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Abstract

The structure and the dynamic properties of poly(N-isopropylacrylamide) brushes
at solid planar surfaces under good solvent conditions are studied. Polymer brushes with
grafting densities in the high density and semidilute regime are prepared via surface-
initiated atom transfer radical polymerization. The polymer brushes were removed from
the substrates to determine the molar mass and molecular dispersity via size exclusion
chromatography to draw conclusions about the grafting density. The structure of the
brushes was investigated with ellipsometry and neutron reflectometry measurements.
We find an influence of the grafting density on the swelling properties of the poly(N-

isopropylacrylamide) brushes. Furthermore, the brush dynamics at different neutron
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penetration depths was analyzed with neutron spin echo spectroscopy under grazing
incidence. The evanescent intensity distribution was modeled with the BornAgain soft-

ware package, which uses the Distorted Wave Born Approximation.



Introduction

Polymer brushes are polymer chains, end-tethered to a surface with a density of anchor
points above a critical overlap density o* = 1/ R;, where R, is the radius of gyration in
solution under good solvent conditions. Due to the close proximity of neighboring chains a
free-energy balance argument between the desire to achieve a random walk configuration to
maximize the systems’ entropy and the avoidance of polymer-polymer interactions occurs,
leading to the stretching away of the polymer chains from the surface resulting in a certain
brush height h.*

These systems are commonly used for colloidal stabilization and surface modification to en-
hance certain surface properties such as wettability, antifouling behavior and tribological
properties. Taking into consideration the extensive work done in this field, we recommend
review articles for orientation.?*

This paper, using the example of poly(N-isopropylacrylamide) (PNIPAM) brushes in a good
solvent, explores experimentally the relation between structural features of such polymer
brushes and their dynamics. This has mostly been done with neutron spin echo spectroscopy
in transmission mode on spherical polymer brushes resulting from micelle like aggregation of
A-B diblock copolymers.® Furthermore, dynamic light scattering experiments at interfaces
employing the occurrence of evanescent waves under total internal reflection (EWDLS) were
conducted to investigate the dynamics of flat polymer brushes.%” Such EWDLS measure-
ments probe the thermally excited density fluctuations inside a brush in thermal equilibrium.
Beside this, atomic force microscopy (AFM)® and surface force measurements (SFA)® have
been used to explore the relaxations in polymer brushes. This was done either in thermal

10,11 5r ynder the influence of an external force.® This allows to draw conclu-

equilibrium
sions about the breathing mode of the brush, the adhesive properties and the friction in the
brushes.® ! However, in this work we aim at grazing incidence neutron spin echo (GINSES)

studies of polymer brushes grafted from flat silicon surfaces. These experiments are rather

challenging, but in this paper we show how combined with techniques such as ellipsometry



and neutron reflectometry (NR) they help in gaining valuable insights into polymer brush
dynamics. Furthermore, the grazing incidence geometry, in contrast to the transmission
geometry, allows a unique z-resolution to probe the brush layer in close proximity to the
grafting plane and the brush volume towards the bulk phase.!?!3 PNIPAM was chosen since
it is a prominent model system used in many polymer systems such as polymer brushes,
microgel particles and hydrogels. Oftentimes, the thermoresponsive properties of PNIPAM
with a volume phase transition temperature (VPTT) of approximately 32 °C are mentioned
and characterized in publications. However, for the sake of our dynamics studies we focused

on the swollen brush below the VPTT.

For homodisperse brushes with large brush heights and low grafting densities a parabolic

polymer volume fraction profile according to eq 1 is expected as described by self-consistent

field (SCF) theory.*

©(z) = 2(0)[1 — (2/h)’] (1)

with z being the distance from the grafting plane, h the height of the polymer brush and

@(0) the polymer volume fraction at z = 0.

However, for experimentalists the "grafting from" approach commonly used for the prepa-
ration of polymer brushes will yield systems with a molecular dispersity above 1. De Vos et
al. argue that the scaling behavior is not affected by this fact. It was shown in simulation
studies that the polymer volume fraction profile transitions from convex to linear to com-
pletely concave with increasing molecular dispersity.!°
In contrast, the "grafting to" approach while yielding more homodisperse brushes leads to

lower grafting densities due to an excluded volume barrier. 16

Considering the blob picture of polymer brushes, where a blob is describing a chain



segment exhibiting the behavior of a single unperturbed chain,'” this makes necessary the

introduction of the local correlation length (blob size) £(z)

v/(1-3v)
_ [ ¢)
£(z) = d( M) )

where d describes the average separation between polymer chains (d o« 1/4/0) and v the
swelling exponent. For a real chain v equals 0.588. Therefore, the local monomer concen-
tration c¢(z), local correlation length £(z) and the local elastic modulus E(z) =~ kgT/&3(2)
all depend on the distance to the grafting surface. This is contrary to the simple Alexan-

der - de Gennes model of polymer brushes with its close packed array of uniformly sized blobs.

Simulations of the size of the last blob, where concentration fluctuations are becoming
relevant, were carried out and show a relation between the size of the last blob dg and the

entire brush height h of

d _
% > (.286(0 R2)~* (3)

where o is the grafting density describing the number of chains per surface area. The ex-
ponent 5 = 1/2 was extracted from the numerical simulations. The local correlation length
in relation to the position within the brush is schematically displayed in Figure 1. As was
described in simulation studies the size of the last blob dg contributes 10-20% of the entire

brush height (20 < N < 100; N = degree of polymerization).!®

The "grafting from" approach also leads to high grafting densities of ¢ — 1 nm™ which
is the approximate limit for o corresponding to the maximum achievable surface coverage of
randomly arranged spheres at a planar surface. '’

At medium and low grafting densities binary interactions between neighboring chains domi-

nate the interaction free energy. In the high coverage regime additional three-body interac-
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Figure 1: a) Scheme of a polymer brush. The dashed circles represent blobs, which increase
in size as the distance from the grafting interface increases. This is shown in b), where
the polymer volume fraction @(z) and the correlation length (blob size) £ are schematically
displayed against the distance from the grafting interface z. dg and &z are the diameter
and the correlation length of the last blob respectively. @ is the polymer volume fraction
at z = 0.18



tions have to be considered. 222

In this regime the polymer volume fraction profile @(z) is predicted to be elliptic rather than

parabolic

() = D(O)[1 — (=/h)*]"/? (4)

with h = (2/y/m)Na?/d. Here N is the degree of polymerization (M, = N - M,,0n), a the
size of a monomer unit and M,,,,, the molar mass of a monomer unit.?"?3
Also for long chain brushes at high grafting densities the parabolic regime changes to a more
quasirectangular profile.??

