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The Fluorescence Quantum Yield

The fluorescence quantum yield is an important index for fluorescent probes and 

it can be expressed as:
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There, the kr and knr are respective the radiative and nonradiative decay rate, and 

nonradiative decay rate includes internal conversion rate and intersystem crossing rate. 

As can be seen, the spontaneous emission rate( kr )is the integration of the 

emission spectrum: 1
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according to Fermi’s golden rule, the σem(ω) can be expressed as:2 
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Here, σem(ω) is defined as the rate of spontaneous photon emission per unit frequency 

between ω and ω+dω for per molecule. Pivi (T) is the Boltzman distribution function 

for initial vibronic state and c is the velocity of light. The electric transition dipole 

moment can be expressed as . According to the Born-Oppenheimer fi f i   
uur ur

approximation, the initial wave function  can be described by the 
i ii i i    

products of the electronic states  and the vibrational states . The same i
ii

description can be seen in the final wave function. Addition to, Eif is the difference 

of adiabatic energy between two states, while Eivi and Efvf are the vibrational energies 

in the corresponding electronic states. Under the Franck-Condon approximation, the 



σem(ω) can be defined as , and the delta function can be Fourier transformed ( )
em

FC 

as: 
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Where, Ziv
-1 is the partition function and is the thermal vibration correlation,0 ( , )FC

em t T

Function.1, 3

The internal conversion rate (kic) can be defined as: 4 
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and the non-Born-Oppenheimer coupling can be expressed as:5 
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Applying the Condon approximation, the eq (9) can be described as: 3 
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Inserting eq (10) into (8) and the delta function is Fourier transformed, the IC rate (kic) 

is expressed as: 1
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Here, (12) The definition of Ziv
-1 and ρic,kl (t,T) is µ µ

fk flkl f i i fR P P    

similar to the description above. 



The two-photon absorption cross section

The two-photon absorption (TPA) cross section (σTPA) is an important index for 

evaluating the quality of two-photon fluorescent probes, which can be obtained from 

the two-photon transition probability (δa.u ) using:6
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Here, α, a0, ω and c are the fine structure constant, the Bohr radius, photon 

energy and the speed of light, respectively. Г is the broadening factor describing the 

spectral broadening, which is assumed to be 0.05eV in order to make the theoretical 

simulation process consistent with the experimental spectra.7 The two-photon 

transition probability (δa.u ) is defined as :8
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There, . For linearly polarized light with parallel polarization, the value , { , , }a b x y z

F, H and G are 2, 2 and 2. For the circular case, they are -2, 3 and 2, respectively. In 

the electric dipole approximation, the two-photon transition moment matrix elements

 is expressed as: 6bif
abS
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Here, i and f is the representation of the initial and final state, and n is one of a 

possible intermediate states. ωin is excitation energy. ω1, ω2 are the energies of the two 

photons. is the a’ th component of the transition dipole moment. These TPA ai n

parameters can be calculated using quadratic response theory by DALTON program.9



Fig.S1. Geometrical structures and corresponding names of the isomerous molecules

Fig.S2.Contour surfaces of the frontier molecular orbitals for fluorescent isomerous molecules



Fig.S3.Contour surfaces of the frontier molecular orbitals for fluorescent probe molecules (BC, BC-2, 

BC-3 and BC-4)



Fig.S4. One-photon absorption and fluorescence spectra of the studied molecules in gas, toluene, chloroform 

(CHCl3), methanol (MeOH), dimethylsulfoxide (DMSO) and water 



Fig.S5. Structures and corresponding names of experimental molecules10

Table S1. Calculated vertical excitation energies (Evt), maximum absorption peaks (λabs), and the corresponding 

oscillator strengths (f) at the ground-state geometries of experimental molecules10, 11 (DCCA, DCCA-Me (4) and 2-

