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Advancements in covalent organic frameworks (COFs) in the field of adsorption and extraction are always
limited by their non-uniform and irregularly aggregated morphology. Herein, we pioneer the preparation of
monodisperse COFs with a regular shape and further explore their adsorption and extraction capabilities. As
a proof of concept, a new monodisperse fluorinated 3D COF, named M-TAM-TFTA, featuring a nonpolar
structure and uniform size and shape, is selected as the model COF for the adsorption and extraction of
perfluorocarboxylic acids (PFCAs). M-TAM-TFTA, consisting of tetra(4-anilyllmethane (TAM) and 2,3,5,6-
tetrafluoroterephthalaldehyde (TFTA), exhibits higher adsorption capacity (554.9 mg g~!) and faster
adsorption kinetics (5 min) compared to the same composition aggregated 3D COF A-TAM-TFTA as well
as diverse reported materials. This remarkable adsorption performance of M-TAM-TFTA for PFCAs is
proved to be dominantly caused by its lower mass transfer resistance structure and multiple specific
interactions including F-F, hydrophobic, electrostatic and H-bonding interactions. M-TAM-TFTA is
further applied to develop a probe nanoelectrospray ionization mass spectrometry (PESI-MS) method for
direct and precise determination of PFCAs with a wide linear range (0.5-5000 ng L™%) and low limits of

Received 18th February 2025
Accepted 31st March 2025

DOI: 10.1039/d5ta01329a detection (0.08-0.46 ng L™1). This study provides robust support for the great potential of monodisperse

Published on 01 April 2025. Downloaded by Jiangnan University on 4/17/2025 2:12:29 AM.

rsc.li/materials-a

1 Introduction

Covalent organic frameworks (COFs) are crystalline and cova-
lent bond-linked organic polymers with extended two-
dimensional (2D) or three-dimensional (3D) structures,
offering high surface areas and great stability."® COFs are well
known for their predictable periodic porous structures, which
arise from the strong modifiability of monomers, making them
highly promising for a wide range of adsorption applications.**
For instance, the topology, pore size, and functionality of COFs
can be customized through the design and modification of
monomers according to specific target structures and
properties.®™* Furthermore, COFs can be composited with
many other materials, including magnetic nanoparticles,
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COFs as adsorbents for the treatment of contaminants in complex samples.

spherical silica, and solid nanopores, enabling multifunctional
integration for highly selective and efficient adsorption."*™"

Although COFs have already made significant advancements
in the field of adsorption and extraction, they often exhibit
aggregated states with an irregular morphology due to the rapid
condensation rate under high-temperature and high-pressure
conditions.”®*® Non-uniformly aggregated COFs (A-COFs)
would significantly hinder their adsorption and extraction
performance. Monodisperse materials, referring to materials
that are uniform in size, shape, and mass, have been proven to
enhance the selectivity and conversion rates of reactions in
catalysis, increase permeation flux in separation, and facilitate
precise drug release and targeted delivery in the pharmaceutical
field.?>* Monodisperse COFs (M-COFs) are theoretically more
favorable and advanced in adsorption and extraction than A-
COFs, but the practical potential of M-COFs as adsorbents has
not yet been explored.

Lately, diverse strategies have been developed to regulate the
polymerization and crystallization process during the formation
of COFs, mainly falling into three categories: (I) employment of
reaction inhibitors to reduce the polymerization rate. For
instance, aniline always serves as an efficient nucleation
inhibitor for the Schiff-base reaction in the preparation of imine
single-crystal COFs.>*** (II) Introducing specific small molecules
or polymers as templating agents to guide the growth of COFs in
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a predetermined manner. The negatively charged polymer pol-
y(sodium 4-styrenesulfonate) can guide the assembly, poly-
merization, and crystallization of protonated monomers,
resulting in the formation of oriented large single-crystal 2D
COFs.” (III) Application of dynamic barriers to separate
monomers regulating the crystallization rate. For example,
palmitoyl glycine (Cy6-GlyA) was employed to create hydro-
phobic cavities in water to limit the condensation rate of COF
monomers.”® Although these methods were originally devel-
oped for the synthesis of single-crystalline COFs, they also make
the preparation of M-COFs possible, further enabling the
investigation of the adsorption potential of M-COFs.

