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Poly(N-isopropylacrylamide) microgel particles were prepared via a “classical” surfactant-free precipitation
polymerization and a continuous monomer feeding approach. It is anticipated that this yields microgel
particles with different internal structures, namely a dense core with a fluffy shell for the classical
approach and a more even crosslink distribution in the case of the continuous monomer feeding
approach. A thorough structural investigation of the resulting microgels with dynamic light scattering,
atomic force microscopy and small angle neutron scattering was conducted and related to neutron spin
echo spectroscopy data. In this way a link between structural and dynamic features of the internal

rsc.li/soft-matter-journal polymer network was made.

1 Introduction

Microgel particles, especially those with responsive properties
such as thermoresponsivity, pH-responsivity or responsivity to
ionic strength are the object of numerous scientific investiga-
tions due to their large potential for applications such as
drug delivery,'™ sensoric applications*” or biotechnological
applications.®™° N-Isopropylacrylamide (NIPAM) is a widely
used monomer for the synthesis of said microgel particles.
A lower critical solution temperature (LCST) of the NIPAM mono-
mer of approximately 32 °C leads to a similar volume phase
transition temperature (VPTT) for poly(N-isopropylacrylamide)
(PNIPAM) microgel particles. Factors that may influence the
VPTT are the use of a comonomer with a different LCST"" or the
functionalization of the polymer network."” Those strategies
therefore enable the synthesis of microgel particles with a
tunable VPTT.
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N,N’-Methylenebisacrylamide (BIS) is commonly used as a
crosslinker in PNIPAM microgels. It was found by Wu et al. that
during emulsion polymerization BIS molecules are consumed
faster than NIPAM molecules."® This results in an uneven
distribution of crosslinking and hence in a denser core and a
fluffier shell."

To tune the microgel structure towards a more even distribu-
tion of crosslinks and polymer, several procedures of introducing
the crosslinker and monomers into the network have been tested.
For example, semibatch reaction processes were found to lead to
a homogeneous morphology.">"®

Beside this, it was demonstrated that droplet based micro-
fluidic templating enables the formation of microgels with
different inner homogeneity and sizes of several ten to hundreds
of micrometers."””'® By choosing a monomer feeding approach
for the PNIPAM microgel particles it has been attempted to
circumvent this problem and achieve an even distribution of
crosslinks in sub micrometer sized microgels. Most publications
take studies of optical properties such as transparency/turbidity
and dynamic light scattering as an evidence for the homo-
geneous crosslinking of the PNIPAM microgel particles.'®*°
Although supporting the conclusion of a homogeneous inner
structure, these methods provide no direct access to the inner
structural properties. Theoretical considerations and experi-
ments using dielectric spectroscopy’"** predict an influence of
the microstructure of the microgels on their physico-chemical
properties, e.g., swelling kinetics®>® and desired functionality.**
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Besides this, the interaction potential between them, their
ability to interpenetrate and their behavior at very dense packing
conditions are influenced, e.g., by the microgel softness and the
internal crosslinker density distribution.?*>®

Hence, a thorough and direct comparison of the internal
structure and dynamics of both types of microgels in the often
investigated sub micrometer size range is of importance
but still missing. In case of inhomogeneity-free macroscopic
gels, differences in the network dynamics compared to hetero-
geneous gels were found in a combined light and neutron
scattering study.””

Very recently, it was shown that super-resolution microscopy
methods can probe the inner network morphology by indirect
or direct labeling. Here, the proportionality between the
localization distribution of the probe and the network was
used.”®*® Also, photoactivation localization microscopy (PALM)
on microgel particles synthesized via precipitation polymerization
with the addition of a photochromic diarylethene photoswitch as
crosslinker allows a 3D reconstruction of the distribution of cross-
linker positions in a microgel in its hydrated state.*® The analysis of
the network structure using modern optical methods complements
studies without any tracers e.g. scattering experiments.

Small angle neutron scattering (SANS) uses neutron scatter-
ing to probe samples on small length scales. Depending on the
probed Q-range and the sample dimensions different structural
features of an object can be studied. This is especially useful for
the study of microgel particles. By choosing larger Q-values it
becomes possible to probe properties of the internal polymer
network such as correlation length which is related to the mesh
size and static inhomogeneities. On the other hand, by choosing
smaller Q-values it becomes possible to determine the radius of
the microgel particle and by fitting of the scattering length
density difference between solvent and sample to gain qualitative
insights about the water uptake into the polymer network.'**
A number of studies discuss the internal structure of hetero-
geneously crosslinked microgels.'**' 3¢

The colloidal size of the microgel particles enables the
detection of the translational diffusion by dynamic light scat-
tering, but prevents direct access to the inner dynamics. To this
end, neutron scattering techniques are well-suited.

Internal dynamics in a microgel particle on a time scale
between 1 ps and 1 ps can be studied with neutron spin echo
spectroscopy (NSE). This quasielastic neutron scattering tech-
nique offers a high energy resolution in the neV range. In
principle, internal dynamics from cooperative network diffu-
sion and Zimm-type dynamics, which occur on length scales
below the network’s mesh size, can be probed with NSE*’*
and was also theoretically elucidated.*' Beside quasi-elastic
neutron scattering utilized by NSE also inelastic neutron scat-
tering in combination with PFG-NMR was already used to study
the inner dynamics of microgels.*>

This paper focusses on the inner dynamics of PNIPAM
microgel particles prepared via surfactant-free precipitation
polymerization and a monomer feeding approach. These
different synthesis routes yield the classical heterogeneously
crosslinked microgels and microgels with a more homogeneous
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Fig. 1 Schematic structure of a heterogeneously crosslinked microgel as
prepared by classical precipitation polymerization and a homogeneously
crosslinked microgel prepared by continuous monomer feeding.

inner structure.”>** Fig. 1 shows a schematic representation of
the anticipated internal structure of both kinds of microgels
(Fig. 1-4). Neutron spin echo spectroscopy was used to reveal
the local influence of the microgel network structure on its
inner dynamics.

