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Two isomeric metal–organic frameworks bearing
stilbene moieties for highly volatile iodine uptake†
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Efficient, green, and economical removal of radioactive iodine (I2) has drawn worldwide attention for the

safe development of nuclear energy. Metal–organic frameworks (MOFs) have been demonstrated to be

potential candidates for I2 capture. Herein we report the synthesis of two novel isomeric MOFs bearing

stilbene moieties for exceptionally high I2 adsorption. [Cd(hsb-2)(tsbdc)]·0.5DMF (HSB-W8) and Cd(hsb-2)

(tsbdc) (HSB-W9), which exhibit two-dimensional and twofold interpenetrated three-dimensional struc-

tures, respectively, have been assembled from hydrogenated Schiff base ligands, hsb-2 (1,2-bis(4’-pyridyl-

methylamino)-ethane) and trans-stilbene-4,4-dicarboxylate (tsbdc), and Cd(NO3)2 by the diffusion

method. Such isomers arise from the different conformations of hsb-2 ligands controlled by diffusion

temperatures. The π-electron-rich stilbene moieties render these Cd-MOFs ideal platforms for I2 capture.

The adsorption capacities of HSB-W8 and HSB-W9 in I2 vapor at room temperature can reach up to 2.32

and 1.92 g g−1, respectively, which are comparable to the best-performing MOF materials reported so far.

Furthermore, pseudo-second-order (PSO) kinetic model analysis, Fourier transform infrared (FT-IR) spec-

troscopy, Raman spectral analysis, density functional theory (DFT) calculations, and control experiments

were performed to shed light on host–guest interactions and the iodine adsorption mechanism. This

work develops a rational strategy to design and synthesise functional MOF materials for iodine adsorption.

Introduction

With the rise in global population and the rapid economic
development of the world, the total world energy demand is
set to increase continuously. In the meantime, with the deplet-
ing resource of fossil fuels, the search for a low-emission,
efficient, and reliable energy source has drawn tremendous
attention across the globe.1 Nuclear energy is often considered
a cleaner option for continuous energy production due to its
high-density and emission-free nature.2 During the fission of
nuclear fuels, the disposal of radioactive nuclear waste has
become a major safety issue in nuclear energy applications.3,4

Among many volatile radioactive products, release of radio-

iodine is of great concern, owing to its immediate impact on
human health and long-term damage to the environment.5,6

The applications of activated carbon, zeolites, and other
traditional porous materials for iodine capture have been
hindered by their relatively low adsorption capacities and low
porosities.7

Periodic arrangements of metal ions or clusters and brid-
ging organic ligands afford crystalline metal–organic frame-
works (MOFs) with tunable and modifiable structures, ultra-
high porosities and surface areas for a large number of appli-
cations such as sensing, gas storage, molecular sieving, drug
delivery, catalysis, light harvesting and so on.8–25 Recently,
several MOFs have been reported as promising candidates for
iodine adsorption.26–30 Various approaches have been devel-
oped to enhance the I2 adsorption performance of MOF
materials;31 however, rational design and fabrication of MOFs
with excellent iodine adsorption still remain big challenges.
One effective strategy is to introduce electron-pair donors
including pyridine, R2O, ROH, RNH2, etc., or conjugated
π-electron units into the frameworks to functionalize MOFs,
which could form stable halogen bonds or charge-transfer
(CT) complexes with I2, thereby increasing the adsorption
capacity.32–42 It is noteworthy that the adsorption ability is not
only concerned with the interaction of I2 and frameworks,
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effective sorption sites, and the effect of I2 (which may form
polyiodide anions), but also the surface areas, porosity, pore
structures and topology of MOF materials.31,43,44 Iso-reticular
MOFs have provided a good platform to explore I2
adsorption;45–47 nonetheless, the utilization of isomeric MOFs
with the same active iodine-sorption units, to comparatively
study the structure–function relationship and thereafter
improve the I2 uptake capacity, has been rarely reported.

