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Abstract Stimulated by a recent experimental report
[Hales JM et al. (2010) Science 327:1485–1488], two-
photon absorption and third-order optical nonlinearities
of selenopyrylium- and bis(dioxaborine)-terminated pol-
ymethine dyes (called SE-7C and DOB-9C) used for all-
optical switching were investigated theoretically with
time-dependent DFT (TD-DFT) and response theory as
well as visualized real-space analysis. The calculated
results for the first hyperpolarizability and second
hyperpolarizability demonstrated that the two molecules
both have large third-order optical nonlinearities. Using
real-space analysis, we were able to visually determine

that in the one-photon absorption (OPA) process, the
first singlet excited state of SE-7C and DOB-9C is an
intramolecular charge transfer (ICT) excited state with
strong absorption, while the second excited state of
these dyes (also termed the “ICT state”) shows weak
absorption. However, in the two-photon absorption
(TPA) process, a larger TPA absorption cross-section
was predicted for the second excited state. In this paper,
we describe the properties of the S2 excited state,
incorporating charge transfer and the transition moment,
via real-space analysis, which was very important for
understanding the TPA characteristics of the S2 state.
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Introduction

Molecular two-photon absorption [1] (TPA) is currently of
great interest because of its applications in various fields, such
as optical data storage [2], optical power limitation [3], micro-
fabrication [4], three-dimensional imaging [5], and all-optical
switching [6]. TPA occurs in a medium through the simulta-
neous absorption of two photons via a virtual state; this TPA
process complies with even-parity selection rules and shows
quadratic intensity dependence [one-photon absorption (OPA)
processes exhibit linear intensity dependence and typically
conform to odd-parity selection rules). The two-photon ab-
sorption coefficient is directly related to the imaginary part of
the third-order susceptibility tensor. At themolecular level, the
two-photon absorption cross-section of an organic molecule
can be characterized by the imaginary part of the molecular
third-order nonlinear polarizability, defined at an absorption
frequency ω, i.e, aðwÞ / Imgð�wÞ. Based on the sum-over-
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states (SOS) formalism, it can also be obtained by calculating
the TPA transition matrix.

Photon excitation induces electron transfer from the donor
group to the acceptor group, followed by changes in the
charge density and the transition dipole moment, which are
important influences on absorption strength and ability
[7–19]. Organic molecules with intramolecular charge-
transfer (ICT) properties have been widely studied in the field
of nonlinear optics. First, the important discovery that centro-
symmetric charge transfer results in a high TPA cross-section
led to a general approach to the design of TPA chromophores,
with two donor (D) or acceptor (A) terminals linked by a π-
conjugated bridge [7]. Recently, Chen et al. successfully syn-
thesized a series of new star-shaped donor-π-acceptor (D-π-
A) molecules, all of which exhibited TPA activity in the range
720–880 nm and had large TPA cross-sections that were
closely related to the intramolecular charge transfer and the
π-conjugation length of the molecule [8]. Some structures of
TPA compounds, such as the interesting hyperbranched poly
(aroylarylene) and linear poly(aroyltriazole)s (PATAs) [9, 10],
are reported to exhibit large TPA values due to their intramo-
lecular charge transfer. Experimental modifications such as
increasing the length of conjugation or changing the strengths
of the donor and acceptor units have been shown to be useful
design strategies for improving charge transfer and absorption
performance. The link between TPA (or OPA) and the ICT
process has been investigated theoretically for different mo-
lecular structures by many researchers [11, 12, 16–25], and
some factors (such as the nature of the fragments, the conju-
gation length, the orientation of the molecule, the molecular
dimensionality, and the conformational transitions) exert ob-
vious influences on the optical response of the chromophore.
Theoretical research on the OPA and TPA processes may lead
to an improved understanding of the nature of charge transfer
in OPA and TPA and the microscopic mechanism behind the
experimental phenomenon. Recently, Sun et al. developed
three-dimensional (3D) representations of the charge-transfer
density and transition density in order to study the intramo-
lecular and the intermolecular CT of neutral and charged
polymers visually [22, 24], and they successfully used these
representations to investigate the TPA process of D-π-A-π-D-
type 2,1,3-benzothiadiazoles, based on the quantum chemical
results calculated with the semiemparical ZINDO method
using the Gaussian 03 program [26]. Though the transition
dipole moments between the excited states cannot be obtained
with the TD-DFT method using the Gaussian program, the
response theory approach implemented in the Dalton program
provides a suitable way of obtaining the TPA properties of
chromophores, because the contributions from all intermedi-
ate states are taken into account in the calculation. Therefore,
in our current work, we have combined the results of Dalton
with the visualized 3D method in order to investigate the TPA
and the OPA of the molecules of interest.

