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ABSTRACT

This work reports a de novo synthesis of novel bifunctional conjugated microporous polymers (CMPs) exhibiting a synergistic-effect
involved coordination behavior to uranium. It is highlighted that the synthetic strategy enables the engineering of the coordination
environment within amidoxime functionalized CMP frameworks by specifically introducing ortho-substituted amino functionalities,
enhancing the affinity to uranyl ions via forming synergistic complexes. The CMPs exhibit high Brunauer—-Emmett-Teller (BET)
surface area, well-developed three-dimensional (3D) networks with hierarchical porosity, and favorable chemical and thermal
stability because of the covalently cross-linked structure. Compared with the amino-free counterparts, the adsorption capacity of
bifunctional CMPs was increased by almost 70%, from 105 to 174 mg/g, indicating evidently enhanced binding ability to uranium.
Moreover, new insights into coordination mechanism were obtained by in-depth X-ray photoelectron spectroscopy (XPS) analysis
and density functional theory (DFT) calculation, suggesting a dominant role of the oxime ligands forming a 1:1 metal ions/ligands
(M/L) coordination model with uranyl ions while demonstrating the synergistic engagement of the amino functionalities via direct
binding to uranium center and hydrogen-bonding involved secondary-sphere interaction. This work sheds light on the underlying
principles of ortho-substituted functionalities directed synergistic effect to promote the coordination of amidoxime with uranyl ions.
And the synthetic strategy established here would enable the task-specific development of more novel CMP-based functional
materials for broadened applications.
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structural and chemical stability compared to most of the
members in the family of organic porous materials [21]. Moreover,
the well-folded skeletons of CMPs are similar to natural protein
scaffolds that have evolved over millennia to chelate specific
metal ions with high selectivity [22]. These intriguing properties
endow CMPs with great potential to be engineered as high-

1 Introduction

Conjugated microporous polymers (CMPs) are a series of
macromolecules with m-conjugated three-dimensional (3D)
networks consisting of building blocks via covalent bonds [1, 2].
Since the first synthesis of CMPs by Sonogashira-Hagihara

coupling [3] of halogen and alkyne monomers in 2007 [4],
CMPs have emerged as one of the most promising materials
applied in many fields [5, 6], including luminescent materials
[7, 8], heterogeneous catalysis [9, 10], energy storage [11-13],
environmental remediation [14-16] and, particularly, removal
of heavy metal ions [17, 18]. CMPs generally show advantages
in terms of task-specific designability [19], benign synthesis,
and controlled porosity [20]. Due to the unique n-conjugated
covalent structure, these fascinating materials exhibit superior

efficiency separation materials for entrapment of heavy metal
ions [23].

Among all types of heavy metal ion contaminants, uranyl
ions, the predominant species of uranium in aqueous enviro-
nments, draw great attention due to their high environmental
toxicity and strategic value after recovery [24]. On one hand,
excessive uranyl ions in environmental water would cause
serious radioactive sickness, such as DNA damage and cancer,
to human beings and other creatures [25]. On the other hand,
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as a strategic resource, considerable amounts of uranium from
ocean water and radioactive wastes is a kind of alternative
source to traditional mines, especially for the uranium-scarce
countries [26]. Thus, it is crucial to develop advanced adsorption
materials to separate uranyl ions from water in a cost- and
energy-efficient way.

CMPs with rational design or modification are considered
as promising sorbents to address this challenge [27]. For the
entrapment of uranyl ions, a universally accepted strategy for
sorbent synthesis is to endow substrates with specific functional
groups that provide additional interactions, such as hydrogen
bond interactions [28] or coordination [29]. In this regard,
substantial efforts have been devoted to the synthesis of CMPs
from monomers containing different functionalities [30, 31],
or the post-modification of intrinsic CMPs by introducing
different ligands [18, 32]. Among the known functional groups,
amidoxime, usually converted from nitriles, stands out because
of its high affinity and specificity toward uranium under neutral
and slightly alkaline conditions [33-35]. Such affinity can be
ascribed to the rearrangement of protons in oxime group and
the deprotonation in imide group, which results in a conjugated
system with delocalized electron density to trap uranyl ions
by in-plane coordination [36, 37]. Several theories have been
proposed to describe the coordination mechanism of amidoxime
with uranyl ions [38, 39], among which the cooperative binding
involving the two adjacent amidoximes and cyclic imide dioxime
binding are the most prevailing modes [40]. However, for
CMP-based sorbents bearing amidoxime groups, the classic
cooperative binding mode is difficult to be achieved due to the
rigid skeleton and discrete amidoxime distribution in the pore
channels. In our recent work, a bis-amidoxime-functionalized
homo-coupled CMP was developed by the addition reaction of
diyne units with malononitrile, enabling effective adsorption of
uranyl ions via cooperative binding [41]. The post-modification
strategy did not afford a controllable conversion of nitrile
groups to amidoxime functionalities within the microporous
CMP frameworks [29]. Besides, computational studies showed
a high relative free energy change (AG) for the cooperative
binding of bis-amidoxime substituted at the same position to
uranyl ions, resulting in a moderate capacity for uranium
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Scheme 1 Synthetic route of CMPs-mAO and CMPs-mAQO-oNHa, reagent: (i) bis-(triphenylphosphine) palladium(II) dichloride, Cul, TEA, DMF;

