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Abstract: Simplified quantum chemistry (sQC) methods can
routinely compute excited states for very large systems in
an “all-atom” fashion. They are viable alternative to reg-
ular multi-scale schemes. sQC methods have the advan-
tage to account explicitly for all the environment at a QM
level. The treatment of charge-transfer states is now im-
proved by the native implementation of range-separated hy-
brid (RSH) exchange-correlation functionals into the eXact
integral simplified time-dependent density functional theory
(XsTD-DFT). After benchmarking the RSH XsTD-DFT/TDA
scheme, XsTD-DFT(/TDA) UV/vis absorption, circular dichro-
ism (CD), and/or 2PA spectra were directly compared to ex-
periments for four challenging and increasingly-large systems:
eYFP model system, Λ-shaped multi-modular D-π-A-π-D’-
π-A-π-D chromophore, mixed Donor/Acceptor ligands Pd(II)
double cage [3BF4@Pd4DmA8−m], and the photoactive yellow
protein (PYP). Among results, this study shows that an “all-
atom” approach is unavoidable to reproduce absorption and CD
spectra of PYP because one of the main transitions involves a
local excitation on a tryptophan.

Nowadays, the theoretical characterization of excited
states for large systems is mainly performed using multi-
scale methods i.e. quantum mechanical/molecular mechan-
ical (QM/MM) schemes.1,2 However, the interaction of the
chromophore with its environment is of QM nature and
thus difficult to cope with such treatments.3 The surround-
ings could also be involved into the property of interest.
Since a decade now, simplified quantum chemistry (sQC)
methods4,5 emerged as an efficient way to compute excited
state and response properties of large systems allowing “all-
atom” calculations of systems as large as fluorescent pro-
teins6,7 or fluorescent organic nanoparticles.8 The simplified
time-dependent density functional theory (sTD-DFT)4,9–14

was originally designed to be used with global hybrid
(GH) exchange-correlation functionals (XCFs). Nonethe-
less, Grimme and coworkers15 fitted the semi-empirical two-
electron integral parameters to be used with range-separated
hybrid (RSH) XCFs16 but TD-DFT equations were still
solved for the GH case. Note that the sTD-DFT scheme
was only parametrized for few RSH XCFs. Bannwarth and
Grimme11 implemented an alternative to the use of a DFT
ground state with the sTD-DFT scheme called the sTD-
DFT-xTB method. The ground state is then computed at
a semi-empirical level allowing the treatment for systems of
few thousands of atoms. Here again, the sTD-DFT step
is limited to the GH case. These limitations precluded the
application of sQC schemes to properly characterize charge-

transfer (CT) states which are of the outmost importance
for a plethora of applications.17–20

RSH XCFs16 are an important tool in the quantum
chemist’s arsenal, especially to characterize CT states. Such
functionals improve the treatment of long-range electron-
electron interactions for the exchange by incorporating exact
Hartree-Fock (HF) exchange using a partitioning scheme.21

The two-electron operator is separated in short-range (SR)
and long-range (LR) parts using the standard error func-
tion:22
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The LR part of the two-electron operator is used in HF ex-
change integrals while the SR part for the exchange func-
tional. The mixing parameter ω is adapted for each RSH
XCFs. Among RSHs, CAM-B3LYP23 is one of the most
popular functionals that corrects at LR the B3LYP hybrid
XC functional. In CAM-B3LYP, a constant amount ax of
HF exchange at SR is also present modifying the splitting
of the two-electron operator:
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The amount of LR HF exchange is scaled by a parameter βx.
ωB97X-D324 and ωB97M-V25 functionals share the same
formulation. Table 1 provides parameter values for these
three RSH XCFs.

Table 1. Parameters for the three RSH XCFs used in this study.

