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In this work, four flexible chain phosphonium-based ionic organic single crystals (IOCs) are first facilely
prepared by pair-to-pair ionic self-assembly of phosphonium salts and sulfonic acids (salts) under mild
conditions. Their structures, morphology, stability, and surface areas are characterized in detail. Featuring
a wealth of sulfonate and phenyl groups as powerful active sites for iodine adsorption, these materials
exhibit considerable capture capacities. An in-depth investigation of the adsorption mechanism reveals
that iodine adsorption on these materials occurs in three distinct states (I, 157, and Is™) and follows

Received 15th March 2025 . . . . . . . . )
Accepted 21st May 2025 a mixed-mode adsorption process, involving both physical and chemical interactions. Consequently, this
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Introduction

Nuclear energy is increasingly recognized as a sustainable and
non-greenhouse gas-emitting energy source.'™ However, the
environmental and biological risks posed by radioactive
elements within nuclear waste present considerable challenges
in its management.>” Among nuclides, '*°I has garnered
significant attention due to its toxicity, an extended half-life of
approximately 1.6 x 107 years, and its high mobility across
various geological settings.® Additionally, another isotope of
iodine, '*'I, although characterized by a relatively short half-life
of 8.02 days, emits intense radiation and has the potential to
readily contaminate the environment. Such contamination can
lead to detrimental effects on human metabolic processes.®
Consequently, the development of adsorbents capable of effi-
ciently sequestering iodine and facilitating its long-term storage
is crucial for mitigating the risks associated with radioactive
iodine contamination.*
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Currently, a diverse array of adsorbent materials is employed
for the capture of iodine, encompassing conventional adsor-
bents such as activated carbon,"** graphene,**** and a range of
innovative organic supramolecular materials, including metal-
organic frameworks (MOFs),'*™" covalent organic frameworks
(COFs),**** hydrogen-bonded organic frameworks (HOFs),>?’
porous organic polymers (POPs),*** and porous organic cages
(POCs).***>> Despite their utility, these materials confront
challenges related to selective molecular capture and the long-
term stability of the adsorbent due to their inherent fixed
porosity and the relatively weak van der Waals interactions
between the guest molecules and the porous frameworks.
Furthermore, the solubility of these materials is compromised
by their rigid, cross-linked macromolecular structures, which
impedes their processability in solution.

In 2008, Wathier et al.*® introduced the concept of a “supra-
molecular ionic network,” which is a new kind of novel mate-
rial, through the self-assembly of multivalent cationic and
anionic molecular pairs. Unlike coordination bonds and cova-
lent bonds with fixed directions, the flexibility of electrostatic
force can provide multiple structural possibilities to the
system.?” Based on the charge characteristics of ionic bonds in
monomers and the designability of organic groups, functional
groups, active adsorption sites, and physical and chemical
properties of the materials can be adjusted according to the
needs. This enables the design and preparation of ionic
supramolecular network materials with rich structure and
properties. Recent advances in this field have seen the creation
of ionic supramolecular networks using imidazolium* and
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pyridium?**™** as ionic bonding sites, demonstrating the poten-
tial of this approach. However, the synthesis of ionic organic
single crystals (I0Cs) using phosphonium salts has not yet been
reported, which suggests an area for future research and
development. The use of sulfonic acid is particularly intriguing,
as it is a strong acid that readily ionizes in polar solvents, thus
providing a source of charged monomers that can readily
combine with cationic monomers to form IOCs. Heteroatoms
present in sulfonic acid can also interact with a wide array of
target analytes,*>** which enhances the versatility and applica-
bility of these materials for adsorption purposes.

In this work, four flexible phosphonium-based ionic crystals
were synthesized using two bisphosphonium salts with
different alkyl chain lengths and three sulfonate compounds at
room temperature for 12 h for the first time. This synthetic
approach diverges from conventional single crystal preparation
techniques, such as volatilization, liquid diffusion, and gas
diffusion, by facilitating the direct pair-to-pair assembly of the
two monomeric constituents in solution. The crystallographic
data of the four materials were characterized by single crystal
diffraction, the apparent morphology, crystal shape, and
thermal stability of the materials were tested by using optical
microscopy, X-ray diffraction (XRD), thermogravimetric analysis
(TGA), and an automatic surface and porosity analyzer and
specific surface area was calculated with the Brunauer, Emmett,
and Teller (BET) equation. To investigate the influence of
distinct crystal structures on iodine adsorption efficiency, the
adsorption properties of these four materials were systemati-
cally evaluated under uniform conditions. To elucidate the
mechanisms governing iodine adsorption onto the synthesized
phosphonium-based ionic crystals, an array of advanced char-
acterization methods was utilized. These included TGA, X-ray
photoelectron spectroscopy (XPS), Fourier transform infrared
spectroscopy (FT-IR), Raman spectroscopy, and energy disper-
sive X-ray spectroscopy (EDS), applied sequentially before and
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after the iodine adsorption process. Furthermore, density
functional theory (DFT) calculations have substantiated the
significant contributions of the sulfonic acid group and the
benzene ring in facilitating the iodine adsorption mechanism.
This ensemble of data provided insights into the adsorption
behavior at the material's and the physical and chemical
interactions occurring during the adsorption process.