Me (6)) in water by TD-DFT method using different functionals

molecule functional B3LYP CAM-B3LYP wB97XD M062X Experimental data

HF% 20 19, 65 22.2,100 54

DCCA Evt/eV 3.14 3.44 3.47 4.07

λabs/nm 395 360 357 305 411

f 0.77 0.88 0.87 1.02

DCCA-Me (4) Evt/eV 3.20

λabs/nm 387 405

f 0.79

2-Me (6) Evt/eV 2.58

λabs/nm 480 460

f 0.62

Table S2. Calculated vertical excitation energies (Evt), emission peaks (λems), and the corresponding oscillator 

strengths (f) at the exited-state geometries of experimental molecules10, 11 (DCCA, DCCA-Me (4) and 2-Me (6)) in 

water by TD-DFT method using different functionals

molecule functional B3LYP CAM-

B3LYP

wB97XD M062X Experimental data

HF% 20 19, 65 22.2, 100 54

DCCA Evt/eV 2.80 3.05 3.06 3.61

λems/nm 444 406 405 343 472

f 0.92 1.11 1.11 1.30

DCCA-Me (4) Evt/eV 2.87

λems/nm 432 475

f 0.98

2-Me (6) Evt/eV 2.21

λems/nm 562 612



f 0.74

Table S3. Calculated OPA properties including maximum absorption peaks (λabs), vertical excitation energies (ω0f), 

oscillator strengths (f), transition moments (μ0f) and corresponding transition nature of the all molecules by 

B3LYP/6-311+G(d) method in water solvent. The absorption wavelengths (λexp) are experimental results11.

Molecule λexp/nm /nm𝜆 𝑜
𝑎𝑏𝑠 ω0f /eV f μ0f /D Transition nature

DCCA 411 394.63 3.14 0.77 3.15 S0→S1 H→L (98.11%)

DCCA-2 497.23 2.49 0.64 3.23 S0→S1 H→L    (96.18%)

386.39 3.21 0.14 1.31 S0→S2 H-1→L (88.42%)

336.35 3.69 0.19 1.46 S0→S3 H→L+1 (88.49%)

DCCA-3 467.36 2.65 0.72 3.33 S0→S1 H→L      (97.90%)

348.29 3.56 0.06 0.80 S0→S3 H→L+1 (78.81%)

DCCA-4 545.79 2.27 0.23 2.02 S0→S1 H→L  (99.17%)

372.54 3.33 0.14 1.31 S0→S2 H-1→L (94.10%)

BC 646 567.23 2.19 1.22 4.77 S0→S1 H→L (98.81%)

455.49 2.72 0.13 1.37 S0→S2 H-1→L (92.24%)

377.64 3.28 0.16 1.42 S0→S3 H→L+1 (62.92%)

BC-2 651.48 1.90 1.26 5.20 S0→S1 H→L (98.49%)

501.69 2.47 0.13 1.46 S0→S2 H-1→L (89.79%)

428.04 2.90 0.20 1.66 S0→S4 H→L+1 (90.58%)

318.28 3.90 0.34 1.90 S0→S13 H-2→L+1 (57.23%)

H→L+3 (27.28%)

BC-3 636.56 1.95 1.29 5.21 S0→S1 H→L (98.55%)

492.79 2.52 0.10 1.26 S0→S2 H-1→L (93.26%)

407.74 3.04 0.18 1.57 S0→S4 H→L+1 (67.57%)

365.65 3.39 0.14 1.30 S0→S6 H-3→L (85.28%)

BC-4 720.38 1.72 0.35 2.87 S0→S1 H→L (99.58%)

525.73 2.36 0.40 2.63 S0→S2 H-1→L (96.57%)

432.85 2.86 0.17 1.56 S0→S4 H→L+1 (95.79%)

350.42 3.54 0.17 1.38 S0→S8 H-4→L (57.92%)

H-1→L+1 (12.56%)

H→L+3 (13.21%)

Table S4. Fluorescence properties including maximum emission peaks (λem), oscillator strengths (f), fluorescence 

lifetimes (τ) and transition nature of the all molecules calculated by TDDFT method in water. The emission 

wavelengths ( ) are experimental results11.𝜆𝐸𝑥𝑝
𝑒𝑚

Molecules B3LYP/6-311+G(d)

