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The post-synthetic modification of zeolitic imidazolate frameworks (ZIFs) is an effective strategy for
preparing new materials that exhibit superior performance compared to their parental ZIFs. Herein, we
quantitatively transformed the aldehyde group of ZIF-90 into mono- and bis-Schiff bases, and the
resulting compounds ZIF-90-1-ZIF-90-Ill still retained the crystallinity and their parental structures.
Importantly, ZIF-90-1ll with the highest amount of mono-Schiff base showed the maximum iodine
uptake capacities of 6600 mg g~! and 1826 mg g for iodine vapor and iodine/cyclohexane solution,
respectively, which are 1.5- and 3.4-fold as much as that of ZIF-90, being among the highest reported to
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ZIF-90 and its post-synthetic derivatives were speculated experimentally, which was firstly investigated
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1 Introduction

Nuclear energy is regarded one of excellent candidates to
replace fossil energy because of its high efficiency and non-
carbon-emission.” However, nuclear waste pollutants, such as
numerous volatile radionuclides *H, ®°Kr, '®*°I and '3'1, are
inevitably generated during the process of fuel fission, which
damage the ecosystem and bring serious harm to humans and
animals once they are accidently leaked.* Among the above-
mentioned pollutants, radioactive iodine has obtained world-
wide interest, because both the long-lived "*°I (¢, = 1.57 x 107
years) and short-lived **'I (¢, = 8.02 days) can affect human
metabolic processes, further leading to thyroid cancer and
hypothyroidism.* However, the low solubility and easy mobility
of iodine make it difficult to capture.>® Thus, the adsorption of
iodine is an urgent and challenging worldwide issue.

In the past decades, many porous materials, such as silver-
exchanged zeolite, mesoporous silica, porous organic cages,
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related theoretical calculations were also studied in detail.

covalent organic frameworks, and metal-organic frameworks,
have been reported to trap iodine.”** Among these materials,
MOFs are viewed as an outstanding candidate for iodine
adsorption owing to its high surface area, suitable pore size and
good chemical and thermal stability. The zeolitic imidazolate
framework (ZIF) is a very important subfamily of metal-organic
frameworks. Previously reported studies identified that
a charge-transfer complex was modestly formed between the
electron-deficient iodine molecule and electron-rich aromatic
carbon molecules in them; therefore, ZIFs often exhibited high
iodine adsorption amounts. For example, ZIF-8 showed a good
iodine vapor adsorption capacity of 1.25 g g at 350 K under
ambient pressure,">"* and the iodine adsorption amount of
single particle ZIF-90 with a size of 3.8 um is 220 mg g~ * within
180 s at room temperature.” Additionally, the high electron
density of organic linkers usually contributes to generating
strong interactions between the iodine molecule and frame-
work. This further leads to extraordinary iodine adsorption
capacities of the materials. Hence, the introduction of rich
electron groups (such as C=N/C=C/C=C with 7 electron and
OH/NH, with a lone pair electron) and organic linker defects
were regarded as an effective strategy to increase the electron
density of the organic ligands. For example, the iodine vapor
adsorption amount of UiO-67 was 530 mg g ', while the values
were increased up to 1071 mg g~ " and 1211 mg g~ * for Ui0-67-
NH, and UiO-67-(NH,),, respectively.'>'* When organic linker
defects were anchored to ZIF-90, the partial broken Zn-N bonds
decreased the delocalization of N atoms from imidazole-2-
carboxaldehyde, and the electron density of the aromatic ring

This journal is © The Royal Society of Chemistry 2023
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from imidazole was increased, so the iodine adsorption amount
of single ZIF-90 particle was significantly improved to 400 mg
g~ " at the same condition.* However, the introduction of rich
electron groups with both 7 electron and lone pairs in MOFs
has rarely been reported except for the core-shell NH,-UiO-
66@Br-COFs hybrid material, in which the maximum iodine
vapor adsorption amount was up to 3.73 g ¢ ' at 75 °C and
obviously superior to that of NH,-Ui0-66 (565 mg g~ ).**"

In this context, we chose ZIF-90 with aldehyde groups as the
precursor and reacted it with 1,2-diaminocyclohexane. The
aldehyde groups of ZIF-90 were consequently converted into
mono- and bis-Schiff bases, and both C=N and NH, groups
were introduced in ZIF-90 for improving the electron density of
aromatic ring. A series of post-synthetic functionalizations of
ZIF-90 derivatives (ZIF-90-I-ZIF-90-1II) were prepared via
controlling the molar ratio of ZIF-90 and 1,2-diaminocyclohex-
ane. Moreover, iodine adsorption experiments of these mate-
rials were also carried out by means of weighting method for
iodine vapor and monitoring on a UV-vis spectrometer for
iodine/cyclohexane solution, respectively. Activation energies,
adsorption kinetics, iodine species and related theoretical
analysis of ZIF-90 and its post-synthetic derivatives during
iodine adsorption process were also investigated.

