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Exploring the Photophysical Processes of an AP’* Sensor

Based on Schiff Base

Bingging Sun, Haoyang Song, Yi Nan, Lei Liu*

Schiff bases are commonly used as building blocks in the devel-
opment of turn-on sensors for AP detection. The isomerization
of the G=N bond in Schiff bases is generally believed to induce
fluorescence quenching. Inhibiting this isomerization process
through interactions with the target ion, A", enhances fluores-
cence, enabling its detection. This mechanism is widely used to
explain turn-on signals in similar sensors. However, the photophys-
ical processes of such sensors may be more complex, necessitating
a deeper understanding of their underlying sensing mechanisms.
This study presents a comprehensive investigation into the photo-
physical processes and sensing mechanism of a turn-on sensor for

1. Introduction

Aluminum is one of the most abundant elements in the Earth’s
crust and plays a crucial role in various industrial sectors, includ-
ing transportation, packaging, and aerospace.™ According to a
recent report by Fortune Business Insights,'? the global aluminum
market was valued at $249.83 billion in 2024 and is projected to
reach $403.29 billion by 2032. However, during mining,” refining,
and product processing, aluminum is inevitably released into the
environment in its cationic form, AP, leading to severe water and
soil contamination. In polluted water, A" can precipitate on fish
gills, causing osmoregulatory failure. In plants, it inhibits root
elongation and reduces crop yields.”® Moreover, excessive
AT intake in humans has been linked to Alzheimer's disease,
prompting the WHO to set an upper limit of 7.4 uM for A"
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AP featuring a Schiff base moiety. Multiple excited-state intramo-
lecular proton transfer (ESIPT) processes are observed, all closely
associated with the Schiff base structure. These ESIPT processes
trigger C=N isomerization, leading to the formation of two non-
emissive twisted intramolecular charge transfer (TICT) states. In
addition to C=N isomerization, two bond rotation processes with
lower energy barriers are identified. These rotational processes
generate two additional nonemissive TICT states and play a domi-
nant role in the weak fluorescence of the sensor. This elucidation of
photophysical processes provides a clearer understanding of the
APT sensing mechanism.

concentration in drinking water.”® Therefore, the precise detec-
tion of AT is of great importance for environmental protection
and human health.

Fluorescence sensors based on small organic fluorophores have
garnered increasing attention for cation detection.”"® Compared
to traditional analytical methods, these sensors are typically cost-
effective, rapid, and highly customizable. Schiff bases are widely
utilized as key building blocks in the design of such sensors.
Notably, they provide coordination sites for A" recognition; on
the other hand, their G=N moiety serves as an effective linker, con-
necting electron-donating and electron-withdrawing groups to reg-
ulate the internal charge transfer (ICT) process."*'? It is generally
accepted that cis-trans isomerization of the C=N bond can lead
to significant fluorescence quenching. Upon coordination with a
target cation, such as AP, this isomerization is inhibited, resulting
in fluorescence enhancement. Consequently, Schiff base-based
sensors typically function as turn-on sensors. This mechanism is
widely used to explain turn-on fluorescence signals and guide the
rational design of similar sensors."®'® However, the photophysical
process of these sensors is likely more complex, and their weak fluo-
rescence may originate from additional processes beyond C=N
isomerization."

A recent study by Lu et al.®” reports the design and synthesis
of a turn-on sensor, QNP ((E)-N’~(5-chloro-2-hydroxybenzylidene)
quinoline-2-carbohydrazide), for AP detection. As shown in
Scheme 1, the sensor consists of three components: the quinoline
moiety (P1) serves as the fluorophore, the 4-chlorophenol moiety
(P2) acts as an electron acceptor, and the Schiff base moiety func-
tions as the conjugate linker. Sensor QNP exhibits minimal fluores-
cence, which Lu et al. attribute to the combined effects of ICT from
P1 to P2 and C=N isomerization. They propose that A" coordinates
with the sensor, inhibiting both C=N isomerization and the ICT pro-
cess, thereby triggering fluorescence and enabling AP detection.
However, their study does not provide direct evidence to support
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Scheme 1. Structural formula of sensor QNP.

this mechanism. The hydroxyl group on P2 is likely to form multiple
hydrogen bonds with the nitrogen atom of the linker and the oxy-
gen atom of P2. These hydrogen bonds could induce excited-state
intramolecular proton transfer (ESIPT) processes, which would influ-
ence the fluorescence properties of the sensor.”2'-* Additionally,
the N—N and C—N bonds surrounding the Schiff base may undergo
rotational motion in the excited state, potentially leading to none-
missive states. Thus, the actual excited-state dynamics of sensor
QNP are likely more complex than previously suggested. A detailed
investigation into the photophysical processes of the sensor and
AP* sensing mechanism is essential for a more accurate under-
standing of its fluorescence behavior.

