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ABSTRACT: Mul t i - s t imu lus re spons ive po ly(2-(2 -
methoxyethoxy)ethyl methacrylate-co-2-(diethylamino)ethyl meth-
acrylate) [P(MEO2MA-co-DEA)] 80:20 mol % copolymer brushes
were synthesized on planar silica substrates via surface-initiated
activators continuously regenerated via electron transfer atom
transfer radical polymerization. Brush thickness was sensitive to
changes in pH and temperature as monitored with ellipsometry. At
low pH, the brush is charged and swollen, while at high pH, the
brush is uncharged and more collapsed. Clear thermoresponsive
behavior is also observed with the brush more swollen at low
temperatures compared to high temperatures at both high and low
pH. Neutron reflectometry was used to determine the polymer
volume fraction profiles (VFPs) at various pH values and
temperatures. A region of lower polymer content, or a depletion region, near the substrate is present in all of the experimental
polymer VFPs, and it is more pronounced at low pH (high charge) and less so at high pH (low charge). Polymer VFPs calculated
through numerical self-consistent field theory suggest that enrichment of DEA monomers near the substrate results in the
experimentally observed non-monotonic VFPs. Adsorption of DEA monomers to the substrate prior to initiation of polymerization
could give rise to DEA segment-enriched region proximal to the substrate.

■ INTRODUCTION

Synthetic polymers that respond to two or more stimuli, such
as temperature and pH, are highly versatile.1 These multi-
stimulus responsive polymers are particularly attractive for
biomedical applications where a variety of responses allow
mimicking of biochemical macromolecules.1−7 Application of
these polymers requires an understanding of how they respond
to varying environmental conditions and how they behave in
different geometries such as polymer brushes.8−13 Polymer
brushes are an interfacial architecture formed by end-tethering
polymer chains to an underlying substrate at a sufficient
grafting density so as to force chains to stretch normal to the
surface.8,14 Brush-like structures exist naturally15−17 and can
also be manufactured using grafting-to or grafting-from
approaches.14,18 Anchoring of polymer chains by immobilizing
the chain ends determines the physico-chemical character of
the coating and influences interfacial properties such as steric
repulsion, adhesion, transport properties, and solvent flow.8

The properties of a brush-modified interface arise from its
perpendicular structure, or polymer volume fraction profile
(VFP), which in turn is a consequence of chain configuration,
as well as intermolecular forces between the substrate, the
polymer chains, and the solvent.19,20 Generally, the con-

formation of neutral (uncharged) brushes is determined by the
balance of repulsive excluded volume interactions, which
promote swelling of the brush, opposed by the entropy loss
resulting from chain stretching.21 For polyelectrolytes, charge
must also be considered.20,22−27 Both theory and experiments
have been employed to study the polymer VFPs of neutral and
polyelectrolyte brushes.20,28−38 Neutron reflectometry (NR) is
a powerful tool to study the behavior of polymeric coatings like
brushes, allowing polymer VFPs to be elucidated.28,30

Monotonically decreasing polymer VFPs for both neutral and
polyelectrolyte brushes are typically predicted by theory;39−42

however, non-monotonic polymer VFPs have been observed
experimentally.36,37,43

We have recently reported the behavior of multi-stimulus
responsive copolymer brushes of the thermoresponsive poly(2-
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(2-methoxyethoxy) ethyl methacrylate) (PMEO2MA, mono-
mer MEO2MA) and the pH-dominant, multi-stimulus
responsive poly(2-(diethylamino)ethyl methacrylate) (PDEA,
monomer DEA).34 That is, for a PDEA brush, pH has a more
prominent influence on brush behavior than temperature.
Brush thickness was measured as a function of pH and
temperature for P(MEO2MA-co-DEA) copolymer brushes of
varying compositions using ellipsometry. As the DEA mol %
was increased, the thickness of the copolymer brush became
more sensitive to pH changes and less thermoresponsive. The
transition from temperature-dominant to pH-dominant multi-
stimulus responsive brushes occurred as the DEA fraction
increased above ∼30 mol %. Numerical self-consistent field
(nSCF) theory was employed to calculate brush thickness of
analogous copolymer brushes as a function of pH and
temperature. The nSCF theory was able to capture the overall
trends observed experimentally, as well as provide a more
detailed understanding of the interplay between pH, temper-
ature, and composition on the multi-stimulus responsive
behavior of the P(MEO2MA-co-DEA) copolymer brushes.
nSCF theory calculations suggested that for DEA contents
between 20 and 30 mol %, a P(MEO2MA-co-DEA) copolymer
brush would be equally responsive to pH and temperature.
That is, temperature and pH had an approximately equivalent
effect on brush thickness.
Herein, we build upon our previous work with the inclusion

of an 80:20 mol % copolymer to the suite of P(MEO2MA-co-
DEA) copolymer brushes investigated in order to bridge the
gap between temperature-dominant and pH-dominant multi-
stimulus responsive copolymer brushes. The effect of pH and
temperature on brush thickness is tracked with ellipsometry
with the brush approximately equally responsive to pH and
temperature changes. Moreover, the polymer VFP of a
P(MEO2MA-co-DEA) 80:20 mol % copolymer brush is then
determined from NR measurements as a function of pH and
temperature revealing the presence of an unusual depletion
region in the profiles near the substrate. As will be discussed,
existing theory or suggested mechanisms for non-monotonicity
in the literature do not sufficiently explain these depletion
regions. nSCF theory shows that this depletion likely originates
from an enrichment of DEA monomers near the substrate.

■ MATERIALS AND METHODS
Materials. Silicon wafers with a native oxide layer (Silicon Valley

Microelectronics, USA) were used for ellipsometry. Native oxide
silicon blocks (∼10 mm thick, 100 mm diameter) for NR
measurements were purchased from EL-CAT Inc. (USA). (3-
Aminopropyl)triethoxysilane (>99%), triethylamine (Eth3N, 99%),
and 2-bromoisobutyryl bromide (>99%) were purchased from Sigma-
Aldrich and used as received. Tetrahydrofuran (Honeywell Burdick
and Jackson, >99%) was dried over 4 Å molecular sieves (Acros
Organics) prior to use. Polymerization reagents copper(II) bromide
(CuBr2, 99.999%), 2,2′-bipyridine (>99%), and sodium L-ascorbate
(>98%) were purchased from Sigma-Aldrich and used as received.
Monomers 2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA,
Sigma-Aldrich, 95%) and 2-(diethylamino)ethyl methacrylate (DEA,
Sigma-Aldrich, 99%) were gravity fed through a 10 cm long, 2 cm
diameter alumina column (activated, basic) to remove the 100 ppm
hydroquinone monomethyl ether and 1500 ppm monomethyl ether
hydroquinone inhibitor, respectively, immediately prior to synthesis.
The chemical structures of PDEA and PMEO2MA are shown in
Figure S1. Potassium nitrate (KNO3, >99.0%, Sigma-Aldrich) was
used as received. Electrolyte solutions were prepared in D2O for NR
measurements and H2O for ellipsometry. D2O was filtered with 0.45
μm disc filters prior to use. pH adjustment was carried out using

diluted nitric acid (HNO3) (70%, Sigma-Aldrich) and sodium
hydroxide (NaOH, pellet, Chem-supply) solutions. Methanol
(Sigma-Aldrich, anhydrous, 99.8%) was used as received. Milli-Q
water (Merck Millipore, 18.2 MΩ cm at 25 °C) was used throughout
for ellipsometry measurements unless otherwise specified.

