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Abstract:
Through a combination of in situ ellipsometry and stream-

ing zeta potential measurements, we investigated the swelling
behavior of weak polybasic brushes as a function of pH and
fraction of ionizable monomers f. The fraction of ionizable
monomer (2-(dimethylamino)ethyl acrylate, DMAEA) was pre-
cisely tuned by mixing a neutral hydrophilic monomer (2-
hydroxyethyl acrylate, HEA) from f = 1.00 to f = 0.00. All
charge containing fractions show pH responsive behavior. At
acidic pH, the brushes are within the strongly charged osmotic
brush regime and the swelling ratio increases with increasing f,
qualitatively agreeing with the scaling laws for polyelectrolyte
brushes (PEBs). Moreover, as the fraction of DMAEA is in-
creased the transition pH (pH∗) shifts to more basic values,
indicating that ionization gets more favorable with increasing
f. In the intermediate pH range, all charge containing fractions
show hysteretic behavior, where the pH∗ values in the backward
direction shift to more acidic values and the extent of hystere-
sis increases with f. Streaming zeta potential measurements
are in good agreement with the observed brush swelling behav-
ior at the minimum and maximum pH range for all fractions.
However, the isoelectric point (pI) values are consistently larger
than the pH∗ values with no appreciable hysteresis present in
the zeta potential measurement cycles. We propose the hy-
drophobic periphery mechanism as the source of hysteresis in
the swelling experiments and hypothesize that the root cause of
differences between measurements is the probing length scale
differences between the two methods. These findings elucidate
the effects of charge on the swelling behavior and charge state
of PEBs, which can lead to tailored pH-responsive surfaces for
many applications.

Introduction
Polymers end-tethered to planar and spherical surfaces are
used to modify interfacial behavior of complex materials
for applications requiring anti-fouling, 1–3 colloidal stabiliza-
tion,4 lubrication,5,6 and separations.7,8 The conformation
of polymer chains at the interface is influenced by graft-
ing density and chain length, where brush or mushroom-
like conformations form at high and low grafting densities,
respectively.9 Monomer chemistry also affects chain confor-
mation. For example, strong polyelectrolyte brushes (PEBs)
have more extended chain conformations compared to neu-
tral brushes through balancing osmotic pressure and chain

stretching.10

Weak PEBs are particularly interesting because the de-
gree of ionization α is dependent on the ionic strength and
pH of the solution. These dependencies generate two ma-
jor challenges for predicting weak PEB behavior. First,
weak (and strong) PEB behavior is incompletely described
by current theories. At low ionic strength and high disso-
ciation (α ≈ 1), weak PEBs exhibit scaling relationships
akin to those for strong PEBs in the osmotic brush (OB)
regime, where brush height is independent of either graft-
ing density σ or salt concentration Cs and height scales
as H ∼ Nα1/2, where N is the number of repeat units
in the brush chains.10–12 By contrast, for weak PEBs with
α ≪ 1 and salt concentrations below the crossover salt con-
centration C∗

s (Cs ≪ C∗
s ), height is theoretically predicted

to scale as H ∼ Nσ−1/3([H+] + Cs)
1/3. Thus, increasing

ionic strength or grafting density would result in an increase
or decrease in brush height, respectively. 13 Whereas exper-
iments have reproduced the predicted scaling exponents for
N and Cs, a variety of power law values for σ have been
reported, counter to theory.14,15 At high salt concentrations
(Cs ≥ C∗

s ), weak PEBs are once again predicted to behave
similar to strong PEBs in the salted brush (SB) regime where

brush height scales as H ∼ Nσ1/3C
−1/3
s α2/3. Experimental

observations have generally agreed with the predicted non-
monotonic trends with increased salt concentration across
the transition from the osmotic to salted brush regime. 14,15

Strong PEBs, however, also exhibit a non-monotonic depen-
dence on salt concentration, in disagreement with theory. 16

Differences between theory and experiments for both weak
and strong PEBs speak to the need for experiments that sys-
tematically vary parameters including chain length, density,
and pH to map out ranges of behavior for tests of theories.

Second, the pH-dependent behavior of weak PEBs is not
fully understood despite extensive studies due to complexity
in ionization normal to the brush tether point. Ionization
along weak PEB chains is non-uniform and groups at the
brush periphery dissociate with more ease. 13,17,18 This phe-
nomenon has been attributed to the free energy minimiza-
tion of the weak PEBs that inhibits ionization of monomers
deeper in the brush, inhomogeneous volume fraction nor-
mal to the surface that slows down the uptake of water and
ions into deeper denser regions of PEBs, and larger relative
permittivity and accessibility of solution ions at the brush
periphery.13,17 In addition, the dissociation of groups on the
periphery may lead to a double layer and create a bound-
ary potential, thus further reducing ion transport inside the
brush and preventing dissociation close to the surface. 17 In-
creasing Cs results in more uniform ionization as counterions
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from the salt can replace hydroxide and hydronium ions in
the brush layer and promote more uniform charging of the
acidic or basic moieties. 17,19 The complex dissociation be-
havior of weak PEBs makes it challenging to predict whether
strong or weak PEB theory is applicable at a given experi-
mental condition. Weak PEBs that include conditions where
chains approach neutrality will enable more direct testing of
weak PEB theory.

