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ABSTRACT: This work presents the theoretical background to evaluate
two-photon absorption (2PA) cross-sections in the framework of simplified
time-dependent density functional theory (sTD-DFT). Our new implemen-
tation allows the ultrafast evaluation of 2PA cross-sections for large molecules
based on a regular DFT ground-state determinant as well as a variant
employing our tight-binding sTD-DFT-xTX flavor for very large systems. The
method is benchmarked against higher-level calculations for trans-stilbene
and typical fluorescent protein chromophores. For eGFP, a quadrupolar
chromophore and its branched version, the flavine mono-nucleotide, and the
iLOV protein, we compare sTD-DFT 2PA spectra to experimental ones. This
includes extension and testing of our all-atom quantum chemistry methodology for the evaluation of 2PA for a system of ∼2000
atoms, providing striking agreement with the experimental spectrum.

■ INTRODUCTION
Two-photon absorption (2PA) is a nonlinear optical
phenomenon in which a compound absorbs two photons
simultaneously. 2PA was first predicted theoretically in 1931
by Göppert-Mayer.1 It is used in 2P-excited near-infrared
(NIR)-emitting dyes or materials with applications in various
fields such as bioimaging,2−6 optical data storage,7−10 micro-
fabrication,11,12 and photodynamic therapy.13−17 Thus, the
design of new 2P-excited NIR-emitting dyes or materials is an
attractive prospect for which theoretical chemistry could play
an important role.
From a theoretical point of view, computing a higher-order

molecular response property such as 2PA cross-sections (σ2PA)
is inherently difficult.18 In the realm of wave function methods,
probably the most accurate scheme was developed by Nanda
and Krylov19 at the equation-of-motion coupled-cluster (CC)
wave functions with single and double substitutions (EOM-
CCSD) level of theory, but it is only applicable to relatively
small systems.20−25 Other CC methods to evaluate 2PA were
implemented by Haẗtig et al.26 at the CCSD, CCS, and CC2
levels of theory. A CC3 implementation also exists.27 To
provide a treatment for small-to-medium-sized molecules,
Friese et al.28 implemented the 2PA evaluation using the
resolution-of-identity second-order approximate CC (RI-CC2)
method, leading to a large number of applications, and used it
as a reference level.29−36 Regarding density functional theory
(DFT) methods, the evaluation of σ2PA with the time-
dependent DFT (TD-DFT) was implemented by Sałek et
al.37 in 2003. Since then, other implementations have also been
reported by Zahariev and Gordon38 and Furche and co-
workers.39 These implementations were applied to many
medium-sized systems.33,40−52 Several benchmark studies

pointed out large errors for σ2PA determined by TD-DFT
with respect to reference RI-CC2 calculations, but range-
separated hybrid exchange−correlation (XC) functionals
appeared to yield more systematic results.32−35,53 Semi-
empirical methods to evaluate 2PA are also available.54

A particular interest in the simulation of the 2PA of
fluorescent proteins (FPs) has appeared over the
years,29−32,35,55−61 but they resorted to truncated protein
calculations including or not polarizable embedding
(PE).30,55,62,63 In 2014, Salem and Brown56 assessed the
performance of TD-DFT for computing 2PA cross-sections of
FP chromophores with respect to CC2. They concluded that
B3LYP and PBE0 functionals are well suited to screen a set of
FP chromophores for 2PA. Furthermore, they reported that
long-range corrected hybrid functionals performed badly for
high-energy transitions of FPs. In a second study,57 they
screened FP chromophores, incorporating noncanonical amino
acids in green FP (GFP) with TD-DFT. This study was
reiterated but by incorporating noncanonical amino acids in
the red FP.58 In 2018, Simsek and Brown59 combined
molecular dynamics with TD-DFT calculations to investigate
2PA of the gold FP modulated by conformational changes.
Note that in their 2PA calculations, only the chromophore
without any protein residues was considered. In 2019,
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Rossano-Tapia and Brown60 used the sum-over-states
expression to evaluate 2PA cross-sections at the semiempirical
time-dependent density functional tight binding (TD-DFTB2)
level of theory on FP chromophores, showing that this method
does not perform well.
All-atom quantum chemistry calculations of 2PA on an

entire protein have never been attempted before to the best of
our knowledge. This is easily explainable because the
evaluation of σ2PA is computer resource demanding, which
cannot be applied even at a TD-DFT level to systems with a
few thousands of atoms. Recently, we proposed an all-atom
quantum chemistry methodology to study the second-
harmonic generation of FPs based on our simplified TD-
DFT (sTD-DFT) implementation.64 We were able to
reproduce the low-energy part of the experimental hyper-
Rayleigh scattering first hyperpolarizability frequency dis-
persion of bacteriorhodopsin and further provided results for
the smaller iLOV protein.
In this context, we implemented the evaluation of the 2PA

cross-sections at the sTD-DFT level of theory. The computa-
tionally efficient sTD-DFT method was proposed by Grimme
and co-workers65,66 to extend the reach of TD-DFT to large
systems. Considering its Tamm−Dancoff variant (sTDA),65

Grimme globally parameterized the two integral parameters of
the method for hybrid XC functionals to reproduce two
standard benchmark sets considering vertical singlet−singlet
excitations, providing deviations from reference data similar to
those observed when using TD-DFT. Larger deviations were
observed for n → π* and metal-centered d → d excitations. It
was also shown that the sTD-DFT method yields reliable
oscillator and rotatory strengths.66 The sTD-DFT method was
then extended to ultralarge systems with its extended tight-
binding (xTB) version.67 Following this, we implemented a
large number of methods to evaluate molecular response
properties.68−70 Taking the single residue of the sTD-DFT
quadratic response,68 a first unpublished version of the 2PA
implementation was already available in 2018 as mentioned in
our recent perspective article,71 but because of an inconsistent
normalization in the eigenvectors, the results were partially
incorrect. The current implementation described here now
fully solves this problem.
To assess the performance of the sTD-DFT 2PA

implementation, we selected compounds for which reference
σ2PA values are available: first, trans-stilbene that was studied by
one of us at the EOM-CCSD level of theory,20,21 and second,
FP chromophores, that is, 4-(p-hydroxybenzylidene)-imidazo-
lidin-5-one (HBI), 4-(p-hydroxybenzylidene)-1,2-dimethylimi-
dazolin-5-one (HBDI), the chromophore of the cyan FP
(CFP), and p-coumaric acid (PYP, the chromophore of the
phosphorescent yellow protein) for which EOM-CCSD and
RI-CC2 reference σ2PA values exist.19,32,56 Then, we consider
systems for which experimental 2PA spectra are available: the
enhanced GFP (eGFP),4 a quadrupolar chromophore (A) and
its branched version (B),72 the flavin mononucleotide
(FMN),30,73 and iLOV FP73 for which the FMN is the
encapsulated chromophore. This set of compounds thus
includes two FPs to showcase the performance of our
implementation. This extends our all-atom quantum chemistry
methodology64 to the evaluation of 2PA for iLOV.
This article is organized as follows. First, we present the

theoretical background of the sTD-DFT 2PA implementation.
Then, the computational details are given, and results are
discussed before providing conclusions.