For a more thorough investigation of their internal structure
neutron scattering experiments were conducted. This results in
a first direct comparison of structure and dynamics of both
types of microgels. Additionally, a comparison of the dynamics
in both types of microgel to the dynamics of a semidilute
PNIPAM solution was made to determine the influence of the
network structure on the segmental dynamics.

Fig. 2 Setup for the classical precipitation polymerization yielding
heterogeneously crosslinked microgel particles. The different reactivities
of monomer and crosslinker lead to the high density in the core region and
the formation of a fuzzy outer region in the swollen state.

Fig. 3 Setup for the continuous monomer feeding approach yielding
homogeneously crosslinked microgel particles. This approach compen-
sates the different reactivities of monomer and crosslinker which leads to a
homogeneous distribution of crosslinks in the microgel.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Comparison between the homogeneously (MG;qF) (left) and hetero-
geneously (MG;oP) (right) crosslinked microgel particles in suspensions with
cme = 0.5 wt%. The structural heterogeneity of MGyP is clearly visible as a
difference between the turbidity of both samples due to stronger multiple
light scattering in sample MGyoP.2°

2 Experimental
2.1 Materials

N-Isopropylacrylamide (NIPAM; >99%), poly(N-isopropylacryl-
amide) (PNIPAM; average M,, = 30000, PDI = 1.5), N,N"-methylene-
bisacrylamide (BIS; 99%) and 2,2'-azobis(2-methylpropionamidine)-
dihydrochloride (AAPH; 97%) were purchased from Sigma-Aldrich
and used as received. D,O (99.9%) was purchased from Deutero.
Water was purified with a MilliQ system (Millipore) with a
resistance of 18 MQ.

2.2 Microgel preparation

Heterogeneously crosslinked microgels were prepared via
surfactant-free precipitation polymerization.** 1.527 g NIPAM
and 0.232 g BIS (10 mol%) were dissolved in 120 mL water in a
250 mL double walled glass reactor with a PTFE baffle. Under
continuous stirring with a PTFE stirrer at 300 rpm, the reaction
solution was heated to 80 °C and purged with nitrogen for 60 min
for oxygen removal. Afterwards, the stirrer was set to 1000 rpm
and 68.7 mg AAPH, dissolved in 1 mL water, was added to initiate
the polymerization. After 10 min the turbid microgel dispersion
was released into an ice-cooled beaker to quench the reaction.

Homogeneously crosslinked microgels were prepared via a
continuous monomer feeding approach.'®?%** 100 mL water
was filled into a double walled glass reactor and treated as
described above. In a separate vessel above mentioned amounts
NIPAM and BIS were dissolved in 20 mL water and purged with
nitrogen for 60 min. Monomer and crosslinker were filled into
a syringe which was mounted onto a pump. Prior to starting the
monomer feed, the initiator solution was added into the reactor
and the stirrer was set to 1000 rpm. The monomer solution was
fed into the reactor at a speed of 2 mL min'. After 11 min 20 s
the reaction was quenched.

To remove unreacted monomer and low molecular weight
oligomers the microgel dispersion was dialyzed for 21 days with
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two solvent (MilliQ water) exchanges per day. The pore size of
the dialysis membrane was 14 kDa. Afterwards, the microgel
dispersion was freeze-dried at —85 °C and 1 x 10 bar.

For readability the microgel with 10 mol% BIS prepared by
surfactant free precipitation polymerization is referred to as
MG;,P and the microgel with 10 mol% BIS prepared by a
continuous monomer feeding approach as MG, F in this article.

2.3 Viscosity measurements

Concentration-dependent viscosity measurements in D,O were
carried out with a Lauda iVisc glass capillary viscometer in a
temperature bath. More precisely micro-Ostwald-viscometers
(type I and Ic) suited for different viscosity ranges were used to
determine the efflux time ¢ which is directly proportional to
the kinematic viscosity v according to v = Kt, where K is a
calibration factor specific to the viscometer. The kinematic
viscosity was then transformed into the dynamic viscosity #
according to = v-p. For temperature equilibration the samples
sat in the temperature bath for 10 minutes prior to the
measurement. Each viscosity was calculated from a total of five
measurements. For the conversion of the kinematic into
the dynamic viscosity, the densities of each polymer solution
at a given temperature were determined with an Anton Paar
DMA 4500 density meter.

2.4 Atomic force microscopy

Atomic force microscopy (AFM) images under ambient condi-
tions were recorded with an Asylum Research Cypher AFM
(Oxford Instruments, Abington-on-Thames, UK). Imaging was
done in the AC mode using an OMCL-AC240TS-R2 cantilever
(Olympus) with a spring constant of k = 2 N m~'. Due to
the low spring constant these cantilevers are well-suited for
the scanning of soft samples. To obtain single particles on the
surface, cleaned silicon wavers were dipped into a highly dilute
microgel dispersion and were let dry before imaging. Cross
sections were analyzed with the Igor Pro software.

