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Given their modular synthesis, unique structural features and rich functionality, structurally ordered
covalent organic frameworks (COFs) and covalent monolayers have shown great potential in a broad
range of applications, such as catalysis, molecular separation, energy storage, light harvesting, etc. The
synthesis of COF thin films and covalent monolayers mainly utilizes dynamic covalent chemistry (DCvC),
which relies on the reversible formation and breaking of rather strong covalent bonds within molecules
under certain external stimuli. Such reversible reaction conditions enable a self-correction mechanism,
which can selectively resolve defect sites leading to the formation of highly ordered COF films under
thermodynamic control. Novel techniques to obtain single-layer covalent nanosheets have spread
throughout recent literature. Emerging interfacial polymerization techniques (e.g., air—water, liquid—
liquid, liquid—solid, etc.) have been employed to successfully synthesize crystalline COF thin films from a
variety of starting building blocks. Although the growth of ordered frameworks at the interface repre-
sents a rapidly developing field, the reversible reactions suitable for the synthesis of thin films or mono-
layers are still very limited. The identification and development of new dynamic reactions and interfacial
polymerization conditions would be critical for the further development of COF thin films and covalent
monolayer materials. This review covers the recent design and synthesis of COF thin films and covalent
monolayers as well as their property study. The fundamental working mechanisms of different surface
and interfacial polymerization and the current challenges and opportunities in this rapidly growing field
are presented.

(1) Pros and cons of different interfaces: solid-liquid, solid-gas, liquid-liquid, and liquid-gas

(2) Monomer design principles: tessellation requirement, monomer-surface interactions

(3) Suitable reactions and strategies to yield ordered structures with minimal defects

(4) Characterization methods and techniques for COF membranes and monolayers

(5) Applications of COF membranes and monolayers in nanofiltration, catalysis, and molecular separation.

1. Introduction

conditions, which involves reversible covalent bond formation
(self-correction enabled), numerous COF structures with homo- or

Covalent organic frameworks represent a novel class of rapidly
emerging porous organic materials." They have attracted tremen-
dous research interest because of their customizable design, unique
chemical structures, and potential applications in gas storage and
separation, energy storage, catalysis and optoelectronic materials. By
utilizing dynamic covalent chemistry (DCvC)* under solvothermal
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hetero-pores, high crystallinity, and usually high thermal stability
have been developed. However, COF materials are usually obtained
as solid powders, which are not soluble in most organic solvents,
thus making it very difficult to process/fabricate them, particularly
into thin films or membranes. This represents a significant draw-
back for their wide practical applications.

Interfacial polymerization can be applied to the synthesis
of polymer thin films or even monolayers directly from mono-
meric building blocks (bottom-up design). Interfacial poly-
merization has been widely used to prepare ultrathin functional
layers and capsules at the interface between two phases, such as
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air-water, liquid-liquid, and solid-liquid. Starting monomers resides on the surface of one phase, the catalyst or the other
are usually dispersed in two different phases causing reactions substrate can be slowly introduced to the interface, thus allowing

Published on 29 June 2020. Downloaded on 11/16/2025 9:01:57 PM.

to occur only at the interfaces. Alternatively, if one monomer the reaction to occur. Due to the limitation of the mass transfer
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of starting materials, polymers grown at the interface tend to be
thin, with the formation of a covalent monolayer as the extreme
case. Depending on the reactivity of the monomers, concentration,
solvent combination, reaction temperature, etc., the thickness of
the obtained polymer sheets can vary significantly. The develop-
ment of covalent monolayers (if structurally ordered, also called
two-dimensional polymers, 2DPs) represents a rapidly growing
field, pioneered by Schliiter, who first introduced the concept of
2DPs in 2009.% In this review, for clarification, the term “COF
monolayer” is used for single-layer frameworks, while “COF thin
films” and “COF membranes” are used for few-layer or much
thicker bulk COF materials prepared through interfacial poly-
merization. All these polymer structures prepared on a surface
are labeled as COF, or COF,,;, where a and b represent the
monomer chemical structure numbers.

Within the past ten years or so, there has been quite some
progress in covalent monolayer and COF thin film synthesis
through interfacial polymerization. The obtained materials have
shown great potential in various applications, such as host-guest
chemistry, water purification, energy storage, etc. This review
covers basic concepts and principles and summarizes the recent
progress in this rapidly growing field, with a particular focus on
the rational design of building blocks, selection of substrate
surface, as well as pros and cons of each interfacial polymeriza-
tion (air-water, liquid-liquid, vs. liquid-solid). First, the proper-
ties and functions of different surfaces as well as the interactions
between surface and monomers (e.g., adsorption and desorption
kinetics) will be discussed. The building block requirements will
then be reviewed, which includes tessellation requirement,
reactivity and alignment of functional groups, as well as reactant
ratios and concentrations. We will discuss various covalent
organic reactions for the framework synthesis at the interface,
reaction kinetics, bond formation reversibility, external stimuli,
and characterization techniques for COFs formed on a surface.
Subsequently, we will review some recent examples of covalent
monolayers and COF thin films or membranes synthesized at
the air-liquid, liquid-liquid, liquid-solid, and solid-vapor inter-
face. Last but not least, in the summary and outlook section,
some remaining challenges in this rapidly growing field will be
discussed. This review is not intended to be a comprehensive
survey of literature reports, rather it provides a tutorial view of
the research field by presenting representative literature examples
for the discussed topics. Although we focus on dynamic covalent
reactions, which have clear advantages in constructing ordered
framework structures by allowing the error-correction mechanism,
irreversible reactions are also discussed to provide comparisons
and in-depth complete view of the field.

2. Surface and interface properties

Matter has three main phases, namely gas, liquid, and solid.
The physical boundary between two contacting phases is called
an interface. An interface is a very thin layer with the thickness
typically ranging from one to five atomic layers. The word
“surface” is used when we need to describe the physical
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boundary of only one of the contacting phases. Surface chemistry
generally refers to the chemical phenomena occurring at solid-gas,
solid-liquid, liquid-liquid, and liquid-gas interfaces. Less notable
techniques include a solid-solid or gas-gas interface, as molecular
movement in these two cases is either highly restricted (in the
former) or not restricted at all (in the latter, no distinct interface).
The molecules at an interface behave very differently from those
in the bulk phase and molecular movement is highly dependent on
the surface properties. The phenomenon of on-surface molecular
accumulation at an interface is called adsorption. In this context,
the adsorbate is the substance that is adsorbed, and the adsorbent
is the substrate on which adsorption occurs. The layer of adsorbed
molecules formed on a surface is called an adlayer. When an
adlayer is one atom thick, it is called a monolayer, whereas thicker
adlayers are called multilayers. If chemical bonds are formed
between the surface and the adsorbate during the adsorption, the
process is classified as chemisorption, whereas if a weak attractive
force (e.g. van der Waals interaction) is operative, it is classified as
physisorption. Adsorption is a reversible process; adsorbates can
desorb, rearrange, or react with other absorbates co-adsorbed on
the surface. We are particularly interested in chemical reactions of
absorbates to form a monolayer or a few layers of 2D COFs on a
surface.

2.1 Surface adsorption/desorption and diffusion

Substrates greatly influence adsorption isotherms, diffusion
barriers, molecular interactions with the surface, and adsorp-
tion and desorption kinetics, and as such control the outcome
of the on-surface reactions. To obtain on-surface 2D COFs with
minimal defects and high polymerization degree, both adsorp-
tion and diffusion properties of molecules on a surface should
be considered. Adsorption and diffusion of molecules are two
distinct processes: the former defines the process and outcome
of molecular deposition on a surface and the latter describes
the mobility of the adsorbed molecules on a surface from one
adsorption site to another. Interactions between adsorbate
molecules and surface are mainly weak supramolecular (e.g
van der Waals attractions, dipole forces, repulsion due to
orbital overlap) or strong chemical bonding (charge transfer
or charge redistribution) interactions. An adsorbed molecule
can be desorbed through the opposite process of adsorption
back into the bulk phase (desorption) or migrate along the
surface to another adsorption site (diffusion) in the adsorbed
state. The diffusivity of adsorbed molecules increases the over-
all mass flux (the rate of mass flow per unit area) on a surface by
creating additional internal fluxes, thus increasing the surface
coverage and surface reaction probability.

Both desorption and diffusion play important roles in the
synthesis of surface COFs with minimal defects by allowing
error correction. When the adsorbed phase is immobile with high
desorption energy and diffusion barrier, the error-correction
becomes nearly impossible. Fortunately, desorption and diffusion
behaviors of adsorbates are sensitive to temperature and fractional
surface coverage. By controlling molecular flux and/or temperature,
it is possible to enable microscopic error correction on a
surface through desorption and diffusion. For example, an
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ordered H-bonded supramolecular phase of 1,4-benzenedi-
boronic acid (BDBA) was found to form at a very low deposition
flux, as low as about 0.005 ML (monolayer) min " (corresponding
to one monolayer in about 3 hours), at room temperature on the
Ag(111) surface.” When the molecules were deposited under a high
deposition flux (of the order of about 0.1 ML min '), it triggered
in situ polymerization, which kinetically traps BDBA molecules and
limits their desorption and diffusion, and thus was unable to yield
an ordered supramolecular network. The temperature effect on the
self-assembled monolayer formation was also observed when a
solution sample of a diboronic acid was deposited on a highly
oriented pyrolytic graphite (HOPG) surface. At room temperature,
quaterphenyl diboronic acid forms a disordered adsorption layer,
whereas under elevated temperature (50 °C) a well-ordered self-
assembled supramolecular monolayer is formed. It indicates that
thermal activation is required to enable the surface mobility of
molecules and facilitate their self-assembly.®

Ordered monolayers, either noncovalent or covalent, are
preferably formed under equilibrium growth conditions, where
the adsorbed molecules have the capability to freely desorb and
diffuse to explore the most favorable thermodynamic sites.
Increasing the temperature could provide sufficient energy for
surface molecules to desorb and diffuse, but at the same time
activate premature formation of chemical bonds between
adsorbates. Surface monolayer formation is a delicate process
involving adsorption, desorption, diffusion, and reaction,
where surface-molecule and molecule-molecule interactions
play critical roles. Controlling the kinetics and equilibrium of
such physical and chemical processes is central to managing
on-surface reactions. In this section, we will discuss the properties
of various surfaces and their roles in the formation of surface-
confined COFs.

2.2 Solid surfaces

Although most natural solids have amorphous surfaces, well-
defined crystalline surfaces are preferred in on-surface synthesis
of COFs to allow convenient analysis of grafted surfaces after
chemical reactions and to better understand the adsorption/
desorption, diffusion, and reaction process of monomers. In this
section, we will discuss the most widely used solid surfaces,
crystalline metal surfaces, highly oriented pyrolytic graphite
(HOPG) surfaces, as well as some non-conductive surfaces.

2.2.1 Metal surfaces

2.2.1.1 Crystalline faces. Crystalline metal surfaces have been
frequently used in surface chemistry. Most metals crystallize in
either a face-centered cubic (fcc) structure (Fig. 1), where each atom
has 12 closest neighbors, or a body-centered cubic (bcce) structure,
where each atom has 8 closest neighbors. The three most fre-
quently used metals in the interfacial synthesis of COFs are Au, Ag,
and Cu, all of which pack in face-centered cubic structures. The
(111) crystal faces of these fcc packed metals, ie. Cu(111), Ag(111),
and Au(111), have been the most widely used surfaces. As shown in
the unit cells of 2D surface structures of fcc crystal surfaces (Fig. 1),
fee(111) faces consist of equivalent surface atoms packed with the
highest surface atom density, providing a smooth and isotropic
surface at the atomic scale. Three adsorption sites are available in a
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Fig. 1 Unit cells and atomic packings of low index faces of face centered
cubic crystals, fcc(100), (110), and (111).

fce(111) face, on-top sites (above a single atom), bridging sites
between two atoms, and hollow sites between three atoms. The
surface of fce(100) is also relatively smooth and isotropic, consisting
of equivalent surface atoms however packed less densely in a
square grid compared to the hexagonal dense packing of surface
atoms in fee(111). Due to the different local symmetries of surface
atoms, fcc(100) provides larger hollow adsorption sites between
four atoms compared to the hollow coordination sites between
three atoms in fee(111). In great contrast to fee(111) and (100) faces,
the fec(110) face is atomically rough with lattice-scale corrugation
and tends to be highly anisotropic. The atoms in one direction are
densely packed, whereas there is a substantial distance between
two atoms in the orthogonal direction, leading to the formation of
gaps between rows of atoms. Therefore, the second layer atoms are
also exposed in fec(110), providing varieties of adsorption sites
including on-top sites, two different bridging sites (short) between
two atoms in a single row or between two atoms in adjacent rows
(long), and higher coordination sites in the grooves.

