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ABSTRACT: We investigate the structural properties of model amphiphilic conetworks made by
heterocomplementary end-linking of tetra-poly(ethylene glycol) tetra-poly(e-caprolactone) PCL
star polymers in selective and nonselective solvents using small-angle X-ray scattering, nuclear
magnetic resonance (NMR) diffusometry, and double-quantum magic-angle spinning (DQ

MAS) NMR techniques. The X-ray scattering experiments reveal the correlation lengths of our sele!ﬁve

networks, including postcuring effects, and the microphase separation (MPS) of the networks solgent

swollen by a selective solvent, with cluster sizes independent of concentration. An estimation of  «nning-Thomas modet Teubner-Strey modet
hydrodynamic screening length as the length scale governing the diffusion process is achieved by = P

monitoring the diffusion coefficients of polysaccharides and polystyrenes with different molecular
weights. Furthermore, chemical-shift-resolved local chain mobilities in the microphase-separated
system are observed using DQ MAS NMR, demonstrating immobilization of the linker end group
and melt-like dynamics for clustered PCL chains, both of which are in qualitative agreement with
bond-fluctuation Monte Carlo simulations of comparable model structures. Our analyses provide
valuable insights into the structural properties and behavior of amphiphilic conetworks and the process of MPS under strong
topological constraints, highlighting the effects of postcuring in a polymer network with star-shaped building blocks.

B INTRODUCTION

The molecular transport of probes through swollen polymer
networks is an important process deciding upon the usability
and efficiency of these materials for many relevant applications
in industries, such as usage for separation membranes,

in terms of either correlation length scales &, or hydrodynamic
blob sizes &,.

A large variety of different characterization techniques can
be geared to provide information on such challenging
structures, including rather straightforward imaging techniques
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conductive layers in batteries, drug-release systems, or the
design of scaffold systems for cell growth.'™ A special subclass
of these materials are amphiphilic polymer networks (ACNs),
which consist of a cross-linked set of hydrophilic and
hydrophobic macromolecular precursors.* ® Due to their
structure, they are uniquely suited to certain applications
requiring, e.g,, phase-specific molecular transport as needed in
soft contact lenses,’” drug delivery,8 tissue engineering,9
separation membranes,'’ and more.'"'* Additionally, they
are a potential candidate for polymer-based matrices in
batteries.'”> Most of these applications rely on an efficient
and controlled diffusion for a given system, which is especially
needed for biomedical applications. An often used concept for
describing the diffusion properties of a gel is the network mesh
size, which dictates how freely a penetrant of a given size can
move through the polymer network.'*™>' However, the
accurate definition of the length scale corresponding to the
term “mesh size” is not always clear, leaving significant space
for speculation, spanning entire length scales from the
geometrical mesh to the size of a chain correlation blob &.
Nevertheless, the estimation of this length scale, especially for
diffusion processes in new polymer materials, remains an
important goal. In this work, all length scales are characterized
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on the nm to um scale such as scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and atomic
force microscopy (AFM) as well as indirect methods such as
conductivity measurements,22 fluorescence recovery after
photobleaching (FRAP),”*™** and pulsed-field gradient-NMR
(PFG NMR)."”**™* In contrast to conventional imaging
methods, both FRAP and PFG NMR usually do not require
potentially morphology-changing processing steps, and they
are able to operate on real-life samples. Commonly, these
methods require the presence of a probe molecule with a
defined hydrodynamic size R as both methods analyze the
change in the diffusion coefficient of probe molecules based on
the ratio of R, to &. As recently summarized in detail by
Amsden,® various relevant parameters, such as chain stiffness,
polymer—solvent interactions, interchain correlations, and the
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interplay of obstruction vs free volume mechanisms, have been
identified and fostered the discussion of different models.
Notably, for probe molecules that are not colloids in the strict
sense, additional caveats arise from the fact that the limiting
length scale for linear chains will not be Ry, but rather the
hydrodynamic screening length &, accessible from the
transition from Zimm dynamics to Rouse dynamics.”"

A well-established method for accessing length scales in
swollen polymer systems is small-angle X-ray scattering
(SAXS), which may allow for a noninvasive, probe-free
exploration of the nanoscale morphology via probing differ-
ences in electron density on length scales ranging from 0.1 to
50 nm. Especially for the case of polymer gels, both the size of
correlation blobs and potential solvent-induced microphase
separation (MPS), if present, can be observed for some
systems.”>”>* The actual relationship between the measured
blob sizes and the structural morphology depends on the
system and is not always readily accessible. Additional
information is gained in the case of clustering systems as
SAXS allows for the evaluation of length scales of MPS by
applying appropriate fitting models such as, e.g.,, the one of
Teubner and Strey (TS),”” or suitable combinations of
reasonable structure and form factors, like the combination
of a Percus—Yevick hard-sphere structure factor with a sphere
form factor.”” This may allow for the estimation of the
characteristic length scale and number of chains that can
participate in the formation of clusters. Herein, both the
aforementioned models are discussed and compared.

In the case of ACNs, the cross-linked network chains pose a
constraint against rearrangements necessary to accommodate a
selective solvent, hence it is of particular interest to compare
correlation lengths in the swollen state both in good and
selective solvents while also quantifying the length scale of
MPS. It is not clear what the precise effects of a clustered phase
on the overall morphology will be. However, a natural
expectation for this process is a reduced degree of swelling
that is accompanied by a larger osmotic pressure in the still
swollen part that needs to be balanced by the network elasticity
in some way. This process is expected to cause a change in the
diffusivity of probe molecules in the swollen phase by reducing
the volume accessible for the probes and changing the
hydrodynamic screening length of the swollen phase.

So far, a variety of models and procedures provide length
scales and aggregation numbers of these networks, but to our
knowledge, none of these studies featured a critical comparison
of different analysis models. Some works focus only on the
inverse peak position as a rough (and potentially biased)
measure for the interdomain distance,>*' whereas others
assume, e.g, core—shell models that can be used to extract
distances, radii, and aggregation numbe:rs,36_38’42 while
correlation models yielding two approximate length scales
are also used.*>**

A critical test of these models requires samples with a well-
defined network structure. In this regard, different synthetic
strategies of connecting precursors of similar or different
philicities were used, including fast click reactions,*
condensation reactions, "’ end-linking of small telechelic
cross-linkers,** or the comparably slow heterocomplementary
end-linking reaction usin% benzoxazinone-/amino-terminated
tetra-arm star polymers.” In this work, we focus on our
recently developed tetra poly(ethylene glycol) (PEG) - tetra-
poly(e-caprolactone) (PCL) amphiphilic conetwork (tPEG-
tPCL ACN)* system that utilizes the latter synthesis
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approach, and we discuss the application and interplay of
SAXS and PFG-NMR as tools for characterizing its structure
and permeation properties. While initial correlations of
topology—property relationships in good/common solvent
have already been established and underpinned by theoretical
work,”” the changes in the topological properties of this system
upon MPS under selective-solvent conditions (i.e., poor
solvent for one of the components) will be addressed in this
work for the first time. By measuring the diffusion coefficient of
penetrants such as polysaccharides (PSCs) and polystyrene
(PS) macromolecules, we estimate the respective microscopic
length scales in the sense of a hydrodynamic screening length
&, (that we assume to be on the order of the correlation blob &,
in accordance with, e.g., ref 51), as well as in the microphase-
separated state. These macroscopic properties will be
compared to correlation lengths of the polymer network &,
as estimated by SAXS. We show that the microphase-separated
PCL domains of considerable size can still be formed despite
the topological constraints of the network chains (see Figure 1
for a tentative sketch). We estimate the size and distance of the
PCL domains in good agreement with computer simulation
results, whose details are to be published separately. Our
results yield insights into the diffusion and MPS behavior of
ACNs while also providing a helpful methodological procedure
for the analysis of PFG NMR data when working with samples
showing no well-separated signals in their "H NMR spectrum,
mostly due to the need of measuring inhomogeneous samples

of undefined shape.