(ii) NH.OH-HCI, TEA, DMFE.
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separation [42, 43].

Introducing neighboring functionalities such as amino [44]
and carboxyl [45] to establish the synergistic effect represents
another promising strategy to enhance the binding ability of
amidoxime groups to uranyl ions. In this respect, a prerequisite
for sorbent development is to effectively create synergistic
functionalities located adjacent to amidoxime groups by task-
specific synthesis which allows the formation of synergistic
binding to uranyl ions. This remains a considerable challenge
for conventional synthetic strategies such as copolymerization,
grafting, or post-modification [46-48], especially within the
confined pore channels of CMP-based sorbents.

To overcome this limitation, herein, we report a facile and
effective de novo synthetic strategy to engineer the coordination
environment of amidoxime-functionalized CMPs by establishing
well-defined synergistic binding sites for efficient entrapment
of uranyl ions. The classic Sonogashira-Hagihara coupling of
phenylacetylene with bromobenzene was employed as a model
reaction to construct the basic skeletons of CMPs, imparting
the sorbents with favorable porosities and stabilities [4, 49].
Given the ability of electron-donating and the strong tendency
to form hydrogen bonding [50], amino was selected as a synergistic
group to amidoxime, which was specifically introduced to the
ortho-position by the de novo synthesis using 2-amino-3,5-
dibromobenzonitrile as a bifunctional monomer. Transforming
the cyano to amidoxime groups by hydroxylamine treatment
resulted in the target CMP sorbent CMP-mAQO-oNH; (Scheme 1).
Native amidoxime functionalized counterpart CMP-mAO
without the neighboring amino groups was also synthesized for
a comparative study. It is highlighted that, due to the synergistic
binding effect of the ortho-substituted amino functionalities,
CMP-mAO-oNH, presented significantly increased adsorption
capacity for uranyl ions compared to CMP-mAQO. Moreover,
in-depth X-ray photoelectron spectroscopy (XPS) analysis and
density functional theory (DFT) calculation were employed
to explore the coordination mechanism. New insights into
the amino-involved synergistic coordination were obtained,
revealing a 1:1 metal ions/ligands (M/L) coordination model
stabilized by the electron-donating amino functionalities directly
coordinating to the uranyl center as well as the hydrogen
bonding involved secondary-sphere interaction.

CMP-mAQ-oNH2
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2 Experimental

2.1 Materials

3,5-Dibromobenzonitrile (98%), 2-amino-3,5-dibromobenzo-
nitrile (99%), bis-(triphenylphosphine) palladium(II) dichloride
(98%), copper(I) iodide (99.9%), triethylamine (TEA, 99%),
N,N-dimethylformamide (DMEF, 99.8%, SuperDry, J&K Seal),
arsenazo IIT (95%][t], spectrophotometric reagent for U, Th, Zr
and other metals, indicator for the precipitation titration of
SO. with Ba) and L-(+)-tartaric acid (99%) were purchased
from J&K Scientific LTD. 1,3,5-Triethynylbenzene (98%) was
purchased from EXTENSION Scientific LTD. Hydroxylamine
hydrochloride (99%) was purchased from Sigma-Aldrich.
Chloroform (99.5%, AR), methanol (99%, AR), nitric acid (69%),
potassium hydroxide (95%), and sodium hydroxide (99%) were
purchased from Beijing Chemical Works. Deionized water used
in adsorption tests was purchased from WATSONS. Uranyl
nitrate hexahydrate (UO2(NO3),-6H,O) was provided by the
China Institute of Atomic Energy (CIAE). All reagents were
used as received without further purification.

