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ABSTRACT: Polyphosphazenes are an inorganic molecular hybrid family with multifunctional
properties due to their wide range of organic substitutes. This review intends to propose the
basics of the synthetic chemistry of polyphosphazene, describing for researchers outside the field
the basic knowledge required to design and prepare polyphosphazenes with desired properties. A
special emphasis is placed on recent advances in chemical synthesis, which allow not only the
synthesis of polyphosphazenes with controlled molecular weights and polydispersities but also
the synthesis of novel branched designs and block copolymers. We also investigated the synthesis
of polyphosphazenes using various functional materials. This review aims to assist researchers in
synthesizing their specific polyphosphazene material with unique property combinations, with
the hope of stimulating further research and even more innovative applications for these highly
interesting multifaceted materials.

1. INTRODUCTION
The word phospohazene refers to the vast variety of molecules
containing nitrogen and phosphorus atoms attached via
alternatingly arranged saturated and unsaturated bonds in
their backbones, providing either cyclic rings or linear chains as
shown in Figure 1 (structures 1.1−1.2). Here, R is an organic
group, representing the wide variety of functional groups.1 Their
unique backbone distinguishes them from the other wide
varieties of polymers, which is due to the inorganic nature of the
polymer while most other polymers have an organic nature.
However, the attached side chains could be organic or inorganic
in nature.2 To date, a lot of classes of organic−inorganic
polymers have been known as polyphosphazenes.2 Although
chemical engineers and synthetic chemists have very few options
to bank on as far as the choice of backbone in a specific polymer
of polyphosphazenes is related, extraordinary multiplicity in
properties of these polyphosphazene materials has been attained
due to the vast substitutional potential of chlorine atoms
involved in their intrinsic structure by R side groups.3 A few
examples out of a vast range of structural diversity in
polyphophsazene material are shown in Figure 1 (structures
1.3−1.7).
Polyphosphazenes contain a wide range of potential
applications from fire retardants to fibers of optical materials,4,5
fuel cells,6 elastomers via films and coatings,7 composites and
carbon materials,8 a variety of different membranes,9 electrooptical to biomedical materials,10 as well as solid battery
electrolytes.11 In the context of this review, this is necessary to
study the history of polyphosphazene development over the
© 2022 The Authors. Published by
American Chemical Society

years before going on to the actual study of polyphosphazene
related to our research interest. Back in the days of 1834, Wohler
and Rose worked on the reaction of ammonia (NH3) and
phosphorus pentachloride (PCl5), which produced the white
crystalline product that could be collected without any
decomposition as a pure compound.12 However, the empirical
formula of this compound was proposed as NPCl2 in 1844.
Further, Gladstone and Holmes verified this formula by using
the vapor density method and suggested the formula
(NPCl2)3.13
However, in the context of polyphosphazene chemistry, it was
Stokes who first proposed the cyclic structure of polyphosphazene and reported “inorganic rubber” by heating the
cholorophosphazenes.14 After the huge contribution of Stokes,
there was less progress made in phosphazene polymer chemistry
and material chemistry until the mid-1960s. Allcock, Valan, and
Kugel reported a series of experiments over polyphosphazene
and revealed the basic features of phosphazenes. Those findings
paved the path of polyphosphazene chemistry to where it stands
now.15 Their work can be summarized by the following points:
(i) The excellent reactivity of a special P−̵ Cl bond results in the
formation of a lot of hybrid polymers, both inorganic and
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Figure 1. Structural representation of linear polyphosphazenes (1.1), cyclic polyphosphazenes (1.2), film and fiber precursors (1.3), elastors (1.4),
bioerodible polymers (1.5), microencapsulationg polymers (1.6), and solid polymer electrolytes (1.7).

Figure 2. Types of polyphosphazenes based on their structural and functional group diversity.

organic in nature. (ii) Poly(dichlorophosphazene) (PDCP) can
produce hexachlorocyclophosphazene (HCCP) by controlling
the temperature, time, termination of the reaction, and purity
and converting a cyclic trimer into a linear polymer. (iii)
Hydrolytically stable compounds can be produced by the
nucleophilic substitution of chlorine via PDCP treatment with
alkali metal salts of alcohols and primary or secondary amines.

Further, Allcock also proposed the IUPAC name of
hexachlorocyclotriphosphazene [NPCl2]3 as 2,2,4,4,6,6-hexachloro-1,3,5,2,4,6-triazotriphosphorine, which is commonly
known as HCCP.16,17 This work provides the foundation of
synthesis processes related to polyphosphazenes with unique,
interesting, and innovative properties.
28695
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2.3. Linear Polyphosphazene High Polymers. It is
important to distinguish between various levels of polyphosphazenes. They are differentiated by the degree of polymerization, denoted as n, inside dissimilar polymeric classes based
on the number of monomers tangled to form a specific one.28
The term oligomers is used for polymers consisting of 2−100
repeating units; however, low weight polymers contain 1000−
15000 monomers, and polyphosphazene polymers are often
comprised of more than 1000−15 000 or an even higher number
of monomers in their structure. This differentiation is very
significant to make depending on the monomer’s existence in
chains in order to reveal the benefits of polymers containing
stable chemical and physical properties, length of chains,
solubility patterns, and arrangement of the side groups on
small oligomers.29 In the context of high molecular weight
polyphosphazenes, the most crucial factors involved to develop
the features and application of polyphosphazenes are (1) the
type of attached side groups and (2) the way monomers are
organized inside the chain.29
The existence of two or more different classes of functional
side groups on similar polymer chains may produce numerous
classes of polyphosphazene designs.17 Two identical kinds of
side groups existing on a phosphorus atom are known as
geminal, but those with one of each dissimilar side group type on
the phosphorus atom are called nongeminal, with the addition of
cis and trans arrangements (Figure 4; structures 1.11−1.13).

