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The absorption and emission properties of the two components of the yellow color extracted from weld (Reseda
luteola L.), apigenin and luteolin, have been extensively investigated by means of DFT and TDDFT calculations.
Our calculations reproduce the absorption spectra of both flavonoids in good agreement with the experimental
data and allow us to assign the transitions giving rise to the main spectral features. For apigenin, we have
also computed the electronic spectrum of the monodeprotonated species, providing a rationale for the red-
shift of the experimental spectrum with increasing pH. The fluorescence emission of both apigenin and luteolin
has then been investigated. Excited-state TDDFT geometry optimizations have highlighted an excited-state
intramolecular proton transfer (ESIPT) from the 5-hydroxyl to the 4-carbonyl oxygen of the substituted
benzopyrone moiety. By computing the potential energy curves at the ground and excited states as a function
of an approximate proton transfer coordinate for apigenin, we have been able to trace an ESIPT pathway and
thus explain the double emission observed experimentally.

Introduction

Weld, extracted from Reseda luteola L., is the oldest natural
dye known in Europe, and its use is traced back to the beginning
of the Christian Era.1-4 Many ancient books such as Plichto
and Le Teinturier parfait report Reseda luteola L. as the best
dyeing plant to fix yellow on silk and wool.3,4 Besides textile
dyeing, weld was also widely used as a pigment (lake) in
painting and in medieval manuscripts.5 In both applications,
metal cations were used as a mordant to fix and stabilize the
color on the fiber or inorganic substrate (generally chalk or
hydrated alumina) through complexation and precipitation
processes. Weld optical properties are due to the flavonoids
contained in the plant, more specifically luteolin and apigenin
(ratio 9:1). (See Scheme 1.) Flavonoids are characterized by a
2-phenyl-1,4-benzopyrone skeleton and are usually classified
in terms of the number and position of the hydroxyl substituents,
following this classification apigenin and luteolin are named
5,7,4′-trihydroxyflavone and 5,7,3′,4′-tetrahydroxyflavone,
respectively.

In the last few decades, a growing interest on flavonoids has
been demonstrated because of a large spectrum of biological
and pharmaceutical properties6-11 such as their well-known
antioxidant activity.6-8 Interestingly, in very recent applications,
these natural dyes have been used as an alternative to synthetic
photosensitizers in dye-sensitized solar cells.12,13

Despite the large number of experimental studies on the
antioxidant properties of apigenin and luteolin, only a recent
paper by Favaro et al.2 has reported an exhaustive spectropho-
tometric and fluorometric study of the two main components
of the yellow color extracted from weld. The maxima of the
lowest-energy absorption band of apigenin and luteolin measured
in MeOH-water (1/2, V/V) at acidic pH were found at 337 and

at 348 nm, respectively. Apigenin exhibits a weak excitation-
dependent double emission in methanol (φf ) 4 × 10-4) with
a maximum at 430 nm and a shoulder at 534 nm when the
system is excited at 300 nm, whereas only a maximum at 534
nm is retrieved when the system is excited at 357 nm. This
double emission seems to be related to excited-state intramo-
lecular proton transfer (ESIPT) from the phenolic O5 to the
carbonilic O4.2 Natural occurring flavones, possessing several
OH groups, often show ESIPT. For example, 3-hydroxylflavone,
showing a five-membered hydrogen bond, has been taken as a
prototype for studying the dynamics of the proton transfer on
the excited state,14-16 even though many of these natural
flavonoids have a glycoside moiety linked to the C3 position,
which hampers ESIPT.17 Controversial results have been found
for the ESIPT in 5-hydroxyflavone (5HF), which has, however,
been deeply studied both experimentally and theoretically.17-21

For luteolin, no emission is detectable because the fluorescence
quantum yield is lower than 10-4.2 The absorption spectrum of
weld extract in methanol is very similar to that of luteolin, which
is, in fact, the main dye component, whereas the fluorescence
behavior is determined by apigenin.

For polyphenol systems, optical properties might be strongly
dependent on the nature of the solvent and on the solution pH.
In the paper by Favaro et al., the acido- and iono-chromic
properties of apigenin and luteolin have been studied as a crucial
step to individuate the processes responsible for the color
changes with aging, which is of particular interest in the
diagnostics and conservation of works of art. The absorption
spectra of apigenin and luteolin progressively shifts toward
longer wavelengths as the pH solution increases up to 437 and
402 nm, respectively. Moreover, deprotonation leads to an
enhancement of the emission intensity of both flavonoids, and
thus luteolin fluorescence becoming detectable.

