a function
of pH and ionic strength. The overarching goal of this investigation was to provide experimental
evidence for variation in the dissociation behavior of a brush layer in the vertical direction. To do
so, we first had to identify the osmotic brush regime by measuring the brush thickness as a function
of ionic strength at different pH values. Thereafter, the properties of the osmotic brush were
investigated as a function of pH at three different ionic strengths. By taking advantage of the
variation in penetration depth of various overtone harmonics in QCM-D, we showed that the
degree of dissociation increases with increasing distance from the substrate for a given value of
pH and ionic strength. Moreover, increasing the ionic strength increases the average degree of
dissociation and lowers the variation in the degree of dissociation in the brush in the vertical
direction. As an example of the significant effects of these parameters, we showed that at an
intermediate pH (approximately pH 5), the response from the acidic groups indicates that they can
be almost uncharged or almost fully charged depending on the ionic strength and vertical position
in the brush.
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