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Abstract: Self-assembly of luminescent moieties into porous
metal–organic frameworks (MOFs) has generated many
luminescent platforms for probing volatile organic molecules
(VOMs). However, most of those explored thus far have only
been based on the luminescence intensity of one transition,
which is not efficient for probing different VOMs. We have
synthesized a luminescent MOF material containing 1D
nanotube channels, and further developed a luminescent
dye@MOF platform to realize the probing of different VOMs
by tuning the energy transfer efficiency between two different
emissions. The dye@MOF platform exhibits excellent finger-
print correlation between the VOM and the emission peak-
height ratio of ligand to dye moieties. The dye@MOF sensor is
self-calibrating, stable, and instantaneous, thus the approach
should be a very promising strategy to develop luminescent
materials with unprecedented practical applications.

As an emerging type of porous materials, metal–organic
frameworks (MOFs) have the advantages over conventional
inorganic porous materials in that their structures and
functions are systematically and predictably designable and
readily modulated.[1, 2] Such unique characteristics allow for
the use of MOF materials in various disciplines to realize
applications in the fields of gas storage, separation, hetero-
geneous catalysis, photonics, and drug delivery.[3–7] Moreover,
self-assembly of inorganic and organic luminescent moieties
into porous MOFs has allowed us to generate unique
luminescent platforms for chemical sensing, light-emitting,
biotechnology, and environmental monitoring.[8] Guest-de-
pendent luminescence sensors based on molecular coordina-
tion compounds have the distinct advantages of fast response,
high sensitivity, and noninvasive operation. Although
a number of luminescent MOFs have been shown to have
guest-dependent optical properties, most luminescent sensors
explored thus far are only based on the guest-dependent
luminescence intensity of one transition, which is not accurate
enough because the absolute luminescent intensity in the
solid state is variable. Moreover, the probing of different

volatile organic molecules (VOMs) with clearly differentiable
and unique readouts based on a host MOF sensor is still
a challenge, because most of this class of small molecules have
similar chemical and physical properties.[9]

It has been well established that some metal ions, such as
lanthanide(III) and cadmium(II) ions, can be bridged by
carboxylate groups to form infinite rod-shaped metal–car-
boxylate secondary building units (SBUs), which have
provided an effective route to construct novel MOFs with
large nanotube channels.[10,11] To enhance the luminescent
emission of such MOFs, we have designed and synthesized
a rigid, acentric linear carboxylic ligand, (E)-4-(2-carboxyvi-
nyl)benzoic acid (H2L), with two chromophoric centers as
a linker (Scheme 1). The solvothermal reaction of H2L and
Cd(NO3)2·4 H2O in acidified DMF solvent yielded colorless
rod-like crystals of [CdL(H2O)]·4DMF·2 H2O (CZJ-3; CZJ =

chemistry department of Zhejiang University). The formula
of CZJ-3 was established based on the single-crystal X-ray
structure, elemental analysis, and thermogravimetric analysis
(Supporting Information, Figure S3). CZJ-3 can absorb
Rhodamine B molecules into its pores to form the lumines-
cent material Rho@CZJ-3 by taking advantage of the nano-
tube channels. The emission peak height of Rhodamine B in
Rho@CZJ-3 can be utilized as a reference to that of the
original CZJ-3 for probing small molecules. We have found
that each VOM has a unique characteristic readout of the
luminescent peak-height ratio between two luminescent
centers in the visible light region; hence, probing different
VOMs is simply realized by monitoring the relative lumines-
cent readouts of Rho@CZJ-3.

Single-crystal X-ray diffraction analysis revealed that
CZJ-3 crystallizes in the chiral hexagonal space group
P6522.[12] The fundamental building unit of CZJ-3 contains
one cadmium(II) cation, one L ligand and one coordinated
water molecule. As shown in Figure 1, the two carboxylate
groups of the L ligand comprise of two different coordination
modes: the first carboxylate bridges two CdII ions in
a bidentate fashion, whereas the second carboxylate chelates
and bridges three Cd centers (Figure S1). The Cd cation is
coordinating to six carboxyl oxygen atoms from five L ligands
and one water molecule. The hepta-coordinated CdII ions are
further bridged by carboxylate groups to form infinite 1D rod-
shaped metal-carboxylate SBUs running along the c axis