tetra-PEG

selective
solvent

Teubner-Strey model

Figure 1. Tentative model picture of the MPS of our investigated
tetra-poly(ethylene glycol) (PEG) tetra-poly(e-caprolactone) (PCL)
ACN as seen by the two respective models used for the SAXS data
analysis. The Kinning—Thomas (KT) model (left) describes the
morphology as hard spheres of radius R, with a soft repulsive corona
of radius R,, whereas the TS model yields information about the
distance drg between the scatterers and a decay length scale &1 of the
real-space correlation function. Note that some chain ends are not
drawn or only continued with an arrow for simplicity.
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B EXPERIMENTAL SECTION

Sample Preparation. The tetra-arm star polymer networks
investigated were synthesized based upon the protocol published in
ref 49. Networks consist of either a combination of 10 kDa oxazinone-
terminated tetra-arm star PCL and 10 kDa amino-terminated tetra-
arm PEG or of 10 kDa oxazinone-terminated tetra-arm star PEG and
10 kDa amino-terminated tetra-arm PEG. Both the amphiphilic tetra-
PEG—PCL and the nonamphiphilic tetra-PEG—PEG networks were
prepared in the same manner (with only minor differences due to
adjustments in stoichiometry to compensate for small differences in
the molecular weight of the precursors) at different concentrations in
toluene-dg as a common good solvent at T = 50 °C and a reaction
time of t = 4 d. The networks are prepared at concentrations ranging
from 35 to 350 g L™* to be compared with the overlap concentration
of 70 g L1

All probe molecules for diffusivity studies used in this work were
purchased from Sigma-Aldrich and used as received. Concerning the
diffusion of hydrophilic probe molecules, glucose (0.18 kDa) and
dextran samples of different molecular weights (2.5, 6.0, 10, 20, 40,
and 60 kDa) were used. For all experiments, the PSCs were dissolved
in D,O at a mass concentration of 50 mg mL™ (5 wt %) and
homogenized before each use to make sure that the compound is fully
dissolved. The hydrophobic probe molecules consist of a set of gel
permeation chromatography analytical standard PS samples with
different molecular weights (1.0, 10, 30, 70, and 100 kDa). For all
samples except the 1.0 kDa sample, a polydispersity index of <1.05 is
given, with an exception being the 1.0 kDa sample, where the PDI is
1.13. Again, stock solutions at 50 g L™" (5 wt %) in toluene-dg were
prepared. Dried gels were swollen in solutions of D,O and the
respective PSCs, where they were swollen to equilibrium for at least
24 h each, reaching degrees of swelling of about Q., & 4. As gels
swollen in toluene (+PS) reach a much higher equilibrium degree of
swelling, a controlled degree of swelling of Q = S + 0.5 was achieved,
which roughly matches the macroscopic swelling degree in the
selective solvent. A volumetric degree of swelling is estimated based
upon the change of mass of the sample by resorting to the following
equation

HH
Q =1+|2[2
AN\ W (1)

Here, p, is the solvent density, p, is the polymer density (e.g, 1.13 g
mL™! for the average of PEG and PCL), and w, and w, are the
respective masses of polymer and solvent used.

Methods. Small-Angle X-ray Scattering. SAXS experiments were
performed using a retro-F laboratory setup (SAXSLAB) equipped
with a microfocus X-ray source and an ASTIX multilayer X-ray optics
as monochromator for Cu Ka radiation (4 = 0.154 nm).
Measurements were recorded in vacuum (p < 1 mbar) using a
PILATUS 3 R 300 K detector at two sample-to-detector distances (1
and 3 m) to cover both the SAXS and the wide-angle X-ray scattering
(WAXS) regimes. All measurements were made at room temperature
(~20 °C) and in transmission mode, where the transmission factor
for all samples was between 20 and 50%.

For all scattering experiments, gels were either used as-prepared [in
dg-toluene and d-tetrahydrofuran (THF)] or dried in a vacaum oven
(50 °C, 20 mbar) for 24 h and reswollen to equilibrium in D,O.
Afterward, the gels were carefully cut into small pieces (<2 mm X 2
mm X 2 mm) using a scalpel. The gel pieces were placed in a 2-piece
screw-top hollow metal cylinder with a circular opening on both ends
and a stiff poly(tetrafluoroethylene) (PTFE) O-Ring in between for
ensuring isolation between the two screwable parts while not
deforming the sample. The circular openings were sealed by mica
plates with a thickness of 8—10 um (purchased at SAXSLAB). This
gastight setup prevents evaporation of solvent in the vacuum chamber
of the SAXS setup while allowing for a 1 cm opening for the beam to
traverse the sample with minimal influence from the setup itself. Any
potential leaks would immediately be detected by eye as all samples
would fully dry up within minutes of being exposed to the vacuum.
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Initial measurements of the sample holder with only mica plates
without gel have shown no significant contribution in the SAXS
regime but only sharp and easily identifiable peaks in the WAXS
regime. SAXSGUI v2.19.02 was used for data reduction (azimuthal
average) of the obtained SAXS data, while the postprocessing and
evaluation of the reduced data relies on a basin-hopping algorithm (to
reduce the chance of being trapped in a local ogtimization minimum)
implemented in Python 3.09 and LMFIT 1.09.>* The scattering curves
obtained were automatically merged at about g = 0.1 A~" based upon
minimization of the average intensity difference in a small region
around the merging point.

All SAXS curves obtained on measured PEG—PCL networks in
both good and selective solvents include a specific characteristic
superposition of signals. In a common good solvent, we have

I(q) = Iy + Ipg + Iz

)

Here, I, denotes the incoherent background scattering intensity, Ipg
is the Debye—Bueche function®® describing the length scale = of
frozen concentration fluctuations, and Iy, is an Ornstein—Zernike
function®* reflecting thermal fluctuations on a length scale £ The
respective functions read as follows

1
Iy " ——————~
(1 + (qgoz)z)(l/zy)

S
(1 + [qEP)

3)

DB 4)
Here, v denotes the good solvent exponent and is taken to be v =
0.588, resulting in an overall asymptomatic dependence of q~'7. It
should be noted that the Debye—Bueche function can be substituted
by, e.g., Porod’s law as the low-g regime in our case only consists of a
simple power-law function due to the lack of access to lower gq.
However, since the scattering data do not develop a plateau toward
small g, alternate model functions for the frozen fluctuations like a
Gaussian pair distribution cannot be used for data analysis.

In the case of MPS due to, e.g,, a poor solvent for one of the
components, these relations are extended to

I(q) = Ly + I + Iz + Lyps ©)
where Iyps is the additional contribution of the microphase-separated
clusters arising from the collapse of the PCL phase (in case of water as
a selective solvent) and I, is Porod’s law with d being the fractal
dimension of the surface of the scatterers as follows

I(q) = Io'qi(&d) (6)

In the following, two different models were tested for fitting the
additional contribution arising from the microphase separation. On
the one hand, we evaluated the data using the popular TS model,*
which is primarily used for liquid microemulsions with an average
distance d of neighboring droplets and a decay length £. On the other
hand, we tested an alternative method of Kinning and Thomas
(KT),* who proposed a Percus—Yevick structure factor for hard
spheres (core plus stretched, repulsive corona) in combination with a
sphere form factor describing the scattering core to analyze SAXS data
taken on micellar block copolymer structures in bulk. This model
provides a defined core radius R, and the radius R, of a larger effective
sphere comprising the core plus the outer “fluffy” shell. This model
should in principle provide the same information as the TS model
with the exception of also providing a volume fraction of effectively
repulsive spheres. For both models, there exists experimental evidence
that they can be used for the phase separation of polymer networks
(e.g., refs 34, 42, 55—57) under certain conditions. Therefore, both
will be used here, and the quantities obtained will be compared.