■ METHODS
Theory. Using the density-matrix-based TD-DFT formal-

ism,38,39,74−78 we derived the quadratic-response function in
the sTD-DFT framework.68 From it, by taking its double
residue, we already showed how to evaluate state-to-state
transition dipole moments.69 The 2PA cross-sections can be
obtained in the same way but from the single residue of the
quadratic response function for two degenerated photon
frequencies.79 In the following, p, q, r, and s indices refer to
general molecular orbitals, i, j, k, and l to occupied molecular
orbitals, and a, b, c, and d to unoccupied molecular orbitals.
The linear-response TD-DFT equation reads

(1)

where Xζ(ω) and Yζ(ω) are frequency-dependent linear-
response vectors and the perturbation .
Considering a global hybrid XC functional with an amount
ax of the Fock exchange, A and B supermatrix elements are
defined as

(2)

and

(3)

For an excited-state calculation, the perturbation is set to 0,
and excited-state energies (ωn) and their single-(de)excitation
eigenvectors (Xn and Yn) are determined. Note that for small-
gap systems, undesired complex roots may appear in the
solution of eq 1 (with the perturbation set to 0), making the
computation of σ2PA impossible. Solving this problem
efficiently will be the subject of future studies.
In the sTD-DFT formalism,65−70 three approximations are

applied to the linear-response TD-DFT eq 1. The first
approximation neglects (ia|f XC|jb) and (ia|f XC|bj) responses
of the XC functional. In the second one, (ia|jb), (ia|bj), and
(ib|aj) exchange-type and (ij|ab) Coulomb-type integrals are
replaced by short-range damped Coulomb interactions of
transition density monopoles according to

(4)

where qpqA are atom-centered transition charges determined by
a Löwdin population analysis. The Mataga−Nishimoto−
Ohno−Klopman (MNOK)80−82 damped Coulomb operator
for exchange integrals takes the form

(5)

while for Coulomb integrals, it reads

(6)

where yK and yJ are globally fitted parameters for the whole
range of ax, RAB is the interatomic distance, and η is the
chemical hardness mean between atoms A and B. Considering
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a hybrid XC functional, yK and yJ are linear functions of the
amount of the exact exchange ax that were determined by a
least-squares fit to reference excitations as yK = 1.42 + 0.48ax
and yJ = 0.20 + 1.83ax, respectively.

65 The third approximation
concerns the truncation of the space of singly excited
configurations controlled by a single-energy threshold (Ethresh).
In the quadratic-response sTD-DFT formalism,68 the first

hyperpolarizability is obtained thanks to the frequency-
dependent linear-response vectors Xζ(ω) and Yζ(ω) as

(7)

(8)

(9)

where the permutations of ξ, ζ, and η Cartesian orientations
and frequencies are included in both summations. This
expression includes two additional approximations: the neglect
of the XC functional kernel and the Hartree XC terms. Thus,
only the unrelaxed first hyperpolarizability is evaluated at the
sTD-DFT level. Note that we showed in ref 68 that for push−
pull π-conjugated systems, these approximations do not have
much impact on the frequency dispersion of βHRS.
At the pole 2ω = ωn of the quadratic response function, 2P

transition moments can be extracted from the single
residue of the sTD-DFT quadratic response function

(10)

(11)

where

(12)

and

(13)

δζn is the Kronecker delta, meaning that the central term is 0
for the permutation with an excited state. As for the quadratic
response function, 2P transition moments are unrelaxed due to
the neglect of the Hartree XC kernel. Including it would result
into additional approximations and parameterizations of four-
center two-electron integrals that we would like to avoid.
These approximations might introduce inconsistencies in the
evaluation of the 2PA cross-sections as well as in (quasi-
)energy derivatives and violation of sum rules. To assess the
impact of such approximations on the evaluation of 2PA
strengths, we computed for trans-stilbene and the PYP
chromophore TD-DFT/BHandHLYP/6-31G(d) 2PA spectra
with and without considering the neglect of XC functional
kernel and the Hartree XC terms. These calculations were
performed with a modified version of GAMESS.83,84Figure 1
shows these results. For both compounds, the impact of such
approximations on the evaluation of 2PA cross-sections is
rather small. This is an interesting finding that should be
further assessed for a larger set of compounds in the future. In
the sTD-DFT framework, we can probably admit that
contributions to 2PA cross-sections from the Hartree XC
and XC functional kernels should be below the intrinsic error
of the method. Future works should confirm this statement.
The elements of the transition strength matrix are computed

as products of 2P transition dipole moments as

(14)

The rotationally averaged 2PA strength85,86 is given by

(15)

where F, G, and H are parameters all equal 2 for parallel
linearly polarized incident light. This quantity can be converted
into the macroscopic 2PA cross-section as

(16)

where N = 1 for the degenerated case and N = 2 for a double-
beam experiment accounting for the photon dissipation rate of

Figure 1. 2PA spectra of trans-stilbene and the PYP chromophore at the TD-DFT/BHandHLYP/6-31G(d) level with and without including the
Hartree XC kernel as well as the XC functional kernel in the evaluation of 2PA cross-sections.
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both laser beams,32 α is the fine structure constant, a0 is the
Bohr radius, c is the speed of light, and S(2ω, ωn, Γ) is a line-
shape function accounting for spectral broadening effects. Note
that N needs to be multiplied by 4 if two times is
accounted for in the experimental definition considering the
degenerated case.32

In the following, a Gaussian line shape is employed to
compute 2PA spectra as it is usually used to compare with
measurements in solution

(17)

where Γ is the half width at half-maximum. This function

presents a maximum at 2ω = ωn for which . A
Γ value of 0.1 eV is used throughout this study. Note that for
gas-phase calculations, a Lorentzian line-shape function is
usually employed.32 Hence, the choice of the line-shape
function represents some kind of (necessary) arbitrariness in
the theoretical treatment.
The calculation of absolute 2PA cross-sections is a difficult

task in quantum chemistry. First, an energy error in the
excitation energy of a 2P transition impacts directly the σ2PA
value by its (2ω)2 dependence. Second, the choice of Γ
strongly affects the cross-section. For example, going from a
value of Γ = 0.1 to 0.2 eV decreases σ2PA by a factor of 2. It is
also unlikely that all 2P transitions for a given system inherit
the same broadening as it is usually assumed.21 In addition, the
N parameter is sometimes difficult to determine from
experimental details given in the literature. Hence, our
calculations may provide only semiquantitative spectra and
good trends among sets of molecules, but absolute σ2PA are still
difficult to assess a priori.

While our method allows the fast evaluation of 2PA cross-
sections at a standard KS-DFT level of theory, the sTD-DFT
implementation is also interfaced with the semiempirical sTD-
DFT-xTB method67 where the KS orbitals and their energies
are replaced with TB-approximated ones, enabling ultrafast
computations for systems up to ∼5000 atoms.

