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ABSRACT: Two K-region multiple substituted pyrene-based luminogens with
reasonable photoluminescence efficiency and blue emission (408—430 nm) have been
synthesized successfully by Suzuki-miyaura coupling via a Pd catalyst. The process of
obtaining two products in one pot was fully characterized by '"H/'>*C NMR spectroscopy
and by high resolution mass spectrometry. Their photophysical properties were
carefully investigated in solution and in the solid state by experimental and density
functional theory (DFT) methods. Both these n-electron rich and extended n-conjugated
materials were used for the detection of electron deficient nitroaromatics (NACs) based
on photo-induced electron transfer (PET) mechanism, and a sensitive response towards
nitroanilines (NA), especially for p-NA with a limit of detection (LOD) as low as 8.58
x 10~ M was observed. These research results provided a low-cost and simple strategy

for trace nitro-explosives sensing.

Introduction
Nitroaromatic compounds are indispensable chemicals in industry, and are widely

utilized in the production of pesticide, medicine, dye, chemical fiber and rubber and



other products [1-3]. On the other hand, the use of nitro-explosives also reveals their
negative impact on human health, environment and national security [4—7]. In this
context, a variety of methods have been established for explosive detection with a fast
response time, super-sensitivity and ultra-selectivity, such as Raman spectroscopy,
thermal neutron analysis, gas chromatography-electron capture detection and ion
mobility spectroscopy [8—11]. However, traditional methods expose significant
disadvantages, including long time-dependence for recognition, complexity of sample
preparation and high cost. Given the urgency of the portability and sensitivity for
detection, fluorescence detection of nitro-explosives by exploring the luminescence
properties of luminogents has been widely investigated, including luminescent
nitrogen-doped graphene quantum dots [12], metal cluster decorated graphene
nanoflakes [1,13—15], metal organic frameworks [16,17], covalent organic frameworks
and conjugated polymers [18-20]. In sharp contrast, different from the complex
preparation procedure of the fluorescence sensing materials mentioned above,
fluorescent small molecules have been widely used as efficient fluorescence sensors
due to their excellent molar absorption, high quantum efficiency and amplified sensing
response [21,22]. Thus, the synthesis of high efficiency fluorescent small organic
molecules remains a hot research topic. The luminescence sensing mechanisms mainly
include donor—acceptor electron transfer (ET) [23,24], resonance energy transfer (RET)
[25], inner filter effect (IFE) [26] and absorption competition quenching [27]. Generally
speaking, all of the above mechanisms can be employed to interpret the fluorescence
turn-oft/turn-on phenomena for sensing applications.

Pyrene, as a typical and quality fluorophore, has been widely used in many fields,
ranging from optoelectronics, stimuli-responsive system, bioimaging to chemosensing
[28]. Such wide application is mainly attributed to its desirable properties, such as being
amenable to controllable regio-selective functionalization, having a high thermal
stability, enhanced charge carrier mobility and high luminescence efficiency. Various
controllable regio-selective synthetic strategies based on the multi-active sites of the
pyrene core have been established [29-32].

In the present work, two pyrene-based luminogens have been prepared by a
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controllable functionalization approach at the K-region (Scheme 1). The two
derivatives TriPhPy and TetraPhPy present similar photophysical properties with
short wavelength emission in the near-ultraviolet region. Interestingly, distinct
sensitivities between TriPhPy and TetraPhPy for the detection of nitroaniline (NA)
isomers were observed. Thus, an efficient substituent-dependent near-ultraviolet
pyrene-based chemosensor for trace nitro-explosives (LOD as low as 8.58 x 10~ M) is

demonstrated.
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Scheme 1. Chemical structures of TriPhPy and TetraPhPy.

