Taming Metal-Organic Framework (MOF)-Based Luminescence

Sensing through Open-Metal Site Regulation

Zongsu Han,'’ Yifan Guo,>® Rongran Liang,'’ Kun-Yu Wang,""* Yihao Yang,!
Mengmeng Wang,* Yann Garcia,* Peter R. Taylor,> Wei Shi,>" and Hong-Cai Zhou"*

"Department of Chemistry, Texas A&M University, College Station, Texas 77843, United States.
2Health Science Platform, Tianjin University, A203, Bldg. 24, 92 Weijin Rd., Nankai Dist., Tianjin
300072, China. 3Frontiers Science Center for New Organic Matter, Key Laboratory of Advanced
Energy Materials Chemistry (MOE), and State Key Laboratory of Advanced Chemical Power
Sources, College of Chemistry, Nankai University, Tianjin 300071, China. *Institute of Condensed
Matter and Nanosciences, Molecular Chemistry, Materials and Catalysis (IMCN/MOST),
Université catholique de Louvain, 1348 Louvain-la-Neuve, Belgium. Correspondence and requests
for materials should be addressed to H.-C. Z. (email: zhou@chem.tamu.edu)

ABSTRACT

Open metal sites (OMSs) represent a distinctive feature of metal-organic frameworks (MOFs),
intertwined with guest accommodation and energy transfer within nanosized pores. Fine-tuning
OMSs provide an effective approach to regulating MOF’s responsiveness and binding affinity
towards guests, allowing for the construction of luminescent sensors for specific analytes. Such a
strategy remains unexplored due to the inherent complexity of the systems and sensing mechanisms.
Herein, we delicately regulated the OMSs in PCN-700 through multiple synthetic methodologies.
The resultant MOF's consist of Zrs-clusters featuring various coordination numbers. Notably, PCN-
700-8u with unsaturated 8-coordinated Zr-clusters exhibited the highest sensitivity in detecting
pentachloronitrobenzene due to the presence of coordination interaction, as validated through single
crystal X-ray diffraction. Additionally, PCN-700-10u/12u bearing unsaturated 10/12-coordinated
clusters perform lower quenching efficiencies than PCN-700-8u, but higher than PCN-700-12s with
saturated clusters. Besides, all these MOFs perform similar quenching efficiencies towards
hexachlorobenzene for the absence of coordination interaction. This study not only develops a cost-
effective and easily-attainable material for pentachloronitrobenzene detection, but also illuminates
the pivotal importance of OMSs in customizing MOF-based sensors for practical requirements.

Introduction

Given the advancement in agricultural techniques, the widespread application of pesticides and
insecticides has become increasingly pivotal in modern society and production. However, these
chemicals can be preserved within soil and water bodies for years, posing significant threats to
public health and safety.!/”) Certain pesticides and insecticides are even known to exhibit
carcinogenic properties.>#1 Pentachloronitrobenzene (PCNB), an organochlorine fungicide
primarily utilized in soil and seed treatment, has been globally applied for many years. Unfortunately,
recent reports indicate the potential toxicity of PCNB towards both crops and mammals, raising
concerns about its potential carcinogenic effects on humans.>®) Hexachlorobenzene (HCB), a
byproduct stemming from PCNB production, previously utilized as a pesticide, has been categorized
as persistent organic pollutants in the Stockholm Convention due to its substantial toxicity.[-*! Hence,
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the development of an effective and real-time sensing method for PCNB has become imperative for
detecting environmental residues and ensuring the pesticide’s purity. Considering the structural
characteristics, the nitro group present in PCNB demonstrates the ability for coordination, thereby
indicating its plausibility to be recognized.

Open metal site (OMS) represents a significant feature of metal-organic frameworks (MOFs),
particularly while combined with nanosized pores, showcasing remarkable properties for a wide
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array of applications, such as gas storage, selective separation, and catalysis.!
sensing has been recognized as an effective sensing method for various analytes, including metal
ions, solvents, volatile organic compounds, persistent organic pollutants, and biomarkers.!'4-20]
Nevertheless, the impact of the OMS within MOF-based luminescent sensors remains largely
untapped, especially the numbers of the OMSs, due to the grand challenge of constructing MOFs
with similar framework structures by identical ligands and metal clusters, while the sensing
mechanisms are really complicated with severe interference. PCN-700 stands out as a unique MOF
assembled by an 8-connected unsaturated Zrs cluster, bearing a highly flexible structure.l*!l The
dense OMSs on the cluster, coupled with the framework's flexibility, enable the incorporation
ligands with diverse lengths into this MOF, thereby facilitating multiple functions like sensing and
catalysis.[?>23] Moreover, PCN-700 features two distinct "pockets" with 7.0 A and 16.4 A in
diameter, capable of accommodating varied molecules.[*!-2]

