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Abstract: High-internal-phase emulsion-templated macroporous polymers (polyHIPEs) have
attracted much interest, but their surface functionalization remains a primary concern. Thus,
competitive surface functionalization via physical self-assembly of macrosurfactants was reviewed.
Dendritic and diblock-copolymer macrosurfactants were tested, and the former appeared to be more
topologically competitive in terms of solubility, viscosity, and versatility. In particular, hyperbranched
polyethyleneimine (PEI) was transformed into dendritic PEI macrosurfactants through click-like
N-alkylation with epoxy compounds. Free-standing PEI macrosurfactants were used as molecular
nanocapsules for charge-selective guest encapsulation and robustly dictated the surface of a
macroporous polymer through the HIPE technique, in which the macroporous polymer could
act as a well-recoverable adsorbent. Metal nanoparticle-loaded PEI macrosurfactants could similarly
lead to polyHIPE, whose surface was dictated by its catalytic component. Unlike conventional
Pickering stabilizer, PEI macrosurfactant-based metal nanocomposite resulted in open-cellular
polyHIPE, rendering the catalytic sites well accessible. The active amino groups on the polyHIPE
could also be transformed into functional groups of aminopolycarboxylic acids, which could efficiently
eliminate trace and heavy metal species in water.

Keywords: polyethyleneimine; dendritic macrosurfactant; porous organic polymer; functional
surface; adsorption

1. Introduction

Given the potential of high-internal-phase emulsion (HIPE)-templated macroporous polymers
(polyHIPEs) in adsorption [1-4], catalysis [5-8], bioapplication [9], and separation [10] due to its
invention [11], these polymers have been well reviewed by a number of researchers [12-17]. HIPE is
defined as an emulsion whose internal phase makes up over 74% of the total system volume. HIPE
can be prepared by either dispersing water in oil (W/O), oil in water (O/W), air in oil, or supercritical
carbon dioxide in oil. Among these techniques, W/O emulsion is the most widely studied, partly
because of easy access to green water. In the present study, HIPE was prepared via W/O unless stated
otherwise. PolyHIPEs are widely explored due to their cost-effective preparation, relatively large
specific surface area, interconnected pores, and wide range of potential applications. These applications
are largely determined by their surface functions. Surface functionalization of polyHIPEs can be
performed using intrinsic functional monomers, through chemical postmodification of the matrix,
or using functional surfactants, where the last method is less explored. Small surfactants are not
recommended for surface functionalization, because they can be readily washed away, but reactive
surfactants cannot [18,19]. Surface functionalization of polyHIPE can be performed via self-assembly
of macrosurfactants, especially of dendritic macrosurfactants, which are less studied and have not been

Polymers 2020, 12, 779; d0i:10.3390/polym12040779 www.mdpi.com/journal/polymers


http://www.mdpi.com/journal/polymers
http://www.mdpi.com
http://dx.doi.org/10.3390/polym12040779
http://www.mdpi.com/journal/polymers
https://www.mdpi.com/2073-4360/12/4/779?type=check_update&version=2

Polymers 2020, 12, 779 20of 11

reviewed. Emulsion type is also critical to the surface properties of polyHIPEs. For example, a W/O HIPE
should be adopted to achieve a polyHIPE with a hydrophilic surface and if the hydrophilic block rather
than the hydrophobic block of an amphiphilic block copolymer must dictate the surface of the polyHIPE.
The Bancroft rule, which states that “the phase in which the surfactant is most soluble constitutes the
continuous phase,” [20] is valid in most cases. Thus, an organo-soluble macrosurfactant should be
used to obtain W/O emulsions. This review focuses on the surface functionalization of polyHIPEs via
self-assembly of acid- and base-durable dendritic macrosurfactants for polyHIPE recycling.

Different from linear, grafted, and crosslinking polymers, dendritic polymers consist of dendrimers
and hyperbranched polymers with topology-related properties. They exhibit globular topology,
rich terminal groups, small sizes, and rare or no chain entanglement. They also have lower viscosity
and better solubility than their linear counterparts in conventional solvents. Either dendrimer
derivatives [21] or hyperbranched macrosurfactants (also called branched polymersomes) [22] can
form nanostructures via self-assembly. This technique has been extensively studied for biomedical
applications, chemical nanoreactors, and host-guest chemistry [23,24]. Polyethyleneimine (PEI)
is one of several commercialized hyperbranched polymers well known for their dense active
amino groups. It is a hydrophilic polyamine polymer, which can be transformed into a reverse
micelle-like PEI macrosurfactant by alkylation with long hydrophobic chains. PEI macrosurfactants
are also called molecular nanocapsules due to their covalent nature [25-37]. These nanocapsules can
undergo guest encapsulation via liquid-liquid phase-transfer extraction [26-37]. Unlike dendrimers,
PEI macrosurfactants rarely show topological selectivity over guest sizes [33] but widely show
charge-selective encapsulation [32-35]. Fine guest selectivity [36] and controlled guest release [37]
have been observed in molecular nanocapsules through core engineering.