For the determination of the elastic properties AFM nano-
indentation measurements were performed on a MFP-3D AFM
(Oxford Instruments, Abington-on-Thames, UK) situated in an
acoustic enclosure. At least ten individual force curves of
different microgel particles were recorded for every sample at
20 °C and 50 °C. Every force curve was recorded by indenting
a CSC-38-A cantilever (Mikromasch) with a spring constant of
k=02Nm ‘anda tip radius of Ry, = 8 nm into the center of an
individual microgel particle. It is important to probe in the middle
of the particles, since they show a lateral stiffness gradient.*®
The approach part of the force curves (as shown in Fig. S5, ESIT)
was fitted with the Hertz model for spherical indenters.*®

AEVR )

F=30-m

(1)

This model links the elastic modulus E of a sample with a
Poisson ratio v with the indentation depth ¢ and force F exerted
by a spherical indenter of radius R. Examples for these fits are
shown in the insets in Fig. S5 (ESI{). 20% of the maximum
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indentation was chosen as the upper fit limit to avoid a
contribution of the underlying hard substrate to the deforma-
tion of the cantilever.””™*°

2.5 Dynamic light scattering

Temperature-dependent dynamic light scattering (DLS) measure-
ments were performed with an ALV/CGS-3 compact goniometer
(ALV GmbH, Langen, Germany). Toluene was used as a tempera-
ture and refractive index matching bath. The temperature was
varied between 18 and 50 °C using a Huber thermostat. The
scattering angle was varied between 30 and 100° in steps of 5° at
each temperature. H,O was used as a solvent.

The setup is equipped with a He-Ne laser (2 = 632.8 nm)
with a laser intensity of 35 mW. The acquired raw data was
fitted with a second-order cumulant fit in a Python based
program (Python Software Foundation, Version 2.7).

2.6 Small angle neutron scattering

Small angle neutron scattering (SANS) experiments were per-
formed on the KWS-2 and KWS-3 instruments of the Jilich
Center for Neutron Science (JCNS) at the Heinz Maier-Leibnitz
Zentrum (MLZ) (Garching, Germany). KWS-3 measurements
covered a Q-range between 3 x 10°* A™* and 2.4 x 107° A™*
and a sample-to-detector distance of 9.5 m was chosen. The
instrument KWS-2 covers a Q-range between 1 x 10”* A~ and
0.5 A™" at sample-to-detector distances of 2, 8 and 20 m. Thus it
is suitable for studies of smaller length scales such as the study
of the correlation lengths ¢ in differently crosslinked microgel
particles. For all SANS measurements Hellma quartz cells with
a neutron path way of 2 mm were used. For linear PNIPAM
chains a concentration of cpxpam = 0.05 g mL~" and for the
microgel particles of cyg = 0.001 g mL ™' were chosen. To
ensure that the concentration of the linear PNIPAM solution
was in the semidilute regime, concentration dependent viscosity
measurements were carried out. For bulk contrast D,O was used
as solvent.

The data was fitted using SasView (Version 2.2.0) and Igor
Pro (WaveMetrics, Version 6.37).

2.7 Neutron spin echo spectroscopy

Neutron spin echo spectroscopy (NSE) experiments were con-
ducted at the SNS-NSE instrument (BL-15) at the spallation
neutron source (SNS, Oak Ridge, TN, USA)*° and at the J-NSE
instrument (MLZ, Garching, Germany).”' All measurements
were carried-out in transmission geometry. At the SNS-NSE
two neutron wavelengths (8 and 11 A) were combined to cover
a wide range of Fourier times 7 (0.04 ns < 7 < 95 ns) in a
Q-range between 0.05 A~' and 0.20 A~'. The neutron path
way in the Hellma quartz cells was 3 mm. A concentration
of ey = 8 wt% microgel was chosen to suppress center of mass
diffusion. For bulk contrast D,O was used as solvent.

Linear PNIPAM chains were measured at 15 °C at a concen-
tration of cpnpam = 0.05 ¢ mL ™", which is in the semidilute
concentration regime.

All microgel samples were measured at 20 °C to ensure the
swollen state.
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3 Theoretical background
3.1 SANS on linear polymers and microgels

SANS is an elastic scattering technique that can be used to
study the structural features of polymers and microgel parti-
cles. The scattered intensity I1(Q) is measured as a function
of the scattering vector Q yielding characteristic scattering
curves. The magnitude of the scattering vector Q is related to
the scattering angle by>>

Q= 0= "Tsin (g) 2)

The probed length scale d depends on the Q-range under
investigation and is described by>*

21

d
0

(3)
The equation for the scattering intensity of spherically
symmetric identical particles is given by

1(0) = Ap3S(Q)P(Q) + i @

Here the coherent scattering is the product of the scattering
length density difference Ap between the sample and the
solvent, the number of scatterers N, the structure factor S(Q)
and the form factor P(Q). As the value for S(Q) depends on
interactions between particles, it can be neglected for highly
dilute samples (S(Q) = 1). Iin describes the incoherent scattering
due to the background.

Microgels. The scattered intensity of a dilute sample
(S(Q) = 1) consists of different contributions.

I(O) = Ipart + Inuet + Iporod t fine: (5)

ILare describes the contribution of the overall particle shape and
Iy the contribution of network fluctuations. Depending on
the investigated Q-range and particle size those contributions
occur in the scattering intensity distribution. At high tempera-
tures above the VPTT the Porod law has to be applied which
takes into account the local surface roughness. In this study we
focus on the swollen state below the VPTT.

For I, a fuzzy sphere model was used for fitting as
described by Stieger et al. This model takes into consideration
the above mentioned uneven distribution of crosslinks within
the microgel particle as follows

Iar(Q) ~ Ppar(Q) = %(Ap)2 {

.exp<_<os2Q>2>r

N
where % describes the specific surface area of the sample, Ap

3[sin(QR) — QRcos(QR)]
(OR)?

the difference of the scattering length densities of the microgel
and the solvent (pp o = 6.34 x 10°° A~) and R the radius of
the sphere. A thorough display of this model can be found
in ref. 14.