Despite the numerous experimental works on flavones, only
a few theoretical studies have been reported to date that deal
with the structural and acid-base properties of luteolin22-25 and
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apigenin.23,24 In this article, a theoretical investigation on the
optical properties of apigenin and luteolin by means of density
functional theory (DFT) and time-dependent DFT (TDDFT)
methods is reported. After a calibration of the computational
procedure, in terms of choice of basis set, exchange-correlation
functional, and solvation model, the absorption spectra of the
two dyes have been simulated, thus assigning the nature of the
excited states involved in the absorption process. Moreover,
because understanding color alterations with the pH changes
can be crucial for conservation purposes, we have also
investigated the acid-base properties of apigenin and the
changes in its absorption spectrum passing from the neutral form
to the deprotonated form. Finally, we have focused our attention
on the apigenin fluorescence. In its lowest excited state, marked
changes in the geometry related to the ESIPT have been
computed, which is in agreement with the large measured Stokes
shift. We hypothesized an excited-state decay mechanism
through the molecule planarization and an internal proton
transfer that provides a rationale for the double emission
experimentally detected.

Computational Methodology. Calculations of the apigenin
and luteolin absorption spectra have been carried out by means
of TDDFT,26-28 as implemented in the G03 package.29 Prelimi-
nary TDDFT calculations have been performed on apigenin to
set up the methodology to be used; the computed spectra using
different xc functionals and basis sets are compared with the
absorption experimental spectrum, and all results are reported
in the Supporting Information. In particular, pure DFT func-
tionals have been tested with the Perdew, Burke, and Ernzerhof
exchange-correlation functional, PBE30,31 and have been com-
pared with hybrid functionals such as the PBE032 and the widely
used B3LYP (Becke’s hybrid exchange functional B333 with
the Lee-Yang-Parr correlation functional LYP34,35).

Geometry optimizations with no symmetry constraints have
been carried out using the different xc functionals combined
with different basis sets, and TDDFT calculations have been
performed on the computed geometries at the same level of
theory. The lowest 40 singlet-singlet excitations have been
computed and transition energies and oscillator strengths have
been interpoled using a Gaussian convolution with a σ of 0.20.

Effects of the solvation, water, and methanol have been taken
into account by means of the conductor-like polarizable
continuum model (CPCM)36-39 using the UAHF solvation
radii.40

These calibration calculations on apigenin have shown the
crucial role of the solvent in describing the spectroscopic
properties of this class of compounds and that the tested B3LYP
and PBE0 hybrid functionals satisfactorily reproduce the
experimental absorption spectra, whereas the PBE functional

provides a red-shifted spectrum. This is probably due to the
underestimation of the SCF HOMO-LUMO gap, which is not
fully corrected in the TDDFT excitation energies.41 Neither the
inclusion of further diffuse functions nor the increase in the
basis set result in significant improvements on the calculations
(Supporting Information), which is consistent with the results
recently reported by Jacquemin et al.42 on the simulation of
dyes optical properties. Therefore, B3LYP and the 6-31+g*43-45

basis set, that give a good performance at a reasonable
computational cost, have been used in all of calculations.

To investigate the emission process, we have computed the
geometries of the first excited state of both flavonoids by
TDDFT using B3LYP and the TZVP46,47 basis set with the
Turbomole package.48 We have obtained the potential-energy
curves related to the proton transfer from O5 to O4 on the ground
and the lowest excited states by freezing the O5H coordinate
from 0.850 to 1.950 Å in steps of 0.050 Å and optimizing the
rest of the coordinates in vacuo. The solvation effects have been
subsequently included on the ground- and excited-state curves
using B3LYP/6-31+g*//CPCM. Notably, no relevant differences
have been found between the apigenin ground-state geometries
computed with Turbomole and G03 both in vacuo and in
solution. (See the Supporting Information.) We have obtained
a projection of the absorption/emission energies along the O5H
coordinate by computing the lowest singlet-singlet excitation
on the ground-state-/lowest-exited-state-optimized geometries
using B3LYP/6-31+g*//CPCM.

Results and Discussion

Electronic Structure and Absorption Spectrum of Api-
genin. The experimental absorption spectrum was measured in
a MeOH-water mixture (1/2, V/V) in a highly acidic environ-
ment (pH 2) to ensure the absence of anionic species. To
rationalize solvent effects in the apigenin absorption process,
we have performed calculations in vacuo, methanol, and water
solutions. Molecular structures are not strongly affected by the
presence of the solvent, and optimized geometrical parameters
are very similar both in vacuo and in water and methanol
solvents.24 No significant differences in terms of geometry,
molecular orbitals (MOs) energy and character, or computed
spectrum (Supporting Information) have been retrieved between
water and methanol calculations; therefore, only results obtained
in water will be reported. Whereas the frontier molecular orbitals
of apigenin in vacuo and in water solution do not show relevant
differences in energy and only slight changes in character,
remarkable differences are observed between the absorption
spectra computed in vacuo and in solution. (See Figure 1a,b
and the Supporting Information.) (Hereafter we will refer to

SCHEME 1: Luteolin and Apigenin Structures and Atom Labels
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the highest occupied molecular orbital, HOMO, and the lowest
unoccuppied molecular orbital, LUMO, as H and L, respec-
tively).