2 Experiment
2.1. Materials and methods

All reagents in our research study were purchased from
commercial sources and used without further purification.
Powder X-ray diffraction (PXRD) patterns were obtained using
a D/Max-3¢ X-ray diffractometer (Rigaku, Japan) with Cu Ka
radiation. Fourier transform infrared spectroscopy (FTIR)
spectra were collected using a Spectrum Two spectrometer
(PerkinElmer, USA). 'H NMR spectra were measured on
a Bruker Avance III HD 400 MHz spectrometer (Bruker, Ger-
many). High-resolution electrospray ionization mass spec-
trometry (HRESI-MS) measurements were obtained on an
Exactive mass spectrometer (Thermo Fisher Scientific, Ger-
many). N, adsorption isotherm measurements were performed
on a BELSORP-max II adsorption apparatus (BEL, Japan) at 77
K. Scanning electron microscopy (SEM) was performed on
a TESCAN MIRA LMS (TESCAN, Czech Republic). UV-vis
absorption spectra were obtained on a CARY ECLIPSE JASCO-
720 spectrophotometer (Agilent, USA). Raman spectra were
obtained on a Renishaw Invia Raman spectrometer (Invia, UK).
X-ray photoelectron spectra (XPS) were conducted on a Physical
Electronics Model 5400 X-ray photoelectron spectrometer using
an unmonochromatized Mg Ka X-ray source.

2.2. Synthetic procedures

2.2.1 Synthesis of (E)-2-(((1H-imidazol-2-yl)methylene)
amino)cyclohexan-1-amine (L, denoted mono-Schiff base).
1,2-Diaminocyclohexane (114.2 mg, 1.0 mmol) was dissolved in
MeOH (20 mL) in a 100 mL flask. 1 M hydrochloric acid (1.1 mL)
was slowly added to this solution and then stirred for 20
minutes. The solution of imidazole-2-carboxaldehyde (L',

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry A

96.0 mg, 1.0 mmol) in MeOH (10 mL) was slowly added to the
above system, and then the mixture was refluxed overnight.
Finally, the resulting suspension was adjusted to a pH of ~8.0
by the saturated NaHSO; aqueous solution (Scheme S1t). The
product was further purified by recrystallization using MeOH.

2.2.2 Synthesis of (1E,1’E)-N,N-(cyclohexane-1,2-diyl)bis(1-
(1H-imidazol-2-yl) methanimine) (L?, denoted bis-Schiff base).
1,2-Diaminocyclohexane (114.2 mg, 1.0 mmol) and imidazole-2-
carboxaldehyde (192.0 mg, 2.0 mmol) were dissolved in MeOH
(40 mL) in a 100 mL flask, and the mixture was refluxed over-
night (Scheme S2t). The resulting product was obtained by
filtration, and washed with fresh methanol.

2.2.3 Synthesis of ZIF-90. ZIF-90 was prepared according to
the previously reported procedure.®* A mixture of imidazole-2-
carboxaldehyde (96.0 mg, 1.0 mmol) and sodium formate
(17.0 mg, 0.25 mmol) was added in MeOH (10 mL), and then
sonicated for 20 minutes to form a clear yellow solution, fol-
lowed by the addition of Zn(NOs),6H,0 (74.4 mg, 0.25 mmol).
The obtained solution was transferred into a Teflon-lined
stainless steel autoclave, and kept in an oven at 353 K for
24 h. The autoclave was then taken out and cooled to room
temperature. The polyhedral crystals were collected by filtra-
tion, washed with fresh methanol, and then dried under
vacuum at 373 K for one day.

2.2.4 Synthesis of ZIF-90-I-ZIF-90-1II. The synthetic routes
of ZIF-90-I-ZIF-90-1II are briefly described in Scheme 1.

2.2.5 Synthesis of ZIF-90-I. ZIF-90 crystals (50.0 mg) and
1,2-diaminocyclohexane (46.0 mg) were suspended in ethoxy-
ethane (10 mL), and stirred overnight at room temperature. The
powder was then centrifuged and washed with fresh ethoxy-
ethane (3 x 10 mL) before being immersed in fresh methanol
(20 mL) for two days. The powder was finally collected by
filtration, and then dried under vacuum at 373 K for one day.
Molar ratio of L' : L?: L* = 67.6% : 25.7% : 6.7%.

2.2.6 Synthesis of ZIF-90-II. The method of preparing ZIF-
90-II is similar to the procedure of ZIF-90-I, except that 120.0 mg
1,2-diaminocyclohexane was used. Molar ratio of L': L*: L* =
8.8% :58.4% :32.7%.

2.2.7 Synthesis of ZIF-90-III. The method of preparing ZIF-
90-III is similar to the procedure of ZIF-90-I, except that
250.0 mg 1,2-diaminocyclohexane was used. Molar ratio of L' :
L?:L% = 1.0%:96.1% : 2.9%.

