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www.rsc.org/ As a newly emerging class of porous material, covalent organic frameworks (COFs) have attracted much attention due to

their intriguing structural merits (e.g., total organic backbone, tunable porosity and predictable structure). However, the

insoluble and unprocessable features of the bulk COF powders limit their applications. To overcome these limitations,

considerable efforts have been devoted to exploring the fabrication of CO,

vapor-assisted conversion, and synthesis under continuous flow con
assisted exfoliation, self-exfoliation, mechanical delamingtion, and chemi
thin films including energy storage,semiconductor de¥
summarized. Finally, to speed up further research, a p

applications is presented.

1. Introduction

For decades, porous materials have attracted susj
attention due to their abundant voids containing st
which enables them to host other functional

Owing to their unique features, porous organic ma Is,

as hypercrosslinked polymers (HCPs) ated
microporous polymers (CMPs),810 aromatic
frameworks (PAF),113 have been wi . However,

constructing persistent porous d by covalent
ite of that some
made these years.1416
Crystalline networks with ordered p®es are urgently in need.
Covalent organic frameworks (COFs), as a class of newly
emerging porous material, have attracted particular interests.
Quite different from classical short-range covalent polymers
connected via irreversible condensation,’” COFs show highly
ordered crystalline structures through reversible reactions.1®
Compared to the traditional crystalline porous solids such as

bonds is still a complicated proh\

remarkable progress have bee
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films with controllable architectures and

ide recent advances in the fabrications
sheets by both bottom-up and top-
| polymerization, room temperature
e the top-down strategy contains solvent-
exfoliation. In addition, the applications of COF

es, membrane-separation, sensors, and drug delivery are

N

cQffes'P?° and metal-organic frameworks (MOFs)21-23, COFs
ith recisely pre-designable and tailored
lonalities are able to achieve structural and chemical
control that are specific to functions.2* Moreover, they possess
the advantages of structural diversity,?> low density,?® high
thermal stability,2”- 28 and permanent porosity.2°

In 2005, Yaghi and co-workers, for the first time,
synthesized a type of pure two-dimensional (2D) organic
frameworks, namely COF-1 and COF-5, which are composed of
organic building subunits connected through strong covalent
bonds by reticular chemistry.3° Afterward, a great variety of
COFs have sprung up including imine-linked COFs,31-34
hydrazone-linked COFs,35 36 and keto-enol-linked COFs (Fig.
1).37-3% Their abovementioned unique characters as well as

erspective covering synthetic strategies, mechanisms and

structures

common natures of organic polymers endow them great
application potential in energy storage,*9-42 drug delivery,*3. 44
adsorption,%> 46 separation,*’ catalysis,*® optoelectronics,*®: 50
and sensing.>! However, all of these applications are currently
established on the basis of insoluble and unprocessable COF
powders. Early in 2007, Kitagawa and Matsuda demonstrated
that porous polymers are insoluble and difficult to be prepared
into thin layers in spite of furnished nanosized channels or
cavities.52 The ultimate goal is to construct various nanodevices
with controllable arrangements of porous modules’ channels.
Indeed, the difficulties in membrane formation greatly hinder
the practical applications of COFs. For example, an
anthraquinone based COF powder was incorporated into
carbon black to act as an electrode material leading to a higher
capacitance compared with that of electrode without COF
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loading, whereas only 2.5 % of diaminoanthraquinone (DAAQ)
moieties were available in the system because of the random
oriented COF powders and non-optimal interface.38 Thus, new
strategies that can fabricate COFs into crystalline and ordered
thin films are highly required for their further practical
applications.

The bottom-up approach is the first important strategy
that enables COFs to be deposited on specific substrates or

polymerized at interface with controllable thickness and surface.

Dichtel and co-workers pioneered the research on COF films
growth on single-layer graphene (SLG) via a bottom-up method
under solvothermal conditions.>® The as-prepared COF films
exhibited improved crystallinity over bulk COF powders, which
are ideal for organic electronic devices. This intriguing research
has opened the door for COF thin films fabrication. Since then,
several innovative or modified methods for COF-film growth
related to bottom-up strategy have been employed and
oriented thin films supported by various substrates have been
obtained. By now, four major methods have been used for the
fabrication of COF thin films on different substrates or at
interfaces: (1) solvothermal synthesis, (2) interfacial
polymerization, (3) synthesis under continuous flow conditions,
and (4) room temperature vapor-assisted conversion. All of
these strategies will be discussed in detail in Section 2.
Another attractive method is top-down synthesis, which
bulk COF powders are directly exfoliated into free-standing COF
films, namely COF nanosheets (CONs). As we know,
dimensionality is one of the most important parameters that
affects the materials properties.>* 35> Bulk lamellar COFs ag
stacked by atomic thick layers via weak van der Waals forg
Inspired by the excellent properties of graphene whighai

exfoliated COF-8 into CONs with the thickness dq,
nm.>® The dimension related properties enable the

COF-8 nanosheets to be incorporated into e t as
nanosensors. After that, various functional @ONs #ave been
delaminated from their bulk counterpa methods

anic@l delamination,

ill be discussed

such as solvent-assisted exfoliatign, m
and self-exfoliation. All these di
comprehensively in the following.

Though there are many critgal reviews focused on
reticular chemistry of COF powders,®%6> the review related to
COF thin films is rare. In this review article, we focus on the
recent developments on the fabrication of COF thin films
supported not only on the substrate but also as free-standing
forms. First, we summarized the synthesis strategies related to
bottom-up and top-down method. Second, we discussed the
existing applications of thin films in different fields such as
energy storage, semiconductor devices, membrane-separation
and sensors. Finally, we demonstrated a personal perspective
regarding to the future development. It is worth mentioning
that since the development of single-layered COF has been
recently reviewed,%® we focus on few layered COF thin films and
exfoliated CONs in this article by collecting recent important
developments in this exciting field and presenting critical issues,
challenges, and perspectives.
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The following Fig. 2 and 3 will be used to guide the readers
to better understand the monomers and reversible reactions
utilized for the construction of COF thin films.

2. Bottom-up strategy for the fabrication of COF
thin films

As stated above, the excellent properties and imperious
demands of COF thin films have triggered substantial research
interests for their synthesis. Bottom-up strategy, which is
usually related to the functional coatings on selected surface,
has been widely used in COF thin film fabrications. The key of
this strategy is to control the growth orientation of the film and
avoid random extension. Up to now, a number of highly
oriented COF thin films have been synthesized on various
substrates or interfaces by bottom-up strategy. However,
finding appropriate synthetic conditions for the COF thin films
growth is not easy. Generally, solvothermal synthesis is the
most frequently utili ethod for flat COF thin films
production. And oth iyt methods have also been

ynthesis under continuous flow
'e will summarize these approaches

jn C
orga

reaction mixture, followed by washing with related
olvents and drying under a stream of N,. The first
sful production of continuous COF thin films was
acChieved on the basis of the traditional COF synthesis route by
using solvothermal method, which put no specific requirements
on the surface of the supporting substrates. For instance, in the
case of COF-5,30 the traditional synthesis route is as follow: the
polymerization of 2, 3, 6, 7, 10, 11-hexahydroxytriphenylene
(HTTP, 1) and 1, 4-phenylenebis(boronic acid) (PBBA, 5) was
conducted in a Pyrex tube with mesitylene and dioxane as
solvents. The reaction mixture was heated to 100 2C for 72 h to
yield a free-flowing gray-purple powder. To deposit the COF
powders on the substrate for thin film formation, the most
native way might be to directly submerge the substrate into the
bulk COF reaction liquid.
SLG with remarkable photoelectric properties, especially
the 2D atomically precise structure, is a suitable interface for

coating 2D layered materials and can be transferred to other
different substrates.®’ Dichtel and co-workers demonstrated
that oriented COF thin films can be formed on SLG supported by
different substrates, such as SLG/Cu, SLG/SiC, SLG/SiO;, under
straightforward solvothermal conditions.>3 Specifically, the
COF-5 thin films was formed under the solvothermal
condensation of HHTP (1) and PBBA (5) at 90 oC in the solution
of mesitylene and dioxane with the presence of SLG/Cu
substrate (Fig. 4a-c). The hexagonal lattice of the COF-5 grains
aligned parallel to the substrate surface, which was verified by
powder x-ray diffraction (PXRD) and grazing incidence
diffraction (GID). This simple synthetic method is general for
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SLG transferring to other substrates including transparent fused
SiO, (SLG/Si0,). Importantly, the supporting substrates exert a
great impact on the qualities of the thin films containing the
uniformity and thickness. In the same reaction time, thicker
films were obtained on SLG/Cu compared with that of SLG/SiO».
Subsequently, they further fabricated the HHTP-DPB COF thin
films with a thickness of 132 * 18 nm and a series of Zn
phthalocyanine (ZnPc, 4) COF thin films with an average
thickness of 370 + 30 nm on the transparent SLG/SiO;
substrate.58 69

Soon after, Bein et al. fabricated a novel thiophene-based
BDT-COF thin film containing an electron donor unit.”® Different
from Dichtel’s work,>3- %8 69 3 lower concentration of starting
Indium-doped tin oxide (ITO)-coated or
NIO/ITO-coated glass substrates was employed. As a result, a
smooth and continuous organic thin film with the thickness of
150-nm on ITO-coated glass substrate was observed from the
top-view and cross-sectional scanning electron microscopy
(SEM) images (Fig. 4d and e). X-ray diffraction (XRD)
measurement was employed to analyze the crystallinity of the
thin films. The absence of peaks at low 28 (<20°) is related to
the mesoporous structure, while the strong and sharp
diffraction peak at 26.1° is referred to the m-m stacking of COF
layers. And GID investigation was further utilized to reveal the
preferred orientation of COF thin films that COF layers with
preferential orientation to the surface of ITO-coated glass were
synthesized verified by the reflection concentrated near q(z) =
0. The authors also grew BDT-COF thin films with high quality on
other polycrystalline inorganic substrates including NiO/IT

monomers with

coated glass and Au substrate, which led to a conclusion that, j
contrast to the previous thinking, the m-m interaction is ng
necessary reason for the oriented film growth. Later, Liu
workers prepared another electron donor contain
by using the conventional solvothermal meth
oriented growth of TTF-COF thin films on Si/Sj
transparent ITO-coated glass were also obtaifggd.