2.2 Preparation of CMP-mCN and CMP-mCN-oNH:

CMP-mCN and CMP-mCN-oNH, were synthesized through
a modified process according to a previous report [51]. Taking
CMP-mCN as an example, 1,3,5-triethynylbenzene (1.5 mmol,
225 mg), 3,5-dibromobenzonitrile (1.5 mmol, 391 mg), bis-
(triphenylphosphine) palladium(II) dichloride (0.075 mmol,
53 mg), and copper iodide (0.1125 mmol, 21 mg) were charged
in a Schlenk flask, where a 1.5 times excess of ethynyl monomers
was used to ensure porosity [52]. Then, 30 mL anhydrous
DMF and 9 mL anhydrous TEA were added under the argon
protection. The reaction mixture was heated at 80 °C for 2 days
with magnetic stirring under argon and then cooled to room
temperature. The precipitate was separated by filtration and
washed three times with chloroform, water, and methanol to
remove the unreacted monomer and residual catalyst. After
further washed by Soxhlet extraction in methanol for 1 day
and dried in vacuum for 12 h at 50 °C, CMP-mCN was obtained
as brown powder. For preparation of CMP-mCN-oNH,,
2-amino-3,5-dibromobenzonitrile (1.5 mmol, 414 mg) was
used in reaction following the same procedure.

2.3 Preparation of CMP-mAO and CMP-mAO-oNH:

As a typical synthesis recipe, 200 mg of CMP-mCN was
dispersed in 20 mL of methanol, followed by the addition of
500 mg of NH,OH-HCl and 750 mg of TEA. After being stirred
at 70 °C for 48 h, the nitriles were all converted into amidoxime.
Then the mixture was filtered, washed with excess methanol,
and finally dried at 50 °C under vacuum. The CMP-mAO was
obtained as a brown powder. For the preparation of CMP-
mAO-oNH,, 215 mg of CMP-mCN-oNH; was used following
the same procedure.

2.4 Characterizations

Fourier transform infrared (FT-IR) spectra were recorded on
Bruker Vertex 70. *C (125 MHz) cross-polarization magic-angle
spinning (CP-MAS) NMR experiments were recorded on a
Bruker Advance 500 spectrometer equipped with a magic-angle
spin probe in a 4-mm ZrO; rotor. Surface chemistry and com-
position analysis of the samples were examined with a model
250XI XPS spectrometer equipped with a mono Al Ka X-ray
source (1,361 eV). Binding energy calibration was based on
C 1s at 284.6 eV. The data were analyzed using the XPSPEAK
software and all high-resolution spectra were fitted with Shirley’s
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background and a Lorentzian-Gaussian convoluted function.
Organic elemental analysis was performed on an Elementar
Vario EL III instrument. Nitrogen sorption isotherms were
measured at 77 K on NOVA 3200e Surface Area & Pore Size
Analyzer. Before measurement, the samples were degassed in
vacuum at 120 °C for 3 h. The Brunauer-Emmett-Teller (BET)
method was utilized to calculate the specific surface areas.
Scanning electron microscopy (SEM) was conducted by using
Hitachi SU 1510 and SU 4800 scanning electron microscope.
Samples were deposited with metal or carbon spraying before
observation. It was observed at an accelerating voltage of 30 kV
in vacuum condition after metal spraying. Thermogravimetric
analysis (TGA) was conducted on a TA Instruments SDT
Q600 instrument at a heating rate of 10 °C/min from 50 to
1,000 °C. Samples weighing ~ 5 mg were heated in a N flow
(100 mL/min).

2.5 Uranium adsorption

Before adsorption experiments, all samples were treated with
3 wt.% potassium hydroxide solution for 24 h to facilitate
deprotonation of amidoxime [53]. Adsorption of uranium by
CMPs was implemented by batch operation in Erlenmeyer flask.
Typically, a certain amount of CMPs were mixed with uranium
solution, followed by magnetic stirring at room temperature.
The initial pH value of the uranium solutions was adjusted by
adding HNOs or NaOH aqueous solutions (negligible volume).
The ionic strength of the solutions was maintained using
0.01 mol/L NaClO,. When adsorption equilibrium was reached,
the adsorbents were separated through a 0.22-pm membrane
filter. The concentration of uranium solutions was determined
by a UV spectrophotometer assisted by arsenazo III coloration
method. Different concentrations of uranium solutions at 0, 1,
2,4, and 5 ppm were prepared to determine the standard curve.
Adsorption capacity g (mg/g) is defined as follows

7C0_Ce
- m

xV (1)

where Co (mg/L) and C. (mg/L) are the initial and residual
uranium concentration in the aqueous solutions, respectively,
V is the volume of the initial solution and m is the weight of
the CMP sorbents.