This journal is © The Royal Society of Chemistry 2019
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This model accounts for the particle surface’s fuzziness by
convoluting the radial box profile of the sphere model with a
Gaussian. gy is the width of the smeared particle surface, often
referred to as the fuzziness of the particle. The overall radius as
determined by SANS is Rgans = R + 20,. The radius of the core is
described by the box profile Ryox = R — 205"

At larger Q values the scattering curve can be described by a
power law ~ Q™" For collapsed microgel particles an exponent
of n ¥ —4 is observed, which corresponds to a Porod profile.
However, at lower temperatures the swollen gels can be fitted
with a power law with an exponent n < 4.

A characteristic length in microgel networks is the correla-
tion length ¢, which describes the decay of liquid-like correla-
tions in the polymer network. While ¢ is smaller than the mean
distance between the chemical crosslinks, it is proportional to
it. It can be described by the Ornstein-Zernike equation

I1.(0)
1+ (0¢)?

with I;(0) being the scattered intensity at Q = 0.

Semidilute PNIPAM solution. In semidilute polymer solu-
tions the scattering signal is caused by concentration fluctua-
tions. For ideal chains the scattered intensity is well described
by the Ornstein-Zernike eqn (7). In case of a polymer dissolved
in a good solvent, however, the polymer coils are swollen on
length scales smaller than ¢ and the exponent in eqn (7)
becomes the swollen fractal dimension D = 1/v =~ 1.7.>* Since
water is considered a good solvent for PNIPAM below the LCST
of 32 °C eqn (8) is used to fit SANS data of a semidilute PNIPAM
solution in D,0. Furthermore, we introduce a power law model
A/Q" into the fit equation. Hore et al. applied this law to the
low-Q data of a semidilute PNIPAM solution in 100% D,O,
which describes composition fluctuations in the semidilute
solution.”® Therefore the SANS data of linear PNIPAM chains
presented in this paper were fitted according to

A,
- Qn 1+ (Q€)17

)

Inyer =

1(Q) + Jinc (8)

3.2 Internal dynamics from NSE on microgels

For experiments on the dynamics in bulk systems NSE mea-
surements are carried out in transmission geometry. During an
NSE experiment intermediate scattering functions S(Q,7)/S(Q,0)
are measured. These consist of coherent I.,,(Q,7) and incoherent
Iine(Q,7) scattering fractions. The coherently scattered neutrons
have their spin up.

1
S@.1) _ Fen(@1) = 5fne(0,1) ©)
S(Q-O) Icoh(Q7T ~ 0) — %Iinc(Q,T ~ 0)

This technique enables the measurement of cooperative
density fluctuations of the polymer network at low Q-values
and of local polymer segment dynamics for higher Q-values.
In the case of semidilute polymer solutions it is expected to
observe only the Q*-dependent Zimm dynamics, since there is

This journal is © The Royal Society of Chemistry 2019
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no crosslinking resulting in cooperative motions of a polymer
network. Long range concentration fluctuations and cooperative
diffusion in the semidilute regime appear in a shorter Q-range
and are rather accessible by DLS>® and fluorescence correlation
spectroscopy.”” For microgels on the other hand the observation
of cooperative network dynamics of the network breathing,
similar to hydrogels,*®*®° is expected (Q*>-dependent) on larger
length scales with a crossover to local segment dynamics
(Q*-dependent) on shorter length scales.

Cooperative network dynamics. In cases where only coop-
erative density fluctuations of the polymer network is observed,
the normalized ISFs can be fitted with a single exponential
decay according to

S(Q,1)
$(0,0)
where I'coqp is the relaxation rate of the cooperative network

motions and t the Fourier time. From I'¢,p, One can calculate
the cooperative diffusion coefficient Dcqop.

= exp(—TLcoopT) (10)

D _ I coop
coop = Q2

(11)

For purely cooperative network dynamics a display of Deoop
against Q should result in a constant value.

From the cooperative diffusion coefficient a dynamic corre-
lation length {.,0p can be calculated from a Stokes-Einstein
type relation®

s T
oo 67'577Dcoop.

(12)

Zimm dynamics. The Zimm model of polymer chain
dynamics can be described as an extended Rouse model, which
describes the segmental chain dynamics taking into considera-
tion the hydrodynamic interactions between the chain segments.
Zimm dynamics are likely observable at higher Q-values which
probe local length scales on which hydrodynamic interactions
become more important. In the Q-range where Do, deviates
from a constant value the normalized ISFs are therefore fitted
with a single stretched exponential decay according to

5Q,7)
5(0,0)

with I'zimm the relaxation rate of the Zimm dynamics, 7 the
Fourier time and f the exponent. A value of # = 0.85 is typical
for Zimm dynamics.®®> In the Zimm regime a Q*-dependent
behavior is observed. The Zimm parameter Dz, can be
calculated according to

(13)

= exp(fflimm‘[)[g

r Zimm

Q3

(14)

Dzimm =

To obtain an apparent solvent viscosity eqn (15) can be used.

kgT 1

%8l 1
1900 = 62D o 1.354 (15)

For better comparability the apparent viscosity can be trans-
formed into the specific viscosity. The specific viscosity is a

Soft Matter, 2019, 15, 1053-1064 | 1057
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dimensionless number that measures the contribution of a
polymer to the solution viscosity and allows a direct compar-
ison between different samples. It is defined as

_ Happ — Ns

Py (16)

sp
where 1, is the apparent viscosity from NSE measurements
and 7, the solvent viscosity.”*

4 Results & discussion
4.1 Dynamic light scattering on microgel particles

Temperature-dependent dynamic light scattering measure-
ments were carried out to investigate the thermoresponsive
properties of the microgel particles. The hydrodynamic radii,
Ry, as a function of the temperature, 7, are displayed in Fig. 5.

