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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 struc-
ture. An overview of characterization methods for polymer networks is presented, including functionality
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by IR, swelling and gel fraction calculations, mechanical characterization, thermal characterization, evalu-
ation 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 tech-
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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."™ In general polymer
networks are used in high performance and challenging
applications, where the equivalent soluble polymers would not
be able to function.>® This often occurs above critical
transitions such as glass or melt transitions, where free poly-
mers would flow, while network polymers maintain their struc-
ture even at high temperatures, or under demanding
conditions.”

As highlighted in the earlier contribution, the well-estab-
lished polymerization methods used to generate linear poly-
mers, 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 dra-
matic impact on the range of characterization tools that can be
easily used for polymer networks.® ' Although certain chemi-
cal analysis methods are no longer applicable for polymer net-
works, the crosslinking also enables characterization methods
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nigues used in network characterization.

that are not suitable for the soluble polymer analogues of
network polymers.”®

In this series of two articles on polymer networks, the core
synthesis and characterization of polymer networks are pre-
sented. 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.»>®11713 An earlier contribution focused on the syn-
thesis of polymer networks.'* This current contribution, which
concentrates on characterization of polymer networks, pre-
sents the most commonly used methods for evaluating the
properties of polymer networks. This works covers fundamen-
tal aspects of characterization techniques of networks, includ-
ing sample preparation, advantages/disadvantages, and under-
lying principles. The detailed exploration includes commonly
employed methods such as functional groups through infrared
analysis, solution/gelled (sol-gel) fraction and swelling pro-
perties, mechanical characterization, thermal analysis,
internal structural analysis such as molecular weight between
crosslinks and surface property analysis. The target is to
provide a balanced and comprehensive understanding, ensur-
ing accessibility for a diverse readership. A focus in this edu-
cational 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. Further, 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.
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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 polymeriz-
ation and step polymerization are capable of synthesizing
polymer networks in the presence of multifunctional mono-
mers or multifunctional crosslinkers.">® 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 intro-
ducing branching points."”'® 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 mono-
mers or multifunctional crosslinkers.'®'® Further, post
polymerization crosslinking of linear polymers with reactive
pendant groups or reactive terminal groups create polymer
networks.'®'® In addition to those strategies, some linear poly-
mers have the ability show network properties through micro-
aggregation or phase separation (Scheme 1).”°

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, n-n interactions, metal-ligand
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interactions are introduced between monomer units to form
physically crosslinked or “supramolecular” polymers.>' The
key distinction between chemically and physically crosslinked
polymers lies in their strength. Physical bonds are typically
weaker and dynamic, while chemical bonds are stronger but
can be either static or dynamic depending on the bond type.

Different types of polymer networks
and materials

Depending on the nature of crosslinks and physical character-
istics, such as water absorption and shape deformation, net-
works can be categorized into thermosets, thermoplastics,
hydrogels and elastomers.

Classical thermosets are crosslinked polymers with irrevers-
ible bonds, retaining their shape upon when heated and exhi-
biting 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.”> Common examples include poly-
urethanes, epoxy, and Phenol-formaldehyde. Recently, there
has been a rising interest in developing thermoset polymers
from bio-based monomers, such as lipids and phenolic com-
pounds to enhance sustainability.

Thermoplastics are polymers capable of melting when
heated and retaining their shape upon cooling. They may
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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.
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deform over time under stress, a phenomenon known as
creep. Depending on the crystallinity, thermoplastics can be
categorized into two main subtypes: semicrystalline and amor-
phous.>* Semicrystalline polymers exhibit domains with an
ordered structure displaying both crystalline and amorphous
states in their temperature profile (Scheme 2b). Semicrystalline
polymers act as liquids above the crystalline melting tempera-
ture (Ty,), and have a glass transition temperature (T,) within
the amorphous or non-crystalline regions.”> Amorphous poly-
mers contain a random coiled structure, transitioning from
glassy state with minimal chain mobility to rubbery state
within a narrow temperature range (Scheme 2a).> Above their
glass transition temperature (Ty) amorphous thermoplastic
materials will flow. However, crosslinked networks also have a
Ty, above which the materials will be flexible and elastic, but
the crosslinks resist macroscopic flow.

