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Abstract: The luminescent MOF [(CH3)2NH2]2[(Zn2O)L]·5 DMF

(NENU-519, NENU = Northeast Normal University) with a zeo-
lite BCT topology was successfully synthesized. It is a rare ex-
ample of a two-fold interpenetrated framework with a zeolite

topology. NENU-519 demonstrates the ability to selectively
adsorb cationic dyes. Furthermore we developed

Rh6@NENU-519 (Rh6 = Rhodamine 6G) as a dual-emitting
sensor for probing different volatile organic molecules
(VOMs) due to an energy transfer between L and the dye.
The composite can be used to distinguish the isomers of o-,
m-, and p-xylene and ethylbenzene using the emission-peak-

height ratios of L to the dye as detectable signals, in which

the readout signals are involved in the interactions between
the dye@MOF composite and the guest analytes. Moreover,

Rh6@NENU-519 can serve as a luminescent switch for the

detection of different aromatic compounds, like benzene,
benzene substituted with different groups, and pyridine. In

other words, the Rh6@NENU-519 composite can be used as
molecular decoder of the structural information of different

VOMs into recognizable luminescent signals. Hopefully this
work will open a new corridor to develop luminescent
guest@MOF composites as sensors for practical applications.

Introduction

Metal–organic frameworks (MOFs) have evoked great interest
due to their aesthetically captivating structures and intriguing

potential applications in various fields of gas storage, separa-
tion, chemical sensing, imaging, heterogeneous catalysis, and
drug delivery.[1–4] More desirably, the crystal engineering of
MOFs is a long-standing challenge in control of the network

topology. Particularly, zeolite networks are very important top-
ologies for the production of porous materials. However, ob-
taining MOFs with zeolite topologies is still difficult and chal-
lenging, because tetrahedral SBUs (secondary building units)
are prone to assemble into the diamond (dia) topology.[5a] Zeo-

lite networks are relatively scarce porous MOFs, although some
MOFs with zeolite topologies (such as MTN,[5b,c] SOD,[5d] ABW,[5e]

and NPO[5f]) have been reported. These observations inspire us

to attempt to generate MOFs with zeolite topologies.

The inorganic and organic moieties in MOFs can directly
generate luminescence that can be used in chemical sensors.[6]

Furthermore, the tunable pore size and shape of MOFs impart
them with the capability to accommodate guest luminophore

molecules into their cavities, offering another degree of diversi-
ty of their luminescent properties.[7] Therefore, MOFs as lumi-
nescent sensing materials have attracted great attention and
are widely explored by researchers.[8] The rapid, reliable, and

efficient detection of volatile organic molecules (VOMs) is
a very significant subject for environmental and health issues.[9]

Moreover, the majority of these VOMs possess similar struc-
tures and properties, such as isomers, which makes the prob-
ing of different VOMs with clearly differentiable and unique

readouts still a critical challenge.[10] Distinguishing subtle dis-
tinctions in molecules requires chemosensors that can selec-

tively recognize specific molecules and then transduce the rec-
ognitions into detectable signals. Porous MOFs generally have
guest-dependent optical properties and, therefore, have the

potential to recognize target molecules through the unique
host–guest interaction. However, most luminescent sensors ex-

plored so far are limited to a fluorescence signal of one transi-
tion, which is not accurate enough because the absolute
single-emission intensity varies depending on many uncontrol-

lable factors.[11] Therefore, a new dual-emission strategy to in-
crease the sensing selectivity can be envisioned by producing

MOFs as hosts to encapsulate chromophore guests. However,
it is a significant but challenging task to design suitable lumi-
nescent MOF composites as dual-emitting systems in response
to guest–host interactions.
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Fluorescent dyes can be used as chromophore guests owing
to their excellent optical and electronic properties and high

quantum yield. Applications of MOFs for dye adsorption and
separation have been extensively explored.[12] Therefore, it will

be feasible to construct luminescent MOF composites that
contain fluorescent dyes for fluorescence applications.

