
HAL Id: hal-02394980
https://amu.hal.science/hal-02394980

Submitted on 20 Jul 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Impact of the redox state of flavin chromophores on the
UV–vis spectra, redox and acidity constants and

electron affinities
Padmabati Mondal, Karno Schwinn, Miquel Huix-Rotllant

To cite this version:
Padmabati Mondal, Karno Schwinn, Miquel Huix-Rotllant. Impact of the redox state of flavin chro-
mophores on the UV–vis spectra, redox and acidity constants and electron affinities. Journal of Photo-
chemistry and Photobiology A: Chemistry, 2020, 387, pp.112164. �10.1016/j.jphotochem.2019.112164�.
�hal-02394980�

https://amu.hal.science/hal-02394980
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


Impact of the redox state of flavin chromophores on the UV–visible spectra, redox
and acidity constants and electron affinities

Padmabati Mondal∗, Karno Schwinn, Miquel Huix-Rotllant∗∗

Aix Marseille Univ, CNRS, ICR, Marseille, France

Abstract

Isoalloxazine is the core chromophore present in the cofactor of flavoproteins. Naturally, flavin usually exists in five
different redox forms in protein milieu by accepting up to 2-electrons and 2-protons. The redox state has a strong
impact on its photophysical properties. Fully oxidized and anionic radical isoalloxazine absorb blue light, neutral semi-
quinone form absorbs green/red light and fully reduced forms absorb UV light. In the excited state, isoalloxazine becomes
a strong oxidizer and acidic upon reduction. Understanding the relation between the redox form and its photophysical
properties is fundamental to understand the biochemistry of flavoproteins. Here, we compare the effect of the redox
state of isoalloxazine and some derivates on the UV-visible spectra, the redox potentials, acidity constants and electron
affinities by means of electronic structure simulations. We show that the physical properties are directly related to a
transformation of a α-diimine bond to a ethene-1,2-diamine bond upon reduction.
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1. Introduction

Flavoproteins are involved in numerous cell functions
ranging from bioluminescence [1], redox reactions [2, 3],
DNA repair, [4, 5], magnetoreception, [6, 7] photosynthe-
sis, [8] cell apoptosis, [9, 10], detoxification, [11, 12], blue-
light sensors like phototropins, [13, 14] etc. Most flavo-
proteins have a vitamin B2 cofactor (riboflavin) either in
the form of flavin mononucleotide or flavin adenine din-
ucleotide. Isoalloxazine is the main chromophore in all
flavin derivatives. Isoalloxazine is a well known photo-
oxidizing agent. [15, 16] In its fully oxidized form, it can
accept up to two electrons. The anionic reduced species
are acidic and a proton transfer can follow after each elec-
tron transfer. [17] Therefore, in the present study we focus
on five different redox states (see Fig. 1): the fully oxi-
dized isoalloxazine (FLA), two semi-quinone forms (an-
ionic, FLA•− and neutral, FLAH•) and two reduced hy-
droquinones (anionic, FLAH− and neutral, FLAH2).

The rich photophysics and photochemistry of isoallox-
azine and related derivates have been of much interest both
experimentally [18, 19, 20, 21, 22, 23, 24, 25] and the-
oretically. [26, 27, 28, 29, 30, 31, 32, 33, 34, 35] From
a theoretical point of view, the simulation of the UV-
visible spectrum is very challenging. The fully oxidized
isoalloxazine form is perhaps the best studied theoretical
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model, despite being an unstable tautomer in solution.[25]
Two broad absorption bands are found at 440-450 nm in
the blue light region and a near-UV band at 333 nm re-
spectively, [18, 25] corresponding to a π → π∗ transition.
These bands are characteristic absorption peaks of flavins
found in flavoproteins.[36, 37, 38] The origin of this ab-
sorption has been difficult to attribute theoretically.[39, 40]
Most common electronic structure methods predict a blue-
shifted absorption maximum when applying the Franck-
Condon principle (clamped nuclei approximation). Time-
dependent density-functional theory (TD-DFT) with the
popular B3LYP functional leads to a lowest bright state
absorption maximum of 408 nm for lumiflavin [24, 41].
Serrano-Andrès et al. applied multi-configuration pertur-
bation theory to isoalloxazine, obtaining 401 nm absorp-
tion maximum, similar to the 407 nm obtained with QM/MM
multi-configuration simulations for flavin adenine dinucleotide
embedded in plant cryptochrome. [42] Multi-reference DFT
CI of Grimme and coworkers lead to a 422 nm absorption
maximum for lumiflavin, [32] closer to the experimental
value. Second-order perturbation theory Green’s function
approach lead to the same absorption peak.[43]

The absorption bands of flavins have a strong vibra-
tional structure, which has to be taken into account in the
simulation of the spectrum. On the one hand, classical
molecular dynamics have been used to include inhomo-
geneous broadening.[40] This is especially important for
riboflavin, in order to take into account hydrogen bond
interactions and also the interaction with the solvent.[44]
On the other hand, the homogeneous broadening due to
the internal isoalloxazine vibrations is fundamental to re-
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Figure 1: Lewis structures of isoalloxazine (FLA) and radical anion
(FLA•−), neutral radical (FLAH•), reduced anionic (FLAH−) and
reduced neutral (FLAH2) forms. The redox and acid-base reactions
that connect each structure are shown. The whole reactivity happens
between atoms N1=C10a-C4a=N5, highlighted as a orange-shaded
area. Atom numbering is shown on FLA.

