www.advmat.de

RESEARCH NEWS

www.MaterialsViews.com

The Organic Flatland—Recent Advances in Synthetic 2D
Organic Layers
Song-Liang Cai, Wei-Guang Zhang, Ronald N. Zuckermann,* Zhan-Ting Li,* Xin Zhao,*
and Yi Liu*
materials now represents an important
branch of modern materials chemistry.
Several conceptual classes of synthetic
organic materials with 2D layered features, such as 2D polymers and 2D covalent organic frameworks (COFs), have
been discussed extensively in recent literature. The term “2D polymers,” as defined
by Schlüter and co-workers, refers to individual sheets of covalently linked polymers
with periodicity and long-range in-plane
order.[2] 2D COFs, which are arguably a
special class of 2D polymer, are generally
bulk layered crystals consisting of stacks
of covalent polymer layers.[3] The strong
interlayer forces hold the layers together in these bulk crystalline COFs and make it difficult to separate individual layers.
It is, however, imperative to fabricate isolated layers, in order
to take advantage of the unique structural features of these 2D
materials. Hence, this article focuses on 2D synthetic systems
that provide access to freestanding single- or few-layer structures. More specifically, we review recent developments in synthetic organic 2D materials that contain a periodic network of
repeating organic units, arranged in two orthogonal directions
within isolated sheet-like structures. The connectivity between
building blocks within each 2D organic layer can be both covalent and non-covalent. The layer thicknesses of these 2D structures are typically a few nanometers, corresponding to the size
of a single molecule or a few well-packed molecules, and are
generally several orders of magnitude smaller than the lateral
dimension.
The ability to synthesize precisely defined 2D organic layers
is expected to extend the already rich functionality of conventional 1D linear polymers. Chemists are making great progress
in achieving better control of the design and synthesis of 2D
structures, including control over the exact pore size, shape,
and functionality over a large area, and are engineering functionality in both homogenous and heterogeneous molecular
nanosystems.[4] Emerging applications of these materials
include their use in membranes, storage materials, sensing,
catalysis, and optoelectronic devices.
In this Research News, we first summarize the most recent
advances in synthesis of highly ordered, sheet-like 2D organic
layers, and follow this with a discussion of several applicationrelated properties accompanying this great synthetic progress.
Perspectives on the emerging properties of such materials are
also offered at the end of this article. The materials discussed
include supramolecular organic layers, exfoliated COF layers,
and single-crystalline 2D polymers. The discussion of COFs is

Ultrathin, 2D organic layers of sub-ten nanometer thicknesses and high
aspect ratios have received a great deal of attention for their graphene-like
topological features and emerging properties. Rational synthetic strategies
have led to the realization of periodic 2D layers with unprecedented structural
precision. Herein, recent progress on the synthesis of 2D organic layers,
including methods based on both non-covalent and covalent interactions,
is summarized, and potential applications are highlighted. Such 2D organic
nanostructures have a brilliant future as prospective multifunctional materials, showing great promise as platforms for engineering novel optoelectronic, interfacial, and bioactive properties.

1. Introduction
The recent boom of interest in 2D materials—most notably,
graphene, hexagonal boron nitride, metal chalcogenides, and
layered perovskites—clearly highlights the fundamental importance of both atomically defined molecular structure and specific dimensions for material properties.[1] Organic analogs
of these ultrathin 2D materials have recently been receiving
increased attention because of their unique characteristics,
such as light weight, good flexibility, high tunability, and adaptivity. Research into the design, synthesis, structural characterization, and material properties of synthetic 2D organic
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2. Synthesis of 2D Organic Layers
2D organic structures have been of great interest to synthetic
chemists long before the discovery of graphene and other 2D
materials. Sheet-like polymeric structures resulting from early
synthesis attempts generally exhibited a lack of regularity and
periodicity over reasonable domain sizes, a critical feature of
2D layers. Strategies that lead to well-controlled fabrication of
2D organic layers with long-range structural ordering and high
periodicity over large areas have thus been actively pursued.
In general, high order within 2D organic structures originates
from supramolecular preorganization, frequently a result of
an ensemble of non-covalent interactions. In the cases of covalently linked 2D layers, the covalent propagation of periodicity
within the 2D space is typically facilitated by shape-persistent
building blocks, the rigid conformations of which aid the
confinement of in-plane polymerization. Based on the nature
of the bonding interactions between adjacent units, the 2D
organic layers are herein categorized into two main classes:
supramolecular 2D layers from non-covalent self-organization,
and covalent 2D layers crosslinked by covalent chemical bonds.
As illustrated in Figure 1, each category is subdivided into several subsets. For supramolecular 2D layers, the self-assembly
from the non-covalent crosslinking of complementary building
blocks, from polymers, or from amphiphilic small molecules
will be discussed. For the covalent 2D layers, examples include
solvothermal synthesis of 2D COF layers, surface-assisted covalent crosslinking, 2D layers from polymerization without any
template, and kinetic crosslinking of reactive groups preorganized by supramolecular interactions. More details of each specific 2D organic layer are given in the following sections.

