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a  b  s  t  r  a  c  t

Cyanidin-3,5-diglucoside  and  pelargonidin-3,5-diglucoside  were  identified  from an  extract  of freeze-
dried  red hybrid-tea  rose  petals  with  high  mass  accuracy  and  multi-dimensional  fragmentation  using
liquid  chromatography-electrospray  ionization-ion  trap-time  of  flight  mass  spectrometry  (LC-ESI-IT-
TOF-MS).  The  effects  of  varying  the  amount  of  collision  energy  applied  to the  trap  at  each  MS stage
were  studied  to optimize  subsequent  fragmentation  steps.  Structural  characterization  of  cyanidin  and
eywords:
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igh mass accuracy
ulti-dimensional fragmentation

lectrospray
C-ESI-IT-TOF-MS

pelargonidin  was  attempted  by  identifying  the  fragments  created  by cross-ring  cleavage  (CRC)  of  the
C-ring  and  small  neutral  molecule  loss.  These  fragments  were  further  determined  to  be diagnostic  for
differentiating  the compounds  of  interest.  A computational  study  of  the  CRC  fragments  of cyanidin  was
performed  in  order to calculate  the  overall  energy  of  the  fragments.  It was  determined  that  the  0,2  CRC
pathway  was  more  favorable  than  the  0,3  CRC  pathway.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Anthocyanins are one of the many compound classes that fall
nder the polyphenolic flavonoid group; they are plentiful in nature
nd can be found in leaves, flowers, fruits and vegetables. The core
tructure of an anthocyanin is a phenolated benzopyran, referred to
s a flavylium cation, and may  be described as a C6–C3–C6 skeleton.
his skeleton has a phenolic ring fused to a pyran with an addi-
ional phenolic ring connected at the 2 position of the pyran. Two
ositions on the B-ring, at 3′ and 5′, provide sites for a variety of
ubstituents and the AC bicycle can be glycosylated at the 3, 5, and

 positions, which allows for a multitude of potential structural and
unctional variants. The aglycone flavylium cation is referred to as
n anthocyanidin [1] (Fig. 1A). In addition, a positive charge is found
n the oxygen of the pyran ring, and provides specific detection

rom other flavonoid species at 520 nm.

Like many other fruits and flowers, the bright attractive col-
rs of rose petals are partially due to their anthocyanin content.

∗ Corresponding author at: 700 Planetarium Pl.; Campus box 19065; Arlington,
X 76019-0065, USA. Tel.: +1 817 272 3541; fax: +1 817 272 3808.

E-mail address: kschug@uta.edu (K.A. Schug).
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Anthocyanins were investigated in roses as early as 1914 in a
study by Willstater and Nolan on the isolation of cyanidin [2].
It  was not until 1934 that pelargonidin was identified in a rose
[3]. There are six common naturally-occurring anthocyanidins,
which are differentiated by hydroxyl and methoxy groups on
the B-ring. Each of these aglycones has been detected in one
species of flower or another, and are found glycosylated with
glucose, rhamnose, fructose, rutinose, and sophorose [4]. One of
the most common roses is the red hybrid-tea rose (“Liberty”, R.
gallica).  The section gallicanae predominately contains cyanidin-
3,5-diglucoside, along with small amounts of cyanidin-3-glucoside.
Additionally, other anthocyanins, such as pelargonidin-glucosides,
can be introduced to these species through genetic recombination
[5].

Anthocyanins have been linked to anticancer effects [6],  and
have demonstrated a capacity to deter apoptosis of cells [7],  which
may  be attributed to their powerful antioxidant abilities [8–11].
Dietary ingestion of these antioxidant compounds is believed to
combat oxidative damage by neutralizing reactive radical species.
Epidemiological studies have shown that the antioxidant activity

provided by the consumption of fruit is positively correlated with
reduced mortality from cardiovascular disease and some types of
cancer [12]. Recently, attention has been given to anthocyanins and

dx.doi.org/10.1016/j.ijms.2011.07.026
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:kschug@uta.edu
dx.doi.org/10.1016/j.ijms.2011.07.026
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Fig. 1. (A) A generic diglucoside anthocyanin. For pelargonidin, R1 = R2 = H. For cyanidin, R1 = OH and R2 = H. Fragmentation of the anthocyanidin generally occurs from either
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B)  cross-ring cleavage (CRC) or (C) by neutral small molecule loss from ring openin

heir role in signaling pathways related to cancer chemoprevention
13]. Increasing interest in these compounds due to their possible
utritional and therapeutical aspects has led to further need for
tructural characterization and identification techniques.

