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A new flexible cationic Zn(II)metal organic framework, {[Zn2(BDC)1.5(L)(DMF)]

NO3·DMF·solvent}n, MOF 1, which is a corrugated two-dimensional network,

was synthesized by self-assembly of Zn(NO3)2.6H2O with 4,40-methylenebis(N-

(pyridin-2-ylmethylene)aniline as a neutral ligand and terephthalic acid in

dimethyl formamide (DMF) as solvent and characterized by X-ray diffraction.

Because of the presence of uncoordinated nitrate (NO3
−) ions in the channels,

the compound was employed for ion-exchange applications. We report a detailed

study of the host–guest interaction for a cationic metal–organic framework

(MOF) that can reversibly capture nitrate. The recrystallization of the MOF was

evaluated by monitoring the anion exchange dynamics using a combination of

powder X-ray diffraction and Fourier transform infrared spectra with various

kinds of foreign anions. This MOF showed fast and highly efficient Cr2O7
2− and

CrO4
2−, N3

−, MnO4
−, and SCN− exchange. The trapping capacities of Cr2O7

2−,

CrO4
2−, N3

−, MnO4
−, and SCN− were 105,138, 44,104, and 25mg/g at 25�C after

3h, respectively, and there was good recyclability for capturing N3
− and SCN−.

{[Zn2(BDC)1.5(L)(DMF)]NO3}n exhibited anion exchange selectivity of SCN− in a

solution containing a mixture of 0.025mmol N3
−, SCN−, CrO4

−2−, Cr2O7
2−, and

MnO4
− for 3h and exhibited anion exchange selectivity for SCN− and Cr2O7

2− in

a solution containing a mixture of 0.001mmol N3
−, SCN−, CrO4

2−, Cr2O7
2−, and

MnO4
−.
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1 | INTRODUCTION

Low-dimensional coordination polymers, generally
including one-dimensional (1D) chainlike and two-
dimensional (2D) layer-like structures, have received
much attention owing to their interesting structural fea-
tures and unique electro-conductive, nonlinear optical

and magnetic properties. In the case of 2D metal–organic
frameworks (MOFs), voids are mostly represented by
interlayer spaces that may become accessible for either
guests or molecules, enabling 2D to 3D reactions.[1]

With specific regard to 2D networks, different strate-
gies can be discerned whereby sheets containing signifi-
cant holes contrive to occupy space efficiently.[2–5] Of

Received: 14 January 2020 Revised: 18 March 2020 Accepted: 12 April 2020

DOI: 10.1002/aoc.5768

Appl Organomet Chem. 2020;34:e5768. wileyonlinelibrary.com/journal/aoc © 2020 John Wiley & Sons, Ltd. 1 of 13

https://doi.org/10.1002/aoc.5768

https://orcid.org/0000-0002-2224-0975
https://orcid.org/0000-0002-6288-9605
https://orcid.org/0000-0002-1828-7287
mailto:m_ghorbanloo@yahoo.com
mailto:janiak@uni-duesseldorf.de
mailto:morsali_a@modares.ac.ir
https://doi.org/10.1002/aoc.5768
http://wileyonlinelibrary.com/journal/aoc
https://doi.org/10.1002/aoc.5768


these, corrugated 2D coordination polymers have been
found to exhibit dynamic behavior and gate opening
properties which provide platform-selective guest trap-
ping. Dynamic MOF structure properties are dependent
on the incoming stimuli.[6] A wide range of physical and
chemical stimuli have been reported.[7–12] Fundamen-
tally, the dynamicity in a MOF is the phenomenon of a
transition between similar structural arrangements. This
structural dynamicity occurs via the reorientation of a
functional group ligand, modification of the metal to
ligand coordination, removal/exchange of guest mole-
cules, metal exchange, and so on.

Dynamic/flexible soft porous MOFs, depending on
the nature of guest molecules inside the framework, are
sensitive to the chemical environment and undergo struc-
tural variations.[13] Among various MOFs, cationic MOFs
have advantages over others in the design of dynamic
frameworks. Cationic MOFs are often made of neutral
ligands and metal ions, so extra-framework anions usu-
ally occupy the framework void or are weakly coordi-
nated to the metal centers.[14] Exchanging anions inside
the framework with other anions of different shape and
size may lead to changes in structure and physical prop-
erties.[15] Cationic networks in MOFs could serve as
anion exchange hosts for capturing anions and contami-
nant removal due to the presence of substitutable
uncoordinated anions in their cavity.[16]

To date, several cationic networks in MOFs have been
reported for the removal of Cr2O7

2− and CrO4
2− from

aqueous media. Among heavy-metal pollutants, chro-
mium, Cr(VI) as chromate, has been a focus of concern
because it causes serious damage to human health and
the environment.[17] Chromate is a problematic anion for
vitrification because it weakens the integrity of the waste
glass by forming spinels; such particles can also obstruct
the glass flow within the melter during vitrification.[18]