Result and discussion

Synthesis and characterization

During our attempts to synthesize K-region tetrasubstituted pyrene-based derivatives
as extended aromatic systems, we have unexpectedly obtained another tribromo-
substituted intermediate through a "one-pot" process. As depicted in Scheme S1, the
intermediates TriBrPy and TetraBrPy were synthesize starting from 2,7-di-tert-
butylpyrene [33] by a regular bromination reaction. The ratio of 1:9 of both
intermediates were clearly calculated by "H NMR spectroscopic results (a consistent
ratio was obtained by integration based on the pyrene moiety and fert-butyl groups as
shown in Fig. S1, ESI}). Thus, the substituent dependent pyrene-based luminogens
TriPhPy and TetraPhPy were further synthesized via Suzuki crossing coupling in one
pot. These two products could readily be separated by column chromatography and
recrystallization in reasonable yields, and unambiguously charactered by '"H NMR/"*C

NMR spectroscopy and by high resolution mass spectrometry (Fig. S2-5, ESI}).

Photophysical properties



The UV-Vis absorption and emission properties of the luminogens TriPhPy and
TetraPhPy in dilute organic solutions and in the solid state were studied, and partial
parameters are listed in Table 1. The absorption spectra of the two luminogens in DCM
both reveal two absorption bands of different shapes (Fig. 1A). Specifically, similar
intense absorption band at around 295 nm are ascribed to the locally excited (LE) state
of the pyrene core, and another set of moderate shoulder absorption bands, which are
centered at 338 nm and 353 nm correspond to n-n* transitions of the pyrene core and
peripheral substituents. The different number of substituents did not show an obvious
effect on the absorption spectra. Furthermore, possible solvatochromic effects were
investigated in different organic solvents (dimethylformamide (DMF),
dichloromethane (DCM), tetrahydrofuran (THF), 1,4-dioxane, and cyclohexane) of
various polarities (Fig. S6-7, ESI}). The maximum absorption wavelengths remain
almost constant for the low energy absorption band (338 nm and 353 nm for TriPhPy
and 338 nm and 353 nm for TetraPhPy) and the high energy absorption band (293 nm
for TriPhPy and 295 nm TetraPhPy) in both molecular systems. This result suggests

there is no intramolecular charge transfer (ICT) absorption but rather an LE absorption

state [34].
Table 1. The photophysical properties of TriPhPy and TetraPhPy
Aabs(nm) Aem(nm) @r (%)  HOMOM  LUMOW  AE
Compounds
sol® sol®!/solid  sol®/ solid (eV) (eV) (eV)
TriPhPy 293,353  408/412 30.6/1.2 —5.00 -1.31 3.69
TetraPhPy 295,353  413/430 61.3/6.5 —4.90 -1.20 3.70

31x1073 M in CH2Cla, Aabs is the absorption band appearing at the longest wavelength.
> 1x107 M in CH2Cla, Aem s the fluorescence band appearing at the shortest wavelength.
¢ Absolute quantum yield (£0.01-0.03).

4 DFT/B3LYP/6-31G* using Gaussian.



1.0 A —— TrPhPy 1.0-B - ——  TriPhPy-solution
2 — TetraPhPy ! \‘. —— TetraPhPy-solution
3 £ 0] \ TriPhPy-solid
8 g [ TetraPhPy-solid
£ g
3 = 0.6
: :
o
8 5 0.4-
& ]
2 Faa
0.0 T T T T T T T T T T T 0.0 - T T T T T T ‘-r--_- T T
275 300 325 350 375 400 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

Fig. 1. UV-Vis absorption (A) and emission spectra (B) for TriPhPy and TetraPhPy in DCM
solution and in the solid state, respectively.

