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A Microporous 3D MOF Constructed from an Acylamide Tetracid Ligand:

Effective Reversible Iodine Adsorption Property
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Abstract: A microporous 3D MOF, [Cus(L),(H,0)s] (1) (H,L.=5,5"-((1H-pyrazole-3,5-dicarbonyl)bis(azanediyl))

diisophthalic)) with acylamide-functionalized and -electron walls in its structure was synthesized and

characterized. Topological analysis reveals 1 is of 3,3,4,4,6-c net and its porosity was tested by N, and CO,

gas adsorption. Meanwhile, 1 can serve as a good host for encapsulating I, (1.94 mmol-g™, RT) and exhibits

an outstanding performance in reversible adsorption of iodine molecules. CCDC: 1417058.
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0 Introduction

Metal-organic frameworks (MOFs), which belong
to a class of well-ordered porous crystalline materials,
have attracted continuous interest due to their contro-
llable structures and various potential applications in
gas storage or separation, catalysis, chemical sensing,

luminescence and so on!". In contrast to these traditional
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and seemingly bottlenecked study of MOFs, the
research based on the specific host-guest interactions
in capsulation of functional species such as drugs,
dyes, and light emitters into cavities of MOFs is an
arising and promising study point. As we know, a
superiority of MOF materials is that we can realize
more specialized applications by introducing specific

functional groups into the frameworks. With these
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functional groups, we can modify the physical
environment of pores and surfaces in the frameworks
and thus tune the interactions between frameworks
and guest species.

lodine, since discovered in 1811 by French
chemist Courtois™ and its application in life science',

Bl especially its

marine atmosphere®, material science
role in the 2011 disaster at Japan's Fukushima Dai-
Ichi nuclear energy centre, has attracted growing
attention and more research enthusiasm from
scientists. As a natural-scarce resource and very
important element, iodine is of great demand in many
fields and its effective capture and storage has been a
valuable study focus. In some works reported recently,
some microporous and amide-modified MOFs were
used as the fine hosts in rapid and reversible adsorp-
tion of iodine®”. From these works, we can deduce
that by introducing acylamide and aromatic groups
into the frameworks and thus through the host-guest
m-bonding and hydrogen-bonding formed between
these groups and the iodine molecules, we may
enhance the adsorbent-adsorbate interactions to sharply
improve iodine adsorption in MOFs. Herein, we report
a novel microporous 3D Cu-MOF ([Cus(L),(H,0)s] (1),
(H,L.=5,5" -((1H-pyrazole-3,5-dicarbonyl)bis (azanediyl))
diisophthalic)) (Fig.1a) in which there are square-like
channels (dimension ca. 0.67 nmx0.67 nm) surrounded
with aromatic rings (benzene and pyrazole rings) and
acylamide groups which create a suitable environment

abundant with adsorption binding sites for I,.
1 Experimental

1.1 Material and measurements
All  chemical
commercial sources and, unless otherwise noted, were

further

reagents were obtained from

used as received without purification.
Elemental analysis (C, H, and N) was performed on a

Perkin-Elmer 240 analyzer. The IR spectra were

HN-N NH-N

recorded in the 400~4 000 cm™ on a VECTOR TM 22
spectrometer using KBr pellets. 'H NMR spectra were
recorded on a Bruker DRX-500 spectrometer with
tetramethylsilane as an internal reference. Powder X-
ray diffraction (PXRD) data was collected on a Bruker
D8 ADVANCE X-ray diffractometer with Cu Ka
radiation.
1.2 Synthesis of H,L

