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Abstract: This study employs quantum chemical computational methods to predict the
spectroscopic properties of fluorescent probes 2,6-bis(2-benzimidazolyl)pyridine (BBP)
and (E)-3-(2-(1H-benzo[d]imidazol-2-yl)vinyl)-9-(2-(2-methoxyethoxy)ethyl)-9H-carbazole
(BIMC). Using time-dependent density functional theory (TDDFT), we successfully pre-
dicted the fluorescence emission wavelengths of BBP under various protonation states,
achieving an average deviation of 6.0% from experimental excitation energies. Molecular
dynamics simulations elucidated the microscopic mechanism underlying BBP’s fluores-
cence quenching under acidic conditions. The spectroscopic predictions for BIMC were
performed using the STEOM-DLPNO-CCSD method, yielding an average deviation of
merely 0.57% from experimental values. Based on Einstein’s spontaneous emission for-
mula and empirical internal conversion rate formulas, we calculated fluorescence quantum
yields for spectral intensity calibration, enabling the accurate prediction of experimental
spectra. To streamline the computational workflow, we developed and open-sourced the
EasySpecCalc software v0.0.1 on GitHub, aiming to facilitate the design and development
of fluorescent probes.

Keywords: fluorescent probe; pH responsiveness; molecular dynamics simulation; quantum
chemical calculation

1. Introduction
Fluorescent probes have emerged as powerful tools in biomedical research and clinical

applications, particularly in cancer diagnosis and treatment [1]. These molecular sensors,
typically composed of fluorophores, spacers, and receptors, enable real-time visualiza-
tion of biological processes at cellular and molecular levels [2]. During tumor growth,
proliferation, and metastasis, cancer cells exhibit distinctive metabolic characteristics that
significantly differ from normal cells. Extensive research has demonstrated that tumor
cells display notable molecular expression abnormalities and unique microenvironmen-
tal features compared to normal cells. These abnormally expressed substances include
cyclooxygenase-2 (COX-2), nitroreductase (NTR), glutathione (GSH), nicotinamide adenine
dinucleotide (NADH), biological thiols, H2S, H2O2, and HOCl. Additionally, one of the
characteristics of the tumor microenvironment is abnormal pH [3]. These biomarkers and
microenvironmental features provide reliable indicators for tumor localization and grad-
ing. This understanding has facilitated the development of fluorescent probes with high
sensitivity, specificity, and photostability, significantly enhancing the precision of tumor
imaging and surgical navigation, thus offering new possibilities for early cancer detection
and precise tumor resection [4]. Fluorescent probes have garnered considerable attention
due to their excellent tissue penetration capability, minimal background interference, and
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negligible photodamage characteristics [5,6]. Furthermore, some fluorescent probes demon-
strate dual functionality, combining imaging capabilities with therapeutic effects such as
photodynamic or photothermal therapy, thereby pioneering new approaches for integrated
cancer theranostics [7].

In recent years, despite significant advances in the development of tumor fluorescent
probes, numerous challenges remain in predicting fluorescent spectra and elucidating
their underlying mechanisms. While traditional chemical synthesis and experimental
determination methods have proven feasible, their predictive capabilities and guiding
value at the molecular design stage are still insufficient. To achieve specific design objec-
tives, researchers typically need to undergo multiple rounds of chemical modifications
to adjust fluorescent emission wavelengths, which severely constrains the development
efficiency of tumor fluorescent probes. Recent studies have also investigated dyes and fluo-
rescent probes using computational chemistry methods, such as predicting the excited-state
properties of multi-resonance and thermally activated delayed fluorescence (MR-TADF)
materials [8] and calculating BODIPY dyes [9]. These studies have demonstrated the poten-
tial of quantum chemical methods in predicting fluorescent spectra, though their practical
applications remain limited. Therefore, it is crucial to explore and develop computational
methods that enable researchers to calculate fluorescent spectra more simply and cost-
effectively. These advances will deepen our understanding of fluorescent mechanisms and
promote the precise design and efficient development of functionally controllable tumor
fluorescent probes.

Time-dependent density functional theory (TDDFT) and STEOM-DLPNO-CCSD meth-
ods have demonstrated exceptional performance in predicting fluorescent spectra. These
methods have shown high accuracy in reproducing experimental results across a wide range
of molecular systems. In this study, we applied quantum chemical computational methods
to predict and analyze the fluorescent spectra of potential fluorescent probes. We used
TDDFT to predict the fluorescent spectrum of 2,6-bis(2-benzimidazolyl)pyridine (BBP), a
fluorophore molecule with the same potential as a pH-regulated probe. Additionally, molec-
ular dynamics simulations were employed to reveal its fluorescence quenching mechanism
under acidic conditions. We subsequently combined TDDFT and STEOM-DLPNO-CCSD
methods to predict the spectral properties of the established fluorescent probe (E)-3-(2-
(1H-benzo[d]imidazol-2-yl)vinyl)-9-(2-(2-methoxyethoxy)ethyl)-9H-carbazole (BIMC) [10]
and elucidated its pH-responsive mechanism through electrostatic potential and average
local ionization energy analyses. To facilitate the application of quantum chemical calcula-
tions in fluorescent probe development, we developed the EasySpecCalc software with a
graphical user interface, achieving an automated computational workflow for fluorescent
spectra prediction.

