
B American Society for Mass Spectrometry, 2011
DOI: 10.1007/s13361-011-0243-4
J. Am. Soc. Mass Spectrom. (2011) 22:2171Y2178

RESEARCH ARTICLE

Blackbody Infrared Radiative Dissociation
of Protonated Oligosaccharides

Messele A. Fentabil, Rambod Daneshfar, Elena N. Kitova, John S. Klassen
Alberta Innovates Centre for Carbohydrate Science and Department of Chemistry, University of Alberta, Edmonton, Alberta,
CanadaT6G 2G2

Abstract
The dissociation pathways, kinetics, and energetics of protonated oligosaccharides in the gas
phase were investigated using blackbody infrared radiative dissociation (BIRD). Time-resolved
BIRD measurements were performed on singly protonated ions of cellohexaose (Cel6), which is
composed of β-(1→4)-linked glucopyranose rings, and five malto-oligosaccharides (Malx, where
x=4–8), which are composed of α-(1→4)-linked glucopyranose units. At the temperatures
investigated (85–160 °C), the oligosaccharides dissociate at the glycosidic linkages or by the
loss of a water molecule to produce B- or Y-type ions. The Y ions dissociate to smaller Y or B
ions, while the B ions yield exclusively smaller B ions. The sequential loss of water molecules
from the smallest B ions (B1 and B2) also occurs. Rate constants for dissociation of the
protonated oligosaccharides and the corresponding Arrhenius activation parameters (Ea and A)
were determined. The Ea and A-factors measured for protonated Malx (x94) are indistinguishable
within error (~19 kcal mol−1, 1010 s−1), which is consistent with the ions being in the rapid energy
exchange limit. In contrast, the Arrhenius parameters for protonated Cel6 (24 kcal mol−1, 1012 s−1)
are significantly larger. These results indicate that both the energy and entropy changes associated
with the glycosidic bond cleavage are sensitive to the anomeric configuration. Based on the results
of this study, it is proposed that formation of B and Y ions occurs through a common dissociation
mechanism, with the position of the proton establishing whether a B or Y ion is formed upon
glycosidic bond cleavage.
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Introduction

Carbohydrates, which are the most abundant biopolymer
in nature, have many important functions. For example,

biosynthesized polysaccharides serve as structural materials
and energy sources [1]. Most membrane proteins and many
extracellular proteins are glycosylated, as are many lipids.
Glycolipids and glycoproteins are common cell surface

components and are implicated in many important biological
processes, including cell–cell communication, the immune
response, and viral and bacterial infections [2]. The
structures of oligosaccharides, either alone or as part of
their glyconjugates, directly influence their function. There-
fore, a comprehensive understanding of their functional roles
requires detailed knowledge of their structures.

Mass spectrometry (MS) represents an important tool for
the structural analysis of oligosaccharides. Positively
charged (e.g., protonated or metal ion adducts) and neg-
atively charged (e.g., deprotonated) oligosaccharide ions are
readily produced in the gas phase using ionization techni-
ques such as electrospray ionization (ES) and matrix assisted
laser desorption ionization. Accurate mass measurements
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allow for the unambiguous assignment of the elemental
composition of oligosaccharides. The gas phase ions may
also be activated in order to induce their fragmentation (i.e.,
tandem MS, MS/MS or MSn) [3–23]. From an analysis of
the resulting fragment ions the sequence of sugar residues
and their linkages and stereochemistry can also be deter-
mined. Analysis of the gas phase ions using ion mobility MS
has also proven effective for differentiating isomeric
carbohydrate structures [24–26].