Soar-
NS,
Q NH, fiii'
HN  NH, O_N N
—_— \‘—QNTJ',
C,Hs0C,Hs , ret.
ZIF-90-1-ZIF-90-1Il
2IF-90
J:O
Zn.y#y-2n
=/
o
2 -
Zn~N'£N-Zﬂ Z"VNF_(=N NHz anﬂ(-N N-.NZ"
= (N-zn QN-zn zn-NJ

Scheme 1 Transformation of ZIF-90 by Schiff base reaction with 1,2-
diaminocyclohexane to obtain ZIF-90-1-ZIF-90-111.
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2.3. Iodine adsorption and desorption experiments

The iodine vapor adsorption experiments of ZIF-90 and ZIF-90-
I-ZIF-90-1II. 10 mg of activated ZIF-90 was placed in a pre-
weighed 2 mL glass vial, and this glass vial was then put in
a 20 mL sealed vial containing 300 mg of iodine pills, followed
by being heated in an oven at 75 °C under ambient pressure.
After a scheduled time, the iodine-loaded ZIF-90 was cooled
down to room temperature in a desiccator and then weighed.
The colorless ZIF-90 samples became dark brown. The iodine
vapor adsorption experiments of ZIF-90-I-ZIF-90-III are similar
to the adsorption process of ZIF-90, except that ZIF-90 is
replaced by ZIF-90-1-ZIF-90-I11, respectively.

The iodine adsorption experiments of ZIF-90 and ZIF-90-I-
ZIF-90-1II from iodine/cyclohexane solution. 5 mg of activated
ZIF-90 was soaked in 5 mL of iodine/cyclohexane solution with
different concentrations (200-800 mg L™ ') under magnetic
stirring at room temperature. The colorless ZIF-90 samples
became dark brown, while the purple iodine/cyclohexane solu-
tion faded to colorless with increasing time. After a certain time,
the supernatant was collected by centrifugal separation and its
absorbance was monitored by a UV-vis spectrophotometer.
Additionally, in order to obtain the maximum iodine adsorption
amount of ZIF-90 in iodine/cyclohexane solution, 5 mg of acti-
vated ZIF-90 was soaked in 15 mL of 500, 700 and 1000 mg L™"
iodine/cyclohexane solution, and the abovementioned proce-
dure was performed. The iodine adsorption experiments of ZIF-
90-1-ZIF-90-I11I in iodine/cyclohexane solution are similar to the
adsorption process of ZIF-90, except that ZIF-90 is replaced by
ZIF-90-1-ZIF-90-I11, respectively.

The iodine desorption experiments of iodine-loaded ZIF-90
and ZIF-90-I-ZIF-90-III. 10 mg of iodine-loaded ZIF-90 was
placed in a pre-weighed 2 mL glass vial at 120 °C under ambient
pressure. After a certain time, the glass vial was cooled down to
room temperature in a desiccator and then weighed. The dark
brown iodine-loaded ZIF-90 samples faded over time. The
iodine desorption experiments of iodine-loaded ZIF-90-I-ZIF-
90-I1I are similar to the desorption process of iodine-loaded ZIF-
90, except that iodine-loaded ZIF-90 was replaced by iodine-
loaded ZIF-90-I1-ZIF-90-I11, respectively.

3 Results and discussion
3.1. Characterization of ZIF-90-I-ZIF-90-I11

The structures of ZIF-90-I-ZIF-90-II were characterized by
powder X-ray diffraction (PXRD) and Fourier transform infrared
spectroscopy (FTIR) measurements. As shown in Fig. S1,T the
PXRD patterns of ZIF-90-1-ZIF-90-III are in agreement with the
ones of experimental and simulated ZIF-90 generated from
single crystal X-ray diffraction data, indicating that ZIF-90-I-
ZIF-90-1II retained the crystallinity of ZIF-90, and no crystal
impurities were introduced during the post-synthetic modifi-
cation procedure. The FTIR spectrum showed the presence of
a C=0 stretching vibration at 1680 cm ™" for ZIF-90, whereas
there was the appearance of a C=N stretching vibration at
1640 cm ™" for ZIF-90-I-ZIF-90-111, indicating the transformation
from the aldehyde group to Schiff bases of ZIF-90. Additionally,
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the features at 3300 and 3144 cm ' can be assigned to the
symmetric and asymmetric NH, stretching vibrations,
2928 cm ' belongs to the CH/CH, stretching vibrations,
1581 cm™ ' is attributed to the in-plane NH, vibrations and the
out-of-plane NH, vibrations are situated in the 940-770 cm ™t
region (Fig. S21).'2° These characteristics also revealed that 1,2-
diaminocyclohexane has been anchored on ZIF-90 via the Schiff
base reaction. Additionally, the N, adsorption isotherms of the
activated samples of ZIF-90 and ZIF-90-I-ZIF-90-1II were recor-
ded at 77 K (Fig. S37). The very low N, uptakes of ZIF-90-I-ZIF-
90-I1I relative to that of ZIF-90 may be attributed to an obvious
constriction of the pores,* resulting from the conversion of the
small size aldehyde to the bigger size Schiff bases. The SEM
images showed that the morphology of ZIF-90 was changed
from a polyhedron to an irregular shape because of the post-
synthetic modification. ZIF-90-I-ZIF-90-III exhibited almost
the same particle size, which is obviously smaller than that of
ZIF-90 (Fig. S4t1). A smaller particle size of the materials
generally leads to a higher gas adsorption capacity, but ZIF-90-1-
ZIF-90-11I presented a lower N, adsorption capacity. Thus, the
constriction of the pore through turning the aldehyde groups
into Schiff bases probably played a major role in N, adsorption.