As previously found,24 the HOMOs of apigenin in solution
have an overall π-bonding character. The H and H-2 show a
partial nonbonding character because of the carbonilic oxygen
lone pair. Whereas in the H, the charge is completely delocalized
in the H-1 is mainly localized in rings A and B, and the H-2 is
mainly localized in the 1,4-benzopyrone moiety with a minimum
involvement of the B ring. The H computed in vacuo shows a
larger charge localization on the ring A with respect to that
computed in water; the H-1 in vacuo introduces a π-bonding
component on the C ring. The LUMOs in water have an overall
antibonding π* character with the charge delocalized all over
the molecule. In particular, the L is highly delocalized and has
an overall π* character, except for the bonding contribution
between the C8-C9-C10-C5 and the C1′-C2 connecting the
1,4-benzopyrone with the phenyl ring B. The L+1 has an
antibonding π* character, which does not show the bonding
contribution within the A ring as the L and presents only some
bonding contribution between the B ring and the rest of the
molecule involving the O1-C2-C1′-C2′ atoms. The L and L+1
in water and vacuo are very similar.

A part these slight character differences, the described MOs,
are quite similar in vacuo and in solution, and the H-L gap is
only 0.08 eV higher in vacuo; nevertheless, the absorption
spectra computed in vacuo and in solution present relevant
differences. In Figure 1b, the comparison between the experi-
mental2 and the computed absorption spectra of apigenin in
water together with the related transitions in water and in vacuo
is reported. The experimental main absorption band measured
at 337 nm is computed at 338 nm in water, whereas the main
absorption band is computed in vacuo at 299 nm, with a
pronounced shoulder at 347 nm. (See the Supporting Informa-
tion.) Therefore, the agreement between the experimental and
computed in water spectra is very good, while the spectrum in
vacuo is not consistent with the experimental data, pointing out,
as we already observed for transition-metal complexes, the
importance of solvent effects to reproduce accurately the
experimental spectra.49,50 Interestingly, whereas for the transi-
tion-metal complexes, we attributed the discrepancy between
vacuo and solvent to the electronic structure differing both in

terms of energy and nature of the frontier orbitals, for apigenin,
given the similar energy and character of the frontier molecular
orbitals, the differences between vacuo and solvent have to be
ascribed to the response part of the calculations.

Further insight into the origin of the different absorption
spectra computed in vacuo and solution may be obtained by
analyzing the computed transitions that give rise to the main
absorption bands of the spectrum in terms of energy, oscillator
strength, and involved molecular orbitals, both in vacuo and in
solution, and comparing them with the main experimental
absorption maxima. (See Table 1.) To visualize the charge
transfer associated with the lowest-energy transitions, both in
vacuo and in solution, we report in Figure 2 the isodensity plots
of the electron density difference between S1, S2, S3, and the
ground state (S0); blue (white) color refers to a decrease
(increase) in the electron density upon excitation. Transition
dipole moments and dipole moments associated with the three
lowest excitations have been computed and reported in the
Supporting Information.

From an analysis of the TDDFT eigenvectors computed in
water, the band experimentally measured at 337 nm is composed
of two transitions, S0 f S1 and S0 f S2, of similar intensity
calculated at 352 and 321 nm, resulting in a computed band
centered at 338 nm. Both transitions have as arriving state the
L and as starting states the H and H-1 with inverse percentage
contributions. S0 f S1 shows an electron density flow from
the A to the B and C rings, whereas S0 f S2 accounts for a
charge transfer toward the C ring. (See Figure 2.) Considering
the nature of the molecular orbitals involved in these transitions,
the resulting band can be assigned to a πf π* absorption. We
are also able to relate the dim signal of the experimental
spectrum at 302 nm to a weak transition computed at 291 nm.
This transition has the L as the final state and the H-2 as the
initial state. Because the H-2 is mainly localized in the AC ring
moiety, this transition has a partial charge transfer character
from the AC ring to the phenyl ring B, resulting in a totally
delocalized excited state. (See Figure 2.) In the higher-energy
region, two πf π* transitions are computed, which, analogous
to the two lowest-energy transitions, have as starting states H
and H-1 but L+1 as the arriving state.

As mentioned above, not all experimental features are
correctly reproduced by calculations in vacuo. To investigate

Figure 1. (a) Apigenin frontier molecular orbital energies and isodensity plots in water and in vacuo. (b) Apigenin experimental spectrum (black)
compared with computed spectra in water (red), together with computed singlet-singlet transitions in water (red) and in vacuo (blue).
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that further, we focus on the lowest electronic excitations,
comparing S0 f S1, S0 f S2, and S0 f S3 computed in vacuo
with those in water. Whereas the S0f S1 transition in vacuo is
comparable to the corresponding excitation in water, the S0 f
S2 transition in vacuo, which involves H-3 and L orbitals, has
a negligible oscillator strength and can be related to S0f S3 in
water, and vice versa S0 f S3 in vacuo (f ) 0.38), with the
most relevant contribution coming from H-1 f L transition,
corresponds to S0 f S2 in water.

