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ABSTRACT: Covalent organic frameworks (COFs) with ordered arrays of sub-2 nm regular pores are drawing increasing
attention in membrane separation, and it remains highly desirable for effective and controllable strategies to fabricate COF-
based membranes. Herein, we demonstrate a perforated polymer-assisted transfer strategy enabling COF nanofilms for
molecular separation. Solvothermal synthesis is used for the confined growth of TpPa, a stable, imine-linked COF, on the
smooth surfaces of silicon substrates. Continuous, crystalline COF nanofilms are obtained, and their thicknesses are tunable in
the range from a few tens to several hundred nanometers depending on monomer concentrations and reaction time. A block
copolymer layer is coated on the COF nanofilms, which is then perforated to produce interconnected mesopores by the
mechanism of selective swelling-induced pore generation. The perforated polymer coating functions as a protective but
permeable layer enabling the easy transfer of the COF nanofilm onto porous substrates. Thus, we obtain a new type of
composite membranes with the microporous COF nanofilm as the selective layer, sandwiched between the macroporous
substrate and the mesoporous protective layer. The composite membranes exhibit good separation performances with water
permeance up to ∼51 L m−2 h−1 bar−1 and high rejection rates to various dyes. This work demonstrates a new method to
prepare COF-based membranes for molecular separation, and the invented perforated polymer-assisted transfer technology is
expected to find applications in transferring other ultrathin materials to demanded substrates.
KEYWORDS: covalent organic frameworks, membrane separation, COF nanofilms, solvothermal synthesis, block copolymer

1. INTRODUCTION

Covalent organic frameworks (COFs) as a new group of
crystalline porous polymers with periodical structures, uniform
pore channels, excellent thermal and chemical stability have
attracted widespread attention since their discovery in 2005.1

To date, versatile applications of COFs have been extended to
gas storage,2,3 photoelectric devices,4,5 drug release,6,7

catalysis,8,9 separation,10,11 etc. In particular, high porosity,
regular channels, and excellent chemical stability of COFs
inspire extensive interest in exploring them as promising
candidates for next-generation separation membranes with fast
permeation and high selectivity. Various methods such as
solvothermal growth,12−15 layer-by-layer assembly,16 and
interfacial synthesis17−19 have already been developed to
prepare COF membranes.

Currently, most COF membranes are composite structures
comprising thin COF separation layers on macroporous
substrates. To prepare COF composite membranes, methods
can be categorized as the assembly of exfoliated COF
nanosheets into separation layers (top-down method) and
the direct synthesis of thin COF layers (bottom-up method).
Tsuru and co-workers reported, for the first time, that
exfoliated COF nanosheets can be assembled into an ultrathin
selective layer on the porous alumina ceramic support via a
drop-coating method.20 However, this “top-down method”
usually suffers from challenges in controlling the thickness and
the dispersion stability of exfoliated COF nanosheets.21,22 The
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direct synthesis of thin COF layers is the most commonly
employed method to prepare COF composite membranes,
which mainly includes two different ways: in situ growth on
porous substrates and interfacial synthesis, followed by transfer
onto porous substrates.23 In situ growth is able to form
continuous films of intergrown COF particles on porous
substrates, thus avoiding defects arising from gaps between
adjacent particles and consequently ensuring a tight
selectivity.10,12−16,24 Caro and co-workers demonstrated a
stepwise strategy for fabricating COF-LZU1 membranes with
thickness of 400 nm on amino-modified alumina ceramic tubes
under solvothermal conditions.13 Previously, we reported a
one-step solvothermal reaction for in situ growth of COFs on
anodic aluminum oxide (AAO) substrates without any surface
prefunctionalization, enabling sharp selectivity toward various
molecules with distinctive molecular weights.12 Unfortunately,
solvothermal synthesis typically requires harsh conditions such
as high temperature and aggressive solvents and consequently
only inorganic porous substrates are suitable to be used as
supports for the in situ growth of COF layers. Moreover, under
solvothermal conditions, COF microcrystals can easily
penetrate into the channels of porous substrates. This may
block their pore channels, leading to declined permeance.
Alternatively, the interfacial synthesis of COF thin layers,
followed by transfer onto porous substrates is adopted to
prepare composite membranes with ultrathin COF nanofilms
as the highly permeable selective layers.17,18,25−27 However, the
direct transfer of ultrathin COF nanofilms without any
protection requires extreme care, and it is risky as defects
may form or even COF nanofilms may break into pieces.
We notice that a polymer-assisted transfer strategy has been

