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ABSTRACT: Three imine-linked covalent organic framework (COF) films are incorporated as active layers into separate thin-film composite 
(TFC) membranes and tested for their ability to reject an organic pollutant surrogate and salt from water. The synthesized membranes consist 
of a polyacrylonitrile (PAN) membrane supporting a TAPB-PDA-H, TAPB-PDA-Me, or TAPB-PDA-Et COF thin film. The latter two COFs 
direct six methyl and ethyl substituents per tiled hexagon into the pores, respectively, while maintaining the same topology across the series. 
These substituents decrease the effective pore size of the COF compared to the parent TAPB-PDA-H COF. The TAPB-PDA-Me membrane 
rejects Rhodamine-WT (R-WT) dye and NaCl better than the TAPB-PDA-H membrane, and the TAPB-PDA-Et membrane exhibits the best 
rejection overall. The solution-diffusion model used to analyze this permeation behavior indicates that there is a systematic difference in rejec-
tion as subsequent pendant groups are added to the interior of the COF pore. These findings demonstrate the concept of tuning the selectivity 
of COF membranes by systematically reducing the effective pore size within a given topology.

Potable water is an increasingly limited resource because of the com-
pounding effects of population growth, industrial pollution and eco-
nomic development, and in many regions, the effects of climate 
change.1 Inadequate sanitation and the re-use of inadequately 
treated wastewater represent additional sources of contamination. 
State-of-the-art pressure-driven membrane purification and desali-
nation systems involve forcing contaminated and brackish water 
through nanofiltration (NF) and/or reverse osmosis (RO) thin-film 
composition (TFC) membranes with a thin (10-250 nm) active 
layer commonly made of fully- or semi-aromatic polyamide link-
ages.2 These NF and RO systems are more energy efficient than 
evaporation methods, including multiple effect evaporation, yet still 
consume energy above the thermodynamic limit.2 Polyamide mem-
branes have been mostly developed and optimized empirically, 
which complicates tuning their separation behavior to specific sepa-
ration challenges or water matrices. Because their pores cannot be 
controlled in a designed or atomically precise way, it is difficult to 
rationally improve their performance since there is a trade-off be-
tween energy consumption, flux, salt or pollutant rejection, and 
other performance characteristics. 

Recently, 2D covalent organic frameworks (2D COFs) have 
emerged as a class of materials with precisely designed porosity, to-
pology, and chemical functionality.3-10 These attributes make COFs 
promising candidates for molecularly engineered membranes since, 
by careful selection of the monomer subunits which are then pol-
ymerized into layered sheets, membranes can be engineered at the  
 

Scheme 1. 

 
molecular level. To date, hundreds of structurally and chemically 
unique COFs have been synthesized. However, most COFs have 
only been synthesized as microcrystalline powders, which bottle-
necks their promise for use in membranes. The ability to control ma-
terial morphology, whether into crystalline films,11-12 monolithic 
blocks,13 or colloidal suspensions,14-16 represents a major frontier in 
2D polymer science. 

Capitalizing on the ability to form crystalline, free-standing COF 
films, early studies have focused on incorporating these films into 
membranes and examining their ability to separate trace contami-
nants from solution, many of which have been described in recent 
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reviews.17-19 We have shown that the imine-linked TAPB-PDA-H 
COF forms as a film via interfacial polymerization at either the liq-
uid/liquid or liquid/air interface when a Sc(OTf)3 catalyst is phase 
segregated from the TAPB and PDA monomers.20-21 The resulting 
films range in thickness from 100 µm down to 2.5 nm and, when 
combined with polyethersulfone (PES) supports, the thinnest films 
of these COFs reject Rhodamine-WT (R-WT) dye and sodium 
chloride (NaCl) from water over broad pressure ranges. Banerjee 
and co-workers22 synthesized b-ketoenamine-linked crystalline 
COF films via interfacial polymerization with a Brønsted acid at a 
liquid/liquid interface formed by slow diffusion. The films were rel-
atively thick (2.1-5.3 µm) with pores around 25 Å and, when they 
were combined with a polyester non-woven porous support, re-
jected organic pollutants from water at 0.5 bar upstream pressure. 
These materials also exhibit high permeance towards organic sol-
vents.23 Lai,24-25 Meng and Caro,26 Li and Ma,27 Liu and Wang28, and 
Wei and Wang29 have all recently published reports on the ability of 
COF membranes to reject and separate surrogates of organic pollu-
tants. One of the singular promises of framework-based membranes 
is the ability to rationally vary the composition and functionality of 
their pores, yet there are no reports that correlate membrane rejec-
tion with systematic structural changes to the COF pore. Herein we 
report such a study by changing the effective pore size of an imine-
linked COF film. These thin, free-standing films are incorporated 
into the TFC NF membrane structure prior to being tested for their 
ability to reject an organic pollutant surrogate and salt. The TFC NF 
membrane, consisting of a TAPB-PDA-H COF film on a polyacry-
lonitrile (PAN) support, exhibits comparable rejection to our previ-
ous studies but is more resistant to degradation in the presence of 
organic solvents. The modified TAPB-PDA-R COF membranes, 
which result from systematically decreasing the effective size of the 
COF pores upon incorporating either methyl or ethyl groups 
(TAPB-PDA-Me or TAPB-PDA-Et COF, respectively) show en-
hanced rejection of both R-WT and NaCl. 

