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a  b  s  t  r  a  c  t

Metastable  and  prompt  fragmentation  of the  deprotonated  monosaccharide  d-fructose  was  studied.  By
using the  isotope  labelled  molecules  1-13C-d-fructose,  2-13C-d-fructose  and  6-13C-d-fructose  the  origin
of  the  observed  fragments  could  unambiguously  be  identified.  It  was  found  that  prompt  fragmentation
(<200  ns)  is characterized  by pronounced  site  selectivity,  i.e.  the  neutral  fragments  contain  C6  and  the
negative  charge  remains  on  the  fragment  containing  the  anomeric  centre  (C2).  The  selectivity  is  preserved
in  metastable  dissociation  (≈8  �s)  only  for  the  generation  of  the  fragment  ion  C H O − (m/z  100).  For
eywords:
etastable decay
onosaccharides
atrix-assisted laser desorption and

onization
lassical dynamics simulations

4 4 3

all  other  metastable  decay  channels  fragments  with  charge  retention  on  the  C6  containing  fragment
contribute  appreciably.  Density  functional  theory  (DFT)  and  classical  dynamics  simulations  are  applied
to predict  the  formation  of  fragment  ions.  Most  of  the  experimentally  detected  fragment  ions  were  also
observed in  the  simulations  thereby  revealing  detailed  information  about  the  fragmentation  pathways.
We  found  that  the  deprotonation  site  strongly  influences  the  pathway  of  the  dissociation  reactions.
nions

. Introduction

Mono- and oligosaccharides are among the most common
iomolecules, serving both as energy carrier and as structural
omponent for all living organisms. Correspondingly, consider-
ble effort has been dedicated to develop mass spectrometric
nd spectroscopic tools to characterize their structure and com-
osition [1,2]. Furthermore, the subtle variances in saccharide
tructure and the resulting complexity of their mass spectra
as motivated detailed studies of their fragmentation as poten-
ial means for structural characterisation and identification [3].
n this context, the fragmentation of different monosaccha-
ides has been investigated by collision activation in tandem
ass spectrometry, both in positive and negative ion mode

4,5].
The current interest in monosaccharide fragmentation is further

otivated by the potential role of secondary low energy elec-
rons in radiation damage to DNA [6,7] where the sugar moiety

epresents a pivotal building block. This has triggered studies on
issociative electron attachment (DEA) to both isolated ribose [8]
nd fructose [9] and the ribose monophoshate [10]. Recently, thin

∗ Corresponding authors.
E-mail addresses: ibald@zedat.fu-berlin.de (I. Bald), odduring@hi.is (O. Ingólfs-

on).
1 Present address: Interdisciplinary Nanoscience Center (iNANO), Department of

hysics and Astronomy, University of Aarhus, Denmark.

387-3806/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2011.05.016
© 2011 Elsevier B.V. All rights reserved.

films of polysaccharide have been shown to change their proper-
ties markedly when exposed to low energy electrons [11]. This
effect was attributed to DEA. Fragmentation studies on the iso-
lated deprotonated sugars as well as ribose and deoxyribose in
the respective nucleosides have also been conducted [12,13]. In
these experiments the fragmentation of the anionic monosaccha-
rides was  found to be characterized by pronounced site selectivity,
i.e. in the course of fragmentation the negative charge tends to
remain on the anomeric carbon atom [8,12].  It was also shown that
this selectivity is not determined by the mode of ionization (free
electron attachment or deprotonation, respectively), but rather by
the time scale of the dissociation reaction [12]. Direct DEA along a
repulsive state proceeds generally very fast (in the order of vibra-
tional periods, i.e. tens of fs) and the reaction pathway is governed
by the involved electronic states of the anionic system [14]. In
the case of low-energy electron attachment (<1 eV) to the pentose
d-ribose this leads to dissociation by loss of C5 containing neu-
tral fragments [8,15].  Interestingly, low-energy heavy-ion (≈10 eV)
induced fragmentation of d-ribose also leads to a selective excision
of C5 [16].

