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ABSTRACT

An extensive computational TDDFT resonance Raman study of lumiflavin is presented including 42 DFT functionals, bench-

marked against the experimental Evolution Associated Spectra (EAS) of the equilibrated S, and T, states of FMN published

earlier. Initially, off-resonance spectra were computed, yielding adequate agreement, and fine-tuning was achieved with the
inclusion of specific frequency scaling factors. Since the experimental EAS were obtained under resonance for the singlet and
near-resonance for the triplet state, the subsequent inclusion of resonance effects in the calculations improved the correlation for
most functionals. Their evaluation according to specific criteria narrowed down the choice to HCTH, OLYP, and TPSSh. Among

the included criteria were the percent error of the 0-0 transitions, the quantification of the increase/decrease in correlation due

to the addition of resonance enhancements, and the reproduction of the singlet-triplet peak shifts. Owing to the extensive data

set, valuable insights were gained to assist similar studies.

1 | Introduction

When embarking on the computational vibrational study of
systems under resonance conditions, the choice of the level of
theory among the plethora of DFT functionals can be quite per-
plexing; the study presented here aims to address this issue.

Flavins are a family of isoalloxazine-containing chromophores
that are present as co-factors in many photosensitive proteins
[1-3]. In addition to their essential roles in photoproteins, flavins
are widespread in biology as components of redox-active en-
zymes [4] and transcription factors [5]. As redox-active enzymes
and sensors, flavin-dependent proteins contribute to pathogen
metabolism, immune evasion, and oxidative stress responses,
while also influencing host defense mechanisms [6]. Members
of the family include lumiflavin, riboflavin (vitamin B,), flavin

mononucleotide (FMN) and flavin adenine dinucleotide (FAD).
The difference between the members depends on the substi-
tution of the N,  atom of the isoalloxazine ring, from methyl
in lumiflavinup to a combination of a sugar chain, phosphate
group, and nucleotide base in FAD (Scheme 1). Lumiflavin in
particular is broadly used as a computational analogue for the
more substituted members of the family in many photochemical
[7-10], as well as in benchmark studies [11].

To study experimentally chromophore systems in solution,
or embedded in photoproteins, one of the techniques of
choice is time-resolved vibrational spectroscopy. Transient
Absorption (TA), ultrafast transient Infrared Spectroscopy
(TRIR), resonance Raman (rR) and other time-resolved spec-
troscopic techniques offer a wealth of information on the
light response of photochemical and photobiological systems
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X = CH; = Lumiflavin

X = D-Ribitol = Riboflavin (Rb)

X = D-Ribitol + Phosphate = Flavin mononucleotide (FMN)

X = D-Ribitol + Phosphate + AMP = Flavin adenine dinucleotide (FAD)
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SCHEME1 | Numbering of atoms (in red), rings (in Latin numbers)
and substitutions (X) in the family of flavin chromophores. Depending
on the X substitution at N, , a different member of the family is defined
starting from the simplest lumiflavin, up to Flavin adenine dinucleo-
tide, FAD.

[12-15]. Femtosecond Stimulated Raman Spectroscopy in
particular (FSRS) [16], has unique advantages owed to its ul-
trafast resolution and tunability, which entails the targeting
of specific electronic transitions of the target chromophore,
under resonance conditions. When these conditions are met,
the obtained spectra exhibit fewer features than their off-
resonance counterparts, are free from contamination from
non-resonant signals, and display enhanced signal strength
[17-19]. Notwithstanding the above advantages, Raman spec-
tra obtained under resonance pose an additional challenge in
their interpretation. In broad terms, the normal modes per-
taining to the electronic transitions in tune with the incident
light are promoted in their intensities, while other signals are
suppressed, and this ought to be taken into account in their
analysis.

Theoretical calculations have proven to be indispensable,
not only in the interpretation of time-resolved spectroscopy
[13, 20-22], but also in aiding the design of photobiological
molecules with specific properties [9, 23]. For resonance
Raman spectroscopy in particular, the time dependent the-
ory of resonance Raman spectroscopy (TD-RR) is currently
implemented in computational chemistry codes, including
Herzberg-Teller contributions and solvent and anharmonic
effects [24]. To compute the spectra, two different approaches
exist, either requiring the optimization of the resonant state
or utilizing only the gradients of the excitations in the ge-
ometry of the reference state, yielding similar results [25].
Several computational studies have appeared recently in the
literature, tackling resonance Raman calculations of various
systems ranging from thiophene derivatives to fluorescent
protein chromophores, often including several DFT function-
als in their studies [25-30]. The popular density functional
theory (DFT) functional B3LYP [31, 32] is used extensively for
the computation of flavin-containing systems, due to the ac-
curate prediction of the excitation energies [12, 20, 21, 33, 34].
However, as Green et al. demonstrated [35], the calculated
B3LYP off-Resonance spectra of lumiflavin correlated far bet-
ter with the experimental FSRS—which were obtained under
resonance conditions—than the calculated resonance Raman
spectra.

In this study, we present a comprehensive approach to evalu-
ate the off-resonance (offR) and resonance Raman spectra (rR)
of a plethora of DFT functionals against the FSRS experimental
spectrum of FMN. We included a total of 42 DFT functionals,
with lumiflavin as the target compound, benchmarked against
the experimental Evolution Associated Spectra (EAS) of FMN
[19], obtained under resonance conditions, and assigned to the
equilibrated first excited singlet and triplet states (S, and T)). The
choice of a modest polarized double-¢ basis set for the majority of
the calculations allows the findings presented here to be applica-
ble for larger cluster or QM/MM studies of lumiflavin embedded
in a protein environment, where a higher basis set might not be
affordable. The functionals were scored against: (i) the predicted
0-0 transition energies, (ii) the percent error of the correlation be-
tween experimental and rR-calculated spectra, (iii) the difference
in percent errors between the offR and rR correlations—indicat-
ing whether the agreement improved or deteriorated with the
addition of resonance, (iv) the predicted rR intensity of the stron-
gest experimental peak in the fingerprint region at 1498cm™!
(1514cm™! for the triplets) and finally, (v) the visual inspection
of the spectra, to determine whether the experimental/theoreti-
cal spectral profiles are compatible, facilitating the assignment.
An additional criterion is introduced in the triplet evaluation:
whether the functionals can reproduce the singlet-triplet peak
shifts evidenced between the experimental EAS.

The aim of this benchmarking effort is not to delve deep into the
particulars of each DFT functional, but instead to narrow down
the chosen large set of DFT functionals to a smaller set that can
be used to describe more faithfully flavin-related systems with
resonance Raman calculations. The insights gained from this
benchmark study can hopefully be transferable to other chromo-
phore/photoprotein systems.

2 | Computational Details

All calculations were performed with the Gaussian program (G16
Rev. C.01) [36]. A total of 42 DFT functionals were utilized, as
shown in Table S1, together with the percentage of Hartree Fock
exchange, a short description, and references to original publica-
tions. The empirical dispersion correction parameters employed
in this study are shown in Table S2 [37, 38]. Empirical correc-
tions were included for all but three of the functionals, namely
SOGGA11, VSXC, and LSDA (SWVN). Regarding the frequency
scaling factors, no comprehensive study exists in the literature
for excited states. Consequently, the available scaling factors for
ground state calculations were utilized, as detailed in Table S3
[39-41]. For the functional/basis set combinations lacking pub-
lished scaling factors, the FREQ program by Truhlar and co-
workers was employed to create them for this study, using the full
scale factor optimization model [42-44]. Both literature and scal-
ing factors derived from FREQ will be denoted as Sc; further in
the text. An additional scaling factor was devised called Specific
Scaling Factor (Scg, see Table S3), which aligns the two highest fre-
quency peaks in the theoretical and experimental spectra: the S;
state symmetric C=O0 stretch of each DFT functional (v.) and the
experimental FMN peak at 1626 cm™~" of the 3" EAS, respectively.

Due to the extended benchmarking, all calculations employed
either the modest polarized double-{ basis set cc-pVDZ or its
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expansion including diffuse functions, aug-cc-pvVDZ [45, 46].
The latter always produced excited states within the experimen-
tal resonance window, set at the wide range of 750-800 + 100 nm
[19, 20, 35], which was not always the case for the modest basis
set. Specifically, for B3LYP, a functional that has been associ-
ated with numerous computational studies of flavins [20, 21, 35],
a basis set dependence/convergence study is included up to the
polarized quadruple-zeta cc-pVQZ [45-48], together with the
equivalent augmented sets (up to triple-§), ranging from 326
up to 1405 basis functions. The Polarizable Continuum Model
(PCM) was used as the solvation method in all calculations with
water as the solvent. Equilibrium solvation was used for both
ground state [49-51] and excited state optimizations [52].

Vertical excitations, simulations of ground-state UV-vis spec-
tra, and excited state optimizations were carried out with the
TDDFT formalism [52-55] and were solved for a total of 40
states for each combination of functional/basis set. One photon
absorption calculations (OPA) for the S;— S, excitation were
performed with the time-independent approach, employing the
Franck-Condon analysis and the Adiabatic Hessian represen-
tation [56, 57]. 2!8 steps were used for integration with a time
interval of 2'8 x 10~'7s. For the plotting of the absorption curves,
Gaussian broadening was employed with a half-width at half
maximum value of 400cm~' (HWHM). The key equations per-
taining to the OPA calculations are included in Section 2.1 of the
Supporting Information.