Efficient extraction of the compounds from natural material can
e accomplished with an acidified aqueous/organic solvent mixture
14]. Analysis is commonly performed using HPLC coupled with
V–vis, photodiode array (PDA), or mass spectrometry (MS) detec-

ors [15]. Often times, the anthocyanin species are isomers of other
avonoids and in complex mixtures, they cannot be differentiated
ithout authentic standards and a separation technique. Addi-

ionally, qualitative identification is hindered by the limitation of
vailable commercial standards [16]. Fragmenting the anthocyani-
in using collision-induced dissociation (CID) may  offer a solution.
ositive identification may  then be accomplished based on unique
iagnostic fragmentation patterns of the anthocyanidin, without
he use of commercial standards.

Numerous fragmentation studies have been reported for differ-
nt flavonoid species, including flavones, isoflavones, flavanones,
avonols and proanthocyanidins [17–24].  Ma  et al. demonstrated
hat the isomeric aglycones from a flavone and a flavonol could
e directly identified based on fragmentation patterns of the
glycones [17]. The Brodbelt group used metal complexation to
ifferentiate flavonoid glucuronides [25]. Kang et al. used fragmen-
ation up to MS5 to discern diagnostic fragmentation patterns for
euterated isoflavones[24]. Another study observed fragmentation
p to MS7 of isoflavones using ESI-IT-TOF-MS [22] and a study
f kampferol fragmentation was examined using high mass res-
lution [23]. Vuckis and Guttman have provided a nice review of
tructural characterization of flavonoid glycosides by mass spec-
rometric fragmentation [21].

Anthocyanin fragmentation by low energy CID using a
uadrupole ion trap (QIT) is similar to the fragmentation of other
avonoid classes and the products of which can generally be classi-
ed into two categories: (1) cross-ring cleavage (CRC) of the C-ring
Fig. 1B); and (2) ring-opening followed by subsequent loss of small
eutral molecules, such as CO, C2H2O and H2O (Fig. 1C). Cross-
ing cleavage involves the breaking of two bonds of the C-ring. The
-type fragments are the same for most common anthocyanidin
pecies (only very rare species have altered substituents on the
-ring), but the B-type fragments will differ based on the antho-
yanidin type, due to changes of the substituents on the B ring
26,27]. These diagnostic B-type fragment ions can aid in confirm-

ng the identity of anthocyanins in complex mixtures or in the
nalysis of unusual plants.

Anthocyanidin fragmentation by a triple quadrupole (QqQ) is
elieved to be similar to QIT fragmentation, in that, small molecules
(CO, H2O, C2H2O) are lost, presumably by single bond cleavage, fol-
lowed by small molecule ejection, as well as cross-ring cleavage.
Studies of anthocyanidin fragmentation by QqQ are limited, and to
our knowledge, there currently is no report of observations of A-
type cross-ring cleavage fragment ions using a QqQ,  although this
certainly may be possible. One notable study is from the Montoro
group [27], who  compared anthocyanidin fragmentation between
a QIT and a QqQ. In this study, they observed differences in the
fragmentation pattern and intensity profile of the fragment spec-
tra, although many of the small molecule loss ions were observed
in both instrument types. Interestingly, they observed a cross-ring
cleavage ion at 149 m/z (which would correspond to the 0,2A+ ion)
using the QIT, which they did not observe in fragment spectra col-
lected using the QqQ.

QIT analysis provides superior qualitative structural analysis,
due to its ability to perform iterative fragmentation (MSn) and high
sensitivity, which would be preferred in fragmentation studies.
QqQ instruments offer greater quantitative power through MRM,
and although fragmentation can be performed, it may  be limited
to analysis of anthocyanins in natural products due to the stabil-
ity of the anthocyanidin structure, and since glycoside loss is the
dominant fragment mechanism in tandem mass spectrometry of
anthocyanins [28,29].

Surprisingly, the literature is incomplete with regard to the mass
signals and proposed structures for CRC and small molecule loss
fragments for naturally-occurring anthocyanidins. One significant
study by Oliveira et al. revealed characteristics of fragmentation
patterns for four of the common naturally-occurring anthocyani-
dins, cyanidin, peonidin, malvidin and delphinidin, using high
energy CID by electrospray ionization and orthogonal acceleration-
time-of-flight (oa-TOF) tandem mass spectrometry [26]. Other
studies involved fragmentation of anthocyanidins from natural
product extracts, including berries from a myrtle shrub, grape skins
and black carrots, all using ESI and ion trap tandem mass spectrom-
etry [27,30,31].  Literature covering pelargonidin fragmentation is
especially limited. A study of black carrots containing pelargonidin
glycosides showed fragmentation data but stated that the intensi-
ties were too low to obtain reproducible data [31]. Another study
attempted fragmentation of pelargonidin following plasma desorp-
tion but was not successful [32].

