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We have developed a correction method (CV) to calculate the single- and multiphoton absorption (MPA)
spectra of organicπ-conjugated systems within the equation of motion coupled-cluster method with single
and double excitations (EOM-CCSD). The effects of donor/acceptor strengths on the multiphoton absorption
in a series of symmetrically substituted stilbene derivatives have been reinvestigated at both the ab initio and
the semiempirical intermediate neglect of differential overlap (INDO) Hamiltonian levels. Both ab initio and
INDO calculations show that the electron-donating or electron-withdrawing substituents lead to enhancements
of two- and three-photon absorption cross sections, more pronounced for two-photon absorption than for
three-photon absorption. The ab initio calculations usually produce larger excitation energies than the
semiempirical, which lead to lower MPA cross sections.

Introduction

Multiphoton absorption (MPA) is a process that involves
electronic excitation of a molecule induced by the simultaneous
absorption of two or three photons. There is much experimental
andtheoreticalinterestinMPAbecauseofnumerousapplications.1-15

The advantage of MPA lies in two key features, (i) a longer
excitation wavelength can be used so that it provides deeper
penetration depths in absorbing media and (ii) a stronger spatial
confinement can be achieved owing to the higher order
dependence on the input light intensity. Apparently, three-photon
absorption (3PA) is superior to two-photon absorption (2PA)
in that respect. Design and synthesis of molecular materials
possessing large MPA cross sections is the key to MPA
applications. Accurately theoretical calculation and analysis of
the origin of MPA may speed up this process.

At present, the time-dependent density functional theory
(TDDFT) implemented in the response theory is available for
calculating MPA properties.16-20 Due to the lack of knowledge
of exact exchange-correlation functional, one still has to test
the applicability for different property determinations and to
compare with other methods such as coupled-cluster theory
(CC).20 So far, the CC method is still one of the most accurate
methods to consider the electron correlation for many-body
systems. The equation of motion CC (EOM-CC) method21-24

or the closely related coupled-cluster linear response (CCLR)25-28

or symmetry-adapted-cluster configuration interaction (SAC-
CI)29-33 methods are the excited-state analogues of the highly
accurate, efficient, and size-consistent CC method. The EOM-
CC, specifically EOM-CCSD (single and double excitations),
method has shown to be applicable for describing electronic
excitations in conjugated systems.34 With the excited states’
information, one can calculate the MPA properties through the
sum-over-states (SOS) method.35 In this method, the MPA cross
sections can be expressed as sums over transition dipole moment

products, with transition energies as denominators. SOS is really
accurate in the calculation of one-photon absorption (1PA) or
sometimes 2PA properties. The tensor approach is an alternative
method,18,36,37but it also involves SOS just with fewer folds of
summation. However, in any case, it is extremely difficult to
obtain all of the excited states’ information for a medium or
large size molecule, which will lead to uncontrolled truncation
errors, especially for 3PA. One approach to overcome this
difficulty is to use the correction vector (CV) method.38-41 The
CV method provides results which are exactly equal to those
of the sum over all of the states within a given configuration
space, but it only needs the ground-state properties, thus
avoiding the impossible tasks of solving all of the excited states.
Since Ramasesha and Soos suggested the CV technique in
1988,38 the CV method has been implemented within the
semiempirical SCI and SDCI Hamiltonian or PPP model
Hamiltonian for the computation of first-, second-, or third-
order nonlinear optical coefficients.39,40 Recently, this method
has been extended to the MRDCI framework for three-photon
absorption properties.41

We note that following the pioneering work in CCLR by
Koch and Jørgensen,25 the nonlinear response based on the CC
approach has been implemented to calculate the MPA proper-
ties.20,42Despite its great success in evaluating nonlinear optical
response coefficients and multiphoton absorption cross sections
at a fixed input frequency, there still exists challenge in
predicting a full dynamic nonlinear spectrum due to the
numerical difficulties in convergence. On another hand, our CV
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Figure 1. Chemical structures of the molecules studied in this work.
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method is convergent even at resonant conditions for MPA,41

thus providing more information than a single-frequency MPA
cross section value because the experiments always give a
measured MPA spectrum.

