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Nearly twenty years since the discovery of covalent-organic frameworks (COFs), most of the research on these
materials has been focused on the rational design of new structures. Recently, the quest for discovering the
functionalities and potential applications of these crystalline materials has attracted the attention of many re-
searchers. While the number of reports regarding these two aspects within the COF research area is continuously
growing, in order to achieve their full potential, the processability aspect of COFs also needs to be addressed. In

this review article, we examine the opportunities that flow-based technologies offer regarding (a) the continuous
synthesis of COFs, and (b) the processing of these materials into functional surfaces and devices (e.g thin films
and 3D structures), both aspects being ultimately amenable to industrial scale up.

1. Introduction

Covalent-organic frameworks (COFs) are a class of crystalline ma-
terials that form extended two-dimensional (2D) and three-dimensional
(3D) porous structures by linking organic building blocks via reversible
covalent bonds [1]. Despite all the knowledge gained in the synthesis of
2D and 3D COFs via reticular chemistry [2], the key parameters that
govern their assembly and growth pathways are still poorly understood.
For a new leap forward in the technological applications of COFs, the
elucidation of the mechanisms directing the formation of COFs and the
control over their morphogenesis are crucial [3,4]. These features are of
paramount importance to control the properties and function of natural
and new artificial matter [5].

To date, the main tool that researchers have used to control the
bottom-up assembly of COFs is the rational design of their constituent
building blocks [2,6]. In most COF syntheses, a series of bonding and
unbonding events occur during the self-assembly process, ultimately
yielding the most stable structure (the equilibrium state). To facilitate

the error-correction processes needed for the formation of these large
extended structures, solvothermal synthesis conditions are normally
used, along with the optimization of reaction parameters such as reac-
tant and catalyst concentrations, and temperature [7]. Beside those
classical approaches, another intriguing possibility to control COF syn-
thesis is by harnessing the different self-assembly pathways that the
system can follow while going from the initial non-assembled state to
the final ordered structure, which is mostly overlooked in the COF
research community [8-10]. Pathway complexity is intrinsic to
extended supramolecular materials having complex, multi-well energy
landscapes comprising several local minima of comparable stability
(non-equilibrium states), along with the global minimum representing
the thermodynamic product. If we can devise ways of steering the sys-
tem in its journey across the free energy landscape, the level of control
over its morphogenesis and final (supra)molecular structure can be
greater. Underlying this possibility is the fact that: i) the self-assembly
processes usually involve multiple competitive growth pathways
featuring different kinetic mechanisms, and ii) the self-assembly occurs
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in a far from homogeneous and constantly evolving environment, where
concentration gradients and local inhomogeneities (e.g. solvent
composition, pH gradients, temperature gradients) can have a markedly
different impact on the various growth pathways.

Consequently, controlling the interaction of the assembling system
with its surroundings in space and time (e.g regulating the supply and
mixing of reactants, chemical triggers, or catalysts) can enable an
exquisite control over the size, shape, degree of defects, molecular
packing, and associated functions of the artificial materials generated
(vide infra). The source of inspiration for such level of control over re-
action conditions comes from Nature, which masters reaction—diffusion
(RD) processes to create intricate structures and patterns at different
length-scales in both animate and inanimate matter, but also to control
complex functions such as cell metabolisms, signalling, and gene
expression in living systems [11]. To translate these concepts into a
viable routine method for the preparation of artificial materials with
targeted morphologies, properties, and functions, robust and versatile
technologies that enable fine control over RD phenomena are needed. In
this regard, microfluidic technologies are emerging as an extremely
powerful toolkit for controlling self-assembly processes in the fields of
both supramolecular polymers [10,12-14] and self-assembled materials
[9,15-20]. It should be noted that while microfluidic devices have been
extensively used as high-throughput screening platforms to optimise
self-assembly and crystallisation processes as well as analytical tools to
monitor crystal growth kinetics [21,22], the RD conditions achieved
within a planar microfluidic device can offer much greater possibilities
to unveil and control different self-assembly pathways during the syn-
thesis of functional artificial matter in a given energy landscape [9,23].
Our group has been very active in this field, studying the effect of
microfluidic RD conditions during the synthesis of coordination
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polymers (CPs) and metal-organic frameworks (MOFs), both under
continuous-flow and static conditions, vide infra [13,23-25]. Relevant
review papers are available in the literature, addressing the application
of microfluidic technologies to the synthesis of MOFs and other porous
materials such as zeolites [9,26-28]. In this review, we will instead focus
on the applications of in-flow based technologies for COFs synthesis,
which is a nascent but highly promising research field. We believe that
discussing the current corpus of works on this topic, with a specific focus
on the physical properties that different microfluidic technologies can
(or cannot) allow to control, will help to lay the foundations for future
developments, motivating further applications of microfluidic technol-
ogies in the COFs synthesis domain.

