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ABSTRACT: The results of electronic and vibrational structure
simulations are an invaluable support for interpreting experimental
absorption/emission spectra, which stimulates the development of
reliable and cost-effective computational protocols. In this work,
we contribute to these efforts and propose an efficient first-
principle protocol for simulating vibrationally-resolved absorption
spectra, including nonempirical estimations of the inhomogeneous
broadening. To this end, we analyze three key aspects: (i) a metric-
based selection of density functional approximation (DFA) so to
benefit from the computational efficiency of time-dependent
density function theory (TD-DFT) while safeguarding the
accuracy of the vibrationally-resolved spectra, (ii) an assessment
of two vibrational structure schemes (vertical gradient and
adiabatic Hessian) to compute the Franck—Condon factors, and (iii) the use of machine learning to speed up nonempirical
estimations of the inhomogeneous broadening. In more detail, we predict the absorption band shapes for a set of 20 medium-sized
fluorescent dyes, focusing on the bright zz* S, — S, transition and using experimental results as references. We demonstrate that,
for the studied 20-dye set which includes structures with large structural variability, the preselection of DFAs based on an easily
accessible metric ensures accurate band shapes with respect to the reference approach and that range-separated functionals show the
best performance when combined with the vertical gradient model. As far as band widths are concerned, we propose a new machine-
learning-based approach for determining the inhomogeneous broadening induced by the solvent microenvironment. This approach
is shown to be very robust offering inhomogeneous broadenings with errors as small as 2 cm™" with respect to genuine electronic-
structure calculations, with a total CPU time reduced by 98%.

1. INTRODUCTION thoroughly characterized. To this end, electronic absorption

Fluorescent dyes are very popular in many fields, including and emission spectroscopies are widely used, with such

medicine and biochemistry, owing to their in-demand measurements being typically performed in solution. None-

sensitivity and selectivity. Although there is a large number theless, the interpretation of the experimental data might be far
of fluorophore families, boron-carrying compounds remain in from straightforward since the recorded spectral signatures are
the limelight since they generally offer highly valuable optical often stemming from a complex blend of effects. Challenging
properties. The most popular boron-carrying fluorescent core cases include (i) the presence of significant vibronic couplings
is undoubtedly the boron-dipyrromethene (BODIPY) chrom- resulting in unusual band shapes, (ii) a near degeneracy
ogen. Based on the BODIPY core, an astonishingly diversified between two or more electronic excited states leading to
panel of dyes was obtained, and several are used as commercial overlapping absorption bands, and (iii) an unexpected

fluorescent probes.l_5 However, the BODIPY derivatives are
not flawless, e.g., they typically possess relatively small Stokes
shift, which impedes applications in several fields. However,
there are several other classes of difluoroborate dyes that are as
efficient emitters as BODIPYs yet present distinct structural
features allowing alleviation of some of the BODIPYs’
limitations (see a review by the Strasbourg group®).

Of course, any efficient application of fluorescent dyes
requires that the photophysical properties of the emitter are

magnitude of the inhomogeneous broadening coming from
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Scheme 1. Set of Dyes Studied in This Work
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solute—solvent interactions. These effects can be, at least set of 20 boron-containing fluorescent dyes of medium sizes
partially, rationalized using electronic and vibrational structure yet presenting significant structural variations (Scheme 1). The
calculations. Obviously, to fully exploit the potential of first- specific goals of this work are (i) adequately choosing a density
principle simulations, it is mandatory to select a reliable and functional approximation (DFA) so as to retain a low
robust protocol, ideally not requiring extensive computational computational cost while guaranteeing accurate simulations
resources. There is a vast computational spectroscopy of the vibrationally-resolved electronic absorption spectra, (ii)
literature covering a wide palette of aspects, including (i)— assessing various vibrational structure theories to compute
(iii) and suggesting strategies to select the most appropriate Franck—Condon factors, and (iii) applying a machine learning
models 75‘;5 treating different types of states and com- model to speed up the nonempirical estimations of the
pounds. However, by and large, published works either inhomogeneous broadening,

treat these aspects separately or provide a detailed analysis for a
selected dye or a small set of closely related compounds. The 2. COMPUTATIONAL DETAILS

aim of the present contribution is to propose an efficient

protocol to overcome some of these limitations and discuss the 2.1. DFA Selection. The selection of DFAs for simulating
accuracy and reliability of electronic and vibrational structure the vibrationally-resolved spectra relies on the vibrational
. . PR . . . . \62

methods for simulating vibrationally-resolved electronic reorganization energy as the metric (see the next Section)
absorption spectra, including nonempirical estimations of the and is achieved in the gas phase using the resolution-of-identity
inhomogeneous broadening. In this context, we have chosen a (RI) second-order coupled-cluster CC2 model®>”° (RI-CC2)
2305 https://doi.org/10.1021/acs.jctc.2c01285

J. Chem. Theory Comput. 2023, 19, 2304-2315


https://pubs.acs.org/doi/10.1021/acs.jctc.2c01285?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c01285?fig=sch1&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.2c01285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

as the benchmark. The considered palette of DFAs
encompasses the following: BLYP,”"7> B3LYP,”* PBEO, *”*
MN15,”® BH&HLYP,”” M06-2X,”® CAM-B3LYP,”” wB97X,*"
wB97X-D,”" and LC-BLYP,” as well as two optimally tuned
variants of the latter, namely LC-BLYP-OT(J) and LC-BLYP-
OT(@).* The OT(J) variant employs the optimized value of
the range-separation parameter which fulfills the DFT version
of Koopmans’ theorem (i.e., Janak’s theorem), while the
OT(a) variant employs the range-separation parameter
reproducing the CCSD(T) second hyperpolarizabilities.*’
The ground-state geometries are first optimized using each
of the above listed DFAs and subsequently used in evaluation
of both the ground-state Hessians and the excited-state
gradients. All these calculations were performed using the cc-
pVDZ atomic basis set.”* The so-called ultrafine pruned
integration grid is selected, and all geometry optimizations use
the tight convergence as implemented in the Gaussian 16
program.” The corresponding RI-CC2 model calculations are
performed with the TURBOMOLE 6.5 program.*®

2.2. Vibrationally-Resolved Electronic Spectra Calcu-
lations. The DFAs selected in the first step are subsequently
applied for calculating the vibrationally-resolved electronic
spectra in solution, the solvent being modeled using the
integral-equation-formalism (IEF) version of the polarizable
continuum model (PCM), considering chloroform as
medium.””* Both the geometry optimizations and Hessian
calculations in the ground and first electronic excited states are
performed with the aug-cc-pVDZ atomic basis set.”* The
pruned superfine grid available in Gaussian is applied in these
calculations. We computed the vibrationally-resolved spectra
applying both the vertical gradient (VG) and adiabatic Hessian
(AH) potential energy surface models.'” These calculations are
performed with the FCclasses 3.1 code adopting the harmonic
approxjmation.g’12’89_91 In what follows, we will refer to the
vibronic spectra as simulated vibrationally-resolved electronic
spectra considering only the Franck—Condon terms (ie.,
without taking into account the higher-order terms due to the
coupling between electronic and vibrational degrees of
freedom). In this work, beyond the well-known VG and AH
schemes, we also use another variant termed as the “displaced
adiabatic hessian” (dAH) method. In the dAH model, one uses
the same excited-state geometry as estimated by the VG model,
assuming perfect quadratic PES to describe the excited state.
Subsequently, the excited-state Hessian is computed at the
VG-predicted geometry, which obviously is different from that
used in the AH method, thus justifying the “displaced AH”
name. This method is also known as the Adiabatic Hessian
After Step68 (AHAS), but we use different labels to highlight
that we used an in-house code to perform such calculations. If
imaginary frequencies appear in the excited-state Hessian, then
we follow the standard FCclasses routine: we turn them into
real numbers by taking their module. Both the Time-
Independent (TI, with number of integrals up to 10'*) and
Time-Dependent (TD) line shape formalisms are employed,
and the Franck—Condon approximation is selected since we
treat strongly dipole-allowed transitions. For all calculations,
the temperature is set to 298 K, and both Cartesian and
internal coordinates are employed to get the vibrational normal
modes. Gaussian broadening functions are used to simulate the
inhomogeneous broadening.

2.3. Estimation of the Inhomogeneous Broadening.
Inhomogeneous broadenings corresponding to the distribution
of electronic excitation energies due to the variable local
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microenvironment of the dyes are determined based on rigid-
body molecular dynamics (RB-MD) simulations for dyes B-1—
B-S (Scheme 1) performed with the NAMD program.92 In
order to allow for comparisons with experiments we perform
the RB-MD simulations for these five compounds in two
solvents (chloroform and acetonitrile). The use of frozen
coordinates for the dyes’ nuclei is justified since we wish to
avoid double-counting of vibrational contributions during
convolutions with stick vibronic spectra. In more detail, the
geometries are first optimized at the CAM-B3LYP/cc-pVDZ
level considering the two solvents as modeled by PCM.
Atomistic models using 40 X 40 X 40 A boxes with the dyes
surrounded by chloroform or acetonitrile molecules are next
used. The solvent density in these boxes is close to the solvent
density at room temperature (1.479 g/mL for chloroform and
0.783 g/mL for acetonitrile). Since we use rigid-body MD,
only partial charges are required for the description of the
chromophore. For parametrizing the force field, we calculated
partial atomic CHELPG charges of both the dye and solvent
molecules at the CAM-B3LYP/cc-pVDZ level of theory
considering the equilibrium geometry. Leonard-Jones param-
eters taken from the CHARMM force field™”* are used to
describe the dyes. For the description of chloroform
(acetonitrile), the force field parameters obtained by Dietz
and Heinzinger%’96 (implemented into CHARMM)”* are
selected. The system is minimized during 30000 steps (1 step
= 2 fs) followed by constant temperature NVT dynamics for
12 ns at 300 K using a Langevin thermostat with periodic
boundary conditions. For each molecule, 10,000 solute—
solvent configurations (with a spacing step of 2 ps) are
extracted for each solvent from the resulting trajectory for
subsequent electronic-structure calculations with Gaussian
16.*° For the discrete representation of the solvent, the
electrostatic embedding (EE) approach is used. In that case
geometries are taken from snapshots of the MD simulations,
and partial charges are the same as within MD simulations.