2. TYPES OF POLYPHOSPHAZENES
The classification of polyphosphazene is mainly based on its
structural diversity and the hybrid nature of the backbone
comprised of alternatingly arranged phosphorus and nitrogen
atoms in inherent structure along with two chlorine atoms
attached to each phosphorus atom.18 Polyphosphazene
chemistry can be modified and improved by chemical
substitution of phosphorus attached to two chlorine atoms
and various mono-, bi-, tri-, or multiple functional groups
consisting of nucleophiles.19−21 Those nucleophiles could be
organometallic, inorganic, or organic in nature due to the
extensive variety of polyphosphazene polymers used in multiple
applications.22
Hence, the main chemical shift in features of polyphosphazenes is brought via a nucleophilic substitution reaction between
attacking nucleophiles on the chlorine atom attached to the
phosphorus atom.23 Putting all the above facts into a list,
polyphosphazene can be classified into four categories. The
major highlights of these four types are shown in Figure 2.
2.1. Small-Molecule Cyclic Polyphosphazenes. The
significant and characteristic properties of cyclic phosphazene
chemistry depend on the existence of a succession of rings of
large sizes with general structures exhibited in structures 1.8 and
1.9 in Figure 3, which can easily extend from tens to hundreds.24

Figure 3. Structural representation of cyclic trimer (1.8), cyclic
tetramer (1.9), and N-trimethylsilyl-P-trichlorophosphazane (1.10).

The cyclophosphazene term is used for ring species. The middle
word of cyclophosphazene denotes the actual number of
repeating units in the cyclic structure. Structures 1.8 and 1.9
are named as cyclotriphosphazene and cyclotetraphosphazene,
respectively. The vast variety of polymers can be produced by
varying the stereochemical and structural positions in mixed
substituent cyclophosphazenes.25 The position of various types
and numbers of side groups on phosphorus atoms inside the
cyclic structure is convenient in refereeing the skeletal name of a
molecule by giving changed atoms a number or trans/cis
arrangement or geminal and nongeminal stereoisomeric
terms.26
2.2. Small-Molecule Linear Polyphosphazenes. The
organic reagents and linear polyphosphazene PDCP combined
to produce the new class of “small molecule linear polyphosphazenes”. These small-molecule linear polyphosphazene
polymers are vital for the synthesis of new polymers, and they are
utilized as a structural and reaction model for the excellent
performance of polymers.27 One of the typical examples of these
polymers is shown in Figure 3 (structure 1.10). The monophosphazene or phosphirimine terminology is used for the
monomeric phosphazene. However, recently these monomeric
phosphazenes have been named phosphoronimines due to
suggestions of modern nomenclature. As this class of
phosphazene can be utilized as a pioneer material to synthesize
polyphosphazene polymers, it is proposed as a monomer or
cross-linker inside a large chain of polyphosphazene polymers.

Figure 4. Structural representation of geminal side group arrangement
(1.11), cis-nongeminal (1.12), trans-nongeminal (1.13), and block
copolymers (1.14).