produce the three-peak structure of the lowest absorption
band [34, 45] Saalfrank et al. showed that C-N stretchings
around 1600 cm−1 are responsible of the large broaden-
ing of the lowest absorption band in a range of about 50
nm.[34] Indeed, the 408 nm absorption of riboflavin with
TD-DFT in the Franck-Condon approximation leads to a
three bands when vibrations are taken into account, with
maxima at 448, 425 and 404 nm, closely resembling the ex-
perimental bands 468, 443 and 415 nm.[34] Very recently,
Solov’yov et. al. simulated the absorption spectrum of lu-
miflavin in different redox states embedded in protein us-
ing QM/MM approach, obtaining a good agreement with
the experimental absorption spectra. [46]

FLA fluorescent emission has been well studied exper-
imentally, but it is currently attracting much attention as
it can be very selectively detected in biological medium.
Flavin-based fluorescent proteins can be used for imaging.
[47] There are few theoretical studies which have focused
on the simulation of emission of flavins. [48, 49, 50] The
fluorescent emission spectrum shows a broad band around
550 nm. [51] This maximum is very much affected by the
interactions with the protein residues. [50] These spectro-
scopic properties of FLA depend strongly on the pH. [51]
Indeed, the atoms N1, N3 and N5 are acidic centers, the
pKa of which depends on the redox state. [51, 29]

Most of the previous studies have focused on the pho-
tophysics of the fully oxidized FLA. Recently, a systematic
comparison of steady state and time-resolved absorption
and fluorescence spectra of five different redox states of
flavin in solution and in protein milieu have been investi-
gated experimentally. [17] In this study, it was found that

fully oxidized and anionic radical isoalloxazine absorb blue
light (445-450 nm), partially reduced neutral form absorb
green/red light (500-600 nm) and fully reduced forms ab-
sorb UV light (350-375 nm). Ultrafast excited state decay
of flavin radical species was observed with a rapid access
to the conical intersection via a bending motion of the
isoalloxazine ring. This fast internal conversion occurs in
solution but not in the protein due to a restricted access
to the conical intersection.

A systematic theoretical study of the electronic struc-
ture of different redox states and their photophysical prop-
erties is fundamental to understand the functioning of flavo-
proteins. Here, we describe the effect of the redox state on100

the absorption and emission spectra, redox potential, acid-
ity constants, as well as on the electron affinities by means
of density functional theory (DFT) and its time-dependent
extension. Indeed, we relate the difference in the elec-
tronic density distributions among the rings conforming
isoalloxazine for different redox states to their photophys-
ical properties. We show that the physical properties are
directly related to a transformation of a α-diimine bond to
a ethene-1,2-diamine bond upon reduction, by populating
a π-type orbital which is bonding for the C-C single bond
and antibonding for the N=C double bonds of the diimine
group.

2. Computational details

Vibrationally resolved spectra. The vibrationally resolved
absorption and emission spectra for the five molecules have
been calculated using the time-dependent path integral
method from the Fourier transform of the time-dependent
autocorrelation function, as implemented in Gaussian 16.
[52] These computations require the minimum energy struc-
tures of both the ground and excited states and the fre-
quencies at each minimum. The excited state frequency
and normal modes were obtained using the (TD-)DFT in
conjunction with the B3LYP exchange correlation func-
tional. [53, 54] For these calculations, we employed the
def2-TZVPP basis set. This functional was recently suc-
cessfully applied and showed best performance for the cal-
culation of the vibronic absorption and emission spectrum
of lumiflavin derivatives. [45] All vibrationally resolved
spectra simulations have been performed in ethanol using
a polarizable continuum model (PCM) scheme. [55, 56]
For the path-integral approach, 220 integration steps were
used and for the convolution of the spectrum, homoge-
neous and inhomogeneous broadening of 235 cm−1 were
employed. All modes of the isoalloxazine ring were consid-
ered for the calculation of the spectrum. Whenever possi-
ble, we have also applied the sum-over state approach to
analyze the origin of the peaks. [57]

Photoredox potentials and pKas. For the calculation of
(photo)redox potential of different reduction processes in-
volving flavin, the Gibbs free energy (G) were obtained
from the theormochemistry calculations using (TD-)DFT
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at the B3LYP/def2-TZVPP level in the ground and ex-
cited states of different redox states of flavin in the gas
phase and in ethanol (using PCM). The change is Gibbs

free energy (∆Grdx
s ) for a process in solution was then

calculated using the Born-Haber Cycle.

∆Grdx
s = ∆G0,red

s + ∆Gox
s −∆Grdx

gas (1)

Using the Nernst equation, the relation between the ∆Grdx
s

(eV) and the reduction potential, E0 (V) for a one electron
redox reaction is given as

E0 = −∆Grdx
s (2)

Finally, the absolute reduction potential of ferrocene elec-
trode is substracted from the E0 resulting in E0

calc which
can be directly compared to the available experimental
redox potentials. The absolute reduction potential of fer-
rocene electrode in DMSO (4.89 V) is taken from Ref. 58.

The pKa value for a deprotonated species is calculated
from the thermodynamic cycle of a protonation reaction.
The pKa value for a single molecule was calculated using
the following equation

pKa =
∆Gaq

kbT ln(10)
(3)

where

∆Gaq = ∆Ggas + ∆∆Gs (4)

∆Ggas = Ggas(H+) +Ggas(A−)−Ggas(HA)

∆∆Gs = ∆Gs(H+) + ∆Gs(A−)−∆Gs(HA).

where the values of ∆Ggas(H+) and ∆Gs(H+), -0.27 eV
and -11.56 eV, respectively, are taken from Ref. 59 and
Ref. 60. The higher pKa value of the deprotonated species
correspond to higher proton affinity i.e. lower acidity of
the protonated species and vice versa.