Due to experimental conditions and high grafting densities, we assume that no expulsion
of polymer chains due to degrafting events occurs during our GINSES measurements. 425
Therefore, we observe small deformations of the equilibrium structure of a transitionally
invariant brush attached to an impenetrable planar solid substrate and the z-axis is the
coordinate under observation. This means that transverse shear modes will not be addressed

by the presented experiments, but rather longitudinal breathing modes that can be described

by a cooperative diffusion coefficient Dy,

kT

Dcoo = o N
" (6mm0d)

(5)

with 79 the solvent viscosity and d the characteristic size (~ blob size £) in the brush.?®
While d = const for an Alexander-de Gennes type brush, for a real brush we find that
d = f(z). It is expected that the local brush dynamics obey the balancing of the elastic

restoring force and the viscous friction due to the solvent flow according to

%[E (2)%} ~ 527(72«)% (6)

with u(z) the component of the displacement field under observation, 7 is the solvent

viscosity and du/dz the strain, which for small longitudinal deformations is proportional to



the stress P(z).17 In an Alexander type brush the local correlation length is similar to the
square root of the grafting density (£(z) =~ 1/0/?). Therefore, the breathing modes can be

described by a diffusion type equation

kT 8%u _ ou .
Yo R T (7)

where kpT/no'/? is the diffusion constant of a single blob. This leads to a characteristic

time 7, for the longitudinal breathing modes according to

T~ h72~ Nz(a/a2)1/3 (8)

With increasing distance from the grafting surface the relaxation time increases as well.
However, this does not indicate that monomers towards the edge of the brush are slower,
but that the magnitude of the fluctuations increases. While the motion of the polymer
chains near the solid wall is constrained, the free end-displacements behave like free polymer
segments in the dilute regime.

In the high grafting density regime stretching of the chains might lead to a decrease of the
blob size.?"?8 Theoretical studies predict an increase of the relaxation times of fluctuations
perpendicular to the grafting surface at increasing grafting densities.

The outer ends of the grafted chains dive down into the central brush interior. These cal-
culations show that this process becomes increasingly inhibited when the grafting density
reaches the high grafting density regime. This hindrance may result from an energetic barrier

due to the increasing rigidity of the brush in this regime.?’

In this paper PNIPAM brushes with different grafting densities were investigated. In
the first part of the paper, structural features are probed using ellipsometry and neutron
reflectometry. The influence of the grafting density on the swelling behavior of the PNIPAM

brushes is presented. The grafting density is experimentally determined with size exclusion



chromatography (SEC), which also yields information about the molecular dispersity D of
the PNIPAM brushes. In the second part of the paper, the brush dynamics are observed
with neutron spin echo spectroscopy under grazing incidence conditions. This allows the in-
vestigation of different layers of the PNIPAM brush by variation of the neutron penetration
depth z1/.. Here we were able to investigate Fourier times Tygg up to 60 ns. Furthermore,
to reduce unavoidable inherent ambiguities in the determination of the experimental back-
ground in grazing incidence experiments, simulations of the transmitted and reflected inten-
sities under total external reflection on the Distorted Wave Born Approximation (DWBA)

implemented in the BornAgain software package are used in the data treatment.

Experimental

Materials

Copper(I) chloride (99.995%, trace metal basis), N-isopropylacrylamide (NIPAM, > 99%),
N, N, N’; N”, N”-pentamethyldiethylenetriamine (PMDETA, > 99%), trichlorododecylsi-
lane (> 95% (GC)) tetrabutylammonium fluoride solution (1 M in THF) and tetrahydrofu-
ran (THF, anhydrous > 99.9% inhibitor-free) were purchased from Sigma-Aldrich. Hydro-
gen peroxide solution (30%), methanol (z.A. min. 99.8% CH;OH) and sulfuric acid (z.A.
95%) were purchased from CHEMSOLUTE®. Toluene (dried, max. 0.005% H,O) was
purchased from SeccoSolv®. Ethanol (absolute) was purchased from VWR CHEMICALS.
[11-(2-Bromo-2-methyl)propionyloxy|undecyltrichlorosilane (eBMPUS) was purchased from
Gelest. Deuterium oxide (99.9%) was purchased from Deutero GmbH. Water was purified

with a MilliQ system (Millipore) with a resistance of 18 MQ-cm.

Synthesis of PNIPAM brushes

The synthesis of PNIPAM brushes is adapted from the literature.?*3° However, some modi-

fications were made as described below.



All silicon substrates were etched with Piranha solution (i.e., HySO4:Hy04 1:1 v/v%) for
30 min, thoroughly rinsed with MilliQQ water and dried under a stream of nitrogen.

To apply a self-assembled monolayer (SAM) of [11-(2-Bromo-2-methyl)propionyloxy|undecyl
trichlorosilane (eBMPUS), 45 mL of anhydrous toluene was transferred into a glass reactor
and purged with nitrogen for 30 min. A 5 wt% solution of eBMPUS in anhydrous toluene
(45 pL) was then added under nitrogen bubbling and after 5 min the etched silicon substrates
were placed in the reactor. The reactor was sealed air tight and protected from light with
aluminium foil. The reaction was carried out for 24 h at room temperature. Afterwards, the
substrates were sonicated in toluene for 15 min and in ethanol for 5 min and dried under a
stream of nitrogen to remove excess reactant. The grafting density was varied by the addi-
tion of trichlorododecylsilane to the e BMPUS solution during SAM deposition. While the
molecular structure of this "dummy" molecule resembles that of the initiator (Figure S1), it
is not able to initiate polymerization.3!32

PNIPAM brushes were grafted from silicon substrates via surface-initiated atom transfer
radical polymerization (SI ATRP). NIPAM (2.0 g, 17.67 mmol (1.0 g, 8.84 mmol for slower
kinetics)) was dissolved in 23 mL methanol and 23 mL Milli() water under nitrogen bubbling
and continuous stirring (500 rpm). After 30 min the ligand PMDETA (150 L, 0.718 pmol)
and activating species Cu(I)Cl (0.0195 g, 0.197 mmol) were added and the solution was
purged with nitrogen and stirred for another 30 min. Afterwards, the stirring bar was re-
moved and the substrates with the SAM were placed in the SI ATRP solution. For kinetic
samples, substrates were removed after different polymerization times.

