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ABSTRACT: Zwitterionic polymer brushes possess a high potential for
applications as surface coatings, e.g., in antifouling applications. Their complex
association behavior due to the coexistence of oppositely charged groups on the
same monomeric unit allows for a broad variation of polarity, hydrophilicity, and the
antipolyelectrolyte effect with the variation of the surrounding environment. In this
study, planar polysulfobetaine brushes were investigated with neutron reflectometry
(NR) and neutron spin−echo spectroscopy under grazing incidence (GINSES) to
explore the brush structure and its inner dynamics perpendicular to the substrate. In
particular, the effects of the substrate−initiator system and ionic strength on the
structure were investigated with neutron reflectometry and a swelling by a factor of
3−5 was found in the presence of aqueous NaCl and MgCl2 solutions compared to
the dry state. During the data analysis, the applicability of a model-free evaluation
was also demonstrated for the investigated polysulfobetaine brushes. Furthermore, it
was found with GINSES that in contrast to neutral brushes, these polysulfobetaine brushes do not show the typical concentration
fluctuations in the nanosecond time range when partially swollen with salt-free water.
KEYWORDS: neutron reflectometry, neutron spin - echo, grazing incidence, brushes, zwitterionic

1. INTRODUCTION
Zwitterionic polymer brushes are formally charged, net-neutral
ampholytic polymer chains that are end-tethered to a surface
and contain zwitterionic groups. Methacrylate-based zwitter-
ionic polybetaine and choline brushes are often studied in the
literature. These molecules combine a positively charged entity
such as a quaternary ammonium cation with a negatively
charged entity such as a sulfonate (polysulfobetaine meth-
acrylate, polySBMA), carboxylate (polycarboxybetaine meth-
acrylate, polyCBMA), or phosphate (phosphorylcholine)
anion.1,2

Further, the carbon spacer length (number of carbon−
carbon bonds between the cationic and anionic entity) can be
varied.3 In recent years, zwitterionic polymer brushes have
been extensively discussed as antifouling surface coatings.4−8

Such coatings are important for applications like biomedical
implants9,10 and marine vessel coatings11−14 for the prevention
of biofilm formation. Hence, they can provide an important
contribution to the improvement of health care and environ-
mental sustainability. Furthermore, many zwitterionic poly-
mers are nonthrombogenic (meaning they do not induce the
formation of thrombi (blood clots), which is a serious health
complication, when in contact with blood) and cell-
compatible.15 However, the selection of a suitable zwitterionic
polymer brush for in vivo applications needs to combine these

considerations with antifouling properties under the respective
physiological conditions.
Schlenoff describes three crucial factors that contribute to

the antifouling properties of zwitterions. First, zwitterions do
not disrupt the H-bonding structure of water,16 which makes
them extremely hydrophilic. Second, excluded volume effects
via the neutral, hydrated layer with some thickness17 prevent
protein adsorption from aqueous solution due to entropy and
enthalpy penalties. Third, Schlenoff describes a gain in entropy
via the release of counter ions during ion pair formation with
an adsorbate as an important driving force in adsorption
processes on charged surfaces. Since no release of counter ions
is possible from a zwitterionic polymer brush, no entropy gain
of approximately kBT will be realized, preventing the ion pair
formation with the adsorbate.18

The zwitterionic groups in zwitterionic polymer brushes
form dipoles that result in dipole−dipole interactions between
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oppositely oriented dipoles and hence a self-assembly within
the brush. This results in the contraction of the chains in an
aqueous solution. However, the addition of salt can break these
associations within the brush by shielding the charges and lead
to swelling. This effect is called the antipolyelectrolyte effect
because it is opposite to the polyelectrolyte effect. In the
polyelectrolyte effect, the salt shields the repulsion of the same
charges in the polyelectrolyte, which in case of a polyelec-
trolyte brush will induce collapse, while in the polyzwitterion,
the salt shields the attraction between the oppositely oriented
dipoles within the brush, resulting in swelling.19,20 The effect of
salt addition on the structure of different zwitterionic polymer
brushes was studied by neutron reflectometry. Kobayashi et al.
investigated and compared the effect of different sodium
chloride concentrations on polycationic PMTAC and zwitter-
ionic PMPC (polyphosphorylcholine) and PMAPS (poly-
SBMA) brushes at a set grafting density and one solvent
contrast.21,22 In these measurements, it was observed for
PMAPS that in D2O, a collapsed structure forms due to the
strong molecular interaction between sulfobetaine groups,
while an increase of the swollen thickness in aqueous salt
solution occurs. However, the dimensions of the polyphos-
phorylcholine brush (PMPC) did not display any dependence
on salt addition. Later, Higaki et al. followed up with a similar
study but adding polySBMA brushes with different carbon−
carbon spacer lengths and comparing the effect of ionic
strength in the surrounding environment.2 Sakamaki et al.
further investigated the effect of different salts such as sodium
chloride, sodium thiocyanate, and tetramethylammonium
chloride (TMAC) on thin polySBMA brushes using NR,
AFM, and turbidity tests and observed a significant anion and a
weak cation specificity.23

A parameter that is often varied in polymer brushes is the so-
called grafting density. This parameter describes the number of
grafted polymer chains per unit area, and in the case of grafting
from procedures, it is varied during surface-initiated polymer-
ization (SIP) by the addition of molecules with a similar
chemical structure to the initiator but without the leaving
group (e.g., −Br, −Cl). Huang et al. found an influence of the
grafting density of a polyCBMA brush on the nonfouling
properties in undiluted human serum and plasma. In the same
study, they found that the dry brush thickness did not
influence the fouling resistance.24 Interestingly, another study
showed that the variation of the alkyl carbon spacer length in
polySBMA brushes did not affect the nonfouling properties
against bacteria and fungi. However, the wetting behavior was
influenced due to the changes in charge density and charge
distribution.7 Bimodal AFM studies were conducted to
investigate the influence of the type of salt and salt
concentration on polySBMA brushes. While the investigation
showed a condensed layer toward the solid surface and a more
diffuse layer toward the bulk liquid due to the influence of the
salt (antipolyelectrolyte effect), the results on the influence of
the type of salt and salt concentration were limited.25 A layered
structure was further described in another NR investigation
where phosphocholine-based polymer brushes and polysulfo-
betaines (PMPC and PMAPS, respectively) were investigated.
The effect of sodium chloride (up to 5.0 M) on the structure of
zwitterionic polymer brushes with grafting densities of 0.1
nm−2 was investigated here. The rather compact brushes in
salt-free D2O swelled to a bimodal configuration in the
presence of an aqueous NaCl solutions.22,26

