Inorganic Chemistry

pubs.acs.org/IC

2D Cd(ll)—Lanthanide(lll) Heterometallic—Organic Frameworks Based
on Metalloligands for Tunable Luminescence and Highly Selective,
Sensitive, and Recyclable Detection of Nitrobenzene

Shu-Ran Zhang, Dong—Ymg Dy, Jun-Sheng (lm, Shun-Li Li,* Wen-Wen He," Ya- Qian Lan, o

and Zhong-Min Syt

"Institute of Functional Material Chemistry, Faculty of Chemistry, Northeast Normal University, Changchun, 130024, Jilin, People’s

Republic of China

*Jiangsu Key Laboratory of Biofunctional Materials, School of Chemistry and Materials Science, Nanjing Normal University, Nanjing,

210023, Jiangsu, People’s Republic of China

© Supporting Information

ABSTRACT: In this work, five novel 2D isostructural
Cd(II)—lanthanide(III) heterometallic—organic frameworks
[CACI(L)Bu,Tb,(H,0)(DMA)](NO,)-3DMA (IFMC-36-
Eu,Tb,: x = 1, y = 0, IFMC-36-Eu; x = 0.6, y = 0.4, IFMC-
36-Euy¢Tby 4; x = 0.5, y = 0.5, IFMC-36-Euy sTb, 5; x = 0.4, y
= 0.6, IEMC-36-Euy, ,Tby; x = 0, y = 1, IFMC-36-Tb; H,L is
4,4’ ,4”-((2,2',2"-(nitrilotris(methylene) ) tris(1H-benzo[d]-
imidazole-2,1-diyl) )tris(methylene) )tribenzoic acid; IFMC =
Institute of Functional Material Chemistry) have been
successfully synthesized by taking advantage of different
molar ratios of lanthanide(III) (Ln(III)) and metalloligands
under solvothermal conditions. Further luminescent measure-
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ments indicate that IFMC-36-Eu,Tb, exhibits characteristic sharp emission bands of Eu(III) and Tb(III), and the intensities of
red and green can be modulated correspondlngly by tuning the ratios of Eu(III) and Tb(III). Particularly, the solvent-dependent
luminescent behavior of IFMC-36-Eu shows a potential application in detection of small-molecule pollutant nitrobenzene by
significant fluorescence quenching. Furthermore, IFMC-36-Eu displays preeminent anti-interference ability and could be used
for sensing in the systems with complicated components. This is the first time that a d—f heterometallic—organic framework can
be investigated as a chemical sensor for selective, sensitive, and recyclable detection of nitrobenzene.

B INTRODUCTION

Metal—organic frameworks (MOFs) have been an active
research field and receiving considerable attention from both
academia and industry not merely because of diverse topologies
with aesthetic beauty, but also for their potential applications in
numerous areas." MOFs as extremely promising multifunc-
tional luminescent materials have been the focus of significant
interest, and a great deal of effort has been devoted to this
domain.” It may be due to the inherent advantages of MOFs as
single metal cations (primary building unit or PBU) or metal
clusters (secondary building unit or SBU) and organic linkers,?
as well as the tailorability in MOFs, including but not limited to
structure, dimension, size, and s.hape4 In general, the metal
components can contribute to photolumlnescence, on this
occasion, Ln(HI) or various inorganic clusters® are often
involved. Furthermore, the organic ligands with aromatic
moieties or conjugated 7z systems are in a position to give
rise to optical emission or photoluminescence upon excitation.”
Among these various kinds of luminescent MOFs, lanthanide-
(II) metal—organic frameworks (LnMOFs) are of particular
interest due to their unique high luminescence quantum yield,

-4 ACS Publications  © 2014 American Chemical Society 8105

narrow bandwidth, notable fluorescence monochromaticity,
characteristic sharp emission in the visible region, long excited-
state luminescence lifetimes (up to milliseconds), and large
Stokes shift (>200 nm).® It is noteworthy that the research in
d—f heterometallic—organic frameworks is rapidly expanding.”
In general, Ln(III) luminescent materials can be classified into
two categories: (1) Ln(IIl) ions coordinated directly to the
organic linkers/sensitizers'® and (2) Ln(III) ions encapsulated
into porous MOFs."' However, it still remains a significant
challenge for rational “design” and “control” of tailor-made
LnoMOFs with expected structures and applications in synthesis
chemistry and materials science by virtue of high coordination
numbers of typically more than six and variable nature of the
Ln(III) sphere.12