For the resonance Raman frequency calculations on excited
singlet states, the Franck-Condon analysis was used with
the Adiabatic Hessian representation [56, 58-60]. The key
equations of the time-dependent Resonance Raman imple-
mentation [24] are included in Section 2.2 of the Supporting
Information. The path-integral approach was utilized with
an explicit definition of the transition dipole moments. 212
steps were used for integration with the correlation function
computed at each step and a time interval of 212x 107'7s. All
resonance spectra were computed at the 0-0 transition be-
tween the reference (S,/T,) and the resonant (S /T,) state.
Test calculations employing the experimental incident light
frequency produced no discernible differences in their relative
intensities. A HWHM homogeneous broadening of 20cm™!
was applied to the spectra. For the evaluation of the calcu-
lated resonance Raman intensities, the Huang-Rhys factors
(HRF) were computed and evaluated [61]. For the Raman
spectra calculated at optimized structures on the S, manifold
(off-resonance, offR) a HWHM value of 10cm~! was used to
match the experimental line curves. The excited singlet state
calculated spectra were compared to the experimental FSRS
third Evolution Associated spectrum (EAS), with a lifetime of
7=2.9ns assigned to the equilibrated 1IFMN* state [19].

For triplet state calculations, the lowest state T, was obtained by
setting the spin multiplicity to 3 and using the unrestricted formal-
ism of the DFT functionals. This had the advantage of allowing
resonance spectra to also be computed with the Franck-Condon-
Herzberg-Teller method (FCHT) [24, 60], since dipole derivatives
were available for the T, — T excitations. For FCHT, to evaluate
computed peak intensities, the two-state dipole-dipole interac-
tions on the XY plane were inspected at each vibration (lumiflavin
is almost planar) - since the computed HRF factors were identical

to the FC-computed spectra. The rest of the parameters were as
described above in the excited singlet state resonance Raman cal-
culations. As per the singlet case, the triplet off-resonance spec-
tra were calculated at optimized structures on the T, manifold
(off-resonance, offR) and a HWHM value of 10cm™ was used to
match the experimental line curves. The key equations pertaining
to the FCHT calculations time-dependant implementation [24]
are included in Section 2.2 of the Supporting Information.

Additionally, since the closest T,—T, transition lies further from
the resonance window than in the case of the singlet state [19, 20],
pre-resonance spectra were calculated (preR) making use of the
CPHF equations [62, 63]. The difference between the experimen-
tal Raman pump and the closest Triplet-Triplet (T-T) transition
was taken into account to compute the pre-resonance Raman
spectra. The incident light wavelength was calculated according
to the equation: AIL(C)z(/lRP(E) - ZT_T(E))+)\T_T(C), where )LIL(C) is
the incident light wavelength used for the calculation, A}, ;) and
Ar_pq are the wavelengths of the experimental and calculated
T-T transitions respectively, and Ay ;) is the wavelength of the
Raman pump. For pre-resonance spectra, a HWHM homoge-
neous broadening of 15cm™" was applied to the spectra to match
the experimental spectral plots. All computed excited triplet state
spectra were compared to the experimental FSRS fifth Evolution
Associated spectrum (EAS), with a lifetime of 7=458 us assigned
to the equilibrated 3FMN* state [19].

For selected functionals (B3LYP, HCTH, OLYP, TPSSh) a po-
tential energy distribution analysis (PED) was performed
using the program Veda [64]. PED provided an alternate set of
peak assignments to normal modes as well as the coefficients
for each mode. Average Maximum Potential Energy <EPm>
values ranged between 46-51 affording reasonable vibrational
assignments.

Basic statistical analysis was performed, due to the vastness of the
data set, including the simple absolute deviation o=V, ~V|, the
percent error § and their averages pi_ and ;. The percent error is
given by the equation § = | VTV;EVF | % 100. Since the experiments are

used as a reference, V.. and V in the equations are defined as the
theoretical and experimental values, respectively. All spectral
plots were made using the Spectragryph software [65], and unless
stated otherwise, have been normalized.

3 | Results and Discussion
3.1 | Ground State and Vertical Excitations

The study proceeded with the optimization, excitation anal-
ysis for 40 states, and Raman frequency calculation of the
ground state of all the selected DFT functionals (Scheme 2,
steps 1 and 2). The two major excitations of lumiflavin (S, — S,
and S;—S,) were compared to the experimental 4, values
for FMN at 445 and 372nm, respectively [20]. While there
is no direct physical connection between the theoretical and
experimental properties, the comparison is standard practice
for analogous studies [11, 66]. A more robust comparison in-
volves the determination of the 0-0 transitions, which will be
discussed in the subsequent Section 3.2. The average percent
error ug of the two values for each DFT functional is included
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SCHEME 2 | Schematic representation of the computational regime followed in this study.

in Figure S1A, sorted from larger to smallest error. B3LYP
predicts excitations close to the experimental values—which
justifies its popularity among DFT functionals in the study of
flavin systems [12, 33, 34] with 7.1% and 4.0% percent error for
the cc-pVDZ and augmented equivalent, respectively. Long-
range corrected functionals such as LC-OPBE and CAM-
B3LYP fare much worse, with over 20% error, similarly to the
BHandHLYP functional (50% HF exchange), irrespective of
the basis set. Among the most accurate predictions are given
by the Minnesota meta-GGA functionals MO6L and M11L
with errors lower than ~3%. The separate absolute deviation
values oy, ¢, and o, _, and their average (u_) are included
in Figure S1B for all DFT functionals. Likewise, all sepa-
rate, averaged deviations and percent errors for the two ex-
citations are collected in Table S4. Of particular interest are
the predicted oscillator strengths f(S,_,) and f(S,_,), which
are included in the last two columns. Approximately half of
the DFT functionals correctly predict the f(S,_,) band to be
more intense, as per the experimental stationary UV-Vis spec-
trum of FMN [20]. Additionally, functionals that their inten-
sities approach the experimental band intensity ratio of ~1.15
include M06 and M06-HF, B1B95, PBEO, mPW1PW91, and
PW6B95D3. B3LYP incorrectly predicts f(S,_,) with higher
oscillator strength, which was also observed in the full FMN
structure [20]. The unnormalized simulated absorption spec-
tra of all functionals are plotted in Figure S2.

3.2 | Off-Resonance Calculations

Subsequently, the first excited singlet state S, was optimized
(Scheme 2, Step 3). Most of the functionals predicted the first
root (r,)—while some of the GGA functionals, particularly with
the smaller basis set—predicted r, as the lowest singlet excited
state. The optimized S, state was identified as the lowest energy
nt* transition, before and after optimization (Scheme 2, Step
3.1). For LSDA/aug-cc-pVDZ in particular, the r, state was iden-
tified as nm*, thus further analysis was carried out only the cc-
pVDZ basis set (see Table S10 for hole/electron information on
the S, 7™ states).

A more robust criterion than the comparison of vertical excitations
with the experimental UV-vis bands is the 0-0 transition between
the ground and the first excited state, which gives information
about the shape of the excited PES and the relative energies of
states. This was determined for all functionals and derived from
the zero point energy corrected energies of the corresponding
states, and compared to the experimental value of the absorption-
fluorescence crossing point of FMN, determined at 498nm [20].
The percent error is shown in Figure 1 and displays a distinct
ranking of functionals compared to the vertical excitation com-
parison of the previous section. MO6L, which provided the most
accurate vertical excitations, predicts the 0-0 transitions with
6.8% and 13.8% error with the larger and smaller functional, re-
spectively. B3LYP shows the best overall performance regardless
of basis set, with lower than 1.3% error, which justifies being the
functional of choice for flavin-based systems when accurate en-
ergy levels are a requirement. All terms used in the calculation of
the 0-0 transitions are included in Table S6. However, accurate
energies do not always yield accurate spectra [67], and corrections,
such as the scaling schemes introduced in the next Section 3.3, or
the incident light correction in Section 3.6, can compensate for
those inaccuracies. Complementary to the 0-0 transitions, one
photon absorption (OPA) calculations were performed to inspect
the vibronic structure of lumiflavin regarding the S;— S, exci-
tation. The spectra of all DFT functionals were scaled according
to their adiabatic energies (E244, listed in Table S6) and are shown
in Figure S4. The obtained spectra exhibit three distinct features
in their S;— S, band shape (using a HWHM value of 400 cm™b),
in contrast to the experimental broad band of FMN in H,O, plot-
ted in Figure 2 with a blue line [20]. However, both riboflavin
and lumiflavin are known to exhibit similar vibronic band motifs
in ethanol [68], as well as FMN embedded in photoproteins [5].
Common features present in all the OPA spectra include the fol-
lowing vibronic transitions: [0)— 171/81), 10)—17%/82), 10)— 231),
[0)—123!71) and 10)— 172') (see Table S5 for their vectors). Since
most DFT functionals exhibited similar vibronic composition, this
allowed for a representative average spectrum to be constructed,
shown in Figure 2, based on the average values of the shifts (with
respect to 0-0) and dipole strengths of their vibronic transitions,
included in Tables S7 and S8. The |0)— |0) transition is the most
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Functional/Basis set

LC-OPBE/cc-pVDZ
MO06/cc-pVDZ
LC-WhPBE/cc-pVDZ
BHHLYP/cc-pVDZ
VSXC/cc-pVDZ
BHHLYP/aug-cc-pVDZ
CAM-B3LYP/cc-pVDZ
MO052X/aug-cc-pVDZ
BMK/cc-pVDZ
wB97XD/cc-pVDZ
HISSBPBE/cc-pVDZ
SOGGA11x/cc-pVDZ
MO6L/cc-pVDZ
BLYP/cc-pVDZ
MPWLYP/cc-pVDZ
BP86/cc-pVDZ
TPSS/aug-cc-pVDZ
BPBE/cc-pVDZ
revTPSS/aug-cc-pVDZ
LSDA/cc-pVDZ
SOGGA11/cc-pVDZ
OLYP/cc-pVDZ
BMK/aug-cc-pVDZ
VSXC/aug-cc-pVDZ
OPBE/cc-pVDZ
HCTH/cc-pVDZ
MN15-D/cc-pVDZ
MN15/aug-cc-pVDZ
MO6L/aug-cc-pVDZ
revTPSSh/aug-cc-pVDZ
B1B95/cc-pVDZ
PW6B95D3/cc-pVDZ
mPW1PW91/cc-pVDZ
PBE1PBE/cc-pVDZ
APFD/cc-pVDZ
HSEH1PBE/cc-pVDZ
TPSSh/cc-pvDZ
O3LYP/cc-pVDZ
MO6-HF/cc-pVDZ
B98/cc-pVDZ
X3LYP/cc-pVDZ
MO06/aug-cc-pVDZ
M11L/cc-pVDZ
B3P86/cc-pVDZ
B3PW91/cc-pVDZ
tHCTHhyb/cc-pVDZ
B3LYP/cc-pVDZ
B3LYP/cc-pVTZ
B3LYP/aug-cc-pvVDZ
B3LYP/cc-pVQZ
B3LYP/aug-cc-pVTZ

