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1. Introduction

Excellent benzocoumarin-based ratiometric two-
photon fluorescent probe for H,O, detectiont

Xue-Li Hao,? Zi-Jing Guo,” Chun Zhang® and Ai-Min Ren () *@

The level of hydrogen peroxide (H,O,) plays an essential role in regulating biological processes. The
in vivo or in vitro detection of H,O, in deep tissues by utilizing two-photon (TP) fluorescent probes can
significantly alleviate the detection damage inflicted onto living organisms as well as facilitate high-resolution
imaging when compared with one-photon (OP) fluorescent probes. However, few TP fluorescent probes
possess both high fluorescence efficiency and easily distinguishable spectra for measuring H,O,. Therefore,
an in-depth understanding of the relationship between the electronic structure and TP fluorescent properties
and fabricating probes with excellent performance are still challenging. Consequently, we designed a series of
benzocoumarin-based ratiometric TP fluorescent probes and corresponding product molecules for H,O»
detection. Thereafter, we theoretically evaluated the TP recognition performance of these compounds and
studied the relationship between their molecular structure and TP performance by means of time-dependent
density functional theory and quadratic response theory. Moreover, we determined their spectral properties
and fluorescence efficiencies. Fortunately, in this study, we were able to propose an excellent TP probe BC-3
and the corresponding product molecule DCCA-3, which exhibit large TPA cross-sections in the NIR region
(3420 GM/988 nm; 316 GM/939 nm) and large Stokes (116 nm; 60 nm) and emission (225 nm) shifts.
Therefore, this probe enables the simultaneous NIR and TP imaging of H,O,, which is a unique ability
and has never been previously reported. Moreover, we comprehensively investigated the effect of the
benzene-fused position in the coumarin backbone on the transition dipole moment and nonradiative
decay channels, explaining the fluorescence near-quenching mechanism of benzolflcoumarin derivative
DCCA-4 for the first time.

and photobleaching. However, two-photon (TP) fluorescent probes
can alleviate these limitations and have promising potential due to

Hydrogen peroxide (H,0,), a major member of the reactive oxygen
species (ROS), plays an essential role in regulating biological
processes.’ However, the aberrant production of H,0, can give
rise to many diseases such as cancer,” neurodegenerative
disorders,® and cardiovascular diseases.* Therefore, it is necessary
to efficiently monitor the level of H,0, in living cells. In the last few
years, many techniques for H,O, detection have been developed,
but most of them are harmful to living cells, which is not suitable
for in vivo monitoring.” Fluorescent probes have become powerful
tools for the detection of H,O, because of their high sensitivity and
real-time imaging ability.® Until now, most of them have been
designed based on one-photon (OP) excitation with relatively
short excitation wavelengths, which may lead to photodamage
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their advantages such as localized excitation, deeper penetration
depth, and lower tissue auto-fluorescence.” However, applications
of TP fluorescent probes are relatively scarce due to their small
cross-section, low fluorescent efficiency, and incomplete internal
mechanism when compared with OP fluorescent probes.® There-
fore, research involving TP fluorescent probes with high efficiency
and large cross-section is extremely urgent for applications in
monitoring the level of H,O,.

In the last few years, most of the TP fluorescent probes for
H,0, detection have possessed the turn-on or turn-off mechanism,
which can be easily interfered.*®““/¢ However, ratiometric
fluorescent probes can simultaneously maintain a record of
the fluorescence intensities and ratio at two wavelengths, which
facilitates reducing the influence of environmental factors on
the detection ability.’ The large emission separation between the
probe and its product and large Stokes shift are two particular
indexes for ratiometric fluorescent probes, but it is very difficult
to achieve the target.’ Recently, Lin et al. designed a ratiometric
fluorescent probe BC based on oxonium as the recognition group
by Baeyer-Villiger oxidative rearrangement reaction to obtain the
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product as the coumarin derivative DCCA.' As elucidated in the
experimental results, this TP fluorescent probe BC exhibits high
sensitivity, excellent selectivity, good water solubility, near-infrared
(NIR) emission, and large emission shift.’® However, there is still a
considerable avenue for further improvement in the small excitation
and emission wavelengths, Stokes shift, and TPA cross-section of
the product (coumarin derivative DCCA) for facile detection after
reaction with H,O,. The imperfect photophysical performance of
the product compound can be a limitation for monitoring the level
of H,0,. Therefore, it is one of the main purposes of this research
to provide design strategies to enable both TP probes and
corresponding product molecules with large TPA cross-sections
and easily resolved fluorescence spectra.

