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ABSTRACT: Hybrid fluorescent metal−organic frameworks
(MOFs) use long-range intermolecular structural motifs in
which the properties of the scaffold molecular system can be
designed for specific applications. In this work, we constructed
a MOF−chromophore system with a strongly polarized
fluorescence and a large emission wavelength shift. To achieve
this, we first devised a fluorophore with a linear conjugated
backbone, bulky and noninteracting side chains, and easily
accessible nitrogen atoms on its pyridine end groups. The
linear nature of the conjugated backbone can lead to a strongly
polarized luminescence, the side groups assist structural
stability and minimize intermolecular interactions, and the sterically accessible pyridines provide a large fluorescence color-
changing ability. These features were demonstrated by synthesizing a planar Zn-based MOF in which the linear backbone of the
chromophore molecules was highly aligned. The MOFs demonstrated a strong polarization effect and a color-shifting ability
from green-yellow to orange. The results show that hybrid metal−organic materials can be designed to generate a strong
command of the material luminescence, in terms of both emission color and polarization.

■ INTRODUCTION

Organic chromophores are widely used for biological
imaging,1,2 biorecognition,3 sensing,4,5 and laser applications.6

These functions generally require a chromophore with good
photostability and high fluorescence quantum yield. For many
applications, the fluorescence should also change controllably
in response to certain environmental stimuli. For example,
chemical sensing of pH5 or explosives7 is often achieved by
measuring the fluorescence quenching due to charge transfer
between the chromophore and the analyte.8 For biological
imaging, a color change can indicate the presence of specific
biogenic conditions,9 and wide control over the emission
wavelength is important for display technologies and tunable
lasing applications.10 Color-changing chromophores also have
potential applications for monitoring the integrity of pipelines
and other structures used for oil and gas extraction or wind
energy.11

Solvent-mediated changes in the absorption or fluorescence
spectrum of π-conjugated organic chromophores are well
known. The polarity of the host solvent can modify the
electronic structure of organic chromophores (i.e., solvato-
chromism) including coumarins,12,13 indoles,14 hemicya-
nines,15 pyrazines,16 fluorescein,17 and many others. Whether
the energy gap increases or decreases depends on the degree of

stabilization of the ground and excited states.18,19 Neglecting
specific solvent interactions, the overall scale of the
solvatochromic shift is related to the relative difference in
the dipole moments associated with the levels involved in the
luminescent transition.20 Building these switchable fluorescent
properties into metal−organic frameworks (MOFs) in which
the ligand chromophores can be strongly aligned suggests a
means to achieve exceptional control over the luminescence, as
compared to the absorption-based color changes recently
reported.21−23

Charged species in the solvent can also weakly bind to the
chromophore, redistributing its electronic states and changing
the resulting absorption and luminescence spectra. This
mechanism is of great interest in the development of
luminescent pH detectors and chemosensors. It is especially
common in conjugated molecules having cyano or pyridine
groups due to the susceptibility of the nitrogen atoms to
protonation.24−29 Protonation can cause large changes in the
energy gap of many conjugated organic chromophores, often
due to extensive electronic delocalization in the excited
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state.30,31 Fluorescence quenching can also occur upon
protonation of molecules that emit via internal charge
transfer.32 However, the properties of crystalline phases
exposed to protonating or deprotonating agents have been
reported in only few cases,25 and in the case of luminescent
MOFs, only a quenching effect has been observed to date,33

suggesting potential applications in explosives sensing.34−36

In this work, we synthesize a linear aromatic scaffold of the
distyrylbenzene class, in which the outer benzenes are replaced
by reactive and accessible pyridine groups. The molecule was
designed as a platform for hybrid structures such as metal−
organic frameworks (MOFs) and metal−ion complexes in
which the luminescence properties such as emission wave-
length and polarization states can be controlled. The large
amount of recent work on protonation-induced quenching and
color shifts in luminescent dyes implies novel applications of
these chromophores as scaffolds for larger complexes and
solid-state materials exhibiting extensive control over the
fluorescent properties. MOFs in particular are of interest for
novel solid-state luminescent materials,37−39 but polarized and
color-controlled luminescent MOFs have not yet been
reported.

