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2D molecular crystal lattices: advances in their
synthesis, characterization, and application
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This review identifies how recent advances in controlling the structure and properties of MOF and COF thin
films can be used to establish 2D molecular crystals as a new material platform with key applications in

catalysis, sensing, separations, and electronics. In addition to summarizing research efforts surrounding
the synthesis, characterization and utilization of 2D and thin film MOFs and COFs, this review identifies
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exigent challenges in their development, and motivates the search for new synthetic methods, advanced

analytical techniques, and creative applications. Ultimately, 2D molecular lattices, be they 2D MOFs or

DOI: 10.1039/c9ta06534b

rsc.li/materials-a the library of 2D materials.

1. Introduction

To appreciate the emerging opportunities in the study of two-
dimensional (2D) molecular crystal lattices, one need only to
look at the massive attention dedicated over the past 10 years to
2D atomic crystals. Graphene, graphene analogs of the group IV
elements, and single-layer transition metal dichalcogenides are
2D atomic crystals that exhibit in-plane covalent bonding, out-
of-plane van der Waals interactions with their surroundings,
and electronic and optical properties that are distinct from
those exhibited by their bulk counterparts.’” These materials
are frequently classified as van der Waals solids and can be
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COFs, are a compelling platform through which to discover new and emergent properties and to expand

combined with one another to yield so-called van der Waals
heterostructures encompassing expanded or hybrid properties.®

In this vein, 2D metal organic frameworks (MOFs) and
covalent organic frameworks (COFs) are a compelling platform
on which to discover new emergent properties and expand the
library of 2D materials (Table 1).°** Two-dimensional molecular
crystals can be synthetically designed and subsequently tuned
to target a multitude of desirable material properties.”™®
Porous by nature, 2D MOFs and COFs offer higher surface areas
than conventional dense solids, heightened guest capture® and
sensing®® abilities, new charge transport modalities,> and
improved catalytic performance.”»** Moreover, the extensive
internal surfaces within MOFs and COFs can be post-
synthetically modified to introduce additional tailorable func-
tionalities."***” Notably, the reduced dimensionality, the
access to diverse bonding motifs, and the tunable symmetry
and size of unit cells within 2D molecular lattices raises the
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tantalizing prospect for design and discovery of new properties
that could be leveraged to create a new generation of optoelec-
tronic devices.”®*!

The appeal of 2D MOFs and COFs, molecular nanosheets,
and crystalline thin films is well established throughout the
solid-state ~ community, but  significant  challenges
remain.'®*?%° Past and current efforts consistently empha-
size the need for improved thin film fabrication techniques.
These methods must yield high-quality materials with minimal
crystallographic defects and uniform surfaces, and must exert
precise control over their dimensions.*»** Ideally, these
methods should be scalable, facile, and cost-efficient to facili-
tate large-scale production of 2D molecular crystals. High-
quality films of MOFs and COFs are defined as those having
strong substrate interactions, uniform pore orientation, and
well-defined layers.*>** In addition to these requirements, the
preparation of singly- or highly-crystalline thin films over large
areas is necessary for the integration of 2D molecular crystals
into devices and other architectures.**** New molecular systems
and synthetic methods, or adaptations of existing synthetic
methods, as well as new characterization techniques, are
required to accomplish these goals.”

This review identifies how recent advances in controlling the
structure and properties of MOF and COF thin films can be used
to establish 2D molecular crystals as a new material platform
with key applications in catalysis, sensing, separations, and
electronics. Though many methods exist for the growth of
polycrystalline, micrometer-thick MOF or COF films, to-date
very few methods can grow high-quality crystalline thin films
approaching the single-layer limit. Standard preparative routes
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target anisotropic crystal dimensions by inhibiting MOF or COF
layer assembly (e.g. through interfacial synthesis and surfactant
assisted growth), while substrate-directed growth methods rely
on surface functionalization or patterning to template MOF and
COF thin films as they grow layer-by-layer.*****” These “top-
down” and “bottom-up” approaches have, in turn, led to
a variety of promising techniques that improve thin film crys-
tallinity and approach monolayer thicknesses by targeting the
nucleation of molecular crystals. As the quality of 2D molecular
crystals and thin films improves, their incorporation into
multifunctional materials will be realized. The aim of this
review is to summarize the state of research in 2D or near-2D
MOFs and COFs, identify exigent challenges in their develop-
ment, and motivate the search for new synthetic methods,
characterization techniques, and creative applications.