To the best of our knowledge, benzocoumarins with larger
electronic conjugation can alleviate these abovementioned
limitations and can prove to be promising candidates for TP
fluorescent probes. Recently, Cho et al. have proposed that
benzo[h]coumarin derivatives possess large TPA cross-sections
in the long-wavelength light region."* Kim, Lee, and Ahn et al.
have reported that both TPA cross-sections and Stokes shifts for
benzo[g]coumarin derivatives are larger than those for the
corresponding coumarin derivatives.'> Moreover, the group of
Kyo Han Ahn and Daniel T. Gryko systemically researched the
optical properties of m-expanded coumarins.’® It has been
shown that benzocoumarins with appropriate substituents
can be excited at longer wavelengths and may have higher
fluorescence quantum yields than the corresponding coumarin
derivatives. Moreover, many benzocoumarin derivatives have
been used for biological imaging and in vivo detection due to
their desirable biocompatibility, low toxicity, and high photo-
stability.'""* Interestingly, when compared with benzo[g]coumarin
derivatives, the corresponding benzo[flcoumarin derivatives have
very weak emissions in polar media, but the internal mechanism
for this phenomenon is unclear.® These studies indicate that
benzocoumarins may prove to be promising candidates for use as
TP fluorescent probes, and the benzene-fused position plays an
important role in determining the molecular optical properties.

Based on the above studies, we designed a series of probe
molecules (BC-2, BC-3, and BC-4) with oxonium-based site and
benzocoumarin derivatives as the product molecules (DCCA-2,
DCCA-3, and DCCA-4) in order to obtain excellent ratiometric
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TP fluorescent probes with large cross-sections before and after
their reaction with H,0,. The structures of these compounds
are shown in Fig. 1. DCCA-2, DCCA-3, and DCCA-4 are benzo[g]-
coumarin, benzo[A]coumarin, and benzo[ f]coumarin derivatives,
respectively. We calculated the TPA cross-sections and fluorescence
quantum yields to evaluate the photophysical properties of these
compounds. We demonstrated the effect of the benzene-fused
position on the molecular optical properties and explained the
fluorescence near-quenching mechanism of the benzo[ f]coumarin
derivative DCCA-4 by analyzing the difference between the isomeric
benzocoumarin derivatives in the excited-state decay channels
and relevant transition dipole moments. It is expected that
this theoretical investigation can provide a new insight into
the design of ratiometric TP fluorescent probes with high
efficiency and large cross-sections for the in vivo monitoring
of the level of H,O,.

2. Computational details

The ground-state geometry optimizations and vibrational frequency
calculations of all the studied compounds were performed by using
density functional theory (DFT), employing the B3LYP functional
and 6-31G(d) basis."” The same level of calculations for the first
excited state was obtained by using time-dependent density
functional theory (TD-DFT), and no imaginary frequency was
found. On the basis of structural stability, we have evaluated the
electron distribution and frontier molecular orbital (FMO)
levels. Thereafter, the absorption and emission spectra are
obtained by the TD-DFT//B3LYP/6-311+G(d) method. The results
obtained from the B3LYP theory are in good agreement with the
experimental results, as listed in Tables S1 and S2 (ESIt). To
evaluate the solvent effect, a polarizable continuum model (PCM)"?
was used. These geometric and electronic structure calculations
were performed by using the Gaussian 09 program.'® The electron
transition characteristics were analyzed by the Multiwfn
program."” The radiative and nonradiative rates were examined
by the MOMAP program,'® which takes into account the normal
mode displacements and Duschinsky rotation effect using
the DUSHIN program.'® Moreover, the two-photon absorption
(TPA) properties including the TPA cross-sections (¢"°*) and
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Fig. 1 Structures and corresponding names of the investigated molecules.
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corresponding TPA wavelengths (1) in the NIR spectral region
were calculated with the help of the quadratic response theory®® at
the TD-DFT//B3LYP/6-311+G(d) level using the DALTON program.*