I 7.2
I 6.8
I 6.8
B 6.0
S )
. 5.5
I 5.2
1.3
4.1
B 3.6
B 33
. 3.1
2.8

B 26

. 2.5

B 2.5

BN 20

B 19

B 18

= 13

B 13

B 09

B os

1 0.3

17.1
14.7
14.5
14.5
14.4
14.1
13.9
13.8
13.4
13.4

13.0

13.0

12.8

12.6
11.7
11.7
11.3
11.2
11.0
10.7
10.2
9.9

24.1
22.3
20.1
20.0

27.3

I —
0 10 20 30
5 (0-0S,5,) (%)

FIGURE1 | Percenterror (, %) of the S,_, 0-0 transition of lumiflavin with each of the tested DFT functionals with respect to the experimental

absorption/fluorescence crossing point of FMN [20].
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10)

I £ xperimental Stationary Absorption Spectrum of FMN
0.45 Final Spectrum (HWHM = 650 nm) 445

0.4 I Final Spectrum (HWHM = 400 nm)
I Spectrum from Transitions

10)>47)

0.05

. —_—
340 360 380 400 420 440 460 480 500 520 540
Wavelength (nm)

FIGURE 2 | Composite vibronic absorption spectrum of lumiflavin
derived from the averaged shifts and dipole strengths of all vibronic
transitions reported in Tables S7 and S8. The experimental stationary
S,—S, band of FMN is included with a blue line [20], two final spec-
tra with different HWHM values are plotted in gray and black, and the
spectrum from transitions in red. All vibronic transitions are labeled
and shown with blue sticks.

intense in all spectra, followed by the in-plane 10) —17%), and out-
of-plane 10)— 81) transitions. Of note is also 10)— [23!), present in
all vibronic spectra, due to in-plane compression-stretch mode of
the isoalloxazine rings II, III. Comparable findings were reported
previously by Saalfrank and co-workers in gas-phase and DMSO
vibronic calculations of riboflavin [69]. In comparison with the ex-
periment, the functionals B1B95, MPW1PW91, MN15, revIPSSh,
PWD6B95D3, and PBEO produce spectra centered closer to the ex-
perimental absorption band wavelength (445 nm).

Then, the off-Resonance Raman spectra of all verified S, states
were computed and compared to the experimental spectrum
(Scheme 2, Step 3.2). The spectra were correlated with the 3%
Evolution Associated Spectrum (EAS) of the FSRS of FMN, as-
signed to the equilibrated 1IFMN* state (see Table S12) [19]. Eight
prominent peaks are featured in the fingerprint region of the 3%
EAS (Figure 3, blue line), and these were associated with the calcu-
lated peaks in the 1000-1900cm™ region. Due to the abundance of
theoretical vibrations in the fingerprint region, multiple vibrations
can be correlated to each experimental peak: for the FSRS EAS
peak at 1200cm™ two computed peaks, mostly between v,¢-v,
were correlated, for 1250cm™ there was a single peak match, most
frequently either v, or v.,, the EAS 1338 cm™ band was associated
with vibrations v.,-v, for 1381cm™ up to four computed peaks
between Vg, Ve, Were correlated, for 1416 cm™! either Vs OF Vo, for
1498 cm™" mostly v,, was correlated and secondarily v, or v.,,, for
1570cm™ either v_, or v., and finally for 1626cm™, the last vibra-
tion in the fingerprint region was correlated (v..). Typical vibra-
tions with displacement vectors are shown in Table S5 originating

from the B3LYP/aug-cc-pVDZ S, frequency calculation.

Following visual assignment of computed vibrations to normal
modes as well as PED analysis, the computed spectra at each
functional were correlated with the eight experimental peaks
described above. An example of such correlation is shown
in Figure 3 and the left portion of Table 1 for the unscaled
off-Resonance S, spectrum (S,0ffR) computed at the B3LYP/
cc-pVDZ level (for the rest of the functionals, see Table S12).
Computed peaks at 1381cm™ (together with peaks 1379, 1391
and 1405cm™) and 1524cm™! are straightforwardly assigned

1498

Relative Intensities

1100 1200 1300 1400 1500 1600 1700
Raman Shift (cm?)

FIGURE3 | The Experimental FSRS 3" EAS of FMN assigned to the
equilibrated 1IFMN* state is shown on the top as a solid blue line [19],
the calculated off-Resonance S, spectrum at the B3LYP/cc-pVDZ level is
shown on the bottom as a solid black line, and the calculated resonance
Raman spectrum of the S, — r, transition at the same LOT is overlayed
with a dashed gray line. All assigned peaks from Table 1 have been la-
beled and the experimental/theoretical associated peaks are connected
with thin black dashed lines. The intensities of all included spectra have
been normalized.

to the experimental 1381 and 1498cm™! peaks, respectively.
Averaging the deviations o for all experimental/theoretical
matches gives the overall agreement, which in this example is
u,(offR)=37.3cm™". This somewhat large value is mostly due
to the deviations of the higher frequency peak assignments at
1570 and 1626 cm™. The above process was repeated for the off-
resonance spectra of each DFT functional and yielded u_(offR)
values, which are included in the 3 column of Table 2. As men-
tioned above, the very weak peak of the 3" EAS at 1626cm™,
was assigned to v, in all cases, since this is the highest fre-
quency peak in the fingerprint region of both the experimen-
tal and theoretical spectra. As seen in Table 1, v, is attributed
to the symmetric C=O0 stretching mode of lumiflavin (sCO),
which is expected to be more Raman active than the asymmet-
ric equivalentv., (sCO, ). While other computed vibrations vary,
the assignment of the v_, and v, vibrations to the asymmetric
and symmetric CO stretch modes, respectively, is valid for all
the included DFT functionals.

3.3 | Scaling the Frequencies

The above findings highlight a complication of all vibrational cal-
culations and the predicted frequency values. In Figure 4, the rela-
tionship between the C,=0,, and C —O4 bond lengths and their
respective symmetric v(s) and asymmetric v(as) stretching fre-
quencies is plotted. It can be seen that most DFT functionals pre-
dict v(s) to lie between 1800 and 1700cm™!, and a few long-range
corrected functionals even near 1900cm™ (blue and gray trian-
gles in Figure 4). The experimental value highlighted in yellow is
centered at 1626 cm™ highlighting this discrepancy. On the other
hand, some functionals cluster in the lower range (>1700cm™)
including: TPSS and its revision, BLYP, mPWLYP, VSXC, B3LYP,
BPBE, M06, OLYP, and SOGGA11 mentioned in order from clos-
est to furthest from the experimental value. A structural solution
that has been applied widely is microsolvation [20, 33], where
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TABLE 1 | Correlation between the experimental FSRS 34 EAS of FMN (Exp.) and the off-resonance (S,0ffR) and resonance Raman (rrR)
calculations of lumiflavin at the B3LYP/cc-pVDZ level of theory. Peak intensities, vibration numbers, and normal mode assignments are included.
The latter are simplified using the Latin numerals I-III to assort the modes to each of the isoalloxazine rings (see Scheme 1). Normal modes are

reported from largest to smallest displacement vectors, and PED assignments are given in percentages. Absolute deviations from the experimental

values (0

calculations are underlined.

o,p) are included along with their averages (u (offR), u (r,)) in the last row. New assigned peaks due to the inclusion of resonance in the

Exp. v, S,offR Assignment Cottr | Ve r,rR Assignment TR
rCH, (10%), rNH. _, sNC,  (10%),
1200s Vg 1191 w sICCI 1%, Xngm (1111%) 9 V4o 1191 m rCH,, rNH,;, sNC,;, sCC;, 9
1250 m Ve 1226 w rCH,, rNH,, sSNC;; (36%), sCCyy; 24 Ve, 1271w rCH, (42%), sCC, xCH,, sNC;; 21
/NH,  (11%), sSCC, ;- (13%),
1338w vy, 1316vw rCH,, sNC,, (19%), sNC,, 22 | v, 1340m N CEI(Z 6. CH:”I;C cH, 2
Ve, 1379 vs rCH,, rNH,; 16%), xCH,; (10%),
SNC;;, sCCy, sCCy (13%)
CH., . (28%), SNC
1381 \% 1381 vs xCH,, (34%), r'NH_,, sCC, (16%) 8 1397 XCHa ) 11111 16
s 58 31 111 I Voo 1397 vs (18%), INH,, . sCC|
Vo 1391 vs xCH;; (47%), SNC;, sSNC;;, sCC;
Ve 1405s rNH, (31%), rCH,, sCCILI, sSNC
Vs 1439 m xCH,p, sNCyj 1y (32%), sCC;
1416 m 25 Vs 1444 m sNCH, xCHSI, rNHIH, sNCIH 28
Ves 1444 m sNCH,m, XCH31,11 (43%), rNH;,
xCH (13%), sCC, (14%),
1498 vs Vo 1524s rCH,, sNC;, sCC; (44%), sCCy 26 Vo 1509m SSII\‘IHCH (16%), sNICI 11
Vs 1630 w rCH,, sCC; (53%), SNC,;
1570 w 91 Voo 1541m  sNC, sNC; (10%), rCH, sCC; 29
Vou 1692m sCO,, (70%), rINH,
1626 vw Vs 1719w sCO, (72%), Y'NH 93 v,, 1630 vw rCH,, sCCy, sNCy 4
p,(offR) 37.3 R (r,) 15.0

Note: Intensities: vs=very strong, s =strong, m =medium, w=weak, vw =very weak. Assignments: w=wagging, r=rocking, t = twisting, s=stretching, x=scissoring,

s=symmetric, as =asymmetric.

explicit solvation is combined with the implicit solvent model.
Water molecules are placed at key H-bonding positions, including
two proximal to the flavin C=0 bonds. The resulting bond length-
ening, concomitant with the shift of the stretching vibrations to
the red, would skew the distribution to the bottom left part of the
graph of Figure 4, closer to the experimental value.