2. Results and Discussion
2.1. BBP

As shown in Figure 1, we constructed the structures of BBP and its protonated (BBP-
Protonated) and deprotonated (BBP-Deprotonated) forms to investigate the conformational
and spectral characteristics of BBP under different pH conditions. The predicted most basic
pKa was 4.63 (95% CI: 4.06–5.20), and the most acidic pKa was 11.76 (95% CI: 10.78–12.74).
Subsequently, conformational optimization was performed for all three configurations.
The lowest energy conformers of each structure were obtained using the PM6-DH+ [11]
method. Based on the optimized configurations, we employed the r2SCAN-3c [12] method
to optimize the ground state (S0-min) structures. The electronic spectra were then studied
using the PBE0 hybrid functional [13] with the def2-SV(P) basis set [14]. To validate the com-
putational results, we conducted acid-base titration experiments to obtain the fluorescence
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spectra of BBP under various pH conditions. The theoretical calculations and experimental
maximum emission wavelength data are summarized in Table 1. The acidic and basic
response spectra of BBP are shown in Figures 2a and 2b, respectively. The theoretically cal-
culated maximum emission wavelengths for BBP, BBP-Protonated, and BBP-Deprotonated
were 369.1, 372.3, and 381.6 nm, respectively, while the corresponding experimental values
were 385.0, 396.0, and 410.0 nm, with excitation energies being overestimated by an average
of 6.0%. This systematic deviation is acceptable in quantum chemical calculations, and the
theoretical calculations successfully predicted the increase in emission wavelengths across
different protonation states of BBP.
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Figure 1. Structural representation of BBP and its pH-responsive forms.

Table 1. Theoretical and experimental electronic transition data for BBP and its protonated and
deprotonated forms.

Type Electronic Transition Wavelength (nm) f

BBP

Absorption S0→S1 320.6 0.8519
Absorption S0→S2 303.4 0.2940
Absorption S0→S3 290.0 0.3044
Emission S1→S0 369.1 1.2774

Emission-Exp S1→S0 385.0 /

BBP-Protonated

Absorption S0→S1 324.5 0.8417
Absorption S0→S2 302.9 0.3461
Emission S1→S0 372.3 1.1886

Emission-Exp S1→S0 396.0 /

BBP-Deprotonated

Absorption S0→S1 328.9 0.8545
Absorption S0→S2 315.0 0.1571
Emission S1→S0 381.6 1.2980

Emission-Exp S1→S0 410.0 /

The relationship between fluorescence intensity and pH for the BBP molecule was
experimentally measured, and the data were fitted using the Hill equation to determine
the pKa values under acidic and basic conditions. During acidic titration, the Hill equation
fitting showed the most basic pKa value of 3.60, with a goodness-of-fit R2 of 0.96 (Figure 3a).
During basic titration, the fitting revealed the most acidic pKa value of 11.14, with a
goodness-of-fit R2 of 0.93 (Figure 3b). These results are consistent with the predicted pKa

values. These findings demonstrate that the BBP molecule exhibits two distinct dissociation
characteristics, corresponding to different pH ranges. This dual pKa behavior is closely
related to the presence of multiple acid-base active sites in the BBP structure.
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2.54 at 100 µL, 2.20 at 150 µL, 2.08 at 200 µL, 1.80 at 250 µL, and finally 1.75 at 300 µL) induces a 
redshift of the maximum emission from 385 nm to 410 nm, accompanied by significant fluorescence 
quenching. Experimental data (solid lines) correspond to the left y-axis (counts), while TDDFT cal-
culations (dashed lines) correspond to the right y-axis (oscillator strength). (b) Fluorescence emis-
sion spectra of BBP as a function of base titration volume (0–300 µL). The spectra demonstrate pH-
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at 10 µL, 11.05 at 20 µL, 11.51 at 30 µL, 11.67 at 40 µL, 11.87 at 50 µL, 11.92 at 100 µL, 12.00 at 150 
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maximum emission from 385 nm to 420 nm. During titration, the fluorescence first undergoes sig-
nificant quenching, followed by gradual recovery. Experimental data (solid lines) correspond to the 
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Figure 2. (a) Fluorescence emission spectra of BBP as a function of acid titration volume (0–300 µL),
demonstrating pH-dependent spectral changes. The systematic pH decrease from initial 10.45 (0 µL)
through intermediate values (9.57 at 10 µL, 3.85 at 20 µL, 3.30 at 30 µL, 3.25 at 40 µL, 3.17 at 50 µL,
2.54 at 100 µL, 2.20 at 150 µL, 2.08 at 200 µL, 1.80 at 250 µL, and finally 1.75 at 300 µL) induces a
redshift of the maximum emission from 385 nm to 410 nm, accompanied by significant fluorescence
quenching. Experimental data (solid lines) correspond to the left y-axis (counts), while TDDFT
calculations (dashed lines) correspond to the right y-axis (oscillator strength). (b) Fluorescence
emission spectra of BBP as a function of base titration volume (0–300 µL). The spectra demonstrate
pH-dependent changes as the pH increases from the initial 10.45 (0 µL) through successive stages
(10.86 at 10 µL, 11.05 at 20 µL, 11.51 at 30 µL, 11.67 at 40 µL, 11.87 at 50 µL, 11.92 at 100 µL, 12.00 at
150 µL, 12.04 at 200 µL, 12.14 at 250 µL, and finally 12.22 at 300 µL), showing an initial redshift of
the maximum emission from 385 nm to 420 nm. During titration, the fluorescence first undergoes
significant quenching, followed by gradual recovery. Experimental data (solid lines) correspond
to the left y-axis (counts), while TDDFT calculations (dashed lines) correspond to the right y-axis
(oscillator strength).
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Figure 3. (a) Relationship between fluorescence intensity and corresponding pH for the BBP molecule
under acidic conditions. Data points represent experimentally measured fluorescence intensity with
corresponding pH values, and the curve represents the fit using the Hill equation, yielding the most
basic pKa value of 3.60, with a goodness-of-fit R2 of 0.96. (b) Relationship between fluorescence
intensity and corresponding pH for the BBP molecule under basic conditions. Data points represent
experimentally measured fluorescence intensity with corresponding pH values, and the curve repre-
sents the fit using the Hill equation, yielding the most acidic pKa value of 11.14, with a goodness-of-fit
R2 of 0.93.

