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Hypercrosslinked polymers (HCPs) with large surface areas, high intrinsic porosities and low production
costs may be available platforms for iodine capture. However, the lack of iodine-philicity binding sites
limits their adsorption capacity. Here we use vapor-phase postsynthetic amination strategy to introduce
electron-donating amino groups into the prefabricated HCPs for enhancing their iodine capture perfor-
mance. Through simple vapor-phase exposure, the halogen-containing HCPs can be grafted by amines
through nucleophilic substitution toward chloro groups. Combining with the abundant amino groups and
high porosities, the amino-functionalized porous polymers show substantially increased iodine adsorption
capacity, about 221% as that of original one, accompanied by excellent recyclability. Mechanism investiga-
tions reveal the key roles of the electron-donor amino groups and 7 -conjugated benzene rings along with
structure characteristics of porous polymer frameworks in iodine capture. Moreover, this vapor-phase am-
ination strategy shows good generality and can be extended to various amines, e.g., ethylenediamine,
1,3-diaminopropane and diethylenetriamine. Our work proves that this simple vapor-phase postsynthetic
functionalization strategy may be applied in other porous polymers with wide application prospects in

adsorption, separation and storage.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nuclear power makes great contribution to the world’s en-
ergy supply and sustainable development, owing to ultrahigh en-
ergy density and low carbon emission [1,2]. However, the volatile
radioactive wastes from spent nuclear fuels such as radioactive
iodine cause enormous safety issues, since it has an extremely
long radioactive half-life and significant risk to ecological envi-
ronment and human health [3]. In contrast with traditional lig-
uid scrubbing method, adsorption possesses many unique fea-
tures such as high capture efficiency and capacity, easy operation
and low cost [4]. Crystalline porous materials, e.g., metal-organic
frameworks (MOFs) and covalent organic frameworks (COFs), dis-
played excellent iodine capture performances, but the relatively
high production costs hinder their wide applications [5,6]. As a
subclass of porous organic polymers, hypercrosslinked polymers
(HCPs) are synthesized from the high degree crosslinking polymer-
ization of aromatic monomer based on Friedel-Crafts chemistry
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[7-11]. The extensive and strong crosslinking of polymer chains
endow HCPs with large surface area, permanent porosity, diverse
structures and excellent stability. Although a great diversity of aro-
matic monomers gives rise to the abundance of HCPs with various
pore architectures, the lack of electron-donor binding sites limits
their iodine adsorption capacity.

Adsorption performances of porous polymers are decided by
their textural properties (e.g., surface area and pore size) and func-
tional components. Porous polymers with accessible channels and
abundant electron-donating moieties/groups will particularly show
high adsorption capacity toward iodine molecules [12,13]. Recently,
the functional porous polymers are synthesized mainly through in-
genious predesign and postsynthetic functionalization [14,15]. For
the predesign, the monomers with functional groups or molecules
are used as building blocks and further polymerized or assembled
into porous polymers with desired functionality. There are several
predesign strategies to improve the adsorption of porous polymers
for iodine species through forming charge-transfer interactions: (1)
introducing the electron-rich N sites (e.g., imine and triazine moi-
eties) [16-19]; (2) constructing m-conjugated structures (e.g., ben-
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Fig. 1. Vapor-phase amination of HCPs. (a) Synthesis of HCP-CI through Friedel-Crafts reaction of chlorobenzene with FDA cross-linker and subsequent vapor-phase postsyn-
thetic amination. (b) Schematic illustration of vapor-phase amination of HCP-Cl to HCP-EDA. SEM images of (c) HCP-Cl and (d) HCP-EDA particles.

zene rings) [20,21]; (3) doping with nucleophilic heteroatoms (e.g.,
sulfur, phosphorus and boron) [22,23]. Although porous polymers
synthesized by predesign solvothermal reaction have obtained
great progresses, the introduced functional segments may disturb
the efficient polymerization of monomers and thus lead to the
failure for synthesizing some specific materials [24-26]. Postsyn-
thetic functionalization usually refers to introduce the functional
groups/molecules into the parent porous polymers for obtaining
anticipated functionalities [27-29]. For example, incorporation
of ionic liquid (2-bromoethyl)trimethylammonium bromide into
COFs could promote the adsorption of iodine molecules via strong
Coulomb interactions [30]. In terms of synthesis and modification
processes, most of these porous polymers are implemented in
rigorous liquid-based medium, still facing many issues, e.g., the
difficulty in controlling reaction processes, the reagent solubility
and vast consumption of organic solvents [31-33].