In order to confirm the quantitative conversion from the
aldehyde group of ZIF-90 to mono- and bis-Schiff bases (L> and
L%), activated ZIF-90-I-ZIF-90-III (10.0 mg) was put into 3 mL of
MeOH to form a suspension under stirring. This mixture was
then digested via the addition of 10% HCOOH/MeOH to adjust
to a final pH of 5-6. The clear solution was evaporated and the
resulting powder was dissolved in DMSO-dg to measure 'H
NMR, respectively. As shown in Fig. $5-S8,1 the 'H NMR spectra
of the digested ZIF-90-I-ZIF-90-III samples show that reso-
nances occur at around 8.32, 8.15 and 8.04 ppm, which corre-
spond to the imidazole-2-carboxaldehyde, mono- and bis-Schiff
bases, indicating that approximately 32.4%, 91.2% and 99%
conversion of the aldehyde group had been completed in ZIF-
90-I-ZIF-90-III, respectively. The neighboring distance of the
aldehyde groups in ZIF-90 is around 4.3 A, which is close to the
sum of the N...N distance from 1,2-diaminocyclohexane and
C=N distance from the Schiff base. Thus, the aldehyde groups
in ZIF-90 can be converted to bis-Schiff bases during the process
of post-synthetic modification. However, the transformation of
the bis-Schiff base is not very high (~30%) owing to the steric
hindrance effect. Meanwhile, we also carried out high-
resolution electrospray ionization mass spectrometry (HRESI-
MS) on these digested samples of ZIF-90-I-ZIF-90-III. As depic-
ted in Fig. S9-S12, compared with the HRESI-MS of the
digested ZIF-90, four new m/z peaks were clearly observed for
the digested ZIF-90-I-ZIF-90-III samples at 255.06, 273.06,
301.06 and 333.09, respectively. Fitting these peaks gives
a formula of [Zn(L*)]" (calcu. 255.06), [Zn(L*)(H,O)]" (calcu.
273.07), [Zn(L*)(HCOOH)]" (calcu. 301.06) and [Zn(L*)]" (calcu.
333.08) (Fig. S131). The existence of these m/z peaks relevant to
L’ and L* fragments also provided further evidence for the
transformation from aldehyde group of ZIF-90 to Schiff bases.
The speculated chemical formulae of the fragments are listed in
Tables S1-S4.F

This journal is © The Royal Society of Chemistry 2023
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3.2. Iodine vapor capture of ZIF-90-I-ZIF-90-II1

ZIFs such as ZIF-8 and ZIF-90 with suitable cage sizes and
excellent chemical and thermal stability, easily form charge-
transfer compounds between the iodine molecule and frame-
work. Thus, they are viewed as ideal candidates for trapping
iodine.”™ Meanwhile, the introduction of C=N with a 7
electron and NH, group featuring a lone pair electron will
increase the electron density of the organic linkers and further
enhances the iodine...framework interactions, leading to the
improvement of the iodine adsorption amount. Iodine vapor
capture experiments were performed on activated samples of
ZIF-90 and ZIF-90-I-ZIF-90-1II at 75 °C under ambient pressure.
The iodine adsorption isotherms of these samples were depic-
ted according to the equation of Q, = 1000 x (m; — mg)/my,
respectively, where Q, (mg g~ ") is the adsorption amount of
iodine vapor per gram of sample at time ¢, m, (mg) is the initial
mass of sample and m, (mg) is the mass of the sample after
adsorption at time ¢.

As shown in Fig. 1a, the time of iodine adsorption equilib-
rium was about 60 hours with excellent iodine adsorption
capacity values of 4490, 5270, 5680 and 6600 mg g~ for ZIF-90
and ZIF-90-I-ZIF-90-11I, respectively. The iodine adsorption
capacity of ZIF-90-1II is 1.5-fold that of ZIF-90. Interestingly, the
iodine vapor adsorption capacities were enhanced with the
increasing conversion of aldehyde to Schiff base, especially with
the increasing ratio of mono-Schiff base. In addition, ZIF-90-I-
ZIF-90-II1 possessed the approximate particle sizes, but they
exhibited different iodine adsorption capacities, revealing that
maybe the particle sizes did not distinctly affect the iodine
adsorption of the ZIF-90 derivatives. Therefore, the iodine
adsorption behavior of ZIF-90 and ZIF-90-I-ZIF-90-III indicates
that not only suitable cage sizes and charge-transfer interaction
between the iodine molecule and aromatic imidazole ring play
an important role in iodine vapor adsorption, but the presence
of C=N with the 7 electron and NH, group with the lone pair
electron also contributes to increasing interactions between the
electron-deficient iodine molecule and framework, thus leading
to the obvious increase of iodine adsorption in post-synthetic
ZIF-90 derivatives. To our best knowledge, compared to the
previously reported metal-organic frameworks (Fig. 1b and
Table S57), the iodine vapor adsorption capacities of ZIF-90 and
ZIF-90-I-ZIF-90-III are only lower than that of IL@PCN-333 (Al)
(7350 mg g~ ')** and obviously superior to those of most MOFs,

@
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Fig. 1 (a) lodine adsorption isotherms of ZIF-90 and ZIF-90-1-ZIF-
90-Ill at 75 °C under ambient pressure, and (b) comparison of the
jodine vapor adsorption capacity by reported metal-organic frame-
works and our materials.
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such as PCN-333 (Al) (4420 mg g~ '),** UPC-158-HCI (2920 mg
g7 "), etc. Noteworthily, the iodine vapor adsorption value of
ZIF-90-III ranks second among the reported MOFs under the
same conditions to date.