The limited knowledge of anthocyanidin fragmentation may  be
due to a few associated problems. The flavylium cation is par-
ticularly stable and does not easily fragment by low energy CID

[26]. Using default instrument settings may  leave the user with lit-
tle or no fragmented species. Second, higher order fragmentation
(MSn) with an ion-trap may  be limited because of signal strength,
especially with increasing mass stages. During CID in the IT-TOF,
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he kinetic energy of the precursor ion is increased through the
pplication of a resonant excitation waveform to the endcaps. The
mplitude of this excitation can be varied, and thus, by varying
he energy applied to the ion-trap, fragment spectra can be opti-

ized to produce increased signal output. Finally, in low resolution
nstruments, an observed fragment ion may  be assigned as having

 large number of possible elemental formulae, particularly with
rganic compounds, which only contain carbon, hydrogen and oxy-
en, as in the case of anthocyanins. Increasing the resolution with
igher mass accuracy can help eliminate erroneous choices and
an provide the user with confidence to propose and assign the
xact elemental formula. By applying some heuristic rules, setting
he element choices to C, H and O and limiting the mass accuracy
o <5 ppm, the number of possible elemental formula for com-
ounds with masses from 100 to 600 Da, can be narrowed to one
33].

Molecular modeling and computational studies of flavonoid
ompounds may  shed some light on the structures of these gas
hase fragment ions, which otherwise would be difficult to struc-
urally characterize. There have been a number of different studies
ocused on computational modeling of anthocyanidins; these have
sed density functional theory (DFT) [34–36] and ab initio [37]
pproaches. One interesting study showed the effects of varying
he hydroxyl substituents on the B-ring of a flavylium cation [38].
nother provided a conformational analysis of pelargonidin using
ensity functional theory [39].

In this study, an electrospray ionization-ion trap-time of flight
ass spectrometer equipped with a liquid chromatograph (LC-ESI-

T-TOF-MS) was used to perform higher order fragmentation (up
o MS6) on mono- and diglucosides of cyanidin and pelargonidin
ound in the petals of a hybrid-tea rose (“Liberty”, R. gallica). As the
ollision energy of the ion-trap was adjusted, variations in the sig-
al intensities of product ions were observed, which were due to
leavage of the glycosides at the MS/MS, and MS3 stages, and then
ragmentation of the anthocyanidin at the MS4 stage and beyond.
terative fragmentation pathways and high mass accuracy were
sed to assess the identity of observed mass signals. Software mod-
ling using the density functional theory and the 6–31G basis set
as used to help delineate and assign possible CRC mechanisms

nd product structures.

. Materials and methods

.1. Reagents and materials

LCMS-grade acetonitrile, methanol, and water were purchased
rom Burdick and Jackson (Muskegon, MI,  USA). Trifluoroacetic acid
TFA) was purchased from Sigma–Aldrich (St. Louis, MO,  USA) and
ormic acid was purchased from Fluka (AG, Buchs, Switzerland).
ed hybrid-tea roses (“Liberty”, R. gallica) were purchased from a

ocal market.

.2. Rose petal extraction

Rose petals were ground to a powder in a coffee grinder,
nd then lyophilized. Powder (0.1 g) was extracted in 70:30:0.1,
ethanol:water:triflouroacetic acid (1 mL)  then centrifuged and

ltered to remove any residual solids.

.3. Instrumentation

Fractionation was performed using a Finnigan

pectraSYSTEM®-HPLC (Thermo-Fisher Scientific, Inc., Waltham,
A,  USA) comprised of a P2000 solvent delivery system, an AS3000

utosampler and a UV6000LP diode array detector. A Foxy® Jr.
raction Collector (Teledyne-Isco, Inc., Lincoln, NE, USA) was
f Mass Spectrometry 308 (2011) 71– 80 73

placed inline, after the detector. Cyanidin-3,5-diglucoside and
pelargonidin-3,5-diglucoside were isolated by eluent collection
using the fraction collector. These fractions were further used for
ion trap optimization experiments, via direct infusion. Infusion was
performed using a NE-1010 syringe pump (New Era Pump Systems
Inc. Wantagh, NY, USA) operated at 5 �L/min (Supplemental Figure
1).

Anthocyanin identification and fragmentation was performed
on a LCMS-IT-TOF (Shimadzu Scientific Instruments, Kyoto, Japan),
equipped with a Prominence HPLC system (LC-20AD pump-
ing system, a SIL-20AHT autosampler, and SPD-M20A diode
array detector; Shimadzu). LCMS Solutions software (version
3.41.324) was used for data analysis. The Formula Predictor
function of LCMS Solutions was  used to support identification,
elemental formula generation, and confirmation of unknown
signals.

2.4. Ionization parameters and ion-trap optimization

Ionization was performed using a conventional ESI source, in
the positive ionization mode. The heat block and curved desolva-
tion line (CDL) were maintained at 250 ◦C. Nitrogen was used as
nebulizing gas and drying gas, each set at 1.5 L/min and 10 L/min,
respectively. The ESI source voltage was  set to 4.5 kV and the
detector voltage was 1.62 V. The ion accumulation time was set
at 50 ms.  The precursor ion isolation window was set at a width
of 3.000 amu  and 20 ms.  The collision energy CID parameter was
varied as demonstrated in the results, while keeping the time and
frequency (q) constant at 30 ms  and 0.251, respectively. Argon was
used as the collision gas, and was set at 50%.

