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Abstract
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Macromolecular networks have been central to the evolution of
polymers as versatile materials with applications from the chemical
and pharmaceutical industry to packaging and biotechnology. The
main scientific challenge is to develop design criteria for fabricating
networks with desired performance. To this end, itis crucial to relate
the molecular behaviour of components to the macroscopic properties
of the network. At the same time, the advances in macromolecular
chemistry offer molecular insights that enhance our ability to tailor
their properties, for example, by combining reversible bonds with
macromolecular architecture. To meet the ambitious goal of molecular
design, itisimportant to organize the current knowledge, understand
the key physical concepts governing the response of different classes of
networks and unify the underlying principles, as well as open challenges
and perspectives. Here we focus on the rheology of networks based on
physical (reversible) associations, in the melt state, and offer a concise
view of the state-of-the-art along with the current directions and
perspectivesin this field.
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Key points

e Long linear, star and more complex branched polymers form
(transient) entanglement networks, exhibiting strain softening and
hardening in start-up shear and elongation, respectively. They flow
at steady state, characterized by shear thinning and elongational
thinning at high strain rates.

o Transient networks based on unentangled building blocks offer a
large tunability in elastic modulus and relaxation times. Under large
nonlinear deformation, their maximum stretchability is limited to the
mesh size of the network, and brittle fracture is often observed.

e Combining transient junctions and entanglements in a polymer
network allows keeping a relatively small mesh size, while preserving
a good extensibility that is governed by the transient junctions.

e Branching and sticky junctions along a polymeric chain act as
additional friction, delaying its relaxation time. Conversely, long chain
branching promotes dynamic dilution of an entanglement network,
facilitating its flow.

Introduction

Polymeric and elastomeric networks are ubiquitous in nature and
applications and, at the same time, offer many challenges in poly-
mer and soft material physics. In the years since early work on mod-
elling rubber elasticity'®, important advances have been made and
the range of network applications keeps on expanding’®. However,
changing socio-economic conditions and the urgent need to address
environmental concerns arising from the excessive use of plastics and
elastomers call for the development of new functional networks with
enhanced versatility’.

For polymersto be useful, their rheological propertiesinthe bulk
(melt) state — characterized by quantities such asthe viscosity and the
storage modulus — must fall within the window required for the desired
application. Itis therefore valuable to understand and develop methods
for linking polymer conformation and composition to therheology. In
thisregard, the coupling of macromolecular parameters with different
types of associations seems to be the way forward.

In physical polymer networks — the focus of this Review — the tran-
sient connectivity arises from two principal mechanisms: topological
entanglements and reversible supramolecular associations. In the for-
mer, entanglements play the role of temporary crosslinking junctions.
Classical reptation theory explains how entanglements restrict motion
in linear systems*®%, This framework has been extended to branched
polymers, where it predicts hierarchical relaxation starting from the
outer dangling ends and proceeding inward via arm retraction and
constraint release”'®. However, our ability to tailor the properties of
entangled polymers is limited: for most polymers the entanglement
plateau modulus varies over a relatively small range of 10°-10° Pa.

To enlarge the window of processability and applications, more
complex polymer architectures (or composition), including covalent
orreversiblejunctions are of interest, as they offer many ways to modu-
late the dynamics of the networks obtained. They canbe understoodin
terms of the sticky Rouse and sticky reptation frameworks, inwhich the
stickers generate time-dependent constraints whose lifetime governs
viscoelastic behaviour'2, A systematic comparison of the impact of

frictional resistance due to topology (macromolecular architecture) or
chemistry (associating groups) paves the way to tailor network strength
andrelaxation dynamics at molecularscale, bothinlinear and nonlinear
rheology. Therefore, there have been many investigations”** of how the
formationand properties of networks areinfluenced by the interplay of
entropic (chain elasticity) and enthalpic (associations, copolymeriza-
tion) effects with polymer architecture and by the presence of topologi-
cal constraints (such asentanglements or loop threading) and reversible
associations (for example ionic or hydrogen bonding or metal-ligand
interactions). These factors translate into seven control parameters,
related to the chain (flexibility, molar mass and architecture) and to the
reversible junctions (nature, density, strength and location).

Inthis Review, wefirst discuss the viscoelastic properties of physi-
cal networks made solely from entanglements. We then show how
these properties can be tuned if the macromolecules contain a few
chemical crosslinkingjunctions, to create complex architectures (for
example stars, combs or dendritic Cayley trees). The main effect of
chain branching is to act as a source of additional friction, slowing
down the relaxation dynamics and enhancing strain hardening under
uniaxial extension. Here we discuss only uniaxial extension that we call
simply extension or elongation. To assess physical networks based on
branched polymers and physically associating polymers, it is necessary
tocritically compare them. Inthe linear viscoelastic regime the termi-
nal relaxation of both types of networks slows down, being controlled
either by the dynamics of the branching chains or by the dynamics of
the reversible associations (sticky junctions), but large differences
may appear under large deformation. Subsequently, guided by this
comparison, we discuss the effects of topological entanglements versus
stickyjunctions on the network properties. Although theybothleadtoa
similar decrease of the mesh size of the polymer network, entanglement
dynamicsis governed by chain sliding, which is not the case for sticky
junctions, and this has large consequence on the network extensibility.
Further, we briefly address the properties of other types of physical
networks (slide ring gels, rings, associating networks based on phase
separationand dual networks with two different types of sticky groups).

The punchline is the emerging ability to tailor the rheology of
such networks at molecular scale and to design networks with desired
response. The existence of more than one control parameter (entan-
glements, macromolecular architecture, stickers with different
strength and enthalpic interactions) makes this broad class of networks
multi-responsive.

Our discussion links molecular parameters (controlled by chem-
istry) with macroscopic properties (controlled by rheology). The per-
tinent molecular parameters are listed in Fig. 1a. In addition, there are
important external or environmental parameters such as temperature,
pressure, humidity and load (for example, deformation or stress);
here, we address the role of the latter only>°.

