
DOI: 10.1002/cphc.201402146

Probing Protonation Sites of Isolated Flavins Using IR
Spectroscopy: From Lumichrome to the Cofactor Flavin
Mononucleotide
Judith Langer,[a] Alan G�nther,[a] Sophie Seidenbecher,[a] Giel Berden,[b] Jos Oomens,[b, c] and
Otto Dopfer*[a]

1. Introduction

Flavins play an important role in many biochemical reactions
as cofactors in flavoproteins and as blue-light-sensitive units in
photoreceptors.[1–4] The most prominent flavins are lumiflavin
(LF), riboflavin (RF), flavin mononucleotide (FMN), and flavin
adenine dinucleotide (FAD). RF, also known as vitamin B2 or lac-
toflavin, is found in many different types of food. Deficiency of
this vitamin in humans causes growth retardation, skin disease,
and hair loss. Light-induced reactions of blue-light photorecep-
tors are controlled by photophysical and photochemical pro-
cesses of flavins, for example, FMN binding to light-oxygen-
voltage-sensing (LOV) domain in phototropin in the signaling
state.[5, 6] As versatile cofactors, FAD and FMN are further in-
volved in a variety of enzymatic reactions and are able to me-
diate one- or two-electron reactions.[7–9] For this purpose, fla-

vins can exist in three different oxidation states, namely the
oxidized, radical, and reduced forms.

All flavins contain a 7,8-dimethyl-substituted isoalloxazine
chromophore, which consists of benzene (I), pyrazine (II), and
pyrimidinedione (III) units with different functional groups (R)
at position N10 (Figure 1). LC (without N10 substituent) exists

Infrared spectra of the isolated protonated flavin molecules lu-
michrome, lumiflavin, riboflavin (vitamin B2), and the biological-
ly important cofactor flavin mononucleotide are measured in
the fingerprint region (600–1850 cm�1) by means of IR multi-
ple-photon dissociation (IRMPD) spectroscopy. Using density
functional theory calculations, the geometries, relative ener-
gies, and linear IR absorption spectra of several low-energy iso-
mers are calculated. Comparison of the calculated IR spectra
with the measured IRMPD spectra reveals that the N10 sub-
stituent on the isoalloxazine ring influences the protonation

site of the flavin. Lumichrome, with a hydrogen substituent, is
only stable as the N1-protonated tautomer and protonates at
N5 of the pyrazine ring. The presence of the ribityl unit in ribo-
flavin leads to protonation at N1 of the pyrimidinedione
moiety, and methyl substitution in lumiflavin stabilizes the tau-
tomer that is protonated at O2. In contrast, flavin mononucleo-
tide exists as both the O2- and N1-protonated tautomers. The
frequencies and relative intensities of the two C=O stretch vi-
brations in protonated flavins serve as reliable indicators for
their protonation site.

Figure 1. Structures of flavins considered in this study. They consist of a 7,8-
dimethylisoalloxazine skeleton and differ in the substituent R attached to
N10: a) R = H in lumichrome (LC and iso-LC), b) R = CH3 in lumiflavin (LF),
c) R = ribityl in riboflavin (RF), and d) R = ribophosphate in flavin mononucle-
otide (FMN). LC occurs in two tautomeric forms, namely alloxazine (LC) or
isoalloxazine (iso-LC). The numbering of the aromatic system conforms to
IUPAC, and the Greek letter notation in the ribityl side chain of RF is used to
discriminate possible conformers.
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in two tautomeric forms (Figure 1 a), namely alloxazine (LC,
protonated at N1) and isoalloxazine (iso-LC, protonated at
N10). The thermodynamically stable alloxazine form can tauto-
merize to the metastable isoalloxazine by proton transfer in
the excited state.[10–12] LF does not tautomerize in this way, due
to the presence of the methyl substituent at N10, which stabil-
izes the isoalloxazine form (Figure 1 b). In RF and FMN, the
methyl group is replaced by ribityl and ribophosphate, respec-
tively (Figure 1 c and d). Both compounds are not photostable
and exposure to light leads to their decay into LF and LC as
photoproducts. The aromatic ring structure of flavins is
planar[13–17] in the oxidized state and usually bent about the
N5–N10 axis in the reduced state.[18, 19] Calculations suggest
that the bending is not a result of steric hindrance but of elec-
tronic preferences.[20] Therefore, the bending angle regulates
the delocalized electron density in the ring system[21] and thus
the redox properties of flavins. The redox chemistry is basically
restricted to the chromophore but the reaction equilibria
depend on the substituent R, which strongly affects the elec-
tronic structure of the flavin.

In order to understand the relation between structure and
reactivity of flavins and flavoproteins, extensive spectroscopic
studies on dynamics, electronic structure, and vibrational prop-
erties have been performed in solution and solid pellets by
means of NMR spectroscopy,[22] ESR spectroscopy,[23] optical dy-
namic discrimination,[24] UV absorption and fluorescence spec-
troscopy,[25–27] Stark spectroscopy,[28] ultrafast-IR spectrosco-
py,[29–31] Raman spectroscopy,[32, 33] and far-IR spectroscopy.[34]

Environmental factors, such as solvation (solvatochromism),[35]

pH, polarity, buffer, and ionic strength can affect the geometri-
cal, vibrational, and electronic structure, and consequently the
reactivity of flavins, resulting in energy shifts of electronically
excited states, lifetime changes, and the stabilization of differ-
ent redox and protonation states.[3]

The flavin redox potential can be modulated by modifica-
tion of the solvent (protic or aprotic) or by specific binding to
a protein site. In addition, subtle fine-tuning of the redox po-
tential range occurs through the formation of different types
of H-bonds,[36] p-stacking interactions with the flavin nu-
cleus,[37] and conformational changes.[38] The flavin chromo-
phore offers five positions that can be involved in H-bonding,
namely N1, N5, N3, C2=O, and C4=O. In this respect, the car-
bonyl groups
C2=O and C4=O play a crucial role as electron donors. An em-
pirical linear relationship between the C=O stretch frequency
(nC=O) and the C=O bond length (RC=O),[39] as well as a correla-
tion between the C=O stretch frequency shift DnC=O and the
H-bond enthalpy DH, has been determined.[40–42] H-bonding to
C4=O lowers the energy of the LUMO orbital resulting in acti-
vation of a hydride transfer to the N5 position.[43] Kim and
Carey observed a blueshift of the C4=O stretch vibration in RF
bound to a protein compared to the free species in aqueous
solution.[44] They concluded that the H-bond between C4=O
and the protein residue is weaker than that between C4=O
and water molecules of the solvent. Furthermore, Hazegawa
et al. found a linear relationship between the increase of RC4=O

and the enhancement of electron density at C4 by correlating

the Raman frequency redshift of the C4=O stretch mode with
the chemical shift of the 13C NMR signal upon H-bonding for
several free flavins in solution and those bound to flavopro-
teins.[19] They assumed that the H-bond enhances the electro-
philic character of the neighboring N5 position.

In previous studies, the theoretical treatment of isolated
flavin molecules has not always properly reproduced the avail-
able experimental data in solution or solid state due to the ne-
glect of environmental effects. At the same time, much effort
has been made to adapt theoretical concepts for isolated mol-
ecules to solvated species in order to interpret more accurately
the spectroscopic results, for example, as a function of the die-
lectric constant of the solvent.[45, 46] A recent calculation of IR
spectra of flavins in aqueous solution using a combination of
density functional theory (DFT) with molecular mechanics pre-
dicts large DnC2 = O and DnC4 = O shifts of about 50 cm�1, inhomo-
geneous vibrational band broadening, and intensity
changes.[47] The latter effect can be explained by the increase
of the C=O dipole moments upon water solvation.