extensively used to transfer ultrathin films or membranes onto
various substrates.28,29 In this strategy, a polymer, for example,
poly(methyl methacrylate) (PMMA), is coated on the surface
of the thin layer of materials to be transferred to enhance the
mechanical stability of thin layers. The polymer-coated thin
films become much robust than the thin film alone and can be
handled to attach to a substrate. Finally, the polymer needs to
be removed to expose the surface of the thin films for their
eventual applications.30 However, this polymer-assisted trans-
fer strategy has not been explored to prepare COF composite
membranes.
In this work, we develop a new polymer-assisted transfer

strategy to transfer COF nanofilms on porous substrates to
enable the molecular separation, which is termed as

“perforated polymer-assisted transfer” (Scheme 1). Dense
and continuous COF thin nanofilms with tunable thickness are
grown on the surface of silicon substrates with silicon oxide top
layers. A block copolymer is then coated on the surface of the
COF nanofilm, and the coated block copolymer dense layer is
perforated by the mechanism of selective swelling-induced
pore generation.31 The COF thin nanofilm stabilized by the
perforated polymer layer can then be detached from the silicon
substrate and transferred onto various porous substrates simply
by removing the silicon oxide top layer. The COF nanofilm
sandwiched between the perforated polymer and the porous
substrate can then be directly used for filtration as the pores in
the perforated polymer layer are at least 10 times larger than
the intrinsic pores in the COF nanofilm. Thus produced
composite membranes with COF as the selective layer exhibit
fast water permeation and tight rejection to dyes. This work
demonstrates a new method to prepare COF composite
membranes for effective molecular separation, and we believe
the proposed perforated polymer-assisted transfer can be
adopted to transfer other thin-film materials beyond COFs for
a diversity of applications.

2. EXPERIMENTAL SECTION
2.1. Materials. 1,3,5-Triformylphloroglucinol (Tp, 95%) and p-

phenylenediamine (Pa, 97%) were purchased from TongChuangYuan
Pharmaceutical and Aladdin, respectively. The BCP, polysulfone-
block-poly(ethylene glycol) (PSF-b-PEG), with a total molecular
weight of 79.1 kDa, and a PEG block of 21% were obtained from
Nanjing Bangding. Silicon wafers with a top layer of silicon dioxide
(∼1 μm in thickness) were used as smooth substrates for the growth
of COF nanofilms. Poly(vinylidene fluoride) (PVDF) substrates (ø =
2.5 cm, mean pore diameter = ∼0.22 μm, Millipore), poly(ether
sulfone) (PES) substrates (ø = 2.5 cm, mean pore diameter = ∼0.22
μm, JinTeng), and anodic aluminum oxide (AAO) substrates (ø = 2.5
cm, mean pore diameter = ∼0.1 μm, Whatman) served as supporting
substrates. Methyl blue (MB), Congo red (CR), Acid fuchsin (AF),
Chrome black T (CB-T), and Methyl orange (MO) were purchased
from the Institute of Chemical Reagent. 1,4-Dioxane (99.5%),
mesitylene (99.5%), chloroform (99.5%), acetone (99.5%), acetic
acid (AA, 99.5%), and hydrofluoric acid (HF, 40.0%) were purchased
from local suppliers. All chemicals were used without further
purification. Deionized (DI) water (conductivity: 8−20 μs cm−1,
Wahaha) was used throughout this study.

