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Topological Insight into Superabsorbent Hydrogel Network
Structures: a 'H Double-Quantum NMR Study
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Superabsorbent polymer (SAP) hydrogels have pronounced water-absorbing
and water-storing capacities, which are essential for numerous potential
applications. It remains a challenge to better understand the network
topology because of their amorphous and anisotropic structures. Synthesis
parameters such as monomer concentration, degree of neutralization and
crosslinking, and surface crosslinking are varied to correlate structural
changes in the network with low-field proton double-quantum ("H DQ) NMR

drug delivery, cosmetics, separation,
and wastewater treatment, or serve as a
versatile alignment medium for meas-
urement of anisotropic parameters./'-¢!
Hydrogels display both chemical and
physical crosslinks, depending on the syn-
thesis methods.”® Compared to physical
crosslinks, chemical covalent crosslinks
are, mechanically and thermally, sub-

results. '"H DQ-NMR data are processed by a reliable, user-independent
analysis approach to determine the fractions of network defects, of mobile
sol components, and of network chains as well as the residual dipolar
coupling distribution in SAPs. In addition, results obtained by applying
different distributions to describe the DQ buildup curves are quantified and
compared. The correlation between topological and synthesis parameters
as well as the impact of temperature, swelling, and solvent of SAP on DQ

signals is investigated and discussed.

1. Introduction

Hydrogels are attracting significant attention due to their
unique hydrophilic nature. They have vast potential applications
in the fields of hygiene products, agriculture, biomedicine,
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stantially more stable. Superabsorbent
polymers (SAP) are made of lightly
crosslinked hydrophilic polymer networks,
and can absorb and retain extraordinarily
large amounts of water or aqueous solu-
tion.>1% The degree of crosslinking has a
direct impact on swelling and gel strength.
Crudely speaking, an increase in the
crosslinking density leads to a decrease
in swelling capacity and to an increase in
mechanical strength as measured via the
gel strength. In addition, the probability
of chains to grow decreases at a lower monomer concentra-
tion, which leads to a larger concentration of extractables, e.g.,
oligomers, residual monomers, and non-crosslinked small
polymer chains, as well as to more network defects such as dan-
gling ends, loops, and crosslinker—crosslinker shortcuts.™! The
higher the initial monomer concentration, the larger the effec-
tive crosslinking density of the hydrogels and the smaller their
swelling capacity due to different side reactions and close prox-
imity during reaction.l'?l Compared to ideal gels with a homoge-
neous crosslinking, real and industrial hydrogels always exhibit
an inhomogeneous crosslinking, i.e., a density distribution,
known as spatial gel inhomogeneity!} along with additional
topological network defects.'"!2l The extent of inhomogeneity
depends on the polymerization mechanism and reaction tem-
perature.1* 10 Besides the nanostructural heterogeneity, the
network dilation and the release of topological constraints such
as next-neighbor packing or entanglements during the swelling
process lead to swelling inhomogeneity.'”] Loosely crosslinked
networks swell more than densely crosslinked networks.[!3]
Various analytical approaches have been applied to inves-
tigate the spatial inhomogeneity of polymer gels on length
scales ranging from a few nanometers (typical mesh size) to
hundreds of nanometers (typical length of spatial variation
of the crosslinking density).'!l Due to the insufficient spatial
resolution of a conventional optical microscope, high-/super-
resolution optical microscopes have been used to directly
measure inhomogeneous nanostructures of polymer networks;
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e.g., nanometric inhomogeneity of poly(methyl methacrylate)
networks was observed by fluorescence scanning near-field
optical microscopy.l'®¥ The size of short-chain domains in
heterogeneous bimodal poly(dimethylsiloxane) networks was
investigated by high-resolution confocal fluorescence micros-
copy.’”l Nanoscale in situ characterization of distinct poly-
meric subunits of poly(N-isopropylacrylamide) microgels was
performed during swelling and collapse of individual particles
using super-resolution optical reconstruction microscopy,?” to
name just a few. Transmission and scanning electron micro-
scopes with higher spatial resolution or smaller voxel sizes
are widely used to characterize nanostructural inhomogeneity
in polymer networks, e.g., the inherent inhomogeneity of
crosslinks on length scales from tens to hundreds of nano-
meters.[?122l The structural inhomogeneity in a dry gel observed
by electron microscopy is usually underestimated compared to
that measured in a swollen gel.l'!l The polymer gels require a
special sample preparation procedure and restrictive measuring
conditions such as drying or lyophilization. Drying may cause
morphological changes. Freeze-fracture cryogenic electron
microscopy (FF-Cryo-SEM or -TEM) can overcome vacuum-
induced sample deformation.?)! Thus, noninvasive, fast, and
reliable methods are searched for to characterize the polymeric
network and its inhomogeneity. Since the inhomogeneity of
polymer gels is closely related to spatial concentration fluctua-
tions, it has been investigated with scattering methods such
as light scattering,>?*] small-angle X-ray and neutron scat-
tering, or by a combination of both.[226-28] Several spectroscopy
techniques such as nuclear magnetic resonance (NMR), ultra-
violet—visible spectroscopy, Fourier transform infrared spec-
troscopy, and Raman spectroscopy have been utilized to study
the molecular and phase evolution during formation of hydro-
gels.2230 Among them, especially proton double-quantum
(‘*H DQ) NMR has become one of the most powerful and
quantitative methods.*'=3! Tt addresses the "H-'H dipolar cou-
plings, which depend on the orientation of chain segments, i.e.,
geometry, distance, and chain dynamics. The time-averaged
'H dipolar coupling for isotopically mobile chains like defects
and sol approaches zero on the typical time scales of the
experiment, whereas a finite residual dipolar coupling (RDC)
is observed in crosslinked polymer gels with anisotropic seg-
mental motion.B A distribution of RDCs and the fraction
of network defects were determined in 'H DQ-NMR experi-
ments.132333¢ Modeling and simulation of hydrogel structures
help to understand their volume transition behavior. Models to
be mentioned are thermodynamic models, transport models,
multiphase mixture theory, and molecular simulations.?”!
Experimentally, robust and cost-efficient static low-field
!H DQ-NMR instruments are easy to handle and therefore are
suitable for quality control of SAP hydrogels,?2%! although
solid-state magic-angle spinning recoupling 'H DQ-NMR
allows studying spectrally resolved RDCs.3%#1]