Depending on the pH value of the solvent, flavins can
appear in the anionic (deprotonated), neutral, or cationic (pro-
tonated) state.[48, 49] Significant shifts of the absorption wave-
length and changes of fluorescence quantum yields indicate
that (de)protonation of the ring system also strongly influences
the electronic properties.[50] Zheng and Ornstein investigated
theoretically the three oxidation states of LF molecules in their
available protonation states using the Hartree–Fock (HF)
method.[13] They found that the oxidized form exhibits a planar
structure due to electron delocalization over the three rings. In
addition, the planarity is independent of the protonation state,
H-bonding, protein environment, and crystal packing forces.[13]

The N5 position can principally act as an electrophilic[21] or nu-
cleophilic site, can be protonated, or can form an H-bond with
donor groups of the protein or solvents. Two isomers of pro-
tonated LF[13] were considered. The first one is protonated at
N1 and the second one at N5. The N1-protonated species is
energetically favored by 79 kJ mol�1 and has a slightly pyrami-
dal N1 center. In contrast, the N5 center is planar in the N5-
protonated species. In order to classify flavoproteins, Wouters
et al. determined the geometry, charge distribution, and
HOMO–LUMO topologies of protonated flavins in different
redox states using the HF/3-21G level of theory.[51] They con-
cluded that a larger electron delocalization, as demonstrated
by a smaller bond length alternation upon protonation, as well
as a larger basicity associated with a more negative charge,
can explain the favorable protonation at N1 with respect to N5
and also the unusual electrophilic affinity of N5 when LF is pro-
tonated at N1. On the other hand, Meyer et al. have used
semi-empirical and ab initio methods [HF and second-order
Møller–Plesset electron correlation theory (MP2)] to predict the
relative energies of oxidation and protonation states.[52] They
found that the O2-protonated tautomer is more stable than
the N1 species in the gas phase. By applying self-consistent re-
action field (SCRF) calculations, the authors also demonstrated
that the energy gap between O2- and N1-protonated tauto-
mers becomes much smaller when the molecule is embedded
in a polar medium.
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In order to understand the influence of the environment on
the structure and stabilization of flavins at a molecular level, it
is necessary to study experimentally the intrinsic structure and
reactivity of isolated flavin molecules in different protonation
states. The only available spectroscopic study of flavins in the
gas phase deals with two-color pump-probe UV photodissocia-
tion (UVPD) of protonated FMN.[53] The authors observed that
UVPD of protonated FMN leads to decomposition into proton-
ated LC and LF, while the collision-induced process shows
completely different dissociation channels, namely the loss of
H2O and H3PO4. The branching ratio between protonated LC
and LF changes significantly when an IR probe pulse is applied
after electronic excitation. To identify the intrinsic structure of
isolated molecules, IRMPD spectra of mass-selected ions gener-
ated in an electrospray ionization (ESI) source can be mea-
sured, which, in combination with theoretical calculations,
allow the isomeric structures to be determined. In the past
decade, this approach has extensively been applied for the in-
vestigation of the structures (including low-energy conformers)
of a variety of biomolecular ions, for example, DNA mononu-
cleotides, DNA bases, amino acids, peptides, drugs and drug-
receptor molecules.[54–61] As a proof-of-concept for the class of
flavins, we report here the first IRMPD spectra of protonated
LC, LF, RF and FMN combined with the computational analysis
of different isomers including conformers. In order to discuss
the effect of protonation on the geometry, vibrational struc-
ture, and energetics, we also compare the calculated spectra
of the neutral and the corresponding protonated species. This
study represents the starting point for exploring the geometric
and electronic structure of flavin ions in radical and reduced
states using the IRMPD technique.

2. Results and Discussion

Below, we compare the experimental IRMPD spectra with our
DFT results. The heterocyclic ring system contains basic centers
in the pyrazine (II) and pyrimidinedione (III) rings and the fla-
vins can be protonated at these positions depending on the
corresponding proton affinities. In order to discuss the effect
of protonation on the structure of the flavins, we calculated
the energies, structures, and corresponding harmonic vibra-
tional frequencies of the neutral and possible prototropic iso-
mers. We abbreviate the neutral flavin as Fl and the corre-
sponding protonated form as H+Fl where Fl = LC, LF, RF, and
FMN. A specific isomer is denoted in the form H+Fl@XY, where
X refers to the protonated element (N or O) and Y to the posi-
tion of X according to the numbering given in Figure 1 c. In
case of O-protonated forms, the notation + or � indicates the
orientation of the H atom with respect to N3�H. When the
H atom points away from N3�H, it is assigned as OY + , where-
as the opposite configuration will be denoted as OY�. Flavins
can principally undergo lactam–lactim tautomerism. The lactim
tautomer is characterized by the migration of the proton at N3
to one of the C=O groups. Protonation of the lactim can then
lead to the formation of two OH functional groups. In this
case, we use the notation H+Fl@OH. The signs + or � denote
the orientation of the O2�H (first sign) and O4�H (second

sign) following the same rule as described above. In practice,
the +� conformation depicts a counterclockwise orientation
of the H atoms, while in + + forms both H atoms point to the
far side of N3.

The reported energies of individual isomers are relative
Gibbs free energies at 298 K, Grel. The energetically lowest-lying
isomer found in our calculations is set at Grel = 0. Carbon-pro-
tonated species are not included in this analysis because of
their expected high Grel.

[62, 63] This assumption is supported by
our exemplary calculation of H+LF@C9, which yielded Grel =

163 kJ mol�1.
The presence of methyl groups attached to the chromo-

phore can lead to the existence of energetically low-lying con-
formers separated by low rotational barriers. In our structural
search we considered the presence of conformers caused by
the rotation of the methyl group around the C8–CH3 axis with
respect to the C7 methyl group. Using LF as a reference mole-
cule, the energies have been calculated by a 1208 rotational
scan of the C8 methyl group. The analysis revealed that the
eclipsed conformation of both methyl groups is energetically
favored by 56 kJ mol�1. Furthermore, vibrational analysis of the
staggered conformer yielded one imaginary frequency for the
torsional vibration of the C8 methyl group. This result indicates
that the conformer with staggered orientation represents
a transition state. Therefore, for all other compounds and their
isomers, we considered only the eclipsed conformation with-
out further verification. We also verified the existence of con-
formers in LF caused by methyl group rotation about the
N10�Ca bond. Here, the staggered conformations with respect
to the C8 methyl group are energetically favored and separat-
ed by a rotational barrier of 60 kJ mol�1.

In the cases of RF and FMN, the number of potential low-
energy rotamers increases drastically due to internal rotations
of single bonds within the ribityl and ribophosphate side
chains. Therefore, an individual conformational search for the
lowest lying protonation states of both molecules was per-
formed. The energetically low-lying conformations are classi-
fied by the orientation of the ribityl methylene group (CaH2) di-
rectly linked to the chromophore and by the formation of in-
tramolecular H-bonds to the pyrimidinedione moiety (or inter-
nal H-bonds within the side chain). According to the methyl-
ene orientation, two stable conformers can be found. In
conformer 1, the two H atoms are above the molecular plane
(and the ribityl residue is below), whereas in conformer 2, the
methylene H atoms point to the opposite side. In both confor-
mations, the remainder of the ribityl and ribophosphate resi-
dues can adopt different orientations by forming single or mul-
tiple H-bonds to the chromophore via Cb�OH, Cg�OH, Cd�OH,
Ce�OH, P=O, and P�OH groups. In our nomenclature, to distin-
guish different structures of the first class of conformers we
use Greek letters to indicate which ribityl OH group forms an
H-bond with the pyrimidinedione moiety. When P�OH or P=O
of the phosphate is involved in H-bonding we designate this
with P or PO, respectively.