■ EXPERIMENTAL SECTION

A linear organic chromophore [bis(4-pyridyl)dineopentoxyl-p-phenyl-
enedivinylene (Np-P4VB)] was synthesized as the fluorescent
scaffold. It has a conjugated backbone consisting of one benzene
ring and two terminal pyridines having the nitrogens in the highly
accessible fourth position, as well as bulky neopentoxyl side groups
intended to minimize intermolecular interactions (a structural
diagram is shown in the inset of Figure 1b). We recently described
the synthesis of Np-P4VB in detail10 and the same procedure was
used here.
The accessibility of the pyridyl groups in Np-P4VB for

coordination with metal ions allows incorporation of this

chromophore as a building unit in the MOF structure. We previously
demonstrated that a similar chromophore with methoxy substituents
instead of neopentyloxy forms microcrystalline-pillared “TDC-MOF-
7” upon reaction with 9,10-triptycenedicarboxylic acid (H2TDC) and
zinc nitrate in dimethylformamide (DMF).40 However, the small size
(a few micrometers) and irregular shape of the resulting crystals
hindered any single-crystal photonic application of the material. The
unsatisfactory results in terms of crystal size and shape may have
originated from the poor solubility of the methoxy-substituted
chromophore. Furthermore, TDC-MOF-7 rapidly decomposed after
removal of the guest DMF molecules from the MOF scaffold. We
hypothesized that all these negative features could be diminished
upon utilization of a chromophore with bulkier substituents.

In a typical reaction, dissolution of equimolar amounts of Np-
P4VB, H2TDC, and Zn(NO3)2·4H2O in DMF with, e.g., 10 mM
concentration of zinc gave a homogeneous orange reaction mixture,
which was subsequently filtered and heated at 90 °C. Formation of
bright-yellow crystals of Np-P4VB TDC-interlinked MOFs (TDC-
MOF-8) on the walls of the reaction vessel occurred within few hours.
The reaction was continued for 1−2 days. After removal of the
supernatant, washing with pure DMF by decantation, exchanging the
washing solvent to CH2Cl2, and subsequent drying in vacuo, solvent-
free MOF material was prepared with yields of up to 75% (calculated
for Zn). Fourier-transform infrared spectrum indicated the presence
of some amine contaminations in the MOF, but no free DMF. Certain
variations of crystal habit and size were observed in experiments with
different ratios of the reagents, different concentrations, different
solvents, e.g., diethyl formamide, or N-methylpyrrolidone, different
temperatures, or in presence of various additives. Particularly, addition
of acetic acid improved the shape and size of the TDC-MOF-8
crystals (Figure S1).

The crystalline product was analyzed by powder X-ray diffraction at
room temperature using a STOE Stadi P diffractometer equipped
with a Ge (111) monochromator for Cu Kα1 radiation (λ = 1.54056
Å) and a Dectris Mythen DCS 1 K solid-state detector. Alternatively,
a PANalytical Empyrean diffractometer was used.

Fluorescence spectroscopy was performed using the 351−364 nm
lines of an Ar+ ion laser as the excitation source and an intensity-
calibrated miniature spectrometer from Ocean Optics. Fluorescence
lifetimes were measured using a picosecond pulsed diode laser at 405
nm (Alphalas GmbH) interfaced to a HPM-100-50 photomultiplier
tube from Becker−Hickl with a response time of ∼200 ps. The decay
traces were obtained using the SPC-130 module from Becker−Hickl.
Absolute quantum yield (AQY) was measured in an adapted
integrating sphere with a 405 nm light-emitting diode (LED)
excitation source. Fluorescence microscopy also used a 405 nm
LED for excitation equipped with a setup for measuring the
fluorescence polarization state.

