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Abstract 

   Covalent organic frameworks (COF) have been gathering much attention because the shapes, 

sizes and chemical functions of their nanostructured pores can be arbitrarily controlled by 

designing the organic precursors.  We fabricated cm-size free-standing COF films with the 

thickness of 50-100 nm by an alternating vacuum deposition polymerization method.  Precise 

adjustment of the stoichiometry by digitally controlled deposition was essential for producing the 

robust free-standing COF films.  High-resolution electron microscopy revealed 3-nm pore 

structures which correspond to the atomic structure of the COF.  Small angle x-ray diffraction 

shows the existence of a similar periodicity.  The CO2-N2 gas phase separation properties were 

evaluated from 103-105 Pa and the parameters for each molecular permeation were determined.   

Based on the detailed analysis, it was found that the selectivity comes from the greater sorption 

affinity of CO2 to the COF compared to N2, which is consistent with the quantum chemical 

calculation.  Since the vapor phase method can be used to coat various shaped templates, our 

method provides a new option for fabrication of neat COF membranes with various structures and 

their applications for the separation membrane.  

 

Keywords 

covalent organic frameworks, free-standing film, vacuum deposition polymerization, high 

resolution electron microscopy, CO2 separation membrane 
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Introduction 

    There is a general concern about the impact of climate change caused by global warming on 

the natural, biological, and human environments.  The increase of the CO2 concentration in the 

atmosphere is suspected as the primary cause.  The development of technology to separate and 

capture CO2 is highly desired.1  Membrane separation technology is regarded as a promising 

approach for the CO2 separation because of its high energy efficiency, low cost and flexibility in 

the facility design.2  The mixed matrix membrane (MMM) is expected to overcome the Robeson 

upper bound of conventional polymeric membranes, i.e., trade-off between gas permeation and 

selectivity.3-6  However, improvement of the permeation and separation performance of MMM 

composites7,8 have an intrinsic upper limit because the influences of the grain boundaries of the 

fillers dispersed in the matrix cannot be avoided.  Thus, tremendous efforts have been made to 

prepare defect-free membranes by using new materials, such as zeolites,9,10 MoS2-ionic liquid,11 

metal-organic frameworks12,13 and covalent organic frameworks (COF).14–16  

The COF is a new organic material group with periodically distributed pores, which is 

synthesized by arranging highly symmetrical organic building blocks into the two-dimensional or 

three-dimensional frameworks.17-19 COFs have a crystallinity, high porosity, tunable pore 

characteristics, and high thermal and chemical stability.  With these features, COFs are expected 

for applications in adsorption,20-24 electrode materials of Li ion batteries,25 catalysts for CO2 

reduction,26-29 and separation membranes.30-34 

   In order to apply COFs for separation membranes, it is necessary to fabricate thin films with 

an excellent processability.  The current procedures use powder form COFs synthesized by organic 

processes with embedding in the MMM35-37, or using reactions such as solvothermal ones with 
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immersed substrates,38,39 or in continuous flows,40,41 at liquid-liquid interfaces,30,31.33.42 at air-liquid 

interfaces,43,44 or in a monomer-exchange process.45  However, these methods have the following 

problems: 

(1) Gas permeation and separation performances decrease with an increase in the COF loadings 

because the compatibility between the COF and MMM becomes low. 

(2) It is impossible to use the solvothermal or the continuous flow methods to fabricate free-

standing films because these methods must use substrates to grow the films.  

(3) Although it has been reported that free-standing films can be obtained by using the reaction 

at the liquid-liquid interfaces, the air-liquid interfaces or in monomer-exchange process, it is very 

difficult to precisely control the film thickness.  There is also a problem of the inclusion of the 

solvents as impurities in the films. 

 In order to solve these problems, we focused on a method to fabricate the COF films from a 

vapor phase.  The vapor phase synthesis of COFs has been reported for a few-molecular-layer 

COFs on single crystalline metal substrates for scanning tunneling microscopy (STM) 

observations.46-48  However, these films could not be used for practical membrane-based devices 

because they were on the metal substrates and were not continuous on a large scale.  

     The difficulty in the deposition polymerization is the stoichiometry control and the removal of 

the substrate.  We solved these problems by alternating the deposition of the precursors on a 

dissolvable substrate with precise control of the thickness of each layer followed by annealing.  