Based on the distribution of the vertical transition energies
to the S, state, the standard deviation is estimated using a
Gaussian-like distribution. As the S, — S, transition exhibits
intramolecular charge transfer character in a few compounds of
the B series, we selected the CAM-B3LYP/cc-pVDZ level of
theory for these calculations. It was demonstrated that this
range-separated hybrid functional handles well charge-transfer
excitations.”® Subsequently, these values of standard deviations
are used as parameters of Gaussian line profiles used to
broaden the stick vibronic spectra. In this work, we also use the
machine learning (ML) model to lower the computational
costs corresponding to the determination of the inhomoge-
neous broadening. We apply the available data for the set of
10,000 solute—solvent configurations per molecule/solvent
(vertical excitation energies obtained using TD-DFT, distri-
bution of solvent molecules around a rigid solute with
corresponding charges) and employ the Kernel Ridge
Regression model as implemented in the QML toolbox.””
ML calculations employ a newly proposed one-dimensional
fingerprint based on the Coulomb matrix™® (see the next
Section for details). The training is performed for 200
randomly selected snapshots from the full 10,000 set for
each solute/solvent combination. Once the model is trained,
the predictions are performed for the remaining 9,800 data
points.

https://doi.org/10.1021/acs.jctc.2c01285
J. Chem. Theory Comput. 2023, 19, 2304-2315
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3. RESULTS AND DISCUSSION

As stated above, the set of molecules (Scheme 1) considered
encompasses a wide range of structural features, i.e., (i) a rigid
molecule (A-4), (i) molecules with an unsubstituted phenyl-
ene moiety having significant rotational freedom (A-7, B-1, B-
2), (iii)) compounds with a donor—acceptor substituted
phenylene moiety (A-1, B-2, etc.), (iv) derivatives with a
vinylene linker that are prone to photoisomerization, which
dramatically tunes the spectral signatures’ (C series), and (v)
a molecule with two vinylene linkers'® (A-3). The structural
variability present in the set leads to a wide range of charge-
transfer properties for the lowest electronic excited states, as
illustrated by the variable experimental absorption band widths
(see Figures S1—S3 in the SI). The SI also contains a concise
description of other experimental data available, including the
synthesis of newly obtained dyes present in the set.

3.1. Choosing a DFA for the Simulations of Vibra-
tionally-Resolved Electronic Absorption Spectra. There
is a vast literature devoted to the accuracy of QM methods for
the calculations of vertical excitation energies (see the
Introduction). There are indeed reviews that provide guide-
lines to select a DFA for transition energies. Given the scope of
the present work, it should be mentioned that several DFAs
offer satisfactorily accurate electronic absorption spectra, i.e.,
the average errors can be ca. 0.2 eV or smaller, *'~'** yet
fluoroborates are particularly challenging.””'*> In contrast to
calculations of excitation energies, the reliability of various
DFAs for simulating the vibrationally-resolved spectra using
density-functional theory was less explored.>*”¢*>!1%® Thjs is
certainly due to the large computational cost associated with
vibronic calculations, especially for post-Hartree—Fock elec-
tronic structure theories required to compute the theoretical
benchmark values. Two take-home messages, confirmed by
several research groups, are that (i) DFAs suitable for the
accurate predictions of absorption band positions are not
necessarily the best for the band shapes and vice versa; (ii)
range-separated (RS) DFAs demonstrate overall good
predictive power as far as distributions of Franck—Condon
factors are concerned,®” albeit there are striking exceptions;mé
(iii) the selected approach used to build the vibrational space
(e.g, VG or AH) significantly impacts the computed band
shapes;'>'"” hence, the most accurate DFA(s) cannot a priori
be selected independently of the vibronic approach. These
challenges in quantifying the DFA errors in predicting the
vibrational fine structure of absorption bands motivated some
of us to propose a simple quantitative metric based on
vibrational reorganization energy, A, as a tool for selecting an
appropriate DFA.®> This reorganization energy reads

3N-6

j’\lrcib = Z
j=1 (1)

where k labels the excited state, w; is the vibrational frequency,

and s]’-‘ is the Huang—Rhys factor related to the j* normal mode
dimensionless displacement A}’-‘ between the electronic state k
and the ground-state minima. One can use a relatively robust
wave function method (e.g, RI-CC2 combined with medium-
sized basis sets) to determine reference Ay values in the VG
approach, which can next be used to screen a wide palette of
DFAs applied with the same vibronic model. The DFA
delivering the smallest error in A4 can subsequently be
selected to perform sophisticated vibronic calculations. The
effectiveness of this simple strategy was demonstrated by

3N-6

k1 ky2
=3 2 o)
j=1
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comparing the simulated vibrationally-resolved electronic
absorption spectra of four chromophores with known
experimental spectra.”” In this work, we rely on the above
metric, using RI-CC2 data as reference, to select the most
accurate DFAs based on gas-phase VG analyses. The wide
palette of DFAs used for this propose contains the following:
one semilocal (BLYP), a series of global hybrids (B3LYP,
PBEO, MN15, BHandHLYP, M06-2X), and range-separated
hybrids (CAM-B3LYP, wB97X-D, ®B97X, LC-BLYP, and
optimally tuned LC-BLYP-OT(J) and LC-BLYP-OT(a)). To
our knowledge, the two latter optimally tuned DFAs as well as
MN15 (except ref 108) have not been previously benchmarked
for the simulation of vibrationally-resolved spectra, although
other types of optimally tuned functionals were used to that
end.'” For the present benchmark, we determine A]’-‘ using
excited-state gradients and ground-state Hessian, which is an
efficient approach.”> Figure 1 displays the unsigned relative

LC-BLYP-OT(q)
LC-BLYP

LC-BLYP-OT(J)
®B97X

BLYP

PBEO

B3LYP

MN15
CAM-B3LYP
M06-2X
®B97XD
BHANDHLYP

A-1
A-2
A-3
A-4
A-5
A-6
A7
A-8
A-9
B-1
B-2
B-3
B-4
B-5
C-1
C-2
C-3
C-4
C-5
C-6

140

120

100

80

60

Absolute relative error, %

40

20

_

Average relative error, %

C |
©
-
©

<+ -
o o
~

47.6
471
39.0
37.4
26.7
24.2
21.2
20.9
171

Figure 1. Unsigned relative errors in vibrational reorganization
energies obtained with various DFAs using CC2 data as reference. All
data are in the gas phase; see the SI for details.

errors in vibrational reorganization energy of the 12 above-
mentioned DFAs with respect to CC2 considering all 20
compounds, and A, values are given in Table S2 and Figure
S4 in the SI In Figure 1, the DFAs are ranked by their average
error. Clearly the three range-separated hybrids, namely,
wBI7X (ave. 9.09%, max. 25.91%), LC-BLYP (ave. 10.37%,
max. 28.36%), and LC-BLYP-OT(a) (ave. 17.08%, max.
34.85%), provide the most accurate results. One can also
notice the much worse performance of MN1S (39.02% error)
as compared to one of its predecessors, M06-2X (24.17%
error). This is rather disappointing since MN15 was shown to
provide very accurate vertical excitation energies and excited-
state dipole moments of similar compounds.''® More
generally, the results shown in Figure 1 are similar to those

https://doi.org/10.1021/acs.jctc.2c01285
J. Chem. Theory Comput. 2023, 19, 2304-2315
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previously obtained for another set of boron difluoroborates.®”

A comparison between the vibrationally-resolved spectra
computed using the VG vibronic approach on the basis of
“the most accurate” (wB97X) and “the least accurate” (BLYP)
DFA is provided in Figure S7 in the SI, while Figure S8 also
shows the comparison of MNI1S (“mediocral” DFA) with
®wB97X. As expected, the vibrational fine structure of the
absorption band crucially depends on the magnitude of
vibrational reorganization energy (see also Figures S33 and
S34).

3.2. Validation of VG and AH Models. For assessing the
VG and AH methods, both ®B97X and LC-BLYP-OT(«) are
selected and compared to experiment for the full series of
compounds. The former DFA was considered since it delivers
the smallest average error; the latter was considered since it
provides highly accurate second hyperpolarizabilities,** two-
photon absorption strengths correlating with their CC2
counterparts,”'' and behaves well for the band topologies, as
demonstrated above. This could pave the way to the modeling
of the band topologies of two-photon absorption bands, that
are related to the imaginary part of the second hyper-
polarizability. Figures S9—S11 in the SI provide a comparison
between the simulated absorption band corresponding to the
Sy — S, transition with the two selected DFAs for all three sets
of studied dyes (A, B, and C) in chloroform. The spectra
simulated using these two functionals are very similar which
comes as no surprise given their similar 4y, values.