CAM-B3LYP ωB97X-D3 ωB97M-V

ω 0.33 0.25 0.3
ax 0.19 0.1957 0.15
βx 0.46 0.8043 0.85

To compute excited states using linear response time-
dependent functional theory (LR-TD-DFT),26–32 Casida’s
equations33 need to be solved. As we will see in the follow-
ing, these equations involve the construction of two super-
matrices for which orbital energies and XC integral kernel
are needed. For lower-rungs functionals, error cancelations
often occur between too large orbital energy gaps and too
small exchange integral kernel providing rather good excita-
tion energies for valence states but not for Rydberg or CT
states.16 LR-corrected functionals are well known to pro-
vide better orbital energies and improve the treatment of
exchange terms. In particular, they perform better to de-
scribe CT states because they have a rather correct Coulomb
asymptotic decay for the exchange potential.16 Note that
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for RSH XCFs that incorporate a fixed amount of exact ex-
change (e.g. CAM-B3LYP), this decay is correct only for a
small part of the exchange potential.

Among RSH XCFs, let’s note the existence of short-range
corrected SRC1 and SRC2 functionals from Besley et al.34

that provide an excellent treatment for core-to-valence exci-
tations and will be the subject of a future contribution in-
volving the XsTD-DFT.5,35 One downside of RSH function-
als is that the mixing parameter ω is system-dependent, es-
pecially to treat CT states.36 This parameter is often tuned
for specific systems as a function of the ionization poten-
tial37–40 or excitation energies41 with the inherent limitation
of a system specific parametrization.

With the recent introduction of the eXact integral sim-
plified time-dependent density functional theory (XsTD-
DFT)5,35 and the fact that two-electron integrals are no
longer evaluated semi-empirically, it is now possible to solve
TD-DFT Casida’s equations33 for RSH XCFs allowing a bet-
ter treatment of CT states by sQC methods. To develop this
formalism, I am using the following notations: molecular or-
bitals (MOs) indices are represented by p, q, r, s, occupied
ones by i, j, k, l, unoccupied MOs by a, b, c, d, and atomic or-
bitals (AOs) by α, β, γ, δ. The XsTD-DFT5,35 is developed
in the density-matrix-based TD-DFT formalism26–32 where
TD-DFT Casida’s equations33 are simplified as followed:

• Responses of the exchange-correlation functional are
neglected.

• Two-electron integrals are evaluated as

(ia|jb) ≈
∑
αβ

Qiaα Q
jb
β (αα|ββ) , (3)

where Qiaα transition charges are collected from
Löwdin-orthogonalized coefficients Clowαi for each ba-
sis function α as

Qiaα =
∑
α

Clow∗αi Clowαa , (4)

and (αα|ββ) are AOs two-electron integrals in the
Mulliken notation.

• A single cut-off energy Ethresh is used to truncate
the space of configuration state functions (CSFs).
Ethresh represents the spectral range for which ex-
cited states need to be computed. Note that sTD-
DFT Mataga-Nishimoto-Ohno-Klopman (MNOK)
two-electron integrals42–44 (see Supporting Informa-
tion (SI)) are still used for the truncation procedure
without noticeable changes in results.

In the case of RSH functionals, long-range two electron in-
tegrals are approximated as:

(ia| erf(ωr12)|jb) ≈
∑
αβ

Qiaα Q
jb
β (αα| erf(ωr12)|ββ) . (5)

The resulting XsTD-DFT equations for RSH XCFs are ex-
pressed as:[(

A B
B A

)
− ω

(
1 0
0 −1

)](
X
Y

)
= 0, (6)

where X and Y are excitation and de-excitation vectors,
respectively, and supermatrix elements are defined as

Aia,jb = δijδab(εa − εi) + 2(ia|jb)′ − ax(ij|ab)′
−βx(ij| erf(ωr12)|ab)′, (7)

and

Bia,jb = 2(ia|bj)′ − ax(ib|aj)′ − βx(ib| erf(ωr12)|aj)′. (8)

The Tamm-Dancoff approximation27 neglects the B super-
matrix and gives rise to a simple eigenvalue problem. Note
that the RSH XsTD-DFT implementation benefits from the
toolbox of linear and quadratic response methods already
available in the stda program,45 including UV/vis absorp-
tion,9,10 circular dichroism (CD),9,10 polarizability,12 opti-
cal rotation,14 excited state absorption,13 first hyperpolar-
izability,12 and two-photon absorption (2PA).46 Thanks to
its interface with the Libcint library,47 the XsTD-DFT and
XsTDA methods for RSH XCFs were implemented in a de-
velopment version of the freely-available stda program.45

The interested reader can look to reference 35 to have more
details about the XsTD-DFT and XsTDA methods and their
implementations.