3. Results and discussion
3.1 Molecular design

In order to investigate how the benzene-fused position influences
the molecular optical properties, we designed a series of probe
molecules (BC-2, BC-3, and BC-4) and the corresponding product
molecules (DCCA-2, DCCA-3, and DCCA-4), as shown in Fig. 1.
According to experimental studies, the ratiometric fluorescent
probe molecule BC with oxonium as the recognition group can
react with H,0O, to yield the coumarin derivative DCCA because of
the Baeyer-Villiger oxidative rearrangement reaction.'® This is
the key factor for the above reaction in which the C atom of the
reactive site (Fig. S7: yellow atom, ESIf) possesses more positive
charge than the neighboring atoms, which supports the nucleo-
philic addition of H,0, to the specific reactive site (C atom) in
the first step of the reaction mechanism.'® By means of the
natural band orbital (NBO) analysis (Table S7, ESIt), all the
designed probe molecules (BC-2-4) have the abovementioned
characteristics that can maintain the same recognition response
mechanism as the experimental molecule. Besides the above
compounds, the position isomerization of their donor substituents
was also considered (DCCA-2a, DCCA-2b, DCCA-2¢, DCCA-3a,
DCCA-3b, DCCA-3¢, DCCA-4a, DCCA-4b, and DCCA-4c) (Fig. S1,
ESIY) in order to obtain the optimal molecular configuration with
TP fluorescent property before and after reactions with H,0,. As
shown in Fig. S1, the planar rigidity for the DCCA-2, DCCA-3, and
DCCA-4 molecules are better than those for the other isomers. The
study of different resonance behaviors of all the designed
compounds suggest that DCCA-Xa, DCCA-Xb, and DCCA-Xc
(X =1, 2, 3) isomers have unfavorable electron conjugation for
electron polarization, and therefore, this would be detrimental
to their nonlinear optical properties and fluorescent emissions
(Fig. S2). Hence, we will only consider the optical properties of
the cationic probe molecules (BC-2, BC-3, and BC-4) and neutral
product molecules (DCCA-2, DCCA-3, and DCCA-4) in the following
discussion.

3.2 Optical properties and electronic structures

The absorption and emission spectra are very useful to obtain a
comprehensive insight into the optical properties of a compound.
The one-photon absorption (OPA) and emission spectra are
shown in Fig. 2, and the corresponding calculated values are
listed in Table 1 and Tables S3, S4 (ESIt). The calculated
maximum OPA (395 nm) and emission (444 nm) peaks for the
DCCA molecule and the emission spectral separation (217 nm;
Fig. 2c) between the probe molecule (BC) and product molecule
(DCCA) are in good agreement with the experimental values
(411, 472, and 221 nm).'® As shown in Fig. 2a and b, the OPA
spectra of the benzene-fused molecules DCCA-2-DCCA-4 are
red-shifted to the blue-green light region and the fluorescent spectra
for benzene-fused molecules red-shift to the yellow-red region when

