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Abstract:
Epoxy resins are commonly used as thermosetting materials due to their excellent mechanical properties, high
adhesion to many substrates and good heat and chemical resistances. This type of thermosets is intensively
used in a wide range of ﬁelds, where they act as ﬁber-reinforced materials, general-purpose adhesives, highperformance coatings and encapsulating materials. These materials are formed by the chemical reaction of multifunctional epoxy monomers forming a polymer network produced through an irreversible way. In this article
the improvement of the characteristics of epoxy thermosets using diﬀerent hyperbranched poly(ethyleneimine)
(PEI) derivatives will be explained.
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General introduction
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Epoxy resins are commonly used as thermosetting materials due to their excellent mechanical properties,
high adhesion to many substrates and good heat and chemical resistances. This type of thermosets is intensively used in a wide range of ﬁelds, where they act as ﬁber-reinforced materials, general-purpose adhesives,
high-performance coatings and encapsulating materials. These materials are formed by the chemical reaction of multifunctional epoxy monomers forming a polymer network produced through an irreversible way
[1]. In this article the improvement of the characteristics of epoxy thermosets using diﬀerent hyperbranched
poly(ethyleneimine) (PEI) derivatives will be explained.

2

General concepts of epoxy thermosets

The term epoxy or epoxide refers to compounds characterized by the presence of an oxirane or epoxy ring, a
three-member ring containing an oxygen atom that is bonded with two carbon atoms as shown in Figure 1.

Figure 1: Chemical structure of epoxy ring

From the structural point of view of chemistry, epoxy resins are monomers or oligomers containing two or
more epoxy groups in their structure. P. Castan [2] developed the ﬁrst system based on the well-known diglycidyl ether of bisphenol A (DGEBA). The commercialization of this resin dates back to 1940 [3]. It is obtained by
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the reaction of bisphenol A with epichlorohydrin in the presence of a strong base such as NaOH. Depending
on the ratio between reactants, the resulting molecular weight can be tuned in order to have diﬀerent resins
being possible to obtain liquid, waxy or solid DGEBA resins [4]. The reaction, still used nowadays, is depicted
in Figure 2.

Figure 2: Synthetic scheme for the preparation of Bisphenol A epoxy resins
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There are other types of resins with diﬀerent structures that lead to materials with diﬀerent characteristics.
Some of the most typical resins are collected in Figure 3. The non-epoxy part of the molecule can have an
aliphatic, cycloaliphatic or aromatic structure and the functionality, related to the number of epoxide groups,
can also be varied.

Figure 3: Structures of several commercially available epoxy resins

Epoxy resins are capable of reacting with diﬀerent active compounds known as curing agents (with or
without catalyst) or with themselves (via an initiator) to form solid, crosslinked materials. This transformation
is generally referred to as curing.
From a fundamental point of view, thermosetting epoxy polymers may be deﬁned as polymer networks
obtained by a chemical reaction of monomers, which contain two or more epoxy groups per molecule (a functionality equal to or higher than 2) [5]. The functionality of an epoxy monomer is deﬁned by the number of
arms (bonding sites) that participates in the formation of the polymer network. The functionality of the epoxy
monomers depends on the curing system used and will be discussed below, but a necessary condition for the
formation of a network is that at least one of the monomers involved in the reaction has a functionality higher
than two, since the global functionality of the system to reach a network structure is a minimum of 4.

3

Curing agents

Crosslinked epoxy polymers are obtained by the reaction of epoxy monomers with curing agents (co-monomers
or initiators). Epoxy polymers can be produced by step or chain growth polymerizations or, eventually, by a
combination of both mechanisms [5].
Step growth polymerization (polycondensation) proceeds via a step-by-step succession of elementary reactions between reactive sites. Each independent step causes the disappearance of two co-reacting sites and
creates a new covalent bond between a pair of functional groups. In this case curing agents like amines, alcohols, anhydrides, isocyanates or acids have been used in stoichiometric ratio [6].
2
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Chain growth polymerization (ring opening) is characterized by the occurrence of initiation, propagation,
chain transfer and termination steps. In the case of epoxides, the initiation step produces an ion (either an anion
or a cation) that is called the active center of the polymerization. The ion may be generated by thermal treatment
or by an adequate source of irradiation. Once active centers are generated, they produce primary chains by the
consecutive addition of monomers through the propagation step of the reaction.
Polycondensation curing mechanisms require an accurate knowledge of the stoichiometry of the system.
Among them, the most used curing agents for epoxy resins are primary and secondary amines. In this system,
DGEBA is bifunctional and a requirement for the amines is that they must be multifunctional (more than two
reacting groups). Considering that primary amines account for a functionality of two and secondary for a functionality of one, usually primary diamines are used. The reaction of epoxy with amines is depicted in Figure
4[6].

Figure 4: Reaction of a primary amine with epoxides
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Primary and secondary aliphatic amines react rapidly with epoxy groups at low temperature to form threedimensional crosslinked structures. However, they can also be cured at higher temperatures to provide a more
densely crosslinked structure with better mechanical properties, elevated-temperature performance and chemical resistance. Other amines, such as aromatic or cycloaliphatic, are less reactive and generally require higher
curing temperatures.
After amines, acid anhydrides are the second most used group of curing agents. Among the most common
anhydrides, phthalic anhydride (PA, a), tetrahydrophthalic anhydride (THPA, b), methyl tetrahydrophthalic
anhydride (MTHPA, c) and nadic methyl anhydride (NMA, d) can be mentioned (Figure 5).

Figure 5: Chemical structure of anhydrides used as curing agents of epoxy resins

The reaction of anhydrides with epoxy groups has been extensively studied and follows a complex mechanism, with several competitive reactions capable of taking place [7, 8]. The limitation of the use of anhydrides
as curing agents is the low reactivity and, therefore, curing has to be carried out at high temperatures to obtain optimal properties [9]. The presence of catalysts such as tertiary amines, metallic salts and imidazoles can
accelerate the curing and overcome this drawback [10].
The main reaction that takes place on curing epoxide/anhydride mixtures without amine is illustrated in
Figure 6. The ﬁrst reaction is the opening of the anhydride ring by reaction of a hydroxyl group to form the
monoester (1) and subsequently the nascent carboxylic group reacts with the epoxy to provide an ester linkage
(2). The reaction proceeds by the presence of existing hydroxyl groups (3).
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Figure 6: Uncatalyzed curing mechanism of epoxides with anhydrides

In the presence of tertiary amine a diﬀerent mechanism occurs (Figure 7). It is proposed that the tertiary
amine reacts with the epoxy monomer and forms a zwitterion that contains a quaternary nitrogen atom and an
alkoxide (1). The alkoxide rapidly reacts further with an anhydride group, leading to a carboxylate anion (2).
Propagation occurs through the reaction of the generated carboxylate with an epoxy group and the formation
of a new alkoxide anion (3). There is still no deﬁnite validation regarding the termination step and whether
the initiator remains chemically attached during the whole course of the reaction. Some authors describe an
irreversible bonding of the initiator [11], but there is disagreement on this point [12, 13].

Figure 7: Curing mechanism of epoxides with anhydrides in the presence of tertiary amines
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The other main group of curing agents used is the one of initiators. Commonly used initiators include Lewis
bases such as tertiary amines or imidazoles for anionic chain polymerization, and Lewis acids such as boron
triﬂuoride complexes or other metal salts. These initiators are used in catalytic amounts and promote the homopolymerization of epoxides via the ring-opening polymerization (ROP) [14]. This ring-opening mechanism
is similar in terms of the kinetics to poly-addition since it presents an initiation step, a propagation and ﬁnally a
termination, but mechanistically it is more complex and leads to the introduction of heteroatoms in the network
structure.
In these initiated curing systems, the functionality of the epoxide group is two and therefore the global
functionality of a diepoxy resin is four. Thus, from a diepoxide, crosslinked structures can be obtained by the
use of the adequate initiator and conditions.
Anionic polymerization can be promoted by several initiators with high nucleophilic character or strong
basic characteristics, but in the ﬁeld of epoxy thermosets the most extended anionic initiators are tertiary amines
[1], such as 1-methyl imidazole (1-MI) [15] or 4-(N,N-dimethylamino)pyridine (DMAP) [16] (Figure 8).

Figure 8: Chemical structures of tertiary amines used as anionic initiators

The curing mechanism initiated by tertiary amines is depicted in Figure 9. As can be seen, the opening of
the epoxide by the nucleophilic attack of the amine forming an alkoxide is the ﬁrst step. Initiation and propagation proceed by nucleophilic substitution (SN 2) and as a consequence nucleophilic attack occurs in the lesssubstituted carbon.