In this letter, the RSH XsTD-DFT and XsTDA imple-
mentations are tested using CAM-B3LYP,23 ωB97X-D3,24

and ωB97M-V25 XCFs. The XsTDA and sTDA excitation
energies are benchmarked against TDA results considering
the same set of molecules as in reference 35 (Fig.S1 and S2).
To assess the performance of the XsTDA scheme to compute
intramolecular and intermolecular CT states, TDA, sTDA,
and XsTDA excitation energies are compared to reference
SCS-CC2/def2-TZVP(-f) values for systems 69 to 77 from
the mixed CT test set.15 The CT excitation energy of sys-
tem 72 is reported as a function of the distance (R) between
both parallel molecular plan of benzene and TCNE for TDA,
sTDA, and XsTDA levels of theory and compared to the RI-
CC2/aug-cc-pVDZ reference curve.

To illustrate the performance of both RSH XsTDA and
XsTD-DFT schemes to reproduce experimental UV/vis ab-
sorption, CD, and/or 2PA spectra, two small- to medium-
sized systems were selected as well as two challenging large
systems (Fig.1). First, the experimental 2PA spectrum of
the enhanced yellow protein (eYFP) from reference 48 is
compared to results obtained for its chromophore (62 atoms,
268 e−) at the RI-CC2/aug-cc-pVDZ level from Beerepoot
et al.49 as well as with RI-CAM-B3LYP and XsCAM-
B3LYP using the 6-31+g(d) basis set. Then, the experi-
mental 2PA spectrum of a Λ-shaped multi-modular D-π-A-
π-D’-π-A-π-D (D=diphenylamine, A=benzothiadizole, and
D’=phenothiazine) chromophore (PTZBDT1, 120 atoms,
552 e−)50 is compared to the XsωB97X-D3/6-31+G(d) one.
In a second step, the experimental UV/vis absorption spec-
trum of a large mixed D/A ligands Pd(II) double cage
[3BF4@Pd4DmA8−m]51 for which the ratio between num-
bers of donor and acceptor units is unknown is compared to
the computed one for the [3BF4@Pd4D4A4]5+ system (395
atoms, 1902 e−) at the XsCAM-B3LYP/TDA/LAN2DZ/6-
31+G(d) level. Finally, experimental UV/vis absorp-
tion and CD spectra of the extremely challenging pho-
toactive yellow protein (PYP, 1931 atoms, 7476 e−)52

are compared to XsCAM-B3LYP/TDA with the mixed 6-
31+G(d)[chromophore + H-bonded residues(see thick sticks,
Fig.1)]/6-31G[remaining] basis set and the implicit C-PCM
solvent model53 (water) using the iterative conjugate gra-
dient solver from Lange and Herbert.54–56 For these calcu-
lations, 25854 primitives were used. Computational details
are provided in the SI. Note that all 2PA spectra were com-
puted at the XsTD-DFT level while UV/vis absorption and
CD ones with the XsTDA method. Both XsTDA and XsTD-
DFT methods are efficient enough that all calculations (in-
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eYFP

D-π-A-π-D'-π-A-π-D

PTZBDT1

D-A cage

[3BF4@Pd4D4A4]

PYP

Figure 1. Chemical structures of eYFP chromophore, a multi-modular D-π-A-π-D’-π-A-π-D chromophore (PTZBDT1), a mixed D/A
ligands Pd(II) double cage [3BF4@Pd4D4A4], and the photoactive yellow protein (PYP).

cluding Q-CHEM57 SCFs) were performed on a desktop
computer (18 CPUs Intel(R) Core(TM) i9-10980XE CPU
@ 3.00GHz).
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Figure 2. For the two lowest-lying singlet excited states of the
set of 77 molecules, correlation graphs for sTDA and XsTDA ex-
citation energies with respect to TDA ones using CAM-B3LYP
exchange-correlation functional and the 6-31+G(d) basis set. Lin-
ear regression data are also provided.