Our goal here is to prepare free-standing COF films and evaluate the CO2/N2 gas permeation 

properties.  The free-standing films have great potentials for membrane separation because they 

can be incorporated into high-flux hollow fiber membranes.  The obtained films were fully 

characterized and the CO2 and N2 gas permeation properties were evaluated.     
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Experimental Section 

Fabrication of COF films 

  We fabricated COF films with an imide-bonding network structure from (1,3,5-tris(4-

aminophenyl)benzene (TAPB) and naphthalene-1,4,5,8-tetracarboxylic dianhydride (NTCDA) 

precursors (Fig. 1a).  It is usually difficult to synthesize polymer films with a precisely controlled 

thickness and stoichiometry by using deposition polymerization from the vapor phase.  In order to 

solve these problems, we developed a new apparatus (Fig. 1b) to alternatingly deposit TAPB and 

NTCDA on substrates with real-time thickness monitoring by a quartz crystal microbalance 

(QCM) and automatic source control.  Figure 1c schematically illustrates the overall COF film 

fabrication.  A pre-designed amount of NTCDA was deposited on the substrate, then the source 

was switched to TAPB and the deposition was continued.   

  In greater detail, the alternating deposition was done in a vacuum chamber evacuated by a turbo 

molecular pump (TMP) to a pressure below 5.0×10-4 Pa.  The precursor materials, TAPB (>93.0%) 

and NTCDA (>99.0%), were purchased from Tokyo Kasei and used without further purification.   

Approximately 100 mg of NTCDA and TAPB were introduced in separate quartz crucibles, then 

fixed on a carousel at the bottom of the chamber.  The precursors were sublimed by a lamp heater 

and deposited on the substrate (Si/SiO2 or KCl (001) polished surface (OHYO KOKEN KOGYO 

Co., Ltd., Tokyo, Japan)) placed 5 cm above the deposition source.49  The substrate was rotated at 

20 rpm to enhance the uniformity of the films.  The amounts of the deposited precursors were 

monitored by changes in the frequency (Δf) of the QCM (INFICON, 6 MHz).  The QCM was 

maintained at about 17 °C by water circulation in order to avoid desorption of the precursor from 
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the QCM surface and to prevent thermal deviation of the QCM frequency.  The thickness-Δf 

relationship was calibrated by measuring the thickness of the deposited films of each precursor by 

laser microscopy (KEYENCE VX-8700).  First, NTCDA was deposited on the substrate.  The 

carousel was then rotated and TAPB was deposited on the substrate.  Rotation of the precursor 

carousel and the intensity of the lamp heater were automatically controlled by a computer program 

that monitors the QCM.  The deposition rate of the precursors was 0.1 nm s-1.  By repeating these 

operations for 25-100 times, the alternating deposited film was prepared.   

 The film after the alternating deposition was removed from the chamber and annealed under 

vacuum conditions (<10 Pa) in a glass tube in order to facilitate the imide forming reaction between 

the precursors to prepare the COF films.  This annealing causes partial desorption of the precursors 

and the optimal ratio of the precursors in the as-deposited films was dependent on the annealing 

conditions as explained in the Results and Discussion.   

 

Characterization of the COF films 

Fourier transform infrared spectroscopy (FTIR) was performed using a JASCO FT/IR-4700 with 

a 4 cm-1 resolution.  The COF films and the precursor powders were measured by the transmission 

method on the KCl substrate and the attenuated total reflection method, respectively.  Scanning 

transmission electron microscopy (STEM) was performed using an aberration-corrected FEI 

Titan3 G2 60-300 at the acceleration voltage of 60 kV.  The small angle X-ray scattering (SAXS) 

measurement was conducted using a Rigaku Nano-viewer IPA with the exposure time of 4.5 h.  A 

KEYENCE VX-8700 laser microscope was employed to measure the film thickness using the step 

between the film and the substrate.  It was also used for observation of the free-standing films.   
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Gas permeation measurements 