To further investigate the iodine adsorption behavior of ZIF-
90 and ZIF-90-I-ZIF-90-III, iodine vapor adsorption experiments
of these materials were carried out at different temperatures
(40, 50, 60 and 90 °C) under ambient pressure, respectively, and
their corresponding iodine adsorption isotherms and the
equilibrium adsorption amounts were obtained (Fig. S14 and
Table S61). For ZIF-90 and ZIF-90-I-ZIF-90-III, the times of
iodine adsorption equilibrium were obviously shortened, while
the iodine adsorption capacity values were significantly
enhanced with increasing temperature. Furthermore, the
iodine adsorption capacity of ZIF-90-II and ZIF-90-III at 90 °C is
slightly lower than that at 75 °C.

Meanwhile, the pseudo-first and pseudo-second order
kinetic models were adopted to probe the iodine adsorption
kinetics of ZIF-90 and ZIF-90-I-ZIF-90-1I1, and the correspond-
ing kinetic equations were listed as follows:

Pseudo-first order kinetic model: O, = Q. — Q. x e ¥
Pseudo-second order kinetic model: #/Q, = 1/k»Qc> + 1/Q,

where &, (h™") and k, (g mg~' h™") are the pseudo-first and
pseudo-second order rate constants, respectively, Q; (mg g™ ")
and Q. (mg g ') are respectively the adsorption amount of
iodine vapor by per gram of sample at time ¢ and equilibrium.
As depicted in Fig. 2 and S15-S23,f and according to the
correlation coefficients (R*) and calculated value of Q. (mg g™ ")
obtained by the pseudo-first and pseudo-second order kinetic
equations at different temperatures (Tables S7-S10%), the
iodine vapor adsorption of ZIF-90 can be described by the
pseudo-first order kinetic equation, indicating that the diffu-
sion of the iodine molecule via pores was the rate-controlling

(2) 5000 (b)
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Fig. 2 (a) The pseudo-first kinetic model for the iodine vapor
adsorption kinetics of ZIF-90, the pseudo-second kinetic models for
the iodine vapor adsorption kinetics of (b) ZIF-90-1, (c) ZIF-90-1I and
(d) ZIF-90-1ll at 75 °C under ambient pressure.
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mechanism for iodine vapor adsorption by ZIF-90.>*¢ While the
pseudo-second order kinetic equation better favored the iodine
vapor adsorption by ZIF-90-1-ZIF-90-1II, revealing that chemi-
sorption is predominant during the absorption progress for
these post-synthetic ZIF-90 derivatives.>”* Meanwhile, the order
rate constants of k; and k, obviously increased with increasing
temperature, probably ascribed to the more mobile iodine at
higher temperature.

The Arrhenius equation k = A exp(—E./RT) was adopted to
calculate the activation energy (E,) during the iodine vapor
adsorption process by ZIF-90 and ZIF-90-1-ZIF-90-I1I, where k is
the pseudo-first order rate constant for ZIF-90 and the pseudo-
second order rate constant for ZIF-90-I1-ZIF-90-II1, respectively,
A is the pre-exponential factor, R = 8.314 J mol " K" and T'is
the Kelvin temperature. As shown in Fig. 3, the values of acti-
vation energy are 34.2 £+ 1.5, 25.2 £ 0.9, 24.0 £ 0.9 and 23.1 &+
0.8 k] mol " for ZIF-90 and ZIF-90-I-ZIF-90-III, and all of them
are lower than 40 kJ mol . The lower activation energy implies
the quicker diffusion of the iodine molecule, further leading to
the high iodine adsorption capacity.>** Thus, the sequence of
the iodine vapor adsorption amount was ZIF-90-III > ZIF-90-II >
ZIF-90-1 > ZIF-90, which is coincident with the experimental
values.

3.3. Iodine adsorption from iodine/cyclohexane solution by
ZIF-90-1-ZIF-90-I11

To determine the iodine adsorption capacity of ZIF-90 and ZIF-
90-I-ZIF-90-1II in the iodine/cyclohexane solution, the standard
curve of the iodine/cyclohexane solution was also measured
(Fig. S247). The absorbance at 522 nm and the concentration of
the iodine/cyclohexane solution display an excellent linear
relationship, which can be described using the equation of y =
0.00388x — 0.01509, where y and x are the absorbance at 522 nm
and the concentration of iodine/cyclohexane solution, respec-
tively. As shown in Fig. S25-S32,T the absorbance at 522 nm of
the iodine/cyclohexane solution obviously decreased with
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Fig. 3 Arrhenius fitting of the iodine vapor adsorption by (a) ZIF-90, (b)
ZIF-90-1, (c) ZIF-90-Il and (d)ZIF-90-II1.
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increasing time after ZIF-90 and ZIF-90-1-ZIF-90-III were soaked
in this solution, respectively, indicating that iodine was adsor-
bed by these materials. The residual concentration of iodine in
cyclohexane can be speculated by the equation of y = 0.00388x
— 0.01509, and the iodine adsorption values were calculated
using the following equation: Q; = (C, — C;) x V=+m, where Q,
(mg g7 ') is the iodine adsorption amount from the iodine/
cyclohexane solution per gram of samples at time ¢, C, (mg
L") is the initial concentration of the iodine/cyclohexane
solution, C, (mg L") is the concentration of the iodine/
cyclohexane solution after adsorption at time ¢, V (mL) is the
volume of iodine/cyclohexane solution, and m (mg) is the mass
of the sample.

