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1 Introduction

The fuzzy sphere morphology is responsible for
the increase in light scattering during the
shrinkage of thermoresponsive microgelsy

@ Ben Tadgell,” Marco Hildebrandt,® Marcel Kriismann,®
© and Matthias Karg € *?

Ekaterina Ponomareva,
Sylvain Prévost, (2 Paul Mulvaney

Thermoresponsive microgels undergo a volume phase transition from a swollen state under good
solvent conditions to a collapsed state under poor solvent conditions. The most prominent examples of
such responsive systems are based on poly-(N-isopropylacrylamide). When cross-linked with N,N’-
methylenebisacrylamide, such microgels typically possess a fuzzy-spherelike morphology with a higher
cross-linked core and a loosely cross-linked fuzzy shell. Despite the efforts devoted to understanding the
internal structure of microgels and their kinetics during collapse/swelling, the origins of the accompanying
changes in light scattering intensity have barely been addressed. In this work, we study core-shell
microgels that contain small gold nanoparticle cores with microgel shells of different thicknesses and
cross-linker densities. All microgels are small enough to fulfill the Rayleigh-Debye-Gans criterion at all
stages of swelling. Due to the high X-ray contrast of the gold cores, we can use absolute intensity small-
angle X-ray scattering to determine the number density in the dilute dispersions. This allows us to extract
polymer volume fractions of the microgels at different stages of swelling from form factor analysis of
small-angle neutron scattering data. We match our findings to results from temperature-dependent
absorbance measurements. The increase in absorbance during the shrinkage of the microgels is related to
the transition from fuzzy spheres to hard sphere-like scattering objects with a rather homogeneous
density profile. We provide a first attempt to model experimental spectra using finite difference time
domain simulations that take into account the structural changes during the volume phase transition. Our
findings significantly contribute to the understanding of the optical properties of thermoresponsive
microgels. Further, we provide polymer volume fractions and microgel refractive indices as a function of
the swelling state.

temperature, pH, ionic strength and light. This response manifests
itself asi a significant reduction in the microgel volume in response

Microgels are soft polymeric objects with dimensions in the
colloidal regime and an internal gel-like structure.' The properties
of microgels lie between those of colloids, surfactants and
macromolecules.> Under good solvent conditions, microgels can
be swollen by enormous amounts of solvent rendering them soft
and deformable.>® Responsive, or so-called ‘smart’, microgels are
composed of polymers that respond to external stimuli such as
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to the stimulus, due to the release of solvent from the microgel
interior. The most prominent examples are poly-(N-isopropyl-
acrylamide) (PNIPAM) microgels. These gels feature a volume
phase transition (VPT) in water with a transition temperature
(VPTT) close to human body temperature. This VPT behavior is
related to the lower critical solution temperature (LCST) behavior of
linear PNIPAM homopolymers with a transition temperature, T; csr,
of approximately 32 °C.° PNIPAM microgels were first introduced
by Pelton and Chibante who used free radical polymerization for
the microgel preparation.'” Due to faster consumption of the
chemical cross-linker N,N’-methylenebisacrylamide (BIS) during
the precipitation polymerization of NIPAM, PNIPAM microgels
possess an inhomogeneous polymer density.'* The swollen state
microgel structure can be considered as core-shell-like with a
denser, more highly cross-linked core and a less highly cross-
linked outer shell.">'* Above the VPTT, collapsed microgels can
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be considered as hard sphere-like with a homogeneous polymer
density. This structural transition has been the topic of count-
less studies. Small-angle neutron scattering is one of the most
frequently used methods for the investigation of the microgel
form factor. Stieger et al. introduced a radial density profile
model that describes the form factor of microgels in the
swollen as well as in the collapsed state.'* This fuzzy sphere
model assumes an inner microgel core of homogeneous
polymer content and an outer fuzzy shell with a continuously
decaying polymer content. The model is well accepted and has
been applied to many different microgel systems. Due to the
fascinating development of superresolution optical microscopy
techniques, the inhomogeneous network structure has also
been confirmed by real-space imaging.'>™” Nowadays, compu-
tational numerical methods are powerful tools for describing
microgels and their internal structure.'®'® While atomistic
simulations are suitable for small systems, monomer-resolved
models allow for simulations at longer times and larger
length-scales.

The swelling behavior of thermoresponsive microgels is
often described by the Flory-Rehner theory.>*' While the
evolution of the hydrodynamic particle size can be precisely
measured by dynamic light scattering (DLS), the Flory-Rehner
theory also requires the polymer volume fraction at a specified
reference state. Several studies use volume fractions of collapsed
microgels as the reference state where variations in cross-linking
density appear rather negligible.'***">® Nevertheless, reference
volume fractions used in literature vary significantly and are
often estimated from different experiments.*>*2228

Surprisingly, little attention has been paid to how the
UV-visible spectroscopic properties of PNIPAM microgels
depend on their state of swelling and thus polymer volume
fraction. A priori, one would expect a decrease in light scattering
intensity and thus absorbance when microgels collapse.
The Rayleigh-Debye-Gans (RDG) approximation, which holds
for particles that have a low refractive index contrast and
dimensions smaller than the wavelength of visible light, would
predict that the scattering intensity increases with the sixth
power of the radius of scattering objects (R°®). However,
absorbance is in fact observed to increase when microgels
collapse in response to external stimuli as, for example,
temperature. This is commonly attributed to the increase in
microgel refractive index due to the release of water and the
resulting increase in polymer volume fraction.”** Any increase
in refractive index can be monitored optically by using gold
nanoparticles as plasmonic probes. Since the localized surface
plasmon resonance (LSPR) of gold nanoparticles is sensitive to
the effective refractive index environment in the close viscinity
of the nanoparticle surface, even small changes can be
monitored as predicted theoretically** and demonstrated in
experiments using gold-PNIPAM hybrid microgels.>%**38
In order to use the LSPR to monitor structural transitions in
thermoresponsive microgels one has to keep in mind that the
intensity of light scattered by the microgels also changes during
the VPT. Since this scattering is wavelength dependent, LSPR
positions extracted directly from UV-Vis spectra are often not
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Scheme 1 Schematic representation of an Au—PNIPAM CS microgel in
the swollen (left) and collapsed state (right). The red circles represent the
gold core. The solid blue lines represent the polymer chains. The volume
fraction of PNIPAM polymer in the microgel shells increases as the
microgels collapse leading to release of water from the PNIPAM network.

correct due to the visible background scattering. As the wave-
length scaling of the microgel scattering changes during microgel
collapse, the LSPR is also affected. This can be accounted for by
subtraction of the scattering contribution from measured spectra
as described in detail in the ESL} of the paper by Rauh et al.*®
When scattering dominates the spectral response of gold-micro-
gel hybrid particles, either due to small dimensions of the gold
particles or very large microgel sizes, the extraction of LSPR
positions from experimental spectra becomes highly defective or
simply impossible.

In this work, we study the VPT behavior of core-shell (CS)
microgels that feature small gold nanoparticle cores and thermo-
responsive PNIPAM microgel shells. The general structure of
these microgels is depicted in Scheme 1. Importantly the gold
cores are too small to significantly influence the swelling
behavior of the PNIPAM microgels. Thus, physically our CS
microgels can be considered comparable to classical PNIPAM
microgels that do not feature inorganic cores. We systematically
study the influence of the microgel size and cross-linking density
on the polymer volume fraction during different stages of
swelling.

The CS microgels are colloidally stable in water below and
above the VPTT. We used absolute intensity small-angle X-ray
scattering (SAXS) to determine the particle number concen-
tration using the large contrast in X-ray scattering of the
otherwise negligible gold cores. Using form factor analysis of
SANS data, we determined the polymer density profiles for
different states of swelling from which we could derive
refractive index profiles. Effective volume averaged refractive
indices of the microgels were also determined by refractometry.
Given the microgel size and the average refractive index, all
studied microgels fulfill the RDG criterion, even in the
collapsed state. This is different to other studies in literature
where larger microgels were employed and a transition from
RDG scattering in the swollen state to Mie scattering in the
collapsed state was observed.*' We followed the VPT by simple
absorbance measurements using temperature-dependent
UV-Vis spectroscopy. The observed increase in absorbance,
i.e. sample turbidity, as the microgels collapse could not be

This journal is © The Royal Society of Chemistry 2022
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described by RDG theory using effective, averaged microgel
refractive indices. A core-shell model was used to calculate
theoretical scattering cross-sections on the basis of finite
difference time domain (FDTD) simulations. With our work,
we attempt to link the microgel morphology and structural
transitions during the VPT to the visible wavelength absorbance
of dilute microgel dispersions. A general light scattering theory
that allows one to precisely account for the microgel structure is
currently not available.