Building on these considerations, this study conducts a series
of theoretical investigations into the excited-state dynamics of
sensor QNP using density functional theory (DFT) and time-
dependent density functional theory. By mapping the potential
energy surface (PES) of the sensor, two ESIPT processes are iden-
tified. Notably, C=N isomerization does not occur until these
ESIPT processes take place. Following C=N isomerization, two
dark states characteristic of twisted intramolecular charge trans-
fer (TICT) are generated. Additionally, the rotation of the C—C
bond adjacent to the (=N bond is observed, leading to the for-
mation of two additional TICT states. The energy barrier for C—C
bond rotation is significantly lower than that of C=N isomerization,
suggesting that excited-state C—C bond rotation plays a dominant
role in fluorescence quenching rather than C=N isomerization.
After clarifying the photophysical processes of the sensor, the
APBT sensing mechanism is further examined from multiple per-
spectives, offering valuable insights for the rational design of simi-
lar sensors.

2. Results and Discussions
2.1. Excitation Process of the Sensor

Ground state optimized structure of QNP (S¢-1) is shown in Figure 1.
As shown in Figure 1a and Table 1, the sensor adopts a planar struc-
ture, with all four dihedrals (D1-D4) measuring 0°. Independent gra-
dient model (IGM) analysis (Figure S1a, Supporting Information) on
the sensor is performed to give an overall view of the intramolecu-
lar interactions. According to IGM theory, the blue surface indicates
a strong interaction. Herein, a comparatively strong hydrogen bond,
with a bond length of 1.70 A, is observed between N3 and H1. To
evaluate the possibility of a ground-state intramolecular proton
transfer process, a series of relaxed scans along the proton transfer
coordinate is performed. As is shown in Figure S1b, Supporting
Information, the energy keeps rising as the H1 approaches N3.
No stable structures are located, indicating that Sy-1 represents
the most stable structure in the ground state. For convenience,
the energy of So-1 is set to 0 kJmol ™.

The excitation process of QNP is analyzed by calculating exci-
tation energies based on its ground-state structure. As shown in
Table 2, photoexcitation primarily populates the sensor into the
S, state, as the Sy — S; transition exhibits the highest oscillator
strength (0.585). The excitation energy is calculated to be 354 nm,
which is in agreement with the experimentally reported absorption
peak at 342 nm. This agreement validates the theoretical approach
used in this study. Since the S, — S, excitation involves a highest
occupied molecular orbital (HOMO) — lowest unoccupied molec-
ular orbital (LUMO) transition, the corresponding molecular orbitals
are plotted in Figure 1 to provide insight into the ICT characteristics
of the sensor. The HOMO is primarily localized on the P2 moiety
and the linker, while the LUMO is mainly distributed across the P1
moiety and the linker. This indicates a clear ICT transition from P2
to P1, contradicting Lu et al.'s assumption that ICT occurs from P1
to P2. Electron-hole analysis is performed to verify this ICT feature
further.% As shown in Figure 1d, an equivalent of 0.50 electrons is
transferred from P2 to P1, with a spatial separation of 5.24 A
between the electron and hole. These findings confirm that the
originally proposed ICT direction is not right.

Figure 1. a) Optimized ground-state structure of QNP (So-1); b) HOMO of S,-1; ¢) LUMO of Se-1; d) electron-hole distribution after S, — S, excitation (isosur-
face in cyan represents the distribution of hole, isosurface in green represents the distribution of electron).
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Table 1. Geometrical information of local minima and saddle points of the sensor (D1 represents dihedral N1C1C2N2, D2 represents dihedral C1C2N2N3, D3
represents dihedral C2N2N3C3, and D4 represents dihedral N2N3C3C4).

