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Abstract

Polymeric foams merge the intrinsic lightness of porous materials with low thermal and
electrical conductivity as well as good energy adsorption capabilities and filtration abilities,
depending on their morphology. Such combinations explain their widespread use in many
applications, including in the domain of personal protective equipment (PPE). Indeed, foams
are the materials of choice to fulfill a series of essential protective functions, including: (i)
insulation, (ii) dissipation, (iii) adsorption, (iv) filtration, (v) flotation and, of course, (vi)
cushioning. Historically, foams were developed by iterative formulation works aiming at
nucleating and stabilizing bubbles of gas in a polymer matrix. The foaming of polyurethanes is
among the earliest — and today most mature — methodologies. Indeed, polyurethanes are
obtained from isocyanate precursors that have the ability to partially decompose in gaseous CO2
in the presence of water. The gas, also referred to as the blowing agent (BA), is released
concomitantly with the polymerization reaction to initiate the expansion of the growing
polymer. Because the BA is primarily embedded in the molecular structure of the precursors of
the polymer, this system is usually labelled as self-foaming. With the growing health and
environmental awareness regarding the toxicity of isocyanates, a burgeoning number of self-
foaming polymers and their precursors that circumvent the use of isocyanates are reported in
the literature. They combine an interesting range of assets — from the typical ease of use of one-
pack systems to the relative innocuity of their blowing gas (e.g., CO2, Hz20, halogen-free
alkanes) — that are very well suited to the large-scale production of foams in compliance with
strict safety and environmental specifications.

In this context, the present review is showcasing both historical and emerging self-foaming
(pre)polymers that represent opportunities for the production of the next generation of safer and
environmentally benign PPE. A special attention is dedicated to the self-foaming mechanisms
—1i.e., the chemical transformations of the (pre)polymers that result in the release of the blowing
agent — and its interplay with the physicochemical processes resulting in the hardening of the
(pre)polymers (e.g., sol-gel or rubber-glass transitions). A classification of those mechanisms
— (i) thermolysis and (ii) condensation — is proposed for the first time. The properties of the
resulting foams are also briefly discussed in terms of densities, cell morphology and mechanical
response with the intention to guide the reader in selecting the best foaming process for the
targeted polymer matrix and with a special emphasize on the PPE application domains.
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|. General introduction

Polymeric foams are obtained by nucleation of bubbles of gas — also referred as cells or cavities
— in a polymer melt or a mixture of monomers, followed by a phase transition that stabilizes the
resulting porous structure, e.g. rubber-glass or sol-gel transition, to give a 3D expanded
material. The resulting material combines two phases that are both recognize for their intrinsic
lightness, low thermal and electrical conductivity as well as good energy adsorption
capabilities.[1-4] The polymeric phase ensures the mechanical strength of the material while
the gaseous phase guarantees the exceptional lightness and low conductivity. At equal strength
to weight ratio, there is no other material that can compete with the properties of polymeric
foams. For all these reasons, they are now irreplaceable in a wide range of applications
including packaging, electronics, transportation, furnishing, clothing, aerospace, or
construction materials.[1,4] Among this broad scope of applications, the recent outbreak of
COVID19 sheds light on the important role of polymeric foams in the application domain of
personal protective equipment (PPE).[5] Many masks, respirators and visors used since the
beginning of the pandemic comprise one or several foamed parts.[6-8] They usually fulfill
breathing, filtration, sealing or protective functions.[9-12] For instance, the nose seal of several
models of face mask is made of a closed cell foam[7]. Another example is the foam strip of
face shields that ensures a tight adhesion to the forehead and guarantees wearing
comfort.[13,14] In those examples, the foam is contributing to the improvement of the
wearability of PPE, a decisive role to ensure the consistent use and thus, the efficacy of the



equipment according to physicians.[15] As an indicator of the importance of PPE in the foam
market, in a recent survey from Foam Expo Europe,[16] most foam producers are declaring
new businesses dedicated to the development of components for medical devices — and in
particular for PPE — in order to compensate the decreasing demand in other sectors affected by
the economic crisis that comes along the pandemic.

Beyond the healthcare sectors and the ongoing sanitary crisis, polymeric foams are used in
many other PPE. Foam earplugs, used as hearing protective device, are the prime example of
mainstream PPE.[17,18] One can also mention the energy-absorbing foams used to prevent
mechanical impact hazards in safety footwear and helmets.[19] Moreover, with the growing
awareness about the impact of human activities on public health, the sector of PPE heads toward
the latest innovations of material science. Original protecting devices using foams as key
materials are described in the recent literature and represent new opportunities for the foam
industry. For instance, melamine foams were recently used as a breathable support of metal-
organic framework to develop new filters of particulate matter, the major source of air
pollution.[20,21] These innovative materials will be increasingly needed to address what has
become the most concerning environmental issue in developing countries. Composite foams
are also used to develop lightweight electromagnetic interference (EMI) shielding
materials.[22—27] With the raise of electromagnetic pollution resulting from the development
of gigahertz electronic systems and telecommunication devices, these new materials will be
part of the next generation of PPE.

The development of these novel advanced foamed materials coincides with the ongoing
mutation of the foam industry. Indeed, a transition towards sustainable polymeric matrices (e.g.,
biosourced and non-toxic polymer precursors) and environmentally benign foaming
methodologies (e.g., “non-ozone depleting” and “non-greenhouse” blowing gases) is under
way. To date, the foam industry is largely dominated by polyurethane (PU) foams. They
represent 50% of the annual global foam production.[1] One reason of their success is their
convenient self-foaming (or self-blowing) ability. Indeed, PUs are made by polyaddition of di-
or polyols onto di- or polyisocyanates. The partial hydrolysis of the later during the
polymerization reaction results in the formation of unstable carbamic acids, which
spontaneously decomposes into an amine and carbon dioxide, CO2[28] The amine reacts with
additional isocyanate to give a urea, and the in-situ generated CO2 serves as the blowing agent
(BA). These PU foams are considered “self-foamed” in the sense that the BA is held latent in
the molecular structure of the polymer precursors. Thus, the BA can be referred as
“endogenous” to the polymer precursors (Figure 1B). It is released concomitantly with the main
polyaddition reaction, with no other residue. This unique ability allows very simple batch
foaming processes and gives access to easy lab-scale development as well as industrial
implementation.[29,30]

Unfortunately, isocyanates are toxic.[31,32] The health concerns and regulation changes
associated with their use are forcing scientists and R&D researchers to prepare the future of the
foaming industry by exploring novel routes to design isocyanate-free foams. Especially for
healthcare sectors where the regulations are usually more drastic, as well as for all application
domains implying a close contact of the foam with the end-user (like PPE).[33]

Other polymeric matrices are commonly used in the foam industry. Polyethylene, polystyrene,
epoxy resin or rubbers are among representative examples.[1,4] However, none of them exhibit
the same intrinsic foaming ability than PU foams. The growth of porous cells inside those
matrices requires the use of external precursors of BA, i.e., compounds that are distinct from
the polymer precursors. They can be referred as “exogenous”. In general, they are low boiling
point liquid, like short alkanes (e.g., pentane) or halogeno-alkanes and -alkenes. They are
directly mixed with the polymer precursors and evaporate when the temperature is increased to
initiate the polymerization or the phase transition associated with the processing of the pre-



formed polymer. The transformation experienced by these BA during the foaming process is a
phase transition (liquid to gas). For this reason, they are usually designated as physical blowing
agent (PBA). Historically, chlorofluorocarbons (CFCs) were extensively used as PBA because
of their high chemical and thermal stability.[34] These ozone depleting substances are however
responsible for the major environmental crises of the last century: the ozone hole.[35] The
Montreal protocol (1987) has banned the use of CFCs[36] and the latter have been replaced by
hydrofluorocarbons (HFCs) that do not harm the ozone layer as much as CFCs. With thousands
of times the global warming potential of COz, they will be gradually phased-out over the next
20 years by amendment of the Montreal protocol.[37,38]

Under the pressure of these new regulations, industrial and academic scientists are relentlessly
looking for new versatile and ecofriendly blowing methods. COz2 turns out to be the most viable
alternative because it is renewable, innocuous and cheap. It is now incorporated as a super- or
subcritical fluid inside polymer melts, before a sudden pressure drop that initiates the growth
of the bubbles.[39-42] In the field of PPE devices, it was for instance used for preparing EMI
absorbing materials by foaming many polymer matrices loaded by conductive fillers (e.g.
carbon nanotubes,[43-48] graphene[49-51]). It was also exploited for designing non-
isocyanate polyurethanes (NIPUs) foams as promising alternatives to conventional PU foams
for thermal insulation.[52] Despite the numerous advantages of this method used for foaming
many polymer matrices,[39,40,53,54] it does require intricate equipment to maintain CO2-
polymer melt under pressure. Moreover, the method is hardly transferrable to crosslinked
polymers, i.e., thermosetting polymers. The same issues are encountered for the use of
pressurized Noa.

Other alternatives to harmful or unstable PBA are solid compounds that can be dispersed in the
polymeric matrix under ambient conditions and that decompose upon heating to release a gas.
Because the process behind the release of the blowing gas is a chemical reaction, these BA are
referred as chemical blowing agent (CBA).[3] Like PBA, they are distinct from the polymer
precursors and are thus considered as exogenous BA (Figure 1A). Advantageously, their use
does not require any complex equipment and their thermal latency is predictable and well
controlled. Typical examples include azodicarbonamide or mineral carbonates. For instance,
Altuna et al. recently used sodium bicarbonate to blow biobased thermosetting epoxy foams
cured with anhydrides.[55] The thermal decomposition of sodium bicarbonate yields COz,
water and sodium carbonate. Other CBA, like azodicarbonamide, are toxic and decompose into
dangerous gases, like carbon monoxide or ammonia.

With no system — neither PBA, nor exogenous CBA — being able to compete with the versatility
and simplicity of isocyanate-based formulations, researchers are looking for solutions that
could mimic self-blowing PUs, while circumventing the toxicity of isocyanates, and be
implemented to various polymer matrices. Over the last decades, a limited but growing number
of works were dedicated to the development of self-blowing systems that would obey the
following points: (i) BA is held latent inside the molecular structure of polymer precursors, (ii)
the blowing gas released during BA’s decomposition is ideally environmentally benign, and
(iii) no chemical residue (i.e., unanchored byproduct) is remaining inside the final polymer
matrix. In order to respect those principles, authors are ingeniously revisiting basic concepts of
organic chemistry, including selective decarboxylation, condensation reactions or sacrificial
protecting groups. Methodologies were first proposed for isocyanate-free commodity polymers,
such as epoxy resins[56] or high-Tg phenolic resins.[57] In a recent example, Monie et al.
introduced a process for the simple construction of self-blown PUs obtained from isocyanate-
free precursors.[58,59] This system that will be discussed later can operate with an impressive
range of innocuous and readily accessible precursors, offering materials that have the potential
to compete with the broad diversity of existing isocyanate-based PU foams. This tour de force,
together with other precedents of the literature, demonstrates that realistic self-blowing



alternatives to the traditional isocyanate route are no longer a distant dream. Advantageously,
many of these new systems can be used for the synthesis of advanced foamed materials and
with a high degree of safety for the end-user. They are promising for the production of the next
generation of PPE, in accordance with the latest regulations for health and environment,
although most of these processes have still to be improved for large scale production.

Chemical Blowing

------------------------- This work -----------------+,

Exogenous Chemical Blowing (ExCB) Endogenous Chemical Blowing (EnCB) .
+

+ Gas

+ El e S n___

Figure 1: Comparison between exogenous (A) and endogenous (B) chemical blowing.

The aim of this paper is to review for the first time the current state of the art of self-foaming
polymers. Foaming processes using exogeneous BA are out of scope of this review and
interested readers are directed to recent reviews in the field.[3,4,60] After a brief reminder of
the fundamentals of the foaming technology, self-blowing polymers are discussed based on the
mechanism responsible for the formation of the blowing agent. For sake of consistency, we will
not detail all works done in the field, however we have selected some of the most relevant
examples illustrating the main concepts and reactions involved for constructing the foams. In
the last section of this review, we critically discuss pros and cons of the self-foaming polymers,
as well as their potential exploitation for designing the next generation of PPEs. We also draw
some trends whenever possible with the intention to guide the reader in selecting the best
foaming process for the target polymer matrix or application.