MG;,P has a hydrodynamic radius of Ry, swolien = (310 & 2) nm
at 20 °C (PDI = 0.06) and Ry, collapsea = (186 & 1) nm at 50 °C
(PDI = 0.04) MGy,F is in a similar size range with a hydro-
dynamic radius of Ry, sworen = (463 £ 7) nm (PDI = 0.26) and
Ry, collapsed = (214 £ 2) nm (PDI = 0.23). This corresponds well to
the common observation of low polydispersity in case of
microgels synthesized via precipitation polymerization. In con-
trast to this, MG, F has a moderate size distribution in the
swollen and collapsed state. The different sizes in the collapsed
state might result from different amounts of incorporated cross-
linker and monomer, which limits a quantitative comparison
of the swelling ratios (tprs = Rh20°c/Rh,s50°cy %prs,mciop = 1.67,
oprs,mcior = 2.16). Hence, the difference in the swelling ratios
cannot be exclusively attributed to the different inner structures
of both microgels.

4.2 Atomic force microscopy

Fig. 6 shows the height profiles of (a) an individual MG;,P
microgel particle and (b) an individual MG, ,F microgel particle
in the dry state with corresponding cross sections. From the
cross sections the height-to-lateral width ratio was determined

® 3
450 = B MGP
= ® MG F
L)
400 = =
[ ]
— a
E 350 - =
o 3004 " * , -
)
I.. .
250 - . =
" ®e s o o
200 L] =
| | I T — T - T =
295 300 305 310 315 320
T (K)

Fig. 5 Temperature-dependent hydrodynamic radii of MG3oP and MGoF.
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Fig. 6 AFM heightimages of (a) a MG;oP microgel particle and (b) a MGyoF
microgel particle in the dry state with corresponding cross section (height
profile, red line).

to be 0.25 for MG;,P and 0.08 for MG, F. This illustrates the
lower deformation of MG4,P in the adsorbed state perpendi-
cular to the substrate. This results from the presence of a
densely crosslinked core region. For the microgels resulting
from a continuous monomer feeding approach we observe
higher deformation, which suggests a more homogeneous
distribution of the crosslinks. Due to the high crosslinker
content the typical fried egg type structure is not as visible.®*

The lateral dimensions of the microgels in Fig. 6 are similar.
Hence, the difference between the heights can most likely be
attributed to the difference in the mechanical properties of the
microgels and MG, (P appears stiffer and more resistant against
vertical deformation in the adsorbed state.

In Fig. S5 in the ESIT for both types of microgels a set of force—
distance curves is shown for the swollen and the collapsed state.
When the tip is in contact with the adsorbed microgel, the force
rises at increasing indentation. When indenting into the MG;,P
and the MG;,F sample to the same depth the required force is
larger for MG;,P than for MG, F. This indicates a softer material
of MG, F which agrees to the smaller measured height of MG;,F
in the dry adsorbed state. In the collapsed state at 50 °C the
difference between the force curves reduces and the indentation
at a given force reduces compared to the swollen state. All force-
distance curves show a steady progression which indicates the
absence of discontinuities of the mechanical properties as
recently reported for a comparison of the mechanics of adsorbed
core-shell and hollow microgels.** The averaged data was fitted
with the Hertz model for spherical indenters as described in
Section 2.4. Table 1 summarizes the resulting Young’s moduli of
both microgel systems in the swollen and collapsed state. The
results show that the Young’s modulus of MG;,P is almost twice
the Young’s modulus of MG F in the swollen state. Therefore,
the network appears stiffer, which can be explained by the
formation of a denser core during classical precipitation polymer-
ization. In the collapsed state the Young’s modulus for both
microgel systems is the same within the error range. This can
be explained with the repulsion of water molecules from the
polymer network, which changes the internal structure of the
microgel particles. The Young’s moduli have the same order of
magnitude as previously reported data from neutral PNIPAM

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8sm02141d

Open Access Article. Published on 21 January 2019. Downloaded on 3/15/2026 5:08:48 PM.

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

(cc)

Soft Matter

Table 1 Young's moduli E of MGyoP and MG;oF measured via AFM at
20 °C in the swollen and at 50 °C in the collapsed state

Microgel Eyoec [kPa] Esoc [kPa]
MG;,P 312 + 38 1004 + 67
MG;F 166 =+ 24 1070 + 106
microgels of somewhat lower crosslinker content® and

copolymerized ionic PNIPAM microgels.®> They also agree well
to the observation of rather small Young’s moduli previously
reported for much softer PNIPAM microgels with 0.25% BIS
corresponding the predictions from scaling theory of polymer
gels in good solvents.®®

4.3 SANS of a semidilute solution of linear PNIPAM chains

SANS measurements of a semidilute solution of linear PNIPAM
chains were carried out in a Q-range of 2 x 107°-0.4 A%, The
data were fitted according to eqn (8). As a comparison a simple
Ornstein-Zernike fit was carried out as well as is displayed in
Fig. 7. This however does not sufficiently describe the curve for
Q-values below 2 x 10~2 A~ where composition fluctuations
dominate the scattering signal. A comparison of the results for
the different models can be found in the ESIL.}

A fit according to eqn (8) yields a correlation length of
¢ = (2.40 £ 0.02) nm with the power law exponent n = 1.2 + 0.01.
Meier-Koll et al. investigated PNIPAM chains with a molecular
weight of 25000 g mol™" and a concentration of 13 wt% and
found values for the correlation length below 2 nm at 15 °C.
Therefore our value of 2.4 nm at a lower polymer concentration
of 4.5 wt% (corresponding to 0.05 g mL~") and a slightly higher
molecular number of 30 000 g mol " appears reasonable.®”

4.4 SANS of highly crosslinked PNIPAM microgels

SANS curves of MG, (P and MG, ,F measured at 20 °C at identical
experimental conditions are displayed in Fig. 8. The inset shows

O 30 kDa PNIPAM solution data |
4N - - - Lorentzian fit F
—— Correlation length fit

