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ABSTRACT: A highly selective probe for copper(I) detection based on
the dansyl group was theoretically studied by means of (time-dependent)
density functional theory. The calculated results indicated that the oscillator
strength of the fluorescent process for the probe molecule is considerably
large, but the counterpart of its copper(Il) complex is nearly zero;
therefore, the predicted radiative rate k, of the probe is several orders of
magnitude larger than that of its complex; however, the predicted internal
conversion rate k;. of both the probe and its complex is of the same order of
magnitude. In addition, the simulated intersystem crossing rate k. of the
complex is much greater than that of the probe due to the effect of heavy
atom from the copper atom in the complex. Based on the above
information, the calculated fluorescence quantum yield of the probe is
0.16% and that of the complex becomes 1075%, which implies that the first
excited state of the probe is bright state and that of the complex is dark
state. For the complex, the hole—electron pair analysis indicates that the process of S, — S, belongs to metal-to-ligand charge
transfer; its density-of-state diagram visually illustrates that the highest occupied molecular orbital (HOMO) contains the ingredient
of the s orbital from the copper atom, which decreases the frontier orbital energy level and the overlap integral of HOMO and
LUMO.
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1. INTRODUCTION

Copper is an essential transition metal element in organisms,
and it is the third most abundant element in the human body
after iron and zinc." Usually, it is in the form of divalent copper
(Cu**) and mainly exists in ceruloplasmin (CP), which plays a
vital role in erythropoiesis, central nervous system, and
enzymatic activity.”’ Brain development in children will be

been greatly developed in the field of theory and application.'’
There are many benefits to detect compounds or ions using
fluorescent probes, such as high sensitivity, fast response,
. 111 . .

simple process, and low cost. Until now, rhodamine,
coumarin, and fluorescein derivatives as fluorescent probes for
detecting Cu®" have been successfully synthesized based on

effective fluorophores,'> and these derivatives will react

affected seriously when Cu?* is insufficient, and conversely,
when Cu®* concentration in the body exceeds the normal
range, highly reactive hydroxyl radicals can come into being
and hinder cell metabolism. In addition, certain neuro-
degenerative diseases are proven to be closely related to the
destruction of copper homeostasis. Moreover, abnormal
copper metabolism may interfere with the synthesis of CP
and cause liver cirrhosis and Wilson disease.””* Copper can also
influence iron metabolism and hematopoietic function, further
affecting the central nervous system, bone tissue metabolism,
endocrine and cardiovascular systems, and energy metabo-
lism.” Hence, there is an immediate need to develop an
accurate and convenient method to detect Cu** in environ-
mental and biological samples.”” Fluorescent probes are widely
used for detecting certain compounds or ions,”* where the
color or fluorescence intensity changes obviously upon
encountering and interacting with analytes.”” Over the past
decade, fluorescent probes are considered as ideal tools to
monitor diverse chemical and biological species, and they have
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chemically with Cu** by bond cleavage reaction, ring-opening
reaction, or hydrolysis reaction. The coordination between
recognition sites of probes and Cu®" changes the electronic
distribution of the fluorophores, leading to distinct fluores-
cence emission shifts or intensity changes."’

In addition, researchers investigated the interactions
between probe molecules and their target species. Simulta-
neously, the electronic excited states of fluorescent probes were
calculated to elucidate their fluorescence properties, and a
series of fluorescence-based sensing mechanisms were
proposed consequently.H’15 Up to now, advances in
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Figure 1. Bond parameters of the studied molecules in their minima, the ligand by B3LYP/6-31G(d,p), and the complex by B3LYP/Gen.

calculation methods, computational power, and modeling
software have provided useful help to explain easily
experimental fluorescence phenomena by excited-state the-
oretical simulations."*"°

