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ABSTRACT: A new non-interpenetrated three-dimensional (3D)
pillared-layered TPP-based LMOF [Zn3(TPyTPP)0.5(BDC)3]·
8DMF (denoted as Zn-MOF 1) was successfully prepared
(TPyTPP = tetrakis(4-(pyridin-4-yl)phenyl)pyrazine and H2BDC
= 1,4-benzenedicarboxylic acid). Zn-MOF 1 was characterized by
single-crystal X-ray diffraction, PXRD, IR, N2 adsorption,
thermogravimetric analysis, and luminescent spectrum. Impres-
sively, luminescent sensing studies reveal that activated Zn-MOF 1
not only displays excellent luminescence-quenching efficiency with
the values of high Ksv and low LODs toward 5-hydroxytryptamine
(5-HT) and 5-hydroxyindole-3-acetic acid (5-HIAA), respectively,
but also possesses outstanding sensing characteristics in terms of fast response, high sensitivity, and specific selectivity. Zn-MOF 1
performs as efficient sensing of carcinoid biomarkers to provide a fresh detection platform for the diagnosis of carcinoids. In
addition, the sensing mechanism was also explored on the basis of ultraviolet−visible (UV−vis) absorption, DFT calculations, and
structural analysis.
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1. INTRODUCTION

Biomarkers refer to distinctive biological indicators that reflect
the changes in associations with specific biological process or
disease. By measuring them, the progress of the body’s current
biological process can be learned. Biomarkers have their own
strong points in assessing accurately and sensitively early organ
damage but grope for pathogenesis, which is at the molecular
level. They can be used for disease identification, early
diagnosis and prevention, and monitoring during treatment.1−3

Serotonin (5-hydroxytryptamine, 5-HT), a vital phenolic
amine neurotransmitter synthesized in the raphe nuclei of
the brain, transmits nerve impulses to control body functions,
for example, internal drive, mood, etc.4,5 As we all know, 5-HT
levels are associated with various diseases, e.g., carcinoid,
schizophrenia, anxiety disorder, and Alzheimer’s disease
(AD).6,7 5-HT was found in the blood of patients with
malignant tumors, which originate from the cells of the small
intestinal tract,8 so it is regarded as a distinguishable biomarker
to discriminate carcinoid tumors. In addition, an abnormally
high degree of 5-hydroxyindole-3-acetic acid (5-HIAA), the
dominant metabolite of 5-HT, were measured in urine from
such patients when carcinoid tumors release serotonin. Hence,
owing to 5-HT and 5-HIAA acting as biomarkers, the carcinoid
tumors and carcinoid syndrome can be diagnosed and
confirmed early by the levels of 5-HT and 5-HIAA.9,10 Several
analytical approaches, such as liquid chromatography-mass
spectrometry (LC-MS), electrochemical detection (ED), high-

performance liquid chromatographic luminescent spectra
(HPLC-LD), etc., have been applied to detect 5-HT and 5-
HIAA.11−15 However, there are disadvantages in these
approaches with complicated pretreatment process, costly
apparatus, low efficiency, and long detection time. Addition-
ally, other neurotransmitters like dopamine (DA), epinephrine
(EPI), glutamate (GLU), and norepinephrine (NE) coexisting
in the same systems will reduce the selectivity and sensitivity of
detection. Thus, an alternative method that is facile, fast, and
reusable needs to be developed to detect 5-HT and 5-HIAA
sensitively and selectively.
Metal−organic frameworks (MOFs) are a fascinating type of

porous crystalline materials with periodic network structure
constructed through self-assembly of metal ions or metal
clusters as “nodes” and polytopic bridging ligands as nodal
“linker”, which have demonstrated broad applications in many
fields such as heterogeneous catalysis, chemical sensing, as well
as drug delivery and bioimaging.16−19 By introducing
lanthanide ions or/and luminescent organic ligands, the
resulting luminescent metal−organic frameworks (LMOFs)
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can function as the fluorescent materials to detect ions,
explosives, biomolecules, environmental toxins, etc.20−25

However, up to now, only one lanthanide-MOF-based sensor
has been reported for the detection of 5-HT and 5-HIAA.26