Results and discussion
Synthesis of four I0Cs

Two flexible commercially available phosphonium salts
including phosphonium, 1,1’-(1,2-ethanediyl)bis[1,1,1-
triphenyl-, bromide] (PEBT) and phosphonium, 1,1'-(1,4-
butanediyl)bis[1,1,1-triphenyl-bromide (PBBT) were used, while
three different sulfonic acids including 1,5-naph-
thalenedisulfonic acid (NDS), 1,3,6,8-pyrenetetrasulfonicacid,
sodium salt (PTS), and 4,4’-biphenyldisulfonic acid (BDS) were
used as anionic pairs.

The phosphonium salts and sulfonic acids were each dis-
solved in their respective solvents. Following this, the two
solutions were combined and allowed to stand at room
temperature for a duration of 12 h during which the IOCs
formed. Notably, during the anion/cation pairing that leads to
the formation of single crystals, four different flexible-
phosphonium IOCs including PEBT-NDS, PEBT-PTS, PBBT-
PTS and PBBT-BDS were obtained. The detailed preparation
parameters and synthesis process for these materials are
depicted in Scheme 1 and Table S1.t

Crystal structures

Fig. 1 and Table S2t provide detailed schematic representations
of the structure and cell parameters of the four IOCs. PEBT-NDS
(CCDC No. 2415289) is classified within the triclinic crystal
system, 1 point group, and P1 space group. The illustration in

PBBT-PTS

PBBT-BDS

Scheme 1 Synthesis of four IOCs via pair-to-pair ionic self-assembly at room temperature in MeOH/H,O.
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Fig. 1a reveals that the NDS component in PEBT-NDS is
arranged in four unique ways, while the PEBT moiety also
exhibits four distinct arrangements, forming two sets of
centrosymmetric  configurations. PEBT-PTS (CCDC No.
2415290) is categorized under the monoclinic crystal system
with a 2/m point group and a P2,/n space group. As depicted in
Fig. 1b, PTS presents two different orientations, and the PEBT
component maintains the same four arrangements with pair-
wise centrosymmetric construction as seen in PEBT-NDS. In
addition, the crystal system, point group, and space group of
PBBT-PTS (CCDC No. 2415291) and PEBT-PTS are consistent
(Fig. 1c). In a similar vein to PEBT-NDS, PBBT-BDS (CCDC No.
2415292) is also a member of the triclinic crystal system, with
a 1 point group and P1 space group. Both the BDS and PBBT
constituents in PBBT-BDS have two arrangements, as illustrated
in Fig. 1d. A striking structural characteristic shared by these
I0Cs is their well-defined lamellar architecture, where alter-
nating anionic and cationic layers create periodic electrostatic
domains that govern both their structural and functional
properties.