Prior to synthesizing combined COF membranes with different 
effective pore sizes, microcrystalline COF powders were synthesized 
from the corresponding monomers and characterized. We recently 
reported the synthesis of imine-linked COFs, including TAPB-
PDA-H, using catalytic amounts of the Lewis acid Sc(OTf)3 at room 
temperature.30 Here we used identical reaction conditions to form 
TAPB-PDA-Me and TAPB-PDA-Et COF powders from 1,3,5-
tris(4-aminophenyl)benzene (TAPB) and 2,5-disubstituted ter-
ephthalaldehyde monomers (PDA-Me or PDA-Et), which were 
prepared by adapting literature procedures (Scheme 1).31 These 
COF powders were also synthesized by adapting typical AcOH-cat-
alyzed polymerization conditions at elevated temperature32 to en-
sure that the materials quality was not impeded by the methyl or 
ethyl substituents on the PDA monomers. Powder X-ray diffraction 
data (Figures S6-S9) indicate the COF powders formed via either 
synthetic method are crystalline, as judged by their higher order 
Bragg diffraction, including 100, 110, 200, 210, 220, 310, and 001 
peaks. The average in-plane domain size for both TAPB-PDA-Me 
and TAPB-PDA-Et is calculated as 35 nm using the Le Bail Method. 
Porosimetry measurements for the COF powders synthesized with 
Sc(OTf)3 (Figures S10-S11) exhibit type IV isotherms that do not 
completely level off prior to reaching the saturation pressure, and 
they show slight hysteresis effects upon desorption. COF powders 
synthesized with AcOH (S12-S13) exhibit typical type IV isotherms 
and level off for both TAPB-PDA-Me and TAPB-PDA-Et by 0.6 
P/P0. Interestingly, TAPB-PDA-Me levels off around 900 cm3/g 

while TAPB-PDA-Et levels off around 870 cm3/g, consistent with 
the size of the TAPB-PDA-Et pore being smaller than that of 
TAPB-PDA-Me. The pore width distribution for the powders 
formed under room temperature Lewis acid conditions (Figures 
S14-S15) was slightly larger than those for powders formed under 
elevated temperature Brønsted acid conditions (Figures S16-S17), 
but both routes produce materials with a smaller pore size for 
TAPB-PDA-Et than that for TAPB-PDA-Me. The calculated pore 
width for TAPB-PDA-H is 3.2 nm, which decreases to 3.0 nm and 
then 2.9 nm for TAPB-PDA-Me and TAPB-PDA-Et, respectively. 
The measured pore width distribution similarly shows a decrease in 
size from 3.3 nm to 3.2 nm from TAPB-PDA-Me to TAPB-PDA-
Et. Brunauer-Emmett-Teller (BET) surface areas for TAPB-PDA-
Me and TAPB-PDA-Et synthesized using either set of reaction con-
ditions were 1800-1900 m2/g at relative pressure (P/P0) between 
0.05-0.1, indicative of high-quality porous crystalline materials. It 
should be noted that the surface area for TAPB-PDA-Me (1830 
m2/g using Sc(OTf)3 conditions, 1850 m2/g using AcOH condi-
tions) is similar to that of TAPB-PDA-Et (1870 m2/g under 
Sc(OTf)3 conditions, 1900 m2/g under AcOH conditions), which 
matches the small increase calculated in Connolly surface areas be-
tween TAPB-PDA-Me and TAPB-PDA-Et (2450 m2/g vs 2500 
m2/g, respectively). Elemental analyses for TAPB-PDA-Me and 
TAPB-PDA-Et powders formed using Sc(OTf)3 correspond rea-
sonably well to the expected elemental compositions.  

Imine-linked COF thin films were subsequently synthesized using 
an analogous procedure to that used in our previous report.21 TAPB 
and PDA-H, PDA-Me, or PDA-Et were dissolved in separate vol-
umes of 4:1 dioxane:mesitylene, combined into a stock solution, and 
carefully layered on top of an aqueous solution containing the 
Sc(OTf)3 catalyst. As seen previously,20-21 film thickness could be 
controlled by altering the concentration or absolute volume of or-
ganic material polymerized (see SI). It should be noted that, unlike 
the combined TAPB-PDA-H stock solution which remained color-
less for indefinite periods of time in the absence of catalyst, upon ad-
dition of TAPB to PDA-Me or PDA-Et at high concentrations, a 
yellow precipitate quickly formed even in the absence of the 
Sc(OTf)3 catalyst. To minimize this background reactivity, solu-
tions of TAPB and PDA-Me or PDA-Et were only combined into a 
stock solution immediately prior to membrane formation, and if the 
stock solution turned yellow or formed a precipitate then it was no 
longer used and a new, fresh stock solution was prepared (see SI). 

 
Figure 1. Atomic force microscopy (AFM) topography images of 
TAPB-PDA-Me film and TAPB-PDA-Et film. AFM height profile for 
corresponding film included under corresponding micrograph. 
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Figure 2. SEM cross-sectional image of thin-film composite PAN mem-
brane containing TAPB-PDA-Me active layers (left). Control image of 
PAN membrane (right) included for comparison. Images were taken af-
ter membranes were exposed to organic solvent; no densification is ob-
served. See Figures S23-30 for additional images. 