When a block of one type of functional side group coexists with
the other type of block already present inside the same
polyphosphazene polymer chain, they are termed as block
copolymers, as shown in Figure 4 (structure 1.14). The term
block polymer is used when a block of one class of functional
side group coexists with another class of polymer in the same
polyphosphazene chain (Figure 4; structure 1.14). The block
copolymer of phosphazenes is linked with other organic
polymers.14
2.4. Macromolecular and Composite Polyphosphazene Materials. Nowadays, the most common species used is
known as a composite, a mixture of polymer and nonpolymeric
material.30 These composites are classified as interpenetrating
28696
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polymers and polymer blends. Polymer blends are featured as
physical mixtures of two other polymers, subdivided into distinct
and homogeneous domains. An interpenetrating polymer is
produced when both or only one of the polymer constituents are
cross-linked. However, both of these classes can be found in
polyphosphazene synthesis procedures and can be formed by
two polyphosphazene precursors, or one of them could be an
organic polymer. Some of the structural examples of IPN
polymers are given below in Figure 5.
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absorption from the skeletal appearance of polyphosphazenes
throughout the visible region or at the ultraviolet region with
similar spectra irrespective of the chain length and ring size.34
(4) The strongly basic skeletal nitrogen atoms have the capacity
to create the coordination covalent bond with transition metals
and protons if high electron-donating side groups exist in the
backbone of polyphosphazenes.35 (5) The side groups do not
contribute to binding energies of polyphosphazenes, and the
ring size is shown via X-ray photoelectron spectroscopy (XPS).
(6) According to the reported literature, phosphazene rings
cannot be reduced by polarographic reduction into radical
anions and electron spin resonance.36 (7) Restriction of rotation
in the phosphorus−nitrogen bond in polyphosphazenes is less,
which creates a phosphazene ring and makes the chain structure
quite stable.37
The above-discussed facts all logically proved the uniqueness
of the intrinsic structural and geometric properties of
polyphosphazenes. This evidence obviously suggests the
diversity in skeletal bonding structures of polyphosphazenes
when compared to any other electron-rich organic species.
These compounds exhibit a unique class of polymers with a very
rare form of bonding that is neither completely unsaturated nor
aromatic like benzene in nature.38 Further, it can be simply
concluded that the contribution of two electrons to occupy a
lone-pair orbital radially engaged outside the ring is due to the
basic nature of nitrogen in the polyphosphazene skeleton. In
fact, it is the intrinsic nature of two electrons per repeating unit,
on each phosphorus and nitrogen atom, that can build ambiguity
for arrangements of electrons.39
To overcome this difficulty, many researchers worked to
predict the actual arrangement of polyphosphazenes bonds; e.g.,
Paddock, Craig, Mitchel, and Dewar put forward their
theories.12 Their arguments mainly focused on the fact that
the phosphorus atom belongs to the third row of the periodic
table, so it holds 3d orbitals as well as 2p, 2s, and s−p hybrid
orbitals.40 In a simple way, it can be stated that electrons inside
polyphosphazenes do not take part in the group or skeletal lone
pair basicity or σ bonds, but they are involved in stabilizing the
excited state chemistry, which is different from the π-orbital
bond symmetry of inorganic molecules. In the context of
polyphosphazene bonding conception, Dewar contradicted the
Craig and Paddock “dπ−pπ bonding model” which revealed that
the wide electron delocalization in the π-system could be
possible by exhibiting the island-bonding model, which can be
explained by orbital symmetry considerations by indicating the
possibility of delocalization in restricted islands from one
phosphorus atom to another.41
There could be two possibilities for π-bonding arrangements
in polyphosphazene ring chemistry.42 The first postulate is that
the lone pair of nitrogen is radially oriented toward the
phosphazene ring, so it can donate electrons to the neighboring
3dxy orbital of phosphorus that is oriented planar to the ring
(Figure 6). At the end, it can be suggested that the nonplanar dxz
orbitals of phosphorus can overlap to the adjacent 2pz orbitals of
nitrogen to create a conjugation above and below the plane of
the ring (Figure 6).26 However, the diffused symmetry of the d
orbital will create a misalliance over each phosphorus atom,
which further generates the nodes at these sites. This is the
reason that stabilization of polyphosphazenes is independent of
the size of their rings.43
As further evidence, the complete planarity of the ring
stabilization is not needed because the skeletal bond formation is
twisted in various d-orbital swappings. This is the main

Figure 5. Structural representation of organic polymer blocks linked to
polyphosphazene blocks (1.15−1.18).

3. GEOMETRIC AND ELECTRONIC PROPERTIES OF
POLYPHOSPHAZENES
It is important to better understand the intrinsic electronic and
geometric study featured in the structural arrangement and
morphological properties of polyphosphazene.22 To date, the
researchers working on polyphosphazenes have faced difficulties
in determining the unique arrangement of electrons in small
molecules of polyphosphazene. The huge problem is the
accountability of the four extra electrons per repeating unit
when the outer shell electrons of phosphorus, nitrogen, and their
side unit groups are coupled into two-electron system (Figure 5;
structures 1.15−1.18).31 The outlook and reactivity trend of the
four electrons per repeating unit has puzzled scientific
researchers investigating polyphosphazenes in the last 50 years.
In this context, the following evidence needs to be taken into
account while perusing experiments around polyphosphazenes:
(1) Bond length of nitrogen−phosphorus atoms inside linear or
cyclic polyphosphazenes is smaller when it is compared to
normal covalent σ bond lengths in −N−P− due to electronegativity occurrence.32 (2) These bond lengths toward a short
chain or inside a ring are mostly constant unless the impact of
end groups or side groups influences a change.33 (3) However,
some rings are planar, and others are nonplanar; however, the
structural stability of six-membered, eight-membered, or even
higher membered rings remains the same. This result concludes
with the fact that there is no obvious spectral or electronic
28697
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nucleophilic substitution of all chlorine atoms attached to
phosphorus atoms and replaced by bifunctional organic or
organometallics species all along the chain length.44,45 This
synthesis pathway is controlled by the main component PDCP
which is completely inorganic in nature and used by various
kinds of polyphosphazene materials known in the literature,
such as polymeric intermediates, macromolecular reactants,
parent compounds, as well as polymeric sources.
Additionally, controlled polymerization of PDCP is also
possible through a living cationic polymerization of trichlorophosphoranimine (Cl3PNSiMe3). This procedure can be
carried out simply in solution at room temperature via reaction
of Cl3PNSiMe3 with 2 equiv of PCl5, giving a cationic species
[Cl3PNPCl3]+ with PCl6− as the counterion.46 This species can
start the polymerization with the addition of further equivalents
of Cl3PNSiMe3, leading to polymer chains with a “living”
cationic end group.47 The formation of 1 equiv of ClSiMe3 as a
side product with each monomer molecule added to the
polymer makes this polymerization a rare example of a
polycondensation reaction. The living chain growth mechanism,
with one cationic initiator per propagating chain, not only
permits the use of molecular weight via the feed monomer to the
initiator ratio but also takes the lead for poly(dichloro)phosphazenes with narrow polydispersities. Reaction times
may vary depending on the desired polymer chain length, the
monomer concentration, and the nature of the counterion,47 but
Cl3PNSiMe3 is noted to be consumed completely relatively
quickly within a few hours in the preferred solvent dichloromethane.48
All of these key features indicate the excellent reactivity of
chlorine atoms attached to skeletal phosphorus present in
polyphosphazene chains.37,49 The key objective of this review is