While PEBT-NDS and PEBT-PTS share identical phosphonium
cations, their crystalline packing arrangements exhibit signifi-
cant variations in cation conformation. This structural diver-
gence becomes even more pronounced when comparing PBBT-
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BDS and PBBT-PTS. This difference can be attributed to the
longer alkyl chain between the phosphorus atoms in PBBT,
which allows for greater flexibility. This increased conforma-
tional freedom renders the phosphonium cations more respon-
sive to anions, resulting in more pronounced lattice adaptations
to accommodate different sulfonate anions. This is evidenced by
the diverse angles of the benzene rings connected to phosphorus
and the varying bending angles of the intermediate alkyl chain.
As depicted in Fig. S11 and detailed in Table S3,t the plane angles
of the benzene rings in PEBT for PEBT-NDS and PEBT-PTS are
63.04°, 69.35°, 87.68°, 57.90°, 66.29°, and 73.19° and 77.92°,
76.92°, 58.14°, 57.52°, 78.67°, and 63.55°, respectively, while for
PBBT, they are 73.77°, 67.45°, 60.34°, 79.88°, 60.40°, and 79.18°
(PBBT-BDS) and 84.42°, 83.72°, 60.75°, 50.98°, 85.26°, and 62.95°
(PBBT-PTS). Fig. 52+ illustrates the bond angles of the alkyl chain
in PEBT for PEBT-NDS and PEBT-PTS as 114.23° and 113.92° and
113.54° and 112.05° and for PBBT as 117.96°, 113.14°, 111.07°,
and 114.45° and 115.71°, 109.11°, 113.40°, and 113.86° in PBBT-
NDS and PBBT-PTS, respectively. These data indicate that the two
types of quaternary phosphonium salt cations are not entirely
symmetrical, a characteristic that may arise from the influence of
anions and the spatial constraints that cannot be ignored.
Furthermore, Fig. S31 provides a topology diagram of the four
10Cs, highlighting their structural differences. For ionic crystals,
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Crystal structures of four IOCs of (a) PEBT-NDS, (b) PEBT-PTS, (c) PBBT-PTS and (d) PBBT-BDS.
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the length of the ionic bond was one of the important indices to
measure the strength of the ionic bond. As shown in Fig. S4,} the
distances between P* in PEBT and O~ in NDS are 3.665 A and
4.228 A in PEBT-NDS. In the structure of PEBT-PTS, the distances
between O~ on PTS and P* on adjacent PEBT are 3.801 A, 3.801 A,
4.029 A, and 4.029 A; the distances between the O~ on PTS and
the P* on the adjacent PBBT are 4.279 A, 4.279 A, 4.419 A, and
4.419 A in PBBT-PTS; and the distances between O~ on BDS and
P* on PBBT are 4.950 A and 4.985 A in PBBT-BDS, respectively.
Crystallographic analysis revealed large interionic distances in
10Cs, which can be attributed to the substantial steric demand of
the phosphonium cations. This structural feature primarily
stems from the combined effects of bulky triphenylphosphonium
moieties creating significant spatial constraints and flexible alkyl
bridges permitting adaptive lattice expansion.

Material characterization

Based on the provided information, it can be understood that
the four IOCs exhibit relatively regular shapes under optical
microscopy, such as PEBT-NDS appearing as rhombuses with
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diagonal lengths of 2495.6 pm and 966.8 um (Fig. 2a); PEBT-PTS
appearing as squares with sides approximately 1282.4 pm in
length (Fig. 2b); PBBT-BDS appearing as rod-shaped crystals
with a length of about 1718.0 um (Fig. 2c¢); and PBBT-PTS
appearing as hexagonal crystals with dimensions of 2099.2
pm in length and 1492.0 um in width (Fig. 2d). XRD analysis of
the single crystal powders for these four IOCs shows a high
degree of consistency with the simulated XRD patterns, indi-
cating high crystallinity and phase purity (Fig. 2e-h). Addi-
tionally, CO, adsorption-desorption tests reveal BET specific
surface areas of 16.04 m g ', 10.18 m g, 15.68 m g ', and
26.95 m g~ ' for these materials, respectively, with the small
surface areas suggesting a dense structure of these IOCs. The
isothermal adsorption curves for PEBT-NDS, PEBT-PTS, and
PBBT-PTS are similar, showing a sharp increase in adsorption
capacity at low relative pressures, indicative of monolayer
adsorption or chemical adsorption, followed by a transition to
a multilayer adsorption or physical adsorption process as
pressure increases. PBBT-BDS, on the other hand, shows
a slight increase in adsorption capacity at low pressures, which

e | 1 ]
— @
E] )
. Ll
g i E 41
%) i . Experimental :
] £ 24
e =
= § PEBT-NDS
Simulated 01
10 20 30 40 00 02 04 06 08 1.0
20 (degree) Relative Pressure (P/P,)
f— J
e
3 o
.S &
<
.E) Experimental g
=
£ E 3{3
£ § PEBT-PTS
Simulated 0.
10 20 30 40 50 00 02 04 06 08 1.0
20 (degree) Relative Pressure (P/P;)
-~ 6
= o0
. Ll
& g P
E‘ Experimental ;’
L g E
g = 2 21|
;:: = >° PBBT-PTS
i Simulated 0
10 20 30 40 00 02 04 06 08 1.0
20 (degree) Relative Pressure (P/P;)
—_ 69
E )
: -
g g n
% Experimental :
= £ 24
2 =
= S PBBT-BDS
04
0 20 30 40 50 00 02 04 06 08 10
20 (degree) Relative Pressure (P/P,)
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gradually intensifies with increasing pressure (Fig. 2i-1). TGA
analysis demonstrates that these IOCs are thermally stable
above 299 °C, providing a foundation for iodine adsorption
experiments at high temperatures (Fig. S5T). Notably, the initial
thermal weight loss temperature of single crystals using PBBT
as the monomer is about 100 °C higher than those using PEBT
as the monomer, indicating that the heat resistance of the
material improved with the extension of the intermediate alkyl
chain of the quaternary phosphonium monomer.

