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detection and adsorption of Cr**

Shu-Ran Zhang,” Jing Li,” Dong-Ying Du,** Jun-Sheng Qin,’ Shun-Li Li,” Wen-Wen He,? Zhong-Min

In this work, a novel microporous anionic metal-organic framework (MOF), [Zn(ABTC)5(NO3)][(CH3),NH,]-DMA-3H,0
(NENU-505; NENU = Northeast Normal University; H,ABTC = 3,3',5,5-azobenzenetetracarboxylic acid; DMA = N,N-
dimethylacetamide), has been rationally synthesized under solvothermal conditions. Single-crystal X-ray analysis reveals
that NENU-505 is a (4,4)-connected 3D network with pts topology. Charge neutrality is achieved by [(CHs),NH,]" ion. It is
noteworthy that NENU-505 displays high stability in the air for more than two months. Particularly, the absorption ability

of NENU-505 toward ionic dyes has been also investigated. According to the UV/Vis spectroscopy analysis and the colour

variance of NENU-505, we found that the cationic dyes could be efficiently absorbed over a period of time, while the

neutral and anionic dyes could not be absorbed. Therefore, NENU-505 exhibits selective absorption toward cationic dyes

and can potentially serve as a column-chromatographic filler for the separation of dye molecules. Furthermore, the

cationic dyes can be gradually released in the presence of NaCl. More interestingly, when NENU-505 was immersed in the

different metal ions DMA solutions, it performs as a rare example of a highly selective and sensitive sensing for cr’ions. In

connection to this, the probable sensing mechanism was also further investigated in detail in this paper. Remarkably, this

is the first MOF can exhibit an excellent ability for the detection and adsorption of cr*ionsin a convenient, economical,

and environmental-friendly manner.

Introduction

Metal-organic frameworks (MOFs), also known as porous
coordination polymers (PCPs), which have attracted
attention for their emerging energy-
applications in  numerous areas,m
including but not limited to, gas storage and separation,m
Iuminescence,B] heterogeneous catalysisw and chemical
sensing.[sl In general, MOFs, as indicated by the name, are
crystalline materials constructed in “one-pot” solvothermal or
hydrothermal syntheses by judicious selection of the two main
interacting components: single metal cations (primary building
unit or PBU) or metal clusters (secondary building unit or SBU)
and organic Iigands.[sl MOFs are in possession of diverse
topologies with aesthetic beauty through the formation of
one, two, or three dimensional extended coordination
networks by multiple binding sites of components. Numerous
research efforts have mainly been aimed at preparing novel
MOFs with structural fascinating and functional

tremendous and

environment-related
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diversification,[7] and some MOFs are now commercialized. It
should be noted that charged MOFs have been widely
explored as an appealing subclass due to the framework
charge (i.e., cationic, neutral, or anionic) of MOF materials
have a profound effect on their functionalities.® Generally
speaking, the charge-balancing cationics/anionics usually
occupy the void space, potentially allowing the capture and
separation of other anionics/cationics through ion exchange.[gl

It has been extensively recognized that dyes have found an
increasingly wide utilization in many industry fields, including
paper, printing, plastics, textiles, cosmetics, pharmaceuticals
and so on.'” However, the toxicities of several dyes have
brought about a significant threat to the agueous environment
and caused serious consequences, such as aesthetic pollution,
even carcinogenicity and perturbation to aquatic life.*!
Therefore, in daily life, technologies with high efficiency and
low consumption to reduce the harmful pollutant contents of
printing and dyeing are urgently required concerning a clean
environment and human health. Nevertheless, most dyestuffs
are difficult to degrade because their stability to light and
oxidants."? Recently, MOFs have been also used for absorbing
or separating dye molecules, and in most cases, dye removal
depends on the size-exclusion effect.”® Lan and co-workers
have reported a series of mesoporous MOFs with rare
corundum topology and tunable cage sizes which was
employed as a column-chromatographic filler for the
separation of bulk dye molecules by the existence of large
cages.[”] To the best of our knowledge, a majority of dyes is
charged and could prefer to accommodate in the channels of
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MOFs with opposite charge. Bearing this in mind, our group
has constructed a novel anionic framework with primitive
centered cubic (pcu) topology, which exhibited selectively
absorption ability towards cationic dyes.[lsl Nowadays, it
remains a labor-intensive endeavor to synthesize new families
of charged MOF materials used to absorb/separate dyes by
virtue of ionic selectivity.[lsl