Gas permeation measurements were conducted using the apparatus shown in Fig. S1 based on 

the differential-pressure methods (ISO 15105-1:2007).  Details of the measurements are described 

in the Supporting Information.  Briefly, the apparatus consisted of two chambers, a gas manifold 

and a partial pressure measurement chamber equipped with a calibrated pressure gauge and a 

quadrupole mass spectrometer (QMS).  The COF film was fabricated on a KCl (001) single crystal 

substrate and the sample was gently placed in water.  The KCl then dissolved and the COF film 

floated on the surface.  Next, the free-standing film was lifted off by a porous Al2O3 support 

(Whatman® Anodisc Membrane Filters, 13-mm diam., 0.02-μm pore size).  The COF film on the 

support was dried in an ambient atmosphere, then glued onto a separator with a NW-KF25 flange 

by a vacuum-compatible epoxy resin (Stycast 2850G).  The COF separator was positioned between 

a supply gas manifold and the partial pressure measurement chamber. Residual gas on both sides 

was removed to achieve a vacuum better than 5×10-5 Pa by TMP pumping for over 12 h.  The 

pressures of the feed and permeate gases were measured by a capacitance gauge (CANON 

ANELVA, M342DG-13) and a crystal-and-cold-cathode combination gauge (Tokyo Electronics 

Co., cc-10).  The gas components in the permeate side were determined by a QMS (INFICON, 

Transpector2) with differential pumping.  All the measurements were repeated at least three times 

and graph plots and error bars show the average and standard error of the experiments, respectively.  

The procedure and formulas used for calculating the permeance, ideal selectivity, and separation 

factor are explained in the Supporting Information.   

 

Results and Discussion 

Preparation and Characterization of COF films 
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  First, we explain the results of the film preparation.  Figure S2 shows the recorded decrease in 

the QCM frequency, which corresponds to the deposited amount of TAPB and NTCDA.  The 

stepwise decrease at 16 and 9 Hz each indicates that the cycle was successfully controlled.  The 

thickness of each layer was set at 1-2 nm and no significant difference in the film structure and 

properties were observed by changing this parameter.  Precursors were repeatedly deposited from 

25 to 100 times to fabricate an alternatingly deposited film.  The film was annealed in a vacuum 

to facilitate the imide-forming reaction between TAPB and NTCDA.  We performed many 

experiments with different monomer ratios, annealing temperatures and annealing periods for the 

prescreening. We found that these factors are interconnected with each other, i.e., the optimum 

stoichiometry can be achieved under different annealing condition by adjusting the monomer ratio.  

In the following section we explain the results of two types of COF films with the upper limit and 

lower limit for obtaining films with a high quality (FTIR-based) as shown in Table 1.  The 

conditions were optimized by controlling three parameters, i.e., the deposition ratio (weight ratio) 

of TAPB and NTCDA, temperature and time during annealing in a vacuum.  Since partial 

evaporation occurred during the vacuum annealing, stoichiometry control requires optimization of 

the precursor ratio depending on the annealing conditions.  This was done using FTIR as described 

in the following table.   

 

Table 1. Conditions to fabricate two types of COF films 

Sample name 
TAPB : NTCDA 
deposition ratio 

Annealing 
temperature 

Annealing time 

"HTA"(high temperature 
annealed) 

1 : 1.2 400 °C 10 min 
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"LTA" (low temperature 
annealed) 

1 : 2.5 275 °C 12 h 

 

 Figure 2a shows the FTIR spectra of the film with the ratio TAPB : NTCDA = 1 : 1.2 annealed 

at various temperatures including those of an as-deposited film and each precursor.  The "+" 

symbols denote the peaks from unreacted species (3353 cm-1 and 1607 cm-1 from -NH2 of TAPB, 

1781 cm-1 from C=O of NTCDA), whereas "x" denotes those from the imide bonded species (1714 

cm-1 and 1673 cm-1 from symmetric and asymmetric vibrations of C=O, respectively; 1344 cm-1 

from -C-N-C stretching50).  As the imide-forming reaction was completed, the "+" peaks 

disappeared and the "x" peaks became relatively strong.  It is noted that the total absorption 

intensity decreased due to desorption of the precursor molecules that occurred during the annealing.  

