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Abstract: Covalent organic frameworks (COFs) are highly
modular porous crystalline polymers that are of interest for
applications such as charge-storage devices, nanofiltration
membranes, and optoelectronic devices. COFs are typically
synthesized as microcrystalline powders, which limits their
performance in these applications, and their limited solubility
precludes large-scale processing into more useful morpholo-
gies and devices. We report a general, scalable method to
exfoliate two-dimensional imine-linked COF powders by
temporarily protonating their linkages. The resulting suspen-
sions were cast into continuous crystalline COF films up to
10 cm in diameter, with thicknesses ranging from 50 nm to
20 mm depending on the suspension composition, concentra-
tion, and casting protocol. Furthermore, we demonstrate that
the film fabrication process proceeds through a partial depo-
lymerization/repolymerization mechanism, providing me-
chanically robust films that can be easily separated from their
substrates.&&Shortened to character limit.&&

Introduction

Covalent organic frameworks (COFs) are an emerging
class of porous crystalline polymers constructed from combi-
nations of geometrically compatible monomers that are

capable of polymerizing into two- or three-dimensional
networks.[1–3] These materials have attracted significant at-
tention over the past decade due to their high stability,[4]

accessible pores, and tunable functionality[5] that demonstrate
promise for applications including energy[6,7] and gas stor-
age,[8] catalysis,[9, 10] and membrane-based separation.[11–14]

However, most reported syntheses produce COFs as insolu-
ble microcrystalline powders, a morphology that precludes
many of these uses.[15] Recent efforts have been directed
towards fabricating 2D COF thin films, a morphology ideal
for applications requiring rapid mass transport through the
pores.[16,17] In particular, large-area films with precisely
defined thickness and oriented crystalline domains are
ideal.[17]

Three main strategies have been developed to access COF
thin films. The first is solvothermal synthesis, in which the
COF is grown directly on a solid support.[17–21] This method
produces highly crystalline films, with pores sometimes
oriented perpendicular to the substrate,[18, 22] but suffers from
numerous disadvantages, including difficult scale-up, lack of
generality across substrate types, production of powder
products in addition to the film, and the inability to transfer
films between supports.[16] The second is interfacial polymer-
ization, in which the monomers or catalyst are dissolved
separately in two immiscible solvents such that COF forma-
tion occurs at the interface.[11, 23, 24] This strategy provides
freestanding films, but thickness control requires significant
reoptimization for every network, and films with poor or no
crystallinity are often obtained, especially when they are
thinner than 50 nm.[24,25] Finally, a third method, exfoliation
and reconstitution of COF powders, has been explored.[26–29]

This strategy is highly desirable because it provides a direct
route to the film morphology from abundant microcrystalline
powders, which are simpler to synthesize, and the film
dimensions can be precisely tuned by changing the suspension
concentration and substrate surface area.[16]

Although numerous COF powder exfoliation methods
have been reported,[15, 30–37] very few of these studies demon-
strate the ability to reconstitute the resulting nanosheets into
large-area COF films.[26–29] Most reported methods involve
either sonicating[27, 30–32,35] the powders in organic solvents or
mechanically grinding[15, 34, 36] the powders prior to dispersion,
but due to challenges with re-aggregation and sedimentation
at high concentrations,[33, 38, 39] these strategies typically pro-
duce dilute suspensions (� 0.2 mgmL�1) that are not con-
ducive to large-scale film fabrication.[27, 30–32, 36] Although
Tsuru and co-workers demonstrated that thin films can be
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prepared from a dilute suspension (0.15 mgmL�1) of COF-
1 powder prepared through sonication in dichloromethane,
the fabrication process required repeated drop-casting/drying
cycles to form a continuous film, and therefore lacks
scalability and practicality.[27] More recently, charge-mediat-
ed[28,29, 33, 37] and chemical[26, 39,40] exfoliation strategies have
been developed, which produce more concentrated suspen-
sions (� 0.5 mgmL�1) that can be drop-cast to produce large-
area films.[26, 28,29] However, these strategies have thus far
made use of intentionally incorporated functional groups that
are not generalizable across broad classes of COF net-
works.[26, 28, 29, 33,37, 39] For example, Banerjee and co-workers
demonstrated that an anthracene-based 2D COF powder
could be chemically exfoliated through a Diels–Alder reac-
tion between the anthracene units and N-hexylmaleimide.[26]

