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Abstract In comparison with other porous materials, Covalent Organic Frameworks (COFs) have the advantage of low
density, large surface area, tunable properties and functionality because of the versatile covalent bonds between organic
building units made up of carbon, silicon, oxygen, boron and nitrogen only. The various fields of application leverage on
specific characteristic properties of the framework. Gas separation and storage takes advantage of their large surface area and
pore volume, they are used in optoelectronics because of the presence of out of plane n-interactions within 2D functionalized
COFs, their use as heterogeneous catalysts is because they have inherent network of nanopores, energy storage devices take
advantage of their large surface area while their diverse composition and synergistic function makes them invaluable in
sensing devices. COFs have also found usefulness in the making of conductive membranes due to their tunable pores and
exceptional stability in aqueous media. Inherent large surface area, tunable pores and adjustable functionality makes COFs

very alluring candidates for drug delivery systems and separation / enrichment of small molecules.
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1. Introduction

Covalent Organic Frameworks (COFs) are porous
crystalline polymers put together by linking light elements
such as Carbon, Boron, Oxygen and Silicon through strong
covalent bonds that are positioned in 2D or 3D topology
[1-3]. The usual structure of this unique class of porous
material reveals organic building blocks that are
topologically connected into broadened lattice arrangements
with intermittent skeletons and well ordered cavities [4-6]. In
COFs, secondary building units are firmly held by strong
covalent bonds between either Carbon —Nitrogen,
Boron-Oxygen, Silicon-Carbon or Boron-Oxygen-Silicon,
thus the reason for the high stability inherent in them [7, 8].
This special class of Porous Organic Framework (POF)
have attracted the interest of researchers on material
science because of their versatile functionality, high
thermal/chemical stability and large surface area [9, 10].

Among the several types of POFs (Aromatic Organic
Frameworks, Hypercrosslinked Polymers, Conjugated
Microporous Polymers and Covalent Organic Frameworks)
COFs have drawn more attention as it is evident in
applications such as storage and separation of gases,
catalysis, small molecule adsorption/enrichment,

* Corresponding author:

ayaweidacad@gmail.com (Ayawei Nimibofa)

Published online at http://journal.sapub.org/materials

Copyright © 2017 Scientific & Academic Publishing. All Rights Reserved

optoelectronics, sensing, drug delivery, conductive
membranes and energy storage, all because of their intrinsic
porosity, well defined aperture tunable pores, large surface
area and versatile chemical composition [11-15].

COFs also present a combination of exceptional structural
and chemical properties such as modularity, crystallinity,
porosity, thermal /chemical stability and low density that are
hardly found in other porous materials [16-21]. Therefore
Covalent Organic Frameworks are becoming excellent
candidates for several technological applications owing to
their unique structural organic network and controllable
structural characteristics [22-24].

This review reports the effectiveness and challenges of
various synthetic routes and advances in the application of
Covalent Organic Frameworks.

2. Synthesis of Covalent Organic
Frameworks

The invention of COFs in 2005 changed the traditional
concept of Porous Organic Frameworks because they were
the first successful examples of covalent crystalline porous
organic frameworks that possessed well ordered
arrangements of mainly organic building units with atomic
precision [22]. In the past amorphous forms of organic
frameworks were usually synthesized by kinetically
controlled coupling reactions that often lead to irreversible
formation of covalent bonds with randomly arranged
structures that are almost not adjustable. However, this
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crystallization problem has been surmounted in synthesis
and material design through Dynamic Covalent Chemistry
(DCC) and Reticular Chemistry respectively [23]. Therefore,
nowadays different types of COFs have been synthesized
through coherent plan of chemical reactions (Dynamic
Covalent Chemistry) and linking of molecular building
blocks into extended structures bearing strong covalent
bonds [24].

Dynamic Covalent Chemistry (DCC)

Dynamic Covalent Chemistry is a synthetic strategy
utilized by chemists to synthesize Supramolecular
assemblies from discrete molecular building blocks [25].
This strategy leads to reversible formation of covalent bonds
which can be formed, broken and reformed to finally obtain a
stable state [26, 27].

The reversible nature of DCC reactions introduces “error
checking” and “proof reading” into the synthesis process and
this allows the formed structure adjust itself in order to
reduce structural defects, this is evident in the synthesis of
COF-1 and COF-5. Because the formation of products in
DCC happens under thermodynamic control, product
distribution depends on the relative stabilities of the final
products. It is pertinent to understand the structure of
proposed organic building blocks and synthesis method in
order to achieve thermodynamic control for reversible
reactions prescribed in the DCC strategy. Thus, the structure
of building blocks should be elaborately designed to match
the requirement for producing well ordered crystalline COFs
so that design and synthesis could be more targeted.

Methods of Synthesis

The need to regulate thermodynamic equilibrium during
the formation of covalent bonds cannot be over emphasized
since reaction conditions and reaction media are very
important for the formation of products with crystalline
architectures that are thermodynamically stable. Therefore,
molten salts and mixed solvents have been used to facilitate
Ionothermal and Solvothermal processes respectively. On
the other hand COF films and monolayers have been
developed through reactions on the surfaces of solid
materials [28]. In contrast to conventional bulky methods
of COF synthesis such as solvothermal, Ionothermal,
microwave and mechanochemical processes, condensation
of organic building blocks onto solid surfaces has been
explored.

Solvothermal Synthesis

Majority of Covalent Organic Frameworks synthesized so
far were produced by the solvothermal method [30, 31]. The
process involves placing monomers and mixed solvents in a
Pyrex tube and the system is then degassed. After degassing,
the Pyrex tube is then sealed and heated to a specific
temperature (85-129°C) for at least 48 hours. At the end of
the reaction, precipitates are collected and washed with
suitable solvents. The right ratio of solvents and suitable
temperature and key factors that can affect framework
formation, crystallization and reversibility of the reaction
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[32-34]. COF-1 and COF-5 were the very first Covalent
Organic Frameworks synthesized via solvothermal synthesis
[23]. A major shortcoming of this method of synthesis is the
production of amorphous crystals without long range
molecular order.

Sonochemical Synthesis

Sonochemical synthesis of COFs is a process in which
sound wave is used as the energy source. The mechanism of
this method of synthesis involves the formation and collapse
of bubbles of the Sol when exposed to acoustic waves [35].
The collapse of bubbles then creates very high temperature,
pressure, high heating and cooling rates which are the
required reaction conditions that leads to formation of
nanoparticles [36], while inter particle collisions during ultra
sound agitation creates changes in the morphology,
reactivity and composition of particles [37]. The synthesis of
COF-1 and COF-5 with excellent textural properties via
sonochemical method has been reported [38].