Synthesis and Dry Brush Characterization. The silicon wafers
were cleaned and surface functionalized using our previously reported
methods.32 Following this, surface-initiated activators regenerated via
electron transfer atom transfer radical polymerization (SI-ARGET
ATRP) was utilized to synthesize P(MEO2MA-co-DEA) 80:20 mol %
brushes from the surface-bound bromine moieties.32 The synthesis
follows the protocol established previously for P(MEO2MA-co-DEA)
copolymers.44 A molar ratio of monomer/Cu catalyst/ligand/
reducing agent of 2500/1/10/10 was used throughout. The ratio of
solvent to monomer was 1:1 v/v. For the monomer component of the
synthesis, MEO2MA and DEA were mixed in an 80:20 mol/mol ratio
prior to addition to the polymerization mix. Copper(II) bromide
(CuBr2) as the catalyst, bipyridine as the ligand, a 4:1 v/v mixture of
MeOH/H2O as the solvent, sodium ascorbate as the reducing agent,
and a polymerization time of 2 h were used. The targeted brush
thickness was selected to optimize the quality of data from NR. The
exact mol % composition of the copolymer brushes could not be
determined as there is an insufficient polymer in the small area of
brush for post-polymerization degrafting and chemical analysis.
Furthermore, polymerization kinetics have been shown to vary
between surface-initiated and free polymer-initiated systems.45,46 The
brush polymers are described by their monomer feed ratio of 80:20
mol %. Brushes were prepared using a previously established
methodology which results in high grafting density at low
polydispersities for a number of different monomers.31,32,47 We
assume a comparable grafting density (0.07 nm−2) and polydispersity
for the brushes presented here. Table 1 shows the dry brush thickness

of copolymer brush samples used. Dry brush thickness of the samples
was measured using a Nanofilm EP4 spectroscopic imaging
ellipsometer at a single wavelength (658 nm). Approximate molecular
weights for each brush were calculated from the above assumed
grafting density and dry brush thickness using eq S1. These values are
shown in Table S1.

Instrumentation. Ellipsometry. All ellipsometric measurements
were conducted on a Nanofilm EP4 spectroscopic imaging
ellipsometer controlled by EP4 control software. All ellipsometric
data were modeled using WVASE32 software. Aqueous experiments
were conducted in a solid−liquid cell with cell windows set at 65° to
the vertical. The cell was mounted on a temperature-controlled
copper baseplate. All measurements were performed in aqueous 10
mM KNO3. This background electrolyte is required to reduce
electrostatic interactions which limit brush swelling as well as mask
any changes in electrolyte concentration as a result of pH variations.
The cell volume was ∼1 mL. Initially, each brush was cycled between
15 and 55 °C in pH 4, 10 mM KNO3 to ensure that reversible
behavior of the brush was observed. Following this temperature cycle,
the pH was adjusted to 9 and the brush was allowed to equilibrate for
∼25 min. The pH was readjusted to 4, and this process was repeated
once to ensure that a reversible pH response of the brush was
observed.44,48

For each condition, ellipsometric parameters (Ψ and Δ) were
monitored at a single wavelength until steady state was reached
(approximately 20 min per temperature), followed by a spectroscopic
measurement at 10 evenly spaced wavelengths between 450 and 750
nm. Two types of experiment were performed on each brush: (i)

Table 1. Dry Thickness of the P(MEO2MA-co-DEA) 80:20
mol % Copolymer Brushes Used in Ellipsometry and NR
Wet Experiments, as Determined by Ellipsometry

characterization technique for each brush brush thickness/Å

ellipsometry 150 ± 9
NR 129 ± 6
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temperature ramps at a given pH and (ii) pH ramps at a given
temperature. For temperature ramps, the temperature was increased
incrementally from 15 to 55 °C (lowest and highest achievable) in 2.5
°C steps. The brush was equilibrated at each set temperature for a
minimum of 25 min before moving onto the next temperature step.
Temperature ramps were performed at pH 4 and pH 9 for the
P(MEO2MA-co-DEA) 80:20 mol % copolymer brush. At pH 9, to
compensate for the drift in pH resulting from CO2 dissolution, a
freshly adjusted solution was injected prior to each measurement. The
pH was monitored throughout and was always within 0.1 pH units.
pH ramps were performed at 15 and 55 °C, starting at pH 4 and
increasing incrementally to pH 9 in whole pH unit intervals before
returning to pH 4, also in whole pH unit intervals.
The solvated brush was modeled as a single, uniform layer

consisting of a mixture of water and polymer with the thickness and
volume fraction of the polymer allowed to vary during fitting, as
detailed previously.44 Brush thickness is converted to a swelling ratio
by dividing the hydrated brush thickness by the dry brush thickness.
Assuming a uniform distribution of DEA segments in the copolymer,
the intersegment distance would be greater than the Bjerrum length
and thus we expect all residues to be capable of full charge.
Neutron Reflectometry. NR measurements were undertaken on

the PLATYPUS time-of-flight reflectometer at the OPAL 20 MW
reactor (ANSTO, Sydney).49 Specular reflectivity measurements were
taken to determine brush conformation as a function of temperature
and pH in 10 mM KNO3 in D2O. Data were collected over a Q range
of 0.009−0.31 Å−1 at a constant dQ/Q resolution of 8% at angles of
incidence of 0.8 and 3.3° (0.65 and 3.3° for air). Measurement times
for each condition were approximately 45−60 min. The sample was
mounted in a standard solid−liquid cell with a total cell volume of 0.5
mL. Temperature jackets were used to control the temperature of the
cell which was monitored by a thermocouple positioned on the
exterior of the cell. Reflectivity as a function of temperature was
measured from low to high temperatures. The cell was equilibrated for
20 min at each temperature. Fresh solution (25 mL) was pumped into
the cell over 10 min for every solution change. pH adjustment was
carried out immediately prior to data collection. A pD value of 4
corresponds to a pH of ∼3.6 using the relationship of pD = pH + 0.4
given by Glasoe and Long.50

