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Spatial distribution of core
monomers in acrylamide-based
core-shell microgels with linear
swelling behaviour
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Thomas Hellweg®° & Julian Oberdisse?

The peculiar linear temperature-dependent swelling of core-shell microgels has been conjectured

to be linked to the core-shell architecture combining materials of different transition temperatures.
Here the structure of pNIPMAM-core and pNNPAM-shell microgels in water is studied as a function

of temperature using small-angle neutron scattering with selective deuteration. Photon correlation
spectroscopy is used to scrutinize the swelling behaviour of the colloidal particles and reveals linear
swelling. Moreover, these experiments are also employed to check the influence of deuteration on
swelling. Using a form-free multi-shell reverse Monte Carlo approach, the small-angle scattering

data are converted into radial monomer density profiles. The comparison of ‘core-only’ particles
consisting of identical cores to fully hydrogenated core-shell microgels, and finally to H-core/D-shell
architectures unambiguously shows that core and shell monomers display gradient profiles with
strong interpenetration, leading to cores embedded in shells which are bigger than their isolated
‘core-only’ precursor particles. This surprising result is further generalized to different core cross-linker
contents, for temperature ranges encompassing both transitions. Our analysis demonstrates that

the internal structure of pNIPMAM-core and pNNPAM-shell microgels is heterogeneous and strongly
interpenetrated, presumably allowing only progressive core swelling at temperatures intermediate to
both transition temperatures, thus promoting linear swelling behaviour.

Acrylamide-based microgels are stable colloidal particles exhibiting a change in size upon modification of an exter-
nal stimulus, in particular the temperature!=°. The most prominent examples are poly(N-isopropylacrylamide)
(pNIPAM)-based microgels with a so-called volume phase transition temperature (VPTT) of ca. 33°C, but
other studies investigate microgels made of poly(N-isopropylmethacrylamide) (pNIPMAM, VPTT = 45 °C),
poly(N-n-propylacrylamide) (pNNPAM, VPTT = 23 °C), and poly(N-vinylcaprolactam) (PVCL, VPTT =~
32°C)!->7-1% In the past, many articles and reviews have focused on particle properties and potential use as drug
delivery systems, nanoreactors, smart surface coatings, etalons and sensors! =202,

To characterize the microgel structure, small-angle scattering on particles suspended in solvents is appro-
priate to characterize spatial extent and internal density, as well as local chain structure. Different modelling
approaches have been applied to small-angle scattering data in the past>*~?. Single-compartment microgels
(“core-only*) can be described in first approximation by homogeneous spheres®, but due to the different chemi-
cal reactivities of monomers and cross-linker, the particles have soon been recognized to have a fuzzy structure:
dense inside, and progressively less dense towards the outside®!. Different feeding strategies during synthesis have
been used to control the degree of fuzziness®. Two different “fuzzy sphere” form factors have been proposed in
the past to describe such profiles, either by convoluting with a Gaussian®, or by adding a polynomial decay to the
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homogeneous sphere?. The advantage of the latter is that more complex geometries can be built by adding such
piece-wise parabolic functions, namely a shell can be described?®**3. It has to be noted, however, that in absence
of isotopic labelling, it is a priori impossible to know the origin of the monomers - core or shell - contributing
to a given part of the density profile. We have recently adapted a general form-free small-angle scattering data
analysis procedure based on a (reverse) Monte-Carlo (RMC) optimization, describing a priori arbitrary mono-
mer density profiles®. Such form-free descriptions have the advantage that no parametrisation is necessary. Such
approaches have been used in the literature to check the suitability of parametrized model form factors®. The
monomer density profiles are automatically adapted until their scattering function corresponds to the measured
one by a x -squared minimization, and the resulting profiles have been shown to be robust with respect to simu-
lation parameters like initial conditions. The profiles of “core-only” microgels have been compared to the models
proposed in the literature, and good agreement with the (parabolic) fuzzy-sphere model was found.

“Core-only” microgels are the building block of the more complex core-shell topology*’. The outstanding
property of the core-shell microgel system is its linear change in size with the temperature between the two VPTT
of the polymers'>!2, It is unclear how the presence of the shell triggers this behaviour. Contrast matching via
the solvent using deuteration of either shell or core monomers allows highlighting selectively only one monomer
type in small-angle neutron scattering (SANS), and thus separation of the core monomer profile from the shell.
Isotopic substitution induces slight changes in swelling, as shown by us recently for pPNIPMAM', but has no
effect far from the transition temperatures.