2.1. Supramolecular 2D Organic Layers
2.1.1. Non-Covalently Crosslinked 2D Layers
Supramolecular interactions have been used extensively to
obtain crosslinked or hyper-branched 2D polymers. The inplane order of these supramolecular polymers is, however,
poorly controlled as a result of the flexible backbones. In addition, it is still challenging to confine the continuous frameworks
within a single layer by following conventional uncontrolled
polymerization processes. In order to overcome these problems, chemists have developed shape-persistent building blocks
to direct the framework propagation within a 2D plane. A recent
example is reported by Li and co-workers,[6] who have designed
and prepared a tritopic molecular strut for co-assembly with
cucurbit[8]ril (CB[8]) (Figure 2a). Such an assembly scheme
takes advantage of the 1:2 binding motif between CB[8] and
the 4,4′-bipyridin-1-ium (BP) moiety. The inclusion-enhanced
head-to-tail dimerization of BP units within the cavity of CB[8]
in aqueous solution positions the two BP units in an antiparallel linear arrangement. The strut is designed as a rigid

Adv. Mater. 2015, 27, 5762–5770

1,3,5-triphenylbenzene derivative that bears three BP units on
the peripheral benzene rings. Another structural feature of
the strut is the introduction of three bulky, hydrophilic bis(2hydroxyethyl)carbamoyl groups to the central benzene ring, in
order to suppress 1D stacking of the 2D framework into the
third dimension and to ensure solubility in water. Mixing the
triangular strut with CB[8] in a 2:3 molar ratio in water led to
the formation of the first solution-phase single-layer 2D supramolecular organic framework (SOF). 1H NMR spectroscopy
and dynamic light scattering indicated the formation of large
aggregates in solution, while the internal order of the honeycomb 2D framework was confirmed by solution-phase small
angle x-ray scattering experiments, which indicated a periodicity
of ≈3.6 nm. Planar aggregates with a height of 1.72 nm were
observed by atomic force microscopy (AFM) studies, matching
the expected thickness of the single-layer framework.
Using a similar crosslinking strategy, another 2D SOF has
been constructed in water from a rigid triangular building
block, the assembly of which was driven by the dimerization
of three appended viologen radical cation units.[7] The addition
of CB[8] further stabilized the single-layer network by encapsulating the stacking viologen radical cation dimers. Very
recently, Zhao and co-workers demonstrated[8] that a 2D SOF
could also be constructed through a three-component assembly
of rigid cross-shaped vertexes, flexible edges, and CB[8], driven
by CB[8]-encapsulation-enhanced donor-acceptor interactions
between viologen and 2,6-dihydroxynaphthalene units.
Metal–ligand coordination has also been utilized to direct the
assembly of 2D layers. In order to confine the coordination network within the 2D space, the self-organization is often assisted
by air–water or liquid–liquid interfaces or interfacial reagents.
Schlüter and coworkers have fabricated a thin layer of freestanding coordination 2D polymer by subjecting the assembly
of a terpyridine-based D6h-symmetric hexamer to various metal
ions at the air–water interface.[9] The monomer molecules spread
at the interface before being crosslinked by the metal ions diffused from the aqueous layer. Thermal treatment led to homogenous nanosheets with thicknesses of around 1.3 nm, which corresponds to a monolayer of crosslinked polymer. Interestingly,
complete sheet-to-sheet transmetalation from Zn2+ to Fe2+ and
several other metal ions could be achieved via a very mild dipping process, with no loss of mechanical integrity.[9b] A similar
2D coordination sheet was created at a CH2Cl2/H2O interface by
Nishihara and coworkers[10] when benzenehexathiol and nickel
acetate were diffused from the organic and aqueous layers,
respectively (Figure 2b). After being deposited on graphene,
the Ni(II)-bis(dithiolene) complex based single layer nanosheet
was shown to be semiconducting and redox active, indicating
its potential to be used for molecular electronics. Formation of
2D coordination polymer nanosheets could also be facilitated by
the use of auxiliary surfactant reagents. As reported by Lotsch
and coworkers,[11] when zinc acetate and benzimidazole were
mixed under reverse microemulsion conditions, layers of 2D
zinc-imidazole coordination polymers self-assembled within the
lamellar layers of the cetyltrimethylammonium bromide (CTAB)
surfactant, leading to the formation of a lamellar hybrid mesostructure. The bulk material can be exfoliated after sonication in
organic solvents, giving rise to uniform and ultrathin crystalline
nanosheets with thicknesses of around 10 nm.
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Figure 1. Top panel: illustration of supramolecular 2D organic layers from a) non-covalent crosslinking, b) polymer assembly and c) small molecule
assembly. Bottom panel: illustration of covalently crosslinked 2D organic layers from d) solvothermal or surface-templated synthesis, and e) preorganized reactive groups. The dashed lines represent non-covalent linkages.