Electron affinities. First electron affinities corresponding
to the process A + e− → A− have been obtained from the
equation

EA = E(X)− E(X−) (5)

in which E(X) and E(X−) correspond to the total elec-
tronic energies at the minimum energy structure of the
neutral molecule and the anionic molecule respectively.
The optimizations have been performed at the B3LYP/def2-
TZVPP level of theory, and the energies to compute the
electron affinities have been computed at the B3LYP/aug-
cc-pVQZ+2df level. All calculations have been performed
in Gaussian16. [61]

3. Results and Discussion

The reduction of flavin has a strong impact in the pho-
tophysical properties of isoalloxazine moiety. In order to
understand the effect of the redox state on isoalloxazine, it
is important to discuss first the main electronic and struc-
tural changes that occur during the redox and acid-base
reactions. The electronic density is mostly affected on the
atoms forming the α-diimine bond, found between atoms
N1=C10a–C4a=N5 (see shaded area in Fig. 1).

The fully oxidized isoalloxazine is planar, even though
it is not a completely delocalized aromatic system. The
first reduction leads to the anionic semi-quinone FLA•−.
In the simplest Lewis structure, the radical electron sits
on C4a and a negative charge is located on N5. How-
ever, the planarity of this molecule induces a delocalization
of the electronic and spin densities over the three rings.
FLA•− is acidic, and a subsequent proton transfer reac-
tion can occur that stabilizes the negative charge, form-
ing the neutral semi-quinone FLAH•. The ground state200

of FLAH• is planar also, despite the apparent secondary
amine structure that is formed in N5. This is because of
the delocalized spin density mainly between the C4a and
N5 center. A subsequent reduction of FLAH• forms the
anionic hydroquinone FLAH−, which is non-planar (“but-
terfly”) in its ground state. The N1=C10a–C4a=N5 bond
becomes rather a ethene-1,2-diamine, in which N1 allo-
cates the negative charge. The anionic hydroquinone can
accept an extra proton producing the fully reduced hydro-
quinone FLAH2, which is non-planar due to the presence
of two secondary amines in N5 and N1.

The five isoalloxazine forms have clearly distinct elec-
tronic structure. Figure 2 shows the Walsh diagram of
molecular π-orbitals along with the simplified depiction
of the orbital density of each form of FLA. For all redox
forms, molecular orbitals are similar in shape. Most molec-
ular orbitals are typical π-type orbitals, delocalized over
the phenyl or uracyl rings. However, orbital π3 has special
characteristics. This orbital is anti-bonding between the
N5=C4a (imine bond) centers and bonding between C4a–
C1a (ethylene bond). This orbital receives electrons when
FLA is reduced, thus explaining why the double-bond pat-
tern changes. It is the lowest unoccupied molecular orbital
(LUMO) of FLA, the single occupied molecular orbital
(SOMO) for radical semi-quinones and the highest occu-
pied molecular orbital (HOMO) for reduced forms. The
different occupations of this orbital affects the photophys-
ical properties of each redox form.

3.1. Absorption and emission spectra

The electronic absorption spectra in the Franck-Condon
approximation for the five redox states at the TD-B3LYP
level and the def2-TZVPP basis set are shown in Tab. 1.

The oxidized form is the better studied form of isoallox-
azine. The lowest bright state corresponds to a HOMO→LUMO
transition. The HOMO is a π orbital delocalized over the
whole structure but with a large contribution of the phenyl
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Table 1: Electronic absorption spectrum in the Franck-Condon ap-
proximation for the 5 redox species derived from FLA.The analysis
of the transitions is given along with the wavelength (in nm) and
the oscillator strength (in arbitrary units). The “n” orbital generi-
cally stands for a lone pair electron in oxygen, while the “π” orbitals
are specified in Figure 2. Experimental results for FLA are taken
from Ref. 25, for FLA•− and FLAH• are taken from Ref. 62, while
FLAH• and FLAH2 have been taken from Ref. 63.

Transition Excit. f Exp.
FLA π2 → π3 391 0.247 410

n→ π3 367 0.002
n→ π3 349 0.000
π1 → π3 326 0.260

FLA•− πα3 → πα4 535 0.004
πα3 → πα5 437 0.002

πβ2 → πβ3 423 0.130 485

nβ → πβ3 391 0.001

πβ1 → πβ3 359 0.101 367
πα3 → πα6 337 0.291

nβ → πβ3 335 0.000

FLAH• πβ2 → πβ3 535 0.132 571
πα3 → πα4 428 0.019

πβ1 → πβ3 406 0.059 485

nβ → πβ3 405 0.000
πα3 → πα5 351 0.076

nβ → πβ3 348 0.029

nβ → πβ3 341 0.000

nβ → πβ3 331 0.000

πβ0 → πβ3 296 0.113 340
FLAH− π3 → π4 386 0.006

π3 → π5 347 0.121 342
π3 → π6 271 0.280 285

FLAH2 π3 → π4 400 0.025 395
π3 → π5 319 0.116
π3 → π6 287 0.221 295
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Figure 2: (top) Walsh-like diagram of molecular orbitals for the dif-
ferent redox states of isoalloxazine ring. The alpha and beta orbitals
are shown for radicals. (bottom) Schematic representation of the π
orbitals (green and red filled circles represent positive and negative
lobes).

ring, while the LUMO is a π∗ that debilitates the N5=C4a

double bond. This transition is located at 391 nm, closely
reproducing the experimental maximum, predicted at 410
nm.[25] The second bright state corresponds to a HOMO-
1→LUMO transition of a similar oscillator strength as the
first state, found at 326 nm. In between these two peaks,
two dark transitions are found corresponding to the oxy-
gen lone pair to the π∗

3 orbital.
For the radical anion FLA•−, equivalent bright transi-

tions to FLA are found at 423 nm and 337 nm, involving
π2 → π∗

3 and π1 → π∗
3 transitions respectively. These

transitions are red-shifted compared to FLA due to the
presence of an extra electron. Indeed, two almost dark
transitions involving the radical are found below in energy
to the first bright transition, involving transitions from π3
which is now partially occupied. The first bright transi-
tion is predicted about 60 nm blue-shifted with respect to
experiments, while the second bright peak closely matches
the experimental value.