Analysis of NR Data. The neutron reflectivity of an interface
depends on the scattering length density (SLD, ρN) perpendicular to
the substrate and can be used to model the VFP of an interfacial
polymer layer.28,51 Data were analyzed with a freeform model
implemented using the refnx software package.52 In brief, the model
consists of two uniform “slab” layers to describe the substrate and
native oxide layer followed by a freeform VFP constructed out of a
piecewise cubic Hermite interpolating polynomial (PCHIP) spline
that describes the polymer layer.31,32,35 The SLDs of the silicon and
silica slabs are fixed to literature values, while the layer roughness
values and the thickness and porosity of the silica layer are fixed
within tight bounds determined by dry measurements.
The PCHIP spline used to define the VFP of the diffuse polymer

brush, ϕ(z), was defined by four knots. Initially, the number of knots
varied. The model which contained the fewest number of knots and
produced a satisfactory fit was used throughout (four knots). The z-
location of the knots was constrained such that each knot is always
placed further from the substrate than preceding knots. The volume
fraction of the polymer at each knot was defined by a multiplicative
factor relative to the volume fraction of the preceding knot. The use of
the PCHIP spline then allows for the profile to have a monotonically
decreasing behavior enforced upon it, or the freedom for it to be non-
monotonic. In the profiles shown here, the volume fraction of a knot
was allowed to change by a factor between 0.2 and 2.5 relative to the
volume fraction of the preceding knot (a factor ≤1 would result in a
monotonically decreasing VFP). The distance 0 is the mid-plane of
the SiO2 and polymer layer. This can be observed in SLD profiles for
each condition in the Supporting Information. The volume fraction of
the polymer at the end of the spline region was zero. Importantly, the
thickness of the spline region is scaled using the interfacial volume of
the polymer calculated using the dry brush thickness. This ensures

that the total interfacial volume of the solvated brush remains
consistent with that of the dry brush. The value of the interfacial
volume of the polymer was allowed to vary between sensible bounds
(maximum bound = dry thickness + 3 × dry thickness standard
deviation, minimum bound = 90% dry thickness to account for any
trapped water). The spline component is discretized into a series of
slabs and converted to a SLD profile using the space filling
assumption:

z z z( ) ( ) (1 ( ))N N,polymer N,Solvρ ϕ ρ ϕ ρ= + − (1)

where ρN(z) is the SLD at distance z from the SiO2 layer, ρN,Solv is the
SLD of the solvent, and ρN,polymer is the SLD of the polymer. The
copolymer brush is treated as a single material with a single SLD.
From prior experimentation, the SLD of the polymer was taken to be
approximately equal to that of PMEO2MA (0.86 × 10−6 Å−2)32 and
allowed to vary over a narrow range to account for the presence of
DEA (SLD of PDEA = 0.48 × 10−6 Å−2).53 The SLD values for all
interfacial components are detailed in Table S2. The corresponding
reflectivity profile was calculated via the Abeles matrix formalism, and
the model parameters were optimized using a least squares method.

Markov chain Monte Carlo (MCMC) was used on select datasets
to investigate the spread of profiles that are consistent with the data.
The MCMC algorithm used can search large solution spaces. A
discussion of this method and their implications can be found in the
Supporting Information.52,54−57 The Jupyter Notebooks in which the
analysis was performed for each condition have been appended to the
Supporting Information. SLD profiles and visualizations of the narrow
spread of fits can be seen in these notebooks.

Theoretical Approach. The structure and responsive behavior of
weakly ionizable homopolymer and copolymer brushes,22,33,38,58,59 as
well as neutral thermoresponsive polymers such as PNIPAM,60 have
been examined with nSCF theory. Calculations using nSCF theory are
computationally less demanding than molecular dynamics simulations
and frequently align in their predictions.61 However, nSCF theory
assumes that all species are of the same shape and size (coarse-
grained) and therefore should not be used quantitatively. nSCF
theory can, however, provide qualitative insights into the pH and
temperature effects of multi-stimulus responsive copolymer
brushes.44,58 We have recently employed nSCF theory to simulate
the pH and thermoresponsive behavior of P(MEO2MA-co-DEA)
copolymer brushes.44 Here, we build on that work by examining how
the configuration of the copolymer chains influences the structure and
responsive behavior of the brush. A discussion of the theoretical
background and approximations that are relevant for the model
employed here is included in the Supporting Informa-
tion.22−24,44,62−64

Model Implementation. The model has been implemented on a
1D lattice with the dimension of a single lattice site set at 0.5 nm
(0.125 nm3). The brush is composed of polymers with N = 302 and a
grafting density (σ) of 0.025 chains per lattice site (0.1 nm−2), well
within the parameters of the brush regime.8 As we have discussed
previously, the reduction in solubility of PMEO2MA and PDEA with
increasing temperature can only be captured in nSCF theory using an
ad hoc temperature dependence for the Flory−Huggins χ(T)
parameters.44 From that work, we established that a χMEO2MA−water

range of 0.1 (good solvent) to 1.4 (poor solvent) was required to
accurately capture the thermoresponsive behavior of a PMEO2MA
brush between 8 and 50 °C. Furthermore, a range of χDEA−water 0.56−
2.4 was required to capture the pH-dominant multi-stimulus
responsive (pH and temperature) behavior of PDEA homopolymer
brushes over the same temperature range. These temperature ranges
formed the basis for the copolymer brush models. Note, a
χpolymer−solvent = 0.5 is the theta condition. These χMEO2MA−water and
χDEA−water values were selected through comparison of the nSCF
theory average brush thickness values (calculated from the first
moment of the end points) and the ellipsometric brush thickness
values. It is important to note that in reality, the electrostatic
contribution to the segment potential as well as the dielectric
permittivity are also temperature dependent,58 but as these largely
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compensate each other they are not implemented. The ionic strength
and pH of the system are set by fixing a volume fraction of positively
charged co-ions, ϕco‑ion and H3O

+, respectively, while the number of
counterions is set by an electroneutrality constraint. The Flory−
Huggins parameter for the positive (+) and negative (−) ions was set
to 0.5 to be consistent with the prior work.44