Chromate (CrO4
2−) can be accumulated in living organ-

isms leading to cancer, deformity, and gene mutation.
Xinxiong Li report an unprecedented 3D cationic MOF
consisting of nanoscale cages composed of [Ag2-(btr)2]
•2(ClO4)•3H2O (ABT•2(ClO4) (btr = 4,40-bis(1,2,4-tri-
azole)), which shows fast exchange, high trapping
capacity, and good selectivity for the capture and
separation of Cr2O7

2− in water.[19] Tian Run Zheng
reported {[Cu9(OH)6Cl2(itp)6(1,4-bdc)3](NO3)2(OH)2•20
(H2O)}n and this compound exhibited the selective
sorption of Cr2O7

2− or CrO4
2− from a solution

containing a mixture of Cr2O7
2− or CrO4

2− and a
10-fold molar amount of ClO4

−, NO3
−, Cl−, BF4

− or a
5-fold molar amount of mol L−1 SO4

2−.[20] In addition,
some literature has been published on the removal of
halides, N3

−, NO3
−, SCN−, and MnO4

− from aqueous
media.[21–24]

Herein, we report the corrugated cationic MOF,
{[Zn2(BDC)1.5(L)(DMF)]NO3·DMF·solvent}n, MOF 1, as
heterogeneous catalysis for anion exchange. The mate-
rials were designed to have weak electrostatic interaction
between the interlamellar anions and cationic MOF
layers. As a result, these MOFs display reversible anion
exchange between NO3

− and N3
−. {[Zn2(BDC)1.5(L)

(DMF)]NO3}n was also applied to anion trapping of
Cr2O7

2−, MnO4
−, CrO4

2−, N3
− and SCN− as a model of

problematic pollutant. The selectivity and reversibility of
anion removal were investigated in detail.

2 | EXPERIMENTAL

2.1 | Materials and physical techniques

All solvents and reagents for the synthesis and analysis
were purchased from commercial sources and used with-
out further purification.

Fourier transform infrared (FT-IR) spectra were
recorded in KBr disks with a Bruker (Karlsruhe,
Germany) FT-IR spectrophotometer. The 1H and 13C
NMR spectra of the ligand were recorded on a Bruker
250 Spectrometer at 250 and 62.9 MHz, respectively,
and chemical shifts were referenced to the solvent sig-
nal and indicated in ppm relative to tetramethylsilane
(TMS). Powder X-ray diffraction (PXRD) measurements
were performed using a Philips PW1130 X-ray diffrac-
tometer with Cu Kα target (λ = 1.54xx Å) radiation.
The molecular structure scheme and simulated PXRD
patterns based on single-crystal data were prepared
using Mercury (CSD) software. After adsorption, MOF
1 was characterized by scanning electron microscopy
(SEM) on a FEI ESEM QUANTA 200 instrument with
a gold coating.

2.2 | Synthesis of ligand 4,40-
methylenebis(N-(pyridin-2-ylmethylene)
aniline, L

To 2-pyridine carboxaldehyde (0.19 ml, 2.0 mmol) in
methanol (5.0 ml) was added 4,40-methylenedianiline
(0.19 g, 1.0 mmol) at room temperature. The mixture was
stirred under air atmosphere for 10 h and then filtered.
The resulting precipitate was separated and filtered off,
washed with cooled methanol (3 × 5 ml) and
recrystallized from ethanol. Yield 85% (0.32 g),
m.p. 239–241�C. FT-IR(KBr, cm−1): 3420 (br), 3063 (w),
2929 (w), 2862 (w), 1626 (m), 1581 (s), 1504 (s), 1467 (s),
1434 (s), 1350 (m), 1199 (w), 1148 (m), 1090 (w), 990 (m),
882 (m), 828 (s), 783 (s), 741 (s), 653 (m), 6176 (s),
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579 (m), 544 (m), 496 (w). 1H NMR (250.13 MHz, CDCl3,
25�C, ppm) δ: 4.02 (2H, s), 7.33 (8H, m), 7.77 (4H, m),
8.16 (2H, d, J = 7.75 Hz), 8.61 (2H, s), 8.68 (2H, d,
J = 3.75 Hz). 13C{1H} NMR (62.9 MHz, DMSO-d6, 25�C,
ppm) δ: 39.94, 121.55, 121.83, 126.00, 130.07,
137.47,140.48, 148.85, 150.10, 154.54, 160.61.

