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1. Introduction

Superabsorbent polymers (SAPs) are 
a class of materials used in numerous 
applications[1] that include diapers,[2] 
underwater cable insulations,[3] and water-
releasing agents for agriculture in dry 
regions.[4] The driving force behind the 
use of SAPs is their ability to absorb large 
amounts of water, up to 1000 times their 
own weight in the dry state.[5,6] The high 
affinity for water arises from the pres-
ence of hydrophilic groups,[7] and is sub-
stantially enhanced by the presence of 
charges along the polymer backbone.[8,9] 
At the same time, the crosslinking points 
connect polymer chains to each other, pre-
venting the dissolution.[10]

The crosslinking points and the elastic 
chains form the microstructure of the net-

work.[11] In a simplified scenario, the network microstructure 
can be imagined as a net, where the combination of polymer 
chains and junction points results in voids, called pores.[11,12] 
It becomes clear that the size of these pores decreases with 
increasing amount of crosslinking agent, as the amount of 
crosslinking points increases.[13]

In reality, the porosity of hydrogels is also influenced 
by random events occurring during the synthesis.[12,14] The 
aforementioned random events generate particular local-
ized topologies, such as closed loops and entanglements, 
which modify the microstructure and therefore affect the 
porosity of the final hydrogel.[12,15] For this reason, loops 
and entanglements are often referred to as “defects.”[11] The 
formation of such defects is inevitable but it is more likely 
when the hydrogels are synthesized via conventional free 
radical polymerization (FRP) of a monovinyl or divinyl mon-
omer.[12,14,16–20] Despite this fact, FRP methods are widely 
utilized in industry due to the simplicity of their setup, the 
fast reaction times, and the wide variety of monomers that 
can be used.[21] In return, a lower control over the network 
architecture and a larger pore size distribution (PSD) is 
obtained, which particularly affects the swelling ability.[22,23] 
Consequently, materials scientists and synthetic chemists 
intend to determine the porosity of materials to tailor design 
hydrogels, and maximize the performances according to the 
desired application.[24]
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The porosity of rigid materials, such as silica particles,[25] 
zeolites,[26,27] or metal–organic frameworks, is commonly 
determined via Brunauer–Emmett–Teller analysis,[28,29] where 
the amount of nitrogen adsorbed within the pores is taken 
into consideration.[30] Mercury intrusion porosity is another 
adsorption-based technique for the estimation of the porosity 
of materials.[31,32] However, these methods have the disadvan-
tage that they are limited to polymer porosity in the dry state. 
Consequently, the measured porosity does not reflect the void 
structure of the networks in the swollen state of the hydrogel, 
which is the one used during the application.[33] In literature, 
different methods have been proposed for the scope of network 
characterization that involve in most cases the diffusion of spe-
cies with a well-defined size within the network.[34,35] These spe-
cies can be either magnetic particles or non-charged polymers. 
The former require the use of a magnetic field for the detec-
tion, while the latter simply use a chromatographic technique 
known as inverse size-exclusion chromatography (iSEC).[36]

Contrary to conventional SEC, the main concept of iSEC is 
based on characterizing a network material with defined sam-
ples rather than soluble polymer samples of unknown size 
eluting from a defined porous column material.[36–38] With the 
absolute retention time being dependent on the porosity of the 
matrix, a series of polymer standards with well-defined molec-
ular weights and hydrodynamic radii, dissolved in the eluent 
used as the mobile phase and the hydrogel itself used as the 
porous matrix, one can invert the concept of SEC and deter-
mine the porosity of the column material, which is in our case 
the hydrogel itself.[33,37,39] The advantage of iSEC is to access 
data on porosity with a relative simple setup, yet without chal-
lenging the SEC column filling and measurement procedures. 
Herein, not only an optimized procedure for poly(sodium meth-
acrylate) (PSMA) hydrogels is proposed but also the compar-
ison between two different analytical techniques is presented. 
Moreover, iSEC is compared to 1H-NMR relaxometry, which 
probes the mobility of the elastic chains and the PSD of the 
microstructure, respectively. The difference in chain mobility 
is in fact attributed to a different chain lengths and thus to an 
inhomogeneity in the pore sizes within the hydrogel. Thus, the 
goal is to provide a practical equation to correlate these two data 
sets and enlarge the amount of information obtainable from a 
single analysis, i.e., 1H-NMR relaxometry.[40,41]