■ RESULTS AND DISCUSSION

We start by investigating the solution properties of the
fluorescent Np-P4VB chromophore used as the MOF scaffold.
The dry material formed fibrous yellowish needles up to
several mm in length with a green-yellow fluorescence peaking
at ∼550 nm. The Np-P4VB crystals dissolved well in a variety
of common solvents including toluene, dimethyl sulfoxide,
ethanol, DMF, hexane, and several others (Table 1). In pure
solvents, the solution fluorescence spectra peaked in the teal or
blue part of the spectrum (Figure 1a,c), while the absorption
spectra were characterized by two peaks, one in the UV and
the other in the violet region (Table 1 and Figure 1b). The
absolute quantum yield varied from 50 to 68% in various pure
solvents. The fluorescence lifetimes showed a single
exponential decay (Figure S2) with lifetimes between 1 and
3 ns (Table 1).
The PL and absorption wavelengths are related to the static

dielectric constants (ε) of different solvents, with the

Figure 1. (a) Photograph of Np-P4VB (2.0 mM, except cyclohexane
at 0.7 mM) dissolved in various solvents. The photograph was taken
under a blacklight. The corresponding absorption and photo-
luminescence spectra are shown in (b) and (c), respectively. The
data are normalized to clearly compare the peak wavelengths for the
various solvents.
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luminescence shifting toward longer wavelengths for larger
values of ε (Figure 2a). Within the set of solvents having a

uniformly low dielectric constant (i.e., ε < 3), the wavelength
shift could still be correlated with related parameters such as
the polarity index41 (Figure 2b). Thus, the solvent polarity
plays a clear role in the positive solvatochromic shift in Np-
P4VB luminescence, which can be extended over a range of
about 35 nm from deep blue to teal green. Some scatter in the
data can be related to a variety of secondary effects related to
specific solute−solvent interactions.42

In general, the AQY increased for a longer-wavelength
emission, as did the nonradiative luminescence decay time
(Figure 2d), where the radiative and nonradiative decay times
were extracted from the AQY and the overall luminescence
decay assuming a two-level system. However, there was no
relationship between the radiative lifetime component and the
other parameters (Figure 2c). Similar trends were observed
when these parameters were plotted as a function of the
absorption peak wavelengths. Thus, the solvent appears to
affect the nonradiative decay mode more strongly than the
radiative one, implying that the purely vibrational decay modes
become less probable as the solvent polarity increases.
Stronger effects were observed when the solvent contained

impurities that can interact with the pyridine groups, as shown
by the addition of the nitrate of Zn2+ or an acid (H+), which

shifted the luminescence from blue to green or red,
respectively (Figure 3a). For a concentration of 10 μM Np-

P4VB in ethanol, the PL shift from blue to red saturated at
∼100 μM HCl, i.e., 10 times higher concentration as compared
to that of the base chromophore. At higher chromophore
concentrations above 1 mM, the ratio became closer to 1:2,
which is suggestive of double protonation as expected on the
basis of the molecular structure.
The PL peak did not shift uniformly from blue to red with

increasing acid concentration, rather the blue peak was
gradually quenched while the red one became stronger (Figure
3b,c). The red emission showed a double-peak structure at
lower concentrations, gradually becoming a single-skewed
emission band. Several previous studies have shown that

Table 1. Absorption and Fluorescence Characteristics of Np-P4VB in Different Solvents

solvent λabs,1 (nm) λabs,2 (nm) λPL (nm) τ (ns) AQY (%)

acetone 328 398 464 2.24 58

benzene 328 (303) 394 (388) 459 2.02 59

cyclohexanea 325 389 444 1.86 50

dioxane 328 395 461 2.24 55

DMF 331 (307) 402 (394) 473 (525) 2.37 59

ethanol 331 398 472 2.35 61

toluene 328 398 458 1.89 55

DMF, Zn(NO3)2 318 (325) 419 (426) 537 (574) 3.09 49

Zn-MOFs 513 2.09

DMF, HCl 366 (347) 460 (462) 591 (613) 2.83 25

Zn-MOFs,HCl 600 2.43
aThe concentration of all solutions was 2.0 mM Np-P4VB, except for cyclohexane, which had to be lower one of 0.7 mM to prevent precipitation.
The concentration of HCl and Zn(NO3)2 was 500 mM. The values in brackets are from the density functional theory (DFT) calculations described
below. The errors in the experimental peak positions (i.e., the wavelength with the maximum photoluminescence (PL) intensity) were less than
±0.3 nm as determined by several repeat measurements of each solution.

