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All-Atom Quantum Mechanical Methodologies for
One- and Two-Photon Absorption of Realistic Systems

Sarah Loffelsender, Marilu G. Maraldi, and Marc de Wergifosse*

All-atom quantum mechanics (AQM) methodologies are assessed
to evaluate one- and two-photon absorption (1PA and 2PA) of
realistic systems. All-atom single structure QM (ASQM) and
dynamic structure QM (ADQM) methodologies are discussed.
These workflows are possible thanks to developments in simpli-
fied quantum chemistry methods and in particular with both sTD-
DFT-xTB and dt-sTD-DFT-xTB schemes. The ASQM scheme is
tested to compute the 1- and 2PA of two proteins: bacteriorho-
dopsin and iLOV. Results show that the ASQM methodology is
able to describe higher-energy transitions involving z-conjugated

1. Introduction

The direct environment of a molecule modifies its ground and
excited state properties including geometry, energy, dynamics,
and reactivity."’ For example, the theoretical description of solva-
tochromism should involve a realistic representation of surround-
ing molecules around the solute to faithfully reproduce one- and
two-photon absorption (1PA and 2PA) experimental spectra.l? For
intermolecular interactions such as hydrogen bonds, z-stacking, or
halogen bonds, an explicit treatment of the environment should
naturally be included into the methodology.” The computational
modeling of highly flexible systems, for example, molecules in
solution, necessitates the integration of dynamic structural
effects."? Such treatment can be computationally prohibitive
for large molecules or molecular assemblies.™! Figure 1 shows
two currently established workflows? to compute excited states
of molecules in solution that include dynamic structural effects. In
the first workflow (left side), the impact of the environment is mod-
eled implicitly using a solvent model applied to i) an isolated mol-
ecule or ii) a cluster composed of the chromophore and few
explicit solvent molecules that includes microsolvation interactions
while keeping a moderate computational cost. Dynamic structural
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amino acids such as tryptophan or tyrosine. Then, two variants of
the ADQM workflow are evaluated to reproduce the 1- and 2PA of
the flavin mononucleotide in aqueous solution, involving either
Boltzmann ensemble of conformers in implicit solvent (ADQM-
Boltz.) or snapshots of molecular dynamics of explicitly solvated
systems (ADQM-MD). Spectra computed with the ADQM-MD
approach provide striking comparisons with respect to experi-
ment, while the ADQM-Boltz. approach provides little change
with respect to the ASQM workflow.

effects are captured implicitly by sampling the conformational
space, and Boltzmann averaged spectra are computed. The second
workflow (right side of Figure 1) accounts explicitly for direct
surroundings of the chromophore. Molecular dynamics (MD)
simulations are performed to compute solute-solvent (chromo-
phore-environment) configurations and account for temperature
effects."?** These simulations are usually conducted using classi-
cal, Monte-Carlo, or quantum mechanical/molecular mechanical
(QM/MM) MD simulations.>® For each snapshot, excited states
are typically computed using a QM/MM framework (reducing
the number of explicitly treated atoms drastically). An averaged
spectra incorporating each snapshot is then obtained. Note that
to account for polarization effects and to converge excited state
properties,”’ some authors suggested to include >250 atoms in
the QM region® or at least two solvation shells." This places a sig-
nificant computational demand on the excited state calculation. In
both workflows, two main steps can be distinguished: i) sampling
geometries and ii) characterizing excited states with the environ-
ment accounted for either implicitly or explicitly.

In 1976, Warshel and Levitt® introduced the QM/MM method
to treat large molecular systems in a consistent way. For the
development of such multiscale models, they won the Nobel
Prize in Chemistry in 2013 with Karplus. In the QM/MM approach,
the system considered responsible for the target property is com-
puted quantum mechanically while surroundings are treated
classically. These schemes enable the treatment of explicitly sol-
vated systems as well as chromophores embedded in more com-
plex matrices such as proteins. Nowadays, a plethora of schemes
exists for the MM part,'>4'°2 involving mechanical embedding
(ME), electrostatic embedding (EE), or polarizable embedding
(PE). They rely on a classical description of the solute-solvent
(or chromophore-environment) electrostatic interactions, either
neglecting (ME, EE) or accounting for (PE) important mutual
polarizations between the solute and the environment.
Nevertheless, solute-solvent (or chromophore—environment)
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2 property.54”! Computationally efficient expressions to evaluate
_‘ﬁﬁ o o*™ can be derived from residue analysis of the cubic response
single —c 38 Real function.*®*® For the degenerate case, 2PA strengths can also be
molecule ", system extracted from the residue of the quadratic response function.”®
Since the seminal work of Olsen and Jargensen“ in 1985, hier-
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Figure 1. Two current workflows to compute excited state spectra in solu-
tion or complex environments that account for dynamic structural effects.

interactions have a quantum nature, which are particularly diffi-
cult to describe with QM/MM models.”® Higher-level approaches
also exist such as the QM/effective fragment potential (EFP)**~%"
or quantum embedding schemes./26-3%

2PA is a nonlinear optical (NLO) effect that allows to use lower
energy light sources with respect to 1PA. Both incident photons
have a lower energy than the excited state transition energy (half
of it, if degenerate). It exhibits an improved spatial resolution and
an increased penetration depth (up to 1nm, compared to
50-80 um in normal confocal laser scanning microscopy) as well
as reduced photobleaching. These characteristics motivated the
use of 2PA as a noninvasive imaging technique for numerous
medical fields, including cancer®'* or kidney researches,**3%
neuroscience,”” and even to probe neurological functions of
(fixed or freely moving) living animals.®®*? 2PA is also used in
data storage devices™**¥ and information processing.*”! These
areas of research could benefit from the design of new systems
with enhanced 2PA cross sections (6*).

Calculating 2PA spectra is a challenging task as it for-
mally involves to evaluate a third-order molecular response
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archy of methods were implemented along the years including
couple cluster (CC) and density functional theory (DFT) methods.
Nanda and Krylov**®! implemented one of the most formally accu-
rate scheme available with the equation of motion coupled clus-
ter singles and doubles (EOM-CCSD) method. Hattig et al.1#8°0>"
implemented CCS, CCSD, CC3, CC2 and RI-CC2 methods to eval-
uate 2PA. Cost-efficient (RI-)CC2 schemes are often used as a ref-
erence to evaluate 2PA strengths.**>~ CC methods are still
computationally demanding and are only available to treat rather
small systems (<100 atoms). Alternatively, time-dependent DFT
methods'®%? were implemented for medium-sized systems.

QM/MM schemes were often used to evaluate 2PA of chro-
mophores in solution or complex matrices. Model systems of
explicitly solvated chromophores were employed to characterize
the effect of the solvent on 2PA spectral features,®>-*” and two-
photon solvatochromism,”*® as well as to assess dynamic struc-
tural effects.® Some of them provided computational results
directly comparable to experiments.’>%4%® For example, Olesiak—
Banska et al.® studied the 2PA of the Hoechst chromophore in
water solution showing the emergence of a low-energy band in
the 2PA spectra due to dimerization of the dye in solution. The
QM/MM family of methods was also used to evaluate the 2PA of
chromophores in protein environments.”®’? For channel rho-
dopsin mutants”® and green fluorescent proteins,”? design
guidelines based on QM/MM studies were proposed to enhance
their ¢*"*. Murugan and Zale$ny”" used a CC2/MM approach to
model the 2PA properties of Parkinson’s diagnostic probes target-
ing monoamine oxidase B. To improve the modeling of theoreti-
cal 2PA spectra, Kongsted and coworkers”¥ showed for DNA
intercalators the importance to include non-electrostatic repul-
sion into the embedding scheme, reducing the electron density
leakage from the QM to the MM region. Olsen et al.” showed
that very accurate explicitly polarizable embedding potentials for
proteins can be efficiently designed using system fragmentation
strategies for QM/MM molecular response calculations. Excited
state properties can also be highly sensitive to chromophore
geometries.>’*7? For example, Palczewska et al”’? examined
the impact of distorting bovine rhodopsin on 2PA using QM/
MM (QM, chromophore; MM, residue charges within a 5A dis-
tance). They demonstrated that the deformation of the chromo-
phore as well as surrounding atoms and their charges have
significant impacts on the 2PA spectrum, complementing the
study of Valsson et al.®! on 1PA.

As already stressed above, the nature of interactions between
the chromophore and its direct environment has a quantum
nature. De facto, such interactions are particularly difficult
to be described with QM/MM models especially if important
long-range interactions or direct H-bonds between layers occur.”!
A significant limitation associated with such schemes is to inter-
face both QM and MM regions, although several proto-
cols exist® A viable alternative to QM/MM schemes for the
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computation of excited states is to directly treat most of the sys-
tem in a QM fashion while remaining parts are accounted for by a
solvent model. This is the so-called “brute force approach” as
termed by Giovannini et al.? for which we prefer the terminology
“all-atom QM (AQM) methodology.” To compute excited states
and response properties of large systems, an AQM methodology
containing explicitly up to several thousands of atoms is now pos-
sible thanks to recent developments in the field of simplified
quantum chemistry methods.®°°" The realm of simplified meth-
ods was first introduced by Grimme®® in 2013 with the simplified
time-dependent DFT (sTD-DFT) variant using the Tamm-Dancoff
approximation (sTDA). Shortly after, this was extended to the sTD-
DFT method by Bannwarth and Grimme.®"! To compute excited
states of ultra large systems (up to 5000 atoms), an approach
called sTD-DFT-xTB combines an extended tight binding (xTB)
ground state® with the sTD-DFT method. The computation of
response properties with the sTD-DFT scheme was introduced
by de Wergifosse et al. including the polarizability,®® optical rota-
tion,®® excited state absorption,®¥ first hyperpolarizability,®*
and the ultra-fast evaluation of 2PA.®® Among applications,
Seibert et al.®”? assessed dynamic structural effects on the first
hyperpolarizability of very flexible tryptophan-rich peptides as
well as the gramicidin A; Beaujean et al.®® proposed an AQM
methodology to compute the first hyperpolarizabilty of two
fluorescent proteins (FPs) iLOV and the bacteriorhodopsin (bR),
showing striking agreement with respect to experiment. The
dual-threshold sTD-DFT (dt-sTD-DFT) was introduced to reduce
the computational cost of nonlinear response calculations by
truncating in a different manner the space of singly excited con-
figurations for the chromophore and the remaining of the pro-
tein.®¥ Last year, one of us with the help of the eXact integral
sTD-DFT (XsTD-DFT)®'#? using the CAM-B3LYP range-separated
hybrid functional showed that to reproduce experimental 1PA
and circular dichroism spectra of the photoactive yellow protein
(PYP), an AQM methodology is absolutely necessary because one
of the main peak is due to a local # — #* transition on a trypto-
phan and thus not involving the chromophore.®