In a molecular dynamics study combined with AFM
experiments, Song et al. simulated the salt responsiveness of
PSBMA, PCBMA, and PMPC brushes and their effect on
protein adsorption. The effect of monovalent NaCl and
divalent CaCl2 was investigated, and it was found that the
addition of NaCl reduced protein adhesion to polySBMA and
polyCBMA brushes, while it was enhanced for PMPC brushes.
In contrast, divalent CaCl2 resulted in calcium bridges between
polySBMA and polyCBMA brushes and proteins, preventing
the protein from moving away from the brush surface. This was
explained by the fact that monovalent cations disrupt the
formation of salt bridges with proteins by shielding the charge
in the brush, while divalent cations form even stronger calcium
bridges between the brush and protein. Therefore, they
conclude polySBMA and polyCBMA to be suitable as
antifouling coatings in monovalent salt solutions, while
PMPC is advantageous in divalent ones.27

However, up to now, the number of reports in the literature
on the use of NR for structural investigations of planar
polyzwitterionic brushes with both mono- and divalent salts is
very limited. This is in contrast to the use of this technique for
the characterization of neutral and polyelectrolyte brushes28,29

and reports on copolymer films containing sulfobetaine
units.30,31 Hence, for this study, monovalent NaCl and divalent
MgCl2 were added in different concentrations to investigate
their influence on the internal structure of polySBMA brushes
with different grafting densities in NR experiments. Due to
their comb-like molecular structure and the presence of
charged molecular groups in the side chains, additional NR
measurements will continue to complete the understanding of
the inner structure of these brushes. That knowledge will also
help, for example, to understand the influence of this structure
on the ion distribution and penetration inside the brushes.
Therefore, an unbiased model-free reconstruction of the
polymer volume fraction profiles of the polySBMA brushes
using indirect Fourier transform analysis of the data was
applied.
Further, grazing incidence neutron spin echo spectroscopy

(GINSES) allows studying thermal fluctuations of polymers at
interfaces, e.g., neutral brushes32 or adsorbed microgels.33

Based on our experience with these polymer architectures,
GINSES was used in this work to explore the near-surface
dynamics of the zwitterionic polySBMA brushes. An example
of polySBMA brushes is pMEDSAH brushes, which were
investigated in this work (the abbreviation PMAPS is also
frequently used in the literature). To our knowledge, this is the
first investigation of any type of zwitterionic polymer brushes
with grazing incidence neutron spin echo spectroscopy.

2. EXPERIMENTAL SECTION
2.1. Materials. N-(3-Sulfopropyl)-N-methacryloxyethyl-N,N-di-

methylammonium Betaine (MEDSAH; >95%) was purchased from
Monomer-Polymer and Dajac Laboratories and Sigma-Aldrich. 2,2′-
Bipyridine (bpy, ≥99%), copper(I) chloride (≥99%), copper(II)
chloride (99%), methanol (z.A. min. 99.8% CH2OH), tetrahydrofuran
(anhydrous, ≥99%, inhibitor-free), toluene (anhydrous, 99.8%), and
trichlorododecylsilane (≥95%) were purchased from Sigma-Aldrich.
[11-(2-Bromo-2-methyl)propionyloxy]undecyltrichlorosilane (eBM-
PUS, 95%) was purchased from Gelest. All of the above chemicals
were used as received. Water was purified with a Milli-Q system
(Millipore) with a resistance of 18 MΩ cm.

2.2. Substrate Preparation. Silicon blocks for the neutron
scattering experiments were purchased from Siliciumbearbeitung
Andrea Holm GmbH (Germany). For laboratory measurements, 1
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side polished, p-type (boron) silicon wafers were purchased from
MicroChemicals GmbH (Germany). First, the silicon substrates were
cleaned by submersion in acetone and sonicated for 5 min. Afterward,
they were rinsed with 2-propanol and dried under a constant stream
of nitrogen. They were then functionalized with the silane initiator
eBMPUS by immersion in a 0.005 wt % solution (in toluene) at a
temperature of −20 °C for 24 h. The thickness of the silane layer of
1.5 nm was determined from ellipsometry measurements.

2.3. SI ATRP of pMEDSAH Brushes. First, silicon substrates were
functionalized with the silane initiator eBMPUS by immersion in a
0.005 wt % solution in toluene for 24 h. Afterward, samples were
sonicated in toluene for 15 min, rinsed with ethanol, and dried under
a stream of nitrogen to remove any excess reactant.
In some cases, a mixture of eBMPUS with trichlorododecylsilane,

the so-called “spacer”, was used for the surface functionalization in
order to reduce the number of active sites and decrease the grafting
density. The spacer molecules without the ATRP functionality are
chemically similar to the initiator molecules and have approximately
the same molecular size. It can therefore be assumed that the initiator
and spacer have the same adsorption probability to the substrate and
that the ratio of both molecules corresponds to the statistical
distribution on the surface. Three different grafting densities were
investigated which will be indicated in the text here as σ0, σ0.3, and σ0.7
and refer to spacer/initiator ratio of 0, 30:70, and 70:30, respectively.
This variation allows tuning of the mean distance of the anchored
chains. Theoretically, σ0 is the highest grafting density and σ0.7 the
lowest.
Surface-initiated ATRP (SI ATRP) was conducted as described by

Qian et al.34 with the following parameters. A catalyst quantity of 3
mol % was chosen with a catalyst Cu(I)/Cu(II) 1:10. SI ATRP was
carried out under an argon atmosphere for 20 h, after which samples
were rinsed with 1% sodium chloride solution and deionized water.
Samples were then dried with a stream of nitrogen and kept dry until
use.

The quantities of the reagents for the SI ATRP were scaled up 6-
fold to coat silicon blocks (5 × 8 × 1.5 cm) for neutron scattering
experiments. In the following, “dry” experimental conditions refer to a
temperature of 20 °C and a relative humidity RH of 30−50%.

3. METHODS
3.1. Ellipsometry. The thickness of the synthesized pMEDSAH

brushes was measured with two different ellipsometers: a nulling
ellipsometer (EP3 Nanofilm, Accurion GmbH, Germany) at the
University of Michigan for the measurement of brushes swollen in
water and a Null-Ellipsometer (Optrel GbR, Germany) at the TU
Berlin for the measurement at ambient conditions. Measurements
using the EP3 Nanofilm (λ = 532 nm) with the swollen brush layer at
room temperature were conducted using the solid/liquid cell
(Accurion GmbH, Germany) to determine the swelling ratio of the
brush. Further measurements on dry samples were conducted with
the Optrel instrument (λ = 532 nm, polarizer-compensator-sample-
analyzer setup) at an angle of incidence αi = 70°, while measurements
with the solid/liquid cell called for an αi = 60°.

3.2. Water Contact Angle. Static water contact angles were
measured with deionized water using a contact angle goniometer
(Rame-́Hart 200-F1 goniometer). A 2 μL drop of deionized water was
deposited on the brush samples. Analysis of the contact angle was
performed with the DROPimage Advanced software (Rame-́Hart
Instrument Co.).

