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Abstract

Protonated ferulic acid and its principle fragment ion have been characterized using infrared
multiple photon dissociation spectroscopy and electronic structure calculations at the B3LYP/6-
311+G(d,p) level of theory. Due to its extensively conjugated structure, protonated ferulic acid is
observed to yield three stable fragment ions in IRMPD experiments. It is proposed that two
parallel fragmentation pathways of protonated ferulic acid are being observed. The first pathway
involves proton transfer, resulting in the loss of water and subsequently carbon monoxide,
producing fragment ions m/z 177 and 149, respectively. Optimization of m/z 177 yields a species
containing an acylium group, which is supported by a diagnostic peak in the IRMPD spectrum at
2168 cm~'. The second pathway involves an alternate proton transfer leading to loss of
methanol and rearrangement to a five-membered ring.
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Introduction

Ferulic acid is a derivative of phenylalanine found in
plants, which serves to crosslink components of the cell
wall giving rise to their rigidity and strength [1-3]. Defense
against intrusions such as viruses, insects, and pathogens, in
addition to protection against enzymatic hydrolysis, have all
been associated with the presence of ferulic acid in the plant
cell walls [3]. Due to its reactivity towards free radicals,
ferulic acid is a commonly used antioxidant for the
prevention of cancer and has also exhibited strong UV
absorption capabilities due to its high degree of unsaturation
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[4—6]. Ferulic acid is also used as a bitterness inhibitor, and
is used commercially in order to mask the bitterness of
several artificial sweeteners such as saccharin and acesul-
fame K [7]. Adding ferulic acid to consumable materials also
serves to slow lipid peroxidation and consequent spoiling
due to oxidation [5].

Experimental and Computational
Methods

In the current work, infrared multiple photon dissociation
(IRMPD) spectroscopy experiments and electronic struc-
ture calculations have been used in order to determine
structures and mechanisms associated with the IRMPD
fragmentation of protonated ferulic acid. IRMPD, in
combination with electronic structure calculations, is a
powerful technique for structural elucidation studies such
as this [8-30]. IRMPD spectroscopy experiments were
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Figure 1. The calculated neutral isomers of ferulic acid with relative Gibbs free energies (298 K) reported in kJ mol™

performed at the Centre de Laser Infrarouge d’Orsay
(CLIO) and have been described in detail previously [8,
12, 13, 24, 31]. The IR-FEL beam was directed into a
Bruker (Bruker; 40 Manning Road, Billerica, MA, USA
01821) Esquire 3000+ ion-trap mass spectrometer,
equipped with an electrospray ionization interface. Sol-
utions (~10® M) of protonated ferulic acid were prepared
by dissolving solid ferulic acid in a 1:1 mixture of
acetonitrile and water, and a small amount of formic acid.
These solutions were then electrosprayed into the ion trap mass

spectrometer. The IR-FEL beam is created by emission from a
10-50 MeV electron beam that passes through the gap between
a set of periodic undulator magnets. By adjusting the undulator
gap, the emission photon wavelength is able to be tuned
through the mid-infrared range. The work described here
involved the use of electron energies of 46 MeV, which would
typically permit continuous scans over a frequency range of
1000-2000 cm ™ '; however, in one case described below, scans
of up to a frequency of 2168 cm ' were obtained in order to
detect the presence of an acylium stretch.
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Figure 2. The lowest energy calculated isomers for each potential site of protonation on ferulic acid. For isomer Ferie,
protonation at both carbons A and B was considered, but protonation at site A results in a proton transfer to site B, yielding
Ferte. Relative Gibbs free energies (298 K) are reported in kJ mol™
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Table 1. The Proton Affinities (PA) and Gas Basicities (GB) (298 K) Associated with Protonation of the Heteroatom Sites A Through E of Neutral Ferulic

Acid in kJ mol ™', Calculated at the B3LYP/6 — 311 + G(d,p) Level of Theory

B
\ / g
E

Isomer PA GB
Ferla 860 843
Fer1ib 896 863
Feric 746 723
Ferid 774 745
Ferle 879 850

Electronic structure calculations have been performed
using the Gaussian 09 software package [32]. All geometry
optimizations and associated frequency calculations have
been performed at the B3LYP/6-311+G(d,p) level of theory,
which has been shown to be a reliable protocol, with a good
compromise between accuracy and cost, for smaller systems
such as those described here [13, 14, 16, 24, 33-36]. All
harmonic frequencies obtained at this level of theory were

scaled by 0.9679 [37] in order to compensate for errors
arising from the use of a harmonic oscillator approximation
in calculating the frequencies, as well as long range electron
correlation effects.

