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ABSTRACT: Ionic covalent organic frameworks (iCOFs) have attractive properties that
make them suitable for use as ion transport materials, as energy storage media, and for metal
sorption. However, the synthetic pathways to prepare iCOFs are limited. Herein, we prepare
an iCOF via a single-step reaction. The synthesized materials were isolated as polycrystalline
nanowires. The theoretical and experimental data reveal that the synthesized iCOFs are
predominately assembled into staggered configurations. The materials exhibit an uptake
capacity of 3.5 g-g”' for iodine. The ab initio calculations point to the role of bromide
counterions, forming I,Br™ as stable ions within the framework.

C ovalent organic frameworks (COFs) have gained
significant attention due to the versatility of their designs,
offering opportunities to synthesize task-specific materials."”
To that end, many COFs have been designed and synthesized
for a variety of applications such as solid-state ion conductors
and heavy-metal ion removal’™> COFs carrying charged
groups in their unit cells are referred to as ionic COFs (iCOFs)
and have been the subject of recent interest as potential solid-
state electrolyte materials in batteries.” The inclusion of ionic
groups in COFs facilitates their use as ion conductors’ and
allows for controlling the affinity of the structure for
performing selective sorption of ions.” Based on the sign of
the charged groups on the skeletons of iCOFs, they can be
classified into anionic (aCOFs) and cationic (cCOFs). The
one-step synthesis of an aCOF was first achieved by the
condensation of trimethyl borates and polyols.” Later, silicate-,
imidazolate-, and sulfonate-containing aCOFs were synthe-
sized either by using ionic monomer or through the
postmodification of COFs.'” Similarly, the synthesis of the
first cCOF was reported by Ma et al.'' where an ionic
monomer was used. Following this report, a variety of cCOFs
such as ethidium, guanidinium, imidazolium, and ammonium
containing a cCOF were synthesized."”

Here, we report the synthesis of porphyrin-based cCOFs
(MPOR-cCOFs, M = H, or Cu) via a single-step reaction,
following the Menshutkin reaction.'” Briefly, MPOR-cCOFs
are synthesized by dissolving $5,10,15,20-tetra(4-pyridyl)
porphyrin (TPP) or $,10,15,20-tetra(4-pyridyl) porphyrinato
copper(Il) (CuTPP) along with 1,4-bis-bromomethyl-benzene
(BBMB) in chloroform. The mixture is heated to reflux for 1 to
4 days under a nitrogen blanket. Then, the reaction mass is
cooled to room temperature, and the precipitate is isolated by
filtration, washed with chloroform, and purified with Soxhlet
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extraction under chloroform reflux. The dried materials are
identified as MPOR-cCOF (Figure 1A). The resulting
materials are positively charged in water, contain Br~
counterions, and are thermally and chemically stable. The
detailed procedure for the material synthesis and character-
ization are given in Supporting Information, Sections S1 and
S2, respectively.

Figure 1 shows the electron microscopy images of MPOR-
cCOFs. We note that there are structural variations for cCOF
as a function of reaction time; Figure S2 in the Supporting
Information presents these structural variations. Figure 1B
shows the SEM images of MPOR-cCOFs, extracted from
batches with a run time of 4 days. Here the MPOR-cCOF
nanofibers are the major products of the reactions. As shown in
Figure 1B (i) and (iii), the average diameters of the fibers of
cCOF prepared with TPP and CuTPP, referred to as POR-
c¢COF and CuPOR-cCOF, were found to be between 40 and
50 nm. The high-resolution transmission electron microscopy
(HRTEM) images of these nanofibers are shown in Figures 1B
ii, iv, and v. The lattice fringes are separated by 0.46 and 0.3
nm for POR-cCOF and CuPOR-cCOF nanofibers, respec-
tively. Previous reports on the synthesis of cCOFs postulated a
mechanism explaining the formation of cCOF nanofibers.'*"®
Here, we expect that a similar phenomenon governs the
formation of these fibers. As shown in Figure 1C, the proposed
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Figure 1. (A) Synthetic scheme of POR-cCOF and CuPOR-cCOF via the Menshutkin reaction. The polymerization proceeds via Sy2 reaction in
refluxing chloroform to yield cCOFs. (B) Scanning and transmission electron microscopy images of synthesized cCOFs; i and ii are POR-cCOF
and (iii—v) represent CuPOR-cCOF. (C) Schematic representation of the mechanism for the formation of cCOF nanofibers. Scale bars in i and iii
are 1 ym, and those in ii and the inset image are 200 and S nm, respectively; scale bars in iv and v are 20 and S nm, respectively.
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Figure 2. (A) ATR-FTIR of BBMB, TPP, CuTPP, POR-cCOF, and CuPOR-cCOF. (B) Solid-state '*C CP-MAS NMR (the peaks marked with *
are spinning sidebands) of POR-cCOF. (C) XPS N 1s high-resolution spectrum of POR-cCOF and CuPOR-cCOF. (D) Experimentally observed
and DFT-derived PXRD pattern of POR-cCOF. The inset stick models show AA and AB stacking POR-cCOF. The color code is C (brown), N
(gray), H (pink), and Br (orange).
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mechanism suggests that the crystallites of cCOFs initially
agglomerate to form sheet-like aggregates that are stabilized by
intermolecular forces and 7—7 interactions.'® As the reaction
proceeds, the attractive forces between the cations and 7«
electrons'” induce scrolling of the sheets, forming nanofibers as
thermodynamically stable structures.'®

