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Abstract 
Characterization of polymer networks presents unique challenges due to the insolubility of the 
materials but this also enables characterization by new techniques that take advantage of the bulk 
network structure. An overview of characterization methods for polymer networks is presented, 
including functionality by IR, swelling and gel fraction calculations, mechanical characterization, 
thermal characterization, evaluation of molar masses between crosslinks and surface properties. 
This contribution serves as a reference for researchers aiming to evaluate network properties for 
the first time, or to expand the range of techniques used in network characterization. 
 

Introduction  
 

Crosslinked polymer networks have unique properties and characteristics which result 
from the binding and linking of polymer chains together to form very high molecular weight, 
essentially macroscopic scale molecules.1–4 In general polymer networks are used in high 
performance and challenging applications, where the equivalent soluble polymers would not be 
able to function.5,6 This often occurs above critical transitions such as glass or melt transitions, 
where free polymers would flow, while network polymers maintain their structure even at high 
temperatures, or under demanding conditions.7  
 As highlighted in the earlier contribution, the well-established polymerization methods 
used to generate linear polymers, can easily be adapted to network synthesis through the addition 
of multifunctional monomers. However, the presence of crosslinks changes the solubility of the 
polymers in addition to strengthening the material. Since many common chemical characterization 
tools, including those applied to polymers, rely on the solubility of the molecule, crosslinking has 
a dramatic impact on the range of characterization tools that can be easily used for polymer 
networks.8–10 Although certain chemical analysis methods are no longer applicable for polymer 
networks, the crosslinking also enables characterization methods that are not suitable for the 
soluble polymer analogues of network polymers.7,8 
 In this series of two articles on polymer networks, the core synthesis and characterization 
of polymer networks are presented. These articles serve as an overview of methods used to design 
and develop polymer networks, as well as the methods used to evaluate the properties. These 



educational series articles complement other review articles in the of polymer networks.4,5,8,11–13 
An earlier contribution focused on the synthesis of polymer networks.14 This current contribution, 
which concentrates on characterization of polymer networks, presents the most commonly used 
methods for evaluating the properties of polymer networks. This works covers fundamental aspects 
of characterization techniques of networks, including sample preparation, 
advantages/disadvantages, and underlying principles. The detailed exploration includes commonly 
employed methods such as includes functional groups through infrared analysis, solution/gelled 
(sol-gel) fraction and swelling properties, mechanical characterization, thermal analysis, internal 
structural analysis such as molecular weight between crosslinks and surface property analysis. Our 
target is to provide a balanced and comprehensive understanding, ensuring accessibility for a 
diverse readership. A focus in this educational series article is the description of the underlying 
science underpinning the technique and how the information from the characterization method 
could impact the design of future materials. 
The goal of this contribution is to provide a balanced and comprehensive understanding, ensuring 
accessibility for a diverse readership. The inclusion of practical information and nuanced 
perspectives aims to make the review valuable to both novices and discussion of advanced and 
integrated techniques valuable to experts in polymer chemistry. 
 

Review of Synthesis of Polymer Networks  
 
The three-dimensional mesh type structure of a polymer network is made from interconnected 
linear polymer chains through branching or crosslinks. This mesh structure with extensive 
crosslinks is developed by expanding pathways between most points in the polymer. Both chain 
polymerization and step polymerization are capable of synthesizing polymer networks in the 
presence of multifunctional monomers or multifunctional crosslinkers.15,16 Multifunctionality is 
the key to connecting points between polymer chains and form the network. In step 
polymerization, multifunctional monomers react each other forming oligomers with higher 
functionality which then accelerate the polymerization introducing branching points.17,18 These 
branching points act as crosslinks and ultimately form a polymer network. Similar to step 
polymerization, chain polymerization is capable of forming networks in the presence of 
multifunctional monomers or multifunctional crosslinkers.16,18 Further, post polymerization 
crosslinking of linear polymers with reactive pendant groups or reactive terminal groups create 
polymer networks.18,19 In addition to those strategies, some linear polymers have the ability show 
network properties through micro-aggregation or phase separation.20 
 
Crosslinking between the monomers can occur through chemical or physical linkages. Static and 
dynamic (disulfide linkages, Diels-Alder, transamination, transesterification, olefin metathesis) 
covalent bonds can be established between two monomer units in order to form chemically 
crosslinked polymers. In contrast, non-covalent interactions such as ionic bonds, Hydrogen 
bonding, π- π interactions, metal-ligand interactions are introduced between monomer units to 
form physically crosslinked or “supramolecular” polymers.21 The key distinction between 
chemically and physically crosslinked polymers lies in their strength. Physical bonds are typically 
weaker and dynamic, while chemical bonds is stronger but can be either static or dynamic 
depending on the bond type.  
 
 



 

 

Scheme 1: Different strategies to synthesis of polymer networks using step polymerization in the presence of 
multifunctional monomers, chain polymerization in the presence of multifunctional monomers, post polymerization 
crosslinking and phase separation. 

 

Different Types of Polymer Networks and Materials 
  

Depending on the nature of crosslinks and physical characteristics, such as water 
absorption and shape deformation, networks can be categorized into thermosets, thermoplastics, 
hydrogels and elastomers. 

Thermosets are crosslinked polymers with irreversible bonds, retaining their shape upon 
when heated and exhibiting highly resistant to heat melting, creep and solvents. Heating them to 
very high temperatures will ultimately lead thermoset polymers to degrade, but they often become 
softer below this temperature. The synthesis of these polymers starts with liquids and is converted 
to their final shapes through curing process. Once these materials are made, they cannot be 
reshaped by heating without degrading their structure. These stable polymers are used in 
applications such as adhesives, coatings and composites.22 Common examples include  
polyurethanes, epoxy, and Phenol-formaldehyde. Recently, there has been a rising interest in 
developing thermoset polymers from bio-based monomers, such as lipids and phenolic compounds 
to enhance sustainability.23 

Thermoplastics are polymers capable of  melting when heated and retaining their shape 
upon cooling. They may deform over time under stress, a phenomenon known as creep. Depending 
on the crystallinity, thermoplastics can be categorized into two main subtypes: semicrystalline and 
amorphous.24 Semicrystalline polymers exhibit domains with a ordered structure displaying both 
crystalline and amorphous states in their temperature profile (Error! Reference source not 
found.b). Semicrystalline polymers act as liquids above the crystalline melting temperature (Tm), 
and have a glass transition temperature (Tg ) within the amorphous or non-crystalline regions.25 
Amorphous polymers contain a random coiled structure, transitioning from glassy state with 
minimal chain mobility to rubbery state within a narrow temperature range (Error! Reference 
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source not found.a).25 Above their glass transition temperature (Tg) amorphous thermoplastic 
materials will flow. However, crosslinked networks also have a Tg, above which the materials will 
be flexible and elastic, but the crosslinks resist macroscopic flow. 
 

 
Scheme 2: Graphical representation of specific volume vs Temperature of a). an amorphous thermoplastic, b). a 
semi-crystalline thermoplastic 

 
Hydrogels are soft, water absorbing three dimensional materials that maintain their 

structure due to crosslinking and entanglements, preventing dissolution in water.26 They exhibit 
both solid and liquid characteristics, with unique relaxation properties. Hydrogels are composed 
of various bond types including ionic bonds, hydrogen bonds, covalent bonds, hydrophobic 
interactions.27 They can also response external stimuli such as pH, temperature, and electric field.28 
These versatile materials find applications in tissue engineering, soft robotics, sensing,  and 
artificial muscles due to their tunable properties and bio mimic nature.28–30  

As the name implies, elastomers are elastic materials that  composed of loosely joined 
network structure.24 They are typically above their glass transition temperature, but unable to flow 
due to the presence of crosslinks. These elastomers can stretch in the presence of an applied force 
and then go back to its original shape after force is removed ( shown in Error! Reference source 
not found.) Usually, they show excellent elastic properties, low stiffness and low strength.31 
Examples for these elastomers are polyisoprene, natural rubber, silicone elastomers, nitrile rubber, 
etc. These elastomers are used in variety of industrial applications such as seals, rubber septa, 
gaskets and tyres.31,32 

 

 
 



Scheme 3: Elastomer in relaxed state and stressed state in the presence of force 

 
 
Network Properties 
 

Depending on the nature of crosslinking, composition, and behavior under stress, networks 
may differ in their topology, heterogeneity, porosity and the viscoelastic properties. This section 
discusses each of these properties in brief. 

Network topology refers to the arrangement of polymer chains, defining the structure of a 
polymer network. This characteristic plays a crucial role in characterization techniques, detailing 
the  spatial features of polymer networks.10 Various network structures, such as linear, cyclic, star, 
branched and grafted polymers exhibit distinct hydrodynamic volumes. For instance, linear 
polymers display higher hydrodynamic volumes, increased viscosity, and more entanglements 
compared to other topologies.33 Flory’s theories emphasize the significance of polymer network 
topology in understanding the relationship between structure and mechanical properties.10 
Noteworthy examples of unique architectures include polyrotaxanes, polycatenanes and 
interpenetrated networks (IPNs), with  IPNs comprising multiple networks interwoven without 
chemical bonding.10 

Polymer networks often exhibit heterogeneities arising from irregular crosslinking and 
structural defects at the  microscopic level, such as floppy loops and dangling chain ends.13 These 
heterogeneities can be broadly categorized into spatial and connectivity heterogeneity. Spatial 
heterogeneity, characterized by an uneven distribution of crosslinks, is prevalent in polymer gels 
especially those with poor control over primary structure.34–36 On the other hand, connectivity 
heterogeneity  results from polymer chain issues, such as trapped entanglements and connective 
defects.37  The formation of loops, whether through intermolecular crosslinking or self-
crosslinking reactions, significantly influences  material properties. Hence, quantifying  these 
loops in networks is crucial for understanding the structure-property relationship. Techniques like 
Network Disassembly Spectroscopy and chemical degradation followed by mass spectroscopy can 
be used to quantify loops.38 Indirect measurements can be made by determining the molar mass 
between crosslinks as discussed below.39 

Porosity, exemplified by the hexagonal honeycomb structure in nature, has been 
incorporated into various synthetic materials, including polymers.40 “Porous polymers” encompass 
both porous and polymer properties, with those containing with two or more pores termed  “porous 
polymers” and  those with a single pore to as “hollow polymers”.40 Porous polymers are further 
classified into three main categories based on pore size: Microporous (diameter < 2 nm), 
Mesoporous (2 nm < diameter < 50 nm) and macroporous ( Diameter > 50 nm).41 The synthesis 
of porous polymers involves two key factors: the chemical composition of monomers, which 
determines the chemical structure of the pores,  and reaction conditions such as temperature and 
stiirrng rate, which influence the texture of the pores.42 These materials finds diverse applications, 
including separation, gas storage, catalysis, sensors, energy storage, coatings and more.40 

Viscoelastic behavior is crucial aspect of polymers, encompassing both viscous liquid and 
elastic solid properties, allowing the materials to dissipate energy under applied stress.43 This 
property is commonly assessed through creep tests.44  Various factors, including crosslinking, 
molecular weight, chemical structure of the polymer influence this behavior.43 Two primary 
models, the Maxwell and Voight models are employed to describe viscoelastic behavior. The 



Maxwell model connects a purely elastic spring and a purely viscous dashpot in series, while the 
Voight model connects them in parallel (Error! Reference source not found.).45 
 
 

 
 

Scheme 4: Kelvin and Voight models 

Overview of Polymer Network Characterization  
 
Although linear polymers can be characterized by using standard characterization methods such 
as size exclusive chromatography (SEC) or solution nuclear magnetic resonance spectroscopy 
(NMR),8 those technique are not suitable for polymer network characterization. Once gelation 
occurs, the state of the material changes from a flowy liquid state to a rigid network state making 
them insoluble and prohibiting analysis by SEC or solution NMR.  Therefore, new characterization 
methods such as different mechanical tests are essential which are not always feasible on soluble 
polymers. Polymer network characterization techniques to have the ability to reveal both chemical 
and topological properties of the network which control the function of the material.46 Among all 
those characterization methods, functional group analysis (e.g., Fourier transform infrared 
spectroscopy-FTIR), sol-gel analysis, swelling ratios,47 molar mass between crosslinks, 
mechanical analysis (e.g., rheology or tensile tests), thermal analysis48,49 (e.g., differential 
scanning colorimetry-DSC) and surface characterization methods (e.g., scanning electron 
microscopy-SEM) are used to identify functional groups present, to determine the degree of 
crosslinking, to identify mechanical and thermal properties and to image surface morphology of a 
polymer network as shown in Error! Reference source not found.. 
 

