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ABSTRACT: Three metal—organic frameworks (MOFs)
[M,(p-cam), (bimb),],-:3.5H,0 (M = Mn for 1, Co for 2)
and [Cdg(p-cam)g(bimb),], (3) (p-H,cam = p-camphor acid, _ |
bimb = 4,4’-bis(1-imidazolyl)biphenyl), solvothermally syn-
thesized, exhibit structural diversity. The charming aspect of
these frameworks is that compound 3 is the very first MOF-
based sensor for quantitatively detecting three different types
of analytes (metal ions, aromatic molecules, and pesticides).
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B INTRODUCTION (Mn**/Co**/Cd>*) were selected to construct new structures
with potential applications in luminescence sensing and liquid-
phase separation based on the following considerations: (1) the
binding between D-H,cam and metal centers not only adds
flexibility and diversity in the structures but also alters the
electronic structures and surface functionalities of the MOFs,
which may direct their specific recognition for guest substrates
through host—guest interactions; (2) rigid ligand bimb with
aromatic 7 rings may effectively favor intraligand interactions
and promote luminescent character. Herein, we present three
MOFs, namely, [M,(p-cam),(bimb),],-3.5nH,O (M = Mn for
1, Co for 2) and [Cdg(p-cam)g(bimb),], (3), which exhibit
structural diversity. The charming aspect of these frameworks is
that compound 3 is the very first MOF-based sensor for
quantitative detection of three different types of analytes (metal
ions, aromatic molecules, and pesticides). And also, both
compounds 2 and 3 show rapid uptake and ready regeneration
for methyl orange (MO) and can selectively bind MO over
methylene blue (MB) with high MO/MB separation ratio.

Metal—organic frameworks (MOFs), constructed from metal
ions or clusters and organic ligands, represent a class of
organic—inorganic hybrid crystalline materials with adjustable
pore structures and large surface areas, which have demon-
strated great potential applications in energy- and environment-
related fields, most notably hydrogen and greenhouse gases
storage.' "¢ Recently, there is an increasing trend in using
luminescence MOFs to probe guest species and thus develop
multifunctional MOFs that combine luminescence and other
promising applications, such as magnetism and biomedi-
cine.””"" However, only very limited MOFs for simultaneously
detecting diverse kinds of analytes were investigated;'>"> quite
few luminescent MOF sensors have been discovered that are
capable of quantitative detection, until now."*™'¢ In addition,
due to their high porosities,'”'® relatively heterogeneous
surface,"” as well as potentially strong electrostatic interactions
with the guest species,””*' MOFs are of high interest in liquid-
phase adsorption and separation,”* >® which is very scarce
’cI?hmparled to the abundant rgs_earch in the gas phase to date. B EXPERIMENTAL SECTION
e selectivity and recyclability, particularly the stability of
these MOFs, need to be enhanced. Considering the many dyes Materials and Measurements. All chemicals were obtained from
that are toxic and even carcinogenic, a significant issue is the commercial source and used without further purification. Elemental

removal of dyes from contaminated water.”’
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analyses (C, H, and N) were determined on a PerkinElmer 240
elemental analyzer. IR spectra were obtained on a Bruker Vector 22
spectrophotometer with KBr discs in the 4000—400 cm™ region.
Thermogravimetric analysis (TGA) measurements were conducted on
a TA-SDT 2960 at a heating rate of 10 °C min™' in nitrogen
atmosphere. Powder X-ray diffraction (PXRD) data were obtained on
a Siemens D500S5 diffractometer with Cu Ka (4 = 1.54056 A)
radiation over the 26 range of 5—50°. Luminescent spectra were
recorded with a Hitachi 850 fluorescence spectrophotometer. The
photoluminescence lifetime was measured on Edinburgh instruments
FLS920 fluorescence spectrometer. UV—vis spectra were collected on
a TU-1900 double-beam spectrophotometer.