Several core-shell microgels have been investigated over the past decade. Berndt et al. identified a core-shell
structure for a microgel containing a pPNIPMAM-core and a pNIPAM-shell?®. This microgel system showed a
linear change in size between the two VPTTs of the polymers, similar to the microgel system studied in this
work. They explained this uncommon swelling behaviour with a restriction of the shell exerted on the core: when
decreasing the temperature, at intermediate temperatures the shell impedes the swelling of the core. Zeiser et al.
described this as a “corset-effect” of the “shell-corset” on the core for PNIPMAM-core pPNNPAM-shell microgels'®,
in analogy with the pressure exerted by a surrounding gel matrix on microgel particles studied by Meid et al.®.

In the present paper we report on the synthesis and structural analysis of core-shell microgel particles made of
a pNIPMAM-core and a pPNNPAM-shell. This system is similar to the one studied by Zeiser'*, with the exception
of the radius. The smaller size allows capturing the complete form factor in a standard SANS experiment, and
thus allows a more detailed data analysis as outlined below, providing a structural understanding of the nature
of the corset-effect. This has been motivated by recently published evidence from infrared spectroscopy indicat-
ing interpenetration of the core and shell polymers!®. The present experiment has been designed to check the
spatial structure of the core within a shell, using the same core polymer as Berndt et al. (p)NIPMAM, VPTT ~
45°C)10-1428 but a different polymer (PNNPAM, VPTT = 23 °C)" for the second synthesis step, inducing a dif-
ferent swelling behaviour. Berndt et al. used pNIPAM as shell polymer with a VPTT of ca. 33 °C>*8101214 thys the
linear region was reduced (covering a range from ca. 35 to 42 °C) compared to the present study. It is emphasized
that the “core-only” particles studied in detail in our previous article® are identical to the ones used here, i.e. the
shell synthesis has been continued with the same samples and under the same conditions as in the work by Zeiser
et al.’®>. We have investigated a series with different core cross-linker contents (CCC), for a temperature series (15,
30, 35, 40, and 55 °C) encompassing the transition temperatures of both polymers.

Results and Discussion

Swelling behaviour.  After having analysed the structure of the pPNIPMAM-core in our previous work®, we
have synthesized pPNIPMAM-pNNPAM core-shell microgels by polymerizing NNPAM on the same pNIPMAM
microgels as seeds. The swelling behaviour of a pNIPMAM-pNNPAM core-shell microgel system is quite different
from homopolymer microgels'®. In Fig. 1, we show the influence of the temperature on the hydrodynamic radius
of this core-shell system. After the synthesis (70 °C, see exp. section), the microgels are fully collapsed at 55°C
(red circles) as shown in Fig. 1. By decreasing the temperature below the VPTT of pNIPMAM of 45 °C!0-1428,
the pNIPMAM-core would normally swell (see Fig. S1) but seems to be hindered by the pPNNPAM-shell which
has a VPTT of 22°C!". This results in a linear increase in size from 45 °C down to 25 °C. Below the linear region,
the volume phase transition of pNNPAM takes place, and at low temperatures, the whole system is swollen.
The black squares in Fig. 1 show the same system with deuterated D7-pNIPMAM. As the VPTT of deuterated
microgels is known to shift by 3-8 K towards higher temperatures, depending on the monomer species and the
level of deuteration'*!7!8, the linear region is shortened, but the (de)swelling behaviour is qualitatively the same.
The pNNPAM transition is observed to be shifted by ca. 5K, thus in the same temperature range as reported for
pNIPAM and pNIPMAM"'7!8 In a previous study, we investigated the deswelling and swelling behaviour of
this system with different CCC by PCS in detail (Fig. S10 in the SI shows the full reversibility of our microgel
system. No hysteresis effects are observed in cooling/heating cycles.)?, and we have shown that the magnitude of
the slope of the linear region of the swelling curves increases with a decrease in CCC. A similar swelling behav-
iour was observed by Berndt et al. for pPNIPMAM-core pNIPAM-shell microgels®. They found a much shorter
linear region due to the higher VPTT of pNIPAM. Under certain conditions, two size-transition steps for the
inverse system, a pNIPAM-core with a pNIPMAM-shell, were found*. This can be intuitively understood from
the inverse geometry, which in this case of low crosslinking and small shell thickness allows the shell to swell first
without being hindered by the core, apart from the interface between the two compartments. In the opposite case
of high thickness and cross-linking, the shells dominate the whole swelling process®.