 
 



 
Scheme 5: Different characterization methods of polymer networks; Functional group analysis, sol-gel analysis, 

swelling ratio analysis, thermal analysis, thermomechanical analysis, and surface characterization. 

 
 
Functional group analysis  

Functional group analysis is one of the primary techniques used in the characterization of 
polymer networks, allowing for the determination of  the types and quantities of specific chemical 
bonds or groups that are integral to the polymer network. This analysis can provide information 
such as the degree of crosslinking, the nature of crosslinking, the localization of phase-separation 
of the polymer materials and even physical characteristic features such as phase transition 
temperatures.50–52  

As noted above, conventional techniques commonly employed in soluble systems, such as 
SEC and solution-based NMR, cannot be used to analyze polymer networks due to their 
insolubility after crosslinking. While some studies have demonstrated the potential use of solution 
NMR and SEC in characterizing polymer networks, this needs special equipment, or chemical 
processing (e.g.: crosslink degradation),  which complicates the characterization process.34,53 
Techniques such as  FTIR, Raman, solid-state NMR, and X-ray diffraction (XRD) are commonly 
used approaches for the functional group analysis.52,54,55 

 
56,575857,596061,62636056646456 Fourier transform infrared (FTIR) represents a non-invasive 
technique capable of characterizing the functional groups in materials without modifying the 
network structure. FTIR spectroscopy measured absorbance of infrared radiation (IR) across the 
IR spectrum. Absorption peaks in IR correspond to excitation of an IR active vibrational mode, 
which is typical for a particular functional group. If a bond within the polymer network possesses 
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a dipole moment, this approach easily identifies the specific functional group within the polymer 
chains or crosslinks. By placing the samples on the attenuated total reflection (ATR) cell, FTIR 
measurements can be quickly performed to acquire rapid acquisition signals from the pristine 
polymer network. Sample preparation in ATR FTIR is simple, and can be applied to glassy, 
elastomeric or even viscous samples, however only the closest few nanometers of the material are 
sampled by the simplest method, ATR FTIR. Further, since FTIR requires the vibrational mode to 
have a dipole moment associated, this technique can present challenges for low polarity functional 
groups. Error! Reference source not found. presents common functional groups and their 
distinctive absorption wavenumbers within an  IR spectrum.65 FTIR primarily serves as a 
qualitative method for identifying functional groups, as each group has distinct extinction 
coefficients, ensuring specificity in identification. However, some scientific studies have 
demonstrated that, FTIR can quantitatively assess the extent of crosslink formation with 
appropriate data analysis and calibration.66,67 
 

Raman spectroscopy is a complementary technique to FTIR for the determination of 
functional groups.68,69 While FTIR analysis gives limited information about nonpolar bonds, such 
as S-S bond in vulcanized rubber, Raman spectroscopy offers detailed insight into functional 
groups within the polymeric networks, particularly when there is a change in bond polarizability 
associated with the vibrational mode. Raman spectroscopy excites the molecule with laser light, 
and measured differences between the incident and emitted photon energies to identify vibrational 
energy levels and functional groups. Sample preparation is comparable to FTIR. Unique 
challenges with Raman arise if the network has strong fluorophores or chromophores that interact 
with the laser light, and could present their own signals.  
 
There are certain advantages and dissadvantages associated with both IR and Raman techniques. 
As mentioned earlier, the FTIR technique does not depend on the sample’s polarizability, unlike 
Raman spectroscopy, is highly dependent on the polarizability of the sample. FTIR offers lower 
spatial resolution in imaging applications, whereas Raman offers higher spatial resolution. Sample 
preparation is more straightforward for Raman compared to FTIR, with Raman needs requiring 
minimal or no preparation at all. The is because Raman utilizes a laser to target the sample and, 
information is collected through scattered lights. Instead, FTIR requires, careful attention to 
sample is needed for transmission IR, however, this can be avoided by using an ATR cell where 
the only concern is strong contact with the cell surface. FTIR spectra can experience interference 
from water absorption bands when using aqueous samples, while Raman is less affected by the 
water. However, both Raman and FTIR provide vibrational states associate with different 
functional groups offering rapid and, cost effective methods compared to other techniques. 



 
Scheme 6: a) Schematic diagram of a typical IR spectrum, b) schematic representation of regions 
where the major bonds normally absorb. 

An advantage of IR and related measurements is that they can be performed in real time. This can 
evaluate changes in network properties over time, for instance identifying monomer conversion as 
demonstrated by Anseth et al. in Error! Reference source not found..70 Using IR, the concentration of 
double bonds could be followed over time, and the cessation of polymerization/crosslinking of 
diethyleneglycol dimethacrylate occurs whenever the shutter is closed, confirming the 
photochemical process. 

 
Figure 1: Double bond conversion versus polymerization time for diethyleneglycol dimethacrylate photopolymerized 
with 110mW/cm2 of UV light and1.0 wt% Irgacure 651. Full cure ( solid line) and shutter closed after 3.9 and 9.4s 
(dashed line). (Reproduced from ref.70with permission from American Chemical Society, copyright 1995). 

Sol-Gel Analysis  
 

Polymer networks, despite being crosslinked with effectively infinite molecular weight, 
typically contain a fraction of the polymers that remain soluble and unconnected to the network. 
The presence of these chains can impact the properties of the polymer systems. This soluble 
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Figure 3. Double bond conversion versus polymerization time
for DEGDMA photopolymerized with 110 mW/cm2 of UV light
and 1.0 wt % Irgacure 651. Full cure (—) and shutter closed
after 3.9 and 9.4 s (--).

d[M«]
di -2¿t[M·]2

d[M]
df

= -Ap[M][M.]

(1)

(2)

where [M·] is the radical concentration, [M] is the
double bond concentration, kp is the propagation kinetic
constant, and k% is the termination kinetic constant. If
it is assumed that only small changes in the system
occur in the absence of initiation (i.e., that the dark
polymerization is followed for only a short period of time
in which a small, but measurable, change in conversion
occurs), then the kinetic constants and double bond
concentration will remain approximately constant. The
radical species balance may then be integrated and
simplified to find that the radical concentration as a
function of time is

uniform thickness of approximately 24 µ  between
polypropylene sheets. The films were subsequently
photopolymerized, while changes in the methacrylate
double bond absorbance peak at 1647 cm""1 were moni-
tored. Thin films were studied for several reasons.

First, the attenuation of light in the sample was

negligible at the polymerizing wavelengths, so the light
intensity was uniform throughout the sample. Second,
the initial high concentration of double bonds in the
multifunctional monomer required that the films were
thin so the infrared absorbance of the double bonds
remained in a regime that was quantifiable. Finally,
the polymerizations are highly exothermic which can
lead to temperature rises during the polymerization
which further complicates the kinetic analysis. To
reduce the magnitude of the temperature rise during
polymerization, the polypropylene sheets were mounted
on a KBr salt window which acted as a heat sink during
the polymerization. Polymerizations were conducted at
room temperature, and the system was kept nearly
isothermal (conservative estimates predict less than a
5 °C rise in temperature during polymerization).

In Figure 3, the double bond conversion as a function
of polymerization time is shown for DEGDMA photo-
polymerized with a light intensity of 110 mW/cm2 and
1 wt % Irgacure 651. Irgacure 651 (Ciba Geigy, Haw-
thorn, NY) is the photoinitiator 2,2-dimethoxy-2-phe-
nylacetophenone. The solid curve shows the polymer-
ization behavior during a full cure of DEGDMA. Several
features of the polymerization are apparent from the
general shape of the curve and include autoacceleration,
autodeceleration, and a limiting functional group con-
version (~74%). The dashed curves show the same

polymerization, but the shutter which exposes the
sample to the UV light was closed after 3.9 and 9.4 s.

Closing the shutter stops initiation, and the polymeri-
zation is monitored in the “dark”. In the absence of
further radical initiation, a rapid decline in the rate of
polymerization is observed along with much smaller and
slower changes in the double bond conversion. By
monitoring these changes that are occurring in the dark,
insight is gained into the reaction diffusion mechanism
of radical termination.

In the absence of initiation during polymerization (i.e.,
R¡ = 0), the analysis of the polymerization kinetics
simplifies to species balances on the radicals and double
bonds:

[M.] [M«]0

2At[M«]0í + 1
(3)

in which [ ·] is the radical concentration at time, t,
zero. Time zero may correspond to any point after
initiation stops, and it represents the point at which the
change in double bond concentration begins to be
monitored. The radical concentration is then substi-
tuted into the double bond species balance (eq 2), which
is integrated to obtain the change in monomer concen-
tration (where  [ ] « [M]o):

kJM]
 [ ] = [M] - [M]0 = ln(2¿t[M.]0í + 1) (4)

Equation 4 further simplifies by incorporating the
definition of the reaction diffusion parameter, R = kt/
fcp[M], and substituting the rate of polymerization at
time 0, Epo, which is equal to the product of & [ ][ ·] .
Equation 4 then reduces to an expression with only one

unknown, the reaction diffusion parameter, E:

 [ ] = ^1 (2   0 +1) (5)

The initial rate of polymerization, Epo, is determined
by differentiating the conversion as a function of time
at time zero after initiation has stopped. Then, the
reaction diffusion parameter can be determined from a

least-squares analysis on double bond conversion (i.e.,
double bond concentration) as a function of time during
the dark reaction.