Chromium is far and wide used in a large amount of
industrial processes such as tanning, paint manufacturing,
metal processing, electroplating, leather, steel fabrication and
agricultural runoff.”” Chromium is also a trace element
necessary for humans and animals. Chromium deficiency can
cause atherosclerosis and significantly increase the risk of
diabetes and cardiovascular diseases associated with other
complications.[m] However, one of its cationic forms, trivalent
chromium (Cr3+), has great influences on the human body and
biological environment. An excess of cr’* can be harmful to
human health, leading to deformity. Besides, cr’t in water
body can be adsorbed on the solid substance and present in
the sediments."™ If there is too much chromium in the soil, it
will inhibit nitrification of organic matter and make chromium
accumulate in plants. The main source of anthropogenic
pollution is the discharge of industrial waste gas and waste
water containing chromium.?” Chromium residue (chromium-
containing waste) important
environmental issue of chromium pollution. The inappropriate
treatment of industrial effluents containing chromium can
result in the contamination of natural water

solid has become an

sources,
eventually threatening human health.”" Therefore, there is an
urgent need to develop an effective solution that is capable of
detection of Cr*". As far as we know, considerable efforts have
2+' Fe3+' Ag+
and other ions based on MOFs™““, nevertheless, rarely reports
have been devoted to the development of sensing and
adsorption of cr’*. In this regard, a fast and efficient sensing
approach to probe crtois very promising and significant,
particularly with the realization of human health and
environment beautification.

Herein, we report a new microporous anionic MOF
[Zn(ABTC), 5(NO5)][(CH3),NH,]-DMA-3H,0 (NENU-505),
synthesized by the solvothermal reaction of Zn(NOj;),-6H,0
and H,ABTC. It should be noted that NENU-505 can still
maintain integrate framework in the air for more than two
months. Meanwhile, NENU-505 can selectively absorb cationic
dye molecules relative to neutral and anionic molecules
because of its anionic framework so that make it be a column-
chromatographic filler for adsorption and separation of dyes.
Furthermore, NENU-505 can be utilized as a probe for
selectively sensing and adsorbing high toxic heavy metal crt,
This is the first report on an anionic MOF that exhibits handy,
saving, and environmental-friendly properties in the detection
and adsorption of crt. However, it is still a long and tortuous
procedure to synthesize innovative species of MOF materials
for highly selective detection of heavy metal ions.

been focused on the detection of zn**, Mg®", Cu
[22]

Results and discussion

2| J. Name., 2012, 00, 1-3

A solvothermal reaction of Zn(NO3),-6H,0 and H,ABTC in DMA
yields yellow rhombus block crystals NENU-505. The formula
of NENU-505 [Zn(ABTC),s(NOs)][(CH3),NH,]-DMA-3H,0 was
elucidated by taking single-crystal X-ray diffraction studies,
thermogravimetric analysis (TGA; Fig. S11), elemental analysis,
and charge-balance into considerations. Single-crystal X-ray
analysis reveals that NENU-505 crystallizes in the monoclinic
space group C2/c (Table S1t). The asymmetric unit of NENU-
505 contains a Zn2+, a type of ligand fragment, a
coordinated NO;™ and a isolated [(CH3),NH,]". The Zn atom
is four coordinated by three carboxylate oxygen atoms from
three ligands and an oxygen atom from coordinated NOj;"
and exhibits a distorted-tetrahedral geometry (Fig. 1a).
The Zn-O bond lengths are all within the normal ranges
(Table S2t). The adjacent two Zn atoms are connected to
each other by one NO; and one H,ABTC ligand to give
rise to binuclear zinc cluster [Zn,(CO,)4(NOs)]. The ligand
unit links the [Zn,(CO,)4(NOs)] cluster to form an infinite
3D framework. Simultaneously, one binuclear zinc cluster
connects four H4,ABTC ligands (Fig. S2at), in turn, one
H,ABTC ligand coordinates to four binuclear zinc clusters (Fig.
S2bt) to form a pore with an approximate size of 10 X 9.8 A?
along the b axis (Fig. 1b and 1d), thus suggesting a
microporous characteristic of NENU-505. A more interesting
feature here is that these channels are spiral (Fig. 1b). Then