Li and Wang synthesized a fluorescent probe to monitor
Cu** based on the dansyl group” in order to improve solubility
in complete aqueous solution. They introduced an oligopep-
tide to the dansyl group, which can offer multiple N and O
atoms to chelate metal ions and promote its dissolution. This
probe (Figure 1) can supply chelating sites for Cu®* and
display a high selectivity toward Cu*" in the aqueous solution,
it can work effectively in a wide pH span from 6 to 12 via a
fluorescence “turn-off” manner, and an association constant of
6.47 X 10* M™! between the probe and Cu** was determined
experimentally. However, the vertical excitation energy, the
excited-state geometrical optimization, the photophysical
properties, and the excited-state dynamics of this probe were
not done theoretically. In this paper, we attempt to provide
molecular-level explanations based on time-dependent density
functional theory (TDDFT). By conducting theoretical studies
of fluorescence probes, one can gain a deeper understanding of
the fundamental principles and mechanisms involved in ion
recognition. The results can then be used to guide the selection
of ideal receptor molecules, improve the device performance,
and provide a framework for the rational design of new
fluorescent sensors. As such, theoretical studies are essential for
advancing the field of ion recognition and accelerating the
development of practical applications for fluorescent sensors.

2. THEORETICAL METHOD AND COMPUTATIONAL
DETAILS

In view of the fact that the dansyl probe molecule does not
have available single-crystal structure data to utilize, we
employed the Molclus program to screen the most likely
geometry with the lowest energy.'” Taking into account the
probe being a soluble sodium salt, it will ionize in water
solution to release the sodium ion and the probe anion.
Therefore, the isomers of the probe anion were only generated
randomly by Gentor, and more than 1700 were obtained. Then
each initial structure was optimized to a local minimum with
the semiempirical method PM7 using MOPAC program.'®
The optimized isomers were compiled and listed according to
energy. The S50 lowest-lying were selected as candidate
structures and further optimized with density functional theory
using the Gaussian 16 software package.'” All atoms were dealt
by the B3LYP hybrid functional with the 6-31G(d,p) basis set.
It was found that there was no change in the rankings for these
low-lying isomers based on the recalculated energy. Then, the
global minimum was finally identified for this fluorescent
probe. Moreover, to further verify that the optimized structures
at the functional B3LYP level are indeed global minima,
another functional wB97XD with the same basis set was
applied to optimize the geometries and calculate the relative
energies. The lowest-lying structures at the @B97XD level were
approximately identical to these B3LYP results, and only a few
ignorable deviations of bond lengths and angles were found
(see Figure S2). The frequency of global minimum geometry
was computed at the same level, and no imaginary frequencies
were found.

17172 https://doi.org/10.1021/acsomega.3c01528
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Table 1. Absorption and Emission Data of the Title Compound According to TDDFT Calculations, Together with the

Experimental Data

method oscillator strength main configuration assignment Aea (nm) Ao (nm)
predicted maximum emission wavelength of L
B3LYP/def2SVP 0.1010 HOMO - LUMO 0.7044 542.3 558
B3LYP/6-31G(d,p) 0.1029 HOMO - LUMO 0.7006 541.2
B97XD/6-31G(d,p) 0.1039 HOMO — LUMO 0.7022 4428
predicted maximum emission wavelength of LCu
TPSS/Gen 0.0111 129B — 130B 1.4223 640S.1
wB97XD/Gen 0.0003 129B — 130B 0.9852 784.1
B3LYP/Gen 0.0028 129B — 130B 0.9992 9945.7
PBE/Gen 0.0608 125B — 129B 0.8746 4727.1
Cam-B3LYP/Gen 0.0002 129B — 130B 0.9928 937.1
predicted maximum absorption wavelength of L
B3LYP/6-31G(d,p) 0.0834 HOMO - LUMO 0.6975 374.6 337
B3LYP/def2SVP 0.0839 HOMO - LUMO 0.6973 377.0
B3LYP/cc-pvdz 0.0810 HOMO - LUMO 0.6975 373.2
@B97XD/6-31G(d,p) 0.1452 HOMO — LUMO 0.6966 3236
predicted maximum absorption wavelength of LCu
TPSS/Gen 0.0166 130A — 131A 0.8536 609.4
B3LYP/Gen 0.0870 130A — 131A 0.5658 449.3
129B — 131B 0.6977
wB97XD/Gen 0.1833 130A — 131A 0.6451 3782
129B — 131B —0.5512

For the system formed by the transition metal Cu(II) and
the probe anion, it was calculated using the unrestricted open-
shell method (UB3LYP), and in which the copper atom was
treated with the B3LYP/SDD technique,20 the other non-
metal atoms were dealt with B3LYP/6-31G(d,p). The complex
conformation searching was similar to that of the probe
molecule by Molclus program. Their geometric structures were
further optimized in quantum mechanics. The stable complex
with the lowest energy was screened out, in which the
frequency analysis was carried out at the same level based on
the optimized structure to ensure no imaginary frequencies. In
addition, the polarizable continuum model (PCM) was
employed to simulate the solvent effect in solution.”"