Given the substantial difference in surface atom packing,
adsorption sites, and coordination geometries, three fcc crystal-
line faces have shown interesting properties in the adsorption,
assembly, and reaction of on-surface molecules. Abel and Clair
have demonstrated that 1,4-benzenediboronic acid (BDBA) has
strong interactions with Ag(100) and forms a self-assembled
monolayer of a H-bonded supramolecular network at a broad
range of molecular flux under ultrahigh vacuum conditions.
However, when Ag(111) was used as the surface, such supra-
molecular assembly can only form at a very low deposition flux
(0.005 ML min~").*® The supramolecular network slowly trans-
forms into to a full monolayer of 2D polymer on Ag(100), whereas
substantial desorption was observed over the course of polymeriza-
tion on Ag(111), resulting in lower surface coverage of the polymer
layer compared to the original supramolecular network. These
results indicate the importance of metal surfaces, which have a
significant influence on surface-molecule interactions, absorbate
reactivity, and thus the formation of COFs.

This journal is © The Royal Society of Chemistry 2020
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Although an isotropic crystalline metal surface, e.g. fcc(111)
or fcc(100), is generally preferred to minimize unnecessary
complexity caused by the surface anisotropy, a corrugated surface
can be used to direct a specific orientation of absorbates. Hecht
and Grill et al. reported substrate-directed hierarchical growth of a
tetraphenylporphyrin (TPP) framework using a corrugated metal
surface.” The reconstructed Au(100) surface with a quasihexagonal
(5 x 20) superstructure has weak corrugation (>0.7 A) with an
intermolecular distance of 14.4 A between the rows. This distance
closely matches the intermolecular distance of the TPP unit, and
thus such a corrugated surface adsorbs the monomer, trans-
Br,,TPP (1), in a templated fashion as seen in Fig. 2. After
selectively activating iodine-phenyl coupling reaction at 120 °C,
linear molecular chains aligned in a preferred angle of ~51°
relative to the atomic rows of the Au(100) surface were observed
(Fig. 2b-d). Upon raising the temperature to 250 °C, phenyl-
bromine coupling was activated, linking the linear polymer chains
to form a network structure in a well-defined orientation with
respect to the substrate (Fig. 2e). In contrast, under identical

Br

e $

- ;

Fig. 2 Controlling covalent linking using the corrugated reconstructed
Au(100) surface: (a) synthesis of the network from the monomer, trans-
Brol,TPP (1); (b) scanning tunneling microscopy (STM) image of trans-
Br,TPP linear chains formed through initial iodine-phenyl coupling;
(c) angular distribution of the linear chains in (a); (d) a linear polymer chain
with the preferred orientation on the Au(100) surface with o = 55°
(ao =1.44 nm and do =1.76 nm): (e) STM image (20 x 20 nm?) of a single
molecular network after coupling of Br,TPP molecular chains. Repro-
duced with permission from ref. 7, Copyright 2012, Springer Nature.
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conditions, such a well-aligned angular distribution of polymer
chains was not observed on an isotropic Au(111) surface, and a
much smaller sized network was formed, demonstrating the
potential advantage of corrugated anisotropic surfaces as adsorbent
materials.

2.2.1.2 Catalytic activity. The inherent catalytic activity of
select metal surfaces is well-acknowledged in surface chemistry. It
has been reported that Ag, Au, and Cu surfaces can effectively
catalyze boronic acid dehydration, imine condensation, and various
cross coupling reactions. Due to the distinct surface nature, such as
valence characteristics, electronic contributions, and surface
restructure upon adsorption, each metal preferentially catalyzes
some reactions over others. Although many reports have illustrated
different reactivities of different metal surfaces, there has
been limited experimental and theoretical information on the
mechanistic insight into such catalytic activities, e.g. geometry of
active sites (high coordination vs. low coordination sites), adsorbed
intermediates, rate limiting steps, activation energies, etc. The
adsorption and interactions of absorbates with the metal surface
vary depending on adsorption sites, such as on-top, bridge, three-
fold, and fourfold sites. Therefore, different crystalline faces of even
the same metal crystals show different catalytic activities. Surfaces
rough at the atomic scale have been reported to have higher
catalytic activities.® However, thus far, such difference has not been
experimentally observed in on-surface COF synthesis.

The self-polycondensation of benzene-1,4-diboronic acid
(BDBA) on metal surfaces has a significantly decreased reaction
activation energy and as a result, dehydration reaction readily
occurs at room temperature on a metal surface. This polymerization
occurs on all four metal surfaces tested, Ag(100), Ag(111), Au(111),
and Cu(111), under ultrahigh vacuum (UHV) conditions at suffi-
ciently high molecular flux.*® However, the polymerization degree,
orderliness, and surface coverages were different depending on the
underlying metal surfaces. The highest polymerization degree and
surface coverage were observed on Ag(100) and Ag(111) surfaces at
room temperature. On the Au(111) surface, the polymer layer forms
but with decreased surface coverage and a higher degree of disorder.
The polymer growth on Cu(111) was very difficult, requiring a high
substrate temperature of 150 °C to achieve a good surface coverage
albeit still much lower than that observed on silver and gold
surfaces and less ordered. The difference in the catalytic activity
of each metal surface is unclear as it is hard to decouple the catalytic
activity from molecule-surface interactions. However, these results
clearly demonstrate the critical role of the metal surfaces in the
growth of well-ordered polymer networks, which influence the
mobility, desorption, and reactivity of molecules.

The catalytic activity of metal surfaces is more commonly
demonstrated in coupling reactions. The self-coupling of
hexaiodo-substituted macrocycle cyclohexa-m-phenylene (2, CHP)
has been studied on Cu(111), Au(111), and Ag(111) under UHV
conditions (Fig. 3).” The CHP molecule was deposited at a deposi-
tion rate of ~0.02 monolayer per minute from resistively heated
quartz crucibles held at 745 K. It was found C-I bonds readily
cleave at room temperature upon adsorption on all the metal
surfaces, forming surface-stabilized CHP radicals (CHPRs) and

Chem. Soc. Rev., 2020, 49, 4637-4666 | 4641
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Fig. 3 STM images of polyphenylene networks formed from the self-coupling of a hexaiodo-substituted cyclohexa-m-phenylene (CHP, 2) on Cu(111)
(@ and b), Au(111) (c and d), and Ag(111) (e and f). Reproduced with permission from ref. 9, Copyright 2010, The American Chemical Society.

co-adsorbed iodine. However, the coupling reactions between the
radicals occur at different temperatures, 475 K on Cu(111), 525 K
on Au(111), and 575 K on Ag(111). As shown in Fig. 3, drastically
different polymer networks were formed on different metal surfaces.
On the Cu(111) surface, “open” branched structures were formed
with very low surface coverage. On the Au(111) surface, the surface
coverage was increased and a mixture of branched and small
domains of compact network clusters were formed. The best result
was obtained on the Ag(111) surface, where highly ordered and
extended polyphenylene networks were formed with high surface
coverage. Ab initio DFT calculations show that CHPRs bind more
strongly on Cu(111) than on Ag(111); therefore the movement
(diffusion) of radicals is more restricted, leading to their lower
coupling probability on the Cu(111) surface. The calculated energy
diagram shows that the network growth on Cu(111) is diffusion-
limited, whereas the rate-limiting step on Ag(111) is the CHPR
coupling. As the irreversible nature of the coupling reaction inevi-
tably leads to defect formation that cannot be corrected, generic
Monte Carlo simulations suggest that free movement of molecules
on a surface is critical to form 2D polymer networks with high
surface coverage and minimal defect formation. These results
further illustrate a decisive catalytic role of a metal surface in surface
polymerization reactions.

2.2.2 Highly oriented pyrolytic graphite surfaces. Highly
oriented pyrolytic graphite (HOPG) is a synthetic graphite
material with honeycomb lattice crystalline structure and high
purity. It is brittle and layered and usually freshly cleaved right
before the deposition to give a clean surface. The HOPG surface
is inert in mild acidic and basic conditions, and is therefore
particularly suited for solid-liquid interface reactions catalyzed
by acid or base catalysts. The surface diffusion barrier and
desorption energy of absorbates on the HOPG surface are
mainly governed by weak m-n interactions, and therefore are
typically lower than those measured on metal surfaces, which
are often caused by strong chemical bonding interactions.

4642 | Chem. Soc. Rev., 2020, 49, 4637-4666

In addition, the ease of sample preparation and subsequent
STM imaging of the surface absorbates have made HOPG one of
the most widely used substrates for interface reactions. Since
the HOPG surface is catalytically inactive, it has been mainly
used as a substrate in condensation reactions, such as imine
condensation and boronic acid condensation, where catalytic
activity of the surface is not necessary. For example, Wan et al.
reported Schiff-base condensation reaction to form a 2D COF at
the vapor-HOPG interface by heating the co-adsorbed aldehyde
and amine monomers at elevated temperatures (130-150 °C)
(Fig. 4a)."" Interestingly, although HOPG interacts with
adsorbates mainly through weak n—r interactions, it has directing
effects on the growth of the imine-linked 2D COFs, controlling the
network growth in a certain direction relative to its lattice direction.

HOPG has also been used in solid-liquid interface reactions.
Lei and coworkers have reported the synthesis of various imine-
linked 2D COFs through deposition of a mixture of benzene-
1,3,5-tricarbaldehyde and various diamines in octanoic acid
followed by their copolymerization at room temperature or under
moderate heating.”>™® Lackinger and coworlkers reported the poly-
condensation of various boronic acids to form boroxine linked 2D
COFs at a liquid-HOPG interface using heptanoic acid as a deposi-
tion solvent (Fig. 4b).>'® HOPGs have been rarely used as a substrate
in coupling reactions, where catalytically active substrates are pre-
ferred. It has been reported that 1,3,5-tris-(4-bromophenyl)benzene
(6) forms a self-assembled monolayer with long range order on the
surface of graphite (001) under high vacuum (UHV) deposition
conditions (Fig. 4c).”” However due to the lack of catalytic activity
of the graphite surface, annealing of the sample at a high tempera-
ture of ~320 °C for 10 min only resulted in complete desorption of
the monomers.

Recent advances in the chemical vapor deposition technique
(CVD) have enabled the growth of large area single layer
graphene (SLG) on various substrate materials, such as metal
surfaces or Si wafers. SLG grown on copper films has been used

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a—c) High resolution STM images of an imine-linked COFs,4 (a), boroxine-linked COFs (b), and 1,3,5-tris-(4-bromophenyl)benzene (6)
monolayer on a graphite surface (c); (d) the growth of COF5,g thin films on the SLG-Cu surface; (e) STM image of single layer COF3z,4 on the
SLG-Cu surface. A5 + 7" defect is highlighted with a black dotted line and two typical domain boundaries are marked by the white arrows. Reproduced
with permission: (a) from ref. 10, Copyright 2013, The American Chemical Society; (b) from ref. 5 Copyright 2012, The American Chemical Society;
(c) from ref. 17, Copyright 2013, The Royal Society of Chemistry; (d) from ref. 18, Copyright 2011, AAAS; (e) from ref. 14, Copyright 2013, Wiley.

as a support in the interfacial growth of 2D COFs."*'® The
Dichtel group reported that oriented COF thin films can be
formed on the SLG surface supported on Cu foil (SLG/Cu)
under solvothermal conditions through the condensation of
1,4-benzenediboronic acid (BDBA, 7) and 2,3,6,7,10,11-hexa-
hydroxytriphenylene (HHTP, 8) (Fig. 4d)."® The COF layers stack
along the direction perpendicular to the SLG surface and show
an improved crystallinity than the powder form. Later, the SLG/
Cu surface was also used to grow single layer COF;,, by the Lei
group (Fig. 4e)."* The STM image shows some “5 + 7" defects
and domain boundaries formed due to the incomplete reac-
tions. The authors suggest the presence of strong coupling
between the surface COF;,, layer and graphene, based on the
DFT calculations and the observed dependence of STM image
contrast on different parts of SLG/Cu and tunneling conditions.
The potential advantage of using SLG grown on other thin film
surfaces as a support would be the convenient incorporation of
such modified surfaces into various devices.

2.2.3 Non-conducting surfaces. Although most 2D COFs
have been prepared on conducting surfaces, e.g. metallic crys-
talline faces and HOPG, which provide a great convenience for
the characterization of the resulting films using STM with
atomic resolution, nonconducting insulating surfaces have
their own advantages without interfering with the activities of
grafted absorbate layers. Conducting surfaces can neutralize
the accumulated charges or readily quench the fluorescence,
thus making it difficult to probe optoelectronic or conducting
properties of absorbate layers and fabricate devices. The use of
nonconducting surfaces can effectively eliminate the contribu-
tions of the substrates and fully harness the properties of self-
assembled monolayers or multilayers with great structural and
functional diversity formed on a surface.

This journal is © The Royal Society of Chemistry 2020

A glass surface is optically transparent, electrically insulating,
and cheap, and therefore is highly desirable for the fabrication of
various devices, such as optical equipment and semiconductors.
Bein and coworkers reported the synthesis of 2D COFs on a glass
surface through vapor-assisted co-condensation of diboronic acids
and hexahydroxytriphenylene (HHTP)."® A solution of monomers
was drop-cast on a clean glass surface, which was then exposed to
the vapor of a solvent mixture, mesitylene and dioxane at room
temperature for up to 72 h to form a thin layer of polymer films.
The thickness of the COF films can be tuned by the deposition
amount of the monomers. Cohesive films as thin as 300 nm could
be obtained, which contain randomly oriented crystalline COF
particles.