The characteristic fragmentation of deprotonated monosac-
charides is a loss of different numbers of H2O molecules and
cross ring cleavage via abstraction of carbon containing frag-
ments consisting of CH2O units [4,12].  Due to the fairly simple

composition of the monosaccharides, given by the CH2O repeat-
unit, conventional mass spectrometry on fragmentation of the
native monosaccharides does not reveal much information on the
underlying mechanism. In DEA this has been partly addressed by

dx.doi.org/10.1016/j.ijms.2011.05.016
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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sing isotopic labelled d-ribose and d-fructose as target molecules,
owever, the details of site selective fragmentation in depro-
onated monosaccharides are much less explored. Recently we
ave used classical dynamics calculations to predict further frag-
entation of the parent anion [M–H]− from the amino acid

-valine formed trough DEA and through deprotonation in the
ALDI process [17]. For this fairly simple molecule the simula-

ions reproduced the site selectivity of the dissociation processes
ell and showed clearly how different deprotonation sides lead

o different fragmentation. More recently we have extended the
pplication of our simulations to the nucleosides and deoxynu-
leosides constituting the DNA and RNA [13]. For these fairly
arge and complicated molecules the simulations reproduced the
ond selectivity seen in the experiments very well. Furthermore,
y selectively blocking the different deprotonation sites at the
ase and the sugar units, we could determine unambiguously
hat deprotonation sites lead to the individual fragmentation

hannels. These results were also well reproduced in our simula-
ions.

Here we report on a study aimed at understanding details
bout the mechanism behind specific fragmentation reactions of
he monosaccharide d-fructose and the conditions under which
elective bond breaking occurs. For this purpose we have stud-
ed fast and metastable decay of the deprotonated isotopic
abelled 1-13C-, 2-13C- and 6-13C-d-fructose. To further verify
he mechanism behind the individual fragmentation processes
nd to understand the role of individual deprotonation sites we
ompliment our experimental results with classical dynamics sim-
lations.

. Methods

.1. MALDI-experiments

Fast (prompt) and metastable decay of isotope labelled
-fructose (1-13C-d-fructose, 2-13C-d-fructose, 6-13C-d-fructose)
as measured in in-source decay (ISD) and post-source decay

PSD) mode, respectively, on a commercial matrix assisted laser
esorption and ionization (MALDI) instrument (Reflex IV, Bruker
altonics). The instrument is equipped with a reflectron time-
f-flight mass spectrometer (ToF-MS) and an N2 desorption laser
337 nm,  repetition rate 10 Hz). The ions are extracted with a delay
ime of 200 ns and accelerated into the field-free flight tube with a
ouble focusing Wiley McLaren acceleration optics. The operation
f the instrument to measure fast (ISD) and metastable (PSD) decay
as been described in detail elsewhere [18]. Briefly, the ISD spec-
ra were all recorded in reflectron mode and the laser power was
et to be about 10% above the detection threshold for the depro-
onated molecule. The PSD spectra were recorded by gating the
eprotonated molecules into the field free linear flight tube. The
esorption laser power was kept about 20% above the detection
hreshold for the corresponding ion. The laser spot was  moved

anually over the sample during acquisition to average out sam-
le inhomogeneity. The acceleration voltage into the linear region
as 25 kV resulting in about 8 �s flight time, which is the time
indow within which we observe metastable decay. The width of

he mass gate was ±5 Da in all experiments. After the linear flight
he ions are decelerated and reaccelerated with a grid-less reflec-
ron and detected on a double micro-channel plate detector. The
eflectron voltage is stepped down in 7 segments to assure for col-
ection of all fragments. Individual segments are the sum of 500

hots, which were recorded by using the fragmentation analyses
nd structural ToF method FAST, within the instrumental con-
rol software FlexControl®. The alignment of individual segments
nd the mass calibration of the spectra was carried out with the
f Mass Spectrometry 305 (2011) 50– 57 51

FlexAnalyses® software also provided by the instrument manufac-
turer.
d-Fructose was  purchased from Sigma–Aldrich (St. Louis, MO,

USA) with a stated purity ≥99% and the isotope labelled ana-
logues 1-13C-d-fructose, 2-13C-d-fructose and 6-13C-d-fructose
were obtained from Cambridge Isotope Laboratories, Inc. (Andover,
MA,  USA) with a stated purity of 99%. All compounds were used
without further purification.

Samples were prepared by pre-spotting 0.5 �L of a 2.8 mM
aqueous solution of bisbenzimide hydrochloride matrix;
C25H24N6O·3HCl, from Sigma–Aldrich (St. Louis, MO,  USA) on
a stainless steel sample carrier. After drying the matrix in air,
0.5 �L of a 0.13 M solution of d-fructose in methanol was spotted
on the matrix and allowed to dry.