The S0f S1 transition is computed at similar energies (within
0.05 eV) and accompanied by similar charge density flow
(Figure 2) in vacuo and in water. Its oscillator strength, however,
is appreciably lower in vacuo than in water (0.13 vs 0.41). The
S0f S2 (water) and S0f S3 (vacuum) transitions show H-1f
L as the main contribution with 83 and 66%, respectively, with
a 15% of H-2 f L contribution calculated in vacuo. This can
be easily visualized by the isodensity plots of the electron density
difference associated with these transitions, which essentially
differ for the distribution of the starting states involving different
parts of A ring. (See Figure 2.) The S0 f S2 (water) and S0 f
S3 (vacuum) transitions differ in energy by 0.23 eV, showing,
however, the same oscillator strength. For the sake of complete-
ness we also computed the charge flows associated with S0 f
S3 (water)/S0 f S2 (vacuum), confirming an almost identical
spatial distribution and negligible oscillator strength.

In summary, in vacuo, the S0 f S1 and S0 f S3 excitations
are computed more energetically spaced with respect to the
corresponding transitions in solution and with an oscillator
strength ratio of 0.13:0.38 with respect to 0.41:0.38 for the water
case; these differences translate into a spectrum with the main
absorption band at 299 nm and a pronounced shoulder at 347
nm, which is in disagreement with the experiment and calcula-
tions in solution. The agreement between the experimental
spectrum and that computed in water and in methanol (Sup-
porting Information) is very good. We are able to reproduce all
of the main experimental features and to assign the first
experimental absorption band as a superposition of two
singlet-singlet transitions.

Luteolin Absorption Spectrum and Electronic Structure.
Using the same methodology applied to apigenin, the luteolin
absorption spectrum has been simulated and compared with the
experimental result.2 The electronic structure of luteolin is very
similar to that of apigenin (Figure 3a), as previously reported.24

TDDFT results are shown in Figure 3b and Table 2, and they
are again in good agreement with the experiment; the lowest
computed absorption band is only slightly rigidly red-shifted
with respect to the experimental one.

The similarities observed between luteolin and apigenin both
in the transition energies and their composition are not surprising
because of the resemblance of the two systems and their
electronic structures. (See Figures 1a and 3a.) The main
difference experimentally detected, the red-shift of the luteolin
absorption spectrum with respect to apigenin, is also retrieved
in our calculations, even though it is slightly overestimated (0.20
versus 0.11 eV), and can be rationalized by the destabilization
of the luteolin H-1 and the H,24 reflected also into the H-L gap
decrease, 3.90 eV with respect to the 4.13 eV of apigenin. The
two lowest transitions, essentially H f L and H-1 f L
excitations, are computed at 361 and 331 nm, 0.08 and 0.12
eV lower than those computed for apigenin. Analogous to
apigenin, the main experimental band at 348 nm is formed by
these two transitions of π f π* character, but the luteolin S2

transition computed at 331 nm is less intense than the one at
361 nm, 0.10 versus 0.54, whereas for apigenin, the intensity
ratio is 0.38:0.41, which implies that in luteolin the computed
band is practically centered on the lowest transition. Regarding
the character of the orbitals (Figures 1a and 3a) involved in the
two lowest transitions, the only remarkable difference explaining
the different oscillator strength of apigenin/luteolin transitions

TABLE 1: Apigenin Experimental and Theoretical Absorption Maxima (nanometers), Computed Transitions (nanometers/
electronvolt), Oscillator Strength (f), and Composition in Terms of Molecular Orbitals with the Related Character in Water
(left) and Vacuo (right)

exptl
max (nm)

theor
max (nm) theor (nm/eV) f MO

theor
max (nm) theor (nm/eV) f MO

337 338 352/3.52 (S1) 0.41 (81%) H f L (π f π*) 347(sh) 347/3.58 (S1) 0.13 (87%) H f L (π f π*)
(9%) H-1 f L (π f π*) (5%) H-1 f L (π f π*)

321/3.86 (S2) 0.38 (83%) H-1 f L (π f π*) 312/3.98 (S2) 0.02 (86%) H-3 f L (n f π*)
(7%) H f L (π f π*) (5%) H-2 f L (n f π*)

295/4.20 (S3) 0.00 (86%) H-4 f L (n f π*) 299 303/4.09 (S3) 0.38 (66%) H-1 f L (π f π*)
(5%) H-2 f L (n f π*) (15%) H-2 f L (n f π*)

302 291 291/4.25 (S4) 0.09 (72%) H-2 f L (n f π*) 288/4.30 (S4) 0.20 (59%) H-2 f L (n f π*)
(12%) H f L+1 (π f π*) (13%) H-1 f L (π f π*)

(11%) H f L+1 (π f π*)
275/4.50 (S5) 0.01 (62%) H-3 f L (n f π*) 272/4.56 (S5) 0.02 (47%) H f L+1 (π f π*)

