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ABSTRACT: Investigations of the ground and excited states absorption
are very important for the development of advanced optical limiters. Linear
response time-dependent density-functional theory (LR-TDDFT) has
become popular for calculating absorption spectra of molecules in their
ground state. However, calculation for the excited state turns out to be
much more complicated. In the present paper, it is shown that the
transition dipole moments between two excited states can be well-
estimated based on auxiliary excited-state wavefunctions extracted from the
LR-TDDFT calculation. For application, the absorption spectra in zinc
phthalocyanine (ZnPc), distyrylbenzene (DSB), and 3-methylthiophenes
heptamer (3MT heptamer) are investigated in detail along with different
density functional models, and results are compared with experimental data
and other theoretical methods. The computational cost of the present
method is much cheaper than other theoretical methods, such as quadratic
response TDDFT.

I. INTRODUCTION

With the rapid development of intense light sources, more and
more researchers realized that designing materials for protecting
the light-sensitive materials is urgent.1 Developing optical power
limiting (optical limiting) materials is one of the most possible
solutions for this issue.2−7 These materials show a strong
attenuation of light transmission at high input intensities but
have a very high transmittance for the light at low input
intensities.5,6 It is well-known that reversed saturation
absorption (RSA) is one of the most important non-linear
optical properties for the materials showing an optical-limiting
character. The necessary condition for the materials showing a
reversed saturation absorption property is that the excited states
have higher absorption than the ground state.8 Therefore, the
knowledge of absorption spectra of the molecules in both the
ground and excited states are important for the study of optical-
limiting materials.9−13

Linear response time-dependent density-functional theory
(LR-TDDFT) is one of the most popular methods to study
absorption spectra in molecules and solids. Up to now, most
studies focused on ground-state absorption (GSA), and results
in most cases are in good agreement with experimental
data.14−20 For excited-state absorption (ESA), instead of a
linear response, one in theory need quadratic response TDDFT
(QR-TDDFT)8,21−28 The computational cost of QR-TDDFT is
much expensive, scaling as N6. Other approximate but less
expansive methods to calculate ESA are also available.8,25,27,28

Mikhailov et al. proposed a modified linear response Tamm−
Dancoff equation to calculate the transition moments between
excited states (a posteriori TDA, ATDA), and their results
compare well to those from QR-TDDFT.25,29,30 Fischer et al.8

developed a real-time TDDFT (RT-TDDFT)method to extract
ESA in which an excited initial reference was propagated in real
time. It was demonstrated that this method can efficiently
predict the optical limiting character of a molecular complex.8

Mosquera et al. introduced a second linear-response method
(SLR) to obtain ESA for diplatinum(II) complex and many
conjugated polymers.27,28 The cost of SLR is only twice that of
LR-TDDFT.
In this paper, we present an efficient method to calculate ESA

in which approximate excited-state wavefunctions are con-
structed from the LR-TDDFT calculation. The method is
illustrated in section II. We then apply it to the molecules of zinc
phthalocyanine (ZnPc), distyrylbenzene (DSB), and 3-methyl-
thiophenes heptamer (3MT heptamer), and various density
functionals are chosen to compare the results, as presented in
section III. Further discussion is in section IV, and section V is
the conclusion.
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II. METHODS
We assume that the state i is the target excited state, and the
oscillator strength for the transition of i→ j can be represented
as

f 2/3ji ji i j
2ε μ= |⟨Ψ| |̂Ψ⟩| (1)

where ψi and ψj are the excited-state wavefunctions, μ̂ is the
dipole vector operator, and εji = Ej − Ei is the excitation energy.
εji and the wavefunction of excited-state ψ have to be known to
calculate the oscillator strength f ij. The excitation energy εji can
be obtained from the LR-TDDFT calculations. For the
wavefunctions of excited-state ψ, the following approximation
is used in the present paper.31−40
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where m and a run over all occupied and all unoccupied orbitals
respectively. Φm

a represents the configuration, which is
constructed by moving an electron from the occupied orbital
m to the virtual orbital a. Cm

a is the contribution from excitation,
while Cm

’a is the contribution from de-excitation. The
configuration coefficients Cm

a and Cm
’a are related to the X and

Y vectors of the following non-Hermitian eigenvalue equation of
LR-TDDFT, respectively.36,35,40
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The details of the matrices A and B can be found in ref 32.
According to Casida, eq 3 is assigned as (up to a normalization
factor)40