To further investigate the fluorescence quenching phenomenon observed under acidic
conditions, we conducted molecular dynamics (MD) simulation studies. Through 50 ns
MD simulations of BBP and BBP-Deprotonated in the DMSO solvent environment, we
obtained information about the intermolecular interactions. As shown in Figure 4a, for the
BBP, the average short-range Coulomb potential (Coul-SR) of intermolecular interactions
was −1046.65 kJ/mol (RMSD = 15.59 kJ/mol; Tot drift = 4.38 kJ/mol), and the average
short-range Lennard–Jones potential (LJ-SR) was −273.83 kJ/mol (RMSD = 62.82 kJ/mol;
Tot drift = 58.79 kJ/mol). In contrast, as shown in Figure 4b, the BBP-Deprotonated
system exhibited significantly enhanced intermolecular attractions. Its Coul-SR reached
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−4280.23 kJ/mol (RMSD = 170.97 kJ/mol; Tot drift = 215.17 kJ/mol), while the LJ-SR was
−174.18 kJ/mol (RMSD = 32.68 kJ/mol; Tot drift = 16.84 kJ/mol). This marked difference
in electrostatic interactions reveals that the deprotonation of BBP significantly altered the
pattern of intermolecular interactions.
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In the analysis of MD trajectories, we conducted a detailed investigation of dimer
formation. Under strict criteria for dimer definition (an intermolecular distance thresh-
old of 0.7 nm and a duration threshold of 0.5 ns), BBP-Deprotonated exhibited stronger
dimerization tendency: 26 dimer events were observed with a mean lifetime of 1.403 ns
(SD = 1.275 ns), while BBP showed only 7 dimer events with a mean lifetime of 0.714 ns
(SD = 0.214 ns). When the intermolecular distance threshold was increased to 3 nm, 450 and
502 dimer events were observed for BBP-Deprotonated and BBP, respectively, with mean
lifetimes of 1.251 ns (SD = 1.226 ns) and 1.082 ns (SD = 0.730 ns). The results demonstrate
that BBP-Deprotonated forms more compact and stable dimers. BBP-Deprotonated prefer-
entially forms dimeric structures with specific binding patterns, attributed to the charge
distribution changes induced by deprotonation. Under acidic conditions, this enhanced
intermolecular interaction and stable dimer formation provide additional non-radiative
relaxation pathways, providing a molecular-level explanation for the detected fluores-
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cence quenching phenomenon, while elucidating the photophysical behavior of BBP under
different pH conditions.

2.2. BIMC

We determined the lowest energy conformation of the BIMC at the PM6-DH+ level.
Subsequently, we optimized the ground-state (S0-min) structure using the r2SCAN-3c
method, incorporating water as the solvent environment. To ensure that the obtained
structure represented a local minimum, we performed frequency calculations to verify
the absence of imaginary frequencies. Based on the optimized configuration analysis, we
obtained crucial information comprising electrostatic potential (ESP) maps [15,16] and
average local ionization energy (ALIE) [17,18], which provided insights into the molecular
reactivity. The ESP map serves as an established tool to predict electrophilic and nucle-
ophilic reaction sites, describing the interaction energy between a unit positive charge
located at a point and the current system. ALIE characterizes the reactivity of atoms.
Figure 5 shows the ESP distribution map. We investigated the reactivity characteristics of
the benzimidazole group. The amino nitrogen atom exhibited a high electrostatic potential
(+3.077 eV), indicating low electron density and a significant positive charge at this site.
This positive charge suggests high affinity for nucleophilic reagents, making it a poten-
tial active center for nucleophilic attack. In contrast, the double-bonded nitrogen atom
showed a lower electrostatic potential (−2.168 eV), reflecting high electron density and
susceptibility to electrophilic attack. Under acidic conditions, this double-bonded nitrogen
readily undergoes protonation to form an amino group. The ALIE distribution showed a
minimum value of 7.694 eV near the double-bonded nitrogen and a maximum value of
14.025 eV at the amino nitrogen site. Based on theoretical calculations, we elucidated the
corresponding behavior of BIMC in acidic and basic environments, as shown in Figure 6.
The most basic pKa that was predicted was 6.15 (95% CI: 5.50–6.80), and the most acidic
pKa was 12.98 (95% CI: 11.87–14.09). These observations align with chemical intuition and
are supported by 1H NMR titration results [10].
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Figure 6. Structural representation of BIMC and its pH-responsive forms.