While boronic ester COFs and som if OFs show
poor oxidative and hydrolytic stapilitieqaB-ket@enamine-linked
COFs are another class of COFs w h cellent chemical

stability to water and aqueous a 015, Dichtel et al.
developed the B-ketoenamine-linQgd anthraquinone-based
COF (DAAQ-TFP COF) thin films by the modified solvothermal
synthesis.”2 Considering that the quick reaction rate leads to the
out-of-order thin film, the triformylphluroglucinol (TFP, 17) was
added slowly into the mixture of 2, 6-diaminoanthraquinone
(DAAQ, 25) and Au substrate instead of directly putting the
substrate in the reaction liquid. The absence of N-H stretch
along with the presence of C-N stretch at 1250 cm and C=C
stretch at 1560 cm- in Fourier transform infrared spectroscopy
(FT-IR) characterization verified the production of B-
ketoenamine linkage. The vertically oriented, layered structure
was further confirmed by GIDX with the observation of the (001)
peaks at Q. = 1.8 A1 and Q; = 0. As demonstrated by the
authors, the thickness upper limit of this DAAQ-TFP COF thin
film was 300-400 nm in practice, which is related to the initial
concentration of the reactive monomers. Then, another B-
ketoenamine COF (DAB-TFP COF) thin films were successfully

This journal is © The Royal Society of Chemistry 20xx

prepared on various metals and oxides through solvothermal
strategy.’? In a previous report,’* DAB-TFP COF was fabricated
by condensing p-phenylenediamine (DAB, 22) with TFP (17) in a
sealed glass. As this classical reaction condition was not suitable
for the homogenous COF thin film growth, Lu et al. modified the
synthesis method by growing COF thin films on ITO substrate in
an autoclave. From the top-view and cross-sectional SEM
images, the as-prepared DAB-TFP COF thin film was smooth and
homogeneous with a thickness of approximately 200 nm (Fig. 4f
and g). XRD and GID measurements confirmed the crystallinity
of the thin films. XRD pattern of the obtained thin films revealed
no reflection at low 26 degrees while a strong reflection at 27°
with respect to the r-it stacking of DAB-TFP COF layers emerged.
In the GID image, in-plane and out-of-plane diffraction of thin
films were observed clearly conformed to the bulk DAB-TFP COF.
In addition to the ITO substrate, the DAB-TFP COF thin films
were able to grow on other substrates, such as silicon, fluorine
doped tin oxide (FTO) and platinum.

In classical imine-ligked COF fabrication, aldehyde and

amine moieties woffld roduce amorphous polyimine
sediments during t al synthesis with the presence
of aqueous acetégg ac t which hinders the nucleation
and growth of ey recently, Yaghi and co-workers
introduced a new h enous synthetic route to fabricate

In this newly developed route, tert-
armanyl (Boc) group was employed to protect amine
%\ nous polyimine formation. More importantly,
OW® also helpful for oriented growth of imine-linked
hingfilm. As an example, LZU-1 COF thin films were
via immersing the substrate into the reaction system
contained 4-(tert-butoxycarbonylamino)-aniline (NBDPA,
30) to protect the amine moieties. With the homogenously
formation of protonated COF crystals, the nucleation of COFs
would be favored of the nucleation barrier facilitating the
growth of COF thin films. The as-prepared COF thin films were
highly oriented and uniform with the thickness of 190-nm which
can be tailored by varying the concentration of the growth
liquor and reaction time.
2.2 Interfacial synthesis

btal

Interfacial synthesis is a widely used approach for polymer thin
films fabrications such as polyamides nanofilms and graphdiyne
nanosheets.’®78 In this approach, the interface is where the
reaction between monomers occurs. Thus, the COF growth is
limited to the confined interface region, leading to the
formation of thin films. Two kinds of interfaces have been used
in COF thin films synthesis, i.e., liquid/air interface and
liquid/liquid interface.

Recently, Bao and co-workers developed a new synthetic
method to grow COF thin films at the solution/air interface
given that the interface such as liquid/air interface is beneficial
to the growth of COF thin films due to the good control of COF
nucleation as well as the thickness.”? Trisamine 2,6-
dicarbaldehyde-4,8-dioctyloxybenzo[1,2-b:3,4-b’]dithiophene
(BDTA, 18) and bisaldehyde tris(4-aminophenyl)amine (TAPA,
27) were selected as the building blocks to form polyTB COF. For
the formation of polyTB thin films, a highly reflective thin film
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was first obtained by two days reaction of BDTA and TAPA in a
covered petri dish at the solution/air interface. However, the
prepared COF thin films were too rough to be incorporated into
devices. To get COF films with smooth surface, the authors
improved the method by using diluted mother solution filtered
from bulk polyTB synthesis as the film growing solution at the
solution/air interface. The thickness control could be achieved
by varying the incubation times. In this work, the thinnest and
thickest films were 1.8 nm and 29 nm, respectively, and both
had a roughness of 0.2 nm on average. More recently, Zhang
and co-workers prepared a monolayer imine-linked COF at the
water/air interface by using dynamic imine chemistry.80
Terephthalaldehyde (13) and 1, 3, 5-trihexyl-2, 4, 6-tris(4-
aminophenyl)benzene (33) were selected as monomers. Three
hydrophobic n-hexyl groups of the monomer 33 would set
upright on the surface and extend to the air, while the phenyl
rings might be fixed by the hydrophilic amino groups at the
water/air interface, which made monomer 33 ideal for the
interfacial reaction. Moreover, reversible imine linkage would
induce self-correction and therefore lead to few defects. In this
typical experiment, a dilute mixture of monomers in chloroform
was spread on the water/air interface and run overnight. A
smooth, free-standing monolayer sheet was then obtained with
a thickness of 0.7 nm under the well-designed control.

For the liquid/liquid interfacial polymerization, two non-
miscible liquids are utilized to create the interface at the
junction. For example, Dey et al. successfully synthesized a
series of large-scale thin films at the interface of
water/dichloromethane.3! To take an example, Tp (17) w
dissolved in dichloromethane, and 2, 2’-bipyridine-5, 5’-diami
(Bpy, 42)-p-toluene sulfonic acid (PTSA) salt was addedg
water on the top layer. The reaction took 72 h aj
temperature to obtain free-standing Tp-Bpy thin
highly crystalline nature. The thickness of the thin

adjusted by the selection of the precursor co r And
the thin films could be easily transferred to artrary @ubstrates,
such as metallic wires, holey grids and g u and in the
meantime, remained the integrity of tfge cry$alline structure
and physical shape. In another e-linked TAPB-

PDA COF thin film was presented uid/liquid interface
by the polymerization of terephthalafehyde (PDA, 13)and 1, 3,
5-tris(4-aminophenyl)benzene (TAPB, 26).82 Different from
traditional interfacial reaction, Sc(OTf); was employed to
facilitate the imine formation and limit the polymerization at
the interface. The Lewis acid catalyst Sc(OTf); with water
tolerance shows better solubility in the water phase compared
with that in the organic phase. As a result, Sc(OTf)3 catalyst are
preferentially dissolvable in the water phase while COF
monomers with preferred organic solubility were transferred to
the organic phase. This spatial segregation of COF monomers
and catalyst enabled the site-selective polymerization to
provide a thin film at the organic/water interface. Specifically,
water was added to the mixture solution of PDA, TAPB and 1, 4-
dioxane/mesitylene which contained small amounts of Sc(OTf)3
(Fig. 5a). The lateral dimension of the as-prepared thin films was
greatly depended on the size of the reaction vessel. And the
thickness of COF thin films could be easily adjusted by varying

4| J. Name., 2012, 00, 1-3

the original monomer concentration and/or the volume of the
organic phase. Importantly, the thin films were readily
transferable to various substrates and the integrity retained,
even if it was the thinnest film.

2.3 Room temperature vapor-assisted conversion

Considering the instability of fragile building blocks which are
sensitive to the harsh conditions used in solvothermal synthesis,
Bein and co-workers came up with a mild method named room
temperature vapor-assisted conversion synthesis.83
Benzodithiophene-based BDT-COF and COF-5 were employed
to verify this strategy. Taking BDT-COF as an example, a mixture
of benzodithiophene diboronic acid (BDTBA, 8), HHTP (1), dry
acetone and absolute EtOH was first filtered through a syringe
filter after ultrasonication. Then, the obtained BDTBA/HHTP
mixture was drop-casting on a glass substrate, followed by
putting the substrate into a desiccator together with a small
glass vessel loaded with mesitylene and dioxane. A dark-green
organic layer with the thickness of 7.5 um can be obtained after
72 h at room tempera It should be noted here that the
thickness control can lcved by tailoring the droplet
volume as well a ntration. Specifically, when
to 2/5 of former used volume
the same, the thickness of the COF

% J’nm was obtained. This excellent method allows
cting COF thin films with fragile precursors as well as on
iveglubstrates, and therefore leads to wider applications.

4 Synthesis under continuous flow conditions

ontrast to the conventional static growth procedure, Dichtel
et al. synthesized a smooth and dense COF thin film under
continuous flow conditions recently.8 Considering the poor
control over the polymerization in previous method, they
modified the 2D COF thin films growth using a flow cell, which
enabled the COF formation amenable. In order to synthesize
COF-5 in a flow cell, the monomers HHTP (1) and PBBA (5) first
reacted slowly at 25 2C, and then COF-5 formed after 2 min of
induction period when the temperature rose to 90 2C.
Specifically, the reaction mixture was pumped through a
reservoir with a heated temperature of 90 2C, and then entered
into a flow cell equipped with a quartz crystal microbalance
(QCM) substrate for mass deposition monitor. The authors
investigated the relation between the reaction conditions
(temperature, resident time, reaction mixture composition, and
the flow rate) and thin film formation. For example, the resident
time changes the average polymerization degree of reaction
mixture when it reaches the substrate. Specifically, short
resident time results in monomers and small oligomers
encountering the QCM substrate, while longer resident time
makes for larger species reaching the growth substrate.
Meanwhile, a series of boronate ester-linked COFs, DPB-COF,
TP-COF, and COF-10 were grown in flow to confirm the
suitability of the method. As a result, for the first time, constant
deposition rate can be achieved and film thickness can be
controlled under continuous flow conditions.

This journal is © The Royal Society of Chemistry 20xx



The COF thin films fabricated via bottom-up strategy are
summarized in Table 1. As mentioned previously, while there
are several methods with respect to bottom-up strategy, the
simple and straightforward solvothermal synthesis is the most
frequently used method. However, limitations still exist: (1)
unreacted monomers and small oligomers may contaminate
the thin films and block the pores; and (2) it is difficult to
monitor the nucleation during the film formation. Synthesis
under continuous flow conditions solves the problem of thin
film contamination, however, in the cost of monomer waste.
The approach related to the reuse of unreacted monomers
needs to be explored. In that case, room temperature vapor-
assisted conversion synthesis and interfacial synthesis seem to
be more attractive, but their applicability requires the further
research. In short, more comprehensive studies about optimal
reaction conditions such as temperature, concentration and
reaction times of COF thin film growth are clearly warranted,
and the influence of the chosen substrate should be discussed
deeper. Moreover, additional methods are still needed.

3. Top-down strategy for the fabrication of COF
thin films

Different from the abovementioned bottom-up strategy, the top-
down method means simple preparation of free-standing single-
/few-layered COF thin films from bulk materials, instead of growing
it on specified substrates or interface. Compared to the bottom-up
method that is usually expensive and needs strict conditions, the top-
down method is cheaper and more straightforward. As we know th
bulk 2D COF crystals are layered structures with different lay
stacked each layer along the vertical direction via weak intergfts
including van der Waals force and/or hydrogen bonding. %
down synthesis is designed to break the m-mt interacti

the COF layers by internal or external force to produce offe

layered free-standing COF thin films. In thisffsections will
demonstrate various synthetic methods i d tgtop-down
strategy including solvent-assisted ¥ mechanical

self@xfoliation. The
rom the source of

exfoliatk
distinction between these different

delamination, chemical

the peel strength. For example, the s§Fexfoliation method mainly
relies on the internal force while the solWpnt-assisted exfoliation and
mechanical delamination are caused by external force. In the
following, all the different methods will be elaborated separately.