Computational Details. The evaluation of σ2PA at the
sTD-DFT level of theory was recently implemented in a
development version of the stda program87 which is freely
available.
The structure of trans-stilbene was taken from ref 20. Figure

2 shows all other structures considered in this study. FP
chromophores (HBI, HBDI, CFP, and PYP) were taken from
the study of Beerepoot et al.32 and were originally optimized
by Nanda and Krylov19 and Salem and Brown.56 The eGFP
chromophore and its first shell of surrounding residues was
taken from ref 88. The quadrupolar chromophore (A) and its
branched version (B)72 were optimized at the ωB97X-D3/6-
311G(d) level of theory. The negatively charged FMN
chromophore was extracted from the iLOV X-ray structure
that was previously used to model its second-harmonic
generation.64 The CREST89 code was used to sample the
conformational space with the GFN2-xTB method90 consid-
ering water as a solvent with the GBSA model.91 The 37
lowest-energy conformers were selected and optimized at the
ωB97X-D/6-31G(d)/IEFPCM level of theory with water as a
solvent. Free energies were computed including the solvent
effects; zero-point energy; and translational, rotational, and
vibrational contributions calculated at the same level.
Boltzmann weights were obtained at 298.15 K. We selected
the eight lowest-free-energy conformers contributing to 97.9%
of the population at this temperature. These calculations for
FMN were done with the Gaussian 16 A03 package92 and the
xtb 6.2.2 program.93,94 The optimized structure of iLOV was

Figure 2. Chemical structures of considered systems: four FP chromophores (HBI, HBDI, CFP, and PYP), the eGFP chromophore with its first
shell of residues, the quadrupolar chromophore (A) and its branched version (B), FMN, and the iLOV protein.
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taken from the study of Beaujean et al.64 where the full protein
including explicit surrounding water molecules was optimized
at the ONIOM ωB97X-D3/6-31G(d):GFN2-xTB/GBSA-
(water) level.
For trans-stilbene, the reference EOM-EE-CCSD/d-aug(-d)-

cc-pVDZ (“-d” means that a set of d-functions were removed
from the d-aug set) 2PA spectrum was taken from ref 20. For
the set of FP chromophores, RI-CC2/d-aug(-d)-cc-pVDZ or
aug-cc-pVDZ and CAM-B3LYP/6-31+G(d) first excitation
energies and ⟨δ2PA⟩ were taken from ref 32 and EOM-EE-
CCSD/d-aug(-d)-cc-pVDZ results for HBDI and PYP from
the study of Nanda and Krylov.19 In both cases, we computed
the 20 first singlet excited states and their 2PA strengths with
BHandHLYP for trans-stilbene and with both B3LYP and
CAM-B3LYP XC functionals with the 6-31+G(d) basis set for
FPs’ chromophores using Dalton2018.0.95,96 sTD-DFT calcu-
lations were performed using the same basis set and XC
functionals. CAM-B3LYP default sTD-DFT parameters (ax =
0.38, yK = 0.9, and yJ = 1.86) were those advised by Risthaus et
al.97 Regarding eGFP, the experimental 2PA spectrum was
taken from the study of Drobizhev et al.4 The sTD-DFT-xTB
method was used to compute the 2PA spectrum using default
parameters. Considering A and B, their 2PA spectra in toluene
were taken from the study of Blanchard-Desce and co-
workers.72 We computed their 2PA spectra at both
sBHandHLYPa/6-31+G(d) and sTD-DFT-xTB levels using
default parameters. The FMN 2PA spectra were measured in
water by Homans et al.73 and List et al.30 The sTD-DFT-xTB
method was used to compute 2PA spectra for the eight lowest-
energy conformers of FMN using default parameters. The
Boltzmann-averaged 2PA spectrum was also calculated. The
2PA spectrum of iLOV was computed at the sTD-DFT-xTB/
GBSA(water) level of theory using default parameters
considering the entire system and compared to the spectrum
measured by Homans et al.73

DFT molecular orbitals and their energies were computed
with Q-Chem 5.198 as input for sTD-DFT calculations using
the stda program.87 Geometry optimizations of A and B at the
ωB97X-D3/6-311G(d) level of theory were also performed
with Q-Chem 5.1.98 ⟨δ2PA⟩ are given in atomic units while σ2PA
in Göppert-Mayer (GM).

■ RESULTS AND DISCUSSION
trans-Stilbene. Figure 3 shows the reference EOM-EE-

CCSD 2PA spectrum of trans-stilbene20 as well as both TD-
DFT and sTD-DFT BHandHLYP ones. In the reference
spectrum, two main peaks are present mainly due to transitions
from the ground 11Ag state to the 31Ag and 51Ag excited states
at 5.74 and 6.28 eV, respectively. An excited-state analysis20,21

reveals that both excited states are of mixed valence and π → p
Rydberg character. Note that the 41Ag excited state also
contributes to the second peak. Table 1 shows excitation
energies and 2PA strengths for the four first excited states of
the Ag irrep obtained at all these levels of theory. The first
observation regarding TD-DFT results with respect to the
EOM-EE-CCSD ones is the decrease in energy difference
between 31Ag and 51Ag excited-state energies from 0.54 to 0.27
(0.29) eV at BHandHLYP/d-aug-cc-pVDZ (6-31+G(d))
levels, leading to the disappearance of the first peak. The
second one is the energy shift of −0.19 (−0.29) eV for the
51Ag state when described at the TD-DFT level with both d-
aug-cc-pVDZ and 6-31+G(d) basis sets in comparison to the
EOM-EE-CCSD excitation energy. Regarding 2PA strengths,

BHandHLYP/d-aug-cc-pVDZ (6-31+G(d)) ⟨δ2PA⟩ for the
51Ag state is 6.7% (29.4%) larger (smaller) with respect to
the EOM-CCSD one, while ⟨δ2PA⟩ for lower-energy states are
badly described.
Using the sTD-DFT method with the default parameters

restores the energy difference between 31Ag and 51Ag states to
0.53 eV, only 0.01 eV away from the EOM-EE-CCSD result.
However, the sBHandHLYP 51Ag excitation energy is red-
shifted by 0.74 eV with respect to the EOM-CCSD one. 21Ag
⟨δ2PA⟩ drastically improves with respect to the full TD-DFT
scheme with only 10.0% underestimation in comparison with
the reference, while it was 14 times higher with TD-DFT. Its
excitation energy is also not so far from the reference, while
higher-energy excitations are systematically underestimated.
The global shape of the sBHandHLYP 2PA spectrum is better

Figure 3. 2PA spectra of trans-stilbene at EOM-EE-CCSD/d-aug(-d)-
cc-pVDZ, BHandHLYP/d-aug-cc-pVDZ, and BHandHLYP/6-
31+G(d) levels of theory as well as with the sBHandHLYP/6-
31+G(d) method using default parameterization, yK = 0.9 and yJ = 0.7
(tuned-1) and yK = 0.1 and yJ = 0.7 (tuned-2) parameters considering
Ethresh = 9 eV, N = 1, and Γ = 0.1 eV.

