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Electronic structure and photophysical properties of 2-(N,N-diethylanilin-4-yl)-4,6-bis(3,5-dimethylpyrazol1-yl)-1,3,5-triazine are studied theoretically with quantum chemical methods as well as 2D site and 3D
cube representations. The theoretical results reveal that the first excited state is an intramolecular charge
transfer excited state. The change in dipole moment for the first excited state of the excitation is fitted,
and the calculated result the change in dipole moment ∆µ=6.40 D is consistent with the experimental result
∆µ=6.90 D. The polarizability is also fitted. The large changes in dipole moment and the polarizability
of the excitation show that S1 is of large nonlinear optical (NLO) effect. The NLO will promote efficient
two-photon-absorption cross sections. The excited state properties of dpbt with different external electronic
fields are also discussed theoretically.
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I. INTRODUCTION

Electron transfer transitions are the least-known
type of transition in metal complexes, especially in
comparison with the well-studied ligand-to-metal and
metal-to-ligand charge transfer transitions. Whereas
the poor absorptivity of lanthanide ions owing to the
parity-forbidden nature of the inner-shell f-f transition is readily overcome by the introduction of chelating chromophores with large extinction coefficients, it
has long been a challenge to extend the wavelength
range of photosensitization which is inherently hampered by the restriction of ligand-to-metal excitation
energy transfer (EET) from the triplet excited state of
the ligand [1]. The visible light sensitized high-purity
red emission luminescence of europium(III) coordinate
complexes has been directly observed by efficient excitation energy transfer (EET) from the lowest singlet excited state (S1 ) of 2-(N,N-diethylanilin-4-yl)-4,6bis(3,5-dimethylpyrazol-1-yl)-1,3,5-triazine (dpbt, see
Fig.1) to the Eu(III) center [2], which extends the wavelength range of photosensitization for lanthanide(III)
coordination complexes that are restricted by the
ligand-to metal EET from the triplet excited state of
the ligand [3,4].

FIG. 1 Chemical structure of the ligand dpbt.

and better quality bioimaging and for other biochemical applications. dpbt, as an important ligand in the
Eu(tta)3 dpbt, has been studied experimentally [2,5],
and the spectroscopic behavior reflects the intramolecular charge transfer (ICT) character of the S1 state,
which shows a significant change in the static dipole
moment (large transition dipole moment). These characteristics suggest a significant contribution of this state
to the process of two-photon absorption.
In this work, the excited state properties of dpbt
without an external electronic field are studied with
quantum chemical methods as well as 2-dimensional
(2D) site representation of transition density matrix
[6-10], and 3-dimensional (3D) cube representation of
transition density and charge difference density [8-15].
The 2D site representation shows electron-hole coherence in the excitation. The 3D representation shows

As a further experimental study, efficient two-photonsensitized luminescence of that Eu(III) complex has also
been reported by Zhang and co-workers [5]. These advantages of high-purity red emission and the efficient
two-photon sensitization pointed to a new direction for
the synthesis of luminescent biolabels for less harmful
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TABLE I The experimental and calculated transition energy and oscillator strength (in parentheses) of S1 in absorption
and fluorescence
Value
Absorption/nm
Fluorescence/nm
∆µ/D
∆µ/D
∆α/a.u.
Experimental
368
375
6.9
−
−
Gaussian 03
347 (0.85)
396
−
6.4
4.04
Turbomole 5.71
338(0.78)
−
−
−
−

the orientation and strength of transition dipole moment by transition density, and orientation and results
of intramolecular charge transfer by charge difference
density. The changes in the dipole moment and polarizability of S1 in the excitation are obtained by considering external electric fields [16,17]. The fitted theoretical results show large nonlinear optical (NLO) effect
for dpbt in the excitation. Since external electric fields
have been applied to study the fluorescence property of
conjugated oligomers [18], the excited state properties
of dpbt with external electric field are also studied with
2D and 3D representations, and the results show that
with the increase of the external electric field strengths,
the ICT will also be increased.
II. METHODS

The geometrical optimization of dpbt at the ground
state was performed with density functional theory
(DFT) using the B3LYP functional [19,20] and 631G basis set. The molecular geometry of the lowest excited state was optimized at the configuration
interaction singles (CIS)/STO-3G level [21].
The
transition energies and oscillator strengths were calculated with time-dependent density functional theory (TD-DFT) [22], using the B3LYP functional
and 6-31G basis set.
At the excited-state optimal geometry, the transition frequency and oscillator
strength corresponds to the vertical fluorescence process [23-25]. Absorption and fluorescence points were
treated at the TD-B3LYP/6-31G//DFT-B3LYP/6-31G
and TD-B3LYP/6-31G//CIS/STO-3G levels, respectively, in conventional quantum-chemical notation “single point//optimization level” [23-25]. The changes in
dipole moment (µeg =∆µ=µee −µgg ), and the polarizability and hyperpolarizability in the excitation are fitted [16,17,26] by
1
Eexc (F ) = Eexc (0) − ∆µF − ∆αF 2
2