Nowadays, instead of pure organic linkers in the construction
of traditional MOFs, metalloligands as metal-containing
complexes with the coordination binding sites are widely
utilized to further coordinate/bind with the second metal ions
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and/or metal clusters."> As highlighted recently, metalloligands
have the following advantages over traditional organic ligands.
(1) Metalloligands are typically longer and more flexible, which
are very appealing to design and construct MOFs with diverse
topologies and aesthetic beauty.'"* (2) Next is the straightfor-
ward immobilization of functional sites, including metal and
organic functional sites, such as open metal sites, catalytically
active metal sites, photoactive metal sites, and magnetic sites,15
which leads one to target some multifunctional MOFs
materials. (3) Moreover, metalloligands with extra coordination
sites (carboxylate, nitrile, and pyridyl groups) are ideal
candidates for the construction of MOFs through self-assembly
and stepwise synthesis."® To the best of our knowledge, Ln(I1I)
ions have a high affinity and prefer O to N donors, whereas the
3d metal ions have a tendency to coordinate with both N and
O donors."” Thus, the coordination sites, such as carboxylate
groups and nitrogen atoms, can be correspondingly coordi-
nated by Ln(III) ions and transition metals. Furthermore,
Ln(1II) ions suffer from weak light absorption due to the
forbidden f — f transitions (Laporte forbidden), which can be
solved by a ligand-to-metal energy transfer (also known as an
“antenna effect”).'® This can result in effective lanthanide
luminescence, and yet is dependent on the energetic position of
the relevant singlet and triplet states of the coordination
compounds.'” On the other hand, trivalent lanthanide metal
cations like Eu(Ill) and Tb(II) as fascinating luminescent
sources have attracted more attention due to high color purity,
fluorescent efficiency, and extreme sensitivity to the coordina-
tion environments.”" As stated above, it is a novel and available
synthetic strategy to obtain LnMOFs in the combination of
metalloligands and Ln(III) ions. It is apparent that the research
on metalloligands for functional LnMOFs is still at the early
stage.

Up to now, a variety of LnMOFs have been successfully
constructed for potential applications in chemical sensing,”'
light-emitting devices,”” proton conductors,”® bioresponsive
imaging,** and so on.”® Nonetheless, for various applications,
fluorescence detection based on chemical sensing has proven to
be an excellent candidate for the rapid recognition and sensing
of cations, anions, small molecules, and Vapors.26 Fluorescence-
based detection possesses these advantages of high sensibility,
simplicity, short response time, and the ability to be applied in
both solution and solid phase as compared to traditional
detection methods. A wide range of LnMOFs as chemical
sensors have been investigated and reported by Chen,
Harbuzaru, Liu, and co-workers.”” Moreover, chemical sensors
for the detection of nitroaromatics explosive-like substances are
of high importance concerning homeland security, environ-
mental, and humanitarian implications.”® Among various
nitroaromatics, nitrobenzene as a simple nitro-containing
compound is the basic and the simplest constituent of
nitroaromatic explosives. Likewise, nitrobenzene is also a highly
toxic and notorious environmental pollutant that can give rise
to serious health problems.29 Therefore, it is an extremely
urgent issue to explore an effective method for recyclable probe
for the sensitive detection of nitrobenzene by taking environ-
mental and safety problems into consideration. In previous
work, we have constructed an extremely stable Cd(II) MOF for
highly selective detection of nitroaromatic explosives based on
HiL (44',4"-((2,2/,2"-(nitrilotris(methylene) ) tris(1H-benzo-
[d]imidazole-2,1-diyl) tris(methylene) )tribenzoic acid).*® As a
continuation and improvement of our work, we took advantage
of H;L as metalloligands and obtained a series of tunable
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luminescent 2D Cd(II)—Ln(III) heterometallic—organic frame-
works [CdCI(L)Eu,Tb,(H,0)(DMA)](NO;)-3DMA (IFMC-
36-Eu,Tb: x = 1, y = 0, IEMC-36-Eu; x = 0.6, y = 0.4, IFMC-
36-Eug¢Thy; x = 0.5, y = 0.5, IEMC-36-Euy ;Tby g; x = 0.4, y
= 0.6, IEMC-36-Eug ;Tby.¢; x = 0, y = 1, IEMC-36-Tb). IFMC-
36-Eu,Tb, emits characteristic red and green colors of Eu(III)
and Tb(III) ions, respectively. Notably, IFMC-36-Eu displays
high selectivity, sensitivity, and recyclability toward detecting
nitrobenzene in solution at ppm level, which might be used for
a fluorescent sensor nitrobenzene sensing application through a
photoinduced electron-transfer (PET) mechanism. This is the
first report on a d—f heterometallic—organic framework that
displays highly selective, sensitive, and recyclable properties in
the detection of nitrobenzene as a fluorescent sensor. However,
it is still a labor-intensive endeavor to synthesize new families of
LoMOF materials for highly selective and recyclable detection
of nitroaromatic explosives.