Foaming versus Self-Foaming

1. The basics of foaming technology

In this section, the fundamentals of foaming polymers are addressed in order to understand
some of the main constraints associated to the different foaming approaches that will be
exposed later. Other concepts such as homogeneous and heterogeneous nucleations, cells
growth, foams stabilization, etc. are however not discussed in order to focus the review to the
chemistry involved for the foam formation, rather than its physics. The reader is however
invited to read excellent reviews discussing the physics behind foaming.[40,61-63]

a. The blowing agent and the foamed polymer

Conventionally, a foaming process involves two protagonists: (i) the blowing agent and (ii) the
polymer or the precursors of the polymer.[4] Blowing agents are classified in two families: (a)
the physical blowing agents (PBA) and (b) the chemical blowing agents (CBA).[3] PBA (a) are
liquids or gases that are dissolved in the polymer matrix. They form the gaseous cellular phase
by experiencing a phase transition, either by vaporization in the case of liquid PBA or by a
sudden desorption resulting from a pressure drop in the case of gaseous PBA. CBA (b) are
usually solids that are dissolved or dispersed inside the polymeric matrix. They produce gas by
thermal decomposition. The formation of the gaseous cellular phase can be instantaneous after
the decomposition of the CBA, or it can be delayed as a function of the gas solubility in the



polymer matrix. If this latter is high, a temperature increase and/or a pressure drop might be
necessary to reach the supersaturation state and trigger the nucleation and the growth of the
cavities. It is worth noting that, when considering CBA, the actual blowing agent is the gas
produced by thermal decomposition of the solid CBA. By extension, the solid precursor is also
called “blowing agent”. During the foaming process, both PBA and CBA undergo a
transformation resulting in an abrupt change of volume and an increase of the global entropy.

The foamed polymers, also called the polymer matrices, are classified in two families as well:
(i) thermoplastic polymers[64] and (ii) thermosetting polymers.[65] These are the traditional
families discerned in polymer science, independently of the foaming technology context. This
distinction is of utmost pertinence when considering the foaming strategy to adopt and the end-
application of the foam.

Thermoplastic polymers are amorphous or semicrystalline polymers constituted of large
macromolecules associated through intermolecular connections such as entanglements,
hydrogen bonds and glassy domains. They are soluble in good solvent and they can reversibly
undergo a transition from an elastic solid to a low viscosity melt. When heated above their glass
transition temperature, Tg, they behave as a viscous liquid. In this state, they may be easily
processed and reshaped. They harden in the form of an elastic solid upon cooling down the Ty.
In the foam industry, their processes do not involve any polymerization reaction. The polymers
are used as received, in the form of pellet of well-formed macromolecules.[66] The growth of
the cellular porous structure is initiated when the polymer is behaved as a viscous liquid, i.e.,
when T > Tg.

Thermosetting polymers are 3D-crosslinked network — theoretically a single giant
macromolecule — that are obtained by reacting polyfunctional precursors, either small
molecules or prepolymers, in the course of a polymerization reaction, also known as a
crosslinking reaction. During the crosslinking reaction, the reactive system undergoes a sol-gel
transition, i.e., a transition from a low viscosity solution of precursors to a crosslinked elastic
solid, also called a gel.[67] This transition involves a gradual increase of the viscosity. It is
irreversible. Once the gel is formed it will not relax stresses anymore, except if
reprocessing/dynamic networks are involved.[68-70] The shape of the polymer is set and
cannot be changed anymore. In the foam industry, their processes usually involve the solution
of precursors that is crosslinked during the growth of the cellular porous structure.[71]

The end-properties of thermoplastic and thermosetting foams are also very different due to their
distinctive molecular structure. The solubility of thermoplastic polymers and the reversibility
of their hardening transition (i.e. glass transition) limit their use to applications involving mild
conditions. They cannot be used at temperatures close to Ty where they soften.[72] This would
result in the general collapsing of the porous structure. On the other hand, they are very suited
when considering the possibility to recycle the foam.[73] Thermosetting foams exhibit superior
thermal and solvent resistance thanks to their covalent crosslinks.[74,75] Their porous structure
can be preserved even after long exposure to harsh conditions such as high temperature and
swelling in good solvent.[76] Contrarily to thermoplastic, they cannot be reprocessed, and their
recycling is much more complicated.[77,78]

In the context of PPE applications, both families are relevant. Indeed, the choice between a
thermoplastic or a thermosetting foam is very dependent on the hazard associated to the use of
the PPE. When considering a protective equipment against heat exposure, it is of course
preferable to use a thermosetting foam. However, when considering the nose seal of a
disposable mask, a thermoplastic foam might be more adapted to anticipate the recycling of the
foam after use.



b. Chronology of a foaming process — The foaming window

Depending on both, the polymer — thermoplastic or thermosetting — and the blowing agent, the
fabrication of a foam can proceed via very different processes — extrusion, pressure vessel, etc.
— under various conditions of temperature and pressure — T, P. However, the same steps are
always involved:

1- The blend of the blowing agent and the thermoplastic polymer, or the precursors of the
thermosetting polymer, in a temperature and a pressure window — Tmix, Pmix — Where the
viscosity of the system, 7, is adapted to the mixing process, and the blowing agent is
stable.

2- The blowing step resulting from the decomposition and/or vaporization of the blowing
agent, triggered by applying new temperature and pressure conditions — Thiow, Pblow —
allowing to reach the supersaturation state, i.e. the limit of the generated gas solubility
in the polymer, which causes the nucleation phenomenon. These new conditions are
also coinciding with the viscosification of the polymeric phase, i.e. crosslinking of the
thermoset or glass transition of the thermoplastic. n must be adapted to the nucleation
and the growth of the bubbles.

3- The stabilization of the porous structure via the hardening of the polymeric phase —
vitrification in the case of a thermoplastic and gelation in the case of a thermosetting
polymer — triggered by specific temperature and pressure conditions — Tstab, Pstab.

The chronology of these three stages — blend, blowing, stabilization — is decisive to ensure the
success of the foaming process. A critical point is the synchronization of the decomposition
and/or vaporization of the blowing agent with the initiation of the viscosification of the polymer
material.[56,71,79-90] It is indeed essential that the bubbles nucleate and grow in a certain
viscosity window sometimes called the viscosity foaming window.[71,80] If the gas is released
before the viscosity enter the foaming window, it will quickly diffuse through the polymer. The
cavities will not grow, or they will collapse before stabilization.[86] If the gas is released once
the viscosity exceeds the foaming window, no nucleation will occur due to the large elastic
modulus of the polymer matrix that completely precludes any deformation.[89-91] No cavities
will be formed.

In order to improve the foaming ability of a polymer-BA system, diverse additives can be added
in various amounts to the formulation to facilitate nucleation and growth of the cavities.[92]
The most widespread are heterogeneous nucleating agents, e.g. clays or carbon particles, and
surfactants, e.g. siloxane or ethylene oxide oligomers. Nucleating agents will make the
nucleation phenomenon more entropically favorable, allowing gas nucleus to appear
homogeneously in the polymer volume.[93,94] Higher nucleation rate and lower critical
nucleus radius usually lead to narrower cells-size distribution in the final material. However, it
highly depends on the homogeneous dispersion of the nucleating agent in the polymer, as gas
nuclei will appear at the surface of the heterogeneous particles. The surfactants are used to
lower the surface tension around the gas nucleus, thus facilitating its growth in the viscous
matrix. By facilitating the nuclei appearance and growth, these additives can provide foams
with lower densities and better mechanical properties than additives-free analogues. Other
additives can be added on foam formulation, e.g. to tune the decomposition temperature of the
CBA. They will strongly depend on the chosen blowing system, i.e. polymer matrix to expand
and the blowing method.



2. Self-foaming polymers: definition and classification
Various systems defined in this review as “self-foaming” exist since decades (e.g. phenolic
resins, polyurethanes, polyesters). However, the criteria to consider a polymer foam as “self-
foamed” has never been clearly established.
In the frame of this review, self-foaming polymers are defined as expandable systems for which
the blowing agent is embedded in the molecular structure of the macromolecules — or the
precursors of the macromolecules. The latter become both the foamed material and the chemical
blowing agent. There are no exogenous chemicals involved in the foaming process. In other
words, the blowing agent is held latent by being covalently attached to the polymer, or the
precursors of the polymer. It is released when the polymer is processed (e.g. extrusion of a
thermoplastic polymer) or when the reaction of the precursors of the polymer is initiated (e.g.
crosslinking of a thermosetting polymer). It is noteworthy that “self-blowing” or “self-foaming”
have been used by others to name systems that are out of the scope of this review. For instance,
systems where the phase transition of a physical blowing agent is initiated by the exotherm of
the polymerization reaction.[95-97] To our viewpoint, they are just example of exogeneous
physical foaming.
Self-foaming polymers can be classified into two main classes depending on their production
mode as illustrated in Figure 2 and discussed below:
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Figure 2: Classification of self-foaming polymers based on their production mode.

() Self-foaming polymers by thermolysis (Figure 2A,B)

They concern polymers or precursors of polymers bearing thermolabile groups. Their
decomposition into small molecules (e.g. CO2, isobutene, H20, acetone) is thermally initiated
and programmed to occur within the viscosity foaming window of the polymer. Interestingly,
the formation of the blowing agent generates new functional groups anchored to the polymer
chain. Two subfamilies can be discerned depending on the role played by these chemical
functions :

(i.a) The chemical function is inert, i.e., unreactive (Figure 2A). In that case, the only role
played by the thermolabile group is to release the blowing agent. Interestingly, the separation
of the blowing agent from the thermoplastic or the growing 3D network, usually results in an
increase of the Ty of the polymer.[98] After the gas nucleation, the transition of the polymer
from rubber to glass, and thus the stabilization of the porous structure, is triggered by the Tq
increase.



(i.b) The chemical function is reactive and further contributes to a crosslinking reaction (Figure
2B). In other words, two moieties are held latent in the thermolabile groups: the blowing agent
and the precursors of the crosslinking points of the thermosetting polymer. Advantageously,
the in-situ release of the blowing agent and the sol-gel transition of the thermosetting polymer
are programmed to take place simultaneously. The thermal latency of the curing reaction and
the blowing process are synchronized, enabling the efficient stabilization of the porous
structure.

(i) Self-foaming polymers obtained via condensation and polycondensation.
In these self-foaming systems, the blowing agent is the small molecule (e.g. water, methanol,
acetic acid, etc.) generated during the construction of the polymer by the condensation of two
complementary functional groups of the polymers or their precursors (Figure 2C).[99,100]
Thermosetting polymers obtained through polycondensation reactions are representative
examples. Advantageously, in this case, the formation of the polymer network and the in-situ
release of the blowing agent are concomitant. However, different scenarios can be
discriminated depending on the role played by the condensation in the formation of the
polymer:
(il.a) The condensation can be the main polymerization reaction responsible for the formation
of the polymer network (case of a classical polycondensation).
(ii.b) The condensation can be a side reaction that proceeds along the main polymerization
reaction, and does participate in the formation of the polymer network.
(ii.c) The condensation can be a side reaction that does not contribute to the formation of the
polymer network.

In the following sections, we depict the main trends in historical and emerging self-blowing
polymers in the recent literature, emphasizing the motivations for their use in the scope of
personal protection.