Recently, many molecules with the middleπ bridges con-
necting to the side donors/acceptors (the so-called D-π-D/
A-π-A systems) have been designed for efficient MPA
materials. In this paper, we have examined the effects of donor/
acceptor strengths on the 2PA and 3PA cross sections in a series
of symmetrically substituted stilbene derivatives with the CV
method within the EOM-CCSD approach at both ab initio and
semiempirical INDO levels. Our calculations show that the
substituents lead to obvious enhancement of 2PA cross sections
but a relatively weak increase for 3PA cross sections and that
the semiempirical INDO calculations, as well as the ab initio
calculations, can give a proper picture for these properties.

Theoretical Methodology

For the closed-shell EOM-CCSD model, the ground state and
the excited states can be written in a uniform expression43

In the above equation,|0〉 is Hartree-Fock (HF) ground-
state determinant. T is the cluster operator which promotes
electrons from the occupied to the virtual orbital space of the
HF state, and truncated at single and double excitations, we
obtain the excitation amplitudes by solving the ground-state
CCSD equations proposed by Scuseria et al.;44 τµ represents

the excitation operators which are used to construct the spanned
space|µ〉, and specifically,τ0 is the identity operator. Rµ

m is the
expansion coefficient. The expansion coefficients are determined
by the Schro¨dinger equation

whereEm is the energy of themth state. As a special case, for
the coupled-cluster ground state|R0), all coefficients are Rµ

0 )
0 except R0

0 ) 1. Substituting eq 1 into the above equation and
then multiplying by e-T on the left, we obtain the following
equation

The above equation can be written in a compact form as

where

By combining eqs 1 and 5,|Rm) and|Rm〉 are related by the
following expression

Figure 2. The optimized ground-state geometries of molecules. Thexyz reference frame is also shown.
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Similarly, the left vectors of the ground state and the excited
states can be expressed as

where

The expansion coefficients of the left eigenvectors are deter-
mined by the following equation

Also, especially for the left vector of the ground state (L0|,
the coefficient L0

0 )1; the other coefficients are obtained by
solving the linear equation, which is derived from eq 10. The
ground and excited states are orthogonal and nearly normalized
to the left eigenstates by using a biorthogonal basis.

The transition dipole moments between the ground state and
the excited states can be expressed as

whereµj i ) e-TµFieT, and indexi is the Cartesian coordinate.

From perturbation theory, the one-, two-, and three-photon
absorption cross sections can be derived from the imaginary
part of the first-, third-, and fifth-order polarizabilities, respec-
tively.45 These polarizabilities can be expressed in the SOS
representation with the energies of the ground state and the
excited states and the transition dipole moments between the
states. For the first-order polarizability, it is expressed as35

Figure 3. One-photon absorption spectrum (a) calculated by the ab
initio method and (b) calculated by the semiempirical INDO method.

TABLE 1: The Calculated and Experimental 1PA Photon
Energies (eV) at the First Peak of the Spectra

molecules BDPAS SB D1SB D2SB A1SB A2SB

exptl 3.20 4.18 3.32
ab initio 4.87 5.99

5.84a
5.43 5.25 5.52 5.11

INDO 3.71 4.87 4.25 4.08 4.54 4.32

a Calculated with the 6-31G(d) basis set.

(Lm| ) 〈Lm|e-T (8)

〈Lm| ) ∑
µ

〈µ|Lµ
m (9)

〈Lm|Hh ) 〈Lm|Em (10)

(Lm|µFi|Rn) ) 〈Lm|e-TµFie
T|Rn〉 ) 〈Lm|µj i|Rn〉 (11)

Figure 4. Two-photon absorption spectrum (a) calculated by the ab
initio method and (b) calculated by the semiempirical INDO method.