The bacteriorhodopsin (3835 atoms) is a transmembrane pro-
tein of Halobacterium salinarum.®**”! It is a light-driven proton
pump that facilitates the transfer of protons from the external to
the internal cellular environment. Prior studies have demon-
strated that the chromophore, a retinal, interacts considerably
with nearby residues (Trp86 and Tyr185) upon excitation,?®-'%"!
resulting in a remarkable high molar extinction coefficient."*"
Moreover, reports indicate an exceptionally high 2PA cross sec-
tion,"%? with possible applications in data storage.** bR under-
goes photobleaching upon 2P excitation, due to the accessibility
of photoproducts beyond the classical photocycle.’®'°% Note
that the retinal chromophore from bR is a different molecule with
respect to the well-studied retinal vitamin A from the human eye.

iLOV is an improved variant of the light, oxygen, or voltage
domain of the plant blue light receptor."®! This small FP
(1849 atoms) originally engineered to monitor virus infection
and spread owes its photophysical properties to its noncovalently
bound chromophore flavin mononucleotide (FMN). Theoretical
and experimental studies™’6781%7131 on FMN established
that its surroundings influence significantly its excited state
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properties. Figure 2 presents experimental 1PA spectra of FMN
in different environments (water, methanol, and two similar pro-
teins iLOV and miniSOG), showing the sensitivity of FMN to its
environment. At a first glance, trends among different types of
surroundings can be rationalized in terms of the polarity of
the environment. For 1PA spectra, flavins were found to be sen-
sitive to the planarity of the isoalloxazine ring.”®''"'"3 Already
subtle distortions, that is, the well-known “butterfly” bending
of the ring system, causes substantial changes in the spec-
tra,7e1101" for example, shifting of the excitation energy. This
was attributed to the mixing of n — z* and = — " transi-
tions.7611°113 |n the low-energy region (between 450 and
350 nm), FMN has dark singlet and triplet n — z* states especially
sensitive to the environment.””'"%"""1131 Ypon significant distor-
tions due to surrounding atoms, those forbidden transitions are
then allowed, modifying the spectra. Depending on the environ-
ment, the structure of flavin isoalloxazine rings can be planar”® or
distorted.l'"” Kar et al.”® suggested the existence of a wide dis-
tribution of angles in flavins encapsulated in protein environ-
ments. In a theoretical 1PA and 2PA investigation, List et al.!
used a QM/MM scheme with PE and accounted for explicit
dynamic structural effects to examine the behavior of FMN in
aqueous solution and in the miniSOG protein. Comparisons with
respect to experimental TPA and 2PA spectra indicate that spec-
tral shapes are rather well reproduced, while peak energy posi-
tions are blue-shifted.

The objective of this study is to establish possible AQM work-
flows to compute 1- and 2PA of molecules in solution and com-
plex environments (see Figure 3). Note that in this contribution,
the terminology “realistic systems” is used to illustrate that not
only calculations on single molecules or small systems are pre-
formed but also including explicitly large parts of the environ-
ment as well as dynamic structural effects (when possible) to
provide model systems closer to reality. The general idea is to
rely only on QM levels of theory and using a similar approach
as some of us did for the evaluation of the first hyperpolarizabilty
of FPs.®® Figure 3 gives a general overview of the methodology
we will apply in this work. A first protocol is proposed for FPs
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Figure 2. Experimental 1PA spectra of the FMN in different surroundings
(water 1,1'°" water 2, methanol,""°” protein 1 (iLOV),"° and protein

2 (miniSOG)""%?). All spectra were normalized to one for the lowest-energy
band around 2.79 nm.
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Figure 3. General workflow to obtain excited state spectra. Red font marks
critical user-defined steps. In this work, each step inside the black framed
box considers all atoms quantum mechanically.

where we use a single structure approach, neglecting dynamic
structural effects: an all-atom single structure QM (ASQM) method-
ology. For this, we used the same systems as in Beaujean et al.®®
that is, bR (=3850 atoms) and iLOV (=2000 atoms) (see Figure 4 left
and middle) optimized at the ONIOM ©B97X-D/6-31G*:GFN2-xTB/
GBSA(water) level of theory. The sTD-DFT-XTB method® is
selected to compute excited states as well as TPA and 2PA spectra
directly considering entire structures. For both steps, the general-
ized born/surface area (GBSA) model'*""®! js used. The challeng-
ing systems to assess the ASQM approach (bR and iLOV) were
selected because experimental 1PA and 2PA spectra are available
in the literature.'92108102117-1191 \yjjth these systems, we are at
the edge of what is computationally feasible nowadays for such
scheme.

A second protocol is proposed for more structurally dynamic
systems such as chromophores in solution. This protocol is
named all-atom dynamic structure QM (ADQM). In that case,
two approaches were tested to account for dynamic structural
effects adapting usually admitted workflows (Figure 1) to AQM
procedures. First, solvent effects are treated implicitly and the
conformational space is screened at the tight-binding GFN2-
XTB level using the conformer/rotamer sampling tool CREST.['>”!
Afterward, the GFN2-xTB ensemble is refined with the r*'SCAN-
3c"2''23 DFT method using CENSQ.I'?*"2%1 Boltzmann averaged
1- and 2PA spectra are determined using the sTD-DFT-xTB/GBSA
method, accounting implicitly for dynamic structural effects. This
variant of the ADQM protocol is named ADQM-Boltz. Second,

MD simulations. This approach computes forces analytically at
the QM GFN2-xTB level of theory to solve Newton’s equation
of motions. Thus, only trajectories are computed classically.l'?®
For each uncorrelated snapshot selected from these MD simula-
tions, 1- and 2PA spectra are computed at the sSTD-DFT-XTB/GBSA
level of theory and averaged. This variant of the ADQM protocol is
called ADQM-MD. Note that in our MD simulations, nuclei move
classically which might impact high-frequency motions and nar-
rowing spectral absorption bands. Strategies to modify spectral
width or asymmetry of states exists,'?~'?! that is, using the
nuclear-ensemble approximation that uses a stochastic ensemble
of normal coordinates generated by a Wigner distributions. This
approach seems limited to rather small systems. Luke$ et al.['3"
showed that increasing the MD temperature could be used as a
parameter to provide better peak broadenings equivalent to
those produce by a Wigner sampling. A feature that will be inves-
tigated in future studies as a refinement of the present ADQM
protocol. FMN (Figure 4 right) was selected for this first explor-
atory study to assess the proposed AQM protocol that includes
dynamical effects of the solvent and the chromophore. Results
are compared to available experimental 1PA and 2PA spectra
for FMN in aqueous solution.105-1%8

Note that while AQM protocols are developed to better cap-
ture the complexity of the experiment by providing the most real-
istic system we can model nowadays, comparing results from
such calculations to experiment is still a tremendous task. Our
calculations which neglect vibronic effects provide excitation
energies that might need to be shifted and strengths that need
to be convoluted by arbitrary functions (either Lorentzian or
Gaussian) with an arbitrary width and converted into macro-
scopic cross sections. Converting 2PA strengths to macroscopic
cross sections depend on experimental setups as stressed by
Beerepoot et al.”¥ and this information is not always available
in the literature. Experimental error bars are not always provided
neither. On the top of this, 2PA cross sections are dependent on
the square of the excitation energy. Thus, what we compare to
experiment is not always completely well-defined and clear.

This study was also the opportunity to test the dt-sTD-DFT-
XTB method to compute excited states, which has never been

Figure 4. Chemical sketches of bacteriorhodopsin (left panel), iLOV (middle panel), and the flavin mononucleotide surrounded by a shell of 12 A of explicit

water molecules (right panel).
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done until now. This scheme seems particularly relevant to
reduce the computational cost when a large number of excited
states calculations need to be performed, for example, when con-
sidering hundreds snapshots from MD runs. We will demonstrate
its advantage and illustrate how it can reduce the computational
effort while maintaining accuracy in comparison to regular sTD-
DFT-XTB calculations.

This study is organized as follows: we first give a concise over-
view of the theory behind the dt-sTD-DFT as well as how to com-
pute 1- and 2PA at the sTD-DFT level. Then, the computational
details employed throughout this work are given (Section 3).
In Section 4, results are discussed. Finally, the conclusions and
outlooks are given in Section 5.