NR studies of polyelectrolytes and neutral thermoresponsive
polymer brushes have required thin, dense layers of the polymer
near the substrate, prior to a diffuse tail, to adequately fit the
reflectivity data.31,32,34,35,37,43 The presence of this interior region is
often attributed to an interaction between the polymer and the
surface. To incorporate this interaction into the current model, a
solvent quality term for the surface, χsurface, was introduced, consistent
with our earlier work.33,38,44 The value of χsurface has been set at 2,
reflecting the hydrophobic nature of the initiator surface.65 Varying
χsurface has a negligible impact on the average thickness and charge of
the simulated brush.
A P(MEO2MA-co-DEA) 80:20 mol % copolymer brush was

modeled with nSCF theory. Each polymer chain consisted of a
terminal MEO2MA monomer graft and end point segments. The first
brush investigated contained individual chains consisting of 60
repeating 5 monomer unit periods with the ratio MEO2MA to DEA,
consistent with the desired composition (i.e., 4:1 MEO2MA/DEA).
Note that differences in reactivity ratios of the two monomers, for the
synthetic brushes investigated experimentally, could result in some
deviation from this feed ratio. It is prudent to reiterate that the nSCF
theory applied here is designed to be qualitative, and thus, this
periodic polymer configuration is sufficient. DEA monomer enrich-
ment within the brush could result in block-like chains, as discussed
below.
In order to facilitate the comparison between the experiment and

theory, pH is expressed relative to a common point of reference. First,
as described previously, we label the pH at which a brush is halfway
through its pH-induced collapse as pH*.44 This is sometimes called
the apparent pKa. We then express pH relative to the pH at which a
PDEA brush transitions from swollen to collapsed at 20 °C (or the
equivalent χDEA−water). This value is labeled as pH20°C* . Thus, pH is
expressed as [pH − pH20°C]*. When [pH − pH20°C* ] ≤ 0, the pH is
low and a PDEA brush is more swollen than when [pH − pH20°C* ] ≥
0, and the pH is high and the brush more collapsed. An example
calculation of the pH transition of PDEA pH20°C* is shown in Figure
S3 as well as the brush thickness of the PDEA homopolymer as a
function of pH, as observed experimentally (ellipsometry) and
calculated by nSCF theory (Figure S4). These data are reproduced
from the study by Johnson et al.44 Please refer to ref 44 for further
details.

■ RESULTS AND DISCUSSION

This section will first explore the overall responsive behavior of
a P(MEO2MA-co-DEA) 80:20 mol % brush, as measured by
ellipsometry. The polymer VFPs of the brush at a range of
different temperatures and pH values, as measured by NR, will
then be presented. nSCF theory will be used to explain features
observed in the copolymer brush conformations. Finally, the
influence of DEA monomer enrichment within the brush on
the overall responsive behavior of the 80:20 mol % brush will
be discussed.
Responsive Behavior of a P(MEO2MA-co-DEA) 80:20

mol % Copolymer Brush. To understand the influence of
pH and temperature on the behavior of the multi-stimulus
responsive P(MEO2MA-co-DEA) copolymer brushes, we must
recap the behavior of the homopolymer PMEO2MA and
PDEA brushes. PMEO2MA is a thermoresponsive polymer
that undergoes a broad temperature-induced swollen to
collapsed transition when grafted in a brush regime.32,66,67 At
low temperatures (<10 °C), the brush is considerably swollen
(swelling ratio ∼ 3). As the temperature increases, the brush

gradually collapses over a range of ∼25 °C. Above ∼35 °C, the
brush undergoes no significant further reduction in thickness.
PDEA is a pH-dominant, multi-stimulus responsive homopol-
ymer. At low pH values, the monomers are charged resulting in
brush swelling. At high pH, above the apparent pKa of PDEA,
the charge is low and the hydrophobic monomers promote
brush collapse. The behavior of weak polyelectrolytes such as
PDEA is also strongly dependent on the salt concentration and
the identity of the salt ions.33,47,65,68,69 Herein, a background
electrolyte of 10 mM KNO3 is used to be consistent with the
prior work.44 PDEA brushes are also sensitive to changes in
solution temperature, with the “thermoresponse” of the brush
(change in brush thickness as a function of temperature) also
dependent on the pH.44,70−73 At low and high pH values (i.e.,
below and above the apparent pKa, respectively), brush
thickness is relatively insensitive to temperature changes,
whereas at intermediate pH values (around the apparent pKa),
the brush exhibits clear thermoresponsive behavior.
In this current work, we broaden the family of P(MEO2MA-

co-DEA) copolymers experimentally investigated previously,44

with the inclusion of a P(MEO2MA-co-DEA) 80:20 mol %
copolymer brush. Ellipsometrically determined swelling ratios
for a 150 ± 9 Å (dry brush thickness) P(MEO2MA-co-DEA)
80:20 mol % brush as a function of pH and temperature are
shown in Figure 1a and 1b, respectively. It is clear that brush
thickness is sensitive to both solution pH and ambient
temperature. Here, the brush is more swollen at low pH
compared to high pH (at both low and high temperatures,
Figure 1a) and more swollen at low temperature compared to

Figure 1. Ellipsometrically determined swelling ratio for the (a) pH
response of P(MEO2MA-co-DEA) 80:20 mol % at 15 and 55 °C
measured by first increasing (closed symbols, solid lines) then
decreasing (open symbols, dashed lines) the pH. (b) Temperature
response of the 80:20 mol % brush at [pH − pH20°C* ] = −3.5 (pH 4)
and 1.5 (pH 9) with increasing temperature (closed symbols, solid
lines) and decreasing temperature (open symbols, dashed lines). The
pH response of the brush at low then high temperature was
investigated prior to the assessment of the temperature response at
first low then high pH. All lines are guide to the eye.
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high temperature (at all pH values, Figure 1b). The pH-
induced swelling transition (pH*, see the Materials and
Methods section for a full definition) of the copolymer brush is
shifted to a lower pH value at 55 °C (pH* ∼ 5.8) compared to
15 °C (pH* ∼ 6.8), which is due to an increase in the
hydrophobicity of the copolymer with temperature. A more
hydrophobic polymer is less soluble in water. This means that
for a polymer consisting of weakly basic groups (i.e., these
copolymers), with increasing hydrophobicity a higher degree
of charge (or lower pH) must be reached before the brush will
swell.69 Similarly, this brush will collapse at higher degrees of
charge compared to a less hydrophobic one. At 15 °C,
considerable hysteresis is observed between the swelling
(decreasing pH) and collapse (increasing pH) transitions.
This hysteresis can be attributed to kinetic trapping of the
brush in its more swollen state.74 At 55 °C, this hysteresis is
significantly reduced showing that polymer hydrophobicity
also plays an important role here, which is similar to what is
observed for hydrophobic weakly basic brushes.48