Continuous-flow microfluidic devices operating under laminar flow
conditions can enable the mixing of the chemical species dissolved in co-
flowing streams solely via molecular diffusion [29,30]. This condition
allows for an exquisite spatiotemporal control of self-assembly events (e.
g encounter of the assembling species at the liquid-liquid interface) and
of the surrounding medium (e.g. regulation of concentration gradients
joined with a constant mass transport of reactants to the RD area), which
in turn allows for pathway selection (see Fig. 1) [9]. In sharp contrast,
conventional bulk synthetic methods characterised by chaotic turbulent
mixing, or segmented-flow microfluidic approaches (droplet-based
methods), do not provide any comparable degree of control over RD
processes (Fig. 1 and Table 1), vide infra.

We have demonstrated that continuous flow microfluidic devices
operating under laminar flow conditions can: i) change the n-n stacking
distance of a conductive supramolecular aggregate by simply controlling
the flow focussing conditions; [31] ii) modify the morphogenesis of CPs
during their in-flow self-assembly; [24] iii) isolate early intermediate
states of a CP along a single crystallisation pathway; [13] iv) engineer
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Fig. 1. Schematic illustrations comparing the mixing of reagents in a round-bottom flask (bulk mixing) with both a segmented-flow method, and a continuous
microfluidic mixing approach. While turbulent mixing is commonly used in bulk synthetic approaches, different mixing regimes can emerge with segmented and
continuous-flow microfluidic devices. Segmented flow offers a much faster mixing but the only factor that can be controlled is the droplet residence time in the
reactor. Continuous microfluidic mixing approaches allow for the spatiotemporal control of reagent diffusion, thus making pathway selection possible. In all cases it

is possible to reach the thermodynamic product.
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Table 1
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Comparison between different synthetic approaches used for the synthesis of COF materials.

Physical properties

Advantages

Drawbacks

Bulk synthesis

Microfluidic
synthesis

Co-flowing streams

Segmented flow (droplet
microfluidics)

- Uncontrolled turbulent mixing
- Gravity
- Low surface area to volume ratio

- Low Reynolds numbers

- Purely diffusive mixing.

- Spatiotemporal control of the reaction
zone and chemical gradients

- Little gravity effect

- High surface area to volume ratio

- Chaotic advection mixing
- Enhanced mass and heat transfer
- High surface area to volume ratio

- Easy to operate
- Straightforward scaling-up
- In situ characterization is possible

-Isolation of kinetic products
-Pathway selection

-Mechanistic insight

-Material processability (fabrication of
films and 3D printed structures)

- In situ characterization is possible

- Excellent manipulation of reagents

-Accelerated synthesis and improved
yields

- In-line post-synthetic modification
-Core-shell composite synthesis

-Requires solvothermal conditions

- Poor level of control on the formed
material

-Unprocessable powders

- Higher consumption of reagents

- Small working volumes

- Scaling-up may require
parallelization

- Potential issues with clogging,
optimization is always required

-Uncontrolled RD mixing
-Contamination of the products with
the carrier phase

-Poor processability

- Low Grashof numbers

- Advection free mixing

- Defined concentration gradients

- Little gravity effect

- High surface area to volume ratio

Static microgravity
mimicking conditions

- In situ characterization is possible

- Excellent manipulation of reagents
- Simultaneous screening analysis, i.e.
high-throughput data acquisition

- Production of large, defect-free films
- In situ characterization is possible
- Excellent manipulation of reagents

- Requires custom-made reactors
- Early stage of development

defects in the crystal structure of a well-known and robust spin-
crossover (SCO) complex, which resulted in an unprecedented change
of its spin transition behaviour; [32] and v) unveil unprecedented
growth pathways during the synthesis of a MOF [23].

As for microfluidic devices in static conditions, the physical prop-
erties of these reaction environments can also be favourably exploited.
Submicrolitre spaces are characterised by low Grashof numbers, at
which viscous forces dominate over buoyancy forces, resulting in the
absence of advection currents [33]. These conditions closely resemble
those occurring in the outer Space, i.e. under microgravity conditions
[34]. We showed that performing crystallizations in these microgravity-
mimicking environments can enable control over crystal morphogen-
esis. Specifically, our group demonstrated that it is possible to avoid the
typical polyhedral shape of MOF crystals and achieve millimetre-sized
single crystals of a peptide-based MOF with intricate morphologies,
including crystals with curved faces [25]. Such morphologies arise from
the interplay between the diffusion-controlled mixing of the precursors
in an advection-free environment and the physical constraints (barriers)
imposed during crystal growth, mimicking the two main strategies of
morphogenesis in biomineralisation [35].