2. Synthetic advances

The fabrication of molecular nanosheets and thin films can be
accomplished using either solution- or vapor-phase techniques.
While preparative methods for nanosheets and thin films share
some common features, it is important to understand the
differences between the two material forms and how these
differences influence their synthesis and utilization. Thin films
range in thickness from several nanometers to micrometers and
can be phase pure, layered, or mixed materials comprised of
oriented or non-oriented crystalline grains. Preparing thin films
of MOFs or COFs frequently involves interfacial reactions of
separate monomer solutions or vacuum-assisted filtration of
reacting components to assemble a compacted disk. In
contrast, nanosheets are typically 2D monolayer or few-layer
nanoscale lattices that can function as stand-alone materials
or as components of a larger thin film or membrane.*****° The
preparation of nanosheets may also be accomplished through
interfacial, and other, reactions, but may also use techniques
that limit the assembly of bulk MOF or COF crystals after
nucleation. In this review, we include discussion of both
nanosheet and thin film morphologies to emphasize the
assorted applications of MOFs and COFs as they approach the
scale of 2D materials.

When considering nanosheets and thin films of MOFs and
COFs, optimized growth conditions specific to each unique
framework are required. Though it is exceptionally challenging
to prepare defect-free materials, the synthetic methods dis-
cussed herein offer diverse approaches for the formation of
ordered MOFs and COFs as they approach the 2D scale and in
many cases provide improved ordering compared to bulk
growth methods. MOFs, assembled from metal nodes and
organic linkers, can adopt 2D or 3D lattices and may require
more carefully controlled coordination than COFs. As such,
techniques that facilitate careful assembly of metals and linkers
are better suited for MOF nanosheet and thin film growth,
whereas the inherent 2D layering of COFs more easily allows for
the manipulation of bulk phases towards 2D materials. MOF
growth exploits slow diffusion of reactants, longer nucleation
and growth times, higher boiling point solvents, and templating
substrates.®*** COFs form 2D lattices from planar organic

This journal is © The Royal Society of Chemistry 2019
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Table1l Summary of salient characteristics of 2D materials. Graphene scheme was adapted from ref. 32 and 2D transition metal dichalcogenide
image is courtesy of Wang et al., MIT.3* 2D MOF scheme was adapted from ref. 34. COF image adapted with permission.2°®> Copyright 2017
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linkers motivating the use of supramolecular design to intro-
duce stronger layer interactions that lead to growth of high
quality material.>* COF growth can also be improved by simply
altering modulator and reactant concentrations during
assembly.>®

2.1 Solution-phase methods

Solution-based synthetic methods for the preparation of crys-
talline thin films of molecular systems are well established.
Bulk MOFs and COFs can be readily synthesized through
straightforward mixing of monomer components in solution.
MOF and COF crystal quality is closely dependent on the solvent
used, the amount of heat introduced if using a solvothermal
process, and the concentration of added monomers or modu-
lators. Two-dimensional MOF or COF nanosheets are frequently
synthesized from solution by adapting or expanding upon
traditional solvothermal strategies employed for preparation of
the corresponding bulk phases. As is the case during prepara-
tion of 2D atomic crystals, exfoliation of MOF or COF crystals is
able to disrupt van der Waals contact forces and yield a layered
lattice. However, gentler, solution-based exfoliation methods
are often required to prevent substantial damage to the
framework's crystalline structure. In many cases, the layered

This journal is © The Royal Society of Chemistry 2019

structure of MOFs lends itself well to simple sonication
delamination.>**”

Banerjee et al.*® synthesized two new bulk samples of imide-
based COFs through standard solvothermal methods and
subsequently sonicated these in isopropyl alcohol for 45-60
minutes. Centrifugation and drying of the collected material
yielded covalent organic nanosheets with heights ranging
between 1.5-5.1 nm, which corresponded to 5-15 COF layers.
Initial wet ball-milling of bulk MOF crystals in methanol and
propanol at slow speeds was shown by Yang et al.>* to facilitate
methanol penetration between constituent Zn,(bim), layers and
to stabilize the resultant nanosheets prior to further exfoliation
by sonication (Fig. 1a). The nanosheets have uniform thick-
nesses and are reported to be as thin as 1.12 nm, which is
consistent with a monolayer. Sun and co-workers*® recently re-
ported a facile method for sonication exfoliation of a cobalt and
pyrazine based MOF, Co(CNS),(pyz),, in ethanol for 30 minutes.
The product was collected by rotary evaporation and was found
to consist of monolayer nanosheets, which exhibited sol-
vatochromic behavior and were subsequently implemented as
solvent polarity sensors.