Figure 2b shows the FTIR spectra with the same annealing conditions (400 °C, 10 min, high 

temperature annealed (HTA)-COF afterwards) of the precursor films but with various TAPB : 

NTCDA ratios.  It was found that the "+" peaks of the unreacted precursors disappeared when the 

ratio was TAPB: NTCDA=1:1.2.  This result shows that the optimum precursor ratio is dependent 

on the annealing conditions.  By using the same procedure (Fig. S3), the optimum annealing 

condition for the precursor ratio of TAPB : NTCDA =1 : 2.5 was determined to be 275 °C for 12 

h (low temperature annealed (LTA)-COF).   

 Free-standing COF films were prepared by alternating the depositing precursors on water-

soluble KCl substrates followed by annealing, then dissolving the substrates in water.  They were 

obtained as a floating object on the water surface as shown in Fig. 3a.  The film can be lifted out 

and transferred to any substrates from the water surface.  Figure 3b shows an optical image of the 

COF film placed on a metal ring to partly cover the hole, in which the center part of the film was 

not supported by anything.  Figure 3c shows a laser microscope image of the COF film on the Si 
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substrate.  An interference fringe of the laser light was observed due to the deviation in the air gap 

thickness, which shows the smoothness and uniformity of the film.  Figure S4 shows optical 

images of the COF films transferred to various substrates including sapphire, glass, and porous 

Al2O3 supports obtained by using the same method.   

 

STEM and SAXS 

 Nanostructures of the free-standing COF films were evaluated by HR-STEM with atomic 

resolution.  Figure 4a shows a STEM image of the HTA-COF film transferred on a TEM grid, 

which shows the typical overall structure of the HTA film.  At a higher magnification, we found a 

randomly oriented network structure (Fig. 4b).  Pore structures with the size of 2.4-3.6 nm were 

clearly identified in Fig. 4c by magnifying a part of Fig. 4b.  This pore size is close to that of a 

previously reported prediction (2.9 nm) of the COF synthesized from the same precursors.50   

 On the other hand, we could not find a pore structure in the LTA-COF films from the STEM 

observations (Fig. S5).  The difference between the HTA- and LTA- COFs is in accordance with 

previous reports, which has shown that the morphology of the COFs was dependent on the 

monomer concentration during the synthesis.51  It was also reported that a low temperature reaction 

causes poor formation of the networking pore structures.52  The present result indicated that the 

monomer ratio and the annealing conditions are important to finely tune the network structure of 

the COFs during the alternating deposition.  The SAXS pattern of the free-standing HTA-COF 

films (Fig. 4d) showed a broad peak. The peak top placed at q = ca.1.5 nm-1 corresponding to the 

spacing of √3/2𝑞 =3.6 nm for the hexagonal lattice, which was a slightly greater size than the 

(100) spacing of the bulk COF.50  We consider this enlargement is due to the warping and 

entanglement of the layers, which is consistent with the gas permeation results.  
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 The absolute thickness of the COF films grown directly on Si wafers was calibrated by a laser 

microscope (Fig. S6(a)).  The thickness was consistent with the AFM measurement using partial 

scraping method (Fig. S6(b)).  The thickness linearly increased with the repetition number.  

Annealing caused a decrease in the thickness by the factor of 0.52 (for HTA; 0.42 for LTA (the 

plot is not shown)), while the linearity with the repetition number was maintained.  This thinning 

was due to sublimation of the unreacted precursors.  It has been revealed that COF films whose 

thickness were precisely controlled on a nm scale can be fabricated by an alternating deposition.   

 The chemical stability of the HTA-COF films was evaluated by immersing the films in 

concentrated HCl aq. (12 M), NaOH aq. (1.3 M), toluene, tetrahydrofuran (THF), ethanol (EtOH), 

dichloromethane (CH2Cl2) and acetone for 24 hours.  The FTIR peaks characteristics of the imide-

bonding were maintained even after immersing the films in those chemicals (Fig. S7).  This result 

indicated that COF films had high stabilities against acids and organic solvents, because the 

networking structure composed by the imide-bonding reinforced the chemical stability.  The COF 

showed a relatively low resistivity for NaOH(aq) because the imide-bonding was hydrolyzed by a 

base.53   

N2 and CO2 Gas Permeation and Separation 

 The gas separation properties of the free-standing COF films were characterized by a 

permeation test using an apparatus with a quadrupole mass spectrometer (QMS) and capacitance 

manometers.  It was estimated that the film thickness of the HTA- and LTA- COF were ca. 50 and 

100 nm, respectively, from the sample prepared under the same experimental conditions shown in 

Fig. S6(b).  The examined gas species were pure CO2, pure N2 and CO2/N2 mixture (1 : 1) (see 

Supporting Information and Fig. S1).  The COF membranes were supported by a porous Al2O3 
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membrane to make them tolerant to the pressure difference.  The effect of the Al2O3 supports was 

negligible as explained in the Supporting Information.   