2 4 638 2 4

2 4

Iy
0.01

6 APV S
L 04
QA’)

Fig. 7 SANS measurements of a semidilute solution of linear PNIPAM
chains for higher Q-values. Comparison between a simple Lorentzian
(dashed) and a correlation length fit model (solid).
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Fig. 8 SANS curves for MGyoP and MG;oF at higher Q-values measured
on KWS-2. (I) Fuzzy sphere model** (Il) Ornstein—Zernike fit. In the

intermediate range between (I) and (ll) the scattered intensity changes
according to a power law. The inset shows the scattering curves at lower
Q-values as measured on KWS-3 and fitted with a Fuzzy sphere model.

the scattering curves at small Q-values (2.3 x 107*A™ < Q <
1.9 x 107° A™"). Here larger length scales are probed and
information on the overall radii of the microgel particles is
obtained. A fit according to eqn (6) yields Ryig1op = (200.0 £ 0.4)
nm and Rygior = (288.7 £ 1.7) nm. These values are in
good agreement to the radii of gyration R, obtained from a
Guinier analysis which yields R, = (176 & 1) nm for MG;,P and
R, = (307 &+ 2) nm for MGyoF. The comparison to the hydro-
dynamic radii in the swollen state gives Ry/Ry, = 0.57 for MG,oP
and R,/Ry, = 0.66 for MG, F. Compared to the theoretical ratio of
0.78 for hard spheres, both values indicate the soft nature of
the microgels (Table 2).

In Fig. 8 the scattering curve is subdivided into two distinct
fitting areas denoted (I) and (II). In (I) a fit according to the
fuzzy sphere model (eqn (6)) was carried out to determine the
fuzziness o, of the spheres. The resulting fuzziness is higher for
MG;P (05,mq,,p = 17-4 0.3 nm) compared to MGyoF (05 ma,F =
4.2 + 0.5 nm). Taking into consideration the overall radii as
determined on KWS-3 this accounts for 8.7% for Het10MG and
only 1.5% for MG, F. In fit range (II) the scattering curve was
fitted with an Ornstein-Zernike equation. The range in between
was not perfectly fitted by the superposition of the fuzzy sphere
model and the Ornstein-Zernike equation and was therefore

Table 2 Hydrodynamic radius R, pis determined from DLS and size
parameters Rg, Rsans, Roox and as extracted from fitting the SANS data

Microgel Ry prs [nm] Ry [nm] Rsans [Nm]  Ruox [nm] o [nm]
20 °C

MG, P 310 £ 2 176 £ 1 235 200 £ 1 17.4 £ 0.3
MG oF 463 + 7 307 =2 298 289 £ 2 4.2 + 0.5
50 °C

MG,,P 186 £ 1 120 £1 138 124 £ 2 6.0 = 0.1
MG oF 214 £ 2 150 £ 1 155 135 £ 2 0.1+1

Soft Matter, 2019, 15, 1053-1064 | 1059


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8sm02141d

Open Access Article. Published on 21 January 2019. Downloaded on 3/15/2026 5:08:48 PM.

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

(cc)

Paper

Table 3 Correlation lengths from SANS according to the Ornstein-—
Zernike fit éoz-qit. 11(0) is the scattered intensity at Q = 0

Microgel I(0) [em™] oz [nm]
MG, P 0.090 £+ 0.002 2.00 4+ 0.04
MG, F 0.33 £+ 0.01 3.21 + 0.05

omitted. The scattered intensity in this region varies according
to a power law I oc Q™™. Exponents of —2.5 and —2 for MG;,P
and MG,oF are found respectively. The Ornstein-Zernike fit
yields the average correlation length oz ¢¢. For MG, P we find
¢ozsit = (2.00 £ 0.04) nm and &oz6: = (3.21 £ 0.05) nm for
MG F. The two fits show major differences in the value for I;(0).
While MG,P has a value of I.(0) = (0.090 + 0.002) cm™", the value
for MGyoF is much higher with I;(0) = (0.33 + 0.01) cm . Karg
et al. found when analyzing the internal particle morphology of
heterogeneously crosslinked microgel particles with different
amounts of crosslinker (2, 5 and 10% BIS) that I;(0) decreases
with increasing connectivity of the network.*> Therefore the
findings show a higher contribution of the fluid like thermal
fluctuations to the scattering signal of MG, (F. An overview of the
resulting fit parameters can be found in Table 3.

The SANS data of the collapsed state at 50 °C are shown in
the ESIf in Fig. S6. In the medium- and high-Q range the data
can be fitted with a Porod decay I(Q) oc Q~*. Fits with the fuzzy
sphere model in the low-Q range result in Rgans = (138 + 4) nm
for MG;,P and Rsans = (155 £+ 1) nm for MG;,F. The corres-
ponding values of R, are R, = (120 £ 2) nm and R, = (150 £ 5) nm
for MG,oP and MG;F. For the collapsed state Ry/Ry, = 0.65 for
MG;(P and Ry/Ry, = 0.70 for MG;oF were obtained. This suggests
a decreasing polymer density towards the exterior. So far, the
conclusion can be drawn, that in the feeding approach the
structural heterogeneity is strongly reduced but remains most
probably in the periphery of the particles.

4.5 Internal dynamics from NSE

Cooperative network dynamics. Normalized ISFs were
first fitted according to eqn (10) and the resulting values for
the cooperative diffusion coefficient D.oop, were calculated
according to eqn (14). In Fig. 9 Deoop = I'/Q” is displayed over
Q. As described above Do, Will be a constant value, if only
cooperative network dynamics are observed over the entire
Q-range. In this case D.qop can be extracted from a linear fit
of I'/Q* vs. Q with a slope of zero.