2.2. Preparation of TpPa Nanofilms. TpPa nanofilms were
synthesized on silicon wafers (2.3 cm × 2.3 cm) through a solution-
based growth process. Tp (0.006 mmol, 1.3 mg) and Pa (0.009 mmol,
1.0 mg) were dissolved in a mixture of 10 mL of 1,4-dioxane and 10
mL of mesitylene, respectively. The variations of the Tp concentration

Scheme 1. Schematic Illustration of the Preparation and Transfer Process of the TpPa Nanofilm
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were selected to represent the change of reactant concentration, and
the Pa concentration was varied in proportion to Tp (concentrations
of Tp were varied from 0.003 to 0.048 mM). Subsequently, the
solution was sonicated for 10 min to obtain a homogenous dispersion,
followed by adding 100 μL of AA as the catalyst. Afterwards, three
cleaned silicon wafers were inserted into a customized nylon shelf,
keeping their upper surfaces downward. The nylon shelf was then
positioned in a Teflon-lined stainless-steel autoclave and kept at 120
°C for various durations (from 3 to 24 h). Finally, TpPa nanofilms-
attached silicon wafers were washed with 1,4-dioxane and ethanol
several times, and then dried at 120 °C for 24 h. Meanwhile, TpPa
powders formed in the free solution were also isolated and used for
comparison with TpPa nanofilms.
2.3. Fabrication of TpPa Composite Membranes. The

preparation process of TpPa composite membranes is shown in
Scheme 1. TpPa nanofilms were transferred onto macroporous PVDF
substrates via a perforated polymer-assisted transfer method. First, a
chloroform solution containing 2 wt % PSF-b-PEG was spin-coated
(2000 rpm, 30 s) onto the TpPa nanofilm-attached silicon wafer. The
BCP-coated samples were then soaked in a mixture of 80 wt %
ethanol and 20 wt % acetone at 70 °C for 1 h, followed by air-drying
at room temperature. In this process, the dense BCP layers were
perforated, forming an interconnected porous structure by the
mechanism of selective swelling-induced pore generation. Subse-
quently, the silicon dioxide layer between the silicon substrate and the
TpPa nanofilm was etched away by an HF solution (5 wt %),
detaching the BCP-coated TpPa nanofilm from the silicon wafer. The
BCP-coated TpPa nanofilm was then transferred into DI water to
remove the residual HF. Finally, the BCP-coated TpPa nanofilm was
transferred onto PVDF or other substrates as demanded, forming the
composite membrane with the TpPa nanofilm sandwiched between
the macroporous substrate and the perforated PSF-b-PEG layer.
2.4. Characterizations. The chemical compositions of monomers

and COF powders were analyzed by Fourier transform infrared
spectroscopy (FTIR, Nicolet 8700), and COF nanofilms were
operated under the attenuated total reflection (ATR) mode. The X-
ray diffraction (XRD) patterns of COF nanofilms and powders were
recorded on a diffractometer (Rigaku, SmartLab) with 2θ angles
ranging from 0.5 to 30°, and the stepping rate was 0.02° s−1. The
thicknesses of COF nanofilms on silicon wafers were measured by

spectroscopic ellipsometry (Complete EASEM-2000U, J. A. Wool-
lam) at an incidence angle of 70° with the wavelength ranging from
400 to 999.8 nm. The surface and cross-sectional morphologies of
COF nanofilms and the PSF-b-PEG layer were observed by scanning
electron microscopy (SEM, Hitachi S-4800) at an accelerating voltage
of 5 kV after sputter-coating with a thin layer of platinum. A contact-
angle goniometer (DropMeter A100, Maist) was applied to determine
the water contact angles (WCAs) of different membranes, and five
membranes were tested to obtain average values.

2.5. Filtration Tests. The pure water permeance and rejection
rates of the prepared COF composite membranes were determined
with a dead-end filtration system (Amicon 8003, Millipore) under a
pressure of 1 bar. Five different dyes (MB, CR, AF, CB-T, and MO)
were dissolved in the DI water with a concentration of 25 ppm, and
used as feed solutions for rejection tests. The filtration cell was stirred
at a rate of 600 rpm to minimize the concentration polarization. The
concentrations of the various dye solutions were recorded by a UV−
Vis spectrophotometer (NanoDrop 2000c, Thermo Fisher Scientific).
The pure water permeance and rejection rates of COF composite
membranes were calculated with the following equations, respectively.

