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Hydrogen-Bonded Organic Frameworks Based on
Endless-Stacked Amides for lodine Capture and Detection

Bin Li, Weiguang Qiu, Glenn P. A. Yap, Yves L. Dory,* and Jerome P. Claverie*

Recently, hydrogen-bonded organic frameworks (HOFs) have emerged as a
rapidly advancing class of porous materials with significant potential for
applications in the absorption and detection of various chemicals. Here, the
unique ability of amide groups to form endless-stacking H-bonds is
implemented in the design of HOFs. Starting from
benzene-1,3,5-tricarboxamide and amide-containing tribenzocyclynes as
foundational building blocks, a diverse range of HOFs featuring 1D, 2D, or 3D
hydrogen-bonded frameworks has been synthesized. Among those, all three
porous HOFs, HOF_B-Hex, HOF_T-Pr and HOF_T-Hex exhibited permanent
porosity, thereby demonstrating the effectiveness of amide-based HOFs
strategy. Notably, HOF_T-Hex stands out with a 42% pore volume and an
impressive iodine capture efficiency of 6.4 g g~'. The iodine capture capacity
is influenced not only by pore volume but also by the presence of accessible
n-electrons within the material (i.e., electrons not engaged in a 7—r stacking

and '), as the major volatile waste
in nuclear fuel industry, posing substan-
tial threats to both ecological environ-
ment and human health.**] The immedi-
ate capture and fast detection of radioac-
tive iodine before its discharge has gained
interest. Although silver-doped inorganic
porous materials¥l and organic amines-
impregnated activated carbonl®! have been
utilized for radioiodine capture in the nu-
clear fuel industry, the development of
new materials for iodine capture is still
necessary due to their mediocre proper-
ties and notably low iodine capacity, high
cost, and irreversible capture. Recently, a
range of organic porous materials includ-
ing porous organic polymers (POPs) and

interaction. Furthermore, some of these HOFs exhibited fluorescent
responses to iodine positioning them as highly promising materials for both

the capture and sensing of iodine.

1. Introduction

In the past decades, the nuclear industry has contributed to =
10% of the global electricity supply.!! Iodine radioisotopes (121
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porous molecular crystals (PMCs) have
been emerged as promising candidates for
iodine capture due to their outstanding per-
formance in this regard, notably high up-
take capacity, repeatability, and rapid ad-
sorption kinetics.[*”] POPs encompassing
conjugated microporous polymers (CMPs), polymers of intrinsic
microporous (PIMs), hyper-cross-linked polymers (HCPs), cova-
lent organic frameworks (COFs), and porous aromatic frame-
works (PAFs) are connected by covalent bonds. In contrast, in
PMCs, discrete organic molecules are connected by non-covalent
interactions such as z—x interaction, hydrogen bond, and van der
Waals interactions.®°1 Although POPs have proved to be highly
effective iodine absorbents, elucidating the connection between
their structure and iodine capture capabilities has proved to be
challenging.l®! This challenge arises from the fact that the ma-
jority of POPs exhibits amorphous or semicrystalline structures,
providing a wide variety of chemical environments for iodine ac-
commodation that are difficult to characterize. PMCs, in con-
trast, can be obtained as single crystals and their structure can be
accurately characterized by single-crystal X-ray diffraction. Con-
sequently, exploring the iodine capture performance of PMCs
are paramount in unveiling the structure-activity relationship be-
tween the iodine bonding sites of organic adsorbents and iodine
capture performance.

Within the plethora of organic porous materials reported
as absorbents for iodine capture,®!®2] it has been com-
monly observed that electron-rich heteroatoms and electron-
donating groups such as —NH—,[2#%] —N=C—[11212627] or
alkynyll'8192829] play an important role for iodine capture via
the formation of charge-transfer complexes. However, the io-
dine uptake capacity of these materials varies significantly, even
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Scheme 1. a) Terminal H-bonding motifs and their connectivity used for construction HOFs. b) Non-terminal H-bonding motif (amide) and its con-
nectivity. ¢) Rotation of two types of amides relative to an aromatic core. d) Chemical structures of benzene-1,3,5-tricarboxamide (B) derivatives and

tribenzocyclyne (T) derivatives.

