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Inspired by the activity-based sensing method, the hydrazine-modified naphthalene derivative (Naphl) was synthe-
sized and used as a fluorescent probe to detect formaldehyde (FA) in living cells. Through the condensation reaction
between the probe Naphl and analyte FA, researchers observed a ~ 14 folds enhancement of fluorescent signal around
510 nm in an experiment, realizing the high selectivity and sensitivity detection of FA. However, a theoretical understand-
ing of the sensing mechanism was not provided in the experimental work. Given this, the light-up fluorescent detecting
mechanism was in-depth unveiled by performing the time-dependent density functional theory (TDDFT) and the complete
active space self-consistent field (CASSCF) theoretical calculations on excited-state intramolecular proton transfer (ESIPT)
and non-adiabatic excited-state dynamics simulation. The deactivation channel of S{/T; intersystem crossing (ISC) was
turned off to successfully recognize FA. Insight into the ESIPT-based fluorescent detecting mechanism indicated that ESIPT
was essential to light-up fluorescent probes. This work would provide a new viewpoint to develop ESIPT-based fluorescent

probes for detecting reactive carbon species in vivo or vitio.
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1. Introduction

Formaldehyde (FA), one of the most critical reactive car-
bon species (RCS), has attracted extensive attention in chem-
ical industries and laboratories because of its extreme toxic-
ity and accessibility.!!! As early as the 1980s, a few advanced
works of literature at that time have reported that FA was
widely applied in some chemical industries as a synthetic re-
actant for plastics, cosmetics, wood processing, drugs, and
food,1 especially acting as a preservative existed in daily
food.[%! Hence, environmental FA mainly originates from the
above chemical activities. We have to admit that favorable FA
concentrations play crucial roles in physiological activity.!”-8]
In comparison, aberrant environment exposure to FA is detri-
mental to biomolecules and cell function, which at worst
causes DNA damage, Alzheimer’s, cancer, even death.[*-!!]
FA was defined by the International Agency for Research on
Cancer as human carcinogen group I in 2004.['?1 The roles of
FA have not been well-defined so far, presumably because of
a lack of sensitive and selective molecular tools for investi-
gating FA in environmental and endogenous systems, which
motivates to develop new methods for monitoring FA to help

decipher its native function. !
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Most contemporary researchers have developed many
measurements to detect reactive one-carbon species such
as electro-fluorescent biosensors, piezoelectric sensors, flu-
orescent probes, Raman spectroscopy, transmission electro-
microscopy, etc.!'*] For small RCS like FA, fluorescent probes
are based on the reactivities of analytes instead of specific
lock-and-key binding detection. The distinct changes of flu-
orescent signals are presented by chemical reactions between
the probes and target, achieving the selective detecting for FA.
The high sensitivity, selectivity, and low limit of detection
of fluorescent probes successfully enable biological analysis
of FA in living systems.[!3] Recently, Liu’s group reviewed
and discussed the valuable developments in the fluorescent
probes for detecting FA.[!>] Two main detecting mechanisms
are introduced. (i) The aza-cope rearrangement reaction
of the homoallylamino group and FA produces fluorescent-
mutated aldehyde or phenolic species. (ii) The condensa-
tion reaction between amino/hydrazine group and FA produces
formimine-/methylene-hydrazine, inducing fluorescent signal
changes. The aza-cope rearrangement is excellent selectivity
and high sensitivity, but its synthetic procedure and the re-
sponse to FA are complicated and slow respectively.!'>] Flu-
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orescent probes based on condensation reaction have a fast
response to FA, which makes up for the deficiency of aza-
cope rearrangement. ') Moreover, hydrazine compounds have
low cytotoxicity that could be successfully applied to detect
FA in living cells, which is something that fluorescent probe
formimine-based cannot compare.