Considering that the control over size and shape of porous materials,
and their facile processability, are key requirements for their successful
implementation into functional devices, translating the strategies
already implemented by our group and others into the field of COFs can
promote their real-life applications [15,36]. In the following sections,
we highlight the different approaches that have been used so far to
synthesise COFs taking advantage of the unique synthetic conditions
provided by microfluidic-based technologies.

2. Synthesis under continuous flow

As described in the introduction, the use of continuous-flow micro-
fluidic methods can be advantageous when the goal is to achieve a
spatiotemporal control over self-assembly processes. This control during
the mixing of reagents can lead to new mechanistic insights into crys-
tallisation events, enabling the isolation of unprecedented and earlier
intermediate states [13] or unveiling new crystallisation pathways [23].
Furthermore, continuous-flow microfluidic devices can also be valuable

tools to improve the processability of the materials generated, and to
increase their yield-over-time. Note that all these features can provide
useful additional information for the controlled morphogenesis of COFs
as well as their scaled-up synthesis in an industrial setting.

Continuous-flow microfluidic methods include both droplet-based
approaches, i.e. segmented flows, and continuous-flow methods based
on co-flowing streams. While in the case of droplet-based methods
chaotic advection mixing dominates without any possible control on RD
phenomena, in the case of planar continuous-flow devices operating
with co-flowing streams, an exquisite control over RD mixing is estab-
lished (Fig. 1) [30].

In this section, different examples of the application of continuous-
flow microfluidic methods for the preparation of COFs have been
grouped based on the physical mixing regime in which they are ob-
tained, either controlled RD mixing or chaotic advection mixing.

2.1. RD mixing: Mixing via a controlled diffusion of precursors inside a
microfluidic device

The first report showing the synthesis of a COF employing a
continuous-flow microfluidic device was published by Puigmarti and co-
workers in 2016 [37]. A planar four-inlet device made of poly(dimethyl)
siloxane (PDMS) was used to establish controlled RD mixing of the re-
actants (Fig. 2a). Specifically, solutions of the precursors 1,3,5-tris(4-
aminophenyl)benzene (TAPB) and 1,3,5-benzene(tricarbaldehyde)
(BTCA) were injected through the inner inlets of the device (B and C
in Fig. 2a), generating co-flowing streams, while two sheath flows of
glacial acetic acid were pumped through the external inlets (A and D in
Fig. 2a). Due to the laminar flow conditions in the main microchannel
(low Reynolds number), the reactants mixed solely via molecular
diffusion. The sheath flows, in turn, allowed to tune the RD area during
the synthesis of the COF (by flow focussing), and to prevent clogging of
the device, while providing a constant supply of protons needed to
ensure the reversibility of the covalent interactions during the synthesis
of the COF.

With this experimental setup, the synthesis of the so-called MF-COF-
1 (microfluidic COF-1) could be performed in a timeframe of millisec-
onds, at room temperature and standard pressure. Moreover, MF-COF-1
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Fig. 2. Experimental setup for the synthesis of MF-COF-1 using a planar microfluidic device. a) 4-inlet microfluidic PDMS device (main channel 1 cm long, 250 pm
wide, and 50 pm high). b) Field Emission SEM image of MF-COF-1. ¢) SEM image of MF-COF-1 fibres. d and e) printed macroscopic fibres of MF-COF-1 deposited on
glass substrates. Adapted from [37] with permission from the Royal Society of Chemistry.

was collected at the outlet in the form of crystalline macroscopic fibres
(Fig. 2d). The bulk synthesis of the same COF using turbulent mixing
results in the formation of a gel. After washing and annealing the gel,
scanning electron microscopy (SEM) analysis shows a particle size dis-
tribution of 60 nm and no further ordering of these particles into su-
perstructures. On the other hand, analysis of MF-COF-1 by SEM showed
a sponge-like structure made of meshes of MF-COF-1 nanofibers
(Fig. 2b, c). These nanofibers are in turn made by the linear aggregation
of nanoparticles of ca. 40 nm in size (Fig. 2b). The assembly of these
structures can be rationalised as resulting from the narrow area where
the building blocks mix, which forces an anisotropic aggregation of the
crystallites. Remarkably, the authors demonstrated that the continuous
flow microfluidic synthesis of MF-COF-1 can be used to directly print the
material in 2D and 3D structures (Fig. 2d and 2e, respectively) [38]. This
result was of great importance in the field, as for the first time it was
demonstrated that COFs could be processed directly from the liquid
phase as well as deposited on multiple surfaces to generate intricate
printed structures. Even though the morphology and processability of
MF-COF-1 was improved in this continuous-flow synthesis, the experi-
ments performed did not offer new insights into the mechanisms un-
derlying the COF formation.