Recent developments in surface-initiated polymerization
techniques enable synthesis of complex architectures that en-
able new tests of the open questions in the behavior of weak
PEBs. Specifically, random copolymer PEBs, in which the
monomers are distributed randomly along the brush chains,
are readily synthesized by varying the fraction of ionizable
monomers by mixing in a neutral monomer. This approach
is a straightforward strategy to achieve targeted brush prop-
erties without the need to change the charged monomer it-
self. Moreover, the neutral monomer can introduce another
stimulus resulting in multi-responsive brushes. 20–24 These
previous experimental studies have found that charge effects
can dominate chain conformation even at low fraction of ion-
izable monomers and that weak PEBs with f < 1 act as
weaker electrolytes compared to their homopolymeric coun-
terparts. Although these studies have shown that varying
charge fraction imparts tunability over brush architecture,
they have not explored the full range of ionizable monomer
fraction or its effect on brush swelling and hysteresis. Thus,
there remains a need for an experimental system that spans
the full range of ionizable monomer fraction to study the
pH-dependent behavior of weak PEBs. Although, to the
best of our knowledge, there are no theoretical models de-
veloped for random copolymeric weak PEBs, we posit that
systems with low ionizable monomer fraction will help to
inform theoretical predictions of weak PEBs.

To this end, we used surface-initiated copper(0) controlled
radical polymerization (SI-CuCRP) to synthesize a series of
random copolymer brushes with varying fractions of a weak
basic monomer with good control over brush height, graft-
ing density, and the fraction of ionizable monomer. Using
in situ ellipsometry and streaming zeta potential measure-
ments, we study the effects of ionizable monomer fraction on
the state of ionziation and swelling behavior of weak basic
PEBs in response to changes in pH, encompassing both the
highly charged and uncharged states. We find that varying
f significantly affects the swelling behavior and hysteresis in
PEBs, where the swelling ratio and the extent of hysteresis
generally increase with increasing f, and propose that hy-
drophobicity at the brush periphery underlies the hysteresis
in swelling ratio.

Experimental Section

Materials
Chemicals. (3-aminopropyl)triethoxysilane (APTES,
99%), triethylamine (TEA, ≥ 99.5%), α-bromoisobutyryl
bromide (BiBB, 98%), N,N,N’,N”,N”-pentamethyl-
diethylenetriamine (PMDETA, 99%), tetrabutylammo-
nium flouride solution (TBAF, 1.0 M in Tetrahydro-
furan (THF)), and N,Ndimethylacetamide (DMA) were
purchased from Sigma-Aldrich and used as received. 2-
(Dimethylamino)ethyl acrylate (DMAEA, 98%) and 2-
hydroxyethyl acrylate (HEA, 97%) were purchased from

ThermoScientific and passed through basic alumina columns
to remove the inhibitor prior to use. Milli-Q grade deionized
water was obtained from a Sigma Milli-Q water purification
system (resistivity 18.2 MΩ·cm at 25◦C). Silicon wafers
(p-doped, <100>) were purchased from Addison Engineer-
ing. Copper plates were prepared by sputtering copper onto
silicon wafers cut into 7.5 cm × 2.5 cm pieces (AJA ATC
Orion Sputtering System).

Sample Preparation. Silicon wafers (7.5 cm × 2.0
cm) were sequentially sonicated in Milli-Q water, methanol,
and acetone and subsequently dried under a nitrogen flow.
Wafers were then surface activated via plasma treatment for
5 minutes (Benchtop reactive ion etcher and plasma cleaner,
PlasmaEtch Inc.). The plasma treated wafers were placed
inside a vacuum chamber alongside 0.2 mL of APTES for 1.5
h under static vacuum (< 1 mbar) and then removed from
the chamber and annealed for 1 h at 110◦C. This CVD pro-
cess results in a smooth APTES monolayer with a thickness
of ≈ 0.6 nm and a root mean squared (rms) roughness of ≈
0.2 nm. The annealed APTES-modified wafers were trans-
ferred to a glove box operating under argon and placed inside
a glass petri dish containing 12 mL of anhydrous THF. TEA
(0.55 mL, 0.3 M) was added to the solution and lastly BiBB
(0.5 mL, 0.3 M) was added dropwise to the solution. The
petri dish was sealed and left to react for 1.5 h under argon,
after which the initiator modified wafers were rinsed with
copious amounts of THF, methanol, and water and dried
under nitrogen. The modified substrates were immediately
used for polymerization or stored under a dry nitrogen en-
vironment at room temperature.

Brushes were prepared by surface-initiated copper(0) rad-
ical polymerization (SI-CuCRP), where a Cu(0) plate was
used as an almost infinite source of copper ions. 25–27 A BiBB
modified Si wafer and a copper plate of the same size were at-
tached and separated from each other by silicone spacers and
placed in a small custom reaction vessel. Reaction mixtures
for different fractions were prepared by adding DMAEA and
HEA in 100:0, 75:25, 50:50, 25:75, and 0:100 molar ratios to
the solvent (water:methanol 2:1 vol/vol). The total con-
centration of monomers was set to 1.25 M for all fractions.
PMDETA (40 mM) was added to the solution containing
monomers and then was thoroughly mixed. Within the re-
action mixtures, DMAEA remains almost entirely neutral
due to the basic pH of reaction mixtures (e.g. pH = 11.3
for f = 1.00). The reaction mixture was transferred to the
custom vessel containing the BiBB modified Si and copper
plate and sealed with a rubber septum. After the spec-
ified reaction times (SI Table 1), the polymerization was
quenched by removing the copper plate from the setup. The
brush modified surfaces were sequentially sonicated in ace-
tone, methanol, and water to remove any adsorbed polymer
or reagents and lastly were dried under a gentle nitrogen
stream. The dried brush samples were stored in a dry nitro-
gen environment at room temperature.