The LMOFs with luminescence originating from luminescent
ligands as chemosensors to detect the biomarkers for carcinoid
tumors still need to be designed and studied.
Tetraphenylpyrazine (TPP)27 and its derivatives, a new kind

of heterocycle-based aggregation-induced emission (AIE)
luminogens with inherent advantages including outstanding
stability, tunable emission color, simple synthetic method, and
facile structural modification, have stimulated a lot of interest
in organic light-emitting diodes (OLEDs) and fluorescence
sensors over the past few years.28,29 By incorporating the TPP
units into MOFs as luminescent ligands, the TPP-based MOFs
can effectively enhance the emission attributed to the
restriction of intramolecular rotation (RIR) of ligands in the
framework by a strong coordinate bond,30 and thus achieve
improved sensitivity for fluorescence detection. Till now, only
a few carboxyl-modified tetraphenylpyrazine-based emissive
MOFs have been constructed and used to detect picric acid,
amino acids, and ions.31−34

Herein, an AIE-active ligand, tetrakis(4-(pyridin-4-yl)-
phenyl)pyrazine (TPyTPP), was prepared by modifiying
tetraphenylpyrazine with four pyridinylphenyl groups. Using
TPyTPP as a neutral ligand and H2BDC as a co-ligand (BDC
= 1,4-benzene dicarboxylate), a new non-interpenetrated three-
dimensional (3D) LMOF with [Zn3(BDC)6]n as layers and
TPyTPP as pillars, [Zn3(TPyTPP)0.5(BDC)3]·8DMF (Zn-
MOF 1), was synthesized and structurally characterized.
Owing to intense emission with an absolute fluorescence
quantum yield (φF) of 20.3%, activated Zn-MOF 1 can be used
as a chemosensor to recognize 5-HA and 5-HIAA.

2. EXPERIMENTAL SECTION
2.1 Preparation of TPyTPP. TPyTPP (Figure 1A) was prepared

by classical Suzuki coupling between 2,3,5,6-tetrakis(4-bromophenyl)-
pyrazine and 3-pyridine boronic acid (Scheme S1). Under N2
atmosphere, 4Br-TPP (0.814 g, 1.16 mmol), 3-pyridine boronic

acid (2.2 g, 18 mmol), and Pd(PPh3)4 (0.80 g, 0.69 mmol) were
added to the mixed liquid of toluene (80 mL) and potassium
carbonate aqueous solution (0.09 g·mL−1, 15 mL). The resulting
reaction mixture was refluxed at 110 °C for 18 h and then cooled to
room temperature. After the removal of the catalyst, the reaction
mixture was extracted with 3 × 25 mL of dichloromethane (DCM),
the organic phases were combined and dried over anhydrous Na2SO4,
and then concentrated under reduced pressure. The crude product
was purified by column chromatography using a mixture of ethyl
acetate: methanol (6:1 v/v) to give white powder of TPyTPP in 50%
yield. 1H NMR (500 MHz, CDCl3), δ (TMS, ppm): 8.67−8.66 (m,
8H), 7.85−7.83 (m, 8H), 7.68−7.66 (m, 8H), 7.55−7.54 (m, 8H).
EIMS (m/z): 693.273 (M+ + 1), 692.26 (M+).

2.2. Preparation of [Zn3(TPyTPP)0.5(BDC)3]·8DMF (Zn-MOF
1). A mixture of TPyTPP (8.3 mg, 0.012 mmol), H2BDC (3.15 mg,
0.012 mmol), and Zn(NO)3·6H2O (7.1 mg, 0.024 mmol), 1mL of
N,N-dimethylformamide (DMF) and 10 μL of nitric acid were added
into a 5 mL glass bottle. After all solids were completely dissolved
under ultrasonication, the glass bottle was heated at 120 °C for 18 h.
The colorless rhombus-shaped single crystals of Zn-MOF 1 were
collected after cooling and washed with DMF three times and dried in
air. Yield: 65%. IR (KBr, cm−1): 3444(w), 3059(w), 2930(w),
2812(w), 1659(m), 1614(s), 1558(w), 1538(m), 1385(s), 1256(w),
1134(w), 1102(m), 1016(m), 888(w), 825(s), 749(s), 675(w),
546(m). Anal. calcd for C72H84N11O20Zn3: C, 53.37; H, 5.19; N,
9.51%. Found: C, 54.33; H, 4.99; N, 9.03%.