The neutral radical FLAH• has a noticeably different
absorption spectrum. Theory predicts its first bright state
at 535 nm, 40 nm blue-shited with respect to experiments.
It corresponds to a π2 → π3 transition. The equivalent
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Figure 3: Comparison of the experimental (black) and theoretical
(red) absorption (solid) and emission spectra (dashed) for the five
redox forms of isoalloxazine. For the sake of comparison, theoreti-
cal spectrum maxima have been shifted to the experimental values.
Experimental data has been taken from Refs. 17, 64 and 63. Exper-
imental absorption and emission spectra of FLA are taken from the
flavin mononucleotide spectra in flavodoxin, [17] as well as emission
of FLAH− from flavin mononucleotide in flavodoxin. [64] Experi-
mental absorption spectrum for FLAH− and FLAH2 are taken from
flavin mononucleotide spectra in water solution. [63]. The spectra
of FLA•− is taken from cryptochrome flavin adeninde dinucleotide
[17], FLAH2 emission from flavin adenine dinucleotide in solution
[17] and FLAH• absorption spectrum is taken from absorption spec-
tra of methylated flavin radical [65] and emission spectrum is taken
from flavin mononucleotide in flavodoxin. [64] The visible spectrum
range is shown as an offset.

transition for the radical anion is found 100 nm higher in
energy. Indeed, the relaxation induced by the neutraliza-
tion of the negative charge by the H+ has a strong im-
pact in the absorption spectrum. The second bright state,
found at 406 nm, is 85 nm above the experimental value,
and it corresponds to a π1 → π3 transition. Finally, the
highest bright state is found at 296 nm, about 35 nm above
the experiments.

The fully reduced anion (FLAH−) and neutral (FLAH2)
forms have very similar absorption spectra. Unlike the ox-
idized and semi-quinonic forms, the transitions of the re-
duced flavins do not involve transitions to π3 orbital, which
are responsible for the lowest bright absorption bands. In-
deed, the first bright transition for FLAH− is predicted
at 347 nm, similar to the experimental value of 342 nm,
involving a transition of the type π3 → π5. The second
bright state is predicted at 271 nm (for an experimental
value of 285 nm) is interpreted as a π3 → π6.

For the FLAH2 form a similar trend is observed as
for FLAH−. The first bright state is found at 319 nm,
while the second bright state is found at 287 nm (for an
experimental value of 295 nm). They are interpreted as
π3 → π5 and π3 → π6 respectively.

Vibrationally resolved spectra. The theoretically predicted
absorption maximum in the Franck-Condon approxima-
tion does not correctly reproduce the color of absorption,
especially for FLA, FLA•− and FLAH•. Both FLA and
FLA•− absorb blue light and emit green light. FLAH• has
a broad absorption band in the green region and emits in
the dark red region. Finally, FLAH− and FLAH2 absorb
in the UV region and emit green light.

In order to reproduce the broadening of the spectra,
explicit account of vibrations has to be taken into account
in the simulation of the spectrum. Indeed, the absorption
spectra of isoalloxazine and related derivates have a broad
and pronounced vibrational structure for each of the elec-
tronic transitions. In Fig. 3, we show the simulated vibra-
tionally resolved absorption and emission spectra in the
visible light region. The vibrationally resolved theoretical
absorption and emission spectra are shown in comparison
to the experimental spectra. [17, 64, 63, 65] For the rad-300

ical semi-quinones (FLA•− and FLAH•), we compare to
the absorption spectra of FAD•− in cryptochrome [17] and
of 5CH3FMN• in D2O[65] respectively, which are similar
to the absorption spectra in solution. [66] For the sake
of comparison, we apply a shift of the 0-0 transition for
absorption and emission to match the experimental peak
maxima (see Supporting Information for details).

The absorption spectrum of the oxidized form of FLA
shows a four-peak vibrational structure, found at 451, 447,
443 and 439 nm, with dipole strength of 0.295, 0.383, 0.245
and 0.103 respectively, corresponding to the π2 → π3 elec-
tronic transition. The first peak arise from the 0→0 tran-
sition, and the three other peaks correspond to the 0→51,
0→52 and 0→53 vibrational transitions of the in-plane
symmetric bending of the uracil and phenyl rings with re-
spect to the center ring. The emission spectrum of FLA,
corresponding to the π2 ← π3 transition, a three peak
structure is observed at 460 nm, 480 nm and 550 nm. The
first peak is represented as a combination of 0→0 tran-
sition and the 0→51, 0→52 and 0→53 transitions. The
second and third peak correspond respectively to double
vibrational excitations of the type 0→51381 and 0→51501,
in which vibration 38 is a combination of N3-C4 and N1-
C2 stretching modes, and vibration 50 is a combination of
N5-C4a and N10-C10a stretching modes.