In this study, a series of PCN-700 analogues with varied topologies were constructed using the
same HoMe,-BPDC ligand (H:Me>-BPDC = 2,2'-dimethylbiphenyl-4,4'-dicarboxylic acid) and Zrs
cluster. For clarity, the PCN-700 analogues are labelled as 8u, 10u, 12u, and 12s, respectively,
wherein the number refers to the coordination number of the Zr-cluster and u/s stands for
unsaturation/saturation coordination of Zrg-oxo clusters. PCN-700-8u and PCN-700-10u were
generated through direct synthesis at different temperatures, resulting in the formation of 8-
connected and 10-connected unsaturated Zrs-clusters, with OMSs 1 and 2, and OMS 2, respectively.
Employing the linker installation method on PCN-700-8u led to the construction of PCN-700-12u,
yielding a 12-connected unsaturated Zrs-oxo cluster, with OMS 2 only. Besides, PCN-700-12s was
obtained via linker exchange performed on UiO-67, resulting in a 12-connected saturated Zrs-cluster.
Among these four MOFs, the PCN-700-8u with the densest OMSs exhibited the highest quenching
efficiency towards PCNB. Additionally, compared to sensing the uncoordinated molecule HCB,
PCN-700-8u displayed superior sensing efficiency towards PCNB, underscoring the impact of
coordination interactions on the MOF’s sensing performance. Also, other unsaturation MOFs PCN-
700-10u and PCN-700-12u with the same amount of OMSs possess similar quenching efficiencies
towards PCNB, and higher than the saturated PCN-700-12s. All these four MOFs possess similar
quenching efficiencies towards HCB (Fig. 1). Notably, the coordination interaction between PCN-
700-8u and PCNB was revealed through single crystal X-ray diffraction, indicating the highly
ordered binding sites.
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Figure 1. Overview scheme. The interactions between the numbers of the open metal sites and
sensing efficiency towards PCNB based on PCN-700 series.

Results

Structure and basic characterization

Pristine PCN-700-8u crystals were synthesized using ZrCly and HoMe,-BPDC under 120 °C, in
which the Zrs cluster was connected with 8 ligands to form a highly flexible framework featuring
~14.7 A at the c axis. When increasing the synthetic temperature to 140 °C, PCN-700-10u crystals
can be obtained with one additional Me,-BPDC occupying the small pocket of PCN-700-8u,
wherein each Zrs cluster was connected with 10 ligands to elongate the ¢ axis to ~19.0 A. In addition,
PCN-700-8u crystals can be used as the raw materials for the linker installation of H2Me,-BPDC to
form PCN-700-12u with ~18.9 A in ¢ axis. Two Me>-BPDC ligands were found in the same small
pocket, leading to 12-connected Zrs clusters and open large pockets. Besides, UiO-67 crystals were
synthesized by using H.BPDC (H.BPDC = biphenyl-4,4'-dicarboxylic acid) under the similar
conditions as PCN-700-8u. Then HoMe»-BPDC was subsequently used to replace the BPDC linker
through linker exchange to obtain PCN-700-12s, in which each Zrs cluster was saturated with 12
ligands, bearing a ¢ axis of ~26.8 A (Fig. 2 and Supplementary Table 1).
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Figure 2. Synthetic procedures and structural illustrations. (a) PCN-700-8u. (b) PCN-700-10u.
(c) PCN-700-12u. (d) PCN-700-12s.

The phase purities of all aforementioned MOFs were confirmed by powder X-ray diffraction
(PXRD) patterns (Supplementary Fig. 1) and infrared (IR) spectroscopy (Supplementary Fig. 2).
Thermogravimetry analysis was also performed to show the thermal stability (Supplementary Fig.
3). 'H nuclear magnetic resonance (NMR) spectra were used to identify the linker exchange ratio in
UiO-67 (Supplementary Fig. 4), indicating that ~60% BPDC ligands have been exchanged.
Ultraviolet—visible (UV-vis) spectroscopy (Supplementary Fig. 5) and emission spectra
(Supplementary Fig. 6) of these MOFs were collected when dispersed in N,N-dimethylformamide
(DMF), demonstrating obvious differences in intensities, especially for PCN-700-12u, which may

be attributed to the end-vibration-induced energy dissipation.>*!