Anharmonic frequencies [38] have also been obtained at
the B3LYP/6-311+G(d,p) level of theory for all species
considered to be the most chemically significant. Since real
molecules exhibit naturally anharmonic vibrations, it can be
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Figure 3. A comparison of the experimental spectrum with each of the lowest energy calculated (harmonic) spectra for ferulic
acid protonated at sites A through E. The experimental spectrum is shown in black and the calculated spectra in color. Spectra

were calculated at the B3LYP/6-311 + G(d,p) level of theory
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useful, though sometimes computationally costly, to obtain
anharmonic frequencies. Here the use of calculated anhar-
monic frequencies greatly improves the fit between the
IRMPD spectra obtained and the computational results in all
cases. The anharmonic frequency calculation is useful for
reproducing the spectral range of 1000 to 2200 cm ' found
in this work. It is well established that the harmonic
fundamental frequencies determined by ab initio and DFT
SCF methods overestimate experimental fundamental fre-
quencies for typical, covalently bound molecules by 8 % to
12 % [39]. The reasons for such deviations include basis set
incompleteness, electron correlation effects, and anharmo-
nicity [39]. The anharmonic potential requires the calcula-
tion of third and fourth order partial derivatives, which are
the anharmonic force constants for the cubic and quartic
terms, respectively. It is the calculation of these higher order
partial derivatives that cause evaluation of anharmonic
frequencies to be substantially more costly than harmonic
frequencies. In many cases, the cubic and quartic potentials
are treated as a perturbation to the harmonic oscillator
potential [39]. Computed vibrational spectra were generated
using a Lorentzian line shape with a full width at half

maximum of 15 cm ™.

Discussion

Several isomers of neutral ferulic acid have been calculated
and four are shown below in Figure 1. FA-Neutrals 01, 02,
03, and 04 have been calculated to be the most favorable
isomers based on their relative Gibbs free energies (298 K),
and in each, the hydrogen attached to the OH of the
carboxylic acid group is directed away from the side chain
sp” hydrogen atoms, minimizing steric interactions.

Since protonated ferulic acid is being observed in the
IRMPD experiments, it is important to first consider the
most likely site of protonation on neutral ferulic acid.
Electronic structure calculations in combination with the
IRMPD spectrum of protonated ferulic acid have been used
in order to determine if protonation occurs at the carbonyl or
hydroxyl oxygens of the acid functional group, the methoxy
group, across the double bond, or the phenolic group.
Several isomers were calculated for each potential site of
protonation and a lowest energy isomer for each is shown
below in Figure 2. The proton affinities (PA) and gas
basicities (GB) of the different Lewis basic heteroatoms
found in FA-Neutral 01 are reported in Table 1.

The IRMPD spectrum for protonated ferulic acid strongly
indicates that the initial site of protonation occurs on the
carbonyl oxygen. The harmonic calculated spectrum for
isomer Ferlb is found to best match the experimental
spectrum compared with calculated spectra corresponding
to other sites of protonation (Figure 3). The anharmonic
calculated spectrum of isomer Ferlb is comparatively red-
shifted relative to its harmonic spectrum, further improving
the match between the calculated and experimental spectra
of Fer1b. Characteristic peaks resulting from the asymmetric
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Table 2. Peak Assignments for Isomer Ferlb of m/z 195

Peak Assignments (cm ')

Harmonic Anharmonic Description
1167, 1199 1130, 1149 C(OH)," rocking
1369 1339 Phenolic stretch
1509 1474 Methoxy scissoring
1610 1572 Rocking of the phenolic

and acid OH groups

rocking of the two hydroxy groups in the C(OH),"
functionality are located at 1199, 1149, and 1157 cm !, for
the calculated harmonic, calculated anharmonic, and exper-
imental spectra, respectively. The calculated anharmonic
spectrum matches the experimental spectrum very closely,
largely supporting that the carbonyl protonated species is
being observed in the experiment.