Comparison of the IRMPD spectrum with the theoretical IR
spectra must take into account that the theoretical spectrum is
linear, whereas the experiment relies on multiple-photon pro-
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cesses which might introduce deviations from linearity. As
a consequence of variations in anharmonic coupling or shifting
and the resulting differences in multiple-photon excitation effi-
ciencies, the calculated relative intensities and frequencies of
certain vibrational bands might occasionally deviate slightly
from the IRMPD data.[64]

2.1. Protonated Lumichrome

H+LC with mass m = 243 u dissociates by IR multiple-photon
absorption into three daughter ions with m = 200, 198 and
172 u, which correspond to the formal loss of OCNH, CO + NH3

or HCN + H2O, and OCNH + CO, respectively. The depletion
spectrum of the H+LC parent ion agrees well with the appear-
ance spectra of all daughter ions, indicating parallel rather
than sequential photodissociation into the individual frag-
ments (Figure S1 in the Supporting Information). The resulting
IRMPD spectrum (Figure 2 a) is dominated by intense IR bands
at 1810 (A), 1745 (B), 1520 (D) and 1370 cm�1(F) and lower-in-
tensity bands at 1610 (C), 1450 (E), 1320 (G), and 1260 cm�1

(H), whereas the weakest features are observed at 880 (J) and
740 cm�1 (K).

We calculated all prototropic isomers of H+LC arising from
protonation of the five most basic centers of the alloxazine
ring including lactim tautomers. Up to an energy of

72 kJ mol�1 we found seven different isomers (Figures 2 and
S2). The most stable form (also denoted as ground state) is the
N5-protonated species H+LC@N5, followed by O4-protonated
(also denoted as first excited state[54]) H+LC@O4 + (Grel =

21.2 kJ mol�1) and the N10-protonated second excited state
H+LC@N10 (Grel = 29.9 kJ mol�1). The latter can also be consid-
ered as N1-protonated iso-LC. The O-protonated isomers
H+LC@O4�, H+LC@O2�, H+LC@O2 + , and its tautomer
H+LC@OH + + are energetically less favored, with Grel = 58.9,
68.8, 70.9, and 71.7 kJ mol�1, respectively. The large stabiliza-
tion of 37.7 kJ mol�1 for H+LC@O4 + over the corresponding
H+LC@O4� isomer can be explained by the additional interac-
tion of the N5 lone pair with the additional proton at O4.

To identify the structure of the experimentally observed
H+LC isomer(s), the IRMPD spectrum was compared with the
calculated linear IR spectra of the seven isomers considered
(Figure S3). The IR spectra of the three most stable isomers are
plotted in Figure 2 b–d above the experimental spectrum (Fig-
ure 2 a). The spectrum calculated for the H+LC@N5 ground-
state isomer reproduces essentially all experimental vibrational
features in terms of both the band positions and relative IR in-
tensities. The spectrum calculated for the first excited isomer
H+LC@O4 + matches only the bands D, F, G and K of the
IRMPD spectrum, whereas bands A and E are blueshifted, and
band B is absent. In addition, intense bands at 1635, 1580, 705
and 620 cm�1 in the calculated spectrum are not observed in
the experimental spectrum, strongly indicating that this isomer
does not contribute to the IRMPD spectrum. The spectrum of
the second excited H+LC@N10 isomer shows agreement only
for the experimental bands A, C and E, whereas D and F are
absent and B appears at too high a frequency. Moreover, the
vibrations near 1200 cm�1 are not present in the IRMPD spec-
trum. For the even less-stable isomers, the calculations also do
not agree with experiment (Figure S3). Thus, contributions of
isomers other than the most stable to the IRMPD spectrum are
concluded to be minor.

According to the calculations, band A corresponds to the
C2=O stretch vibration nC2 = O and B to nC4 = O of H+LC@N5. Both
vibrations are largely decoupled and show significantly differ-
ent IR intensities in which the C2=O vibration is approximately
twice as strong as the C4=O mode. The experimental frequen-
cy splitting, nC2=O�nC4=O =Dns,exp = 65 cm�1, agrees well with
the corresponding calculated value of Dns,th = 61 cm�1. Com-
parison of this value with the splitting predicted for
H+LC@N10, Dns,th = 30 cm�1, demonstrates the large influence
of the protonation site on the C4=O stretch frequency shift
DnC4 = O. A more detailed vibrational assignment of the ob-
served bands (A–K) is given in Table S1.

2.2. Protonated Lumiflavin

The parent ion H+LF (m = 257 u) decomposes by IRMPD into
five different fragment ions (m = 214, 186, 171, 159, and 145 u).
The fragment ion with m = 214 u also shows strong depletion
features, for example near 1580 and 1220 cm�1, indicating se-
quential decay into the four remaining and competing frag-
ment channels upon secondary IR absorption processes of this

Figure 2. IRMPD spectrum of H+LC (a) compared with linear IR spectra cal-
culated at the B3LYP/cc-pVDZ level for the three most stable isomers—
H+LC@N5 (b), H+LC@O4 + (c), and H+LC@N10 (d). The theoretical stick
spectra are scaled with 0.965 and convoluted with a 20 cm�1 FWHM contour.
Peak positions in the IRMPD spectra (A–K) with their assignments are listed
in Table S1. The spectra at lower frequencies are expanded by the indicated
factors. The corresponding structures and relative Gibbs free energies
[kJ mol�1] are also shown.
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primary fragment ion (Figure S4). The m = 214 u channel corre-
sponds to the formal loss of OCNH (or CO + CH3), which is fol-
lowed by further ring fragmentation arising from loss of CO
(m = 186 u), OCNH/CO + CH3 (m = 171 u), CO + HCN (m =

159 u), and CO + CH3CN (m = 145 u). The resulting IRMPD spec-
trum of H+LF in Figure 3 a differs significantly from that of
H+LC. The most intense vibrational bands are located at 1580
(C) and 1540 cm�1 (D), less intense vibrations at 1790 (B), 1490,
1340, 1230, and 1160 cm�1 (E–H), and weaker transitions at
1060 (J) and 840 cm�1 (K).

Guided by the H+LC results, we have identified eight differ-
ent H+LF isomers up to an energy of 65 kJ mol�1 (Figures 3
and S5). Methylation of the N10 position changes the energet-
ic order for the H+LF isomers with respect to those of H+LC.
In agreement with Meyer et al. ,[52] our calculations predict the
O2-protonated tautomer H+LF@O2 + to be the most stable
isomer in the gas phase followed by the N1-protonated isomer
H+LF@N1 with Grel = 10.6 kJ mol�1. This energy difference
agrees reasonably well with the value of 14 kJ mol�1 obtained
by semi-empirical and ab initio methods by Meyer et al.[52]

Indeed, their single-point MP2 calculations showed that the
energy gap between both tautomers significantly decreases,
but the energetic order is preserved. However, protonation at

N1 is experimentally observed in acidic solution,[49] and the
crystal structure analysis of 10-methylisoalloxazine hydrobro-
mide dihydrate reveals a proton bound to N1.[14] These experi-
mental results are supported by the SCRF calculations based
on the Onsager model proposed by Meyer et al.[52] To mimic
the effect of water on the stability of the O2- and N1-protonat-
ed tautomers, the authors applied a polar medium with a rela-
tive permittivity e= 80. Under these conditions, the N1 proton
becomes considerably more stabilized than the O2 proton, in-
dicating that the preferred protonation site shifts from O2 to
N1 in solution. At higher energy, we find the tautomer
H+LF@OH +�, the second O2-protonated isomer H+LF@O2�,
the next tautomer H+LF@OH + + , and H+LF@O4 + , with Grel =

24.2, 25.1, 29.7, and 34.4 kJ mol�1, respectively. In contrast to
H+LC, the N5-protonated species H+LF@N5 is relatively unsta-
ble with Grel = 48.6 kJ mol�1.

Previously, several authors have considered only the proto-
nation of N1 and N5. Our calculation yields an energetic differ-
ence of 38 kJ mol�1 between both isomers, which is about half
Zheng’s value[13] but close to the value of 42 kJ mol�1 calculat-
ed at the B3LYP/TZVP level by Salzmann and Marian.[65] They
explain the preferred N1-protonation with the p-electron
density in the doubly occupied pH molecular orbital, which
exhibits high electron density at N1 and a node at N5.
The second O4-protonated isomer H+LF@O4� is found at
Grel = 64.2 kJ mol�1.