Characterization
X-ray Photoelectron Spectroscopy (XPS). A PHI
Quantera X-ray photoelectron spectrometer with monochro-
matic Al Kα X-ray source was used to determine the
monomer fraction in each brush sample. Survey spectra were
taken at 140 eV. High resolution spectra of O1s, N1s, and
C1s peaks were taken at 26 eV for 40, 30, and 30 sweeps
with 0.05 eV steps, respectively. The high resolution spec-
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Figure 1. Process of brush synthesis: (a) Two-step deposition of ATRP initiator, where APTES is deposited by CVD and BiBB is
attached to APTES under dry Ar environment. (b) SI-CuCRP of brushes with f fraction of DMAEA. DMAEA is depicted in protonated
form below its pKa.

tra were calibrated with respect to C-C, C-H peak at 248.8
eV. Multipak software (Ulvac-Phi, inc.) was used to analyze
the XPS spectra.

Fourier-Transform Infrared Spectroscopy (FTIR).
FTIR spectra were taken with a Nicolet 6700 FTIR spec-
trometer (Thermo Fisher Scientific) in the attenuated total
reflection (ATR-FTIR) mode with diamond as the crystal.
Data were collected by performing 128 scans with an 8 cm−1

resolution. All spectra were analyzed with OMNIC software
where ATR and baseline corrections were performed on the
raw spectra.

Ellipsometry. An ellipsometer (M-2000S, J.A. Woollam,
variable angle) equipped with a horizontal fluid cell (J.A.
Woollam, fixed angle of incidence of 75◦ and volume of 5
mL) was used to measure the dry hdry and wet hwet thick-
ness of the polymer brushes. The acquired spectra were an-
alyzed using WVASE32 software. In the dry state, brushes
were measured at multiple angles (65, 70, and 75◦) and the
data were fit with a Cauchy model, n(λ) = A + B/λ2, for
brush thickness and the first two Cauchy parameters, A, and
B. In the swollen state, a 50 mL exchange volume and 30
min equilibration time were used to ensure a steady state at
a given pH. The pH values were set by either adding 0.1M
HCl or NaOH to non-buffered Milli-Q water. This method
resulted in negligible pH drifts during the experiments. De-
pending on the brush thickness, two models were used to
analyze the in situ ellipsometry results. For brushes with
swollen thicknesses up to ∼= 150−180 nm, data were fit with
a Cauchy model for brush thickness and first and second
Cauchy parameters (total of three fit parameters) with a wa-
ter ambient layer. For thicker brushes, an effective medium
approach (EMA)-based graded model was used. 28,29 This
model describes the continuous variation of the sample re-
fractive index normal to the substrate. The swollen brush
was divided into two main layers, each sliced into multi-
ple sublayers. The polymer was represented by a Cauchy
model where the parameters obtained from the dry brush
measurements were set as constants and data were fit for
brush thickness, middle node position, and polymer fraction

in two EMA layers with the remainder water (total of four
fit parameters for the entire brush).

Streaming Zeta Potential. The surface zeta potential
of the brushes was measured using an electrokinetic ana-
lyzer with an adjustable-gap cell (SurPASS 3, Anton Paar).
A 1 mM KCl electrolyte solution was streamed through a
100-micron wide slit channel between two 1 × 2 cm2 brush
samples. The concentration of the KCl solution was cho-
sen to minimize the effect of sample surface conductance.
The pH of the non-buffered KCl aqueous solution was var-
ied stepwise with an auto pH titration between 3.0 and 10.0
by adding 50 mM HCl or NaOH solutions. At a given
pH, brushes were rinsed three times with 100 mL of the
electrolyte solution before measurement and the average of
three measurements was reported as the zeta potential value.
The charge separation between the inlet and outlet of the
cell induced by the shear forces acting on counterions leads
to an electrical potential difference (streaming potential),
which is detected as a direct current (DC) voltage. The zeta
potential is then determined from the measured streaming
potential using the Helmholtz-Smoluchowski (HS) equation
ζ = dUstr

d∆P
× η

ϵ×ϵ0
× L

A
× 1

R
where η is the viscosity, ϵ is the

dielectric coefficient of the electrolyte solution, ϵ0 is permit-
tivity, L = 2 cm is the length of the rectangular slit channel,
A ≈ 0.01 cm2 is the area of the channel cross-section, and R
is the electrical resistance inside the streaming channel. 30

Results and Discussion

Characterization of brushes with
various fractions of ionizable
monomer
To investigate the role of the ionizable monomer fraction
f on the pH-dependent swelling behavior of PEBs, we
synthesized a series of random copolymer brushes using
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SI-CuCRP27 with varying fraction of DMAEA to HEA
monomers from f = 1.00 to f = 0.00 in f = 0.25 decre-
ments, where f represents the fraction of DMAEA in the
PEBs. All fractions maintained linear reaction kinetic pro-
files (SI Figure 1) up to ≃ 75 nm dry thickness hdry, indi-
cating good control over the polymerization reactions. 31,32

This large dry brush thickness enables direct comparisons to
current PEB theories.14

Table 1. Brush Properties.

fsynth hdry(nm)a fXPS σ (nm−2)b

1.00 76 ± 1 1.00 ± 0.00 0.10 – 0.16
0.75 78 ± 1 0.75 ± 0.01 0.24 – 0.32
0.50 73 ± 2 0.47 ± 0.02 0.27 – 0.35
0.25 74 ± 2 0.26 ± 0.02 0.22 – 0.30
0.00 78 ± 1 0.00 ± 0.00 0.23 – 0.30

a The standard deviation is calculated from measurements
of at least 5 points; b The lower and upper bounds

correspond to ν = 0.50 and 0.60, respectively.