Figure 1b shows the behavior of the copolymer brush as a
function of temperature at low and high pH (i.e., at [pH −
pH20°C* ] = −3.5 and 1.5). At both low and high pH, the brush
is most swollen at 15 °C and collapses gradually with
increasing temperature. Brush thickness is sensitive to
temperature changes all the way up to 55 °C (experimental
maximum) at both low and high pH, that is, in both cases, the
brush does not reach a fully collapsed state. At low pH, the
copolymer brush is more swollen. This behavior is not
surprising since here the pH is less than the apparent pKa of
PDEA, and thus a high fraction of charged DEA monomers is
expected. Conversely at high pH, the brush is less swollen at all
temperatures. Here, the pH is greater than the apparent pKa of
PDEA, and thus the majority of DEA monomers are expected
to be uncharged.
The overall response of the P(MEO2MA-co-DEA) 80:20

mol % brush to pH and temperature is consistent with the
previously reported P(MEO2MA-co-DEA) 90:10, 70:30, and
50:50 mol % brushes.38 For the 80:20 mol % brush,
temperature and pH collapse the brush by approximately
equal amounts. This brush is thus indeed found to be between
the temperature-dominant and pH-dominant regime, as was
predicted for this ratio in our previous work.44 Next, NR is
used to understand the structure of a P(MEO2MA-co-DEA)
80:20 mol % copolymer brush normal to the substrate as a
function of pH and temperature.
Effect of pH and Temperature on the Polymer VFP of

a P(MEO2MA-co-DEA) 80:20 mol % Copolymer Brush.
NR enables the internal structure of the P(MEO2MA-co-DEA)
80:20 mol % copolymer brush to be elucidated as a function of
pH and temperature. Determination of polymer VFPs through
ellipsometry is not possible due to the relatively thin layer
thickness.75−77 The reader is referred to the Materials and
Methods as well as the Supporting Information (Figure S2) for
information on the model implementation. Modeled reflectiv-
ity data and the polymer VFPs are shown in the insets in
Figure 2. SLD profiles for each condition are contained in the
Jupyter notebooks appended to the Supporting Information. A
region of high polymer volume fraction is found adjacent to
the substrate at all conditions. The thickness of this layer (10−
15 Å) is largely independent of temperature and pH. Our
modeling approach revealed a very small distribution in the
volume fraction of the interior layer (Supporting Information);
however, as this region contains only a small portion of the

total polymer volume, these variations are not significant. This
is consistent with other reported VFPs of polymer brushes
prepared via surface-initiated polymerization. The interior layer
is normally attributed to the presence of short oligomers
resulting from the premature termination of chain growth in
the very early stages of polymerization followed by the
subsequent adsorption of polymers to the substrate31,32,34,35

If one initially focuses on the P(MEO2MA-co-DEA) 80:20
mol % brush at pH 4 ([pH − pH20°C* ] = −3.5) and 15 °C (i.e.,
the blue dashed line in Figure 2a), a non-monotonic polymer
volume fraction can be observed. At the substrate, there exists
a region of high polymer volume fraction, and immediately
adjacent to this layer, there is a region of low polymer volume
fraction (a depletion region, ∼0.25 polymer volume fraction),
which is indicative of highly solvated polymers. Moving further
away from the substrate, the polymer volume fraction increases
to a maximum of ∼0.35 at ∼200 Å before gradually decaying as
the polymer chains extend into solution. The polymer VFP
described above is different to the majority of those reported
for other thermo- and pH-responsive brushes, which instead
typically have monotonically decreasing VFPs. However in this
current work, a non-monotonic profile was required to model
the measured reflectivity data of the copolymer brush. The
requirement of this non-monotonicity is discussed in detail in
the Supporting Information, with example fits to the
experimental data using profiles with forced monotonicity
(Figure S2). The freedom of non-monotonicity has a greater
impact on the quality of fit at low pH where more prominent
depletion regions are present. The origins of the depletion
region are discussed below. The brush thickness calculated
from the VFPs is shown in Figure S5, and these data resemble
that of the ellipsometry results (Figure 1).
The remaining VFPs presented in Figure 2 will now be

discussed. As the pH is increased, the polymer VFP extends
less from the surface (Figure 2a). Furthermore, the depth of
the depletion region also reduces as evident at the highest pH
value (purple dash-dot line shown in Figure 2a). The small
depletion region still found in the brush profile at high pH is
attributed to a small number of protonated DEA monomers
that remain charged. The copolymer brush is more collapsed at
55 °C (Figure 2b for all equivalent pH values) compared to at
15 °C, which is consistent with the ellipsometry results shown
in Figure 1a. At the lowest pH (green dash-dot line shown in
Figure 2b), the depletion region is still present in the polymer
VFP. At low and high temperature, increasing the pH has a
similar effect on the brush profile, with the brush collapsing
more and the minimum polymer volume fraction in the
depletion region increasing. At the highest pH, a small
depletion region is still found in the brush profile at 55 °C (red
dotted line in Figure 2b) and is again attributed to a small
number of protonated DEA monomers.
The reflectivity for each condition is presented as RQ4 in the

insets, which highlights features arising from surface structures
which deviate from the Fresnel Q−4 decay of an infinitely sharp
interface. The large peak around Q = 0.014 Å−1 corresponds to
the critical edge between Si and D2O. The polymer-dense
interior layers are associated with low-frequency oscillations in
the reflectivity data (e.g., the minima at ∼0.10 Å−1). These
oscillations become more apparent at higher temperatures and
pH values when the brush is more collapsed. The gradual
decrease in polymer density in the extended tail region at low
temperatures is analogous to a rough interface that reduces the
reflectivity at intermediate Q values and smears out the

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.0c01502
Langmuir 2020, 36, 12460−12472

12464

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c01502/suppl_file/la0c01502_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c01502/suppl_file/la0c01502_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c01502/suppl_file/la0c01502_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c01502/suppl_file/la0c01502_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c01502/suppl_file/la0c01502_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c01502/suppl_file/la0c01502_si_001.pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c01502?ref=pdf


presence of any higher frequency oscillations associated with
the larger structure. The non-monotonic depletion region and
peak increase the extent of this smearing and introduce the
small oscillations at ∼0.04 Å−1. A comparison of the reflectivity
and polymer volume fractions of several conditions where non-
monotonicity is allowed and prohibited is shown in Figure S2.
The effect of temperature on the VFPs at low and high pH

([pH − pH20°C* ] = −3.5 and 1.5) was also investigated (see
Figure 2c,d). The tail of VFPs does not extend as far from the
substrate at higher temperatures compared to lower temper-
atures, showing that the brush is less swollen at high
temperatures, consistent with the ellipsometry results. At low
pH (Figure 2c), when DEA monomers are protonated and the
brush is charged, the depletion region is a feature of all of the
VFPs as temperature is increased. The location and the
polymer volume fraction at the minimum of the depletion
region are largely unaffected by the temperature. At high pH
(Figure 2d), when DEA monomers are mostly deprotonated
and the brush is expected to be largely uncharged, a smaller
depletion region is present at 15 °C. At 55 °C, when the brush
is globally at its most collapsed state (in the experimental range
investigated), a small depletion region is present, which is

again attributed to a small number of protonated DEA
monomers within the copolymer brush.
The most striking feature of the polymer VFPs presented in

Figure 2 is that the depletion region is found for all conditions.
The minimum polymer volume fraction in the depletion region
is strongly dependent on solution pH (Figure 2a,b) but is
largely unaffected by temperature (Figure 2c,d). Note also that
the polymer volume fraction at the minimum of the depletion
region is less when the pH is below the apparent pKa of PDEA
([pH − pH20°C* ] = −3.5, Figure 2c), i.e., here the copolymer is
more solvated than when the pH is above the apparent pKa