The harmonic calculated spectra corresponding to
isomers Ferla, Ferlc, Ferld, and Ferle each show
diagnostic peaks which are characteristic of their con-
formations, but differ from the experimental spectrum
(Figure 3). The calculated spectrum of Ferld has such a
peak at 1421 cm!, which results from the proton
rocking on the methoxy group. In addition to this, there
is the beginning of a large peak at 1801 cm ' that
corresponds to the stretching mode of a free carbonyl.
This signature is not present in the experimental
spectrum, further indicating that the carbonyl oxygen is
the site of protonation. For isomer Ferla, the large peak
at 1150 cm ' in the experimental spectrum is not
accounted for in the simulated spectrum. This missing
peak corresponds to rocking of the hydroxyl in the
COOH group which, in isomer Ferla, is protonated to
form water. Because protonation at this site forms water
which can then dissociate without barrier, a vibrational
signature indicative of a carbonyl group is not exhibited
by this species. The calculated spectrum of Ferlc however,
does show the beginning of a carbonyl peak at 1800 cm ',
since this species does not involve protonation of either of the
hydroxyl or carbonyl oxygen atoms, but protonation of the
phenolic oxygen. The spectrum of Ferlc also has peaks at 1027
and 1535 cm ', resulting from the rocking and bending of
the R—"OH, hydrogens, respectively. Another peak calculated
to occur at 1080 cm ' arises from the C—O stretch of the
R—"0OH, group; however, this signature is not observed in the

Table 3. Calculated Relative Energetics for the Lowest Energy m/z 195
Isomers Corresponding to Each Site of Protonation. Values were Calculated
at the BALYP/6—311+G(d,p) Level of Theory and are Reported in kJ mol ™’
for AG,° and AH,¢,° and in J mol™' K™! for AS,°

Isomer Site of Protonation AH ° AS ° AG°
Ferla A 353 —52.6 19.7
Ferlb B 0.0 0.0 0.0
Ferlc C 149.6 -32.7 139.9
Ferld D 122.0 -14.5 117.7
Ferle E 16.4 -11.6 12.9
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IRMPD spectrum. Isomer Ferle corresponds to protonation on
the double bond of the carboxylic acid-containing side chain.
Protonation at both carbon atom A and B of the double bond
was calculated (labeled in Figure 2); however, during the
optimization process, protonation at carbon A resulted in a
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proton transfer to carbon B, yielding a single protonated
species. The spectrum of Ferle shows the beginning of a
carbonyl peak in the 1800 cm ' region, since in this isomer a
carbonyl is present. In addition to this, there is an extra peak
located at 1651 cm ™", not found in the experimental spectrum,
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Scheme 1.
the loss of water and subsequent loss of carbon monoxide

The proposed mechanism for the formation of the ions of m/z 177 and 149; initiated by proton transfer, leading to
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corresponding to the stretching of the double bonds, which in
this isomer are conjugated through the ring and chain. A peak
at 1384 cm ! in the calculated Ferle spectrum corresponds to
the rocking of the hydrogens on the site of protonation, which
is not represented in the experimental spectrum. Therefore,
considering these differences, the calculated spectrum of Ferlb
matches the experimental spectrum most closely. Peak assign-
ments for Ferlb are listed in Table 2.

In addition to spectral comparisons, isomer Ferlb has
been calculated to be the lowest energy isomer for
protonated ferulic acid based on the relative Gibbs free
energies (298 K) for a number of isomers for each
potential site of protonation. Based on the calculated
Gibbs free energies (298 K) of additional isomers, it is
found that ferulic acid is consistently lowest in energy
when the majority of the atoms lie in a single plane,
with the exception of two of the methyl hydrogen atoms
of the methoxy group. Relative thermochemical values
(298 K) of the lowest energy isomer for each potential
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site of protonation on ferulic acid can be found in
Table 3. Isomer Ferlb, corresponding to protonation on
the carbonyl oxygen, has been calculated to be approx-
imately 20 kJ mol ' lower in Gibbs free energy (298 K)
than the hydroxyl protonated species, and approximately
13 kJ mol™' lower than protonation at the double bond,
which is the next lowest energy structure found.
Therefore, based on both spectra and energetics, it is
expected that neutral ferulic acid is primarily protonated
on the carbonyl oxygen.