Figure 2. Relationship between the PL peak wavelength and (a) the
static dielectric constant; (b) the polarity index; (c) the radiative
lifetime; (d) and the nonradiative lifetime in various pure solvents
(Table 1).

Figure 3. (a) Fluorescence spectra and photographs of Np-P4VB (2
mM) in ethanol and with Zn2+ and H+ (500 mM Zn(NO3)2, 500 mM
Hg(NO3)2), and 100 mM HCl, respectively. (b) Blacklight photo-
graph of Np-P4VB (10 μM) in ethanol with different acid
concentrations shown; the corresponding photoluminescence spectra
are shown in (c). There is a hint of a double-peaked emission for
intermediate acid concentrations, possibly suggesting a mixture of
singly and doubly protonated states.
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aromatic molecules with this color-shifting property can be
used as a sensitive pH sensor.43 Here, a simple analysis of the
PL peak position yielded a solvatochromic 3σ detection limit
of 8 μM for HCl in water (pH = 5.1) at a chromophore
concentration of 10 μM, which is similar to other color-shifting
chromophores44 and commercially available pH-sensitive
dyes.45

To understand the role played by specific chromophore−ion
interactions as the origin of the solvent-mediated shifts in the
luminescence, a quantum chemistry analysis was performed.
This was based on density functional theory (DFT)
implemented in the Gaussian software package. The
calculations used the CAM-B3LYP exchange-correlation func-
tional and a 6-31++G(d,p) Gaussian basis set. Solvent effects
were accounted for using the PCM implicit solvation model.46

Specific interactions with ionic species in the solvent were
captured from an explicit introduction of the species in the
calculation. Optical absorption and emission properties were
simulated using time-dependent DFT, neglecting vibrational
effects, using the ground- and first-excited-state-optimized
structures. The predicted DFT values are reported in brackets
in Table 1.
The simulated absorption spectrum was dominated by two

intense peaks in the 300−350 nm region and the 400−460 nm
region (Figure 4a). By modifying the dielectric environment to
match with values reported for DMF and benzene solvents, we
recovered the experimental solvatochromic trend, with the
calculations predicting the correct ordering for the two
solvents. This finding agrees with the observed solvatochrom-
ism in Figures 1 and 2, pointing to a dielectric polarization
origin. The first excited state was simulated with a good
quantitative accuracy, matching with the experimental value

within less than 0.1 eV. The accuracy of the second excitation
was somewhat lower, matching the experimental value within
0.3 eV.
Upon introduction of Zn2+ and H+ cations in the vicinity of

the nitrogen group of pyridine, a significant redshift was
observed at the theoretical level, in agreement with the
experimental trend. The simulated first excitation peaks after
binding at the nitrogen sites were also in good quantitative
agreement, matching the experiment values within 7 nm. This
directly points to the role of specific ion binding as the origin
of the high control over the molecular luminescence. The
successive introduction of first and second protons led to an
intermediate peak shift (Figure 4a), confirming the pH
sensitivity of the molecule and suggesting that partial
protonation might be the origin of the double-peak structure
in Figure 3c.
The first excited state natural transition orbitals (NTO)47

for both neutral and fully protonated molecules (Figure 4b)
showed that specific ion binding did not affect the nature of
the transition, which was still a clear HOMO to LUMO π−π*

transition dominating the NTO analysis (0.96 coefficient).
However, ion binding promotes a better orbital delocalization,
especially in the LUMO state in the region of the external
rings. At the structural level, the specific ion binding led to a
smaller twist angle between the central and external aromatic
rings (19 vs 11°). This implies an increasingly extended
conjugation that is induced and controlled by the presence of
ions in the solution.
The emission wavelength was computed at the TD-DFT

level and taking the Stokes shift into account (Table 1). Those
were qualitatively in agreement with the experimental results.
The absolute match with the experimental emission peaks was

