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ABSTRACT: Despite their many advantages, covalent organic
frameworks (COFs) built from three-dimensional monomers are
synthetically difficult to functionalize. Herein, we provide a new
synthetic approach to the functionalization of a three-dimensional
covalent organic framework (COF-300) by using a series of solid-
state linkage transformations. By reducing the imine linkages of the
framework to amine linkages, we produced a more hydrolytically
stable material and liberated a nucleophilic amino group, poised for
further functionalization. We then treated the amine-linked COF
with diverse electrophiles to generate a library of functionalized
materials, which we tested for their ability to adsorb perfluoroalkyl
substances (PFAS) from water. The framework functionalized with
dimethylammonium groups, COF-300-dimethyl, adsorbed more
than 250 mg of perfluorooctanoic acid (PFOA) per 1 g of COF, which represents an approximately 14,500-fold improvement over
that of COF-300 and underscores the importance of electrostatic interactions to PFAS adsorption performance. This work provides
a conceptually new approach to the design and synthesis of functional three-dimensional COFs.
KEYWORDS: adsorption, covalent organic frameworks, perfluoroalkyl substances, porous materials, solid-state reactions

■ INTRODUCTION
The porosity, crystallinity, and relative stability of covalent
organic frameworks (COFs) make them promising adsorbents
for the removal of contaminants from water. These organic
networks can effectively separate metal ions,1−3 organic dyes,4,5

and perfluoroalkyl substances (PFAS)6−8 from aqueous
solution. However, designing a COF for a particular separation
tends to require the laborious synthesis of custom monomers,
which must then be incorporated into frameworks, which are
then tested as adsorbents. The need to functionalize
monomers in the early stages of COF synthesis prevents
chemists from rapidly establishing structure−property relation-
ships and leads to costly and time-intensive synthetic routes.
Alternatively, it has been shown that COFs can undergo
chemical transformations, postsynthetically, to add additional
functionality without altering the existing framework.9−17 This
strategy is particularly useful for three-dimensionally linked
(3D) COFs, whose monomers draw from a limited selection of
tetrahedral building blocks. We sought to expand the range of
functionality in 3D COFs because these 3D networks show
improved stability and crystallinity compared with their 2D
counterparts. With this objective, we hypothesized that if the
linkage between monomers was transformed into a nucleo-

philic group after COF synthesis, this nucleophilic site would
allow us to append a range of diverse functional groups.

We focused our efforts on functional groups that would
enhance the adsorption of PFAS from water. Widely used in
surfactants, coatings, and fire-fighting foams, this class of
micropollutants has spread throughout the global water
supply.18,19 The strong carbon−fluorine bonds in PFAS
prevent their environmental degradation, causing them to be
termed “forever chemicals”.20,21 Because chronic PFAS
exposure is harmful to human health,22,23 the removal of
PFAS from water has become an urgent area of research.

Researchers have shown that adsorbents with cationic
groups24−27 or fluorocarbon chains8,28,29 interact strongly
with the respective components of PFAS adsorbates (Figure
1a). This strategy has borne fruit in the design of PFAS-
selective COFs. However, such a COF design typically relies
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on the synthesis of bespoke monomers. Rather than
painstakingly functionalize a series of monomers at the
beginning of a multistep synthetic route, we aimed to
functionalize the linkages between monomers in the last step
of our COF synthesis.

Linkage functionalization can simultaneously accomplish
two crucial tasks: First, reversible linkages can be transformed
into more stable bonds that are less prone to hydrolysis, and
second, the newly introduced functional groups can improve
the adsorption capacity. In this work, we converted the imine
linkages of a well-studied three-dimensional framework, COF-
300,30−34 into secondary, tertiary, or quaternary amines, and
we appended acetyl or trifluoroacetyl groups to these linkages
(Figure 1b). This synthetic approach led to improved PFAS
adsorbents, including a material with outstanding PFAS
adsorption capacity (denoted as COF-300-dimethyl; see
Figure 1b). Further, this approach provides a general synthetic
route to late-stage diversification in imine-linked frameworks,
opening a shortcut to a broad library of functionalized 3D
COFs.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. COF-300 was synthe-

sized in a solvothermal method30 by combining 1 equiv (eq )
tetrakis(4-aminophenyl)methane (TAPM) with 2 equiv
terephthaldehyde in 1,4-dioxane in the presence of aqueous
acetic acid (Scheme 1). Heating the mixture to 120 °C in a
sealed vessel for 3 days afforded crystalline COF-300, the
formation of which was verified by powder X-ray diffraction
(PXRD; Figure S9).