The fluorescence spectra of these two compounds were recorded in both DCM
solution and in the solid state. As shown in Fig. 1B, similar emission behavior around
Jmax = 408 nm and 413 nm corresponding to TriPhPy and TetraPhPy were observed,
respectively, which are attributed to the monomer emission of the pyrene core. In terms
of absorption behavior, the peripheral substituent groups just show a weak influence on
their emission characteristics in dilute organic solution. Interestingly, a significant
difference in the emission spectra was present in the solid state, for TriPhPy, the
maximum emission wavelength is 412 nm, which is almost same as in solution. On the
other hand, TetraPhPy reveals a distinct red-shift with 18 nm relative to the luminogen
TriPhPy, which may be ascribed to the influence of the difference of the molecular

arrangement and intermolecular interactions due to the different number of substituents

[35].
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Fig. 2. Solvatochromism effect in the emission spectra (A) and the CIE 1931 chromaticity diagram
(B) for TriPhPy in cyclohexane, 1,4-dioxane, THF, DCM and DMF, respectively.
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A detailed investigation of the solvatochromic effects of both luminogens in different
organic solvents with various polarities was performed, which can effectively elucidate
the luminescence mechanism by comparing the photophysical properties in different
states. As shown in Fig. 2 and Fig. S8, ESIi, a set of almost identical maximum
emission wavelengths centered at 408 nm for TriPhPy from cyclohexene to DMF were
observed, while a small blue-shift (2 nm) for TetraPhPy from cyclohexene to DMF
was present. These solvatochromic results indicate that a locally excited LE emission
plays a dominant role in dilute solutions. An in-depth study of the emission properties
of these two luminogens was performed based on the CIE 1931 chromaticity diagram.
All the luminescence color coordinates of the two luminogens in different diluted
organic solutions are concentrated in a small area (CIE: x < 0.163, y < 0.021 for
TriPhPy, and x < 0.158, y < 0.032 for TetraPhPy). These results further indicate that
the stability of the luminescence properties is independent of the solvent polarity [36,
37].

To further evaluate the luminogen properties, the absolute fluorescence quantum
yields (@rL) were investigated. As compared with the emission properties in diluted
solution and in the solid state, the absolute fluorescence quantum yields exhibited a
marked difference in the different states. Both luminogens exhibit higher values for @rL
in DCM solution (30.6% for TriPhPy, 61.3% for TetraPhPy), while a dramatically
reduced @rL was observed in the solid state (1.2% for TriPhPy, 6.5% for TetraPhPy),
which can be attributed to the different molecular arrangements and intermolecular
interactions based on the number of peripheral substituents in the aggregated state.
Specifically, the different intermolecular interactions triggered disparate
supramolecular structures making different contributions for dissipating the exciton
energy as a non-radiative pathway in the aggregates [38]. Overall, the substituent
dependent pyrene-based luminogens provide an efficient design strategy for deep-blue
emitters.

In order to further elucidate the structure-activity relationship, theoretical
explorations were carried out at the B3LYP/6-31g-(d) level [39,40]. Generally, the
distributions of their highest occupied molecular orbital (HOMO) and lowest

6



unoccupied molecular orbital (LUMO) largely reflect the ability of electron-
donating/electron-withdrawing of peripheral substituents at the K-region [37]. As
shown in Fig. 3, minimal differences of frontier-molecular-orbital distributions and
energy gaps (AEg) between TriPhPy (3.69 e¢V) and TetraPhPy (3.70 eV) were
observed. The distributions of HOMO and LUMO for both two luminogens are mainly
located over the pyrene core; such results are consistent with the aforementioned

photophysical properties.
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Fig. 3. Frontier-molecular-orbital distributions and energy level diagrams for TriPhPy and
TetraPhPy by DFT calculations.



Fig. 4. SEM microphotographs of powdered TriPhPy (A and B) and TetraPhPy (C and D) at
different magnification, respectively.

The morphology of both compounds was further investigated using scanning electron
microscopy (SEM). As can be seen from Fig. 4, the morphology of the two materials
exhibited obvious differences. The microstructure of TriPhPy (A and B) is
characterized by a sheet structure with lengths of up to tens of microns, while
TetraPhPy (C and D) exhibited a rod-like distribution with about 5 to 10 microns in
length, which may be due to differences of the molecular arrangement in the solid state.
This results also provide convincing evidence for the difference of absolute

fluorescence quantum yields in the solid state [41].

