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Coordination bond cleavage of metal-organic
frameworks and application to flame-retardant
polymeric materials

Kunpeng Song, Ye-Tang Pan, [} Jiyu He and Rongjie Yang

The physicochemical properties of metal-organic frameworks (MOFs) are closely dependent on the
topology, pore characteristics, and chemical composition, which can be tuned through targeted design.
Relative to direct synthesis, the post-synthesis methods of MOFs, including ion exchange, ligand
replacement as well as destruction, provide a significant increase in their application range and potential. A
method based on the coordination bond cleavage of MOFs has been proved to be very effective in
modulating the structure and was evaluated for its application in the flame retardant field. Herein, the
construction of peculiar MOF structures is categorized based on flame-retardant features through the
cleavage of coordination bonds at the molecular level, and the corresponding MOFs exhibit superior
flame-retardant and smoke-suppressing properties. Different approaches are highlighted to achieve
coordination bond breaking to modulate MOFs properties, involving chemical composition, topology, and
pore structure. This review systematically summarizes and generalizes the direct construction of high-
efficiency MOF-based flame retardants based on the structure-activity relationship and their further
functionalization through coordination bond cleavage, as well as the associated challenges and
prospects. It is also hoped that this work will quickly guide researchers through the field and inspire
their next studies.

Keywords: Metal-organic frameworks; Fire retardancy; Molecular cleavage; Coordination bond; Flame
retardant mechanism.

1 Introduction

Metal-organic frameworks (MOFs) composed of metal nodes
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materials also facilitates the improvement of the flame
retardancy of industrial polymeric materials.” Since the
introduction of MOFs-based flame retardants (FRs) in 2017,°
the subsequent research studies presented a tremendous rise
in this field.” The flame-retardant properties exhibited by
MOFs depend on their composition, topology, and pore
structure. The metal portion mainly includes Zn, Co, Fe, or
Zr. Such transition metals enable the catalysis of char
formation, while the ligand portion (especially N-containing
series) provides the flame-retardant element, and the organic
feature benefits the compatibility with the matrix. To date,
typical MOFs, namely ZIFs, MILs, and UiOs, are the most
popular objects of study.® ™

Notably, MOFs applied alone do not confer high limiting
oxygen index (LOI) values and UL-94 vertical combustion
ratings to polymer composites. This is owing to the single
flame-retardant element, low percentage of flame-retardant
elements, flammability of ligands, and microporous-
dominated pore structure that is difficult to be fully utilized.
Although most MOFs are compatible with the matrix, the
high surface energy makes it difficult to avoid agglomeration,
which undoubtedly makes processing more challenging.
Therefore, the design and development of MOF-based flame
retardants are particularly essential.®

Moreover, post-synthesis (top-down) approaches have
received increasing research attention. This strategy allows
for flexible modulations of the structure of the as-synthesized
MOFs."> Weakening of the coordination bond energy of the
metal-linker facilitates the post-synthesis of MOFs."> The
properties of MOF precursors are partially inherited, while
more diverse properties are bestowed in the chemical/
thermal treatment process. Herein, we focus on post-
synthesis approaches involving selective coordination bond
cleavage to create new structures and tailor composites.

The post-treatment of MOFs can be briefly categorized
into the following three distinct approaches: 1) incorporation
of foreign metal ions or ligands into the original structure by
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means of exchange reactions; 2) integration of linkers on
unstable/empty sites of the structure by solvent-assisted
methods; 3) partial disruption into a new structure.'*"®

Herein, for the first time, we critically evaluate the post-
synthesis methods involving coordination bond cleavage in
the flame-retardant field in order to tailor composites and
structures with or without disrupting the reticulation
chemistry of the parent matrix of MOFs. We conclude with a
critical outlook on the applications, challenges, and future
prospects of this emerging and evolving field.

2 Strategies for the cleavage of MOFs
into FRs

Template derivatization of MOFs is considered to be an
effective strategy for the preparation of structurally
functionalized materials. However, the typically generated

metal-carbon ~ compounds  dramatically depend on
uncontrollable heat  treatments  with  high-energy
consumption.'®'” Costly organic ligands are cracked into gases

and spilled at high temperatures, accompanied by intrinsic
structural contraction, and leaving carbon structures with
scarce functional components. Therefore, the pseudomorphic
cleavage of MOFs based on the ion/ligand exchange strategy is
more facile, gentle, and controllable, and is also increasingly
investigated in many fields."® MOFs possess inherent flame-
retardant potentials, ie., large specific surface area, well-
defined pore structure, and tunable physicochemical
properties, and the above strategies also provide feasible
insights into the flame-retardant functionalization of MOFs.
Recent published papers, which focus on the cleavage of MOFs
into FRs, are summarized in Table 1.

2.1 Salt hydrolysis

Acid-base strength mismatch leads to the pH value being far
from 7 for the corresponding salt during hydrolysis. Alkaline
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Table 1 Summary of the flame-retardant properties of the cleavage of MOFs into FRs

Polymer systems Type of FRs Loading (wt%) Main flame-retardant results Ref.

