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ABSTRACT: Computing one-photon absorption and two-photon absorption
(1PA and 2PA) of large molecular systems using an all-atom quantum mechanical
(AQM) methodology presents significant computational challenges. This study
evaluates the performance of the exact integral simplified time-dependent density
functional theory (XsTD-DFT) method, a new recently introduced simplified
quantum chemistry (sQC) approach that can be used as a key ingredient for
AQM workflows to compute 1PA and 2PA. The reliability, robustness, and
computational efficiency of the XsTD-DFT scheme are assessed against RI-CC2
reference calculations as well as with respect to TD-DFT results for a set of 91
organic molecules that includes systems from the QUEST database, medium-
sized push—pull molecules, and small microhydrated clusters. The impact of
various exchange—correlation functionals, basis sets, and the single energy threshold used to truncate the CIS space in the XsTD-
DEFT procedure is investigated. Results show that the XsTD-DFT method provides a substantial computational speed-up compared
to TD-DFT, up to 3 orders of magnitude in CPU time with an energy threshold of 9 eV. The method robustly reproduces TD-DFT
trends for excitation energies, oscillator strengths, and 2PA strengths. XsTD-DFT demonstrates reliability in capturing structure—
property relationships and is reliable for nonequilibrium geometries as well as microhydrated systems. Comparisons with respect to
experimental 1PA and 2PA spectra recorded in solution show similar agreements for the XsTD-DFT scheme than for TD-DFT.
Guidelines for using the XsTD-DFT method in the context of 1PA and 2PA are provided. This study concludes that XsTD-DFT is a
reliable, robust, and computationally efficient method to compute 1PA and 2PA, making it well-suited as a key ingredient for AQM
workflows to treat realistic systems.
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sample photobleaching,” and increased penetration depth.”’

To understand the photophysics of molecular systems, the
synergy between theory and experiment has become indis-
soluble. Providing theoretical results directly comparable to
experiments pushes the boundaries of theoretical chemistry,
leading to recent developments, e.g., in the field of simplified
quantum chemistry (sQC) methods.'™ Because molecular
optical properties are strictly of a quantum mechanical (QM)
nature, one needs to select an appropriate approach from the
plethora of quantum chemistry methods to better balance
accuracy versus computational costs. Among these properties,
one-photon absorption (1PA) is routinely used by experimen-
talists. Since the discovery of multiphoton processes by
Goppert-Mayer,* nonlinear optical (NLO) effects (e.g., two-
photon absorption® (2PA)) are nowadays used as comple-
mentary experimental techniques to linear absorption.” 2PA
allows to use a less energetic light source (in the degenerate case,
one incident photon provides half of the system transition
energy), unlocking improved spatial resolution,’ reduced
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These features made 2PA appealing for many applications,
. .10 i 11 .
ranging from medicine = to photolithography  or micros-
copy.'” Computationally aided design of bright 1PA and 2PA

. . 13-15
systems is an active field of research.

Computing 2PA cross sections (o,p,) is challenging.
Formally, one should evaluate the imaginary part of the third-
order response function.'® In practice, the single residue of the
quadratic response provides cost-effective expressions to
compute (for the degenerate case) 6,p5.'® Note that
alternatively sum-over-state'’ (SOS) expressions can be used
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to evaluate o,p4 but depends on the whole excited state
manifold. Using response functions removes the convergence
problem inherent to SOS expressions, for which a large number
of excited states are usually required to compute Gp,.'*'” An
appropriate method should be able to characterize excited states
with different characters on the same foot. This is rather
challenging because different types of excited states may require
different treatments of electron correlation."*"”

Implementations of either the imaginary part of the cubic
response function or the single residue of the quadratic response
to evaluate o,p, are available for a plethora of levels of theory,
including coupled cluster (CC) methods™*™>* and the density
functional theory (DFT).”***> CCS, CCSD, CC2, RI-CC2, and
CC3 methods to evaluate 0,p, were implemented by Hittig et
al.****?} The equation-of-motion coupled cluster singles and
doubles (EOM-CCSD) method implemented by Nanda and
Krylov’' provides rather accurate 2PA results.”*” However, as
recently shown by Naim et al,”® this expectation value
implementation can be outperformed by the more formal
quadratic response (QR) CCSD level of theory with respect to
CC3. The second-order approximate coupled cluster singles and
doubles (CC2) coupled with the resolution of the identity (RI-
CC2) for the evaluation of the two-electron integrals is widely
used as a reference for the computation of excitation energies of
medium-sized systems.”””" The RI-CC2 method also allows for
the computation of 6,p, for medium-sized molecules (N, <
100) and is usually used as a reference method to assess other
levels of theory to compute 2PA strengths (85p4).>"7>* Naim et
al.”® computed QR-CC3 reference &,p, for a set of small
molecules and showed that the mean average percentage error
for QR-CC2 6,p, decreases to only 26.8%, considering 2PA
strengths larger than 80 a.u.

Alternatively, the time-dependent DFT (TD-DFT) is the
workhorse of quantum chemistrzf to compute excited state
properties, including 2PA.***>°% In TD-DFT, the same
exchange—correlation functional as for the DFT ground state
is used because of the underlying adiabatic approximation.*®
This comes at the cost of a poor treatment of doubly excited
states, long-range charge-transfer excitations, polarizabilities of
long-chain polymers, and optical responses in solids.”” Density
functional approximations (DFAs) must be validated with
respect to higher-level results. Thanks to the extensive number
of TD-DFT benchmarks,>*™** their general guidelines?’o’45 can
help to choose the most suited DFA for the target property.
Passing from pure functionals, i.e, GGA and meta-GGA to
global hybrid (GH) and range-separated hybrid (RSH)
functionals, reduces the systematic underestimation of singlet-
to-singlet excitation energies for a majority of systems. Common
GH functionals, such as B3LYP and PBEQ, give relatively good
trends for valence excitation energies, providing deviations
~0.25 €V with respect to theoretical best estimates.”” Errors on
excitation energies are usually large for CT or Rydberg states
when using pure functionals. GH with a large amount of HF
exchange (HFX) or RSH (e.g, CAM-B3LYP) functionals are
more suited for such excited states.”’’n — 7* transitions are
typically less sensitive to the choice of the DFA.”” Regarding the
evaluation of oscillator strengths and excited state dipole
moments with TD-DFT, the use of GGA and meta-GGA is
discouraged, and the benefit of RSH functionals over GH ones is
yet unclear according to Laurent and Jacquemin.*’

To compute d,p4 with TD-DFT, no current DFA seems
satisfactory with respect to CC methods.”**® For a set of
medium-sized push—pull chromophores, Chotuj et al.*® showed

that 8,p, computed using GH functionals (i.e., PBEO, B3LYP)
compares better to RI-CC2 values than those obtained using
pure GGA functionals (i.e, PBE, BLYP). For the same set,
Ahmadzadeh et al.>* reported that RSH functionals such as
CAM-B3LYP provide strong linear correlation for d,p, values
with respect to RI-CC2 ones, while GH functionals reproduce
better 6,p, magnitudes. According to them, the best GH GGA
functional to evaluate 8,p, is PBEO, with a mean relative error of
around 39% with respect to RI-CC2 results for this set of
compounds.”* Note that 8,5, obtained with recent hybrid meta-
GGA functionals (e.g., MN15) correlate similarly with respect to
RI-CC2 ones than the best RSH results from their set of DFAs.
Comparable results are also obtained with GH GGA DFAs. For
small molecules, Naim et al.”® showed that the &,p, error spread
with respect to QR-CC3 decreases passing from B3LYP to
BHandHLYP and CAM-B3LYP. For §,p, with values larger than
80 au, the correlation with respect to QR-CC3 systematically
improves for all DFAs tested. TD-DFT 6,p, for transitions to
Rydberg states compares the best with respect to CC3 ones.
Because meta-GGA functionals are gauge-dependent, correc-
tions were implemented to restore their invariance.*”*” Except
for M06-2X and BMK, using gauge invariance corrections for
GH meta-GGA functionals does not improve the comparison
with respect to the best theoretical estimate (TBE) for excitation
energies from the QUEST data set.” In most of the cases, no
general and severe effects were observed for oscillator strengths
and quadratic response properties when restoring gauge
invariance.”” Typically, restoring gauge invariance to GH
meta-GGA functionals improves excitation energies, oscillator
strengths, and J,p, for molecules that involve pronounced out-
of-plane rotation of electron density.”’~*

After identifying the appropriate quantum chemistry method
for the target optical property, two key challenges remain to
simulate realistic systems: (i) accounting for environmental
effects into the electronic structure calculation and (ii)
incorporating dynamic structural effects.’® For the latter, non-
Condon effects’’ ™>° (like Franck—Condon effects or Herz-
berg—Teller contributions) might be important for comparison
with respect to experiments, motivating the development of
electronic structure methods to get vibrationally resolved 1PA
and 2PA spectra.’>*® Examples of vibronic models are the
adiabatic Hessian, vertical Hessian, and vertical gradient
methods.”*” Nevertheless, these methods can be computa-
tionally intensive. Focused models were successfully used in
modern computational spectroscopy.’”*® These models assume
that the property is local. Thus, only a small region of the system
is treated explicitly at a high level of theory, typically the
chromophore. To account for the rest of the system, continuum
solvation models provide effective environmental effects but
miss specific solute—solvent interactions.””*® Alternatively,
multiscale methods*®~*° such as QM/MM®" enable to explicitly
account for the environment at a lower level of theory (e.g,
molecular mechanics (MM)). Common protocols50 to account
for dynamic structural effects include molecular dynamics (MD)
simulations to explore chromophore—environment configura-
tions®” and compute molecular properties at each step. Ideally,
these approaches require numerous QM or QM/MM
calculations. Desépite the success of QM/MM approaches,””*>*
to compute 1PA®>*® and 2PA®”® properties, they still face some
inherent limitations: (i) the quality of the property of the QM
subsystem depends drastically on the choice of the MM force
field;*” (ii) the definition of the QM/MM boundary region can
be difficult; (iii) if the Pauli repulsion of the exchange energy is
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not included in the MM part, electron density leakage from the
QM to the MM region can plague calculations. This problem
affects in particular NLO properties.”’ Polarizable embedding
models® or effective fragment potentials”' (EFPs) can correct
this problem, accounting for the mutual polarization of the
chromophore and environment. Moreover, (iv) the conver-
gence of the property with respect to the dimension of the QM
region is system- and property-dependent.””

In light of these limitations, the so-called brute-force’® or
preferably called “all-atom QM””>”* (AQM) approach is a valid
alternative. In AQM schemes, the excited states and response
properties of the entire system are simply computed at the QM
level. This is effectively possible thanks to recent developments
in the framework of sQC methods.”””* Adopting an AQM
approach removes the assumption that the target property is
purely local. Thus, long-range effects are inherently accounted
for. As for multiscale methods, different AQM protocols can be
used to obtain the optical properties. An all-atom single
structure QM (ASQM)"* approach can be chosen to account
exclusively for explicit environment effects. de Wergifosse and
coworkers”*”*7¢ successfully applied the ASQM approach to
compute the second-harmonic generation’> and 2PA of
fluorescent proteins.”® To include dynamic structural effects,
two different all-atom dynamic structure QM (ADQM)
protocols were proposed: (i) the ADQM-Boltz. scheme
averages the optical property for a Boltzmann ensemble of
conformers populated at a given temperature, and (ii) the
ADQM-MD approach considers snapshots from a MD run at a
QM level (e.g, GEN2-xTB”” to provide averaged spectra).”*~"°
Loffelsender et al.’”* considered the flavin mononucleotide
(FMN) in a sphere of explicit water molecules as a realistic
system and showed that the ADQM-MD approach provides
striking agreements with respect to the experiment for 1PA and
2PA spectra of the FMN in water.

In 2013, Grimme' introduced the first sQC method with the
simplified time-dependent density functional theory using the
Tamm-—Dancoff approximation (sTDA), providing a cost-
efficient implementation of the TDA method using physically
grounded approximations. In 2014, the simplified time-depend-
ent density functional theory (sTD-DFT) was introduced by
Bannwarth and Grimme” and successfully applied to compute
ultraviolet/visible (UV/vis) and circular dichroism (CD)
spectra of rather large molecules (<1000 atoms). The
combination of both sSTDA/sTD-DFT methods to an extended
tight-binding (xTB) model”® unlocked the possibility to
compute excited states for ultralarge systems (<5000 atoms).
Following this, de Wergifosse and coworkers extended the
application of the sTD-DFT to linear and quadratic response
properties, includinﬁ polarizability,79 optical rotation,®” first
hyperpolarizability,”” excited-state absorption,”’ and two-
photon absorption.”® A spin-flip version®* of the sTD-DFT
scheme was also implemented. References 73 and 83 review
such developments.