3.1 Solvent-assisted exfoliation

As the most commonly used method for COF exfoliation, a
plenty of examples could be found in the published works.5° 85
88 This review selects several representative cases to elucidate
this simple but effective method. Inspired by the successful
exfoliation of graphene by sonication in well-chosen solvents,8?
Berlanga et al., for the first time, obtained the delaminated
CONs with 10-25 layers by using solvent-assisted exfoliation
method.>® Boronic ester-linked COF-8 was selected as the bulk
sample, which was synthesized by the condensation of HHTP (1)
and BTPB (9) demonstrated in previous literature.?® The authors
expected to weaken the m-m interactions between COF layers
via mechanical force like sonication with the help of suitable

This journal is © The Royal Society of Chemistry 20xx

solvent. This is possible given that sonication can accelerate the
intercalation of solvent molecules into the COF, which increases
the interlayer space and therefore weakens its interlayer
interaction. Moreover, solvent plays an important role in the
exfoliation of the layered COFs, which not only exfoliates the
layered COFs but also stabilizes the as-formed nanosheets.
Specifically, suitable surface tension between the layer crystal
and solvent is a key point in lowering the energy and improving
the efficiency of exfoliation. Particular solvent with COF-
matched surface energy enables the balance of the exfoliated
energy.8% %1 Low exfoliation rates are found when an improper
solvent is used. Furthermore, proper solvent can also prohibit
the aggregation of the nanosheets.?? Among the solvents
utilized, CH,Cl; stood out because of its excellent properties
such as suitable surface energy, volatility and high chemical
purity. A certain amount of COF-8 powders was dissolved in
anhydrous CH,Cl; and the mix liquor was sonicated for 15 min.
The consequent suspension was then centrifuged for 5 min
leading to a color-less soldtion. Finally, the solid residue of the
infrared radiation (IR), X-ray
, and so on. Specifically, the IR

photoelectron spec
signature of the

d by AFM and TEM. It is worth mentioning that
ONs could be transformed to any substrates
Jfecting the original properties. To better understand
ence factors with respect to the COF exfoliation, a
r research on the effects of COF structure on the
exfoliation was introduced.® A series of
poly(aryleneethynylene) COFs with different pore size (from 1.4
to 3.3 nm) was employed to study the impacts of porosity and
reaction time. This kind of COFs was constructed by carbon-
carbon bonds via Sonogashira-Hagihara coupling procedures.®3
The results showed that smaller pore size and longer sonication
time lead to thinner CONs which means higher degrees of
the
weakened by the increase of sonication time.

However, the application of the as-synthesized boronate
ester COF thin films is limited due to its poor hydrolytic and
oxidative stability as well as the palpable interlayer stacking
energies. As the acyl hydrazones could overcome the above
drawbacks, Dichtel and co-workers prepared the 2D hydrazone-
linked COF-43 thin films under mild conditions and further
proved the feasibility of the solvent-assisted exfoliation method
(Fig. 6a).86 COF-43 was fabricated by the method reported
previously and confirmed by PXRD.36 Interestingly, the
crystallinity of COF-43 became weak when the powder was
submerged into the dioxane, H,0, and DMF which was different
from that of other common solvents such as THF, CHCI; and
MeOH. In order to prove that the weakness of crystalline was
resulted from the exfoliation of the multilayers rather than the
disruption of covalent bond, the authors first eliminated the
hydrolysis process proved by FT-IR and solid-state IR which
demonstrated the integrity of hydrazine links. Then, AFM and

exfoliation. Importantly, impact of porosity can be
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selected area electron diffraction (SAED) data of the contrast
experiment further verified the exfoliation of layered COF-43
and the function of solvent in the case of COF-43 exfoliation that
exfoliating solvents led to thinner COF-43 nonasheets while
non-exfoliating solvents obtained poor-constructed COF-43
multilayers. Very recently, another imine-linked TPA-COF thin
films were prepared by Zhang and co-workers via simply
sonicating TPA-COF-ethanol mixture.8” TPA-COF powders were
dispersed in ethanol and the mixture was then sonicated for 3
h. After 24 h stewing, the upper colloidal suspension containing
exfoliated TPA-COF nanosheets was collected and centrifuged.
The free-standing TPA-COF thin films were left as sediments.
TEM characterization confirmed the 2D nanosheets structure
and AFM image showed that the thickness of as-synthesize TPA-
COF thin film was 3.5 £ 0.3 nm equivalently to 9 £ 1 layers (Fig.
7a and b). Interestingly, this ultrathin quality enabled the
visualization of detailed structure information of TPA-COF
nanosheets such as pore channels and building units via low-
dose imaging technique of TEM for the first time (Fig. 7c and d).
3.2 Mechanical delamination

Another effective and precaution-free method, namely
mechanical delamination, was employed by Banerjee et al.®*
When fabricating TpPa-1 and TpPa-2 by using a solvent-free
room-temperature  mechanochemical method, it was
discovered that the exfoliated COF layers also existed.?®> As
demonstrated by the authors, mechanical grinding would break
the strong n-mtinteractions between COF layers which made the
COF exfoliation possible. With this in mind, they further
prepared a series of TpPa and TpBD COF thin layers under t
same condition (Fig. 5b). A certain amount of bulk COF materi
was put in a mortar with several drops of methanol and
fully grinded by a pestle at room temperature for 30 mi
the collected powder was dispersed in the metha

and centrifuged until a clear liquid was obtaine

standing COF thin films were obtained er ¢ tely
evaporating the solvents. The TEM _i e Pnd AFM
measurement confirmed the existenceffof flat osheet-like
structures with the thickness of n rregponding to ~10-

30 COF layers (Fig. 7e and f). Me
spectroscopies indicated the stru
films after delamination except for t
which was verified by the PXRD profile. Moreover, these COF
thin films remained stable in both acidic and basic solutions
similar to their parent COFs.

Different from the mortar & pestle system, another
scalable and simple mechanical delamination method with
respect to ball milling was employed to delaminate an
anthraquinone based COF (DAAQ-TFP-COF).% The vibratory ball
worked at room temperature with the DAAQ-TFP-COF materials
put in a milling pot without any other exfoliating agents to
obtain DAAQ-TFP-COF nanosheets. Thickness was tailored by
changing the vibration frequency and time. By elegantly
selecting the vibration frequency of 50 Hz for 0.5 h, a free-
standing DAAQ-TFP-COF thin film with a thickness of 3-5 nm was
obtained. Later on, Hu and co-workers also fabricated the
melamine/o-phthalaldehyde condensed CONs using modified

T-IR and Raman

decrease of crystallinity
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ball milling method.®” The COF was prepared via solvothermal
procedure.®® Then the as-prepared COF was wet-ball milled in
the presence of DMF at 225 rpm for 24 h and sonicated 30 min
for dispersion. The obtained mixture was centrifuged to collect
supernatant which was regarded as CONs. Comparing the XRD
patterns of bulk COF and the given CONs, the intensity of the
characteristic diffraction peak at around 23.5° dropped
remarkably related to CONs indicating the production of CONs
considering the crystalline damage caused by the external ball
milling force. On the other hand, the COF and CONs shared
similar chemical structure despite the slight change as
evidenced by the FT-IR spectrum. TEM image verified the
multihole nanosheets. XPS spectra was employed to investigate
the bond state and atom composition of the samples. The
characteristic peaks of Cis in high-resolution XPS spectra were
assigned to C-C (284.7 eV), C-N (285.4 eV), C=N (287.4 eV), and
C=0 (280.0 eV). Two typical peaks were revealed in Ny high-
resolution XPS spectra, comprising N=C (389.5 eV) and N-H
(399.9 eV). And the atomjgpercentage of carbon, nitrogen, and

terface via layer by layer assembly. As known, 9- and 10-
ion of anthracene units are easy to be attacked via [4 + 2]
cyaloaddition reaction.92 The n-it stacking between layers and
the planarity of each layer can be weakened with the
intercalation of N-hexylmaleimide into the COF backbone which
leads to the COF exfoliation. In this exfoliation process, the
anthracene-based imine-linked COF DaTp was first condensed
by 2, 6-diaminoanthracene (Da, 24) and Tp (17) through
standard solvothermal protocol. Then [4 + 2] cycloaddition
reaction was employed to introduce N-hexylmaleimide into
DaTp, which led to the weaker m-nt interactions between COF
layers, and thereby obtained the exfoliated DaTp COF
nanosheets. Considering that the long alkyl chains and dipole
forces can make it possible for DaTp COF nanosheets to form
thicker thin films by layer by layer assembly, a conventional
air/water interfacial layer by layer assembly method was
employed to control the thickness.193 A suspension of DaTp COF
nanosheets in dichloromethane (DCM) was added drop wise
into a beaker of water, where water served as the liquid phase
considering the fact that the hydrophobic alkyl chains enable
the levitation of the nanosheets on the surface of water, while
DCM with lower surface energy and higher vapor pressure was
act as the spreading solvent. A temporary DCM-water bilayer
was generated by quickly spreading the nanosheets suspension
to the water surface, and a semi-transparent COF thin film was
obtained after rapidly evaporating the DCM layer within 60
seconds. SEM, AFM and optical microscopy images further
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indicated the formation of a continuous, defect-free, and free-
standing COF thin film with a thickness of 5-6 nm (Fig. 8c-f). To
verify the thickness control of layer by layer assembly, three
parallel experiments with different suspensions were also
conducted, which indicated that higher concentration led to
thicker films.