Hydrogels are soft, water absorbing three dimensional
materials that maintain their structure due to crosslinking and
entanglements, preventing dissolution in water.>® 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.”” They can also response external
stimuli such as pH, temperature, and electric field.*® These
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versatile materials find applications in tissue engineering, soft
robotics, sensing, and artificial muscles due to their tunable
properties and bio mimic nature.?®™3°

As the name implies, elastomers are elastic materials that
composed of loosely joined network structure.>* They are typi-
cally 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 Scheme 3)
Usually, they show excellent elastic properties, low stiffness
and low strength.*" Examples for these elastomers are polyiso-
prene, natural rubber, silicone elastomers, nitrile rubber, etc.
These elastomers are used in variety of industrial applications
such as seals, rubber septa, gaskets and tyres.*'**

Network properties

Depending on the nature of crosslinking, composition, and be-
havior under stress, networks may differ in their topology, het-
erogeneity, 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
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Scheme 2 Graphical representation of specific volume vs. temperature of (a) an amorphous thermoplastic, (b) a semi-crystalline thermoplastic.
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Scheme 3 Elastomer in relaxed state and stressed state in the presence of
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characteristic plays a crucial role in characterization tech-
niques, detailing the spatial features of polymer networks.'
Various network structures, such as linear, cyclic, star,
branched and grafted polymers exhibit distinct hydrodynamic
volumes. For instance, linear polymers display higher hydro-
dynamic volumes, increased viscosity, and more entangle-
ments compared to other topologies.*® Flory’s theories empha-
size the significance of polymer network topology in under-
standing the relationship between structure and mechanical
properties.’® Noteworthy examples of unique architectures
include polyrotaxanes, polycatenanes and interpenetrated net-
works (IPNs), with IPNs comprising multiple networks inter-
woven without chemical bonding.*°

Polymer networks often exhibit heterogeneities arising from
irregular crosslinking and structural defects at the microscopic
level, such as floppy loops and dangling chain ends." These het-
erogeneities can be broadly categorized into spatial and connec-
tivity heterogeneity. Spatial heterogeneity, characterized by an
uneven distribution of crosslinks, is prevalent in polymer gels
especially those with poor control over primary structure.***® On
the other hand, connectivity heterogeneity results from polymer
chain issues, such as trapped entanglements and connective
defects.”’” The formation of loops, whether through inter-
molecular 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.*® Indirect measurements can be made by
determining the molar mass between crosslinks as discussed
below.*®

Porosity, exemplified by the hexagonal honeycomb structure
in nature, has been incorporated into various synthetic
materials, including polymers.*® “Porous polymers” encom-
pass both porous and polymer properties, with those contain-
ing with two or more pores termed “porous polymers” and
those with a single pore to as “hollow polymers”.*® Porous
polymers are further classified into three main categories
based on pore size: microporous (diameter < 2 nm), meso-
porous (2 nm < diameter < 50 nm) and macroporous (diameter
> 50 nm).*" The synthesis of porous polymers involves two key
factors: the chemical composition of monomers, which deter-
mines the chemical structure of the pores, and reaction con-
ditions such as temperature and stirring rate, which influence
the texture of the pores.*> These materials finds diverse appli-
cations, including separation, gas storage, catalysis, sensors,
energy storage, coatings and more.*°

Viscoelastic behavior is a crucial aspect of polymers,
encompassing both viscous liquid and elastic solid properties,
allowing the materials to dissipate energy under applied
stress.*® This property is commonly assessed through creep
tests.** Various factors, including crosslinking, molecular
weight, chemical structure of the polymer influence this be-
havior.*’ Two primary models, the Maxwell and Voight models
are employed to describe viscoelastic behavior. The Maxwell
model describes the material as a purely elastic spring and a
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Scheme 4 Kelvin and Voight models.