2 Experimental section
2.1 Chemicals

Gold(m) chloride trihydrate (HAuCl,; Sigma-Aldrich, >99.999%),
sodium citrate dihydrate (Sigma-Aldrich, >99%), sodium dodecyl
sulfate (SDS; Sigma-Aldrich, p.a.), butenylamine hydrochloride
(BA; Sigma-Aldrich, 97%), N-isopropylacrylamide (NIPAM;
TCI, >98.0%), N,N-methylenebisacrylamide (BIS; Sigma-Aldrich,
>99%), potassium peroxodisulfate (PPS; Sigma-Aldrich, >99%),
heavy water (D,O; Deutero GmbH, 99.9%) and 1,4-dioxane (p.a.,
Fisher Chemicals) were used as received. Water was purified
with a MilliQ system (Millipore). The final resistivity of water
was 18 MQ cm. MilliQ-water was used for all syntheses and
purifications.

2.2 Synthesis

2.2.1 Au nanoparticle cores. Spherical gold nanoparticles
were synthesized according to the reported protocol by Turkevich
et al.*° Briefly, 10 mL of a hot, aqueous sodium citrate dihydrate
solution (1 wt%) were added to 200 mL of an aqueous gold(u)-
chloride trihydrate solution (¢ = 5 x 10~* M) under continuous
stirring and boiling. Boiling was continued for approximately
20 minutes. Afterwards, the gold nanoparticle dispersion was
allowed to cool down to room temperature. Then, 1.2 mL of
1 mM SDS aqueous solution were added to the dispersion to
stabilize the particles. After another 20 minutes, the gold particles
were functionalized by adding 0.652 mL butenylamine hydro-
chloride solution (c = 1.4 M).>” The functionalized particles were
purified and concentrated by centrifugation for 14 hours at 1400 g
relative centrifugal force (rcf). In total, three batches of gold
nanoparticles with mean diameters of 15.3 + 1.3 nm, 15.3 +
1.5 nm, and 15.3 + 1.8 nm as obtained from TEM measurements
were synthesized. Due to the similarity in size and polydispersity
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(on average 10%), we will not distinguish between the different
batches.

2.2.2 Au-PNIPAM core-shell microgels. The functionalized
gold nanoparticles were encapsulated by hydrogel shells using
seeded precipitation polymerization with NIPAM as monomer
and BIS as cross-linking comonomer. The general procedure was
adapted from Rauh et al.** The AuNPs act as nucleation centers
for the precipitating polymer during the polymerization.
Therefore, changes in the monomer feed concentration can be
used to tailor the microgel size within a certain range.’’”
We synthesized five core-shell microgels with different shell
thicknesses and cross-linking densities by changing the respective
monomer and comonomer feeds. The synthesis details for all
samples are summarized in Table 1. Briefly, all
polymerizations were carried out in 100 mL MilliQ water in
three-neck round-bottom flasks. First, NIPAM and BIS were
dissolved in water while stirring. Then the solution was heated
up to 70 °C while degassing with nitrogen. Afterwards, 3.72 mL
aqueous dispersion with functionalized gold nanoparticles
were added dropwise to the colorless solution. The added
volume of the AuNP stock dispersion corresponds to an
elemental gold (Au®) concentration of 0.00622 mol L™" in all
syntheses. After an equilibration time of 15 minutes, 2 mg of
PPS dissolved in 1 mL of water were added to the mixture to
initiate the polymerization. The polymerization was carried out
for two hours. After cooling the obtained microgel dispersion to
room temperature, purification performed by
centrifugation (90 minutes at 8400 g rcf) and redispersion in
water. Centrifugation/redispersion was repeated three times in
total for each batch. The particles are labeled as CS1-5 in this
work. CS1 to CS3 vary in shell thickness while having similar
cross-linking densities. CS4 and CS5 possess similar collapsed
state sizes to CS2 but have lower and higher cross-linker
densities respectively.

was

2.3 Methods

Transmission electron microscopy (TEM). A Tecnai F20 (FEI)
TEM was used to determine the size and size dispersity of the
metal core and to evaluate the encapsulation success. The
measurements were performed at an acceleration voltage of
200 kv. For each sample 7 pL of the Au-PNIPAM particle
dispersion was dried on carbon-coated, 300 mesh copper grids
(Electron Microscopy Sciences). Various TEM images were used
for the determination of the gold core size and 200 particles

Table1l Masses of the monomer NIPAM and cross-linker BIS used for the synthesis of Au—PNIPAM particles, the nominal molar ratio of cross-linker and
measured hydrodynamic radii (Ry) in the swollen (25 °C) and collapsed (50 °C) state, and corresponding polydispersity indices (PDls) in brackets

NIPAM BIS

—_— Nominal molar ratio of R;, swollen Ry, collapsed
Sample m (g) m (g) cross-linker? (mol%) (nm) (nm)
cs1 0.228 0.048 15.3 111 (0.03) 78 (0.04)
CS2 0.587 0.134 16.7 164 (0.02) 118 (0.02)
CS3 0.946 0.194 14.8 190 (0.03) 139 (0.01)
cs4 0.587 0.040 5.0 186 (0.04) 104 (0.02)
css 0.587 0.200 24.9 157 (0.03) 124 (0.02)

“ The nominal molar cross-linker ratio values are the ones used in the synthesis and not the ratios in the final microgel polymer network.

This journal is © The Royal Society of Chemistry 2022
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were measured by the Image] software.** Moreover, we used the
TEM images to evaluate the encapsulation success of the cores
in the PNIPAM shells.

UV-Vis spectroscopy. Absorbance spectra were measured
with a Specord S 600 spectrometer equipped with a
temperature-controlled sample changer (Analytik Jena AG).
Measurements were performed in the wavelength range of
300-1019 nm in transmission geometry over the temperature
range between 10 and 60 °C. Afterwards, the detected light was
converted into absorbance values. The dilute, aqueous particle
dispersions (0.02 wt%) were measured in 1 x 1 cm®> PMMA
cuvettes. A cuvette with water was used for the background
correction for all extinction spectra.

Dynamic light scattering (DLS). Hydrodynamic radii, Ry
were determined by DLS using a Zetasizer NanoS90 (Malvern
Panalytical). The device was equipped with a HeNe laser as the
light source with a wavelength of 632.8 nm and a temperature-
controlled jacket for the cuvette. The measurements were
performed with a scattering angle of 90° in the temperature
range between 25 and 50 °C in steps of 1 °C. Samples were
allowed to equilibrate for 10 minutes at each temperature step
before at least three measurements with an acquisition time of
60 s were performed. Swelling curves, ie. the temperature
evolution of the hydrodynamic radii (z-average), were fitted
using sigmoidal functions (Boltzmann). Due to some scatter
of the measured data, in particular in the swollen state, the
hydrodynamic radii for the swollen and collapsed state at
temperatures of 25 °C and 50 °C were obtained from the
sigmoidal fits. Further details and measured swelling curves
are provided in the ESI.¥ The obtained swollen and collapsed
state radii are reported in Table 1.

Static light scattering (SLS). SLS measurements were
performed with a 3D LS spectrometer (LS Instruments) with a
constant scattering angle of 90°. The measurements were
repeated three times with an acquisition time of 15 s. The light
source was a HeNe laser with a wavelength of 632.8 nm. Two
avalanche photodiodes in pseudo-cross-correlation mode were
used as detectors. The samples were measured in cylindrical
quartz glass cuvettes with an outside diameter of 10 mm
(Hellma Germany) in a heat-controlled decalin bath equipped
with a Julabo CF31 circulating water bath in the temperature
range between 20 and 55 °C. The temperature was monitored by
a Pt100 thermoelement. Before each measurement, the system
was allowed to equilibrate for 900 s at each temperature step.
SLS measurements were performed to confirm that the
obtained absorbances from UV-Vis spectroscopy can be used
as a direct measure for the light scattering intensity of the
microgels.

Small-angle X-ray scattering (SAXS). The particle concen-
tration of the Au-PNIPAM microgels was obtained by SAXS
measurements using the Xeuss 2.0 device (Xenocs) at a sample
to detector distance of 1.2 m. The beam wavelength was
0.154 nm (Cu K-Alpha). The scattering data was collected using
a PILATUS3 300 K detector (DECTRIS) with pixel size of 172 x
172 um®. Particle aqueous dispersions (1-5 wt%) were filled
into 1 mm round capillaries delivered from WJM Glas, and the
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exposure time for each measurement was 3600 s. For all
measurements, Milli-Q water was used for the background
correction.