Results and Discussion. The analysis is shown in
parts a and b of Figure 4 for DEGDMA polymerized with
10 mW/cm2 of UV light and 1 wt % Irgacure 651.
Initiation was stopped at 18% conversion of double
bonds, and the dark reaction was monitored for 500 s.
In Figure 4a, the entire 500 s of daa were used in the
least-squares analysis, andE was determined to be 15.2.
In comparison, Figure 4b shows the analysis for the first
50 s, and E was found to be 14.1. Thus, the value of E
appears to be independent of the length of time the
polymerization is monitored in the dark. Likewise, the
analysis may start at any point during the dark reac-
tion, but estimates of Epo are more accurate near the
instant the shutter is closed.

This analysis was applied to three different dimeth-
acrylate monomers: DEGDMA, poly(ethylene glycol
200) dimethacrylate (PEG200DMA), and poly(ethylene



polymer fraction is called the soluble or sol fraction. The insoluble, crosslinked network is referred 
to as the gel fraction. 

 To separate the soluble components from the network, solvents are employed to swell the 
polymer network, causing the soluble polymers to dissolve and disperse into the solvent. This 
process involves dilution, as illustrated in Error! Reference source not found.. This can be 
achieved using repeated swelling in solvent or using a Soxhlet extraction process.8 The sample 
preparation for sol-gel analysis is straightforward, as the polymer network (typically 10s to 100s 
of mg) will be placed in a large amount of solvent either by immersion or Soxhlet. However, care 
must be taken to not damage the swollen gel material which can be quite brittle. The extracted gel 
and sol fractions can be characterized separately, although the method will only fractionate soluble 
and insoluble components, and very high molecular weight soluble polymers can be taking long 
extraction times to fully separate from the network. At the most basic level weights of the sol and 
gel fraction can be determined, although other techniques such as solution NMR or SEC are 
possible for the sol. Further consistency in functionality between the sol and gel could be 
determined by FTIR or Raman spectroscopy. 

 
 

 
Scheme 7: Gel extraction process 

 
The gel fraction can be defined as follows: 
 Gel Fraction (%) = 100 ´ !"#$%&	()	*+#"*	$",

!"#$%&	()	&(&-,	.(,/0"+ 
1 

 
The corresponding sol fraction can be evaluated from the gel fraction, with  
 sol Fraction + gel fraction = 100% 2 

In many cases the sol fraction can impart unique properties to the overall material, such as 
facilitating energy dissipation.71–73  The presence of soluble polymer segments within the network 
allows for increased mobility and the ability to absorb and dissipate mechanical energy. However, 
it is important to consider that the sol fraction can also migrate or leach into the surrounding 
regions under specific conditions or environment. Additionally, the presence of the sol fraction 
can reduce the density of elastically effective network crosslinks. The soluble polymers within the 
sol fraction do not contribute to the load bearing network structure and essentially act as voids 

Polymer 
network Dialysis for several times

Sol

Gel



within the material. As a result, the density of interconnected crosslinks, which provide mechanical 
strength and rigidity, is decreased.74  
  Typically, sol-gel analysis can be used to assess the unreacted fraction of monomers in 
crosslinked polymer materials.75,76 However, as illustrated in Error! Reference source not 
found., it can also be employed to monitor the in-situ progression of the curing process in 
crosslinked polymers (E.g.: Poly urethane(PU)).50 Initially, during gel  formation,  no gel is 
fraction is observed. Following an induction period (largely dependent on the types and ratios of 
isocyanate and polyol) gel formation initiates, and the gel fraction increases rapidly as the curing 
process advances before eventually leveling off. In the absence of sophisticated instruments for 
monitoring the curing process,  sol-gel fraction  analysis provides a straightforward and effective 
method to determine the progress of curing process.  
 

 
Figure 2: Dependence of gel fraction on the curing time of PU at room temperature. (Reproduced from ref.77 

 with permission from Elsevier, copyright 2000).  

 

Swelling Ratio Analysis  
 

One of the key features of most polymer networks is their ability to swell rather than 
dissolve in a solvent. The swelling behavior is a result of the network structure and the interactions 
between the polymer chains and the solvent molecules.78 However, the swelling ratio can be used 
to evaluate various properties such as density of crosslinks as will be discussed later. Error! 
Reference source not found. depicted the steps involved in evaluating the swelling ratio. A solvent 
is introduced to a polymer network, leading to the infiltration of solvent molecules into the network 
structure. As a consequence, the size of the polymer network increases. Typically, excessively 
crosslinked polymers tend to absorb less solvent, providing insights into the internal structure of 
the polymer.79 Two common approaches for determining swelling ratio are gravimetry and optical 
analysis.80 A higher swelling ratio means the network’s mass and volume will increase more upon 
full exposure to the solvent at equilibrium swelling. Sample preparation for swelling analysis is 
simple, and requires the material be measurable by weight or volume (typically 10s of mg of 



network is sufficient), and it is fully immersed in the solvent to be studied. Mass or dimension is 
measured in the dry state, and the swollen state.  The dry weight is usually measured before the 
swelling test. Following the chemical synthesis of the material, there may be some unreacted 
monomers and crosslinkers remaining within the sample matrix. Initially, these unreacted 
compounds should be removed from the matrix by washing the materials with a suitable solvent 
and drying them thoroughly until the sample weight remains constant over time. Samples that are 
already fully dried  and free of unreacted compounds are utilized to determine the dry weight of 
the materials. 

 
By comparing swelling ratios of related networks, uniformity can be determined, since 

more uniform networks tend to swell better. Additionally, crosslink density can be evaluated since 
higher crosslink densities reduce chain flexibility and restrict swelling. Care must be taken not to 
damage the often-brittle swollen networks during measurement. Additionally, if measuring by 
weight, samples with the excess solvent removed should be rapidly measured after swelling to 
minimize evaporation. 

 
  

 

 
 
Scheme 8: Swelling Process: a). take the dry weight/volume of the material, b). swell the material in an appropriate 
solvent for a given time (t ), c). take the wet weight/volume of the swollen material, d). calculate the swelling ratio 

using the equations 3 and 4, and plot the SRs against the time to study the material’s swelling kinetic profile. 

In the context of swelling, the choice of the solvent used in the experiment is crucial.   Different 
polymers have solvents that are compatible with them. For instance, hydrogels can be swollen 
using water. Alternatively, testing swelling against a library of solvents can identify solvents that 
the material is likely to be compatible against and those that will at the very least affect the material 
properties.81 

 
Swelling ratio (SR) can be defined either by mass or volume using equation  Error! Reference 
source not found. and Error! Reference source not found.  respectively:82 
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Where, !t   and "t are the weight and the volume of swollen polymer while !i and  "i are the 
weight and the volume of the initial polymer (dry polymer). In these cases, a network that doesn’t 
swell will have a swelling ratio of 0. 
It is important to note that swelling ratios can be defined such that no swelling leads to either a 
swelling ratio of 0 or 1. This does not change the equations above substantively, other than to 
add/subtract the initial weight/volume in the numerator. However, it is important that the method 
of defining swelling ratio is clearly stated. 
An elegant application of swelling ratio is an indirect measure of network homogeneity. More 
homogeneous network are able to reach higher swelling ratios.83 For instance Matyjaszewski et al. 
found that atom transfer radical polymerization (ATRP) gave more uniform polymer chains and 
as a result more uniform networks than conventional free radical polymerization (FRP).84 This led 
to higher swelling ratios as seen in Error! Reference source not found., even after the lower 
critical solution temperature (LCST) induces deswelling. Interestingly the authors found a 
significant inhibition of deswelling due to a skin like effect on the network surface. Similar 
examples of higher swelling and more uniform networks have been reported in the literature.34,85 
 

 
Figure 3: (Left) Swelling ratio over time for 2-(2-methoxyethoxy)ethyl methacrylate networks above the LCST for 
both ATRP and FRP networks. Right shows skin like effects on the periphery of the network. (Reproduced from ref.84 
with permission from American Chemical Society, copyright 2010).  

 

 

Mechanical Analysis  
 
There are numerous modes of mechanical characterization, and the selection depends to a large 
extent on the state of the material. Most common are tension, where the material is extended, 
typically along one axis, compression where the materials is compressed along an axis, and shear 
which can either be simple, (two plates moving against each other) or rotational between parallel 
plates. These modes of mechanical deformation are given in Error! Reference source not found. 
below, as well as the forces and characteristic displacements. In all cases mechanical analysis 
measures how the polymeric material responds mechanically to applied deformation. The principal 
measurements are displacement and force or torque. These raw measurements of displacement and 
force are converted to three core concepts of: stress; strain; and modulus. Stress (s) is the applied 
force, normalized by the sample’s cross-sectional area. In most cases engineering stress is reported, 
where the cross-sectional area in the denominator is the initial cross-sectional area and unchanged 
throughout the analysis. Strain (e) is the deformation, normalized by the initial sample’s size, 
although in some cases stretch ratio (l) is reported, where l = e + 1. Stress and strain are 



independent of the sample size and can be compared between labs or experimental series. 
However, in most cases the overall force and displacement are measured, negating effects of 
microstructures or inhomogeneity in many cases. Often to obtain detailed information of materials 
properties, mechanical measurements should be repeated at a range of temperatures, since 
properties and phase transitions can induce major changes in mechanical properties. 
 
  

 
Scheme 9:Typical modes of mechanical deformation and testing including tension, compression simple shear and 
rotational shear. Green arrow shows the direction of the force (F) or torque (T) applied to deform the material, blue 
highlights the pertinent dimensional parameter. A refers to cross sectional area, r refers to radius, H0 refers to initial 
height. Displacements are given as either DH in tension or compression, Dx in simple shear or q in rotational shear. 

Typical stress and strain in each mode is given in Error! Reference source not found.. 
Depending on the mode of testing sample preparation and geometry should be considered. For 
tensile testing rectangular or dogbone shaped materials should be used.86 If only small strain is 
applied, and the material is not tested to failure, either shape can be used, although high strain 
materials taken to failure perform better with dogbone shapes that have a higher cross-section  in 
the grips, which limits failure from cracks that propagate from the grips. For compression tests, 
cylindrical samples are preferred, and to ensure there is sufficient compressive travel, the height 
of the cylinder (H0) should exceed its diameter. Simple shear would typically use rectangular 
samples, which are typically thin compared to the sample dimensions A1/2, since this type of testing 
is common in adhesive lap shear tests where a thin adhesive is applied to join 2 surfaces.87 Finally, 
rotational shear that is commonly used in parallel plate rheology uses thin circular discs. Care 
should be taken either to match the radius of the smaller plate, or if the sample is smaller than both 
plates, that it conforms to a disc of known radius. In general, for parallel plate rheology the radius 
will be greater than the gap between the plates (H0). 
 
Table 1: Stress and strain for each mode of mechanical deformation. a Note only for relatively small deformation 
(Dx or q). b Modulus estimated based on ratio of stress to strain and is valid to small deformation or linearity of 
stress strain curve. 
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The modulus of the material is the slope of the stress-strain curve, giving a measure of the 

material’s resistance to deformation. In general, compression and tensile testing yield the Young’s 
modulus of a material, often labeled E or Y, while shear testing yields the shear modulus, typically 
denoted G. The relationship between shear and Young’s modulus is given by,92 
 
 E = 2 (1+n) G 

 

5 

where n is the Poisson ratio, and is 0.5 for incompressible materials, typical for elastomers and 
polymer networks in the rubbery state. 
 