The present study is performed on a series of PSMA hydro-
gels, having a degree of neutralization (DN) of 100 mol% and a 
degree of crosslinking (DC) varying from 0.3 to 20 mol% to cover 
a wide range from soft to highly crosslinked hydrogels. At first, 
the hydrogels were synthesized via conventional FRP, which was 
chosen to apply the study to one of the most commonly used 
polymer networks. Thereafter, samples were tested for their 
water absorbency, simply by performing swelling experiments, 
while the local mobility was investigated upon performing 1H-
NMR relaxometry measurements. Lastly, iSEC measurements 
were conducted and optimized for the investigation of the PSD.

2. Results and Discussion

The synthesis and the removal of the unreacted fractions from 
the network were performed by extraction with distilled water 

according to the procedure described in the Supporting Infor-
mation. Afterwards, swelling experiments were performed by 
exposing the networks to a large excess of aqueous 1 wt% NaCl 
solution overnight. The use of NaCl solution mimics their use 
in application an also leads to a defined charge density, respec-
tive Debye length. The procedure is detailed in the Supporting 
Information and the results are plotted in Figure 1.

Figure  1 shows that the water uptake diminishes with 
increasing DC. More precisely, this relation can be described by 
a power law dependency and the results are in agreement with 
the Flory–Rehner theory, which first described the behavior of 
polymer networks in contact with a solvent. The water uptake 
is a compromise between the natural tendency of hydrophilic 
groups to interact with water molecules, which on the one hand 
cause the stretching of the chains, and the physical constraint 
caused by the crosslinking points, which on the other hand 
keep the chains linked together and hence prevents swelling 
beyond a certain degree. Despite the importance of knowing 
the swelling ability of a material in the context of its further 
applications, this analysis does not provide any precise informa-
tion on the microstructure or on the pore size of the hydrogel.

Thus, with the aim of gaining more insight into the polymer 
architecture, the hydrogel samples were analyzed via 1H-NMR 
relaxometry. The decay resulting from the T2-relaxation of the 
net magnetization can be linked to the mobility of chain seg-
ments via their autocorrelation function. The crosslinking 
points in the network bring further constrains into the system 
enabling first assumptions on structural heterogeneity.[40,42] The 
experiments were recorded following a slightly optimized pro-
cedure compared to the one reported in the literature,[41,43] and 
the adopted pulse sequences are carefully described in the Sup-
porting Information together with a detailed description of the 
theoretical background of the method.

The deconvolution of the raw data was conducted using the 
Contin approach, which was implemented into a MATLAB 

Macromol. Chem.  Phys. 2021, 222, 2000300

Figure 1.  Degree of swelling at equilibrium Q, expressed as mass 
ratio ( H O2g /gpolymer) as a function of crosslinking DC for a series of 
poly(methacylic acid) networks synthesized via conventional FRP and 
having a degree of neutralization of 100 mol%. The results represent the 
ability of networks to swell in an aqueous solution of 10 g mol–1 NaCl.
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script by Ryland et al.[44,45] Here, the present relaxation rates are 
extracted by an inverse Laplace transformation as thoroughly 
explained in the Supporting Information. For the sake of clarity, 
in the main text, only one sample will be presented in detail, 
while the results for the other samples can be found in the Sup-
porting Information. Thus, herein the raw and elaborated data 
for PSMA-DC1 are depicted in Figure 2a,b, respectively.