Figure 6. Graphical representation of the π-bonding pattern of the dorbital and the lone pair of phosphorus and nitrogen, respectively.42

difference when it is compared to other aromatic ring systems. In
short-chain polyphosphazenes, this logic is valid to explain the
much higher bond torsion. Therefore, it can be concluded that it
is still very difficult to explain the bond arrangements through
only the method, and it can be explained by applying the
collective methods of all related spectroscopic techniques to
reveal the structural mysteries, hidden in those compounds. To
this end, computational chemistry studies and simulation would
play a role in the future with much higher output.43

4. SYNTHESES METHODS OF POLYPHOSPHAZENES
4.1. Syntheses Methods of Linear Polyphosphazenes.
A brief comprehensive effort has been shown in Figure 7 where
we can locate the possible substituents for the reaction of
polyphosphazenes. This procedure is derived from the HCCP
ring-opening polymerization to synthesize linear polyphosphazenes, also known as PDCPs. This reaction follows the

Figure 7. Broad stepwise reaction summary for the synthesis of the polyphosphazenes.44,45
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Figure 8. Mechanistic and schematic illustration of the poly[cyclotriphosphazene-co-1,3,5-tri(4-hydroxyphenyl)benzene] microspheres with ideally
proposed chemical structure.62 Adapted from ref 62 with permission from the Centre National de la Recherche Scientifique (CNRS) and The Royal
Society of Chemistry.

to highlight cyclophosphazene chemistry, specifically HCCP
derivatives, so the maximum weight will be positioned on
cyclophosphazene chemistry instead of linear polyphosphazenes.
4.2. Syntheses Methods of the Cyclomatrix Type of
Polyphosphazenes. Cyclomatrix types of polyphosphazenes
are cross-linked or self-assembled, less well-known compared to
the other classes of polyphosphazenes, and are utilized in limited
applications due to their difficult preparation methods.50,51
However, using HCCP as the monomer, where six chlorine
atoms are easily replaceable, can be the most ideal candidate to
start any sort of polyphosphazene reaction. Due to its
extraordinary stereochemical structure and easily substituted
chlorine atoms under an ultrasonication technique, a wide range
of micro- and nano-shaped materials were fabricated utilizing a
one-pot method.52−55 Tang and co-workers revealed the
synthesis of these polyphosphazenes via an SN2 mechanism of
nucleophilic substitution.56 Figure 7 shows the model bidentate
ligand for nucleophilic substitution. In the first step, activation of
a nucleophilic ligand occurred in the presence of basic
triethylamine (TEA). In the second step, the chlorine atom
attached to phosphorus atoms of HCCP is replaced via attacking
the activating ligand to form the nucleophilic phosphorus bond.
In the third step, the removal of chlorine atoms from the HCCP
structure is done by replacement of halogen.
The actual polymerization starts when TEA plays the role of a
base to accept all the chlorine from HCCP and synthesize its
chlorine salt crystal, triethylammonium chloride (TEACl). This
step facilitates the polymerization and allows the nucleophilic
ligand to replace all the reactive chlorine attached to the
phosphorus atoms of HCCP to synthesize the highly crosslinked cyclopolyphosphazenes. This preparation method has
more benefits than many other time-consuming and complicated approaches: this method is a facile and green approach to
form morphology-controlled polymers, and these products are
functional in numerous types of present-day applications.57
Using the one-pot method of synthesis for cyclopolyphosphazenes, the four techniques are applied to get the desired product
with controlled morphology by changing the various solvents,
temperature, and ratio of monomers.
The template-assisted method is influenced by the synthesis
of a byproduct during the reaction, such as TEACl crystal
formation during the polymerization precipitation method by

using any monomer in the presence of TEA. These TEACl
crystals provide the adherence of primary nucleus particles over
them because of high surface energy, and then TEACl crystals
act as a template to synthesize the nanotubes or nanorods.58
This side product can be removed after complete polymerization
by washing with water, alcohol, or acetone to get purified
products. However, an ex situ template such as carbon
nanotubes (CNTs) is also utilized to synthesize core−shell
polyphosphazenes@CNTs and can be further modified to the
desired morphology for advanced applications, e.g., energy
storage.59 This ex situ technique is famous not only for using
carbon templates such as graphene or CNTs but also because it
can be used to wrap some inorganic ex situ templates such as
ZIF-67.60 In summary, this method gives fruitful products in the
absence as well as in the presence of the external template.
In contrast to the ex/in situ template method, which is mostly
employed to obtain nanotubes or rod-shaped morphology, the
primary particles self-assembled and grew the fibers, spheres,
and hollow materials through the “self-assembly method”, as
shown in Figure 8.61,62 The obtained morphologies are based
upon the principle of oligomeric absorbing polyphosphazene
mechanisms which can be developed by the facilitation of a
specific solvent system to obtain the desired morphology by
adjusting the monomer ratios, temperature, time, and power of
ultrasonic irradiation. The nucleation process dominates after
the initial formation of oligomers which leads to the creation of
primary nucleus particles. Their self-assembly contributes to a
specific homogeneous morphology at the final nano- or
microlevel particles, and the growth of the monodispersed
product is highly demanded for the consistency of any fruitful
application.63 The absolute purity of monomers is required to
get the monodispersion of a product; otherwise, target
morphology is very difficult to achieve.
The “skelton convert method” is more useful than abovementioned two methods when it comes to usage of their end
product in wide variety of applications. Cyclomatrix kind of
polymers can easily be converted by treating them with high
temperature 600−900 °C. Their structure and conventional ̵
P�N ̵ bond convert into ̵ C ̵ C ̵ bond networks with minor
amount of heterogeneous atoms trapped ̵ C̵ C̵ structure such as
nitrogen, phosphorus, sulfur depending upon different pyrolysis
temperature.63 The doped heteroatoms such as phosphorus,
nitrogen, boron, oxygen, sulfur either react with each other or
28699