2.6 Density functional theory calculation

The coordination mode and interaction energy between
uranyl ions and functional moieties were studied by DFT
using the Gaussian 09 code. The expanded boundless material
limits the use of accurate quantum chemistry approaches.
However, the amidoxime and ortho-amino functional moiety
distribute separately on the expanded material, making it
appropriate to model the interaction between the single moiety
with uranyl ions, including the coordination mode, interaction
energy, and the synergistic effect. The structures of each
possible coordination mode, the uranyl hydrated ions, and the
representative ortho-amino-benzamidoxime ligand anion were
optimized fully at the B3LYP level. The 5f-in-core ECP78MWB
and associated valence basis set was used for U. The LANL2DZ
basis set was used for C, H, O, and N atoms. For each optimized
structure, analytical frequencies were calculated to ensure that
the local minimum point on the potential energy surface was
found. Solvent effects were taken into account implicitly with
the SMD model.

3 Results and discussion

To investigate the synergistic effect on the binding ability of
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CMP sorbents to uranyl ions, amidoxime functionalized CMPs
with ortho-substituted amino groups were developed by a de novo
synthetic strategy illustrated in Scheme 1. Firstly, CMP-mCN-
oNH, was synthesized via the Pd(IT)/Cu(I) catalyzed Sonogashira-
Hagihara coupling of 1,3,5-triethynylbenzene and 2-amino-
3,5-dibromobenzonitrile, resulting in a porous and stable
conjugated skeleton. Then, hydroxylamine treatment was
conducted to convert the cyano groups into amidoxime, giving
the functionalized sorbent CMP-mAO-oNHo.. The amino groups
introduced by the de novo synthesis located precisely at the
ortho-position to amidoxime, which are expected to establish
synergistic binding to uranyl ions. A counterpart without the
amino group, CMP-mAO, was also synthesized for a comparative
study by using 3,5-dibromobenzonitrile as monomers following
the same procedure.

Evidence is provided in Fig. 1 to prove the successful synthesis
of CMPs and the conversion of amidoxime. In the FT-IR spectra
(Fig. 1(a)), the nitrile CMP precursors, labeled as CMP-mCN
and CMP-mCN-oNH,, show a sharp characteristic peak at
2,225 cm™ corresponding to the stretching vibration of cyano
groups (C=N). After the amidoximation, the C=N peak
disappears and a weak broad peak shows up at 2,196 cm™, which
is attributed to the stretching vibration of alkynyl (C=C).
Meanwhile, the resulting amidoxime-functionalized CMPs,
i.e. CMP-mAO and CMP-mAO-oNHo, exhibit characteristic
bands in the spectral region of 937, 1,381, and 1,654 cm™
assigned to the stretching of N-O, C-N, and C=N of amidoxime
groups [54], indicating the effective conversion of cyano to
amidoxime.

Solid-state *C-NMR was employed to examine the chemical
structure of CMPs before and after amidoximation. According
to the "C-NMR spectra in Fig. 1(b), the peak at 90 ppm and
peaks group around 120 to 150 ppm are attributed to the alkynyl
carbon (Ca) and aromatic carbon (Ca) species in CMPs skeleton,
respectively. The CMP-mCN sample shows a peak at 114.4 ppm
corresponding to the overlapped signals of nitrile carbon (Ccn)
and a carbon (C.) in aromatic ring (indicated in Scheme 1).
After the hydroxylamine treatment, with the conversion of
electron-withdrawing nitrile to amidoxime, the C. peak of CMP-
mAO shifts back into Ca.r peaks group. Meanwhile, Cen peak
disappears and Cao peak shows up at 152.8 ppm, suggesting
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the complete conversion of nitrile to amidoxime. As for
CMP-mCN-oNH,, with the introduction of electron-donating
amino groups, the Cq peak further shifts to 96.7 ppm as well as
the Cg, C, and C: peaks also shift out from C. peaks group to
149.3 ppm (Cp) and around 100.5 ppm (C,, C:), covering the
Cen peak at same chemical shift. The intensity reduction of the
peak at 100.5 ppm and the appearance of amidoxime group
at 153.3 ppm confirm the successful amidoximation.