In the work described in this paper, quantum chemistry
methods were first used to calculate the strengths of the OPA
and the TPA and the third-order nonlinearities of polymethine
dyes, which exhibite third-order optical nonlinearities and loss
figures of merit [6]. Second, the charge transfer that occurs in
the polymethine dyes during OPA and TPA was investigated
theoretically utilizing the visualization cube representation of
charge transfer, which clearly revealed the orientation of the
ground–excited and excited–excited charge transfer. Finally,
the 3D transition density was explored in order to study the
relationship between its cross-section in OPA and TPA and the
transition dipole moment character. Our aim was to reveal the
characteristics of the excited states of the two polymethine
dyes during OPA and TPA by studying the features of the
transition density.

Theoretical methods

All of the quantum chemical calculations were performed
with the Gaussian 09 software suite [27]. The ground-state
geometries of the selenopyrylium- and bis(dioxaborine)-ter-
minated polymethine dyes (SE-7C and DOB-9C) were op-
timized using density functional theory (DFT) [28] and
Becke’s three-parameter hybrid functional with the nonlocal
correlation of Lee–Yang–Parr (B3LYP) [29–31]. One-
photon absorption (OPA) was examined for the two com-
pounds using the TDDFT method at the B3LYP level, while
CAM-B3LYP [32] (which combines the hybrid qualities of
B3LYP and long-range correction) was used to check the
accuracy of the calculation. TPA calculations were per-
formed at the B3LYP level using the DALTON program
[33]. The 6-31G(d) basis set was used for all of the atoms of
DOB-9C when calculating the OPA and TPA; for the SE-7C
molecule, the 6-31G(d) basis set was used for the C and H
atoms, while the aug-cc-pvdz basis set was used for Se. The
nonconjugated side chains of the two dyes were repacked
with H atoms, because this helped to improve solubility
without affecting electronic properties [34].

3D cube representations were utilized to show the orienta-
tions and strengths of transition dipole moments and the
orientation of charge transfer in the OPA and TPA processes.
The allowed excited states for OPA and TPA are the Bu and Ag

states, respectively. During photon excitation, the electronic
state for dipolar transitions from y jðBuÞ

�� E
to ykðAgÞ

�� �
� is

written as

� ykðAgÞ
� �� μ! y jðBuÞ

�� E

¼ P
m;μ2unocc

Ckmnðbg  bgÞCjμoðau  bgÞμ!m uðbg  auÞ

� P
n;o2occ

Ckmnðau  auÞCjμoðau  bgÞμ!n oðau  bgÞ

ð1Þ
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where ykðAgÞ
�� �

� and ykðAgÞ
�� �

þ represent the second and

higher Ag (two-photon-allowed) excited states [35]. The rela-
tionship between the transition dipole moment and the transi-
tion density is defined as [36]

μk; j ¼ e

Z
(rρk; jð*rÞd3 *r ð2Þ

Hence, the transition density upon an electronic transition
between excited states for TPA is written as