Self-foaming polymers by thermolysis

Herein, we describe the most relevant self-blowing polymer strategies by thermolysis and
discuss their use or potential for PPE applications. Figure 3 illustrates the main blowing
approaches resulting in the heat-induced release of volatiles by degradation of various chemical
functions anchored to polymers or precursors of polymers. They are classified by the type of
chemical group used as blowing agent precursor.
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1. Carbamic acid derivatives

Carbamic acid and its derivatives (e.g., carbamates, carbamic anhydrides) are known for their
ability to decompose thermally into an amine and CO2 (with an additional residue for
carbamates and carbamic anhydrides). They are probably the most used thermolabile chemical
functions in self-foaming technologies. Indeed, the self-foaming ability of isocyanate-based
polyurethane formulations — the most commonly used self-foaming polymers — relies on the in-
situ formation of unstable carbamic acids by reaction of water with isocyanate functions, that
subsequently decompose into COz, the blowing agent, and an amine, the latter contributing to
the growth of the polymer network.[101] Other self-foaming polymers using carbamic acid
derivatives as CO2 generators have been described in the literature. Below, they are classified
in two categories: (i) self-foaming polymers based on the thermal degradation of carbamic acids
generated in-situ by reaction of isocyanate with a nucleophile (Figure 3A), and (ii) self-foaming
polymers based on the thermal degradation of latent carbamic acids, i.e. carbamates (Figure
3B,C).

a. Thermal degradation of in-situ generated carbamic acid derivatives

Formation of carbamic acid by reaction of isocyanates with water

The polyaddition of polyisocyanates to polyols in the presence of water is historically a
milestone in polyurethanes foams (PUF) preparation (Figure 4). In 2020, the PU-foam market
was worth 37.8 billion USD [102] attesting for the importance of this production pathway. In
this process, the isocyanate/alcohol reaction provides the urethane skeleton whereas the
hydrolysis of isocyanates yields the carbamic acid that rapidly decomposes with the formation
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of an amine and CO2. The amine resulting from the carbamic acid degradation further reacts
with isocyanates and contributes to the construction of the polymer network with the formation
of urea linkages. PU materials which comprise significant amount of urea bonds are often
referred to as poly(urethane-urea) (PUUR).[103,104]

The impressive diversity of accessible polyols at low cost, associated to various commercially
available isocyanates, allow preparing PUFs of various properties, from flexible to rigid foams
that meet the requirements for the target product. This is certainly the most mature and versatile
technology for the preparation of self-foaming polymers.[92] Authors have reported
comprehensive characterization of flexible and rigid foams obtained using conventional
isocyanate precursors. Seo et al. have studied the effect of the initial water content on the
mechanical, morphological, and thermal properties of rigid polyurethane foams prepared from
polyisocyanates based on 4,4’-diphenylmethane diisocyanate  (MDI) and polyether
polyol.[105] Interestingly, the PUF density decreased from 173 to 40 kg m by increasing the
initial amount of distilled water from 0.5 to 3.0 parts per hundred polyol by weight (pphp),
respectively, consequently increasing the cell size from 115 to 258 um. In the meantime, the
glass-transition temperatures were increased from 50 to 80 °C due to the increased fraction of
urea linkages in the polymer matrix that reduced the overall chain mobility in the final network.
Similarly, Gwon et al. reported a detailed study of flexible PUF obtained by reacting a mixture
of oligomerized 4,4’-diphenylmethane diisocyanate (pMDI) and toluene diisocyanate (TDI) —
75% pMDI, 25% TDI — with a glycerol based polyether polyol.[106] In that case, the density
of the PUF can vary from 400 to 150 kg m by increasing the initial amount of distilled water
from 0.3 to 1.0 pphp. Interestingly, the authors demonstrated that catalysts specific to the
alcohol-isocyanate  reaction and to the water-isocyanate reaction — @ 1,4-
Diazabicyclo[2.2.2]octane (DABCO) and bis(2-dimethylaminoethyl) ether (BDMAE),
respectively — can modulate the relative kinetics of the two reactions and, in return, the
properties of the resulting foam. For instance, by increasing the catalyst ratio,
[BDMAE]/[DABCOQ], from 0 to 1.2, the foam density can be decreased from 320 to 220 kg m"
3 (at constant water content, 0.5 pphp). This result illustrates the impact of an earlier release of
the blowing gas in the foaming window of the thermosetting polymers.

It is however noteworthy that, despite the evident adaptability of self-blown PUF, physical
blowing agents are also extensively used to obtain PUF. In particular, the use of low-boiling
point chlorofluorocarbons (CFCs) has been preferred to water initiated self-blowing for a long
time due to the lower thermal conductivity of CFCs as compared to CO2.[107] Moreover, CO2
is known for its high diffusivity through the cells walls that results in pressure drop and
ultimately in dimensional instability of the foams.[108,109] With the hazardous environmental
effects of CFCs (ozone depletion), and of the substitutes that have been proposed after the
Montreal protocol (hydrofluorocarbon, HFC), there have been a regain of interest for water-
blown PUFs over the past decades.[109] In particular, recent studies have investigated the
possibility to improve their dimensional stability by using appropriate additives.[108]
Moreover, a growing number of references are dedicated to self-blown “green” PUF, using bio-
based precursors of PU.[110,111] We recommend a recently published exhaustive and excellent
review on the topic for more details.[92] In this context, there are new opportunities for the
development of environmentally friendly and highly performant PUF in replacement of the
foamy parts of PPE that are still based on physical blowing methods and petro-based precursors.
In the case of PPE applications, PUFs are leaders with many products on the market,[1,112,113]
e.g. shock protection/comfort materials (packaging, shoe soles, helmets, cushion,
matrasses,...),[19,114] electromagnetic interference absorbers,[26,115,116] thermal or sound
insulating panels,[117,118] water or air filtration devices,[12] ear plugs, etc.[119,120]
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Figure 4: Formation of polyurethane foams by polyaddition of polyisocyanates to polyols in the presence of water.

Formation of carbamic acid by reaction of isocyanates with carboxylic acids

Carboxylic acids can add to isocyanates to form unstable carbamic anhydrides — also called N-
carboxylated anhydrides (NCA,; Figure 3.1A) — that can spontaneously decarboxylate, yielding
amides. These NCA are also reactive towards carboxylic acids to provide anhydrides and
carbamic acids; the latter decomposing into CO2 and amines.[121] Therefore, when carboxylic
acids are added to PU formulations composed of polyisocyanates and polyols, all these
competitive reactions may occur in addition to the isocyanate/alcohol, isocyanate/amine and
amine/anhydride ones. In the end, the formulations combining isocyanates and carboxylic acids
results in the formation of hybrid networks with urethane, amide and urea linkages (Figure 5),
self-blown by the COz2 released by degradation of N-carboxylated anhydrides.
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Figure 5: (i) Competitive reactions of isocyanates with carboxylic acids, and (ii) main reactions occurring when carboxylic
acids are added to PU formulations composed of isocyanates and alcohols with the corresponding formed linkages. Adapted
from [122], Copyright (2018) with permission from Elsevier.

Stanzione et al. reported such system for the preparation of expanded materials.[122,123] By
adding bio-based polyesters with both OH and COOH chain ends — prepared by
polycondensation of succinic acid and butanediol — to a PU formulation — composed of a
commercial polyether polyol, methylene diphenyl diisocyanate, a catalyst and a surfactant —
hybrid polyurethane-polyamide materials (PUA) foams were obtained without adding water
(Figure 6). The morphology and properties of the foams were dependent mainly on the weight
fraction of bio-based polyester into the formulations and on the functionality of the bio-based
polyester, i.e. the ratio of COOH vs OH chain ends. Carboxylic acids being less reactive towards
isocyanates than alcohols[124,125], slower cross-linking kinetics resulting in lower final
expansions were observed as compared with similar COOH-free formulations foamed by the
addition of water. This lower expansion was the result of the blowing agent leaking out of the
polymer matrix prior it was viscous enough to trap COz inside. In other words, the BA was
release too soon in the foaming window. When polyesters with only COOH chain ends were
used, collapsed foams were mainly collected. Flexible foams with densities between 61 and 76

13



kg m-3 were obtained when using polyesters with both COOH- and OH chain ends. Both open
and closed cells morphologies were observed.

Figure 6: PU foams prepared from carboxylic acid (S1), alcohol (S3) and both functions (
with MDI. " Adapted from [123], copyright (2018) with permission from Elsevier"

The reaction of isocyanates with carboxylic acids was also exploited to prepare self-foamed
polyimides.[126-128] As an example, Liu et al. demonstrated that poly(amide ester) foams
could be obtained from a partially hydrolyzed and methanolized dianhydride (PMDA) in the
presence of a polyisocyanate, a PDMS-based surfactant and catalysts (Figure 7). Isocyanates
were reacted with the carboxylic acids to provide the amide linkages along with CO2 generation.
The obtained foam was post-cured under vacuum at 250 °C for the formation of the polyimide
foam and for removing water and methanol by-products (without any change in the material
volume expansion). After spraying silver(0) particles on the foams, the authors reported rigid
low density foams (< 23 kg m3) with open-cell and high thermal stability (Tgs% = 400 °C) that
presented good EMI shielding efficiency (between 36 and 96 dB) in the 200-7000 MHz
frequency range.
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Figure 7: Preparation of self-blown polyimide foams from anhydride and isocyanate compounds. Adapted from [127]
Copyright (2012) Wiley Periodicals, Inc.Thermal degradation of carbamates

Carbamates are much thermally stable compared to carbamic acids and can be used as latent
blowing agents when a thermal curing is tolerated. Two main families of stable carbamates
have been used for the preparation of epoxy-amine foams. They consist in covalent (Figure 3B)
or ionic carbamates (Figure 3C).

Epoxide-amine formulations are commonly used to obtain high-performance thermosets[129]
that find many applications in fields such as coatings, electronics, adhesives or as matrices in
combination with reinforcing fibers for structural composites for instance. More particularly,
epoxy foams are used for their superior resilience to thermomechanical stress as compared to
other conventional polymer foams, including PU foams.[130,131] They are the best alternatives
when low densities materials with good thermal insulation and excellent mechanical strength
are required. For these reasons, epoxy foams are well adapted for shielding materials and are
of potential interest in protective equipment against a wide range of hazards (e.g. chemical,
thermal, electrical, electromagnetic). For instance, Fan et al. recently described thermally
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insulating epoxy-silver nanosheet composite foams with excellent electromagnetic interference
(EMI) shielding performances.[132] Méjean et al. also reported the use of epoxy foam
composites as alternatives to PU foams for anechoic chamber applications.[133] It is however
well known that epoxy foams are not easily obtained through classical physical blowing
methods, in particular because gas nucleation is restricted into the rapidly growing network.
Indeed, a general limitation of epoxide systems is the high reactivity of the starting reactants.
The addition of amines onto epoxides is usually very fast and is not always compatible with the
technical use of the resin, e.g. foaming. Several authors addressed this issue by developing
blocked hardeners in the form of polyamines functionalized with thermolabile protecting
groups. By doing so, the one-pot formulation of blocked-amine and epoxy is unreactive until
the appropriate temperature — usually well above room temperature — is applied to release the
reactive primary amines. In particular, it has been proposed to block the amines in the form of
thermo-cleavable carbamates. The cleavage of the carbamate results in the concomitant release
of an amine and COz. The latter remains trapped within the growing network and nucleates in
the form of bubbles to provide a foam. Carbamates can then be used as both latent curing and
blowing agent precursors. By using appropriate reaction temperatures and formulations, an
adequate timing between both gas generation and cross-linking of the material can be obtained,
providing properly expanded foams.

Below are described some examples of self-foaming epoxy resins based on covalent carbamates
obtained through a classical isocyanate-alcohol reaction[134,135] or ionic carbamates (e.g.,
ammonium carbamate salts) resulting from the fixation of CO2 onto amines.[136] To our
knowledge, they have not been used in the perspective of PPE applications yet. However due
to the importance of epoxy resins for these applications, self-blown epoxies are of great promise
for fabricating highly resilient protective equipment’s.

Covalent carbamates

Fréchet et al. proposed the first self-blowing epoxy-amine system in which the amine functions
are held latent in the form of covalent carbamates (Figure 3.1B).[137] Interestingly, they
developed single-component precursors that enclose all the reactants of the formulation in the
same molecule, i.e. the epoxy resin and the amines blocked under the form of carbamate (Figure
8). In practice, these precursors were obtained by end-capping diisocyanates with a mono-
alcohol bearing two epoxy functions. The resulting tetrafunctional bis-carbamates bearing
epoxide groups decomposed at high temperature (> 150 °C) into 2 eq. of difunctional epoxy
resin, 1 eq. of primary diamine and 2 eq. of CO2. These systems are designed to release the
epoxy resin and the amine hardener in a ratio corresponding to the exact stoichiometry between
the oxirane and the NH groups, i.e., the ratio to obtain the highest crosslinking density and thus
the optimal thermomechanical properties of the epoxy material. The precursors were cured at
various curing temperature, Tc, with Tc being superior to the decomposition temperature of the
carbamate, Ta. For all Tc values, the difunctional epoxy resin and the primary diamine
immediately reacted after their release to form the epoxy-amine network. For all curing
conditions, CO: effectively nucleated within the growing network, resulting in the formation
of stable spherical bubbles with a radius, R, that is an increasing function of Tc (10 um <R <
400 um for 160 °C < Tc < 200 °C). This single component formulation was a robust system to
obtain highly crosslinked rigid foams with controllable pore size. In particular these closed-cell
foams might be used as insulators for the prevention of thermal hazard or as impact resistance
protection.
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Figure 8: Thermolabile single-molecule self-blowing epoxy foam precursor Adapted with permission from [137]. Copyright
(2011) American Chemical Society.