3.3. Electrokinetic Measurements. Streaming current measure-
ments were performed with an electrokinetic analyzer SurPASS 3
(Anton Paar GmbH, Graz, Austria) for surface testing of materials
with automatic zeta potential analysis. The clamping cell was used.
During the measurement, the samples were fixed to the holder with a
cross-section of 10 × 10 mm2. The surface zeta potential ζ of the
samples was measured in a 1 mM KCl solution at different pH values.
The pH of these aqueous electrolytes was adjusted with 0.05 mol/L
HCl and 0.05 mol/L KOH, respectively. The fundamental
Helmholtz−Smoluchowski dependence for evaluating the ζ potential

Figure 1. Schematic representations of the experimental setup of (a) a neutron reflectometry (NR) experiment and (b) of a grazing incidence NSE
(GINSES) experiment with their typical experimental results. Here, ki and kf indicate the wave vectors of the incident and scattered neutrons and Q
is the magnitude of the scattering vector. In NSE, the strength B of the magnetic fields before and behind the sample position mainly determines
the value of the Fourier time τNSE. NR provides the scattering length density normal to a planar surface on length scales of nm to some 100 nm.
GINSES probes fluctuations in the interface layer during scattering on time scales of the order of 1−100 ns with an evanescent neutron wave. The
right side of the schematic representations shows the typical experimental results. In case (a), an oscillating decrease of the reflectivity R(Q) is
observed with NR. In case (b), at a fixed Qz, the intermediate scattering function in semilogarithmic representation (the correlation function in
reciprocal space and time) may be observed at different penetration depths of the neutrons into the sample.
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from streaming current measurements is given by eq 1, which relates
electrokinetic phenomena to the zeta potential35

I
p

L
A

d
d

str

rel 0 c
=

(1)

Here, the measured streaming current coupling coefficient dIstr/dΔp
is related to the cell constant L/Ac of the flow channel, which is the
gap between the sample surface and the sample holder. L denotes the
length of the rectangular slit channel formed between two planar
surfaces, and Ac is its cross-section, Ac = W × H, with W denoting the
channel width and H the gap height. Furthermore, η is the viscosity of
the electrolyte, ϵrel is related to the dielectric coefficient of the
electrolyte, and ϵ0 denotes the vacuum permittivity. For dilute
aqueous solutions, η and ϵrel values of water were used. The streaming
potential of a bare Si-wafer over a pH range between 2.5 and 8.7 was
compared to the streaming potential of pMEDSAH brushes at the
same pH with different grafting densities.

3.4. Neutron Reflectometry. Specular neutron reflectivity at the
solid/liquid interface provides information about the relation to the
thickness and scattering length density (SLD) profile of interfacial
structures along the surface normal z. The SLD profile ρ(z) depends
on the chemical composition of materials and is defined as the sum of
the coherent nuclear scattering lengths bi of its constituent atoms and
their number density ni(z) so that ρ(z) = ∑ibini(z). Reflectivity data
are gathered by recording the intensity of reflected neutrons relative
to the incident beam as a function of the momentum transfer vector
(Qz = 4π sin θ/λ), where θ is the incidence angle and λ is the
wavelength of incident neutrons. The variation of reflectivity as a
function of momentum transfer R(Qz) is related to the square
modulus of the one-dimensional Fourier transform of the SLD profile
(ρ(Qz)) through the relation R Q Q Q( ) (16 / ) ( )z

2
z
2

z
2= | | . Recov-

ery of the SLD profile from R(Qz) is traditionally performed by model
fitting, using thin slab models. A typical experimental setup of a
neutron reflectometer and a typical reflectivity curve are shown in
Figure 1a. The neutron reflectometry measurements on the brushes in
different ionic environments were carried out on the FIGARO
instrument at the Institute Laue Langevin (ILL, Grenoble, France).36

The brush-modified substrates were sealed in a solid−liquid sample
cell filled with aqueous NaCl and MgCl2 solutions. The sample cells
were connected to an HPLC pump, which allowed for remote control
of contrast exchange from deuterated to hydrogenated medium. All of
the experiments were conducted at 25 °C with a circulating water
bath connected to the sample cell for thermal stabilization. The
experiments were conducted in reflection-up mode, and the
collimation angle was set to 0.631°. Two incident angles, 0.8 and
3.2°, were selected to cover the full q range from 0.01 to 0.35 Å−1.
The frame overlap was set to λ = 20 Å and wavelength resolution Δλ/
λ = 7%. The D2O contrast was used for sample alignment.
The thickness of the brushes measured in the GINSES experiment

was measured at the V6 instrument of the Helmholtz-Zentrum Berlin
(HZB, Berlin, Germany)37 using its two slit collimation at the fixed
wavelength λ = 4.66 Å and Δλ/λ = 2% The brushes were measured in
D2O, NaCl, and MgCl2 solutions in D2O (0.1 and 1 M) at 25 °C.

3.5. Analysis of Reflectivity Data. For the analysis of the
reflectivity data, two different approaches were used. Due to the
inherent ambiguity of NR in assigning a SLD profile to the structure, a
model-free approach was used in order to determine the structure of
the brushes without additional assumptions. Additionally, a more
traditional model-based fit assuming that the pMEDSAH brushes
have a bimodal density distribution was used. In the model-
independent approach (program DIONYSIA),38 we first perform an
indirect Fourier transform (IFT) of the reflectivity curve for
estimating the maximum extension of the brush layer, and
subsequently within the limits of the found maximum extension, we
perform a search through simulated annealing for the polymer volume
fraction profile that better describes the experimental reflectivity
curve. The algorithm is essentially similar to the b-spline algorithm
described in the literature,39 with the main difference being the
concurrent fit of multicontrast data that in principle leads to a less

ambiguous model than the one relying on the fit of one contrast
alone. The only estimation that is made concerns the scattering length
density (SLD) of the polymer, which is set equal to 0.7 × 10−6 Å−2

and is certainly close to the real value. Additionally, since the
extension of the brush layers (at high salt concentrations) is expected
to exceed 1000 Å, we limit the fitted Qz-range below 0.06 Å−1. It
should be noted that the characteristic ripples observed in the volume
fraction profiles, with length scales of 50−100 Å, are a consequence of
the limited spatial resolution resulting from the finite maximum Qz
employed during the fits.
Model-based analysis was performed using the program Anaklasis40

and by assuming a polydisperse bimodal distribution profile for the
brushes according to the equation
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where L1 and L2 are the extensions, ϕ10 and ϕ20 the volume fractions
of the two brush modes at z = 0, and n1 and n2 the profile exponents,
respectively. Brush polydispersity is taken into account by assuming a
Gaussian extension distribution with associated standard deviations σ1
and σ2. The calculations are performed by dividing the brush profile
into 50 equally sized slabs with a SLD value calculated after eq 2 and
assuming a polymer and solvent SLD equal to 0.7 × 10−6 Å−2 and
6.35 × 10−6 Å−2, respectively. The resulting SLD profile is based on
the polymer volume fraction profile perpendicular to the substrate.
Note that the same Qz-range as for the model-independent fits was
used.