Fig. 1 (a) Coordination environments of Zn(Il) in NENU-505. Symmetry code: #1 x, -y,
z+1/2; #2 -, -y, -z; #3 X, -y, z-1/2; #4 -x+1/2, -y+1/2, -z; #5 -x, y, -z+1/2; #6 -x, y, -z-1/2.
(b) Representations of the helice in channel. (c) The (4,4)-connected augmented net as
a natural tiling. (d) Ball-and-stick and space-filling representations of its packing
arrangement of the 3D structure in NENU-505. (e) Ball-and-stick and polyhedral view of
the (4,4)-connected topology network in NENU-505. All the hydrogen atoms are
omitted for clarity.

from the topological analysis, each [Zn,(CO,)4(NOs)] cluster
acts as a 4-connected node and each metalloligand unit is
considered as a 4-connected node (Fig. 1c and 1le), which
generates a (4,4)-connected 3D network with pts topology
(Schlafli symbol of (42-84)).[23] Overall, the framework of NENU-
505 is anionic, [(CH3),NH,]" ions located in the channel help to
balance the charge (Fig. $3t). The protonated [(CH3),NH,]" ions

This journal is © The Royal Society of Chemistry 20xx
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in NENU-505 originate from the decarbonylation of
dimethylamine.m] Given single-crystal X-ray diffraction studies
and the charge-balance consideration, there are one
[(CH3),NH,]" ion per formula unit. The experimental X-ray
powder diffraction (XRPD) patterns of both simulated and as-
synthesized NENU-505 match well in key positions, thus
indicating its phase purity (Fig. S41). NENU-505 can just
maintain its stability in water for several hours as
demonstrated by XRPD (Fig. S4%), and then turn into
amorphous. Notably, under ambient conditions, that is to say,
exposure to air for more than two months, no major changes
to either the external appearance or to the XRPD patterns of
NENU-505 were observed, confirming the extreme stability of
the framework (Fig. S5T). To ensure structural integrity and
stability of NENU-505 exposed in the air after two months, we
have presented its optical image taken by using a fluorescence
microscope equipped with a CCD camera (Fig. S5t).

It is extremely important to remove dyes from effluents
before discharge into natural bodies from an environmental

ARTICLE

point of view since dyes have been widely employed in several
industries.” Up to now, a great deal of methods has been
utilized in order to remove dyes from the environment.
Significantly, this involves the adsorption approach without
chemical degradation is extremely attractive in virtue of its
effectiveness, efficiency and economy.[zsl Owing to its simple
preparation, ease acquisition of raw materials and its porous
anionic framework nature, NENU-505 was explored as a
column-chromatographic filler for adsorption and separation
of dyes based on ionic interaction between the cationic dyes
and anionic framework. NENU-505 does not require any
activation process compared with other reported MOFs for
dye sorption.m] To evaluate whether NENU-505 has the
absorption ability to separate dye molecules, we selected
freshly prepared NENU-505 to capture dyes from solutions in
DMA. We carefully select nine dye molecules in accordance
with different shapes, sizes and charges, including cationic
dyes (methylene blue (MB), basic red 2 (BR 2), and basic green
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Fig. 2 (top a) Schematic illustration of the dye molecules employed in the dye-absorption experiments and photographs of the corresponding colour change of crystals after
immersion into the solutions of the dyes for a period of time. (bottom) UV/Vis spectra of DMA solutions of (b) MB, (c) BR 2, and (d) BG 1 with freshly prepared NENU-505,

respectively. Insets: the enlargements of corresponding UV/Vis absorption.

1 (BG 1)), anionic dyes (congo red (CR), methyl orange (MO),
food green 3 (FG 3), and R-250), and neutral dyes (solvent
yellow 2 (SY) and basic red 1 (BR 1)), in which some perhaps

