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ABSTRACT: We report several novel thermometers resulting from the
temperature-induced aggregation of difluoroboron f-diketonate chromo-
phores. These thermometers exhibit a much wider temperature-depend-
ent fluorescence emission from 445 to 592 nm along with the color
change from blue to red in a dilute chloroform solution. Spectroscopy
measurements and theoretical calculations confirm that the thermochro-
mic luminescence originates from the reversible change in the non-
covalent intermolecular interactions and the abrupt volume shrinkage of
the solvent at its melting point. The present work provides a new strategy
for rationally designing high-performance thermometers having a wide
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emission property.

B INTRODUCTION

Reversible thermochromism is a perceptible phenomenon that
emission color changes as a response to temperature variation
over a certain range, and the original color could be restored
once this external stimulus is removed.' ™ This phenomenon is
usually caused by thermal-induced changes in intermolecular
interaction,'” molecular structures,'”'* or sample morpholo-
gies."> Thermochromic luminescent materials find applications
in a variety of fields ranging from decorative showpieces to
potentially breakthrough technological applications, e.g.,
micro-electromechanical systems, marine researches, and
aircraft industries."*™>' Most of the reported thermochromic
luminescent materials were focused on temperature-induced
conformational changes of polymer backbones,” proton-
transfer-induced property changes of Schiff bases,” thermal
expansion properties regulation of Leuco dyes and liquid
crystals,”* or the arrangement and distribution of defects
readjusting in a crystalline solid.”> In addition, most of them
use the luminescence intensity or lifetime changes of a single
emission for temperature sensing. However, the photophysical
properties of such single emission can be influenced easily by
humidity, oxygen, excitation sources, or detectors.*® Although
the ratiometric luminescence thermometry improves the
detection accuracy using the ratio change in emissions at
two or more wavelengths, they always need some expensive
metal ions with biological toxicity that further limits their
practical applications.””’~*° Therefore, it is of great signifi-
cance to develop new thermometers with high sensitivity and
accuracy.
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Molecular aggregation of organic chromophores always
induce great changes in their physical and chemical properties
due to the oriented association of molecules into nano- or
microscopic structures through noncovalent interactions such
as m—r interaction, hydrogen bonding, di3pole—dipole inter-
action, charge transfer interaction, etc. 30735 Therefore, using
temperature-induced aggregation properties of organic chro-
mophores is possible to obtain a new kind of thermochromic
luminescent materials with remarkable luminescent color
changes. However, many reported organic luminescent
materials show obvious aggregation-caused quenching
(ACQ) phenomenon that the luminescence is almost
quenched after aggregation. Although the materials with
aggregation-induced emission (AIE) show strong emission
properties after aggre&ation, their emission in a dilute solution
is extremely weak.” =38 Thus, these two kinds of materials are
not suitable for designing aggregation-induced thermochromic
luminescent materials with intensive luminescence both in
solution and aggregates.

Difluoroboron f-diketonate (BF2bdk) derivatives exhibit
bright emission both in solution and aggregation states. Their
emission properties are sensitive to their surroundings. The
variation of molecular conformation and intermolecular
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interactions between BF2bdk molecules usually lead to
significant variation in the emission color.'”*”™>* These
characteristics endow BF2bdk derivatives with great potential
applications as high-performance thermochromic luminescent
materials.

Herein, we report a series of thermometers based on the
temperature-induced aggregation of difluoroboron p-diketo-
nate chromophors JBF1—4. JBF1 manifests a wide range of
temperature-dependent emission wavelength from 445 to 592
nm in a dilute chloroform solution (as low as 10 uM; Figures 1
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Figure 1. Schematic representation of the temperature-induced
aggregation process and the corresponding thermochromic mecha-
nism: the chromophores gradually aggregate as the temperature
decrease, which leads to changes in emission properties.

and S1) accompanied by a change in the fluorescence color
from blue to red within a wide temperature range from 340 to
77 K. As the temperature decreases to the melting point of
chloroform, an abrupt color change from green to orange is
observed, and uniform spherical nanoparticles of about 15 nm
are formed simultaneously. Experimental spectroscopy meas-
urements and theoretical calculation analysis confirmed that
the thermochromic luminescent is a result of reversible
changes in noncovalent intermolecular interactions”*™>° and
the abrupt volume shrinkage at the solvent’s melting point.

B METHODS

Compounds JBFL'® JBF2,'" and JBF4* were synthesized
according to the previously reported literatures. JBF3 and XBF
(Scheme 1) were synthesized in the overall yield of above 80%

Scheme 1. Molecular Structures of JBF1, JBF2, JBF3, JBF4,
and XBF
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by Claisen condensation from the related acetophenone and
benzoate, followed by the complexation with borontrifluoride.
They were well characterized by 'H NMR, *C NMR
spectroscopy, and high-resolution mass spectroscopy
(HRMS) (SI).

Synthesis of JBF3: acetophenone (1.00 g, 8.3 mmol) was
added to 10 mL of anhydrous THF in a high-pressure tube
under a N, atmosphere, NaH (57—63% oil dispersion, 1.00 g,
24.0 mmol), and Methyl m-Anisate (1.38 g, 8.3 mmol) was
added to the mixture. The reaction mixture was allowed to stir

for 24 h at 60 °C under a N, atmosphere. Upon cooling to
room temperature, 100 mL of water was added to quench the
reaction, the pH was adjusted to 3 with HCl (aq), and
extracted with CH,Cl,. The combined organic phase was dried
over anhydrous Na,SO,, followed by filtration and evaporation
of the solvent. The crude product was then dissolved in 20 mL
of dry CH,Cl, and Et;N (840 uL, 6.0 mmol) and BF,/Et,O
(3.8 mL, 30.0 mmol) were then added. After stirring at room
temperature for 1 h in the dark, 100 mL of water was added,
and the organic layer was collected, washed with saturated
aqueous NH,C], and dried over anhydrous Na,SO,, followed
by filtration and evaporation of the solvent. The crude product
was then purified by column chromatography using CH,Cl,/
petroleum ether (1:2, v/v) as an eluent to afford 2.51 g of
JBF3 as an orange solid (yield: 83%). '"H NMR (400 MHz,
chloroform-d) § 8.15—8.02 (m, 2 H), 7.66 (t, ] = 7.4 Hz, 1 H),
7.53 (t, ] = 7.8 Hz, 2 H), 7.33 (S, 2 H), 7.08 (S, 1 H), 3.97 (d,
J = 10.0 Hz, 9 H). C NMR (100 MHz, chloroform-d) &
182.4, 1534, 145.0, 135.1, 132.1, 129.2, 128.9, 126.6, 106.6,
93.2, 61.3, 56.6. HRMS: calc. for [M + H'] 363.1213, found:
363.1211.