The sTDA and sTD-DFT schemes were inspired by early
semiempirical quantum chemistry methods. While the DFT
ground state is computed without further approximations, the
excited state/response calculation relies on three main
simplifications of TD-DFT Casida’s equations.‘%’84 First, the
terms that depend on the linear response of the exchange—
(SVXC
Sp(r)
B supermatrices in a random phase approximation fashion.*”
The second approximation allows a cost-efficient four-index

correlation potential (i.e., =1, C) are neglected from A and

transformation of the atomic orbital (AO) two-electron integrals
into the molecular orbital (MO) space to compute A and B
supermatrices. For this, the zero-differential approximation
(ZDO)***” common in early-stage semiempirical methods is

applied. For each atom (A), transition charges (QJ) are

collected using a Lowdin orthonormalization procedure:****
ia __ low % ~low
QA - Z C(xi Cua
a€A (1)

where C°" are Lowdin-orthogonalized LCAO coefficients.
Assuming that Lowdin-orthogonalized orbitals (LOs) are atom-
centered, Lowdin-orthogonalized two-electron integrals are
collected for atoms A and B as

(AAIBB) = )" (A holdyhy)
a€A,fEB (2)
Two-electron integrals are approximated using a damped

Coulomb law"? using the MNOK damped Coulomb
operator® ™" for exchange integrals:

l/yK
1
AAIBB)X =
( ) (RAB)yK + (M)_}'K (3)
2
and for Coulomb integrals:
l/y]
1
a,(AAIBB) =
¥ n, +y —y
(Ryp)” + (a, 7)) (4)

where R, is the interatomic distance, yy and y; are linear
functions of a,, and 7, is the chemical hardness of atom A.
Approximated MO two-electron integrals are obtained as

(ialjb) ~ ) QUQ) (AAIBB)
AB (5)

In this way, sTD-DFT/sTDA computation times scale with
the number of atoms. Third, to truncate the space of singly
excited configuration state functions (CSFs), a single energy
threshold, Eg, that represents the spectral range of an excited
state calculation, is used. The complete description of the
procedure can be found in the reference 73. In addition to these
three main simplifications, quadratic response functions are
further simplified by neglecting the Hartree exchange—
correlation kernel and the second derivative of the exchange—
Sp(r) = gxc)'

To remove the semiempiricism characterizing the evaluation
of two-electron integrals in sQC methods, one of us?’9?
recently introduced the eXact integral sTD-DFT (XsTD-DFT),
where exact two-center atomic orbital two-electron integrals
(aalBp) are used instead of MNOK ones. In the XsTD-DFT
scheme, MO two-electron integrals are approximated as

(iflab) ~ Y QQ ) (aclfp)
a,f (6)

corelation potential (i.e.,

where transition charges Q(T

function a. The performance of the TDA variant of the XsTD-
DFT scheme (XsTDA)* to compute excited states was assessed
for a set of 77 molecules. XsTDA results were compared to TDA
results using GH functionals (B3LYP, PBEO, BHandHLYP, and
MO06-2X). With respect to TDA, the XsTDA method was more

are collected for each basis
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Figure 1. Chemical structures selected from QUEST 5,”* QUEST 6,”° and QUEST 7°¢ databases (CSDO = cyclopentadienone, CSDTO =
cyclopentadienthione, S-3 (S-5) = streptocyanine-c3(5), ABN = aminobenzonitrile, DMA = dimethylaniline, DMABN = dimethilaminobenzonitrile,
NDMA = nitrodimethylaniline, NPNO = nitropyridine N-oxide, N-PP = N-phenylpyrrole, Twisted-PP = twisted N-phenylpyrrole, BOD
benzoxadiazole, DPP = diketopyrrolopyrrole, BTD = benzothiadiazole, PP = pyrrolopyrrole, FF = furofuran, TT = thienothiophene, TTF

tetrathiafulvalene).

robust than sTDA at reproducing excitation energies, especially
when using functionals with large amounts of HFX. For
example, a MAD of 0.35 eV was obtained with XsM06-2X,
much smaller than the sTDA one of 0.74 eV. Regarding
oscillator strengths, XsTDA MADs were also less spread with
respect to the full scheme than for sSTDA, particularly for large
oscillator strength values. Among the results, n — 7* transitions
are not well described by both XsTDA and sTDA schemes
because the inherent ZDO approximation in those schemes
neglects one-center exchange integrals (@ fla,f3,). Interest-
ingly, the first one-photon-active Rydberg n — Ry(3s) transition
of acetone was well reproduced by the XsTDA method. TDA
excitation energies and oscillator strengths for CT states were
robustly reproduced by XsTDA outperforming sTDA, especially
when considering a large amount of HEX. Using an Ey, value of
9 eV to truncate the CI space, the XsTDA scheme is 20 times
faster than the full scheme on average, while the sTDA speed-up
is around 100. Note that errors in excitation energies decrease
when enlarging the size of the system, an interesting feature for a
method designed to describe large systems. Regarding 2PA, both
sTD-DFT and XsTD-DFT schemes using B3LYP provided
excellent comparisons with respect to experiments to reproduce
the 2PA spectrum of eGFP using a model system that includes
the deprotonated chromophore and its first shell of surrounding

residues (359 atoms).”” Accounting explicitly for the whole
protein as well as dynamic structural effects should reduce the
gap between the XsTD-DFT and experimental 2PA spectra.
This will be the subject of future studies applying the XsTD-
DFT scheme to realistic systems.

Last year, one of us’ extended the reach of both XsTDA and
XsTD-DFT schemes to RSH functionals. Note that Risthaus et
al.”? provided parameters for the sTD-DFT scheme to use a
ground state determined with a RSH functional, but sTD-DFT
equations are still solved for the GH case. Because XsTD-DFT
and XsTDA schemes use exact two-electron integrals, it is now
possible to solve Casida’s equations for the RSH case with these
methods. Among the results, de Wergifosse® showed that the
XsCAM-B3LYP scheme can reproduce the shape and relative
intensities of the experimental 1PA and CD spectra of the
photoactive yellow protein (PYP) using the entire protein (1931
atoms) for the calculation in an ASQM fashion. One of the main
transitions necessary to reproduce both spectra is associated
with a local # — #* transition located on a tryptophan from the
protein. This result advocated for the use of an AQM approach
to correctly represent excited-state properties of such ultralarge
systems.

For the moment, the sSTD-DFT-xTB scheme has not been
extended to the XsTD-DFT level of theory because MO

https://doi.org/10.1021/acs.jpca.5c03189
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Figure 2. Chemical structures of the first 36 push—pull molecules taken from the CT set.?

energies from the xXTB ground state are arbitrarily shifted to
provide better HOMO—LUMO gaps. In the sTD-DFT-xTB
scheme, semiempirical two-electron integrals are fitted to absorb
this arbitrary correction. At the XsTD-DFT level, this is not

possible because integrals are computed exactly. Thus, the xTB
scheme cannot be directly used as it is with the XsTD-DFT

scheme.
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The use of sQC schemes as core methods to compute excited
state and response properties for large systems in AQM
approaches places them as robust candidates to bridge the gap
between experimental and computational electronic spectros-
copy. First results””” obtained at both XsTDA and XsTD-DFT
levels of theory to compute 1PA and 2PA motivate us to assess
systematically and more extensively the XsTD-DFT scheme,
considering GH and RSH functionals. The main goal of this
study is to assess the performance of the XsTD-DFT method to
compute excitation energies as well as oscillator and 2PA
strengths of organic compounds. An ideal sQC method used in
an AQM procedure to evaluate 1PA and 2PA should be (i)
reliable, providing results directly comparable to a reference or
experiment; (ii) robust, performing consistently across different
types of systems, being widely applicable, and requiring minimal
parameter tuning while demonstrating good error tolerance; and
(iii) computationally efficient, being able to solve with reasonable
timings the electronic structure problem for large systems within
AQM methodologies. 91 molecular systems were selected from
different studies®>*”*~° to assess that the XsTD-DFT method
satisfies such criteria when computing 1PA and 2PA. These sets
include selected systems from the QUEST database” ™ for
which Jacquemin and co-workers” collected highly accurate
theoretical excitation energies and oscillator strengths, i.e.,
TBEs. Only the largest systems from the QUEST database,
namely QUEST 5,”* QUEST 6,” and QUEST 7°¢ were selected
because the XsTD-DFT scheme has been designed to treat large
systems (Figure 1). QUEST S and 7 sets”"?° concern molecules
reporting singlet excited states mainly of valence (7 — 7, n —
7*) and Rydberg character. The QUEST 6 set”™ involves
transitions with an intramolecular charge transfer (CT)
character. Because detectable 2PA strengths are generally on
the order of at least 100 a.u.,”” we included 48 medium-sized
push—pull molecules (up to 64 atoms) from Zalesny and co-
workers® (Figures 2 and 3). They reported two-photon (2P)
allowed excitations of CT nature with large strengths (between
10% and 10° a.u.). Throughout this work, this database is referred
to as the “CT set”. The impact of local solvation on 1PA and 2PA
is also assessed using 12 microhydrated clusters of para-
nitroaniline (pNA), thymine (T), and photoactive yellow
protein chromophore (PYPb) taken from references” "%’
(Figure 4). Reference EOM-EE-CCSD/6-31+G(d) excitation
energies as well as oscillator and 2PA strengths are available for
these systems.”’

The RI-CC2 scheme was selected as a reference method to
assess the performance of the XsTD-DFT scheme. Deviations
with respect to the full TD-DFT scheme as well as the sTD-
DFT"? method are also discussed. To validate the use of the RI-
CC2 scheme as a reference, we report in Figure S1 correlation
plots between RI-CC2/aug-cc-pVDZ and TBE excitation
energies (E Som Sn) and oscillator strengths (fsn_) s ) computed

for 80 singlet-to-singlet excitations from the QUEST database.
The spread of the excitation energy correlation plot between RI-
CC2 and TBE:s is rather contained. Table S1 reports an overall
mean absolute deviation (MAD) of 0.13 eV with respect to the
TBE for excitation energies and a MAD of 0.018 for oscillator
strengths. Oscillator strengths’ MADs divided into three classes
are also reported (Table S1). They are defined according to the
range of magnitudes for TBE oscillator strengths: ¢; for

fi2F €002, 0.10], ¢, for f;°° €[0.10, 1.0], and ¢, for

0— 0—n

fOTE]i > 1.0. For each class, we obtained MAD values of 0.01,

0.04, and 0.17, respectively. For each class, we also observed zero
or positive mean deviations (MDs), i.e., 0.00, +0.03, and +0.17
for ¢j, ¢,, and 3, respectively. These results show that the small
RI-CC2 oscillator strengths compare better to the TBE ones
(ie, ¢; and ¢,). RI-CC2 also tends to overestimate large
oscillator strengths (i.e., c;). Our results as well as previous
works”** show that the RI-CC2 method seems reliable
enough to be used as a theoretical reference for such excited
states, especially for medium-sized systems for which more
accurate wave function methods cannot be applied.