The interfacially polymerized COF films were characterized by 
Fourier-transform infrared spectroscopy (FTIR), atomic force mi-
croscopy (AFM), optical microscopy, and grazing incidence wide 
angle X-ray scattering (GI-WAXS), which identified these materials 
as consistent with the formation of imine-linked networks. As ex-
pected of the vibrational data, the amine stretch of TAPB and the 
aldehyde stretch of PDA-R disappear upon condensation, and a new 
imine stretch appears for both the COF TAPB-PDA-Me and 
TAPB-PDA-Et powders and films (Figure S18). The resulting COF 
films are relatively large in dimension since we can alter the film cov-
erage by changing the size of the polymerization interface (Figure 
S19). They have a thickness of approximately 20 nm (Figure 1) and 
are relatively smooth with a roughness of 3 nm and 6 nm for TAPB-
PDA-Me and TAPB-PDA-Et films, respectively. The comparable 
film thicknesses indicate that the rates of polymerization were simi-
lar, so any differences in solute rejection tests could be associated to 
differences in COF pore size. We attempted GI-WAXS at the Ad-
vanced Photon Source at Argonne National Lab so as to obtain ori-
ented crystallographic information about these films. While we can-
not confirm crystallinity for TAPB-PDA-H (Figure S20), TAPB-
PDA-Me (Figure S21), or TAPB-PDA-Et (Figure S22) films, stud-
ies by us20 and others25 indicate it is difficult to obtain confirmation 
of oriented crystallinity of COF films at this thickness. It is possible 
that we have synthesized a structure that: (a) is completely amor-
phous, (b) has local order but not long-range order (and/or lacks 
the regular stacking required for coherent diffraction), or (c) has 
long-range order but the accompanying diffraction signal is too weak 
to measure. Our previous studies20-21 showed that thick films (100 
µm) of TAPB-PDA-H are crystalline when prepared using this in-
terfacial methodology, but they are too thick for performing mem-
brane experiments. Instead we used thin films, despite their lack of 
observable diffraction, because they provide less resistance and 
therefore allow high water flux through the membrane at low energy 
inputs. 

Thin-film composite membranes containing TAPB-PDA-H, 
TAPB-PDA-Me, or TAPB-PDA-Et active layers were synthesized 
and analyzed using scanning electron microscopy (SEM). A similar  
procedure was used as described previously,20 in which free-standing 
imine-linked COF films were fabricated and transferred onto poly-
acrylonitrile (PAN) using Langmuir-Shaeffer techniques. The PAN 
was synthesized according to literature procedure33 and chosen as 
the membrane support since it is resistant to decomposition in or-
ganic solvent. Previous work with TAPB-PDA-H thin-film COF 
membranes on a polyethersulfone (PES) support highlighted the in-
compatibility between the 1,4-dioxane:mesitylene solvent mixture 
required for the COF film synthesis and the PES material.20 SEM im-
ages of the combined COF and PES membranes revealed the 

occurrence of PES densification after solvent exposure, which ap-
peared to decrease the water permeability without affecting solute 
rejection of the combined membranes. The PAN used in this work 
did not undergo any appreciable densification upon solvent expo-
sure, as seen in multiple SEM images (see Figures 2, S23-25 for 
cross-sectional images, and Figures S26-S30 for top-down images), 
and therefore was considered as a superior alternative.  

TFC membranes of TAPB-PDA-H, TAPB-PDA-Me, or TAPB-
PDA-Et on PAN were each tested for their water permeability and 
their ability to reject R-WT and NaCl, which are solutes used as sur-
rogates for organic contaminants and background electrolytes, re-
spectively. The solute rejection results are shown in Figure 3 with 
corresponding permeate fluxes shown in Figures 4 and S31-S32. 
These TFC membranes exhibit lower water permeability but en-
hanced R-WT and NaCl rejection when compared to the unmodi-
fied PAN support. We compared the performance of the TFC COF 
membranes to those of each PAN support before (pristine) and after 
(control) solvent exposure, as well as to the commercial nanofiltra-
tion membrane DOW FILMTEC NF-270. Solvent exposure did not 
affect membrane support performance, indicating that the COF film  

 
Figure 3. Rejection of surrogate organic contaminant Rhodamine-WT 
(R-WT) (upper plot) and representative electrolyte NaCl (lower plot) 
as a function of permeate flux Jv obtained for thin-film composite (TFC) 
polyacrylonitrile (PAN) membranes with COF active layers of TAPB-
PDA-H, TAPB-PDA-Me, or TAPB-PDA-Et. Data also shown for cor-
responding pristine and control PAN supports without the COF active 
layer, and for commercial nanofiltration (NF) membrane (DOW 
FILMTEC NF-270). 
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Figure 4. Permeate water flux Jv as a function of hydraulic pressure ob-
tained for thin-film composite polyacrylonitrile (PAN) membranes with 
COF active layers of TAPB-PDA-H, TAPB-PDA-Me, or TAPB-PDA-
Et tested with R-WT solutions (see Figure S31 for those tested with 
NaCl solutions and Figure S32 for combined regression lines). Data and 
regression lines are also shown for corresponding pristine and control 
PAN supports without the COF layer, and for commercial nanofiltra-
tion (NF) membrane (DOW FILMTEC NF-270). 

itself plays an integral part in enhanced solute rejection.  For exam-
ple, at a low permeate water flux of 0.02 m/d, 49.0% of R-WT is re-
jected by the (control) PAN support, and rejection increases to 
71.0%, 77.6%, or 86.2% upon addition of the TAPB-PDA-H, 
TAPB-PDA-Me, or TAPB-PDA-Et COF film, respectively. When 
the permeate water flux is increased to 0.1 m/d, R-WT rejection in-
creases from 79.6% for the (control) PAN up to 88.1%, 90.8%, or 
92.3% depending on the COF thin film added (TAPB-PDA-H, 
TAPB-PDA-Me, or TAPB-PDA-Et, respectively). It is critical to 
point out that increasing rejection at low pressure is very difficult 
since the diffusive transport of solutes through the membrane pores 
is more prevalent than at higher pressure for which higher advective 
transport takes place, and so these data best exhibit the differences 
between membrane materials. The R-WT rejection data shows hall-
marks of separations associated with well-defined materials since 

there is increased rejection by the TFC COF membranes containing 
TAPB-PDA-H versus TAPB-PDA-Me versus TAPB-PDA-Et ac-
tive layers. This trend is also seen in the NaCl rejection data. At a 
permeate water flux of 0.1 m/d, 2.71% of NaCl is rejected by the 
(control) PAN support, and rejection increased to 4.61%, 9.03%, or 
10.9% upon addition of the TAPB-PDA-H, TAPB-PDA-Me, or 
TAPB-PDA-Et COF film, respectively. Even at a higher permeate 
water flux of 0.5 m/d, NaCl rejection increases from 10.6% for the 
(control) PAN support, up to 17.1%, 29.5%, or 33.9% upon addition 
of the TAPB-PDA-H, TAPB-PDA-Me, or TAPB-PDA-Et COF 
film, respectively. Thus, all of the COF membranes provide measur-
able, enhanced rejection of both R-WT and NaCl compared to the 
(control) PAN support and, furthermore, the data revealed a notice-
able trend related to the type of TAPB-PDA-R used in the active 
layer: as the pendant group size increases from a hydrogen atom in 
TAPB-PDA-H to a methyl group in TAPB-PDA-Me and finally to 
an ethyl group in TAPB-PDA-Et, there is a systematic increase in 
rejection of both R-WT and NaCl. 