The spectrum of FLA•− shows an analogous trend to
that of the FLA. The π2 → π3 transition of the anionic
radical is in the similar region of that of FLA, in addition
to an almost dark πα3 → πα4 transition between 500-600
nm involving the SOMO electron. The π2 → π3 tran-
sition has a similar vibrational progression to FLA, in-
volving single vibrational transitions of in-plane bending
in addition to other in-plane stretching modes involving
vibration 38 (N3-C4 and N1-C2 stretching modes), and vi-
bration 50 (N5-C4a and N10-C10a stretching modes). The
dark πα3 → πα4 transition is represented by out-of-plane
motions delocalized over the whole structure, N3-H hy-
drogen out-of-plane motion and C6a-C9a stretching and
N10-C10a stretching.
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For FLAH•, FLAH− and FLAH2, the peaks does not
show a clear vibrational progression, probably due to the
larger contribution of low-frequency out-of-plane modes.
Indeed, either the ground- or the excited state minimum
energy structure is in a “butterfly” conformation. The
vibrationally resolved theoretical spectra for FLAH• is in
good agreement with experiments, showing a two broad
double absorption peaks at ca. 600 nm and 500 nm, and
a single emission peak at 700 nm.

Only a moderate agreement is observed between theo-
retical and experimental absorption spectra for the forms
FLAH− and FLAH2. The theoretical absorption spectra
shows a sharp peak for both species, while the experimen-
tal peak shows a broader band. This disagreement might
be due to three reasons: (i) reduced forms of riboflavin
tend to aggregate in solution [67], (ii) a keto-enol equi-
librium of fully reduced isoalloxazine between N1H-C2=O
and N1=C2-OH forms, and (iii) an overlap of the vibra-
tional structure of higher-energy states that we did not
consider in our simulation.

For the emission of FLAH− and FLAH2, a reason-
able agreement is observed. For FLAH−, the experimen-
tal emission spectrum maximum is around 450 nm for
a W60F/Y98F flavodoxin mutant.[68] The wavelength of
this emission is very much dependent on the protein en-
vironment, and in the literature this emission has been
reported at 530 nm for the wild-type protein, similar to
FADH2.[69] Theoretical studies have shown that the protein-
flavin interactions and the hydrogen-bond network are fun-
damental to describe this wavelength.[50] This is however
beyond the scope of the present theoretical study.

Effect of substitutions. Isoalloxazine is an unstable molecule
in solution.[25] More stable forms of isoalloxazine are fre-
quently found, in which positions C7 and C8 are methy-
lated, the so-called 7,8-dimethylisoalloxazine or lumichrome.
In addition, R-substitutions on N10 are frequently found
to form lumiflavin (R=CH3) or riboflavin (R=ribitol). In
Fig. 4 we show the effect of these substitutions on the
vibrationally resolved absorption spectra for the fully ox-
idized form in ethanol compared to experimental values.
Overall, we can observe a good match between the vi-
brational structure of the theoretical and experimental
spectra. We observe that the methylation of positions 7
and 8 induces a red-shift of the absorption maxima.[25]
The origin of this red shift is probably due to the sigma
bond resonance effect (hyperconjugation) which induces
a bathochromic shift in conjugated systems.[70] Hydro-
gen bonding with the solvent or the ribitol in the case
of riboflavin can further explain the red-shift of the main
peaks. Irrespective of the form, we observe the typical vi-
brational progression for the two well-separated electronic
transitions corresponding to π2 → π∗

3 and π1 → π∗
3 transi-

tions respectively. Interestingly, the latter peak is formed
by the contribution of three electronic transitions, mainly
π1 → π∗

3 , with minor contributions from transitions from
lower π orbitals.

3.2. Redox potentials and acidity constants
The redox and acidity properties of flavin derivatives

have been a matter of intense study in the literature. [71,
72, 73, 74, 58, 75] Here, we compare the computed re-
duction and photo-reduction potentials (E0

calc) and acid-400

ity constants (pKa,calc) for the main flavins’ redox and
acid-base reactions depicted in Fig. 1. Usually, the re-
ported redox values in the literature correspond to the
one electron/one proton or two electron/two proton pro-
cesses. Here, we compare the redox processes against in-
dividual reactions obtained for riboflavin in dimethyl sul-
foxide. [71, 58]

The (photo)redox potentials are reported in Table 2.
Here, we use a ferrocene electrode as reference. The com-
parison of calculated reduction potential with other exper-
imental values with reference to standard hydrogen elec-
trode (absolute reduction potential = 4.24 V [76]) is given
in the Supporting Information. We recall the conven-
tion E0

calc > 0 for oxidizing agent, while E0
calc < 0 for

reducing agents. We first discuss the results for isoallox-
azine. Both oxidized form of FLA and the neutral semi-
quinone FLAH• are weakly reducing agent in their ground
states. The reduction potentials of FLA is -1.16 V, in line
with the experimental oxidation -1.21 V for 10-isopropyl-
isoalloxazine. The reduction potential for FLAH• -1.07
V, smaller than FLA. Flavins become a strong oxidizing
agent when excited. [77] Indeed, we find that both FLA
and FLAH• become strong oxidizing agents in the excited
state with a photoredox potential of +1.57 V and +1.1
V for FLA and FLAH• respectively. Oxidized flavins un-
dergo intersystem crossing upon photon absorption, lead-
ing to a certain amount of triplet state flavin. [78] The
photoredox potential from the triplet FLA gives +0.80 V,
a moderately high oxidizing agent but less strong than in
the singlet state. This effect is expected, due to the fact
that triplet states in neutral organic molecules are usually
more energetically stable than the singlet states. We have
also considered competing reduction reactions when the
N1 acidic site is protonated instead of N5 for the anionic
semi-quinone (FLAH’•). In this case, the ground state
reduction potential becomes -1.79 V, being thus a much
stronger reducing agent than FLAH• when N5 is proto-
nated. When excited, FLAH’∗• becomes a much weaker
oxidizing agent (0.03 V) than FLA∗ and FLAH∗•.