Let us now turn to a comparison with experiment. We recall
that both VG and AH calculations require some preparatory
electronic-structure calculations, ie., the VG model requires
the evaluation of the ground-state Hessian and the excited-
state gradient at the ground-state geometry, whereas the AH
model additionally needs the excited-state Hessian at the
corresponding optimal structure. The latter calculations are
computationally expensive for molecules composed of more
than several dozens of atoms, even at the TD-DFT level. For
both the VG and AH calculations, we use the time-
independent and time-dependent formalisms; yet for the
majority of compounds, the former leads to a low recovery
factor of the Franck—Condon spectra if the number of
integrals is smaller than 10'2. Therefore, we include and
describe below the results obtained within the time-dependent
model only. The full set of vibrationally-resolved spectra
obtained using both VG and AH models with the two selected
DFAs can be found in Figures S9—S34 in the SI. We underline
that Figures S18, S20, and S22 show the results obtained with
LC-BLYP-OT(a), assuming a Gaussian profile for the
inhomogeneous broadening with a half width at half-maximum
(HWHM) arbitrarily set to 100 cm™ to allow consistent
comparisons in the series. This comparison allows us to
conclude that the AH model, for more than a half of molecules,
predicts much longer vibrational progressions than the VG
one, which is a known trend.'®” In fact, in a few cases, one even
observes unphysically large band broadenings with the AH
model, although this effect can be in part alleviated by using
internal rather than Cartesian coordinates (see Figures S12—
S$17).""? We note that the literature points out that in vertical
models, the internal coordinates are almost systematically
superior to their Cartesian counterparts. On the other hand, in
adiabatic models, the optimal coordinate system is less clear-
cut and hence depends on the investigated systems, since in
practice two sets of internal coordinates are used in the AH
model, and the connection between these two is not always
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straightforwardly established.''” For the present set, there are
only a few cases where agreement between VG and AH models
is satisfactory. These conclusions also hold for the spectra
obtained with @wB97X, as can be seen from Figures $24, S25,
and S26.

Given the observed significant differences between band
profiles computed with the VG and AH models, we attempted
to assess their accuracy using experimental data as reference
(see Figures S1—S3 in the SI). Let us start with a discussion of
the VG results. The simulated spectra were obtained by tuning
the inhomogeneous broadening so as to fit the experimental
band widths. The LC-BLYP-OT(a) simulated spectra
obtained in this way are displayed in Figures 2—4. For dyes
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Figure 2. Comparison between the LC-BLYP-OT(a) results relying
on the VG vibronic model (red solid line) and the experimental data
(blue dotted line) for dyes of series A. The simulated spectra use an
empirical Gaussian broadening reproducing the measured band width.

of the A group, the VG model reproduces experimental band
shapes with high accuracy, i.e., the relative intensities of the 0—
0/0-n peaks are nicely recovered. For the fluorophores of both
the B and C series, the experimental spectra are mostly
structureless, and obtaining definitive conclusions is therefore
harder. Figures S27, S29, and S31 present the comparison of
spectra simulated with the AH model with experimental data.
Due to long vibrational progressions with AH, no fitting was
performed, and very small values of inhomogeneous broad-
ening were used to simulate the spectra. By and large, these
comparisons indicate that the AH model is simply poorly
predicting the distributions of the FC factors. In order to better
understand the underlying reasons for this poor performance,
calculations of the absorption spectra using its variant hereafter
denoted as the displaced-AH model (dAH) were performed. In
dAH, the VG excited-state geometry minimum, that is the
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Figure 3. Comparison between the LC-BLYP-OT(a) and the
experimental spectra for compounds of series B. See the caption of
Figure 2 for more details.

minimum obtained using the excited-state gradient and
assuming quadratic potential energy surface derived from the
ground-state Hessian, is used to compute the excited-state
Hessian allowing next to perform AH-like calculations. Figures
S19, S21, and S23 demonstrate that this approach, which
differs from AH only in the selected excited-state geometry
(and corresponding excited-state Hessian), alleviates some of
the unphysically long vibrational progressions obtained with
AH. This suggests that the differences between ground- and
excited-state geometries are too large to fit a harmonic model,
thus explaining the poor performance of the AH model in
some cases.

3.3. Nonempirical Estimations of Inhomogeneous
Broadening. Given the success of the cost-effective VG
model in predicting accurate vibrationally-resolved electronic
spectra, applying either an arbitrarily chosen inhomogeneous
broadening or fitting the broadening to match the measured
band widths, we go a step further in this Section. Specifically,
as proposed by some authors, the inhomogeneous broadening
can be estimated based on rigid-body molecular dynamics
simulations followed by electronic-structure calculations. In
such MD approaches, the solvent representation can be
achieved using various embedding schemes.””*”""*~""7 Even
though we are well aware that EE is a simpler and less accurate
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Figure 4. Comparison between the LC-BLYP-OT(a) and the
experimental spectra for compounds of series C. See the caption of
Figure 2 for more details.

approach than more sophisticated embedding schemes relying
on higher-order electrical moments, it can be advantageously
applied with many electronic structure codes. With efficiency
in mind, EE was chosen for our rigid-body MD simulations
here. In more detail, we perform MD simulations for five dyes
of the B series in two solvents with largely different dielectric
constants, namely chloroform (€ = 4.7) and acetonitrile (¢ =
35.7). We next select 10,000 snapshots from each rigid-body
MD trajectory to carry out TD-DFT calculations; that is we
perform a total of 100,000 TD-DFT vertical energy
determinations, in order to estimate the inhomogeneous
broadening corresponding to S, — S, transition. These
broadenings are next used in the VG calculations allowing a
comparison of the computed and experimental band shapes.
The results are shown in Figure S and demonstrate that the
cost-effective EE approach leads to errors in the final fwhm
pleasingly smaller than 25% (average errors of 17% in
chloroform and 12% in acetonitrile). The overall visual
agreement between theory and experiment is also satisfactory.

Figure 6 demonstrates the convergence of the standard
deviation corresponding to distribution of vertical excitation
energies as a function of the number of (statistically
uncorrelated) snapshots from MD simulations. It turns out
that at least 2,000 snapshots are required to obtain fully
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Figure S. Comparison between the simulated (red solid line) and the experimental (blue dotted line) spectra for five B derivatives. The simulations
were performed using the VG method and the LC-BLYP-OT () DFA with an inhomogeneous broadening estimated using rigid-body MD. See the

text for details.

B-1 B-2 B-3 B-4

B-5 —o—

130.0 Chloroform
120.0
110.0
100.0

90.0

80.0

G, %

70.0

130.0 Acetonitrile
120.0
110.0 |§

100.0

o, %

90.0 |
80.0
70.0

100 1000

Number of snapshots

10000

Figure 6. Convergence of the standard deviation corresponding to the
distribution of vertical excitation energy with respect to the number of
snapshots for the five considered dyes and two solvents.

converged values. Even though the EE approach is inexpensive,
the computational cost associated with such a large number of
TD-DFT calculations remains significant. In an attempt to
reduce this cost, we employ a machine learning model relying
on Kernel Ridge Regression (KRR, with Gaussian kernel) and
propose the following one-dimensional Coulomb-type finger-
print

M=)
j

R,

Y

(2)
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where M, represents the interaction between the dye’s atom i
and all solvent atoms j; Q; and Q; are respectively the net point
charges of the dye atom i and solvent atom j; and R; is the
distance between the solvent atom j and dye atom i. The above
fingerprint is derived from the Coulomb matrix (CM)
proposed by Rupp et al;”® however, we neglect intradye,
intrasolvent as well as intersolvent atom—atom interactions. In
doing so, we only probe the fluctuations of the local
microenvironment of the atomic sites of the dye. This
approach advantageously makes the size of the fingerprint
equal to the number of atoms in the dye, whereas applying CM
fingerprints in the present case would lead to matrices
containing more than six million elements. With the above
fingerprint, we used 200 statistically uncorrelated snapshots for
each dye to train the ML model (independently for each dye
and each solvent). In more detail, for each snapshot, we use
the excitation energy, as predicted by the TD-DFT approach,
and net charges corresponding to the dye and solvent
molecules (see eq 2). Based on such a trained model, the
distribution of the vertical excitation energies for the remaining
9,800 snapshots can be predicted. These values obtained
thanks to the trained machine-learning model can be compared
with excitation energies determined using TD-DFT (available
for all 10,000 snapshots) to assess the performance of the
former. Based on the results shown in Figure 7 and Table 1, we
draw two major conclusions for our set of five molecules and
two solvents. First, the average error on the predicted
excitation energy is trifling: it amounts to 26.2 cm™' (0.003
€V) only. Second, our ML protocol predicts the standard
deviation (o) corresponding to the distribution of the
excitation energies even more accurately than the average error
with respect to the reference results computed using TD-DFT,
ie, the error of the ML predicted ™ is 2.3 cm™" only, even
though ¢™" spans from 53 to 247 cm™ (chloroform) and from
123 to 463 cm™" (acetonitrile). It should be highlighted that
the high accuracy of predictions of 6™ based on the employed
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Figure 7. Scatter plot by CAM-B3LYP of the calculated (X-axis) and
predicted (based on a machine learning model; Y-axis) values of
vertical excitation energy for five dyes in two solvents.

ML model results in vibronic spectra (see Figure S35 in the SI
file) indistinguishable from that presented in Figure S. We can
thus conclude that the proposed machine learning model used
for estimating the excitation energies for snapshots from rigid-
body MD is not only very efficient but also very accurate and
therefore may be used to predict the inhomogeneous
broadening.