As discussed above, the main goal of this study is to show that
the XsTD-DFT method is a computationally efficient, reliable,
and robust method to evaluate 1PA and 2PA. Regarding
computational times, comparisons are made using TD-DFT,
sTD-DFT, and XsTD-DFT schemes to compute 2PA strengths
for 20 excited states using the aug-cc-pVDZ basis set (BS).
XsTD-DFT’s robustness and reliability to compute excitation
energies, 1PA and 2PA strengths, are discussed in comparison
with TD-DFT and RI-CC2 methods. The performances in
computing 1PA and 2PA are systematically assessed for different
DFAs: TPSSH, B3LYP, PBEO, M06, M06-2X, BHandHLYP,
CAM-B3LYP, ®B97X-D3, and @B97M-V. Basis set effects are
also discussed for different double-{ basis sets. We compare
XsTD-DFT/BS and sTD-DFT/BS results with respect to TD-
DFT/BS as well as RI-CC2/aug-cc-pVDZ results, providing a
systematic study on BS effects for sQC methods. We also studied
the impact of the truncation of the CIS space using a single
energy threshold on excitation energies, as well as oscillator and
2PA strengths. The convergence of XsTD-DFT results toward
the TD-DFT limit is assessed when systematically varying E,,.
from 7 to 45 eV, using different DFAs, i.e, PBE0, M06-2X,
CAM-B3LYP, and @wB97M-V. Finally, the robustness of the
XsTD-DFT method was further investigated to relate structures
to computed optical properties. The present study provides
answers to the following questions: (1) is the XsTD-DFT
method able to capture trends on optical properties upon
changing geometries with respect to the full scheme as well as
RI-CC2 reference calculations? (2) How does the XsTD-DFT
scheme perform for nonequilibrium geometries? (3) Are XsTD-
DFET 1PA and 2PA results reliable for microsolvated systems,
and how does it perform with respect to other methods such as
EOM-EE-CCSD, TD-DFT, sTD-DFT, sTD-DFT-xTB, QM/
QM, and QM/MM:? (4) How do XsTD-DFT (and TD-DFT)
results in vacuum for excitation energies as well as oscillator and
2PA strengths compared to experiments recorded in solution?
(5) How do these comparisons to experiments change when
using the XsTD-DFT method with an implicit solvent model?

This paper is structured as follows: after a description of the
computational details, we discuss results and provide con-
clusions as well as outlooks.

B METHODS

In this study, 1PA and 2PA of 91 compounds are investigated:
QUEST (Figure 1), CT (Figures 2 and 3), and microhydrated
clusters (Figure 4) sets. Geometries at CC3/(aug-)cc-pVTIZ or
CCSD(T)/cc-pVTZ levels of theory were taken from the
QUEST database.”* " Some systems were excluded for the
reasons provided in Table S2. Structures from the CT set were
taken from ref. 33, and they were optimized at the B3LYP/cc-
pVTZ level by Zalesny and coworkers”” (Figures 2 and 3). The
microhydrated geometries of ;)NA, thymine, and PYPb were
taken from Nanda and Krylov®” (Figure 4). For the QUEST set,
TBEs of excitation energies and oscillator strengths were taken
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Figure S. CPU times (s) to compute 2PA strengths at the TD-DFT level with TURBOMOLE as well as sTD-DFT and XsTD-DFT levels with the
std2'% program using the B3LYP exchange—correlation functional and the aug-cc-pVDZ basis set as a function of the number of basis functions (left
panel). Twenty excited states were computed for each system at the TD-DFT level, while for simplified methods, the number of states (#n,,,,, right
panel) was imposed by the energy threshold of 9 eV; 2PA strengths were only computed for the first 20 excited states. The number of states (##,,,,) and

the total number of CSFs involved in (X)sTD-DFT calculations are reported in the right panel.

from Jacquemin and coworkers.”*~”° For the CT set, RI-CC2/
aug-cc-pVDZ reference excitation energies as well as oscillator
and 2PA strengths were taken from Choluj et al.”> EOM-EE-
CCSD/6-31+G(d) reference values were taken from ref. 69 for
microhydrated clusters.

We performed TD-DFT, sTD-DFT, and XsTD-DFT excited
state and 2PA calculations for different GH and RSH exchange—
correlation functionals (in order of increasing amounts of HFX):
TPSSH (10%), B3LYP (20%), PBEO (25%), M06 (27%),
BHandHLYP (50%), and M06-2X (54%) as well as RSH with
and without dispersion correction (i.e., CAM-B3LYP, ®B97X-
D3, and ®B97M-V). These popular DFAs are directly available
in the implementation of (X)sTD-DFT approaches in the
std2'%" program, except for swB97M-V for which the sTD-
DFT parametrization is not available. Note that for meta-GGA
hybrids, gauge-invariance corrections do not apply to (X)sTD-
DEFT calculations because f,. is neglected. All meta-GGA hybrid
TD-DFT excitation energy and oscillator strength calculations
are corrected for gauge-invariance by default using Turbo-
mole 7.6."7'% Support for gauge-invariant meta-GGA
hybrids for 2PA cross sections was made available since
Turbomole 7.8." For a few systems from the QUEST set,
comparisons between 2PA strengths computed with and
without gauge-invariance correction can be found in the
spreadsheet that accompanies the Supporting Information for
TPSSH, M06, M06-2X, and wB97M-V exchange—correlation
functionals. These results indicate that restoring gauge
invariance negligibly impacts the 2PA strengths. Basis set effects
are investigated for various double-{: 3-21G(d), 6-31G(d), cc-
pVDZ, def2-SVP, 6-31+G(d), and aug-cc-pVDZ. For complete-
ness, sSTD-DFT-xTB’® results are compared as well to RI-CC2/
aug-cc-pVDZ ones.

Simplifications in (X)sTD-DFT schemes are designed to
reduce the computational cost of TD-DFT. Figure S reports the
CPU times required to compute the first 20 2PA strengths at
TD-DFT, sTD-DFT, and XsTD-DFT levels (B3LYP DFA) as a
function of the number of basis functions. With both sTD-DFT
and XsTD-DFT methods, we gain for the largest systems 3
orders of magnitude in CPU times on a 16-CPU computer node
(Intel Xeon ES-2650 v2, 2.60 GHz). For the largest system of the
database (molecule 48), linear and quadratic responses were

computed in 971, 4, and 2 min of CPU time at TD-DFT, XsTD-
DEFT, and sTD-DFT levels of theory, respectively.

For the statistical analysis of linear absorption properties, we
selected the first significantly bright excited states (i.e., oscillator
strength >0.020) at the RI-CC2/ aug-cc-pVDZ level for each
molecule. The corresponding TD-DFT, sTD-DFT, and XsTD-
DFT excited states are assigned based on their transition energy
(Eo = » in €V) and oscillator strengths (f, _, ,,). For the difficult
assignments from QUEST molecules, we relied on the
symmetry of the excited states, as well. Symmetry considerations
are not accounted for in the std2'’" program, so they are not
applicable to (X)sTD-DFT state assignments. As we did in the
introduction, when comparing RI-CC2 results to TBEs,
oscillator strengths from the QUEST database (Table S3) are
divided into three classes according to their ranges of magnitude
at the RI-CC2/aug-cc-pVDZ level: {¢lf €]0.02;0.1]}, {c,lf
€[0.1;1.0]}, and {c;lf > 1.0}. The excited states from the CT set
show oscillator strength values larger than 0.5 at the RI-CC2/
aug-cc-pVDZ level of theory, with the exception of systems 1 (f
= 0.29, Figure 2), 47, and 48 (Figure 3, both f = 0.00, which are
excluded from the statistical analysis for 1PA). Thus, we do not
report any classes of oscillator strengths for the CT set.

Throughout this work, microscopic rotationally averaged 2PA
strengths 6°™* are reported in atomic units. Unlike 2PA
macroscopic cross sections (Goppert-Mayer units), 5*PA
provides an unambiguous descriptor for comparing computa-
tional methods because it is independent of experiment-specific
factors.”>*”?" In the case of two degenerate linearly polarized
@,
2
over Cartesian components (7, € {xy,z}) of 2PA transition
moments (S° ~ ") between the ground and # states:

incident photons (wl =w, = ), 5*" is computed as the sum

2PA 2PA 1 * # #
67 =(g, ) = E Z (SCCSW + S + SCﬂSn{) )
in 7

The SOS expression for transition moment components (S,
and their complex conjugate) considering two degenerate

incident photons (%‘) is given as follows:
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Figure 6. For both QUEST and CT sets, MADs for excitation energies and oscillator strengths computed at TD-DFT, sTD-DFT, and XsTD-DFT
levels of theory using TPSSH, B3LYP, PBEO, M06, BHandHLYP, M06-2X, CAM-B3LYP, wB97X-D3, and ®B97M-V exchange—correlation
functionals with respect to the RI-CC2 results using the aug-cc-pVDZ basis set.
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where (Oli;li) are transition dipole moments along the { axis and
e — (0lft l0) is the fluctuation operator. For details about the
conversion from microscopic strengths to macroscopic cross
sections, the interested reader is referred to refs. 26, 31, and 27
and the Supporting Information. 2P-active states were selected
as for 1PA based on the first dominant 2PA bright state in
nonresonant conditions. For these sets of organic molecules, we
excluded high-energy excited states (above 6 eV) motivated by
the spectral ranges typically used for 2PA experiments. > Note
that when two excited states have a difference of excitation
energies below or equal to 0.05 eV, they were considered as
nearly degenerate and their excitation energies were averaged,
while corresponding oscillator strengths and 2PA strengths were
summed up. The QUEST database is composed of molecules
that report 5*** between 10° and 10* (in a.u.), while CT set
systems exhibit 5" € [10%, 107] a.u. 2PA strengths are reported
on a logarithmic scale (log(6***)). This allows one to compare
method performance according to the 5™ order of magnitude.

Symmetry-related selection rules are not the same for 1P- and
2P-active states.””'** For 1PA, group theory imposes that the
direct product between irreps of the ground state, the electric
dipole operator, and the excited state belongs to the totally
symmetric irreps. For 2PA, the dipole moment operator is

involved twice in numerators of the SOS expression (eq 8).
Thus, both 2P-active transitions to intermediate states should
belong to the totally symmetric irreps, and to be 2P-active, the
state should have at least one 1P-active intermediate state.””'**
As a result, 2P transitions between states connected by a large
number of virtual states should in principle exhibit large 2PA
transition moments (eq 8). Destructive interference between
optical channels can decrease the final 2PA strength value.'”
Optical channel interference is hidden in the response theory
formalism but can be described with the generalized few-state-
model approach.'® For push—pull molecules of C; symmetry
from the CT set, the 1P-active states are also 2P-bright. This is
not necessarily the case for the QUEST set because most of the
molecules belong to higher symmetry point groups. For each
molecule of the QUEST set, we selected the first significant 2P-
bright state off-resonance (i.e, with respect to the first 1PA-
active state) with an excitation energy below 6 eV.

RI-CC2 and TD-DFT calculations were performed with
Turbomole 7.6.1'"%% software. Extra RI-CC2/aug-cc-
pVDZ excitation energies, f, and 6™ for the CT set were
taken from the reference 33. The std2'®" program was used to
perform sTD-DFT and XsTD-DFT calculations. All (X)sTD-
DFT computations were fed with DFT ground-state molecular
orbitals and their energies computed with Q-Chem
6.0.1.2."% Note that DFT ground-state calculations were
always followed by an internal stability analysis to verify whether
the calculation converged to a proper SCF energy minimum.
The (99,590) DFT numerical grid from Q—-Chem was adopted.
Only sTD-DFT-xTB calculations used xTB molecular orbitals

https://doi.org/10.1021/acs.jpca.5c03189
J. Phys. Chem. A XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c03189/suppl_file/jp5c03189_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03189?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03189?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03189?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03189?fig=fig6&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c03189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A pubs.acs.org/JPCA
A) 7.0 B) 2.0
® B3LYP = R2=0.88 ® B3LYP - R?2=0.88
6.5{ @ sB3LYP = R?=0.85 1.8 ® sB3LYP -~ R?=0.96
® XsB3LYP— R2=0.86 ® XsB3LYP - R?2=0.85
__6.0 15
>
|U_> oss £ 1.2 .
W 550 4510 .
K3 =
8, glas “0.8
w
4.0 0.5 s
L)
35 0.2 o
QL 0.
38520 s0 60 70 0 o5 10 15
E:L—HCCZ (eV) fgll—nCCZ
C)5.0 D)2.5
® B3LYP - R?=0.56 e B3LYP - R?=0.82
® sB3LYP = R%?=0.56 ® sB3LYP — R?2=0.74
4.5 ® XsB3LYP~ R2?=0.49 2.0{ ® XsB3LYP— R?=0.81
= S0
w e £ 15
hog el
(@] et « 1.0
3.0
25 05
295 3.0 4.0 50 %%0 o5 10 15 20
E:L-"CC2 (ev) f(;lL—I‘CCZ