Protonation on the carbonyl oxygen has been calculat-
ed to be most favorable; however, in addition to isomer
Ferlb, there are two other energetically relevant isomers
corresponding to protonation at this site, shown in the
supplementary data. Based on the relative Gibbs free
energies (298 K) of these isomers, Ferlb is likely the
most abundant isomer of protonated ferulic acid; however,
the other isomers shown may also be present to some
extent.
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Scheme 2. The proposed mechanism of formation for the ion of m/z 163; initiated by a proton transfer, followed by the loss of

methanol
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Because of its extensively conjugated structure, proton-
ated ferulic acid has been observed to undergo very
interesting fragmentation in IRMPD spectroscopy experi-
ments, since several stable fragment ions can be formed.
Following IRMPD, protonated ferulic acid (m/z 195) gives
rise to three fragment ions that can be observed simulta-
neously. Detailed mechanisms for several fragmentation
processes are proposed and are shown in Schemes 1 and 2.

Through proton transfer and endothermic loss of water
(35.6 kJ mol "), protonated ferulic acid forms a fragment ion
of m/z 177, which can be considered a resonance hybrid
between acylium (—-C=0") and ketene (—-C"'=C=0) struc-
tural moieties. Several starting structures of the ion of m/z
177 were considered, however, all calculated isomers
converged to two isomers, Fer2a and Fer2b. Fer2a and
Fer2b are shown in Figure 4 along with their relative Gibbs
free energies reported in kJ mol .

These two species are geometric isomers and based on
their relative Gibbs free energies (298 K) differing by only
1.5 kJ mol™', both species will likely be present in
experiment. Comparisons of the calculated and experimental
spectra corresponding to Fer2a and Fer2b are shown in
Figure 4. Further spectral analysis will be based upon isomer
Fer2b as the spectra and energetics obtained for Fer2a and
Fer2b are effectively analogous. The harmonic calculated
spectrum of isomer Fer2b has a peak at 1221 cm '
corresponding to rocking of the phenolic and methoxy
groups. Stretching of the sp® carbons in the molecule gives
rise to a peak at 1535 cm ™' and the large diagnostic peak
located at 2260 cm™ ' results from the stretching motion of
the acylium moiety. These peaks are located, respectively, at
1192, 1494, and 2220 cm ' in the calculated anharmonic
spectrum and at 1201, 1474, and 2168 cm ! in the
experimental spectrum. The anharmonic spectrum of Fer2b
is found to be red-shifted relative to the calculated harmonic
spectrum and to match the IRMPD spectrum more closely.
This seems reasonable since the vibrational modes in this
molecule are likely more anharmonic in nature due to the
extensive conjugation of the atoms in protonated ferulic
acid. Calculated bond lengths for m/z 177 (Figure 4)
indicate that the acylium ion structure is most represen-
tative of the resonance hybrid [40]. Therefore, based on
the analysis of both spectra and energetics, Fer2b (in
combination with Fer2a) is most likely the species being
observed experimentally.

Following IRMPD, ion m/z 177 subsequently loses
carbon monoxide to form a fragment of m/z 149. In
order to probe the structure and mechanism of formation
of this product, m/z 177 was formed by collision induced
dissociation (CID) and subsequently subjected to
IRMPD. Presuming that the m/z 177 formed by CID is
identical to that resulting from IRMPD, the subsequent
loss of CO can be considered [41-43]. Three possible
isomers for ion m/z 149 have been proposed and are
shown in Scheme 1. However, due to the significant ring
strain present in the three and four-membered ring
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Figure 4. A comparison of the lowest energy calculated
harmonic (above) and anharmonic (below) vibrational spectra
and the experimental IRMPD spectrum for ion m/z 177.
IRMPD intensities are in relative units of fragmentation
efficiency and calculated intensities are in relative units of
km mol™

containing structures, the allene-type structure is the
most energetically favorable, and therefore the most
likely species being observed in experiment. The relative
Gibbs free energies (298 K) of the two less favorable
isomers are approximately 100 kJ mol ™' higher and their
structures and energetics are shown in Scheme 1 and Table 4,
respectively. Additionally, an isomer containing an eight-
membered ring was considered; however, upon optimization,
the eight-membered ring collapsed to a four-membered ring.
Simple bond cleavage of m/z 177, resulting in the loss of CO,
thus gives rise to an allene-like structure for m/z 149. Ideally,
the structure of m/z 149 would also have been probed by
IRMPD, however, there was insufficient intensity for this
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Table 4. Relative Energetics for the Three Calculated m/z 149 Isomers
Reported in kJ mol " for AH,° and AG,¢;°, and in J mol ' K™ for AS,;°. Values
Have Been Calculated at the B3LYP/6—311+G(d,p) Level of Theory

Isomer AH,° ASel° AG,°
Fer3a 105.8 -7.8 108.2
Fer3b 105.6 -14.5 109.9
Fer3c 0.0 0.0 0.0

fragment to make it feasible. Calculated bond lengths for m/z
149, corresponding to Fer3c, are listed in Table 5.