2.3 | Synthesis of {[Zn2(BDC)1.5(L)(DMF)]
NO3·DMF·solvent}n, (MOF 1), as single
crystal

Block, white crystals of compound MOF 1 were obtained
from the reaction of Zn(NO3)2.6H2O (0.059 g, 0.20 mmol),
terephthalic acid (H2BDC) (0.033 g, 0.20 mmol), L
(0.075 g, 0.20 mmol), and DMF (6 ml) by heating at 80�C
for 48 h. The crystals were obtained by slow cooling of
the solution to 30�C. m.p. >300�C. FT-IR (cm−1) selected
bonds: 3458 (br), 3092 (w), 2934 (w), 2863 (w), 1657 (s),
1612 (s), 1505 (m), 1415 (m), 1386 (s), 1338 (s), 1171 (w),
1111 (w), 1020 (w), 822 (w), 752 (m), 666 (w), 589 (w),
459 (w).

2.4 | Activation method

{[Zn2(BDC)1.5(L)(DMF)]NO3·DMF·solvent}n (MOF 1) was
activated using a similar protocol that started with a
solvent-exchange step. It was immersed in dic-
hloromethane for 3 days during which time the solvent
was exchanged once daily. The MOF was then dried for
24 h at 120�C prior to anion exchange.

2.5 | Anion exchange studies

Ten milligrams of activated MOF, {[Zn2(BDC)1.5(L)
(DMF)]NO3}n, (0.01 mmol) as solid was suspended in
20 ml of a solution of 0.0125 mmol of each of the salts
NaN3, KMnO4, K2CrO4, K2Cr2O7, and NH4SCN and
allowed to react with mild stirring for 3 h. The molar
ratio of {[Zn2(BDC)1.5(L)(DMF)]NO3}n to the exchanging
anion was 1:1.25. The exchange solution was monitored
at various time intervals to follow the exchange progress.
The crystal product was isolated by filtration and rinsed
with H2O. The crystals after anion exchange were charac-
terized by FT-IR, PXRD, and SEM.

The adsorption isotherm experiments were investi-
gated by adding 10 mg MOF 1 into 20 ml of anion solu-
tions (NaN3, KMnO4, K2CrO4, K2Cr2O7, NH4SCN) with
different concentrations to reach adsorption equilibrium.
The equilibrium adsorption capacity qe (mg/g) was deter-
mined using the following equation:

qe =
C0−Ce

m

� �
V

where qe is equilibrium amount of anion adsorbed per
unit mass of adsorbent (mg/g), C0 and Ce (mg/L) are the
initial and equilibrium anion concentrations (mg/L),
respectively, V (L) is the volume of the solution, and
m (g) is the dry weight of adsorbent.

2.6 | Anion selectivity

Ten milligrams of activated MOF, {[Zn2(BDC)1.5(L)
(DMF)]NO3}n, (0.01 mmol) solid was suspended in 20 ml
of a solution of 0.025 mmol of each of the salts NaN3,
KMnO4, K2CrO4, K2Cr2O7, and NH4SCN and allowed to
react statically for 3 hr. In another reaction 10 mg of
{[Zn2(BDC)1.5(L)(DMF)]NO3}n (0.01 mmol) solid was
suspended in 20 ml of solution of 0.001 mmol of each of
the salts NaN3, KMnO4, K2CrO4, K2Cr2O7, and NH4SCN
and allowed to react statically for 3 h.

2.7 | X-ray crystallography

X-ray diffraction data for MOF 1were collected at 150K by
the ω- and ϕ-scan technique on a Bruker (Karlsruhe,
Germany) Kappa Duo diffractometer with an APEX-II
CCD area detector using multilayer mirror-
monochromatized MoKα radiation (λ=0.71073Å). Data
collection, cell refinement, and data reduction were
carried out with the APEX2 and SAINT programs
(Table1).[25,26] The structure was solved by direct methods
using SHELXL2014[27] and refined by a full-matrixleast-
squares technique on F2 with SHELXL2014/7.[28] Multi-
scan absorption correction was applied to the data with
the use of SADABS.[29] The molecular graphics for MOF
1were prepared with DIAMOND 4.3.1[30] and the material
for publication prepared by SHELXL97.[28] The dataset
was solved in the space group P1 and transformed with
PLATON to Pbcn using the command ‘CALC ADDSYM
SHELX’. The hydrogen atoms for aromatic CH were posi-
tioned geometrically (C–H=0.95Å) and refined using a
riding model (AFIX 43) with Uiso(H)=1.2Ueq(C). The
hydrogen atoms for CH2 were positioned geometrically
(C–H=0.99Å) and refined using a riding model (AFIX 23)
with Uiso(H)=1.2Ueq(C). The hydrogen atoms for CH3

were positioned geometrically (C–H=0.98Å) and refined
using a riding model (AFIX 137) with Uiso(H)=1.5Ueq(C).
One disordered solvent molecule was squeezed out with
PLATON using the command ‘SQUEEZE’.

Crystallographic data for the structural analyses have
been deposited with the Cambridge Crystallographic
Data Centre under CCDC deposition number 1999359
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Copies of this information may be obtained free of
charge from The Director, CCDC, 12 Union Road, Cam-
bridge, CB2 1EZ, UK. Fax: +44 1223 336 033,
deposit@ccdc.cam.ac.uk, or www: www.ccdc.cam.ac.uk.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis and characterization

The reaction of 2-pyridine carboxaldehyde with 4,40-
methylenedianiline gave the desired Schiff base ligand
(L) in high yield and purity (Scheme S1).