As shown in Fig. 4, S33 and Table S11,1 the maximum iodine
equilibrium adsorption amounts were 538, 1005, 1461 and
1826 mg g~ " for ZIF-90 and ZIF-90-1-ZIF-90-I11, respectively, and
the iodine adsorption capacity of ZIF-90-11I is 3.4-fold the value
for ZIF-90. Similar to the iodine vapor adsorption behavior, the
iodine adsorption capacity of ZIF-90 in the iodine/cyclohexane
solution was also enhanced with the increasing conversion of
the aldehyde to a Schiff base, especially with increasing ratio of
the mono-Schiff base. This behavior also indicates that the
iodine adsorption capacity of the materials in the iodine/
cyclohexane solution is not only ascribed to the suitable cage
size and charge-transfer interaction between the iodine mole-
cule and aromatic imidazole ring, but also results from the
introduction of C=N and NH, groups with rich electrons. These
factors are beneficial to forming multipoint interactions
between the iodine molecule and framework, and further
improving the iodine adsorption capacity of compounds. To our
best knowledge, compared to the previously reported MOFs
(Fig. 4 and Table S127), the iodine adsorption values of ZIF-90-II
and ZIF-90-III are lower than those for IL@PCN-333 (Al)
(3400 mg g "),? Ti;sPbs016(CsH5CO,),(OCH3),40 (3127 mg g~ )™
and Ag@MIL-101 (2140 mg g~ "),? but higher than that of most
known MOFs, among the highest iodine adsorption capacity.

The pseudo-first and pseudo-second order kinetic models
were also adopted to study the iodine adsorption kinetics of ZIF-
90 and ZIF-90-I-ZIF-90-III in the iodine/cyclohexane solution. As
shown in Fig. $34-5S49 and Tables $13-S16,} and according to R>
and the calculated values of Q. (mg g ') obtained via the
pseudo-first and pseudo-second order kinetic equations, the
pseudo-second order kinetic equation better describes the

1826
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Fig. 4 (a) lodine adsorption isotherms of ZIF-90 and ZIF-90-I-ZIF-
90-1Il from 15 mL of 1000 mg L~ iodine/cyclohexane solution, and (b)
comparison of the iodine adsorption capacity from iodine solution by
reported metal-organic frameworks and our materials.
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iodine adsorption by ZIF-90 and ZIF-90-1-ZIF-90-III, indicating
that chemisorption exists in the iodine absorption progress.****
Additionally, the iodine absorption isotherms of ZIF-90 and ZIF-
90-1-ZIF-90-III in the iodine/cyclohexane solution were also
further explored via Langmuir and Freundlich isotherm model,
respectively, and these two isotherm models are expressed by
the following equations:

Langmuir isotherm model: Q. = (O, KL C.)/(1 + K. C,)
Freundlich isotherm model: Q. = KeC,'"

where Q. (mg ¢ ") and C. (mg L") are the equilibrium iodine
adsorption amount and concentration of the iodine/
cyclohexane solution, respectively, Q,, (mg g~ ') is the theoret-
ical maximum adsorption value, K;, (L mg™ ") and Kz (mg g~ ") are
the adsorption constants of Langmuir and Freundlich isotherm
model, respectively, and »n is the Freundlich linearity index. As
shown in Fig. 5 and the related parameters obtained from the
Langmuir and Freundlich isotherm models (Table S17t), the
Langmuir isotherm model is in better agreement with the
experimental adsorption isotherm for ZIF-90 and ZIF-90-1-ZIF-
90-11I than the Freundlich isotherm model, indicating that the
iodine adsorption process in the iodine/cyclohexane solution by
these materials probably due to the monolayer chemisorption
occurring on the heterogeneous surfaces.>*

3.4. Characterization of iodine-loaded ZIF-90 and ZIF-90-I-
ZIF-90-111

Raman spectra and XPS were carried out on pristine and iodine-
loaded ZIF-90 and ZIF-90-I-ZIF-90-III (including these samples
that adsorbed iodine from iodine vapor and iodine/cyclohexane
solution, respectively) to detect the probable species of iodine in
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Fig. 5 The fitting of the iodine adsorption isotherms adopting the
Langmuir and Freundlich isotherm models for (a) ZIF-90, (b) ZIF-90-I,
(c) ZIF-90-1l and (d) ZIF-90-I1ll. High C. values were approximatively
obtained using the adsorption data of 15 mL iodine/cyclohexane
solution with different concentrations.
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these iodine-loaded materials, and explore the interactions
between the iodine molecule and framework. As shown in
Fig. 6, two strong peaks of 112 and 168 cm™ ' were detected on
the Raman spectrum of the iodine-loaded ZIF-90 and ZIF-90-I-
ZIF-90-I11. The peak of 168 cm ™" may be ascribed to the iodine
molecule, which was shifted by 12 cm ™" and is comparable to
the I-1 vibration of solid iodine (180 em™") (Fig. S50%). This
reveals that the adsorbed iodine molecules were bound to the
framework, and probably due to the formation of hydrogen
bonds between the iodine molecule and the NH, group from the
framework or the formation of a partial dipole moment between
the iodine molecule and electron-rich organic linkers with the
C=N bond and aromatic ring.** The peak of 112 cm ™" probably
corresponds to the I~ species. This may be a result from the
charge transfer between the anti-bond I, molecular orbital and
the lone pair orbital of the O/N atom from organic linkers, and
the iodine molecule was subsequently polarized to form I~
anions.*