when they have identical functional groups. For example, a se-
ries of porous polymers composed of phenyl and alkynyl group
exhibit distinct iodine capture capacity between 0.97 and 2.15 g
g 1.[1#18-20] These results indicate that the arrangement of the
building blocks which controls pore size distribution is an-
other crucial factor to take into account for iodine uptake ca-
pacity. Accordingly, several strategies, including expanding pore
size/volume and increasing surface area, have been applied
to construct organic absorbents with improved iodine uptake
capacity.[11131426] However, the relationship between these strate-
gies and iodine uptake capacity remains ambiguous. For exam-
ple, results from Kuang!' and Zhu™® have demonstrated that
the iodine uptake capacity is not related to surface area of the ma-
terials, even though it is a common objective in the construction
of porous absorbents. Nevertheless, Jiang!'!! concluded that pore
volume is positively correlated with the uptake capacity based on
a series of PB-DMTP COFs (TPB = triphenylbenzene; DMTP =
dimethoxyterephthaldehyde)."! In addition, a new type of mate-
rial named nonporous adaptive crystal*®! also has been reported
to be able to capture iodine despite being nonporous in its initial
crystalline state. Therefore, further exploring the effects of mate-
rial structure on iodine capture performance is still necessary.
In-depth understanding of how subtle differences in molec-
ular structure affect the final crystal structure remains a fasci-
nating facet of the supramolecular field.?*32! The self-assembly
of specific building blocks via noncovalent interactions into var-
ious well-defined architectures such as 1D columns, 2D layered
networks and 3D PMCs has been demonstrated in a myriad of
examples.[>**0 Among those, hydrogen-bonded organic frame-
works (HOFs) have rapidly become an important class of well-
defined PMCs connected by H-bond and which exhibit high crys-
tallinity, recyclability and simple preparation conditions.!?*#
However, the weaker nature of H-bond compared to covalent
bonds remains a hurdle in the construction of HOFs with perma-
nent porosity. As a result, most HOFs collapse after the removal
of solvent. To address this issue, multiple H-bonds are often em-
ployed, as a higher number of H-bonds can result in stronger
HOFs.3%45-51] Furthermore, the selection of hydrogen-bonding
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motifs is a crucial factor in the construction of robust HOFs. Var-
ious hydrogen-bonding motifs, such as carboxylic acid, pyridine,
pyrazole and imides have been employed in the construction of
HOFs (Scheme 1a). Contrasting with the aforementioned func-
tionalities, amides hold particular interest due to their ability to
serve as both hydrogen-bond donors and acceptors, thus unlock-
ing the possibility of endless-staking where extended H-bonded
superstructures are generated (Scheme 1b). Such characteristicis
essential for directing protein folding and for the self-assembly
of macrocycles into columns.[33-3>52-%5] Remarkably, the coopera-
tive nature of amide group can lead to a significantly higher sta-
bilization energy than the sum of individual contributions.[>*>
For example, it is calculated that the H-bond between two for-
mamide molecules accounts for a stabilization energy of 4.5
kcalemol~!. By contrast if a formamide molecule is engaged in an
endless stacking scheme whereby a given amide group acts both
as donor and acceptor, the stabilization is now 6.25 kcalemol~!
per H-bond. This cooperative effect should favor the construc-
tion of amide-based HOFs with robust structures and permanent
porosity. To our knowledge, HOFs connected by amide-based
H-bonding motifs have never been exploited. While an amide-
based HOF (HOF-8) constructed by N', N, N°-tris(pyridin-4-yl)
benzene-1,3,5-tricarboxamide) was reported by Luo in 2013,
the H-bond originated from an amide NH as donor and a pyri-
dine as acceptor. Thus, the goal of this paper is to exploit the pos-
sibility of generating HOF materials based on endless stacking
amides.

In this paper, two types of C; symmetrical molecules benzene-
1,3,5-tricarboxamide (B) and tribenzocyclynes (T) derivatives
with different substituents were designed and synthesized
(Scheme 1d). Unlike other hydrogen bonding motifs that re-
main coplanar with aromatic moieties, the H-bond formation
in amides is so favorable that deviation from planarity is pos-
sible (Scheme 1a—).’”l Accordingly, the supramolecular ar-
rangements in amide base HOFs are virtually endless. In this
work, we have constructed 1D columns using T-Pr and B-Hex1,
supramolecular sheets with B-Ph1, supramolecular porous crys-
tals with T-Hex and B-Hex and dense structures with B-Pr, B-Ph,
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and T-Ph. Starting from these diversified structures, we demon-
strate that not only pore volume, but also accessible z-electrons in
the material (i.e., electrons not engaged in a x — z stacking inter-
action) are the essential factors affecting the iodine capture capac-
ity. Among these supramolecular crystals, T-Hex which exhibits
high porosity and abundant free z-electrons, shows excellent io-
dine capture performance including high uptake capacity in both
vapor and aqueous solution (6.4 and 3.6 geg™!, respectively) and
fast adsorption kinetics. Meanwhile, T-Pr is a promising iodine
sensor as it displayed rapid fluorescence response and sensitivity
to iodine. Our research not only expands the pathways for con-
structing novel HOFs materials, but it also deepens the under-
standing of the iodine capture mechanism with organic mate-
rials, providing valuable insights for the development of novel
adsorbents for iodine capture.