Scheme 1. (E)-4-(2-carboxyvinyl)benzoic acid (H2L) ligand.
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(Figure S2). Each Cd-carboxylate infinite SBU is connected
with six other chains through L linkers to generate an
interesting 3D coordination network with hexagonal nano-
tube channels propagated along the c axis. The diameter of
the 1D nanotube channels is about 2.0 nm (opposite Cd···Cd
distance), taking into account the van der Waals radii, in
which the vacancies are filled with DMF and water molecules.
PLATON calculations indicate that the vacant space in CZJ-3
is about 67.3 % of the crystal volume (2679.4 �3 of the
3982.8 �3 unit cell volume).[13]

After the as-synthesized CZJ-3 was heated at 80 8C under
vacuum for 6 h, PXRD analysis of the sample showed that the
sharp diffraction peaks almost disappear (Figure S4). This
result suggests that CZJ-3 lost its long-range order upon
removal of the included solvent molecules. However, the
sharp diffraction peaks of PXRD can be restored by exposing
the evacuated sample to the vapor of DMF at 80 8C for 12 h.
These results suggest that the structure of CZJ-3 is flexible
and reversible depending upon the solvent guests. However,
such properties prevent the evaporated CZJ-3 from taking up
gas molecule as confirmed by the gas adsorption experiments.
Since the framework of CZJ-3 easily collapses after removal
of guest solvents, we have therefore activated CZJ-3 by
a solvent-exchange method (Figure S5). After the as-synthe-
sized sample was solvent-exchanged with dry acetone several

times at room temperature, a dye-uptake assay was employed
to quantify the access to the pores in CZJ-3. By soaking an
activated sample of CZJ-3 in an acetone solution of Rhoda-
mine B (Figure S20; cross dimensions of ca. 6.43 � 12.7 �
15.5 �3) for 24 h at room temperature, the dye was almost
fully absorbed by CZJ-3, as determined by UV/Vis absorption
spectroscopy, and the dye-uptake was 0.19 wt % (Figure S6).
The PXRD pattern of Rho@CZJ-3, a sample embedded with
Rhodamine B, suggests that the framework structure remains
intact. We have also further studied the sorption abilities of
CZJ-3 and Rho@CZJ-3 for different VOMs, by immersing
the acetone-exchanged samples of CZJ-3 and Rho@CZJ-3 in
chlorobenzene and nitrobenzene solvents for 12 h at room
temperature to study their guest inclusion properties. UV/Vis
analysis indicates that the activated ones readily take up 2.1
and 1.5 molecules of chlorobenzene, and 1.2 and 0.8
molecules of nitrobenzene per formula unit of CZJ-3 and
Rho@CZJ-3, respectively. Rho@CZJ-3 is very stable, and the
included Rhodamine B molecules cannot leak into solution
during the absorption of different small solvent molecules, as
determined by UV/Vis absorption spectroscopy. The above
properties of Rho@CZJ-3 are beneficial for its application in
sensing small molecules. To encapsulate Rhodamine B into
the pores of CZJ-3, the second luminescent transition from
the dye can be readily generated, in addition to the original
one of the CZJ-3, whereaas the luminescent intensity ratios
can be further tuned by additional solvent molecules.

The excitation and emission spectra of H2L, CZJ-3 and
Rho@CZJ-3 were examined at room temperature in the solid
state. The free H2L ligand displays an intense and broad band
with a maximum at 430 nm in the emission spectrum under
310 nm UV excitation, which is attributed to the p–p*
electron transition of the H2L ligand, which involves
a ligand-centered excited state (Figure S10). The light emis-
sion peak of CZJ-3 shifts to 420 nm upon excitation at 340 nm
(Figure S11). The blue-shift of the emission of L in CZJ-3
should be attributed to the deprotonation and coordination of
L to Cd2+ ions.[14]

As expected, the dye encapsulated Rho@CZJ-3 simulta-
neously shows both the characteristic emissions of the dye and
L moieties upon excitation at 340 nm in the solid state at room
temperature. Rhodamine B and L within Rho@CZJ-3 emit
different colors, red around 595 nm and blue around 420 nm,
respectively. To make comparisons, we measured the emission
spectra of Rhodamine B and a thoroughly ground mixture of
Rhodamine B and CZJ-3 under the same conditions. Rhoda-
mine B does not display any emission, whereas the mechan-
ically ground mixture only presents the emission band of CZJ-
3 excited at 340 nm in the solid-state (Figure S12). These
results demonstrate that the dye molecules were encapsulated
in the nanotube channels of CZJ-3, and isolation of the dye
molecules by the pores of CZJ-3 can restrain the nonradiative
energy transfer process, which would otherwise quench the
photoluminescence.

