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Abstract. Our density functional theory (DFT)/time-dependent DFT (TDDFT) calcu-
lations for the sensing mechanism of a series of sulfoxide based metal-responsive fluo-
rescent chemosensors, suggested that the intramolecular charge transfer (ICT) is not a
reasonable mechanism for these chemosensors. The calculated electronic transition en-
ergies, the corresponding oscillator strengths of these chemosensors and the involving
frontier molecular orbital analysis indicated that there is no obviously ICT state with
a transition oscillator strength approaching to zero. The fluorescence quenching of
these chemosensors cannot be explained by ICT process. The ground state optimized
structures of chemosensors and their complexes indicated that there might be twisted
excited configuration for these chemosensors and the twisted excited state configura-
tion may response for the fluorescence quenching. The configuration change can be
blocked in the Zn complex that is responsible for these complexes showing fluores-
cence emission enhancement. In order to understand the function of the sulfoxides
group in these metal-responsive fluorescent chemosensors, excited state configuration
optimization as well as the excited state hydrogen bond effect on the fluorescence en-
hancement in the aqueous solvent will be conducted.
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1 Introduction

Metal ions play important roles in fundamental life processes, such as catalysis, metabolism,
biomineralization, osmotic regulation, signaling and so on [1]. Heavy metal ions pol-
lution is a serious problem in some districts of the world. The released heavy metal
ions from industrial waste have already polluted the water sources (groundwater, lakes,
streams and rivers) in some part of the world. Hence quantitatively metal ions detection
is important for understanding life processes, human health and environmental protec-
tions [1-2]. Fluorescent chemosensor for metal ion detection has attracted broad attention
due to its easy operation, low cost and high sensitivity [1-2]. A large number of fluores-
cent chemosensors have a good performance for detecting metal ions have been reported
[1-3]. Most of reported organic fluorescent chemosensors, which are based on coordina-
tion interaction between metal ions, contain nitrogen atoms which act as coordination
binding atoms for metal ions [1-4]. This sort of fluorescent chemosensors are acid sensi-
tivity and depend on the fluorescence response on nitrogen coordination chemistry [4].
These limitations can influence the performance of the fluorescent chemosensors for de-
tecting metal ions.

Recently, Kathayat and coworker developed series of metal-responsive fluorescent
chemosensors (as shown in Scheme 1, PS1-PS8) by utilizing sulfoxides as reporting func-
tional groups [4]. These sulfoxide based fluorescent chemosensors PS1-PS8 show low
fluorescence quantum yield [4]. They proposed that the fluorescence quenching phe-
nomenon is ascribed to intramolecular charge transfer (ICT) from the sulfoxide to the
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Scheme. 1: Structures of compounds PS1-PS8.
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aryl [4]. They found that these fluorescent chemosensors exhibit enhanced emission upon
metal binding due to the bound metal ions restrain the ICT process [4]. However, these
experimental explorations provide only indirect information on the ICT process and the
geometries of the studied chemosensors. Density functional theory (DFT) is a useful
method to look insight into the molecular configuration [5-6]. The DFT/time-dependent
functional theory (TDDFT) method has been widely used to study ICT [7-8]. excited
state proton transfer (ESPT) [9-11], photo-induced electron transfer (PET) processes [12-
13], and DFT/TDDFT method has been proven effective in studying ICT, ESPT, PET,
and other sensing mechanisms of fluorescent chemosensors [7-18]. In order to give a
clear and detailed picture of the sensing mechanism of these sulfoxide based fluorescent
chemosensors, we conducted a theoretical study by employing the DFT/TDDFT method
to investigate both the ground and the excited states of these molecules relevant to the
sensing process. We optimized the ground state structures of these fluorescent sensors
and relevant metal ion coordinated complexes. We presented and analyzed the fron-
tier molecular orbitals, electronic transition energies, oscillator strengths for the involved
molecular structures.

2 Theoretical methods

In this contribution, all calculations presented were accomplished using the DFT/TDDFT
method with the Austin-Frisch-Petersson functional with dispersion APFD [19] and TZVP
basis set [20-21] by Gaussian 09 program [22]. Considering that the experiments were
conducted in acetonitrile (MeCN, CH3CN) solvent, in all calculations solvent effects were
included using the integral equation formalism (IEF) [23-24] version of polarizable con-
tinuum model (PCM) [25-26] with the dielectric constant of MeCN (e=35.7).For the ground
state (Sp) structures, we optimized these structures without constrain. At the optimized
structures, vibrational frequencies were analyzed to confirm the structures were at the
minimacorresponding to the local minimal on the Sy state. Vertical excitation energies
calculations were performed from the ground optimized structure using TDDFT/APFD/
TZVP method with IEF-PCM (MeCN, £=35.7).