Synthesis of XBF: To a solution of 1,3-diphenyl-1,3-
propanedione (1.00 g, 4.5 mmol) in 20 mL of CH,Cl, was
added Et;N (840 uL, 6.0 mmol) and BF,;/Et,0 (378 uL, 30.0
mmol). After stirring at room temperature for 1 h in the dark,
100 mL of water was added, and the organic layers were
collected, washed with saturated aqueous NH,CI, and dried
over anhydrous Na,SO,, followed by filtration and evaporation
of the solvent, purification by column chromatography using
CH,Cl,/petroleum ether (1:2, v/v) as an eluent to afford 1.11
g of XBF as a yellow solid (yield: 92%). '"H NMR (600 MHz,
chloroform-d) 5 8.15 (d, ] = 8.2 Hz, 4 H), 7.74—7.65 (m, 2 H),
7.56 (t, ] = 7.9 Hz, 4 H), 7.19 (S, 1 H). *C NMR (150 MHz,
chloroform-d) & 183.4, 1354, 132.1, 129.3, 129.0, 93.5.
HRMS: calc. for [M + Na*] 295.0712, found: 295.0712.

B RESULTS AND DISCUSSION

The photophysical properties of JBF1 were investigated in
different solvents, and the results are shown in Figure 2 and
Table S1. The absorption band of JBF1 ranges from 330 to
425 nm, with an absorption peak at 390 nm (molar extinction
coefficient: 10* M~ cm™"), which were slightly affected by the
polarity of the solvents (see Figure 2a). In contrast, the
emission band of JBF1 red-shifts from 441 to 502 nm upon the
increase in the solvent polarity, which indicates that JBF1 is of
typical intramolecular charge transfer (ICT) character (see
Figure 2b). The corresponding data for JBF2, JBF3, and JBF4
are summarized in Figures S2 and S3 and Table S2.

In addition to the red-shifting phenomena, the most
important finding of JBF1 is its remarkable temperature-
dependent emission character in a dilute chloroform solution.
As shown in Figure 2c, the fluorescence maximum gradually
red-shifts from 445 to 592 nm when the temperature decreases
from 340 to 77 K. Meanwhile, one can see an abrupt change in
the emission peak from 490 to 575 nm at about 210 K.

To reveal the physical origin of the above novel thermal
response behavior of the emission spectra, we measured the
concentration-dependent fluorescence spectra of JBF1 in the
chloroform solution at room temperature (Figure 2d).
Therein, a new broad emission band appears and gradually
increases at 560 nm while the concentration of JBF1 increases
from 1 uM to 300 mM. The lifetime of this new emission band
is measured to be 28.5 ns, which is 17 times longer than that at
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Figure 2. (a) Absorption and (b) fluorescence spectra of JBF1 in different solvents, (c) temperature-dependent fluorescence spectra of JBF1 (100
uM) in chloroform solution, and (d) concentration-dependent fluorescence spectra of JBF1 in chloroform solution at room temperature.

445 nm (1.7 ns) (Figure 4a). These results imply that the
emission at 560 nm originates from the aggregates, such as
dimers, while the emission at 445 nm is from the monomer.

To examine computationally the above proposal, we
performed the density functional theory (DFT) and time-
dependent DFT (TD-DFT) calculations with the polarizable
continuum medium (PCM) model that implicitly considers
the solvent effects.””*® Both monomer and dimer models
were used to check the effects of the aggregation interaction
(see the SI for details). Figure 3 shows the TD-B3LYP-D3/
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Figure 3. TD-B3LYP-D3/PCM-calculated vertical emission energies
of the monomer and dimer models of JBF1 in the chloroform
solution.

PCM-calculated S; — S, emission energies of the monomer
and dimer models at their S; minimum-energy structures, as
well as the relevant molecular orbitals. The vertical emission
energies of the monomer and dimer models of JBF1 in the
chloroform solution were calculated to be 480 and 621 nm,
respectively. Considering that the present theoretical calcu-
lations do not consider the temperature effects results, i.e., at 0
K, the theoretically calculated values agree well with the

10084

available experimental values at low temperatures (490 nm at
200 K and 600 nm at 77 K). This confirms that the emission
bands at around 450 and 590 nm originate from the §,
fluorescence emissions of the monomer and dimer of JBF1.
A closer electronic structure analysis shows that the S; = S,
emission corresponds to de-excition of an electron from the
lowest unoccupied molecular orbital (LUMO) to the highest
occupied molecular orbital (HOMO) in both the monomer
and dimer models. However, the strong intermolecular 7—7x
interaction between the two monomers in the dimer model
leads to much-stabilized LUMO and destabilized LUMO. As a
result, the HOMO—LUMO energy gap is greatly reduced, 3.09
eV in the monomer vs 2.81 eV in the dimer (see Figure S5).
This is the essential reason leading to a very red-shifted
emission spectrum in the dimer model.

In terms of the experimental and computational results, we
speculate that the thermochromic luminescent character is
probably caused by the ordered transition from the monomer
to aggregates such as dimers in dilute chloroform solution with
the temperature reduction. One should notice that the
fluorescence spectra of JBF1 gradually red-shifts with the
concentration increase. This could be attributed to the
formation of various aggregates (see Figure 2d). We also
recorded the temperature-dependent fluorescence spectra of
JBF1 (300 mM) in the chloroform solution (Figure 4b). In
such a case, only the 560 nm emission band was observed at
room temperature. Although the emission peak regularly red-
shifts from 560 to 595 nm with the decrease in temperature
from 300 to 77 K, the abrupt spectral change was not observed.
These experimental results further demonstrate that the abrupt
spectral change at the melting point of JBF1 in a dilute
solution was caused by the formation of temperature-induced
aggregates.