For the context of this benchmark, the discrepancy was ad-
dressed by scaling the frequencies uniformly, which was un-
dertaken either by applying literature scaling factors (derived
from G.S. datasets) and alternatively the ones computed in
this study by the FREQ program (Sc,), or by devising a spe-
cific scaling factor to align v, to 1626cm™ (Sc,) (Step 3.3,
Scheme 2). All scaling factors that were employed are included
in Table S3. The Sc¢; and Scg factors were applied uniformly
to the unscaled peaks in each assignment table, yielding new
M (Sc;) and p (Scy) values, which are included in columns
6 and 7 of Table 2, respectively. The application of the scal-
ing factors produced a mixed picture. It improved the worse
correlations including the long range corrected LC-wHPBE
from 154.0 to 62.9 and 28.6cm™ for u (Sc;) and u (Scy), re-
spectively. Conversely, for functionals possessing reasonable
agreement with their unscaled peaks, such as SOGGAIl
(m,(offR)=25.8 cm™!), the correlation worsened to 43.8 and

65.1cm™! for u_(Sc;) and u,(Scy), respectively. For the levels
of theory (LOTSs) that their Scq factor was found below 0.93
(see Table S3, 19 DFT functionals—21 LOTSs) a re-assignment
of peaks was performed, with new corresponding values
M, (Scy)* (8™ column, Table 2). The re-assignment improved
the correlations of most functionals compared to their u_(Sc;)
and p(Scy) values (i.e., the LC-wHPBE p (Scy)* value was re-
duced to 20.9 cm™). Thus, scaling factors can be a useful tool,
specifically in the absence of anharmonic corrections or mic-
rosolvation, but care should be taken in their usage. It should
be mentioned here that only a few of the DFT functionals gave
better agreement, either in the p_(S,), n(Sc;) or u_(Scy) val-
ues, than the full, micro-solvated FMN structure, optimized at
the B3LYP/def2-TZVP level of theory (i1 (Sc,)=19cm™) [20].
Lastly, a relation between energetics and spectra is shown in
Figure S3. The errors in the spectral correlation (y-axis) are
plotted together with the errors in 0-0 energies (x-axis) for
the ~20 DFT functionals that the Sc; factor was applied. Two
sets of data are included, before and after scaling with Sc;.
When comparing the two sets, it is evidenced that errors in
correlation drop below 4% after scaling (and re-assignment),
regardless of the accuracy of the 0-0 transitions. Notably, no
linear relationship is established between energetic and spec-
tral accuracy on both data sets.
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TABLE 2 | Statistical analysis of the correlation between the experimental spectrum of the 3" EAS assigned to 1FMN* and the lumiflavin
calculated off-resonance (offR) and resonance Raman (r,) spectra at each level of theory (LOT). The terms i _(offR) and u (r,) are the average
deviations of the offR and 1R spectra, respectively and Au  their difference. The term p _(Sc, ) gives the average deviation of offR spectra after applying
the literature (or computed with FREQ for this study) scaling factor, and 1 (Sc) is the average deviation after applying the specific scaling factor
included in Table S3. The term u_(Scg)* involves the re-assignment after scaling of DFT functionals with a Scg lower than 0.93. The terms u4(offR)
and p4(r,) are the average percent errors of the offR and 1R spectra, respectively and A their difference. All deviation values (o) are given in cm™
and percent errors (8) in %.

LOT State  p_(offR) p (r)) Apg Ry(Scp) R4 (Scg) Ry (Scy)* s (offR) ps(r,) Ap,
APFD/cc-pvVDZ Iy 47.1 51.3 —4.2 39.8 53.5 — 3.11 3.41 -0.30
B1B95/cc-pVDZ r, 68.5 36.9 31.7 31.6 46.6 44.3 4.75 2.53 2.22
B3LYP/cc-pVDZ r, 37.3 15.0 22.3 40.0 54.1 — 2.50 1.07 1.42
B3LYP/aug-cc-pvVDZ Io 23.6 17.4 6.2 34.8 27.1 — 1.61 1.23 0.38
B3LYP/cc-pVTZ r, 29.3 23.8 5.5 29.8 31.1 — 1.99 1.63 0.35
B3LYP/aug-cc-pVTZ r, 23.5 22.3 1.3 28.7 20.9 — 1.61 1.54 0.07
B3LYP/cc-pVQZ Iy 27.2 25.3 1.8 27.7 26.1 — 1.85 1.76 0.09
B3P86/cc-pVDZ r, 44.1 41.6 2.5 38.7 53.1 — 2.89 2.79 0.11
B3PW91/cc-pVDZ r, 43.1 40.1 3.0 34.1 52.1 — 2.83 2.69 0.14
B98/cc-pVDZ r 44.3 32.1 12.1 31.7 50.9 —_ 3.02 2.15 0.87
BHHLYP/cc-pVDZ T, 96.1 50.3 45.9 59.0 79.7 28.5 6.48 3.45 3.03
BHHLYP/aug-cc-pVDZ Iy 83.0 48.2 34.9 48.6 51.0 16.9 5.65 3.48 2.17
BLYP/cc-pVDZ r, 27.2 39.8 -12.6 31.5 63.9 - 1.96 2.92 -0.97
BMK/cc-pVDZ — 61.4 — — 49.5 91.6 24.4 4.06 — —
BMK/aug-cc-pvVDZ I 47.7 32.4 15.3 36.7 57.6 40.0 3.18 2.34 0.84
BP86/cc-pVDZ r, 27.8 22.2 5.6 27.5 48.3 — 2.02 1.63 0.40
BPBE/cc-pvVDZ r, 22.3 17.8 4.6 30.9 44.8 — 1.59 1.30 0.30
CAM-B3LYP/cc-pVDZ I 60.2 30.9 29.3 47.9 68.3 42.3 3.95 2.21 1.73
HCTH/407/cc-pVDZ r, 30.6 16.7 13.9 29.8 49.0 — 2.05 1.19 0.86
HISSbPBE/cc-pvVDZ r, 105.6 60.5 45.0 34.9 56.2 42.6 7.39 4.16 3.24
HSEH1PBE/cc-pVDZ r, 51.2 22.4 28.8 34.9 56.2 41.1 3.39 1.59 1.80
LC-OPBE/cc-pVDZ r, 144.9 233.3 —88.5 64.9 80.0 38.5 9.81 16.46 —6.64
LC-wHPBE/cc-pVDZ Iy 154.0 188.8 -34.8 62.9 28.6 20.9 11.05 13.45 —2.40
LSDA/cc-pVDZ Ig 36.4 27.1 9.3 31.5 63.9 —_ 2.48 2.02 0.46
LSDA /aug-cc-pVDZ — 39.0 — — 30.3 36.3 — 2.77 — —
MO05-2X/aug-cc-pVDZ T, 56.1 40.5 15.6 33.6 36.1 —_ 3.78 2.71 1.08
MO6/cc-pVDZ r, 51.3 43.2 8.1 50.2 81.1 24.8 3.39 2.85 0.54
MO06/aug-cc-pVDZ Iy 35.8 57.2 -21.4 37.4 49.7 — 2.36 4.04 -1.67
MO06-HF/cc-pVDZ r 42.0 18.6 23.4 58.7 84.4 26.8 2.72 1.31 1.40
MO6L/cc-pVDZ I 60.4 45.7 14.6 19.9 52.5 17.1 4.21 3.14 1.06
MO6L/aug-cc-pVDZ r, 32.1 25.6 6.5 37.8 40.0 — 2.17 1.75 0.43
M11L/cc-pVDZ Ig 56.3 22.6 33.7 50.4 85.7 229 3.71 1.60 2.12
MN15/cc-pvDZ I 52.2 53.0 -0.7 49.3 73.7 16.0 3.41 3.58 —0.18
MN15/aug-cc-pVDZ r, 45.2 251 20.1 37.4 44.7 — 3.04 1.85 1.19
mPW1PW91/cc-pvVDZ r, 56.8 16.2 40.6 33.4 53.5 42.1 3.79 1.14 2.65
(Continues)
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TABLE 2 | (Continued)
LOT State  p_(offR) p (r) Ap, ®,(Scp) m,(Scy) Ko (Scy)* ps(offR) ps(r,) Apg
mPWLYP/cc-pVDZ r, 20.6 31.5 -10.9 229 27.2 — 1.56 2.32 -0.76
O3LYP/cc-pVDZ r, 40.6 14.8 25.8 45.2 63.1 — 2.75 1.05 1.70
OLYP/cc-pVDZ r, 36.1 14.4 21.7 36.2 58.8 — 2.56 1.04 1.52
OPBE/cc-pvVDZ r, 39.9 22.3 17.6 45.0 67.1 — 2.72 1.63 1.10
PBE1PBE/cc-pVDZ Iy 49.6 43.6 6.1 38.7 61.0 43.8 3.26 2.89 0.36
PW6B95D3/cc-pVDZ r, 54.4 65.9 -11.5 40.3 55.3 41.4 3.60 4.40 —0.80
revIPSS/aug-cc-pVDZ r, 7.0 15.3 -8.3 25.2 6.4 — 0.50 1.13 —-0.63
revIPSSh/aug-cc-pVDZ r, 162.3 51.3 110.9 42.6 12.7 20.6 11.49 11.39 0.10
SOGGA1l/cc-pvVDZ Iy 25.8 24.2 1.6 43.8 65.1 — 1.79 1.63 0.16
SOGGA11x/cc-pVDZ I 73.6 54.6 18.9 43.8 65.1 40.1 4.95 3.82 1.13
tHCTHhyb/cc-pVDZ r, 34.9 22.1 12.8 42.0 56.8 — 2.35 1.48 0.87
TPSS/cc-pVDZ I 27.3 21.3 5.9 18.5 34.2 — 1.90 1.46 0.44
TPSS/aug-cc-pvVDZ r, 7.0 15.5 -8.6 29.6 6.6 — 0.51 1.13 —-0.62
TPSSh/cc-pVDZ r 35.7 14.8 20.9 31.1 44.0 — 2.44 1.04 1.40
VSXC/cc-pVDZ Iy 40.3 33.1 7.2 22.5 439 — 2.79 2.28 0.52
VSXC/aug-cc-pVDZ I, 16.0 21.3 5.4 271 13.1 — 1.14 1.51 -0.37
wB97XD/cc-pVDZ Iy 71.4 43.3 28.0 35.4 58.5 36.8 4.84 2.96 1.89
X3LYP/cc-pVDZ r, 44.6 43.8 0.9 29.3 40.8 — 3.05 2.90 0.16
*Re-assignment of peaks for functionals with Sc lower than 0.93.
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FIGURE 4 | Relationship between the length of the C,=0,, and C,=0,, bonds (x-axis) calculated with the tested DFT functionals, and their
symmetric (s) and asymmetric (as) stretching frequencies (y-axis). The v./C,=0,. and C,=O,. bond length values are given in gray and blue triangles
respectively, while the v,  C,=0,, and C,=0,, in red and green squares, respectively. Trendlines with corresponding color have been drawn for each