The 1H and 13C NMR spectra of L confirmed its pro-
posed structure. In the 1H NMR and 13C NMR spectra of

L (Supporting Information Figures S1 and S2), the signals
at 4.02 and 8.61 ppm, and 39.49 and 160.61 ppm were
assigned to the common CH2- and HC=N groups, respec-
tively. In the FT-IR spectrum of the free ligand, there are
no bands at 3200 or 1715 cm−1, which would be expected
for ν(NH2) of the 4,40-methylenedianiline and ν(C=O) of
2-pyridine carboxaldehyde, respectively. Instead, a new
prominent band at 1626 cm−1 due to the azomethine
ν(C=N) linkage is observed.

The reaction of Zn(NO3)2.6H2O with L and H2BDC in
DMF afforded MOF 1 as a white crystalline compound,
see Supporting Information Scheme S1. A comparison of
the FT-IR spectra of the MOF (Supporting Information
Figure S3) with the ligand provides some evidence for the
coordination of the ligand and H2BDC to the zinc core.
The FT-IR spectrum of the compound MOF 1 (Supporting
Information Figure S3) shows the characteristic bands of
the carboxylate groups in the usual region at 1612 cm−1

for the asymmetric vibration (νas(COO
−)) and 1415 cm−1

for the symmetric vibrations (νs(COO
−)). The Δν

(νas – νsym) values indicate that the carboxylate anions
coordinate to the Zn(II) center in bridging mode.[31] The
absence of a strong absorption band at 1750 cm−1

(ν(C=O) vibration corresponding to the carboxylic group
of the free H2BDC ligand) indicates that all carboxyl
groups of H2BDC are deprotonated.[27] The absorption
band at 1657 cm−1 corresponds to the C=N vibrations of
the pillar ligand. Also, the characteristic absorption peak
ν(NO3

−) = 1385 cm−1 for nitrate ions is present in the
FT-IR spectra for this MOF.[31]

Compound MOF 1 crystallizes in the orthorhombic
space group Pbcn, and the asymmetric unit of MOF 1 con-
tains one and half of the 1,4-BDC, one 4,40-
methylenebis(N-(pyridine-2-ylmethylene)aniline ligand,
a DMF molecule, and two Zn2+ ions (Figure 1),
{[Zn2(BDC)1.5(L)(DMF)]NO3·DMF·solvent}n. The coordi-
nation environment around the two zinc atoms is shown
in Figure 2. There are two crystallographically different
zinc atoms in MOF 1, Zn1 and Zn2, which adopt differ-
ent coordination environments. The coordination num-
bers of Zn1 and Zn2 are 5 and 6, respectively. As shown
in Figure 2, the coordination around Zn1 atom is inter-
mediate between trigonal bipyramidal (ideally tau = 1)
and square pyramidal (ideally tau = 0),[32] coordinated by
three oxygen atoms of carboxylate groups (O2, O3, and
O6) provided by two different 1,4-BDC ligands, and two
nitrogen atoms (N1 and N3) from the L molecule, with
Zn–N distances of 2.237(2) and 2.105(2) Å, and Zn–O dis-
tances of 1.9657 (17), 2.0066 (17), and 2.0417 (18) Å. Zn2
with distorted octahedral geometry is coordinated by
three carboxylic oxygen atoms (O2, O5, and O6) from
two different 1,4-BDC ligands, and two nitrogen atoms
(N2 and N4) from the L molecule and one oxygen atom

TABLE 1 Crystal data and structure refinement parameters

for MOF 1

Identification code 1

Net formula C40H33N6O10Zn2

Formula weight 888.46

Radiation MoKα, λ = 0.71073 Å

T (K) 150

Crystal size (mm) 0.01 × 0.01 × 0.01

Crystal shape, color Block, white

Crystal system Orthorhombic

Space group Pbcn

a (Å) 26.678(8)

b (Å) 17.112(5)

c (Å) 18.570(5)

α = β = γ (�) 90

Volume (Å3) 8477(4)

Z 8

Density (g/cm3) 1.392

μ (mm−1) 1.19

F(000) 3640

Θ range (�) 2.2–29.1

Independent reflections 8330

Measured reflections 143847

Reflections with I > 2σ(I) 7454

Index ranges hkl amx −32 ! 31, –20 ! 21,
–22 ! 22

Rint 0.044

Goodness of fit on F2 1.06

R[F2 > 2σ(F2)] 0.035

wR(F2) 0.107

Maximum electron density (e/Å3) 1.11

Minimum electron density (e/Å3) −0.47
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from a DMF molecule, O12. Each pair of Zn atoms is
interconnected through one 1,4-BDC ligand.