2.5. Chromatographic analysis of extraction

For HPLC-ESI-MS, a Gemini C18 column (100 mm × 2.0 mm,
3 �m;  Phenomenex, Torrance, CA, USA) and a Gemini C18 guard
column (4.0 × 2.0 mm,  3 �m;  Phenomenex) were used to chro-
matographically separate anthocyanin species using 1.0% formic
acid as solvent A and acetonitrile as solvent B. The elution scheme
was: linear gradient at 0.1 mL/min from 5% B to 10% B, 0–5 min; iso-
cratic elution 10% B, 5–30 min; linear gradient from 10% B to 13.5%
B, 30–75 min; linear gradient from 13.5% B to 25% B, 75–90 min.
The eluent was then directed into the ESI source for ionization.
The ion trap parameters were set as described in Section 2.4, and
the collision energy for CID was  set to the optimized energy deter-
mined by direct infusion experiments for each mass stage up to
MS4.

2.6. Computational modeling

The 3-D structures of the anthocyanidin fragments and their
Cartesian coordinates were submitted to Gaussian 03 [40] for opti-
mization of energy using DFT/B3LYP and 6-31G basis set.

2.7. Nomenclature

The nomenclature described by Ma  et al. [17] for labeling frag-
ment ions was used. The labels i,jA+ and i,jB+ correspond to the
fragment ions that contain either the A or B ring and were formed
by cleavage of the i and j bonds of the C-ring (Fig. 1B).

3. Results and discussion
3.1. Optimization of glycoside cleavage

The effects of varying the energy applied to the ion-trap on
the cleavage of the O-glycosidic bond for the di-glucoside and
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ig. 2. The effects of varying the collision energy applied to the ion trap on the m
S/MS  stage in the positive mode, and (B) at MS3 stage in the positive mode. For p

ono-glucoside species of cyanidin and pelargonidin were
bserved (Fig. 2A). Both of the anthocyanidin types showed sim-
lar trends with regard to loss of their glucose moiety. The loss of
he first glucoside from the diglucoside compound was  observed at
% collision energy (the lowest setting). There is some uncertainty
s to at which position this glucoside is lost (maybe a mixture of
oth), but it is depicted in the figures at the 5-position based on the
revalence of the 3-monoglucoside in nature. The mono-glucoside
ignal grew sharply from 5% to 10%, then reached a maximum and
eveled out near 15% for cyanidin and 20% for pelargonidin. From
0% to 75% the signal from the mono-glucoside slowly diminished.

Signals for cyanidin and pelargonidin were observed starting at
% and 7% collision energy, respectively. At these energies, cleav-
ge of both glucosides was achieved. Operating at collision energies
ower than these thresholds could offer the ability to selectively
ragment only one glucoside, which might be helpful in distinguish-
ng rare species, which have two different sugar units attached. The
nthocyanidin signal quickly supplanted the mono-glucoside sig-
al at 15% collisional energy, suggesting that the energy needed to
leave both glucosides is not that much different than the energy
eeded for loss of only one glucoside. The anthocyanidin signals
eached a maximum near 25% and began to decrease with a mild
lope as the collision energy approached 50%, marking the energy
t which the anthocyanidin began to fragment. The wide range
f consistent signal response from 25% to 75% demonstrates the
reat stability of the anthocyanidin, while almost all of the collision
nergy is being directed into cleavage of the glycosides. No frag-
entation of the glycoside moieties, besides that of the bond which

inks it to the anthocyanidin, was observed, typical for product ion
pectra of O-glycosides using low energy CID [21]. Additionally, rel-
tively low amounts of protonated signals, [M+H]+, were observed
or the diglucoside and mono-glucoside species.
.2. MS3: loss of glucoside

Loss of a single glucoside was further studied in the third mass
tage by specifically selecting the mono-glucoside and varying
ragment ions of cyanidin-3,5-diglucoside and pelargonidin-3,5-diglucoside at (A)
nidin, R1 = R2 = H. For cyanidin, R1 = OH and R2 = H.

the collision energy applied to the trap (Fig. 2B). For cyanidin-
monoglucoside, 5% collision energy was  not enough to cleave
the glucose moiety. At 6%, the aglycone cyanidin ion appeared
in the mass spectra and grew sharply until it reached a maxi-
mum at 20%. The mono-glucoside signal was absent at this energy,
demonstrating that all of the mono-glucoside was fragmented.
For pelargonidin-monoglucoside, a different pattern was  observed.
Already at 1% collision energy, the aglycone signal was  near its
maximum and the mono-glucoside signal was  absent. Two  pos-
sibilities can be speculated to account for the difference in the
amount of minimal collision energy required to observe fragmen-
tation between these species. Either the two  ions exhibit different
initial internal energies in the trap prior to fragmentation and/or
there could be a difference in the stability of the ions based on
structure. It seems more likely that there is a real difference in the
stability of the structures, since all of the ions are being cooled to a
similar extent in the trap, for some time prior to excitation.