= ΔF V At P/ (1)

where F represents pure water permeance (L m−2 h−1 bar−1), V, t, A,
and ΔP are the volume of the permeate sample (L), collecting sample
time (h), effective membrane area (m2), and testing pressure (bar),
respectively.

= − ×R C C(1 / ) 100%P F (2)

where R is the rejection rate (%), CP and CF are the concentrations
(ppm) of permeation and feed, respectively. In all evaluations of
membrane performance, more than three TpPa composite mem-
branes were tested to obtain average values.

3. RESULTS AND DISCUSSION
3.1. Confirmation of the Formation of TpPa Nano-

films. Solvothermal synthesis is the most extensively used
method for the growth of COF nanofilms as it typically
produces COFs with higher crystallinity and growth rate.
Meanwhile, the structure of COF nanofilms can be readily

Figure 1. Characterizations of TpPa nanofilms grown by solvothermal synthesis. (a) Schematic diagram of the reaction between Tp and Pa to form
the imine-linked TpPa COF structure. (b) FTIR spectra of Tp, Pa, and TpPa powders and nanofilms. (c) XRD patterns of TpPa powders and
nanofilms.
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controlled by optimizing solvothermal conditions. In this work,
we solvothermally grew nanofilms of TpPa, which is a highly
stable, imine-linked COF, on the surface of silicon wafers with
silicon dioxide top layers. As confirmed by FTIR character-
ization (Figure S1), the silicon oxide top layer possesses
abundant hydroxyl groups, providing many nucleation sites for
the growth of TpPa. For porous substrates, the growth of COF
crystals could also occur in the porous channels of the
substrates, leading to pore blockage. However, the silicon wafer
has a flat and dense surface, providing a confined space for the
growth of COF crystals between the solution and the silicon
wafer. This is highly helpful for the formation of continuous
TpPa nanofilms with tunable thicknesses rather than isolated
TpPa nanoparticles. We note that in addition to the growth of
TpPa nanofilms on the silicon substrates, TpPa powders are
also formed in the free solution and can be collected after
synthesis.
TpPa is produced by the condensation between Tp and Pa

via the Schiff-base reaction (Figure 1a). After TpPa growth, the
silicon wafer significantly changed to green color on the
surface, while the coating with the PSF-b-PEG layer did not
further change the surface color of the silicon wafer (Figure
S2). FTIR spectra were used to confirm the synthesis of COFs
on the silicon wafer. As shown in Figure 1b, no distinct N−H
stretching vibration peaks (3100−3300 cm−1) and CO
stretching vibration peaks (1639 cm−1) originating from
monomers appear on the FTIR spectra of the TpPa nanofilm,
indicating the complete consumption of both monomers. In
addition, the appearance of CC stretching vibration peaks
(1578 cm−1) and C−N stretching vibration peaks (1255 cm−1)
proves the formation of imine-linked TpPa in both nanofilms
and powders.31−33 The XRD patterns of TpPa nanofilms and
powders are shown in Figure 1c, and they both exhibit
characteristic peaks for (100) and (001) crystal planes
appearing at 2θ = 4.7 and 27°, clearly indicating their
crystalline nature. Moreover, it is obvious that the XRD pattern
of TpPa powders shows an intense peak at 4.7° and a broad
peak at 27°, evidencing the eclipsed structure with π−π
stacking.34 However, the characteristic peak of the TpPa
nanofilm is weak, which should be attributed to ultrathin
thicknesses of TpPa nanofilms. Nonetheless, these results
indicate that TpPa nanofilms grown under solvothermal
conditions exhibit reasonable crystallinity.
3.2. Growth of TpPa Nanofilms under Different