Figure 4. (a) Absorption spectra of Np-P4VB computed at the time-dependent density functional theory (TD-DFT) level in different solvent
environments. (b) Orbitals involved in the first transition (the highest occupied molecular orbital (HOMO) on the left and the lowest unoccupied
molecular orbital (LUMO) on the right), as obtained from the natural transition orbitals (NTO) analysis, for the neutral and fully protonated
species in DMF.

Figure 5. Illustration of the structure of TDC-MOF-8. The Np-P4VB (blue) scaffold links the Zn-TDC square arrays into a slightly tilted layered
structure.
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less accurate than that for the absorption peaks, but the largest
difference is still reasonable, within ∼0.3 eV for the neutral
species. The trend that prevailed for the absorption spectra was
still observed for the emission spectra, and the capture of ion
provides the same control for both emission and absorption.
Experiments and the DFT calculations agree that Np-P4VB

shows extensive fluorescence wavelength tunability. This can
be attributed to the excellent steric accessibility of the nitrogen
atoms and the bulky, protective side groups that minimize
intermolecular interactions. These properties, combined with
the linear structure of the conjugated backbone, suggest that
Np-P4VB is an excellent candidate for the formation of more
complicated molecular structures with extensive luminescence
control.
After fully characterizing the chromophore, the next step was

to demonstrate its ligand role in a metal−organic framework.
We initially hypothesized that this might preserve the color-
changing ability while taking advantage of the linear
conjugated backbone to create a highly polarized and
switchable emission. Following the procedure described in
the Experimental Section, we built a “pillared” paddle wheel
Zn-MOF in which the Np-P4VB served as the network of
coordinating ligands (“TDC-MOF-8”; Figure 5). Each paddle
wheel cluster in this MOF is formed by two Zn2+ ions
interlinked by four μ-O,O′-coordinated carboxylic groups of
four TDC units. Each TDC unit thus interconnects two di-zinc
clusters, resulting in two-dimensional ZnTDC layers with a
square array topology. These layers are linked by the Np-P4VB
via coordination to the axial positions of the paddle wheel Zn2+

clusters at the each of the two pyridine end groups. According
to the PXRD (Figure S3), the resulting MOF has a monoclinic
unit cell and is stabilized by large neopentyl side groups, which,
unlike in previous work,40 at least partly fill the voids between
the fluorescent linkers.
The increased stability of TDC-MOF-8 allows removal of

the solvent from the MOF pores without the complete
destruction of the coordination network observed in related
MOFs.34 The color of the guest-free TDC-MOF-8 was stable
and remained yellow after prolonged air exposure (weeks). Re-
solvation in DMF resulted in the reappearance of the PXRD
reflections inherent to the originally synthesized MOF.
The Np-P4VB MOFs formed layered square platelets up to

∼150 μm on their long edges (Figure 6a). This structural motif
is consistent with the PXRD results and the crystal structure
proposed in Figure 5. The layered appearance ultimately
resulted in square platelets that were typically ∼2 μm thick.
The facets of the MOF platelets were not perfectly smooth but
typically contained few small (∼5 μm) square cavities or
depressions. The platelets tended to stack into “book-like”
clusters that could be up to tens of micrometers thick.
The MOFs were characterized by a visibly greenish-yellow

fluorescence, which peaked at 513 nm (Figure 6b), a value that
is similar to that reported in Table 1 for the interaction of Np-
P4VB with Zn2+ ions in solution. The fluorescence was found
to be polarized nearly perpendicular to the platelet surfaces
(Figure 6c). The polarization anisotropy, A, was measured with
the viewing direction parallel to the excitation direction, and
the both excitation and emission polarizations maintained
parallel to each other but rotated with respect to the MOF
crystals. Randomly oriented chromophores or those in which
the emission transition moment is randomly oriented will have
an anisotropy of zero. For the Np-P4VB MOF viewed edge on,
the anisotropy measured as described above ranged between