Small-angle neutron scattering (SANS). SANS measurements
(DOI:10.5291/ILL-DATA.EASY-632) were performed at the
Institut Laue-Langevin (ILL) in Grenoble (France) using the
D11 instrument. The neutron wavelength was 0.46 nm for
the sample-to-detector distances of 1.4, 8 and 39 m and
10 nm for 39 m. The signals were collected using the *He gas
detector (CERCA) with an area of 96 x 96 cm? and a pixel size of
3.75 x 3.75 mm?>. To cover a broad g range, the data for the
dilute samples in D,O (0.5 wt%) were collected at sample-to-
detector distances of 1.4, 8 and 39 m with acquisition times of
300, 600, and 1200 s, respectively. The SANS measurements of
all CS microgels were performed at four different temperatures
of 25, 35, 37 and 50 °C. However, due to limited beamtime, we
could not record data at low g values at 37 °C. The dilute
dispersions were measured in cylindrical quartz glass cells
(Hellma Germany, light path 1 mm). The collected data was
corrected for D,O and empty cell scattering. Scattering data
were radially averaged and normalized to absolute intensities
using standard routines of the ILL (Lamp). The data reduction
considered the sample transmission, sample thickness, detector
noise (via a '°B,C absorber), flat field (from measurement of
H,0) and empty cell subtraction, providing data in absolute
scale using water as a secondary standard. Instrument resolution
accounts for the resolution in g based on the experimental direct
beam width, wavelength spread (AA/A = 9% (FWHM)) and
detector pixel size. The recorded spectra at different sample-to-
detector distances were merged and analyzed by SASfit software
by Kohlbrecher.*®

Refractive index measurements. Refractive indices of particle
dispersions were recorded with an Abbemat-WR/MW refracto-
meter (Anton Paar). The measurements were performed at the
wavelength of 589.3 nm at 25 and 50 °C. The concentrations of
the particles were kept the same as for the SAXS measurements.
500 pL of highly concentrated PNIPAM solution (1,4-dioxane)
were left to dry in the air in the measuring unit until a constant
value was reached to obtain the pure linear PNIPAM film
refractive index.

FDTD simulations. Theoretical extinction spectra were
calculated using finite difference time domain (FDTD)
simulations employing commercial software from Lumerical
Solutions, Inc. (FDTD Solutions, Version 8.18.1332). Absorption
and scattering spectra were simulated in a box in x, y and
z-direction with perfectly matched layer (PML) boundary
conditions. We used a Total-Field Scattered-Field (TFSF) source
and a box of power monitors consisting of the total field and
scattered field monitors. The auto shut-off was set at 10 °
before reaching 1000 fs simulation time. Gold core sizes were
simulated with a radius of 6 nm with a mesh of 0.25 nm. The
radius is slightly smaller than obtained from TEM (7.7 nm) and
SAXS (6.8 and 6.5 nm) measurements. The wavelength-
dependent refractive index of the gold core was taken from
literature.** For the overall particle, we used mesh grading with
a grading factor of 1.1. Water with n = 1.332 was used as the

This journal is © The Royal Society of Chemistry 2022
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surrounding medium. Experimentally determined refractive
indices and radii were used for the CS microgels.

3 Theory
3.1 LCST and cloud point of PNIPAM

In aqueous dispersion, PNIPAM features a miscibility gap above
the LCST at Ticsr. When heated to T > Ticsr, the PNIPAM
chains demix due to a drastically reduced solubility. For
PNIPAM and LCST polymers in general, this demixing behavior
is typically followed by turbidity measurements yielding the
cloud point temperature T,. Below T, the polymer chains are
in a soluble state. At T, the phase transition occurs and the
polymer solution becomes turbid due to the formation of
collapsed aggregates. This clouding of the solution is typically
easy to monitor by a steep increase in turbidity. However, it is
highly recommended to follow standard protocols for such
measurements as reported values of T., can strongly differ
due to differences in polymer concentration, wavelength, heating
rate etc.”” Furthermore, it is important to note that T, and
the LCST are typically not the same. The LCST corresponds to
the temperature at the minimum of the binodal for which the
concentration is equal to the lower critical solution concentration
(LCSC).*>*® Thus, concentration dependent measurements are
required if the LCST is to be determined. Often ignored is also
that chain ends, e.g. from a chain transfer agent used in RAFT
polymerization, can significantly alter the phase transition of a
thermoresponsive polymer and affect T, in particular for those
with a low molecular weight. The molecular weight distribution is
another factor crucial to the demixing as longer chains tend to
precipitate first.*

The LCST behavior of PNIPAM in water is responsible for the
volume phase transition observed for PNIPAM microgels.

3.2 Light scattering and turbidity of PNIPAM microgels

In this work we study the optical response of dilute aqueous
dispersions of thermoresponsive microgels composed of PNI-
PAM cross-linked with BIS. Thus, the system is significantly
different to linear PNIPAM homopolymer chains in solution: (1)
the cross-linker introduces chemical heterogenities that are
distributed inhomogeneously within the microgels. (2) As a
consequence of (1), the number of monomer units between two
cross-linking points has a large dispersity and increases
towards the outer periphery of the microgels. (3) The outer
fuzzy corona of the microgels contains uncross-linked dangling
ends. (4) The anionic radical initiator used in the synthesis
introduces sulfate groups that are deprotonated at neutral and
basic pH. As a consequence the microgels are slightly ionic.
Despite these structural and chemical differences, the VPT
of PNIPAM microgels is accompanied by similar turbidity
changes to those observed for linear PNIPAM homopolymer
chains. It is worth distinguishing between the two cases:
(1) non-ionic microgels or ionic microgels at sufficiently high
ionic strength will aggregate at temperatures close to the phase
transition temperature where steric stabilization is lost. Here,

This journal is © The Royal Society of Chemistry 2022
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attractive forces dominate and the microgels lose their soft
repulsive character.”” The formation of aggregates is accompanied
by a steep increase in turbidity similar to the behavior of
individual polymer chains discussed before. (2) With given high
enough electrostatic stabilization, ie. through charged groups
from an ionic radical initiator or chargeable comonomers,
repulsive interactions dominate even at temperatures well above
the phase transition temperature. In this case, the dispersion
remains colloidally stable and shows a continuous increase
in turbidity during the VPT from the swollen to the
collapsed state.

The second case will be the one relevant to this study. Due to
the typical microgel size, aqueous microgel dispersions are
turbid even at low concentrations and under good solvent
conditions. This turbidity is caused by light scattering due to
a refractive index mismatch between microgels and water as
dispersing medium. Generally, the light scattering properties of
a colloidal dispersion can be described by the RDG theory if the
following criteria are fulfilled:*®

(1) The refractive index of the scattering objects, n,, is close
to the refractive index of the dispersing medium, n:

[1—m| «1 (1)
with
np
=— 2
m=" @

(2) The phase shift is small:
kn2R|1 — m| « 1 (3)

Here, k = 27// is the magnitude of the wave vector k with the
wavelength 4 and R is the radius of the scattering object.
Substitution gives:

4mngR
A

I —m| <1 @)

As we will show later, both criteria are well fulfilled for our
CS microgels in the swollen state and even in the collapsed
state where the refractive index contrast is significantly higher.

The scattering cross-section of an RDG scatterer, CRDG g
given by:*54

4 2
243 (§nR3) 2
CRDG — ( ) (5)

sea 4 m2+2

Thus, at a given wavelength /, the intensity of RDG scattering
depends only on the particle radius and the refractive
index contrast. In contrast to simple homogeneous spheres
such as polystyrene or silica particles that possess a homoge-
neous refractive index, PNIPAM microgels are swollen by
solvent with a solvent content that depends on the swelling
state, ie. the dispersion temperature. It is therefore necessary
to consider the volume fractions of polymer (¢) and water
(pwater =1 — ¢) inside the microgels to estimate the value of n:

np = (b'npolymer + (1 - (/))'nwater (6)
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The volume fraction of polymer is given by:

V v,
(/) _ polymer _ polymer (7)

Vo 4
microgel “nR3

Here, Vpolymer 1S the total volume of polymer - in our case
PNIPAM - inside one microgel and Viicrogel is the volume of
the microgel with radius R. For thermoresponsive microgels,
Vmicrogel and thus ¢ depend on temperature. Assuming that
Vpolymer does not change in the temperature window considered
in this work, i.e. 25 to 50 °C, ¢ scales with R as:

¢(1) o« R(1) (8)

As ¢ increases when the microgels shrink, n;, also increases
(see eqn (6)). This will in turn increase the light scattering. On
the other hand, one has to keep in mind that the RDG
scattering scales with the sixth power of R, leading to a
reduction in scattering when the microgel shrinks, ie. R
decreases. We will later on address how each factor influences
the scattering behavior of our CS microgels.