Herein, we pioneeringly designed to synthesize mono-
disperse COFs and further explored their adsorption capabil-
ities. Perfluorocarboxylic acids (PFCAs), as emerging pollutants,
have raised significant concern due to their persistence, bio-
accumulation, and toxicity. As a proof of concept, a mono-
disperse fluorinated COF (M-TAM-TFTA) with a non-polar 3D
structure, consisting of 2,3,5,6-tetrafluoroterephthalaldehyde
(TFTA) and tetra(4-anilyl)methane (TAM), was selected as the
model COF, and its adsorption efficiency for PFCAs was
assessed in-depth. Additionally, the proposed M-COF was
further applied in probe nanoelectrospray ionization mass
spectrometry (PESI-MS) to explore its practical adsorption
potential in real samples.

2 Experimental
2.1 Materials and chemicals

All chemicals are commercially available and used directly. TAM
and TFTA were bought from CHEMSOON Co., Ltd (Shanghai,
China). C;6-GlyA, p-toluenesulfonic acid monohydrate (PTSA),
acetonitrile (CH3CN), acetic acid (HAc), sodium hydroxide
(NaOH), HCI, tetrahydrofuran (THF), and PFCAs were
purchased from Aladdin Chemistry Co., Ltd (Shanghai, China).
Perfluoro-n-(1,2,3,4-*C,) octanoic acid (**C,-PFOA) was ach-
ieved from Wellington Laboratories Inc (Ontario, Canada).
Methanol was bought from Fisher Chemical (Shanghai, China).
Ultrapure water was obtained from Wahaha Foods Co., Ltd
(Shanghai, China). The stainless needle (diameter: 0.25 mm
and length: 40 mm) was purchased from Huaer Medical
Instrument Co., Ltd (Hebei, China). Water samples were
collected from Lihu and Taihu Lakes with no preliminary
treatment before use.

2.2 Preparation of the monodisperse 3D COF

Typically, amino acid derivatives C;4-GlyA (0.2 mmol) and
0.2 mol per L NaOH (1 mL) were mixed with 15 mL water at 50 °©
C and sonicated for 20 min to obtain a uniform emulsion.
Subsequently, a 0.2 mol per L PTSA (4.0 mL) solution containing
TAM (0.05 mmol) was added to the emulsion under sonication
for an additional 10 min. Next, TFTA (0.1 mmol) was added and
the mixture was continuously sonicated for another 10 min. The
final mixture was sealed and left undisturbed at 50 °C for 4 days.
The obtained product was collected by centrifugation, washed
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three times with water and THF, and then immersed in THF for
24 h, followed by drying for 12 h at 60 °C to afford M-TAM-TFTA.

2.3 Preparation of the aggregated 3D COF

Typically, TAM (0.05 mmol) and TFTA (0.1 mmol) were mixed
with 5 mL CH;CN under ultrasonic conditions for 5 min. After
the addition of 2 mL HAc (6 mol L™"), the mixture was further
sonicated for 15 min and left undisturbed at 50 °C for 24 h. The
resulting product was collected via centrifugation, washed three
times with water and THF, and then immersed in THF for 24 h,
followed by drying for 12 h at 60 °C to yield aggregated A-TAM-
TFTA.

2.4 Procedure of M-TAM-TFTA based PESI-MS

The M-TAM-TFTA based probe was first cleaned with water and
methanol and then immersed in 1.5 mL prepared samples or
standard solution while stirring for 2 min and finally rinsed
with ultrapure water for 10 s. Subsequently, the probe was fixed
on a homemade device detailed in our prior study* and then
methanol at a flow rate of 20 L. min~ ' was pumped to elute the
probe. Next, a voltage of —3.2 kV was applied to the M-TAM-
TFTA based probe to produce a charged spray of the adsorbed
PFCAs for direct MS analysis. The probe was rinsed with
methanol and water to enable its reuse.

3 Results and discussion

3.1 Preparation and characterization of the monodisperse
3D COF

The tetrahedral configuration of TAM enables the formation of
a nonpolar 3D structure, while linear TFTA can introduce
abundant fluorine groups for F-F interactions. This combina-
tion of a nonpolar 3D architecture functionalized with specific
interactions is expected to achieve selective enhanced adsorp-
tion of PFCAs.*® Therefore, TAM and TFTA were selected as
monomers to construct the proof-of-concept monodisperse
COF, referring to the preparation strategy for single-crystalline
3D COFs.”® C46-GlyA was applied to self-assemble supramolec-
ular micelles under alkaline conditions, which can prevent
TFTA from polymerizing with the TAM protonated by PTSA,
thereby controlling the crystallization rate to obtain the
monodisperse nonpolar fluorinated 3D COF, named M-TAM-
TFTA (Fig. 1). In contrast, the same composite 3D COF but in
the aggregated state (A-TAM-TFTA) was also prepared in CH;CN
with HAc as the catalyst.