For removal of excess reactant the substrates were sonicated in MilliQQ water for 5 min and

dried under a stream of nitrogen.

For laboratory scale experiments PNIPAM brushes were grafted from silicon wafers
(2 cm x 2 cm). For neutron scattering experiments the experimental conditions were up-

scaled sixfold and PNIPAM brushes were grafted from silicon blocks (5 cm x 8 cm x 1.5 cm).
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Concerning the grafting density, experimental conditions during SAM deposition should lead
to the same grafting densities on silicon wafers and silicon blocks, if the same molar ratio of

initiator and dummy molecules is chosen.

Nomenclature of the used samples follows the scheme "PNIPAM-substrate-molar ratio
dummy-polymerization time in seconds", where B = silicon block and W = silicon wafer.
For example "PNIPAM-B-0.2-240" is a PNIPAM brush grafted from a silicon block with a

molar ratio of dummy of 0.2 that was polymerized for 240 s.

Degrafting of PNIPAM brushes

To determine their average molar mass M,,, molecular dispersity P and grafting density o
PNIPAM brushes were degrafted with tetrabutylammonium fluoride (TBAF) as displayed
in Figure 2.33 First, SI ATRP as described above was carried out on a total of 16 double
side polished (DSP) Si wafers (2 cm x 2 cm per wafer) to maximize the yield and ensure
enough material for SEC. The degrafting procedure was carried out in a cleanroom and
all solvents were filtered through two polytetrafluoroethylene (PTFE) filters (2 pm and
0.2 pm). A filtered solution of TBAF in THF (0.04 M) was placed in a double-walled
glass reactor and all 16 DSP Si wafers were added in a PTFE holder. The reactor was
sealed airtight and the mantle was heated to 50 °C. The degrafting proceeded for 24 h.
Afterwards, the Si wafers were removed from the reactor, thoroughly rinsed with filtered
THF and measured with X-ray reflectometry (XRR) to ensure complete removal of the
PNIPAM brushes. THF was then removed with a rotary evaporator and the brown resin
was lyophilized. The resin was redissolved in filtered MilliQQ water and dialyzed for a week
with daily water exchange (MWCO = 6-8 kDa) to remove any excess TBAF. The dialysis
was carried out at 4 °C to ensure the stretched state of the PNIPAM chains. After dialysis
the solution was again lyophilized and a brown resin was received, which was then measured

with SEC. Chromatograms can be found in the SI section.
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Figure 2: Reaction scheme of the degrafting of PNIPAM brushes from SiO, substrates
using TBAF. The reaction is driven by the higher bond energy of a Si-F bond (565 kJ/mol)
compared to Si-O (452 kJ/mol). A more detailed description can be found in the literature.

Ellipsometry

Ellipsometry was used to determine the dry and swollen thickness of PNIPAM brush layers.
Furthermore, the refractive index of the PNIPAM brush layers in the swollen state was
determined. A Multiscope Null-Ellipsometer (Optrel GbR, Germany) equipped with a green
laser (A = 532 nm) and a PCSA (polarizer-compensator-sample-analyzer) setup was used.
For dry measurements an angle of incidence a; of 70° was chosen. The relative humidity
during dry measurements was 30 to 40%. For measurements in water the sample was placed
in a stainless steel cell filled with MilliQQ water and mounted on top of the sample stage. Here
a; was 60°. The temperature of the sample cell was adjusted with a copper plate underneath
the sample holder and a thermostat, in order to observe the temperature-dependent collapse
of brushes with different heights and grafting densities. The obtained data was fitted with a
4-layer model with the following layers: (i) silicon substrate (n = 4.1520, h = c0), (ii) fused
silica (n = 1.4607, h = 1.5 nm), (iila) PNIPAM brush in air (n = 1.5062,h = hg), (iiib)
PNIPAM brush in water (n = ng, h = hgt) and (iva) air (n = 1.00028381, d = oo) and (ivb)
water (n = 1.33370,d = o0).

12



Size Exclusion Chromatography

Size exclusion chromatography (SEC) measurements were carried out at the Max Planck
Institute of Colloids and Interfaces in Golm, Germany. A series of three columns (PSS
GRAM VS, PSS GRAM 7 um, 100 A and PSS GRAM 7 pm, 1000 A) calibrated with
PS standards was used. N-methylpyrrolidone (NMP) with 0.5 g/ LiBr was the eluent
at a temperature of 70 °C and a flow rate of 0.8 mL/min. A PSS SECcurity UV and RI
(RI = refractive index) detector were used. The setup was calibrated for a molar mass range

of 600 - 2 000 000 g/mol.

Neutron Reflectometry

Neutron reflectometry (NR) measurements were conducted at the Magnetic Reflectometer
with High Incidence Angle (MARIA, MLZ, Garching, Germany).3! Measurements were car-
ried out in non-polarized beam mode at a wavelength of A = 10 A for low Q-values and
A =5 A for higher Q-values, with a wavelength distribution of AX/A = 0.1. Samples were
measured in a custom made sample cell, consisting of two aluminium blocks for temperature
control which enclose a PTFE trough and the silicon block. The PTFE trough was filled
with DoO and measurements were conducted at 15 °C and 50 °C. Neutron reflectivity curves
for measurements at 50 °C are displayed in Figure S6.

Neutron reflectometry data for PNIPAM-B-0-120 was fitted with a three-layer model. Here,
the first layer is the silicon oxide layer with an SLD of 3.47-109A-2 and a thickness of 1.5 nm,
while the second layer is composed of the initiator SAM with a SLD of 0.29-10°A2 and a
thickness of 1.3 nm. The third layer is the PNIPAM brush. The SLD for PNIPAM was
taken from the literature as 0.8-106A-2. The initial guess for the thickness of the brush layer

is estimated from ellipsometry measurements.

For PNIPAM-B-0.2-240 at 15 °C we assumed a four-layer model, referring to earlier

results by Brouette et al.?> We justify this by the comparable brush samples. In contrast to
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the above mentioned three-layer model an additional brush layer towards the D, O layer with
a higher solvent content is added. In this context the solvent content describes the volume
fraction of D2O (solvent) in the respective layer (e.g. brush). Furthermore, the SLD of the

initiator SAM is adjusted to the ratio of initiator to dummy molecules.