3.3 Absorbance measurements and scattering cross-section

The attenuation of incoming light of intensity I, due to scattering
and/or absorption by a sample is given by the Beer-Lambert law:

1(d) = Ipexp(—CexeNd) 9)

Here, I(d) is the intensity after the sample, Cey, is the extinction
cross-section, N is the number density of the sample and d refers
to the pathlength. In the case of a non-absorbing sample that
contains objects that only scatter light, the extinction is directly
related to the scattering cross-section Cgcaty €. Cext = Cscar- IN @
standard absorbance spectroscopy experiment, the measured
absorbance A from a turbid, non-absorbing sample is given by:

A—lo L _CscutNd
~ 80\ 7)) T 2303

(10)

For more information regarding the conversion leading to
eqn (10) please see the ESLT Depending on the size of the
scattering objects and the refractive index difference between
particles with 7, and dispersing medium with n, different theories
can be applied to calculate and predict Cye,. In general, given a
sample of low polydispersity scatterers, absorbance measurements
can be applied to determine particle sizes.> In this work, we will
show that simple absorbance measurements are well-suited for
following the scattering increase during microgel collapse.

4 Results and discussion

We used seeded precipitation polymerizations to synthesize
Au-PNIPAM CS microgels that differ in thickness and cross-
linking of the shells. All syntheses were performed with
polycrystalline, monodisperse AuNP cores. Three batches of
cores were synthesized to yield the quantities needed for all CS
systems. The average diameter of the cores from TEM is
15.3 nm for all batches. The standard deviation of the diameter
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shows small differences between the batches. On average the
polydispersity is 10%. For the PNIPAM encapsulations, only
the amounts of monomer and cross-linker were varied to yield
the different CS particles (see Table 1). We want to highlight
that the core volume is negligible with respect to the total
microgel volume («1%) for all samples. Consequently, we do
not expect any significant influence of the cores on the swelling
behavior of the PNIPAM shells. Physically the CS particles behave
just like standard microgels without cores — apart from the
absorption that is related to the LSPR of the AuNPs.>® The role
of the cores is twofold in our study: (1) the cores act as seeds for
the precipitation of PNIPAM during the polymerization and thus
allow for precise control of the microgel size.** (2) The cores
serve as useful markers due to their LSPR properties and large
scattering contrast in SAXS.

Before looking at the optical properties of the microgels in
detail, we will discuss some of their general properties.

4.1 General characterization of CS microgels

The core size and shape as well as the morphology of the overall
CS microgels were studied by TEM. Fig. 1(a) shows representative
TEM images of all five microgel batches. Due to the large
difference in electron density, the cores and PNIPAM shells can
be clearly distinguished. All samples have single AuNP cores
homogeneously encapsulated in the PNIPAM shells. A detailed
analysis of several TEM images for each of the five CS microgels
revealed that on average less than 5% of the microgels have no
core. In the case of CS4, that is the sample with the lowest cross-
linking density, the core positions seem to be mostly off-centre.
This is something that we observed before for CS microgels with a
cross-linker density of 10 mol%.*® The gold cores are not covalently
bound to the PNIPAM network and thus are rather mobile in
microgels with larger mesh sizes, i.e. lower cross-linking densities.
Therefore, after the synthesis performed above the VPTT, we expect
that the cores can change their position in the microgels when the
samples are cooled down to room temperature leading to swelling
of the PNIPAM network. For this work, the exact position of the
cores in the CS particles is not important as long as each microgel
contains a single NP core. Image analysis reveals an average core
diameter of 15.3 nm. Due to the high vacuum conditions during
the TEM investigation and due to the sample preparation (drying),
the microgels are imaged in their collapsed state. Therefore, the
overall CS diameter appears smaller than the respective hydrody-
namic diameter in the swollen state at 25 °C. Nevertheless, the TEM
images show clearly the increasing shell size for CS1 to CS2 to CS3.

Fig. 1(b) shows photographs of dilute aqueous dispersions
of the different microgels recorded at ambient conditions, i.e.
with the microgels in their swollen states. The slightly red
appearance of the samples is caused by the LSPR of the gold
cores leading to absorption of light in the green part of the
visible spectrum. UV-Vis absorbance spectra of the AuNP cores
from the different batches are shown in Fig. S1 in the ESL¥
As expected, because of their similar size and polydispersity,
the spectra overlap perfectly. All batches reveal the typical
dipolar LSPR at approximately J;spr = 518 nm. The images of
the CS microgels in the top row of Fig. 1(b) show the increase in

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Results from TEM investigation and visual appearance. (a) Representative TEM images of each microgel batch with increasing shell size and cross-
linker density. (b) Photographs of the microgels in dilute aqueous dispersion with the same weight concentrations.

turbidity with increasing shell thickness from CS1 to CS3 caused
by scattering from the microgels. The samples in the bottom row
exhibit similar turbidity due to their similar size. At a closer look
one can see a slight increase in turbidity from CS4 to CS2 to CS5,
i.e. from left to right in the photograph. This increase is related to
the increasing cross-linking density in agreement with our earlier
findings.?” The differences in shell thickness and cross-linking are
nicely revealed by results from DLS measurements. Fig. S2 in the
ESI, shows swelling curves obtained from temperature depen-
dent measurements. All samples show the typical VPT behavior of
PNIPAM microgels with continuously decreasing hydrodynamic
radii, Ry, from the swollen state until plateaus are reached with
nearly constant Ry, at temperatures of 40 °C and higher. Aggrega-
tion of the microgels is not observed at any of the investigated
temperatures. Even in the fully collapsed state where polymer—
polymer interactions are favored, colloidal stability is high enough

a)
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0.8

3 0.6

04

0.2t 1

00 1 1 1 1 1 1

25 30 35 40 45 50
Temperature [°C]

to prevent aggregation. The respective values of Ry, in the swollen
and collapsed state are summarized in Table 1. For a better
comparison of the swelling characteristics of the microgels, we
look at the deswelling ratios, «, in Fig. 2. « is defined as the ratio of
the hydrodynamic volume at any temperature 7, V;,(T), and the
respective hydrodynamic volume in the swollen state V}, swolten:

= M (1 1)
I/h.,swollen

For our CS microgels, we consider only the volume of the
swellable PNIPAM shell to calculate o:

4
Vi = gn(Rﬁ — Reore). (12)

Here, R.ore corresponds to the radius of the rigid AuNP cores,
that do not change their volume in response to temperature in
the relevant temperature window. We used data from the

b) [
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Fig. 2 Deswelling ratios, o, as a function of temperature for all Au—PNIPAM microgels. (a) Variation in microgel shell thickness (samples CS1, CS2 and
CS3). (b) Variation in cross-linker density (samples CS2, CS4 and CS5). Solid lines correspond to the sigmoidal fits used as guides to the eye.
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sigmoidal fits to the swelling curves at 25 °C to calculate Vi swolien
(see Table 1).

In Fig. 2(a) the deswelling behavior of the three microgels
with different shell thicknesses but similar cross-linker
contents are compared. The data of the different samples nearly
collapse onto a common master curve with very similar VPTTs
and only slight fluctuations - mostly at lower temperatures.
Furthermore, very similar values of o of approximately 0.4 are
reached at 50 °C. In other words, the shrunken state volume of
the PNIPAM shells is only about 40% of the swollen state
volume. The overlap of the data for the different CS batches
indicates that indeed the degree of cross-linking is very similar
for CS1-3.°" In contrast, Fig. 2(b) compares the deswelling
behavior of the set of samples with different nominal cross-
linker contents. The relative volume change between swollen
and collapsed state is largest for CS4, which has the lowest
nominal cross-linker content. In that case the values of o are
smallest in the shrunken state (approximately 0.2). In contrast
CS5 shows minimum values of o of approximately 0.5 at 50 °C.
Thus, the DLS data confirm the increase in cross-linking density
from CS4 to CS2 to CS5.°7%

4.2 Temperature-dependent optical properties

We now want to address the optical properties of the CS
microgels and their dependence of the swelling state of the
PNIPAM shells. Therefore, we measured absorbance spectra
from dilute aqueous dispersions (0.02 wt%) using classical

View Article Online

Soft Matter

UV-Vis spectroscopy. Full spectra measured at different
temperatures covering the VPT of the PNIPAM shells are shown
in the ESIt (Fig. S3). Generally, the spectra reveal two contributions:
(1) the LSPR of the AuNP cores. Due to the small size of the cores,
scattering is negligible and their interaction with light is dominated
by absorption.>® (2) Light scattering from the PNIPAM shells that
manifests itself as a continuous increase in absorbance with
decreasing wavelength. Further details of the spectra are discussed
in the ESI.¥ Here, we want to focus on the observed increase in
absorbance with increasing temperature, ie. when the shells
collapse due to the VPT behavior. Fig. 3(a)-(e) show measured
and normalized absorbances at selected wavelengths as a function
of temperature for all CS microgels.