Especially at small strains the modulus of the material can be estimated as the ratio of stress 
to strain as if given in Error! Reference source not found.. The modulus is an intrinsic property 
of the material, and does not depend on the extent of deformation, at least not to within small 
deformations. Networks with a high modulus are substantially harder to deform and require larger 
stresses to achieve even modest deformation as demonstrated in Error! Reference source not 
found.. In simple mechanical tests, such as tensile, compression or lap/simple shear testing, a 
polymer network is strained at a constant rate until failure. This allows calculation of stress, strain 
and as a result peak stress, strain at break and modulus. Examples of stress-strain curves are given 
in Error! Reference source not found., showing strength as peak of stress-strain curve, failure 
where material breaks and examples of modulus. Additionally, phenomena such as plastic 
deformation and strain hardening are shown. Plastic deformation is typically seen by a plateau or 
substantial reduction of the modulus after a given applied strain, and it is typically associated with 
some form of non-reversible stress-strain properties or energy dissipation.93,94 Strain hardening on 
the other hand leads to the reverse phenomenon, where the stress increases rapidly with applied 
strain, and it is associated with strain. This often occurs when networks are deformed to the point 
where there the bonds are close to extended due to the deformation. Strain hardening effects can 
be effectively captured by models such as those highlighted by Sheiko and coworkers.95 

 

 



Scheme 10: a) Schematic stress-strain curves, showing strength as the peak of the stress-strain curve and modulus as 
slope of stress-strain curve b) Examples of non-linear stress-strain behavior of plastic deformation and strain 
hardening/stiffening. Plastic deformation leads to a plateau in stress strain properties typically after a yield point, 
where linearity in the stress strain curve breaks down. Strain hardening manifests a rapid rise of stress with applied 
strain. 

The preferred analysis mode depends on the materials physical state. Rigid polymer 
networks, with high amounts of crystallinity or a high glass transition temperature (substantially 
above room temperature) can be characterized by tensile test to failure or dynamic mechanical 
analysis (DMA).96 Softer elastomeric materials can be characterized by tensile analysis, 
compression analysis, DMA or shear rheological analysis. Very soft elastomers and hydrogels are 
not well-suited to tensile analysis, since they can break upon mounting the specimen and instead 
compression analysis is common, along with shear rheology. 
Stress-strain analysis is critical for the applications of the material, since the failure strain, strength 
and modulus for each application are unique. A powerful example of this is from the work of 
Sheiko et al. who found that by careful choice of polymer architecture, they could match the 
mechanical properties of a diverse range of biological tissues, as indicated in Error! Reference 
source not found.. The key feature of these networks is their bottlebrush characteristic, where the 
polymer backbone has shorter but nontrivial chains emerging from it, extending the backbone.97 
 

 
Figure 4: a) PDMS bottlebrushes, combs and plastomers with the mechanical properties of biological materials. This 
graph shows these properties (circles, bottlebrushes with ng < 2; triangles, combs with ng > 2; squares, ABA 
copolymers (plastomers)), along with the properties of brain, arteries, lungs, eye lens and jellyfish. The λmax boundaries 



correspond to the elongations-at-break of conventional linear-chain networks (λe,lin ≈ 5) and comb-like networks  that 
result from entanglements of the network strands. The E boundaries correspond to the entanglement plateau moduli 
of linear chain (Ee,lin) and comb-like chain melts. The diagonal boundaries are provided by inverse E and λmax 
relationships of linear and comb-like networks. The lower boundary of the blue parallelogram,  Pa, corresponds to 
bottlebrush networks with long side chains of about 100 units. b, Stress–strain data (squares) for alginate gel, jellyfish 
tissue and poly(acrylamide-co-urethane) gel, together with fitting analysis of the data (dashed red lines), and curves 
for PDMS bottlebrush and combs synthesized via fitting analysis with the indicated architectural [nsc, ng, nx] triplets 
(blue lines). c, Stress–strain data (squares) for iliac artery, muscle and dog lung tissue, together with fitting results 
obtained (dashed red lines), and stress–strain curves from PMMA–PDMS–PMMA mimics (solid blue lines) with 
different degrees-of-polymerization of the PDMS bottlebrush backbone (nbb) and PMMA linear chains (N) as 
indicated by [nbb, N]. Each experimental curve in b, c represents the average of at least three measurements with a 
relative standard deviation of less than 5%. (Reproduced from ref.77 with permission from Springer Nature, copyright 
2017).  

 
Idealized elastic and viscous stress responses to an applied strain that is eventually removed 

are given in Error! Reference source not found.a. The ideal elastic material perfectly stores the 
energy and maintains stress while being strained, while the ideal viscous material dissipates the 
energy as the strain is being applied or removed with no stress during constant strain periods. Most 
polymer materials are to some extent viscoelastic, having both viscous and elastic characteristics. 
This viscoelasticity implies the polymer networks have both the ability to store (elastic) but also 
dissipate (viscous) energy, and the relative contribution of the viscous and elastic responses 
depends on the timescale of the experiment. A schematic of viscoelasticity is given below in 
Error! Reference source not found.b inspired by Ref 98, as a ball being dropped. The amount the 
ball is able to return after bouncing corresponds to the storage and the amount of height not 
recovered corresponds to the loss. A core feature of viscoelastic materials is the presence of a 
characteristic or relaxation time, typically denoted t.99 t corresponds to the timescale at which 
applied stresses relax in the network through chain or segmental mobility or as is typical for 
dynamic networks, bond exchange. In permanently crosslinked polymer networks, this is most 
easily calculated through stress relaxation experiments shown in Error! Reference source not 
found.c. In stress relaxation experiments the sample is placed under a constant strain, and the 
decrease in stress is measured over time. In general, for viscoelastic crosslinked networks it is 
simplest to measure relaxation time, t, through stress relaxation experiments, where the decay in 
stress can be fit to exponential decay.100 Systems with complex relaxation processes can be 
described with either a stretched exponential model,100 or a multiexponential decay with multiple 
relaxation times also known as a Prony series.101,102 A closely related experiment is creep, where 
a constant stress is applied to the material, and the strain is measured over time. Often the stress is 
eventually removed to measure recovery This is demonstrated in Error! Reference source not 
found.d.  More complex models and data analysis are needed for analysis of creep data, although 
creep experiments can be important for evaluating stability and ability to withstand permanent 
deformation. 

 



 
Scheme 11: a) Schematic of stress response to strain applied to a perfectly elastic (blue) and perfectly viscous (red) 
material, b) Conceptual demonstration of viscoelasticity in the context of a ball dropped (image inspired by slide 15 
from Ref 98), c) Schematic response of a viscoelastic material to applied strain in a stress relaxation experiment. d) 
Schematic response of a viscoelastic material to a transiently applied stress in a creep experiment. 

 
In contrast to simple constant or near constant strain rate experiments such as tensile or 

compression tests often taken to high strain or failure, dynamic mechanical analysis or oscillatory 
shear rheology applies a small deformation (typically < 5% strain) to the material. DMA and small 
amplitude oscillatory rheology (SAOR) measure the mechanical response of the material to the 
applied deformation. Using small deformation in DMA and SAOR ensures that the material is in 
the “linear viscoelastic regime”, where stress is proportional to strain. At larger deformations, 
stress can be highly non-linear with regards to strain, leading to complex behaviors such as strain 
stiffening and plastic deformation, and eventually rupture (Error! Reference source not 
found.).97 Therefore, for meaningful DMA and SAOR analysis it is essential to perform a strain 
sweep experiment, where the modulus is measures at different applied strain values. Higher 
applied strain increases sensitivity and signal to noise, due to a larger measured force or torque, 
although it runs the risk of exiting the linear viscoelastic regime. Therefore, strain sweeps should 
be performed up to at least ~10% strain to ensure that measurements are within in the “linear 
viscoelastic regime”, and these measurements are relatively fast and do not take substantial 
instrument time. 

When performing DMA or SAOR experiments a sinusoidal small amplitude strain is 
applied to the material. In DMA or SAOR the in-phase component is consistent with elastic 
responses, while the out of phase responses are consistent with viscous responses. This in phase 



or out of phase response derives from the sinusoidal application of strain in these methods. As 
highlighted in Error! Reference source not found.a, elastic stress responses follow the strain, or 
are in phase, while viscous responses respond to changes in strain, which corresponds to being 90° 
out of phase with a sinusoidal strain. In practice, viscoelastic materials have both viscous and 
elastic properties leading to a phase difference, d, between 0° and 90°.  The phase difference, d, 
between measured s and applied strain e is denoted d, with tangent of d called the dampening 
factor. 

 The viscoelastic responses are typically reported as complex moduli, with E’/G’ being the 
elastic or storage modulus, and E”/G” being the viscous or loss modulus. E refers to the Youngs 
modulus, commonly measured in tensile mode for instance, and G is the shear modulus measured 
in shear mode, as shown in Error! Reference source not found.. The tangent of the phase 
difference, d, can be related to the storage and loss moduli as follows: 

 
 tan d = 

$”
$’ =	

'”
'’ 

 

6 

 

These can be studied at a constant frequency as a function of temperature (temperature 
sweep), to identify key thermal transitions, or at a constant temperature as a function of frequency 
(frequency sweep) to identify how the material may behave under different types/timescales of 
mechanical challenges. It is also possible to observed changes in materials properties over time by 
monitoring evolution of these moduli (time sweep). Additional characterization of polymer 
network mechanical properties can be performed using atomic force microscopy (AFM) as 
discussed in the section on Morphological Characterization. 

 

 
Scheme 12: Schematic of tensile DMA and SAOR, including s response to sinusoidally applied e, and the complex 
moduli E*/G* and the storage (E’/G’) and loss (E”/G”) moduli. Note that sT,0, eT,0, sR,0, and eR,0 are given in Error! 
Reference source not found.. 

Using DMA or SAOR can give information on the underlying polymer dynamics beyond the 
moduli obtained from standard stress-strain analysis. For instance, network dissipation and storage 
ability can be tuned by choice of linker. For instance, Ahmadi et al. showed that the in bipyridine 
based coordination bound networks the choice of the metal dramatically impacted the gel 
properties. Using the more strongly binding Fe gave gel like properties at essentially all studied 
frequencies, while the less strongly binding Co gave gels at high frequencies but allowed exchange 
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and liquid like properties below a crossover frequency. This is seen in Error! Reference source 
not found..103 
 

 
Figure 5: Dynamic storage (filled symbol) and loss (open symbols) moduli of transient networks formed by different 
combinations of metal ions, as shown in the legend at 25 °C for tetraEPh20k30Fe3. (Adapted from ref.104 with 
permission from American Chemical Society, copyright 2022).  
 