2.1.2. 2D Organic Layers from the Assembly of Polymers
Polymers with carefully engineered amphiphilic characteristics represent another class of compounds capable of
self-assembly in 2D layers. Iketa and co-workers have synthesized[12] an alternating polymer consisting of phenyl-capped
bithiophene and oligo(ethylene glycol), which adopts a folded
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conformation in solvents such as 1,2-dichlorobenzene (ODCB),
dimethylformamide (DMF) or dimethyl sulfoxide (DMSO),
due to the strong intramolecular interactions of the aromatic
oligothiophene units (Figure 2c). The folded polymers further
stack into 2D nanosheets in solution. The lateral size of the
nanosheet is controllable through the temperature and concentration of the solution. When deposited onto a transmission
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Figure 2. Examples of supramolecular 2D organic layers. a) 2D SOF from supramolecular crosslinking of a rigid strut and CB[8]. Reproduced with
permission.[5] Copyright 2013, American Chemical Society. b) A 2D organic layer from metal–ligand coordination. Reproduced with permission.[9] Copyright 2013, American Chemical Society. c) an oligothiophene nanosheet from the assembly of folded polymers, which can be modified by click reaction.
Reproduced with permission.[11] Copyright 2013, American Chemical Society. d) Large area, uniform nanosheets from two sequence-defined peptoids
with oppositely charged sidegroups. Reproduced with permission.[13] Copyright 2010, Macmillan Publishers Limited. e) A macrobicyclic amphiphile
that assembles into responsive 2D nanolayers. Reproduced with permission.[19]