(19%)H f L+2 (π f π*) (23%) H-4 f L (n f π*)
(8%) H f L+1 (π f π*) (10%) H f L+2 (π f π*)

268 256 264/4.69 (S6) 0.14 (54%) H f L+1 (π f π*) 264(sh) 264/4.70 (S6) 0.12 (22%) H f L+1 (π f π*)
(11%) H-1 f L+1 (π f π*) (20%) H-1 f L+1 (π f π*)
(10%) H-2 f L (n f π*) (17%) H-4 f L (n f π*)

255/4.87 (S7) 0.15 (66%) H-1 f L+1 (π f π*) 251/4.94 (S7) 0.01 (51%) H f L+2 (π f π*)
(14%) H f L+1 (π f π*) (14%) H-1 f L+2 (π f π*)

(13%) H-4 f L (n f π*)

Figure 2. Isodensity plots of the electron density difference between
S0-S1, S0-S2, and S0-S3 of apigenin computed (a) in water solution
and (b) in vacuo. A blue (white) color indicates a decrease (increase)
in the electron density upon excitation.
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is the presence in the luteolin H-1 of an electronic distribution
involving C6′-C1′-C2-C3 atoms from the B to C rings. For
luteolin, the experimental feature detected at 290 nm is
computed at 292 nm (Table 2 and Figure 3b), and it is formed
by two transitions computed at 302 and 288 nm, having as
arriving state L and as starting states H-2 and H-3, respectively.
In the high-energy region, three transitions are computed at 269,
259, and 251 nm, which give rise to the experimental band
measured at 253 nm and a shoulder at 266 nm.

Monodeprotonated Apigenin Absorption Spectrum. Be-
cause of the acido-chromic behavior of weld, the absorption
spectra of apigenin and luteolin were experimentally studied
as a function of pH in the 2-12 pH range.2 For luteolin, three
acid-base dissociation steps were individuated, characterized
by pKa values of 6.9, 8.6, and 10.3, whereas for apigenin, pKa

values of 6.6 and 9.3 were detected. The absorption spectra of
both flavonoids are markedly red-shifted by increasing the pH,
which translates into an enhancement of the yellow color.

To gain insight into the electronic structure changes occurring
upon the first deprotonation, we have investigated the absorption
spectrum of the monodeprotonated apigenin. Also, in this case,
the results obtained for apigenin can be extended to luteolin.
We previously established a suitable integrated DFT-MP2

(MP2*) methodology to compute the pKa for luteolin and other
polyphenolic compounds25 on the basis of the combination of
the MP2 energies and geometries in vacuo and in solution with
thermal contributions calculated by DFT. For luteolin, we found
the presence of three OH groups, which are in strong compet-
ition for deprotonation. On the contrary, apigenin presents a
more well-defined deprotonation site because of the impossibility
of forming intramolecular hydrogen bonds upon deprotonation
in the B ring. Therefore, we calculated the pKa values of all the
possible apigenin deprotonation sites at the MP2* level. We
find pKa values of 7.44, 8.66, and 11.60 for positions 7, 4′, and
5, respectively. (See the Supporting Information for complete
results.) These results allow us to undertake the study of the
spectral modifications with increasing pH by relating the
experimental absorption spectrum of the monodeprotonated
species to the deprotonated apigenin in position 7. Using the
same methodology as that applied in the neutral case, the red-
shift experimentally observed upon deprotonation is qualitatively
retrieved, although it appears to be strongly overestimated. (See
Figure 4.) In fact, the main transition, entirely responsible in
our calculations for the first absorption band, is computed at
414 nm and is red-shifted by 0.33 eV with respect to the
experimental maximum measured at 372 nm. We have also
tested a larger basis set and different hybrid functionals without
obtaining any improvement in the absorption spectrum (See the
Supporting Information.) Charged species present, however,
challenging difficulties in the treatment of the solute-solvent
interactions because of the strong electrostatic effects that arise
from unbalanced localized charges.51 Sometimes the introduction
of solvent effects with a polarizable continuum model is not
sufficient for accurately describing the solute charge distribution,
and the addition of explicit water molecules becomes necessary
to take into account specific solute-solvent interactions. In the
present case, the inclusion of one, three, and five explicit water
molecules in the simulations gradually improves the results,
mainly by stabilizing the H and increasing the H-L gap. We
will report here only the results obtained for clusters with zero
and five water molecules; for complete results with zero, one,
three, and five water molecules, see the Supporting Information.
Figure 4a presents the frontier orbital scheme along with H and
L isodensity plots of anionic apigenin.

Figure 3. (a) Luteolin frontier molecular orbital energies and isodensity plots in water. (b) Luteolin experimental spectrum (black) compared with
computed spectrum in water (red).