As stated above, SAP hydrogels show very large water-
absorbing and water-storing capacities, which are closely asso-
ciated with polymer network structures, charge density, and
diffusion of fluidic guest molecules, such as water, synthetic
solutions, or biological fluids and/or ions in fluids. Diffusion
in polymer networks is complex and depends on concentration
and swelling degree of the polymer gel.[*>*3] Diffusion is related

Macromol. Chem. Phys. 2018, 219, 1800100

1800100 (2 of 12)

www.mcp-journal.de

to the kinetics of swelling, e.g., the absorption speed. The
swelling capacity is also restricted by the degree of crosslinking
of SAPs. Furthermore, Na* is present in the SAP due to the
neutralization of carboxylate groups. Upon contact with water,
the dissociated sodium carboxylate groups lead to an increase
in osmotic pressure within the hydrogel and thus the swelling
capacity.**] To get a more comprehensive description of the
topology in a SAP hydrogel and the dynamics of polymer net-
works, 'H DQ-NMR was applied to investigate SAP hydro-
gels with different reaction parameters such as the degree of
neutralization, the monomer concentration, and the degree
of crosslinking, as well as the surface crosslinking. The RDC
distribution and the fractions of network defects, mobile sol
components, and network chains were measured by 'H DQ,
including the reference signal. To avoid or reduce the subjec-
tive error in the commonly applied stepwise DQ data analysis,
a tri-exponential fit to the modified reference signal was per-
formed to determine the structural parameters of swollen
SAP. Finally, the RDC distributions were extracted from the
data. Results are quantified and compared exploring different
numerical approaches. The correlation between topology and
synthesis parameters as well as the impact of temperature,
swelling, and solvent on DQ-signals were investigated and
discussed.

2. Experimental Section

2.1. Materials and Sample Preparation

The SAP hydrogels were synthesized by Procter & Gamble
Service GmbH (Schwalbach, Germany) (Table 1). The SAP
powders have particle sizes in a range of 150-710 pm. For
'H DQ-NMR, the samples were prepared by repeatedly
washing in deuterated water (D,0) and swelling. For a mass

Table 1. Properties of the superabsorbent polymer (SAP) hydrogels.

Hydrogel samples DN AA DC
SAP DNJAA|DC [mol%] [wt%] [mol%]
SAP 75[20(0.3 75 20 0.3
SAP 75[25(0.3 75 25 0.3
SAP 75[30[0.3 75 30 0.3
SAP 75[20]1 75 20 1.0
SAP 75[25|1 75 25 1.0
SAP 100]25/0.3 100 25 0.3
SAP 100[25(1 100 25 1.0
SAP 75[20/0.3|R?) 75 20 0.3
SAP 75|20]0.3|RSXL1?) 75 20 0.3
SAP 75|20]0.3|RSXL2%) 75 20 0.3

ASynthesis with a different reactor type as compared to SAP 75|20[0.3. The sample
was used as a reference for SXL SAP; P)Synthesis with a different reactor type,
“surface crosslinked SAP (RSXL).”; DN: Degree of neutralization, defined as the
mole ratio of NaOH to acrylic acid; AA: Solid content, i.e., monomer concentra-
tion Q at the beginning of polymerization, defined as the mass ratio of polymer
synthesis educts to water content; DC: Degree of crosslinking, defined as the mole
ratio of cross linker to acrylic acid.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

Macromolecular
X3 Chemistry and Physics

www.advancedsciencenews.com

ratio of SAP:D,0 = 1:9, 35 mg of dry SAP was mixed with
315 mg of D,O (99.9% deuterated, Merck, Germany) in a
10 mm NMR glass tube (67 mg dry gels for 1:5). To avoid
evaporation, the tubes were stoppered and sealed with para-
film and then left to swell and exchange ions for 24 h. The
swollen samples were put in a vacuum drying oven (HER-
AEUS, Hanau, Germany) at 70 °C and 100 mbar for 6 h to
remove volatile substances. Gravimetric analysis indicated
that the mass loss was lower than 1% compared to the
original SAP. The washed and dried samples were mixed
again with D,0 at the same mass ratio and were swollen for
more than 24 h before performing the 'H DQ-NMR meas-
urements. The filling level of the NMR glass tube was kept
between 8 and 10 mm.

2.2. NMR Instrument and Measurements

The 'H DQ-NMR experiments were performed on a low-field
NMR spectrometer (Bruker “the minispec” mq20, Bruker,
Germany) operating at a 'H resonance frequency of 20 MHz
(Bg = 0.5 T). The 10 mm NMR glass tube containing the
prepared sample was placed inside the probe so that the
sample was located in the center of the radio frequency coil
to ensure relatively homogeneous B, and B; magnetic fields.
The preset measuring temperature, e.g., at 39.5 or 55 °C,
was controlled by a temperature controller (BVT, Bruker,
Germany). Both 'H DQ build-up signal Spq and reference
signal S,.r were acquired (Table 2)B3234 to determine the RDC
distribution D, the fractions of network defects B, and
mobile sol components C. Repeated measurements (5x) on
the same swollen sample showed that an empirical relative
standard deviation of the acquired raw data amounts to =5%.
Thus, the repeatability of the spectrometer itself was good
enough in the DQ experiments, implicating also that swollen
hydrogels are physically and chemically stable within the
measurement time. To check the sample uniformity and rep-
resentativeness, the same dry hydrogel was used to prepare
five independent samples. The relative empirical standard
deviation of the acquired raw data was less than 6%, showing
a sufficiently good reproducibility of sample preparation.
Besides, DQ experiments applying different recycle delays
(0.3 and 0.5 s) indicated that the use of the shorter recycle
delay leads to only little variation in the determined struc-
tural parameters, but reduces the DQ overall measuring time
significantly.