Table 1. Excitation Energies and 2PA Strengths for the Four
First Excited States of trans-Stilbene Belonging to the
Totally Symmetric Representation of the C2h Point Group at
EOM-EE-CCSD/d-aug(-d)-cc-pVDZ, BHandHLYP/d-aug-
cc-pVDZ, and BHandHLYP/6-31+G(d) Levels of Theory as
Well as with the sBHandHLYP/6-31+G(d) Method Using
Default Parameterization, yK = 0.9 and yJ = 0.7 (Tuned-1)
and yK = 0.1 and yJ = 0.7 (Tuned-2) Parameters Considering
Ethresh = 9 eV

EOM-EE-CCSD/
d-aug(-d)-cc-pVDZ

BHandHLYP/
d-aug-cc-pVDZ

BHandHLYP/
6-31+G(d)

states
ΔE
(eV)

⟨δ2PA⟩
(au)

ΔE
(eV)

⟨δ2PA⟩
(au)

ΔE
(eV)

⟨δ2PA⟩
(au)

21Ag 4.81 201 5.58 1240 5.09 2770
31Ag 5.74 1055 5.82 7930 5.70 7160
41Ag 6.15 3949 5.95 15,900 6.02 2310
51Ag 6.28 40,786 6.09 28,800 5.99 43,500

sBHandHLYP/
6-31+G(d)

sBHandHLYP
tuned-1/6-31+G(d)

sBHandHLYP
tuned-2/6-31+G(d)

states
ΔE
(eV)

⟨δ2PA⟩
(au)

ΔE
(eV)

⟨δ2PA⟩
(au)

ΔE
(eV)

⟨δ2PA⟩
(au)

21Ag 4.59 181 5.47 125 5.50 175
31Ag 5.01 5920 5.78 5010 5.82 9601
41Ag 5.42 14,888 6.20 2999 6.26 1515
51Ag 5.54 28,828 6.28 16,988 6.32 32,349
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that of the full scheme, but the spectrum is globally red-shifted
with respect to EOM-CCSD and TD-DFT ones. The observed
energy red shift is typical of the sTD-DFT method used with
the BHandHLYP XC functional. Note that ⟨δ2PA⟩ for the 31Ag
state is still 5.6 times too large in comparison to the EOM-
CCSD one and 51Ag ⟨δ2PA⟩ is 29.3% lower. Thus, 31Ag and
41Ag states at the sBHandHLYP level are as badly treated as
with regular TD-DFT. The 21Ag excitation energy and ⟨δ2PA⟩
are improved, while the 51Ag excitation energy is under-
estimated with respect to the reference, and its ⟨δ2PA⟩ remains
within the same order of magnitude as the BHandHLYP/d-
aug-cc-pVDZ value.
For trans-stilbene, all 2P-active states are one-photon

absorption (1PA) dark states because of symmetry. Note
that the performance of the sTD-DFT method in character-
izing dark states has never been investigated and that the
method was primarily parameterized for 1P-active states. Thus,
the current parameterization may not be suited for 2P
excitations. It is always possible to refit the sTD-DFT integral
parameters for a particular compound, reproducing a reference
calculation, using the sTD-DFT scheme as a model. However,
this approach presents limitations and cannot cure all sTD-
DFT deficiencies. As an illustration, we explored different sets
of parameters to observe how they impact comparisons with
respect to reference calculations. We first propose to use yK =
0.9 and yJ = 0.7 instead of yK = 1.66 and yJ = 1.115 default
parameters. This change of parameters unfortunately shifts the
21Ag excitation energy to a higher energy with a 0.66 eV
difference with respect to the EOM-CCSD value, while 31Ag,
41Ag, and 51Ag excitation energies are less than 0.05 eV away
from those of the reference. A relatively good energy splitting
between 31Ag and 51Ag states is maintained with a difference of
0.49 eV. Regarding ⟨δ2PA⟩, 31Ag states remain as badly
described as before the change of parameters. The 41Ag 2PA
strength is drastically improved with a value of 24.1% lower
with respect to the reference. 51Ag ⟨δ2PA⟩ is 58.3% lower with
respect to the EOM-CCSD cross-section, while it was 29.3%
lower with the default parameterization. With this first set of
parameters, excitation energies are drastically improved except
for 21Ag. Only 41Ag ⟨δ2PA⟩ is improved, while 21Ag and 51Ag
ones are better described with default parameters.
Further decreasing the yK parameter to 0.1 does not

drastically change excitation energy positions but strongly
improves 51Ag and 21Ag ⟨δ2PA⟩ with 20.7 and 19.9% differences
with respect to reference values, respectively. However, the
31Ag 2PA value increases drastically, while the 41Ag 2PA
strength is now 61.6% below the reference. Note that these
new sets of parameters also help better reproduce the EOM-
CCSD 1PA spectra as shown in Figure 4. Adjusting parameters
is not a miracle cure for the sTD-DFT method. It cannot heal
TD-DFT deficiencies like for the description of the 31Ag state.
It could help improve the excitation energy and 2PA strength
for one transition in particular but could also spoil the nature
of the excited states concerned. Therefore, changing
parameters should be done very carefully. Nonetheless, trans-
stilbene remains the worst-case scenario for our method with
the Rydberg character of its 2P-active states that are quite
difficult to handle by our semiempirical integrals.

FP Chromophores. Table 2 shows excitation energies and
2PA strengths for the lowest-energy excited state of the four FP
chromophores belonging to the Cs point group. Note that for
the para-coumaric acid (PYP chromophore), the first A′
excited state at both RI-CC2 and TD-DFT levels is the second

one in the EOM-EE-CCSD calculation.32 For HBI, with
deviations from the CC2 excitation energy of −0.20 and 0.02
eV for B3LYP and CAM-B3LYP, respectively, CAM-B3LYP
provides the best result. In both cases, 2PA strengths are
around a third of the CC2 value. Beerepoot et al.32 already
pointed out this behavior for CAM-B3LYP 2PA strengths
where they linked it to underestimated excited-state dipole
moments at this level. Using default sTD-DFT parameters for
both XC functionals, sTD-DFT excitation energies are not so
far from those obtained with the full scheme. However, their
2PA strengths differ largely by 100.0% for B3LYP and 25.0%
with CAM-B3LYP. These differences are linked to inherent
approximations in the sTD-DFT scheme. In particular, the fact
that we are comparing relaxed TD-DFT 2PA strengths to
unrelaxed sTD-DFT ones. Note that sB3LYP ⟨δ2PA⟩ is closer
to the CC2 reference value. As pointed out for trans-stilbene, it
is always possible to reparameterize the sTD-DFT integrals to
better fit a reference using the sTD-DFT method as a model to
screen sets of similar compounds. However, this approach is
only valid when reference calculations are available. On the
contrary, only default parameters can be used. To best
reproduce the CC2 values for HBI, we used yK = 0.2 and yJ =
0.35 instead of yK = 1.516 and yJ = 0.566 for B3LYP and yK =
0.1 and yJ = 1.5 instead of yK = 0.9 and yJ = 1.86 for CAM-
B3LYP. These changes of parameters close the gap with the
CC2 excitation energy with differences not greater than 0.01
eV. They also largely improve 2PA strengths where the
sB3LYP one is only 7.5% lower than the reference value, but
still 52.0% deviation is observed when using CAM-B3LYP. In
both cases, our “fitted” values are obviously better than those
provided by regular TD-DFT because they were especially
adjusted for. Next, we assess how the refitted sTD-DFT
scheme deals with similar compounds.
For HBDI, similar trends are observed. With both

reparameterized sB3LYP and sCAM-B3LYP schemes, sTD-
DFT values compare best with the CC2 reference than the full
scheme, showing that the addition of two methyl groups does
not impair the treatment. Note that B3LYP ⟨δ2PA⟩ is slightly
nearer the EOM-EE-CCSD one than with the simplified
method, but the fine-tuned sCAM-B3LYP values still provide
the best agreement. With a more drastic change in the
structure with respect to HBI, results for CFP and PYP still
present similar trends. Excitation energies using fine-tuned
parameters are improved with respect to references as well as