2. Results and Discussion

2.1. Molecular Design and Synthesis

The beauty of using amides in the construction of self-assembled
structures lies in the fact that the amide groups can be located
anywhere within the skeleton of the molecule, while other H-
bond forming groups such as carboxylic acid, pyridine, pyrazole,
and imidel***°] are terminal groups (Scheme 1a). Consequently,
for the latter situation, the H-bond is aligned with the two ex-
tremities of the molecules it connects. Such arrangement leads
to the linear extension of the structure (Scheme 1a). By contrast,
with amides, H-bond can conceptually be used to connect to
molecules in the same plane but at an anglel*®! or even in a non-
coplanar arrangement, greatly increasing the numbers of struc-
tures that are accessiblel®*3>59-65] (Scheme 1c). In this study, we
explored two basic tectons with D;, symmetry: benzene-1,3,5-
tricarboxamide (B) and tribenzocyclyne (T). Since the steric ef-
fect of substituent is expected to play an important role in the
directionality of the amide H-bond relative to an aromatic core,
we explored three types of substituents, n-propyl, cyclohexyl and
phenyl substituents, either attached to the N or C terminus of
the amide, resulting in 10 supramolecular units (Scheme 1d).
The B units were synthesized(®®! following the route depicted
in Schemes S3 and S4 (Supporting Information) while the T
units were synthesized (Schemes S1 and S2, Supporting Infor-
mation) by cyclotrimerization reactions of the corresponding pre-
cursors compound 8, 9, 10, 18, 19 via a Stephens-Castro-type
reaction.!® %]

2.2. Crystal Structure

Single crystals suitable for X-ray diffraction were obtained by va-
por diffusion of hexane into tetrahydrofuran (THF) solution for
T-Pr, B-Hex1, T-Ph, T-Hex, and vapor diffusion of CH,Cl, into
THEF for B-Hex, and by slow evaporation of dimethyl sulfoxide
(DMSO) solution for B-Ph1 and B-Pr. We were unable to crystal-
lize T-Hex1 and T-Ph1, and crystal structure of B-Pr1 has already
been reported.[®] Note that T-Hex1 and T-Ph1 did not exhibit
significant iodine uptake, so the lack of crystallographic infor-
mation was not found to be problematic. Diffraction parameters

Adv. Funct. Mater. 2023, 2311964 2311964 (3 of 11)

www.afm-journal.de

and crystal data for all other molecules are presented in Tables
S1-S3 (Supporting Information). In view of the patterns for H-
bond connectivity, these crystals can be roughly divided into four

types:

i. 1D H-bond chains for T-Pr and B-Hex1. B-Hex1 crystallized
in a monoclinic crystal system and P-2,/n space group. In
the crystal (Figure 1a,d), each molecule is connected via H-
bonds to another two units, respectively above and below,
the unit under consideration, leading to a columnar stack-
ing with the phenyl planes orthogonal to the column axis at
a 0.34 nm interplanar distance. Although the placement of
phenyl rings directly above each other is known to be unfa-
vorable, the energetical cost is here overcome by the fact that
all three amides in the molecule are engaged in continuous
1D H-bond chains. By contrast, T-Pr crystallizes in a mon-
oclinic crystal system and C-2/c space group. In the crystal,
there are only two amides of T-Pr (Figure 2) involved in the H-
bond while the remaining one is free. Within each column,
the two lines of continuous 1D H-bond chains force the T
cores to stack in a parallel fashion along the c axis but at a
45.77° tilt angle. Meanwhile, 1D channels are generated in
between the columns (Figure 2) owing to the triangular ge-
ometry of the T-Pr molecule (pore volume: 2.2%).