Detection of nitroaniline:

The relatively similar photophysical properties, especially in solution, motivated us to
further investigate selectivity and differentiation in practical applications. In this system,
n-electron rich and extended m-conjugated structures were synthesized by introducing
multiple electron-donating aryls, which are promising candidates as chemosensors for

the detection of electron deficient nitroaromatics (NACs) based on a photo-induced



electron transfer (PET) mechanism [42].

Considering the above characteristics of the absorption spectra of NA and
fluorescence spectra of these two luminogens (Fig. 5A), a series of systematic
investigations were carried out to detect nitro-explosives by testing standard DCM
solutions containing different concentrations of NA which varied from 0.2 to 1.2 mmol
L' (Fig. S9-13 ESI{). Taking TriPhPy and p-NA as an example, as shown in Fig. 5B,
a remarkable quenching was observed with increasing concentration of and the
luminescence quenching efficiency is up to 99.7%, which is comparable to or even
better than previously reported pyrene-based sensors in nitro-explosives detection field
[43,44]. Accordingly, for m-NA and o-NP, relatively weak quenching results (82.4%
for m-NA and 97.8% for 0-NP) for TriPhPy were recorded. Such results revealed a
good selectivity for the detection of the isomers of nitroaniline. Moreover, similar
quenching and selectivity for the luminogen TetraPhPy was observed, and the values
of luminescence quenching efficiency were found to be 99.5% for p-NA, 90.6% for m-
NA and 98.5% for o-NP, respectively. Both luminogens exhibit excellent selectivity
and sensitivity for p-NA as a chemosensor, especially TriPhPy. More visual histograms
present the differences in quenching selectivity and sensitivity as shown in Fig. 5C and
Fig. S14 ESIf. The detection efficiency of these two materials was further confirmed
by a hyperbolic curved Stern—Volmer plot by the Stern—Volmer (SV) equation and the
limit of detection by equation: LOD = 3¢/K. As shown in Fig. 5D and the inset
photograph, a curved Stern—Volmer plot in the whole concentration system (up to 1.2

mM) and a linear Sterne-Volmer plots at lower concentration (up to 0.6 mM) of p-NA



versus the fluorescence intensity, which may be ascribed to the synergistic effect of
dynamic and static quenching mechanism [45]. The Stern—Volmer constant (Ksv) of
6.59 x 10° M ! and a LOD of 8.58 x 10~ M were calculated for the TriPhPy/o-NA
system. The detailed calculation procedure and results for other TriPhPy/NA and
TetraPhPy/NA systems are shown in the standard deviation and detection limit
calculations part of the supporting information. The experimental results revealed that
these materials with efficient and sensitive quenching response for NA are promising

pyrene-based chemosensor based on the PET mechanism [46].
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Fig. 5. (A): Normalized absorption spectra of NA and fluorescence spectra of two luminogens in

DCM; (B): Fluorescence quenching of TriPhPy on incremental addition of p-NA and inset
photographs show the visible change in the fluorescence under UV light before and after addition
of p-NA; (C): Histogram of the fluorescence quenching of TriPhPy with NA; (D): Corresponding
Sterne-Volmer plots for quenching of TriPhPy with p-NA as quencher in DCM. Inset shows the
Sterne-Volmer plots at lower concentration of p-NA.
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A more practical study was carried out by preparing portable test strips. Specifically,
the test strips were prepared by dip coating a DCM solution of TriPhPy onto qualitative
filter paper followed by drying under vacuum. Then a series of solutions of nitroaniline
isomers at different concentration from 107> M to 102 M were dripped onto the
prepared test strips. As shown in Fig. 6, significant quenching phenomenon was
observed even by adding tiny drops at low concentrations (8 pL of 10712 M) of nitro
explosives under 365 nm UV irradiation. A visual detection result for trace nitro
explosives consistent with the above fluorescence quenching results in solution was
observed, and an efficient and portable visual fluorimeter for trace nitro-explosives
sensing is expected to be developed and go into service, particularly for para-

nitroaniline in the future.