3 Results and discussion

3.1 Optimised ground state structures compounds PS1-PS8

The optimized ground state geometries of PS1-PS8 are shown in Fig. 1 and the important
bond length, bond angle, and dihedral angle are listed in Table 1. The sulfoxide moiety
is not coplanar with the pyrenyl moiety in these compounds, since the dihedral angle
C1-C3-5-0Oq is not approach to zero degree. The dihedral angle C;-C,-5-O; in PS1-PS8 is
21.5°,22.1°,22.7°,9.6°, 8.8°,9.5°,-5.3°, and -9.2°, respectively. The dihedral angle C;-C;-
S-Oq can be influenced by R group (as shown in Scheme 1). When the R group contains
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Table 1: Calculated important bond lengths (in A) and bond angles (in degree) for the fully optimized structure

of PS1-PS8 and their zinc complexes (PS1Zn-PS8Zn) in ground state (Sp).

PS1 [PS1Zn| PS2 |PS2Zn| PS3 [PS3Zn| PS4 [PS4Zn| PS5 [PS5Zn| PS6 [PS6Zn| PS7 [PS7Zn| PS8 |PS8Zn|
Zn-O! - 201 | - 202 - |201| - [200| - |200| - [201| - |203]| - |204
S-O! 1.53| 1.57 |1.53| 1.56 |1.52| 1.55 [1.53| 1.56 | 1.53 | 1.56 |1.53| 1.56 | 1.53 | 1.56 |1.53| 1.56
C?2s 1.82| 1.79 |1.82| 1.79 |1.82| 1.79 |1.82| 1.79 | 1.82 | 1.80 |1.82| 1.79 | 1.82 | 1.79 |1.82| 1.80
s-C8 1.82| 1.81 |1.81| 1.80 |1.82| 1.81 |1.82| 1.81 | 1.83 | 1.83 [1.83| 1.83 | 1.84 | 1.82 [1.83| 1.82
Cl-C2S [116.6/113.5[116.8 112.2 [116.6 111.8 [116.8 112.7 |116.8| 112.0 [116.8 118.2 [120.4| 120.0 [116.9 118.2
C2-5-C® [95.5/101.2{96.1|102.4|95.1|102.2|96.5/100.9 | 95.9 | 101.1 [91.0{100.1 | 92.5 | 100.8 [95.8| 99.1

Cl-C2-5-0'|21.5(127.5|22.1|117.5|22.7|115.1 | 9.6 | 134.1| 8.8 |130.1| 9.5 | 143.6| -5.3 | -47.1 |-9.2 | -18.2

C'-C2-5-C3 |-87.0|-124.2|-86.5(-132.4|-85.4|-133.7|-99.1|-113.7|-100.1|-116.8|-98.5|-105.1{ 103.9| 62.3 {99.1| 88.1

C!-C2-C3-C% 6.6 |155.5| 7.8 |145.9(11.8|145.6| - | - |105.6| 79.4 |95.8| 46.9 [121.8-140.5|-89.6| -97.5

alkane, the dihedral angle C;-C,-5-O; is decreased. This is due to the flexibility of alkane
and induce the sulfoxide moiety tend to be coplanar with pyrenyl moiety. As listed in
Table 1, the bond angles C,-5-C3 are approach to 90° and dihedral angles C;-C>-5-C3 are
approach to £90°, this indicates that the R group is perpendicular to the pyrenyl plane.