Figure 9: Anionic ring-opening homopolymerization of epoxides initiated by a tertiary amine

Ooi etal. [17] observed by diﬀerential scanning calorimetric (DSC) studies two exothermic peaks during the
curing process of N-alkyl substituted imidazole-DGEBA formulations. These results indicated that the curing
mechanism represented in Figure 9was more complex. The cause of the additional peak was associated with
imidazole regeneration by β-elimination or N-dealkylation process, which then reinitiates the polymerization,
as discussed in Figure 10.
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Figure 10: Possible pathways of tertiary amines regeneration

Moreover, in previous studies it could be demonstrated that the presence of species that can coordinate with
epoxides (such as hydroxyl groups) promotes the initiation step, speeding up the reaction due to the interaction
between the hydroxyl group and the oxygen in the oxirane ring, which helps increase the positive charge in the
oxirane ring methylene carbons (Figure 11). The imidazole regeneration can be also favored by the presence of
hydroxyl groups [18, 19].
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Figure 11: Nucleophilic opening of the epoxide group favoured by coordination with hydroxyl groups

If the initiation step is catalyzed by Brönsted or Lewis acids, the propagation takes place via a cationic
mechanism. TiCl4 , AlCl3 , ZnCl2 , BCl3 , SiCl4 , FeCl3 , MgCl2 and SbCl5 are Lewis acids used as catalysts, but the
most extended one is the BF3 /amine complex [20]. In recent years also lanthanide and rare earth metal triﬂates
have demonstrated to be good cationic initiators [21–24].
Figure 12shows the mechanism of propagation for the cationic polymerization of epoxides. In this case,
there are two propagation mechanisms that coexist: active chain end (ACE) and activated monomer (AM) [25].
Both mechanisms start by the coordination of the initiator with the epoxide to promote the ring opening. The
ACE mechanism consists in the reaction between an activated epoxide and a nonactivated one. In that way, the
activated epoxide is always linked to the growing chain forming a cyclic oxonium cation. On the contrary, the
AM mechanism requires a hydroxyl group to ﬁrst open an activated epoxide. Then, there is an intermolecular
interchange of protons with an epoxide that now becomes activated. Thus, the monomer is always the activated
epoxide.

Figure 12: Active chain end (ACE) and activated monomer (AM) propagation mechanisms for the cationic polymerization
of epoxides

All these systems described constitute a two-component system in which the monomer and curing agents
are stored separately and they are mixed in the correct quantity just prior to use. However, one-component systems in which the mixture of epoxy resin and curing agent is commercially supplied, also called one-pot resins,
6
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have considerable advantages over the others, since they are easier to use. One-pot epoxy resins require a latent
curing agent, which does not react at room temperature, but reacts with epoxy resins under external stimulation, heat or irradiation [26]. Thermal latent curing agents can act mainly by two diﬀerent mechanisms: the ﬁrst
one is based on their low compatibility in the epoxy resin because of their crystalline character or by encapsulation of the active species [27]. The second mechanism is based on the use of a precursor compound, inactive
at room temperature, but which under triggering by heat transforms into an active curing agent [28]. Photoirradiation can also lead to the formation of active species, which originate homopolymerization by cationic or
anionic processes [29]. Although photoirradiation is a more convenient way of triggering, from the point of
view of energy savings, it presents some disadvantages, such as the curing of thick samples or with a complex
geometry [30]. The initiation by heat is easier from the experimental point of view and can be applied to thicker
samples or to hidden parts of surfaces.
The selection of the curing agent is the key point in the application, workability of the curing mixture,
characteristics of the ﬁnal thermosets and other factors.
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4

Characteristics of epoxy thermosets

The degree of crosslinking and the nature of the bonds in the cured epoxies give them many desirable characteristics that have placed these thermosets as the standard option for a variety of applications such as adhesives,
coatings, composites for structural applications, and so on.
Some of the most important characteristics of these materials are the absence of volatile matter on curing
and the capacity to adhere to most substrates due to the presence of polar groups like hydroxyl or ether [10]. In
addition, epoxy resins are resistant to thermal degradation and are stable to the attack by corrosive chemicals.
These properties are related to the covalent bonds present in the network, which deﬁne their stability. The
presence of groups that can be removed by chemical reactions using weak alkalis, strong acids and organic
solvents reduce the chemical resistance [31, 32]. Moreover, the addition of cleavable linkages in the network
structure allows thermosetting materials to be removed under thermal controlled conditions [33–35].
Epoxy thermosets are amorphous and highly crosslinked materials. The crosslinking density is a key parameter in determining the mechanical properties of an epoxy resin after cure. The higher crosslinked density
allows these thermosetting materials to have high glass transition temperatures and useful properties like high
values of hardness, tensile strength, shear strength or Young’s modulus.
However, in terms of structural applications, they have some disadvantages that limit their range of applications. Epoxy resins are in general brittle due to their high crosslinked character, which confers low impact strength and poor resistance to crack propagation [2]. The fracture resistance decreased with increasing
crosslinking density [35]. Moreover, the tight structure implies a shrinkage that is undergone during the curing
process, which ﬁnally leads to the apparition of stresses and defects in the material. The crosslinked nature
enhances the thermal resistance, so they cannot be removed from a substrate without damaging it. In coatings technology, the resistance to scratch is another interesting issue to be improved. Thus, new strategies to
overcome these drawbacks are needed, but these strategies should not compromise other properties.

4.1

Toughness

Toughness of a specimen refers to the total energy required to cause failure, i.e. the total area under the
stress–strain curve or the energy absorbed in an impact test. Toughening of the epoxy resins by the addition
of toughening agents or modiﬁers helps improve the amount energy absorption capacity. As a result, tremendous eﬀort has been focused on improving the toughness of such materials during the past decades and many
reviews in this area are available [36–38].
There are many approaches for improving toughness in epoxy resins, which include: a) chemical modiﬁcation of the network structure to make it more ﬂexible, b) increasing the molecular weight of the epoxy resin to
improve the molecular weight between crosslinks, c) lowering the crosslink density of the matrix by adjusting
the ratio of epoxy resin/crosslinking agent, d) adding reactive diluents, e) adding toughness modiﬁers in the
formulation or f) incorporating inorganic ﬁllers/reinforcements into the neat resin [36].
The most promising strategy for increasing the toughness of epoxy thermosets is the incorporation of plasticizers, like thermoplastic or rubbers, which increase the ﬂexibility of the ﬁnal network by the incorporation of
a second dispersed phase [39, 40]. However, the addition of these modiﬁers usually compromises the modulus
and thermomechanical characteristics of the thermosets, leading to a reduction of Young modulus and Tg , and
worsening the processability of the formulation by increasing its viscosity [36].
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Another method of preventing the crack from freely developing after impact is the addition of a modiﬁer that induces the formation of particles that absorb the impact energy and deﬂect the crack. The formation of micro/nanostructures in multicomponent thermosets can further optimize the interactions between the
thermosetting matrix and the modiﬁers and thus the mechanical properties of materials can be signiﬁcantly
improved. This is known as “toughening by micro/nanostructures” and can be achieved, among other procedures, following the chemical-induced phase separation methodology (CIPS) [41, 42]. It starts from an initial
homogeneous mixture composed of the resin, curing agent and modiﬁers. On curing, a blend of epoxy matrix
ﬁlled with rubber or thermoplastic microspheres is formed, with a ﬁnal size of these particles controlled by the
viscosity of the reacting mixture during curing [43].
Alternatively, new strategies as the incorporation of hyperbranched polymers (HBPs) [44, 45] or multiarm
star polymers (SPs) [42] have been applied with good results in improving toughness without aﬀecting the
other properties of the resin [46]. The improvement in toughness in the case of HBPs is attributed either to the
ﬂexibilizing eﬀect induced by the homogeneous incorporation of the HBP [47] or to the local inhomogeneities
created in the crosslinked network by the formation of phase-separated nanoparticles with good interfacial
adhesion between phases [48]. The particles hinder the propagation of a certain crack in the material as seen in
Figure 13. Since the interaction between phases plays a key role in this toughness reinforcement mechanism,
the structure of the HBP must be carefully selected in order to obtain the desired properties.

