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ABSTRACT: The development and utilization of two-photon
fluorescent probes with large two-photon absorption (TPA)
cross sections (81py) and strong TP-excited fluorescence are
highly needed for monitoring the level of hypochlorite in
mitochondria. In this contribution, we successfully explain the
fluorescence “off—on” effect observed in experiment, and
clarify the fluorescent quenching mechanism of the probe
containing hydroxyl oxime from the aspect of excited-state
dynamics for the first time, while exploring the influence of
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alkyl chain length on TPA cross section and fluorescent quantum yield. It is proposed that the alkyl chain length affects
significantly the fluorescent efficiency by the vibronic coupling. The proper alkyl chain length should also be one of the smart
strategies for designing highly efficiency fluorescent two-photon probes applied in biological systems. We demonstrate that the
designed compound HCB—CNO has exceptional optical properties, such as the larger TPA cross section (467 GM) and higher
fluorescence quantum yield (0.485), compared to the experimental molecule. Moreover, the TPA tensor elements are increased
remarkably by introducing strong electron-donors at the R1 position, which promote to intramolecular charge transfer, and

improve significantly two-photon absorption cross sections.

1. INTRODUCTION

As the major source of cellular reactive oxygen species (ROS),
mitochondria not only are the principal energy producing
compartments in most eukaryotic cells, but they also play
important roles in many biological processes including cellular
differentiation, growth, and death. Hypochlorite, the key
mitochondria ROS, plays essential roles in the immune system
against microorganisms and inflammations.’ However, an
excess production of hypochlorite could give rise to many
diseases such as arthritis,” atherosclerosis,” and cancers.” In
order to monitor effectively the level of hypochlorite in
mitochondria, many techniques for hypochlorite detection have
been developed in the last years.”~'* Most of them are designed
on the basis of one-photon fluorescence technology. However,
two-photon fluorescent probes have become more powerful
tools to track mitochondria,">™" due to the advantages of the
deeper penetration depth, localized excitation, and lower tissue
autofluorescence in addition to reduced photon damage.'®™*°
So far, the studies on two-photon fluorescent probes have been
much less than those of single-photon fluorescence probes in
both theoretical and experimental fields. The main reason is
that the relationship between the molecular structures of the
probes and the two-photon fluorescence is not clear, and the
theoretical frame in this field is not perfect enough.”**"**
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Recently, Li et al. have synthesized two TP fluorescent
probes (HCM and HCH) derived from carbazole core as the
fluorophore and hydroxyl oxime as the recognition group.”
Both of them can be applied in monitoring hypochlorite in
mitochondria through oxidative dehydrogenation of oxime to
the nitrile oxide. In particular, HCH shows good TPA
properties, high selectivity and sensitivity, good stability, and
low cytotoxicity. However, the impacts of geometric (the length
of alkyl chains) and electronic structures on TPA imaging in
HCM and HCH remain unclear. First, the effect of the alkyl
chain length in the probe should not be underestimated due to
its good compatibility with the biological systems. It is very
likely to bring a new perspective for the design of excellent two-
photon fluorescent probes by utilizing alkyl modification. In
previous research, Wu et al. experimentally reported that the
length of the terminal alkyl chain has a certain degree of
influence on molecular optical performances.”* Cho and his co-
workers have researched the effect of chain length for
membrane probes.”> Nevertheless, the impact of the alkyl
chain length on the two-photon nature and the fluorescent
efficiency of the probe has not been thoroughly studied. Thus,
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in-depth comprehension of the relationship between the two-
photon fluorescent properties and the molecular structures is
extremely urgent for the development of novel two-photon
fluorescent molecules with high efficiency. Second, in many
experimental and theoretical reports, one viewpoint seems to
have almost been acknowledged, that is, for the probe
molecules containing an unabridged C=N bond, and C=N
isomerization is the predominant dissipation process of excited
states leading to fluorescence quenching,”*~*° but which is not
substantiated by sufficient evidence. Interestingly, the extremely
complicated photochemical processes of the unabridged C=N
bond isomerization for the probe molecules have not been
involved yet. The unabridged C=N isomerization not only is
affected by the circumstance and substituents easily, but it also
competes with other photochemistry processes and the
nonradiation decay processes which proceed by paths
associated with photophysical processes.”” The excited-state
dynamics for these probe molecules have not been studied.
Thus, it is worthwhile to further clarify the mechanism of
fluorescent quenching for the probe molecules (HCM and
HCH) and elaborate the relationship between fluorescent
quantum yield and molecular structures.

In this work, we initially explained the TP fluorescence
behavior of two experimental probes from a theoretical point,
and analyzed the effect of substituent groups at different
positions for OPA, TPA and fluorescence properties on the
basis of two experimental probes. What’s more, we designed
some new hypochlorite-probing complexes and predicted their
TPA properties. In addition, the vibronic coupling is also taken
into account in the studies of fluorescence quantum yield and
the mechanism of fluorescent quenching. We argue for the first
time that the fluorescence quenching for the fluorescent probe
containing the hydroxyl oxime is derived from the rapid
internal conversion decay process. This study is hoped to
provide useful theoretical guidelines for designing and
synthesizing new TPA fluorescence probes with exceptional
properties for detecting hypochlorite in mitochondria.

2. THEORETICAL METHODS

2.1. Two-Photon Absorption. A large two-photon
absorption cross section ¢'"* is an important index for
excellent fluorescent probes. The TPA cross section ¢ in
GM units can be obtained from the two-photon transition

. . o . 30,31
probability J,, in atomic units using
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where « is the fine structure constant, a, is the Bohr radius, o is
the photon energy in atomic units, ¢ is the speed of light, and I'
is the broadening factor which describes the spectral broad-
ening of an excitation. I" has been assumed to be 0.1 eV in
order to make the theoretical simulation process consistent
with the experimental spectra, measurement, and this value
commonly has been used.’” The transition probability &,, can
be obtained from the TPA transition tensor S as*>**

1 _ _ —
6au =5 Z (FSuaSbb + GSﬂbSﬂb + HS“bSba)
30 &~ @)

Here, a, b € {x, y, z} and the values F, H, and G are 2, 2, and 2
for linearly polarized light with parallel polarization and -2, 3,
and 2 for the circular case. In the electric dipole approximation,
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the TPA transition tensor S/ between the initial state i and the
final state f is defined as’!