In order to bypass the multistep procedure for the synthesis of this single-component system,
the same strategy might be applied to simpler multicomponent systems, i.e. where blocked
amines in the form of carbamates would be mixed with regular epoxy resins to provide a self-
foaming and thermolatent two-components system.

It is worth noting that several systems using amine hardener held latent under the form of
photosensitive carbamates were described for the photocuring of epoxy resin [138-140]. In
particular, amines protected with the well-known photo-sensitive o-nitrobenzyloxycarbonyl
group[141] are commonly used in photo-curable epoxy-amine resins. In those cases, the photo-
deprotection of the amine was also concomitant with the release of CO2. When the
thermosetting materials were processed in the form of film in an open environment, CO:2
diffused out of the materials before the formulation was fully cured, leading to non-porous
films. However, Arimitsu et al. observed the nucleation of bubbles during the photo-curing of
a similar formulation in a sealed environment, proving that these systems might be exploited
for preparing thin porous films[140].

lonic carbamates

The reversible addition of CO2 to amines yields ionic carbamate salts. These salts can be seen
as dormant amines that can undergo the reversible reaction upon heating and therefore release
the amine and COz2 (Figure 3.1C). For instance, the use of CO2 as a mean to trap reactive amine
prior heat-induced activation has been used in switchable tertiary-amine based catalysts, which
is of high interest in polymer science[142,143].

Several authors proposed to use polyamines blocked with CO2 — i.e. poly(ionic carbamate)s —
as both the latent blowing agent and the curing agent of epoxy resins.[56,144,145] In particular,
Ren et al. proposed to use a commercially available amine, N-aminoethylpiperazine, AEP,
(Figure 9a), that was reacted with CO2 to block the amine moieties. The resulting solid
poly(ionic carbamates), B-AEP (B for blocked) presented a melting point, Tm, that
corresponded to its decomposition temperature, Ta (Tm = Ta). It was dispersed in diglycidy| ether
of bisphenol A (DGEBA) to provide epoxy-amine formulations with a shelf-life superior to 6
months. These formulations were crosslinked at a curing temperature, Tc, well above Tq, a
temperature range where the unblocked amine, AEP, is known for reacting quickly with
DGEBA. As expected, closed-cell rigid foams with densities of about 300 kg m-3were obtained.
These performances were competitive with those of other epoxy foams reported in the
literature. Other poly(ionic carbamate)s and epoxides mixtures were also successfully evaluated
in this work.
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Figure 9: lonic carbamate salts for the preparation of (a) epoxy (Adapted with permission from [56]. Copyright (2015),
American Chemical Society) and (b) PU foams (Adapted with permission from [146] Copyright (2019) Wiley Periodicals, Inc).

As emphasized by the authors, the pore size distribution of the foams was very broad, probably
due to inhomogeneities of the system before curing. Indeed, contrarily to the single component
system described by Fréchet et al., the thermolatent systems based on carbamate salts are
heterogeneous before curing as the tested carbamate salts were not miscible within the epoxy
resins. The porosity of the foam was also expected to depend on the granulometry of these salts.
Although there is a clear advantage of using such bicomponent system for the long-pot life of
the formulation, there is a risk of sedimentation of the carbamate salt that might compromise
the homogeneous curing of the resin.

Despite this drawback, carbamate salts are excellent alternatives to covalent carbamates for two
main reasons: (i) their synthesis is a very cost-effective and environment-benign process based
on the straightforward exposure of commercially available amines to CO2, and (ii) the thermal
decomposition of the carbamate salt is VOC free, solely resulting in the release of the amine
(i.e. the hardener) and harmless CO: (i.e. the blowing gas). On the contrary, covalent
carbamates are usually obtained from toxic isocyanates and their decomposition results in the
release of the amine, gaseous CO2 and an alkene, the latter being a potentially harmful VOC.
It is worth noting that carbamate salts have been successfully used for the latent curing-blowing
of different epoxy resins including epoxy Novolac resins, which are known for providing
materials with outstanding thermal stability, mechanical rigidity and electrical insulation.[145]
These environmentally friendly foams are thus promising materials for a wide range of
protective equipment.

Carbamate salts were also exploited for blowing other polymer matrices, such as polyurethanes.
For instance, Xie et al. used the carbamate salt of an amine-reach compound, polyethyleneimine
(PED), in isocyanate-polyol formulations[146—-148]( Figure 9b). They studied the influence of
the quality of dispersion of the carbamate salts within the formulations on the properties of the
resulting closed-cell foams. They observed that a better dispersion resulted in a smaller pore
size dispersity and an improved mechanical strength.

2. Carbonate precursors
Organic carbonates — simply referred to as “carbonates” in this review — are known for their
ability to thermally decompose into COz, as well as an alkene and an alcohol whose structures
are dependent on the alkyl substituents of the carbonate (Figure 3.2).[149] For instance, di-tert-
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butyldicarbonate, Boc20, is known as an exogeneous chemical blowing agent that is thermally
decomposed into COg2, isobutene and tert-butanol [150]. However, its vaporization is
sometimes observed before its thermolysis causing a serious safety issue because gaseous
Boc20 is highly toxic. Alternatively, the carbonate group can be endogenous to the blowing-
system, i.e. grafted onto the (pre)polymer. In particular, the well-known tert-butoxycarbonyl
(t-Boc) group is easily installed onto polymer backbones — or polymer precursors — given its
widespread use as a protecting group in organic synthesis. Moreover, its decomposition into
CO2 and gaseous isobutene — along with the corresponding deprotected (macro)molecule —
usually occurs in a temperature window (150 °C — 250 °C) that is compatible with the
processing temperatures of many commodity polymers.

For these reasons, self-blowing high Tq polymers were developed by grafting t-Boc groups onto
phenol-containing poly(phenylquinoxaline)s[151] (PPQs) and polybenzoxazole (PBOs). PPQs
and PBOs are considered as alternatives for the replacement of inorganic matrices in
nanostructured films preparation, e.g. as insulators with low relative dielectric constant for
microelectronics applications (low-x materials)[152]. Their good thermal stability[153-155]
and the ability to introduce porosity are critical parameters for designing low- ¥ materials.[156]
For blowing thermoplastic PPQs, Merlet et al. functionnalized the phenolic hydroxyl groups of
PPQ with t-Boc functions[157] prior to expansion[98,158] (Figure 10a). The authors showed
that full decomposition of t-Boc groups occurred within 2 minutes at 160 °C, which is far below
the Ty of the material (Tq =370 °C for ungrafted PPQ). For preparing porous samples, the casted
polymer films were heated at various blowing temperature, 200 °C < Tp < 300 °C, under
nitrogen atmosphere. No porosity was observed for Ty < 210°C, i.e. for T well below the Tg of
ungrafted PPQ. At this temperature, the polymer matrix remained in glassy-state, rendering
impossible any visco-elastic deformation of the matrix and thus preventing gas nucleation.
These temperatures are outside the foaming window of the polymer. As CO2 is known to
plasticize polymer matrices[159], it was assumed that a blowing temperature superior to the Tq

of the CO2-plasticized PPQ, i'fqmz, was required for the appearance of noticeable porosity.

Nanocells (< 50 nm) were generated for 210 °C < Ty < 240 °C, suggesting that TQCOZ ~ 210 °C.
Macrocells (> 50 nm) were formed for Tp > 250 °C, and a combination of nanocells and
macrocells was observed for 240 °C < T, < 250 °C.

By a similar approach, Fukumaru et al. grafted t-Boc onto poly(hydroxyamide) (Figure 10b) —
the precursors of PBO [160] — for preparing PBO nanoporous films of very low « value.[156]
In that case, t-Boc groups fulfilled a dual role: (i) processing aid to obtain t-Boc grafted
poly(hydroxyamide) film by solvent casting and (ii) in-situ blowing agent generator through
thermal degradation under vacuum.
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Figure 10: Preparation of (a) poly(phenylquinoxaline) (PPQ), and (b) aromatic poly(hydroxyamide) porous films by
thermolysis of polymer precursors bearing t-Boc functions. (a) is adapted with permission from [98].Copyright (2008)
American Chemical Society. (b) is Adapted from [160] with permission from the Royal Society of Chemistry, Copyright (2012).
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More recently, t-Boc bearing copolymers were used for preparing dismantlable adhesive
materials [161,162] (Figure 11a,b). The principle is to design polymers with good adhesive
properties, which can undergo some structural or chemical modification once in place by in-
situ gas generation in order to jeopardize the adhesion. Typically, the radical polymerization of
t-Boc-containing methacrylics or styrenics monomers provided polymers, with pendant t-Boc
groups, that were processed as polymer films by solvent casting. Porous polymer films were
then produced by thermal treatment (To = 210°C, Figure 11a) or a combination of thermal
activation (To = 90-130 °C) with an acid catalyst in order to lower the t-Boc decomposition
temperature (Figure 11b).
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Figure 11: Preparation of dismantlable adhesive polymer films from polymers functionalized with t-Boc. Reproduced with
permission from [161], Copyright (2018) Wiley Periodicals, Inc. and from [162], Copyright (2019) Elsevier Ltd.

It is worth mentioning that the use of carbonate functions as EnCB precursors is not limited to
their grafting as pendant groups onto polymer backbones as described above. Aromatic
difunctional carbonates were also used as both latent blowing agents and activated monomer
precursors. Indeed, under acidic conditions, these compounds can thermally decompose into
COz2, H20 and benzylic carbeniums (Figure 12a). The latter can react with another aromatic
group via an electrophilic substitution. The repetition of this mechanism results in the growth
of an aromatic polymer with the concomitant release of two endogenous blowing agent, CO2
and H20. The polymerization mechanism involves cationic centers that are not located on the
growing chains, but on the monomers that are added to the chains. For these reasons, this
polymerization can be referred as a cationic chain polymerization following an activated
monomer (AM) mechanism, where the carbeniums are the AM.
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Wockel et al. used this system to obtain self-blown polyaromatic foams (Figure 12b and Figure
12¢).[163,164] They used different diaromatic carbonates, including difurfurylcarbonate (DFC)
as well as the para- and meta-methoxybenzyl carbonates (pMBC and mMBC, respectively).
With the less reactive monomers, pMBC and mMBC, the addition of a crosslinker, the trioxane
(TO), was required to observe the formation of a foam. TO promoted the cross-linking of the
growing polyaromatic resin by the formation of methylene bridges between aromatic rings
through Friedel-Crafts alkylation[165] (Figure 12c). This observation indicates that, for these
monomers, the increase of the molecular weight resulting from the cationic polymerization of
the activated carbeniums was not sufficient to promote the viscosification of the polymeric
matrix, and in return the efficient trapping of the blowing agent (CO2 and H20). An additional
polymerization mechanism (Friedel-Crafts alkylation) is required. On the contrary, with the
most reactive monomer, DFC (Figure 12b), foams are obtained even in the absence of the
crosslinker, TO. Interestingly, the best foams were obtained for the TO-free system. In that
case, the authors measured a 10-fold volume expansion by respect to the monomer precursor.
This self-foaming system was used to develop materials with hierarchical pore morphologies
and high surface-area that can find application as adsorbing media for purification
purpose.[166]
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Figure 12: Self-blowing resins prepared by acid catalyzed polymerization of linear carbonates. Adapted from [167] with
permission from the Royal Society of Chemistry, Copyright (2017).

3. Ester precursors

tert-Butyl ester (t-Be) group can thermally decompose into gaseous isobutene[168]. When
grafted to polymers, t-Be can act as endogeneous blowing agent, similarly to strategies
discussed above for t-Boc, except that the activation mode is slightly different. As relevant
example, highly ordered nanoporous polymethacrylate films were prepared by UV-induced
acid-catalyzed degradation of pendant t-Be moieties, leading to in-situ isobutene generation
under mild conditions (Figure 3.3, Figure 13).[169] The use of UV activation enabled to access
to patterning of the material at the nanoscale (Figure 13).[168,170,171] Such nanoporous
materials are reported to find applications in high-performance thermal insulation[172] or
filtration[173] materials. They might also be attractive alternatives to nanoporous materials
used as COVID19 protective masks that were prepared by a multi-step process consisting of
using inorganic templates prior polymer material etching.[174]
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Figure 13: Preparation of nanoporous films by to UV-induced acid-catalyzed degradation of pendant t-Be moieties bond to a
polymer backbone. Adapted with permission from[171] Copyright (2020) American Chemical Society.