Epoxydhedraz DOPO-loaded 10.0 27.1% of LOI; UL-94 V-0 rating (0.6 mm thickness); 59.3%, 45.8%, and 30.0% 18

C/DDS PATH reduction in pHRR, THR, and TSP (heat flux of 50 kW m™%; 4 mm thickness)

Thermoplastic NiCo-LDH/MoS, 2.0 30.9% and 55.7% reduction in pHRR and the peak smoke production rate (PSPR) 28

polyurethane (heat flux of 50 kW m™%; 3 mm thickness)

Epoxydhedraz rGO@LDH 2.0 65.9%, 16.7%, and 30.0% reduction in pHRR, THR, and TSP 29

C/DDS (heat flux of 50 kW m™; 4 mm thickness)

Unsaturated GO@LDHs 2.0 35.5%, 27.4%, and 27.7% decrease in pHRR, THR, and TSP 30

polyester resin (heat flux of 35 kW m™%; 3 mm thickness)

Unsaturated CNTs@LDHs 2.0 30.5%, 24.6%, and 22.7% decrease in pHRR, THR, and TSP 30

polyester resin (heat flux of 35 kW m™2; 3 mm thickness)

E-44/DDS MgAl@NiCo 2.5 UL-94 V-0 rating (3.2 mm thickness); 66.7%, 38.7%, and 25.0% reduction in 31
PHRR, THR, and TSP (heat flux of 50 kW m™; 3 mm thickness)

Wood Ni-PO/APP 5.0/5.0 25.6%, 22.0%, and 43.1% reduction in pHRR, THR, and TSP 35

fiber/poly(lactic acid) (heat flux of 35 kW m™>; 3 mm thickness)

E-51/DDM PA-ZIF67@ZIF8 5.0 29.3% of LOI; UL-94 V-0 rating (3 mm thickness); 42.2%, 33.0%, and 41.5% 40
reduction in pHHR, THR, and PCOPR (heat flux of 35 kW m™>; 3 mm thickness)

E-44/DDS ZNs-B/CP 2.0 28.4% of LOI; 43.1%, 11.9%, and 17.9% reduction in pHRR, THR, and TSP 39
(heat flux of 50 kW m™%; 3 mm thickness)

E-44/DDS MPOFs 2.0 26.5% of LOI; 35.7%, 10.0%, and 26.1% reduction in pHRR, THR, and TSP 41
(heat flux of 50 kW m™%; 3 mm thickness)

Poly(lactic acid) C,N (CNO) 2.0 Promote self-extinguish of the PLA matrix (heat flux of 35 kW m™; 3 mm 46
thickness)

E-44/DDS m-CBC@LDH 2.0 29.1% of LOI; 38.5%, 19.6%, and 29.0% reduction in pHRR, THR, and TSP 27
(heat flux of 50 kW m™%; 3 mm thickness)

E-44/DDS CPPHS 2.0 27.6% of LOI; 40.1% and 38.8% reduction in pHRR and TSP 50

(heat flux of 50 kW m™; 3 mm thickness)

imidazolate ligands in ZIFs are prone to protonation by the
H" released from the salt-contained aqueous solution,
followed by the collapse of the frameworks.'> We pioneered
the correlational research as early as 2017 that honeycomb-
like aluminum hydroxide flakes were fabricated by using
aluminum nitrate (aq.) to attack ZIF-8 aggregates, as
illustrated by the cartoon diagram in Fig. 1a.® The removal
of rhombic dodecahedra with the residual of the outer coated
layer resulted in mesoporous Al(OH);, which could be further
loaded with a phosphorus-based flame retardant to improve
the fire safety of epoxy resin (EP), superior to the commercial
counterparts (Fig. 1b-e).

Over the last decade, the growth of layered double
hydroxides (LDHs) from chemically treated MOF precursors
is another emerging trend to realize the transformation from
one functional material to another. (i) Metal sites in MOFs,
as nuclear sites for LDHs, have favorable dispersion and
avoid self-stacking; (ii) the larger surface area facilitates the
exposure of more active sites; (iii) the well-preserved porous
structure creates channels for molecular movement and
increases accessibility of LDHs; (iv) recovery of organic
ligands detached from the framework by OH™ substitution is
valuable and economical for large-scale industrial
production.”>?*® Fortunately, LDHs are just right fillers to
improve the fire safety of synthetic polymers. In detail, the
decomposition of LDHs produces refractory oxides on the
surface of the composite, while releasing water vapor and
carbon dioxide. The heat absorption and dilution associated
with this process inhibit the thermal feedback during
combustion.>® However, traditional LDHs preparation

558 | /nd. Chem. Mater., 2024, 2, 556-570

methods (such as hydrothermal, ion exchange, and
coprecipitation) wusually have poor control over the
morphology, particle size, and specific surface area, which
greatly limits their application. Inspired by the ion-exchange
method, the MOFs as sacrificial templates for the
construction of LDHs with controlled morphology (e.g., two-
dimensional lamellar structures or three-dimensional hollow
structures) are considered a promising approach to the above
challenges.® The most extensively studied prototype is NiCo-
LDH evolved from ZIF-67 with the help of nickel nitrate, the
hydrolysis of which provides H" to separate Co and
imidazole, followed by the emergence of an alkaline
environment liable to the coprecipitation of Ni and oxidized
Co.”> ZIF-67-derived LDHs have the advantages of higher
specific surface area, highly exposed active sites, and
excellent catalytic char-forming capability, but the small layer
spacing and high surface energy make it difficult to disperse
well in the polymer.>® Therefore, it is also rarely applied to
flame-retardant polymers alone, but is further modified. This
will be elaborated later. Zammarano et al. also elaborated
that the unique flame retardancy possessed by LDHs-
modified epoxy nanocomposites is mainly due to its
nanoscale dispersion level and intrinsic properties.>* In order
to meet the flame retardant requirements, LDHs are usually
used in combination with other flame retardants to obtain a
synergistic flame retardant effect.>* Well-exfoliated LDHs in
the polymer matrix could exert a physical barrier effect to
elongate the escape path for the combustible volatiles, and
endothermic action happens during degradation to cool the
flame.>**® However, ZIF-derived LDHs possess a lower aspect