TABLE 2: Luteolin Experimental and Theoretical
Absorption Maxima (nanometers), Computed Transition
with an Oscillator Strength Higher than 0.05 (nanometers/
electronvolt), Oscillator Strength and Composition in Terms
of Molecular Orbitals with the Related Character

exptl (nm)
theor max

(nm) theor (nm/eV) f MO

348 358 361/3.44 (S1) 0.54 (81%) H f L (π f π*)
(7%) H-1 f L (π f π*)

331/3.74 (S2) 0.10 (86%) H-1 f L (π f π*)
(6%) H f L (π f π*)

290 292(sh) 302/4.11 (S3) 0.08 (76%) H-2 f L (n f π*)
(12%) H-3 f L (π f π*)

288/4.30 (S5) 0.12 (68%) H-3 f L (π f π*)
(8%) H-2 f L (n f π*)
(6%) H-1 f L (π f π*)

266-253 258 269/4.61 (S6) 0.05 (81%) H f L+1 (π f π*)
259/4.78 (S7) 0.22 (73%) H-1 f L+1 (π f π*)
251/495 (S8) 0.08 (55%) H f L+2 (π f π*)

(14%) H-5 f L (π f π*)
(9%) H-2 f L+1(n f π*)
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The H-L gap is computed to increase steadily from 3.54 to
3.90 eV going from zero to five water molecules. Along with
these variations in the H-L gap, an increase in the electron
density in the B ring is retrieved for the H upon the addition of
the water molecules, resulting in a completely delocalized
orbital, whereas the L is almost unchanged.

The computed spectra of deprotonated apigenin using zero
and five water molecules are compared with the experimental
absorption spectrum in Figure 4b. For the Ap-(H2O)5 system,
the agreement with the experiment is good, even though the
relative intensity of the transition computed at 307 nm is quite
overestimated. We notice, however, that the relative intensities
in the experimental data could also be affected by the presence
of neutral species for which the 268 nm band is much more
intense than the signal at 302 nm. The results for Ap-(H2O)5

are summarized in Table 3; here we will only briefly discuss
the assignment of the lowest-energy absorption bands.

The transition computed at 373 nm, which essentially gives
rise to the experimental absorption band at 372 nm, is an H f

L excitation with a π f π* character and is the feature that is
most affected by the deprotonation and consequently by the
presence of water molecules. This is expected because the H is
the predominant starting state of this electronic excitation. The
transition computed at 330 nm of H-1 f L nature has a
charge transfer character from the A/C rings to the B ring that
reminds the one observed in the H-2 f L transition of the
neutral apigenin. S0 f S1 and S0 f S2 transitions are more
spaced in energy with respect to those corresponding to apigenin.
On one hand, this could explain the different shape of the lowest
absorption band of the spectrum measured at pH 8 with respect
to that at pH 2; on the other hand, this could be partially
responsible of the intensity overestimation of the computed
spectral feature at 300 nm. The S0f S3 transition computed at
307 nm of H-2f L nature fits fairly well with the corresponding
experimental band measured at 300 nm. This excitation
resembles in character the S0 f S2 transition of the neutral
species and also shows similar oscillator strengths. Finally, the
experimental band measured at 273 nm is computed at 267 nm
with a composition of several transitions of similar weight, and
it seems to not be affected by pH increase. Overall, the computed
spectrum of the monodeprotonated apigenin reproduces the main
experimental spectral changes upon increasing the solution pH,
in particular, the red-shift and the change in shape of the lowest
absorption band.

Apigenin and Luteolin Emission. For apigenin, a weak
double emission (ΦF ) 4 × 10-4) with maxima at 430 and 534
nm has been measured in methanol solution.2 The emission
spectrum has been found to depend on the excitation wave-
length: by exciting at 300 nm, the emission spectrum showed a
maximum at 430 nm and a pronounced shoulder at 534 nm,
whereas by exciting at 357 nm, only the latter red-shifted
emission was recorded.2 The low fluorescence quantum yield
and the short lifetime of 0.8 ns suggest that the main deactivation
pathways for the excited singlet state of apigenin are nonradiative.

To understand the emission process, we have optimized the
geometry of both apigenin and luteolin lowest singlet excited
state, S1, by TDDFT. In Table 4, we report the main optimized

Figure 4. (a) Molecular orbital levels and isodensity plots of monodeprotonated apigenin with 0 (blue) and 5 (red) explicit water molecules. (b)
Apigenin experimental spectrum at pH 8 (black) compared with computed spectra of the monodeprotonated apigenin cluster with 0 (blue) and 5
(red) explicit water molecules.