Figure 3 shows a comparison of the IRMPD spectrum to the
calculated IR spectra of the three most stable H+LF isomers,
namely H+LF@O2 + , H+LF@N1, and H+LF@OH +�. Clearly,
only the spectrum for the ground-state H+LF@O2 + (Fig-
ure 3 b) agrees well with the experimental spectrum. All vibra-
tional band positions in the IRMPD spectrum are reproduced
by the calculation (see Table S2 for a detailed assignment). The
strongest evidence for the presence of H+LF@O2 + is the ob-
servation of only one of the initial two nC=O vibrations. The low
intensity indicates that this band is correlated with nC4 = O

which is labeled B. The formation of the OH group upon O2
protonation leads to a drastic IR absorption enhancement of
the ring N1�C2 (C) and N1�C10a stretch vibrations (D), both of
which are coupled with the angular deformation of the C2�O�
H bond. These characteristic vibrational features are only re-
produced by the O2 + tautomer. There is no obvious evidence
for the coexistence of the energetically close-lying H+LF@N1
isomer. Weak arguments for the minor presence of H+LF@N1
include the relative intensities of the bands C and D and the
relatively high intensity of band G, which are not perfectly re-
produced by the spectrum calculated for H+LF@O2 + . Howev-
er, the clear absence of the strongest H+LF@N1 absorption
arising from its nC2 = O mode at 1801 cm�1 in the experimental
spectrum provides a strong argument against any abundance
of H+LF@N1. Similarly, the second tautomer H+LF@OH +� can
be directly excluded because its calculated spectrum is com-
pletely different from the experimental one. The same conclu-
sion holds for the other five isomers that are higher in energy
(Figure S6).

Figure 3. IRMPD spectrum of H+LF (a) compared with linear IR spectra of
the most stable isomers—H+LF@O2 + (b), H+LF@N1 (c), and H+LF@OH +�
(d) calculated at the B3LYP/cc-pVDZ level of theory. The theoretical stick
spectra are scaled with 0.965 and convoluted with a 20 cm�1 FWHM contour.
Peak positions in the IRMPD spectra (B–K) with their assignments are listed
in Table S2. The spectra at lower frequencies are expanded by the indicated
factors. The corresponding structures and relative Gibbs free energies
[kJ mol�1] are also presented.
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2.3. Protonated Riboflavin

The H+RF parent ion (m = 377 u) undergoes IRMPD into three
fragment ions with m = 243, 198 and 172 u (Figure S7). The
dominant dissociation channel arises from the loss of the ribi-
tyl moiety, which leads to the formation of H+LC (m = 243 u)
with approx. 30 % of the total parent depletion signal. The
other two channels (m = 198 and 172 u) are comparatively
weak, and their action spectra differ from the main m = 243 u
channel. Moreover, the same two fragmentation channels have
also been observed upon IRMPD of bare H+LC identified as
H+LC@N5. Except for the C=O stretch region around
1780 cm�1 and a comparatively too strong signal at 1160 cm�1

we find reasonable agreement of the signal positions in the
fragment spectra of m = 198 and 172 u from bare H+LC and
H+RF (Figure S8). This observation strongly indicates that the
primary
H+LC product formed upon IRMPD of H+RF dissociates by sec-
ondary IR absorption into the smaller fragment ions. Moreover,
this assumption is clearly supported by the fact that the vibra-
tional band near 1050 cm�1 (I)—related to the excitation of the
Cb�Cg stretch and Cg�O�H deformation of the ribityl unit ob-
served in the H+LC channel (m = 243 u)—is absent in the spec-
tra of the secondary 198/172 u fragment ions.

The IRMPD spectrum of H+RF in Figure 4 a shows the most
intense transitions around 1795 (A), 1770 (B), and 1600 cm�1

(C). Strong absorptions are also observed around 1330, 1260,
1220, and 1160 cm�1 (E–H), whereas much weaker bands
appear around 1500 (D), 1050, 850, and 750 cm�1 (I–K).

Guided by the H+LF results and HF calculations, we per-
formed calculations for H+RF isomers with protonation at N1
and O2, with different low-energy ribityl conformations. For N1
protonation, we found four conformers of class 1 and three of
class 2 below 32 kJ mol�1. Their different chain conformations
allow for the formation of H-bonds between different ribityl
hydroxyl groups and the N1 proton (Figure S9). The lengths of
the H-bonds for the individual low-energy conformers are
given in Table S3. In the ground-state H+RF-1b@N1 isomer, the
intramolecular NH···O H-bond is formed between N1�H and
Cb�O(H). The first excited conformer H+RF-2g@N1 at
7.0 kJ mol�1 is obtained by rotating the entire chain about the
N10–Ca axis by 1808. In this case, the NH···O H-bond is formed
between Cg�O(H) and the N1�H proton. The corresponding
conformer 1, H+RF�1g@N1, lies 5.8 kJ mol�1 higher in energy
than conformer 2. This difference can be explained by less effi-
cient intramolecular interactions between hydroxyl groups
within the ribityl residue for the H+RF-2g@N1 conformation.
The second and third excited H+RF isomers, H+RF-2(1)d@N1,
are the N1-protonated conformers 2 and 1 with an NH···O H-
bond between N1�H and Cd�O(H), which are energetically
separated by only 0.1 kJ mol�1. The fifth low-energy isomer, H+

RF-2e@N1 at 17.3 kJ mol�1, corresponds to conformer 2 stabi-
lized by NH···O H-bonding between Ce�O(H) and N1�H.
14.4 kJ mol�1 higher in energy, we find the corresponding con-
former 1, H+RF�1e@N1. The lowest-energy O2 tautomer, H+

RF-2@O2, lies 26.2 kJ mol�1 above the ground-state conforma-
tion and does not form an H-bond to the chromophore. Al-

though the majority of the N1-protonated isomers are close in
energy, they are well separated by high internal rotation barri-
ers on the order of 100 kJ mol�1, arising from breaking intramo-
lecular H-bonds. For example, the barrier between H+RF-
1b@N1 and H+RF-2g@N1 is calculated as 103 kJ mol�1 at the
HF/6-31G level. Due to these large barriers, interconversion be-
tween these conformers in the gas phase at room temperature
is not feasible. However, solvation might substantially affect
their relative energies and isomerization barriers.

Figure 4 shows a comparison of the IRMPD spectrum of
H+RF (Figure 4 a) to the spectra calculated for the three most
stable N1-protonated isomers, H+RF-1b@N1, H+RF-2g@N1 and
H+RF-2d@N1 (Figure 4 b–d, respectively), as well as the most
stable O2-protonated isomer, H+RF-2@O2 + (Figure 4 e). IR
spectra of all low-energy H+RF conformers considered are
shown in Figure S10. Significantly, the IR spectra of the N1-pro-
tonated conformers are similar but clearly different from that
of the O2-protonated isomer. In general, the calculated IR
spectra of the N1-protonated conformers agree well with the
IRMPD spectrum. In the experimental spectrum, two different
C=O stretch vibrations with almost the same high intensity
appear around 1795 (A) and 1770 cm�1 (B), which immediately
excludes an assignment to any (single) O2-protonated isomer.