M-TAM-TFTA showed several prominent diffraction peaks at
8.6°, 12.2°, 17.2°, 18.5°, 20.4°, and 23.9°, indicating its long-
range ordered crystalline structure (Fig. 2a). These peaks
appeared at positions similar to those of the simulated powder
X-ray diffraction (PXRD) pattern generated using the dia-C7
structure (Fig. 2b-d). Further refinement using experimental
PXRD data produced more specific simulated unit cell param-
eters for M-TAM-TFTA: space group I41/A, a = b = 20.5537 A, c =
8.8063 A, and « = 8 = y = 90° (Fig. 2e and Table S1t). In
contrast, A-TAM-TFTA showed poor crystallinity due to its low
resolution of PXRD patterns (Fig. S1+).

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic illustration for the preparation of M-TAM-TFTA and A-TAM-TFTA.

Fourier transform infrared (FTIR) spectra of both M-TAM-
TFTA and A-TAM-TFTA showed an imine peak at 1620 cm™ ",
indicating the successful condensation of COF monomers
(Fig. 2f). The evident FTIR peaks at 1299 and 1300 cm *,
assigned to the C-F group, as well as the presence of the F 1s
peak in the wide X-ray photoelectron spectroscopy (XPS) scan
spectra can fully reveal the rich fluorine groups in both M-TAM-
TFTA and A-TAM-TFTA (Fig. S2t). More importantly, the highly
similar FTIR spectra confirmed the identical composition of M-

spectroscopy (EDS) elemental mapping images showed the
uniform distribution of F element in M-TAM-TFTA (Fig. S31).
Scanning electron microscope (SEM) and transmission
electron microscope (TEM) images directly showed the mono-
dispersity of rod-like M-TAM-TFTA (Fig. 2g and S4t) with a size
of 10.73 & 1.87 pm. In contrast, A-TAM-TFTA showed irregular
morphology and uniform size (Fig. S5 and S6t). Moreover, the
Brunauer-Emmett-Teller (BET) surface area of M-TAM-TFTA
(260 m*> g~ ') was slightly larger than that of A-TAM-TFTA (180

m? g~ ") (Fig. S77).
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(a) Experimental and simulated PXRD patterns of M-TAM-TFTA. Structural representation of (b) the crystal unit and (c) the 3D porous

framework of M-TAM-TFTA in a space-filling model (gray C, white H, blue N, and pink F). (d) 7-fold interpenetrated diamond network (dia-C7) of
M-TAM-TFTA. (e) Refinement result of M-TAM-TFTA. (f) FTIR spectra of TAM, TFTA, M-TAM-TFTA and A-TAM-TFTA. (g) SEM image of M-TAM-

TFTA.
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3.2 Adsorption performance

Perfluorooctanoic acid (PFOA), one of the explicitly prohibited
PFCAs, was selected as the model analyte to evaluate the
adsorption performance of the prepared monodisperse 3D
COFs for PFCAs. The highest equilibrium adsorption capacity
(ge) of both M-TAM-TFTA and A-TAM-TFTA for PFOA was ob-
tained at pH 5, indicating that pH 5 is the optimal condition for
adsorption (Fig. S8t). The adsorption kinetics of M-TAM-TFTA
and A-TAM-TFTA were better fitted with the pseudo-second-
order model than the pseudo-first-order model (Fig. S9, S10
and Table S2t), demonstrating the involvement of electron
sharing or transfer during adsorption.** The equilibrium time
for PFOA adsorption on M-TAM-TFTA (5 min) was significantly
faster than that on A-TAM-TFTA (15 min) (Fig. 3a and S117).
The adsorption isotherms for PFOA on both M-TAM-TFTA
and A-TAM-TFTA can be better described by the Langmuir
model than the Freundlich model, indicating monolayer
adsorption (Fig. 3b and Table S37).*> The calculated maximum
adsorption capacity () of M-TAM-TFTA for PFOA (554.9 mg g )
was also evidently larger than that of A-TAM-TFTA (350.8 mg g ).