The variance of reduction potentials in the ground state
and excited state can be related to the change in elec-
tron affinities (Fig. 2). Indeed, in the ground state of
FLA, an electron has to be injected in the π3 orbital to
be reduced to FLA•−. The electron affinity (estimated
from the energy of the LUMO orbital) is -0.14 eV. Upon
FLA excitation, a π2 → π3 transition occurs. If the ex-
cited state is sufficiently long-lived, the electron will be
injected in the π2 orbital upon reduction of excited FLA.
The electron affinity of π2 orbital is about -0.24 eV, which
explains the stronger oxidizing capacity of FLA in the ex-
cited state. A very similar trend is observed for the case of
FLAH• →FLAH− reaction. For the neutral semi-quinone
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Figure 4: Comparison of experimental (black) and theoretical (red) absorption spectrum for isoalloxazine, 7,8-dimethylisoalloxazine, lumiflavin
and riboflavin in ethanol. The theoretical spectrum in red corresponds to the total spectrum of all excited states, while the grey dotted line
shows the contribution of a single state. All spectra has been normalized to the highest intensity peak in the range between 300 nm and
500 nm. The spectra of isoalloxazine, lumiflavin and riboflavin have been shifted 10, 35 and 35 nm respectively to match the experimental
spectral maximum. The experimental spectra for isoalloxazine (in water) has been taken from Ref. 25. The other experimental spectra were
recorded in ethanol. The 7,8-dimethylisoalloxazine was taken from Ref. 20 and lumiflavin and riboflavin from Ref. 19.

in the ground state, the electron has to be injected in the
π3 orbital, which leads to an estimate of the electron affin-
ity of -0.13 eV. Upon excitation, a π2 → π3 transition
occurs. Thus, similar to the case of FLA, the π2 orbital
becomes vacant, leading to an electron affinity of -0.23
eV. The small differences that are observed in the E0

calc

for FLA and FLAH• can be attributed to both the differ-
ence in ∆Gredox

gas and the solvation effect (see Supporting
Information).

The effect of 7,8-dimethyl substitutions and N10 sub-
stitutions on the redox potentials has been also a matter
of intense discussions in the literature. [79, 80, 72, 81] In
general, it has been concluded that the effect of methyl
substituents in the flavin ring has only a minor effect.
The redox potential for 7,8-dimethylisoalloxazine, lumi-
flavin and riboflavin are -1.29 V, -1.35 V and 1.33 V re-
spectively, close to the -1.16 V of isoalloxazine. A similar
trend is observed for FLAH•, with a potential of -1.16 V
for 7,8-dimethyl-isoalloxazine and -1.22 V for lumiflavin
and riboflavin, close to the -1.07 V of isoalloxazine. The
difference in the redox potentials due to substitutions can
be explained by the fact that electron donating groups like
the methyl groups stabilize slightly the radical species via
inductive effect. [80] Photoredox potentials in the excited
state are on average 0.20 V lower compared to isoallox-
azine, both for the singlet and triplet references. Overall,
we observe the same trend that they become strong oxi-
dizing agents in the excited state as isoalloxazine.

The acidity constants (pKa) are affected by the redox
state of flavin. Nitrogen centers N1, N3 and N5 can un-
dergo acid-base reactions. The computed pKa values of
the FLA and its reduced forms in the ground state are
shown in Table 2, including the pKa values for the usual
N5 acid-base reaction of FLA•−, and N1 acid-base reaction
for FLAH− for isoalloxazine, 7,8-dimethylisoalloxazine, lu-
miflavin and riboflavin. In addition, N1 protonation of
FLA•− to lead to FLAH’• and N5 protonation of FLAH’−

to lead to FLAH2 (for isoalloxazine only) are also shown.

The lower pKa value for the FLA•− than the FLAH− in-
dicates higher proton affinity of the earlier which is likely
because the proton affinity of the species decreases once it
is already protonated in one site.

The calculated isoalloxazine pKa values are 10.6 for
FLA•− and 10.5 for FLAH− indicates that these are weak
acids. A similar trend is observed for all the substituted
forms.The calculated lumiflavin pKa values are 12.6 for
FLA•− and 10.7 for FLAH− indicates that these are weak
acids. The experimental pKa value of FLA•− and FLAH−

500

in lumiflavin are 8.2 and 6.2 respectively, [82] therefore be-
ing stronger acids from what theoretical calculations pre-
dict. Still, the calculated values are in qualitative agree-
ment with the experiments, that is, they reproduce the fact
that FLAH− is a stronger acid than FLA•− in the usual
accuracy to which theory reproduce acidity constants. [59]
pKa values are very difficult to reproduce quantitatively
in calculations since they relate with the free energy with
an exponential scale. Therefore, a small difference in en-
ergy can change the pKa value by a large value. More
precisely, a 0.06 eV difference in energy can change the
pKa value by one unit. Therefore, while comparing the
experimental pKa with the theoretical one, normally the
qualitative trend is compared instead of quantitative val-
ues. In case of riboflavin, the calculated values could not
reproduce the right trend of the experimental pKa values.
[83, 17] It should be noted that a quantitative reproduc-
tion of pKa values from theoretical calculation possibly
requires to take explicit solvent effects into account, which
is beyond the scope of the present manuscript. [59, 84]