2.2. Classical dynamics simulations

To identify possible fragmentation channels we have conducted
classical dynamics simulations of various dissociation processes
for both � and � d-fructopyranose. The calculations have been
described in detail elsewhere [13]. We thus only give a brief
description here. We used density functional theory (DFT) with a
plane wave basis set (energy cut-off at 395.994 eV) and the PW91
functional as implemented in the VASP code [19,20]. Geometric
energy minimization using damped molecular dynamics and con-
jugate gradient algorithm to relax the system to its ground state was
carried out for neutral �- and �-d-fructose, and the five different
deprotonated molecules of �- and �-d-fructose, respectively. The
neutral d-fructose system was then heated to room temperature
by scaling the velocities of the atoms to give an internal energy
corresponding to 298 K. The vibrational modes were allowed to
equilibrate in a dynamics simulation for 1000 fs. The simulation
was  then continued for another 1000 fs from which 10 configura-
tions, separated by a time interval of 100 fs, were taken and used as
starting points for further simulations of the fragmentation process.
For each investigated parent ion (deprotonation site) the respective
proton was  removed from all 10 geometries. An internal energy of
8 eV was then added to account for the internal energy acquired
in the MALDI process. Finally constant energy (microcanonical)
simulations of 500 fs were carried out for the highly vibrationally
excited, deprotonated molecules. The resulting statistical fragmen-
tation pathways were documented and the charge of each fragment
was  determined by the Bader’s method [21–23].

During the desorption and ionization process in MALDI small
molecules acquire approximately 4–5 eV internal energy [24], and
the experimental time window of metastable fragmentation in
our measurements was  about 8 �s. Due to limited computational
time and cost 500 fs was  the chosen timeframe for the simulations.
This is only a fraction of the experimental time window for the
metastable decay. To induce fragmentation within the computa-
tional time window we  have increased the internal energy inserted
to the system to 8 eV, which increases the speed of fragmenta-
tion and other reactions such as rearrangement. It is important to
be aware that increasing the internal energy may  also open new
fragmentation channels, which are not available for a system with
4–5 eV internal energy. On the other hand we cannot avouch for
the simulations to cover the whole potential energy surface, and
since the fragmentation channels were accelerated by high inter-
nal energy, the more probable or faster fragmentation channel is
generated during the dynamic simulation while the less efficient

may  not be observed at all. In total we  performed 50 simulations
(10 for each deprotonation site), and for each deprotonation site
we observed 4–7 different fragmentation pathways that are sum-
marized in Table S1 of the Supplementary material.
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to this fragment or if there is possibly some contribution from non-
terminal carbon loss.

The fragment that appears at m/z 119 from native d-
fructose shows complementary behaviour when we compare
ig. 1. Molecular structure of �-d-fructopyranose and �-d-fructofuranose. Posi-
ions 1, 2 and 6 are highlighted corresponding to the positions of isotope labelling
sed in the present study.

. Results and Discussion

.1. Structure and acidity of d-fructose

d-Fructose can adopt four isomeric structures, the �- or �-
yranose structure, and the �- or �-furanose structure (Fig. 1).
hen bound within oligo- and disaccharides d-fructose usually

dopts the furanose form, whereas in aqueous solution of the
onomer equilibrium between pyranose and furanose evolves
ith the pyranose being dominant. d-Fructose crystallises as �-
yranose [25], and quantum mechanical and molecular mechanics
alculations of the structure of d-fructose indicate that in the solid
hase indeed the �-pyranose tautomer is the most stable among
ll possible isomers [26]. The gas phase structure, however, is more
ifficult to predict [26]. A recent experimental and theoretical study
n the gas phase structure of monosaccharides indicated that dur-
ng laser desorption the crystal structure of monosaccharides is
reserved [27]. Hence, for the present work it is reasonable to
ssume that d-fructose is present as the six-membered ring, i.e.
he pyranose form, and as the �-anomer. Nevertheless, it is pos-
ible that the present sample also contains a certain amount of
-pyranose tautomer.

During the MALDI process d-fructose is deprotonated, and
he proton can basically be removed from any of the five
ydroxyl groups. So far the individual acidities for the different
eprotonation positions in d-fructose have not been reported. A
omputational study on d-glucose [28], however, showed that the
ydroxyl group at the anomeric centre is the most acidic. Our
lassical dynamics simulations (see Section 3.3) indicate that in d-
ructose the anomeric hydroxyl group (OH2) and OH5 are the most
cidic.

.2. Post-source and in-source decay mass spectra

Fig. 2 compares the PSD spectra of the native d-fructose with
he isotope marked analogues 1-13C-d-fructose, 2-13C-d-fructose
nd 6-13C-d-fructose. Fig. 3 compares the ISD spectra for the same
ompounds. The sum formula for the observed fragment ions and

 tentative assignment of the corresponding neutrals are sum-
arized in Table 1 along with the matching fragments from the

lassical dynamics simulations.
The characteristic fragments from PSD of the native d-fructose

re observed at m/z  161, 149, 143, 131, 119, 107, 100, 89 and 71.
The peaks appearing at m/z  161 and 143 correspond to the loss

f one and two  water molecules, respectively. Thus, there is no
arbon loss associated with the formation of these fragments and
orrespondingly the peaks appear shifted up by one mass unit for
ll the 13C labelled sugars.