 Figure 5 shows the CO2 or N2 permeances and CO2/N2 ideal selectivity for the HTA-COF 

film of the CO2 or N2 pure gas that permeated through the film at the transmembrane pressures of 

103 to105 Pa.  When the transmembrane pressure was 105 Pa, the difference between CO2 and N2 

was the highest.  The permeance of CO2 and N2 was 1.79×10-8 mol m-2 Pa-1 s-1 and 0.39×10-8 mol 

m-2 Pa-1 s-1, respectively. Thus, the ideal CO2/N2 selectivity at 105 Pa was calculated to be 4.58 

(Table 2).  The pore size of HTA-COF ranged between 2.4 and 3.6 nm based on the STEM 

observations, which is far greater than the kinetic diameters of CO2 and N2 (0.33 and 0.36 nm, 

respectively).54  Based on this result, it is presumed that the CO2/N2 selectivity is not due to a 

molecular sieving effect but to differences in the solution-diffusion mechanism between CO2 and 

N2 in the films. 

 When the transmembrane pressure was 105 Pa, the CO2 and N2 permeance of the LTA-COF 

film was 5.7×10-10 mol m-2 Pa-1 s-1 and 1.2×10-10 mol m-2 Pa-1 s-1, respectively (Table 2).  These 

values are lower than the CO2 and N2 permeances of the HTA-COF film by factors of 31.4 and 

32.5 times, respectively.  This tendency, i.e., in which the LTA-COF film permeance is lower than 

that of the HTA-COF film, was observed at all the measured transmembrane pressures (103-105 

Pa) (Fig. S8).  We consider the mechanism for this difference to be due to the HTA-COF films 

having partially oriented pores which formed a short gas permeation paths as determined by STEM, 

whereas the LTA-COF films did not have these paths.   

We next measured the CO2/N2 separation factor of the HTA-COF films using the CO2/N2 

mixture (molar ratio=1:1).  There were no significant differences between the CO2/N2 separation 
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factor and CO2/N2 ideal selectivity for the HTA-COF film at the transmembrane pressures of 103-

105 Pa (Fig. S9).   

It is suggested from the results that a diffusion effect was dominant in the HTA-COF films due 

to the partially oriented pores.  This model is in agreement with the fact that the value of the CO2-

N2 separation factor for the HTA-COF film (4.66) was approximately in agreement with that of 

the CO2/N2 ideal selectivity (4.58).  In addition, it was noted that the HTA-COF film had almost 

no contribution of a molecular gate effect55, in which N2 was prevented from permeating when the 

adsorption sites on the pore wall were occupied with CO2.   

 On the other hand, the values of the CO2/N2 separation factor of the LTA-COF film (3.83) 

was lower than that of the CO2/N2 ideal selectivity (4.79). This indicated that the adsorption and 

solution effects played important roles during the permeation through the LTA-COF films.  The 

mechanism is that the diffusion is hindered in the LTA-COF films due to the lack of ordered 

structures.   

 

Table 2. CO2 and N2 permeance, CO2/N2 ideal selectivity and CO2/N2 separation factor of HTA-, 

LTA- COF films and Al2O3 support at the transmembrane pressure=105 Pa  

 CO2 permeance a N2 Permeance a 
CO2/N2 

ideal selectivity 

CO2/N2 

separation factor 

HTA-COF film 1.8±0.2 0.39±0.04 4.6±0.8 4.7±0.3 

LTA-COF film 0.057±0.004 0.012±0.002 4.8 ± 0.9 3.8±0.4 

Al2O3 support 142 ± 2 133 ± 0.4 1.06±0.02 1.54±0.02 

a Unit: 10-8 mol m-2 Pa-1 s-1 

 