Figure 13: Crack propagation in materials: a) without particles and b) with dispersed particles
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4.2

Shrinkage

When any type of monomers undergoes polymerization and crosslinking, shrinkage occurs throughout the
cure process. Shrinkage is the reduction in volume brought about by increase in density. The curing process of
epoxy resins entails shrinkage, which is a critical point in the ﬁeld of coatings since it can lead to the appearance
of internal stresses and consequently to defects in the materials, such as microvoids, microcracks or warping
[49]. For this reason, the reduction of stresses is an important goal since the protection capability is reduced
when thermosets are used as coatings.
One should distinguish between thermal and chemical shrinkage. Thermal shrinkage occurs in thermal
curing because after curing the thermosets obtained at high temperature should be cooled down until room
temperature and therefore the contraction is diﬀicult to avoid. On the other hand, chemical shrinkage occurs
because of the formation of new covalent bonding in the reactions taking place during the curing process. In
general, as the monomer polymerizes, its density changes as a direct result of the bond changes being aﬀected
during polymer formation. Usually, the new bonds formed are shorter in the polymer than the distances between monomers [50]. This shrinkage is caused by the chemical reactions taking place during curing and it is
described that the shrinkage during ROP is lower than chain growth and step growth polymerizations [50].
This is due to the fact that per each Van der Waals distance that becomes a covalent bond, there is one covalent
bond going to a nearly Van der Waals distance (Figure 14). Thus, the use of ROP is a good strategy to produce
the minimally shrinking epoxy thermosets.
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Figure 14: Changes of distances before and after ring opening polymerization

Many approaches have been developed to solve the shrinkage issue related to the chemical reactions occurring during the curing process like the addition of inorganic inert charges (silica, quartz or mica) or polymeric
charges (polyurethane foams, PVC or polystyrene). Unfortunately, the main problem of this strategy is that the
Tg of the resulting thermosets decreases dramatically, reduces toughness, increases the viscosity and worsens
the material properties, thereby limiting their range of applications [2].
New strategies such as the addition of HBPs as modiﬁers in epoxy thermosets can reduce the shrinkage
during curing by reducing the internal stresses [51]. The incorporation of HBPs in the network decreases the
coeﬀicients of thermal expansion (CTEs) due to the higher degree of crosslinking coming from the high number
of reactive groups in the HBP and does not reduce the Tg of the ﬁnal materials [52]. Moreover, it has been
reported that the increase in the amount of HBP added to the formulation reduces not only the global shrinkage
but also the shrinkage after gelation, which is the true responsible of the apparition of stresses. [51]. It is worth
noting that after the gelation, the material loses its mobility and therefore the shrinkage produced after gelation
produces tensile, compressive and shear forces within the resin.

4.3

Reworkability

The concept of reworkability in thermosets is related to the ability of the material to break down under controlled conditions in order to be removed from a given substrate (Figure 15), but it does not mean that the
polymeric material can be reused or recycled [34].
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Figure 15: Scheme of the process of the elimination of a reworkable coating

The decomposition of the degradable linkages upon heating is expected to lead to a decrease in crosslinking
density and modulus of the adhesive or coating, allowing its removal and replacement. The optimal temperature range for safe rework operation is desired to be within 200–250 °C [33, 53].
In order to obtain thermally reworkable epoxy thermosets, one of the ﬁrst approaches was the introduction
of disulfur linkages in the amine curing agent, which allows the fragmentation of the thermoset with temperature [54]. Other authors proposed the introduction of thermally labile groups in the structure of the resin [55,
56]. The introduction of ester groups improves the reworkability since they can be broken by a β-elimination
process (Figure 16) at a temperature of about 235 °C [33].

Figure 16: Mechanism of pyrolytic β-elimination of esters

Alternatively, there also exists the possibility of introducing groups that can be eliminated by chemical
reactions. This is the so-called “chemical reworkability”. There are many strategies based on this principle.
For instance, the introduction of oleﬁnic unsaturation in the structure of the resins allows the cleavage of the
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network by oxidation of the double bonds with permanganate. If the groups introduced are carbamates, the
cleavage is carried out by strong acid treatment [57].
Other examples are the use of epoxy resins with ketal groups in their structure, which can be hydrolyzed
after acid treatment [58] or the copolymerization of epoxy resins with spirocyclic γ-bislactone obtaining thermosets that can be completely solubilized in 1 M ethanolic KOH solutions [59].

4.4

Scratch resistance

Automatically generated rough PDF by ProofCheck from River Valley Technologies Ltd

In many coating systems, the uppermost layer is a thin coating, which not only protects the underlying layers
or substrate from chemical and UV degradation, but also provides protection from mechanical damage that
can result in surface blemishes/scratches [60]. Excellent scratch-resistance coatings are characterized by large
plastic deformation, small cracks and high elastic recovery [61].
There are two main ways of improving the scratch resistance of organic coatings: one is to optimize the
polymer lacquer components and the other is to reinforce the coating by embedding ﬁllers into them [62]. The
addition of nanosized silica and alumina particles having diameters of 10–50 nm represents an attractive alternative to conventional ﬁllers. Because of their nanometer size and their large active surface, it can be expected
that polymeric nanocomposites exhibit markedly improved properties as compared to pure polymers or conventional composites. Thus, diﬀerent inorganic and organic nanopowders, such as SiO2 , Al2 O3 or ZrO2 , have
been employed, yielding considerable mechanical reinforcement [63].
Hybrid organic–inorganic nanocomposites have drawn considerable attention, in recent years, because they
combine the advantages of an organic polymer (ﬂexibility, light weight, good impact resistance and good processability) and inorganic materials (high mechanical strength, good chemical resistance, thermal stability and
optical properties) [64]. The formation of inorganic domains generated in situ for enhanced surface scratch
resistance seems to be a very promising approach toward new, multifunctional technical coatings [65]. The
generation of nanostructures in the polymer matrix by sol–gel processes leads to a ﬁne dispersion of the inorganic phase into the epoxy matrix, which could be advantageous in comparison to the addition of performed
inorganic nanoparticles, improving scratch characteristics.
Nowadays, the combined use of HBPs and sol–gel reactions in the preparation of nanocomposites seems to
be advantageous as they can allow better interaction of the organic phase with the inorganic particles [66, 67].
The multifunctional HBP structure allows to prepare silica hybrid coatings with a strong increase in surface
hardness and scratch resistance.

5

Dendritic polymers

In the 1980s, a kind of highly branched three-dimensional macromolecules, also named dendritic polymers,
was born and gradually became one of the most interesting areas of polymer science and engineering [68].
Dendritic architecture is recognized as the main fourth class of polymer architecture after traditional types of
linear, crosslinked and chain-branched polymers that have been widely studied and industrially used [69].
Dendritic molecules are composed of repeating units emanating from a central core. When the structure
of the molecule is perfectly symmetric around the core and adopts a spherical three-dimensional morphology,
a dendrimer is formed. In contrast, the presence of some imperfections results in a hyperbranched polymer
(HBP). A schematic representation of dendrimers and HBPs is represented in Figure 17.
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Figure 17: Schematic representation of a dendrimer and a hyperbranched polymer

In a perfectly branched dendrimer, only one type of repeating unit can be distinguished, apart from the
terminal units. However, HBPs present three diﬀerent types of repeating units, named D, L and T, as illustrated
in Figure 18.

Figure 18: Diﬀerent units present in a HBP obtained from the polymerization of an AB2 monomer
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The degree of branching (DB) is a structural parameter used to characterize the topology of dendritic polymers and is one of the most important because it has a close relationship with polymer properties such as free
volume, chain entanglement, mean-square radius of gyration, glass transition temperature (Tg ), degree of crystallization (DC), capability of encapsulation, mechanical strength, melting/solution viscosity, biocompatibility
and self-assembly behaviors [70, 71]. Fréchet and coworkers [72] deﬁned the DB as the ratio of the molar fraction
of branched and terminal units relative to that of the total possible branching sites.
𝐷𝐵 =

𝐷+𝑇
𝐷+𝑇+𝐿

(1)

where D is the number of fully branched units and L is the number of partially reacted units. The value of
the DB varies from 0 for linear polymers to 1 for dendrimers or fully branched HBPs (see Figure 4).
Dendritic polymers are characterized by special features that make them promising candidates for a number of applications. One of the most interesting physical properties is their lower viscosity in comparison with
their linear analogues, which is a consequence of the architecture of the molecules [73]. The relationship between molecular weight and viscosity for various polymer topologies is represented in Figure 20. Dendrimers
in solution reach a maximum of intrinsic viscosity as a function of molecular weight as their shape changes
from an extended to a more compact globular structure, especially at high molecular weights [74, 75].
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Figure 19: Values of the DB of linear polymers, HBPs and dendrimers

Figure 20: Relationship between intrinsic viscosity (η) and molecular weight (M)