X Y( )i
m a

am
i

am
i

m
a

occ vir

∑ ∑Ψ = + Φ
(5)

With the above formulation, once the LR-TDDFT equations are
solved, the wavefunctions for the excited states can be
constructed, and then the oscillator strengths for transition
between any two excited states are calculated using eq 1. The
absorption spectrum is then collected from the oscillator
strengths at a given excitation energy broadened with a Gaussian
function (FWHM= 0.4 eV). To validate the present scheme, the
a b s o r p t i o n s p e c t r a o f z i n c p h t h a l o c y a n i n e
(ZnPc,C32H16N8Zn), distyrylbenzene (DSB,C22H18), and
3-methylthiophenes heptamer (3MT heptamer, C35H30S7)
from the first singlet excited states are investigated and
compared with experimental data and other theoretical
calculations, if available. All the valence orbitals (C 2s22p2, H
1s1, N 2s22p3, Zn 3d104s2, S 3s23p4) are included in the orbital
space. To see the effect of different DFT functionals, we choose
functional models with different percentages of exact-exchange
(Hartree-Fock, HF) character (B3LYP, 20%HF;M06, 27%HF;
BHandHLYP, 50% HF; CAM-B3LYP, SR19% HF, LR65% HF;
ωB97XD, SR22.2% HF, LR100% HF).41−45 All the calculations
are performed under the 6-31G(d,p) basis set, which have been
documented in previous works.8,11,9,46 The basis set dependence
also has been shown in Table S1. It is confirmed that 6-31G(d,p)
is enough for the present investigations. A modified code based

on the GAMESS(US) package47 has been developed for the
calculation and analysis.

III. RESULTS
A. Excited-State Absorption Spectra. Figure 1 shows the

geometries of ZnPc, DSB, and 3MT heptamer. It shows that

three molecules have different structures. All the atoms in ZnPc
or DSB are in the same plane. However, DSB has a chain
structure, which is different from ZnPc. 3MT heptamer also has
a chain structure but the atoms are nonplanar. Cartesian
coordinates of these molecules in the ground state S0 are listed in
the Supporting Information (Table S2).

1. Excited-State Absorption Spectrum of ZnPc. ZnPc has
attracted lots of attention because of its optical-limiting
property. It has been well-studied both theoretically and
experimentally.8,14 In their experiment, Savolainen et al.14

recorded the spectrally resolved pump−probe data of zinc
phthalocyanine on time scales ranging from femtoseconds to
nanoseconds. They observed two distinct bands peaking at 1.97
and 2.56 eV for the first singlet excited state. In order to simulate
the absorption spectrum properly, transitions from the first
singlet excited state to 50 singlet excited states above are taken
into account. Since the measurements were conducted in the
solvent DMSO, its effect is simulated with a polarizable
continuum model (PCM). The calculated first singlet ESA
spectra with various functionals employed are shown in Figure 2,
with the peak positions in the spectra listed in Table 1.
Among the functionals investigated, BHandHLYP functional

seems to be the best functional for this system. The peaks in
Figure 2 are at 1.97, 2.53, and 3.80 eV, respectively. The first
peak is in excellent agreement with the experimental data, while
the transition energy is underestimated by 0.03 eV for the
second peak. It is to be noted that our calculation shows a third
peak around 3.80 eV; however, experimental data is still missing
because Savolainen et al. measured the ESA spectrum only up to
2.76 eV.14

