
Anal. Chem. 1994,66,692-698 

Effects of Cations and Charge Types on the Metastable 
Decay Rates of Oligosaccharides 
Lambert C. Ngoka,? Jean-Franqols Gal,* and Carllto B. Lebrllla'ft 
Department of Chemistry, University of California, Davis, California 956 16, and Groupe FT-ICR, Universith de 
Nice-Sophia Antipolis, 06 108 Nice Cedex 2, France 

Metastable decay rates of a-cyclodextrin and maltohexaose 
coordinated to proton and alkali metal ions were determined 
from ions produced by liquid secondary ion mass spectrometry 
in an external source Fourier transform mass spectrometry 
instrument. For both oligosaccharide compounds the decay 
rates of the protonated species are faster than any alkali metal 
coordinated species. Decay rates of the metal cationized species 
decrease in the order Li+, Na+, K+, and Cs+. The anion of 
a-cyclodextrin has the slowest measurable decomposition rate. 
The relationships between cation affinities and rates are 
explored. 

The progress in multiple or tandem mass spectrometry 
(MS) techniques has been driven, in large part, by the need 
toobtain more structurally important fragment ions.' Despite 
the often violent processes involved in ionization, adequate 
energy for producing fragment ions is often not attained. In 
addition, as the analyses are increasingly performed with larger 
molecules, there is concern that the degree of fragmentation 
will further decrease. Several theories predict that instead of 
becoming more susceptible to fragmentation, molecules 
become more resistant to fragmentation due to the greater 
number of states available to distribute the energy.2-5 

The study of the unimolecular decay of large polyfunctional 
molecules is important for understanding the dynamics of 
fragmentation. Several investigations on metastable decay 
have been performed primarily on small molecules (<20 atoms) 
with mass spectrometers, particularly sector and time of flight 
instruments, that have time scales equivalent to the rate of the 
processes.&16 More recently, metastable decompositions of 
biomolecules have been reported which extend beyond the 
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time scales of these t echn iq~es .~J~  Fourier transform mass 
spectrometry (FTMS) has advantages in these slow processes 
as the detection delay time is variable, ranging from milli- 
seconds to minutes. In a recent publication, we described the 
metastable decomposition of protonated a-cyclodextrin pro- 
duced by liquid secondary ion mass spectrometry (LSIMS) 
with an external source FTMS instrument. The observed 
rate of 4.2 X lo2 s-* is to our knowledge the slowest decay rate 
for an ionic species produced from direct ionization.'* 

In this report, we investigate the role of the cationizing 
atom and the charge type on metastable decomposition of 
a-cycldextrin and maltohexaose. Oligosaccharides have been 
chosen due to our research group's general interest in this 
class of compounds and to the problems often associated with 
their analyses, specifically poor sensitivity and the lack of 
structurally important fragment  ion^.'^-^^ Doping the sample 
with alkali metal salts has been reported to increase the 
sensitivity by producing a greater abundance of pseudomo- 
lecular ions.21,26 Additionally, it has been shown that 
fragmentation products differ, depending on the coordinating 
cation and on the charge (anion or cation) of the  specie^.^^.^^ 
For example, protonated oligosaccharides produce primarily 
cleavage along the glycosidic bonds while both lithiated and 
deprotonated oligosaccharides fragment to also produce cross 
ring cleavages. It would also be appropriate and highly 
desirable to study the effects of size on the rates of metastable 
decay. However, these investigations may be complicated by 
mass-dependent ion loss processes that operate in all ion 
trapping MS methods. In the FTMS, these processes can 
occur over a large mass range and may complicate comparisons 
between metastable decay rates of large (>lo00 amu) and 
small (<500 amu) ionic species. 
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EXPERIMENTAL SECTION 
An external source FTMS instrument, equipped with a 