Dye@MOF composites as dual-emission systems for lumines-
cent sensing have rarely been reported.[13] Previously, Wu et al.
established a luminescent dye@MOF platform for the finger-

print sensing of VOMs based on two different emissions.[13a]

Our group used a dye@MOF as a dual-emitting fluorescent
sensor for sensing explosives.[13b] Therefore, the composites
should be very promising luminescent materials for practical

applications. In addition, cationic fluorescent dyes would not
be released from the pores of anionic MOFs due to the strong

electrostatic interactions between the anionic framework and

cationic dyes. Furthermore, the MOF/dye approach is an im-
portant and feasible strategy to construst MOF composites for

diverse applications. Previously, such a strategy has been im-
plemented to develop nonlinear optical (NLO) and laser mate-

rials.[14]

Herein, we report a novel luminescent MOF with a zeolite

BCT topology, namely [(CH3)2NH2]2[(Zn2O)L]·5DMF (NENU-519,

NENU = Northeast Normal University), based on the carboxy-
lates ligand tetrakis[4-(carboxyphenyl)oxamethyl]methane acid

(H4L) (Figure S1 and S2 in the Supporting Information). It is an
interpenetrated framework with a zeolite topology, a class

which has rarely been reported. The anionic framework can be
used to selectively separate cationic dyes based on ionic inter-

actions rather than the size-exclusion effect. More importantly,

the Rh6@NENU-519 composite was explored as a dual-emitting
luminescent platform to distinguish the isomers of o-, m-, and

p-xylene and ethylbenzene, which only have subtle differences
in their structures, based on the emission-peak-height ratios of

L and the dye moieties. Therefore, Rh6@NENU-519 can be
used as a tunable dual-emitting luminescent switch for the de-

tection of different aromatic compounds, like benzene, ben-

zene substituted with different groups, and pyridine, which are
involved in the tuning of the energy transfer efficiency from

the MOF to the dye.

Results and Discussion

Single crystal X-ray diffraction analysis reveals that NENU-519
crystallizes in the tetragonal space group P̄4n2 (Table S1). The
asymmetric unit contains two Zn ions and one deprotonated

L4@ ligand. Zn1 is coordinated by four carboxylate oxygen
atoms from the L4@ ligand in a tetrahedral geometry. Zn2 also

adopts a tetrahedral coordination with three carboxylate
groups from the L4@ ligand and one terminally coordinated

water molecule (Figure S3). The bond lengths of the Zn@O

bonds are all within the normal ranges.[15] The SBUs of NENU-
519 are 4- and 6-rings of binuclear Zn clusters linked by L4@

fragments, from which the subunits of the 4264 cages (16.2 a
in diameter) are constructed (Figure 1 a). These cages connect

with each other into a 3D anionic network (Figure 1 b). The
structure is characterized by two sets of channels build by

chains of 4264 cages of 14.37 V 15.19 a and an elliptical 8-ring
opening of 25.09 V 6.49 a along the c axis (Figure 1 e, Figure S4

and S5 in the Supporting Information). The topology of NENU-
519 can be rationalized as s zeolite BCT (or named as crb)

structure by regarding dinuclear Zn clusters and tetratopic li-

gands as 4-connected building units (Figure 1 c and Figure S4
in the Supporting Information), which is rarely found in
MOFs,[16] because the tetrahedral nodes are generally assem-
bled into diamond or quartz nets. Notably, such two nets inter-

lock together to generate a 2-fold interpenetrating framework
(Figure 1 d and Figure S5 in the Supporting Information), which

is a rare example of an interpenetrated framework reported for
zeolite-like MOFs.[5f] Through interpenetrating, the effective
free volume of NENU-519 was calculated by PLATON[17] and the

calculations indicate that the effective free volume is about
62.7 % of the crystal volume (8750 a3 of the 13 964 a3 unit cell

volumes).The solvent molecules and [(CH3)2NH2]+ , cations origi-
nated from decarbonylation of dimethylamine, reside in the

channels.

Now organic dyes are widely employed in paper, plastics,
printing, textile, cosmetics, and other industries. From environ-

mental and health points of view, removing organic dyes from
effluents before discharging is vitally important. So we tried to

evaluate the absorption abilities of the zeolite-like NNEU-519
towards dye molecules with different charges and sizes. We se-

Figure 1. Different structure models of [(CH3)2NH2]2[(Zn2O)L]·5 DMF (NENU-
519, NENU = Northeast Normal University): a) Representation of a single
cage and b) the ball-and-stick representation of the 3D structure in NENU-
519; c) The zeolite-like BCT (or crb) net is shown as a tiling diagram; d) The
ball-and-stick representation of the 2-fold interpenetrating open framework;
e) Space-filling model of one layer along the c axis (middle) and the two dif-
ferent channels in NENU-519 (left and right).
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lected four cationic dyes (methylene blue (MB), Basic Red 2
(BR), rhodamine 6G (Rh6), and crystal violet (CV)), four anionic