Table 2. Parameters of '"H DQ-NMR.

Parameter Value
Number of scans 512
Number of DQ build-up points 52
Recycle delay 0.3and0.5s
90° pulse duration 4.5 us
180° pulse duration 8.9 s
Dead time 11 us

Measuring temperatures 39.5 and 55 °C
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3. Results and Discussion
3.1. Fractions of Network Defects and Mobile Sol Components

In a low-field DQ-NMR experiment, the 'H DQ build-up Spq
and a reference decay Sy are acquired (Figure 1). Spq depends
on the evolution time 7pq under a dipolar DQ average Hamil-
tonian, while S, comprises the total magnetization.??#! Con-
ventionally, the raw data of DQ build-up and reference decay
signals were normalized to S,f(Tpq — 0) for further data pro-
cessing in a stepwise fitting procedure.323* The contribution
from the mobile sol components C with small molecular weight
and high mobility such as residual monomers and extractables
(non-crosslinked small polymer chain, oligomer) is usually
taken into account by an exponential decay C - exp(—¢ - Tpq)
for 7pq > 30 ms, where c is the relaxation rate of this mobile
fraction (Figure la). In case of SAP 75]30|0.3 sample swollen
at a mass ratio of SAP:D,0 = 1:9, C = 4.27% was determined
by back extrapolation to 7pq = 0. The time range of the fit was
empirically chosen based on Spq as it becomes very noisy for
Tpq > 30 ms. Thus, the DQ signal is assumed to be negligible

a) 10°

0 20 40 60 80 100 120 140

Tpg [MS]

Figure 1. "H DQ build-up signal Spq () and reference signal S.¢ (O)
exemplarily for the sample SAP75|30[0.3 in a semi-logarithmic plot.
a) Fractions of network defects B, mobile sol components C, and gel
network chains Ay determined by the common stepwise fitting [solid line
fit to Syer, dashed line fit to S,eq (0)]. b) Analysis of S,.f— Spq data (A) with
the model in Equation (1) (solid line).
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in that long time range. The reduced signal intensity S,q =
Sief = Spq — C - exp(—c - Tpq) reflects the fraction of network
defects like dangling chains and loops amongst others. This
fraction B is obtained by fitting another exponential decay
B - exp(—b - Tpq) (dashed line in Figure 1a). The intermediate
fitting range was chosen empirically in the linear range of S,.q in
the semilogarithmic plot from 7pq near the maximum of Spq max
to the start fitting time point (7pq =30 ms) of S, The fraction of
network defects is B = 31.40% in SAP 75|30]0.3. Thus, the frac-
tion of hydrogel network chains Ay remains as Ay=1-B—-C=
64.33% for the given sample. In this model, the SAP hydrogel
signal can be roughly attributed to three fractions: the network
chains Ay, the defects B, and the mobile fraction C.

In the stepwise fitting procedure, two time ranges have to
be manually defined (Figure 1a). Tpq of Spgmax depends on
the SAP. It does not appear to be easy to define these fitting
ranges due to the signal-to-noise ratio (S/N) in the low-field DQ
experiments and different DQ build-up response times. Subjec-
tive errors are inevitable, and automation is impossible when
aiming for quality control. To illustrate this effect, C and B were
determined choosing different fitting ranges (Table 3). The vari-
ation of S fitting range from [20.17, 137.29] to [52.81, 137.29]
ms leads to about 7.9% relative deviation of C and 0.7% of B.
Changing the S, fitting range near the maximum of Spq max
results in a significant deviation in B of about 24%. The proper
choice and definition of the two fitting ranges are therefore
essential for a correct data interpretation.

To reduce the potential error in data analysis, S,.r— Spq Was
explored for calculation of B, C, and Ay. This signal difference
only considers single-quantum coherences that do not result
from relaxation effects of DQ transitions (neglecting multi-
quantum coherences). S, — Spg mostly delivers signal from
uncoupled mobile components and network defects. In a first
approximation S, — Spg can be modeled by a tri-exponential
function

Table 3. Fractions of network defects B and mobile components C
depend on the fitting ranges in the common stepwise fitting procedure.

Sref fitting Fraction of mobile Sred fitting Fraction of network
range [ms] components C [%] range [ms] defects B [%]
20.17-137.29 5.01 2.41-29.77 31.90
25.93-137.29 4.28 31.41
29.77-137.29 4.27 31.40
33.61-137.29 3.90 31.15
37.45-137.29 4.00 31.22
41.29-137.29 4.18 31.34
45.13-137.29 4.02 31.23
48.97-137.29 4.53 31.61
52.81-137.29 4.41 31.51
29.77-137.29 4.27 2.41-29.77 31.40
2.17-29.77 32.73
1.93-29.77 34.62
1.69-29.77 35.48
1.45-29.77 37.21
1.21-29.77 38.95
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Sret — Snq :A-exp(—a~TDQ)+B~exp(—b-TDQ)+C~exp(—c~TDQ)
1)

