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Abstract. The density functional theory and time-dependent density functional theory
methods were used for the investigation of the excitation and emission properties of some
fluorophores. The calculations were based on the optimized geometries of ground states and
excited states at the B3LYP functional and LanL2DZ basis set. The results clarified the
nature of the optical properties of the compounds and agreed well with experimental data.
The calculated values of excitation energies and emission energies of the compounds were
higher than the experimental values. These large errors occurred when there were great
variations between the optimized geometries of the ground state and excited states. They
could be due to the presence of components of solvent in a real solution that stabilized the
excited states, leading to reduce the excitation and emission energies in the experiments.
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1 Introduction

Fluorescence compounds are often referred to as fluorophores. Their molecules typically
contain a m-electron conjugated system, including aromatic groups [1]. They can be excited
by the absorption of a photon and return to the ground state with an emission of
fluorescence [2].

Fluorophores play an important role in many fields. They are used as an analytical
tool to determine the concentrations of various species. The fluorescent analysis method has
been attracting the attention of scientists. This is due to the fact that it is often sensitive to
the analytes and easy to carry out. Especially, it can be used to monitor the substances in
living cells [3, 4]. Fluorescence is also used as a powerful tool in biochemistry and
biotechnology fields. It is used for studying the structure and dynamics of matter or living
systems at a molecular or supramolecular level [5]. Besides, fluorescence is used as a
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research tool in many fields of medical sciences. It is a promising diagnostic technique with
a high sensitivity and selectivity for microorganisms-associated diseases diagnosis such as
bacteria, viruses, fungi and parasites [6].

The investigation of the absorption and emission properties of a fluorophore is very
important and necessary to study its applications. Currently, this process is mainly based
on experimental investigations, usually requires to use a lot of chemicals, and not always
successful. Meanwhile, the quantum chemical calculation can predict many important
physical and chemical properties of biological and chemical systems [7-10]. However, the
calculation-based investigations of the absorption and emission properties of fluorophores
have been rarely reported [6].

Herein, we present the investigation of the excitation and emission properties of some
fluorophores (Fig. 1) by using the time-dependent density functional theory (TD-DFT). In
particular, this study is based on the calculations from the optimized geometry of the
ground state and the electronically excited states. The results showed that the calculations
agreed well with the previously published experimental data, and the TD-DFT method
could be used well for the investigation of the optical properties of fluorophores.

2 Computational methodology

The quantum chemical calculations were performed using the Gaussian 09 program package
[11]. The density functional theory (DFT) was used for the calculations of the optimization
geometries and single point energies of the compounds at the So ground state (GS). Meanwhile,
the optimization geometries and single point energies of the compounds at the singlet excited
states (EES), such as Si, Sz, were carried out by using the time-dependent density functional
theory [3, 12, 13]. The time-dependent density functional theory was also used to investigate the
excitation and emission properties based on the optimized geometries of GS and EES. The
difference between the energy of the Si state (or the Sz state) and the So state at the GS optimized
geometry (RGS) was considered to be the vertical absorption energy from So to Si (or So to S2).
Meanwhile, the vertical fluorescence energy from Si to So (or Sz to So) was obtained from the
difference between the energy of the S: state (or the S: state) and the So state at the EES
optimized geometry (RFES) [14, 15]. All calculations were performed at the B3LYP/LanL2DZ
level theory [16, 17].

3 Results and discussion

31 Optimized geometries of the ground and electronically excited states

The optimized geometries GS and EES of molecular structures (I), (II), (III), (IV) and (V) are
presented in Fig .2, Fig. 3, Fig. 4, Fig. 5, and Fig. 6.
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For structure (I), the calculated results showed that there was no significant difference
between the optimized geometries of So, S1 and Sz, except some bonds of the O11, C2, C1 and C6
atoms. The O11-C2 bond lengths in So and S1 were 1.25 and 1.27 A, respectively, equivalent to
the length of the O=C double bond (1.26 A). Meanwhile, the O11-C2 bond length in S2 was 1.39
A, equivalent to the length of the O-C single bond (1.43 A). The C1-C2 bond lengths in So and Si
were 1.44 and 1.42 A, respectively, equivalent to the length of the C—C bond in benzene (1.40 A).
Meanwhile, the C1-C2 bond length in S2 was 1.37 A, equivalent to the length of the C=C double
bond (1.36 A). The C1-C6 bond length in So was 1.38 A, equivalent to the length of the C=C
double bond (1.36 A). Meanwhile, the C1-C6 bond lengths in S1 and S2 were 1.42 and 1.46 A,
respectively, equivalent to the length of the C—C bond in benzene (1.40 A).