Furthermore, Ma and co-workers synthesized a 2D COF
containing cationic viologen units, such that the resulting
sheets were easily separated due to electrostatic repulsion.[28]

Herein, we report a general method to exfoliate imine-
linked COFs, one of the largest and most structurally diverse
COF classes, by temporarily protonating their imine linkages
(Figure 1A). These suspensions were deposited onto various
substrates to produce crystalline COF films with thickness
ranging from 50 nm to 20 mm, depending on the suspension
composition, concentration, and casting method. Films
quickly delaminate from the substrate when submerged in
alcohol and can be transferred to any desired support. This
strategy was generalized to three imine-linked COF struc-
tures, all lacking the functional handles required for previ-
ously reported charge and chemical exfoliation meth-
ods.[26, 28, 29,33, 37, 39] Finally, we demonstrate that the acid, in
combination with small quantities of water, reactivates the
imine linkages for exchange as the suspension dries, which
enables the COF particles to partially break down and
subsequently repolymerize as the film forms. This results in
highly crystalline yet mechanically robust films. These results
suggest that acid-mediated exfoliation is a powerful alter-

native to previously reported film fabrication techniques and 
will enable the synthesis of the next generation of COF 
materials.

Results and Discussion&&Heading ok here (it was 
missing)?&&

Protonation of the 2D imine-linked BND-TFB COF 
(Figure 1 B) with excess trifluoroacetic acid (TFA) enables its 
dispersion in organic solvents and degrades its apparent 
crystallinity and porosity, yet preserves most of its imine 
linkages. After stirring in a mixture of acetonitrile, tetrahy-
drofuran, and TFA (7:3:2 v/v/v) overnight, the COF powder 
was broken up into a polydisperse suspension containing 
a wide range of particle sizes. The powder�s color also 
changed from bright orange to red upon acid addition, which 
is consistent with protonation of the imine linkages. Analo-
gous color changes were previously observed upon protona-
tion of imine-linked macrocycles[41] and COFs.[42] The exfo-
liated solids were isolated by centrifugation, washed, and 
dried under vacuum overnight prior to characterization. 
Powder X-ray diffraction (PXRD) and nitrogen adsorption 
data (Figure 2 A,B) indicate that the excellent crystallinity 
and surface area of the starting COF powder (SBET = 
2120 m2 g�1) are mostly lost after acid exfoliation (SBET = 
5 m2 g�1). However, the Fourier-transform infrared (FT-IR) 
spectra of both the initial powder and the exfoliated solids 
(Figure 2 C) are nearly identical, (The FTIR spectra in 
Figure 2C look quite different) and both contain a sharp 
imine peak at around 1620 cm�1, thus indicating that the 
imine-linked network is largely preserved. We hypothesize 
that the reductions in crystallinity and surface area are due to 
disordered stacking of the protonated COF sheets after acid 
treatment, which minimizes electrostatic repulsion. We pre-
dict that this repulsion enables their exfoliation. A similar 
disrupted stacking model was recently validated by Medina 
and co-workers, who observed a reduction in the crystallinity
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Figure 1. A) Overview of the acid-exfoliation and film-casting procedures. Protonation of imine-linked COF powders results in electrostatic
repulsion between adjacent layers, which induces rapid exfoliation of the powders into thin sheets upon stirring. Suspensions of exfoliated COF
sheets were deposited onto substrates and dried into thin crystalline COF films. B) Pore structure of the BND-TFB COF.
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and porosity of several imine-linked COF powders upon
exposure to certain solvents.[43]