Ionothermal Synthesis

Ionothermal synthesis of COFs is a process in which ionic
liquids / molten salts are used simultaneously as both the
solvent and the potential template or structure directing agent
during the growing of single crystals. The reaction is usually
done inside an autoclave machine at 400°C [39, 40]. This
method of synthesis has been used for the production of
Covalent-Triazine Frameworks (CTFs) where aromatic
nitrile  building  units  (1,4-dicyanobenzene)  are
cyclotrimerized in molten ZnCl, at 400°C. Here, ZnCl, acts
as the catalyst for the trimerization process [41, 42].

Microwave Synthesis

Microwave heating is the rapid uniform heating
throughout the bulk of reactants and it has been widely used
as a means of accelerating chemical reactions [43-46]. This
method of synthesis presents several advantages over other
conventional isothermal methods, such as accelerated time,
higher yields, visual control of the phase behavior in the
reaction and simultaneous control of reaction temperature
and pressure [45]. Borate ester linked COFs have been
rapidly synthesized in microwave reactors [47]. 2D COF-5
and 3D COF-102 could be synthesized through microwave
heating in 20 minutes which is 200 time faster than the time
required for their synthesis via solvothermal process [22].

Mechanochemical Synthesis

Mechanochemistry ~ deals  with  the  chemical
transformations induced via mechanical means such as
grinding, compression, shear or friction, thus the energy
required to drive chemical reaction in this case is mechanical
[48]. Advanced synthetic methods like mechanochemical
grinding and proper optimization of reaction conditions have
been explored in order to overcome the daunting challenges
of COF crystallization, harsh reaction conditions like inert
atmosphere, sealed Pyrex tubes, choice of suitable solvent,
moisture instability and longer crystallization time often
encountered in solvothermal synthesis processes [49].
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Recently, two highly stable COFs (TpPa-1 and TpPa-2)
were synthesized via room temperature, solvent free
mechanochemical grinding [50].

Buildi ng Error correction |' Error correction Network
———— Oligomers S —
P —

Blocks Proof reading Proof reading Structure

Error correction
Proof reading

Covalent Organic Framework

Figure 1. Schematic representation of steps in Dynamic Covalent Chemistry [28]
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Figure 2. Schematic diagram showing Solvothermal synthesis of COFs [23]
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Figure 3. Diagram showing the synthesis of COF-5 by Sonochemical method [38]
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Figure 5. Diagram showing Mechanochemical synthesis of COFs (TpPa-1 and TpPa-2) [50]

Surface directed Synthesis

This method of synthesis involve the condensation of
building units onto the surfaces of solid substrates. Fine
tuning of reaction conditions, purity of building blocks, and
using suitable crystal-metal substrate interface that can
provide direct alignment of building blocks are some basic
pre-requisites for synthesizing defect-free monolayers and
films on solid surfaces.

Boric acid condensation has been employed for the
fabrication of long-range ordered monolayer of a COF on
graphite [51]. Similarly, the condensation of building blocks
onto a metal surface formed monolayers of COF-1 and
COF-2 [52]. COF monolayers have also been synthesized on
Highly Ordered Pyrolytic Graphite (HOPG) surface instead
of metal surfaces [53], this was achieved because
thermodynamic equilibrium control method was applied in
surface assisted synthesis with the aim of improving the
regularity and domain size of SCOFs [54].

The synthesis of oriented films on graphene surfaces
became necessary because COFs were either insoluble

powders or monolayers that cannot be reliably interfaced to
electrodes or incorporated into real devices. Thus, the
synthesis of 2D COF films onto Single Layered Graphene
(SLG) surfaces was reported [55, 56].

Continuous Flow Synthesis under Ambient conditions

The desire to develop facile methods for the production of
COFs motivated researchers to investigate room temperature
Steam Assisted Conversion (SAC) as a simple route for
synthesis of 2D COFs either as bulk powders or thin films
with high porosity and good crystals [57, 58]. Furthermore,
continuous flow synthesis has also produced some
crystalline materials such as Metal-Organic Frameworks
(MOFs) [59] and even Porous Organic Frameworks with
elevated space-time yields. The aforementioned facts
prompted the synthesis of the following three water soluble
COFs, imine linked COF (LZU1), enamine liked COF
(TpPa-1) and an azine linked COF (N;—COF). They all have
similar 2D hexagonal skeletons but with different linkages
[60].
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Figure 6. Schematic presentation of Surface directed synthesis of COFs [56]

3. Applications of Covalent Organic
Frameworks

The efficient separation and storage of environmentally
relevant gases has been a major focus of researchers on
porous materials as such almost all the early studies on COFs
were focused on separation, storage or sequestration of gases
such as CO,, CH, and H, [61, 62].

The unique physical and chemical characteristics of COFs
makes them outstanding candidates for a plethora of
applications such as adsorption, separation and storage of
gases [63, 64], catalysis [65, 66], optoelectronics [67, 68],
sensors [69] and drug delivery [70].

Gas Storage

Gas adsorption capacity of COFs depends mostly on the
constituents and topology of its framework thus, 3D COFs
usually outperform their 2D counterparts in this regard
because they possess larger surface area and pore volume
[71, 72]. Because of their low densities researcher have
studied the potential applications of COFs in the adsorption
of some gases with respect to clean energy initiatives [73],
results of these studies show that COFs are ranked among the
most performing porous materials in terms of gas storage
capacity [74].

H, Storage

From transition metal decorated nanotubes, titanium
coated single walled nanotubes, Metal Organic Frameworks
and now Covalent Organic Frameworks, material scientists
have been searching for low cost porous materials with high
gravimetric and volumetric density for hydrogen [75-82].
COFs can only function as good hydrogen storage material at
very low temperature because they suffer from weak

adsorption energies of hydrogen molecules in the framework
[83]. Studies have shown that COFs with larger surface
area usually have higher hydrogen storage capacity when
measured at the same temperature and pressure thus,
COF-18 (BET surface area = 1263m’g") exhibited the
highest hydrogen uptake (1.55 wt% at 1 bar and 77K) when
compared to similar 2D COFs [84]. Recent studies have also
shown that 3D COFs have superior hydrogen storage
capacity when compared to 2D COFs and this has been
attributed to their high surface area and low density [85, 86].