Later, the same group further expanded the research to
synthesize CONs via post-synthetic modifications.> Hydroxyl (-
OH) units are perfect moiety for modification because of their
facile derivatizable nature under moderate conditions.104
Keeping this in mind, the authors elaborately chose 4-
aminosalicylhydrazide (ASH, 36) as one of the linkers for COF
construction while 4-aminobenzohydrazide (APH, 34) without
hydroxyl chosen for comparison. 1, 3, 5-
triformylphloroglucinol (Tp, 17) and diamines (APH, 34, or ASH,
36) were condensed with the existence of PTSA through a
neoteric solid-state mixing procedure to synthesize TpAPH and
TpASH. And a three-step approach was employed to obtain
functional target CONs. First, with the adding of glycidol (Glc),
the phenolic hydroxyl groups were converted to alkyl hydroxyl
groups to make TpASH-Glc CONs by opening the epoxy ring.
Then the as-synthesized surface alkyl hydroxyl groups were
transformed to amines in the presence of APTES for amine
functionalized CONs producing. Finally, the cellular targeting
ligand folic acid (FA) was involved to fabricate objective CONs
(TPASH-FA). As demonstrated by the authors, the as-prepared
CONs owned excellent aqueous dispersibility due to their
surface functionalization.
3.4 Self-exfoliation method

was

In contrast to developing CONs with the aid of the external for
the self-exfoliation method is more likely to depend on thg
designed building block to induce the peeling-off by
force. For example, in El-Kaderi et al.’s work,
interactions between the as-prepared COF layers

due to the insert of triptycene units. Based o s, t ethyl
groups were introduced into the 9, 10-posiqgn of Priptycene
tricatechol (TPTC, 2) to further enlarg e dis e between
the COF layers, which enabled th foliqon ofmonolayer COF

thin film.1°%6 More recently, Rah and co-workers
incorporated guanidinium units i thé COF backbone to
obtain self-exfoliated ionic covalent§rganic thin films.197 The
authors fabricated three different CONs (TpTG¢ (Fig. 9a-b),
TpTGgr, and TpTG)) through Schiff-based condensation using the
conventional solvothermal synthesis. From the PXRD pattern,
the crystallinity of the obtained CONs was relatively low. Weak
m-1t stacking between the layers could be verified by the broad
peak at 20 = ~27.3°. On the other hand, with the molecular
dynamics (MD) simulation studies, the average interlayer m-mt
stacking distance of TpTG¢ was increased from initial 3.338 A to
~5.5-6 A. The authors ascribed this to the inherent positive
charge of guanidinium units and the existence of the loosely
bound chloride ions, and concluded that the ionic CONs with 3-
6 layers were successfully synthesized, which was further
proved by TEM analysis as well as AFM measurements (Fig.
9c-h).106, 108 Compared to other breaking-off methods, self-
exfoliation method seems to be a simpler way because of its
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internal synthesis and avoided restacking. Moreover, it’s
possible to use ionic building units not only to start up the self-
exfoliated process but also act as targeted functional group,
which broadens the applications of COF thin films.

The free-standing COF thin films fabricated via top-down
strategy are summarized in Table 2. Four major fabrication
methods related to top-down strategies have been explored.
Obviously, solvent-assisted exfoliation is the most frequently
used method. Compared with other methods, this method
enables the high-yield and massive production of ultrathin
nanosheets in solution at low cost, since the process is quite
simple. Chemical exfoliation and self-exfoliated process are able
to introduce functional groups not only avoiding aggregation
but also acting as targeted function. As for solvent-free
mechanical delamination, toxic organic solvents are well
avoided. While the aforementioned methods have their
respective advantages and have succeeded in the preparation
of free-standing COF thin films, there still have some shortages.
On the one hand, thegpbtainment of true single-layered
nanosheet is difficult affd the aggregation of monolayers exists
because of the stac ctMn; on the other hand, the yield
of CONs is r hich hinders the industrial
applications. Wha e generality of the methods has to
be proven. What rth mentioning is that colloidal
of COFs provide new opportunities for free-
hin films.10%, 110 Spolution-casting of COF colloids
W free-standing films with controlled size and
example, Dichtel et al. reported a COF-5 film
evaporating solvent from a colloidal suspension.10?

he repared film retains the integrity of crystallinity same
e original colloidal solution and exhibits a preferential
orientation compared with that of thin films obtained from in-
suit growth on the substrates. These results represent an
important aspect for the developing free-standing COF thin film
using top-down strategy and further studies are also needed to
decode the film aggregation mechanism.

4. Applications of COF thin films

The application of bulk COFs suffers a lot from their insoluble
and unprocessable characters. It is necessary to facile
synthesize long-range ordered COF thin films for better
performance. As demonstrated above,
methods have been employed in the COF thin films fabrication.

various synthetic

One can understand that different synthetic methods lead to
different properties of materials and therefore the different
applications. In this section, we will discuss the existing works
that COF thin films have been employed to achieve specialized
functions and summarize the applications covering energy
storage, separation membranes, chemical sensors, etc.

4.1 Energy storage

With the population growth and industrial explosion, one of the
most serious problems facing the world is energy shortage.
Clean, renewable energy sources and energy storage devices
including lithium ion battery, supercapacitors, and solar cells
are urgently needed.!11-113 COF thin films with enhanced
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specific area, ultrathin thickness and accessible functional sites
are considered as promising platform for energy storage
applications. Some intriguing progress have been made in
energy storage based on COF thin films in recent years.

4.1.1 Lithium-ion batteries. Theoretically, ultrathin COF
thin films with limited layers enable the reduction of
ion/electron migration length as well as the facilitation of
ion/electronic diffusion. Moreover, a mass of available Li sites
on or near the surface also endow the rapid charge-discharge
cycles and the full utilization of redox sites. Anthraquinone as a
redox-active unit has attracted considerable attention in the
application of energy storage.l14116 Wang et al. conducted a
research on the usage of free-standing anthraquinone-based
COF thin films in Li* batteries. Compared with bulk COF powders,
the exfoliated COF thin films owned the enhanced efficiency of
redox-active sites utilization and the rapid kinetics for lithium
storage due to their shorter Li* diffusion pathways. In a typical
experiment, a redox-active DAAQ-ECOF with the thickness of 5
nm was prepared via mechanical milling method. In the process
of charge-discharge cycles at 20 mA g1, DAAQ-ECOF delivered
96 % (145 mA h g1) of its theoretical capacity after 70 cycles,
while only 73% have been achieved by its pristine counterpart
DAAQ-TFP-COF. After 1800 cycles of charge/discharge, DAAQ-
ECOF still possessed a reversible capacity of 107 mA h g1 at 500
mA g1 and 98% capacity retention. Interestingly, with carefully
molecular design, the capacity could be improved to 210 mA h
gl and the discharge voltage could be increased to 3.6 V. In
another study, Chen et al. explored the Li* conductivity of CONs,
which isimportant for the construction of Lithium batteries. T
target product Li-CON-TFSI was synthesized via a three-st
method. Briefly, they first synthesized the cationic CON gath
chloride counterions (CON-CI) by self-exfoliation methog
intermediate CON-TFSI was formed through an io
between CON-Cl and lithium bis(trifluoromethane)

(LiTFSI). Li-CON-TFSI was finally obtained after, Ix of
LiTFSI salt and CON-TFSI which was dissolve@in et{fyl alcohol
liquor. The as-prepared Li-CON-TFSI ignificant
increased conductivity of 2.09 x 104 S ! at 40 °C which was
higher than that of MOF/C e ctrolytes with
plasticizers.

4.1.2 Capacitors. As kno
materials are also frequently used as organic redox couples for

Anthraquinone-based

electrochemical capacitors,117. 118 whereas the electroactivity of
anthraquinone is relatively leading to a bad cycle
stability.119. 120 Zha et al. developed a kind of anthraquinone-
contained COF thin films on 3D graphene (COFpaaq-81a-3DG) as
a promising negative electrode for hybrid electrochemical
capacitors.'?! Layered COFpaaq-s7A-3DG enabled the increased
mass loading of anthraquinone and an improved accessibility of
anthraquinone moieties up to 13.45% in an alkaline media. The
capacitance of as-prepared COFpaaa-s7A-3DG was 31.7 mF cm™
which can be well-used as capacitive electrode in alkaline
condition. Later, Dichtel and co-workers also synthesized an
anthraquinone-based DAAQ-TFP COF Au
substrate.”? Cyclic voltammetry experiments confirmed that a
larger percentage of anthraquinone in DAAQ-TFP COF thin films
was electroactive compared with that of COF powders.38

low

thin film on
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Though poor proton transfer in thin-film electrode led to slow
charge transfer, large proportion of accessible
anthraquinone subunits enabled the increased conductivity
through electron self-exchange process. Furthermore, as
demonstrated by Galvanostatic Charge Discharge Cycles (GCDC)
experiments, the charge storage capabilities increased by 7.5
times with the utilization of DAAQ-TFP COF thin films. The
results revealed that the DAAQ-TFP COF thin films have great
potential to be incorporated into supercapacitors.

4.1.3 Solar cell and fuel cell. Early in 2011, Dichtel and co-
workers pointed out that the high crystallinity and orientation
of COF thin films on SLG/SiO, substrates have the potential to
construct photovoltaic devices with designed functional -

a much

electron systems and pioneered the research by growing crystal
and aligned tripenylene-pyrene COF thin films and
phthalocyanine COF thin films on SLG/SiO, surface for further
photovoltaic applications.>®> TP-COF was synthesized by the
polymerization of HHTP (1) and Pyrene-2, 7-diboronic acid
(PDBA, 6), while NiPccRBBBA COF was condensed by Ni
octahydroxyphthalocy#ffiine (NiPc, 3) and PBBA (5). The GID
dates of TP-COF ti§ NiPc-PBBA COF thin films
revealed the nt of the 2D lattice. The
-COF thin films showed the

PQRQ pyrene. For NiPc-PBBA COF thin films, the
% in the visible region of the spectrum derived
' ocyanine chromophores. Both TP-COF thin films
iP#PBBA COF thin films are ideal precursors for
taic applications. Besides, Montoro et al
nstrated the potential of COF thin films for fuel cells.122
RT-COF-1Ac and RT-COF-1AcB were prepared based on the
condensation of TAPB (26) and 1, 3, 5-benzenetricarbaldehyde
(BTA, 14). And a post-synthetic strategy was employed to obtain
LiCI@RT-COF-1 from the reaction between RT-COF-1 and LiCl.
The films of RT-COF-1Ac, RT-COF-1AcB, and LiCI@RT-COF-1
were selected to test their performance to act as solid
electrolytes in proton-exchange membrane fuel cells (PEMFCs)
(Fig. 10). Characterized by a series of measurements, the RT-
COF-1AcB films displayed the best performance. For RT-COF-
1AcB film-based PEMFCs, an optical balance between high
conductivity values and low H, fuel crossover under 1.1x 102 S
cm1at 323 K led to the maximum current density (53.1 mA cm-
2) and maximum power density peak (12.95 mW cm2).
4.2 Semiconductor devices