For structure (II), the calculated results also showed that there was no significant
difference between the optimized geometries of So, S1 and Sz, except some bonds of the C1, C2,
C4, C5 and C6 atoms. The lengths of the C1-C2 bond in So, C5-C6 bond in So, C4-C5 bonds in S1
and So were 1.45-1.46 A, slightly longer than that of the C—C bond in benzene (1.40 A). The
lengths of the C1-C2 bonds in S1 and Sz, C1-C6 bonds in S1 and Sz, C5-C6 bonds in Si and Sz
were 1.42-1.43 A, equivalent to the length of the C-C bond in benzene (1.40 A). Meanwhile, the
C1-C6 bond length in S1 was 1.38 A, equivalent to the length of the C=C double bond (1.36 A).

There were significant differences in the optimized geometries of the So, S1 and S: states of
structures (III), (IV), and (V). For structure (III), the coumarin moiety and acryloxy moiety were
almost in the same plane in the So state, but they were almost in two planes perpendicular to
each other in the Si, Sz states. The O15-C14—-C8-C9 dihedral angles in the Si, Sz states were 69.8°
and 61.4°, while this dihedral angle was 0.0° in the So state. By contrast, for structures (IV) and
(V), the coumarin moiety and acryloxy moiety were almost in the same plane in the S: state, but
they were almost in two planes perpendicular to each other in the So, S1 states. The O15-C14-
C8-C9 dihedral angles in the So, S1 states of structures (IV) and (V) were —47.1° -64.1° and -
49.4°; —43.3°, respectively; while these dihedral angles were —1.9° and -3.6° in the S: states of
structures (IV) and (V), respectively. The dihedral angle twisting might cause the abnormal
fluorescent characteristics in structures (III), (IV) and (V).
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Fig. 1. Molecular structures
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Fig. 3. GS and EES optimized geometries of (II)
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Fig. 6. GS and EES optimized geometries of (V)

3.2  Excitation and emission properties

The energy of the excitation and emission processes of structures (I), (II), (IlI), (IV), and (V) were
calculated using the TD-DFT method, and their diagrams are presented in Fig. 7 to Fig. 11.

For structures (I), the calculated results showed that the So—5:1 transition (process (1) in
Fig. 7) was the main singlet electronic transition from the ground state to the excited states with
an oscillator strength (f) of 0.4198, much stronger than that of the So—5: transition (process (2) in
Fig. 7) and other transitions. The So—5:1 transition was contributed by the orbital transition from
HOMO to LUMO with a percentage contribution of 96.9%. The calculated results of the
difference between the energy of the Si state and the So state at RS (in water solution) showed
that the vertical excitation energy of So—5: transition was 3.58 eV. According to the previously
published experimental data, the excitation energy of (I) in the water solution was 3.65 eV [18].
The results showed that the calculations agreed well with experiments. For the de-excitation
processes, the value of oscillator strength (f) of the S1—So transition at REES® (process (5) in Fig.
7) was very high (0.4579). However, the geometry of the Si state at REFSS2 was not optimized
yet. It quickly goes to the optimized geometry at REESSD. Therefore, the S1—So transition at
REES®) was almost non-existent. The value of oscillator strength (f) of the S1—So transition at
REESSD (process (3) in Fig. 7) was 0.4158, much larger than that of the remaining transitions. This
is the main singlet electronic transition from EES to GS at RFESSD and contributed by the orbital
transition from LUMO to HOMO with a percentage contribution of 97.1%. The calculated
fluorescence energy of the S1—So transition in the water solution was obtained from the
difference between the energy of the Si state and the So state at REFSSD (process (3) in Fig. 7). It
was 3.38 eV, while the previously published experimental value was 2.83 eV [18]. There was a
difference of ca. 0.55 eV between the calculated fluorescent energy and the experimental
fluorescent energy.

The calculated results from structure (II) were completely similar to those from structure
(I). The So—S1 transition (process (1) in Fig. 8) was a main singlet electronic transition from GS
to EES and mainly contributed by the orbital transition from HOMO to LUMO with a
percentage contribution of 95.6%. The calculated vertical excitation energy of the So—S:
transition (in the methanol solution) was 4.02 eV, a difference of about 0.56 eV compared with
the previously published experimental data [19]. The S1—So transition at REESSD (process (3) in
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Fig. 8) was a main singlet electronic transition from EES to GS and contributed by the
LUMO—HOMO transition with a percentage contribution of 96.6%. The calculated fluorescence
energy of the S1—So transition (in the methanol solution) was 2.64 eV, a difference of about 0.60

eV compared with the previously published experimental data [20].
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For structure (III), the So—51 transition (process (1) in Fig. 9) was a main singlet electronic
transition from GS to EES and mainly contributed by the HOMO—LUMO transition with a
percentage contribution of 96.21%. The calculated vertical excitation energy of the So—5i
transition (in the ethanol solution) was 3.86 eV and agreed well with the previously published
data that the excitation energy of (III) in the water solution was 3.87 eV [3]. For the de-excitation
processes, the values of oscillator strength (f) of the S1—So transition and the S2—So transition at
REESSD (process (5) and (6) in Fig. 9) were very small (0.0006 and 0.0041). In addition, the lack of
overlapping between the two MOs in each transition made these transitions strongly forbidden.
The values of oscillator strength (f) of the S1—So transition and the S:—So transition at REES®S2)
(process (3) and (4) in Fig. 9) were larger (0.0137 and 0.0152). In addition, there was an
overlapping of the MOs in these transitions. These results showed that the S1—So transition and
the S5:—So transition at REFSS2) occur in structure (III). The calculated fluorescence energies of
these transitions (in ethanol solution) were 3.49 and 3.64 eV, a difference of about 0.74 and 0.34
eV compared with the previously published data. The small values of oscillator strength (f) of
the S51—5o transition and the S2—So transition at RFESS2 agreed well with the weak fluorescence
intensity of structure (III) in the experiments [3].