3.6. Grazing Incidence Neutron Spin Echo Spectroscopy.
Grazing incidence neutron spin echo spectroscopy (GINSES)
experiments were conducted on the SNS-NSE instrument at the
Oak Ridge National Laboratory (ORNL, Tennessee, USA).41 A
neutron prism was used to correct for differences in the scattering
depth.42,43 This is critical when measuring GINSES at a spallation
neutron source and, hence, a pulsed neutron source. A wavelength
band of 5 Å to 8 Å was chosen, covering a Fourier time τNSE range
between 0.03 and 45 ns in a Q-range between 0.04 and 0.08 Å−1 in a
single setting of scattering angle for the second arm of the
spectrometer.
Similar to dynamic light scattering (DLS), neutron spin echo

(NSE) spectroscopy provides the van Hove correlation function in
reciprocal space (called the intermediate scattering function S(Q,
τNSE)/S(Q, 0)), normalized to the static correlation function. The
main difference to DLS is the probed length- and time scale in the
nanometer and nanosecond range and the contrast mechanism
resulting from the interaction of neutrons with the subatomic
particles, depending on the scattering length in the sample instead
of the refractive index difference for light. The contrast, as usual in
neutron scattering, is expressed as the scattering length density
difference. More details on the NSE technique applied to polymer
systems can be found in ref 44.
Interface sensitivity is obtained in the present case with the

GINSES setup. Figure 1b illustrates the experimental conditions and
the typical experimental outcome. The neutron beam is collimated in
the lateral direction and enters the reflectometry-type sample cell
under a shallow angle αi below the critical angle of total reflection αc

/c = (3)

for neutrons between the silicon block and the brush grafted on top of
it, surrounded by the D2O solvent. For a neutron wavelength of λ = 5
Å and a polymer SLD of 0.7 × 10−6 Å−2 and using a polymer volume
fraction of 0.8 in the vicinity of the silicon substrate according to the
NR data yields the critical angle αc = 0.22°. An evanescent intensity
distribution Iev(z) is generated at the interface and decays
exponentially Iev ∝ exp(−z/z1/e) in the sample. The so-called neutron
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penetration depth z1/e is a characteristic distance at which Iev has
decayed to Iev,max/e, which is tuned by changing αi and Δρ (e.g., by
variation of the H2O/D2O ratio in the sample). Here we always used
maximum contrast with fully deuterated water. The scattered
neutrons of the evanescent wave are then detected at a Q-value
determined by the angle of the second arm of the neutron spin echo
spectrometer. Since this technique inherently has a very small sample
volume to be probed, the scattered intensity is also very low and
requires long acquisition times at a very stable instrument with a low
neutron background, which is the case for the SNS-NSE.
The data S(Q, τNSE) at a single or a set of Q values were fitted with

a single exponential function of the form

S Q A A A( , ) ( ) exp( )NSE bgr c NSE bgr= × + (4)

with the signal amplitude A of the sample and the relaxation rate Γc of
concentration fluctuations inside the sample, which relates to the
diffusion constant by Γc = DappQ2. Depending on length- and time
scales, more advanced fitting procedures can be applied, incorporat-
ing, e.g., coarse-grained models for the polymer dynamics in solution
such as the Zimm model; see, e.g., ref 44, but the results indicate, as
shown later, that on the length- and time scales of the present
experiment, concentration fluctuations due to thermally excited
motions of the polymer chains are the dominant type of dynamics
here.
The GINSES data presented here are not corrected by a

background subtraction, but instead, the background Abgr is included
in the fitting function since the normalization with the different
contrasts is not straightforward and small deviations from the true
background could result in large additional errors. In our experiment,
the brush sample immersed in D2O and a clean silicon block in
contact with D2O for determining the background contribution were
measured under the same conditions. The background signal is
nondecaying (showing no dynamics) with a nonzero elastic
contribution.

4. RESULTS AND DISCUSSION
4.1. Brush Synthesis on Planar Silicon Oxide Surfaces.

In our study, we explore the effect of low-molecular-weight
salts on polysulfobetaine brushes at different grafting densities
with neutron reflectometry. To control the brush thickness
required for these measurements, we started our study by
characterizing the brush thickness as a function of polymer-
ization time for three grafting densities.
Figure 2 displays the increase of the dry thickness of the

synthesized pMEDSAH brushes as a function of the polymer-
ization time tp for the three different grafting densities (σ0, σ0.3,
and σ0.7). As it is mainly observed in SI ATRP, the brush
thickness grows in a linear dependence on the polymerization
time tp at the beginning of polymerization. As the polymer-
ization proceeds, the brush thickness increases until reaching a
constant value due to termination of further chain growth. The
plot shows 4 time points: 60, 90, 1200, and 1320 min. Per
sample and time point, three ellipsometry measurements on
different areas of the sample were conducted. Error bars are
included in the graph; however, they are of the size of the
symbols. For the lowest grafting density σ0.7, the linear
dependence is clearly visible. Additionally, the data points
spread less at large values of tp which might indicate a rather
narrow chain end distribution for this case. The data suggest
that with increasing grafting density σ0.3 to σ0, the chain end
distribution is increasingly widening. For all prepared brushes,
the water contact angles were below 50°, which confirmed the
hydrophilicity of these brushes as shown in Figures S1 and S2.
To estimate the molecular weight Mn of the synthesized
brushes, the averages of the grafting density σ determined from
the neutron reflectometry measurements on the brushes in salt

solution at 1.0 M given in Table 3 were used. We assume that
the initial functionalization of the silicon substrates was the
same for the types of silicon samples used when the targeted
mean grafting density was the same. The thickness of the dry
brushes tdry(tp) was measured with ellipsometry. According to
eq 5

t
M
Ndry

n

A 0

=
(5)

a relation is established between the grafting density, the
thickness of the dry brush, and the molecular weight Mn of the
polymer chains in the brush, with NA as the Avogadro constant
and the mass density of ρ0 = 1.34 g/cm3 as given in the
literature.45,46 The resulting molecular weights are given in
Table 1. The curve shows the generally observed course of an

SI ATRP as described in the literature with an approximately
linear increase in the initial phase and a gradual transition to a
plateau value, where the longer polymerization times do not
lead to any further increase in thickness.47,48 At the highest
value of tp, the measured dry thickness drops again. This effect
was previously described in the literature, where it is termed
the super-collapsed state. Possibly, the growing chains collapse

Figure 2. Dry brush thickness t as a function of polymerization time tp
for three different grafting densities σ0 = 0.21 nm−2, σ0.3 = 0.16 nm−2,
and σ0.7 = 0.13 nm−2 adjusted by the percentage of trichlorodode-
cylsilane molecules in the mixture of eBMPUS + trichlorododecylsi-
lane molecules, with trichlorododecylsilane serving as spacer molecule
to lower the grafting density measured via ellipsometry (the linear
increase of t vs tp is due to the break in the x-axis for better visibility).