0.7 and 0.8, where A = (I∥ − I⊥)/(I∥ + 2I⊥) and the symbols
represent the fluorescence intensities measured parallel and
perpendicular to the platelet surface normal, respectively.
Fluorescence emitted in a direction parallel to the platelet
surface normal, however, showed little evidence of polarization
(A = ∼0). Thus, the polarization anisotropy strongly favors the
direction of the conjugated backbone of the Np-P4VB in the
crystalline MOF structure illustrated in Figure 5, yielding a
highly polarized luminescence parallel to the platelet normal.
To demonstrate the fluorescence color-changing ability, the

MOFs were then exposed to HCl vapors to protonate them. A
droplet of 12 M HCl was placed ∼5 mm from the location of
the MOFs and the protonation-induced fluorescence change
was observed over a period of several minutes. In some
experiments, the MOFs were fumed by holding them over a
beaker of HCl. While no differences were observed in the
overall MOF shapes or structures after fuming (Figure 6a,e),
the initially yellowish fluorescent platelets changed to reddish
orange (Figure 6b,f). Throughout this process, the polarization
anisotropy remained statistically unchanged (Figure 6d,h) in
the range of 0.7−0.8, within the variations from different
individual grains and viewing angles with respect to the platelet
normal.
The strong polarization anisotropy arises because the MOF

structure enforces a high degree of orientation on the linear
Np-P4VB scaffold molecules. The anisotropy is one of the
highest seen so far (e.g., see ref 48) due to the consistent
alignment of the structural Np-P4VB scaffold, which appears to
remain intact throughout the interaction with HCl fumes. This
shows that the selection of a ligand with a linearly conjugated
backbone and a MOF structure that enforces a consistent
ligand orientation, combined with possible waveguide polar-
ization effects within each thin MOF platelet, can lead to a
nearly complete luminescence polarization, which, in this case,
can even survive the protonation reaction and associated color
change.
The location of the H+ and the corresponding counterion in

the protonated MOF structure can be speculated on the basis
of the absorption of HCl via the formation of carboxylato-
chlorozincate clusters49 with simultaneous protonation of
pyridine units of the Np-P4VB ligand. The latter can remain
in proximity to the zinc clusters via hydrogen bonding to the
carboxylate group, which would maintain the overall highly

Figure 6. Structure and luminescence of Np-P4VB MOFS before (a−
d) and after (e−h) fuming with HCl. (a) Helium ion image of MOF
platelets; (b) fluorescence image showing a cluster of MOFs; (c)
MOF fluorescence spectrum; and (d) fluorescence polarization curve
taken in the directions illustrated with respect to the MOF platelets.
Panels (e) and (f) are the same as the first four panels after fuming the
MOFs with HCl.
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aligned network similar to those observed in protonated amino
acids50 and also paddle wheel Zn-carboxylate structures with
axially coordinated chloride ligands.51 The presence of chloride
within the HCl-fumed MOF crystals was clearly evidenced by
energy-dispersive X-ray (EDX) analysis (Figure S4), though
the quantification, e.g., of Zn/Cl ratio is not possible due to the
lack of a suitable standard. Protonated crystals exhibit a PXRD
pattern similar to the solvent-free dried MOF for which the
reflections due to ZnTDC layers were predominantly
detectable (Figure S5). This suggests a slight loss of structural
order upon protonation.
The MOFs could be induced to switch back at least partly to

their original color by exposure to concentrated NaOH (Figure
7). This suggests that at least some of the H+ and its
counterion are not very strongly bound into the MOF
structure. However, even after several days, we did not observe
a complete reversal to the original green-yellow color, whereas
the original transition from yellow to reddish takes only a few
minutes. Thus, while the MOF switches readily toward longer
wavelengths, the removal of the acid is difficult and only a
partial reversal could be observed. The rate and degree of color
changes were frequently observed to be faster in the case of the
smallest MOFs (Figure S6), suggesting that better reversibility
can be obtained by controlling the size of the MOF platelets.
We further tested the color change under exposure to fumes