This journal is © The Royal Society of Chemistry 20xx

would be absorbed. Typically, when freshly prepared NENU-
505 (100 mg) was soaked in DMA solutions of different kinds
of dyes (10 mL, 1.0 mmol), the cationic dyes (MB, BR 2, and BG
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1) could be efficiently absorbed over a period of time and the
yellow crystals gradually became coloured, while the neutral
and anionic dyes could not be absorbed (Fig. 2a). Among these
dyes, for MO and SY 2, the main reason for non-absorbing is
that the charge does not match, as well as larger shapes and
sizes for CR, FG 3, R-250 and BR 1. Meanwhile, the capability of
NENU-505 to absorb the three cationic dyes from solutions of
DMA was quantitatively determined through UV/Vis
spectroscopy analysis (Fig. 2b-d), which indicated that the
concentration of cationic dyes in DMA significantly decreased
with the passage of time. At the same instant, spectroscopic
investigations of the supernatants also showed that NENU-505
could completely and rapidly absorb MB. The adsorption
capacity of NENU-505 at room temperature was 33.5 mg g'1
for MB, 4.5 mg g'1 for BR 2, and 17.6 mg g'1 for BG 1. The
adsorptivity of NENU-505 for MB is higher than that of some
other materials reported up to now (Table S3t). The shape and
size of the three dyes may result in the difference of
adsorption quantity to different types of cationic dyes.
According to the structure, MB is linear and BR and BG 1 are
planar, which make MB is relatively smaller than other two
cationic dyes. In addition, no major changes to either the
external appearance or to the XRPD and IR patterns of NENU-
505 were detected after the successful exchange of cationic
dyes, as proved by the XRPD and IR profiles (Fig. S6 and S77).

I I

m v Vv VI i i X X

Fig. 3 Photograph records for NENU-505-filled column-chromatographic separation
process for MB and BR 1 dyes, in which (I) NENU-505-filled column, (lI-IX) separation
process with gradually changed colour, and (X) complete separation with only MB
absorbed.

The above results inspired us that NENU-505 may be a
potential absorbent for the removal of cationic dyes from
effluents. Therefore, we have prepared a column-
chromatographic filled with NENU-505 and make DMA
solutions of mixed two different types of dyes MB and BR 1
(1:1, 1.0 mmol) pass through the column-chromatographic
filler. As displayed in Fig. 3, the colour of the column finally
became blackish green, which indicated that cationic dye MB
was absorbed inside NENU-505 for longer time along with the
DMA stream. In the meantime, neutral and unabsorbed dye BR

4| J. Name., 2012, 00, 1-3
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1 was rapidly transported through the column. Thus the two
kinds of dyes MB and BR 1 can be successfully and quickly
separated by passing them through the MOF-filled column,
which was not only observed by the naked eye but also
evaluated through UV/Vis spectroscopy of the effluent (Fig. 4).
The continuing decrease of characteristic wavelength for MB
reveals its successful absorbance, while unchanged peak of BR
1 suggests its exclusion by NENU-505. Additionally, we have
also monitored UV/Vis spectroscopy of other dye mixtures in
order to ensure the capability of NENU-505 to adsorb cationic
dyes from the effluent, which is indicative of its generality (Fig.
S8 and S9t). Moreover, we also calculated the adsorption
capacity of NENU-505 for every dye in mixture dye (Table S47).
The adsorption capacity is almost the same as single
component dye.

1.4 —— 0 min
| BR1-~ —— 5 min

1.2 —— 10 min
~ ] ——15min
= 20 min
s 19 ] MB s
:’ _ ———30 min
> 5 —— 35 min
= ] —— 40 min
_g 0.6 ——— 45 min
S 0.4 ] —— 50 min
8 7 —— 60 min
= 1 ——70 min
< 0.2

0.04 -

=

500 600 700
Wavelength / nm

Fig. 4 UV/Vis spectra of DMA solution of mixed MB and BR 1 with NENU-505.
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To authenticate the kinetic reason for selective absorption
toward cationic dyes is ionic interaction between anionic
framework and cationic dye, dye releasing experiments were
also carried out in a saturated solution of NaCl in DMA and
pure DMA, respectively. NENU-505 was first soaked in a DMA
solution of MB for a period of time to make them saturated.
Then 15 mg of the saturated MB@NENU-505 was added to a 3
mL saturated solution of NaCl in DMA and pure DMA,
respectively.[zsl UV/Vis spectra were monitored at different
time intervals. The results indicate that MB in MB@NENU-505
can be gradually released in the action of NaCl (Fig. 5a),
whereas the dye molecules are scarcely released in DMA
without NaCl (Fig. 5b). Moreover, it further strengthens the
evidence that MB is released via the ion exchange process with
NaCl acting as a trigger. UV/Vis spectra of BR 2@NENU-505
and BG 1@NENU-505 were also recorded both in saturated
solution of NaCl in DMA and pure DMA (Fig. S10 and S11%).
Owing to the shape and size of the three dyes, the release
quantity and rate to different types of cationic dyes are
different within 420 min. The release percentage is
approximate 14.1% for MB, 6.2% for BR 2, and 9.4% for BG 1
within 420 min, respectively. In the circumstances, we can
safely speculate that selective absorption is ascribed to the
ionic interaction of the dyes with the anionic framework. The
experimental results make it possible that NENU-505 can be