where C corresponds to the fraction of mobile sol compo-
nents in the long time range, and B represents the fraction
of network defects. As Tpq approaches zero, Syef — Spg = 1,
iie, A+ B 4+ C = 1. The numerical fit parameter A in
Equation (1) is therefore related to Ay. However, as DQ
coherences are neglected, the amplitude A does not nece-
ssarily deliver the actual fraction of crosslinked poly-
mer chains Ay in the SAP hydrogel. Variables b and ¢ in
Equation (1) represent again the relaxation rates of the frac-
tions B and C, respectively. The fraction of network defects
such as dangling chains and loops relaxes faster than the
fraction of mobile sol components (b > c), which agrees
well with the experimental results (b = 184 s7!, ¢ = 5 s71).
This model describes the data well (Figure 1b), resulting
in the fractions of network defects (B = 30.6%) and mobile
sol components (C = 4.5%). Thus, the fraction of hydrogel
network chains Ay amounts to 64.9% within this model. To
compare the fit quality of both models, the adjusted R? has
been used. In the stepwise fitting procedure, the fit results
of the fractions of network defects B and mobile sol compo-
nents C have the adjusted R? values of 0.9891 and 0.3051,
respectively. The small adjusted R? value is due to the signal-
to-noise ratio in the long time range. Using Equation (1),
the adjusted R? amounts to 0.9972. The new approach shows
a significantly improved statistic, leading to a more reliable
method. Experiments on other SAP hydrogels in the current
study confirmed that the tri-exponential fit describes the data
of S, — Spq very well and reliably, resulting in the struc-
tural parameters B, C, and Ay (Table 4). To summarize, as
compared to the stepwise fitting procedure with a need for
manual choice of two different fitting ranges, the proposed
user-independent fit model has the advantage of a better
numerical stability in the DQ-NMR data analysis, largely
reducing the subjective error and opens up the possibility for
automation of data analysis with respect to quality control
application of the low-field DQ-NMR.

3.2. Residual Dipolar Coupling Distribution

To determine the RDC distribution in hydrogel networks, the DQ
build-up signals are further normalized to the sum of Spq and
S.ef after subtraction of the contributions of uncoupled mobile
sol components and network defects. Incoherent relaxation
effects can thus be removed. The resulting S,,pq depends on the
RDC distribution related to the gel network and reaches a pla-
teau value of 0.5 in the long time limit (Figure 2a, Equation (2)).
The shape of the RDC distribution P(D,.) was assumed to
be Gaussian with a mean D,e ey and a width o in a first
approachl3233]

_ 0~4Dr2es,meanr[2)Q
140.80°Thg

J1+0.80%t3,

Suvq (7o) =0.51-

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

Macromolecular
Chemistry and Physics

www.advancedsciencenews.com

www.mcp-journal.de

Table 4. "H DQ-NMR results of Ay, B, C, Dyes means O, and r = /D mean for different swollen SAP hydrogel samples (mspp : mp,o =1:9).

Sample Fractions? Gaussian (fit)®) Al function kernel (reg.)® Gaussian kernel (reg.)9
Av[%]  B[%]  C[%] DiesmenlkHz] ~ o[kHz]  r[-] = Diesmean[kHzZ] ~ o[kHz]  r[-]  Diesmean kHZ]  o[kHz] -
SAP 75|20]0.3 51.56 42.88 5.57 1.99 1.24 0.63 2.1 1.55 0.73 2.14 1.39 0.65
SAP 75|25/0.3 56.81 37.32 5.87 2.08 1.30 0.63 2.31 1.77 0.77 2.34 1.72 0.74
SAP 75[30/0.3 64.90 30.60 4.50 3.19 1.87 0.59 3.37 2.39 0.71 3.47 2.32 0.67
SAP 75]20|1 56.44 35.77 7.79 3.80 2.29 0.60 3.83 2.64 0.69 4.08 2.83 0.69
SAP 75|25]1 64.81 29.25 5.94 4.82 2.7 0.56 4.90 3.20 0.65 5.28 3.58 0.68
SAP 100]25/0.3 54.52 38.75 6.72 5.25 3.35 0.64 5.45 4.72 0.87 5.65 5.22 0.92
SAP 10025/ 58.90 33.96 7.14 7.75 4.83 0.62 6.61 7.54 1.14 6.47 8.17 1.26
SAP 75]20]0.3|R 56.81 38.71 4.48 1.25 1.03 0.82 1.36 1.02 0.75 1.47 1.14 0.78
SAP 75|20]0.3|RSXL1 57.91 35.24 6.85 2.36 1.77 0.75 2.56 2.24 0.88 2.68 2.26 0.84
SAP 75|20]0.3|RSXL2 54.47 35.57 9.96 2.49 1.76 0.70 3.44 3.78 1.10 3.67 4.40 1.20

2 Analysis with the model given by Equation (1); Y Gaussian-distributed fitting with Equation (2); 9Regularization procedure with Gaussian and A-l kernel functions,

Equations (3)—(5).

Supq(Tpg) is nearly identical within the experimental error
for Tpq < 10 ms (Figure 2a) when using the two above described
approaches. At larger 7pq, the noise in S,pq is significant.
Equation (2) describes the S,pq data and reaches the expected
plateau value of 0.5 at larger pq. Both S,pq data lead to similar
RDC distributions (Diesmean = 3.22 kHz and o = 1.84 kHz for
stepwise procedure, and Dieg mean = 3.19 kHz and o= 1.87 kHz
for tri-exponential model).