C=0 Bond Length (A)

of the four sets. The experimental C,=0,,/C,=0,, symmetric stretching v(s) frequency (1626 cm™") has been highlighted in yellow.
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3.4 | Resonance Raman Calculations

The next step the in the computational regime is the choice of
excitations within the experimental resonant window, defined
as the wavelength of the Raman pump 800+ 100nm (Step 4,
Scheme 2). The window was in practice extended to more than
+300nm to accommodate as many states as possible in the
study. Transition dipole moments, excitation energies, and oscil-
lator strengths between S, and the higher singlet states r, were
determined using the program Multiwfn 3.8 [70], and are col-
lected in Table S9, along with the difference between pump and
excitation energy (Ar). From all the states chosen, the most suit-
able candidates are shown in bold, owing to the high oscillator
strengths and proximity to the resonance wavelength. All states
included in Table S9 were optimized (Step 5, Scheme 2), either
leading to the expected state or regressing to other state poten-
tial energy surfaces (PES), including S,. This was verified from
their respective energies and additionally from the hole-elec-
tron properties and distribution surfaces included in Tables S10
and S11, respectively. For example, optimization of the r, state
with BMK/cc-pVDZ yielded the S, state and no further analy-
sis was completed for this level of theory (LOT). Thus, the basis
set was increased to aug-cc-pVDZ, and steps 1-4 were repeated.
Similarly, states r.-r, yielded the same r,, state after optimization
with M06/cc-pVDZ, and accordingly the study proceeded only
with r, for that LOT. Apart from the above-described augmenta-
tion of the basis set, other techniques to mitigate state crossing
during optimizations were judged as nontrivial and prohibitive
for the number of states involved and were not pursued, which
is a limitation of the study presented here. However, as indicated
in Table S9, for the majority of functionals, the states with the
higher oscillator strength transitions were obtained.

Subsequently, the excited Raman spectra of all unique states
for each LOT were computed. This led to the final step (Step
6, Scheme 2), the resonance Raman calculation using the r_ as
the resonant and the corresponding S, state as the reference
state. Spectra were obtained at the 0-0 transition between ref-
erence and resonant states, and a broadening of 20cm~! was
applied to the peaks. Correlation and re-assignment of spec-
tra were performed with the off-resonance assignment as a
basis (Step 6.1, Scheme 2). The correlations were established
with the unscaled frequencies, depending on the normalized
resonance-enhanced intensities. Thus, the assignment of the
1626 cm™ peak to v, was not enforced as with the offR spectra
and was distributed almost equally between vibrations v,,, v.,
and v, among the DFT functionals, depending on which was
predicted more intense. In the B3LYP case, the new assign-
ment is shown in the right portion of Table 1. In that case, six
out of eight assignments are new due to resonance enhance-
ment, and this brings a superior correlation y (r,)=15cm™"
than the off-resonance value of 37.3cm~!. An advantage of the
rR calculation is that single resonance-enhanced peaks are
assigned to the experimental ones, in contrast to the averag-
ing of peaks that was required for off-resonance correlation.
However, as was mentioned in the Introduction, the calculated
resonance Raman spectrum of B3LYP produces worse relative
intensities than the off-resonance with respect to the experi-
mental FSRS—which is obtained under resonant conditions
itself. This is evident for the calculated peak at 1541 cm™ of
the S,<r, spectrum included in Figure 1 as a gray dashed line.

The same process of re-assignment and correlation of the rR
spectra was repeated for the other functionals, producing u (r,)
and p4(r ) averages for their correlation. The new assignments
are included in Table S13, and offR and rR spectra of all func-
tionals are overlayed in Figure S5.

To specifically address the issue mentioned above for the
B3LYP functional and gauge the measure of improvement or
worsening of the correlation with the inclusion of resonance
in the calculations, the term Ap(r -offR) was devised. This is
a simple subtraction of the u;(offR) and p4(r,) values return-
ing a positive number if the correlation improves and negative
if it worsens with the inclusion of resonance in the spectra of
each combination of DFT functional/basis set. The u,(r ) and
Apg terms are included together in Figure 5 which orders the
functionals from higher to lower py(r,) values (LC-OPBE,
LC-wHPBE and revIPSSh have been omitted for scaling pur-
poses). All mentioned terms are included in the final three col-
umns of Table 2 (us(offR), ps(r,), Aps). For most functionals,
the correlation was improved with the re-computed intensities,
with the exception of 10 functional/basis set combinations:
APFD/cc-pVDZ (-0.30%), M06/aug-cc-pVDZ (-1.67%), BLYP/
cc-pVDZ (=0.97%), mPWLYP/cc-pVDZ (—0.76%), PW6B95D3/
cc-pVDZ (-0.80%), revIPSS/aug-cc-pVDZ (—0.63%), TPSS/
aug-cc-pVDZ (—0.62%) and VSXC/aug-cc-pVDZ (-0.37%). The
largest differences were found for the range-corrected func-
tionals LC-OPBE/cc-pVDZ (—6.64%) and LC-wHPBE/cc-pVDZ
(=2.40%).

3.5 | Evaluation of DFT Functionals

Due to the large amount of data considered, evaluation of
all functionals according to specific criteria was required in
order to extract useful information from the benchmarking.
This was attempted according to the five criteria formulated
below. Each functional can obtain up to five positive marks
(m) according to its compliance with the criteria thresholds.
For cases that lie outside, but close to the thresholds, a half-
mark was given (ID). A positive evaluation is given for the DFT
functionals that:

a. The percent error & of the S;_; 0-0 transition lies below
4.1% scoring a full mark, or below 11.7% scoring a half
mark. The equivalent threshold values in absolute devia-
tions (o) are 0.3 and 0.1 eV, respectively.

b. The mean percent error, uy(r,) of the rR computed peaks
associated with the eight most prominent experimental
FSRS peaks of the 3" EAS is equal to or lower than 1.5%.
Half-mark is given for DFT functionals between 1.5% and
2% of error. In that case, the equivalent mean deviation
t,(r,) range would be 21-27cm™. For the functionals with
more states found within the resonant window, the puy(r,)
values pertain only to the state r, with the higher oscillator
strength for the S, —r transition.

c. The difference between the off-resonance and resonance
Raman mean percent errors (Apg) is positive. As men-
tioned above, a positive sign signifies the improvement of
the correlation after the inclusion of resonant effects to the
computed intensities and vice versa. If Ay is negative, no
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APFD/cc-cc-pVDZ
MO6L/cc-pVDZ
wB97XD/cc-cc-pVDZ
BLYP/cc-pVDZ
X3LYP/cc-pVDZ
PBE1PBE/cc-cc-pVDZ
MO6/cc-cc-pVDZ
B3P86/cc-pVDZ
MO052X/aug-cc-pVDZ
B3PW91/cc-pVDZ
B1B95/cc-pVDZ
BMK/aug-cc-pVDZ
mPWLYP/cc-pVDZ
VSXC/cc-pVDZ