Well-deﬁned structures require a stepwise synthesis and dendrimers are usually prepared by an iterative
synthesis, with the puriﬁcation of intermediate stages or generations while hyperbranched molecules can be
synthesized in one step. This characteristic and their good properties such as low viscosity, good solubility and
good chemical reactivity make HBPs suitable products for a larger application scale in typical technological
ﬁelds like coatings and adhesives [76].
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5.1

Hyperbranched polymers

HBPs are highly branched three-dimensional macromolecules with a large number of end groups (Figure 19)
[77]. They have special properties, which are key to their industrial applications. As mentioned before, one of
them is low viscosity compared with their linear analogues.
Besides, HBPs have high chemical reactivity and enhanced solubility when compared to their linear analogues. They also exhibit enhanced compatibility with other polymers as has been demonstrated by blending
studies [73]. Hyperbranched materials also have outstanding mechanical properties such as modulus, tensile
strength and compressive moduli, which reﬂect the compact highly branched structures [73]. Owing to those
special properties, HBPs have been used as rheology modiﬁers or blend components [44, 78], tougheners for
thermosets [43, 45] and crosslinking or adhesive agents [79]. Also, HBPs have been used as the base for various coating resins [80], including powder coatings [81], ﬂame-retardant coatings [82] and barrier coatings for
ﬂexible packaging [83].

5.2

Star polymers

Dendritic polymers with a single branch point and all arms exhibiting low degrees of compositional heterogeneity with respect to composition, molecular weight and molecular weight distribution are named star polymers (SPs) [84]. Basically, SPs consist of linear polymeric chains radiating from one single branched point, called
“core” or central nodule, and which can itself be polymeric. If the arms are identical, the SP is said to be regular.
If the adjacent arms are composed of diﬀerent repeating subunits, the SP is said to be miktoarm. The copolymeric nature of the arms leads to the so-called copolymeric stars (Figure 21). For the preparation of multiarm
SPs, a multifunctional core is needed. The lower cost of HBPs, the presence of reactive ﬁnal groups and their
easy synthesis from commercially available monomers make them adequate cores for their preparation.
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Figure 21: Schematic representation of star polymer structures

SPs resemble more closely the hard sphere model, especially when the numbers of arms in the SP are high.
The hard sphere character of SP is directly correlated to entanglement. If the number of arms is high, the entanglement decreases and it is lower than in linear polymers, causing lower intrinsic viscosity of these materials
as compared to linear polymers of the same molecular weight, which is one of the main features of SPs [75, 85,
86].
Owing to their compact structures and high segment density, SPs have gained increasing interest. Nowadays, the incorporation of biocompatible segments on the star copolymer structures is of particular interest
for biomedical applications [87]. Moreover, SPs have potential applications as components of diﬀerent types of
complexes, hydrogels, networks, ultrathin coatings, thermoset modiﬁers, etc. [88]-[90].
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6

Modiﬁed epoxy thermosets by using HBPs and other highly branched topologies

Over the past few years, HBPs have received much attention as modiﬁers of epoxy systems to improve the
mechanical properties, reduce the shrinkage on curing [51] and increase the reworkability [31], if the structures
are conveniently selected [45, 91].
One of the ﬁrst HBPs used as modiﬁer for epoxy resins was an aliphatic hyperbranched polyester based
on 2,2-bis(hydroxymethyl)propionic acid (BHMPA) [92]. This polymer was produced and commercialized by
Perstorp as Boltorn HX (where X can be 20, 30 or 40 related with the degree of polymerization). There are
several published papers on the use of Boltorn as a modiﬁer in diﬀerent epoxy thermosetting systems. Ratna
etal. [93] used Boltorn H30 as a modiﬁer in epoxy/amine thermosets. The ﬁnal materials showed globular HBP
particles dispersed in the epoxy matrix and the result was a signiﬁcant improvement of the impact strength,
approximately twice the value of the neat material, when a high concentration of HBP was used. However,
Yang etal. [94] obtained homogeneous materials in epoxy/anhydride systems and the improvement in impact
strength was around 25 % over the pure epoxy/anhydride matrix by the addition of HBP as a modiﬁer. This
could be explained by the formation of particles in the ﬁrst case and a homogeneous material in the second due
to the diﬀerent chemistry implied in the curing process.
Diﬀerent modiﬁcations of Boltorn-like polymers have been described in the ﬁeld of thermosets. Varley and
Tian [95] reported the use of an epoxidized Boltorn as a modiﬁer of epoxy/anhydride systems. The addition of
HBP had a minimal eﬀect on the viscosity of the mixture. Furthermore, the modiﬁed materials showed excellent
improvements in toughness. A 100 % increase in fracture toughness was achieved by the presence of a 20%wt
of HBP in the epoxy network.
The eﬀect of DB of HBP in the improvement of epoxy materials cured by the cationic initiator was studied
[96]. In these systems, the viscosity of the formulation was lower on increasing the DB of the modiﬁer, which
conﬁrms the advantages in the rheological behavior of HBP-modiﬁed formulations. On increasing the DB, the
Tg was increased and the storage moduli in the rubbery state followed the same trend. The addition of HBP
to the formulation led to a reduction of the global shrinkage on the curing process, which increased with the
proportion of modiﬁer and DB. Because of the aromatic poly(ester) nature of these HBPs, the thermal stability
increased, but the chemical reworkability in the basic solution improved. The high thermal stability is due to the
fact that aromatic ester groups cannot be broken by β-elimination processes because of the absence of hydrogen
in the β-position [31]. This study put in evidence the validity of the dendritic characteristics in the improvement
of epoxy thermosets.
Boltorn polyesters have also been used to control the shrinkage in the cationic polymerization of DGEBA
using hydroxyl-terminated HBPs [51]. The reduction in contraction during curing was observed because inter-
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molecular and intramolecular H-bond interactions decreased and the free volume increased when HBP reacts
and gets incorporated into the network.
The large number of reactive sites present in the HBPs structure allows the possibility of changing their
solubility in the epoxy matrix by the attachment of polar or nonpolar units to the end groups [97]. As a result,
optimal shell chemistry design of the HBP could be achieved, which permits one to obtain homogeneous or
nano- and microstructured thermosetting materials [91]. Moreover, by tailoring their chemistry, it is possible
to reach suitable mechanical properties for inducing the most eﬀicient toughening mechanism [98]. Flores et al.
[99, 100] reported the use of partially modiﬁed Boltorn-type polyesters and hyperbranched poly(glycidol) with
10-undecenoyl moieties as modiﬁers in DGEBA thermosets. The materials obtained resulted in a signiﬁcant
increase in impact strength, since the use of partially modiﬁed HBP led to phase-separated materials with particle sizes on the nanometric or micrometric scale with good interaction between particles and matrix because
of partial covalent bonding. Both structural facts led to a cavitation mechanism of toughness enhancement.
This enhancement was possible without aﬀecting the thermal stability, thermomechanical characteristics or
processability of the formulations.
Other HBPs as poly(ester-amide) and poly(amino-ester) have been used as modiﬁers for epoxy resins, leading to improvements in shrinkage, degradability or mechanical properties [52, 101]-[103]. The eﬀect of molecular weight of diﬀerent hyperbranched poly(ester-amide)s before shrinkage was investigated and a progressive
decrease of global shrinkage was observed on increasing the proportion of HBP and in the higher molecular
weight [101].
In addition to HBPs, multiarm SPs can also be considered as a new class of modiﬁers for epoxy resins.
Meng etal. [42] obtained nanostructured diglycidylether of bisphenol A thermosets using core-crosslinked stars
based on poly(styrene) core with poly(ethyleneoxide) or poly(styrene)-b-poly(ethyleneoxide) arms. T g s values
of the epoxy thermosets containing the modiﬁers were clearly improved. The mechanical properties (Young’s
modulus, impact strength and microhardness) showed a maximum value when 10%wt of the modiﬁer was
added to the formulation.
It has been reported that multiarm stars with poly(ε-caprolactone) (PCL) arms and diﬀerent cores were
used as epoxy thermoset modiﬁers [90, 102, 104]. The addition of these polymers led to homogeneous materials with a more tough fracture while reducing the shrinkage on curing without compromising the thermomechanical properties. Multiarm SPs with poly(styrene) and poly(methyl methacrylate) arms were also used
as modiﬁers in epoxy systems obtaining phase-separated materials or nanograined morphologies [105, 106].
The impact strength was improved in the material with the highest content of modiﬁer. Chemically reworkable
epoxy coatings by the addition of these star topologies were also prepared [32]. An important characteristic of
these modiﬁers is the low viscosity of the formulation. It could be demonstrated that on increasing the number
of arms and shortening them, the viscosity was lower [107].
Miktoarm SPs were also synthesized with a hyperbranched polyester core and poly(ethylene glycol) arms or
poly(ethylene glycol)/PCL arms [108]. The resulting materials, due to the amphiphilic character of the multiarm
star, showed phase-separated morphologies with nanosized particles and a signiﬁcant improvement on impact
strength. The best improvement was obtained by using the miktoarm containing poly(ethylene glycol)/PCL
arms. Due to the hydrophilic/hydrophobic character, this modiﬁer demonstrated a high self-assembly tendency, responsible for the improvement.