Fundamental photophysical processes such as pho-
toinduced electron transfer, intramolecular charge trans-
fer, Forster/Dexter energy transfer, and intramolecular mo-
tion restriction are the above fluorescent probe detect-
ing mechanisms.[!”1 A well-known photochemical reaction,
excited-state intramolecular proton transfer (ESIPT), is spon-
taneous and takes on a faster time scale than fluorescent radi-
ation. So, the typical dual-fluorescent phenomena of ESIPT
chromophore are exhibited. Moreover, ESIPT emission usu-
ally has an enormous Stoke’s shift that the self-absorption or
the inner filter effect of the chromophore is hindered, which
is favorable to enhance the fluorescent signal for detecting

5.118-201 More importantly, plenty of experiments and

analyte
theoretical researches have argued that the molecular photo-
physical processes can be fine-tuned by changing substituent
and solvent effects on ESIPT reactions./?!3%1 For example, the
design and synthesis of fluorescent probes via modulating the
substituent effects on ESIPT was reported. 31341

The ESIPT reaction is often accompanied by strong ge-
ometric structure twist or intramolecular charge transfer, re-
sulting in fluorescence quenching. Alternatively, the ESIPT
processes could turn on the deactivation channels of intersys-
tem crossing (ISC) or conical intersection (CI), as shown in
Scheme 1. The ISC involved in the spin reversal of electron
occurs between singlet and triplet excited states, and the CI oc-
curs in crossings between two adiabatic potential surfaces (sin-
glet excited and ground states). Which deactivation channel is

“turn-on” or “turn-off” is an important investigation to reveal

the detecting mechanisms of light-up fluorescent probes.
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Scheme 1. Two deactivation channels of ESIPT processes. The ISC rep-
resents the intersystem crossing point of the first singlet excited (S1), and
triplet (°T) states; the green dash line represents ground (S) state potential
surface as allowing non-adiabatic electronic transitions to occur.

Jiang’s group designed and synthesized a light-up ESIPT-
based fluorescent probe naphthalene derivative (Naphl) in

2019. They proposed that the hydrazone product generated
by the chemical reaction between NaPhl and analyte FA en-
hances the ICT degree, activating the fluorescent signal for de-
tecting FA.['5] However, the detection mechanism of light-up
fluorescent probe Naphl will be relative to the deactivation
channel turn on or off. In our research work, the detection
mechanism of light-up fluorescent probe Naphl for FA is to
be illustrated in-depth.

2. Methods

In our research, we used the universal solvation model
SMDP3! to perform all self-consistent reaction field (SCRF)
calculations, in which the static and dynamic dielectric con-
stants (eps and epsinf) were specified as 75.20237 and
1.81196, respectively, to simulate the PBS buffer. The ge-
ometries of Naphl and product for detecting FA were fully
optimized with B3LYP/6-311G (d, p) level of theory, and then
their infrared vibrational frequencies were calculated by the
same theoretical method as geometric optimization. Free from
imaginary frequency indicates that they are locally the most
stable structures. Because B3LYP functional usually over-

136] and underrates the tran-

rates the delocalization of electron
sition energies,*’! the long-range correction functional CAM-
B3LYP and 6-311G (d, p) basis set were used to evaluate
the change of electron structures and transition energies. The
excited-state calculation and dynamics simulation were per-
formed based on the time-dependent density functional the-
ory (TDDFT) method. TD-B3LYP/6-311G (d, p) was used
to build potential energy surfaces and calculate the excited-
state electronic energies. Dispersion corrections (version D3)
were also included in these calculations.*33°! To economize
the calculation time, TD-B3LYP/6-31G (d) was carried out the
excited-state non-adiabatic dynamics simulation of three low-
est singlet excited states by Newton-X program.*°l To per-
form CASSCEF calculation in gas phase, five & bonds and five
7 antibonding orbitals acted as the active spaces and electrons
were chosen. The geometries and energies of S1/Sp minimum
energy conical intersection (MECI) were optimized and cal-
culated via SA-CASSCF (100, 10e)/6-31G (d, p) theoretical
level. Besides, the minimum energy crossing point (MECP)
between the singlet and triplet states was sought out by sob-
MECP program,*!) which was a modified version of MECP
program developed by Harvey er al.'*?! We used the DFT
method to optimize and calulacte the molecular configurations
and corresponding electronic energies in different electronic
states. The effective gradients f and g of electronic energies
were defined as
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where E; and E; respectively were the single point energies
of two different electronic states, and the electronic energies
E, and relative energy gradients dE,/dq for nuclear coordi-
nates ¢ were combined to obtain the effective gradients f and
g. x1 was energy gradient difference for two electronic states.
The orthogonal vectors f and g went to zero at the MECP, in
which the vector f acting as energy difference of two elec-
tronic states was perpendicular to the crossing hyperline on
the two surfaces, and the vector g was parallel to that. How-
ever, the spin—orbit coupling effect was failed to be considered
when we used DFT methods, and the electronic coupling ma-
trix elements Hi, and H,; became zero in two 2 x 2 Hessian
matrices H; and H,, therefore the obtained MECP was not a
stable structure in 3N — 6 dimensions. In view of this, the
energy of MECP would be corrected via second-order Taylor
expansion for two electronic states