The electronic spectra and excited-state geometries of BIMC and its protonated form
(BIMC-Protonated) in acidic environments were investigated using the PBE0 hybrid func-
tional and def2-SV(P) basis set, accompanied by frequency calculations to verify the ab-
sence of imaginary frequencies. Figure 7 presents the optimized geometric structures of
BIMC/BIMC-Protonated in both the ground state (S0) and excited state (S1-min). Results
indicate that while the planar portions of BIMC/BIMC-Protonated showed no significant
geometric changes in both S0 and S1-min states, the side chain attached to the imidazole
ring underwent substantial conformational extension during the S0-to-S1 transition. Conse-
quently, the two oxygen atoms on the side chain were numbered, and their distances to the
imidazole ring center and corresponding angles were marked. In the S0 state of BIMC, the
distances from O1 and O2 to the imidazole ring center were 5.2 Å and 3.6 Å, respectively,
with corresponding angles of 64.53◦ and 45.74◦. In the S1 state, these distances changed
to 6.5 Å and 3.7 Å, with angles of 36.26◦ and 35.99◦, respectively. For BIMC-Protonated
in the S0 state, the distances from O1 and O2 to the imidazole ring center were 5.0 Å and
3.7 Å, with angles of 64.82◦ and 43.63◦. In the S1 state, these distances became 6.4 Å and
3.7 Å, with angles of 37.05◦ and 36.43◦. The similarities in angles and key atomic distances
between BIMC and BIMC-Protonated suggest that during this energy minimization process,
the side chains of BIMC/BIMC-Protonated may have adopted different conformational
isomers in S0 and S1-min states. Based on this observation, additional low-energy geomet-
ric conformers were selected for geometric optimization during the conformational search
phase. The results, shown in Figure 8, present different conformational isomers of the side
chain of BIMC-Protonated in the S1-min state. The conformations of BIMC in the S1-min
state were highly similar to those of BIMC-Protonated. These four conformers showed
no significant differences in their electronic spectra and energies. It can be concluded
that the side chain remained stable during pH regulation and did not induce changes in
local electronic structure. The pH-responsive properties of BIMC were found to primarily
originate from the protonation/deprotonation of the imidazole ring.
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The spectral data results are listed in Table 2. The analysis shows that at this com-
putational level, BIMC exhibited a calculated absorption wavelength of 378.5 nm and
a fluorescence emission wavelength of 484.7 nm, suggesting that the emission energy
was underestimated compared to the experimental value of 454.0 nm. The S0→S1 tran-
sition corresponded to electron excitation from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO), contributing 98.37% with
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an oscillator strength of 1.4086. The S0→S2 transition primarily corresponded to the
HOMO→LUMO+1 excitation, contributing 70.41%, followed by the HOMO-1→LUMO
transition, contributing 18.99%, with an oscillator strength of 0.0559. This indicates that
the S0→S1 transition represented the bright state, dominating the excitation process of
BIMC. For BIMC-Protonated, the calculated absorption wavelength was 419.0 nm, and the
fluorescence emission wavelength was 499.7 nm, suggesting that the emission energy was
overestimated compared to the experimental value of 514.0 nm. The S0→S1 transition cor-
responded to the HOMO→LUMO excitation, contributing 98.62%. The S0→S2 transition
primarily corresponded to the HOMO-1→LUMO excitation, contributing 93.49%, with
a secondary contribution from the HOMO-1→LUMO+1 transition at 4.26%, showing an
oscillator strength of 0.2391. The calculated energy diagram for excitation and emission
processes is shown in Figure 9.

Table 2. Theoretical (under the TDDFT method) and experimental electronic transition data for BIMC
and its protonated forms.

Type Electronic Transition Wavelength (nm) f

BIMC

Absorption S0→S1 378.5 1.4086
Absorption S0→S2 330.2 0.0559
Emission S1→S0 484.7 1.8387

Emission-Exp S1→S0 454.0 /

BIMC-Protonated

Absorption S0→S1 419.0 1.1910
Absorption S0→S2 360.2 0.2391
Emission S1→S0 499.7 1.7713

Emission-Exp S1→S0 514.0 /
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To quantitatively compare the calculated and experimental spectra, electronic spectral
calculations for BIMC and BIMC-Protonated were performed using the STEOM-DLPNO-
CCSD method with the def2-TZVP basis set [14], based on the S1-min configuration. The
spectral data are listed in Table 3. At this level of calculation, the computed fluorescence
emission wavelength of BIMC was 458.2 nm with an oscillator strength of 1.2263, while
BIMC-Protonated exhibited a computed fluorescence emission wavelength of 512.9 nm
with an oscillator strength of 1.1905. At this computational level, the average error rate for
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fluorescence emission energy was merely 0.57%. These results are illustrated in Figure 10.
To enhance the comparability between calculated and experimental spectra, we considered
the influence of the fluorescence quantum yield. Under the approximation of neglect-
ing intersystem crossing (ISC) processes, the calculated fluorescence rate for BIMC was
Kr1 = 2.94 × 108 s−1 with an internal conversion rate of Kic1 = 4.31 × 107 s−1, while BIMC-
Protonated exhibited a fluorescence rate of Kr2 = 2.28 × 108 s−1 with an internal conversion
rate of Kic2 = 1.26 × 108 s−1. Subsequently, the calculated fluorescence quantum yields for
BIMC and BIMC-Protonated were 87.0% and 64.4%, respectively. The corrected spectral
intensities are presented in Table 4. Detailed computational procedures are described in
Section 3. As shown in Figure 11, the estimation through fluorescence quantum yield
significantly improved the accuracy of spectral calculations.

Table 3. Theoretical (under the STEOM-DLPNO-CCSD method) and experimental electronic transi-
tion data for BIMC and its protonated forms.