To confirm the elemental composition of CMPs, XPS analysis
and elemental analysis were performed. Figure 1(c) gives the
wide scan XPS spectra, presenting C 1s, N 1s, and O 1s signals
in all CMPs samples. The O 1s signal at around 533 eV in nitrile
CMPs should be attributed to the bound water molecules or
other oxygen-containing impurities, the intensity of which is
increased after amidoximation due to the generation of oxime.
The XPS and element analysis data summarized in Table 1
both show that the molecular ratio of nitrogen to carbon (N/C
molar ratio) is increased with introduction of amino groups as
well as conversion of nitrile to amidoxime, which is in good
agreement with the theoretical values suggesting an amidoxime
content of about 20 wt.%.

The composition and structure of functional groups in
CMPs were examined by a detailed analysis of the XPS spectra.
High-resolution N 1s regions with deconvolution analysis in
Fig. 2(a) present the transformation of N species in CMPs
along with amidoximation. The N 1s regions were fit with three
main components assigned to nitrile nitrogen (=N, 399.2 eV),
primary amine (-NH,, 399.6 V), and tertiary amine (=N-,
400.0 eV) functionalities. The contents of corresponding N
species were summarized in Table 2. The dominant N component
in CMP-mCN is =N species which is in accordance with
previous reports [55]. After hydroxylamine treatment, all =N
species are replaced by -NH. and =N- species, indicating
the complete conversion of cyano to amidoxime. These two
species show a similar amount (Table 2). The slight excess of =N-
species can be attributed to the isomerization of amidoxime
[56]. With the introduction of ortho-amino, the N 1s region of
CMP-mCN-0oNHo: presents the overlapping of almost the same
amount of =N and -NH, species while CMP-mAO-oNH,
shows more component of -NH. to =N- species, which is in
accordance with the expected structure of CMPs illustrated in
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Figure 1 Structural characterizations of CMPs before and after amidoximation. FT-IR spectra (a), solid-state *C-NMR spectra (b), and wide scan XPS
spectra (c) of CMP-mCN (black), CMP-mCN-oNH: (gray), CMP-mAO (red), and CMP-mAO-oNH: (orange), respectively.

Table 1 Elemental analysis of CMPs before and after amidoximation

Organic elemental analysis

XPS elemental analysis Theoretical value

Samples Cwt.% Nwt% Hwt% N/Cmolar ratio Cat.% Nat% Oat% N/C molar ratio N/C molar ratio
CMP-mCN 83.0 5.30 3.38 0.0548 88.6 6.08 5.16 0.0686 0.0526
CMP-mAO 71.4 8.50 4.44 0.1020 79.8 10.5 9.65 0.1315 0.1053
CMP-mCN-oNH, 74.7 8.85 3.77 0.1016 84.6 9.62 5.78 0.1137 0.1053
CMP-mAOQO-oNH; 64.6 10.39 4.56 0.1379 77.7 12.4 9.79 0.1590 0.1579
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Figure 2 High-resolution XPS spectra. N 1s regions for CMPs before and after amidoximation (a); O 1s (b) and C 1s (c) regions for CMPs after

amidoximation.

Table 2 XPS analysis of the N 1s species and content of CMPs before and
after amidoximation

Nitrogen species (%)

Sample
=N, 399.2eV  -NH,399.6eV =N-,400.0eV
CMP-mCN 99.9 — —
CMP-mAO — 459 54.1
CMP-mCN-oNH; 45.8 50.4 3.7
CMP-mAO-oNH: 0.8 59.0 40.3

Scheme 1. The O Is and C 1s regions of amidoxime CMPs
were also deconvoluted to explain the impact of ortho-amino
to amidoxime. As showed in Fig. 2(b), the O 1s region of
CMP-mAO can be assigned to the dominant O-N (532.4 eV)
species of oxime group overlaid with a minor component of
H,O (533.2 eV) species. While with the impact of ortho-amino
in CMP-mAO-oNH;, the dominant O-N species were
disproportionated into two states. It can be interpreted as the
intramolecular hydrogen bond formed by the rearrangement
of protons in amidoxime group was stabilized by the electron-
donating ortho-amino (Fig. S1(a) in the Electronic Supplementary
Material (ESM)), resulting in a relatively stable spatial structure
for one part of ligands and the high shift of binding energy to
N-0O--H (532.9 eV). Meanwhile, the other parts of amidoxime
groups were hindered by steric effect and failed to interact
with ortho-amino (Fig. S1(b) in the ESM), bringing about high
system energy and lower binding energy of N-Ox species to
531.4 eV [44]. The differentiated states of oxime groups are
associated with the potential multiple coordination modes of
CMP-mAO-oNH: to uranyl ions. In addition, the C 1s region

of amidoxime CMPs was fit with three peaks assigned to
C-N/C-0O (286.4 V), C=N (285.4 eV), and C=C/C=C
(284.6 eV), as shown in Fig. 2(c). The spectra of C 1s present
no significant changes except a slight increase of C-N/C-O
signal for CMP-mAO-oNH,, indicating the amino functionalities
while confirming the stability of CMPs skeleton. The high-
resolution C 1s and O 1s regions with deconvolution analysis
of CMPs before amidoximation were also provided for com-
parison in Fig. S2 in the ESM.