Syntheses of [M,(p-cam),(bimb),],-3.5nH,0 (M = Mn for 1, Co
for 2). A mixture of MnCL-4H,0 (19.7 mg, 0.10 mmol), p-H,cam
(20.0 mg, 0.10 mmol), bimb (14.3 mg, 0.05 mmol) in a mixed N,N-
dimethylacetamide and water (DMA/H,0, 1 mL/2 mL) solvent was
placed in a parr Teflon-lined stainless steel vessel (25 mL) and heated
at 130 °C for 3 d, then slowly cooled to room temperature. Colorless
crystals of 1 were collected in 11% yield based on manganese. Anal.
Caled for C;,H;;,MnyN40,3: C, 59.26; H, 4.97; N, 9.87%; found: C,
59.21; H, 5.07; N, 9.83%. IR spectrum (em™): 3358m, 2886w, 2360w,
1589s, 1518m, 1395m, 1371m, 1356m, 1309w, 1262w, 1122w, 1066m,
1023w, 961w, 930w, 816m, 794w, 753m. Compound 2 was
synthesized by a solvothermal procedure similar to that described
for 1 except using Co(NO;),-6H,0 instead of MnCl-4H,0 and
heated at 120 °C for 2 d. Violet crystals of 2 were obtained in 73%
yield based on cobalt. Anal. Calcd for C,},H;,Co4N40,5: C, 58.85;
H, 4.94; N, 9.80%; found: C, 58.89; H, 5.07; N, 9.82%. IR spectrum
(em™): 29775, 2781s, 2440m, 1702m, 1588m, 1518m, 1471w, 1385s,
1311w, 1125w, 1065w, 1024w, 963w, 826w, 853w.

Synthesis of [Cdg(p-cam)g(bimb),],, (3). Compound 3 was prepared
by using a similar procedure except with Cd(NO,),-6H,0 (30.8 mg,
0.1 mmol) replacing MnClL-4H,O in a solvent mixture of DMA/
CH,0H (1.5 mL/1.5 mL). Colorless crystals of 3 were obtained in
62% yield based on cadmium. Anal. Caled for C;5,H;sCdgN 403,: C,
50.29; H, 4.66; N, 6.17%; found: C, 50.32; H, 4.76; N, 6.22%. IR
spectrum (cm™): 3127w, 2963m, 2881w, 1631w, 1520s, 1459w,
1397s, 1365m, 1312w, 1262m, 1171w, 1127w, 1067m, 962w, 938w,
819m, 759w.

X-ray Crystallography. The X-ray diffraction intensity data for
compounds 1 and 2 were collected on a Bruker Smart Apex DUO
CCD diffractometer with Mo Ko radiation at 298 K. The diffraction
data for compound 3 was measured on a Bruker D8 QUEST
PHOTON 100 CMOS detector with TRIUMPH curved crystal
monochromator for Mo Ka radiation at 173 K. Data reductions and
absorption corrections were, respectively, performed with the
SAINT>® and SADABS>® software packages. The structure was solved
by direct methods and refined anisotropically on F* by the full-matrix
least-squares technique using the SHELXL-97.>” For 3: the guest
solvent molecules were highly disordered, which could not be modeled
as discrete atomic sites. In this structure, free solvent molecules were
removed using the SQUEEZE routine of PLATON,*** and the
structure was then refined again using the data generated. Crystallo-
graphic data and structure refinement information for 1—3 are listed in
Supporting Information, Table S1.

B RESULTS AND DISCUSSION

Description of the Crystal Structures. [M,(p-
cam),(bimb),],-3.5nH,0 (M = Mn for 1, Co for 2). The unit
cell parameter measurements from selected crystals reveal that
compounds 1 and 2 are isomorphous; therefore, only the
structure of compound 1 was analyzed in detail. Compound 1
crystallizes in the orthorhombic crystal system of the P2,2,2
chiral space group. There are two independent Mn** atoms,
two D-cam®” anions, two bimb bridges, and two free aqua
molecules, as well as three one-half guest water molecules in the
asymmetric unit. As illustrated in Figure 1a, each Mn*" atom is
six-coordinated with distorted octahedral coordination geom-
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Figure 1. (a) Coordination environment of Mn atom with hydrogen
atoms and free water omitted for clarity of 1. Symmetry codes: No. 1
%y 1+2zNo.21.5—x%05+y1—-2No.305—x05+y2—=z
(b) The schematic view of 2-fold interpenetration of 1.