According to the concentration- and temperature-dependent
"H NMR spectra, the chemical shifts of the whole aromatic
protons shift to a high magnetic field as the JBF1
concentration is increased from 1 to 200 mM (Figure 4c).
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Figure 4. (a) Fluorescence decay profiles of the JBF1 monomer (445 nm) and aggregates (560 nm) at room temperature. (b) Temperature-
dependent emission spectra of JBF1 (300 mM) in the chloroform solution. (c) Concentration-dependent 'H NMR spectra of JBF1 in a d-
chloroform solution at room temperature and (d) temperature-dependent '"H NMR spectra of JBF1 (1 mM) in the d-chloroform solution.
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These phenomena are induced by the shielding effects between
the aggregates at high concentrations. In contrast, the chemical
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shifts of JBF1 (1 mM) remain almost constant when the
temperature drops from 330 to 220 K in a d-chloroform

https://dx.doi.org/10.1021/acs.jpca.0c08649
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solution (still above the melting point of d-chloroform; see
Figure 4d). These experiments indicate that the aggregation
processes were not completed because the system still stays as
intermediate states on the way of final oligomers because the
temperature remained higher than the melting point of
chloroform.

Once the temperature drops below the melting point of
chloroform, the fluorescence peak continues to red-shift to 592
nm. This phenomenon was also seen in our previously
published work,'® which demonstrated that the thermochrom-
ism of JBF1 crystals is caused by the temperature-induced
changes of intermolecular distance and molecular conforma-
tion. Thus, further temperature decrease enhances the
intermolecular interaction, therefore leading to a continuous
red-shift of the emission wavelengths. To further confirm the
thermal-induced aggregation behaviors, high-resolution cryo-
transmission electron microscopy was also implemented in the
chloroform solution of JBF1 (80 uM). A uniform spherical
nanoparticle of about 15 nm was observed at 77 K (Figure Sg).

Interestingly, as we recorded the temperature-dependent
fluorescence spectra of JBF1 in methanol solution (Figure
Sb,e), the fluorescence maxima remained almost constant
throughout the whole temperature range. The regular self-
assembled nanoparticles cannot be observed in methanol
solution (Figure Sh). In consideration of the worse solubility of
JBF1 in methanol than that in chloroform, it should be much
easier to precipitate in methanol than in chloroform at low
temperatures. Thus, we believe that the high polarity of
methanol may have destroyed the intermolecular interactions
and the temperature decrease was not enough to set off the
intermolecular aggregation.

Pyrene is a kind of organic molecule that has a high
tendency to aggregate in poor solution due to strong
intermolecular 7—7 interactions.”” "' In comparison to that
of JBF1, the temperature-dependent fluorescence spectra of
pyrene (100 yM) in the chloroform solution was recorded.
However, no obvious temperature-induced aggregation was
observed. The aggregation was only observed when the
concentration increased to 1 mM (Figure S6). The emission
spectra also showed a ratiometric change from monomer (380
nm) to excimer (475 nm), which differs from that of JBF1. We
also synthesized luminogen XBF with a similar structure to
JBF1 but without any substituents in the phenyl group. The
absorption and emission spectra of XBF are slightly influenced
by the polarity of the solvent, which indicates weak charge
transfer properties in XBF. No thermochromic luminescent
properties are observed in its chloroform solution (Figure S7).
The above results suggest that the introduction of alkyl or
carbazole groups makes the distance and arrangement of
molecules sensitive to external stimulation, further leading to
the sensitive thermochromic luminescent properties.

A simple thermometer was prepared by adding the dilute
chloroform solution of JBF1 in a quartz tube (Figure Si). We
put the bottom of the quartz tube into liquid nitrogen and
leave the top in ambient surroundings. The temperature-
induced color gradient from blue via green to orange was
observed as the temperature decreased from the top (300 K)
to the bottom (77 K). Meanwhile, a good linear relationship
between the fluorescence maxima and temperature in these
two continuous thermochromic stages was obtained, which can
be fitted to the equations of T = 1269.6—2.17 A and T =
3561.2—5.88 A (correlation coefficients: 0.9976 and 0.9924;
Figure S8), where T is the temperature and A is the
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fluorescence maxima. The discontinuous thermochromic
stage at the melting point of chloroform can be responded
to the temperature variation from 215 to 205 K with a distinct
color change from green to orange. To evaluate the
luminescence stability of these complexes, the chloroform
solutions of JBF1—4 are irradiated at ambient surroundings for
10 h by a S W LED lamp. The emission intensity of all samples
has no obvious change in the whole irradiating duration,
indicating the high luminescence stability (Figure S9). The
reversibility of JBF1 in chloroform solution is also conducted
by measuring 10 cycles of the thermochromic procedures, and
the emission spectrum of each cycle is basically unchanged
(see Figure S10). Thus, the good photoluminescence quantum
yield (PLQY) (Table S1), clear color change, wonderful
stability, and reversibility contributed to JBF1 being a good
candidate for a high-performance thermometer.

B CONCLUSIONS

In summary, we reported a series of highly sensitive
thermometers based on the temperature-induced aggregation
of difluoroboron pf-diketonate chromophores. The lumines-
cence properties of JBF1 in a dilute solution was distinct with
aggregates, which leads to a wide range of temperature-
dependent emission wavelength from 445 to 592 nm
accompanied by a fluorescence variation from blue to red in
chloroform. Both spectroscopy measurements and theoretical
calculations demonstrate that the thermochromic lumines-
cence property should be ascribed to the reversible changes of
intermolecular interactions and the abrupt volume shrinkage of
the solvent at the melting point. The thermochromic
luminescent materials based on the aggregation of organic
chromophores provide a new strategy for the design of
thermometers with high sensitivity.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpca.0c08649.

Experimental methods, synthesis and characterization,
computational details, and supplementary figures and
tables are included (PDF)

B AUTHOR INFORMATION

Corresponding Author
Jian-Xin Wang — Key Laboratory of Radiopharmaceuticals,
Ministry of Education, College of Chemistry, Beijing Normal
University, Beijing 100875, P. R. China; ® orcid.org/0000-
0002-7838-5575; Email: jianxinwang@mail.bnu.edu.cn

Authors

Teng-Shuo Zhang — Key Laboratory of Theoretical and
Computational Photochemistry, Ministry of Education,
College of Chemistry, Beijing Normal University, Beijing
100875, P. R. China

Xin Zhu — Key Laboratory of Radiopharmaceuticals, Ministry
of Education, College of Chemistry, Beijing Normal
University, Beijing 100875, P. R. China

Chun-Xiang Li — Key Laboratory of Theoretical and
Computational Photochemistry, Ministry of Education,
College of Chemistry, Beijing Normal University, Beijing
100875, P. R. China

https://dx.doi.org/10.1021/acs.jpca.0c08649
J. Phys. Chem. A 2020, 124, 10082—10089


http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c08649/suppl_file/jp0c08649_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c08649/suppl_file/jp0c08649_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c08649/suppl_file/jp0c08649_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c08649/suppl_file/jp0c08649_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c08649/suppl_file/jp0c08649_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c08649/suppl_file/jp0c08649_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c08649?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c08649/suppl_file/jp0c08649_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian-Xin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7838-5575
http://orcid.org/0000-0002-7838-5575
mailto:jianxinwang@mail.bnu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Teng-Shuo+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chun-Xiang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c08649?ref=pdf