Vapor-phase processing (VPP), based on the vapor-phase re-
action of vaporized substances, has been applied in chemical
vapor deposition and functionalization of polymers, inorganics
and crystalline porous materials, thanks to its excellent control-
lability, high reactivity, environmental friendliness, etc. [34-37].
For example, p-phenylenediamine vapor could react with 1,3,5-
triformylphloroglucinol through solid—vapor interfacial polymer-
ization to deposit COFs [38]. Besides chemical deposition, VPP can
also be utilized for postsynthetic functionalization of porous ma-
terials to tune their physicochemical properties [39]. In our recent
works, we have used vapor-phase linker exchange and grafting to
tune the pore channels and adsorption behaviors of MOFs [40-
42]. Up to now, there is few report about the vapor-phase modi-
fication of HCPs. Considering the large surface areas, high porosi-
ties and abundant modifiable sites of HCPs, we envisage whether
vapor-phase processing can be applied to modify parent HCPs
for enhancing their iodine adsorption performances. Herein, we
report a simple vapor-phase postsynthetic amination strategy to
graft electron-rich amino groups into the halogen-containing HCPs
through nucleophilic substitution of amines toward chloro groups
(Figs. 1a and b). The introduced amino groups can act as active
electron-donating binding sites to enhance the iodine capture per-
formances of HCPs.

As a common aromatic monomer, chlorobenzene was used to
fabricate halogen-containing HCP-Cl as probe for iodine capture,
owing to the high reactivity, low cost and abundant modifiable
sites. In this study, the brown HCP-CI powders could be obtained
through a simple one-step Friedel-Crafts reaction using formalde-

hyde dimethyl acetal (FDA) as an external cross-linker (Figs. S1
and S2 in Supporting information) [7,43,44]. Scanning electron mi-
croscopy (SEM) image of HCP-CI (Fig. 1c) indicated the forma-
tion of spherical particles with size smaller than 50 nm, which
was in consistent with the previous literature [7]. After successful
preparation, the HCP-CI powders were exposed to ethylenediamine
(EDA) vapor with different times for preparation of amino func-
tionalized HCP-EDAx, where X represented the amination times of
0.2, 1, 3 and 12h. Under the thermal treatment of 393K, the va-
porized ethylenediamine molecules diffused into the surfaces and
pores of the prefabricated HCP-CI particles and then triggered the
nucleophilic substitution of amines toward chloro groups through
the vapor—solid reactions (Figs. S3 and S4 in Supporting informa-
tion). The aminated HCP-EDA became darker with the extension of
amination time and showed similar particle morphology with HCP-
Cl (Fig. 1d and Fig. S2). As shown in Fourier transformation infrared
(FTIR) spectra of HCP-EDA, the characteristic peaks of N-H bond at
671 and 3426 cm~! increased significantly, while the C-Cl peak at
818 cm~! attenuated (Fig. 2a and Fig. S5 in Supporting informa-
tion). These FTIR peak variations proved the successful grafting of
ethylenediamine into HCP-EDA. The peak at 3456 cm~! for HCP-
Cl may originate from the residual hydroxymethyl alkanes, which
were produced by the secondary reaction of vastly used FDA cross-
linker during the polymerization [24,45]. The appearance of ben-
zene ring peak in HCP-EDA demonstrated the well maintenance of
polymer frameworks.