CH, Storage

Methane is the main component of natural gas that is
abundant, inexpensive and a clean source of energy (due to
high carbon to oxygen ratio) and ultimately has lower CO,
emission [31, 70]. The effect of adsorbent properties such as
surface area, heat of adsorption and heat capacity are very
important for effective and safe on-board tanks for storage of
natural gas in vehicles [87, 88]. Since COF's are composed of
purely organic building blocks, it is possible to surmount
technical challenges such as poor adsorption capacity,
inefficient charge / heat capacity [89]. Studies have shown
that modified forms of COFs have the capacity to achieve the
methane storage target of the United States of America’s
Directorate of Energy(DOE) (180 cm® at STP and 35 bars)
[90]. Sorption of methane by COFs follows the same pattern
as that of hydrogen, 3D COFs possess higher methane
sorption capacity than 2D COFs. 3D COF-PCN-14 with
BET surface area 1750 m’g’ has gravimetric methane
uptake of 253 mgg™ at 290 K and 35 bars while 3DCOF-102
with BET surface area of 3620 m”g”' recorded a gravimetric
methane uptake of 187 mgg™' at 289K and 35 bars and 2D
cof-5 with BET surface area of 1670 m’g" shows a much
lower methane uptake (89 mgg™) at 298K and 35 bars [91].
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CO, Storage

Adsorption of CO, onto porous materials is an
energetically efficient and technically feasible technique for
CO, capture and sequestration [89]. The quantity of CO,
uptake by COFs is directly related to the total pore volume
thus, COF-102 (pore volume = 1.55¢cm’g™") and COF-103
(pore volume = 1.54cm’g") exhibit higher CO, at low
pressure than COF-105 (pore volume = 1.07cm’g") and
COF-108 (pore volume = 0.69cm’g™") due to compact atomic
packing, but at high pressure COF-105 and COF-108 show
CO, storage capacities because of larger pore volumes [92].

Although COFs constructed via the formation of
Carbon-Nitrogen bonds are said to have enhanced chemical
robustness [93], they typically possess moderate specific
surface areas and Mesoporous pores which restricts their use
as effective gas adsorbents [95-97]. The synthesis of new
COFs with high crystallinity, robust chemical stability,
excellent porosity, high surface area and small pore size for
CO, storage has been reported thus, the synthesis of a new
azine-linked Covalent Organic Framework (ACOF-1) with
high surface areca and large pore size with CO, storage
capacity of 177mgg ™ at 273 and 1bar [98]. Similarly, lithium
doping has been reported to be the most effective means of
enhancing the CO, storage capacity of COFs thus, lithium
doped COF-102 showed CO, storage capacity of 409mgg™”
[99, 100].

NH; Storage

Studies have shown that molecularly designed COFs
bearing functional groups on their walls can interact with gas
molecules [101]. COFs with boron-ester linkages contain
high density Lewis acid boron sites that can strongly interact
with Lewis bases and this makes them ideal adsorbents and
storage materials for corrosive chemicals like ammonia
[102]. COF-10 exhibited the highest ammonia uptake (15
molKg™) at 298K and 1 bar when compared to other porous
materials such as 13X Zeolite, amberlite and Mesoporous
silica [103]. Reports also reveal that adsorbed ammonia can
be removed from the pores of COF-10 via heating at 200°C
under vacuum and the COF can be recycled several times
without much deterioration in its adsorptive capacity
[104, 105]. The exceptional high uptake of ammonia by
COF-10 has been attributed to the formation of a classical
ammonia-borane coordination bond.

Optoelectronics

COFs show unique optical and electrical properties when
functionalized with photoelectric moieties [106]. Out of
plane & — interactions in 2D COFs serve as primary driving
forces for the formation of layered structures that induce
huge electronic coupling between m — orbitals of stacking
layers, this in turn facilitates the transportation of charge
carriers and excitons (photo excited states) through
organized and inbuilt pathways [107]. The application of
pyrene-functionalized COFs in semi conduction and
photoconduction has been exemplified by Tp-COF in its
P-type semi conductive character with photon harvesting
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capacity in the UV-Visible regions and Ppy-COF in its
photoconductivity and quick response to light irradiation
[108].

Heterogeneous Catalysis

Porous organic polymers have emerged as new candidates
for efficient heterogeneous catalysis due to their ability to
load various molecules onto their nanopores [99, 109].
Imine-based COF-LZU1 loads Palladium ions into its pores
through a coordination reaction between atoms of nitrogen in
the COF and Palladium ions to form Pd / COF-LZUI.

Pd / COF-LZU1 produced excellent catalyst performance
when tested in the catalysis of Suzuki-Miyaura coupling
reaction [68, 110]. In like manner, COF-102 entraps
ferrocene molecules in huge amounts (about 42% of its total
pore volume) through sublimation of ferrocene into
COF-102 channels under vacuum [7]. It has been reported
that Cobalt Porphyrin COF (COF-366 Co) catalyzed the
electrochemical reduction of CO, with promising activity
and selectivity to a competing reaction (H, formation) [111].

Energy Storage

Because of their high surface area COFs have the special
ability of incorporating redox-active groups which makes
them good candidates as electrochemical capacitors
[112, 113]. Studies have shown that electro-polymerizing
3,4- ethylendioxythiophene (EDOT) within the pores of
DAAQ-TFP COF films showed exceptional electrochemical
feat as the conductive additive increased the volumetric
capacitance by accessing inactive quinones and enabling
charge cycling at high C-rates with minimal loss of
capacitance [114].

Conductive Membranes

B -ketoenamine-linked COFs have been identified as
potential candidates for proton-conductive membranes in
fuel cells because of their tunable pores and exceptional
stability in aqueous acid [115]. Studies have also shown
that an azobenzene containing B-ketoenamine-linked COF
doped with phosphoric acid exhibited remarkable proton
conductivity near room temperature. In like manner a
triazol-functionalized Imine-linked COF had conductivity of
1.1X10™* Sem™ at 130°C [116].

Drug Delivery

Although the application of COFs for drug delivery is still
at its early stage great effort have been made to develop
COF-based drug delivery systems, two 3D poly Imide COFs
PI-COF-4 and PI-COF-5 were the very first Covalent
Organic Frameworks applied for drug delivery as they
showed very good loading and well controlled release
profiles for Iboprofen [117]. Further studies on the potentials
of COFs in drug delivery revealed how COF surfaces
could be destructed under ultra violet irradiation through
isomerization and the decomposed COF surface could be
recovered after allowing it to anneal, because the
condensation of boronic acid is reversible thus, this
reversible photo-induced decomposition recovery of the
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COF shows controlled loading and release of copper
phthalocyanine [118].

Sensing

Recent research reports have demonstrated sensing
applications of Covalent Organic Frameworks and this can
be attributed to their diverse compositions and synergistic
functionality. The very first report on the use of COFs in
chemo- sensing revealed that an azine -linked COF
possessed notable sensitivity and selectivity in the detection
of 2,4,6-trinitrophenol explosive [68]. Similarly, a
thioether-based fluorescent Covalent Organic Framework
(COF-LZUS8) has been applied for the removal of Hg"* from
water [119].