Mesh size and related rubbery plateau in transient
polymer networks

Therubbery plateaureferstotheregionintherelaxation spectrum of
a polymer network at intermediate time scales, in which the storage
modulus G’ is approximately constant with a value G\°. In chemical
networks the rubbery plateau arises from the permanent crosslinks
(Fig. 1b), whereas in polymer melts the (transient) rubbery plateau
arises from topological constraints — the interchain entanglements
that restrict the renewal of chain conformation at the entanglement
length scale, which corresponds to the average distance between these
constraints and defines the mesh size of the entanglement network
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a Molecular parameters for creating polymeric networks and tailoring their properties
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Fig.1| Overview of this Review. Parameters considered in this Review (panel a).
Polymeric networks based on chemical crosslinks: the molar mass of the mesh
size M is equal to M,,, the average molar mass between two crosslinks (panel b),
topological entanglements. M;is equal to M,, the average molar mass between
two entanglements (panel ¢) and physical crosslinks with unentangled (panel d)
orentangled (panel e) strands in between. The blobs and the tube picture,
junctions, dangling ends, network strands and loops are also shown.
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f, Representation of the frequency (w)-dependent storage modulus G”: contrary
to theresponse of unentangled and non-sticky building blocks (thin dashed
curveto theleft), arubbery plateau is observed for chemical and physical
polymer networks, starting at the equilibration time of a network strand, 7.
Physical networks flow at long relaxation time (7)) (thicker dashed curve),
whereas chemical networks do not relax (continuous blue curve).

(Fig.1c). Therefore, the rubbery plateau is determined by the density of
topological constraints and iscommonly expressed as an ideal network®

o_PRT

On=" 7 G ents 1)
e

inwhich M, is the entanglement molar mass, pis the density, Rthe gas
constantand 7T the temperature. In the linear viscoelastic regime, the
elasticity arises purely fromtopological confinement, and chain relax-
ation proceeds at long time scales, at which the chains can diffuse on
alength scale corresponding to their size.
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Inassociating polymer networks, the constraints are due torevers-
iblebonding between chains, which represents transient crosslinking
points. For unentangled chains with sufficiently large density of bond-
ing motifs (stickers) to formanetwork (Fig. 1d), the effective modulus
isgoverned by these transient bonds

_PRT

Gl\(l)_ Mi = Gl\(l),xx' (2)

XX

inwhich M, is the average molar mass between two reversible junc-
tions. Itsrelaxation depends on the lifetime of active junctions and on
the composition of the building blocks.

If the transient network combines entanglements and reversible
junctions (Fig. 1e), both types of constraints contribute to the rubbery
plateau®

11,1 o
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G =GN entt Groxx (4)
N Ms Me Mxx N,ent N,xx

inwhich Mis the average molar mass between two physical constraints.

Polymer networks often include dangling arms — segments con-
nected to the network via a single junction — which are not trapped
in the network (Fig. 1b). In associating polymers, these arise from
building block architectures with no terminal functional groups. The
presence of dangling arms effectively reduces the number of elasti-
cally active strands and thus lowers the value of the rubbery plateau®’.
Whendangling arms are long enough to be entangled, they may initially
contribute to the entanglement plateau, but ultimately, they relax on
time scales governed by armretraction. Moreover, the possible fluctua-
tions of network junctions effectively soften the network, something
notaccounted for in the ideal network model. This effectisincludedin
the phantom network model thatis appropriate for lightly crosslinked

systems®*°
PRT 2
GI\(I),XXZV( ) ©)

XX
inwhich fis the functionality of the junction (the nominal number of
chain segments linked to ajunction).

In this Review, we discuss how the interplay of lifetimes of entan-
glements, reversible crosslinks and branch relaxation dictates the
rheological properties of physical networks. To this end, we com-
pare conventional branched and associating linear polymers. This
conceptual framework links molecular architecture, thermodynam-
ics (for example, possible clustering or microphase separation of
the stickers) and network dynamics, opening the route to rationally
designtransient polymer networks with tailored rubbery elasticity and
dissipation profile.

Networks based solely on entanglements

Linear or star building blocks

In the linear regime of deformation, at short times the topological
entanglements act as physical crosslinks, preventing the chains from
relaxing and renewing their configuration. The environment where
they can freely move is described by a tube that surrounds the chain’s
contour*® (Fig. 1c). For linear polymers, the main relaxation process
isreptation, which describes how a chain escapes fromits tube through
athermally activated curvilinear diffusion process along its own con-
tour (Fig.2a). This processis possible because of the ability of the two

free ends to randomize their direction and enable the forward and
backward diffusion, which eventually leads to loss of memory of the
initial tube, in other words, chain relaxation. The longer the chainiis,
thelongeristhe distance that the chain must cover to escape the tube
andthelarger the chainfriction. Therefore, the corresponding relaxa-
tion time strongly depends on the molar mass®. Although it should
scale as T, = M?3, aslightly higher exponent is found experimen-
tally (7, > M>*) due to the fast fluctuations of the chain extremities,
which speed up the reptation (this process is called contour length
fluctuations, CLF). There is an additional process, thermal constraint
release, thatis particularlyimportantin polydisperse linear polymers
orbranched polymers* ®* and is briefly described below.

Star polymers display qualitatively different viscoelastic signa-
turesto those of linear polymers. They are unable to reptate due to the
presence of the branching point (core), that acts as an effective stagna-
tion point. Consequently, each armretracts alongits own contour via
fluctuations to release its initial entanglements and renew its
configuration®®*, This processis entropically unfavourable, and the
corresponding relaxation time corresponds to the motion of the free
end against a quadratic potential on the molecular segment depth, x,
that ranges from x= 0 at the arm extremity to x=1at the branching
point, Ty, < exp(M,mX?) . This process leads to the broad terminal
relaxation (and loss modulus) of the star arms, whereas the storage
modulus decreases logarithmically with decreasing angular frequency
of oscillatory deformation® (Fig. 2b).