Using a previously reported method,9 COF-300 was reduced
by treatment with 38 equiv sodium borohydride at room
temperature for 24 h to yield the amine-linked structure
referred to herein as COF-300-amine (Scheme 1). Complete
reduction of COF-300 was verified by using 13C solid-state
NMR spectroscopy (ssNMR), as shown in Figure 2a (top).
Upon reduction, the signal at 155 ppm (corresponding to the
imine carbon) disappeared and was replaced by a new signal at
48 ppm, consistent with the formation of an amine linkage.
Infrared (IR) spectroscopy provided further confirmation of
complete reduction (Figure 2a, bottom): The signal
corresponding to the C�N stretch of the imine at 1613

cm−1 disappeared, and new signals at 1606 and 1249 cm−1

indicated amine formation.
After the successful reduction of COF-300, reactions were

carried out to functionalize the material. Because amines are
readily acylated, COF-300-amine was treated with 10 equiv of
acetyl chloride at room temperature for 24 h to produce COF-
300-acetyl (Scheme 1). Analysis via 13C ssNMR revealed new
signals at 167, 53, and 19 ppm, which correspond to the
carbonyl carbon, the benzylic carbon, and the methyl carbon,
respectively, of the newly formed amide (Figure 2b, top). In
addition, IR spectroscopy revealed a new signal at 1658 cm−1,
indicating a newly formed carbonyl (Figure 2b, bottom). Based
on the absence of the signal at 48 ppm in the ssNMR
spectrum, we conclude that the COF-300-amine undergoes
complete conversion to the amide product.

Having shown that the COF-300-amine can be readily
functionalized, we expanded the reaction scope to groups we
expected to enhance PFAS adsorption. To introduce fluorine−
fluorine interactions, COF-300-amine was treated with 10 eq.
trifluoroacetic anhydride at room temperature for 24 h to
produce COF-300-trifluoroacetyl (Scheme 1), and the isolated
material was analyzed using 13C ssNMR, as shown in Figure 2c
(top). The spectrum of the product contains a new signal at
154 ppm, consistent with the carbonyl carbon of the newly
formed amide. IR spectroscopy (Figure 2c, bottom) also
revealed the presence of a new carbonyl signal at 1701 cm−1,
further supporting the amide formation. However, unlike the
acetylation described above, the trifluoroacetylation did not
appear to go to completion. To better analyze the ssNMR
spectrum of COF-300-trifluoroacetyl, we compared it to the
solution-state 13C NMR spectrum of a molecular analogue (see
the SI for details). This analysis showed the ssNMR peak at 54
ppm to represent the benzylic carbon of trifluoroacetylated
sites and the peak at 49 ppm to represent the benzylic carbon
of unreacted amine sites. By comparing the integration values
for these two peaks, we determined that approximately 50% of
the amine linkages in COF-300-amine were converted to
trifluoroacetyl groups; thus, the material termed COF-300-
trifluoroacetyl contains approximately 50% trifluoroacetyl
linkages and 50% amine linkages. This incomplete conversion
may result from the lower electrophilicity of anhydrides
compared to acid chlorides as well as from the steric bulk of
the anhydride. Regardless, water contact angle experiments

Figure 1. (a) Types of interactions that enhance perfluoroalkyl substance (PFAS) adsorption in porous materials. (b) Modification of covalent
organic framework linkages presented in this work. Figure adapted from the COF-300 crystallographic data reported in ref 32.
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showed that the hydrophobicity of COF-300-trifluoroacetyl
was significantly increased compared to that of COF-300-
amine, which is a relevant property for PFAS adsorption. A
water contact angle of 123° was measured for COF-300-
trifluoroacetyl, indicating a hydrophobic material, whereas a
water contact angle of only 50° was measured for COF-300-
amine (Figures S46−S47).