Separation / Enrichment of Small Molecules

COFs have attracted so much attention in the adsorption
of small molecules because of their tunable pores, large
surface area and  adjustable  functionality. A
benzimidizole-functionalized 2D COF containing carboxylic
groups has been used as a matrix for solid state extraction in
the separation and enrichment of uranium [120].
Furthermore, a hydrazone COF-based extraction system has
been developed for enrichment and analysis of trace sudan
dyes in Chilli powder and sausage samples with low
detection limits [120].

4. Conclusions

Covalent Organic Frameworks (COFs) are an emerging
unique class of porous crystalline materials. They are
synthesized purely from organic building units that are
linked by irreversible covalent bonds creating highly ordered
and pre-designable two dimension and three dimension
architecture. One major hinderance to the practical
applicabitity of COFs is their relatively poor moisture
tolorance that is ascribed to the reversibilty of covalent
linkages formed by borate and boroxine linkers which are
prone to cleavage when exposed to moisture [121].

Therefore, the development of new synthetic methods,
exploration of moisture tolorant linkers and new linkage
reactions have facilitated the expansion of the COF family.
The detection of structural defects in COFs and improved
understanding of the thermodynamic behavior of Dynamic
Covalent Chemistry during condensation reactions would
enable the consistent preparation of high quality COF
materials.

In comparison with other porous materials like zeolite and
hybrids of MOFs, COFs have the advantage of low density,
large surface area, tunable properties and functionality
because of the versatile covalent bonds between organic
building units made up of carbon, silicon, oxygen, boron and
nitrogen only. This review has highlighted several synthetic
strategies and applications of COFs, with each application
leveraging on specific characteristic property of the
framework.

The various fields that have enjoyed the patronage of
COFs include; gas separation and storage which takes
advantage of their large surface area and pore volume, they
are used in optoelectronics because of the presence of out
of plane m-interactions within 2D functionalized COFs, the
utilization of COFs in heterogeneous catalysis is borne out of
the fact that they have inherent network of nanopores, energy
storage devices take advantage of the large surface area of
COFs while they are used in sensing devices because of their
diverse composition and synergistic functions. COFs have
also found usefulness in the making of conductive
membranes due to their tunable pores and exceptional
stability in aqueous media. Inherent large surface area,
tunable pores and adjustable functionality makes COFs very
alluring candidates for drug delivery systems and separation
/ enrichment of small molecules. Although advances have
been recorded in the synthesis and applications of Covalent
Organic Frameworks the challenge of synthesizing
functional COFs with highly periodic, stable and robust
framework needs to be surmounted.

Future Perspective

Considering the numerous applications of porous
materials such as Layered Doubled Hydroxides (LDH),
Metal Organic Frameworks (MOFs), Liposomes and
dendrimers, COFS could also be used for corrosion
inhibitors [122], adsorption of heavy metals [123] and
formation of nanocomposites [124].

REFERENCES

[11 Doorna, C.J., Tranchemontagire, D. J., Glover, T. G., Hunt, J.
R. and Yaghi, O. M. (2010). Exceptional Ammonia uptake by
a cocalent organic framework. Nature Chemistry, 2. pp. 235 -
238.

[2] Han, S. S., Furnkawa, H. Yaghi, O. M. and Goddard, W. A.
(2008). Covalent organic frameworks as exceptional
hydrogen storage materials. J. Amer. Chm. Soc. 130. pp.
11580 - 11581.

[3] Zou, X., Ren, H. and Zhu, G. (2013). Topology - directed
design of porous organic frameworks and their advanced
applications. Chem Commun. 49. pp. 3925 - 3936.

[4] Ma, H., Ren, H. Meng, S., Yan, Z., Zhao, H., Sun, F. and Zhu,
G. (2013). A. 3D microporous covalent organic framework
with exceedingly high C;Hg-CH; and C,Hydrocarbon
selectivity. Chem. Comm. 49. pp. 9773-9775.

[S] Huang, N., Zhai, L., Coupy, D. E., Addicoat, M. A., Okushita,
K., Nishimura, K., Heine, T. and Jiang, D. (2016).
Multicomponent Covalent Organic Frameworks. Nature
Communications. 7 12325 pp. 1 -12.

[6] Ding, S. Y. and Whang, W. (2013). Covalent Organic
Frameworks (COFs): from design to applications. Chem. Soc
Rev. 42. pp. 453-465.



192

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

Ayawei Nimibofa et al.:

Feng, X., Ding, X. and Jiang, D. (2012). Covalent Organic
Frameworks. Chem. Soc. Rev. 41. pp. 6010-6022.

Ding, S. Y. and Wang, W. (2012). Covalent Organic
Frameworks (CoFs): from design to applications. Chem. Soc.
Rev. 42. pp. 548-568.

O'Keife, M. and Yaghi, O. M. (2010). New Microporous
Crystalline Materials: MoFs, CoFs and ZIFs. Transactions of
the Symposium held at the 2010 American Crystallographic
Association Annual meeting, Chicago. 11, pp. 1-11.

Wu, M-X and Yang, Y-W. (2017). Applications of Covalent
organic frameworks (CoFs), from gad storage separation to
dung delivery. Chinese Chemical Letters. 28. pp. 1135-1143.

Wallert, P. J., Grannad, F. and Yaghi, O. M. (2015).
Chemistry of Covalent organic frameworks. Acc. Chem. Res.
48(12). pp. 3053-3063.

Lohse, M. S., Stassin, T. Naudin, G., Wuttke, S., Ameloot, R.,

De Vost, D., Medina, D. D. and Bein, T. (2016). Chem. Mater.

28(2). pp. 626-631.

Crowe, J. W., Baldwin, L. P. and McGrier, P. L. (2016).
Fluoriscent Covalent Organic Frameworks containing a
homogeneous distribution of dihydhroben-zoanalene vertex
units. J. Am. Chem. 138. pp. 10120-10123.

Hou, Y. Xhang, X. Wang, C., Qi, D. Gu, Y. Wang, Z. and
Jiang, J. (2017). Novel Imune-linked porphyin covalent
organic frameworks with bood adsorption removing property
of RhB. New J. Chem. 42, pp. 6145-6151.

Gao, J. and Jiang, D. (2016). Covalent organic frameworks
with spatially confined guest molecules in nanochannels and

their impact on crystalline structures. Chem. Commun. 52. pp.

1498 -1500.