Figure 4. 1PA spectra of trans-stilbene at EOM-EE-CCSD/d-aug(-d)-
cc-pVDZ and BHandHLYP/6-31+G(d) levels of theory as well as
with the sBHandHLYP/6-31+G(d) method using default parameter-
ization, yK = 0.9 and yJ = 0.7 (tuned-1) and yK = 0.1 and yJ = 0.7
(tuned-2) parameters considering Ethresh = 9 eV.
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⟨δ2PA⟩ except for PYP using the B3LYP XC functional. Note
that the PYP structure has no imidazolinone ring. This possibly
explains the discrepancy, showing the limitation of parameter
tuning when the compound becomes too much structurally
different. Note that while the other chromophores are taken
from GFP-like proteins, this is not the case for the PYP
chromophore. This illustrates that refitting the sTD-DFT
method for special-purpose applications, for example, the
screening of rather similar systems, might be interesting but
should be carefully done. Here, only reference data are
available for the first excited state of this set of molecules.
Thus, we do not know the impact of such refits on other 2P-
active states. As already stated before, this is not a miracle cure,
and when the compound becomes structurally different, as is
the case with PYP here, the parameter tuning approach
presents limitations.
For the sake of completeness, Figure 5 shows TD-DFT and

sTD-DFT (default parameters) 2PA spectra for these FP
chromophores using CAM-B3LYP/6-31+G(d). Global TD-
DFT spectral shapes are more or less well reproduced by the
simplified scheme, while 2PA cross-sections for the largest
intensities are overestimated for HBI, HBDI, and CFP and
underestimated for PYP. In the case of CFP, we clearly observe

that at higher energies, stick spectra are not completely
equivalent. Note that we did not compare spectral shapes at
higher levels of theory because these data are not available in
refs 19 and 32 where only the 2PA cross-sections for the first
excited state are available.
One important feature of our implementation is the drastic

cut in computational costs with respect to those of the TD-
DFT. For this set of molecules, Figure 6a,b shows the
convergence of 2PA strengths and excitation energies as a
function of the single-excitation energy selection threshold that
controls the truncation of the response expansion space in
sTD-DFT. These results show fast convergence for both
quantities with Ethresh, while trends are maintained for the
whole range of values considered. 2PA strengths at Ethresh = 7
eV are between 40 and 46%, too large with respect to values at
15 eV. At Ethresh = 9 eV, these discrepancies diminish to 9−
22%. The excitation energies converge faster as a function of
cut-off with less than 2% overestimation with Ethresh = 7 eV.
Figure 6c also shows CPU times on an eight-core desktop
computer (Intel core i7-6700, 3.40 GHz) with the stda
program87 as a function of Ethresh for this set of molecules. TD-
DFT CPU times on 28 CPUs (Intel Xeon CPU E5-2660 v4,
3.2 GHz) using Dalton2018.095,96 are also provided to

Table 2. Excitation Energies and 2PA Strengths for HBI, HBDI, CFP, and PYP at EOM-EE-CCSD/d-aug(-d)-cc-pVDZ from
the Study of Nanda and Krylov19 When Available, RI-CC2/d-aug(-d)-cc-pVDZ or aug-cc-pVDZ and CAM-B3LYP/6-31+G(d)
from the Study of Beerepoot et al.,32 and B3LYP/6-31+G(d) Levels of Theory as Well as with sB3LYP/6-31+G(d) and sCAM-
B3LYP/6-31+G(d) Schemes Using Default Parameterizations and Fine-Tuned Parameters Considering Ethresh = 9 eV

method basis set parameters ΔE (eV) ⟨δ2PA⟩ (au)

HBI RI-CC232 d-aug(-d)-cc-pVDZ 3.70 3345
B3LYP 6-31+G(d) 3.50 962
sB3LYP 6-31+G(d) default (yK = 1.516 yJ = 0.566) 3.46 1931
sB3LYP 6-31+G(d) yK = 0.2 yJ = 0.35 3.70 3095
CAM-B3LYP32 6-31+G(d) 3.72 1057
sCAM-B3LYP 6-31+G(d) default (yK = 0.9 yJ = 1.86) 3.65 796
sCAM-B3LYP 6-31+G(d) yK = 0.1 yJ = 1.5 3.71 1604

HBDI EOM-EE-CCSD19 d-aug(-d)-cc-pVDZ 3.97 978
RI-CC232 d-aug(-d)-cc-pVDZ 3.69 1135
B3LYP 6-31+G(d) 3.50 370
sB3LYP 6-31+G(d) default (yK = 1.516 yJ = 0.566) 3.43 361
sB3LYP 6-31+G(d) yK = 0.2 yJ = 0.35 3.71 1696
CAM-B3LYP32 6-31+G(d) 3.73 516
sCAM-B3LYP 6-31+G(d) default (yK = 0.9 yJ = 1.86) 3.65 310
sCAM-B3LYP 6-31+G(d) yK = 0.1 yJ = 1.5 3.73 840

CFP RI-CC232 aug-cc-pVDZ 3.49 5197
B3LYP 6-31+G(d) 3.31 2120
sB3LYP 6-31+G(d) default (yK = 1.516 yJ = 0.566) 3.24 4557
sB3LYP 6-31+G(d) yK = 0.2 yJ = 0.35 3.52 4741
CAM-B3LYP32 6-31+G(d) 3.55 1674
sCAM-B3LYP 6-31+G(d) default (yK = 0.9 yJ = 1.86) 3.45 1743
sCAM-B3LYP 6-31+G(d) yK = 0.1 yJ = 1.5 3.52 2445

PYP EOM-EE-CCSD19 d-aug(-d)-cc-pVDZ 4.75 2631
RI-CC232 d-aug(-d)-cc-pVDZ 4.37 3281
B3LYP 6-31+G(d) 4.08 2560
sB3LYP 6-31+G(d) default (yK = 1.516 yJ = 0.566) 4.07 3133
sB3LYP 6-31+G(d) yK = 0.2 yJ = 0.35 4.38 4805
CAM-B3LYP32 6-31+G(d) 4.36 1953
sCAM-B3LYP 6-31+G(d) default (yK = 0.9 yJ = 1.86) 4.43 1175
sCAM-B3LYP 6-31+G(d) yK = 0.1 yJ = 1.5 4.53 2214
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compute the 20 first excited states: 388 (HBI), 356 (HBDI),
341 (CFP), and 246 min (PYP). Values computed are
obtained in less than 2 s for Ethresh = 7 eV and 21 s for 9 eV.
The longest computation time is observed for HBDI with
about 6 min at an energy threshold of 15 eV. With Ethresh = 7
eV, the sTD-DFT 2PA calculations are about 20,000 times
faster than the TD-DFT ones. This reduces by 300 times for
Ethresh = 10 eV while drastically improving the convergence of

2PA strengths. As shown in Figure 6d, the global shape of the
2PA spectrum of HBI is not much influenced by the change in
Ethresh.

eGFP. As a first step toward the simulation of the 2PA of
FPs, we use eGFP’s deprotonated chromophore and its first
shell of surrounding residues and water molecules (359
atoms). This model was already successfully used to evaluate
the second-harmonic generation of eGFP at both ONIOM

Figure 5. 2PA spectra for HBI (a), HBDI (b), CFP (c), and PYP (d) evaluated at both TD-DFT and sTD-DFT levels of theory with the CAM-
B3LYP XC functional and 6-31+G(d) basis set considering Γ = 0.1 eV and N = 1.