Due to swelling and spatial variation of crosslinking, poly-

meric networks exhibit a chain length and crosslinking dis-
tribution. The “real” RDC distribution may deviate from
the assumed Gaussian distribution. Alternative procedures
such as numerical iterative regularization may result in suit-
able estimations.*#”#8] The measured data S,pq can be
expressed in the form of a Fredholm integral with the RDC
distribution P(D,es)
S (foc) = | K(Dro 7o) P(D) 4D o
where K(Dyes, Tpg) is the kernel function. A modified fast
Tikhonov regularization algorithm was applied with user-
defined kernel functions, e.g., a modified “Abragam-like” (A-])
function®3]

K (D Tq) = 0.5{1- exp[ ~(0.378D,7ig )" - cos(0.583 D1t )
(4)

or a Gaussian kernel function3%4!

K (Dusy Tog) = 0.5[ 1—exp(-0.4D%tho ) | (5)

The regularization using these kernel functions results in
RDC distributions (Figure 2b). The shapes of the distribution
curves (Figure 2b) can be attributed to the inhomogeneous
hydrogel network structure itself and/or to the swelling inho-
mogeneity if not to numerical instabilities due to the rela-
tively high noise in the DQ data. The parameter y?, which is
the mean square deviation between fit and experimental data,
increases fast for both Gaussian and A-l kernels with increasing
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noise term & above a critical value. Below this critical value
of € (g, =0.006 in Figure 2c), the parameters ¥2, Dyeqmeans and
o change only slightly. The DQ build-up curve calculated via
inversion using the Gaussian kernel describes the data well up
to Sypq =0.45 (Figure 2a), covering =90% of the DQ build-up
signal, while the build-up curve calculated with the A-l function
kernel describes the data well in the whole range as does the
Gaussian fit. It should be noted, however, that the RDC dis-
tribution reaching 0 at D, = 0 Hz coupling is physically not
correct, which limits the significance of this kernel. Similar
findings are summarized in literature.3336395051 Most recently,
Naumova et al. have applied an empirical single-orientation A-l
kernel function to study the anisotropically mobile protonated
molecular segments.?!

In summary, the S,pq data obtained with the proposed
user-independent tri-exponential model and the conventional
stepwise fit procedure through careful choice of two fitting
ranges are nearly identical within the experimental error. Fur-
thermore, direct Gaussian fit to the experimental data leads
to an RDC distribution with a mean Dy mean and a width o,
whereas numerical iterative regularization procedures using
Gaussian and A-l function kernels without a predefined RDC
shape result in suitable estimations of the real RDC distri-
butions. The difference between the results, D mean and o,
retrieved by regularization with two different kernel func-
tions is small, and both are comparable to those obtained with
direct Gaussian fit.

3.3. Correlation between DQ-NMR Results and
Synthesis Parameters

The properties of SAP hydrogels are closely related to network
structures which are determined by synthesis parameters. In
this section, correlations between 'H DQ-NMR parameters
(An, B, C, Sypqs and Dieg mean) and different reaction parameters
(DN: degree of neutralization, AA: solid content, i.e., monomer
concentration, and DC: degree of crosslinking) as well as sur-
face crosslinking (SXL) are discussed.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3.3.1. Structural Parameters Ay, B, C versus Synthesis Parameters
(DNJAA|DC)

The comparison (Figure 3) shows that the fraction of network
chains Ay increases with both AA and DC. As Ay and B are
mutually dependent, B has to be considered as well. An increase
of AA during synthesis results in larger amounts of chains while
the distance between the chains decreases. In total, the fraction
of crosslinked polymer rises. This increase amounts to =5%, for
instance, from SAP 75/20]0.3 to 75|25/0.3 and up to 75/30/0.3.
As the chain density is smaller in SAP of lower AA, B of those
hydrogels is significantly larger. Increasing DC at constant AA
causes an increase of the crosslinked fraction or an increased
amount of the chemical crosslinks (cf. SAP 75]20[0.3 vs
75[20]1, SAP 7525[0.3 vs 75[25|1, and SAP 100[25[0.3 vs
100[25|1). As a result of increasing DC, B is reduced by about
6%. Accordingly, the network fraction increases by 6%. Part
of the defects is therefore crosslinked to the network fraction.
In contrast, increasing the degree of neutralization DN during
synthesis causes a decrease of Ay; vice versa, B increases
(cf. SAP 75[25(0.3 vs 100]25/0.3, and SAP 75[25|1 vs 100[251).
For both parameters, Ay and B, the differences amount to about
6%. C increases slightly with increasing DN and decreasing
AA. However, the change of C with DC is very small.