Despite their large difference in the linear regime, the nonlinear
elongational properties of linear and star polymer melts are very simi-
lar, because the time needed for a stretched chain toreturntoits equi-
librium (coil) configuration (the Rouse time, ) is similar®*?*. The
extensional deformationis described by the Hencky straing = —2ln(di),
inwhich disthe diameter of adeformed cylindrical filament of original
diameter d,,. For large Hencky strain rate € such that the Rouse Weis-
senberg number Wi = érzislarger than1, the chains do not have time
to equilibrate their monomeric tension along their whole backbone
and they stretch®*, This stretching leads to transient strain hardening
(increase of transient extensional viscosity with time at agivenimposed
extensional rate) (Fig. 2c). Nevertheless, because entanglements are
not fixed constraining points, chains canslide through these entangle-
ments, and monomeric tension equilibration is not limited within a
single entanglement segment. This sliding process reduces the maxi-
mum stretch the chains canreach, leading to extension thinningin the
steady-stateregime, in which the entangled networkis unable toresist
on longer time scales* %, Note that the equilibration time of a chain
in the nonlinear regime is not equal but proportional to i and is
affected by the chemical nature of the molecules®*°. Moreover,
the importance of the transient hardening depends on the entangle-
ment state of the chains when they start to stretch, the latter state
depending on the sample’s molecular characteristics (such as its
polydispersity)*-*.

Under nonlinear shear flow, the steady-state viscosity exhibits
shear thinning. In general, the thinning slope depends on the state
of entanglement and typically covers the range from -0.5 to -0.9
(refs. 5,43-45). The transient response is characterized by strain sof-
tening, which becomes more pronounced on increasing the shear
rate. An overshoot in the transient shear stress is commonly associ-
ated with the occurrence of conformational rearrangements (orienta-
tion and stretch) before steady-state flow is established (Fig. 2d). The
decrease of transient stress from overshoot to steady state reflects
chain reorientation and partial release of entanglements*.
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Fig. 2| Rheological signatures of entangled linear and star polymers.

a, Storage and loss moduli (G’ and G”) as a function of the frequency w for linear
polybutadiene (PBD) melts (1,4-addition) of increasing molar mass (from right to
theleft: M=20.7,44.1,97 and 201 kg mol™). The inset shows illustration of the
tube escape mechanism. b, Normalized frequency dependent storage modulus
of star 1,4-polyisoprene (PI), polystyrene (PS) and polybutadiene melts
containing (from right to left) and increasing number of entanglements per arm.
Thelogarithmic decay of G’ and broad relaxation of G” are evident. The inset
shows the tube escape. ¢, Transient viscosity (stress growth coefficient) 7" in
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uniaxial extension (extensional stress growth coefficient) as a function of
extension time ¢ for linear polystyrene with a molar mass of 100 kg mol ™ at
different stretch rates (increasing fromright to left). The inset shows a
mechanism of elongation of linear chains. d, Transient viscosity in shear (shear
stress growth coefficient) for linear polystyrene with a molar mass of 133 kg mol ™
at different shear rates y (increasing from top to bottom). Panel a adapted with
permission fromref. 146, ACS and ref. 147, Springer Nature Limited. Panel b
adapted with permision from ref. 148, ACS. Panel c adapted with permission from
ref. 149, AIP. Panel d adapted with permission from ref. 150, ACS.

Complex architectures and hierarchical relaxation

Further branching can be achieved with complex macromolecules that
typically consist of abackbone and several branches. Some examples,
withincreasing complexity, include H-polymer (linear backbone with
two branches attached to each end), pompom (such as H-polymer
but with many branches at the ends), (linear) comb (with different
branchesalongalinear backbone), star-comb (same aslinear comb but
with star polymer backbone) and Cayley trees (dendritically branched
polymers)*~*'.In the example of comb polymers (Fig. 3a), their relaxa-
tion takes place hierarchically: first, their branches relax by retraction,
similar to star arms. At longer time, the relaxed segments act as effec-
tive solvent because they do not contribute to stress (dynamic dilution
effect) but do contribute to friction in the relaxation of the remain-
ing stress-carrying segments. The relaxation of the inner backbone
depends onits entanglement state.

Macromolecules with non-self-entangled backbones. After the
relaxation of its branches, the relaxation of a non-self-entangled back-
bone of acomb macromolecule is well described by a Rouse process
governed by the motion of the branches. In this case, backbone seg-
ments of increasing molar mass become disoriented and relax over
time, until the relaxation time of the entire backbone becomes

Ty, comb = Toranch Zisanch - iN Which %, is the relaxation time of the
branches and Z,,,,, is the number of branches attached to the
backbone*. Inthisregime, G” and G” exhibit a power-law dependence
onfrequency with anexponentof1/2, characteristic of aRouse process
(Fig.3a).Conversely, the relaxation of inner backbone of pompom-like
macromolecules (Fig. 3c) is slightly different, because the branching
points areonly located at their extremities. Nevertheless, their relaxa-
tion proceeds through a Rouse process, at the rhythm of the disentan-
glement and re-entanglement dynamics of the branches, with which
it is entangled™. Its characteristic relaxation time is the constraint
release Rouse time Tegg = TorancnZisy » in Which Z, is the number of
entanglements of the inner backbone.

Macromolecules with self-entangled backbones. The entangled
backbone of acomplexmacromoleculerelaxes viareptation andretrac-
tion processes similarly to a linear chain (Fig. 3b), but its relaxation
timeis substantially increased, owing to the additional friction coming
from the branches***%, Increasing the length of the branches and,
consequently, their retraction time, increases the friction carried
by each branching point and, therefore, delays the relaxation of the
macromolecule (Fig. 3a). Nevertheless, this effect is counterbalanced
by a dynamic dilution due to the branches, yielding a decrease of the
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Fig.3|Rheological signatures of architecturally complex entangled
macromolecules. a, Frequency (w) dependent storage and loss moduli (G’ and
G”)for1,4-polybutadiene comb melts. Master curves were obtained using time
temperature superposition, by applying horizontal shift factors a; determined
from the Williams-Landel-Ferry (WLF) equation. The combs have the same
number and different size of branches (larger on top with stronger dynamic
dilution effect, the comb backbones being non-self-entangled and relaxing by a
Rouse process at time 7y .,mp)- Relaxation occurs, first, by retraction of the
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branches at time 7g,,,,.- TOp: atlonger times, the branches act as friction points
along the chain backbone. b, Schematicillustration of the hierarchical reptation
ofan entangled comb polymer: the inner backbone can diffuse but only if the
branches are retracting to pass over the entanglements. ¢, Frequency dependent
G’and G” for pompom-like polystyrene melts with branches of molar mass

23 kg mol ™ and backbones of molar masses 100 kg mol™ (non-self-entangled,
blue), 220 kg mol™ (red) or 400 kg mol™ (green). Panel a adapted with permission
fromref. 54, ACS. Panel c adapted from ref. 151, Springer Nature Limited.

original modulus of the network that is proportional to the square of
the backbone concentration ¢ (refs. 5,6,30,31). This is reflected on a
second, low-frequency plateau that emerges in the storage modulus.
The dynamic dilution effect also speeds up the reptation time of the
backbone, which must diffuse through an effectively ‘fatter’ tube that
corresponds to fewer entanglements. Therefore, the relaxation of
combsis controlled by two antagonistic effects that result from chain
branching: anincreased friction of the backbone and afaster reptation
inadiluted environment.