quadrupole ion guide and a 3-T magnet, was used. Detailed 
descriptions of the instrument are provided in earlier publi- 
c a t i o n ~ . ~ ~ . ~ ~  The Omega data system (IonSpecCorp.) controls 
the pulse sequence and data acquisition of the instrument. 
Ions were created by a liquid secondary ion mass spectrometry 
(LSIMS) source with a Cs+ primary beam. Protonated and 
deprotonated species were produced by dissolving the com- 
pound in deionized water and placing a 2-1L aliquot on the 
sample probe in either a pure glycerol or a glycerol/ thioglycerol 
(1 : 1 mixture) matrix. Species containing alkali metals were 
produced by doping the sample with the appropriate metal 
chloride solution on the probe tip. All samples were com- 
mercially available (Sigma Corp.) and used without further 
purification. Instrumental conditions and the pulse sequence 
used to observe metastable decay have been provided earlier.18 
Briefly, ions were produced by bombardment with a 10-kV 
Cs+ beam and injected during a period of 10 ms. This period 
was chosen to provide a sufficient signal-to-noise ratio for 
analyses and yet short enough to observe the decay of the 
pseudomolecular ion. The detection delay time was varied 
relative to the end of the ion production/injection pulse. 
Differential pumping maintained a pressure of Torr in 
the analyzer region during the experiment while the sample 
was in place. A slight pressure increase was observed when 
the cesium gun was turned on. While performing the 
bracketing experiments, we observed the presence of neutral 
glycerol in the analyzer chamber, indicating that a flux of 
neutral compounds travels down the axis of the quadrupole 
rods into the analyzer cell during the experiment. The neutral 
species could produce collisionally activated dissociation 
(CAD) or collisional ejection of the ions. However, both 
processes operate on all ions and would more strongly affect 
smaller ions. 

The procedure for the determination of the rate constants 
from the metastable decay curve of protonated a-cyclodextrin 
has been described.18 The decay curve of the pseudomolecular 
peak was fitted by a combination of an exponentially decaying 
function and a constant using a commercially available 
program (Kaleidagraph). Decay rates were calculated from 
the exponential part of the curve. Alternatively, a pseudo- 
first-order behavior can be assumed by neglecting the constant 
part of the curve. This procedure preserved the order of the 
rates obtained with the first method but yielded values that 
wereconsistently lower by about 40%. Slow metastable decay 
reactions such as those found for sodium and potassium 
coordinated species could not be determined with certainty 
by using the first method due to the difficulty in obtaining the 
contribution of the constant function. Furthermore, species 
with relatively weakly bound cations, e.g., sodiated and 
potassiated species, undergo metal ion loss reactions that could 
not be properly monitored due to the low mass limitation 
(masses below m l z  50 are not detected in the broad band 
mode) of the instrument. This limitation is a consequence of 
slow digitizing rates in the current instrumental setup. This 
means that the total ion abundance could not be normalized 
as ions were lost to the low-mass regime. Therefore, care was 
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Tabla 1. Rate Conatants lor the Unknokcular Metastabla Docay 
of u-Cyckd.xtrfn and Maltohexrow Coordinated to Varlow 
Catlona and Deprotonated a-Cyclodextrln Produced by LSIMS 

cation rate const, s-l SD detns 

a-cyclodextrin H 428 
Li 385 
Na 346 
K 240 

maltohexaose H 410 
Li 346 
Na 231 
K 252 

44 13 
24 4 
36 5 
25 3 
81 6 
42 4 
18 6 
28 4 

a-cyclodextrin anion 193 22 9 

The standard deviation (SD) values were calculated from the 
multiple determinations. 

taken to ensure that the total ion abundance remained constant 
during the observation time. We have shown that proper 
tuning produces relatively stable ion abundances for protonated 
species during the lifetime of the experiments and using both 
relative and absolute abundances produced nearly identical 
results for the protonated species. To calculate the rates, 
absolute abundances were used from spectra obtained with 
detect delays between 1 and 5 ms when the contribution of 
theexponential function was greatest. For consistency, values 
obtained using a pseudo-first-order decay were scaled to the 
first method by use of the values obtained for the protonated 
species. These values are listed in Table 1. 

