Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A.
This journal is © The Royal Society of Chemistry 2024

Supporting Information for

Fluorophore Branching Boosted Photo-induced Energy Transfer in UiOQ-66 for

Ultrasensitive and Instant Hydrazine

Ying Luo,?® Da Lei,"™ Maohua Li,® Yuansheng Ge.?Jiguang Li,® Baiyi Zu,* Jun Yao," and Xincun
Dou*bed

2 School of Pharmacy, Xinjiang Medical University, Urumgqi, 830000, China. E-mail:
xydyaojun2022@xjmu.edu.cn

b Xinjiang Key Laboratory of Trace Chemical Substances Sensing, Xinjiang Technical Institute
of Physics and Chemistry, Chinese Academy of Sciences, Urumqi 830011, China. E-mail:
leida@ms.xjb.ac.cn; xcdou@ms.xjb.ac.cn

¢ Key Laboratory of Improvised Explosive Chemicals for State Market Regulation, Urumgqi
830011, China.

d. Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy
of Sciences, Beijing 100049, China.

* Corresponding authors. E-mail: xydyaojun2022@xjmu.edu.cn (Jun Yao); leida@ms.xjb.ac.cn
(Da Lei); xcdou@ms.xjb.ac.cn (Xincun Dou)



1. Preparation of the test solutions and the testing process

1.1. Preparation of UiO-66-Flu suspension liquid (0.5 mg/mL)
250 mg of UiO-66-Flu powder was dissolved in 500 mL of DMF, and the evenly mixed UiO-
66-Flu suspension liquid was obtained after 10 min of ultrasonication.

1.2. Preparation of the hydrazine stock solution

10 mmol of hydrazine was dissolved in deionized water to prepare a hydrazine stock solution at
a concentration of 10 mM, which was then diluted with deionized water to obtain hydrazine
solutions of various concentrations.

1.3. Optimization of the hydrazine detection system

Effect of solvents: 5 mg of the UiO-66-Flu was dissolving into 10 mL of methanol, ethanol,
dimethyl sulfoxide (DMSO), dichloromethane (CH,Cl,), and N, N-dimethylformamide (DMF)
solvent, respectively, and then 1 mL of hydrazine solution (10 mM) was added, the fluorescence
intensity of the UiO-66-Flu was examined before and after adding hydrazine solution, respectively.
As shown in Fig. S15, the result illustrates that the optimal solvent environment determined by the
change of the fluorescence intensity at 528 nm before and after adding hydrazine solution was
DMF. Finally, DMF ethanol was chosen as the optimized solvent for the sensitive monitoring of
hydrazine.

Effect of the UiO-66-Flu concentration: As illustrated in Fig. S16, when the concentration of
UiO-66-Flu in DMF was fixed at 0.5 mM, the greatest change of the fluorescence intensity at 528
nm after adding hydrazine solution (10 mM) was observed. Therefore, 0.5 mg/mL of UiO-66-Flu
was selected as the optimized concentration for the sensitive monitoring of hydrazine.

1.4. Testing of hydrazine solution

Spectral response testing of the UiO-66-Flu: 1 mL of hydrazine solution of different
concentrations (125, 200, 250, 300, 400, 500, 600, 750 and 1000 uM) was added to 1 mL of UiO-
66-Flu solution (0.5 mg/mL) in a cuvette, respectively. The obtained mixture solution was used
for the direct measurement of the fluorescence spectra (Aex =290 nm; Slits: 0.5 nm; Ae, = 528 nm;
Slits: 5.5 nm; Spectrometer: Edinburgh FLS1000). The time-dependent spectral characteristics
were measured and recorded with the portable fluorescence sensing platform (Maya 2000 pro).
1.5. Preparation and detection of trace analytes

Analyte stocks solution: Acrylamide, Urea, Thiourea, NiCl,, BaCl,, CuCl,-2H,0, CaCl,,
CuSO,4, NaH;PO,4, L-Tyrosine, L-Isoleucine, L-Valine, L-Cysteine, Glycine, H;BO3;, C,H,0,,
C,HysNaOsS, C,H,5NaO,4S, D-Glucose, C¢H;,0g, and C,H,,0,; were dissolved in DMF to the
prepare analyte stock solutions at concentrations of 1 and 2 mM, respectively.