A wide variety of activation techniques have been used to
fragment oligosaccharide ions in the gas phase, although low
energy collision-induced dissociation (CID) and infrared
multiphoton dissociation (IRMPD) have been used most
extensively [3–23]. Low energy CID and IRMPD of
oligosaccharide ions generally results in cleavage of the
glycosidic bonds [5, 6]. For singly charged, protonated and
alkali-metal cationized oligosaccharides, cleavage of a
glycosidic bond at the non-reducing side yields an oxacar-
benium ion (referred to as a B-type ion) and a smaller
neutral oligosaccharide [5]. Glycosidic bond cleavage may
also be accompanied by proton transfer resulting in the
formation of a smaller charged oligosaccharide (referred to
as a Y-type ion) and a neutral epoxide [3, 5–7]. There is
experimental evidence that it is an exchangeable hydrogen
(e.g. from a neighboring hydroxyl group) that is transferred
to produce Y ions [7]. The fragmentation mechanisms for
protonated oligosaccharides are believed to be charge
induced, whereby protonation of the glycosidic oxygen
results in delocalization of the ring oxygen electrons and a
concomitant weakening of the glycosidic bond [8]. Dissocia-
tion of alkali metal cationized oligosaccharides also leads to
abundant B- and Y-type ions, in addition to fragments
produced from cross ring cleavage reactions. For metal
cationized oligosaccharides the metal ion coordinates with
several oxygen atoms simultaneously such that there is little or
no destabilization of the glycosidic bond. As a result higher
energies are typically required to fragment metal cationized
oligosaccharides, compared with protonated oligosaccharides
[5, 9].

Despite the widespread application of tandem MS to
characterize the structures of oligosaccharides, there have
been relatively few studies of the dissociation mechanisms
[7–19]. Perhaps the most detailed investigation into oligo-
saccharide fragmentation mechanisms is the recent study by
Suzuki et al. [9]. These authors performed extensive
calculations on a series of sodiated disaccharides of varying
composition, linkage, and configuration, to estimate the
dissociation activation energies and establish rules for
fragmentation. However, to our knowledge, no quantitative
experimental studies of the kinetics and energetics of
oligosaccharide fragmentation reactions have been reported.

Here, we describe the first systematic study of the thermal
dissociation of protonated oligosaccharide ions in the gas
phase—their fragmentation pathways, kinetics, and ener-
getics. Singly charged, protonated ions of a series of malto-
oligosaccharides (Malx, where x=4–8), which are composed

of α-(1→4)-linked glucopyranose rings, and cellohexaose
(Cel6), which is composed of β-(1→4)-linked glucopyra-
nose rings, were investigated using the blackbody infrared
radiative dissociation (BIRD) technique [27, 28] and Fourier-
transform ion cyclotron resonance (FTICR) MS. The BIRD
mass spectra, together with the results of double resonance
experiments, provide insights into the contribution of primary
and secondary fragmentation pathways to the product ion mass
spectra. More importantly, rate constants and Arrhenius
parameters for the cleavage of glycosidic linkages were
determined from time-resolved BIRD measurements. These
data reveal that the anomeric configuration can have a dramatic
effect on the kinetics and energetics of B and Y ion formation.
Furthermore, the results of this study provide new insights into
the mechanism of glycosidic bond cleavage in the gas phase.

Materials and Methods
Oligosaccharides

Maltotetraose (Mal4), maltopentaose (Mal5), maltohexaose
(Mal6), and maltoheptaose (Mal7) were purchased from
Sigma-Aldrich Canada (Oakville, Canada). Malto-octaose
(Mal8) and cellohexaose (Cel6) were purchased from
CarboSynth (Berkshire, UK). All of the oligosaccharides
were used without further purification. ES was performed on
aqueous solutions of each oligosaccharide (50 μM) and
2.5 mM ammonium acetate (pH 7) to produce singly
protonated oligosaccharide ions in the gas phase.

Mass Spectrometry

All experiments were performed using a 9.4 T Bruker
ApexII Fourier transform ion cyclotron resonance (FTICR)
mass spectrometer (Billerica, MA) equipped with a nano-
flow ES (nanoES) ion source. A detailed description of the
instrument and the experimental conditions used for the
BIRD measurements and the double resonance experiments
can be found elsewhere [29].