It is obvious that ESA spectrum depends on the functional
employed in the TDDFT calculations. For the hybrid func-
tionals of B3LYP and M06, which have less components of
exact-exchange compared with BHandHLYP, the transition
energies of the first peak are underestimated by 0.4 and 0.21 eV
respectively. Table 1 and Figure 2a show that the predicted
transition energies increase with the amount of exact-exchange
included in the functional. For this system, functionals with
∼50% exact-exchange may be a good choice for the transition

Figure 1. Geometries of ZnPc, DSB, and 3MT heptamer optimized at
the BHandHLYP/6-31G(d,p) level in the ground state. White, grey,
blue, and yellow spheres represent the hydrogen, carbon, nitrogen, and
sulfur atoms, respectively. (a) ZnPc. (b) DSB. (c) 3MT heptamer.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.9b10335
J. Phys. Chem. C 2020, 124, 4693−4700

4694

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b10335/suppl_file/jp9b10335_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b10335/suppl_file/jp9b10335_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b10335?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b10335?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b10335?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b10335?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b10335?ref=pdf


energies. Those results are also consistent with the previous
observations.48,49 For the long-range corrected functionals
CAM-B3LYP and ωB97XD shown in Figure 2b, the first peak
is less prominent, while the second peak (2.56 eV) of the
experimental result is well-predicted. It is also noticed that the
transition energy predicted by ωB97XD is larger than that of
CAM-B3LYP, which may be expected because the percentage of
exact-exchange in ωB97XD is higher than that of CAM-B3LYP
at both short and long ranges. In Table 1, the list of RT-TDDFT
is from Fischer et al.,8 only two peaks are predicted based on RT-
TDDFT calculations with CAM-B3LYP. The two peaks

overestimate the transition energies by 0.27 and 0.28 eV,
respectively, compared with the experimental data.

2. Excited-State Absorption Spectrum of DSB. The ESA
spectrum of DSB has been well-studied in the experiment.11,50

In their experiment (conducted in dioxane), Oliveira et al.11

observed that the main band of the first singlet ESA centers at

1.67 eV. Our calculation results are shown in Figure 3 and Table
2. Likewise, the solvent effect is taken into account using the
PCMmodel. Transition from the first singlet excited state to the

Figure 2. Simulated absorption spectrum for ZnPc from the first singlet excited state (S1) with various functionals employed. The spectra are obtained
using the calculated oscillator strengths and the excitation energies broadened with a Gaussian function (FWHM = 0.4 eV). The red solid line is the
result of BHandHLYP, which is in excellent agreement with the experimental data. (a) Hybrid functionals are employed. (b) Long-range corrected
functionals are employed.

Table 1. Positions of Prominent Features in the First Singlet
Excited-State Absorption Spectrum of ZnPca

functional 1st peak 2nd peak 3rd peak

expb 1.97 2.56 NA
RT-TDDFTc 2.24 2.84 NA
B3LYPd 1.57 3.12 NA
M06d 1.76 3.28 NA
BHandHLYPd 1.97 2.53 3.80
CAM-B3LYPd 2.46 3.76 NA
ωB97XDd 2.60 3.90 NA

aAll values are in electron volts (eV). bTaken from ref 14. cTaken
from ref 8. dThe present results.

Figure 3. Simulated absorption spectrum for DSB from the first singlet excited state (S1) with various functionals employed. The spectra are obtained
using the calculated oscillator strengths and the excitation energies broadened with the Gaussian function (FWHM = 0.4 eV). (a) Hybrid functionals
are employed. (b) Long-range corrected functionals are employed.