The fractions of DMAEA monomers in the brush sam-
ples were measured by using XPS. High resolution spec-
tra show that the N1s peak intensity increases concomitant
with f, qualitatively verifying an increase in the fraction of
DMAEA monomers (Fig. 2a). The ratio of O1s/C1s or-
bitals was used to quantitatively measure f values (details
on calculations and high resolution spectra of O1s and C1s
orbitals in SI), which are observed to closely follow the ini-
tial monomer ratios in the reaction mixture. However, XPS
probes the first 1–10 nm off of the surface. 33,34 To mea-
sure the fraction of DMAEA throughout the brush depth,
we cleaved the brushes in a step-wise fashion with 0.1 M
solution of TBAF in DMA. This process decreased graft-
ing density, resulting in chain collapse and decreasing brush
thickness. XPS measurements show that the composition of
elements remains relatively constant throughout the entire
brush for all fractions, indicating that the monomers are dis-
tributed in a truly random fashion, with no evidence of block
or gradient copolymer formation (See the discussion on the
effect of reactivity ratios (ri) in SI.). The average value of all
depths was used as the true f value of the brushes (Table 1).
ATR-FTIR measurements show a gradual decrease in the -
OH stretch peak (only present in HEA), a change in shape
of the C-H stretch peak, and a shift in the carbonyl vibra-
tional peak (SI Figure 5) as f is increased, all qualitatively
corroborating the XPS measurements (Fig. 2b). Since the
measured values of f for all fractions are close to their initial
stoichiometric values, we will hereafter refer to the brushes
by those values.

We used the swelling method to verify that our surface
grafted polymers have comparable grafting densities and are
in the brush regime. Due to the poor refractive index con-
trast and little amount of polymer obtained from cleaving
brushes, a direct measurement of molecular weight Mn and
grafting density was not feasible. For systems where grafting
density cannot be directly measured, the swelling method
has been successfully used to estimate and track changes in
the grafting density.25,35–37 We measured brush heights in
the dry state and in good solvent conditions (acetone) for all
fractions using ellipsometry and calculated the grafting den-
sity using the Alexander-de Gennes brush model. 38,39 Here
the swelling ratio αSR can be related to grafting density,

σ = a−2α
2ν

1−3ν

SR , αSR =
hwet

hdry
(1)
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Figure 2. (a) High resolution XPS spectra of N1s orbital of
brushes with thickness of ≈ 75 nm. (b) ATR-FTIR spectra of
brushes with C=O vibrational and C-H and O-H stretching peaks
highlighted.

where hwet and hdry are the swollen (in acetone) and dry
brush thickness (both determined by ellipsometry), a is the
segment length of the chains, calculated from the monomer
molar volume,40 and ν is the Flory exponent. The calcu-
lated σ from Eqn. (1) is highly dependent on ν. Because
PDMAEA is more solvated in acetone compared to PHEA,
using a typical value of ν = 0.6 for all fractions may be er-
roneous. Moreover, it has been reported that at high graft-
ing densities brushes are better described as Gaussian blobs,
similar to polymer chains in a theta solvent, such that ν will
have a value close to 0.5. 41,42 Considering these two uncer-
tainties, we report a range of σ values from ν (0.50− 0.60).
The true σ for all samples are expected to fall within these
limits. The physical properties of the brushes are summa-
rized in Table 1. Although reaction conditions were kept
the same for all fractions (see SI), the grafting density for
f = 1.00 is somewhat smaller than that of the other frac-
tions. We speculate that this could be due to the larger
size and faster rate of polymerization and quenching for
DMAEA compared to HEA, resulting in a lower grafting
density. Overall, the grafting densities for all charge frac-
tions fall within the brush regime and allow direct compar-
isons of pH-dependent brush properties.
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Swelling of PDMAEA brush
In situ ellipsometry was used to measure the pH-responsive
behavior of brushes as a function of charge fraction. Ini-
tially, we investigated the swelling behavior of the f = 1.00
brush from pH 3.0 to pH 10.0 in the forward direction and
pH 10.0 to pH 3.0 in the backward direction. The brush
height is responsive to pH changes with the maximum and
minimum swelling ratio at pH 3.0 and pH 10.0, respectively
(Fig. 3). The swelling ratio gradually decreases in the for-
ward direction, which differs from the sharp change in chain
conformation observed around the pKa for weak polyelec-
trolytes in solution.43–46 This behavior is attributed to non-
uniform ionization along the brush chains, where α expo-
nentially decays as a function of brush depth; the superficial
monomers can gain or lose charge more readily compared
to those deeper in the brush.13,17,18 As a result, the basic
groups in the brush are expected to have a range of pKa val-
ues, and the average pKa of all basic groups along a brush
(apparent pKa) can be determined from the inflection point
of the ionization curve of the brushes.
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Figure 3. Swelling ratio hwet/hdry (ratio of the solvated hwet to
dry hdry brush thickness) of the PDMAEA brush as a function
of pH in deionized water. The pH was first increased from 3.0
to 10.0 (closed symbols, solid line) in the forward direction and
then decreased from 10.0 to 3.0 (open symbols, dashed line) in
the backward direction. The shaded area between the curves rep-
resents the extent of hysteresis.