The porous properties of CMPs were evaluated by N
sorption-desorption experiment. Figures 3(a) and 3(b) give the
isotherms comparison of CMPs before and after amidoximation
while Table 3 summarizes the porosity parameters. The CMP-
mCN sample exhibits a combination of type I and type IV
isotherms, which illustrates a combination of monolayer
adsorption with a finite multi-layer formation corresponding to
complete filling of the capillaries in CMP-mCN. The rapid uptake
of N at low relative pressure and hysteresis at medium relative
pressure indicates the coexistence of micro- and mesopores
in CMP-mCN, showing complex hierarchical porosity and a
BET specific surface area of 676 m?*/g. With the conversion of
nitrile to amidoxime, the isotherm remains the original type,
suggesting an intact porous structure. Due to the formation
of large-sized amidoxime functionalities in the pores, the BET
specific surface area of CMP-mAO decreases to 235 m?/g.
In the case of CMPs with ortho-substituted amino groups, the
isotherms present more irreversible adsorption features that
can be attributed to the existence of more small micropores
component and a kinetic barrier of adsorption [57, 58]. The BET
specific surface areas of CMP-mCN-oNH; and CMP-mAO-oNH,
were calculated to be 325 and 101 m*/g, respectively, giving a
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Figure 3 Porous and thermal properties characterization of CMPs before and after amidoximation. N, sorption-desorption isotherms (a) and (b), TGA

curves (c).
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Table 3 Porosity parameters of CMPs before and after amidoximation

Porosity parameters

Sample
Specific surface area (m?g) Pore volume (cm®/g)
CMP-mCN 676 0.626
CMP-mAO 235 0.263
CMP-mCN-oNH; 325 0.346
CMP-mAO-oNH; 101 0.148

notable decrease compared with their amino-free counterparts.
The pore size distribution of CMPs before amidoximation
(Fig. S3 in the ESM) was calculated by using the nonlocal
density functional theory (NLDFT), which gives well-developed
hierarchically porous structures beneficial to mass transport
and improves the adsorption capacity of sorbents [59]. SEM
images show rough surface composed of all CMPs (Fig. $4 in the
ESM), suggesting the structural integrity during amidoximation
process.

The thermal stability of CMPs was investigated by TGA as
shown in Fig. 3(c). A slight weight loss under 100 °C in all CMPs
samples can be ascribed to the removal of small molecular
adsorbates or residues during synthesis. The CMPs-mCN
exhibits relatively high thermal stability with a decomposition
temperature (Ta) around 250 °C. With the introduction of
amino group and conversion of cyano to amidoxime, the content
of functional groups with relatively poor thermostability
increased, resulting in the increase of weight loss and the
decrease of Ta.