Yue, J. Y., Mo, Y. P, Li, S. Y., Dong, W. L. Chen, T. and
Wang, D. (2017). Simultaneous construction of two linkages
for the on-surface synthesis of imune-boroxine hybride
covalent organic framework. Chem. Sc. 18. pp. 2169-2174.

Liu, Y. Ma, Y., Zuo, Y. Sun, X., Gandara, F., Furukawa, H.,
Liu, Z. Zhu, H., Zhu, C., Suenaga, K., Oleynikov, P.,
Alshanmari, A. S., Zhang, X., Terasaka, O. and Yaghi, O. M.
(2016). Weaving of Organic Threads into a Crystalline
Covalent Organic Framework. Science. 351, pp. 365-369.

Xylas, V. S., Hasse, F., Steghaver, L., Savasci, G., Podjaski, F.

Ochsenfeld, C. and Hotsch, B. V. (2015). A tunable Azine
covalent organic framework platform for visible
light-induced hydrogen Generation. Nat. Commun. 6. pp.
8508.

Lanni, L. M., Tilford, R. W., Bharathy, M. and Lavigne, J. J.
(2011). Enhanced hydrolytic stability of self-Assembling
Alkylated two domessional Covalent organic frameworks. J.
Am. Chem. Soc. 133, pp.. 13975-13983.

Nagai, A. Guo, Z. Feng, X., Jin, S., Chen, X., Ding, X., Jiang,
D. (2011). Pore surface Engineering in Covalent Organic
Frameworks. Nat. Commun. 2. 536

Biswal B. P., Kandambeth, S., Chandra, S., Shinde, D. B.,
Bera, S., Karak, S. Garai, B., Kharul, U. K., Banerjec, R.
(2015). Engineering in porous, Chemically Stable Covalent
Organic Frameworks for Water Adsorption. J. Mater. Chem.
A. 3. pp. 23664-23669.

[22]

(23]

[32]

[36]

[37]

Covalent Organic Frameworks: Synthesis and Applications

Cote, A. P., Benin, A. 1., Ockwig, N. W., O'Keiffe, M.,
Matzgar, A. J. and Yaghi, O. M. (2005). Porous, Crystalline,
Covalent Organic Frameworks. Science 310, pp. 1166-1170.

Ben, T., ShiY., Cui, C., Peri, Y., Zuo, H., Guo, D., Zhang, J.,
Xu, F., Deng, Z., and Qiu, S. (2011). J. Mater. Chem. 21. pp.
18208-18215.

Jin, Y., Yu, C., Denman, R. J. and Zheng, W. (2013). Recent
Advances in Dynamic Covalent Chemistry. Chem. Soc. Rev.
42, pp. 6634-6654.

Rowan, S. J., Cantrill. S. J. Cousin, G. R. L., Sanders, J. K. M.,
and Stoddart, J. F. (2002). Dynamic Covalent Chemistry,
Angew, Chem. Int. Ed. 41, pp. 898-952.

Zhu, G. and Ren, H. (2015). Porous Organic Frameworks.
Springer Briefs in Green Chemistry for sustainability. pp.
13-42.

Shangbin, J. (2014). Covalent Organic Frameworks. Super
Literature Club @ Jiang Lab. IMS. pp. 1-32.

Spitler, E. L., Colson, J. W. Uribe-Romo, F. J., Woll, A. R,,
Giorino, M. R., Saldirar, A. and Dichel, W. R. (2012). Lattice
Expansion of Highly Oriented 2D phithalocyamine covalent
organic framework films. Angew. Chem. 124, pp. 2677-2681.

Davis, M. E. (2002). Ordered Porous Materials for Emaging
Applications, Nature, 417. pp. 813 - 821.

Ding, S. Y. and Wang, W. (2013). Covalent Organic
Frameworks (Cofs): From design to applications. Chem. Soc.
Rev. 42. pp. 548-568.

Ding, X., Guo, J., Feng, X., Housho, Y. Guo, J. Seki, S.,
Maitarad, P., Saeki, A., Nagase, S. and Jiang, D. (2011).
Synthesis of Metallophytha locyamine Covalent Organic
Frameworks that exhibit Higher carrier mobility and
photoconductivity. Angew. Chem. Int. Ed. 50, pp. 1289-1293.

Feng, X., Chen, L. Dong, Y. and Jiang, D. (2011).
Porphyrin-based two dimension covalent organic frameworks.
Synchronized Synthetic Control of Macroscopic structures
and pore parameters. Chem. Commn. 47. 1979-1981.

Tilford, R. W., Gemmill, W. R., Zur, Lote, H. C. and Lavigne,
J. J. (2006). Focile synthesis of highly crystalline, covalent
linked porous Boronate Network. Chem. Mater. 18. pp.
5296-5301.

Gendanken, A. (2004). Using Sonochemistry for the
fabrication of nanomaterials. Ultrasonic sonochemistry 11, pp.
47-55.

Zolfaghari, A., Ataherian, F., Ghaemi, M., Gholami, A.
(2007). Capacitive behavior of nanostructured MnO,
prepared by sonochemistry method]. Electrochemia Acta. 52,
pp. 2806-2814.

Sivakumar, M., Gedauken, A. Zhang, W., Jinag, Y. H., Du, Y.
W., Brukental, 1., Bhattacharya, D., Yeshurun, Y. and Nowik,
L. (2004). J. Mater. Chem. 14, pp. 764-769.

Yang. S. T., Kim. J., Cho, H-Y, Kim, S. and Ahn, W-S.
(2012). Facile Synthesis of Covalent Organic Frameworks
CoF-1 and CoF-5 by Sonochemical method. RSC. Adv. 2 pp.
101179-10181.

Morris, R. E. (2009). Ionothermal Synthesis Ionic liquids as
functional solvents in the preparation of crystalline materials.



[42]

[43]

[44]

[45]

[46]

[50]

[51]

American Journal of Materials Science 2017, 7(5): 185-195

Chem. Commun. O. 2990-2998.

Ionothermal Sysnthesis - Royal Society of Chemistry:
Chemical Methods Ontology CMO: 0001387.

Kuhn, P. and Antonietti, M. (2008). Porous, covalent
triazine-based frameworks prepared by ionothermal synthesis.
Angew Chem. 47. pp.3450-3453.

Bodys, M. J., Jeromerok, J., Thomas, A. and Antonietti, M.
(2010). Rational Extention of the family of Layered, Covalent,
Triazine-Based Frameworks with Regular porosity. Adv.
Mater. 22. pp. 2202-2205.

Fu, Y-P, Su, Y-H, Wu, S-H and Lin C-H (2006).
LiMn,-yMyO,4(M=Cr,Co) Cathode Materials Synthesized by
microwave-induced conbusion for lithium ion batteries. J.
Alloys. Compd. 426. pp. 228-234.