As noted, the KT model connects the form factor from spherical
scattering entities Py, with a structure factor Spy arising from their
arrangement, for which the Percus—Yevick closure®® ™ is used

I(q) = Spy(q, Ry, RZ’f)Psphere(q’ R)) (7)

https://doi.org/10.1021/acs.macromol.3c02139
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9/)02"(3 . 2
=" R,) — (gR, R
(qR1)6 [sin(qR,) — (qR,) cos(qR,)] ()

Here, f denotes the fraction of the effective hard spheres, p, is the
scattering contrast, and v, corresponds to the sphere volume. For the
rather complicated full equation of the structure factor Spy, the reader
is referred to ref 40. The original equation is modified so that not a
single pair of radii R), R, is assumed, but rather a continuous log—
normal distribution for the radius R, with an associated logarithmic
(dimensionless) standard deviation o, as presented, e.g., in ref 61.
This is justified both from the experimental side (as one can clearly
not observe the well-defined oscillations in the scattering curve, which
are typical for Psphm) and from the theoretical side, where in
simulations on that specific system, it was found that the size
distribution of the clusters is polydisperse besides an additional shape
distribution of slightly ellipsoidal objects (to be published under
separate cover). It is finally noted that in a selectively swollen ACN,
being a 3-component system, scattering contrast may additionally
arise within the swollen region having a separate, less swollen (more
crowded) corona around the separated phase. This will be discussed
below.

In the case of the TS model,*® a nonparticulate and randomly
distributed two-phase system with a well-defined interface is assumed,
again neglecting potential contrast arising from concentration
variations in the swollen phase. The system is modeled by a real-
space correlation function that decays exponentially with a correlation
length of &g, as described by the Debye—Bueche model.”® Teubner
and Strey modified this radially decaying pair correlation function by a
radial oscillation in the following way

drs [ r ) .

I8 exp| — —

27y Ers 9)
Here, another length scale drg is introduced, which corresponds to the
typical distance between the scattering moieties. Therefore, one

obtains the following well-known equation for the observed scattering
intensity

Psphere

g(r) =

(q)=——F—
1 a, + clqz + c2q4

(10)
where the coefficients a,, ¢}, and ¢, provide the real-space length scales
drg (oscillation period; a measure of the distance between the center-
of-mass for two clusters) and &g (decay length scale of the scattering
moiety according to eq 9)

) 0.5 )

ay 3
= |—]—= + —| —

s 2(62] 4(62]

0.5

ool
2 Cy 4 Cy (12)
Pulsed-Field Gradient NMR. Translational diffusion measurements
were conducted on a Bruker Avance II spectrometer with a proton 'H
resonance frequency of 400 MHz, which was used in conjunction with
a Diff60 probe head. All measurements were done at a temperature of
30 = 1 °C. Due to the reswelling process needed to obtain gels
swollen in selective solvent, a homogeneously filled NMR tube could
not be realized, which is reflected in a generally poor resolution,
where individual proton resonances cannot be distinguished anymore.
Therefore, for convenience in sample handling and minimizing
convection effects during longer diffusion times, pieces of swollen gel
were filled into a standard 4 mm magic-angle spinning (MAS) rotor
with a rubber sealing ring. This simultaneously prevents the
evaporation of solvent (which for toluene is very relevant). During
test measurements of a D,O/H,0O mixture with a varied diffusion time
A between 20 and 200 ms, no systematic change in the diffusion
coefficient was obtained, suggesting only minimal convection effects

-0.5

(11)

—0.5
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and the absence of restrictions due to larger-scale inhomogeneities
(such as grain boundaries or bubbles).

For the diffusion experiments, both a simple pulsed-gradient spin—
echo (PGSE) sequence and a stimulated-echo sequence with bipolar
gradients (PGSTEbp) were applied.”> Both pulse sequences were
used, and the results were recorded for each measured sample. For
diffusion of small probes, the difference in molecular mobility (and
therefore transverse relaxation time T,) makes a simple SE an effective
sequence for filtering out (or at least reducing) the underlying static
contribution of the polymer network. However, as the molecular
weight of the probes increases (and the difference in T, of gel and
probe therefore decreases), the SE sequence imparts a very large T)-
related loss of signal during the increasing diffusion time A.

Diffusion coefficients were estimated using the well-known
relationship for a Gaussian displacement probability of protons,®®
which is valid for both sequences

A 2 232 5
f(D) = A = eXPl—g r6 D(A - 5)] (13)

Here, y is the gyromagnetic ratio of the protons, g is the magnitude of
the applied gradient, § is its pulse length, and A is the diffusion time.
For discrete distributions of diffusivities (or a nearly nondiffusing
background such as a chemically linked polymer network), this
approach needs to be modified so that a weighted sum (see equation
below) is used for evaluation. If the components are not separated in
time scale, a distinction cannot be made properly, and only the inverse
average diffusion coefficient D is accessible from the initial slope.

However, as in many cases (except for glucose and PS-1 kDa), we
have 1—2 decades between the D’s of these components (free
diffusion of solvent ~10~° m?/s vs slow diffusion of probe molecules
~107" m?/s vs nondiffusing network ~0), and these components can
be distinguished rather clearly in most cases, resulting in a simple
relation of two contributions according to eq 13, as well as a constant
background signal for the nondiffusing species

I
— = f(D, D, cst
10 f( solv) +f( probe) + (14)

Due to the poor resolution originating from the strong field
inhomogeneities arising from the gel being packed only as loose
pieces within the rotor, unfortunately, there is no possibility of
separately integrating peaks belonging to the probe molecule. As there
is also no possibility of a sample preparation resulting in a
homogeneously filled rotor (note: swelling inside the rotor leads to
strong swelling anisotropy that significantly influences the tension of
network chains and therefore the mesh size), we numerically separate
the diffusion decays of small integrated, spectral windows (of ~0.1
ppm width) into components. A python script was written taking a
pseudo-2D data set {b, I(wPPm, b)} obtained from the instrument,
fitting the slice-based decays I(b) with b = g%*6*(A — §/3) in an
automated way to eq 14 (see Figure 2). The advantage of this method
lies in the identification of regions of integration where a diffusion
coefficient for the probe molecules can be identified reliably while also
providing an error estimate of this diffusion coefficient by comparing
it to values obtained from other slices. By using an additional bar plot
of the relative fractions identified by the fit, a picture of the
composition of the unidentifiable spectral region can be obtained,
further helping in separating the convoluted diffusion decay into
distinct components.

In general, the dependence of the long-range diffusion coefficient of
polymer molecules D on the molecular weight M is well-known, both
by theory and experiments,** and it can be described by a power law
model, where a is the scaling exponent that may change depending on
solvent quality, polymer concentration, and overall polymer
conformation

kT

= xM™“
67nRy,

(15)

https://doi.org/10.1021/acs.macromol.3c02139
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Figure 2. Exemplary analysis results of the PGSE experiment for
dextran-20 kDa within the PEG—PCL network as described in the
text. (a) Fractions shown as bar plot for each slice (A,,,, = 0.15 ppm)
within the ppm region according to eq 14. The shaded area
corresponds to the region where the automated fit procedure is
unstable. (b) Diffusion coefficient of both fast (solvent) and slow
(probe) components corresponding to each slice, with the shaded
region revealing the fitting instabilities. (c) T,-filtered (A = 2S5 ms)
proton 'H NMR spectrum for different gradient strengths. The
constant background arising from the remaining network after the T)-
filter is shaded in blue. (d) Exemplary 'H-MAS NMR spectrum of our
ACNs in D,0, as well as theoretical peak positions of dextran (red
rectangles). The fitting instabilities are due to the strong network
contribution, leading to an inadequate attribution of the network
component to the dextran fraction. The strong overlap of network and
PSC resonances around 3.6—4 ppm restricts integration to the
broadened —OH resonance at around S ppm.