The fragment at m/z = 149 in the spectrum of native d-fructose
orresponds to the loss of one formaldehyde unit (CH2O), conse-

uently, it is the largest fragment formed through carbon loss. From
ig. 2 it can be seen that the mass of this fragment is partly shifted
n the case of 1-13C-d-fructose and 6-13C-d-fructose, but appears
xclusively at m/z = 150 for 2-13C-d-fructose. Hence, the fragment is
Fig. 2. Post-source decay spectra of d-fructose, 1-13C-d-fructose, 2-13C-d-fructose
and  6-13C-d-fructose.

formed by a terminal loss of a CH2O unit from either the C1 or the C6
end. In both 1-13C-d-fructose and 6-13C-d-fructose the ratio of the
m/z 149 and m/z 150 signal are found to be comparable, indicating
that the C1 and the C6 loss are comparably likely.

The fragment from native d-fructose that appears at m/z  131 is
assigned to the loss of H2O and a CH2O unit. The intensity ratios of
the corresponding signals at m/z 131 and 132 in the PSD spectra of
1-13C-d-fructose and 2-13C-d-fructose are very similar and in both
cases the signal at m/z 132 dominates. In the PSD spectra of 6-13C-
d-fructose fragment peaks appear at m/z  132, 131 and 130. Also
here, the signal at m/z 132 dominates. If we  only consider terminal
carbon loss, the m/z 132 peak from 1-13C-d-fructose and 2-13C-
d-fructose must be due to C6 loss. From 6-13C-d-fructose, on the
other hand, the m/z 132 signal must be due to C1 loss. It is thus
clear that both C1 and C6 loss contribute to the signal observed
at m/z 131 for the native d-fructose. It is, however, not conclusive
from the PSD spectra to what extent the C1 and C6 loss contribute
Fig. 3. In-source decay spectra of d-fructose, 1-13C-d-fructose, 2-13C-d-fructose and
6-13C-d-fructose.
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Table 1
Summary of anionic fragments observed in PSD, ISD and from classical dynamics of deprotonated d-fructose along with the neutral losses.

PSD fragment anions ISD fragment anions Simulations

m/z Fragment Neutral loss m/z Fragment Neutral loss m/z Fragment Neutral loss

161 C6H9O5
− H2O 160 C6H8O5

− H2O + H 161 C6H9O5
− H2O

149  C5H9O5
− CH2O 149 C5H9O5

− CH2O
143 C6H7O4

− 2H2O
131 C5H7O4

− CH2O + H2O 130 C5H6O4
− CH2O + H2O + H 131 C5H7O4

− CH2O + H2O
119 C4H7O4

− C2H4O2 119 C4H7O4
− C2H4O2

107 C3H7O4
− C3H4O2

100 C4H4O3
− C2H4O2 + H2O + H 101 C4H4O3

− C2H4O2 + H2O 101 C4H4O3
− C2H4O2 + H2O

89  C3H5O3
− C3H6O3 89 C3H5O3

− C3H6O3 89 C3H5O3
− C3H6O3

88 C3H4O3
− C3H7O3
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75 C3H7O
71 C3H3O

-13C-d-fructose with 1-13C-d-fructose and 2-13C-d-fructose. In 6-
3C-d-fructose the intensity ratio between m/z  119 and 120 is about
:1 in favour of m/z 119. Hence, about 2/3 of the signal is due to the

oss of the 6-13C. From 1-13C-d-fructose and 2-13C-d-fructose, on
he other hand, only about 1/3 of the signal is due to the loss of
he respective 13C’s. This complementary behaviour and the fact
hat the intensity ratios for this fragment are identical for 1-13C-d-
ructose and 2-13C-d-fructose is consistent with terminal loss of a
2H4O2 unit rather than the loss of two CH2O units. The branching
atios between both fragmentation channels are 2:1 in favour of
he neutral (C6)H2O–(C5)H2O loss.

The fragmentation channel at m/z 107 also shows comple-
entary behaviour when we compare 6-13C-d-fructose with

-13C-d-fructose and 2-13C-d-fructose. Now the branching ratio is
bout 2:1 in favour of the loss of C1 and C2. This fragment was  ear-
ier tentatively assigned to a cross ring cleavage exclusively leading
o a charged fragment containing C1, C2 and C3 [12]. From the cur-
ent data, however, it is apparent that, though to a lesser extent,
lso a negatively charged fragment containing C6 is formed.