Chemical exfoliation methods have also been used to
disrupt layered frameworks. PPF-1 MOF crystals, comprised of

J. Mater. Chem. A, 2019, 7, 23537-23562 | 23539
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Fig.1 (a) SEM image of as-synthesized Zn,(bim),4 crystals (left) which undergo wet ball-milling and ultrasonication to exfoliate single layers. TEM
image of exfoliated nanosheets (right). The inset shows Tyndall scattering of the colloidal solution of nanosheets. (b) Schematic representation of
the chemical exfoliation process using 4,4’-dipyridyl disulfide to produce single MOF nanosheets. Reprinted with permission from AAAS.Z

Adapted with permission.®® Copyright 2017 American Chemical Society.

porphyrin sheets assembled from zinc paddlewheels, were
exposed to 4,4’-dipyridyl disulfide to form a new, intercalated
3D MOF. Selective reduction of the disulfide bond by trime-
thylphosphine yielded ~1 nm thick MOF nanosheets. Zhou
et al.>® compared their method to surfactant-assisted exfolia-
tion and found chemical exfoliation to be better suited for
extracting single layer nanosheets (Fig. 1b). Similarly, Zhang
et al.*® designed a layered MOF incorporating 2,3-dihydroxy-
1,4-benzenedicarboxylic acid as a redox-active pillar ligand.
Selective oxidation of the pillar ligands realized conversion of
the 3D MOF to ultrathin 2D nanosheets (~2 nm thick) in O,
saturated electrolyte solutions. Delamination of Cu,(bdc),
MOF crystals in oleylamine was demonstrated by Kaskel and
coworkers®* to yield ~70 nm thick sheets. The authors found
that addition of polyvinylpyrrolidone, PVP, during crystalliza-
tion of the parent Cu,(bdc), bulk phase yielded thinner (4-14
nm) 2D MOF sheets after exfoliation in oleylamine. Foster
et al.®® use a strategy of chemical design and ultrasonic exfo-
liation to prepare copper-based MOF nanosheets. They
installed hydrophobic or hydrophilic pendant ligands in the
parent bulk MOF phase and attempted exfoliation in solvents
of ranging polarities. Sonication in acetonitrile for 12 hours
yielded nanosheets as thin as 2-10 nm, and the authors found
that nanosheet dimensions could be tuned through judicious
choice of exfoliation solvent, sonication duration, and centri-
fugation time. COF nanosheets have also been produced by
chemical exfoliation.®*"*> Banerjee and coworkers® combined
post-synthetic modifications with a Diels Alder reaction to
convert their anthracene-based COF to N-hexylmaleimide

23540 | J. Mater. Chem. A, 2019, 7, 23537-23562

functionalized nanosheets, which were subsequently used to
prepare thin films at an air-water interface.

Interfacial syntheses using solution phases of metal and/or
linkers are another route towards the preparation of nano-
sheets and include strategies such as direct mixing, liquid-
liquid layering, or three liquid layering processes. Inspiration
for these strategies comes from success in preparing large area
MOF and COF films of controlled thickness at vapor-liquid
interfaces.®”*® Tsapatsis et al.*® showed that Cu(BDC) nanosheet
formation is possible by mixing of copper(u) nitrate trihydrate
in DMF and acetonitrile with a 1,4-benzenedicarboxylic acid
solution. Either no mixing or gentle agitation formed ~25 nm
thick Cu(BDC) nanosheets, which were readily collected by
centrifugation. These nanosheets were then incorporated into
mixed-matrix membranes, which exhibited an increased matrix
selectivity for CO,/CH,. Thicker Cu(BHT) films were prepared by
Zhu et al.”® using a liquid-liquid interface reaction between
aqueous copper(n) nitrate and benzenehexathiol in dichloro-
methane. The films, which can be clearly identified as forming
at the interface, range in thickness from 20-140 nm, with
thicker films exhibiting increased surface roughness. Films of
15-500 nm thickness were transferred to substrates and
exhibited record conductivities ranging from 750-1580 S cm ™.
Comparable layering of monomer solutions was shown to
prepare COF nanosheets as thin as 0.35 nm by Ma and
coworkers.” Feng et al.”> demonstrated the versatility of liquid-
liquid interfacial synthesis by showing that the method could
be used to prepare large-area thin films of a supramolecular
organic framework prepared from truxene, 6-methoxynaph-
thalene, N-methyl-4,4’-bipyridin-1-ium, naphthalene diimide,