Neil, I. C., Clowes, R., Richie, L. K. and Cooper, A. L. (2008).
Rapid Microwave Synthesis and purification of Porous
Covalent Organic Frameworks. Chem. Mater. (In Press).

Kappe, C. O. (2004). Controlled Microwave Heating in
Modern Organic Synthesis. Angew. Chem, Int. Ed. 43, pp.
6250-6284.

Kappe, C. O. and Dallinger, D. C. (2009). Controlled
Microwave Heating in Modern Organic Synthesis: Highlights
from 2004-2008 literature. Mol. Diveristy, 13, pp. 1- 71.

Doru, M. Sonnawer, A. Gavyryushin, A., Knochei, P., and
Bein, T. (2011). A Covalent Organic Framework with 4nm
Open pores. Chem. Commun. 47, pp. 1707-1709.

Xu, C., De, S., Balu, A. M., Ojedu, M. and Lugue, R. (2015).
Mechanochemical synthesis of advanced nanomaterials for
catalytic applications. Chem. Commun. SL. pp. 6698-6713.

Das, G., Shinde, D. B., Kandambeth, S., Biswal, B. and
Banerjee, R. (2014). Mechanochemical synthesis of imine, 3-
Ketoenamine, and hydrogen bonded imine-linked covalent
organic frameworks using liquid-assisted grinding. Chem.
Commun. 50, pp. 12615-12618.

Biswal, B., Chandra, S., Kandambeth, S., Lukose, B. and
Heine, T. (2013). Mechanochemical synthesis of chemically
stable isoreticular covalent organic frameworks. J. Am. Chem.
Soc. 135, pp. 5328-5331.

Diestmaier, J. F., Giglert, A. M., Geotz, A. J. Knchel, P. Bein,
T., Lyapin, A., Reichimater, S., Hecki, W. M. and Lackinger,
M. (2011). Synthesis of well-ordered COF monolayers:
Surface growth of nanocrystalline precursors versus direct
on-surface polycondensation. ACN. nano, 5, pp. 9737-9745.

Zwaneveld, N. A. A., Pawlak, R., Abel, M., Catalin, D.,
Gigmes, D., Bertin, D. and Porte, L. (2008). Organized
formation of 2D extended covalent organic frameworks at
surface. J. Am. Chem. SOC. 130, pp. 6678-6679.

Guan, C-Z, Wang, D. and Wan, L.-J (2012). Construction and
repair of highly ordered 2D covalent networks by chemical
equilibrium regulation. Chem. Commun. 48. pp. 2943-2945.

Vete, J-Y., Wan, L.-J. and Wang, D. (2016). "On-Surfaces
Organic Covalent Chemistry". Advances in Atom and single
molecule machines. Springe Intl. Publishing. pp. 221-235.

Spitter, E. L., Koo, B. T., Novotney, J. L. Colson, J. W.,
Uribe-Romo, F. J., Gutierrez, G. D., Clancy, P. and Dichtel,

[58]

[59]

[60]

[64]

193

W.R.(2011). A 2D Covalent Organic Framework with 4.7nm
pores and insight into its interlayer stacking. J. Am. Chem.
Soc. 133. pp. 19416-19421.

Spitler, E. L., Colson, J. W. Uribe-Romo, F. J., Woll, A. R.,
Giovino, M. R., Saldvar, A. and Dichtel, W. R. (2012).
Lattice Expansion of highly oriented 2D phythalocyanine
Covalent Organic Framework films. Angew. Chem. Int. Ed..
51. pp. 2623-2627.

Jiang, Y. Huang, W., Wang, J., Wu, Q., Wang, H., Pan, L. and
Lin, A. (2014). Green, Scalable and morphology controlled
synthesed nanofibrous covalent organic framework and their
nanohybrids through a vapour-assisted solid state approach. J.
Mater. Chem. A. Z. pp. 3201-8204.

Rubio-Martinez, M. Batten, M. P., Polyzos, A., Carey, K. C.,
Mardel, J. L., Lin, K. S. and Hill, M. A. (2014). Versatile, high
qualities and scalable continuous flow production of
metal-organic frameworks. Sc.Rep. 4 pp. 5443-.

Ginuno-Fabra, M., Munn, A. S., Stevens, L. A., Drage, T. C.,
Grant, D. M., Kashtiban, R. J., Sloan, J., Lester, E. Walton, R.
J. (2012). Instant MoFs: Continuous synthesis of
metal-organic frameworks hyrapid solvent mixing. Chem.
Commun. 48. Pp. 10642-10644.

Peng, Y., Wona, W. K., Hu, Z. Cheng, Y., Yuan, D., Khan, S.
A. and Zhao, D. (2016). Chem. Mater. 28, pp. 5095-5101.

Medina, D. D., Rotter, J. M., Hu, V., Dorgu, M., Werner, V.,
Auras, F., Markiewicz, J. T., Knowchu, P., Bein, T. (2015).
Room Temperature synthesis of covalent organic framework
flows through vapour-assisted conversion. J. Am. Chem. Soc.
137, pp. 1016-1019.

Xia, L. and Liu, Q. (2016). Lithium dopping on covalent
organic framework - 320 for enhancing hydrogen storage at
ambient temperature. J. Solid State Chem. 244. pp. 1-5.

Zang, Z. and Cao, D. (2012). Effect of Li dopping on
diffusion and separation of hydrogen and methane in covalent
organic frameworks. J. Phys. Chem. C. 116. pp.
12591-12598.

Lin, S. Dierks, C. S., Zhang, Y. B., Komienko, N., Nicholas.
E. M., Zhao, Y., Paris, A. R., Kim, D., Yaghi, O. M. and
Chang, C. J. (2015). Covalent organic frameworks
comprising cobalt porphygrins for catalytic Co, reduction in
water. Science, 394, pp. 1208-1213.

Ding, S. Y., Gao, J., Wang, Q., Zhang, Y., Song, W. G. Su, C.
Y. and Wang, W. (2011). Construction of covalent organic
frameworks for catalysis: Pd/COF-LZU1 in
SUZUKI-miyauru coupling reaction. J. Am. Chem. SOC. 133.
pp. 19816-19822.

Yang, L. and Wei, D. C. (2016) Semi Conducting Covalent
Organic Framework: a type of two dimensional conducting
polymers. Chi. Chem. Letter 27, pp. 1395-1404.

Ma, L., Wang, S., Feng, X., et al. (2016). Recent Advances of
covalent organic frameworks in electronic and optical
applications. Chin. Chem. Lette. 27. pp. 1383-1394.