3.3. MS4, MS5 and MS6: fragmentation pathways of cyanidin and
pelargonidin

It was determined that the maximum amount of signal infor-
mation from fragmentation of an anthocyanidin could be obtained
from within a small window of collision energy values from 10
to 20% maximum collision energy at MS4 (Fig. 3A). Importantly,
the default collision energy setting of 50% collision energy (fac-
tory setting on the IT-TOF) would not have provided quality data.
The loss of the fragment ion signals at high collision energies may
have been due to the destabilization of the parent and product
ions along the stability diagram as higher excitation amplitudes
were reached. The product ions observed for cyanidin fragmenta-
tion (Table 1) are similar to those reported by Montoro et al. [27] and
by Downey and Rochfort [30]. They also matched some high energy

fragments reported by Oliveira et al. [26], but contrasted signifi-
cantly in the profile of individual ion intensities. In their study, the
CRC fragments were more intense than small molecule loss frag-
ments, while in our spectra, the small molecule loss fragments were
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B)  the CRC fragment ions of cyanidin. For pelargonidin, R1 = R2 = H. For cyanidin, R1

ore abundant than the CRC fragments (Fig. 4A). The pelargonidin
ignals (Table 1) also showed some similarities with those reported
y Kammerer et al. in a study of black carrots [31]. The profile of
he intensities of the product ions showed similar levels of both
RC fragments and small molecule loss (Fig. 4B).

.4. Cross ring cleavage (CRC)

The cyanidin CRC fragments observed at MS4 were 0,2A+•

150.031 m/z), 0,2A+ (149.022 m/z), 0,2B+ (137.023 m/z), 0,2B+-CO
109.027 m/z), and 0,3A+ (121.027 m/z). Further fragmentation
MS5) of the 0,2B+ signal revealed a neutral loss of two carbonyls,
iving the signal 0,2B+-CO–CO (81.034 m/z), which to our knowl-
dge has not been previously reported. The 0,2A+ fragment was
lso observed in fragments of cyanidin, delphinidin, peonidin and
alvidin by Montoro et al. [27] using an ion trap mass spectrom-
ter. Based on computational calculations (refer to Sections 3.4.1
nd 3.4.2), a structure and mechanism for the generation of the
,2A+ was proposed (Fig. 5). This mechanism is similar to the 0,2A+•

150.031 m/z) fragmentation proposed by Oliveira et al. [26], but it
he positive mode on (A) the major fragment ions of cyanidin and pelargonidin and
and R2 = H.

involves heterolytic cleavage of bond 2 in the C-ring and a hydro-
gen transfer from the C-3 hydroxyl group to C-2. Plotting the signal
strength of the cyanidin CRC fragments against the collision energy
applied to the ion trap showed that the 0,2B+ fragment is by far the
strongest signal, followed by the 0,2A+, the 0,3A+ signal, and then,
the less intense 0,2A+• and 0,2B+-CO signals (Fig. 3B).

For pelargonidin, a fairly intense signal at 121.028 m/z was
observed in MS4 spectra, which corresponds to two isobaric CRC
fragments, 0,3A+ and 0,2B+ (Fig. 4B). Additionally, the 0,2A+• (150.029
m/z), 0,2A+ (149.023 m/z), and 0,2B+-CO (93.031 m/z) signals were
observed. MS5 fragmentation of the 121.028 m/z  resulted in a neu-
tral loss of a carbonyl, giving 0,2B+-CO (93.030 m/z). It is assumed
that it was  not 0,3A+-CO because this signal was  not observed in the
fragmentation of cyanidin and has not been reported previously in
the anthocyanidin fragmentation literature.
3.4.1. Computation of the minimized conformation of cross ring
cleavage products

A planar cyanidin structure was optimized in Gaussian and por-
tions of the structure were removed to match the CRC fragment
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Table 1
The mass signals observed for cyanidin and pelargonidin fragmentation at the MS4 stage in the positive mode, and their proposed neutral losses based on mass accuracy and
predicted elemental formula.