P2
(©)

n#i

where (ilu,n) is the ath component of the transition dipole
moment between the electronic states i and n. n is one of the
possible intermediate states, ®;, is associated excitation energy,
and @, and w, are the energies of the two photons, respectively.

The TPA parameters such as the transition tensor S7, two-
photon transition probability J,,, and two-photon absorption
cross section ¢'"* can be calculated with the help of quadratic
response theory using the DALTON program.35

2.2. The Fluorescence Quantum Yield. The fluorescence
quantum yield can be expressed as

k
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Here, k, is the radiative decay rate and k,, is the nonradiative
decay rate including the internal conversion rate and
intersystem crossing rate.

The spontaneous emission rate (k,) is the integration of the
emission spectrum:”

k, = /; o,,(w) do )

According to Fermi’s golden rule, 6,,,(w) is expressed as”’
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where 6,,,(@) is defined as the rate of spontaneous photon
emission per unit frequency between @ and w + dw per
molecule. ¢ is the velocity of light, and P,,(T) is the Boltzman

distribution function for the initial vibronic state. The electric
s . . — -

transition dipole moment is expressed as Hy = (d>f|pt|(1>i>. Upon

the Born—Oppenheimer approximation, the initial wave

function |¥;,) = 1®,0,,) is described by the products of the

electronic states |®,) and the vibrational states 1@,,), which are

the same as the final wave function. Ej is the difference of
adiabatic energy between two states. E;, and Ej are the
vibrational energies in the corresponding electronic states.
According to the Franck—Condon approximation, 6,,(®) is
defined as 655 (). The delta function is Fourier transformed as

3
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Here, Z,,~" is the partition function. pie,(t, T) is the thermal
vibration correlation function, which is shown in the refs 36 and
38.

The internal conversion rate (k) is defined as”
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and the non-Born—Oppenheimer coupling is expressed as*’
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Figure 1. Structures and corresponding names of the investigated molecules.
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Applying the Condon approximation, eq 9 is described as*®

Hj = Z (%151®)(6), 118,) (10)
1

After insertion of eq 10 into eq 8 and the delta function being
Fourier transformed, the IC rate can be expressed as’®

1 +o0
ki = ?R’d/_oo

Here,

10 -1
Sz, (t, T) dt

(11)

(12)

The definition of Z,™' and pi (t T) is similar to the
description above. Both the radiative decay rate (k,) and the
nonradiative decay rate (k,) can be calculated using the
MOMAP program.*!

In this paper, we have optimized the ground-state and
excited-state structures of all studied molecules at the B3LYP/
6-31G(d,p) level of theory using the Gaussian 09 program
package.”” On the optimized geometries, we have carried out
the frequency calculation, and no imaginary frequency has been
found. After that, we have evaluated the electronic structure,
one-photon absorption (OPA) and two-photon absorption
(TPA) spectra at the CAM-B3LYP/6-31+G(d) level using the
Gaussian 09 program.”” Due to the obvious charge-transfer
character of the studied molecules, we have used a range
separated CAM-B3LYP functional.**~*® At the same time, we
also calculated molecular absorption spectral properties at the
B3LYP/6-31+G(d) level of theory, which strongly under-
estimated the first excitation energy (see Table S1 in the
Supporting Information). However, the results performed by
Coulomb-attenuated CAM-B3LYP theory are in better agree-
ment with the experimental values due to the improved long-
range interactions. The TPA farameters were obtained by using
quadratic response theory’ in the same level, and the
calculations were performed with the time-dependent density
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functional theory (TD-DFT) as implemented in the DALTON
program package.”> The polarizable continuum model
(PCM)*® has been applied to consider the solvent effects. In
addition, for all of the investigated compounds, the radiative
rate and nonradiative decay rate constants are calculated using
the MOMAP program®' developed by Shuai et al, while the
normal mode displacements and Duschinsky rotation matrix
are calculated using the DUSHIN program.*”*°

3. RESULTS AND DISCUSSION

3.1. Molecular Design and Geometry Optimization.
The structures and names of the investigated molecules in this
work are presented in Figure 1. A series of carbazole-based
derivatives can be obtained by attaching different substituents at
the R1 and R2 positions on the carbazole core.'”***" The two-
photon fluorescent properties of both probes HCM and HCH
including reaction products (HCM—CNO and HCH-CNO)
were experimentally measured.”” Both of them possess large
two-photon absorption cross sections (S1ps); nevertheless, the
properties of HCH—CNO are better. To understand the
influence of alkyl chains on molecular photophysical properties,
molecules HC (HC—CNO), HCC (HCC—CNO), and HCB
(HCB—CNO) have been designed by changing the length of
alkyl chains at the R2 position, named the R2-series. Moreover,
the neutral molecule HC—N (see Figure S1) is utilized to
investigate the influence of cationic pyridinium moieties on
optical properties. Furthermore, as we all know, different
donors and acceptors have a great impact on the intramolecular
charge transfer (ICT) properties, which affect OPA and TPA
properties. In order to further explore the role of different
electron-donating/withdrawing groups as substituents on OPA
and TPA properties, MBC (MBC—CNO), MSOC (MSOC—
CNO), MSNC (MSNC—CNO), and MVPC (MVPC—CNO)
are obtained by introducing different electron-donors or
electron-acceptors at the R1 positon, named the Rl-series.