102 M 10"°M

o-NA

m-NA

p-NA

Fig. 6. Test strips of TriPhPy and its response to NA at different concentrations under UV irradiation.

Conclusions

In summary, two K-region multiple substituted pyrene-based luminogens with 7-
electron rich and electron-donating groups were prepared. The peripheral substituent
number dependent materials encouraged us to explore the sensing properties for the
detection of trace nitroaniline (NA), including p-NA, m-NA and o-NP. The
experimental results revealed that luminogens TriPhPy and TetraPhPy exhibited
excellent sensitivity and selectivity particularly for p-NA with a competitive detection

limit as low as 10~ M. Moreover, the visual detection exhibited excellent sensitivity by



employing portable test strips, and an obvious quenching phenomenon was observed
even by just dropping an 8 pL dilute solution of concentration of 107> M. Thus, this
work provides an efficient and convenient strategy for the visual detection of trace
nitro-explosives sensing by constructing K-region substituted pyrene-based

luminogens.

Experimental
All reagents were purchased from commercial suppliers (Leyan reagent, Aladdin) and
were used without further purification. All the reactions were carried out using a round
bottom flask in a nitrogen atmosphere in anhydrous solvents. 'H and '*C NMR spectra
were obtained in CDCl3 on a WJGS-037 Bruker AVANCE III 400 MHz NMR
spectrometer, using tetramethyl silane (TMS) as the internal standard. Mass spectra
were recorded on an Agilent 1290 Infinity. UV-vis absorbance and photoluminescence
(PL) spectra were recorded on a Shimadzu UV-3600 and a Fluorescence
spectrophotometer F-380A, respectively. Photoluminescence quantum efficiencies
(PLQY's) were measured using Quantaurus-QY C11347-11.

Bromination of 2,7-di-tert-butylpyrene

The bromination was carried out with 6 e.q. of bromine in the presence of iron
powder at room temperature for lh. A mixture of 4,5,9-tribromo-2,7-di-tert-
butylpyrene and 4,5,9,10-tetrabromo-2,7-di-tert-butylpyrene was obtained as a white
powder, the ratio of these two compounds is 1:9 (calculated by "H NMR spectroscopy).

4,5,9-tribromo-2,7-di-tert-butylpyrene (TriBrPy): 'H NMR (400 MHz, CDCl3):
on=8.84 (s, 1H, Py-H) ,8.77 (s, 1H, Py-H), 8.71 (s, 1H, Py-H), 8.44 (s, 1H, Py-H), 8.20
(s, 1H, Py-H), 1.59 (s, 18H, #-Bu);

4,5,9,10-tetrabromo-2,7-di-tert-butylpyrene (TetraBrPy): 'H NMR (400 MHz,
CDCIl3): on = 8.87 (s, 4H, Py-H), 1.62 (s, 18H, t-Bu).

Synthesis of compounds TriPhPy and TetraPhPy

A mixture of TetraBrPy doped with TriBrPy (500 mg, 0.8 mmol), 4-methoxy
phenylboronic acid (972 mg, 6.4 mmol) in toluene (140 mL) and ethanol (80 mL) at

room temperature was stirred under argon, and K2COs (2 M, 20 mL) solution and
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Pd(PPh3)4 (92 mg, 0.08 mmol) were added. After the mixture was stirred for 30 min at
room temperature under nitrogen, the mixture was heated to 90 °C for 24 h with stirring.
After cooling to room temperature, the mixture was quenched with water, extracted
with CH2Cl2 (3%x100 mL), washed with water. The organic extracts were dried with
MgSOs4 and evaporated. The residue was separated by column chromatography eluting
with (hexane/CH2Clz, 3:1) and then recrystallization from (hexane/CH2Cl2, 1:1) to give
TriPhPy and TetraPhPy as a white solid.