This journal is © the Owner Societies 2019
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compared with those of the experimental DCCA molecule,
which contributes toward facilitating spectral recognition and
reducing photodamage. As shown in Tables S3 and S4 (ESIY),
the first excited states (S;) with the (r, n*) electron configuration
corresponding to the maximum OP absorption and emission
peaks for all the molecules are constructed by the highest
occupied molecular orbital (HOMO) — lowest unoccupied
molecular orbital (LUMO) and LUMO — HOMO transitions,
respectively. The FMO energy levels and contour surfaces of the
FMOs of the investigated molecules in the ground state were
examined and plotted in Fig. 3, 4 and Fig. S3 (ESI). Evidently,
the electron cloud on both HOMO and LUMO of the benzocoumarin
derivatives are more polarized when compared with the coumarin
derivative DCCA, which indicates that benzene-fused molecules
experience larger intramolecular charge transfer (ICT) than the
experimental molecule upon excitation. When compared with
the experimental DCCA molecule, the HOMO energy levels of
benzocoumarin derivatives dramatically increase and the LUMO
energy levels decrease, which leads to a decrease in the HOMO-
LUMO energy gaps (AEy_1) and red-shifts in the spectra. With
regard to isomeric benzocoumarin derivatives, the FMO levels of
DCCA-3 are more stabilized and the LUMO energy level of
DCCA-3 is marginally higher than those of DCCA-2 and DCCA-4.
In addition, the absorption and emission spectra for all the
investigated coumarin derivatives showed a gradual red-shifted
characteristic with an increase in the solvent polarity in the order
of gas < toluene < CHCl; < MeOH < DMSO, as shown in Fig.
S4 (ESIT). The fluorescent spectra show a more obvious shift than
the OPA spectra with an increase in the polarity of the solvents,
indicating that the solvent effect has a significant influence on
the emitting electronic state rather than on the Franck-Condon
state. However, the oscillator strengths ( f) of all the benzocou-
marin derivatives are smaller than those of DCCA, which lie in
the order of DCCA (0.77) > DCCA-3 (0.72) > DCCA-2 (0.64) >
DCCA-4 (0.23) (Table 1 and Fig. 2a). To explain this phenomenon,
the OPA transition probability dops Was further investigated. It is
well known that the oscillator strength (f) is related to dop,, which
is proportional to the excitation energy (wof) and square of the
ground-to-excited-state transition moment (iiy). The expression for
OPA transition probability is given as follows:**

dom =L OEINF Gexr D) ()

It is obvious that the transition moment increases in the
order of DCCA-4 (2.02 D) < DCCA (3.15 D) < DCCA-2 (3.23 D)
< DCCA-3 (3.33 D); however, the excitation energy decreased in
the order of DCCA (3.14 eV) > DCCA-3 (2.65 eV) > DCCA-2
(2.49 eV) > DCCA-4 (2.27 eV) (see Table 1). The relatively small
excitation energy and transition moment for DCCA-4 are
derived from the small HOMO-LUMO energy gap and short
charge transfer (CT) distance (Fig. 5), which results in its
small oscillator strength (OPA transition probability). However,
the OPA intensity of the benzene-fused DCCA-3 and DCCA-2
molecules can be comparable to the experimental DCCA mole-
cule because of their more dominant transition moments. In
conclusion, it is an effective approach to red-shift the OP
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Fig. 2 OPA and fluorescence spectra of all the studied molecules in water.

Table 1 Calculated OPA parameters including the maximum absorption
peaks (Aaps), Vertical excitation energies (woy), oscillator strengths (f),
transition moments (uog), and corresponding transition characteristic of
the investigated coumarin derivatives by B3LYP/6-311+G(d) method in a
water solvent. The absorption wavelengths (1°P) are obtained from the
experimental results

Molecule 2°P/nm AJps/nm wogeV f  pog/D Transition nature

DCCA 411  394.63 3.14 0.773.15 S; — S; H — L (98.11%)
DCCA-2 497.23 2.49 0.64 3.23 Sy — S; H > L (96.18%)
DCCA-3 467.36 2.65 0.72 3.33 S, — S; H — L (97.90%)
DCCA-4 545.79 2.27 0.23 2.02 S, — S; H — L (99.17%)

absorption and emission spectra via an increase in the phenyl
group, but the benzene-fused position is very important for the
OPA intensity.
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For fluorescent probe molecules, the OPA and fluorescent
spectra of all the benzene-fused probes are located in the red
and NIR regions, as shown in Fig. 2c-f. Moreover, benzene-
fused molecules not only maintain large emission separations
between the probe and product molecules but also exhibit large
Stokes shifts, which is desirable for forming strong signal
contrast before and after recognizing H,0, and to avoid con-
fusion and interference. For example, the emission shift
between probe BC-3 and the corresponding DCCA-3 product
molecule is up to 225 nm, and the Stokes shift is 116 (60) nm
for the BC-3 molecule (DCCA-3), as shown in Fig. 2e. This large
emission separation is related to the electron-withdrawing
ability of the electron acceptor. After reaction with H,0,, the
electron-acceptor group becomes neutral in the product from
electropositive in the probe, resulting in the decreased ability of
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Fig. 3 Calculated FMO levels for the studied compounds in the ground
state.