In this work, molecular structures were optimized at the
B3LYP/6-31G(d,p) level of theory by using the Gaussian 09
program.*” The ground-state and the first excited-state
structures are shown in Figure S1 in the Supporting
Information. The results show the experimental molecules
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(HCM, HCH, HCM—-CNO, and HCH-CNO) have good
planarity, and all atoms are in the same plane except for the
alkyl chains at the R1 and R2 positions, which slightly affect the
parent molecular geometry. In addition, geometry modifica-
tions between two states for the R2-series are not apparent.
Conversely, the dihedral angles between the carbazole
fragments and the substituents at the R1 position for the
MSOC (MSOC—CNO) and MSNC (MSNC—CNO) are
decreased from the ground state (at about 40°) to the excited
state (at about 20°). For MVPC (MVPC—CNO), the 1-
methyl-4-vinylpyridium group at the RI position is twisted
about 20° from the parent molecular plane at the ground state,
while the dihedral angle is so large at the first excited state that
the substituent is nearly perpendicular to the carbazole part.
3.2. Electronic Structure and One-Photon Absorption.
Electronic structure is important for fundamental under-
standing and interpretation of the absorption properties. To
investigate the relationship between the geometric and
electronic structures, the frontier molecular orbital energy
levels as well as the energy gap AEy_; (the energy gap between
the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO)) are calculated
and described schematically in Figure 2. As shown in Figure 2,
AEy_; (<3 eV) for the cationic compound with an alkyl chain
at the R2 position (see Figure 1) becomes smaller than that of
the neutral molecule HC—N (3.702 V). It should be pointed
out that there is a slight gap change with the increase of the
alkyl chains, which results in similar absorption and emission
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Figure 2. Calculated frontier molecular orbital energy levels.
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spectra of these molecules (with alkyl chains at the R2 or R1
position). In addition, by modifying molecular structures at the
R1 position with different electron-donating groups, such as 1-
methoxy-4-vinylbenzene and 1-methylamino-4-vinylbenzene,
respectively, the AEy_; values decrease dramatically, which is
in the order HCM—CNO (2.915 V) > MBC—CN (2.907 eV)
> MSOC—CNO (2.585 eV) > MSNC—CNO (2.253 eV). It
demonstrates that electron-donors at the R1 position are
conducive to the decrease of AEy_; because the electron-
donors can increase the energy of the HOMO obviously. In
contrast to HCM—CNO, the energy gap AEy ; of MVPC—
CNO (2.982 €V) increases, indicating the electron-acceptor (1-
methyl-4-vinylpyridium) at the R1 position reduces effectively
the HOMO level. Consequently, the alkyl groups at the R2
position have a primary influence on the LUMO energy values,
giving rise to the decrease of AEy ;. However, the substituent
groups at the R1 position mainly affect the energy of the
HOMO. The electron-donors bring down AEy_;, while the
electron-acceptors increase AEy_y, thus leading to a red-shift or
blue-shift of the absorption and emission spectra, which is
discussed below. Moreover, changing the length of the alkyl
chain at the R1 or R2 position slightly affects the energy gap.

The OPA properties of the experimental compounds
calculated by TD-DFT theory using different functionals are
given in Table S1 in the Supporting Information. The OPA
properties including the maximal OPA wavelengths (15,,), the
corresponding oscillator strengths (f), the transition moment,
the transition nature, and weights for all of the investigated
compounds calculated at the CAM-B3LYP/6-31+G(d) level of
theory in water solvent are listed in Table S2 in the Supporting
Information. It can be seen that the calculated maximum
absorption peaks of HCM, HCM—CNO, HCH, and HCH-
CNO (414, 407, 412, and 405 nm, res;)ectively) are in good
agreement with the experimental data®™ (419, 413, 422, and
416 nm, respectively). In addition, the relevant one-photon
absorption spectra are obtained by using Lorentzian broad-
ening, as illustrated in Figure 3. The spectral shapes are
consistent with the experimental results. As clearly shown in
Table S2 and Figure 3, there are three main absorption peaks
(407/414, 255/260, and 233/242 nm) in HCM—CNO/HCM
and a shoulder peak at 298/292 nm. For the maximum
absorption peak of HCM—CNO, the major contribution in the
So — S, transition comes from HOMO — LUMO, and the
transition has more z—z* character. Besides, the other
molecules have similar character. However, the transition
natures of the other absorption peaks are more complicated,
and the detailed analysis by hole—electron distribution is listed
in Figure S3. It should be pointed out that the maximum
absorption peaks for cationic compounds (about 410 nm) are
red-shifted compared with those of the neutral molecule HC—
N (332 nm), because the energy level of the LUMO goes
downward and the AEy_; decreases, as shown in the analysis
above. Moreover, the effect on the OPA absorption wavelength
is slight by changing the length of the alkyl chains at the R1 or
R2 position, which corresponds to their similar electronic
structures.

In addition, we further assess the influence of substituents at
the R1 position for OPA properties. Comparing with HCM—
CNO (HCM), strong electron-donors have significant
contributions for OPA, such as MSOC—CNO (MSOC) and
MSNC—CNO (MSNC), which possess red-shifted maximum
absorption wavelengths and enhanced oscillator strengths. The
reason for this phenomenon is that the electron-donor
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Figure 3. One-photon absorption spectra for the studied molecules.

decreases the energy gap and enhances charge transfer (CT)
from the substituent at the R1 position to the pyridine moiety,
as shown in Figure S2. Besides, there is another absorption
peak at 304 nm for MSOC—CNO (339 nm for MSNC—
CNO), which is the connection with the charge transfer
between the carbazole and the substituent at the R1 position,
which does not appear at HCM—CNO. On the contrary, the
maximum absorption peak of MVPC—CNO (MVPC) is a
hypsochromic shift, and the oscillator strength of MVPC—
CNO (MVPC) is enhanced dramatically. For MVPC—CNO
(MVPC), the maximum absorption peak at 394 nm (401 nm)
comes from the electronic excitation of S, — S;, which can be
assigned to the configuration HOMO — LUMO (cf. Table S2).
As shown in Figure S2, the charge on both the HOMO and the
LUMO is distributed in the substituent 1-methyl-4-vinyl-
pyridium group and the parent carbazole group, which is
conducive to intramolecular charge transfer. By the way, there
is a weak OPA peak at 352 nm (349 nm) for MVPC—CNO
(MVPC) coming from the electronic excitation of Sy — S,, and
the corresponding transition character is governed by local
excitation—charge transfer (LE—CT) mixing.