2. Theory

The dt-sTD-DFT method was developed to reduce the computa-
tional cost of sTD-DFT calculations to evaluate the first hyperpolar-
izability of FPs.®°" Here, we extend the reach of this scheme to
determine excited states and to evaluate 2PA cross sections. This
section briefly recalls the theory behind the sTD-DFT method to
compute excited states®®®'"" and 2PA cross sections.*® Details
are also given about the dt-sTD-DFT scheme.®®°V In this study,
we will use i,j, ... for occupied, g, b, ... for virtual and p,q, ...
for molecular orbitals (MO) of any kind.
The sTD-DFT method is based on Casida’s equations:

6 R)E) -6 50
B A/\Y 0 —w/\Y

where A and B are orbital rotation Hessian matrices, X and Y are
the excitation and de-excitation vectors, and w represents the
eigenvalue diagonal matrix with the dimension of the number
of roots (or states) and describes the excitation energies. In
2013, Grimme®®® proposed three simplifications to construct A
and B efficiently: i) the exchange-correlation kernel fyc in A
and B supermatrices is neglected to avoid time-intensive numer-
ical integration; ii) the two-electron integrals are approximated by
short-ranged damped Coulomb interactions of Lowdin transition
charges; and iii) the single excitation space is truncated, leading
to a significant speed-up in time with only a minor loss of accu-
racy.®°®" Matrix elements of A’ and B’ in sTD-DFT read the fol-
lowing.

N
la/b - (5 (Sab + Z Zq;qaqurzB - q;qubriB) (2)
AB
N
Iaj Z IaqgjrgB - axqﬁqujrﬁB) (3)
AB

where two-electron MO integrals written in the chemists’ nota-
tions (pq|rs) :HW;(r,)Wq(n),:—ZLP;‘(rZ)WS(rZ)dner are approxi-
mated as follows

N N
(palrs) = > > " qhdnTae @)
A B
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Transition charges g}, are obtained from a Léwdin population
analysis,"*" and the T,, function damps their interaction at
short distance using the Mataga—-Nishimoto-Ohno-Klopman
formula.'*27*¥ For a Coulomb-type integral (ij|ab)’, the damping
formula takes the form

rjAB = <—1 >y]_/
(Rag)” + (am)™ (5)
. _ n(A) +n(B)
with 7 = >

where R,; denotes the distance between atom A and B, y, is a
linear function depending on the amount of Fock exchange
a,, and 7 is the average chemical hardness of two atoms.
Exchange type integrals (ib|aj)’ are damped using a slightly dif-
ferent equation.

1 "
M= 6
AB ((RAB)YK+;77yK) ( )

where y, is again a linear function that depends on the amount of
Fock exchange. Both I, functions were determined as y, =
0.20 + 1.83a, and y, = 1.42 + 0.48a,, respectively.f8!

To truncate the configurations interaction space (related to
the size of A’ and B’), one single energy threshold E,, is used
as parameter. E,, represents the maximum excitation energy
to be computed to represent the 1PA spectral range. It was
shown that a careful truncation of the Cl space decreases compu-
tational costs in time and memory effectively without loosing
much accuracy.*>7"3® As a preliminary step, the MO active space
is truncated as follows.

€min = €lumo — 2(1 + 0.8a, ) Ey,
E€max = €Homo + 2(1 + O‘SGX)Ethr

(7)

where e0m0 and g yyo are energies of the highest occupied (HO)
and lowest unoccupied (LU) molecular orbitals. Primary configu-
ration state functions (P-CSFs), describing the single excitations
from occupied MO i to unoccupied MO g, are selected when

A/ia,ia S Ethr (8)

For remaining CSFs with A’;;, > Ey,, using a perturbative
approach, secondary CSFs (S-CSFs) are only considered if they
are coupled significantly to the P-CSFs space

P—CSFs

2 _
ED =

| Iajbl2

e 107°E, )

ia A jbjb

Consequently, the total number of CSFs is the sum of P- and
S-CSFs selected. For FMN at the sTD-DFT-xTB level, the space of
12 096 CSFs is drastically reduced to 342 CSFs using a E,,, value of
7 eV and 1413 CSFs for E;, = 10eV.

When considering larger systems with thousands of atoms,
computational costs increase drastically. The dt-sTD-DFT scheme
gives a solution to truncate even further the space of CSFs for
large systems with a central chromophore.®®° The dual thresh-
old approach divides the system into two subsystems, which are
treated by two different energy thresholds. The motivation is

© 2025 Wiley-VCH GmbH
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simple: Considering a chromophore inside its explicit environ-
ment, for example, solvent, the response of the chromophore
(few atoms) is much more significant than the response of the
surroundings (many atoms). Therefore, CSFs involving the chro-
mophore will impact much more the excited state manifold. Thus,
a larger energy threshold (E,q;,) should be employed for the chro-
mophore, while the surroundings are covered with a lower
energy threshold (E,,), reducing computational costs. Note that
Epign should at least represent the spectral range.

In the dt-sTD-DFT procedure, the truncation of the MO space
is done as before (see Equation (7)) considering Eyg, as the
energy threshold. Then, the occupied MO space is split into
two parts, the high level (e.g., the chromophore) and the low level
ones (e.g., the solvent). If an occupied MO has a density { higher
than 10% on atoms from the high level part, it is included into the
high-level occupied MO space. The remaining occupied MOs are
treated within the low-level occupied MO space. For a MO i, we
have the following.

G= Z Cii (10)

achigh level part
(i > 0.1 — Epg, (1

;i <01 = Eg, (12)

C,; are LCAO coefficients and (; is the electron density of the
MO i on the high level part of the system.

P-CSFs are selected using Equation (8) with E,y, and E,,, for
single excitations, respectively, involving the high level and low
level occupied MO spaces. This leads to the P-CSFs-H space if

e inma < Enigh and to P-CSFs-L space if A, ;. o < Eyq,,. TO prune
the remaining space, only j,,, — b CSFs with

Eiow <A pjo < 2(1+0.80,)E, (13)

are considered for the low level part, while all remaining jyg, — b
CSFs are selected for the high level part. S-CSFs are then
selected if

P—CSFs—(H+L)
() _
Ejb - A/

ia iajia

|A//'a,jb|2, (14)
= Al

Finally, the total amount of CSFs is the sum of all primary CSFs
from the high- and low-level parts as well as the S-CSFs, that is,
#CSFs = #P — CSFs — H + #P — CSFs — L 4 #S — CSFs.

To compute a 1PA spectrum at the (dt-)sTD-DFT level, the
transition dipole moment ji5, between the ground state and
the excited state v is evaluated using X' and Y. Considering
the restricted case in the length formalism, the transition dipole
moment reads

Woo = V2 WX+ Vi) (15)

ia

where i, = (y;|Fly,). The associated oscillator strength is
obtained as follows.
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foo = ngoﬁo" "l (16)
Oscillator strengths are then convoluted with Gaussian func-
tions with a sole damping factor I' at half width at 1/e maximum
for all transitions to obtain the 1PA spectrum.
A 2PA spectrum is computed with the (dt-)sTD-DFT method
by first evaluating two-photon (2P-) transition dipole moments
M2," using the following expression.””!

M, = —A+B (17)

where A and B read

A= Z {len,ai[/uf,ij('I - 64’?7)]Y/r7,aj(wn/2)} (18)

perm(, ¢, n  aij

and

B = Z {len,ai [/u{,ab(-l - 6(':1)}Y/:7,bi(wn/2)} (19)
perm.(, ¢, n \ iab

X, (—w,/2) and Y,(—w,/2) are linear response vectors
obtained at the frequency —w,/2 from extra linear response
calculations for each transition, and perm.£, {,  stands for permu-
tations between cartesian coordinates and their respective fre-
quencies. From transition dipole moments, the rotationally
averaged 2PA transition strength §2"A1'3%14% js evaluated as follows.

F G H
2PA\
(0°%) = 30 ;S:m 3 ;Szngn 30 ;S:w:

H _ 0—n g 40—n
with S, = M, "M,

(20)

where F, G, and H are parameters which depend on the experimen-
tal setup. In the case of parallel linearly polarized incident light, F, G,
and H equal 2. All 2PA spectra provided in this contribution con-
sider this case. To compute 2PA spectra, macroscopic 2PA cross-
section o* are computed as follows.

oA — Nm*aa;(20)*

c (8"G(2w, w,,T) (21

where the parameter N depends on the experimental setup to
compare with (single or double beam experiment, N=1 or 2), a
depicts the fine structure constant, a, denotes the Bohr radius,
c is the speed of light, and G represents a line-shape function.
Gaussians are usually used for I' to model 2PA spectra in solution.*

G(2w, @, T) = —% exp {— In2 (2“’%) 2} (22)

where T is the half-width at half-maximum (HWHM). Note
that while an identical I' factor is usually used for all tran-
sitions, 252201411441 it \y a5 shown that 2P-transitions have often dif-
ferent broadenings,'*>'*! originating from different interactions. In
the following, broadening factors are given separately for each sys-
tem and are chosen to best reproduce experiment. Note that for
average ADQM-MD spectra, smaller damping factors are used to
capture spectral features from out of equilibrium structures that
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are naturally broadening absorption bands. All along the article,
2PA spectra are presented as function of 2w.

3. Computational Details

To assess the ASQM protocol, structures of bR (bacteriorhodospin)
and iLOV were taken from Beaujean et al® They were opti-
mized at the ONIOM ©B97X-D"47'481/6-31G*'4°-154.GFN2-xTB!">*)/
GBSA(water)!''*9! |evel of theory and include few explicit water
molecules (57 in bR and 46 in iLOV) around the protein. The
wB97X-D range-separated hybrid exchange-correlation functional
was used at the DFT level for the ONIOM high layer including the
chromophore and the surrounding amino acids and water mole-
cules in a 4 A radius. The remaining of the protein including exter-
nal water molecules was accounted for in the ONIOM low layer
with the GFN2-xTB method.""** Excited states as well as 8™ were
computed at the (dt-)sTD-DFT-XTB level of theory.® Note that the
implicit GBSA(water) model was used to further account for solvent
effects for ground state xTB calculations. For each sTD-DFT-xTB 2PA
calculation, §** were computed for the 20 first excited states and
converted to o°"* using Equation (21). Note that computing ¢*™ for
the 20 first excited states is enough to match the experimental 2PA
spectral range for all systems considered in this study.