The structural features of COFs are advantageous for carrier
transportation in semiconductor electronic devices. Lots of
researches on fabricating functional electron units into 2D
layered COFs to construct electronic devices with high
performance have been reported.123. 124 Despite the promising
results, it is hard to incorporate bulk COFs into devices with full
contact, which leads to the weak performance because of the
insolubility of COF powders. In addition, the low intrinsic
conductivity also hinders their applications.’?> Single or few
layered COF thin films offer considerable potentials for the
fabrication of semiconductor device. The unique properties of
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the electronic COF thin films enable them to be used as
semiconductor devices with high performance.
Tetrathiafulvalene (TTF) building block has been used as
electroactive unit to synthesize semiconducting COFs.126, 127
While the charge-carrier mobility in bulk COF is high, the COF
powder nature weakens their applications. Cai et al. reported
an oriented TTF-COF thin films and its doping related
conductivity.”! The porous nature of TTF-COF thin films enables
the infiltration of electron acceptors such as I, or
tetracyanoquinodimethane  (TCNQ) as  charge-transfer
partners.1?2 The authors fabricated TTF-COF thin films with
Au/Cr electrodes to detect the conductivity. Comparing the /I-V
curves of the TTF-COF thin film device before and after exposure
to I, electronical conductivity of the device significantly
increased with the existence of |, vapor. In the 24 h-exposure,
the conductivity increased to a maximum of 0.28 S m'1 which
was three times order magnitude higher than that of the
pristine film and among the highest for COF materials. While
being removed from the |, vapor, the conductivity of the device
decreased to 1.0 x103 S mL. The authors also used TCNQ as a
non-volatile dopant to further verify the doping influence.
Similar to the 1, doping, the conductivity increased after
immersing to a solution with TCNQ, and then remained stable
even after removing the TTF-COF thin films from the solution. In
addition, PXRD analysis was performed to verify the retained
crystallinity of the TTF-COF after doping. As electronical
transport properties significantly depend on the film
morphology and molecular arrangement,?°-131 Medina et al.
investigated the directed charge carrier transport as well as t
additional electrical properties using oriented BDT-COF thin fil
device as a model system.132 The charge-carrier transport

the columnar stacks is an important factor for judgi
overall performance of COF thin films based dgum
oriented BDT-COF thin film was grown on glass
electrode as method mentioned above. And a

utilized as top electrodes. Comparing the pdformagce of the
BDT-COF thin film with the thickness o ame to a
conclusion that the thinner CQF-film@leads@o higher hole

mobilities. As demonstrated b
dependence came from the inhe cetron-defects in the
BDT-COF stacks. Thicker films mean Yore layers and therefore
more electronic defect in the stack. The defects cannot be
efficiently evaded given that the charges cannot transport along
the alternative paths. The average hole mobility tripled under
illumination compared with that in the dark due to the
increased charge density allowing the electronic trap states to
be filled. Further, hole-only devices (HODs) was constructed to
measure the columnar hole mobility in a diode configuration.
Borate ester linking groups within the BDT-COF thin films
enabled the high resistivity towards charge migration. The
characterization of BDT-COF thin films revealed the potential of

, the thickness

BDT-COF thin film to be a semiconductor device material.
Field-effect transistors (FETs) are organic-based electronic
devices that can be used for the detection of charge transport
efficiency in organic materials.133 In-plane charge transport as
well as transport in a few molecular layers challenge the FETs
performance.13* Bao and co-workers synthesized an imine-
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based COF (named “polyTB”) film at the solution/air interface
and incorporated it into a thin-film FET as a semiconductor
active layer.”® However, the average mobility of the transistors
was relatively low because of the thin film defects. Later, Wang
and co-workers prepared another imine-linked COFtpy-pppa thin
films on SLG by solvothermal synthesis for the fabrication of
Vertical field-effect transistor (VFET) device (Fig. 11a).132 135
VFET is an efficient electronic device constructed by drain
electrode vertically stacking source electrode and channel
layer.13¢ The thickness of the deposited semiconducting
substrate has a great influence on the short channel length. In
this report, the SLG/COF-VFET device was constructed by
incorporating COFrepy.pppa thin films with an average thickness
of 50 nm as the transport channel while the SLG acted as the
source electrode (Fig. 11b). Due to the synergistic effect of the
heterostructure of COFtepy-pppa thin film and conductivity of SLG,
a remarkable ambipolar charge transport behaviour of the as-
prepared SLG/COF-VFET device was observed under the
adjustment of supplied ygltages, which may originally come
from the lower injecffon barriers for electrons and holes
injection as well as
state of SLG (Fi

e and 108 in p-type regime was obtained under the
w manipulating voltages. The highest on-current
Wrieve 6.8 Acm~2for hole transportingand 4.1 A
ron delivering. COFrepy-proa thin films with the
and the
ducting performance demonstrated its prospective

ambipolar  behaviour excellent
emi
ation in semiconductor devices.

4.2 Membrane-separation

Molecular separations, especially gas separation and water
purification, have aroused much attention for decades due to
their importance to the development of clean energy and
environmental protection.'37-140 Among the known separation
strategies, membrane-based separation with the advantages of
easy to design, low energy consumption and environmental
friendliness is given preference.#-143 Among the traditional
with
artificially drilling holes as porous fillers exhibits moderate
performance because of the structure defect or poor
compatibilities.** While inherit porous materials such as
zeolites, 145 MOFs146-148 gnd zeolitic imidazolate frameworks
(ZIFs)14 show a significant potential for membrane separation
owing to their ordered pore channels, these material-based
membranes, which are usually prepared within polymeric
matrixes or by growing them on a support, show lower
performance of permeance and separation due to the covering
effect within the hybrid matrixes and poor adhesion or
improper growth on the support.150-152 COF thin films with
ultrathin layers, large area, tunable pore size and chemical
functionality are beneficial to membrane fabrication. And
membranes based on COF thin films are expected to exhibit
both high permeability and high selectivity.

membranes, employing graphene-based materials
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Recently, COF thin films have been widely used in the
fabrication of nanofiltration (NF) membranes especially “thin
film composite” (TFC) membranes. Kandambeth et al. prepared
two kinds of COF membranes (COMs) M-TpBD and M-TpTD to
explore their applications in wastewater treatment and organic
solvent recovery.’>3 The COMs with continuous surface were

prepared by an optimized sequential reagent addition approach.

In brief, aromatic diamine, PTSA and H,0 were firstly mixed to
get an organic salt. Then the mixture and Tp (17) were shaken
completely using a vortex shaker to form the dough. Knife-
casting and baking were further used to make the COMs which
can be exfoliated from the glass surface. The M-TpBD
membranes rejection for rose Bengal (RB) was 99% while that
of the M-TpTD membrane was 84% due to the smaller pore size.
Moreover, as illustrated in Fig. 12, M-TpBD had a selectivity of
nitroaniline over RB indicating that dye molecules with the
molecular dimension above 1 nm could be rejected by M-TpBD.
The COMs also showed high performance of organic solvent
permeance. The acetonitrile permeance capability of M-TpTD
was 2.5 orders of magnitude higher compared with that of
previous reported polyamide-based nanofiltration
membranes.’>* Later, the same group synthesized another
series of COF thin films (Tp-Bpy and Tp-Azo) with the thickness
of ¥50-200 nm through interfacial process at room-temperature
without knife-casting or baking.8 The as-prepared free-
standing COF thin films can be used as molecular sieve analogue
to separate organic solvent. Tp-Bpy and Tp-Azo were selected
to incorporate with macroporous polyester-3329 supports,
respectively. Both COF thin films exhibited high solven
permeance and solution-rejection performance. Important|
Tp-Bpy thin films performed brilliant aceetonitrile perme
up to 339 L m2 hl barl. More recently, Matsumotg
reported a kind of poly(ether sulfone) (PES)-supg
membranes integrated with COF thin films for the @ i
Rhodamine WT (R-WT).82 The COF-PES mem el
higher R-WT rejection of 91% compared with fat of@ES alone.
Then the same group incorporated a er ~PDA COF
active layer into PES NF membrane@to fd@m asymmetric
membranes.1’>> The TAPB-PDA C
higher R-WT rejection and lower
with that of PES support alone. In
prepared COF-LZU1 membranes
solvothermal synthesis.1>¢ The membranes owned a remarkable

ranes exhibited
P eability compared
other report, Fan et al.
tubes via

on alumina

water permeance up to 760 L m2 hl bar?! and an excellent
rejection
molecular dimensions larger than 1.2 nm.

rates above 90% for water-soluble dyes with

Besides, COF thin film membranes can also be used in gas
separation. A recent computational study reported by Zhong
and co-workers exhibited the remarkable performance of
ultrathin COF membranes comprised with the few stacked
layered COF nanosheets. The CO, permeation flux was high and
the CO,/N, separation selectivity varied from non-selectivity to
high selectivity largely depending on the stacking model.157
Recently, Li et al. introduced a novel high-quality COF-1
membrane via assembling exfoliated COF-1 nanosheets on the
surface of porous ceramic support.8 Single-gas permeation of
COF-1 membranes showcased a Knudsen-diffusion mechanism.
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The as-synthesized COF-1 membranes had a higher H,
permeance than MOF membranes and grapheme sheets.158160
Moreover, the permeation performance of COF-1 membrane
maintained instant under high temperature which was also
better than MOF membranes.6!

In addition to the COF thin films used as TFC membrane
forms, COF thin film-based mixed-matrix membranes (MMMs)
constructed by incorporating the COF layer into the polymeric
matrixes have also been studied. Notably, compared to the bulk
COF-based MMMs, 162165 the enhanced stability and
compatibility within polymeric matrixes resulting from the
nanosheet morphology endow the MMMs with better
performance. For example, Zhao et al. prepared two kinds of
COF nanosheet-based MMMs for gas separation.166 NUS-2 and
NUS-3 nanosheets were obtained with the size of 50-100 nm via
solvent-assisted exfoliation. Poly(ether imide) (Ultem) and
polybenzimidazole (PBI) were selected as polymeric matrixes.
The obtained nanosheets were then blended into the polymeric
matrixes to produce M s (NUS-2@Ultem, NUS-3@Ultem,

BPher pressures which has exceeded the 2008
bound.%7 On the other hand, when conducting
gas tests, the performance was deterioration slightly
€ of the competition between CO; and H, in membranes.
r water treatment, Banerjee et al. fabricated stable
guanidinium-based CONs (TpTGg) by self-exfoliation method
and incorporated the as-synthesized CONs with PSF to form
MMMs, namely, TpTGq@PSF.1%7 The TpTGg@PSF has an
inherent antimicrobial property by retarding bacterial growth
filler paper.1 As this hydrophilic
membranes enabling the permeation of water, this aqueous
stable and antibacterial TpTGc@PSF membranes are expected
to be applied in water purification.

4.3 Sensors

compared to normal

Beyond energy storage, semiconductor device and separation
membrane, sensor system is another intriguing field for the
application of COF thin films.168-1770 \While COFs with good
photophysical properties are expected to act as efficient
sensors,71-173  the aggregation layers via stacking,
ineffective interaction with analytes and poor electron mobility
greatly hinder the sensing ability of the bulk COF. COF thin films
with high surface area, ultrathin thickness and highly accessible
active sites are considered to get better performance. Early in
2011, Dichtel and co-workers synthesized HHTP-DPB COF films
which have strong photoluminescent (PL) because of the
cofacially packed diphenylbutadiyne moieties.®® The vertical
arranged HHTP-DPB COF films grew continuously on SLG surface
with a thickness of 132 + 18 nm, showing the potential of
fluorescent sensing.