PEI macrosurfactants are used to dictate the surface of HIPE-templated polymers. Unlike a
free-standing molecular nanocapsule in solvent, a supported macrosurfactant can easily be recovered,
thereby not causing secondary pollution during wastewater treatment. Polymerizing the continuous
phase of HIPE is a classic method used to prepare macroporous polymers [12-17]. However, the surface
of a typical polyHIPE is typically dictated by small surfactants, which are readily eroded away. A more
permanent monolayer functional surface can be obtained when an amphiphilic block copolymer is
used in place of a small surfactant [38—41]. The drawbacks of diblock copolymer macrosurfactants
include high viscosity and/or a strong tendency to aggregate in the monomer phase of a HIPE.
Star copolymers [42] or heterografted copolymers [43] are highly efficient emulsion stabilizers. The
dendrimers of polypropyleneimine or polyamidoamine have been used along with a small surfactant
to mediate the emulsion polymerization system [44,45]. Dendritic macrosurfactant applications in the
HIPE system have been reported only recently [3]. Dendritic macrosurfactants typically show much
lower viscosity and better solubility than their linear counterparts [2]. The synthesis and host-guest
properties of PEI macrosurfactants are explored in detail in the subsequent sections. Applying PEI
macrosurfactant to polyHIPE could combine the functional versatility of PEI macrosurfactant with the
large-scale production of porous polyHIPE, thereby extending the ordered surface to macroscopic scale.

2. Synthesis of PEI Macrosurfactants

PEI contains dense primary, secondary, and tertiary amino groups (Figure 1). Amino groups
from small molecules are reactive and readily modified by chemical reactions, but PEIs are not. Upon
encountering reactants such as fatty acid chlorides or fatty acid anhydrides, PEIs tend to immediately
form precipitants in conventional media, where the reaction becomes inefficient, and tedious purification
of the product is necessary. The insolubility typically results from salt formation in PEI. The degree
of N-alkylation in PEI is also critical to its solubility. If the PEI core is sufficiently alkylated with
apolar cetyl chains, the resulting macrosurfactant typically demonstrates good solubility in organic
solvents. However, if limited cetyl chains are introduced to one PEI, the resulting product appears
to be poorly soluble in either polar or apolar media, possibly because of the strong complementary
interactions among the polar cores. Several methods, including well-defined ones [33], have been
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developed for the synthesis of PEI macrosurfactants [25-34]. The reaction between epoxy compounds
and primary or secondary amino groups is mild, efficient, and does not release side products. When the
epoxy-amine reaction is applied to PEI modification, quantitative PEI macrosurfactants with designed
N-alkylation degrees can be obtained [33], even if the epoxy compound is a macromolecule [33].
PEI macrosurfactants have numerous residual active amines in the core (Figure 1).
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Figure 1. Chemical structures of polyethyleneimine (PEI) and typical oil-soluble PEI macrosurfactant.
PEI contains thousands of repeat units, but only some are shown here for clarity.

3. PEI Macrosurfactants as Free Molecular Nanocapsules

PEI can be quantitatively alkylated with glycidyl cetyl (1a-1f, Figure 2), and up to 90% of the
amino protons can be replaced with cetyl groups [33]. A high degree of N-alkylation leads to a high
possibility of PEI macrosurfactants existing as free molecular nanocapsules [33]. Any of the PEI
macrosurfactants in 1a-1f could undergo highly charge-selective guest encapsulation and be used for
separating anionic—cationic organic mixtures. The multifunctional core could also be further engineered
(1d-4d, Figure 2) for guest selectivity. Quaternization of the PEI core (4d) did not favor charge selectivity
and even decreased it, which can be attributed to the van de Waals complement. Evidence showed
that the guest selectivity in 1d—4d is related to H-bonding, dipolar-dipolar interactions, and dispersion
forces with a guest molecule. For example, 2d showed higher affinity to methyl orange than 3d, because
methyl orange is both anionic and largely apolar, which is preferred for complementing with less-polar
2d. Tailoring the core of a molecular nanocapsule can lead to fine differentiation of very similar guests
of rose bengal/erythrosine B/eosin Y [35,36]. Deprotonation of PEI leads to the considerable release of
encapsulated guests after increasing the pH level [32]. Moreover, molecular nanocapsules are durable
and well pH-recyclable, because no acid- or base-labile bonds are present. Chen et al. [30] found that
dendritic topology is critical to the guest encapsulation of dendritic molecular nanocapsules, because
the linear counterpart cannot efficiently encapsulate similar guests. Alkylated PEI has charge-selective
guest encapsulation. Figure 3 shows 100% separated anionic—cationic guests and that the encapsulated
dye could be released by pH adjustment, as monitored with a Uv/vis spectrometer [32]. In case the dye
is of small size, the encapsulation or releasing equilibration takes seconds to hours; if the dye is of
large size, it takes days.
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Figure 2. Synthesis of PEI macrosurfactants with different shell densities and core structures [33].