CAM-B3LYP/cc-pVDZ

B98/cc-pVDZ . 2 15
LSDA/cc-pVDZ . .02
MN15/aug-cc-pVDZ P 155
B3LYP/cc-pvVQZ W T 16
MO6L/aug-cc-pVDZ . 175
B3LYP/cc-pVTZ P 163
SOGGA11/cc-pVDZ M 163
OPBE/cc-pVDZ I 163
BP86/cc-pVDZ P 163
M11L/ccc-pVDZ T—— 160
HSEH1PBE-D/cc-pVDZ T—— 159
B3LYP/aug-cc-pVTZ T 154
VSXC/aug-cc-pVDZ I 151
tHCTHhyb/cc-pVDZ P 148
TPSS/cc-pVDZ W T 16
MO6-HF/cc-pVDZ I 1.31
BPBE/cc-pVDZ P 130
B3LYP/aug-cc-pVDZ P 123
HCTH407/cc-pVDZ R 119
mPW1PW91/cc-pVDZ T 1.14
TPSS/aug-cc-pVDZ I 113
revTPSS/aug-cc-pVDZ I 113
B3LYP/cc-pVDZ . 1.07 - Hs
03LYP/cc-pVDZ I 1.05
TPSSh/cc-pVDZ R 1.04 A
OLYP/cc-pVDZ P 1.04 Hs
r T ¥ T T T T "

20 -10 00 10 20 30 40 50
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FIGURE 5 | Average Percent error (5, %) of the correlation of cal-
culated major peaks of the singlet spectra of lumiflavin for each of the
tested DFT functionals with respect to the experimental FSRS 3" EAS
of FMN. The p; values are based on the resonance Raman correlation
rR(FC), while Ap, gives the subtraction value between i (r,) and pig(of-
fR) for each functional. The functionals/states have been sorted by de-
creasing pus(r, ) values which are labeled.

mark is awarded, while if it is higher than 1%, the full mark
is awarded; a half mark is given for functionals with posi-
tive values between 0.3% and 1%.

d. For this criterion, the focus is on the most prominent
experimental peak at 1498 cm~!. The HRFs of the eight
vibrations correlated to the corresponding experimental
peaks were normalized in the range of 0-1. Then, the
normalized value of the vibration assigned to 1498 cm™!
(v,, for the majority of functionals) is evaluated according
to the following criteria: For values between 0.8 and 1 a
full mark is given, signifying that the DFT functional cor-
rectly (or almost correctly) predicts the strongest peak in
the spectrum. A half mark is given for normalized values
between 0.5-0.8, and below 0.5, no mark is awarded.

e. Finally, a subjective criterion is introduced, that of visual
inspection of the intensities of the computed resonance
Raman spectra and their compatibility with the experimen-
tal FSRS intensities. The computed spectra fall within five
categories as follows: The DFT functional is evaluated posi-
tively when the correlation of the theoretical-experimental
spectra is facile: (i) with a full mark for very similar line
shapes to the experimental curve or (ii) half mark for less
similar but still providing for a facile correlation. A negative
evaluation with no mark is given for computed spectra that
either: (iii) bear no visible doublet peaks that can be easily
correlated to the 1200-1250cm™! and 1381-1416cm™ ex-
perimental pairs, or (iv) require a scaling factor for the fre-
quencies, usually when v_, is predicted with strong intensity
and scaling would align it with the experimental peak at
1498 cm™! or finally, (v) the C=0 symmetric or asymmetric
stretch is predicted as the strongest peak in the spectrum.

The evaluation of the functionals is given in Table 3 along with
the total positive marks (out of 5) for each functional for the (a—e)
criteria.

With 4 out of 5 points (412 for OLYP), five DFT functionals stand
out in their performance against the five criteria: the GGA func-
tionals HCTH/407, OLYP and OPBE, the hybrid O3LYP func-
tional with 11.6% HF-exchange and the meta-Hybrid functional
TPSSh with 16% HF-exchange (all employing the cc-pVDZ basis
set). Surprisingly, the revised TPSSh functional fared much
worse in the evaluation. Close to the above with 3% points, fol-
low the hybrid B3LYP/cc-pVDZ (with 20% HF exchange), and
the meta-Hybrid tHCTHhyb with 10% HF exchange. LSDA, the
GGA functionals BP86 and BPBE, the hybrid mPW1PW91 (25%
HF), and the range-separated hybrid HSEH1PBE (25% HF) fol-
low with 3 points. The resonance Raman spectra of the five best
functionals (and tHCTHhyb) are included in Figure 6. As can be
seen in Table 3, for four from the above mentioned functionals
(HCTH, OLYP, OPBE and BPBE) v, is the strongest peak in the
fingerprint region, as per the experiment, and for O3LYP, LSDA
and BP86 the second strongest (0.8-0.9). By inspection of spec-
tral intensities in Figure 6 (and Figure S5), peaks in the region
~1350-1450cm™' appear more intense, however this is due to
the concentration of quite a few medium-to-strong peaks in that
region. Overall, the highest scoring DFT functionals mentioned
above (>3Y2) enabled a facile correlation with the experimen-
tal EAS, with clear spectral features close to the experimental
peaks marked with gray bars in Figures 6 and S5. Regarding
the functionals that scored three points, LSDA, BP86 and BPBE
conform also to the above, while HSEH1PBE and mPW1PW91
fared worse in the spectral intensity criteria (d, e).
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TABLE 3 | Evaluation of the excited singlet state spectra of all DFT Functionals according to five criteria: (a) the percent error of the 0-0 transition
between GS and S, (b) the resonance Raman mean percent error, (c) the difference in the mean percent errors of the resonance and off-resonance
Raman spectra, (d) the normalized Huang-Rhys Factor of the vibrations assigned to the 1498cm™! peak of the 3" EAS of FMN and (e) visual
evaluation, where the computed resonance Raman spectra are classified after inspection according to the categories (i-v) described in the main text.

a) -0 b)rR c) rR-offR d)1498 cm* ) Visual

Lot 5(%)  Ms(%) Aps(%)  peak Evaluation Total Score

APFD/cc-pVDZ 043 0O@E4) O¢o3) O(.0) Ov OO0OOgd
B1B95/cc-pVDZ Oeo) O@s5 M2 0O@1) Oai)  Wm0OOO
B3LYP/cc-pVDZ W13 M(11) MW@4 Oe1 D AEEDO
B3LYP/aug-ccpvDZ  M(09) M(12) M4 Oeo Ov HEDOO
B3LYP/cc-pVTZ H(13) H(ls D@4 O(0.1) I (i) HBELOOO
B3LYP/aug-cc-pVTZ M3 M@xs5 DO O Oa [ WROCOCO
B3LYP/cc-pvQZ Mos8 W(18 O.1) O(.0 Ov WE0OO0
B3P86/cc-pVDZ Mo O@s O(@O1 O Da) WBOOOO
B3PW91/cc-pVDZ M9 O(7 O O O W00O0O0
B98/cc-pVDZ Oee Or1y DE9) Opo D EOOOO

BHHLYP/cc-pVDZ Oro1) O@Es) MEo0 Oeo Ov  WOOOO
BHHLYP/aug-cc-pVDZ [Oaza) O@zs) M@z2) Hes O EOOOO

BLYP/cc-pVDZ O@13.4) Oe9 0O(1o) Dees MW WOOOO
BMK/aug-cc-pVDZ D@12) O@e3 Hes Oe2 D WEOO0O
BP86/cc-pVDZ O@30) D6 D4 MWes MHiH) HENOO
BPBE/cc-pVDZ O(@28 MW@3) O3 HEeo W) HEROO

CAM-B3LYP/cc-pVDZ [(14.7) O(22) MW7) [O(0.2) Ow WOO00
HCTH/407/cc-pvDZ ~ D(102) M(12) D09 MW@xo H() HEEEO
HISSbPBE/cc-pVDZ O@s1) Oz MWE2 Oco Oa) WOOOO

HSEH1PBE/cc-pVDZ M1 HD(1s) MW@s O(.2) IO | | [m(m|
LC-OPBE/cc-pVDZ Oer3) Opes) O¢es Oe1) Ow OOOOO
LC-wHPBE/cc-pVDZ  [(223) O@3s) O(24) D7) 0Oy OOOOO

LSDA/cc-pVDZ O(117) Do) MW(©5 M58 o  HEEOO
MO05-2X/aug-cc-pVDZ [O(as) O.7) MW@1) DO.2) Ov  WOO0OO
MO6/cc-pVDZ O@s1) O@o MW@os) Opo 0O OOOOO

MO06/aug-cc-pVDZ W25 O@o O-17) O3) Ov) EOO0O0O
MO06-HF/cc-pVDZ O@E1) M3 M@es Oeo O  WEOOO

MO06L/cc-pVDZ O(3.8) O@3E.1) MW@ O.0) Oy WBOO0O0
MO06L/aug-cc-pVDZ Oes D17y D4 O(.2) oG  WEO0O0
M11L/cc-pVDZ M5 H(le) M(21) O O HEEOOO
MN15/cc-pVDZ b9 O@e Or2 Opo 0Ow HOOOOO

MN15/aug-cc-pVDZ  H(7.2) H(1.8) M2 O(o3) Oy HEEOO0O
mPW1PW91/cc-pVDZ H (55 M(11) M7 Ol D6 EEECOO
mPWLYP/cc-pVDZ O@s4) O@e3) O Dee DG WOOOO

O3LYP/cc-pVDZ H(E3) Mo My DOes O HENEEO
OLYP/cc-pVDZ O(113) M@o M@as) Mo Hi) HEEED
OPBE/cc-pVDZ D107 HO(1e M1 ME(10) m) HEEERO

PBE1PBE/cc-pVDZ D(52) Oeo D4 Oey Ow EOCOCOO0
PW6B95D3/cc-pVDZ  H(6.0) [44) Oos Do DG EOO0O0
revIPSSh/aug-cc-pVDZ H(6.8) [O(11.4) O(.1) DO(0.1) O  WOO0OO
revIPSS/aug-cc-pvDZ [(12.6) M(11) Ooe D5 06 WECOCOC
SOGGA11/cc-pVDZ D(117) H(e) O2) O(.0 o)  W0OCOO
SOGGAllx/cc-pVDZ  [O(139) O(3.s) M1 O(0.3) Ov WOO0OO
tHCTHhyb/cc-pvDZ ~ M(1.8) M5 H09) DOe3) W) HEEDO

TPSSh/cc-pVDZ M6 Mo M@s O3 W) HEEEO
TPSS/aug-cc-pVDZ O30 M@ Oos O.3) H) HEROOO
VSXC/cc-pVDZ O@oo) O(3) MW@os Opo Odw HDOOO0O0

VSXC/aug-cc-pVDZ O(110 M@s) O¢os DO WG HEDOCOO
WB97XD/cc-pVDZ O(44) OEo M@es Des Ov EOOOO
X3LYP/cc-pVDZ Oes Oro Owp2 Opo ma DOOOOO
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FIGURE 6 | Calculated resonance Raman spectra of the best performing DFT functionals of the benchmark with the cc-pVDZ basis set. The
prominent peaks of the experimental 3" EAS of IFMN* have been labeled with red numbers and indicated with blue-gray bars [19]. The intensities

of all included spectra have been normalized.

