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Abstract

The continuous improvement of synthesis leads to a great variety in the internal ar-
chitecture and functionality of colloidal hydrogels. A majority of envisioned applications
uses microgels as colloidal building blocks for the layer formation at solid substrates.
In this context, a fundamental understanding of the influence of these substrates on
the internal structure and physical properties is essential. Especially, nanomechanical
properties of adsorbed poly(N-isopropylacrylamide) microgel particles are important
for their application in cell cultivation, functional surface coatings and others. Fur-
thermore, these properties are closely related to the swelling behavior and the internal
structure and dynamics of these microgels. However, the number of methods that are

able to probe the viscoelasticity of adsorbed microgels over the entire vertical particle



profile is limited. Grazing incidence neutron scattering techniques are suited to probe
soft matter samples with limited sample volumes at planar solid substrates, and allow
a resolution in z-direction. We used neutron spin echo spectroscopy under grazing inci-
dence to access fast thermal fluctuations (10~ s) over the entire vertical particle profile.
Atomic force microscopy nanoindentation was used to characterize the nanomechani-
cal properties of adsorbed microgel particles prepared by a batch and a continuous
monomer feeding method. Resulting force maps revealed that batch-microgels were
“hard” and heterogeneous in their Young’s moduli, while microgels from the continuous
method were “soft” and homogeneous. Finally, neutron spin echo spectroscopy under
grazing incidence revealed major differences in the vertical dynamic profile of both types

of microgels.

Introduction

Poly(N-isopropylacrylamide) (PNIPAM) microgels are thermoresponsive materials that com-
bine the properties of colloids (size, colloidal stability) and porous hydrogels (swollen by
solvent, soft and deformable).! Due to this nature, they are widely discussed for applica-
tions in bulk and as coating materials.?? It has been shown that the internal dynamics and
viscoelastic properties are important for the diffusion of guest molecules and guest particles
through a polymer network.4

Conventionally, PNIPAM-based microgels are prepared by precipitation polymerization
with a batch method.® However, the batch method yields particles with an inhomogeneous
distribution of cross-linking, where a denser core is surrounded by dangling polymer chains.
Feeding methods have been developed to influence the polymerization kinetics toward a more
homogeneous distribution of cross-links. %%

A variety of experimental methods ranging from light, X-ray and neutron scattering to
atomic force microscopy (AFM) and super-resolution fluorescence microscopy was applied

to characterize the structure of microgels usually dispersed in water or confined at solid or



liquid interfaces.? 13

Recently, several experimental techniques have been developed to determine the mechan-
ical properties of microgels.'* For example, in bulk samples, oscillatory shear measurements
and osmotic deswelling were applied.'®'® From the knowledge of their mechanical proper-
ties conclusions can be drawn on their interparticle interactions in a wide volume fraction
range.'” Confinement to a solid substrate enables the use of AFM techniques to explore
changes compared to the bulk and the characterization of individual microgel particles is
possible. The stiffness of a microgel particle is influenced by the molar ratio of monomer
to cross-linker during the polymerization. A higher degree of cross-linking leads to stiffer
particles. Moreover, the cross-linker distribution influences the stiffness of adsorbed microgel
particles. Matsui et al. showed in high-speed AFM studies that softer microgel particles,
due to their higher deformability, adsorb faster than harder elastomeric or rigid microspheres
on solid substrates.!® This has important implications for biomedical applications where mi-
crogel spheres should adsorb on diseased sites, such as carcinoma. Mihut et al. showed that
soft colloidal particles adsorbed well on lipid membranes. !?

Furthermore, the viscoelasticity of the microgel particles affects cell adhesion. Saxena
et al. found that the morphology of fibroblasts was majorly impacted by the viscoelastic
properties of the microgel layers they were cultured on.?°

AFM nanoindentation revealed the influence of the dense core on the Young’s modu-
lus of adsorbed PNIPAM microgels.?1?? Schmidt et al. observed a nanoscopic gradient of
mechanical properties with a maximum Young’s modulus in the particles’ center. Witt et
al. found that adsorbed feeding PNIPAM-co-AA microgels do not display a gradient in
nanomechanical properties and have a constant Young’s modulus over the entire particle.?