The rejection data shown in Figures 3 and 4 were modeled using 
solution-diffusion model equations20 and fit the experimental data 
points well. One of two equations were used to fit the data depend-
ing on whether a thin-film COF active layer was included in the 
membrane. The solute rejection data sets collected for pristine and 
control PAN shown in Figure 3 were fitted with the solution diffu-
sion model (Eq. S1), which accounted for: solute diffusive permea-
tion (B [m/d]), fraction of water flux passing through active layer 
imperfections	(a [dimensionless]), solution mass transfer coeffi-
cient in concentration-polarization film (k [m/d]), and overall per-
meate flux (Jv [m/d]). Rejection data for both R-WT and NaCl were 
experimentally tested in duplicate for each of the TFC membranes 
containing a COF active layer (TAPB-PDA-H, TAPB-PDA-Me, 
and TAPB-PDA-Et), and they were combined and fitted with a 
modified two-film solution diffusion model (Eq. S2) to determine 
the intrinsic properties of the COF active layers separate from the 
PAN support.20 The resulting fitted lines are depicted in Figure 3 and 
the corresponding fitting parameters are listed in Table 1, along with 
the water permeation coefficients (A [m/(d x MPa)]) obtained 
 

 

Table 1. Water and solute transport parameters obtained by fitting the experimental data in Figures 3 and 4. Parameters B and α for R-WT and 
NaCl listed for the COF membranes are intrinsic transport parameters for the COF active layer obtained by fitting the corresponding data in 
Figure 3 with Equation S2 using the parameters obtained by fitting the solute rejection data for the control PAN support in Figure 3 with 
Equation S1. To observe comparable changes in B values for NaCl, the R-WT α value was used in NaCl modeling. 

Membrane 
R-WT NaCl 

A (m/d*MPa) B (m/d) α ( - ) A (m/(d*MPa) B (m/d) α ( - ) 

Pristine PAN 5.59 ± 0.18 0.026 ± 0.006 0.022 ± 0.011 7.39 ± 0.25 3.96 ± 0.28 0.022 

Control PAN 6.39 ± 0.30 0.019 ± 0.003 0.032 ± 0.008 5.99 ± 0.19 3.35 ± 0.22 0.032 

PAN + TAPB-PDA-H 2.16 ± 0.13 0.009 ± 0.002 0.065 ± 0.008 2.32 ± 0.10 3.66 ± 0.25 0.065 

PAN + TAPB-PDA-Me 1.25 ± 0.06 0.006 ± 0.001 0.048 ± 0.004 1.47 ± 0.07 1.21 ± 0.08 0.048 

PAN + TAPB-PDA-Et 0.91 ± 0.04 0.0021 ± 0.0004 0.055 ± 0.004 1.2 ± 0.4 0.92 ± 0.06 0.055 

NF-270 3.06 ± 0.02 0.003 ± 0.001 0.012 ± 0.003 3.02 ± 0.01 0.35 ± 0.08 0.012 
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from the slopes of the plots in Figure 4. The mass transfer coeffi-
cients used in Equations S1 and S2 to represent concentration po-
larization of R-WT (kR-WT = 0.9 m/d) and NaCl (kNaCl = 2.6 m/d) 
were obtained from previous analysis with these composite mem-
branes.20 

Additionally, there is a general decrease in permeate flux as the ef-
fective COF pore size decreases with increasing pendant group size. 
As the pendant groups grow in length, the overall hydrophobicity of 
the COF film also increases. A more hydrophobic membrane, to-
gether with a narrower pore, is consistent with reduced water per-
meability of the TFC COF membrane. We identified the same de-
crease in permeability with increasing TAPB-PDA-H COF thick-
ness,20 but we also observed no significant change in rejection capa-
bilities. Greater pore constriction and increased hydrophobicity are 
consistent with the decreased TFC COF membrane permeate flux 
observed between the three membranes investigated here. 

There is also a significant shift in the solute permeation coefficient 
(B) for the different TFC COF membranes (Table 1), which is con-
sistent with the COF films presenting greater resistance to diffusive 
transport with an increasing molecular size of the pendant groups in 
the TAPB-PDA-R active layers. The change in the B parameter is 
likely due to increased tortuosity created by the pendant groups. The 
portion of solute transported through the COF active layer by pore 
surface diffusion is affected by the molecular size of the pendant 
groups branching into the COF pores. The pendant groups create 
obstacles, which slow down the surface diffusion capability and in-
crease the rejection of the solute. In contrast, corresponding changes 
in the advective transport parameter,	a, are small, supporting the 
slight change the TAPB-PDA-R pendant groups have on the COF 
pore size. 