For a random-coil polymer in a good solvent diffusing without
restriction (in the nondraining Zimm limit), an exponent between 0.5
and 0.6 is expected and experimentally confirmed, e.g, in ref 65. In
the past, diffusion data of macromolecules through the mesh of chains
in swollen networks have often been analyzed via empirical relations
holding for globular/colloidal probes, such as D/D, = exp(—R;/¢),
where £ was assumed to be the mesh size.'”*® Here, we follow a more
polymer-physical rationale, based upon the insight that diffusion of
macromolecules through a network resembles the diffusion through a
semidilute polymer solution,”” requiring the discussion of the
appropriate scaling regimes. Given the probe self-diffusion in good
solvent is in the Zimm limit (a = 0.588), we thus expect a crossover
into the Rouse regime with dominating single-segment friction (a = 1,

“free-draining limit”) or even stronger scaling once entanglements
become important, e.g, @ = 2 for the simple reptation model.”® The
first of these transitions to a = 1 is expected when the probe size
becomes comparable to the hydrodynamic screening length &;; the
second transition is expected for molecules of a size comparable to the
diameter of an entanglement tube. There is experimental evidence®'
that & in a semidilute solution or a polymer network is close to the
static correlation length £.°*
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b3
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(2v-1)/(3v-1)
] ¢—u/(31/—1)
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Here, b is the root-mean-square size of a Kuhn segment, v the
excluded volume parameter of a Kuhn segment, and ¢ the volume
fraction of polymer inside the gel. In what follows, we adopt the
approximation &, = & for discussing the dilute and semidilute
unentangled regime of swollen or ideal probe chains inside a gel. A
linear chain made of N Kuhn segments and with a size R < & develops
Zimm dynamics similar to a dilute solution with a diffusion coefficient
following eq 15 with Ry, = bN” and & = v.*""** For chains with a size R
> ¢, ie, for po Jmer volume fractions beyond the overlap polymer
volume fractlon

o Nb®
R3

the dynamics follows the Zlmm model up to the correlation length &
with a friction coefficient®

{ang

at the correlation length £ On length scales exceeding &, these
dynamlcs are followed by Rouse dynamics, where correlation volumes
with®*

b3 32v-1)/3v-1
o

Kuhn segments establish N/g effective Rouse monomers resulting
in a diffusion coefficient of

—-1/(3v—1)

3
kT g « [b_ q}—l—u/Su—lN—l

2(2v—-1)/3v—1
TUN ]

v (16)

In a comparison between the diffusion coefficients D of the probe
polymers inside the gel at a polymer fraction ¢ and correlation length
£. and the diffusion coefficients Dy measured in a polymer solution (as
described above) at ¢), & 1/20 and correlation length &), we expect a
crossover from D/D, = 1 for small probe polymers of size R < &), £
toward the Rouse limit (R > &, £) with the following asymptotic ratio

—(1-v/3v-1)

D & [e

Dy &g |9 (17)
A crossover between both limits occurs for & < R < &. According to

the above equations, this crossover is described by

D gbN”
D, &N
2(2v—-1)/3v—1 —(1-v/3v-1)
v P (18)

The crossover between the low-R regime and the transition zone
allows for a rough estimate of & by extrapolation of the reduced
diffusion coefficient in the crossover region toward D/D, = 1, yielding
the relevant length scale &, ~ R governing the diffusion process.

Viscosimetry. The viscosity of 5 wt % solutions of PSCs and PSs
with different sizes was measured using a RheoSense m-Vroc
equipped with a 20 yL sample cell and a 500 xL Hamilton syringe.
All solutions were measured at S wt % concentration at T = 30 + 0.2
°C using 4 different flow rates between 100 and 800 yL/min and two
measurements per flow rate for each sample. The final value was
determined using the average of the 8 viscosity values obtained. In
case the standard deviation of the mean remains below the error given
by the manufacturer (2.5%), the latter number is used.

Magic-Angle Spinning Double-Quantum NMR. Double-quantum
(DQ) MAS NMR experiments were carried out on a Bruker Avance
III 400 MHz spectrometer with a 4 mm triple-resonance MAS probe
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at a spinning frequency of v, = S & 0.01 kHz. A small, round 4 mm X
0.2 mm slice of a swollen polymer network is packed tightly into a
rotor, being surrounded by tightly fitting PTFE cylinders in order to
stabilize the rotor. A Bruker BVT 3000 was used to keep the
temperature stable at T = 30 + 1 °C. As a chemical shift reference,
values obtained in ref 49 were used. POST-C7 experiments’® were
conducted using pulse lengths (power) of p90 = 2.5..3 us (39 W) and
p7 =3 pus (6.8 W), such that the necessary condition of @, = 70, is
fulfilled. Using this sequence, a recoupling of the homonuclear
"H—'H interactions is performed, and DQ coherences are excited and
detected after reconversion and DQ_filtering via a phase cycle.
Thereby, the motion-averaged residual dipolar coupling D, can be
accessed while maintaining resolution along the chemical shift axis,
which allows for qualitative information about the orientational
degree of freedom of the PEG and PCL moieties, respectively (see
Figure 9).

As already discussed elsewhere in the context of polymer networks,
e.g, in refs 49 and 71, the experiment yields a set of two signal
functions depending on the DQ pulse sequence duration (7pg), which
together can be used to estimate D, One can either calculate the
normalized relaxation-free DQ_ buildup curve I po(7pg) or use a
simultaneous fitting procedure in the references above. Due to
experimental observations that will be explained later on, the former
approach was chosen using the well-established equation for the DQ_
build-up curve (the Abragam-like function) of a single D,.”

ILipq (thq) = 0.5[1 — exp( — (0.378¢D,,7pg))"*

~cos(0.583€Dres‘L'DQ)] (19)
Here, € = 0.232 denotes the scaling factor for this pulse sequence. As
the gels studied are rather soft and the centrifugal forces due to
spinning are not negligible, the D, values obtained will be subject to
potentially str0n§ bias and therefore reflect the elastic response of the
network chains” only qualitatively. However, comparisons between
PEG and PCL network chains based on relative differences in D, can
still be made, despite the possibility of minor narrowing effects in the
range of observed D,,, values due to differences in the elastic response
of these moieties.

B RESULTS AND DISCUSSION

Structural Aspects from SAXS Experiments. Swelling
in Common Good Solvent. Exemplary scattering data are
shown in Figure 3. Networks in good solvent were fitted (see
the Appendix for plots) with the approach described in the
SAXS subsection using eq 2. While the large-scale fluctuations
are not accessible from SAXS in a meaningful way, they still
have a significant contribution requiring at least a placeholder
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Figure 3. Exemplary scattering curves, as well as their respective
evaluation, for the investigated PEG—PCL ACN in nonselective
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function for ensuring a proper fit. In most cases, the Ornstein—
Zernike function, characterizing the liquid-like fluctuations
with correlation length &, is clearly visible, and it can easily be
deconvoluted from the data obtained. Only for the PEG—PEG
network at ¢ = 0.7c¢*, the distinction between the Ornstein—
Zernike function and the Debye—Bueche placeholder function
is getting rather ambiguous. Nevertheless, the results plotted as
a function of preparation concentration (see Figure 4) show
data with low random scatter that can be fitted using a simple
power-law model &(¢p) = a-p” as expected.”” While both
sample series of PEG—PCL and PEG—PEG ACNs show a
similar scaling behavior, respectively, of f = —0.83 + 0.2 and j
= —1.08 + 0.05, we notice a deviation of f# from the literature

value (f = —0.75 for a semidilute solution of chains in good
solvent). This discrepancy will be discussed in detail in a future
publication.

At the overlap concentration c¢* (here: ¢* = 0.06), we
estimate £. of our networks in good solvent to be . = 4.9 +
0.2 nm (uncertainty from fit) for the PEG—PCL networks and
£.~ 4.7 + 2.0 nm (uncertainty by systematic variation of /) as
an extrapolated value for the PEG—PEG networks at ¢ = c*.
Finally, it is found that both types of networks with the same
coupling chemistry also result in approximately the same
correlation length over a range of concentrations from 0.7—
3c*, indicating that no severe mixing issues were encountered
during the synthesis of the amphiphilic PEG—PCL system. For
the well-known tetra-PEG—water system (6 solvent) described
by Sakai et al. for a star size of 10 kDa, a value of . & 2.2 nm
can be interpolated from data reported in ref 74 at ¢ = c*.
While not directly comparable, this serves as a rough guide
concerning the order of magnitude.