B EXPERIMENTAL SECTION

Materials and Instrumentation. Chemicals were obtained from
commercial sources and were used without further purification.
Powder X-ray diffraction (PXRD) was performed on a Siemens D500S
diffractometer with Cu Ka (4 = 1.5418 A) radiation in the range of 3—
60° at 293 K. Elemental microanalyses (C, H, and N) were performed
on a PerkinElmer 240C elemental analyzer; Eu and Tb were
determined with an ICP-OES spectrometer (U.S.). Before carrying
out elemental analyses, we precisely weighed a certain quantity of the
crystals, then dissolved the sample into the HNO; aqueous solution
(1:1) and fixed the volume to 25 mL. Finally, we tested the
corresponding component concentration in the solution by ICP
analysis. 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 PerkinElmer
TG-7 analyzer heated from 50 to 1000 °C at a ramp rate of 10 °C
min~' under nitrogen. Solid-state fluorescence spectra for the
compounds were recorded on an F-4600 FL spectrophotometer
equipped with a xenon lamp and quartz carrier at room temperature.
The excited-state lifetime was measured on a transient spectro-
fluorimeter (Edinburgh FLS920) with a time-correlated single-
photocounting technique.

Synthesis of [CdCI(L)Eu(H,0)(DMA)I(NOs)-:3DMA (IFMC-36-
Eu). A mixture of HyL (0.03 g, 0.04 mmol), Cd(NO,),-4H,0 (0.16 g,
0.52 mmol), Eu(NO;);:6H,0 (0.08 g, 0.18 mmol), DMA (5 mL),
H,0 (3 mL), and four drops of HCI (6 mol L") was sealed in a
Teflon-lined stainless steel container and heated in an autoclave at 100
°C for 4 days. After the autoclave was cooled to room temperature,
light yellow crystals were obtained and isolated by washing with DMA
and dried at room temperature. Yield: 62% based on H;L. Anal. Calcd
for CeH,3N;,0,,CICdEu: C, 50.10; H, 4.81; N, 10.96; Eu, 9.90.
Found: C, 50.03; H, 4.88; N, 11.05; Eu, 9.85. IR (cm_l, Supporting
Information Figure Sla): 3422 (s), 2941 (m), 1625 (s), 1546 (m),
1492 (m), 1453 (s), 1421 (s), 1403 (s), 1188 (m), 1019 (m), 956 (w),
893 (w), 755 (w), 595 (w), 474 (w).

Synthesis of [CdACI(L)Eug¢Thg4(H,0)(DMA)I(NO;)-3DMA
(IFMC-36-Eu, ¢Thg4). IFMC-36-Euy¢Tb,, was synthesized by a
procedure similar to that used for IFMC-36-Eu with Eu(NO;);-6H,0
(0.05 g, 0.11 mmol) and Tb(NO;);-6H,0 (0.03 g, 0.07 mmol) instead
of Eu(NO;);:6H,0 (0.08 g, 0.18 mmol). The light yellow crystals
were isolated by washing with DMA and dried at room temperature.
Yield: 58% based on H;L. Anal. Calcd for
CeHsN,0,,CICdEuy Ty C, 50.01; H, 4.80; N, 10.94; Eu, 5.93;
Tb, 4.14. Found: C, 49.96; H, 4.89; N, 11.03; Eu, 5.87; Tb, 4.17. IR
(cm™!, Supporting Information Figure S1b): 3427 (s), 2935 (m), 1621
(s), 1545 (s), 1485 (s), 1184 (m), 1018 (m), 958 (w), 920 (w), 862
(w), 759 (s), 722 (m), 642 (w), 596 (m), 475 (w), 421 (m).