It is also important to note the comparison between the TFC 
TAPB-PDA-H PAN membranes investigated here and the TFC 
TAPB-PDA-H PES membrane evaluated previously.20-21 Although 
two different support materials were used, the two-film solution dif-
fusion model (Eq. S2) provided values that are statistically similar 
when evaluated using a t-test (two-tail distribution, equal variance) 
for the R-WT data sets (B=0.009 ± 0.002 in the present study and 
B=0.012 ± 0.002 m/d in the previous study20). This confirms that 
the TAPB-PDA-H active layer formed in both studies on different 
supports are similar. Unfortunately, a direct comparison between 
the NaCl data sets was more difficult because the low rejection ob-
served for NaCl does not allow for accurate differentiation between 
diffusive and advective transport. As Figures 3 and 4 show, the per-
meate flux and solute rejection by all COF membranes were lower 
than those observed for the NF-270 commercial membrane. De-
creasing the COF pore size and using supports with higher permeate 
flux should help to address these differences. 

In conclusion, we have developed an interfacial polymerization 
method to probe thin layers of COF films or related cross-linked net-
works and incorporated them into TFC membranes with a PAN 
support. Although these materials do not show evidence of long-
range order, their rejection behavior exhibits characteristics associ-
ated with a progressive decrease in pore size as the pendant group 
length in the COF active layer is increased from hydrogen to methyl 
to ethyl. There is also a significant shift in the solute permeation co-
efficient, B, consistent with the COF films presenting greater re-
sistance to diffusive transport with decreasing COF pore size and in-
creasing pendant group length. These results indicate that rational 
changes can be correlated to membrane performance, even in 

materials with no observable long-range order. As methods to access 
extremely thin COF films with unambiguous long-range order (per-
haps even as single or few-layer structures) are developed, these re-
sults represent an important benchmark towards the importance of 
structural design and membrane performance. 
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A. Materials and Instrumentation.  

Materials. 

Reagents were purchased in reagent grade from commercial suppliers and used without further 

purification, unless otherwise described. Anhydrous solvents (CH2Cl2, DMF, THF, CH3CN, 

toluene, CH3OH) were obtained from a solvent purification system (JC Myer System). 2,5-

dimethylbenzene-1,4-dicarboxaldehyde (PDA-Me) and 2,5-diethylbenzene-1,4-dicarboxaldehyde 

(PDA-Et) were prepared by adapting literature procedures.1 Polyacrilonitrile (PAN) membranes 

were prepared according to literature procedure.2 

 

Instrumentation. 

Infrared Spectroscopy. Infrared spectra were recorded on a Nicolet iS10 FT-IR spectrometer 

equipped with a ZnSe ATR attachment and are uncorrected. 

 

Nuclear Magnetic Resonance. Proton and carbon nuclear magnetic resonance (NMR) spectra 

were recorded at 25 °C on a Bruker Avance III 500 MHz spectrometer. The spectra were calibrated 

using residual solvent as an internal reference (CDCl3: 7.26 ppm for 1H NMR, 77.16 for 13C NMR). 

 

High Resolution Mass Spectrometry. High resolution mass spectra were acquired on an Agilent 

6210A LC-TOF mass spectrometer with an Atmospheric Pressure Photoionization (APPI) source. 

The instrument was equipped with an Agilent Series 1200 HPLC binary pump and an autosampler 

which used Mass Hunter software. The samples were evaluated using direct injection.  

 



   S-3 

Elemental Analysis. Elemental analyses were performed on an Elementar Vario Cube EL CHNS 

elemental analyzer by the Integrated Molecular Structure Education and Research Center 

(IMSERC) at Northwestern University. 

 

Critical Point Dryer. Drying of samples using supercritical CO2 was performed in a Leica EM 

300 critical point dryer. Prior to the supercritical drying process, all samples were placed in tea 

bags (ETS Drawstring Tea Filters, sold by English Tea Store) while wet and then subjected to 

CH3OH Soxhlet procedures. The tea bags containing the samples were then placed in the drying 

chamber. The chamber was sealed, cooled to 15 °C, quickly filled with liquid CO2, and then 

vented. This fill-vent cycle was repeated 55 times, after which the temperature was raised to 45 

°C, resulting in a chamber pressure above the critical point of CO2. The chamber pressure was 

slowly released. 

 

Powder X-ray Diffraction. Powder X-ray diffraction (PXRD) patters were obtained at room 

temperature on a STOE-STADIP powder diffractometer equipped with an asymmetric curved 

Germanium monochromator. (Cu-Ka radiation, l = 1.54056 Å) and one-dimensional silicon strip 

detector (MYTHEN2 1K from DECTRIS). The line focused Cu X-ray tube was operated at 40 kV 

and 40 mA. The as-obtained powder samples were sandwiched between two acetate foils (polymer 

sample with neither Bragg reflections nor broad peaks above 10° 2q) mounted in flat plates with 

a disc opening diameter of 8 mm and measured in transmission geometry in a rotating holder. The 

patterns were recorded in the 2q range of 0-36° for an overall exposure time of 25 min. The 

instrument was calibrated against a NIST Silicon standard (640d) prior to the measurement. 
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Gas Adsorption. Gas adsorption isotherms were performed on a Micromeritics ASAP 2420 

Accelerated Surface Area and Porosity Analyzer using 20-30 mg samples in dried and tared 

analysis tubes that were capped with a Transeal. UHP-grade (99.999% purity) N2 was used for all 

adsorption measurements. N2 isotherms were generated by incremental exposure to nitrogen up to 

760 mmHg (1 atm) in liquid nitrogen (77 K) bath. Oil-free vacuum pumps and oil-free pressure 

regulators were used for all measurements. Branauer-Emmett-Teller (BET) surface areas were 

calculated from the linear region of the N2 isotherm at 77 K within the pressure range P/P0 of 0.05-

0.10. 

 

Atomic Force Microscopy and Optical Microscopy. Atomic force microscopy (AFM) data and 

optical microscopy images were collected on a Bruker Dimension FastScan® Atomic Force 

Microscope.  