T-TU
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2, 4, 6-trinitrophenol (TNP), as one of the most dangerous
nitroaromatic explosives, has caused some acute diseases
including injury, headache and diarrhea, and
environmental pollution.174176 Das et al. reported the utilization
of TFBDH-CONSs to selectively detect TNP via both turn-on and
turn-off sensing mechanisms.177 In detail, two kinds of imide-
based COFs (TpBDH and TfpBDH) were synthesized by
solvothermal condensation and then exfoliated to ToBDH-CONs
and TfpBDH-CONSs with ~ 5-15 stacked layers through solvent-
assisted exfoliation. In solution phase, the PL spectra of TpBDH-
CONs showed no change upon the addition of nitroaromatic
analytes such as TNP, 2, 4, 6-trinitrotoluene (TNT), 2-
nitrophenol (NP), 2, 6-dinitrotoluene (DNT), and 2, 6-
dinitrophenol (DNP). Interestingly, TfpBDH-CONs exhibited
different phenomenon that the PL emission decreased
significantly with the titration of nitroaromatics (TNP, TNT, NP,
DNT and DNP), and high sensitivity and selectivity of TNP were
obviously observed with 63% quenching efficiency (Fig. 13a and
b). In solid state, a “turn-on” sensing behaviour was found in
TfpBDH-CONs-coated paper with the increase of TNP
concentration (Fig. 13c and d). As demonstrated by the authors,
the “turn-off” phenomenon in solution phase was caused by the
electronic charge transfer between the pirate anion (TNP-) to it-
electronic cloud of the protonated TfpBDH-CONs, while the
“turn-on” phonomenon in solid state was determined by the
proton transfer from TNP to the basic nitrogen atom of the
imine (-C=N) bond. Similarly, Zhang et al. prepared a fluorescent
polyimide COF (PI-COF) by the condensation of tetra(4-
aminophenyl) porphyrin (TAPP, 41) and perylenetracarboxylj
dianhydride (PTCA, 42) and then obtained PI-CONs with
thickness of 1 nm through solvent-assisted exfoliatiggml’é
Benefited from the fluorescent properties along wq

liver

electron-deficient imide structure and electronic begago
PI-CONs showed an excellent fluorescence quenchi @ pon
to TNP with a minimum detection of 0.25 uM,
selectivity for TNP detection over other nitrofgoma
DNT, TNT and NP.

In addition to the chemosengors, C
utilized as biosensors because of

s such as

jlms can also be
et al. constructed an imine-linked ilm (Si-AMS-NH»-4)
on an amino functionalized silicon Qubstrate (Si-AMS) by the
reaction of BTA (14) and DAB (22).17° The as-prepared COF thin
films can be used as biosensor related to bovine serum albumin
(BSA) adsorption and probe for DNA immobilization. In aqueous
solutions, the functional units on biomolecules would undergo
electrolysis, which endows them to adhere on amino-functional
COF thin films through electrostatic interactions. In this report,
electrochemical methods were employed to perform the
biomolecule immobilization on Si-AMS-NH,-4 and Electron
impedance spectroscopy (EIS) was utilized to identify the BSA
adsorption or the DNA immobilization on Si-AMS-NH,-4 surface.
As demonstrated by the authors, the electrochemical activity of
Si-AMS-NH,-4 can be strengthened when biomolecules were
adsorbed onto the COF thin film, which was observed from the
declined charge transfer resistance values of the composite
electrodes. Recently, Peng et al. synthesized an ultrathin CONs
for fluorescence detection of DNA. They first prepared ultrathin

This journal is © The Royal Society of Chemistry 20xx

TPA-COF nanosheets with a thickness of 3.5 + 0.3 nm by solvent-
assisted exfoliation. Then, two kinds of hairpin DNA probes (H1
and H2) were designed, and a fluorescent dye was utilized to
mark H1. The fluorescence of the dye could be quenched when
H1 and H2 were adsorbed on the TPA-COF NSs’ surface as the
result of the m-mt stacking interactions between the surface and
probe. A hybridization chain reaction (HCR) between H1 and H2
was triggered by the presence of target DNA,C producing a
long double-stranded DNA (dsDNA) that showed poor
interaction with COF nanosheets. Thus, the fluorescence of the
dye could be recovered when the HCR-generated long dsDNA
broke away from the TPA-COF nanosheets’ surface, which
enable the detection of target DNA.

4.4 Other applications

Besides the abovementioned applications, COF thin films can
also be used in other fields such as catalyst181-183 and drug
delivery.> For example, Yadav et al. developed a triazine-based
COF thin film on Pl sheet as an efficient photocatalyst for solar
fuel production from C The newly designed COF thin films
showed almost 3.7 &tim higher photocatalytic NADH
regeneration and es [@gher formic acid formation
compared with onomer. Polymeric structure,
optical band gap an y®rdered nt-electron channels enable

i (Fig. 14).182 The accessible and electrochemically
tivg metal centers endow COF thin films with remarkably
oved catalytic property over bulk COF powders. The XAS
and cyclic voltammetry revealed that the electron withdrawing
groups indeed enhanced the catalytic performance of the
compounds though the current density for CO formation did not
meet the linear trend of the electron withdrawing groups in
materials.

Another graceful application of COF thin film is targeted
drug delivery which has been presented by Banerjee et al.>
While biocompatible polymers, nanomaterials and MOFs have
been greatly used in the field of drug delivery, the shortages,
such as poor chemical stability, released toxic metal ions, and
limited functional design weaken their performance.184 18> COF
thin films with metal-free, good aqueous dispersibility and
designable function are qualified for drug delivery. Surface
amine (-NH) groups are often used to anchor targeting ligands
for site-specific drug delivery in targeted drug delivery system
construction.104 186, 187 The guthors elaborately chose TpASH
with available hydroxyl (-OH) groups which are convenient to
the bonding of surface amine (-NH;) groups as well as the COF
exfoliation.”2 83 5-Fluorouracil (5-FU) as an antimetabolite
based anticancer chemotherapy drug was selected to be loaded
onto the COF thin film surface.’® The TpASH COF thin films
loaded with the targeted drug 5-FU enabled the release of
specific drug to cancer and was expected to minimize the
unwanted side effects of nonspecific targeting. 5-FU loaded
samples showed good anticancer activity, and only 14% of the
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cells were viable at a dosage of 50 pg mL-1. Targeted drug-
loaded COF thin film (TpASH-FA-5-FU) preferentially delivered
the drug (5-FU) to the folate over expressed breast cancer cells
through receptor-mediated endocytosis that led to the cell
death via apoptosis.

As a result, designable building backbones, adjustable
thickness and accessible active sites enable COF thin films to
have many enhanced features and functions,
topological tunability, chemical stability, semiconducting
behavior and improved capacitance, which would be beneficial
for applications in energy storage, semiconductor devices,
membrane separation, sensors and drug delivery. Moreover,
other intriguing and/or unpredictable performance will be
discovered and explored in the near future.

such as

5. Outlook

From the above discussions, it is obvious that COF thin films
inherit the merits of their bulk counterparts while possess some
excellent new features. Bulk COF is usually synthesized as an
insoluble powder which hinders its performance due to the
poor processability.38 48 125 \WWhereas COF thin films with single
or few layers enable the strong interactions between molecules
since their active sites are highly accessible on the surface and
the synergistic effects of thin films and substrates also have
advantages for improving their performance in various
applications. Although some intriguing improvements have
been made, this field is still in its infancy and several important
challenges remain. As a prerequisite for device fabrication, it ¢
of significant importance to seek for novel synthesis strategiq#¥
investigate the fundamental mechanism, and therefore e

their applications.

5.1 Synthetic strategy exploration

Although several strategies for fabricating fillh o
selected substrates or as free-standing f@fms been
developed, simple but efficient synthesisgira¥@gies Mre always

highly desirable. Among the currently effsting ods related
! tholfis is the most
aReration feature. The

to bottom-up strategy, solvot
widely used method because of it3
problems in this method arise frorRtwo aspects. On the one
hand, it is complicated to control the®COF thin films thickness,
and on the other hand the thin films are usually contaminated
by precipitated COF powders, oligomers or unreacted
monomers. While synthesis under flow conditions can avoid
these problems by controlling the flow rate and tubing length,
the lack of collecting and reusing monomers from outflow lead
to serious waste of monomers. As for free-standing thin films,
possible restacking impedes the obtainment of single or few
layered COF thin films, let alone large lateral dimensions. And
the crystallinity of them is also not high enough. As for both
strategies, the yield of as-prepared COF thin films is too low for
the practical applications. Hence, new synthesis methods
equipped with scalability and morphology controllability need
to be introduced. One of the feasible strategies is to combine
two different methods. Such idea is very liberating that solvent-
assisted exfoliation and mechanical delamination can be
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employed together to accelerate the reaction rate and increase
the yield. Furthermore, methods used in other materials may
also be suitable for COF thin film fabrication. For example, layer-
by-layer templating technique have been widely used to
synthesize nanostructured materials with different morphology
for decades.18%-191 Recently, surface grafted gels (SURGELs), a
kind of antimicrobial polymer thin films, were prepared by the
deposition of surface anchored MOFs (SURMOFs) on gold
substrates using the layer-by-layer method.1°2 Considering that
COFs have much in common with MOFs, layer-by-layer strategy
are potential for COF thin film construction. Moreover, click
reaction,'93 three-layer method!48 and facile surfactant-assisted
synthesis method®* are successfully used in MOF thin films
fabrication. Likewise, these methods represent
opportunities to the fabrication of COF thin films with modified
approach. For example, surfactant-assisted synthesis used in
MOF thin films fabrication has its shortage that surfactants
might occupy the active sites on thin films leading to a weak
performance. In the futyre synthesis, surfactants that have
weak interaction with @OF thin films and can be washed after
the reaction are pre
5.2 Mechanism s

new

ed. And the growth orientation is critical that island
y impede the obtainment of uniform and flat thin
lims, Meanwhile, the balance of thermodynamic of covalent
formation, defect correction and interactions between
COFs and substrates during the growth of COF thin films still
remain to be decoded which are successfully achieved in well-
developed polymers from irreversible reactions.19% 1% |n order
to overcome these challenges, computational methods are very
useful tools which enable the prediction of structure and
function, as well as the simulation of stacking interactions and
orientation growth. Dispersion-corrected density functional
theory (DFT) was employed by Wang and co-workers!®’ to
investigate the interactions between a planar COF and
graphene and clarify the assembly mechanism. The calculation
results showed that COF network grows on graphene surface
with an ordered hexagonal and square structure. On the other
hand, computational methods make it possible to forecast the
theoretical properties such as ion exchange, band gap and
charge-carrier mobility which in reverse reflect the structural
features.

Another strategy to speed up the progress of mechanism
studies is the utilization of suitable characterization methods. In
most studies, TEM and SEM images are used to analyse the
morphology of COF thin films, whereas TEM is more likely to be
employed to materials with heavier elements and SEM usually
lacks the ability to assume the delicate surface morphology. As
for PXRD, it gives only limited information about the crystal
texture of COF thin films where precise conformations and
positions of building blocks within the framework are absence.