H-core and H-shell system. SANS measurements have been performed to investigate the origin of the
unusual (de-)swelling behaviour of pPNIPMAM-pNNPAM core-shell microgels presented in Fig. 1. In Fig. 2a the
SANS data of the non-deuterated samples have been analysed with the reverse Monte Carlo algorithm outlined
in the Materials and Methods section, and the scattered intensities are well-described by our approach. For this
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Figure 1. Hydrodynamic radius of core-shell particles vs. the temperature measured by PCS in H,O.
H-pNIPMAM-core (CCC =10 mol%) with a hydrogenated (red circles) and a deuterated (black squares)

PNNPAM-shell (CC=1.9 mol%). The vertical lines indicate the temperatures where the SANS measurements
were performed (15, 30, 35, 40 and 55°C).
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Figure 2. H-pNIPMAM core with H-pNNPAM shell with CCC = 10 mol% at different temperatures. (a)
Intensity shifted experimental data of I(g) vs. g of SANS measurements in D,O. The green lines indicate the
multi-shell RMC fits. (b) Density profiles obtained with the RMC model.

system, the RMC algorithm does not distinguish between the two monomers because they have the same SLD
(see Materials and Methods). Thus, it is a two component system with water and polymer. From a visual inspec-
tion of the data, it appears that the high-temperature microgels are smaller than at low temperature (Guinier
domain shifted to the right), that the particle size is better defined (oscillation better resolved at intermediate g),
and that the polymer chains are less visible due to reduced solvation (noisier high-gq data). Moreover, the data at
15°C show the onset of a weak structure factor influence due to repulsive interactions. However, the form factor
describes very well the overall decrease and the form factor intensity for I(q — 0) is known from the data for
55°C. It is thus not necessary to describe the relatively small perturbation (over a limited g-range) by the structure
factor. Moreover, we have checked that our analysis is robust with respect to taking into account or not the data
in this very low g-range (see Fig. S11 in the SI). The resulting density profiles are shown in Fig. 2b. It is recalled
that both monomers are hydrogenated and cannot be differentiated by neutron scattering, leading to a common
description of all monomers.

At high temperatures the polymer is nearly fully packed (ca. 98%) in the centre and decreases with a high
steepness to a plateau with a density of ca. 25% from some 22 to 32 nm and a low steepness at the interface (r ~
50 nm). Such a plateau was absent in pure cores, and is therefore an effect of the additional polymerization of shell
monomers - it will be shown, however, that it cannot be identified with only the shell itself. For comparison, the
“core-only” pNIPMAM microgel had at the same temperature a density of approximately 55% in the centre with
a high steepness of the interface and a size of some 24 nm (see corresponding results below)®. The core-shell
particle is thus denser in the centre than the “core-only” microgels, and larger in size, the latter being true at all
temperatures. At intermediate temperatures (35 °C) the density is around 50% in the centre and decreases with a
low steepness at the interface. At this temperature the pPNIPMAM core is in the swollen state, while the pPNNPAM
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Figure 3. H-pNIPMAM core with H-pNNPAM shell with CCC =5 mol% (blue triangles), CCC =10 mol%
(black squares) and CCC = 15 mol% (red circles) (a): Vertically shifted I(g) vs. g of a SANS measurement at
55°Cin D,0 (b): Corresponding density profiles obtained by the multi-shell RMC model.

shell still is in the collapsed state. If we compare the monomer densities to the one in the centre of the “core-only”
particles®, it is found that the monomer density in the centre of the core-shell particle is again higher. At low tem-
peratures, finally, both polymers are in the swollen state and the monomer density is at about 20% in the centre
and decreases very smoothly to zero at r ~ 60 nm with a plateau at 10-35nm. The density of the core-only system
is ca. 15%, thus quite similar to the core-shell particle but still lower.

While the increase in size is intuitively expected for a pNIPMAM-pNNPAM core-shell particle as compared
to its own core, one may try to understand the higher density based on a compression of the shell on the core at
high temperatures due to the additional polymerization. At intermediate temperatures, a restriction of the core
swelling by the shell?®***-*1, was proposed in the literature, also described as “corset-effect”®. This model assumes
the existence of a well-separated shell just outside the core, and it suggests that the shell contracts the core. The
core is thus expected to be smaller, and therefore also denser, as observed for H-H core-shell microgels in the
literature*”?#%*-*! and in Fig. 2. Using partial deuteration, however, it will be shown below that this model is
most-likely too simplified for such systems.

