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ABSTRACT: Inherently porous materials that are chemically and
structurally robust are challenging to construct. Conventionally, dynamic
chemistry is thought to be needed for the formation of uniform porous
organic frameworks, but dynamic bonds can limit the stability of these
materials. For this reason, all-carbon-linked frameworks are expected to
exhibit higher stability performance than more traditional porous
frameworks. However, the limited reversibility of carbon−carbon bond-
forming reactions has restricted the exploration of these materials. In
particular, the challenges associated with producing uniform thin films of
all-carbon-linked frameworks has inhibited the study of these materials in
applications where well-defined films are required. Here, we synthesize
continuous and homogeneous films of two different all-carbon-linked
three-dimensional porous aromatic frameworks with nanometer-precision
thickness (PAF-1 and BCMP-2). This was accomplished by kinetically promoting surface reactivity while suppressing homogeneous
nucleation. Through connection of the PAF film to a gold substrate via a self-assembled monolayer and use of flow conditions to
continually introduce monomers, smooth and continuous PAF films can be grown with controlled thickness. This strategy allows
traditional transition metal mediated carbon−carbon cross-coupling reactions to form porous, organic thin films. We expect that the
chemical principles uncovered in this study will enable the synthesis of a variety of chemically and structurally diverse carbon−
carbon-linked frameworks as high-quality films, which are inaccessible by conventional methods.

■ INTRODUCTION
Covalent organic frameworks (COFs) were first synthesized by
Yaghi and co-workers in 2005 and represent a class of porous,
structurally regular materials that contain only light elements
(i.e., B, C, N, H, and O).1 Organic framework materials have a
unique suite of properties such as ultrahigh thermal stability
(up to 500 °C),2,3 low densities (0.13 g cm−3),4 and high
internal surface area (7000 m2 g−1).5 This confluence of
properties make this class of materials highly suitable for
various applications such as chemical separations,6−8 catal-
ysis,9−11 gas storage,12−14 water purification,15 drug deliv-
ery,16−18 electrode materials,19,20 and sensing.21 Porous
aromatic frameworks (PAFs) are siblings of COFs, which are
synthesized by irreversible cross-coupling reactions. Because
these materials are unable to anneal defects, due to the
irreversible nature of their chemical linkages, PAFs are
frequently thought to have a disordered nanoscale structure.
In three-dimensional (3D) organic frameworks, nonplanar
building blocks are covalently cross-linked in all dimen-
sions.2,4,22−29 This topology leads to channels in all
dimensions, with pore spaces of defined shape and size that
can be chemically engineered according to a desired
function.11,30,31 We find that 3D frameworks are under-
represented in the literature compared to two-dimensional
(2D) variants. In particular, films of 3D frameworks are

especially challenging to synthesize and represent a frontier in
synthetic framework chemistry. We speculate that this limited
exploration is partially due to the higher difficulty in
synthesizing homogeneous films of 3D organic frameworks
compared to 2D variants.32 This difficulty is accentuated when
considering the synthesis of carbon−carbon-linked 3D frame-
works; whose defects cannot be annealed through dynamic
chemistry.
Although 3D COFs and PAFs have been synthesized as