Shortly after the work by Puigmarti .and co-workers, Zhao and col-
leagues demonstrated that COFs can also be generated inside a poly-
tetrafluoroethylene (PTFE) coiled tubing reactor employing a
continuous-flow system [39]. Under these operating conditions, the
reactant-laden fluids do not merely mix via RD conditions, but mass
transport by advection can also occur. In fact, the coiled shape of the
reactor can promote the formation of secondary flows (Dean vortices)
perpendicularly to the flow along the main channel. Accordingly,
significantly more complex fluid flow phenomena can emerge within a
coiled tube than in a planar continuous-flow microfluidic device, which
can lead to poorly controllable RD conditions [40]. Nonetheless, the
authors demonstrated that their approach can be a simple option to scale
up COF production under mild conditions.

Specifically, COF-LZU1, an imine-linked COF generated from the
reaction of 1,3,5-triformylbenzene (TFB) with p-phenylenediamine
(PDA) was chosen as the best-case scenario to demonstrate their
continuous-flow synthetic method (Fig. 3). A T-junction setup was used
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Fig. 3. Synthesis of COF-LZU1 in a continuous flow setup. a) Building blocks
used for the synthesis of COF-LZU1 with their respective point group symmetry.
b) schematic illustration of the T-micromixer setup used for the synthesis of
COF-LZU1. FS stands for flow synthesis. Adapted with permission from [39].
Copyright © 2016 American Chemical Society.

to put into contact and mix the streams of the reactants TFB and PDA, see
Fig. 3b. The COF crystallites were formed after an overall residence time
of 11 s in the coiled tubing reactor. The quality of COF-LZU1 generated
through this methodology was comparable to that obtained using
analogous bulk conditions (and longer reaction times), but with a small
increase in the Brunauer-Emmett-Teller (BET) surface area. When
comparing this report with the conditions required to form MF-COF-1,
the main difference is the reactor length and the residence times
required to form the COFs. While Puigmarti and co-workers reported
yields of almost 2 mg of MF-COF-1 per minute [37], this method pro-
duces about 0.7 mg of COF-LZU1 per minute. In this same work, Zhao
and co-workers also synthesised three other COFs using a solution-
suspension approach (SSA), but only one of these COFs could be
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efficiently prepared under flow conditions. The latter clearly indicates
that finding the right conditions for solubilising the COF precursors but
also allowing for the fast formation of COF materials inside a micro-
fluidic stetting is a challenge that requires further knowledge of the
mechanisms that favour the formation of their crystalline phases instead
of their amorphous intermediates.

To sum up, these two papers demonstrate that it is possible to
generate COFs employing continuous flow processes flexible for the
scaling-up required for commercial production. As we expand the
available examples of materials obtained by continuous flow ap-
proaches, the development of technologies for the industrial production
of COFs will have a better chance at succeeding.

Continuous-flow approaches have been also used to directly inte-
grate 2D COFs onto surfaces. Typically, the method used to grow 2D
COFs onto a desired surface involves the immersion of a surface inside
the reaction media and allowing the reaction to proceed normally. As a
result, in many solvent mixtures and with a variety of surfaces, the COF
will grow both in the bulk of the solution and on the immersed surface,
generating a film on it. However, this bulk approach presents several
disadvantages arising from depletion of the reaction mixture during the
synthesis process. In addition, over time, the particle size of the COF
crystals being produced changes, resulting in inhomogeneous or
contaminated films. Finally, and more importantly, the control over the
thickness of the deposited films is severely limited in this bulk synthesis.
Since there is a minimum reaction time needed for the COF to become a
crystalline material, very low thicknesses are limited to the minimum
ripening time of the COF particles. Additionally, the maximum achiev-
able thickness is also limited by the concentration of precursors since,
once they deplete, the film can no longer grow. Thus, the concentration
ranges that can be used for this approach has to be kept within certain
limits that might not be straightforwardly determined. The use of a
continuous-flow system can circumvent all these limitations, since at
any given spatial point inside the device, the concentrations and reac-
tion times are always constant. Capitalizing on this capability, Dichtel
and colleagues reported the synthesis of highly uniform boronate ester-
linked COF thin-films inside a commercially available quartz crystal
microbalance (QCM) system equipped with a continuous flow cell
accessory (Fig. 4) [41]. A reaction mixture composed of the two COF
precursors was passed through a heat reservoir and then fed inside the
continuous-flow device (Fig. 4a), which allowed for continuously and
uniformly growing four different boronate-ester COF films with thick-
nesses higher than those that are attainable by the bulk approach.