Fig. 9 clearly shows differences among the three investigated
samples. For MG;oP D.oop display a constant value over the
entire Q-range. However, for MG, F there is a transition from a
constant value to an increase at around 0.11 A~*. Therefore, it
appears that the cooperative network dynamics dominate at
lower Q-values, but that Zimm dynamics become observable at
higher Q-values. We assume a superposition of both types of
dynamics with a gradual change of their amplitudes at increasing
Q-values. Dcoop Of MG oF was therefore calculated from a linear
fit with a slope of zero of the three lowest Q-values in Fig. 9. As
might be expected the semidilute linear PNIPAM solution dis-
plays a deviation from a constant value over the entire Q-range,
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since single chain dynamics are observed due to a lack of
a crosslinked polymer network. Therefore, NSE data of the
semidilute PNIPAM solution was fitted according to eqn (13)
with f§ = 0.85.

We observe that many of the normalized ISFs don’t decay to
zero. This means that there are elastic contributions to the
scattering signal which e.g. hints at the existence of inhomo-
geneities within the polymer network with very slow to no
dynamics. Therefore, the fitting eqn (10) and (13) were extended
by an additional term (1 — A) accounting for the elastic contribu-
tion (eqn (17)). The values for (1 — A) for both microgels are shown
in Tables 5 and 6. As Q increases and hence the observed length
scale decreases, the elastic contribution decreases. For the
sample MG, F, the elastic contribution vanishes completely at
those Q-values corresponding to the Zimm regime. Scherzinger
et al. found similar values for the elastic contribution in
PDEAAM-core-PNIPAM-shell particles.*®

S(Q,7)
S(0,0)

=(1—-A4)+ A4 -exp(—I1)

17)

Table 4 lists the cooperative diffusion coefficients for the
investigated samples. For the sample prepared by precipitation
polymerization the value of Deoop = (2.69 £ 0.02) x 10 "' m*s™!
is in agreement with data published by Hellweg et al.,*® who
also investigated dynamics of PNIPAM microgel particles with
different amounts of crosslinker. For the microgel prepared by
a continuous monomer feeding approach the cooperative

@ 80
101< .,
“g 40 " . :
- 0.10 0.12 0.14 0.16 0.18 0.20
8- Q(EA") %
TIT - " [ ] %
NE 6_§
> ;
Ng - ps o
= 4
2 " :
0. T T T T T T
0.08 0.12 0.16 0.20

QA

Fig. 9 Diffusion coefficient Do = riQ? against Q. While MGyoP (green
triangles) shows a constant value over the entire Q-range, and the linear
PNIPAM solution (red squares) shows a continuous increase, MGy oF (blue
circles) has a constant value up to Q = 0.11 At and increases afterwards.
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Table 4 Results of the NSE measurements. Summarized are the coop-
erative diffusion coefficient D.op, and the dynamic correlation length &coqp

Sample T[°C] Deoop [107" m® s77] Eeoop [NM]
MG;oP 20 2.69 + 0.02 6.4
MG, oF 20 4.98 £ 0.04 3.4

Table 5 Elastic contribution (1 — A) to the ISFs of MGygP. A(1 — A) is the
error as determined by a fit according to eqn (17)

Q@A™ 1-4 Al — 4)
0.05 0.45907 0.0519
0.08 0.37785 0.0301
0.11 0.32318 0.0169
0.15 0.27728 0.0187
0.20 0.20948 0.0439

diffusion coefficient is approximately twice the value of MG;,P.
This indicates a faster decay of the network fluctuations and
thus a less stiff network. This is in agreement with the AFM
measurements of Young’s moduli on adsorbed microgel particles
presented in Section 4.2.

Using #p o = 1.251 cP at T = 20 °C eqn (12) yields values of
coop = 6.4 N for MGy,P and &eqop = 3.4 nm for MGy, F. This
indicates that cooperative network fluctuations in sample MG; (P
have larger decay lengths. This suggests, that the polymer net-
work of sample MG, F is softer in the size range explored by NSE
due to the absence of a dense inner core region. A comparison
with data published by Hellweg et al. shows that the dynamics of
MG;(F behave similar to a microgel prepared via precipitation
polymerization with a low crosslinker content.®®

Generally, the collective diffusion coefficient D.oop = E[f
relates an elastic modulus to the friction coefficient f which
considers the resistance against the relative motion of polymer
network and solvent. It measures the relaxation of concen-
tration fluctuations in the network. The elastic modulus of a
gel E = K + 4/3G is determined by the osmotic bulk modulus K
describing network deformations including volume changes
and the shear modulus G accounting for deformations without
a volume change.

In previous mechanical measurements of the friction coeffi-
cient in macroscopic poly(acrylamide) hydrogels using confocal
laser scanning microscopy a decrease of f with increasing
crosslinker content and the accompanying increase of struc-
tural heterogeneities was observed.®®”" It was argued that the
motion in regions of low crosslinker density contributes more

Table 6 Elastic contribution (1 — A) to the ISFs of the MGygF. A(1 — A) is
the error as determined by a fit according to eqn (17). Note, the elastic
contribution virtually vanishes at large Q values compared to A at the same
Q values in Table 5

Q@A™ (1-4) Al — 4)
0.05 0.410963 0.0212
0.08 0.253 0.0146
0.1 0.10076 0.0111
0.15 ~0.035338 0.0225
0.20 ~0.026817 0.0266
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Table 7 Results of the NSE measurements. Summarized are the Zimm
parameter Dzimm and the effective and specific viscosity 1,5, and 5. The
differences for g, occur due to the different temperature during the
measurement

Sample T[°C]  Dzimm [A’ns™"]  fapp [cP]  #sp [cP]
MG, P 20 — — —

MG F 20 42.5 £ 1.5 3.7 1.96
PNIPAM solution 15 49.2 + 1.8 3.2 1.22

to the friction coefficient than the motion in the region of
higher polymer and crosslinking density.