(1)

where Eexc (0) is the excitation energy at zero field, ∆µ
is the change in dipole moment, ∆α is the change in
polarizability, and F is the external electric field. The
above calculations were done with the Gaussian 03 suite
[27].
For comparative reasons, the quantum chemical calculations were also done with the Turbomole suite [28].
The geometrical optimization of dpbt at the ground
state was performed with density functional theory
ISSN 1003-7713/DOI:10.1360/cjcp2007.20(1).59.6

(DFT) using the B3LYP Gaussian functional [29] and
SV(P) basis set [30]. The transition energies and oscillator strengths were calculated with TD-DFT, using
the same functional and basis set.
The excited state properties with and without external electronic fields were analyzed with 2D and 3D
real space analysis methods. The 2D site and 3D cube
representations have been detailed in the literature [611,31-34].

III. RESULTS AND DISCUSSION

The calculated transition energy and oscillator
strength without external electronic field are listed in
Table I, and are consistent with the experimental data.
It should be noted that the polar effect in solvents is
not considered in the calculations.
From transition density, the orientation of transition
dipole moment is from ]C to ]A (see Fig.1). From the
charge difference density (CDD, see Fig.2), the electron
transfers from ] A to ]C, which indicates the occurrence
of ICT.
These excited state properties can be interpreted by
the density of HOMO and LUMO (see Fig.3), where
the density of HOMO is mainly localized at ]A and ]B,
while the density of LUMO is mainly localized at ]B
and ]C, so the electron transfers from ]A to ]C, and
the ]B is the bridge (see CDD in Fig.3), and as result
of ICT, there is only a hole at ]A, and there is only
an electron at ]C. There could be either hole or electron at ]B, since ]B is the bridge of the ICT. With
the increase of the external electric field, the gap of
HOMO-LUMO will be decreased. If the external field
strength is large enough (0.8×10−3 a.u.), the first excited state comes from the HOMO to LUMO+1, not to
LUMO, which shows much larger ICT, but the oscillator strength vanishes (see Fig.5). So, one must balance
the external electric fields (large external electric field
with large oscillator strength).
From the contour plot of the transition density matrix (see Fig.4), the electron-hole pairs are not only delocalized at ]A, ]B and ]C (along the diagonal part),
but also are excited at ]A, ]B and ]C (along the offdiagonal part). The electron-hole pairs are delocalized
at ]A, ]B and ]C, which shows that S1 is a delocalized excited state. Electron-hole pairs excited at ]A,
]B and ]C reveal that S1 is an ICT excited state, since
there is an electron-hole coherence among ]A, ]B and
c
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FIG. 2 Transition density and charge difference density without and with external electric fields (F ), where the green and
red stand for the hole and electron, respectively. For interpretation of the color in this figure legend, the reader can refer to
the web version of this article.
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FIG. 3 Energy levels and density of HOMO and LUMOs for S1 without and with external fields, where the CI main
coefficients for the transition from HOMO to LUMOs in the excitation (absorption) and for the transition from LUMO to
HOMO-1 in the emission (fluorescence) are shown.
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FIG. 4 Contour plots of the transition density matrix of dpbt. Each data point (x,y) gives the probability of finding
one charged particle on site x and the second one on site y. The color bar is shown (absolute values of matrix elements,
scaled to a maximum value of 1.0), and the electron-hole coherence increases with the increase of absolute values of matrix
elements. For interpretation of the color in this figure legend, the reader can refer to the web version of this article.