Synthesized Conditions. The imine-based COF TpPa is
synthesized by the Schiff-based equilibrium reaction, which
involves reversible steps. The reactant concentrations play a
crucial role in Schiff-based equilibrium reactions. Therefore, we
first investigated the effects of different reactant concentrations
on the growth of TpPa nanofilms. A short reaction time of 3 h
was selected for the growth of a TpPa nanofilm on the silicon
wafer. The prepared TpPa nanofilms removed from the wafer
are a thin film with an orange color (Figure S3a). We used
spectroscopic ellipsometry to measure the thicknesses of TpPa
nanofilms grown on silicon wafers with different monomer
concentrations (Figure 2g). With increasing Tp concentrations
from 0.003 to 0.48 mM, the thicknesses of the obtained TpPa
nanofilms were increased drastically from 17 to 245 nm and
their colors became increasingly darker (Figure S3a). The
surface morphologies of TpPa nanofilms were observed by
SEM. As shown in Figure 2f, all TpPa nanofilms exhibit a
dense morphology composed of intergrown COF micro-
crystals. Under higher Tp concentrations, the surface of TpPa

nanofilms becomes much denser and smoother (Figure S4).
The cross-sectional SEM images (Figure 2a−e) also
demonstrate rather dense layers and become much thicker
with higher Tp concentrations. These TpPa nanofilms
exhibited a relatively hydrophilic surface as their water contact
angles were increased from 60 to 93° with rising Tp
concentrations (Figure S5a).
Reaction time also has an important influence on the growth

of COF nanofilms. We studied the effects of different time on
the growth of TpPa nanofilms by maintaining the concen-
tration of Tp at 0.006 mM. All TpPa nanofilms exhibit a dense
morphology with COF microcrystals intergrown together,
except the TpPa nanofilm grown under the time of 1.5 h
(Figure S6). This can be ascribed to the low Tp concentration
of 0.006 mM. Few TpPa microcrystals were grown on the
silicon wafer. As the reaction time was increased from 1.5 to 24
h, the thickness of TpPa nanofilms was increased from ∼17 to
∼72 nm (Figure 2h). The variations of thicknesses with
different reaction time observed by spectroscopic ellipsometry
are also in good agreement with SEM observations (Figure
S7). It should be noted that the increase in thicknesses with
reaction time is less pronounced compared to the influence of
the monomer concentrations. Water contact angles of TpPa
nanofilms were increased from 66 to 82° with rising reaction
time (Figure S5b).

3.3. Preparation of TpPa Composite Membranes. As
we have discussed before, the prepared TpPa nanofilms on
silicon wafers are very thin in thickness, and it would be very
challenging to transfer them onto other substrates. As shown in
Figure S8, soaking the as-synthesized COF-grown silicon wafer
in HF can detach the COF nanofilm from the substrate by

Figure 2. Morphology and thickness of TpPa nanofilms. Cross-
sectional SEM images of TpPa nanofilms prepared from different Tp
concentrations: (a) 0.003 mM, (b) 0.006 mM, (c) 0.012 mM, (d)
0.024 mM, and (e) 0.048 mM (SEM images in (a)−(e) have the
same magnification). Surface SEM image of TpPa nanofilm prepared
with 0.006 mM Tp (f). Plot of the various thickness of TpPa
nanofilms on different Tp concentrations (g) and reaction time (h).
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dissolving away the silicon oxide interlayer between the COF
nanofilm and the silicon substrate. However, the detached
COF nanofilms are easily broken into pieces because of their
ultrathin thicknesses and weak mechanical robustness. To
protect the COF nanofilm during the transfer operations, a
perforated polymer-assisted transfer method was established
here and the COF nanofilm could be transferred onto desired
substrates. In this method, the PSF-b-PEG protective layer was
prepared by spin-coating the BCP solution onto the surface of
TpPa nanofilm. Subsequently, the PSF-b-PEG protective layer
was perforated by taking advantage of the mechanism of
selective swelling-induced pore generation.35,36 We soaked the
BCP-coated TpPa nanofilm into a mixture of acetone and
ethanol for a few hours, which was then dried in air at room
temperature to finish the perforating process. The BCP layer is
composed of PEG microdomains dispersed in the PSF matrix.
In the solvent mixture, the dispersed PEG phases are strongly
swollen, while the PSF matrix is only slightly swollen as a result
of the strong affinity of the mixture to PEG and a moderate
affinity to PSF, leading to significant volume expansion of the
PEG phases. With the loss of the solvents during drying, the
swollen PEG chains are collapsed, while the PSF chains
remained nearly at their initial positions as they are in the
frozen state.37 Hence, the original dense BCP layer was
transformed into a nanoporous network with PSF as the matrix
and PEG blocks enriched along the pore walls and surfaces.
The swelling process does not dissolve the PEG blocks;
instead, PEG blocks migrate to the pore walls and
interconnected nanopores are formed throughout the BCP
layer in the positions originally occupied by the PEG blocks.
We note that some other BCPs, for example, polystyrene-block-
poly(2-vinyl pyridine) (PS-b-P2VP), can also be perforated by
this selective swelling process.38,39 However, PS-based BCPs
are not mechanically robust like PSF-based BCPs.37 Therefore,
we used PSF-b-PEG as the perforated polymer in this work. As
can be seen from Figure 3b,c, interconnected nanopores with
an average pore size of ∼43 nm appeared on the surface and
throughout the entire thickness of the BCP layer with a
thickness of 400 nm. This perforated polymer-assisted transfer
method would prevent the destruction of TpPa thin films by