Let’s start discussing results by testing both RSH XsTDA
and XsTD-DFT implementations using CAM-B3LYP,
ωB97X-D3, and ωB97M-V XCFs for the benchmark set
of 77 molecules involving the two first singlet-to-singlet
excitations. Figures 2 and S3 present correlation graphs
for sTDA and XsTDA excitation energies with respect to
TDA ones for the three RSH XCFs considered in this study.
Table 2 provides statistical data including mean absolute
deviations (MAD), difference between maximum and mini-
mum absolute deviations (AD), and mean deviations (MD).
For CAM-B3LYP, on average XsTDA excitation energies
deviate less than sTDA ones with respect to TDA values

with MADs of 0.22 and 0.27 eV, respectively. The same ob-
servation can be done for ωB97X-D3. Note that ωB97M-V
has never been parametrized at the sTD-DFT/sTDA lev-
els. This is why no sTDA data are provided for this XCF.
For the three functionals, XsTDA MADs with respect to
TDA are almost the same, ranking from 0.22 to 0.23 eV.
The difference between maximum and minimum AD rep-
resent the error spread of the method with respect to the
full scheme. Going from sTDA to XsTDA reduces slightly
the error spread with respect to TDA. Note that the MDs
are negative for all simplified schemes showing on average
systematic underestimations of TDA excitation energies.

For the three RSH XCFs, figure S4 presents excitation en-
ergies computed at TDA, sTDA, and XsTDA levels of theory
for six randomly-chosen compounds from the set that only
involve excitations to valence states (two per compound).
TDA excitation energies to valence states are robustly re-
produced by the XsTDA scheme while they are almost sys-
tematically underestimated by the sTDA method. This can
also be observed in Fig. 2 and S3. Figure S5 compares TDA,
sTDA, and XsTDA excitation energies to reference SCS-
CC2 results for the mixed CT set (molecules 69 to 77)15

that involves intramolecular (69 to 71) and intermolecu-
lar (72 to 77) CT states. Here again, the XsTDA results
are robustly following TDA ones. The sTDA parametriza-
tion is excellent for ωB97X-D3 functionals in view of the
results while for CAM-B3LYP, TDA excitation energies are
systematically underestimated. The comparison between
XsωB97M-V and SCS-CC2 excitation energies is striking,
especially considering that XsTDA calculations took a max-
imum of 7 seconds on my desktop computer while the TDA
one a bit less than half an hour. For system 72, figure S6
depicts RI-CC2, TDA, sTDA, and XsTDA excitation ener-
gies as a function of the distance (R) between both paral-
lel molecular plan of benzene and TCNE. XsTDA robustly
reproduces TDA curves for the three functionals and even
outperforms the full scheme at large distance with respect
to RI-CC2 results using ωB97X-D3 and ωB97M-V XCFs.
These results are extremely encouraging for the treatment
of CT states by sQC methods.

After benchmarking both methods, 2PA spectra for the
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Table 2. For CAM-B3LYP, ωB97X-D3, and ωB97M-V XCFs, mean absolute deviations (MAD), difference between maximum and minimum
absolute deviations (AD), and mean deviations (MD) of sTDA and XsTDA excitation energies with respect to TDA one for the set of 77
molecules.

E (eV) sCAM-B3LYP XsCAM-B3LYP sωB97X-D3 XsωB97X-D3 XsωB97M-V

MAD 0.27 0.22 0.35 0.22 0.23
max AD - min AD 1.35 1.18 1.97 1.23 1.52
MD -0.20 -0.14 -0.30 -0.12 -0.14