In previous publications, it was shown that the degree of core crosslinking has an impact on the swelling of
pNIPMAM-pNNPAM core-shell microgels'>?. Surprisingly, for “core-only” particles, higher crosslinking was
found to lead to higher core hydration®. In order to study the influence of a shell on this effect of the core
crosslinking, the structure of H-H core-shell microgels of various CCC (5, 10, 15%mol) has been measured by
SANS at three temperatures, 55°C, 35°C and 15°C.

In Fig. 3a we present the intensity-shifted SANS data and in Fig. 3b the corresponding density profiles at the
highest temperature (the others are shown and discussed in the SI). The intensities and the profiles are very sim-
ilar at all three CCC, with a better definition of the form factor oscillation for the higher crosslinking, indicating
a better defined particle with a steeper interface. For all three systems the density in the centre approaches 100%,
with a higher water content for the lowest CCC. The profile then decreases with a high steepness to a plateau at
around 20% at 20 nm. This plateau has been recognized in Fig. 2b as being caused by the added shell. From 30 nm
on the density decreases smoothly to the particle surface at ca. 50 nm.

As mentioned, the opposite tendency of a lower core density with higher crosslinking was found in the
previous work on “core-only” particles®. This was explained by the lower local network flexibility with more
cross-linking points, thus forcing them to accommodate water molecules. A decrease in cross-linker content leads
to an increase of the degree of polymerization of the network chains between crosslinks rendering the network
more flexible. The present CCC variation thus shows that the shell monomers have an impact on the swelling
behaviour of the core, but it is unclear why they would compress the stiffer cores more strongly. Also, from Fig. 3b
the position of the shell does not seem to evolve. These results thus suggest to study where the shell monomers
actually are, and how they are incorporated into the core-shell microgels to understand why they drastically affect
the core swelling.

When the temperature is decreased to 35°C and 15 °C, the density profiles are qualitatively very similar for
10 mol% and 15 mol% of core crosslinking, with a volume fraction in the centre decreasing from densely-packed
at 55°C to ca. 40% and finally 25%, accompanied by a large spatial extension. On the contrary, the 5mol% CCC
has a fuzzier and more temperature-insensitive structure. The difference in profile is due to the less cross-linked
and thus more flexible network, and again the presence of the shell monomers induces a qualitatively different
behaviour, pushing towards a denser core structure at high temperature.

H-core profiles with matched D7-pNNPAM shell. To investigate the structure of the core-shell micro-
gels resolving the core monomers separately, we used the same H-pNIPMAM microgels as seeds for a polym-
erization with partly deuterated D7-NNPAM. We then performed SANS measurements with a H,0/D,0 ratio
(12v% H,0) that matches the SLD of D7-pNNPAM (see Fig. S1) leaving only the H-pNIPMAM core visible to
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Figure 4. Temperature dependence of vertically shifted I(g) vs. ¢ of SANS measurements at a concentration
of 0.1 wt% and the respective Guinier fits (red continuous lines) of (a) A H-pNIPMAM core with a CCC of 10
mol% in D,0 (exp. data adapted from Cors et al.*> and (b) The same core with a matched D7-pNNPAM shell
(12 v% H,0), and the corresponding Guinier fits (red continuous lines), and the multi-shell RMC fits (green

dashed lines).
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Figure 5. (a) Density profiles of the H-pNIPMAM-core with a CCC of 10 mol% in D,O (data adapted from
Cors et al.*® (b) Density profiles of the core monomers of the H-pNIPMAM-core D7-pNNPAM-shell system
with the same core as in (a) and an index-matched shell (CCC =1.9 mol%).

neutrons. The SANS intensities of both systems are shown in Fig. 4a (p)NIPMAM-“core-only”) and 4b (core-shell
system).

In Fig. 4b we observed the influence of a structure factor S(g) for the core-shell system which does not
occur for the “core-only” particles measured in Fig. 4a. S(g) represents the spatial correlations between the
centres-of-mass of the microgels, which is caused by steric interactions. For the core-shell system, S(q) contrib-
utes most for low temperatures because of the larger overall size. It progressively disappears for the higher tem-
peratures approaching the fully collapsed state at 55 °C, as here the particles are the most compact. However, even
at lower temperature, the form factor describes correctly the overall decrease, whereas the modulation induced
by the structure factor remains comparatively small. Moreover, the position of the structure factor peaks can be
related to the mass of each particle, via the volume conservation, assuming a simple cubic structure. It is found
that this leads to a number of core monomers N,,,,, which is of the same order of magnitude as the one deter-
mined from I(q — 0), see SI for further details.