purely viscous dashpot in series, while the Voight model con-
nects them in parallel (Scheme 4).*

Overview of polymer network
characterization

Although linear polymers can be characterized by using stan-
dard characterization methods such as size exclusive chrom-
atography (SEC) or solution nuclear magnetic resonance spec-
troscopy (NMR),® 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.*® Among all those
characterization methods, functional group analysis (e.g,
Fourier transform infrared spectroscopy-FTIR), sol-gel ana-
lysis, swelling ratios,”” molar mass between crosslinks,
mechanical analysis (e.g., rheology or tensile tests), thermal
analysis*®*® (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 mor-
phology of a polymer network as shown in Scheme 5.

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 localiz-
ation of phase-separation of the polymer materials and even

This journal is © The Royal Society of Chemistry 2024
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Scheme 5 Different characterization methods of polymer networks; functional group analysis, sol—gel analysis, swelling ratio analysis, thermal ana-

lysis, thermomechanical analysis, and surface characterization.

physical characteristic features such as phase transition
temperatures.’® >

As noted above, techniques
employed in soluble systems, such as SEC and solution-based

conventional commonly
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 equip-
ment, or chemical processing (e.g.: crosslink degradation),
which  complicates the characterization process.>*>?
Techniques such as FTIR, Raman, solid-state NMR, and X-ray
diffraction (XRD) are commonly used approaches for the func-
tional group analysis.>>>*>°

FTIR represents a non-invasive technique capable of charac-
terizing the functional groups in materials without modifying
the network structure. FTIR spectroscopy measured absor-
bance 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 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

This journal is © The Royal Society of Chemistry 2024

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. Scheme 6 presents common functional groups and
their distinctive absorption wavenumbers within an IR spec-
trum.>® FTIR primarily serves as a qualitative method for iden-
tifying 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.””"*®

Raman spectroscopy is a complementary technique to FTIR
for the determination of functional groups.**®® While FTIR ana-
lysis 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 associ-
ated 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 com-
parable 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.

Polym. Chem., 2024,15, 219-247 | 223
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Scheme 6 (a) Schematic diagram of a typical IR spectrum, (b) sche-

matic representation of regions where the major bonds normally
absorb.

There are certain advantages and disadvantages associated
with both IR and Raman techniques. As mentioned earlier, the
FTIR technique does not depend on the sample’s polarizabil-
ity, unlike Raman spectroscopy, is highly dependent on the
polarizability of the sample. FTIR offers lower spatial resolu-
tion 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. This is because Raman uti-
lizes a laser to target the sample and, information is collected
through scattered lights. Instead, FTIR requires, careful atten-
tion 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 experi-
ence 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.

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
Fig. 1.°! Using IR, the concentration of double bonds could be
followed over time, and the cessation of polymerization/cross-
linking of diethylene glycol dimethacrylate occurs whenever
the shutter is closed, confirming the photochemical process.

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

224 | Polym. Chem., 2024, 15, 219-247
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Fig. 1 Double bond conversion versus polymerization time for diethyl-
eneglycol dimethacrylate photopolymerized with 110 mW cm™2 of UV
light and1.0 wt% Irgacure 651. Full cure (solid line) and shutter closed
after 3.9 and 9.4 s (dashed line) (reproduced from ref. 61 with per-
mission from American Chemical Society, copyright 1995).

network. The presence of these chains can impact the pro-
perties of the polymer systems. This soluble 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, sol-
vents 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 Scheme 7 This
can be achieved using repeated swelling in solvent or using a
Soxhlet extraction process.® The sample preparation for sol-gel
analysis is straightforward, as the polymer network (typically
10 s to 100 s 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.