Grazing Incidence Neutron Spin Echo Spectroscopy

Grazing incidence neutron spin echo spectroscopy (GINSES) experiments were carried out
on the J-NSE instrument (MLZ, Garching, Germany).3¢ An illustration of the GINSES
scattering geometry is displayed in Figure 3. Detailed descriptions of the sample cell and
experimental setup are found elsewhere.'>!3 It is important to mention that the in-plane
component of the scattering vector Qgrnses = kaet — ks is negligible compared to the much
larger z-component. This is because for polymer brushes with their chain length distribution
and lateral homogeneous polymer density no significant lateral correlations in the range of
a few ten nanometers are expected.'? Neutron wavelengths of A = 6 A and A = 8 A
(AXN/A = 0.2) were used and all measurements were conducted at 15 °C. The scattering
geometry is shown in Figure 3. The angle of incidence a; was varied to measure at different
neutron penetration depths 2 /.. The neutron penetration depth describes the characteristic
distance perpendicular to the surface at which the intensity of the evanescent wave drops
to 1/e.3” Most importantly, the critical angle of total reflection a. depends on the neutron

wavelength A\ and the scattering length density contrast Ap according to

a. = \/Ap/n (9)

The value of a, was taken from the position of the critical edge of total reflection in
the neutron reflectivity curves and recalculated for the neutron wavelength of the GINSES
experiment.

In the grazing incidence geometry the generation of an evanescent neutron wave at an angle
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Figure 3: Schematic setup of a GINSES experiment. The inset shows the scattering wave-
vector for inelastic scattering. The neutron beam enters from the silicon substrate and is
reflected at the brush-silicon oxide interface.

of incidence «; below the critical angle of total reflection a, (o; < «.) with a certain inten-
Sity Lep(2) = Lepmaze®p(—21/¢/2)" is used to penetrate into the sample layer at a chosen

penetration depth z; /., which can be calculated according to

23\

dnf{[(af — 022 + (3)%)2 — (a7 — )}

(10)

/e =

Absorption is taken into account by pu, the absorption coefficient, given by the total scat-
tering cross section oy, per volume o4/ V.37 Details about the calculation can be found in
Table S1.

Figure 4 shows the neutron penetration depths for both investigated brush samples measured
in the grazing incidence scattering geometry depicted in Figure 3. The parameters of the

calculation of 7/, according to eq 10 are summarized in Table 1.

Since grazing incidence measurements suffer from low signal intensity, the reasonable Q-
range for the measurements was identified by a ()-scan of the scattered intensity in reflection
mode. This is shown in Figure S9 in the supporting information. Considering the coher-

ently scattered intensity in the spin-up configuration of the instrument and the incoherently
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Figure 4: Neutron penetration depths for PNIPAM-B-0-120 (A) and PNIPAM-B-0.2-240 (B)
calculated according to eq 10. The angle of incidence «; was normalized with the critical angle
a.. The red dashed lines mark the critical angle a. determined from neutron reflectometry
measurements. The black dashed lines show the range in which measurements were taken
due to the wavelength distribution of 20%. 1) Evanescent regime («; < a.), typically 10 -
100 nm, 2) «; ~ a, transition from evanescent regime to transmission regime, typically a
wide range of 2., 3) transmission regime «; > . with virtually infinite penetration depth.

Table 1: Neutron penetration depths z;,. calculated according to eq 10. 2z /cmimn is the
minimum neutron penetration depth and 2; /¢ e, the maximum neutron penetration depth
taking into consideration a wavelength distribution AA/A=0.2.

Sample Q; A 21 /e, min (nm) Z1/e,maz (nm)
PNIPAM-B-0-120  0.2° 0.44° 8.78 9.7
PNIPAM-B-0-120 1.0° 0.44° 22000 28000
PNIPAM-B-0.2-240 0.27° 0.58° 8.0 9.5
PNIPAM-B-0.2-240 0.5° 0.58° 16.5 o817
PNIPAM-B-0.2-240 1.3°  0.58° 24000 39000
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scattered neutrons (background) measured in the spin-down configuration, the accessible
Q-range is limited to low Q-values. Hence, Qarnses = 0.06 A1 was chosen for the GINSES
measurements.

Since the dynamics of a sample under study is measured as a function of time, NSE and
GINSES yield the intermediate scattering functions S(Q, Tnsg). The time parameter Tygp is
an instrumental parameter with the dimension of time called "Fourier time", being 7ysg o
A3 - B, where B is the absolute value of the magnetic field. 38

The standard normalization procedure and background correction of NSE measurements in
transmission mode cannot be applied for measurements in reflection mode. As can be seen
from eq 9 the critical angle a, intimately depends on the composition of the sample interface
which changes when the brush sample is replaced by a bare silicon block. To circumvent this
inherent difficulty and to estimate the background of the sample cell with and without the

brush sample, BornAgain calculations were done as is explained below and in the SI section.

Modeling of the evanescent wave

To estimate the contributions of brush regions at different distances from the grafting sur-
face to the measured scattering signal and the penetration depth z;,. of the evanescent
neutrons, simulations using the BornAgain platform were performed within the framework
of the Distorted Wave Born Approximation.?® Simulations were used to numerically study
the distribution of the evanescent intensity I.,(z, ;) at constant neutron wavelength and
to compare the relative contributions of the solid-liquid interface with and without a brush
sample layer to the experimentally observed elastic background in the scattering signal. The
instrument resolution, layer roughness and absorption effects of each layer were included. As
in the real physical experiment, in the simulations the neutron beam impinges on the inter-
face through the silicon block. In the simulations, thickness parameter and SLD values were
chosen according to the analysis of the neutron reflectivity measurements. The gradually

changing scattering length density profiles of the brushes obtained in the Motofit analysis
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of the neutron reflectivity measurements were sliced into 100 layers of different scattering
length density values. The transition between the individual layers was adapted according to
the polymer volume fraction profile given in eq 1. These approximations were slightly refined
during the simulation runs to avoid mathematical instabilities and artificial contributions in

the calculated intensity distribution. Further details are given in the SI section.