It is interesting that such a Rho@CZJ-3 platform has
allowed us to systematically tune the emissive light colors by
modulating the amounts of encapsulated Rhodamine B in
Rho@CZJ-3. The contents of absorbed Rhodamine B in
different Rho@CZJ-3 samples were determined by UV/Vis

Figure 1. A) A side-view of the partial nanotube wall in CZJ-3, showing
the coordination mode of L, the coordination environments of CdII

ions, and the connection between the 1D rod-shaped CdII-carboxylate
SBUs and L ligands. B) A perspective view of the 3D framework
structure of CZJ-3 with open-ended 1D hollow chiral nanotube
channels of 2 nm in diameter, as viewed along the c axis.
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spectroscopy. As shown in Figure 2, upon increasing the
Rhodamine B included in CZJ-3 (excited at 340 nm),
Rho@CZJ-3 exhibits tunable emissive light colors that are
controlled by decreasing the emission intensity ratio between
L and the dye transitions. The observed emission colors of
Rho@CZJ-3 match well with the calculated chromaticity
coordinates, according to the 1931 Commission Internatio-
nale de L�Eclairage (CIE) chromaticity diagram, which can
be clearly and directly observed with the naked eye.

The emission of the dye in Rho@CZJ-3 is mainly
sensitized by the L moiety within the same framework. Such
ligand-to-dye energy transfer behaviors have been confirmed
by the emission spectra (excited at 420 nm) of the transition
from the L moieties at room temperature (Figure S13).
Moreover, the luminescence colors of Rho@CZJ-3 can be
systematically modulated by tuning the excitation energy.
Upon increasing the excitation wavelength, the emission
intensities of L and dye gradually changed in the lumines-
cence spectra of Rho@CZJ-3. These results demonstrate that
the emission energy of the ligand matches well with the
excitation energy of the dye. Moreover, the quantum yields of
29.5, 28.9, 28.7, 27.6, 25.4, 25.4, 23.8, and 24.3% for
Rho@CZJ-3 (a–h, respectively) are higher than that of CZJ-
3 (12.5%; excited at 340 nm). These values indicate that the
light absorption and energy transfer balance well, which
results in the enhanced luminescence of Rho@CZJ-3 from
efficient ligand-to-dye energy transfer by effectively prevent-
ing the nonradiative decay.

The above results
clearly demonstrate
that the photolumines-
cent properties of
Rho@CZJ-3 are varia-
ble, depending on the
amounts of included
Rhodamine B and the
excitation energy.
Additionally, as shown
in Figure S21, the pho-
toluminescence of
Rho@CZJ-3 is also
sensitive to the size of
the MOF crystals and
the homogeneity of
Rhodamine B in the
pores. We have used
the ground samples to
probe different VOMs.
Because Rhodamine B
is bulky, there remains
enough vacant space to
accommodate small
solvent molecule, as
demonstrated above.
The induced-fit-type
interaction between
Rho@CZJ-3 and guest
molecules will subse-
quently tune the

energy transfer efficiency between the excited state of L
and Rhodamine B, as the emission of the dye in Rho@CZJ-3
is mainly sensitized by the L moiety within the same
framework excited at 340 nm. Considering that the emission
peak heights of L and dye in Rho@CZJ-3-f are comparable,
we explored its sensing capability for various VOMs by self-
referencing the emission peak heights of L to dye moieties in
the photoluminescent spectra of Rho@CZJ-3-f.