While AFM nanoindentation and fast force mapping are useful techniques to investigate
the lateral gradient of nanomechanical microgel properties, they can only probe up to 30%

of maximum indentation. This avoids an influence of the hard substrate on the results.

Therefore, a comprehensive look into the network that reveals the mechanics over the en-



tire vertical particle profile is lacking. As described for example by the Tanaka-Filmore
approach for the inner dynamics of spherical gels the density fluctuations inside the polymer
network are directly related to the mechanical constants of the polymer network.?* Hence,
measurements of the polymer dynamics inside microgels can reveal additional information.
As reported in literature, neutron spin echo spectroscopy (NSE) is a suitable scattering
technique to explore the dynamics in microgel dispersions and inside adsorbed microgel par-
ticles.?2T We employed neutron spin echo spectroscopy under grazing incidence (GINSES)
to probe the internal dynamics of adsorbed PNIPAM-based with comparatively high amounts
of cross-linker (10mol%). Microgel particles were prepared with a conventional batch method
("batch-microgels") and a continuous monomer feeding method ("feeding-microgels"). We
were curious whether a high amount of cross-linker would stabilize the microgel network
in the vicinity of a solid substrate and give it structural integrity. First, we imaged the
adsorbed microgel particles in air and in water to gain information about their swelling
behavior. Afterwards, fast force maps were recorded to compare the Young’s modulus distri-
bution in batch and feeding-microgels. As mentioned above, this provides limited information
on the nanomechanical microgel properties perpendicular to the substrate-particle interface.
GINSES was used to probe the internal dynamics of near-surface layers and over the entire
vertical particle profile. Figure 1 qualitatively illustrates the differences in both methods and
the complementary information that can be accessed in such an approach. The obtained data
are compared to previously published bulk NSE data,?® to estimate the influence of the solid

surface on the internal microgel dynamics.
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Figure 1: Schematic comparison of the applied experimental techniques. Dark grey indicates
the region accessible with the method. a) AFM nanoindentation probes the outer region of
a sample in an uniaxial compression which yields the Young’s modulus. b) Neutron spin
echo under grazing incidence probes the near-surface region by evanescent wave scattering
and explores the thermal fluctuations. They can be related to the mechanical constants of
the investigated sample.



Methods

Materials

N-isopropylacrylamide (NIPAM, > 99 %), N,N’-methylenebisacrylamide (BIS, 99 %) and
2,2’-azobis(2-methylpropionaminidine) dihydrochloride (AAPH, 97 %) were purchased from
Sigma-Aldrich. Ethanol abs. was purchased from CHEMSOLUTE®. D,0 was purchased
from Deutero. All chemicals were used as received. Water was purified with a MilliQ) system
(Millipore) with a resistance of 18 M. Silicon wafers were purchased from MicroChemicals.

Silicon blocks were purchased from Siliciumbearbeitung Andrea Holm GmbH.

Preparation of PNIPAM Microgels

Batch and feeding-microgels were prepared by surfactant-free precipitation polymerization

as described in our previous publication.?® Microgels with 10mol% of BIS were studied.

Batch Method In a double walled glass reactor, NIPAM (1.527 g, 13.5 mmol) and BIS
(0.232 g, 1.5 mmol) were dissolved in 120 mL water. The solution was purged with nitrogen
for 60 min at 80 °C under continuous stirring. Afterwards, the positively charged initiator
AAPH (68.7 mg, 0.25 mmol) was pre-dissolved in 1 mL water and was added to the solution.
The polymerization was quenched after 10 min by release of the solution into an ice-cooled

beaker.

Feeding Method In order to obtain microgels with a more even cross-link distribution,
the method described above was modified according to Acciaro et al.® The double walled
glass reactor was filled with 97.76 mL water. The water was purged with nitrogen for 60 min
at 80 °C under continuous stirring. Simultaneously, NIPAM (1.527 g, 13.5 mmol) and BIS
(0.232 g, 1.5 mmol) were dissolved in 22.24 mL water and degassed for 60 min as well.

Afterwards, pre-dissolved AAPH (68.7 mg, 0.25 mmol) was added to the reactor. Promptly,



a syringe filled with the NIPAM /BIS solution was mounted onto an automated pump. The
speed of the monomer feed was 2 mL- min~!. The reaction was quenched after 11 min 20 s

by release of the solution into an ice-cooled beaker.