Luminescence sensing

Inspired by the structural difference in topologies and open sites of the as-synthesized PCN-700
analogues, systematic studies were conducted to elucidate their potential in luminescence sensing.
Firstly, to study the sensing functions of PCN-700, time-dependent luminescence intensities of
PCN-700 in DMF were first recorded and kept stable (Supplementary Fig. 7), demonstrating the
minimal time interference. Response time of PCN-700 towards PCNB was also measured, while
the intensities could remain stable within ten seconds (Supplementary Fig. 8), confirming the rapid
response ability.

Furthermore, PCNB at the same concentration was added dropwise to these four MOFs,
respectively, while distinct decrease in luminescence intensities was observed (Supplementary Fig.
9-12). In particular, the emission intensities originated from the ligand at ~350 nm show different
quenching efficiencies in these MOFs (Fig. 3a). The luminescence quenching efficiency at low
concentrations can be quantitatively described by the linear Stern—Volmer (S—V) equation
(Supplementary Fig. 9-12), Io/I = Ksy[C] + b,1>5-?7] where Ksy is the quenching constant M), C'is
the concentration of the added PCNB, b is a constant, and /o and [ are the luminescence intensities
before and after the analyte additions, respectively. When the concentration of PCNB increased, the



luminescence intensity curve of PCN-700-10u gradually deviated from linear and bent upward,
which can be fitted by the exponential nonlinear S-V equation /o/I = a exp(k[C]) + b,[?*3% where a,
b, and k are constants. From the results, PCN-700-8u, with the most abundant OMSs, features the
best sensitivity towards PCNB with a 7.18 x 10°> M"! Kgy value. PCN-700-10u and PCN-700-12u

with the same OMSs possessing similar Ksy values, which are higher than the saturated PCN-700-
12s (Fig. 3b).
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Figure 3. Sensing results. (a) Emission intensity changes of PCN-700-8u, PCN-700-10u, PCN-
700-12u, and PCN-700-12s towards additions of PCNB and HCB. (b) Comparisons of the Ksv
values of PCN-700-8u, PCN-700-10u, PCN-700-12u, and PCN-700-12s. (c) Comparisons of the

intensity changes of PCN-700-8u, PCN-700-10u, PCN-700-12u, and PCN-700-12s with additions
of 0.4 mM PCNB and HCB.

To further understand the contribution of the OMSs to sensing, the common by-product of PCNB,
HCB, was selected for comparison (Fig. 3). Compared to PCNB, the nitro group was replaced by
one chlorine atom in HCB. Following a similar process as the sensing experiment towards PCNB,
the same concentration of HCB was added dropwise to these MOFs respectively, while the
luminescence intensities were recorded (Supplementary Fig. 13-16). The luminescence quenching
efficiency at low concentrations can be quantitatively described by the linear S—V equation
(Supplementary Fig. 13-16). From the results, PCN-700-8u features better sensitivity towards
PCNB than HCB, highlighting the significance of OMSs in sensing (Fig. 3b). Meanwhile, the
quenching of unsaturated PCN-700-10u and PCN-700-12u towards HCB is weaker than the ones
towards PCNB (Fig. 3¢), which further confirms the significance of OMSs.

Underlying mechanism



In order to fully uncover the sensing mechanism within PCN-700-8u in detail, single crystal X-ray
diffraction data were collected. The crystal structure of PCNB-loaded PCN-700-8u was resolved,
indicating that the PCNB was present on the OMSs of the Zr-cluster in the small pocket (Fig. 4 and
Supplementary Table 1). While for the other three MOFs, the small pockets have already been
occupied by the ligand, impeding the accommodation of PCNB. To confirm the successful loading
of PCNB, the PCNB-loaded PCN-700-8u was decomposed using ds-DMSO (DMSO = dimethyl
sulfoxide) and D,SOs to collect 3C NMR spectrum, which shows the peaks of PCNB
(Supplementary Fig. 17). In addition, density functional theory (DFT) calculation was conducted to
evaluate the binding energy of PCNB towards PCN-700-8u analogues (Supplementary Fig. 18),
which further confirms the strong interactions between PCN-700-8u with PCNB.

Figure 4. Structure changes for PCN-700-8u with PCNB. Framewrok structure changes of PCN-
700-8u with the additions of PCNB, detected by single crystal X-ray diffraction.