This journal is © The Royal Society of Chemistry 20xx



On the other hand, GID and grazing incidence wide-angle X-ray
scattering (GIWAXS) can provide detailed information of the
orientation of thin films including out-of-plane and on-plane
diffraction. These efficient techniques reveal more concrete
information about the structure and orientation of thin film
compared to that of TEM, SEM and PXRD. Very recently, Liu and
co-workers1%8 creatively used reaction time and concentration
as effective handles to elucidate the intermediate state (the
disoriented phase as well as disordered phase) during the
process of COF thin films growth. An unusual re-entrant
transition in orientation was observed using GIWAS for the first
time. Advanced characteristic techniques are urgently needed
to better understand the growth mechanism of COF thin films.
Interestingly, new characteristic methods are conducive to
learn more information about COF thin films growth, in reverse,
the existing form of COF thin films enables the utilization of
characterization that cannot be used in bulk COFs. For example,
triphenylene-pyrene based TP-COF deposited on SLG/SiO;
substrate made it possible to observe the COF thin films via
UV/Vis/NIR spectroscopy in transmission mode.>® And the
optical property of LZU-1 COF thin films can be measured for
the first time by ellipsometry.”> What is worth mentioning is
that the techniques used for other materials might also work for
the study of COF thin films. For example, optical nano-imaging
technique has been used to test the out-of-plane and in-plane
dielectric constants of MoS, and h-BN crystals which shows a
potential method to monitor the nanoscale optical quality of
COF thin films.1®°

5.3 Application expansion

As mentioned above, COF thin films are highly desirable f:
the use of COFs in various applications. On the one hand,
COF thin films display enormous potential in electron
actual practice, such as portable electronics and hy, :

ipge
w, a
ited to
senffors a embrane
ed t@other fields are
e d of energy and

vehicles, is far from mature, let alone large industri

Great efforts are still needed. On the other hgAd; up
majority of COF thin films applications\@re

optoelectronic device, chemical
separation. The potential applicaig
urgent to be developed, especia
environment. As known, energy s age and environmental
pollution restrict the development §f modern society.200-207

While lots of nanomaterials have been used,208-215 jt js sensible

Sre

to utilize the pre-designable feature of COF thin films to bind
various functional building blocks to broaden the applications.
For example, to CO;
adsorption, and incorporating triazine-contained molecules
COF thin films high CO, adsorption
performance.216 217 Fyrthermore, COF thin films can act as 2D
templates by introducing adsorbed molecules into the system
which provides a strategy to form sophisticated functional

N-rich frameworks are beneficial

allows to have

surface, attracting considerable scientific attention in recent
years.218-220 COF thin films with high surface area and defined
pore size are promising materials for templates. Interestingly, in
the design of bulk COFs, heteropore COFs owning two or more
types of pores are successfully achieved which can also be
utilized in COF thin films fabrication.??1-224 Materials with the

This journal is © The Royal Society of Chemistry 20xx

dual role of pollution detection and degradation are highly
desirable in pollution abatement.225-227 COF thin films with two
different pore this
Incorporating COF thin films into other materials is another
potent strategy to produce multifunctional composites that
have new properties overmatching those of individual moieties
due to the synergetic effect and therefore enhance the
application performance. Recently, Qiu and co-workers?28 grew
a MOF on the COF membrane to synthesize a COF-MOF
composite membrane. The as-prepared composite membrane
possesses higher separation selectivity of H,/CO, gas mixtures
than individual parts. Under this consideration, constructing
COF thin films with graphitic carbon nitride (g-CsNi) may
enhance the ability of photocatalytic degradation of organic
pollutants similar to h-BN/g-C3N4 composites.?29-234 Moreover,
biological application is one of the important aspects for
material application, which needs to pay close attention in the
future. Pioneering studies have uncovered the great potential
of COFs in biological field 23,44 Generally, COFs with total organic
metal-free backbone rfffe out the unwanted toxic metals, and
tunable porosity en coMyenience of loading guest/drug
molecular.> Bu ersibility and unprocessable
ibility and stability of bulk COF and

size favor functional construction.

the loading with bioactive compounds which
platform for cell-culture substrates.?35-238 This also
the biotransformation of surface-attached bacterial
s with small chemical compounds as well as spatially
localized delivery of high concentrations of bioactive molecules
such as antibiotics.

6. Conclusions

In summary, this critical review highlighted the accomplished
synthesis of COF thin films deposited on selected substrates or
as free-standing forms by using bottom-up and top-down
strategies such as solvothermal synthesis, room temperature
conversion solvent-assisted

vapor-assisted synthesis,

exfoliation, and mechanical delamination.
representative selections of COF thin film applications, like
semiconductor devices and fluorescence sensors, were
presented. In addition, future prospects with respect to
synthetic strategy, mechanism and applications were provided.
Despite the significant progress in this appealing research area,
improved synthetic methods, well-dispersed nanosheets as well
as diversified applications are urgently in need. Since this field
is growing fast, what we can provide here is a momentary view.
Nevertheless, we expect that this preliminary discussion will
garner multidisciplinary interest from scientific research to
industrial manufacture and therefore expand the future

applications.

Moreover,

Abbreviation
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[60]PCBM
[70]PCBM
2D

3D

AFM
APH
APTs
APTES
ASH

BD

BDBA
BDH

BDT
BDTA

BDTBA
Boc
Bpy
BTA
BTPB
BSA
CHCl,
cM
CMP
COFs
COMs
CONs
dsDNA
Da
DAAQ

DAB
DCM
DFT
DMF
DNT
DNP
DPB

EB
ECOFs
EIS
EtOH
FA
FETs
FT-IR
FTO

FU
g-C3N4
GCDC
GID
GIWAXS

Glc
h-BN
HCR
HHTP
HODs

[6,6]-Phenyl C61 butyric acid methyl ester HRTEM
[6,6]-phenyl C71 butyric acid methyl ester IR
Two-dimensional ITO
Three-dimensional LED
Atomic force microscopy Li+
4-aminobenzohydrazide LiTFSI
Active pharmaceutical ingredients LPE
(3-Aminopropyl)triethoxysilane MD
4-aminosalicylhydrazide MeOH
Benzidine MMMs
1,4-benzenediboronic acid MOFs
Pyromellitic-N,N/-bisaminoimide MoS2
Benzodithiophene NBDPA
2,6-dicarbaldehyde-4,8- NDI
dioctyloxybenzo[1,2-b:3,4-b’]dithiophene NF
Benzodithiophene diboronic acid NiPc
Tert-butyloxycarbonyl NP
2,2’-bipyridine-5,5’-diamine OLEDs
Benzene-1,3,5-tricarbaldehyde OSsT
1,3,5-tris[4-phenylboroniacid]benzene Pa
bovine serum albumin PBBA
Dichloromethane PBI
Curcumin PDA
Conjugated microporous polymers PDBA
Covalent organic frameworks PEMF
COF membranes PES
COF nanosheets PL

Double-stranded deoxyribonucleic acid
2,6-diaminoanthracene

Anthraquinone/ 2,6- PP
diaminoanthraquinone

p-phenylenediamine Pl
Dichloromethane PSF
Density functional theory PTCA
N,N-Dimethylformamide PTSA
2,6-dinitrotoluene PXRD
2,6-dinitrophenol Py
4,4’'-diphenylbutadiy@ebis(bronic acid) QcMm
Ethidium bro RB
Exfoliated COFs R-WT
Electron impeda spectroscopy SAED
Alcohol SEM
Folic acid SLG
Field-effect transistors SURGELs
Fourier transform infrared spectroscopy SURMOF
Fluorine doped tin oxide TAPA
Fluorouracil TAPB
Graphite carbon nitride TAPP
Galvanostatic chargedischarge cycles TCNQ
Grazing incidence diffraction D
Grazing incidence wide-angle X-ray TEM
scattering TEMPO
Glycidol

Hexagonal boron nitride TFC
Hybridization chain reaction Tfp
2,3,6,7,10,11-hexahydroxytriphenylene TFP/Tp
Hole-only devices TFPA
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High-resolution TEM

Infrared radiation

Indium-doped tin oxide
Light-emitting diode

Lithium-ion

Lithium bis(trifluoromethane) sulfonimide
Liquid Phase Exfoliation

Molecular dynamics

Methanol

Mixed matrix membranes
Metal-organic frameworks
Molybdenum disulfide
4-(tert-butoxycarbonylamino)-aniline
Napthalenediimide

Nanofltration

Ni phthalocyanine

2-nitrophenol

Organic Light-Emitting Diodes

Octa Itrichlorosilane

n®-2,7-diboronic acid
Proton-exchange membrane fuel cells
Poly(ether sulfone)
Photoluminescent

conjugated 2D crystalline network based
on tapa and bdta subunits
p-phenylenediamine
Phenylbis(phenylethynyl)
Polyimide

Polysulfone

Perylenetracarboxylic dianhydride
p-toluenesulfonic acid

Powder x-ray diffraction

Pyrene

Quartz crystal microbalance

Rose Bengal

Rhodamine WT

Selected area electron diffraction
Scanning electron microscopy
Single-layer graphene

Surface grafted gels

Surface anchored MOFs
Tris(4-aminophenyl)amine

1, 3, 5-tris(4-aminophenyl)benzene
Tetra(4-aminophenyl)porphyrin
Tetracyanoquinodimethane
4,4’-diamino-p-terphenyl
Transmission electron microscopy
(2,2,6,6-tetramethylpiperidin-1-
yl)oxidanyl

Thin film composite
1,3,5-tris(4-formylphenyl)benzene
1,3,5-triformylphluroglucinol
Tris(4-formylphenyl)amine
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TFPy 1,3,6,8-tetrakis(pformylphenyl)pyrene 11. Y. Yuan, F. X. Sun, L. N. Li, P. Cui and G. S. Zhu, Nature

TGx (X =Cl, Br, A series of amines communications, 2014, 5.
1) 12. K. Konstas, J. W. Taylor, A. W. Thornton, C. M. Doherty, W.
THE Tetrahydrofuran X. Lim, T. J. Bastow, D. F. Kennedy, C. D. Wood, B. J. Cox, J.
NP 2,4,6-trinitrophenol M. Hill, A. J. Hill and M. R. Hill, Angew Chem Int Edit, 2012,
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TFPA 15. Y. G. Zhang and S. N. Riduan, Chemical Society reviews,
TPTC Triptycene tricatechol 2012, 41, 2083-2094.
TPU Thermoplastic polyurethanes 16. P.Kaur, J. T. Hupp and S. T. Nguyen, Acs Catal, 2011, 1, 819-
TTF Tetrathiafulvalene 835.
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Table 1. COF thin films on different substrates with controllable thickness for various applications.
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ROYAL SOCIETY
OF CHEMISTRY

COF Substrates (interface) Fabrication method Applications Ref.
COF-5 SLG/Cu Solvothermal synthesis 53
SLG/SiO,
SLG/SiC
NiPc-PBBA COF SLG/SiO, Semiconductor devices
HHTP-DPB COF SLG/SiO, Solvothermal synthesis 132 +18 Fluorescent sensors 68
ZnPc-Py COF SLG/SiO, Solvothermal synthesis 400 + 12 69
ZnPc-NDI COF 580 + 84
ZnPc-PPE COF 200+ 18
ZnPc-DPB COF 296+ 6
BDT-COF ITO-coated glass Solvothermal synthesis 150 70
NiO/ITO-coated glass 150
Au
SiO, 150
TTF-COF Si/SiO; Solvothermal Sk 150 71
ITO-coated glass 150
COFpana-8TA 3D graphene SolvotheRgal syRkhesis 180 Capacitive Electrode 121
DAAQ-TFP COF Au thesis 2004 Supercapacitors 72
polyTB Mother liquor solution/air nthesis 2-200 FETs 79
BDT-COF Glass temperature vapor-assisted 300 83
DAB-TFP COF ITO-coated glass lvothermal synthesis 200 73
COF-5 QcMm Synthesis under continuous flow conditions 84
COFepy-proA SLG Solvothermal synthesis 50 FETs 135
LZU-1 Si Solvothermal synthesis 190 75
BDT-COF Glass-coated indium-doped ITO Solvothermal synthesis 200 Semiconductor materials 132
COF-LZU1 Si—Si02 Solvothermal synthesis 198