Because it has been demonstrated that quaternary
ammonium groups serve as good binding sites for anionic
PFAS molecules,24−27 and because secondary amines can be
readily dialkylated, our next approach to enhance PFAS
adsorption was to react COF-300-amine with 50 eq. methyl
iodide in order to produce quaternary ammonium groups
throughout the framework (Scheme 1). After 1 day of reaction
at room temperature, the isolated material was analyzed via 13C
ssNMR, as shown in Figure 2d (top). The new, broad signal at
36 ppm is consistent with the methyl carbon of a

monomethylated material, termed COF-300-methyl, based
upon comparison to the solution-state 13C NMR of the
molecular analogue (Figure S4). Doubling the reaction time
from 1 day to 2 days led to minimal changes in the outcome.
However, extending the reaction time to 7 days substantially
increased the dimethylation of the material, yielding a material
termed COF-300-dimethyl. The new signal at 71 ppm in the
ssNMR spectrum of COF-300-dimethyl is attributed to the
benzylic carbon of the dimethylated material, based upon
comparison to the solution-state 13C NMR of the dimethylated
molecular analogue (Figure S4). The ssNMR spectrum for
COF-300-dimethyl indicates that only ∼40% dimethylation
was achieved after 7 days of reaction time, although we note
that peak integrations from ssNMR data can yield only
approximate values. This percent functionalization is estimated
based on the relative integrations of the signals at 36 and 71
ppm, corresponding to monomethylated and dimethylated

Scheme 1. Synthesis, Reduction, and Late-Stage Diversification of COF-300
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sites, respectively. Molecular analogue studies also showed the
dimethylation reaction to be slow compared to the acylation
reactions (see pages S9−S10 for experimental conditions).

The incomplete functionalization observed for COF-300-
trifluoroacetyl and COF-300-dimethyl represents a drawback
of the linkage transformation strategy described in this work.
The postsynthetic modification of porous materials is often
hindered by steric constraints of the pore environment and
slow diffusion of reagents to the particle interior. While this
disadvantage can sometimes be overcome with longer reaction
times or greater stoichiometric excesses, it often limits the
percent functionalization of a material and prevents precise
structural characterization. However, we propose that post-
synthetic linkage transformation can confer major synthetic
advantages, as a common intermediate can yield a library of
functionalized products in the final step of synthesis. Further,
even partial functionalization can lead to major improvements
in properties such as PFAS adsorption capacity, as discussed
below.

In addition to other probes, PXRD was used to determine
whether the underlying crystalline framework of COF-300 was
retained during the linkage modification reactions. The known
crystal structures of COF-300 (activated and hydrated) are
reported in space group I41/a (space group 88).32 Through
Pawley fitting, we found there to be a fundamental difference
between the as-synthesized structures of COF-300 and the
COF-300-amine (Figure S10). We hypothesize that the
conversion of rigid imine bonds to more freely rotating
amine bonds introduces new degrees of flexibility into COF-
300-amine, thus allowing structural distortion (COF-300 itself
has a flexible structure that is dependent on guests in the
pores34). To test this hypothesis, PXRD patterns were
collected for both COF-300 and COF-300-amine upon
solvation with acetonitrile (Figure 3). With acetonitrile as
the guest, COF-300 adopts an expanded structure and COF-
300-amine produces diffraction peaks that are also consistent
with this structure, albeit with a larger c-axis (see page S3 for
discussion). There is ambiguity to the exact

unit cell and space group of the acetonitrile-solvated COF-
300-amine structure, but the pattern can be conservatively fit
within the same space group as COF-300, I41/a. These results

suggest that the overall COF-300 framework is retained during
reduction to COF-300-amine and that the materials derived
from COF-300 have flexible structures. Furthermore, the
PXRD patterns of the as-synthesized samples of COF-300-
acetyl and COF-300-trifluoroacetyl (Figure 3) were revealed
by Pawley fitting to belong to space group I41/a (Figures S15−
S16), consistent with the framework structure of COF-300.32

In contrast, the PXRD patterns of COF-300-methyl and
COF-300-dimethyl contain no sharp peaks (Figure S11). To
determine whether the overall framework structure is
maintained in the methylated and dimethylated materials, we
imaged the particles by scanning electron microscopy (SEM).
As seen in Figure 4, COF-300 appears as oblong particles,
approximately 1 μm in length. Each of the postsynthetically
modified materials retains the same morphology and particle
size as COF-300, which indicates that the framework structure
of COF-300-methyl and COF-300-dimethyl is retained upon
methylation. Further, the continued presence of the benzylic