According to the rate coefficient and ¢, fitted using the
pseudo-second-order model, the calculated mass transfer
resistance (R,,) for the adsorption of PFOA on M-TAM-TFTA can
be as low as 0.0016 min mg ", due to its uniform mass and
more open active sites. In contrast, the R, of PFOA on A-TAM-
TFTA was significantly one order of magnitude higher
(0.0107 min mg™ "), indicating the dominant role of R,
contributing to the excellent adsorption performance of
monodisperse COFs (Table S2). Notably, the proposed M-TAM-
TFTA exhibited better adsorption kinetics and capacity for
PFOA than not only A-TAM-TFTA, but also diverse previously
reported materials, making M-TAM-TFTA promising for the
extraction or removal of PFCAs (Table S47).
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3.3 Adsorption mechanism

The contact angle of M-TAM-TFTA (105.3°) verified their
hydrophobic structures, which can enable hydrophobic inter-
action with PFOA (Fig. S127}). Compared to the XPS spectra of M-
TAM-TFTA, a new peak at 689.2 eV, assigned to the F--'F,
appeared after the adsorption of PFOA (Fig. 3¢c), confirming the
presence of F-F interactions between M-TAM-TFTA and PFOA.
Furthermore, density functional theory (DFT) calculations were
performed using a typical fragment of M-TAM-TFTA (X-TFTA) as
a theoretical model to study the underlying adsorption mech-
anisms. The van der Waals surfaces of X-TFTA and PFOA,
mapped with electrostatic potentials (ESPs), illustrate the
positive potential near the benzene ring of X-TFTA and negative
potential near the carbonyl group of PFOA, indicating the
feasibility of electrostatic interactions between TAM-TFTA and
PFOA (Fig. 3d). The spatial position values of sign (4,)p in the
reduced density gradient function (RDG) color-filled isosurface
map located in the range of —0.05 to —0.01 indicate attractive
interactions between X-TFTA and PFOA rather than repulsive
effects (Fig. 3e). Furthermore, the independent gradient model
based on Hirshfeld partition (IGMH) images of X-TFTA and
PFOA reveals that the prominent attractive effects tended to be
more inclined towards van der Waals force and weak interac-
tion, referring to F-F interaction and H-bonding interaction

(Fig. 3f).

3.4 Development of monodisperse 3D COF based PESI-MS

The excellent adsorption performance of M-TAM-TFTA high-
lights the practical potential of monodisperse COFs for the
determination of PFCAs including perfluorohexanoic acid
(PFHxA), perfluoroheptanoic acid (PFHpA), perfluorooctanoic
acid (PFOA), perfluorononanoic acid (PFNA), perfluorodecanoic
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Fig.3 (a) Effect of time on the adsorption of PFOA on M-TAM-TFTA and A-TAM-TFTA. (b) Adsorption isotherms of PFOA (100-2000 mg L™) on
M-TAM-TFTA and A-TAM-TFTA. (c) F 1s XPS spectra of M-TAM-TFTA before and after adsorption of PFOA. (d) van der Waals surfaces of X-TFTA
and PFOA. (e) RDG color-filled isosurface map for the interactions between X-TAM and PFOA. (f) IGMH image of X-TFTA and PFOA in their

optimal configuration.
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acid (PFDA), and perfluoroundecanoic acid (PFUnDA) in real
samples. Therefore, M-TAM-TFTA was further coated onto
a stainless needle using a neutral silicone sealant to serve as
a probe to enrich the PFCAs. The probe was then eluted with
methanol and subsequently functioned as an ESI emitter after
the application of high voltage to generate a charged spray of
enriched PFCAs for direct MS analysis (Fig. 4a). SEM and EDS
elemental mapping showed the uniform distribution of M-TAM-
TFTA on the stainless needle surface (Fig. 4b, S13 and S14t),
and the cross-sectional SEM image revealed that the thickness
of the M-TAM-TFTA layer was approximately 25 pm (Fig. 4c).

Subsequently, the M-TAM-TFTA based probe was employed
to couple with PESI-MS for the sensitive and rapid detection of
six PFCAs including PFHxA, PFHpA, PFOA, PFNA, PFDA and
PFUnNDA. The optimized qualitative and quantitative ion pairs
of the six PFCAs and "*C,-PFOA (serving as an IS) in a multiple
reaction monitoring (MRM) model are listed in Table S5.f
Through monitoring the ratio of the quantitative ion intensity
of PFCAs to the IS (In/Iig), the extraction was found to be
complete in 2 min, because of no significant change in I/Is
after 2 min (Fig. 4d). No evident ions can be detected after
elution with methanol at a flow rate of 20 uL min~" for 1.5 min,
demonstrating the complete elution of PFCAs from the M-TAM-
TFTA based probe within 1.5 min (Fig. S15%).

