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Abstract

High resolution scanning soft X-ray transmission microscopy (STXM) has been employed to
investigate individual thermoresponsive microgel particles in aqueous environment. STXM
generates 2-dimensional projections with spatial resolutions in the regime of few 10 nm. In
the present study we are able to regain the 3D structure of the investigated specimen and
observe the deswelling of the microgel particles upon heating, thus offering insight into the
thermoresponsive behaviour of individual differently sized particles. We employ a 2-shell
model that is able to derive the radial concentration profile of individual microgels particles
and thus serves as a complementary method to scattering experiments that average over all
particles. Furthermore, we are able to detect the different deswelling behaviour of the particle
interior and its interface to the water environment.

1. Introduction

Microgels are suspensions of colloidal polymer networks incorporating a significant solvent
content and with particle diameters ranging from 100 nm to some micrometers [1-4]. The
swelling behaviour and related size of microgel particles can be influenced by external stimuli
that unbalance the osmotic equilibrium of the particles and their solvent matrix resulting in
switchable properties of the suspension [5-8]. The most investigated stimuli for swelling and
deswelling in microgel particles are temperature and pH [6,9-11]. Switchable microgels have
been investigated aiming on various fields of application, such as drug delivery with
controllable release [12-15], separation processes [16], sensors [17-19] or biotechnology [20-
22]. Composites of microgels and inorganic nanoparticles offer a broad range of unique
properties [7,23-25]. Microgel suspensions are very resistant to aggregation, since the
polymer particles usually carry covalently bound charged groups that also determine the
electrophoresis properties of the gel [6,26,27]. Furthermore, these systems can be non-toxic,



non-carcinogenic and biocompatible. The most intensely studied thermoresponsive microgels
are those containing poly(N-isopropylacrylamide) (PNIPAM) [7,8,28-31]. Below the volume
phase transition temperature (VPTT) of 32°C PNIPAM microgel particles consist of a loose
network of cross-linked polymer chains with a comparably high solvent content and dangling
surface chains. Above the VPTT the PNIPAM chains coil up, the particles deswell and the
solvent is mainly released due to energetically more favourable internal interactions within
the polymer network [31-33]. The result is a temperature dependent change in optical and
mechanical properties of the microgel [7,8,31,34] and a strong thermophoretic effect [35,36].

Analytical in-situ studies of microgel swelling and deswelling are mainly performed by means
of dynamic light scattering (DLS) or small-angle neutron scattering (SANS) [7,29,37]. While
these techniques enable the determination of average particle diameters with high resolution
and especially directly in solution (in contrast to, e.g., electron microscopy), it is not possible
to investigate individual particles. Therefore these techniques are especially useful for highly
monodisperse microgels and with a homogeneous swelling behaviour (i.e., homogeneous
crosslinker density) [38,39]. However, for a detailed study of inhomogeneous microgels,
scattering techniques are stretched to their limits.

Scanning transmission soft x-ray microspectroscopy (STXM) is a powerful technique for
high-contrast imaging of soft matter specimens due to resonant imaging [40]. Employing
modern zone plate technology resolutions of 10 nm are accessible [41,42]. Although STXM is
limited to rather thin specimens with sufficient transparency, the low absorption of water for
photon energies below 530 eV has been successfully employed for in-situ investigations of
various polymer particles in aqueous solution, e.g., gas filled microspheres [43,44],
microcontainers [45,46], temperature-dependent phase-change microcapsules [47] or pH-
sensitive polyvinyl composite microgels [48]. Recent advances resulted in 3D representations
of nanoparticle coated microspheres from STXM focal series by means of a digital
reconstruction algorithm [49]. The high penetration depth of soft x-rays in water is especially
advantageous compared to electron microscopy.

In this paper we report on the microscopic characterization of isolated thermoresponsive
poly(vinyl alcohol)/poly(methacrylate-co-N-isopropylacrylamide) (PMN-11) based microgel
particles in aqueous environment. Aiming on a detailed structural analysis we recorded
STXM micrographs and generated quantitative radial profiles of isolated microgel particles. A
deconvolution model for rigid gas filled microspheres that respects the influence of the
spherical particle geometry on the transmitted signal [50] was employed to monitor a
temperature dependent decrease of the respective particle radius upon thermal treatment.
Compared to conventionally used scattering techniques, direct imaging of individual particles
provides the opportunity to derive the shrinking behaviour of differently sized particles. With
the present study we are able to derive radial profiles that consist of a dense interior (“core”
and a less dense regime of dangling surface chains (“shell”). In addition, the comparison of
larger and smaller particles indicates relative differences that can hardly be measured with
other techniques.