Finally, the absorption and emission spectra and excited-
state calculations were performed by TDDFT at the B3LYP/
Gen [Gen refers to the Cu atom employing pseudo-potential
SDD, the other atom employing 6-31G(d,p)] theoretical level.
The correlative postprocessing calculation, with the internal
conversion rate ki, the intersystem crossing (ISC) rate k;, and
the radiative rate k, of the title compounds in detail, was
implemented by utilizing MOMAP software.”> MOMAP is a
suite of codes developed by the Shuai group for the study of
spectroscopy and radiative and nonradiative processes in
polyatomic molecules. At present, it is widely used in the
research of OLED luminescence and transfer mechanism,
organic display and lighting materials, organic solar cells, and
organic light communication. This program has been proven to
be precise and efficient to predict the photoelectric properties
of materials in numerous cases.””**

3. RESULTS AND DISCUSSION

3.1. Optimization Structures of the Probe and Its
Complex. Considering that the probe molecule is a strong
electrolyte, it will dissociate into a cation (Na*) and an anion
(ligand, for short L) in aqueous solution. Hence, we only
concentrated on the study about the configurations of the
ligand. The optimized and screened geometries of L and its

Cu(II) complex are shown in Figure 1. The anionic geometry
of L is a cage-type structure, and the phenol moiety, the
naphthylamine dansyl moiety, and the dipeptide moiety are the
three walls of this cage. One can find O31 in the carboxy, and
HI19 in the amino obviously forms a H-bond with 1.998 A
length. It is so strong that the original coplanar-naphthyl is
twisted into the nonplanar structure, the dihedral angle of one
benzene ring belonging to the naphthyl moiety becomes 11.5°,
and the other becomes 9.2° (see Supplementary Information);
unsurprisingly, the conjugated # bond spreading on the
naphthyl ring will be weakened slightly.

In the optimized structures of the complex consisting of L
and Cu?, the five isomers have the lowest energy and were
picked out. The ligand provides carboxy, sulfuryl, and amino as
endogenous metal-chelating sites. When the temperature is set
as 300 K, the percentage of each configuration is calculated
statistically according to Boltzmann distribution. The struc-
tures and energies of these isomers are shown in the
Supporting Information in detail. We found that the most
stable configuration accounts for over 99%, in which the
transition metal Cu(II) is close to both the N atoms of the
dipeptide and both the O atoms from the carboxy and the
dansyl, respectively; that is, the ligand is coordinated with the
metal atom in a tetradentate manner in the complex. As a
result, the empty orbitals of Cu** can receive enough lone-pair
electrons to strengthen the coordinate bonds and feedback
bonds in this system. In order to minimize the repulsion effect,
the ligand is switched from a cage to a “V”-shape in
cooperation. The computational results indicated that the
formation of the coordinate bonds was accompanied by the
breaking of the intramolecular H-bond O31—-H19. At the same
time, the twisty naphthyl ring in the ligand becomes
completely planar spontaneously, which implied that the
increase of inner energy owing to the hydrogen bond breaking
is smaller than the decrease of inner energy owing to
coordinate bond forming.

https://doi.org/10.1021/acsomega.3c01528
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Figure 1 shows that the coordinate bonds O31—CuS2 and
021—CuS52 are 1.837 and 2.139 A in length, respectively. The
former is evidently longer than the latter, which is because the
strong electrostatic interaction comes from the O31 atom in
the carbonyl with a negative charge and the central Cu** with a
positive charge; however, there exists only covalent interaction
between the O21 atom in the dansyl group and the central
cation Cu’*. The 021 provides a lone pair electron and Cu**
provides an unoccupied atomic orbital to form a feedback 7*
bond, which results in charge transfer between the ligand and
the central atom. The coordinate bonds N24—CuS2 and
N47—CuS2 are 2.044 and 2.104 A in length, respectively. We
found that 025, N24, and C23 are coplanar and form a local
conjugated 7 system. The lone-pair electron of the 025 atom
will transfer to the N24 atom with the aid of conjugation effect.
Accordingly, the electron density between N24 and CuS52 atom
will enlarge and the corresponding bond order will strengthen.
In contrast, the N47 atom has no conjugate condition, and the
bond length of N24—CuS2 is slightly shorter than that of
N47—-CuS52.