3.3.2. S,pg and D, versus Synthesis Parameters (DN|AA|DC)

Normalized DQ build-up curves (Figure 4a) increase faster
and more steeply with 7pq upon increasing DC at constant
AA and DN (cf. SAP75[20[0.3 vs SAP75[20[1, SAP75[25(0.3 vs
SAP75|25|1, and SAP100|25|0.3 vs SAP100|25|1). In addition, an
increase in AA leads to a faster and increasingly steeper DQ
build-up as a function of 7pq for constant DN and DC. This
suggests that a higher monomer concentration increases the
probability of the reaction, which results in less extractables
and also less fraction of network defects, but a larger fraction of
network chains (Figure 3). Larger polymer chains lead to more
physical crosslinks such as entanglements. Faster DQ build-up
corresponds to a higher level of dipolar couplings and a more
constrained network. It is obvious that the RDC distribution
(Figure 4b) shifts to larger D,esmean and o with increasing DC
and AA, respectively (Table 4). An increase in chemical and/or
physical crosslink density obviously results in larger Dieg mean-
During the synthesis, a higher crosslinker concentration
reduces the polymer mesh size and the mobility of polymer
chains, giving rise to possibly inhomogeneous local structures
and thus a broader RDC distribution. The inhomogeneity of
hydrogels can also occur during swelling. By comparing DQ
build-up curves of hydrogels with the same AA and DC but
different DN (Figure 4a), the samples with DN = 100 mol%
exhibit faster DQ build-up than those with DN = 75 mol%
(cf. SAP75[25]0.3 vs SAP100|25[0.3 and SAP75[25|]1 vs
SAP100|25]1). Dyesmean Values for the samples with a higher
DN are larger than those with a lower DN (Figure 4c), and
their RDC distributions are broader (Figure 4b). A good
linear relationship between Diegmean and o has been found
for the investigated SAPs (Figure 4d), i.e., 0 = 0.61Dieg mean-
An increase in DN thus causes a more tightly crosslinked but
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Figure 2. DQ-NMR on the example of the hydrogel SAP75/30/0.3.
a) Normalized experimental "H DQ build-up curves according to the
common stepwise procedure (x ), and tri-exponential model (A) and the-
oretical DQ build-up curves obtained by Gaussian fit (solid line) and by
regularization with Gaussian (----) and A-l function (----) kernels. b) RDC
distributions obtained by a fit to the experimental data (A) with Equation (2)
(solid line) and by regularization with Gaussian (----, Deg mean = 3.47 kHz
and ¢ = 2.32 kHz) and A-l kernels (----, Dyesmean = 3.37 kHz and
0 =239 kHz). ) * (®), Dres mean (), and & (V¥) changing with error
parameter € in the regularization procedure with A-l kernel (hollow dots
correspond to Gaussian kernel).

inhomogeneous network structure. The protonated carboxyl
groups on the hydrogel chains are able to form an intra- or
interchain hydrogen bond like a temporal crosslinking. After
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Figure 3. Structural parameters Ay, B, and C determined by "H DQ-NMR
are shown for SAP hydrogels with different synthesis parameters (DN,
AA, and DC).

swelling, however, the hydrogels undergo conformational
changes because of electrostatic repulsion between negative
charges (carboxyl groups) on the polymer, and the chains tend
to expand. Oppositely charged counterions may be strongly
attracted by the charged polymer chain due to a high charge
density on the polymer chain, and the chain stiffness increases
with ionization.’! At a higher DN, more dissociated sodium
carboxylate groups increase the osmotic pressure and thus the
swelling capacity of the gel, although some free sodium ions
may condense on the polymer chains in the swollen gel. If
the level of crosslinker is fixed, the swelling capacity increases
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with DN.I*I This may cause a larger inhomogeneity at higher
DN, reflected by a broad RDC distribution. Table 5 qualitatively
summarized the influence of hydrogel synthesis parameters
(DC, AA, and DN) on the characteristic parameters (D,es mean, O
Ay, and B) determined by low-field 'H DQ-NMR.

3.3.3. DO-NMR of SAP without and with Surface Crosslinking

In practical applications, SAP hydrogels are expected to
exhibit high swelling capacity, which can be achieved usually
by decreasing the crosslinking density. However, increasing
the capacity would lead to a reduced liquid uptake at a higher
pressure due to lower elasticity.”) One way to improve the
absorption at higher pressure and simultaneously avoid gel
blocking is to utilize the low-crosslinked superabsorbent par-
ticles with a high crosslinking density at the particle surface,
i.e., “core—shell’ particles. The higher crosslinked shell can
create tangential force, and such a “balloon effect” makes the
SAP particles maintain the shape during swelling, improving
their permeability and swelling capacity. A slightly crosslinked
reference polymer hydrogel (DC = 0.3 mol%) was synthesized
without surface crosslinking. Surface crosslinking was achieved
by applying a crosslinking solution to the gel particles followed
by a curing procedure.*>* Both the reference SAP hydrogel
(SAP75[20/0.3|R) and the gels with surface crosslinking
(SAP75|20|0.3|RSXL) were investigated by 'H DQ-NMR
(Figure 5).

As expected, the fractions of network chains Ay and defects
B did not vary for the SAP gel particles with and without surface
crosslinking because of the same core crosslinking density. The

o 1 2 3 4 5 6 7 8 9

D [kHz]

res,mean

Figure 4. "H DQ results for diverse SAP samples ([, 75[20/0.3; O, 75|25/0.3; ¢, 75/30]0.3; I, 75|20|1; @, 75|25|1; E, 100|25|0.3; &, 100J25|1). a) Nor-
malized DQ build-up curves. b) RDC distributions obtained by a Gaussian fit. ¢) Mean RDC Dyeg mean for the variety of SAP. d) Relationship between

mean RDC Dieg mean and distribution width o.
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Table 5. Qualitative correlation of synthesis parameters (DC, AA, and
DN) and DQ-NMR parameters (Dyes mean» O; An, and B).

Increasing the parameters Increase (1) or decrease ({)

Mean RDC Distribution ~ Polymer ~ Network

Dres,mean width o chains Ay defects B
Degree of crosslinking (DC) T 0 T {
Solid content (AA) T 7 T {
Degree of neutralization (DN) T 0 2 T

surface crosslinking is formed only on the outmost layer of
the SAP particles. The core network in the surface-crosslinked
particles is almost not influenced by the surface crosslinking,
which is consistent with the parameters determined by 'H
DQ-NMR (Figure 5a). A high crosslinking density leads to a
larger RDC. Thus, the RDC of RSXL is expected to be larger
than that of the reference R. Regions with a high crosslinking
density show larger RDCs than those with a low crosslinking
density. The reference sample (SAP75/20/0.3|R) can be
described by a monomodal distribution with D eg mean = 1.25
kHz and a relatively homogeneous mesh size distribution. A
relatively uniform gel structure during the swelling leads to a
relatively narrow RDC distribution. However, for SAP samples
with surface crosslinking, the swelling capacity is lower com-
pared to the reference SAP although they have the same core
crosslink density.