4. Carboxylic acids precursors
Carboxylic acids are among the cardinal functions in organic chemistry. They hold also a
central position in polymer chemistry as they can be seen as both latent curing and foaming
agents. Indeed, carboxylic acid are mild nucleophiles that are known to react at high
temperature with common electrophilic compounds used in material science, e.g.,
epoxides[175,176] and isocyanates.[121] They are notably used to obtain thermosetting
polyesters when reacted with epoxy resins. The thermomechanical properties of these
polyesters are competitive with those of above-mentioned epoxy-amine thermosets. In
particular, they share the same resilience to thermal and mechanical stress. Therefore, acid-
epoxy thermosetting polyesters are also relevant materials in a myriad of applications related
to prevention and protection against heat or impact related injuries.
On top of their thermally latent reactivity with electrophiles, carboxylic acids can undergo
decarboxylation upon heating: (i) spontaneously[177,178] or (ii) in the presence of activating
agents and catalysts (Figure 3.4) [179-182]. Thus, they are intrinsic reservoirs of CO2 and can
be used as chemical blowing agents. On the other hand, contrarily to carbamates, carboxylic
acids do not enclose a combination of a dormant reactive function and a blowing agent. Once
involved in the crosslinking of the network, they cannot contribute to the foaming and vice
versa. When used simultaneously as crosslinking and blowing agent, for the synthesis of an
acid-epoxy thermosetting foams for instance, the properties of the final material (e.g.,
crosslinking density and porosity) will depend on the reactant stoichiometry ([acid]/[epoxy]
ratio) and on the relative kinetics of the nucleophilic addition (crosslinking reaction) and the
decarboxylation at the operating temperature.
Among carboxylic acids, f-carbonyl carboxylic acids spontaneously undergo decarboxylation
at relatively mild temperatures in between 70 and 150 °C [183,184]. The mechanism involves
a six-membered cyclic transition state in which a proton is transferred from the carboxylate
atom to the carbonyl oxygen to provide an enol that rapidly tautomerizes[185,186] (Figure 14).
Advantageously, the decarboxylation occurs in the same temperature window than the classical
acid-epoxy reactions used in thermoset technologies. These are the ideal conditions to ensure
the simultaneous initiation of the crosslinking reaction and the CO:2 release, and to guarantee
the nucleation of the gas in the form of stable bubbles in the final material.
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Figure 14: Decarboxylation mechanism of S-carbonyl carboxylic acids.

For this reason, Dogan et al. first proposed to use malonic acid, the simplest f-carbonyl
carboxylic diacid, to crosslink and foam a polyfunctional epoxy resin, namely epoxidized
soybean oil (ESO).[187] The author developed a methodology where malonic acid is first
grafted onto ESO by addition of only one of its terminal acid functions onto an epoxy group.
The resulting molecule is thus a triglyceride with both epoxide groups and malonic acid
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monoester (MAME). It is noted MAME-ESO (Figure 15). Interestingly, the authors studied this
system at various curing-blowing temperature, Tc-b, and for different malonic acid to epoxy
ratios, r = [malonic acid]/[epoxy]. For a given value of r, the authors observed that the increase
of Teb resulted in an increase of the decarboxylation rate and an increase of the epoxy
conversion. Moreover, the density of the foams decreased with increasing Tc-b, typically from
494 to 238 kg m3when Tcb varying from 65 °C to 95 °C (r = 2.8). It is worth noting that, in
this system (r = 2.8, i.e., excess of acid), even for the highest value of Tcb (100 °C) when the
decarboxylation rate was maximal, all the epoxy functions were reacted with an acid, meaning
the crosslinking density was maximal. Thus, the decarboxylation of MAMEs did not interfere
with the crosslinking reaction. Interestingly, the authors demonstrated that these foams are
biodegradable.
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Figure 15: Preparation of polyester foams by decarboxylation of carboxylic acid functionalized epoxidized soybean oil.
Reproduced with permission from [187], Copyright (2008) Wiley Periodicals, Inc

Only few acids have been used as thermolatent curing-blowing agents besides malonic acid.
One reason is that the spontaneous decarboxylation of regular alkyl carboxylic acids usually
occurs at temperatures above 200 °C, i.e., much higher than the initiation temperature of most
classical crosslinking reactions (e.g., epoxy-amine, epoxy-acid, isocyanate-alcohol, etc.). High-
Tg phenolic resins are however conceived to operate at these temperatures. It is for instance the
case of polybenzoxazine (PBz), a new class of high-Tg phenolic resins, that has retained a lot
of attention over the past decade. Three-dimensional polybenzoxazine networks were obtained
through the ring opening polymerization of bifunctional benzoxazine.[188] The thermally
induced opening of the six-membered oxazine rings was usually observed at a temperature
around 200 °C[189] that is classically required for the spontaneous decarboxylation of regular
carboxylic acids. Moreover, like most high-Tg phenolic resins, PBz vitrified during their
crosslinking reaction, a process that resulted in an intense increase of the viscosity, which is
important to stabilize nucleating bubbles.

As an example, Zufiiga et al. described the self-foaming of a bifunctional benzoxazine
containing a pendent carboxylic acid.[57,190] It is derived from a renewable diphenolic acid
and noted DPA-Bz (Figure 16).[191] The authors demonstrated that the decarboxylation of the
pendent carboxylic acid was initiated at a temperature above 200 °C. Foams were obtained by
pre-curing the samples at 140 °C and 160 °C in order to obtain rigid samples that were
subsequently exposed to the curing-blowing temperature (Tcb) in order to complete the
crosslinking reaction and to promote the foaming. We should notice that in this case, the ring
opening of benzoxazines can be initiated at a lower temperature thanks to the catalytic effect of
carboxylic acids toward this reaction.[192] For Tc-» ranging from 200 °C to 230 °C, the authors
observed a large expansion of the material, proving that the decarboxylation of the carboxylic
acid occurred. Interestingly, the carboxylic acids were also involved into the formation of ester
bridges by reaction with the phenol groups released during the polymerization of benzoxazine.
Thus, the carboxylic groups were contributing to increase the crosslinking density of the resin.
In accordance with the results obtained by Dogan et al. for foams obtained from malonic acid
and epoxidized soybean oil, the density of the polybenzoxazine foams decreased with
increasing Tc-b. Typically, it varied from 76.8 to 38.4 kg m-for Tc.» varying from 200 °C to 230
°C (note: Tg’s ~ 240 °C).
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Feng et al. used these self-foaming polybenzoxazines to develop new magnetic carbon
absorbents.[193,194] The authors dispersed ferrous acetylacetonate particles into the
bifunctional benzoxazine containing a carboxylic acid function. The resulting mixture was
cured and expanded using the protocol developed by Zlfiga to provide composite foams. They
were subsequently carbonized to yield the composite carbon materials containing dispersed
magnetic particles of FesOs. Remarkably, the materials retained a heterogeneous open-cell
morphology after carbonization. Thanks to their large specific surface area (330 m? g1), they
were effective absorbents for toxic cationic dyes that are present in waste waters (the magnetic
composites are negatively charged because of the presence of oxygen-containing groups
embedded in carbon material). These self-foamed composites are thus promising for
applications related to purification and sensing. They can inspire new developments in domains
related to the management of safety issues.

Another relevant example relies on graphene oxide (GO) nanosheets for the thermal expansion
of polyimide foams. Xu et al. reported the grafting of GO on a polyimide precursor, a
poly(amide ester) (PAE), by reaction between epoxide functions of GO and terminal amine
groups of PAE following a process illustrated in Figure 17.[195] This grafting allowed the
homogeneous dispersion of GO in the precursor prior the blowing step that was carried out at
selected temperature, Tp, between 170 and 300 °C. Blowing agents originated from various
sources, i.e. evaporation of (i) residual THF used as solvent for the synthesis, (ii) methanol
released during imidization (i.e. during the intramolecular cyclisation of PAE), and (iii) CO2
and water formed during decomposition of carboxylic acids at the GO surface. The amount of
grafted GO was reported to influence the blowing ability, i.e. the more GO, the lower the density
of the resulting rigid closed-cell foam (between 75 and 150 kg m3). This is explained by the
thermal degradation of more oxygen-containing groups (e.g. COOH and OH) present at the GO
surface, and the consequent larger amount of generated BA. In this case, the expansion of the
polymer matrix results from the combination of exogenous (e.g. residual THF) and endogenous
blowing agents. Among the endogenous blowing agents, one originates from the degradation
of a thermolabile function (COOH) and the other one is liberated by a condensation reaction
(MeOH). Thus, these GO-polyimides composite foams can be considered as a hybrid foaming
system. The case of self-foaming polyimides based on the intramolecular condensation
reactions of PAE (i.e. imidization) is further developed in the next section of this review (Figure
23).

It is worth noting that GO incorporation was reported to improve the heat-transfer,
heterogeneous nucleation and gas barrier properties of the composite foam, all these playing a
role for an optimal expansion of the material.
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Figure 17: Route towards graphene/polyimide composite foams by thermal treatment of GO-g-PAE powder in a press at
various temperatures to give samples with tuned GO content. Adapted with permission from [195]. Copyright (2015) American
Chemical Society.

All the above-mentioned examples demonstrate that, polymer precursors containing carboxylic
acids are potent self-foaming agents. Given the diversity of readily available and potentially
biosourced polyfunctional carboxylic acids, e.g., amino acids or fatty acids, they represent
excellent candidates to develop the next generation of cost-effective and environmentally
friendly foams. One major obstacle is the incompatibility of the decarboxylation temperature
of most carboxylic acids with the curing temperature of conventional thermosetting polymers.
However, the recent developments in organocatalysts that facilitate decarboxylation in milder
conditions should open up new avenues for implementing carboxylic acids to foaming
technologies.[196]

5. Meldrum’s acid precursors

Since their discovery more than a century ago, Meldrum’s acid have risen great interest, notably
as precursors of ketenes[197,198]. Indeed, ketenes can be formed through thermal treatment of
Meldrum’s acid (MA), with the concomitant release of acetone and CO2 (Figure 3.5)[199].
They can dimerize or quantitatively react by condensation or addition reactions with a wide
range of nucleophiles, making them highly appealing reagents in organic chemistry[200-205]
and polymer science.[206—209] Various studies reported the combination of MA to high Tg
polymers, i.e. polybenzoxazine (PBz)[210] or styrene bearing precursors[211] to prepare low-
K thermosetting resins. The low dielectric constant was reported to be partly due to cavities at
the molecular-scale resulting from the volatile compounds generated during MA degradation.
The presence of MA on polymers was also reported to improve their solubility in organic
solvents and to lower their Tg.

As illustrated in Figure 18, Lin et al. exploited MAs to crosslink polysulfide thermosets.[212]
In this work, the authors used a styrene-based monomer functionalized with a MA moiety (MA-
St) that was copolymerized with elemental sulfur, Ss, to provide MA-containing polysulfide,
poly(S-MA-St). By thermal treatment of poly(S-MA-St) (200 °C), pendent ketenes groups were
released and their dimerization resulted in the crosslinking of the polymer, yielding a
thermosetting material. The release of gaseous carbon dioxide and acetone within the
thermosetting network resulted in the formation of open-cell foams.
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Figure 18: Preparation of self-foaming polysulfide by thermally-induced degradation of meldrum acids pendants. Adapted
with permission from [212]. Copyright (2019) American Chemical Society.

These polysulfide foams exhibited many valuable features, notably in the perspective of PPE
applications. First, they were obtained from a very abundant by-product of the petroleum
industry, Ss. Their production on the tone scale is thus possible, notably for the fabrication of
low-cost consumer goods such as disposable PPEs. Moreover, Lin et al. demonstrated that these
materials were self-reparable by simple thermal treatment thanks to the dynamic covalent S-S
bonds. It is thus anticipated that these foams are recyclable and could be used for the fabrication
of reusable PPE. Advantageously, the morphology of the porous structure of the foams is
hierarchical, meaning it consists of both large voids (>1 um) and submicrometer pores. This
combination ensures the high permeability of the foams, thanks to the large voids, while
ensuring good absorption and filtration performances, due to the submicrometer ones. These
are two fundamental properties in the perspective of fabricating separation membranes, notably
for PPE. In this field, Lin et al. illustrated the potential of these foams for the purification of
aqueous solution contaminated with mercury(l1) as the result of the high ability of polysulfides
to bind to heavy metals. They measured a 66% decrease of the mercury(Il) concentration in the
solution treated with the polysulfide foams. This performance is however less than the one of
physically blown (supercritical CO2) polysulfide foams (96%)[213]. Optimization of the
endogenous foaming process should enable to fill this gap, according to the authors.