High-resolution transmission electron microscopy
(HRTEM) and atomic force microscopy (AFM) images of
drop-cast BND-TFB COF suspensions provide further evi-
dence that the exfoliated sheets maintain their integrity and
periodicity during acid exfoliation (Figure 3). HRTEM imag-
ing revealed the presence of large (> 300 nm diameter) thin
sheets of crystalline COF with lattice fringes extending
throughout the structures (Figure 3A, Figure S4). A fast
Fourier transform (FFT) was applied to two regions of the
image shown in Figure 3A, both of which reveal uniform six-

fold symmetry with lattice spacings of approximately 22 �,
which closely match d100 of BND-TFB COF powder (Fig-
ure 3B). Some particles without lattice fringes were also
observed, which may be attributed to aggregates too thick to
analyze by TEM, particles that were damaged by the electron
beam, or other weakly crystalline or amorphous structures
produced as a byproduct of the exfoliation process. To
measure the dimensions of the dispersed particles, an aliquot
of BND-TFB COF suspension was deposited onto a freshly
cleaved HOPG&&Please define.&& substrate and imaged
by AFM. These images revealed the presence of a wide
distribution of particle sizes, the smallest of which are
approximately 5 nm thick and 50 nm in diameter (Figure 3C).
Particles with 50 nm thickness and greater than 1 mm diam-
eter were also observed, with still larger aggregates visible to
the naked eye, thus indicating a broad size distribution. These
sizes were further confirmed by dynamic light scattering
(DLS) measurements (Figure S5). Collectively, these results
suggest that acid treatment disperses 2D imine-linked COF
powder into a polydisperse suspension while preserving its
porous, periodic structure.

When the exfoliated BND-TFB COF suspension is
deposited onto a silicon wafer and allowed to evaporate in
air, it dries into a uniform continuous thin film that retains
some of the crystallinity and porosity of the pristine COF
powder. Immediately after deposition, the suspension exhib-
ited a red color and contained visible aggregates, but became
more uniform and yellow before drying into a bright red film
(Figure S6). The resulting film (400 nm thick) was imaged by
AFM, which revealed an array of discrete circular particles
piled into an extended structure, as expected for an assembly
of 2D polymer sheets (Figure 4A). A portion of the COF film
was submerged in reagent alcohol (90 % ethanol, 5%
methanol, 5 % isopropanol) immediately after drying, and
its color rapidly changed from red to yellow, which we
attribute to the deprotonation of its iminium ions back to
neutral imines.[41, 42] Notably, the film also delaminated from
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Figure 2. Characterization of BND-TFB COF powder prior to exfoliation
(BND-TFB COF, purple) and after exfoliation (Exfoliated, orange).
A) PXRD patterns indicate a significant loss of crystallinity upon
exfoliation. B) Nitrogen adsorption (circles) and desorption (triangles)
isotherms (77 K) indicate that the porosity of the as-synthesized BND-
TFB COF is lost after treatment with acid. C) FT-IR spectra of each
material suggest that the imine-linked network is largely conserved
during this process.

Figure 3. A) HRTEM image of an exfoliated BND-TFB COF sheet. B) Two regions of interest at higher magnification corresponding to the blue and
green boxed regions of the sheet in (A). Inset: FFTs of the two high-magnification images from the two color-coded regions of interest in (B)
show the predominant diffraction feature (ca. 22 �). C) AFM images of exfoliated BND-TFB COF particles deposited onto freshly cleaved HOPG
reveal a distribution of particle sizes.
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the substrate, providing a freestanding COF film (Figure 4B)
that could be transferred to any desired support. To evaluate
the crystallinity of these freestanding films, a BND-TFB COF
film (variable thickness of 2–5 mm) was packed into a capillary
while wet with reagent alcohol and analyzed by synchrotron
wide-angle X-ray scattering (WAXS) measurements. The film
exhibited sharp diffraction peaks at the same positions as the
starting COF powder, with crystalline domain sizes of 34 nm
calculated by Scherrer analysis of the (100) peak for both
materials (Figure 4C). Grazing-incidence wide-angle X-ray
scattering (GIWAXS) measurements of a substrate-bound
COF film confirmed that these crystalline domains exhibit no
preferential orientation (Figure S8). Two additional free-
standing BND-TFB COF thick films were activated by
supercritical CO2 drying and interrogated by nitrogen ad-
sorption measurements (Figure 4 D), revealing that the films
(SBET = 510 m2 g�1) retained some of the porosity of the parent
powder (SBET = 1580 m2 g�1). This reduction in surface area
may arise from the disordered stacking of COF sheets, or
regions of amorphous imine-linked polymer produced as
a byproduct of the exfoliation and film casting processes.