electron microscope (TEM) carbon grid, freestanding, singlelayer nanosheets of several microns, with a uniform thickness
of 3.5 nm, could be obtained. The homogeneous thickness is
consistent with the folded conformation of the copolymer. The
resulting nanosheets have many free acetylene groups distributed on the surface, which allow further chemical modification using copper-catalyzed Huisgen cycloaddition. Alex Fluor
488 azide reacted readily with the copolymer through such
cycloaddition to give functionalized nanosheets that emit a
green fluorescence characteristic of the appended dye. A hierarchical nanosheet self-assembly based on sequential polymer
folding and in-plane stacking has also been demonstrated by
Ramakrishnan and co-workers. A donor-acceptor ionene[13] (a
polymer with ionic groups in the main chain), and a non-ionic
analogue of ionene[14] were respectively self-assembled into
thin, sheet-like structures in aqueous solutions. Another elegant
system of freestanding nanosheets was recently demonstrated
by Zuckermann and co-workers. Ultrathin nanosheets with
uniform thickness of ≈2.7 nm were obtained from solution,[15]
at an air/water interface,[16] or at an oil/water interface[17] via the
assembly of two sequence-defined peptoid polymers with oppositely charged sidegroups. As a result of electrostatic, π–π, and
hydrophobic interactions, uniform nanosheets with ultra-large
surface areas were obtained. These nanosheets were composed
of two layers of parallel-aligned peptoid arrays, with the hydrophobic sidegroups sandwiched in between the two layers and
the charged hydrophilic sidegroups exposed to the aqueous
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environment (Figure 2d). These 2D nanosheets are chemically
and biologically stable, and thus can serve as a robust, high-surface area scaffold for the distribution of different functionality
with precise position control.[18] A high density of conformation-constrained peptide and peptoid loops have been introduced onto the surface of free-floating nanosheets to generate
extended, multivalent 2D materials. Both biologically active
groups, such as protease and casein kinase II, and inorganic
materials, such as gold metal, can be selectively deposited onto
these functionalized nanosheets, suggesting great potential of
these 2D polymers for the development of bioactive and hybrid
materials.

2.1.3. 2D Organic Layers from Amphiphilic Small Molecules
Amphiphilic small molecules containing an aromatic hydrophobic part and a hydrophilic part have been used extensively
for the assembly of 2D organic layers, among which only a few
recent examples are highlighted here. Haner and co-workers
reported[19] that amphiphilic pyrene trimers linked by phosphodiesterlinkers behave as staircase-like foldamers in aqueous
solution, which cooperatively self-assemble into 2D supramolecular polymers. Both J- and H-type aggregations were
observed due to the staircase-like folding and the subsequent
2D assembly. Lee and co-workers have employed a series of
bent-shaped[20] and macrocyclic aromatic amphiphiles[21] for
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the assembly of responsive and dynamic 2D architectures in
aqueous solutions. The aromatic segments of the bent-shaped
molecules self-assemble into flat sheets consisting of a zigzag
conformation through π–π stacking interactions.[20] Induced by
metal-ligand coordination, the sheets reversibly transform into
helical tubules or discrete, dimeric macrocycles upon the addition of Ag(I) ions at different concentrations. The flat aromatic
bi-cycle contains[21] a flexible hydrophilic dendron at the center
of the basal plane (Figure 2e). Spontaneous self-assembly in
aqueous solution gives rise to 2D porous sheets. When treated
with small aromatic guest molecules, the 2D sheets undergo
reversible transitions between the open and closed states due to
guest intercalation.

2.2. Covalent 2D Organic Layers
2.2.1. A Solvothermal Approach to 2D COF Layers
Since Yaghi and co-workers demonstrated the synthesis of
the first crystalline COF,[22] the combined usage of solvothermal synthetic conditions and dynamic covalent chemistry,
involving a few reversible chemical bonds, has become a popular approach for the formation of layered organic crystals.
Such layered crystals typically exist in bulk powder form due
to strong interlayer interactions, most commonly π–π interactions between large π systems, which can limit the access to
individual layers. A concise approach for preparation of singleor few-layered structures, or at least aligned and oriented multilayers, is highly sought after in order to take advantage of the
2D structural features. Several approaches have been utilized
in the attempts to reach this goal, including exfoliation of the
bulk COF crystals by solvents and mechanical forces[23] and
assisted growth of single layer or few layer COFs on surfaces.
The former approach typically yields a larger quantity of 2D
organic layers when compared to the low throughput surfaceassisted growth of 2D layers. In addition, the colloidal stability
of the dispersed 2D layers further endows convenient solution
processability
The exfoliation route to free-floating COFs has to take into
account the chemical and mechanical stability of the layers,
and the strength of interlayer interactions. Several investigations into these properties have been reported, accompanying
the successful exfoliation of 2D COF layers. Zamora and
co-workers were among the first to investigate the effect of
mechanical energy in producing thinner layers of COF crystals from bulk samples. Sonochemical treatment of a COF
powder of boronate ester resulted in the formation of islands
composed of 10–25 layers.[24] A similar delamination process
was applied to a polyacetylenic porous COF.[25] Detailed AFM
and TEM analysis of the isolated nanostructures revealed the
retention of the nanoporous 2D structural features, while the
exfoliation was highly dependent on the polymer architecture.
Dichtel and coworkers have demonstrated[23a] that the interlayer
interactions are highly dependent on the chemical bonding
linkages within the 2D layers. Highly effective exfoliation was
achieved when a hydrazone-linked COF powder was sonicated
in selected organic solvents, producing isolated COF singleor a few-layers while keeping the chemical bonding intact
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(Figure 3a). In addition to solvent-assisted exfoliation, physical
delamination by mechanical grinding has recently been demonstrated by Banerjee and co-workers.[23b] Eight chemically
stable COFs were synthesized using the aldehyde-amine Schiff
base condensation reactions. These COF powders were subsequently delaminated by grinding, using mortar and pestles or
ball milling, to give nanosheets, which retained their 2D framework structural integrity and remained stable in aqueous acid
and base conditions.