Figure 6. sCAM-B3LYP/6-31+G(d) 2PA strengths (a) and excitation energies (b) for the first excited state of HBI, HBDI, CFP, and PYP as a
function of the single-energy threshold. CPU times (c) are also provided for sCAM-B3LYP calculations (dotted lines) performed on eight-core
desktop computers (Intel core i7-6700, 3.40 GHz) with the stda program,87 while full calculations to compute 20 excited states (plain lines) were
done on 28 CPUs (Intel Xeon CPU E5-2660 v4, 3.2 GHz) using Dalton2018.0.95,96 2PA sCAM-B3LYP spectra for HBI (d) evaluated for the same
range of energy thresholds considering Γ = 0.1 eV and N = 1.
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MP2:HF/6-31+G(d) and sTD-DFT-xTB levels of theor-
y.68,88Figure 7 compares the experimental 2PA spectrum

obtained by Drobizhev et al.4 to that computed at the sTD-
DFT-xTB level of theory with Ethresh = 7 eV and N = 2. Note
that sTD-DFT-xTB default parameters are used. The sTD-
DFT calculation without solvent effects took 45 s of CPU time
(8 Intel cores i7-6700, 3.40 GHz). Without any applied
empirical spectral shift, the comparison with the experimental
spectrum is striking. The main peak is due to the lowest-energy
excited state with an excitation energy of 2.76 eV and a 2PA
cross-section of 30 GM computed with the sTD-DFT-xTB
method and 2.70 eV and 34 GM when accounting for solvent
effects. These values are close to those measured by Drobizhev
et al.:4 2.68 eV and 39 GM, which is very encouraging for such
a rather complex system.

Quadrupolar Chromophore and Its Branched Ver-
sion. Figure 8 compares the experimental 2PA spectra for the
quadrupolar chromophore A and its branched version B to
sBHandHLYP/6-31+G(d) and sTD-DFT-xTB ones where
energy corrections of −0.65 and −1.5 eV, respectively, are
applied to account for missing solvatochromic effects.
Experimentally, the peak observed at 3.35 eV with a σ2PA of
1126 GM is enhanced to a value of 3700 GM for its branched
trimer, while the excitation energy remains unchanged.72 For

A, by also applying an energy correction to the (2ω)2
contribution to σ2PA, a value of 1334 GM was computed at
the sBHandHLYP level for a (shifted) excitation energy at 3.41
eV, well-reproducing the experimental peak. From inspection
of the natural transition orbitals, this transition has a charge
transfer (CT) character. Going to the branched trimer B, the
experimental enhancement by a factor of 3.3 is underestimated
by the sBHandHLYP calculation to 1.34 while red-shifted by
0.24 eV. No energy shift is experimentally observed. The
observed discrepancies for the branched chromophore at the
sBHandHLYP level might be due to missing contributions
from other conformers that are not included. To solve this, one
should sample the conformer space for the branched
chromophore and do extra 2PA calculations for each
conformer. Then, a Boltzmann-averaged 2PA spectrum could
be provided. At the sTD-DFT-xTB level, while the 2PA
spectrum of A is well reproduced, the method failed to
correctly describe σ2PA of this CT transition of B.

FMN and iLOV. Table 3 shows excitation energies and 2PA
strengths for lumiflavin (for which the FMN ribityl tail was

replaced by a methyl group) at the CAM-B3LYP/cc-pVDZ+
level of theory obtained by List et al.30 as well as for the lowest
energy conformer of FMN with the sTD-DFT-xTB method.
While these results seem very similar, the ribityl-5′-phosphate
group in FMN plays a non-negligible part on the 2PA strengths
because of the interaction of its phosphate end-group with
isoalloxazine. This is confirmed by the sTD-DFT-xTB
calculation on lumiflavin where 2PA responses are enhanced
by a factor of 2.3. Figure 9 compares the experimental 2PA

Figure 7. Experimental 2PA spectrum measured by Drobizhev et al.4

in comparison with that from the sTD-DFT-xTB computed for Ethresh
= 7 eV, Γ = 0.1 eV, and N = 2 with and without solvent effects using
the GBSA model with water as a solvent.

Figure 8. Experimental 2PA spectra for the quadrupolar chromophore A and its branched version B72 as well as theoretical spectra obtained at both
sBHanHLYP/6-31+G(d) and sTD-DFT-xTB levels of theory considering N = 1, Γ = 0.1 eV, Ethresh = 7 eV, and systematic energy shifts of −0.65
and −1.5 eV, respectively, for both methods.

Table 3. Excitation Energies and 2PA Strengths for
Lumiflavin and FMN Obtained by List et al.30 at the CAM-
B3LYP/cc-pVDZ+ or PE-CAM-B3LYP Level of Theory as
Well as with the sTD-DFT-xTB Method Considering Ethresh
= 7 eV for the Lowest-Energy Conformer of FMNa

lumiflavin FMN

CAM-B3LYP PE-CAM-B3LYP in water sTD-DFT-xTB

E (eV) δ (au) E (eV) δ (au) E (eV) δ (au)

3.31 124 3.18 ± 0.06 177 ± 36 3.22 111
4.22 217 3.78 ± 0.10 415 ± 160 4.33 204

aThe PE-CAM-B3LYP results were obtained for 50 configurations of
FMN in aqueous solution.30
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spectra in water30,73 for FMN with those of the lowest-energy
conformer at the sTD-DFT-xTB level. The experimental 2PA
cross-section of the first peak at 2.9 eV presents a value of
around 1.0 GM to 1.2 GM according to refs 73 and 30. The
sTD-DFT-xTB simulated peak presents a 2PA cross-section of
0.86 GM for which the excitation at 3.22 eV contributes to
0.63 GM. The rest of the contributions come from the
broadening of a lower energy excitation at 3.12 eV with a 2PA
cross-section of 0.31 GM. Experimentally, the energy differ-
ence between the two main peaks is 0.6 eV. This is
overestimated by the sTD-DFT-xTB calculation in vacuum
with a difference of 1.11 eV. A similar energy difference is
observed for the CAM-B3LYP calculation on lumiflavin with
0.91 eV. List et al.30 used quantum mechanics (QM)/
molecular mechanics (MM) with PE to describe explicitly
the impact of water solvent molecules on the 2PA response of
FMN. For this, they took 50 configurations and computed
excited states and 2PA strengths at the PE-CAM-B3LYP level
of theory (see Table 3). They showed that the energy
difference between both excited states with largest 2PA
strengths decreases to a value of 0.60 eV as observed
experimentally. Thus, to close the gap with respect to the
experimental spectra, one should include explicitly solvent
effects at the sTD-DFT-xTB and compute 2PA responses. This
is out of the scope of the present work which is just showcasing
the capabilities of the method. Figure 9 shows 2PA spectra at
the sTD-DFT-xTB level for the eight lowest-energy con-
formers of FMN where the structural changes are due to
rearrangements of the ribityl-5′-phosphate tail that is non-
covalently interacting with isoalloxazine. The Boltzmann-
averaged 2PA spectrum at 298.15 K for this set of conformers
is also reported. The main difference with respect to the
lowest-energy conformer 2PA spectrum is the broadening of
the first peak that is enlarged as observed experimentally.
Finally, Figure 10 compares the experimental 2PA spectrum