Fragment type Cyanidin Pelargonidin

Theoretical mass, m/z Measured Signal, m/z Error (ppm) Theoretical mass, m/z Measured Signal, m/z Error (ppm)

3,5-Diglucoside 611.1607 611.1610 0.6 595.1657 595.1648 −1.6
3-Diglucoside 449.1078 449.1088 2.1 433.1129 433.1114 −3.5
Anthocyanidin 287.0550 287.0548 −0.7 271.0601 271.0594 −2.6
0,2A+ 149.0233 149.0219 −9.4 149.0233 149.0225 −5.4
0,2A+• 150.0311 150.0309 −1.6 150.0311 150.0287 −16.3
0,3A+ 121.0284 121.0273 −9.1 121.0284 121.0279 −4.2
0,2B+ 137.0233 137.0226 −5.3 121.0284 121.0279 −4.2
0,2B+-CO 109.0284 109.0268 −14.7 93.0302 93.0313 11.8
0,2B+-CO–CO 81.0335 81.0337 2.6 65.03858 N/A N/A
M−H2O 269.0444 269.0424 −7.6 253.0495 253.0501 2.2
M−CO  259.0601 259.0624 8.9 243.0652 243.0640 −4.9
M−H2O–CO 241.0495 241.0494 −0.6 225.0546 225.0538 −3.7
M−CO–CO  231.0652 231.0641 −4.7 215.0703 215.0719 7.6
M−H2O–C2H2O 227.0339 227.0356 7.6 211.0407 N/A N/A
M−H2O–CO–CO 213.0546 213.0560 6.5 197.0597 197.0599 1.0
M−CO–CO–CO 203.0703 203.0704 0.6 187.0754 187.0739 −7.8
M−H2O–CO–C2H2O 199.0390 199.0405 7.7 183.0441 183.0451 5.7
M−H2O–CO–CO–H2O 195.0441 195.0450 4.8 179.0491 N/A N/A
M−CO–CO–C2H2O 189.0546 189.0546 −0.1 173.0597 173.0579 −10.4
M−H2O–CO–CO–CO 185.0597 185.0596 −0.6 169.0648 169.0650 1.2
M−CO–CO–CO–CO 175.0754 N/A N/A 159.0804 159.0789 −9.7
M−C2H2O–C2H2O–CO 175.0390 175.0393 1.9 159.0441 159.0454 8.4
M−H2O–CO–CO–C2H2O 171.0441 171.0435 −3.2 155.0491 155.0490 −0.9
M−H2O–CO–CO–CO–H2O 167.0491 167.0510 11.1 151.0542 151.0512 −20.1
M−CO–CO–C5H6 165.0182 165.0160 −13.5 149.0233 N/A N/A
M−CO–CO–C4H2O 163.0390 163.0398 5.1 147.0441 N/A N/A
M−CO–CO–C2H2O–CO 161.0597 161.0585 −7.5 145.0648 145.0653 3.5
M−C2H2O–C2H2O–CO–O + H 160.0519 160.0537 11.4 144.0570 N/A N/A
M−H2O–CO–CO–CO–CO 157.0648 157.0657 5.8 141.0699 141.0693 −4.1
M−C2H2O–C2H2O–CO–CO 147.0441 147.0428 −8.5 131.0491 N/A N/A
M−H2O–CO–CO–C2H2O–CO 143.0491 143.0511 13.7 127.0542 127.0528 −11.3
M−H2O–CO–CO–H2O–CO–CO + H2 141.0699 141.0702 2.3 125.0750 N/A N/A
M−H2O–CO–CO–H2O–CO–CO 139.0542 139.0534 −6.0 123.0593 N/A N/A
M−CO–CO–C2H2O–CO–CO 133.0708 N/A N/A 117.0759 117.0781 18.6
M−CO–CO–C2H2O–CO–CH2O 131.0491 N/A N/A 115.0542 115.0541 −1.1
M−H2O–CO–CO–CO–CO–CO 129.0699 129.0714 11.8 113.0750 N/A N/A
M−H2O–CO–CO–CO–CO–CO–H 128.0621 128.0613 −5.9 112.0671 N/A N/A
M−H2O–CO–CO–CO–CO–CO–H2 127.0542 127.0552 7.7 111.0593 N/A N/A
M−C2H2O–C2H2O–CO–CO–CO 119.0491 119.0469 −18.8 103.0542 N/A N/A
M−H2O–CO–CO–C2H2O–CO–CO 115.0542 115.0546 3.2 99.0593 N/A N/A
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/A = Not available; a corresponding signal was not observed.

ypes. The lowest energy conformation of the fragment was  then
omputed. The optimized structures were compared to the struc-
ures proposed by Oliveira et al. [26] and Montoro et al. [27]. The
,2A+ structure proposed herein differs from the one proposed by
ontoro et al. [27]. Their structure suggests that a hydrogen is

ransferred from the C-4 to C-9, leaving a formal charge on the C-4,
nd a straight C–C–O chain. As seen in Fig. 6, many of the computed
tructures matched their proposed counterparts, which provides
ome justification of their existence in the gas phase, including the
tructure for 0,2A+, which we proposed.