2.3 Liquid surface

As previously discussed, formation and immobilization of
polymer thin films on solid surfaces provide great convenience
for studying their structures through direct imaging techni-
ques, e.g. atomic force microscopy (AFM), transmission elec-
tron microscopy (TEM), and STM, with molecular-level
resolution. Polymer-grafted solid surfaces can be directly used
in the fabrication of advanced nano-scale devices and sensors.
Unlike well-defined solid surfaces, the liquid surface is highly
flexible and direct observation of structural characteristics of
polymer films formed on a liquid surface is challenging.
However, liquid surfaces allow the formation of free-standing
polymer films, which can be transferred to other desired
surfaces for structure characterization or device fabrication.
Due to the flexibility of liquid surfaces, the polymer films
produced on a liquid surface can be folded, bent, stretched,
and compressed. Such high motional freedom of polymer films
would be extremely challenging to achieve on a solid surface, if
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possible at all. Liquid surfaces allow rapid mixing of reactants
and high diffusion freedom, thus greatly facilitating chemical
reactions that occur at the interface. In theory, the dimensions
of polymer films are only limited by the liquid surface size,
which can be infinite. Although it is possible to strictly confine
polymerization at the interface region of a few molecular layers
thick, the precise control of the thickness of polymer films
formed at a liquid surface has been challenging.

The Langmuir-Blodgett (LB) technique is frequently used to
prepare monolayer thick polymer films at the air/water inter-
face (Fig. 5a). Typically, amphiphilic molecules, which consist
of both hydrophilic and hydrophobic groups and have good
solubility in nonpolar and water-immiscible solvents, are used
in the LB method. The solution of amphiphilic molecules in a
suitable solvent is spread onto the air/water interface allowing
the solvent to evaporate. The deposition amount of the mole-
cules should be low so that the molecules are spread with large
intermolecular distances and little lateral interactions. The
monomer layer is then slowly compressed, allowing the mole-
cules to self-organize into a compact and well-ordered mono-
layer film. The changes of surface monolayers during the
compression are very similar to the phase changes of three
dimensional gaseous, liquid and solid states. Such changes can
be monitored by a surface pressure (SP) versus the mean
molecular area (MMA) isotherm. After the densely packed
monomer layer is formed, polymerization can be initiated to
lock the well-ordered structure at the interface. One such
representative example is the photopolymerization of anthra-
cene containing monomers through [4+4] cycloaddition using
the LB method.”® The amphiphilic monomers were spread at
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the air/water interface to form a pre-assembled monomer layer.
The formation of a homogeneous monomer layer was sup-
ported by Brewster angle microscopy (BAM) images. Upon UV
irradiation, polymerization occurred and an ordered polymer
monolayer was formed. The monolayer was then transferred to
the HOPG surface and characterized by STM and nc-AFM,
which showed a nanometer thin membrane with a regular
array of monodisperse pores of 1.76 to 2.05 nm.

Although the LB method provides excellent control over film
thickness (monolayer or few layers), it requires amphiphilic
monomers and rather advanced instrumentation. As an alternative
and more convenient method, COF thin film formation at immis-
cible liquid interfaces has been developed. As shown in Fig. 5b,
crystalline, free-standing COF films could be obtained at the inter-
face between a solution of 1,3,5-tris(4-aminophenyl)benzene and
terephthalaldehyde in 1,4-dioxane/mesitylene (4:1 v/v) and water
phase containing a small amount of Sc(OTf); catalyst.>* Although
both the amine and aldehyde monomers co-exist in the organic
layer, the polymerization occurred site-selectively at the interface.
The film thickness (100 pm to 2.5 nm) could be controlled by
varying the monomer concentrations. A uniform film as thin as
2.5 nm could be obtained. The films could be transferred to carbon
grids or silicon wafer substrates for TEM and AFM characterization.
The COF film was also able to be transferred to the commercially
available PES support to form the COF-PES membrane used for
water filtration. This example highlights the great advantage and
potential of flexible free-standing COF films formed on the liquid
surface, which can be transferred to any arbitrary surfaces for
characterization and device applications.

While the above liquid-liquid interfacial reaction is conve-
nient, it is hard to obtain monolayer films that are highly
desired for certain electronics applications through such
method. By combining the convenience of liquid-liquid inter-
facial reaction and the accuracy of the LB technique, Park and
coworkers developed the laminar assembly polymerization
(LAP) method, where a polymer film of monolayer thickness
grows at a sharp pentane/water interface (Fig. 6).>> In this
approach, a solution of the amphiphilic porphyrin tetraaldehyde
monomer in a carefully selected solvent was continuously delivered
onto the pentane/water interface through a micro syringe
pump, which then self-assembled into a monomer monolayer
and gradually polymerized with the diamine monomer in the
aqueous phase (Fig. 6a and b). The laminar flow of the
assembled monomers is critical for the formation of a mono-
layer polymer film with large-scale continuity and homogeneity
in thickness. The polymer monolayer grows unidirectionally
along the long sidewalls with little mixing perpendicular to this
direction (Fig. 6¢ and d). The area of the polymer monolayer is
proportional to the injected volume of the monomer solution,
following a linear relationship (Fig. 6e). Therefore, such LAP
approach allows multiple patterning through simultaneous
injection of multiple monomers and transferring (Fig. 6f-h).
The advantages of the LAP approach include monolayer
precision, ambient growth conditions, easy scale up and trans-
ferring, and the convenient fabrication of complicated
superlattices.

This journal is © The Royal Society of Chemistry 2020
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3. Building blocks

Although a plethora of 2D COFs have been synthesized in the
bulk phase using geometrically well-defined small molecule
building blocks that retain their shape during covalent linking
and crystallization, on-surface synthesis of 2D COFs has been
much less explored with only a limited variety of monomers. In
this section, we will discuss monomer design principles (geo-
metric shapes, size, and functional groups), stoichiometry,
concentration, and monomer interactions with surfaces.

3.1 Geometry requirement

To construct 2D COFs with regular arrangement of molecular
building units, we need to create tessellation through repeated
arrangements of monomer building blocks. The geometric
shapes of monomers are therefore critical as they need to
tessellate on a plane by themselves or in combination with
other building blocks. If a planar framework with periodicity

This journal is © The Royal Society of Chemistry 2020

could be created as a defect-free extending network, the design
of monomers must satisfy the critical mathematical require-
ment of tessellation. Monomers with mismatching geometry
for the targeted tessellation patterns would be unable to
produce strain-free ordered 2D COFs. There are three types of
tessellations, regular tessellations, semiregular tessellations,
and non-regular tessellations (Fig. 7). Regular tessellations
are formed solely by congruent regular polygons, and semi-
regular tessellations are formed by two or more types of regular
polygons.”® There are only three regular tessellations and eight
semi-regular tessellations, where all the polygons are arranged
around vertices in the same order. When the shapes and their
arrangement around vertices are not restricted, there are infi-
nite number of non-regular tessellations.

The reported 2D COFs are mostly limited to regular tessel-
lated patterns of polygons, such as [3.3.3.3.3.3], [4.4.4.4], and
[6.6.6], with only a few exceptions, where semi-regular, e.g.
[6.3.6.3], and non-regular tessellations, such as brick-wall
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[4,4,4]” patterns, are created. For each of the tessellated struc-
tures, there are several monomer design options. For example,
the most common [6,6,6] tessellation could be constructed by
four different approaches: (i) mono-component homo-coupling
of tri-functionalized monomers, e.g. 2,4,6-triethynyl-1,3,5-
triazine (9), which can serve as vertices; (ii) homo-coupling
of hexameric macrocyclic monomers (2); (iii) two-component
condensation of a tri-functionalized vertex and a linear linker,
e.g. imine condensation of 1,3,5-trifomyl benzene (3) and
p-phenylenediamine (4); (iv) in situ formation of vertices, e.g.
boroxine formation from BDBA (7).

The shape of 2D COFs is largely determined by the geo-
metrical and chemical information encoded into the building
blocks. Generally, rigid monomers with aromatic moieties and
a minimum number of saturated carbons in the backbone are
used to retain their shape during polymerization and form
tessellated polymers. The angle and directionality of reactive
functional groups are critical, which determine the angle
strain in target structures. Each tessellation requires building
blocks with an optimal angle between two functional groups to

4646 | Chem. Soc. Rev., 2020, 49, 4637-4666

minimize angle strain and achieve the desired structure as
the thermodynamically stable species. Geometrical mismatch
between two monomers would cause energy penalty and pre-
vent the formation of ordered tessellations.

3.2 Size of monomers

The rational design principle for the preparation of COFs with
predictable structures and properties has been extensively
explored using tailorable organic molecular linkers to control
their pore size and functionality in the bulk phase. The size of
monomers has shown a similar effect on the pore size of COFs
formed at an interface. A well-established isoreticular expansion
strategy is commonly applied to tune the size of monomers,
where the length of an organic spacer group of a monomer is
increased by adding conformationally rigid entities, such as
phenyl or ethynyl groups, while maintaining the steric arrange-
ment of the linkers. Using such a strategy, Lackinger and co-
workers synthesized a series of COFs with the same network
topology but different pore sizes (1.0-3.2 nm in diameter) on the
graphite surface starting from linear diboronic acids of various

This journal is © The Royal Society of Chemistry 2020
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lengths (Scheme 1a).” The Lei group also reported the on-surface
isoreticular synthesis of topologically identical 2D COFs through
imine condensation of a series of linear diamine linkers with
1,3,5-trifomyl benzene (Scheme 1b).'*** All of these surface
COFs show nearly complete surface coverage and high structural
quality based on STM characterization.

In the interfacial synthesis of COFs, monomer sizes not only
determine the pore dimensions of the resulting COFs, but
also greatly influence the adsorption/desorption and diffusion
properties of the absorbed species (monomers or reaction
intermediates) on a given surface. Therefore, to obtain ordered
COF structures, monomers of different sizes might require different
solvents and temperature, both of which have a significant effect
on molecule-molecule and molecule-substrate interactions. For
example, the thermal activation temperature for self-condensation
of diboronic acid monomers increases with the length of mono-
mers. Monomers 7 and 5 start to polymerize on a graphite surface
below 50 °C, whereas the longer monomer 9 polymerizes at 70 °C.
Monomer 9 forms a self-assembled H-bonded monolayer upon
deposition. As the molecular packing density of such monomer
monolayers is generally higher than that of their corresponding
COF layers formed after dehydration (boroxine formation),
desorption and diffusion of monomers are necessary to
form covalent monolayers, which requires high activation
temperature. In contrast, smaller monomers 7 and 5 directly
polymerize without forming such supramolecular networks,
likely because of their low adsorption energy and thus lack of
stabilization. In another example, Lei demonstrated that
COF;., can be readily synthesized through imine condensation
at room temperature at the octanoic acid/HOPG interface,
whereas under the same conditions the reactions between 3
with longer linkers, 11 and 12 provided amorphous polymers.
The well-ordered COF3.4; and COF;,q, formed only after the
change of the deposition solvent to DMSO and heating at
140 °C under vacuum conditions. The adsorption/desorption
and diffusion dynamics of the monomers, and thus the

This journal is © The Royal Society of Chemistry 2020

reaction kinetics and thermodynamics, are directly influenced
by monomer sizes.

3.3 Reactivity of functional groups

On-surface synthesis of 2D COFs has been accomplished
through various types of self-polymerization (one type of mono-
mers) or directional polymerization (two or more types of
monomers). Taking advantage of the reactivity difference of
functional groups, programmed assembly of 2D COFs can be
realized through judicious design of monomers. Previously, a
few reports have demonstrated a hierarchical assembly strategy
to construct COFs with improved structural order by sequential
activation of functional group reactivity. Grill and co-workers
reported that by positioning iodide and bromide groups in one
monomer and sequentially activating their coupling, a polymer
network with a large size of ordered domains can be obtained.
A square-shaped porphyrin building block was functionalized
with two different types of halogen atoms (I and Br) in trans
configuration, encoding two directions of growth. The key to
achieve hierarchical sequential coupling is the difference in the
bond dissociation energy of Br-Ar (~336 kJ mol ') and I-Ar
(272 kJ mol™'), which allows stepwise dehalogenation of the
iodo sites at low temperature and subsequent activation of the
bromo sites at a higher temperature. As shown in Scheme 2,
upon heating to 120 °C, one-dimensional polymer chains
formed where monomers 1 were connected at the terminal
iodo-substituted sites via the selective C-C coupling. In the
following step, the remaining bromo-substituted sites were
activated, and further inter-chain coupling led to the formation
of the interconnected surface polymer. The network synthe-
sized through such a sequential coupling approach shows more
ordered structures and larger domain size compared to that
obtained using a four bromo-substituted monomer (Br,TPP, 14)
by the same procedure through one-step network formation.
This example demonstrates that programmed hierarchical
growth of 2D COFs is possible if functional groups with
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Scheme 2 Synthesis of 2D COFs through a sequential coupling approach from monomer 1 and one-step polymerization from monomer 13.

different reactivity are logically introduced in the monomer
design.