Adsorption performance of iodine in iodine-cyclohexane

Considering the molecular architecture of the four IOCs, which
feature the incorporation of heteroatomic entities (phosphorus
and sulfonic acid) alongside conjugated electron networks
(benzene rings), it is anticipated that these materials will
possess the ability to efficiently capture iodine. This is partic-
ularly relevant in the context of managing radioactive iodine,
which is hazardous and challenging to control, especially in
experimental settings involving the human body. Therefore, we
utilized the non-radioactive isotope '*’I to simulate and study
the adsorption of iodine in contaminated waste solutions.'**
All iodine-cyclohexane solutions were analyzed using UV-Vis
spectroscopy, with the absorbance at 525 nm serving as the
quantitative benchmark. By measuring the absorbance of
samples across different concentrations (0, 0.39, 0.78, 1.56,
3.13, 6.25, 12.5, 25, and 50 ppm), a correlation was established
and a standard curve is presented in Fig. S6.1 This curve was
then utilized to quantify the unknown samples. The UV-Vis
absorption curve in Fig. S71 was used to calculate the adsorp-
tion capacity at various times. Fig. S87 illustrates the iodine
adsorption capabilities of the four materials in iodine-
cyclohexane solutions of different concentrations (25 ppm
and 50 ppm) over time. All four adsorbents exhibited compa-
rable behavior, with rapid adsorption rates within the first 12 h.
Subsequently, as the number of available active sites decreased,
the adsorption rate slowed, reaching equilibrium in around
84 h, after which the adsorption amount remained relatively
stable. The equilibrium adsorption capacities for iodine in
cyclohexane solutions of PEBT-NDS, PEBT-PTS, PBBT-PTS, and
PBBT-BDS were determined to be 22.9 mg g~ (25 ppm) and
31.5mgg " (50 ppm), 27.5 mg g ' (25 ppm) and 34.4 mg g~ ' (50
ppm), 23.5 mg g ' (25 ppm) and 32.1 mg g~ ' (50 ppm), and
23.5 mg g ' (25 ppm) and 38.4 mg g * (50 ppm), respectively.
Fig. S9t provides visual evidence of the change in color of the
iodine-cyclohexane solution before and after adsorption,
showing a marked lightening of the solution post-adsorption.
The experimental data indicate that the adsorption of iodine
in cyclohexane solutions by the four IOCs increases with the
initial concentration, which can be attributed to the enhanced
driving force for mass transfer at higher concentrations, thereby
significantly improving the adsorption capacity. To further
evaluate the iodine adsorption kinetics of the materials,
pseudo-first-order and pseudo-second-order kinetic models
were used to fit the experimental data. The results revealed that
the four materials exhibit very similar degrees of fitting for both
kinetic models, suggesting that the adsorption process is a mix
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of physical and chemical mechanisms. However, chemical
adsorption predominantly governs the process, as evidenced by
the slightly superior fitting degrees corresponding to the
pseudo-second-order kinetic model. The details of the adsorp-
tion performance of iodine in iodine-cyclohexane are in the
ESL}

Adsorption performance of iodine vapor

Since radioactive iodine is sometimes released into air as a gas,
in addition to examining the adsorption capacity of iodine in
cyclohexane solution, this work also investigated the adsorption
capacity of the material to iodine vapor. When exposed to iodine
vapor at 70 °C (a temperature well below their thermal decom-
position threshold of >299 °C, as evidenced by TGA), the four
I0Cs in 4 mL sample bottles progressively darkened from white/
light yellow to black over time (Fig. S107), directly visualizing
iodine molecule adsorption. As illustrated in Fig. S11,t the
adsorption equilibrium for the four crystals was achieved within
144 h for PEBT-NDS, 24 h for PEBT-PTS, 60 h for PBBT-PTS, and
36 h for PBBT-BDS, with maximum adsorption capacities of
1620 mg g ', 1430 mg g ', 1190 mg g ', and 590 mg g ',
respectively. Notably, PBBT-BDS, which exhibited the least
adsorption capacity, also displayed the lightest color, while
PEBT-NDS, with the highest adsorption capacity, required the
longest time to reach equilibrium. The analysis, which included
BET measurements, indicated that despite PBBT-BDS having
the largest specific surface area, its adsorption efficiency was
inferior to that of the other three materials. This discrepancy
suggests that adsorption is not only solely dependent on the
specific surface area but is also influenced by the orientation of
the functional group's active sites within the pores. Further-
more, the structural rigidity of anions may affect adsorption
performance, as evidenced by the significantly reduced iodine
capture capacity of the BDS-based material (exhibiting the
lowest rigidity) compared to its other three rigid anion-derived
counterparts. Then, the adsorption kinetics of the four adsor-
bents were analyzed and fitted. In line with the adsorption of
iodine in iodine-cyclohexane, the adsorption of iodine vapor
was also identified as a physical and chemical mixed adsorption
process. However, in contrast to the previously mentioned
chemical adsorption dominance, the adsorption of iodine vapor
was primarily focused on physical adsorption. The details of the
adsorption performance of iodine vapor are in the ESL¥