It is noteworthy that the Meldrum’s acid foaming strategy is versatile and can be transferred to
many other chemistries, besides polysulfide. For instance, Leibfarth et al. developed the
efficient synthesis of MA-containing monomers for both radical (free or controlled) and ring
opening metathesis polymerizations.[207] As a representative example, MA-St can be
copolymerized with various vinylic monomers to obtain conventional organic thermosetting
foams after curing of the polymer. It is thus anticipated that MAs will be further used as EnCB
in the near future, potentially for fabricating the new-generation of PPE.

6. Nadimide precursors

Wang et al. reported the preparation of self-blowing polyimides based on the thermal
degradation of norbornene end-capped polyimide oligomers (NAIO; Figure 3.6) prepared
according to the strategy illustrated in Figure 19.[214] A treatment between 300 and 330 °C
allowed to thermally decompose the end-capping moiety of these oligomers through reverse
Diels-Alder reaction, promoting cross-linking along with cyclopentadiene evolution as the
blowing agent.[215,216] Rigid foams with closed-cells, densities ranging from 50 to 400 kg m"
3 and pore size between 200 and 600 pm were obtained. These self-foaming polyimides can
find applications in thermal or phonic insulation.
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scheme and representative foams of different densities. Adapted from [214] Copyright (2013) Wiley Periodicals, Inc.

V. Self-foaming polymers obtained via condensation and

polycondensation reactions

In this section, envisaged EnCB precursors are characterized by an intrinsic foaming ability of
the polymer precursors. Indeed, at the contrary of most thermolysis-based EnCB discussed
above, the chemical compound responsible for the formation of the blowing agent does not
necessitate to design specific precursors. The generation of the blowing agent is intrinsic to the
reaction(s) leading to the formation of the polymer chain/network. As a consequence, such
materials preparation usually involves a unique step in which both curing and blowing
phenomena occur simultaneously.

In these self-foaming systems, the blowing agent is a small molecule (e.g. water, methanol,
acetic acid, etc.) generated by the condensation of two functional groups of the polymers — or
the precursors of the polymer. Advantageously, most of these systems are based on readily
available precursors. Indeed, the condensations and polycondensations introduced below are
well established chemistries using industrially available and usually low-cost molecules. This
is a clear asset over some of the previous self-foaming systems that required complicated
chemical synthesis to introduce thermolabile groups on the polymer or its precursor.

In Figure 20 are summarized the condensation chemistries that have been used so far for
constructing self-foaming polymers. Interestingly, they span all categories of polymers, from
high Tg thermoplastics to soft thermosetting polymers.
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Figure 20: General strategies for self-foaming polymers by (poly)condensation.

1. Polycondensation of phenol with formaldehyde
Phenolic resins are obtained by polycondensation of phenol and formaldehyde with the release
of water (Figure 20.1).[217,218] They are considered as the oldest synthetic polymer used by
humankind. In these materials, the nucleation of water produced during the polycondensation
has long been identified as a source of voids that were historically perceived as a drawback due
to their negative impact on the thermomechanical properties of the final resins. In order to avoid
these cavities, very long heating cycles were used during the production of the resins. These
time and energy consuming curing procedures are still considered as one of the major
drawbacks of the phenolic resins industry.[99]
Recently, Hamad et al. suggested to accelerate the curing cycle by using acid-based catalysts
combined with high curing temperatures.[100] Under these conditions, they achieved a
synchronization of the Kinetics of both the gelation of the resin and the phase separation of
water, which resulted in a foamed phenolic resin with uniformly distributed small-size voids (~
500 nm) and an overall solid density of 70%. Assuming a density of about 1200 kg m™ for the
unfoamed phenolic resin, the density of the porous resin is estimated to be d ~ 840 kg m. The
authors also demonstrated that the mechanical properties of the porous materials were
competitive with those of void-free resins. It is however important to point out that the resulting
foams have higher densities than phenolic foams obtained using exogenous blowing agent such
as pentane for which d < 100 kg m=.[218]
Thanks to their high flexural strength and modulus, these resins are of particular interest as light
and robust materials for the aerospace industry, and might be of interest in many PPE related
applications, notably as energy-adsorbing foams for the prevention of mechanical hazards.
It is worth mentioning that most precursors of phenolic resins are provided as water-based
formulations. In the system described by Hamad et al., the initial amount of water played the
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role of an exogenous blowing agent that accelerated the phase separation process resulting in
the porous structure. For this reason, these phenolic resins can be considered as hybrid foaming-
systems with both exogenous and endogenous blowing agent involved in the growth of the
cavities.

2. Polycondensation of carboxylic acids and alcohols

Polyesters obtained by polycondensation of dicarboxylic acids and diols were among the first
synthetic polymers used for industrial purposes. For instance poly(ethylene terephthalate)
(PET) was patented in 1941.[219,220] Polyester foams are usually obtained by using EXCB or
physical blowing agents [3,221,222]. However, examples of self-foaming polyesters were also
reported by using the water released during the condensation of acid and alcohols as an
endogenous blowing agent (Figure 20.2).

The fully bio-based and biodegradable resins developed by Plantics are typical examples of
polyester foams produced by this process.[223] The resins are based on simple mixtures of
widely available glycerol and citric acid heated between 80 and 180°C (Figure 21a). Rigid and
flexible foams were prepared, with density ranging from 100 to 800 kg m3. Interestingly, for
curing temperatures above 140 °C, an additional self-foaming mechanism was operational.
Indeed, the slow decarboxylation of citric acid resulted in the formation of itaconic acid with
the concomitant release of CO2 and additional water. The Plantics system is thus nicely
illustrating that both a condensation reaction and the degradation of a thermolabile group can
be simultaneously involved in the self-foaming process. It is now being produced on the ton
scale in The Netherlands under the trade names Glycix and Plantics-GX.[224] This type of resin
has a huge potential as alternative to petro-based foams in a variety of real-life applications,
including in the PPE sector.

Alternatively, polyester resins can also be obtained by polycondensation of carboxylic acids
and acetoxy terminated precursors (i.e. protected alcohols). This reaction was exploited by
Bakir et al. for producing branched aromatic thermosetting copolyesters (ATSP; Figure
21b).[225,226] They used curing-blowing temperatures, Tc-b, comprised between 200 °C and
330 °C. For Teb = 275 °C, they observed that the acetic acid released during the
polycondensation reaction expanded the material. The densities of the resulting foams are
ranged from 400 to 700 kg m=3.[74,75,227] ATSP foams were characterized by their high
thermal stability, good chemical resistance, low moisture uptake and low dielectric constant.
They have been used as bone substitutes.[228] To our knowledge, they have never been used
for the fabrication of PPE, but they could be of interest as thermal or electrical insulators.
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Figure 21: Self-foaming (a) biobased Plantics and (b) aromatic polyesters. (a) is adapted from [223] with permission from the
Royal Society of Chemistry, Copyright (2017) and (b) is adapted with permission from [74], Copyright (2016), American
Chemical Society.
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Figure 22: (Ket)Imine formation by condensation between amine and ketones in (a) PEKK-APEI system[229], Copyright
(1997) John Wiley & Sons, inc. and (b) Glucose-NIPU or Tannin-NIPU systems.[230] [231]

The condensation of amine and carbonyl (e.g. aldehydes or ketones) is another example of
reaction resulting in the in-situ production of water that can be exploited to expand polymers
(Figure 20.3). To our knowledge, Brandom et al. were the first to report the use of this reaction
for the production of self-foamed polymers.[229] An amine-terminated polyetherimide (APEI)
was blended with a poly(aryl ether ketone) (PAEK) in an extruder at 300°C resulting in the
concomitant crosslinking of the blend and the in-situ production of gaseous water (Figure 22a).
By playing with the various parameters of the system, including the composition of the
prepolymers, the screws’ speed, the extrusion temperature and the residence time in the
extruder, the authors obtained foamed materials with densities varying between 400 and 1200
kg m3. As the resulting polymers presented a high Ty polymers and low smoke emissions when
exposed to a flame, the potential applications of these foams can be found in aircraft cabins,
space vehicles and other transports environments where life or equipment might be endangered
by overheating. According to Brandom et al., the ketimine-foam process is an easily exploitable
system to engineer foams with thermal and acoustic insulating properties.

This type of reaction was also exploited by Pizzi et al. for blowing glucose and tannin based
non-isocyanate polyurethanes (NIPU) (Figure 22b).[230-232] The authors described the
crosslinking of a NIPU bearing pendent amino functions with glutaraldenyde. After water
evaporation, they obtained foams with densities between 80 and 130 kg m-3in the case of the
glucose-based NIPU and between 120 and 260 kg m=in the case of the tannin-based NIPU.
Both open and closed cells were observed. It is worth mentioning that maleic and citric acid
were used as co-crosslinkers of glutaraldehyde. The condensation of the NH2 functions of the
NIPU precursors with the COOH groups of maleic and citric acid resulted in the formation of
further crosslinking points (amide bonds) as well as additional water that contributes to the
foaming step.

According to the authors, these foams could be useful as thermal insulation materials. It is
important to point out that these examples are not purely self-foamed materials. Indeed,
glutaraldehyde used for the reaction was provided as a 50% water solution. Thus, similarly to
the phenolic resins mentioned earlier, an initial amount of water was present in the system. Both
exogenous and endogenous water were thus involved in this foaming procedure.
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4. Intramolecular condensation of poly(amide acid)s and poly(amide

ester)s

Polyimide foams (PI1F) were prepared from poly(amide acid) (PAA) or poly(amide ester) (PAE)
precursors as illustrated in Figure 20.4 and Figure 23. The intramolecular cyclisation of the
poly(amide acid/ester) — by condensation of the amide with the ester or the acid — is usually
referred to as an imidization reaction. Imidization results in the formation of the polyimide with
the evolution of volatile XOH (X = H or alkyl). The latter can be used as an endogenous blowing
agent. In particular, the American National Aeronautics and Space Administration (NASA)
developed a series of polyimide foams obtained by treating a poly(amide ester) (X = methyl) at
selected temperatures between 150 °C and 220 °C. The authors assumed that methanol released
during the formation of the imide moieties contributed to the expansion of the matrix together
with the evaporation of residual THF used for the synthesis of the poly(amide ester) (Figure
23).[233-236] Again, this is an hybrid foaming system using both endogenous and exogenous
blowing agents. The resulting foams exhibited high thermal stability and compressive strength,
as well as low thermal conductivity. They were thus used as cryogenic insulators in Reusable
Launch Vehicles.[237]
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Figure 23: General procedure for the preparation of polyimide foams.

As mentioned earlier in section Il, polyimide foams were also obtained by using endogenous
blowing agents resulting from the thermal degradation of functional groups attached to
polyimide precursors. These functional groups include carbamic anhydrides (Figure 7),
carboxylic acid (Figure 17), and nadimide (Figure 19). In reality, for those systems, the self-
foaming mechanism based on thermolysis is often concomitant with the intramolecular
condensation of the PAA or PAE precursors, meaning that two self-foaming mechanisms are
simultaneously at play. In this review, they were treated separately for the sake of clarity.
Comprehensive review describing the possible interplay between the different foaming
mechanisms and with side reactions involved in polyimide synthesis can be consulted
elsewhere [238,239].

The interest of polyimide foams in personal protection relies on their excellent thermal stability,
which is a big asset for application where fire resistance or extreme cold are issues. Their
tunable thermal and mechanical properties render them suitable for many heavy-duty functions,
e.g. thermal, EMI or acoustic wave shielding among others.[239] Their very low density (i.e.
usually below 100 kg m3) associated with good mechanical properties allow their use in sectors
were lightweight structural materials are required, e.g. aeronautics or spatial applications.

5. Polycondensation of hydrosiloxanes and amines
The use of poly(methylhydrosiloxane) (PMH) compounds as a mean to prepare self-blowing
epoxy foams was first reported decades ago.[240,241] Stefani et al. reported the use of
commercially available PMH to prepare closed-cell epoxy foams finding applications in various
sectors such as in automotive or aeronautics.[242] The blowing agent was gaseous dihydrogen
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resulting from the condensation of the hydrosiloxane with the amine hardener comprised in the
formulation leading to a silazane moiety incorporated in the network (Figure 20.5A).