7

HBPs and multiarm SPs from PEI

The common terminal groups of HBPs are hydroxyl moieties. Through them, numerous functional components
can be introduced into the HBP structure. However, amine-terminated HBPs are also interesting and have been
scarcely explored. Hyperbranched PEI presents a high content of amino groups and is very attractive for several
industrial applications [109]. One of the most important features of PEI macromolecules is their availability at
industrial scale and low cost.
Nowadays, there are many companies selling HBPs, which are used in many industrial applications. Among
them, BASF commercializes a family of HBPs with the name of Lupasol® that consists of hyperbranched
poly(ethylenimine) (PEI) [110]. It should be said that ﬁrstly PEI was commercialized under the name Polymin
[111]. PEI, also called poly(aziridine), is a polymer with a repeating unit composed of an amino group and an
ethylene spacer (Figure 22).
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Figure 22: Chemical structure of hyperbranched poly(ethyleneimine)

The industrial production of ethyleneimine and PEI began in Germany about 1938, when I.G. Farbenindustrie (founded as a merger of BASF, Bayer, Agfa, Hoechst, Chemische Fabrik Griesheim-Elektron and Chemische
Fabrik) built and operated a plant in Ludwigshafen. In 1951, the company was split into its original constituent
companies. The four largest companies (BASF, Bayer, Agfa and Hoechst) quickly bought the smaller ones.
Hyperbranched PEIs are produced in a large scale by self-condensing ROP. In this methodology, a heterocyclic monomer is used and a cationic or anionic mechanism is applied. Lupasol products are obtained through
cationic polymerization of the ethyleneimine monomer (aziridine) by a wide variety of acidic reagents and
quaternizing agents [112]. The polymerization is terminated by reaction with water. Under these conditions,
branched-chain structures are formed as is shown in Figure 23. The DB is dependent upon reaction conditions
such as catalyst and ethyleneimine concentration. PEI dendrimers were also prepared [113].

Figure 23: Synthesis of poly(ethyleneimine) from aziridine monomer

The Lupasol product range is extensive. Water-free products and aqueous solutions are commercially available and applied to a huge variety of materials providing advantages and new properties. PEI was ﬁrst described as an agent for producing wet-strength papers, being usable in neutral or alkaline systems, a signiﬁcant
departure from the acid-requiring urea-formaldehyde resins that were extensively used. However, the use as
additive in this ﬁeld has been diminished, with the exception of certain special papers, by the arrival of new
wet-strength agents that can perform this function more advantageously [114]. In addition, PEI has been used
for the preparation of cationically active papers from chromatography and electrophoresis [115].
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In the textile industry, PEI improves the dye ﬁxation [116], hydrophilicity [117] and ﬂame-prooﬁng of cotton [118], among others. Moreover, the unique properties of PEI make it useful in many applications (plastics,
metals, etc.) [119] and can be used as ﬂocculating agents, disinfectants, etc. [120]. In coating technology, the addition of PEI makes coatings and adhesives stick better to porous and nonporous surfaces [121]. In the biomedical
ﬁeld, PEI has attracted an increasing interest because of its potential application in gene delivery [122].
By modiﬁcation of PEI, the application range can be further expanded. Amidation with acids, alkoxylation,
alkylation and carboxylation has been performed, leading to PEI-modiﬁed structures used as CO2 cells [123,
124], detectors with speciﬁc recognition elements [125, 126], drug delivery [127] or nano-carriers [128], among
others.
Recently, Appelhans et.al. introduced mono- and oligosaccharide units on the PEI surface by reductive amidation or N-carboxyanhydride polymerization [129, 130]. These deﬁned novel oligosaccharide architectures on
dendritic polymer surfaces have been studied as nano-sized carrier systems for gene delivery [131, 132] or metal
nanoparticles [133, 134].
PEI shows high potential for the preparation of core-shell-type SPs and it has been used as a macroinitiator since amine groups can react easily with many of the reactive groups. Bauman etal. [135] grafted linear
polyamide-12 into PEI by two diﬀerent pathways, through transamidation of linear PA12 in the presence of PEI
core or by ROP of laurolactam.
Starting from PEI as the core, SPs have been synthesized polymerizing ε-caprolactone (CL) [136]. These
polymers were used as unimolecular micellar nanocapsules for accommodating guest molecules [122, 137].
Following the same methodology, SPs containing a PEI core and poly(lactide) arms were prepared and used as
nano-carriers [138].
Unmodiﬁed PEI has also been used as a curing agent of the epoxy-amine system. The HBP can be incorporated into the network structure of the thermosets to improve the shape-memory behavior with an enhancement
of the thermal-mechanical properties [139, 140].
The reactivity of amino groups in the PEI structure toward acids, isocyanates, acrylates and epoxides allowed one to prepare a series of new structures that can be used in the improvement of epoxy thermosets. The
incorporation of diﬀerent reactive end groups in PEI has opened the possibility of obtaining thermosetting materials by diﬀerent methodologies. Hybrid organic–inorganic epoxy materials could be prepared by the sol–gel
approach from trialkoxysilylated PEI [141, 142] and by using “click chemistry” diﬀerent thiol click reactions
could be performed on conveniently modiﬁed PEI, forming copolymeric materials with epoxy networks [143,
144]. The possibility of growing polyester arms from PEI cores by ROP has also been applied to prepare a family
of multiarm stars that have been further used in the epoxy thermosets modiﬁcation [145]-[148].

8

Modiﬁcation of hyperbranched PEI with long alkyl chains and its use as modiﬁer
in epoxy thermosets