2.3. Preparation of [Zn3(TPyTPP)0.5(BDC)3] (Activated Zn-
MOF 1). After the removal of unreacted metal ions and ligands by
washing three times with dry DMF, crystals of Zn-MOF 1 were
immersed in DCM to exchange solvent for three days, in which
supernatant liquid in the glass bottle was poured off and continuously
filled with fresh DCM some times each day till the solvents in the
pores were purged. An activated Zn-MOF 1 sample was obtained at
room temperature under the condition of vacuum. IR (Figure S1)
(KBr, cm−1): 3440(w), 3059(w), 2932(w), 1666(s), 1613(s),
1538(m), 1384(s), 1256(w), 1102(m), 1017(m), 888(w), 824(s),
749(s), 676(w), 543(m). Anal. calcd for C48H28N3O12Zn3: C, 55.66;
H, 2.71; N, 4.06%. Found: C, 56.75; H, 3.06; N, 3.53%.

2.4. Luminescence Titration of Activated Zn-MOF 1. An
aqueous suspension of Zn-MOF 1, obtained by scattering 2 mg of
grounded activated Zn-MOF 1 into 2 mL of distilled water, was
sonicated for 5 min. Then, the luminescence titration experiments
were performed by incrementally adding the analyte aqueous

Figure 1. (A) Schematic diagram of TPyTPP. (B) Coordination polyhedron around Zn2+ ion. (C) Two-dimensional layer formed by SBUs and
NDC2−. (D) Three-dimensional pillared-layered framework of [Zn3(TPyTPP)0.5(BDC)3] with a 1D channel (c-axis).
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solutions (1 mg·mL−1) into the activated Zn-MOF 1 suspension.
After a vortex for 30 s, the luminescence spectra of the suspension
upon excitation at 365 nm were measured in the range of 380−700
nm. The same method was used to do selective experiments by adding
other chemicals (sodium chloride, sodium bicarbonate, potassium
chloride, calcium chloride, L-proline, urea, glucose, 1 mM existing in
blood plasma and creatinine, glucose, creatine, urea, sodium chloride,
potassium chloride, ammonium chloride, sodium sulfate, 1 mM in
urine) into the suspensions of activated Zn-MOF 1 (1 mg·mL−1).

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterizations of Zn-MOF 1.
Colorless crystals of Zn-MOF 1 were synthesized from the
reaction of TPyTPP, H2BDC, and Zn(NO3)2·6H2O in DMF
with HNO3 as a modulator at 120 °C for 18 h. Single-crystal
XRD analysis reveals that Zn-MOF 1 crystallizes in the
monoclinic crystal system with the space group of P21 / c and
features a 3D non-interpenetrated pillared-layered structure
(Table S1), and it comprises of three Zn2+ ions (Zn1, Zn2, and
Zn3), half TPyTPP neutral ligand, and three BDC2− anions
(Figure 1B). The Zn2 ion is coordinated via the six oxygen
atoms of six BDC2− to form an octahedral configuration. The
Zn−O bond lengths are in the range from 2.031(2) to
2.223(2) Å. In contrast with the Zn2 ion in Zn-MOF 1, Zn1 or
Zn3 ion with five coordinating atoms lead to a distorted
pentahedron geometry, in which four O atoms originate from
three independent BDC2− and one N atom from TPyTPP. The
lengths of the Zn−O bond vary from 1.914(3) to 2.394(3) Å
while two of these Zn−N bonds are 1.996(3) and 2.039(3) Å.
The oxygen atoms from μ2-1,3-carboxylate and μ2-1,1-
carboxylate link three Zn2+ ions (Zn1, Zn2, and Zn3) to
form [Zn3(COO)6], the paddle-wheel-type secondary building

unit (SBU), with the zinc−zinc distances of 3.290 and 3.563 Å.
Based on these SBUs linked up with the scaffolds of BDC2−

ligands in the ab-plane, a 44-sqc coordination layer is formed,
in which two [Zn3(COO)6] in a diagonal position are
connected by BDC2− (Figure 1C). The two-dimensional
(2D) layers are pillared by X-shaped TPyTPP tetratopic
ligands to be extended into the 3D framework (Figure 1D).
A more detailed structural analysis shows that there is a grid-

shaped channel system within the framework. When viewed
along the c-axis direction, there exist 1D rhombus-shaped
channels with the dimensions of ca. 21.62 × 12.06 Å2,
measured between opposite atoms (Figure 1D). These large
channels may be potentially useful for the inclusion of guest
molecules for applications such as sensing. The pore volume of
Zn-MOF 1 calculated by PLATON is 7034.0 Å3, which
corresponds to about 68.9% of the void per unit cell (10206.0
Å3 in total).35