3.4 Stoichiometry of monomers

For multi-component reactions, it has been generally accepted
that the right stoichiometry of components is required to form
the desired structures. However, for multi-component inter-
facial reactions, the optimum stoichiometry of building blocks
is not always the value which satisfies the critical 1:1 molar
ratio of complementary functional groups. It is often more
complicated than in the case of solution phase synthesis as the
availability of monomers on a surface is also largely determined
by molecule-molecule and molecule-substrate interactions.
Nevertheless, product compositions are still greatly influenced
by stoichiometric ratios of reactants. Different products can be
selectively formed by tuning the stoichiometry of reactants,
thus enabling the customizable synthesis. The imbalanced
monomer ratio could promote the self-organization of oligo-
mers, while the balanced stoichiometric ratio could lead to the
growth of ordered surface COFs. Chi and co-workers reported
that oligomeric products and COFs can be selectively obtained
by simply varying the stoichiometric ratios of the reaction
precursors.”> When the stoichiometric ratios of 12 (di-topic
linker) and 14 (tri-topic vertex) building blocks are increased
from 1:2 to 2:3 and to 3:1, bowtie-, hexagon-, and triangle-
shaped structures were formed, respectively, on the Au(111)
surface under UHV conditions (Fig. 8a-c), well consistent with
the theoretical predictions (Fig. 8d-f). The selective formation
of certain products is a result of the balance of the coupling rate
of precursors and the mobility of monomers and oligomers on
the surface, demonstrating the importance of the stoichio-
metric ratio during the on-surface reaction.

The Wang group also studied the effect of the molar ratio of
monomers on the formation of COFs on a surface.*® Interestingly,
when the reactive groups were introduced at the 1:1 stoichiometric
ratio, only non-covalent assembly of the starting monomers was
observed. The target COF structure started to emerge upon
increasing the molar ratio of the diamine monomer. As shown

4648 | Chem. Soc. Rev., 2020, 49, 4637-4666

in Fig. 9, a large number of rod-shaped structures and small
patches of polygonal networks were observed on the HOPG
surface at 1:8 molar ratio of monomers 15 and 12. When the
ratio was increased to 1: 30, co-existence of hexagonal networks
with a domain size of around 40 nm” and some self-assembled
monomers was observed on the HOPG surface. The formation of
ordered networks with high surface coverage was only observed
with a large excess of the diamine monomer (1:50 molar ratio
of 15 and 12). Tri-aldehyde monomer 15 has a large planar
aromatic backbone and favors the formation of a self-assembled
supramolecular monolayer on the HOPG surface. Therefore, the
formation of COF;s.4, requires extra driving force to compete
with such a self-assembly process. Increasing the molar ratio of
the diamine monomer increases the chemical potential of the
reactant and shifts the reaction equilibrium toward polymeriza-
tion based on Le Chatelier’s principle. Also, the excess diamine
monomers provide a basic environment for the transimination
reaction, which enables the self-correction mechanism and
promotes the formation of highly ordered COFs.

3.5 Concentration

Although the formation of surface COFs with high structural
order heavily depends on the thermodynamics of the reactions,
kinetics also plays a major role in determining the outcome of
such a process. To form an ordered COF with a large defect-
free domain, balancing the kinetics and thermodynamics
of self-assembly and polymerization is very important. The
reversibility of dynamic covalent reactions controls the “‘error-
correction” process during the synthesis, which is crucial for
obtaining ordered 2D covalent networks. However, the kinetic
parameters, such as adsorption/desorption rates of different
species, their mobility on the surface, and nucleation rates, can
greatly influence the results of surface reactions. Monomer
concentration is one important factor that can be easily tuned to
steer reaction kinetics.>*” It has been reported that by controlling
monomer concentration, morphologies of COFs can be modulated
at a solid-liquid interface. The change in monomer concentration
induces changes in the adsorption-desorption equilibrium, leading

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 (a) Synthesis of COFys5.1» on the HOPG surface through co-condensation of monomers 15 (10~° M) and 12; (b—d) SEM images of the adlayers
formed after heating at 170 °C for 3 h. The molar ratios of 15:12 are 1: 8 (a), 1: 30 (b), and 1: 50 (c). Reproduced with permission from ref. 26, Copyright

2019, The American Chemical Society.

to changes in absorbate polymorphs. At high concentrations, high
density polymorphs with high adsorption energy per unit area are
favored, whereas low monomer concentration favors low density
polymorphs. For example, the Wang group reported a concen-
tration dependent formation of a series of surface COFs with
rhombus, parallelogram, and Kagome morphologies from the

This journal is © The Royal Society of Chemistry 2020

same monomer (Fig. 10a-d).”® When the concentration of the
monomer (16) was 1 x 10~* mol L™, two types of quadrate
networks (rthombus and parallelogram) were the major products.
Conversely, as the monomer concentration decreases (4 x 10~° M),
another network phase, a Kagome structured morphology,
becomes prevalent throughout the surface (e.g. ~60% coverage
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vs. 6% at high concentrations in COFy,1,) (Fig. 10e). For any pair of
monomers, three structures have the same number of covalent
bonds after the reaction and therefore roughly have the same
chemical free energy. However, the Kagome COF has a smaller
network density than the rhombus and parallelogram network
(Fig. 10f), and therefore is favored at the lower concentration. It
should be noted that the thermodynamics and kinetics of the
interface reactions are more complicated than bulk phase synthesis
as they involve not only chemical reaction itself but also the
simultaneous adsorption-desorption and diffusion of molecules
on the surface.

In liquid/liquid interfacial polymerization, two non-miscible
liquids are utilized to create the interface. Monomers are
usually dissolved in one phase and catalysts are dissolved in
the other. When more than one type of monomers are used,

4650 | Chem. Soc. Rev., 2020, 49, 4637-4666

they could be dissolved in two separate phases and the poly-
merization strictly occurs at the interface. In either case, the
concentration of a monomer solution is the critical factor
controlling the thickness of polymer layers formed at the
interface. Dichtel and co-workers synthesized a series of COF
thin films at the liquid/liquid interface via the polymerization
of 1,3,5-tris(4-aminophenyl)-benzene (TAPB, 18) and terephtha-
laldehyde (PDA, 19).>" As expected, the thickness of the COF
thin films is highly concentration dependent as shown in
Fig. 11b. It can be tuned over several orders of magnitude
ranging from 100 pm to 2.5 nm by simply changing the initial
monomer concentrations. A similar concentration effect on the
thickness of polymer films was also reported by Banerjee and
coworkers in the formation of a crystalline imine-linked COF
film at the liquid-liquid interface.*®
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Fig. 11 (a) Synthesis of COFig,10; (b) schematic representation of the
interfacial polymerization of monomers 18 (TAPB) and 19 (PDA) at the
interface between the organic and aqueous phases, which contain mono-
mers (TAPB and PDA) and Sc(OTf)s catalyst, respectively; (c) the thickness
of COF,g419 films varies over several orders of magnitude depending on
the initial concentration of TAPB. Reproduced with permission from ref. 21,
Copyright 2018, Cell Press.

4. Types of reactions explored in the
synthesis of surface COFs

There are two ways to create ordered framework structures on a
surface: (1) pre-assembly of monomers into ordered structures
(e.g. supramolecular networks) followed by polymerization by
kinetically trapping the preassembled network structures;
(2) under thermodynamic equilibrium conditions involving
dynamic reversible reactions, where error-correction is enabled
through the cleavage and reconnection of dynamic bonds at
defect sites. Although it is possible to create ordered surface
COFs through irreversible polymerization reactions, many
examples have illustrated the benefit of reaction reversibility
in creating large-scale ordered structures with minimal defects.
In this section, we summarize the reactions that have been
used in the synthesis of surface COFs.

4.1 TIrreversible polymerization reactions

Various irreversible reactions have been explored to prepare 2D
polymers at interfaces (Scheme 3), which can be categorized
into three main types: (1) various coupling reactions, including
Glaser coupling, Ullmann coupling, decarboxylative homo-
coupling, and Suzuki coupling. The former three coupling
reactions are self-coupling reactions that require only one type
of monomers. By contrast, Suzuki coupling requires two types
of monomers containing complementary functional groups.
(2) various cyclization reactions, including cyclotrimerization
of acetyls,*® cyclotetramerization of phenylnitriles,*' and [4+4]
photocyclization,*® all of which require only one type of mono-
mers. (3) Imide formation through condensation of an amine
and an anhydride.

Since all of these reactions are inherently irreversible, once
new bonds are formed, the connection between two monomers
becomes permanent. Therefore, preassembly of monomers into

This journal is © The Royal Society of Chemistry 2020

View Article Online

Tutorial Review

packing geometries that closely resemble those of desired
polymer networks is critical to form ordered polymer networks.
In solid surfaces, it has been commonly observed that molecules
self-assemble into ordered supramolecular networks through non-
covalent forces such as hydrogen bonds and van der Waals
interactions. However, in many cases, monomers form densely
packed networks, which require significant desorption, diffusion,
and rearrangement in order to form porous 2D COFs that often
have much lower monomer packing density. Thermal annealing is
generally performed to initiate polymerization and induce the
necessary adsorption/desorption and diffusion dynamics that are
required for the network structure reorganization. However, limited
success has been achieved through such an approach on a solid
surface as the increase of temperature also causes significant
desorption of monomers. For example, the STM images in
Fig. 12 show that 1,3,5-tris(4-acetylphenyl)benzene (20) forms a
densely packed pinwheel assembly structure after initial deposition
on the Ag(111) surface at room temperature, which is stabilized by
the hydrogen bonding between the O atom of the acetyl and the
phenyl ring.*° However, direct thermal annealing of such a
monomer network led to molecular desorption and low surface
coverage. Deposition of the molecules at an elevated temperature
prevents the pre-formation of monomer assembly networks
and leads to direct polymerization. However, limited improve-
ment was achieved, showing low surface coverage (Fig. 12b).
Similar phenomena were also observed for the decarboxylative
homocoupling of 1,3,5-tris(4-carboxyphenyl)-benzene (21) on
Cu(111).** The precursor molecule forms a self-assembled trigo-
nal structure stabilized by hydrogen bonding interactions with a
good surface coverage and high monomer density on Cu(111).
Thermal annealing at 180 °C for 15 min activates the polymer-
ization of the monomers through decarboxylative coupling.
However, consistently irregular networks with very low surface
coverage were obtained. In both examples, the monomers form
ordered supramolecular networks, whose structures are not
relevant to the desired porous COFs and need substantial
rearrangement to form porous COFs.

When monomers are designed to pack in similar conforma-
tions as the desired polymer networks prior to the polymeriza-
tion, large-scale well-ordered covalent monolayers could be
obtained upon irreversible polymerization. One such example
has been demonstrated by Schliiter and coworkers at the air/
liquid interface.”® The anthracene containing monomer 22 was
designed to orient and pack in a face-to-face antiparallel fash-
ion (Fig. 12e) through favorable dipole-dipole and quadrupole
interactions between the electron-rich and the electron-poor
parts of the tetrafluoroanthracene moieties and amphiphilic
interactions with the water surface. Such monomer packing closely
resembles the monomer orientation in the targeted polymer net-
work, and thus requires minimum structural rearrangement dur-
ing their polymerization. Upon UV irradiation, [4+4] cycloadditions
between neighboring anthracenes occur to form the ordered
porous 2D COF. The image of a large scale 2D COF structure with
a regular hexagonal lattice could be clearly visualized under STM
(Fig. 12f) and nc-AFM using a higher eigenmode as well as multi-
pass imaging techniques. The polymer monolayer extends over the
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Scheme 3 Irreversible reactions used in the synthesis of surface 2D COFs.

entire area of 120 x 120 nm? showing a regular array of mono-
disperse pores. This is the largest monolayer polymer network with
structural orderliness reported to date. Although the polymerization
step is irreversible, only some minor defects were observed, suggest-
ing that the monomer preassembly already has a high degree of
long-range order. However, due to the dynamic nature of the water
surface and supramolecular assemblies, the direct observation of
such monomer packing on the surface was not possible through
common imaging techniques. Nevertheless, controlling the organi-
zation of monomers is critical for achieving long range order in
surface COF formation, when self-correction is not permitted.
Most of the surface 2D COF syntheses through irreversible
polymerization use a single type of monomers. However, a
couple of systems comprise more than one monomer, e.g.
Suzuki coupling reactions and imide formation. In general,
the molecular assembly of two components on a surface is
more complicated and challenging than that involving a single
component. The Suzuki polymerization of (1,4-bis(4,4,5,5-tetra-

4652 | Chem. Soc. Rev., 2020, 49, 4637-4666

methyl-1,3,2-dioxaborolan-2-yl)benzene) and 1,3,5-triiodobenzene
at a water—toluene interface in a refrigerator was reported.>* A 2D
COF film with large lateral size, crystalline order, and a thickness of
18 nm was obtained. However, the extent of defect formation and
the size of continuous ordered domains are unclear. Very recently,
the controlled synthesis of two-dimensional polyimide through the
reaction between two components, porphyrin tetraamine and anhy-
dride monomers, was reported.** Imide polymers with high crystal-
linity and a thickness of ~2 nm were obtained with an average
crystal domain size of ~3.5 pm® The formation of crystalline
polymers is largely attributed to the pre-organization of monomers
with the aid of a surfactant bearing a carboxylic acid group. This
report reveals the critical importance of preorganization of mono-
mers in the desired orientation to obtain ordered polymer structures.