Table 1. Dry Brush Thickness tdry at Polymerization Time tp
= 1200 min in Figure 2a

sample σ (nm−2) tdry (nm) Mn 103 (g/mol)

σ0 0.21 ± 0.04 86.0 ± 0.5 330 ± 63
σ0.3 0.16 ± 0.01 77.0 ± 0.5 390 ± 24
σ0.7 0.13 ± 0.03 37.0 ± 1.0 230 ± 53

aAt larger tp, the occurrence of the super collapsed state is assumed to
lead to an apparently lower brush thickness. The mean grafting
densities σ were estimated from the NR measurements at maximal salt
concentration as summarized in Table 3. Values of the molecular
weight Mn were estimated from eq 5.
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at a certain length due to dipole−dipole interactions between
neighboring chains.47

4.2. Electrokinetic Measurements. Figure 3 summarizes
the results of the zeta potential ζ measurements for the three

pMEDSAH brushes and compares them to the result obtained
with a bare silicon wafer as a reference. The measurements
were carried out at pH values ranging from 2.5 to 9. The four
curves show a similar course up to pH 6.5 and level off at
different plateau values with further increasing pH.
At pH 2.5, the zeta potential of the silicon oxide surface is at

+16 mV and drops continuously to −45 mV, where it remains
stable for pH > 9. The isoelectric point (IEP) was found at pH
4. In the literature, numerous results from zeta potential
measurements with SiO2 are reported.

6,49 These data cover a
range of IEP values from pH 2.5 to pH 4. The reported ζ(pH)
curves in the literature are very similar, but the absolute values

of ζ show an offset of 10−20 mV. Hence, our result for the
reference surface falls well within these reported ranges.
The zeta potential of the three pMEDSAH brushes at pH

2.5 is +15 mV and decreases with increasing pH, until it
reaches −20 mV for σ0.7 and −24 mV for σ0.3 and σ0. The
isoelectric point at pH 4 is a common observation for neutral
polymeric surfaces. The charge formation by adsorption of
water ions leads to an equilibrium surface concentration of
adsorbed negative hydroxide and positive hydronium ions,
which is obtained at pH 4. The fact that an isoelectric point of
around pH 4 was found for all samples shows that this
mechanism is the dominating mechanism for the surface
charge formation. At pH < IEP, the curves are almost identical,
while at pH > IEP, differences occur. The surface charge of the
plain surface decreases to ζ = −40 mV at around pH 8. The
surface charge of the brush-coated surfaces levels off at ζ =
−20 mV in neutral and basic solutions. In the region above pH
6, the plateau of the zeta potential at around ζ = −20 mV
proves the coverage of the wafer surface. The lower absolute
zeta potential values for the modified surface compared to the
plain surface at higher pH are caused by the increasing
hydrophilicity, causing a lower concentration of adsorbed
hydroxide ions on the surface. These findings suggest that
independently of the grafting density of the brush, the surface
charge is rather low, and the surface polarity is in all three cases
rather hydrophilic, as expected for such brush structures. The
rather small differences between σ0, σ0.3, and σ0.7 indicate that
any possible structural differences between the brushes due to
the variation of σm have no significant effect on the surface
charge density. Moreover, the results suggest that the polymer
volume fraction distribution perpendicular to the solid
substrate is very similar for all three samples. Polymer brushes
are usually polydisperse in terms of chain length and hence
brush thickness. This was discussed as a source of distortions
to the flow field along the solid substrate which in turn could
influence the measured zeta potential.50

4.3. Study of the pMEDSAH Brush Structure by
Neutron Reflectometry. The pMEDSAH brushes with σ0,
σ0.3, and σ0.7 were investigated with neutron reflectometry to
explore the effect of the grafting density on the structure of
brushes swollen at different ionic strengths. To do so, the
brush interfaces were immersed in pure D2O and NaCl and
MgCl2 solutions with concentrations of 0.1 and 1.0 M.

Figure 3. Zeta potential ζ as a function of the solution pH for
pMEDSAH brushes with averaged grafting densities σ0 = 0.21 nm−2,
σ0.3 = 0.16 nm−2, and σ0.7 = 0.13 nm−2 in pure water. For comparison,
the data of a plain silicon wafer are shown.

Figure 4. Semilogarithmic representation of the reflectivity curves of pMEDSAH brushes in pure D2O measured at different spacer/initiator ratios,
leading to grafting densities of (a) σ0, (b) σ0.3, and (c) σ0.7. (d) Polymer volume fraction (PVF) profiles ϕ(z) obtained from fitting the reflectivity
curves (a−c). The accuracy of the polymer volume fractions determined from multiple fitting runs is 5%.
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In previous NR studies on zwitterionic brushes, data analysis
was based on the assumption of a layered structure of the
brushes, accounting for regions of high polymer volume
fraction close to the substrate, a “diluted” outer region with a
low polymer volume fraction, and an intermediately hydrated
region between the two. In addition to the fit with the model
of a bimodal brush, we fitted the reflectivity data from the
investigated pMEDSAH brushes in a model-free approach as
explained in the Methods section. The bimodal-brush model
fits where generally successful for the cases where the brushes
were not much swollen at low salt conditions of 0.1 M and are
depicted in Figures S4 and S5 in the Supporting Information.
However, systematically, these fits fail to reproduce the
experimental data at higher salt concentrations of 1.0 M,
suggesting that the bimodal-brush models cannot describe the
actual SLD profiles. The model-free approach was more
appropriate to describe the experimental data, and it was
therefore applied to analyze all of the experimental data.
4.3.1. Brush Structure in Salt-Free D2O. Figure 4a−c shows

the reflectivity curves of the pMEDSAH brushes with the
grafting densities σ0, σ0.3, and σ0.7. All three brushes were
immersed in salt-free D2O. Up to the value of Qz
corresponding to αc as given by eq 3, total reflection occurs.
At this critical edge, the reflectivity R decreases and is followed
by two to three distinct Kiessig fringes in the Qz range of up to
0.06 Å−1. This indicates the presence of layers with thicknesses
of several 10 nm. Figure 4d shows the resulting polymer
volume fraction ϕ(z) distributions (PVF) along the normal z
to the solid substrate. At first glance, the three curves show the
same progression independent of the grafting density. In
particular, all three brushes reached a maximum thickness of
approximately 55 nm. However, close to the surface, the brush
with σ0.7 shows the highest polymer density of 0.8 up to a
thickness of about 20 nm.
The thickness of the D2O swollen brush hwet was determined