https://doi.org/10.1021/acsomega.2c01573
ACS Omega 2022, 7, 28694−28707

ACS Omega

http://pubs.acs.org/journal/acsodf

Review

Figure 9. Diagram showing the six main application areas being developed for polyphosphazenes.

transform into their reactive species during the pyrolysis
treatment and finally these reactive species reformed into
obtained carbon material. The precursor morphology and
stability of pyrolysis polyphosphazenes is consistent even at too
high temperature, which allows them to be functional in various
of advanced applications e.g. supercapacitors and electrocatalysts.8 This method has literally widened the new horizons
toward the growth of cyclopolyphosphazenes nano- and
micromaterials or the transformation of carbon nano- and
micromaterials into macromolecule structures to obtain entirely
new polymer systems.
The modification or surface functionalization of the cyclopolyphosphazenes can be obtained naturally due to the microor nanomaterial’s high surface energy. This high surface energy
is actually based on the presence of active groups on their
surfaces such as −OH or −NH2 groups.61 The existence of these
kinds of functional groups facilitates cyclopolyphosphazenes to
form the advanced level of functional materials. This method is
generally known as the “surface polymerization method”, and
this method is functional to attain a class of core−shell designs
where various metallic nanoparticles impregnate the cyclomatrix
type of the polyphosphazene surface to form carbon nanotubes,
silver nanowires, and magnetic nanotubes with the assistance of
carbon, silver salts, and Fe2O3 precursors, respectively.64−66
These methods have been comprehensively studied during
the past decade to reveal the extensive properties of cyclopolyphosphazenes. On the basis of the above-discussed variety
of techniques, cyclopolyphosphazenes have been engaged in an
enormous amount of modern-day applications. It is important to
study briefly each of those advanced applications. Nowadays,
cyclopolyphosphazenes are utilized in every field of life where
polymers can act as materials ranging from flame retardants to
biodegradable materials, electro-optical materials to army
applications, and from porous materials to energy conversions.
However, in this review the core topic is the applications of
cyclopolyphosphazenes and their hybrids.

their mode of interactions and their properties, various other
applications are further classified. The molecular level of features
is almost the same with two important features: (1) the existence
of different types of functional groups and (2) the type of unique
backbone structure polyphosphazenes have. These two features
play an important role in cyclomatrix-type polyphosphazene
chemistry, as the targeted number of special functional groups
on the side and backbone structure of polyphosphazenes of
phosphorus and nitrogen groups is alternatingly arranged to
make them highly demanded polymeric species.67−69 Based on
this discussion, a very wide classification of polyphosphazene
applications due to their intrinsic structural and functional group
tendencies is shown in Figure 9. It obviously highlights that
novel polymeric design and fabrication of polyphosphazenes has
applications in membrane and controlled surfaces, biomedical
applications, semiconductors, energy conversion materials,
storage materials, as well as high performance and fire-resistant
elastomers.70−76 It is a difficult task to study the broad range of
applications of polyphosphazenes. Therefore, here we will only
discuss the modern-day properties of cyclopolyphosphazenes as
well as applications, which are mostly dependent on their
morphological properties.
5.1. Biomedical Applications. The cyclopolyphosphazenes have been used in biomedical applications and play a role
in human health betterment via a drug delivery technique.77,78
This drug delivery technique has many benefits over traditional
and conventional types of drug dosage systems.79,80 The drug
delivery system reduced the toxicity, improved the efficiency in
the context of target tissues, and improved the health condition
of the patient.81−83 Morphology-focused carriers with uniform
hollow structures need an hour to efficiently run a drug delivery
system, and these materials have the potential to deliver the
guest molecules in systems with minimum damage to human
body cells.84−86 Until now, polyphosphazene microspheres have
been utilized for modern day drug delivery systems because they
can provide the monodispersion in solutions carrying large
amounts of guest molecules of the drugs.80,87−89 The
biocompatibility and biodegrability of cyclopolyphosphazene
materials are well-known, and many research groups87,90 have
used these molecules as biomaterials. Liu and co-worker
synthesized the highly cross-linked, mesoporous, and most
importantly hollow core submicrospheres and used them as drug
delivery carriers.91 These hollow submicrospheres exhibited a