As the dry volume of monomers in the core is the same in both systems, the number of core monomers and
thus I(g — 0) in absence of structure is known in both systems, and given via the volume and contrast in Eq. (2)*.
Together with the overall shape of the curves, this allows a description of the scattered intensity based on the
model-free Guinier expression given by the equations in the experimental section, without having to quantify the
exact influence of the structure factor at low q. The resulting low-q fit is given by the red lines in Fig. 5, and the
corresponding Guinier radii R in Table 1.

The first striking observation in Table 1 is that the “core-only” microgel particles are smaller than the cores in
the core-shell particles with matched shell at all temperatures. This is the exact opposite of the expectation of the
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T/°C R/nm (core) R/nm (core in core-shell)
55 27 36
40 33 40
35 42 43
30 42 45
15 47 51

Table 1. Temperature dependence of Guinier radii R of “core-only” H-pNIPMAM microgel (CCC of 10 mol%)
compared to the same core of a core-shell microgel embedded in an index-matched D7-pNNPAM shell.

“corset model” which predicts a compression of the core by the shell. Then, as the temperature is decreased and
the particles swell, the size of the “core-only” microgel approaches the sizes of the core in the core-shell particle.
The cores are thus not compressed by the shells. After this ‘model-free’ analysis based only on the Guinier regime,
the next step is to make use of the absolute intensities, and describe the mass distribution via the volume fraction
profiles in detail.

The fits resulting from the reverse Monte Carlo analysis of the spatial distribution of core monomers in the
core-shell system have been superimposed to the scattered intensities in Fig. 4b. The agreement between model
fits and experimental intensities at intermediate and large g is very good for all temperatures, whereas the oscilla-
tions induced by the structure factor at low g cause deviations between the measured and the calculated intensity.
In Fig. 5, the results of the multi-shell RMC analysis are presented. In Fig. 5a, the profiles of the core-only particles
have been adapted from a previous article®®, whereas the profiles corresponding to the scattered intensities with
matched pNNPAM shell shown in Fig. 4b are plotted in Fig. 5b. At high temperatures (55°C) both polymers of
the microgel are collapsed, and the core of the core-shell particle is larger by some 12nm (ca. 50%) than its iso-
lated counterpart. As the number of core monomers is the same — note that the cores are chemically identical -,
the density of the core monomers has decreased in presence of index-matched shell monomers, as can be seen in
Fig. 5b (see SI for detailed plots). Moreover, the density (30%) in the centre of the core in the core-shell particle is
only almost half the density of the core-only particle (56%), whereas it was much higher for the fully hydrogen-
ated core-shell particles (Fig. 2b). For the core-shell particle, the core density decreases with a smoothly decaying
function, whereas it is constant in the core-only particle, with a sharp interface at this high temperature. As
there is no reason for the core monomers at this temperature to accept more solvent, this implies that the shell
monomers have penetrated and replaced water in the core during synthesis. In order to investigate the process of
formation of the interpenetrated networks, we have performed PCS on the cores in presence of shell monomers,
before adding the initiator (Fig. S13 in the SI). It was found that these compound particles shrink slightly, which
we interpret as a change in swelling of the core due to the partial replacement of water by the shell monomers.
Hence, the shell does not compress the core as assumed in the corset model. Moreover, one can conclude from the
smooth decay that the density of the shell monomers decreases progressively as one reaches the centre.

As the temperature is decreased, the rather broad (6 K) VPT of the core (p)NIPMAM) at ca. 45°C is reached.
At 40°C the core is almost fully swollen, and the difference in core radii is reduced. One may understand this as
the result of swelling of the core by both water and the same amount of (still) hydrophobic shell monomers as at
55°C. As aresult, there is considerably more water in the core at 35°C than at 55 °C, but the core monomers keep
their smoothly decreasing profile in the presence of the shell, as opposed to the homogeneous core-only profiles.
The average volume fractions are similar in both cores, only that with a shell the core is smoothly decaying, due
to the remaining interpenetration by the shell. The maximum spatial extension of the cores seems to be roughly
identical in both cases at 35°C.

At temperatures from 35°C to 15 °C the core is fully swollen, while the shell monomers become hydrophilic
only below their VPTT of 22°C. Thus at 15 °C, the profiles in terms of density and radii are (nearly) the same for
both systems — “core-only” and core in core-shell - for these temperatures, with a core swollen not only by water,
but also by shell monomers. This finding, in particular the swelling of the core by the shell polymer and the grad-
ual decrease of the core monomer profile, would not have been possible with PCS nor by SANS without deutera-
tion as in studies of purely hydrogenated core-shell microgels. Contrast matching combined with the multi-shell
Monte Carlo analysis is necessary to focus on the structure of the cores only.