.4.2. Correlation of energy values vs. observed fragmentation of
ross-ring cleavage products

In the CRC fragmentation scheme, the precursor ion fragments
o form both charged and neutral species. Software-calculated
nergy values for each charged and neutral fragment of cyanidin
ere obtained and compared against each other (Supplemental

ables 1 and 2). The combined computed lowest energy values
f fragments were in good agreement with the computed lowest

nergy of the non-fragmented species. From estimating the change
n energy relative to the charged cyanidin parent ion, it can be deter-

ined that the 0,2A+ and 0,2B+ fragments are the most energetically
avorable products. Additionally, it can be implied that the 0,2A/B+
fragment scheme is more energetically favorable than the 0,3A/B+

fragment scheme.
The computational values for the 0,2A/B+ scheme are in

agreement with the intensities of the CRC fragments observed
experimentally (Fig. 3B). Based on the change in energy relative
to cyanidin, the 0,2A+ fragment is the most energetically favorable
ion to be formed compared to the other CRC fragments, but the
observed intensities for this fragment are lower than the 0,2B+ ions.
The transfer of hydrogen needed to generate the 0,2A+ fragment
may  create a higher activation barrier leading to lower fragment
intensities. The 0,2A+• fragment ions were very low in intensity,
which is in contrast to what is suggested by the computational
values. The reason for this may  be due to the highly reactive and
short-lived nature of the radical in the ion trap.

A possible rearrangement of the 0,3A+ ion into a tropylium
configuration was  also evaluated based on the energy deter-
mined by computational calculations. The calculated energy for the
tropylium-style ion structure was higher in energy than the struc-
ture initially proposed by Oliveira et al. [26] (Supplemental Table
1). Additionally, when allowed to reconfigure after removing the

appropriate atoms from the anthocyanidin, to simulate a cross-
ring cleavage (as in the natural conformation simulation above),
the structure formed was identical to the structure proposed by
Oliveira et al. [26]. Still, a possibility exists that there could be
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Fig. 4. The product ion spectra of (A) cyanidin and (B) pelargonidin at MS4 stage in the positive mode.

Fig. 5. Proposed structures and mechanisms for CRC fragmentation of cyanidin.
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Fig. 6. Minimized conformations of cross-ring cleavage structu

 more energetically favorable intermediate, which would favor
ormation of the tropylium ion.

.5. Ring opening and small molecule loss

Due to the high stability of the anthocyanidin structure, there
an be some speculation as to which ring is opening to facilitate
ragmentation by small molecule loss. Based on the CRC fragmen-
ation pattern, it can be assumed that a cleavage site can be found at
onds 2 or 3 of the C-ring (Fig. 1C). Loss of CO from the C-3 position
ould then be justifiable. This fragmentation could also lead to a
umber of other possible fragmentation scenarios.

There are an enormous number of possible fragmentation
chemes, and due to isobaric uncertainties, the structures related
o each of these fragmentation events may  not be easily distin-
uished based on mass signals alone, or readily proven since some
f these species may  only exist for a short amount of time within
he confines of the instrument. Some diagnostic information can be
ssessed, though, by comparing the type of fragmentation observed

or each anthocyanidin species.

In addition to multi-stage fragmentation, high mass accuracy
as used in assigning the neutral losses of fragment ions. For

xample, the loss of CO (27.996 Da) can be differentiated from
 computational analysis using DFT/B3LYP and 6-31G basis set.

the loss of C2H4 (28.031 Da) by determining the accuracy between
the observed signal and the theoretical monoisotopic mass. The
difference between the theoretical masses of [M−CO]+ (259.060
m/z) and [M−C2H4]+ (259.024 m/z) is ∼140 ppm. Another exam-
ple can be illustrated by two  observed signals in the pelargonidin
fragmentation: 159.079 m/z and 159.045 m/z. These fragment sig-
nals were assigned as [M−CO–CO–CO–CO]+ (theor. 159.080 m/z,
−9.7 ppm error) and [M−C2H2O–C2H2O–CO]+ (theor. 159.044 m/z,
8.4 ppm error), respectively. Although the instrument is calibrated
to <5 ppm mass accuracy, at higher stages, ion intensity can be
greatly reduced and thus the mass accuracy can be affected due
to the low ion intensity. In general, assignments were only consid-
ered justifiable when the error was  within 25 ppm mass accuracy,
a conservative value based on the IT-TOF mass spectrometer per-
formance.

3.5.1. Cyanidin fragmentation
In the case of the cyanidin species, the neutral small molecules

lost were all either water (H2O), carbonyl (CO), C5H6 and/or

ketene (C2H2O). Based on which small molecule was lost, a spe-
cific fragmentation pathway was observed. In our experience,
fragmentation may  continue to occur until there is no more
oxygen left in the fragment species, granted the precursor sig-
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al is of suitable strength and the appropriate collision energy
s applied. For example, during the fragmentation of cyanidin-
,5-diglucoside, a fragment ion at 128.062 m/z was  observed in
he MS6 stage. Based on the iterative fragment pathway and

ass accuracy, −5.9 ppm error, the signal is assumed to be
cyanidin–H2O–CO–CO–CO–CO–CO–H]+., which corresponds to a
oss of 6 oxygens, the number of oxygens cyanidin contains (Table 1
nd Supplemental Table 3). Similarly, during the fragmentation of
elargonidin-3,5-diglucoside, a fragment ion at 141.069 m/z was
bserved in the MS6 stage. Based on the iterative fragmentation
athway and mass accuracy, −4.1 ppm error, the signal is assumed
o be [pelargonidin–H2O–CO–CO–CO–CO]+, which is the loss of 5
xygens, the number of oxygens pelargonidin contains (Table 1 and
upplemental Table 4). For this reason, the fragment types that
nclude a loss of 6 oxygens (by way of CO/H2O/C2H2O loss) were
nly observed for cyanidin fragmentation, and not for fragmenta-
ion of pelargonidin.