In MOF crystal engineering, polymorphism is a very inter-
esting subject, because such a study is not only important in
synthesizing novel materials but also helpful in achieving an
elementary understanding of crystal growth.48–50 MOFs with
different topologies can be effectively constructed using the
same precursors through controlling the environment. A
subtle change of the environment may lead to a drastic change
of dimension and topology. For example, in the hydrothermal
or solvothermal synthesis of MOFs, temperatures have an
unpredictable impact on the structural prediction of the final
frameworks.51–54 But for the diffusion method, the effects of
diffusion temperature are usually ignored. In this work, two
novel isomeric MOFs, HSB-W8 and HSB-W9, from 1,2-bis(4′-
pyridylmethylamino)-ethane (hsb-2), trans-stilbene-4,4-dicar-
boxylate (tsbdc) and Cd(NO3)2 were prepared just by adjusting
the diffusion temperature (Fig. 1). The integration of
π-electron-rich stilbene moieties into frameworks endows
these Cd-MOFs with ideal platforms for I2 capture. HSB-W8
and HSB-W9 exhibit abnormally high capacities for iodine
adsorption from vapor phases at room temperature. PSO
kinetic model analysis, FT-IR spectroscopy, Raman spectral
analysis, DFT calculations, and control experiments were per-
formed to shed light on the iodine adsorption mechanism.

Experimental section
Materials and apparatus

All chemicals were purchased commercially and used without
further purification except the hsb-2 ligand. The hsb-2 ligand
was synthesized according to a previous method.55–57 Thermal
analyses were performed on a NETZSCH STA 449C apparatus
from 20 to 1000 °C at a heating rate of 10 °C min−1 under
nitrogen flow. Elemental analyses (C, H, and N) were per-
formed using a Vario MICRO CHNOS elemental analyzer.
Fourier-transform infrared spectra were recorded in the range
of 4000–400 cm−1 on a PerkinElmer Spectrum Two FT-IR
spectrometer. PXRD data were recorded on a DMAX-2500
diffractometer with Cu-Ka radiation.

Crystal structure determination

The structure was solved by the SHELXL-2017 and OLEX2
program package.58,59 All the non-hydrogen atoms were
refined anisotropically, and the hydrogen atoms attached to
carbon were located at their ideal positions. The details of the
crystal data are presented in Tables S1 and S2 (ESI†).

The CCDC numbers are 2051853 and 2132222 for HSB-W8
and HSB-W9.†

Synthesis of the HSB-W8 MOF. Method 1: A solution of Cd
(NO3)2·4H2O (0.1 mmol) in H2O/EtOH (12 mL, 7 : 5) was
layered over a solution of hsb-2 (0.1 mmol) and tsbdc
(0.1 mmol) in H2O/DMF (12 mL, 2 : 1) at 20 °C. Colorless crys-
tals of HSB-W8 (16 mg) were isolated after two months in
23.6% yield based on the hsb-2 ligand. Anal. calcd for [Cd(hsb-
2)(tsbdc)]·2H2O·0.5DMF: C 54.55%, H 5.16%, N 9.09%; found:
C 54.78%, H 5.12%, N 9.51%. IR (KBr): ν = 3649(w), 3519(vw),
3459(vw), 3303(vw), 3060(w), 2953(m), 2919(m), 2844(w), 2819
(vw), 1934(vw), 1593(vs), 1541(vs), 1379(vs), 1300(m), 1230(m),
1175(m), 1107(m), 1072(m), 1012(s), 954(m), 862(m), 788(vs),
851(vw), 711(s), 621(m), 551(w), 519(m) cm−1.

Method 2: A solution of tsbdc (0.2 mmol) and hsb-2
(0.3 mmol) in H2O (12 mL) was added to Cd(NO3)2·4H2O
(0.2 mmol) in H2O (12 mL) under ultrasonic irradiation. After
20 min, the milky colloidal suspension was centrifugated at
10 000 rpm for 5 min to obtain the sediments, and then they
were washed with DMF and EtOH. Finally, 85 mg of HSB-W8
were obtained by drying, corresponding to 63% yield based on
tsbdc.