The most remarkable selectivity in the PSD spectra is observed
or m/z 100. Here we observe as good as no shift from 6-13C-d-
ructose, but close to 100% of the ion signal from 1-13C-d-fructose
nd 2-13C-d-fructose is shifted by one Dalton. This channel can thus
nly be explained by a close to 100% selective loss of H2O and a
2H5O2 unit containing both C1 and C2.

Finally, two more channels are observed in the PSD spectra; one
t m/z 89 and one at m/z 71. Both these channels constitute the
oss of three carbon atoms and no particular selectivity is observed.
he slight difference in intensity observed at m/z 89 and 90 for
he isotope labelled sugars is always present and is assigned to the
atural abundance of 13C.

The ISD spectra of native d-fructose (Fig. 3) are characterized
y signals around m/z 160, 130, 101, 89, 88, 75 and 71. The contri-
utions around m/z 160 are attributed to the loss of one H2O unit
rom the deprotonated molecule (at m/z 161) and the additional
oss of one and two hydrogen (at m/z 160 and 159, respectively).
orrespondingly, the 13C labelled d-fructoses show the same pat-
ern and are shifted by one mass unit with respect to the native
-fructose. The fragments at m/z 130, 101, 89, 88, 75 and 71 on
he other hand all correspond to the loss of one or more carbon
toms. The signal at m/z  130 matches the loss of one CH2O unit,
ne H2O and one hydrogen atom from the deprotonated molecule
nd m/z 101 corresponds to the loss of a C2H4O2 unit and an H2O
rom the deprotonated molecule. The fragment ions at m/z 89/88
nd 75 correspondingly represent the loss of at least three carbon
toms. In the first case the mass difference to the neutral precursor

orresponds to the loss of a C3H6O3 unit (m/z 89) or a C3H7O3 unit
m/z 88). In the latter case (m/z 75) the resulting negative fragment
on is concordant with the sum formula C3H7O2

−. Finally, m/z 71
atches the sum formula C3H3O2

−.
C3H4O4

C3H6O3 + H2O

Most remarkable about the ISD spectra displayed in Fig. 3 is the
fact that with the exception of m/z 89/88 and 71, all the fragmenta-
tion processes associated with carbon loss, nearly exclusively result
from a terminal fragmentation from the C6 end. The mass ratios 89
and 88 still show preferable C6 loss though also C1 and C2 loss is
observed to some extent. For m/z 71 there is no selectivity with
regard to C6 vs. C1 loss. This fragment, however, appears nearly
exclusively at m/z 71 in the ISD spectra of all three isotopic labelled
compounds and nearly no signal is observed at m/z  72. Hence, the
m/z 71 fragment is formed selectively through loss of C1, C2 and C6.
In summary, the ISD is very selective and, with the exception of the
m/z 71 fragment, nearly no 13C1 or 13C2 loss is observed. This even
applies if the fragments result from the loss of as much as three
carbon atoms, and is in clear contrast to the PSD spectra.

In general, the difference in selectivity of ISD and PSD fragmen-
tation can be explained either in terms of different precursor ions
or as an effect of the intrinsically distinct physical character of PSD
and ISD. Different precursor ions can be different structural isomers
(pyranose or furanose), diastereomers (�- and �-diastereomers), or
isomers with different deprotonation sites. The main differences in
the physical character of PSD and ISD are; (i) that in the ISD process
individual molecules are likely to be considerably warmer before
the multiple collisions in the expanding plume have lead to a ther-
mal  quasi-equilibrium [29], (ii) the fragmentation in ISD takes place
under multiple collision conditions, and (iii) the time frame for ISD
is much shorter than for PSD. In our experiments the pulsed ion
extraction delay is set at 200 ns. Thus the ISD processes observed
here are processes that are operative within the first 200 ns (and
also partly during the extraction), the PSD processes on the other
hand proceed within the linear flight time, which is about 8 �s. Fur-
thermore, also the higher internal energy in ISD is evident when
comparing the ISD and the PSD spectra. While there is apprecia-
ble contribution from a number of high mass fragments in the
PSD spectra no fragments above m/z 100 contribute significantly
to the ISD spectra. Hence, in the ISD we are observing the low
mass tail of the decay series, i.e. stable fragments resulting from
a number of preceding fragmentation steps. These factors are in
favour of kinetically controlled fragmentation in ISD. Here we also
observe selectivity in the fragmentation pathways in PSD, however,
the selectivity is much higher in ISD. In PSD we observe preferable
loss of one of the 13C’s on some of the channels but no preferences
on others and only one fragment (m/z 100) is exclusively formed
through carbon loss from only one side of the molecule (the C6
side). In ISD on the other hand nearly all fragments are close to be
exclusively formed through 6-13C loss and nearly no 1-13C or 2-13C
loss is observed.
We  explain the extraordinarily high selectivity in ISD by selec-
tive charge retention on the fragment carrying the anomeric centre
(C2) rather than selective bond ruptures. The precursor ion car-
ries the charge most likely at the anomeric centre that initiates
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nitial step in the fragmentation is a ring cleavage at the C2–O bond followed by
oss of water and different neutral carbon-containing fragments from the C6 site of
-fructose.