Selective detection process: Stock solutions (4 mM, 1 mL) of certain analytes were added into
a cuvette containing 1 mL of UiO-66-Flu suspension liquid. After the reaction, the fluorescence
spectra and images were measured and recorded (Aex = 290 nm, slit: 0.5 nm, Aey, = 528 nm, slit:
5.5 nm, Spectrometer: Edinburgh FLS 1000).



Anti-interference test process: A mixture of stock solutions (4 mM, 0.5 mL) and nitrite stock
solutions (4 mM, 0.5 mL) for certain analyte were added into a cuvette containing 1 mL UiO-66-
Flu suspension liquid. After the reaction, the fluorescence spectra and images were measured and
recorded (Aex = 290 nm, slit: 0.5 nm, A, = 528 nm, slit: 5.5 nm, Spectrometer: Edinburgh FLS
1000).

1.6. UiO-66-Flu sensor reusability test

Preparation of UiO-66-Flu suspension liquid: Dissolve 5 mg of UiO-66-Flu powder in 1 mL
of DMF and sonicate for 10 min to obtain a well-mixed UiO-66-Flu suspension.

Reusability test: Hydrazine solution (1 mM, 1 mL) was added to the above prepared UiO-66-
Flu suspension, and the fluorescence spectrum was measured in a cuvette (Ax = 290 nm; slits: 0.5
nm; Ay, = 528 nm; slits: 5.5 nm; Spectrometer: Edinburgh (FLS1000). After three washes by
centrifugation with DMF, 1 mL of DMF was added and sonicated for 10 min. Hydrazine solution
(1 mM, 1 mL) was added to this suspension, and the above experimental steps were repeated four
times.

2. Preparation and testing of the UiO-66-Flu loaded PVDF film (UiO-66-Flu/PVDF) for
gaseous hydrazine detection
2.1. Preparation of Pure PVDF film

The first step was to manufacture the pure polymer membrane for the purpose of comparison
with those containing increased amounts of UiO-66-Flu. To prepare the pure polymer membrane,
PVDF (0.15 g) was dissolved in DMF (1.9 mL) and stirred for 24 h, resulting in a sticky solution.
2.2. Preparation of the UiO-66-Flu/PVDF film

Ui0O-66-Flu (9.5 mg) was added into the above pure polymer solution to form a homogeneous
solution by stirring for 24 h. Before the membrane casting, three intervals of sonication for 15 min
were implemented to ensure a very good dispersive solution. Then, the polymer solution in the
array slot was scraped flatly with a slide and dried to form a film at about 25 °C to obtain a sensing
chip for gaseous hydrazine sensing test.

2.3. Sensing test of the sensing unit for gaseous hydrazine

The sensing chips were placed in gaseous hydrazine and tested for 0's, 0.5 s, 15,2 s, 4 s,
respectively. At the same time, the optical images under 365 nm light excitation were recorded
with the smartphone.

2.4. Gaseous hydrazine test

Saturated gaseous hydrazine was obtained by placing 0.1 mL of 85% hydrazine into a 500 mL
sealed flask and heating to 130 °C. Certain amount of saturated gaseous hydrazine was injected
into a 250 mL sealed flask using a syringe to obtain a reserve gas at a concentration of 343 ppb.
The UiO-66-Flu/PVDF films were separately placed in 20 mL sealed flasks, and different volumes
of the above reserve gaseous hydrazine (34, 51, 69, 86, 120, 137, 154, and 171 ppb) were injected



into the flasks. After 30 s, the fluorescence images of the UiO-66-Flu/PVDF film were recorded
with a camera under a 365 nm UV lamp.
3. Calculation Details

All geometric structure optimization tasks of the computational models for the MOF clusters
were calculated by the Gaussian 09! program using PBEO exchange-correlation functional with
Grimme’s DFT-D3(BJ) empirical dispersion correction abbreviated as PBE0-D3(BJ) with def2-
SVP2. The hybrid functional PBEO used in the calculation has been proved to be suitable for the
modeling of the ground state and excited state properties of the transition metal material and is
qualitatively consistent with the experimental study.’’ To investigate the solvent effect, the
polarizable continuum model (PCM)® was employed to simulate the N,N-dimethylformamide
DMEF environment. A larger basis set def2-TZVPP?° was adopted to obtain higher quality wave
functions.