The ADQM protocol includes dynamic structural effects consid-
ering its two variants: ADQM-Boltz. and ADQM-MD. In the ADQM-
Boltz. methodology for water solution, the deprotonated FMN
conformer/rotamer ensemble (CREs) was determined at the
GFN2-xTB level of theory using CREST 2.12.1'2% Solvent effects were
accounted for using the GBSA implicit solvent model. The CRE for
FMN in vacuum was computed in the same manner, excluding any
solvent model. Both CREs were refined at the DFT level: first, by
using the B97-D31"*'*7)/def2-SV(P)'*® scheme for a cheap pre-
screening, and second the composite rP'SCAN-3c!'?'"'?31 method
to reoptimize geometries. Implicit solvent effects were included
using the DCOSMO-RS(waten)"**'® model. Final Gibbs energy
rankings are obtained using the PSCAN-3c electronic energy +
Grrrio! ' GFN2-XTB)//P’SCAN-3¢ for the ensemble in gas
phase as well as the r*SCAN-3c electronic energy + COSMO-
RS[H,011"**"%) G, pario (GFN2[GBSA]-bhess)//r’ SCAN-3¢c[DCOSMO-
RS]"#916% in implicit water. This procedure is performed with the
command line energetic sorting algorithm CENSO 1.2.0,1'241%°]
using Turbomole V7.6,'°'%®! the xtb program package V6.6.1,'%”
and the COSMOtherm 16 program package(G,,;, option, BP_TZVP_
C30_1601 parametrization, T=298.15K, p = 1 atm)."*”

Alternatively, dynamic structural effects were accounted for by
taking snapshots from MD simulations, giving the ADQM-MD pro-
tocol. Accounting explicitly for solvent effects, water molecules
were added to FMN lowest-energy conformer using spheres of
increasingly large radii of 7, 9, 10, 11, and 12 A with the program
Chimera"’® (“shell” solvation and TIP3PBOX solvation model). Each
structure were preoptimized at the GFN2-xTB/GBSA(water) level to
remove possible tensions due to the solvation process, giving bet-
ter starting points for MD simulations. 1 ns long GFN2-xTB/
GBSA(water) MDs were run with a time step of 4fs to determine
an NVT ensemble at 298.15 K. Note that the SHAKE algorithm was
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used to constrain all bonds, and we applied four times the mass of
hydrogen to all hydrogen atoms. Two polynomial wall potentials
were set as follows: 1) One spherical potential to constrain the
whole system and prevent water molecules to “escape,” mimicking
the “glass” of a real world experiment. Spheres of radius values of
11.6, (22.0), 13.2 (25.0), 14.7 (27.7), 15.3 (29.0), and 16.6 (31.45) A
(Bohr) were chosen for the potential when considering 7,9, 10, 11,
and 12 A of water shells, respectively. Note that in the following,
we always refer to FMN solvated in X A water shell as “XA” 2) A
second wall potential was set around a central atom of FMN with a
sphere radius of 2.6 A (5.0 Bohr) to keep the referential of the mol-
ecule centered and avoid drifting apart.

A longer MD simulation (3 ns) was also conducted for the 10 A
water shell to assess the impact of the MD time length on spectra.
To select uncorrelated snapshots from MD simulations, all trajec-
tories were evaluated using the autocorrelation function (ACF) of
the program TRAVIS.'”'172 Additionally, the block averaging
method was used to get the smallest time step between two
uncorrelated configurations. This procedure led to 118 (7 A),
98 (9 A), 237 (10 A), 134 (11 A), and 166 (12 A) snapshots, respec-
tively. To complement discussions about FMN in gas phase, a
11 ns long GFN2-xTB MD simulation on FMN lowest-energy
conformer was run using the same conditions as described
above. 1521 snapshots were taken.

For each structure generated with the second protocol, xTB/
GBSA(water) ground states for sTD-DFT-xTB calculations were
computed. Excitation energies, oscillator strengths, and 5** were
determined at the (dt-)sTD-DFT-xTB level of theory. For each
conformer or MD snapshot, 1PA and 2PA spectra were generated
by convoluting oscillator strengths or §** with a Gaussian line-
shape. Smaller damping factors were employed for spectra of
MD snapshots before taking the average to resolve structural
influences (see Section 4).

Furthermore, RI-CC2"7*/aug-cc-pVDZ!"’# calculations were
performed to compute 1- and 2PA spectra for retinal and FMN
lowest-energy conformer obtained with r’SCAN-3c in gas phase
and implicit solvent (FMN only). Turbomole 7.7.177%! was used to
compute eight RI-CC2 transition energies and cross sections
using default parameters. Note that we used a value of 1000
for the maximum dimension of the reduced space of the CC linear
equations (maxred). A convergence threshold of 107 is used for
the numerical Laplace transformation to compute 5%,

The xtb program package'® version 6.5.1 was used for all
GFN2-xTB calculations. All-atom xTB ground states were calcu-
lated with the xtb4stda program.'’® (dt-)sTD-DFT-xTB calcula-
tions were performed using a development version of the std2
package (previously branded stda).®%°%'””1 Note that all along this
study, vibronic effects are not accounted for because the gradient
is not implemented yet in std2.[8°20177

4, Results and Discussions

The main goal of this work is to assess two AQM protocols con-
sidering the effect of the environment explicitly without and with
dynamic structural effects: ASQM and ADQM, respectively. This
section is divided into two parts. Using the ASQM protocol, we
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first discuss 1- and 2PA of two very large systems: bR and iLOV.
This first part is also the opportunity to discuss the dt-sTD-DFT
approach to compute excited states for such systems. Second,
we investigate the influence of dynamic structural effects on
1- and 2PA spectra for FMN in aqueous solution using both
ADQM-Boltz. and ADQM-MD methodologies.

4.1. An All-Atom Single Structure QM Protocol Applied to
Fluorescent Proteins

4.1.1. Bacteriorhodopsin

We first assess the ASQM workflow to compute the TPA spectrum
of bR (Figure S1, Supporting Information) at the sTD-DFT-xTB/
GBSA(water) level of theory in comparison with experimental
1PA spectra from de Coene et all''"! and Winder et all"'®
recorded in water. Figure 5 presents this comparison considering

2 1
exp.1 =----
1.8 ¢ exp. 2 ——— 1
g 147 6.0 1
5 I 7.0 — |
g 12 73 ——
© 1t i
3 )
N 0.8 1
£ 06 | 3 ]
2 04 ¢ ‘\\
02 | / 1
0 ¢ I I L
2 25 3 35 4 45
E (eV)

Figure 5. Experimental 1PA spectra of bR obtained by de Coene et al"'”!

(exp. 1) as well as Winder et al."'® (exp. 2) recorded in water in compari-

son with computed sTD-DFT-xTB/GBSA(water) spectra considering different
energy thresholds (4.0, 5.0, 6.0, 7.0, and 7.3 eV). Convoluted spectra used a
damping factor I = 0.2 eV and were shifted by —0.4 eV, allowing the sTD-

DFT-XTB (Ey,, = 7.3 €V) spectrum to better match experiment.

bR
40 [ T T T T 2500
35|
4 2000
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c
= 25 ]
E 1500 %
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g 20 | %
= 15F 4 1000
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5 55 6 6.5 7
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different E,, values (4.0, 5.0, 6.0, 7.0, and 7.3) eV for the sTD-DFT-
XTB scheme. Note that for the ASQM procedure, only the
optimized structure of bR from Beaujean et al®® was used.
Figure 6 shows computation times and numbers of CSFs involved
for sTD-DFT-XTB calculations (left panel) as a function of E,,
where one can observe a direct correlation between computation
times and numbers of configurations. Note that the 40 min-long
excited state calculation considering E,, = 7.3 eV with the std2
program was the largest computation we were able to run with-
out filling completely the memory of an AMD EPYC 7742 64-Core
Processor (1500.0 MHz, 1024 GB RAM) computer node. Both
experiments show a first maximum around 2.25 eV (552 nm)™"”
and 2.19eV (567 nm),"""® respectively. Theoretical spectra were
shifted by —0.4 eV to allow the sTD-DFT-xTB spectrum computed
with E,,, = 7.3 eV to best match this absorption band. The experi-
mental spectrum from Winder et al."'® presents two main absorp-
tion bands as also predicted by the theory. The second band
energy position is actually well-reproduced by the sTD-DFT-xTB
spectrum computed with the largest energy threshold when no
energy shift is applied with only 0.01 eV of difference with respect
to experiment. Note that at least a value of E,, larger than 6 eV
needs to be employed to account for this second peak providing
a reasonable comparison to experiment. As expected, E,, repre-
sents the spectral window. The gap between both experimental
and theoretical first peak position is decreased when increasing
the energy threshold going from 0.7eV (Ey, =4€V) to 04¢eV
(Ey = 7.3 eV) with respect to experiment. As both experimental
spectra were normalized, we cannot discuss absolute peak inten-
sities but only relative one. Our calculations are not able to repro-
duce the experimental ratio between both main absorption bands
but spectral shapes remain reasonable.

Figure 7 depicts natural transition orbitals (NTOs) for the first
excited state of the unoptimized retinal chromophore extracted
from bR computed in vacuum with the sTD-DFT-xTB method as
well as for the first and second excited states of the full protein bR
at the sTD-DFT-xTB/GBSA(water) (E,, = 7.3eV) level of theory.
The first excited state of retinal in gas phase is a pure 7 — 7*

40 F T T T T T 2500
™ —=-7E,,
35 E[ E,=7¢V]  |..... E, =7ev
42000
30 F
= I
= 1
3 500 %
Q
2}
E @
= 1000 ¢
© J
=
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5L
[
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Figure 6. For bR, computation times and numbers of CSFs involved as a function of E, for sTD-DFT-xTB/GBSA(water) calculations (left panel) as well as for
dt-sTD-DFT-xTB/GBSA(water) calculations (right panel) as a function of E,,, considering Eyg, =7 eV.
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retinal in gasphase
1.NTO: 2.814 eV /441 nm
f=2.416a.u.
§2PA = 410x102 a.u.