A mixture of 1H-pyrazole-3,5-dicarboxylic acid
(2 g, 11.49 mmol), freshly distilled thionyl chloride
(80 mL, 1.1 mol), and a few drops of DMF was heated
to reflux for 12 h. Excess thionyl chloride was
removed by distillation under reduced pressure and
the resulting white powder was used as such. To this
was added S-aminoisophthalic acid (4.37 g, 24.13
mmol), DMA (50 mL), and N,N-dimethyl-4-aminopyri-
dine (0.25 g, 2 mmol), after which the solution was
stirred in ice bath for 12 h. The resultant mixture was
poured into water, and the precipitate that formed was
filtered off, extracted with hot methanol several times
(Scheme 1). Yield:
70%. Selected IR (KBr, cm™): '"H NMR (500 MHz,
DMSO-dg) &: 14.50(s, 1H), 13.28(s, 4H), 10.72(s, 2H),
8.69(s, 4H), 8.23(s, 2H), 7.75(s, 1H). IR (cm™, KBr):
3316, 3 144, 1 737, 1 568, 1 400, 1 214, 757.
1.3 Preparation of 1

A mixture of Cu(NO;),-6H,0 (11.6 mg, 0.048
mmol), H,L. (5.8 mg, 0.012 mmol), HNO; (160 L, 16
mol L"), N,N-dimethylformamide (DMF) (1.65 mL)/

deionized water(0.35 ml) was stirred for ca. 20 min in

and dried in vacuum at 70 °C

air then transferred and sealed in a 20 mL Pyrex tube,
which was then heated at 85 °C for 48 h. The
obtained blue bulk crystals of 1 were filtered and
washed with DMF. Yield: 60% (based on H,L). Anal.
Caled. for evacuated samples of 1 (CHaxsCusNgOa, %):
C, 39.34; H, 2.20; N, 8.74; Found (%): C, 39.30; H,
2.40; N, 8.78. IR (KBr, em™): 3 395, 2 361, 1 561,

1 364, 769, 720, 677.
NH N-NH

’ OW\(O
/
»@ HOOC COOH
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Scheme 1

HOOC COOH

Schematic view of the synthesis of HyL
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1.4 Single crystal X-ray diffraction analysis

The crystal of 1 was sealed in a capillary under a
microscope with some mother liquor inside to prevent
desolvation and the single X-ray diffraction data was
measured on a Bruker smart Apex II CCD diffracto-
meter at 293 K using graphite monochromated Mo Ko
radiation (A=0.071 073 nm). Data reduction was made
with the Bruker Saint program. The structure was
solved by direct methods and refined with full-matrix
least squares technique using the SHELXTL package'®.
Non-hydrogen atoms were refined with anisotropic
displacement parameters during the final cycles.
Hydrogen atoms of the ligands were placed in
displacement

calculated positions with isotropic

parameters set to 1.2U,, of the attached atoms. In the
crystal, free solvent molecules were highly disordered,
and it was unsuccessful to attempt to locate and refine
the solvent peaks. The diffused electron densities
resulting from these residual solvent molecules were
removed from the data set using the SQUEEZE
routine of PLATON® and further refined using the
data generated. The contents of the solvent region are
not represented in the unit cell contents in the crystal
data and the hydrogen atoms of the water molecules
were not included in the model. Crystal data and
further information on the structure determination are

summarized in Table 1.

CCDC: 1417058.

Table 1 Crystal data and structural refinement summary for complex 1

Formula CH sCusNsOos Crystal size / mm 0.27x0.25%x0.22

Formula weight 13524 6 range for data collection / (°) 0.74~25.0

Crystal system Orthorhombic Reflections collected unique 18 964

Space group Pbem Completeness / % 100

a/nm 2.767 0(6) Absorption correction Semi-empirical from equivalents
b/ nm 2.929 7(6) Max. and min. transmission 0.795 and 0.762

¢/ nm 2.591 2(6) Data /restraints / parameters 18 964 / 96 / 652
Volume / nm? 21.006(8) Goodness-of-fit on F 1.068

A 8 Final R* indices [[>20(])] R=0.091 0, wR,=0.190 5
D./ (g-cm™) 0.855 R* indices (all data) R=0.127 7, wR,=0.207 5
Absorption coefficient / mm™ 1.042 Largest diff. peak and hole / (e-nm™) 1515 and =776

F(000) 5368

“Ry= SNEJ-IFINF); wR=] Sao( S F~F2 S 0(F2]"