In heterogeneously crosslinked microgel particles the size of
the dense core region with its higher polymer and crosslinker
density increases with increasing crosslinker content and
hence, its contribution to the net friction coefficient of the
particle increases.

Zimm dynamics. A linear fit with a slope of zero of I'zim/Q®
yields Dzimm, from which the apparent viscosity #,pp, was
calculated with eqn (15) for those samples displaying Zimm
type dynamics (Table 7). I'zimm/Q? is displayed against Q for the
semidilute PNIPAM solution and MG;,F in the inset in Fig. 9.
One might expect MG;,P to display Zimm type dynamics from
the fluffy shell. However, within the accessible Q-range this was
not observed. This corresponds well to the larger dynamic
correlation length coop Of MGyoP. Possibly, the increase of the
crosslinker content increases the decay length of the breathing
like density fluctuations and hence decreases the relative
amplitude of the Zimm-dynamics and shifts its contribution
to higher Q.

In Table 7 the apparent and specific viscosities are listed
as well. As mentioned above the specific viscosity allows a
statement about the contribution of a polymer to the solution
viscosity and a comparison between the different samples. We
find values of 7y, = 1.96 and 1.22 for MG,F and the semidilute
PNIPAM solution respectively. These values show that the
polymer has a non-negligible contribution to the viscosity in
both samples (Fig. 10).

The increased apparent viscosity may be attributed to coop-
erative hydration, which has been described in the literature for
PNIPAM chains and microgels based on PNIPAM.”>””> Due to
the formation of hydrophobic isopropyl side groups, there is a
positive correlation between neighboring bound water mole-
cules, favoring the formation of further hydrogen bonds. It is
assumed that the formation of these hydrogen bonds increases
the local viscosity in such polymer systems.”® Concentration
dependent viscosity measurements of linear PNIPAM in D,O
(Fig. 11) show that the specific viscosity of 1.22 corresponds
to a PNIPAM concentration of 35 mg mL ™', which is slightly
below the actual concentration of 50 mg mL ™" chosen for the
experiment.

Moreover, the analysis of the SANS data presented in Section 4.4
revealed a stronger contribution of fluid like fluctuations in case of
MG;F. Possibly larger fluctuation amplitudes of the polymer
segments also contribute to the increase of n,p. A similar
behavior was found for microgels during NSE studies of
cononsolvency effects on the dynamics of microgels.***°
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Fig. 11 Specific viscosity of linear PNIPAM with M,, = 30 kDa at different
concentrations in D,O.

Microgels are often discussed as potential carrier medium
for nanoparticles, proteins or therapeutic drugs and diagnostic
agents. Microgel size, cross-linking density, and network homo-
geneity are discussed as important influences on the loading
capacity and release/uptake kinetics.”” The inner dynamics of
the microgel network may also influence the diffusion of
probes inside the gel due to hydrodynamic friction between
the polymer chains, the solvent and the probes. Therefore, it
should also be considered in uptake and release scenarios.

5 Conclusions

Two kinds of PNIPAM based microgel particles with a high
crosslinker content were prepared via classical precipitation
polymerization (MG;,P) and a continuous monomer feeding
approach (MG;oF). Their structure was investigated with
dynamic light scattering and small angle neutron scattering,
which revealed clear differences between their inner structure.

1062 | Soft Matter, 2019, 15, 1053-1064

MG; P displayed a higher fuzziness (6; & 17 nm), compared to
MG, (F (05 & 4 nm). Furthermore, MG F has a slightly higher
correlation length oz than MG;oP. AFM measurements of
adsorbed microgels in the dry state of both systems show
differences in the particle morphology and the measurement
of the Young’s moduli indicates a softer network in case of
MG;,F. Dynamics as investigated by neutron spin echo spectro-
scopy revealed that in MG;,P the presence of a dense core
region leads to a dominance of the cooperative dynamics.
Zimm-type dynamics could only be observed for MG, ,F, while
a simple Q* dependence was observed for the dynamics in
MG, (P in the entire measured Q-range. This corresponds to the
results of the AFM indentation measurements. As a comparison
to the dynamic properties in both microgels, an aqueous
semidilute PNIPAM solution was measured in the same Q-range,
which as expected showed a deviation from Q* dependence, as
can be attributed to the observation of Zimm-type dynamics.
Interestingly, the pure Zimm-regime was not reached for any
sample in the observed Q-range. This leads to the conclusion
that higher Q-values would be required to observe pure Zimm-
type dynamics. A calculation of the specific viscosity resulted in
values 1.2 < 5g, <2.0. Therefore, a contribution of the polymer
to the apparent viscosity is observed which in the case of
PNIPAM can be attributed to cooperative hydration of the
polymer network, which leads to an increased viscosity. Inter-
estingly, MG,,P shows a clear elastic contribution over the
entire Q-range, while MG;,F only shows this contribution at
very low Q-values. A comparison with NSE measurements of a
lowly crosslinked PNIPAM based microgel revealed that in
terms of the cooperative diffusion a high value is measured
and a transition to the observation of Zimm-dynamics at a
similar Q-value as for MG;oF is observed. The presence of the
dense inner region of a heterogeneously crosslinked microgel
leads to the dominant contribution of cooperative density
fluctuations to the observed dynamics.

In summary, MG;oF synthesized via a monomer feeding
method has a more homogeneous inner network structure than
MG;,P prepared via the classical precipitation polymerization

This journal is © The Royal Society of Chemistry 2019
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but heterogeneity is still present in the periphery of the
particles. The structural differences also clearly affect the
dynamic properties. The denser network of MG;,P leads to a
dominant cooperative dynamics while in case of MGy F also
segmental dynamics contributes.
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