3.3. The Excited-State, Fluorescence Property, and
Fluorescence Off—On Effect. The geometry optimization in
the first excited state was obtained by the B3LYP functional
with the 6-31G(d,p) basis set in water solvent. The emission
spectra were calculated. The fluorescent emission wavelength is
543 nm (541 nm) for HCM—CNO (HCH—CNO), which is in
good agreement with the experimental value of 544 nm for
HCM—CNO (546 nm for HCH—CNO) in PBS buffer.”® The
fluorescence properties such as the emission wavelength (4.n),

o

scillator strength (f), fluorescent lifetime (7), and transition

nature are given in Table SS. The fluorescent spectra of
reaction products are shown in Figure 4. As shown in Table S5
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Figure 4. Fluorescence spectra for the studied molecules.
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and Figure 4, A, values of all of the studied molecules are
derived from the radiative decay of S; = S, dominated by the
transition from the HOMO to the LUMO. The effect of the
alkyl chain on the fluorescent wavelength is not obvious, but it
has a significant influence on the fluorescence quantum yield
(discussed later). Compared with the neutral compound HC—
N, the fluorescent emission spectra for cationic compounds are
red-shifted and the oscillator strengths decrease. For com-
pounds MSOC—CNO and MSNC-CNO, their A, peaks
appear around 714 and 871 nm in the near-infrared region.
However, MVPC—CNO is fluorescence quenched due to the
marked twisting of the 1-methyl-4-vinylpyridium moiety
relative to the carbazole plane at the first excited state (see
Figure S1); thus, the compound with a strong electron-acceptor
at the R1 position is not suitable to be a fluorescent probe.
Furthermore, the fluorescence quantum yield (®) is a key
index for the efficiency of probes. For probe molecules HCM
and HCH, only weak fluorescence was observed in the
experimental process, while the fluorescence is enhanced after
reaction with hypochlorite. Previous reports consider that C=
N isomerization is the predominant decay process of the
excited states leading to fluorescence quenching.”*~** However,
our optimization results suggest that there is no obvious change
for probe molecule structures in the excited state (see Figure
S1) and no potential energy surfaces crossing. We speculate the
nonradiation decay process may play a key role in the
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Table 1. Fluorescence Properties Including the Vertical Excitation Energies (E,,), the Adiabatic Energy Difference between S,
and S, (E,4), the Electric Transition Dipole Moments (i), the Radiative Rates (k,), the Internal Conversion Rates (k,.), and the
Corresponding Fluorescence Quantum Yield (®) Calculated by the B3LYP/6-31G (d,p) Method in Water Solvent”

molecules E, (eV) E,q (eV) u (D)
HCM 2.09 2.29 8.73
HCH 2.10 2.30 8.89
HC-N 2.78 2.99 12.47
HC-CNO 224 2.38 9.53
HCM-CNO 228 2.40 10.33
HCC-CNO 2.29 2.41 10.43
HCB-CNO 229 241 10.56
HCH-CNO 2.29 2.41 10.56

“The values in parentheses are the experimental results.

ke (s7) ke (s71) @

0.16 x 10° 1.51 x 10 0

0.88 x 10* 4.62 x 10° 0.019 (0.011)
5.07 x 10° 8.06 x 10* 1.000

1.27 x 108 9.93 x 10° 0.114

0.22 x 10* 1.05 X 10° 0.020

1.66 x 10° 3.83 x 10° 0.302

1.80 x 10® 191 x 108 0.485

1.63 x 10° 1.10 x 10° 0.129 (0.140)

deactivation of the excited state. Therefore, we calculated the
radiative and nonradiative decay rates from S; to S, for R2-
series compounds as well as fluorescent quantum yields, and
obtained the relationship between structure and fluorescent
quantum yield, as shown in Table 1 and Figure 5. We mainly

0.5

0.4+

0.3

0.2

0.1

0.0

T T T T
HCM-CNO HCC-CNO HCB-CNO HCH-CNO

Figure S. Relationship between fluorescence quantum yield and
molecular structure.

analyzed the radiative decay rates and the internal conversion
decay rates, because the intersystem crossing process can not
compete with the two above (see Table S6 and Table 1; the
rate of the intersystem crossing ki (~10°s™") is much less than
k. (~10° s7")). As given in Table 1, the calculated fluorescent
quantum yields are 0.019 and 0.129, which are in good
agreement with the experimental values™ of 0.011 and 0.140
for the probe HCH and corresponding reaction product
HCH-CNO, respectively. What is interesting is that the
fluorescent quantum yield is not proportional to the length of
the alkyl chain. The HCB—CNO with butyl at the R2 position,
rather than HCH—CNO with hexyl, possesses the largest
quantum yield (0.485). The fluorescence enhancement after
addition of ClO™ is due to the increased radiative rate and the
decreased nonradiative rate. It can be seen that the values of
vertical excitation energy and electric transition dipole moment
for HCH—CNO (2.29 eV and 10.56 D) are larger than those
for HCH (2.10 eV and 8.89 D), which contributes to increasing
k, rate. The nonradiative decay process is relatively complicated.
From the IC rate formula (eq 11), the internal conversion
decay rate is in connection with the electronic coupling and
nuclear motion. The large adiabatic energy difference is adverse
to the internal conversion process, while the large geometry
change between the two states is in favor of the nonradiative
transition.
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The Huang—Rhys (HR) factor characterizes the amount of
absorbed photons converted into phonons when transitioning
from one electronic state to another and can also be used to
quantify the geometry relaxation between two electronic states,
which is important in determining the internal conversion
rate.”> The HR factors are calculated and depicted in Figure 6
for the investigated compounds. The following is clearly seen:
(1) The modes with a nonzero HR factor mainly appear at the
low frequency regime (<500 cm™) for all cationic molecules.
(2) The HR factor for the probe HCH (with a maximum value
of 1.12) is much larger than that for the reaction product
HCH-CNO (with a maximum value of 0.54). Such features
indicate: HCH may possess the Duschinsky rotation effect
(DRE), which contributes to nonradiative transition S; — S,
(3) Nitrile oxide bends at 501 cm™" and side-chain bends at 30
cm™! possess large HR factors (>1) for HCM—CNO, leading
to the larger IC rate and smaller fluorescence quantum yield
than those for HCH—CNO. (4) The length of the alkyl groups
has an important influence on the quantum yield (see Figure
S), though it hardly affects the emission wavelength. The
molecule HCB—CNO possesses the largest quantum yield
(0.485), because the huge electric transition dipole moment
contributes to the radiative decay rate and the small HR factor
leads to a decrease in the IC rate. (5) Compared to the cationic
compounds, the extent of geometry relaxation is absolutely
smaller for the neutral molecule, so that the radiative decay rate
is found to be dominant for HC—N compound.