1.5 Gas adsorption experiments

In the gas sorption measurements, all the gases
used are of 99.999% purity. Low-pressure N, (77 K)
and CO, (273 K, 298 K) adsorption measurements (up
to 101 kPa) were performed on Micromeritics ASAP
2020 M surface area analyzer.
1.6 Iodine sorption experiments
(40 mg) after
washed and soaked with DMF for days were immersed

in a hexane (3 mL) solution of I, (0.01 mol-L™), to

The as-synthesized samples of 1

give [,@1. The photographs of the crystals were used
to determine the adsorption ability. The crystals of
L@1 (10 mg) were soaked in anhydrous ethanol (5
ml), and UV-Vis spectra and photographs were used

to determine the desorption ability.

2 Results and discussion

2.1 Crystal structure description
In the asymmetric unit of 1, there are five Cu®*
ions, two deprotoned HyL. ligands, and five coordinated

(Fig.1b). Two kinds of Cu clusters

exist in the whole structure: one is the Cu paddle-

water molecules

wheel in which two water molecules occupy the axial
position and four deprotoned carboxylate groups from
different ligands take up the equatorial position; the
other one is pyrazole-bridged cyclic binuclear complex
in which the dihedral angle between the two pyrazole
rings is 113.25° and the five-coordinated Cul is in
pyramidal configuration with N1, N3, O8, O9 in the

flat position and O1 in the vertical position, while the
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Symmetry codes in (c): A: x, v, 0.5-z; B: —x, 1-y, —z; C: —x, 1-y, =0.5+4z; D: x, 1.5-y, —z; E: x, 0.5-y, —z; F: x, 0.5-y, =0.5+z; G: —x, =0.5+y, z;
H: —x, =0.5+y, 0.5—z; I: 1-x, =0.5+y, z; J: 1-«, 0.5+y, z; K: 1-x, =0.5+y, 0.5—z; L: 1—x, 0.5+y, 0.5-z; M: —x, 0.5+y, z; N: —x, 0.5+y, 0.5z

Fig.1 (a) Structure of the carboxylate ligand (H,L) used in this paper; (b) View of asymmetric unit of 1 with thermal ellipsoids

shown at 30% probability; (¢) View of the coordination environment of the Cu clusters in the structure with thermal

ellipsoids shown at 30% probability

five-coordinated Cu2 is in distorted trigonal
bipyramidal configuration with N2, 02, 022 in the flat
position and N4, 021 in the vertical position (Fig.1c).
Topological analysis was carried out with the TOPOS
software™ The Cu paddlewheel units are simplified
as four-connected nodes and the binuclear copper
clusters with two bidentate pyrazole-3,5-diacylamide
parts, two water molecules coordinated to Cu2, and
two carboxyl groups coordinated to Cul are simplified
as six-connected nodes, and the benzene rings as
Consequently, the whole

three-connected nodes.

structure of 1 can be described as a 5-nodal (3,3.4,
4,6)-c net with the stoichiometry (3-¢)4(3-¢)4(4-c),(4-c)
(6-¢),. Surprisingly, while the spatial arrangements of

these SBUs

disordered, in the whole structure there exist parallel

(Secondary Building Units) seemed

square nano-tubular channels (0.67 nmx0.67 nm) (Fig.
2a) along b axis in which nearly all the aromatic rings
and acylamide groups of ligands are paved levelly in
the surface which are thus filled with potential
adsorption binding sites for iodine molecules with

proper size (the van der Waals diameter of I,
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Fig.2 (a) One-dimensional cubic nano-tubular channels (0.67 nmx0.67 nm) along the b axis; Channels are occupied

with disordered DMF solvent molecules and water molecules in the as-synthesized crystals; Total accessible
volume (13.604 2 nm’) is 64.8% per unit cell (21.006 nm?) as calculated by PLATON®; (b) Topologic network of 1;
(c) Space-filling mode of 1 and the pore size of the channels along the b axis are estimated by the ball in

the channels

molecules is 0.396 nm).
2.2 Thermogravimetric analysis

To study the stability of the framework of 1,
(TGA) study was carried
out. The TG curve of 1 displays some sharp weight

thermogravimetric analysis

loss from 40 to 210 “C corresponding to the loss of the

100+
80

60

Weight / %

40

204

100 200 300 400 500 600
Temperature / C
Fig.3 TGA data of sample 1 after washed and soaked

with DMF

lattice solvent molecules and the evacuation of the

coordinated water molecules corresponds to the
relatively steady weight loss since 94.81 °C. The
whole structure starts to decompose since 259.3 °C
(Fig.3).
2.3 Gas adsorption properties