Synthesis of the HSB-W9 MOF. A solution of Cd(NO3)2·4H2O
(0.1 mmol) in H2O/EtOH (12 mL, 7 : 5) was layered over a solu-
tion of hsb-2 (0.1 mmol) and tsbdc (0.1 mmol) in H2O/DMF
(12 mL, 2 : 1) at 40 °C. Colorless crystals of HSB-W9 (22.2 mg)
were isolated after two months in 32.8% yield based on the
hsb-2 ligand. Anal. calcd for [Cd(hsb-2)(tsbdc)]·4H2O: C
51.99%, H 5.24%, N 8.08%; found: C 52.23%, H 4.88%, N
8.12%. IR (KBr): ν = 3428(vs), 3227(vs), 3059(s), 2944(s),
2851(m), 1591(vs), 1542(vs), 1382(vs), 1305(m), 1226(w),
1180(m), 1141(vw), 1109(vw), 1011(w), 961(w), 864(m), 790(s),
707(m), 635(vw), 537(vw), 496(vw), 421(vw) cm−1.

Iodine adsorption and release. An open sample vial with
30 mg of Cd-MOF was placed in another sealed weighing
bottle equipped with excess iodine and maintained at 25 °C
under ambient atmospheric pressure, and then weighed after
specified time intervals. The iodine adsorption capacity was
expressed by the following equation:

α ¼ m2 �m1

m1

where α is the amount of iodine adsorption capacity (wt%),
and m1 and m2 are the masses of the samples before and after
iodine adsorption (mg), respectively.

After iodine adsorption, the sample was exposed to air at
room temperature, and the stability of bound iodine was inves-
tigated through measuring the change of the Cd-MOF weight.

Fig. 1 The structures of hsb-2 and tsbdc, and the schematic illus-
trations of the diffusion temperature-dependent synthesis of Cd-MOFs
HSB-W8 and HSB-W9.
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A 5 mg sample of the HSB-W8 or HSB-W9 adsorbent
(denoted as I2@HSB-W8 and I2@HSB-W9, respectively) was
subjected to desorption in methanol (20 ml) for different
contact times, ranging from 0 to 400 min at 25 °C. At a certain
time, I2@HSB-W8 and I2@HSB-W9 were filtered off, and the I2
concentration in methanol solution was determined by UV-vis
spectrophotometry.

Results and discussion
Synthesis and crystal structure

The various conformations of the hydrogenated Schiff base
ligand hsb-2 make the synthesis of isomeric MOFs possible
and the introduction of tsbdc with the π-electron-rich stilbene
unit is expected to realize the efficient adsorption of iodine.43

Fortunately, the bulk single crystals of HSB-W8, [Cd(hsb-2)
(tsbdc)]·0.5DMF, and HSB-W9, Cd(hsb-2)(tsbdc), were syn-
thesized through the slow diffusion technique using hsb-2,
tsbdc, and Cd(NO3)2 at different temperatures. When the solu-
tion was kept standing for several days at 20 °C, crystals of
HSB-W9 with a block shape gradually appeared on the lower
tube wall containing the mixed ligand. Needlelike crystals of
HSB-W8 were grown just at the interface of the two solutions
within one week. As time goes on, HSB-W8 gradually grew into
dendritic crystals. The yields of HSB-W8 and HSB-W9 are up to
23.6% and 24.4%, respectively. Notably, only one type of
crystal, HSB-W9, was grown at 40 °C. In addition, uniform
HSB-W8 can also be obtained rapidly and in large quantities
with a yield up to 63% by directly mixing the precursors under
ultrasonic conditions (Fig. S1, ESI†).

The single-crystal X-ray crystallographic analysis reveals the
structure and difference of the obtained two Cd-MOFs.
HSB-W8 and HSB-W9 crystallize in the triclinic space group P1̄
and monoclinic space group C2/c, respectively (Table S1, ESI†).
All the Cd(II) centers adopt a distorted octahedron [CdN4O2]
coordination geometry, which is formed by two secondary
amine nitrogen atoms from one hsb-2 and two pyridine nitro-
gen atoms from another hsb-2 composing the equatorial
plane, and two oxygen atoms from two tsbdc ligands at the
apical positions (Fig. 2a). In the structure of HSB-W8, the
bond lengths of Cd–N vary from 2.383(5) to 2.427(5) Å, and the
two Cd–O distances are 2.258(4) and 2.262(4) Å, respectively,
while the bond angles around Cd(II) ions are in the range of
77.07(16)°–175.54 (16)° (Table S2, ESI†). In HSB-W9, the bond
lengths of Cd–N are 2.337(7)–2.377(8) Å, and both Cd–O dis-
tances are 2.287(7) Å, respectively, while the bond angles
around Cd(II) ions are in the range of 76.4(4)°–177.0 (4)°
(Table S3, ESI†). All the hsb-2 ligands in HSB-W8 display an
unusual “C” shape, which are coordinated with Cd(II) ions to
form infinite [Cd(hsb-2)]n double-chains (Fig. 2b). These
double-chains are further bridged by the tsbdc ligands
through sharing the Cd(II) ions, resulting in a 2D 44-sql layered
structure (Fig. 2c). Adjacent layers in HSB-W8 are stacked in an
ABC manner through weak intermolecular interactions
(Fig. 2d and e). Differently, “W”-shaped hsb-2 ligands in