Pompom polymers exhibit similar hierarchical relaxation. The
low-frequency plateau modulus of the complex macromolecules is
muchlower thantheinitial rubbery plateau, due to the dilution effect
ofthebranches, which canbe seen by comparing the viscoelastic data
of different pompom polymers that have similar friction coming from
the branches (Fig. 3¢). Increasing the weight fraction of the branches
enhances their dilution effect and speeds up the backbone relaxation.
By varying the number and the length of the branches, itis possible to
adjust the contributions of these two antagonist effects and design
molecular architectures to obtain desired rheological properties.
Conversely, there are limited possibilities to tailor the rubbery plateau.

Networks based on dynamic

intermolecular bonding

A powerful strategy to create transient polymer networks is by intro-
ducing physical (reversible) bonds (stickers) along polymeric chains
(Fig.4a) or at their extremities (Fig. 4d). The resulting networks exhibit
viscoelastic properties arising from dynamic physical or chemical
interactions that continuously formassociations and break them over
time. Thelifetime of the stickers spans orders of magnitude, depending

onthenature of the junctions, which range from hydrogen bonds and
metal-ligand coordination to ionic interactions or dynamic covalent
bonds**~. Similar to the branches of acomplex macromolecule, stick-
ersact as effective frictional elements, which slow down the polymer
chainrelaxation. Drawing analogies between branched polymers and
sticky chains is therefore useful for building a universal conceptual
framework to describe the physics of macromolecular networks and
engineer their properties. In the following, the sticker lifetime repre-
sents the time beyond which the transient network relaxes due to disso-
ciationand association dynamics. Thistime is usually muchlargerthan
real association time of the reversible junctions, as it is expected that
asticker must dissociate and associate several times before hopping
toanew position®®®.,

Linear viscoelasticity of transient networks built from

sticky chains

Sticky chains with unentangled building blocks. The viscoelastic
response of arepresentative unentangled sticky polymer is as follows
(Fig. 4b). Starting from high frequency, a rubbery plateau in storage
modulus is observed, with a value that is proportional to the number
density of strands between two stickers (equation (2)). This network
startsrelaxing at time ¢ = 7., the sticker lifetime, which depends on
the strength and stability of the bond (therefore, the type). This time,
whichis defined as the time at which the transient network starts relax-
ingthrough the dynamics of stickers, is usually far longer than the real
association time of a single dynamic bond. Indeed, several inefficient
association and dissociation steps between the same pair of stickers
are expected to take place before a dissociated junction diffuses and
creates anew bond. The sticker lifetime is thus a representative time,
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Fig. 4| Sticky chains and telechelic building blocks (panels a, d). a,d, Sticky
chains and telechelic building blocks. b-d, Schematical linear rheological
response (storage modulus G’) of sticky chains (b,c). The latter can be unentangled
(panel b) or entangled (panel ¢), with a sticker density larger (Zeer > Z) OF
smaller (Z;.er <Z) than the density of entanglements. The different curves
correspond to the rheological responses for different sticker lifetime 7ycyer,
leading to different sticky Rouse time of the chain 7,  (b), to different sticky
Rouse time of the entanglement segments . (panel ¢, top) or to different
terminal relaxation time (c, bottom). Cartoon and frequency dependent G’
for supramolecular networks obtained by adding Zn(ll) ions to telechelic
star poly(n-butyl-acrylate) melts end-functionalized by a terpyridine ligand
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(d). e,f, The building blocks are either unentangled, with an arm molar mass of

10 kg mol™ per arm (e) or entangled, with a molar mass of 62 kg mol™ (f). As the
molar mass between two entanglements M, is 18 kg mol ™, both networks have

the same mesh size (represented by the yellow sphere). The different curves
represent the rheological responses at different temperatures. The temperature
influence on the segmental dynamics has been taken into account through the
horizontal shift factors a; determined from the Williams-Landel-Ferry equation.
Vertical shifts b, have been applied to account for the temperature influence on
the rubbery plateau (which reflects the product of density and temperature).
Panels e,fadapted with permission fromref. 76, ACS.
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which depends on both the nature of the bond and the time a sticker
remains free, which may be coupled to the polymer chain relaxation®®°,
The complete (terminal) relaxation of a sticky chain requires multiple
dissociations and reassociations of the stickers to allow for the loss of
segmental orientation (and structural memory) as the frequency
decreases®® % This process has been well described by the ‘sticky Rouse
model’, with a terminal relaxation time 7y, g = Tyicer Zeickers» iN Which
Ziickers IS the number of stickers along the chain. A characteristic of
this process is the slope of 1/2 observed on G’ and G” in the frequency
range between1/7g; e, and 1/ p.

This model has been applied to diverse systems, including
ionomers™ and sticky chains associating via hydrogen bonding®*.
The viscoelastic behaviour of unentangled sticky chains can be com-
pared with that of a comb polymer with an unentangled backbone,
with the branches playing the same role as the stickers (Fig. 3a). The
main difference between these two classes of macromolecular mate-
rials lies on the value of their rubbery plateau modulus: because the
rubbery plateau of the comb polymer arises from the entanglements
among branches, it cannot be tuned and moreover, it drops (often
substantially, depending on the molecular characteristics) assoon as
thebranchesrelax, owingto the dynamic dilution effect coming from
by the relaxation (disentanglement) of the branches (Fig. 3a). On the
contrary, the rubbery plateau of sticky chains can be easily tailored
by changing the density of stickers, something that does notlead toa
dilution effect®>®, Hence, although both systems can be compared in
terms of origin of friction and relaxation dynamics, comb polymers
are much softer than sticky chains, and anincrease in their relaxation
time is always accompanied by a decrease of the elastic modulus®***.