As described in Ref 4 the fluorescence is enhanced with the adding of some kinds of
metal ions, especially for Zn?* most of these compounds show an enhanced fluorescence
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Figure 1: Views of the optimized Sy structures for compounds PS1-PS8 at the DFT/APFD/TZVP calculation
level.Gray: C; white: H; red: O; blue: N; green: F; yellow: S.
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The added ZnCl, leads to the fluorescence emission enhancement of fluorescent
chemosensors PS4-PS8. In order to look insight into the interaction between the added
ZnCl, and these chemonsensors, we optimized the ground state structures of the complex
between ZnCl, and PS1-PS8, as shown in Fig. 2. The important bond length, bond an-
gle, and dihedral angle are listed in Table 1, as a comparison with those in chemosensors
PS1-PS8. In these complexes (PS1Zn-PS8Zn) the coordination bonds between zinc atom
and oxygen atom are close to 2A, these are strong coordination bonds, and as a result
the 5-O bonds are elongated. The C>-S and C3-S bonds in these complexes are short-
ened compared to that in PS1-PS8. This indicates that the C-S bond tent to have double
bond property in these complexes, and it will increase the conjugation degree of these
complexes. The increased conjugation degree can induce the red-shift of absorption and
fluorescence emission spectra, which can be observed from the red-shifted fluorescence
spectra in Ref 4. As a consequence of the increased conjugation degree the complexes
show enhanced fluorescence emission compared with PS1-PS8. The perpendicular con-
figuration between R group and pyrenyl plane is broken in these complexes, which can
be observed from the changed value of the bond angles C2-S-C3 (approach to 90° in PS1-
PS8, approach to 100° in PS1Zn-PS8Zn) and the dihedral angles C;-C,-5-C3 C;-C2-5-Oq
and C;-C-C3-Cy as listed in Table 1 and shown in Fig. 2. The broken perpendicular
configuration between R group and pyrenyl plane can further increase the conjugation
degree.
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Figure 2: Views of the optimized Sy structures for complexes PS1Zn-PS8Zn at the DFT/APFD/TZVP calcu-
lation level.Gray: C; white: H; red: O; blue: N; green: F; yellow: S; dark blue: Zn; purple: CI.
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Table 2:  Comparison of experimental and calculated absorbance band for PS1-PS8 at the TD-
DFT/APFD/TZVP level.

Theoretical data Experimental data
Electronic transition® Energy (nm/eV) f’ Contrib.” CIY Absorbance band (nm)°
PS1 Sp—5S; 352(3.52) 05084 H—L 094 ~353
PS2 Sy—5S; 352(3.53) 05422 H—L 0% ~ 352
PS3 Sy—5; 355(3.49) 04913 H—L 0% ~353
PS4 Sy—5S; 350(3.54) 04694 H—L 093 ~349
PS5 Sy—5; 351(3.53) 04794 H-—L 093 ~ 351
PS6 Sy—5S; 354(3.50) 0.4093 H—L 0% ~351
PS7 So—51 382(3.25) 0.0412 H—L 0% ~ 351
So =S 351(3.53) 0.3696 H-1—L 0.89
PS8 Sp—5; 352(3.52) 0.5083 H—L 093 ~351

? Only the selected low-lying excited states are presented.

b Oscillator strength.

¢ Only the main configurations are presented; H, HOMO (highest occupied molecular orbital) and L, LUMO
(lowest unoccupied molecular orbital).

4 The CI coefficients are in absolute values.

¢ The experimental absorbance band taken from Ref 4.

3.2 UV-Vis absorption spectra and molecular orbital analysis

We calculated the electronic transition energies and the corresponding oscillator strengths
of these chemosensors (PS1-PS8) and their zinc complexes (PS1Zn-PS8Zn) using TDDFT /
APDEF/TZVP method according to the above optimized geometries. The calculated elec-
tronic transition energies and the corresponding oscillator strengths (f) of the low-lying
singlet excited states are listed in Table 2 (for PS1-PS8) and Table 3 (for PS1Zn-PS8Zn).
The calculated excited state transition energies of PS1-PS8 are close to 350nm which is
agree well with the absorption spectra in the experimental results [4]. This indicates that
the calculation method we adopted is reliable. Fig. 3 displays the calculated frontier
molecular orbitals and the corresponding orbital energies for these chemosensor forms
[see Fig.3 (a)] and these complex forms [see Fig.3 (b)]. For both chemosensor forms and
complex forms, the first singlet transition (Sp —S;) is assigned to HOMO—LUMO, and
the corresponding orbitals with 77-type symmetry are mainly localized on the pyrenyl
moiety. There is an exception for PS7 and PS7Zn, the first singlet transition (Sp —+S;) and
the second singlet transition (S5o—S,) are corresponding to HOMO—LUMO and HOMO-
1—+LUMO, respectively. The two lowest singlet transitions of PS7 and PS7Zn possess
ICT character, the electron density is distributed at crown-ether and pyrenyl moiety for
HOMO and HOMO-1 orbitals, in LUMO orbital the electron density is located on the
pyrenyl moiety. Hence one can see that for PS1-PS6 and PS8, the first excited state is local
excited state without distinct ICT character. For PS7, the first and second excited state
have ICT character, while the Zn complex PS7Zn shows ICT character in the first and
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Table 3: Comparison of experimental and calculated absorbance band for PS1Zn-PS8Zn complexes at the
TD-DFT/APFD/TZVP level.