The analysis of PFCA aqueous solution (0.1-10000 ng L")
spiked with 100 ng L™ "*C,-PFOA showed that I,/I;s exhibited
a linear increase with the concentration of PFCAs in the range of
0.5-5000 ng L' (R*> = 0.999). The calculated limits of detection
(LODs, S/N = 3) and limits of quantification (LOQs, S/N = 10) of
the developed M-TAM-TFTA based PESI-MS for the six PFCAs
were 0.08-0.46 ng L™ " and 0.27-1.54 ng L™, respectively, which
is much lower than the EPA limit for PFCAs in national drinking

4 Regulus 3.0V 9.3mm x350 LM(L)
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water (5 ng L™").*® The relative standard deviation (RSD) of /I
in six tests using the same probe ranged from 2.5% to 6.2%,
while the RSD of I,/Iis using three different probes varied
between 4.8% and 9.3%, indicating the reliable repeatability
and reproducibility of the developed probe (Fig. S16 and Table
S67). After 50 cycles of extraction, no significant decline in I/I;s
for 1000 ng per L PFCAs was observed, nor was any significant
change detected in the FTIR spectra of M-TAM-TFTA (Fig. S17
and S18%), indicating the good reusability of the M-TAM-TFTA
based probe. The superiority in sensitivity and time efficiency
makes the proposed M-TAM-TFTA based PESI-MS method
desirable as an alternative method in the practical determina-
tion of PFCAs (Table S77).

3.5 Analysis of real samples

The matrix factor (MF) of three real water samples ranged from
90.0% to 100.1%, demonstrating that M-TAM-TFTA can effec-
tively eliminate matrix interference and the calibration curve
established using pure water remains valid for actual water
samples (Fig. S191). Trace PFCAs can be detected in almost all
three water samples. The concentrations of PFCAs in water
samples I, II, and III were detected as follows: PFHxA at
27.3 ng L', 10.0 ng L', and 9.4 ng L™ '; PFOA at 8.0 ng L™,
6.2ng L', and 2.5 ng L™"; PFNA at 9.7 ng L™, 15.5 ng L™, and
10.0 ng L% and PFDA at 28.4 ng L', 11.8 ng L™, and
5.3 ng L™, respectively. PFHpA and PFUnDA can only be found
in water sample I (20.0 ng L™ ') and water sample III (8.8 ng L),
respectively. Furthermore, the three water samples were spiked
with 100 ng per L PFCAs, and the obtained recoveries of M-TAM-
TFTA based PESI-MS for these spiked samples varied from
89.5% to 104.7%, indicating the great accuracy of the

EIuent\\\J

L]

PFUnDA

100 150
Time (s)

Fig.4 (a) Schematic of M-TAM-TFTA based PESI-MS. (b) Photograph and SEM images of the M-TAM-TFTA based probe. (c) Cross-sectional SEM
image of the M-TAM-TFTA based probe. (d) Effect of time on /5/ls of PFCAs.
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established method for the detection of PFCAs in environ-
mental water samples (Table S87).

4 Conclusions

In conclusion, we have first explored the adsorption potential of
monodisperse COFs in this work. To this end, a monodisperse
fluorinated 3D COF (M-TAM-TFTA) and aggregated A-TAM-
TFTA were designed and synthesized to explore the adsorp-
tion of PFCAs. M-TAM-TFTA exhibited higher adsorption
capacity and efficiency for PFCAs than A-TAM-TFTA as well as
many reported adsorbents, which was proved to be dominantly
caused by the lower mass transfer resistance of M-TAM-TFTA
and multiple specific interactions for PFCAs including F-F,
hydrophobic, electrostatic and H-bonding interactions.
Furthermore, M-TAM-TFTA based ambient PESI-MS was estab-
lished for the determination of six PFCAs in environmental
water samples with a lower detection limit and wider linear
range than many reported methods and the EPA limit. This
work provides robust support for the great potential of M-COFs
as adsorbents for the determination of contaminants in
complex samples.
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