From the swelling curves, we extract the transition pH
pH∗, defined as the pH value at which the swelling ratio
curve reaches its inflection point, by fitting the swelling
curves to a sigmoidal function (details on the fit functions
can be found in the SI).23 As the degree of ionization α
drives the brush swelling behavior, pH∗ can be used as an
approximation for the apparent pKa of the brush. In the
forward direction, the f = 1.00 brush has a pH∗

f = 5.6,
which is approximately 3.0 units smaller than the pKa of
the DMAEA monomer (pKa = 8.4).47 Similar shifts in ap-
parent pKa have been observed for other weak PEBs and
are attributed to confinement effects in the brush that cause
the amine groups to behave as weaker bases compared to
the free monomer.48,49

In the backward direction, the minimum and maxi-
mum values of the swelling curves are the same as those
measured in the forward direction. These values are in
good agreement with prior measurements on brushes that
contain the methacrylate analogue of DMAEA (poly[(2-
dimethylamino)ethyl methacrylate)] (PDMAEMA)) with
similar dry thickness, indicating that SI-CuCRP results in
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Figure 4. The hydrophobic periphery mechanism causing an acid
shifted hysteresis in the backward direction. In the forward di-
rection, the periphery forms and increases in size, causing a wide
pH-responsiveness range. In the backward direction the periphery
shifts the response to more acidic values. The green and yellow
parts represent charged hydrophilic and neutral hydrophobic re-
gions of the brush, respectively.

grafting densities similar to other SI-ATRP techniques. 28,35

Interestingly, in the intermediate pH range the response in
the backward direction is hysteretic, shifting towards more
acidic pH values with pH∗

b = 4.8 (Fig. 3). It has been
previously postulated that the formation of a hydropho-
bic periphery causes the hysteretic behavior observed in
the pH-dependent swelling behavior. 48,50 Figure 4 represents
schematically the mechanistic details of this hysteretic be-
havior. In the forward direction, at pH values below pH∗

f =
5.6 the tertiary amine groups are highly protonated, result-
ing in a larger concentration of hydroxide and chloride ions
(from the added HCl) in the brush layer compared to the
bulk solution. The imbalance between the concentration of
hydroxide and chloride ions in the brush and the bulk exerts
a large osmotic pressure difference between these two regions
that significantly swells the brush (i.e., strongly charged os-
motic brush regime).13,51 As the pH increases, the amine
groups adjacent to the bulk phase deprotonate first to form
a neutral, hydrophobic periphery at the brush surface 29,50

(Fig. 4). The thickness of this hydrophobic periphery in-
creases with pH and slows the uptake of water and ions
into the brush layer, therefore increasing the range of pH-
responsive behavior. Beyond pH 8.0 the swelling ratio re-
mains fairly constant, indicating that the brush is no longer
pH-responsive. We posit that at this pH the hydrophobic
periphery reaches a critical thickness that blocks further ad-
sorption of water and ions into the brush, thus preventing
additional deprotonation. In addition, due to the absence of
added salt in our systems, some amine groups remain pro-
tonated below the hydrophobic periphery. 48,49 In the back-
ward direction, decreasing pH allows the amine groups at
the upper surface of the brush to get protonated. However,
the remainder of the hydrophobic periphery hinders the pro-
tonation of the deeper layers of the brush. Thus, compared
to the forward direction a more acidic pH is required to
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achieve a similar degree of protonation, which shifts the re-
sponse to more acidic values (pH∗

b = 4.7). As pH is further
decreased the hydrophobic periphery gradually shrinks in
size, and eventually at pH 3.0 we recover the initial swelling
in the forward direction. The hydrophobic periphery mech-
anism is a kinetic effect as it depends on the rate of water
and ion uptake between brush and the bulk and on the relax-
ation times of chains due to swelling/deswelling in response
to changes in pH. The extent of hysteresis decreases with
time and eventually reaches the steady-states of Figure 3.
Based on our control experiments, we have discarded the ef-
fects of the hydrolysis of DMAEA on the observed swelling
behavior (See the discussion on the extent of hydrolysis in
SI).

Effects of ionizable monomer frac-
tion on swelling
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Figure 5. Swelling ratio of PEB fractions as a function of pH in
DI water. pH was first increased from 3.0 to 10.0 (solid lines) and
then decreased from 10.0 to 3.0 (dashed lines). The shaded areas
represent the extent of hysteresis.

Next, we investigated the influence of the fraction of ion-
izable monomers on the pH-dependent swelling behavior of
PEBs. All fractions display pH-dependent swelling behavior,
barring f = 0.00 which does not possess any ionizable groups
(Fig. 5). Similar to f = 1.00, all fractions containing ion-
izable monomers (f > 0) display maximum and minimum
swelling ratios at acidic and basic pH values, respectively
and regardless of direction (i.e., forward versus backward).
The extent of the maximum and minimum swelling ratio,
however, depends on f. First, the maximum swelling ra-
tio decreases as f decreases. At this pH, in the absence of
added salt the amine groups are strongly charged and all
weak PEB charge fractions behave similar to strong PEBs
in the osmotic brush regime,10,13,52 where the swollen brush
thickness is independent of grafting density and charge ef-
fects are the main driving force for swelling. 10,11 This idea
is further evidenced by the fact that the grafting density of
f = 1.00 is nearly half the value of the other fractions, yet
the swelling ratio directly follows the increasing trend with f.
At acidic pH values, the superficial DMAEA groups behave
similarly in terms of protonation regardless of their f val-
ues, as evident from the narrow pH range of 3.0 - 4.0 where
the maximum αSR plateau occurs for all charge-containing
brushes. We note that we define f as the fraction of ioniz-
able monomers, whereas in theories for strong PEBs f is the

degree of ionization α. In a weak PEB, α is influenced by
proximity to the apparent pKa of the brush and does not
necessarily equal f .10,11,13,52 However, pH 3.0 is well below
the pH∗ of all charge fractions (discussed further below), and
it can be assumed that amine groups are maximally proto-
nated and f follows the trends of α. Overall, as f is decreased
the osmotic pressure difference decreases, resulting in lower
swelling ratios.
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Figure 6. Effects of varying DMAEA fraction (f ) on the swelling
behavior of brushes at pH 3.0 and 10.0 and at the transition pH
pH∗ of the forward and backward cycles. The values at pH 3.0
and 10.0 are the average of the swelling ratios in both directions.
pH∗ is determined from the inflection point of sigmoidal fits to
the data.