Film thickness can be precisely controlled by modifying
both the concentration of the exfoliated COF suspension and
the casting technique. Suspensions ranging in concentration
from 2–10 mg mL�1 COF were spin-coated onto silicon wafers
at various spin speeds to access continuous thin films ranging
from 50–150 nm thick (Table S1, Figure S11). Meanwhile,
400 nm�5 mm films were prepared by drop-casting suspensions
of equivalent concentrations (Figure 4A, Figure S12). Such
fine control of film thickness has not been achieved by
interfacial polymerization or solvothermal synthetic meth-
ods,[11, 18, 24] thus making this approach ideal for fabricating

membranes for chemical-separation applications, where the
film thickness and pore size define the performance of the
material.[44–46]

Crystalline films were fabricated from two additional
imine-linked COF powders (TAPB-PDA COF, Methyl COF,
Schemes S2, S3), thereby establishing the generality of the
method. In each case, the pristine COF powder was exfoliated
through stirring and sonication in the presence of TFA.
Notably, when the exfoliated TAPB-PDA and Methyl COF
solids were isolated, purified, and activated by supercritical
CO2 drying, high surface areas (Figures S15, S28) and crys-
tallinity (Figures S13,S26) were still observed. In these cases,
the iminium ions were deprotonated by large volumes of
methanol during the workup, as indicated by a color change
from red to bright yellow.[41, 42] HRTEM images of exfoliated
TAPB-PDA and Methyl COF particles both contained lattice
fringes with spacings of approximately 32 �, which corre-
sponds to d100 of both structures (Figures S21, S34). Exfoliated
suspensions of both COFs were then drop-cast onto silicon
wafers, and the resulting films were delaminated in reagent
alcohol. Both exhibited WAXS signals consistent with the
corresponding COF powders, thus indicating that this method
can be applied to various imine-linked structures with differ-
ent pore sizes (Figures S25,S38).