Zn-MOF 1 was further characterized by powder X-ray
diffraction (PXRD), thermogravimetric analysis (TGA), and
nitrogen adsorption. PXRD shows that the diffraction peaks of
the as-prepared Zn-MOF 1 are in accordance with the
simulated peaks, which confirms the phase purity of the
samples. Meanwhile, the results of the PXRD pattern confirm
that activated Zn-MOF 1 retains the original framework,
demonstrating that the structure of activated Zn-MOF remains
stable after the removal of solvent molecules by exchange with
DCM. Moreover, activated Zn-MOFs 1 is soaked in water for
24 h to examine the structural stability by PXRD, and the
results show that Zn-MOF 1 has high water stability (Figure
S2).

Figure 2. (A) Emission spectra of TPyTPP with the change in water fractions (λex = 365 nm). (B) Solid-state emission spectra of TPyTPP (black)
and activated Zn-MOF 1 (red) (λex = 365 nm). (C) CIE coordinates of Zn-MOF 1.
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The TGA of the as-prepared samples indicates that a
continuous weight loss of 35.2% (calcd 36.1%) occurs from 25
to 400 °C, corresponding to the removal of the DMF
molecules within the frameworks upon heating (Figure S3).
Further increasing the temperature, a rapid weight loss is
noticed at 400−480 °C, which is attributed to the framework
collapse. A stable platform can be observed on the TG curve
before 410 °C, which illustrates the absence of solvents in the
pores of activated Zn-MOF 1. TGA shows that Zn-MOF 1
exhibits high thermal stability.
Nitrogen adsorption measurement was carried out on

activated Zn-MOF 1 to evaluate its permanent porosity
(Figures S4 and S5). The N2 sorption isotherms at 77 K
display behavior of type IV characteristics, indicating the
microporous nature of Zn-MOF 1.36 The Brunauer−Emmett−
Teller (BET) surface area of activated Zn-MOF 1 is estimated
to be 121.5 m2·g−1 from isotherms.
3.2. Luminescence Properties. To find out the AIE effect

of the TPyTPP ligand, the photoluminescence (PL) behavior
of TPyTPP in the DMF/water system with varied water
fractions ( fW) was inspected. As demonstrated in Figure 2A,
TPyTPP has a weak blue emission at 438 nm in DMF. With a
gradual increase in fW from 10 to 60%, the emission increases
accordingly, while the peak is slightly blue-shifted. When the
fW is more than 60%, a quick increase in emission intensity is
viewed, and the strongest emission is recorded at the fW of
70%. Upon further increment in fW, the emission is gradually
weakened. Because of the worsened solubility of the aqueous
mixture toward TPyTPP, the aggregate formation results in the
enhanced emission and the blue-shifted peak. Simultaneously,
the hindered rotation between the phenyl and pyridinyl rings
of TPyTPP occurred in the aggregate state, featuring the
aggregation-enhanced emission (AEE) characteristics. The
weaker emission of TPyTPP in the mixture of 80 and 90%
fW is probably due to the difference in aggregate morphol-
ogy.37

The solid-state luminescent emission of TPyTPP and
activated Zn-MOF 1 as well as H2DBC ligand were examined
at room temperature (Figures 2B and S6). Free TPyTPP emits
a strong luminescence emission peaking at 439 nm when