 
Molar Mass between Crosslinks  
 
The molar mass of polymer between crosslinks is a fundamental aspect of networks that defines 
the network structure of a crosslinked polymer.105 It denotes the average molar mass of the polymer 
fragments between two crosslinked chains and impacts the swelling behavior and mechanical 
properties of the material.105 Polymers are not perfectly crosslinked as there can be a few 
irregularities and inconsistencies in the network.37,106,107 A typical example of the anticipated 
inconsistencies is the presence of dangling loops, which hang loosely on the main polymer 
chain.107 They are a part of the network but have no significant effect on the elasticity of the 
materials. The presence of dangling loops in a network increases the molar mass between 
elastically effective crosslinks, compared to the value based on stoichiometry. This results in softer 
materials than anticipated based on reaction conditions.107 
Although a crosslink cannot be chemically measured using the methods described below, detailed 
and sophisticated analysis is required, which is beyond the scope of this article. To a first 
approximation, the molar mass between crosslinks can be calculated using shear or Young's 
modulus.108 Here the experimental set up is identical to standard shear testing or dynamic 
mechanical analysis. However, this analysis requires the material be in the elastomeric regime, or 
above Tg. Additional discussion of glassy vs elastomeric regime is given in the section on thermal 
analysis. The elastomeric regime having flexible materials with a modulus in the order of 1 MPa, 
with the material behaving as a rheological solid, i.e. E”/G” < E’/G’, or equivalently tand < 1. The 
key concept is that each crosslink functions as a small spring, making network deformation more 
difficult and resulting in a higher modulus. With more crosslinkers, or molecular scale springs, the 
material has a higher modulus, or is more difficult to deform. The shear modulus (G) of an ideal 



crosslinked elastomer can be related to molar mass of crosslink by the equation Error! Reference 
source not found.;109  
 %( =
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where: G is the shear modulus, r is the density of the material, R is the universal gas constant, and 
T is the temperature. Young's modulus (E) can also be connected to molar mass between crosslink 
using the equation below. It is usually approximated as three times the shear modulus (E = 3G), 
with assumption of a Poisson's ratio close to 0.5 for elastomeric materials above their Tg.  
 %( = 3&'(+  
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Swelling experiments, in addition to mechanical tests, can be used to determine the molar mass 
between crosslinks. Again, the swelling ratio experiments to calculate Mc can be set up the same 
way as for a typical swelling experiment, with essentially the same measurements. The degree of 
swelling in a crosslinked network depends on the interaction between the polymer and the solvent 
as well as the crosslinking density. The core concept here is that highly crosslinked networks have 
a relatively low molecular weight between crosslinks, which restricts swelling in solution. The 
Flory-Huggins interaction parameter (χ)  and molar mass between crosslink are connected to the 
equilibrium degree of swelling using Flory and Rehner's theory.110 
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where: r is the mass density of the polymer, "- is the molar volume of the solvent, f is the volume 

fraction of polymer in the equilibrium swollen state (given by f = 1/(SRv –1) from eqn Error! 
Reference source not found.) c is the Flory-Huggins interaction parameter, and f is the 
functionality of the crosslinker (See earlier Synthesis Article) and is determined from the structure 
of the crosslinker.14 As highlighted in the above discussion of swelling ratio, f can be evaluated 

from experimental swelling ratios, r can be determined from gravimetric analysis of the polymer. 

For many polymer-solvent pairs, the c and Vs parameters can be found in the literature, and 

wherever possible solvents for swelling the network should be chosen to have a known c for the 

given polymer.111 Often crosslinks impact on c are minor at low to moderate crosslink density, 
especially when the crosslinker has a similar structure to the monomer.  
Although facile, it is important to note that both the modulus and swelling based relationships for 
molar mass between crosslinks are based on ideal conditions and provide an estimate of the 
effective distance between crosslinks. Deviation is expected from ideal input ratios due to factors 
such as chain entanglements, dangling ends incomplete crosslinking and loop formation.105,110 In 
particular, the formation of loops and non-infinite primary chain lengths will cause a significant 
discrepancy between the measured molecular weight between crosslinks evaluated by swelling or 
DMA and the molecular weight between crosslinks based on monomer feed. In general, the 



measured molecular weight between crosslinks will be higher than that predicted from reaction 
stoichiometry due to loops and dangling ends. 
As an example, from the literature, dynamic or exchangeable crosslinks were used to correct for 
network defects caused by elastically ineffective loops. 112 When analyzing poly(hydroxyethyl 
acrylate) networks crosslinked with a dynamic thiol-Michael linker heating the network allowed 
bond exchange to occur converting loops to crosslinks.112 This increased modulus and decreased 
swelling, consistent with a higher molar mass between crosslinks as seen in Error! Reference 
source not found.. 
 

 
Figure 6: a) Dynamic mechanical analysis showin the increase in modulus upon heating the dynamically 
crosslinked polymers b) Reduction of the swelling ratio for the same materials as well as interpenetrated networks. 
(Reproduced from ref 112 with permission from Royal Society of Chemistry, copyright 2021).  

 

Thermal Analysis  

Thermal analysis of polymers consists of a set of polymer characterization techniques that provide 
information on changes in material properties in response to changes in temperature. A wide range 
of disciplines including chemical manufacturing, pharmaceuticals, food science, materials science, 
cosmetics, and polymer sciences use thermal analysis. Thermal analysis is used in both industry 
and academia to understand material properties and thermal transitions that determine a material’s 
suitability for intended applications. Thermal analysis can provide several key temperatures 
including, the glass transition temperature (Tg), melt temperature (Tm), and decomposition 

for 1 h, followed by a 2 h period of no applied stress to allow
recovery. Fig. S6† shows the behavior of the materials under a
stress of 10 kPa. Higher effective cross-linking density and

more entanglements of IPN make it more resistant to creep
than the SN in the cold, or as synthesized material. However,
after both materials were heated for 24 h at 90 °C both
materials behave as similar networks, although the IPN is still
somewhat more creep resistant. This agrees with the general
findings of the temperature sweep and frequency sweep data.
Reducing elastically ineffective loops and increasing the
effective crosslink densities in both materials upon heating
leads to better creep resistance. Importantly, all materials
show almost 100% creep recovery within 2 h due to the essen-
tially static nature of the thiol-maleimide adducts at ambient
temperatures.

The dynamic nature of the materials were investigated by
conducting self-healing experiments. In this experiment,
recovery properties of cut samples in both SN and IPN were
measured as a function of temperature by activating thiol-
Michael linkages at 90 °C, after the two ends were pressed
together.54 As shown in the Fig. 4a IPN shows higher stress
at each self-healing time point compared to SN in Fig. 4b.
However, both materials act as similar materials by showing
similar stress–strain curves after 16 h of heating at 90 °C.
At this temperature, dynamic Thiol-Michael crosslinker
allows the transition of IPNs into SN resulting similar
polymer architecture in both SN and IPN. The reason for
this is the thiol-Michael linkages can activate and switch
with other reacting groups within the network creating a
similar network as SN. This results similar self-healing
stress–strain curves for both SN and IPN. Differences remain
between the stress strain and other mechanical character-
istics of the materials, most likely due to a different back-
bone in the second network of the IPN compared to the
primary chains of the SN and the IPN’s first network. This
difference in backbone of the first and second network of
the IPN is could be due to the viscosity imparted by the first
network, and the lower temperature of the second network
synthesis.

Fig. 2 (a) Frequency sweep results for cold SN and 24 h heated SN. Storage (E’) and loss modulus (E’’) of materials were shown. Samples heated at
90 °C for 24 h denoted as ‘24 h heated’ and unheated samples were denoted as ‘cold’ (b) Comparison of frequency sweep results for cold IPN and
24 h heated IPN.

Fig. 3 Stress–strain curves for SN and IPN. Samples heated at 90 °C for
24 h are denoted as ‘24 h heated’ and unheated samples named as ‘cold’
samples.

Table 1 Properties of materials, stress at break (σpeak), strain at break
(εbreak), glass transition temperature (Tg), Young’s modulus and average
molecular weight between cross-links (Mc)

σpeak
(kPa)

εbreak
(mm mm−1)

Tg
(°C)

Young’s
modulus
(kPa)

Mc
(kg mol−1)

IPN Cold 150 ± 30 4.7 ± 0.7 3 31 ± 5 65
24 h heated 271 ± 7 3.9 ± 0.4 3 90 ± 10 49

SN Cold 95 ± 7 5 ± 1 6 17 ± 3 153
24 h heated 230 ± 20 6.5 ± 0.5 9 40 ± 3 39
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DSC studies shows closer Tg values for both SN and IPN
(Fig. S1†). This is consistent with the heating cycle transform-
ing both networks into materials with similar thermal pro-
perties and similar backbone mobility (Table 1). Overall, these
results indicate that dynamic bonds in polymer networks can
both enhance a material’s effective crosslink density, correct
defects and allow macromolecular metamorphosis of one type
of network into another.

Swelling ratios were calculated in order to find the network
structure (Fig. 5). As is consistent with the mechanical charac-
terization, the as prepared IPN (cold) materials have a lower
swelling ratio than the SN, indicative of a tighter network and
consistent with a lower molecular weight between crosslinks.
The swelling ratio experiments show that heated samples have
lower swelling ratios compared to the unheated samples. This
is possibly due to the more crosslinking density and more
compact structure in heated samples. In addition, heating
created a significant difference of swelling ratios between SN
cold and heated networks with compare to the IPN. This sup-
ports our hypothesis of loop reduction of SN by heating, and

increasing effective crosslink density, with the difference being
most significant for the SN materials after heating.

Conclusions
In conclusion, IPN materials shows better thermal and
mechanical properties such as tensile strength, creep and
creep recovery, and modulus compare to SN. However, apply-
ing thermal stimulus to thiol-maleimide crosslinked materials,
allowed materials to transform its network architecture result-
ing similar enhanced properties compare to the cold samples.
In the case of the single network, activating the thiol-Michael
bonds can reduce the number of defects of the network such
as floppy loops. In the case of interpenetrated materials, the
dynamic exchange of thiol-maleimide bonds can shift a kineti-
cally trapped interwoven structure towards a more uniformly
linked network. In addition to allowing changes in the
network structure, both materials displayed dynamic pro-
perties such as self-healing due to the incorporation of the
thiol-maleimide bonds. The ability to change the underlying
architecture and potentially correct kinetically trapped defects
in the synthesized materials are exciting possibilities enabled
by dynamic bonding in polymer materials, enabling robust
and tough materials to be created, even from materials with
different and event defect containing polymers.
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Fig. 4 Stress–strain curves for the self-healing experiment. Unheated
samples were denoted as ‘cold’ (a) Self-healing results of heated and
unheated IPN materials. (b) Self-healing results of heated and unheated
SN materials.