After the acetone-activated samples of Rho@CZJ-3-f
were exposed to different solvents, such as 4-methylphenol,
acetophenone, phenol, benzyl alcohol, and pyridine for
10 min, as shown in Figure 3 (see also Figure S14), the
included solvent can be readily correlated to the emission
peak heights around the 420 and 595 nm transitions in the
photoluminescence spectra of Rho@CZJ-3-f. Although the
emissive intensity of a single transition of L or dye is
nonspecific to some solvents, such as acetophenone vs.
phenol, these solvent molecules are easily distinguished by
monitoring the emission peak-height ratios of L to dye
moieties. Moreover, the luminescent intensities of Rho@CZJ-
3 are also highly responsive to different concentrations of the
mixed VOMs (Figure S22–S24). These results clearly indicate
that Rho@CZJ-3 is an excellent sensor for probing different
VOMs. The unique solvent-dependent emission of
Rho@CZJ-3 can be rationalized by the guest-dependent
energy transfer from L to dye moieties. Such a luminescent
sensor for probing a range of solvent molecules is remarkable,
because it did not require any additional calibration.

Figure 2. The emission spectra (A), emission peak-height ratios of L to dye moieties (B), CIE chromaticity
coordinates (C), and photographs (D) with different amounts of encapsulated Rhodamine B (a = 0.02 wt%,
b =0.04 wt%, c = 0.06 wt%, d =0.08 wt%, e =0.1 wt %, f = 0.12 wt%, g = 0.16 wt%, and h = 0.19 wt%), for
Rho@CZJ-3 excited at 340 nm in the solid-state at room temperature.
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Above results indicate that the emission intensities of
Rho@CZJ-3 are very sensitive to the included solvent
molecules by tuning the energy transfer from L to dye
moieties. The relative emission intensity of L versus dye
moieties is almost a constant, and is unique for each guest and
variable to different solvent molecules in the luminescence
spectra of Rho@CZJ-3. Such characteristics can be used to
draw an emission-fingerprint map of VOMs, based on the
photoluminescence of Rho@CZJ-3. This internal-reference
strategy should be able to overcome the drawback of variable
solid-state emission intensities encountered when probing
VOMs by a single emissive transition. As shown in Figure 4,
even small molecules that have very similar structural motifs
are unambiguously differentiable, such as isomers of o-, m-,
and p-xylene, homologues of benzene, toluene, and ethyl-
benzene, and halobenzenes, including fluoro-, chloro- and
bromobenzene (Figures S15–17). Although nitrobenzene and

aniline both exhibit significant quenching effects for the
emission of Rho@CZJ-3, because of their different effects on
the energy transfer from L to dye moieties, they are easily
read-out by monitoring the relative emission peak heights of
L to dye moieties (Figure S18).

Moreover, probing VOMs through relative emission
intensity is more reliable than with absolute single-emission
intensity, because the single-emission intensity is variable
depending on many uncontrollable factors, whereas the peak-
height ratio is almost a constant for each VOM, as observed in
the luminescence spectra of Rho@CZJ-3. The sensing stabil-
ity of the luminescent Rho@CZJ-3 has been shown by
recycling experiments (Figure S19). Remarkably, the relative
emission intensity between L and dye moieties in the
luminescence spectra of Rho@CZJ-3-f is almost a constant
for 15 cycles in sensing benzene molecules.

In summary, we have synthesized a luminescent MOF
material containing 1D nanotube channels, for the first time,
and developed a luminescent dye@MOF approach to realize
the first dye@MOF sensor based on two emissions of host and
guest for probing different VOMs. The luminescent
dye@MOF platform represents a significant step forward in
small molecular sensors, owing to the excellent fingerprint
correlation between the solvent and emission peak-height
ratio of ligand to dye moieties. Additionally, because the
richness of organic linkers and dyes can be used to tune their
different excited state energy in the dye@MOF platform, this
very promising luminescent dye@MOF approach should be of
practical use for sensitizing and probing different substrate
molecules/ions by tuning the energy transfer efficiency. Such
a Rho@CZJ-3 sensor is not only more stable and reliable, but
also exhibits higher sensitivity than Rho@CZJ-3, based on the
single-emission intensity of L or dye moiety. The power to
unambiguously recognize VOMs highlights this approach as
a very promising strategy to develop luminescent dye@MOFs
with unprecedented potential applications.
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