ρ� ¼
P

m;μ2unocc
Ckmnðbg  bgÞCjμoðau  bgÞ8 m8 u

� P
n;o2occ

Ckmnðau  auÞCjμoðau  bgÞ8 n8 o
ð3Þ

where the φn(φo) and φm(φu) represent the occupied molec-
ular and unoccupied molecular orbitals. The charge differ-
ence density from the excited state j to the excited state k
during TPA is written as

Δρ�;k;j ¼ Δρ�;m;u �Δρ�;n;o ð4Þ

where Δρ±,m,u and Δρ±,n,o are

Δρ�;m;u
¼ P

m;m0;μ2unocc
Cjμoðau  bgÞCkmnðbg  bgÞCkm0nðbg  bgÞ8 m8 m0

� P
m;μ;u0;2unocc

Cjμoðau  bgÞCjμ0oðau  bgÞCkmnðbg  bgÞ8 u8 u0

ð5Þ
and

Δρn;o
¼ P

n;n0o2occ
Ckmnðau  auÞCkmn0 ðau  auÞCjμoðau  bgÞ8 n8 n0

� P
n;o;o02occ

Ckmnðau  auÞCjμoðau  bgÞCjμo0 ðau  bgÞ8 o8 o0

ð6Þ
The theory behind static electric dipole properties is

described in [37]. In the presence of moderate, uniform,

Fig. 1 a-b The chemical
structures of SE-7C (a) and
DOB-9C (b)

Table 1 Singlet–singlet excitation during OPA for SE-7C

eV (nm) a CI coefficients a f a nm (f) b nm (f) c

S1 1.8072(686.06) 0.54046 (H→L) 2.8964 699.83 (3.01) 685.1 (2.89)

S2 2.5630 (483.74) 0.52020 (H→L+1) 0.0071

S3 2.7864 (444.97) 0.68579 (H-2→L) 0.1389

S4 2.8567 (434.01) 0.68412 (H-3→L) 0.1416

S5 3.0226 (410.19) 0.69091 (H→L+2) 0.0093

a Calculated with TD-B3LYP/6-31G (d)
b Calculated with TD-CAM-B3LYP/6-31(d)
c Calculated with the Dalton program and the B3LYP functional
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static electric fields in one or more Cartesian direction(s),
the total molecular energy can be expressed as a Taylor
series:

EðFÞ ¼ Eð0Þ � μiFi � 1

2!
aijFiFj � 1

3!
bijkFiFjFk

� 1

4!
g ijk lFiFjFkFl � � � � ; ð7Þ

where E(0) denotes the energy without external pertur-
bation; the symbols α,β, …, label tensor quantities; and
the subscripts indicate Cartesian directions. This expan-
sion is called the “T-convention” [38], and is employed
here to determine the static linear polarizability (α), the
first hyperpolarizability (β), and the second hyperpolar-
izability (g). The Einstein summation convention is used
here. The average (hyper)polarizabilities are defined in
the following way:

a ¼ 1

3

X
i¼x;y;z

aij ð8Þ

b ¼
X
i¼x;y;z

μibi
μ!�� �� ð9Þ

where

bi ¼
1

5

X
j¼x;y;z

ðbijj þ bjij þ bjjiÞ ð10Þ

and

g ¼ 1

5

X
ij¼x;y;z

g iijj ð11Þ

The relationship between χ(3) and g, the microscopic
third-order polarizability, is given by [6]

cð3Þ ¼ NLð4Þg ð12Þ

and

cð3Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRecð3ÞÞ2 þ ðImcð3ÞÞ2

q
ð13Þ

where N and L are the number density and the local factor,
respectively, and Re(χ(3))/Im(χ(3))0190 [6].