microcrystalline powders, many promising applications (e.g.,
membranes or electronics) for these materials will require
films.33 This understanding has inspired immense interest in
synthesizing COFs and PAFs as uniform films, which can be
more readily interfaced with these applications. Recently, films
of 2D frameworks have been made on templated surfaces using
batch solvothermal conditions.34,35 Other strategies for the
synthesis of uniform 2D films include exfoliation and
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reassembly,36 interfacial crystallization of thin 2D films at
liquid−liquid37 or air−liquid interfaces,38 and blade casting of
precursors.6 Expanding on these batch reaction approaches,
Bisbey and co-workers used a continuous flow setup in
combination with a quartz crystal microbalance to measure the
deposited mass of a 2D COF on a Ti surface in real time,
giving control of the film thickness.39 However, topological
differences between 2D and 3D frameworks mean that
methods used to construct 2D-based films cannot be readily
adapted for 3D framework film synthesis. Films of 3D COFs
have been made using dynamic imine or boronate ester
bonds.40 However, to date, the only example of an all carbon-
linked 3D framework was described by Becker and co-workers
in 2015, where they used a templated surface and batch
conditions to form a 3D PAF-1 film with micrometer-scale
roughness.41 Although this report shows that carbon−carbon-
bonded 3D frameworks can be obtained as films, they showed
unwieldy surface roughness, powder contamination, and
unpredictable thickness. However, this preliminary report led
us to speculate that the synthesis of smooth 3D framework
films with precise thickness based on carbon−carbon bonds is
now within reach, a crucial step toward maximizing the utility
of this class of promising materials.
Here, we show for the first time that it is possible to

construct all-carbon-linked 3D PAFs as smooth and con-
tinuous films with controllable thicknesses. This new synthesis
method works by introducing monomers at low steady-state
concentrations in flow to a pretemplated substrate. This
approach favors film growth over bulk powder synthesis, which
can contaminate the desired films. A quartz crystal micro-
balance (QCM) was used to monitor the growth of the film in
real time and scanning electron microscopy (SEM) cross-
section imaging was used to correlate the QCM signal to film
thickness, allowing for nanometer thickness control. Con-
tinuous flow conditions constantly remove in-bulk-formed
oligomers, resulting in an improved smoothness of the
obtained film by limiting the precipitation of bulk framework
materials. Films were further characterized via depth-depend-
ent X-ray photoelectron spectroscopy (XPS) and energy
dispersive X-ray spectroscopy-scanning electron microscopy
(EDX-SEM), which show that the desired C−C polymer-
ization chemistry had taken place. Furthermore, surface
roughness was probed by atomic force microscopy (AFM),
which demonstrated that the films were smooth, continuous,
and free from powder contamination. This work provides a
strategy to overcome the former restrictions of 3D film
synthesis that we suspect will enable the construction of a
broad range of porous materials in a useful configuration for a
host of applications.

■ RESULTS AND DISCUSSION
To construct a film of framework material, it is crucial to
spatially control polymerization. For example, frameworks
synthesized by homocoupling of a single monomer species can
occur between monomers and oligomers in solution or
between monomers and the film surface. C−C bonds are
robust, providing rigidity and chemical stability to the obtained
structure. However, C−C cross-coupling prevents dynamic
rearrangement, which prevents defects from being annealed.
Once the bonds are formed, they do not break and a kinetically
favored rather than the thermodynamically favored product
may be trapped. Therefore, we hypothesize that initial
formation of a structurally regular material will be necessary

for the synthesis of smooth, homogeneous films. Additionally,
if precise thicknesses, low roughness films are to be obtained,
the film must be synthesized epitaxially. However, the same
reaction that leads to productive surface growth may also take
place in solution, resulting in larger aggregates that can
contaminate the film. Stated another way, the challenge is to
restrict homogeneous nucleation of framework powders while
promoting uniform, layer-by-layer heterogeneous growth of
framework films.42,43

The reaction rate between two species, whether monomers
or oligomers, in solution is expected to follow second-order
kinetics with respect to the concentration of the monomer. In
contrast, when the monomer couples to the surface, the
concentration of one of the reactants (the surface) is fixed and
so pseudo-first-order kinetics would be expected. Thus, the
relevant rate equations for the monomer−monomer and the
monomer−surface reactions are as follows:

= [ ]r k monomerbulk bulk
2

(1)