Figure 4. IRMPD spectrum of H+RF (a) compared with theoretical linear IR
spectrum of the most stable isomers—H+RF-1b@N1 (b), the conformer
H+RF-2g@N1 (c), H+RF-2d@N1 (d), and H+RF-2@O2 + (e). The theoretical
stick spectra are scaled with 0.965 and convoluted with a 20 cm�1 FWHM
contour. Peak positions in the IRMPD spectrum (A–K) with assignments are
listed in Table S4. The spectra at lower frequencies are expanded by the indi-
cated factors. The corresponding structures and relative Gibbs free energies
[kJ mol�1] are also presented.
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The individual C=O frequencies (as well as further modes), in-
tensity ratios and frequency splittings Dns,th of the different N1-
protonated conformers show subtle variations (Figures 4 and
S10). Depending on the intramolecular bond between the side
chain and the N1 proton, the C2=O frequency ranges from
1751 in H+RF-2e@N1 to 1783 cm�1 in H+RF�1e@N1, Dns,th lies
between �10 and 26 cm�1, and the C2=O/C4=O intensity ratio
changes from 1 to a maximum of 1.5. Unfortunately, the exper-
imental resolution is insufficient to unambiguously distinguish
between these spectral differences. Similar conclusions apply
to the other parts of the recorded spectrum. Regarding the
peak positions, the best agreement between calculation and
experiment is obtained for the most stable and the first excit-
ed isomer. We therefore assume that both H+RF-1b@N1 and
H+RF-2g@N1 dominate the IRMPD spectrum with possible
contributions from the higher-energy conformer. A list of peak
positions of the IRMPD spectrum with vibrational assignments
is available in Table S4.

2.4. Protonated Flavin Mononucleotide

H+FMN (m = 457 u) is the most complex flavin molecule con-
sidered in this study. It shows a complex fragmentation pattern
of the side chain upon IRMPD, while the aromatic chromo-
phore does not decompose. We identified three main photo-
products with m = 421, 359, and 341 u, corresponding to the
formal loss of two H2O molecules, phosphoric acid (H3PO4),
and H2O + H3PO4, respectively. The loss of H2O and H3PO4 was
observed in a recent collision-induced dissociation study,
whereas the fragmentation into H+LC only occurred at an exci-
tation wavelength of 435 nm through UVPD.[53] This result sup-
ports the suggestion that the randomization of the introduced
energy by collision or IR multiple-photon absorption and the
dissociation dynamics of both processes in the ground elec-
tronic state are similar. Only at high photon flux, was the for-
mation of H+LC (m = 243 u), corresponding to the loss of the
entire ribophosphate group CH2�(CHOH)3�OP=O(OH)2, ob-
served as an IRMPD process.

The IRMPD spectrum of H+FMN recorded under low laser
flux conditions (Figure 5 a) shows intense vibrational features
at 1780, 1590, 1540 (A–D), 1260 (F) and 1220 cm�1 (G), whereas
slightly less-intense transitions were observed at 1340 (E),
1160, 1060, 1020, and 930 cm�1 (H–K).

Guided by the results of H+LF and HF calculations, we con-
sidered only N1- and O2-protonated isomers. The phosphate
group in the side chain of H+FMN increases conformer flexibili-
ty and therefore the number of potential low-energy conform-
ers. Indeed, according to our calculations (at least) 12 conform-
ers exist up to an energy of 25 kJ mol�1. Five conformers are
protonated at N1, seven at O2, and only three belong to con-
former class 1, whereas nine are part of class 2 (Figure S11).
The calculation predicts the O2-protonated conformer
1PO-1@O2 + stabilized by three H-bonds in the ground state.
In this case, the P=O group is the acceptor for two bifurcated
H-bonds with the donors O2�H and CgO�H, and a third H-
bond is formed by the OH groups at Cb and Cd. Also, the next
four excited conformers of H+FMN are protonated at O2 and

H-bonds are formed between P=O and the O2�H proton. The
first conformer in this series is 2PO-2@O2 + , which belongs to
class 2 and lies only 0.2 kJ mol�1 above the most stable isomer.
In this isomer, the ribophosphate can adopt a conformation in
which the P=O group is located in the molecular plane and in-
teracts with the proton at O2. Such a small energy difference
calculated at the B3LYP/cc-pVDZ level might not reflect the
correct energetic order. More reliable results can be achieved
by comparing the single-point energies calculated at the MP2
level.[66] In fact, the MP2/cc-pVDZ calculation reverses the order
for both H+FMN isomers. According to that calculation, 2PO-
2@O2 + is the ground-state conformer, stabilized by
2.1 kJ mol�1 with respect to 1PO-1@O2 + .

The second excited isomer, 2PO-1@O2 + , corresponds to
conformer 2 of the ground-state isomer. The free energy differ-
ence between conformers 1 and 2 of 5.3 kJ mol�1 can be ex-
plained by the absence of the CbOH···OCg H-bond which is not
possible in conformer 2. Similar behavior is found by compar-
ing conformers 2 and 1 of the first excited isomer. The higher
excited conformation, 1PO-2@O2 + , does not facilitate an ef-
fective interaction between the OH groups within the ribo-
phosphate as in the lower-lying 2PO-2@O2 + isomer, although
the PO···HO2 bond becomes shorter. For this conformer pair,

Figure 5. IRMPD spectrum of H+FMN (a) compared with theoretical linear IR
spectra of the low-energy conformers—1PO-1@O2 + (b), 2PO-1@O2 + (c),
2PO-2@O2 + (d), 1PO-2@O2 + (e), 2PO-3@O2 + (f) and 1d@N1 (g). The fre-
quencies are scaled with 0.965 and the line spectrum convoluted with
a 20 cm�1 FWHM contour. Peak positions in the IRMPD spectrum (A–K) with
their assignments are listed in Table S6. The corresponding structures and
relative Gibbs free energies [kJ mol�1] are also presented.
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almost the same energy difference is calculated (5.2 kJ mol�1).
The conformation 2PO-3@O2 + is a variant in which the
oxygen of the phosphate ester points to the chromophore and
defines the P=O···H angle which is 1408. This conformer can be
transformed in conformation 2PO-4@O2 + via rotation around
the Cg-Ce bond lifting the phosphate ester oxygen and locating
the P=O group at a P=O···H angle close to 1808. In this confor-
mation, the lone pairs of the phosphate oxygens approach
each other more closely than in the 2PO-4@O2 + conformer,
leading to an energy increase.

The most stable N1-protonated isomer, 1d@N1, lies
13.4 kJ mol�1 above the ground-state isomer. In this ion, the ri-
bophosphate adopts a conformation in which the OH group at
Cd interacts with the N1 proton and one of the P�OH groups.
The second N1-protonated conformer, 2d@N1, lies 5.2 kJ mol�1

higher in energy compared to the first N1-protonated isomer.
The conformation of the 2d isomer facilitates the formation of
the indicated Cd�O(H)···HN1 bond and an additional
C2=O···HOP bond. For the next higher lying N1-protonated iso-
mers, see Figure S11. The corresponding H-bond lengths for
the individual conformers are given in Table S5.

Figure 5 shows a comparison of the measured IRMPD spec-
trum with the calculated linear IR spectra and structures of the
five most stable O2-protonated isomers and the most stable
N1-protonated isomer identified for H+FMN. The IRMPD spec-
trum satisfactorily agrees with the calculated IR spectra of all
five O2-protonated, low-energy conformers in the high-fre-
quency range of 1500–1850 cm�1, with the exception of the
clearly visible shoulder at 1750 cm�1 (A/B). As the C2=O stretch
vibration is absent for all O2-protonated conformers and the
C4=O stretch vibration appears at the same frequency (at
1770 cm�1), this shoulder might directly indicate that not only
O2-protonated conformers contribute to the IRMPD spectrum
but also N1-protonated species.