dyes (methyl orange (MO), fuchsin acid (FA), Brilliant Blue R-
250 (R-250), and congo red (CR)), and two neutral dyes (Sol-

vent Yellow 2 (SY) and methyl red (MR)) (Figure S7). After the
as-synthesized NENU-519 samples have been soaked in DMF

solutions of the dyes for a period of time, different adsorption
behaviors can simply be observed by the naked eye. The cat-

ionic dyes (MB, BR, Rh6, and CV) could be efficiently adsorbed

and the colorless crystals became gradually colored, whereas
the anionic and neutral dyes (MO, FA, R-250, CR, SY, and MR)

could not be adsorbed (Figure S8 and Table S2). The PXRD pat-
terns and FT-IR profiles of the dye@MOFs suggested that the

crystallites remained intact after exchange of the cationic dyes
(Figure S9 and S10). The selective absorption of cationic dyes
could be explained by an exchange of the [(CH3)2NH2]+ cations

with the cationic dyes within the anionic framework.
As another factor, the size of the dyes may influence the ion

exchange process. The exchange process of the four cationic
dyes with an equal charge (Z = + 1) but different sizes in the

supernatant was monitored by UV/Vis absorption spectroscopy
(Figure S11). The ion exchange of MB was complete in 3 h, the

larger-sized BR after 6 h, but crystal violet (CV) and rhodami-

ne 6G (Rh6) needed more time using the same concentration
(1 V 10@5 mol l@1). With increasing size of the cationic dyes, the

ion-exchange process became slower. In other words, the size
of the cationic dyes is also another contributing factor in the

ion-exchange process.
Furthermore, we used NENU-519 to separate cationic dyes

from dye mixtures. Typically, the freshly prepared NENU-519

was immersed in DMF solutions of MB/MO, BR/R-250, and CV/
SY. The cationic dyes (i.e. , MB, BR, and CV) could be adsorbed

from the dye mixtures followed by a color change of the solu-
tions (Figure 2), while the anionic (MO and R-250) and neutral

(SY) dyes could not be absorbed and remained in the superna-
tants. So the results indicate that NENU-519 could be used to

selectively absorb cationic dyes from dye mixtures and as po-

tential absorbents to remove cationic dyes from effluents.
Furthermore, dye releasing experiments were performed in

order to confirm whether the selective absorption is attributed
to ionic interactions of the cationic dyes with the anionic

framework. The release processes were monitored by UV/Vis
spectroscopy in pure DMF and saturated solutions of NaCl in

DMF.[18] The results showed that in the presence of NaCl the
cationic dyes were gradually released, while in pure DMF with-

out NaCl the dye molecules were hardly released (Figure S12).
Hence, we can safely conclude that selective absorption is due

to the interaction of the cationic dyes with the anionic frame-
work. In addition, the reversible ion-exchange process for

methylene blue was studied for five continuous cycles. PXRD

demonstrated that the crystalline integrity of NENU-519 could
be kept after five cycles of exchange–release processes (Fig-

ure S13).
The successful encapsulation of fluorescent dyes into MOFs

provides the basis to explore their application as fluorescence
sensors. The rhodamine 6G fluorescent dye has been success-
fully encapsulated into the channels of NENU-519 as men-

tioned above, which prompts us to explore the fluorescent
properties of Rh6@NENU-519 in detail. The luminescent prop-

erties of free H4L and NENU-519 were examined at room tem-
perature in the solid state. Compared with the free H4L ligand,

NENU-519 exhibited an obvious enhanced blue emission with
a maximum at 406 nm, which is attributed to the deprotona-

tion and the coordination of L to Zn2 + ions (Figure S15).[19] As

expected, the emission spectra of Rh6@NENU-519 simultane-
ously exhibited two characteristic emissions upon excitation at

350 nm in the solid state at room temperature. The blue emis-
sion at 406 nm is attributed to L, whereas the new red emis-

sion at about 565 nm originated from Rh6 (Figure S17). As
a comparison, we also studied the fluorescent properties of

Rh6 and a thoroughly ground mixture of NENU-519 and Rh6

under the same conditions. Rh6 did not show any emission in
the solid state, whereas the DMF solution of Rh6 displayed an

emission at 564 nm (Figure S16). The finely ground mixture
only presented the emission band of pure NENU-519 (Fig-

ure S17). These results indicated that the dye molecules were
enclosed into the channels of NENU-519, which can restrain

the nonradiative energy transfer process.[13] Furthermore, after

soaking of Rh6@NENU-519 (10 mg) in DMF (10 mL) for one
day, no obvious emission bands have been observed in the

emission spectrum of the filtrate (Figure S18). The result further
demonstrates that the dye Rh6 was not released from the