HSB-W9 link the Cd(II) centers to compose a 2D network with
rhombic windows. Different layers are further connected by
tsbdc to form a 3D pillar-layered framework with large
windows along the a axis (Fig. 2f, g and h). To minimize the
large void cavities and stabilize the framework, two identical
3D frameworks are interspersed with each other to form the
final twofold interpenetrated structure of HSB-W9 (Fig. 2j).
Although interpenetration occurs, there still exist 1D small
channels along the a axis, with aperture sizes of about
0.8 nm × 0.9 nm (Fig. 2i). The accessible void calculated by
PLATON/SOLV analysis is estimated to be 25.6% without
consideration of the solvent molecules. Meanwhile, HSB-W8
has 1D channels with dimensions of approximately 0.6 nm ×
0.7 nm (Fig. 2d), and an accessible void of 23.1%.

HSB-W8 and HSB-W9 are two MOF isomers, which contain
the same building components but display different supramole-
cular structures. The topological difference is ascribed to the
flexibility of the hsb-2 ligand. During the self-assembly process,
the conformations of hsb-2 can be controlled by the diffusion
temperature. At lower temperatures, hsb-2 can exhibit both the
“C” and “W” conformations, while at higher temperatures hsb-2
tends to adopt only the “W” shape, when coordinating with
Cd(II) ions, which leads to formation of 1D double-chains and
2D layers of [Cd(hsb-2)]n subunits, respectively. These double-
chains and layers are further linked by tsbdc pillar ligands to
afford a 2D layered network of HSB-W8 and 3D pillar-layered
frameworks of HSB-W9. Therefore, it is a rational strategy to
prepare MOF isomers through tuning the diffusion temperature
to change the conformation of ligands.60

Iodine capture performance

The stilbene moiety of tsbdc is expected to become active sites
for I2 adsorption, leading to the Cd-MOFs as good I2 adsorbent

Fig. 2 Views of the coordination environments of the Cd(II) ion in
HSB-W8 (a) and HSB-W9 (f ) (hydrogen atoms and solvent molecules
have been omitted for clarity). (b) The 1D double-zigzag sub-chain in
HSB-W8. (c) A 2D layer of HSB-W8. (d) The stacking manner of HSB-W8
layers. (e) Topological presentation of HSB-W8. (g) A 2D layer of
HSB-W9. (h) A part of the 3D structure of HSB-W9. (i) The twofold inter-
penetrated structure of HSB-W9. ( j) Topological presentation of
HSB-W9.
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candidates. The adsorption capacities at different contact
times for a Cd-MOF at 25 °C were monitored to investigate
their capture performance toward iodine. The photographs of
the Cd-MOF before and after iodine adsorption are shown in
Fig. 3a. It can be seen that these adsorbents displayed a color
change from white to black with the loaded iodine. The
adsorption rate increased rapidly within the initial 16 h of
adsorption and adsorption saturation was achieved at 21 d. In
the early stages of I2 adsorption, HSB-W8 and HSB-W9 dis-
played closely matched adsorption curves. For HSB-W8, the
iodine adsorption rate increased significantly after 3.5 d,
which may be due to the augmenting of interlamellar spacing
caused by the accumulation of a large amount of I2 between
HSB-W8 layers. The iodine-loaded HSB-W8 was soaked in
methanol to release the adsorbed iodine after 3 d of adsorp-
tion, and the PXRD pattern remained basically unchanged. In
contrast, the PXRD pattern of HSB-W8 changed significantly
after 21 days of adsorption, indicating the collapse of the MOF
framework (Fig. 3b). The diffraction peaks of HSB-W9 became
very weak after iodine adsorption. After releasing I2, the XRD
peaks recovered, but the relative intensities of some peaks wea-
kened slightly as compared to those of pristine HSB-W9
(Fig. 3c), which might be attributed to the residual I2 in cav-
ities consequently leading to the diminished X-ray contrast
between the porous framework and pore channels.61 The equi-
librium adsorption capacities of HSB-W8 and HSB-W9 for
iodine could reach up to 2.32 and 1.92 g g−1, respectively.