Other characterizations and analyses were carried out to further explain the sensing mechanisms.
PXRD patterns and IR spectra of the MOFs remain the same after the sensing experiments
(Supplementary Fig. 19), indicating that the sensing performance was not induced by the structure
transforms or framework collapses. Furthermore, there are overlaps between the UV-vis absorption
spectra of PCNB/HCB and MOFs dispersed in DMF, which demonstrates the competitive
absorption (CA) of the excitation energy, leading to decreased emission intensity (Fig. 5). For the
emission energy, there are overlaps between the absorption spectra of PCNB and the emission
spectra of the MOF dispersions in DMF, but no obvious overlaps are observed for HCB, which
indicates the presence of the Forster resonance energy transfer (FRET) process towards PCNB, and
absence towards HCB (Fig. 5).131:%2] Such a sensing mechanism may lead to the lower quenching
efficiencies of these MOFs towards HCB compared with PCNB.
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Figure 5. Sensing mechanisms. Sensing mechanisms of PCN-700 towards PCNB and HCB with
the corresponding emission spectra and UV-vis spectra.

Discussion

In summary, this research successfully constructed four Zre-cluster-based MOFs through direct
synthesis, ligand installation, and ligand exchange processes, to construct a series of MOFs with
similar framework structures. These methods facilitated the development of metal clusters with
diverse coordination numbers and OMSs by using the same organic ligands and metal atoms. The
varied OMSs are pivotal to affect the sensing performance of these Zr-based MOFs towards analytes
containing coordinative functional groups, a characteristic not observed in analytes lacking these
groups, confirmed by toxic pesticides PCNB and HCB. This study not only enriched the synthetic
toolkit of Zr-based MOFs but also uncovered the significant role of the density of OMSs in MOF-
based luminescent sensing, shedding light on constructing efficient sensing materials with atomic

precision.

Methods

Materials and Methods

All reagents were commercially available and used without further purification. Liquid "H NMR
and *C NMR spectra were recorded on a Bruker Avance NEO 400 NMR spectrometer. Single
crystal X-ray diffraction patterns were collected by a Bruker-Axs Venture Tus Cmos Kappa X-ray
Apex2 diffractometer with Cu-Ka radiation and a Bruker-Axs Quest Tus Three-Circle X-ray Apex2



diffractometer with Mo-Ka radiation. PXRD measurements were performed using a Bruker
Powder-ECO X-ray diffractometer with Cu-Ka radiation. Thermo-gravimetric analysis curves were
obtained under nitrogen atmosphere on a Mettler Toledo TGA/DSC 1 thermogravimetric analyzer
from 40 °C to 800 °C. Luminescence spectra were recorded on a Shimadzu RF-5301 fluorescence
spectrophotometer. UV-vis absorption spectra were measured by a Shimadzu UV-2450
Spectrometer. IR spectra were tested by a Shimadzu IRAffinity-1 spectrometer. 3 mg MOFs for
NMR tests were dissolved by 0.5 mL ds-DMSO and 5 pLL D>SOa.

Synthesis
PCN-700-8u and UiO-67 were synthesized according to the literature.*3]

Synthesis of PCN-700-10u.

ZrCls 20 mg, H:Me,-BPDC 10 mg, trifluoroacetic acid 0.1 mL were solved in 2 mL DMF and
charged in a Pyrex vial. The mixture was heated in 140 °C oven for 3 days. The crystals were
collected by filtration, washed with fresh DMF, and soaked in fresh DMF for night.

Synthesis of PCN-700-12u.

10 mg PCN-700 was treated with the solution of 20 mg H>Me»-BPDC in 10 mL DMF at 80 °C for
3 days. Then the crystals were collected by filtration, washed with fresh DMF, and soaked in fresh
DMF for night.

Synthesis of PCN-700-12s.

10 mg UiO-67 was treated with the solution of 20 mg HoMe>-BPDC in 10 mL DMF at 80 °C for 7
days. Then the crystals were collected by filtration, washed with fresh DMF, and soaked in fresh
DMF for night.

Luminescence experiments

All samples were grinded into fine powder before use. The samples for luminescence experiments
were dispersed in DMF by ultrasound for 10 minutes to form a clear suspension with a concentration
of 0.3 mg mL"!. PCNB and HCB were diluted by DMF with a concentration of 0.3 mg mL-!, which
were further added to the MOF suspension. Each line was tested after 10 seconds ultrasound. All
the emission spectra were excited under 300 nm.

Data Availability
The data that support the findings of this study are available from the corresponding author.
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