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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(@) An illustration of mesoporous Al(OH); obtained by salt hydrolyzing treatment to ZIF-8; (b) SEM image (inset: digital photograph of a

honeycomb); (c) TEM image and (d and e) enlarged TEM images of mesoporous Al(OH)s. Reproduced from ref. 18 with permission from the Royal
Society of Chemistry, copyright 2017. (f) A schematic illustration of the preparation of rGO@LDH; (g-i) the corresponding TEM image of rGO@ZIF-
67, rGO@LDH nanocage, and rGO@LDH. Reproduced from ref. 29 with permission from Elsevier, copyright 2017. (j) A schematic diagram of the
morphological evolution from Ni-MOF to Ni-PO; the SEM morphology of (k) Ni-MOF, (1 and m) Ni-PO, and (n) re-synthesized Ni-PO. Reproduced
from ref. 35 with permission from the American Chemical Society, copyright 2019.

ratio than directly synthesized ones, impairing their effect as
obstacles for the fuels.?” Two-dimensional nanomaterials,
such as graphene and boron nitride, can be loaded with
other nanomaterials to allow them to be well dispersed. The
main mechanism of 2D nanomaterials as FRs is their
excellent physical barrier effect. However, some problems
faced by 2D nanomaterials, such as the interlayer van der
Waals forces, make them prone to forming agglomerates,
and smooth and inert surfaces are not conducive to their
dispersion in the matrix, which seriously affect the
comprehensive properties of the composite materials.>® LDHs

© 2024 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

systems can be used to improve the compatibility of two-
dimensional materials with a polymer matrix due to their
rough surface and abundance of oxygen-containing groups.
Generally, ZIF-67 is firstly anchored on 2D nanomaterials and
then transferred into NiCo-LDH.® As early as 2017, our group
proposed a ‘3D fabrication method’ to construct sandwich-
structured graphene/layered double hydroxide hybrids
(rGO@LDH) using graphene oxide-loaded ZIF-67 composites
as precursors (Fig. 1f-i).> The peak of the heat release rate
(pPHRR), total heat release (THR), and total smoke production
(TSP) of the epoxy composites treated with only 2.0 wt%

Ind. Chem. Mater., 2024, 2, 556-570 | 559
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rGO@LDH were reduced by 65.9%, 16.7%, and 30.0%,
respectively, compared to pure epoxy. Hou et al also
concluded that Co-Ni LDHs loaded on GO have superior
advantages over carbon nanotubes (CNTs) in suppressing the
heat and smoke release of composites.*’

Furthermore, our group reported a novel dual layered
double hydroxide hybrid, MgAI-LDH®@NiCo-LDH
(MgAl@NiCo), in which NiCo-LDH nanosheets derived from
ZIF-67 are uniformly anchored on MgAI-LDH.*! This “3D
manufacturing method” can alleviate the disadvantages of
agglomeration and low flame retardant efficiency of MgAl-
LDH. By adding only 2.5 wt% MgAl@NiCo, the pHRR of the
prepared epoxy composite decreased by 66.7% compared to
that of pure EP, and passed the V-0 rating in the UL-94 test.
The nickel-based and cobalt-based nanocatalysts uniformly
dispersed between the MgAI-LDH and polymer interfaces
catalyze the surrounding region to form a strong char layer,
reducing the transfer of heat and combustible volatiles.*?

2.2 Ligand substitution

The flame-retardant effect of MOFs used alone is not
outstanding relative to the reported novel flame
retardants.**?* One of the main reasons is that a large
number of flammable ligands contained in their structures
do not contribute to the flame-retardant performance. The
flame-retardant functional substitution of the original
ligands through the ligand replacement strategy provides
good insight for improving the flame-retardant capability of
MOFs. Since the chemical stability of MOFs is relatively
shaky, the original organic ligand can be replaced by a
steadier one. We once prepared regular microsized metal
phosphate derived from MOFs through substitution of
organic linkers with phosphoric ions (Fig. 1j).*® In detail, Ni-
MOF consisting of benzene-1,3,5-tricarboxylic acid as a ligand
reacted with NazPO, under hydrothermal condition. Then,
the hierarchically mesoporous nickel phosphate (Ni-PO) was
obtained through substitution of organic linkers with the
phosphoric ions. The rod-like Ni-MOF after topological
transformation retained the overall profile, but the secondary
building units turned into sub-micron particles, as shown in
Fig. 1k-m. Notably, the recovery of the Ni-MOF template from
the waste solvent after the hydrothermal synthesis of Ni-PO
was concluded by us as a sustainable and cost-effective
strategy (Fig. 1n). The cone test showed a 43% decrease in
TSP when 5.0 wt% ammonium polyphosphate was
substituted by Ni-PO in the intumescent flame-retardant
wood fiber/poly(lactic acid) system.

2.3 Acid etching and alkali etching

One of the primary reasons for the instability of most MOF
crystals is the coordination of soft metal cations (Cu**, Ni*,
Zn>*, Co*", etc.) with hard carboxylic acid ligands to form soft
and hard compounds, which is inconsistent with the
principle of hard and soft acids and bases (HSAB).*® A
number of stabilized MOFs have been successfully

560 | /nd. Chem. Mater., 2024, 2, 556-570

View Article Online

Industrial Chemistry & Materials

constructed based on high-valent metal ions and carboxylic
acid-based ligands under the guidance of HSAB theory.
Typical examples involve the MIL, UiO, MOF, USTC, PCN and
DUT series.*”*® These MOFs generally present higher stability
in neutral and acidic aqueous solutions.