Purification Regardless of the polymerization method, microgel dispersions were dialysed
in a dialysis membrane (MWCO = 14 kDa) for 3 weeks. To remove water the microgel
dispersions were lyophilized at -85 °C and 1 mbar.

The sample nomenclature is MG,P and MG,F, where x is the amount of cross-linker added
during the polymerization in mol%. P and F stand for batch and feeding method, respec-

tively.

Spin-Coating Procedures

Microgel monolayers with a surface coverage of 50-60% were prepared on silicon blocks
(50 mm x 80 mm x 15 mm) via spin-coating of aqueous dispersions (cp¢ = 0.25 wt%) at
1000 rpm for 100 s. After spin-coating, the microgel coatings were cured in water over night.
AFM force mapping required individual particles on the surface. Consequently, silicon wafers
(20 mm x 20 mm) were spin-coated with dilute microgel dispersions (¢ = 0.02 wt%) at
1000 rpm for 100 seconds. (Corresponding AFM topography images are shown in Figures
S3 and S7)

Atomic Force Microscopy

AFM measurements were carried out with a Cypher AFM (Oxford Instruments). AFM
images in water and fast force maps were scanned with BL-AC40TS cantilevers (Oxford
Instruments) with a spring constant of £ = 0.09 N/m and a resonance frequency of f,.s =
110 kHz. Samples were placed in a liquid probe holder and the temperature was set to

20 °C. Force curves were fitted with the Hertz model
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F= 3(1 —v?)

(1)

where F' is the force exerted by a spherical indenter with the radius R, £ the Young’s
modulus, v the Poisson ratio and ¢ the indentation depth. We assumed a Poisson ratio v of

0.5. The tip radius was 8 nm. The fit area was 0 - 30% of maximum indentation.

Modeling of the Evanescent Intensity Distribution and the Penetra-

tion Depth

In grazing incidence measurements the intensity [., is a function of the distance z from
the scattering plane and the angle of incidence «; and I.,=Il.,(z,c;). The estimation of
I.,(2,0;) and of the penetration depth 2/, of the evanescent field was done by simulations
with BornAgain which uses the framework of the distorted wave Born approximation.?® In
these simulations, I.,(z, «;) was calculated at a constant neutron wavelength considering the
wavelength resolution, layer roughness, and absorption effects of the real experiment. The
differences between batch and feeding-microgels were accounted for via the implementation of
the different bulk correlation length into the model. The impinging neutron beam enters the
interface through the silicon block. Simulations of I.,, with and without microgels adsorbed at
the solid-liquid interface enable to estimate the ratio between sample signal and experimental

background. (for details refer to Figures S9, S11 and S12.)

Grazing Incidence Neutron Spin Echo Spectroscopy

NSE measures the normalized intermediate scattering function S(Q, 7ysg)/S(Q,0) which is
the time Fourier transform of the van Hove pair correlation function. Hence, in soft matter
samples NSE probes thermally induced density fluctuations.

Figure 2 illustrates the typical experimental setup of the reflection mode used in a grazing

incidence measurement. The neutron beam enters the sample from the silicon side and is



reflected at the silicon-microgel interface. Below the critical angle the evanescent intensity
exponentially decays into the sample and measurements become surface-sensitive. Details of
the NSE principle are given in the supporting information (refer to Figure S1). The analysis
of the final polarization state of the neutrons at the detector yields information about the
energy exchange between neutron and sample in the scattering event. These data can be
transferred into the intermediate scattering function which can be further evaluated to an-
alyze the dynamics inside the sample. The Fourier time 7ngg is an instrumental parameter
with the dimension of time which can be tuned by changing the strength of the magnetic
guiding field.

Combined with grazing incidence scattering geometry, NSE can probe thermal fluctuations
along the z-direction of adsorbed soft matter samples. GINSES was conducted at the J-NSE
“Phoenix” instrument, operated by Forschungszentrum Jiilich GmbH, JCNS at MLZ (Garch-
ing, Germany).3 Microgel-coated silicon blocks were immersed in D,O, which provides good
contrast between polymer and solvent. The temperature was controlled with a thermostat
and was set to 20 °C.