RESULTS 
Figure l a  (top) shows a typical spectrum of a cationized 

oligosaccharide accumulated from 100 scans with a 10-ms 
injection width and 1-ms detect delay. For purposes of 
observing the direct competition between decay rates of 
protonated and alkali metal coordinated oligosaccharides, it 
was necessary to obtain spectra which contained both species. 
This was performed by adjusting the concentration of the salt 
solution added to the sample in the matrix. A highly 
concentrated salt solution produced primarily the alkali metal 
coordinated species, while a dilute solution produced primarily 
protonated species. Increasing the detect delay time allows 
the cationized parents to dissociate before detection. The 
presence of both the protonated and the alkali metal coor- 
dinated oligosaccharide is illustrative. It shows directly the 
differing rates of metastable decay between the two cationized 
species. Similar competition experiments of protonated and 
potassiated a-cyclodextrin have been used as evidence for the 
existence of slow unimolecular processes.18 The possibility of 
other ion loss mechanisms has been considered. Several 
processes are known for ion loss in FTMS, including collisional 
ejection, ion evaporation, and z - e j e ~ t i o n . ~ ~ ~ ~  These mech- 
anisms, however, are nonmass specific and operate over a 
broad mass range. There are no known ion loss mechanisms 
that operate either on a specific mass or over a very narrow 
mass range. Furthermore, metastable decay is also observed 
with other compounds having different masses, including the 
maltohexaose discussed below and other linear oligosaccha- 
rides and peptides we have investigated in our group. 
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Flgure 1. Spectra of a-cyclodextrin doped with an aqueous solution 
of LiCi produced from a gtyceroi/thioglyceroI (1:l) matrix. The 
concentration was adjusted to provide strong abundances of both 
liiiated and protonated parents. Each spectrum is an accumulation 
of 100 scans using an injection width of 10 ms. The time indicated 
refers to the time between the end of the injection pulse and the 
beginning of the detect pulse. 

In all competition experiments involving alkali metal and 
proton coordinated a-cyclodextrin, we find that the protonated 
species decay with the fastest rates. The series of spectra 
shown in Figures 1 and 2 are representative of the competition 
experiments involving oligosaccharides coordinated to small 
(Li) and large (Rb) alkali metal ions. The fragment ions are 
derived more from the protonated species than the alkali metal 
coordinated species. In Figure 1 the intense pyran ion series 
having m l z  325, 487, 649, and 811 is consistent with the 
fragmentation pattern of protonated a-cyclodextrin. Frag- 
ment ions having m l z  169,331 and 493 make up the lithium 
analog of this series. Larger fragments coordinated to lithium 
are not observed in this example as they are relatively less 
abundant than the smaller fragments. They are observed in 
spectra from samples containing higher concentrations of 
lithium salt, Le., greater than a 1:3 molar ratio of LiCl to 
oligosaccharide. In these instances, even though the proto- 
nated species were observed to have slightly greater abundances 
at the shortest detection delay time, their intensities were 
found to decrease faster than any metal-containing species, 
so that after several milliseconds the metal-containing species 
became the more intense peak. Differences in the behavior 
of various metal cations are observed in the fragment ions 
present in the spectra. Lithiated and sodiated oligosaccharides 
decompose to produce the respective coordinated fragments. 

Detection Delay = 1 millisecond 325 
I 

1 4117 
649 

I 2 milliseconds 
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Flgure 2. Spectra of acyclodextrin doped with an aqueous solutlon 
of RbCl produced from a glyceroi/thioglyceroi (1:l) matrix. The 
concentration was adjusted to provide strong abundances of both 
rubidium and proton coordinated parents. Each spectrum Is an 
accumulation of 100 scans using an injection width of 10 ms. The tlme 
indicated refers to the time between the end of the injection pulse and 
the beginning of the detect pulse. 

However, we generally find that the spectra of lithiated species 
contain more metal-coordinated fragments than sodiated 
species. Doping the sample with larger alkali metals including 
K, Rb, and Cs produced no fragments coordinated with metal 
ions. For example, in the series of rubidium spectra shown 
in Figure 2, all the fragments are derived strictly from the 
protonated parent. 

The fragment ions in the LSIMS spectra are believed to 
originate from a combination of metastable decay and 
decomposition during direct ion bombardment (both in solution 
and in the gas phase). The lack of alkali metal containing 
fragments from samples doped with K+, Cs+, and Rb+, 
however, indicates a single process in which all fragments are 
produced by metastable decay. Otherwise, fragment ions 
should contain some metal-containing species as observed with 
the parent ion. The generally weaker abundances of fragments 
containing alkali metal cations when present, compared to 
those containing protons in both Figures 1 and 2, indicate that 
the protonated parent was initially produced in significantly 
greater abundance than the alkali metal containing parent 
and that a large portion of the protonated species rapidly 
decomposed even before they could be detected. 

The metastable decays of metal cationized oligosaccharides 
are best observed under high concentrations of the metal salt 
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Figure 3. Relative abundances of lithiated a-cyclodextrin and its 
fragment ions as a function of detection delay times. The Ion having 
mlz 979 (empty circles) is the lithium coordinated parent. Ail other ions 
are fragments coordinated to the lithium cation. 