attracting electrons and a dramatic increase in the energy gap.
As shown in Fig. 3, the LUMO energy levels of the product
molecules drastically increase when compared with those of the
probe molecules, which leads to the distinctly increased AEy.,
value of the product molecules. Obviously, the Stokes shifts of
the benzene-fused DCCA-2 (85 nm) and DCCA-4 (92 nm) are
much larger than that of DCCA (49 nm) (Fig. 2c¢, d, and f). The
relatively larger Stokes shifts for benzocoumarin derivatives are
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DCCA-3 DCCA-4

Fig. 5 Contour map of the electron density difference between the
ground state Sg and the first excited state S; for coumarin derivatives
(DCCA, DCCA-2, DCCA-3, and DCCA-4). In the diagram, green (blue)
indicates an increase (decrease) in the electron density. The CT distances
for DCCA, DCCA-2, DCCA-3, and DCCA-4 are 2.040 A, 2.696 A, 2.829 A,
and 2.349 A, respectively.

due to their corresponding smaller energy gaps, AEy_;. Evidently,
the absorption and emission spectra of BC-2 and its product
DCCA-2 are located in different visible light regions (red, green,
and yellow), large oscillator strength, large emission shift
(190 nm), and large Stokes shifts (121 nm for BC-2 and 85 nm
for DCCA-2), which demonstrates that the BC-2 molecule is also a
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Fig. 4 Contour surfaces of the FMOs for the coumarin derivatives (DCCA, DCCA-2, DCCA-3, and DCCA-4) in the ground state.
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potential fluorescent labeling material. However, BC-4 molecule
may not be suitable as a fluorescent probe because of its small
oscillator strength (f) in the visible region, which indicates low
fluorescence efficiency.

3.3 Fluorescence quantum yield and radiative and
nonradiative decay rates

For fluorescence detection and imaging, fluorescence quantum
yield is an important index to determine fluorescence efficiency.
According to Kasha’s rule, the high singlet excited states S,
initially decay to the first singlet excited state S;, and these decay
processes are so fast that their energy consumption can be
negligible. Therefore, we only consider the decay processes of
the first singlet excited state S; and the fluorescence quantum

Table 2 Fluorescence properties, including the vertical excitation energies
(E,y, adiabatic energies difference between S; and Sq (E,q), electric transition
dipole moments (ueg). radiative rates (k,), internal conversion rates (kic), and
fluorescence quantum yields (@), are calculated by using the B3LYP/6-31G(d)
method in a water solvent

Molecules  Ey/eV  Enaq/eV  peg/D  kifs™ Ki/s™! ¢
DCCA 2.91 2.99 8.90 2.76 x 10° 2.65 x 10° 0.51
DCCA-2 2.22 2.34 9.02  1.31 x 10® 9.28 x 10° 0.12
DCCA-3 2.47 2.55 9.75 2.3 x 10® 3.67 x 10° 0.37
DCCA-4 2.08 2.21 6.10 4.93 x 10’ 5.56 x 10° 0.08
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yield mainly depends on the competition between the radiative
and nonradiative decay rates from S; to the ground state S,. The
radiative rate (k) is mainly controlled by the electric transition
dipole moment (.,) and adiabatic excitation energy (E,q).>* As listed
in Table 2, the DCCA molecule possesses the largest , value (2.76 x
10° s7*) due to its large E,q (2.99 €V) and pi, (8.90 D) values. The
transition dipole moment (s s ) between the S, and S, states is
proportional to the HOMO-LUMO orbital overlap:**

#s,-s, = (s, || Ps,)| ~ |(L|F|H) (2)

where [i is the dipole operator, g /s, is the electronic wave-
function of the S;/S, state, and L/H denotes the LUMO/HOMO
orbital, which is the main electronic configuration of the S; and
So states for all the studied compounds. As shown in Fig. 4, the
large m-conjugation and electronic delocalization contribute
toward the HOMO-LUMO orbital overlap; therefore, the pcg
values for benzene-fused DCCA-2 (9.02 D) and DCCA-3 (9.75 D)
are larger than that for DCCA (8.90 D), as listed in Table 2.
However, the small s, value of DCCA-4 (6.10 D) can be attributed
to the short distance in the electric transition, resulting in the &,
value of DCCA-4 to be not as large as the others. Moreover, the
small excitation energies of benzene-fused molecules is detri-
mental to radiative decay, particularly for DCCA-4 (E,, = 2.08 eV
and k, = 4.93 x 10" s~ ). This suggests that it is very important to
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Fig. 6 Reorganization energies and crucial displacement vectors for the normal modes with large reorganization energies for DCCA, DCCA-2, DCCA-3,

and DCCA-4.
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maintain large m-conjugation and excitation energy values for
obtaining a high radiative rate in the design of new benzene-
fused compounds.