[8

retinal in bR
1.NTO: 2.601 eV /477 nm
£=1.841 a.u.
§2PA = 541x102 a.u.

2.NTO: 2.909 eV /426 nm
£=0.030 a.u.
§2PA=904 a.u.

0.995

Figure 7. NTOs (left panel) computed at the sTD-DFT-xTB for the first excited state of the retinal chromophore extracted from bR as well as NTOs (right
panel) computed at the sTD-DFT-XTB/GBSA(water) (both calculations with Ey, = 7.3 eV) for the first and second excited states of bR. Hole and particle NTOs
are separated by dashed lines. Weights are provided for each NTO pair. The excitation energy, oscillator strength, and 2PA strength are also given for each

state. Isovalue = 0.03.

excitation happening on the m-conjugated pathway of the
molecule. As already mentioned in the introduction, previous
studies®®®'°% showed that in the protein, the retinal interacts with
a nearby tyrosine (TYR185). This is confirmed by our NTO analysis.
For the first excited state, we have the same 7 — 7" excitation as
for the retinal in gas phase but with contributions from the tyro-
sine in the hole NTO. This small charge transfer (CT) contribution
stabilizes this electronic transition energy by 0.21eV and the
oscillator strength is reduced from 2.416 to 1.841. Interestingly,
the NTOs analysis (not shown here) shows that both higher
energy peaks are composed of collection of 7 — #* transitions
located on tryptophans (TRP80, 137, 138, and 198) from the pro-
tein. Obviously, such transitions can only be captured by account-
ing for the whole protein into the excited state calculation. This
result advocates for the use of the ASQM methodology to com-
pute 1PA spectra of proteins.

Figure 8 compares the sTD-DFT-xTB/GBSA(water) spectrum
computed with E,, =7.0eV to dt-sTD-DFT-XTB/GBSA(water) ones
computed with E,;, = 7.0 eV and Ey,,, values of 4.0, 5.0, and 6.0 eV.
To reproduce the second larger absorption band around 4 eV from
the sTD-DFT-XTB(7.0 eV) calculation, we need to use at least an
energy threshold of 6.0 eV for the protein surroundings because
it involves 7 — #* transitions located on tryptophans. Note that
dt-sTD-DFT spectra were shifted by a larger energy shift of
—0.6 eV to match the lowest-energy peak. Thus, the 0.2 eV differ-
ence of energy observed in Figure 8 for the second band between
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Figure 8. For bR, sTD-DFT-xTB/GBSA(water) 1PA spectrum computed with
Ey = 7.0V in comparison with dt-sTD-DFT-xTB/GBSA(water) ones com-
puted with Eg, = 7.0V and E,,, values of 4.0, 5.0, and 6.0 eV. Convoluted
spectra used a damping factor I = 0.2 eV and were shifted by —0.4 eV for
sTD-DFT-XTB and —0.6 eV for dt-sTD-DFT-xTB.

both sTD-DFT-XTB (7.0 eV) and 7-6 spectra is artificial as both exci-
tation energies are 4.48 and 4.55 eV, respectively. Figure 6 shows
computation times and numbers of CSFs involved for sTD-DFT-xTB
(left panel) and dt-sTD-DFT-XTB calculations (right panel) as a func-
tion of E,,, (see Table S2, Supporting Information for more details).
Using 1351 CSFs, the 7-6 dt-sTD-DFT-XTB calculation took only
11 min, while the sTD-DFT-xTB(7.0 eV) one, using 1616 CSFs, took

© 2025 Wiley-VCH GmbH


http://doi.org/10.1002/cphc.202401121

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemPhysChem doi.org/10.1002/cphc.202401121

26 min, reducing by more than a factor of two the computation
time without affecting much the global shape of the spectrum.
Note that the 7-4 spectrum is already reproducing well the sTD-
DFT-xTB(7.0eV) one for (shifted) excitation energies below
3.5 eV but the extra cost to perform 7-6 dt-sTD-DFT-xTB calcu-
lation is negligible with respect to the 7-4 one. While leading to
the same configuration space of 1616 CSFs, the 7-7 calculation
took less time (15min) than the sTD-DFT-xTB(7.0eV) one
(26 min) as less CSFs were probed by the perturbative approach
to determine S-CSFs due to the restricted active space defined
by Equation (13).

Second, we assess the ASQM approach to evaluate the 2PA
spectrum of bR with the sTD-DFT-xTB/GBSA(water) with respect
to the experiment. Figure 9 presents the experimental 2PA spec-
trum for bR recorded in water by Birge et al."® in 1990 in
comparison with computed sTD-DFT-xTB/GBSA(water) spectra
considering different energy thresholds (5.0, 6.0, 7.0, 7.1, 7.2,
and 7.3 eV). Note that according to data from Birge et al.l'?
(see Table 1 in ref. [102]), the experimental spectrum was not
corrected for background voltage, and all 2PA cross-sections
were contaminated by 1PA signals. To improve the comparison
with respect to this rather old experimental 2PA spectrum, we
corrected arbitrarily the baseline by shifting the minimum error
bar of the lowest-energy point at 0 GM for all experimental 2PA
cross sections. Note too that the 2PA spectrum was recorded for
avery narrow 1 eV-wide spectral range. This 2PA spectrum shows
a distinct peak at 2.27 eV with a maximum of 191 (+38) GM, a
shoulder around 2.5 eV, and the onset of a another peak around
3eV. Computed 2PA spectra were shifted by —0.4eV as 1PA
ones. Our calculations reproduce well the global shape of the
experimental 2PA spectrum even if the shoulder of the first
excited state is not reproduced. It could be due to vibronic
effects that are not accounted for by our calculations or to
the second excited state for which the 2PA cross-section could
be underestimated. Figure 7 depicts the NTO pair for the second
excited state of bR computed at the sTD-DFT-xTB/GBSA(water)
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NNNNoOoLX
whvrooo®
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Figure 9. Experimental 2PA spectrum of bR recorded by Birge et al.'® in
water in comparison with computed sTD-DFT-xTB/GBSA(water) spectra con-
sidering different energy thresholds (5.0, 6.0, 7.0, 7.1, 7.2, and 7.3 eV).
Convoluted spectra used a damping factor ' = 0.1 eV and were shifted by
—0.4 eV, allowing the sTD-DFT-xTB (E,, = 7.3 eV) spectrum to better match
experiment.
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(Eqy = 7.3€V) level of theory, showing a CT transition at
2.91eV from a tryptophan (TRP86) to the retinal chromophore
with %A =904 a.u. Note that for the first excited state, the
2PA cross section is enhanced from the gas phase retinal calcu-
lation from 410 to 541 x 102 GM for the full protein thanks to the
nearby tyrosine giving the CT character to the transition. The
onset of the third band is also computed. Because of the baseline
problem of the experiment and that 2PA bands were not filtered
from 1PA, quantitative comparisons on 2PA cross sections with
respect to experiment are especially challenging. However, com-
puted and experimental cross sections are more or less of the
same order of magnitude.

Regarding the impact of the energy threshold on calculations,
as we observed for 1PA spectra, the energy gap between the first
experimental 2PA band and the sTD-DFT-xTB computed one
decreases when increasing this threshold, while the rest of the
spectrum is not changing much. Figure 10 compares the experi-
mental spectrum recorded by Birge et al."%? in water with the
computed sTD-DFT-xTB/GBSA(water) spectrum considering
an energy threshold of 7.0eV as well as dt-sTD-DFT-xTB/
GBSA(water) spectra with 6-4, 6-5, 7-4, 7-5, and 7-6 values of
Etigh—Eiow (see Figure S2, Supporting Information, for comparison
of sTD-DFT and dt-sTD-DFT for more energy thresholds). As for
1PA, a larger energy red-shift of —0.6 eV was applied for dt-
sTD-DFT-XTB 2PA spectra. The influence of chosen energy thresh-
old on dt-sTD-DFT-xTB 2PA calculations remains negligible. All dt-
sTD-DFT-xTB 2PA spectra show a first distinct peak around
2.2-23eV fitting well to experiment. The main difference
between sTD-DFT and dt-sTD-DFT 2PA spectra is a decreased
energy difference between first and second main peaks for
dt-sTD-DFT results with respect to sTD-DFT ones. The first excita-
tion at around 2.2.eV has a somewhat smaller magnitude with
the dt-sTD-DFT scheme with respect to the sTD-DFT one
(7-6 eV: 120 GM vs. 7.0 eV: 142 GM). Nevertheless, the experimen-
tal spectrum is rather well reproduced by both methods, even con-
sidering small energy thresholds, for example, 6.0 eV or 6-4 eV.