Dalapati, S., Jin, S., Gao, J., Xu, Y., Nagai, A. and Jiang, D.
(2013). An Azine-Linked Covalent Organic Framework. J.
Am. Chem. Soc. 135, pp. 17310-17313.

Feng, Q., Wang, J., Gu, S., Kaspart, R-B., Zhuang, Z., Zhang,
J., Guo, H., Qiu, S. and Yan, Y. (2015) 3D porous crystalline



194

[69]

(71]

[72]

(73]

[74]

(73]

[76]

[79]

(80]

(81]

(82]

(83]

Ayawei Nimibofa et al.:

polyimide covalent organic framework for drug delivery. J.
Am. Chem. Soc. 137, pp. 8352-8355.

Furukawa, H., and Yaghi, O. M. (2009). Storage of Hydrogen,
methane, and carbondioxide in highly porous covalent
organic frameworks for clean energy applications. J. Am.
Chem. Soc. 131, pp. 8875-8883.

El-Kaderi, H. M., Hunt, J-R., Mendoza-Cortes, J.-L., Cote, A.
P., Taylor, R. E., O'keeffe, M. and Yaghi, O. M. (2007).
Designed Synthesis of 3D covalent organic framework.
Science, 316. pp. 668-271.

Cote, A. P., El-Kaderi, H. M. Furukawa, H., Hunt, J. R. and
Yaghi, O. M. (2007). J. Am. Chem. Soc. 129, pp.
12914-12915.

Germain, J., Freechet, J. M. J. and Svec T. (2009).
Nanoporous polymers for hydrogen storage. Small, 5. pp.
1098-10111.

Hameed, A., Trudeau, M. and Antonelli, D. M. (2008), H,
storage materials (22KJmol') using organestallic Ti
fragments as & -H, binding sites. J. Am. Chem. Soc. 130, pp.
6992-6999.

Yildirim, T. and Ciraci, S. (2005). Titanium decorated carbon
nanotubes as a potential high-capacity hydrogen storage
medium. Phy. Rev. Lett. 94. pp. 175501-175504.

Durgun, E., Jang, Y. R. and Ciraci, S. (2007). Hydrogen
Storage Capacity of Ti-Doped boron-nitride and
B/Be-substituted carbon nanotubes. Phy. Rev. B, 76, pp.
073413-073416.

Mulfort, K. L. and Hupp, J. T. (2009). Chemical reduction of
metal-organic framework materials as a method to enhance
gas uptake and binding. J. Am. Chem. SOC. 129, pp.
9604-9605.

Marrandonakis, A., Tylianakis, E., Stubos, A. K. and
Froudakis, G. E. (2008). Why Li, doping in MOF enhances
H,, Storage capacity? A Multiscale theoretical study, J. Phy.
Chem. C. 112, pp. 7290-72904.

Dong, Q., Tian, W. Q., Chen, D. E. and Sun, C. C. (2009).
The potential of transition metal-methylidynes as
high-capacity hydrogen storage media. Intl. J. Hydrogen.
Energy. 34, pp. 5444-5448.

Choi, Y. J,, Lee, J. W., Choi, J. H and Kanga, J. K. (2008).
Ideal Metal-Decorated three dimensional covalent organic
frameworks for reversible hydrogen storage App. Phy. Lett.
92. pp. 173102-173104.

Garberoglio, G. (2007). Computer Simulation of the
adsorption of light gases in covalent organic frameworks.
Langmuir, 23, pp. 12154-12158.

Tilford, R. W., Mugavero III S. J., Pellechria, P. J. and
Lavigne, J. J. (2008). Tailoring Microporosity in covalent
organic frameworks. Adv. Mater. 20, pp. 2741-2746.

Cao, D., Lan, J., Wang, W. and Smit, B. (2009).
Lithium-doped 3D Covalent organic Frameworks: High
Capacity hydrogen storage materials. Angew. Chem. Int. Ed.
48, pp. 4730-4733.

Han, S. S., Furukawa, H., Yaghi, O. M., and Goddard I1I, W.
A. (2008). Covalent Organic Frameworks as Exceptional
Hydrogen Storage Materials. J. Am. Chem. Soc. 130, pp.

(87]

(88]

[94]

(93]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

Covalent Organic Frameworks: Synthesis and Applications

11580-11581.

Wegrzyn, J. and Gurevich, M. (1996). Adsorbent storage of
Natural gas. APPI. Energy. 55. pp. 71-83.

Menon, V. C. and Komarneni, S. (1998). Porous Adsorbents
for Vehicular Natural Gas Storage: A Review. J. Porous.
Mater. 5, pp. 43-58.

Lazano-Castello, D., Alcaniz-Monge, J. De La Casa-Lillo, M.
A., Cazorla, Amoros, D., Linares-Solano, A. (2002).
Advances in the study of methane storage in porous
carbonaceous materials. Fuel, 81, pp. 1777-1803.

Wu, H., Gong, Q., Olson, D. H. and Li, J. (2012).
Commensurate Adsorption of Hydrocarbons and Alcoholics
in Microporous metal organic frameworks. Chem. Rev. 112.
pp. 836-868.

Ma, S., Sun, D., Simmons, J. M., Collier, C. D. (2007).
Metal-Organic Framework from an anthracene derivative
containing nanoscopic cages exhibiting high methane uptake.
J. Am. Chem. Soc. 130, pp. 1012-1016.

Cavenati, S., Grand, C. A. and Rodrigues, A. E. (2004). J.
Chem. Eng. Data. 49, pp. 1095 -1101.

Babara, R., Jiang, J. W. (2008). Energy Environ. Sci. 1. pp.
139-143.

Uribe-Romeo, F. J., Dooman, C. J., Funikawa, H., Oisak, K.
and Yaghi, O. M. (2011). J. Chem. Soc. 133. pp. 11478-

Nagai, A., Chen, X., Feng, X., Ding, X., Guo, Z. and Jian, D.
(2013). Angew. Chem. Intl. Ed. S2, pp. 3770-3774

Uribe-Romo, F. J., Hunt, J. R., Furukawa, H., Oisak, K. and
Yaghi, O. M. (2011). J. Chem. Soc. 133. pp. 11478-11481.

Nagai, A., Chen, X., Feng, X., Ding, X., Guo, Z. and Jian, D.
(2013). Angew. Chem. Int. Ed. S2. pp. 3770-3774

Uribe-Romo, F. J., Hunt, J. R., Furukawa, H., Kiok, C.,
O'Keeffe, M. and Yaghi, O. M. (2009). J. Am. Chem. Soc.
131. pp. 4570-4571

Neti, V. S. P. K., Wu, X., Deng, S. and Echengoyen (2013). J.
Am. Chem. Soc. 133. pp. 6650-

Li, Z., Feng, X., Zou, Y., Zhang, Y., Xia, H., Liu, X., and Mu,
Y. (2014). A 2D azine-linked covalent organic framework for

gas storage applications. Chem. Commun. 50, pp.
13825-13828.