excited at 365 nm, while the H2DBC ligand does not have
emission between 400 and 650 nm. The maximum emission of
free TPyTPP can be ascribed to the intraligand electron
transitions from π to π* orbits. Activated Zn-MOF 1 shows a
stronger emission at 451 nm, which has a 12 nm red shift in
comparison to that of free TPyTPP when excited at the same
wavelength. The RIR of TPyTPP brings about changes in the
emission properties because the coordination of the ligand
affects the electronic energy levels. The absolute fluorescence
quantum yield (φF) of Zn-MOF 1 and activated Zn-MOF 1
are 18.0 and 20.3%, respectively, which are much higher than
that of the TPyTPP solid (φF = 7.8%). It is because the
intramolecular constrained motion of TPyTPP in the rigid
framework of Zn-MOF 1 and activated Zn-MOF 1 occurs.
Besides, along with the removal of the highly disordered
solvent molecules, the influence of excited states on the energy
loss will reduce to minimal, resulting in a relatively higher φF
value. As shown in Figure 2C, the CIE coordinates of Zn-MOF
1 is located in the blue region (0.17, 0.18).
Interestingly, the luminescent emission of activated Zn-

MOF 1 is sensitive to pH change. With an increase in the pH
value from 1 to 14, the appearance color of the activated Zn-
MOF 1 suspension changes from green to blue-green and
finally to blue. As shown in Figure 3A, activated Zn-MOF 1 is
green luminescent at a low pH value of 1 and 2, and the
maximum emissions locate at 495 and 492 nm, respectively.
When the pH value increases to 3, the color of the suspension
becomes green-blue and the emission intensity increases
promptly with a blue-shifted emission maximum at 475 nm.
When the pH is more than 3, the color of the suspension turns
blue, while the maximum emission peak shifts further down to
ca. 448 nm. The color changes from green to blue for the pH
value from 1 to 14 are not caused by the collapse of the
framework, which was verified by PXRD patterns of Zn-MOF
1 in different pH as shown in Figure S7. The protonation or
deprotonation of the pyrazine N of TPyTPP ligand in the
aqueous solutions of different acidity may cause these changes,
resulting in changes in the electronic energy levels of the
conjugated backbone in the frame.38 The PL intensity
decreases gradually from pH 4 to 12 and dramatically increases

Figure 3. (A) Emission spectra and (B) intensities of Zn-MOF 1 suspensions in different pH values. The fluorescent photographs of Zn-MOF 1
suspensions with the pH value from 1 to 14 are shown (excited with a hand-held UV light at 365 nm).
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from pH 12 to 14 but remains relatively stable in pH 4−9
(Figure 3B). All of the above results suggest that Zn-MOF 1
may have the potential to serve as a chemical sensor.
3.3. Sensing Performance for 5-HIAA and 5-HT. To

study the ability of Zn-MOF 1 as a luminescent material for
the sensing of 5-HT and 5-HIAA, the method of luminescence
titrations with the addition of neurotransmitters dropwise to
the aqueous suspension of activated Zn-MOF 1 was used. As
demonstrated in Figure 4A,C, after 5-HT and 5-HIAA were
incrementally added to the suspensions of activated Zn-MOF
1, the luminescence intensities decrease drastically with a
maximum quenching efficiency of 82.2% at the 5-HT
concentration of 368 ppm and 91.8% at the 5-HIAA
concentration of 365 ppm (Figure S8A,B), which are easily
recognized by the naked eye (inset of Figure 4A,C). It is
noticed from Figure 4B,D that there exists a linear relationship
between Io/I and concentration at a lower concentration of 0−
46 μM for both 5-HT and 5-HIAA, which can be fitted by the
Stern−Volmer (S−V) equation: Io/I = ksv [Q] + 1 (where Io
and I are the luminescent intensities without and with the
addition of 5-HT or 5-HIAA, respectively; Ksv is the quenching
constant (M−1) and [Q] is the concentration of 5-HT or 5-
HIAA),39 with the values of the correlation coefficient (R2) of
0.9947 and 0.9929 for 5-HT and 5-HIAA, respectively. Then,
the curves of Io/I vs concentration gradually deviated from
linearity with the increase of concentration. The calculated
values of Ksv reach as high as 7.9 × 103 for 5-HT and 3.5 × 104

M−1 for 5-HIAA, which demonstrates that Zn-MOF 1 can
perform as a good luminescent material to detect 5-HIAA as
well as 5-HT accurately. Attractively, the Ksv value of 3.5 × 104

M−1 for 5-HIAA is much higher than the reported value of Ln-
MOF 1.26

Based on the luminescent titration experiments (Figure S9)
and subsequent calculation through the equation of 3σ/k40