FIG. 5 Excited state properties of dpbt via external electric fields. (a) the excitation energy via external electric fields,
(b) oscillator strength via external electric fields, and (c) charge transfer (Mulliken charge distribution) via external electric
fields.
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]C. Therefore, S1 is a delocalized ICT excited state.
It is interesting to compare the excited state properties between the processes of absorption and fluorescence. From the contour plot of the transition density matrix in fluorescence (see Fig.4), the electron-hole
pairs are mainly localized at ]C, and weakly coupled
with ]B, ]C and ]D. From the charge difference density
in fluorescence (see Fig.2), the electron transfer is from
]B and ]C to ]D and ]E, which can be interpreted as the
transition from LUMO to HOMO-1 in the fluorescence
process, where the density of LUMO is mainly localized
at ]A and ]B, while the density of HOMO-1 is mainly
localized at ]C, ]D and ]E (see Fig.3). According to the
contour plot of transition density matrix in fluorescence,
the electrons at ]D and ]E mainly came from ]C, with
only a few coming from ]B. So, in the process of absorption, some electrons transfer from ]A to ]C, and ]B is
the bridge of the electron transfer. Furthermore, more
electrons will transfer to ]C, ]D and ]E in the process
of fluorescence, which will promote the electron transfer
from ligand to Eu(IIII) on the energy transfer through
charge transfer state in the Eu(tta)3 dpbt complex.
The spectroscopic behavior of dpbt reflects the intramolecular charge transfer (ICT) character of the S1
state, which shows a significant change in the static
dipole moment (large transition dipole moment). In
this work, not only the transition dipole moment but
also the changes in polarizability and hyperpolarizability are fitted by Eq.(1) considering the external
fields. The fitted change in dipole moment is ∆µ=6.4 D
(2.51 a.u.) (see Fig.5), which is consistent with experimental result 6.9 D. The change in polarizability fitted by Eq.(1) is ∆α=4.04 a.u.. Therefore, the
large changes in dipole moment and polarizability result in a large NLO effect, which promotes large twophoton-absorption cross sections, then cause efficient
two-photon-sensitized luminescence.
It is interesting to consider the excited state properties of dpbt in an external electric field, since external
electric fields have been applied to study the fluorescence property of conjugated oligomers [17]. The external electric field can cause the spectroscopy to be
red shifted or blue shifted, according to the orientation of the external electric field, which can be calculated with Eq.(1). The electric field strength dependence on excitation energies, oscillator strengths and
the charge distribution can be seen in Fig.5. With the
increase of the external electric field strength, the excitation energies and oscillator strengths decrease, while
the charge transfers from ]A and ]B to ]C, ]D and ]E
will increase. The decrease of excitation energy means
the absorption will be red shifted. The decrease of the
oscillator strength means the quantum yield of absorption decreases, and then the quantum yield of fluorescence also drops. When F ≥5×10−4 a.u., the oscillator strength almost vanishes, which means the absorption of S1 can not be observed experimentally. It can
be found that the charge transfer from ]A and ]B to
ISSN 1003-7713/DOI:10.1360/cjcp2007.20(1).59.6
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]C, ]D and ]E increases linearly with the increase of
the external electric fields, according to the distribution of Mulliken atomic charges (where atomic charges
with hydrogens have been summed into heavy atoms).
The charge in dipole moment and ICT character with
the change of the external electric fields can be seen in
Fig.2. With the increase of the external electric fields,
the dipole moment decreases, which can be described
by |µ|2 ∝f /E, where f is the oscillator strength and E
is the excitation energy in absorption [25]. With the
increase of the external electric field, the ICT character is increased. When the external electric field is large
enough (F =8×10−4 a.u.), ]B is not a bridge for electron
transfer at all, but is also a donor (see CDD in Fig.2),
since there are only holes at ]B. It should be noted
that the excitation is from HOMO to LUMO+1, not
to LUMO for the case of F =8×10−4 a.u. (see Fig.3).
From Fig.3, the external electric fields do not influence
the energy levels of LUMO, but strongly influence the
energy levels of HOMO. With the increase of external
electric fields, the energy levels of HOMO also increase,
then the energy difference between HOMO and LUMO
∆EH−L will decrease, and the excitation energy in absorption will also decrease (red shift in the spectrum).
The relationship between ∆EH−L and the excitation energy has been discussed in Ref.[25]. From the 2D site
representation for the case of F =8×10−4 a.u., there is
no localized excited state property, but the representation clearly shows an ICT character (see Fig.2 and
Fig.4). Therefore, to increase the ICT, two factors
should be considered, one is the increase of external
electric field; the other one is avoiding the vanishing oscillator strength. For dpbt, the external electric fields
should be 4×10−4 <F <5×10−4 a.u., if the ICT would
be increased by use of external electric fields.
IV. CONCLUSION

The excited state properties of dpbt were studied
with quantum chemical methods as well as 2D and 3D
real space analysis methods. The theoretical results
show there is a large ICT characteristic for S1 , which
results in large changes in dipole moment and polarizability, which then causes a large NLO effect, which will
promote efficient two-photon-absorption cross sections.
A method to increase the ICT characteristics for S1 is
proposed by considering external electric fields.
A method to study the two-photon absorption theoretically has been proposed which is very useful for
studying the excited state properties of molecules, and
which can be used in the fields of optical data storage,
nonlinear optics, fluorescent biolabeling and photosensitizers.
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