2.2.2. Surface-Assisted Crosslinking
On-surface polymerization is typically carried out under ultra
high vacuum (UHV) conditions or at air/liquid interfaces,
through which the local concentration of monomers on the
substrate can be controlled. The substrate usually plays an
important role in activating the chemical bonds, as well as
directing the crystal lattice growth on the surface. On-surface
polymerization of 2D materials has the advantage of generating fewer defects under more isolated conditions.[26] However, this process is low throughput, resulting in limited
quantities of 2D layered materials with layer areas typically
in the range of a few hundred nm2. In addition, strong coupling with the substrate, most often being a conductive metal
or graphene surface, makes it difficult for the 2D layers to be
utilized directly or transferred for device integration. Nevertheless, this approach is still considered an important method, and
has been employed in the preparation of various covalent 2D
monolayers. For detailed examples, readers are referred to the
recent review article by Wan and co-workers.[26]

2.2.3. 2D Layers from Polymerization without Templates
Kim and co-workers recently demonstrated a unique example
of 2D polymerization without any surface templating or
2D confinement.[27] In their experiment, a rigid and diskshaped building block containing lateral periphery reactive
groups—(allyloxy)12CB[6]—were subjected to the photo-initiated thiol-ene reaction with a short ethylenedithiol crosslinker
(Figure 3b). The rigidity of the building block and the short
linker, together with the predisposed positions of the reactive
groups, directed the crosslinking reaction to propagate within
the intermediate oligomeric patches. With the choice of a good
solvent, that could effectively solvate the intermediate that has
a high bending rigidity, the lateral growth of the intermediates
without bending was favored, resulting in the formation of
few-layer stacks of 2D polymer sheets. In order to form a freestanding single-layer 2D sheet, electrostatic charges were introduced to the monomer by complexing (allyloxy)12CB[6] with the
protonated spermine guest. When the preformed 1:1 inclusion
complex was subjected to crosslinking, single-molecule thick
2D polymeric layers were obtained. Six of the 12 alkene end
groups per (allyloxy)12CB[6] monomer were reacted, suggesting
the presence of defect sites within the 2D polymer sheet. Covalent attachment of Au nanoparticles onto the surface of the
2D sheet allowed the indirect imaging of its internal order by
STEM characterization, which suggested a quasi-hexagonal
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Figure 3. Examples of covalent 2D organic layers. a) An exfoliable 2D COF. Reproduced with permission.[23a] Copyright 2013, American Chemical
Society. b) Non-templated formation of 2D nanosheet from thiol-ene photo-crosslinking. Reproduced with permission.[25] Copyright 2013, American
Chemical Society. c–f) crystalline 2D polymers by photo crosslinking of preorganized monomers in single crystal lattices. c) Reproduced with permission.[35] Copyright 2012, Macmillan Publishers Limited. d) Reproduced with permission.[34] Copyright 2013, American Chemical Society. e) Reproduced
with permission.[37] Copyright 2014, Macmillan Publishers Limited. f) Reproduced with permission.[38] Copyright 2014, Macmillan Publishers Limited.