For a better direct comparison we normalized all data for
each sample using the absorbances measured at A = 300 nm in
the fully collapsed state, i.e. at 60 °C. Due to the power law
scaling of the wavelength in RDG scattering (oc ™%, see eqn (5)),
the absorbances at a given temperature decrease with increasing
wavelength, ie. from 300 to 400 to 523 nm, for each sample.
We will come back to the experimentally observed power law
scaling at a later stage in this work. At a given wavelength all
samples show a continuous increase in absorbance with increasing
temperature in the region of the VPT, ie. when the microgels
collapse. The sigmoidal fits (solid lines) match the data very
precisely. Comparing the different samples we find similar relative
increases in absorbance for CS1-CS3, i.e. the samples with similar
cross-linker densities but different shell thicknesses. In contrast,
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Fig. 3 Optical properties of Au—PNIPAM microgels studied by UV-Vis spectroscopy. (a)—(e) Normalized absorbances at the wavelengths 300 (squares),
400 (circles) and 523 nm (triangles) as a function of temperature. The absorbance data from 300 nm are normalized to 1 at the collapsed state (60 °C).
The corresponding data at 400 and 523 nm are divided by the same normalization factors as for 300 nm to keep the relative absorbance ratios between
the different wavelengths the same. (f) Normalized absorbances at 300 nm as a function of normalized hydrodynamic radius for all five samples. The

color code is the same as in (a)—(e).

814 | Soft Matter, 2022,18, 807-825

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sm01473k

Open Access Article. Published on 13 December 2021. Downloaded on 12/4/2025 2:48:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

the relative change in absorbance significantly differs when
comparing the samples with different cross-linker densities but
similar shell thicknesses. CS5, the most cross-linked microgel,
shows the smallest increase in absorbance with temperature.
CS4, the sample with the lowest cross-linking, shows the largest
increase in absorbance. These findings are in good agreement
with the temperature-induced changes in R, measured by DLS. To
prove that we can use the absorbances as a measure for the
light scattering properties of the microgels, we performed SLS
measurements at A = 632.8 nm as a function of temperature.
Fig. S4 in the ESLf compares normalized, relative scattering
intensities from SLS to the corresponding normalized, relative
absorbances measured at 4 = 632.5 nm using UV-Vis spectroscopy.
For each sample the data from both methods overlap perfectly.
This demonstrates that the measured absorbances are indeed
related to light scattering and that the relative changes as a function
of temperature directly reflect its changes. This is not only the case
for 4 ~ 633 nm but also for other wavelengths as the perfect
overlap between normalized absorbances at different wavelengths
illustrates (see Fig. S5 in the ESIf). VPTTs determined from the
sigmoidal fits to the SLS and UV-Vis spectroscopy data are
summarized in Table 2.

The listed VPTTs range between 32.1 and 34.4 °C, while for
each sample, both techniques reveal the same VPTTs within the
experimental error. Samples CS1-3 possess very similar VPTTs.
In contrast, the samples with different cross-linker contents
show increasing VPTTs with increasing cross-linking, i.e. CS5
has the highest, CS4 the lowest VPTT. This dependence on the
cross-linker content is in agreement with results from other
studies on classical PNIPAM microgels (without cores).”®

Now, we want to derive the correlation between the swelling
state of the microgels and the scattering intensity. Since we
know the evolution of Rj, as a function of temperature for all
samples, we can derive the correlation between absorbances at
given / and the respective R,. To be able to compare all
samples, independent of their different swelling capacities,
we calculate the difference in radius at each temperature with
respect to the collapsed state, ARy,(7), and normalize by the
maximum difference in size between the fully swollen and
collapsed state, ApaxRn:

Ry (T) — R collapsed _ ARy(T)
Rh:SWOHCH - Rh,collapsed Amax Rn

(13)

Similarly, we calculate the difference in absorbance at
temperature T with respect to the minimum absorbance in
the swollen state, AA(T), and normalize by the maximum

Table 2 VPTTs of the CS microgels obtained from UV-Vis spectroscopy
and SLS applied to dilute, aqueous dispersions

Sample VPTT (UV-Vis) [*C] VPTT (SLS) [°C]
CS1 33.5 + 0.3 33.6 + 0.3
CS2 33.9 £ 0.2 34.1 £ 0.2
CS3 33.0 + 0.2 33.3+0.2
CS4 32.1 £ 0.2 32.8 = 0.2
CS5 34.1 + 0.3 34.4 + 0.3

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

difference in absorbance, A,,A:
A(T) - Aswollen _ AA(T)
Acollapsed - Aswollen AmaxA

(14)

Both quantities reflect the extent to which Ry, and A respec-
tively, have changed at a given temperature in relation to the
maximum possible changes in Ry, respectively A. For Ry, we can
ARW(T)

max{th
value is 0, the microgels are fully collapsed, if the value is 1, the
microgels are fully swollen. Fig. 3(f) compares the respective
results for all samples based on measured absorbances at 1 =
300 nm. The normalized change in absorbance scales linearly
with the normalized change in Ry, and the slope is —1. In other
words, the absolute absorbance difference with respect to the
swollen state, AA(T), is directly proportional to the absolute
radius difference with respect to the collapsed state, ARy(T).
This implies that, for example, a temperature induced swelling
by 10% results in a 10% decrease in normalised absorbance.
This behavior is found for all five microgels. All data points
collapse onto a master curve in Fig. 3(f). We are not aware that
such a relationship has been identified previously in literature
dealing with PNIPAM microgels. Ultimately the observed
relation is very convenient, because it allows the derivation of
the microgel size and its temperature-induced changes using
simple absorbance measurements. In the following section we
want to address the internal structure of the microgels and the
resulting volume fraction of polymer.

treat as a measure for the degree of swelling, i.e. if the

4.3 Volume fraction of polymer from absolute intensity small-
angle scattering experiments

The measured absorbances, that result dominantly from light
scattering of the microgels discussed in the previous section,
depend on three sample parameters: (1) the number density N,
that is the number of CS microgels per sample volume, i.e. per cm?;
(2) the refractive index contrast; and (3) the particle radius R.

The precise determination of N, in particular for dilute
microgel dispersions as used in our case, is challenging.
In principle, N can be derived from the microgel volume fraction
@ microgel, that is the volume occupied by the microgels in relation
to the total volume of the dispersion, V. If the volume of a single
microgel is vy, the number density can be calculated:

N = d)microgel
Vo

(15)

Probably the most commonly applied method to measure
@microgel in dilute dispersion where @microgel is equal to the
generalized volume fraction {, is via measurements of the
relative viscosity.>®>* To then calculate N requires knowledge
of v, that is particularly difficult to define for swollen microgels
due to their fuzzy sphere morphology and the presence of
dangling ends in the outer microgel periphery. Depending on
which radius is used for the calculation of the microgel volume
(e.g- hydrodynamic radius, Guinier radius, sphere radius from
SLS), values of v, differ strongly. Here, we choose a completely
different approach to determine N and make use of the strong
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scattering contrast of our small AuNP cores: we use absolute
intensity SAXS data and form factor analysis of the strong
scattering signal from the AuNP cores to determine the number
density of cores. Knowing that each microgel contains exactly
one core, the number density of the cores is equal to N. The
corresponding SAXS data including Guinier plots and detailed
explanation of the calculations to determine N from samples of
known weight concentration can be found in the ESI} (Fig. S6
and S7). The determined values of N now also allow us to
calculate extinction cross-sections from the measured
absorbances (see eqn (9) and (10)). Fig. S8 in the ESI,{ shows
the respective results for the swollen and collapsed state of
the CS microgels. As expected, for a given wavelength, the
extinction cross-section increases with increasing microgel
shell thickness, i.e. from CS1 to CS3, and for increasing cross-
linking density, i.e. from CS4 to CS2 to CS5. This behavior is
found for both states of swelling.

With the resulting correlation between N and the weight
concentration of our samples, we can now address the refractive
index contrast of the microgels. We do this in two different ways:
using refractive index measurements and using absolute
intensity SANS measurements. Measured refractive indices
from the refractometer, ngispersion, Obtained from CS microgel
dispersions of known weight concentration are listed in Table S3
and shown in Fig. S9 in the ESI.} Since we know the relation
between weight concentration and N from analysis of our
absolute intensity SAXS data, we can estimate the volume
fraction of microgels, ¢microge, Using the hydrodynamic volumes
Vi in eqn (15). With ¢microger We can then use the Maxwell-
Garnett mixing rule®® to calculate the effective, volume
averaged microgel refractive index, nmicrogel,eff:

ndispersion(T) - nHzO(T) . (1 - d)microgel)

quicrogel

(16)

Nmicrogel eff =

The determined values of 7y jcrogel,etf along with the resulting
effective polymer volume fractions, ¢., are listed Table 3. Here,
¢egr Was calculated using eqn (6) with Mmicrogelefr @s the input
parameter for 7,

In the swollen state, the determined effective, average
refractive indices of the microgels lie between 1.342 and
1.371, with CS4 and CS5 having the lowest and highest refractive
indices respectively. These values correspond to an averaged
polymer content of 6% (CS4) and 23% (CS5) respectively.