Contrary to the maximum swelling ratio, the minimum
swelling ratio has a non-monotonic trend with f, first de-
creasing from f = 0.00 to f = 0.25 and then increasing up to f
= 1.00 (Fig. 6). The minimum swelling ratio is measured at
pH 10.0 where all brushes are expected to be almost entirely
neutral. Therefore, the chemistry of the neutral monomer
will begin to dominate the swelling behavior. Because HEA
is more hydrophilic than DMAEA as evidenced from contact
angle measurements,27 it is expected for the swelling ratio
to decrease as f is increased, with the exception of f = 1.00
which has a lower grafting density and is expected to have
a higher swelling ratio in the neutral state. 39,53 In contrast
to this expectation, we observe an increase in the swelling
ratio as f increases from 0.25 to 1.00, indicating that the hy-
drophobicity of DMAEA is not the sole factor determining
swelling behavior. Previous studies have shown that at ex-
tremely low ionic strengths, homopolymeric weak polybasic
brushes are not easily deprotonated at pH values above their
apparent pKa and/or pH∗.48,49,54 Under our experimental
conditions (deionized water with no added salt), the ionic
strength is solely determined by the amount of added acid
or base and we expect weak PEBs with higher f to have a
non-negligible number of protonated groups, which even at
pH 10.0 can dominate the swelling behavior. As f decreases,
the net number of ionizable groups decreases and as a re-
sult the number of protonated groups at pH 10.0 decreases.
For f = 0.50 and f = 0.25, the electrostatic effects due to
the remaining protonated groups become comparable (and
possibly less significant, for f = 0.25) to the hydrophobic
interactions, resulting in the observed non-monotonic trend.
As the pH is decreased, electrostatic interactions again dom-
inate, and for the swelling ratio at pH∗, a monotonic trend
in swelling ratio with f is recovered. As our pH range cov-
ers both minimum and maximum swelling ratio plateaus,
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the swelling ratio values at pH∗ (the inflection point of the
curves) coincide with the average of the minimum and max-
imum swelling ratios. The trends shown in Figure 6 further
support the proposed pH-dependent swelling mechanism dis-
cussed in Figure 4 where even above pH∗ protonated groups
are still present.

Additionally, we performed in situ atomic force mi-
croscopy (AFM) measurements on brushes with f = 0.00,
0.50 and 1.00 at pH ≈ 3, 6, and 10 (SI Figure 20) to de-
termine swelling ratios using a model-independent method.
The results from AFM measurements are in good agree-
ment with the ellipsometry measurements and confirm the
pH-dependent swelling behavior as a function of ionizable
monomer fraction (SI Figure 21 and SI Table 6).

We examine the influence of f on pH∗ in the forward di-
rection. As f decreases the swelling response of the brushes
shifts to more acidic values, with pH∗ decreasing from pH∗

f =
5.6 for f = 1.00 to pH∗

f = 4.2 for f = 0.25 (Table 2). More-
over, the pH where the minimum in swelling ratio occurs
shifts to more acidic values as f decreases, therefore nar-
rowing the range of pH-responsiveness. We attribute this
acidic shift to the lower number of amine groups present as
f decreases. By introducing the neutral HEA monomers, at
mid to low pH values (pH∗ to pH 3.0) the hydrophobic char-
acter of the brush increases with decreasing f. The higher
hydrophobicity of the brush results in a more hydrophobic
periphery48 that reaches its critical thickness at more acidic
pH values, therefore shifting and narrowing the range of pH-
responsiveness to more acidic values as f decreases.

Table 2. pH at transition pH∗ for all fractions in forward pH∗
f and

backward pH∗
b directions. The error associated with each value is

determined from the fitting errors.

f pH∗
f pH∗

b

1.00 5.6 ± 0.1 4.7 ± 0.2
0.75 5.4 ± 0.2 4.8 ± 0.2
0.50 4.9 ± 0.1 4.7 ± 0.2
0.25 4.2 ± 0.1 4.3 ± 0.1

Hysteretic behavior is observed for all fractions containing
ionizable monomers, with the extent of hysteresis (shaded
areas of Fig. 3 and 5) decreasing with decreasing f. We find
that the pH∗ values in the backward direction shift to more
acidic values for f = 0.75 and 0.50 and that the difference
between the forward and backward direction narrows with
decreasing f (Table 2). The pH∗ of the f = 0.25 brush in
the backward direction has a slightly larger value than in the
forward direction, which is possibly due to the negligible ex-
tent of hysteresis in this brush and the errors associated with
in situ ellipsometry measurements. Similar to the f = 1.00
brush, we hypothesize that the hysteresis in the intermedi-
ate pH range is a result of differing degrees of protonation in
the forward and backward directions caused by the forma-
tion of the hydrophobic periphery (Figure 4). As f decreases
the number of groups that are able to get protonated de-
creases and the difference in degree of protonation between
the forward and backward direction becomes smaller, result-
ing in a lower extent of hysteresis and a smaller difference
between the pH∗ values for both directions. A similar trend
has been previously reported for statistical random copoly-
mer brushes of 2-(diethylamino)ethyl methacrylate (DEA),
a weak base, and 2-(2-methoxyethoxy)ethyl methacrylate
(MEO2MA), a temperature responsive neutral monomer. 23

In that study it was shown that the pH∗ shifted to more
acidic pH values as the DEA fraction was decreased from f

= 0.50 to f = 0.10 at fixed temperature. The response in
the opposite direction was also hysteretic and further shifted
towards acidic pH values. Further, they performed numeri-
cal self-consistent field theory (nSCFT) calculations, which
closely resemble the general trends of our data, especially in
the highly protonated regime. However, in their experiments
they found a non-monotonic trend between f and swelling
ratio at acidic pH values. In our work we have explored a
wider range of ionizable monomer fraction with monomers
of similar size, which could be the reason for a better match
of our data to nSCFT calculations.