250
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Figure 10. Experimental 2PA spectrum of bR recorded by Birge et al.'%? in
water in comparison with the computed sTD-DFT-xTB/GBSA(water) spec-
trum considering an energy threshold 7.0 eV as well as dt-sTD-DFT-xTB/
GBSA(water) spectra with 6-4, 6-5, 7-4, 7-5, and 7-6 values of Eyg, — Ejoy-
Convoluted spectra used a damping factor ' = 0.1 eV and were shifted by
—0.4 eV for sTD-DFT-XTB and —0.6 eV for dt-sTD-DFT-xTB.
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4.1.2. iLOV 1024 GB RAM) computer node, the largest sTD-DFT-xXTB excited

For iLOV!'®! (Figure S3, Supporting Information), we further
assess the performance of the ASQM workflow to evaluate
1-and 2PA of such large systems. Again, only the optimized struc-
ture of iLOV from Beaujean et al.®® was used. Figure 11 presents
1PA spectra recorded in water by Ran et al."* as well as Torra
et al"® in comparison with computed sTD-DFT-xTB/GBSA(water)
spectra considering different energy thresholds (6.0, 7.0, 8.0, 9.0,
and 9.6 eV). Note that no energy shifts were applied to calculated
spectra and that they were normalized to match the lowest-
energy band at 2.79 eV (445 nm). Both experimental 1PA spectra
show three main absorption bands. The first peak presents a
clearly resolved vibronic structure, similar to the one found by
List et al. emerging because of the protein environment as
for miniSOG (see Figure 2). The left panel of Figure 12 shows
on a logarithmic scale the computational time and number of
selected CSFs as a function of E,, for the sTD-DFT-XTB calcula-
tions. On an AMD EPYC 7742 64-Core Processor (1500.0 MHz,
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Figure 11. Experimental 1PA spectra of iLOV obtained by Ran et al."%®
(exp. 1) as well as Torra et al."® (exp. 2) recorded in water in comparison
with computed sTD-DFT-xTB/GBSA(water) spectra considering different
energy thresholds (6.0, 7.0, 8.0, 9.0, and 9.6 eV). Convoluted spectra used a
damping factor I = 0.2 eV and no energy shifts were applied.
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state calculation we were able to run was with E,, = 9.6 eV con-
sidering 46 027 CSFs and took a bit less than 41 h. Using an
energy threshold of 6.0 eV reduces the computation time to only
2min. Comparing the sTD-DFT-xTB/GBSA(water) (E,, = 9.6¢eV)
spectrum to experiments shows that the three main peaks are
reproduced. For the first peak, the theoretical excitation energy
is only 0.08 eV away from the experimental maximum and for the
third peak, we have 0.07 eV of difference. Note that if only the
chromophore of iLOV was accounted for, the first excited state
energy would be red-shifted by 0.68 eV with respect to the cal-
culation accounting for the whole protein. The second peak
in Figure 11 is blue-shifted with respect to experiment by
0.46 eV. This blue shift is related to the underlying isoalloxazine
structure and its planarity. During the ONIOM optimization,®® the
original planar ring system of the isoalloxazine from iLOV crystal
structure was slightly bended. As already mentioned in the intro-
duction, the TPA spectrum of FMN is very sensitive to the planar-
ity of the isoalloxazine ring.’¢"'%"""1131 Tq test this further, we
computed the 1PA spectrum of iLOV while keeping the isoallox-
azine flat. Position and intensities of the second and third exci-
tations show significant changes, while the first signal remains
unaltered (data not shown here). When increasing E,,,, computed
1PA spectra are red-shifted and intensities of the second and
third bands are increased, better matching experiments.
Figure 13 presents NTOs for the three main excitations of
the 1PA spectrum computed at the sTD-DFT-xTB/GBSA(water)
(Ey,, = 8.0€V) level of theory. The first excited state at 2.80 eV
presents a 7 — x* transition located on the isoalloxazine ring.
No CT character is observed from nearby residues explaining
why the signal is almost not altered by the chromophore direct
environment (see Figure 2). For the second excited state at
3.65 eV, the hole NTO is a linear combination of n orbitals located
on hetero-atoms as well as ¢ orbitals from the isoalloxazine ring
with a small contribution from a P orbital on the oxygen from a
nearby asparagine. The particle NTO is the same 7" orbital as for
the first excited state. This transition has a small oscillator
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Figure 12. For iLOV, computation times and numbers of CSFs involved as a function of E, for sTD-DFT-XTB calculations (left panel) as well as for dt-sTD-

DFT-XTB calculations (right panel) as a function of E,,,, considering Eyg, = 9 eV.
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Figure 13. NTOs (left panel) computed at sTD-DFT-xTB(vacuum) for the first and third excited states of FMN chromophore extracted from iLOV as well

as NTOs (right panel) computed at the sTD-DFT-xTB/GBSA(water) for the first, second, third, and fourth excited states of iLOV (both calculations with

E... = 8.0eV). Hole and particle NTOs are separated by dashed lines. Weights are provided for each NTO pair. The excitation energy, oscillator strength, and
2PA strength are also given for each state. Isovalue =0.03.

strength of 0.01 and does not contribute much to the second  another = — z* transition located on the isoalloxazine ring.
absorption band. The third excited state is the main contribution = More interestingly, the forth excited state is the result of a
to this second peak with an oscillator strength of 0.16. It is 7 — " excitation located on a tryptophan of the protein and
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thus not involving the chromophore. As for bR and also observed
for PYP by one of us,””® an AQM protocol is needed to compute
properly absorption spectra of fluorescent proteins, especially to
account for 7 — #* transitions located on tryptophan residues
that impact the high energy part of spectra.

Figure 14 compares experimental 1PA spectra to computed
ones with both sTD-DFT-xTB/GBSA(water) (Ey, =9.0eV) and
dt-sTD-DFT-xTB/GBSA(water) (9-4, 9-5, 9-6, 9-7, and 9-8 values
of Eygh — Eiow) Schemes (see Figure S4, Supporting Information,
for a more detailed comparison of sTD-DFT and dt-sTD-DFT con-
sidering more energy thresholds). The right panel of Figure 12
presents computation times and numbers of CSFs as a function
of E,, for dt-sTD-DFT-xTB calculations considering Ey;y, = 9.0 eV
(see Table S3, Supporting Information for more details). While 9-4
and 9-5 dt-sTD-DFT-xTB computed spectra failed to reproduce
correctly the third absorption band with respect to the sTD-
DFT-xTB spectrum, using a E,, value of 6.0eV seems good
enough to replicate the sTD-DFT-xTB/GBSA(water) (Ey,, = 9.0 eV)
spectrum. As already observed for bR, a value of E,,, > 6eV is
necessary to properly cope with tryptophan = — z* transitions.
The configuration space is reduced from 19165 with
Ey = 9.0 €V to 2716 CSFs with 9-6 values of Eyg, — Ey,,, reducing
the computation time by a factor of 10. Note that for sTD-DFT-xTB
calculations, it was not possible to use larger E,,, value than 9.6 eV
on an AMD EPYC 7742 64-Core Processor (1500.0 MHz, 1024 GB
RAM) computer node, but we were able to run dt-sTD-DFT-xTB cal-
culations with Ey;, = 10.0 eV, increasing further the space of CSFs
for the chromophore (see Figure S4, Supporting Information, lower
panel). Using at least E,,,, = 6.0 eV, dt-sTD-DFT-XTB spectra are very
similar to the sTD-DFT-xTB (Ey, = 9.6 €V) one.

Following the discussions on the 1PA of iLOV, we further
assess the ASQM approach to evaluate the 2PA spectrum of
iLOV with the sTD-DFT-xTB/GBSA(water). Figure 15 presents
the experimental 2PA spectrum of iLOV recorded in water by
Homans et al.l"' in comparison with computed sTD-DFT-xTB/
GBSA(water) spectra considering different energy thresholds
(6.0, 7.0, 8.0, 9.0, 9.3, 9.5, and 9.6¢eV). The experimental 2PA
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Figure 14. Experimental 1PA spectra of iLOV obtained by Ran et al."%®
(exp. 1) as well as Torra et al."® (exp. 2) recorded in water in comparison
with computed sTD-DFT-xTB/GBSA(water) (Ey, = 9.0 eV) spectrum as well as
dt-sTD-DFT-xTB/GBSA(water) ones with 9-4, 9-5, 9-6, 9-7, and 9-8 values
of Eyigh — Ejow- Convoluted spectra used a damping factor I = 0.2 eV and
no energy shifts were applied.
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Figure 15. Experimental 2PA spectrum of iLOV recorded by Homans

et al."'? in water in comparison with computed sTD-DFT-xTB/GBSA(water)
spectra considering different energy thresholds (6.0, 7.0, 8.0, 9.0, and

9.6 eV). Convoluted spectra used a damping factor I = 0.2 eV and no
energy shifts were applied.

spectrum of iLOV"' is recorded for a small spectral range
from 2.55 to 3.35eV and shows a maximum at around 2.9 eV
(=0.9 GM). The onset of a second peak around 3.35 eV (= 1.5 GM)
was also recorded. Computed sTD-DFT-XTB spectra are slightly
shifted (+£0.1 eV) with respect to experiment but the comparison
is striking, very well reproducing the 2PA cross-section of first 2PA
band (with E,, = 9.6 eV, 6** = 0.70 GM). All sTD-DFT-XTB spectra
reproduce the first experimental peak in position and intensity,
while the second peak (which is not clearly resolved in the
experiment) is always blue-shifted, as we also observed for
computed 1PA spectra (vide supra). The variance between
spectra computed with different thresholds is small; therefore,
it is possible to go as low as Ey,, = 6.0 eV for this system because
of the small energy range considered by the experiment.
For the dt-sTD-DFT-XTB spectra (see Figure 16 and 54,
Supporting Information), a similar picture emerges. Even the
smallest tested 9 — 4 (Eyign — Eiow) thresholds lead to an excellent
comparison with respect to experiment and the calculation took
less than 3 min.

E (V)

Figure 16. Experimental 2PA spectrum of iLOV recorded by Homans

et al"" in water in comparison with the computed sTD-DFT-xTB/
GBSA(water) spectrum considering an energy threshold 9.0 eV as well as
dt-sTD-DFT-xTB/GBSA(water) spectra with 9-4, 9-5, 9-6, 9-7, and 9-8 val-
ues of Eyg, — Ej,. Convoluted spectra used a damping factor ' = 0.2 eV
and no energy shifts were applied.

© 2025 Wiley-VCH GmbH


http://doi.org/10.1002/cphc.202401121

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemPhysChem doi.org/10.1002/cphc.202401121

As intermediate conclusions, the ASQM methodology pro-
posed here provided excellent comparisons for the 1- and 2PA
spectra of bR and iLOV with respect to experiment. For both pro-
teins, an ASQM workflow was necessary to describe absorption
bands involving tryptophan residues, confirming what was
already shown by one of us®®® for PYP. Note that we are at edge
of what is computationally feasible with quantum chemistry for
such systems. However, including dynamic structural effects
could improve further comparisons with respect to experiment
as we will show in the next section for FMN in aqueous solution.