However, for ZIFs composed of basic ligands, acidic
compounds can cleave their covalent bonds more easily,
caused by the ionized H" protonated ligands. Typically, strong
acids can easily protonate imidazole ligands, while weak acids
require drastic reaction conditions.>® Phytic acid is abundant
in phosphorus and has adjustable acidity, being an ideal
etchant for ZIFs to improve their flame-retardant properties.*
Our group prepared hollow nanocages carrying ZIF-67
nanodots (ZNs-B/CP) by a step-by-step etching strategy using
ZIF-67 as a template as well as phytic acid and boric acid as
etching agents, respectively (Fig. 2a—c).>* This is also the first
time that ZIFs nanodots have been explored in the flame
retardant field. At only 2.0 wt% loading, the pHRR, THR, and
TSP of the epoxy composites can be reduced by 43.1%, 11.9%,
and 17.9%, respectively, relative to pure epoxy resins.
Impressively, simply switching the order of the two etchants in
the same synthesis procedure did not yield this peculiar
structure with the accompanying problem of agglomeration.
We suggest that phytic acid simultaneously forms cobalt
phytate on its outer surface during etching of ZIF-67, which
has good chemical stability and protects the integrity of the
framework. Furthermore, the released cobalt ions are
reassembled on the framework surface to form ZIFs nanodots.

Inspired by this, octacarboxyl POSS (OCP) ingeniously
served as both etchant and complexing agent for ZIF-67 to
obtain novel metal POSS-organic frameworks (MPOFs) with
high specific surface area (393.4 m® g')."" In addition, a
unique “size effect” was noticed due to the difference in the
pore diameter of ZIF-67 (1.1 nm) and the size of the OCP
(>2.0 nm) (Fig. 2d). That is, the flexible organic groups are
accessible, but the rigid inorganic cage is blocked from the
outside (Fig. 2e-g). The cone test indicated the 35.7% and
26.1% decrease in pHRR and TSP, respectively, when 2.0 wt%
of filler was introduced into the epoxy system.

Alternatively, for water-stabilized MOFs, e.g., MIL-100(Fe)
or UiO-66(Zr), selective acid etching can be performed
depending on their window size.*® The process is controlled
by the selective diffusion of the acid molecules through the
size of the MOFs window. The universality of the strategy was
confirmed by selecting inorganic acids, such as phosphoric
acid, sulfuric acid, and phosphotungstic acid.** However,
hydrochloric acid, due to its small molecular dimension,
diffuses indiscriminately in the window of MOFs, thus losing
size selectivity and leading to structure collapse. This strategy
provides a new inspiration for the design of high efficiency
and functional flame-retardant materials based on
hierarchical MOFs.

As a reverse course of the crystal growth of MOFs, their
decomposition can be recognized as the fracture and
recombination of coordination bonds, forming amorphous
phases or soluble fragments.”®> The dissociation process of

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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Fig. 2 (a) A schematic of the synthesis of ZNs-B/CP; (b and c) TEM image and HRTEM image of ZNs-B/CP. Reproduced from ref. 39 with
permission from Elsevier, copyright 2022. (d) A schematic illustration of the hypothesized synthesis mechanism of the MPOFs; (e-g) TEM and
elemental mapping (Co and Si) of MPOFs. Reproduced from ref. 41 with permission from the American Chemical Society, copyright 2022. (h) A
schematic representation of the decomposition of MOFs under basic conditions (secondary production based on the original figure). Reproduced
from ref. 44 with permission from the Royal Society of Chemistry, copyright 2022. (i) A schematic of the synthesis of LDH, m-CBC@LDH, and s-
CBC@LDH; (j) TEM images of ZIF-67 treated with urea only with different reaction times, and the TEM image of ZIF-67 treated with urea and
sodium citrate for 8 h (the inset in (j) shows the corresponding schematic). Reproduced from ref. 27 with permission from Elsevier, copyright 2023.

the coordination bonds for MOFs under alkaline conditions
is simplified as a ligand exchange process, during which the
coordination groups are substituted by anions/molecules in
solution, such as OH and H,O. Thermodynamically, MOFs
are more inclined to keep a crystalline state if the
coordination bond between the metal ion and the ligand (M-
L) is stronger compared to that with OH or other
coordinating anions (Fig. 2h).** Except for the binding
capacity of the M-L bond, the thermodynamic stability of the
final products that are formed by metal ions under alkaline

© 2024 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

conditions should also be taken into account. Theoretically, a
higher pKj, indicates a greater affinity of metal ions for OH,
which causes the MOFs composed of the corresponding
metal ions to be more vulnerable in alkaline environments.*

Hu et al synthesized covalent oxygen-rich C,N (CNO)
networks by microwave irradiation using HKUST-1 as a
sacrificial template and urea as an etchant.”® At only 2.0 wt%
loading, the tensile and impact strengths of the as-prepared
composites were increased by more than 36% compared with
pure poly(lactic acid) (PLA), and the flame retardancy was

Ind. Chem. Mater., 2024, 2, 556-570 | 561
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also appreciably improved. Moreover, we prepared a series of
nanocages with different micro-nanostructures, i.e., hollow,
yolk@shell, and multi-yolk@shell, using ZIF-67 as the
precursor and urea as the etchant (Fig. 2i and j).*” It was
found that this “nest-in-egg” like nanostructure has more
obvious flame retardant advantages. This is mainly attributed
to the fact that the nanoshells assembled from CoCo-LDH
pre-catalyze the char formation of the matrix, while the inner
cobalt basic carbonate (CBC) nanoparticles provide assisted
charring, which efficiently mitigates the fire hazard.