Synthesis of [CdACI(L)EuysTb,5(H,0)(DMA)I(NO3)-3DMA
(IFMC-36-Eu, 5sTbhg5). IFMC-36-EuyTb,s was synthesized by a
procedure similar to that used for IFMC-36-Eu with Eu(NO;);-6H,0
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(0.04g, 0.09 mmol) and Th(NOs,);-6H,0 (0.04 g, 0.09 mmol) instead
of Eu(NO,);-6H,0 (0.08 g, 0.18 mmol). The light yellow crystals
were isolated by washing with DMA and dried at room temperature.
Yield: 60% based on H;L. Anal. Calcd for
CsHy3N,0,,CICdBuy  Thy: C, 49.98; H, 4.79; N, 10.93; Eu, 4.94;
Tb, 5.17. Found: C, 40.92; H, 4.84; N, 11.01; Eu, 4.88; Tb, 5.11. IR
(em™ Supporting Information Figure S1c): 3430 (s), 2935 (m), 1619
(s), 1546 (s), 1338 (s), 1184 (m), 1018 (m), 958 (w), 862 (w), 759
(s), 722 (w), 642 (w), 596 (m), 475 (w), 422 (m).

Synthesis of [CdACI(L)Eug ,Tb,¢(H,0)(DMA)I(NO;)-3DMA
(IFMC-36-Eu, 4Tby¢). IFMC-36-Eu,,Tb,s was synthesized by a
procedure similar to that used for IFMC-36-Eu with Eu(NO,),-6H,0
(0.03g, 0.07 mmol) and Tb(NO,);-6H,0 (0.05 g, 0.11 mmol) instead
of Eu(NO,);-6H,0 (0.08 g, 0.18 mmol). The light yellow crystals
were isolated by washing with DMA and dried at room temperature.
Yield: 57% based on Hj;L. Anal. Calcd for
Cg4H,3N,,0,,CICdEu,  Thyg: C, 49.96; H, 4.79; N, 10.93; Eu, 3.95;
Tb, 6.20. Found: C, 49.88; H, 4.86; N, 11.02; Eu, 3.89; Tb, 6.08. IR
(cm™, Supporting Information Figure S1d): 3430 (s), 2935 (m), 1620
(s), 1546 (s), 1338 (s), 1184 (m), 1018 (m), 958 (w), 862 (w), 759
(s), 722 (w), 642 (w), 596 (m), 475 (w), 422 (m).

Synthesis of [CdCI(L)Tb(H,0)(DMA)I(NO;)-:3DMA (IFMC-36-
Tb). IFMC-36-Tb was synthesized by a procedure similar to that used
for IFMC-36-Eu with Th(NO,);-6H,0 (0.08g, 0.18 mmol) instead of
Eu(NO,);-6H,0 (0.08 g, 0.18 mmol). The light yellow crystals were
isolated by washing with DMA and dried at room temperature. Yield:
63% based on H;L. Anal. Caled for C4H,3N,0,,CICdTb: C, 49.87;
H, 4.78; N, 10.91; Tb, 10.31. Found: C, 49.81; H, 4.87; N, 11.02; Tb,
10.25. IR (em™, Supporting Information Figure Sle): 3425 (s), 2940
(m), 1626 (s), 1546 (s), 1492 (s), 1342 (s), 1184 (m), 1019 (m), 957
(w), 866 (w), 755 (m), 723 (w), 647 (w), 595 (m), 474 (w).

X-ray Crystallography. Single-crystal X-ray diffraction data in this
work were recorded on a Bruker APEXII CCD diffractometer with
graphite-monochromated Mo K, radiation (4 = 0.71069 A) at 293 K.
Absorption corrections were applied using multiscan technique. All of
the structures were solved by Direct Method of SHELXS-97>'* and
refined by full-matrix least—s?uares techniques using the SHELXL-97
program31b 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 the compounds. Thus, all of the electron densities from
free solvent molecules have been “squeezed” out. The detailed
crystallographic data and structure refinement parameters are
summarized in Supporting Information Table S1.

B RESULTS AND DISCUSSION

When combining the ligand H;L with Cd(NO;),-4H,0 and
different molar ratios of Eu(NO;);:6H,0 and Tb(NO;),-
6H,0, IFMC-36-Eu,Tb, has been obtained. Single-crystal X-
ray diffraction studies reveal that IFMC-36-Eu,Tb, crystallizes
in the triclinic space group Pi (Supporting Information Table
S1) and is isostructural only with slight differences in bond
lengths and bond angles. Therefore, only the structure of
IFMC-36-Eu is described in detail. The crystallographically
independent unit contains a Cd** ion, a Eu** ion, a Cl™ ion, an
L* ion, a NO*" ion, three DMA molecules, and a H,0O
molecule. The coordination environments of the Cd atom and
Eu atom are presented in Figure la. The Cd atom coordinates
to four nitrogen atoms from the same L~ ligand and a chlorine
atom from HCl (Cd—N, 2.256—2.583 A and Cd—Cl, 2.426 A,
Supporting Information Table S2). Eul is nine-coordinated by
seven carboxylate oxygen atoms from four H;L ligands, one
oxygen atom from DMA, and one from water molecule (Eu—0,
2.379-2.685 A and Eu—Olw, 2.480 A), which generates a
binuclear europium cluster [Eu,(CO,)s(DMA),(H,0),] (Sup-
porting Information Figure S2). The Eu—O bond lengths are
all within the normal ranges as reported in the literature.’> One