Sticky chains with entangled building blocks. In this case, the tran-
sient network properties emerge from the interplay between two
contributions: topological constraints (entanglements) and physi-
cal bonds (reversible junctions). Crucial challenges are to decode
the relationship between the modulus of the rubbery plateau and
the number densities of bonds (stickers) and entanglements and to
identify the effect of the latter on the relaxation of entangled sticky
chains. To rationalize their viscoelastic properties, it is convenient
to classify these networks into two main categories, depending on
whether the density of stickersis larger or smaller than the density of
entanglements.

Sticky chains containing a high number density of stickers usually
display two rubbery plateau regimes®”*® (Fig. 4c). The first, at high
frequencies, arises from the contribution of both types of physical
bonds (equation (4)) and extends up to the lifetime of the stickers,
where a sticky Rouse process takes place. That process ends at the
relaxation time of the entanglement segments, T, = Tyicxer Zot e (Zsg e IS
the number of stickers between two entanglements), where a second
rubbery plateau regime is observed, arising solely from the contribu-
tion of the entanglements and characterized by a modulus G ... To
further relax, the chains must diffuse through their entanglements,
whichis only possible through many dissociation and association steps
ofthestickers. This slow diffusion processis well described by the sticky
reptation model™. In this model, the reference microscopic time of an
entanglement segment is its sticky Rouse time, 7,,,, rather than its
intrinsic Rouse time, 7, typically used for entangled chains. For specific
systems with fast sticker dynamics, the friction from the backbone
itself may become non-negligible compared with the friction from the
stickers. In such cases, both contributions must be accounted for to
describe the chain diffusion.

The relaxation of sticky chains containing a low number density
of stickers can be rationalized in the context of the relaxation of entan-
gled comb macromolecules. At short times, only the dangling ends
thatare not trapped between two sticky junctions can disentangle and
relax’. Subsequently, asecond rubbery plateauis observed, due to the
entangled chain segments trapped between two stickers (Fig.4c). Then,
at times £>> T;q.r» the chain relaxes by a reptation process that is
slowed down by the extra friction arising from the stickers, and the
terminal regime of relaxation is reached. Again, the main difference
between sticky chains and comb polymers is the importance of the
dilution effect: for sticky chains, only the dangling ends contribute to
the dilution of the network, whereas for comb polymers all branches
are involved, which represent an important fraction of the polymer
and which substantially reduce the storage modulus.

Influence of temperature. This marks another important difference
between sticky and comb polymers. The temperature dependence
of the relaxation time of a comb polymer is well described by the
Williams-Landel-Ferry (WLF) equation for the horizontal shift factor a;:
log ar = —ﬁ, inwhich Tis temperature, T, is the reference tem-
perature for shifting the data along the frequency axis,and C;and C, are
material constants®. Typically, there is a tiny vertical shift factor (b;)
along the moduli axis, which reflects the variation of density with tem-
perature, as demonstrated for nonionic linear and branched poly-
mers*>*"**, for example. However, for more complex polymeric materials,
such as associating polymers, an increase of temperature may provide
the necessary activation energy for bond break-up, hence substantially
reducing the plateau modulus, which translates to alarger vertical shift
factor’®”". Theshift factors are used to construct linear viscoelastic master
curves based onthe principle of time-temperature superposition.

Conversely, the lifetime of the reversible junctions usually follows
an Arrhenius dependence on temperature, in addition to the WLF
behaviour of the chain backboneitself. This difference offersinteresting
pathsto tune the properties of sticky chains. For example, itis possible
toadjust thefrictionfromthe stickers (Arrhenius-like) and that fromthe
chainbackboneitself (WLF-like) in the chain reptation process, leading
to a thermorheologically complex network. Moreover, if the density
of stickers is low enough to form complex macromolecular assem-
blies that entangle with each other, rather than a percolated network,
their relaxation could follow one of two paths: asequence of dissocia-
tion dynamics of the stickers and disentanglement of the backbone
or a disentanglement of the macromolecular assemblies. The faster
process, which depends on temperature, is the one that dominates.

Thus, although the relaxation time of transient network formed by
sticky chains strongly depends on the sticker lifetime, it also depends
on the number of stickers per chain and on the entanglement state of
the latter. This leads to rich rheological behaviour tunable through
chemistry, molecular design and temperature. Last but not least, it
should be mentioned that the composition (for example, the catalyst
used or the nature and concentration of small crosslinkers) plays an
important role on the thermorheological response of associating
networks and has been used as a parameter to construct the linear vis-
coelastic master curves viatime-temperature-catalyst superposition
or time-temperature-crosslinker type superposition’”>,

Linear viscoelasticity of transient networks from telechelic
building blocks

Chains with sticky groups at their extremities represent telechelic build-
ing blocks that also form transient networks. As an example, Fig. 4e,f
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shows the linear viscoelastic response of unentangled telechelic star
molecules whose arms are end-terminated by a terpyridine ligand””.
When metal ions are added to the sample, reversible junctions are
created between the stars via metal-ligand coordination, and a pol-
ymeric network is obtained with a rubbery plateau modulus that is
proportional to the number density of junctions (equation (2)). The
respective terminal relaxation time is controlled by the dissociation
dynamics of the stickers. The activation energy determined from the
Arrhenius temperature dependence of the terminal regime s therefore
equivalentto theactivation energy that corresponds the temperature
dependence of the sticker lifetime”™ .

However, this direct relationshipis usually lost in the case of tran-
sient networks built from entangled telechelic building blocks (Fig. 4f):
their relaxation requires both sticker dissociation and the retraction
of the unassociated arms. Depending on the relative importance of
these two processes (thatis, sticker lifetime compared with retraction
time of a free arm, 7,,,,,), the temperature dependence of the terminal
relaxation time of the network can vary from Arrhenius (if 7y > Torm)
to WLF (if Tyerer < Trm), @llowing modulation of the influence of
temperature on the viscoelastic response of these networks.