After the drying process, open chain ends may undergo a
postcuring reaction in bulk due to their spatial proximity at an
increased effective overlap number, resulting in cross-linked
networks strands that, upon swelling, will be highly stretched
(see ref 49 for additional data on the impact on the equilibrium
swelling degree). Thus, we conducted experiments on PEG—
PCL networks, subjecting them to a drying process in a
vacuum oven followed by reswelling to values close to their
degree of swelling at preparation (mimicking the preparation
procedure utilized in diffusion experiments). As seen in Figure
4, the correlation length decreases strongly by a factor of about
4—S5 at ¢* and about a factor of 2 at 3¢¥, resulting in a change

AN @ apec-pc =-1.08
\\\ AN A dresw. =-023
101 N O  apec-pec =-0.83
N
W r Ehyd
\%\3\\—}
£ 2,
[ \\\
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3
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Figure 4. Correlation length & obtained from the evaluation of
different networks measured in good solvent and as-prepared (or
reswollen to preparation condition) in dependence of the preparation
condition and fits with power laws ¢
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of the slope to v = —0.23. In a preceding work, we recognized a
large change in the equilibrium degree of swelling after drying
the samples.*” This was explained by a postcuring process in
the dry state leading to two classes of chains cross-linked at
different polymer volume fractions. This scenario implies that
the chains linked in the dry state will be largely stretched at
swelling equilibrium. The scattering intensity is the super-
position of the scattering intensity of the tension blobs of these
stretched chains with the correlation volumes of all other
chains. We speculate that this superposition impacts the
analysis of the correlation length of samples that were swollen
after drying. As our data quality does not allow for an
estimation of the exponent v needed in eq 3, we continue to
use v = 0.588, even though the stretched chains are supposed
to have a higher exponent. This is again taken up in a future
publication.

Swelling in Selective Solvent. The SAXS measurements on
the phase-separated networks swollen in poor solvent for PCL
(D,O) were analyzed (see Figure 3 for an exemplary
comparison in both solvents and Figure S for length scales
extracted) using eq S in conjunction with the TS model for
MPS in emulsions (eq 10), as well as a comparative evaluation
using the hard-sphere model of KT; see Appendix for a
comparison of plots. The evaluation of the data sets using the
TS model yields two length scales reflecting the distance drg
between the scattering moieties (see eq 11), as well as an
associated decay length &g (see eq 12). The former is
interpreted as an average center-to-center distance between the
clusters, while the latter gives a length scale of a still
constructive interference of radial oscillations of individual
g(r), which later on will be compared to the estimated cluster
size. However, it should be stressed again that these length
scales are defined in terms of correlation functions, rendering
these mappings only qualitative. While the Ornstein—Zernike
function for the modeling of the network correlation length is
still needed to model the experimental data, a constant
correlation length & is not expected due to the spherical
domains covered by a spherical grafted layer of PEG chains
with an increasing blob size as a function of the distance to the
PCL domains. Across a wide range of preparation concen-
trations (and associated network chain connectivity distribu-
tions, see ref 49), we find nearly constant values for both
average distance and decay length of the microphase-separated
domains, being dg & 18.5 nm and &g & 7.8 nm, respectively.

7
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Figure S. Overview over the length scales obtained (domain distances
drs, as well as domain-associated correlation length scale &rg) from
eqs 11 and 7 for the model according to TS and KT, respectively.
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In a simple model of spheres of bulk-like PCL
interconnected by chains of PEG, the core—core distance
should at maximum be equal to the length of a stretched PEG
chain plus a collapsed PCL chain (with the collapsed PCL
being localized within the spanned sphere), which will be
enough to satisfy the spatial requirements of both models to be
analyzed in the following (see Appendix for all chain length
scales used in the following). An estimate of the cluster radius
Tduster Can be obtained using a combination of the distance
between the clusters drg and the swelling degree Q (see Figure
5), which is approximated as Q ~ 4 (resulting in selective
swelling degrees of Qpgg = 7 and Qpcy = 1) for simplicity.
Using either a simple cubic (sc) lattice distribution of close-
packed clusters or a close-packing of spheres [face-centered
cubic (fcc)], we arrive at packing densities of s, = 0.5236 and
Se.e = 0.7406, respectively, both of which are too large for the
volume taken up by the PCL spheres having sq = 0.125 as
calculated from the swelling degree. Therefore, it can be
immediately concluded that dpg > 2r e (n0 direct contact
between the spheres) with the relation between drg and e
being described by the experimental volume occupancy sq and
the assumed spatial geometry. The effective shrinkage factors
of the spheres (needed to realize this morphology) are thus
calculated as k. = (0.125/0.5236)"% and ki = (0.125/
0.7406)'/3. With that, we arrive at

= 0.31dg = 5.73 nm

rcluster,sc

= 0.28d = 5.18 nm

rcluster,fcc

for the respective geometries. As the cluster radius obtained is
significantly different from the decay length &1 = 7.8 nm of the
TS model, it emphasizes the fact that {1 cannot be used as an
estimate for the cluster radius. With 7., calculated, we can
estimate the aggregation number (number of stars participating
in a cluster) as

4_3

3 T Juster

Mstar/ (pstar 'NA)

3
Teluster [nm]

3.81 nm’ (20)

Here, M, ~ 11000 g mol™" is the molecular weight of the
PCL star and pg,, = 1.145 g cm™ is the density of PCL. The
respective aggregation numbers can be calculated as AN = 49
and AN = 36, respectively. Therefore, from the TS model
alone, no reliable estimate concerning the aggregation number
can be made due to the fact that calculations using the swelling
degree rely on a priori assumptions of the spatial cluster
arrangement. Nevertheless, as will be discussed later on, the
cluster radii calculated are in good agreement with a bond-
fluctuation model (BFM) simulation on the given system,
while the aggregation numbers show deviations arising mainly
from geometric assumptions as well as small uncertainties in
Teuster that are getting amplified by the scaling of AN o 17 g,

An alternative evaluation using the KT model (see Appendix
for the fits) assumes a hard-sphere form factor with a radius of
R, for the microphase-separated domains (possibly biased by
contrast from a higher-concentrated PEG phase surrounding
it), along with an outer “soft” yet entropically strongly
repulsive corona of radius R, that does not contribute to the
scattering contrast, but provides the link to the assumed PY
hard-sphere structure factor. For all curves, a somewhat
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artificial behavior concerning the obtained radii is found: the
values of R, and R, converged toward each other for all
concentrations, resulting in R; ® R, & 9 nm and a volume
fraction of the R,-spheres ranging from 7 = 0.14—0.17 for all
samples (being reasonably close to the PCL volume fraction of
0.125 as governed by the PCL content and the swelling
degree). The logarithmic standard deviation was around ¢ =
0.3—0.4 for all measurements, indicating distributions being
less than half a decade wide. As 1 constitutes the volume
fraction of the clusters including the repulsive corona, a
contradiction to the observed swelling degree of Q =~ 4
(leading to 77 & 0.125) arises. While the radii obtained from the
KT model appear to be overestimated, the volume fraction
indicates a diluted system of clusters. Thus, we refrain from an
interpretation of R; as R, and calculation of dyr.

Reasons for the inconsistent trends of the KT-model fitting
parameters may include the difficulty to assign correct length
scales due to a possibly significant change in scattering contrast
between the water-swollen PEG phase and the more
concentrated PEG corona, rather than between the collapsed
PCL and PEG domains. Alternatively, the spatial arrangement
of the clusters may be at least partially affected by the
topological constraints of the network and not fulfill the
assumption of the Percus—Yevick structure factor of an equally
probable arrangement of clusters once a critical distance gR*
has been surpassed. Finally, the constraints may affect the
shape of these clusters, deviating from the perfectly spherical
shape as, e.g,, found in micellar systems, but rather be distorted
and anisotropic.

However, as the values of R;, nearly perfectly match the
results from the TS model (see Figure 5), once 2R, = drg is
assumed, we just notice that this results in a probably
overestimated aggregation number of AN = 53, matching the
sc lattice interpretation of the TS fits. We should finally stress
that fitting of the rather featureless scattering data with more
elaborate models, possibly accounting for contrast variations
inside the swollen phase or structural details, entails a
significant risk of overinterpretation and even more serious
systematic uncertainties.