 

Scanning Electron Microscopy. Scanning electron microscopy (SEM) data were collected on a 

FEI Quanta 450 FEG microscope (FEI, Hillsboro, OR) at the Beckman Institute for Advanced 

Scient and Technology and the University of Illinois at Urbana-Champaign. Prior to analysis, 

membranes were attached to an aluminum stand with carbon tape and sputter coated with Au/Pd 

for 70 seconds. 

 

Sonication. Sonication was performed with a Branson 3510 ultrasonic cleaner with a power output 

of 100 W and a frequency of 42 kHz. 
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Grazing Incidence Wide-Angle X-ray Scattering. Grazing incidence wide-angle X-ray 

scattering (GI-WAXS) experiments were performed at Sector 8-ID-E of Argonne National 

Laboratory at an energy of 11 keV. Samples were mounted as prepared on SiO2 substrates and put 

under vacuum. Incidence angles of ~0.14° were aligned and exposures were timed such that the 

highest count pixels were 80% of their maximum. 

 

Permeation Experiments. Permeation experiments were conducted using a dead-end stirred cell 

(Amicon model 8010, EMD Millipore, Billerica, MA) at room temperature. Feed solutions (2.5 

mg/L of Rhodamine-WT (R-WT) and 400 mg/L of NaCl) were prepared by dilution of a 

concentrated solution (R-WT: 20% w/w, Turner Designs, San Jose, CA; NaCl: 99%, EMD 

Millipore, Darmstadt, Germany). The feed solution pH was adjusted to 6.75 ± 0.1 using HCl or 

NaOH aqueous solutions prior to each experiment. Permeate flow rates were measured 

gravimetrically, and the data were recorded using a balance connected to a computer with data 

acquisition software. Experiments were performed over a range of pressures from 0.01-0.4 MPa 

using nitrogen gas as the pressure source. Rhodamine-WT concentrations were determined using 

a spectrofluorometer (RF-5301PC, Shimadzu Scientific Instruments Inc., Columbia, MD) with an 

excitation wavelength of 550 and emission wavelength of 580 nm. NaCl concentrations were 

determined using an ion chromatograph (ICS-2100, Dionex, Sunnyvale, CA) with 4 mm IonPac 

AS18 analytical and AG18 guard columns, 23 mM KOH eluent, 57 mA suppressor current, flow 

rate of 1 mL/min, and a 25 𝜇L sample loop and injection volume.  
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B. Synthetic Procedures and Characterizations 

Scheme S1. 

 

Synthesis of 2,5-dimethylbenzene-1,4-dicarboxaldehyde (PDA-Me): This compound was 

synthesized according to published procedure with minor modifications.1 In a Schlenk flask, 1,4-

dibromo-2,5-dimethylbenzene (A, 18.00 g, 68.19 mmol) was dissolved in dry THF (200 mL) under 

N2 and cooled to -78 °C. nBuLi (2.5 M in hexanes, 30 mL, 75.0 mmol) was added dropwise via 

cannula. The mixture was allowed to stir at -78 °C for 15 min before dry DMF (11 mL) was added. 

The reaction was allowed to warm to rt while stirring for 2 h, after which it was charged with 

concentrated HCl. The mixture was extracted with Et2O two times, and the combined organic 

layers were washed with brine, dried over MgSO4, and concentrated under reduced pressure. The 

residue was used without further purification and was refluxed overnight in a Dean-Stark apparatus 

with toluene (130 mL), neopentyl glycol (C, 14.2 g), and p-TsOH (2.42 g). The mixture was 

washed with a saturated NaHCO3 solution, water, brine, and dried over MgSO4 before 

concentration under reduced pressure. The residue was treated a second time as described above 

with the same amounts of nBuLi and DMF under the same conditions (the protection using 

neopentyl glycol was not repeated). After isolation, the product was refluxed in water (16 mL) and 

TFA (120 mL) for 15 min. The mixture was concentrated under reduced pressure and charged with 

Br

Br

O

O

nBuLi, DMF

THF / N2 / -78 ºC

A

C

toluene / 150 ºC
nBuLi, DMF

THF / N2 / -78 ºC
TFA

H2O / 100 ºC
PDA-Me
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CH2Cl2. It was then washed with saturated NaHCO3 solution, brined, dried over MgSO4, and 

concentrated under reduced pressure. The resulting liquid (which was a saturated solution of PDA-

Me in residual DMF) was placed in a freezer overnight. The resulting PDA-Me precipitate was 

isolated via filtration and washed with hexanes. Isolated yield of PDA-Me: 3.34 g (30.2%). NMR 

shifts for this compound were consistent with those previously reported.1 1H NMR (500 MHz, 

CDCl3) d 10.33 (s, 2H), 7.69 (s, 2H), 2.69 (s, 6H) ppm. 13C NMR (125 MHz, CDCl3) 

d 192.34, 138.30, 137.06, 134.84, 18.95 ppm. IR (solid, ATR) 3355, 2979, 2910, 2788, 1787, 

1679, 1651, 1595. 1558, 1489, 1461, 1441, 1393, 1384, 1347, 1290, 1219, 1161, 1080, 1041, 998, 

965, 894, 864, 776, 723, 701, 664 cm-1. Elemental analysis: Theoretical C 74.06 H 6.22; Found C 

70.19 H 6.16. HRMS calculated for [C10H10O2H]+ 163.0754, found 163.0758.  

 

Scheme S2. 

 

Synthesis of 2,5-diethylbenzene-1,4-dicarboxaldehyde (PDA-Et): This compound was 

synthesized by adapting the published procedure1 for PDA-Me. In a Schlenk flask, 1,4-dibromo-

2,5-diethylbenzene (B, 10.00 g, 34.2 mmol) was dissolved in dry THF (100 mL) under N2 and 

cooled to -78 °C. nBuLi (2.5 M in hexanes, 15 mL, 37.5 mmol) was added dropwise via cannula. 