To explore the potential synergistic effect of ortho-substituted
amino to amidoxime, the adsorption behavior of CMP-mAO
and CMP-mAO-oNH, toward uranyl ions in aqueous solutions
was studied in a series of batch experiments. Figure 4(a)
demonstrates the effect of pH, ranging from 2 to 7, on the
uranyl ions adsorption efficiency of amidoxime CMPs. The
CMPs showed peak values of adsorption capacity at pH 6. Such
an optimal pH is generally obtained for uranium adsorption
by amidoxime functionalized sorbents, which benefits the
deprotonation of amidoxime functional groups while preventing
the hydrolyzation of uranium species [60]. The adsorption
capacity of uranyl ions by amidoxime CMPs as a function of
equilibrium concentration (C.) in solution was obtained to
investigate the adsorption isotherm (Fig. 4(b)), where the initial
concentrations of uranium were varied from 10 to 200 mg/L.
The Langmuir and Freundlich adsorption isotherm models were
employed to fit the experimental data with the parameters
listed in Table S1 in the ESM. With the tendency of adsorption
capacity increasing rapidly at low C. and approaching to the
equilibrium at high C,, it is evident that the Langmuir model
gives a better fitting result for both amidoxime CMPs with a
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higher correlation coefficient R?, implying a monolayer adsorption
process via the coordination of uranyl ions with adsorption
site on CMPs [61]. The saturation adsorption capacity of CMP-
mAQO-oNH; estimated by Langmuir model was about 174 mg/g,
significantly improved than that of CMP-mAO (105 mg/g).
With the theoretical values of functional group content, the
percentage of amidoxime in CMPs engaged in the coordination
to uranium was increased from 12.3% to 21.7% in 1:1 M/L
coordination mode. Moreover, the variation of adsorption
amount upon contact time was also carried out at the initial
concentration of uranyl ions of 20 mg/L. The kinetic curve in
Fig. 4(c) shows an obvious difference between two amidoxime
CMPs, where CMP-mAO-oNH. presents faster adsorption kinetics
but never approaching equilibrium within the experimental time.
Three kinetic models, i.e. pseudo-first-order, pseudo-second-
order, and Weber-Morris model, were used to fit the kinetic
experimental data (Table S2 in the ESM), from which the
Weber-Morris intra-particle diffusion model fits well with the
adsorption procedure for both amidoxime CMPs [62]. Such
kinetic behavior can be attributed to the limited diffusion of
uranyl ions in the complex hierarchical pore structures of
CMPs, indicating that the intra-particle diffusion acts as the
rate-determining step of the adsorption process [63]. All the
above adsorption behaviors demonstrate that the introduction
of synergistic amino functionalities at ortho-position to
amidoxime evidently promotes the performance of the CMPs
for adsorption of uranyl ions.

To further investigate the synergistic effect of ortho-amino
and reveal the adsorption mechanism of uranyl ions on
amidoxime CMPs, the amidoxime CMPs and their counterparts
after exposure to uranium solution were examined by detailed
analysis of the XPS spectra. All the samples were washed by
deionized water and dried under vacuum before analysis to
eliminate the interference of weak interactions. The adsorbed
uranyl ions on amidoxime CMPs were evidenced by the
appearance of U 4f signal at 393 and 382 eV in wide scan XPS
spectra (Fig. 5(a)) and high-resolution XPS spectra of U 4f
region (Fig. S5 in the ESM). The U 4f intensity of CMP-mAO-
OoNH,-U is distinctly stronger than that of CMP-mAO-U,
indicating the relatively high adsorption amount and strong
interaction. High-resolution N 1s and O Is regions with
deconvolution analysis are presented in Figs. 5(b) and 5(c).
Likewise, the N 1s region (Fig. 5(b)) can be fitted with two
components assigned to -NH, and =N- species. In the case of
CMP-mAO-U, after binding to uranyl ions, the peak of =N-
shows a shift of 0.2 eV to relatively higher binding energy
while the -NH. presents no significant change. Since the shift
of binding energy reflects the change in a local chemical
environment or electron density of atoms in corresponding
species [64, 65], these phenomena imply that the oxime group
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100+ CMP-mAO 3, - = - Freundlich 80 - - - Pseudo-second-order
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Figure 4 Investigation on uranium adsorption behaviors of amidoxime CMPs. (a) Effect of pH on uranium adsorption, initial concentration = 20 ppm, contact
time = 3 h, [m/V] ~ 0.2 g/L; (b) uranium adsorption isotherm fitted by the Langmuir model and Freundlich model, contact time = 5 h, [m/V] ~ 0.4 g/L;
(c) uranium adsorption kinetics curves fitted by the pseudo-first-order, pseudo-second-order and Weber-Morris model, initial concentration = 20 ppm,
[m/V] ~0.02 g/L.
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Figure 5 Wide scan XPS spectra (a), high-resolution XPS spectra of N 1s (b) and O 1s (c) regions for amidoxime CMPs before and after uranium

adsorption, CMP-mAQ-U (wine), CMP-mAO-oNH,-U (wheat).

in amidoxime plays a vital role in coordination with uranyl
ions but the amino group of amidoxime might be not involved,
suggesting the preferential coordination model [38]. As for
CMP-mAO-oNH:-U, the ortho-amino on aromatic ring takes
part in the coordination of oxime with uranyl ions, giving a
movement of -NHo signal about 0.1 eV to the higher binding
energy. The O 1s region (Fig. 5(c)) also reflects the coordinate
behavior of amidoxime CMPs to uranyl ions. After exposure
to uranium solution, evident uranyl ions peak (O=U species)
at 531.2 eV appears for both samples, confirming the adsorption
of uranium on CMPs. In addition, all types of O-N species,
including disproportionated hydrogen bond type (N-O--H)
and steric hindrance type (N-Ox), shift more or less to relatively
higher binding energy region, implying all types of O-N species
were involved in the coordination with uranyl ions.