ii. 2D H-bond network for B-Phl. B-Phl was co-crystallized
with DM SO in the past,[”% showing H-bonds between DMSO
and the B-Phl amides. We prepared solvent-free crystals
which exhibit a different packing motif. In our case, B-Phl
crystallized in a monoclinic crystal system and P-2, /n space
group. There are two different conformations present in the
crystal, referred to as M1(yellow) and M2 (brown) (Figure
Sla,b, Supporting Information). These conformations differ
by their dihedral angles between the amide group and aro-
matic core. As shown in Figure Slc (Supporting Informa-
tion), each M1 unit is connected two other M1 units by one
H-bond each and connected to two M2 units by two H-bonds
each. Further extension of the H-bond pattern along with
a- and c-axis results in a 2D H-bond network, consequently
leading to the formation of a supramolecular sheet architec-
ture (Figure 1b,e).

iii. Lamellar 3D H-bond network for T-Ph. T-Ph crystallized
in a trigonal crystal system and R3 space group and
each molecule possesses C; symmetry. In the crystal, each
molecule is connected to six others, which makes the H-
bonds extend in three dimensions, resulting in a 3D H-bond
network (Figure 1c,f). This 3D H-bond network leads to a
layered dense packing. The distance between two layers is
3.4 A. Due to the almost planar conformation and triangu-
lar geometry of T-Ph, a cavity with 0.85 nm in diameter was
generated by three adjacent co-planar molecules (Figure S2,
Supporting Information) which are filled with H,O residual
solvent. Remarkably, there is no H-bond generated between
amides and water molecules indicating the high stability of
the 3D H-bond network. A lamellar 3D H-bond network is
also observed with B-Ph and with B-Pr as shown in Figure
S3 (Supporting Information).

iv. Non-layered 3D H-bond network for B-Hex and T-Hex. B-
Hex crystallizes in a cubic crystal system and P23 space
group. In the crystal of B-Hex, two conformations exist,
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Figure 1. Representation of three types of H-bond connectivity (1D H-bond chains, 2D H-bond network, and 3D H-bond network) and corresponding
to crystal structures in top view a—c) and side view d—f) of B-Hex1, B-Ph1 and T-Ph, respectively. H-bonds are shown as blue dotted lines.

referred as M1 (brown) which is non-symmetric, and M2
(vellow) which is C; symmetric (Figure 3a). As shown in
Figure 3D, each M2 molecule is connected to three M1 part-
ners by two H-bonds each from two separate amides for a
total of 6 H-bonds per M2 unit. If this C; symmetric unit
containing 4 molecules (one M2 and three M1) is defined as
a building block (Figure 3c), one-unit cell is formed by stack-
ing four building blocks via the remaining H-bond between
M1 molecule (Figure 3d). Their assembly (Figure 3e) leads to
the formation of large pores (0.5 and 1 nm in diameter) be-
tween unit cells. These pores are interconnected and extend
into 3D (Figure 3f) with pore volume is 11.5%.

(d)

Figure 2. Crystal structure of T-PR. Packing diagram in a) top view and
c) side view. b) The visualized surface of 1D surface in the crystal and d)
cross-section of one channel. The outside color is yellow, and the inside
color is blue. The channels are filled with THF molecules, which are not
shown due to disorder. H-bonds are shown as blue dotted lines.
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T-Hex crystallizes in a R; space group. In terms of symmet-
ric equivalence, four conformations exist in the crystal referred
to as M1(light blue), M2(dark blue), M3(yellow), and M4(brown),
respectively (Figure 4a). M1 and M2 are C; symmetric and the
connectivity of these two types of molecules are same: each M1
and M2 molecule is connected to six M3 and M4 molecules
respectively (Figure S3, Supporting Information). As shown in
Figure 4b,c, six M4 molecules are connected by an H-bond cycle
with six amides utilizing 6 H-bonds. M3 has the same connectiv-
ity (Figure 4d). If a building block (Figure 4c) is defined by these
six M3 or M4 molecules, each building block is connected to six
others by two H-bonds from two amides respectively (Figure 4d),
their assembly leads to a porous crystal (Figure 4e) constituted
of channels of ~ 1.5 nm in diameter extending either in the a or
c direction. The pore volume of T-Hex is high with a calculated
value of 42.4% (Figure 4f). It should be clarified that the crystallo-
graphic pore volume corresponds to the space within the crystal
that can accommodate a sphere of an arbitrarily-chosen radius,
here set at a value of 1.4 A.[8]