2.4 Polycondensation

Extensive research has been conducted on core/shell
nanostructured flame retardants. Nevertheless, the
available yolk@shell flame retardants can be counted on
one's fingers. This is mainly due to the difficult-to-
regulate synthesis process of this particular structure.*’
The yolk@shell structure is suggested to have superior

mass transfer capability and catalytic properties.*®

a ZIF@LDH@PZS
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Motivated by the coating strategy and the acid etching
strategy, our group reported for the first time the
simultaneous coating treatment and etching for ZIF-67 by
means of the phenomenon of acid generation from the
condensation of specific compounds, so as to regulate the
nanostructure,  flame  retardant performance, and
compatibility.

The interface between the composite components acts as
a critical role in the overall material properties, such as
mechanical properties, glass transition temperature, aging,
dielectric behavior, density, and flammability. Therefore, the
filler dispersion and interfacial characteristics have to be
considered for the structure-property-processing studies of
polymer nanocomposites.>’ Our group obtained yolk-double

shell structures (z1IF-67@layered double
hydroxides@polyphophazenes, ZIF@QLDH@PZS), as well as
hollow nanocages with treble shells as peculiar
nanostructures (LDH@PZS@NH) by further etching of

polyphosphoronitrile-coated ZIF-67 to different degrees
(Fig. 3a-d), respectively. We found that the different outer
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EP/CPPHS  Well-dispersed

(a and c) The TEM images and (b and d) elemental mappings (scale bar: 100 nm) of ZIFRLDH@PZS and LDH@PZS@NH, respectively; (e and

f) HRR and TSP curves of epoxy and its composites. Reproduced from ref. 49 with permission from the American Chemical Society, copyright
2022. (g-i) TEM image, enlarged TEM image, and elemental mapping (Co, N, and P) of CPPHS; (j and k) HRR and THR curves for epoxy and its
composites; (I and m) presumed dispersion mechanism of CP and CPPHS in the epoxy matrix. Reproduced from ref. 50 with permission from

Elsevier, copyright 2023.
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layers of the hybrids conferred different interfacial
interactions within the epoxy group. The influence of the
interfacial relationship between the hybrids and the polymers
on the comprehensive performance of the composites was
explored by tuning the surface structure of the hybrids.
Compared to the ZIF@LDH@PZS, the LDH@PZS@NH
presented inferior compatibility due to the outer nickel
hydroxide nanosheets hindering the interfacial interaction
between the polyphosphoronitrile and the matrix, and the
poor modification effect caused was verified by the flame
retardancy and mechanical properties analysis of the epoxy
nanocomposites (Fig. 3e and f).** Subsequently, using ZIF-67
and cobalt compounds derived from cobalt ions released
from ZIF-67 as double templates involved in the nucleation
process of polyphosphoronitrile, our group ingeniously
synthesized a polyphosphoronitrile hollow hybrid material,
which consisted of polyphosphoronitrile hollow nanospheres
(PHNSs), as well as cobalt-doped polyphosphoronitrile hollow
sub-micron polyhedra (CPs) with different sizes and
dimensions (Fig. 3g-i).>° The as-prepared fillers not only
imparted excellent flame-retardant properties to the epoxy
composites (Fig. 3j and k), but also improved the mechanical
properties significantly. Due to the size difference of an order
of magnitude between the 0D PHNSs and 3D CPs contained
in the as-prepared filler, the contact area between them is
relatively small. The PHNSs dispersed around the CPs is
analogous to the sliding beads in the bearings, which
effectively attenuates the agglomeration between the CPs and
facilitates their dispersion in the EP matrix (Fig. 31 and m).>"**
This dimensional mismatch structure can effectively avoid the
early fracture of the EP composites due to the excessive stress
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caused by the local filler agglomeration during mechanical
loading.>*>*

3 Function of cleft MOFs and the
application as FRs
3.1 Endowing the synergist effect

Compared with traditional flame retardants, MOFs-based
flame retardants exhibit exceptional properties in terms of
chemical composition, nanostructure and  porosity
characteristics. They are also expected to be applied as
synergists to improve the comprehensive performance of
composites, while alleviating the shortcomings of the high-
cost MOFs.”>*® In addition, the introduction of commercial
flame retardants into the polymer matrix often causes an
inevitable loss on mechanical properties. MOFs-based flame
retardants as synergists can significantly reduce the amount
of commercial flame retardants, thus improving the
mechanical properties of the composites. Recent published
papers that focus on the function of cleft MOFs and the
application as FRs are summarized in Table 2.

Piao et al. reported a flame-retardant polyurethane (PU)
sponge (FPUF@MOF-LDH@HDTMS) based on a biomimetic
structure for continuous oil-water separation and with a
separation efficiency of up to 99.1%.°” The conversion of
anisotropic MOF-LDH (CuCo-LDH) was realized by etching
ZIF-67 crystals grown in situ on the skeleton of the PU
sponge. This significantly improves the roughness and
surface area of the PU sponge, and facilitates efficient
grafting of hexadecyltrimethoxysilane (HDTMS). They
suggested that MOF-LDH@HDTMS, like the papillae on the

Table 2 Summary of the flame-retardant properties of the function of cleft MOFs and the application as FRs

Polymer systems Type of FRs

Loading (Wt%) Main flame-retardant results Ref.

Polyurethane MOF-LDH@HDTMS —

30.3%, 20.6%, and 29.9% reduction in pHRR, 57

SPR, and PCOPR (heat flux of 35 kW m?)