This journal is © The Royal Society of Chemistry 20xx
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utilized to separate dyes with similar sizes but opposite
charges. For the sake of confirming the regeneration and
cyclicity of NENU-505 toward MB, UV/Vis spectra analysis was
carried out on a solution of MB in DMA after adsorption
experiments with NENU-505, as well as the MB released
(desorption) from MB@NENU-505 by taking advantage of a
saturated solution of NaCl in DMA after six adsorption—
desorption cycles (Fig. S12at). Apart from that, the
corresponding removal and regeneration percentages were
also calculated (Fig. S12b*). The XRPD patterns further verify
that the framework is retained after cycle 6 (Fig. S13t). These
results manifested that the dye adsorption and release is a
reversible process and NENU-505 is reusable as an
and effective adsorbent.

excellent
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Fig. 5 (a) The MB released from MB@NENU-505 in a saturated solution of NaCl
in DMA monitored by UV absorption. (b) The release-rate comparison of MB
from MB@NENU-505 in a saturated solution of NaCl in DMA (green) and pure
DMA (blue).

The existence of [(CH;);,NH,]* cations and several
carboxylate oxygen atoms on the pore surface prompted us to
examine the potential of NENU-505 for the sensing of metal
ions by immersing NENU-505 in DMA solutions containing
. . 3+ 2+ 2+ 2+ 2+ 3+
single coloured metal ions (Fe™, Co™", Ni”", Cu™’, Fe” and Cr™",
0.01 M), respectively. Owing to the peak positions of XRPD and
IR curves for samples immersed in different metal ions

essentially remain unchanged (Fig. S14% and S15t), we can

This journal is © The Royal Society of Chemistry 20xx
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speculate that the basic frameworks in the compounds
remained intact after immersion different metal ions.
Interestingly, the samples exhibit obvious change of solid
colour compared to the original one (Fig. 6). It is noticeable
that the colour has become bottle green after soaking in DMA
solutions containing Cr** for 48 h (Cr**@NENU-505, 0.01 M),
while the colours of other metal ions did not change.
Inductively Coupled Plasma (ICP) analysis of resulting samples
indicated that NENU-505 has encapsulated 4.655% Cr3+, which
is much higher compared to the other metal ions (Fig. 7).
Besides that, the corresponding energy dispersive

Fig. 6 The photographs of NENU-505 in 10 mL DMA solutions containing single
coloured metal ions (Fe**, Co™, Ni**, cu®*, Fe?*, cr®*, 0.01 M), respectively.

spectroscopy (EDS) also verified the encapsulation of cr’tin
NENU-505 (Fig. S161). To understand the mechanism of the
selective capture of Cr3+, we investigated the UV/Vis spectra of
solid NENU-505 and Cr**@NENU-505 (Fig. S17t). There is a
new band in the UV/Vis spectra of Cr3+@NENU-505 at 580 nm
in addition to the band at 358 nm as observed in NENU-505.
This may be ascribed to the coordination of cr’t with the
carboxylate oxygen atoms of NENU-505 through d—d
transition. In other words, cr’* ions were adsorbed on the
carboxylate groups. It is widely acknowledged that the flexible
geometry of cr** as a result of it can exist in a variety of
coordination environments. As shown in the shadow parts (Fig.
S14+), for instance, the diffraction intensities corresponding to
(111),(202),(31 1),(402),(510),(11 4),(313)and (1,
1 4) crystallographic planes at 13.16°, 14.08°, 14.84° (shadow
1, Fig. S14%), 19.3°, 20.2° (shadow 2, Fig. S14t), 22.6°, 23.7°
and 24.5° (shadow 3, Fig. S14t), respectively, in 20 of
Cr3+@NENU-505 are slightly different compared to simulated
NENU-505. In addition, the peak intensities of IR curve for
cr’* @NENU-505 at 1018, 779 and 727 cm™ (shadow 1 and 2,
Fig. S15%) are relatively weaker than those of NENU-505.
Generally speaking, the peak intensity changes of a few peaks
in the XRPD and IR pattern of Cr3+@NENU-505 are primarily
due to structural reorganization after encapsulation of cr*.in
order to further identify whether cr® turn into more nocuous
cr®  after encapsulation or not, X-ray photoelectron
spectrometry (XPS) spectrum of cr* @NENU-505 was
monitored (Fig. S18%). In the XPS spectrum, a pair of peaks at
587.1 and 577.4 eV, which can be ascribed to cr** 2py/; and
crt 2p3/2, respectively[zgl, which indicate that the valence state