H-pNIPMAM-core CCC variation with matched D7-pNNPAM-shell. The peculiar linear swelling
behaviour described in Fig. 1 has been shown to be tunable by the core cross-linker content!'>?*, and we have stud-
ied the corresponding structural evolution above. The surprising result of higher water content with higher CCC*
of pure “core-only” microgel particles was found to be inverted in the presence of shells (Fig. 3), presumably due
to the filling of the central parts of the particles by interpenetrating shell polymer. However, due to the absence of
measurable contrast between both monomers in these experiments, it was not possible to isolate the spatial dis-
tribution of one of them, e.g. the core monomers. Here, the core of the core-shell particles is again the same as the
previously studied “core-only” system*®, and addition of a deuterated shell allows observing the core for different
CCC. In Fig. 6, the scattered intensities and the corresponding radial density profiles of the core monomers are
shown for T'=55°C, for three CCC (5 mol%, 10 mol%, and 15mol%). As a first result, the size of the core with an
index-matched shell is larger for all CCC as the “core-only” systems (see Fig. S5): the monomer density reaches
zero at ca. 40 nm to 50 nm, while the “core-only” particles only extends to a radius of approximately 25nm to
30nm?*. Moreover, the steepness of the core interface is lower for all CCC compared to the “core-only” surface.
These observations are compatible with the swelling of the core by the shell polymer. The steepness of the lowest
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Figure 6. (a) Vertically shifted I(g) vs. g from SANS measurements of three H-pNIPMAM-core D7-pNNPAM-
shell microgels with different CCC as indicated in the legend at T= 55 °C, under matching conditions of the
shell. (b) Density profiles of core monomers determined by the multi-shell RMC approach.

CCC is higher compared to 10 and 15mol%. This finding is in good agreement with the “core-only” systems,
where the higher flexibility of the loosely cross-linked chains was invoked. The low steepness at 10 and 15mol%
is comparable to the interface of a swollen particle, indicating again a high swelling of the core by the shell mon-
omers. Finally, the core monomer density is lower than the one of the “core-only” particles, due to the filling of
the core by interpenetrating shell monomers. The slight dependence in Fig. 6b of the core density in the centre on
CCCis less pronounced but opposed to our previous result®. As in Fig. 3b, this demonstrates again that the filling
of the core by shell monomers provides an additional degree of freedom compensating for the higher rigidity of
the more cross-linked samples.

Evolution of density profiles with temperature.  The above comparisons between cores with deuterated
(Fig. 5b) and hydrogenated (Fig. 2b) shells suggest that the remaining space is filled by shell monomers. By com-
bining the corresponding density profiles (2., and P..qc for the profiles of the core measured with deuteration,
and for all monomers measured in the fully hydrogenated system, respectively), one may deduce the a priori
unknown density profile of the shell @, for each temperature:

gPcore(r) + qv)shell(r) = qv)coreshell(r) (1)
Moreover, one may also infer the volume fraction profile of the solvent from the core-shell measurement:
@water(r) =1- gpcoreshell(r) (2)

The resulting volume fraction profiles for core-shell microgels with CCC = 10mol% are shown in Fig. 7.
Starting with the highest temperature, the shell monomers are seen to strongly interpenetrate the core. Moreover,
just outside the core they contribute to the formation of the plateau observed in the measurements with hydro-
genated shell. In Fig. 7b, below the transition temperature of the core, the water content is found to increase to a
constant level in the particle, which is seen to be made of a shell of progressively increasing density; at the expense
of the decaying core monomer profile. At the lowest temperature (Fig. 7¢), finally, the same type of progressive
replacement of the core by the shell monomers is found, in presence of a much higher water content.

One has to keep in mind, however, that @_,..(r) and D, n(r) result from measurements on two different
samples, namely hydrogenated and deuterated ones. The present analysis is thus speculative, and holds only if
the particles are indeed very similar. Given the very similar radii (R, =48 nm (H-shell) R, =45.5 (D7-shell)), this
hope seems reasonable, but only a third measurement, highlighting the shell and matching the core-monomers,
can definitely answer this question.