HO ., OH

OH

OH
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Although this continuous-flow synthesis does not provide spatiotem-
poral control over the mixing of precursors, the flow device incorporated
a QCM substrate that enabled the monitoring of the mass deposited
during film growth. This proved to be a remarkably useful setup to gain
new mechanistic insights on the crystallisation process of these mate-
rials. For example, the authors demonstrated that crystalline boronate-
ester-linked COF films where only generated when longer residence
times were used (Fig. 4c). This result indicates that oligomeric and
polymeric species may play a key role during the film formation of these
COF materials.

2.2. Chaotic advection mixing: Mixing of precursors inside a
microfluidically generated droplet

If, instead of using a continuous flow microfluidic device with co-
flowing streams, a segmented-flow microfluidic method is employed
during the synthesis of a COF, the mixing of the COF precursors will
change from a diffusion controlled regime to a chaotic advection mixing
(Fig. 5¢) [29]. In sharp contrast to the spatiotemporal control mixing
achieved inside a planar continuous-flow microfluidic device operating
under RD conditions, the reaction time in a chaotic advection mixing
will be determined by the distance that the reagents inside the droplets
travel throughout the microfluidic device [29]. That is, in a chaotic
advection mixing regime the diffusion of the reagents (i.e. inside the
droplet) cannot be controlled by simply changing the reagents flow rates
[29]. Additionally, the stick-slip motion of the droplets will also play a
role in the uncontrolled mixing of reagents [43].

In 2018, Kim and co-workers reported for the first time the synthesis
of three different f-ketoenamine-linked COFs employing a segmented-
flow microfluidic method (Fig. 5), namely TpPa-H, TpPa-Me and
TpPa-NO; (where Tp stands for 1,3,5-triformylphloroglucinol and Pa-H,
Pa-Me and Pa-NO; for 1,4-phenylenediamine, 2,5-dimethyl-1,4-phe-
nylenediamine and 2-nitro-1,4-phenylenediamine, respectively) [42].
The droplet-based generator was fabricated connecting transparent
PTFE tubing to a T-junction, see Fig. 5. The authors used silicone oil as
the continuous phase and a partially solubilised mixture of precursors in
acidic media as the discontinuous phase. The immiscibility between the
continuous and discontinuous phase enabled a facile droplet generation
at the T-junction, where the two flows converge. Once generated, the
droplets were directed to a coiled PTFE section of the device that was
immersed in an oil bath. The authors optimised the microfluidic syn-
thetic approach and found that TpPa-H, TpPa-Me, and TpPa-NO,

4:1 Dioxane /
Mesitylene

HO OH HO L OH
HOB_O_BOH HO' . - . ®oH
=

HO () OH HO o# 15 eq. MeOH
Ho® oH HOB OQO BOH HOBBOH 90 °C
< »
c) B ) B
N z
P o
static & s
&
i i g L 121903 8 IO ¢
Crystalline Film £ L 80s J ;
- 60s
\¥ 40s R
Amorphous Film Precipitation 208 i D T
0 0.5 1 g, a5 2 2.5 2 5

Fig. 4. Synthesis of boronate-ester COFs in a continuous-flow setup. a) Diagram showing the heat reservoir, the flow reactor, and the quartz microbalance where COF
films grow, b) organic building blocks employed, c) ex situ grazing incidence X-ray diffraction (GI-XRD) patterns showing the increase of crystallinity of the COF films
over time. Adapted with permission from [41]. Copyright © 2016 American Chemical Society.
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Fig. 5. Experimental setup used for the segmented-flow syn-
thesis of TpPa-based COFs. a) Molecular structure of the
building blocks and resulting COFs. b) Schematic illustration of
the segmented-flow reactor showing the first T-junction used
for COF synthesis and the second one used for the subsequent
post-synthetic modification. c¢) Simplified scheme showing the
chaotic mixing inside the droplets and the progression of the
reaction. d) Optical microscope images of the droplets at
different time scales during the synthesis of the TpPa-based
COFs. Adapted with permission from [42]. Copyright © CC
BY 4.0.