(where σ is the standard deviation of blank measurement and k
is the slope of the fitting curves of luminescence intensity vs
concentration in the range of 0−46 μM), the resulting
detection limits (LODs) of Zn-MOF 1 are 0.50 μM for 5-
HT and 0.57 μM for 5-HIAA, which are parallel to that of the
reported Ln-MOF 1 but slightly less than those of the known
methods such as LC-MS, HPLC-LD, ED, etc. (Table S3). The
concentrations in healthy people are 0.5−1.4 μM for 5-HT in
the blood plasma and 16−94 μM for 5-HIAA in the urine,
while the critical values for carcinoid tumor patients are about
1.9 and 126 μM for 5-HT and 5-HIAA, respectively.41,42

Because of the lower LODs than the danger values for
carcinoid tumor patients, Zn-MOF 1 can quantitatively
indicate the level of 5-HT and 5-HIAA.
Fast response and easy reusability of Zn-MOF 1 are very

vital factors for the actual sensing application. As illustrated
from the graph of emission intensity vs time (Figure S10A,B),
the emission intensity decreased significantly and quickly
stabilized within half a minute after adding 5-HT and 5-HIAA,
demonstrating the faster luminescent response than that
reported for Ln-MOF 1. Meanwhile, Zn-MOF 1 was easily
regenerated in the recycling experiment by simply centrifuging
and washing with water. From the PXRD measurements of the
reusable samples (Figure S11), the framework structure of the
recycled Zn-MOF 1 remained unchanged after five rounds of
cycling. Compared with that of the initial Zn-MOF 1, the

Figure 4. Luminescent titration of activated Zn-MOF 1 in water suspension with different concentrations of (A) 5-HT and (C) 5-HIAA. Inset:
photographs of Zn-MOF 1 before and after the addition of 5-HT and 5-HIAA under UV lamp (365 nm). Stern−Volmer plots of (B) 5-HT and
(D) 5-HIAA. Inset: S−V plots at lower concentrations.
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quenching efficiency of the recycled sample is only a small
drop for both 5-HT and 5-HIAA after five cycles (Figure
5A,B). These results unambiguously indicate that Zn-MOF 1
has great potential as a highly sensitive sensor material for
detecting 5-HT and 5-HIAA with excellent stability and
recyclability.
3.4. Selective Sensing of 5-HIAA and 5-HT. As a

practical sensor, it is required not only to have a high response
to the sensing objectives but also high selectivity. Therefore, a
selective experiment of activated Zn-MOF 1 toward coexistent
interferences (DA, EPI, NE, and GLU) and other ingredients
in blood plasma (sodium chloride, sodium bicarbonate,
potassium chloride, calcium chloride, L-proline, urea, glucose)
as well as urine (sodium sulfate, sodium chloride, potassium
chloride, ammonium chloride, creatine, creatinine, glucose,
urea) was performed at room temperature. As illustrated in
Figure 6, other neurotransmitters show much lower quenching

effects than 5-HT and 5-HIAA and will not interfere with the
testing of both. Furthermore, the blood plasma components
except 5-HT do not have an apparent effect on the
luminescence intensity of activated Zn-MOF 1, and a slight
decrease in luminous intensity is confirmed when using urine
components other than 5-HIAA to process the sensing system
(Figure 7A,C).
The anti-interference experiments, which further evaluate

the ability of Zn-MOF 1 to recognize 5-HT or 5-HIAA under

the existence of other species, were also done. As shown in
Figure 7B,7D, the fall in the luminescent intensity caused by 5-
HT and 5-HIAA is nearly unaffected with other components in
the blood plasma and urine, which proves that activated Zn-
MOF 1 possesses impressive high selectivity and the capacity
to resist disturbance. Based on the above result, we have reason
to believe that Zn-MOF 1 can potentially be utilized as a highly
selective sensor for detecting 5-HT and 5-HIAA.