X-ray photoelectron spectra (XPS) characterization of HCP pow-
ders was conducted to investigate the elemental binding states and
contents. Relative to HCP-Cl with C-C/C=C and C-Cl peaks in the
high-resolution C 1s XPS profile, a new C-N peak from ethylene-
diamine emerged at 285.8 eV for HCP-EDA and the peak intensity
gradually raised with the increase of amination time, while the
peak intensity of C-Cl decreased (Fig. 2b and Fig. S6 in Support-
ing information). The contents of C-N and C-Cl bonds in HCP-EDA
were quantitatively analyzed according to their integral areas of
C 1s XPS peaks. The C-N peak area expanded from 0% for HCP-
Cl to 4.56% for HCP-EDA;,, while C-Cl peak declined from 9.48%
to 5.76% (Table S1 in Supporting information). Moreover, in the N
1s spectra of HCP-EDA, two new C-N and N-H bonds appeared
at 399.1 and 400.8 eV, respectively (Fig. 2c). The longer amination
time led to stronger C-N and N-H peaks along with the gradually
increased N contents in HCP-EDA (Fig. S7 and Table S2 in Support-
ing information), similar to the FTIR results. For example, the N
content of HCP-EDA3 reached at 5.33%, while HCP-Cl showed no
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Fig. 2. Characterizations of HCP-Cl and HCP-EDA with amination time of 3 h. (a) FTIR spectra of HCP-Cl and HCP-EDA. (b) C 1s XPS spectra of HCP-Cl and HCP-EDA. (c) N 1s
XPS spectra of HCP-Cl and HCP-EDA. N, adsorption—desorption isotherms of (d) HCP-Cl and (e) HCP-EDA. The insets are pore width distribution patterns calculated by DFT

model. (f) XRD patterns of HCP-Cl and HCP-EDA.

detected N element. It should be noted that the N content only
showed slight fluctuation with the extension of amination time to
12 h. This might be interpreted by the fact that vapor-phase ex-
posure with 3h was sufficient to allow the nucleophilic substitu-
tion reaction to reach equilibrium or realize maximum. All these
characterizations proved the successful grafting of ethylenediamine
into HCP-EDA through vapor-phase amination.

Nitrogen adsorption-desorption isotherms were measured at
77K to investigate the porous properties of HCP-Cl and HCP-
EDA (Figs. 2d, e and Fig. S8 in Supporting information). The
Brunauer—Emmett—Teller (BET) specific surface area and pore vol-
ume of HCP-CI were 431 m2/g and 0.39mL/g, respectively. Due
to the incorporation of ethylenediamine molecules, the surface ar-
eas and pore volumes of the HCP-EDA particles decreased (Table
S3 in Supporting information). For example, the BET surface area
and pore volume of HCP-EDA;, were 291 m?/g and 0.32mL/g, re-
spectively. As shown in the Fig. 2e, a rapid N, uptake emerged
at relatively low pressure (P/[Py < 0.01) and a hysteresis loop ap-
peared during the desorption process in HCP-EDA isotherm, prov-
ing the existence of abundant micropore and mesopore structures,
respectively. The formation of hierarchical pores may originate
from the highly crosslinking polymerization of adjacent benzene
rings through -CH,- bridges [46,47]. Moreover, the pore width dis-
tributions calculated by nonlocal density functional theory (NLDFT)
revealed the dual-pore structure of HCP-Cl with the sizes of 1.9 and
4.3 nm, respectively (Fig. 2d). Owing to the grafting of ethylenedi-
amine molecules, the pore sizes of HCP-EDA reduced (Fig. 2e and
Fig. S8 in Supporting information). The prepared HCPs had also
been characterized by X-ray diffraction (XRD). Clearly, like most
of amorphous polymers, the XRD patterns of HCP-Cl and HCP-EDA
particles displayed a characteristic broad peak, revealing that they
were amorphous in nature (Fig. 2f). The above analyses validate
that HCP-EDA has abundant electron-donating amino groups, large
surface areas and hierarchical pore structures, which may be ben-
eficial for iodine capture.