Meanwhile, the binding energies for the 3ds, and 3d;,
orbitals of iodine theoretically are 620.1 and 630.6 eV, respec-
tively, and the binding energies will slightly shift due to the
host-guest interaction. As shown in Fig. 7, two couples binding
energies were observed by XPS of the iodine-loaded ZIF-90 and
ZIF-90-1-ZIF-90-I1I. The binding energies of 620.6 and 632.0 eV
probably are ascribed to the iodine molecules, and the binding
energies of 619.0 (619.1) and 630.4 (630.5) eV probably occur
because of the existence of the I;~ species.*® Thus, both Raman
spectra and XPS suggested that both I, and I;~ species existed in
the iodine-loaded ZIF-90 and its post-synthetic derivatives. The
production of the I;~ species also proved that chemical
adsorption occurred in the process of iodine adsorption from
iodine vapor and iodine/cyclohexane solution by these
mentioned materials, further confirming the formation of
charge-transfer compounds between the iodine molecule and

aromatic ring." "
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Fig. 6 Raman spectra of the pristine and iodine-loaded (a) ZIF-90, (b)
ZIF-90-1, (c) ZIF-90-I1I and (d) ZIF-90-IIl.
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Fig. 7 XPS of the iodine-loaded (a) ZIF-90, (b) ZIF-90-I, (c) ZIF-90-II
and (d) ZIF-90-IIl.

3.5. Theoretical insight into the iodine molecule adsorption
of ZIF-90 and ZIF-90-I-ZIF-90-I1I

Taking the characteristic of the multicomponent structure of
ZIF-90-1-ZIF-90-I1I into consideration, it is difficult to directly
analyze the interactions between iodine and ZIF-90-I-ZIF-90-III.
So many efforts have been carried out on synthesizing single
crystals of ZIF-90 with pure mono-Schiff base (ZIF-90-mono),
ZIF-90 with pure bis-Schiff base (ZIF-90-bis) and ZIF-90 with
mono-Schiff base and bis-Schiff base (ZIF-90-mono-bis).
Unfortunately, no corresponding crystals were gained. There-
fore, we performed density functional theory (DFT) calcula-
tions*”** with Gaussian 16 A.03 program® to investigate the
interactions between iodine and compounds ZIF-90-mono/ZIF-
90-bis based on the cluster model.*>*' The geometry optimiza-
tions and electronic structure calculations were implemented at
the PBE1PBE level** with GD3B]J dispersion corrections.** The
def2-TZVPD basis set** was adopted for Zn and I atoms, while
the 6-31++G(d,p) basis set was used for other atoms. In order to
further improve the computational efficiency, the dia-
minocyclohexane molecules were replaced by NH; to generate
one side-edge Schiff base in the studied clusters. The final
optimized clusters for ZIF-90-mono and ZIF-90-bis are shown in
Fig. S51.1 The binding energy (AE) for an iodine molecule
loaded on the specified cluster can be expressed as

AE = Ecompositc - EIZ — Ectuster

where Ecomposite iS the energy of an iodine molecule absorbed on
the specified cluster, and E;, and Ecjuger are the energies of an
iodine molecule and the specified cluster, respectively. In
addition, the Mulliken charges*> were adopted to evaluate the
charge transfers between the clusters and iodine molecules.
As shown in Fig. S52,1 I, is adjacent with the aldehyde
groups from imidazole-2-carboxaldehyde in the iodine-loaded
ZIF-90, and the relatively short I...framework distances ranged
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from 2.775 to 3.890 A. In the iodine-loaded ZIF-90-mono, I,
approaches a -NH, group from an individual dia-
minocyclohexane molecule, as well as near the imidazole and
cyclohexane rings. The distances between I and these groups
are in the range of 2.947-3.349 A. In the iodine-loaded ZIF-90-
bis, I, is close to the imidazole rings from the bis-Schiff base,
and the longer distances of 3.146 and 3.996 A exist between
iodine and the framework. Meanwhile, the I-I distances are
2.674, 2.659 and 2.656 A in the iodine-loaded ZIF-90, ZIF-90-
mono and ZIF-90-bis, respectively, slightly longer than the
distance of the free iodine molecule optimized at the PBE1PBE/
def2-TZVPD level (2.654 A), revealing that affinities exist in these
frameworks and iodine atom. As listed in Table S18,f the
transferred charges from ZIF-90, ZIF-90-mono and ZIF-90-bis to
the iodine molecule are —0.172, —0.183 and —0.134e, respec-
tively. The binding energies between the iodine molecule and
the abovementioned compounds are —0.664, —0.687 and
—0.574 eV, respectively, implying that the strongest interaction
may be generated between ZIF-90-mono and the iodine mole-
cule, while the weakest affinity probably formed between ZIF-
90-bis and the iodine molecule. Based on these calculation
results, we speculate that materials with a higher ratio of mono-
Schiff base and lower ratio of bis-Schiff base will generate
stronger binding forces between iodine and the framework,
further leading to a higher iodine uptake capacity for these
materials. This deduction is consistent with the aforemen-
tioned iodine adsorption experiments, in which ZIF-90-III with
the highest amount of mono-Schiff bases has the maximum
iodine uptake capacity, and also matches well with the subse-
quent iodine release from iodine-loaded materials.