The oxygen atoms of 1,4-BDC(O2) and DMF (O12)
occupy the axial positions with the O2–Zn2–O12 bond
angle being 174.03(8)�. The O2–Zn2 bond distance of
2.176(2) Å is longer than the Zn2–O12 bond distance of
2.175(17) Å, in line with O2 being a bridge between the
two zinc centers. Selected bond distances and angles

around the metal ions and torsion angles are listed in
Supporting Information Table S1.

The crystal packing of MOF 1 is stabilized by C–H···O
interactions (as shown in Supporting Information
Table S2).

Remarkably, one disordered solvent molecule was
squeezed out with PLATON using the command
‘SQUEEZE’ and a solvent accessible volume
(S.A.V) = 1112 Å3 per unit cell volume of 8477(4) Å3 was
found.

The bridging action of the BDC (terephthalate)
linkers gives a corrugated 2D network of “six-membered”
rings parallel to the ab plane (Figure 3). Along the b and
c directions the edges in each ring are further spanned by
the bridging action of an L ligand (Figure 4). These sheets
are then connected through weak stacking interactions
between the adjacent layers (e.g., hydrogen bonding).
Stacking of the 2D layers gives rise to the 3D structures of
the compounds. The 2D layers are therefore further
extended into a 3D supramolecular framework via those
stack interactions.

The corrugated nature of the sheets may be attributed
to the flexibility of the backbone of the pillar and
BDC.[33]

The interactions between the 2D layers and the guest
molecules could affect the interlayer spacing. The empty

FIGURE 1 Extended

asymmetric unit (50% thermal

ellipsoids). Symmetry

transformations: (i)–x+1/2,

y–1/2, z; (ii)–x+1/2, y+1/2, z;

(iii)–x+1, y, –z+1/2; (iv) –x, y,

–z+3/2

FIGURE 2 Coordination environment around the two zinc

atoms. The bridging action of the BDC = terephthalate linkers

gives a corrugated 2D network of “six-membered” rings parallel to

the ab plane. Symmetry transformations: (i) –x + 1/2, y – 1/2, z
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cavities of MOFs along with their flexibility are essential
attributes to create guest-induced properties[34] and struc-
tural transformations.[35] In the case of 2D MOFs, voids
are mostly represented by interlayer spaces that may
become accessible for either guests or molecules,
enabling 2D to 3D reactions.[36] A change in the amount
or chemical nature of interlayer guests may lead to layer
displacement (e.g., increased separation, delamination)

and an accompanying change in physicochemical proper-
ties. For instance, such dynamic behaviors of layers are
responsible for adsorption-inducedgate-opening effects in
MOF materials.[37]

As far as we know, this corrugated mode has been
observed in the reported Cu(II)-network {[Cu(dhbc)2
(4,40-bpy)]•H2O} (H2dhbc=2,5-dihydroxybenzoic acid),
where 1D {Cu(dhbc)} chains are linked by 4,40-bpy to

FIGURE 3 Corrugated 2D

network of “six-

membered”{[Zn2(BDC)1.5}n rings
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form a 2D corrugated sheet[38], and {[Cd(H2O)(μL
10 0)(μL2)

•2H2O]}n, where L1
0 0
=N-(4-pyridyl)nicotinamide and

L2=maleate. Also, Sun et al. have obtained a 2D!3D
entangled network [Co(HBTC)(4-bpdb)]•H2O
(H3BTC=1,3,5-benzenetricarboxylic acid, 4-bpdb=1,4-bis-
(4-pyridyl)-2,3-diaza-1,3-butadiene) with corrugated
layers.[39] Clearly, this feature helps to increase the
dimensionality of coordination polymers and enhance
the stability of the structure. Therefore, the study of cor-
rugated networks will not only increase the structural
diversity for coordination polymers, but also provide
some new insights into synthesizing stable coordination
polymers.

To examine the thermal stability of as-synthesized
MOF 1, thermogravimetry (TG) and differential thermal
analyses (DTA) were carried out between 35 and 700�C
under nitrogen flow (Supporting Information Figure S4).
The as-synthesized compound MOF 1 is stable up to
160�C. Removal of the guest and coordinated DMF takes
place in the range between 160 and ~250�C. The ther-
mogravimetric analysis of MOF 1 revealed a first weight
loss in the temperature range of 160–260�C, attributed to
the loss of H2O and DMF guest solvent (Supporting Infor-
mation Figure S4). The other weight loss occurred
between ~260 and ~340�C (~8.60%), corresponding to the

removal of one DMF coordinated molecule. The experi-
mental mass loss of 8.60% for MOF 1 is consistent with
the calculated value of 8.22% for the eliminated solvent
DMF molecule. At 342–720�C the MOF will be
decomposed. Mass loss calculations of the end residue
show the formation of ZnO ~37% (calcd 34.37%).