The transition state searching analysis was performed at the CAM-B3LYP/def2-SVP level and
the transition state species were ensured to have only one virtual frequency. Intrinsic reaction
coordinate (IRC) calculations were also performed to ensure one transition state connect with two
appropriate local minima in the reaction paths. The Gibbs free energies (Egiyys) at 298.15 K was
obtained in Shermo software!? according to Egipps= Eciec + Ecomr» and the frequency correction factor
of the Zero-point correction (ZPE) was set to be 0.9520!!. Further, the corresponding structure of
the transition state was selected, and combined with the independent gradient model (IGM)
analysis !? to assess weak intermolecular interactions.

In order to simulate the absorption condition, the time dependent density functional theory (TD-
DFT) calculations were carried out to obtain the vertical excitation energies for 40 lowest singlet
transitions at the PBE0/def2-TZVP level. The emissive properties were estimated based on the
optical activity of the lowest singlet transition, in accordance with Kasha's rule! 14, Tt is well
known that the phonon-mediated interband carrier relaxation from the initially excited state to the
band edge states, including ligand-/defect-associated states, happening at the picosecond range in
MOFs and are much faster than the emission (nanosecond range).'> Besides, it is reasonable to
assume that the emission takes place from the lowest state if it is optically active (large oscillator
strength), because such radiative electron-hole recombination is much faster than the nonradiative
recombination via the intraband multiphonon processes.!® The convolution of the spectrum was
obtained using a gaussian function with a full width at half maximum (FWHM) of 0.3 eV.

All wavefunction analysis was finished by Multiwfn!” and all isosurface maps were rendered

by VMD program!® based on the outputs of Multiwfn.



Supplementary Figures
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Fig. S1. UiO-66-OH synthesis scheme.
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Fig. S2. UiO-66-Flu synthesis scheme.
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Fig. S3. 'H NMR spectrum of Flu (MeOD, 400 MHz).
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Fig. S4. 13C NMR spectrum of Flu (MeOD,101 MHz).
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Fig. S5. HRMS spectrum of Flu.
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Fig. S6. Statistical analysis of the UiO-66-OH particle size in SEM images (n = 125).
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Fig. S7. Statistical analysis of the UiO-66- Flu particle size in SEM images (n = 100).

Fig. S8. (a) The entire UiO-66-OH topology, (b) tetrahedral topology, and (c) octahedral

topology.
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Fig. S9. Pore size distribution of UiO-66-OH and UiO-66-Flu.

— Ui0-66-OH
0O1s
F]
S
2
= C1s
c Zr 3d|
9
£
600 450 300 150

Binding Energy (eV)

Fig. S10. XPS broad survey spectrum of UiO-66-OH.
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Fig. S11. XPS broad survey spectrum of UiO-66-Flu.
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Fig. S12. XPS spectra of oxygen in UiO-66-OH and UiO-66-Flu.
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Fig. S13. XPS spectra of zirconium in UiO-66-OH and UiO-66-Flu.

Fig. S14. Electron cloud distribution of (a) UiO-66-OH and (b)UiO-66-Flu.
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Fig. S15. Solvent effect test: Fluorescence spectrum of (a) UiO-66-Flu suspension liquid before

and (b) after adding hydrazine to analyte.
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Fig. S16. Fluorescence response of different concentrations of UiO-66-Flu fluorescent

suspension liquid against solution hydrazine (10 mM).
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Fig. S17. Photograph of the fluorescence response of the 0.5 mg/mL UiO-66-Flu fluorescent

suspension liquid against different concentrations of hydrazine solutions.
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Fig. S18. UiO-66-Flu and its recyclable test results. (Inset: Corresponding fluorescence image)
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Fig. S19. Plotting curve of G/(G+B) values extracted from the fluorescent images of the UiO-66-
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corresponding fluorescence images of the UiO-66-Flu/PVDF film.

Fig. S20. Corresponding SEM images of UiO-66-Flu/ PVDF film after detection of gaseous
hydrazine (a) top view and (b) cross-sectional view.
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Fig. S21. Actual application scene.
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Table S1. Research progresses in fluorescence detection of hydrazine.

Response Detection LOD
No. Sensor platforms Ref.
time (s) mode (nM)
N
1 % \ R / Turn on 45 19
rC0-O
2 O O / Turn on 47 20
ST TALL
® .
3 : o e / Turn on 88 21
> I;/\r°\/\¢/‘\/“\
4 fg:f:(?’g / Turn on 135 2
5 Ratiometric 36 23
6 Turn on 168 2
7 Turn on 260 25
8 180 Ratiometric 58 26
9 / Turn on 36400 27
10 Turn on 196 28
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