Figure 3. Left panel: experimental 2PA spectrum of eYFP from Drobizhev et al.48 recorded in water in comparison with computed RI-
CC2/aug-cc-pVDZ, RI-CAM-B3LYP/6-31+G(d), and XsCAM-B3LYP/6-31+G(d) spectra for the chromophore in π-staking interaction
with a tyrosine. Right panel: experimental 2PA spectrum from Rout et al.50 recorded in toluene compared the XsωB97X-D3/6-31+G(d)
2PA spectrum shifted by -1.4 eV. A broadening factor of 0.2 eV is employed for convoluted Gaussians.
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small- to medium-sized systems were computed at the
XsTD-DFT level and directly compared to experiment. In
2014, Beerpoot et al.49 presented a study about the 2PA of
eYFP for which the chromophore is in π-staking interaction
with a tyrosine. For this, they used CAM-B3LYP and CC2
and showed that intramolecular CT transitions between the
chromophore and the tyrosine are of the outmost importance
to interpret the 2PA spectrum. However, the experimental
2PA spectrum from reference 48 only shows transitions below
4.5 eV. These CT transitions occur at energies larger than 4
eV and thus were not measured. Left panel of figure 3 com-
pares the experimental 2PA spectrum to RI-CC2/aug-cc-
PVDZ, RI-CAM-B3LYP, and XsCAM-B3LYP ones. No en-
vironmental effects or implicit/explicit impact of the protein
β-barrel were accounted for the calculations. While shifted
by around -0.46 eV with respect to RI-CC2, XsCAM-B3LYP
spectrum has a similar shape as the RI-CC2 one. RI-CC2
and XsCAM-B3LYP 2PA cross-sections for the first excited
state compare well with experiment. RI-CAM-B3LYP un-
derestimates the experimental 2PA cross-section by almost
a factor of 2. Note that the small absorption band around
3.6 eV in the RI-CAM-B3LYP spectrum is also present in
both RI-CC2 and XsCAM-B3LYP spectra but hidden by
the onset of the larger-energy peak. The comparison with
respect to experiment of the XsCAM-B3LYP 2PA spectra is
already very good but could be improved by incorporating
the protein β-barrel and solvent effects.

The Λ-shaped multi-modular D-π-A-π-D’-π-A-π-D chro-
mophore PTZBDT1 was designed for its particular in-
tramolecular CT character that leads to a large 2PA cross-
section in the measurement window.50 Right panel of figure
3 presents this 2PA spectrum recorded in toluene in compar-
ison with the XsTD-DFT/ωB97X-D3/6-31+G(d) one in gas
phase that was shifted by -1.4 eV to match the experimen-
tal one. The 2PA cross-section of the main peak is almost
perfectly reproduced by the XsTD-DFT calculation with a
computed value of 816 GM. Inspecting its natural transition
orbitals (Fig.S7) shows that the transition is associated with
an intramolecular CT state with a mix between the transi-
tion from the hole π orbital of D’ to the particle π∗ orbital
of A and with a lower weight, from the hole π orbital of D
to the particle π∗ orbital of A. The onset of the peak start-
ing at 2.9 eV is also well-reproduced by the theory. These
results could be improved by accounting for solvent effects,
reducing the energy shift with respect to experiment but the
comparison remains dependent on the choice of the XCFs.
Note that I selected ωB97X-D3 XCF for this comparison
because the XsCAM-B3LYP 2PA cross-sections are almost
two times larger than XsωB97X-D3 ones. Selecting the right
XCF for 2PA is still an active subject of discussion in the
field.58–62 On my desktop computer, the 2PA XsTD-DFT
calculation took only 3.33 minutes for 120 atoms, thanks to
the ultra-fast 2PA implementation at the simplified level.46

Finally, for the two large and challenging systems of this
study, UV-vis and/or CD spectra were evaluated at the
XsTDA level of theory and compared to experimental re-
sults. Clever and coworkers51 designed a supramolecular
structure composed of two interpenetrated cages. Each cage
involves two Pd(II) atoms linked together by donor (phe-
nothiazine) or acceptor (anthraquinone) ligands. They were
able to synthesize homo-octameric double cages as well as
mixed-ligand double cages [3BF4@Pd4DmA8−m]5+ (Fig.1)
for which they were not able to control the ratio between
the number of donor and acceptor groups. Figure 4 presents

Figure 4. Experimental UV-vis spectrum from Clever and
coworkers51 recorded in acetonitrile compared the XsCAM-
B3LYP/TDA/LAN2DZ/6-31+G(d) spectrum. A broadening fac-
tor of 0.2 eV was used for convoluted Gaussians.