2. Experimental



Thermoresponsive PMN-I11 microgel particles were synthesized via a water-in-water emulsion
technique and cross-linked by photopolymerization according to a procedure described in
detail elsewhere [51,52]. The effective amount of NIPAM incorporated in the network was
22% (w/w) and the average diameter of the particles was 2 um according to scanning electron
microscopy (dry state), DLS and confocal scanning laser microscopy (CLSM) in solution.
The incorporation of NIPAM induces a thermoresponsive deswelling of the PVA-based
microgel network above a VPTT of about 33 °C to achieve a new type of switchable
microgels for drug transport [51]. An average chemical structure of the PMN-II network is
depicted in Scheme 1.
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Scheme 1: Average structure of PMN-II network (m = 0.05; n=10.12)

Liquid cells for in-situ STXM in agueous environment were prepared by dropping the
microgel solution on a 100 nm thin SisNs-membrane (Silson Ltd., United Kingdom) and
covering it with a second membrane. The resulting water microbasin was hermetically sealed
with varnish [53]. To avoid absorption saturation by the aqueous environment only samples
with water film thicknesses below 10 micrometers were used. The specimen temperature was
controlled with a modified sample holder equipped with a heating resistor and a Pt 200 sensor
[54].

STXM experiments were performed at the PolLux end station at the Swiss Light Source
(SLS) [55]. The STXM setup uses synchrotron light from a bending magnet that is focused on
the specimen by a Fresnel zone plate. The sample is raster-scanned through the first order
focus spot of the zone plate with interferometric control while the transmitted photon intensity
is recorded by a photomultiplier tube (Hamamatsu 647P) located behind the specimen. STXM
images of isolated microgel particles were recorded at different temperatures with a dwell
time of 1 or 2 ms and 520 eV incident photon energy. Within the so-called ‘water window"
(280 eV < hv < 525 eV) the absorption of carbon-containing material is larger than for water,
thus offering significant image contrast. Radial transmission profiles of individual microgel
particles (with ideal spherical shape) were extracted from the STXM images using the freely
available analysis software aXis2000. The profiles were quantitatively analyzed in ROOT
[56] by a least-square fitting analysis that takes a finite size of the focused x-ray beam into
account (see supplementary information). We ensured that the observed effects were not
affected by x-ray irradiation and that the temperature behavior was fully reversible.

3. Quantitative 3D analysis from 2D radial profiles

The transmitted intensity of monochromatic Xx-rays through matter (consisting of one
chemical component) is described by the Lambert-Beer law:

li(x,y) = lo exp(-(hv)-p-D(x,y)) = lo-exp(k(hv)-D(x.y)) 1)



lt(x,y) represents the local transmitted intensity and lo the incident photon intensity. The mass
absorption coefficient p strongly depends on the photon energy hv thus reflecting the high
chemical sensitivity in soft x-ray absorption. Density, local thickness and the absorption
coefficient of the absorbing material are given by p, D(x,y) and k(hv), respectively. In
multicomponent systems the image contrast is governed by the specific absorption
coefficients. In particular for heterogeneous soft matter samples, the tuneable photon energy
enables optimum contrast imaging due to spectroscopic contrast [40].

To facilitate a quantitative analysis the local transmittance Ili(x,y) from the 2D STXM
micrographs of isolated microgel particles is transferred to a radial dependence I(r) by
extraction of radial profiles. The geometrical model of the particles is adopted from a
previous study of gas-filled microspheres [50]. The analysis is based on eq. (1) considering
ideal spherical core-shell particles with an outer radius Ri (cf. Fig. 1). We describe the
particles by a homogenous interior (core) with radius Ro and absorption parameter Kcore
(corresponding to region 1ll, Fig. 1) and a (less dense) shell regime (region Il) of thickness
h=R:—Ro with absorption parameter Ksnen (Kshel < Keore). The shell corresponds to the
dangling surface chains of the cross-linked polymer framework. The absorption of the
surrounding water matrix is considered by an additional absorption coefficient kn2o (region I).
Note that the water film thickness exceeding the particle diameter (d > 2 Ry) only contributes
with a small homogenous background that is to be considered in the quantitative analysis. The
additional water in the wet-cell as well as the two SisNs membranes absorbs a constant
fraction of the transmitted intensity and is taken into account in lo which is also a fitting
parameter.
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Fig. 1: Top: Schematic model of a spherical microgel particle consisting of a homogenous
interior sphere and homogenous particle shell in aqueous surrounding with respective
absorption coefficients defining the different radial regimes and variables. Bottom: radial