The IRMPD spectrum reasonably agrees with the calculated
IR spectrum of the ground-state conformer 1PO-1@O2 + ,
except for the discrepancy of �40 cm�1 between the measured
and calculated position of the band at 1160 cm�1 (H). This
band corresponds to the P=O stretch mode which is sensitive
to the conformation and the H-bonding, and might therefore
be used as a fingerprint for the presence of a specific confor-
mer. The first excited conformer 2PO-2@O2 + , only 0.2 kJ mol�1

higher in free energy, shows the sharp P=O stretch band
around 1175 cm�1, i.e. slightly blueshifted with respect to the
IRMPD feature H at 1160 cm�1. Although the low-frequency sig-
nals appear slightly redshifted, the main peaks are in good
agreement with the measured IRMPD spectrum. This observa-
tion might indicate that this conformer also contributes signifi-
cantly to the IRMPD spectrum. The IR spectrum calculated for
the second excited isomer, 2PO�1@O2 + , also shows satisfac-
tory agreement with the IRMPD spectrum but differs slightly
from the other conformers. The band around 1500 cm�1 is
broader and slightly redshifted. Thus, a minor contribution of
this conformer to the IRMPD spectrum could explain the low-
frequency shoulder of band D. The intense P=O mode at
1140 cm�1 is redshifted by �20 cm�1 with respect to the
IRMPD band H and the vibrations between 800–900 cm�1 are

shifted to lower frequency from those measured. The IR spec-
tra of the third and fourth excited conformers, 1PO�2@O2 +

and 2PO�3@O2 + , agree well with the IRMPD spectrum,
except for the P=O stretch frequency which is slightly blue-
shifted from the experimental (band H). A similar redshift for
the vibrations between 800–900 cm�1 is also observed for this
isomer. These shifts are of the same magnitude as for
2PO-2@O2 + , because of the similar orientation of the P=O
group with respect to O2�H. Making a clear distinction be-
tween the conformers from analysis of the frequency range
800–1100 cm�1 is complicated because of the poorly resolved
IRMPD spectrum. Although the profile of the calculated IR
bands for the individual conformers show small variations,
these features become unresolved when several conformers
contribute to the IRMPD spectrum.

A discrepancy between the calculated P=O fingerprint mode
of the H+FMN conformers and the observed IRMPD bands
might also arise from an unsuitable scaling factor. The scaling
factor of 0.965 used here is a typical value that is applied for
a large variety of organic molecules and fits the C=O stretch
range well. Correia et al. and Rodgers and co-workers showed
that the IR spectra agree well with the corresponding experi-
mental IRMPD spectrum when the frequencies in the low-
energy range arising from P�O and P=O stretch modes (below
1300 cm�1) are unscaled.[54, 67] By applying a scaling factor of
1 to the P=O frequencies of the O2-protonated conformers of
H+FMN, the band of the ground-state conformer would blue-
shift to 1155 cm�1, those of the first, third and fourth excited
conformers to 1220 cm�1, and that of the second excited con-
former to 1175 cm�1. Following this scenario, the ground-state
P=O stretch would match the observed band H, the P=O
stretch of the first excited state would fit the broad unresolved
but intense band G, whereas the P=O stretch of the second ex-
cited conformer would coincide with neither H nor G. Taking
this fact into consideration, the contribution of the
2PO-1@O2 + conformer to the IRMPD spectrum can only be
minor.

The IR spectrum calculated for the most stable N1-protonat-
ed isomer, 1d@N1, is totally different from those of the O2-pro-
tonated isomers. However, it shows good agreement with the
experimental spectrum in the C2=O and C4=O stretch region
around 1750 cm�1 and in the range 1200–1300 cm�1, matching
the bands A/B and G, respectively. The isolated transition at
1580 cm�1 corresponds with band C (but is slightly redshifted),
whereas the calculated band profile around 1320 cm�1 shows
a somewhat stronger redshift compared to experiment
(band E). The asymmetric shape of the IRMPD band A/B is also
well reproduced by the calculation. This particular signature is
not observed in the other spectra calculated for the low-
energy O2-protonated conformers. Thus, although its free
energy with respect to the ground-state O2-protonated isomer
is relatively high (13.4 kJ mol�1), contribution of the N1-proton-
ated conformer to the IRMPD spectrum is suggested.

In summary, the calculations suggest contributions of (at
least) the two most stable O2-protonated and the lowest
energy N1-protonated isomers to the experimental IRMPD
spectrum of H+FMN.
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2.5. Influence of Protonation on the Structure and Charge
Distribution

In this section, we focus on the effects of protonation on the
properties of the C=O bonds. The frequency shift of the C=O
stretching modes of FMN in aqueous solution correlates with
the strength of the H-bonds formed between the carbonyl
groups and the protic solvent.[19] The stronger the H-bond, the
longer the C=O bond is, and the larger the frequency redshift.
Similar to H-bonding, protonation can also have a significant
impact on the structure of the flavin. Table 1 summarizes the

calculated C=O bond lengths, RC2=O and RC4=O, of the neutral
molecules and their most stable protonated isomers, as well as
the corresponding C=O stretch frequencies, nC2=O and nC4=O. Be-
cause the most stable neutral RF and FMN isomers are class 2
conformers, we consider here only the low-energy conformers
H+RF-2g@N1, H+FMN-2PO-2@O2 + , and H+FMN-2d@N1. The
IR spectra of the neutral Fl and corresponding H+Fl are com-
pared in Figure S12.

The addition of a proton to LC at N5 does not affect its pla-
narity. The new N5�H bond induces an elongation of the
neighboring C4a�N5 bond and a contraction of the C4�C4a
bond by 1.5 and 1.3 pm, respectively. The C4=O bond is then
slightly elongated by 0.4 pm leading to a modest C4=O stretch
frequency redshift of DnC4=O =�9 cm�1 (Figure S12 a and b). In
contrast, the C2=O bond contracts by more than 1.2 pm, sig-
nificantly blueshifting the stretch frequency by DnC2=O =

33 cm�1 in the protonated form.
The LF skeleton also remains planar upon protonation of the

C2=O group in H+LF@O2 + . The C2=O bond drastically elon-
gates by more than 10 pm, which reflects the loss of the C=O
double bond character upon formation of a C�OH single
bond. Therefore, the C2=O carbonyl stretch band is absent in
the IR spectrum of H+LF@O2 + (Figures 3 b and S12 d). The
C4=O bond contracts by more than 1.2 pm upon protonation,
leading to a large frequency blueshift of DnC4=O = 32 cm�1.

The approximate planarity of the isoalloxazine ring in neutral
RF-2g is conserved upon protonation at N1, leading to

H+RF-2g@N1. In contrast to LC and LF, both C=O bonds in RF-
2g contract by about DRC=O =�1.1 pm upon N1 protonation.
Although DRC=O is of the same magnitude, the resulting blue-
shifts for nC2 = O and nC4 = O differ substantially (Figure S12 e and
f). The calculated DnC2 = O shift is roughly two times larger than
DnC4 = O. Upon N1 protonation the H-bond shortens significant-
ly. This leads to an elongation of the N1�C2 and C10a�N1
bonds as well as to a contraction of the C2=O bond, resulting
in a nC2 = O blueshift. Small shift variations in H+RF-1b@N1 and
H+RF-2g@N1 reflect the subtle influence of the H-bond
strength on the neighboring bond lengths. Due to the stron-

ger H-bond in H+RF-2g@N1, the
N1�H, N1�C2 and C10a�N1
bonds are shorter, and conse-
quently the C2=O bond is longer
than in H+RF-1b@N1 (Table 1).

The planarity of the FMN chro-
mophore is also preserved upon
protonation at O2. The most
stable neutral FMN-2P isomer
possesses two unequal C=O
bond lengths in contrast with
the other flavin molecules con-
sidered. The C2=O bond is un-
usually long (123.5 pm) com-
pared to those bonds of LC, LF,
and RF-2g, which scatter in
a small range between 121.4–
121.7 pm. This structural pecu-
liarity is related to the presence

of an intramolecular H-bond between the phosphate group
and C2=O that is much shorter than that between ribityl and
N1 as observed in RF-2g. Upon O2 protonation the C2�O bond
elongates by 6 pm but does not reach the value for H +

LF@O2 + . Again, formation of the O�H bond leads to the loss
of the intense C2=O stretch vibration. The C4=O bond length
is reduced by 1.1 pm resulting in a nC4 = O blueshift of 26 cm�1

(Figure S12 g and h).
Upon N1 protonation, the C2=O bond in H+FMN-2d under-

goes a large blueshift of DnC2=O = 67 cm�1, reflecting the bond
length reduction of 1.0 pm and a drastic H-bond elongation. A
second, but much shorter H-bond is formed between the
N1�H and O=P groups. The C4=O bond contracts by 1.1 pm,
and its frequency increases, DnC4=O = 30 cm�1. Compared to the
other considered protonated flavins, upon protonation, the
C2=O bond is significantly longer such that the more intense
transition A appears at lower frequency than B.