TABLE 3: Experimental (pH 8) and Theoretical Absorption
Maxima (nanometers), Computed Transitions with an
Oscillator Strength Higher than 0.05 (nanometers/
electronvolt), Oscillator Strength, and Composition in Terms
of Molecular Orbitals with the Related Character for the
Mono-Deprotonated Apigenin with Five Explicit Water
Molecules

exptl
(nm)

theor
max (nm) theor (nm/eV) f MO

372 373 373/3.32 (S1) 0.32 (89%) H f L (π f π*)
300 309 330/3.76 (S2) 0.19 (87%) H-1 f L (n f π*)

307/4.03 (S3) 0.41 (81%) H-2 f L (π f π*)
(7%) H f L+1 (π f π*)

273 261 267/4.64 (S6) 0.15 (25%) H f L+1 (π f π*)
(23%) H-4 f L (π f π*)
(19%) H-1 f L+1 (n f π*)
(6%) H f L+2 (π f π*)

257/4.82 (S8) 0.08 (47%) H-1 f L+1 (n f π*)
(13%) H f L+1 (π f π*)
(9%) H f L+4 (π f π*)

253/4.90 (S9) 0.11 (66%) H f L+2 (π f π*)
(13%) H-4 f L (π f π*)
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bond distances and angles for the S1 and S0 geometries. It is
worth noting that for both apigenin and luteolin in the S1

geometry an ESIPT occurs from the phenolic O5 in the A ring
to the ketonic O4 in the C ring.

Apart from the different location of the proton, the main
difference between the ground and excited state structures is
related to the torsion angle O1C2C1′C2′ between the B and C
rings. In the ground state, apigenin (luteolin) adopts a nonplanar
structure with a dihedral angle of 18.2° (17.6°), whereas in the
first singlet excited state, the molecule is almost planar,
characterized by a dihedral angle of only 2.8° (1.1°).

To understand the ESIPT process in depth, for apigenin, we
performed constrained geometry optimizations on both the S0

and S1 surfaces, selecting the O5H distance as an approximate
reaction coordinate. By varying the O5H distance in the range
of 0.8 to 1.9 Å, we explored the approximate ESIPT pathway.
Calculation of the ground- and excited-state energies on the S0

and S1 geometries, allows us to draw a schematic representation
of the ESIPT pathway. The results are collected in Figure 5.

The molecule is promoted by the absorption at 3.56 eV to
the Franck-Condon (FC) point. Relaxation from FC at fixed
O5H distance leads to a planarization of the system along with
a slight lengthening of the C-OH bonds with a 0.29 eV energy
gain. Upon increasing of the O5H distance, the energy decreases,
reaching a minimum region for O5H distances around 1.7 Å.
Associated with this proton motion, a ca. 0.5 eV energy gain is
computed. From the excited-state minimum, we calculate an
emission energy of 1.88 eV, to be compared with an experi-
mental emission maximum of 2.32 eV. The barrierless S1 energy
curve computed along the O5H coordinate is suggestive of an
ultrafast proton transfer in line with the one measured experi-
mentally for 5HF.17,18

We also searched for a minimum structure on the S1 curve
in the flat energy region close to the FC point, but all of our
attempts to locate such a minimum structure failed independently
on the exchange-correlation functional used, leading to the O4-
bound tautomer. CIS calculations based on a Hartree-Fock
ground state performed in solution evidenced a local minimum
for the O5-bound tautomer 0.12 eV above the more stable O4-
bound tautomer. Therefore, whereas the presence of the O4-
bound species is largely independent from the level of theory
employed, the presence of a O5-bound minimum is not
confirmed by TDDFT. This result could be affected by an
overestimated stabilization of the proton transfer for the excited
state.52-54

The analysis of the ground-state energies shows an almost
parallel behavior along the S0 and S1 curves, the latter lying as
expected at higher energy. Both the S0 and S1 curves show a
flat region in correspondence of the excited-state minimum,
characterized by the presence of a very shallow minimum on
the ground state for the apigenin form with the proton bound
to O4. This O4-tautomer structure observed in the S0 curve has
been optimized and characterized by the calculation of all
positive frequencies as a local minimum computed 0.27 eV
above the global O5-bound minimum.

The above results allow us to interpret the experimental
picture. After excitation to the FC point, the system undergoes
a planarization, followed by or concomitant to the ESIPT from
the O5 to the O4 bound tautomer. From the O4 tautomer the
system emits, providing the 534 nm emission found experi-
mentally. The flat energy region around the FC point and the
possible presence of an O5-bound excited state minimum, as
calculated by CIS, would be consistent with the emission
experimentally found at 430 nm being originated by an excited
state with a geometry close to the ground-state minimum
structure with the proton bound to O5. Finally, the presence of
a shallow minimum on the ground state in correspondence with
the O4-bound tautomer might explain the sensitivity of the
apigenin emission to the excitation wavelength. Indeed, by
exciting at low energy, this O4-bound tautomer would lead to
exclusively low-energy emission from the corresponding excited-
state O4-bound species because the system cannot surmount the
ca. 0.50 eV that is necessary to reach the O5-bound tautomer.