As a last step, our assumptions thus are compared to lattice-
based BFM Monte Carlo simulations on a model system
designed to match the synthesized PEG—PCL conetworks in
terms of chain dimensions and thermodynamic conditions, see
Figure 6 and selected data in Table 1.

The parameters of the BEM model were chosen in accord
with known segment sizes of PEG and PCL, giving a lattice
unit of approximately u = 0.33 nm and an average bond length
of 0.87 nm. The simulation volume consists of a cube of L =
256u = 84 nm, and the phase-separated system in a selective
solvent shown in Figure 6 assumes a smaller spherical volume
with a diameter in the same range. Further details on the
simulation model can be found in ref 50, where we have
discussed the swelling in a nonselective solvent simulated
implicitly as empty lattice sites. For selective swelling, we
moved to an explicit solvent with tunable interaction energies,
where PCL collapse is induced by changing the PCL—solvent
interaction energy. The detailed results and analyses of these
simulations studies (including the simulation of scattering
data) are beyond the scope of the present contribution and will
be published separately. Therefore, simulation results shown in
this work are only of qualitative nature, and selected data is
shown for the purpose of showcasing the good agreement of
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Figure 6. Snapshot of the simulated microphase-separated PEG—PCL
system in a poor solvent investigated using BFM simulations for ¢ =
3¢*. Top: all simulated monomers (PEG chains in light blue, PCL
chains in red). Bottom: same data, but with the PEG chains being
invisible, thus revealing the ellipsoidal shape of the PCL domains. The
cross-linking groups (outermost monomer of the PEG star branches)
are colored in yellow, revealing that they primarily reside at the outer
shell of the PCL cluster. The simulated polymer slab can be mapped
on a size of about 84 nm, so individual PCL clusters have a diameter
of around 14 nm with substantial anisotropies, as reported in Table 1.

Table 1. Selected Real-Space Simulation Results for
Different Preparation Concentrations ¢, Normalized by

¢*

bo/ () b Ry (nm) L/,
1 17.39 115 4.69 1.42:1.17:1
2 20.52 1.16 5.16 1.66:1.20:1
3 24.49 1.17 570 1.86:1.24:1
4 24.70 1.26 6.32 2.02:1.22:1

“(N): average number of stars in the clusters; D: distribution width
(polydispersity) given by (N*)/(N)* Ry: cluster radius of gyration;
L.+ relative axis length after projection onto an ellipsoid, quantifying
the cluster anisotropy. In the limit of a massive sphere, the geometric
radius R is larger than R, by a factor of (5/ 2)'2, compare caption of

Figure 6 for ¢y = 3¢™*.

experiment and simulation and providing an additional anchor
for the interpretation of the scattering data.

Here, we just discuss preliminary data on the simulated real-
space MPS structure, which most importantly reveals that the
clusters are not in direct contact with each other and consist of
about 17—28§ stars per cluster with a narrow size distribution
corresponding to a polydispersity of about 1.1—1.2 (see Table
1). It should be noted that the simulation needs to assume a
PCL—water interaction parameter which was not yet identified
(or mentioned in literature). As the cluster size depends on
this parameter, the hereby presented values only constitute an
estimate. The simulations confirm the assumption that the

https://doi.org/10.1021/acs.macromol.3c02139
Macromolecules 2024, 57, 940—954


https://pubs.acs.org/doi/10.1021/acs.macromol.3c02139?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02139?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02139?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02139?fig=fig6&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.3c02139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

clusters are nearly free of PEG chains and further reveal an
ellipsoidal/worm-like shape (which may thus impart a
systematic error on fitting results). The simulations further
show a slight dependence of the structural parameters on the
initial preparation concentration, whereas this is not found in
our measurement. A possible explanation for this difference is
that the drying and reswelling process of the experiments may
erase these concentration dependencies. Alternatively, these
dependencies could also be an artifact of the finite number of
star polymers growing with concentration in the simulations
since the largest domains surrounded by the densest polymer
coronas are found toward the middle of the simulation box.
Diffusivity in Solutions of Probe Molecules. As a first
step, the diffusivity of the PSC and PS probe molecules was
studied in solution without the presence of the polymer
network in their respective solvents using the PGSTEbp
sequence. By plotting the logarithmic inverse diffusion
coefficient over the logarithmic molecular weight (see Figure
7), a linearization of eq 15 is performed. For the PSCs, the
shape reveals a scaling exponent of @ = 0.58 + 0.03 (slightly
elevated in comparison to that in ref 66), while for the PS
probes, a similar exponent of @ = 0.63 + 0.04 is found (in
agreement with those in other works”>7®). In both cases, the
exponents match the expected values from theoretical models
for self-diffusion in the good solvent and dilute solution.”” The
concentration dependence of the diffusion coefficient of PSCs
in water was not validated again in our study as this was
already examined by Wallace et al.°® for a 2000 kDa dextran up
to 3 mg mL™". Overlap concentrations of 80— 120 g L™" are
reported for a 2000 kDa dextran elsewhere,”””® which is higher
than the concentration and molecular weight used in our study.
Therefore, intermolecular interactions will be disregarded in
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Figure 7. Top: log—log-plot of the inverse diffusion coefficient D in
m?*/s vs the molecular weight M,, in 5 wt % solutions of PSCs and
PSs. Fits were carried out according to eq 15, leading to exponents of
o =0.58 + 0.03 and @ = 0.63 + 0.04 for the PSCs in D,O and PSs in
toluene-dg, respectively. Bottom: hydrodynamic radius Ry of the
PSCs (left) and PSs (right) is plotted against M, for both the
estimated values according to eqs 21 and 22 and estimated values
from measurements of diffusivity and viscosity using eq 15.
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the following discussions. For both types of probe molecules,
the viscosity of the respective solutions 7 was measured at
similar concentrations and used for estimating the hydro-
dynamic radius Ry, according to the Stokes—Einstein relation,
eq 15.

For the PSCs, these results are compared to Braeckmans’
empirical relation,”” which relates R, and M,, of a given dextran

R, [nm] = 0.015(M,, [kg mol~'])****% (21)

As seen in Figure 7, the hydrodynamic radii as calculated
from the measurements of diffusion coeflicient and viscosity
(eq 15) are consistently somewhat smaller than the theoretical
prediction according to eq 21, which was also found by
Wallace et al.°® The latter work attributes this to the presence
of a significant portion of PSCs with lower molecular weight
than given, which is also based on the exponent of eq 15 being
significantly lower than that expected due to an increasing
difference in theoretical and measured hydrodynamic radius
with increasing molecular weight. In contrast to that, we retain
the expected exponent of eq 15 (& = 0.58 + 0.03) while also
finding no curvature in the observed PGSTEbp diffusion
decays, suggesting that the PSCs used consist of a smaller size
or alternatively contain, e.g., a significant number of branches
that reduce the effective hydrodynamic radius.

For the solutions of PS in toluene, Fetters et a
summarized existing literature on the hydrodynamic properties
of the PS—toluene system and eventually arrived at the
following equation yielding a nearly perfect regression model
across different methods applied to dilute solutions

180

R, [nm] = 0.0108(M,, [kg mol'])*** (22)

Unfortunately, usage of eq 22 indicates that our solutions of
S wt % PS are already too close to the overlap concentration,
challenging viscosity at the zero-concentration limit as required
for eq 15, see Figure 7, bottom right. A significant deviation
occurs for the 70 and 100 kDa samples, which can be explained
by polymer—polymer interactions and chain interpenetration
effects arising from incipient coil—coil overlap (e.g., ref 81 finds
an overlap concentration of a 48.8 kDa linear PS at ¢ & 4.5 wt
%). Hence, we will resort to literature values obtained from eq
22, as our current setup. Moreover, the evidence of a
semidilute solution of PS polymers in our observation
underlines the motivation for using models that necessitate
probe molecules to be in the Zimm limit.