Figure 1. (a) Coordination environments of Cd(II) and Eu(IIl) in
IFMC-36-Eu. Symmetry code: #1 —x + 1, =y + 1, —z; #2 —x, —y + 2,
-z #3x+ 1,y — 1,z #4 x — 1,y + 1, z. (b) Space-illing
representation of IFMC-36-Eu. (c and d) Ball-and-stick representa-
tions of its packing arrangement of the 2D sheet-like structure in
IFEMC-36-Eu, respectively. All of the hydrogen atoms are omitted for
clarity.

L3~ anion coordinates to four Eu(III) cations and two binuclear
europium clusters; in turn, one binuclear europium cluster
connects four L*~ ions (Supporting Information Figure S3).
Further study into the nature of this architecture reveals that
IFMC-36-Eu displays a two-dimensional network in the ab
plane (Figure 1lc and d). Figure 1b shows the space-filling
representation of IFMC-36-Eu. The integrities of IFMC-36-
Eu,Tb, were confirmed by powder X-ray diffraction (PXRD)
(Supporting Information Figure S4). The diffraction peaks of
both simulated and as-synthesized patterns match well in key
positions, thus indicating their phase purities. The thermal
behaviors of IFMC-36-Eu,Tb, were studied by thermogravi-
metric analysis (TGA, Supporting Information Figure SSa—e).

The application of metalloligands is a novel synthetic strategy
in the construction of LnMOFs. We have also constructed d—f
heterometallic—organic framework IFMC-26-Eu,Tb, series
based on metalloligands formed by H,L under solvothermal
conditions.*? Although we obtained IFMC-36-Eu,Tb, and
IFMC-26-Eu,Tb, in similar conditions, they made a big
difference in crystallographic structure, as IFMC-36-Eu,Tb,
displays a 2D sheet-like structure, whereas IFMC-26-Eu,Tb,
exhibits a (3,6)-connected net with microporous structure
(Scheme 1). The distinct coordination environment of Ln(III)
ions and metalloligands may bring about the above-mentioned
phenomenon. On the one hand, the result also shows that
multicarboxylate ligands act as multifunctional organic ligands,
which play important roles in the design of new LnMOFs.**

Scheme 1. Schematic Illustration for the Synthesis Routes
and Topological Structures of IFMC-36-Eu and IFMC-26-Eu

@ DMA

>
Cd(In

HL Solvothermal @ 4 days

Ln(III) DMA
4

H.L IFMC-26-Eu
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Figure 2. Photographs of IFMC-36-Eu,Tb, (under natural light and laboratory UV light (365 nm)), and emission spectra of (a) IFMC-36-Eu (red),
(b) IFMC-36-Eug ¢Thb,, (light red), (c) IFMC-36-EugTb, ¢ (orange), (d) IFMC-36-Eu,,Tby ¢ (light yellow), and (e) IFMC-36-Tb (green).

Tetrapodand (H,L) and tripodand (H;L) can show various
coordination modes to metal ions, resulting in the large
diversity in the topologies. Tetrapodands may be more likely to
form a 3D net with porous structures than tripodands due to
carboxylate groups. On the other hand, by the force of contrast,
it is obvious that different ligands respectively select the
particular metals as the center in the formation of metal-
loligands. In this regard, selecting the appropriate ligand and
the metal ions is of much importance in the construction of
LnMOFs based on metalloligands.