For SAP samples with the two types of crosslinking (surface
and core), the RDC distributions tend to be broader or even
bimodal. Due to the surface crosslinking, the normalized DQ
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build-up signals increase faster than that of the reference SAP
(Figure 5b). Among three RDC distributions retrieved by regu-
larization (Figure 5c), it is found that the maximum values are
nearly identical because of the same core crosslinking. Both
RSXL samples with surface crosslinking exhibit long-tail or
bimodal distributions, statistically indicating that the portion
of the higher crosslink density is smaller than that of the core.
The contribution of surface crosslinking shows up in the RDC
distribution nicely.

The bimodal distribution has been explored to describe the
normalized DQ build-up signals for “core-shell” crosslinked
hydrogel particles. A fit of the two-component superposi-
tion of Equation (2) to the S,pq data for SAP75|20|0.3|RSXL1
led to a bimodal RDC distribution (Djesimean = 0.94 kHz,
o1 = 0.38 kHz; and Djegy mean = 5.24 kHz, 0, = 1.70 kHz)
(Figure 5d). The mode (Dyesimeans O1) is related to the core,
while the mode (Dyesy means 02) is related to the particle surface.
A similar bimodal RDC distribution has been obtained for
the other sample SAP75]|20|0.3|JRSXL2 (Dyesimean = 1.02 kHz,
0; = 0.37 kHz and D mean = 6.19 kHz, 0, = 1.71 kHz)
(cf. dashed line in Figure 5d). These results are very close to
those obtained by regularization (Figure 5c). Slight difference
between the values of mode (Dyesp mean, 02) for both RSXL sam-
ples can be attributed to the slight variation of the crosslinking
density on the particle surface in the coating process.

Table 4 summarizes the 'H DQ-NMR results of Ay, B, C,
Dies means O, and the relative distribution width v = 6/D;es mean
for different swollen SAP hydrogel samples (msap : Mip,0 =1:9).
The three different methods deliver comparable RDC distri-
butions, while the difference between the results retrieved by
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Figure 5. DQ-NMR results for samples SAP75|20/0.3|R without and with surface crosslinking (SXL). a) Fractions of network chains
Ay, mobile components C, and network defects B. b) Normalized DQ build-up signals (@, R; [J, RSXL1; /\, RSXL2). c) Corresponding RDC
distributions retrieved by regularization (-, R; ---, SXL1; and ---, SXL2), d) RDC distributions for “core-shell” crosslinked hydrogel particles

(---, SXL1; ---, SXL2) obtained with a bimodal Gaussian distribution.
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regularization with two different kernel functions is small.
For the sample SAP100|25|1, the relative distribution width
obtained by regularization is larger than that by Gaussian fit.
Such deviations can be attributed to the spatially inhomoge-
neous network structures from swelling if not to numerical
instabilities. The inhomogeneity and/or heterogeneity in poly-
mer gels is a nonideality affecting directly the physical proper-
ties of the gels such as swelling and turbidity.>*®) Compared
to other samples, the swollen sample SAP100|25|1 is more
turbid, which indicates larger swelling inhomogeneity because
the turbidity of a gel is a direct result of light scattered from the
inhomogeneity of its refractive index. The occurrence of
swelling inhomogeneity also makes the RDC distribution
obtained using the Gaussian model fit deviate from the real
distribution in this case, leading to a broad RDC distribution
and thus to a large relative distribution width in the regulariza-
tion procedure. A similar phenomenon has been observed in
a swollen sample SAP75|20[0.3|RSXL2, behaving like a “core—
shell” particle with different core and surface crosslinking
densities.”] The RDC distribution reflects contributions from
both core and surface crosslinking. In this case, when a mono-
modal Gaussian-distributed fitting function, Equation (2), is
used to model the DQ build-up signals (Figure 5b) from such
“core—shell” crosslinked hydrogels, the resulting RDC distribu-
tion will become broader. However, the results obtained with a
bimodal distribution or numerical regularization have a clearly
defined physical meaning (Figure 5c,d). Summarizing, a good
correlation and agreement between the results obtained with
different methods has been found within the experimental reli-
ability (Figure 6).

3.3.4. Impact of Temperature, Swelling, and Solvent of
SAP in DQ-NMR

Different SAP hydrogels were investigated by low-field
!H DQ-NMR due to the instrument robustness, low cost, and
ease of handling. Some influencing factors such as sample
preparation, swelling solvent, swelling degree, and duration as
well as sample temperature are considered and discussed.

As stated above, dry gel powders were washed with 99.9%
deuterated D,0 to reduce volatile substances. The fraction
of mobile sol components for the sample without washing
is about 10.8% (Figure 7a), which is twice as high as that for
the sample after washing. The difference between two cor-
responding S,pq curves is not significant at 7pq < 15 ms
although the data scatter at 7pq > 15 ms (Figure 7b). RDC
distributions for samples with and without washing are given
bY Diesmean = 3.2 kHz, 6 = 1.9 kHz and Dyeqmean = 3.6 kHz,
o = 2.0 kHz, respectively. The relative deviations of Diesmean
and of Ay are both in the range of 12%. Experiments on sam-
ples after washing twice indicate that the fraction of mobile
components decreased, but the impact on D mean and Ay is
small with relative deviations of less than 10%. To avoid time-
consuming sample preparation, one washing was performed
for all samples in this work.