Table 2. Position of Prominent Features in the First Singlet
Excited-State Absorption Spectrum of DSBa

functional position

expb 1.67
QR-TDDFT (CAM-B3LYP)b 1.51
B3LYPc 0.82
M06c 1.01
BHandHLYPc 1.60
CAM-B3LYPc 1.66
ωB97XDc 1.89

aAll values are in electron volts (eV). bTaken from ref 11. cThe
present results.
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20 singlet excited states above are considered to obtain the
absorption spectrum.
The peak position depends on the functional employed. For

the hybrid functional BHandHLYP, the predicted main band
centers at 1.60 eV, which underestimates the experimental result
by only 0.07 eV. For the other two hybrid functionals, B3LYP
and M06, both underestimate the transition energy. For the
long-range corrected functional CAM-B3LYP, the predicted
transition energy (1.66 eV) is in excellent agreement with the
experimental result (1.67 eV), while that by ωB97XD is higher
than CAM-B3LYP and overestimate the experimental result by
0.22 eV. Oliveira et al. also performed QR-TDDFT calculations
for DSB.11 The first band peak is underestimated by 0.16 eV.
3. Excited-State Absorption Spectrum of 3MT Heptamer.

3MT heptamer is interesting because its ESA is in excellent
agreement with the most studied conjugated polymers (3-
hexylthiophene,P3HT).9 The ESA spectrum of P3HT from the
first singlet excited state was measured in THF (tetrahydrofur-
an) by Tapping and Kee.51 The measured position of the band
peak is 1.17 eV. Roseli et al.9 showed that the solvent effect is
minor, that is, inclusion of a solvent leads to similar results as in
vacuum. Consequently, we calculated the singlet excited states
ESA of 3MT heptamer in vacuum. Here, the first 20 singlet
excited states of 3MT heptamer have been considered to
simulate the spectrum. Figure 4 displays the absorption spectra
curves, and Table 3 presents the peak position of the absorption
spectra.
For the hybrid functional BHandHLYP, the predicted (1.13

eV) and experimental observed band peaks (1.17 eV) differ by

only 0.04 eV, which is much better than the other two hybrid
functionals B3LYP and M06. The second peak is very weak
compared with the first one, almost unobservable in the scale of
Figure 4. For the long-range corrected functionals CAM-B3LYP
and ωB97XD, the predicted value based on the CAM-B3LYP
functional (1.23 eV) is closer to the experimental result of P3HT
compared with the functional ωB97XD (1.26 eV). The trends
are similar to those in ZnPc and DSB in the above subsections.
Roseli et al. reported QR-TDDFT calculations with the CAM-
B3LYP functional.9 Their prediction peak at 1.22 eV is almost
coincident with our value at 1.23 eV.

B. Effect of de-Excitation on the ESA. To get insight into
the contribution of de-excitation configurations in eqs 2 and 3,
we also performed the TDDFT calculation with the Tamm−
Dancoff approximation (TDA/TDDFT).53,54 According to this
approximation, the excited-state wavefunction ψi can be written
as

C C Xi
m a

m
a

m
a

m a
m
a

m
a

m a
am
i

m
a

occ vir occ vir

∑ ∑ ∑ ∑ ∑Ψ = Φ = Φ = Φ
→ (6)

All of the de-excitation contribution represented by the “Y”
vector is ignored. The wavefunction constructed in this way is
the same as the configuration interaction with single excitation
(CIS).54 However, the Kohn−Sham orbitals are used here
rather than the Hartree−Fock orbitals in CIS. In addition, the
coefficients of the configurations are obtained in different
ways.32 Our calculations for ZnPc, DSB, and 3MT heptamer
show that the present scheme is much more accurate than CIS.
Figure 5 displays the spectra. It is clearly shown that the

spectra derived by the TDA/TDDFT have a small red shift
compare with the TDDFT results. The largest red shift is 0.21
eV, which is the second absorption peak of ZnPc. In the case of
3MT heptamer, the red shift is only 0.09 eV (see Figure S1 in the
Supporting Informtion). Therefore, Tamm−Dancoff approx-
imation is a very good approximation. This is also consistent
with the previous observations.54,55 For comparison, the CIS
calculations have also been calculated for ZnPc, DSB, and 3MT
heptamer. For ZnPc, the peak at 1.97 eV is missed with the CIS
method. The first peaks for DSB and 3MT heptamer based on
the CISmethod, at 2.95 and 2.28 eV, respectively, are quite away
from the peaks of TDDFT and TDA/TDDFT. This is expected
because CIS is not a good approximation to describe the excited
states.