Release and retention of crystals after iodine vapor adsorption

The investigation focused on the iodine release characteristics
of the four IOCs that had adsorbed iodine. The desorption
process involved immersing the iodine-laden materials in
cyclohexane and then heating them in an oven at a temperature
of 70 °C to facilitate the release of iodine. Fig. 3 illustrates that
the release rates are initially rapid within the first 2 h, subse-
quently slowing down and approaching a plateau. Notably,
PEBT-NDS, PEBT-PTS, and PBBT-PTS exhibit swift release
within 10 h (Fig. 3a—c), while PBBT-BDS demonstrates a more
gradual release over approximately 36 h (Fig. 3d). The color
change of the cyclohexane solution transitions from light to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The release rate of the four IOCs after iodine vapor adsorption with time at 70 °C and their corresponding retention rate at room
temperature of (a) PEBT-NDS, (b) PEBT-PTS, (c) PBBT-PTS, and (d) PBBT-BDS.

dark, and conversely, the adsorbent at the bottom transitions
from dark to a lighter shade, although still darker than the
unused adsorbent (Fig. S121). Upon reaching equilibrium, the
iodine release efficiencies are 58.5% for PEBT-NDS-1,, 67.5% for
PEBT-PTS-1,, 61.9% for PBBT-PTS-I,, and 97.9% for PBBT-BDS-
1,, as indicated by the UV-Vis absorption curves in Fig. S13.1 The
high residual iodine content in the materials suggests that
some iodine is chemically bonded within the material's pores,
while the released iodine is physically adsorbed. This implies
that iodine adsorption on PBBT-BDS is predominantly physical
compared to that on the other three materials.

The iodine retention stability of adsorbents was systemati-
cally evaluated through time-dependent retention rate
measurements (Fig. 3). All materials demonstrated sustained
retention capabilities under ambient conditions, maintaining
>63.7% iodine capture after 7 days. This extended retention
performance holds dual significance for nuclear waste
management: On the one hand, for long-lived '*I, high reten-
tion capacity reduces leakage risks during geological storage,
while for short-lived '*'1, effective retention during the first
week ensures radiation intensity control throughout its critical
decay period. The demonstrated retention properties satisfy the
criteria for radioiodine containment systems through achieving
an equilibrium between near-term radiological protection
imperatives and longitudinal ecological security parameters.
Furthermore, the solubility test of the four IOCs demonstrates

© 2025 The Author(s). Published by the Royal Society of Chemistry

remarkably complete dissolution in DMSO (Table S4 and
Fig. S147), confirming that the non-crosslinked architectures
effectively avoid the solvation barriers typically imposed by rigid
polymeric frameworks. This structural advantage not only
facilitates rapid iodine release kinetics but also crucially
enables exceptional solution processability.*®