TriPhPy: 2,7-Di-tert-butyl-4,5,9-tri(4-methoxyphenyl)pyrene (40 mg, 79 %) 'H
NMR (400 MHz, CDCls): on=8.27 (s, 1H Py-H), 8.17 (s, 1H Py-H), 8.00 (s, 1H Py-H),
791 (s, 1H Py-H), 7.89 (s, 1H Py-H), 7.64 (d, J = 8.1 Hz, 2H, Ar-H), 7.18 (d, J =7.7
Hz, 4H, Ar-H), 7.12 (d, J = 8.1 Hz, 2H, Ar-H), 6.86 (d, J = 7.8 Hz, 4H, Ar-H), 3.96 (s,
3H, OMe-H), 3.85 (s, 6H, OMe-H), 1.42 (s, 9H, t-Bu), 1.32 (s, 9H, t-Bu); *C NMR
(100 MHz, CDCl3): 6 159.0, 157.9, 148.6, 148.0, 139.0, 137.8, 137.6, 133.7, 132.3,
131.6,131.3,131.2,130.4, 130.0, 127.9, 122.8,122.1, 121.9, 120.8, 113.8, 113.1, 113.1,
55.4,55.2, 35.4, 35.3, 31.8. FAB-MS: m/z: calcd for C4sH4403 632.3290 [M']; found
632.3278[M"].

TetraPhPy: 2,7-Di-tert-butyl-4,5,9,10-tetrakis(4-methoxyphenyl)pyrene (188 mg,
35 %). 'H NMR (400 MHz, CDCls): 6u=7.89(s, 4H), 1.25 (s, 18H, #-Bu), 3.85 (s, 12H,
OMe-H), 6.86 (d, ] = 8.1 Hz, 8H, Ar-H), 7.19 (d, ] = 7.3 Hz, 8H, Ar-H); 3*C NMR (100
MHz, CDCI3): 6 157.9, 148.0, 137.6, 133.3, 132.5, 132.3, 131.2, 121.8, 113.1, 77.2,
55.1,31.7. FAB-MS: m/z: calcd for Cs2Hs004 738.3709 [M*]; found 738.3723[M"].
Conflicts of interest

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper

Acknowledgements

13



This work was performed under the Cooperative Research Program of “Network Joint
Research Center for Materials and Devices (Institute for Materials Chemistry and
Engineering, Kyushu University)”. We would like to thank the Natural Science
Foundation of Shandong Province (Grant No. ZR2019BB067), this research used
resources of the Advanced Light Source, which is a DOE Office of Science User
Facility under contract no. DE-AC02-05CH11231. CR thanks the University of Hull

for support.

References

[1] R. K. Sharma, S. Yadav, S. Dutta, H. B. Kale, I. R. Warkad, R. Zboril, R. S. Varma
and M. B. Gawande, Chem. Soc. Rev., 2021, 50, 11293—11380.

[2] M. Roldan, E. Perez-Reinado, F. Castillo and C. Moreno-Vivian, FEMS Microbiol.
Rev., 2008, 32, 474-500.

[3]Y. F. Xue, H. Bai, B. Peng, B. Fang, J. Baell, L. Li, W. Huang and N. H. Voelcker,
Chem. Soc. Rev., 2021, 50, 4872-4931.

[4] H. Yi, G. M. Zeng, C. Lai, D. L. Huang, L. Tang, J. L. Gong, M. Chen, P. Xu, H.
Wang, M. Cheng, C. Zhang and W. P. Xiong, Chem. Eng. J., 2017, 330, 134-145.

[5] H. Yi, D. L. Huang, L. Qin, G. M. Zeng, C. Lai, M. Cheng, S. J. Ye, B. Song, X. Y.
Ren and X. Y. Guo, Appl. Catal., B, 2018, 239, 408—424.

[6] D. L. Huang, X. L. Yan, M. Yan, G. M. Zeng, C. Y. Zhou, J. Wan, M. Cheng and W.
J. Xue, ACS Appl. Mater. Interfaces, 2018, 10, 21035-21055.