To minimize the structural defects caused by the irreversible
covalent bond formation, the sequential coupling approach
with programmed functional group reactivity was developed
by some groups. For example, as previously mentioned,

This journal is © The Royal Society of Chemistry 2020
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Fig. 12 (a and b) STM images of the supramolecular network of monomer 20 formed after room-temperature deposition (a), and the polymer network
formed after the deposition with the substrate held at 590 K; (c and d) STM images of the self-assembled monolayer of monomer 21 on Cu(111) after
deposition at room temperature, and covalent network structures obtained after annealing at 220 °C for 15 min; (e and f) the chemical structure of
anthracene containing monomer 22 and the schematic representation of their possible packing on the surface (e) and STM image of the polymer with
long range order (f). Reproduced with permission: images (a and b) from ref. 30, Copyright 2015, the American Chemical Society; images (c and d) from

ref. 32, Copyright 2016, The American Chemical Society; images (e and f) from ref. 20, Copyright 2017, Wiley.

hierarchical sequential Ullmann coupling was developed by taking
advantage of different activation barriers of deiodination and
debromination on the Au(111) surface. The activation of trans-
Br,], tetraphenyl porphyrin at relatively low temperatures (120 °C)
selectively initiates the coupling of phenyl-iodine sites to form
linear polymer chains. These 1D linkages arrange in a parallel
manner on the anisotropic corrugated gold surface. Subsequent
activation of phenyl-bromine coupling connects the 1D polymer
chains into 2D COF networks with lager domain size, low defect
densities, and an overall improved structural quality compared to
the direct polymerization of analogous tetrabromo substituted
porphyrin monomers.” A similar sequential polymerization
approach has also been investigated by Lackinger®> and Lin*®
groups. Here, the hierarchical assembly method through pro-
gramed reactivity proved to be an effective method to minimize
structural defects and increase domain size using an irreversible
polymerization approach.

4.2 Reversible polymerization reactions

Dynamic covalent chemistry has been well-recognized as a powerful
tool in the thermodynamically controlled self-assembly process.?
When reversible covalent reactions are employed in a system, the
interactions between molecules become dynamic, similar to supra-
molecular chemistry, but through the reversible formation and
breaking of strong covalent bonds rather than weak non-covalent
interactions. Although various dynamic covalent reactions are avail-
able, including the well-known olefin and alkyne metathesis, only
three types of dynamic condensation reactions have been explored in
the synthesis of COFs at an interface, namely boronic acid self-

This journal is © The Royal Society of Chemistry 2020

condensation to form boroxines, boronic acid-diol condensation to
form boronic esters, and imine condensation (Scheme 4). The great
advantage of these dynamic covalent reactions is their error correc-
tion capability, thus enabling the formation of 2D COFs with a long-
range order.

Boronic acid self-condensation
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Scheme 4 Dynamic covalent reactions explored in the synthesis of COFs
on a surface.
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4.2.1 Boronic acid self-condensation. Self-condensation of
boronic acids is one of the most well-known reversible reactions
that have been frequently employed in the synthesis of COFs with
high crystallinity under solvothermal conditions. However, the
synthesis of COFs through such boroxine formation under UHV
conditions on a solid surface usually produces disordered polymer
networks with a high density of defect sites.”” On such a solid-
vacuum interface, the reversibility of boronic acid dehydration is
restricted due to the limited availability of water molecules. When
adequate water molecules are provided, the reversibility of the
reaction and the error correction mechanism are turned on,
leading to the formation of ordered COFs with few defects. Such
notion has been experimentally proved by several research
groups.>*'**¥ Wan and coworkers reported the use of a hydrated
salt, CuSO,-5H,0, as a water reservoir to promote the reversibility
of boronic acid condensation to form boroxine linked 2D COFs in a
closed system.”® A solution of diboronic acid 5 in THF was
deposited on HOPG surfaces and heated in a closed autoclave in
the presence of CuSO,-5H,0. As shown in Fig. 13, large scale 2D
COF; with well-ordered hexagonal pores (98%) was obtained in the
presence of water. Conversely, in the absence of water, a disordered
polymer network with only 7% six-membered rings was obtained,
indicating that water molecules play a key role in repairing the
kinetically formed defect sites, such as 5 or 7 membered rings.

The reversibility of boronic acid self-condensation on a
surface is also highly dependent on the surrounding solvents,
which have a dramatic effect on molecule-surface and mole-
cule-molecule interactions. As mentioned previously, processes
that occur at the interface include adsorption and desorption of
molecules along with their corresponding diffusion across the
surface. Therefore, at the liquid/solid interface, the type of
solvents greatly influences the error correction process and
thus the structure of a monolayer. For example, heptanoic acid
facilitates the conversion of the supramolecular network of
terphenyldiboronic acid (9) into the boroxine-linked COF under
thermal treatment (120 °C) on a HOPG surface in the presence
of water, whereas under similar conditions using dodecane
as a solvent only partial conversion to an ordered COF was
observed. The formation of the COF involves reorganization of
the self-assembled monomer monolayer through desorption,
diffusion, and redistribution of monomers as the monomer

AWith CuSO,-5H,0
HO, OH T
HO n OH T

5: n=2

COFs
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packing density in the COF is 1.4 times lower than that in the
supramolecular network. Heptanoic acid is a polar and protic
solvent with better solvating ability of diboronic acid mono-
mers and water molecules, whereas dodecane is a nonpolar,
aprotic solvent, which has poor affinity toward the monomer as
well as water. As a result, the error correction process involving
desorption, re-adsorption and redistribution of monomers is
greatly facilitated in heptanoic acid, but not in dodecane.
Although reversible formation of boroxines is commonly
activated thermally, it has been reported that an electron beam
or electric field produced from the tip of a scanning tunneling
microscope can also facilitate the boronic acid self-condensation
reaction.>**° De Feyter and coworkers reported interesting elec-
tric field-assisted reversible transformation between a boroxine
linked COF and the corresponding supramolecular network
formed after hydrolysis. As shown in Fig. 14, the reversibility

Fig. 14 Schematic illustration of the electric-field-induced reversible
transformation between self-assembled molecular networks and covalent
organic frameworks. The image is reproduced from ref. 40 with permis-
sion, Copyright 2019, The American Chemical Society.

Without CuSO,:5H,0

Fig. 13 The comparison of STM images of large scale COFs on the HOPG surface formed through dehydration of monomer 5 at 150 °C in the presence
and absence of CuSO4-5H,0. The zoom-in view is also provided to show the high-ordered structure of the COF with very few defect sites. The images
were reproduced from ref. 38 with permission, Copyright 2012, The Royal Society of Chemistry.
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of boroxine formation and hydrolysis can be triggered locally at
room temperature through the manipulation of the electric field
generated by a STM tip. An oriented electric field was generated
by changing the polarity of the applied bias, which selectively
activates the polymerization or depolymerization at an octanoic
acid solution-HOPG interface, thus achieving phase-transition
between the COF and the supramolecular network. The use of
1-octanoic acid as a solvent is critical for the same reason as
previously described. No phase transition was observed when
1-phenyloctane was used as the solvent.

4.2.2 Boronic acid-diol condensation. Boronic acid and
diol condensation is another common reversible reaction
employed in the synthesis of COFs, which involves two types
of monomers with complementary functional groups. Although
such reaction has been extensively explored in the solvothermal
synthesis of COFs, there have been very few reports of such
reaction at an interface. The possible complication is the
competing reaction of self-condensation of boronic acids to
form boroxines. The homopolymerization of diboronic acid
(BDBA, 7) can be suppressed by the deposition of excess diol
molecules. For example, an entire monolayer of HHTP (8) was
deposited on a surface prior to the co-deposition of two
molecules BDBA and HHTP on Ag(111).>” Annealing of the
sample provided a surface COF with hexagonal pores larger
than those observed in the self-condensation of BDBA alone,
supporting the formation of the boronic ester-linked COF
through co-condensation of BDBA and HHTP. It has been
reported that the COF,,g obtained through BDBA-HHTP co-
condensation has higher local structural order than the COF,
obtained through BDBA self-condensation. The formation of
fewer defects in the former case is postulated to be the result of
the favorable kinetic path of bimolecular condensation reaction
as opposed to the trimolecular condensation reaction to form
boroxine rings. However, detailed mechanistic information is
unavailable and needs further investigation. Boronic acid-diol
condensation has also been explored at a solution—glass'® and a
solution-graphene interface.'® In both cases, crystalline thin
films of boronic-ester linked COFs with tunable thickness were
obtained. However, the local defect distribution at the molecular
level is not clear.

4.2.3 Imine condensation. Imine condensation involves
the condensation of two complementary functional groups,
aldehydes and amines, and produces water as a byproduct.
Unlike boronic acid-diol condensation, where boronic acid
self-condensation can be a potential competing reaction, imine
condensation is strictly directional without any competing
self-condensation reaction. Therefore, in many solid-liquid
interfacial reactions, the two monomers are co-deposited on a
solid surface as a mixture mostly under acidic conditions to
facilitate the imine condensation reactions. Various aromatic
amines and aldehydes have been reported to readily react at
room temperature to form imine-linked COFs with ordered
structures and few defects when they were deposited as a
solution in octanoic acid onto a HOPG surface.'®'* Similarly,
aqueous solutions of amines and aldehydes under pH ~ 3.5 form
extended imine-linked COFs at room temperature on the
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chemically inert and hydrophobic iodine modified Au(111)
surface.*’ As the octanoic acid or aqueous solution can readily
accommodate the water byproduct and make it available for the
reverse imine hydrolysis reaction, no extra water is needed to
regulate the equilibrium.

When imine condensation proceeds at a solid-vapor inter-
face, the presence of water molecules and sequential deposition
of two types of monomers can enhance the structural order of
the resulting COFs. Wan and coworkers demonstrated a self-
limiting vapor interface reaction strategy to prepare highly
ordered imine-linked COFs, where one monomer (18) is pre-
loaded and then the second monomer (19) is introduced as a
vapor (Fig. 15).'° Large-scale 2D COF, g, with rare defects was
obtained with typical domain size larger than 350 x 350 nm?,
which represents one of the largest monolayer ordered surface
COFs prepared on a solid surface. Such a sequential deposition
method of two monomers effectively inhibits the rapid nuclea-
tion of a large amount of oligomers with restricted mobility on
the surface, which commonly occurs when two monomers are
premixed prior to the deposition. The growth of ordered COFs
can be attributed to the presence of water molecules, elevated
temperature, and the deposition order of two monomers.
Under optimum conditions, the diffusion of the preloaded
monomer and the evaporation of the second monomer reach
a critical balance, where the large excess of the preloaded
monomer slowly reacts with the limited supply of the second
monomer in the vapor phase at the solid-vapor interface to
achieve the self-limiting growth of ordered 2D COFs with the
error correction mechanism. For such solid-vapor interface
reaction, the stoichiometric ratio of precursors is not strictly
required. The limitation of this method is the vaporization

NH,

a
* O
® +  OoHe~)-cHo —»
H N O O NH, 19

18

COFyg,19

Fig. 15 (a and b) Synthesis of COFg,19 at the solid—vapor interface
through vapor-reaction; (c) large-scale STM image (100 x 100 nm?) of
COF,g419 With the inset depicting the corresponding FFT spectrum of the
STM image; (d) high resolution STM image (20 x 20 nm?) of COFg,10.
Reproduced from ref. 10 with permission, Copyright 2013, The American
Chemical Society.
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capability of monomers. The second monomer should be able
to vaporize at a reasonably low temperature and have lower
vaporization temperature and higher vapor pressure than the
pre-deposited monomer.

Although imines have been frequently reported to easily
hydrolyze, imine-linked 2D networks are highly stable and
resistant to hydrolysis on a water surface. Zhang and coworkers
reported that a monolayer of imine-linked 2D polymer can be
formed at the air-water interface through the acid-catalyzed
reaction of an aromatic triamine and a dialdehyde. Corres-
ponding monolayers of imine polymer are very robust and can
be transferred to various substrates (silicon wafers, TEM grids)
for characterization purposes. The monolayer is stable under
electron-beam irradiation and does not decompose immediately
when the beam is focused.*> Multilayer imine-linked COFs have
also been prepared at immiscible organic solvent-water inter-
faces mostly in the presence of acid catalysts, such as acetic acid,
trifluoroacetic acid, or Sc(OTf);, in the water phase.>"?%*
Although crystalline features of thin films of surface COFs have
been confirmed, the analysis of defect distribution at the mole-
cular level is unavailable. Nevertheless, these results suggest the
high resistance of imine-linked polymers against hydrolysis and
indicate great robustness and stability of such thin films.

4.3 Orthogonal reactions

Thus far, a single chemical reaction is usually employed to form
most of the COF architectures. When two chemical reactions
are mutually compatible, they can be defined as orthogonal
reactions. Orthogonal reactions combine two or more reactions
in one system and offer a tantalizing route towards the prepara-
tion of complex systems and structures. However, the scope of
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such a method remains in its infancy and only a few examples have
been explored. Orthogonal boroxine formation and Ullmann
coupling have been explored using a monomer substituted with
boronic acid and bromide groups.** As shown in Fig. 16a-c, the
doubly functionalized monomer, 4-bromophenylboronic acid,
can undergo self-condensation to form boroxine-linked trimers
at room temperature, which self-assemble into a densely packed
supramolecular network on an Au(111) surface under UHV.
Subsequent high temperature (250 °C) thermal annealing acti-
vates Ullmann coupling between phenyl bromides to form a
covalently linked network. The potential advantage of such an
orthogonal reaction approach is the possibility of creating long-
range crystalline networks by in situ formation of ordered
nanostructures prior to overall COF generation.