Results and discussion

Structure of PNIPAM brushes with different grafting densities

Characterization of brush height and swelling behavior with ellipsometry

As typically observed in SI ATRP the development of the brush height displays a linear
dependence on the polymerization time ¢, in the beginning stages of the polymerization, up
to a leveling off as the polymer brush reaches its maximum height due to termination.44!
The dry brush height of the PNIPAM brushes synthesized for this paper for two different
monomer concentrations (1 vs. 2 g) in dependence of ¢, is displayed in Figure S2. Here,
polymerization times between 1 and 4 minutes are displayed. It shows how a reduction of the
monomer amount by half leads to slower brush growth reflected by a decrease in the slope

and therefore better control over the polymerization. This is in agreement with theoretical

expectations according to

Ry = ky[M][F;] (11)

where R, is the rate of polymerization, k, is the rate constant of the polymerization, M|
the monomer concentration and [P,] the concentration of polymer radicals.*!
While with 2 g NIPAM a polymer brush of 38 nm results after the first minute, the corre-
sponding brush with 1 g NIPAM displays a height of 25 nm. After 4 min the difference is

even more pronounced with 108 vs. 48 nm for 2 and 1 g NIPAM respectively.
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The brush collapse of a shorter (PNIPAM-W-0-60, ¢, = 1 min) and a longer (PNIPAM-W-
0-180, t, = 3 min) PNIPAM brush was monitored with ellipsometry. The degree of collapse

Q.o Was calculated according to

h(T) — hsw(Trer)

)_
hsw(Trer)

Aol = (12)

where hg,(Tyer) is the brush height in water at the reference temperature 7, = 15 °C
and h(T) the brush height in water at a given temperature 15 °C < T < 50 °C.*? The
resulting values are displayed in Figure 5.
In the context of this paper we refer to the brush in water at 15 °C as the "swollen" state,
whereas the brush in water at 50 °C is referred to as being in the "collapsed" state. The
brush in air, where no solvent is present, is referred to as the "dry" state.
The corresponding temperature-dependent ellipsometry measurements of the swollen brush

in water are found in Figure S3.

007 | A PNIPAM-W-0-60
z e PNIPAM-W-0-180
-0.1 K
-0.2_ A:..
co '0.3_ 4
A ...
-0.41 a L
A
-0.5
A
A A A A
'06 T T T T

20 30 40 50
T(°C)

Figure 5: Degree of collapse a., for PNIPAM brushes with two different polymerization
times ¢,; PNIPAM-W-0-60 (1 min), PNIPAM-W-0-180 (3 min). Calculated according to
eq 12 from ellipsometry measurements in water.

Figure 5 shows a more pronounced collapse for the initially thinner PNIPAM-W-0-60
with a. = — 0.57 compared to the thicker PNIPAM-W-0-180 with a.,;, = — 0.39. This
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1.,32 who found that at high grafting densities the

is in agreement with findings by Yim et a
ratio of the first moment of the segment concentration profile at 20 and 40 °C decreased

with increasing molar mass of the polymer chains.

The results of our ellipsometry measurements are displayed in Table 2. The dry brush
height for the maximum grafting density at different polymerization times (PNIPAM-W-0-60
and PNIPAM-W-0-180) is 38 nm after 60 s and 91 nm after 180 s. In water the thickness at
15 °C increases to 90 nm for PNIPAM-W-0-60 and to 153 nm for PNIPAM-W-0-180. Upon
increasing the temperature to 50 °C the brush collapses to 39 nm and 93 nm respectively.
This collapse is expressed with the above mentioned degree of collapse.

Furthermore, ellipsometry was measured on a PNIPAM brush with a varied grafting density,
where the molar ratio of initiator and dummy molecules was 1 to 0.2. This brush might be
described as a semidilute brush. It shows thermoresponsive behavior similar to the maximum
grafting density brush with a molar ratio of 1 to 0 between initiator and dummy molecules.
In the swollen state PNIPAM-W-0.2-240 has a swollen height of 68 nm and a degree of
collapse of o,y = — 0.48. Moreover, the change of refractive index towards the value
of the pure polymer gives another qualitative indicator for the expelling of water from the
PNIPAM brush layer (ng,o = 1.33,npyrpay = 1.52).

Our results qualitatively agree with previous studies on PNIPAM brushes using spectroscopic
ellipsometry. While we applied classical Null ellipsometry at a single optical wavelength to
characterize the brush height, we had to keep the fitting models simple to avoid incorrect
interpretation of the data due to ambiguities in the fitting process. Hence, our results give
reliable values of the heights in the dry and collapsed wet state, but estimate the brush height
in the swollen state. However, our results agree with measurements by Kooij et al.*® and
Yu et al.** who used spectroscopic ellipsometry for the brush characterization. Hence, Kooij
et al. were able to measure rather detailed refractive index profiles of PNIPAM brushes in

water at different grafting densities.
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Table 2: Thickness h and refractive index n of PNIPAM brushes with different grafting
densities as measured with ellipsometry. Refractive index in the dry state taken from Reufer
et al.*> The collapse ratio a., was calculated according to eq 12.

Sample T (°C) h (nm) N532.6 nm Qeol
PNIPAM-W-0-604;,, r.t. 38 + 0.6 1.52 £ 0.01
PNIPAM-W-0-60,¢: 15 90 £+ 0.02 1.3844
PNIPAM-W-0-60,e: 50 39 + 0.03 1.4552 -0.57
PNIPAM—W-O—lE%OdTy r.t. 91 £ 1.1 1.52 £ 0.01
PNIPAM-W-0-180,,¢ 15 153 £+ 0.01 1.3794
PNIPAM-W-0-180,,¢ 50 93 + 0.02 1.4732 -0.39
PNIPAM-W-0.2-2404,., r.t. 29 £ 0.3 1.52 £ 0.01
PNIPAM-W-0.2-240,,; 15 68 + 0.08 1.3925
PNIPAM-W-0.2-240,,; 50 33 £ 0.25 1.4548 -0.52

Degrafting for the determination of M,,, D and o

In order to ensure the synthesis of PNIPAM brushes with different grafting densities yields
polymer chains with similar molar mass and molar mass distribution, ST ATRP grafted PNI-
PAM brushes were cleaved from Si substrates as described in the methods section. Size
exclusion chromatograms as presented in Figures S4 and S5 show that the maximum graft-
ing density yields polymer chains with M,, = 40500 g/mol after a total polymerization time
t, = 120 s, which is comparable to M,, = 46500 g/mol for the minimum grafting density
after t, = 240 s. Furthermore, both samples display a molecular dispersity of H = 1.5. It
should be mentioned that we base our analysis on the signal from the UV detector, since
the RI detector signal is concentration dependent and degrafting yields rather low sample
amounts.