Results and discussion

The optimized ground-state geometries of SE-7C and DOB-
9C with 6-31G(d) can be seen in Fig. 1, where all of the H
atoms have been omitted for clarity. We also checked the
effect of the basis set by performing calculations with larger
basis sets, 6-311+g(d) and 6-311+g(d, p), too. Calculations
with 6-311+g(d, p) were not convergent for the two mole-
cules, while the 6-311+g(d) basis set only yielded results for
DOB-9C (see the “Electronic supplementary material,”
ESM). It appears that the choice of basis set has a negligible
effect on the structural parameters of DOB-9C; absolute
differences in the bond lengths calculated using the different
basis sets were within 0.01 Å, and differences in dihedral
angles were no larger than 0.1°. Due to the symmetric
construction of DOB-9C, the bond lengths and the dihedral
angles at symmetric sites should be coherent, and the whole
molecule has a planar configuration, as shown in Fig. 1. For

Table 2 Singlet–singlet excitation during OPA for DOB-9

eV (nm) a CI coefficients a f a nm ( f )b nm ( f )c nm ( f )d nm ( f )e

S1 1.9901(623.00) 0.56313 (H→L) 3.3475 601.78 (3.5282) 616.25 (3.5568) 636.24 (3.4020) 623 (2.780)

S2 2.5843 (479.76) 0.60288 (H→L+1) 0.0036

S3 3.1007 (399.86) 0.62238 (H→L+2) 0.1802

S4 3.1958 (387.95) 0.53327 (H-1→L) 0.0070

S5 3.4138 (363.18) 0.57786 (H→L+4) 0.0007

a Calculated with TD-B3LYP/6-31G (d)
b Calculated with TD-CAM-B3LYP/6-31G (d)
c Calculated with TD-CAM-B3LYP/6-311+G(d)
d Calculated with TD-B3LYP/ 6-311+G(d)
e Calculated with the Dalton program and the B3LYP functional

Table 3 Singlet–singlet excitation during TPA for SE-7C, as calculat-
ed using the Dalton program and the B3LYP functional

State eV nm Cross-section
(10−50 cm4 s photon−1)

1 1.81 1366.365 2.449038

2 2.56 968.4823 2697.756

3 2.72 909.2353 505.3496

4 2.79 886.423 599.0125

5 3.05 810.8591 1649.883
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SE-7C, calculations showed that the phenyl rings at both
ends of the molecule have a twist angle of about 38°.

The calculated electronic transitions for the two mole-
cules during OPA and the TPA are listed in Tables 1, 2, 3,
and 4. For DOB-9C, Table 2 shows that the calculated
transition energy of the first excited state varies only slightly
with the functional employed. The effect of the basis set,
including the bigger basis set [6-311+g(d)], on the transition
energy was considered, and it was found that varying the
basis set had little influence on the results. Moreover, the
TDDFT/B3LYP/6-31G method was applied to another pol-
ymethine dye (2), and the result (calc.: 633 nm) is closer to
the experimental value than the value obtained by the
INDO-CIS approach (calc.: 512 nm, data from [15]). The
current results therefore accurately reflect the trend in the
transition energy for the polymethine system. It is worth
noting that we did not check the effect of using a big basis
set for SE-7C due to the lack of convergence during ground-
state structural optimization.

Table 1 shows that during OPA, the strongest optical ab-
sorption of SE-7C corresponds to the first excited state (S1).
S3 and S4 are the states with oscillator strength ( f )>0.1. The
second excited state (S2) yields weak absorption. Based on the
TPA results in Table 3, however, the strongest optical absorp-
tion is given by S2, and S1 displays only weak absorption.
Furthermore, we found similar behavior (i.e., different absorp-
tion characteristics during OPA and TPA) for DOB-9C (see
Tables 2 and 4). This is a very interesting phenomenon in
polymethine dyes with a large third-order optical response.

Table 1 also shows that, for SE-7C, S1 mainly represents
the HOMO→ LUMO electronic transition (weight: 0.54046),
while S2 corresponds to H→L+1 (weight: 0.52020). For
DOB-9C, S1 and S2 represent H→L (weight: 0.56313) and
H→L+1 (weight: 0.60288), respectively. Generally, frontier
molecular orbital analysis, mainly including the electron den-
sity of the HOMO and LUMO, can provide valuable infor-
mation on the charge transfer that occurs upon excitation.
Recently, we have developed a method of visualizing the
transition density (TD) and the charge difference density
(CDD) that accounts for all of the contributions of the molec-
ular orbitals and can be used to study the CT behavior of a π-
stacked system [24, 25].