As shown above, the use of amide groups results in a wide
diversity for the packing of core building blocks. Nonetheless,
their assembly is governed by several directing concepts. 1) Side
chain effect: For molecules with cyclohexyl as side chains (B-
Hex1, B-Hex, and T-Hex), the cyclohexyl group tends to be or-
thogonal to the aromatic core owing to its steric effect, thus lead-
ing to helical column stacking or porous stacking. In contrast,
molecules with phenyl groups as side chains (B-Ph1, B-Ph, and
T-Ph) adopt an almost coplanar conformation resulting from a
decreased steric hindrance and from conjugation effects. Such
arrangement leads to layered stacking as shown in Figure 1. A
slightly out-of-plane phenyl group observed in B-Ph and T-Ph1 is
attributed to the competition between conjugation which favors
planarity and intermolecular H-bonds which forces the amide
in an out-of-plane conformation. 2) Amide group connectivity:
The different connections between the amide group to the T/B
cores (T/B-CONH or T/B-NHCO) also determine distinct crystal

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Crystal structure of B-Hex. a) Molecular conformations of B-Hex in the crystal. b) diagram of individual molecules connected to others via
H-bond. ¢,d) Molecular packing in one crystal unit cell with intermolecular H-bond. (c) Without and (d) with the cyclohexyl group. €) Stacking along the
b axis. f) Solvent-accessible surface (in blue) showing 3D horizontal and vertical connected channels in the crystal with respective pore sizes of 1.5 and

0.5 nm (the bulk is shown in yellow). In (b,c), the cyclohexyl ring is omitted to for the sake of clarity. H-bonds are shown as blue dotted lines.

structures which is confirmed by the crystal structures of B-Ph
and B-Ph1, as well as B-Hex and B-Hex1 (Table S4, Supporting In-
formation). The conformation of above-mentioned molecules in
the crystal is consistent with the optimized conformation of three
model molecules (Figures S5-S7, Supporting Information) with
minimum energy which were obtained via Ramachandran plot.
3) Core effect: Notably, even though B-Ph and T-Ph both crystal-
lize in the same space group with same connectivity, a cavity is
only generated with T-Ph. This cavity is large enough to accom-
modate water molecules. In fact, large cavities are only obtained
with the T building block. Although changing the shape of the
building drastically alters its packing characteristic, the size of

the voids in the packed structure scales with the critical dimen-
sion of the building block.”!! Thus, significant solvent/analyte
accessibility will only be achieved with T as building block.

2.3. Porosity and Stability of the Crystals

As with most of the organic porous crystals, the pores of the
generated crystals by T-PR, B-Hex, and T-Hex are filled with sol-
vent molecules that support the framework of the porous crys-
tals. To distinguish between molecules and their self-assembled
porous crystals, we have named the resulting HOFs as follows:

Figure 4. Crystal structure of T-Hex. a) T-Hex conformation in crystal. b) Diagram of connectivity of M4 molecules (brown) via H-bond and their further
stacking c) in top view and d) side view showing also M3 units (yellow). e) Stacking diagram along a axis for all four units (M1 clear blue, M2 dark
blue, M3 yellow, and M4 brown). f) Accessible surface (solvent accessible: yellow, bulk: blue) showing 2D connected channels. For the sake of clarity,
cyclohexyl is omitted in (b—d) to clarify the view. H-bonds are shown as blue dotted lines. The interconnected channels are filled with solvents, which are
omitted due to disorder.
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Figure 5. PXRD patterns of a) HOF_T-Hex, b) HOF_T-Pr, and c¢) HOF_B-Hex. Nitrogen adsorption (solid symbols) and desorption (hollow symbols)

curves at 77 K of d) HOF_T-Pr, e) HOF_T-Pr, and f) HOF_T-Hex.