This work inspired more recent developments with the use of PMH as blowing agents for
various biobased polymer matrices. Epoxy foams based on cashew nut shell liquid extract,[243]
microalgae oil,[244] pin[87] and soybean oil,[86,245] were self-foamed by using PMH as a co-
hardener of the epoxy resin. They find potential applications as structural materials, adhesives,
electronical systems components, thermal and vibration isolation or for biomedical
applications. Cavasin et al. studied glass-fiber reinforced epoxy foams blown by PMH for
thermal insulation.[246]

Cheng et al. expanded epoxy formulations with a polysilazane (PSN) compound instead of
PMH.[247] The difference with PMH is the nature of the released gazes. In the case of PSN,
gaseous dihydrogen is released first, followed by the formation of ammonia as schematized in
Figure 24a.
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Figure 24: Self-blowing (a) epoxy and (b) polyhydroxyurethane formulations using polymethylhydrosiloxane (PMH) or
polysilazane (PSN) as blowing agent precursors. (a) is adapted from [247], copyright (2019) with permission of The Authors
under CC4.0 license and (b) is adapted from [248], Copyright (2015), with permission from Elsevier.

The concept was also extended to other matrices that are difficult to foam by endogenous BA,
such as poly(hydroxyurethane) (PHU), a family of non-isocyanate polyurethanes, that are
accessible by the polyaddition of poly(cyclic carbonate)s to polyamines (Figure
20.5B).[249,250] As the formulation does not contain isocyanates, they cannot foam by thermal
decomposition of carbamic acids. The preparation of high density, flexible self-foaming PHU
was recently reported by Caillol et al. by adding PMH to a PHU formulation.[248,251] The
concomitant aminolysis of the cyclic carbonate provided the urethane linkage of the polymer
matrix and the reaction of PMH with amine liberated the blowing agent, i.e. H2, while PMH
was grafted to the PHU matrix (Figure 24b).

6. (Poly)condensation of cyclic carbonates with thiols
In recent years, cyclic carbonates have risen great interest as CO2-sourced polymer
precursors,[252,253] notably for preparing PHUS, the most widely investigated non-isocyanate
polyurethanes. Although self-foaming PHUs were reported by Caillol as discussed above by
generating in-situ Hz as the blowing agent, huge efforts were devoted to mimic the conventional
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self-foaming PU that utilizes CO: as the blowing agent, generated by hydrolysis of isocyanates
during the polymer construction (see section I11.1). However, cyclic carbonates are much less
sensitive to hydrolysis than isocyanates and do not generate spontaneously CO2 under the
operating conditions used for preparing PHUs.

Clark et al. was the first to report the preparation of self-foaming PHUs by a partial
decarboxylation of a particular 5-membered cyclic carbonate, sorbitol bis-carbonate (Figure
20.6A).[254] In this work, once the cyclic carbonate reacted with a diamine to form PHU, the
cyclic carbonate chain-end underwent an intramolecular decarboxylation, leading to both CO:2
generation and chain termination (Figure 25a). Fully bio-based porous materials were prepared
however, the formulation scope was limited to this specific bis-cyclic carbonate.

Recently, Detrembleur et al. described a robust and versatile self-blowing PHU process by
adding (di)thiol(s) to PHU formulations in the presence of a suitable catalyst (Figure
20.6B).[58,59] Beside the formation of PHU by aminolysis of the cyclic carbonate, S-
thioalkylation of the cyclic carbonate occurred with the formation of a thioether bond and the
release of CO: as the blowing agent (Figure 25b). Depending on the formulation, flexible or
rigid PHU foams with an open porosity and a density ranging from 60 to 400 kg m were
prepared at 80 to 120 °C. As this process is highly versatile with a multitude of accessible cyclic
carbonates, amines and thiols, and is compatible to the use of reinforcing nanofillers (such as
(nano)clay), it thus offers the first realistic alternative to conventional self-blown PU foams to
cover a broad range of applications, including in PPE. For instance, the highly flexible PHU
foams[58,59] are of great promise for comfort applications (for matrasses, cushions, etc.) or
shock absorption (shoes soles, helmet, etc.). Development of PHU foams with a closed-cell
structure is also highly appealing for designing thermal insulating panels for the construction
sector.
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Figure 25: Self-blowing PHU formulations prepared by (a) intramolecular decarboxylation of a sorbitol biscyclic carbonate
and (b) decarboxylation promoted by S-thioalkylation. (a) is adapted with permission from [254] Copyright (2018) WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim and (b) is adapted with permission from [58] Copyright (2020) Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim

V. Discussion, conclusion and perspectives

This work summarizing the state-of-the-art of self-foaming polymers reveals that endogenous
chemical blowing agents — i.e. chemical blowing agents embedded in the molecular structure
of the macromolecules or its precursors — go far beyond the mainstream isocyanate chemistry.
An assorted range of self-foaming polymers has been described over the past decades and is
now available to address new technological challenges, including in the field of PPE. Two self-

32



foaming strategies have been distinguished. They are based on the release of a blowing gas
stemming from (i) the decomposition of thermolabile groups, or (ii) a (poly)condensation
reaction that is involved in the construction of the polymer, respectively.

All these systems share common advantages that help overcoming some of the persistent
limitations of exogenous blowing agents during the three conventional stages of a foaming
process: (i) the blend, (ii) the blowing and (iii) the foam stabilization. Remarkably, the blowing
agent being covalently attached to the (pre)polymer, it is naturally homogeneously dispersed in
the system, with no need of intricate mixing procedure to ensure the blend of the (pre)polymer
and the blowing agent. Moreover, as underlined in the precedent classification, the release of
the blowing agent results in a modification of the molecular structure of the (pre)polymer that
usually triggers the phase transition of the latter via an increase of the Tg or/and of the molecular
weight. Thus, the in-situ release of the blowing agent and the phase transition of the polymer
are concomitant. The resulting synchronization of both transformations help ensuring the
success of the blowing and the stabilization steps. In the end, the main limitations of classical
foaming methodologies (i.e., inhomogeneous mixing and out-of-sync transformations of the
polymer and the blowing agent) are naturally circumvented in self-foaming polymers.

From the processing viewpoint, self-foaming (pre)polymers are one-pack, ready-to-use
systems, with a very simple procedures for the operator. They can adapt to virtually all
processing technologies including casting, injection molding or extrusion. It is also worth
noting that the blowing agents released in these systems are usually small, environmentally
benign molecules such as CO2, H20 or halide-free alkanes (see Table 1 and 2). For these
reasons, most of self-foamed (pre)polymers can be used for the synthesis of advanced foamed
materials in an eco-friendly fashion and with a high degree of safety for the end-user. They are
suitable for the production of the next generation of PPE, in accordance with the latest
regulations for health and environment. Exceptions are the self-blown polymers produced by
releasing isobutene or Hz that require special protected environment during foaming due to the
release of these highly flammable blowing agents.

Table 1 and Table 2 summarize the typical range of density, pore size and thermomechanical
properties explored with the self-foaming processes based on (i) thermolysis and (ii)
(poly)condensation, respectively.

Table 1: Typical properties of the foams obtained using self-foaming techniques based on thermolysis. * Polymer matrix that
are obtained from readily available commercial precursors

Thermolabile Blowing : Densities Pore size, D (um o Mechanical
functions gas Polymer matrix (kg m?) Morphology D Tg (°C) behavior
- Polyurethane + Open or closed a0 _ : -
carbamic acid CO2 polyurea[105,106]* 40 - 500 cells 100 — 300 40 - 110 Flexible or Rigid
Polyurethane + Mix of open and .
carbamic polyamide[123]* 45-76 closed cells NA 2-5 Flexible
anhydrides CO: . . i
Aromatic polyimide[126]* 13-15 Open cells 400 — 1300 287 — 299 Rigid
Covalent co Aromatic epoxy-amine NA Closed cells 10 - 400 112163 Rigid
carbamates 2 resin[137] - - 9
Aromatic epoxy-amine .
lonic resin [56,144,145] 110 - 496 Closed cells 55 — 5000 76 — 146 Rigid
carbamates 0.
Polyurethanes[146-148] 86 — 169 Closed cells NA NA NA
poly(phenylquinoxaline)s| NA Closed cells 0.008 -5 370 Rigid
Carbonate COof 98,158]
(t-Boc) isobutene . -
poly(hydroxyamide)[160] 1020 Open cells 0.010 - 0.100 NA Rigid
Diaromatic . . Mix of open and
carbonate CO2/H20 Aromatic resin[167,255] 170 - 1100 closed cells 77117 NA NA
tert-butyl ester isobutene Polyacrylates[169-171] NA Mix of open and 0.120 - 0.200 40 NA
closed cells
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Aliphatic epoxy-acid -
resin[187]* 230 -500 Closed NA NA Rigid
. Open cells
Car:;ﬁy“c co, Polybenzoxazine[57,190] 33— 228 Or mix of open 69218 228 - 244 Rigid
and closed cells

Aromatic Polyimide[195] 75-150 Closed cells 100 - 500 248 — 260 Rigid

Meldrum’s CO2/ Polysulfide
acid Acetone thermosets[212] NA Open cells NA NA NA
Niadimide Cyg'i‘;ﬁgma Aromatic polyimide[214] 50 — 400 Closed cells 200 — 600 361389 Rigid

Table 2: Typical properties of the foams obtained using self-foaming techniques based on (poly)condensation. * Polymer
matrix that are obtained from readily available commercial precursors

Pore size,

carbonate-thiol

Polyhydroxyuréthanes[58,59]

and closed cells

Condensation Blowing . Densities o Mechanical
reaction gas Polymer matrix (kg m?) Morphology D (um) Tq (°C) behavior
Phenol- - . " -

Formaldehyde H20 Phenolic resin[100] 840 NA 0.5 NA Rigid

Carboxylic Co. Aliphatic Polyester[223]* 100 800 Open or closed NA 70-80  Flexible and Rigid
acid-alcohol cells
Carboxylic Aromatic Mix of open -
acid-acetoxy CHsCOOH Polyester[74,75,227,228] 420-630 and closed cells NA 170-190 Rigid
poly(aryl ether ketone) -
(PAEK)[229]* 400 — 1200 Closed cells NA NA Rigid
f Mix of open L
Amine-ketone H20 Glucose-NIPU[230,232] 80 — 130 and closed cells NA NA Rigid
Tannin-NIPU[231] 120 - 260 Open cells NA NA Rigid
Intramolecular
condensation
of poly(amide (R:EOM';' gy | Avomatic polyimide[233,234] 32-128 NA NA 237320 Rigid
acid or ester)s o
(PAA-PAE)
. o .
Aromatic Epoxy-amine[242] 170 - 500 Closed cells 240 - 310 90 Rigid
Amine- Aliphatic Epoxy- Closed cells or
X H2 amine[243,2441* 172 — 557 mix of open 150 — 1100 -10 - 47 Rigid or flexible
hydrosiloxane
and closed cells
Polyhydroxyurethanes[248,251]* 194 - 295 Open cells 140 - 1300 -18-19 Flexible
Cyclic [ole® Aliphatic 78-315 Mix of open 600-980  2.4-79 Flexible

In terms of end-properties of the resulting foams, self-foaming of polyurethanes through the
decomposition of in-situ generated carbamic acid is by far the most versatile and the most
mature technology on the market since decades. This approach is based on one of the oldest
chemistries of polymer history, the isocyanate chemistry, that has been adapted to all sorts of
precursors (aliphatic, aromatic, etc.) and processing techniques (casting, extrusion, etc.). The
attainable properties of the foams obtained by using this chemistry are virtually infinite in terms
of density, d, (40 — 500 kg m3), pore size, D, (100 — 300 pm) morphology (open or closed
cells), and thermo-mechanical properties (flexible or rigid foams with -40 °C < T4 < 110 °C).
In comparison, the present review demonstrates that no other self-foaming methods has been
developed to the same degree of maturity.
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However, the diversity of the other available approaches permits to foam other polymer
matrices including thermoplastics and thermosets, and to span the entire range of common foam
densities and thermo-mechanical properties. This is well illustrated in Figure 26, representing
the range of density and T that can be explored by the different self-foaming methods described
in the present review (when provided by the authors). It is important to note that these ranges
are those reported in the cited works and for most of the processes, it is expected that they might
be extended by adapting the formulations (e.g. composition, content of endogenous blowing
agent, catalyst, etc.) and the foaming conditions (e.g. temperature).
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Figure 26: The typical range of foam density and glass transition temperature (Tg) obtained by using self-foaming method
presented in the review (when provided).[56-59,74,75,98,100,105,106,123,126,137,144—
148,158,160,167,170,171,187,190,195,212,214,223,227-229,233,237,242-244,248,251,255]