Table 3 Calculated effective, average refractive indices neg at 589.3 nm
and polymer volume fractions of the CS microgels for the swollen (25 °C)
and collapsed (50 °C) state

Swollen state Collapsed state

4mngR 4mngR

Sample Nmicrogel,eff d)eff Ab |1 - I‘Vl‘ Nmicrogel,eff ¢eff Ts‘l - ’77|
Cs1 1.363 0.18 0.08 1.427 0.57 0.16

CS2 1.357 0.15 0.09 1.401 0.42 0.18

CS3 1.357 0.15 0.11 1.394 0.38 0.19

CS4 1.342 0.06 0.05 1.383 0.32 0.12

CS5 1.371 0.23 0.14 1.405 0.45 0.20
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The CS1-3 microgels possess very similar polymer contents of
15-18%. As expected these values lie between the determined
polymer content of CS4 and CS5, which have lower and higher
cross-linker contents respectively. In the collapsed state, the
trend is not that clear. At 32%, the CS4 microgels have the
lowest effective polymer content, indicating that these lowest
cross-linked microgels contain the largest amount of water in
their collapsed state. Next, CS2, CS3 and CS5 have similar
polymer contents in the range from 38 to 45%. The CS1 micro-
gels with the thinnest PNIPAM shell, but similar cross-linker
content to CS2 and CS3, have the highest polymer content of
57% in the collapsed state. These values serve as a first estimate
from simple and quick refractive index measurements. However,
we want to note that the determined values might be inaccurate
despite the high precision of the refractive index values (see
Table S3 in the ESIT). Potential sources of error are the precision
of N from absolute intensity SAXS, the validity of the Maxwell-
Garnett mixing rule for microgel dispersions and the use of the
hydrodynamic radius to estimate @microger- In the following we
will show that only the latter factor, i.e. the use of the hydro-
dynamic microgel size, is relevant to the reliability of the
determined values of 7microgel,err and consequently ¢eg. Already
minor deviations in radius strongly affect the resulting refractive
index of the polymer shell, where a reduction of the radius by a
few nanometers leads to significantly increased values of ¢egr.
Before we address this in more detail, it is useful to use the
values from refractive index measurements to reconfirm that the
microgels generally fulfill the RDG criterium (eqn (4)). Table 3

dnngR

lists the resulting values of |l —m| for the swollen and

collapsed states. With values ranging between 0.05 and 0.14 the
RDG criterium is well fulfilled in the swollen state. In the
collapsed state the values are larger, by a factor of approximately
2, but still small enough that it is justified to treat the collapsed
microgels formally as RDG scatterers.

We will now turn to the SANS measurements of the CS
microgels and outline an alternative method to determine the
polymer volume fraction. The scattering profiles measured at
different states of swelling are shown in Fig. 4.

All scattering profiles can be well described by a
combination of a scattering contribution from the incoherent
background, an Ornstein-Zernicke contribution to account for
dynamic network fluctuations and the fuzzy sphere model to
account for the microgel form factor. The latter model was first
introduced for microgels by Stieger et al.'* and comprises an
inner microgel region with homogeneous density and a radius,
Rpox- The thickness of the fuzzy shell is defined by the
parameter o. The total microgel radius, Rsans is given by Rsans =
Rpox t 40. The fits to the data shown as solid lines in Fig. 4
describe the experimental data very well. Some small deviations
in the mid grange (at approximately 0.1 nm™') that are
particularly visible for CS5 at 25 °C might be related to static
internal inhomogeneities. Further details of the fuzzy sphere
model and the fitting of our SANS data can be found in the
ESI.{ We want to highlight that recently more complex models
have been derived for the description of the internal microgel

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Results from SANS measurements of all samples. Measurements were performed at four different temperatures of 25, 35, 37 and 50 °C. (a)-(e)
Symbols show experimental data of the samples CS1-CS5. Black solid lines correspond to fits to the data using the fuzzy sphere model for the microgel
form factor. The profiles were offset vertically by multiplication for the sake of clarity (x1, x10, x100 and x1000, from bottom to top).

morphology and the microgel form factors.'®>® These extended
models might also be applicable to our samples and might
provide more realistic density profiles. However, due to the
limited resolution and the instrumental smearing in our SANS
experiments, we want to stay with the well-established fuzzy
sphere model and avoid increasing the number of fitting
parameters because these will be used in the optical simulations
presented later on in this work. We now want to focus on the fit
results. For temperatures below (25 °C) and close to the VPTT

This journal is © The Royal Society of Chemistry 2022

(35 and 37 °C), the best form factor fits with the fuzzy sphere
model yield values of ¢ > 0 nm. We want to highlight that
a simple polydisperse sphere fit does not lead to a good
description of the scattering data at these temperatures. Only
in the fully collapsed state, at 50 °C, the fuzzy sphere model
yields ¢ = 0 nm and the model becomes equivalent to a
polydisperse sphere form factor. In other words, the fully
collapsed microgels resemble the scattering behavior of homo-
geneous, hard spheres in agreement with earlier findings for
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Fig. 5 Microgel structure at different states of swelling. Top: Schematic depictions of the Au—PNIPAM microgel structure at different temperatures with
shell dimensions drawn to scale for sample CS2. Small red circles in the centre of the particles represent the AUNP cores and solid blue lines represent the
polymer chains. Black dashed lines indicate the determined radii from DLS (R},) and SANS (Rsans. Roox) Bottom: Corresponding radial density profiles as
the result from form factor analysis of SANS data. Shown are the polymer volume fractions as a function of radius. Vertical grey dashed lines highlight the

radii R, Rsans and Rpox.

PNIPAM microgels, including those with ultra low cross-linker
density.>”° Fig. 5 summarizes the results from our SANS
measurements using CS2 as an example.

At 50 °C, the polymer volume fraction profile ¢(R) is consistent
with a typical hard sphere-like profile with a constant value at R <
Rsans. Here Rsans = Rpox and ¢ = 0 nm. The constant polymer
volume fraction of the microgels is approximately 0.41. In other
words, the collapsed microgel CS2 still contains almost 60%
solvent by volume (here: D,0). With decreasing temperature
and consequently increasing swelling, the thickness of the fuzzy
shell, g, increases while R,,, remains almost constant. From
37 down to 25 °C, the polymer volume fraction of the inner
homogeneous microgel part (R < Ry,) decreases from approxi-
mately 0.3 to approximately 0.18. The swollen CS2 microgel
contains over 80% solvent by volume in the inner region of
the microgel. The fact that Ry., remains almost constant while
¢(R < Ry continuously decreases with increasing degrees of
swelling indicates rearrangement of the chains from the fuzzy
corona during swelling/deswelling. The microgels undergo a
transition from fuzzy spheres, with a gradually decreasing
polymer density in the fuzzy corona, to homogeneous hard
sphere-like particles with a simple box profile, as the temperature
increases. During this transition the effective polymer volume
fraction increases continuously with increasing temperature until
the microgels are fully collapsed. Due to limited beamtime, we
could not perform measurements at temperatures higher than
50 °C. However, our absorbance data show only negligible
changes in absorbance above 50 °C (see Fig. S4 in the ESIY).
Therefore, we conclude that the SANS profiles will also not show
any significant changes for higher temperatures. As Fig. 6(a)—(e)
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shows, the SANS analysis yields very similar results for all CS
microgels where the same temperature-dependent trend is
observed for each system.

All fit parameters from the SANS analysis are listed in Tables
S4-S8 (ESIt) and the different radii from DLS and SANS are
summarized in Fig. S10 in the ESI.} The tables also list the radii
of gyration R, obtained from model-free Guinier analysis of the
low g scattering regions. It is useful to compare the values of R,
with R;,. For homogeneous, hard spheres we expect to find
Ry/ Ry, = /3/5 = 0.775.°° In the swollen state (25 °C) the ratios
Ry/Ry, of our CS microgels are in the range of 0.56-0.71 and thus
significantly smaller than the hard sphere value. This can be
explained by the fuzzy corona and the dangling ends that
contribute to Ry, but less to Ry.>*®" When temperature is
increased and the microgels collapse, the ratios increase to
0.68-0.74. Thus, the transition from fuzzy spheres to hard
sphere-like particles is also reflected by Ry/Ry,. Comparing the
samples with the different cross-linker densities, we see
the strongest change in Ry/Ry, for CS4 - the microgels with
the lowest cross-linker density. CS4 exhibits the smallest Ry/Ry,
value of 0.56 in the swollen state and a significantly increased
value of 0.72 in the collapsed state. This is in agreement with
polymer volume fraction profiles shown in Fig. 6(d) where the
inner microgel volume contains 90% solvent by volume in the
swollen state - significantly more than the other microgels.
The CS4 microgels are the softest among the series of microgels
studied. In contrast, the other microgels with higher cross-
linking density and thus more rigid polymer networks, exhibit
smaller changes in Ry/R;, with temperature. Surprisingly, the
polymer volume fraction in the fully collapsed state is very