Hydrodynamic Screening Length from Probe Dif-
fusion. Diffusivities of both types of probe molecules are
measured within the polymer network (see Table 2) using the
procedure described in the Methods section for an
identification of the PSC diffusion coefficients, while for the
PS probes, a simple integration of the styrene proton
resonances at 6—7 ppm was possible and sufficient. In both
cases, a log—log plot (Figure 8) of the reduced diffusion
coefficients D/D,, vs M,, shows a power-law behavior that can
be evaluated by the model for polymer dynamics described
before. For probe molecules of small size, we expect diffusion
coefficients D comparable to the free diffusion coefficients D,
up to minor deviations. Once the size of the chain R (or the
corresponding molecular weight M,,) becomes comparable to
the hydrodynamic screening length of the gel &, we expect a
transition from the nondraining Zimm limit toward the
crossover regime and Rouse limit. As seen by examination of
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Table 2. Free-Probe Diffusion Coefficients (D,) in Solution and the Corresponding Reduced Diffusion Coefficients in the
Networks (D/D,) for the Different Probes at T = 30 °C

PSC PS
M,, (kDa) D, (107'° m?/s) D/D, M, (kDa) D, (107" m?/s) D/D,
0.18 6.04 £ 0.74 1.10 + 0.18 1.0 4.09 + 0.87 0.78 + 0.24
2.5 2.66 + 0.15 0.64 + 0.17 10.0 129 +0.23 0.41 + 0.07
6.0 1.87 + 0.06 0.73 = 0.09 30.0 0.45 + 0.08 0.27 £+ 0.06
10.0 0.94 + 0.12 0.42 + 0.22 70.0 0.32 + 0.08 0.13 + 0.04
20.0 0.46 + 0.03 0.37 £ 0.16 100.0 0.24 + 0.01 0.11 £+ 0.02
40.0 0.25 + 0.07 0.29 + 0.09
60.0 0.21 + 0.03 0.24 + 0.11
N toluene-dg) can be approximated by an expected scaling of the
N o PEOPCLYPS end-to-end distances and result in a factor of ¢ = (7/5)"/3 =
00 4 | 1.11, which in turn would result in &, = 0.70 & 0.17 nm for the
. | % }\} PS in toluene-dg at a hypothetical swelling degree of Q = 5 and
= T § &, = 0.83 + 0.23 nm for the PSC in D,O at the same swelling
g | ﬁ degree (which is still within the provided error bars).
: SRR It should be noted that the values obtained are valid only for
i the samples exposed to the drying—reswelling process, which is
10-1 Z‘ J needed for cleaning the sample from sol. Hence, we assume
101 T ToT o that the aforementioned overlap with highly stretched chain

M, / kDa

Figure 8. Reduced probe diffusion coefficients plotted against the
respective M,,. In the Zimm limit, we expect D/D, ~ 1 for small M,,
whereas a transition according to the scaling of eq 18 is expected upon
increasing M,,. The extrapolation of the latter regime toward D/D,
yields M,, = 1.88 + 0.8 kDa for the PS probes and M,, = 2.83 + 1.5
kDa for the PSC probes, resulting in hydrodynamic radii of R, = 0.78
+ 0.19 nm (PS in toluene-dg) and R, = 0.83 + 0.23 nm (PSC in
D,0).

the slope of the data in the figure, we do not access the final
Rouse limit but only the crossover regime described by eq 18.
For both types of probe molecules, the exponent of the data
with M,, > 3 kDa in Figure 8 is close to —1/2 (apg = —0.53 +
0.08 and apgc = —0.42 + 0.13) with a significant error, such
that the expected exponents of —0.42 for a good solvent and of
—0.5 for a @ solvent are not entirely out of reach. The
hydrodynamic screening length &, = R, is obtained by
extrapolating the crossover regime toward D/D, = 1. From
the extrapolation, we obtain M,, = 2.83 + 1.5 kDa (equivalent
to Ry = 0.83 + 0.23 nm according to the interpolation of the
measured R;, above) for the network swollen in water
(nonsolvent for PCL), as well as M,, = 1.88 + 0.8 kDa (R,
=0.78 % 0.19 nm according to eq 22) for the network swollen
in toluene-dg (good solvent for the whole ACN). For the PS
probes, we may alternatively resort to a calculation of R§
assuming a linear chain and using a Kuhn length of 1.8 nm®
and a Kuhn molar mass of 720 g mol™,%* resulting in R,=13
nm. Now, we can obtain Ry, using the relation of R, = r-Ry, with
r = LS for a linear chain in a good solvent'” for the conversion,
resulting in R, = 0.86 nm, which lies within the error margin
provided above. Therefore, it is found that no significant
difference between the diffusion of probe molecules in their
respective good solvents is found for both types of network
architecture, indicating that the PCL clusters act as localized
obstacles that do not significantly influence the diffusion of
probes in between. Small differences arising from an accidental
mismatch of the swelling degrees (as the selective swelling of
the PEG phase in D,0 will result in Q = 7, whereas Q & S in
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conformations will also dominate the values for &, obtained
hereby. Consequently, our value obtained in good solvent (&,
= 0.78 + 0.19 nm) is to be compared with the interpolated
correlation length at an equivalent polymer volume fraction of
¢ ~ 1/6 being £, = 1.01 + 0.06 nm (see Figure Al for &, after
the drying + reswelling process), yielding an acceptable
agreement, acknowledging that &, and &, are roughly equal,
although being estimated via two independent methods.

Concerning the estimation of length scales governing the
diffusion process, we note that a significant amount of
literature commonly uses colloidal models such as an
obstruction-based model or the hydrodynamic model of
Cukier,"® both assuming the existence of a well-defined
polymer mesh with a defined mesh size of length scale &4,
as well as a rigid colloidal probe. For linear PS chains, the latter
assumption is clearly not fulfilled, whereas for the PSCs, there
exists at least experimental evidence that these tend to form
branched structures that may justify such behavior up to R, <
& nesh Based on Figure 8, we may use at maximum the first 3—4
points for an exponential fit to a simple obstruction model of
the form D/D, = exp(—R,/Epes), which yields a rather
undefined and probably underestimated value for the geo-
metrical mesh size as seen by a PSC probe of £, = 2.4 nm
(data not shown), which is significantly smaller than the result
of a rough chain size calculation (~6 nm). This, again,
strengthens our motivation to estimate the length scale
governing the diffusion process of the given probe molecules
only in terms of polymer scaling laws instead of trying to
estimate the geometrical mesh size using arguably unjustified
hydrodynamic model assumptions.

Anisotropy of Local Segmental Motion Studied by
MAS DQ-NMR. As already outlined before, MAS DQ-NMR
allows for a qualitative statement on the motional restrictions
imposed upon certain parts of the polymer network by its
neighboring cross-links or structural features such as MPS by
analysis of RDCs reflecting segmental dynamic order
parameters of chemically distinct moieties. Using proton
spectra assignments of our PEG—PCL ACNs from ref 49 we
define the following three regions of interest for our analysis
(see Figure 9): the backbone region of the PEG and PCL
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dg-Toluene
PEG
PCL
cal ~ PCL
. V\
|

6/ ppm

Figure 9. '"H MAS NMR spectra of the ACN (both prepared at ¢ =
c*)atv =SkHz spinning. Top: spectrum at preparation conditions in
toluene-dg; bottom: spectrum after drying and reswelling in D,0O at
Q.q ® 4. The brackets indicate the integration regions for the DQ
build-up curve analysis in Figure 10 (overlap with solvent peaks poses
no problem due to the isotropic tumbling, separating it upon
analysis).

chains as well as a unique proton peak arising from the
oxazinone-based coupling agent [in short: coupling agent
(CA) region]. Two networks were synthesized at ¢ = c*, and
one of them was measured in toluene-dg at the preparation
condition, whereas the other network was dried and swollen to
equilibrium in water (Q,,.; &~ 4). Despite the multimodal DQ
build-up found in our earlier publication,” applying low-field
NMR measurements, in this work, we observe rather unimodal,
albeit distorted, build-up functions for both solvents (see
Figure 10), and therefore, we can assign a single representative
RDC value to each region. The reason for this unimodality is
supposed to arise from the strong rotational forces of from the
MAS rotor spinning, which leads to an inhomogeneous
stretching of the sample perpendicular to the axis of rotation
or alternatively the interface orientation effect of the coupling
agent, which will be explained in the following paragraphs.