Considering the role of additional friction, the properties of these
telechelic systems canbe compared with the relaxation of linear or star
polymersbearing branches at their extremities. However, their storage
modulus does not exhibit two plateauregimes as in the case of pompom
macromolecules, because thereis no dilution effect. Moreover, despite
the fastrelaxation of the unentangled building blocks, arubbery behav-
iour canbeachieved with the corresponding transient network thatis
unable torelaxbefore t = 7 ,. Hence, such asharp transition between
rubber-like and liquid-like behaviour cannot be obtained with complex
architectures.

Nonlinear viscoelasticity of complex
macromolecules and transient networks

Response in uniaxial extension (elongation)

Unlike linear and star polymer melts, complex macromolecules and
transient networks undergoing elongation typically exhibit substantial
strain (or extension) hardening. They also exhibit extension thickening
(thatis, increase of steady-state extensional viscosity with increasing
extensional rate) at moderately high strain rates.

Complex architectures. At Hencky strain rates exceeding theinverse
relaxation time of the outer branches, the branching points cannot
freely diffuse, because the drag force is too strong to allow the chain
to go back to its equilibrium state. Consequently, the backbone is
stretched and strain hardens (Fig. 5a,b). Thereis a continuousincrease
of stretching with time untilamaximum stretch valueis reached’. This
value corresponds to the stretch at which the monomeric tension along
the backboneis so large that it counterbalances the effect of the drag
force onthe chainbranching points’*2, As an example, forapompom
molecule the maximum stretch that theinner backbone can withstand
isequal to the number of branches attached to the branching points®.
Besides the role of the number of branches, strain hardening can also
be modulated by varying the length of the branches, which affects the
mobility of the branching point and, thus, the equilibration time of
the backbone®”5%%3 (Fig. 5a). The finite extensibility of the network
strands, which depends on the network mesh size (or, here, on the
length of the inner backbone) is also an important parameter. In gen-
eral, extension hardeningis enhanced as the number of entanglements
ofthe inner backbone increases (Fig. 5).

Transient networks. A similar strain hardening behaviour is also
obtained with associating polymers®*%. If the elongation strain rate
is larger than the inverse sticker lifetime, the transient networks
respond similarly to chemical networks, with the monomeric tension
along the network strands increasing with time (strain). However,
because the associative moieties represent the weaker bonds of the
network, they break if the tension in the network strands exceeds a
certain threshold®-* %, This threshold sets the maximum stretch level
oftheassociating networks and depends on the nature of the transient
bonds, that is, the strength they can withstand before breaking. The
maximum stretch level also depends on the length of the network
strands. Shorter strands reach their maximum extensibility at smaller
strain deformation (Fig. 5c), whichleads to premature breakage of the
network. Once a junction is dissociated, it can form a new bond or
remaindissociated, depending onthe strainrate. In thelatter case, the
sample exhibits a brittle behaviour. In the case of unentangled sticky
chains, a brittle to ductile transition as a function of the density and
lifetime of the stickers occurs (Fig. 5d). The deformability of the tran-
sient networks strongly depends on the maximum stretch the network
strands can accommodate before rupture®. The critical stretch ratio
for macroscopic fracture of the material is /N, in which N,is the num-
ber of Kuhn segments per strand (this value can be smaller if there is
finite extensibility®*?>’"). Moreover, the brittleness of the networks
depends onthe sticker lifetime and its relative importance compared
withthe Rouse time of the precursor chains. Indeed, onceajunctionis
broken, a very fast retraction of the chain, compared with the sticker
dynamics, promotes the formation of defects or microscopic cracks”%
The lifetime of the stickers may also be force dependent, a fact that
must be accounted for to explainthe influence of the deformation rate
on the fracture behaviour of the transient network®”.

Maximum stretch ratio. At high extensional rates, a steady state is
reachedwhenthestretch factorreachesits maximumvalue. For complex
macromolecules, this maximum stretch ratio (with respect to the equi-
librium size) corresponds to the stretch at which the monomeric ten-
sionalongthe backbone counterbalances the force needed for branch
point withdrawal. In the case of a dynamic network, it corresponds
to the stretch value at which the transient bonds dissociate.

Role of the entanglements. For both branched architectures and
transient networks, entanglements play auniquerole: although under
elongation at short times they contribute to the network elasticity
(equation (4)), their influence becomes negligible in the steady-state
regime’*0828% For example, two networks that have similar mesh
size, originating either from supramolecular junctions or from both
supramolecularjunctions and entanglements (Fig. 5c), exhibit asimilar
behaviour in the linear regime (Fig. 4e,f) and at short times under
elongation, but the entangled network has amuch larger extensibility
compared with the network based on unentangled building blocks.
This difference has been attributed to the ability of the chains to slide
through these entanglements and equilibrate their tensiononalarger
length scale (M,,) compared with the entanglement molar mass M..
Consequently, the contribution of entanglements to the critical stretch
ratio for macroscopic fracture is very small, leading to much higher
extensibility.

Role of the fast-relaxing dangling arms. Except at very high deforma-
tionrate, dangling ends do not stretch. Their contribution to the exten-
sional stress growth coefficient (transient viscosity) () vanishes at
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Fig. 5| Response to elongation. a, Transient stress 7°(¢) (also called stress
growth coefficient) as a function of time ¢ for the comb polymers with branches of
increasing length shownin Fig. 3. b, Behaviour of the pompom macromolecules
showninFig. 3. Theimportance of strain hardening (represented by the strain
hardening factor (SHF)) increases with the molar mass of the inner backbone
(Myy). ¢,Evolution of the extensional stress difference between the axial (,,) and
radial (g,,) direction of the telechelic star polymers shownin Fig. 4e,f. The crosses
represent sample breakage. d, Engineering extensional of unentangled sticky
chains. The diagram shows regimes of fracture in terms of Weissenberg number
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based on Rouse time (Wig) versus Weissenberg number based on terminal time
(Wig). The orange shaded area represents the regime of brittle fracture that
occurs when the transient elongational stress reaches values before and after the
overshoot. Whereas at strain rates ¢ <1/t the broken reversible junctions can
rearrange and reform before fracture takes place, at higher rates fracture occurs
ifthe sticker lifetime is much larger than the Rouse time of the precursor. Panel a
adapted with permission from ref. 82, AIP. Panel b adapted from ref. 151, Springer
Nature Limited. Panel ¢ adapted with permission from ref. 94, ACS. Panel d
adapted with permission fromref. 91, ACS.

shorttime, equal to their relaxation time. If their relaxation s fast, the
strain hardening of theinner backboneis visible earlier (Fig. 5b), lead-
ingtoanenhanced strain hardening factor (theratio of the value of the
transient elongational response n'(t) at a given stretch rate to the
respective valuein thelinear viscoelastic regime 7, (¢)). Nevertheless,
the (long-time) steady-state value of the viscosity is not affected by
this effect®.