Choi, Y. J., Choi, J. H., Choi, K. M. and Kang, J. K. (2011). J.
Mater. Chem. 21, pp. 1073-1073.

Lan, J., Cao, D., Wang, W., and Smit, B. (2010). ACS. Nano
40, pp. 4225-4237.

Kalidiadi, S. B., Yusenko, K. and Fischer, R. A. (2011).
Chem. Commun. 47, pp. 8506-8508.

Helmin, J., Helenius, J. and Paatero, E. (2001). Adsorption
Equilibria of ammonia gas on inorganic and organic
sorbents at 298k. J. Chem. Eng. Data. 96, pp. 391-399.

Barrer, R. M. (1989). Clay minerals as selective and shape
selective Sorbents. Pure App. Chem. 61. pp. 1903-1912.

Doonan, C. J., Tranchemontagne, D. J., Glover, T. J., Hunt, J.
R. and Yaghi, O. M. (2010). Exceptional Ammonia uptake



[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

American Journal of Materials Science 2017, 7(5): 185-195

by covalent organic framework. Nature Chemistry. 2, pp.
235-238.

Wan, S. Guo, J., Kim, J., Thee, H. and Jiang, D. (2008).
Angew. Chem. Int-Ed. 47. pp. 8826.

Ding, X., Chen, L. Honsho, Y., Feng, X., Saegsawang, O.,
Cuo, J., Saeki, A., Sekis, S., Irie, S., Nagase, S., Parasuk, V.
and Jiang, D. (2011). J. Am. Chem. Soc. 133, pp.
14510-14513.

Wang, S., Guo, J., Kim, J., Thee, H. and Jian, D. (2009).
Angew, Chew. Int. Ed. 48, pp. 5437-5442.

Zhang, Y and Riduan, S. N. (2012), Chem. Int. Ed. 40, pp. 2
083-2094.

Kaur, P., Hupp, J. and Nguyen, S.T. C. (2011). ACS.Cetal, 1,
pp-819-835.

Lin, S., Diercks, C.S., Zhao, Y., Paris, A. N., Kim, D., Yang,
P., Yaghi, O. M. and Chang, C. J. (2015). Covalent organic
frameworks comprising cobalt porphrins for catalytic CO,
reduction in water. Science.349.pp. 1208-1213.

Khattak, A. M., Ghazi, Z.A. Liang, B., Khan, N. A. Igbal, A.,
Li, L., Tang, Z. (2016). A Redox-Active 2D Covalent
organic framework with pyridine moeties capable of
faradaic energy storage. J. Mater. Chem. 4, pp.
16312-16317.

Claudra, S., Roy Chowdhury, D., Addicoat, M., Heine, T.,
Pauh, A., Banerjee, R. (2017). Molecular level control of the
capacitance of two dimensional covalent organic
frameworks: Role of hydrogen Bonding in Energy Storage
Materials. Chem. Mater. 29. pp. 2074-2080.

Muzler, C. R., Shen, L., Bishey, R. P., Mckone, J. R., Zhang,
N., Abruno, H. D., Ditchel, W. A. (2016). Superior Charge
Storage and Power Density of a Conduction
polymer-modified Covalent Organic Framework. ACS.Cent.
Sc., pp. 667-673.

Chandra, S., Kundu, T., Kandambeth, S., Babarao, R.,
Marathe, Y., Kunji, S. M., Banerjee, R. (2014). Phosphoric
acid loade to Aze (-N=N-) Based covalent organic
framework for proton conduction. J. Am. Chem. Soc. 136,
pp.6570-6573.

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

195

Xu, H., Tao, S., Jiang, D. (2016). Proton conduction in
crystalline and porous organic framework, Nat. mater. 15,
pp.722-726.

Feng, Q., Wang, J., Gu, S., Kaspar, R. B., Zhuang, Z., Zheng,
J., Guo, H,, Qiu, S. and Yan, Y. (2015). 3D porous
crystalline polyimide covalent organic framework for Drug
Delivery.J. Am. Chem. Soc. 137. pp. 8352-8355.

Liu, C., Zhang, W., Zeng, Q. and Lei, S. (2016). A
photoreponssive surface covalent organic framework:
surface-confined synthesis, isomerization, and controller
guest capture and release. Chemistry. 22. Pp. 6768-6773.

Ding, V-S, Dong, M., Wang, Y-W, Chen, Y-T, Wang, H. Z.,
Su, C-Y. and Wang, W. (2016).
Thioether-Based-Fluurescent covalent organic framework
for selective detection and facile removal of mercury (II). J.
Am. Chem. Soc. 139, pp. 3031-3037.

Li,J., Yang, X., Bai, C., Tian, Y., Li, B., Zhang, S., Yang, X.,
Ding, S. Xia, C., Tan, X., Ma, L. and Li, S. (2015) J. Colloid
interface Sci. 437. Pp. 211-218.

Zhang, S., Zhao, X., Li, B, Bai, C., Li, Y., Wang, L., Wen,
R., Zhang, M., Ma, L. and Li, S. (2016). “Stereoscopic” 2D
Super-microporous phosphazene-based covalent organic
framework: Design, synthesis and selective sorption towards
uranium at high acidic condition. J. Hazard Mater. 314, pp.
95-104.

Chong, S.Y-L. (2016). Synthesis of Chemically Stable
Covalent Organic Frameworks in Water. Scientific
Commentaries, 3, PP. 391-392.

Dariva C. G. and Galio A. F. (2014). Corrosion
inhibitors-Principle, Mechanisms and Application, INTECH,
http://dx.doi.org/10.5772/57255, Chapter 16.

Ayawei Nimibofa Ekubo Tobin, Shooto David and Dikio
Dixon (2017). Equilibrium, kinetic and thermodynamic
studies of the uptake of copper by layered double hydroxide.
Hemijska industrija. DOI: 10.2298/HEMIND150608005N.

N.D. Shooto, N. Ayawei, D. Wankasi, L. Sikhwivhilu and
E.D. Dikio. A (2016). Study of Cobalt Metal Organic
Framework Material as Adsorbent for Lead Ions Removal
in Aqueous Solution. Asian Journal of Chemistry; vol. 28,
No. 2, 277-281.



	1. Introduction
	2. Synthesis of Covalent Organic Frameworks
	3. Applications of Covalent Organic Frameworks
	4. Conclusions
	Future Perspective