Calculations

Geometry optimization calculations were performed on proto-
natedMal4 using the AM1 semiempirical method implemented
with Hyperchem 8.0 (Hypercube Inc., Gainesville, FL). The
starting structure was obtained using the “Model Build”
function and the proton was placed on the last glycosidic
linkage at the reducing end. Vibrational frequencies were
calculated for the energy-minimized structure.

Results and Discussion
BIRD of Protonated Oligosaccharides

The most abundant ions detected by ES-MS performed on
aqueous solutions of 50 μM oligosaccharide in 2.5 mM
ammonium acetate correspond to the singly protonated
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oligosaccharide, together with the NH4
+, Na+ ,and K+ adducts

(Figure S1, Supplementary Data). Signal corresponding to
protonated oligosaccharide ions minus one water molecule was
also detected for all of the oligosaccharides investigated. These
dehydrated ions are presumably formed in the ion source as a
result of collisional heating of protonated oligosaccharide ions
[30]. BIRD of the protonated Malx and Cel6 ions was
performed at temperatures ranging from 85 to 160 °C and
reaction times ranging from 0.5 to 60 s. Shown in Figure 1a, b,
and c are representative BIRD mass spectra acquired for

(Mal6+H)
+ at 100 °C and reaction times of 12, 26, and

60 s, respectively. At this and the other temperatures
investigated, BIRD results predominantly in the forma-
tion of B- and Y-type ions; a complete series of B ions
was observed (B1–B6) and a partial Y ion series (Y4 and
Y5 ions). The sequential dehydration of the B1 and B2

ions, resulting in (B1–H2O), (B1–2H2O), (B2–2H2O), and
(B2–3H2O) ions, also occurs and these ions dominate at
longer reaction times. BIRD of the other protonated Malx
ions resulted in the formation of similar products ions, i.
e., B1–Bx, Y4–Yx-1, (B1–H2O), (B1–2H2O), (B2–2H2O),
and (B2–3H2O) ions. The fragmentation of protonated
Cel6 yielded similar product ions although higher
reaction temperatures were required to achieve extensive
fragmentation (Figure 2a and b).

The Y ions observed in the BIRD mass spectra result
from the cleavage of the glycosidic bonds, on non-reducing
side, either directly from the reactant ion (i.e., via one of
several parallel pathways) or from secondary fragmentation
of Y ions, which are themselves protonated oligosacchar-
ides. The B ions can also be produced by multiple reaction
pathways. For a given reactant ion (e.g., protonated Malx),

Figure 1. BIRD mass spectra acquired for (Mal6+H)
+ at a

reaction temperature of 100 °C and reaction times of (a) 12 s,
(b) 26 s, and (c) 60 s

Figure 2. BIRD mass spectra acquired for (Cel6+H)
+ at a

reaction temperature of 118 °C and reaction times of (a) 15 s
and (b) 60 s
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the corresponding Bx ion is produced by the loss of H2O.
Smaller B ions can also be produced from primary
fragmentation (through glycosidic bond cleavage) or from
Y product ions (by glycosidic bond cleavage or water loss).
Cleavage of the glycosidic bonds of the B ions can also lead
to smaller B ions, vide infra. Sequential water loss has been
observed in CID experiments performed on protonated (or
ammonium adducts) ions of some monosaccharides [7] and
oligosaccharides [8]. For example, CID of the ammonium
adducts of xylopentaose leads to B ions that have lost up to
five water molecules [8]. The proposed mechanism for water
loss from B ions involves the formation of aromatic ring
structures at the reducing end of the oligosaccharide.
Interestingly, sequential water loss was not observed in
CID of ammonium adducts of Mal5 and it was suggested
that the process is blocked by the CH2OH group at the C-5
position. However, the present results clearly indicate that
water loss can occur, at least from the smaller B ions.