We find a bimodal molar mass distribution for both samples with one peak at low molecular
masses (M,, = 1300 g/mol for maximum and M, = 2700 g/mol for minimum grafting den-
sity) and another one at higher molar masses expected for a polymer chain in a brush layer
of the measured dry thickness. This has been observed in the past by Pasetto et al.*¢ in PS
and PMMA brushes and is attributed to termination by disproportionation, where Pasetto
et al. found saturated and unsaturated chain ends, the products of such disproportionation.

Because of the bimodal molar mass distribution, the values for the grafting densities calcu-
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lated from

o= pMNAhdry
M,

(13)

with o the grafting density, pys the density of the monomer, Ny Avogadro’s number, hg,,
the dry thickness of the polymer brush and M, the molecular mass of the polymer chain,
can only be regarded as approximations to the actual grafting densities. This yields grafting

2 and 0 = 1.0 nm™2. Considering the experimental uncertainty and

densities of o = 0.6 nm"
in comparison to values reported in the literature, we attribute our brushes to the semidilute
and concentrated regime.

To characterize the tethering regime of grafted polymers the so called reduced tethered
density X = O'7TR§ is used. This yields the number of grafted chains in the cross-sectional
area of the free polymer chains in bulk. Values of > < 1 correspond to the mushroom regime,
at ¥ =~ 1 the transition into the brush regime occurs which is fully established at 3 >> 1.47
The large values of X' clearly indicate that these brushes are in the highly stretched regime in
the range of very large grafting densities (¢ — 1) and medium chain lengths (N ~ 160-400)

studied here.

From the grafting densities determined from DSP Si wafers and dry thicknesses measured
with ellipsometry on the block samples PNIPAM-B-0-120 and PNIPAM-B-0.2-240 we were
able to calculate the molar mass M, degree of polymerization N and reduced grafting

density X for those block samples (Table 3).

Table 3: Grafting density o, dry brush height hg,, measured with ellipsometry, molar mass
M, calculated according to eq 13, degree of polymerization N and reduced grafting density
X for PNIPAM brushes grafted from Si blocks. These samples were used for all neutron
studies in this publication.

Sample o (nm?)  hgy (nm) M, (g/mol) N X
PNIPAM-B-0-120 1.0 42 28000 250 190
PNIPAM-B-0.2-240 0.6 27 18000 160 70
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While the resulting values for 3 are smaller than on the DSP Si wafers they still show

that our samples are in the fully established brush regime where ¥ >> 1.

Neutron reflectometry measurements

Figure 6 displays neutron reflectivity curves of PNIPAM-B-0-120 and PNIPAM-B-0.2-240
in the swollen state at 15 °C'. The curves were fitted with layer models as described in the
materials section. Neutron reflectivity curves in the collapsed state at 50 °C’ were measured

as well and are displayed in the SI section.

In the swollen state (i.e. at 15 °C') the resulting reflectivity curves do not display distinct

Kiessig fringes (Figure 6), since there is a rather smooth transition between the PNIPAM
brush and the solvent (D20). As described above for PNIPAM-B-0-120, the sample with a
maximum grafting density, the reflectivity curve could be fitted with a single PNITPAM brush
layer. The resulting layer has a thickness of 81 nm and a solvent content of 51% v/v. From
the fit of the same sample at 50 °C' the collapse becomes apparent in the decrease of layer
thickness to 54 nm and repulsion of solvent to a solvent content of 38% v/v (Table 4).
In the case of a lower grafting density (PNIPAM-B-0.2-240) the PNIPAM layer could be
subdivided into two layers with different solvent content. A single layer model did not lead
to physically plausible results. The layer closer to the substrate is thinner and displays
a lower solvent content of 38% v/v than the layer in closer proximity to the bulk phase
with 86% v/v. These results are mirrored in the SLD profiles calculated from the fits (see
Figure S6). From the SLD profiles the polymer volume fractions were calculated assuming
additivity of the contributions from polymer and D5O.

The polymer volume fraction (PVF) profiles at 15 °C' illustrate the smooth transition
from the PNIPAM brush into the solvent. A detailed list of all fit parameters is found in
Table 4.

For the lower grafting density (PNIPAM-B-0.2-240) in the swollen state, i.e. at 15 °C, there
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is a dense inner layer and a more dilute outer layer with a chain end segment distribution.
At 50 °C this outer layer collapses onto the dense inner layer, which apparently increases in
thickness (20 to 28 nm) and the water content of this layer decreases slightly. However, in
the region of layer 2 there is a pronounced increase in the PVF, accompanied by a strong de-
crease of the water content (86 %v/v to 35 %v/v). In very close proximity to the substrate
the PVF does not change significantly (within the precision of the neutron reflectometry

measurement). We assume that this is due to steric reasons due to the collapse of layer 2.

15°C .
4- 1.0+ 15°C

2+ 0.8+

0.6+

log R
PVF

_a)

0.4+

02,

0.0

T T T T T T I
400 800 1200 1600
Distance from the surface z (A)

Figure 6: Left: Neutron reflectivity curves and corresponding fits of a)PNIPAM-B-0-120
and b)PNIPAM-B-0.2-240 at 15 °C' in D,O. Right: Corresponding polymer volume fraction
(PVF) profiles calculated from SLD profiles (Figure S6).

Previous reports of neutron reflectometry measurements on PNIPAM brushes are in
good agreement with these findings.3*3° Similar observations were also made in force mea-
surements between PNIPAM brushes and mica surfaces in a wide range of molar masses
and grafting densities. A dense PNIPAM layer in the vicinity of a hydrophilic surface due
to attractive polymer-surface interactions was subsequently followed by a less dense layer
passing over into the aqueous bulk phase. Our findings furthermore are in agreement with
theoretical studies by Descas et al.*® and experimental results from Kooij et al.*? and Yu

1_44

et a who, using spectroscopic ellipsometry, found an optically dense film in PNIPAM

brushes at the substrate film interface and a more diluted layer on top.*?
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Table 4: Thickness h, D2O penetration and roughness of PNIPAM brushes with different
grafting densities (¢ = 0.6 and 1.0 nm™?) as determined with neutron reflectometry. Here
oo Was determined from h values measured with NR.