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

Lei Dong — Key Laboratory of Radiopharmaceuticals,
Ministry of Education, College of Chemistry, Beijing Normal
University, Beijing 100875, P. R. China

Ganglong Cui — Key Laboratory of Theoretical and
Computational Photochemistry, Ministry of Education,
College of Chemistry, Beijing Normal University, Beijing
100878, P. R. China; © orcid.org/0000-0002-9752-1659

Qing-Zheng Yang — Key Laboratory of Radiopharmaceuticals,
Ministry of Education, College of Chemistry, Beijing Normal
University, Beijing 100875, P. R. China; ® orcid.org/0000-
0002-9131-4907

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpca.0c08649

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was financially supported by the National Natural
Science Foundation of China (21525206 and 21971023) to

QzY.

B REFERENCES

(1) Song, W.; Ye, W.; Shi, L; Huang, J.; Zhang, Z.; Mei, J; Su, J.;
Tian, H. Smart molecular butterfly: an ultra-sensitive and range-
tunable ratiometric thermometer based on dihydrophenazines. Mater.
Horiz. 2020, 7, 615—623.

(2) Liu, Q; Xie, M; Chang, X; Gao, Q; Chen, Y; Lu, W.
Correlating thermochromic and mechanochromic phosphorescence
with polymorphs of a complex gold(i) double salt with infinite
aurophilicity. Chem. Commun. 2018, 54, 12844—12847.

(3) Feng, ].; Tian, K,; Hu, D.; Wang, S.; Li, S.; Zeng, Y.; Li, Y.; Yang,
G. A triarylboron-based fluorescent thermometer: sensitive over a
wide temperature range. Angew. Chem., Int. Ed. 2011, 50, 8072—8076.

(4) Zhao, H.; Ni, J.; Zhang, J. J; Liu, S. Q; Sun, Y. J.; Zhou, H; Li,
Y. Q; Duan, C. Y. A trichromatic MOF composite for multidimen-
sional ratiometric luminescent sensing. Chem. Sci. 2018, 9, 2918—
2926.

(5) Kitagawa, Y.; Kumagai, M.; Ferreira da Rosa, P. P.; Fushimi, K;
Hasegawa, Y. Long-range LMCT coupling in Eu(III) coordination
polymers for an effective molecular luminescent thermometer. Chem. -
Eur. J. 2020, DOI: 10.1002/chem.202002628.

(6) Rao, X.; Song, T.; Gao, J.; Cui, Y; Yang, Y.; Wy, C; Chen, B;
Qian, G. A highly sensitive mixed lanthanide metal-organic framework
self-calibrated luminescent thermometer. J. Am. Chem. Soc. 2013, 135,
15559—15564.

(7) Wang, J; Zakrzewski, J. J; Heczko, M.; Zychowicz, M,;
Nakagawa, K.; Nakabayashi, K.; Sieklucka, B.; Chorazy, S.; Ohkoshi,
S. L Proton Conductive Luminescent Thermometer Based on Near-
Infrared Emissive {YbCo2} Molecular Nanomagnets. J. Am. Chem.
Soc. 2020, 142, 3970—3979.

(8) Zhang, Z.; Zhao, Z.; Wy, L.; Lu, S.; Ling, S.; Li, G.; Xu, L.; Ma,
L; Hou, Y; Wang, X; et al. Emissive Platinum(II) Cages with
Reverse Fluorescence Resonance Energy Transfer for Multiple
Sensing. J. Am. Chem. Soc. 2020, 142, 2592—2600.

(9) Sojka, M.; Brites, C. D. S; Carlos, L. D.; Zych, E. Exploiting
bandgap engineering to finely control dual-mode Lu2(Ge,Si)OS5:Pr3
+ luminescence thermometers. J. Mater. Chem. C. 2020, 8, 10086—
10097.

(10) Wang, J.-X,; Yu, Y.-S,; Niu, L.-Y.; Zou, B.; Wang, K; Yang, Q.-
Z. A difluoroboron beta-diketonate based thermometer with temper-
ature-dependent emission wavelength. Chem. Commun. 2020, S6,
6269—6272.

(11) Ananias, D.; Paz, F. A; Yufit, D. S.; Carlos, L. D.; Rocha, J.
Photoluminescent thermometer based on a phase-transition lantha-

nide silicate with unusual structural disorder. J. Am. Chem. Soc. 2018,
137, 3051—-30S8.

(12) Gupta, M.; Gupta, S. P.; Mohapatra, S. S.; Dhara, S.; Pal, S. K.
Room-Temperature Oligomeric Discotic Nematic Liquid Crystals
over a Wide Temperature Range:Structure-Property Relationships.
Chem. - Eur. J. 2017, 23, 10626—10631.

(13) Londesborough, M. G. S.; Dolansky, J.; Cerdan, L.; Lang, K;
Jelinek, T.; Oliva, J. M.; Hnyk, D.; Roca-Sanjuan, D.; Francés-
Monerris, A.; Martincik, J.; et al. Thermochromic Fluorescence from
B18H20(NCSHS)2: An Inorganic-Organic Composite Luminescent
Compound with an Unusual Molecular Geometry. Adv. Opt. Mater.
2017, S, No. 1600694.

(14) Wolfbeis, O. S. Sensor Paints. Adv. Mater. 2008, 20, 3759—
3763.

(15) Mata, L,; Silva, J.; Schuenhoff, A; Santos, R. The effects of light
and temperature on the photosynthesis of the Asparagopsis armata
tetrasporophyte (Falkenbergia rufolanosa), cultivated in tanks.
Aquaculture. 2006, 252, 12—19.

(16) Benkstein, K. D.; Raman, B.; Montgomery, C. B.; Martinez, C.
J.; Semancik, S. Microsensors in Dynamic Backgrounds: Toward Real-
Time Breath Monitoring. IEEE. Sens. J. 2010, 10, 137.

(17) Lee, J. J; Dutton, J. C; Jacobi, A. M. Application of
Temperature-Sensitive Paint for Surface Temperature Measurement
in Heat Transfer Enhancement Applications. ]. Mech. Sci. Technol.
2007, 21, 1253—1262.