([pH − pH20°C* ] = 1.5, Figure 2d). Temperature only affects
the volume fraction of polymers in the depletion region at the
extreme of high pH and high temperature (red dotted curve
shown in Figure 2d), when both components of the brush
(PDEA and PMEO2MA) are in their most hydrophobic and
desolvated state. The relationship between solvation in the
depletion region and solution pH suggests that any additional
hydration is a result of the charge of the copolymer at low pH.
The minimum in the depletion region is located 40−50 Å from
the substrate in almost all profiles. Measurements were taken
after an equilibration time (20 min) that has shown to be
sufficient for quartz crystal microbalance with dissipation

Figure 2. Polymer VFPs as determined by NR of a 129 ± 6 Å P(MEO2MA-co-DEA) 80:20 mol % brush as a function of pH at (a) 15 and (b) 55
°C or as a function of temperature at (c) [pH − pH20°C* ] = −3.5 and (d) +1.5. Measured (data points) and modeled (lines) NR data are shown in
insets. Data in insets offset along the y-axis for clarity. pH increased from 4 to 9. Temperature increased from 15 to 55 °C.
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monitoring (QCM-D) and ellipsometry measurements on
PDEA brushes.74

As mentioned earlier, the polymer VFP of most brushes
reported in the literature are monotonically decreasing.
However, Figure 2 shows a significant depletion layer in the
region 50−100 Å from the substrate. Thus, let us consider in
turn several previous reports of depletion layers in polymer
brushes and the reported underlying mechanisms. Wall effects,
where the entropically unfavorable confinement of monomer
segments near the substrate results in repulsion (from the
substrate) and thus the formation of narrow depletion regions
for strongly overlapping brushes as studied here,19 do not
explain the wide depletion regions observed in Figure 2. VFPs
with a similar complex shape have been reported previously for
PDEA and poly(2-(dimethylamino)ethyl methacrylate)
(PDMA) brushes.36,37,43 Moglianetti et al. attributed the
non-monotonicity they observed in PDMA brushes grafted
from sapphire to the adsorption of the DMA segments to the
substrate. This would create a positively charged layer which
could then repel neighboring monomer segments, as well as
increase the density of DEA segments and increase entropically
driven repulsion of neighboring segments, and thus form the
depletion region observed.37,43 Geoghegan and co-workers
observed non-monotonic polymer VFPs for a PDEA
homopolymer brush and attributed these to unequal electro-
static repulsions within the interior and periphery of the brush,
claiming that electrostatic repulsion is greater at the interior of
the brush.36 This is indirectly supported with quartz crystal
microbalance with dissipation measurements of a polyacrylic
acid brush which suggested that the interior of the brush
undergoes a greater change in viscoelastic properties with
changes in pH.78 Theoretical modeling suggests that a higher
polymer volume fraction is expected at the periphery of the
brush if long-range electrostatic repulsion is considered,
however, at a 10 mM salt concentration, these interactions
will be significantly screened.79

In the above examples, non-monotonic homopolymer brush
VFPs were observed, but the reported explanations are not
directly applicable to our copolymer brush. It is not our intent
to present our work as controversial, or discount existing
hypotheses, but rather, to investigate the origins of the broad
and prominent depletion regions observed in Figure 2. A more
relevant explanation for the depletion region observed for this
P(MEO2MA-co-DEA) 80:20 mol % brush is that there is an
enrichment of DEA monomers near the substrate within each
chain of the brush that occurs during polymerization, that is,
there is an enrichment of DEA segments closer to the substrate
than at the periphery of the brush. If the fraction of ionizable
DEA segments is greater at/near the substrate, then the
distance between these monomers is reduced. For such a brush
at low pH, the DEA segments will be protonated and the
increased osmotic pressure and electrostatic repulsion between
charged DEA segments would result in greater solvation close
to the substrate compared to outer regions of the brush. This
explanation is consistent with the presence of a depletion
region in the brush profile.
A DEA-enriched surface region could arise from preferential

incorporation of DEA monomers at the early stages of surface-
initiated polymerization. Differences in the reactivity ratios of
the two monomers would most likely result in preferential
incorporation of one of the monomers across the entire brush
chain length and not specifically during the early stages of
polymerization, thus differences in reactivity are unlikely to

give rise to DEA enrichment near the substrate. Alternatively, it
is possible that the DEA monomers could adsorb to the
hydrophobic, initiator functionalized silicon substrate65 prior
to polymerization and this would result in a higher DEA mol %
in the brush at the early stages of polymerization. Following a
similar note, protonated, positively charged DEA segments in
the reaction mixture could be attracted to any underlying
negative silica charge and this would increase the concen-
tration of DEA monomers near the interface relative to the
bulk at the beginning of polymerization. Another possible
explanation can be found when considering early termination
of polymer chains, which would increase the number of DEA
segments in the region adjacent to the substrate. This would in
turn result in an increase in the excluded volume interactions
and, importantly, the electrostatic interactions, giving rise to
the apparent depletion region. An experimental determination
of the distribution of the different monomer segments
throughout the brush would help to explain the presence of
the depletion regions in the polymer VFPs. However, for the
planar brushes presented here, degrafting of the polymer
chains and subsequent analysis are not feasible due to the small
quantity of the recoverable polymer. Thus, in the following
section, we employ nSCF theory to investigate how monomer
distribution can affect the polymer VFP.

nSCF Theory Investigation of Copolymer Chain
Architecture. In this section, we will examine whether DEA
segment adsorption within a brush comprising uniformly
configured polymer chains is sufficient to result in the
formation of a depletion region. In addition, we examine
whether DEA segment enrichment (i.e., a PDEA surface block)
is needed to induce a depletion region. To achieve this, we first
compare polymer VFPs, as calculated by nSCF theory of
copolymer brushes with (i) uniformly distributed periodic
copolymer chains and (ii) the same periodic copolymer chains
but with an added PDEA block at the surface (substrate).
Next, we study how the position of the PDEA block along the
chain and how the length of the PDEA surface block affect the
resulting polymer VFP and overall brush behavior.
We have recently shown that nSCF theory is able to

accurately capture the overall responsive behavior of periodic
P(MEO2MA-co-DEA) copolymers of varying compositions.44