01-H1 02-H1 N3-H1 D1 D2 D3 D4
So-1 297 A 0.99 A 1.70 A 0° 0° 0° 0°
Si-1 2.68A 1.01A 1.64 A 0° 0° 0° 0°
S22 2.15A 1.83A 1.04 A 0° 0° 0° 0°
] 0.99 A 269 A 182A 1° 1° 8° 1°
TICT-1 226 A 2.72A 1.02A 47° 6° 3° 86°
TICT-2 282A 3.65A 1.01A —40° 0° 73° 19°
TICT-3 0.99 A 3.05A 1.86 A 6° 0° -2 80°
TICT-4 0.98 A 450 A 193 A 3° 2° 1° 0°
TS1 244 A 1.22A 127A 0° 0° 0° 0°
TS2 1.28A 228A 1.25A 1° —6° 8° 0°
TS3 220A 265A 1.02A 30° 3° 32° 43°
TS4 0.99A 2.89A 1.84 A 2° —1° 3° 59°
TS5 2.10A 245A 117 A 19° -2 5° 1°
TS6 0.99 A 3.03A 1.86 A 3° 2° 12° 0°

2.2. ESIPT Process of the Sensor

Upon excitation, the electron distribution across the sensor under-
goes significant changes, potentially triggering multiple dynamic
processes on the S, state PES. To investigate these processes,
the S, state structure of the sensor (S;-1) is optimized using Se-1
as the initial geometry. As shown in Table 1, the planar structure
is maintained in the S, state. Deactivation from S;-1 corresponds
to the L — H transition. Electron-hole analysis (Figure 2a) reveals
that 0.63 electrons are transferred from P1 to P2 and the linker.
The oscillator strength for this transition is high (0.881), suggesting
that S;-1 should be highly emissive. However, no fluorescence was
observed in the original experiment, indicating the presence of
nonemissive decay on the S; PES. A closer examination of the
S;-1 structure reveals that the hydrogen bond between N3 and
H1 shortens to 1.64 A, strengthening the interaction. This enhanced
hydrogen bonding likely facilitates an ESIPT process, which could
significantly influence the photophysical behavior of the sensor.
As shown in Figure 3, an ESIPT from O2 to N3 is identified, with
a transition state (TS1) located along this pathway. The associated
energy barrier is only 10.7 kJ/mol, leading to the formation of a
more stable structure, S;-2. The ESIPT rate constant is calculated

using Equation (1) and (2);°"*”
kT
k = K%e—AG/RT 0
1 [hl,(V¥)]?
14— |7/ ,
: +24{ kT o)

where h represents the Planck constant, « is the transmission coef-
ficient, and /,,(V”) denotes the transition state imaginary frequency.
The rate constant is determined to be 7.26 x 10"' S™". This rapid
transition suggests that the sensor quickly relaxes to S;-2 after pho-
toexcitation. Deactivation of S;-2 (Table 2) still corresponds to the
L — H transition, with an electron-hole distribution similar to S;-1.
The oscillator strength remains high (0.529), indicating that this
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state is also emissive. To further investigate potential nonemissive
pathways, additional exploration of the S; PES is conducted.
Notably, following the first ESIPT process, a new hydrogen bond
forms between O1 and H1 with a bond length of 2.15 A. This inter-
action suggests the possibility of a second ESIPT, where proton
transfer occurs from N3 to O1. A detailed PES scan confirms the
presence of a stable ESIPT product (S;-3) and the corresponding
transition state (TS2). As shown in Figure 3, the second ESIPT pro-
cess encounters a higher energy barrier (34.6 k) mol™") compared
to the first. Despite this, the calculated rate constant remains rela-
tively high (5.11 x 10%s™"), suggesting that S;-2 and S;-3 likely coex-
ist. Deactivation of S;-3, as presented in Table 2, also exhibits a high
oscillator strength (0.599), confirming its emissive nature. Given that
all identified ESIPT products remain emissive, additional investiga-
tion into nonemissive decay pathways on the S; PES is necessary.