HOF_T-Pr, HOF_B-Hex, and HOF_T-Hex, corresponding to
their respective molecular names. Due to the fragile nature of H-
bonds, mild conditions should be used to remove these solvent
molecules in order to preserve the inherent porosity of the struc-
ture. In our case, the fresh crystals were immersed in hexane for
24 h, followed by air-drying for two weeks. As shown in Figures
S8-S10 (Supporting Information), a plateau is maintained un-
til 350 °C inall thermogravimetric (TGA) curves, indicating that
the dried crystals remain thermally stable below this tempera-
ture. In addition, there is no weight loss observed before this de-
composition temperature indicating that all solvents have been
removed upon drying. Powder X-ray diffraction (PXRD) was also
performed to investigate the crystallinity before and after drying.
As shown in Figure 5a—c, the PXRD patterns of the dried and
solvated powders are very similar, thus suggesting retention of
the main structural characteristics (see Figures S11-S13, Sup-
porting Information, for indexed diffractograms). Differences in
peak heights are unavoidable and originate from changes in elec-
tronic density between solvent-filled and empty samples. Thus,
the arrangement of the molecules within the crystal is retained
upon drying. This advantageous structural stability is expected as
amide groups are connected to each other via H-bonds without
binding to solvent molecules. The permanent porosity of these
three porous crystals was evaluated by N, (Figure 5d—f) and CO,
gas sorption experiment (Figures S17-S19, Supporting Informa-
tion). For example, T-Hex has a type IV isotherm (Figure 5f) with
calculated BET (Brunauer-Emmett-Teller) surface of 287 m?g™
(N, probe) or 457 m? g=! (CO, probe) (see Table S5, Support-
ing Information). The average pore size is ~ 3 nm (as analyzed
by DFT analysis, Figure S14, Supporting Information). Note that
this average distance is slightly larger than the measured distance
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in Figure 4f because the latter corresponds to the shortest dis-
tance between two opposite sides of the pore. These BET results
confirm the permanent porosity of T-Hex, B-Hex, and T-Pr. The
values of BET surfaces and pore volumes are commensurate with
reported literature HOFs (Table S6, Supporting Information).

2.4. lodine Capture in Vapor and Aqueous Solution

The iodine capture performance of all emptied (dried) crystals
were evaluated by gravimetric measurements method. As shown
in Figure 6d, HOF_B-Hex, HOF_T-Pr and HOF_T-Hex show sig-
nificant iodine capture capacity of 0.92, 1.5, and 6.4 g g™!, respec-
tively, accompanied by a remarkable color change (Figure 6a,b),
while the other crystals could only capture < 0.1 g g7'. All the crys-
tals reached absorption equilibrium within 3 h. The iodine cap-
ture capacity of HOF_B-Hex, HOF_T-Pr, and HOF_T-Hex mea-
sured by gravimetry is similar to the one measured by TGA re-
sults (Figures S8-S10, Supporting Information) which showed
mass losses of 48%, 52%, and 86.5%, respectively, before their
corresponding decomposition temperature. In addition, the sorp-
tion kinetics for iodine capture of HOF_T-Hex was simulated
with a pseudo first-order kinetic model and a pseudo second-
order kinetic model (Figures S20 and S21, Supporting Informa-
tion). The results better matched with the pseudo second-order
kinetic model, indicating the absorption process is dominated
by chemisorption.l’?] The Ky, which represents 80% of the full
adsorption capacity, is an important indicator for evaluating the
iodine capture performance, as adsorbents are usually replaced
before reaching 80% of their full capacity.?*”] The calculated
Kggo, of HOF_T-Hex is 2.8gh~! which is higher than most of the

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. a) Photography of constructed supramolecular crystals before (top) and after (bottom) iodine capture. b) Photography of HOF_T-Hex single
crystal at different time intervals during iodine capture process (crystal diameter is 0.5 cm). c) lodine capture capacities of different absorbents. d)
Gravimetric measurement of iodine capture capacities of supramolecular crystals as function of time at 75 °C. e) Time dependent UV/vis spectra of
iodine aqueous solutions upon addition of HOF_T-Hex crystal. Insert: photos of saturated iodine aqueous solution after addition of HOF_T-Hex crystal.

f) calculated iodine capture efficiencies at various times.

reported absorbents.[?*73] It is worth mentioning that HOF_T-
Hex has the highest iodine capture value among all the reported
PMCs including porous organic cage, non-porous adaptive crys-
tal and HOFs (Figure 6¢). Furthermore, even when compared
with all reported iodine absorbents, HOF_T-Hex exhibits a high
iodine capture capacity, ranking in the top 7 of all reported mate-
rials for iodine capture (Table S7, Supporting Information).