E-44/DDM NiCo-LDH®@PZS 4.0

30.9% and 11.2% reduction in pHRR and 32

THR (results of microscale combustion calorimeter)

E-44/m-phenylenedi-amine ZIF-8@HCCP 4.0

47.1% and 21.8% reduction in pHRR and 68

TSP (heat flux of 50 kW m > 3 mm thickness)

E-44/DDS TPP@LDH®@Co-PDA 2.0 29.4% of LOI; 43.1% reduction in pHRR 69
(heat flux of 50 kW m™%; 3 mm thickness)

Polystyrene Macroporous 3.0 24.7%, 40.6% and 68.9% reduction in pHRR, 70

MIL-53 (T-Fe-MOF) PCOPR and PCO,PR (heat flux of 35 kW m™?)

Polyurea m-CBC-P@LDH 5.0 22.6% of LOI; 41.6% and 20.6% reduction in 20
PHRR and THR (heat flux of 50 kW m™2; 3 mm thickness)

E-51/DDM W-Zr-MOF-NH, 3.0 36.6% and 26.1% reduction in TSP and 42
THR (heat flux of 35 kW m™%; 3 mm thickness)

E-44/DDS ZHS@NCH 6.0 UL-94 V-0 rating (3.2 mm thickness); 69.1% and 36.1% 22
reduction in pHRR and TSP (heat flux of 50 kW m™; 3 mm thickness)

RIM935 epoxy/RIM936 P-UiO-66 NH, 1.0 UL-94 V-1 rating (3.2 mm thickness); 30.0%, 42.0%, and 43.0% 83

hardener reduction in pHRR, smoke production rate, and carbon monoxide
emission (heat flux of 50 kW m™; 3 mm thickness)

E-51/DDM W-Zr-MOF-DOPO 3.0 32.2% of LOI; UL-94 V-0 rating; 36.0% and 57.8% reduction in TSP 42

and pHHR (heat flux of 35 kW m™>; 3 mm thickness)

Epoxydhedraz C/DDM PA-UiO66-NH, 5.0

41% and 42% reduction in the pHRR and TSP (heat flux of 50 kW m™; 84

3.2 mm thickness)

E-44/DDS MPOFs-P 2.0

27.0% of LOI; UL-94 V-0 rating (3.2 mm thickness); 46.6% and 25.2% 41

reduction in pHRR and TSP (heat flux of 50 kW m™; 3 mm thickness)
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surface of the lotus flower, forms a multistage micro-nano
consisting of hydrophilic protrusions and
hydrophobic surfaces on the sponge surface. Meanwhile,
MOF-LDH serves as a co-effector of the phosphorus nitrogen-
functionalized lignocellulosic fiber flame-retardant coating
(LFPN) to endow the composites with outstanding flame
retardancy, as well as smoke and toxic gas inhibition. LFPN
undergoes phosphate esterification during decomposition to
facilitate matrix dehydration towards char, while CuCo-LDH
decomposes to produce oxides (e.g., Cu,0, CuO, CoO, Co;0,,
etc.), which synergistically boosts the yield and antioxidant
capacity of the coke layer. In addition, copper ions can cause
the catalytic conversion of CO to CO, via the Mars-van
Krevelen mechanism to diminish the CO emission.”®"®

To improve the compatibility of LDHs to enhance their
fire safety in epoxy composites, Hu et al. synthesized hollow
dodecahedral NiCo-LDH@PZS with ZIF-67 as a precursor and
a sacrificial template, and polyphosphazene (PZS) as an
interface compatibilizer and flame retardant.*> PZS has
excellent free radical trapping capacity as well as char
formation effect, and synergies with NiCo-LDH significantly
inhibit the smoke toxicity generated during the combustion
process of EP composites and promote the formation of
graphitized residual char. The storage modulus and glass
transition temperature of the modified EP composites were
enhanced. This is mainly attributed to the enhanced
interaction and compatibility between NiCo-LDH®@PZS and
epoxy molecular chains, which hinders the movement of
molecular chains. Moreover, the interface between the rough
nano-surface of the filler and the organic phase can transfer
most of the energy under an external load.

structure

3.2 Pore structure engineering

Surprisingly, defective MOFs are more prevalent in the
synthesis process, and they often exhibit unexpected high
performance in different applications (e.g:, adsorption,
catalysis, and magnetism, etc.) compared to perfect MOFs
crystals, thanks to the enhanced porosity and rich active site
generation.””® As a porous material, MOFs can adsorb
smoke particles and toxic gases generated by polymers
during combustion. Nevertheless, the single use of MOFs as
a flame retardant filler is often hampered by the insufficient
charring ability capacity. The loading of functional fillers is
an effective strategy to solve this challenge. Removal of the
central atom or ligand can create defects by cleaving the
metal-ligand coordination bond. If the cleavage area or
ligand size is increased, hierarchical pores are created, which
facilitates the diffusion of larger molecules.®*®”

3.2.1 Phosphorus-containing small molecule flame
retardants loading. There has been much focus on the
development and application of phosphorus-containing
small molecule flame retardants (P-FRs) as efficient
halogen-free flame retardants due to their low toxicity, high
flame retardant efficiency and designability. However, the
migration precipitation problems and plasticizing polymer
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molecular chains remain as challenges that seriously impair
the flame retardancy and mechanical properties of the
composites. The strategy of exploiting MOFs-based carriers
to avoid the migration of small-molecule P-FRs is
considered to be a promising solution to the above
problems, but only a few studies have been conducted.
Currently, the dominant methods are classified as in situ
synthesis and post-synthesis modification.