Charge state of brushes
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Figure 7. Zeta potential ζ of random copolymer brushes of
DMAEA and HEA with various fractions of charged groups f as
a function of pH in 1 mM KCl solution. pH was first increased
from 3.0 to 10.0 (closed symbols, solid lines) and then decreased
from 10.0 to 3.0 (open symbols, dashed lines). The intersection
of dashed line and the curves determines the isoelectric point (pI)
of the brushes.

To directly probe the charge state of the brush, we mea-
sured the streaming zeta potential of the PEBs. Zeta po-
tential ζ is the electrical potential at the shear plane of
an electric double layer and is a measure of the effective
charge of a surface in contact with a solution. 55 Figure 7
shows ζ as a function of pH for all brushes containing ion-
izable monomers. At pH values below the apparent pKa of
the brush, amine groups are protonated and bear a positive
charge. In this regime, the ζ − pH curve of the f = 1.00
brush exhibits a plateau in both directions, indicating that
the formation of the electric double layer is mainly caused
by the protonation of the basic groups. 56 As the pH is fur-
ther decreased from pH 4 to 3, the zeta potential increases
from the plateau. We believe that this increase is due to the
increased ionic strength (from ≈ 1 mM at pH 4 to ≈ 2 mM
at pH 3) and an excess of hydronium ions adsorbed to the
double layer. As pH is increased in the forward direction,
the basic groups gradually lose their charge, leading to a de-
crease in zeta potential, and finally at around pH ≈ 9.5 an-
other plateau is reached. The negative ζ values at basic pH
conditions arise from the increase in brush hydrophobicity,
which leads to water molecules being replaced by hydrox-
ide ions at the brush surface.57 Similar to the swelling ratio
curves, the ζ − pH curves also show a large range of pH-
responsiveness, caused by the non-uniform ionization along
PEB chains.
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Figure 8. (a) Zeta potential at acidic (pH 4.0) and basic (pH
9.5) pH range and (b) isoelectric point (pI) decrease with f in
both directions. Error for all measurements is below 1% and is a
result of three measurements for all data points. Closed and open
markers represent forward and backward directions, respectively.

The shape of ζ − pH curves change with f. As f decreases,
the plateau in acidic conditions gradually disappears. Yet,
the plateau at basic pH values remains for all PEBs. Fur-
thermore, the values of ζ are dependent on f, where the val-
ues of ζ at the acidic (pH 4.0) and basic (pH 9.5) plateaus
increase as f increases, consistent with an increasing num-
ber of ionizable groups in the PEBs (Fig. 8a). These results
corroborate the in situ ellipsometry measurements (Fig. 6)
and verify our hypothesis that brushes with higher f have
larger osmotic pressure differences due to a larger number of
protonated amine groups (Fig. 8a). In addition, under basic
pH conditions, ζ values decrease as f is decreased and the
minimum ζ is achieved for f = 0.25, which is in accord with
our hypothesis that hydrophobic interactions dominate the
conformation of the PEBs with smaller f (f ≤ 0.50) under
basic pH conditions.

From the ζ − pH curves the isoelectric point (pI) can be
determined, which is a measure of the apparent pKa of the
PEBs.58,59 Decreasing f results in a decrease in the pI and
thus the apparent pKa of PEBs (Fig. 8b). This trend is
consistent with the calculated pH∗ from in situ ellipsome-
try measurements, yet the values are widely different (Table
3). We believe this difference is mainly due to the presence
of added salt (1 mM KCl) that is necessary for the proper
formation of the electric double layer. Previous studies have
shown that the addition of monovalent salts, even at decades
below crossover concentration, can facilitate the protonation
of weak PEBs by screening the repulsion between ionizable
groups within the brush and reducing the free energy cost
of protonation. This easier protonation effectively shifts the
apparent pKa to more basic pH values.14,49,51 In addition,
our results show that as f decreases the difference between

pH∗ and pI becomes smaller. At low f, the repulsive forces
between brush chains are weaker and thus charge screening
effects and the difference between the two salt conditions
become less significant, resulting in a smaller difference be-
tween the values of pH∗ and pI (Table 3).

Table 3. pH at transition pH∗ and isoelectric point pI for all frac-
tions in forward and backward directions. Reported error is calculated
from the fit functions.

f pH∗
f pIf pH∗

b pIb
1.00 5.6 ± 0.1 7.9 ± 0.1 4.7 ± 0.2 7.9 ± 0.1
0.75 5.4 ± 0.2 6.7 ± 0.1 4.8 ± 0.2 6.5 ± 0.1
0.50 4.9 ± 0.1 5.6 ± 0.1 4.7 ± 0.2 6.2 ± 0.1
0.25 4.2 ± 0.1 4.5 ± 0.1 4.3 ± 0.1 4.4 ± 0.1