Figure 3. (Left) When HPEI-DO (PEI alkylated by dodecyloxirane) in chloroform is shaken with anionic
methyl orange (MO) and cationic methyl blue (MB) in water at pH 7, the anionic dye MO is transferred
to the bottom chloroform layer, while the cationic MB remains intact in the upper aqueous layer. If the
pH is increased to 12, then MO is released into the water layer. (Right) Charge-selective encapsulation
is responsible for dye separation [32].
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4. Direct Dictation of PolyHIPE Surface with PEI Macrosurfactants

Chemical functionalization of a preformed inert polyHIPE is tedious and costly. Physical
functionalization has been recently performed using HIPE. Ye et al. [3] directly prepared a functional
polyHIPE with a polystyrene (PS)-alkylated PEI (PEI@PS) as macrosurfactant (Figure 4). PEI@PS
acted as a HIPE stabilizer and subsequently dictated the surface of the as-prepared polyHIPE. The
PS of PEI@PS was responsible for adhering to the polyHIPE matrix, whereas the functional PEI was
responsible for guest adsorption. PEI@PS carried no pH-labile bond, indicating that the polyHIPE
is chemically durable and has good recyclability properties. Dendritic PEI@PS also showed lower
viscosity than its linear counterpart, which is favorable for HIPE [2]. In addition, polyHIPE with
a patchy surface was obtained when two kinds of dendritic macrosurfactants were simultaneously
charged in a HIPE system [4]. The polyHIPE could simultaneously remove distinctly different guest
species from water because of this patchy surface.

A ==

Figure 4. Schematic of dendritic macrosurfactants (PEI@PS)-mediated polyHIPE (A), adsorption of
Congo Red by the polyHIPE (B), and (C) SEM micrograph of the polyHIPE [3]. Reproduced with
permission from Ye et al., ]. Mater. Chem. A; published by the Royal Society of Chemistry, 2015 [3].

PEI@PS had a much higher molecular weight than small or diblock copolymer surfactants and
did not leave the matrix (Figure 5). For quantitative understanding, one can refer to the dependence
of the life span (L) of an assembly on the molecular weight (M) of its building blocks through the
relationship L = eMn [46]. Considering that PEI@PS has a M, = 10° Dalton, which is much larger than
that of a small surfactant (M, = 10? Dalton) or a block copolymer (M, = 10* Dalton), the stability
of a dendritic macrosurfactant can be exponentially improved. This finding was supported by the
results of experiments, which showed good recyclability and the absence of any deterioration in the
corresponding adsorbents.
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Figure 5. Schematic of small surfactant (A), block copolymer (B), and (C) PEI macrosurfactant-mediated
unit of an emulsion.

5. PEI Macrosurfactant-Aided Metal Nanoparticle-Dictated PolyHIPE

PEI can act as a multiligand of noble metal nanoparticles, which are well-known catalysts. Ye et
al. [5] adopted the PEI@PS-mediated HIPE process to prepare gold nanoparticle-dictated polyHIPE
by charging gold ion species during the water phase. Upon polyHIPE formation, the gold ions were
simultaneously reduced to gold nanoparticles, with PEI acting as the ligand and reducer (Figure 6).
Alternatively, PEI@PS was loaded with gold nanoparticles in advance, and the resulting product was
used as HIPE surfactant to similarly prepare polyHIPE. In both cases, open-cellular polyHIPEs were
obtained, and both showed good catalytic and recyclability properties. Liu et al. [6] found that if the
polyHIPE matrix was made of flexible polymers rather than brittle PS, no chalky fragment would form
during catalytic application, which favors the recovery of platinum nanoparticle-dictated catalytic
materials. Wan et al. [7] showed that when trace and optimized amounts of thiol groups are covalently
introduced onto PEI, highly durable platinum nanoparticles can be obtained, and the catalytic activity
is only slightly reduced by the thiol groups.