Adsorption mechanism

To delve deeper into the chemical state of iodine on the mate-
rials’ surfaces and to investigate the interactions between the
adsorbents and iodine, a comprehensive series of analytical
techniques including TGA, XPS, FT-IR, Raman Spectroscopy,
and EDS was employed to characterize the four crystals before
and after iodine adsorption. Fig. S151 presents the TGA data for
the materials, illustrating that the weight loss observed in the
adsorbed materials prior to reaching the decomposition point is
attributed to the release of iodine. The percentage of iodine
released as determined by thermogravimetry was 64.5% for
PEBT-NDS-I,, 52.8% for PEBT-PTS-I,, 38.7% for PBBT-PTS-I,,
and 96.6% for PBBT-BDS-I,, respectively. Notably, the release
rates of PEBT-NDS-I, and PBBT-BDS-I, from thermogravimetry
are in close agreement with those observed when the adsorbed
materials were soaked in cyclohexane (58.5% for PEBT-NDS-I,
and 97.9% for PBBT-BDS-I,). However, the release rates of
PEBT-PTS-I, and PBBT-PTS-I, from thermogravimetry are lower
compared to those in cyclohexane (67.5% for PEBT-PTS-I, and
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61.9% for PBBT-PTS-I,, as seen in Fig. 3). This discrepancy may
arise because PEBT-PTS-1, and PBBT-PTS-I, release I;~ through
chemical adsorption in cyclohexane, and the limited solubility
of I;~ in cyclohexane leads to its conversion to I,, thereby
resulting in higher measured release rates. This conclusion is
further supported by Fig. S16,1 which indicates the presence of
I;~ peaks (ataround 280 and 350 nm) during the release process
of PEBT-PTS-I, and PBBT-PTS-I,.

To further validate the form of iodine present in the adsor-
bents, XPS was utilized to characterize the materials before and
after iodine adsorption. As depicted in Fig. 4a-d, the appear-
ance of new I 3d and I 4d peaks in the full spectrum of all four
materials post-adsorption confirms the presence of iodine.
Through peak fitting of the I 3d high-resolution spectrum,
distinct peaks for I, I; 7, and Is~ were observed at around 630 eV
and 620 eV, signifying that these three iodine species have been
effectively adsorbed onto the materials' surfaces.””*® Fig. S177
illustrates that the high-resolution spectra of S and O have
experienced a shift following adsorption. Notably, the
displacement change for PBBT-BDS is the least significant,
which may correlate with a predominantly physical adsorption
mechanism for this material. In contrast, the other three
materials exhibit a greater degree of chemical adsorption.
Additionally, the binding energy of phosphorus (P) remains
largely unchanged, suggesting that P may have a minimal role
in the adsorption process. This observation is likely connected
to the fact that all of phosphorus's electrons and orbitals are
already engaged in bonding within the crystal structure. As
observed in Fig. S18,1 the m-m* conjugate peaks of PEBT-NDS
and PEBT-PTS, which have higher adsorption capacities,
decreased substantially after iodine adsorption. This reduction
indicates that the benzene ring within these materials is also
involved in the iodine adsorption process.*** The XPS spectra
thus confirm the formation of charge transfer complexes (I3~
and I;~) during the adsorption of iodine. Furthermore, S, O and
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the benzene ring within the crystal structures emerge as the
primary adsorption sites, highlighting their significant role in
the adsorption mechanism.

Additionally, the FT-IR spectra depicted in Fig. 5a-d reveal
that the characteristic peaks of the materials remain largely
consistent before and after iodine adsorption, indicating that
the fundamental structure of the materials’ network remains
intact. Nevertheless, notable shifts in certain peak positions are
observed. Following the adsorption of iodine vapor, the sulfonic
acid peaks, typically found in the range of 1200-1000 cm ™, and
the phenyl peaks at around 1439 cm " for all four materials
exhibit displacement, which is indicative of chemisorption
processes.>**

After that, Raman spectroscopy of the materials confirms the
presence of iodine in various forms, including I, I;~, and I~ .*°
Notably, the PBBT-BDS material exhibits a significantly higher
content of I, compared to the other three materials, as evi-
denced in Fig. 5e-h. This finding corresponds with the data
from the iodine release experiment, TGA (Fig. S15), and XPS
(Fig. S177).

Then, EDS and element distribution mapping, as shown in
Tables S5, S6, Fig. S19 and S20,} reveal a marked presence of
iodine elements in the adsorbent materials after adsorption,
with an even distribution across the surface. Additionally, the
iodine content from Table S6f in PBBT-BDS-I, (2.15%) is
significantly lower than that found in the other materials
(6.15%, 6.18%, and 6.27%). These results suggest that the
primary adsorption sites for iodine within the material network
are likely the sulfonic acid groups and the benzene rings, with
iodine being adsorbed in the forms of I, I;", and I5 .