Fourier transform infrared spectroscopy, in attenuated total
reflection mode (ATR-FTIR), was used to study the chemical
structure of these cCOFs. As shown in Figure 2A, the peaks at
~1260 cm™' and ~670 cm™!, associated with the —CH,
wagging in —CH,Br groups and the C—Br stretching,' are
not observed in cCOFs. The absence of these vibrational bands
suggests the effective reaction between BBMB and TPP, or
between BBMB and CuTPP. The existence of a porphyrin
moiety in cCOFs was confirmed by the presence of a
vibrational peak at ~968 cm™.** The peak at ~1591 cm™ is
ascribed to the C=N vibration of pyridine moieties. This band
was red-shifted to ~1631 cm™" in cCOFs, suggesting the
existence of a quaternary ammonium group (R;—N*—). The
peak at ~1451 cm™' in cCOFs confirms the presence of the
benzylic methylene group attached to the pyridyl quaternary
ammonium group.”’ These assignments were cross-examined
using data from the solid-state *C cross-polarized magic-angle
spinning nuclear magnetic resonance (*C CP-MAS NMR)
spectrum of POR-cCOF, shown in Figure 2B. The peak
located at 67.3 ppm (a) confirms the presence of benzylic
methylene carbon attached to the pyridyl quaternary
ammonium group.”’ The peak associated with the carbons of
the porphyrin ring connected to the pyridyl ring is observed at
120.2 ppm (b). The pyrrolic carbons in the porphyrin ring
were found at 126.6 and 136 ppm (c and e). The carbons in
benzene rings and the carbons adjoining to the pyridyl N were
found at 133.1 and 149.7 ppm, (d) and (f), respectively. The
resonance peak at 159.7 ppm (g) was attributed to pyridyl
carbons connected to the porphyrin ring.*!

The degree of quaternarization was further studied by X-ray
photoelectron spectroscopy (XPS)."” The XPS survey and
high-resolution N 1s spectra of POR-cCOF synthesized with a
reaction time of 24 h, 48 h, and 11 days are shown in Figure
S3. Figure 2C shows the N 1s peak of POR-cCOF and
CuPOR-cCOF, extracted from a batch with a run time of 4
days. In the case of POR-cCOF, the N Is signal is
deconvoluted into four peaks, centered at 398.4, 399.9,
401 7, and 403.1 eV, and assigned to the pyridinic N, pyrrolic

N, quaternary ammonium group (R;—N*—),**** and N-oxide,
respectlvely In the case of CuPOR-cCOF, shown in Figure
2C, the pyrrolic peak, due to the existence of Cu, was down-
shifted by ~1 eV, and the pyridinic N, pyrrolic N, and R;—
N*— peaks were observed at 398.2, 398.7, and 401.5 eV,
respectively. We estimated the degree of quaternarization by
deconvoluting the N 1s signals. The values are tabulated in
Table S1 in the Supporting Information. Here, we observe an
increase in quaternarization as a function of reaction time; the
degree of quaternarization for POR-COF reaches values as
high as 67%. In the case of CuPOR-cCOF, this value is slightly
higher, reaching 78% quaternarization. We attribute this
increase to the higher solubility of CuTPP. Additionally,
looking at the Cu 2p XPS high-resolution spectrum, shown in
Figure S5, the oxidation state of copper can be assigned as
Cu?', showing that the CuPOR-cCOF porphyrin moiety
remains stable.