BIRD of B Ions

BIRD measurements were also performed on B2–B6 ions.
The B2, B3, and B4 reactant ions were produced by BIRD of
protonated Mal4, while the B5 and B6 ions were produced
from protonated Mal6. Shown in Figure 3 are representative
BIRD mass spectra measured for the B6 ion at 109 °C and
reaction times of 1 and 8 s. Signals corresponding to B2–B5

ions, along with the (B2–3H2O) ion, were detected. At
longer times, B1, (B1–H2O), (B1–2H2O), and (B2–2H2O)
ions were also detected (data not shown). Similar results
were obtained for the other Bx ions investigated. It is
interesting to note that the timescales for the dissociation of
the Bx ions are comparable to those of the protonated Malx
ions, despite the absence of an excess proton to induce
cleavage of the glycosidic bonds. The significance of this
observation is discussed below.

Double Resonance Experiments

In an effort to further probe the contribution of different
dissociation pathways to the BIRD mass spectra, double
resonance experiments were performed on the fragment ions
produced from the (Mal6+H)

+ ion. For these measurements,
BIRD mass spectra were acquired at a reaction temperature
of 117 °C and a 6.5 s reaction time with the application of
continuous rf excitation at the cyclotron frequency corre-
sponding to a particular product ion. The rf excitation causes
the selected product ion to be ejected from the ion cell, as it
is formed, thereby eliminating the possibility of secondary
fragmentation. A decrease in the relative abundance of
smaller product ions serves to identify ions originating either
directly or indirectly from that particular product ion. Listed
in Table 1 are the ratios of the intensity of individual product
ions over that of the reactant ion measured following the
continuous ejection of a particular product ion. Based on
these results, it is possible to conclude that secondary

fragmentation of the Bx ions leads both directly or indirectly
(through sequential fragmentation reactions) to each of the
smaller Bx ions. It is also interesting to note that ejection of
B2 results in a nearly complete loss of not only the (B2–
2H2O) and (B2–3H2O) ions but also the B1, (B1–H2O) and
(B1–2H2O) ions. These results indicate that B2 represents the
major precursor of the B1 ion and dehydrated B1 and B2

ions.

Dissociation Kinetics and Arrhenius Parameters

The temperature-dependent dissociation rate constants (k)
were determined from changes in the natural log of the
normalized intensity of the protonated oligosaccharide ions

Figure 3. BIRD mass spectra acquired for B6 ion, which was
produced from protonated Mal6, at a reaction temperature of
109 °C and reaction times of (a) 1 s and (b) 8 s
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(IR,norm) with reaction time (Equation 1):

1n IR;norm
� � ¼ �kt ð1Þ

The IR,norm term was calculated using Equation 2, where IR
is the intensity of the reactant ion and ΣIP is the sum of the
intensities of all product ions, including those produced by
secondary reactions:

IR;norm ¼ IR= IR þ �IPð Þ ð2Þ
Illustrative kinetic plots obtained for (Mal6+H)

+ and (Cel6+
H)+ ion, at five different temperatures, are shown in Figure 4.
The plots are linear and, in most cases, exhibit near zero
intercepts. Plots of similar quality were obtained for the
other reactant ions investigated. The value of k was
determined from the slope of a linear least squares fit of
the kinetic data measured at each temperature investigated.

That the kinetic plots are linear can be interpreted in
several ways. Linear plots are expected when the reactant
exists in a single dominant structure or multiple, rapidly
interconverting structures. Alternatively, and perhaps less
likely, linear plots will arise when the reactant exists in
multiple, non-interconverting structures, each of which
reacts with the same or very similar kinetic parameters.
Given that primary fragmentation of the protonated oligo-
saccharide ions occurs at multiple glycosidic bonds it is
possible that each oligosaccharide ion exists in multiple,
rapidly interconverting structures. These rapid structural
fluctuations may be accompanied by proton transfer between
carbohydrate residues, similar to the mobile proton model
proposed for the fragmentation of protonated peptides in the
gas phase [31].