5. APPLICATIONS OF THE CYCLOMATRIX TYPE OF
POLYPHOSPHAZENES
Their applications are mainly based on the molecular structure
and arrangement and the way the materials interact with each
other and liquid, solid, and gaseous phase media. Relying on
28700
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Figure 10. Schematic illustration of the synthesis of the P-COP and NiCo2O4-P-COP (a), TEM images of NiCo2O4-P-COP (b), and OER, HER, and
ORR mechanisms for NiCo2O4-P-COP (c).107 Reprinted (adapted) with permission from ref 107. Copyright (2021) American Chemical Society

sustainability of 15 days, released drug in a controlled way, and
stored the 380 mg doxorubicin hydrochloride drug with
extraordinary biocompatibility and uniform dispersion in an
organic medium.
Orum et al. synthesized the novel cyclomatrix polyphosphazene nanospheres that contain curcumin and quercetin, which
were prepared by one-pot drug self-framed precipitation
polymerization. Curcumin and quercetin were used both as
monomers in the synthesis of nanospheres and as anticancer
released drugs.80
Further, microspheres of trimethoprime (TMP) and HCCP
can be prepared by a one-pot method, which can be utilized as an
antibiotic drug carrier. The TMP microspheres attained a 92%
degradation ratio after 50 days when an in vitro biodegradation
test was performed in acidic medium. These TMP microspheres
have been used in model drug-controlled delivery systems such
as Rhodamine 6G and vitamin B12. A synthetic kind of
polyphosphazene-derived macromolecule such as PCPP has the
potential to play a role as a microfabricating agent and is a
potential candidate for an intradermal immune adjuvant in the
fabrication of coated microneedles by using an intradermal
vaccination method.92,93
5.2. Fluorescent Active Materials. Two steps are involved
in the synthesis of fluorescent active molecules. In the first step,
polymeric material is synthesized via emulsion polymerization,
the sol−gel method, or the precipitation polymerization
technique. In the second step the compounds such as
fluorophores, quantum dots, or dye molecules are bonded by
either van der Waals forces or chemical interactions.55,94 The
existence of heavy metals of quantum dots and nonspecific
tagging of dye molecules make them bioincompatible for many
fluorescent and bio applications. Opposite to this, fluorescent
active species can be used and easily prepared by the selfassembly method. These active fluorescent methods possesses

the intrinsic optical features due to their backbone structural
stability and π−π conjugation.55,95 In this context, various
polyphosphazene polymers which possess the suitable morphology and exhibit the fluorescent properties are chosen to be used
as a biosensor, detector, and biomaterial.96−98 The poly(cyclotriphosphazene-co-phloroglucinol) (PCTP) fluorescent
microspheres, 99 poly(cyclotriphosphazene-co-fluorescein)
(PCTPF) nanoshells,99 intrinsic poly(cyclotriphosphazene-coresveratrol) (PRS) hollow spheres, 1 0 0 and poly[cyclotriphosphazene-co-bis(aminomethyl)ferrocene] (PCPF)
microspheres,101 and the hybrid poly[cyclotriphosphazene-co1,3,5-tri(4-hydroxyphenyl)benzene] (PCTHB) microsphere62
has exhibited great results as a fluorescent active and drug carrier
biomaterial because of its porous nature and high surface area.
5.3. Carbon Material Derivatives. In recent days, carbon
materials have attracted the attention of researchers. In
particular, porous carbon materials possess a good pore volume
with high surface area, extraordinary mechanical stability with
less density, and excellent surface permeability with chemical
inertness.102−105 These highly noteworthy morphological and
structural properties make porous materials very suitable
candidates for adsorbents, storage materials, catalyst supports,
supercapacitors, and sensors and in solar cells and fuel cells to act
as an electrocatalyst for the oxygen evolution reaction (OER),
hydrogen evolution reaction (HER), and oxygen reduction
reaction (ORR).6,106−109 The cyclopolyphosphazene material
pyrolysis has improved their morphological properties from
being even on the surface to porous, rigid solid, to hollow and
from traditional P�N̵ bond to̵ C−C̵ graphitic bond networks in
nature.110 Dufek and co-workers synthesized the PZS and
carbonized them at 1000 °C to form porous carbon materials
and used lithium ion electrodes which exhibited the stable
capacity of 1200 mAh g−1, with almost 95% retention after 40
cycles.111
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Figure 11. Proposed mechanism of tetracycline decontamination through PZS@rGO involving π−π stacking, electrostatic interactions, H-bonding,
and Lewis acid−base interactions.118 Reprinted with permission from ref 118.

Sekar et al. have prepared an electrocatalyst by the
immobilization of NiCo2O4 on a phosphazene-based covalent
organic polymer (P-COP) through a facile hydrothermal
method. The NiCo2O4-P-COP-based electrode was simultaneously used for the oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER), and it displayed a
minimum overpotential of 270 and 130 mV (V vs RHE),
respectively, at a current density of 10 mA cm−2. In addition, it
acted as an oxygen reduction catalyst with a half-wave potential
of 0.83 V (V vs RHE) and a maximum current density of 4.5 mA
cm−2 (Figure 10).107
5.4. Adsorbent of Toxic Compounds. Organic dyes have
been used as dye compounds in the industry since ancient times.
In modern days, these organic dyes are a source of pigmentation
and are utilized in a wide range of industries such as food, paper,
cosmetics, textile industries, and so on.51,112 However, disposal
of their waste is a huge problem for many industries as they not
only can be very dangerous for humans but also interrupt the
marine ecosystem due to their mutagenic and carcinogenic
nature.113,114 To this day, various industries are trying to solve
this problem by using different methods. Use of adsorbent is one
of the easy, cost-economic, and effective ways to remove these
dyes from the system.72,115,116 Nowadays, different types of
adsorbents are commercially available for their adsorbance, such
as zeolite, silica, natural polymers, and activated carbons.
However, the area of consumption of these adsorbents is so
large that these adsorbents could not fulfill the needs. Their
porous morphology, large surface area hollow in structure,
abundant hydroxyl groups, presence of heteroatoms, active
−NH2 groups, and π−π stacking make polyphosphazenes
excellent candidates as adsorbents (shown in Figure
11).101,117,118
Wu et al. selected porous carbon nanosheets (PCNs) with a
specific area of 1032.1 m2 g−1 as a carrier to in situ load aminated
cyclomatrix polyphosphazene to generate PCNs@PCP composites. For that, low molecular weight polyethylenimine (PEI)
and HCCP were utilized as ideal comonomers to conduct
polymerization on PCNs. Subsequently, a mass of La3+ ions was