Figure 2. UV/Vis spectra and photographs of DMF solutions of different dyes with NENU-519: a) Methylene blue (MB)/methyl orange (MO), b) Basic Red 2
(BR)/Brilliant Blue R-250 (R-250), and c) crystal violet (CV)/Solvent Yellow 2 (SY).
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pores of the MOF due to the strong electrostatic interactions
between the anionic framework of NENU-519 and the cationic

dye rhodamine 6G.
The luminescence of Rh6@NENU-519 inspired us to system-

atically tune the emission of this system by adjusting the
amounts of the encapsulated Rh6. By varying the immersing

time, a series of Rh6@NENU-519-a–g could be conveniently ob-
tained. The contents of the included Rh6 in Rh6@NENU-519-a–

g were determined by UV/Vis absorption spectroscopy to be

0.012 wt %, 0.029 wt %, 0.051 wt %, 0.076 wt %, 0.098 wt %,
0.127 wt %, 0.158 wt % for a–g, respectively (Figure S14). As

shown in Figure 3, upon increasing the Rh6 content, the emis-
sion intensity of the dye at 565 nm steadily increased, whereas

the intensity of the L at 406 nm decreased correspondingly.
This system exhibited a tunable luminescent emissions con-
trolled by adjusting the transition-intensity ratios between L

and the dye. The corresponding CIE (Commission International
de l ’Eclairage) coordinates of Rh6@NENU-519-a–g, which can

be directly and clearly observed with the naked eye under
a 365 nm UV light (Figure 3-c and 3d), were marked. The emis-
sion of Rh6 in Rh6@NENU-519 is probably due to the sensitiza-

tion of the L within the same framework. Such a L-to-dye-
energy-transfer behavior can be confirmed by the overlap be-

tween the emission spectrum of the MOF and the UV/Vis ab-
sorption spectrum of the dye (Figure S19). In addition, the

quantum yield of 22.1 % for Rh6@NENU-519 g was higher than
that of NENU-519 (5.7 %) excited at 350 nm. The above results

clearly indicate that the luminescence of Rh6@NENU-519 and
the L-to-dye energy transfer depend on the content of the en-

capsulated rhodamine 6G.

The isomers of o-, m-, and p-xylene and ethylbenzene have
subtle differences of their structures and very similar structural

motifs, so it is a critical and challenging task to distinguish
these isomers in environmental monitoring by a specifically de-

signed molecular sensor. Considering that the emission intensi-
ties of the MOF and dye are comparable, we explored the

sensing capability of Rh6@NENU-519-e for probing these iso-

mers. After samples of Rh6@NENU-519-e were exposed to o-,
m-, and p-xylene and ethylbenzene solvents, the photolumi-

nescence spectra showed emission peaks central around the
406 and 565 nm transitions (Figure 4 a). Although the single

emissive intensity of MOF or dye is nonspecific to these sol-

Figure 3. The fluorescent properties of Rh6@NENU-519 (Rh6 = Rhodamine 6G; Rh6 concentration: a = 0.012 wt %, b = 0.029 wt %, c = 0.051 wt %,
d = 0.076 wt %, e = 0.098 wt %, f = 0.127 wt %, and g = 0.158 wt %): a) The emission spectra excited at 350 nm in the solid state at room temperature; b) The
corresponding emission peak-height ratios of L to the dye moieties ; c) The corresponding CIE chromaticity coordinates ; d) The corresponding photographs
under a laboratory 365 nm UV light.
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vents, these isomer molecules could be easily distinguished by
monitoring the relative emission intensities of the L-to-dye
moieties. The peak-height ratios of L and dye are 3.96 for p-
xylene, 2.15 for o-xylene, 1.23 for m-xylene, and 0.54 for ethyl-

benzene (Figure 4 b). We think that the interaction of the guest
molecules and Rh6@NENU-519-e will influence the energy

transfer efficiency between L and the dye. The key to success

in distinguishing the isomers of o-, m-, and p-xylene and ethyl-
benzene is to use the dual-emission peak-height ratios of L

and the dye moieties as detectable signals by self-calibrating
the energy transfer behaviors.