2.3. TICT States on the S, State PES

C=N isomerization on the excited-state PES is often considered a
key factor in fluorescence quenching in sensors. To determine
whether this process occurs in sensor QNP, the behavior of S;-1
(cis-structure) is examined in greater detail. As is shown in
Figure S2h, Supporting Information, the C=N bond is manually
twisted by setting the dihedral angle D4 to 90°, which serves as
the initial guess for optimizing the trans-structure. However, no
stable structure is located, indicating that isomerization of the
C=N bond in S;-1 is not likely to happen. This finding contradicts
the assumption made by Lu et al.*” that C=N isomerization is
responsible for weak fluorescence. As established in Section 3.2,
S1-2 and S1-3 are comparatively more stable than S;-1, suggesting
that nonemissive pathways are more likely associated with these
two minima. To further explore this, the C=N isomerization of S;-2
is investigated by setting dihedral D4 to 90° as the initial guess for
optimization. Unlike in S;-1, a stable trans-structure of S;-2 is suc-
cessfully located and designated as TICT-1. As shown in Figure S2d,
Supporting Information, and Table 1, the dihedral angle D4 in
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TICT-1 is 86° indicating a highly twisted structure. The deactivation
process from TICT-1 corresponds to an L—H transition with an
oscillator strength of only 0.000. The electron-hole distribution
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Table 2. Excitation and deactivation energies of the sensor were calculated (Figure 5a) reveals that 0.48 electrons transfer from P2 to the linker,
at the PBEO functional and CAM-B3LYP functional. The absorption peaks confirming that TICT-1 is a nonemissive TICT state. The transition
obtained from the experiment ar'e glv.en in parentheses (H represents state for the C=N isomerization (TS3) is then identified, with an
HOMO, L represents LUMO, and f is oscillator strength). A X -

o associated energy barrier of 40.4 kJ mol™' (Figure 4). The rate con-
Contribution Energy (nm) f stant for this isomerization is calculated to be 4.93 x 107 s, sig-
PBEO nificantly slower than the two ESIPT processes. Consequently, this
So-1 process is not competitive with ESIPT and is unlikely to occur. To
So—S; H— L (98%) 354 (342) 0.585 further verify this conclusion, the emission rate constant of S;-2 is
So— S, H-1 =L (87%) 308 0.025 calculated using Equation (3):%%
>l 2 AP
S, — S, L — H (98%) 450 0.881 ke = —3 3)
512
S, S, L—H (98%) 516 0529 where fis the oscillator strength and AE is the deactivation energy in
5.3 cm™". The emission rate constant is determined to be 1.33 x 10%s™",
1
5,5, L— H (98%) 767 0599 significantly larger tha.n the .lsor.nerlzatlon rate 'cohstant. This con-
i firms that the C=N isomerization from S;-2 is improbable and
-y has minimal influence on the fluorescence properties of the sensor.
o 2554 ! L . Lo
5175 — H (58%) >3 0000 A similar analysis is conducted for S;-3. As shown in Figure 4, a stable
TicT-2 trans-structure of S;-3, TICT-3, is identified. However, the energy of
515 L— H (98%) 2009 0000 | TICT-3 is significantly higher than that of S;-3. These findings indi-
TICT-3 cate that C=N isomerization from S;-3 is not feasible. Based on these
S1—So L —H (98%) 1399 0.001 analyses, G=N isomerization in sensor QNP is unlikely to occur, con-
TICT-4 tradicting the mechanism proposed by Lu et al. The true mechanism
Sy —So L — H (98%) 1433 0.000 underlying the fluorescence behavior of the sensor requires further
CAM-B3LYP investigation.
Sy Notably, the adjacent C—C single bond (C3—C4) near the C=N
S, S, H— L (65%) 305 (342) 0781 bond is ro.tatabl.e, poter.mally leading to the formatllon of TICT
states. To investigate this, the C3—C4 bond of S;-2 is manually
So— S, H-1 — L (64%) 278 0.030 . o o .
. rotated by 90° as an initial guess for optimization. This process
! successfully yields a local minimum with a twisted structure, des-
— 9 . . . .
5175 L—H (83%) 38 1.145 ignated as TICT-2 (Table 1, Figure S2e, Supporting Information).
512 As shown in Figure 4, TICT-2 is 15.2 kJ mol~" lower in energy than
5150 L —H (81%) 445 0524 S:-2, indicating that it is more thermodynamically stable. A tran-
53 sition state (TS5) is identified along the rotation coordinate, with
S —So L—H (89%) 565 1.011 an energy barrier of just 13.4 kJ mol. The rate constant for this
TICT-1 rotation is calculated to be 2.79 x 10'°s™, significantly faster
S, — S, L — H (94%) 1369 0.000 than that of C=N isomerization. This suggests that the rotation
TICT=2 process is both thermodynamically and kinetically favorable.
5,5, L H (96%) 1120 0.000 As shown in Table 2, the deactivation corresponds to the
TIcT3 L—H transition, with an oscillator strength close to zero. The
electron-hole distribution (Figure 5b) reveals that ~ 0.77 elec-
S, — S, L— H (93%) 1055 0.001 . . )
trons transfer from the linker to P2. The highly twisted structure,
TICT-4 . .
near-zero oscillator strength, and pronounced ICT characteristics
517 % L—H 52%) 648 0.000 confirm that TICT-2 is a typical nonemissive TICT state. Given that