2-fold. On the one hand, it was calculated from the distance
ΔQz between the Kiessig fringes in the reflectivity curves
according to hwet = 2π/ΔQz. The results are summarized in
Table 2. For comparison, the thickness of the dry collapsed

brush hdry measured with X-ray reflectometry is also given (the
data are shown in Figure S3). These values are in good
agreement with a mean dry thickness of these samples of 24 ±
3 nm measured with ellipsometry. The ratio hwet/hdry is a
measure of swelling in the pure aqueous environment.
Approximately, the brushes are swollen by a factor of 2. This
is in good agreement with the observation of swelling ratios of
2−3 for PMPC and PMAPS brushes in salt-free water.26
Additionally, the D2O swollen brush thickness was

determined from the model-free analysis by smoothing the
PVF profile with a smoothing routine of the software (Igor Pro
8) and then forming the first derivative. The maximum served
as a measure of the thickness of the layer. The results were 32,
38, and 25 nm for σ0, σ0.3, and σ0.7, respectively. Both

approaches should yield the same brush thickness for a brush
of Gaussian chains with a well-defined brush-D2O interface.
Hence, the difference is a clear indication of a bimodal
structure in D2O with a polymer-rich layer from about 25 to 40
nm near the solid interface.
According to the classic theory of polymer brushes, a

parabolic volume fraction profile ϕ(z)51

z z h( ) (1 ( / ) ))0
2= * (6)

should describe the decrease of the polymer volume fraction
ϕ(z) with increasing distance z from the confining surface. A
fit to the data shown in Figure 4d indicates that in the salt-free
case at z ≥ 20 nm a mean parabolic PVF profile with ϕ0 = 0.55
and a maximal thickness of h* = (59 ± 2) nm is a good
approximation for all three brushes as theoretically predicted
and mostly experimentally observed for neutral brushes.
However, at z ≤ 20 nm, very close to the substrate, ϕ(z) is
larger than in a parabolic curve of an ideal polydisperse brush
of Gaussian chains. This together with the steeper decay of
ϕ(z) indicates a compaction of the polymer chains near the
substrate with a thicker layer in the case of σ0.7. However, the
PVF profiles are very similar and suggest a rather small
influence of the grafting density on the brush structure outside
the compacted layer. This observation is supported by the
results of the electrokinetic measurements.

4.4. Effect of Ionic Strength on the Structure of
pMEDSAH Brushes. To study the effect of the ionic strength
of additional salt in the aqueous environment on the structure
of the pMEDSAH brushes, the samples were immersed in
NaCl and MgCl2 solutions, whose ionic strengths are
important to mimic biologically relevant aqueous electrolyte
solutions. Additionally, due to their mono- and divalent
cations, the same monovalent anion equal salt concentration
yields different ionic strengths.
4.4.1. Brush Swelling in NaCl Solution. From the analysis

of the reflectivity curves measured for pMEDSAH brushes in
NaCl solution (Figures S6 and S7) of the Supporting
Information, the volume fraction profile shown in Figure S6
was obtained. There, the fits according to a layered model and
the model-free fits are compared. Figure 5 summarizes the
resulting PVF distributions ϕ(z), in particular, in graph (a), the
PVFs obtained with σ0 are plotted; in graph (b), the PVFs for
σ0.3 are given; and graph (c) summarizes the results for σ0.7.
The areas below the curves agree rather well with each other,
except for the case of 0.1 M NaCl, which disagrees strongly by
40% from the other curves in Figure 5a. However, as can be
seen, the adsorbed amount varies within 25% of the mean
value, as shown in Table 3. The brush thickness was
determined from the model-free analysis by smoothing the
polymer volume fraction profile with a smoothing routine to
reduce the effect of the unevenness in the profiles resulting
from the fits and then forming the first derivative. The maxima
serve as a measure of the corresponding thickness, hmax, of the
layer.
From the maximum thickness hmax found in the PVFs, a

swelling ratio hmax/hdry was calculated to compare the brush
extension due to the presence of NaCl and MgCl2. Table 3
summarizes the resulting values of the stretched brushes for
NaCl as well as MgCl2 at both measured concentrations of 0.1
and 1.0 M compared to the salt-free case. As hmax increases, the
profile significantly changes from parabolic to bimodal. Besides
this, the profiles at σ0 show a decrease of ϕ0(z = 0) from 0.8

Table 2. Dry Thickness hdry and Thicknesses hwet of the
Brushes Swollen with Salt-Free D2O

a

sample σ (nm−2) hwet (nm) hdry (nm) hwet/hdry
σ0 0.21 ± 0.04 53 ± 4 31 1.7 ± 0.1
σ0.3 0.16 ± 0.01 51 ± 4 22 2.3 ± 0.2
σ0.7 0.13 ± 0.03 40 ± 3 19 2.1 ± 0.2

aFrom these values, the swelling ratios hwet/hdry were determined.
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down to 0.5, indicating a higher polymer dilution close to the
substrate. At medium z (around 40−80 nm), ϕ(z) is larger
when the pMEDSAH chains are surrounded by a NaCl
solution. This indicates a significant stretching of the polymer
chains away from the surface. With σ0.3 and σ0.7, no such drop
of ϕ0 was observable.

4.4.2. Brush Swelling in MgCl2 Solution. In Figure 6, ϕ(z)
profiles obtained from fitting the NR data (Figures S8 and S9)
measured with the investigated pMEDSAH brushes immersed
in deuterated MgCl2 solutions are shown.
The comparison between the PVF profiles of σ0, σ0.3, and

σ0.7 shows similar features to the PVF profiles measured with

Figure 5. Polymer volume fraction profiles of the brushes shown in images (a) σ0, (b) σ0.3, to (c) σ0.7, calculated from the fits to the reflectivity data
of the brushes in NaCl solutions of different concentrations. The accuracy of the polymer volume fractions determined from multiple fitting runs is
5%.

Table 3. Results of Model-Free Fits to the Reflectivity Curves from the Brushes in Aqueous NaCl and MgCl2 Solutions
a

sample cNaCl (mol/L) cMgCl2(mol/L) Γ (mg/m2) hmax (nm) hmax/hdry N Mn 103 (g/mol) σ (nm−2) d (nm)

σ0 0.1 0 36.0 ± 2.0 56 ± 1 1.9
σ0.3 0.1 0 25.0 ± 1.3 67 ± 2 3
σ0.7 0.1 0 23.4 ± 1.2 86 ± 5 4.5
σ0 1.0 0 22.7 ± 1.1 130 ± 2 4 520 144 ± 3 0.170 2.4
σ0.3 1.0 0 28.1 ± 1.4 100 ± 5 4.5 400 112 ± 6 0.160 2.5
σ0.7 1.0 0 24.7 ± 1.2 92 ± 2 4.8 370 103 ± 2 0.151 2.6
σ0 0 0.1 36.0 ± 1.8 57 ± 2 3.6
σ0.3 0 0.1 31.2 ± 1.6 55 ± 2 2.5
σ0.7 0 0.1 31.0 ± 1.6 45 ± 2 2.4
σ0 0 1.0 26.1 ± 1.3 87 ± 5 3.2 348 100 ± 6 0.254 2.0
σ0.3 0 1.0 21.1 ± 1.1 100 ± 3 4.6 410 113 ± 4 0.158 2.5
σ0.7 0 1.0 22.9 ± 1.1 135 ± 2 7 540 150 ± 3 0.104 3.1

aValues of the adsorbed quantities Γ, maximal brush thickness hmax, and the swelling ratio hmax/hdry are given. Molecular weight Mn, grafting density
σ, and the mean distance d 1/ ( )= between the grafting sites were estimated from the results for the highest salt concentrations, assuming the
brushes to be maximally swollen in that case.