It is widely acknowledged that LnMOFs are gaining
outstanding attention because of the advantages of the
designability, which allow fine-tuned luminescence properties.*®
Therefore, luminescent properties of IFMC-36-Eu,Tb, in the
solid state were investigated at room temperature. Upon
excitation at 396 nm, IFMC-36-Eu yields narrow and
characteristic peaks at 580, 593, 618, 652, and 697 nm due to
°Dy — F; (J = 0—4) transitions of the Eu(III) ion (Figure 2a).
Among them, the most intense emission is attributed to the *Dj
— F, transition as an induced electric dipole transition, which
is very sensitive to the coordination environment and
responsible for the brilliant red emission.®® Because the
corresponding D, — ’F, transition is a magnetic transition,
the intensity of the emission band at 593 nm is relatively weak
and fairly insensitive to the coordination environment. The °D,
— ’F, transition is clearly stronger than that of °D, — "F, with
an intensity ratio of about 1.64 for I(°D, — "F,)/I(°D, — "F,),
suggesting that the coordination of Eu(III) does not exist in
any inversion center in a local site. Because the D, — F, and
D, — ’F, transitions are forbidden both in magnetic and in
electric dipole schemes, their corresponding emission bands
around 580 and 652 nm are very weak. IFMC-36-Tb yields an
intense green luminescence when excited at 367 nm, which is
assigned to the characteristic transitions of *D, — "F ; (J=6-3)
of Tb(III) ion. Two intense emission bands at 491 and 546 nm
correspond to the D, — "F4 and °D, — "F; transitions, while
the weaker emission bands at 584 and 617 nm originate from
D, — F, and *D, — "F;, respectively (Figure 2e). IFMC-36-
Eu,Tb, (x = 0.6, y = 0.4, IFMC-36-Eu,¢Tby; x = 0.5, y = 0.5,
IEMC-36-Eu, Tbyg; x = 0.4, y = 0.6, IEMC-36-Eug ,Tby¢)
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were successfully prepared through tuning the ratios of
Eu(II1):Tb(III). The various ratios of Eu(Ill) and Tb(III) in
IFMC-36-Eu,Tb, show different emission intensities, in which
the emission bands at 593 and 618 nm are relative to the D, —
’F, and °D, — ’F, transitions of Eu(III) and the other two at
584 and 617 nm are attributed to the transitions of D, — "Fy
and *D, — ’Fg of Tb(II), respectively (Figure 2b—d). The
Eu(Ill) and Tb(II) emitted their respective red and green
colors upon excitation with a standard UV lamp (4, = 365
nm), which can be readily observed by the naked eye. The
optical images were displayed by using a fluorescence
microscope equipped with a CCD camera (Figure 2). As we
expected, the intensities of red and green arising from Eu(III)
and Tb(III) emissions can be shifted correspondingly. The
excitation and emission spectra were also recorded under
similar conditions (Supporting Information Figure S6).

The decay curve of transition D, — ’F, (618 nm) for
IFMC-36-Eu is well-fitted by exponential function, yielding the
lifetime value of 7 = 0.64 ms (Supporting Information Figure
S7a). Similarly, for IFMC-36-Tb, the decay curve of transitions
D, — Fs (546 nm) is well-fitted by exponential function,
yielding the lifetime value of 7 1.11 ms (Supporting
Information Figure S7b). Moreover, both the Eu(IIl) and the
Tb(III) decay curves in IFMC-36-Eu,4Th,,, IFMC-36-
EuyTbys, and IFMC-36-Eu,,Tb,4 were also monitored
(Supporting Information Figure S7). The Eu(III) and Tb(III)
decay curves respectively detected at 618 and 546 nm of
IEMC-36-Eu, (Tb,,, IFMC-36-Eu,Tb,,, and IFMC-36-
Euy,Tby¢ are also well-fitted by exponential functions. The
changes in lifetime of different Ln(III) ions in IFMC-36-
Eu,Tb, may be ascribed to their environments. Meanwhile, we
have also presented corresponding lifetime values and quantum
yields of IFMC-36-Eu, Tb, (Supporting Information Table S3).
It is worthwhile to note that IFMC-36-Eu,Tb, have much
more obvious luminescent intensity, longer excited-state
lifetime, and higher quantum yield than those of the IFMC-
26-Eu,Tb, series (Supporting Information Table S4), which
may be assumed due to the following two reasons. (1) As far as
we know, the fine-tuning of light-emitting properties of these
LnMOF materials is the identical coordination environment of
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the different Ln(III) ions. The dissimilar chemical reactivity and
coordination behavior of Ln(Ill) ions in these two series may
result from the different metalloligands we have adopted. (2)
On the other hand, the different centers of metalloligands,
Cd(II) and Ni(II), respectively, usually show high complex-
ation affinity to carboxylate and varied coordination numbers
and geometries. However, Cd(II) scarcely interferes with
fluorescence as compared to Ni(II), thus giving rise to different
luminescent behavior in different LnMOFs. Hitherto, studies
on tunable luminescence properties based on LnMOFs are still
in their infancy in fluorescent materials science.