= ′ [ ]r k monomersurface surface (2)

where r is the reaction rate and k is the relevant reduced rate
constant (including the concentration of non-monomeric
coupling reagents, catalysts, etc.). This difference in reaction
kinetics indicates that, at high concentration, monomers will
predominantly react to form oligomers, which at some critical
size will precipitate from solution. When the concentration is
reduced, the bulk reaction will be reduced in comparison to
surface growth. Therefore, below a certain concentration
threshold, the reaction on the surface will dominate, which we
hypothesize would be ideal for the synthesis of uniform C−C-
linked framework films. To show that it is possible to
synthesize a continuous framework film, we chose the well-
known PAF system PAF-15,44 (also published as PPN-6).45 In
PAF-1, tetrakis(4-bromophenyl)methane (TBPM; Figure 1) is
used as a building block, which forms a 3D network via
Yamamoto coupling.46 PAF-1 has an exceptionally high surface
area and excellent hydrothermal stability because of the

Figure 1. Schematic overview of the reaction on the surface leading to
a continuous film. (A) Building block, tetrakis(4-bromophenyl)-
methane (TBPM). (B) Self-assembled monolayer (SAM) formation
on the gold QCM chips. (C) Continuous flow setup with three
autonomous programmable syringe pumps pushing the fluids through
the QCM chamber where the reaction on the surface takes place,
forming the COF film.
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chemical stability of the C−C bond and its powders have
found use in gas storage applications.5

When making a film via a bottom-up approach, adhesion
between the substrate and the first layer of the framework film
is necessary. Because thiols are known to diffuse laterally on Au
surfaces, giving the possibility for structures attached by such
bonds to self-organize, we selected a thiol functionalization
strategy to create a well-adhered first layer of the film. To
achieve this, we exposed a gold-coated QCM wafer to 4-
bromothiophenol, which forms a self-assembled monolayer on
the gold surface (Figure 1).41 This molecule is bromine-
functionalized at the para-position, allowing for Yamamoto
coupling reaction with the PAF-1 monomer (TBPM). We
expect that a fully thiol-functionalized SAM will react with the
appropriate number of TBPMs to yield a monolayer that will
serve as a template for PAF formation. Previously, researchers
have used a thiol-templated surface to connect PAF-1 to a
surface.41 We have extended this strategy to yield continuous
3D PAF films by the following: (1) limiting the steady-state
concentration of the monomer to about 1% of the
concentration previously demonstrated to synthesize PAF-
1,41 and (2) using continuous flow conditions that provide
clean reagents throughout the reaction and limit powder
aggregation. To accommodate these adaptations, we built a
continuous flow cell setup based on three programmable
syringe pumps, a mixing unit, and a quartz crystal microbalance
(QCM) flow cell (Figure 1). The monomer and coupling
reagents were kept in separate syringes and mixed just before
entering the QCM flow cell. Figure 2 displays microscope

images of films made using bulk or flow conditions. In bulk
conditions, the film is very rough (Figure 2A), which is
consistent with previously reported approaches.41 We suspect
that, in this case, oligomers have mostly first formed in solution
and later bind to the surface, providing macroscopic nonuni-
form structures. On the other hand, flow conditions produce a

film that is smooth on a macroscopic level, as evident from the
absence of scattering in the uniform microscope image (Figure
2B). If thiophenol instead of 4-bromothiophenol is used in the
SAM layer, the ability to form covalent bonds between the
SAM and the porous film is removed (Figure 2C). This results
in cracks between relatively flat regions. The lack of connection
between the surface and the framework most likely results in
PAF grains first precipitating on the surface, and these grains
then grow. Cracks and an uneven distribution could also be
observed when using flow conditions with a 10 times higher
concentration of all reagents (Figure 2D) when compared to
the conditions used in Figure 2B. Furthermore, the surface
roughness (as measured with AFM) increased when increasing
the concentrations above a certain point (Figure S1). High-
concentration conditions also resulted in the formation of
visible aggregates in the tubing after the mixing unit. These
experiments demonstrate that surface connectivity, low
concentration, and flow conditions are needed to form a
uniform framework film. In the next section, we examine the
buildup of the film in real time, enabling the construction of
films with nanometer precision thickness.
To monitor the buildup of the framework film in real time,