4. SUMMARY AND OUTLOOK

The results of electronic-structure simulations have become an
invaluable support for interpreting experimental absorption/
emission spectra. Nevertheless, despite continuous theory
developments, the calculations of vertical excitation energies at
the Franck—Condon point employing highly accurate elec-
tronic-structure theories, e.g., CC3 or CASPT2, remain
impractical for most compounds of experimental interest.
The palette of available electronic-structure approaches for the
simulation of the vibrational fine structure of absorption/
emission bands is further largely reduced since such
simulations require at least one Hessian and one gradient
calculation for the ground and excited states, respectively. This
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Table 1. Summary of Machine-Learning-Based (ML)
Predictions of the Standard Deviation (™) Corresponding
to the Distribution of the Vertical Excitation Energies to the
S, Electronic State”

6™ [ecm™]
structure  6<"®  MAE [em™!] MAPE, % TD-DFT ML
chloroform
B-1 0.4 13.35 0.05 56.13 58.28
B-2 0.7 15.05 0.06 136.84 137.90
B-3 0.3 20.77 0.08 12191 121.48
B-4 0.4 14.35 0.05 161.95 163.09
B-S 0.5 12.96 0.05 247.31 247.17
acetonitrile
B-1 0.9 41.42 0.14 123.20 128.98
B-2 0.6 31.84 0.12 267.77 269.79
B-3 0.4 42.82 0.16 246.49 252.12
B-4 0.5 34.92 0.13 302.71 304.20
B-S 0.6 34.72 0.12 462.82 459.82

“The TD-DFT value was predicted based on 10,000 snapshots, while
predictions were made based on 9,800 snapshots. " is the standard
deviation used in the KRR model.

is why TD-DFT remains the most widely used scheme in
studies of absorption/emission spectra, vibronic shapes being
modeled using a specific vibrational space. Unfortunately, the
successes of these vibronic approaches are inseparably
connected not only to the harmonic character of the
considered potential energy surfaces but also to the accuracy
of the DFA used in the underlying TD-DFT calculations.

In this work, we assessed the adequacy of the VG and AH
models in predicting the absorption band shapes for a set of
fluorescent dyes using experimental results as benchmarks. We
carefully selected adequate DFAs and used several schemes to
account for environmental effects. The selection of DFAs was
achieved using the vibrational reorganization energy as a handy
metric and taking gas-phase RI-CC2 values as references. This
procedure revealed that the spread in A, is large across the
tested DFAs (from hundreds to thousands cm™) and that the
most accurate results are obtained with wB97X, LC-BLYP, and
its optimally tuned variant LC-BLYP-OT(a)—all three
delivering average relative errors smaller than 20%. This
preselection approach appeared robust as it led to satisfying
band shapes with respect to the reference approach; yet, more
sophisticated methods than RI-CC2 might be employed in
further works, provided one is looking for ultimate bench-
marks. The selected wB97X and LC-BLYP-OT(a) DFAs,
delivering alike band shapes in the gas phase, were next used in
more sophisticated calculations of the vibrational fine structure
of the absorption bands in solution. To this end, both the VG
and AH vibronic approaches were used and combined with the
PCM model. The comparison with measured bands shapes
revealed the very valuable performance of the VG scheme,
despite the large structural variability in the 20-dye set. In
contrast, the performance of the AH model was comparatively
poor with too long (and in some cases unphysical) vibrational
progressions in many cases. One can partially alleviate the flaws
of the AH model by using geometries estimated from excited-
state gradients and ground-state Hessian in the FC region. In
short, by and large, the simple and robust VG model proved to
be, in all considered cases, accurate in predicting the band
shapes; this success partially originates in the rational
preselection of DFAs.
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An important ingredient of bandwidth simulations is the
inhomogeneous broadening induced by the solvent micro-
environment. The line shape function corresponding to this
inhomogeneous broadening, after convolution with stick
spectra representing Franck—Condon transitions, allows for
nonempirical determination of absorption band shapes. In the
present study, we made an effort to assess the performance of
the electrostatic embedding approach combined with the
selected DFAs for predicting the inhomogeneous broadening
based on solute—solvent configurations obtained from rigid-
body MD simulations. It turned out that with combining the
preselected DFAs, the VG and EE approaches lead to
satisfactory nonempirical band widths with errors in final
fwhm’s not exceeeding 25%, even though the employed
protocol does not account for vibrational (electrical and
mechanical) anharmonicity nor self-consistent solute—solvent
polarization. Given the successful applications of machine
learning models in the field of optical spectroscopies,' """ we
have employed a kernel ridge regression machine learning
model, combined with a newly proposed low-dimensional
Coulomb-type fingerprint, to reduce the computational cost of
inhomogeneous broadening estimations. This approach proved
to be extremely robust offering inhomogeneous broadenings
with errors as small as 2 cm™ with respect to genuine
electronic-structure calculations, with the total CPU time
reduced by 98%. Given the robustness and accuracy of this
approach, it can likely be extended to more expensive solvation
models like polarizable embedding or to more complex
environments like membranes or peptides, where the Marcus
model cannot be easily applied."*

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jctc.2c0128S.

Synthesis of new dyes, experimental electronic absorp-
tion spectra, choosing DFA for the simulations of
vibrationally-resolved electronic absorption spectra, and
validation of VG and AH models (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Denis Jacquemin — Nantes Université, CNRS, CEISAM UMR
6230, F-44000 Nantes, France; Institut Universitaire de
France (IUF), F-7500S Paris, France; ® orcid.org/0000-
0002-4217-0708; Email: Denis.Jacquemin@univ-nantes.fr

Josep M. Luis — Institute of Computational Chemistry and
Catalysis and Department of Chemistry, University of
Girona, 17003 Girona, Catalonia, Spain; ® orcid.org/
0000-0002-2880-8680; Email: Josepm.Luis@udg.edu

Robert Zalesny — Faculty of Chemistry, Wroctaw University of
Science and Technology, PL-50370 Wroctaw, Poland;

orcid.org/0000-0001-8998-3725;

Email: Robert.Zalesny@pwr.edu.pl

Authors
Elizaveta F. Petrusevich — Faculty of Chemistry, Wroclaw
University of Science and Technology, PL-50370 Wroctaw,
Poland; Institute of Computational Chemistry and Catalysis
and Department of Chemistry, University of Girona, 17003
Girona, Catalonia, Spain; © orcid.org/0000-0001-6317-
3900

2312

Manon H. E. Bousquet — Nantes Université, CNRS, CEISAM
UMR 6230, F-44000 Nantes, France
Borys Osmialowski — Faculty of Chemistry, Nicolaus
Copernicus University, PL-87-100 Torun, Poland;
orcid.org/0000-0001-9118-9264

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jctc.2c01285

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

E.F.P. and RZ. gratefully acknowledge the support from the
National Science Centre, Poland (Grant No. 2018/30/E/ST4/
00457). J.-M.L. thanks the Spanish Ministry of Science
(PGC2018-098212-B-C22) and Generalitat de Catalunya
(2021SGR00623) for financial support. The collaboration
between the Polish and French teams was supported by the
CNRS (ABSOLUTA IEA project). Computational resources
generously provided by the Wroclaw Center for Networking
and Supercomputing and the CCIPL in Nantes are acknowl-
edged.

B REFERENCES

(1) Chen, Y.; Yuan, C; Xie, T.; Li, Y.; Dai, B.; Zhou, K; Liang, Y.;
Daij, ].; Tan, H.; Cui, M. N. O-Benzamide difluoroboron complexes as
near-infrared probes for the detection of f-amyloid and tau fibrils.
Chem. Commun. 2020, 56, 7269—7272.

(2) Nguyen, V.-N.; Ha, J; Cho, M,; Li, H,; Swamy, K; Yoon, J.
Recent developments of BODIPY-based colorimetric and fluorescent
probes for the detection of reactive oxygen/nitrogen species and
cancer diagnosis. Coord. Chem. Rev. 2021, 439, 213936.

(3) Loudet, A,; Burgess, K. BODIPY dyes and their derivatives:
Syntheses and spectroscopic properties. Chem. Rev. 2007, 107, 4891—
4932.

(4) Kamkaew, A.; Lim, S. H,; Lee, H. B,; Kiew, L. V.; Chung, L. Y,;
Burgess, K. BODIPY dyes in photodynamic therapy. Chem. Soc. Rev.
2013, 42, 77—88.

(5) Ziessel, R.; Ulrich, G.; Harriman, A. The chemistry of BODIPY:
A new El Dorado for fluorescence tools. New J. Chem. 2007, 31, 496—
S01.

(6) Frath, D.; Massue, J.; Ulrich, G.; Ziessel, R. Luminescent
materials: Locking 7-conjugated and heterocyclic igands with
boron(III). Angew. Chem., Int. Ed. 2014, 53, 2290—2310.

(7) Cerezo, J.; Zuniga, J.; Requena, A.; Avila Ferrer, F. J.; Santoro, F.
Harmonic models in Cartesian and internal coordinates to simulate
the absorption spectra of carotenoids at finite temperatures. J. Chem.
Theory Comput. 2013, 9, 4947—4958.

(8) Avila Ferrer, F. J; Cerezo, J; Stendardo, E.; Improta, R;
Santoro, F. Insights for an accurate comparison of computational data
to experimental absorption and emission spectra: Beyond the vertical
transition approximation. J. Chem. Theory Comput. 2013, 9, 2072—
2082.

(9) Avila Ferrer, F. J.; Cerezo, J.; Soto, J.; Improta, R.; Santoro, F.
First-principle computation of absorption and fluorescence spectra in
solution accounting for vibronic structure, temperature effects and
solvent inhomogenous broadening. Comput. Theoret. Chem. 2014,
1040-1041, 328—337.

(10) Petrone, A.; Cerezo, J.; Ferrer, F. J. A.; Donati, G.; Improta, R.;
Rega, N.; Santoro, F. Absorption and emission spectral shapes of a
prototype dye in water by combining classical/dynamical and
quantum/static approaches. J. Phys. Chem. A 2018, 119, 5426—5438.