This journal is © The Royal Society of Chemistry 20xx
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Si—-APTES 423

Si-OTS
TT-COF Glass-substrate Solvothermal synthesis 200 Photoelectric device 239
TAPB-PDA COF PES Interfacial synthesis 10.4 £ 2.6¢ NF membrane 82,155
BDT-ETTA COF FTO/ITO Solvothermal synthesis 100-500 Photocathodes 183
COF-366-Co HOPG Solvothermal synthesis 250 Electrocatalyst 182
Py-tTIl COF ITO transparent electrodes Solvothermal synthesis 450 NIR photodetector 168
Tp-Bpy COF Dichloromethane/water Interfacial synthesis 160+ 10 NF membrane-separeation 81
Tp-Azo COF 150 +
Tp-Ttba COF 130 tQ0
Tp-Tta COF 19
CTF Polyimide Solvothermal synthesis 1 Photocatalyst 181
Polyimine network Air/water Interfacial synthesis 0. 80

a,b, ¢ Different growth time; 4 The thickness can be varied by the change of initial monomer concentratiogg ¢ 1 COF laye
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Table 2. Free-standing COF thin films with different thickness for various applications.
COF Fabrication methods Thickness (nm) Applications Ref.
COF-8 Solvent-assisted exfoliation 4-10 59
CMP-0 Solvent-assisted exfoliation 2.4+0.22 85
COF-43 Solvent-assisted exfoliation 1.32+0.37 86
TpPa Mechanical delamination 3-10 94
TpBD
COFgpea-TPTC Self-exfoliation method 0.75 106
COFgppsa-TPTC 0.72
TpTGxP Self-exfoliation method 2-5 iCONs@P{lysulfgoe (PSF) MMMs 107
DaTp Chemical exfoliation 5-6¢ 101
DAAQ-ECOF Mechanical delamination 3-5 Caigede\Ntew or Lithium-lon Batteries 240
TpASH Chemical exfoliation 15 Drug 5
COF (melamine-OPA) Mechanical delamination TPU/CO nocomposites 97
TPA-COF Solvent-assisted exfoliation 3.5+0.3 DNA detection 87
TpBDH Solvent-assisted exfoliation 1.5-5.1 177
TfpBDH mical sensing
COF-1 Solvent-assisted exfoliation 0.5 olecular sieving membranes 88

a After 120 min sonication; ? X = CI-, Br, I; € Medium DaTp-CONs concentration.
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(e}

Boron-containing COF-5 Hydrazine-linked COF-42 Azine-linked py-Azine COF
2005 2011 2013

' —

2009 2012 2015
Imine-linked COF-300 Keto-enol-linked COF TpPa-1 NTU-COF-1 with two types
g ' of covalent bonds

Ay

@

Fig. 1 Selected examples of existing COFs with different covalent linkages. (a) BorRggcontainig COF-5.
Reproduced with permission from ref. 30. Copyright 2005, American Associ ncement of Science.
(b) Imine-linked COF-300. Reproduced with permission from ref. 31. Copyright rican Chemical Society.
(c) Hydrazine-linked COF-42. Reproduced with permission from ref. 36. Copyrigh , American Chemical
Society. (d) Keto-enol-linked COF TpPa-1. Reproduced with permissQg from ref. 37.Copyright 2012, American
Chemical Society. (e) Azine-linked Py-Azine COF. Reproduced with pgilission from ref. 51. Copyright 2013,
American Chemical Society. (f) NTU-COF-1 with two types of covald . Reproduced with permission from
ref. 46. Copyright 2015, American Chemical Society.
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Boron-based linkage

HO_~_ .- . 0
[~ )-som, 4 HOI:[\ —_ )=
T I A g SV

Imine-based linkage - Q

HO OH

OHC HO

Triazine-based linkage @—cu

Sonogashira-Hagihara coupling

Fig. 2 Versatile linkages involved in 0 ilms formation comprising boron-based linkage (boroxine and
boronate ester), imine-based linkagg (for @xample, hydrazine and B-ketoenamine), triazine-based linkage and
Sonogashira-Hagihara couplin
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H0),8~_—=—=—{")-8(oH 9
(HoR (OH}z R NH, N OsH NH, HoN OgH He:*'i::z
10.0PB 2 N
(NOhaO})_gj{}s(om, HaN C(:HZ HN~OH HORS ik, N
o o 34.APH 35DABA AASH 37.DABDA 38.TGx
#0)8~< = =) 8B(0H), R i
1LPPE
NH,
= NH,
" HN .
HO cHO L o o Et N
e HN H,
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OHC Ho  soTp ‘3“ i s
13.terephthalaldehyde  14.BTA/TFB 15.BPTA NH, NH, NH,
39.DETH 40.linear dihydrazide 1
OHC HO NH; 42. Bpy
u gHe, 16.TFPy 41. TAPP
ouc
17.TFP/Tp
47.0PA
OC.H" 8
cn"ﬂ Ho| ©OHC 0" 00 N
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18.BDTA 19.TTF 20.Tfp 2L.TFPA 42. PTCA 4 46 —
Fig. 3 Building blocks bearing catechol, boronic acid, aldehyde, ami ther units involved in the COF thin films

formation.
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®

5 pmy
—

BDT-COF
ITO 4

1 um

X-ray scittering data of COF-
5 powder (inset: schematic of randomly oriented COF-5 grains in the powd rom a COF-5 film on
SLG/Cu (inset: schematic of oriented COF-5 grains in the film. (c) Top-view % of the COF-5 thin film.
Reproduced with permission from ref. 53. Copyright 2011, American Association ™tfe Advancement of Science.
(d) Cross-section SEM image of the BDT-COF thin film on ITO-coatedWgss. (e) Top-view SEM image of the BDT-COF
thin film on ITO-coated glass. Reproduced with permission from ref. = goyright 2014, American Chemical Society.

(f) Top-view SEM image of the DAB-TFP COF thin film on ITO-coatedg k) Cross-section SEM image of the DAB-
TFP COF thin film on ITO-coated glass. Reproduced with per bT. 73. Copyright 2016, Royal Society of
Chemistry.
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(a) |\

OHC.

10 12 14nm

¥ COF thin films. (b) AA stacking mode of Tp-

Fig. 5 (a) Schematic illustration of the interfacial synt .
age of Tp-Bpy COF thin films. Reproduced with

Bpy COF. (c) SEM image of Tp-Bpy COF thin films.
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Solvent-assisted exfoliation é%

Fig. 6 (a) Scheme of the solvent-assisted exfoliation of COF-43. Reproduced with n fi ref. 86. Copyright
2013, American Chemical Society. (b) Schematic representation of the mggchan de ation of TpPa COF.
Reproduced with permission from ref. 94. Copyright 2013, American Chemic i
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10 nm

Fig. 7 (a) AFM image of TPA-COF nanosheets with the thickness ind
with an inset photograph of the Tyndall effect of the TPA-COF nano
motion-corrected TEM image of the TPA-COF nanosheets with a
transform (FFT). (d) Enlarged HRTEM image with an insg ed HRTEM image. Reproduced with
permission from ref. 87. Copyright 2017, American Chemicalfg Va(€) HRTEM image of TpPa-2 before grinding.
(f) HRTEM image of TpPa-2 after grinding. Reproduc th W& rmigfion from ref. 94. Copyright 2013, American

Chemical Society.

30 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Please do not adjust margins

Journal Name ARTICLE

Fig. 8 (a) Schematic representation of the chemical exfoliation of DaTp to NG Ws. (b) Energy-optimized
structure of the cycloadduct of N-hexylmaleimide and anthracene. (¢) Optical imagW\ofDaTp. (d) SEM image (5 um)
of DaTp with an inserted TEM image (100 nm). (e) SEM image (5 uMgof DaTp-CONs with an inserted TEM image
(100 nm). (f) Optical image of DaTp-CONs. Reproduced with permisg om ref. 101. Copyright 2016, Wiley-VCH.

QQ’Q

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 31

Please do not adjust margins




Please do not adjust margins

ARTICLE Journal Name

L]

n

m 2 amf4nm
4
2
B
0 40 01 02 03 04 pm

Fig. 9 (a) Modeling of TpTGCl in eclipsed mode (top view). (b) Stacking model showi
(c—e) TEM images of TpTGCI, TpTGBr, and TpTGl, respectively (inset shows zoome
(f-h) AFM images and height profile of TpTGCl, TpTGBr, and TpTGl, respective
nm). Reproduced with permission from ref. 107. Copyright 2016, American @em

ividual layers (side view).
; scale bar =20 nm).
bars represent 200
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H,-2¢ —» 2H'
1/202 =+ 2H+ + 26’ —> H20

CIE

Fig. 10 Schematic representation of the PEMFCs with the membrane electr
RT-COF-1AcB, and LiCI@RT-COF-1 films. Reproduced with permission from
Chemical Society.

1/,0,+H, —H,0

EA) of RT-COF-1Ac,
pyright 2017, American
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Fig. 11 (a) COFrepy-proa film on SLG/SiO2-Si. (b) Module of the constructed C
The relevant levels of materials in the SLG/COF-VFET and the band diagrams in
voltage and (e) positive gate voltage. Reproduced with permission from ref. 135.
Chemical Society.

eNf (d) negative gate
ight 2017, American
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Fig. 12 (a) Schematic representation of the nanofiltration assembly in the ca
nitroaniline (NA) from a mixture of NA and rose Bengal (RB), (“F” denotes fee \P¥or permeate). (b) Cross-
sectional SEM image of M-TpBD thin film (Scale bar 10 um). (c) Schematic repr&gertation of molecular sieving
mechanism for M-TpBD. (d) UV-vis spectra related to the selective very of NA from mixture of RB and NA from
water. (e) UV—vis spectra of vitamin-B12 (V-B12) and the filtrate wa er passing through M-TpBD. Reproduced
with permission from ref. 153. Copyright 2017, Wiley-VCH.
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Fig. 13 (a) PL quenching of “Turn-off” sensing in solution pha ity of TfpBDH-CONSs towards analytes
based on Fluorescence quenching. (c) PL enhancement of| ensing in solid phase. (d) Selectivity of
TfpBDH-CONs towards analytes based on Fluorescen a erl. Reproduced with permission from ref. 177.
Copyright 2015, Royal Society of Chemistry.
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Fig. 14 (a) Structure of Cobalt-porphyrin based COF backbone. (b) Schematic illustration of electrolysis cell
electrocatalytic CO; reduction. Reproduced with permission from ref. 182. Copyright 2018, American Chemical
Society.
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