0.7 i 

' A A A -  

A 161 

179 

323 

341 

971 

o ~ ,  , ' , ,  ' # , " , , ' , ' ' I  
0 5 10 15 20 

Detec Delay 
(millisecond) 

Figure 4. Relative abundances of deprotonated a-cyclodextrin and its 
fragment ions as a function of detection delay time. The ion having mlz 
971 is the deprotonated parent. All other Ions (filled po1nts)are fragments 
of a-cyclodextrin. 

producing parents coordinated to the respective metal cation. 
For example, spectra derived from a sample with significantly 
greater lithium chloride concentration show primarily the 
lithiated species near the molecular ion region with only minor 
abundances of the protonated parent. The time plot (Figure 
3) shows a decay of the parent and a rise in small fragments, 
more notably m / z  169, 331, and 493 between 1 and 10 ms. 

Several research groups have reported that lithiated species 
produce cross ring  cleavage^.^^^^^^^^ We observe similar 
behavior but not in the conditions under which these exper- 
iments were performed. Cross ring cleavages are often 
significantly less intense than glycosidic bond cleavage. The 
relatively poor signal-to-noise ratio produced during these 
experiments does not allow observation of these fragment ions. 

Unimolecular decay of the anion (deprotonated) species is 
also observed (Figure 4). Fragmentation is characterized by 
the abundance of lower mass ions corresponding to mono- 
and disaccharide fragments. Cross ring fragmentation re- 
actions are sometimes observed in the spectra of oligosac- 
charide anions but are not observed here. Inspection of the 
time plots shows that a rise in the intensity of m / z  161 
accompanies the decay of the deprotonated parent. Large 

~~ ~~ 
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Figure 5. Graphical representation of the rate constants from Table 
1 as a function of coordinating atom for (a, top) acyclodextrln and (b, 
bottom) maltohexaose. The error bars are represented by the vertical 
lines at each point. 

fragment ions are not readily observed owing to the differences 
in the reaction mechanisms between cationic and anionic 
fragmentation. The fragmentation pattern of deprotonated 
a-cyclodextrin obtained by FTMS has been discussed in a 
recently published report.34 

Rate constants for the unimolecular decay of cationized 
a-cyclodextrin and maltohexaose, its linear analog, are 
tabulated (Table 1). The relative standard deviations listed 
are calculated from the sets of multiple determinations. It 
should be noted that the rate constants are obtained from a 
population of ions injected during a 10-ms interval. During 
this time metastable decay is already occurring to the portion 
of ions which were trapped early in the injection period. The 
absolute values listed in Table 1, therefore, contain a degree 
of error and should be used either comparatively or to observe 
trends. The rateconstants, however, reflect the result observed 
in the competition experiment, that is, the protonated species 
have the fastest metastable decay rate. Graphical represen- 
tations of the results show clear trends in the decay of the 
various ionic species (Figure 5 ) .  In general, the protonated 
species have the fastest decay rates of any other ionic species. 
For cyclodextrin, the order of decay rates follows, H+ > Li+ 
> Na+ > K+ > anion. The results for maltohexaose (1 8 mass 
units greater than a-cyclodextrin) are not as regular but the 
general trend is preserved, Le., H+ > Li+ > Na+ = K+. Both 
protonated oligosaccharides have similar rates, although some 
variations are observed for specific alkali metals. The most 
noticeable difference between the two groups of ions is the 

(34) Carroll, J.; Ngoka, L.; Beggs, C. G.; Lebrilla, C. B. Anal. Clrem. 1993, 65, 
1582. 
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relatively slower rate for sodium coordinated maltohexaose 
compared to the sodium coordinated a-cyclodextrin. 

DISCUSSION 
The fragmentation behavior of oligosaccharide cations and 

anions under the long time scale of the FTMS technique has 
been discussed in several earlier papers.25,34-35 It is important 
to point out that the experimental conditions used to observe 
metastable decay differ from those used to perform analyses 
for structural elucidation. In contrast to the short injection 
times reported in this work, structural analyses are performed 
by optimizing fragmentation with long injection times (500 
ms) and fewer scans.l0 

The ordering of the decay rates is consistent with earlier 
observations made in this and other laboratories. From the 
results presented, one may conclude that the different rates 
of metastable decay play a strong role in observed differences 
in sensitivity. Generally greater sensitivity is observed in FAB/ 
FTMS when alkali metals are used as cations. We have 
observed, for example, that lithiated parents of oligosaccharides 
often persisted better than the analogous protonated parent 
at long detect delays. High-resolution analyses, which require 
longer observation times than the usual mass analyses, are 
easier to perform with lithiated oligosaccharides than with 
protonated oligosaccharides. Higher sensitivity brought about 
by cationization with alkali metal ions has long been known 
with sector  instrument^.^',^^ It is apparent that in sector 
instruments, as in FTMS instruments, a large portion of the 
protonated species may decompose before the ions are even 
detected. 