network structure. Zhao and co-workers also developed a facile
approach for fabrication of free-standing monolayered 2D
polymers by single-step solution-phase synthesis.[28] In their
design, triptycene tricatechol (TPTC), a rigid three-dimensional skeleton with upright arrangement of benzene rings,
was used as a monomeric unit to prevent π–π stacking of the
as-formed polymeric 2D monolayers. Additionally, two methyl
groups were introduced into the 9,10-positions of TPTC to further increase the distance between monolayers. This design
dramatically decreased the interlayer interactions between the
as-formed 2D sheets and thus secured the formation of monolayered 2D structures in solution. Using this strategy, simply
heating a mixture of TPTC and 1,4-benzenediboronic acid
(BDBA) or 4,4′-biphenyldiboronic acid (BPDBA) in organic solvent, without the aid of any template and post-polymerization
modification, allowed free-standing monolayered 2D polymers
with uniform thickness around 0.7 nm to be produced in solution. The honeycomb-like internal structure of the sheets was
clearly observed by scanning tunneling microscopy (STM), and
the long-range 2D order was evidenced by small-angle X-ray
diffraction (SAXD) and small-angle X-ray scattering (SAXS)
experiments.

2.2.4. A Topochemical Approach to 2D Organic Layers
By controlling the geometry and proximity of the reactive sites
of the precursors, topochemical principles have been applied to
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affect polymerization of preorganized monomers within confined spaces.[29] Interface-assisted preorganization within 2D
spaces was utilized in the 1980s for the synthesis of 2D polymer
nanosheets.[30] Synthetic bilayer membranes from amphiphiles
have provided another 2D supramolecular template for 2D polymerization.[31] In the 1990s, Stupp and co-workers demonstrated
the successful synthesis of polymeric nanosheets with thicknesses of around 5 nm and lateral dimensions of microns.[32]
This pioneering work demonstrated effective polymerization
within confined 2D spaces, yielding a bilayer suprastructure,
yet the resulting polyacrylate and polynitrile chains lacked inplane periodicity and ordering. The difficulties relating to maintaining a periodic structure within the crosslinked nanosheet
may arise from the thermal undulation and unevenness of
the bilayer membranes in water, accompanied by destructive
shrinkage and crack formation during polymerization. Jin and
coworkers recently reported[33] the bulk synthesis of crystalline, freestanding polymeric nanosheets via spatially confined
polymerization from a 2D supramolecular system. A nonionic
surfactant, dodecylglyceryl itaconate (DGI), was self-assembled
into a liquid-crystalline lamellar bilayer membrane. Covalent
crosslinking under UV light irradiation using N,N’-methylenebisacrylamide (MBAA) as the crosslinker and H2O2 as the initiator
gave rise to single-bilayer-thick (≈4.2 nm) polymeric nanosheets
with areas greater than 100 µm2. Both electron and x-ray diffraction analyses have revealed the highly crystalline nature
of the nanosheets, suggesting that the internal order was preserved during the covalent crosslinking. Moreover, free, reactive
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hydroxyl groups were exposed on the exterior of the nanosheets
for further functionalization. Both SnO2 and gold nanoparticles
can be attached onto the surfaces through reaction with these
hydroxyl groups, confirming that the 2D nanosheet is a promising platform for producing hybrid materials.
Single-crystal-to-single-crystal transformation is another type of
topochemical reaction that can be utilized for the construction of
2D layers.[34] The long-range order and preorganization in single
crystal lattices provide the ultimate structural and positional precision of functional groups in the solid state, setting the stage for
the construction of highly ordered 2D layered crystals. In their
seminal work, Sakamoto, Schlüter, and co-workers[35] designed a
photoreactive tripodal molecule that could undergo light-induced
dimerization with adjacent molecules, provided these molecules
were preorganized within favorable distances at defined crystal
lattices. For this purpose, three photoreactive 1,8-diethynylanthrylene units and three terphenylene bridges were introduced
to the monomer (Figure 3c), leading to a cup-like shape with
the three anthracene π surfaces exposed at the sides to promote
crystal packing. The single crystal structure of monomer revealed
two favorable features for the 2D polymerization: (1) the formation of layered structures that ensured separation of the diethynylanthrylene units, thus preventing the crosslinking across the
layers; and (2) the hexagonal molecular stacking within each
layer, with each of the three anthracene units of one monomer
molecule placed with the desired orientation and proximity to
one of the alkyne groups in the neighboring molecules, such
that in-layer [4+2] cycloaddition could take place. Effective photocrosslinking occurred after irradiating the crystals. The crystalline layers within the rod-like bulky crystal were delaminated
after prolonged heating in solvent-like 1-methyl-2-pyrrolidone
(NMP), generating single-layer sheets with uniform thicknesses
of around 2.5 nm and long translational order. A topochemical
approach through preorganization within crystals has been similarly demonstrated using a different molecular design. King and
co-workers have successfully synthesized and crystallized[36] an
anthracene trimer ANTRIP (Figure 3d), which contains three
anthracene blades in a triptycene motif. In single-crystal ANTRIP,
a layered structure composed of hexagonally packed ANTRIP
molecules is observed, in which the anthracene blades of each
ANTRIP are placed next to the anthracene blades from a nearby
ANTRIP molecule. Photocrosslinking induced a crystal-to-crystal
transformation through [4+4] anthracene dimerization, resulting
in the formation of a layered 2D polymer that could be exfoliated
into monolayer sheets by solvent treatment. It is noteworthy that
depolymerization happened at elevated temperatures due to the
reversible nature of anthracene dimerization.
These examples proved the feasibility of topochemical
polymerization for the synthesis of 2D polymers using photocrosslinking and lattice confinement within single crystals. Recently, both Schlüter's[37] and King's groups[38] have
taken remarkable steps further, obtaining 2D polymer single
crystals with atomically resolved structures. With improved
molecular designs, based on a double-decker anthracene
trimer (Figure 3e) and a fluorinated version of the ANTRIP
(FANTRIP, Figure 3f), respectively, both groups have succeeded
in realizing the single-crystal-to-single-crystal transformation
to obtain crosslinked layered 2D polymers. Despite some disorder within the structures, the single crystal structures of both
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polymers provide unequivocal evidence of 2D periodicity with
atomic resolution, and thus validate the synthetic accessibility
of such class of materials. Considering significant crystal deformation due to bond formation in the single-crystal-to-singlecrystal transformation, such a level of structural perfection that
allows its elucidation by x-ray diffraction is remarkable.