(11) Cerezo, J.; Avila Ferrer, F. J.; Prampolini, G.; Santoro, F.
Modeling solvent broadening on the vibronic spectra of a series of
coumarin dyes. From implicit to explicit solvent models. J. Chem.
Theory Comput. 2015, 11, S810—5825.

https://doi.org/10.1021/acs.jctc.2c01285
J. Chem. Theory Comput. 2023, 19, 2304-2315


https://pubs.acs.org/doi/10.1021/acs.jctc.2c01285?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.2c01285/suppl_file/ct2c01285_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Denis+Jacquemin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4217-0708
https://orcid.org/0000-0002-4217-0708
mailto:Denis.Jacquemin@univ-nantes.fr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Josep+M.+Luis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2880-8680
https://orcid.org/0000-0002-2880-8680
mailto:Josepm.Luis@udg.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+Zales%CC%81ny"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8998-3725
https://orcid.org/0000-0001-8998-3725
mailto:Robert.Zalesny@pwr.edu.pl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elizaveta+F.+Petrusevich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6317-3900
https://orcid.org/0000-0001-6317-3900
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manon+H.+E.+Bousquet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Borys+Os%CC%81mia%C5%82owski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9118-9264
https://orcid.org/0000-0001-9118-9264
https://pubs.acs.org/doi/10.1021/acs.jctc.2c01285?ref=pdf
https://doi.org/10.1039/D0CC02820G
https://doi.org/10.1039/D0CC02820G
https://doi.org/10.1016/j.ccr.2021.213936
https://doi.org/10.1016/j.ccr.2021.213936
https://doi.org/10.1016/j.ccr.2021.213936
https://doi.org/10.1021/cr078381n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr078381n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C2CS35216H
https://doi.org/10.1039/b617972j
https://doi.org/10.1039/b617972j
https://doi.org/10.1002/anie.201305554
https://doi.org/10.1002/anie.201305554
https://doi.org/10.1002/anie.201305554
https://doi.org/10.1021/ct4005849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct4005849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct301107m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct301107m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct301107m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.comptc.2014.03.003
https://doi.org/10.1016/j.comptc.2014.03.003
https://doi.org/10.1016/j.comptc.2014.03.003
https://doi.org/10.1021/jp510838m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp510838m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp510838m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00870?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00870?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.2c01285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

(12) Avila Ferrer, F. J,; Santoro, F. Comparison of vertical and
adiabatic harmonic approaches for the calculation of the vibrational
structure of electronic spectra. Phys. Chem. Chem. Phys. 2012, 14,
13549—-13563.

(13) Cerezo, J.; Ferrer, F. J. A.; Santoro, F. Disentangling vibronic
and solvent broadening effects in the absorption spectra of coumarin
derivatives for dye sensitized solar cells. Phys. Chem. Chem. Phys.
2015, 17, 11401—11411.

(14) Ferrer, F. J. A.; Improta, R.; Santoro, F.; Barone, V. Computing
the inhomogeneous broadening of electronic transitions in solution: a
first-principle quantum mechanical approach. Phys. Chem. Chem. Phys.
2011, 13, 17007—17012.

(15) Improta, R; Barone, V.; Santoro, F. Ab initio calculations of
absorption spectra of large molecules in solution: Coumarin C153.
Angew. Chem., Int. Ed. 2007, 119, 409—412.

(16) Cossi, M.; Barone, V. Time-dependent density functional
theory for molecules in liquid solutions. J. Chem. Phys. 2001, 115,
4708—4717.

(17) Improta, R; Scalmani, G.; Frisch, M. J.; Barone, V. Toward
effective and reliable fluorescence energies in solution by a new state
specific polarizable continuum model time dependent density
functional theory approach. J. Chem. Phys. 2007, 127, 074504.

(18) Improta, R.; Barone, V.; Scalmani, G.; Frisch, M. J. A state-
specific polarizable continuum model time dependent density
functional theory method for excited state calculations in solution.
J. Chem. Phys. 2006, 125, 054103.

(19) Muniz-Miranda, F.; Pedone, A.; Battistelli, G.; Montalti, M.;
Bloino, J.; Barone, V. Benchmarking TD-DFT against vibrationally
resolved absorption spectra at room temperature: 7-aminocoumarins
as test cases. J. Chem. Theory Comput. 2015, 11, 5371—5384.

(20) Scalmani, G.; Frisch, M. J.; Mennucci, B.; Tomasi, J.; Cammi,
R.; Barone, V. Geometries and properties of excited states in the gas
phase and in solution: Theory and application of a time-dependent
density functional theory polarizable continuum model. J. Chem. Phys.
2006, 124, 094107.

(21) Baiardi, A.; Bloino, J.; Barone, V. General time dependent
approach to vibronic spectroscopy including Franck-Condon,
Herzberg-Teller, and Duschinsky effects. J. Chem. Theory Comput.
2013, 9, 4097—4115.

(22) De Mitri, N.; Monti, S.; Prampolini, G.; Barone, V. Absorption
and emission spectra of a flexible dye in solution: A computational
time-dependent approach. J. Chem. Theory Comput. 2013, 9, 4507—
4516.

(23) Santoro, F.; Improta, R; Lami, A.; Bloino, J.; Barone, V.
Effective method to compute Franck-Condon integrals for optical
spectra of large molecules in solution. J. Chem. Phys. 2007, 126,
084509.

(24) Santoro, F.; Cappelli, C.; Barone, V. Effective time-independent
calculations of vibrational resonance raman spectra of isolated and
solvated molecules including Duschinsky and Herzberg-Teller effects.
J. Chem. Theory Comput. 2011, 7, 1824—1839.

(25) Garrett, K; Sosa Vazquez, X; Egri, S. B.; Wilmer, J.; Johnson,
L. E; Robinson, B. H, Isborn, C. M. Optimum exchange for
calculation of excitation energies and hyperpolarizabilities of organic
electro-optic chromophores. J. Chem. Theory and Comput. 2014, 10,
3821-3831.

(26) Isborn, C. M.; Gétz, A. W.; Clark, M. A.;; Walker, R. C,;
Martinez, T. J. Electronic absorption spectra from mm and ab initio
QM/MM molecular dynamics: Environmental effects on the
absorption spectrum of photoactive yellow protein. J. Phys. Chem. B
2012, 8, 5092—5106.

(27) Zuehlsdorff, T. J.; Napoli, J. A.; Milanese, J. M.; Markland, T.
E.; Isborn, C. M. Unraveling electronic absorption spectra using
nuclear quantum effects: Photoactive yellow protein and green
fluorescent protein chromophores in water. J. Chem. Phys. 2018, 149,
024107.

(28) Zuehlsdorff, T. J; Montoya-Castillo, A; Napoli, J. A;
Markland, T. E; Isborn, C. M. Optical spectra in the condensed

2313

phase: Capturing anharmonic and vibronic features using dynamic
and static approaches. J. Chem. Phys. 2019, 151, 074111.

(29) Zuehlsdorff, T. J.; Hong, H.; Shi, L.; Isborn, C. M. Nonlinear
spectroscopy in the condensed phase: The role of Duschinsky
rotations and third order cumulant contributions. J. Chem. Phys. 2020,
153, 044127.

(30) Silverstein, D. W.; Jensen, L. Vibronic coupling simulations for
linear and nonlinear optical processes: Theory. J. Chem. Phys. 2012,
136, 064111.

(31) Silverstein, D. W.; Jensen, L. Vibronic coupling simulations for
linear and nonlinear optical processes: Simulation results. J. Chem.
Phys. 2012, 136, 064110.

(32) Shedge, S. V.; Zuehlsdorff, T. J.; Khanna, A.; Conley, S.; Isborn,
C. M. Explicit environmental and vibronic effects in simulations of
linear and nonlinear optical spectroscopy. J. Chem. Phys. 2021, 154,
084116.

(33) Dunnett, A. J; Gowland, D.; Isborn, C. M,; Chin, A. W,
Zuehlsdorff, T. J. Influence of non-adiabatic effects on linear
absorption spectra in the condensed phase: Methylene blue. J.
Chem. Phys. 2021, 155, 144112.

(34) Mercer, L. P.; Gould, L. R; Klug, D. R. Optical properties of
solvated molecules calculated by a QMMM method Chlorophyll a
and bacteriochlorophyll a. Faraday Discuss. 1997, 108, 51—62.

(35) Dierksen, M.; Grimme, S. The vibronic structure of electronic
absorption spectra of large molecules: A time-dependent density
functional study on the influence of exact Hartree-Fock exchange. J.
Phys. Chem. A 2004, 108, 10225—10237.

(36) Dierksen, M.; Grimme, S. Density functional calculations of the
vibronic structure of electronic absorption spectra. J. Chem. Phys.
2004, 120, 3544—3554.

(37) Gétze, J. P.; Karasulu, B.; Thiel, W. Computing UV/vis spectra
from the adiabatic and vertical Franck-Condon schemes with the use
of Cartesian and internal coordinates. J. Chem. Phys. 2013, 139,
234108.

(38) Luis, J.; Bishop, D.; Kirtman, B. A different approach for
calculating Franck-Condon factors including anharmonicity. J. Chem.
Phys. 2004, 120, 813—822.

(39) Suellen, C.; Freitas, R. G.; Loos, P.-F.; Jacquemin, D. Cross-
comparisons between experiment, TD-DFT, CC, and ADC for
transition energies. J. Chem. Theory Comput. 2019, 15, 4581—4590.

(40) Sarkar, R; Loos, P.-F.; Boggio-Pasqua, M.; Jacquemin, D.
Assessing the performances of CASPT2 and NEVPT2 for vertical
excitation energies. J. Chem. Theory Comput. 2022, 18, 2418—2436.

(41) Sarkar, R; Boggio-Pasqua, M.; Loos, P.-F.; Jacquemin, D.
Benchmarking TD-DFT and wave function methods for oscillator
strengths and excited-state dipole moments. J. Chem. Theory Comput.
2021, 17, 1117—1132.

(42) Guido, C. A; Jacquemin, D.; Adamo, C.; Mennucci, B.
Electronic excitations in solution: The interplay between state specific
approaches and a time-dependent density functional theory
description. J. Chem. Theory Comput. 2018, 11, 5782—5790.