Figure 5. Three-photon absorption spectrum (a) calculated by the ab
initio method and (b) calculated by the semiempirical INDO method.
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wherepω is the input photon energy,Γ denotes the Lorentzian
broadening factor (set to 0.1 eV in our calculations), andµ̃j i is
defined as

From eq 12, to calculate the polarizabilities, we must make
a truncation of the number of states involved in the summation
because it is impossible to do a full diagonalization of the
Hamiltonian matrix to obtain all states’ information for a
medium- or large-sized molecule. The uncontrollable truncation
error can be eliminated using the CV method. For the first-
order polarizability, it can be re-expressed as

where |φj
(1)(-ω)〉 and |φi

(1)(ω)〉 are the first-order correction
vectors, which can be defined by the following equations46,47

Similarly, from the SOS formulation of the third- and fifth-
order polarizabilities, the second- and third-order correction
vectors to the ground state,|φij

(2)(ω1,ω2)〉 and |φijk
(3)(ω1,ω2,ω3)〉,

can be derived,47 which obey

Since the transformed Hamiltonian matrix and the trans-
formed transition dipole matrixµ̃j i are not symmetric, for the
third- and fifth-order polarizabilities, the first- and second-order
correction vectors to the left eigenvector of the ground state,
〈φ i

(1)(ω1)| and 〈φ ij
(2)(ω1,ω2)|, should be calculated sequentially

by solving the following equations

The linear algebraic equations (eqs 15-20) are solved
efficiently by using a small matrix algorithm parallel to the
iterative Davidson’s diagonalization algorithm41,48 for both
positive and negativeω. In our program, the EOM-CCSD
Hamiltonian matrix elements are not computed explicitly.

During the iterations, we directly calculate the products of the
Hamiltonian matrix and the added and renewed transformation
vectors. This does not only save the memory but also reduces
the computational magnitude. Since only one solution (not so
many eigenvectors) is required, this allows calculation of even
larger systems.

The first-, third-, and fifth-order polarizabilities (R, γ, ε) can
be written in terms of the correction vectors as

whereωσ ) -ω1 for R, -(ω1 + ω2 + ω3) for γ, and-(ω1 +
ω2 + ω3 + ω4 + ω5) for ε; P is the permutation operator. The
1PA, 2PA, and 3PA cross sections are related toR if ω1 ) ω,
γ if ω1 ) ω3 ) ω andω2 ) -ω, andε whenω1 ) ω3 ) ω4

) ω andω2 ) ω5 ) -ω. Since our studied molecules are quasi-
one-dimensional systems, the MPA cross section is dominated
by the main-direction component of the polarizability tensor.
Thus, the 1PA, 2PA, and 3PA cross sections (σ1, σ2, and σ3)
can be expressed as

Here,c is the speed of light in vacuum,n is a refractive index
(set to 1.0 in the vacuum), andL ) (n2+2)/3 denotes a local
field correction. When only taking the dominant resonant terms
into account and making an orientational average, we can
expressσ1, σ2, andσ3 as37,49

Figure 6. The ratios of the substituted molecules to SB for the
simulated two- and three-photon absorption cross sections at the first
peak.
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Computational Details

The chemical structures of the molecules studied in the
present work are displayed in Figure 1. SB is the stilbene
molecule. D1SB and D2SB are symmetrically donor-substituted
SB derivatives. The acceptor-substituted compounds include
A1SB and A2SB. We have also performed calculations on
BDPAS to compare with the experimental results.50a-b For
D2SB, the alkyl groups on the amino moieties in the
experiments50care replaced by methyl groups in our calculations.
The ground-state geometries of the molecules are optimized at
the density functional theory (DFT) level with the hybrid Becke
three-parameter Lee-Yang-Parr (B3LYP) functionals and the
6-31G basis set, as implemented in the GAUSSIAN 03
package.51

From the optimized geometries, we did the EOM-CCSD
calculations for the ground and excited states’ properties at
semiempirical and ab initio levels. For the semiempirical
calculations, we have applied the EOM-CCSD approach coupled
to the intermediate neglect of differential overlap (INDO)
Hamiltonian.52 The Mataga-Nishimoto potential53 was used to
describe the Coulomb repulsion terms. For the ab initio
calculations, the Hartree-Fock self-consistent-field molecular
orbitals (MOs) and dipole integrals as well as the two-electron
integrals were derived directly from the GAMESS programs,54

which were then used as the inputs to do our EOM-CCSD and
CV calculations. The 6-31G basis set was chosen to construct
the spanned space for the MOs. For both semiempirical and ab
initio calculations, we kept all occupied and virtualπ-conjugated
molecular orbitals55 in the active space.56