Sample T (°C) h (nm) D50 (%v/v) roughness (nm) | a
Layer 1 | Layer 2 | Layer 1 | Layer 2 | Layer 1 | Layer 2

PNIPAM-B-0-120g4, r.t. 42 - - - - -
PNIPAM-B-0-120,,.; 15 81 ; 51 ; 22 ;
PNIPAM-B-0-120,,¢¢ 50 54 - 38 - 1.6 - -0.33
PNIPAM-B-0.2-2404., r.t. 27 - - - - -
PNIPAM-B-0.2-240,,; 15 20 40 38 86 7.4 17
PNIPAM-B-0.2-240,,; 50 28 - 35 - 1.3 - -0.53

Dynamics of PNIPAM brushes of different grafting densities
Calculation of the evanescent intensity distribution

In contrast to NSE in transmission mode, under grazing incidence conditions, no standard
background correction is possible, since the critical angle and therefore the neutron pene-
tration depth strongly depend on the scattering length density contrast at the solid-liquid
interface. To minimize the uncertainty of the background determination during the fitting
process, numerical simulations using the BornAgain software were performed. Figure 7 shows
the two-dimensional distribution of the evanescent intensity for PNTPAM-B-0-120 immersed
in D50 in the swollen state being based on the PVF distributions obtained from the neutron
reflectometry measurements. In Figure 7 the variation of the evanescent intensity distribu-
tion is mapped in dependence of the angle of incidence «; of the impinging neutrons and the
distance from the scattering plane (Zero marks the scattering plane, values below refer to
positions inside the silicon subphase and distance is the vertical position perpendicular to
the substrate.) In the evanescent regime below the critical angle of total external reflection
a., at increasing values of the angle of incidence «; the evanescent neutrons extend further
into the sample. Above «, the neutron penetration depth extends to virtual infinity. Cuts

through this intensity map at constant «; allow to estimate the neutron penetration depth
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21/ under these particular scattering conditions. This is shown on the right in Figure 7 for
sample PNIPAM-B-0-120. According to these cuts, for z /. values of 25 nm and 16 nm were
yielded for samples PNIPAM-B-0-120 and PNIPAM-B-0.2-240 respectively. These values
are by a factor of 2-3 larger than the estimations according to eq 10. However, these values
agree with the finding that under the chosen scattering conditions an interfacial region up
to twenty to thirty percent of the brush height was probed.

Moreover, simulations of the scattering intensity under grazing incidence conditions for
the brush-silicon interface and the D,O-silicon interface yield an estimation of the contribu-
tion of the substrate (Figure S8) to the elastic background in the scattering signal (Figure S7).
The elastic background is a superposition of an elastic signal from the polymer brush itself

and the background stemming from the silicon substrate.

substrate

Intensity

I(Zzzl/e)zlev,max*l/e

distance z (nm)

T T T T T T T T T T 1
0 Z1/e 40 80 120 160 200
Position [nm]

Figure 7: Left: Two-dimensional distribution of the evanescent intensity for PNIPAM-B-
0-120 immersed in D50 in the swollen state at 15 °C'. Mapped is the variation of the
evanescent intensity as a function of the angle of incidence «; of the impinging neutrons and
the distance from the scattering plane (Zero marks the scattering plane, values below refer to
positions inside the silicon subphase and distance is the vertical position perpendicular to the
substrate.) Right: Vertical line cut of the intensity map of PNIPAM-B-0-120 at «;; = 0.2°.

Grazing incidence NSE measurements

Neutron spin echo spectroscopy experiments under grazing incidence geometry (GINSES)
were performed under different angles of incidence «; to probe different neutron penetration

depths into the sample parallel to the interface between substrate and PNIPAM brush. The
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neutron penetration depth z;,, was calculated according to eq 10 for different angles of in-

cidence and is displayed in Figure 4.

()-scans for each sample were conducted to determine a Qgrysges-value suitable for the

GINSES measurements. These Qgrnses-scans are displayed in Figure S9. Finally, a Qgrvses-
value of 0.06 A! was chosen for all samples and all angles of incidence. For data analysis

the background A, , which sums up elastic scattering and the experimental background

was determined from measurements of the sample cell with an uncoated silicon block against

D50 (see Figures S7 and S8) and the numerical calculations. Therefore, GINSES data was

first fitted according to

S(Q,TnsE) = (A — Apgr)e ToNSE 4 Ay, (14)

with (A — Apy-) the amplitude, consisting of the density fluctuations of the polymer
segments and the background A, as described above. I is the relaxation rate attributed
to the coherent signal and 7y gg the Fourier time parameter from the GINSES measurements.
Furthermore, we observed an initial incline of the intermediate scattering function at lower
Fourier times for low penetration depths in the semidilute brush sample. This initial incline
we ascribe to incoherent scattering from hydrogen atoms in the sample. In those cases we

extended eq 15 with a factor containing the incoherent relaxation rate I7;.

S(Q, TNSE) = (A — Abgr)(l — e_FiTNSE)e_FCTNSE + Abgr (15)

From the fitted values for the coherent relaxation rates I, the dynamic correlation length

of the breathing modes of the PNIPAM brushes was calculated according to

¢ B kgT
o 6mno(Ie/ QQGINSES)

where kg is the Boltzman constant, T' the temperature in K, 79 the solvent viscosity and

(16)

Qainses the absolute value of the momentum transfer.
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Figure 8: Intermediate scattering functions S(Q,7ysg) for PNIPAM-B-0-120 with a maxi-
mum grafting density for angles of incidence a; = 0.2° and o; = 1.0° and Qgrnsrs=0.06 AL
Solid lines are fits of eq 14 to the data.

The obtained fitting parameters and corresponding dynamic correlation lengths are dis-

played in Table 5.

Table 5: GINSES fit parameters.

Sample o A Apgr I; (ns') T (ns!) Eeoop (NIN)
PNIPAM-B-0-120 0.2° 0.60 = 0.01 0.45 4+ 0.03 - 0.019 £ 0.01 2.79
PNIPAM-B-0-120 1.0° 0.72 £ 0.01 0.45 4+ 0.04 - 0.010 £ 0.01 5.17
PNIPAM-B-0.2-240 0.27° 0.67 +£0.01 048 £0.03 1.6 =04 0.0083 + 0.002 6.36
PNIPAM-B-0.2-240 0.5° 0.78 £ 0.01 0.41 £+ 0.06 - 0.0034 £+ 0.001 15.60
PNIPAM-B-0.2-240 1.3° 0.80 +0.01 0.46 £ 0.13 - 0.0021 £ 0.001 25.54

Figures 8 and 9 show the intermediate scattering functions (ISF) S(Q, 7ysg) of both

brush samples, PNIPAM-B-0-120 and PNIPAM-B-0.2-240. Solid lines are fits of eqs 14 and

15 to the data.