(43) Le Guennic, B.; Jacquemin, D. Taking up the cyanine challenge
with quantum tools. Acc. Chem. Res. 20185, 48, 530—537.

(44) Chibani, S.; Laurent, A. D.; Le Guennic, B,; Jacquemin, D.
Improving the accuracy of excited-state simulations of BODIPY and
aza-BODIPY dyes with a joint SOS-CIS(D) and TD-DFT approach.
J. Chem. Theory Comput. 2014, 10, 4574—4582.

(45) Chibani, S.; Budzak, S.; Medved’, M.; Mennucci, B.; Jacquemin,
D. Full cLR-PCM calculations of the solvatochromic effects on
emission energies. Phys. Chem. Chem. Phys. 2014, 16, 26024—26029.

(46) Chantzis, A.; Cerezo, J.; Perrier, A.; Santoro, F.; Jacquemin, D.
Optical properties of diarylethenes with TD-DFT: 0—0 energies,
fluorescence, Stokes shifts, and vibronic shapes. J. Chem. Theory
Comput. 2014, 10, 3944—3957.

(47) Jacquemin, D.; Bremond, E.; Planchat, A.; Ciofini, L.; Adamo,
C. TD-DFT vibronic couplings in anthraquinones: From basis set and
functional benchmarks to applications for industrial dyes. J. Chem.
Theory Comput. 2011, 7, 1882—1892.

https://doi.org/10.1021/acs.jctc.2c01285
J. Chem. Theory Comput. 2023, 19, 2304-2315


https://doi.org/10.1039/c2cp41169e
https://doi.org/10.1039/c2cp41169e
https://doi.org/10.1039/c2cp41169e
https://doi.org/10.1039/C5CP00370A
https://doi.org/10.1039/C5CP00370A
https://doi.org/10.1039/C5CP00370A
https://doi.org/10.1039/c1cp22115a
https://doi.org/10.1039/c1cp22115a
https://doi.org/10.1039/c1cp22115a
https://doi.org/10.1002/ange.200602907
https://doi.org/10.1002/ange.200602907
https://doi.org/10.1063/1.1394921
https://doi.org/10.1063/1.1394921
https://doi.org/10.1063/1.2757168
https://doi.org/10.1063/1.2757168
https://doi.org/10.1063/1.2757168
https://doi.org/10.1063/1.2757168
https://doi.org/10.1063/1.2222364
https://doi.org/10.1063/1.2222364
https://doi.org/10.1063/1.2222364
https://doi.org/10.1021/acs.jctc.5b00750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2173258
https://doi.org/10.1063/1.2173258
https://doi.org/10.1063/1.2173258
https://doi.org/10.1021/ct400450k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400450k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400450k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct4005799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct4005799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct4005799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2437197
https://doi.org/10.1063/1.2437197
https://doi.org/10.1021/ct200054w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct200054w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct200054w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500528z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500528z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500528z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct3006826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct3006826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct3006826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5025517
https://doi.org/10.1063/1.5025517
https://doi.org/10.1063/1.5025517
https://doi.org/10.1063/1.5114818
https://doi.org/10.1063/1.5114818
https://doi.org/10.1063/1.5114818
https://doi.org/10.1063/5.0013739
https://doi.org/10.1063/5.0013739
https://doi.org/10.1063/5.0013739
https://doi.org/10.1063/1.3684236
https://doi.org/10.1063/1.3684236
https://doi.org/10.1063/1.3684235
https://doi.org/10.1063/1.3684235
https://doi.org/10.1063/5.0038196
https://doi.org/10.1063/5.0038196
https://doi.org/10.1063/5.0062950
https://doi.org/10.1063/5.0062950
https://doi.org/10.1039/a705648f
https://doi.org/10.1039/a705648f
https://doi.org/10.1039/a705648f
https://doi.org/10.1021/jp047289h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp047289h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp047289h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1642595
https://doi.org/10.1063/1.1642595
https://doi.org/10.1063/1.4844055
https://doi.org/10.1063/1.4844055
https://doi.org/10.1063/1.4844055
https://doi.org/10.1063/1.1630566
https://doi.org/10.1063/1.1630566
https://doi.org/10.1021/acs.jctc.9b00446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c01197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c01197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c01228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c01228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar500447q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar500447q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500655k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500655k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CP03919J
https://doi.org/10.1039/C4CP03919J
https://doi.org/10.1021/ct500371u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500371u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct200259k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct200259k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.2c01285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

(48) Jacquemin, D.; Bremond, E.; Ciofini, I.; Adamo, C. Impact of
vibronic couplings on perceived colors: Two anthraquinones as a
working example. J. Phys. Chem. Lett. 2012, 3, 468—471.

(49) Jacquemin, D.; Planchat, A.;; Adamo, C.; Mennucci, B. TD-
DEFT assessment of functionals for optical 0—0 transitions in solvated
dyes. J. Chem. Theory Comput. 2012, 8, 2359—2372.

(50) Marenich, A. V,; Cramer, C. J.; Truhlar, D. G.; Guido, C. A,;
Mennucci, B.; Scalmani, G.; Frisch, M. J. Practical computation of
electronic excitation in solution: vertical excitation model. Chem. Sci.
2011, 2, 2143-2161.

(51) Schwabe, T.; Sneskov, K.; Haugaard Olsen, J. M.; Kongsted, J.;
Christiansen, O.; Hittig, C. PERI-CC2: A polarizable embedded RI-
CC2 method. J. Chem. Theory Comput. 2012, 8, 3274—3283.

(52) Hittig, C.; Kohn, A,; Hald, K. First-order properties for triplet
excited states in the approximated coupled cluster model CC2 using
an explicitly spin coupled basis. J. Chem. Phys. 2002, 116, 5401—5410.

(53) Guido, C. A, Knecht, S; Kongsted, J.; Mennucci, B.
Benchmarking time-dependent density functional theory for excited
state geometries of organic molecules in gas-phase and in solution. J.
Chem. Theory Comput. 2013, 9, 2209—2220.

(54) Sneskov, K; Schwabe, T.; Christiansen, O.; Kongsted, J.
Scrutinizing the effects of polarization in QM/MM excited state
calculations. Phys. Chem. Chem. Phys. 2011, 13, 18551—18560.

(55) Eriksen, J. J.; Sauer, S. P. A.; Mikkelsen, K. V.; Christiansen, O.;
Jensen, H. J. A;; Kongsted, J. Failures of TDDFT in describing the
lowest intramolecular charge—transfer excitation in para-nitroaniline.
Mol. Phys. 2013, 111, 1235—1248.

(56) Silva, D. L.; Murugan, N. A; Kongsted, J.; Rinkevicius, Z.;
Canuto, S; Agren, H. The role of molecular conformation and
polarizable embedding for one- and two-photon absorption of
disperse orange 3 in solution. J. Phys. Chem. B 2012, 116, 8169—8181.

(57) Nielsen, C. B.; Christiansen, O.; Mikkelsen, K. V.; Kongsted, J.
Density functional self-consistent quantum mechanics/molecular
mechanics theory for linear and nonlinear molecular properties:
Applications to solvated water and formaldehyde. J. Chem. Phys. 2007,
126, 154112.

(58) Zalesny, R.; Murugan, N. A; Tian, G.; Medved’, M.; Agren, H.
First-principles simulations of one- and two-photon absorption band
shapes of the bis(BF,) core complex. J. Phys. Chem. B 2016, 120,
2323-2332.

(59) Zalesny, R.; Murugan, N. A.; Gel'mukhanov, F.; Rinkevicius, Z.;
Osmialowski, B.; Bartkowiak, W.; Agren, H. Toward fully non-
empirical simulations of optical band shapes of molecules in solution:
A case study of heterocyclic ketoimine difluoroborates. J. Phys. Chem.
A 2018, 119, 5145—5152.

(60) Murugan, N. A; Zale$ny, R.; Kongsted, J.; Agren, H. Chelation-
induced quenching of two-photon absorption of azacrown ether
substituted distyryl benzene for metal ion sensing. J. Chem. Theory
Comput. 2014, 10, 778—788.

(61) Bednarska, J.; Zalesny, R;; Tian, G.; Murugan, N. A,; Agren, H.;
Bartkowiak, W. Nonempirical simulations of inhomogeneous broad-
ening of electronic transitions in solution: Predicting band shapes in
one- and two-photon absorption spectra of chalcones. Molecules 2017,
22, 1643.

(62) Bednarska, J.; Zalesny, R.; Bartkowiak, W.; Osmialowski, B.;
Medved’, M,; Jacquemin, D. Quantifying the performances of DFT
for predicting vibrationally resolved optical spectra: Asymmetric
fluoroborate dyes as working examples. J. Chem. Theory Comput.
2017, 13, 4347—-4356.

(63) Peach, M. J. G; Benfield, P.; Helgaker, T.; Tozer, D. J.
Excitation energies in density functional theory: An evaluation and a
diagnostic test. J. Chem. Phys. 2008, 128, 044118.

(64) Kossoski, F.; Damour, Y.; Loos, P.-F. Hierarchy configuration
interaction: Combining seniority number and excitation degree. J.
Phys. Chem. Lett. 2022, 13, 4342—4349.

(65) Hittig, C. Structure optimizations for excited states with
correlated second-order methods: CC2 and ADC(2). Adv. Quantum
Chem. 2008, 50, 37—60.

2314

(66) Petrenko, T.; Neese, F. Analysis and prediction of absorption
band shapes, fluorescence band shapes, resonance Raman intensities,
and excitation profiles using the time-dependent theory of electronic
spectroscopy. J. Chem. Phys. 2007, 127, 164319.