Fig. 5 The swelling ratios of cold and heated networks were calculated
after immersion in water.
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temperature (Td). Tg correspond to the temperature where the material changes from a “vitrified” 
or “immobilized” liquid where chain mobility is very low, viscosity is high, and the material is 
glassy below Tg, to a softer, rubbery or flowing polymer above it. Tg coincides with polymer 
backbone mobility. Tg is ubiquitous among polymers. Tm corresponds to the temperature at which 
packed polymer crystal domains dissociate and form an overall amorphous polymer above Tm. Tm 
only applies to polymers with semicrystalline properties, having crystalline domains in the 
material. Td corresponds to the temperature at which the material decomposes, or more commonly 
the onset of degradation. For all practical materials applications the material should be used well 
below Td. 

Differential scanning calorimetry (DSC) measures the heat flow Q into or out of a material as a 
function of temperature or time. This is achieved using two pans, where one is blank and the other 
contains several milligrams of sample, which should be in good contact with the pan surface. It is 
important that thermal history of the sample be erased in DSC analysis by heating significantly 
above any glass or melt transitions. Another advantage of using an initial heating cycle is that 
traces of residual solvent can be removed, if the sample pan is not hermetically sealed, since this 
can plasticize the material and shift transition temperatures. This initial heating cycle can be 
embedded into the run sequence by performing multiple heat/cool cycles that span any transition 
of interest and rejecting the first heating cycle.  For DSC analysis, a sample material is heated, 
cooled, or kept at a constant temperature to determine energy released or absorbed by material. 
Phase transitions and thermodynamic parameters such as heats of fusion or specific heat capacity 
can be measured by this technique. Tg can be obtained from DSC as well as in techniques such as 
DMA. In DSC the material will show a change in heat capacity across the Tg, typically seen as a 
step, with higher heat capacity above the Tg due to backbone mobility. Other parameters obtained 
from DSC include melting Tm for transitions from crystalline domains to amorphous states, the 
related crystallization temperature (Tc). These melt and crystallization phase transitions occur with 
defined peaks in the heat flow vs temperature data from DSC as the crystalline domains melt (Tm) 
or crystalize (Tc), similar to the way that solids melt to liquids and vice versa. Since DSC measures 
heat flow, the data can be converted to thee enthalpy (DH) associated with a melt or crystallization 
transition, specific heat capacity (Cp) my evaluating the change in heat flow with temperature and 
degree of cure by calculating the total heat flow compared to the theoretical enthalpy of 
polymerization (Error! Reference source not found.a).113 

Due to the relatively simple set up DSC can easily be used to evaluate changes in network structure 
and degradation over time. As an example, Chen et al. studied changes in epoxy networks over 
time using DSC.114 Maintaining a constant temperature of 193 °C led to degradation of the polymer 
network, as evidenced by a reduction in the Tg over time in most systems shown in Error! 
Reference source not found., especially with materials with higher a-Terp content.114 



 

Figure 7: Glass transition temperatures of the samples used in swelling tests as a function of their rework times. The 
greater the amount of α-Terp in the material, the lower the Tg. (Reproduced from ref  with permission from114  Elsevier, 
copyright 2004).  

 Thermogravimetric analysis (TGA) measures the mass of a material as a function of 
temperature (Error! Reference source not found.b). In TGA the sample is heated at a constant 
heating rate, held at a constant temperature for isothermal measurements, or subjected to a non-
linear temperature programming for sample controlled TGA (also called SCTA). In TGA, typically 
several mgs of sample are subjected to a temperature ramp. However, temperature ramp TGA is 
by far the most common use of TGA and identifies Td. This is typically determined by analyzing 
the derivative of the weight change with respect to the increase of temperature. Td represents the 
temperature at which the maximum degradation rate is observed during the process. This 
degradation temperature gives the maximum useable temperate of a material is obtained from 
TGA, and provides temperature limits for other analytical methods.115 Other applications of TGA 
include determination of oxidative stability, composition of materials, decomposition kinetics, 
moisture and volatile content, and estimated lifetime of a material.116 However, if the network or 
material has absorbed any moisture from the atmosphere, or has any residual solvent, this can show 
up as mass loss near the boiling point of that solvent (high volatiles in Error! Reference source 
not found.b). Further, due to polymer degradation (main chain scission, side group scission, 
elimination and depolymerization), low volatile compounds will evolve as the polymer losses its 



total mass. Finally, when the polymer is heated above its ignition temperature, combustion 
components (E.g.: Carbon black) will be generated as it burns. For further characterization, TGA 
can be coupled with FTIR or mass spectrometry (MS) to identify the volatile compounds that 
evolve as a result of the thermal decomposition of polymers.116 

Thermomechanical analysis (TMA) measures the deformation or changes in dimensions of a 
material as a function of temperature, time, and force.117 The main parameter obtained from a 
TMA experiment is the coefficient of thermal expansion (CTE). The specimen of the network if 
placed under an essentially zero force, and the material is subjected to a temperature ramp. As the 
material undergoes thermal expansion, the size and hence position of the probe needed to maintain 
the zero force increases, thereby giving the CTE. Additionally, as the material crosses the Tg, the 
CTE changes as new molecular motions are enabled above the Tg. Thus, the temperature where 
the interaction of the low and high slope CTE lines occurs is the Tg. Other parameters such as Tg 
and indentation softening temperature can also be obtained from TMA measurements.118  

DMA is instrumental in determining moduli E’, E”, and tand of materials as a function of 
temperature.119 DMA combines the mechanical analysis highlighted in the above section, with 
temperature ramps. Therefore, sample preparation should follow those typical of mechanical 
analysis, except the temperature is controlled and typically gradually increased. DMA is most 
commonly performed in rotational shear or tension for polymer networks. Network properties that 
can be identified by DMA include Tg and if applicable a temperature at which the material flows, 
although the latter is rare for covalently crosslinked networks, except dynamically crosslinked 
networks.120   As a network is heated is transitions from a glassy state with a very high modulus in 
the order of GPa to an rubbery material with substantially lower modulus on the order of MPa. 
This substantial drop in modulus occurs through the mobility of the backbone, and it typically 
gives a peak in tan d near the center of this transition. The peak in tand is used to give the Tg by 
DMA, or equivalently SAOR. It is important to note that in many elastomeric networks near Tg, 
tand > 1, however the glassy and rubbery state behave as viscoelastic solids, where tand < 1 both 
above and below Tg. A flow state occurs when tand > 1 above a certain temperature, or equivalently 
the viscous modulus E” exceeds the storage modulus E’ above a certain temperature. This is 
indicative of the network losing integrity through loss or dissociation of crosslinks in a network, 
leading to a viscous polymer melt like state.  Regardless of the technique employed, thermal 
analysis of polymeric materials is an important concept to understand when navigating the physical 
characterization of materials. When performing DMA, it is essential to consider the materials state 
above and below certain transitions to avoid breaking the sample due to high strains in any glassy 
states or slippage from the grips/plates, which would lead to poor quality data. 

            



 
 
Scheme 13: a) typical DSC curve with the specific regions; glass transition, melting, crystallization, and 
degradation. b) typical TGA curve for a polymeric material showing loss of a volatile compound, and degradation. 
c) Typical DMA or SAOR profile for a typical permanently crosslinked network in blue and a dissociating network 
in orange highlighting Tg and dissociation of the orange network. d) Typical TMA position profile used to identify 
Tg. 

One elegant feature of DMA And SAOR temperature sweeps is that the large change in modulus 
across the glass transition is also quite sensitive to changes in material properties. Therefore, 
temperature sweep DMA is a powerful method of identifying changes in processing polymer 
networks for example. Chen et al. show this though reprocessing of dynamic crosslinks of 
hydroxyurethanes (Error! Reference source not found.).121 Depending on the backbone, either full 
recovery was observed at each reprocessing, as per a polybutadiene backbone (PB) or with a small 
crystallization like event in poly(tetramethylene oxide) (PTMO), despite both having essentially 
the same final modulus. 



 
Figure 8: Dynamic mechanical responses of a) PB networks and b) PTMO networks: E′ and tan δ as functions of 
temperature for 1st molded (squares), 2nd molded (circles), and 3rd molded (triangles) samples. (Reproduced from 
ref 121 with permission from  John Wiley and Sons, copyright 2019).  

 

Morphological Characterization 
 
Microscopic analysis such as scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), and atomic force microscopy (AFM)  are often utilized in studying the micro 
and nano-structural features of network polymers. Investigations using electron microscopes can 
reveal topography, morphology, composition, and cystrallographic information of materials. The 
following discussion will focus on morphology characterization using SEM, TEM, and AFM 
owing to their user-friendliness, ease of sample preparation, and simplicity of image 
interpretation.122 
 



SEM provides high-resolution visual information on the top ~1 µm of sample material. Utilizing 
an electron gun, electrons penetrate the sample surface, creating numerous low-energy secondary 
electrons. The intensity of these secondary electrons is influenced by the surface topography. 
Consequently, an image of the sample surface is formed by mapping secondary electron intensity 
against the position of the scanning primary electron beam. As part of sample preparation prior to 
SEM analysis, sample must be cleaned with solvents like isopropanol, methanol, or acetone, 
followed by drying with compressed gas to remove impurities such as dust, mud, soli, etc. Water-
cleaned samples can be oven-dried or heated using a hot plate and surface dust can be removed by 
these methods or by blowing compressed gas. Hard and dry materials require chemical fixation 
for structural preservation. Fixatives like glutaraldehyde, sometimes combined with formaldehyde 
and other agents such as aldehydes, osmium tetroxide, tannic acid, and thiocarbohydrazides have 
been employed. Typically, samples are affixed to holders or stubs using a double-sided conductive 
carbon and copper tapes. Alternatively, silver paint, when completely dry, is suitable for mounting 
before loading into the SEM chamber. To prevent charge-up phenomenon, nonconductive samples 
must be coated with a conductive metal layer (e.g. Au, Pt, Os, Ir, etc. using a sputter coater). 123 
 
One of the main advantages of SEM, as shown in Error! Reference source not found., is its ability to 
employ SEM images to illustrate porosity and heterogeneity in superabsorbent hydrogels regarding 
their co-monomer content and molecular weight.124 Prepared with hydroxyethyl cellulose (HEC) 
and acrylic acid (AAc), these hydrogels undergo surface changes from smooth to granular with 
increasing AAc content (5% to 30%), attributed to enhanced AAc homopolymerization during gel 
formation. Additionally, Error! Reference source not found.e and Error! Reference source not 
found.f depicts the influence of crosslink density on pore sizes. HEC1300/AAc gels (5% AAc) 
exhibit prominent heterogeneity with a dense structure and smaller pores, while HEC90 gels (5% 
AAc) display a relatively smoother surface. This suggests that during the gelation of high 
molecular weight gel, AAc mobility is hindered by higher viscosity, leading to AAc 
homopolymerization and the formation of a rough network structure. Similarly, SEM proves to be 
a valuable tool for governing hydrogel porosity and heterogeneity in other samples as well.125,126 
 

 
 
Figure 9: SEM images of  HEC90/AAc hydrogels (Mv = 90,000) containing A) 5%, B) 10%, C) 20%, and D) 30% 
AAc, HEC1300 (E and F) and HEC1300/AAc gels (Mv = 130,000) containing 5% AAc (G and H) (magnification: ×100—
A–E, G; ×500—F, H). (Reproduced from 124 with permission from  Elsevier, copyright 2017). 