{[Zn2(BDC)1.5(L)(DMF)]NO3·DMF·solvent}n, (MOF 1),
was activated by immersion in dichloromethane for
3days, during which time the solvent was exchanged.
The thermal stability of the activated MOF was character-
ized by TG and DTA (as shown in Supporting Informa-
tion Figure S5). Consequently, in the activated
compound 1•NO3, where the guest solvent molecules
had been removed by exchange with CH2Cl2 and drying
at 120�C, is stable up to 250�C. The TG curve of the acti-
vated MOF shows a plateau in the range of 30to 260�C,
revealing that it is devoid of any solvent guest molecules
(Supporting Information Figure S5). The first weight loss
occurred above ~260�C, corresponding to the removal of
one coordinated DMF molecule per formula unit. At
342–720�C 1•NO3 will be decomposed. Mass loss calcula-
tions of the end residue show the formation of ZnO
~54%. All differences are due to the removal of guest mol-
ecules in the activation process.

The PXRD pattern (Supporting Information
Figure S6) suggests that the skeletal structure of the 2D
network changes throughout the activation process,
which is confirmed by PXRD. The mismatch between the
simulated and experimental patterns is possibly due to
the elimination of DMF solvent in the activation process.
For confirmation of this phenomenon the disordered
DMF solvent molecule has been squeezed and was there-
fore not considered for the simulation. As shown in
Supporting Information Figure S7, the PXRD pattern of
simulated MOF with DMF has small different with PXRD
pattern of simulated MOF without DMF.

As cationic network MOFs are useful for the removal
of oxo-anions, the performance of activated MOF 1 in
removing Cr2O7

2− and CrO4
2− from the aqueous solution

was explored. For this purpose, crystals of activated
{[Zn2(BDC)1.5(L)(DMF)]NO3}n were dipped into an aque-
ous solution of K2Cr2O7 and the exchange process was
monitored by UV–visible(UV–Vis) absorption

FIGURE 4 A single “six-membered” ring with the additional

spanning of its edges with L ligands along the b and c directions.

This image has the L ligand fully depicted in blue and the BDC

ligand fully in red, for clarity
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3.2 | Anion exchange studies with
Cr2O7

2−, CrO4
2−, NCS−, N3

−, and MnO4

Hexavalent chromium, Cr(VI), has been classified as a
Group A human carcinogen by the US Environment Pro-
tection Agency because it causes serious damage to
human health.[40] The elimination of Cr2O7

2− and
CrO4

2− from wastewater is very urgently desirable.



spectroscopy at intervals based on the intensity variation
of the maximum adsorption peak of Cr2O7

2− in solution
(257and 357nm).[41,42] As shown in Figure 5, when crys-
tals of {[Zn2(BDC)1.5(L)(DMF)]NO3}n (0.01mmol) were
immersed in 20ml of an aqueous solution of K2Cr2O7, the
Cr2O7

2− concentration in the solution decreased after 3h
and the intensity did not show significant decrease even
after 3h, indicating that the anion-exchange process was
complete.

To obtain the maximum capacity of Cr(VI) removal,
the adsorption isotherms were investigated to estimate
the maximum removal capacity of MOF 1 by varying the
Cr(VI) concentration from 50 to 300 ppm. As shown in
Figure 6, the value of qe (equilibrium adsorption capac-
ity) increased with increasing Cr(VI) concentration and
finally reached a maximum value of 105 mg/g.

The experimental data for adsorption of Cr(VI) were
analyzed using Langmuir models. According to the Lang-
muir fitting, the theoretically maximum dichromate
capacity (qe) is 129.87 mg/g. Moreover, the correlation
coefficient for the Langmuir fitting is 0.998 (Figure 6b),
and the Langmuir model is suitable for describing the
anion-exchange equilibrium.

The anion-exchange experiments can be demon-
strated by a series of measurement combinations,
including PXRD, SEM, and FT-IR spectroscopy. As
shown in Figure 7, the FT-IR spectrum of this sample
illustrates that the strong peak associated with NO3

−

at approximately 1385 cm−1 is seriously weakened. The
color of the solid in the solution changed from white
to brown, implying the existence of Cr2O7

2− in the
solid. This result was also demonstrated by FT-IR spec-
tra studies, where new bands around 950 and
770 cm−1 (corresponding to Cr–O stretching modes)

were attributed to the introduction of Cr(VI).[43] The
morphology of the MOF after anion exchange was
studied by SEM. As shown in Figure 8, the morphol-
ogy changed after anion exchange.