In this current work, the same theory is employed; however,
this time different polymer chain configurations are inves-
tigated. Here, a PDEA surface block was introduced with the
ratio of 80:20 MEO2MA/DEA across the entire chain
maintained. PDEA surface blocks of various lengths were
investigated but for brevity and clarity, the 4% PDEA surface
block (4% of the total monomer segments = 12 DEA
monomers) will be discussed first. Figure 3 shows a schematic
representation of the uniformly distributed periodic copolymer
brush with no PDEA surface block (DEA segment occurring as
every fifth monomer in the chain) and the periodic copolymer
brush with a 4% PDEA surface block (4% of the total number
of segments = 12 DEA monomers in the surface block, the rest
present as every sixth monomer in the rest of the chain)
studied. Other chain configurations with the 4% PDEA block
in different locations (Figure S6) and longer PDEA surface
block lengths (up to and including a diblock brush with the
PDEA block at the substrate) (Figure S7) are also presented.
The introduction of the surface block into the brush
configuration is an approximation for the case of enrichment
of DEA monomers at the substrate within the brush layer. It is
prudent at this stage to restate that the nSCF theory employed
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here is a powerful tool for investigating responsive polymer
brushes, however, it is not intended to be quantitative.
VFPs, as calculated by nSCF theory, for both the uniformly

distributed periodic copolymer brush (no PDEA surface block)

and the periodic copolymer with a surface block (4% PDEA
surface block) are shown in Figure 4. The brush profiles as a
function of pH at low and high χpolymer−solvent (equivalent to low
and high temperature) are shown in Figure 4a and 4b,
respectively. First, for the uniformly distributed periodic brush
(no surface block) (solid lines), an interior region of high
polymer volume fraction is present in all profiles, which results
from the adsorption of monomer segments to the substrate
due to the unfavorable solvent−substrate interaction (here, a
χsubstrate value of 2 was used). The VFPs of the protonated DEA
segments for both the periodic copolymer (no surface block)
and DEA monomer segment-enriched surface region (4%
PDEA surface block) copolymer brushes are shown in Figure
S8. For the periodic copolymer brush, no depletion region in
the polymer VFP (Figure 4) or the protonated DEA VFPs
(Figure S8) is observed at any pH value or temperature. The
lack of depletion region for the pure periodic copolymer brush,
despite adsorption of DEA at the substrate (Figure S8),
indicates that adsorption, as suggested by Moglianetti et al.,37

does not explain the depletion region observed experimentally
for the P(MEO2MA-co-DEA) 80:20 mol % brush investigated
here.
Conversely, the presence of the PDEA surface block (dotted

lines) results in a distinct depletion region in the polymer
VFPs for certain combinations of pH and temperature (Figure

Figure 3. Schematic representations of P(MEO2MA-co-DEA) 80:20
mol % copolymers used for nSCF theory calculations. The uniformly
distributed periodic copolymer brush (with no surface block) and
periodic brush anchored by a 4% PDEA surface block are shown.
Other configurations are presented in the Figure S6/S7. The overall
ratio of MEO2MA/DEA is constant in each chain at 80:20.

Figure 4. Polymer volume fractions of a P(MEO2MA-co-DEA) 80:20 mol % brush, as calculated by nSCF theory. pH ramps at (a) low
temperature, 15 °C (χMEO2MA−water = 0.25 and χDEA−water = 0.36) and (b) high temperature, 40 °C (χMEO2MA−water = 1.07 and χDEA−water = 1.88).
Temperature ramps at (c) low pH, [pH − pH20°C* ] = −2 and (d) high pH, [pH − pH20°C* ] = 2. Solid lines show the polymer VFPs of the periodic
brushes with no PDEA surface block, while dotted lines show the periodic brush with a 4% PDEA surface block. In the legend for (c,d) “M = ” and
“D = ” indicate χMEO2MA−water and χDEA−water, respectively. Schematic configurations of polymer chains are illustrated in Figure 3.
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4). At low pH values (less than or equal to pH20°C* ) when the
DEA segments are protonated, depletion regions are present in
the polymer VFPs. Much like the experimental data in Figure
2, the minimum polymer volume fraction in this depletion
region is dependent on pH, with the brush adopting a
monotonic profile at high pH values. At low pH (Figure 4c)
and low temperatures, a small depletion region is present in the
profile. Increasing the temperature collapses the brush, but the
polymer volume fraction and location of the minimum in the
depletion region remain unchanged, consistent with the
experimental results (Figure 2). At high pH, when the brush
is uncharged, no depletion region is present in the profiles
calculated by nSCF theory at any temperature. In the
protonated DEA segment VFPs in Figure S8, a depletion
region is present at low pH for the 4% surface block brush. The
presence of the depletion region at low pH in the polymer
VFPs of the periodic brush with a PDEA surface block strongly
supports the hypothesis that DEA segment enrichment near
the substrate is necessary for the formation of a depletion
region.
As discussed above, there are a number of mechanisms by

which a PDEA surface block or indeed a DEA segment-
enriched surface region could arise during surface-initiated
polymerization. Further and detailed experimentation would
be required to study whether this is in fact occurring, and if so
to confirm the mechanism through which DEA monomers are
preferentially incorporated into such copolymer brushes.
Effect of PDEA Block Position along Chain on Brush

VFPs. Comparing Figures 2 and 4, it is clear that the presence
of a PDEA block at the substrate is able to qualitatively capture
the experimentally observed non-monotonic polymer VFPs.
Next, we examine how the location of the PDEA block along
the chain affects the overall polymer VFP. Figure 5 shows the

predicted polymer VFPs of a P(MEO2MA-co-DEA) 80:20 mol
% brush with a 4% PDEA block in different positions along the
polymer chain at low pH and low temperature, as calculated by
nSCF theory. Schematic representations of these chain
configurations are shown in Figure S6.
From Figure 5, as the position of the PDEA block is moved

further from the substrate, the minimum polymer volume
fraction in the depletion region increases and the depletion

region is found further from the substrate. The width of the
depletion region (distance between the minimum and
maximum) also increases. When the PDEA block is located
at a quarter of the length of the chain from the substrate (pink
solid line), the volume fraction transitions to monotonic and
when the PDEA block is located halfway along the polymer
chain, or at the end of the chain, the polymer VFP is almost
indistinguishable from the periodic copolymer with no surface
block (blue solid line). From Figure 5, it is apparent that DEA
enrichment at or near the substrate is required for the
formation of the experimentally observed depletion region in
the polymer VFPs.

Effect of PDEA Surface Block Length on the
Depletion Region. The effect of varying surface block
lengths for periodic copolymers was also studied using nSCF
theory with the results shown in Figure 6. Here, PDEA blocks

of varying lengths are located directly at the substrate
(schematic representations of the chain configurations are
shown in Figure S7). Polymer VFPs at low pH and
temperature for five periodic copolymers with different surface
block lengths are shown in Figure 6a. A full suite of polymer
VFPs of these copolymer brushes at a wider range of pH and
temperature values are shown in Figures S9 and S10. The
minimum polymer volume fraction in the depletion region is
largely unaffected by the increase in the surface block length
(Figure 6a). However, the width of the depletion region does

Figure 5. Polymer VFPs of a P(MEO2MA-co-DEA) 80:20 mol %
brush with a 4% PDEA block in different positions along the polymer
chain, as calculated by nSCF theory. VFPs at [pH − pH20°C* ] = −3.5
and χMEO2MA−water and χDEA−water equivalent to 15 °C. Schematic
representations of the configurations of each chain shown in Figure
S6.