1 0E, 0E,
E = Emgcp+ 5Aq" { —— |H2/ |x1| - ‘ H,y [ |x1]
2 8q aq Agq
1
= Emgcp + EAqTHeffA‘L 3

where Ag was the displacement along crossing hyperline, per-
pendicular to x;. Heg was diagonalization of the effective Hes-
sian, which generated a set of 3N — 7 force constants along the
crossing hyperline on two surfaces, so as to confirm the ob-
tained MECP was a real minimum. 43!

The whole quantum chemistry theoretical computations

were conducted with the Gaussian16 program. (4]

3. Results and discussion

3.1. Excitation transition calculation and fluorescent de-
tection process

Before investigating the fluorescent sensing mechanism,
the rationality of the chosen theoretical methods must be firstly
validated by accurately reproducing the observed phenomena.
Experimentally, the two distinctly different absorption wave-
lengths were observed during the detection of FA where the
shorter peak about 330 nm was assigned to the absorption
value of probe Naphl, and the more extended peak about
360 nm was attributed to that of hydrazone product.!!!

Based on the TDDFT method, the vertical excitation en-
ergies of localized, stable structures were calculated with TD-
CAM-B3LYP-D3/6-311G (d, p) as shown in Table 1, which is
well-matched with UV-vis absorption spectra values in the ex-
periment (Fig. 1(a)). It indicates the correctness of geometric
structure optimization and ensures the credibility of the fol-
lowing research on fluorescence detection mechanism. No-
tice that the absorption value of the product exhibits a red-
shift of about 40 nm compared with that of Naphl, which may
be because the condensation reaction between probe and ana-
Iyte impacts electronic donor-acceptor properties of naphtha-
lene skeleton, reflecting in molecular absorption energies.!'3!
Therefore, the hydrazine moiety of Naphl acting as a potential

reaction switch can be applied to recognize FA.

Table 1. The TDDFT-simulated transition energies between S; and Sy states and corresponding composition indexes. The
composition indexes larger than 75% indicate the main contribution to the transition from HOMO to LUMO. The theoretical

level is TD-CAM-B3LYP-D3/6-311G (d, p)
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The activity-based sensing mechanism for detecting re-
active carbon species FA exploited the reactive electrophiles
of aldehydes instead of the lock-and-key detection.[*>) The
main reason Naphl recognizes FA is that the active carbon
atom of FA and the hydrazine N atom of Naphl undergo de-

hydration condensation reaction. The reactive pathway and
relevant reaction possibility cannot be given a quantitative de-
scription in the experiment. In our research, the transition
state (TS) structures of condensation reaction were searched