The gel fraction can be defined as follows:

weight of dried gel
weight of total polymer

Gel fraction (%) = 100 x

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.®>®* The presence of soluble polymer segments
within the network allows for increased mobility and the

This journal is © The Royal Society of Chemistry 2024
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Scheme 7 Gel extraction process: the crosslinked network is dissolved in an appropriate solvent for a specified duration. Subsequently, the weights
of the dried sol fraction and gel fraction are measured. Sol—gel fraction is quantified using eqn (1).

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 con-
ditions 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 essen-
tially act as voids within the material. As a result, the density
of interconnected crosslinks, which provide mechanical
strength and rigidity, is decreased.®

Typically, sol-gel analysis can be used to assess the
unreacted fraction of monomers in crosslinked polymer
materials.®>®” However, as illustrated in Fig. 2, it can also be
employed to monitor the in situ progression of the curing
process in crosslinked polymers (e.g.: poly urethane(PU)).>°
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 soph-
isticated instruments for monitoring the curing process, sol-
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Fig. 2 Dependence of gel fraction on the curing time of PU at room
temperature (reproduced from ref. 50 with permission from Elsevier,
copyright 2000).
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gel fraction analysis provides a straightforward and effective
method to determine the progress of curing process.

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 inter-
actions between the polymer chains and the solvent mole-
cules.®® However, the swelling ratio can be used to evaluate
various properties such as density of crosslinks as will be dis-
cussed later. Scheme 8 depicted the steps involved in evaluat-
ing 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.”® Two common
approaches for determining swelling ratio are gravimetry and
optical analysis.”* 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 swell-
ing analysis is simple, and requires the material be measurable
by weight or volume (typically 10 s 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 cross-
linkers 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, uniform-
ity 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-

Polym. Chem., 2024,15, 219-247 | 225


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3py00914a

Open Access Article. Published on 19 prosinca 2023. Downloaded on 20.4.2026. 2:35:47.

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

(cc)

Tutorial Review

b)
Immerse in
a solvent

»

a) m_

W;orV,

(initial weight/Volume)

Swollen gel

Solvent
removal

View Article Online

Polymer Chemistry

Swelling Ratio

W, or V,
(final weight/Volume)

time

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 egn (3) and (4) and plot the SRs against the time to

study the material’s swelling kinetic profile.

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.

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.””

Swelling ratio (SR) can be defined either by mass or volume
using eqn (3) and (4) respectively:”

Wy — Wi
SRy, = 1
Wi

(3)

Vt _Vi

SR, =
v 7

(4)
where, W, and V; are the weight and the volume of swollen
polymer while W; and V; 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 numer-
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Fig. 3

ator. 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.”* For instance
Matyjaszewski et al. found that atom transfer radical polymer-
ization (ATRP) gave more uniform polymer chains and as a
result more uniform networks than conventional free radical
polymerization (FRP).”®> This led to higher swelling ratios as
seen in Fig. 3, 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.>*7®

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 Scheme 9 below, as well as the forces

(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. 75 with permission from American Chemical Society, copyright 2010).
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Scheme 9 Typicalmodes 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, Hg refers to initial height. Displacements are given as either AH in tension or compression, Ax in simple shear

or 0 in rotational shear.

and characteristic displacements. In all cases mechanical ana-
lysis measures how, the polymeric material responds mechani-
cally 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 (o) 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 (¢) is the defor-
mation, normalized by the initial sample’s size, although in
some cases stretch ratio (1) is reported, where 4 = ¢ + 1. Stress
and strain are independent of the sample size and can be com-
pared between labs or experimental series. However, in most
cases the overall force and displacement are measured, negat-
ing 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.