Responseinshear

Complexarchitectures (Fig. 6a,b) and associative unentangled systems
(Fig. 6¢) behave very differently under strong shear flow. Transient
networks from unentangled telechelic building blocks can display
strong transient shear strain hardening at shear rates larger than their
inverse sticker lifetime (Fig. 6¢). Thisphenomenon hasbeenattributed
totheinability of the network strands to relax their stretch at the experi-
mental time and the associated resistance of the junctions’ . Similar
behaviour has been observed with wormlike surfactant micelles® and

supramolecular polymers built from hydrogen-bonding moieties”.
Moreover, although at low shear rates the viscoelastic response of a
transient network strongly depends on the lifetime of the stickers,
at high shear rates the nature of the sticker has only a small influ-
ence. Strain-induced break-up of the reversible junctions is observed
when the network strands reach a critical stretch, leading to a con-
stant yield strain independently from the imposed shear rate and
sticker strength®%, However, this critical stretch and extent of the
overshoot depend on the molar mass of the strands between two
crosslinking points (Fig. 6d). Such transient hardening is very rarely
observed in entangled complex macromolecules®. Typically, astrain
softening response is seen, with the overshoot in transient viscosity
(stress) marking the maximum deformation before orientation and
disentanglement'®°. This is qualitatively identical to the response of
entangled linear polymers®'*! (Fig. 2d). Nevertheless, the signature
of the branches is distinct as, depending on their number and molar
mass, they contribute to the broadness of the overshoot and even the
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appearance of a double overshoot (one associated with the branches
and one with the backbone)'°>'%*, Shear start-up data for comb and
H polystyrenes reveal strain softening, a broad overshoot and even a
weak undershoot (attributed to chain tumbling) on increasing shear
rate” (Fig. 6a,b).

Dual and double networks combining two types

of associations

Double networks combine two different types of bonds in one network
and haveyielded tunable materials'**'. Typically, the first bond is per-
manent or has an extremely long lifetime, and the second is physical,
with amuch shorter association lifetime. The strong and weak bonds
can be located at the same chain, forming a dual network (Fig. 7a) or
at different chains, forming interpenetrated networks (Fig. 7b). The
weaker bond is called sacrificial and is the first one to break under
elongation, whereas the second, very loosely crosslinked network,
ensures large extensibility of the sample'**'”’. The elastic modulus
of these materials is larger than the sum of the moduli of the single
networks (equation (4)), because their entanglements also contrib-
ute to the sample elasticity®®'°®. These entanglements trapped in
the network are potentially crucial for force transmission between
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Fig. 6| Transient shear viscosities n* (¢). a-d, A polystyrene comb (a) and a
polystyrene H melt (schematically illustrated) resembling apompom (b) at
different shear rates (increasing from top to bottom) as marked on the plots.
Influence of the bond lifetime on the transient shear viscosity of networks with
unentangled telechelic poly(n-butyl acrylate) star building blocks (c). The
networks contain Zn(ll) ions at 25 °C (red triangles), a blend of Zn(1I) and Cu(lIl)
ionsat40 °C (blue circle) or Cu(ll) ions at 60 °C (grey pentagon). Influence of the

the two networks. They also ensure complete recovery after a creep
test'® (Fig. 7d). Hence, the unique trade-off of mechanical stiffness
and deformability in this class of materials originates from the syn-
ergic effect of these two types of bonds, providing large mechanical
modulus (strong bonds) and enhanced ductility. Such behaviour is
also observedinnature. For example, marine mussels are composed of
collagendecorated with proteinaceous cuticles, formingiron-catechol
complexes that provide the necessary mechanical properties tosurvive
the wave-sweptintertidal zone. This observation has led to the devel-
opment of biomimetic double networks"°™, In general, the dynamics
of such networks at different scales can be described using the sticky
Rouse and sticky reptation models. The relaxation processes, which
reflects the twobonds, can be modulated by tailoring the length of the
chains, the density and strength (equivalently, lifetime) of the stickers
and, for interpenetrated networks, the composition of the networks.
This provides control over network properties such as shape memory,
self-healing and strength'0¢1013115,

A design challenge in entangled interpenetrated networks is to
tailor the bond lifetime in relation to disentanglement process. For
example, if both the strong and the weak bonds dissociate and associ-
ate many times before the building blocks disentangle, an average
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molar mass of the precursor on the transient shear viscosity of networks with
telechelic star building blocks and Cu(ll) ions at 60 °C (d). The molar mass of the
star arms is 10 kg mol™ (grey circles), 13 kg mol™ (yellow triangles) or 62 kg mol™
(blue circles)’™. Panel a adapted with permission fromref. 100, AIP. Panel b
adapted with permission from ref. 55, AIP. Panels ¢,d adapted with permission
fromref. 94, ACS.
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the segmental dynamics has been taken into account by applying horizontal shift
factors a; determined from the Williams-Landel-Ferry equation. Vertical shift
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rubbery plateau modulus (product of density and temperature). b, Tensile stress
(o) versus strain (1) curves for the dual crosslink gels at various initial strain
rates, from low (magenta) to high rates (yellow and red). For the comparison, the
curve for the chemical gels at an initial strain rate of 0.03 s (dashed line) is also
shown. ¢, Master curves of the storage (filled symbols) and loss (empty symbols)
moduli for adouble network composed of a (weak) metallo-supramolecular
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network built from sticky poly(n-buthyl-acrylate) reference sample of molar
mass 27 kg mol™, in the presence of Zn(ll) ions and a (strong) vitrimers network,
attemperature T,;= 25 °C. The data have been measured at T from -20 °C
(magenta) to100 °C (red) and have been shifted either by the Williams-Landel-
Ferry equation at high frequency or an Arrhenius equation at low frequency.
d, Creep-recovery curves (relative strain) of the metallo-supramolecular network
(light blue), compared with its response if an interpenetrated vitrimer network is
added (dark blue, dashed-dotted curve). The applied stress is 1,000 Pa. Creep
temperature is 25 °C, whereas the recovery temperature is first fixed at 25 °C
(from1,800t0 3,600 s), then at 40 °C and then increased by steps of 20 °C every
30 min. Panel a adapted with permission from ref. 117, ACS. Panel b adapted with
permission fromref. 116, ACS. Panel c adapted with permission from ref. 152, AIP.