To further elucidate the structure—property relationship, the
molecular geometry relaxation in the decay process of S; — S,
needs to be estimated. Reorganization energy is a useful
measure for the extent of geometry relaxation, which indicates
the nonradiative channel for the excited-state decay. The
reorganization energies and corresponding vibrational frequen-
cies are given in Figure 7 and Figure S4. For the sake of clarity,
we decomposed the organization energy into the internal
coordinate relaxation shown in Figure 8 and Tables S7—S10. As
shown in Figure 7 and Figure S4, it is clearly seen that the
normal modes with large reorganization energies mainly appear
at the high frequency region (>1000 cm™) for reaction
products except HCM—CNO. There is a high frequency mode
(around 1650 cm™') with the large reorganization energy
(>150 cm™") coming from skeletal stretches in all compounds.
The reorganization energies for probes (HCM and HCH with
values over 250 cm™"') are much larger than those for reaction
products (HCM—CNO and HCH—CNO with values of about
150 cm™"), because of the larger geometry change for probes, as
shown in Figure 8. It can be seen that the C1—NS and C4—NS$
bond length changes in the skeletal stretching mode (around
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1650 cm™') are larger for probes than those for reaction
products. However, the key factor determining the difference of
nonradiative rates for compounds is the contribution of the
lower frequency (<1000 cm™") modes. The contribution of the

low frequency (<1000 cm™") modes to the total reorganization
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energy is more than 30% in probes HCH and HCM and about
25% in reaction product HCH—CNO, while it is 68% in
HCM-CNO. Combining with displacement vectors in Figure
7, there is only one N—O bond stretching mode (991 or 992

cm™') with a large reorganization energy in both probes, 81
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Figure 7. Calculated reorganization energies and the displacement vectors for the normal modes with large reorganization energies for experimental

molecules (HCM, HCM—CNO, HCH, and HCH-CNO).

cm™! for HCH and 72 em™! for HCM. Moreover, the
reorganization energies for probes which come from side-chain
bending modes (<300 cm™') are much larger than those for
reaction products. We can conclude that the stretching modes
of oxime and the low-frequency motions of the side-chains are
hindered after addition of ClO™, and thus, their contributions
to the internal conversion decay rate are strongly suppressed,
leading to the quantum vyield being increased and the
fluorescence being enhanced. In addition, the largest
reorganization energy (625 cm™') of HCM—CNO comes
from the deformation of nitrile oxide (502 cm™), whose
dihedral angle D(C13—C12—025-N24) and D(Cll1-12—
025—N24) changes are about 13° from S; — S, resulting in
the IC rate of HCM—CNO being larger than that of HCH—
CNO. What’s more, the neutral compound HC—N is also
taken into account in studies of the structure—property
relationship. The change of vibration quanta at the low-
frequency region is obviously small for HC—N in sharp contrast
to the cationic compounds, which contributes to suppressing
the IC rate (10*/s).

Therefore, we can conclude that the increased quantum yield
after addition of ClO™ results from the enhancement of the
electric transition dipole moment and the adiabatic energy
between two states and the suppression of both of C—N bond
stretching and the side-chain bending motions in the low
frequency region. The results show that the length of the alkyl
chain has imposed a significant impact on vibronic coupling,
and the compound HCB—CNO with butyl at the R2 position
possesses the largest quantum yield (0.485) in all of the
investigated compounds. The cationic pyridinium moiety not
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only is the mitochondria-targeted functional group, but it also
plays an important role in geometry relaxation, changing the
optical properties of compounds.

3.4. Two-Photon Absorption (TPA) Property. 3.4.1. The
Calculations of TPA Properties. As stated earlier, the main
purpose of the present study is aimed at investigating the
relationship between the TPA properties and structures. In
order to evaluate the two-photon response for the investigated
molecules, we calculated and analyzed TPA properties
including the maximum TPA cross sections (omes) and
corresponding TPA wavelengths (45:2) in the NIR spectral
region with the help of quadratic response theory at the CAM-
B3LYP/6-31+G(d) level. The results are listed in Table 2. The
calculated 6'°* values of HCM, HCM—CNO, HCH, and
HCH—-CNO are 457, 434, 501, and 475 GM at 824, 810, 821,
and 808 nm, respectively. It is interesting to note that the TPA
cross section of HCH-CNO (HCM—CNO) can reach up to
5990 GM (5510 GM) at 509 nm, which is corresponding to the
OPA at about 255 nm. However, this excited wavelength is not
suitable for biological fields. They may have a great research
value in optical limiting. As shown in Table 2, the calculated
AL« values in the NIR spectral region are in good agreement
with the experimental results,”* while the calculated 622 values
are smaller than the experimental values, but the variation
tendency is coincident. In order to further ensure the accuracy
of the calculation method, we also performed the calculations
on AL and 6" of MBC* (in MeCN solvent) at the same
calculated level, which agreed well with the experimental
results.'” It is no doubt that the results can provide the correct
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Figure 8. Large reorganization energies (>30 cm™', bottom) and corresponding coordinate modifications between Sy and S; (top, the black columns

are for lengths and the red columns are for dihedral angles).

relationship between the structures and the TPA properties for
the investigated molecules.

3.4.2. The Structural Aspects of TPA Properties. As
mentioned above, the molecules are designed by introducing
different lengths of alkyl chains at the R2 or R1 position, as well
as electron-donors and electron-acceptors at the R1 position of
the carbazole core. As shown in Figure 9, the maximum TPA
cross section becomes larger as the alkyl chain becomes longer.