(67) Petrenko, T.; Neese, F. Efficient and automatic calculation of
optical band shapes and resonance Raman spectra for larger molecules
within the independent mode displaced harmonic oscillator model. J.
Chem. Phys. 2012, 137, 234107.

(68) de Souza, B.; Neese, F.; Izsék, R. On the theoretical prediction
of fluorescence rates from first principles using the path integral
approach. J. Chem. Phys. 2018, 148, 034104.

(69) Macak, P.; Luo, Y,; Agren, H. Simulations of vibronic profiles in
two-photon absorption. Chem. Phys. Lett. 2000, 330, 447—456.

(70) Christiansen, O.; Koch, H.; Jorgensen, P. The second-order
approximate coupled cluster singles and doubles model CC2. Chem.
Phys. Lett. 1995, 243, 409—418.

(71) Becke, A. D. Density-functional exchange-energy approxima-
tion with correct asymptotic behavior. Phys. Rev. A 1988, 38, 3098—
3100.

(72) Lee, C; Yang, W.; Parr, R. G. Development of the Colle-
Salvetti correlation-energy formula into a functional of the electron
density. Phys. Rev. B 1988, 37, 785—789.

(73) Becke, A. D. Density-functional thermochemistry. IIL. The role
of exact exchange. J. Chem. Phys. 1993, 98, 5648—5652.

(74) Adamo, C.; Barone, V. Toward reliable density functional
methods without adjustable parameters: The PBEO model. J. Chem.
Phys. 1999, 110, 6158—6170.

(75) Ernzerhof, M.; Scuseria, G. E. Assessment of the Perdew-Burke-
Ernzerhof exchange-correlation functional. J. Chem. Phys. 1999, 110,
5029—-5036.

(76) Yu, H. S.; He, X;; Li, S. L.; Truhlar, D. G. MN15: A Kohn—
Sham global-hybrid exchange—correlation density functional with
broad accuracy for multi-reference and single-reference systems and
noncovalent interactions. Chem. Sci. 2016, 7, 5032—5051.

(77) Becke, A. D. A new mixing of Hartree-Fock and local density-
functional theories. J. Chem. Phys. 1993, 98, 1372—1377.

(78) Zhao, Y.; Truhlar, D. G. The MO06 suite of density functionals
for main group thermochemistry, thermochemical kinetics, non-
covalent interactions, excited states, and transition elements: Two
new functionals and systematic testing of four MO06-class functionals
and 12 other functionals. Theor. Chem. Acc. 2008, 120, 215—241.

(79) Iikura, H; Tsuneda, T.; Yanai, T.; Hirao, K. A long—range
correction scheme for generalized—gradient—approximation exchange
functionals. J. Chem. Phys. 2001, 115, 3540—3544.

(80) Chai, J.-D.; Head-Gordon, M. Systematic optimization of long-
range corrected hybrid density functionals. J. Chem. Phys. 2008, 128,
084106.

(81) Chai, J.-D.; Head-Gordon, M. Long-range corrected hybrid
density functionals with damped atom-atom dispersion corrections.
Phys. Chem. Chem. Phys. 2008, 10, 6615—6620.

(82) Iikura, H; Tsuneda, T.; Yanai, T.; Hirao, K. A long-range
correction scheme for generalized-gradient-approximation exchange
functionals. J. Chem. Phys. 2001, 115, 3540—3544.

(83) Besala-Sala, P.; Sitkiewicz, S. P.; Salvador, P.; Matito, E.; Luis, J.
M. A new tuned range-separated density functional for the accurate
calculation of second hyperpolarizabilities. Phys. Chem. Chem. Phys.
2020, 22, 11871—11880.

(84) Dunning, T. H. Gaussian basis sets for use in correlated
molecular calculations. I. The atoms boron through neon and
hydrogen. J. Chem. Phys. 1989, 90, 1007—1023.

(85) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A,; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A. V.; Bloino, J;
Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, ].
V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F,;
Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson,
T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G.;
Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T;

https://doi.org/10.1021/acs.jctc.2c01285
J. Chem. Theory Comput. 2023, 19, 2304-2315


https://doi.org/10.1021/jz201552x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz201552x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz201552x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300326f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300326f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300326f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c1sc00313e
https://doi.org/10.1039/c1sc00313e
https://doi.org/10.1021/ct3003749?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct3003749?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1457434
https://doi.org/10.1063/1.1457434
https://doi.org/10.1063/1.1457434
https://doi.org/10.1021/ct400021c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400021c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c1cp22067e
https://doi.org/10.1039/c1cp22067e
https://doi.org/10.1080/00268976.2013.793841
https://doi.org/10.1080/00268976.2013.793841
https://doi.org/10.1021/jp3032034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp3032034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp3032034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2711182
https://doi.org/10.1063/1.2711182
https://doi.org/10.1063/1.2711182
https://doi.org/10.1021/acs.jpcb.5b09726?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.5b09726?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp5094417?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp5094417?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp5094417?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400924u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400924u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400924u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules22101643
https://doi.org/10.3390/molecules22101643
https://doi.org/10.3390/molecules22101643
https://doi.org/10.1021/acs.jctc.7b00469?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00469?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00469?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2831900
https://doi.org/10.1063/1.2831900
https://doi.org/10.1021/acs.jpclett.2c00730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c00730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0065-3276(05)50003-0
https://doi.org/10.1016/S0065-3276(05)50003-0
https://doi.org/10.1063/1.2770706
https://doi.org/10.1063/1.2770706
https://doi.org/10.1063/1.2770706
https://doi.org/10.1063/1.2770706
https://doi.org/10.1063/1.4771959
https://doi.org/10.1063/1.4771959
https://doi.org/10.1063/1.4771959
https://doi.org/10.1063/1.5010895
https://doi.org/10.1063/1.5010895
https://doi.org/10.1063/1.5010895
https://doi.org/10.1016/S0009-2614(00)01096-4
https://doi.org/10.1016/S0009-2614(00)01096-4
https://doi.org/10.1016/0009-2614(95)00841-Q
https://doi.org/10.1016/0009-2614(95)00841-Q
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.478522
https://doi.org/10.1063/1.478522
https://doi.org/10.1063/1.478401
https://doi.org/10.1063/1.478401
https://doi.org/10.1039/C6SC00705H
https://doi.org/10.1039/C6SC00705H
https://doi.org/10.1039/C6SC00705H
https://doi.org/10.1039/C6SC00705H
https://doi.org/10.1063/1.464304
https://doi.org/10.1063/1.464304
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1063/1.1383587
https://doi.org/10.1063/1.1383587
https://doi.org/10.1063/1.1383587
https://doi.org/10.1063/1.2834918
https://doi.org/10.1063/1.2834918
https://doi.org/10.1039/b810189b
https://doi.org/10.1039/b810189b
https://doi.org/10.1063/1.1383587
https://doi.org/10.1063/1.1383587
https://doi.org/10.1063/1.1383587
https://doi.org/10.1039/D0CP01291B
https://doi.org/10.1039/D0CP01291B
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.2c01285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

Throssell, K; Montgomery, J. A, Jr; Peralta, J. E,; Ogliaro, F.;
Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov,
V. N,; Keith, T. A,; Kobayashi, R; Normand, J.; Raghavachari, K;
Rendell, A. P.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M,;
Millam, J. M,; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.;
Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J.
Gaussian 16, Revision C.01; Gaussian Inc.: Wallingford, CT, 2016.

(86) TURBOMOLE V6.5; a development of University of Karlsruhe
and Forschungszentrum Karlsruhe GmbH, 1989-2007, TURBO-
MOLE GmbH, since 2007, 2013. Available from http://www.
turbomole.com (accessed 2023-03-29).

(87) Tomasi, J.; Mennucci, B.; Cances, E. The IEF version of the
PCM solvation method: an overview of a new method addressed to
study molecular solutes at the QM ab initio level. J. Mol Struct.
(Theochem) 1999, 464, 211—226.

(88) Tomasi, J; Mennucci, B;; Cammi, R. Quantum mechanical
continuum solvation models. Chem. Rev. 2008, 105, 2999—3094.

(89) Santoro, F.; Cerezo, J. FCclasses3, a code for vibronic calculations.
2022. http://www.iccom.cnr.it/en/fcclasses/ (accessed 2023-03-29).

(90) Lami, A.; Santoro, F. Computational strategies for spectroscopy;
John Wiley & Sons, Ltd.: 2011; Chapter 10, pp 475—516.

(91) Cerezo, J; Santoro, F. FCclasses3: Vibrationally-resolved
spectra simulated at the edge of the harmonic approximation. J.
Comput. Chem. 2022, 44, 626.

(92) Phillips, J. C.; Braun, R,; Wang, W.; Gumbart, J.; Tajkhorshid,
E; Villa, E; Chipot, C.; Skeel, R; Kal¢, L.; Schulten, K. Scalable
molecular dynamics with NAMD. J. Comput. Chem. 2008, 26, 1781—
1802.

(93) MacKerell, A. D.; Bashford, D.; Bellott, M.; Dunbrack, R. L.;
Evanseck, J. D.; Field, M. J.; Fischer, S.; Gao, J.; Guo, H,; Ha, S;
Joseph-McCarthy, D.; Kuchnir, L.; Kuczera, K; Lay, F. T. K.; Mattos,
C.; Michnick, S.; Ngo, T.; Nguyen, D. T.; Prodhom, B.; Reiher, W. E.;
Roux, B.; Schlenkrich, M.; Smith, J. C,; Stote, R,; Straub, J;
Watanabe, M.; Widrkiewicz-Kuczera, J.; Yin, D.; Karplus, M. All-atom
empirical potential for molecular modeling and dynamics studies of
proteins. J. Phys. Chem. B 1998, 102, 3586—3616.