The fascinating optical properties of LnMOFs inspire us to
carefully explore their potential applications. The luminescence
spectrum of the IFMC-36-Eu sample dispersed in DMA is
shown in Figure 3a. It exhibits characteristic electronic
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Figure 3. (a) Emission spectra and (b) the D, — F, transition
intensities of IFMC-36-Eu introduced into various pure solvents when
excited at 367 nm.

transitions of Eu(IIl) at 593, 617, 651, and 699 nm upon
excitation at 367 nm, which are attributed to the D, — 'F,,
Dy = 'F,, Dy — ’F3, and *D, — ’F,, respectively. It is
obvious that the *Dy, — ’F, transition is clearly stronger than
that of D, — ’F; with an intensity ratio of about 5.9 for I(°D,
— "F,)/I(D, — 7F,). The characteristic bright-red lumines-
cence of IFMC-36-Eu primarily prompts us to investigate its
potential for sensing common organic solvent molecules. To
examine the potential of IFMC-36-Eu toward sensing of small
molecules, the fluorescence properties of IFMC-36-Eu in
different solvent emulsions were investigated (Figure 3a). The

finely ground sample of IFMC-36-Eu (3 mg) was immersed in
3 mL of different organic solvents, treated by ultrasonication for
30 min, and then aged for 3 h to form stable suspensions before
the fluorescence study. The solvents used are methanol,
ethanol, 1-propanol, 2-propanol, phenylmethanol, tetrahydro-
furan (THF), N,N-dimethylformamide (DMF), acetone,
acetonitrile, dichloromethane (CH,Cl,), chloroform (CHCI,),
carbon tetrachloride (CCl,), toluene, benzene, and nitro-
benzene. The framework of IFMC-36-Eu is intact after
immersion in different solvents as confirmed by PXRD
(Supporting Information Figure S8). The most intriguing
feature was that the photoluminescence (PL) intensity of *D,
— ’F, transition at 617 nm of Eu(III) is largely dependent on
the solvent molecules (Figure 3b), in which the physical
interaction between the solute and solvent plays a vital role.
Notably, the PL intensity exhibits significant quenching
behaviors especially in the case of nitrobenzene. Therefore,
such solvent-dependent quenching behavior is appropriate for
the detection of nitrobenzene. To examine the sensitivity of
sensing nitrobenzene in more detail, a batch of suspensions of
IFMC-36-Eu was dispersed in DMA solution, while the
nitrobenzene content was gradually increased to monitor the
emissive response (Figure 4a). The luminescence intensity of
the IFMC-36-Eu suspension significantly decreases into 55.7%
at a nitrobenzene concentration of only 50 ppm, and almost
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Figure 4. (a) Emission spectra and (b) the D, — F, transition
intensities of IFMC-36-Eu introduced into different concentrations of

nitrobenzene in DMA (excited at 367 nm).
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completely quenches at 120 ppm (Figure 4b). IFMC-36-Eu
displays a higher sensitivity than those of other MOFs in
sensing nitrobenzene.>” That is probably largely because of the
combined action of Cd(II) and Ln(III) ions. Besides the high
selectivity of IFMC-36-Eu toward nitrobenzene, the organic
solvent on the anti-interference ability of the sensor is vitally
important. We have tested the PL spectra of IFMC-36-Eu
dispersed in DMA with the addition of different 4000 ppm
organic solvents (Supporting Information Figure S9) and
subsequent addition of 120 ppm nitrobenzene (Supporting
Information Figure S10). The interferences of other organics
on the fluorescence response of IFMC-36-Eu to nitrobenzene
were nearly unperturbed even when there is a great deal of
other organics (4000 ppm) in the system with nitrobenzene
(120 ppm, Figure S). The fluorescence intensity ratio at the D,

2.0 || IFMC-36-Eu dispersed in DMA + 4000 ppm other organics
1'8 | IFMC-36-Eu dispersed in DMA + 4000 ppm other organics + 120 ppm nitrobenzene
1.6
14
12
=10
0.8
0.6
0.4
0.2
I @g«?g FOFTETESF ©
§ N N TS

Figure S. Fluorescence intensity ratio (I/I,) histograms of IFMC-36-
Eu dispersed in DMA with the addition of different 4000 ppm organic
solvents (pink) and subsequent addition of 120 ppm nitrobenzene
(green). Emission intensities at the *Dy — ’F, transition were selected.