3.5. Sensing Mechanisms. To understand the quenching
effects of 5-HT and 5-HIAA on the luminescence of activated
Zn-MOF 1, the possible quenching mechanisms were
investigated. According to the photoinduced electron transfer
(PET) theory, electron transfer from TPyTPP to the analyte
occurs if the TPyTPP ligand of Zn-MOF 1 has a higher
LUMO energy level than the analyte, leading to the
luminescence quenching.43 The shapes and relative energy
levels of HOMOs and LUMOs of TPyTPP and analytes (5-
HT, 5-HIAA, DA, EPI, NE and GLU) are calculated by density
functional theory (DFT) at the B3LYP/6-31G level (Figure
S12 and Table S4). It can be seen that the LUMO of TPyTPP
in Zn-MOF is lower than that of all analytes, which illustrates
that there is no PET process for luminescence quenching.
Concerning the quenching mechanism by static or dynamic

states, the luminescence lifetimes (τ) of activated Zn-MOF 1
with and without analytes were studied. The value of τ in the
presence of 5-HT or 5-HIAA is apparently shorter than that at
the origin, concluding that the dynamic quenching process is
dominant (Figure S13).44

Ultraviolet−visible (UV−vis) absorption spectroscopy was
used for the exploration of the quenching mechanism. It can be
obviously observed that there are no spectral overlaps between
the absorption spectra of 5-HT/5-HIAA and the emission
spectrum of activated Zn-MOF 1 (Figure S14), thus
fluorescence resonance energy transfer (FRET) is not the
cause of luminescence quenching either.
Probably other mechanisms exist to explain the lumines-

cence quenching, that is the competitive absorption of
irradiated light energy by analyte and ligand.45 If there is an
adequate overlap of the absorption band between the analyte
and the ligand of MOF, the luminescence quenching will
occur. In comparison to other neurotransmitters, the UV−vis
spectra of 5-HT and 5-HIAA showed a significantly larger
overlap with the absorption spectrum of TPyTPP than DA,
EPI, and NE. Moreover, there is no absorption band for GLU
(Figure S15). As shown in Figure 5, 5-HIAA and GLU show
the highest and the lowest quenching efficiency, respectively.
More the spectral overlap between the absorption band of
TPyTPP and the analyte, the higher the quenching efficiency,
which means that 5-HT and 5-HIAA can absorb excitation

Figure 5. Quenching efficiencies of activated Zn-MOF 1 toward 5-HT (A) and 5-HIAA (B) in different cycles.

Figure 6. Quenching effects of Zn-MOF 1 with varied concentrations
of 5-HIAA, 5-HT, DA, NE, EPI, and GLU.
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energy more efficiently than other neurotransmitters. This
phenomenon reveals that the quenching efficiency is positively
related to the extent of band overlap. Moreover, the quenching
efficiency of 5-HIAA reaches 91.8%, which is obviously higher
than that of 5-HT, although 5-HIAA and 5-HT have similar
spectral overlaps to TPyTPP. To further understand the
difference, the structures of 5-HT and 5-HIAA are investigated.
The approximate sizes of 5-HT and 5-HIAA in length and
width are 9.54 Å × 5.11 Å and 9.63 Å × 5.34 Å, respectively.
Both molecules can easily enter into the rhombus channel with
the size of 21.62 Å × 12.06 Å in Zn-MOF 1 (Figure 1D).
Although the structure and size of both are similar, 5-HIAA is
an organic acid, while 5-HT is an organic amine. The acid−
base interaction between the carboxyl group of 5-HIAA and a
N atom of the pyrazine core of TPyTPP in the channel is
helpful to promote the electron transition resulting in higher
quenching efficiency.
The competitive absorption of a light source is mainly

responsible for the quenching phenomenon of Zn-MOF 1 by
neurotransmitters, and the acid−base interaction also
promotes the quenching efficiency.

4. CONCLUSIONS

In summary, a 3D pillared-layered TPP-based LMOF
[Zn3(TPyTPP)0.5(BDC)3]·8DMF (Zn-MOF 1) has been
constituted for detecting 5-HT and 5-HIAA. The change in
the pH value obviously affects the emission of Zn-MOF 1.
Activated Zn-MOF 1 shows high quenching efficiencies toward
5-HT and 5-HIAA with a quick response. Meanwhile, activated
Zn-MOF 1 also exhibits excellent selectivity even in the
presence of other neurotransmitters and the main coexisting
species in blood plasma and urine. Furthermore, activated Zn-
MOF 1 retains good structural stability after five sensing cycles,
revealing that it can perform as a reusable luminescence sensor.
As far as we know, luminescent Zn-MOF 1 is the second
example of LMOFs for the detection of 5-HT and 5-HIAA
with high sensitivity and selectivity.
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