The MOF 1 framework might be broken into numer-
ous components during the oxo-anion exchange into a
new structure. We could not determine crystal structures
of compounds after anion exchange due to the low qual-
ity of the MOF after the anion exchange reaction. As the
structures of the ion-exchanged MOF could not be
obtained via single-crystal XRD measurement, we used
PXRD of the resulting MOF. The PXRD pattern suggested
that the skeletal structure of the 2D network changed
throughout the exchange process, as shown in
Supporting Information Figure S8. Specification of the
mechanism is therefore difficult for MOF 1 after the
anion exchange reaction. Nevertheless, in this case, we
can only refer to different literatures.[44–46] According to
the Cheng-Peng Li et al., three oxo-anion-exchange
mechanisms have been identified: the replacement,
breath, and reconstruction processes.[45] In the
replacement process the MOF framework undergoes a
very small change due to a physisorption or a weak
chemisorption. In the breath process the framework is
heavily distorted due to the formation of coordination
bonds between trapped oxo-anions and the framework.
In the reconstruction process the chemisorption is so
strong that the original framework is broken,
transforming into a new structure. It is possibly that the
breath or reconstruction process happened for MOF 1,
but due to the low quality of the MOF after anion
exchange a discussion about the exact mechanism and
products is impossible.

Free anions in cationic MOFs can be exchanged with
other anions with different properties. Furthermore,
exchanging such coordinated anions with other anions of
variable nature may induce a flexible character in the
framework. The degree of flexibility might depend on the
shape, size, and coordinating tendencies of the foreign
anions. Hence, strongly coordinating anions may be pref-
erably captured over weakly coordinating anions by a cat-
ionic framework, which leads to the dynamic nature of
the cationic framework.[47,48] Thus, an extrinsic dynamic
nature of the cationic framework is observed due to the
differential behavior of the anions, acting as chemical
stimuli.[16,49]

Similarly, {[Zn2(BDC)1.5(L)(DMF)]NO3}n was probed
as an adsorbent for pertechnetate ion trapping by study-
ing its response towards its congener the azide
(Supporting Information Figure S9), chromate
(Supporting Information Figure S10), permanganate
(Supporting Information Figure S11), and thiocyanate
(Supporting Information Figure S12) anions.

FIGURE 5 UV–Vis spectra of aqueous K2Cr2O7 solution

during exchange with {[Zn2(BDC)1.5(L)(DMF)]NO3}n
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FIGURE 6 (a) Cr(VI) adsorption isotherm

and (b) Langmuir adsorption mode fitting for

the removal of Cr(VI) by MOF 1

F IGURE 7 FT-IR spectra of (a) 1•NO3,

(b) 1•N3, (c) 1• Cr2O7, (d) 1•CrO4, (e) 1•MnO4,

and (f) 1•SCN
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To obtain the maximum capacity of azide (Supporting
Information Figure S13), chromate (Supporting Informa-
tion Figure S14), permanganate (Supporting Information
Figure S15), and thiocyanate (Supporting Information
Figure S16) anion removal, the adsorption isotherms
were investigated to estimate the maximum removal
capacity of MOF 1 by varying the azide concentration
from 10to 60ppm, the chromate concentration from 30to
300ppm, the permanganate concentration from 25to
200ppm, and the thiocyanate concentration from 20to
70ppm. As shown in Supporting Information
Figures S13–S16, the value of qe increased with increas-
ing anion concentration and finally reached maximum
values of 44,138, 104,and 25mg/g for azide, chromate,
permanganate, and thiocyanate, respectively. In addition,
the color of the solid in the solution changed from white
to white, white, beige, and black, implying the existence
of N3

−, SCN−, CrO4
2−, and MnO4

−, respectively. These
results were also demonstrated by FT-IR spectra studies,
where peaks of 2065, 2137, 878,and 1008cm−1 were
attributed to the introduction of N3

−, SCN−, CrO4
2−, and

MnO4
−, respectively. Finally, the morphology of the

MOF after anion exchange was studied by SEM, as
shown in Supporting Information Figure S17.

Among the anions tested, azide exchanged completely
with nitrate in {[Zn2(BDC)1.5(L)(DMF)]NO3}n, and chro-
mate and permanganate exchanged almost completely in
{[Zn2(BDC)1.5(L)(DMF)]NO3}n. FT-IR and PXRD were
used to monitor the anion-exchange process. FT-IR spec-
troscopy proved the complete removal of the mother
anion, while PXRD analysis showed different patterns for
each of the anions, indicating the formation of different
anion-driven stable frameworks. As shown in Figure 6,

FT-IR spectra of anion changed samples b–g, show that
the strong bands associated with NO3

− at ~1385 cm−1 are
significantly weakened, indicating that the NO3

− was
partly exchanged by the incursive anions. Besides the
decrease in the nitrate signal, new peaks at ~2086 cm−1

(characteristic of SCN−), ~2065 cm−1 (characteristic of
N3

−), 878 cm−1 (characteristic of CrO4
2−), and 1008 cm−1

(characteristic of MnO4
−) further confirmed that anion-

exchange reactions occurred. In addition, the PXRD pat-
terns based on the anion-exchanged samples showed dif-
ferent PXRD patterns compared to {[Zn2(BDC)1.5(L)
(DMF)]NO3}n, suggesting that the framework is converted
to another phase on anion exchange (Supporting Infor-
mation Figure S8). Owing to the differential PXRD pat-
terns of anion-exchanged products, the compound shows
anion-responsive structural dynamism.