Figure 6. Polymer volume fraction profiles of the brushes shown in images: (a) grafting densities σ0, (b) σ0.3 to (c) σ0.7, calculated from the fits to
the reflectivity data of the brushes in MgCl2 solutions of different concentrations. The accuracy of the polymer volume fractions determined from
multiple fitting runs is 5%.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.4c02879
ACS Appl. Polym. Mater. 2025, 7, 5807−5819

5814

https://pubs.acs.org/doi/suppl/10.1021/acsapm.4c02879/suppl_file/ap4c02879_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c02879?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c02879?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c02879?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c02879?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c02879?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c02879?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c02879?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c02879?fig=fig6&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.4c02879?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


NaCl solutions. Again at σ0, the value of ϕ0 decreases from
0.75 to 0.48 at increasing concentration of MgCl2, while the
pMEDSAH chains reconfigure at medium distances ≈40−60
nm from the interface. Here, the profile of ϕ(z) changes again
to bimodal.
However, for σ0.3 and σ0.7, both the values of ϕ0 and the

course of ϕ(z) change less than in the case when the brushes
were immersed in NaCl solution. At σ0.3 and σ0.7, the values of
hmax are slightly larger than with NaCl, and the course of ϕ(z)
shows minor differences for the different salt concentrations
for MgCl2 compared with the courses obtained with NaCl.
4.4.3. Comparison. Figure 7 summarizes the brush

thicknesses for the ionic strengths measured with NR (Tables

2 and 3). The ionic strength I is the product of the molar
concentration and charge number of the ions summed for all
ions. The open symbols refer to the aqueous MgCl2 solution,
and solid symbols indicate salt-free water at I = 0 and aqueous
NaCl solution otherwise. When compared to the salt-free case
with a wet brush thickness of 50−60 nm (Figure 4), the
increase of the maximal brush thickness is visible for all grafting
densities. The increase from I = 1 mol/L to 3 mol/L is
minimal and approaches a limit value around 130 nm, which
yields a maximal stretching by a factor of approximately 3 to 5
compared with the dry thickness. Such swelling factors were
also previously determined in NR measurements for PMAPS
brushes in aqueous NaCl solution.22 A further increase in the
ionic strength might therefore not lead to further stretching of
the polymer chains. Considering the maximal stretching of the
polymer chains in the brushes, the stretching of the chains in
the presence of the divalent cation Mg2+ seems to be less
pronounced. It was reported in the literature that the presence
of divalent cations may induce dehydration and interchain
bridging which would result in a reduction of the chain
stretching.27,29 The brush thicknesses at 1.0 M NaCl and 1.0 M
MgCl2 were assumed to be close to the maximal stretching of
the polymer chains. They were used to estimate the mean
degree of polymerization N and the mean molecular weight Mn
of the chains. This approach was chosen to take into account
the variation in brush thicknesses depending on the required
substrate size and to avoid technically challenging approaches,

such as degrafting of polymer chains. The estimations were
based on a value of 0.25 nm for the length of the repeat unit in
the chain and its molecular weight of 279 g/cm3.45,48

Furthermore, using eq 5 with the calculated molecular weights
yields values for the grafting density σ. To consider
experimental uncertainties, the results of the measurements
at 1.0 M for both salts were taken into account in determining
σ. Averaged values of σ0 = 0.21 nm−2, σ0.3 = 0.16 nm−2, and σ0.7
= 0.13 nm−2 were obtained and used for further considerations.
This corresponds to a mean distance d 1/= between the
grafting points of 2.2, 2.5, and 2.8 nm. These values confirm
the semidilute brush regime at all three grafting densities.
Despite the large variation in the spacer/initiator ratio, only a
small effective variation of σ was obtained. Possibly, the
interchain association causes an apparently low reduction in
the case of a spacer/initiator ratio of 70:30 but confirms the
semidilute regime of the brushes. Based on tabulated bond
lengths, the length of the side arms carrying the sulfonate and
quaternary ammonium groups can be estimated to be
approximately 1.3 nm. The mean distance between the grafting
sites of 2−3 nm suggests that certain conformational bending
is required to neutralize the charged groups in interchain
interactions, which then leads to a polymer-rich layer in the
vicinity of the surface.
A comparison of the PVF profiles ϕ(z) in Figures 5 and 6

indicates similar stretching of the brushes. However, the
observed brush thicknesses indicate that in the presence of the
divalent cation Mg2+, the thicknesses are lower and the
antipolyelectrolyte effect is less pronounced when compared to
the presence of Na+. This is suggested by the higher values of
hmax in the outer region of the brushes. Only at 1.0 M would
more elongated chains occur as more interchain associations
are broken than at the lower concentration. Speculatively, it
could be that the ions could then diffuse deeper into the brush.
Moreover, the chosen values of the grafting density influenced
the observed brush thickness in the dry and water-swollen
states, as is known for neutral brushes but showed only a minor
influence on the brush structure at different values of the ionic
strength.

4.5. Near Surface Dynamics in pMEDSAH Brushes.
The dynamics of this thick polymer brush with a maximal
achievable grafting density of σ0 at the interface was studied
with GINSES.
GINSES requires a sample thickness of >100 nm so that

sufficient neutrons from the evanescent intensity distribution
can be scattered on the sample and then be deflected.
Therefore, a brush thickness of 100−200 nm was aimed for. At
these layer thicknesses, no more Kiessig fringes can be
observed, and R(Qz) falls off as a smooth curve. The thickness
of the brush prepared for GINSES was estimated using the
model-free approach and a layer model for a polydisperse
brush (Figure S10).
The relaxation rates Γc in the intermediate scattering

functions (see eq 4) measured with polymer brushes are
either small (observed as an incomplete decay within the
experimentally accessible Fourier time window) or large
(decay to zero after a few ten nanoseconds) and contain
information on concentration fluctuations at low Q < 1/ξblob
which is diffusion of blobs of size ξblob. Figure 8 illustrates the
dynamics probed with GINSES; the size of a blob is given by
the distance of the grafting sites of neighboring polymer chains.
A grafted chain can be interpreted as a chain of blobs, and a
brush is a close packing of these blobs. In an ideal brush with