For structure (IV), the So—S: transition (process (2) in Fig. 10) was a main singlet
electronic transition from GS to EES and mainly contributed by the HOMO-1—-LUMO
transition with a percentage contribution of 89.17%. The calculated vertical excitation energy of
the So—S: transition (in the ethanol solution) was 4.12 eV, a difference of about 0.25 eV
compared with the previously published data [3]. The values of oscillator strength (f) of the
S51—So transitions at REESS2 and REESSD (process (3) and (5) in Fig. 10) were very small (0.0017 and
0.0000). In addition, the lack of overlapping between the two MOs in each transition made these
transitions strongly forbidden. The values of oscillator strength (f) of the Se—So transitions at
REESS2) and REESSD (process (4) and (6) in Fig. 10) were very large (0.5156 and 0.3777). In addition,
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there was an overlapping of the MOs in these transitions. These results showed that the S2—5o
transitions at RFESS and REESSD occurred in structure (III). The calculated fluorescence energies
of these transitions (in the ethanol solution) were 3.64 and 3.82 eV, a difference of about 0.89
and 0.51 eV compared with the previously published data. The value of oscillator strength (f) of
the S>—So transition at RFES®2 was larger than that at RFESSD. In addition, the geometry of the S2
state at REFSSD was not optimized yet. It quickly goes to the optimized geometry at RFES2). This
is why the fluorescence intensity at a long wavelength was much stronger than that at a short

wavelength in the experiments [3].
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The calculated results from structures (V) were completely similar to those from structure
(IV). The So—S: transition (process (2) in Fig. 11) was a main singlet electronic transition from
GS to EES. The calculated vertical excitation energy of the So—S: transition (in the ethanol
solution) was 4.13 eV, a difference of about 0.26 eV compared with the previously published
data [3]. The S1—So transitions at RFESE» and RFESSD (process (3) and (5) in Fig. 11) were strongly
forbidden. The S:—So transitions at RFFSS2 and REESG) were main singlet electronic transitions
from EES to GS. The calculated fluorescence energies of these transitions (in the ethanol solution)
were 3.64 and 3.80 eV, a difference of about 0.89 and 0.50 eV compared with the previously
published data [3]. The cause of the fluorescence intensity of structure (V) at a long wavelength
being much stronger than that at a short wavelength was also explained in a similar way for
structure (IV).

For structures (III), (IV) and (V), the calculated results indicated that the fluorescence
occurred from the higher-electronic excited state (Sz) instead of occurring from the lowest-
electronic excited state (S1) as in other common cases. This is one of the exceptions from
Kasha's rule. In this case, the energy gap between S: and Si1 was small; the oscillator
strength of the So—5: transition was large, but the oscillator strength of the So—51 transition
was small. These factors caused a long lifetime of the Si state. As a result, the fluorescence
occurred from the S: state [21]. The fluorescence from the Sz state could also be explained
from the optimized geometries of the So, Si, Sz states of structures (III), (IV) and (V). The
dihedral angle twisting between the coumarin and acryloxy moieties in structure (III) at
REESGSD and REESGS2), structure (IV) and (V) at REESSD made the m-electron conjugated system
broken, leading to the strong separation of electron density between the coumarin and
acryloxy moieties. As a result, the lack of overlapping between two MOs in each transition
made the S1i—So and S2—So transitions in structure (III), the S1—So transition in the structure
(IV) and (V) forbidden or negligible. Meanwhile, the coumarin moiety and acryloxy moiety
in structure (IV) and (V) at REESS2 were coplanar. This is the favourable factor for
overlapping between two MOs in the S2—So transitions in structure (IV) and (V). As a result,
the fluorescence emission was from the Sz excited state.

4 Conclusions

The DFT and TD-DFT methods with the B3LYP functional and LanL2DZ basis set were
used for the investigation of the excitation and emission properties of some fluorophores
with reliable results. In general, the optical properties had a good agreement between
experiments and calculations, except for the absolute values of energies. The calculated
energies were often larger than the experimental ones. This large deviation occurred when
there were great variations between the optimized geometries of the ground state and the
excited states, such as in structures (III), (IV) and (V). They could be due to the presence of
the solvent components in a real solution that stabilized the excited states, leading to reduce
the excitation and emission energies in the experiments. These differences could be reduced
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in subsequent studies by looking for another level of theory that is more appropriate than
the B3LYP/LanL2DZ level of theory.
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