(18) Youssef, S.; Podlecki, J.; Al Asmar, R; Sorli, B.; Cyril, O.;
Foucaran, A. MEMS Scanning Calorimeter With Serpentine-Shaped
Platinum Resistors for Characterizations of Microsamples. J. Micro-
electromech. Syst. 2009, 18, 414.

(19) Petrusevski, V. M.; Bukleski, M.; Monkoviz, M. The Economic
Demonstrator: Prepare it Once, Use it Many Times. II. Continuous
Thermochromism In Aqueous Solutions Of Transition Metal
Chlorides. Chem. - Eur. ]. 2007, 16, 20—26.

(20) Petrusevski, V. M.; Bukleski, M. The Economic Demonstrator:
Prepare It Once, Use It Many Times. III. Phenomena of
Discontinuous Thermochromism. Chem. - Eur. J. 2008, 17, 109—117.

(21) Stanley, R. H. R. Ocean thermometer from the past. Nature.
2018, 553, 30—31.

(22) Yoon, S.-J; Kim, J. H,; Kim, K. S.; Chung, J. W.; Heinrich, B,;
Mathevet, F.; Kim, P.; Donnio, B,; Attias, A.-J.; Kim, D, et al
Mesomorphic Organization and Thermochromic Luminescence of
Dicyanodistyrylbenzene-Based Phasmidic Molecular Disks: Uniaxially
Aligned Hexagonal Columnar Liquid Crystals at Room Temperature
with Enhanced Fluorescence Emission and Semiconductivity. Adv.
Funct. Mater. 2012, 22, 61—69.

(23) Donia, A. M.; El-Boraey, H. A. Reversible and Irreversible
Thermochromism of Some Schiff Base Metal Complexes. Transition.
Met. Chem. 1993, 18, 315—318.

(24) White, M. A,; LeBlanc, M. Thermochromism in Commercial
Products. J. Chem. Educ. 1999, 76, 1201.

(25) Day, J. H. Thermochromism of Inorganic Compounds. Chem.
Rev. 1968, 68, 649—657.

(26) Tian, R; Zhang, S.; Li, M.; Zhou, Y.; Lu, B; Yan, D.; Wei, M,;
Evans, D. G.; Duan, X. Localization of Au Nanoclusters on Layered
Double Hydroxides Nanosheets: Confinement-Induced Emission
Enhancement and Temperature-Responsive Luminescence. Adv.
Funct. Mater. 2018, 25, 5006—5015.

(27) Sun, M. J; Zhong, Y. W, Yao, J. Thermal-Responsive
Phosphorescent Nanoamplifiers Assembled from Two Metallophos-
phors. Angew. Chem., Int. Ed. 2018, 57, 7820—7825.

(28) Lian, X;; Zhao, D.; Cui, Y.; Yang, Y.; Qian, G. A near infrared
luminescent metal-organic framework for temperature sensing in the
physiological range. Chem. Commun. 2015, 51, 17676—17679.

(29) Shi, L.; Song, W.; Lian, C.; Chen, W.; Mei, J; Su, J; Liu, H;
Tian, H. Dual-Emitting Dihydrophenazines for Highly Sensitive and
Ratiometric Thermometry over a Wide Temperature Range. Adv. Opt.
Mater. 2018, 6, No. 1800190.

(30) Xu, L; Wang, C,; Li, Y. X;; Xu, X. H;; Zhou, L.; Liu, N.; Wu, Z.
Q. Crystallization-Driven Asymmetric Helical Assembly of Con-

https://dx.doi.org/10.1021/acs.jpca.0c08649
J. Phys. Chem. A 2020, 124, 10082—10089


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ganglong+Cui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-9752-1659
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qing-Zheng+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-9131-4907
http://orcid.org/0000-0002-9131-4907
https://pubs.acs.org/doi/10.1021/acs.jpca.0c08649?ref=pdf
https://dx.doi.org/10.1039/C9MH01167F
https://dx.doi.org/10.1039/C9MH01167F
https://dx.doi.org/10.1039/C8CC05210G
https://dx.doi.org/10.1039/C8CC05210G
https://dx.doi.org/10.1039/C8CC05210G
https://dx.doi.org/10.1002/anie.201102390
https://dx.doi.org/10.1002/anie.201102390
https://dx.doi.org/10.1039/C8SC00021B
https://dx.doi.org/10.1039/C8SC00021B
https://dx.doi.org/10.1002/chem.202002628
https://dx.doi.org/10.1002/chem.202002628
https://dx.doi.org/10.1002/chem.202002628?ref=pdf
https://dx.doi.org/10.1021/ja407219k
https://dx.doi.org/10.1021/ja407219k
https://dx.doi.org/10.1021/jacs.9b13147
https://dx.doi.org/10.1021/jacs.9b13147
https://dx.doi.org/10.1021/jacs.9b12689
https://dx.doi.org/10.1021/jacs.9b12689
https://dx.doi.org/10.1021/jacs.9b12689
https://dx.doi.org/10.1039/D0TC01958E
https://dx.doi.org/10.1039/D0TC01958E
https://dx.doi.org/10.1039/D0TC01958E
https://dx.doi.org/10.1039/D0CC01505A
https://dx.doi.org/10.1039/D0CC01505A
https://dx.doi.org/10.1021/ja512745y
https://dx.doi.org/10.1021/ja512745y
https://dx.doi.org/10.1002/chem.201701578
https://dx.doi.org/10.1002/chem.201701578
https://dx.doi.org/10.1002/adom.201600694
https://dx.doi.org/10.1002/adom.201600694
https://dx.doi.org/10.1002/adom.201600694
https://dx.doi.org/10.1002/adma.200702276
https://dx.doi.org/10.1016/j.aquaculture.2005.11.045
https://dx.doi.org/10.1016/j.aquaculture.2005.11.045
https://dx.doi.org/10.1016/j.aquaculture.2005.11.045
https://dx.doi.org/10.1109/JSEN.2009.2035738
https://dx.doi.org/10.1109/JSEN.2009.2035738
https://dx.doi.org/10.1007/BF03179042
https://dx.doi.org/10.1007/BF03179042
https://dx.doi.org/10.1007/BF03179042
https://dx.doi.org/10.1109/JMEMS.2009.2013392
https://dx.doi.org/10.1109/JMEMS.2009.2013392
https://dx.doi.org/10.1038/d41586-017-08721-4
https://dx.doi.org/10.1002/adfm.201101818
https://dx.doi.org/10.1002/adfm.201101818
https://dx.doi.org/10.1002/adfm.201101818
https://dx.doi.org/10.1002/adfm.201101818
https://dx.doi.org/10.1007/BF00207955
https://dx.doi.org/10.1007/BF00207955
https://dx.doi.org/10.1021/ed076p1201
https://dx.doi.org/10.1021/ed076p1201
https://dx.doi.org/10.1021/cr60256a001
https://dx.doi.org/10.1002/adfm.201501433
https://dx.doi.org/10.1002/adfm.201501433
https://dx.doi.org/10.1002/adfm.201501433
https://dx.doi.org/10.1002/anie.201803546
https://dx.doi.org/10.1002/anie.201803546
https://dx.doi.org/10.1002/anie.201803546
https://dx.doi.org/10.1039/C5CC07532G
https://dx.doi.org/10.1039/C5CC07532G
https://dx.doi.org/10.1039/C5CC07532G
https://dx.doi.org/10.1002/adom.201800190
https://dx.doi.org/10.1002/adom.201800190
https://dx.doi.org/10.1002/anie.202006561
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c08649?ref=pdf