anchored onto the PCNs@PCP framework via an impregnation
process to obtain PCNs@PCP-La for phosphate removal. The
investigation demonstrated that the strong coordination can be
formed between electron-deficient La3+ and electron-rich N
atoms in PEI units and phosphazene rings. Compared to
unmodified PCNs@PCP, the phosphate adsorption capacity of
PCNs@PCP-La increased remarkably (80.1 mg P g−1 vs 121.2
mg P g−1). Moreover, the adsorption capacity of PCNs@PCPLa stayed at a high level (more than 100 mg P g−1) over a wide
pH region of 3.0−9.0, exhibiting high pH adaptability and
thereby offering great potential for cleaning real phosphatecontaining wastewater.102
Chen and coworkers have synthesized the poly(cyclotriphosphazene-co-4,4′-sulfonyldiphenol) nanotubes and
used them for adsorption of methylene blue. They exhibited
excellent adsorption capacity of 69.16 mg/g in 15 min, which is
measured by the various parameters such as pH range,
equilibrium at 25 °C, and initial concentration of the adsorbate.
Kinetic studies and thermodynamic data revealed that
absorption of methylene blue by polyphosphazene materials is
a spontaneous and endothermic process, which followed the
Langmuir isotherm.119 In the end, it can be concluded that the
π−π stacking and high negatively charged surface properties of
polyphosphazene materials along with high electrostatic
attractions have increased the absorption capacity of the
polyphosphazene materials.
5.5. Support materials for Nanoparticles. In recent days,
nanoparticle-based hybrid robotics have been hot topics in
research. Transition metals and the noble metals both can be
used to carve the nanoparticles and can be used in every field of
life such as catalysis, microelectronics, sensors, data storage, etc.
due to their unparalleled properties.120 With increasing research
on nanoparticles, it has been revealed that these nanoparticles
tends to aggregate with each other when no support is involved,
and this aggregation restricts performance in various applications.121 To sort out this problem, various types of support
materials, specifically polymers, have been used to stabilize and
control their uniform nanosize so they can retain their optimum
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Figure 12. Schematic representation of Ag-Cu NP@PZS nanotubes.125 Reprinted (adapted) with permission from ref 125. Copyright (2022)
American Chemical Society.

Figure 13. Two-step illustration of the procedure for preparing the PZS@Ag NP composites (a), TEM images of PZS@Ag NP composites (b), the
schematic of the coordination behavior between Ag NPs and the PZS nanotubes (c), and successive UV−vis absorbance spectra for the reduction of 4NP by NaBH4 in the presence of the PZS@Ag NP composites (d).126 Reproduced from ref 126 with permission from the Royal Society of Chemistry.

potential. It is investigated that a number of polymeric species
work as a support for nanoparticles, and in this way they can act
with optimum potential by residing on a polymeric support.76,122,123 Polymers, CNTs, ionic liquids, and ligands were
our choice, but their synthesis and morphology control after
nanoparticle deposition is not an easy task. Cyclotriphosphazene
is the best alternative for stabilizing nanoparticles.124 It consists
of a 6-membered ring with alternative single and double bonds
between phosphorus and nitrogen.

Recently, we prepared Ag-Cu NPs at polyphopshazene
nanotubes, and these catalysts were efficiently utilized for a
prototype 4-nitrophenol reduction reaction: the schematic
representation of Ag-Cu NPs@PZS is shown in Figure 12.125
It is proved from studies that deposition of silver nanoparticles
was done on the poly[cyclotriphosphazene-co-(4,4′-sulfonyl
diphenol] material on its surface via an inorganic reaction, while
reduction of 4-nitrophenol (4-NP) was employed as a precursor
of AgNO3, as shown in Figure 13.126 By this reaction,
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homogeneous nanoparticles of uniform size are obtained.
Moreover, this process is less costly and totally based on green
synthesis.

We have presented a detailed description of features and
applications of cyclomatrix phosphazene compounds. We
predict that this study on hybrid polyphosphazenes will provide
a foundation for guiding and understanding the robotic
chemistry of polyphosphazene-derived hybrids with excellent
quality for industrial research and universities. It has potential to
revolutionize the green chemistry and energy industries.