Therefore, in order to elucidate the characteristics of the
one- and two-photon spectra of DOB-9C and SE-7C, we
used this visualization method to study the two states.
Figure 2 shows the transition moment and the charge trans-
fer character using the transition density (TD) and charge
difference density (CDD) methods. As shown in Fig. 2, for
S1, the total transition dipole moment of SE-7C during OPA
consists of a series of small transition dipoles (one per
monomeric unit) that cause the phase-coherent transition

CDDTD

S1

S2 aμ
→

bμ
→

μ
→

Fig. 2 Transition density (TD)
and charge difference density
(CDD) for SE-7C during OPA,
where green and red indicate
holes and electrons,
respectively

Table 4 Singlet–singlet excitation during TPA for DOB-9C, as calcu-
lated using the Dalton program and the B3LYP functional

State eV nm Cross-section
(10−50 cm4 s photon−1)

1 1.99 1242.774 1.044833

2 2.58 958.5737 1248.871

3 3.1 797.7807 91.55982

4 3.2 772.85 8630.5

5 3.41 725.2552 21.39049
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dipole moment, so this state has a single orientated large
transition dipole moment. According to the relationship
between the oscillator strength and the transition dipole

moment, μj j2 / f =E2 (where f and E are the oscillator
strength and the transition energy), the absorption should
be strong. However, for S2 during OPA, there are two sub-
transition dipole moments with opposite orientations (i.e.,
oriented “head to head”) for SE-7C, which is bound to
weaken the total transition dipole moment, so the total

transition dipole moment ( μ
!
total

���
��� ¼ μ

!
a þ μ

!
b

���
��� � 0) is van-

ishingly small.
For DOB-9C, S1 corresponds to a single orientation of

the transition moment from side to side, which means a
large value for the oscillator strength. At the same time, S2
has a “tail-to-tail” transition moment, which is opposite to
that seen for S2 in SE-7C (see Fig. 3).

The transition probability during TPA can be written as

dtp ¼ 8
X
lj6¼g
j6¼f

fh jμ jj ij j2 jh jμ gj ij j2
wj � wf =2
� �2 þ Γ 2

f

1þ 2cos2θj
� �þ 8

� Δfg

�� ��2 fh jμ gj ij j2
wf =2
� �2 þ Γ 2

f

1þ 2cos2ϕ
� � ð14Þ

where fj i, jj i and gj i are the final, intermediate, and ground
states, respectively, θj is the angle between the vector fh jμ
jj i and jh jμ gj i,Δμfg ¼ fh jμ fj i � gh jμ gj i is the difference
between the permanent dipole moments of the excited state
and the ground state, and ϕ is the angle between the two
vectors Δμfg and fh jμ gj i. In the derivation of Eq. 14, the
two-photon resonance condition (wj ¼ wf =2) is considered.
The first and second terms are called the three-state term and

CDDTD

S2<-1

Fig. 4 Transition density (TD) and charge difference density (CDD) for SE-7C during TPA for S2←1, where green and red indicate holes and
electrons, respectively

CDDTD

S1

S2

Fig. 3 Transition density (TD) and charge difference density (CDD) for DOB-9C during OPA, where green and red indicate holes and electrons,
respectively

4146 J Mol Model (2012) 18:4141–4149



the dipole (two-state) term, respectively. Δμfg can be
obtained by applying a finite field method to the excitation
energy.