the experimental UV-vis spectrum for this extremely chal-
lenging system recorded in acetonitrile. In this spectrum,
three main absorption bands are present. From measure-
ments done for the homo-octameric double cages with only
acceptor or donor ligands, they identify that the first band
involves donor ligands while the second band acceptor lig-
ands. The largest absorption band at 295 nm according to
them is dominated by intramolecular π → π∗ transitions.
To model this system, I used a well-defined double cages
[3BF4@Pd4D4A4]5+ with two acceptor and two donor lig-
ands per cage. Excited states were computed at the XsCAM-
B3LYP/TDA/LAN2DZ/6-31+G(d) level in gas phase. Fig-
ure 4 shows the convoluted spectrum. The agreement with
experiment is salient while the main peak is only shifted
by 30 nm because of missing effects such as the impact of
the solvent, considering only singly-excited configurations,...
The spectral shape looks falsely simple because each com-
puted band is composed of a large number of excitations (see
oscillator strengths in Fig.4). Computed states 18, 51, and
223 correspond to the three band maxima, respectively. To
confirm or infirm assignments from Clever and coworkers,51

I computed NTOs (Fig.S8) at the same level of theory. All
transitions clearly show CT character. The NTO pair asso-
ciated with the transition from the ground state to the 18th
excited state clearly shows a CT transition from a hole π
orbital on a phenothiazine to a particle π∗ orbital on a pyri-
dine from another nearby donor ligand of the other cage. For
the second absorption band, we have two main NTO pairs:
one associated with a CT transition from a hole π orbital on
a phenothiazine to a particle π∗ orbital located on another
acceptor ligand linked to the same Pd atom and the other
one for a local π → π∗ transition involving two nearby an-
thraquinone. The transition to state 223 is dominated by a
transition from a π orbital located on a phenothiazine to a
d orbital from a Pd linked to this ligand. For this case, the
XsTDA calculation was able to reproduce the experiment
while providing unambiguous assignments for main absorp-
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tion bands which are not fully confirming ones from Clever
and coworkers.51

For the largest structure of this study PYP, because the
system contains 1931 atoms and 7476 e−, mixed-basis sets
were employed to be still able to perform DFT ground state
calculations with Q-CHEM57 on my desktop computer (see
Computational Details in SI). The right panel of figure S9
displays the UV-vis absorption spectra computed at the
XsCAM-B3LYP/TDA/C-PCM(water) level of theory with
3-21G, 6-31+G(d)/3-21G, 6-31G, and 6-31+G(d)/6-31G ba-
sis sets including 17709, 18107, 25635, and 25854 primitives,
respectively. Clearly, one can observe that diffuse and po-
larization sets for the chromophore play a more important
role than simply going from 3-21G to 6-31G with respect to
the 6-31+G(d)/6-31G result. Excitation energies to the first
excited state and corresponding oscillator strengths are al-
ready well described using small basis sets. These interesting
basis set effects might advocate for the use of a mixed basis
set approach for large systems with central chromophores.
CAM-B3LYP was selected because results compare better
to experiment than ωB97M-V and PBE0 (see Fig.S9, left
panel). Figure 5 compares experimental UV/vis absorp-
tion and CD spectra of PYP recorded by Borucki et al.52

in water to XsCAM-B3LYP/TDA/6-31+G(d)/6-31G//C-
PCM(water) ones. A sytematic energy shift of -1.5 eV was
applied to match experiment. The agreement with respect
to experiment is striking, especially to reproduce spectral
shapes and relative peak energy positions. Only the rotatory
strength for the first excited state is underestimated with re-
spect to experiment. As shown in figure S10 for which TDA
and XsTDA UV-vis spectra were computed for the chro-
mophore and both H-bonded residues only, it is necessary to
account for the full environment to be able to describe the
second peak correctly. NTOs for transitions from the ground
state to the 1st, 21st, and 23rd excited states are displayed
in figure S11. Table S1 provides excitation energies, oscil-
lator strengths, rotatory strengths, and wavelengths shifted
by -1.5 eV for the 1st, 21st, 23rd, and 34th excited states of
PYP at the XsCAM-B3LYP/TDA/6-31+G(d)/6-31G//C-
PCM(water) level of theory. The transition to the first ex-
cited state appears in both UV/vis absorption and CD spec-
tra is a π → π∗ transition located on the chromophore with
some CT character. The second main peak in the UV/vis ab-
sorption spectrum is due to a transition to state 23rd which
is also a π → π∗ transition but from a tryptophan residue
in the protein. This directly explains why computations on
the chromophore only were not able to describe this peak
correctly. Only an “all-atom” approach as the XsTDA one
could describe such transitions. Indeed, using multi-scale
schemes, it is very likely that such residues will only be
accounted for at the MM level. This result advocates for
the use of “all-atom” schemes such as the XsTDA one to
correctly describe fluorescent proteins for which absorbing
residues are also present and important to take into account.
In the CD spectrum, the 21st state is responsible for the pos-
itive peak located at 286 nm. It involves a π → π∗ transition
located on the tyrosine H-bonded to the chromophore. The
time determining step for the XsTDA is the DFT ground
state computed with Q-CHEM.57 The CAM-B3LYP/6-
31+G(d)/6-31G//C-PCM(water) ground state calculation
took less than 38 hours while the XsTDA calculation with
Ethresh = 6.5 eV took 51 minutes.