Figure 7. For both QUEST and CT sets, correlation plots of excitation energies and oscillator strengths for TD-DFT, sTD-DFT, and XsTD-DFT
levels using the B3LYP DFA and with respect to the RI-CC2 one using the aug-cc-pVDZ basis set. Linear regression R* values are given for each

method.
A)7.0 s— B)20
® BHandHLYP = R?=0.83 yd ® BHandHLYP = R?=0.83
® sBHandHLYP — R?=079 © 1.8 ® sBHandHLYP = R2=0.93
© XsBHandHLYP —= R?=0.84 ® XsBHandHLYP - R2=0.81
- 6.0
>
[ C)
fﬂ £ 5.0
=
1
o ke
a0
3.04 0.9
3.0 4.0 5.0 6.0 7.0 .0 0.5 1.0 1.5
ER-CC2 (eV) £RI-cc2
€50 ® BHandHLYP = R?2=0.77 D)2.5 e BHandHLYP - R2=0.92
® sBHandHLYP - R2=0.78 o/ ® sBHandHLYP — R?=0.89
4.51{e XsBHandHLYP- R2=0.73 ’ 2.01® XsBHandHLYP — R?=0.94
L ]
> 4.0 Y
1] C) ; £ 15
n = a
&8 35 I e
- Y e a1
(@] el S 1.0
930
25 05( ¢,
2.0 0.0
%.0 3.0 4.0 5.0 %.0 05 1.0 15 2.0
ER-CC2 (eV) £R1-cc2

Figure 8. For both QUEST and CT sets, correlation plots of excitation energies and oscillator strengths for TD-DFT, sTD-DFT, and XsTD-DFT
levels using the BHandHLYP DFA and with respect to the RI-CC2 one using the aug-cc-pVDZ basis set. Linear regression R* value are given for each

method.

computed with the xtb4stda 1.0'"" program. If not
mentioned otherwise, we used an Ey,, value of 9 eV to truncate
the space of the CSFs. std2 uses the 1ibcint'?” library to
compute analytical Gaussian-type orbital (GTO) one- and two-
electron integrals.

B RESULTS AND DISCUSSION
In this section, the performances of the XsTD-DFT, sTD-DFT,

and TD-DFT methods to compute excitation energies,

oscillator, and 2PA strengths are assessed with respect to RI-
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Figure 9. For both QUEST and CT sets, correlation plots of excitation energies and oscillator strengths for TD-DFT, sTD-DFT, and XsTD-DFT
levels using the CAM-B3LYP DFA and with respect to the RI-CC2 one using the aug-cc-pVDZ basis set. Linear regression R? values are given for each

method.

CC2 reference values. For 1PA and 2PA, the analysis explores
the effects of different DFAs, the choice of the basis set, and the
impact of the single energy threshold to reproduce the reference
values. Both benchmark sets (QUEST and CT) are discussed.
The QUEST set involves small organic molecules with excited
states of different characters n — 7%, 7 — 7%, Rydberg, etc. The
CT set encompasses medium-sized push—pull 7-conjugated
organic molecules with excited states of CT character. The CT
set gives the opportunity to study subsets of substituted stilbene,
para-substituted benzalanine, and substituted bisphenylacety-
lene molecules as well as compounds with cyanide groups. For
completeness, the influence of compound 1’s dihedral angle on
1PA and 2PA is investigated to assess the performance of the
XsTD-DFT scheme to treat nonequilibrium geometries.
Following this, the robustness of the XsTD-DFT approach is
challenged for microhydrated systems. Finally, the gas-phase
and implicit solvation 1PA and 2PA results are directly
compared to available experiments recorded in solution.

One-Photon Absorption. For the QUEST and CT sets,
Figure 6 reports MADs for TD-DFT, sTD-DFT, and XsTD-
DFT from RI-CC2 reference values. MADs are reported for
Ey_ , (in eV) and f, _, , considering different GH and RSH
exchange—correlation functionals. Tables S3 and S4 display
MAD values for the QUEST and CT sets, respectively. XsTD-
DFT MAD:s (for 77 excited states) closely follow TD-DFT ones
with respect to RI-CC2 for both sets. Larger MADs of 0.43 and
0.41 eV are obtained for ¥B97X-D3 and @B97M-V, considering
the CT set. We will see in the section about the selection of Ey,
that the XsTD-DFT scheme using RSH DFAs needs a larger E,,
value to be converged. For both sets, the sTD-DFT method
provides larger MADs with respect to RI-CC2, especially for GH
functionals with a large amount of HFX (a, > 0.5).

For QUEST and CT sets, correlation plots with respect to RI-
CC2 references for excitation energies and oscillator strengths

computed at the TD-DFT, sTD-DFT, and XsTD-DFT levels of
theory are shown in Figures S2 (TPSSH), 7 (B3LYP), S3
(PBEO), S4 (M06), S5 (M06-2X), 8 (BHandHLYP), 9 (CAM-
B3LYP), S6 (wB97X-D3), and S7 (wB97M-V). Both sets
encompass different ranges of excitation energies (QUEST: ~3
eV—7 eV and CT: ~3 eV—4.5 V). Considering GH DFAs with
a low amount of HFX (B3LYP: Figure 7 and PBEO: Figure S3),
TD-DFT and XsTD-DFT excitation energies tend to be
underestimated with respect to RI-CC2 ones, especially for
the CT set. Excitation energies at TD-DFT and XsTD-DFT
levels are more spread with respect to the reference, with
RMSDs of 0.64 and 0.57 eV for B3LYP and XsB3LYP as well as
0.50 and 0.43 eV for PBEO and XsPBEO, respectively (see Table
S5). From 10 to 27% of HFX, TD-DFT and XsTD-DFT
excitation energy MADs for the QUEST set are globally lower
(<0.5 eV) than for the CT set (MADs € ]0.4, 0.8[ eV). Using
GH DFAs with a larger amount of HFX (e.g.,, BHandHLYP:
Figure 8 and M06-2X: Figure SS) provides better correlations of
excitation energies with respect to RI-CC2 ones for TD-DFT
and XsTD-DFT schemes, with MADs of 0.13 and 0.17 eV for
BHandHLYP and XsBHandHLYP, respectively (see Table S4).
This is not the case for sTD-DFT that systematically
underestimates RI-CC2 excitation energies. Using RSH
exchange—correlation functionals (e.g., CAM-B3LYP: Figure 9
and wB97X-D3: Figure S6), the XsTD-DFT method over-
estimates excitation energies obtained with both TD-DFT and
RI-CC2 methods (Figure 9), especially for the CT set. For
XsCAM-B3LYP, XswB97X-D3, and XswB97M-V, MADs are
0.18,0.43,and 0.41 eV, respectively (Table S4). For the QUEST
set, XsTD-DFT MADs ~0.3 eV using RSH functionals are
comparable to those from GH functionals with large amounts of
HFX. Even at the TD-DFT level, the MAD with respect to RI-
CC2 is not diminished when passing from GH exchange—
correlation functionals with a large amount of HFX to RSH
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ones. The same observation applies at the XsTD-DFT level. As AE,_, .. Among RSH exchange—correlation functionals, CAM-

mentioned in the introduction, the sSTD-DFT approach utilizes a
special parametrization when considering RSH functionals but
still solves Casida’s equations for the GH case.”” This
parametrization was performed to reproduce reference
excitation energies obtained at the SCS-CC2/def2-TZVP(-
£).”* For both QUEST and CT sets, the correlations between
sCAM-B3LYP or swB97X-D3 excitation energies with respect
to RI-CC2 ones illustrate the suitability of these excellent
parametrizations (Figures 9 and S6). For the QUEST set (see
Table S3), we obtained MADs of 0.37 and 0.20 eV for sCAM-
B3LYP and CAM-B3LYP, respectively, as well as MADs of 0.25
and 0.13 eV for the CT set (see Table S4).

Similar observations than for excitation energies can be done
for oscillator strengths when changing DFAs with a few remarks:
(i) when considering the QUEST set, for GH functionals with a
low amount of HFX, XsTD-DFT oscillator strengths compare
surprisingly better than TD-DFT ones with respect to RI-CC2
results. For class ¢;, we obtain MADs as low as 0.010 (0.021) and
0.007 (0.016) for XsB3LYP (B3LYP) and XsPBEO (PBEO),
respectively. (ii) For GH functionals with a large amount of
Fock exchange, large RI-CC2 oscillator strengths from the c;
class are especially well reproduced by XsTD-DFT ones. For the
QUEST set, MADs of 0.055 (0.125) and 0.131 (0.192) are
obtained at the XsBHandHLYP (BHandHLYP) and XsM06-2X
(M06-2X) levels of theory, respectively. For the CT set,
considering RI-CC2 oscillator strengths €[0.29,2.28], very low
MADs of 0.07 and 0.09 are obtained at both XsBHandHLYP
and BHandHLYP levels. (iii) For the CT set, the XsTD-DFT
approach using RSH functionals provides oscillator strengths
comparable to the RI-CC2 ones, with MADs of 0.10 and 0.14 for
XswB97X-D3 and XswB97M-V, respectively, not far from TD-
DFT ones of 0.08 and 0.13.

In general, when computing excited-state energies and
oscillator strengths, the XsTD-DFT method clearly shows the
same behavior as TD-DFT as a function of the amount of HFX
with the GH DFA, a feature lost with the sTD-DFT scheme
using the default parametrization. Table S6 reports the
maximum absolute deviation (AD) for (X)sTD-DFT excitation
energies from TD-DFT ones. For each DFA, considering both
QUEST and CT sets, the XsTD-DFT scheme provides a smaller
maximum AD than sTD-DFT with respect to TD-DFT. The
only exceptions are for CT set excitation energies computed at
XsTPSSH and XswB97X-D3 levels of theory with 1.10 and 0.68
eV ADs larger than 0.92 and 0.19 eV at the sTD-DFT level.
These results highlight the closeness between XsTD-DFT and
TD-DFT results and illustrate the improvement over the former
sTD-DFT scheme.

One of the known flaws of current simplified methods is the
poor treatment of local n — #* excitations as discussed in the
introduction. Some transitions in our sets exhibit unambiguous
n — m* character. Table S7 reports excitation energies at the
TBE/aug-cc-pVTZ, RI-CC2, TD-DFT, sTD-DFT, and XsTD-
DFET levels of theory for such excitations. While RI-CC2
AE,_, .+ follow TBE ones with a mean deviation (MD) of
—0.004 eV, PBEO, sPBEO, and XsPBEOQ exhibit MDs of —0.20
eV, —0.34 eV, and —0.43 eV, respectively. When increasing the
amount of HFX in the functional, TD-DFT results present larger
MDs with respect to TBE, with MD = 0.31 eV for BHandHLYP
and MD = 0.07 eV for M06-2X. Interestingly, sBHandHLYP
(MD = —0.02 eV) and XsBHandHLYP (MD = 0.10 eV) mostly
improve over BHandHLYP, while sM06-2X (MD = —0.47 eV)
and XsM06-2X (MD = —0.44 eV) globally underestimate TBE

B3LYP compares the best with respect to TBE, with MD = 0.05
eV, while ®¥B97X-D3 and wB97M-V tend to overestimate TBE
results, with MD values of 0.13 and 0.17 eV, respectively. We
obtained MDs with respect to TBE excitation energies of —0.13
eV, —0.0S5 eV, and 0.00 eV at XsCAM-B3LYP, XswB97X-D3,
and XswB97M-V levels, respectively. The XsTD-DFT results
using RSH functionals systematically underestimate TD-DFT.

Figure S8 presents excitation energies for the first (S;) and
second (S,) excited states of phthalazine computed at TD-DFT,
sTD-DFT, and XsTD-DFT levels for PBEO, M06-2X,
BHandHLYP, CAM-B3LYP, ®B97X-D3, and wB97M-V func-
tionals as well as for TBE and RI-CC2 levels. The dominant pairs
of natural transition orbitals (NTOs) for both transitions
computed at the XsPBEO level of theory are also given and
demonstrate their n — 7% character. As a function of the DFA
employed, XsTD-DFT excitation energies systematically under-
estimate TD-DFT energies while closely following TD-DFT
trends. For the transition to the S, state, XsTD-DFT excitation
energies evaluated with XsCAM-B3LYP, XswB97X-D3, and
XswB97M-V RSH DFAs are close to TBE values, with less than
0.1 eV of difference. This represents a systematic improvement
with respect to the full scheme. It is either error compensations
due to the approximation on two-electron integrals or the
neglect of the exchange—correlation kernel that is responsible
for this behavior with the XsTD-DFT scheme. To assess this
further, Figure S8 also provides excitation energies computed
with the XsTD-DFT scheme but using the canonical trans-
formation of two-electron integrals from the AO space to the
MO space (namely XsTD-DFT-full) only for GH DFAs.
Restoring two-electron integrals in the XsTD-DFT scheme
leads to excitation energies very near TD-DFT ones, showing
that the neglect of the exchange—correlation kernel has little
impact on these energies for this system. Thus, error
compensations due to the approximation on two-electron
integrals are probably responsible for this systematic improve-
ment with respect to the full scheme. This observation suggests
that understanding how errors propagate within the XsTD-DFT
scheme with respect to the full scheme could give insights into
how to improve it.