Figure 7.Maximal brush thickness hmax as summarized in Table 3 as a
function of ionic strength I for pMEDSAH brushes with averaged
grafting densities σ0 = 0.21 nm−2, σ0.3 = 0.16 nm−2, and σ0.7 = 0.13
nm−2. The open symbols refer to measurements with MgCl2; solid
symbols are either with NaCl or without salt (I = 0) (see also Table
2).
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uniform chain length, all blobs have the same size. However, in
a polydisperse brush, the blob size increases with increasing
distance from the grating surface, and hence, thickness-
dependent dynamics should occur. At high Q > 1/ξblob, the
dynamics inside a blob is probed. Here, the segmental
dynamics of a polymer chain dominates the signal. Hence,
dependent on the penetration depth of the neutrons into the
brush and dependent on Q, a significant decrease of the
intermediate scattering function should occur. Only if in parts
of the brush these motions are hindered or suppressed, does a
constant time plateau Abgr occur or is there a very slow
dynamic that only falls off on time scales outside the
experimentally accessible time range. The brush was measured
at an angle of incidence αi = 1.0°, leading to a virtually infinite
neutron penetration depth z1/e ≫ hmax since αi ≫ αc. Figure 9
exemplary shows the intermediate scattering functions S(Q,
τNSE) for three Q values Q = 0.04 Å−1, Q = 0.05 Å−1, and Q =

0.07 Å−1. All three measurements show a flat course of S(Q,
τNSE) within the time window of observation τNSE. The
precision is somehow already limited by the statistics at large
Fourier times. Moreover, in GINSES measurements, conven-
tional background correction and reference measurements
need to be modified, as discussed in previous work.32,52 The
inherently low signal intensity decreases with increasing Q, and
hence, measurements were not reasonable at larger Q, which
would provide more local information. The GINSES experi-
ments are therefore limited to observations of large-scale
dynamics such as density fluctuations at length scales larger
than the thermal blob size ξth. Segmental dynamics inside this
blob are difficult to access for brushes in GINSES experiments.
The flat course of S(Q, τNSE) indicates the absence of density
fluctuations with large fluctuation amplitudes for these brushes.
A small signal amplitude A−Abgr of a few percent is
superimposed at a high elastic background of Abgr ≈ 70−
80% of the total signal amplitude A. Considering the
limitations, an upper limit for the relaxation rates of Γc ≤
10−3 ns−1 can be estimated. Following the simplified
Alexander−de Gennes blob picture for brushes, from the
dispersion relation of a diffusional motion Γc = DappQz2, the
lower limit for the radius of the corresponding spherical blobs
ξblob of 40 nm can be estimated by applying the Stokes−
Einstein-type equation D = kBT/(6πηξblob) for a temperature
of 20 °C in D2O at Q = 0.05 Å−1. Compared to typical blob
sizes of a few nanometers estimated for neutral brushes, this
large value indicates long-range correlations of the pMEDSAH
chains. This suggests that correlated fluctuations extend over
several individual chains. Furthermore, it is reasonable to
assume that the mean fluctuation amplitude is low due to the
strong coupling of the neighboring chains. Possibly, bound
water and the counterion distribution with its hydration shells
also act as a medium with an effectively high apparent viscosity.
That would also dampen the fluctuations of the polymer chains
in the brush. A comparison with earlier measurements on
PNIPAM brushes and PEG brushes shows clear differ-
ences.32,52 A clear mobility of the outer areas of the brushes
can be observed in the neutral brushes. In addition to the
electrostatic coupling of the zwitterionic chains, the stronger
binding of the hydrate shells can also contribute to the
damping of the mobility of the chain segments. This clear
difference in the hydrate shells was demonstrated by NMR
measurements.53 In a recent study using dynamic light
scattering on polyzwitterionic chains in salt-free and dilute
salt solutions, it was observed that polyzwitterionic polymer
chains in salt-free conditions relax more slowly to thermal
excitation than in a dilute salt solution.20

5. CONCLUSIONS
In this study, we explored the influence resulting from the
antipolyelectrolyte effect of salt type (monovalent and
divalent) and ionic strength on the structure of semidilute
zwitterionic polysulfobetaine brushes with varying grafting
densities. The brush structure was investigated with neutron
reflectometry, and the measured reflectivity curves R(Qz) were
analyzed in both a bimodal-structure model and a model-free
fitting approach to extract the polymer volume fraction profiles
ϕ(z). The polysulfobetaine brushes are swollen by a factor of
approximately 2 in salt-free water. At increasing ionic strength,
the brushes swell and the maximum brush thickness increases
by a factor of 3−5 compared to the dry state. At the highest
ionic strengths, the stretching approaches a plateau value. This

Figure 8. Scheme of dynamics in a planar polymer brush seen with
NSE at a fixed value of Qz. The observed decay of the intermediate
scattering function shown in semilogarithmic representation yields a
relaxation rate of the concentration fluctuations Γc, which decays
either fast or slow. Since Γc = DappQz2 and Dapp ∝ 1/ξblob, the value of
Γc is small when the related dynamics Γc/Qz ∝ 1/ξblob measures
fluctuations of rather large concentration blobs with size ξblob. A fast
decay indicates the fluctuations of smaller-sized blobs.

Figure 9. Semilogarithmic representation of the intermediate
scattering functions measured for brush σ0 in pure D2O at an angle
of incidence αi = 1° and hence virtually infinite neutron penetration
depth at (a) Q = 0.04 Å−1, (b) Q = 0.05 Å−1, and (c) Q = 0.07 Å−1.
The course of the intermediate scattering functions is rather flat
without a significant decay, which indicates a rather damped dynamics
in the system.
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finding was independent of the grafting density. The
investigated pMEDSAH brushes show a tendency to form a
diffuse, approximately bimodal structure in the presence of
mono- and divalent cations. A combined investigation of these
structural properties with NR and AFM could provide
additional insights into the protein adhesion resistance of
such zwitterionic brushes.
GINSES was used to measure the chain dynamics in the

brushes to investigate how the chain dynamics of zwitterionic
brushes in the salt-free state differ from the dynamics of neutral
brushes in a good solvent. We found that the interchain
interactions due to dipole−dipole, charge−charge, and also
charge−dipole interactions lead to an extensive suppression of
thermally excited fluctuations of the segments in the
nanometer and nanosecond range and conclude that in this
partially swollen state, the brush structure is rather chain-rigid.
Further investigations can lead to an understanding of the
chain and segment dynamics of such systems in the presence of
electrolytes and possibly explore the transition from the
dynamics of rather rigid chains to a stronger influence of
concentration fluctuations on the observed dynamics. More-
over, it would be interesting to relate such future findings to
the well-understood dynamics of neutral brushes and to
investigate their possible contribution to the protein repellence
of these systems.
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