[46]

by Berny algorithm!™ to establish the reactive energy path-
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way, in which the single point energies of reactants, TS and
products have been corrected by Gibbs free energy, as shown
in Fig. 2. This reaction involves three TS and two intermediate
(IM) structures. Note that the free energy of TS2 lower than
the IM1 is due to the overcorrection of Gibbs free energy. #7431
The validity of TS structures is confirmed by calculating the
intrinsic reaction coordinates (IRCs) in Fig. S1. Notice that the
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product’s energy for detecting FA is lower than that of Naphl,
which indicates that this reaction is thermodynamically fea-
sible. In addition, the final by-product water in this reaction
confirms that Naphl has potential application for sensing bi-
ological FA because of its low cytotoxicity, high sensitivity,
and superior selectivity to FA, showing that it is safely used to

detect and identify FA in living cells.!>]
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Fig. 1. The TDDFT-simulated vertical absorption spectra of Naphl and product for detecting FA (a). The simulated emission spectra of keto

of product (b). The observed absorption spectra of Naphl and Naph1+
product) (d) in the experiment. The graphs (c) and (d) are seen in Ref. [
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Fig. 2. The pathway of Gibbs free energy (kcal/mol) for the dehydration condensation between Naphl and FA based on B3LYP-D3/6-311G (d, p)
theoretical level. The top and side views of locally stable structures (Naph1 and product), transition state structures (TS), and intermediate structures

(IM) are separately presented. (Unit is kcal/mol).

3.2. Excited state calculation and dynamics simulation

A fluorescent probe that relies on the reactivity of itself

and analyte usually exhibits an intense fluorescent change,

which is the most commonly sensing technique for efficient
detection of small molecules. In Jiang group’s research work,

a nonemissive Naphl probe that responded to FA showed a ~
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14 folds enhancement of fluorescent signal around 510 nm. !

The calculated vertical emission energy of keto of product is
presented in Table 1, in which the emissive values of 552 nm
are consistent with that observed in the experiment (Fig. 1(b)),
further demonstrating the reliability of theoretical calculation.
The sensing mechanism was experimentally proposed that the
amino group converts into the methylene group with a stronger
electron-withdrawing capacity in the process of detecting FA,
the fluorescence is turned on due to synergetic ICT and ESIPT
effects. We agreed with the authors’ viewpoint that ESIPT
plays a crucial role in the sensing mechanism. However, a
deeper understanding of the ESIPT-based fluorescent quench-
ing mechanism is highly required. In Fig. 3, we built the po-
tential energy surface as a function of O-H bond length and
CNNH dihedral angle between naphthalene and amino group.
The proton-transfer potential energy curves in Sp and S; states
are plotted (Fig. S2), and IRC graphs of reactive TS structures
are exhibited (Fig. S3).

20.40
16.32
12.24
8.160

4.080

Energy (kcal/mol)

O-y (Aj 2.2

Fig. 3. Potential energy surface of Naphl in S state. The pathway I is
the variations of Gibbs free energies as a function of torsion of CNNH
dihedral angle; the pathway II is the variations of Gibbs free energies as
a function of O—H bond length and CNNH dihedral angle.

The calculated activation energy barriers of ESIPT and
its reversed process are 0.51 kcal/mol and 11.98 kcal/mol, re-
spectively. Note that the energy of the isomer of Naphl is
11.47 kcal/mol lower than Naphl, which shows that the iso-
mer of Naphl is the globally most stable structure. It follows
that the ESIPT of pathway II occurs spontaneously, since the
redistribution of electron density influences the proton donor-
acceptor acidity and alkalinity upon the photoinduced process,
which reinforces hydrogen bonding interaction to provide the
essential driving force for ESIPT.[**-5!l In addition, the dihe-
dral angle of amino group and naphthalene of isomer of Naphl
is 77.1°, demonstrating that ESIPT accompanies this distor-
tion of amino group. In stark contrast, the pathway I is the
artificial distortion of CNNH dihedral angle without ESIPT,
in which the distortion cannot occur. Some pieces of literature
have reported that the substituent groups that are coplanar with

fluorophore scaffolds are relaxed to out-plane form by ESIPT

process, emerging the twisting intramolecular charge trans-
fer (TICT) state.[®2] Herein, the TICT state derived from
ESIPT may be the key to turn on deactivation channels such
as ISC or IC. Therefore, the relationship between ESIPT and
TICT is vital to reveal the sensing mechanism for FA.
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Fig. 4. Time evolution of excited-state dynamics for selected bond

length (O-H) (a) and dihedral angle (CNNH) (b) along 20 trajectories

based on the optimal Naphl enolic form. The theoretical level is TD-

B3LYP/6-31G (d).