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

jugated Block Copolymer and the Aggregation Induced White-light
Emission and Circularly Polarized Luminescence. Angew. Chem., Int.
Ed. 2020, 59, 16675—16682.

(31) Shi, J.; Jia, H,; Chen, H.; Wang, X.; Xu, J.-F.; Ren, W.; Zhao, J;
Zhou, X.; Dong, Y.; Liu, D. Concentration Insensitive Supramolecular
Polymerization Enabled by Kinetically Interlocking Multiple-Units
Strategy. CCS Chem. 2019, 1, 296—303.

(32) Wagner, W.; Wehner, M.; Stepanenko, V.; Wiirthner, F. Impact
of Molecular Shape on Supramolecular Copolymer Synthesis in
Seeded Living Polymerization of Perylene Bisimides. CCS Chem.
2019, 1, 598—613.

(33) Jakob, M. Javadi, M.; Veinot, J. G. C.; Meldrum, A
Kartouzian, A.; Heiz, U. Ensemble Effects in the Temperature-
Dependent Photoluminescence of Silicon Nanocrystals. Chem. - Eur. J.
2019, 2§, 3061-3067.

(34) Xie, N. H,; Li, C; Chen, Y.; Chen, T.; Liu, Z.; Zhu, M. Q.
Photoswitchable Self-Assembly/Disassembly of Near-Infrared Fluo-
rophores. Chem. - Eur. J. 2018, 24, 16251—16256.

(35) Li, Q; Li, Z. Molecular Packing: Another Key Point for the
Performance of Organic and Polymeric Optoelectronic Materials. Acc.
Chem. Res. 2020, 53, 962—973.

(36) Hong, Y.; Lam, J. W. Y,; Tang, B. Z. Aggregation-induced
emission. Chem. Soc. Rev. 2011, 40, 5361—5388.

(37) Qian, W.; Zuo, M.,; Sun, G.; Chen, Y,; Han, T,; Hy, X. Y,;
Wang, R.; Wang, L. The construction of an AIE-based controllable
singlet oxygen generation system directed by a supramolecular
strategy. Chem. Commun. 2020, 56, 7301—7304.

(38) Wu, X.-H.; Wei, Z.; Yan, B.-J.; Huang, R-W.; Liu, Y.-Y; Li, K;
Zang, S.-Q; Mak, T. C. W. Mesoporous Crystalline Silver-
Chalcogenolate Cluster-Assembled Material with Tailored Photo-
luminescence Properties. CCS Chem. 2019, 1, 553—560.

(39) Chen, P.-Z,; Niu, L.-Y.; Chen, Y.-Z.; Yang, Q.-Z. Difluoroboron
P-diketonate dyes: Spectroscopic properties and applications. Coord.
Chem. Rev. 2017, 350, 196—216.

(40) Wang, J.-X;; Niu, L.-Y.; Chen, P.-Z,; Chen, Y.-Z,; Yang, Q.-Z;
Boulatov, R. Ratiometric O2 sensing based on selective self-sensitized
photooxidation of donor-acceptor fluorophores. Chem. Commun.
2019, SS, 7017—7020.

(41) Chen, P.-Z.; Zhang, H.; Niu, L.-Y.; Zhang, Y.; Chen, Y.-Z; Fu,
H.-B,; Yang, Q.-Z. A. Solid-State Fluorescent Material Based on
Carbazole-Containing Difluoroboron f-Diketonate: Multiple Chrom-
isms, the Self-Assembly Behavior, and Optical Waveguides. Adv.
Funct. Mater. 2017, 27, No. 1700332.

(42) Zhang, G.; Palmer, G. M.; Dewhirst, M. W.; Fraser, C. L. A
Dual-Emissive-Materials Design Concept Enables Tumour Hypoxia
Imaging. Nat. Mater. 2009, 8, 747—751.

(43) Chen, P.-Z.; Weng, Y.-X; Niu, L.-Y.; Chen, Y.-Z; Wu, L.-Z;
Tung, C.-H,; Yang, Q.-Z. Light-Harvesting Systems Based on Organic
Nanocrystals To Mimic Chlorosomes. Angew. Chem., Int. Ed. 2016,
55, 2759—-2763.

(44) Wilbraham, L.; Louis, M.; Alberga, D.; Brosseau, A.; Guillot, R ;
Ito, F.,; Labat, F; Me ’tivier; Allain, C.; Ciofini, I. Revealing the
Origins of Mechanically Induced Fluorescence Changes in Organic
Molecular Crystals. Adv. Mater. 2018, 30, No. 1800817.

(45) DeRosa, C. A; Seaman, S. A.; Mathew, A. S.; Gorick, C. M,;
Fan, Z.; Demas, J. N.; Peirce, S. M.; Fraser, C. L. Oxygen Sensing
Difluoroboron p-Diketonate Polylactide Materials with Tunable
Dynamic Ranges for Wound Imaging. ACS. Sens. 2016, 1, 1366.

(46) Zhang, G.; Chen, J; Payne, S. J.; Kooi, S. E.,; Demas, J. N,;
Fraser, C. L. Multi-Emissive Difluoroboron Dibenzoylmethane
Polylactide Exhibiting Intense Fluorescence and Oxygen-Sensitive
Room-Temperature Phosphorescence. J. Am. Chem. Soc. 2007, 129,
15728.