To establish a correlation between the C=O bond lengths
and their stretch frequencies, the calculated nC=O values are
plotted as a function of RC=O in Figure 6 for the neutral flavins,
the most stable and experimentally observed protonated H+Fl,
and the N1-protonated isomers H+Fl@N1 (Table 1). Because of
preferential O2 protonation in LF and FMN-2P, the correspond-
ing cations have no C2=O carbonyl group. The data were
fitted to a linear function of the form nC=O(RC=O) = bC=ORC=O +

aC=O, where the slope bC=O reflects the frequency shift in cm�1

per 1 pm bond length change. The values in Table 1 show that

Table 1. C=O stretch frequencies, bond lengths of neutral (Fl) and protonated flavins (H+Fl) and corresponding
proton affinities (PA). Numbers in parentheses are unscaled harmonic frequencies.

Fl/H+Fl RC2=O nC2=O [cm�1] RC4=O nC4=O [cm�1] PA
[pm] (n0,C2=O [cm�1]) [pm] (n0,C4=O [cm�1]) [kJ mol�1]

LC 121.43 1766 (1830) 121.22 1748 (1811)
H+LC@N5 120.22 1799 (1864) 121.61 1739 (1802) 935
LF 121.55 1731 (1794) 121.51 1743 (1806)
H+LF@O2 + 131.90 - 120.25 1782 (1847) 974
H+LF@N1 120.32 1802 (1867) 120.35 1775 (1839) 961
RF-1b 121.60 1730 (1793) 121.60 1739 (1802)
H+RF-1b@N1 120.49 1791 (1856) 120.54 1770 (1834) 1007
RF-2g 121.71 1726 (1789) 121.45 1743 (1806)
H+RF-2g@N1 120.66 1789 (1854) 120.51 1770 (1835) 997
FMN-2P 123.50 1663 (1723) 121.50 1748 (1811)
H+FMN:
2PO-2@O2 + 130.00 120.51 1774 (1838) 1011
2d@N1 122.52 1730 (1793) 120.38 1778 (1842) 994
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RC2 = O and RC4 = O of iso-LC, LF, RF, and FMN are of almost equal
length and contract upon N1 protonation by around 1 pm, re-
spectively. In a first approximation, we therefore expect the
nC2=O, nC4=O, and corresponding DnC=O values to be of a similar
magnitude. However, two well-separated nC=O values and an
approximately twice as large blueshift for the C2=O mode
compared to that for C4=O are not only found in RF but also
in all other Fl species considered here. Therefore, both modes
are fitted separately. The fit of the nC4=O(RC4=O) function results
in bC4=O = (�30�2) cm�1 pm�1 for both Fl and H+Fl. In con-
trast, the nC2=O(RC2=O) dependence shows a change in bC2=O

from (�36�2) to (�32�2) cm�1 pm�1 and an abrupt strong
rise in frequency when going from Fl to H+Fl. Furthermore,
with the exception of LC, for a given RC=O the frequency split-
ting Dns,th is of the order of 10 cm�1 in neutral flavins, i.e. the
more intense C2=O vibration possesses a lower frequency than
the less intense C4=O mode. Due to protonation, this Dns,th

value increases to around 25 cm�1.
As bC4=O of Fl is similar to that of H+Fl, the bC2=O (and aC2=O)

deviation for neutral and protonated species indicates that the
presence of the proton at N1 has an additional impact on the
C2=O stretch vibration. Closer inspection reveals that both
C=O stretching normal modes are not fully localized motions
but involve couplings to bending vibrations of neighboring
groups. In neutral flavins, the C4=O as well as the C2=O vibra-
tion mainly couples to the deformation motion of N3�H (indi-
cated by the displacement vectors in Figure S13 a and b).
Upon N1 protonation, this vibrational coupling does not signif-
icantly change for the C4=O vibration (Figure S13 c) so that the
nC4=O�RC4=O linear relationship of Fl is preserved for H+Fl. How-
ever, the C2=O stretch mode couples to both N3�H and N1�H
deformation motions in the presence of the N1 proton (Fig-
ure S13 c). This leads to a larger C2=O frequency blueshift and
causes the jump in the nC2=O(RC2=O) function when going from
the neutral to the protonated molecule (Figure 6).

In LC, the hydrogen substituent of N1 increases RC10a�N1 and
reduces RC2�N3 compared to iso-LC, LF, and RF-2g. Thus, these
bond lengths are similar to that of the protonated species
whereas RC2=O and RN1�C2 are of the same magnitude as in the
neutral species. This gives rise to the nC2=O blueshift, for which
the calculated value fits well to the nC2=O(RC2=O) dependence for
the other H+Fl species.

The proton affinity (PA) of a molecule represents a funda-
mental chemical property for evaluating acid–base reactions. It
can be calculated from the energy difference between the
most stable protonated and neutral isomer. As we are mainly
interested in the trend of PA along the flavin series, we used
the difference between the zero-point corrected total energies
at 0 K, neglecting the translational energy of the proton as
well as the temperature dependence of the enthalpies of the
corresponding molecules and ions. The PAs of the flavins in-
vestigated are listed in Table 1 and tend to increase along the
series LC<LF<RF<FMN (934, 973, 1007, 1011 kJ mol�1, re-
spectively). Due to tautomerization of iso-LC, LF is frequently
used as model system for theoretical considerations of flavins
and flavoproteins.[13, 51, 52, 65, 68] The calculation of PA for protona-
tion of LF at O2 and N1 at the HF/6-31G* level by Meyer et al.
gives higher values than our DFT calculation and a further in-
crease of the PA results when a larger basis set (HF/6-31G**//
HF/6-31G*) is used.[52] The best agreement with our DFT values
is found for the values calculated at the MP2/6-31G*//HF/6-
31G* level, which are slightly lower than our results
(962.6 kJ mol�1 at N1 and 970.6 kJ mol�1 at O2). Recently,
Zhang et al. measured the PA of LF as PA(LF) = (951.0�
8.4) kJmol�1 by proton-transfer reactions and calculated the
corresponding PA(LF) values for N1, O2, N5 and O4 protona-
tion at the B3LYP/6-31G* level.[68] The highest PA(LF) was found
for position N1 with PA(LF) = 965.5 kJ mol�1, which is in good
agreement with our calculated value for the same protonation
site (961 kJ mol�1, Table 1). However, the value calculated by
Zhang et al. for O2 protonation of 946.8 kJ mol�1 agrees better
with their experimental value. Our theoretical PA(LF) is signifi-
cantly higher due to larger stabilization of the O2-protonated
tautomer with respect to the N1 isomer and cannot be com-
pared with Zhang’s value.[68] The highest protonation energies
are found for RF and FMN which are close in energy. Upon
protonation, FMN also tends to tautomerize in the gas phase,
so RF is the only compound which thoroughly follows the pre-
dicted N1 protonation.

The natural bond orbital (NBO) calculations indicate that the
increase of PA basically correlates with the increase of positive
charge localized at the extra proton, which is distributed over
the side chain and the chromophore, but the intrinsic relation
is not obvious. The charge differences upon N1 protonation of
the Fl molecules reveals that with increasing size of the sub-
stituent R the positive charge i) slightly increases at the excess
proton, ii) strongly increases at R, and iii) decreases to a similar
degree in the chromophore (Figure S14). Along the same
series, the PA is the largest for RF and FMN.