[7] X. M. Gong, D. L. Huang, Y. G. Liu, G. M. Zeng, R. Z. Wang, J. J. Wei, C. Huang,
P. Xu, J. Wan and C. Zhang, Bioresour. Technol., 2018, 253, 64-71.

[8] T. K. Naqvi, A. K. Srivastava, M. M. Kulkarni, A. M. Siddiqui and P. K. Dwivedi,

Appl. Surf. Sci., 2019, 478, 887-895.

[9]1Y.J. Gao, F. J. Chu, W. W. Chen, X. Z. Wang and Y. J. Pan, Anal. Chem., 2022, 94,
5463-5468.

14



[10] L. Duflin, X. M. Wang and J. Stoesz, Energy Fuels, 2017, 31, 11925-11931.

[11] L. M. Han, J. Kaesler, C. Peng, T. Reemtsma and O. J. Lechtenfeld, Anal. Chem.,
2021, 93, 1740-1748.

[12] S. FE. Chen, X. Q. Chen, T. T. Xia and Q. Ma, Biosens. Bioelectron., 2016, 85, 903—
908.

[13] T. Jadoon, F. Ullah, T. Mahmood and K. Ayub, Mater. Sci. Semicond. Process.,
2021, 134. 106023-106015.

[14] E. McGillicuddy, I. Murray, S. Kavanagh, L. Morrison, A. Fogarty, M. Cormican,
P. Dockery, M. Prendergast, N. Rowan and D. Morris, Sci. Total Environ., 2017, 575,
231-246.

[15]Y. Liu, X. Xu, Y. Wei, Y. S. Chen, M. Gao, Z. J. Zhang, C. L. Si, H. P. Li, X. Y. Ji
and J. J. Liang, Nano Lett., 2022, 22, 3784-3792.

[16]P. Y. Wu, Y. H. Liu, Y. Li, M. Jiang, X. L. L1, Y. H. Shi and J. Wang, J. Mater. Chem.
A.,2016, 4, 16349-16355.

[17] F. P. Kinik, A. Ortega-Guerrero, D. Ongari, C. P. Ireland and B. Smit, Chem. Soc.
Rev., 2021, 50, 3143-3177.

[18] G. Q. Lin, H. M. Ding, D. Q. Yuan, B. S. Wang and C. Wang, J. Am. Chem. Soc.,
2016, 138, 3302-3305.

[19] G. Das, B. P. Biswal, S. Kandambeth, V. Venkatesh, G. Kaur, M. Addicoat, T. Heine,
S. Verma and R. Banerjee, Chem. Sci., 2015, 6, 3931-3939.

[20] X. G. Liu, D. L. Huang, C. Lai, G. M. Zeng, L. Qin, H. Wang, H. Yi, B. S. Li, S.
Y. Liu, M. M. Zhang, R. Deng, Y. K. Fu, L. Li, W. J. Xue and S. Chen, Chem. Soc. Rev.,
2019, 48, 5266-5302.

[21] Z. Li, J. R. Askim and K. S. Suslick, Chem. Rev., 2019, 119, 231-292.

[22] T. Naghdi, S. Faham, T. Mahmoudi, N. Pourreza, R. Ghavami and H.
Golmohammadi, Acs Sensors, 2020, 5, 3770-3805.

[23] X. C. Sun, Y. Wang and Y. Lei, Chem. Soc. Rev., 2015, 44, 8019-8061.

[24] H. S. Jung, P. Verwilst, W. Y. Kim and J. S. Kim, Chem. Soc. Rev., 2016, 45, 1242—
1256.

[25] Y. F. Zhao, H. Zeng, X. W. Zhu, W. G. Lu and D. Li, Chem. Soc. Rev., 2021, 50,

15



4484-4513.

[26] Y. F. Zhao, H. Zeng, X. W. Zhu, W. G. Lu and D. Li, Chem. Soc. Rev., 2021, 50,
4484-4513.