Each sample was measured at two angles of incidence (below and above the critical angle
of approximately o, = 0.3°). The neutron wavelength was 6 A with a distribution of 20%.
The experiments covered Fourier times 7ysg between 0.5 and 35 ns. The scattering vector
Qainses has a small component in lateral direction which can be neglected here. At the
chosen scattering angle mainly the z-component of Qgryses contributes to the detected sig-
nal.

The raw NSE data was treated with the analysis software DrSpine. 3!

The ISFs S(Q, Tvsg) were fitted with a single exponential decay with a relaxation rate I'cpop

S(Q.7vsE) = (Ag — Apgr) x e TTeoor™) + 4y, (2)

to account for the cooperative diffusion of the polymer chains in the microgel’s network. The



amplitude value A, was initially determined and kept fixed during the fitting. We assume
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that the background level A, is the sum of the experimental background A7/,

considering
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bgr Caused by the

instrumental contributions to the background and a signal base level A

elastic scattering of frozen heterogeneities or resulting from rather slow dynamics.
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Figure 2: Setup of a GINSES experiment. A neutron beam impinges under a very shallow
angle «; below the critical angle of total external reflection a.. onto the silicon-D,O-+microgel
interface. Under this condition an evanescent intensity distribution I.,(z) occurs and expo-
nentially decays into the sample volume in z direction perpendicular to the confining surface.
At the experimentally accessible values of Qginsgs scattered neutrons from this region are
detected at an detection angle age;>ae.. Increasing «; results in larger penetration depths
into the sample.

In a transmission mode measurement the intermediate scattering function S(Q,7nsg)
is normalized by measuring S(Q,0) with a reference sample without any energy exchange
with the impinging neutron beam. This standard data treatment fails for grazing incidence
measurements in reflection mode. It is hardly possible to find a purely elastically scattering
reference sample with the same scattering length density profile as the investigated sample.
Therefore, the same experimental conditions as for the sample cannot be set for the reference
sample. Hence, the amplitudes A of the intermediate scattering function have values Ay < 1.
This can also be seen in the GINSES measurement at the D,O-silicon substrate where no

decay of the ISF is observable due to mainly elastic scattering (Figure S13).
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To estimate the penetration depth z;/. of the evanescent field into the adsorbed microgel

layer is given by
212\
r(((aF = a2+ (32)2 — (af — a2)) 2

i i

(3)

Zlje =

where A is the neutron wavelength, «; the angle of incidence, a. the critical angle of total
external reflection and p the absorption coefficient (details for p are given in the SI) The
critical angle can be determined from neutron reflectometry (for further information refer to
Figure S9). Here, a. can be taken from the position of the critical edge of total reflection.

No additional assumptions about the sample composition are required.

Results and Discussion

In the following, the influence of the internal structure of highly cross-linked microgel parti-
cles (10 mol% BIS prepared with a positively charged initiator) on their nanomechanics in
the adsorbed state is investigated using a combination of AFM imaging, AFM force mapping
and GINSES. While AFM nanoindentation probes the nanomechanical properties of the top
region (approximately 30% of maximum indentation) of an individual particle, GINSES has
access to the near-surface layers and offers z-resolution (Figure 1). We chose PNIPAM-
based microgel particles with different internal structures prepared with (i) a conventional
batch method and (ii) a continuous feeding method as represantitives for "hard" and "soft"

microgels.

Swelling Behavior of Adsorbed Batch and feeding-microgels

The aspect ratios (width:height) of batch (MG1oP) and feeding (MGoF) microgels in the
adsorbed state and the particles’ swelling capability can be extracted from AFM topographies
(Figures 3 and 4). We observe a severe collapse of MG1oF in the adsorbed dry state expressed
by an aspect ratio of 25. In comparison, MG;oP has an aspect ratio of 4 in the dry state. In

the swollen state the aspect ratios reduce to 2.4 and 5 for MG1oP and MGoF, respectively.
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The high change in aspect ratio for the feeding-microgel shows that despite the severe collapse
in the dry state, swelling of the polymer network is still observed. We conclude that the
absence of a highly cross-linked core region leads to a densification and compression of the
feeding-microgel in the dry adsorbed state. However, in the batch-microgel particles the
highly cross-linked core region acts as a scaffold, giving them more structural integrity after

adsorption. Height cross-sections of MGoF and MGyoP are displayed in Figures 3 and 4.
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Figure 3: a) Cross-sections from AFM topography images (20 x 20 um?) of the adsorbed
feeding-microgel MG1oF in the ambient state (b) and swollen in water at 20 °C (c). Cross-
sections were calculated from the average of 5 individual particles.