The mixture was allowed to stir at -78 °C for 15 min before dry DMF (6 mL) was added. The 

reaction was allowed to warm to rt while stirring for 2 h, after which it was charged with 

Br

Br

O

O

nBuLi, DMF

THF / N2 / -78 ºC

B

C

toluene / 150 ºC
nBuLi, DMF

THF / N2 / -78 ºC
TFA

H2O / 100 ºC
PDA-Et
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concentrated HCl. The mixture was extracted with Et2O two times, and the combined organic 

layers were washed with brine, dried over MgSO4, and concentrated under reduced pressure. The 

residue was used without further purification and was refluxed overnight in a Dean-Stark apparatus 

with toluene (65 mL), neopentyl glycol (C, 7.13 g), and p-TsOH (1.21 g). The mixture was washed 

with a saturated NaHCO3 solution, water, brine, and dried over MgSO4 before concentration under 

reduced pressure. The residue was treated a second time as described above with the same amounts 

of nBuLi and DMF under the same conditions (the protection using neopentyl glycol was not 

repeated). After isolation, the product was refluxed in water (8 mL) and TFA (65 mL) for 15 min. 

The mixture was concentrated under reduced pressure and charged with CH2Cl2. It was then 

washed with saturated NaHCO3 solution, brined, dried over MgSO4, and concentrated under 

reduced pressure. The resulting liquid (which was a saturated solution of PDA-Et in residual 

DMF) was placed in a freezer overnight. The resulting PDA-Et precipitate was isolated via 

filtration and washed with hexanes. Isolated yield of PDA-Et: 1.98 g (30.4%). 1H NMR (500 MHz, 

CDCl3) d 10.36 (s, 2H), 7.75 (s, 2H), 3.10 (q, 4H), 1.30 (t, 6H) ppm. 13C NMR (125 MHz, CDCl3) 

d 191.92, 144.73, 136.87, 132.93, 25.19, 16.35 ppm. IR (solid, ATR) 3350, 2965, 2876, 2772, 

1785, 1677, 1487, 1472, 1154, 1401, 1309, 1238, 1178, 1157, 1065, 1001, 972, 906, 847, 785, 679 

cm-1. Elemental analysis: Theoretical C 75.76 H 7.42; Found C 74.75 H 7.51. HRMS calculated 

for [C12H14O2Na]+ 213.0886, found 213.0893.  

 

COF Powder General Reaction Procedure with Sc(OTf)3: This procedure is based on a 

published procedure with minor modification.3 In separate scintillation vials, 1,3,5-tris(4-

aminophenyl)benzene (35.1 mg, 0.100 mmol) and aldehyde of choice (0.150 mmol, 1.5 eq.) were 

each dissolved in a 1,4-dioxane:mesitylene solution (4:1 v/v, 2 mL) and heated to 70 °C. Both 



   S-9 

solutions were cooled to room temperature, and the amine-containing solution was then added to 

the aldehyde containing solution. The Sc(OTf)3 catalyst (3.6 mg, 0.0073 mmol, 0.022 eq) was 

immediately added, the solution underwent sonication for 30 seconds, and the mixture was then 

allowed to stand on the benchtop for 3 hr. The resulting COF powder was transferred to a tea bag, 

washed with a 1,4-dioxane:mesitylene solution (4:1 v/v), and then washed with MeOH in a Soxhlet 

extractor for 18 hrs. The material was then dried by supercritical CO2 to afford a yellow powder. 

TAPB-PDA-Me: Isolated yield 41.1 mg (75.7%). IR (solid, ATR) 3361, 3033, 2926, 1694, 1620, 

1594, 1548, 1505, 1444, 1406, 1318, 1185, 1110, 1077, 1037, 1013, 970, 898, 828, 774, 731, 700 

cm-1. Elemental analysis: Theoretical C 86.64 H 5.59 N 7.77; Found C 84.64 H 5.49 N 7.68. 

TAPB-PDA-Et: Isolated yield 50.9 mg (87.2%). IR (solid, ATR) 3354, 3033, 2965, 1695, 1621, 

1594, 1547, 1505, 1444, 1413, 1318, 1246, 1182, 1158, 1108, 1076, 1061, 1013, 970, 901, 828, 

732, 706 cm-1. Elemental analysis: Theoretical C 86.56 H 6.23 N 7.21; Found C 84.87 H 6.20 N 

7.26. 

 

COF Powder General Reaction Procedure with AcOH: This procedure is based on a published 

procedure with minor modification.4 In separate scintillation vials, 1,3,5-tris(4-

aminophenyl)benzene (175.5 mg, 0.500 mmol) and aldehyde of choice (0.750 mmol, 1.5 eq.) were 

each dissolved in a 1,4-dioxane:mesitylene solution (4:1 v/v, 10 mL). Due to a lack of solubility, 

the amine-containing solution was heated to 70 °C. Once the monomer was dissolved, the solution 

was cooled to room temperature, and the aldehyde-containing solution was added to the amine-

containing solution. Glacial acetic acid (4.5 mL) was combined with deionized water (3.0 mL) and 

then immediately added to the solution, whereupon a precipitate began the form. The mixture was 

allowed to heat in an oven for 96 hr at 70 °C. The resulting COF powder was transferred to a tea 
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bag, washed with a 1,4-dioxane:mesitylene solution (4:1 v/v), and then washed with MeOH in a 

Soxhlet extractor for 18 hrs. The material was then dried by supercritical CO2 to afford a yellow 

powder, which was further dried under vacuum for 12 hrs. TAPB-PDA-Me: Isolated yield 183.4 

mg (67.9%). TAPB-PDA-Et: Isolated yield 187.6 mg (64.5%). 