Nuclear magnetic resonance (NMR) spectra of exfoliated
COF suspensions suggest that the imine linkages become
dynamic upon exposure to air and water, and undergo partial
disassembly and reassembly as the suspension dries into
a uniform crystalline film. To probe the composition of the
exfoliated COF suspension as it transitions from a polydis-
perse red mixture to a uniform yellow solution, two BND-
TFB COF suspensions (2 mgmL�1) were prepared in 7:3:2
[D3]acetonitrile/tetrahydrofuran/TFA, and a known quantity
of 1,3,5-trichlorobenzene was dissolved in each as an internal
standard. One of the suspensions was uncapped and exposed
to air until it became mostly uniform and yellow, at which
point both were filtered and analyzed by 1H NMR spectros-
copy to determine their monomer contents (Figures S45, S46).
These results indicate that, prior to air exposure, only 7% (see
Section J in the Supporting Information for calculations) of
the COF had been converted back into monomers, which is
consistent with our previous finding that most of the imine
linkages remain intact upon initial acid treatment. However,
after several hours of air exposure, approximately 66 % of the
COF powder had depolymerized back to its constituent
monomers, thus suggesting that the film crystallization path-
way is highly dynamic and proceeds via a largely hydrolyzed
phase. It is worth noting that the uniform yellow solution still
contained a few visible aggregates, which were removed by
filtration prior to collection of the NMR spectrum. Such
aggregates typically dissolve during the film-casting process,
so the degree of disassembly may be even greater under those
circumstances. Based on these results, we hypothesized that
moisture enters the suspension upon exposure to humid air,
reactivating the imine linkages for exchange as the film dries.
To test this hypothesis, we repeated the experiment with an
equivalent BND-TFB COF suspension (2 mgmL�1) contain-
ing 1% v/v H2O and no air exposure time, which revealed
a nearly identical degree of degradation (68 %, Figure S47).
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Figure 4. Characterization of BND-TFB COF films. A) AFM image of
the edge of a 400 nm thick film. B) Photographs of a film before and
after delamination with reagent alcohol. C) WAXS patterns of BND-
TFB COF powder (blue) and a film prepared via acid exfoliation of that
powder (red), both normalized at the (100) peak. D) Nitrogen adsorp-
tion (circles) and desorption (triangles) isotherms (77 K) of COF
powder (blue) and a corresponding COF film (red).
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Furthermore, similar results were obtained with TAPB-PDA
COF suspensions (Figures S48–S50, Table S3). These results,
in combination with the excellent crystallinity and high
surface areas of the resulting films, provide compelling
evidence that water from the atmosphere facilitates an initial
depolymerization of the COF network, followed by a repoly-
merization step to form a uniform crystalline film. We
speculate that TFA is ideal for facilitating this process
because it is volatile and capable of solubilizing the inter-
mediate monomers and oligomers. Such a unique mechanism
of COF film formation has not been previously reported and
warrants further investigation.

By modifying the exfoliating solvent composition, solu-
tions with COF contents as high as 25 mgmL�1 were
prepared, providing access to large-area crystalline films up
to 20 mm in thickness. Based on our NMR spectroscopy data,
we hypothesized that we could bypass the depolymerization
step of the film-casting process by adding water to the
suspensions prior to casting. Furthermore, by breaking down
some of the COF aggregates with added water, we expected
that we would be able to prepare more concentrated
suspensions, and therefore thicker films. Notably, when the
standard exfoliating solvent (7:3:2 acetonitrile/tetrahydrofur-
an/TFA) was modified to contain 5% v/v H2O, 50 mg of
TAPB-PDA COF powder (Figure S39A) dissolved complete-
ly after stirring for 4 hours (Figure S39B). With less H2O, well-
dispersed COF aggregates formed a flocculent solid instead of
completely dissolving. When the acetonitrile/tetrahydrofuran
portion of the solvent mixture was removed, 50 mg of TAPB-
PDA COF powder completely dissolved in 2 mL of TFA (5%
v/v H2O) in under 30 minutes to form a transparent red
solution (Figure S39C). Films up to 50 mg in mass and around
10–20 mm in thickness were cast from TFA/H2O solutions in
glass or aluminum dishes. To efficiently neutralize all iminium
ions, these thicker films were washed with alcohol followed by
base (see the Supporting Information). After supercritical
CO2 drying, the films (Figure S39D) exhibited PXRD pat-
terns equivalent to the pristine powder (Figures S40). Fur-
thermore, they retained up to 80 % of the powder surface area
as confirmed by nitrogen adsorption measurements (Fig-
ure S41), as well as the characteristic FT-IR imine stretch at
approximately 1620 cm�1 (Figure S44). These materials
(SBET = 1750 m2 g�1) represent some of the highest quality
freestanding COF films reported to date.[11, 14,24, 25, 47]