DFT calculations  
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In order to further understand the gas permeation processes of the COF films, we conducted 

DFT-D calculations using Gaussian16.56  We calculated the interaction energies (ΔE) between the 

gas molecules and functional groups of the COF (see Supporting Information).  The calculations 

predicted that the adsorption site of the gas molecules in the COF was the O atom of the imide 

group (Fig. 6).  Interestingly, CO2 adsorbed onto the site at the distance of 2.84 Å which was much 

closer than that of N2 (3.25 Å).  The calculations also predicted that the COF has higher affinities 

to CO2 than N2 at the ΔE of -17.2 kJ mol-1 vs. -9.0 kJ mol-1, which are consistent with the 

experimental isosteric heat of adsorption from a previous report.50   

 

Mechanism of gas permeation through the COF films 

  The mechanism of gas permeation through a COF film has not been discussed by applying 

quantitative model parameters, probably because it has been difficult to use well-defined and 

uniform samples.  We employed the partial immobilization model with dual mode sorption used 

in glassy polymer membranes.57,58  The mechanism of the gas permeation through the glassy 

polymer is generally explained by using a solution-diffusion mechanism with the dual mode 

sorption model and partial immobilization model.  

Based on these models, the gas concentrations inside the film are the sum of the Hrenry sorption 

(to matrix region) and Langmuir sorption (to microvoid region).  The gas diffusivity in the films 

is described by a mixture of diffusivities in those regions at a certain ratio.    

Table 3 and Fig. 7 show the fitting results. The parameters were determined by a numerical 

solution and experimental gas permeation data using a least-square genetic algorithm fitting (see 

details in Supporting Information).  The HTA-COF film had higher kD, CH’, and b for CO2 

(8.45×10-5, 1.0×105, and 3.51×10-5, respectively) values than those for N2 (1.0×10-5, 8.56×104, 
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1.0×10-5).  It shows that the HTA-COF film has a greater solubility of CO2 than that of N2 in both 

the matrix and void region, which is consistent with the DFT result of the greater interaction energy 

of CO2 than that of N2 in the imide groups of COF.   

  The b values of CO2 and N2 in the HTA-COF films were in the range of 10-5 to 10-4 Pa-1, which 

indicated that at the high feed gas pressure, pores in the COF film were saturated by gas molecules, 

and the gas permeation through the films was governed by a Henry sorption mechanism.  The b 

values of the LTA-COF film were not significantly different from those of the HTA-COF film 

whereas the kD and CH’ of the LTA-COF film were much higher and lower than those of the HTA-

COF film, respectively.  These results suggested that gas molecules in the LTA-COF film were 

more easily adsorbed in the matrix region than in the void region because the LTA-COF film was 

structureless.   

 In both the matrix and void regions, the diffusion coefficient of the HTA-COF film was much 

greater than that of the LTA-COF film. Thus, it was estimated that the pore structures in the HTA-

COF film worked as diffusion pathways for the gas molecules.  The absence of so-called gating 

effects in our results, in which CO2 blocks the permeation of N2, is explained as follows. The pore 

size of our COF is greater than the molecular size even with the entanglement and interpenetration 

and that the N2 permeation is not blocked by adsorbed CO2. Designing and synthesizing COF 

membranes with the narrower pore size will realize the gating effects and interesting functions of 

the separation films. 

   The discussion above can be summarized as follows: 

1. Both the matrix (solvation of gas to the polymer followed by diffusion) and void (diffusion on 

the channel surface) contribute to the selectivity. 
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2. The selectivity comes from the stronger interaction between CO2 and the polymer, which 

increases both the matrix and void diffusion.  

3. The difference in the selectivity and the permeation between HTA-COF and LTA-COF comes 

from the ordering of the void channel which is consistent with the STEM images. 