T
0 2,000

effect of their contributionis observed, leading to a single-step relaxa-
tion. Conversely, if the disentanglement time is fast compared with
the sticker dissociation time, a two-step relaxation of the network
occurs. Therefore, selecting sticker-polymer combinations enables
achievement of desired properties.

Double networks usually have two rubbery plateauregimesintheir
linear viscoelasticity data, arising from both types of stickers at short
time and only from the long lifetime stickers at long time (Fig. 7c). Their
nonlinear shear response bears analogies with that of complexarchitec-
tures discussed above, for example, in the case of two bonds of different
strengths, a double transient viscosity overshoot may appear”.

In the nonlinear regime, the viscoelastic response strongly
depends on the applied strain rate, compared with the lifetime of the
two typesof'stickers. Ifitis faster than the inverse lifetime of both types
of stickers, the network behaves as a permanently bonded network,

with high elastic modulus and low strain at break" (Fig. 7b). However,
ifthe network is deformed much slower than the rate at which the fast
stickers dissociate and reassociate, the contribution of the fastbonds
onthestress-strainresponse of the network is nearly negligible, lead-
ing to a soft and extensible network. There is an optimal stretch ratio
or lifetime between the slow and the fast stickers, in which continu-
ous dissociation and association of the weaker bonds delay the chain
retraction after the strain-induced break-up of the stronger junctions,
thereby suppressing the formation of defects (or microscopic cracks)
that are thought to yield macroscopic fracture™*'”,

Finally, double dynamics networks can be obtained from tel-
echelic molecules that have two different types of bonds at their
extremities’®”. Depending on their lifetime compared with the dis-
entanglement time of the building blocks, a two-step relaxation of
the network can be observed, or a single-step one, occurring at times
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between the lifetime of the two types of stickers. This behaviour sug-
geststhat the stickers must dissociate and associate many times before
the relaxation of the building blocks. Understanding the influence of
the ratio between disentanglement time and stickers lifetime allows
selecting sticker-polymer combinations to achieve desired properties.
Under nonlinear shear flow, these double networks may exhibit two
overshootsintheir transient signal, each associated with one bond.

Outlook

By correlating molecular characteristics with macroscopic proper-
ties and appreciating and exploiting the analogy between branched
and associating polymers, criteria for molecular design of polymer
networks with desired mechanical properties could be developed.

Networks with sliding junctions

Sliding junctions, such as slide-rings, represent delocalized weak con-
strains similar to entanglements"®, Networks based solely on slide-rings
behave similarly tolinear entangled chains, but combined with another
type of junctions as described above, they canbecome strong double
networks. Their advantage is the ability to tailor the lifetime of the
strong bonds (hence, network elasticity), while allowing sliding (hence,
local dissipation)™. Their resulting properties in the direction of com-
bining stiffness, deformability and flow may offer new features (in view
ofthesliding nature of the weak junctions at large deformations) that
have not yet been exploited'®.

Networks based onbottlebrushes

The central framework to discuss the properties of networks presented
above can be used to understand networks formed from bottlebrush
homopolymers or copolymers. Bottlebrushes are densely grafted comb
polymers, with elastic and flow properties that can be modulated by
varying grafting density and size of grafted arms. They are efficient
building blocks for soft elastomers with molecularly adaptive prop-
erties mimicking those of biological tissues'” >, The new degrees
of freedom here for molecular design are grafting density and, for
copolymers, self-assembly (driven by the predominance of enthalpic
interactions).

Vitrimers

This unique class of polymeric networks is characterized by
fast-exchange bonding and debondingreactions (using dynamic cova-
lent bond chemistry), which maintain the junction density (hence,
network elasticity) constant for along time before eventual flow (often
facilitated by heating). This feature makes vitrimers malleable materials
thatencompass short-time thermosetting and long-time thermoplastic
behaviour'*?, Operationally, they are one-type associating polymers
thatare oftenimpossible to dissolve inareasonable experimental time.
They have been proposed as effective compatibilizers of immiscible
polymer blends, with potential applicationsin recycling processes'”,
and there has been much recent work on compatibilizing immiscible
plastics using vitrimers'?**, A challenge for design and applications
isthe possibility of microphase separation due to chemically different
nature of bonding groups and the polymeric segments; this challenge
draws analogies to the much-studied block copolymers>¥,

Nanocomposites and macromolecular architecture

This class of filled networks offers tunability of properties by selecting
polymeric matrices of different molar mass and particles of different
shape, size and surface treatment. The big pictureis that of substantial

reinforcement, especially when the fillers (added nanoparticles) form
different types of structures by means of self-assembly”*”*°, Applica-
tionof ashearfieldimproves particle dispersion and reduces elasticity
(the Payne effect)™*°. Both particle interaction and chain entanglement
contribute to these effects. Combining with macromolecular archi-
tecture may offer additional possibilities to fabricate materials with
desired tunable properties.

Controlling the spatial distribution of functional groups

The framework discussed in this Review is general, but in terms of
associating networks, examples from randomly placed or telechelic
stickers have been shown. An important molecular parameter that
affects the properties of associating networks is the spatial distribu-
tion of the sticky groups. This can be controlled with good accuracy by
taking advantage of advanced modern polymer chemistry approaches.
Hence, chemistry (both synthesis of polymers and placement of spe-
cificfunctional groups) is a useful tool to tune the thermorheological
behaviour of polymeric networks with reversible associations™ %,
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