The underlying coordination mechanism involving the
synergistic binding of uranyl ions by the amidoxime-
functionalized CMPs with ortho-substituted amino is probed
based on DFT calculation. The expanded boundless CMPs were
replaced by the ortho-amino-benzamidoxime model ligands
as a single moiety, giving four rational coordination modes
including M/L of 1:1 and 1:2 species presented in Fig. 6.
Basically, the amino at ortho-position may potentially interact
with uranyl ions in either direct synergistic coordination mode
(Figs. 6(a) and 6(b)) or secondary-sphere interaction mode
(Figs. 6(c) and 6(d)). DFT calculation was employed to optimize
the coordination interactions for identifying the most
energetically favored modes. In the cases of direct synergistic
coordination mode, the reaction energies (AE) were calculated
to be —144.3 and -251.0 kcal/mol for the 1:1 and 1:2 M/L
modes, respectively. Though the 1:2 M/L coordination mode
represents a more thermodynamically stable state, it is unlikely
to be formed due to the conformational and space hindrance
in the confined pore channels of CMPs with rigid skeletons.
Thus, 1:1 M/L coordination should be the dominant mode. The
optimized structure of the 1:1 M/L mode shows the angles of
axial U=0 bond in uranyl ion squeezed from 180° to around
150° (Figs. 6(a) and 6(c)), suggesting the strong binding of
amidoxime ligands and the synergistic amino functionalities
to uranyl ions in the equatorial plane. For secondary-sphere
interaction mode, the distance between the amino groups
at ortho-position and adjacent hydrogen in bound water of
uranyl was calculated to be around 1.8 A (marked by orange

@ (b)
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Figure 6 Optimized structures and reaction energies for uranyl/orthro-
amino-benzamidoxime complexes taking different coordination modes. Direct
synergistic coordination mode: M/L = 1:1 (a), M/L = 1:2 (b); secondary-sphere
interaction mode: M/L = 1:1 (¢), M/L = 1:2 (d).

arrows in Fig. 6), which is in the scope of hydrogen bond
interaction. For a 1:1 M/L coordination mode with the uranyl/
ortho-amino-benzamidoxime complex stabilized by second
sphere hydrogen bonding interactions [28], the reaction energy
AE was calculated to be —119.2 kcal/mol, indicating that the
secondary-sphere interaction mode is less stable than the
direct synergistic coordination mode. Therefore, the results
of DFT calculation suggest that the optimal coordination
mechanism in CMPs-mAO-oNHs is the 1:1 M/L coordination
mode stabilized by the direct synergistic effect of the ortho-
substituted amino functionalities. However, considering the
same order of magnitude for the reaction energies of the two
modes, there still exists the possibility of secondary-sphere
interaction. Overall, the CMP sorbents synthesized by the de
novo synthetic strategy demonstrated an evidently enhanced
capability for uranyl ions entrapment by taking advantage of
the synergistic effect. Meanwhile, their hierarchical frameworks
with well-developed pore channels resulted in an intra-particle
diffusion-limited adsorption kinetics process.

4 Conclusions

In this work, a novel class of CMPs bearing amidoxime and
synergistic functionalities were developed by a de novo synthetic
method using the Sonogashira-Hagihara coupling reaction.
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The CMPs possessed rich functional groups, high specific surface
area, well-developed porosity, and structural advantages in
terms of chemical and thermal stability. By taking advantage of
the electron-donating amino functionalities specifically located
at the ortho-position to the amidoxime groups, synergistic
binding of uranyl ions was achieved, showing a significantly
increased adsorption capacity ~ 174 mg/g. New insights into
the coordination mechanism of the bifunctional CMPs to uranyl
ions were revealed by XPS analysis and DFT calculation. The
amidoxime groups were mainly responsible for the binding of
uranyl ions, while the ortho-substituted amino functionalities
synergistically stabilized the 1:1 M/L complexes by direct
interaction with the uranium centers or participated in the
coordination via hydrogen bonding involved secondary-sphere
interaction. In summary, this study provided a new methodology
for task-specific design and synthesis of bifunctional CMP
sorbents and shed light on the underlying principles of
ortho-functionality involved synergistic effect in uranium
coordination.
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