Conclusion
The origin of the peculiar linear swelling behaviour of pNIPMAM-core and pNNPAM-shell core-shell microgel
particles has been investigated by studying the structure of the microgels as a function of temperature, with a
special focus on the shape of the core described by its volume fraction profile. The latter could be accessed by
performing SANS experiments on microgels with selectively deuterated pPNNPAM-shells, and matching them
in appropriate H,0/D,0 mixtures. The density profile was obtained by applying a form-free multi-shell model
and seeking for appropriate solutions using a reverse Monte Carlo approach, which goes beyond simple para-
metrisation and directly yields the detailed monomer density distribution inside the particles. As a reference
case, otherwise identical purely hydrogenated core-shell particles have also been studied. Using the conservation
of volume and the hypothesis of identical H/H and H/D-particles, they allow the determination of all relevant
profiles, namely of water, core monomers, and shell monomers.

In parallel, a model-free approach based on the analysis of the Guinier regime has been employed, comparing
pure “core-only” particles with the cores embedded in matched shells. All these results, including cross-linker
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Figure 7. Density profiles of core and shell monomers, and water for H-pNIPMAM/D7-pNNPAM core-shell
microgels (CCC=10%mol) in H,0/D,0 under matching conditions of the shell. (a) T=55°C (b) T=35°C (c)
T=15°C.

variations, point towards the same conclusion: the cores of such core-shell microgels are not compressed,
but interpenetrated and swollen by the shell monomers. They thus reach a greater spatial extent, and a lower
core-monomer density, which smoothly decays as the shell density increases towards the outer particle surface.
The core and the shell are strongly interpenetrated, as already suggested by IR measurements. Given the different
phase transition temperatures, the core swells first under decreasing temperatures, while it is hindered by its
interpenetration with the still hydrophobic shell monomers, apparently resulting in a linear swelling. To sum-
marize, our SANS results combined with reverse Monte Carlo allowed the precise determination of the degree of
penetration of the shell down to the centre of the core.

As already mentioned, the shell density profile has been deduced in an indirect way, using a combination of
core and (total) core-shell densities determined for different samples of very similar structure. Only an independ-
ent measurement matching the core and evidencing the shell will show if the last assumption of identical samples
regarding all but deuteration holds. Such work is currently in progress. It is hoped that the results and methods
proposed in this article will be useful for studies of similar systems, and in particular allow a deeper understand-
ing and thus possible tuning of the linear swelling behaviour.

Materials and Methods

Synthesis. The synthesis of poly(N-isopropylmethacrylamide) (pNIPMAM) “core-only” microgels used as
seed for core-shell particles in this article was described in detail elsewhere*>*2. In short, we synthesized hydro-
genated (H12-pNIPMAM, Sigma-Aldrich, St. Louis, USA) microgels following a precipitation polymerization
protocol with N,N’-methylenebis(acrylamide) (BIS, Sigma-Aldrich, St. Louis, USA, 99%) as cross-linker. We syn-
thesized pNIPMAM microgels with three different CCC: 5, 10 and 15mol%. We then used these particles as seed
for a second polymerization step with N-n-propylacrylamide (NNPAM) as monomer. The second polymeriza-
tion step was done with hydrated (NNPAM) and partly deuterated (D7-NNPAM) monomer and a cross-linker
content (CC) of 1.9mol%. The (deuterated) NNPAM was synthesized following a Schotten-Baumann reaction
as described by Hirano et al.** using acryloyl chloride (97%, Aldrich, U.S.A.), triethylamine (99%, Griissing,
Germany), propylamine (99%, Fluka, U.S.A.) and methylene chloride (purity >99.8%, VWR International,
Fontenay-sous-Bois, France) as solvent. For the deuterated NNPAM 2 g of n-propyl-D7-amine (CDN isotopes,
Canada) was added together with 2.67 g of triethyleamin to 10 mL dichloromethane. A solution of 2.72 g acry-
loyl chloride in 5mL dichloromethane was added dropwise while the solution was cooled with an ice bath. The
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resulting solution was stirred at room temperature for 24 hours, washed with a 10 wt% sodium hydrogen car-
bonate solution and dried with magnesium sulfate. The solvent was removed by rotary evaporation. The product
was obtained with a yield of ca. 35% by vacuum distillation (10 mbar, 125°C oil bath temperature).