Owing to the microporous structure of 1, we
continued to investigate the gas adsorption/desorption
properties of 1, but unfortunately there are no
meaningful N, adsorption for 1 and the framework was
and

partially molecules

collapsed when guest
coordinated water molecules were evacuated from 1,
which may be attributed to the avulsion of the
relatively instable pyrazole-bridged cyclic binuclear
by surface tension of solvent molecules as we can see
from the sharp changes of PXRD data (Fig.4).
Nevertheless, as we measured, 1 can still adsorb a

certain amount of CO, (24.6 cm’-¢g™ at 273 K, 15.7
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em’-g™ at 298 K) (Fig.5) as the UMCs (unsaturated

metal sites) and acylamide groups may stay intact in

the partially blocked frameworks.

Activated
- M,
As-synthesized
A
Simulated
PR A
T T T T 1
10 20 30 40 50
260/ (°)

Fig4 PXRD patterns of 1

Gas uptake / (cm*g™)

0 20 40 60 80 100 120
Pressure / kPa

Fig.5 Carbon dioxide adsorption isotherms of 1 at 273 K,

298 K (open ones: adsorption; filled shapes:

desorption)

2.4 Todine sorption
As we deduced, 1 is of great potential in iodine

adsorption due to the specific groups in the channels
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and nearly all the adsorption or exchange process of
molecules will proceed in the liquid phase, thus the
destructive vacuum environment can be avoided.
Therfore, we explored its iodine absorption property.
After washed and soaked with DMF for days, airing
samples of 1 (40 mg) were immersed in a hexane (3
ml) solution of T, (0.01 mol-L™"), and then the colour
of the crystals deepened from light blue to deep green
and finally dark (Fig.6). On the contrary, the dark
brown solution of I, faded quickly to pale pink in
(Fig.7a). Confirmed by the PXRD data, high
amount of iodine in 1 has nearly no impact on the
of 1 (Fig.8). Although
frequentative attempts to get feasible single crystal X-

hours

sensitivity of  X-ray
ray diffraction data of 1,@1 were all unsuccessful
which may be due to the reduced crystal quality of 1
after 1,  adsorption, calculated  from  the
thermogravimetric analysis (Fig.9), 1 g of 1 can adsorb
nearly 0.49 g of 1, (2.6 I, molecules each formula unit)
to get 2.61,@1 and the adsorption amount of I, (~
32.9% ) is nearly the sixth highest compared with

1, adsorption

i‘ “ - . . ‘ ‘ .Firstcycle

Omin 20min 40min 3h 24h 10min 30 min 24 h

. Second cycle

Photographs for 1 of adsorption (hexane) and

1, desorption

Fig.6

releasing I, (ethanol) in two cycles

——— 0 min
——— 2 min

4 min

———— 6 min
——— 8 min

10 min
——— 14 min

——— 16 min

10 20
Time / min

30
——— 18 min
= 20 min

23 min
25 min
——— 29 min
~——— 31 min

~——— 34 min

Jilll

T
300 400 500
Wavelength / nm

Fig.7 Photographs showing the colour change when 1 (40 mg) was soaked in hexane solution of T, (3 mL, 0.01 mol-L™);
(b) L, release process when L@1 (50 mg) was immersed in EtOH (3 mL); (¢) UV-Vis spectra of 1,@1 for the

releasing process of iodine; (d) Linear increase of the absorbance of I, in ethanol with time at the beginning
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some previously reported MOFs ™. As a result, an 100 oo
obvious decrease of the fluorescence emission 90 1

intensity (A,=307 nm and A.=423, 440, 457, 483 nm)
emerged upon the entry of I, into the host framework
of 1 which may be attributed to the host-guest -
bonding and hydrogen-bonding photoinduced electron
transfer effect "*# (Fig.10) and also indicates that 1

can quickly adsorb iodine molecules.