Time-resolved BIRD measurements were also performed
on the Bx ions, where x=2–6, produced by water loss from
the corresponding protonated Malx ions. Shown in Figure S2
are the illustrative kinetic data measured at ~100 °C.
Notably, the kinetic plots are, in all cases, non-linear. As a
result, it was not possible to extract reliable dissociation rate
constants. These results indicate that the Bx ions exist in
multiple, kinetically distinct structures. At present, however,
it is not known whether the multiple structures reflect

Figure 4. Plots of the natural logarithm of the normalized
intensity, ln (IR,norm), of (a) (Mal6+H)

+ and (b) (Cel6+H)
+ versus

reaction time measured at the temperatures indicated

Table 1. Summary of BIRD double resonance experiments obtained for the (Mal6+H)
+ ion at 117 °C and 6.5 s. Listed are the ratios of the intensity of

individual product ions to the reactant ion measured while ejecting one of the product ions (indicated by X) by applying continuous rf excitation at the
corresponding cyclotron frequency

B1** B1* B1 B2*** B2** B2 B3 B4 Y4 B5 Y5 B6 Mal6

0.2 0.2 0.1 0.4 0.1 2.1 1.1 0.6 0.3 0.8 0.8 0.7 1
0.2 0.2 0.1 0.3 0.1 1.3 0.6 0.3 0.3 0.3 0.8 X 1
0.2 0.2 0.1 0.3 0.1 1.6 0.8 0.5 0.1 0.7 X 0.7 1
0.2 0.2 0.1 0.3 0.1 1.0 0.4 0.2 0.3 X 0.8 0.7 1
0.2 0.2 0.1 0.4 0.1 1.5 0.8 0.5 X 0.8 0.8 0.7 1
0.2 0.1 0.1 0.2 0.0 0.5 0.2 X 0.3 0.8 0.8 0.7 1
0.1 0.1 0.0 0.1 0.0 0.2 X 0.6 0.3 0.8 0.8 0.7 1
0.1 0.0 0.0 0.0 0.0 X 1.1 0.7 0.3 0.8 0.8 0.7 1

The first row corresponds to ion intensity ratios measured by BIRD at 117 °C and 6.5 s reaction time. The asterisk(s) (*), (**), and (***) represents the loss of
one, two, and three water molecules, respectively, from the B1 and B2 ions.
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differences in the location of the charge or whether a given
B ion can adopt multiple conformations.

Arrhenius plots, constructed from the temperature-
dependent k values measured for dissociation of protonated
Malx and Cel6 ions, are shown in Figure 5. The Arrhenius
activation energy (Ea) and pre-exponential factor (A) were
obtained from the slope and y-intercept, respectively, of a
linear least squares fit of the kinetic data and the values are
listed in Table 2. Also listed are the entropies of activation
(ΔS‡), the difference in entropy between the transition state
and the reactant, which were calculated at 120 °C (the
median reaction temperature) from the corresponding A-
factor using Equation 3:

A ¼ ekBT=hð Þ exp �Sz=Rg

� �
ð3Þ

where kB, h, and Rg are the Boltzmann constant, Planck
constant, and gas constant, respectively.

Inspection of the Arrhenius plots and the corresponding
parameters listed in Table 2 reveals a number of interesting
features. The Ea and A values determined for the protonated
Malx ions, with x=5–8, are indistinguishable, within
experimental error (19 kcal mol−1 and 1010 s−1). In contrast,
the Arrhenius parameters determined for protonated Mal4 are
significantly smaller (14 kcal mol−1 and 108 s−1), while those
for protonated Cel6 are larger (24 kcal mol−1 and 1012 s−1).
The similarity in the parameters measured for the larger
Malx ions suggests that these ions are in or are close to being
in the rapid energy exchange (REX) limit, such that their
internal energy is described by a Boltzmann distribution
[32]. Given the relatively small size of these ions, with
masses ranging from 667 (Mal4) to 1315 Da (Mal8), this
result is, perhaps, surprising. Williams and coworkers have
modeled the dissociation kinetics of a protonated peptide
polymer, (Ala-Gly)n, activated by blackbody radiation as a
function of size and Arrhenius parameters [32]. For
dissociation reactions with Arrhenius parameters of similar