This journal is © The Royal Society of Chemistry 2019
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and cucurbit[8]uril. After a two hour assembly period in
a custom-made glass trough, which facilitated layering of
precursors, 1.8 nm thick monolayer sheets were isolated and
transferred to Si/SiO, substrates. In recent work, interfacial
synthesis has been used to prepare polyCOFs, covalent organic
frameworks that incorporate linear polymers for heightened
flexibility and lessened internal defects.” Zhang et al. prepared
a water-soluble polymer that was mixed and layered with
organic linkers and acetic acid catalyst, forming a free-standing
membrane as thin as 4.5 nm.

Additional COF thin films were prepared by Dichtel et al.”
through a process that involved first mixing all required
monomers in a single organic phase and then layering with
Sc(OTA); catalyst in an aqueous phase. The resulting COF films
covered a large area and had thickness ranging from 2.5 nm to
100 pm (Fig. 2). The authors found that film thickness could be
controlled by changing monomer concentration, with low
concentrations yielding thinner, less crystalline films. The COF
films were used as the active layer in nanofiltration membranes,
which were tested for their efficacy with micropollutant model
compounds. Using a three-layer approach, Gascon et al”
demonstrated the formation of 5-25 nm thick Cu(BDC) nano-
sheets by separating layered solutions of the copper(i) nitrate
and 1,4-benzenedicarboxylic acid precursors with an interme-
diate solvent layer. Slow diffusion of metal ions and BDC linker
molecules forms MOF films within the intermediate layer. In yet
another adaptation of liquid-liquid interfacial reactions, Su
et al.”® formed large area thin films of two new MOFs, Au;BHT,

a) 2+ Interfacial Pol

Monomers
in organic phase

COF Films
Sc(OT)3

in aqueous phase

’ COF fold

/

Height (nm)

A5 0N o N
T

\ 3 4

Fig. 2 (a) Schematic and photograph of liquid-liquid interfacial
synthesis process (left) used to prepare TAPB-PDA COF and the
resulting free-standing film (right). (b) Optical and (c) TEM micrographs
of TAPB-PDA COF transferred onto Si/SiO, substrate and TEM carbon
grids, respectively. (d) AFM image (white box from (b)) of isolated
monolayer sheets and (e) height profile along the red line in (d).
Adapted with permission from Elsevier.”*
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and Ag;BHT,, by forming an organic solvent-water interface in
a large dish with a SiO,-coated silicon wafer resting at the
bottom. Slow injection of a metal ion solution into the organic
layer facilitated the formation of thin films of Ag;BHT, and
Au;BHT, in 30 min and 6.5 hours, respectively. The MOF thin
films were deposited onto the SiO, substrate through careful
removal of the solvent. Though the films are several hundreds
of nanometers thick and contain defects, the Ag-containing
MOF exhibited a significant conductivity of 363 S cm ™.

As seen in the examples above, interfacial synthesis is
effective at limiting growth of molecular materials perpendic-
ular to the interface and is therefore commonly used to prepare
2D MOF materials. The incorporation of a surfactant during
nucleation and growth of MOFs has also been shown to be
effective in encouraging the formation of nanosheets. Zhang
et al.”” developed a surfactant-assisted method for the forma-
tion of 2D Zn-TCPP MOF nanosheets. When introduced as
a reagent during conventional MOF synthesis, poly-
vinylpyrrolidone (PVP) selectively attaches to zinc cations on the
MOF surface and leads to anisotropic growth. Zn-TCPP nano-
sheets 7.6 £ 2.6 nm thick were achieved and correspond to 8 + 3
layers of Zn-TCPP per nanosheet. Tsapatsis et al’® also
demonstrated the utility of surfactant incorporation during
MOF synthesis by mixing a metal precursor and ligand in
a suspension of cetyltrimethylammonium bromide, CTAB, in
heptane and hexanol. The selective binding of CTAB to the
major crystal planes of Zn(Bim)OAc in conjunction with opti-
mization of temperature conditions facilitates the formation of
surfactant-free MOF nanosheets with 7 nm thicknesses (Fig. 3).