Lastly, the accurate determination of the binding site of
iodine on a single crystal is of great significance for under-
standing the adsorption mechanism and designing iodine
capture separation materials in the future. Consequently,
utilizing PEBT-NDS, which exhibits superior adsorption
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efficacy, as a case study, density functional theory (DFT) calcu-
lations were employed to delve into the iodine capture by the
material. Drawing on the XPS, FT-IR, and Raman spectroscopy
findings presented earlier, we consider the iodine species to be I,,
I;, and I5~, with the sulfonic acid and benzene ring serving as
the primary adsorption sites. Thus, the investigation was focused
on determining the lowest energy configuration for the iodine
adsorption system involving the benzene ring and sulfonic acid
groups. Among the various configurations examined, the lowest
configurations corresponding to I, I;~, and Is~ are O (of sulfonic
acid)I,, ring 1 (of PEBT)I;, and ring 1 (of PEBT)-I5, respec-
tively. For I, adsorption on the sulfonic acid group (O site), the
adsorption energy (—0.60 eV) and short distance (2.64 A) indicate
physical adsorption dominated by electrostatic interactions
between the negatively charged O atom and polarizable I,. In
contrast, the benzene ring exhibits stronger chemical interac-
tions with polyiodides: I;~ and Is~ bind with adsorption energies
of —1.36 eV and —1.39 eV at distances of 3.50 A and 3.51 A,
respectively, driven by m-electron donation from the aromatic
system. This indicates the synergistic roles of functional groups-
sulfonic acid anchors I, physically, while the benzene ring
chemically stabilizes polyiodides through m-interactions. This
dual functionality highlights the material's potential for tailored
iodine capture, where optimizing functional group spatial
arrangement could enhance selectivity toward specific iodine
species. The adsorption energies for the other systems are also
negative, ranging from —0.42 to —0.83 eV, indicating that the
adsorption processes are thermodynamically favorable. The
distances between the active sites and the iodine atoms vary from
2.51 A to 3.57 A, as illustrated in Fig. S21,1 and the interatomic
distances within the iodine molecules and polyiodide anion
range between 2.69 A and 3.74 A, as detailed in Table S7.f As
shown in Fig. S22,1 the charge transfer range of the system is
from —0.45 e to 0.02 e. This indicates that electrons accumulate
near iodide ions, and iodine mainly acts as an electron acceptor
during the adsorption process.>>>

© 2025 The Author(s). Published by the Royal Society of Chemistry

According to the charge potential energy model, when an
atom forms a bond with others, if the density of the outer-shell
electron cloud decreases (for example, electrons are attracted by
other atoms), the positively charged atomic nucleus will have an
increased attraction for the remaining inner-shell electrons,
leading to an increase in the binding energy of the inner-shell
electrons. Combined with high-resolution S 2p XPS spectra
and O 1s XPS spectra before and after iodine adsorption (Fig.
S17a-ct), the S 2p binding energy of PEBT-NDS shifted from
167.0 and 168.2 eV to 168.3 and 169.3 eV after iodine adsorp-
tion, indicating a decrease in outer-shell electron cloud density
around sulfur atoms due to electron donation to iodine species.
Similarly, the O 1s peak shifted from 530.6 and 531.5 eV to
531.3 eV to 532.7 eV, consistent with the sulfonic acid group
acting as an electron donor. These shifts align quantitatively
with the DFT-calculated charge transfer values: in the O-I,
system (charge transfer = —0.13 e), the sulfonic acid oxygen
donates electrons to I,, leading to the observed O 1s binding
energy increase. For ring 1-I5~ (charge transfer = —0.45 e), the
significant electron depletion on the benzene ring correlates
with the attenuation of the m-m* satellite peak in the C 1s
spectrum (Fig. S18at), confirming the 7-electron participation
in iodine chemisorption. This direct correspondence between
DFT-derived charge transfer and experimental XPS shifts
robustly supports the proposed mixed adsorption mechanism.

Collectively, the DFT calculations demonstrate that I0Cs
cooperatively drive iodine adsorption through electrostatic
anchoring by the sulfonic acid groups and w-mediated stabili-
zation by the benzene rings. These synergistic interactions
facilitate the formation of polyiodoanion complexes as directly
visualized in the charge transfer dynamics and structural
evolution depicted in Fig. 6g. A detailed account of the calcu-
lations can be found in the ESL{
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Comparison with other adsorbents