etry, composed of four oxygen atoms from two individual D-
cam®” moieties with both carboxylate groups in u'-n'n'
coordination mode and two nitrogen donors from two separate
bimb ligands. The Mn—O distances fall in the range of
2.202(2)—2.262(2) A, and the Mn—N bonds lengths are from
2.195(3) to 2.223(3) A, both of which are close to those
reported for mangnese(II) complexes with p-cam*” and N-
donor auxiliary ligands.*® The single two-dimensional (2D)
layer for compound 1 is accomplished by p-cam®~ and bimb
interlinking the metal centers (Supporting Information, Figure
Sla). Apparently, the Mn(II) centers were viewed as four-
connectors bridging two D-cam’” moieties and two bimb
linkers, and thus the topology*"** of 1 is a 4-connected sql net
with its point (Schlifli) symbol of (4*%6%). The interesting
feature of 1 is the occurrence of an inclined interpenetrating
motif involving two identical single nets, giving a 2-fold
interpenetrated 2D — 2D network (Figure 1b and Supporting
Information, Figure S1b).

[Cdg(p-cam)g(bimb),],, (3). Compound 3 was solved in the
chiral space group P2,. There are eight Cd(II) atoms, eight D-
cam’” anions, and four neutral bimb bridges in the asymmetric
unit. As illustrated in Figure 2a, each Cd** center also sits in a
distorted octahedron sphere, which contains five oxygen atoms
from three independent D-cam®” moieties and one bimb
nitrogen atom. The Cd—O and Cd—N bond lengths are in the
range of 2.150(5)—2.501(17) A and 2.058(8)—2.406(7) A,
respectively. On the other hand, each p-cam®” anion binds
three Cd(II) atoms through two carboxylate groups in u'-":n!
and p?-i*:n" coordination fashions, respectively, and each rigid
bimb links two Cd(II) ions, thereby resulting in a 2D layer
structure for 3 (Supporting Information, Figure S2c). Especially
in 3, each dinuclear cadmium subunit [Cd,(COO),], generated
by double carboxylate groups connecting adjacent a pair of
independent Cd(II) atoms, is surrounded by another six
dimers; therefore, compound 3 adopts a six-connected hxl net
with Schlifli symbol (3%4%3°% Figure 2b).
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Figure 2. (a) Coordination environment of Cd atom with hydrogen
atoms omitted for clarity of 3. Symmetry codes: No. 1 «, y, —1 + z;
No.21+x,y —1+2z No.3—1+x,y 2z, No.4—-1+x,y,1+z No.5
%, 9, 1 + z. (b) The schematic view of 2D layer of 3.

PXRD of the Complexes. For complexes 2 and 3, the
similarity of simulated PXRD pattern from single-crystal data
with that for as-synthesized sample indicating the phase purities
(Supporting Information, Figure S2). The PXRD profiles of 2
and 3 underline that the framework retains intact after recycling
test for MO removal and immersion in acetone or
dimethylformamide (DMF) solution. For compound 1, the
yield was too low to collect enough pure samples for PXRD.

Luminescence Sensing. The solid-state photolumines-
cence (PL) spectra of as-synthesized 3 and free ligand bimb
were investigated upon excitation at 300 nm under ambient
temperature. Compound 3 exhibits a strong band at ~370 nm
and an obvious blue-shift compared with the organic linker (A,
= 410 nm), which may arise from the ligand-centered emission
(Supporting Information, Figure S4a). The luminescence
lifetime of compound 3 is as follows: 7; = 1.5032 ns
(Supporting Information, Figure S$4b). Interestingly, compound
3 in distinct solvent emulsions displays strong guest-dependent
luminescence properties, which shows the most significant
quenching effect toward acetone, implying that the compound
can be considered as a candidate for selective detection of
acetone (Figure 3a). It is noticeable that acetone exhibits a wide
absorption range from 225 to 325 nm, whereas the excitation
spectrum of compound 3 centered at ~300 nm, which is
apparently overlapped by the absorption band of acetone.
Therefore, the significant PL quenching effect could be ascribed
to the energy transfers between the organic ligand and solvent
molecule upon excitation.*>** Furthermore, a gradual depres-
sion of the PL intensity was observed upon the addition of
acetone to the DMF emulsion of 3, and the PL intensity of 3
centered at 370 nm versus the volume ratio of acetone could
well be fitted to first-order exponential decay function,
demonstrating that PL quenching of 3 by acetone is
diffusion-controlled (Supporting Information, Figure SS).
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Figure 3. PL intensities of compound 3 introduced to various pure
solvents (a) and different metal ions (b) in DMF. (c) The PL
intensities of 3 as a function of Cu®" at different concentrations in
DMF. (inset) The emission quenching linearity relationship of 3
below 3 X 107* M (I = —160.552 84c + 802.64287, R = 0.993 76)
excited at 300 nm.