A comparison of the volumes calculated from dynamic light scattering (DLS) in bulk
and from AFM images further supports these findings. The volume Vpg of a sphere with
hydrodynamic radius Ry, is compared to the volume Vapys = (mhapa/6)(3(warn/2)? +
h% ;) of a segmented ball with the measured height i azpr and width w g of the adsorbed
microgels. The volume of a sphere of MGjoF is 8 times larger in bulk than in the adsorbed
state. For MG1oP the bulk volume is only 1.4 times larger than the volume in the adsorbed

swollen state. Table 1 lists the results of DLS and AFM measurements.
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Figure 4: a) Cross-sections from AFM topography images (20 x 20 pum?) of the adsorbed
batch-microgel MGoP in the ambient state (b) and swollen in water at 20 °C (c). Cross-
sections were calculated from the average of 5 individual particles.

Nanomechanics from AFM Fast Force Mapping

Force maps and the extracted cross-sections (Figure 5) illustrate the different distribution
of the Young’s modulus £ in both types of microgels. The batch-microgel has a maximum
Young’s modulus in the center (d = 0), which decreases to 1/3 of the maximum value
towards the edge of the particle. This supports the hypothesis that the particle core acts as
a stabilizing scaffold in the adsorbed state. In comparison, the feeding-microgel displays no
such stiffness gradient. Instead, Young’s moduli vary between approximately 50 and 100 kPa
without a maximum in the center. We conclude that the feeding-microgel lacks a dense core,
and is much softer overall.

Knowledge of at least two material constants enables the calculation of all other related
material constants. For example, the Young’s modulus can be derived from the bulk modulus
K and Poisson’s ratio v according to £ = 3K (1 — 2v). Assuming Poisson ratios for both
microgels in the range 0.25 < v < 0.4 as reported in the literature,®?3* large bulk moduli

between 400 kPa and 1 MPa for MG;oP and between 70 kPa and 170 kPa for MGoF could

13



be expected. Consequently, significant differences in the microgel interactions at high volume

fractions are very likely as well.
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Figure 5: a) Cross-sections of the Young’s modulus of MGoP and MGoF in water at 20 °C.
Fast force maps of individual PNIPAM microgel particles recorded with the AFM for b)
batch and ¢) feeding microgels.

Table 1: Microgel geometry as determined from DLS and AFM experiments in water at
20 °C. The hydrodynamic volume is Vprs = 4/37R; and the volume of the swollen adsorbed
microgel Vapyr = (mhara/6)(3(warar/2)? + h45y,) Was approximated as the volume of a
segmented ball.

Sample Rj (nm) Vprs (10'nm?) wapy (nm)  happs (nm)  Vapy (107nm?)
MG oF 463 42 890 178 5.8
MGoP 310 13 765 323 9.2

Internal Dynamics of Batch and feeding-microgels

A GINSES experiment probes a system’s dynamics perpendicular to a confining substrate
(Figure 2).3% In case of adsorbed microgel particles, the translational center-of-mass diffusion
is suppressed, but the swollen network has internal dynamics due to thermal fluctuations. A

high ratio of coherent to incoherent scattering intensity is crucial in a GINSES measurement
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to keep the background signal at a minimum. Therefore, the ideal momentum transfer with
a good signal to background ratio, Qgrnses, is determined from elastic diffraction scans
(Figure S8). In our case Qgryses = 0.06 A1, At this rather low Q-value the dynamics will
be dominated by density fluctuations, whereas segmental polymer chain dynamics would
require measurements at shorter length scales (i.e. larger Qginsgs)-