Type Electronic Transition Wavelength (nm) f

BIMC
Emission S1→S0 458.2 1.2263

Emission-Exp S1→S0 454.0 /

BIMC-Protonated
Emission S1→S0 512.9 1.1905

Emission-Exp S1→S0 514.0 /
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Table 4. Comparative analysis of normalized spectral intensities for BIMC and BIMC-Protonated
using different estimation methods.

Osc. Strength Fl. Quantum Yield Experimental

BIMC * 100% 100% 100%

BIMC-Protonated 97.1% 66.1% 50%
* All values are normalized to the intensity of BIMC (100%).
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3. Materials and Methods
3.1. Experimental Materials

2,6-Bis(2-benzimidazolyl)pyridine (BBP, 98%) was purchased from Macklin Biochem-
ical Co., Ltd. (Shanghai, China). Dimethyl sulfoxide (DMSO), hydrochloric acid (HCl,
1 mol/L), and sodium hydroxide (NaOH, 1 mol/L) were of analytical grade. The BBP
stock solution (0.8 mol/L) was prepared by dissolving BBP in DMSO with the assistance of
ultrasonication. The fluorescence measurements were performed on an FLS980 steady-state
and transient fluorescence spectrometer (Edinburgh Instruments Ltd., Livingston, UK)
with an excitation wavelength of 280 nm.

3.2. pKa Prediction

The pKa values of the target molecules were predicted by inputting SMILES represen-
tations into the Graph-pKa model [19] via its web server. All predictions were conducted
using the default settings provided by the server.

3.3. Molecular Dynamics

MD simulations were performed using the GROMACS 2020.6 package [20]. The force
field parameters for BBP molecules were generated using Sobtop 1.0 (dev5) [21] based
on the general AMBER force field (GAFF) [22]. Ten BBP/BBP-protonated molecules were
randomly distributed in a periodic cubic simulation box with an edge length of 5 nm.
The remaining space in the box was filled with DMSO solvent molecules, and Cl− ions
were added to neutralize the system. First, energy minimization was conducted using
the steepest descent method for 50,000 steps. Subsequently, a 100 ps equilibration was
performed in the NVT ensemble at 300 K, employing the velocity-rescaling method for
temperature control with a coupling time constant of 0.1 ps. Subsequently, a 100 ps equili-
bration in the NPT was ensembled at 1.0 bar using the Berendsen barostat with a pressure
coupling time constant of 3.0 ps and an isothermal compressibility of 4.5 × 10−5 bar−1. The
production phase simulation was extended to 50 ns, utilizing the Nosé–Hoover thermostat
and Parrinello–Rahman barostat. During the simulation, all bonds involving hydrogen
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atoms were constrained using the LINCS algorithm. Electrostatic interactions were treated
using the particle mesh Ewald (PME) method with a fourth-order interpolation and a grid
spacing of 0.10 nm. Both van der Waals and Coulomb interactions were truncated at 1.4 nm
using the Verlet cut-off scheme with dispersion correction applied. System configurations
were saved every 5 ps during the trajectory.

3.4. Quantum Chemical Computational Analysis

Initial molecular spatial conformations were generated from SMILES strings using
RDKit [23] and Open Babel [24]. To obtain energetically optimal conformers, conforma-
tional searches were conducted through simulated annealing using AmberTools23 [25].
During the simulated annealing process, the system temperature oscillated periodically
between 1000 K and 0 K, with a time step of 2 fs and a total simulation time of 1 ns. The
simulation employed a Langevin thermostat for temperature control, in the absence of
periodic boundary conditions, and a cut-off radius of 12.0 Å. One hundred conformational
snapshots were extracted at 0 K from the annealing trajectory, followed by single-point
energy calculations at the PM6-DH+ [11] level using the MOPAC package [26] to identify
the lowest-energy conformer.

All quantum chemical calculations were performed using the ORCA 5.0.4 program
package [27]. First, ground-state geometry optimization and frequency calculations were
conducted at the r2SCAN-3c [12] level. Based on the optimized ground-state geometry,
excited-state geometry optimizations and frequency calculations for the first ten excited
states were performed using non-adiabatic time-dependent density functional theory
(TDDFT) with the PBE0 [13] functional, employing the def2-SV(P) [14] basis set, def2/J [28]
auxiliary basis set, and RIJCOSX [29] approximation. TDDFT single-point energy calcu-
lations were performed on the PBE0 optimized geometries at the same level of theory.
Additionally, the first five excited states were computed using the STEOM-DLPNO-CCSD
method with the def2-TZVP [14] basis set and the def2/J and def2/JK [30] auxiliary basis
sets. All calculations incorporated solvent effects using the SMD solvation model [31] for
water and employed the defgrid3 grid for enhanced accuracy. All geometry optimizations
were confirmed as energy minima through frequency calculations.

STEOM-DLPNO-CCSD computations were performed on a high-performance comput-
ing cluster equipped with dual AMD EPYC 7B12 processors, 512 GB DDR4 ECC memory
operating at 2666 MT/s, and dual 4 TB storage units under CentOS 7.9.2009 environ-
ment. The remaining calculations were executed on a workstation featuring an Intel Core
i7-10875H processor and 16 GB DDR4 memory at 3200 MT/s running Windows 11 23H2.

To achieve accurate predictions of fluorescence spectra, we developed a systematic
correction method based on empirical relationships. Assuming that the non-radiative decay
rate constant knr is dominated by internal conversion (IC), we established an approximate
expression for the fluorescence quantum yield φ.