we used a QCM. QCM measures the mass change as a shift of
the quartz resonance frequency over time. The frequency shift
correlates directly to the thickness of the film, and the slope of
the frequency shift relates to the reaction rate on the film
surface. Figure 3A displays the frequency shift as a function of

reaction time. A nearly linear dependence between the
frequency shift versus time is evident, indicating that the rate
of reaction on the surface is constant when the monomer
concentration is held constant, as indicated by eq 2. However,
when the flow speed is reduced under the same concentration,
a lower slope in the frequency shift over time was observed
(Figure S2). The boundary layer is the area of the fluid close to
the solid surface (in our case the surface of the film). The
velocity of the fluid in the boundary layer decreases toward
zero when approaching the surface. The only possibility for
building blocks to reach the surface is therefore via diffusion
through this layer. The thickness of the boundary layer is flow-

Figure 2. Optical images of PAF-1 films. (A) Batch mode: An
immersed templated gold sensor in a solution of monomers and
coupling reagents, leading to a macroscopic nonuniform surface. (B)
Continuous flow: Mixing of monomers and coupling reagents just
before the flow reactor leads to a continuous and smooth film. (C)
Continuous flow: Numerous cracks are evident when using a
nonbrominated SAM under the same reaction conditions. (D)
Continuous flow: Cracks and powder contamination are also present
when using a 10-fold higher concentration than those used in B.

Figure 3. Monitoring the film growth. (A) Typical frequency change
during the reaction. (B) SEM picture with 69000× magnification of
the film cross section, showing the existence of a smooth film. (C)
Plot showing a linear correlation between the frequency change and
the film thickness. (D) AFM image of a 150 nm thick film, having a
mean square roughness of 4 nm.
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speed-dependent. When the flow speed is reduced, the
thickness of the boundary layer increases, which causes a
reduction in the growth rate.47 This observation suggests that
the reaction rate on the surface is limited by mass transport
close to the surface, which is affected by the flow speed.
Furthermore, SEM showed a completely flat film within the
spatial resolution of the instrument (Figure 3B, Figures S3 and
S4), and AFM showed a mean roughness of less than 4 nm
over an area of 4 μm2 (Figure 3D). The formed films can
therefore be regarded as homogeneous on the macroscopic
scale and smooth on the nanoscale.
To correlate the frequency shift to film thickness, we broke

QCM chips and performed cross-section imaging via SEM
(Figure 3B). Figure 3C displays a linear relation between film
thickness (as measured with SEM) and frequency shift
(measured with QCM), indicating that the mass density
profile of the film is homogeneous. This finding allowed us to
calculate the frequency to thickness relationship to 0.057 nm
Hz−1. We considered the possibility that encaged solvent
molecules might influence the frequency shift and thus the
measured mass. To see whether solvent contributes to the
frequency shift, we compared the change in frequency shift of a
film and a clean gold surface when changing the solvent from
tetrahydrofuran (THF) to deuterated THF (Figure S5). We
observed a difference between the two substrates, indicating
that caged solvent molecules do influence the measured
weight. Thus, the observed frequency shift originates not only
from the film but also from caged solvent molecules.
Furthermore, the constant relating frequency shift to film
thickness is therefore dependent on the solvent used.
Interested in evaluating the porous structure of our PAF-1
films, we evaluated the electron density with X-ray reflectivity
measurements. We find that the electron density is
approximately ∼0.6 e− Å−3 (Figure S7). Although this is
nearly double an idealized structure, we expect that structural
defects, framework intercalation, residual solvent, and catalyst
would all lead to more dense structures than that of the ideal
PAF-1. Importantly, similarly dense PAF-1 materials have also
been found to have exceptional surface areas.48 This finding is
consistent with the understanding that solvent molecules are
intercalated into the framework (Figure S5), giving rise to
solvent-dependent shifts of the observed QCM frequency.
Thus, by controlling the introduction of monomers to a
pretemplated surface, it is possible to create smooth, porous
3D framework films with controllable thicknesses.
To examine the chemical composition of the formed film on