To enable their eventual incorporation into more functional
materials and devices, MOF nanosheets must be either trans-
ferred to or selectively grown on substrates. Adapting the layer-

Fig. 3 TEM images of (a) several nanocrystals and (b) a single nano-
crystal of Zn(Bim)OAc synthesized in a suspension of CTAB in heptane
and hexanol at 25 °C. (c) Corresponding electron diffraction pattern of
a single nanocrystal. Adapted with permission.”® Copyright 2018
American Chemical Society.

J. Mater. Chem. A, 2019, 7, 23537-23562 | 23541
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by-layer process (LbL), Kitagawa et al.” utilized standard sol-
vothermal techniques to prepare nanoflakes of a range of MOFs.
In one example, the authors prepared Cu-TCPP nanoflakes,
approximately 15 nm or 33 porphyrin layers in thickness, sus-
pended them in ethanol, and then added them dropwise to the
surface of water, thereby assembling a thin film which could be
transferred to assorted substrates through a simple stamping
process. Characterization of the thin film revealed that it has
a crystallinity and orientation similar to that of the SURMOF
bulk phase. Coronado et al.® prepared MOF thin films as thin as
10 nm by dipping functionalized substrates (silicon, gold, and
permalloy) into a CoTCPP-pyridine solution, which had been
dispersed over a copper(u) nitrate solution. The functionalized
substrates successfully directed the transfer of MOF nanosheets
onto suitable interfaces for device integration, whereas bare
substrates exhibited poor or failed transfer.

As an alternative to the transfer of MOF films onto
substrates, MOF or COF thin films can be directly grown on
selected regions of a substrate if the desired areas are pre-
functionalized with self-assembled monolayers (SAMs).*"**
Woll et al. demonstrated the utility of functionalized substrates
for the bottom-up assembly of MOF thin films.**** Gold
surfaces functionalized with 11-mercapto-1-undecanol were
subjected to sequential, layer-by-layer (LbL) depositions of
metal and ligand solutions (liquid phase epitaxy), with growth
cycles monitored by a quartz crystal microbalance (QCM).
Resultant MOF films were 64-80 nm thick and were intention-
ally loaded with assorted metal ions. Further work on
carboxylate-functionalized Au surfaces showed that MOF thin
films with similar thicknesses can be prepared by spray coating
metal and ligand solutions sequentially. Performing LbL growth
on QCMs, Allendorf et al. have shown that both functionalized
semiconductor surfaces®*®” and patterned substrates® are able
to facilitate growth of two or three unit cell thick, stacked
crystalline MOF sheets of HKUST-1. While monitoring the MOF
assembly process with QCMs, Fischer and coworkers® alter-
nately deposited Zn,O(OAc)e solution and various 3,5-dialkyl-4-
carboxypyrazolate linkers onto functionalized gold sensors to
form crystalline thin films of [Zn,0]*" MOFs. The influence of
acetic acid modulators, which are added to either the metal or
ligand solutions prior to LbL assembly, on the crystallinity of
the thin films was assessed. Marks, Stoddart, and colleagues®
prepared gamma-cyclodextrin (CD) self-assembled monolayers
to facilitate the epitaxial growth of CD-MOF polycrystalline thin
films on glass substrates. The large-area surface coverage and
oriented growth (2 um) of these films allowed for their direct
incorporation into a functional device with enhanced proton
conductance and CO, sensing abilities. Hupp®* also prepared
surface-supported, patterned films of ZIF-8 for the formation of
hybrid materials with vapor sensing capabilities.

Unfunctionalized substrates can still aid in the formation of
well-adhered MOF thin films by acting as metal ion sources in
the presence of organic linkers and oxidizing or deprotonating
agents. Jeong et al.®> showed that copper and zinc substrates are
able to seed the growth of HKUST-1 and ZIF-8, respectively. The
HKUST-1 film thus prepared exhibited an increased conduc-
tance in the presence of I, suggesting its utility as a sensor.
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Interestingly, graphene oxide has been shown as a viable
template for MOF growth, binding HKUST-1 and facilitating
continuous thin film growth via a rod-like intermediate.®
Kunitake and coworkers® showed that graphite substrates
facilitated the formation of large nanosheets of Cu-H,TCPP
with sub-1 nm thicknesses in the presence of acetic acid vapor.