The pKa values for the alternative protonation reac-
tion, where N1 is protonated first, show significantly less
proton affinity (pKa=5.6). Therefore, FLAH’• is much
more acidic than FLAH•. Thus, FLAH’• can only be
formed when N5 position is blocked by a protecting group.
Once the N1 position is protonated, the proton affinity of
the FLAH’− increases drastically for the protonation of
N5.
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Table 2: Comparison of the (photo)reduction potentials E0 for reduction processes and acidity constants (pKa) of isoalloxazine and derivatives
in ethanol. The calculated values of this work (calc) were performed using def2-TZVPP basis set and B3LYP functional, and matched to
literature values (lit). FLAH’• and FLAH• correspond to the protonation to N1 and N5 positions, respectively with reference to ferrocene
electrode (absolute reduction potential = 4.89 V). 1(3)FLA* refers to the singlet (triplet) photo-excited state of fully oxidized flavin, and
FLAH and FLAH’ correspond to the protonation to N5 and N1 positions, respectively. E0 values are in Volts (V).

System Process E0
calc E0

lit Process pKcalc
a pKlit

a

Isoalloxazine FLA→FLA•− -1.16 -1.21(a) FLA•− →FLAH• 10.6
1FLA*→FLA•− 1.57 FLA•− →FLAH’• 5.6
3FLA*→FLA•− 0.80
FLAH• → FLAH− -1.07
FLAH•∗ → FLAH− 1.1 FLAH− → FLAH2 10.5
FLAH’• → FLAH’− -1.79 FLAH’− → FLAH2 27.2
FLAH’•∗ → FLAH’− 0.03

7,8-dimethylisoalloxazine FLA→FLA•− -1.29 FLA•− →FLAH• 11.6
1FLA*→FLA•− 1.38
3FLA*→FLA•− 0.52
FLAH• → FLAH− -1.16 FLAH− → FLAH2 10.6
FLAH•∗ → FLAH− 0.78

Lumiflavin FLA→FLA•− -1.35 FLA•− →FLAH• 12.6 8.2(b)
1FLA*→FLA•− 1.32
3FLA*→FLA•− 0.48
FLAH• → FLAH− -1.22 FLAH− → FLAH2 10.7 6.2(b)

FLAH•∗ → FLAH− 0.67

Riboflavin FLA→FLA•− -1.33
−1.25(c)(R)
−1.17(c)(O)

FLA•− →FLAH• 12.7 8.37(e)

1FLA*→FLA•− 1.34
3FLA*→FLA•− 0.49

FLAH• → FLAH− -1.22
−1.05(d)

−0.95(c)
FLAH− → FLAH2 13.02 6.7(e)

FLAH•∗ → FLAH− 0.65

Previous calculated and experimental values are taken from (a) Cyclic voltametry of 10-isopropyl-isoalloxazine obtained
in Ref. 82. (b)Experimental pKa values taken from Ref. 74 and references therein. (c) DFT calculations (PBE/DNP)
and fluorescence spectro-electrochemical analysis of Ref. 58, (d) cyclic Voltametry 75 analysis. R stands for reduction
and O for oxidation. (e)Experimental pKa values are taken from Refs. 17, 83.
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Figure 5: Structures for which we compute the electron affinities.
Structure 1 corresponds to lumiflavin, 1a is 10-methylisoalloxazine,
and 3 is uracil. The other compounds are either cuts of these three
rings and elimination or substitutions of heteroatoms.

3.3. Origin of the electron affinity of lumiflavin

The α-diimine bond is reduced to an ethene-1,2-diamine
bond upon accepting 2 electrons and 2 protons. It is widely
accepted that α-diimine bonds are good electron acceptors.
These diimines are frequently used as non-innocent ligands
in organometallic systems (where they are frequently re-
ferred as 1,4-diaza-1,3-dienes, DADs) and electron accep-
tors in donor-acceptor systems. [85, 86] However, it was
recently discussed by Patel et al. that the diimine group
is not enough to explain a strong electron affinity, showing
that substituents can decrease the electron acceptor capac-
ity or even make a diimine bond a bad electron acceptor.
Here, we determine the origin of the electron acceptor ca-
pacity of isoalloxazine, and the role of the three rings in
explaining its strong electron affinity. For this purpose,
we cut the lumiflavin ring in constituent rings, which in
addition we modify by eliminating heteroatoms or substi-
tuting them with carbon centers. The resulting structures
are shown in Figure 5.

We have computed first electron affinities (EA) and the
molecular orbital at the origin of this EA. For lumiflavin,
the EA is 1.903 eV, while isoalloxazine has an EA of 2.03
eV. The value of lumiflavin is in very good correspondence
with the experimental value of lumiflavin 1.86 eV. [68] This

implies a good electron attractor for both lumiflavin and
isoalloxazine. The methyl group of the o-xylene ring de-
crease the electron acceptor capacity of isoalloxazine by
0.127 eV. In order to determine the role of the constituent
rings, we eliminated first one of the three rings, either
the uracil-like ring (although keeping the α-diimine bond,
compound 2) or the o-xylene (compound 4). The EA of 2
is 0.505 eV, while the EA of 4 is 1.793 eV, thus close to the
lumiflavin EA. This shows that an α-diimine bond is not
enough for explaining a strong electron acceptor property
of flavins. Indeed, the uracil-like ring plays a direct role in
making isoalloxazine a good electron acceptor. This im-
plies that the heteroatoms present in the uracil-like ring
ensure a high electron affinity. This observation is fur-
ther confirmed when we compute the EA of the central
ring alone (2a, 0.137 eV), in contrast with the uracil-like
ring in which we keep the α-diimine bond (4a, 2.364 eV).
Clearly, the α-diimine bond is the electron acceptor, since
the uracil ring (3) has an electron affinity of 0.036 eV. This
value compares very well with the experimental findings,
which reported a value of 0.06 ± 0.03 eV electron affinity
for uracil. [87]