At least two processesare thought togive rise to the observed 
spectra: (a) decomposition to cationized oligosaccharide 
fragments and (b) elimination of the alkali metal ions. The 
relative contributions of these two processes in turn invariably 
depend on the internal energy obtained during ionization and 
the ability of the cation to catalyze fragmentation. LSIMS 
ionization involves a combination of processes including 
desorption of preformed ions from solution- and gas-phase 
ionization not unlike that of chemical i ~ n i z a t i o n . ~ ” ~ ~  Although 
the desorption processes remain technically difficult to 
characterize in terms of energy, the gas-phase processes can 
be modeled by ion/molecule reactions. 

M + C + = M C +  A H < O  

C = H, Li, Na, K, etc. 

M + SC+ MC+ + s (2) 

S = matrix 
Any gas-phase processes would inevitably involve the 

coordination of a proton or an alkali metal ion either directly 
in an exothermic reaction (reaction 1) or indirectly through 
cation exchange (reaction 2). Cation affinities (-AH) are 
not known for oligosaccharides that contain a multitude of 
coordination sites. However, several reports provide clues to 

(35) Carroll, J. A.; Lebrilla, C. B. Org. Muss Spectrom. 1992, 27, 639. 
(36) Puzo, G.; Prome, J. C. Org. Muss Specfrom. 1985, 20, 288. 
(37) Pachuta, S. J.; Cooks, R. G. Chem. Rev. 1987.87, 647. 
(38) Sunner, J.; Morales, A.; Kebarle, P. Anal. Chem. 1988, 60, 98. 
(39) Williams, D. H.; Findeis, A. F.; Naylor, S.; Gibson, B. W. J .  Am. Chem. Soc. 

1987, 109, 1980. 

Table 2. Catbn AfflnHler (-AH, eq 1) of Ethylene Glycol and 
Ita Dimethyl Ether for Varlow Cations Obtalned by Bracketing 
Measurements 

-AH, kcal/mol 
binding to H+ Li+ Na+ K+ 

## IIa ## 
196.00 50.0 f 5.4b 39.3 f 5.gb 27.5 f 1.5b 

eth lene glycol 204.ge 56.7d 47.2e 30.g d: imethyl ether 

a See ref 46. Obtained from bracketing techniques. See ref 47. 
e See ref 48. Obtained from the data in refs 49 and 50-52. e See refs 
53 and 54. f See ref 55. 

the relative cation affinities of oligosaccharides. “Cationizing 
efficiencies” have been measured by Roczko et al. in laser 
desorbed mono- and di~accharides.~~ Li+ and Na+ were found 
to be better than K+, Rb+, and Cs+ in producing the 
coordinated species. Without providing actual cation affinities, 
Veith suggested using field desorption studies that the relative 
cation affinities of raffinose, a trisaccharide, follow the order 
Cs+ < K+ < Na+ < Li+.41 

The relative magnitude of the binding can be approximated 
using compounds with known cation affinities which can bind 
alkali metals in ways similar to oligosaccharides (Table 2). 
As examples, both ethylene glycol and its dimethyl ether 
derivative contain hydroxyl and ether groups found in 
oligosaccharides. The exothermicity of cation binding to both 
compounds follows the order H+ > Li+ > Na+ > K+, similar 
to the order found by Veith. The most exothermic reaction, 
i.e., protonation, is also associated with the largest unimolecular 
rateconstant. This suggests that protonatedspecia are formed 
with greater energy, thereby facilitating fragmentation. 