TABLE 4: Apigenin and Luteolin Main Geometrical
Parameters of the Ground (S0) and First Excited (S1) States
Computed Using B3LYP/TZVP

O4H C4O4H O5H C5O5H C2C1′ θ

apigenin S0 1.692 100.2 0.997 106.7 1.468 18.2
S1 0.990 107.5 1.752 99.6 1.413 2.8

luteolin S0 1.690 100.2 0.997 106.6 1.468 17.6
S1 0.989 107.5 1.754 99.7 1.412 1.1

Figure 5. Apigenin proton transfer potential energy curve at different O5H fixed distances for the ground (S0) and first excited (S1) states.
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On the basis of these results, we can describe the absorption
process as an FC transition from the apigenin ground state to
its S1 excited state. A first relaxation process is undertaken
through the planarization of the molecule, thus allowing a first
emission computed at 2.77 eV with a computed Stokes shift of
0.90 eV, which is in good agreement with the measured
fluorescence at 430 nm (2.88 eV) and Stokes shift of 0.84 eV.
In a second process driven by the C5O5 and C4O4 bending modes
between 250 and 270 cm-1, the almost barrierless proton transfer
takes place with a 0.54 eV energy gain, reaching the O5-bound
tautomer minimum of the excited state curve. From this point,
a second emission occurs, giving rise to the fluorescence
computed at 1.88 eV. This second emission is underestimated
with respect to the experimental value of 2.32 eV, probably
because of an overestimated stabilization of the proton transfer
on the excited state, as previously observed.52-54 We also remark
that this value could be improved by taking into account the
vibronic effects by calculation of the FC factors.55,56

The luteolin emission spectrum has not experimentally been
measured because of a very low quantum yield. For luteolin,
we performed a partial S1 geometry optimization by fixing the
O5H distance at the S0 optimized value. Similarly to apigenin,
after an absorption process described in our approach as a
vertical transition, a first relaxation occurs that is mainly ruled
by the planarization of the molecule; from this point, the
molecule can (i) deactivate to S0 by nonradiative processes, (ii)
deactivate to S0 by emission at 2.73 eV, and (iii) start the proton
transfer process driven by the C5O5 and C4O4 bending modes
reaching the S1 minimum, where a second emission can take
place at 1.85 eV.

Conclusions

We have reported a theoretical study on the absorption and
emission properties of apigenin and luteolin, the two main
components of the yellow color extracted from Reseda luteola
L.. These flavonoids were investigated by means of DFT and
TDDFT calculations to rationalize several aspects of their
experimentally observed optical properties. After calibrating the
computational methodology, we simulated the absorption spectra
of apigenin and luteolin, finding a very good agreement with
the experiment, both in terms of maxima energy and overall
spectral shape. The necessity of including solvation effects to
describe the absorption spectra accurately has been discussed,
demonstrating that the main differences between vacuo and
solution results are ascribed to the response part of the
calculations because the electronic structures computed in vacuo
and in water/methanol are very similar. TDDFT eigenvectors
analysis has allowed us to assign the experimental absorption
spectra; we found that the low-energy absorption band at 337
(348) nm for apigenin (luteolin) is composed of two rather
separate transitions of π-π* character computed at 352 and
321 (361 and 331) nm, the latter showing a partial charge
transfer character.

The effect of increasing the solution pH on the apigenin
absorption spectrum has been evaluated by simulating the
absorption spectrum of the monodeprotonated species. This task
has followed the theoretical assignment of apigenin pKa values,
which has allowed us to individuate the first deprotonation as
occurring at the 7-hydroxyl site. The experimental red-shift of
the apigenin spectrum upon increasing the pH is mainly related
to a red-shift of the lowest excitation forming the first absorption
band. This sensitivity to pH is mainly related to a HOMO
destabilization; this orbital has sizable localization on the A ring,
where deprotonation occurs.

To investigate the emission process, we have performed
TDDFT optimization of the lowest excited state for both
apigenin and luteolin and have found an excited-state-optimized
structure characterized by an intramolecular proton transfer,
ESIPT. To trace an approximate proton transfer pathway, we
have computed the potential-energy curves on S0 and S1 as a
function of the O5H distance. Our results suggest that upon
excitation apigenin is promoted to the FC point from which a
first relaxation process occurs through a planarization of the
molecule. From the FC region, the excited-state energy decreases
rapidly up to a flat region corresponding to the ESIPT minimum
structure. In correspondence with this excited-state minimum,
we have computed for apigenin an emission energy of 1.88 eV
to be compared with the experimental value of 2.32 eV.
Although no local minimum structure has been calculated by
TDDFT in the flat energy region around the FC point, the
presence of an O5-bound excited-state minimum calculated by
CIS suggests that the fluorescence experimentally measured at
2.88 eV, calculated at 2.77 eV, might be due to emission from
an excited-state structure that has not yet undergone the ESIPT
process.

Overall, our results suggest that careful DFT/TDDFT calcula-
tions in solution represent a valuable tool to interpret the
acid-base and excited-state properties of flavones, thus opening
the way for further comprehension of the physical-chemical
properties of this important class of molecules, with particular
reference to the color changes taking place with aging and under
different environment conditions.
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