he dissociation. Fast fragmentation (of hot molecular ions) in ISD
herefore leads to selective charge retention on the anomeric cen-
re. The metastable ions probed in PSD have lower internal energies
han the precursor ions in ISD, and the internal energy is most likely
edistributed over all available degrees of freedom (intramolecular
ibrational redistribution, IVR). Thus, after several �s other frag-
entation channels become accessible resulting in less selectivity.
In the next section we will discuss classical dynamics simula-

ions that help to elucidate important details of the fragmentation
eactions, especially the role of deprotonation sites for specific dis-
ociation reactions.

.3. Simulations of the fragmentation processes

In previous studies of metastable fragmentation of the amino
cid l-valine [17] and the DNA/RNA nucleosides and deoxynucle-
sides [13] we have shown that classical dynamics simulations
epresent a powerful tool to predict dissociation pathways of
eprotonated biomolecules. In the current study we  have carried
ut classical dynamics simulations on the fragmentation of vibra-
ionally activated �- and �-d-fructose in their ground electronic
tate when these are deprotonated at the various hydroxyl groups.

From deprotonated �- and �-d-fructose the main fragment ions
n the classical dynamics simulations were found at m/z  161, 149,
19, 101, 89 and 59 agreeing very well with the fragmentation
roducts observed in the experiments. The predicted fragmenta-
ion reactions leading to these fragment ions (except m/z  59) after
eprotonation at the OH2 are summarized in Fig. 4.

In general, the precursor ions generated by initial deprotonation
f a hydroxyl group in d-fructose are stabilized by intramolecular
ydrogen bonds between the negatively charged oxygen and an
djacent hydroxyl group. The subsequent fragmentation reactions
n our simulations were found to be composed of three charac-

eristic reaction steps. These are (i) intramolecular proton transfer,
ii) anomeric ring opening, and (iii) antiperiplanar dissociation (see
upplementary material for more information). Basically all frag-
entation reactions observed in our classical dynamics simulations
f Mass Spectrometry 305 (2011) 50– 57

can be described as a sequence of these reaction steps and the typ-
ical neutral elimination products are water, formaldehyde (CH2O)
and longer aldehydes.

The intramolecular proton transfer steps occur with low energy
barriers and are thus frequently observed. The proton transfer
proceeds also faster than dissociation via C–C bond breaking and
consequently further dissociation preferably takes place when pro-
ton transfer has lead to charge location at the most acidic hydroxyl
group. The number of observed intramolecular proton transfer
reactions in a given number of simulations for a specific deprotona-
tion site indicates that the acidity of the individual OH groups can
be ordered in the following way: OH2 ≈ OH5 > OH1 > OH3 ≈ OH4.
Almost no proton transfer is observed after deprotonation of OH2
or OH5. Instead various cross-ring cleavage reactions are induced
from these anions. Anomeric ring opening is characteristic for
deprotonation of OH2. This creates a ketone at C2, which in some
cases leads to further fragmentation such as elimination of water
(resulting in m/z 161) or loss of one or more CH2O units as is
depicted in Fig. 4. Deprotonation at OH1, on the other hand, results
either in C1–C2 bond cleavage or proton transfer from OH2  and
subsequent anomeric bond cleavage (see below). Deprotonation at
OH3 or OH4 mainly results in proton transfer from the adjacent
hydroxyl groups indicating that these hydroxyl groups have the
lowest acidity. Antiperiplanar arrangement of the bonds to which
the negatively charged oxygen and the leaving group are connected
is a typical prerequisite for the dissociation channels observed. For
instance, 70% of the dissociation reactions observed after deproto-
nation of OH5 proceed from an antiperiplanar conformation.