For the basis set dependence, it was reported before [71] that the
addition of diffuse functions increases the accuracy of harmonic
frequencies, while enlarging the basis set over the triple-¢ limit
brings only marginal gain. With regards to the B3LYP functional
basis set study included here, there is clear improvement in the
off-resonance _(offR)/u4(offR) values with the increase of the
basis set which is more pronounced with the inclusion of diffuse
functions (see Table 2 and u values in Figure 5). Concerning the
R p (r,) values, marked improvement is achieved when com-
pared to the corresponding u (offR) values. Conversely, when
comparing the p _(r,) values themselves with increasing basis
set size, the opposite trend is evidenced, with slight increase in
disagreement with every increase in basis set from 15cm™ with
cc-pVDZ to 25.3cm~! with cc-pVQZ. Scaling with the literature

scaling factors Sc; does not improve any of the offR correlations.
The specific ones (Scg) improve only the larger sets in the series,
aug-cc-pVTZ and cc-pVQZ from 23.5 and 27.2cm™! to 20.9 and
26.1cm™}, respectively. B3LYP/cc-pVDZ performed better over-
all than the larger basis sets, while B3LYP/aug-cc-pVTZ was the
most accurate DFT functional in the 0-0 transition prediction
(Table 3).

3.6 | Calculation and Evaluation of Triplet Spectra
For the study of the triplet spectra of lumiflavin, the eight best

scoring functionals mentioned above were considered (mP-
W1PWO91 and HSEH1PBE were excluded), with the addition of
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BLYP, BHHLYP(aug), mPWLYP, and revIPSS(aug). The latter
four were included due to the half mark awarded for criterion
(d) which was assumed would provide for facile assignment also
in the triplet state. B3LYP was not included in the triplet study,
since it has been analyzed extensively before [20, 35]. The T,
triplet state at the LSDA/cc-pVDZ LOT, located within the reso-
nance window, proved difficult to optimize, and the functional
was excluded from further study.

As per the excited singlet state study, the triplet study com-
menced with the calculation of the T, states and their spectra
(offR) for the selected 12 DFT functionals (Step 7, Scheme 2).
Correlation was performed for the off-Resonance spectra with
the 5" EAS of FMN assigned to the 3FMN* state (for the assign-
ments, see Table S17) [19]. The 5" EAS possesses less spectral
features than the 3" EAS with only five prominent bands in the
fingerprint region at 1190, 1269, 1391, 1514 and 1626cm™. All
experimental peaks were associated to single computed vibra-
tions except 1391cm~, which was assigned to four vibrations
(two for OPBE), between v.,-v,, for most functionals. Then, the
choice of the higher triplet states (T,) ensued (Step 8, Scheme 2),
assisted by the analysis included in Tables S14-S16. Except the
states T, of tHCTHhyb, T, of BHHLYP and T,-T, of O3LYP, the
rest of the higher triplet states listed in Table S14 were optimized
successfully, indicating that triplet state crossing was less pro-
nounced than in the excited singlets case. The triplet vibrational
spectra also exhibited blue-shifted C=O0 stretching modes, while
the experimental peak in the 5" EAS remained at 1626cm™!
(Figure S7). However, in contrast to the singlet spectra, most
functionals predict the v(s) mode below 1700cm~!, and scaling
of the frequencies was not required.

The next step in the regime was the optimization and sub-
sequent calculation of the resonance Raman spectra (Step
9, Scheme 2). After optimization, hole-electron surfaces are
shown in Table S16, together with the acceptor SUMO orbit-
als. Since the relevant T-T transitions lie further than S-S with
respect to the Raman pump, the pre-Resonance spectra (preR)
were also calculated for the same states (Step 10, Scheme 2). The
incident light (AIL(C)) used in the calculations for each T, state
is included in the last column of Table S14 and its determina-
tion was described in the Computational Details Section 2. As
with offR, preR and both rR calculations, including FC or FCHT
terms, were correlated with the experimental 5 EAS (Step
10.1, Scheme 2). The new correlations are included in Table S18,
and statistics are collected in Table S19. Similarly to the singlet
study, triplet Apg values demonstrate that for most functionals
(with the exception of BLYP), the experimental EAS matches
better the preR, rR(FC) and rR(FCHT) spectra than the offR.
The u values are included in Figure 7 for the preR, rR(FC) and
rR(FCHT) correlations sorted by the uy(FC) values. In most
cases, FC correlations are comparable to preR, and FCHT fare
slightly worse. Among the 12 functionals, OLYP, HCTH, OPBE,
revIPSS, and TPSSh stand out for their better correlation with
the 5" EAS. All computed spectra are included in Figure S6.

As with the excited singlet study, evaluation of the DFT func-
tionals for the triplet spectra was performed according to five
criteria. These are described in Section 3.1 in the Supporting
Information and include similar criteria to (b—e) described above
for the Singlets. An additional criterion (d) was introduced,

Functional/basis set

BLYP/cc-pVDZ T, Il = 5
BLYP/cc-pVDZ T, EESSSSNNNNN Y,
MPWLYP/cc-pVDZ T, i 5 3
tHCTHhyb/cc-pVDZ T, — 2.26

O3LYP/cc-pVDZ T,
MPWLYP/cc-pVDZ T, S, 5 7
TPSSh/cc-pVDZ T, | ERMMMEFYpei 22
BHHLYP/aug-cc-pVDZ T, — 3.25
BP86/cc-pVDZ T, i 2 55
BPBE/cc-pvDz T, EESSSSSSSSSLL™ .,
OPBE/cc-pVDZ T, i 503
BP86/cc-pVDZ T, I ;°°
OLYP/cc-pVDZ T,
BPBE/cc-pVDZ T¢
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FIGURE 7 | Average Percent error (i, %) of the correlation of cal-
culated major peaks of the triplet spectra of lumiflavin for each of the
selected twelve DFT functionals at different T states, with respect to
the experimental FSRS 5" EAS of FMN. Depending on the color, the
s values are based on the resonance Raman correlations (FC, blue or
FCHT, red) or the pre-resonance correlation (preR, gray). The function-
als/states have been sorted by decreasing p;(FC) values. The u, values
have been labeled with the respective color.

evaluating the Singlet-Triplet shifts evidenced when comparing
the experimental 3" and 5" EAS (Figure 8, top). Among them
stand out the characteristic blueshift at 1498 — 1514cm™ and
the symmetrical C=0 stretching vibration which remains un-
altered at 1626cm™ both reported first by us previously [20].
The S-T shifts are listed in Table S20 for the offR, preR, and rR
spectra and are marked in Figure 8 on the spectra of function-
als HCTH, OLYP, and TPSSh. Manifestly, this is a challenging
criterion, since none of the functional/state/method combina-
tions predicted correctly more than three shifts out of the five.
The evaluation results are presented in Table S21, including, in
the final column, the combined score of the functional. This
incorporates the singlet rating together with the best score for
the triplet state, which for the higher scoring functionals origi-
nates from the preR calculation (see Table S21 for the score and
Figures 8 and S6 for the spectra). OLYP was the best overall per-
forming functional with a score of 9/10, followed by HCTH and
TPSSh with 8/10.
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FIGURE 8 | The experimental Singlet-Triplet spectral shifts are highlighted on the experimental FSRS (top) 3'¢ EAS assigned to IFMN* (blue
line) and 5" EAS assigned to 3FMN* (green line), followed by the theoretical spectra of TPSSh (middle top) overlaying the excited singlet resonance
Raman spectrum based on the S, — S, transition (blue line) with the pre-resonance Triplet spectrum based on the T, — T, transition (green line),
OLYP (middle bottom) overlaying the excited singlet resonance Raman spectrum based on the S, — S, transition (blue line) with the pre-resonance

Triplet spectrum based on the T, — T, transition (green line), and HCTH (bottom), overlaying the excited singlet resonance Raman spectrum based

on the S, — S, transition (blue line) with the pre-resonance Triplet spectrum based on the T, — T, transition (green line). Shifts are colored blue or

red accordingly and the wavenumber difference between the shifted peaks is displayed. The intensities of all included spectra have been normalized.