(47) Maeda, H,; Bando, Y.; Shimomura, K.; Yamada, L; Naito, M.;
Nobusawa, K.; Tsumatori, H.; Kawai, T. Chemical-Stimuli-Control-
lable Circularly Polarized Luminescence from Anion-Responsive 7-
Conjugated Molecules. J. Am. Chem. Soc. 2011, 133, 9266.

(48) Zhy, J.-Y.; Li, C.-X.; Chen, P.-Z.; Ma, Z.-W.; Zou, B.; Niu, L.-
Y,; Cui, G.-L.; Yang, Q.-Z. A polymorphic fluorescent material with

strong solid state emission and multi-stimuli-responsive properties.
Mater. Chem. Front. 2020, 4, 176—181.

(49) Huang, W.; Zhang, X;; Chen, B.; Miao, H; Trindle, C. O,;
Wang, Y.; Luo, Y.; Zhang, G. Boosting the triplet activity of heavy-
atom-free difluoroboron dibenzoylmethane via sp(3) oxygen-bridged
electron donors. Chem. Commun. 2019, 55, 67—70.

(50) Huang, H; Yu, Z.; Zhou, D,; Li, S.; Fu, L; Wy, Y,; Gu, C;
Liao, Q; Fu, H. Wavelength-Turnable Organic Microring Laser
Arrays from Thermally Activated Delayed Fluorescent Emitters. ACS
Photonics 2019, 6, 3208—3214.

(51) Liu, N.; Chen, P.-Z,; Wang, J.-X,; Niu, L.-Y.; Yang, Q.-Z.
Difluoroboron f-diketonate dye with intense red/near-infrared
fluorescence in solutions and solid states. Chin. Chem. Lett. 2019,
30, 1939—1941.

(52) Chen, P.-Z,; Niu, L.-Y.; Zhang, H; Chen, Y.-Z,; Yang, Q.-Z.
Exploration of the two-step crystallization of organic micro/nano
crystalline materials by fluorescence spectroscopy. Mater. Chem. Front.
2018, 2, 1323-1327.

(53) Wang, J.-X;; Zhang, H; Niu, L.-Y,; Zhyu, X; Kang, Y.-F;
Boulatov, R; Yang, Q.-Z. Organic Composite Crystal with Persistent
Room-Temperature Luminescence Above 650 nm by Combining
Triplet-Triplet Energy Transfer with Thermally Activated Delayed
Fluorescence. CCS Chem. 2020, 2, 1391—1398.

(54) Gong, W.; Yang, X.; Zavalij, P. Y.; Isaacs, L.; Zhao, Z.; Liu, S.
From Packed “Sandwich” to “Russian Doll”: Assembly by Charge-
Transfer Interactions in Cucurbit[10]uril. Chem. - Eur. J. 2016, 22,
17493.

(55) Seaton, C. C.; Blagden, N.; Munshi, T.; Scowen, 1. J. Creation
of ternary multicomponent crystals by exploitation of charge-transfer
interactions. Chem. - Eur. J. 2013, 19, 10663—10671.

(56) Adonin, S. A,; Gorokh, I. D.; Novikov, A. S.; Abramov, P. A,;
Sokolov, M.N.,; Fedin, V. P. Halogen Contacts-Induced Unusual
Coloring in Billl Bromide Complex: Anion-to-Cation Charge
Transfer via Br---Br Interactions. Chem. - Eur. J. 2017, 23, 15612—
15316.

(57) Becke, A. D. Density-functional exchange-energy approxima-
tion with correct asymptotic behavior. Phys. Rev. A. 1988, 38, 3098.

(58) Becke, A. D. A new mixing of Hartree-Fock and local density-
functional theories. J. Chem. Phys. 1993, 98, 1372—1377.

(59) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010,
132, No. 154104.

(60) Hariharan, P. C.; Pople, J. A. The influence of polarization
functions on molecular orbital hydrogenation energies. Theor. Chem.
Acc. 1973, 28, 213-222.

(61) Hehre, W. J; Ditchfield, R; Pople, J. A. Self-consistent
molecular orbital methods. XII. Further extensions of Gaussian-type
basis sets for use in molecular orbital studies of organic molecules. J.
Chem. Phys. 1972, 56, 2257—2261.

(62) Lee, C; Yang, W.; Parr, R. G. Development of the Colle-
Salvetti correlation-energy formula into a functional of the electron
density. Phys. Rev. B 1988, 37, 785.

(63) Maseras, F.; Morokuma, K. IMOMM: A new integrated ab
initio + molecular mechanics geometry optimization scheme of
equilibrium structures and transition states. . Comput. Chem. 1995,
16, 1170—1179.

(64) Miertus, S.; Scrocco, E.; Tomasi, J. Electrostatic interaction of a
solute with a continuum. A direct utilizaion of AB initio molecular
potentials for the prevision of solvent effects. Chem. Phys. 1981, SS,
117-129.

(65) Rappé, A. K; Casewit, C. J.; Colwell, K;; Goddard, W. A,, III;
Skiff, W. M. UFF, a full periodic table force field for molecular
mechanics and molecular dynamics simulations. J. Am. Chem. Soc.
1992, 114, 10024—10035.

(66) Rappe, A. K; Goddard, W. A, III Charge equilibration for
molecular dynamics simulations. J. Phys. Chem. A 1991, 95, 3358—
3363.

https://dx.doi.org/10.1021/acs.jpca.0c08649
J. Phys. Chem. A 2020, 124, 10082—10089