Partially solubilised
building blocks

exhibited a higher degree of crystallinity, compared to the same mate-
rials synthesised in bulk conditions, when the residence time was set at
15 min and the reactor temperature at 100 °C. One drawback of
f-ketoenamine COFs is that the tautomerisation step is irreversible,
resulting in a poor self-correction process, and hence, in a low proba-
bility of enhancing the degree of crystallinity in the yielded products
regardless of the synthetic method employed. After the COFs are formed
inside the droplets, the authors showed that using the same microfluidic
device in series, it is possible to subsequently modify the COF materials
eliminating time-consuming separation and purification steps. For
example, it was demonstrated that this serial microfluidic method could
efficiently reduce the nitro substituents present in TpPa-NO into their
aniline counterparts, producing TpPa-NH; via an in-line post-synthetic
modification (Fig. 5). While this work demonstrates a way to produce
various COF powders, and an accessible method to introduce valuable
functional groups via an in-line microfluidic post-synthetic modifica-
tion, COF syntheses in which the precursors are partially soluble are
problematic for a continuous flow setup. Such insolubility can easily
clog the flow reactors, and the stoichiometric mixing of suspensions
cannot be accurately controlled. Although the use of segmented-flow

microfluidic methods is a viable way to produce and post-modify
COFs in a continuous manner, the formation of films of these mate-
rials, with controlled thicknesses and dimensions, would facilitate their
incorporation into functional devices. Accordingly, it is highly necessary
to develop new technologies that can facilitate the direct integration of
COFs onto different surfaces, while still controlling the diffusion of re-
agents (e.g minimising the natural convection flows) and avoiding un-
controlled precipitation. These technologies could undoubtedly
accelerate the implementation of COF materials in emerging devices,
and more importantly, in products with a socio-economic impact.

3. Synthesis under static conditions: Mimicking microgravity

Recently, it has been shown that static microfluidic conditions can
lead to a controlled formation of a desired crystal habit during the
synthesis of a MOF [25]. For example, 2D MOF crystals have been grown
on a surface controlling the diffusion of MOF precursors in a simulated
microgravity environment accomplished inside a microfluidic device
[25]. Note that under these simulated microgravity conditions the usual
polyhedral shape of MOF crystals can be supressed, and new crystal
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habits are available, where their thicknesses and dimensions are within
easy reach.

Since the ’80s [44], the space environment — where buoyancy-
induced convective transport is absent — [45] has been considered a
“dream playground” for the development of highly ordered materials. In
fact, the convection-free mass transport, which exists in microgravity
conditions, can greatly favour the synthesis of materials with larger
crystalline domain sizes, lower defect densities and new morphologies
[46]. Several studies have demonstrated that microgravity conditions
can be exploited to favour the formation of single crystals [47,48],
glasses and fibres [49,50], and other defect-free 3D materials [51-54].
Since 2010, several companies have been experimenting at the Inter-
national Space Station’s (ISS) U.S. National Laboratory, as microgravity
is thought to be the ideal condition to achieve ground-breaking advances
in the engineering of new functional materials and devices. However,
the high costs and restricted access associated with experimentation in
space is hindering further progress in this exciting field.

As discussed above, one way to simulate the microgravity conditions
present at the International Space Station is by confining reactions to
small spaces and working with very low volumes. To this extent, a recent
study by Sotto Mayor, Ruiz-Molina, and Puigmarti showed how to apply
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this approach to the synthesis of COF films and other porous 2D mate-
rials [55]. By using a custom-made microfluidic device (Fig. 6a and b),
the authors could achieve a buoyancy- and convection-free environ-
ment. Numerical simulations showed that the mass transport inside
these microfluidic devices occurs without the presence of vortices
(Fig. 6d), in sharp contrast to what occurs in a typical vapour-assisted
conversion (Fig. 6¢). The experimental setup also allows for the diffu-
sion of gases with a vertical concentration front (i.e. perpendicular the
Earth gravity), translating in the formation of more homogeneous films
(Fig. 6e). The confined space in which the reaction takes place, and the
unique mass transport regime inside the microfluidic device, promotes
the growth of crack-free, compact and centimeter-sized thin films onto
different surfaces (Fig. 6e and f). Explicitly, they demonstrated a method
to obtain thin films of COF-TAPB-BTCA with thicknesses as low as 60
nm (Fig. 6h and i). Characterisation data showed the characteristic XRD
peaks of COF-TAPB-BTCA, with a preferential orientation of the film.
Indeed, atomic force microscopy (AFM) and SEM measurements indi-
cate that the defect-free centimetre-sized COF-TAPB-BTCA films have an
extremely low roughness (RMS = 2.4 nm). Note that using the same
reactions conditions in a bulk synthetic approach only COF-TAPB-BTCA
particles are generated (Fig. 6g). This result clearly confirms that
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Fig. 6. Synthesis of COF-TAPB-BTC under microgravity conditions. a) Schematic illustration of the custom-made microfluidic device fabricated to simulate
microgravity conditions on Earth, b) photographs of the confined reaction space and assembled microfluidic device. ¢) numerical simulations of the flows in a droplet
showing convective currents and a concentration gradient parallel to the gravitational field. d) numerical simulations of the flow in the microfluidic device showing a
concentration gradient perpendicular to the gravitational field. e and f) optical photographs of COF thin films on 1 x 1 cm quartz (001) and graphene, respectively.
g) SEM image of COF-TAPB-BTC particles generated in bulk. h) AFM image of the edge of a COF-TAPB-BTC film on a quartz (001) substrate and i) height profile of
the COF thin film. Adapted from [55] with permission from Wiley-VCH Verlag GmbH & Co. Copyright © 2021.
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simulated microgravity can play a key role to control morphogenesis in
COF synthesis. An additional annealing step was necessary to promote
the crystallisation of the film, making the streamlining of the synthesis
in an industrial setup a complicated step that requires further optimi-
sation before scale-up is considered. However, this research area is still
in its infancy and further research and technical developments are
necessary in the future for a broad take-up by the scientific community
as well as the industrial sector.