The same solvent (99.9% deuterated D,0) was used during
swelling to reduce solvent protons. When the sample is swollen
in H,0, the detected relative DQ signal intensity becomes
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Figure 6. RDC distributions obtained by Gaussian-distributed fitting
function according to Equation (2), and by regularization with Gaussian
and A-l function kernels [Equations (3)—(5)]. a) Mean RDC D,eg mean-
b) Distribution width o.

weak and noisy. For example, the DQ signal from the sample
swollen in D,0O reaches more than 20% (cf. Figure 1), while
the DQ signal from the same sample swollen in H,O is lower
than 1%. Chemical exchange occurs between 'H of swelling
solvent and the exchangeable 'H of the polymer chains. DQ
coherences arise from the almost nonexchangeable protons of
the polymer, since the DQ signal is dominated by spin-pair DQ
coherences.?®# The utilization of nondeuterated or partially
deuterated solvent as swelling solvent will make it difficult or
sometimes even impossible to detect DQ signals in low-field
!H DQ-NMR experiments with a good S/N value.

Furthermore, 'H DQ-NMR experiments performed at different
sample temperatures (39.5 and 55 °C) show that higher tempera-
ture reduces the measured fraction of network defects, but the
measured fraction of mobile components increases (Figure 8a).
The assignment might be questionable. Nevertheless, at a high
temperature, the mobile components tend to move faster, and the
defect components will partially become mobilized. The meas-
ured fraction of uncoupled network defects may significantly
depend on the crosslink density and in particular on the tempera-
ture.?>>% However, the couplings are closely related to the local
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Figure 7. a) S.¢ and b) S,pq of SAP75[30[0.3 with prewashing
(experimental data: O, and fitting curve: dashed line) and without
prewashing (experimental data: [, and fitting curve: solid line).

crosslinking density and the chain length between restrictions.
The normalized DQ build-up signals show very small difference
(Figure 8b). Such a behavior was observed in previous DQ-NMR
studies.?2*] As expected, the fraction of network chains is only
slightly influenced by temperature. The relative deviations of
Diesmean @nd of Ay are both less than 10% for the investigated
temperatures. This is also the case for different crosslinking
levels (DC = 0.3 and 1 mol%) at the same monomer concentra-
tion. Besides the physical entanglements in hydrogels, such dif-
ferences may also be attributed to the measurement error.

DQ experiments on the hydrogels for different swelling
durations (1 day and 8 weeks) exhibit similar behavior, i.e.,
small differences for both RDC and Ay. However, the C frac-
tion increased with swelling duration. For hydrogels with DN =
75 mol%, the increase in C is more pronounced than that with
DN = 100 mol%. An explanation could be that small polymer
chains diffuse out and become more mobile. This is called
constraint release. The two —COOH hydrogen bridges in SAP
hydrogels have a bond energy of about 30 k] mol™ and thus
the constraint release will take time as every chain has several
of those.
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Figure 8. DQ-NMR signal for SAP75|30|0.3 obtained at temperatures of
39.5 °C (experimental data: O, and fitting curve: dashed line) and 55 °C
(experimental data: [, and fitting curve: solid line). a) Reference decay
signals. b) Normalized DQ build-up signals.

DQ experiments on identical hydrogels swollen at a mass
ratio of 1:5 indicate that the evolution time becomes longer to
reach the plateau value of 0.5 for S,pq (Figure 9), as compared
to the observations for a swelling ratio of 1:9. The RDC distri-
bution has a smaller mean RDC value and a narrower width.
It is also found that the ratio of D, mean is close to the ratio
of their swelling degrees. As RDCs rely on the fluctuating
dipolar coupling tensor with respect to the magnetic field, they
are proportional to the local dynamic order parameter of the
polymer backbone. Fast segmental dynamics of the polymer
chains leads to a loss of correlation to a plateau value related
to the existence of preferential local orientation generated from
crosslinking.}2%7) At a lower swelling degree, polymer chains
in a gel are less stretched and therefore become more mobile.
The T,relaxation time of the polymer networks increases
because the correlation time of the polymer chains decreases,
leading to a smaller Dyesmean. The relative distribution width
1 = 0/ Dyes mean T€Mains nearly constant for the same hydrogel at
both swelling degrees. The detected fraction of network chains
is somewhat larger at the lower swelling degree, which can be
attributed to a smaller contribution from fractions of network
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Figure 9. DQ build-up curves for SAP75|30|0.3 measured at different
swelling degrees, SAP:D,O = 1:9 (@) and 1:5 ([J). The inset shows the
corresponding RDC distributions.

defects and mobile sol components. Similar behavior has been
observed in other SAP hydrogels with different crosslink densi-
ties in the current work.

4, Conclusions

SAP hydrogels have been investigated by 'H DQ-NMR. A fit
model was developed to reliably extract structural parameters
from DQ-NMR experiments. As compared to the common
fit, this approach is user independent. 'H DQ-NMR pro-
vided the RDC distribution (Diesmean, ), the fractions of net-
work defects, and mobile sol components as well as network
chains. DQ-NMR revealed the correlation between the com-
plex topology of the hydrogels and synthesis parameters. With
increasing crosslinking, both RDCs and the fraction of network
chains increased, but the fraction of network defects decreased.
The same characteristics have also been observed when
increasing the solid content in the synthesis of SAP. With
increasing degree of neutralization, both RDCs and the frac-
tion of network defects increased, but the fraction of network
chains decreased. Some influencing factors in the 'H DQ-NMR
such as sample preparation, swelling solvent, swelling degree
and duration, measuring temperature, and recycle delay have
also been studied. The results led to a better understanding
of the topology, local mobility, and respective heterogeneity of
SAP and their correlation with synthesis parameters.

The knowledge of a 2*Na and 'H translational dynamics will
help to predict the mobility of molecules and ions within the
polymer networks, which will be investigated in future work.
BNa-relaxation and 2*Na- and 'H pulsed field-gradient NMR diffu-
sion will allow for a more comprehensive description of the trans-
lational dynamics of *Na* and water molecules in the swollen gel.
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