The nonradiative rate is another key parameter for determining
the fluorescence quantum yield. The internal conversion (IC) decay
is related to the geometric distortions between the two electronic
states and adiabatic excitation energy.”> Reorganization energy
is a helpful measure for the determining the extent of geometry
relaxation, which facilitates the determination of electron-
vibration coupling between the two electronic states and determin-
ing the IC decay.”® The reorganization energies and corresponding
crucial vibrational frequencies are shown in Fig. 6. From this figure,
the following can be concluded. (1) There is one high-frequency
mode (C=O0 double bond stretching mode) at about 1720 cm ™"
with large reorganization energy in all the compounds. (2) The
low-frequency modes (<500 cm™ ') are suppressed for DCCA-3
when compared with DCCA. The total reorganization energy is
683 cm ™! for DCCA and 612 cm ™! for DCCA-3; the contribution
of the low-frequency (<500 cm ") modes to the total reorganization
energy is more than 15% in DCCA, while it is roughly 8% in
DCCA-3. There are only two molecule scissor bending modes
(667 and 727 cm™') with large reorganization energies (71 and
49 cm ') in DCCA-3. (3) In the low-frequency region, the side-
chain twisting motion at 127 ecm ™' possesses a notably large
reorganization energy value (103 cm™") for DCCA-2. (4) Generally,
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the reorganization energy for DCCA-4 (maximum: 162 cm™ ') is
much larger than that for DCCA (maximum: 114 cm ™), as shown
in Fig. 6a and d. In addition, to comprehensively examine the
vibration differences in the low-frequency-regime (<500 cm ™), we
investigated the Huang-Rhys (HR) factors for all the investigated
compounds (Fig. 7), which characterizes the changes in the
vibrational quanta when transitioning from one electronic state to
another.”® Evidently, the low-frequency side-chain twisting and
molecule scissor bending motions are suppressed for DCCA-3
when compared with the other molecules. There is a notable
side-chain twisting motion (at 127 cm™") with a large HR factor
(0.81) for DCCA-2. Apparently, the HR factors for DCCA-3
(maximum: 0.11) and DCCA-4 (maximum: 0.17) are much
smaller than that for DCCA-2 (maximum: 0.81). Therefore,
DCCA-2 exhibits a larger nonradiative rate when compared with
its isomeric counterparts, i.e., DCCA-3 and DCCA-4.

Therefore, we can conclude that the relatively large quantum
yields (0.51 and 0.37) of DCCA and DCCA-3 are due to the large
adiabatic excitation energy and transition dipole moments con-
tributing toward the radiative decay. For the designed DCCA-3
compound, the low-frequency motion of the molecule scissor
bending and side-chains twisting are hindered; therefore, their
contributions toward IC decay are suppressed, leading to a large
quantum yield. Although DCCA-2 also possesses a large transition
dipole moment (9.02 D), the side-chain twisting mode at 127 cm ™
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Fig. 7 HR and crucial displacement vectors for the normal modes with large HR in the low-frequency regime (<500 cm™%) for DCCA, DCCA-2,

DCCA-3, and DCCA-4.
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with a large HR factor and reorganization energy are conducive to IC
decay; therefore, the fluorescence quantum yield for DCCA-2 (0.12)
is smaller than that for DCCA-3 (0.37). However, DCCA-4 with a
small transition dipole moment (6.10 D) and large reorganization
energy leads to an extremely small quantum yield (0.08), resulting in
fluorescence near-quenching. Therefore, the benzene-fused position
plays an important role in the electronic transition character and
molecular geometric relaxation. Benzocoumarin derivative DCCA-3
exhibits excellent luminous performance.