4. Post-synthetic processing of COF materials with microfluidic
devices and under continuous flow

The control over the shape, localization, and integration of COFs
with other components of a functional device is key to enable a future
uptake of these materials by technological industries. However, their
inherent insolubility once synthesised and the highly energetic synthetic
conditions pose a challenge that has not been fully solved yet [36]. The
higher control of mixing, diffusion, and temperature gradients in
microfluidic devices is a great tool to advance in this endeavor. As such,
some of the methods explained above tackle these limitations and allow
for processing COFs during their formation, e.g. flow systems can be used
to print fibers or to grow thin films. However, microfluidic systems can
also process already formed COFs, as we will explain in the following
section.

An example of how microfluidic devices can be used for processing
COFs after they have been synthesised was recently reported by Puig-
marti and co-workers. In this work, the authors take advantage of cat-
anionic micellar systems to generate printable COFs [56]. The aqueous
micellar system was formed by cationic hexadecyltrimethylammonium
bromide (CTAB) and anionic sodium dodecyl sulfate (SDS) surfactants in
a 97:3 ratio, respectively (Fig. 7a). This ratio is important to form small
mixed micelles instead of larger vesicles and hence to fine control the
reaction outcome. When mixing TAPB and BTCA, each one solubilised in
the CTAB/SDS mixture in water, in the presence of acetic acid, a stable
colloidal orange solution was formed (Fig. 7b). The colour is indicative
of the presence of imine bonds, and the average particle size of the COF
was 16 nm. Extended small-angle X-ray scattering (SAXS) studies
revealed the kinetics of the formation of these particles, which evolve
from a TABP-BTCA-COF single stack disk to a ten layered stack sur-
rounded by the surfactants over 21 h. The COF particles could be iso-
lated by inducing precipitation with ethanol, and upon further
characterisation it was confirmed that they are crystalline. A second COF
system was produced with the same methodology, i.e. Tz-COF, obtained
from the reaction of 2,4,6-tris(4-aminophenyl)-1,3,5-triazine and BTCA.
The homogeneous nature of these COF colloids and their behaviour
upon ethanol addition enabled a controlled aggregation of the COF
particles using the right tools. As a first example, when the reaction
mixture after ethanol addition was inserted into a customised micro-
clamp (Fig. 7c), free standing films were obtained after solvent evapo-
ration, with a thickness between 0.5 and 50 pm (Fig. 7d). More inter-
estingly, the injection of the micellar solution inside a 3D flow-focusing
microfluidic device (Fig. 7e) allowed to finely control the mixing with
ethanol, resulting in the direct printing of TABP-BTCA-COF fibres over a
variety of surfaces (Fig. 7f). As shown, this method is highly versatile
and can generate processable COF inks that can be transformed into pure
COF structures, hinting towards the importance of flow technologies in
the shaping of COFs, particularly to achieve hierarchical 3D printed COF
architectures. Even though this methodology is still in need of signifi-
cant development, the ability to print COFs makes it extremely prom-
ising, since the 3D printing of hierarchical architectures with bare COFs
is a milestone that has not been achieved yet. The few existing reports,
even though at a more advanced stage of development, need a matrix
(Pluronic F127 or graphene oxide) to support the printing of 2D COFs
into three-dimensional shapes [57,58].
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Fig. 7. Catanionic micellar synthesis of COF-TAPB-BTCA. a) Organic building
blocks and synthetic conditions used for the obtention of colloidal COF-TAPB-
BTCA particles. b) Photograph of a transparent colloidal solution of COF-
TAPB-BTCA. c) schematic illustration of the microfluidic clamp for the fabri-
cation of COF-TAPB-BTCA films. d) SEM cross-section image of a COF-TAPB-
BTCA film. e) schematic illustration of the microfluidic 3D flow-focusing de-
vice used for the direct printing of COF-TAPB-BTCA. f) macroscopic structure of
printed COF-TAPB-BTCA fibres over a glass substrate. Adapted with permission
from [56]. Copyright © 2020 American Chemical Society.