The open-cellular structure of a polyHIPE is critical to the accessibility of the surface and the
catalytic sites. PolyHIPEs mediated with small molecular surfactant generally yield an open-cellular
macroporous polymer, but the mechanism remains unclear. Block copolymer and dendritic
macrosurfactants also typically lead to open-cellular polyHIPEs. One study attributed the mechanism
to volume contraction upon gel formation [47]. Other studies suggested the role of phase separation
and vacuum induction [48]. Li et al. [49] suggested that pore formation is not related to vacuum
and attributed it to the combination of volume contraction and surfactant migration upon gelation.
Closed cellular polyHIPE is typically obtained when nanoparticles are used as the stabilizer of a
HIPE system (called Pickering emulsion). Ye et al. [5] and Liu et al. [6] obtained gold (or platinum)
nanoparticle-mediated polyHIPEs with an open-cellular structure (which is critical to accessing catalytic
sites). The free PEI macrosurfactants in the system possibly played a critical role, because when minor
small surfactants are present in a Pickering emulsion system, open-cellular rather than closed-cellular
polyHIPE is obtained [50-55].
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Figure 6. (A) Schematic of two routes for PEI macrosurfactant-mediated synthesis
of gold nanoparticle-dictated polyHIPE: (a) chloroauric-containing water is dispersed in
PEI-macrosurfactant-containing monomer and (b) water is dispersed in Au@PEI-macrosurfactant (gold
nanocomposite)-containing monomer; (B) TEM micrograph of Au@PEI-macrosurfactant stabilized
emulsion; and (C) SEM micrograph of polyHIPE with the surface dictated by gold nanoparticles [5].
The scale bar is 4000 nm (1000 nm inset) for (B) and 20 pm for (C). Reproduced with permission from
Ye et al. ]. Mater. Chem. A; published by the Royal Society of Chemistry, 2015 [5].

6. PEI Macrosurfactant-Aided AminopolycarboxylicAcid-Dictated PolyHIPE for Metal
Ion Adsorption

Aminopolycarboxy acids (APAs) are known for their extremely high affinity for a wide spectrum
of toxic and cationic metal species. Ethylenediaminetetraacetic acid and diethylenetriaminepentaacetic
acid are typical members of the APA family. Many researchers have tried to attach APAs on a supported
porous matrix [56], mainly via solid-phase reactions. After dictation on the polyHIPE surface, the active
amino groups of PEI macrosurfactants represent a useful engineering platform. Weng et al. [57] very
recently developed a physically aided and one-pot HIPE process for APA-dictated polyHIPE (Figure 7).
The self-assembly of PEI macrosurfactant stabilized the HIPE and rendered the active amino groups
arrayed along the oil/water interface, thereby leading to their transformation into APAs. The resulting
polyHIPE can eliminate various heavy metal species at trace amounts in water. This adsorbent has the
advantages of cost-effective preparation, high durability, and good metal-eliminating ability. However,
the linear counterpart of dendritic PEI macrosurfactant cannot be applied to the same process due to its
very poor solubility, which stems from intermolecular complementary interaction-induced aggregation.
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In the case of dendritic macrosurfactants, the intramolecular complement is predominant because of
its globular molecular topology.
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Figure 7. Schematic of PEI-macrosurfactant-mediated synthesis of aminopolycarboxylic acid-dictated
polyHIPE. Reproduced with permission from Weng et al. Mater. Chem. Frontiers; published by the
Royal Society of Chemistry, 2020 [57].

7. Conclusions and Outlook

Dendritic PEI macrosurfactants could dictate the surface of an in-situ-prepared open-cellular
polyHIPE, a typical kind of macroporous polymer, by using a HIPE templating technique. The dendritic
macrosurfactants showed lower viscosity and better solubility than their linear counterparts, indicating
their enhanced performance in a HIPE process. They robustly attached to the polyHIPE matrix
regardless of the physical adhesion nature. PolyHIPEs with surfaces dictated by functional PEI
macrosurfactants could act as a well-recyclable adsorbent. Catalytic metal nanoparticles could be
facilely introduced onto the surface of a polyHIPE through the help of PEI macrosurfactants, thereby
making these nanoparticles readily recyclable catalysts. With the residual active amino groups on
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the polyHIPE surface, the polyHIPE was transformed into aminopolycarboxylic acid, capable of
eliminating various heavy metal species from water.

The application of most polyHIPEs is related to their open-cellular structure and surface functions
when adsorption and catalysis are involved. In this respect, dendritic macrosurfactants generally lead
to an open-cellular structure and a designable functional surface. Moreover, dendritic macrosurfactants
demonstrate a good open-cellular structure after being partly loaded with metal nanoparticles.
Most functional inorganic-organic nanocomposite particles are amphiphilic; they possibly could be
similarly immobilized on a polyHIPE surface.
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