4. The "gating effect" was not observed because the void size is much greater than the CO2 or N2. 

 

Table 3 Dual mode sorption and partial immobilization parameters for HTA- and LTA- COF films 

Film Gas kD 
ⅰ CH’ ⅱ b ⅲ DD 

ⅳ DH 
ｖ 

HTA CO2 8.47×10-5 1.00×105 3.51×10-5 2.14×10-12 2.61×10-16 

 N2 1.00×10-5 8.56×104 1.00×10-5 8.37×10-12 1.31×10-15 

LTA CO2 1.67×10-2 5.92×103 1.00×10-4 8.63×10-16 6.99×10-22 

 N2 1.64×10-3 1.04×103 4.89×10-5 2.73×10-15 2.45×10-19 

ⅰ  Henry’s law constant.  Unit: mol m-3 Pa-1 

ⅱ  Langmuir capacity. Unit: mol m-3 

ⅲ  Langmuir affinity constant Unit: Pa-1 

ⅳ  Diffusion coefficient in the matrix region  Unit: m2 s-1 

ⅴ  Diffusion coefficient in the void region  Unit: m2 s-1 

 

Conclusion 

 This study is the first report about the preparation of free-standing nanometer-thick COF films 

with a practical gas-separating capability.  The films were prepared using the digital alternating 

deposition of the precursor molecules, which guarantees a precisely controlled stoichiometry 

required for applying different annealing conditions for the COF-forming reactions.  Under certain 
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annealing conditions, atomic-scale oriented network structures were observed by high resolution 

STEM, resulting in the higher CO2/N2 separation ratio.  Based on the quantum chemical 

calculations, the CO2 and N2 adsorption site was the O atom of the imide group.  The difference 

in the adsorption energies governs the role of the surface diffusion on the pore wall during the 

permeation.  These results have provided a new practical technique for the fabrication of free-

standing COF films with well-defined structures and has shed light on their gas separation 

applications.   

 We also numerically solved model equations using a dual mode sorption model and partial 

immobilization model along with a finite differential model.  By adjusting the solution parameters 

to the experimental data, the appropriate model parameters of COF films were determined and we 

found that the solubility selectivity mainly contributed to the permselectivity.   

 The alternating digital deposition polymerization opens a new avenue for an efficient process 

of fabricating practical COF films and their applications as gas separation membranes. 

 

Supporting Information 

Details of gas permeation model analysis, DFT calculation, schematic illustration of the 

apparatus for the gas permeation experiments, decrease in the QCM frequency during the 

alternating deposition, FT-IR spectrum of the precursor molecules and films, laser microscope 

images of the exfoliated films, HR-STEM images of the LTA-COF film, thickness of the HTA- 

and LTA- COF films, chemical stabilities for the HTA-COF films, CO2 and N2 gas permeances of 

the HTA-COF films, LTA-COF films and a Al2O3 support and pressure dependence of the CO2/N2 

separation factor and CO2/N2 ideal selectivity for the HTA-COF film.  
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Figure 1: (a) Structure of the COF and its precursors (NTCDA and TPAB). (b) Schematic 

illustration of the deposition apparatus (c) Schematic illustration of alternating deposition used to 

prepare the COF film.  
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Figure 2 FTIR analyses. (a) Films prepared with TAPB : NTCDA =1 : 1.2 measured before and 

after vacuum annealing at various temperatures.  (b) Effect of precursor ratio of the COF films 

annealed at 400 oC for 10 minutes. Peaks marked with "+" correspond to precursors and those with 

"x" correspond to the imide group formed by polymerization.  
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Figure 3. Free-standing COF films 

(a) Optical image of a COF film floated on water by dissolving the KCl substrate. 

(b) Optical image of free-standing COF film supported by a metal ring.  

(c) Laser microscope image of a COF film lifted off by a Si substrate. 
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Figure 4. (a)-(c) are STEM HAADF images of an HTA-COF film at different magnifications.  

(d) shows SAXS profile of an HTA-COF film. 
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Figure 5: Gas permeation characteristics of the HTA-COF film.  CO2 and N2 permeances and 

CO2/N2 ideal selectivity of the HTA-COF film at the transmembrane pressures of 103-105 Pa. 
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Figure 6: Optimized binding structures and binding energies for (a) CO2 and (b) N2 with a model 

partial structure of COF. 
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Figure7: Model fitting to the experimental gas permeation data.  Black and red curves are 

experimental and fitting results, respectively. Blue bands show the deviation of the experimental 

data (repeated three times or more).  (a)-(d) HTA-COF (CO2), (e)-(h) HTA-COF (N2), (i)-(l) LTA-

COF (CO2), (m)-(p) LTA-COF (N2).   
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