Results and Discussion

The optimized geometries of the calculated molecules are
summarized in Figure 2. The molecules (the middle part of
BDPAS) are taken to lie in thexy-plane, with the long axis

oriented along thex-axis (Figure 2). Therefore, in this geometry,
the dominant components areRxx, γxxxx, andεxxxxxxfor the first-,
third-, and fifth-order polarizabilities. The electron-donating
ability of the substituents increases from SB to D1SB to D2SB,
as well as the electron-withdrawing ability from SB to A1SB
to A2SB. It was shown previously that nonlinear optical
properties of the compounds do correlate with the strengths of
the substituents.57,58

The ab initio-calculated 1PA spectra of the molecules in the
range of low photon energies are shown in Figure 3a. The
electron-donating and electron-withdrawing substitutions have
the same effects on the 1PA spectra. Compared with the
spectrum of SB, the 1PA peak in the spectrum of the substituted
systems is obviously red shifted with the increasing strength of
the substituent, andσ1 is enlarged slightly. The shape of the
semiempirical INDO-polarized 1PA spectra (Figure 3b) is
similar to that of the ab initio calculations, but the photon
energies are about 1.0 eV lower than the ab initio results. In
Table 1, we have presented the calculated and experimental50

1PA photon energies at the first peak. We find that the
semiempirical results are in good agreement with the experi-
ments, and the ab initio-calculated photon energies are somewhat
overestimated for all studied molecules. This may be due to
the inappropriate basis set.59 However, we found that for 6-31G
and 6-31G(d), the calculated MPA cross sections are very close
each other; see Tables 1-3. This is in full agreement with Hurst
et al. who found that for extended molecules, the basis effects
for nonlinear optical response are much less than those for small
molecules.60

Figure 4 shows the 2PA spectra of the studied molecules in
the spectral range below the linear absorption. By replacing the
hydrogen atoms of SB with donor/acceptor groups,σ2 is
enlarged drastically with the increased donor/acceptor strengths.
This kind of phenomenon has also been demonstrated by
experiments.50c From Table 2, we note thatσ2 measured by
experiment is increased from 12 GM of SB to 210 GM of D2SB.
Our results compare well with the experimental data. With the
same basis set, the TDDFT-method-simulatedσ2 (218 GM) for
the first peak is very close to the experimental result for D2SB,

TABLE 2: The Calculated and Experimental 2PA Cross Sections and Photon Energies at the First Peak of the Spectra

molecules BDPAS SB D1SB D2SB A1SB A2SB

2PA
cross section
(10-50cm4 s/photon)

exptl 320 12 210
ab initio 508.0 18.5

30.0a
102.0 223.6 59.1 255.1

INDO 156.5 31.4 232.3 249.8 159.5 236.6

2PA
photon energy
(eV)

exptl 1.85 2.41 2.05
ab initio 2.87 2.99

3.04a
2.94 2.93 2.85 2.87

INDO 1.96 2.63 2.44 2.30 2.53 2.36

a Calculated with the 6-31G(d) basis set.

TABLE 3: The Calculated and Experimental 3PA Cross Sections and Photon Energies at the First Peak of the Spectra and the
Hammett Constants of the Donor/Acceptor Substituents for the Studied Molecules

molecules BDPAS SB D1SB D2SB A1SB A2SB

3PA
cross section
(10-80cm6s2/photon2)

exptl 0.5
ab initio 0.61 0.13

0.11a
0.32 0.42 0.41 0.48

INDO 1.3 0.32 0.60 0.73 0.86 0.92

3PA
photon energy
(eV)

exptl 1.06
ab initio 1.62 2.00

1.95a
1.81 1.75 1.84 1.70

INDO 1.23 1.62 1.42 1.36 1.51 1.44
Hammett constant 0.00 -0.66 -0.82 0.66 0.78

a Calculated with the 6-31G(d) basis set.