Based on the excellent iodine vapor capture performance of
HOF_T-Heg, its iodine capture performance was also evaluated
in aqueous solution. Upon addition of HOF_T-Hex (5 mg) to a
saturated iodine aqueous solution (1.2 mm; 2.5 mL), the iodine
concentration decreases over time (Figure 6e,f) to virtually zero in
35 min, with a final concentration of iodine in aqueous solution
of < 5 ppm which was determined by the UV-vis absorption in-
tensity of iodine (Figures S22 and S23, Supporting Information).
The iodine capture capacity of HOF_T-Hex in aqueous solution
was found to be 3.2 geg~!. To the best of our knowledge, this io-
dine capture capacity value of HOF_T-Hex in aqueous solution
is superior to that of reported materials, except for a single ionic
porous polymer.l#]

2.5. Adsorption Mechanism
Given its high iodine capture capacity, HOF_T-Hex was cho-

sen to study the iodine capture mechanism, which was com-
pleted by Raman spectroscopy (RM), X-ray photoelectron spec-
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troscopy (XPS), 'H nuclear magnetic resonance (NMR) and pow-
der -Xray diffraction (PXRD). RM was first used to identify the
iodine species trapped in HOF_T-Hex (HOF_T_Hex iodine). As
shown in Figure 7b, HOF_T-Hex_iodine presents two bands at
110 and 160 cm™, associated with the symmetric stretching vi-
bration of polyiodide anions I,~ and I~ respectively.”>! The pres-
ence of polyiodide anions was also confirmed by XPS. Two broad
peaks were observed in I,; XPS spectrum which could be re-
solved into two peaks which correspond to I~ (618.3 and 629.7)
and I~ (620.49 and 631.9), respectively(Figure 7a).’®”7] These
generated polyiodide anions can be explained by the presence of a
charge transfer between the electron-rich T-Hex framework and
the captured iodine, as also observed in previously studied or-
ganic porous absorbents.[!*131673] To evaluate the bonding sites
of iodine to T-Hex, '"H NMR titration experiments of T-Hex with
iodine were performed in THF using a 7.05T magnet (Figure 7d),
which were then used to determine the association constant K,
between T-Hex and iodine (Figure 7d). As the mole ratio of T-Hex
to iodine increases from 0.5 to 4, the benzene ring proton reso-
nance gradually shifts, while the peripheral cyclohexyl protons
resonances remain almost unchanged. The Raman bands of the
triple bonds (2212 cm™!) in HOF_T-Hex also did not shift upon
absorption of iodine (Figure S24, Supporting Information). This
suggests thatiodine is bound to the benzene rings of HOF_T-Hex
through the formation of charge transfer complexes. In addition,
the '"H NMR titration experiments with B-Hex and -Pr (Figures
S25 and S26, Supporting Information) in THF suggest a similar

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 7. a) XPS spectra of HOF_T-Hex after iodine capture. b) "H NMR spectra of T-Hex (1 mg mL™" in THF) upon addition of iodine. c) Selected
Raman spectra of HOF_T-Hex before and after iodine capture. d) Pore volume, iodine capture capacity and association constant to iodine (in THF) for

HOF_T-Hex, HOF_B-Hex, and HOF_T-Pr.

mechanism, indicating the formation of a charge transfer com-
plex between the benzene rings and the polyiodide. No diffraction
peaks were observed for HOF_T-Hex_iodine (Figure S29, Sup-
porting Information). This may indicate that the HOF structure
is disorganized upon inclusion of the large amount of iodine that
is included within the structure. It is also conceivable that the
HOF structure is conserved, but, in the XRD analysis, the scat-
tering by the disordered iodine molecules hides the less intense
diffraction pattern of the HOF. Unfortunately, iodine is so tightly
bound to T-Hex that it was not possible to remove it entirely from
the T-Hex_iodine. Thus, we could not assess whether the struc-
ture was recovered upon iodine removal. It should also be men-
tioned that iodine may not only be trapped within the HOF, but
also adsorbed at its surface.

Based on an analysis of both iodine capture capacity and crys-
tal structure of all the prepared molecules, it can be concluded
that the presence of pore volume is required to capture iodine.
For example, crystal of T-Ph, which contains a high number of
phenyl groups, has virtually zero iodine capture capacity, as ex-
pected from its absence of porosity. However, there is no simple
correlation between pore volume and iodine capacity (Table S8,
Supporting Information). For example, HOF_B-Hex has a higher
pore volume but a lower iodine capacity than HOF_T-Pr. The
pores in HOF_T-Pr are decorated with phenyl groups whereas
all phenyl groups in HOF_B-Hex are buried inside the walls of
the HOF network. Thus, HOF_T-Pr has a larger iodine associa-
tion constant K, in solution (Figure 7d) than HOF_B-Hex and
a larger iodine capture, which is consistent with the fact that
iodine preferentially binds to aromatic groups. Following this
argument, HOF_T-Hex, which offers both a high pore volume
and a high number of accessible phenyl groups has the high-
est iodine capacity of all HOFs tested here (Table S8, Supporting
Information).