To better shine some light on the relationship between ES-
IPT and TICT, the excited-state dynamics have been carried
out by the TD-B3LYP/6-31G (d) level of theory. The small
size basis set was used for saving computational resources. To-
tal time evolution was set as 200 fs, the step size was fixed as
0.5 fs, and 20 trajectories from dynamics calculation started in
S; state were generated based on non-adiabatic dynamic pro-
gram Newton-X.!*% The time evolution of bond length (O—H)
and dihedral angle (CNNH) were separately simulated as pre-
sented in Fig. 4, and it is found that ten of twenty trajectories
exhibit the increase of O—H from initial about 1 A (Fig. 4(a)).
It is demonstrated that the ESIPT is a large possible to oc-
cur (50%). Note that the time scales of ESIPT reactions are
less than 150 fs, indicating that the ESIPT reaction is a sub-
picosecond ultrafast process. Moreover, it is found from the
time evolution of the dihedral angle (Fig. 4(b)) that the ten
trajectories of ESIPT exhibit the distinct changes of the dihe-

dral angle compared with the original ~ 150°, indicating the
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synergetic relation of TICT and ESIPT. It concludes from re-
active pathways and excited-state dynamics that the ESIPT in-
duces the spontaneous rotation of the amino group of Naphl
to form a TICT, which could be the reason that turns on the de-
activation channel. To give the molecule-level explanation on
the fluorescent sensing mechanism, we described the frontier
molecular orbitals of the isomer of Naphl and keto of product
for detecting FA.

3.3. Electronic effect analysis

Based on quantum chemistry calculation, the highest oc-
cupied and lowest unoccupied orbitals (HOMO and LUMO)
are dominantly involved in the electron transition processes
from Sy to Sp states, whose component indexes are larger than
75% (Table 1). The isosurfaces of HOMO and LUMO were
drawn by Chemcraft program!®7!, as shown in Fig. 5. It should
be noted that the electron transitions between HOMO and
LUMO present the typical 77" character. According to the
valance bond theory, each of the six-member rings of Naphl
attributes to Kekulé structures, 8! consisting of three C—C sin-
gle bonds and three C=C double bonds. The electron density
of the Kekulé structure is delocalized, and the Naph1 structure

is favorable to be obtained.

LUMO
/\ " Nodal
}f@ plane
7053ev k@ ‘VE)“% ieam
146V = \‘;@ Qy%
Naph1 ] —1.58 eV

tﬁ/ v Isomer of Naphl
’ ¢ T Y
. y S ’ % o B9 Keto of product
Stfire ped, Lxeo
S AR <22 W 7N "3
26.13 eV | \9@,\; A
—6.16 eV -~ & ¥ 1

Fig. 5. Frontier molecular orbitals of typical and isomer forms of Naph1
and product for detecting FA. The blue dash line represents the nodal
plane. The level of theory is TD-CAM-B3LYP/6-311G (d, p).

Interestingly, each of the six-member rings for an isomer
of Naphl has four C-C single bonds and two C=C double
bonds after ESIPT occurs. The more localized electron pop-
ulation of isomer of Naphl enhances the ICT degree, and the
same conclusion is also acquired via the isosurfaces of frontier
molecular orbitals (FMOs). In addition to ICT strengthening
induced by ESIPT, the ESIPT reaction is favorable because
the Kekulé€ structure tends to Schiff base in the S; state as the
nodal model proposed by Nagaoka er al. > Compared with
isomer of Naphl, the TICT is suppressed for keto of product
due to loss of the amino group, which may restore the chro-

mophoric function of the sensor. The analysis of FMOs pro-

vide a more profound insight into fluorescent sensing mecha-
nisms, that is, turning off the deactivation channel is key to
response to FA. Deactivation channel includes ISC and CI,
the excited-state calculations on potential energy curves and
dynamics simulation are essential to distinguish which non-
radiative decay process contributes to the light-up fluorescent
detecting for FA.