This journal is © The Royal Society of Chemistry 2022
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(a)—(e) Radial polymer volume fraction profiles at four different temperatures as obtained from analysis of the SANS data using the fuzzy sphere

model. (f) Calculated effective polymer volume fraction as a function of the temperature for all CS microgels. The effective volume fractions were
calculated using the fully collapsed state as the reference state and the temperature-dependent hydrodynamic radii according to eqgn (17).

similar for all microgels ranging between approximately 37.5%
(CS5) and 45% (CS3 and CS4). Only CS1 shows a slightly higher
polymer content of approximately 50% in the collapsed state.
These are the smallest microgels and potentially possess more
inhomogeneities in the polymer network. Thus, the CS1 micro-
gels show a slightly different behavior than CS2 and CS3 with
similar cross-linker contents. Generally the calculated polymer
volume fractions in the collapsed state are in good agreement
with values reported in literature,"*** where, for example,
Lopez and Richtering estimate a value of 0.44, independent
of the cross-linking density and molar mass.>* The collapsed
state of microgels is often used as the reference state, for
example, when the swelling behavior is described by the
Flory-Rehner theory.'>**** In this case precise knowledge of
the polymer volume fraction is crucial. While this value is often
estimated rather than precisely measured,'>*® we provide an
approach to determine the polymer volume fraction with great
confidence. Furthermore, the values from our collapsed state
SANS data are in good agreement with the results from
refractive index measurements (Table 3) despite the slightly
larger variation between samples for the latter dataset. This
agreement supports our previous hypothesis that the dominant
error in the evaluation of the refractive index measurements is
related to the use of Ry, in order to estimate the microgel
volume fraction. The collapsed state is therefore the ideal
reference state (¢ = ¢), because the microgels can be treated
as homogeneous hard sphere-like particles with a homo-
geneous density profile and thus homogeneous refractive
index. Similar polymer contents were determined independent

This journal is © The Royal Society of Chemistry 2022

of the shell thickness and the cross-linker content. We highly
recommend the collapsed state to be used as the reference state
in future studies on microgels.

4.4 Light scattering properties based on effective, average
volume fractions

With the results from collapsed state SANS, we now want to
derive the effective, average polymer volume fractions ¢ for
different states of swelling using the hydrodynamic radii from
DLS at different temperatures:

Ry (50 °C)? — Reore

3
Rh(T)3 - Rcore3 . (po

beir =

(17)

We want to emphasize that this simple estimation does not
take into account the transition from hard sphere-like behavior
at the reference state (50 °C) to the fuzzy sphere morphology in
the swollen state. Therefore, ¢.¢ rather corresponds to the
volume averaged polymer volume fraction with respect to the
hydrodynamic microgel volume. Fig. 6(f) compares the
temperature evolution of ¢.¢ for all CS microgels. As expected
the capacity for solvent uptake is the largest for the CS4
particles, which have the lowest cross-linking. In the fully
swollen state, the CS4 microgels contain on average less than
10% polymer. For the other, higher cross-linked CS microgels,
the average polymer content approaches values between 15 and
20% in the swollen state. Again we find good agreement with
the values from refractive index measurements (Table 3) that
also do not take into account internal density variations.
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In order to relate the polymer volume fractions to the light
scattering properties of the microgels, we have to calculate the
refractive index contrast using eqn (6) with the values of ¢eg.
Since we performed the absorbance measurements in H,O, we
use ny,o = 1.33 as the refractive index of the dispersing medium
at 4 = 589.3 nm.®” To determine the refractive index of our
PNIPAM microgel shells, npxpam, we measured the refractive
index of dispersions of the CS3 microgels at 4 = 589.3 nm and
25 °C. The microgel dispersions were prepared from freeze-
dried microgels and we took into account a residual water
content of 5.7%.>° In addition to the dispersion measurements,
we measured a polymer film prepared from linear PNIPAM
homopolymer. Fig. S9 in the ESIL,{ shows the measured refractive
indices from dispersions of different weight concentrations and
the PNIPAM homopolymer film. A linear scaling was observed
and extrapolation to 100% polymer yielded npnrpanm = 1.50. Using
this value, we calculated n.g(T) according to eqn (6) which we
then used to calculate CRoC according to eqn (5). Fig. 7 shows the
resulting scattering cross-sections as a function of temperature.

For all CS microgels ChaC remains nearly constant over the
whole temperature range. On closer inspection, a slight
decrease with increasing temperature is observed - opposite
to the experimentally observed trend from absorbance
measurements. However, the decrease is only 1-2% and therefore
negligible. Obviously the approach of using effective, average
microgel volume fractions and measured hydrodynamic radii
from DLS for RDG calculations does not describe the experi-
mental results. Nevertheless, this finding is very important as it
shows that for an optically homogeneous sphere composed of
solvent and non-absorbing material (PNIPAM in our case)
changes in size do not lead to noticeable changes in turbidity
when the amount of material (PNIPAM) is conserved and only the
solvent content is allowed to change. Although it is debatable
whether Ry, is the correct radius for this estimation, we claim that
the main discrepancy arises due to the value used for the effective
volume fraction, ¢.g(7T), that ignores the fuzzy sphere character of
the swollen microgels. This is supported by findings from Small
et al. who investigated the scattering properties of core-shell
particles with different refractive index contrasts.”> They found
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Fig. 7 Calculated scattering cross-sections as a function of temperature
according to egn (5).

820 | Soft Matter, 2022, 18, 807-825

View Article Online

Soft Matter

that a different refractive index shell strongly influences the
scattering intensity. For a shell refractive index close to that of
the medium, the scattering is reduced. In order to account for our
density profiles in the swollen state, we use FDTD simulations to
calculate the scattering cross-sections in the following.

4.5 Light scattering properties based on the fuzzy sphere model

In order to account for the fuzzy sphere character of our swollen CS
microgels, we used FDTD simulations to determine the theoretical
scattering behavior. Table 4 lists the radii and refractive indices
obtained from SANS that were used for the simulations.

To simulate the scattering in the swollen state we used a
simple core-shell model to describe the microgel shell. In this
model the core corresponds to the inner microgel region with
R = Rpox and a polymer volume fraction, ¢y, and a shell with
thickness R, that corresponds to the total thickness of the fuzzy
shell. Thus, we use Rsans as the total microgel radius. The
refractive index of the shell, ng,eny, corresponds to ¢ghen =
0.5¢pox as defined by the fuzzy sphere model. The collapsed state
(50 °C) was simulated with a simple sphere of homogeneous
refractive index and radius Rsans. A gold sphere of 12 nm in
diameter was included to account for the absorption contribution
of the AuNP cores in our CS microgels. The diameter was chosen
to be slightly smaller than the experimental diameter from TEM
since otherwise the absorption of the cores was strongly over-
estimated. Since the simulation uses monodisperse, perfectly
spherical gold particles and also damping effects are less precisely
considered - in particular for small AuNPs, as in our case —
smaller gold dimensions are required to match better to the LSPR
strength experimentally observed. In the experiment we deal with
polydisperse (approximately 10%) and polycrystalline AuNPs that
are only nearly spherical in shape. Fig. 8 compares the results
from FDTD simulations (dashed lines) to the measured
absorbance spectra (solid lines). The experimental and simulated
spectra were normalized at the wavelength of 400 nm allowing a
direct qualitative comparison.

At a first glance, the agreement between experimentally
measured scattering and the numerical simulation is good for
both states of swelling. In the collapsed state (¢ and d), the
scattering model, which treats the microgel as a sphere
with homogeneous refractive index, matches well to the
experimental result and supports the interpretation of the
collapsed state as being hard-sphere-like. In the swollen state

Table 4 Radii of the homogeneous inner sphere (Rpoy), the shell thickness
(Ry), the total radius (Riotal) in the swollen state and radii (R) in the collapsed
state of the particles with corresponding refractive indices Npox, Nsheu @and n
used for the FDTD simulations

Swollen state Collapsed state

Sample Rpox [Nm] R; [NM] Rsans [NM] Apox  Mshen Rsans [Nm] 7

CSs1 74.2 33.4 107.6 1.364 1.348 66.5 1.417
CS2 99.2 55.6 154.8 1.363 1.347 102.0 1.401
CS3 116.6 57.2 173.8 1.368 1.350 122.0 1.410
CS4 110.5 66.2 176.7 1.348 1.340 91.6 1.410
CS5 95.3 50.4 145.7 1.372 1.352 106.2 1.391

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Comparison of simulated (dashed lines) and experimental absorbance spectra (solid lines). (a) Shell size range (CS1, CS2, CS3) and (b) cross-linking
density range (CS4, CS2, CS5) in the swollen state (25 °C). (c) Shell size range and (d) cross-linking density range in the collapsed state (50 °C). All spectra
are normalized at 400 nm, and for the sake of clarity, have offsets of 0, 1 and 2 from bottom to top in each subfigure. The insets show the corresponding

schematic sketch of the microgels in the swollen and collapsed state.