of trifluoroacetic acid and acetic acid, which have fairly
different counterion sizes. No consistent differences were
observed in response to these different acids that could not be
explained as a result of their different acidity. While these acids
do have quite different sizes as compared to HCl, they all
remain significantly smaller than the interplanar spacing of the
MOFs (Figure 5). With such a large spacing, there is limited
ability to select different acids within the size range of the three
investigated acid counterions. Contact with liquid acid or
solution, however, caused the MOFs to change color instantly
and caused an obvious loss of structural integrity.
The photophysics of the MOFs was further investigated by

measuring their luminescence lifetimes. The luminescence
lifetimes of the MOFs were found to be slightly shorter than
those of equivalent pure solvents (e.g., by comparing the Zn/
MOFs in DMF with the pure dye in DMF with dissolved Zn2+;
Table 1). This result is likely due to FRET-related carrier
migration and recombination at surface-related defects. While
the Zn-MOFs developed here are much larger than those for
which similar lifetime decreases were reported,52 the individual
wafers from which the platelets are constructed are
submicrometer in scale, as observed by ion microscopy (Figure
S7). Thus, carriers are likely to meet interfacial defects after
traveling relatively short distances compared to the size of the

whole platelets, consistent with the shorter observed
luminescence lifetimes.
This TDC-MOF demonstrates color switching, compared to

a recent study in which only a quenching effect was reported
and suggested as a possible MOF-based pH-sensing mecha-
nism.33 The ability to generate at least partly reversible
fluorescence switching is considered more desirable for
fluorescence-based sensing applications,8 since the dual-
channel measurement leads to lower signal-to-noise ratios
and an improved sensitivity. Furthermore, the dominant
emission into one polarization can improve the performance
of hybrid fluorescent systems for light emission, sensing, or
lasing applications. Presumably, the formation of different
coordination frameworks, for example, using different metal
cations, might permit the creation of MOFs whose
fluorescence color could be “dialed in” for any specific
application.

■ CONCLUSIONS

We developed a simple organic chromophore that shows a
striking fluorescence response to changes in the chemical
environment. Its solvatochromic shift results in tunable
luminescence through the blue and teal parts of the spectrum.
Interaction with the surrounding ions causes even stronger
changes, resulting in green or red luminescence. The strong
luminescence color control arises from ion binding at the
nitrogen sites, which tunes the degree of charge delocalization
through the conjugated backbone of the molecular structure.
Given the excellent fluorescent properties such as a high
quantum yield, good photostability, and relative lack of
intermolecular interactions due to large side chains, Np-
P4VB is a candidate fluorescent scaffold in metal−organic
frameworks with extensively controllable fluorescence proper-
ties. In this work, we developed a zinc-based paddle wheel
MOF that forms well-defined platelets in which the molecular
framework enforces the alignment of Np-P4VB along the
principle axis. The resulting luminescence was highly polarized
while also demonstrating a strong color-changing ability. The
stacked MOF platelets shifted from a greenish-yellow to a red-
orange fluorescence upon exposure to HCl fumes, without any
visible degradation of the platelet structure, and could at least
partly recover the original spectrum. This work demonstrates a
fluorescent MOF that preserves a high degree of polarization
anisotropy and color-switching ability, suggesting possible
hybrid material routes toward robust experimental control over
the light emission properties.

Figure 7. (a) As-synthesized TDC-MOF-8; (b) after fuming with HCl vapors for several minutes; and (c) after subsequent exposure to
concentrated NaOH for 24 h without direct contact. The initially yellow MOFs turn orange (with a corresponding change in the PL spectrum);
after exposure to NaOH, they appeared to at least partly deprotonate, leading to a yellow−orange color.
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