Compared to the ligand L, the distance (1.309 A) of O31—
C29 in the complex becomes longer (but 1.262 A in L),
nevertheless, the distance of O30—C29 becomes shorter
(1215 A in the complex, 1.244 A in L). As expected, this
difference between both the O—C bonds is due to the transfer
of electron pair in the carboxyl, that is, the electron in the O31
atom moves to the central metal atom, which makes the
electron cloud spreading on the 031—C29 bond reduce and
the bond order weaken. Simultaneously, the lone pair electron
on the O30 atom shifts to the O30—C29 bond and increases
its electron density and bond order. Similarly, both 021-S20
and 022—S520 are 1.469 A in L, but in the complex, 021—520
is elongated to 1.499 A and 022—520 is shortened to 1.456 A.

3.2. Photophysical Properties and Reorganization
Energy. We used the pseudopotential basis set SDD for the
copper atom, the 6-31G(d,p) basis set for non-metal atoms,
and associated B3LYP hybrid functional to obtain the first
excited state of the L and its complex. No imaginary
frequencies showed that both the first excited states are stable
configurations. The following calculations based on their
optimized geometries of the ground and excited states were
performed with TPSS,* Cam-B3LYP,*® ®B97XD,*” and PBE
functionals™® to assess the absorption and emission properties.
Further, the luminous mechanism has been explored with the
quantum dynamical model. The transition energy, the
oscillator strength (f), the main configuration, and the
assignment for the studied systems are listed in Table 1.

Prediction of the first maximum absorption wavelength of
the ligand was 323.6 nm with @B97XD/6-31G(d,p), which
exactly matched with the observed 337 nm in the solution. The
highest occupied molecular orbital (HOMO) — lowest
unoccupied molecular orbital (LUMO) is the main transition
configuration in the excited process. More visually, the frontier
molecular orbital diagrams (Figure 2) illustrate that the
electron transition occurs on the naphthylamine moiety
when the ground state is excited by incident light. In
comparison, the other functionals and basis sets gave greater
deviations from the experimental value. Analogously, the
calculated maximum absorption wavelengths of the complex
with ®B97XD/SDD were 378.2 nm and obviously better than
that from the other functionals. The calculated results as well
indicated that the main configurations include both 130A —
131A (the assignment coefficient is 0.6451) and 129B — 130B

LUMO of L (-1.48 eV)

HOMO-1 of L (-5.76 V)

LUMO+2 of L (0.01 eV)

LUMO+3 of L (0.42 eV)

Figure 2. Frontier molecular orbital diagrams of the ligand and the
complex (isovalue = 0.02).

(the assignment coefficient is —0.5512). The former exhibits
local excitation characteristic, and the latter has charge-transfer
characteristic (Figure 3). In addition, both the simulated
oscillator strengths were close to each other (0.1452 for the
ligand and 0.1833 for the complex).

For the emission process, we observed that the simulative
emission peak of L is 542 nm in aqueous solution by B3LYP/
6-31G(d,p) and is basically consistent with the experimental
result (558 nm). The frontier molecular orbitals (Figure 2)
show that this electron transition has a distinct local transition
characteristic. The dominant transition configuration in this
process is from HOMO to LUMO, and thus the B3LYP
functional is more suitable to simulate the emission process.
However, the simulative value by ®B97XD/6-31G(d,p) has an
even larger variation (442.8 nm) comparatively. As known to
all, the @B97XD functional is a long-range corrected hybrid
functional that includes a range-separation parameter to
accurately describe both short-range and long-range elec-
tron—electron interactions. When o is set to 0.0522 Bohr™},
the calculated maximum emission wavelength is 514 nm, which
is greatly improved compared with the former. It must be
emphasized that the first excited state of the L molecule is a
bright state theoretically with considerable oscillator strength
(0.1029), nevertheless, for the emission process of the
complex, our computed results demonstrated that @B97XD
associated with the pseudo-potential basis set has the most
plausible results compared to other functionals and sets. The

https://doi.org/10.1021/acsomega.3c01528
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131A of LCu (-5.84 V)

»

131B of LCu (-3.81 eV)

132A of LCu(-2.63 V)