Orthogonal imine condensation and boroxine formation
were explored by Wang et al. to prepare imine-boroxine hybrid
COFs at a solid-vapor interface (Fig. 16d-f). The 1,3,5-tris(4-
aminophenyl)benzene (18) monomer was pre-deposited on a
HOPG surface and bifunctional monomer 24 was introduced as
a vapor in the presence of CuSO,-5H,0 powder. After thermal
treatment in a closed autoclave for 3 h at 120 °C, the HOPG surface
was almost fully covered with honeycomb networks, consisting of
alternating aromatic rings and boroxine rings. It is not entirely clear
how the two monomers react through the orthogonal reactions and
how the two reactions proceed (simultaneously or sequentially).
The typical domain size of more than 80 x 80 nm” was obtained
with few defects, indicating excellent error correction capability of
such a method. Since both imine condensation and boroxine
condensation are reversible, COFy,,,4 formed through such ortho-
gonal reactions has much higher structural order compared to the
COF formed through orthogonal reversible boroxine formation and
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Fig. 16 STM images showing sequential formation of covalent networks. (a—c) Orthogonal boroxine formation and coupling of 4-bromophenylboronic
acid (BPBA): (a) reaction scheme; (b and c) STM images of densely packed covalent trimers formed through self-condensation of BPBA at room
temperature on a Au(111) surface (b) and subsequently formed covalent network through Ullmann coupling after annealing at 250 °C (c) (scale bars in b
and c are 2.0 nm); (d—f) the formation of imine-boroxine hybrid COFg,24 from monomers 18 and 24 containing three types of functional groups:
(d) reaction scheme; (e) modeling of the hexagonal pore structure; (f) STM image of COFg,,4 on the HOPG surface. Reproduced with permission:
(b and c) from ref. 45, Copyright 2012, the American Chemical Society; (e and f) from ref. 46 Copyright 2017, The Royal Society of Chemistry.
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irreversible Ullmann coupling. The use of orthogonal reactions can
expand the structural and functional diversity of surface COFs by
allowing the possibility of in situ formation of large size monomers
and incorporation of multiple functional groups in one
repeating unit.

5. Characterization of interface-
assisted COF thin films and covalent
monolayers

The synthesis and characterization of interface-assisted COF
thin films and covalent monolayers represent one of the most
rapidly developing areas in 2D materials research. These materials
undoubtedly have shown great potential in a variety of applica-
tions. The following section will discuss various characterization
methods, which can be classified into three different categories,
targeting the materials’ (1) chemical bonding, (2) morphology,
and (3) crystallinity information.

5.1 Characterization of chemical bonding

5.1.1 Infrared spectroscopy and Raman spectroscopy. Infrared
spectroscopy (IR), a fast and non-destructive characterization
method, provides structural and bonding information of 2D
organic frameworks. By comparing the characteristic adsorption
of as-synthesized COFs and their corresponding model com-
pounds, the polymerization information can be obtained. However,
IR has some limitations in characterizing symmetrical structures as
IR spectroscopy detects a change in the dipole moment. In this
context, Raman spectroscopy, which responds to a change in the
polarizability of bonded atoms, can be a complementary method.
Raman spectroscopy measures the vibrational and rotational
modes of oscillations in materials and in turn creates a fingerprint
for each specific functional group. Along with the success in the
characterization of graphene using Raman spectroscopy, it has also
been utilized in the characterization of distinct bonds and disorder
of COF structures.

However, both IR spectroscopy and Raman spectroscopy are
limited to the characterization of bulk materials due to the
diffraction limit of light. When coupled with the Scanning
Probe Microscopy (SPM) technique, they could simultaneously
provide topographic and label-free identification of the local
chemical environment. Tip enhanced Raman scattering (TERS)
is such a technique that combines Raman spectroscopy with
high spatial resolution of SPM, enabling the identification of
specific chemical components and their distribution at the
nanometer scale. The metallic tip used in TERS is the same as
the one used for scanning tunneling microscopy (STM) or the
metal coated atomic force microscopy (AFM) tip. A strong local
electromagnetic field is confined tightly at the tip of the probe,
which allows local excitation of surface plasmons by the incident
laser, effectively enhancing the Raman scattering signatures.
TERS can provide insightful information on chemical bonds
and molecular orientation in a covalent monolayer. TERS, there-
fore, can also be utilized to image the topography and integrity of
a monolayer, providing the possibility of mapping nanodefects
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Fig. 17 (a) The synthesis of COF;s5,26; (b—d) TERS signal-to-noise ratio
(S/N) maps (100 x 100 nm?, 32 x 32 pixels) at 2220 cm™* (triple bond signal)
within the intact sheet (b), broken sheet (c) and monomer mixture (d);
(e) representative TERS spectra obtained from different maps. Reproduced with
permission from ref. 47, Copyright 2018, The American Chemical Society.

in monolayer structures. As shown in Fig. 17, a monolayer
COF,s5:6 Was synthesized at the air/water interface using a
Langmuir-Blodgett (LB) trough from a triamine monomer 25
and a dialdehyde building block 26 containing an acetylene unit.
The Raman signal intensity of acetylene groups is known to be
particularly angle sensitive when the monolayer is adsorbed on a
metal surface. Based on the theoretical calculation, the band at
around 2200 cm ™' (C=C stretching vibration) should be absent
when the C=C bond is lying flat on the Au(111) surface. Thus,
TERS images can clearly distinguish the molecular orientation of
the triple bonds in a regular monolayer sheet, a broken sheet, or
a simple monomer. The map in Fig. 17b of the as-synthesized
COF,s5:56 monolayer shows a homogeneous S/N distribution
at 2220 cm ™', with only ~2% pixels (red) having S/N > 3,
indicating that only very few triple bonds are not parallel to the
substrate. In contrast, the broken sheet and the monomer
sample show more red pixels indicating that they contain more
triple bonds tilted away from the plane of the 2D network
(Fig. 17b-d).

5.1.2 UV-Vis spectroscopy/fluorescence spectroscopy. Ultraviolet-
visible spectroscopy and fluorescence spectroscopy are easily
accessible and simple methods for monitoring COF formation.
A UV-Vis spectrum can provide information on electronic transi-
tion occurring in monomers or within COFs. The optical band
gap of semiconductors can also be estimated through UV-Vis
spectroscopy by probing the electronic transition between the

Chem. Soc. Rev., 2020, 49, 4637-4666 | 4657


https://doi.org/10.1039/c9cs00879a

Published on 29 June 2020. Downloaded on 11/16/2025 9:01:57 PM.

Tutorial Review

View Article Online

Chem Soc Rev

270
a b i ——TEPE c 546 ——TEPE
==20P-TEEE —— 2DP-TEPE

- - 467

H 360 3

3 3331 s

€ 2

:

=3

2 s

<

COFy7 ' N n 1 1 I L L
300 400 500 600 700 800 400 500 600 700

Wavelength (nm) Wavelength (nm)

Fig. 18 (a) Schematic representation of the synthesis of COF,7; (b) UV-Vis spectra of the monomer TEPE (27) and 2DP-TEPE (COF,;); (c) solid-state
fluorescence spectra of the monomer TEPE (27) and 2DP-TEPE (COF,;). The inset is the fluorescence optical microscope images of the monomer TEPE
and 2DP-TEPE. Reproduced with permission from ref. 48. Copyright 2019, Wiley.

valence band and the conduction band. Fluorescence spectro-
scopy is used to characterize the band gap between excited state
and ground state by measuring emitted photons from a sample.
Compared with other characterization methods for COF thin
films, fluorescence spectroscopy is a non-destructive technique
with high sensitivity. COFs composed of large m-conjugated
building units such as pyrene, triazine, and triphenylene with
inherent rigidity are generally characterized by UV-Vis and
fluorescent spectroscopy. Zhao and co-workers reported a cova-
lent conjugated thin film formed on the copper foil surface
through Glaser-Hay coupling of tetraphenylethene monomer 27
(Fig. 18). UV-Vis spectroscopy and fluorescence spectroscopy
were utilized to determine the fully conjugated COF structure.
Fig. 18b clearly shows the different UV-Vis spectra of the mono-
mer and polymer network, where the monomer exhibits an
absorption band at 270 and 338 nm, while the polymer shows
a peak centered at 360 nm. The fluorescence spectrum of the
polymer also showed 79 nm shift of the emission band (546 nm)
from that of the monomer (467 nm). The red-shift in both the
UV-Vis and the fluorescence spectra of the COF indicates the
formation of a large conjugated network. The highly conjugated
structure and interlayer n—n interactions facilitate the radiative
process, leading to the enhanced fluorescence efficiency.

5.1.3 X-ray photoelectron spectroscopy (XPS), ultraviolet
photoelectron spectroscopy (UPS) and scanning tunneling
spectroscopy (STS). XPS technology is based on the Photo-
electric Effect. When a material is irradiated with X-rays,
electrons are subsequently ejected from their respective atoms
close to the surface. The kinetic energy of an emitted photo-
electron is equal to the difference between the photon energy
and the binding energy of the electron. Due to the inherently
low energy X-rays emitted by XPS, the substrate surface can be
selectively monitored through 1-10 nm of multilayer COF or
monocrystalline domains. Therefore, XPS is an efficient
method to acquire pertinent chemical information of COF thin
films, such as elemental composition, concentrations and
chemical environments (i.e. oxidation states) of surface and
near surface atoms. Ultraviolet Photoelectron Spectroscopy
(UPS) operates on the same principle as XPS, with the only
difference being the ionizing radiation. UPS excites the surface
material with photoelectrons of energy in the range of 10 eV,
while XPS emits photons of much higher energy (1000 eV).
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As lower energy photons are used, most core level photoemissions
are not accessible, so spectral acquisition is limited to the valence
band region. To determine the band gap of the framework,
conduction and valence bands should both be taken into consid-
eration. Scanning tunneling spectroscopy (STS) is an extension of
scanning tunneling microscopy (STM) and can provide useful
information about the electronic surface properties at nanometer
scale resolution. Kern and co-workers demonstrated a comprehen-
sive characterization, including XPS, UPS, and STS, of a COF film
formed on the Cu(111) surface (Fig. 19). As shown in Fig. 19b
(monomer) and Fig. 19¢ (COF), the high binding energy peak at
287.5 eV corresponding to the carbon atoms of the carboxylate
groups disappears after the polymerization, supporting decar-
boxylative coupling of the monomers. The polymerization reac-
tion from carboxylated monomers to decarboxylated oligomers

| /‘ COO‘H @
HooC COOH COFy4

— Multilayer RT (UPS)
Multilayer 220°C (UPS)

2875eV

Intensity (a.u.) o

_Intensity (a.u) ©
Intensity (a.u.) Q.

16 14 12 10 8 6 4 2 0
Binding Energy (eV)

291 290 289 288 287 286 285 284 283 282 281 291 290 289 288 287 286 285 284 283 282 281
Binding Energy (eV) Binding Energy (eV)

di/dv

high
«+— surface state <

polymer molecule polymer|

|

24 6 810121416182022242628 30
Position

Fig. 19 (a) Synthesis of COF,4; (b and c) XPS spectra of the C 1s core level
obtained after deposition of the monolayer monomer at RT (b) and after
annealing at 220 °C (c); (d) UPS spectra of multilayer monomer 21
deposited on Cu(111) at RT (blue) and after annealing at 220 °C for 15 min
(red); (e) STM topography of COF,y; (f) STS map containing 30 d//dV spectra
recorded across a polymer and a deprotonated monomer along the cyan
line in (e) (Upias = —1.5V, 1 = 0.2 nA, T = 20 K). Reproduced with permission
from ref. 32, Copyright 2016, The American Chemical Society.
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is accompanied by the distinct change in the electronic struc-
ture. UPS and STS were used to track the changes in the valence
band region (occupied states) and the conduction band region
(unoccupied states), respectively. The UPS spectrum before and
after the annealing process showed that the occupied states shift
toward the Fermi level by 300 meV due to the deprotonation and
polymerization of the monomers (Fig. 19d). The unoccupied
states were analyzed using STS measurement on a coexisting
area of both intact monomers and the COF. The 2D STS map
consisting of 30 d7/dV spectra was obtained from the cyan line of
the topographic STM image, where one monomer resides inside
the pore of the polymer (Fig. 19e). It shows that after poly-
merization, the unoccupied state at +2 V at the single molecule
level shifts away from the Fermi level.

5.2 Morphology characterization

5.2.1 Optical microscopy. Most multilayered COFs can be
visualized under an optical microscope, which can provide
information on the location, size, and thickness of the resulting
films. Usually, a silicon wafer covered by SiO, (280 nm thick-
ness) is used as the substrate. After repetitive deposition,
uncovered area, monolayer and multilayer films can be distin-
guished by color and contrast.