Table 1 Stress and strain for each mode of mechanical deformation

Typical stress and strain in each mode is given in Table 1.
Depending on the mode of testing sample preparation and
geometry should be considered. For tensile testing rectangular
or dogbone shaped materials should be used.”” 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 (H,)
should exceed its diameter. Simple shear would typically use
rectangular samples, which are typically thin compared to the
sample dimensions A2, since this type of testing is common
in adhesive lap shear tests where a thin adhesive is applied to
join 2 surfaces.”® 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 con-
forms to a disc of known radius. In general, for parallel plate

Mode Stress (o) Strain (¢) Modulus (E/G)”
. F AH [ Fr H
Tension”® op = — ey = — Bp=20 1120
4 H, er A AH
C s 79 K¢ _AH _oc_FcHy
ompression oc=—" &0 = — = =10
A Hy &c A AH
. F, Ax o F. 1 Fs H
Simple shear®*®! o5 =— ¢ &g = — ~ tan () Gg=—=23 ~S0
A H, es Atan(0) A Ax
. 2T or o 2Tr H
Rotational shear®? op = —=2 R = — R = 2 = ZTR70
3 4
nr Hy eg wrt 0

“Note only for relatively small deformation (Ax or 6). ” 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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rheology the radius will be greater than the gap between the
plates (Hy).

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,83

E=2(1+4v)G (5)

where v 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
Table 1. 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
Scheme 10. In simple mechanical tests, such as tensile, com-
pression 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
Scheme 10, 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.®*®> 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

a)

do
Modulus = —
de

€

Scheme 10
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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.*®

The preferred analysis mode depends on the materials
physical state. Rigid polymer networks, with high amounts of
crystallinity or a high glass transition temperature (substan-
tially above room temperature) can be characterized by tensile
test to failure or dynamic mechanical analysis (DMA).%” 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 Fig. 4. 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.®®

Idealized elastic and viscous stress responses to an applied
strain that is eventually removed are given in Scheme 11a. 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
Scheme 11b inspired by ref. 89, as a ball being dropped. The
amount the ball is able to return after bouncing corresponds

b)
Strain Hardenin
]

€

(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.
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Fig. 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 Anax boundaries correspond to the elongations-at-break of conventional linear-chain networks (1c i, ~ 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 (E. in) and comb-like chain melts. The diagonal boundaries are provided by inverse E and A« relationships of linear and comb-like net-
works. 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 and c) represents the average of at least three measurements with a

relative standard deviation of less than 5% (reproduced from ref. 88 with permission from Springer Nature, copyright 2017).

to the storage and the amount of height not recovered corres-
ponds to the loss. A core feature of viscoelastic materials is the
presence of a characteristic or relaxation time, typically
denoted 7.°° 7 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 Scheme 11c. 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, z, through
stress relaxation experiments, where the decay in stress can be

This journal is © The Royal Society of Chemistry 2024

fit to exponential decay.’® Systems with complex relaxation pro-
cesses can be described with either a stretched exponential
model,”" or a multiexponential decay with multiple relaxation
times also known as a Prony series.”>®® 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 Scheme 11d. 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.

In contrast to simple constant or near constant strain rate
experiments such as tensile or compression tests often taken

Polym. Chem., 2024,15, 219-247 | 229
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Scheme 11 (a) Schematic of stress response to strain applied to a per-

fectly 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. 89), (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.

to high strain or failure, DMA 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 visco-
elastic 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
(Scheme 10).%® Therefore, for meaningful DMA and SAOR ana-
lysis 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 rela-
tively 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

230 | Polym. Chem., 2024,15, 219-247
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methods. As highlighted in Scheme 11a, 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, §, between 0° and
90°. The phase difference, §, between measured ¢ and applied
strain € is denoted &, with tangent of § 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 Scheme 12. The tangent of the phase differ-
ence, 6, can be related to the storage and loss moduli as
follows:

" "
tans = E;, = i (6)
E G

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 fre-
quency (frequency sweep) to identify how the material may
behave under different types/timescales of mechanical chal-
lenges. It is also possible to observed changes in materials pro-
perties 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 morphologi-
cal characterization.