The calculated two-photon absorption cross-sections of
SE-7C and DOB-9C are listed in Tables 3 and 4. It is clear
from Table 3 that S2 has a much higher absorption cross-
section than S1. The reason for this is the probability of TPA
(see Eq. 14). There is no three-state term in Eq. 14 for the
first excited state (S1), while the dipole term is vanishingly
small for the two centrosymmetric molecules [39] because
Δμfg ¼ fh jμ fj i � gh jμ gj i � 0; which leads to the weak

absorption cross-section of S1. If we consider S2←1←S1←0

for SE-7C and DOB-9C during TPA, the three-state term in
Eq. 14 becomes the most important term according to the
TPA transition rule, and this dipole moment term is very
small for a centrosymmetric molecule. It is clear from
Figs. 2 and 4 that θj is zero for SE-7C, considering the
parallel orientation of the transition dipole moments of 2h jμ
1j i and 1h jμ 0j i. For DOB-9C, θj is 180° (see Figs. 3 and 5),
so cos2θj ¼ 1 . Furthermore, the transition densities also
demonstrate that 2h jμ 1j i and 1h jμ 0j i are both large and
have similar transition moment character, which results in a
large TPA absorption cross-section.

Charge difference densitys allow us to follow the change
in the static charge distribution upon excitation during OPA
and TPA. In OPA, the charge difference density (see Fig. 2)
for S1 in SE-7C revealed that the electron–hole pairs are
delocalized on selenopyrylium and polymethine, and that
the four benzenyl rings are electron acceptors, since more
electrons are localized in the terminal benzenyl rings, while
green holes reside in the middle chain. During TPA, the
charge difference density (see Fig. 4) for S2←1 revealed that
the charge distribution on excitation is similar to that seen
for S1 during OPA, so the state is also an ICT state where
electrons are transferred from the middle chain to the termi-
nal group. For DOB-9C, the charge difference density for S1
in Fig. 3 shows that most of the electrons and holes are
delocalized on the polymethine chain in an alternating dis-
tribution; while S2 during OPA is an ICT state in which

most of the holes are localized on the polymethine chain and
most electrons are localized on the bis(dioxaborine).
Similarly, the charge transfer density of S2←1 during TPA
indicates that it is also an ICT state (see Fig. 5).

The calculated average (hyper)polarizabilities are listed
in Table 5, which shows that the values of the static linear
polarizability (α), the first hyperpolarizability (β), and the
second hyperpolarizability (γ) for SE-7C are larger than
those for DOB-9C. It is worth noting that the value of Re
(χ(3)) for Se-7C was calculated as −8.07×10−32 esu, which
is very similar to the −2.2×10−31 esu reported in [6].
Moreover, DOB-9C also has a large value of Re(χ(3)),
4.08×10−32 esu. Therefore, the two molecules have large
third-order optical nonlinearities. Based on its values for the
first and second hyperpolarizability, Se-7C displays greater
nonlinear character than DOB-9C.

Conclusions

The TPA and third-order optical nonlinearities of SE-7C and
DOB-9C have been investigated theoretically using DFT
and TD-DFT in combination with visualization methods
(TD and CDD). The transition density (TD) shows the
orientation and strength of transition dipole moments from
the ground state to the excited state and transition dipole
moments between the excited states, while the charge dif-
ference density (CDD) revealed the orientation and results
of charge transfer. Using the visualization method, we found
that the first excited state of SE-7C and DOB-9C is an
intramolecular charge transfer state, that it has the greatest

Table 5 Data on nonlinear components for SE-7C and DOB-9C

Molecule aa ba ga Re(χ(3)) (esu)

Se-7C 1117.03 −8610.98 −215638.63 −8.73 ×10−32

DOB-9C 917.01 −6044.92 100684.38 4.08 ×10−32

* All values are given in atomic units

CDDTD

S2<-1

Fig. 5 Transition density (TD) and charge difference density (CDD) for DOB-9C during TPA, where green and red indicate holes and electrons,
respectively
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oscillator strength, and that it involves the transfer of an
electron from the middle chain of the polymethine dye to the
terminal group. Meanwhile, we also found that during TPA,
the second excited state has the largest absorption cross-
section, due to the large state-to-state transition moment.
The calculated nonlinear parameter indicated that SE-7C
exhibits a stronger nonlinear optical response than DOB-9C.
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