In Figure  2 it is noticeable that the networks are best rep-
resented by a distribution of relaxation rates (i.e., mobilities) 
rather than a single mobility. This behavior is in agreement 
with previous studies and is justified by the complexity of the 
microstructure of networks.[46] The microstructure is in fact 
composed of elements having both higher mobility (e.g., free 
dangling polymer chains) and lower mobility (e.g., close to 
junction points). Moreover, the formation of dangling ends 
and entanglements during the synthesis increases the amount 
of mobile and rigid fractions, respectively. Therefore, since the 
analyzed network was synthesized via FRP, a broad distribution 
is expected.

The distribution of relaxation rates is characterized by its 
average and the related standard deviation σ. The average relax-
ation rate < >−

2
1T  could be reasonably associated to the average 

mobility of the chains itself,[40,47] and thus, could be a charac-
teristic parameter for representing the local mobility within the 

network. Consequently, by changing the DC, also the average 
chain mobility should change, as the lengths of the chains are 
modified. To verify the validity of the latter statement, each 
network was analyzed via 1H-NMR relaxometry. The raw and 
the deconvoluted data can be found in Figure  2a,b, while the 
average chain mobility is plotted against the DC in Figure 2c. 
As anticipated, Figure  2c shows how the chain mobility is 
reduced if the DC increases. In detail, the average relaxation 
rate increases from 0.030 to 35  kHz when the DC increases 
from 0.6 to 20 mol%.

In the next step, the PSD was investigated via inverse SEC 
(iSEC). As previously mentioned, iSEC offers the possibility to 
investigate the PSD in a cost-efficient and simple way, without 
destroying the material during the analysis. Here, the hydrogel 
was allowed to swell overnight (≈16 h) before the measurement. 
After swelling, the hydrogel was placed within a glass column 
with adjustable pistons, and densely packed until no gaps were 
visible. A detailed description of the adopted procedure is pro-
vided in the Supporting Information. Subsequently, a series of 
pullulan-based polymeric standards were passed through the 
column in a phosphate-buffered solution. For a complete char-
acterization of each sample, at least 13 different standards were 
used with a molecular weight range of 180–708.000  g mol–1. 
For a given hydrogel, each polymer standard was characterized 
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Figure 2.  a) T2-relaxation curve and b) deconvoluted decay using the inverse Laplace transformation (ILT, 100 data points, α = 10) for poly(methacrylic 
acid) hydrogel synthesized via conventional FRP fixing a degree of neutralization of 100 mol% and DC = 1 mol%. c) Average mobility and d) standard 
deviation for several poly(methacrylic acid) hydrogels synthesized via conventional FRP fixing a degree of neutralization of 100 mol% and with a DC 
that varies from 0.6 to 20 mol%.
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by its respective retention times, which strictly depends on 
the ability of the standard to enter as many pores as possible. 
Comparable to every chromatographic technique, the smaller 
the hydration radius of the pullulan standards, the higher the 
ability of pullulan to enter the pores of the hydrogel and the 
longer the pullulan remains within the hydrogel (high retention 
time). A visualization of the employed iSEC setup is depicted in 
Figure 3a. Hence, every given pullulan standards will have dif-
ferent retention times in each hydrogel as the porosity changes. 
Consequently, as the retention time and the molecular weight 
of the employed pullulan standard are known, the PSD of the 
stationary phase (i.e., hydrogel) can be calculated. For the sake 
of clarity, the experimental procedure and the mathematical 
equations necessary to convert from retention time to the 
PSD, with the average radius <R> and the standard deviation 
σ, are detailed in the Supporting Information. Exemplarily, the 
raw data and the final PSD for the hydrogel PSMA-DC5.0 are 
shown in Figure 3b,c, respectively, while the PSD of the other 
samples are depicted in the Figure S2, Supporting Information. 

In order to have a reliable PSD, the analysis was repeated six 
times, with repacking of the column for every second measure-
ment. Thereafter, the analysis was performed on the remaining 
hydrogel samples. As mentioned, the only difference between 
the hydrogel samples was the DC, which is one of the main 
parameters influencing the pore size. To visualize that, the 
average radius (<R>) of the PSD and its standard deviation are 
plotted against the DC as shown in Figure 3d,e, respectively.