enhancing their overall mechanical robustness. The composite
membranes were thoroughly dried under ambient conditions.
As shown in Figure S10, the TpPa nanofilm is closely adhered
with the substrate without any detachment or peeling off after
the filtration test, implying its good stability. It should be noted
that the swelling treatment and the subsequent HF etching do
not affect the structural integrity and morphology of the COF
nanofilms as no defects or cracks can be observed on the
transferred TpPa nanofilm and the rear surface (contacting the
Si substrate during solvothermal synthesis) exhibits a similar
morphology to that of the front surface (Figures 2f vs 3d).
As shown in Figure 3e,f, the eventually produced composite

membranes exhibit a tri-layered structure. The microporous
COF nanofilms with typically a sub-100 thickness are
sandwiched between a ∼400 nm-thick mesoporous BCP
layer and a micrometer-thick macroporous substrate. As BCP
layers are penetrated with interconnected pores with a pore
size more than 10 times larger than the inherent pore channels
of TpPa (1.8 nm), the presence of the BCP layer is expected to
have a negligible effect on the permeance of TpPa nanofilms.
As a result, the tight selectivity of the COF thin films is
expected to be maintained at no or little expense of
permeation.
It should be noted that the COF nanofilms detached from Si

substrates can be easily transferred to various substrates. In
addition to PVDF macroporous membranes as discussed
above, we also successfully transferred the COF nanofilms onto
other polymeric substrates such as PES membranes and
inorganic substrates, i.e., AAO (Figure S9) with the help of the
perforated polymer protective layer. The flexibility in choosing
substrates is highly important, considering that substrates with
varying compositions and structures may be required for
different target applications.
We also tried to make a sandwiched structure with a top

layer of COF nanofilm and interlayer of mesoporous BCP on
the substrate. After detachment from the silicon substrate, the
BCP-protected COF nanofilm was floated in water. We first
tried to directly turn the detached film over in water.
Unfortunately, we failed because of the thin and flexible
nature of the film. We then collected the BCP-protected COF

Figure 3. (a) Photograph of the TpPa nanofilm detached from the Si substrate. Inset shows the TpPa nanofilm transferred onto the PVDF
substrate, producing the composite membrane. (b) SEM surface morphology of the porous BCP layer. (c) Cross-sectional SEM morphology of the
BCP-coated TpPa nanofilm on the silicon wafer. (d) Morphology of the rear surface of the TpPa nanofilm. (e) Cross-sectional SEM morphology of
the composite membrane with TpPa nanofilm sandwiched between the BCP protective layer and the PVDF substrate. (f) Schematic structure of
the TpPa composite membrane.
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nanofilm from water using a porous substrate and attached it
on another substrate with the BCP layer facing down. After
carefully removing the first substrate, we obtained a sandwich
structure with the COF nanofilm as the top layer. However,
this process is too complicated and tedious, and the BCP-
coated COF nanofilm did show adequate adhesion to the
substrate and it is prone to damage during filtration tests.
Therefore, we directly used a porous substrate to collect the
detached film, and obtained a composite structure with the
COF nanofilm sandwiched between the mesoporous BCP
protecting layer and the macroporous supporting layer.
3.4. Separation Performances of TpPa Composite