For both QUEST and CT sets, Figures S9 and S10 present
correlation plots for the sSTD-DFT-XTB excitation energies and
oscillator strengths with respect to RI-CC2 ones, respectively.
Table S8 provides the corresponding MADs and RMSDs.
Excitation energies’ MADs with respect to RI-CC2 ones are 0.47
and 0.16 eV for QUEST and CT sets, respectively. For the
QUEST set, RI-CC2 excitation energies are almost systemati-
cally underestimated by the sSTD-DFT-xTB method, and sTD-
DFT-xTB results are significantly spread with respect to the
reference with an RMSD of 0.56. The MAD of 0.47 €V is smaller
than those for GH functionals with a large amount of HFX at the
sTD-DFT level and of the same order of magnitude as the
swB97X-D3 one (MAD = 0.45 eV). All XsTD-DFT MADs are
smaller than the sTD-DFT-xTB one (Table S8) for the QUEST
set. For the CT set, sSTD-DFT-xTB excitation energies present a
small MAD of 0.16 eV with respect to RI-CC2 ones. As for the
QUEST set, sTD-DFT-xTB excitation energies underestimate
RI-CC2 ones, and results are spread according to an RMSD of
0.20 eV. The sTD-DFT-xTB scheme outperforms all sTD-DFT
GH results for excitation energies with MADs > 0.48 eV. The
sTD-DFT-xTB MAD compares very well with the RSH
swB97X-D3 one of 0.15 eV. With respect to XsTD-DFT
MADs, the sSTD-DFT-XTB one of 0.16 eV is comparable to ones
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Figure 10. For both QUEST and CT sets, MADs for excitation energies as well as for log(6*™*) computed at TD-DFT, sTD-DFT, and XsTD-DFT
levels of theory using TPSSH, B3LYP, PBEO, M06, BHandHLYP, M06-2X, CAM-B3LYP, wB97X-D3, and ®B97M-V exchange—correlation
functionals with respect to the RI-CC2 results using the aug-cc-pVDZ basis set.

at XsBHandHLYP (0.17 eV), XsM06-2X (0.14 eV), and
XsCAM-B3LYP (0.18 eV) levels.

Regarding oscillator strengths, the sTD-DFT-xTB MAD of
0.08 with respect to RI-CC2 is much smaller than sTD-DFT
ones (MAD > 0.09) but comparable to XsM06-2X (0.07),
XsCAM-B3LYP (0.08), and XswB97X-D3 (0.08) ones for the
QUEST set. Larger oscillator strengths are better described
(MAD ¢; =0.05) than smaller ones (MAD ¢, = 0.04 and MAD ¢,
= 0.10). Concerning CT excitations, the sTD-DFT-xTB
oscillator strengths’ MAD of 0.17 is larger than XsTD-DFT
ones when using GH exchange-correlation functionals with a
large amount of HFX (MADs < 0.10) or RSH exchange—
correlation functionals (MADs < 0.14). Overall, sTD-DFT-xTB
oscillator strengths correlate rather well with RI-CC2 ones
(Figures S9 and S10), with a tendency to overestimate larger
oscillator strengths from the CT set (Figure S10). sTD-DFT-
xTB results correlate rather well with RI-CC2 ones even if
excitation energies are more spread. We already discussed in the
introduction the impossibility to directly connect the XsTD-
DFT method with the usual xTB ground state. The present
results motivate us to pursue this goal.

As intermediate conclusions for 1PA, the XsTD-DFT scheme
is a robust and reliable method that exhibits a rather consistent
behavior with respect to RI-CC2 results, similarly to TD-DFT
upon varying the amount of HFX. In particular, XsBHandHLYP
and XsMO06-2X levels of theory are able to reproduce
BHandHLYP and MO06-2X results at a fraction of the
computational cost (3 orders of magnitude in CPU time). In
light of these findings, the XsTD-DFT method could be used as
a computationally efficient, reliable, and robust alternative to TD-
DEFT to compute the 1PA spectra. The next section discusses if

these requirements are still met for 2PA, which is more
challenging to evaluate.

Two-Photon Absorption. For both QUEST and CT sets,
Figure 10 presents MADs for excitation energies as well as for
log(6*™) computed at the TD-DFT, sTD-DFT, and XsTD-
DET levels of theory using TPSSH, B3LYP, PBEO, MO6,
BHandHLYP, M06-2X, CAM-B3LYP, wB97X-D3, and
@wB97M-V exchange—correlation functionals with respect to
the RI-CC2 results. MAD values are collected in Tables S4 (CT
set) and S9 (QUEST). For both sets, excitation energy and
log(8*™*) correlation plots for TD-DFT, sTD-DFT, and XsTD-
DFT methods with respect to RI-CC2 are displayed in Figures
S11 (TPSSH), S12 (B3LYP), S13 (PBEO), S14 (MO6), S15
(M06-2X), S16 (BHandHLYP), S17 (CAM-B3LYP), SIS
(wB97X-D3), and S19 (wB97M-V). MADs for 2PA strengths
are reported considering log(6*™*) because the range of 6™
across both sets of molecules spans from very small 2PA
strengths around 1 a.u. to values as large as 10° a.u. For both sets,
excitation energy MAD trends for TD-DFT, sTD-DFT, and
XsTD-DFT schemes with respect to the RI-CC2 method
considering 2P-active states are the same as those already
discussed for 1P-active ones. Correlation plots are also similar
(see Figures S11—S19). DFAs with a small amount of HFX
provide XsTD-DFT and TD-DFT log(6*"*) that correlate well
with respect to RI-CC2 ones. Using the B3LYP functional, for
the QUEST set, MADs of 0.28, 0.26, and 0.24 are obtained for
sTD-DFT, XsTD-DFT, and TD-DFT levels, respectively. This
corresponds to an absolute deviation from RI-CC2 of less than
1/3 order of magnitude. For the CT set, even smaller MADs are
obtained with PBEO: 0.16, 0.15, and 0.17 for sTD-DFT, XsTD-
DFT, and TD-DFT levels, respectively. Note that while MADs
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Figure 11. For systems 4, 13, 34, and 44 from the CT set, XsTD-DFT excitation energies, oscillator strengths, and Iog((‘}m) deviations from TD-DFT
results as a function of Eg, for PBEO, M06-2X, CAM-B3LYP, and @B97M-V exchange—correlation functionals with the aug-cc-pVDZ basis set. Tables
at the bottom show TD-DFT excitation energies, oscillator strengths, and log(6***) for each system.

for log(6*™*) are similar to both sTD-DFT and XsTD-DFT
methods, excitation energies are better reproduced by the
XsTD-DFT method with a MAD of only 0.38 eV instead of 0.73
eV with the sTD-DFT method. We already showed that
increasing the amount of HFX in the functional decreases MADs
on excitation energies with respect to RI-CC2 values for TD-
DFT and XsTD-DFT schemes, while sSTD-DFT results are poor.
This is not the case when considering log(6*"*). Going from
B3LYP to BHandHLYP, for the QUEST set, the MAD increases
from 0.26 to 0.34 and from 0.16 to 0.61 for the CT set at the
XsTD-DFT level. Correlation plots for M06-2X and BHandH-
LYP functionals (Figures S15 and S16) illustrate a systematic
underestimation of the reference values, especially for the larger
2PA strengths from the CT set. For the QUEST set,

XsBHandHLYP (BHandHLYP) and XsM06-2X (M06-2X)
levels better correlate with RI-CC2 results with MADs of 0.34
(0.24) and 0.34 (0.25), respectively. Similar trends than for GH
functionals with a large amount of HFX are observed
considering RSH functionals. For the QUEST set, rather good
performances are obtained for XsCAM-B3LYP and sCAM-
B3LYP levels with MADs of 0.32 and 0.28 with respect to RI-
CC2 results, not far from the CAM-B3LYP MAD of 0.23. For
the CT set, XsTD-DFT and sTD-DFT levels systematically
underestimate RI-CC2 log(6*"*) when using RSH functionals,
while MADs are more contained for the full scheme. These
discrepancies with simplified methods are probably related to
neglect to the response of the exchange—correlation kernel in
the evaluation of the single residue of the quadratic functions,
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especially for GH functionals with a large amount of HFX as well
as RSH DFAs. We are currently investigating this issue. MADs of
log(6®™) computed with sTD-DFT and XsTD-DFT levels
remain comparable, but MADs for excitation energies are lower
with the XsTD-DFT method.

Computing 2PA cross sections with the XsTD-DFT method
requires the same considerations in terms of the choice of DFA
as for the full TD-DFT scheme. On one hand, GH DFAs with a
lower amount of HFX better capture 5*** with respect to RI-
CC2 ones. On the other hand, computing excitation energies
comparable to RI-CC2 ones requires a larger amount of HFX in
the GH DFAs or RSH DFAs. To compute 2PA spectra with
either TD-DFT or XsTD-DFT methods, we propose to use
PBEO or B3LYP DFAs as a compromise to better reproduce RI-
CC2 excitation energies and 6" These observations are
consistent with previous studies’>** that benchmarked 2PA
evaluated with the TD-DFT method with respect to the RI-CC2
one. Chotuj etal.” showed that the TD-DFT scheme using RSH
DFAs severely underestimates 2PA strengths, while GH
functionals better reproduce absolute 2PA strengths for many
CT set donor—acceptor molecules. These conclusions are also
valid for the XsTD-DFT method as shown here.

For both QUEST and CT sets, Figures S9 and S10 present
correlation plots for the sSTD-DFT-xTB log(6*"*) with respect
to the RI-CC2 ones, respectively. Table S8 provides
corresponding MADs and RMSDs. As we did for 1PA, we
now discuss the performance of sSTD-DFT-xTB to compute 2PA
strengths for both the QUEST and CT sets. For the QUEST set,
the sSTD-DFT-xTB log(6*"*) MAD of 0.40 with respect to RI-
CC2 reference values is larger than all sSTD-DFT and XsTD-
DFT results, with the exception of sBHandHLYP, sM06-2X, and
swB97X-D3 ones. For the CT set, the MAD remains on the
same order of magnitude, with a value of 0.45 with respect to the
RI-CC2 reference log(6***). Only sTD-DFT and XsTD-DFT
results obtained using GH functionals with a small amount of
HEX present smaller MADs. Nonetheless, the sTD-DFT-xTB
method has already provided 2PA spectra that compare very
well with respect to experiments for bacteriorhodopsin, iLOV,
and the FMN in aqueous solution.”*”°

In summary, the same considerations regarding the choice of
DFAs in TD-DFT apply to compute the 2PA with the XsTD-
DFT method. In particular, the XsPBEO level of theory offers a
good compromise between reproducing RI-CC2 peak positions
(i-e., excitation energies) and 2PA intensities (i.e., 2PA
strengths), especially for excited states from the CT set that
are common 2P-active dyes. This recommendation is solely
based on calculations for molecules in a vacuum and should be
viewed as an initial guideline when comparing theory to
experiment. This highlights the need to extend the present study
to microsolvated systems to understand how the XsTD-DFT
method captures the impact of noncovalent interactions on 1PA
and 2PA. This will be addressed in a following section. We will
also examine how single-molecule XsTD-DFT 1PA and 2PA
calculations compare to the experimental data.