the rate of C3—C4 rotation is considerably higher than the emis-
sion rate of S;-2, TICT-2 is likely responsible for quenching the
fluorescence of the sensor, making it the dominant factor contrib-
uting to the weak fluorescence observed. Since S;-3 is also a

0.67—= g3-78A

. ). e @ Q'z_

: i eo\y Y
© o 4 0.07 °©
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Figure 2. Electron-hole distribution for the deactivation of a) S;-1, b) S;-2, and ¢) S;-3.
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Figure 4. Local minima and transition states for bond-rotating processes.

possible local minimum, the effect of C3—C4 rotation from this
state is further explored. As shown in Table 1 and Figure S2g,
Supporting Information, another twisted rotamer, TICT-4, is iden-
tified. Similar to the case of S;-2, this rotational process is both
thermodynamically and kinetically favorable (Figure 4). The

Figure 5. Electron-hole distribution for the deactivation of a) TICT-1,
b) TICT-2, ¢) TICT-3, and d) TICT-4.

ChemPhysChem 2025, 26, €202500196 (5 of 9)

oscillator strength of the deactivation from TICT-4 is also close
to zero, and the state exhibits strong ICT characteristics (Table 2,
Figure 5), confirming that it is another nonemissive dark state.
However, given that the energy barrier from S;-2 to S;-3 is rela-
tively high and S;-2 is more stable, TICT-4 is less competitive than
TICT-2 and likely serves as a secondary nonemissive pathway.
Additionally, potential nonemissive rotamers from the rotation
of other bonds, including C1—C2, C2—N2, and N2—N3, are also
explored. However, no stable structures are identified for these
rotations. As the sensor has a clear ICT feature, the range-
separated functional CAM-B3LYP is chosen to recalculate the
excitation and deactivation processes of the sensor to validate
the PBEO functional. The excitation and deactivation energies
of the sensor calculated with CAM-B3LYP-D3/TZVP are listed in
Table 2. Both functionals output similar results, as the oscillator
strength and molecular orbitals involved in the excitation pro-
cesses are quite close. Molecular orbitals are then plotted in
Figure S5 and Figure S6, Supporting Information. As shown,
the molecular orbitals in Figure S5, Supporting Information, is
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quite similar to that in Figure S3, Supporting Information. Also,
the orbitals in Figure S6, Supporting Information, are quite similar
to that in Figure S4, Supporting Information. Herein, both func-
tionals can predict the ICT feature of the sensor.

As all the above TICT states hold highly twisted structures, the
minimum energy conical intersection (MECI) between the Soand S,
state PES may also result in fluorescence quenching. This issue is
further explored by using the linearly interpolated internal coordi-
nate (LIIC). Taking TICT-1 as an example, 8 structures are interpo-
lated between S;-2 and TICT-1. The self consistent field (SCF)
energy of the 10 structures (including S;-2 and TICT-1) in S, and
S, states is calculated and shown in Figure 6. The TICT-1 structure
has a low energy on the S, state PES while a high energy on the S,
state PES, indicating a possible intersection. Herein, the MECI
points are close to the TICT states, which may also contribute to
the weak fluorescence of the sensor.