 
TEM can provide high-resolution (HR) 2D images of the smallest structures in matter at the atomic 
scale by magnifying nanometer structures up to 5x107 times. For TEM experiments, high energy 
electron beam passes through an extremely thin sample.127  TEM provides insights into interactions 
in nano reinforced materials and allows scientists to view the building blocks of functional 
materials.128 Processing, embedding, and cure polymerization are the three main steps for TEM 
sample preparation. Hence complete sample preparation involves treatments such as fixation for 
sample preservation, rinsing with a buffer to maintain pH, post fixation using osmium tetroxide 
(OsO4) to increase sample stability, dehydration to replace water content with organic solvent, 
introduction of epoxy resin through infiltration, and curing of the resin over at 60 ℃ through 
polymerization. The final stage is sectioning, where the sample is sliced into thin sections to allow 
electrons to pass through them semi-transparently.  
 
TEM contributes to polymer characterization by enabling the study of nanoscale morphological 
and chemical properties of materials, approaching near-atomic levels, owing to the detection of 
various secondary signals. For example, fracture processes of nanocomposites in a polymer matrix 
have been observed at a nanometer resolution using TEM and fundamental reinforcement 
mechanisms have been elucidated from morphological study of the nanocomposites during 
fracture process.129 Although TEM is an excellent and commonly used technique, its limitations  
include: (i) provides only 2D projections of 3D structures, (ii) limited sampling with field of view 
for HR-TEM having no more than 100 nm2. (iii) Similar to SEM, vacuum environment required, 
(iv) tedious sample preparation where structural features could be impacted by obtaining 
sufficiently thin samples, drying and staining artifacts. 130 
  
AFM enables the imaging of polymers, polymer composites, and polymer blends with nanoscale 
lateral resolutions (~10 nm) for polymer characterization of morphology, microstructure, and 
crystallinity.131 AFM consists of a pyramidal silicon tip attached to a cantilever. This tip serves as 
the primary sensor in the system, the tip position is monitored using a laser to detect the progressive 
changes in the morphology of polymers. The sensor can operate in three modes: contact, non-
contact and tapping mode. In the contact or static mode, the tip makes direct contact with the 
sample surface, and characterization primarily occurs through information gained from the 
permanent repulsive interaction between the sample surface and the tip. In the non-contact or 
dynamic mode, the cantilever oscillates at its resonant frequency to interact with the surface of the 
sample and maintaining this frequency throughout the measurement to regulate the distance 
between the tip and the sample surface. As it approaches the surface, attractive or repulsive forces 
on the surface adjust the resonance frequency accordingly. This approach makes it feasible to map 
the surface of the sample without damaging the tip or the sample surface. Moreover, dynamic 
mode operations are not required to be conducted under vacuum, unlike SEM and TEM imaging. 
Hence, samples can be measured in air or liquid media. Tapping mode represent an improved 
version of the non-contact mode. In this mode, the operating principle remains similar to the 
dynamic mode, but the tip oscillates with a greater amplitude to briefly contact the edges of the 
repulsive area of the sample. Although this method allows contact between the sample and tip, the 
tip wears slowly than in contact mode. Additionally, it enables the mapping of soft or fragile 
samples without causing damage.132 In addition to these operational modes, phase imaging is 
another technique that allows the mapping of variations in the surface properties arising from 
differences in adhesion, friction, and elastic forces.133 These circumstances result in phase lag 



monitoring between the input and output signals of cantilever oscillation, enabling the observation 
of the surface properties beyond sole topology. Some limitations here include (i) smaller picture 
size compared to SEM and (ii) quality of HR picture is restricted by the radius of probe tip, hence 
selecting the wrong tip will ultimately create image artifacts. Microscopic techniques by 
themselves are generally not quantitative, and as such do not provide numerical results on phase 
composition. Characterization techniques such as X-ray and light scattering can be employed for 
quantitative information. 
 

In the past few decades,  AFM has been employed for quantifying the mechanical 
properties of the soft materials via force-indentation curves.77 In this method, the sample is 
indented using a cantilever with a specific tip and a pre-stated velocity (Error! Reference source 
not found.a). Once the prescribed force is attained, the cantilever reverts to its original position by 
moving upward and detaching from the sample. The signals obtained from the deflection and 
displacement of the cantilever are then considered for the subsequent processes to extract the 
mechanical properties of the samples (Error! Reference source not found.b). As shown in the Error! 
Reference source not found.c, the difference between the approach and retraction curves can be 
used to estimate the viscosity of the sample. The apparent stiffness of the polymer sample is 
measured through the force-distance curve using Error! Reference source not found. equation. 
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Where F is the force employed on the sample through indentation, and δ is the deformation of the 
sample. 
 

 
Scheme 14: A). schematic representation of the methods used to quantify the mechanical properties of the materials. 
B). schematic diagram of a force-distance curve. (The green curve represents the approaching curve where the probe 
indents the given sample until a specific force is reached, and the red curve represents the retraction curve where the 
cantilever retracts to the original position). C). schematic representation of the time-dependent indentation curve 
(constant height), d). schematic representation of the time-dependent indentation curve (constant force).  (Reproduced 
with modifications  from ref.134 with permission from Springer Nature , copyright 2019).  

 
 



The Young’s modulus can be calculated using basic model fitting to the force-indentation curves. 
The most commonly employed methods are Hertz, Derjaguin-Muller-Toporov( DMT),Sneddon, 
and Johnson-Kendall-Roberts(JKR) in these calculations.135–137 These models can be applicable 
for different types of indent geometries and sample properties.138 Error! Reference source not 
found.Parabolic geometries are commonly used in these type of measurements and the force 
calculations for this type of indent geometries are being calculates using the given Hertz model 
equation (Error! Reference source not found.). 
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Where, F is indenting force, Eeff = E/(1 – v2), effective Young’s modulus, RP is the radius of the 
indenting probe, and δ is the indentation. 

Apart from standard force distance curves, indentation curves can be plotted while 
maintaining a constant height of indentation and a constant force during the indentation process. 
To obtain force-distance curves with a constant height, the probe indents the sample to a fixed 
height and leaves it in that position for a given amount of time. During this time period, the force 
exerted on by the cantilever is recorded to quantify the mechanical response of the sample. 
Through this method, the relaxation curves of the samples can be observed (Error! Reference 
source not found.c). When the cantilever is kept at constant load (force), the displacement of the 
cantilever is used to quantify the mechanical responses of the materials; particularly the creep 
behavior, (Error! Reference source not found.d). Using similar methods, AFM has been used to 
measure the viscoelastic properties of the materials in both time and frequency domains. To 
examine the viscoelastic properties, the material needs to be probed for long time to observe its 
responses towards the or use oscillatory signals to estimate their phase lag.139 

 
As illustrated in Error! Reference source not found., Atomic Force Microscopy (AFM) serves as a 
valuable tool for characterizing the local nano-rheological properties of softer gels, exemplified 
by polyacrylamide hydrogels with varying crosslinking densities, including both high and low 
values.140 The dynamic storage and loss stiffnesses of these samples can be accurately calculated 
and plotted as a function of the modulating frequency, leveraging indentation measurements. This 
approach obviates the necessity for larger sample sizes typically required to assess the mechanical 
properties. Moreover, these measurements are applicable to softer and more delicate biological 
materials, such as tissues and cells, facilitating the detection of their transformative behaviors.77 
 



 
Figure 10: a) The storage modulus (closed symbols), loss modulus (open symbols) and (b) tan δ as function of 
modulation frequency of the AFM cantilever for polyacrylamide gels with two different crosslinking densities. 
(Reproduced from ref.140 with permission from Royal Society of Chemistry, copyright 2015).  

 

Surface Characterization of Polymer Networks 
 
On exposure to external factors such as extreme pH, temperature changes, mechanical stress, 
external fields, and moisture, polymers can dramatically change the surface of polymers.141 As the 
interest in advanced materials intensifies, the role of surface engineering becomes increasingly 
pivotal. The surface of a material stands as the frontier of its interaction with the external 
environment and neighboring substances, shaping critical factors including adhesive properties, 
corrosion rates, wettability, catalytic activity, contact potential, and the intricacies of failure 
mechanisms. The surface of a material serves as a distinct boundary between two phases, 
introducing variations in both physical and chemical properties compared to the bulk material. 
Notably, the topmost atomic layer experiences substantial alterations due to the absence of 
surrounding atoms on all sides, granting the surface atom heightened bonding potential. 
Consequently, surface atoms exhibit increased reactivity compared to their counterparts within the 
material’s interior. The material’s overall behavior is intricately tied to the chemistry of its surface 
or the interfaces between layers. X-ray photoelectron spectroscopy (XPS), time-of-flight 
secondary ion mass spectroscopy (ToF-SIMS)142, and low-energy ion-scattering spectroscopy 
(LEIS) serve as instrumental techniques used to analyze, investigate, and improve the efficacy of 
surface engineering for diverse applications.143 Due to the tendency of many networks to swell, 



contact angle measurements144 are not always reliable as the solvent can be absorbed by the 
material in many cases. 
 
XPS which can also be referred to as electron spectroscopy for chemical analysis (ESCA) is a 
surface characterization technique that relies on principles of the photoelectric effect.145 This 
technique delivers a thorough surface characterization by revealing not only the surface elemental 
composition but also the chemical and electronic states of atoms within a material, contributing to 
depth-profiling and depth-related variations. In a standard XPS spectrum, the Y-axis, denoting the 
number of electrons, is plotted against the binding energy (eV) of electrons on the X-axis, adhering 
to fundamental spectroscopic principles. Each element manifests unique binding energy 
fingerprint, leading to a distinct array of XPS peaks. These peaks correspond to electronic 
configurations including but not limited to 1s, 2s, 2p, and 3s. An important factor to consider 
during sample preparation is that typical samples are 5 - 10 mm2 and up to 4 mm thick. Also, 
preparation materials that contain similar elements as the sample should be avoided. Limitations 
associated to XPS technique include: (i) Although XPS is non-destructive for many materials, it 
isn't universally applicable due to the use of an ultrahigh vacuum (UHV) chamber (< 10-9 Torr), 
causing highly unstable samples to volatilize. (ii) Surface charging in XPS analysis of insulating 
specimens may cause peak shift, broadening, and asymmetry, potentially compromising data 
accuracy.146 
 
XPS can be employed to determine the surface elemental composition of the polymer surfaces. 
Error! Reference source not found. illustrates how Zhou et al. utilized this XPS characteristics 
to investigate the thermal and thermos-oxidative aging behavior of tetrafluoroethylene–propylene 
elastomers (FEPM) at temperatures above 300 °C.147The XPS spectra were analyzed to 
distinguished differences in degradation mechanisms within FEPM vulcanizate samples. Further, 
this technique has found applications in various other areas including confirmation of crosslinking, 
and removal of dyes.148,149  

 
Figure 11: High-resolution XPS spectra of the F1s of FEPM vulcanizate a) before, b) after thermal aging and c) under 
thermal oxidation conditions. (Adapted with modifications from ref. with permission from147 Elsevier, copyright 
2020).  