Similar trends are present in the backward direction, with
ζ increasing as pH is decreased and f is increased. However,
the ζ − pH curves exhibit negligible hysteresis between the
forward and backward direction (Fig. 7) in contrast to the
pronounced hysteresis observed in in situ ellipsometry (Fig.
3 and 5). Although the curves of backward direction do
not fall on the forward curves, this inconsistency between
the two directions does not follow any trends with f or pH
values. For instance, for the f = 1.00 brush the curves are
identical from pH 10.0 to 7.0 but deviate at more acidic pH
values. As a result, the values of pI and ζ at pH 9.5 are
the same in both directions while the values of ζ at pH 4.0
are slightly different (Fig. 8a). This non-ordered difference
between the two directions is inconsistent with hysteretic
behavior and we believe the differences between the two di-
rections are possibly due to the errors associated with zeta
potential measurements. A control experiment on a bare sil-
icon surface, where no hysteresis between the two directions
is present, showed a similar non-ordered inconsistency be-
tween the forward and backward directions, supporting the
idea that the differences are due to instrumental error (SI
Figure 8).
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Figure 9. Cartoon depicting the different length scales probed in
ellipsometry and streaming zeta potential measurements. In el-
lipsometry the probing length Le is equal to the swollen thickness
he. In zeta potential measurements, due to the liquid flow (at a
constant velocity u), brushes stretch in the planar direction and
collapse, causing the swollen thickness in zeta potential measure-
ments hz to be smaller than he. The probing length of zeta is Lz

≈ 5 nm, orders smaller than he and possibly hz .

The absence of hysteretic behavior cannot be justified
with the presence of salt in the streaming zeta potential mea-
surements. In fact, weak polyelectrolyte brushes have been
shown to experience hysteresis in the presence of different
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concentrations of added salt. 29 We posit that the absence
of hysteresis is due to the length scales probed in streaming
zeta potential measurements. The length of shear plane (the
probing length of zeta potential measurements) is believed
to be of the same order of magnitude of the Debye length
of the solution.60–62 The Debye length for the zeta potential
measurements, λ ≈ 5 nm, is two orders of magnitude smaller
than the thickness of swollen brushes probed with ellipsom-
etry. Figure 9 depicts these differences schematically, where
the ratio of probing length for ellipsometry Le to the swollen
thickness he is Le/he = 1 and the ratio of probing length
for zeta potential Lz to the swollen thickness under flow hz

is Lz/hz ≪ 1. This hypothesis (Lz/hz ≪ 1) may suggest
another reason for the differences between pI and pH∗ val-
ues, as the superficial basic groups probed in zeta potential
measurements have larger pKa values. However, it has been
shown that brushes collapse under fluid flow causing their
swollen thickness to be smaller than the swollen thickness
measured with ellipsometry.63–65 This hypothesis requires
Lz/hz ≪ 1 to obtain a significant difference between the
two measurements and further experiments under flow and
in the presence of salt are required to verify it, which we will
address in a future publication.

Conclusions
We investigated the swelling and ionization behavior of weak
PEBs with varying fraction of ionizable monomers f using
in situ ellipsometry and zeta potential measurements. SI-
CuCRP was used to synthesize well-controlled weak PEBs
consisting of varying fractions of DMAEA (weak base) and
HEA (neutral hydrophilic) monomers verified by XPS and
ATR-FTIR spectroscopy.

In situ ellipsometry measurements showed that all charge
containing brushes exhibited pH-responsive behavior with
the maximum and minimum swelling ratios occurring at
acidic and basic pH, respectively. We showed that the maxi-
mum swelling ratio increased with increasing f, in agreement
with the nSCFT prediction for highly charged weak osmotic
brush behavior in the absence of salt. The minimum swelling
ratio also increased with increasing f. We propose that hy-
drophobic interactions dominate brush conformation at low
f values, resulting in a non-monotonic trend in swelling ra-
tio. The swelling behavior in the backward direction was
hysteretic and generally shifted the pH-responsive behav-
ior to more acidic pH values. The extent of this hystere-
sis decreased with decreasing f, such that hysteresis became
negligible at f = 0.25. The brush composition/architecture
affects the extent of hysteresis but does not appear to be its
origin. All of the observed trends are in agreement with the
hypothesized hydrophobic periphery mechanism proposed for
homopolymer brushes48,50 and non-uniform distribution of
charge in weak PEBs.

Streaming zeta potential measurements show similar
trends to the brush swelling ratio with both pH and f at
acidic and basic pH values. However, the absolute value of
pI, measured from the streaming zeta potential, was con-
sistently larger than pH∗ measured from ellipsometry, with
the difference narrowing with decreasing f. Moreover, no or-
dered hysteresis between the backward and forward cycles
was observed. We hypothesize these discrepancies are due to
the presence of salt in the zeta potential measurements and
differences in probing depth between the two measurements.

Whereas ellipsometry probes the whole depth of the brush,
zeta potential is localized to the superficial layers where the
basic groups can more readily gain and lose charge. Thus,
the local pKa is larger than the apparent pKa of the brushes
and their behavior is non-hysteretic.

Our study demonstrates that the fraction of ionizable
monomers significantly affects the conformation and pH-
responsive behavior of weak PEBs. We anticipate that
neutron reflectivity measurements on PEBs at appropriate
length scales will likely provide further insight on the effect
of ionizable monomer fraction on the monomer density dis-
tribution normal to the surface, as well as the distribution
of co-ions. In addition, our platform enables future investi-
gations on the effects of grafting density, weak versus strong
polyelectrolytes, and salt concentration. We posit that our
system may be used to test and inform weak polyelectrolyte
theory that assumes charge fractions ≪ 1.13,52 Further, the
fraction of ionizable monomers provides another parameter
to tune the stimulus response of surfaces for applications in
separations and anti-fouling coatings.
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