3. Perspectives on Functional Properties of 2D
Organic Layers
While more extensive applications of 2D organic layers still
remain to be explored, this class of materials has begun to show
interesting properties, some of which are highlighted here.

3.1. Optoelectronic Properties
Many of the COF layers are based on interconnected π systems
that contain extended conjugation within the 2D frameworks.
The corresponding bandgap can be effectively tuned by synthesizing building block analogs bearing electro-active substituents.
Adopting a common strategy exercised in 1D conjugated polymers, the incorporation of covalently linked electron donors and
acceptors in a 2D framework is a feasible approach to produce
low bandgap materials. An added benefit of the 2D framework is
that the π electrons are more delocalized, which facilitates charge
transport by reducing the inefficient inter-chain charge hopping
process observed in 1D conjugated polymers. In addition, the
void spaces within the porous 2D framework allow the diffusion
of external electron donors or acceptors, giving rise to increased
donor–acceptor interfaces to facilitate charge separation and
charge transport. Consequently, layered materials with semiconducting or even metallic characteristics can be engineered.
One of the roadblocks for the integration of these organic layers
into devices is the necessary deposition of the 2D layers onto
arbitrary substrates and organization into oriented and aligned
stacks. While a transfer-followed-by-aligning manipulation of isolated 2D layers on different substrates remains challenging, in
situ growth of COF thin films with oriented layers on substrates
could be a promising alternative. Dichtel and co-workers have
demonstrated the oriented growth of COF layers on single layer
graphene.[39] Two recent examples from Bein,[40] Liu,[41] and their
co-workers reported the infiltration of electron acceptors into oriented electron-rich COF thin films obtained from in situ solvothermal processes. The resulting interpenetrated donor-acceptor
networks are conducive for efficient charge transfer and redox
reactions, which form the basis for greatly enhanced electrical
conductivity. Even though the COF films of the above examples
were not single-layer thick, the oriented alignment of these stacks
assumes the ideal geometry of 2D layered materials for integration into devices, which maximizes the accessible donor-acceptor
interfaces for charge separation, transport and collection.