The toughness of epoxy thermosets is an important characteristic in many applications and many eﬀorts have
been made to date in order to improve it. The addition of conventional toughening modiﬁers such as rubbers and high-performance thermoplastics is the main strategy that has been followed by several authors [149,
150]. However, these additives compromise the modulus and the thermomechanical characteristics of the thermosets, which restrict their range of application. In order to overcome these limitations, HBPs have been proposed as reactive modiﬁers, leading to a signiﬁcant improvement of this property without negatively aﬀecting
the thermomechanical characteristics [151].
The modiﬁcation of diﬀerent epoxy systems using commercially available HBPs has been reported [52, 103,
152, 153]. An increase in impact strength was achieved without sacriﬁcing the thermal and thermomechanical
properties. The enhancement of toughness could be explained by the ﬂexible structures from the HBPs, which
increase the capability of the epoxy matrix to undergo plastic deformation. The high density of hydroxylic
groups that can react with some curing agents allows the covalent linkage of the HBP to the epoxy matrix,
resulting in homogenous materials.
PEI could be considered as an alternative to hyperbranched polyesters for the modiﬁcation of DGEBA since
the presence of a high content of amines can increase the compatibility between the HBP and the epoxy matrix.
Santiago etal. reported the use of hyperbranched PEIs as curing agent and studied in detail the curing kinetics
in comparison with a linear aliphatic triamine [139]. Moreover, as epoxy modiﬁer, the eﬀect of the molecular
weight of the PEI on the thermal, dynamomechanical and mechanical properties of 1-MI/epoxy-based materials was examined [154]. Recently, taking into account the results obtained using the PEI as a crosslinking agent,
the shape-memory behavior has been studied [140]. High values of shape-recovery rate were achieved depending on the crosslinking density. However, amines are very reactive at room temperature with epoxy resins,
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leading to a short pot-life. Therefore, the reduction of the amino reactive groups in the structure is sometimes
needed. The easy modiﬁcation of the amino reactive groups allows one to obtain PEI-modiﬁed polymers with
many diﬀerent groups in order to make them suitable for diﬀerent applications.
It is known that impact resistance is determined by the morphology formed during the curing process. The
addition of a modiﬁer that can undergo phase separation during curing is an alternative approach for toughening thermoset polymers [155]. An important method to produce phase-separated thermosets is CIPS. CIPS
generally proceeds from an initially homogeneous solution via liquid–liquid phase separation to yield a regular phase-separated morphology in the course of reaction. The increase in the molecular weight of the polymer
with the curing reaction results in a decrease in the entropy of the system. To date, there are several reviews
on the preparation of micro/nanostructured thermosetting polymers by means of the CIPS methodology [41,
156].
HBPs oﬀer the potential for tailoring their compatibility with epoxy resins through the conversion of their
end-groups. The introduction of nonpolar moieties reduces the polarity of HBPs with a consequent decrease
in their miscibility with epoxies leading to phase-separated materials by the CIPS methodology. On this base,
the modiﬁcation of HBPs using long aliphatic chains has been reported [157]. Flores etal. prepared a series of
partially modiﬁed Boltorn H30 by the acylation process with 10-undecenoyl chloride [99]. Their addition to
epoxy/anhydride formulations led to a great increase in the impact strength (more than 400 %) compared with
the neat material. Following the same approach, diﬀerent modiﬁcations of hyperbranched poly(glycidol) were
performed and the epoxy thermosets prepared showed a signiﬁcant increase in impact strength (greater than
200 %) with respect to the unmodiﬁed material [100]. In both cases, the enhancement in impact strength was
achieved by the formation of microphase-separated particles by CIPS with a good interaction with the epoxy
matrix due to the covalent linkage of the remaining OH groups of HBPs with the curing agent.
The preparation and characterization of PEI derivatives by the amidation process have been followed by
several authors [158]-[161]. For example, amidation with fatty acids leads to pigment dispersants for nonpolar
solvents [162] due to the decrease in the polar character by the reduction of the amine content. PEIs modiﬁed
with alkanoic acids with diﬀerent alkyl chains were used as macromolecular antioxidants [163].
The reactive amines present in the PEI structure can be modiﬁed by the amidation procedure, since amines
can react with acyl chlorides and acids. To form amide bonds by using acyl chlorides, an additional base is
usually required to trap the formed HCl and to avoid the conversion of the amine into its unreactive HCl salt
and normally 4-(N,N-dimethylamino)pyridine is added [164]. Taking this into account, the modiﬁcation of PEI
by this procedure is limited by the presence of a high quantity of amines, which can be protonated, which
makes the puriﬁcation process diﬀicult. As an alternative, N,N-carbonyldiimidazole (CDI) and dicyclohexyl
carbodiimide (DCC) are frequently used for amide bond formation since they do not need an additional base
[164]. CDI is the most commonly used reagent for the synthesis of amides from carboxylic acids and amines
through the acyl imidazole intermediate (Figure 24) due to the mild conditions under which it can be used, its
low cost and the formation of innocuous by-products (CO2 and imidazoles).

Figure 24: Synthetic procedure of CDI mediated amide formation

The synthetic process is carried out in one pot and two steps: ﬁrst, the activation of 10-undecenoic acid by
reaction with CDI and then the nucleophilic substitution of imidazole group in the CDI derivative by amines of
the PEI structure. On changing the proportion of CDI and 10-undecenoic acid to NH reactive groups, diﬀerent
modiﬁcation percentages could be obtained [165].
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SPs are characterized as the simplest case of branched species where all chains of a given macromolecule are
connected to a core. The preparation methods and properties of star-branched polymers were examined in
detail several years back [84].
Commonly, SPs have been widely used as well-deﬁned nanoparticles for applications in nanomedicine,
catalysis, drug and gene delivery, among others [166, 167]. Diﬀerent functional cores can be used to synthesize
multiarm SPs [168, 169] and the arms can be obtained using diﬀerent synthetic methods [170, 171]. The possibility of modifying the structure by the conjugation of diﬀerent segments to their end functional groups is an
advantage to determine the good host–guest properties. Moreover, star-like topologies have attracted considerable interest as toughness modiﬁers of thermally cured epoxy thermosets because of their unusual physical
and rheological properties [42]. The properties of the ﬁnal materials are related to the SPs structure, the amount
of end groups and the molecular weight and length of the arms.
The use of SPs as modiﬁers in epoxy resins has been explored. Diﬀerent multiarm SPs were synthesized
using poly(glycidol) [104] and poly(styrene) [90] as a macroinitiator and PCL arms and the use of these star-like
structures has been demonstrated to be suitable to modify epoxy resins due to their potential as toughening
agents. They also showed the capacity to improve other characteristics, without negatively aﬀecting the curing
and processability as well as the ﬁnal thermomechanical properties of the materials.
Generally, SPs can be prepared by “core-ﬁrst” and “arm-ﬁrst” methodologies. In the ﬁrst method, the polymerization of the monomer for the growth of arms is conducted from either a well-deﬁned initiator with a
known number of initiating groups or a less-deﬁned multifunctional macromolecule or HBP (Figure 25) [172].

Figure 25: Synthesis of a muktiarm star polymer by the core-ﬁrst methodology

In the arm-ﬁrst synthesis (Figure 26), two diﬀerent approaches are possible: one is where a linear polymer,
previously synthesized, with a reactive chain end is directly attached to a multifunctional core (A). The other
is the direct copolymerization of a macromonomer with a di- or multifunctional monomer in the presence of
an initiator (B) [84].
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Figure 26: Synthesis of multiarm star polymers by arm-ﬁrst methodology

In the core-ﬁrst methodology, the arm length can be tailored by the ratio of active sites to the amount of
added monomer obtaining well-deﬁned SPs with a known number of arms. High yields are achieved with
only simple puriﬁcation methods compared with the arm-ﬁrst method in which the puriﬁcation processes are
much more complex since the impurities consist of polymers that have not been attached to the star structure.
Moreover, the number of arms in “arm-ﬁrst” methodology is not always well-controlled. Despite the approach
used, obtaining SP with a high number of arms is a tough task since a macroinitiator is needed (i. e. HBP)
and the molecular weight of the arms can be only determined by indirect methods. In most of the core-ﬁrst
syntheses, HBPs like polyesters, polyethers or PEI have been used as macroinitiator [173]-[175].
To date, well-deﬁned stars have been prepared through the ROP of lactide (LA) and CL using polyhydroxyl
compounds as co-initiators [174, 176]. ROP processes, which take place by a living polymerization, provide
suﬀicient polymerization control, producing polymers of the expected molar masses and leading to the desired
end-groups [177]. The mechanism allows preparing deﬁned arms in the SPs structures. It has been shown that
LA and CL can be polymerized in a controlled manner using Sn-based catalysts in combination with initiating
hydroxyl or amine groups. However, references devoted to SPs prepared through the PEI-initiated ROP of LA
and CL were scarce [136, 138].
The polymerization mechanism of CL and LA co-initiated with amines involves several steps to obtain the
desired products [178]. The reaction of PEI with CL is preceded by the carboxylate-imine groups exchange at
the tin atom in Sn(Oct)2 , accompanied by the octanoic acid (OctH) release (Figure 27).

Figure 27: Activation of the macroinititor (PEI) using Sn(Oct)2

The polymerization is followed by CL monomer insertion, forming a new tin(II)-alkoxide specie (Figure
28.a) initiating the propagation step (Scheme 20.b).
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Figure 28: Initiation (a) and propagation (b) of the polymerization reaction

Finally, the exchange reaction with OctH results in the ﬁnal product and the Sn(Oct)2 is recovered again
(Figure 29).
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Figure 29: Termination step

By this mechanism, diﬀerent degrees of polymerization in the arms can be achieved taking into account the
ratio of CL and LA to the reactive amine groups. The diﬀerent structures of repetitive units in the arms can
tailor the characteristics of the SPs modiﬁers [145, 146].
PCL is a hydrophobic, semicrystalline polyester with a high chain ﬂexibility, which is miscible in most epoxy
systems [179]. The use of PCL to modify epoxy resins appears to be a good choice due to the presence of OH
groups as chain end that could be covalently linked to the epoxy network if the proper curing agent is used.
Its ﬂexible structure is capable of promoting crazing and shear yielding, leading to a toughened material [180].
Moreover, the presence of aliphatic esters, which can undergo thermal degradation by a pyrolytic elimination
process, allows the reworkability of the modiﬁed coating.
In the same manner, the incorporation of poly(lactide) (PLA) in SPs can enhance the ﬁnal mechanical properties of the thermosetting materials and a higher thermal reworkability is expected by the lower thermal stability
of the secondary ester groups of PLA compared to esters of the primary alkyl groups of PCL [181].
It is known that the formation of micro- or nanostructures improves the overall properties of thermosetting
materials [182]. One strategy to reduce the compatibility of SPs and to form well-dispersed SPs microparticles
in the ﬁnal materials is the modiﬁcation of hydroxyl groups by acetylation to obtain end-capped multiarm SPs
[147, 148]. Following this strategy, impact resistance could be enhanced by 300 % compared to neat DGEBA/anhydride formulations.