3.6. Iodine release from iodine-loaded ZIF-90 and ZIF-90-I-
ZIF-90-111

In order to probe the reversibility of ZIF-90 and ZIF-90-I-ZIF-90-
III, the iodine desorption experiments of these iodine-loaded
materials (including these samples adsorbed iodine from
iodine vapor and iodine/cyclohexane solution) were performed
via heating at 120 °C, respectively. The iodine desorption
capacity = was  estimated by the equation of
R% = (m'y —m';)/m'y, where R% is the iodine release from the
iodine-loaded material at time ¢, m'o(mg) is the initial mass of
the iodine-loaded material and m';(mg) is the mass of the
iodine-loaded material after desorption at time ¢. As shown in
Fig. S53,1 the release rate of iodine was very fast in the initial
first hour and then it became slow. Finally, the desorption
approached the equilibrium after 2 hours with a recovery rate of
93.1%, 85.1%, 82.6% and 80.7% for the iodine-loaded ZIF-90
and ZIF-90-I-ZIF-90-1II with iodine coming from iodine vapor,
and the recovery rate of 94.2%, 87.2%, 84.8% and 82.7% for
iodine-loaded ZIF-90 and ZIF-90-1-ZIF-90-III with iodine coming
from iodine/cyclohexane, respectively. This phenomenon
implied that strong interactions existed between iodine and the
framework, and the sequence of the interactions between
iodine and the framework is ZIF-90-III > ZIF-90-1I > ZIF-90-1 >
ZIF-90, which is consistent with the theoretical calculation. The
next iodine adsorption process cycle was carried out when one
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desorption process finished. After three cycles of the adsorp-
tion-desorption process, the iodine adsorption capacity of
iodine vapor by ZIF-90 and ZIF-90-I-ZIF-90-III still retained
a high adsorption amount of 4290, 4990, 5490, and 6450 mg
g™, corresponding to 95.6%, 94.7%, 96.7% and 97.7% of their
initial capacity, respectively (Fig. S547). It is noteworthy that the
iodine adsorption capacities of ZIF-90-I-ZIF-90-1II after three
cycles is still superior to the initial ZIF-90 and only lower than
the best iodine adsorption MOF material IL@PCN-333(Al),*
still being among the highest iodine adsorption values. Mean-
while, after three cycles of the adsorption—-desorption process,
the retained iodine adsorption capacities from the iodine/
cyclohexane solution by ZIF-90 and ZIF-90-1-ZIF-90-III were
489, 897, 1288, and 1695 mg g ', corresponding to 90.9%,
89.3%, 88.2% and 92.8% of their initial capacities, respectively
(Fig. S557). Furthermore, the iodine adsorption amount of ZIF-
90-III was still ranked in the front of MOFs with iodine trap
properties from the iodine solution. Additionally, PXRD
patterns of the recovered ZIF-90 and ZIF-90-I-ZIF-90-1II were
carried out (Fig. S561), and matched well with those of the as-
synthesized ones. This indicated that these materials still kept
their structures and crystallinity, further confirming the good
stability and renewability of ZIF-90 and these ZIF-90 post-
synthetic derivatives.

4 Conclusions

In conclusion, we synthesized a series of ZIF-90 derivatives with
rich electrons via post-synthetic modification, and the aldehyde
group of ZIF-90 was quantitatively converted to mono- and di-
Schiff bases. Iodine adsorption experiments revealed that the
uptake capacities of the ZIF-90 derivatives are superior to that of
ZIF-90. Among these ZIF-90 derivatives, ZIF-90-III showed the
maximum iodine adsorption capacity of 6600 mg g~ and
1826 mg g~ ' for iodine vapor and iodine/cyclohexane solution,
respectively, being among the highest known to date for metal-
organic frameworks. The values of the activation energies are
34.2 £1.5,25.2 £0.9,24.0 £+ 0.9 and 23.1 + 0.8 k] mol " for ZIF-
90 and ZIF-90-I1-ZIF-90-111, respectively, and the iodine adsorp-
tion kinetics of the ZIF-90 and ZIF-90 derivatives were investi-
gated in detail. Meanwhile, both I, and I;~ were observed in
iodine-loaded ZIF-90 and ZIF-90 derivatives by XPS and Raman
measurements. The renewable experiments indicated that our
synthesized ZIF-90 derivatives still can retain high iodine
adsorption values after three cycles. This research broadens the
materials with high iodine adsorption properties, and provides
a good method for the improvement of iodine...framework
interactions, which is beneficial to developing more iodine trap
materials.
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