[27] M. Wang, L. Guo and D. P. Cao, Science China-Chemistry, 2017, 60, 1090—1097.
[28] F. P. Kinik, A. Ortega-Guerrero, D. Ongari, C. P. Ireland and B. Smit, Chem. Soc.
Rev., 2021, 50, 3143-3177.

[29] T. M. Figueira-Duarte and K. Mullen, Chem. Rev., 2011, 111, 7260-7314.

[30] X. Feng, J. Y. Hu, C. Redshaw and T. Yamato, Chemistry-a European Journal,
2016, 22, 11898-11916.

[31] X. Wang, J. Zhang, X. Mao, Y. Liu, R. Li, J. Bai, J. Zhang, C. Redshaw, X. Feng
and B. Z. Tang, J. Org. Chem., 2022, 87, 8503—-8514.

[32] C. Z. Wang, X. Feng, Z. Kowser, C. Wu, T. Akther, M. R. J. Elsegood, C. Redshaw
and T. Yamato, Dyes Pigm., 2018, 153, 125-131.

[33] X. Feng, N. Seto, C. Z. Wang, T. Matsumoto, J. Tanaka, X. F. Wei, M. R. J.
Elsegood, L. Horsburgh, C. Redshaw and T. Yamato, ChemistrySelect, 2016, 1, 1926—
1932.

[34] Z. D. Yu, X. X. Dong, J. Y. Cao, W. X. Zhao, G. H. Bi, C. Z. Wang, T. Zhang, S.
Rahman, P. E. Georghiou, J. B. Lin and T. Yamato, J. Mater Chem. C, 2022, 10, 9310—
9318.

[35] Z. D. Yu, J. Y. Cao, H. L. L1, G. Yang, Z. M. Xue, L. Jiang, J. Y. Yu, C. Z. Wang,
X.Y. Liu, C. Redshaw and T. Yamato, New J. Chem., 2022, 46, 16394—16400.

[36] C. Z. Wang, Z. D. Yu, W. X. Zhao, K. Yang, Y. Noda, Y. Zhao, X. Feng, M. R.
Elsegood, S. J. Teat, C. Redshaw and T. Yamato, Dyes Pigm., 2021, 192, 109452.

[37] C. Z. Wang, R. Zhang, K. Sakaguchi, X. Feng, X. Yu, M. R. J. Elsegood, S. J. Teat,

C. Redshaw and T. Yamato, ChemPhotoChem, 2018, 2, 749-756.

[38] J. Mei, N. L. Leung, R. T. Kwok, J. W. Lam and B. Z. Tang, Chem. Rev., 2015,
115, 11718-11940.

[39] S. Grimme, J. Antony, S. Ehrlich and H. Krieg, The Journal of chemical physics,

16



2010, 132, 154104.
[40] J. Liu, Y. Zhang, K. Zhang, J. Fan, C. K. Wang and L. Lin, Org. Electron., 2019,

71, 212-219.

[41] M. M. Islam, Z. Hu, Q. Wang, C. Redshaw and X. Feng, Mater. Chem. Front.,
2019, 3, 762-781.
[42] V. Bhalla, H. Arora, H. Singh and M. Kumar, Dalton Trans., 2013, 42, 969-974.

[43]Z.D. Yu,J. Y. Cao, H. L. Li, G. Yang, W. X. Zhao, C. Z. Wang, S. H. Chen, M. R.
J. Elsegood, C. Redshaw and T. Yamato, J. Lumin., 2023, 253, 119439.
[44] S. Y. Kim, M. J. Kim, M. Ahn, K. M. Lee and K. R. Wee, Dyes Pigm., 2021, 191,

109362.

[45] D. Zhao and T. M. Swager, Macromolecules, 2005, 38, 9377-9384.

17



	Substituent dependent deep-blue pyrene-based chemosensor for trace nitro-explosives sensing