4.2. An All-Atom Dynamic Structure QM Protocol Applied to
the Flavin Mononucleotide in Water Solution

We could still argue that for FPs, because of the network of non-
covalent interactions (including H-bonds), the environment of the
chromophore remains rigid enough to justify the use of an ASQM
procedure. However, subtle distortions or new configurations of
the chromophore can still change the 1- and 2PA spectra dramat-
ically. For solvated dyes, an ASQM approach is certainly not suf-
ficient. Dynamic structural effects need to be included in. In the
next section, both ADQM-Boltz. and ADQM-MD approaches are
assessed to compute the 1- and 2PA of FMN in aqueous solution.
Before applying these ADQM schemes, 1- and 2PA spectra com-
puted in vacuum at the sTD-DFT-xTB level are discussed and com-
pared to reference RI-CC2 ones as well as using implicit solvent
models.

Figure 2 presents experimental 1PA spectra of FMN recorded
in water, methanol, iLOV, and miniSOG. Note that all spectra were
normalized on the first absorption peak. As so, we cannot assess
the impact of the surroundings on the molar absorption coeffi-
cient. Independent of the environment, the lowest-energy peak
always arises around 2.79 eV (445 nm). In the protein surround-
ings, this absorption band is more vibrationally resolved.
Going from water (3.31 eV or 375 nm) to methanol or proteins
(3.49 eV or 355 nm) environments, the second signal is shifted
by 0.18 eV (20 nm). The energy position of this second absorption
band seems dependent on the polarity of the environment. Both
proteins influence this peak similarly as methanol, although it
was suggested that the dielectric constant of such protein envi-
ronment (9.2) is way lower than the one from methanol
(32.6).78178 The intensity of the third peak in the UV-C region
(4.59 eV or 270 nm), traced back to be influenced by the environ-
ment,['%® decreases in water compared to FMN in protein. As we
discussed in the previous section, this band is clearly impacted by
the absorption of tryptophan residues from the protein, explain-
ing this trend.

Figure 17 compares 1PA spectra of FMN computed in gas
phase at RI-CC2/aug-cc-pVDZ and sTD-DFT-XTB levels of theory
to experimental spectra recorded in water. It also reports the
average sTD-DFT-xTB spectrum on uncorrelated snapshots from
a GFN2-xTB MD that was run in vacuum for 11 ns. Note that the
1PA spectrum from Antill et al."° was normalized; therefore, we
extrapolated it to match the extinction coefficient of the first
absorption band of the 1PA spectrum recorded in water by
List et al™ The first experimental absorption band around
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Figure 17. Experimental 1PA spectra of FMN recorded in water by Antill
et al"% as well as List et al.”’ in comparison with computed RI-CC2/aug-
cc-pVDZ//r*SCAN-3¢ and sTD-DFT-xTB//r*SCAN-3c (E,, = 16.0 eV) spectra in
vacuum as well as the average sTD-DFT-xTB spectrum on uncorrelated
snapshots of a GFN2-xTB 11 ns-long MD in gas phase. Convoluted spectra
used a damping factor I' = 0.2 eV, while a damping factor I = 0.04 eV was
used for spectra computed for each MD snapshot. No energy shifts were
applied.

2.79 eV is rather well-reproduced by both RI-CC2 and sTD-DFT-
XTB calculations. With respect to RI-CC2, the sTD-DFT-xTB excita-
tion energy is red-shifted by 0.1 eV, and the oscillator strength is
19% smaller. Considering the second absorption band for which
experiment showed its sensitivity to the surroundings,”%'® as
expected, large blue shifts of 0.39 and 0.28 eV with respect to
experiment are observed at both RI-CC2 and sTD-DFT-xTB levels
of theory, respectively. The average sTD-DFT-XTB spectrum com-
puted from uncorrelated snapshots of a GFN2-xTB MD shows a
complete compression of the second absorption band. Globally,
RI-CC2 and sTD-DFT-xTB 1PA spectra in vacuum are very similar,
justifying the usage of the sTD-DFT-xTB method to compute 1PA
spectra for FMN.

Let us assess the ADQM-Boltz. approach to simulate the 1PA
spectrum of FMN in aqueous solution. Dynamic structural effects
were accounted for implicitly by Boltzmann-averaging 1PA spec-
tra computed at the sTD-DFT-xTB/GBSA(water) for the 23 lowest-
energy conformers obtained at the r’'SCAN-3c level of theory
following the CENSO"2*'?*! protocol. For the sake of complete-
ness, comparisons were made using the SCAN-3c lowest-energy
conformer to compute excited states with both RI-CC2 and sTD-
DFT-xTB levels using implicit solvent models (DCOSMO-RS and
GBSA, respectively). Figure 18 compares experimental 1PA
spectra recorded in water™'%® to spectra computed at these lev-
els of theory as well as the Boltzmann-averaged sTD-DFT-xTB/
GBSA(water) spectrum obtained by following the ADQM-Boltz.
workflow. It becomes very clear that either using the lowest-
energy conformer only or the ensemble of conformers barely
show any difference on the sTD-DFT-xTB 1PA spectra. Note that
the lowest-energy conformer has only a Boltzmann weight of
around 25%. The position of the first energy band at 2.79 eV is
well-reproduced by both RI-CC2 and sTD-DFT-xTB methods with
only 0.08 and 0.04 eV of difference, respectively. Both RI-CC2 and
sTD-DFT-XTB schemes overestimate the intensity by afactor of
2.1 and 1.4. The second peak is blue-shifted by both methods
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Figure 18. Experimental 1PA spectra of FMN recorded in water by Antill
et al."® as well as List et al. in comparison with computed RI-CC2/aug-
cc-pVDZ//P*SCAN-3¢ and sTD-DFT-xTB//r*SCAN-3c (E,, = 16.0 eV) spectra
using implicit solvent models (DCOSMO-RS and GBSA, respectively) for
water as well as the Boltzmann-averaged sTD-DFT-xTB/GBSA(water) spec-
trum for the conformer ensemble obtained at room temperature with the
r’SCAN-3c method. Convoluted spectra used a damping factor I = 0.2 eV.
No energy shifts were applied.

(RI-CC2/single: 3.68 eV and sTD-DFT-xTB: 3.66 eV) compared to
the experimental peak maximum at 3.31eV. The intensity of
the second peak is overestimated by both methods with respect
to experiment. Nevertheless, RI-CC2 reproduces the trend
between the first and second peak intensities, while sTD-DFT-
XTB inverts this relation. These results are not encouraging to
employ the ADQM-Boltz. workflow for this very case.

The ADQM-MD protocol is applied to compute the 1PA spec-
trum of FMN, explicitly accounting for water molecules and
dynamic structural effects. Figure 19 compares experimental
1PA spectra recorded in water*' to average dt-sTD-DFT/
GBSA(water) spectra on uncorrelated snapshots extracted from
1 ns-long GFN2-xTB MD simulations accounting explicitly for sol-
vent molecules using solvation spheres of increasingly large radii
of 7,9, 11 and 12 A (see Figure S6, Supporting Information) as well

Figure 19. Experimental 1PA spectra of FMN recorded in water by Antill

et al."* as well as List et al.* in comparison with computed average dt-
sTD-DFT-XTB/GBSA(water) spectra on uncorrelated snapshots extracted from
1 ns-long GFN2-xTB MD simulations accounting explicitly for solvent mole-
cules using solvation spheres of increasingly large radii of 7, 9, 11, and

12 A. Note that when considering a sphere of 10 A, a longer 3 ns-long
GFN2-xTB MD simulation was run. Convoluted spectra used a damping fac-
tor I = 0.1 eV. No energy shifts were applied.

ChemPhysChem 2025, 00, €202401121 (15 of 20)

computed spectrum, justifying this choice. The comparison with
respect to experiment is more than striking, knowing that no
energy shifts were applied to MD-average dt-sTD-DFT-xTB spec-
tra. While simulated spectra are still arbitrary damped, energy
position, intensities, and broadening of the three main experi-
mental peaks are well-reproduced. Considering the dt-sTD-
DFT-xTB(12 A)/GBSA(water) MD-average spectrum, for example,
the first absorption band occurs at 2.75eV (451 nm, exp:
2.79 eV or 445nm), and the second peak at 3.36eV (369 nm,
exp: 3.31eV or 375nm) with intensities of 20194 and
16780 L mol™' cm™' (exp: 12043 and 10 122 L mol™' cm™), respec-
tively. The reproduction of the second experimental absorption
band is very sensitive to the size of the solvation sphere included
into the ADQM-MD procedure. At least a solvation sphere of 9 A is
needed to describe properly this second peak, but for better
describing the third absorption band, a minimum 10 A solvation
sphere should be used. Only the ADQM-MD was able to account
for the very specific broadening of the second absorption band.
All'in all, the ADQM-MD procedure that accounts explicitly for the
environment and explicitly for dynamic structural effects cor-
rectly described the first three main absorption bands of the
1PA spectrum of FMN in aqueous solution.

To understand what is responsible for the broadening of the
second absorption band, NTOs were calculated from two repre-
sentative snapshots of the GFN2-xTB MD. Figure 20 presents
NTOs computed at dt-sTD-DFT-xTB/GBSA(water) (10 — 8 eV) for
two excited states of FMN in explicit water (12 A) that contribute
to the second absorption band. We already saw for iLOV that the
second absorption band is due to a # — #* transition on the iso-
alloxazine ring. For FMN in water, the dynamic nature of the envi-
ronment directly impacts this transition. For both NTO transitions,
the hole orbital is a linear combination of the n orbital from the
isoalloxazine ring and nearby n orbitals from oxygen located on
water molecules as well as from the tail of FMN chromophore.
Particle orbitals from both NTOs are mostly z* orbitals located
on the isoalloxazine ring. In both cases, the 7 — z* transition
presents a CT character modulated by the interaction of the chro-
mophore with its nearby surroundings. Thus, the dynamic inter-
action of the HPO, group as well as water molecules with the
isoalloxazine ring is crucial to correctly reproduce the second
absorption band and its broadening. This advocates for the
use of the ADQM-MD scheme.