of iLOV from the study of Homans et al.73 to the one
computed at the sTD-DFT-xTB/GBSA(water) level of theory
for the entire protein considering Ethresh = 7 eV. The
calculation took 137 min on 28 CPUs (Intel Xeon CPU E5-
2660 v4, 3.2 GHz) and only 0.87 min to compute the 20 first
2PA cross-sections after the excited-state calculation. To better
fit the experimental peak, a Γ value of 0.2 eV is employed. This

also compensates for the σ2PA enhancement observed when
accounting for equilibrium solvent effects with the GBSA
model. Experimentally, the maximum of the first peak is
located around 2.9 eV for iLOV. This is also the case for FMN
in an aqueous solution. For iLOV, the agreement between the
theory and experiment is striking even if the second peak
(partially shown in Figure 9) is blue-shifted with respect to
that from the experiment. Accounting explicitly for the protein
surroundings around FMN provides the right red shift to
reproduce the experimental result with respect to the FMN
gas-phase calculation.

■ CONCLUSIONS
In this work, we derived the theoretical background for the
evaluation of 2PA cross-sections in the framework of sTD-
DFT. Computation of such a higher-order property is usually
quite computationally involved and cannot be easily evaluated
for large systems. With this new sTD-DFT implementation, we
extend the reach of TD-DFT to ultralarge systems.
Notwithstanding its computational efficiency, this new scheme
inherits the pros and cons of TD-DFT. It is possible to
reparameterize the two-electron integral parameters to better
fit a reference, but this approach should be done carefully to
avoid spoiling the nature of the excited states involved. Note
that this is not a miracle cure for the sTD-DFT method, and
this approach cannot solve all its deficiencies. In the absence of
reference values, default parameters should be used as we did
for the comparisons with the experimental values for the
largest systems considered here. Note that we will introduce
shortly a new scheme called eXact integral�sTD-DFT
(XsTD-DFT) that avoids the use of semiempirical integrals
and is a general solution to some inherent problems present in
sTD-DFT, especially for 2PA cross-sections. The article should
be submitted before the end of the current year. For this
example, we illustrated the drastic cut of the computation
times when using the sTD-DFT scheme with respect to TD-
DFT. Considering a configuration selection threshold of 7 eV,
the sTD-DFT 2PA calculations were at least 20,000 times
faster for this set of FP chromophores.
Following this, we directly compared to experimental 2PA

spectra those obtained with the sTD-DFT method for eGFP, a
quadrupolar chromophore A and its branched version B, the
FMN, and iLOV. Regarding eGFP, we used a model system of

Figure 9. Experimental 2PA spectra of FMN in water solution from
the study of Homans et al.73 and List et al.30 as well as theoretical
spectra obtained at the sTD-DFT-xTB level of theory considering N =
1, Γ = 0.1 eV, and Ethresh = 7 eV for the eight lowest-energy
conformers as well as the Boltzmann average for these conformers at
298.15 K.

Figure 10. Experimental 2PA spectrum of iLOV from the study of
Homans et al.73 as well as the theoretical spectrum obtained at the
sTD-DFT-xTB/GBSA(water) level of theory considering N = 1,
Ethresh = 7 eV, and Γ = 0.2 eV.
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the chromophore cavity inside the protein, and we obtained an
excellent agreement with the experimental values. In the case
of A and B, sBHandHLYP 2PA spectra are in good agreement
with those of the experiment, while the sTD-DFT-xTB method
failed to describe the main CT excitation of B. We assessed
dynamical structural effects for the rearrangement of the
ribityl-5′-phosphate tail of FMN. The Boltzmann-averaged
sTD-DFT-xTB 2PA spectrum presents a broadening of the
first peak similar to that experimentally observed. Here, to
close the gap with the experimental values, explicit water
molecules should be included into the simulation as it was
pointed out by List et al.30 using QM/MM with PE.
Finally, to showcase the performance of the method and in

particular of its sTD-DFT-xTB tight-binding version, the 2PA
spectrum of the entire protein iLOV was computed and
compared to that from the experiment. It was the opportunity
to extend the all-atom quantum chemistry methodology we
developed to evaluate the first hyperpolarizability64 of FPs to
2PA. The striking agreement with the experimental results
shows undoubtedly the relevance of such an approach. Such a
methodology opens the way to a plethora of applications that
could not be envisioned before, such as the design of new FPs
with fine-tuned 2PA properties.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpca.2c02395.

Basis set effects for the first excitation energies and their
2PA strengths for the set of FP’s chromophores and
excitation energies, 2PA strengths, and 2PA cross-
sections for eGFP, quadrupolar chromophore A, the
branched chromophore B, and iLOV (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Marc de Wergifosse − Mulliken Center for Theoretical
Chemistry, Institut für Physikalische und Theoretische
Chemie der Universität Bonn, D-53115 Bonn, Germany;
orcid.org/0000-0002-9564-7303;

Email: mdewergifosse@gmail.com

Authors
Pierre Beaujean − Laboratory of Theoretical Chemistry, Unit
of Theoretical and Structural Physical Chemistry, Namur
Institute of Structured Matter, University of Namur, B-5000
Namur, Belgium; orcid.org/0000-0003-3723-3257

Stefan Grimme − Mulliken Center for Theoretical Chemistry,
Institut für Physikalische und Theoretische Chemie der
Universität Bonn, D-53115 Bonn, Germany; orcid.org/
0000-0002-5844-4371

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpca.2c02395

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the DFG in the framework of the
project “Theoretical studies of nonlinear optical properties of
fluorescent proteins by novel low-cost quantum chemistry
methods” (Nr. 450959503). Some of the calculations were