It is worth mentioning that the o is not proportional to the

length of the chain, and the influence of the alkyl chain on A%
is slight, which is the same as the case of OPA. Interestingly, the
maximum TPA cross section for the neutral compound HC—N
(144 GM) is much smaller than that for the cationic
compounds (e.g, 387 GM for HC—CNO). Besides, the
corresponding TPA spectrum of HC—CNO (816 nm) is red-
shifted to the NIR region compared with HC—N (667 nm).
Moreover, the effect of strong electron-donating or -accept-
ing groups is more significant for the magnitude of TPA cross
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Table 2. TPA Properties of the Molecules Calculated Using Quadratic Response Theory

molecules Ar . (nm) oA e (GM) AL P (nm)

HC-N 666.59
HC 829.33
HC-CNO 815.69
HCM 823.82

522.04
HCM-CNO 860 980.0 810.36

509.18
HCC 821.09
HCC-CNO 807.72
HCB 822.42
HCB-CNO 807.72
HCH 821.09

522.04
HCH-CNO 860 1642.2 807.72

509.18
MBC 823.83
MBC-CNO 810.36
MBC* ¢ 810 522 797.33
MSOC 837.74
MSOC-CNO 823.82
MSNC 858.03

679.37
MSNC-CNO 843.44

672.01
MVPC 797.33

702.46
MVPC-CNO 744.65

686.90

cIPAY (GM) transition nature”

144 S, = S H-L 86.00%
405 So = S H-L 85.95%
387 S, = S H-L 86.70%
457 So = S H-L 85.68%
4670 Sy — Sq H-2 > L 47.10%
H — L+1 15.00%

434 So = S, H-L 86.45%
5510 S, = S, H-2 - L 40.63%
H - L+3 33.27%

478 So = S, H-L 85.43%
454 Sp = S, HoL 86.22%
493 So = S; H-L 85.25%
467 So = Sy H-L 86.05%
501 So— S H-L 85.21%
5190 So = S¢ H-2->1L 45.89%
H - L+1 15.36%

475 So = S, HoL 86.01%
5990 So— S, H-2 - 1L 42.63%
H - L+2 24.07%

468 So = S, H-L 85.70%
444 So = S H-L 86.45%
530 Sy = S, HoL 87.94%
730 So = S, H-L 71.78%
H-1-1 19.34%

677 S, = S H-L 69.68%
H-1-1L 22.42%

970 So = S, HoL 57.00%
H-1-1L 32.62%

862 Sy = S, H-1—>1L 31.78%
H-L 27.66%

H-2->1L 26.95%

906 So = S, H-L $2.71%
H-1-1L 36.89%

822 So = S, H-1- L 35.03%
H-L 33.89%

H-2->L 18.48%

133 So = S H-L 76.72%
1020 So = S, H - L+l 66.51%
H-1->1L 16.47%

204 So — S, H-L 78.55%
1070 S, = S, H - L+1 69.80%
H-1-1L 13.85%

“Experimental data. “The results were computed at the CAM-B3LYP/6-31+G(d) level of theory using DALTON programs in water solvent.
“MBC* was computed at the CAM-B3LYP/6-31+G(d) level of theory using DALTON programs in MeCN solvent.

section. The designed compounds MSOC—CNO (MSOC),
MSNC—-CNO (MSNC), and MVPC—CNO (MVPC) possess
excellent TPA properties. The calculated results from Table 2
and Figure 9 demonstrate that the MSOC—CNO (MSOC) and
MSNC-CNO (MSNC) bearing the 1-methoxy-4-vinylbenzene
and 1-methylamino-4-vinylbenzene respectively exhibit better
TPA properties than those of molecules with alkyl groups.
They possess larger TPA cross sections and red-shifted spectra,
MSNC—CNO (906 GM, 843 nm) > MSOC—CNO (677 GM,
824 nm) > HCM—CNO (434 GM, 810 nm), attributing to the
strong electron-donors that are conducive to improving
intramolecular charge transfer and decreasing the AEy_;. The
TPA transitions of MSOC—CNO (MSOC) and MSNC—CNO
(MSNC) come from the electronic excitation of Sy, — S, the
configuration HOMO — LUMO weights ca. 50—80% and
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HOMO-1 — LUMO weights ca. 20—37%. As shown in
contour surfaces of the frontier molecular orbitals (see Figure
S2), the electron transfers from 1-methoxy-4-vinylbenzene or 1-
methylamino-4-vinylbenzene to electron-acceptor, which en-
hances charge transfer moment, contributing to the increase of
transition moment and TPA cross section. The large TPA cross
sections in the NIR region indicate that the two chromophores
can be regarded as suitable candidates for two-photon
fluorescent probes. In addition, the other large TPA cross
section of MSNC—CNO is 822 GM at 672 nm, which comes
from the electronic excitation of S; — S, with CT character.
The similar phenomenon is also observed for probe MSNC. As
for MVPC—CNO, the 6:** (1070 GM) is formed with the
electronic excitation of S; — S, at 687 nm rather than the
excitation from the ground state to the first excited singlet state.
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(a) 550, HON the TPA cross section increasing. It is clear that the increased
500 - HC 0, value is largely concerned with the electronic transition in
450 oo the x direction shown in Figure S2. Moreover, the values of S,
400 4 “HCB and Sy for cationic compound HC—CNO (512.1 and 120.5)
350 e are around twice as large as those for neutral compound HC—
5 200 —_Homang N (257.2 and 66.0).