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 coordi-
nation bound networks the choice of the metal dramatically

Tension Shear
(rotational)
€
o
: é
E* = 10 G = = & = gy sin(wt)

£r0 R0 o = oysin(wt + §)
G' = G* cos(5) _E 6@
¢ =6'sinGg) O=F=@

Scheme 12 Schematic of tensile DMA and SAOR, including ¢ response
to sinusoidally applied ¢, and the complex moduli E*/G* and the storage
(E'/G") and loss (E"/G") moduli. Note that or0, £1.0, 0r0, and eg o are given
in Table 1.
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Fig. 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.
95 with permission from American Chemical Society, copyright 2022).

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 and liquid like properties below a cross-
over frequency. This is seen in Fig. 5.9

Molar mass between crosslinks

The molar mass of polymer between crosslinks is a fundamen-
tal aspect of networks that defines the network structure of a
crosslinked polymer.®® 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.”® Polymers are not perfectly crosslinked as there
can be a few irregularities and inconsistencies in the
network.’”?7%% A typical example of the anticipated inconsis-
tencies is the presence of dangling loops, which hang loosely
on the main polymer chain.’® 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.”®
Although a crosslink cannot be chemically measured using
the methods described below, detailed and sophisticated ana-
lysis 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.”® Here the experi-
mental set up is identical to standard shear testing or DMA.
However, this analysis requires the material be in the elasto-
meric regime, or above T,. Additional discussion of glassy vs.
elastomeric regime is given in the section on thermal analysis.

This journal is © The Royal Society of Chemistry 2024
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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 tan < 1.
The key concept is that each crosslink functions as a small
spring, making network deformation more difficult and result-
ing 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 cross-
linked elastomer can be related to molar mass of crosslink by
the eqn (7);'°

7)

where: G is the shear modulus, p 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 T, (eqn (8)).

M, =3"—

- (®)

Swelling experiments, in addition to mechanical tests, can
be used to determine the molar mass between crosslinks.
Again, the swelling ratio experiments to calculate M, 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 (y) and molar mass between crosslink are connected
to the equilibrium degree of swelling using Flory and Rehner’s
theory."**

oVs (4~ 20/f )
In(1—¢)+d+ x4’

)

=

where: p is the mass density of the polymer, V; is the molar
volume of the solvent, ¢ is the volume fraction of polymer in
the equilibrium swollen state (given by ¢ = 1/(SR, + 1) from
eqn (4)) y 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 cross-
linker."* As highlighted in the above discussion of swelling
ratio, ¢ can be evaluated from experimental swelling ratios, p
can be determined from gravimetric analysis of the polymer.
For many polymer-solvent pairs, the y and V, parameters can
be found in the literature, and wherever possible solvents for
swelling the network should be chosen to have a known y for
the given polymer.'®*> Often crosslinks impact on y are minor
at low to moderate crosslink density, especially when the cross-
linker has a similar structure to the monomer.
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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 cross-
linking and loop formation.”®'*" 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 exchange-
able crosslinks were used to correct for network defects caused
by elastically ineffective loops.’®® When analyzing poly(hydro-
xyethyl acrylate) networks crosslinked with a dynamic thiol-
Michael linker heating the network allowed bond exchange to
occur converting loops to crosslinks."®® This increased
modulus and decreased swelling, consistent with a higher
molar mass between crosslinks as seen in Fig. 6.
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Fig. 6 (a) Dynamic mechanical analysis showing the increase in
modulus upon heating the dynamically crosslinked polymers (b)
Reduction of the swelling ratio for the same materials as well as interpe-
netrated networks (reproduced from ref. 103 with permission from
Royal Society of Chemistry, copyright 2021).
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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 temp-
erature. A wide range of disciplines including chemical manu-
facturing, 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 includ-
ing, the glass transition temperature (T,), melt temperature
(Tr), and decomposition temperature (Tg). T, correspond to
the temperature where the material changes from a “vitrified”
or “immobilized” liquid where chain mobility is very low, vis-
cosity is high, and the material is glassy below Ty, to a softer,
rubbery or flowing polymer above it. T, coincides with polymer
b