The capture of radioiodine has received increasing interests due
to the potential treatment of nuclear wastes [48-50]. In this study,

HCP-EDA particles with well-defined porous structures as well as
abundant electron-donating amino groups were employed in io-
dine vapor capture at 348 K. As shown in Fig. 3a, the iodine up-
takes of HCP-Cl and HCP-EDA sharply increased with the longer
adsorption time and then reached at adsorption equilibrium after
about 30h. In contrast with HCP-Cl, the HCP-EDA powders showed
significantly improved iodine capture amounts owing to the in-
troduction of electron-donating amino adsorption sites. For exam-
ple, HCP-EDA3; displayed the iodine uptake of 1977 mg/g, about
221% as that of HCP-Cl (895 mg/g), revealing its superiority in io-
dine capture. Obviously, such a high iodine adsorption capacity of
HCP-EDA surpassed most reported absorbents including inorganic
particles, metal-organic frameworks and porous organic polymers
(Table S7 in Supporting information). It was worth noting that
HCP-EDA;, displayed similar adsorption capacity in contrast with
HCP-EDA3 since they possessed analogous N contents and surface
areas.

To study the iodine adsorption kinetics of HCPs, the typical
pseudo-second-order kinetic model was adopted to fit the exper-
imental adsorption data as a function of adsorption time (Fig. 3b).
The values of the calculated correlation coefficients (R%) and ki-
netic constants (k,) were illustrated in Table S4 (Supporting in-
formation). Results suggested that the iodine adsorption processes
of HCP-EDA fitted well in pseudo-second-order kinetic model on
the basis of high correlation coefficients [51,52]. It confirmed that
the high adsorption amounts mainly came from the strong chem-
ical interactions between the electron donor-acceptor pairs of
amino groups and iodine molecules. To further evaluate the ad-
sorption rates, we calculated the rate constants using the adsorp-
tion capacity and equilibrium time. The rate constant of HCP-EDA
(66mgg~1h-1) was similar with those of other adsorbents (Ta-
ble S7 in Supporting information). Kgpy parameter was also calcu-
lated through dividing 80% saturated adsorption amount by cor-
responding adsorption time [6,23]. Fig. S9 (Supporting informa-
tion) indicated the relationship between saturated adsorption ca-
pacity and Kggy value of various adsorbents. The adsorption per-
formance of the HCP-EDA could surpass the original HCP-Cl and
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Fig. 3. lodine adsorption behavior and mechanism. (a) Time-dependent iodine adsorption by HCP-Cl and HCP-EDA at 348K in saturated iodine vapor. (b) Plots of pseudo-
second-order adsorption kinetics fitting for iodine over HCP-Cl and HCP-EDA. (c) FTIR spectra of HCP-Cl and HCP-EDA with the amination time of 3 h before and after iodine
adsorption. (d) C 1s XPS spectra of HCP-EDA and HCP-EDA/L (e) N 1s XPS spectra of HCP-EDA and HCP-EDA/L (f) I 3d XPS spectra of HCP-EDA and HCP-EDA/L.

most reported adsorbents. Although COFs showed high adsorption
capacities, their expensive monomers usually resulted in high pro-
duction costs and thus restricted the practical application [3]. Fur-
thermore, we conducted the reusability test of HCP-EDA by heat-
ing the iodine adsorbed powders at 393 K. After five adsorption-
regeneration cycles, the adsorption capacity of HCP-EDA powders
only displayed slight fluctuations owing to the inherent chemical
stability (Fig. S10 in Supporting information). To further investigate
the stability and recyclability of HCP-EDA, we conducted the FTIR
characterization. The regenerated HCP-EDA showed identical FTIR
spectra as original one (Fig. S11 in Supporting information), which
proved the well-maintained chemical structures. It should be noted
that iodine molecules could desorb from HCP-EDA during the re-
generation process, indicating the presence of weak physical bond-
ing interactions. The physical adsorption of iodine in the cavity of
the frameworks contributed to improve the adsorption rates. These
adsorption behaviors validated that the amino-functionalized HCP-
EDA particles could be well used for industrial iodine capture with
high adsorption capacity and excellent recyclability.