φ =
kr

kr + kic
(1)

where kr represents the radiative transition rate constant and kic represents the internal
conversion rate constant. Through Einstein’s spontaneous emission formula [32], combined
with the relationship between absorption and emission oscillator strengths (f12 = 1/3f21),
and considering that the S1→S0 maintains constant level degeneracy, we could derive an
approximate expression for the radiative transition rate constant kr.

Kr =
f21

(
ω2

21e2)
2πϵ0mc3 (2)
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The internal conversion rate constant kic was estimated using a widely adopted empir-
ical formula [33]:

kIC ≈ 1012−2∆E/(hc)s−1 (3)

Using kr and kic obtained from these empirical models, we could estimate the theoreti-
cal fluorescence quantum yield φ through Equation (1). To better simulate experimentally
observable quantities, the theoretical spectral intensities were corrected. The relationship
between the corrected spectral intensity IB and the original intensity IA can be expressed as
the following:

IB = IA · ϕB
ϕA

· λA
λB

(4)

To enhance computational efficiency and improve the accessibility of these quantum
chemistry calculation software packages, we developed the EasySpecCalc program [34].
This program features an intuitive graphical user interface that streamlines the computa-
tional workflow. The streamlined workflow simplifies quantum chemical calculations, en-
abling experimental researchers to perform spectral predictions without requiring in-depth
knowledge of the underlying processes. The program is freely available as open-source
software on GitHub (https://github.com/CoomassieBrilliantBlue/EasySpecCalc, accessed
on 20 November 2024).

The electrostatic potential (ESP) (Figure 5), frontier molecular orbitals (FMOs)
(Figure 9), and average local ionization energy (ALIE) data were analyzed and visual-
ized using Multiwfn 3.8 software [35,36].

4. Conclusions
This study employed quantum chemical calculations and molecular dynamics simula-

tions to explore the photophysical properties of BBP and BIMC. For BBP, time-dependent
density functional theory (TDDFT) calculations accurately predicted the fluorescence spec-
tral characteristics under various protonation states, demonstrating excellent agreement
with experimental results. Molecular dynamics simulations indicated that, in acidic envi-
ronments, enhanced Coulomb interactions among BBP molecules and their propensity to
form dimers collectively contributed to the observed fluorescence quenching phenomenon.
For BIMC, a combination of TDDFT and STEOM-DLPNO-CCSD methods achieved highly
accurate excitation energy predictions, which closely matched experimental data. Electro-
static potential and average local ionization energy (ALIE) analyses confirmed that the
pH-responsive mechanism of BIMC is primarily driven by the protonation or deprotonation
of its imidazole ring, while conformational changes in the side chains have minimal impact
on its spectral properties. Using Einstein’s spontaneous emission formula and empirical
formulas for internal conversion rates, the fluorescence rate, internal conversion rate, and
fluorescence quantum yield of BIMC and its protonated forms were successfully calculated,
yielding results consistent with experimental observations. These findings provide key
molecular-level insights for designing pH-responsive fluorescent probes.

To facilitate the application of quantum chemical calculations in fluorescent probe
development, we developed EasySpecCalc, a graphical user interface software that was
made open-source on GitHub. This tool offers a convenient computational platform for
future theoretical research and design iterations of fluorescent probes.

Author Contributions: Conceptualization, X.Z. and X.L.; methodology, X.Z. and X.L.; validation,
X.Z., X.L. and Y.W.; formal analysis, X.Z. and X.L.; software, X.Z.; investigation, X.Z., X.L. and Y.W.;
data curation, X.Z.; visualization, X.Z.; writing—original draft preparation, X.Z.; writing—review
and editing, X.L. and Y.W.; resources, Y.W.; funding acquisition, X.L. and Y.W. All authors have read
and agreed to the published version of the manuscript.

https://github.com/CoomassieBrilliantBlue/EasySpecCalc


Molecules 2025, 30, 273 15 of 16

Funding: This research was funded by the Beijing Institute of Technology, Zhuhai (grant no:
2023007YLKC).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within the article.

Acknowledgments: Support from the School of Chemistry, South China Normal University, and
specifically from Bingjia Xu and Guang Shi for assisting with the fluorescence spectrum measurements
essential for this research, is gratefully acknowledged.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of the study; collection, analysis, or interpretation of the data; writing of the manuscript; or
decision to publish the results.

References
1. Nagaya, T.; Nakamura, Y.A.; Choyke, P.L.; Kobayashi, H. Fluorescence-Guided Surgery. Front. Oncol. 2017, 7, 314. [CrossRef]

[PubMed]
2. Ito, R.; Kamiya, M.; Urano, Y. Molecular Probes for Fluorescence Image-Guided Cancer Surgery. Curr. Opin. Chem. Biol. 2022,

67, 102112. [CrossRef] [PubMed]
3. Yao, L.; Yin, C.; Huo, F. Small-Molecule Fluorescent Probes for Detecting Several Abnormally Expressed Substances in Tumors.

Micromachines 2022, 13, 1328. [CrossRef] [PubMed]
4. Kulasingam, V.; Prassas, I.; Diamandis, E.P. Towards Personalized Tumor Markers. NPJ Precis. Oncol. 2017, 1, 17. [CrossRef]
5. Li, X.; Lovell, J.F.; Yoon, J.; Chen, X. Clinical Development and Potential of Photothermal and Photodynamic Therapies for Cancer.