Meanwhile, the potential applications of 3 in sensing metal
ions were also examined. The 5 mg as-synthesized 3 was
dispersed in S mL of DMF individually containing 1.0 X 107>
mol-L™! M(NO,), (M = Co*, Ni**, Cu**, Zn*, and Cd**) for
the sensing studies. As shown in Figure 3b, the PL intensities of
M-incorporated 3 emulsions are heavily metal ion-dependent.
Apparently, the introduction of Zn** has a negligible effect on
the PL intensity, while addition of cations Cd**, Co**, Ni**, and

DOI: 10.1021/acsami.5b00160
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Cu®* can cause PL quenching in various degrees. In particular,
the PL intensity of 3 is dramatically quenched by ~80% upon
addition of Cu®*, underlining the bright potential of compound
3 for the sensing of Cu**, which may be interpreted that the d—
d transition of Cu®* wasted the energy of the system.**~*° To
explore sensitivity toward Cu®" in detail, a batch of emulsions of
3 dispersed in DMF solutions containing different amounts of
Cu®* were prepared to monitor the emissive response
(Supporting Information, Figure S6). Clearly, as shown in
Figure 3c, the PL intensity decreases gradually with the increase
of the Cu®*" concentration, and the inset illustrates that the
emission quenching of 3 is linear to Cu(NOs;), concentration
below 3.0 X 107 mol-L™" at 370 nm. The detection limit
(LOD) of 5.805 X 107° mol-L™! toward Cu®* in DMF
suspension for compound 3 is calculated from the equation:
LOD = kSy/m, where k = 3, S, is the standard deviation of the
blank sample, and m is the slope of the calibration graph in the
linear range. The investigation of luminescent sensors of Cu**
with high selectivity and sensitivity is remarkably attractive, due
to its potential significance in living biological systems.

Rapid and eflicient detection of explosives and explosive-like
substances is very important to homeland security and
environmental safety; therefore, the detecting of nitro-aromatic
molecules by MOFs is also an important topic.>'>® The
intensity of the PL in 3 are largely dependent on the aromatics,
exhibiting significant quenching behavior in the case of
nitrobenzene, which may be related to the electron transfer
from the electron-donating MOF to the highly electron-
deficient nitrobenzene molecule upon excitation (Figure 4a).
To examine sensitivity toward nitrobenzene in more detail, a
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Figure 4. PL intensities of 3 toward selective aromatic molecules with
concentration of 6.5 X 10™* M (a) and relevant pesticides with
concentration of 1 X 107> M (b) in DMF.
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batch of suspensions of 3 with gradually increasing nitro-
benzene content was prepared to monitor the emissive
response (Supporting Information, Figure S7a). Supporting
Information, Figure S7b shows the emission quenching of 3 is
linear to nitrobenzene content below 3.27 X 10™* mol-L™" at
300 nm. The detection limit toward nitrobenzene in DMF
suspension for compound 3 is 6.972 X 107 mol-L™".

Owing to the high toxicity of pesticides, rapid determination
and reliable quantification of a trace level of pesticides for pest
control have aroused increasing attention.®*~% Therefore,
inspired by the work to utilize 3 for the sensing nitrobenzene,
the potential of complex 3 for the detecting of nitro-containing
pesticides was carried out. The effects of 1 X 107> mol-L™"
relevant pesticides (Supporting Information, Scheme S1) in
DMF on the fluorescence response of 3 were recorded.
Strikingly, the results indicate that among the different
pesticides tested, compound 3 exhibits the most effective
detection of parathion-methyl: the PL intensity decreased to
60% at 1 X 10™* mol-L™", and complete quenching was received
at 1 X 107> mol-L™". The encouraging result reveals 3 could be
a promising luminescent probe for nitro-containing pesticide.
Furthermore, Supporting Information, Figure S8b shows the
emission quenching of 3 linearly correlates with parathion-
methyl concentration below 1 X 10~ mol-L™" at 370 nm, and
the detection limit reaches 3.576 X 107 mol-L™". To the best
of our knowledge, 3 is the very first MOF-based sensor for
quantitatively detecting three different types of analytes (metal
ions, aromatic molecules, and pesticides) simultaneously
through fluorescence quenching, although limited MOFs for
detecting one or two of them were investigated.®**®