 
LEIS is a surface characterization method with the capability to investigate the elemental 
composition of a material's outermost atomic layer through static depth profiles, covering roughly 
the outer 10 nm of surfaces.150 LEIS involves directing a stream of charged particles, referred to 
as ions, towards a surface and observing their interactions, including locations, velocities, and 
energy, with the surface; yielding data on the relative positions of atoms within a surface lattice 
and their elemental identities. Much like XPS, preparing samples for LEIS can require UHV at 



elevated temperatures (600 - 900 ℃). However, the prevalent approach involves employing atomic 
O or H, derived from O2 or H2, to eliminate atmospheric contamination and adsorbents. This step 
in sample preparation is crucial for a successful surface analysis. The main limitation of LEIS is 
that it exhibits low sensitivity as it only detects ions within a specific energy range (usually ∼1keV) 
while ignoring neutral species. This is due to the inability of the detector/electrostatic analyzer to 
differentiate subtle variations in atomic number or atomic weight.151  
 
For surface characterization using ToF-SIMS, a pulsed ion beam (usually Cs or micro focused Ga) 
is employed to remove molecules from the outermost surface of samples. Resulting secondary ions 
from the atomic monolayers are then measured by monitoring their time of flight through a flight 
tube.145 This method for surface characterization offers surface imaging, depth profiling, and 
surface spectroscopy as operational modes, providing mass spectral and image data in the XY 
dimension and depth profile data in the Z dimension. This technique is limited to identifying 
foreign particles by discerning absorbed coatings or trace substances on the surface of sample 
materials. Similar to ToF-SIMS and XPS, Auger electron spectroscopy (AES) is another 
spectroscopy technique that can be used for surface analysis. Yet, XPS that is more commonly 
employed for surface characterization with detection sensitivity in the range of 0.1-1 at.% for all 
the elements except H and He. 
 
 

Advanced Characterization Methods  
 

Solid state NMR is applicable to polymer networks, as discussed subsequently, but this 
requires a specialized NMR system which may not be broadly accessible. However, on number of 
occasions, solid state-NMR has been used to provide characteristic details of polymer networks, 
including molecular structure, defects of polymers, molecular dynamics, and conformation.56,57 
Solid state NMR is, similar to the solution state NMR, and the primary difference lying in the 
sample preparation. Here, a solid is used as the sample instead of liquid samples. The resulting 
spectra are essentially influenced by the chemical shifts and the spin-spin splitting of the 
molecules.58 In the liquid state, 1H-13C dipole-dipole couplings  and chemical shift anisotropy 
(CSA) generally do not stand out due to the rapid tumbling of the molecules within the solution. 
However, in the solid state, these two interaction types strong affect spectral broadening, as the 
molecules do not tumble much in solid. To mitigate these effects and gain spectra with higher 
resolution, heteronuclear dipolar decoupling technique and magic angle spinning (MSA) methods 
are introduced respectively. Further signal improvement can be achieved using cross polarization 
(CP) technique. The combination of these techniques: dipolar decoupling, MSA and CP provides 
high resolution 13C NMR of polymers.57,59Moreover,  Multiple Quantum (MQ) and Magic 
sandwich echo (MSE) NMR methods that can employed as reliable and fast analysis tools to 
characterize complex structures of polymeric materials.60 MQ-NMR provides more detailed 
information about the molecular order, heterogeneities,61,62 dynamics of entangled polymers,63 and 
crosslinking density.60 Meanwhile, MES-NMR offers insights into the  phase composition of 
polymer networks and polymer mobility.56 Additionally, the Double Quantum ( DQ) NMR method 
has been utilized to characterize polymer properties, such as network defects,64 molecular weight 
between crosslinks,64 chain mobility.56 In summary, advanced NMR experiments provide 
important information about both structural and physical properties of complex polymers offering 



new insights for the analysis of novel complex polymers for various applications. However, they 
require specialized spectrometer setup. 
 
Scattering is any technique based on the electromagnetic wave theory where a radiation beam 
impinges on a sample, causing it to re-radiate the same wavelength with interference between 
different parts, resulting in a spatially discriminated intensity profile. While it yields 3D 
information on a material, direct structural details require a model for interpretation. The 
crystallinity of a polymer defines its optical, mechanical, chemical, and thermal properties, 
influencing its suitability for diverse applications. Highly crystalline polymers are rigid with 
elevated melting points, resisting solvent penetration. In contrast, amorphous polymers are softer, 
pliable, melt more slowly, and are more vulnerable to solvent penetration. X-ray diffraction (XRD) 
is an example of scattering techniques employed for identifying the bulk crystalline or amorphous 
phases of polymer materials.152 
Owing to their elongated chain structure, polymers exhibit significant susceptibility to orientation. 
Herman’s orientation function, analyzed using X-ray diffraction (XRD), is essential for 
determining crystalline orientation in polymers.153,154 The formation of X-ray diffraction peaks 
results from the constructive interference between elastically scattered X-ray beams at specific 
angles from each set of lattice planes in a sample. To prepare samples for XRD characterization, 
bulk polymers with polished surfaces, thin polymeric films, and polymer solutions can be 
measured directly by XRD. Powdery samples must be subjected to pre-treatments to minimize 
source error. Specifically, sample is ground to  into fine powder and homogenized to reduce 
induced strain that might alter peak positions; particle size less than ~10 μm (or 200-mesh) is 
preferred. Some limitations of this technique are that the sample must be single phased, detection 
limit is for mixed materials is  ~ 2% of sample, and peak overlays could occur for reflections with 
a high angles. Other X-ray scattering techniques include wide-angle X-ray scattering (WAXS) 
which is the essentially the same method as small-angle X-ray scattering (SAXS), except that the 
distance from sample to detector is substantially longer for SAXS (≤ 1 degree) compared to WAXS 
with 5-60 degrees, resulting from a diffraction maximum with larger angles. SAXS is able to give 
information on network structure at larger length scales than WAXS, typical for polymer 
mesostructures on the nanometer scale. SAXS is especially relevant to complex structured 
polymers such as interpenetrated networks, where two networks are woven through each 
other.155,156 Small angle neutron scattering (SANS) techniques operate on similar length scales to 
SAXS, but they probe scattering off of nuclei rather than electron clouds.157,158 However, SANS 
requires specialized equipment that is not broadly available. 
 

The SAXS technique is frequently employed to determine local domain sizes in 
thermoplastic elastomers (TPEs). In Error! Reference source not found., a scenario is distinctly 
presented wherein the authors observed the formation of expanded and more well-defined 
crystallite domains.159 This phenomenon occurs as the fraction of the hard block segment (HS) 
increases from 5% to 20% in thermoplastic elastomers (TPEs) based on segmented block 
copolymers containing poly(tetrahydrofuran) (pTHF) and terephthalate-based diamide groups 
(T4T). Beyond elucidating domain sizes, SAXS proves versatile in providing insights into the 
surface characteristics of the interpenetrating networks. 



  
Figure 12: a) Normalized scattering intensity measured in SAXS as a function of the transfer momentum q for the 
four segmented block copolymers containing 5, 10, 15 and 20%HS. The solid black line stands for the reconstruction 
of PHS(q). ) Kratky representation (I(q)q2 = f(q/q∗)) of the same data set. The characteristic distance between the 
crystallites is seen through q∗while the presence of q∗∗ = 2q∗ suggests a lamellar phase. (Reproduced from ref. with 
permission from 159Elsevier, copyright 2016).  

For polymer characterization using dynamic light scattering( DLS) and static light scattering (SLS) 
techniques, DLS is effective for measuring sample with particles from approximately 1 nm to 1 
μm in size, while SLS covers a range of approximately 10 nm to 1 μm. Generally homogeneous 
polymer networks exceed these sizes, although light scattering can identify aggregates and fillers 
within the network Sample particles too large for SLS should be analyzed using a microscope 
instead. However specialized light scattering equipment can be used when combining light 
scattering and rheological measurements identifying inhomogeneities in the microstructure of 
network polymers.160 
 While bulk rheology, traditionally employed to predict the viscoelastic properties of bulk 
materials, has limitations due to  greater  sample volume requirement applicability issues for 
various samples (Eg: soft and small samples). In contrast, microrheology, an evolving technique, 
investigates materials structures on a microscale, requiring only trace amount of material 
(thickness ranging from 1nm to 1 µm).161,162Active microrheology applies stress using magnetic 
or optical forces on materials with embedded microscopic beads to measure linear and nonlinear 
rheology.163 Passive microrheology, in contrast, measures viscoelastic properties without 
application of external force, using particle tracking to analyze hydrogel characteristics like 
particle diffusion, and network heterogeneity. Particle motions tracked using methods. Such as 164 
The MSD, denoted by 〈∆r(s),〉, represents the square of the net distance travelled by a thermally 
fluctuating particle within a specific time frame.  
 
 Elastic properties of the materials can be calculated through diffusion-based generalization 
of  the Strokes-Einstein relation. However, this calculation is only valid when the materials is 
homogeneous, in thermal equilibrium, and when there are no-slip boundary conditions between 
the surrounding materials with the particle. For an elastic solid, the Laplace transform of the 
macroscopic modulus (G(1)) can be calculated using equation Error! Reference source not 
found.  164,165 
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The m Where  K3 is the Boltzmann’s constant, T is the adsolute temperature and R is the radius 
of the bead ,and s is the Laplace frequency. 166 

Network disassembly spectrometry (NDS) is commonly employed for the structural 
characterization of polymers, including the quantification of loops and dangling end structures, 
and degradation kinetics of gels.107,167,168 This typically involves the site-selective network 
disassembly of few milligrams or grams of polymer materials using photolysis or chemical 
degradation techniques. The disassembled products of the polymer chains are primarily 
characterized and quantified through chromatography techniques (liquid chromatography 
(LC)/MS and gel permeation chromatography), fluorometric assays.34,107,169This method enables 
real time data analysis of the degradation products of the networks. However, it is important to 
note that, in using this method, the network structure is ultimately destroyed in the pursuit of 
quantification.  
 
Beyond advances in new techniques, such as NDS or microrheology, there are also important 
developments where instruments are being developed with multiple coupled characterization 
methods. Examples include combined thermal and strain measurements,170 IR-rheological 
analysis,171 and AFM-IR among many others. Without a doubt, this will continue to be an 
emerging area as techniques are coupled together and automated for facile analysis.172 

 
Conclusions  
 
Polymer networks characterization presents new challenges due to their insolubility, making 
traditional polymer characterization tools impractical. However, their rigid properties also enable 
new techniques to be used. Typically, a battery of methods will need to be used, to identify 
functionality, topology and also ultimate material properties. This article presents an overview of 
the commonly used techniques, allowing identification of polymer network functionality, 
composition, swelling, mechanical, thermal, and surface properties. Using combinations of the 
highlighted techniques researchers coupled with advances in synthesis, new polymer networks 
with properties targeted towards applications can be realized.   
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