In summary, I provided in this study the first native imple-
mentations of RSH XCFs with sQC methods at both XsTDA

and XsTD-DFT levels of theory. After benchmarking the
RSH XsTDA method for a set of 77 molecules and showing
the excellent performance of the XsTDA scheme at robustly
reproducing TDA excitation energies for CT states, XsTDA
and XsTD-DFT methods were used to model UV/vis ab-
sorption, CD, and/or 2PA spectra of four increasingly large
systems for which experimental data are available. Excel-
lent agreements with respect to experiment were obtained in
the limit of the usual performance of RSH XCFs. Meaning
that as expected from such functionals large energy shifts
(≤ -1.5 eV) were applied to reproduce experimental spec-
tra, i.e. for PTZBDT1 and PYP. Nonetheless, experimen-
tal spectral shapes were very well reproduced by the the-
ory for the four systems. For eYFP, the XsTD-DFT 2PA
spectra for the chromophore and the stacking tyrosine gives
a similar comparison with respect to experiment as when
employing the RI-CC2 method but with an energy shift of
-0.46 eV and at a tiny fraction of the computational cost.
For the Λ-shaped multi-modular D-π-A-π-D’-π-A-π-D chro-
mophore, the experimental 2PA cross-section for the large
CT excitation responsible of the main absorption band was
almost perfectly reproduced by the XsTD-DFT calculation.
The CT character of the state was confirmed by the anal-
ysis of the NTOs. Regarding the challenging mixed-ligand
double cages [3BF4@Pd4DmA8−m]5+ involving four Pd(II)
atoms, here again the XsTDA scheme provides an excellent
comparison to experiment for the UV-vis spectrum as well
as unambiguous assignments for the three main absorption
bands. For the most absorbing band, the NTO analysis con-
firms a π → d CT state from a donor phenothiazine ligand to
a linked Pd, in contradiction with the intramolecular π → π∗

transitions suggested by Clever and coworkers.51 Finally, the
most challenging case of this study was to reproduce at an
“all-atom” sQC level both experimental UV-vis absorption
and CD spectra for PYP, a fluorescent protein composed of
1931 atoms. Both spectral shapes were well reproduced at
the XsCAM-B3LYP/TDA level. Only the rotatory strength
for the transition from the ground state to the first excited
state was underestimated by the theory with respect to ex-
periment. More surprisingly, the NTO analysis showed that
only an “all-atom” calculation could have reproduced those
spectra because one of the main transitions is dominated by
a local π → π∗ located on a tryptophan from the protein. All
these results with respect to experiment strongly advocate
for the use of both RSH XsTDA and XsTD-DFT methods as
new tools in the quantum chemist’s arsenal to characterize
optical properties of large systems in an “all-atom” fashion.

Supporting Information Avail-

able
See Supporting Information for: a) Theory Supplement, b)
Computational Details, c) Chemical Structures of Systems
1 to 77, d) Correlation Graphs, e) Excitation Energy plots
for Selected Valence and CT States, f) Natural Transition
Orbitals for PTZBDT1, [3BF4@Pd4DmA8−m]5+, and PYP,
g) Extra Computed UV-Vis Spectra for PYP
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Figure 5. UV/vis absorption and CD spectra of PYP recorded by Borucki et al.52 in water in comparison with XsCAM-B3LYP/TDA/6-
31+G(d)/6-31G//C-PCM(water) ones. A broadening factor of 0.2 eV was used for convoluted Gaussians for the UV/vis absorption
spectrum while 0.3 eV was chosen for the CD spectrum. CD data are reported as ellipticity in millidegrees.
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