Membranes. We then investigated the separation perform-
ances of TpPa composite membranes prepared with different
monomer concentrations. The pristine BCP layer shows water
permeance of ∼700 L m−2 h−1 bar−1. When the Tp
concentration is increased from 0.003 to 0.048 mM, the pure
water permeance of TpPa composite membranes is gradually
decreased from ∼321 to ∼3.1 L m−2 h−1 bar−1 (Figure 4a).
The TpPa nanofilm prepared at the Tp concentration of 0.003
mM shows no rejection rate to CR because of the defects as a
result of the short growth time (Figure S4a). When the Tp
concentration is increased to 0.006 mM, the water permeance
drops to ∼51 L m−2 h−1 bar−1 and the rejection rate to CR is
sharply increased to ∼98%. This indicates that a compact and
integrated TpPa nanofilm was formed. If the monomer
concentration is further increased, the water permeances of
the composite membranes are continuously decreased from
∼9.1 to 3.1 L m−2 h−1 bar−1, while the rejections to CR remain
stable at ∼98%. This is due to the increased thicknesses of the
TpPa films obtained at higher monomer concentrations,
leading to larger mass transfer resistance. The slightly
decreased surface hydrophilicity as revealed by the rising
water contact angles of TpPa nanofilms prepared with rising
monomer concentrations may also contribute to the decreasing
water permeances. As the TpPa nanofilm prepared at the Tp
concentration of 0.006 mM exhibited both high rejection and
good water permeance, we chose this monomer concentration
for the growth of TpPa nanofilms for further study.
The separation performances of TpPa composite mem-

branes prepared with different reaction time are also
investigated. As shown in Figure 4b, with increasing reaction
time, the water permeance of TpPa composite membranes was
gradually decreased from ∼244 to ∼10 L m−2 h−1 bar−1, while
the rejection rate to CR was sharply increased to ∼98%. The
TpPa nanofilm prepared with the reaction time of 1.5 h
showed almost no rejection rate to CR also because of the
defects that originated from the inadequate growth during the
short reaction time. With a reaction time of 3 h, the membrane
showed water permeance of ∼51 L m−2 h−1 bar−1, and the

rejection to CR was ∼98%. When the reaction time was further
increased, the water permeance was significantly declined from
∼33.9 to 10.0 L m−2 h−1 bar−1, while the rejection rates to CR
remained at ∼98%. The decrease of water permeance is also
mainly due to the increased thicknesses of the TpPa nanofilms
prepared with prolonged reaction time.
From the above discussions, we can conclude that the TpPa

nanofilm prepared with a Tp concentration of 0.006 mM and a
reaction time of 3 h exhibited the optimal separation
performance with balanced rejection and permeance. More-
over, this TpPa nanofilm showed analogous water permeances
of ∼50 L m−2 h−1 bar−1 with the same rejection rate to CR of
∼98% whether it was transferred to the PES membrane or the
AAO substrate via a perforated BCP-assisted transfer strategy.
Therefore, we used the membrane prepared under this
condition to demonstrate the separation performances of
thus-produced TpPa composite membranes toward dyes with
different molecular weights and dimensions dissolved in water.
As shown in Figures 5 and S11, the TpPa composite

membrane exhibited high rejection rates up to 98% to MB,
CR, and CB-T. However, the TpPa composite membrane only
rejects 87 and 67% of AF and MO, respectively. The rejection
rates to dyes are not solely determined by the molecular
weights. Although the molecular weight of CB-T is smaller
than that of AF, the TpPa composite membrane exhibited a
higher rejection rate to CB-T, indicating that the molecular
dimension of dyes also influences rejection rates. Furthermore,
due to the larger molecular size of CB-T (1.55 nm × 0.88 nm),
it would be very difficult to permeate through the TpPa
nanofilm than the AF molecules with a smaller size (1.13 nm ×
1.17 nm). This leads to a higher rejection rate of ∼99%. The
TpPa composite membrane showed the lowest rejection rate
to MO. This is mainly caused by its small molecular weight
and short molecular axial dimension, making MO molecules