Photon correlation spectroscopy (PCS). Temperature-dependent dynamic light scattering measure-
ments were done at a fixed scattering angle of 60° (angular dependent measurements were already reported
in a previous article®). The experimental setup was partially home-made with a He-Ne laser (HNL210L-EC,
632.8 nm, Thorlabs, Newton, USA) a detector (SO-SIPD, ALV GmbH, Langen, Germany) and a digital multiple
tau hardware correlator (ALV-6010, ALV GmbH, Langen, Germany). The sample was placed in a decalin bath to
match the refractive index of the goniometer windows and the cuvette. The temperature was controlled using a
refrigerated bath (Haake C25P, Thermo Fisher Scientific, Waltham, USA) equipped with a controller (Phoenix
II, Thermo Fisher Scientific, Waltham, USA). Results are reported in terms of the hydrodynamic radius R, as a
function of temperature.

SANS measurements. The SANS measurements were done at KWS-1# (JCNS at MLZ, Garching,
Germany) and PA20% (LLB, Saclay, France). To cover the g-range of 0.001 A~ to 0.3 A" three different configu-
rations were used on both instruments. On the KWS-1 we used: 1mand A=5A, 8mand 5 A, and 20m and 12 A.
The configurations on PA20 were: 1.5m and 4A,8mand 6 A, and 20m and 6 A. The normalization (detector
electronic noise, water or Plexiglas, empty cell) of the data was done with QtiKWS (JCNS, Germany) for the data
from KWS-1 and with Pasinet software (LLB, Saclay, France) for the data from PA20 to receive scattering data in
absolute units.

The scattering length densities (SLD) of the microgel components were determined by contrast variation. In
the past we determined the SLD of pNIPMAM to be 1.0-10'°cm 23>, The contrast variation in Fig. S1 of the SI
reveals a SLD of 5.54-10'° cm ™2 for D7-pNNPAM, and the contrast variation of H-pNNPAM in Fig. S2 reveals
a SLD of 1.05-10' cm ™2 The SLDs of the solvents were estimated assuming a density of 1.107 g/cm? for D,0
(SLD =6.38-10'"cm2) and of 1.000 g/cm? for H,0 (SLD = —0.56-10""cm ).

Analysis of SANS data by multi-shell reverse Monte-Carlo simulations. A form-free multi-shell
model with Monte-Carlo optimization of fit agreement with SANS data has been presented recently and applied
to simple “core-only” microgels*. The model is based on a coarse-grained radial monomer volume fraction pro-
file which is modified by the algorithm until its scattering prediction agrees best with the experimental intensity,
while taking into account constraints, and including polydispersity in size (20% for the particles in this article)®.
Our RMC Algorithm calculates 2 of the experimental data and the intensity curve of the current profile after
each Monte Carlo step of monomer motion. The algorithm then rejects or accepts the MC step, in order to mini-
mize x* by simulated annealing. Each calculated density profile is thus the outcome of a X -squared minimization,
including averaging once an acceptable x -squared is found (See Table S2 in the SI for the values). However, resid-
ual structure factor effects are not taken into account at present. As a rule-of-thumb, we would say that profiles are
trustworthy within some 5%, as we found when running different fits on the same data. Among the constraints,
a smoothly decaying profile was sought, forbidding in particular empty shells in the middle of the microgel par-
ticles. The approach assumes a spherical symmetry of the particle represented by several concentric shells filled
with water and monomer, and includes an ad-hoc addition of chain scattering based on the generalized coil*®.
However, it is not a simple parametrisation like the usual form factor fits and gives much more detailed informa-
tion in terms of the monomer density distribution. Details of the modelling approach are described elsewhere®.
In the present work we exploit this approach combining it with the possibilities arising from contrast variation by
means of partial or total deuteration of one of the monomers. This strategy allows to describe the spatial distribu-
tion of core monomers in a core-shell microgel with a contrast-matched shell which thus does not contribute to
the scattering and which does not need to be described in the model. Modelling results for the core surrounded by
the shell are then compared to previously determined monomer density profiles of “core-only” microgels®, and
the effect of the shell on the core can thus be determined. For a ‘model-free’ comparison, we also use the Guinier
expression for the low-g intensity describing finite-sized objects of radius of gyration R,*:

I(q) = Iy exp(—q"R,’/3) 3)

where I is a prefactor describing I(q — 0) and given by the product of the dry volume V of material of an object
contributing to the scattered intensity, of the volume fraction @ of this material, and the square of the contrast
Ap?* In case of a binary polymer-solvent system, this prefactor reads:

I, = APV (4)

It is often convenient to express the radius of gyration as the radius R of the equivalent monodisperse homo-
geneous sphere (called the ‘Guinier’ radius in this article):

5
R*=ZR?
38 (5)
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