The crystal structure of POR-cCOF was analyzed with
powder X-ray diffraction (PXRD). As shown in Figure 2D, the

diffractogram exhibits sharp peaks, indicating the high
crystallinity of cCOFs. The corresponding 26 values for
these peaks are tabulated in the Supporting Information
Section S2. To determine the cCOF crystal structures, two
possible stacking configurations, staggered (AB) and eclipsed
(AA) models, were proposed for two-layer cCOF repeat units.
Density functional theory (DFT) calculations were performed
for both models, including variable-cell relaxation, in which
both the atomic coordinates and the lattice vectors are
optimized. The relaxed structures are shown in the inset of
Figure 2D. The lattice parameters of the AB stacking model are
a=167692 A, b= 153640 A, c = 13.8908 A, a = 56.7906°, 3
=94.2230° and y = 93.8105°. The details of the construction
of the AB and AA stacking cCOFs are presented in the
Supporting Information, Section SS. The stacking energy was
calculated as 8.29 meV/atom and —3.78 meV/atom for the AA
and AB configurations, which indicates the preference for AB
stacking. The DFT-derived PXRD spectra for AA and AB
configurations are shown in Figure 2D. By comparing the
experimental results with the simulated diffractograms, we can
assign the spectrum as showing that the AB structure is the
dominant form in our samples. The simulated PXRD pattern
for the AB structure features six distinct peaks at 26 values of
8.5° 9.1°, 15.3°% 19.9°, 21.2°, and 26.2°, which are consistent
with the experimental results and correspond to the (110),
(101), (002), (012), (231), and (242) facets, respectively. For
CuPOR-cCOF, the experimental and theoretical PXRD
patterns are shown in Figure S7.

Nitrogen sorption measurements were performed to
determine the porous nature of the as-synthesized MPOR-
cCOF. As shown in Figure 3A, the POR-cCOF and CuPOR-
cCOF exhibit Brunauer—Emmett—Teller (BET) surface areas
of 5.3 mz/g and 15.7 mz/g. The pore size distribution of POR-
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Figure 3. (A) Nitrogen sorption isotherm and (B) iodine uptake data
at 75 °C and ambient pressure for POR-cCOF (red line) and
CuPOR-cCOF (blue line). (C) The relaxed structure of N, (gray
spheres) in POR-cCOF. (D) The relaxed structure of I, (purple
spheres) in POR-cCOF. The yellow (cyan) region from electron
density difference analysis shows the electron increase (decrease)
during I, uptake.
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cCOF and CuPOR-cCOF demonstrated the presence of
macroporous domains (Figure S8). Here, we attribute the
small BET surface area of cCOFs to the inaccessibility of their
pores, due to the presence of counteranions (Br~).”* In
contrast, the iodine (I,) sorption measurements, conducted at
75 °C and ambient pressure, indicated significant I, uptake. As
shown in Figure 3B, the POR-cCOF and CuPOR-cCOF
exhibited maximum I, uptake of ~3.2 and 3.5 gg™'. We
attributed this to the presence of the ionic groups, facilitating I,
uptake via Coulombic interactions.”> To elucidate the contrast
in the sorption capacity of cCOF toward molecular N, and 1,,
we carry out first-principles calculations. Here, one N, or I,
molecule is placed in the space between the two layers of
cCOF. The relaxed structures are shown in Figure 3C and D.
The result suggests that the nitrogen molecule is physisorbed
within the framework, while iodine is mainly chemisorbed. The
distance between N, and Br™ is as large as 3.89 A, which is
attributed to the high stability of N,. By contrast, I, is easily
chemisorbed by Br~ to form a nearly linear I,Br~ ion. This
result is consistent with the previous report.”® The bond angle
of I-I-Br is 174.9°, and the bond lengths are 2.89 and 2.79 A
for the I-I and I-Br bonds, respectively. The absorption
energy of I, is —0.87 eV. The electron density difference map
in Figure 3D shows that the electrons are accumulated (yellow
region) in the newly formed I-Br chemical bond, which
confirms the affinity of the synthesized cCOF toward I,.

In summary, we report the one-step synthesis of MPOR-
cCOFs nanofiber via the Menshutkin reaction using neutral
starting materials and without any postmodification. The
MPOR-cCOFs were found to be crystalline and chemically
stable. Based on the experimental and theoretical PXRD
patterns, the synthesized MPOR-cCOFs were found to be
mostly composed of an AB staggered configuration. The
cCOFs were effective in iodine uptake. The presence of
bromide ions, forming I,Br™ with iodine, was found to be the
main reason behind the efficient iodine uptake of synthesized
cCOFs. Thus, the present investigation paves the way for the
one-step synthesis of iCOFs with neutral monomer and their
use for iodine removal. In addition, the presence of ionic
functional groups that can be exchanged makes these iCOFs
more attractive for other applications such as solid-state
electrolytes.
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