Meng et al. successfully encapsulated
hexachlorocyclotriphosphazene (HCCP) within the framework
of ZIF-8 by taking advantage of its small-window and large-
pore feature, and the thermal stability of the as-prepared
filler could be regulated by the encapsulation amount.®® Our
group also adopted the bottom-up method to encapsulate
triphenyl phosphate (TPP), a phosphorus flame retardant, in
the LDHs nanocages derived from ZIF-67, and further
modified the surface by poly-dopamine (PDA) to improve the
thermal stability and compatibility of LDHs, while inhibiting
the migration problem of the phosphorus small molecules.®’
However, there are still restrictions on the universality of this
method. If there are too many flame-retardant guests
involved or the size of the flame-retardant guests is too large,
this may destroy the original coordination environment and
even trigger the instability of the crystal structure. Thus, the
choice of the appropriate guest is essential.

Post-synthesis modification methods possess a more
advantageous designability compared to in situ synthesis
methods. Efficient loading of the guest can be accomplished by
defect engineering strategies to prepare carriers with
hierarchical porous or hollow structures. Zhao et al.”® prepared
macroporous iron-metal-organic frameworks (MIL-53(Fe))
loaded with triethyl phosphate using an aqueous ammonia
solution as an etchant. Compared with pure polystyrene, the
PHRR, THR and peak CO production rate of the composites
doped with 3.0 wt% filler decreased by 24.7%, 12.7%, and
40.7%, respectively, and the smoke density ranking also
decreased by 26.1%. Recently, our group constructed bird's
nest-like hierarchical porous nanocages to achieve the effective
loading of triphenyl phosphate up to 35.8 wt% (Fig. 4a—c). The
as-prepared composites showed good durability in terms of
their flame-retardant properties.”® It should be noted that
phosphorus-containing flame retardants with a single structure
have a common disadvantage: they rarely affect the oxidation of
poisonous gases during polymer combustion. Furthermore,
transition metal compounds (such as Fe, Co and Ni) have been
widely studied in many fields owing to their excellent catalytic
oxidation properties.”* Therefore, the combination of
phosphorus-containing flame retardants and MOFs-based flame
retardants has been shown to eliminate this shortcoming.

3.2.2 Combustion volatiles capture. Considering that the
smoke generated during polymer combustion is generally
incomplete combustion volatiles, the particle size is too large
to be captured by the micropores of MOFs.”>””> So far, metal-
organic frameworks with open nanostructures have been
proven to have excellent capture capacity for smoke particles
compared to solid MOFs.”®”” However, the exploration and
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(@) A schematic illustration of the preparation of m-CBC@LDH, m-CBC-P@LDH, CBC and CBC-P; (b and c) TEM image and the

corresponding elemental mapping images of m-CBC-P@LDH. Reproduced from ref. 20 with permission from Academic Press Inc, copyright 2023;
(d) SEM image, (e) TEM image, and (f) element mapping images of W-Zr-MOF-3-DOPO; (g-i) HRR, THR, and TSP curves of EP and its composites.
Reproduced from ref. 42 with permission from Elsevier, copyright 2021.

design of hierarchical porous materials derived from MOFs
has remained a great challenge. To date, only a few MOF-
based strategies have been reported for the synthesis of open
cages, which are mainly restricted to wet-chemistry liquid
methods for fabricating predesigned MOF structures.”® %"

Dai et al. reported on hierarchical porous bimetallic
organic frameworks (W-Zr-MOF-NH,) using Zr-MOF-NH, as
a template through a metal-acid-assisted etching method.**
Compared to the compact (111) crystal plane of the Zr-MOF-
NH, structure, the (100) crystal plane is rich in regular pores,
so the six (100) crystal planes of Zr-MOF-NH, are
preferentially etched to form a unique elongated channel
structure (Fig. 4d-f). This hierarchical porous structure

© 2024 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

effectively promotes the adsorption and catalytic charring of
pyrolytic volatiles. Thus, the TSP and THR of the epoxy
composites with only 3.0 wt% W-Zr-MOF-NH, were
significantly reduced by 36.6% and 26.1%, respectively,
compared to the pure epoxy resin (Fig. 4g-i).

3.3 Morphological regulation

MOFs-derived hollow structures, yolk@shell structures, and
laminated structures expose more active sites, as well as
faster mass transport through complete or incomplete
conversion compared to bulk MOFs.*"*> Such peculiar
structures can be fabricated by either transition metal salt
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etching or acid/base etching strategies under certain
reaction conditions, and the detailed principles have been
elaborated as above. Flame retardants with single

yolk@shell structures and multi-yolk@shell structures are
rarely reported in the flame retardant field due to their
sophisticated synthesis. Our group constructed several
representative ZIF-67-derived flame retardants with yolk-
shell structures via one-pot, top-down, and bottom-up
strategies.®?”*° Typically, in order to avoid agglomeration of
nanoparticles on the carriers and prevent the “second
agglomeration” caused by nanoparticles falling off the
carriers, our group prepared the multi-yolk@shell
nanostructured hybrid flame retardant ZHS@NCH by using
the self-template and ion exchange strategy.”” Zinc hydroxy-
stannate (ZHS) is uniformly and restrictively dispersed in
the cavity of the layered bimetallic (Ni-Co) hydroxide
nanocages (NCH) derived from ZIF-67. Compared with pure
ZHS, pure NCH and physical mixture of ZHS and NCH, the
epoxy nanocomposites mixed with ZHS@NCH have better
flame retardancy and mechanical properties.