The penetration depth of the evanescent field z;/. at a constant neutron wavelength for a
certain sample can be varied with the angle of incidence a;. A gradual increase of z;/. below
the critical angle of total external reflection «.. is followed by a steep increase around «, with
increasing angle of incidence.?® Above a, the penetration depth virtually reaches infinity
compared to typical vertical sample dimensions of 300-400 nm. This is shown in Figure 6A
where the calculated values of z;,. are plotted against «; for MGyoF. Measurements around

a, are less precise, because of the wavelength distribution AX/A, which has a stronger influ-
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Figure 6: Calculation of the penetration depth 2 . according to equation 3 is shown in plot a)
for the example of sample MG1oF. Results of the simulations with BornAgain are summarized
in b) for sample MGoF. The inset shows the distribution of the evanescent intensity as a
function of the vertical distance z from the substrate and the angle of incidence «;. From
cuts at a constant value of «; the decay of I.,(z) and the penetration depth z; /e can be
extracted.
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Recently, simulations with BornAgain were used to calculate the evanescent intensity
distribution I.,(z, ;). This is exemplified in Figure 6B where I.,(z, a;) is shown for MGyoF.
By cutting this distribution along z at constant «; the decay of the evanescent intensity
was extracted. (Results for MGyoP are given in Figure S11.) Those simulations help to
determine the penetration depth of the evanescent field (I, drops to I.,/e) and provide
information about the experimental background, otherwise hardly accessible in a grazing
incidence setup.?? The simulations take into account the experimental conditions such as
the wavelength distribution, scattering geometry and the particular scattering properties of
the sample. (Results from simulations of the background in the small angle scattering under

grazing incidence are shown in Figure S12.)

Intermediate scattering functions (ISF) S(Q, Tnsg), with Tnsg the Fourier time, below
(21/e=10 nm) and above (21, — 00) the critical angle o, demonstrate differences between
MG oF and MGyoP (Figures 7 and 8). MGqoF has a rather flat ISF at a low penetration
depth and hence in vicinity to the surface. As the penetration depth increases to virtu-
ally infinity, the ISF declines over 7ygg. In contrast, the ISFs of MGoP show a decline
of S(Q,TnsE) with 7ysg for both penetration depths (Figure 8). This observation can be

quantified by fitting the data according to equation 2 and the following deliberation.

The experimental background present in the ISFs contains additional information about

the inner structure and dynamics of the adsorbed microgels. We assume that the background

el
bgr

ET

bar as described

Apgy consists of the experimental background Aj? and a signal base level A

in the methods section. Simulations (see also Figure S12) show that the contribution of the

silicon/D,0 interface is negligible. This justifies the assumption Ay, ~ AZ . If we further

bgr:
assume that the overall amplitude Aj is the sum of a contribution from density fluctuations

in the sample A, and the background Ay, ~ A¢t we can calculate and compare the contri-

bgr>

bution of Ay and A, to Ay.
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Figure 7: ISFs of MG oF measured in reflection geometry at Qarvsps=0.06 A1 at a pene-
tration depth 2/, of a) 21/c, = 10 nm and b) 21/ — 00. The solid lines are fits of equation
2 to the measured data. Additionally, the confidence interval of the fit and the residuals are
shown for both graphs.
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Figure 8: ISFs of MG1oP measured in reflection geometry at QG1N5E5:0.06A’1 at a pene-
tration depth 2/, of a) 2/¢,=10 nm and b) z;,., — 0o. The solid lines are fits of equation
2 to the measured data. Additionally, the confidence interval of the fit and the residuals are
shown for both graphs.

Details of the fits to the GINSES data of adsorbed MGioF and MG1oP microgel par-
ticles according to equation 2 are summarized in Table S1 in the supporting information.
In the near-surface layers of the feeding-microgel, Ay, ~ Agﬁ]r and A, both contribute 50%
to Ag. However, the contribution from elastic scattering increases to 62% when the entire
vertical profile is probed. At the same time, the contribution from density fluctuations de-
creases to 38%. In near-surface layers of MGoP density fluctuations and elastic scattering
contribute 68% and 32%, respectively . At virtually infinite penetration depth, those val-
ues remain roughly the same with 66% and 34%. In conclusion, the feeding-microgel has
a higher contribution of elastic scattering where thermal energy does not suffice to excite