After releasing I, in second cycle

NTOTTRO VU DS

After releasing I, in first cycle

Soaked 24 h

PTG SSY

As-synthesized

Simulated

10 20 30

Fig.8 X-ray powder diffraction patterns of 1 after
releasing I, in first and second cycle, 1 soaked
in a hexane solution (0.01 mol-L™) of T, at
room temperature for 24 hours, as-synthesized

1 and simulated 1

Notably, the I, desorption of 2.61,@1 seemed
more efficiently and 1 is of reversible I, adsorption
ability. When the crystals of 2.61,@1 were soaked in
dry ethanol (3 mL), the colour of the crystals changed
gradually from dark to light blue and the colour of the

ethanol solution deepened quickly from colourless to

400 450 500 550
Wavelength / nm

37.42%

Weight / %
[=2)
%

50
40
30+
204

100 200 300 400 500 600
Temperature / 'C
Curve displays some sharp weight loss (~37.42%) from 40 to 210

°C corresponding to the loss of the lattice I, molecules and the

evacuation of the coordinated water molecules

Fig.9 TGA data of 2.61,@1

dark yellow and stayed the same after one hour’ s
immersion (Fig.6b). At the same time, the intensity of
the fluorescence emission gradually recovered and the
structure of 1 stayed intact upon guest exchange just
as expected (Fig.8). To further investigate the kinetics
of I, delivery of 2.61,@1, the UV-Vis spectra were
recorded at room temperature. The absorbance of I, in
ethanol increases linearly with time at the beginning
and the releasing rate becomes slower later as the
concentration of I, in ethanol increases with time (Fig.
7e,d). To verify the repeatability, the reversible I,
adsorption process was tested for another cycle and
the photographs and PXRD patterns of 1 demonstrated
that the I, sorption process of 1 is repeatable (Fig.6,
8). As we can see from the above description, there is

a great advantage of 1 in reversible iodine adsorption

(b)

400 450 500 550
Wavelength / nm

Fig.10  Photoinduced solid state emission spectra of 1 (a) its I,-loaded samples luminescence change during 0~25 min

(A4=346 nm and A.,=405 nm); (b) After immersed in ethanol for 30 min, the luminescence intensity of 1 was

gradually recovered
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which may be atiributed to the specific physical
environment of the pores, surfaces in 1. The regular
confined micro-pores, abundant regular -electron
walls made of aromatic benzene, pyrazole rings, and
the acylamide groups paved levelly along the channel
may accumulate the superiority of 1 in iodine
adsorption performance as the host-guest 7-bonding
and hydrogen -bonding effect stabilizes 1, molecules

through 77+--1 and N-H:-T interactions®".

3 Conclusions

In summary, by introducing acylamide and
aromatic groups, a novel porous Cu-MOF (1) has been
successfully synthesized based on acylamide tetracid
(5,5"-((1H-pyrazole-3,5-dicarbonyl)bis
(azanediyl))diisophthalic) linker and copper(Il) salts. In

of  pyrazole

the structure of 1, there exists microporous square
channels surrounded with aromatic benzene and
pyrazole rings as well as acylamide groups. Though
the structure of 1 is not stable enough in gas
adsorption measurement, 1 is still of outstanding
performance in reversible adsorption of iodine which
may be owing to the hydrogen and 7 bond donors
spreading throughout the channels which may enhance
the host-guest interactions between the framework and
iodine molecules. Our work presents a conception that
the instability of some MOFs after evacuation in gas
adsorption may be not be so fatal in the adsorption of
other species in the liquid phase, and new strategies
and criteria could be adopted when we design and

evaluate these MOFs.
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