(a and b) our simple core-shell model with the shell accounting
for the fuzzy microgel corona of lower polymer density yields
satisfactory results for all samples. To provide a more quanti-
tative comparison of the scattering, we look at the power law
scaling (absorbance oc 2~#) with the wavelength exponent £.°*
For RDG scatterers we expect to find f = 4 according to eqn (5).
Indeed this is the case for the absorbance measured and
simulated for spherical SiO, particles with R, = 14 nm in water.
Fig. S11 in the ESI,f shows the perfect agreement between
experimental data and simulated scattering cross-sections. The
data perfectly follows the expected wavelength scaling of /. ~* for
RDG scatterers. In the case of our CS microgels, we find
significantly smaller values than f = 4. Table 5 compares the

Table 5 Scattering exponents f from experimental and simulated spectra
in the swollen (25 °C) and collapsed state (50 °C)

Swollen state Collapsed state

Sample f(experiment) S(FDTD) p(experiment) S(FDTD)
Cs1 2.36 1.46 2.73 2.28
CS2 2.88 2.00 3.03 2.23
CS3 2.86 2.14 3.05 2.41
CS4 2.63 1.77 2.89 2.22
CS5 2.93 2.11 3.05 2.24

This journal is © The Royal Society of Chemistry 2022

values of f determined from experimental and simulated
spectra in the swollen and collapsed state.

In the swollen state, the simulated values of ff range between
1.77 and 2.14 and between 2.36 and 2.93 in experiment.
Nevertheless, there is a clear increase in f with increasing
cross-linker density. The same trend is observed in the
collapsed state where values are higher than in the swollen
state and range between 2.22 and 2.41 for the simulations and
between 2.73 and 3.05 in experiment. In all cases the values of f8
are smaller in the simulated spectra than in experiment.
Comparing the samples with different shell thicknesses but
similar cross-linker density, we find almost the same values of f§
for both states for CS2 and CS3. Only the CS1 microgels stand
out with significantly smaller values. This deviation agrees with
our previous discussion that the CS1 particles with the thinnest
shell amongst the series might possess more inhomogeneities
in the polymer network. Comparing the swollen and collapsed
state, we find higher values of f, which indicates that the
scattering becomes closer to the RDG prediction for homo-
geneous spheres. However, both particle size and refractive
index influence the wavelength exponent.”> Heller et al
reported that for increasing sizes of scatterers, the wavelength
exponent decreases until reaching 0.°* This is the case for
particles that do not fulfill the criterium of being “very small”
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compared to the wavelength. Our observed underestimation of
f from FDTD simulations is more pronounced in the swollen
state where the microgels are significantly larger despite their
refractive index being lower. In the collapsed state wavelength
exponents from FDTD are closer to the experimental values
indicating that optically our microgels can be considered as
more homogeneous sphere-like. However, the scattering is
obviously still far from matching the RDG prediction.

While the internal structure of PNIPAM microgels appears
well understood and the fuzzy sphere model is well accepted,
our data reveal the complexity when it comes to understanding
simple absorbance properties: during the temperature induced
collapse, PNIPAM microgels show an increase in scattering that
cannot be explained by the RDG theory for homogeneous
refractive index spheres. Even in the collapsed state, where
SANS data clearly reveal the form factor of polydisperse hard
spheres with a homogeneous polymer distribution, measured
absorbances can neither be described with the RDG model nor
by Mie theory calculations (see Fig. S12 in the ESIf). This
becomes particularly evident when comparing the power law
scaling of the wavelength dependence. While refractive index
measurements and form factor analysis yield very reasonable
polymer volume fractions from which refractive index profiles
can be derived, theoretical scattering cross-sections from FDTD
simulation cannot reproduce the experimentally observed
power law scaling of the wavelength-dependent absorbances.

Our study clearly shows that the fuzzy sphere structure of
swollen microgels is responsible for the observed increase in
absorbance during the VPT. In the swollen state, where the
thickness of the fuzzy shell is largest and its effective, average
refractive index is the lowest, the shell basically does not
contribute to the visible wavelength scattering. Using the
experimentally determined refractive indices of the inner
microgel core (np0x) and of the fuzzy shell (nghen) to calculate
the refractive index contrast term in eqn (5), we find a four
times lower refractive index contrast of the fuzzy shell. As the
fuzzy shell collapses during the VPT, polymer material from the
fuzzy shell collapses on the inner microgel core that increases in
polymer volume fraction. Consequently, the refractive index
contrast of the inner, rather homogeneous core region increases
leading to an increase in absorbance. This is supported by our
finding of nearly constant radii, Rpox, during the microgel
collapse and the increase in polymer volume fraction in the core
region as observed from the analysis of our SANS data.

With this work we want to stimulate further research in this
direction - in particular in the development of theories that
describe the optical scattering cross-sections of thermoresponsive
microgels. To the best of our knowledge a model suitable for
PNIPAM microgels does not exist so far. This knowledge gap
hampers the quantitative analysis of microgels in general where it
would be highly beneficial if, for example, number concentrations
could be extracted from simple absorbance measurements.
Furthermore, we believe that simple, fast and importantly, almost
error-free absorbance measurements could be used to investigate
the structural transitions of thermoresponsive microgels ingreat
detail - given a precise theoretical model is available.
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5 Conclusion

In a similar way to linear PNIPAM homopolymer chains, PNI-
PAM microgels show an increase in turbidity when undergoing a
phase transition from good to poor solvent conditions. However,
the origin of this turbidity increase is significantly different. We
studied this behavior in detail using core-shell microgels with
small gold nanoparticle cores and much larger PNIPAM shells of
different thickness and cross-linking. Importantly, the measured
absorbances in the visible wavelength range were strongly domi-
nated by the light scattering from the PNIPAM shells while the
absorption of the cores was almost negligible. Based on the
microgel sizes and their effective, average refractive indices all
samples studied fulfilled the RDG criterium in swollen and
collapsed state. SANS measurements were used to determine
the polymer density profiles and particle radii. Density profiles
are very similar for similarly cross-linked microgels independent
of their size. The cross-linker density largely determines the
polymer volume fractions in the swollen state, while differences
in the collapsed state are rather small. The relative change in
absorbance during the volume phase transition is directly
related to the determined changes in microgel size, polymer
volume fraction and thus refractive index. Using the collapsed
state as a reference state, we could derive the temperature-
dependent profiles of the effective polymer volume fraction
and refractive index. RDG calculations of the scattering cross-
section using the latter data could not reproduce the increase in
absorbance during shrinkage of the microgels. The fuzzy sphere
character of the swollen microgels that was clearly identified by
SANS measurements at temperatures close to and below the
volume phase transition temperature was then taken into
account in theoretical scattering calculations using FDTD simu-
lations. The simulated spectra were found to match quite reason-
ably to the experimental absorbances despite significantly
smaller power law exponents for the wavelength-dependence.
We attribute the increase in absorbance (or turbidity) during the
temperature induced microgel collapse to the transition from
fuzzy spheres to hard sphere-like scatterers. In the swollen state
where a significant fraction of the total microgel is forming the
fuzzy shell with a continuously decreasing polymer density
towards the surrounding medium, the fuzzy shell does not
contribute significantly to the scattering. The scattering is domi-
nated by the inner microgel region with a rather homogeneous
polymer distribution and constant refractive index. As the micro-
gels collapse due to an increase in temperature, the thickness of
the fuzzy shell decreases, the polymer volume fraction in the
inner microgel region rises and therefore the scattering
increases until the microgels are fully collapsed. In the fully
collapsed state, polymer material from the fuzzy shell has fully
collapsed onto the inner homogeneous microgel core and chain
rearrangements lead to a rather homogeneous polymer density
profile. We therefore attribute the observed increase in microgel
turbidity during the volume phase transition to changes related
to the fuzzy shell.

A theory that precisely describes the light scattering properties
of microgels is currently missing. With this work, we want to

This journal is © The Royal Society of Chemistry 2022
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stimulate further research in this direction and provide a first
general basis towards the understanding of simple absorbance
spectra from thermoresponsive microgels. Such measurements
are simple, quick and allow for great resolution in time resolved
studies of microgel swelling and deswelling phenomena. With a
better understanding of the optical properties of microgels -
ideally matching measured cross-sections to the respective state
of swelling and the internal microgel structure - one could follow
the volume phase transition with great time resolution while
revealing internal structural transitions. A time-resolved
deswelling study using temperature jump spectroscopy is
currently in progress and will be presented elsewhere.
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