2

133A of LCu (-1.83 eV) 132B of LCu (-3.71 eV)

Figure 3. Frontier molecular orbital diagrams of the complex
(isovalue = 0.02).

relevant oscillator strength was only 0.0003 (corresponding
emission peak 784.1 nm), which manifested that the first
excited state was a dark state (the absorption and emission
spectra of both the probe and its complex are shown in Figure
4), as well as the data by Cam-B3LYP, B3LYP, TPSS, and PBE
functionals confirmed the above conclusion, that is, all
oscillator strengths were very small and nearly zero. Mean-
while, all functionals verified that the main transition
configuration in the emission process of the complex is 129B
— 130B. We found that the characteristic of charge transfer
from the ligand to the Cu*" cation is pretty evident through the
molecular orbital (MO) diagrams. Therefore, the long-range

corrected functionals” @B97XD and Cam-B3LYP perform
better at emission calculation than the others. This means that
the overlap integral of both the MOs 129B and 130B is very
small, which determines that the corresponding oscillator
strength is tiny too. Moreover, to assess the fluorescence
quantum yields of both the compounds, we explored the
radiative rate k, the internal conversion rate k,, and the ISC
rate k;,.. Based on these data, the fluorescence quantum yield
can be expressed as 1 = k,/(k, + ki + ki.).”” Visibly, k. and k.
increase, and the fluorescence efliciency will decrease. In
contrast, the larger the k,, the larger the fluorescence efficiency.
These factors are strongly correlated with how the fluorescence
probe works.

The frequencies of vibrational modes in the S, states, the
reorganization energy (/Leorg), and the nonadiabatic coupling
term (R) are associated closely with the radiative decay rates
and internal conversion rate. These parameters involved in the
dynamics of the related ground state and excited state were
computed theoretically using MOMAP program. All data are
compiled and showed in Table 2.

We noticed that the total reorganization energy (/Leorg) for
the ligand is 4740 cm™" (i.e,, 0.5877 €V) in the fluorescence
process. The four-point approach was employed to calculate
again in order to verify its credibility.”® The result (0.5507 eV)
indicated that both /., were close to each other. Thus, the
thermal vibration correlation function formalism is very
reliable. In a similar way, the total A, of the complex is
0.1247 eV by the four-point approach and 0.1447 eV (i..,
1167 cm™') by the MOMAP program. Both the simulated
results also coincided with each other. Obviously, the total
Areorg Of Sy = S for the complex is smaller in comparison with
the ligand. It is about a quarter the size of the ligand, which is
mainly due to the following two reasons. On the one hand, the
carbonyl oxygen, the dansyl oxygen, and both the amino
nitrogens bond with the central copper cation(II) by
coordinate bonds in the complex. The strong interaction
between the ligand and the central atom can increase
molecular rigidity. More importantly, the newly formed
bonds can constrain these atoms in motion and decrease the
molecular deformation in the photophysical process, thereby
diminishing the corresponding 4, On the other hand, the
intramolecular hydrogen bond in the ligand makes the
naphthyl ring distort slightly, which reduces the conjugation
extent of the & system. On the contrary, the naphthyl ring in
the complex relaxes completely, and all atoms are in the same

5000 1 1 1 1 1

——ligand
4000 4
complex

extinction coefficient

T —
200 250 300 350 400 450 500

wavelength/nm

a: the absorption spectrum

7\ —— ligand
\ complex

2500

2000
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1000

500 4

500 600 700 800 900 1000

wavelength/nm
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Figure 4. Absorption and emission spectra of both the probe and its complex.
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Table 2. Selected Frequencies of S, State, Reorganization Energy (4,

Nonadiabatic Coupling Term (R)