To understand the iodine adsorption mechanism, FTIR and XPS
characterization were implemented on HCP-Cl and HCP-EDA before
and after iodine adsorption. As shown in Fig. 3¢, the bonds associ-
ated with C-H and C=C on the benzene rings after iodine adsorp-
tion shifted from 1049 cm~! to 1597 cm~! for HCP-CI to 1042 and
1589 cm~! for HCP-CI/I. For HCP-EDA/I, the C-H and C=C bonds
displayed similar skewing, while the peak intensities largely atten-
uated. These peak alterations in positions and intensities proved
that the structural benzene moieties in the framework of HCP-EDA
acted as adsorption sites for trapping iodine molecules. In addi-
tion, the characteristic bond of N-H for HCP-EDA/I shifted from
3426 cm~! to 3410 cm~!, accompanied with the degeneration in
peak intensity. Such a deviation in FTIR spectra of HCP-EDA before
and after iodine adsorption proved the existence of strong charge-
transfer interactions between the electron-rich amino groups and
the electron-deficient iodine molecules [25,53].

High resolution XPS spectra of HCP-EDA before and after iodine
adsorption were measured to investigate chemical binding states.
The peaks of C-C/C=C, C-N and C-Cl bonds in C 1s XPS spectra of
HCP-EDA/I shifted from 284.5, 285.8 and 286.1eV to 284.7, 286.1
and 286.4eV after iodine adsorption (Fig. 3d). The N 1s XPS spec-
tra also showed that the peaks at 399.1 and 400.8 eV, assigned to
C-N and N-H bonds in HCP-EDA, shifted to 399.8 and 401.3eV
for HCP-EDAJI, respectively (Fig. 3e), proving the formation of
charge-transfer complexes between iodine and amino groups [2].
As shown in Fig. 3f, I 3d XPS characterization was conducted to
analyze the nature of captured iodine. Compared to HCP-EDA, the
I 3d spectra of HCP-EDA/I showed the I 3ds, binding energies at
618.4 and 629.9eV as well as | 3d5, signals at 620.0 and 631.5eV.
The contents of I3~ and Is~ were quantitatively calculated through
their integral peak areas in XPS spectra. As a result, I3~ and I5~
species occupied 52% and 48% of the total iodine uptake content,
respectively. The dominant components of I3~ and Is~ in HCP-
EDA/I validated the charge transfer between iodine and adsorption
sites (N-H and benzene) to produce polyiodide anions [2,54].