σ3 ) 48π3L6

7pn3c3
• (pω)3 •

Im〈φxx
(2)(-ω, -2ω)| µ̃jx|φxxx

(3)(-ω,-2ω,-3ω)〉 (29)
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but theσ2 (186 GM) of SB is heavily overestimated.16a From
Table 2, we find that the 2PA photon energies of the ab initio
calculations are larger than the semiempirical INDO-method-
calculated values. However, the semiempirical INDO method
gives a bit largerσ2 for SB, D1SB, and A1SB. The theoretical
and experimental50a σ2 and photon energies of BDPAS for the
first peak are also presented in Table 2. Both the ab initio- and
semiempirical INDO-method-calculatedσ2 deviate from the
experimental data. The former is too large, while the latter is
too small. The photon energies obtained through the semiem-
pirical INDO calculations are closer to the experimental data
than those obtained by the ab initio method.

The theoretical 3PA spectrum of SB and its substituted
compounds is displayed in Figure 5. We have also calculated
σ3 for BDPAS (see Table 3). The simulated results compare
well with the experimental data,50b though the photon energies

of the ab initio calculations andσ3 obtained by the semiempirical
method are a bit overestimated. From Figure 5, we find that
the 3PA spectrum is dominated by a single strong resonant peak
in the spectral range where 1PA and 2PA are transparent.
Because of the centrosymmetry in the studied molecules, the
1PA and 3PA peaks are associated with the same singlet excited
state. This appears to be reflected in that the 3PA photon energy
at the peak is about one-third of the 1PA energy (see Tables 1
and 3). Figure 6 displays the plot of the augment ratios ofσ2

andσ3 for the first peak as a function of the Hammett constant
of the substituents. The latter value reflects the electron-
donating/withdrawing ability of the substituents. The constant
of the donor/acceptor group is a negative/positive value. From
Figure 6, we find that the ab initio and semiempirical INDO
calculations give consistent enhancement ofσ3 by the donor/
acceptor substitutions. However, the enhancement times forσ3

Figure 7. Evolution of the one-, two-, and three-photon absorption cross sections at the first peak obtained by the tensor approach with the number
of intermediate states involved in the summation (a) calculated by the ab initio method and (b) calculated by the semiempirical INDO method. The
square, circle, and triangle lines correspond to 1PA, 2PA, and 3PA, respectively.
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are much less than those forσ2. However, when the conjugated
length of the investigatedπ systems is extended,σ3 is increased
much faster thanσ2, as our previous work indicated.41 From
Table 3, we find that theσ3 values of the A-π-A molecules
are larger than those of the D-π-D molecules, which have
the same absolute values of the Hammett constant. This can be
due to the elongatedπ systems by the substituted acceptor
groups.

We have also calculated the MPA properties using the tensor
approach. Figure 7 shows the evolution of MPA cross sections
of the studied molecules for the first peak as a function of the
number of intermediate states. Both the ab initio and the
semiempirical results show thatσ1 obtained by the tensor
approach is converged to the CV-method-calculated results with
a few states. For 2PA,σ2 is overestimated when it involves
tens of states in the summation and then is converged well when
it includes more than 100 states. However,σ3 is always
underestimated even if as many as 200 intermediate states are
included. In one word, to obtain the converged results, more
and more intermediate states are required with the increasing
number of absorbed photons. Especially for 3PA, it is difficult
to obtain enough excited states in the summation to calculate
the convergedσ3. Here, the advantage of the CV method is
obviously verified in that it directly gives the converged MPA
spectra based only on the ground-state knowledge.

Conclusions

To conclude, we have applied the correction vector (CV)
method to calculate the dynamic single and multiphoton
absorption spectra for a series of donor/acceptor symmetrically
substituted stilbene derivatives in the framework of the equation
of motion coupled-cluster approach with single and double
excitations (EOM-CCSD) coupled with the ab initio and the
semiempirical intermediate neglect of differential overlap
(INDO) Hamiltonian. The results show that the MPA spectra
are red shifted through donor or acceptor substitution. The
dependence ofσ3 on the strength of the donor or acceptor groups
is monotonically increasing but weaker than that ofσ2.
Compared with the ab initio results, the multiphoton absorption
cross sections obtained by the semiempirical INDO method are
usually overestimated, but the relatively small photon energies
are closer to the experimental data. Also, the advantage of the
ground-state-based CV method for the computation of converged
MPA spectra is manifested.
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