In order to determine the role of heteroatoms in influ-
encing electron affinity of isoalloxazine, we have performed
several variations of compound 4 and 4a by either substi-
tuting or eliminating heteroatoms in the uracil-like ring
(4-4f). The 4 has an EA of 1.794 eV, similar to that of
isoalloxazine. This implies that the o-xylene group has
only a minor effect on the EA of isoalloxazine. The 4a
ring, which corresponds to an uracil-like ring with a di-
imine bond has 2.364 eV. This is similar to the 4b (2.437
eV), 4c (2.639 eV) and 4d (2.295 eV), showing a strong
electron affinity. All these structure have in common that
they have strong electronegative oxygen atom and they are
planar. In contrast, 4e has an electron affinity of 0.271 eV.
In this case, the structure is not planar and no carbonyl
groups are present, leading to an electron affinity compa-
rable to 2a and 2. Finally, the structure 4f, which has an
carbonyl group but it is not planar, has an EA of 1.355
eV.

In summary, we can attribute a strong electron affinity
basically to the presence of an α-diimine bond and two
more conditions: (i) a planar ring to stabilize the central
double bond formed between the carbon atoms of the di-
imine bond, and (ii) the presence of electronegative oxygen
atoms that stabilizes the π orbitals and decreases the in-
teraction with delocalized Rydberg orbitals. The presence
of electronegative groups seems to be the more important600

factor to increase the electron affinity. This is seen for
example in 4f, which has a carbonyl group but is not pla-
nar, resulting in an EA of 1.355 eV. On the other hand,
2 and 2a are planar, but without strong electronegative
groups, resulting also in a positive EA of 0.505 and 0.127
eV respectively. When both the planarity and the elec-
tronegative atoms are present (4, 4a, 4b, 4c and 4d), a
strong negative electron affinity are observed.
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4. Conclusions

The present work provides the first systematic theoret-
ical study of the redox states of isoalloxazine in solution.
We have performed a simulation of the main photophysi-
cal properties: UV-visible spectroscopy, redox potentials,
acidity constants and electron affinities. In addition, we
have critically evaluated the effect of substitutions on the
main photophysical properties, by comparing isoalloxazine
to 7,8-dimethylisoalloxazine, lumiflavin and riboflavin.

We show that the π3 is the main orbital that explains
the photophysics of isoalloxazine. This is a π∗-type orbital
for the N5=C4a and C10a=N1 double bonds and a π orbital
for the C4a-C10a. Thus, upon reduction, the isoalloxazine
α-diimine bond formed by the atoms N5=C4a-C10a=N1,
which becomes an ethene-1,2-diamine HN5-C4a=C10a-N1H
when it is fully reduced. This type of bond is frequently
found in non-innocent ligands used in organometallic chem-
istry that can undergo a redox reaction by accepting elec-
trons from the metal. They are also used in donor acceptor
systems.

The π3 bond is the lowest unoccupied orbital for oxi-
dized form of FLA, a singly occupied orbital for the semi-
quinonic forms and the highest occupied orbital for the re-
duced forms. For the oxidized form and the semi-quinone
forms, the π2 → π3 transition is the transition with strongest
oscillator strength. In the case of FLA and FLA•−, this
transition is in the blue light region, while this transition is
a broad band in the green-red light region for FLAH•. For
FLAH− and FLAH2, this transition is forbidden due to
the two electrons occupying π3. Therefore, the only pos-
sible transition for these two forms is the π3 → π4 which
is much higher in energy, in the UV light region.

We have computed redox (photo)redox potentials and
acidity constants of isoalloxazine. For the reduction re-
actions of FLA and FLAH•, we find that they are weak
oxidizing agents in their ground states, but become strong
oxidizers in the excited state. In the case of FLA, the
triplet state photoredox potential is weaker than the sin-
glet state. The methylation of C7 and C8 decreases the
redox potentials by -0.1 to -0.2 V on average with respect
to isoalloxazine. However, the same trends are observed
as for the core chromophore. The reduced anionic forms
are acidic. We have confirmed that the N5 center becomes
more acidic that N1 upon the first reduction, due to the
electron distribution that debilitates the N5=C4a double
bond. In the second reduction step, the N1 centre also
becomes a strong acidic center.

Finally, we have computed the electron affinities of
isoalloxazine and lumiflavin, showing a good comparison
with experimental electron affinities. In order to determine
the origin of the electron affinity of lumiflavin, we have
performed a computation of electron affinities of smaller
parts forming the isoalloxazine ring. We show that the
α-diimine is fundamental to explain the electron affinity
of isoalloxazine. The o-xylene ring in addition to the α-
diimine does not show a strong electron affinity, whereas

the α-diimine with the uracil-like ring has a similar elec-
tron affinity than isoalloxazine. We rationalize that both
the planarity of the uracil rings and the electronegative
oxygen atoms are essential to localize the π orbitals and
avoid the mixture with Rydberg states, the latter factor
being the most important one.

To conclude, we have determined the main photophys-
ical properties of isoalloxazine chromophore, which are di-
rectly related to the existence of the α-diimine bond. The
present study can help in designing more efficient elec-
tron acceptor molecules based on diimine motifs and non-
innocent 1,4-diaza-1,3-dienes ligands.
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