5.2.2 Scanning electron microscopy (SEM). SEM can pro-
vide crucial information on the morphology, topology and
surface structure of COFs. Unlike optical microscopy, which
can provide only limited resolution and qualitative evidence,
SEM has a higher resolution (up to nm scale) and can be used
to resolve morphology in a relative large-scale region. Moreover,
elemental mapping can be conducted using energy-dispersive
X-ray spectroscopy (EDX) equipped in SEM. For the monolayer
or few-layer polymers, SEM is mainly used to characterize
the smoothness of the surface while cross-section SEM is
commonly used to determine the thickness of the multilayer.
For the bulk COF films and membranes, SEM could be used to
monitor the reaction progress by detecting the change of
polymer morphologies.

5.2.3 Atomic force microscopy (AFM). Atomic force micro-
scopy (AFM) is a powerful technique that can be used to
visualize insulating, semiconducting, and conducting surfaces
with atomic resolution. AFM can generate a three-dimensional
map of a surface by probing the surface with a sharp tip
attached to the free end of a cantilever. Unlike other micro-
scopic analysis methods, which generally use electrons or beam
irradiation, AFM uses a mechanical probe and gathers the
information based on the interaction between the sharp tip
and atoms on the sample surface. The tip of AFM can be
modified to analyze various surface properties, such as thick-
ness, surface roughness, adhesion forces, viscoelastic proper-
ties, as well as mechanical properties such as Young’s modulus.
For COF thin film characterization, AFM has been used to
measure the thickness of single layers, provide information on
the orientation of 2D layers with respect to each other, determine
the smoothness of the surface, and study the 2D materials’
mechanical properties by applying a force on any desired area
on a film.
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Noncontact-AFM (NC-AFM) operates based on a similar
mechanism; however the tip of the instrument does not contact
the sample surface. It measures surface topology by utilizing an
attractive force between the tip and the sample surface. A
piezoelectric modulator is used to obtain the surface informa-
tion by keeping a minimum distance between the tip and the
sample surface via weak van der Waals interaction. NC-AFM
offers the possibility to visualize internal bond structures of a
molecule and characterize molecules with comparable submo-
lecular resolution to scanning tunneling microscopy (STM), the
most well-established method that has allowed visualization of
submolecular features for years. NC-AFM is a rapidly emerging
technique and can provide complementary information to the
conventional STM technique, which is only capable of viewing
the electronic structure of molecules rather than real atomic
geometry. In 2018, the Schliiter group for the first time reported
the NC-AFM images of a 2D polymer monolayer synthesized
at the air/water interface through [4+4] cycloaddition reaction
of monomer 22 (Fig. 20a).° Although a topography image
acquired on a polymerized monolayer using the second eigen-
mode of the sensing cantilever is hard to visualize the mole-
cular structures (Fig. 20b), after applying a special multi-pass
technique, where each line was scanned twice, a high resolu-
tion image with molecular-level structural information was
successfully obtained (Fig. 20c). These images clearly reveal a
regular honeycomb structure of the covalent monolayer, which
extends over the entire area of 120 x 120 nm®.

5.2.4 Scanning tunneling microscopy (STM). Similar to
AFM, STM is also a probe-based technique where a sharp probe
is applied to scan a material surface. STM imaging is commonly
used in conjunction with AFM to obtain three-dimensional

Fig. 20 (a) Monomer 22 and the proposed packing; (b) nc-AFM topo-
graphy image of a 120 x 120 nm? area; (c) corresponding second pass
frequency shift image acquired with the multipass technique. Reproduced
with permission from ref. 20, Copyright 2018, Wiley.

Chem. Soc. Rev., 2020, 49, 4637-4666 | 4659


https://doi.org/10.1039/c9cs00879a

Published on 29 June 2020. Downloaded on 11/16/2025 9:01:57 PM.

Tutorial Review

real-space images of surfaces at atomic level resolution. Unlike
AFM, where the probe makes a direct contact with the surface,
the tip in STM is kept at a short distance from the surface. STM
gathers information by calculating the degree of quantum
tunneling between the probe and the sample, rather than based
on the “feeling” of direct contact between the tip and the
surface in AFM. STM is normally used to characterize conductive
surfaces and provide localized electron density along with atom-
ically resolved surface morphologies of covalent monolayers.
As previously described, many COFs prepared on conductive
surfaces, such as metal surface or HOPG, are directly visualized
under STM to provide direct information on molecular struc-
tures (e.g. honeycomb network structures) with high resolution
at an atomic scale level of ~0.2 nm.

5.3 Crystallinity characterization

5.3.1 TEM and SAED. Transmission electron microscopy
(TEM) utilizes an electron beam passing through a thin sample
to a detector to form an image. Selected area electron diffrac-
tion (SAED) is a TEM technique for determination of the crystal
structure of materials by analyzing their diffraction patterns
that result from the electron beam scattered by the sample
lattice. Combined with SAED, TEM measurement can provide
information on morphology, crystalline phase, crystalline
domains, grain boundaries, and defects. For straight-forward
TEM, to obtain high resolution, the energy of the electron beam
needs to be high, but not such that it damages the sample. It is
often observed that few-layer or single-layer COFs are vulnerable
to electron beams and instantly lose their crystallinity during
imaging.*> The damage of 2D COF films can be reduced by
tuning the accelerating voltage of the TEM, or image acquire-
ment at low electron beam dose. Cryogenic electron microscopy
(cryo-EM) is a powerful tool, as a cryogenic condition can reduce
the radiation damage to COF frameworks. Along with these, high
resolution TEM (HRTEM) is often employed to observe the
details of nanostructures with a sub-nanometer level precision.
The crystallinity and structural information can be assessed
from HRTEM images and corresponding SAED.’**® When the
electron beam passes a single crystalline domain of the sample
in a specific direction, the image of the 2D COF backbone can be
visualized and discrete bright diffraction spots can be observed
in SAED. The image resolution of TEM can reach below 0.05 nm
when aberration correctors are introduced to decrease defocus
and astigmatism in aberration-corrected high-resolution trans-
mission electron microscopy (AC-HRTEM). For example, the
Feng group reported the characterization of a crystalline 2D
polymer obtained at the air-water interface through AC-HRTEM
and SAED (Fig. 21a).>* The uniform morphology in a large area
was confirmed by the AC-TEM image (Fig. 21b) and its crystal-
linity was solved by SAED (Fig. 21c). The AC-HRTEM image
clearly shows a square lattice with 30.0 A spacing, where the
dark sections correspond to the pores and the bright sections
correspond to the porphyrin and perylene units. The crystallinity
and the internal packing pattern were revealed by SAED analysis
performed at multiple positions in a horizontal direction.
Fig. 21c shows a moire fringle diffraction pattern, revealing a
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Fig. 21 (a) Schematic illustration of the synthesis of COF,g,29; (b) AC-
HRTEM image of COF,g429. Inset: A simulated image of COF,g,29 along
the [001] projection with the structure model overlaid; (c) SAED pattern.
The arrows indicate the 100 and 010 reflections at 0.33 nm™2. Reproduced
with permission from ref. 34 Copyright 2019, Springer Nature.

square unit cell with @ = b = 30.0 A, y = 90°, consistent with the
simulated stacked or slipped AA-stacking atomic models. To
minimize the irradiation damage on these 2D polymers, the total
electron dose for the acquisition of SAED patterns and HRTEM
images was limited to 2.0 e~ A (dose rate of 0.2 e~ A2 s™*) and
1000 e~ A~ (dose rate of 200 e~ A= s™%), respectively.

5.3.2 XRD and GIXRD. X-ray powder diffraction (XRD) is a
common technique to characterize COF materials in the form
of microcrystalline powders. It can provide phase identification
and unit cell information of a crystalline material. Wide-angle
X-ray diffraction (WAXD) is a related technique, which probes
Bragg peaks scattered to wide angles, typically >5 degree.
WAXD thus can provide the structural information of sub-
nanometer-sized crystalline samples, including the degree of
crystallinity, chemical composition, or phase composition.
Another complementary technique to WAXD is small-angle
X-ray scattering (SAXS), where Bragg peaks scattered to small
angles in the range of 0.1-5 degree are analyzed. SAXS provides
structural features on the length scale of nanometers, typically
in the range of 1-100 nm, and is generally used to obtain
morphological information of amorphous or mesomorphic
samples. However, these X-ray scattering techniques are often-
times not suitable to analyze thin films deposited on a sub-
strate. As X-rays interact weakly with materials, the wave
penetrates deeply in the sample and diffraction signals from
both the film and the substrate are usually collected. To limit
the penetration depth of the X-rays into the sample and
minimize background scattering from the substrate, grazing
incidence X-ray diffraction (GIXRD) is used, where a sample is
irradiated by X-rays under small incidence angles with respect to
the sample surface, typically below 1 degree. The penetration depth
of the X-ray beam in samples can be controlled by modifying the
incidence angle. GIXRD is therefore very surface-sensitive and can
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Fig. 22 (a) Synthesis of COF5,g; (b) X-ray scattering data obtained from
the COF;,g powder; (inset) schematic of randomly oriented COF;,g grains
in the powder; (c) GID data of a COF5,g film on SLG/Cu, (inset) schematic
of oriented COF;,g grains in the film; (d) GID data obtained at large Q |,
showing an off-specular projection of the COF5,¢ film (001) Bragg peak.
Reproduced with permission from ref. 18, Copyright 2011, AAAS.

provide detailed information about the thickness and periodicity of
thin films. Synchrotron radiation is used in GIXRD to obtain
reliable data as X-ray diffraction from the surface is generally
extremely weak. By collecting data under different incidence angles
and different rotation of the sample, we can determine the
film direction and its internal unit cell direction based on the
appearance or the change of signal intensity of characteristic peaks.
The Dichtel group reported the characterization of the COF.g thin
film (Fig. 22a) on a single-layer-graphene (SLG) using GIXRD.
A synchrotron X-ray source was used and the incident beam
was directed nearly parallel to the substrate. The Bragg peaks of
the bulk crystalline COF,,g appear as rings due to the random
orientation of the grains. In contrast, in X-ray scattering data of the
film sample, the Bragg peaks are mostly concentrated near Q ; =0,
indicating that the c-axis orientations of the grains are mostly
perpendicular to the surface but are randomly rotated about this
axis. The broad powder ring of the 001 Bragg peak centered at
1.83 A" observed in the bulk crystalline COF;,5 was absent when
the GIXRD of the COF,,g film was measured on the SLG/Cu
substrate (Fig. 22b and c). Instead, the 001 peak of the film was
observed as a diffuse arc of scattering centered at Q, = 1.85 A™*
(Fig. 22d). The analysis of the width of the 001 peak in Q shows
that the n-stacking direction of most of the grains is almost parallel
to the surface normal (within +13°). Debye-Scherrer analysis
provided more information on the size of the grains, showing that
they are on average ~6.8 + 0.3 nm tall by 46 + 2 nm across,
corresponding to ~ 20 unit cells laterally and vertically.
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6. Examples of COF membranes and
covalent monolayers grown at the
interface and their applications

As a still growing field in chemistry and materials science,
connections between the COF membrane (or covalent mono-
layer) synthesis and device fabrication are rare, but still highly
valuable. In this section, some selective examples of COF thin
films/membranes or covalent monolayers that were prepared
through interfacial polymerization will be discussed, with a
particular focus on their interesting physical properties and
great potential in various applications.

6.1 COFs formed at the air-water interface

The advantage of air-water interface polymerization is the
possibility to get free-standing thin films or even atomic-thin
covalent monolayers using amphiphilic monomers with poor
solubility in water. Hydrophilic molecules, particularly those
that can be dissolved in water (even just a small amount),
usually cannot be used in such an approach, which represents a
potential drawback. The obtained thin films have to be trans-
ferred to other substrates for property study or application,
which might cause film/membrane damage during the transfer
process.

Thin film transistors and catalysts. In 2016, Feng reported the
synthesis of a crystalline monolayer through imine condensation
between 5,10,15,20-tetrakis(4-aminophenyl)-21H,23H-porphyrin (28)
and 2,5-dihydroxyterephthalaldehyde (30) at the air-water interface
(Fig. 23), with a thickness of ~0.7 nm.*> SAED characterization
confirmed the crystallinity of the monolayer. Such a monolayer
shows an excellent Young’s modulus of 267 + 30 GPa, which is
on the same order as that of graphene (200-1000 GPa). The covalent
monolayer COF,g,30 (M = 2H) shows an optical band gap of 1.4 €V
with a charge carrier mobility of 1.3 x 10 °*ecm®>V ' s ' and an
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Fig. 23 (a) Synthesis of COF,g,30 from monomers 28 and 30; (b) transfer
curve of a thin film transistor employing COF,g,30 (M = 2H) as an active
semiconducting layer at a source to drain voltage of —40 V after doping
with iodine; (c) hydrogen evolution reaction polarization plots of blank
titanium foil (black) and multilayer COF,g,30 (M = Co"). Reproduced from
ref. 43.
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on/off ratio of 10%. The charge carrier mobility of COF,g,3, can
be increased to 1.6 x 10°* em® V"' 57! upon doping with I,,
thus showing the great potential as an active semiconducting
layer in a thin film transistor (Fig. 23b). Moreover, the polymer
thin film COF,g.3, (M = Co™) containing high-density electro-
catalytic cobalt-porphyrin moieties can be directly deposited
onto an electrode surface, functioning as a catalyst for hydrogen
evolution reaction (HER). As a proof-of-concept, the multi-layer
materials were deposited onto a Ti electrode and studied in
electrocatalytic hydrogen evolution reaction in 1.0 M aqueous
KOH solution. Although the bare Ti electrode and cobalt-free
polymer showed negligible HER activity, the Co-integrated
polymer deposited on the Ti substrate showed an excellent
electrocatalytic activity for HER (Fig. 23c). This study showed
the possibility of using 2D covalent monolayers or COF thin
films as promising candidates for next generation electronics
and energy-related applications.