The adsorbents with the best adsorption capacity in this work
were compared with those reported in the literature, as shown
in Table S8.f The maximum iodine adsorption capacity of
adsorbents (PEBT-NDS) is on par with that of COF-TpgBD,*
NACs-TPAPyH,*” and UiO-66-NH-TD,** and it surpasses the
capacities of Etp6f*® and COFs@cotton.”” However, its capacity
is less than that of BPy-Cage,'® BPy-Box-4Cl,*® TJNU-203,* and
SCU-SnS.* Regarding the adsorption temperature, PEBT-NDS
operates at the same temperature as NACs-TPAPyH,* which is
lower than the temperatures required for the other materials
listed. This suggests that PEBT-NDS can adsorb iodine effi-
ciently at a lower temperature, which is an advantage in terms of
energy consumption and operational costs. The adsorption
time for PEBT-NDS is similar to that of TJNU-203 (ref. 59) and
SCU-SnS,* indicating a longer duration of adsorption when
compared to the other adsorbent materials. This prolonged
adsorption time can be beneficial in applications where stability
and long-term retention of iodine are critical. Whether the
synthesis conditions are mild and environmentally friendly is
also an important aspect for testing the significance of mate-
rials. The IOCs introduced in this article can all be synthesized
at room temperature within 12 h, which saves energy. Like
10Cs, BPy-Cage Etp6f was also synthesized at room tempera-
ture for 12 h. In addition, NACs-TPAPyH*>* and COFs@cotton®’
were synthesized at room temperature, while the rest of the
materials were synthesized at low temperature (COF-TpgBD**)
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or high temperature (UiO-66-NH-TD,*® BPy-Box- 4Cl,*® TINU-203
(ref. 59) and SCU-SnS®) for a time longer than 12 h.

Collectively, PEBT-NDS exhibits exceptional iodine adsorp-
tion capacity (1620 mg g~ '), operates effectively under lower-
temperature conditions (25 °C), and demonstrates sustained
adsorption performance over extended operational periods (144
h), while maintaining energy efficiency and environmental
compatibility. These synergistic characteristics position this
material as a promising candidate for advanced nuclear waste
management systems requiring high-performance iodine
capture and sequestration.

Conclusion and prospects

In conclusion, four different IOCs named PEBT-NDS, PEBT-PTS,
PBBT-PTS, and PBBT-BDS were first prepared with two phos-
phonium cationic monomers and three sulfonyl anionic
monomers via pair-to-pair ionic self-assembly. Then their
physical and chemical properties were characterized by using
an X-ray single crystal diffractometer, optical microscopy, XRD,
TGA, and BET. The IOCs were evaluated as adsorbents for
iodine, demonstrating adsorption capacities ranging from 22.9
to 27.5 mg g ' in iodine-cyclohexane solutions at 25 ppm and
from 31.5 to 38.4 mg g~ ' at 50 ppm. In addition, their iodine
vapor adsorption capacity reached up to 590 mg g~ ' to 1620 mg
¢~ '. Through kinetic fitting, it was proved that the adsorption of
iodine in both iodine-cyclohexane solution and in the vapor

© 2025 The Author(s). Published by the Royal Society of Chemistry
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adsorption process belongs to the physical and chemical mixed
adsorption mode. Investigations into the release of adsorbed
iodine revealed that complete release was not achievable for any
of the four materials, indicating that while some iodine was
adsorbed physically and could be released relatively easily,
a significant portion was adsorbed chemically in the form of
polyiodide anions, which were more difficult to desorb. Notably,
PEBT-PTS exhibited a higher physical adsorption ratio, which
may be attributed to the specific arrangement of adsorption
sites within the material. To elucidate the adsorption mecha-
nisms of the IOCs, further analyses and calculations were con-
ducted using TGA, FT-IR, XPS, Raman spectroscopy, EDS, and
DFT. These analyses confirmed the presence of iodine in the
forms of I,, I37, and I5 ", reinforcing the conclusion that the
adsorption process was a mixed physical and chemical
adsorption. In a word, this paper for the first time proposed
a method to prepare quaternary phosphonium-based IOCs by
self-assembly under mild conditions, which can be used for
iodine adsorption.

The success of phosphonium-sulfonate I0OCs in iodine
capture opens avenues for further exploration. Firstly, this ion
self-assembly strategy can be extended from N-base sites such
as imidazole and pyridine to quaternary phosphonium cation-
anion pairs, and it provides a model for the self-assembly of
other ion pairs (such as guanidine, carboxylic, phosphate, and
diazo groups). Secondly, structural optimization of existing
I0Cs-such as modulating alkyl chain flexibility, introducing
electron-deficient aromatic units, or increasing sulfonate group
density-may improve adsorption capacity and chemical stability
under harsh conditions (e.g., high humidity or radiation).
Thirdly, scaling up the synthesis process while maintaining
crystallinity and exploring recyclability are critical steps toward
practical applications. Additionally, beyond iodine adsorption,
these I0Cs have potential in environmental remediation,
energy storage, gas separation, catalysis, and sensors due to
their structural flexibility and functional groups. Finally, inte-
grating machine learning with high-throughput DFT calcula-
tions could accelerate the design of next-generation IOCs with
programmable adsorption functionalities.
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