A second, independent, fragmentation pathway also
exists in which protonated ferulic acid undergoes loss of
methanol to form an ion of m/z 163. Since direct
protonation on the methoxy group is quite unfavorable, it
is likely that proton transfer takes place. The potential for
intramolecular proton transfer from the C(OH)," group of
the side chain by forming a “scorpion-like” tail was

S. Martens et al.: Ferulic Acid-IRMPD Spectroscopy/Calculations

considered and a corresponding structure was successfully
optimized (AG,°=48.5 kJ mol™' compared with Ferlb for
m/z 195). It was found, however, that such a proton transfer
could not be facilitated since the proximity between the
oxygen of the methoxy group and a proton from the C
(OH)," group is found to be 3.95 A. Therefore, proton
transfer presumably occurs due to transfer of the phenolic
proton to the adjacent methoxy group.

Following proton transfer, a concerted rearrangement of
the phenyl ring leads to formation of a five-membered ring,
accompanying the loss of methanol. All attempts to find a
six-membered ring structure led spontaneously to collapse to
the five-membered ring structure. The proposed structure
and bond lengths of the five-membered ring species are
shown in Table 5. The bond lengths indicate that the
resonance hybrid of m/z 163 is best represented by an
acylium-type structure. The proposed mechanism for forma-
tion of m/z 163 is shown in Scheme 2.

Table 5. The Calculated Bond Lengths (A) for the Proposed Structures of: m/z 177 (top), which is in Resonance Between an Acylium and Ketene Type
Species, the Allene-Containing Structure of m/z 149 (middle), and m/z 163 (bottom), Which is in Resonance Between a Ketene and Acylium Type Species,

and Contains a Five-Membered Ring

Bond Bond Length | ®
01-C1 1.32 5 8 C?OZ
C2 = C3 1.40 3 / Cz/ 3\64/
C3-C4 1.40 |
C4-C5 835 H 01\)

C5 - 02 1.14 Nor N
C8 — 03 1.35
m/z 177

Bond Bond Length
0l-C1 1.31 /(:H3
Cl-cC2 1.41 &

C2-C3 1.37 X

C3-C4 1.44 H Cg=—C;7; H
C4-C5 1.35 \01_‘(:1/ N
C5-Cé6 1.29 @ \ / 4
C4 - C7 1.44 C=0C; H
C7-C8 1.37

C8-Cl1 1.44

Bond Bond Length i
01-C1 1.14 e o7
Cl-C2 1.35 1 Cq

3
C2-C3 1.42 C““cz/// N =% {
c3-Cc4 1.41 N
C4-C5 1.41 S 0,
C5-C6 1.39 /
Cé6 - C7 1.39 H
C7-02 1.31
C7-03 1.32 m/z 163
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Conclusions

In summary, IRMPD spectroscopy has shown that proton-
ated ferulic acid produces three fragment ion peaks (m/z 177,
149, and 163). The experimental IRMPD spectrum of this
extensively conjugated species is matched exceptionally
well by the anharmonic spectrum calculated at the B3LYP/
6-311+G(d,p) level of theory. Protonated ferulic acid (m/z
195) has been observed to undergo two unique fragmenta-
tion mechanisms during IRMPD experiments. Schemes 1
and 2 both show that ferulic acid as being initially
protonated on the carbonyl oxygen. Scheme 1 shows that
following IRMPD, proton transfer from the carbonyl to the
hydroxyl oxygen results in the loss of water yielding an ion
of m/z 177. Further isolation of the ion of m/z 177 followed
by IRMPD results in the loss of carbon monoxide to form an
allene-type ion of m/z 149. Scheme 2 shows that proton
transfer from the phenolic OH to the adjacent methoxy
group occurs, resulting in the loss of methanol and
rearrangement to form a five-membered ring. This work
has again demonstrated that IRMPD spectroscopy, coupled
with electronic structure calculations, can be a powerful
technique for determining the mechanism of dissociation and
the structure of ions in the gas phase.
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