A number of strategies have been explored to streamline and
industrialize MOF growth processes using automated deposi-
tion methods such as spray coating or spin coating. Behrens
and co-workers® demonstrated the use of ammonia modula-
tion to prepare nanoflakes of Cu;HTTP, that were subsequently
deposited manually/automatically onto substrates by spray-
coating to create homogenous oriented films, which could
serve as protective coatings. Eddaoudi et al.*®* developed a spin
coating method for the preparation of thin films of assorted
MOFs by multilayer deposition. Their apparatus consisted of
four micro-syringes capable of depositing metal ion and linker
solutions onto rotating substrates to produce uniform thin
films ranging in thickness from several nm to pm (Fig. 4). Farha
and Hupp®” precisely controlled the thickness of their MOF

a) 10 cycles

500 nm

20 cyceles

22

200 e
180 [ 34

160 bt

Thickness (nm)

140

120

100

0 10 20 30 40 50 60

Number of cycles

Fig. 4 (a) SEM images of the cross-section of Cu,(bdc),-xH,O MOF
thin films deposited using the four micro-syringe spin-coating method
after 10 (top) and 20 (bottom) cycles. (b) Height profiles of thin films
produced after 10 to 50 cycles. (c) Substrate-selective growth of MOF
on patterned substrates during the spin-coating process. MOF thin
films only form within the square patterned regions having COOH-
terminated surfaces. Deposition on CHs-terminated areas of the
substrate is negligible. Adapted with permission.®® Copyright 2016
American Chemical Society.

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9ta06534b

Published on 22 2562. Downloaded on 21/4/2569 1:42:32.

Review

films by alternately soaking amino-functionalized silicon
substrates in separate solutions containing Zn** ions and
different ligands. The process was automated to enable precise
control over the number of cycles and likewise the film thick-
ness. Thomas et al.”® developed a flow synthesis method that
confines the reaction of MOF precursor solutions within drop-
lets, which form upon injecting the solutions into an oil phase.
The droplets flow through a heated microchannel, which also
prevents layered growth of the MOF crystals, at the end of which
ultrathin 2D nanosheets of ZrBTB MOFs are collected. Height
profiles reveal the sheets to be as thin as 3-4 nm, corresponding
to 3-4 crystallographic layers.

Substrate-mediated techniques have demonstrated their
efficacy for high quality growth of molecular thin films, but
more recent solution-based methods focus on adjusting the
nucleation kinetics of MOFs and COFs in an effort to control
crystal growth. Dichtel and colleagues have recently shown that
colloidal suspensions of COF-5 seed crystals can grow larger,
high quality single crystals when monomer addition takes place
slowly.” In related work, Dichtel et al. also showed that COF-5
thin films could be controllably prepared in a flow cell.'®
Monomers added to a small volume of methanol within their
flow cell apparatus formed COF-5 thin films within minutes.
The films exhibit minimal contamination with bulk aggregates
and their thickness and crystallinity can be controlled by the
residence time of the monomer within the apparatus, the
monomer concentration, and the reaction temperature. Yaghi
et al.** employed an in situ deprotection step to better control
the nucleation stage of imine-based COFs, such as LZU-1. This
process favored the nucleation of oriented nanocrystals on
silicon substrates and formed thin films, which were approxi-
mately 190 nm thick (Fig. 5).

2.2 Vapor-phase methods

Though preferred by most researchers, solution-based growth
struggles to afford a high degree of control over thin film quality
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Fig. 5 (a) Highly uniform thin film of LZU-1 synthesized with in situ
deprotection. (b) The crystallinity and orientation are confirmed by
GIWAXS. (c) The thin film is composed of small crystallites with similar
orientation and is 190 nm thick as measured by (d) cross-sectional
SEM. Adapted with permission.t®* Copyright 2017 American Chemical
Society.
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just as solvent-based bulk recrystallization of MOFs and COFs
remains a perennial challenge. Numerous problems conspire
against the formation of consistently high-quality MOF and
COF thin films, including the formation of defects, poly-
crystalline domains, metastable phases, and macroscale cracks.
To address many of these concerns, as well as eliminate
unwanted solvent effects, the preparation of thin film molecular
crystals via gas phase methods has recently gained attention as
a promising approach to the deposition of uniform layers of
molecular materials with control of thickness. In combination
with p