Finally, in an effort to rationalize the evidenced S-T spectral
changes that were part of the triplet evaluating criterion (d), the
bond length differences between the S, and T, optimized struc-
tures were determined for OLYP, HCTH, and TPSSh (Figure 9).
In a simplified approach, vibrations with normal modes involv-
ing bonds that are shortened from the S, to the T, equilibrated
states will experience a blue shift in their frequencies; con-
versely, lengthening bonds will contribute to frequency shifts
to the red. Following this notion, the normal modes involving
bond stretching for the aforementioned three functionals were
color-coded accordingly in the respective assignment Tables S12
and S13. Then, a prediction of the S-T shifts was made accord-
ing to the constituent blue- and red-shifting modes for each
assigned vibration. To augment the assignment according to
the displacement vectors employed throughout this study and

provide an alternative prediction of S-T shifts, PED assignments
were determined for the S, and T, states of the three DFT func-
tionals (Table S22). The PED and displacement shift predictions
are included and take into account only normal modes involv-
ing bond stretching, as described above. These predictions can
be judged both against the experimental shifts and the actual
computed shifts for each functional. The two S-T spectral fea-
tures that proved the most difficult to reproduce are the 1200 —»
1190cm™! red shift and the invariance of the 1626cm™ peak.
The other three experimental blue shifts are predicted correctly
by the PED and displacement assignments for both the HCTH
and OLYP functionals, while displacement analysis predicts
correctly the red shift of the 1200cm™! peak but not the blue
shift at 1250-1269 cm~! in TPSSh. From the above, it can be sur-
mised that the proffered assignments are, by and large, accurate.
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FIGUREY9 | Bond lengths of optimized excited singlet (left) and triplet (right) state structures, for three DFT functionals: HCTH (top), OLYP (mid-
dle) and TPSSh (bottom). On the T, structures the bond lengths are colored according to bond shortening (blue) or lengthening (red) with respect to
the S, structure. Atom numbering is included with green letters on the HCTH S, structure (top left).

After a three-tiered benchmark of the DFT functionals evaluat-
ing separately the produced singlet and triplet spectra and then
the singlet-triplet spectral changes between them, the three best
scoring DFT functionals HCTH/407, OLYP and TPSSh can be
recommended for resonance Raman studies on the flavin family
of chromophores. Yet, the collective knowledge on excited state
calculations warns against the usage of the first two, pure GGA
functionals, since they tend to underestimate charge transfer
(CT) over Local Excitation (LE) energies [72]. While this did not
pose a significant problem with standalone lumiflavin, in larger
systems, numerous CT states—real or artificial—would be pres-
ent, for example, between residue side chains and the w-system
of the chromophore—and the inclusion of 10%-15% exact-
exchange would be warranted. Functionals that performed par-
ticularly well in the excited singlet evaluation, such as the pure
GGA BP86 and BPBE functionals, the hybrid O3LYP (11.6% HF)
and the meta-hybrid tHCTHhyb (15% HF), should also be men-
tioned, and these could be employed in systems that do not cross
over to the triplet state, such as BLUF. Lastly, the benchmarks
affirmed B3LYP as one of the most accurate functionals in the
prediction of flavin vertical excitations and 0-0 transitions, and
its utilization is recommended for studies that the accuracy of
resonance Raman spectra are not of primary concern.

It remains to be ascertained if the findings presented here are
transferable to other well-documented chromophore and pho-
toprotein/chromophore systems. Additionally, a similar type of
vibrational studies would benefit from comprehensive research
on excited state scaling factors, particularly for some long-range
corrected functionals.

4 | Conclusions

An extensive benchmarking resonance Raman study of lumifla-
vin was presented here involving 42 different DFT functionals in
combination with the polarized double-zeta basis set cc-pVDZ,
and the inclusion of diffuse functions in selected cases. Initially,
the singlet vertical excitations were compared to the experimen-
tal values, followed by the calculation of off-resonance singlet
and triplet spectra. Scaling was applied to the vibrations of the S,
spectra aligning the computed symmetrical C=O stretch to the
1626 cm™~! experimental peak, which improved the correlation in
most cases. A careful choice of resonant states lying within the
experimental resonance window ensued, and resonance Raman
spectra were computed, and in the case of the triplet, were com-
plemented by pre-resonance spectra. All DFT functionals under-
went evaluation according to five criteria in their singlet state,
and the best 12 functionals were considered for the further study
of the triplet state of lumiflavin. Subsequent evaluation narrowed
down the selection to the functionals HCTH/407, OLYP, and
TPSSh as the most capable overall of reproducing the excited sin-
glet and triplet spectra under resonance and pre-resonance con-
ditions, respectively, and the singlet-triplet peak shifts of FMN.

The following strategies can be beneficial in the study of excited
state resonance Raman calculations:

« For the rR approach utilized in this study, steps 1-6 are re-
quired for the computation of resonance Raman spectra.
Steps 3.1-3.3 are optional but were useful within the context
of the benchmark study.
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« Functionals that provide more accurate energetics, manifest
in their UV-Vis spectra or 0-0 transitions, do not guarantee
the quality of the obtained vibrational spectra. Strategies
such as the incident light compensation scheme applied to
the pre-resonant spectra, or the scaling of the frequencies,
can correct for such errors.

« The usage of diffuse functions in the chosen basis set is
recommended, as it is for all the excited state calculations,
but can be avoided, specifically in the case of large protein
cluster calculations, with a careful choice of the DFT func-
tional. Furthermore, as was shown in the B3LYP basis set
dependence study, augmentation of the double-zeta basis
set is preferable rather than an increase in size to triple- or
quadruple-{ sets.

« In the absence of computed S-S or T-T transitions within
the selected resonance window, augmenting the basis set
can solve the issue. Moreover, state crossing during ex-
cited state optimizations can possibly be alleviated by the
augmentation.

« In case of established marker bands in the studied system,
these can help in the definition of a specific scaling factor,
which in turn can assist in the assignments of off-Resonance
spectra. Long range corrected functionals, in particular, re-
quired scaling of their frequencies and re-assignment. This
process improved markedly the correlation compared to
a mere application of the scaling factor to the correlation
established by the unscaled frequencies. Scaling was not
applied to the computed resonance Raman spectra, and as-
signments were based only on the resonance enhanced in-
tensities yielding correlation between single computed and
experimental peaks.

« Setting the incident energy to the reference/resonant 0-0
transition is an acceptable compromise, provided the en-
ergy differences are not large. Inclusion of the actual exper-
imental value (< 3000cm™! difference for most functionals)
had impact only in the absolute and not the relative intensi-
ties in this study.

» No particular class of DFT functionals has a marked advan-
tage in rR calculations, as members of the GGA, hybrid, and
meta-hybrid categories performed well in the benchmark.
However, in the case of hybrid functionals, a small percent-
age of HF exchange seems more favorable, judging from the
performance of functionals such as BMK and BHandHLYP
with over 40% HF exchange.

« If the resonance conditions are not fully met, as was the
case for the triplet state of FMN in the experiment employed
here, pre-resonance spectra provide a better agreement than
the equivalent resonance Raman [20]. Inspection of the ex-
perimental Transient Absorption spectrum can establish
the actual conditions.

« Peak shifts between states can be predicted and rationalized
according to the contributing normal stretching modes.

The results presented here should be, conceivably, an encour-
agement for further testing in more complex systems such as
flavin embedded in LOV or BLUF domains, and also other chro-
mophore/photoprotein systems.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Table S1: DFT functionals included in
the study, short description and citations. Table S2: Dispersion correc-
tion terms included for each DFT functional. Table S3: Literature and
custom scaling factors for each DFT functional. Table S4: Comparison
of Excitation energies of DFT functionals with the Experimental.
Figure S1: Agreement chart between the experimental Absorption
bands of FMN and the calculated excitation energies for all the DFT
functionals. Figure S2: Simulated UV-Vis spectra of all the DFT func-
tionals. Table S5: Typical vibrations of lumiflavin in the fingerprint
region. Table S6: 0-0 Transitions and adiabatic energies between the
Sy» S, states of all DFT functionals. Figure S3: Relationship between
the offR correlation and 0-0 transition percent errors for the 19 DFT
functionals scaled with the Scg factor. Tables $7-S8: 0-0 Shifts and
dipole strengths of vibronic transitions of all DFT functionals. Figure
S4: Vibronic spectra based on the OPA calculation of the S;— S, exci-
tation. Table S9: Excitations from S, to higher r  singlet states within
the Resonance window. Table S10: Hole/Electron properties of the S;
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and S states calculated for each DFT functional. Table S11: Hole and
Electron surfaces for resonant states calculated for each DFT functional.
Table S12: Assignment Tables between the peaks of the experimental
FSRS 1FMN* 3" EAS Spectrum and the calculated S, (off-Resonance)
spectra of each DFT functional. Table S13: Assignment Tables be-
tween the peaks of the experimental FSRS 1FMN* 3™ EAS Spectrum
and the calculated Resonance spectra of each DFT functional. Figure
S5: Calculated excited singlet (off-)resonance Raman spectra of all DFT
functionals. Table S14: Choice of excitations from T, to higher T  states
within the Resonance window. Table S15: Hole/Electron properties of
the T resonant states of each DFT functional. Table S16: Hole/Electron
surfaces for the T resonant states calculated for each DFT functional.
Table S17: Assignment Tables between the peaks of the experimental
FSRS 3FMN* 5" EAS Spectrum and the calculated T, (off-resonance)
Raman spectra of selected DFT functionals. Table S18: Assignment
Tables between the peaks of the experimental FSRS 3FMN* 51" EAS
Spectrum and the calculated (pre-)resonance Raman spectra of selected
DFT functionals. Table S19: Statistical analysis of the correlation of
the calculated triplet off-, pre- and resonance Raman spectra with the
experimental 5™ EAS assigned to the 3FMN* state. Table S20: Singlet-
Triplet Shifts between the excited singlet resonance Raman and the off-,
pre-and resonance Raman triplet state spectra of the selected DFT func-
tionals. Figure S6: Calculated excited triplet off-, pre- and resonance
spectra of DFT functionals. Figure S7: Relationship between averaged
C=O0 bond lengths and their v(s)/v(as) stretching frequencies for the se-
lected DFT functionals calculated at the T, state. Table S21: Evaluation
of DFT functionals by five criteria based on excited triplet calculations.
Table S22: Prediction of S-T peak shifts according to displacement and
PED assignments.
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