2.4. AP Sensing Mechanism

With a comprehensive understanding of the excited-state dynam-
ics of the sensor, the sensing mechanism for AP*™ is investigated. To
identify potential binding sites, the electrostatic potential surface
(EPS) is generated, revealing red and yellow zones around O1 and
02, indicating that AP is likely to be attracted to these regions due

to electrostatic forces (Figure 7a). While the EPS analysis can give a
direct view of the potential site for electrostatic interaction, the
reactivity of the site of a certain molecule can be reflected by
the Fukui function.® The larger the Fukui function value is, the
more reactive the site will be. Next, the Fukui function f- is calcu-
lated, and its distribution is plotted in Figure 7b. Among all sites, 02
exhibits the highest f-value, making it the most favorable center for
nucleophilic attack. As proposed by Lu et al, the hydroxyl hydrogen
is deprotonated, and the AP" binds to two chloride ions and one
water molecule, which makes the complex neutral. Herein, by plac-
ing this coordinated AP* close to 02, a stable analyte-sensor com-
plex (QNP-AI-S) is obtained after geometry optimization. This
complex adopts a 6-coordinated structure (Figure 7, Table ST,
Supporting Information), with three coordination bonds forming
between AP and the sensor. Additionally, charge decomposition
analysis (CDA) is performed to further investigate the electronic
interaction between the analyte and the sensor. As shown in
Table S2, Supporting Information, and Figure 8, 0.77 electrons
transfer from the sensor to AP* upon coordination. Among all
molecular orbitals, H-11 contributes the most (0.06 electrons) to
this charge transfer process, accompanied by a strong back dona-
tion (0.03 electrons), making it an ideal candidate for electronic
coupling analysis. The molecular orbital (MO) composition of
the complex is then examined by decomposing it into fragment

(a) (b)
_._so 400' —-—s0
%“ 300 ——S % —e—S8,
g M g 3004 /,;4——*—"*\
£ 200, £ 200]
5 3
@ 100 S 100+
w w
01 0
2 4 6 8 10 2 4 6 8 10
LIIC Step LIIC Step

Figure 6. LIIC Energy curves from S;-2 structure (step 1) to TICT-1 structure (step 10) on the ground state and a) excited state obtained via PBEO and

b) CAM-B3LYP.

Figure 7. a) EPS of the sensor in the ground state; b) isosurface of Fukui function f-; ¢) optimized ground-state structure of the analyte-sensor complex
QNP-AI-S, (top view); d) optimized ground-state structure of QNP-AI-S, (side view).
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Figure 8. The orbital interaction diagram for QNP-AI-S,.

Table 3. Excitation and deactivation energies of the analyte-sensor
complex.

Contribution Energy (nm) f
QNP-AI-S,
So— S H — L (98%) 420 0.294
So— Sy H-1 — L (72%) 329 0.032
QNP-AI-S,
Si—So H— L (98%) 546 0.445

orbitals (FO) from both the sensor and APT. Specifically,
MO H-11 originates from FO H-1 (19%) of the sensor, FO H-5
(43%) of AP*, and FO L (10%) of AP*. This confirms that the

Complex Al

observed 0.06-electron transfer occurs through the interaction of
FO H-1 of the sensor and FO L of AP*. Given the significant total
charge transfer (0.77 electrons), strong electronic coupling between
the sensor and analyte is expected. The bond energy of the three
coordination bonds is then calculated using the SCF energy differ-
ence between the complex and the isolated sensor and AP at the
PBEO/def2TZVP level of theory. The result is —717.4 kJ mol™", indi-
cating strong coordination. These robust coordination bonds effec-
tively lock the molecule conformation, preventing the rotation of
the C3—C4 single bond. Consequently, the fluorescence of the
sensor is restored, leading to a fluorescence “turn-on” response.
The photophysical process of the analyte-sensor complex is
then investigated to validate the AP sensing mechanism. As
shown in Table 3, the dominant excitation corresponds to the

Figure 9. a) HOMO of QNP-AI-Sy; b) LUMO of QNP-AI-Sy; ¢) electron-hole distribution of So—S; excitation of QNP-AI-S,; d) electron-hole distribution of

So—S, excitation of QNP-AI-S;.
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Figure 10. Overlap zones and overlap values between a) LUMO of the sensor fragment and LUMO of the APt fragment, and b) HOMO-1 of the sensor

fragment and LUMO of the APP* fragment.