The results show an increase in the dynamic correlation length &.,,, with an increasing dis-

tance from the grafting surface. The brush with the lowest grafting density displays higher

values for .o, (approximately 2.5 times the value of PNIPAM-B-0-120 at the interface and

5x into the bulk phase). This is in agreement with the expectations, since a lower grafting

density means more distance between neighboring polymer chains and therefore more room

for chain motion. The findings are also in agreement with theoretical considerations and
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Figure 9: Intermediate scattering functions S(Q, Tnsg) of PNIPAM-B-0.2-240 (low grafting
density) for angles of incidence o;; = 0.27°, a; = 0.5° and «; = 1.3° and Qgryses=0.06 At
At a; = 0.27° data was fitted according to eq 15, while all remaining intermediate scattering

functions were fitted according to eq 14.
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computer simulations by Binder, who describes a non-uniform blob model in which the last
blob is considerably bigger than the blobs closer to the grafting surface and can reach up
to 10-20% of the entire brush height.'®4° Results by Binder are also in agreement with the
smooth transition between the polymer and solvent phases in the scattering length density
profiles obtained from out NR measurements.

The intermediate scattering function S(Q, Tvsg) of the semidilute brush PNIPAM-B-0.2-240
features an initial incline at low Fourier times. This incline is attributed to an incoherent
contribution to the scattering signal, which can be fitted using eq 15. The resulting diffusion
coefficient shows a value of 4x107% m?/s. This corresponds well to the values found for
the self-diffusion of first-shell water molecules surrounding PNIPAM in a simulation study
by Longhi et al.’® It can therefore be speculated that the incoherent contribution can be
assigned to hydrogen bonds between PNIPAM side chains and protonated water molecules,
which is more prevalent at lower grafting densities as a bigger fraction of polymer is found in
the vicinity of the grafting surface (compare NR data). However, further experiments would
be necessary to gain a better understanding of the source of this incoherent contribution at
low Fourier times, which is not the focus of this study.

In a small angle neutron scattering (SANS) measurement we found a correlation length of
2.4 nm for a semidilute PNIPAM solution (¢ = 0.05 g/mL) with a comparable molar mass
of M,, = 30000 g/mol in D,O at 15 °C.°! This is in agreement with the values of Ecoop Close
to the substrate at the smallest neutron penetration depth. This indicates that the inves-
tigated PNIPAM brushes have the dynamic signature of a semidilute solution, even when
strongly stretched in the high grafting density regime and at large chain lengths as used in
our experiments.

Compared to the value found in solution, the correlation length .., is larger at increasing
distance from the grafting surface. This suggests that the dense regime is left and the large
fluctuations of the chains contribute to the signal. The large values of {.,,, compare to the

radius of the swollen chain in good solvent R = 8—11 nm at the investigated chain lengths
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rather than the value of ¢ of the semidilute solution.

The small relaxation rates I, (corresponding to large relaxation time) may also result from
the hindrance of the diving of the ends into the brush. This could lead to long residence
times of the chain ends in the distant region of the brush. In combination with the smoothly
decreasing polymer volume fraction profiles @(z) this might result in the measured dynamic
signature. It would indicate a stiffening of the brush as predicted by theory.?” GINSES
measurements as described here for polymer brushes of different grafting densities can com-
plement the static structural information usually obtained from ellipsometry and neutron
reflectometry. Considering the near surface dynamics at decreasing grafting density may
reveal the influence of the solid substrate on the chain mobility which seems to be reduced
in case of PNIPAM brushes possibly due to increasing attractive interactions between the

tethered polymer chains and the solid substrate.

Conclusion

In this work, the structure and dynamics of PNIPAM brushes grafted from a solid planar
substrate under good solvent conditions were probed in the semidilute and concentrated
brush regime. The molar mass and molar mass distribution were determined by degrafting
of the polymer chains and subsequent size exclusion chromatography. This data was then
used to calculate the grafting density and molecular dispersity index of the polymer brush.
PNIPAM brushes were prepared by surface initiated atom transfer radical polymerization to
achieve high grafting densities at the cost of a higher molecular dispersity. Ellipsometry and
neutron reflectometry were employed to probe the brush structure, while neutron spin echo
spectroscopy under grazing incidence in reflection mode was used to investigate brush dy-
namics. A PNIPAM brush in the semidilute regime displayed two distinctive polymer layers
with varying polymer volume fractions, where the layer in proximity to the grafting inter-
face was denser in polymer than the one approaching the solvent phase. The concentrated

PNIPAM brush displayed only one layer with a smooth transition into the solvent phase.
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GINSES studies were carried out on the basis of a recent feasibility study for PEG based
brushes by Wellert et al.'?> The number of publications on GINSES and more specifically of
GINSES on polymer brushes is still limited, making this work a valuable contribution in fur-
ther supporting the feasibility argument for these experiments. Furthermore, we simulated
the evanescent wave in total reflection geometry with the Distorted Wave Born Approxi-
mation with the BornAgain software for a brush and the background sample. These simu-
lations allow to estimate the contributions of brushes and the background to the detected
signal. PNIPAM brush dynamics are discussed at different neutron penetration depths (8 nm
> zi1e > 39 pum). The cooperative correlation lengths determined from GINSES are in
agreement with non uniform blob theory as the correlation length increases with increasing
distance from the grafting interface.

Incoherent scattering contributions in the semidilute regime in vicinity to the grafting inter-
face are explained by contributions from first shell protonated water molecules bound to the
PNIPAM brush via hydrogen bonds. However, this contribution has a negligible effect on
the results obtained from the coherent scattering signal. It is speculated that an exchange
with deuterated water within the denser layers close to the grafting interface is more hin-
dered compared to the outer layer and therefore these contributions are observed only at low
neutron penetration depths.

In general, it was shown that GINSES experiments are feasible on PNIPAM brushes of vary-
ing grafting densities. However, an improvement of the intensity of the scattering signal is
desirable. Also at intermediate neutron penetration depths the resolution in z-direction is
still challenging due to the rather broad wavelength distribution of 20%. For future experi-
ments further investigation of the source of the incoherent scattering distribution to the the

scattering signal in GINSES experiments is planned.
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