magnitude to those measured for the larger Malx ions, i.e.,
18 kcal mol−1 and 1010 s−1, their analysis revealed that the
REX limit is achieved at molecular weights of ~3 kDa.
However, according to their analysis, for peptide ions with
molecular weights comparable to those of the Malx ions
investigated here, the difference between the apparent and
true energy barrier is expected to be less than 5% [32]. It
should also be pointed out that the IR spectra of the
oligosaccharides investigated here are expected to be quite
different from that of protonated (Ala-Gly)2. Shown in
Figure S3 is the IR spectrum calculated at the AM1 level of
theory for a minimized structure of protonated Mal4.
Notably, there is significantly greater overlap of the
oligosaccharide vibrational frequencies and the Planck
radiation distributions at the BIRD reaction temperatures
than found for (Ala-Gly)2 [32]. It follows that for reactions
proceeding with similar kinetic parameters, the minimum
molecular weight required to achieve the REX limit will be
smaller for oligosaccharides than for peptides. Based on
these considerations, it is reasonable to conclude that the Ea

values measured for the dissociation of protonated Cel6 and
Malx (where x94) ions in the present study are within
1 kcal mol−1 of the true Ea values.

It follows then that the average Ea values for the cleavage of
glycosidic bonds in α-(1→4)-linked and β-(1→4)-linked
glucopyranose rings are approximately 19 and 24 kcal mol−1,
respectively. That the fragmentation of the protonatedMal6 ion
occurs with lower Ea than protonated Cel6 is consistent with
earlier observations that α glycosidic bonds cleave more easily
than β glycosidic bonds in CID experiments [8]. As discussed
by Suzuki et al. [9], the lower stability of the α glycosidic
bonds can be explained in terms of the anomeric effect.
Hyperconjugation between one of the lone electron pairs of the
ring oxygen and the σ* orbital of the C–O bond is possible for α
glycosides, but not for β glycosides. Because of this electron
delocalization, the energy barrier for C1–O bond cleavage in
the α glycosides is expected to be lower than for the β
glycosides [9].

While there are no comparable experimental data for the
energy barrier to glycosidic bond cleavage reactions for
metal cationized oligosaccharide ions, it is interesting to
compare the Ea values measured for protonated Malx and
Cel6 ions with those calculated [using the HF/6-31 G(d)

Figure 5. Arrhenius plots for the dissociation of the (Cel6+H)
+

(filled square) and (Malx+H)
+ ions, where x=4 (filled circle), 5

(open square), 6 (open circle), 7 (filled triangle) and 8 (open
diamond)

Table 2. Arrhenius activation parameters (Ea, A) and the corresponding
entropies of activation (ΔS‡) measured for the dissociation of singly
protonated Malx, where x=4–8, and Cel6 ions

Oligosaccharide Ea (kcal mol−1)a A (s−1)a ΔS‡ (cal K−1 mol−1)b

Mal4 14.0±0.2 107.6±0.1 −26.3±0.5
Mal5 19.2±0.7 1010.1±0.4 −14.9±1.8
Mal6 19.3±0.7 1010.3±0.4 −13.9±1.9
Mal7 19.3±0.8 1010.3±0.5 −13.9±2.3
Mal8 19.5±0.7 1010.4±0.4 −13.5±1.8
Cel6 24.3±0.4 1012.0±0.2 −6.2±0.9

a Errors correspond to one standard deviation.
b Values calculated at 393 K.
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basis set] for cleavage of the glycosidic bond in the (Mal2+
Na)+ and (Cel2+Na)

+ [9]. According to these calculations,
the energy barriers for the formation of B/Y ions from Mal2
and Cel2 are ~60 and ~100 kcal mol−1, respectively. These
values are significantly larger than the Ea values determined
in the present study. Assuming that the calculated values
accurately reflect the true dissociation Ea values, these
results highlight the significant effect that the charging agent
can have on the stability of the glycosidic bonds in the gas
phase.