So—$S, transition, which exhibits the largest oscillator strength.
The excitation energy is calculated to be 420 nm, closely match-
ing the experimental value of 401 nm. This transition involves the
H—L orbital transition, with the corresponding molecular orbitals
visualized in Figure 9. No intermolecular electron transfer from
the sensor to AP" is observed, which is further confirmed by
the electron-hole distribution analysis (Figure 9c¢). Electron-hole
analysis of the S; state (Figure 9 d) indicates that this state also
has no intermolecular electron transfer feature. The optimized S;
structure (Table S1, Supporting Information) is then obtained, and
its deactivation process is analyzed and shown in Table 3. The
emission process exhibits a large oscillator strength. These find-
ings confirm that the analyte-sensor complex is highly emissive,
clearly validating the AP* sensing mechanism.

Notably, both the S; and S, states are locally excited states, with
no significant charge transfer occurring from the sensor to APF*.5
Typically, this phenomenon is attributed to the LUMO of the donor
being lower in energy than the LUMO of the acceptor.®® However,
in this case, the LUMO energy of the sensor is higher than the LUMO
of AP (Figure 8). While a positive energy gap may promote electron
transfer from the donor to the acceptor, orbital overlap also plays a
crucial role in determining electron transfer efficiency.®”*® To fur-
ther examine this, the orbital overlap between the LUMO of the sen-
sor and the LUMO of AP is calculated, and the overlapping region
is visualized in Figure 10a. As shown, the overlap is primarily local-
ized around the O1 site and is relatively small, with an overlap value
of just 0.06. In contrast, the overlap between H-1 of the sensor and L
of AP* (Figure 10b), which facilitates electron transfer during coor-
dination bond formation, is significantly larger. Therefore, the mini-
mal overlap between the LUMO of the sensor and the LUMO of A"
is insufficient to promote electron transfer during the excitation
process.

3. Conclusion

In conclusion, the photophysical processes of the sensor QNP have
been thoroughly investigated. The S, state PES reveals two ESIPT
processes, two C=N isomerization processes, and two bond rota-
tion processes. Transition states, energy barriers, and rate constants
for these pathways have been determined and compared to assess
their likelihood. The findings demonstrate that the weak fluores-
cence of the sensor originates from the rotation of the C—C bond
adjacent to the (=N bond, which exhibits a lower energy barrier
and a faster reaction rate. This refutes the widely accepted notion
that C=N isomerization is responsible for fluorescence quenching.

ChemPhysChem 2025, 26, €202500196 (8 of 9)

Building on this understanding of the photophysical behavior of
the sensor, the AP detection mechanism is explored. Strong elec-
tronic coupling between the sensor and AP is observed, leading
to the formation of strong coordination bonds. These bonds effec-
tively restrict the rotational motion of the C—C bond, thereby
restoring the fluorescence of the sensor. This study provides valu-
able insights into the design of A" sensors and their fluorescence-
based detection mechanisms.

4. Experimental Section

Unless otherwise specified, all calculations were performed using the
PBEO function®® and TZVP basis sets with the Gaussian 16 software
package.*” DFT-D3 dispersion correction was applied throughout
the calculations.”" Since the original experiment by Lu et al. was con-
ducted in DMF, solvation effects were accounted for using the SMD
model with DMF as the solvent.*? All local minima are verified by the
absence of imaginary frequencies, while all transition states were
confirmed through IRC calculations. CDA, orbital overlap analysis,
IGM analysis,"**! and Fukui function calculations were performed
using Multiwfn 3.8.4> Charge transfer feature during the photophys-
ical process can be quantified by various methods as described by
Ciofini™ and Lu.” In this article, electron-hole analysis®®® was cho-
sen to give a quantified evaluation of the charge-transfer character
with the aid of Multiwfn 3.8 All kinetic data were computed at
298 K and 100 kPa. Benchmark studies with CAM-B3LYP functional
were provided in the supporting information.
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