m/z 161. The fragment ion at m/z 161 represents the loss of one
water molecule from the respective d-fructose and does not involve
carbon loss. It is thus not possible to gain insight into this frag-
mentation channel through the mass spectra of the isotope marked
13C-d-fructoses. Nevertheless, as this is the most pronounced signal
in the PSD spectra it is worthwhile to have a closer look at this chan-
nel in our simulations. In the simulations this fragment is formed
from the d-fructose when it is deprotonated at OH3, OH4 or OH5.
Water loss is also observed after deprotonation at OH1 and OH2,
but in both these cases this is either observed subsequent to a CH2O
loss or preceding the same (see below). Deprotonation at OH3, on
the other hand, leads to proton transfer from OH2 in conjunction
with an anomeric ring opening. Subsequently OH3  along with the
hydrogen of OH4 is eliminated as H2O and further fragmentation is
not observed. Water loss after deprotonation at OH4 on the other
hand, proceeds through an antiperiplanar dissociation rupturing
the C3–C4 and the C2–OH bond. In this case OH2 with the hydro-
gen from OH1 is eliminated. This channel was only observed from
the �-d-fructose, as such antiperiplanar dissociation is not possible
from the �-anomer. Finally, from d-fructose deprotonated at OH5,
we  also find water elimination containing OH2 with the hydrogen
from OH1. However, here the elimination is found to proceed under
C1–O1–C2 epoxide formation without any direct involvement of
the charge location site.

m/z 149. The predictive power of our simulation method can be
demonstrated on the fragment with m/z 149, corresponding to the
loss of a single CH2O molecule from the deprotonated d-fructose.
The mass spectra of isotope labelled d-fructose indicate that the
carbon atom of CH2O originates to a comparable extent from posi-
tion 1 and 6 (see Section 3.2 and Fig. 2). Our classical dynamics
simulations showed that the different origin is likely to be corre-
lated with the initial position of deprotonation. Deprotonation at
the anomeric centre (OH2) leads to a ring-opening, as it was  pre-
viously observed for glucose [28], and subsequently to a formation

of a C O double bond, and abstraction of neutral CH2O from the
C6 site (Fig. 5a). Remarkably, deprotonation at position 1 results in
six out of ten simulations in the formation of CH2O from C1 as it
is displayed in Fig. 5b. Hence, the classical dynamics simulations
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m/z 131. The fragment ion at m/z 131 is assigned to the loss of

 neutral water and a formaldehyde unit. Experimentally we  have
erified both C6 and C1 loss in this case, but from our mass spectra
e cannot make conclusive statements about the relative contri-

utions of these two channels. In our simulations both C1 and C6
oss was observed but deprotonation at OH1 exclusively results in
limination of C1. Here the �-anomer leads to C1 loss in six out
f ten simulations (6/10), when deprotonated at OH1. In an addi-
ional step water is eliminated from OH5 and the hydrogen from
H2 (Fig. 6a). Also deprotonation at OH5 results in C1 loss subse-
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ig. 6. Reaction scheme from the classical dynamics simulations showing the loss
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31).
Fig. 7. Reaction scheme resulting from the classical dynamics simulations showing
the loss of neutral C2H4O2 from the C6 site (leading to m/z 119).

m/z 119. Deprotonation of the anomeric centre also results in
loss of larger carbon containing neutral fragments. Fig. 7 shows
the detailed fragmentation pathways for the fragment anion m/z
119. Here, deprotonation at OH2 leads to anomeric bond cleav-
age followed by a proton transfer from the OH5 group to the ring
oxygen. This in turn induces the elimination of the neutral frag-
ment HOC2H3O through a C4–C5 bond rupture. This agrees with
the experiments where 2/3 of the anion PSD signal was shifted to
higher masses for 1-13C-d-fructose and 2-13C-d-fructose, and only
1/3 was shifted for 6-13C-d-fructose.

m/z  101. The most intense ion observed in ISD appears at m/z
101. According to our classical dynamics simulations only depro-
tonation at OH5 results in a fragment ion at m/z  101. Here the
initial deprotonation of OH5 results in antiperiplanar dissociation
involving ring-opening between C5 and C4 and cleavage of the
C3–OH bond under formation of OH− (Fig. 8). In a second step,
proton transfer from OH4 to the departing OH− group leads to
H2O formation and further fragmentation into C4H5O3

− (m/z 101)
through anomeric bond cleavage. This corresponds to an exclusive
C6 loss, agreeing well with the experimentally observed selectivity.
In previous measurements on metastable decay of deprotonated
d-fructose and d-ribose [12] it was shown that some fragments
appear shifted by one mass unit when comparing ISD and PSD mass
spectra. Thus, it is likely that the (metastable) fragment anion at m/z
101 looses another hydrogen atom after intramolecular redistribu-
tion of the internal energy during the flight time to the reflectron
to form the ion at m/z 100. Here it should also be noted that the
classical dynamics simulations only cover a time range of 500 fs,
i.e. further fragmentation into thermodynamically more favourable
products might have been observed if the simulation had run long
enough.