Nat. Rev. Clin. Oncol. 2020, 17, 657–674. [CrossRef] [PubMed]
6. Zou, Y.; Long, S.; Xiong, T.; Zhao, X.; Sun, W.; Du, J.; Fan, J.; Peng, X. Single-Molecule Förster Resonance Energy Transfer-Based

Photosensitizer for Synergistic Photodynamic/Photothermal Therapy. ACS Cent. Sci. 2021, 7, 327–334. [CrossRef]
7. Tian, Y.; Jiang, W.-L.; Wang, W.-X.; Mao, G.-J.; Li, Y.; Li, C.-Y. NAD(P)H-Triggered Probe for Dual-Modal Imaging during

Energy Metabolism and Novel Strategy of Enhanced Photothermal Therapy in Tumor. Biomaterials 2021, 271, 120736. [CrossRef]
[PubMed]

8. Kang, S.; Kim, T. Comparative Study of TDDFT and TDDFT-Based STEOM-DLPNO-CCSD Calculations for Predicting the
Excited-State Prop-erties of MR-TADF. Heliyon 2024, 10, e30926. [CrossRef]

9. Sbai, A.; Guthmuller, J. Singlet and Triplet Excited States of a Series of BODIPY Dyes as Calculated by TDDFT and DLPNO-
STEOM-CCSD Methods. Phys. Chem. Chem. Phys. 2024, 26, 25925–25935. [CrossRef] [PubMed]

10. Ge, J.; Fan, L.; Zhang, K.; Ou, T.; Li, Y.; Zhang, C.; Dong, C.; Shuang, S.; Wong, M.S. A Two-Photon Ratiometric Fluorescent Probe
for Effective Monitoring of Lysosomal pH in Live Cells and Cancer Tissues. Sens. Actuators B Chem. 2018, 262, 913–921. [CrossRef]

11. Korth, M. Third-Generation Hydrogen-Bonding Corrections for Semiempirical QM Methods and Force Fields. J. Chem. Theory
Comput. 2010, 6, 3808–3816. [CrossRef]

12. Grimme, S.; Hansen, A.; Ehlert, S.; Mewes, J.-M. r2SCAN-3c: A “Swiss Army Knife” Composite Electronic-Structure Method.
J. Chem. Phys. 2021, 154, 064103. [CrossRef]

13. Adamo, C.; Barone, V. Toward Reliable Density Functional Methods without Adjustable Parameters: The PBE0 Model. J. Chem.
Phys. 1999, 110, 6158–6170. [CrossRef]

14. Weigend, F.; Ahlrichs, R. Balanced Basis Sets of Split Valence, Triple Zeta Valence and Quadruple Zeta Valence Quality for H to
Rn: Design and Assessment of Accuracy. Phys. Chem. Chem. Phys. 2005, 7, 3297–3305. [CrossRef] [PubMed]

15. Politzer, P.; Murray, J.S. Molecular Electrostatic Potentials and Chemical Reactivity. In Reviews in Computational Chemistry; John
Wiley & Sons, Ltd.: Hoboken, NJ, USA, 1991; pp. 273–312, ISBN 978-0-470-12579-3.

16. Chattaraj, P.K. (Ed.) Chemical Reactivity Theory: A Density Functional View; CRC Press: Boca Raton, FL, USA, 2009; ISBN
978-0-429-13722-8.

17. Politzer, P.; Murray, J.S. Chapter 8 The Average Local Ionization Energy: Concepts and Applications. In Theoretical and Computa-
tional Chemistry; Toro-Labbé, A., Ed.; Theoretical Aspects of Chemical Reactivity; Elsevier: Amsterdam, The Netherlands, 2007;
Volume 19, pp. 119–137.

18. Politzer, P.; Murray, J.S.; Bulat, F.A. Average Local Ionization Energy: A Review. J. Mol. Model. 2010, 16, 1731–1742. [CrossRef]
19. Xiong, J.; Li, Z.; Wang, G.; Fu, Z.; Zhong, F.; Xu, T.; Liu, X.; Huang, Z.; Liu, X.; Chen, K.; et al. Multi-Instance Learning of Graph

Neural Networks for Aqueous pKa Prediction. Bioinformatics 2022, 38, 792–798. [CrossRef] [PubMed]

https://doi.org/10.3389/fonc.2017.00314
https://www.ncbi.nlm.nih.gov/pubmed/29312886
https://doi.org/10.1016/j.cbpa.2021.102112
https://www.ncbi.nlm.nih.gov/pubmed/35065431
https://doi.org/10.3390/mi13081328
https://www.ncbi.nlm.nih.gov/pubmed/36014250
https://doi.org/10.1038/s41698-017-0021-2
https://doi.org/10.1038/s41571-020-0410-2
https://www.ncbi.nlm.nih.gov/pubmed/32699309
https://doi.org/10.1021/acscentsci.0c01551
https://doi.org/10.1016/j.biomaterials.2021.120736
https://www.ncbi.nlm.nih.gov/pubmed/33662745
https://doi.org/10.1016/j.heliyon.2024.e30926
https://doi.org/10.1039/D4CP02920H
https://www.ncbi.nlm.nih.gov/pubmed/39364603
https://doi.org/10.1016/j.snb.2018.02.082
https://doi.org/10.1021/ct100408b
https://doi.org/10.1063/5.0040021
https://doi.org/10.1063/1.478522
https://doi.org/10.1039/b508541a
https://www.ncbi.nlm.nih.gov/pubmed/16240044
https://doi.org/10.1007/s00894-010-0709-5
https://doi.org/10.1093/bioinformatics/btab714
https://www.ncbi.nlm.nih.gov/pubmed/34643666