3.4 TPA property

As mentioned above, one of the main objectives of the present
study is to design a fluorescent probe with large TPA cross-sections.
The TPA spectra of all the studied compounds are shown in Fig. 8
and the corresponding calculated values are listed in Table 3, which
are in good agreement with the experimental values." Evidently,
the maximum TPA cross-section (6may) of the BC probe molecules
series are reasonably large (>2000 GM); this value for BC-3 can go
up to 3420 GM in the NIR region (988 nm), which can be attributed
to the large conjugated bridge structure contributing toward ICT.

4000 -
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Fig. 8 TPA spectra of the studied molecules.
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The opmax value of BC-2 is 2740 GM at 1004 nm, which can be
attributed to the electronic transition from HOMO—1 to LUMO,
exhibiting a combination of local excitation (LE) and CT char-
acteristic (Fig. S3, ESIt). However, the maximum TPA band in
the NIR region (2260 GM/867 nm) for BC-4 can be attributed to
the electronic excitation S, — S,, which can be described as the
transition configuration from HOMO — LUMO+1 with an
obvious CT characteristic, as shown in Fig. S3 (ESI{). Moreover,
there is another absorption band (562 GM) at 1055 nm for BC-4,
which can be attributed to the electronic transition from HOMO—1
to LUMO. Apparently, the large extent of m-conjugation is conducive
toward the increase in the on. value and the red-shift in the
spectra. The maximum TPA cross-sections for benzene-fused
DCCA-2 (282 GM/1000 nm) and DCCA-3 (316 GM/939 nm)
product molecules are more than three times as large as that
for DCCA (90.6 GM/792 nm). It is noteworthy that the TPA action
cross-section (@o ) for DCCA-3 is up to 117 GM, while that for
the experimental DCCA molecule is only 46 GM (<50 GM).
However, the g,y value for DCCA-4 (118.6 GM) is rather small
as compared to that for DCCA-3 (316 GM).

400
(b) ——Dbcca
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——DCCA-3
300 ——bccad
250
= 200
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150

100 4
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0_
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Table 3 Calculated TPA properties including the maximum TPA cross-section (6, corresponding TPA wavelength (X ). and transition nature of all
the investigated molecules by means of the quadratic response theory method

Molecules I ax/nM® Omax/ GM* A ax/nm? Ob ax/GM? Transition nature?
BC 911.65 2260 So = S, H-1->L 92.24%
1137.48 187.8 So — Sy Ho L 98.81%
BC-2 1003.92 2740 So — S, H-1-> L 89.79%
925.26 486 So — Ss H-2 - L 90.69%
882.46 906 So — S4 H - L+1 90.58%
BC-3 987.93 3420 So — S, H-1->L 93.26%
888.78 356 So — Ss H-2 > L 96.17%
815.69 1502 So — S4 H - L+l 67.57%
BC-4 867.03 2260 So = Sy H - L+1 95.79%
1055.19 562 So — S, H-1 - L 96.57%
895.20 568 So — S3 H-2 - L 96.46%
DCCA 760 164.7 792.24 90.6 So = S H->L 98.11%
DCCA-2 999.88 282 So & S1 H->L 96.18%
774.91 23.8 So — S, H-1-> L 88.42%
DCCA-3 939.28 316 So = S H->L 97.90%
746.90 47 So — S, H-1-> L 78.70%
DCCA-4 1097.21 118.6 So & S1 H->L 99.17%
746.90 26 So = S, H-1-> L 94.10%

@ Experimental data.'® ? Results were calculated at the B3LYP/6-311+G(d) level of theory using DALTON programs in a water solvent.
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Table 4 Simulated physical parameters (excited energy w, transition
dipole moment 1 from the ground to the ith excited state, ground-state
dipole moment po, excited-state dipole moment u,, difference between
the excited and ground-state dipole moments Ayu, and the angle between
the two-state dipole moment vectors 92#') related to the TPA spectra by the
two-state model and B3LYP/6-311+G(d) method using Gaussian software,
and the numbers in the parentheses refer to the response theory values
calculated by the DALTON software