transmission profile and its behaviour in different regimes assuming low absorption of the
water matrix (regime I).

Fig. 1 shows the generation of a transmission profile from a spherical microgel particle by
convolution. The three regimes (water, shell and core) each are described by equations that
include the respective absorption coefficients and component thicknesses. The latter
parameters are derived from geometrical considerations. In the present model the mass
absorption coefficient Wi and density pi in the respective regimes are constant and can
therefore be replaced by the absorption coefficients ki. For simplicity, the photon energy
dependence of p and k are neglected. We can thus derive the following equations for the 3
different regimes:

Regime I (H20), i.e. |r| > Ru:

It = lo-exp{-Knzo-Dn20} = lo-exp{-Knzo0-2R1} (2a)

with Dr2o = 2-R1 (2b)

Regime Il (shell), i.e. Ro <|r|<R:

It = lo-eXp{-Kn20-DH20 — Ksheil* Dsheir} (3a)
with Dr2o = 2:R1 — 2- {/R? —r? and Dshet = 2+ {/R? —r? (3b)
Regime 111, i.e. |r] < Ro:

It = lo-exp{-Kr20° DH20 —Kshelt: Dshell — Kcore* Dcore} (4a)

With Dioo = 2:R1 — 2 \JRZ =12 ; Dshell =2+ |RZ =12 —2-JRZ —r?

and Dcore = ﬂRg —r2

(4b)

For the quantitative analysis we consider continuity at the regime borders shell/water (r = Ry)
and shell/core (r = Ro). Equations 2 — 4 are used for a least-square fit procedure. kn2o was
kept constant during the iterative process at a value of 0.11 um™ in accordance with previous
studies [50].

4. Results and discussion

Fig. 2 shows the STXM micrographs of two PMN-II microgel particles in aqueous
environment recorded at three different temperatures. During the heating of the specimen the
microgel particles show deswelling as expected from their thermoresponsive behavior.
Positional changes due to thermal drift were corrected. Note that the stated temperatures are
those recorded about 6 mm away from the wet cell sample. While the starting temperature
(T1 = 25°C) was measured with high accuracy, we may conclude that the actual sample tem-



peratures for 45°C (T.) and 55°C (T3) measurements are lower and therefore closer to the
VPTT of PNIPAM. The smaller features close to the investigated particles are either very
small microspheres or residuals from the polymerization educts from the solution. However,
they are irrelevant for the quantitative analysis since they do not affect the radial profile
extraction from the 2D images.

A T,=25°C B T,=45°C C T, =55°C

1pm

Fig. 2: STXM micrographs of two spherical microgel (PMN-II) particles at temperatures of
25°C (A), 45°C (B) and 55°C (C). The dotted circles indicate the borders of the respective
extracted radial profiles. The images were recorded at hv = 520 eV to prevent absorption
saturation by the surrounding water.

The dark dotted circles in Fig. 2 depict the regions that have been defined to extract the
respective radial profiles. The resulting profiles for the two representative particles are shown
in Fig. 3. Upon heating a reduction in radial size is obvious for both particles and
simultaneously the transmitted intensity I; is decreasing. Since the experiment is performed at
520 eV, the absorption of water does not significantly contribute to the absorption. In
contrast, the reduction of I; is due to stronger absorption within the particle, i.e., higher
density and therefore increased optical density upon the release of water. For both particles
we observe some minor changes in their diameters upon heating from 45°C to 55°C, which is
some indication that the particles have not yet reached the state of complete deswelling at
45°C.