Electronic transition” Energy (nm/eV) f°  Contrib.c Cr
PS1Zn Sp—5¢ 365(3.40) 0.4458 H—L 0.95
PS27Zn Sp—S4 365(3.39) 04391 H—L 0.94
PS3Zn Sp—54 367(3.38) 04413 H—L 0.95
PS4Zn Sp—5q 359(3.45) 04618 H—L 0.95
PS5Zn Sp—54 359(3.46) 0.4851 H—L 0.95
PS6Zn Sp—54 358(3.47) 0.3071 H—L 0.83
PS7Zn Sp—5q 380(3.26) 0.0763 H—L 0.92

So—52 354(3.51) 04291 H-1-L 0.85
PS8Zn Sp—54 352(3.52) 0.5708 H—L 0.93

? Only the selected low-lying excited states are presented.

b Oscillator strength.

¢ Only the main configurations are presented; H, HOMO (highest occupied molecular orbital) and L, LUMO
(lowest unoccupied molecular orbital).

4 The CI coefficients are in absolute values.
second excited state as well.

For ICT induced fluorescence quenching, the first excited state (S;) should be charge
separate state or show ICT character, and the corresponding transition oscillator strength
should be approached to zero [12-27]. As listed in Tables 2, the corresponding oscillator
strengths for the electronic transitions of PS1-PS8 are not approach to zero. Even for PS7
the first singlet transition has ICT character, but the oscillator strength is f=0.0412. On
the other hand, the first excited state of the Zn complex (PS7Zn) shows ICT character as
well. Based on the calculation results it is not reasonable to propose that the ICT induce
fluorescence quenching of PS1-PS8. The R group in PS1-PS8 is connected with pyrenyl
moiety by two single bonds (C,-S and S-C3) which may rotate in the excited state, and
the twisting process can induce the fluorescence quenching [28-29]. As we mentioned
above, in the Zn complexes the bond lengths of C,-S and S-C3 are shortened, which will
have double bond properties. This can increase the conjugation degree of the complexes
and hinder the rotation motion of the R group. The increased conjugation degree and
blocked rotation motion may decrease the non-irradiative process of the excited state,
and enhance fluorescence emission.

4 Conclusion

This study investigated the sensing mechanism of a series of metal-responsive fluores-
cent chemosensors by employing the DFT/TDDFT method. The optimized ground state
structures of these chemosensors (PS1-PS8) and their zinc complexes (PS1Zn-PS8Zn)
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Figure 3: The calculated frontier molecular orbitals involved in the excited state transitions HOMO and LUMO

for PS1-PS6 and PS8, PS1Zn-PS6Zn and PS8Zn, HOMO-1, HOMO and LUMO for PS7 and PS7Zn at
DFT/APFD/TZVP level.

have been obtained. The optimized ground state structures indicate the sulfoxides can
work as a reporting functional groups, which can interact with ZnCl, and form a coor-
dination complex, this is accordance with the experimental design. We calculated elec-
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tronic transition energies and corresponding oscillator strengths of these chemosensors
and their zinc complexes by using TDDFT method. In the theoretical results there is no
obviously ICT state with transition oscillator strength approaching to zero. This indicates
that the proposed ICT mechanism induced fluorescence quenching is not reasonable for
these chemosensors. The R group of these chemosensors may rotate in the excited state
and there might be twisted excited state configurations, which can lead to the enhanced
non-irradiative process and induce fluorescence quenching. The added ZnCl, can coor-
dinate with the sulfoxides group and block the rotation of the R group in the excited state,
as a consequence these complexes show fluorescence emission enhancement. Additional
excited state configuration optimization of these chemosenors and their Zn complexes
as well as the excited state hydrogen bond effect on the fluorescence enhancement in
the aqueous solvent will be conducted in the future to understand the function of the
sulfoxides group in these metal-responsive fluorescent chemosensors.
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