Figure 6. (a) Polymer VFPs of a P(MEO2MA-co-DEA) 80:20 mol %
brush with PDEA surface blocks of varying lengths (% of the total
polymer chain length), as calculated by nSCF theory. VFPs at [pH −
pH20°C* ] = −3.5 and χMEO2MA−water and χDEA−water equivalent to 15 °C.
(b) Width of the depletion region of periodic copolymer brushes with
varying PDEA surface block lengths at low pH ([pH − pH20°C* ] = −2)
at low temperature (χMEO2MA−water and χDEA−water equivalent to 15 °C).
No depletion region for the pure periodic copolymer (no surface
block) or the diblock brush. Lines are guide to the eye.
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change (quantified in Figure 6b). The width is calculated as
the difference between the minimum of the depletion region
and the maximum of the resultant peak as one moves away
from the substrate. As can be seen in Figure 6b, increasing the
length of the surface block from 4 up to 16% of the total block
length increases the width of the depletion roughly linearly. As
the length of the PDEA surface block is increased, so does the
distance over which the electrostatic interactions between
protonated DEA segments are felt. These electrostatic
interactions are essential in promoting chain solvation and
the formation of a depletion region. Thus, the width of the
depletion region increases with increasing surface block length.
No depletion region was observed for the pure periodic
copolymer brush (no surface block) chains or the diblock
copolymer brush (gray dashed shown in Figure 6a and 20%
PDEA surface block shown in Figure 6b). The fact that no
depletion region was observed for the diblock brush, where all
DEA segments are at the substrate of the brush, indicates that
the depletion region is not simply the result of additional
hydration of the PDEA segments in the surface block but
electrostatic repulsion of PDEA segments in the tail of the
brush (not simply repulsion between the substrate and the
DEA segments).
Impact of a PDEA Surface Block on Brush Thickness.

Comparison of the NR VFPs (Figure 2) and predicted VFPs
from nSCF theory (Figure 4) suggests that the depletion
regions observed experimentally for the P(MEO2MA-co-DEA)
80:20 mol % brush arise from the enrichment of DEA
monomers close to the substrate. It is worth comparing the
multi-stimulus responsive behavior of the brush height (as
defined by the first moment of the calculated VFP) of a
periodic copolymer brush without a surface PDEA block and
one with the 4% surface PDEA block. Figure 7 shows the brush
thickness of the P(MEO2MA-co-DEA) 80:20 mol % pure
periodic (no block) (filled symbols) and 4% surface block
(open symbols) copolymer brushes as a function of pH (a)
and temperature (b). Here, the swelling of the brush is largely
unaffected by DEA segment enrichment at the substrate. The
only difference between the two brushes is seen at the lowest
pH and the highest temperature (Figure 7a, aqua line,
χMEO2MA−water = 1.40 and χDEA−water = 2.4) where the brush
with a PDEA surface block is slightly more hydrated than the
uniform periodic brush. The close similarity between the
overall responsive behavior of the uniform (no surface block)
and the DEA surface block brushes is not unexpected as there
is only a small difference in the number of DEA segments in
the periphery of the brush and thus the intermolecular forces
that govern the brush structure are approximately equal. In
addition, the length of DEA surface block does not significantly
affect the pH and temperature response of the brush with the
exception of the diblock copolymer (see Figure S11).
Figures 4−6 nicely highlight that DEA monomer segment

enrichment near the substrate brush is a simple explanation for
the presence of a depletion region present at low pH in the
multi-stimulus responsive P(MEO2MA-co-DEA) 80:20 mol %
copolymer brushes. Overall, mean-field theory calculations
demonstrate how a short surface block of PDEA can
qualitatively reproduce the depletion region present in the
experimental data, supporting our segment enrichment
hypothesis. Another possibility for the presence of the
depletion regions, not explored in this manuscript could result
from a bimodal distribution of two very different chain lengths
within the brush, which could result in DEA segment

enrichment near the surface. Indeed, if the high polymer
volume fraction interior region of the brush (Figure 2) is the
result of short oligomers comprising a majority of DEA
segments, the electrostatic interactions which promote the
formation of the depletion region could be exacerbated. This
would require a separate thorough and systematic nSCF theory
investigation.

■ CONCLUSIONS
P(MEO2MA-co-DEA) 80:20 mol % copolymer brushes were
synthesized using surface-initiated ARGET ATRP. The
responsive behavior of a P(MEO2MA-co-DEA) 80:20 mol %
brush has been tracked with ellipsometry with the change in
the swelling ratio investigated as a function of temperature and
pH, with the brush approximately equally sensitive to both
stimuli existing between the temperature-dominant and pH-
dominant regime, as was predicted for this ratio in our previous
work. At low temperatures, the brush exhibited a moderate pH
response with a large hysteresis between swelling and collapse.
At a higher temperature, the pH transition was shifted to lower
pH values and the hysteresis reduced. This is attributed to an
effective increase in polymer hydrophobicity at the elevated
temperature. The copolymer brush was thermoresponsive at

Figure 7. Brush thickness of a P(MEO2MA-co-DEA) 80:20 mol %
copolymer brush, as calculated from nSCF theory as a function of pH
(a) at different χpolymer−solvent values and as a function of χpolymer−solvent
(b) at different pH values. Change in temperature is simulated as a
synchronistic change in χMEO2MA−water and χDEA−water with higher
values representing a higher temperature. Solid symbols/lines show
the brush with no DEA surface block while open symbols/dotted lines
are the brush with a 4% DEA block surface block. Schematic
configurations of polymer chains are illustrated in Figure 3.
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both low and high pH with the brush collapsing with an
increase in temperature.
Modeling of NR data using a freeform method revealed the

presence of a region of low polymer volume fraction near the
substrate. This depletion region was present at most conditions
with the depth (volume fraction at the minimum of the region)
dependent on the pH. The additional polymer solvation in this
region proximal to the substrate was attributed to DEA
monomer enrichment close to the substrate with more DEA
monomers incorporated into the brush at the early stages of
surface-initiated polymerization. nSCF theory was employed to
investigate the brush structure of P(MEO2MA-co-DEA) 80:20
mol % copolymer brushes with differing configurations.
Periodic polymer brushes with and without PDEA surface
blocks were examined with a brush with a 4% PDEA block
recreating the principal features of the non-monotonic polymer
VFPs observed with NR. The nSCF theory was then developed
to investigate the effect of PDEA block position along the
chain and block length on the presence of the depletion region.
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