. 0i .
o W1 ue m Au 92# §*M

DCCA 1 0.13 2.68 4.91 6.65 1.76 8.92 4466.20 (3603.82)
DCCA-2 1 0.10 2.51 5.36 8.36 3.04 164.32 17100.06 (15566.16)
DCCA-3 1 0.11 2.70 5.15 8.01 2.87 174.53 16274.94 (14116.65)
DCCA-4 1 0.09 1.68 4.15 7.30 3.29 6.33 10727.05 (7136.297)

In order to further explain the effect of benzene-fused
positions on the TPA of coumarin derivatives, we calculated
and analyzed the TPA cross-sections for the series of DCCA
compounds through a two-state model, where the TP transition
probability (6) can be expressed as follows:*’

.12 2
16 ||| Ap| 0i

2SM __ 2 g
where * is the transition dipole moment from the ground to
the ith excited state and Ay is the difference between the excited

and ground-state dipole moments. Further, ()Z(Z refers to the
angle between 1° and Au. Furthermore, o is the excitation
energy. These values are listed in Table 4. Evidently, the regularity
of 6™ values calculated by using the two-state model is in good
agreement with those calculated by using the response theory for
the studied molecules. In all the benzocoumarin derivatives, an
increase in the physical parameters such as the excitation energy
(w) and dipole moment difference (Au) can facilitate an increase
in the J values as compared to those for DCCA. As shown in Fig. 9
and Table 4, the Au values for benzene-fused DCCA-2, DCCA-3,
and DCCA-4 compounds are much larger than that for DCCA,
which can be attributed to the relatively larger excited-state dipole
moments i, for the former compounds. Moreover, the 6™ value
for DCCA-4 (10727.05) is much smaller than that for DCCA-3
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Fig. 9 Transition dipole moment and dipole moment difference of the
investigated compounds.
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(16274.94) because the u” value for DCCA-4 is the smallest in all
the investigated compounds due to the geometric characteristic
and short CT distance (Fig. 5). Therefore, it is evident that the
benzene-fused position plays an important role in determining
the excitation energy and transition dipole moment, and it
also provides an effective way to increase the TPA cross-section
through an increase in the phenyl group in a suitable position in
the coumarin backbone.

4. Conclusions

In this paper, we successfully designed an excellent ratiometric
TP BC-3 fluorescent probe and the corresponding DCCA-3
product molecule, which possess large TPA cross-sections in
the NIR region (3420 GM/988 nm; 316 GM/939 nm) and large
Stokes (116 nm; 60 nm) and emission (225 nm) shifts. These
abovementioned characteristics contribute toward facilitating
spectral recognition and reducing photodamage. It is note-
worthy that the effective TPA cross-section (®g) for the benzo-
coumarin derivative DCCA-3 is up to 117 GM, while this value
for the experimental DCCA molecule is only 46 GM. Moreover,
the significant influence of the benzene-fused position in the
coumarin backbone on the transition dipole moment and
nonradiative decay channels was comprehensively investigated
by the TP transition assighment and normal mode analyses.
The crucial characteristic frequency regions for the different
benzene-fused styles and the resulting different electron-vibration
coupling effects were discussed. In the three isomeric benzocou-
marin derivatives, DCCA-3 possesses the largest TP cross-section
and fluorescence quantum yield due to large transition dipole
moment and small nonradiative decay rate. The nonradiative
decay rate is larger for DCCA-2 because of the drastic side-chain
twisting modes in the low-frequency-regime, resulting in the
relatively smaller fluorescence quantum yield for DCCA-2 (0.12)
than that for DCCA-3 (0.37). For DCCA-4, the short CT distance
and large geometric relaxation lead to its extremely weak fluores-
cence. Summarily, the appropriate benzene-fused expansion of the
coumarin backbone is an effective way to increase the absorption
and emissive wavelength, TPA cross-section, and fluorescence
efficiency. In this paper, we comprehensively discuss the effect
of benzene-fused position on a molecule’s optical properties and
explained the fluorescence near-quenching mechanism for
benzo[ fJcoumarin derivative DCCA-4 for the first time. Moreover,
we provided a worthwhile idea for the design and application of
ratiometric TP fluorescent probes with high efficiency and large
cross-sections for the in vivo monitoring of the level of H,0,.
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