Such a dual-emitting luminescent sensor for distinguishing
the isomers of o-, m-, and p-xylene and ethylbenzene is re-

markable, because it was very sensitive to different isomer

molecules and required no additional calibration. The peak-
height ratios of L to the dye moieties were variable to different

isomers, but the ratio was almost a constant and unique for
each guest. In other words, Rh6@NENU-519-e can be used for

distinguishing isomers by simply monitoring the relative emis-
sion intensities. Such a ratiometric luminescent sensor of

Rh6@NENU-519-e demonstrated selective solvent-responsive
changes, which can be attributed to the interaction between

guest molecules and the host composite having different ef-
fects on the energy-transfer efficiency from L to the dye.

Furthermore, we use Rh6@NENU-519-e to detect the VOMs
benzene, benzene substituted with different groups, and pyri-

dine. The Rh6@NENU-519-e samples were immersed into ben-
zene, toluene, phenol, chlorobenzene, bromobenzene, and

pyridine, and the emission peak-height ratios of L to the dye

moieties were also dependent on the VOMs used. These VOMs
could be unambiguously distinguished by monitoring the

peak-height ratios, which can be rationalized by the unique
guest-dependent energy transfer from L to the dye (Figure 5).

Although the luminescent emission intensities of Rh6@NENU-
519-e were significantly quenched by nitrobenzene and aniline,
they still could be differentiated clearly in low concentration

(50 ppm DMF solutions) due to their different influences on
the energy-transfer process (Figure S20). Additionally, the sens-

ing stability of the Rh6@NENU-519-e sensor was confirmed by
recycling experiments. The emission-peak-height ratio of L to
the dye remained nearly the same for five cycles in sensing
benzene molecules (Figure S21). The framework of NENU-519

still remained intact after five recycling experiments, as con-

firmed by PXRD (Figure S22).
This molecular decoding strategy using dual emission is

strongly correlated with the interactions between the

Figure 4. a) The emission spectra of Rh6@NENU-519-e dispersed in m-xylene,
o-xylene, p-xylene, and ethylbenzene excited at 350 nm at room tempera-
ture. b) The corresponding solvent-dependent emission peak-height ratios
of L to the dye in the luminescence spectra.

Figure 5. a) The emission spectra of Rh6@NENU-519-e dispersed in benzene,
toluene, phenol, Cl-benzene, Br-benzene, and pyridine excited at 350 nm at
room temperature. b) The corresponding solvent-dependent emission peak-
height ratios of L to the dye in the spectra.
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Rh6@NENU-519 composite and the guest analytes. The dual
emission of Rh6@NENU-519-e contributed to the decoding

system, because it can differentially recognize different VOMs
and transcribe the recognition into detectable signals. The

Rh6@NENU-519-e composite can be used as tunable lumines-
cent switch towards VOMs with corresponding relative emis-

sion intensities as signals by modulating the energy transfer
from L to the dye. This approach exhibited a plain distinguish-

able emission for each VOM, thus an emission-fingerprint map

for sensing VOMs can be draw based on the peak-height ratios
of two emissions in Rh6@NENU-519-e. The ratiometric internal-

reference sensor could overcome the drawback of variability
encountered of a single absolute emission intensity.

Conclusion

In summary, a novel anionic luminescent MOF with a zeolite
BCT topology has been constructed. It is a rare example of an

interpenetrated MOF based on the zeolite topology. The MOF
was used to selectively absorb and separate cationic dyes

based on a charge- and size-dependent ion-exchange process.
More importantly, we developed a luminescent dye@MOF

sensor for probing different VOMs based on the two emissions

of MOF and dye. The dual-emitting luminescent sensor was
used to reliably distinguish the isomers of o-, m-, and p-xylene

and ethylbenzene, and it can be used as a luminescent tunable
switch towards different aromatic compounds, like benzene,

benzene substituted with different groups, and pyridine. Such
a molecular assemble can decode structural information of

VOMs into a corresponding fluorescent signals. The

Rh6@NENU-519 sensor exhibited a high sensitivity due to the
excellent fingerprint correlation between the VOMs and the

relative emission intensities of two different moieties by tuning
the energy-transfer efficiency. Because of its instantaneous,

and stable self-calibration, this very promising luminescent
dual-emitting dye@MOF sensor has potential applications in ra-

tiometric luminescent sensors for probing different substrate

molecules/ions.
Supporting information for this article is given via a link at

the end of the document, including experimental details, crys-
tal data (CCDC 1465369)[20] , structural information, PXRD, IR,
TGA data, fluorescence measurements, and additional figures.
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