The wide range of molecular weights of the Pullulan sam-
ples were necessary to cover the pore size range present in 
each of the different hydrogel stationary phases, as displayed 
in Figure 3b. The peak shown in Figure 3c represents the PSD 
obtained based on the retention times of Figure 3b. Moreover, 
by inspecting Figure  3d, one can notice that the average pore 
radius diminishes with increasing DC. The value decreases 
from 6.5 to 1.2  nm for networks having a DN = 100 mol% 
and a DC from 0.6 to 20 mol%, respectively. The decrease of 
the average pore radius is expected as higher crosslinker con-
centrations lead to shorter average chain lengths between 
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Figure 3.  a) Schematic representation of the iSEC setup. A series of pullulan standards with known molecular weights were passed through the hydrogel 
stationary phase. b) Elution volumes of different pullulan standards. c) The elugram was converted by the commercial PoroCheck software V2.5, based 
on the molecular statistical theory (MST), into the respective pore size distributions. In this case, the sample PSMA-DC5.0-FRP is depicted. d) Average 
pore radius and e) the standard deviation of the pore size distribution derived from a series of PSMA networks having a DC from 0.6 to 20 mol%.
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the crosslinking points, which define the size of the meshes. 
The validity of the results is further supported by the swelling 
tests, previously shown in Figure  1. A smaller pore radius in 
fact lowers the expansion capability of the microstructure 
and, as a consequence, the ability to absorb water. The extent 
of the standard deviations of the average pore radius, shown 
in Figure  3e, indicates a very broad PSD. The latter findings 
agree with the large distributions of chain mobility reported in 
Figure  2b, and the main reason lies in the choice of the syn-
thetic method, here being the conventional FRP.

Lastly, the main objective of the current work is to find a cor-
relation between the average T2-relaxation rate and the average 
pore size. For this purpose, the two data sets are compared in 
Figure 4.

Figure  4 indicates an empirical power dependency between 
the two sets of data, which can be expressed by Equation (1)

< > = < >− −4.74 2
1 0.35R T � (1)

Clearly, the validity of Equation  (1) is limited to the experi-
mental procedure previously described and under the strict 
condition of a monomodal distribution of the chain mobility 
and pore-size distribution. However, the availability of Equa-
tion  (1) allows for an approximate estimation of the average 
PSD of its polymer network simply by performing 1H-NMR 
relaxometry, which was performed on a commercially available 
and affordable benchtop NMR spectrometer, without the need 
of multiple experiments. This value for the PSD under applica-
tion related conditions, i.e., in solvent, can be of clear advan-
tage for selected utilizations, such as catalysis, size exclusion of 
molecules, storage devices, and many more.

3. Conclusions

In conclusion, the presented study shows a complete charac-
terization on a series of PSMA hydrogel networks synthesized 

via conventional FRP, which were entirely charged and had a 
DC of 0.6–20 mol%. The samples were tested first for water 
absorbency using a NaCl solution (10 g mol–1), where the absor-
bency varied between 6.4 and 28  g  g–1 following a power law 
dependency with a scaling exponent of –0.37 when increasing 
the DC. Subsequently, the T2-relaxation rate, studied via 1H-
NMR relaxometry, showed a broad chain mobility distribution 
as an indication of an inhomogeneous network microstructure. 
The inhomogeneity in the network microstructure is mainly 
reflected on a broad PSD, as was demonstrated via inverse SEC. 
Despite the broad PSD, it was possible to identify the average 
pore size, which decreased from 6.5 to 1.2 nm when varying the 
crosslinking agent from 0.6 to 20 mol% in the networks. Lastly, 
the local chain mobility of the network and the relative average 
pore size have been compared, and an empirical power expo-
nent of –0.35 was found between the two. Even though the cur-
rent study is limited to hydrogels having a single DC, it offers 
the reader a simplified tool for understanding the average PSD 
of the network simply by knowing the average relaxation rate, 
and enlarges the amount of information accessible with one 
technique, i.e., 1H-NMR relaxometry.
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