Figure 4. Simulated absorption spectrum for 3MT heptamer in the first singlet excited state (S1) with various functionals employed. The spectra are
obtained using the calculated oscillator strengths and the excitation energies broadened with the Gaussian function (FWHM = 0.4 eV). The red solid
line is the result of BHandHLYP, which is in excellent agreement with the experimental measurement. (a) Hybrid functionals are employed. (b) Long-
range corrected functionals are employed.

Table 3. Position of Prominent Features in the First Singlet
Excited-State Absorption Spectrum of 3MT Heptamera

functional position

expb 1.17
QR-TDDFT (CAM-B3LYP)c 1.22
B3LYPd 0.46
M06d 0.60
BHandHLYPd 1.13
CAM-B3LYPd 1.23
ωB97XDd 1.26

aAll values are in electron volts (eV). bTaken from refs 51, 52. cTaken
from ref 9. dThe present results.
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C. Effect of Geometry Relaxation on ESA. To investigate
the effect of geometry relaxation on ESA, we relax the structure
with respect to the first singlet excited state, noted as S1. The
ESA for ZnPc, DSB, and 3MT heptamer from the S0 and S1
geometries are compared in Figure 6. The effect of geometry
relaxation on ESA is significant for ZnPc. The first two peaks
(1.97 and 2.53 eV) in the spectrum for the S0 geometry merge to
one at 2.44 eV in the S1 geometry. However, this effect is less
pronounced for DSB, and the absorption peak is almost identical
in the S0 and S1 geometries. For 3MT heptamer, even though the
peak position is almost the same, the shape has changed from S0
to S1.
Figure S2 in the Supporting Information displays the relaxed

geometry for each system in the S1 state. Geometrical difference
for ZnPc and DSB in the S0 and S1 states is very small. This small
geometry change results in noticeable changes of oscillator
strength in ZnPc but not in DSB, which may be due to its open
chain structure. Ling et al. reported a similar result that the
lowest optically active ESA transitions of oligomers (F3−F7) in
the S0 and S1 geometries almost coincide.12 For 3MT heptamer,
the geometrical differences in the S0 and S1 states are very large.
As shown in Figure S2c, all the atoms of 3MT heptamer in the S1
state are in the same plane, while that in the S0 state is nonplanar,
as reported by Roseli et al.9 This may explain the considerable
increase of the absorption as the structure changes from the S0 to
the S1 geometry. That the peak position in 3MT heptamer is not
changed may also be attributed to the fact that the 3MT
heptamer has a chain structure. In their study of fluorene
polymer, Denis et al.29 also found that ESA spectra are rather
insensitive to geometric relaxation.

IV. DISCUSSION

Our paper shows that a single LR-TDDFT calculation can
predict accurately the first singlet ESA spectra of ZnPc, DSB, and
3MT heptamer. While QR-TDDFT is rigorous in theory for
ESA from the theoretical point of view, its implementation is
much more complicated than current method based on LR-
TDDFT. Nevertheless, the accuracy of the predicted data can be
very close to that of QR-TDDFT. For example, in 3MT
heptamer, the peak at 1.23 eV (see Table 3) is in excellent
agreement with the QR-TDDFT result at 1.22 eV with the same
functional CAM-B3LYP.9 For DSB, the peak position at 1.66 eV
in Table 2 differs from that of QR-TDDFT by 0.15 eV. However,
the QR-TDDFT result was calculated without considering the
solvent effect.11 Our data has the solvent effect included by the
PCM method to compare with experimental measurement
conducted in dioxane. In order to compare with the QR-
TDDFT result, we recalculated the ESA in vacuum by using the
6-311G(d,p) basis set. Then, the peak shifts to 1.54 eV, which is
in excellent agreement with the result of QR-TDDFT (1.51 eV).
It should be pointed out that the present LR-TDDFTmethod