Nanofiltration. In 2018, Lai and co-workers synthesized
COF3,.3, thin films from 1,3,5,-triformylphoroglycinal (31) and
9,9-dihexylfluorene-2,7-diamine (32) through the LB method
(Fig. 24a).>° The film shows characteristic signals in the XRD
spectrum consistent with those observed for the corresponding
bulk crystalline materials, indicating their similar structural
order and crystallinity. When the COF;q.3, thin film was
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Fig. 24 (a) Synthesis of COFzy,3, at the air—water interface. (b) Cross-
section SEM image of the COFz;,3, membrane (20 layers) supported on
AAO. (c) Permeances of water and a number of polar and nonpolar organic
solvents through the three COF3;.3, membranes with 15 (M15), 20 (M20),
and 30 (M30) layers, plotted with the inverse of their viscosity. (d) Rejection
rates of various dyes through the M20 membrane vs. their molecular
weight. (e) Image showing the separation of the mixture of dyes Reactive
Green (RG) and Primuline (P). The chamber on the left-hand side contains
the mixture of the two dyes, whereas the chamber on the right-hand side
is filled with fresh water initially and it turned yellow after 1 day of diffusion.
Reproduced with permission from ref. 50, Copyright 2018, The American
Chemical Society.
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deposited on an anodic aluminum oxide (AAO) porous support,
it showed excellent solvent permeability at 25 °C under 1 bar
transmembrane pressure drop (Fig. 24b and c). A linear relation-
ship was observed between the permeance and the reciprocal of
the viscosity (1/5) of the solvents. The water permeance of the
COF31.43, thin film is 100 times higher than that of amorphous
membranes with the same thickness. Such membranes showed
nearly constant permeance of water and various solvents up to
30 h at different pHs, indicating their high degree of stability.
The membrane exhibits sharp molecular sieving with a molecular
weight cutoff (MWCO) value of approximately 900 Da and a mole-
cular weight retention onset (MWRO) value of around 600 Da, as
demonstrated by the separation of dye mixtures in Fig. 24d and e.
These preliminary results suggest the great potential of COF
membranes for organic solvent nanofiltration applications.

6.2 COFs formed at the liquid/liquid interface

Liquid/liquid interface synthesis usually involves dissolution of
two monomers separately in two immiscible solvents. The
interface between two solvents provides a 2D space for polymer
growth. For covalent bond formation, usually an external
catalyst is needed to facilitate the polymerization process.
Compared with air/liquid interface synthesis, liquid/liquid
interface synthesis does not need any extraneous instrumenta-
tion (e.g., LB trough), but instead it can be simply conducted in
a beaker. However, the formation of covalent monolayers is
usually hard to realize due to the random diffusion of mole-
cules without an external directed driving force like the barriers
in a LB trough. Therefore, it is challenging to get an atomic thin
polymer nanosheet through liquid/liquid interfacial polymer-
ization, even with precise calculation.

Nanofiltration. Rahul and coworkers prepared a series of
thin film COFs through imine condensation at the dichloro-
methane/water interface under the catalysis of p-toluenesulfonic
acid (PTSA), which show nanofiltration membrane performance.”
PXRD characterization showed that the COF membranes have good
crystallinity and porous structures with BET surface area up to
1151 m”> g~ '. AFM characterization showed that the membranes
have thickness between 45 and 90 nm albeit with a rough surface.
These COF membranes showed good solute-rejection perfor-
mance as well as selective rejection based on molecular weight.
Fig. 25 shows the structure of COF3;.3;3 and its membrane
performance properties. The COF;,.3;3 thin film exhibits excel-
lent permeance toward various solvents, including acetonitrile
(339 L m > h ™" bar™ ") (Fig. 25b). The thin film shows very high
solute rejection performance, showing rejection values as high
as 97% for acid fuchsin (AF). More importantly, such a
membrane has excellent stability, showing negligible change in
rejection performance over five cycles (Fig. 25c¢).

Dichtel and coworkers also reported the synthesis of a COF
thin film through Schiff base reaction at the mesitylene-dioxane/
water interface under the catalysis of Sc(OTf);, which shows
excellent nanofiltration performance.?" They prepared thin films
of various thickness, ranging from 100 um to 2.5 nm, by tuning
the initial monomer concentration through precise calculation.
The COF films were transferred onto polyethersulfone supports.
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Fig. 25 (a) Synthesis of COF3;,33 at the liquid-liquid interface and its
modelling and optical image; (b) permeances of pure solvents for COFz;,33
thin film; (c) recyclability of the COFszy,33 thin film for acid fuchsin (AF)
rejection over 24 h for 5 cycles. Reproduced from ref. 51 with permission,
Copyright 2017, The American Chemical Society.

The resulting membranes showed enhanced rejection of Rhoda-
mine WT (up to 91%), a commonly used model water contami-
nant. The advantages of such a system include large area,
tunable pore size, and customizable chemical composition, thus
showing great promise in nanofiltration applications.
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6.3 COFs formed at the liquid/solid interface

In liquid/solid interface synthesis, usually a solid substrate is
introduced into the reaction solution or the reaction solution is
drop cast onto the surface of an adsorbent. The favored inter-
actions (e.g., polarity, electrostatic, n-n stacking, etc.) between
the substrate surface and the resulting polymer network drive
the growth of COF membranes or covalent monolayers at the
surface of the solid support. Compared with air/liquid and
liquid/liquid interface synthesis, liquid/solid interfacial synth-
esis can provide thin films or even monolayers already inte-
grated on the solid substrates, such as silicon wafer and HOPG,
which allow direct device fabrication and property measure-
ment without the need of material transfer. By carefully con-
trolling the initial monomer concentration in the drop-cast
approach, it is possible to obtain covalent monolayers.
Molecular recognition. One interesting potential application
of surface COFs toward molecular recognition was demon-
strated by Lei and co-workers. They reported the synthesis of
a 2D surface COF through Schiff base reaction using benzene-
1,3,5-tricarbaldehyde (3) and 4,4’-azodianiline (34) as the
precursors."” As shown in Fig. 26, such a framework can serve as
a host network to effectively encapsulate arylenevinylene macro-
cycles (AVMs) in the cavity. This enables efficient separation of
AVMs from their linear polymer analogs, which are the common
side-products in the cyclooligomerization process, through simple
surface binding followed by a solvent washing process. Such a

CHO

OHC HO

3 ——> COF3.3

+
e
34

&)

Washed with
1,2,4-TCB
After washed with After washed
octanoic acid

with 1,2,4-TCB
3 >, “- -

Fig. 26 (a) Structures of AVMs and the linear oligomers; (b) synthesis of COFz, 34; (c) schematic illustration of the controlled separation of AVMs from the
linear oligomers using the host—guest interactions with surface COFs,34; (d) corresponding STM images of the four separation stages shown in (c). The
scale bars are 10 nm. Reproduced from ref. 15 with permission, Copyright 2018, Wiley.
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a HOGOH

Boroxine

Fig. 27 (a) Synthesis of COF; (b) schematic illustration of dipstick pre-
paration of the COF;/fullerene host—guest structure; (c) STM image of as-
synthesized COF; on the HOPG surface; (d) STM image of COF; populated
with Cgg guest molecules. Imaging parameters: voltage U, = —800 mV,
tunneling current /| = 100 pA. Reproduced with permission from ref. 52,
Copyright 2015, The Royal Society of Chemistry.

separation process was monitored and confirmed using STM.
A significant advantage of such on-surface purification is that
the separation process can be performed step by step in a well-
controlled fashion, opening up new possibilities for separating
and purifying the cyclic products obtained through olefin
metathesis.

Another example of molecular recognition based on surface
COFs was reported by Rosei et al. where the known COF; was
assembled on the HOPG surface.”” It was found that upon
addition of a solution of Ce, fullerene on top of COF; supported
by HOPG, adsorption of fullerenes within the defined pores was
observed by STM (Fig. 27). Fullerene adsorption was also
observed on top of boroxine rings of COF,. Both these sites
were able to host fullerene molecules, as confirmed by STM
characterization. Control experiments show that the presence
of the COF layer is necessary for the stabilization and disper-
sion of fullerene molecules.

Electron conducting and fluorescence property. Utilizing the
Glaser coupling reaction, Li et al. developed a general approach
for growing graphdiyne nanoporous structures from hexaethy-
nylbenzene precursors on a catalytic Cu substrate in the
presence of pyridine at a low temperature (60 °C).>* They
reported that the Cu substrate catalyzes Glaser coupling and
serves as both adsorbent and catalyst towards the growth of
graphdiyne films. Furthermore, upon COF film synthesis, the
authors were able to fabricate a Cu plated device to measure the
conductivity of the graphdiyne thin film. The film exhibits a
high surface conductivity of 2.5 x 10™* S m™", which could be
useful for the future fabrication of electronic devices. A similar
example of graphdiyne thin films containing fluorescent
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tetraphenylethene (TPE) moieties was also obtained on a Cu
surface and under solvothermal conditions.*® Due to conforma-
tional locking of TPE, rotational freedom was significantly
reduced and a fully conjugated network was established. The
resulting thin film was found to display exceptional fluores-
cence properties, offering a potential application of these
materials in the field of chemical sensing.

7. Concluding remarks

There has been tremendous progress in the design, synthesis,
and property study of COF-based thin films or membranes
within the past ten years or so. These structurally precise
materials have shown great potential in various applications,
such as water purification, energy storage, etc. However, some
technical challenges, particularly in structure characterization,
thickness control, and material processability, remain to be
addressed.

First, for covalent monolayers prepared through air-water
interfacial polymerization using the Langmuir-Blodgett trough
approach, it has been extremely difficult to characterize their
structural order. To the best of our knowledge, there has been
no successful STM characterization of such monolayers upon
transferring them from the water surface to a solid substrate. It
is hypothesized that some water droplets or gas bubbles are
trapped underneath the monolayer, significantly diminishing
the tunneling effect and making the image acquisition difficult.
People have also tried using grazing incidence X-ray diffraction
(GIXRD) to characterize covalent monolayers, but with limited
success. In this regard, liquid-solid interfacial polymerization
shows greater promise than air-water interfacial reactions.
High-quality STM data of those single-layer framework struc-
tures have been routinely obtained. Nonetheless, development
of novel powerful characterization tools that can provide the
structural order information on covalent monolayers is highly
desired.

Second, the domain size of these covalent monolayers or
thin films prepared at a liquid surface (either air-water or
liquid-liquid) is generally difficult to determine. But such
information is particularly important for electronic device
applications. On the other hand, in terms of material proces-
sability, the frameworks prepared at a liquid surface have
advantages, such as the formation of free-standing thin films
that can be transferred to other substrates for structure char-
acterization or device fabrication. Moreover, given the flexibility
of liquid surfaces, the thin films obtained via such an approach
can also be folded, bent and stretched, all of which would be
very challenging to achieve with a solid surface.

Third, it is still difficult to control the thickness of the COF
materials prepared through interfacial polymerization, particu-
larly at the liquid-liquid interface. The material thickness is
highly dependent on both the monomer diffusion rate and the
polymerization rate. For certain applications, such as molecular
separation and water purification, thin membranes are highly
desired due to their high permeability (flux). Therefore, development

This journal is © The Royal Society of Chemistry 2020
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of new techniques that could achieve better control over the thick-
ness of COF thin films or membranes would significantly facilitate
their practical applications. The recently developed laminar assem-
bly polymerization (LAP) method represents a promising strategy.

Fourth, for the COF monolayer grown on top of solid
substrates (e.g., Cu, Ag, or Au), often the small molecule
building blocks need to undergo vaporization under ultrahigh
vacuum conditions to be deposited on the metal surface,
followed by surface-catalyzed framework formation. Although
the resulting thin films can usually be visualized with STM, the
stringent requirement on the experimental setup strongly
impedes its large-scale practical applications. On the other
hand, as mentioned earlier, the Langmuir-Blodgett trough
approach can significantly facilitate the preparation of large-
area covalent monolayers under ambient conditions; however,
the structural order of the obtained monolayer is usually hard
to characterize. How to overcome such a dilemma (difficult
synthesis and unambiguous characterization vs. convenient
synthesis and difficult characterization) represents a grand
challenge in this field.

Fifth, more experimental and theoretical information on the
mechanistic insight into the catalytic activities of different
metal surfaces is needed, such as the geometry of active sites,
adsorbed intermediates, activation energy, etc. Such informa-
tion would be of great importance for controlling the growth of
COF monolayers at metal substrate surfaces as well as for their
structure-property relationship study.

With further advancement of synthetic strategies as well as
characterization techniques, it is anticipated that interfacial
polymerization will play a more critical role in COF-based thin
film or membrane preparation. Such customizable ordered
framework materials through bottom-up design would have a
significant impact on multiple fields with great potential in a
broad range of applications, such as molecular separation,
water purification, electronics, energy storage, sensing, etc.
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