Figure 2. Top row: 13C solid-state NMR (ssNMR) spectra; bottom row: infrared (IR) spectra of postsynthetic modification reactions. (a)
Reduction of COF-300. (b) Acetylation of COF-300-amine. (c) Trifluoroacetylation of COF-300-amine. (d) Methylation of COF-300-amine.
Asterisks (*) denote spinning side bands in the ssNMR spectra.

Figure 3. Powder X-ray diffraction (PXRD) data for the COF-300
derivatives. Red: COF-300 solvated in acetonitrile (MeCN). Blue:
COF-300-amine solvated in acetonitrile (MeCN). Orange: COF-300-
acetyl as-synthesized (air). Purple: COF-300-trifluoroacetyl as-
synthesized (air).
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carbon in the ssNMR spectra of COF-300-methyl and COF-
300-dimethyl belies any linkage degradation during the
methylation reaction. We hypothesize that the lack of
diffraction peaks by PXRD is due to the increased structural

disorder presented by the introduction of flexible, aliphatic
amines.

The thermal stability of the materials was assessed by using
thermogravimetric analysis (TGA). COF-300, COF-300-
amine, COF-300-acetyl, and COF-300-trifluoroacetyl are
stable until 400 °C. COF-300-methyl and COF-300-dimethyl,
however, begin to decompose at 100 °C, with the
decomposition rate being more rapid with increasing
dimethylation (Figure S37). We hypothesize that a quaternary
ammonium group bound to a benzylic position makes for a
more labile C−N bond, thus reducing the material’s thermal
stability. While reduced thermal stability is a generally
undesirable result in materials design, the 100 °C decom-
position temperature for COF-300-methyl and COF-300-
dimethyl has little bearing on their ability to adsorb PFAS from
water sources (as it is most energy-efficient to perform this
process at room temperature). In future work, we aim to
improve the thermal stability of these materials by installing
alkyl, rather than aryl, dimethylammonium groups, which will
be less susceptible to nucleophilic attack at an adjacent carbon.

The permanent porosity of each of the materials was
examined by obtaining N2 isotherms at 77 K (Figures S21−
S26). For COF-300, the Brunauer−Emmett−Teller (BET)
surface area was determined to be 1359 m2/g, consistent with

Figure 4. Scanning electron microscopy (SEM) images of COF-300
derivatives.

Figure 5. (a) Equilibrium removal percentage of PFAS molecules of varying chain length by equal mass concentrations of the different COFs after
18 h of contact time. [PFAS]0 = 100 ppb, [COF] = 1 mg/1 g of PFAS solution. (b) PFOA adsorption isotherms for COF-300-methyl and COF-
300-dimethyl after 18 h of contact time. [COF] = 1 mg/1 g PFOA solution. Circles represent adsorption data, and solid lines represent dual-site
Langmuir fits. (c) PFOA adsorption by COF-300-dimethyl in ultrapure water, 100 ppm of NaCl, or 1 ppm of humic acid. [PFOA]0 = 100 ppb,
[COF] = 1 mg/1 g PFOA solution. (d) PFOA adsorption by COF-300-amine in pH 6 water and pH 2 water. pH 2 was achieved through the
addition of HCl. (e) PFOA adsorption by COF-300-trifluoroacetyl in pure water and a 9:1 water:ethanol mixture. [PFOA]0 = 100 ppb, [COF] = 1
mg/1 g PFAS solution. In all experiments, error bars are the standard deviation (1 sigma) of triplicate measurements.
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its literature value.30 However, each of the postsynthetically
modified materials exhibited significantly lower surface areas
(ranging from 2 to 13 m2/g). The reduction in surface area
from COF-300 to COF-300-amine is supported by literature
reports.35 We hypothesize that increased framework flexibility
resulting from imine reduction allows the COF-300 derivatives
to contract under a vacuum, reducing their apparent porosity
in BET measurements. However, PXRD experiments in which
dry COF-300-amine undergoes a structural expansion when
exposed to solvent (Figure S10), CO2 adsorption measure-
ments for COF-300-amine (Figure S45), and aqueous PFAS
adsorption experiments (described below) indicate that these
materials are significantly porous to solvent, CO2, water, and
dissolved PFAS molecules.
PFAS Adsorption Experiments. Each of the COF-300