Figure 4. Separation performances of TpPa composite membranes prepared with different (a) Tp concentrations and (b) reaction time.

Figure 5. Rejection of the TpPa composite membrane toward
different dyes. Insets show the color change of the corresponding dye
solutions before (right) and after (left) filtration.
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easily penetrate through the TpPa layer. These dye separation
tests demonstrate that the TpPa composite membrane can
effectively reject with dyes with molecular sizes larger than 1.55
nm, which agrees well with the simulated size (1.58 nm) of the
intrinsic pores in TpPa.40 Moreover, after the filtration test,
there is no obvious change in color on the membrane surface,
indicating that the rejection of dye molecules is not dominated
by the adsorption of porous polymer layers (Figure S10).
Therefore, we understand that the rejection of dyes of the
TpPa composite membrane is predominantly due to the effect
of size discrimination, although the electrostatic repulsion
between the TpPa nanofilm, which is reported to be negatively
charged, and dye molecules also contributes to the
rejection.16,41 We compared the water permeances and
rejection rates to dyes with various separation membranes
reported in the literature (Figure S12). Our membrane shows
water permeance of ∼51 L m−2 h−1 bar−1 with a satisfactory
rejection rate to dyes, higher than many other membranes.
Such a perforated polymer-assisted transfer strategy is

expected to be generic for the preparation of composite
membranes of COFs with different chemical compositions.
This method includes two steps: one is the growth of TpPa
nanofilms on silicon wafers with silicon dioxide top layers
under solvothermal conditions. For imine-linked COFs, it can
be readily grown on various substrates such as silicon wafers
and glasses.42−44 Another one is the spin-coating of the BCP
onto the COF layers, followed by perforation. Due to the high
chemical stability of imine-linked COFs, the perforation
process has no impact on COF layers. Moreover, for highly
stable imine-linked COFs, since they can be readily grown on
various substrates and exhibit no impact by organic solvents.
Therefore, we believe that this method can be adopted to
prepare other imine-linked or other chemically stable COF
membranes.

4. CONCLUSIONS
In summary, we demonstrate a perforated polymer-assisted
transfer strategy to prepare COF-based composite membranes.
Dense and continuous COF nanofilms are solvothermally
grown on the smooth surfaces of silicon substrates. The growth
process is highly controllable, and the thickness of COF
nanofilms can be readily tuned by altering monomer
concentrations and reaction time. A polysulfone-based block
copolymer is then coated on the COF nanofilms supported on
the silicon substrates, and the polymer coating layer is then
perforated following the mechanism of selective swelling-
induced pore generation, forming a protective but permeable
layer to the COF nanofilms. COF nanofilms protected by the
perforated polymer layers can be effectively transferred onto
various porous substrates to form three-layered composite
structures. Thus-produced composite structures with the COF
nanofilms sandwiched between the macroporous substrates
and the mesoporous polymer coating layers serve as a new
form of composite membranes with the defect-free COF
nanofilms as the selective layers delivering excellent separation
performances. Under the optimal synthetic conditions, the
composite membrane exhibits tight rejection up to 98% to dye
molecules with a molecular size of >1.55 nm and a high water
permeance of ∼51 L m−2 h−1 bar−1. This work demonstrates a
new strategy to prepare COF-based membranes for molecular
separations, and this new transfer technology enabled by
perforated BCP coatings is expected to be useful in transferring
different types of ultrathin materials for various applications,

not limited to membrane separation, such as sensing and drug
delivery.
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