— "F, transition was calculated by the formula (I/1,), in which
I is the fluorescence intensity of IFMC-36-Eu after adding
other organics and I is the fluorescence intensity of IFMC-36-
Eu dispersed in DMA. Apparently, the fluorescence intensities
of the suspension were remarkably decreased with the
subsequent addition of 120 ppm nitrobenzene into the parallel
tests. Additionally, we also found that IFMC-36-Eu can be
regenerated and reused for a significant number of cycles by
centrifugation of the solution after use and washing several
times with DMA.*® The quenching efficiencies of every cycle
are basically unchanged at about 55% (Figure 6) through
monitoring the emission spectra of IFMC-36-Eu dispersed in
the presence of 50 ppm nitrobenzene in DMA from cycle 1 to 8
(Supporting Information Figure S11). The quenching efficiency
(%) was estimated using the formula (I, — I)/I, X 100%, where
I, and I are the D, — F, transition intensities of [FMC-36-Eu
before and after exposure to 50 ppm nitrobenzene in DMA,
respectively. The PXRD pattern further confirms that the
framework is retained after cycle 8 (Supporting Information
Figure S12). These results reveal that IFMC-36-Eu shows
outstanding anti-interference ability and could be applied as a
fluorescence sensor for nitrobenzene with high sensitivity,
selectivity, and recyclability in the systems with complicated
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Figure 6. Reproducibility of the quenching ability of IFMC-36-Eu
dispersed in DMA and in the presence of SO ppm nitrobenzene. The
pink bars represent the initial °D, — ’F, transition intensities, and the
blue bars represent the intensities upon addition of a solution of 50
ppm nitrobenzene in DMA. The percentages on the top represent the
quenching efficiency of every cycle.

components. As a result, [IFMC-36-Eu can act as an excellent
candidate for its sensitivity and recyclability in the field of
detection application. The differences in quenching efficiency
can be quantitatively treated with the Stern—Volmer (SV)
equation: (I/I) = KG[A] + 1, in which I, is the initial
fluorescence intensity without analyte, I represents the
fluorescence intensity with added analyte of the molar
concentration [A], and K, is the quenching constant ™M),
A linear SV relationship for nitrobenzene is observed at low
concentrations, but the plots subsequently deviate from
linearity at higher concentrations (Supporting Information
Figure S13). The nonlinear nature of the plot of the analytes
may be ascribed to self-absorption or an energy-transfer
process.”® Therefore, the static and dynamic quenching may
be coexisting and competitive in the fluorescence quenching
process, which results in a nonlinear SV relationship.
Fluorescence decays of IFMC-36-Eu at different concen-
trations of nitrobenzene also verify this (Supporting Informa-
tion Figure S14). The excellent fluorescence quenching
response to nitrobenzene can be attributed to the photo-
induced electron-transfer mechanism. The finely ground
powder of IFMC-36-Eu can be dispersed well in the solution,
which would enable nitrobenzene to be closely adhered to the
surface of the MOF particles and facilitate possible host—guest
interactions.*” The electron transfer from the electron-donating
framework with rich 7-electron to the highly electron-deficient
nitrobenzene molecule adsorbed on the surface of the MOF
particles can take place upon excitation, resulting in
fluorescence quenching.

B CONCLUSIONS

In summary, a series of heterometallic Ln-based tunable
luminescent crystalline materials IFMC-36-Eu,Tb, based on
metalloligands has been obtained by changing the molar ratios
of Eu(III) and Tb(III). IFMC-36-Eu,Tb, not only exhibits the
characteristic Eu(III) and Tb(III) emissions, but also multicolor
emissions can be adjusted ranging from red to green by simply
tuning their ratios. Especially, IFMC-36-Eu can display distinct
solvent-dependent PL emissions and detect nitrobenzene with
high selectivity, sensitivity, recyclability, and outstanding anti-
interference ability through noticeable fluorescence quenching,
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which makes it an efficient and promising sensory material for
trace nitrobenzene detection in an environmentally friendly
manner. For the first time, a d—f heterometallic—organic
framework can be utilized as a fluorescent sensor to detect
nitrobenzene in the systems with complicated components.
The fluorescence quenching mechanism is in consequence of
photoinduced electron transfer from electron-rich LnMOF
framework to electron-withdrawing nitrobenzene as well as the
good dispersible nature of LnMOFs in these analytes. This
work opens a promising approach to design multifunctional
luminescent LnMOF by the combination of metalloligands and
Ln(III). Considering the charming coordination ability between
the diverse organic linkers and metallic elements, many look
forward to synthesizing and exploring luminescent LnMOFs for
various applications.

B ASSOCIATED CONTENT
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Crystallographic data (CIF), PXRD, TGA, solid-state fluo-
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