The reversibility of the anion-exchange experiment
was demonstrated using a KNO3 solution (0.25 mmol
KNO3 in 20 ml of H2O). As shown in Supporting Infor-
mation Figure S18, strong bands at ~1385 cm−1 for NO3

−

appeared in re-exchanged products, as revealed in FT-IR
spectrum, thus indicating reversibility could be achieved
in these cases. The PXRD pattern suggested that the skel-
etal structure of the 2D network changed throughout the
re-exchange process. Treatment of these different phases
with the mother anion (NO3

−) did not cause the com-
pound to revert back to the mother framework, thus
showing the irreversible nature of the transformations, as
shown in Supporting Information Figure S19.

According to the properties of anion exchange,
anionic selectivity is a growing challenge, that is, the
capacity of a host framework to capture and respond to
particular anions in the presence of different anionic

FIGURE 8 SEM images: (a) as-synthesized MOF 1 and (b) Cr(VI)-adsorbed MOF 1
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competitors. To study the selective differences among
them, the anion-exchange selectivity of {[Zn2(BDC)1.5(L)
(DMF)]NO3}n was examined by a series of incursive nega-
tive ions as above. In comparison with anion exchange,
anion selectivity may be more important and challenging.
Selective exchange experiments were carried out for mix-
tures of anions. Crystals of 0.01mmol {[Zn2(BDC)1.5(L)
(DMF)]NO3}n were immersed in 20ml of an aqueous solu-
tion containing 0.025mmol N3

−,SCN−, CrO4
2−, Cr2O7

2−,
and MnO4

− for 3h. In the FT-IR spectra of the resultant
crystals (Figure 9), only the characteristic band arising
from SCN− was found (2137cm−1) and no characteristic
adsorption bands arising from CrO4

2− (878cm−1), N3
−

(2065cm−1), or Cr2O7
2− (950and 770cm−1) were observed,

thus suggesting good selectivity for SCN− over other ions,
as shown in Figure 9b. The selectivity of {[Zn2(BDC)1.5(L)
(DMF)]NO3}n may be attributed to a stronger interaction
of SCN− with the cationic framework than of other
ions.[16]

In another reaction, crystals of 0.01mmol
{[Zn2(BDC)1.5(L)(DMF)]NO3}n were immersed in a 20ml
of an aqueous solution containing 0.001mmol of Cr2O7

2−,
N3

−,SCN−, CrO4
2−, and MnO4

− for 3h. In the FT-IR spec-
tra of the resultant crystals (Figure 7), the characteristic
bands arising from SCN− and Cr2O7

2− were found
(2137cm−1, and 950and 770cm−1) and characteristic
adsorption bands arising from CrO4

2− (878cm−1), N3
−

(2065cm−1), or MnO4
− (1008cm−1) were observed, thus

suggesting good selectivity for SCN− and Cr2O7
2− over

other ions, as shown in Figure 9c.

With all anion sites equivalent, the larger, less
basic SCN– were preferred against the more densely
charged and stronger base. By contrast, it can be noted
that the overall exclusion of the oxo-anions could be
considered as disordered and anti-Hofmeister selective
separations which might be organized around the
main interaction between strong coordination to the
Zn(II) centers and hydrogen bonding to coordination
frameworks.[50]

4 | CONCLUSIONS

In summary, the cationic covalent organic framework
{[Zn2(BDC)1.5(L)(DMF)]NO3·DMF·solvent}nwith NO3

− as
counterion was successfully prepared through the self-
assembly of Zn2+ and two bridging ligands. This cat-
ionic framework shows high thermal and chemical sta-
bility and can be a simple platform for anionic
exchange. We prepared a Zn(II)MOF with a 2D corru-
gated network. It contains extra-framework NO3

−

anions which can be exchanged by Cr2O7
2−, CrO4

2−,
SCN− or N3

− under ambient conditions. The trapping
capacities of Cr2O7

2−, CrO4
2−, N3

−, MnO4
−, and SCN−

were 105,138, 44,104, and 25mg/g at 25�C after 3h,
respectively. This study provides evidence of the struc-
tural flexibility displayed by the interaction of the cat-
ionic {[Zn2(BDC)1.5(L)(DMF)]NO3}n MOF with different
adsorbents on anion exchange. This understanding of
structural dynamics is crucial for the rational design of

FIGURE 9 FT-IR spectra of (a) MOF,

(b) MOF immersed in solution containing

0.025 mmol of all anions, and (c) MOF

immersed in solution containing 0.001 mmol of

all anions
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this and related MOFs toward the selective capture of
environmental pollutant anions. The use of MOFs that
are able to take up pollutant anions could thus prove
an effective strategy for dealing with pollutants of this
type that are difficult to remove through established
methods.
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