derivatives was tested for its ability to adsorb sulfonate and
carboxylate PFAS molecules of different chain lengths. The
PFAS molecules selected were perfluorobutanoic acid (PFBA),
perfluorooctanoic acid (PFOA), and perfluorobutanesulfonic
acid (PFBS), as shown in Figure 5a. The PFAS adsorption
capacity for each COF was assessed by submerging a dry COF
sample in water containing 100 ppb of the different PFAS
molecules; after an 18 h equilibration, the amount of PFAS
remaining in solution was quantified by liquid chromatog-
raphy−mass spectrometry (LC-MS). The difference between
the starting PFAS concentration and equilibrium PFAS
concentration was used to calculate the percent PFAS
adsorbed by each COF (Figure 5a). The PFAS adsorption
performance of COF-300 was unimpressive, and the reduced,
acetylated, and trifluoroacetylated materials fared even worse.
However, COF-300-methyl and COF-300-dimethyl showed
dramatic increases in PFAS adsorption capacity, removing
nearly 100% of PFOA and PFBS and more than 80% of PFBA.

Although COF-300-methyl and COF-300-dimethyl per-
formed similarly well at PFAS concentrations in the parts per
billion range, we wanted to test whether the degree of
dimethylation affected the adsorption capacity at higher PFAS
concentrations. To this end, PFOA adsorption isotherms were
obtained for COF-300-methyl and COF-300-dimethyl, with
equilibrium PFOA concentrations spanning the ppm range
(Figure 5b). These experiments revealed that an increase in the
degree of dimethylation leads to a major increase in the
adsorption capacity: The PFOA adsorption capacity of COF-
300-methyl plateaus at approximately 30 mg/g, but the
capacity of COF-300-dimethyl adsorbs up to 259 mg/g at
the concentrations tested. Because the moderate PFAS
capacity of COF-300-methyl suggests the presence of some
dimethylammonium sites in this material, we analyzed pristine
samples of COF-300-methyl and COF-300-dimethyl through
C/H/N combustion analysis and energy-dispersive X-ray
(EDX) spectroscopy. The results of these analyses indicate
that approximately 23−25% of the amine linkages in COF-
300-methyl are dimethylated, while approximately 56−59% of
the amine linkages in COF-300-dimethyl are dimethylated (see
the Supporting Information for details). Thus, these
dimethylammonium sites within COF-300-methyl are likely
to be responsible for its modest PFAS adsorption shown in
Figure 5b.

The PFOA adsorption capacity of COF-300-dimethyl is
approximately 14,500 times greater than that of COF-300
(calculated from the capacity shown in Figure 5a), suggesting
that the electrostatic interactions between the quaternary
ammonium sites and the anionic PFAS molecules play a

significant role in the adsorption capacity. The high adsorption
capacity of COF-300-dimethyl underscores the value of late-
stage diversification in COF synthesis, as a simple linkage
alkylation transforms the low-capacity framework COF-300
into an outstanding PFAS adsorbent.

Given the high PFOA adsorption capacity of COF-300-
dimethyl, we performed multicomponent adsorption experi-
ments to evaluate the influence of competing adsorbates on the
PFAS capacity. Specifically, 100 ppb PFOA solutions were
prepared in either 100 ppm of sodium chloride or 1 ppm of
humic acid, and the ability of COF-300-dimethyl to adsorb
PFOA in the presence of these species was tested. As shown in
Figure 5c, COF-300-dimethyl was still able to adsorb nearly
100% of the PFOA in solution in the presence of a 100-fold
excess of humic acid or a 1000-fold excess of NaCl.
Mechanism of Adsorption. The PFAS adsorption results

described above indicate that the electrostatic interactions
introduced by cationic ammonium sites have a major effect on
the PFAS adsorption capacity. With this in mind, we were
interested in whether the pH could affect the adsorption
capacity of COF-300-amine. At a low pH, the secondary
amines would be protonated, producing quaternary ammo-
nium sites. We selected a pH of 2 as sufficiently low to
protonate the secondary amines of COF-300-amine but not so
low as to protonate the anionic PFAS molecules.36,37