 

COF Film General Reaction Procedure: This procedure is based on a published procedure with 

minor modification.5-6 A 5 mM aqueous solution of Sc(OTf)3 was prepared by dissolving 24.7 mg 

of Sc(OTf)3 in 10 mL of deionized water. In separate 20 mL scintillation vials, 1,3,5-tris(4-

aminophenyl)benzene (12.3 mg, 0.0350 mmol) and aldehyde of choice (0.0525 mmol, 1.5 eq.) 

were each dissolved in a 1,4-dioxane:mesitylene solution (4:1 v/v, 5.6 mL) and heated to 70 °C. 

Once the monomers were dissolved, the solutions were cooled to room temperature, and the amine-

containing solution was then added to the aldehyde containing solution. 40 uL of this combined 

organic solution (3.125 mM TAPB, 4.688 mL aldehyde) was then layered on top of 2.0 mL of the 

aqueous catalyst-containing solution in a 20 mL vial and allowed to sit at room temperature for 30 

min. During this time, a film formed at the interface between the organic and aqueous layers. This 

grown film was transferred onto a substrate by inserting the substrate underneath the interface and 

lifting the substrate up slowly, after which the film was allowed to dry in air.  

 

COF Films on Top of PAN Support Membranes: For the interfacial polymerization of a COF 

film and its transfer to a supporting PAN membrane, the membrane holder component of a dead-

end filtration cell (Amicon 8010 series, EMD Millipore, Billerica, MA) was repurposed for the 

reactor. The PAN substrate was placed at the bottom of the reactor, and the interfacial 
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D. Powder X-ray Diffraction Patterns for COF Powders 
 

 
Figure S6. PXRD patterns for TAPB-PDA-Me COF powder formed under Sc(OTf)3 conditions. 
 

 
Figure S7. PXRD patterns for TAPB-PDA-Et COF powder formed under Sc(OTf)3 conditions. 
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Figure S8. PXRD patterns for TAPB-PDA-Me COF powder formed under AcOH conditions. 

 
Figure S9. PXRD patterns for TAPB-PDA-Et COF powder formed under AcOH conditions. 
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E. Nitrogen Adsorption Isotherms and BET Plots for Covalent Organic 
Framework Powders 
 
 

 
Figure S10. Nitrogen adsorption isotherm for TAPB-PDA-Me COF powder prepared under 
Sc(OTf)3 conditions with the BET plot as an inset. 
 
 

 
Figure S11. Nitrogen adsorption isotherm for TAPB-PDA-Et COF powder prepared under 
Sc(OTf)3 conditions with the BET plot as an inset. 
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Figure S12. Nitrogen adsorption isotherm for TAPB-PDA-Me COF powder prepared under 
AcOH conditions with the BET plot as an inset. 

 
 

 
Figure S13. Nitrogen adsorption isotherm for TAPB-PDA-Et COF powder prepared under 
AcOH conditions with the BET plot as an inset. 
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F. Pore Size Distributions of Covalent Organic Framework Powders 
 

 
Figure S14. Pore size distribution of TAPB-PDA-Me COF powder prepared under Sc(OTf)3 
conditions. 

 
Figure S15. Pore size distribution of TAPB-PDA-Et COF powder prepared under Sc(OTf)3 
conditions. 
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Figure S16. Pore size distribution of TAPB-PDA-Me COF powder prepared under AcOH 
conditions. 
 

 
Figure S17. Pore size distribution of TAPB-PDA-Et COF powder prepared under AcOH 
conditions. 
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G. Vibrational Data 

 
 
Figure S18. (Left) Vibrational data for TAPB, PDA-Me, and TAPB-PDA-Me powders and film. 
(Right) Right Vibrational data for TAPB, PDA-Et, and TAPB-PDA-Et powders and film. 
 
 
H. Optical Microscopy of COF Films 
 

 
 
Figure S19. Optical microscopy images of TAPB-PDA-Me and TAPB-PDA-Et films.  

TAPB-PDA-Me

TAPB-PDA-EtSiO2

SiO2

5 µm

5 µm
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I. Grazing Incidence Wide Angle X-ray Scattering (GI-WAXS) of COF Films  
 
 

 
Figure S20. Grazing incidence wide angle X-ray scattering (GI-WAXS) of TAPB-PDA-H film 
on fused silica substrate. 
 

 
Figure S21. Grazing incidence wide angle X-ray scattering (GI-WAXS) of TAPB-PDA-Me 
film on SiO2 substrate. 
 



   S-22 

 
Figure S22. Grazing incidence wide angle X-ray scattering (GI-WAXS) of TAPB-PDA-Et film 
on fused silica substrate. 
 
 
 
J. Scanning Electron Microscopy (SEM) Images of Thin-Film Composite COF 
PAN Membranes 
 
 

 
Figure S23. Cross-sectional SEM image of thin-film composite PAN membrane containing 
TAPB-PDA-H active layers. 
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L. Permeate Water Flux as a Function of Hydraulic Pressure 

 
Figure S31. Permeate water flux Jv as a function of hydraulic pressure obtained for thin-film 
composite polyacrylonitrile (PAN) membranes with COF active layers of TAPB-PDA-H, TAPB-
PDA-Me, or TAPB-PDA-Et tested with NaCl solutions. 
 

 
Figure S32. Direct comparison of regression lines from Figures 4 and S31. Permeate water flux 
Jv as a function of hydraulic pressure obtained for thin-film composite polyacrylonitrile (PAN) 
membranes with COF active layers of TAPB-PDA-H, TAPB-PDA-Me, or TAPB-PDA-Et tested 
with R-WT or NaCl solutions. Regression lines are also shown for corresponding pristine and 
control PAN supports without the COF layer, and for commercial nanofiltration (NF) membrane 
(DOW FILMTEC NF-270) tested with R-WT solutions. 
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