To understand iodine adsorption kinetics on the Cd-MOF,
pseudo-second-order (PSO) kinetic models62 were applied to fit
the experimental data. The good fitting results (R2 > 0.98)
obtained for the HSB-W8 and HSB-W9 samples (Fig. S2 and
S3†) indicate a strong chemical interaction between iodine and
the framework.63 The desorption behavior of iodine in the
adsorbent at room temperature is an important index for the
stability of bound iodine; therefore, the two iodine-loaded Cd-

MOFs were placed in air at room temperature. As the change
of adsorption capacity shows in Fig. 3d, in the initial day, the
adsorption capacity rapidly decreased and then slowed, and
maintained a mainly constant level (>207 wt% for HSB-W8
and >158 wt% for HSB-W9) after 8 days with a high iodine
load, which indicated that the bound iodine in Cd-MOFs was
relatively stable. We have summarized results of more than
thirty MOF adsorbents for iodine capture in Fig. 4. It is worth
noting that both Cd-MOF isomers have outstanding iodine
adsorption capacity at room temperature.

As a potential iodine absorber, the assessment of renewabil-
ity for Cd-MOFs is necessary before practical applications.
Therefore, a desorption experiment was performed in metha-
nol at room temperature. With an extension of the desorption
time, the color of the solution changed from light to dark
(Fig. S4, ESI†). As shown in Fig. S5 and Table S4, ESI,† the
release of iodine is in equilibrium with a recovery rate of more
than 93% after 400 min. Because HSB-W8 and HSB-W9 have a
high affinity towards iodine, there was still some iodine
residue after elution with methanol several times; therefore,
the recirculation performance of the two Cd-MOFs is greatly
limited. After the first reuse, there were only 15% and 29%
weight ratio gains for HSB-W8 and HSB-W9. Considering the
green and facile synthesis path and the high adsorption
capacity of iodine at room temperature, these two Cd-MOFs
can also be used as potential disposable adsorbents for iodine.

Adsorption mechanism

The interaction between Cd-MOFs and iodine was studied by
thermogravimetric (TG) analysis, FT-IR spectroscopy, Raman
spectroscopy, density functional theory (DFT) calculations,
and controlled experiments. The TG curves of I2@HSB-W8 and
I2@HSB-W9 exhibit a sharp decrease in the range of
30–200 °C, which may be due to the release of I2 from the
surface and pores of the frameworks. The twofold interpene-
trated structure of HSB-W9 made it difficult for some I2 to
escape. It is, therefore, plausible that the decreasing rate of the
TG curve slowed down obviously before the collapse of the
skeleton in the range of 200–280 °C. Additionally, the volatiliz-

Fig. 3 (a) Adsorption curves and the color evolution of the Cd-MOFs at
25 °C in iodine vapor. (b) The PXRD patterns of HSB-W8 at different
stages. (c) The PXRD patterns of HSB-W9 at different stages. (d) Stability
of iodine-loaded Cd-MOFs at room temperature.