10

Ethoxysilylation of hyperbranched PEI and the use in the preparation of hybrid
thermosets

Demands for epoxy resins are extremely strong because of their wide applications as adhesives, coatings and
as advanced composites in aerospace and electronic industries [10]. However, epoxy thermosets have several
limitations mainly related to their low mechanical properties and high thermal expansion coeﬀicient (CTE)
compared with inorganic materials. Thus, when applied as protective coatings on metal substrates, they are
quite fragile and the variation in the temperature leads to a mismatch between the substrate and the coating,
leading to the loss of adhesion and to the apparition of cracks. These limitations can be overcome by using
inorganic/epoxy materials [183]. Inorganic ﬁllers are the most common additives used in epoxy formulations
to improve mechanical properties, such as modulus, strength and scratch resistance [184].
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These materials can be obtained by diﬀerent routes: (a) by the addition of preformed nanoparticles or nanoclusters [185] or (b) by the in situ generation of an inorganic phase through a conventional sol–gel process
[186]. The in situ sol–gel polymerization of metal precursors in a polymeric (or monomeric) matrix is a better
approach before the addition of silica ﬁllers since this makes possible a very ﬁne dispersion of the inorganic
phase in the polymeric matrix.
The sol–gel process consists of two diﬀerent reactions on metal oxide precursors: hydrolysis and condensation, which occur in aqueous solutions, or in the liquid state, or in organic solutions in a highly humid atmosphere, producing polymeric inorganic metal oxide particles. As inorganic precursors, Si derivatives, Al, Ti, Zr,
Sn and V salts can be used [187]. However, Si derivatives are the most used. The formation of silica structures
is represented in Figure 30.
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Figure 30: Sol-gel reaction of silicon inorganic precursors

Hydrolysis is a reversible process in which there is the possibility that alcohol attacks the silanol, leading to
the formation of an alkoxide. This process is known as re-esteriﬁcation and is favored at high content of alcohol
as the solvent or in the presence of other hydroxylic species [188].
Another reaction that can occur during a sol–gel process is transesteriﬁcation, which is the reaction of an
alcohol with a silylalkoxide with the corresponding formation of a diﬀerent silylalkoxide (Figure 31).

Figure 31: Transesteriﬁcation reaction

This reaction occurs when the alcohol used as the solvent is diﬀerent from that formed in the hydrolysis
reaction but can also be used to link poly(hydroxylic) compounds to silica structures or to functionalize hydroxylated surfaces.
The sol–gel process is acid or base catalyzed and the silica structure is determined mainly by the catalytic
conditions. Thus, acid catalysis favors a faster hydrolysis of the precursor, ﬁnally leading to an open weakly
branched polymer-like structure. On the contrary, in a basic medium the hydrolysis occurs slower but the polycondensation is faster, producing compact colloidal particles [189, 190]. In Figure 32the eﬀect of the catalyst in
the morphology of the network is depicted.
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Figure 32: Catalyst inﬂuence in the formation of the inorganic network by sol-gel
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The formation of the inorganic silica network depends on the condensation reaction of the previously
formed silanol structures that leads to new Si–O–Si bonds. Generally, the precursors have three (trialkoxysilane, Tn ) or four (tetraalkoxysilane, Qn ) hydrolyzable groups. The subscript n indicates the number of silanol
groups condensed to siloxane bonds. In Figure 33the chemical structures of silanols and the possible structures
produced in the condensation are represented. From [29] Si NMR experiments, it is possible to determine the
structural details on the degree of hydrolysis and polycondensation.

Figure 33: Structure of the possible condensed forms during the sol-gel process

The formation of the inorganic silica structure in epoxy hybrids can take place before or after the curing
process. Many sol–gel hybrid materials have been prepared by diﬀerent curing methodologies [191]. In order to obtain good mechanical properties, the compatibility of organic and inorganic structures by the formation of covalent bonding is an essential condition, and for this reason, the use of coupling agents is needed
[192, 193]. Usually, commercially available trialkoxysilyl compounds with organic reactive groups are applied
as coupling agents in epoxy hybrids, with (3-glycidyloxypropyl)trimethoxysilane (GPTMS) being the most
widely used [194, 195]. Moreover, the addition of tetraethyl orthosilicate (TEOS) to the formulation containing
organoalkoxysilane precursors usually aims to increase the SiO2 content and the size of the particles formed.
The organic–inorganic networks can be tailored by combining the addition of TEOS and the type of coupling
agent [196], and the size of particles formed is related to the mechanical properties of the ﬁnal material [197].
The cyclization of alkoxysilanes by intramolecular polycondensation allows one to form polyhedral functional silsesquioxanes (POSS) with random, ladder cage or semi-cage structures. Octasililsesquioxane T8 (Figure 34) has been observed in sol–gel processes starting from trialkoxysilanes under some particular synthetic
conditions [198].
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Figure 34: Chemical structure of octameric cage (POSS)

The cage-like structures of POSS can allow the construction of materials with precise control of the nanoarchitecture. For this reason, POSS reagents, monomers and polymers are emerging as a new chemical technology
for the nanoreinforced organic–inorganic hybrids and the polymers incorporating POSS are becoming the focus
of many studies due to the simplicity in processing and the excellent comprehensive properties of this class of
hybrid materials [199, 200].
As has been mentioned before, HBPs are advantageous modiﬁers to enhance the properties of epoxy thermosets. Taking all of this into account, some authors combined the strategy of the generation of silica particles
by the sol–gel procedure with the use of hyperbranched structures to improve some characteristics of thermosetting materials [66, 201, 202].
Since the use of coupling agents is highly advisable, the preparation of multifunctional coupling agents by
silylation of the ﬁnal groups of HBPs can be greatly advantageous to improve epoxy resins by the generation of
silica particles by the sol–gel process from the alkoxysilanes at the end groups of the hyperbranched structures
[67]. As an alternative, the use of epoxy-terminated HBP as an epoxy component has also been proposed [203].
Taking into account that amino groups are reactive toward isocyanates, the complete modiﬁcation of PEI
with (3-isocyanatopropyl) triethoxysilane was achieved [141, 142]. Triethoxysilylated hyperbranched PEI (PEISi) was used to prepare diﬀerent hybrid organic–inorganic materials with diﬀerent silica contents and diﬀerent
inorganic structures. An advantage of the amino groups in the PEI structure is that the amines cannot react with
silanol groups in contrast with the hydroxyl groups, avoiding the gelation process during the preparation of
the modiﬁer or during storage, which is an undesired side-reaction in OH-terminated hyperbranch. The hybrid
materials obtained by the sol–gel process of mixtures of DGEBA and PEI-Si in diﬀerent proportions showed
improved scratch resistance and even self-repairing behavior was observed with the highest proportion of PEISi. The mechanical characteristics were studied in depth using the depth-sensing indentation methods, which
showed the special viscoelastic behavior explaining the self-repairing characteristics [204].
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“Click Chemistry” is a term that was introduced by K. B. Sharpless and coworkers in 2001 to describe reactions
that are high yielding, wide in scope, stereospeciﬁc, simple to perform and can be conducted in easily removable
or benign solvents [205]. Sharpless deﬁned click chemistry early on as the generation of complex substances
by bringing together smaller units via heteroatoms. This chemistry is not limited to a speciﬁc type of reaction
and the most commonly used click reactions that have been adapted to fulﬁll the above criteria are: a) pericyclic
reactions commonly the Huisgen type [3+2] cycloadditions and Diels–Alder reaction [206, 207], b) ring-opening
of strained molecules such as epoxides, aziridines and aziridiniumions [208], c) non-aldol carbonyl chemistry
(involving amines, oximes and hydrazones) [209], d) addition reactions especially thiol-ene/yne chemistry,
and Michael additions (Figure 35) [210]. Nowadays, the characteristics of click reactions include a) high yields,
b) regiospeciﬁcity and stereospeciﬁcity, c) insensitivity to oxygen or water, d) mild, solventless (or aqueous)
reaction conditions, e) orthogonality with other common organic synthesis reactions and f) amenability to a
wide variety of readily available starting compounds [211, 212].