for ESA is different with the previous proposed LR-TDDFT
methods (ATDA and SLR).25,27 In our algorithm, one only
solves the equations of LR-TDDFT then constructs the
wavefunctions for the excited states to calculate the oscillator
strength. The wavefunctions are simply constructed from the
LR-TDDFT formalism, which may be unusual with respect to
those from the solutions of the Schrödinger equation. However,
the formalism has been very successful for the study of excited-
state dynamics.33,37−39 In the ATDA method, the transition
moments between two excited states are estimated based on the
coupled electronic oscillator (CEO) formalism, which is totally

Figure 5. Simulated absorption spectra for ZnPc, DSB, and 3MT heptamer from the first singlet excited state (S1) based on the TDDFT, TDA/
TDDFT, and CIS theories. The hybrid functional of BHandHLYP was employed, and the spectra are obtained using the calculated oscillator strengths
and the excitation energies broadened with the Gaussian function (FWHM = 0.4 eV). (a) ZnPc. (b) DSB. (c) 3MT heptamer.

Figure 6. Simulated absorption spectra for ZnPc, DSB, and 3MT heptamer in the first singlet excited state in the S0 and S1 geometries. The hybrid
functional of BHandHLYP was employed, and the spectra are obtained using the calculated oscillator strengths and the excitation energies broadened
with the Gaussian function (FWHM = 0.4 eV). (a) ZnPc. (b) DSB. (c) 3MT heptamer.
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different with the present method.25 For the SLR method, one
has to do the normal LR-TDDFT calculations two times, and
the transition moments between two excited-states are obtained
by comparing the transition dipoles from the two LR-TDDFT
calculations.27 Accordingly, the present formalism is much
simpler than ATDA and SLR.
It is well-known that the TDDFT result depends on the

functional model used. For the ground-state absorption spectra,
there are quite a few empirical rules concerning the choice of a
functional. The rules for ESA are still to be investigated. For the
singlet ESA of ZnPc, the present study shows that BHandHLYP
gives the best performance, as shown in Table 1. For the
remaining two systems DSB and 3MT heptamer, BHandHLYP
and CAM-B3LYP both give good agreement with the
experimental measurements. For global hybrids functionals,
the results recommend that a functional with a fraction of exact-
exchange around 50% is preferred. Popular functionals for the
ground state, B3LYP (20% HF) and M06 (27% HF), perform
poorly compared to the experimental values in all three systems.
The observations are consistent with the previous re-
ports.8,11,9,56,57 For the singlet ESA of ZnPc, Fischer et al.’s
RT-TDDFT calculations also favor BHandHLYP and CAM-
B3LYP.8 For DSB and 3MT heptamer, CAM-B3LYP functional
was recommended by Oliveira et al. and Roseli et al. for the
singlet ESA based on QR-TDDFT results.9,11

V. CONCLUSIONS
Amethod is proposed to calculate ESA spectra with a single LR-
TDDFT calculation, the computational cost thus scale as N4.
ESA spectra for the ZnPc, DSB, and 3MT heptamer are
calculated with different exchange-correlation functionals. The
hybrid functionals with a low percentage (<30%) of exact-
exchange are not recommended. Among the functional models
tested, BHandHLYP is outstanding as the best in all three
systems, with the largest deviation from the experimental data
around only 0.07 eV. The performance of long-range corrected
functional CAM-B3LYP is also quite good, especially for DSB. It
was pointed out by Bates and Furche that the functionals based
on the meta-GGA (MGGA) may not advisable for excited states
as the gauge variance of the kinetic energy density with the
MGGAs.58 The present results of the M06 (hybrid-meta-GGA)
functional also advocate this observation. It is found that de-
excitation causes a small red shift in the spectrum, and that the
effect of geometry relaxation is system-dependent.
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