In the context of toxicity concerns related to the use of isocyanates, the other self-foaming
techniques described in this review are offering promising alternatives to develop safer and
environmentally benign foaming technologies, notably for the sector of PPE. Their transfer to
the industry is probably just a question of time and more importantly, cost. To our opinion and
at the present stage, the most promising self-blowing techniques are certainly those for epoxy
resins using ionic carbamates, polyimides and polyesters by polycondensation, and
poly(hydroxyurethane)s by S-thioalkylation of cyclic carbonates. All these techniques are
versatile in terms of polymer precursors and are quite easy to implement. Some of these self-
foaming polymers are already on the market such as the polyester foam Plantics for composite
sandwich panels or polyimide foams for aerospace applications.[224,256]

In the field of very high Tq foams (> 300 °C), it is interesting to note that self-foaming
approaches have been rooted in the technological landscape for a long time. It is notably the
case for polyimide foams. Their synthesis through the intramolecular condensation of
poly(amide acid or ester) naturally results in the release of small molecules (ROH, R= H, Me,
Et) that contribute to the expansion of the matrix. Amine-ketone or amine-acid condensation
reactions have also been used to develop self-foamed, high Tg, polymers for a long time
(blowing gas = H20). One reason behind the interest for self-foaming methods in high Tq
polymers, is that glassy matrices can hardly be blown with conventional physical foaming
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methods due to the difficulty to homogeneously disperse a low boiling point compound in a
vitrified polymer. It is however worth noting that these polymers are usually processed via a
solvent assisted method, to lower the viscosity of the glassy domain, and that residual amounts
of solvent always contribute to the foaming process. Thus, these systems are not purely self-
foamed and were referred as hybrid systems in this review. The extent of the attainable densities
(40 kg m2 < d < 500 kg m®) and the diversity of the foam morphology (open or closed) are
comparable with those of self-foaming PUs and illustrate the broad potential of hybrid
approaches. The success of these hybrid approaches also supports the fact that, despite the
numerous advantages of self-foamed (pre)polymers, they are not intended to supplant all the
traditional foaming techniques based on exogenous blowing agent.

As emphasized earlier, the success of the most recent self-foaming methods is dependent on
their industrial potential. Besides the conventional self-foaming polyurethanes that are on the
market since decades, self-foaming epoxy resins based on ionic carbamates or
poly(hydroxyurethane)s based on the thiol-carbonate chemistry are potentially meeting the
requirements in terms of large-scale availability, cost and structural diversity of the precursors.
They represent realistic alternatives in the field of thermosetting polymers and they will
certainly find their place in the foam market, notably in response to new environmental
legislations. There is still some room for improvements to compete with the cost and properties
of self-foaming PUs, however their potential is high in many PPE sectors.

The sector of thermoplastic foams is largely dominated by very low-cost polymers (e.g.,
polyethylene, polypropylene, etc.), for which physical blowing methodologies (e.g. COz,
pentane) are very well developed, controlled and cost-effective. For this reason, the future of
self-foaming thermoplastics is essentially located in the field of advanced and high value-added
foams. In contrast to most thermosetting foams, the intrinsic nature of thermoplastics offers the
opportunity to easily recycle the foam after the material end life, most often by melting and
reshaping the polymer.

Independently of the industrial and economic viability of the self-foaming (pre)polymers
presented in this review, a precise consideration of their potential in the different fields of the
PPE sector is proposed below. Figure 27 summarizes the typical properties of the foams used
to fulfill the protective functions of conventional PPE. These functions include: (i) filtration, in
masks and membranes used to purify fluids involved in vital physiological functions (water,
air),[11] (i1) sound insulation — or damping —, in hearing protective devices,[257] (iii) electrical
insulation, for the protection against high-voltage discharge,[258,259] (iv), thermal insulation,
for the prevention of heat-cold induced injuries,[260] (v) EMI shielding, for the protection
against electromagnetic pollution resulting from gigahertz electronic systems,[22,261] (vi)
shock adsorption, for the prevention of mechanical hazards,[19,262] (vii) flotation, in buoy and
lifebelt used in recreative activities or rescuing emergencies,[263] and of course (viii)
cushioning and comfort, to improve the wearability of PPEs, a decisive role to ensure the
consistent use and thus the efficacy of a PPE.[264,265]

It is interesting to note that some characteristic features associated to a protective function are
essentially dependent on (a) the morphology of the porous network, while others mostly depend
on (b) the chemical nature of the matrix. For instance, the connectivity of the porous network
of a filtration membrane — necessary to ensure the mass transportation of the fluid through the
membranes — is mainly dependent on the open morphology of the cells. Inversely, the electrical
conductivity of a composite foam used in EMI shielding is essentially dependent on the
chemical nature of the polymer and the associated conducting fillers (e.g. carbon black, carbon
nanotubes, graphene, metal-based particles, etc.). But the global protective function of the foam
results from the synergetic association of its morphological and chemical features. Obviously,
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the function-properties associations suggested in this figure are just general, ideal tendencies
based on non-quantitative criteria. It is virtually impossible to provide a range of densities or
flexural modulus for applications as vast as sound insulation or shock absorption. They are
provided as a guide to help drawing the general trends when considering a foam for a PPE
application. We also recommend a specific book for more details on the structure-properties
relationship of polymer foams which also greatly inspired this discussion.[266]
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Figure 27: Typical properties expected from foams to fulfill protective functions in foam-containing PPE.[11,19,22,257-266]

When the function-properties associations of Figure 27 are viewed in parallel with the
properties of the self-foaming (pre)polymers summarized in Table 1 and Table 2, it is possible
to relate each self-foaming (pre)polymers to potential PPE applications. Table 3 summarizes
the feasible associations. Again, it is important to emphasize that these associations are just
provided as indicative guidelines to help scientists and R&D researchers from the foam sector
— particularly in the field of foam-containing PPE devices — in identifying the most promising
self-foaming methods for a given application, at the present time. They should not be
considered as permanent rules for several reasons. First, they are based on the current
development of the different self-foaming methods presented in the review. It is evident that
self-foamed polyurethanes based on the in-situ generation of carbamic acid, that have been
studied for decades, exhibit a wider range of properties than the most recent self-foamed
polymers — for instance polyhydroxyurethanes — and are thus adapted to a larger number of PPE
applications. The latest self-foaming methods will be extended to other PPE applications with
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their future applications to new chemical precursors and processing methods. A second reason
explaining the potential variability of the associations suggested in Table 3, is the intrinsic
subjectivity of this type of classification, mostly based on non-quantitative criteria. For
instance, the associations reported in Table 3 are based on the arbitrary criterium that any
densities below 200 kg m™ can be considered as a “low density”. Moreover, the criteria purely
associated to the properties of the polymeric matrix, such as the thermal or the electrical
conductivity of the polymer, are not considered in Table 3 because these characteristics are
usually not provided in the studies of the self-foaming polymers.

With all these precisions in mind, the analysis of Table 3 can be used to define general
tendencies regarding the immediate potential of self-foaming polymers in the PPE sector. First,
for all protective functions, there are at least three self-foaming (pre)polymers that could meet
the expectations of the PPE sector. They are a priori immediately operational. As expected, for
a given self-foaming mechanism, the PPE-association depends on the nature of the polymeric
matrix. Indeed, the end properties of the foam (e.g., density, cell connectivity, flexural modulus,
Tg), that dictate the PPE-association, depend on the physicochemical nature of the self-foaming
precursors (e.g., molecular weight, aromaticity, viscosity) as much as they depend on the self-
foaming mechanism. For instance, the polyurethanes foams obtained by decomposition of
carbamic anhydrides are flexible, partially closed-cell materials that are adapted to comfort or
shock absorption applications. Inversely, the polyimide foams obtained using the same self-
foaming mechanism, are rigid, open-cell materials that are unsuitable for the aforementioned
applications and are adapted to filtration purposes.

Unsurprisingly, self-foaming polyurethanes are ready to be used for all protective applications.
Interestingly, when excluding all the self-foaming mechanisms based on isocyanate chemistry,
at least one isocyanate-free alternative is available for all protective functions.

It is also worth mentioning that the self-blowing techniques with the most promising industrial
potential, including self-foaming epoxy resins using ionic carbamates and self-foaming
aliphatic polyesters based on the polycondensation of glycerol and citric acid (Plantics), can
already meet the expectations of most protective functions. Given the sustainability and the
innocuity of the precursors involved in these techniques, it is probably just a question of time
before they are implemented in the PPE sector. Self-foaming polyhydroxyurethanes based on
the S-thioalkylation of cyclic carbonates are still under development and are adapted to a
limited number of protective functions. But the use of the same self-foaming mechanism with
new precursors (e.g., aromatic) and processing technics (e.g., closed mold, extrusion), will
certainly offer self-foamed materials spanning the entire range of PPE functions.

Table 3: Reported and potential PPE applications of self-foaming systems. Not exhaustive.

- . Electric
Self—foan_ung Polymer matrix V\_/ater_/ air .EM.I discharge _Therm_al . Soun.d Shocl_< Flotation Comfort
mechanism filtration shielding? . insulation insulation  absorption
protection
Lo Polyurethane +
8 carbamic acid polyurea[105,106] % % % % % % % %
f:’ Polyurethane + ) )
2 carbamic polyamide[123] X X X X
= anhydrides . o
© Aromatic polyimide[126] % %
% Covalent Aromatic epoxy-amine ) )
el carbamates resin[137] X X X X X
e Aromatic epoxy-amine resin } )
] lonic [56,144,145] X X X X X
|E carbamates
Polyurethanes[146-148] - % % % - % %
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Carbonate
(t-Boc)

poly(phenylquinoxaline)s[98
,158]

poly(hydroxyamide)[160]

Diaromatic
carbonate

Aromatic resin[167,255]

tert-butyl ester

Polyacrylates[169-171]

Carboxylic
acid

Aliphatic epoxy-acid
resin[187]

Polybenzoxazine[57,190]

Aromatic Polyimide[195]

Meldrum’s
acid

Polysulfide thermosets[212]

Niadimide

Aromatic polyimide[214]

(Poly)condensation reactions

Phenol-
Formaldehyde

Phenolic resin[100]

Carboxylic
acid-alcohol

Aliphatic Polyester[223]

Carboxylic
acid-acetoxy

Aromatic
Polyester[74,75,227,228]

Amine-ketone

poly(aryl ether ketone)
(PAEK)[229]

Glucose-NIPU[230,232]

Tannin-NIPU[231]

Intramolecular
condensation

- Aromatic
of poly(amide S
acid or ester)s polyimide[233,234]
(PAA-PAE)
Aromatic Epoxy-amine[242]
Amine- Aliphatic Epoxy-

hydrosiloxane

amine[243,244]

Polyhydroxyurethanes[248,2
51]

Cyclic
carbonate-thiol

Aliphatic
Polyhydroxyuréthanes[58,59
]

a: Usually combined with the use of a suitable conductive filler.

To conclude, the perspectives of the PPE sector are in line with the flourishing number of new
self-foaming thermosetting polymers, including self-foamed epoxy resins based on ionic
carbamates or self-foaming polyhydroxyurethane based on thiol-carbonate condensation.
Indeed, the industry of PPE is experiencing a growing demand in terms of resilient cellular
thermosets with advanced and high value-added properties. With the emergence of new
hazards, such as electromagnetic pollution, composite foams will be more and more desirable
for the design of lightweight, comfortable and resistant PPE, such as EMI shields.[112] More
generally speaking, smart composite foams[267] that are self-actuated (e.g., depollution[268])
with sensing properties (e.g., damage sensing[269] and/or self-healing abilities[270]) are the
future of sustainable and digitally connected PPE.[271] From the processing viewpoint, self-
foaming (pre)polymers present numerous advantages for the development of new composite
foams. It is indeed easier to disperse solid fillers in ready-to-use, one-pack, formulations.
Moreover, the crosslinking reaction of self-foamed thermosets is usually thermo-latent —

39



because it is correlated to the thermal latency of the release of the blowing gas — and provides
the operator with a time window to disperse the fillers within the matrix.

For all these reasons, self-foaming (pre)polymers have a bright future in the field of PPE and
the comprehensive review provided in this paper should help industrial and academic
researchers in developing new self-foaming materials adapted to the demands of the sector.
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