Adsorption of PFOA by COF-300-amine was carried out at
pH 2, as shown in Figure 5d. In comparison to PFOA
adsorption at pH 6, the acidic adsorption experiments showed
a significant enhancement in adsorption capacity, allowing the
protonated COF-300-amine to adsorb 100% of the available
PFOA. These results highlight the importance of electrostatic
interactions in the high PFAS capacity of COF-300-dimethyl.
On the other hand, COF-300-trifluoroacetyl displayed a
surprisingly low PFAS adsorption capacity, despite being
functionalized with a PFAS-targeting fluorocarbon group. We
considered that the increased hydrophobicity of the fluorinated
COF may have led to poor dispersion of the COF in water,
thus inhibiting its ability to adsorb dissolved PFAS molecules.
To test this, the PFOA adsorption experiments were repeated
in a solution of 10% ethanol in water, to better disperse COF-
300-trifluoroacetyl (Figure S32). As shown in Figure 5e, the
addition of ethanol led to a minor enhancement in PFOA
adsorption, but the overall capacity remained low. We
hypothesize that hydrophobic interactions alone are not
sufficient for a high PFAS capacity and that electrostatic
interactions are a more important factor.

To test whether the COF-300-dimethyl could serve as a
recyclable adsorbent, we attempted to desorb PFOA from the
material after adsorption. Although we screened many
regeneration conditions to desorb PFOA from COF-300-
dimethyl, none were successful (page S6). In order to
understand this inability to regenerate COF-300-dimethyl,
we measured the thermodynamic parameters of PFOA binding
using isothermal titration calorimetry (ITC; Figures 6 &
S49).38 The PFOA binding process was found to be
endothermic, as indicated by a positive ΔH value of 2.14 ±
0.09 kcal/mol. This result is consistent with previous reports of
endothermic PFAS binding in cationic polymers.39 The
positive and relatively large ΔS term (TΔS = 9.61 ± 0.10
kcal/mol) leads to a negative ΔG value of −7.47 ± 0.05 kcal/
mol, indicating that PFOA binding is thermodynamically
favored. We hypothesize that the high entropic contribution
may be due to the displacement of multiple adsorbed water
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molecules per adsorbed PFOA molecule, which increases the
overall disorder of the system. The ITC measurements yielded
a PFOA binding constant of (2.98 ± 0.58) × 105 M−1 for
COF-300-dimethyl, a relatively high value compared to PFAS
binding in other COFs.8 The results of the ITC experiments,
especially the large PFOA binding constant, suggest that
strong, thermodynamically favored PFOA binding prevents
facile regeneration of COF-300-dimethyl. To improve the
recyclability of PFAS adsorbents, such as COF-300-dimethyl,
future work will focus on balancing the thermodynamic trade-
offs between strong PFAS binding and easy PFAS desorption.
Pore engineering strategies that increase the hydrophilicity of
the pore environment could offset the entropic gain from the
release of adsorbed water molecules, resulting in less
thermodynamically favored PFAS adsorption and easier
subsequent PFAS desorption.

■ CONCLUSIONS
Although the three-dimensional framework COF-300 was first
reported in 2009, until now chemists had not succeeded in
functionalizing COF-300 beyond the addition of −OH or −Br
groups.40−43 Herein, we have shown that linkage trans-
formation is a versatile way to functionalize COF-300 with
alkyl, acetyl, or trifluoroacetyl groups. The resulting library of
COF-300 derivatives led to the discovery of an outstanding
PFAS adsorbent, COF-300-dimethyl, with a saturation capacity
for perfluorooctanoic acid exceeding 250 mg/g. Further, by
readily generating and testing a range of functionalized
materials, the linker-functionalization approach allowed us to
quickly establish design principles for future PFAS adsorbents.
The significance of this approach extends beyond COF-300 to
a broader class of imine-linked COFs: Linkage functionaliza-
tion eliminates the need to install functional groups onto COF
building blocks and thus offers a shortened route to
functionalized three-dimensional frameworks.
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