J. Name., 2013, 00,1-3 | 5
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of chromium does not change. The XPS spectrum also further
confirmed that the interaction between Cr** and the
uncoordinated carboxylate oxygen atoms. Subsequently, in
order to further explore its extraction capacity in multi-
element solutions, 50 mg of NENU-505 is immersed in 10 mL
DMA solutions containing three equal concentration of each
metal ion (1: Fe?*, cu® and cr®'; 2: cu®, Ni** and ¢r*'; 3: cu™,
Co® and cr*'; 4: Ni**, Co* and Cr**, 0.01 M) for 48 h at the
room temperature. The colour of NENU-505 has still become
bottle green because of adsorbing crt (Fig. S19t). The ICP
percentage of crt encapsulated by NENU-505 has been listed
in Table S5t. The ICP percentage of crt encapsulated by
NENU-505 in multi-element solutions is relatively smaller than
that of in single metal solutions (4.655%). We speculate the
possible factor that affects separation is the interaction
between other metal ions and uncoordinated carboxylate
oxygen atoms of NENU-505, giving rise to a competition with
cr, Therefore, NENU-505 could be applied as a chemical
sensor for Cr*" with high sensitivity in the systems with
complicated components in a convenient, economical, and
environmental-friendly manner.
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Fig. 7 The ICP percentage of different metal ions encapsulated by NENU-505.

Conclusions

In summary, we have successfully constructed a microporous
anionic MOF NENU-505 with a (4,4)-connected pts topology.
NENU-505 is extremely stable in the air for more than two
months. Owing to its anionic framework, NENU-505 not only
can be used for selective adsorption and separation of cationic
dye molecules but also demonstrates that NENU-505 can be a
column-chromatographic filler for separating dye molecules.
Moreover, the cationic dyes could be gradually released in the
presence of NaCl, illustrating that the absorption perhaps
results from the ionic interaction between the anionic
framework and the cationic dyes. And the process of the dye
uptake and release is reversible, which suggested that NENU-
505 is reusable as a prominent and effective adsorbent.
Especially, for the first time, an anionic MOF NENU-505 has
been exploited for selectively sensing and adsorbing crtina
high efficiency and low consumption mode due to its presence
of [(CH;),NH,]" cations and carboxyl groups. The present
research has opened up a promising approach to design and
prepare MOF-based multifunctional materials, which will

6| J. Name., 2012, 00, 1-3

probably be useful under more realistic conditions in the
future. Considering the charming specific anionic groups in
MOF could facilitate targeted fabrication of smart materials
with versatile properties, many look forward to synthesizing
and exploring novel charged MOF are currently underway.

Experimental
Materials and measurements

Chemicals were obtained from commercial sources and were
used without further purification. X-Ray powder diffraction
(XRPD) were performed on a Siemens D5005 diffractometer
with Cu-Ka (A = 1.5418 A) radiation in the range of 3—-60° at
293 K. Elemental microanalyses (C, H and N) were performed
on a Perkin-Elmer 240C elemental analyzer. Cr and other
cations were determined with a Plasma-SPEC(l) ICP atomic
emission spectrometer. IR spectra were recorded in the range
4000-400 cm™ on an Alpha Centaurt FT/IR spectrophotometer
using KBr pellets. Thermogravimetric analysis (TGA) was
performed on a Perkin-Elmer TG-7 analyzer heated from 50 °C
to 1000 °C at a ramp rate of 10 °C min™ under nitrogen. The
UV/Vis absorption spectra were examined on a Shimadzu UV-
2550 spectrophotometer in the wavelength range of 300-800
nm. Energy dispersive X-ray spectroscopy (EDS) was obtained
with a XL30 ESEM FEG microscope. X-ray photoelectron
spectrometry (XPS) spectrum was performed on a thermo
ECSALAB 250 spectrometer with an Al Ka (1486.6 eV)
achromatic X-ray source running at 15 kV. The XPS binding
energy (BE) was internally referenced to the aliphatic C(1s)
peak (BE, 284.6 eV).