3.4 Gifting multifunctionality

The easy functionalization of MOFs also creates convenient
conditions for grafting target molecules. The main methods
include the substitution reaction between
functionalized MOFs and flame retardants containing
phosphorus-chlorine bonds; the addition reaction between
double-bond functionalized MOFs and flame retardants
containing phosphorus-hydrogen bonds; and the salt-
forming reaction between amino-functionalized MOFs and
flame retardants containing phosphate ester bonds.®

Vishnu  Unnikrishnan et al  synthesized an
organophosphorus-functionalized  zirconium-based MOF,
which effectively improved the mechanical properties and fire
safety of epoxy composites.*> Compared to the pure epoxy
resin, the epoxy composites mixed with 1.0 wt% filler showed
13.8% and 28.8% increase in tensile and flexural strengths,
as well as 30%, 42%, and 43% reduction in pHRR, SPR, and
carbon monoxide emission, respectively.

Dai et al. reported on organophosphorus modified hollow
bimetallic organic frameworks (W-Zr-MOF-DOPO) with
hierarchical porosity.*> Only 3.0 wt% addition of W-Zr-MOF-
DOPO can impart the epoxy composite with 32.2% LOI value
and pass the UL-94 V-0 rating. In addition, the pHRR and
TSP of the epoxy composites were significantly reduced by
57.8% and 36.1%, respectively, compared to the pure epoxy.
Similarly, Wang et al. synthesized a phosphorus-rich metal-
organic framework via amino-carrying zirconium-based MOFs
interacting with bio-based phytic acid, and significantly
improved the flame-retardant properties and smoke-toxicity
suppression of the epoxy composites.®*

Our group obtained MOFs containing double bonds by
etching ZIF-67 with carboxyl-functionalized POSS, and further
added a small molecular phosphorus flame retardant.*' The
as-prepared fillers (MPOFs-P) integrating transition metals,

amino-
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silicon and phosphorus endowed the epoxy composites with
a limiting oxygen index of 25.0% and passed the UL-94 V-0
rating at only 2.0 wt% loading. In addition, the pHRR and
TSP are reduced by 46.6% and 25.2%, respectively, relative to
the pure epoxy resin. This work sheds light on the
preparation of efficient multi-element flame-retardant
systems by hybridization methods of MOFs and POSS.

4 Summary and outlook

Based on the above reports on the cleft MOFs in polymeric
materials, we provide a brief summary here. (1) Cleft MOFs
can be used in conjunction with other commercial flame
retardants to achieve higher flame-retardant efficiency and
mechanical enhancement at lower loadings; (2) the
combination of cleft MOFs and 2D materials can improve the
dispersion state of the filler in the matrix, and significantly
inhibit the heat release and smoke release of the composite;
(3) there are abundant active sites on the surface of MOFs,
which facilitate their modification by functional components.
MOFs in combination with phosphorus-containing
components typically exhibit enhanced flame retardancy, and
are more likely to achieve higher ratings in the vertical
burning tests; (4) due to their inherent porous structure,
MOFs-derived carriers are more advantageous, accompanied
by higher small molecule flame retardant loading, compared
to chemical grafting and capillary adsorption; (5) compared
with microporous MOFs, hierarchical porous MOFs
derivatives are particularly advantageous in terms of their
smoke capture ability.

Metal-organic frameworks-derived flame retardants have
emerged as an emerging class of additives in polymeric
materials with outstanding flame-retardant advantages.
MOFs-based flame retardants possess fascinating features in
terms of their tailored chemical composition, tunable
nanostructure, and abundant porosity compared to
conventional flame retardants. Herein, a comprehensive
review of different methods of MOFs cleavage for flame
retardant applications is presented.

Although the current research on MOFs-based flame
retardants has achieved stage-by-stage results, there is still a
gap from industrial application, and the following problems
still need to be further explored and solved.

(1) Although there are some commercialized MOFs, the
high cost remains a major constraint on MOFs-based FRs
that cannot be ignored. There is also an urgent need to
establish a systematic cost evaluation system for MOFs, i.e.,
to consider a comprehensive range of process parameters,
such as scale, raw materials, and the costs of recycling and
washing;

(2) To explore the composite system of MOFs and their
derivatives as synergists with commercial flame retardants
for improving the deficiencies of composites in mechanical,
flame retardant and smoke inhibition properties;

(3) Endowing MOFs-based flame retardants with
multifunctionality (e.g., composites that are both flame-
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retardant and phase change composites, composites that are
both flame-retardant and electromagnetically shielded, etc.)
to compensate for their high cost;

(4) For the selection of ligands, the design of flame-
retardant ligands or bio-based ligands can be considered for
the improvement of the flame-retardant capability of MOFs,
as well as cost reduction;

(5) The high cost of MOFs is inextricably linked to
expensive ligands. Thus, the development of suitable ligand
recovery strategies is also a challenge that needs to be
urgently addressed.

Abbreviations

SEM Scanning electron microscope

TEM Transmission electron microscope

HRTEM High-resolution transmission electron
microscope

ZIF@QLDH®@PZS ZIF-67@layered double
hydroxides@polyphophazenes

LDH@PZS@NH ZIF-67@layered double
hydroxides@Ni(OH),

DDS Diaminodiphenyl sulfone

DDM Diaminodiphenyl methane

m-CBC@LDH  Multi-yolk@shell cobalt basic

carbonate@CoCo-LDH

Triphenyl phosphate-loaded multi-
yolk@shell cobalt basic
carbonate@CoCo-LDH

Cobalt basic carbonate

Triphenyl phosphate-loaded cobalt basic
carbonate

m-CBC-P@LDH

CBC
CBC-P
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