density fluctuations of the polymer network in vicinity to the surface.
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The cooperative diffusion coefficient D), is calculated from the relaxation rate I'cpop =
DeoopQ% nsps and describes the thermal network density fluctuations. We find a value of
Deoop = (0.840.2)x1077 cm? /s for the feeding-microgel within the first 10 nm from the solid
surface. This is a dramatic decrease compared to the bulk value of (4.9840.04)x10™" cm?/s
as we previously published for a microgel in a bulk experiment in transmission geometry2®
(selected ISFs for the low @-range are plotted in Figure S2). Looking at virtually infinite
penetration depth we find a much higher value of D,y = (4.240.3)x107" cm?/s which
approaches bulk dynamics. Dg,p, of the batch-microgel is identical within the confidence
interval for both penetration depths. Moreover, the values are comparable to the bulk value
of (2.6940.02)x10~7 cm?/s (Table 2). Tt appears that the confinement influences the internal

dynamics of batch-microgels less compared to softer feeding-microgels.

In the Tanaka-Fillmore description of the swelling kinetics of spherical gels, small dis-
placements in the gel network are analyzed in a linearized elasticity model.?* The magnitude
of these network displacements follows a simple diffusion equation for the diffusive motion

of the network in an immobile solvent yielding the cooperative diffusion coefficient

K +4/3G
f Y

where D, is determined by the osmotic bulk modulus K, the shear modulus G and

Deoop = (4)

the friction coefficient f for the relative motion of the polymer network and the surrounding
water. Tanaka and Fillmore limit the validity of their model to an increase of gel radii by a
factor of 2 during swelling. They argued, that at larger changes of the gel radii Hook’s law
is no longer applicable for the description of gel elasticity.

Bearing in mind that the hydrodynamic radius of microgels can increase up to a factor of
2 during swelling, we use the Tanaka-Fillmore approach for a qualitative discussion of the
network dynamics in the investigated microgel systems. Based on this description, we at-

tribute the decrease of Do, of MGoF at 21/.=10 nm to an increase of the friction coefficient
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f. Since f o 1/&.00p is proportional to the solvent viscosity and inversely proportional to
the square of the mean correlation length fcoop?’s we interpret the decrease of D, as an
increase of the effective solvent viscosity which is possibly related to increasing polymer seg-
ment interactions and an relative decrease of free water inside the network. Based on the
results of the NSE measurements with bulk samples of MG;oF and MG;(P,?® we estimate the
relative increase of the effective viscosity in the microgel network 7.7/ using the dynamic
viscosity 19 = 1.251 cP for D,O at T = 20 °C. These values are listed in Table 2. This
change is possibly caused by compression and densification of the polymer network near the
solid-liquid interface.

Additional GINSES and AFM measurements of MG5P (batch-microgel with a cross-linker
concentration of 5 mol%) are included in the Supporting Information (Figures S4 to S6, and
S10). The lateral distribution of the Young’s modulus shows the same features as sample
MGoP but with a lower maximum value of approximately 200 kPa. This is in qualitative
agreement with a recent AFM nanoindentation study in which the increase of the Young’s
modulus with increasing cross-linker amount was described with a power law.2! On the other
hand, the internal network dynamics are similar to those of MGioF. In near-surface layers a

flat ISF indicates suppressed dynamics due to interactions with the solid substrate.

Table 2: Summary Of the diHUSion COefﬁCientS Dcoop:Fcoop/Q2 and the relative ViSCOSity
Ness/Mo- @ values were taken from?®

sample measurement zj/ (Nm) Deoop (107 7cm?/S)  nesr/mo

MGoF  bulk - 4.9840.04° 1@
adsorbed 10 0.8+0.2 10
adsorbed 00 4.240.3 1.2

MGoP bulk - 2.69+0.02¢° 1¢@
adsorbed 10 2.8+0.3 1.2
adsorbed 00 2.5+1.3 1.2

We further observe a minute increase of S(Q, Tnsg) up to 10 ns, which can be attributed

to incoherent scattering from hydrogen atoms near the substrate due to the inversion of the
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polarization by incoherent scatterers. Therefore, the fitting model was extended by an expo-
nential factor containing the incoherent relaxation rate I';. The averaged diffusion coefficient
hence calculated is D; = (1.540.8)x107% m?/s. This value likely describes the diffusion of
water molecules inside PNIPAM microgels,® which might be trapped in near-surface layers.

However, this does not influence the results of our previous analysis.