Synthesis of [Zn(ABTC), 5(NO5)][(CHs),NH,]-DMA-3H,0 (NENU-505)

A mixture of H,ABTC (0.01 g, 0.03 mmol), Zn(NOs),-6H,0 (0.19
g, 0.64 mmol), DMA (5 mL), H,O (3 mL) and three drops of HCI
(6 mol L"l) was sealed in a Teflon-lined stainless steel container
and heated in an autoclave at 110 °C for 4 days. After the
autoclave was cooled to room temperature, yellow crystals
were obtained and isolated by washing with DMA and dried at
room temperature. Yield: 58% based on H,ABTC. Elemental
microanalysis: Anal. calc. for Cy4H56N35095Zn (460.18): C,
36.54; H, 5.65; N, 10.66. Found: C, 36.96; H, 5.74; N, 11.21%. IR
(KBr, cm'l, Fig. S7t): 3079 (m), 2937 (m), 2487 (w), 1634 (s),
1448 (s), 1357 (s), 1244 (s), 1188 (m), 1018 (m), 961 (w), 928
(w), 779 (s), 672 (w), 593 (w), 473 (m).

X-Ray crystallography

Single crystal X-ray diffraction data in this work were recorded
on a Bruker APEXIl CCD diffractometer with graphite-
monochromated Mo K, radiation (A = 0.71069 A) at 293 K.
Absorption corrections were applied using multi-scan
technique. All the structures were solved by Direct Method of
SHELXS-97%%  and refined by full-matrix least-squares
techniques using the SHELXL-97 program[gob] within WINGX®%,
Non-hydrogen atoms were refined with anisotropic
temperature parameters. The SQUEEZE program implemented
in PLATON"™" was used to remove these electron densities for
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the compounds. Thus, all of electron densities from free
solvent molecules have been “squeezed” out. The detailed
crystallographic data and structure refinement parameters are
summarized in Table S1t.

Experimental details for dye adsorption, release and separation
Dye adsorption

Freshly prepared NENU-505 (100 mg) was soaked in DMA
solutions of cationic dyes (methylene blue (MB), basic red 2
(BR 2), and basic green 1 (BG 1)), anionic dyes (congo red (CR),
methyl orange (MO), food green 3 (FG 3), and R-250), and
neutral dyes (solvent yellow 2 (SY) and basic red 1 (BR 1)),
respectively. After two days of soakage, the samples were
washed with DMA.

Dye release

The NENU-505 samples loaded with MB, BR 2, and BG 1 (15
mg) were transferred into pure DMA and a saturated solution
of NaCl in DMA (3 mL) in cuvettes (4 mL), respectively. UV/Vis
spectra were employed to monitor the absorption ability and
release process of NENU-505 after certain time intervals.
Column-chromatographic dye separation

The sealed bottom of NMR sample tube (@5 mm, 180 mm)
was cut off from middle and NENU-505 was filled in the NMR
sample tube (80 mm) as a chromatographic column. NENU-
505 does not need any activation procedure. First, the DMA
solutions of mixed MB / BR 1 (1:1, 1.0 mmol) were passed
through the chromatographic column at the room
temperature. Then pure DMA were traversed the
chromatographic column. The time of completing the whole
separation is probably 30 min. The UV-Vis spectra of effluents
were examined to confirm the separation capability.

Experimental details for sensing of c

Firstly, 50 mg of NENU-505 is immersed in 10 mL DMA
solutions containing single coloured metal ions (Fe3+, C02+,
Ni2+, Cu2+, Fe’* and Cr3+, 0.01 M) for 48 h at the room
temperature. Then so as to further investigate its extraction
capacity in multi-element solutions, 50 mg of NENU-505 is
immersed in 10 mL DMA solutions containing three equal
concentration of each metal ion (1: Fe2+, cu® and Cr3+; 2: Cu2+,
Ni*" and Cr*; 3: cu™, Co™ and Cr*'; 4: Ni**, Co™ and cr**, 0.01
M) for 48 h at the room temperature. The samples were
washed with DMA after soakage.
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