Figure 6. Correlation of the C=O stretch frequencies nC2=O (triangle) and
nC4 = O (circle) with the C=O bond lengths RC2=O and RC4=O for six neutral
(filled) and 13 protonated isomers of LC, LF, RF, and FMN (unfilled) including
conformers. In neutral LC nC2=O is shifted to values typical for N1-protonated
Fl species. Values for the most stable and N1-protonated isomers are sum-
marized in Table 1. For H+LF@O2 + and H+FMN-2@O2 + , no nC2=O value is
given. nC=O(RC=O) are fitted by the following functions:
nC2=O(RC2=O) = (�36�2)RC2=O + (5641�272) for neutral and
nC2=O(RC2=O) = (�32�1)RC2=O + (6081�127) for the protonated isomers, and
nC4=O(RC4=O) = (�30�1)RC2=O + (5338�120) for neutral and protonated spe-
cies.
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3. Conclusions

The gas-phase IRMPD spectra of protonated LC, LF, RF (vita-
min B2), and the cofactor FMN have been measured in the fin-
gerprint region. DFT calculations were used to identify the pre-
ferred protonation site, and determine the geometry, energy
and vibrational structure of each individual flavin. For LC and
LF, isomers with N1, N3, N5, O2, and O4 protonation, including
all possible tautomers, have been systematically investigated.
For RF and FMN only a limited selection of N1- and O2-proton-
ated species were considered.

The most stable H+LC is the N5-protonated isomer, whereas
the most stable H+LF is the O2-protonated isomer (or the tau-
tomer of the N1-protonated species). Calculated IR spectra for
both H+LC and H+LF are in good agreement with the respec-
tive experimental spectra. In H+LC@N5, the experimental fre-
quency splitting nC2=O�nC4=O and the C2=O/C4=O intensity
ratio are well reproduced by the calculation. In H+LF@O2, the
absence of the C2=O mode, the frequency and intensity of the
C4=O mode, as well as the strong enhancement of the ring
stretch vibration can be clearly identified. For H+RF we found
the N1-protonated isomer in two conformations as the most
stable species, for which the calculated IR spectra agree fairly
well with the IRMPD spectrum. The shape and the intensity of
the unresolved IRMPD band in the C=O stretch region sup-
ports the conclusion of N1 protonation, but the distinct assign-
ment to individual conformers is not possible at the spectral
resolution obtained in these experiments. For H+FMN we iden-
tified the O2-protonated isomer (tautomer of N1-protonated
species) as the most stable form, and close in energy to the
corresponding N1-protonated isomer, both of which are stabi-
lized by intramolecular H-bonds to the phosphate group. The
IRMPD spectrum does not perfectly agree with the calculation,
but the peak shape within the C=O stretch region combined
with the high-intensity gain of the ring mode supports the
presence of two species, namely N1- and O2-protonated iso-
mers. In addition, the analysis of the P=O stretch vibration of
different O2 conformers excludes the significant contribution
of conformer 2PO-1.

From theoretical studies of neutral flavins and the variety of
protonated isomers we can conclude that their C2=O and
C4=O stretch frequencies and their shifts can serve as sensitive
markers for electronic changes at the chromophore and the H-
bonding environment. The C2=O and the C4=O frequencies
contain information about the protonation state of the flavin.
In the neutral state, these stretch frequencies are usually found
within the range 1720–1750 cm�1, where the more intense
C2=O mode appears at lower frequency. In the N1-protonated
state both frequencies are blueshifted to the range 1760–
1810 cm�1, but the C2=O mode appears at higher frequency
than the C4=O stretch vibration (without involvement of H-
bonds). In the case of N5 protonation, the C4=O frequency re-
mains close to the frequency for neutral flavin, around
1760 cm�1. In H+LC@N5, the combination of the C2=O blueshift
caused by N1 protonation and an unaffected C4=O stretch fre-
quency caused by N5 protonation is observed. Protonation at
O2 generally leads to a C4=O blueshift of approx. 40 cm�1.

Experimental Section

Experiment

The IRMPD spectra of protonated LC, LF, RF, and FMN were record-
ed in the fingerprint range (600–1850 cm�1) in a Fourier-transform
ion cyclotron resonance mass spectrometer (FT-ICR-MS) equipped
with an electrospray ionization (ESI) source and coupled to the IR
beamline of the free-electron laser for infrared experiments
(FELIX).[69, 70] LC, LF, RF, and FMN�Na+ ·2 H2O salt with reagent
grades of 99, 97, 95, and 97 %, respectively, were purchased from
Sigma–Aldrich and used without further purification. The protonat-
ed species were produced by spraying a 0.2–2 mm solution of LC,
LF, RF, and FMN�Na+ in a methanol/water/formic acid mixture
(78:20:2; for FMN�Na+ 78:18:4) at a flow rate of approximately
10 mL min�1.
After accumulation in a hexapole ion trap for 4 s, the ESI-generated
ions were transferred into the ICR trap through an octopole ion
guide. All the ions considered here are singly charged species. Sub-
sequently, the ions were mass-selected in the ion trap and irradiat-
ed for 2 s with 20 macropulses from FELIX operating at a repetition
rate of 10 Hz. The bandwidth of the FELIX radiation is �0.5 % of
the central wavelength (full width at half maximum, FWHM), which
corresponds to 5 cm�1 at 1000 cm�1. However, the experimental
resolution is much broader due to unresolved rotational structures
and heating of the molecules during multiple-photon absorption
processes.[71] Calibration of the laser wavelength was achieved
using a grating spectrometer with an accuracy of �2 and
�6 cm�1 at frequencies of 500 and 2000 cm�1, respectively. De-
pending on the laser frequency, the step size varied between 3
and 8 cm�1. Parent and fragment ion intensities, Ip and If, were
monitored as a function of the laser frequency, and the IRMPD
yield IIRMPD was calculated using Equation (1):

IIRMPD ¼
X

If=ðIp þ
X

If Þ ð1Þ

The IRMPD yield was linearly normalized according to the IR laser
power.

Computational Methods

DFT calculations at the B3LYP level of theory using the cc-pVDZ
basis set were performed for the protonated flavins in order to
identify various energetically low-lying isomers on the potential
energy surface and to evaluate their structure, energetics, and IR
spectral properties.[72] Relative Gibbs free energies at 298 K were
determined and included thermal corrections. Harmonic frequency
analysis ensured the nature of minima (local or global) on the po-
tential energy surface. The harmonic vibrational frequencies were
scaled by the factor 0.965. The theoretical linear IR stick spectra
were convoluted with a Gaussian width (FWHM) of 20 cm�1 to fa-
cilitate convenient comparison with the experimental IRMPD spec-
tra.
To identify the energetically favored protonation sites for RF and
FMN, possible prototropic isomers in a fixed conformation were
calculated at the HF/6-311G level. The lowest-energy isomers were
selected and a systematic conformational search was then applied
to find potential low-energy conformers. The energy of all con-
formers obtained by rotation around single bonds was optimized
using the Merck molecular force field 94 (MMFF94) and the univer-
sal force field (UFF) implemented in the Avogadro software.[73] Sub-
sequently, structures identified within 30 kJ mol�1 of the most
stable isomer were optimized and their vibrational frequencies
were calculated at the B3LYP/cc-pVDZ level using Gaussian 03.[72]
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We are aware that the B3LYP functional can result in increased
errors of the calculated energies, in particular in larger mole-
cules.[66, 74] To evaluate our most stable structure obtained by DFT,
we also performed single-point MP2 calculations in case that the
energy difference between the most stable and first higher-lying
isomer becomes small (<5 kJ mol�1). In any case, the identification
of isomers is mostly based on their experimental IR fingerprint and
not on their predicted relative or absolute energies.
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