3.2. Porous Properties
The porous nature of the crosslinked 2D layers renders them
promising candidates as nanoporous filters and membranes.
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Many of these layered structures are ready to be coupled
with functional components such as nanoparticles or bioactive groups. As demonstrated by Kim,[27] Jin,[33] and their coworkers, covalent attachment of Au or ZnO nanoparticles is
readily achieved using conventional coupling chemistry. The
resulting materials show enhanced contrast or surface plasmon
coupling, suggesting that these materials are good supports for
the formation of organic/inorganic hybrid materials. Reactive
groups could be introduced into sheet-forming “monomers”,
as functional handles for post-assembly modifications, without
disrupting the 2D assembly. Fluorescent tags were conjugated
to 2D layers by covalent attachment, as in Ikeda’s oligothiophene nanosheets,[12] or non-covalently, as in Zuckermann’s
peptoid nanosheets.[15] Different peptides containing proteinbinding or gold-binding sequences have been incorporated[18]
into the peptoid nanosheets, producing robust multivalent
surfaces for antibody-mimicry or controlled Au nanoparticle
growth. The large surface area of these 2D materials, coupled
with versatile chemistry for post-functionalization, makes such
layered materials a great platform for hybrid materials with
engineered functionality.

inter-layer interactions. An added benefit is much enhanced
solution processibility, which is favorable for bulk synthesis
and handling. 3) Diversifying the building blocks. The versatile
chemistry and tunability of the building blocks are the inherent
features of organic materials. The search for novel “nuts and
bolts” will pave the way for the creation of large area, porous
2D layers with pore sizes ranging from sub-nanometer to a few
nanometers. 4) Engineering of functionality. The introduction
of dangling reactive end groups around the pores or on the
layer surfaces provides further opportunities for post-assembly
modification, such as conjugation with bioactive groups or heterogeneous nano-objects, to fabricate multifunctional hybrid
materials with desirable macroscopic properties.
However, synthetic challenges still remain regarding the
availability of more general routes towards the synthesis of
molecularly precise 2D layered structures with large surface
area, high periodicity, and few defects via simple manipulations. The crystallization methods rely on a few topochemical
solid state reactions that require very specific positional control.
Control of the packing in the solid state is a long-standing issue
in the field of crystal engineering. Supramolecular preorganization still stands as a more flexible route to arrange functional
groups within approximate spaces. Apart from the synthetic
activities, two synergistic developments also have profound
influences on the field of 2D organic layers. Modern computation is in a great position to provide remarkable prediction
power for 2D assembly and to help comprehend the underlying
formation mechanism, while ultra-high resolution imaging
tools offer the crucial capacity to resolve features smaller than
0.5 Å. Readers are encouraged to read the two accompanying
Research News articles in this special issue regarding these
topics.
From an applications perspective, although it remains to be
seen what will grow from the organic flatland, the aforementioned functional systems suggest that real applications are
already on the horizon. There is every reason to remain optimistic that the future of 2D organic layers will be a fruitful
one, as the rapid synthetic progress has built a solid foundation
that will undoubtedly offer an informed search for emerging
applications.

4. Summary and Outlook
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crystals. Such a level of structural control renders it possible
to use these 2D layers to manipulate interactions at the level
of single molecules. 2) Better control of interlayer interactions
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is critical to ultimately obtain isolated, single-molecule-thick
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taken into account during the synthesis, resulting in weakened
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For instance, the in-layer pore diameter of the poly(FANTRIP)
single crystal reported by King and co-workers[38] is around
0.9 nm, with a pore density of 3.3 × 1013 pores cm−2. If sufficiently large single layer sheets could be produced, they
could be used as size-selective ultrathin (≈0.8 nm) molecular
membranes, given the high pore density and the high pore
uniformity across a large area. One possible application is for
water desalination. As suggested by molecular dynamics simulations,[42] in ultrathin membranes with similar pore sizes and
density, water permeation is two to three orders of magnitude
higher than that of conventional osmosis membranes, while
the ion passage can be blocked for effective desalination. The
porous 2D layer can also be used as the surface nanopatterning
mask for deposition of metal layers, as demonstrated by Abel
and co-workers.[43]
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