Signals for loss of water, [M−H2O]+ (269.042 m/z) and loss
f a carbonyl [M−CO]+ (259.062 m/z) were observed in the MS4

pectrum. Iterative fragmentation of [M−H2O]+ at MS5 resulted
n further losses of CO and C2H2O (Supplemental Table 3). Fur-
her fragmentation of the signals [M−CO]+ could not be collected
ither due to an insufficient signal level or improper collision
nergy applied, although, fragmentation of [M−CO–CO]+ was easily
btained.

The fragment at 175.039 m/z  is believed to be
M−C2H2O–C2H2O–CO]+. This fragment is believed to be a
rimary fragment since it was not observed in the H2O or CO path-
ays and because neither [M−C2H2O]+ nor [M−C2H2O–C2H2O]+

ere observed.
There are two routes by which the fragment ion at 213.056

/z could be formed, based on the fact that it was observed from
wo separate parent fragments, [M−H2O–CO]+ (241.049 m/z) and
M−CO–CO]+ (231.064 m/z) (Supplemental Table 3). This makes the
roposal of structures for the fragments from 213.056 m/z difficult,
ecause fragments may  have been generated from two separate
pecies which had the same mass. A combined response of two
sobaric fragment ions would help explain why this signal was  the

ost intense in the MS4 spectrum (Fig. 4B).

.5.2. Pelargonidin fragmentation
Fragmentation of pelargonidin at MS4 also demonstrated loss of

mall neutral molecules, CO, H2O, and C2H2O, in a manner similar to
yanidin. Pelargonidin differed from cyanidin in losses of CH2O and
5H2O groups. Also, it is worth noting that further fragmentation of
he ions assigned as [M−CO]+ was successful (Supplemental Table
), unlike for cyanidin. However, this may  only have been due to
ufficient signal level or adequate collision energy applied.

Unexpectedly, all of the pelargonidin fragments signals were
ifferent from the cyanidin signals by at least one mass unit, except
he masses 141.069 m/z and 115.054 m/z, even though the two
ompounds share many of the same type of fragmentation signals
Table 1). Signals with the same mass would be expected in both
ragmentation spectra if a substantial amount of the B-ring was
leaved. This suggests that ring opening and small molecule loss
ay  be primarily originating in the A–C bicycle since the B-ring

ubstituents would provide the 16 unit mass difference observed
etween the majority of the common fragment signal types shared
etween the two anthocyanidins.

Finally, the substituents of the B-ring may  be directing certain
ragmentation pathways. This would lead to unique fragment ions
hat were only observed in fragment spectra of certain anthocyani-

in species. For example, [M−H2O–C2H2O]+ was observed in the
yanidin spectra, but not in the pelargonidin spectra. This fragment
athway may  be preferred due to the fact that cyanidin has two
ydroxyl groups in the B-ring which could both be lost in consecu-

[

[
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tive fragmentation events. Pelargonidin would not be able to follow
this pathway, since it has only one hydroxyl group.

4. Conclusion

Fragmentation of cyanidin-3,5-diglucoside and pelargonidin-
3,5-diglucoside was shown to be greatly affected by the amount
of energy applied to the ion trap. Optimization of this energy was
shown to increase the signal strength of various product ions, which
improved the ability to achieve higher order fragmentation. Frag-
mentation of cyanidin and pelargonidin was  found to occur within
a narrow range of collision energies to give cross-ring cleavage and
small neutral molecule loss products.

The cross ring cleavage fragments of cyanidin generated by
breaking the C9–O1 and C2–C3 bonds (0,2 pathway) were found
to be in greater intensity than the fragments generated from cleav-
ing the C9–O1 and C3–C4 bonds (0,3 pathway) and this trend was
further justified by computational calculations.

Ring opening fragments of cyanidin and pelargonidin were
found to lose CO, H2O and C2H2O, while pelargonidin also showed
losses of CH2O and C5H2O. Additionally, all of the CRC product ions
from the CID of each anthocyanidin, except for two, were shown to
be diagnostic in differentiating cyanidin and pelargonidin.

Overall, clear differences in the higher order fragmentation of
these anthocyanin species indicates that such information could
eventually be used for unequivocal identification of these impor-
tant compounds in natural product extracts, especially when
combined with high efficiency separations.
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