Basis Set Effects. The two previous sections mostly
discussed the impact of the DFA on the computation of 1 and
2PA with TD-DFT, sTD-DFT, and XsTD-DFT schemes with
respect to RI-CC2 reference calculations using the aug-cc-pVDZ
basis set. Basis set effects are now briefly discussed focusing on
PBEO, CAM-B3LYP, and wB97X-D3 DFAs, considering 3-
21G(d), 6-31G(d), cc-pVDZ, def2-SVP, 6-31+G(d), and aug-
cc-pVDZ basis sets. For a detailed discussion, the reader is
encouraged to read the Supporting Information where basis set

effects are discussed for both the CT set (Figure S20) and
QUEST set (Figure S21). Note that for sTD-DFT calculations,
basis set effects are only accounted for in the evaluation of two-
electron integrals by the Lowdin-orthogonalized LCAO
coefficients (eq 1) because of the collection of Lowdin-
orthogonalized two-electron integrals (eq 2) approximated by
the MNOK damped Coulomb operator (eqs 3 and 4) that has
no basis set dependence. One of the main ideas behind
developing the XsTD-DFT scheme was to recover this basis set
dependence by approximating Lowdin-orthogonalized two-
electron integrals by AO integrals.””>”* Our results (Figures
$20—S23) show that trends for both 1PA and 2PA properties
computed with the XsTD-DFT method closely follow those
calculated with TD-DFT across different basis sets. As expected,
the largest basis sets investigated here (i.e., 6-31+G(d) and aug-
cc-pVDZ) are recommended to compute excitation energies
and 6" with the XsTD-DFT scheme. Oscillator strengths
appear to be less dependent on the basis set size. The choice of
the DFA has a larger impact on XsTD-DFT results than the
selection of a double-{ basis set compared to RI-CC2/aug-cc-
pVDZ results. Beyond the choice of the DFA and basis set, an
important method-specific input parameter that impacts XsTD-
DEFT results is the selection of the energy threshold used to
truncate the CIS space. The following section examines the
influence of Ey, on 1PA and 2PA properties computed with the
XsTD-DFT scheme.

Impact of the Truncation of the CIS Space on XsTD-
DFT Results. Figure 11 presents, for molecules 4, 13, 34, and 44
of the CT set, XsTD-DFT excitation energies, oscillator
strengths, and log(6*"*) deviations from TD-DFT results as a
function of Ey,, for PBEO, M06-2X, CAM-B3LYP, and ®B97M-
V exchange—correlation functionals. Systems 4 and 13 were
selected because their XsPBEO 6% of 2324 and 6452 a.u.
considering Eg, = 9 eV diverge strongly from RI-CC2 reference
values of 7868 and 18758 au. Systems 34 and 44 were selected,
and they have XsPBEO 5*"* of 55174 and 122008 a.u. that are in
excellent agreement with RI-CC2 values of 51408 and 150580
au. As mentioned in the introduction, E, in the sSTD-DFT and
XsTD-DFT methodologies selects relevant CSFs for the range
of excitation energies considered. Technically, the primary CSF
space (P-CSF) is selected by evaluating A,,;,, < Eg, and the
secondary CSF space (S-CSF) by second-order perturbative
expressions using A;, ;, elements that could couple primary CSFs
to a higher-energy j — b one. The spaces of selected CSFs are the
sum of both primary and secondary CSFs.

Considering excitation energies for the four systems, XsCAM-
B3LYP and XswB97M-V deviations with respect to TD-DFT
results slowly decrease as a function of E,. This behavior is
symptomatic of a slower convergence of XsTD-DFT excitation
energies toward TD-DFT ones when using RSH and might
explain the large MADs we obtained for XswB97M-V (0.41 eV)
and XswB97X-D3 (0.43 eV) with respect to the RI-CC2 level
when using Ey,. = 9 eV (see Figure $24). For the CT set, when
computing excitation energy MADs with a larger energy
threshold of 20 eV, we observe a substantial improvement for
both the XswB97M-V (0.28 eV) and XswB97X-D3 (0.30 eV)
levels. Excitation energies computed at the XsM06-2X level start
to diverge from M06-2X ones when Ey, is larger than ~9 to 12
eV. The same behavior is observed for XsPBEO considering
systems 4 and 13 for Ey > 12 eV. Thus, an Ey, sweet spot exists
for which the XsTD-DFT excitation energies converge toward
the TD-DFT ones when using GH DFAs. For these four
systems, the Eg,. value required to compute XsTD-DFT
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Figure 12. For subsets from the CT set of substituted stilbene, para-substituted benzalanine, and substituted bisphenylacetylene molecules as well as
compounds with cyanide groups, excitation energies, and oscillator strengths computed at RI-CC2, M06-2X, sM06-2X, and XsM06-2X levels of theory

using the aug-cc-pVDZ basis set.

excitation energy deviations in the interval [—0.1,0.1] eV seems
to decrease upon increasing the size of the molecule.

Deviations of XsTD-DFT oscillator strengths from TD-DFT
ones remain between —0.10 and 0.20 within the range of Ey,.
Considering that TD-DFT oscillator strengths for these systems
are between 0.79 and 1.45, XsTD-DFT errors with respect to
TD-DFT results are rather small. For most of DFAs, we observe
an overall convergence of XsTD-DFT oscillator strengths
toward TD-DFT ones as Ey, increases, with a tendency to
reach a slowly diverging plateau for Eg, values larger than 12—15
eV, except for system 34 at the XswB97M-V level.

For these four systems, XsTD-DFT log(6*™) absolute
deviations do not show any clear convergence with respect to
the TD-DFT results as a function of Eg,. Depending on the
system and the DFA used, trends can slightly diverge or slowly
converge as a function of Ey,,.

Figure S25 shows for molecules 4, 13, and 34 of the CT set
XsTD-DFT excitation energies, oscillator strengths, and log-
(6°™) deviations from TD-DFT results as a function of E, for
PBEO and M06-2X. For comparison, Figure S25 also includes
deviations computed with the XsTD-DFT scheme but using the
canonical transformation of two-electron integrals from the AO
space to the MO space (XsTD-DFT-full) instead of the ZDO
approximation. The development version of st d2 can compute
the four-index transformation from the AO to the MO space.

This implementation is not optimized and was only for testing
purposes during the development process. Therefore, we were
able to obtain XsTD-DFT-full results for only a few systems and
Ey, values. While the response of the exchange—correlation
kernel is still neglected in the XsTD-DFT-full methods, results
clearly show a rather similar convergence as the XsTD-DFT
method. This is an indication that a TD-DFT method using the
same Ey,. procedure could behave similarly to the XsTD-DFT
method. For the investigated systems, we observe a systematic
shift of excitation energies passing from the XsTD-DFT scheme
to the XsTD-DFT-full one. The slower convergence of the
XsTD-DFT-full excitation energy with respect to the final TD-
DEFT value as a function of Eg, highlights one possible source of
error compensation in TD-DFT between the exchange—
correlation kernel (absent in XsTD-DFT) and the contribution
of canonical two-electron integrals. Consequently, reintroduc-
ing these integrals into the kernel-free XsTD-DFT method
could require a larger number of CSFs (i.e,, a large Ey, value) to
reproduce TD-DFT excitation energies.

Figure S26 presents XsPBEO/aug-cc-pVDZ 2PA calculation
CPU times computed on 16 CPU (Intel Xeon ES-2650 v2, 2.60
GHz) computer nodes as well as numbers of CSFs, P-CSFs, and
S-CSFsincluded in as a function of Eg,, for systems 4, 13, 34, and
44 of the CT set. Employing Ey,, larger than 15 eV drastically
increases computational timings for XsTD-DFT calculations

https://doi.org/10.1021/acs.jpca.5c03189
J. Phys. Chem. A XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c03189/suppl_file/jp5c03189_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c03189/suppl_file/jp5c03189_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c03189/suppl_file/jp5c03189_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03189?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03189?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03189?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03189?fig=fig12&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c03189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

A1) 5.0

—e— RI-CC2 =#= PBEO == SPBEO

=& XsPBEO

A2) 107
- RI-CC2

=e— PBEO

=o— SPBEQ  —e— XsPBEO

2.0 2 101417 19222527 28293334363841424446
Molecule
B1) 5.0
—e— RI-CC2
R, 4.5 —e— PBEO
\\ — —e— SPBEO
» % 4.0 —o— XsPBEO

20 1 3 5 7 23
Molecule
C1) 5.0
) —e— RI-CC2
Ry 45 —e— PBEO
|\\ —e— SPBEO

=& XsPBEO

2.0 16 18 20 21 26 32 35 37 39 43
Molecule
D1) 5.0
—e— RI-CC2
45 —e— PBEO
—o— sPBEQ
;4‘0 —o— XsPBEO
Il =
235
T
wr3.0
2.5¢
2.0 4 7 13 17 24 a7
Molecule

2
10 2 101417 19222527 28293334363841424446
Molecule
B2) 10’
—e— RI-CC2
6 -o— PBEO
10 —e— SPBEO
5. —o— XsPBEO
- 10
©
S
Ss10% &= —
w G
10
2l . .
10 1 3 5 7 23
Molecule
Cc2) 107
—e— RI-CC2
6 =—e— PBEO
10 =o— sPBEO

~&— XsPBEO

103
102 - .. - \. y .. >
16 18 20 21 26 32 35 37 39 43
Molecule
D2) 107
== RI-CC2
5| —e— PBEO
10 —8— SPBEO
. =& XsPBEO
3 108
(]
<
8x10*
Lo}
103
103 7 13 17 24 47
Molecule

Figure 13. For subsets from the CT set of substituted stilbene, para-substituted benzalanine, and substituted bisphenylacetylene molecules, as well as
compounds with cyanide groups, excitation energies, and 2PA strengths computed at RI-CC2, PBEO, sPBEO, and XsPBEO levels of theory using the

aug-cc-pVDZ basis set.

with the std2'®" program, while results are not necessarily
improved with respect to the full scheme as we discussed above.
For example, the CPU time required to compute up to 8628
excited states and 20 2PA strengths for system 44 was below 7 h
with Eg, <20 eV and about 126 h for Ey;,, = 45 eV (30642 excited
states and 20 2PA strengths). As Eg, increases, the
dimensionality of the P-CSF space expands as anticipated, but
the S-CSF space reaches a peak beyond which a progressively
smaller number of S-CSFs is incorporated into the CSF space.

In summary, for the four compounds selected from the CT
set, we observe that deviations of the XsTD-DFT excitation
energies from the TD-DFT values decrease monotonically with
the energy threshold. Because of this, one can identify an optimal
Ey,, value that yields excitation energies close to TD-DFT ones.
For XsPBEO and XsM06-2X levels, selecting Ey,, € [9, 12] eV
results in deviations from PBEO and M06-2X excitation energies
of less than 0.1 eV. When using RSH functionals such as CAM-
B3LYP and @wB97M-V, the convergence of XsTD-DFT
excitation energies toward TD-DFT values occurs at larger
energy thresholds. When selecting an appropriate Eg, value to
compute 1PA and 2PA, one should select the smallest value to
ensure convergence and minimize the number of CSFs, keeping
the method computationally efficient and reliable. This
consideration is particularly important given the steep scaling
of the XsTD-DFT method (Figure S26).

Structure—Property Relationships. Trends among differ-
ent chemical structures for excitation energies, oscillator
strengths, and 2PA strengths are investigated to assess the
robustness of simplified methods. From the CT set, four subsets
of compounds were identified: substituted stilbene (2, 10, 14,
17, 19, 22, 25, 27-29, 33, 34, 36, 38, 41, 42, 44, and 46), para-
substituted benzalanine (1, 2, 5, 7, and 23), and substituted
bisphenylacetylene (16, 18, 20, 21, 26, 32, 35, 37, 39, and 43)
molecules, as well as compounds with cyanide groups (4, 7, 13,
17, 24, and 47). For the CT set, the XsM06-2X level of theory
provides excitation energies and oscillator strengths that
compare very well with RI-CC2 reference calculations, with an
excitation energy MAD of 0.14 eV and an oscillator strength
MAD of 0.10. Thus, the M06-2X exchange—correlation
functional was selected to discuss structure—property relation-
ships among subsets of compounds for 1PA properties. For each
subset, Figure 12 presents excitation energies and oscillator
strengths computed at RI-CC2, M06-2X, sM06-2X, and XsM06-
2X levels of theory. For each subset, XsM06-2X excitation
energies closely follow M06-2X ones except for substituted
benzalanine molecules where larger deviations are observed
while keeping the same trend. RI-CC2 trends among
compounds are not fully followed by the TD-DFT ones. sTD-
DFT excitation energies are globally underestimated with
respect to TD-DFT ones. Similar observations can be made
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Figure 14. For system 1, rigid scans for excitation energies and 2PA strengths computed at RI-CC2, PBEO, sPBEO, XsPBEO, and sTD-DFT-xTB levels

of theory as a function of the dihedral angle ¢ (highlighted in yellow).

for oscillator strengths. XsM06-2X slightly underestimates RI-
CC2 oscillator strengths for benzalanine systems but consis-
tently follows RI-CC2 trends. Among these subsets of
molecules, XsM06-2X results present the same reliability as
MO06-2X ones, illustrating the robustness of the XsTD-DFT
method to compute 1PA properties while remaining computa-
tionally efficient.