Fig. 3 summarizes the graphic result of the least-square fit analysis of the radial profiles for
the larger (Fig. 3A) and smaller particle (Fig. 3B) in the micrographs depicted in Fig. 2. For
smaller radii, the radial profiles are well represented by the applied model while for larger
radii the fitted curves slightly deviate from the experimental data. In particular for |r] < 0.5 nm
the radial profile of the larger particle has no pronounced curvature, but appears flat
suggesting a constant absorption. The explanation for this finding is related to the overall
thickness of the particle interior. Typically, STXM uses resonant excitation for maximum
image contrast and thus, absorption saturation often occurs for film thicknesses of about 200
nm. Using non-resonant excitation as in the present case (hv = 520 eV), the calculated
penetration depth for carbon is around 680 nm. Therefore, absorption saturation plays a
significant role in the case of larger particles, while for the smaller particle, the experimental
curve follows the model (egns. 4a, 4b) within the shell and core regime. However, for both
microgel particles the flanks of the radial profiles are well represented by the quantitative fits
and the deviations are restricted to |r| < Ro. Therefore, the determination of the core-shell



border will not be affected and the absorption coefficients just to a small extent. The
respective fit results for Ro, R, Keore and Ksnen are denoted in detail in the supplementary.
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Fig. 3: Least-square fit analysis of the temperature dependent radial profiles for the larger
(A) and smaller particle (B), respectively, according to egns. 3 and 4.

The temperature dependent behaviour of the selected PMN-II microgel particle diameters is
illustrated in Fig. 4. Upon heating the inner radius Ro changes for the larger particle by
approximately 30% from Ty to T3 (T1 — T2: 15.5% decrease, T> — Ts: 16.3% decrease) while
the outer radius Ry decreases by 15.0 % (-11.0 % and -4.4 % for the respective temperature
steps). For the smaller particle the situation was comparable: a 42.7% overall decrease for Ro
during heating from T1 to Ts (T1 — T2: 22.6% decrease, T — Ts: 25.9% decrease), and
18.5% decrease for Ry (-15.8% / -3.2%). Simultaneously the respective k values are
increasing by about 25% in both regimes for heating from T to T2 and by 50% from T1 to Ts.
Since a lower particle diameter goes along with decreasing x-ray penetrated specimen
volume, this finding detects a strong increase in material density. Considering the overall
particle diameter, these findings are in accordance with a previous study based on scattering
data (dynamic light scattering, neutron scattering) and confocal laser scanning microscopy
[52]. However, according to our results, the particle shrinkage is mainly governed by a
deswelling of the highly cross-linked core network. The diameter of the shell (R1 — Ro) is
found to be relatively constant, while this regime also shows a strong increase of polymer
density that goes along with solvent release.
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Fig. 4: Temperature-dependent change of the particle radii of two differently sized PMN-1I
microgel particles.

5. Conclusions and Outlook

Due to their significant PNIPAM content PMN-II microgel particles show significant
deswelling and water release upon heating above the VPTT. Quantitative fitting of radial
profiles extracted from in-situ recorded high-resolution STXM micrographs allows for a
detailed analysis of this shrinking for individual particles of different size and / or density. It
should be mentioned that the presented approach presents an elegant way to achieve
information of the 3D shape of the investigated specimen from pure 2D data.

The accordance of the model with the experimental data supports our approach for the
quantitative analysis based on the projected radial profiles. Although some deviations from
ideal profiles occur for larger particles due to absorption saturation, we obtain valuable insight
into the structural modifications in microgel particles induced by the temperature increase.
Based on the derived fit parameters for the two exemplary particles, we are able to confirm
the increase in (optical) density in the interior of the particles due to the release of water upon
temperature increase above VPTT. This is already obvious from the reduction of intensity in
the radial profiles for |r| = 0. Quantification indicates a pronounced increase for Kcore fOr either
size. Furthermore, we find no significant shrinkage of the shell regime representing dangling
surface chains of the polymer network. This finding is rather surprising, since usually a
collapse of this regime is considered in literature [50].

In summary, STXM microanalysis of individual thermoresponsive microgel particles in water
allows detailed insight into the morphology changes. Although the model for the radial profile
is only based on simple geometric considerations, we are able to observe structural variations
with high accuracies. The derived values are in agreement with complementary studies on the
same material. Further model studies will take into account potential concentration gradients
in the shell regime to obtain a more detailed insight into radial water gradients in the less
dense material. This will require additional experiments in the C1s and O1s photon energy
regime to increase chemical sensitivity beyond pure mass absorption.
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