] 250 ——HCB.CNO Similarly, contributions of S,, and Sy are improved
200 ———HCH-CNO remarkably by introducing strong electron-donors at the Rl
positon, which are the key factors for MSOC—CNO (MSOC)
1501 A and MSNC—CNO (MSNC) possessing large TPA cross
100/ sections. In addition, the TPA cross section coming from the
50 1 electronic transition of Sy — S, for MSNC—CNO is dominated
0 T = T T T 7 ) by the tensor element S, In the case of MVPC—CNO
650 700 750 8O0 S0 %00 950 1000 (MVPC), both tensor elements S, and S,, contribute the TPA
Wavelength/nm cross section for the S, — S, transition, while only S, has the
(b) 1100- — major contribution for the S, — S, transition. Obviously, the
1000 ] L iMEC electronic excitation of Sy — S, is assigned primarily to HOMO
000 ] O fﬁ?fﬁ:ﬁg — LUMO (see Table 2), and charge transfer distributes in the
/ [\ L MvPe x and y directions, as shown in Figure S2. However, the
007 /3 L re ——HCM-CNO electron transiton of HOMO — LUMO+1 is the major
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© 500 | L==MVPCCO methyl-4-vinylpyridium along the x axis (see Figure S2).
400 3.4.4. The Transition Dipole Moment and TPA Tensor
300 Element. In order to gain insight about the origin of the TPA
200 - process, it is helpful to check the various electronic structural
100 ] parameters and further explore the TPA tensor elements
0] : through a few-state model. If the excitation process is
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Figure 9. Two-photon absorption spectra for the studied molecules.

By the analysis of hole—electron distribution, the transition
character of MVPC—CNO is governed by LE—CT mixing over
the entire molecule, which can be described as a mixture of
configurations HOMO — LUMO+1 and HOMO-1 —
LUMO.

3.4.3. The TPA Tensor Elements (S,) and TPA Cross
Section. In order to further explain the TPA properties
originate from which specific molecular moieties of investigated
molecules, the TPA tensor elements (S,,) are calculated and
analyzed with the help of quadratic response theory at the
CAM-B3LYP/6-31+G(d) level. The relationship between TPA
cross section (6'7*) in GM units and the TPA tensor elements
(S.) is given by formulas 1 and 2 in section 2. For a two-
photon excitation by a linearly polarized single beam of light,
8, in atomic units is evaluated by the expression®”>*

_ 2 2 2 2 2 2
0, =6(S," +8,”+8.) +8(S, +S. +S.)

+S..S..)

XX TZZ.

+4(S,.S,, + S,

(13)

The TPA tensor elements S,, and the TPA cross sections §,,
(in au) for the relevant excited states of the studied molecules
are shown in Table 3. The results clearly show that the TPA
tensor element S, component has a major contribution to the
two-photon absorption process for the studied excited states of
all molecules. The S,, S,, and S,. components have some
moderate contributions, but the rest of the TPA tensor
elements (Syz and S,,) barely affect the &,, values, because of the
good planar rigidity of the parent molecular frame. Con-
tributions of S,, and S, are more remarkable as the length of
alkyl chains increasing at the R2 and R1 positions, leading to
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contributed mainly by two different states, viz.,, the ground
state and the final state, according to formula 3 in section 2, the
TPA tensor element (S,,) is expressed as’ ">’

o _ 2087 By + " Agy)
ab

0] (14)
Here, u¥ is the ath component of the transition dipole moment
from the ground to the f excited state. Ay, is the ath
component of difference between the excited and ground state
dipole moments, and  is the excitation energy. These values
for reactive products are shown in Table 4. As shown in Table
4, the rules of S, are in good agreement with the response
theory values (see Table S13) for the studied molecules (except
S for MVPC—CNO). However, S, of MVPC—CNO is severely
underestimated by the two-state model, which is needed to be
expressed in a three-state model,’® and the quantitative
agreement with the response theory value is nearly satisfactory,
as shown in Table S14 and Table S15. It is confirmed that there
is another important optical channel (the first excited state as
an intermediate state) contributed predominantly to the TPA
process, and this optical channel is not accounted for in the
two-state model for MVPC—CNO.

From Table 4, we can find the following: (1) The change of
alkyl chain at the R1 or R2 position is mainly constructive to
the enhancement of y,; thus, S, is larger as the alkyl chain is
becoming longer. However, the enhancement of S, is in
connection with both the transition dipole moment and the
difference of dipole moment between two states. (2) The value
of Ay, for the cationic compound HC—CNO (—4.94) is much
larger than that for the neutral compound HC—N (-1.37);
thus, the TPA tensor element S,, and the TPA cross section
ascend dramatically from neutral compound to cationic
compound. (3) The strong electron-donors at the R1 position
contribute predominantly to Ap by improving mainly the
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Table 3. TPA Tensor Elements (S,,) and TPA Cross Sections (§,,) (in au) of All of the Studied Molecules Calculated in Water

TPA tensor elements (in au)

Solvent”
systems ex. states Sex Sy

HC-N 1 257.2 —-6.9
HC 1 —528.2 —14.4
HC-CNO 1 —=512.1 —10.8
HCM 1 569.1 4.5

6 11793 26.6
HCM-CNO 1 548.9 1.7

7 1255.6 13.7
HCC 1 588.4 -3.1
HCC-CNO 1 566.5 —4.7
HCB 1 —605.0 13.9
HCB-CNO 1 —580.2 13.3
HCH 1 607.8 -17.9

6 1201.6 56.6
HCH-CNO 1 —581.4 15.8

7 1264.5 46.0
MBC 594.9 —14.8
MBC-CNO 572.0 —15.0
MSOC 1 721.0 154
MSOC-CNO 1 669.4 272
MSNC 1 867.5 14.4

2 614.1 39.3
MSNC-CNO 1 —811.3 —25.1

2 605.8 22.1
MVPC 1 202.6 —80.6

2 719.2 53.7
MVPC—-CNO 1 —242.7 74.3

2 —70S5.2 —80.4

Sz Sy Siz Sy 0.
0.9 66.0 4.2 0.3 425994
—0.4 —135.6 9.9 1.7 1854415
—0.6 -120.5 -9.0 -15 1714386
0.5 117.5 8.0 0.9 2065731
=0.5 =75 5.0 0.1 8472454
0.7 101.1 7.2 0.8 1895231
—0.6 1.7 7.2 —0.6 9526518
0.8 —97.6 20.0 =21 2151367
1.0 —81.6 18.7 -1.8 1973361
=3.5 54.6 —46.6 2.5 2213292
=3.5 40.5 —44.2 1.8 2026774
9.4 —16.4 77.5 0.8 2247846
9.8 193.0 107.6 144 9396490
—-9.2 4.5 —73.7 -1.6 2057867
112 198.6 121.0 18.4 10333961
14 50.2 28.0 —0.4 2119226
1.6 284 25.9 -0.9 1945540
0.4 —173.8 13.0 -3.6 3409169
0.5 —186.4 13.3 —4.2 3046759
0.1 157.2 —11.8 =37 4765821
-0.7 6.1 6.4 0.3 2367316
-0.2 —174.0 12.1 42 4278670
-0.9 4.8 7.2 0.6 2256791
1.6 —207.5 52 2.5 565453
-0.9 99.9 22 =31 3352456
-13 233.6 =S54 2.2 752122
1.0 —114.6 0.0 34 3351441

“Calculations have been done at the CAM-B3LYP/6-31+G(d) level of theory.