5. Summary and outlook

In this review, we have introduced microfluidic devices as a toolbox
technology to synthesise and process COFs. The main advantages of this
approach are directly related with the physical phenomena that can be
controlled when working under microfluidic regimes. For example, if
the mixing of COF precursors is enhanced by restricting the reaction
volume to a droplet, i.e. in a segmented-flow approach, shorter synthesis
times can be used and the heat and mass transfer during the reaction are
increased. With this approach, the synthesis of COF powders can be
improved to produce materials in large volumes over time, see Table 1.

When the building blocks are combined under RD conditions, the
spatiotemporal control of the reaction can have various outcomes: i) the
reaction time can be drastically reduced and the continuous formation of
COFs can result in increased yields over time when compared to batch
synthesis; ii) it is possible to directly generate COF materials in the form
of crystalline fibers without further processing steps needed; and iii)
relevant information about reaction mechanism and crystallite
morphogenesis could also be obtained, see Table 1.

Alternatively, it has been demonstrated that by working under
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microfluidic static conditions it is possible to simulate microgravity, a
scenario that enables the formation of large, smooth, and crack-free COF
thin films. These results showcase how both continuous flow and static
microfluidic conditions can be employed to synthesise and process
COFs. However, despite the advantages, there are aspects in the use of
microfluidic devices for the synthesis of COFs that need further devel-
opment and optimisation. We believe that focusing on the following
points can further impulse the advancement of this field:

i) Understanding the nucleation and crystal growth events occurring
during the self-assembly of COFs can provide information on how to
adjust the synthetic protocols for targeted morphologies, properties, and
functions in these materials. In this context, experiments performed in
confined spaces such as in micelles, RD areas or simulated microgravity
environments can provide valuable information. Likewise, expanding
the scope of flow-based synthesis to study crystallisation events of 3D
COFs would be a great step towards promoting a deeper understanding
of how these three-dimensional frameworks are formed and how to
produce targeted topologies.

ii) Implementation of in situ X-ray diffraction (XRD) experiments. As
shown in various studies, particularly in the field of protein crystalli-
zation [59-62], it is possible to couple microfluidic devices and auto-
mated X-ray analysis both in laboratory diffractometers [63] and at
large-scale synchrotron facilities [64]. The crystalline nature of COFs
makes the adaptation and implementation of these technologies for the
in situ study of both crystal structures and the kinetics of crystal for-
mation and growth a desirable goal. This would comprise the study of
COFs generated by either continuous or segmented-flow approaches,
with the aim at conducting in situ X-ray diffraction experiments
(including single-crystal XRD (SC-XRD), powder XRD (PXRD), and SAXS
experiments) to gain new mechanistic insights on the main features
directing the formation and growth of COFs.

iii) Besides the design of devices for the synthesis and processing of
COFs, special attention should be focused on parallelisation and/or
automation of these methods. The continuous flow processes described
here work with small volumes, but the effective footprint of each reactor
is much smaller than conventional synthesis equipment. In order to
make these methods viable in an industrial setting, the number of de-
vices performing the same syntheses needs to be increased and these
new experimental setups optimised.

iv) Coupling of microfluidic technologies with 3D printing. An
alternative way of enhancing the processability of COFs by using direct-
ink writing (DIW) 3D printing has been reported by some research
groups [57,58,65]. In these approaches, the COFs are synthesised inside
a fluid matrix of adequate rheological properties and then extruded to
form 3D monoliths of various characteristics. These studies show that it
is possible to form structures with functional shapes and with one or
more COF domains incorporated. If these processes are adapted to be
compatible with microfluidic conditions, it should be possible to obtain
functional 3D COF materials and the need for binder formulations
during the printing process could be avoided.
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