The XsPBEO scheme provides the smallest log(5*"™*) MAD of
0.15 with respect to RI-CC2 results among the set of DFAs
considered in this study for the CT set. Note that the XsPBEO
excitation energy MAD is 0.38 eV with respect to the reference.
For each subset, Figure 13 presents excitation energies and 2PA
strengths computed at RI-CC2, PBEO, sPBEO, and XsPBEO
levels of theory. The analysis is straightforward, as XsPBEO
results closely follow PBEO ones. sTD-DFT systematically
underestimates TD-DFT excitation energies. RI-CC2 trends are
not fully reproduced by TD-DFT especially for substituted
stilbene, but results remain reasonable. For the subset of
compounds with cyanide groups, RI-CC2 trends are not well
followed by the other methods. Let us stress that XsPBEO 2PA
strengths took only a few minutes to be computed. The
improvement over 5" when computed with the full scheme is
rather marginal, but the extra computational cost to be paid is
certainly not negligible. The results illustrate, at least when using
the PBEO exchange—correlation functional, the robustness of the
XsTD-DFT method with respect to the full scheme to compute
2PA strengths at a fraction of the computational cost.

Among the subset of substituted stilbene molecules,
compounds with an N,N-diphenylamine group, i.e,, 25, 38, 41,
44, and 46, present larger 5°PA deviations at the XsPBEO level
with respect to the full scheme. Their geometries are not planar

because of this substituent. Analyzing the data for the entire CT
set, we observe that XsPBEO 2PA strengths deviate more from
PBEO strengths for systems having their 77-conjugated pathway
distorted from planarity. To better understand this behavior, we
performed a rigid scan varying the dihedral angle ¢ between the
phenyl group and the rest of the z-conjugated pathway of
compound 1 by step of A¢p = 20°. At the equilibrium geometry,
the dihedral angle is 36°. Figure 14 and Table S10 present rigid
scans for excitation energies and 2PA strengths computed at the
RI-CC2, PBEO, sPBEO, XsPBEO, and sTD-DFT-xTB levels of
theory as a function of ¢. XsPBEO excitation energies almost
perfectly reproduce PBEO ones. Even if XsPBEO, sPBEO, and
PBEO trends follow the RI-CC2 one, these methods systemati-
cally underestimate RI-CC2 excitation energies, especially at the
sPBEO level. While sTD-DFT-xTB excitation energies are closer
to RI-CC2 values, the RI-CC2 trend as a function of the dihedral
angle is not well followed by sTD-DFT-xTB results. This is
probably due to the xXT'B ground state for which diffuse functions
are added non-self-consistently at the final step of the ground-
state calculation.”® 2PA results are more surprising as the XsTD-
DFT method better reproduces RI-CC2 5** profile as a
function of the dihedral angle for compound 1. sTD-DFT and
TD-DFT results systematically provide larger §*"* with respect
to RI-CC2 values. For the most planar geometries (e.g., ¢ =
176°), XsPBEO 8*™ are closer to PBEO values, but for more
distorted geometries (e.g,, ¢ = 96°), they are closer to RI-CC2
ones. sSTD-DET-XTB 6*" values underestimate RI-CC2 values,
and the RI-CC2 trend is not particularly well followed.

This section addressed two key questions from the
introduction on the ability of the XsTD-DFT method to capture
trends in optical properties with geometrical changes in
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Figure 15. For microhydrated clusters, EOM-EE-CCSD/6-31+G(d) excitation energies, oscillator strengths, and 6" (logarithmic scale)® as well as
RI-CC2, TD-DFT, sTD-DFT, XsTD-DFT, and sTD-DFT-xTB ones using the aug-cc-pVDZ basis set. The left panel reports PBEO results, while the

right one considers CAM-B3LYP DFA.

comparison to both TD-DFT and RI-CC2 schemes as well as on
the performance of the XsTD-DFT for nonequilibrium
geometries, assessing the robustness and reliability of the method.
Among the tested DFAs, the XsM06-2X and XsPBEO levels of
theory consistently reproduce TD-DFT trends for excitation
energies, oscillator strengths, and 2PA strengths for four subsets
of molecules extracted from the CT set. Varying the dihedral
angle of compound 1, XsPBEO results closely follow PBEO ones
for excitation energies and 2PA strengths, illustrating the
reliability of the XsTD-DFT method for nonequilibrium
geometries, a crucial feature for ADQM procedures. The next
section will assess another important feature for such method-
ologies: how the XsTD-DFT captures optical properties for
noncovalent interacting systems, such as microsolvated
chromophores.

Microhydrated Systems. Simplified schemes are specifi-
cally designed to treat large systems, e.g., explicitly solvated
chromophores used as realistic systems for AQM method-
ologies.”* Thus, it is very important to assess the performance of
such methods when dealing with microsolvation effects. For this
scope, systems from Nanda and Krylov®” were selected for
which EOM-EE-CCSD/6-31+G(d) reference excitation ener-
gies, oscillator strengths, and 2PA strengths are available. Figure
§27 displays MADs for excitation energies, oscillator strengths,
and log(6*™*) computed at the TD-DFT, sTD-DFT, XsTD-
DFT, and RI-CC2 levels of theory using B3LYP, PBEO, CAM-
B3LYP, wB97X-D3, and wB97M-V exchange—correlation
functionals as well as the aug-cc-pVDZ basis set with respect
to EOM-EE-CCSD/6-31+G(d) reference calculations. Note
that because we used the slightly larger aug-cc-pVDZ basis set

for our calculations, the EOM-EE-CCSD/6-31+G(d) reference
values from Nanda and Krylov® could introduce extra
discrepancies. For transition energies, TD-DFT MADs among
the set of DFAs are closely followed by XsTD-DFT MADs with
respect to the EOM-EE-CCSD results. Excitation energy MADs
are much larger with the sTD-DFT method. Using RSH
exchange—correlation functionals, TD-DFT and XsTD-DFT
MAD:s are similar to the RI-CC2 one of 0.28 eV with respect to
the reference. For the whole range of DFAs, XsTD-DFT MADs
are smaller than TD-DFT ones. Considering oscillator strengths,
XsTD-DFT MADs with respect to EOM-EE-CCSD results also
follow TD-DFT ones. XsCAM-B3LYP and XswB97X-D3 levels
both provide MADs of 0.04 exactly as the RI-CC2 one with
respect to the reference. Here again, XsTD-DFT MADs are
lower than TD-DFT MADs among the set of DFAs. Regarding
2PA strengths, TD-DFT MAD:s are large with respect to EOM-
EE-CCSD results. XsTD-DFT MADs closely follow TD-DFT
ones for RSH functionals but are much smaller using GH DFAs.
Overall, XsTD-DFT results are closer to EOM-EE-CCSD ones
than TD-DFT. This is an unexpected behavior for which we do
not have a clear explanation at the moment.

For microhydrated clusters, Figure 15 reports EOM-EE-
CCSD/6-31+G(d) excitation energies, oscillator strengths, and
5" as well as RI-CC2, TD-DFT, sTD-DFT, XsTD-DFT, and
sTD-DFT-XTB excitation energies using the aug-cc-pVDZ basis
set. Displayed TD-DFT, sTD-DFT, and XsTD-DFT results
were obtained with both PBEO and CAM-B3LYP DFAs.
Considering PBEO, XsTD-DFT excitation energies are the
nearest to EOM-EE-CCSD ones, except for PYPb micro-
hydrated clusters, for which the full scheme is slightly better.

https://doi.org/10.1021/acs.jpca.5c03189
J. Phys. Chem. A XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c03189/suppl_file/jp5c03189_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c03189/suppl_file/jp5c03189_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03189?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03189?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03189?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03189?fig=fig15&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c03189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A pubs.acs.org/JPCA
A) B)
4.00- PBEO - @ CAM-B3LYP/COSMO 4.00- XSPBEO - @ XSCAM-B3LYP/C-PCM
PBEO/COSMO =¥= Experiments : XsPBEO/C-PCM =¥= Experiments
—e=— CAM-B3LYP —e— XsCAM-B3LYP
3.75+
3.50r
S35t S
) Che
w 3.00r w
2.75r
2.50r
2.25F
T : : ; . 2.25 . . . : :
8 40 42 45 a7 48 8 40 42 45 a7 48
Molecule Molecule
C) D)
90000~ —e— CAM-B3LYP y 90000~ =8= XSCAM-B3LYP Yy
+ @ CAM-B3LYP/COSMO e @ XsCAM-B3LYP/C-PCM N
80000~ PBEO X 80000~ XsPBEOQ N
PBEO/COSMO N XsPBEQ/C-PCM N
70000-"Y" Experiments y 70000~ =¥ = Experiments N
71‘ a0
|
€ 60000~ € 60000~
[§] [§]
T 7
s 50000+ .._.. s 50000+
~ N..,-x' ~
% 40000~ -\, W 40000~ ¥
30000~ 30000~
20000~ 20000~
8 40 4‘2 45 47 4‘8 8 40 4‘2 45 4‘7 48
Molecule Molecule

Figure 16. Experimental excitation energies and molar absorption coefficients (¢ in M™' cm™) for the absorption maximum of compounds 8, 40, 45,
47, and 48 recorded in toluene'**'%" and for compound 42 recorded in DMSO''"* in comparison with TD-DFT and XsTD-DFT theoretical ones in
vacuum as well as TD-DFT/COSMO and XsTD-DFT/C-PCM. An empirical damping factor of 0.2 eV was used to compute molar absorption

coefficients.

Both XsTD-DFT and TD-DFT schemes provide excitation
energies close to RI-CC2 ones, except for PYPD clusters. Using
the CAM-B3LYP DFA improves the comparison of XsTD-DFT
results with respect to EOM-EE-CCSD ones for pNA and
thymine families of microhydrated clusters. Except for the PYPb
family of clusters, sTD-DFT and sTD-DFT-XxTB methods
provide excitation energies largely smaller than references.

Regarding oscillator strengths, XsTD-DFT and TD-DFT
methods compare well to both RI-CC2 and EOM-EE-CCSD
methods, especially by using the CAM-B3LYP exchange—
correlation functional. XsCAM-B3LYP results outperform
CAM-B3LYP ones with respect to EOM-EE-CCSD calcu-
lations. The best oscillator strengths are surprisingly obtained at
the sSTD-DFT-XTB level with respect to the reference, except the
PYPb family, for which the XsCAM-B3LYP level provides better
ones. EOM-EE-CCSD trends are relatively well followed by all
of the schemes.