https://dx.doi.org/10.1002/anie.202006561
https://dx.doi.org/10.1002/anie.202006561
https://dx.doi.org/10.31635/ccschem.019.20190061
https://dx.doi.org/10.31635/ccschem.019.20190061
https://dx.doi.org/10.31635/ccschem.019.20190061
https://dx.doi.org/10.1002/chem.201804986
https://dx.doi.org/10.1002/chem.201804986
https://dx.doi.org/10.1002/chem.201803896
https://dx.doi.org/10.1002/chem.201803896
https://dx.doi.org/10.1021/acs.accounts.0c00060
https://dx.doi.org/10.1021/acs.accounts.0c00060
https://dx.doi.org/10.1039/c1cs15113d
https://dx.doi.org/10.1039/c1cs15113d
https://dx.doi.org/10.1039/D0CC02962A
https://dx.doi.org/10.1039/D0CC02962A
https://dx.doi.org/10.1039/D0CC02962A
https://dx.doi.org/10.31635/ccschem.019.20190024
https://dx.doi.org/10.31635/ccschem.019.20190024
https://dx.doi.org/10.31635/ccschem.019.20190024
https://dx.doi.org/10.1016/j.ccr.2017.06.026
https://dx.doi.org/10.1016/j.ccr.2017.06.026
https://dx.doi.org/10.1039/C9CC03232K
https://dx.doi.org/10.1039/C9CC03232K
https://dx.doi.org/10.1002/adfm.201700332
https://dx.doi.org/10.1002/adfm.201700332
https://dx.doi.org/10.1002/adfm.201700332
https://dx.doi.org/10.1038/nmat2509
https://dx.doi.org/10.1038/nmat2509
https://dx.doi.org/10.1038/nmat2509
https://dx.doi.org/10.1002/anie.201510503
https://dx.doi.org/10.1002/anie.201510503
https://dx.doi.org/10.1002/adma.201800817
https://dx.doi.org/10.1002/adma.201800817
https://dx.doi.org/10.1002/adma.201800817
https://dx.doi.org/10.1021/acssensors.6b00533
https://dx.doi.org/10.1021/acssensors.6b00533
https://dx.doi.org/10.1021/acssensors.6b00533
https://dx.doi.org/10.1021/ja079953o
https://dx.doi.org/10.1021/ja079953o
https://dx.doi.org/10.1021/ja079953o
https://dx.doi.org/10.1021/ja203206g
https://dx.doi.org/10.1021/ja203206g
https://dx.doi.org/10.1021/ja203206g
https://dx.doi.org/10.1039/C9QM00518H
https://dx.doi.org/10.1039/C9QM00518H
https://dx.doi.org/10.1039/C8CC08346K
https://dx.doi.org/10.1039/C8CC08346K
https://dx.doi.org/10.1039/C8CC08346K
https://dx.doi.org/10.1021/acsphotonics.9b01051
https://dx.doi.org/10.1021/acsphotonics.9b01051
https://dx.doi.org/10.1016/j.cclet.2019.04.058
https://dx.doi.org/10.1016/j.cclet.2019.04.058
https://dx.doi.org/10.1039/C8QM00118A
https://dx.doi.org/10.1039/C8QM00118A
https://dx.doi.org/10.31635/ccschem.020.202000158
https://dx.doi.org/10.31635/ccschem.020.202000158
https://dx.doi.org/10.31635/ccschem.020.202000158
https://dx.doi.org/10.31635/ccschem.020.202000158
https://dx.doi.org/10.1002/chem.201605040
https://dx.doi.org/10.1002/chem.201605040
https://dx.doi.org/10.1002/chem.201203578
https://dx.doi.org/10.1002/chem.201203578
https://dx.doi.org/10.1002/chem.201203578
https://dx.doi.org/10.1002/chem.201703747
https://dx.doi.org/10.1002/chem.201703747
https://dx.doi.org/10.1002/chem.201703747
https://dx.doi.org/10.1103/PhysRevA.38.3098
https://dx.doi.org/10.1103/PhysRevA.38.3098
https://dx.doi.org/10.1063/1.464304
https://dx.doi.org/10.1063/1.464304
https://dx.doi.org/10.1063/1.3382344
https://dx.doi.org/10.1063/1.3382344
https://dx.doi.org/10.1063/1.3382344
https://dx.doi.org/10.1007/BF00533485
https://dx.doi.org/10.1007/BF00533485
https://dx.doi.org/10.1063/1.1677527
https://dx.doi.org/10.1063/1.1677527
https://dx.doi.org/10.1063/1.1677527
https://dx.doi.org/10.1103/PhysRevB.37.785
https://dx.doi.org/10.1103/PhysRevB.37.785
https://dx.doi.org/10.1103/PhysRevB.37.785
https://dx.doi.org/10.1002/jcc.540160911
https://dx.doi.org/10.1002/jcc.540160911
https://dx.doi.org/10.1002/jcc.540160911
https://dx.doi.org/10.1016/0301-0104(81)85090-2
https://dx.doi.org/10.1016/0301-0104(81)85090-2
https://dx.doi.org/10.1016/0301-0104(81)85090-2
https://dx.doi.org/10.1021/ja00051a040
https://dx.doi.org/10.1021/ja00051a040
https://dx.doi.org/10.1021/j100161a070
https://dx.doi.org/10.1021/j100161a070
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c08649?ref=pdf

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

(67) Vosko, S. H.; Wilk, L.; Nusair, M. Accurate spin-dependent
electron liquid correlation energies for local spin density calculations:
a critical analysis. Can. J. Phys. 1980, 58, 1200—1211.

(68) Vreven, T.; Morokuma, K.; Farkas, O.; Schlegel, H. B.; Frisch,
M. J. Geometry optimization with QM/MM, ONIOM, and other
combined methods. I. Microiterations and constraints. J. Comput.
Chem. 2003, 24, 760—769.

(69) Conlon, P.; Yang, C. J.; Wy, Y.; Chen, Y.; Martinez, K.; Kim,
Y.; Stevens, N.; Marti, A. A; Jockusch, S.; Turro, N. J; et al. Pyrene
Excimer Signaling Molecular Beacons for Probing Nucleic Acids. J.
Am. Chem. Soc. 2008, 130, 336—342.

(70) Bouquin, N.; Malinovskii, V. L.; Haner, R. Highly efficient
quenching of excimer fluorescence by perylene diimide in DNA.
Chem. Commun. 2008, 1974—1976.

(71) Lohar, S Safin, D. A; Sengupta, A.; Chattopadhyay, A.;
Matalobos, ]J. S.; Babashkina, M. G.; Robeyns, K; Mitoraj, M. P,;
Kubisiak, P.; Garcia, Y.; et al. Ratiometric sensing of lysine through
the formation of the pyrene excimer: experimental and computational
studies. Chem. Commun. 2015, 51, 8536—8539.

10089

https://dx.doi.org/10.1021/acs.jpca.0c08649
J. Phys. Chem. A 2020, 124, 10082—10089


https://dx.doi.org/10.1139/p80-159
https://dx.doi.org/10.1139/p80-159
https://dx.doi.org/10.1139/p80-159
https://dx.doi.org/10.1002/jcc.10156
https://dx.doi.org/10.1002/jcc.10156
https://dx.doi.org/10.1021/ja076411y
https://dx.doi.org/10.1021/ja076411y
https://dx.doi.org/10.1039/b802193g
https://dx.doi.org/10.1039/b802193g
https://dx.doi.org/10.1039/C5CC01359C
https://dx.doi.org/10.1039/C5CC01359C
https://dx.doi.org/10.1039/C5CC01359C
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c08649?ref=pdf