Owing to the incorporation of ethylenediamine molecules, the
pore sizes of HCP-EDA reduced, but still maintaining abundant
micropore and mesopore structures. During the iodine adsorption
process, the porous polymer frameworks of HCPs contributed to
the fast diffusion of iodine molecules (Fig. S12a in Supporting
information). Since HCPs possessed multitudinous benzene rings
with m-conjugated structures, charge transfer interactions formed
between the iodine and benzene rings, leading to the high ad-
sorption amount [55]. Moreover, the grafted electron-rich amino
groups could act as strong electron donor binding sites to form
charge transfer complexes and enhance iodine capture capacity
(Fig. S12b in Supporting information) [56-58]. Based on these in-
sights, we attributed the excellent iodine capture performances of
HCP-EDA to the presence of a large number of electron-donating
amino groups and benzene rings as iodine-philic binding sites as
well as porous structure characteristics.
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To evaluate the generality of vapor-phase amination strat-
egy, various amines including aqueous ammonia (AA), 1,3-
diaminopropane (DAP) and diethylenetriamine (DETA) were used
to modify HCP-CI under same condition with the amination time of
3h (Fig. S13 in Supporting information). Through vapor-phase ex-
posure, the dark brown HCP-AA, HCP-DAP and HCP-DETA powders
were obtained (Fig. S14 in Supporting information). SEM images
showed that HCP-DAP possessed similar particle morphology with
HCP-Cl and HCP-EDA (Fig. S15 in Supporting information). The FTIR
spectra of HCP-AA, HCP-DAP and HCP-DETA showed the appear-
ance of N-H peak at 671 and 3426 cm~! as well as the diminution
of C-Cl peak at 818 cm~! in contrast with HCP-Cl (Fig. 4a). Like
FTIR spectra, XPS characterization showed that a new C-N peak
and two new C-N and N-H peaks emerged in C 1s and N 1s spec-
tra of HCP-DAP, respectively (Fig. 4b and Fig. S16 in Supporting in-
formation). These results validated that various amines could be
applied in vapor-phase amination. Nitrogen adsorption-desorption
isotherms were measured to investigate the porous properties of
HCPs (Fig. 4c). HCP-AA, HCP-DAP and HCP-DETA exhibited the BET
surface areas of 410, 217 and 180 m?2/g, and pore volumes of
0.37, 0.25 and 0.23 mL/g, respectively (Table S5 in Supporting in-
formation). In contrast with HCP-AA, the surface areas of HCP-
DAP and HCP-DETA largely reduced, owing to the introduction of
1,3-diaminopropane and diethylenetriamine with long molecular
chains. Pore size distribution patterns also showed that the peak
intensities at pore sizes of 1.9 and 4.3 nm for HCP-DAP and HCP-
DETA decreased sharply (Fig. S17 in Supporting information). In
the iodine adsorption test, HCP-DAP, HCP-DETA and HCP-AA dis-
played the adsorption amount of 1708, 1253 and 1009 mg/g, re-
spectively (Fig. 4d). As shown in Fig. 4e, the iodine adsorption pro-
cesses of HCP-DAP, HCP-DETA and HCP-AA fitted well in pseudo-
second-order kinetic model with high correlation coefficients (Ta-
ble S6 in Supporting information) [52]. Like HCP-EDA, the char-
acteristic peaks of C-C/C=C, C-N and N-H for HCP-DAP after io-
dine capture slightly shifted in C 1s and N 1s XPS spectra (Fig. 4b
and Fig. S16 in Supporting information). The I 3d XPS spectra also
proved the presence of both I3~ and Is~ in HCP-DAP/I (Fig. 4f). All

these results revealed the superb generality of vapor-phase ami-
nation used various amines for improving iodine capture perfor-
mances.

While the development of vapor-phase postsynthetic amination
method in this study is highly encouraging, substantial challenges
still need to be addressed in the future. First, a further understand-
ing of the vapor-phase amination mechanisms is desired, since
such insights will be indispensable in exploiting novel technology
and large-scale production. Second, in contrast with the huge num-
ber of available porous materials, the number of samples that can
be modified by vapor-phase amination is still limited. According
to the good reactivity of amines toward halogen, acyl, hydroxyl
and carboxyl groups, we envisage that, this vapor-phase amina-
tion strategy may be employed in postsynthetic functionalization
of other porous materials (e.g.,, MOFs and COFs) for various appli-
cations [28]. Third, the large-scale preparation conditions (e.g., am-
ination time and temperature) need to be further explored, which
will provide an important guidance for the practical production of
porous adsorbents in the iodine industry. Through the further ef-
forts on these aspects mentioned above, we foresee a bright future
for vapor-phase amination method.

In summary, we reported the vapor-phase postsynthetic ami-
nation of HCPs for enhancing their iodine capture performances.
Through simple exposure in amine vapors, the halogen-containing
HCP particles could be grafted by amines through nucleophilic sub-
stitution reaction. The introduced amino groups acted as electron-
donor iodine-philicity binding sites to form strong charge-transfer
interactions for the electron-deficient iodine molecules. In the io-
dine capture test, the amino-functionalized HCPs exhibited high
iodine uptakes along with excellent reusability, about 221% ad-
sorption capacity as that of original HCP-Cl. Mechanism analy-
ses proved that the electron-donor N-H groups and m-conjugated
benzene rings along with structure characteristics of high porosi-
ties, were critical factor for the iodine capture. Our vapor-phase
amination strategy showed excellent generality and could be
used by various amines. On the whole, the insights reported
in this research may inspire the development of various vapor-
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phase modification strategies for porous materials to extend their
applications.
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