In this paper, we used neutron spin echo spectroscopy under grazing incidence to probe
the internal dynamics of adsorbed microgel particles with different internal structures. This
method allows to draw conclusions about the internal nanomechanics over the entire particle
height. The results indicate that the deformation upon adsorption to a solid surface of soft
microgel particles with a homogeneous cross-link distribution leads to a dense polymer layer
with suppressed dynamics in close proximity to the surface. At infinite penetration depth
the dynamics approach bulk dynamics. In contrast, harder microgel particles with a highly
cross-linked core and a fluffy shell display similar dynamics in the bulk and in the adsorbed
state, independent of the penetration depth. This suggests a scaffold-like nature of the core
region. Therefore, the internal dynamics in vicinity to a solid substrate differ strongly for
soft, homogeneous, and harder, inhomogeneous microgel particles.

The high amount of cross-linker does not prevent adsorbed soft, homogeneous microgels from
forming a dense polymer layer in vicinity to the surface. This is indicated by the high aspect
ratio, extracted from AFM topography, which quantifies the deformation of the microgel
particles upon adsorption. Therefore, the higher loading capacity of feeding-microgels in
bulk? does not necessarily translate to surface applications. This can be disadvantageous
for applications in which a load is applied after adsorption of microgels to a surface, because
a fraction of the particle volume is not accessible for the guest molecules or particles. How-
ever, it could be of advantage in applications where a load is incorporated into a microgel in
bulk which then attaches to a surface for controlled release. As was shown by Matsui et al.

soft, deformable microgels attach faster to solid surfaces than elastomeric or hard spheres.!®
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Previous studies on batch and feeding-microgels also found a distribution of Young’s moduli
and a constant Young’s modulus for batch and feeding-microgels, respectively. In contrast
to our results, Witt et al. observed that feeding-microgels had a constant Young’s modulus
that was higher compared to the maximum Young’s modulus of batch-microgels. However,
the investigated microgels were synthesized with a positively charged comonomer and had
a lower cross-linker content.?® Our GINSES results are in agreement with a study of micro-
gels based on polyethylene glycol with a rather low concentration of cross-linker. The study
found an increase in the relaxation rates with increasing distance from the surface, as well.*°
This compares well to our findings for homogeneous, highly cross-linked PNIPAM microgels.
In recent years, instrumental improvements at the J-NSE instrument have improved mea-
surement conditions for grazing incidence experiments. This allows to reach higher Fourier
times and a realistic time frame for decent statistics at low penetration depths with a smaller
scattering volume. However, the z-resolution is still limited, as penetration depths around
the critical angle cannot be resolved, because the wavelength distribution is critical for suf-
ficient beam intensity. Furthermore, grazing incidence experiments remain time consuming
due to low scattering intensities of small scattering volumes. Still, extended acquisition times
allowed us to measure the dynamic profiles of adsorbed microgels at two distinct penetration
depths and revealed differences between soft and hard microgel particles.

In the future, we expect further instrumental improvements to increase the signal-to-noise
ratio and hence, shorten acquisition times. More systematic studies of different systems
will become possible. The wavelength distribution at a spallation source can be corrected
by a prism, which provides higher beam intensities and an improved control of the angles
of incidence.*! Furthermore, a reduction of incoherent background scattering might enable
measurements at different ()-values, which allows to expand the observation from coopera-
tive network fluctuations to Zimm-type polymer segment dynamics. Moreover, combining
AFM techniques with grazing incidence scattering methods enables the investigation of the

influence of solid surfaces on the inner structure and dynamics of even complex polymer
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architectures.

Conclusion

In summary, we used GINSES to elucidate the internal dynamics of adsorbed batch- and
feeding-microgels in regions and on time scales inaccessible by other techniques like AFM
nanoindentation and/ or evanescent wave DLS (EWDLS). The combination of neutron scat-
tering with the grazing incidence geometry allowed us to distiguish between near-surface
layers and the entire vertical particle profile. This method therefore complements AFM
nanoindentation which probes only the material’s nanomechanical properties, but does not
account for the influence of the substrate. Those findings have important implications for
the choice of batch or feeding-microgels in applications, especially those where microgels are
used as nanocarriers or nanocontainers. While the soft nature of feeding-microgels might be
advantageous for certain applications, their deformation at the substrate-particle interface
may reduce their effective loading capacity, rendering batch-microgels more suitable in those

cases.
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