reorg

/em™') by NMA Method in S; — S, Process and

ligand complex
freq./cm™ Areorg! cm™! R/cm™ freq./cm™ O] cm™! R/cm™!
Vins 1607.3 570.6 9325 Viso 1882.3 248.02 397.01
Vay 5253 3192 13.88 Vi 211.6 48.85 93.74
Va0 523.3 223 10.25 Vi 544.7 48.34 146.01
Vs 489.4 209.9 0.49 Vi 1700.9 4251 732
Vg 613 209 24.65 Vo 798.1 39.38 166.92
Vas 303.7 180.4 343 Vixs 1645.1 38.82 165.9
Vg 52.5 172 8.48 V120 1526.3 36.72 101.91
Vs 813.4 169 27.63 Vs 558.5 34.87 2122
v 582 168 0.76 " 16 31.07 27.89
v, 36 151.3 1.26 Ves 858.3 25.21 156.08
Vao 246.4 143 17.03 v 88.5 24.48 12.28
Vi 1550.9 134.1 22.12 s 905.2 24.04 219.91
Vgg 1123.6 128.4 19.26 vy 80.1 23.28 71.4
Vi3 138 123.2 0.15 Vs 626.5 21.92 20.85
Vig7 1379.8 106.1 43.49 Vaq 563.1 21.42 10.38
Vi 130.5 105.7 7.37 Vs 193.8 20.38 65.46
Ve 766.6 103.3 25.35 v 54.5 19.92 12.23
Vgg 1120 100.6 15.26 Ve 819.6 17.42 71.63
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Figure S. Calculated reorganization energies of the title compounds versus normal-mode frequency at the S, potential energy surface; the inset

shows the vibrational displacement vectors corresponding to the first four largest 4

reorg*

Table 3. Calculated Radiative Decay Rate (k,) and Internal Conversion Rates and ISC Rates (k;.) from S, to S, and the
Corresponding Fluorescence Quantum Yield (#) at 300 K for the Probe and its Complex”

radiative decay rate (k,)

7.36 x 10% 57!
2.58 X 10% s7*

ligand

complex

internal conversion rate (k;.)

462 x 101 57!
226 x 10! 57!

ISC rates (kysc)

221 % 10°s7¢
3.17 x 100 57!

quantum yield ()

0.16%
1.0 X 107%%

“SOCis 0.277 cm™" for the ligand and 40.3 cm™ for the complex using BDF code.

plane, which manifests that the naphthyl in the complex
possesses an ideal 7-conjugated characteristic and should help
to reduce the Ao,

To further understand the reorganization energies of S; —
So, the total 4., of the ligand and the complex are projected
into each vibration mode of their first excited state. Figures
Sa,b graphically show that the low-frequency and middle-
frequency vibration modes contribute more to the reorganiza-
tion energies. We noticed that the largest reorganization energy
(248 cm™) of the complex is from the antisymmetric
stretching vibration mode of the carbonyl group with
frequency 1882 cm™', followed closely by the bending

vibration of the C—C—C bond in the alkyl chain with
frequency 211.7 cm™', and it brings about 48.8 cm™'
reorganization energy. Also, both the vibration modes with
frequency 1700.9 and 544.7 cm™' can bring about 42.5 and
48.3 cm™' reorganization energies, respectively. As far as the
ligand is concerned, the first four vibration modes, which
produce the largest reorganization energy (570.6, 319.2, 223.1,
and 210 cm™!) become 1607.4, 525.3, 523.3, and 489.4 cm ™},
respectively, and they are associated with the in-plane
stretching vibration of the naphthyl ring, the in-plane
deformation vibration of the naphthyl ring, the out-plane
distortion vibration of the naphthyl ring, and the in-plane
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rocking vibration of the naphthylamine. It should be pointed
out that the first four largest 4., are in connection with the
twisted naphthyl ring in the ligand, which obey the decision
making as described above.

3.3. Radiative Decay Rates, Internal Conversion
Rates, and ISC Rates. The radiative and nonradiative decay
rates of both the ligand and its complex in Table 3 belong to
dynamic parameters, which can provide assistance to
investigate the fluorescence quantum yield and fluorescent
mechanism. One can observe the following: (i) When taking
into account the temperature and vibration modes, the
calculated k, is 7.36 X 10° s™! for the ligand and 2.58 x 10°
s™! for the complex at 300 K in aqueous solution. When the
temperature and specific molecular vibration are not
considered, the radiative decay rates can be computed based