(94) Vanommeslaeghe, K.; Hatcher, E.; Acharya, C.; Kundy, S,;
Zhong, S.; Shim, J.; Darian, E.; Guvench, O.; Lopes, P.; Vorobyov, L;
et al. CHARMM general force field: A force field for drug-like
molecules compatible with the CHARMM all-atom additive biological
force fields. J. Comput. Chem. 2010, 31, 671—690.

(95) Dietz, W.; Heinzinger, K. A molecular dynamics study of liquid
chloroform. Ber. Bunsenges. Phys. Chem. 1985, 89, 968—977.

(96) Yu, W,; He, X; Vanommeslaeghe, K,; MacKerell, A, Jr.
Extension of the CHARMM general force field to sulfonyl-containing
compounds and its utility in biomolecular simulations. J. Comput.
Chem. 2012, 33, 2451—2468.

(97) Christensen, A. S.; Faber, F. A; Huang, B.; Bratholm, L. A;
Tkatchenko, A.; Muller, K. R;; von Lilienfeld, O. A. QML: A Python
toolkit for quantum machine learning. https://github.com/qmlcode/
qml (accessed 2023-03-29).

(98) Rupp, M.; Tkatchenko, A.; Miiller, K-R.; von Lilienfeld, O. A.
Fast and accurate modeling of molecular atomization energies with
machine learning. Phys. Rev. Lett. 2012, 108, 058301.

(99) Osmiatowski, B.; Petrusevich, E. F.; Antoniak, M. A.; Grela, L;
Bin Jassar, M. A.; Nyk, M.; Luis, J. M.; Jedrzejewska, B.; Zalesny, R.;
Jacquemin, D. Controlling two-photon action cross section by
changing a single heteroatom position in fluorescent dyes. J. Phys.
Chem. Lett. 2020, 11, 5920—5925.

(100) Os$mialowski, B.; Dziuk, B.; Ejsmont, K; Checinska, L.;
Dobrzanska, L. Effect of conjugated system extension on structural
features and electron-density distribution in charge—transfer difluor-
oborates. Acta Crystallogr. 2021, C77, 807—813.

(101) Jacquemin, D.; Wathelet, V.; Perpéte, E. A.; Adamo, C.
Extensive TD-DFT benchmark: Singlet-excited states of organic
molecules. J. Chem. Theory Comput. 2009, S, 2420—243S.

(102) Jacquemin, D.; Perpéte, E. A; Scuseria, G. E.; Ciofini, I;
Adamo, C. TD-DFT performance for the visible absorption spectra of

2315

organic dyes: Conventional versus long-range hybrids. J. Chem. Theory
Comput. 2008, 4, 123—135.

(103) Isegawa, M.; Peverati, R; Truhlar, D. G. Performance of
recent and high-performance approximate density functionals for
time-dependent density functional theory calculations of valence and
rydberg electronic transition energies. J. Chem. Phys. 2012, 137,
244104.

(104) Leang, S. S.; Zahariev, F.; Gordon, M. S. Benchmarking the
performance of time-dependent density functional methods. J. Chem.
Phys. 2012, 136, 104101.

(105) Momeni, M. R; Brown, A. Why do TD-DFT excitation
energies of BODIPY/aza-BODIPY families largely deviate from
experiment? Answers from electron correlated and multireference
methods. J. Chem. Theory Comput. 2015, 11, 2619—2632.

(106) Charaf-Eddin, A.; Planchat, A.; Mennucci, B.; Adamo, C.;
Jacquemin, D. Choosing a functional for computing absorption and
fluorescence band shapes with TD-DFT. J. Chem. Theory Comput.
2013, 9, 2749—2760.

(107) Santoro, F.; Jacquemin, D. Going beyond the vertical
approximation with time-dependent density functional theory.
WIREs Comput. Mol. Sci. 2016, 6, 460—486.

(108) Fortino, M.; Bloino, J.; Collini, E.; Bolzonello, L.; Trapani, M.;
Faglioni, F.; Pedone, A. On the simulation of vibrationally resolved
electronic spectra of medium-size molecules: the case of styryl
substituted BODIPYs. Phys. Chem. Chem. Phys. 2019, 21, 3512—3526.

(109) Moore, B. I; Charaf-Eddin, A.; Planchat, A.;; Adamo, C.;
Autschbach, J.; Jacquemin, D. Electronic band shapes calculated with
optimally tuned range-separated hybrid functionals. J. Chem. Theory
Comput. 2014, 10, 4599—4608.

(110) Grabarz, A. M,; Osmialowski, B. Benchmarking density
functional approximations for excited-state properties of fluorescent
dyes. Molecules 2021, 26, 7434.

(111) Choluj, M.; Alam, M. M.; Beerepoot, M. T. P.; Sitkiewicz, S.
P.; Matito, E,; Ruud, K; Zalesny, R. Choosing bad versus worse:
predictions of two-photon-absorption strengths based on popular
density functional approximations. J. Chem. Theory Comput. 2022, 18,
1046—1060.

(112) Cerezo, J.; Santoro, F. Revisiting vertical models to simulate
the line shape of electronic spectra adopting Cartesian and internal
coordinates. J. Chem. Theory Comput. 2016, 12, 4970—498S5.

(113) Day, P. N,; Jensen, J. H.; Gordon, M. S.; Webb, S. P.; Stevens,
W. J.; Krauss, M.; Garmer, D.; Basch, H.; Cohen, D. An effective
fragment method for modeling solvent effects in quantum mechanical
calculations. J. Chem. Phys. 1996, 10S, 1968—1986.

(114) Slipchenko, L. V.; Gordon, M. S. Water-benzene interactions:
An effective fragment potential and correlated quantum chemistry
study. J. Phys. Chem. A 2009, 113, 2092—2102.

(115) Zahariev, F.; Gordon, M. S. Nonlinear response time-
dependent density functional theory combined with the effective
fragment potential method. J. Chem. Phys. 2014, 140, 18A523.

(116) Reinholdt, P.; Kongsted, J.; Olsen, J. M. H. Polarizable density
embedding: A solution to the electron spill-out problem in multiscale
modeling. J. Phys. Chem. Lett. 2017, 8, 5949—5958.

(117) Blasiak, B.; Bednarska, J. D.; Choluj, M,; Géra, R. W,;
Bartkowiak, W. Ab initio effective one-electron potential operators:
Applications for charge-transfer energy in effective fragment
potentials. J. Comput. Chem. 2021, 42, 398—411.

(118) Ju, C.-W.; Bai, H; Li, B.; Liu, R. Machine learning enables
highly accurate predictions of photophysical properties of organic
fluorescent materials: Emission wavelengths and quantum yields. J.
Chem. Inf. Model. 2021, 61, 1053—1065.

(119) Joung, J. F.; Han, M.; Hwang, J.; Jeong, M.; Choi, D. H.; Park,
S. Deep learning optical spectroscopy based on experimental
database: Potential applications to molecular design. JACS Au 2021,
1, 427—-438.

https://doi.org/10.1021/acs.jctc.2c01285
J. Chem. Theory Comput. 2023, 19, 2304-2315


http://www.turbomole.com
http://www.turbomole.com
https://doi.org/10.1016/S0166-1280(98)00553-3
https://doi.org/10.1016/S0166-1280(98)00553-3
https://doi.org/10.1016/S0166-1280(98)00553-3
https://doi.org/10.1021/cr9904009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9904009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://www.iccom.cnr.it/en/fcclasses/
https://doi.org/10.1002/jcc.27027
https://doi.org/10.1002/jcc.27027
https://doi.org/10.1002/jcc.20289
https://doi.org/10.1002/jcc.20289
https://doi.org/10.1021/jp973084f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp973084f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp973084f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.21367
https://doi.org/10.1002/jcc.21367
https://doi.org/10.1002/jcc.21367
https://doi.org/10.1002/bbpc.19850890909
https://doi.org/10.1002/bbpc.19850890909
https://doi.org/10.1002/jcc.23067
https://doi.org/10.1002/jcc.23067
https://github.com/qmlcode/qml
https://github.com/qmlcode/qml
https://doi.org/10.1103/PhysRevLett.108.058301
https://doi.org/10.1103/PhysRevLett.108.058301
https://doi.org/10.1021/acs.jpclett.0c01438?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c01438?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S2053229621012249
https://doi.org/10.1107/S2053229621012249
https://doi.org/10.1107/S2053229621012249
https://doi.org/10.1021/ct900298e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct900298e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct700187z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct700187z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4769078
https://doi.org/10.1063/1.4769078
https://doi.org/10.1063/1.4769078
https://doi.org/10.1063/1.4769078
https://doi.org/10.1063/1.3689445
https://doi.org/10.1063/1.3689445
https://doi.org/10.1021/ct500775r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500775r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500775r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500775r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct4000795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct4000795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/wcms.1260
https://doi.org/10.1002/wcms.1260
https://doi.org/10.1039/C8CP02845A
https://doi.org/10.1039/C8CP02845A
https://doi.org/10.1039/C8CP02845A
https://doi.org/10.1021/ct500712w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500712w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules26247434
https://doi.org/10.3390/molecules26247434
https://doi.org/10.3390/molecules26247434
https://doi.org/10.1021/acs.jctc.1c01056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c01056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c01056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.6b00442?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.6b00442?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.6b00442?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.472045
https://doi.org/10.1063/1.472045
https://doi.org/10.1063/1.472045
https://doi.org/10.1021/jp808845b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp808845b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp808845b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4867271
https://doi.org/10.1063/1.4867271
https://doi.org/10.1063/1.4867271
https://doi.org/10.1021/acs.jpclett.7b02788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b02788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b02788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.26462
https://doi.org/10.1002/jcc.26462
https://doi.org/10.1002/jcc.26462
https://doi.org/10.1021/acs.jcim.0c01203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.0c01203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.0c01203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.1c00035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.1c00035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.2c01285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