/nm𝜆𝐸𝑥𝑝
𝑒𝑚 λem/nm f τ/ns-1 Transition nature

DCCA 472 443.55 0.92 3.21 S1→S0 H→L (98.91%)

2 582.21 0.74 6.83 S1→S0 H→L (97.96%)

3 527.29 0.93 4.46 S1→S0 H→L (98.80%)

4 637.64 0.28 21.88 S1→S0 H→L (99.59%)

BC 693 659.86 1.34 4.86 S1→S0 H→L (98.91%)

BC-2 771.99 1.37 6.54 S1→S0 H→L (98.20%)



BC-3 753.00 1.37 6.20 S1→S0 H→L (97.91%)

BC-4 858.85 0.39 28.38 S1→S0 H→L (98.92%)

Table S5. Calculated the maximum two-photon absorption cross sections (σmax) and corresponding TPA 

wavelengths (λmax), at the ground-state geometries of experimental molecules11, 12 (DCCA and CMg1) by TD-DFT 

/6-311+G (d) methods, using different functionals

molecule functional B3LYP BHandHLYP CAM-B3LYP Experimental data

HF% 20 50 19, 65

DCCA λmax/nm 792 693 725 760

σmax/GM 90.6 118.2 123.2 164.7

CMg1 λmax/nm 932 820

σmax/GM 286 290

Fig.S6. Structures of fluorescent probe molecules and the divided regions for NBO analysis

Table S6. Natural atomic orbital occupancies analysis for fluorescent probe molecules. The subscripts 0 and 1 are 

for the ground state and the first excited state respectively. △ represents the charge difference between above 

two electronic states.

Molecules A0 A1 △A B0 B1 △B C0 C1 △C D0 D1 △D
BC 0.67 0.46 -0.21 0.07 0.16 0.08 0.13 0.21 0.08 0.13 0.18 0.05 
BC-2 0.68 0.41 -0.27 -0.15 -0.12 0.04 0.33 0.57 0.24 0.14 0.13 -0.01 
BC-3 0.68 0.40 -0.29 -0.16 -0.11 0.06 0.34 0.58 0.24 0.14 0.13 -0.01 
BC-4 0.70 0.38 -0.32 -0.13 -0.13 0.00 0.29 0.64 0.36 0.14 0.11 -0.03 



Fig.S7. Molecular structures and reactive site atoms for fluorescent probe molecules

Table S7. NBO analysis for fluorescent probe molecules at the ground state S0 and the first excited state S1. △ 

represents the charge difference between above two electronic states.

Molecules Atoms S0 S1 △
BC C31 0.43321 0.33512 -0.09809

C32 0.39103 0.37069 -0.02034
C33 -0.13342 -0.09582 0.0376
C34 0.10219 -0.00159 -0.10378
C35 -0.28843 -0.2172 0.07123
C43 -0.44489 -0.47129 -0.0264

BC-2 C30 0.42976 0.34209 -0.08767
C31 0.39228 0.37666 -0.01562
C32 -0.13031 -0.1143 0.01601
C33 0.10386 0.0136 -0.09026
C34 -0.28425 -0.23997 0.04428
C42 -0.44372 -0.46941 -0.02569

BC-3 C30 0.43068 0.33676 -0.09392
C31 0.39208 0.375 -0.01708
C32 -0.1311 -0.11285 0.01825
C33 0.10377 0.0064 -0.09737
C34 -0.28514 -0.23674 0.0484
C42 -0.4432 -0.47082 -0.02762

BC-4 C29 0.43063 0.34408 -0.08655



C30 0.39268 0.37732 -0.01536
C31 -0.1288 -0.12323 0.00557
C32 0.10636 0.01604 -0.09032
C33 -0.28423 -0.25225 0.03198
C41 -0.44298 -0.47057 -0.02759
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