performed on the computers of the Consortium des Équipe-
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(36) Zalesńy, R.; Alam, M. M.; Day, P. N.; Nguyen, K. A.; Pachter,
R.; Lim, C.-K.; Prasad, P. N.; Ågren, H. Computational Design of
Two-Photon Active Organic Molecules for Infrared Responsive
Materials. J. Mater. Chem. C 2020, 8, 9867−9873.
(37) Sałek, P.; Vahtras, O.; Guo, J.; Luo, Y.; Helgaker, T.; Ågren, H.
Calculations of Two-Photon Absorption Cross Sections by Means of
Density-Functional Theory. Chem. Phys. Lett. 2003, 374, 446−452.
(38) Zahariev, F.; Gordon, M. S. Nonlinear Response Time-
Dependent Density Functional Theory Combined with the Effective
Fragment Potential Method. J. Chem. Phys. 2014, 140, 18A523.
(39) Parker, S. M.; Rappoport, D.; Furche, F. Quadratic Response
Properties from TDDFT: Trials and Tribulations. J. Chem. Theory
Comput. 2018, 14, 807−819.
(40) Masunov, A.; Tretiak, S. Prediction of Two-Photon Absorption
Properties for Organic Chromophores Using Time-Dependent
Density-Functional Theory. J. Phys. Chem. B 2004, 108, 899−907.
(41) Frediani, L.; Rinkevicius, Z.; Ågren, H. Two-Photon
Absorption in Solution by Means of Time-Dependent Density-
Functional Theory and the Polarizable Continuum Model. J. Chem.
Phys. 2005, 122, 244104.
(42) Day, P. N.; Nguyen, K. A.; Pachter, R. Calculation of two-
photon absorption spectra of donor-π-acceptor compounds in
solution using quadratic response time-dependent density functional
theory. J. Chem. Phys. 2006, 125, 094103.
(43) Terenziani, F.; Katan, C.; Badaeva, E.; Tretiak, S.; Blanchard-
Desce, M. Enhanced Two-Photon Absorption of Organic Chromo-
phores: Theoretical and Experimental Assessments. Adv. Mater. 2008,
20, 4641−4678.
(44) Day, P. N.; Nguyen, K. A.; Pachter, R. Calculation of One-
Photon and Two-Photon Absorption Spectra of Porphyrins Using
Time-Dependent Density Functional Theory. J. Chem. Theory
Comput. 2008, 4, 1094−1106.
(45) Hrobáriková, V.; Hrobárik, P.; Gajdos,̌ P.; Fitilis, I.; Fakis, M.;
Persephonis, P.; Zahradník, P. Benzothiazole-Based Fluorophores of
Donor−π-Acceptor−π-Donor Type Displaying High Two-Photon
Absorption. J. Phys. Org. Chem. 2010, 75, 3053−3068.
(46) Day, P. N.; Nguyen, K. A.; Pachter, R. Calculation of One- and
Two-Photon Absorption Spectra of Thiolated Gold Nanoclusters
using Time-Dependent Density Functional Theory. J. Chem. Theory
Comput. 2010, 6, 2809−2821.
(47) Vivas, M. G.; Silva, D. L.; Misoguti, L.; Zalesńy, R.; Bartkowiak,
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C.; Parra, G. G.; Borissevitch, I. E.; Canuto, S.; Mendonca, C. R.
Experimental and Theoretical Study of Two-photon Absorption in
Nitrofuran Derivatives: Promising Compounds for Photochemother-
apy. J. Chem. Phys. 2011, 134, 014509.
(49) Ohta, K.; Yamada, S.; Kamada, K.; Slepkov, A. D.; Hegmann, F.
A.; Tykwinski, R. R.; Shirtcliff, L. D.; Haley, M. M.; Sałek, P.;
Gel’mukhanov, F.; et al. Two-Photon Absorption Properties of Two-
Dimensional π-Conjugated Chromophores: Combined Experimental
and Theoretical Study. J. Phys. Chem. A 2011, 115, 105−117.
(50) Palczewska, G.; Vinberg, F.; Stremplewski, P.; Bircher, M. P.;
Salom, D.; Komar, K.; Zhang, J.; Cascella, M.; Wojtkowski, M.;
Kefalov, V. J.; et al. Human Infrared Vision is Triggered by Two-
Photon Chromophore Isomerization. Proc. Natl. Acad. Sci. U.S.A.
2014, 111, No. E5445.
(51) Di Remigio, R.; Giovannini, T.; Ambrosetti, M.; Cappelli, C.;
Frediani, L. Fully Polarizable QM/Fluctuating Charge Approach to
Two-Photon Absorption of Aqueous Solutions. J. Chem. Theory
Comput. 2019, 15, 4056−4068.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.2c02395
J. Phys. Chem. A 2022, 126, 7534−7547

7545

https://doi.org/10.1021/cr2002239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr2002239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4907715
https://doi.org/10.1063/1.4907715
https://doi.org/10.1063/1.4907715
https://doi.org/10.1063/1.4907715
https://doi.org/10.1063/1.4982045
https://doi.org/10.1063/1.4982045
https://doi.org/10.1063/1.4982045
https://doi.org/10.1063/1.4979651
https://doi.org/10.1063/1.4979651
https://doi.org/10.1063/1.4979651
https://doi.org/10.1063/1.5048627
https://doi.org/10.1063/1.5048627
https://doi.org/10.1063/1.5048627
https://doi.org/10.1063/1.5048627
https://doi.org/10.1063/1.5048627
https://doi.org/10.1021/acs.jpca.9b04040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b04040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c06230?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c06230?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c06230?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.476262
https://doi.org/10.1063/1.476262
https://doi.org/10.1063/1.476262
https://doi.org/10.1063/1.2163874
https://doi.org/10.1063/1.2163874
https://doi.org/10.1063/1.2163874
https://doi.org/10.1039/c1cp23045j
https://doi.org/10.1039/c1cp23045j
https://doi.org/10.1039/c1cp23045j
https://doi.org/10.1039/c1cp23045j
https://doi.org/10.1039/c3cp44350g
https://doi.org/10.1039/c3cp44350g
https://doi.org/10.1039/c3cp54470b
https://doi.org/10.1039/c3cp54470b
https://doi.org/10.1039/c3cp55205e
https://doi.org/10.1039/c3cp55205e
https://doi.org/10.1039/c3cp55205e
https://doi.org/10.1039/c5cp03241e
https://doi.org/10.1039/c5cp03241e
https://doi.org/10.3390/molecules22101643
https://doi.org/10.3390/molecules22101643
https://doi.org/10.3390/molecules22101643
https://doi.org/10.1021/acs.jctc.8b00245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00769?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00769?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00769?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d0tc01807d
https://doi.org/10.1039/d0tc01807d
https://doi.org/10.1039/d0tc01807d
https://doi.org/10.1016/s0009-2614(03)00681-x
https://doi.org/10.1016/s0009-2614(03)00681-x
https://doi.org/10.1063/1.4867271
https://doi.org/10.1063/1.4867271
https://doi.org/10.1063/1.4867271
https://doi.org/10.1021/acs.jctc.7b01008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b01008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp036513k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp036513k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp036513k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1944727
https://doi.org/10.1063/1.1944727
https://doi.org/10.1063/1.1944727
https://doi.org/10.1063/1.2338031
https://doi.org/10.1063/1.2338031
https://doi.org/10.1063/1.2338031
https://doi.org/10.1063/1.2338031
https://doi.org/10.1002/adma.200800402
https://doi.org/10.1002/adma.200800402
https://doi.org/10.1021/ct800080w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct800080w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct800080w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo100359q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo100359q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo100359q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct100139t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct100139t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct100139t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp910010g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp910010g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3514911
https://doi.org/10.1063/1.3514911
https://doi.org/10.1063/1.3514911
https://doi.org/10.1021/jp107044w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp107044w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp107044w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1410162111
https://doi.org/10.1073/pnas.1410162111
https://doi.org/10.1021/acs.jctc.9b00305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c02395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(52) Yu, D.; Hu, Y.; Zhang, G.; Li, W.; Jiang, Y. Theoretical studies
on the two-photon absorption of II-VI semiconductor nano clusters.
Sci. Rep. 2022, 12, 110.
(53) Chołuj, M.; Alam, M. M.; Beerepoot, M. T. P.; Sitkiewicz, S. P.;
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