Table 4. Transition Dipole Moments (i in au), the Difference (Agt) of Dipole Moments between the First Excited and Ground
States, and TPA Tensor Elements (S,,) for the Studied Molecules in Gas Calculated at CAM-B3LYP/6-31+G(d) Using the

Gaussian 09 Program

uY ¥

systems ex. states ,uyof Y7

HC-N 1 =3.25 —-0.38 —0.05
HC-CNO 1 3.99 0.49 0.05
HCM-CNO 1 4.17 0.37 0.03
HCC-CNO 1 4.24 -0.23 0.10
HCB-CNO 1 431 0.05 0.26
HCH-CNO 1 4.32 0.30 0.45
MBC-CNO 1 422 —0.15 0.13
MSOC-CNO 1 -3.99 1.08 —0.0S
MSNC-CNO 1 3.49 0.64 —0.03
MVPC-CNO 1 4.24 1.11 —0.05

2 —=2.07 1.68 0.05

Ay, Ap, Ap, S 8y Sz
—-1.37 -0.33 —0.00 124.93 2226 112
—4.94 0.01 —-0.03 —793.33 —4824 —6.64
—4.99 0.04 —-0.02 —826.86 —-32.79 —4.77

4.99 0.17 0.11 833.83 —8.46 1891
4.99 0.46 0.28 844.90 43.94 48.48
4.96 0.74 0.48 841.78 91.26 83.72
—4.94 0.64 —0.08 —830.82 69.11 —20.05
—7.76 113 -0.07 1360.02 —282.36 14.17

1122 —0.43 —0.04 1913.27 138.57 —11.21
—0.16 3.24 -0.03 —-25.81 252.13 -2.38
-0.73 3.26 —-0.05 49.50 —130.67 2.33

excited state dipole moment (e.g, 3.69 for HCM—CNO and
1.61 for MSOC—CNO). (4) As for MVPC—CNO, the three-
state model analysis of S”* reveals a large contribution from the
terms involving the S1 state (see Table S14 and Table S15). An
excellent TPA cross section and the TPA tensor element, owing
to the strong dipole coupling of the virtual state with both the
initial and final states, are captured by the transition SO — S1
— §2, with LE—CT mixing transition character. The transition
dipole moments 4" and y,* have imposed significant impacts
on the TPA tensor element S) especially.

In a word, the effect of alkyl chain length on TPA tensor
elements, as well as the TPA cross sections, is dominated by the
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transition dipole moments p, for cationic compounds. The
difference of TPA cross sections between neutral compound
and cationic compound depends on the difference Ay, between
the excited and ground state dipole moments mainly.
Moreover, Ay, has a major contribution in the two-photon
absorption process for the compound with a strong electron-
donor at the R1 positon. As for the compound with an
electron-acceptor at the R1 positon, the channel interference

effect is obvious.
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4. CONCLUSIONS

In this work, the geometrical structure, electronic structure,
one- and two-photon absorption spectra, and fluorescence
properties of a series of carbazole derivatives have been
explored in detail by using TDDFT, quadratic response theory,
and the few-state model. Calculated results show that there is a
little change in spectral properties for the compounds which
differ in the length of the alkyl group at the R1 and R2
positions. However, the alkyl chains have an important
influence on the fluorescence quantum yield. The relationship
between the length of the alkyl chain and the fluorescent
quantum yield is not linear for the carbazole derivatives. The
compound HCB—CNO with butyl at the R2 position
possesses the largest quantum yield (0.485) in all investigated
compounds. In addition, the cationic pyridinium moiety not
only is the mitochondria-targeted functional group but also
plays an important role in geometry relaxation, affecting the
optical properties of a compound. As for the fluorescent “off—
on” effect, we can conclude that the enhancement of both the
electric transition dipole moment and the adiabatic energy
between two states of the product as well as the suppression of
both the C—N bond stretching and the side-chain bending
motions in the low frequency region results in the increased
quantum yield after addition of ClIO™. It is more important that
we clarify the fluorescent quenching mechanism of the probe
containing hydroxyl oxime is not from the isomerization of the
unabridged C=N bond but is a connection with the increase of
both the stretching mode vibration of oxime and the low-
frequency motions of the side-chains for all studied reactants
for the first time.

Moreover, the effect of introducing electron-donors and
-acceptors at R1 positions was studied on OPA and TPA
properties. The strong electron-donating groups at the R1
position can lead to pronounced red-shifts of the absorption
spectra and a significant increase of TPA cross sections,
especially compounds MSOC—CNO (677 GM, 824 nm) and
MSNC—CNO (906 GM, 843 nm), which is associated with the
large difference of electronic dipole moment between the
ground and excited states. However, the molecule MVPC—
CNO with a 1-methyl-4-vinylpyridium substituent at the RI1
position is not suitable for two-photon fluorescent sensor
materials, because of a large geometry change, though it
possesses a remarkable TPA cross section (1070 GM, 687 nm).
In addition, the proper alkyl chain length is a critical factor for
designing high efficiency fluorescent two-photon probes in
organisms. A new two-photon fluorescent probe candidate is
suggested for detecting hypochlorite in mitochondria and
demonstrated the designed compound HCB—CNO displays
exceptional optical properties, such as the larger TPA cross
section (467 GM) and higher fluorescence quantum yield
(0.485), compared with those for experimental molecules. We
hope that these results will provide an effective way to design
and synthesize a hypochlorite probe with good TP fluorescence
behavior based on the carbazole backbone.
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