Figure 35: Selection of click reactions

Since the foundation of click chemistry, there has been an explosive growth in publications of this practical
and sensible chemical approach, and over the years, the developments in the area of click chemistry have been
considerable. As a consequence of its simplicity, this chemistry has a signiﬁcant impact in applications such as
bioconjugation [213], materials science [214] and drug delivery systems [215].
Click chemistry provides powerful and versatile tools for materials synthesis owing to its simplicity, selectivity, eﬀiciency and tolerance of various functional groups. Consequently, a wide range of controlled-architecture
materials have been synthesized through various click reactions, including block copolymers, micelles, dendrimers, gels and networks [216, 217].
In material science, the aim is to achieve performance and a set of desired characteristics in the ﬁnal material
and/or device in as simple and eﬀective manner as possible. These performances include speciﬁcations on
mechanical and physical behavior as well as chemical characteristics. This is related to the goal of click chemistry
wherein it argues that the focus of chemical process selection should be directed toward the identiﬁcation,
optimization and simpliﬁcation of an overall process [205]. For this reason, click chemistry is used in materials
development as an eﬀective tool to modify polymers or materials with a variety of functional components and to
prepare polymer networks [218]-[220]. Moreover, by diﬀerent click methodologies stimuli-responsive materials
have been synthesized [221] and nanoscale materials have been prepared due to their eﬀiciency and selectivity
[222].
Among all the click reactions, thiol chemistry has attracted a great deal of attention due to its eﬀiciency
and versatility with numerous thiol reactions [223]. The reactivity of the thiol gives rise to an advantage of the
thiol-click reactions in that they proceed, under appropriate conditions, more rapidly than many other click
processes in some cases, with the reaction times necessary to achieve high conversions being less than 1–10 s.
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Thiol chemistry can be divided into two categories: the base-catalyzed nucleophilic reactions associated
with the thiol–epoxy, thiol–isocyanate and thiol Michael addition reactions and radical-mediated reactions related to the thiol–ene and thiol–yne reactions (Figure 36) [210].
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Figure 36: Diﬀerent thiol-click reactions

The thiol–epoxide reaction has been implemented in many important biosynthetic and biomedical applications [224]. In addition, the ring-opening reaction involving thiols and epoxides is industrially important and
involved in the formation of adhesives, high-performance coatings and composites [225].
The basic thiol–epoxy reaction mechanism is a simple nucleophilic ring-opening reaction by the thiolate
anion followed by protonation of the alkoxide anion via the quaternary ammonium (Figure 37a) originally
formed via reaction of the base catalyst and thiol to generate the initial thiolate or by proton exchange between
the formed alkoxide and another thiol (Figure 25). This mechanism was proposed to describe the curing of
thiol–epoxy systems catalyzed by bases [226].

Figure 37: Catalyzed thiol-epoxy ring opening polymerization

However, the low basicity of some tertiary amines that can be used as catalyst for the thiol–epoxy reaction
makes the proton exchange leading to the formation of a thiolate anion highly unlikely. An alternative reaction
mechanism was recently proposed to model successfully the thiol–epoxy curing catalyzed by a moderately basic tertiary amine [227]. First of all, there is a nucleophilic attack of the tertiary amine on the epoxy ring, with
the assistance of a proton donor such as an alcohol to facilitate ring-opening (Figure 37), followed by proton
exchange between the thiol and the alkoxide to produce the thiolate anion and a hydroxyl ammonium compound. The thiolate anion propagates the reaction by nucleophilic attack on the epoxy ring and the regeneration
of the thiolate anion by proton exchange of the formed alkoxide with another thiol (Figure 37). Usually, this
reaction occurs under thermal conditions and the reaction kinetics and the mechanism of the curing process
are determined by the base used (Scheme 30) .
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Figure 38: Proposed curing mechanism of thiol-epoxy condensation catalyzed by tertiary amine
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Thiol-ene and thiol-yne processes take place by the stoichiometric reaction of alkynes with thiols via a radical step growth mechanism that can be initiated by light, peroxides, thermal initiators or any systems whereby
radicals are generated [228]. However, these reactions are commonly initiated photochemically [229]. It should
be said that one of the distinct features between thiol-ene and thiol-yne is that in thiol-ene each ene functional
group reacts only once with a thiol group whereas in thiol-yne each yne group reacts twice. The use of these
thiol reactions ranges from high-performance protective polymer networks to processes that are important in
the optical, biomedical, sensing and bioorganic modiﬁcation ﬁelds [230].
Both reactions are eﬀicient tools for the post-polymerization modiﬁcation of well-deﬁned reactive precursor
(co)polymers [231] and for the construction of complex (macro)molecules, such as poly(thioether) dendrimers
(Figure 39) [232]. Due to their fast reaction kinetics and high yield, thiol-ene and thiol-yne reactions are highly
used for the bioconjugation of polymers, for tissue engineering applications, for the production of degradable
polymers and for the preparation of high-quality soft imprint lithographic stamps, among others [230].
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Figure 39: Dendrimer synthesized via radical thiol-ene reaction

In the thermosetting ﬁeld, thiol-ene and thiol-yne step growth processes are widely used since they allow
one to obtain uniform networks with low shrinkage and stress. Moreover, the incorporation of tioether networks
permits a higher refractive index than comparable organic networks [233, 234].
Using thiol-ene and thiol-yne methodologies, polysulﬁde networks have been prepared [235, 236]. However,
the materials obtained are limited by their poor mechanical and physical properties due to the ﬂexibility of the
thiol monomers. To overcome this disadvantage, several authors combine thiol-ene systems with a network
structure derived from thiol-acrylate or thiol-epoxy reaction [237]-[239]. As an alternative, the use of a multifunctional monomer to increase the functionality of the reactive mixture to enhance the thermomechanical
characteristics of the ﬁnal materials has been reported [240].
Taking into account this new alternative, the preparation of allyl and propargyl terminated-hyperbranched
PEI as multifunctional macromonomers for thiol-ene and thiol-yne polymerizations was carried out [143, 144].
The nucleophylic attack of amine groups in the PEI structure to the oxirane of allyl or propargyl glycidylethers
allow one to reach a quite high degree of modiﬁcation in mild conditions.
Dual curing is a processing methodology based on the combination of two diﬀerent and compatible polymerization reactions taking place simultaneously or sequentially, in a well-controlled way. Sequential dualcuring processing makes possible to obtain stable materials after the ﬁrst curing stage that maintain the ability,
upon application of a second stimulus, to activate the second curing stage and complete the processing, leading
to a fully cured material with the desired ﬁnal properties [241].
One goal of click chemistry is the potential of combining multiple click reactions, either performed simultaneously or in tandem, to synthesize complex structures and materials. In recognition of this task, several
recent examples of sequential processes involving two thiol reactions, or even more interestingly, thiol-click
and alkyne–azide click reactions, are considered. An advantage coming from the ﬁrst combination is that the
thiol component can participate in both processes and therefore the networks arising from thiol-ene and thiolepoxy reactions are covalently interconnected. Another advantage comes from the fact that both thiol-ene and
thiol-epoxy reactions are step-wise so that relevant network buildup parameters during both curing stages
such as gel point conversion, gel fraction or crosslinking density can be easily calculated using well-established
methods [242]. Thus, it is possible to tailor the curing process and the material properties in the intermediate
stage and at the end of it in order to ﬁt diﬀerent processes and material requirements in a ﬂexible way.
Recently, sequential dual curing systems have been reported using diﬀerent methodologies. Thermosets
by two-stage sequential aza-Michael addition and free-radical polymerization of amine-acrylate systems have
been prepared. Furthermore, the strategy of combining two thiol-click reactions has been studied [227, 243].
Thermosetting materials were obtained by combining sequential thiol-ene/thiol-epoxy reactions in which the
ﬁrst stage is a radical thiol-ene reaction initiated by a photoinitiator and the second one is a base-catalyzed
thiol-epoxy reaction initiated by a tertiary amine [243]. Since the ﬁrst process is activated by UV-light and the
second one is thermal, the aim of this methodology was to reach a dual-curing system with a controlled curing
sequence, with no overlapping between both curing reactions, and with suﬀicient stability in the intermediate
stage.
The use of allyl and propargyl-terminated PEIs as macromonomers in thiol-ene and thiol-yne reactions has
been studied [143, 144]. The formation of hybrid networks from the combination of thiol-ene or thiol-yne and
thiol-epoxy process allows one to increase the crosslinking density in the ﬁnal materials obtaining higher Tg
values compared with polysulﬁdes. Moreover, the use of these macromonomers as modiﬁers in epoxy thermosetting materials improves the plastic character of the fracture which must enhance the toughness of the
materials.
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