For pNA and PYPb families of mycrohydrated clusters, the
EOM-EE-CCSD 2PA strengths are rather well reproduced by all
simplified schemes using PBEO, outperforming the full scheme.
For the thymine family, XsPBEO provides the best comparison
with respect to the EOM-EE-CCSD level. Using CAM-B3LYP
worsens the results for simplified schemes with respect to
reference calculations. Surprisingly, sTD-DFT-xTB 2PA
strengths compare very well to the EOM-EE-CCSD strengths
for the whole set of microhydrated systems. The sTD-DFT-xTB
scheme already showed its suitability to be used in AQM
approaches to reproduce experimental 2PA spectra.”* Consid-
ering these systems, the literature provided 2PA strengths using

different embedding schemes, including the CAM-B3LYP*/
PDE-X level, using the extended polarizable density embedding
model PDE-X, as well as the EOM-EE-CCSD/EFP level that
uses the effective fragment potential approach. For all
microhydrated clusters, Figure S28 presents EOM-EE-CCSD/
6-31+G(d) 6** (log scale)® as well as EOM-EE-CCSD/EFP,*
CAM-B3LYP*/PDE-X,”” and XsCAM-B3LYP ones. EOM-EE-
CCSD/EFP 2PA strengths compare almost perfectly to EOM-
EE-CCSD ones (see Table S11). CAM-B3LYP*/PDE-X and
XsCAM-B3LYP levels give very comparable 2PA strengths, as
well. These results emphasize the competitiveness of the cost-
efficient XsTD-DFT method for the simulation of 2PA
properties of explicitly solvated systems. A more extensive
comparison between QM/MM, QM/QM, and XsTD-DFT
methods could be the subject of an interesting future work.
This section assessed performances of the XsTD-DFT
scheme to compute 1PA and 2PA for microsolvated systems
as well as with respect to conventional embedding methods. For
the considered microhydrated pNA, thymine, and PYPb
chromophores, the XsTD-DFT method consistently gives
excitation energies, oscillator strengths, and 2PA strengths in
close agreement with the TD-DFT results, following robustly
EOM-EE-CCSD reference trends. XsTD-DFT excitation
energies and oscillator strengths’ MADs with respect to EOM-
EE-CCSD values are smaller than TD-DFT ones for all the
investigated DFAs. For 5***, the XsTD-DFT method outper-
forms TD-DFT by using B3LYP and PBEO functionals. XsTD-
DFT calculations provide very similar results to the CAM-
B3LYP*/PDE-X embedding scheme. These results emphasize
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Figure 17. Experimental excitation energies and 2PA cross sections for the 2PA maximum of compounds 8, 40, 45, 47, and 48 recorded in
toluene*®*%? and for compound 42 recorded in DMSO'* in comparison with TD-DFT and XsTD-DFT theoretical ones in vacuum as well as TD-
DFT/COSMO and XsTD-DFT/C-PCM. An empirical damping factor of 0.1 eV was used to compute 2PA cross sections, considering a single-beam

experiment.

the cost efficiency and reliability of the XsTD-DFT approach to
compute the excited-state properties of explicitly solvated
chromophores. For a few systems from the CT set, the next
section compares XsTD-DFT results in vacuum and using
implicit solvation models to experimental 1PA and 2PA data.
Comparisons with Respect to Available Experimental
1PA and 2PA Data from the CT Set. Among compounds
from the CT set, 1PA and 2PA experimental data are available in
the literature'**™"'° for compounds 8, 40, 45, 47, and 48 in
toluene'**'"” as well as for compound 42 in DMSO.""* All 2PA
data were obtained from single-beam experiments.'**~""°
First, to further assess the performance of the XsTD-DFT
method, experimental 1PA and 2PA results recorded in solution
are compared to TD-DFT and XsTD-DFT results computed in
avacuum. Second, implicit solvent effects are accounted for with
COSMO for TD-DFT 2PA calculations preformed with
Turbomole 7.6.1'" and C-PCM for XsTD-DFT calcu-
lations for which ground states were computed with Q—Chem
6.0.1.2." Note that for XsTD-DFT calculations, implicit
solvent effects are only accounted for in ground-state
calculations. In vacuum, TD-DFT, XsTD-DFT, and RI-CC2
excitation energies and molar absorption coefficients (absorp-
tion maximum) already show reasonable agreement with respect
to experiments. These results are summarized in Figures S29 and
$30. Similar results are also found for the 2PA strengths (Figures
S31 and $32). Details on how the molar absorption coefficients
(¢) and 2PA cross sections are computed can be found in the
Supporting Information. For compounds 40, 45, and 47, Figure
$32 compares experimental 2PA spectra'” to PBEO and
XsPBEO ones. While solvent and dynamic structural effects are

not accounted for, comparisons with respect to experiment
remain reasonable, illustrating the suitability of the XsTD-DFT
scheme for this purpose.

We now discuss the impact of implicit solvation models on
XsTD-DFT and TD-DFT results and how they compare to
experimental data. For TD-DFT calculations, we used the
simple Conductor-like Screening Model (COSMO)'''~'"*
implemented in Turbomole 7.6.1."% The current
implementation of the XsTD-DFT scheme in the std2'"!
software does not include any linear response PCM. Thus, the
impact of the solvent is only accounted for through the ground-
state Kohn—Sham MOs. For XsTD-DFT calculations, the DFT
ground state is computed by using the C-PCM model
implemented in QChem 6.0.1.2. For systems 8, 40, 42, 45, 47,
and 48, Figure 16 compares TD-DFT and XsTD-DFT excitation
energies and molar absorption coeflicients to TD-DFT/
COSMO and XsTD-DFT/C-PCM ones using PBEO and
CAM-B3LYP exchange—correlation functionals. TD-DFT/
COSMO excitation energies are systematically red-shifted
with respect to TD-DFT ones. The effect of the solvation
model at the PBEO/COSMO level of theory is more significant
for system 42 because of the more polar DMSO solvent used. As
expected, XsTD-DFT/C-PCM excitation energies are only
slightly red-shifted with respect to vacuum energies, with the
exception of system 42. Including implicit solvation effects for
the ground state seems to improve XsTD-DFT excitation
energies for more polar solvents (such as DMSO), improving
the comparison of XsTD-DFT trends with experimental ones.
Using an implicit solvent model at the TD-DFT level generally
results in a slight increase of & values. XsTD-DFT/C-PCM &
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values do not differ significantly from those computed in vacuum
or exhibit a rather modest tendency toward lower values. 2PA
excitation energy trends, passing from vacuum to implicit
solvent results, are similar to the 1PA ones, as illustrated in
Figure 17. The excitation energies of system 47 (in toluene)
computed with XsTD-DFT decrease similarly to those obtained
with TD-DFT using an implicit solvent model. The order of
magnitude of the 2PA strengths remains largely unaffected when
introducing an implicit solvent model for both TD-DFT and
XsTD-DFT results.

This section answered questions (4) and (S) outlined in the
Introduction, showing how single structure in vacuum XsTD-
DFT calculations compare to experimental 1PA and 2PA
properties and if introducing an implicit solvent model improves
these comparisons. We showed a relatively good agreement
between XsTD-DFT 1PA and 2PA results in a vacuum with
respect to experiments. Using an implicit solvent model with the
XsTD-DFT method improves excitation energies as well as
oscillator and 2PA strengths with respect to experiments only for
compound 47 in DMSO. Given the computational efficiency of
the XsTD-DFT method, AQM methodologies74 for modeling
chromophores explicitly in solution are more appealing for
comparison with experimental spectra than implicit solvent
models. Moreover, accounting for dynamic structural effects in
ADQM protocols’* is anticipated to further improve the
agreement between theory and experiment. These insights
underscore the potential of XsTD-DFT for future applications in
computing the optical properties of realistic systems.

B CONCLUSIONS

sQC methods to compute excited states and response properties
can support AQM methodologies to deal with realistic systems,
bridging the gap between experimental and computational
spectroscopy.” "> In this framework, the performance of the
XsTD-DFT method was assessed to compute 1PA and 2PA,
employing a large database of 91 systems. XsTD-DFT excitation
energies, oscillator, and 2PA strengths were compared to RI-
CC2 reference calculations as well as TD-DFT ones. sTD-DFT
results are also discussed. The present work highlights that the
newly developed XsTD-DFT method is reliable, providing good
agreement with respect to RI-CC2 results. For both 1PA and
2PA, the XsTD-DFT method shows similar agreement with
respect to RI-CC2 results as TD-DFT when varying the amount
of HEX in the GH functional, but in a computationally efficient
way, reducing CPU times by 3 orders of magnitude. One
downside of the method is its performance in computing 2PA
strengths with GH functionals with a large amount of HFX and
RSH DFAs. This is currently under investigation in our group.
The XsTD-DFT method is also robust. It consistently performs
well across different types of 1P- and 2P-active systems,
demonstrating good error tolerance with respect to RI-CC2
results and, in particular, to TD-DFT ones. In addition, the
XsTD-DFT scheme removes the semiempiricism of the sTD-
DFT two-electron integrals. The reliability, robustness, and
computational efficiency of the XsTD-DFT method are
particularly appealing for high-throughput screening and as a
key ingredient for AQM workflows.

The introduction outlined five questions to guide the
assessment of the XsTD-DFT method for its application to
AQM methodologies. This work showed that (1) with respect to
TD-DFT and RI-CC2, the XsTD-DFT method can capture
trends of excitation energies as well as oscillator and 2PA
strengths among subsets of similar compounds; (2) a rigid scan

of the dihedral angle for system 1 suggested that the XsTD-DFT
method is as reliable as TD-DFT for nonequilibrium geometries,
providing robust comparisons to RI-CC2 excitation energies and
2PA strengths; (3) XsTD-DFT 1PA and 2PA results are reliable
also for microsolvated systems, closely following EOM-EE-
CCSD trends; (4) comparisons with respect to 1PA and 2PA
experimental data indicate that XsTD-DFT calculations in
vacuum for few isolated CT molecules already yield reasonable
agreements, similar to what is usually achieved by TD-DFT; and
(S) for the same systems, simply using an implicit solvent model
for the DFT ground-state MOs with the XsTD-DFT
calculations has a rather small impact on excitation energies, ¢,
and ¢*™ with respect to experiments, except for system 42
recorded in DMSO. Note that the XsTD-DFT method can be
employed in AQM methodologies to treat explicitly solvated
systems.

In light of these findings, we suggest the following guidelines
to compute 1PA and 2PA with the XsTD-DFT method:

e DFAs with large amount of HFX (e.g, M06-2X or
BHandHLYP) should be preferred to compute 1PA with
the XsTD-DFT scheme.

e For 2PA, the XsPBEO level offers a good compromise
between reproducing excitation energies and 2PA
strengths, especially for CT excited states of 2P-active
molecules.

e With respect to the sSTD-DFT method, the XsTD-DFT
scheme recovers the basis set dependence. The selection
of a (double-{) basis set for a XsTD-DFT calculation is
very similar to the one done for TD-DFT. The largest
basis sets investigated here (6-31+G(d) and aug-cc-
pVDZ) are recommended to compute excitation energies
and 6" with the XsTD-DFT scheme. Selecting a proper
DFA impacts more XsTD-DFT results than selecting a
(double-{) basis set when compared to RI-CC2 data.
Note that for the largest systems of the CT set (>150
electrons), XsTD-DFT excitation energies converge
toward the TD-DFT ones already with the smallest
basis sets, i.e., 3-21G(d) and 6-31G(d).

e Regarding the selection of the energy threshold used to
truncate the CIS space in the XsTD-DFT procedure, it is
generally possible to identify a range of Ey, values that
yield excitation energies close to the TD-DFT ones since
deviations of XsTD-DFT excitation energies from TD-
DFT values decrease monotonically. When using GH
functionals, Ey, € [9, 12] eV is sufficient to converge to
TD-DFT excitation energies, while RSH DFAs, e.g,
CAM-B3LYP and @B97M-V, require larger values (Ey, >
12 €V). When selecting an appropriate Ey,,, it is advisible
to choose the lowest value that guarantees convergence,
thereby minimizing the number of CSFs and reducing
computational cost.

The XsTD-DFT method is implemented in the open-source
std2'"" software available on GitHub for the community.
std2 adheres to a software development model based on
reusable software.''* The XsTD-DFT implementation uses the
libcint'” integral library. st d2 can also be seen as modular
and reusable since it can be in principle interfaced with any QC
code through standardized molden input files. This makes
std2 fit into the sustainable software development environ-
ment for electronic structure methods that should be standard
for future developments of QC codes."' "> The computational
efficiency of the XsTD-DFT method together with its robustness
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and reliability opens the door to use the XsTD-DFT scheme as a
key ingredient for AQM workflows to compute 1PA and 2PA.

As the scientific community continues to push boundaries of
computational spectroscopy, the synergy of advanced methods
for excited states, new algorithms, and modern hardware'"® is
rapidly transforming what was possible to do. Developments
such as linear-scaling''®'"” approaches, quantum embedding
techniques,''® and the adaptation of quantum chemistry codes
to GPU architectures''*~"*" are laying the ground for
simulations of unprecedented scale. Within this landscape, this
work highlights the growing importance of sQC methods and in
particular the XsTD-DFT scheme as an essential tool for
efficient predictions of optical properties for large and realistic
systems. We envision that the XsTD-DFT method and related
approaches could become central to next-generation computa-
tional protocols, driving progress toward the long-standing goal
of closing the gap between theory and experimental spectros-
copy of molecular systems.
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