The size of the cation may somewhat affect the ordering 
of the alkali metal ions in the oligosaccharides. The large 
number of hydroxyl groups could favor larger cations pro- 
ducing greater stabilization. However, the presence (or 
absence) of cations bound to oligosaccharide fragments reflects 
the trend in cation affinities found in Table 2. The proton is 
naturally found in all fragments produced from the protonated 
parent. Lithiated fragments arealsoobserved morecommonly 
than sodiated fragments. Fragment ions coordinated to K+, 
Cs+, and Rb+ are not observed, reflecting the propensity of 
these respective species to lose the cations during decompo- 
sition. The inverse correlation between the decay rates and 
cation affinity is not necessarily a strong one. The proton 
affinities of both model compounds are nearly 150 kcal/mol 
greater than the affinities for any alkali metal ions. By 
contrast, the affinities for the alkali metal ions decrease 
progressively with increasing size by only about 10 kcal/mol. 
This would mean that the decay rate of the protonated species 
should be significantly faster than all the metal cationized 
species. Instead, the difference in the rates between protonated 
and lithiated species is nearly the same as that between lithiated 
and sodiated species. Thediscrepancy points to thecomplexity 
of LSIMS ionization and the contribution of gas-phase cation- 
transfer reactions represented by reaction 2. The latter is 

(40) Roczko, A. W.; Viswanadham, S. K.; Sharkey, A. G.; Hercules, D. M. Fesenius 

(41) Veith, H. J. Tetrahedron 1977, 33, 2825. 
Z .  Anal. Chem. 1989, 334, 521. 
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Scheme 1. Co”0nly Proposed Gas-Phase Fragmentatlon Reactlonr of Protonated and Deprotonated Ollgoeaccharlder 

H O Y C  HOH2C HOH2C HOH2C 

HO - HoQ + ;ii- OH 

HO OH HO OH HO OH HO OH 

H O Y C  

HO - HO 0 

HO OH HO OH HO OH HO OH 

further illustrated by the transfer reaction involving ethylene 
glycol (EG) its dimethyl derivative (EGDE, reaction 3). This 
reaction is generally exothermic, but the differences in the 
heats of reactions are considerably less than the cation binding 
reactions represented by reaction 1. For reaction 3 the 
following heats of reactions are obtained for the respective 
cations: 8.9 (H+), 6.7 (Li+), 7.9 (Naf), and 3.3 kcal/mol 
(K+). 

E G - 4 ’  + EGDE * EG + EGDE-4’ (3) 

ethylene glycol dimethyl ether; C = H, Li, Na, K, etc. 
The ability of the cation to promote bond cleavage also 

favors the facile fragmentation of protonated oligosaccharides. 
The fragmentation of protonated species involves primarily 
cleavage along glycosidic bonds whereas fragmentation of 
metal-containing species and anionic species includes more 
complex, multiple cleavage reactions?’ The major fragmen- 
tation reaction of protonated oligosaccharides, shown in 
Scheme 1 for a disaccharide, produces a relatively stable 
oxonium ion and a neutral monosaccharide. An analogous 
reaction involving a metal cation would be unfavorable, 
producing a gas-phase alkoxide salt (e.g., Li+OR-). It is more 
likely that fragmentation reactions of these metal-coordinated 
species proceed by a manner similar to anionic ones in which 
the charge behaves more or less as a spectator. Indeed, the 

Chart 1. Representation of the Bond Lengthenlng Behavlor ot 
Protonated Glucou, and Methylated Glucose, Calculated by a 
Semlempldcal ( A M )  Molecular Orbltal Method 

EG = ethylene glycol; EGDE = 

/OH 

HO< ).----*OR I +  

HO X OH 

R = H, CH, 

comparison of the fragments from lithium cationized and 
anionic oligosaccharides shows fragment ions which appear 
to come from similar reactions.34 There are several exper- 
iments which support the relatively high reactivity of proto- 
nated species to f r agmen ta t i~n .~~  From the investigation of 
amino sugars, Martin et al. concluded that laser desorbed 
oligosaccharides of MNa+ ions fragment “somewhat easier” 
than MK+ ions.43 Similarly, they observed that in plasma 
desorption spectra where both MHf and MNa+ ions are 
formed, fragment ions are primarily from glycosidic bond 
cleavage from MH+ even though MNa+ ions predominate. 
Furthermore, glycolipids, when protonated can undergo 
unfavorable, high-energy cleavages that are not observed with 
the sodiated parents.** 