By comparing the RDC values of the good- and poor-solvent
case (see Table 3), we find a strong increase in the RDC value
of the linker region (factor fc, &~ 10), whereas, surprisingly,
both the PEG and the PCL region only show increases of
about fppg & 2.2 and fpcp & 1.6. Hence, we assume a strong
orientation of the water-insoluble cross-linker at the interface
and melt-like dynamics along with collapsed chains for the
PCL within the cluster. In ref 82, the RDC values for different
molecular weights of linear PCL chains in bulk, reflecting the
constrained-Rouse regime of the tube model, are given and
range from 200 to 300 Hz, which closely aligns with our value
(251 Hz), despite the inherent challenges in comparing these
values for different topologies, i.e., comparing constraints
imposed by the surrounding network with just entanglements
in the melt.

The increase of the RDC value in the PEG region indicates
either significant chain stretching, arising from water uptake
(explaining the observed equilibrium swelling degree of Q,q =
4 despite full incompatibility of PCL/CA and water), or
stretching effects arising from the preferential orientation along
the normal of the PCL cluster interface. The simulation results
(see Figure 6) confirm the strong orientation of the linker
group (=chain center) on the cluster surface. Since the
simulations do not consider a distinct chemical structure (no
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Figure 10. Top: comparison of normalized DQ build-up curves
providing the fitted RDC values of CA, PEG, and PCL in ACN
swollen in either good (toluene-dg) or poor solvent (D,0). Bottom:
BFM simulation result of the vector order parameter m for a chain as-
prepared and after switching to a selective solvent. k denotes the index
in the cross-linked chain, starting at the PCL star core. The observed
spike under selective solvent conditions corresponds to the coupling
position and its direct surroundings.

Table 3. Site-Specific RDC Values of ACN in Different
Solvents at ¢ = ¢* from DQ Build-Up Curve Analysis”

solvent RDC, (Hz) RDCpy (Hz) RDCpy, (Hz)
tol.-dg 74 +2 97 + 4 149 + 7
D,0O 748 + 100 212 + 20 251 + 6

“Both the value and error of the RDC value for the coupling agent
(CA) in D,O can only be estimated roughly due to the steep initial
rise.

distinct interactions) of the linker group, we assume that the
observed increase in RDC is only due to the orientation across
the interface.

This is confirmed by the vector order parameters m
extracted from the simulations (see Figure 10), which are
proportional to the RDC values measured by NMR.*° Both the
simulated system and the experimental system were cross-
linked at ¢ = ¢*. Since the interaction parameter between water
and PCL is not known, the following comparisons are only of
qualitative nature. Upon switching to a selective solvent, m at
the position of the coupling agent shows a strong increase
(factor 9) from mc, = 0.041 to mc, = 0.343 (factor 8), which
matches the observed increase in the ratio of the RDC values
measured by NMR (factor 10) within the given error bars.
Additionally, simulations predict an increase in mypgg from
mppg ~ 0.044 to mpg; ~ 0.086 (average over the chain
excluding the coupling position), as well as an increase for the
PCL chain order parameter from mpc; & 0.043 to mpc, ~
0.048. Given that the simulations predict a degree of swelling
of the PEG chains of Q = 5.8 (whereas Q = 7 is observed
experimentally), the vector order parameter of the PEG chain
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Figure Al. Scattering curves (combined SAXS + WAXS) obtained for different ACNs (top row) and PEG—PEG networks (bottom row) in good
solvent (toluene-dg) at different concentrations. Solid lines are the full fit according to eq 2 as well as the respective components.

is scaled appropriately by a factor of (7/5.8)"° ~ 1.06. All
vector order parameters estimated by the simulation are
qualitatively reproduced by NMR (PEG: factor 2.0 vs factor
2.2; PCL: factor 1.1 vs factor 1.6). We again remind that
systematic distortions may arise from, e.g., significant MAS-
induced network deformation, differences in the packing
morphology of the PCL clusters, or more complex reasons
related to the fine-tuning of the simulations.

B CONCLUSIONS

In this study, we examined the structural properties of our
PEG—PCL ACNs using various analytical techniques.
Specifically, we employed SAXS, PFG NMR, DQ-MAS
NMR, and computer simulations to gain insights into the
structural characteristics of these networks. We analyzed the
SAXS data to determine the Ornstein—Zernike correlation
lengths for various preparation concentrations Corep: We were
able to extract valuable structural information by comparing
the correlation length obtained from SAXS to the hydro-
dynamic screening length & from diffusion experiments of two
different probe molecules, as well as find qualitative agreement
with a scaling exponent expected for semidilute solutions.
Significant changes upon drying and reswelling were observed,
which simultaneously cause a decrease in both scaling
exponent and absolute values of &. To the best of our
knowledge, the influence of postcuring reactions on the
topological properties of this type of networks has not been
investigated previously and requires further critical examina-
tion. To complement the SAXS analysis, we compared the
correlation length after drying with a rough estimate of the
hydrodynamic screening length obtained from PFG NMR
experiments. Surprisingly, despite being fundamentally differ-
ent methods, these measurements show a good agreement (&
~ 1 nm).

We also explored the general behavior upon MPS of our
networks in a selective solvent. Our findings revealed that MPS
can occur despite the topological constraints imposed by the
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network structure. We observed that the experimentally
obtained scattering data remains comparable across different
preparation concentrations ¢, suggesting that no large
change in the size of the clusters occurs across the investigated
range of concentrations despite a changing distribution of
connectivity motifs within the network. Therefore, it is
concluded that the incompatibility between the solvent and
the PCL phase plays a dominant role in driving the chains into
nonpreferred conformations with the cross-links acting only as
weak constraints that prevent a macroscopic separation into
two phases but not directly influencing the overall size
distribution of the clusters.

Determining the aggregation number of the PCL clusters
from the SAXS data proves challenging without making strong
assumptions about the validity of the preferred TS model or
alternative assumptions related to the observed peculiarities
when applying the KT fitting model. With an assumption on
the lattice geometry of the investigated samples, the TS model
suggests aggregation numbers in the range of AN = 30-50,
whereas the KT model yields a comparable numerical size
value but overall inconsistent results. Comparing with
computer simulation results, we can narrow the regime toward
the lower end. A possible obstruction effect of these nm-sized
PCL clusters on probe diffusion is found to be negligible as
PFG NMR measurements indicate comparable apparent &,
during MPS (stressing again the qualitative nature of these
estimates due to limitations of the linear PS probe molecules in
a good solvent).

Finally, we compared our findings concerning the local
conformational freedom of different moieties obtained through
DQ-MAS NMR by examining residual dipolar couplings. We
observe a reduced mobility of both PEG and PCL chains
(albeit for different reasons, being MPS and chain stretching,
respectively), while the linker end group appears to be rather
oriented, presumably on the interfaces of the separated
domains. These observations are, again, confirmed by BFM
simulations.
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B APPENDIX

Network Strand Length Estimations

The mean-squared end-to-end distance of a PEG chain in bulk
can be estimated using the length of the ethylene glycol repeat
unit (b = 0.38 nm), the characteristic ratio for long PEG chains
(Cy = S), as well as the number of monomers in a star branch
(N = 5 kg mol™'/0.044 kg mol ™" =~ 113). All values were taken
from refs 83 and 84.

J(R?) = b-/NC_ = 9.0 nm

Under the assumption of isotropic swelling, this value can be
extrapolated to the end-to-end distance Ry in a given volume
swelling degree Qy, (&7 for the selective swelling of the PEG
chains in water) as follows

Rq = QY*V(R®) =158 nm

However, this estimate neglects any influence of chain
stretching induced by topological constraints such as the
collapse of the PCL phase, and therefore, this value constitutes
only a lower bound. An upper bound for the cluster—cluster
separation is given by the contour length

l

‘contour

(A1)

(42)

= b-N = 40.6 nm (A3)
Scattering Curves for All Networks
Figures Al and A2.
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