2
on the formula k, & {V—g’; here f is the oscillator strength and vy,

refers to the transition energy; k, is 2.29 X 107 s™' for the
ligand and 3.25 X 10* s™! for the complex. In this way, due to
the tiny oscillator strength (0.0003) of the complex, we
discovered that k, for the ligand is always several orders of
magnitude larger than that of the complex whether or not
considering temperature and molecular vibration; (ii) the
predicted ki is 4.62 X 10" s7" for the ligand and 2.26 X 10"
s™! for the complex. Both the k. are of the same order, but the
former is about twice that of the latter. Generally, the larger the
reorganization energy, the greater the nonadiabatic vibronic
coupling between the two states. Accordingly, the internal
conversion decay rate becomes faster. As mentioned above, the
coordinate bonds in the complex enhance the molecular
rigidity and decrease the organization energy of S, — S,
Therefore, the energy dissipating rate of the complex is less
than that of the ligand by nonradiative means. (iii) According
to well-known Jablonski diagrams, ISC is another pathway of
energy dissipation. The spin—orbital coupling (SOC) between
the single state and triple state plays a vital role in this process.
Owing to the effect of heavy atom from the copper atom in the
complex, its SOC value (40.3 cm™) is more than dozens of
times that of the ligand (0.277 cm™). Together with the
influence from the thermal vibration correlation function, the
simulated ki is 2.21 X 10° s™" for the ligand and 3.17 X 10"
s™! for the complex. The latter is S orders of magnitude larger
than the former. (iv) Because k; for the ligand is much greater
than that of the complex, whereas both the k. are close to each
other. Meanwhile, the k. of the ligand and complex are
smaller than its k.. Based on the given information, the
calculated fluorescence quantum yield # of the ligand is 0.16%,
which is less than its experimental value of 4.7%. Despite being
lower, it is still significantly higher than the quantum yield of
the complex (1.0 X 107°%). The simulated fluorescence
quantum yield of the ligand and its complex shows that the
ligand exhibits detectable emission band corresponding to the
n — 7 transition at 541 nm. Nevertheless, the complex
cannot exhibit fluorescence experimentally owing to the tiny
radiative rate and considerable nonradiative rates. Due to the
defects of the solvation effect model, the displacement
harmonic oscillator model used in the thermal vibration
correlation function, and certain deviation of the density
functional and basis set used in the calculation, there are large
errors between the calculated # and the experimental values.
3.4. Hole—Electron and Density-of-State Analysis. We
found that the electronic excitation of the complex cannot be
simply depicted as a transition between a specific pair of MOs;

for example, there are two main configurations for the
electronic transition of S, — S;: one is 130A — 131A with
coefficient 0.6451, and the other is 129B — 131B with
coefficient —0.5512, so it is inconvenient to study their
underlying characteristics. This puzzle can be conquered easily
by employing the hole—electron analysis method which was
suggested by Lu and Chen.”" The involved electronic structure
analyses can also be performed with the Multiwfn 3.8 (dev)
code.””*’ Figure 6b clearly depicts that in the S, — S; exciting

a: the complex (AE=2.04 eV) b: the ligand (AE=3.94 V)

Figure 6. Hole and electron distributions of the ligand and its
complex: S, — S, excitation (isovalue = 0.002). Green and blue
regions denote the hole and electron distributions, respectively. AE is
the energy difference between the HOMO and the LUMO.

process of the ligand, the excited electron leaves the 7 bonding
orbital located on the naphthalene ring and arrives at the 7*
antibonding orbital on the carbonyl. Thereby, we can predict
that in the S, state, the C—C bonds in the naphthalene ring
and the C=O bonds in the carbonyl become longer and
weaker than those in the S, state. Besides, the calculated
distance between the centroids of hole and electron is 5.154 A,
and the simulated Coulomb attractive energy is 2.80 eV.
Moreover, the calculated intrinsic interfragment charge transfer
via the IFCT method is 79.2%.>>*® Also, Figure 6a shows the
So = S, excitation characteristic of the complex by the hole—
electron analysis method. Its hole is concentrated on the
Cu(Il) and the surrounding coordinate atoms of the ligand,
and the electron mainly distributes on the benzene ring. In
other words, in the exciting process, the Cu atom provides
electron to the antibonding orbital of the benzene ring to form
a hole—electron pair. The calculated distance between the
centroids of hole and electron is 5.967 A. We also obtained the
corresponding Coulomb attractive energy of 2.24 eV by
Multwfn code. In addition to this, the intrinsic interfragment
charge transfer is 53.6% via the IFCT method. One can see
that the absolute amount of charge transfer of the complex is
much smaller in contrast with that of the ligand; consequently,
the electrostatic interaction between the hole—electron pair in
the complex is weaker than that in the ligand. We can
anticipate that the released amount of energy for the ligand will
be greater than that of the complex when the hole and electron
spontaneously recombine, which just happens to be in
accordance with the computed emission wavelengths of both
the ligand and its complex.