3.4. Illumination of fluorescent sensing mechanism

The energy pathways of singlet and triplet states and the
dynamic trajectories of energies for Sg, S, and S, states are
presented in Fig. 6. The time evolution of energy with ESIPT
(Fig. 6(a)) and without ESIPT (Fig. 6(b)) originated from 20
trajectories are randomly selected, in which the energy differ-
ences of the lowest singlet states (S and S;) are higher than
0.20 eV, indicating that ESIPT process does not open CI de-
activation channel. Based on the multi-configurational self-
consistent field (MCSCF) theory, the state-averaged complete
active space self-consistent field (SA-CASSCF) method and
6-31G (d, p) basis set were applied for searching the So/S;
minimum energy conical intersection (MECI), in which the
active spaces and electrons are 10 active orbitals and 10 active
electrons. It follows that the MECI is nonexistent during the
ESIPT process. It exists in the form of a broken intramolecular
hydrogen bond, in which the whole hydrazine group is nearly
perpendicular to the naphthalene skeleton, as shown in Fig. 7.
In order to explore whether the reaction process that breaks in-
tramolecular hydrogen bond takes place, the changes of elec-
tronic energies as function of the dihedral angle §(CCCH) of
probe molecule are performed as presented in Fig. 8. The es-
tablished potential energy curves indicate that the MECI form
is thermodynamically unstable because of the high energy bar-
rier of 6.67 kcal/mol and the negligible reversed energy barrier
of 0.60 kcal/mol. Therefore, the nonemissive Naphl could be
attributed to the ISC transition.

The ESIPT energy pathways of Sy, the six lowest singlet
excited (S1, S», S3) and triplet (T, T,, T3) states, were built
for Naphl (Fig. 6(c)) and product (Fig. 6(d)). It is obvious
from Fig. 6(c) that the S1/T, ISC located at isomer of Naphl,
which is also confirmed by searching the S;/T, minimum en-
ergy crossing point (MECP) based on sobMECP program, [!]
the energies, and coordinates of MECP between S; and T,
states are shown in Tables S1 and S2. Note that the S/T, ISC
deactivation channel is turned off along with the ESIPT reac-
tion of the keto of product, as shown in Fig. 6(d). It concludes
that the light-up Naphl probe generates the hydrazone com-
pound through a condensation reaction with FA to turn off the
deactiavation channel, generating the strong fluorescent signal

to realize the efficient detection for FA.
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Fig. 6. Time evolution of electron energies of ESIPT occurring (a) and not occurring (b) in Sg, S, S states. The ESIPT energy pathways of
So, six lowest singlet excited (S, S, S3) and triplet (T}, T, T3) states for Naph1 (c) and product (d).
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4. Conclusion

In conclusion, the detection for FA was implemented by
condensation between the hydrazine moiety of Naphl and the

reactive carbon site of FA. Because of the importance of ES-
IPT reaction on fluorescent sensing mechanism, the ESIPT
mechanism had been theoretically investigated with TDDFT
methods and simulated by excited-state dynamics. The poten-
tial energy surface as a function of O-H bond length and dihe-
dral angle CNNH was established, and the calculated reactive
activation energy barrier of 0.51 kcal/mol indicated the sponta-
neous ESIPT coupled with dihedral torsion of the amino group
about 77°. In order to in-depth illustrate the sensing mecha-
nism, the potential energy curves between six lowest singlets
and triplet excited states, and the non-adiabatic excited-state
dynamics of three lowest singlet excited states were calculated
and simulated, which indicated that the isomer of Naphl had
the deactivation process via the MECP of S{/T, ISC. Based on
the SA-CASSCF method in gas phase, the MECI of S¢/S; CI
was nonexistent in the ESIPT process. Therefore, it concluded
that the deactivation channel originated from S;/T, ISC. Com-
bined with FMOs analysis, the keto of product turned off the
deactivation channel by the ESIPT without TICT, generating
the strong fluorescent signal to realize the efficient detection
for FA. Therefore, the theoretical dissection of the sensing
mechanism was significant for the development of light-up
ESIPT-based fluorescent probes to efficiently detect reactive
carbon species.
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