AUTHOR INFORMATION

Corresponding Authors

Riaz Hussain − Division of Science and Technology, University
of Education, Lahore 54770, Pakistan; orcid.org/00000002-6154-1244; Email: riaz.hussain@ue.edu.pk
Shafqat Ali − Department of Environment and Civil
Engineering, Dongguan University of Technology, Dongguan
523808, P. R. China; Email: aliqau22@gmail.com
Zhanpeng Wu − State Key Laboratory of Organic−Inorganic
Composites, Beijing University of Chemical Technology, Beijing
100029, P. R. China; orcid.org/0000-0001-6605-0340;
Email: wuzp@mail.buct.edu.cn
Authors

Muhammad Ahmad − Department of Mechanical Engineering,
City University of Hong Kong, Kowloon Tong, Hong Kong
Tehseen Nawaz − Department of Chemistry, The University of
Hong Kong, Pok Fu Lam, Hong Kong
Iftikhar Hussain − Department of Mechanical Engineering, City
University of Hong Kong, Kowloon Tong, Hong Kong;
orcid.org/0000-0001-6576-2119
Xi Chen − Department of Mechanical Engineering, City
University of Hong Kong, Kowloon Tong, Hong Kong
Muhammad Imran − Department of Chemistry, Faculty of
Science, King Khalid University, Abha 61413, Saudi Arabia;
Research Center for Advanced Materials Science (RCAMS),
King Khalid University, Abha 61514, Saudi Arabia
Mohammed A. Assiri − Department of Chemistry, Faculty of
Science, King Khalid University, Abha 61413, Saudi Arabia;
Research Center for Advanced Materials Science (RCAMS),
King Khalid University, Abha 61514, Saudi Arabia
Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c01573
Author Contributions
¶

M.A. and T.N. contributed equally to this work.

Notes

The authors declare no competing financial interest.

■

REFERENCES

(1) Singler, R. E.; Hagnauer, G. L.; Sicka, R. W. Phosphazene
elastomers: synthesis, properties, and applications; ACS Publications,
1984.
(2) Arbuckle-Keil, G. In Polymers in inorganic chemistry: A first-hand
account; Abstracts of Papers of the American Chemical Society;
American Chemical Society: Washington, DC, 2015.
(3) Allcock, H. R. Chemistry and applications of polyphosphazenes;
Wiley-Intersci. Ser., 2003.
(4) Qiu, S.; Wang, X.; Yu, B.; Feng, X.; Mu, X.; Yuen, R. K.; Hu, Y.
Flame-retardant-wrapped polyphosphazene nanotubes: A novel
strategy for enhancing the flame retardancy and smoke toxicity
suppression of epoxy resins. J. Hazard. Mater. 2017, 325, 327−339.
(5) Jia, Y.; Li, J.; Wang, Y.; Jin, J.; Liu, H. Preparation and properties of
optical acrylate modified with sulfur-containing cyclophosphazene
polymer. Prog. Org. Coat. 2021, 156, 106249.
(6) Ali, Z.; Basharat, M.; Wu, Z. A Review on the Morphologically
Controlled Synthesis of Polyphosphazenes for Electrochemical
Applications. ChemElectroChem. 2021, 8 (5), 759−782.
(7) Allcock, H. R.; McDonnell, G. S.; Desorcie, J. L. Synthesis of new
polyphosphazene elastomers. Macromolecules 1990, 23 (17), 3873−
3877.
(8) Liu, W.; Zhang, S.; Dar, S. U.; Zhao, Y.; Akram, R.; Zhang, X.; Jin,
S.; Wu, Z.; Wu, D. Polyphosphazene-derived heteroatoms-doped
carbon materials for supercapacitor electrodes. Carbon 2018, 129,
420−427.
(9) Veronese, F. M.; Marsilio, F.; Lora, S.; Caliceti, P.; Passi, P.;
Orsolini, P. Polyphosphazene membranes and microspheres in
periodontal diseases and implant surgery. Biomaterials 1999, 20 (1),
91−98.
(10) Schacht, E.; Vandorpe, J.; Crommen, J.; Seymour, L.
Biodegradable Polyphosphazenes for Biomedical Applications. In
Advanced biomaterials in biomedical engineering and drug delivery systems;
Springer, 1996; pp 81−85.
(11) Zhang, J.; Huang, X.; Fu, J.; Huang, Y.; Liu, W.; Tang, X. Novel
PEO-based composite solid polymer electrolytes incorporated with
active inorganic−organic hybrid polyphosphazene microspheres.
Mater. Chem. Phys. 2010, 121 (3), 511−518.
(12) De Jaeger, R.; Gleria, M. Poly (organophosphazene) s and related
compounds: synthesis, properties and applications. Prog. Polym. Sci.
1998, 23 (2), 179−276.
(13) Allcock, H. R. Phosphonitrilic chemistry. Chem. Eng. News 1968,
46 (18), 68−81.
(14) Allcock, H. R. A perspective of polyphosphazene research. J.
Inorg. Organomet. Polym. Mater. 2007, 16 (4), 277.
(15) Allcock, H. R.; Kugel, R. L. Phosphonitrilic compounds. VIII.
Reaction of o-aminophenol with phosphazenes. J. Am. Chem. Soc. 1969,
91 (20), 5452−5456.
(16) Allcock, H. R. Recent advances in phosphazene (phosphonitrilic)
chemistry. chemical Reviews 1972, 72 (4), 315−356.
(17) Bowers, D. J.; Wright, B. D.; Scionti, V.; Schultz, A.; Panzner, M.
J.; Twum, E. B.; Li, L.-L.; Katzenmeyer, B. C.; Thome, B. S.; Rinaldi, P.
L.; et al. Structure and Conformation of the Medium-Sized
Chlorophosphazene Rings. Inorg. Chem. 2014, 53 (17), 8874−8886.
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(20) Işıklan, M.; Asmafiliz, N.; Ö zalp, E. E.; Ilter, E. E.; Kılıç, Z.;
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