The newly formed coordination bonds in the complex
molecule can strengthen the tie between the Cu atom and the
ligand atoms. In order to get an intuitive understanding of the
coordination bonds and MO characteristic, we plotted the
density-of-state (DOS) diagrams of the ligand and its
complex.”*> DOS can visually manifest energy level
distribution of MOs in a chemical system, and the value of
the DOS curve demonstrates the number of MOs in the unit
energy interval. In Figure 7, we noticed that the total DOS
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Figure 7. DOS map (curve) and PDOS of the title compounds. The location of the HOMO is displayed by a black dashed line.

(TDOS) map of the ligand MOs and its partial DOS (PDOS)
maps are nearly contributed by p orbitals of the carbon,
nitrogen, sulfur, and oxygen atoms. Figure 7 clearly shows as
well that the TDOS of several frontier molecular orbitals are
completely composed of the p orbitals of the non-hydrogen
atoms, making their PDOS curves strongly overlap with DOS.
For the complex, due to addition of the Cu(II) cation, its
HOMO and LUMO mainly consist of the s orbital from the
copper cation and the p orbitals from the ligand atoms. The p
and d orbitals of the Cu(Il) cation only contribute to the
higher unoccupied MOs and almost do not contribute to the
occupied orbitals. By looking at Figure 7a,b, we can see that
the p orbitals from the non-hydrogen atoms play a key pole in
their DOS and PDOS diagrams, whether the ligand or the
complex. The calculated energies of the HOMO and the
LUMO of both the ligand and the complex are found to be
—5.42 and —5.84 eV and —1.48 and —3.81 eV, respectively,
corresponding to the HOMO—-LUMO gap of 3.94 and 2.03
eV. This observation implies that the addition of the s orbital
from Cu(Il) lowers the frontier molecular orbitals of the
complex; However, its LUMO is decreased more than the
HOMO; therefore, the HOMO—LUMO gap of the complex is
smaller compared with that of the ligand. Also, it is important
to emphasize that the overlap integral of the HOMO and
LUMO becomes smaller due to the mixed s-orbital from the
copper cation.

In order to investigate the bonding situation between the
central ion and the ligand, we calculated the bond order of
each chemical bond in this complex by the Fuzzy bond order
analysis.”* From Figure S5, it can be seen that the bond order
of the chemical bond (0.401 and 0.476) formed between the
two oxygen atoms and the copper ion is relatively large, while
the bond order (0.394 and 0.379) formed between the two
nitrogen atoms and the copper ion is relatively small. This
indicates that the electron transfer of both the oxygen atoms in
the ligand to the central ion is more than that from two
nitrogen atoms. Moreover, we found that the coordination
bond formed between the oxygen atom from the carboxyl
group and the central ion is the strongest, so the bond length is
the shortest and the bond order is the highest.

17178

4. CONCLUSIONS

In this paper, we employed DFT/TDDFT and MOMAP
program to investigate theoretically the photophysical proper-
ties of a highly selective probe for copper(Il) detection. The
peptide-modified dansyl fluorescent probe has been shown to
turn on in response to Cu®* experimentally. For the probe
molecule, the accurate calculation of molecular response
properties indicated that the oscillator strength of the
maximum emission peak in the fluorescent process is
considerably large, but the counterpart of its copper(II)
complex is nearly zero. Therefore, the predicted radiative rate
k. of the probe is several orders of magnitude larger than that
of its complex; however, the predicted internal conversion rate
ki, of both the probe and its complex is of the same order of
magnitude. In addition, the simulated ISC rate ki, of the
complex is much greater than that of the probe due to the
effect of heavy atom from the copper atom in the complex.
Based on the above information, the calculated fluorescence
quantum yield of the probe is 0.16% and that of the complex is
1075%, which implies that the first excited state of the probe is
bright state and that of the complex is dark state. For the
complex, the hole—electron pair analysis indicated that the
process of S, — S, belongs to metal-to-ligand charge transfer.
Its DOS diagram visually illustrates that the HOMO contains
the ingredient of the s orbital from the copper atom, which
decreases the frontier orbital energy level and the overlap
integral of HOMO and LUMO.
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