m/z 89. The signal at m/z 89 (C3H5O3
−) is the most promi-

nent carbon loss channel observed in PSD of the deprotonated
d-fructose, and it is also observed with appreciable intensity in
the ISD spectra. In the PSD spectra of 1-13C-, 2-13C-, and 6-13C-
d-fructose the intensity ratios between m/z 89 and 90 are all close
to 1:1 and no particular selectivity was observed. The simulations
showed formation of this ion from the �- and �-d-fructose depro-
tonated at OH2 and from the �-d-fructose deprotonated at OH1. In
the case of deprotonation at OH2 the initial step is an anomeric ring

opening followed by a CH2O loss from C6. A bond rupture between
C3 and C4 then leads to a fragment ion at m/z 89 containing C1, C2
and C3 (Fig. 9a). Deprotonation at OH1 also leads to anomeric ring
opening, after proton transfer from OH2. However, then a series
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ig. 9. Reaction scheme from the classical dynamics simulations showing the for-
ation of C3H5O3

− (m/z 89) and C4H7O4
− (m/z 119) by deprotonation of OH2.

f proton transfer reactions leads to C3–C4 bond rupture, and C1,
2 and C3 leave as one unit (Fig. 9b), leaving a m/z  89 fragment
ontaining C4, C5 and C6. This is in very good agreement with our
xperiment and supports the notation that C1 and C2 leave as one
nit.

m/z 59. A fragment ion at m/z  59 was previously observed in
ALDI-ISD [12] and dissociative electron attachment [8] exper-

ments on d-ribose, but not from d-fructose. In the current
imulations this fragment is observed as the final product after a
eries of fragmentation steps. Thus, it may  be a result of fragmenta-
ion with high activation energy barrier, which is not energetically
ccessible in the experiments, but is seen in the simulations due to
he high internal energy (8 eV). To verify this we also carried out
imulations where the atomic velocities were scaled to correspond
o a total of 5 eV internal energy. These lower energy simulations for
-d-fructopyranose do not show a complex fragmentation result-

ng in such a small fragment.

. Conclusions

We studied ISD and PSD of negative ions of d-fructose in MALDI
y means of the isotope labelled d-fructose analogues 1-13C-, 2-13C-
nd 6-13C-d-fructose. By using the isotope labelled d-fructoses we
nambiguously identify the composition of most of the fragments
bserved. To further identify the individual fragments and the
ragmentation mechanisms we conducted classical dynamics simu-
ations of the vibrationally excited (hot) �- and �-d-fructopyranose
orm of d-fructose when deprotonated at the individual hydroxyl
roups. We  find that ISD proceeds nearly exclusively through ter-
inal carbon loss from the C6 side and the charge remains on

he C1 and C2 containing fragment. In PSD other fragmentation

hannels also contribute and terminal fragmentation from the C1
ide competes with carbon loss from the C6 side. The difference
n fragmentation pathways is ascribed to the intrinsically different
hysical character of ISD and PSD. The desorbed ions that are sub-

[
[

[
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jected to ISD are considerably hotter and fragmentation proceeds
faster than in PSD. The pronounced selectivity in ISD thus is kineti-
cally controlled, whereas the branching ratios in PSD are governed
by the thermochemistry.

With our classical dynamics simulations we  are able to predict
most of the experimentally observed fragmentation products and
to elucidate the basic individual dissociation reaction steps behind
those. We  find that the fragmentation is generally composed of
two  or all three of the following reaction steps; intramolecular
proton transfer, anomeric ring opening and antiperiplanar dissocia-
tion. In the simulations we  observe that deprotonation at different
hydroxyl groups may  result in fragment ions with the same m/z
ratio but formed via different reaction pathways. This is in accor-
dance with the experimental mass spectra obtained by PSD. There
we  observe loss of neutral fragments originating from both ends
of the molecule, i.e. C1 and C6, for all m/z ratios apart from m/z
101. The simulations suggest that terminal carbon loss from the C1
site contributes when deprotonation occurs at other positions than
OH2 (the anomeric centre), namely OH1 and OH5. Deprotonation at
the anomeric centre, OH2, on the other hand, predominantly leads
to terminal C6 loss. Finally, the simulations show that the frag-
ment ion at m/z 101 (which is the most intense in ISD) originates
exclusively from deprotonation at OH5 and there is no alternative
reaction pathway to create a fragment ion at m/z 101. In the PSD
spectra the only close to 100% site selective reaction channel is
observed at m/z 100 and is accordingly assigned to be also due to
initial deprotonation at OH5.
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