Adv. Funct. Mater. 2023, 2311964 2311964 (8 0f11)

2.6. lodine Detection

Rapid detection of iodine vapor is essential for advance warning
and assessment of contamination. In combination with its excel-
lent iodine capture performance, crystals based on T were evalu-
ated for their ability to act as iodine sensor. For practical usage, a
fluorescent film of HOF_T-Pr was prepared on a quartz plate (see
SI). This ability to easily form a film from a concentrated THF
solution was ascribed to the presence of flexible propyl groups
that endows solubility even at high concentration. As shown in
Figure 8, when the test film was placed in a bottle filled with io-
dine vapor at 25 °C, its fluorescent intensity dropped sharply to
16% of the initial value within 1 min (Figure 8b). This fluores-
cence quenching is associated to the formation of a charge trans-
fer complex between HOF_T-Pr and iodine. As the exposure time
increased, fluorescent quenching further increased, eventually
reaching 99.8% in 5 min (Figure 8c). This fluorescent quenching
process was easily monitored by naked eyes under visible light
or UV. As shown in Figure 8a, the fresh light-yellow film turned
gradually brown as exposure time increased. In comparison, the
color change of the film was more pronounced under light at
365 nm UV (from bright yellow to black). To quantify the quench-
ing efficiency of iodine to T-Pr, an iodine titration experiment was
performed in THF solution. As shown in Figure 8d, the fluores-
cent intensity of T-Pr gradually decreased in the presence of 30
equivalents of iodine in THF. Remarkably, once the fluorescent
intensity was quenched, it could be recovered by simply stopping
the exposition of the HOF_T-Pr film to iodine vapors (Figure 8e).
The kinetics of fluorescence recovery was rapid (< 5 min), and the
sensor could be repeatedly reused. Furthermore, we assessed the
sensing capabilities of the T-Pr film at varying temperatures. As
illustrated in Figure 8f, the film showed pronounced quenching
efficiency over diverse temperature ranges. The detection limit

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 8. a) Photography under visible light (top) and 365 nm UV light (bottom) and b) fluorescent emission spectra c) fluorescent quenching efficient
of HOF_T-Pr film upon exposure to iodine vapors at room temperature. d) Emission spectrum of T-Hex with different equation of iodine in THF. €)
Reusability of HOF_T-Pr film as a sensor for iodine vapor sensing f) Quenching efficiency of fluorescent HOF_T-Pr film at different temperature under

100% humidity.

of T-Pr film was found to be 7.45 x 1077 moleL~! (Figure S30,
Supporting Information), surpassing some of the inorganic or
gel sensors for detecting iodine vapors.”®”% Given its rapid and
sensitive iodine detection capability, the HOF_T-Pr film emerges
as a potentially promising sensor for real-time iodine detection.

3. Conclusion

In conclusion, the endless stacking H-bonding mode of amides
has been explored here for the preparation of a variety of HOFs.
Unlike other H-bonding modes that are essentially unidirec-
tional, the endless stacking H-bonding mode allows to connect
units through a variety of spatial arrangements such as 1D H-
bonding chains, 2D H-bonding networks, lamellar 3D and non-
layered 3D networks, all of which were encountered in this work.
Starting from two building blocks, T and B, a unique set of di-
verse supramolecular architectures was thus unraveled, demon-
strating the great versatility of the endless-stacking H-bonding
mode. As these materials are analogous in terms of chemical
structure (but not of architecture), it thus became possible to
clearly delineate the relationships between iodine capture capac-
ity and supramolecular architecture. Although the presence of
a pore volume is necessary to capture iodine, the presence of
accessible p-electrons also plays a role. Based on such assess-
ment, HOF_T-Hex, which has a 42% permanent pore volume
with a high number of accessible phenyl groups, offers the high-
est iodine capture capacity so far reported for HOFs. By contrast,
HOF_T-Pr has alower pore volume and accessible phenyl groups
but very flexible side groups which allowed the facile preparation
of a sensor film which was found to be efficient for the detection
of iodine vapors. Thus, this study demonstrates the unique ver-

Adv. Funct. Mater. 2023, 2311964 2311964 (9 0f11)

satility of endless-stacked amide groups for the construction of
HOFs.
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