NMR spectroscopy measurements of COF solutions in
TFA-d/D2O reveal a COF concentration dependence on the
degree of depolymerization. To probe how the roles of the
acid and water change as a function of COF concentration
during the film-fabrication process, and establish the general-
ity of the depolymerization/repolymerization mechanism
across solvent mixtures, two uniform TAPB-PDA COF
solutions (12.5 mg mL�1 and 25 mgmL�1) were prepared in
TFA-d (5% v/v D2O) along with a 1,4-dioxane internal
standard and analyzed by 1H NMR spectroscopy (Figur-
es S51, S52). These results indicate that 57% of the COF
powder in the 12.5 mgmL�1 suspension was converted back
into the constituent monomers, while only 46% of the powder
in the 25 mgmL�1 suspension had undergone complete
disassembly. At the same time, additional aromatic peaks

likely corresponding to small oligomers or forming polymers
became more prevalent in the 1H NMR spectrum of the
25 mg mL�1 suspension compared to its more dilute counter-
part. Similar results were obtained for BND-TFB COF
solutions in TFA-d/D2O (Figures S53, S54, Table S5). These
results suggest that the combination of TFA and water favors
disassembly of imine-linked COFs at low concentration,
whereas repolymerization becomes more favorable at high
concentration, thus providing further evidence for the pro-
posed mechanism. We predict that this mechanism may
provide several benefits over traditional exfoliation/reconsti-
tution strategies. First, the initial hydrolysis step limits issues
with reaggregation and sedimentation that complicate sol-
vent-mediated and mechanical exfoliation processes.[33, 38,39]

Second, the repolymerization step has the potential to
covalently link newly forming crystalline domains, thereby
providing a mechanically robust film. A more comprehensive
study of this crystallization pathway is currently underway.

Conclusion

In conclusion, we demonstrated that addition of acid to
2D imine-linked COF powders enables their dispersion in
organic solvents by temporarily weakening their interlayer
stacking through electrostatic repulsion. The exfoliated COF
suspensions were characterized by PXRD, nitrogen adsorp-
tion measurements, IR spectroscopy, TEM, and NMR
spectroscopy, the results of which suggest that the imine
linkages are largely maintained upon protonation but reac-
tivated for exchange upon exposure to air and water.
Furthermore, we prepared freestanding, crystalline films
from three different COF powders by casting acid-exfoliated
COF suspensions, and demonstrate excellent thickness con-
trol based on suspension composition, concentration, and
casting technique. These results suggest that acid exfoliation
can be leveraged as a powerful strategy for the solution
processing of abundant imine-linked COF powders into
functional devices, thereby opening up a wealth of potential
applications for this class of materials that were previously
inaccessible.
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Covalent Organic Frameworks
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Acid Exfoliation of Imine-linked Covalent
Organic Frameworks Enables Solution
Processing into Crystalline Thin Films

Film star : Covalent organic frameworks
are promising candidates for applications
such as charge-storage devices, nanofil-
tration membranes, and optoelectronic
devices. However, these materials are
typically isolated as microcrystalline
powders, which limits their performance
in these applications. Acid exfoliation
enables the scalable conversion of imine-
linked COF powders into the more desir-
able thin-film morphology.

Kovalente Organische Ger�ste

D. W. Burke, C. Sun, I. Castano,
N. C. Flanders, A. M. Evans, E. Vitaku,
D. C. McLeod, R. H. Lambeth, L. X. Chen,
N. C. Gianneschi,
W. R. Dichtel* &&&&—&&&&

Acid Exfoliation of Imine-linked Covalent
Organic Frameworks Enables Solution
Processing into Crystalline Thin Films

Filmstar: Kovalente organische Ger�ste
sind vielversprechende Kandidaten f�r
Anwendungen wie Ladungsspeicher,
Nanofiltrationsmembranen und opto-
elektronische Bauelemente. Allerdings
werden diese Materialien typischerweise
als mikrokristalline Pulver isoliert, was
ihre Leistungsf�higkeit in diesen Anwen-
dungen einschr�nkt. S�ure-Exfoliation
ermçglicht die skalierbare Umwandlung
von Imin-verkn�pften COF-Pulvern in die
w�nschenswerte D�nnschichtmorpho-
logie.
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