Fig. 4 Iodine adsorption capacities of different MOF adsorbents (the
references are arranged in the ESI†).
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ation of I2 with a strong interaction with Cd-MOFs may lead to
the TG curve of I2@Cd-MOFs being significantly different from
those of the isomeric Cd-MOFs (Fig. S6 and S7, ESI†). The
FT-IR spectra of HSB-W9 after iodine adsorption (Fig. S8, ESI†)
show that the characteristic peaks of N–H (3446 cm−1) and
C–N (1141 cm−1) stretchings in the secondary amine in
I2@HSB-W9 changed compared to those in pristine HSB-W9.
Meanwhile, the characteristic peaks of CvC stretching
(1664 cm−1), C–H in-plane bending (1257 cm−1) and C–H out-
of-plane bending (974 cm−1) have obviously changed after
iodine adsorption. There is a similar situation in HSB-W8
(Fig. S9, ESI†). This indicated that both the secondary amine
and stilbene may be active sites for iodine adsorption. To
further reveal the adsorption mechanisms of HSB-W8 and
HSB-W9, DFT calculations were carried out to investigate the
interaction between MOF adsorbents and I2 molecules. A
representative section of HSB-W8 and HSB-W9 that includes
their asymmetric units was selected for calculations. As shown
in Fig. 5, the distances between I2 and the carbon–carbon
double bond of stilbene in HSB-W8 and HSB-W9 are 3.282 Å
and 3.954 Å, respectively, which are much shorter than the dis-
tances between the I2 and N atoms of the secondary amine in
hsb-2 (4.712 Å and 4.656 Å). From Table S5, ESI,† it is obvious
that the calculated adsorption energy of I2 molecules interact-
ing with the stilbene moieties is also higher than that of I2
and secondary amines. These calculation results illustrated
that the stilbene moieties play an important role for the high
I2 uptake properties in these two Cd-MOFs. This was also veri-
fied by the parallel experiments of the iso-reticular HSB-W7
MOF (Fig. S10, ESI†).64 The structure of HSB-W7 is similar to
that of HSB-W8 except that the tsbdc ligands were replaced by
2-hydroxybenzate. In the absence of stilbene units, HSB-W7
exhibits poor I2 uptake capacity. According to the Raman
spectra (Fig. S11 and S12, ESI†), two new peaks located at low
wavenumbers of 107 and 168 cm−1 appeared after iodine
adsorption, which correspond to the symmetric stretching of
I3
−and I5

−, respectively,65–67 whereas the peak position of I2
was observed at 183 cm−1.68 The above analyses implied that
the high iodine adsorption capacity of Cd-MOFs was mainly
attributed to electron transfer between the π-electron-rich stil-
bene and iodine, alluding to a chemisorption process, and the

main chemical form of iodine was polyiodide anions from a
charge transfer complex (CT) process.69,70 Besides the active
sites, the topological structure also affects the iodine adsorption
properties. In this system, at the early stage of the I2 uptake
process, the adsorption abilities of HSB-W8 and HSB-W9 are
comparable, which can be attributed to their same active sites
and similarly accessible voids; while in the later stage, the
adsorption capacity of HSB-W8 was more predominant, owing
to the flexible interlamellar spacing feature of layered MOFs.
With the increase of adsorbed iodine, the interlamellar spacing
of HSB-W8 becomes larger and larger, which finally results in
the destruction of its crystalline nature. HSB-W9 has a twofold
interpenetrated 3D pillar-layered structure, the regular and rigid
porous structure of which can keep the framework undamaged
during the whole iodine absorption process.

Conclusions

In summary, two novel Cd-MOF isomers, HSB-W8 and
HSB-W9, have been prepared from the same mixed ligands of
hydrogenated Schiff base, hsb-2, and dicarboxylate, tsbdc, at
different diffusion temperatures. HSB-W8 is a 2D layer
network, while HSB-W9 shows a twofold interpenetrated 3D
pillar-layered framework, the structural difference of which is
ascribed to the flexibility of the hsb-2 ligand. HSB-W8 and
HSB-W9 exhibit superior I2 adsorption abilities at room temp-
erature, with maximum adsorption capacities of 2.32 and
1.92 g g−1 under I2 vapor conditions, respectively. The kinetics
were well fitted by the PSO kinetic model, suggesting a chemi-
sorption process. The π-electron-rich stilbene moieties in
tsbdc play important roles for the high iodine uptake. HSB-W8
and HSB-W9 exhibit different I2 adsorption capacities and pro-
cesses, which are mainly caused by their structural differences.
The adsorption mechanism was studied according to TG ana-
lysis, FT-IR spectra, Raman spectra, DFT calculations, and
control experiments. This work establishes stilbene-functiona-
lized MOFs as promising candidates for highly radioactive
iodine uptake, and enriches the study of polymorphism in
MOFs. Further research will be focused on the rational design
and synthesis of more efficient I2 sorbents based on
π-electron-rich MOFs, intending to shorten the adsorption
time and improve recyclability.
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