It is also important to comment on the A-factors
determined for the dissociation of the protonated Malx and
Cel6 ions. The measured values, which range from 108 to
1012 s−1, correspond to negative ΔS‡ values (−26 to
−6 cal mol−1 K−1 at 120 °C) and suggest that the reactions
leading to cleavage of the glycosidic bonds proceed through
relatively tight transition states (TS), in which there is a loss
of conformational flexibility. In the case of Y ion formation,
which requires that a hydrogen atom be transferred from a
neighboring hydroxyl group to the glycosidic oxygen at the
site of cleavage, a constrained TS is to be expected.
However, it is more difficult to rationalize a tight TS for B
ion formation. Assuming the rate limiting step for B ion
formation involves cleavage of the glycosidic linkage
following protonation of the oxygen atom [7], a loose TS
(with a positive ΔS‡) is expected. The small A-factors
established from the BIRD measurements would seem to
suggest that this view of B ion formation is incorrect or, at
the very least, that the rate limiting step does not involve
simple bond fission. This finding, taken together with the
observation that glycosidic linkages of B ions dissociate
with similar kinetics as those measured for the protonated

oligosaccharides, raises the possibility that protonation of the
glycosidic oxygen does not precede bond cleavage [10].
Instead, it is possible that the formation of B and Y ions
occurs through a common dissociation mechanism involving
hydrogen transfer from a neighboring hydroxyl group to the
glycosidic oxygen, with the position of the excess proton
establishing whether a B or Y ion is formed (Scheme 1).
This putative mechanism is similar to the mechanism
proposed for B and Y ion formation from metal cationized
oligosaccharides [9]. A computational study has been
initiated by our laboratory to further investigate the
mechanism(s) of glycosidic bond fragmentation in these
and other protonated oligosaccharides.

Conclusions
The present study represents the first investigation into the
thermal dissociation of protonated oligosaccharides in the
gas phase. Time-resolved BIRD measurements were per-
formed on singly protonated Cel6, which is composed of β-
(1→4)-linked glucopyranose rings, and protonated Malx
(where x=4–8) ions, which are composed of α-(1→4)-
linked glucopyranose rings. Over the range of temperatures
investigated, the oligosaccharides were found to undergo
cleavage of the glycosidic linkages and the loss of water, as
parallel processes, to give B- or Y-type ions. The primary B
and Y fragment ions readily undergo secondary fragmenta-
tion; the Y ions dissociate to smaller Y ions as well as to B
ions, while the B ions yield smaller B ions. Sequential water
loss from the smallest B ions (B1 and B2) also readily
occurs. Apparent rate constants for the dissociation of the
protonated oligosaccharides, reflecting the multiple primary

Scheme 1. Proposed reaction mechanism of fragmentation of glycosyl bond in protonated maltodisaccharide
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dissociation channels, were measured and the corresponding
Arrhenius parameters were determined. The Ea and A-
factors measured for protonated Malx (where x94) are
indistinguishable within error. This finding suggests that
the REX limit is achieved by the protonated oligosaccharide
ions in the BIRD experiments. Notably, the Arrhenius
parameters measured for protonated Cel6 are significantly
larger than for protonated Mal6; these results demonstrate
that both the energy and entropy changes associated with the
cleavage of glycosidic bonds are sensitive to the anomeric
configuration. Finally, the results of this study raise the
possibility that protonation of the glycosidic oxygen does
not precede bond cleavage. Instead, it is proposed that the
formation of B and Y ions may occur through a common
dissociation mechanism, with the position of the proton
establishing whether a B or a Y ion is formed upon
glycosidic bond cleavage.
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