Molecules 2025, 30, 273 16 of 16

20. Abraham, M.J.; Murtola, T.; Schulz, R.; Páll, S.; Smith, J.C.; Hess, B.; Lindahl, E. GROMACS: High Performance Molecular
Simulations through Multi-Level Parallelism from Laptops to Supercomputers. SoftwareX 2015, 1–2, 19–25. [CrossRef]

21. Lu, T. Sobtop, Version 1.0(dev5). Available online: http://sobereva.com/soft/Sobtop (accessed on 7 November 2024).
22. Wang, J.; Wolf, R.M.; Caldwell, J.W.; Kollman, P.A.; Case, D.A. Development and Testing of a General Amber Force Field.

J. Comput. Chem. 2004, 25, 1157–1174. [CrossRef] [PubMed]
23. Landrum, G. “RDKit” Q2. 2010. Available online: https://www.rdkit.org/ (accessed on 7 November 2024).
24. O’Boyle, N.M.; Banck, M.; James, C.A.; Morley, C.; Vandermeersch, T.; Hutchison, G.R. Open Babel: An Open Chemical Toolbox.

J. Cheminform. 2011, 3, 33. [CrossRef]
25. Case, D.A.; Aktulga, H.M.; Belfon, K.; Cerutti, D.S.; Cisneros, G.A.; Cruzeiro, V.W.D.; Forouzesh, N.; Giese, T.J.; Götz, A.W.;

Gohlke, H.; et al. AmberTools. J. Chem. Inf. Model. 2023, 63, 6183–6191. [CrossRef] [PubMed]
26. Stewart, J.J.P. MOPAC2016. Available online: http://openmopac.net/MOPAC2016.html (accessed on 6 October 2024).
27. Neese, F. Software Update: The ORCA Program System—Version 5.0. WIREs Comput. Mol. Sci. 2022, 12, e1606. [CrossRef]
28. Weigend, F. Accurate Coulomb-Fitting Basis Sets for H to Rn. Phys. Chem. Chem. Phys. 2006, 8, 1057–1065. [CrossRef] [PubMed]
29. Neese, F.; Wennmohs, F.; Hansen, A.; Becker, U. Efficient, Approximate and Parallel Hartree–Fock and Hybrid DFT Calculations.

A ‘Chain-of-Spheres’ Algorithm for the Hartree–Fock Exchange. Mov. Front. Quantum Chem. 2009, 356, 98–109. [CrossRef]
30. Weigend, F. Hartree–Fock Exchange Fitting Basis Sets for H to Rn. J. Comput. Chem. 2008, 29, 167–175. [CrossRef]
31. Marenich, A.V.; Cramer, C.J.; Truhlar, D.G. Universal Solvation Model Based on Solute Electron Density and on a Continuum

Model of the Solvent Defined by the Bulk Dielectric Constant and Atomic Surface Tensions. J. Phys. Chem. B 2009, 113, 6378–6396.
[CrossRef]

32. Hilborn, R.C. Einstein Coefficients, Cross Sections, f Values, Dipole Moments, and All That. Am. J. Phys. 1982, 50, 982–986.
[CrossRef]

33. Coyle, J.D. Introduction to Organic Photochemistry; John Wiley & Sons: Hoboken, NJ, USA, 1991.
34. Zhu, X. EasySpecCalc, Version 0.0.1. 2020. Available online: https://github.com/CoomassieBrilliantBlue/EasySpecCalc (accessed

on 20 November 2024).
35. Lu, T.; Chen, F. Multiwfn: A Multifunctional Wavefunction Analyzer. J. Comput. Chem. 2012, 33, 580–592. [CrossRef] [PubMed]
36. Lu, T. A Comprehensive Electron Wavefunction Analysis Toolbox for Chemists, Multiwfn. J. Chem. Phys. 2024, 161, 082503.

[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.softx.2015.06.001
http://sobereva.com/soft/Sobtop
https://doi.org/10.1002/jcc.20035
https://www.ncbi.nlm.nih.gov/pubmed/15116359
https://www.rdkit.org/
https://doi.org/10.1186/1758-2946-3-33
https://doi.org/10.1021/acs.jcim.3c01153
https://www.ncbi.nlm.nih.gov/pubmed/37805934
http://openmopac.net/MOPAC2016.html
https://doi.org/10.1002/wcms.1606
https://doi.org/10.1039/b515623h
https://www.ncbi.nlm.nih.gov/pubmed/16633586
https://doi.org/10.1016/j.chemphys.2008.10.036
https://doi.org/10.1002/jcc.20702
https://doi.org/10.1021/jp810292n
https://doi.org/10.1119/1.12937
https://github.com/CoomassieBrilliantBlue/EasySpecCalc
https://doi.org/10.1002/jcc.22885
https://www.ncbi.nlm.nih.gov/pubmed/22162017
https://doi.org/10.1063/5.0216272
https://www.ncbi.nlm.nih.gov/pubmed/39189657

	Introduction 
	Results and Discussion 
	BBP 
	BIMC 

	Materials and Methods 
	Experimental Materials 
	pKa Prediction 
	Molecular Dynamics 
	Quantum Chemical Computational Analysis 

	Conclusions 
	References