top of a gold substrate, we measured the XPS signal as a
function of etching time. Figure 4A,B shows the carbon and
gold content of the film and substrate at varying etching times.
At a short distance into the film, only a carbon signal was
observed, consistent with the signal from PAF-1. In contrast,
deeper in the sample, the carbon signal vanished and the signal
from the gold substrate concurrently appeared. This XPS
analysis is consistent with our understanding of a fully carbon−
hydrogen framework adhered to the gold substrate. The
element composition was also explored on a film cross section
(Figure 4C−E) using EDX-SEM. By targeting the film on the
sensor surface (bright gray in B), we found the main elements
to be gold, chromium, and carbon. The gold signal arises from
the roughly 100 nm thick gold coating on the sensor and
chromium is used as an adhesive layer between gold and the
silicon crystal. The carbon signal originates from the deposited
film. Measuring further away from the PAF-1 film, deeper into

the sensor, only silicon and chromium gave prominent signals.
The measured element composition matched the information
given by the manufacturer (Biolin Scientific), further
confirming the expected element composition of the PAF
film (see Figures S3 and S4 for additional SEM images and
EDX spectra).
In principle, the understanding of controlled polymerization

at a functionalized surface should be general to an array of
carbon−carbon bond-forming reactions. To expand on the
generality of the described method, we also made films by
subjecting TBPM and 1,4-diethynylbenzene to Sonogashira
coupling conditions. PAF powders synthesized in previous
reports using these building blocks are reported as BCMP-2.49

One conceptual difference between PAF-1 and BCMP-2 is that
PAF-1 is based on a homocoupling of a single reactant whereas
BCMP-2 is based on the heterocoupling of two distinct
reactants. Nonetheless, our approach for the synthesis of
uniform homocoupled films easily accommodated the syn-
thesis of heterocoupled 3D PAFs (Figures S8 and S9). A nearly
linear mass increase with time is evident by following the
Sonogashira reaction in flow using QCM. Furthermore, by
decreasing the concentration of the building blocks, we
observed a reduced surface roughness until a plateau value is
reached. Generally, all organic framework materials are made
by either homocouplings or heterocouplings and smooth films
of both can be made by employing the methodology developed
here.

■ CONCLUSION
We have successfully constructed continuous and smooth films
of two different 3D porous aromatic frameworks with
nanometer-precise controllable thickness. QCM was used to
provide real-time monitoring of the film growth and cross-
section SEM was used to correlate the QCM signal to film
thickness. This was realized by continually introducing a
sufficiently low steady-state concentration of monomers to a
pretemplated surface. The approach is based on fundamental
chemical principles, and we therefore believe it will enable the
synthesis of a variety of 3D carbon-linked framework materials

Figure 4. Confirming the elemental composition. (A, B) Depth XPS
spectrum, showing the existence of gold (B) right underneath the
carbon (A) containing film. (C−E) EDX-SEM measurements on the
cross section of a film. The elements shown in area A (blue) match
the existence of a PAF-1 based film (carbon) and the gold surface on
chromium (very thin adhesive layer between silicon and gold). Area B
(red) shows the existence of silicon (quartz crystal) and Cr.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.9b10884
J. Am. Chem. Soc. 2020, 142, 6548−6553

6551

http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10884/suppl_file/ja9b10884_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10884/suppl_file/ja9b10884_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10884/suppl_file/ja9b10884_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10884/suppl_file/ja9b10884_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10884/suppl_file/ja9b10884_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10884/suppl_file/ja9b10884_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10884/suppl_file/ja9b10884_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.9b10884?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b10884?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b10884?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b10884?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.9b10884?ref=pdf


as uniform films. Furthermore, we envision that the modular
flow approach described here can be used to make
heterostructured framework films. We suspect that by flowing
different monomers in series, one can assemble diverse
framework materials sequentially within a continuous film.
This approach of making 3D framework films opens up this
class of material to applications where robustly adhered films of
all-carbon-linked porous material is required.
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