Liquid-Phase Separation. Methyl orange (MO) and
methylene blue (MB) (Supporting Information, Scheme S2)
are the most common acidic/anionic and basic/cationic dyes.
To study the adsorption ability of compound 2 for dyes, 20 mg
of crystals of 2 were dipped into an aqueous solution of MO
(20 ppm, 4 mL) at ambient temperature. The MO was
completely removed from aqueous solution during 4 min with
the yellow MO solution fading rapidly to colorless and the MO
concentration almost decreasing to zero. On the contrary, no
evident color changes were observed for the blue MB solution
during the same process, and the MB concentration in water
decreased slightly (from the initial 20 ppm to final 19.8 ppm);
therefore, the adsorptive capacity of 2 for MB is negligible
(Figure Sa,b). In the case of 3 as an adsorbent, it showed quite
similar performance to that of compound 2, which also can
effectively remove MO from water. The yellow MO solution
turned rapidly to nearly colorless after 6 min with the MO
concentration decreasing to the final 0.21 ppm. But the
adsorptive removal of 3 for MB is negligible as the MB
concentration hardly changed (from the initial 20 ppm to final
19.9 ppm) during the process (Supporting Information, Figure
S9). The regeneration of adsorbent 2 and 3 was achieved by
simply soaking the MO-loaded 2 and 3 in a fresh DMF solution
for 4 min, mixed well with magnetic stirring under ambient
temperature. Remarkably, the colorless DMF solution changed
to yellow, accompanying with absorbents 2 and 3 almost
returning to the original color (Supporting Information, Figure
S10). A recycling test with three consecutive runs was carried
out for 2 and 3 to check whether the adsorbent could be reused
for subsequent removal (Supporting Information, Figure S11).
Specifically, for all three repetitive runs, the adsorptive removal
ability of 2 and 3 for MO did not descend, suggesting the

DOI: 10.1021/acsami.5b00160
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applicability of MOFs in the adsorptive removal of anionic dye
from wastewater.

Such strong adsorption toward MO for compounds 2 and 3
inspire us to further study the potential application of these
complexes in selective separation MO from an MO-MB
mixture. Twenty milligrams of crystals of 2 or 3 were soaked in
a mixture of MO (20 ppm) and MB (20 ppm) aqueous
solution (4 mL), which quickly changed from green to blue
after 6 min (Figure Sc and Supporting Information, Figure S9).
According to the equation of working curve for single system
monitored by UV—vis spectrometer (Supporting Information,
Figure S12), in the presence of adsorbent 2 and 3, the content
of MO in the mixture individually sharply decreases to 1.57 and
2.84 ppm, while the final concentration of MB is 17.64 and
19.58 ppm, respectively. The MO/MB separation ratio for
adsorbent 2 and 3 is thus calculated to be 7.81:1 and 40.86:1.
Such fast and selective removal of MO over MB in water for
compounds 2 and 3 can be mainly attributed to an electrostatic
interaction between the metal cation centers (Co*" or Cd*")
with strong positive electric field effect and anionic MO in
addition to the m—z™* interaction between benzene rings of
MOF and dyes. The results demonstrate that compounds 2 and
3 exhibit highly selective and recyclable properties in removal of
MO dye from contaminated water.

B CONCLUSIONS

In summary, we present three MOFs, namely, [M,(p-
cam),(bimb),],-3.58H,0 (M = Mn for 1, Co for 2) and
[Cdg(p-cam)g(bimb),], (3), which exhibit structural diversity.
The charming aspect of these frameworks is that compound 3
is the very first MOF-based sensor for quantitatively detecting
three different types of analytes (metal ions, aromatic
molecules, and pesticides). And also, both compounds 2 and
3 show rapid uptake and ready regeneration for the methyl

4453

orange (MO) and can selectively bind MO over methylene blue
(MB) with high MO/MB separation ratio.
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X-ray crystallographic file (CIF), additional crystal figures and
molecular structures, fluorescence measurements, tabulated
crystallographic data for complexes 1—3, PXRD patterns, TGA
data, emission spectra, decay lifetime fitting and fluorescence
sensing for complex 3, dye adsorption and separation for
complexes 2 and 3, recycling test data. This material is available
free of charge via the Internet at http://pubs.acs.org.
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