Let us now focus on 2PA of FMN in water, assessing both
ADQM schemes for computing such spectra. As before, we firstly

© 2025 Wiley-VCH GmbH
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Figure 20. From two different snapshots of the GFN2-xTB MD, NTOs com-
puted at dt-sTD-DFT-xTB/GBSA(water) (10 — 8 eV) for two excited states of
FMN in explicit water (12 A) that contribute to the second absorption band.
Hole and particle NTOs are separated by dashed lines. Weights are pro-
vided for each NTO pair. The excitation energy, oscillator strength, and

2 PA strength are also given for each state. Isovalue = 0.03.

discuss FMN results obtained in vacuum. Figure 21 compares two
experimental 2PA spectra of FMN recorded in water'' to com-
puted RI-CC2/aug-cc-pVDZ and sTD-DFT-XTB (E,,, = 16.0 eV) 2PA
spectra calculated in vacuum as well as the average sTD-DFT-xTB
spectrum on uncorrelated snapshots from a GFN2-xTB 11 ns-long
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Figure 21. Experimental 2PA spectra of FMN recorded in water by Homans
et al"™ as well as List et al.” in comparison with computed RI-CC2/aug-
cc-pVDZ//*SCAN-3¢ and sTD-DFT-xTB//r?SCAN-3c (£, = 16.0 eV) spectra in
vacuum as well as the average sTD-DFT-xTB spectrum on uncorrelated
snapshots from a GFN2-xTB 11 ns-long MD in gas phase. Convoluted spec-
tra used a damping factor I' = 0.1 eV, while a damping factor ' = 0.02 eV
was used for spectra computed for each MD snapshot. No energy shifts
were applied.
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MD in gas phase. Both experimental 2PA spectra were recorded
for a narrow energy range. Combining both experimental data
leads to an energy window larger by 0.5 eV than for iLOV. The
experimental 2PA spectra (Figure 21) feature two main peaks
around 2.88 and 3.43 eV. Comparing them to the RI-CC2 spec-
trum, we observe a good agreement for the first experimental
peak energy position with only 0.04 eV of difference with respect
to experiment but 8% of overestimation for the 2PA cross section.
The 2PA cross section of the second absorption band is nine
times larger than the experimental one (1.77 GM) while slightly
underestimated at the sTD-DFT-xTB level. The average sTD-
DFT-xTB spectrum computed from uncorrelated snapshots of a
GFN2-xTB MD improves the comparison with respect to experi-
ment for the second 2PA band but the onset of the band con-
tinues to climb at higher energies. Note that the sTD-DFT-xTB
calculation on the optimized rPSCAN-3c geometry took only
45, while the RI-CC2 calculation needed 130 h (wall time) for
the computation of both ground and excited states as well as
2PA strengths.

As 1PA and 2PA spectra are involving same transitions, we
can expect that the ADQM-Boltz. shall not be particularly helpful
to cope with dynamic structural effects. Figure 22 confirms this,
comparing experimental 2PA spectra recorded in water™''” to
spectra computed at these levels of theory as well as the
Boltzmann-averaged sTD-DFT-xTB/GBSA(water) spectrum ob-
tained by following the ADQM-Boltz. workflow.

Finally, the ADQM-MD workflow is applied to evaluate the
2PA of FMN in water. The same procedure is followed as for
1PA. Figure 23 compares experimental 2PA spectra of FMN
recorded in water by Homans et al"'® as well as List et al.”!
to average dt-sTD-DFT-xTB/GBSA(water) spectra on uncorrelated
snapshots extracted from 1 ns-long GFN2-xTB MD simula-
tions accounting explicitly for solvent molecules using solvation
spheres of increasingly large radii of 7,9, 11, and 12 A as well as
from a 3 ns-long GFN2-xTB MD simulation considering a solvation
sphere of 10A. For 2PA, the comparison with respect to
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Figure 22. Experimental 2PA spectra of FMN recorded in water by Homans
et al"" as well as List et al.”) in comparison with computed RI-CC2/aug-
cc-pVDZ//P*SCAN-3¢ and sTD-DFT-xTB//r*SCAN-3¢ (Ey, = 16.0 eV) spectra
using implicit solvent models (DCOSMO-RS and GBSA, respectively) for
water as well as the Boltzmann-averaged sTD-DFT-xTB/GBSA(water) spec-
trum for the conformer ensemble obtained at room temperature with the
r?SCAN-3c method. Convoluted spectra used a damping factor I = 0.1 eV.
No energy shifts were applied.
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Figure 23. Experimental 2PA spectra of FMN recorded in water by Homans
et al."" as well as List et al. in comparison with computed average dt-
sTD-DFT-XTB/GBSA(water) spectra on uncorrelated snapshots extracted from
1 ns-long GFN2-xTB MD simulations accounting explicitly for solvent mole-
cules using solvation spheres of increasingly large radii of 7, 9, 11, and

12 A. Note that when considering a sphere of 10 A, a longer 3 ns-long
GFN2-xTB MD simulation was run. Convoluted spectra used a damping fac-
tor [ = 0.05 eV. No energy shifts were applied.

experiment is striking especially when using at least a solvation
sphere of 11 A. As for 1PA, the nonhomogeneous broadening of
the second absorption band featuring two peaks between 3.2
and 3.8eV is well-captured by the ADQM-MD methodology
due to the dynamic interaction of the isoalloxazine ring with
its nearby surroundings. Figure S7, Supporting Information, pro-
vides more details about the influence of longer MD simulations
for the 10 A system. In 2014, List et al. computed the 2PA spectrum
of FMN in aqueous solution at the QM/MM level (PE-CAM-B3LYP)
considering only FMN at the QM level. The average spectrum
was computed for 50 snapshots of a classical MD simulation fol-
lowed by QM/MM (B3LYP/6-314+G*//OPLS2005) optimizations.
Figure 24 presents this spectrum in comparison with experiment

List exp. —e—
2+ List theo. — - i
explicitMD ——

O 1 1= 1 1 1 1 1

2.6 2.8 3

Figure 24. Experimental 2PA spectrum of FMN recorded in water by List
et al.” in comparison with computed average dt-sTD-DFT-xTB/GBSA(water)
spectrum on uncorrelated snapshots extracted from 1 ns-long GFN2-xTB
MD simulations accounting explicitly for solvent molecules using a solva-
tion sphere of 12 A, as well as a QM-MM average spectrum computed by
List et al.” at the PE-CAM-B3LYP/cc-pVDZ+ level on 50 snapshots of a clas-
sical MD simulation followed by QM/MM (B3LYP/6-31+G*//OPLS2005) opti-
mizations (only FMN was accounted for into the QM layer). Convoluted
spectra used a damping factor I = 0.05 eV (this work) and I = 0.35 eV (List
et al.¥). No energy shifts were applied.
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broadening of the second experimental band, but reproduces the
energy separation between both maxima, as well as their relative
intensities. In comparison, our average dt-sTD-DFT/GBSA(water)
2PA spectrum provides peak energy positions very similar to
experimental one and is able to recover the two peaks featured
by the second absorption band. This result could be improved by
employing other simplified schemes such as the XsTD-DFT
method®'*? as one of us did to compute 1PA and CD spectra
of PYP using CAM-B3LYP.””*! Nevertheless, these results strongly
advocates for the use of the ADQM-MD scheme to evalute 1- and
2PA spectra of dyes in solution.

5. Conclusions

In this study, different AQM workflows were assessed to compute
1- and 2PA of realistic systems. While neglecting dynamic struc-
tural effects but still explicitly accounting for the chromophore
surroundings, the performance of ASQM scheme was evaluated
for two extremely challenging systems: bR (=3850 atoms) and
iLOV (=2000 atoms), pushing the computational boundaries of
this methodology. It was also the opportunity to test with success
the dt-sTD-DFT scheme to reduce the computational cost of the
STD-DFT calculations. Results showed that to reproduce experi-
mental 1- and 2PA spectra, it is important to account for the
whole protein at a QM level because absorbing amino acid res-
idues such as tryptophan or tyrosine have non-negligible impact
on the higher-energy part of the spectra (>4 eV). All spectral fea-
tures were not fully captured by the ASQM scheme but still com-
parisons with respect to experiment were rather reasonable.
Future studies are planned to further reduce the gap between
simulated and real systems by including dynamic structural
effects using an ADQM procedure for proteins.

Furthermore, two ADQM schemes were tested to evaluate
1- and 2 PA of FMN in aqueous solution. While the ADQM-Botlz.
was not improving results with respect to the single structure
approach, the ADQM-MD provided striking agreements with
respect to experiment for both 1- and 2PA when including sol-
vation spheres of at least 11 A. In both spectra, the inhomoge-
neous broadening of the second absorption band results from
a CT excitation modulated by the dynamic interaction of the
HPO, group as well as water molecules with the isoalloxazine
ring. These interactions can only be coped with by an ADQM
scheme. Note that the same feature is also present in iLOV spectra
for which FMN is the chromophore and could be capture using
such scheme. We clearly observed that explicitly accounting for
both solvent and dynamic structural effects has a far more dra-
matic impact on spectra than simply choosing between both RI-
CC2 or sTD-DFT-XTB methods in a single structure approach. Thus,
these results clearly advocate for the use of an ADQM-MD work-
flow to compute 1- and 2PA of molecules in solution and to pro-
vide quantitative agreement with respect to experiment. Clearly,
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sQC methods such as the (dt-)sTD-DFT-xTB schemes are crucial
for AQM workflows. The establishment of AQM methodologies
with the help of sQC methods opens the gate for a plethora
of applications on realistic systems in reasonable computa-
tional times.
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