Calculations have been performed in our group dealing 
with the effects of protonation of various sites on fragmentation 
reactions.44 The semiempirical molecular orbital calculations 
(AM1) of protonated glucose structures predict that the 
anomeric oxygen is not necessarily the most basic position. 
Intramolecular interactions, specifically with neighboring 
hydroxyl groups, strongly determine the basicity of individual 
sites. Proton affinities of the various sites vary by as much 
as 7 kcal/mol. However, protonation of the anomeric oxygen 
(Chart 1) causes a lengthening of the C - 0  bond from 1.4 to 
nearly 3.0 A when R = H or CH3 to produce a loose ion/ 
dipole complex involving an H20, or CH30H, coordinated to 
an oxonium ion. In other words, cleavage of the glycosidic 
bond may not require overcoming a reaction barrier but simply 
the interaction of a relatively weak ion/dipole complex. 
Replacing the methyl group with a saccharide unit, a larger 
alkyl group, is not expected to greatly change this result. 

The relatively slow decay rate of the anion compared to 
the cations is intriguing but consistent with the persistence of 
the deprotonated signal commonly obtained in anion spectra. 
Gas-phase acidities of complex compounds are even less 
available than gas-phase basicities, making comparison of 
energetics involving deprotonation and protonation reactions 

(42) Laine, R. A,; K. M. P.; French, A. D.; Hall, R. W.; Abbas, S. A,; Jain, 

(43) Martin, W. B.; Silly, L.; Murphy, C. M.; T. J. Raley, J.; Cotter, R. J. Inr. J .  

(44) Willard, D.; Carroll, J.; Lebrilla, C. B., unpublished results. 

R. K.; Matta, K. L. J .  Am. Chem. SOC. 1988, 110, 6931. 

Mass Spectrom. Ion Processes 1989, 92, 243. 
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neither possible nor appropriate. Fragmentation reactions of 
the anion are generally believed to proceed through several 
steps, unlike the single-step proton-catalyzed glycosidic bond 
cleavages. If, for example, the anionic cleavage of glycosidic 
bonds (Scheme 1) does not involve the charge, then it may 
occur over activation barriers not unlike those found in 
analogous neutral reactions. The relatively slower rate of the 
anionic species is an indication that cations do induce 
fragmentation, albeit in varying degrees. The preference for 
smaller ionic products in the positive ion mode is presumably 
because large fragment ions have sufficient internal energy 
to further decompose. This preference is observed in nearly 
all metastable reactions including those of the lithiated species 
(Figure 3). 

The decay rates for the large biomolecules produced by 
LSIMS are comparable to reported radiative association rates, 
thereby giving these vibrationally excited molecules another 
mode of relaxation. Radiative rates of 0.98 X lo2 s-' have 
been reported for the proton bound dimer of acetone produced 
by collisional a~soc ia t ion .~~ It is not clear how radiative 
relaxation would affect the ordering of the metastable rates 
since little is known about the process. However, there are 

(45) Kofel, P.; McMahon, T. B. J .  Pfiys. Cfiem. 1988, 92, 6174. 
(46) Bouchoux, G.; Jezequel, S.; Penaud-Berruyer, F. Org. Mass Specfrom. 1993, 

(47) Gal, J. F.; Lebrilla, C. B., unpublished results. 
(48) Lias, S. G.; Liebman, J. F.; Levin, R. D. J.  Pfiys. Cfiem. Rex Data 1984,13, 

695. 
(49) Taft, R. W.;Anvia, F.;Gal, J.-F.; Walsh, S.;Capn, M.; Holmes, M.C.; Hosn, 

K.; Oloumi, G.; Vasanwala, R.; Yazdani, S. Pure Appl. Chem. 1990,62, 17. 
(SO) Woodin, R. L.; Beauchamp, J .  L. Cfiem. Phys. 1979.41, I .  
(51) Staley, R. H.; Beauchamp, J. L. J .  Am. Cfiem. SOC. 1975, 97, 5920. 
(52) Woodin, R. L.; Beauchamp, J .  L. J .  Am. Cfiem. SOC. 1978, 100, 501. 
(53) Keesee, R. G.; Castleman, A. W. J.  Pfiys. Cfiem. Ref: Data 1986, IS, 101 1. 
(54) Maria, P. C.; Taft, R. W., unpublished results. 
(55) Sunner, J.; Kebarle, P. J .  Am. Chem. SOC. 1984, 106, 6135. 

28, 421. 

no compelling reasons to believe that radiative rates will differ 
for individual cationized species, unless differences in binding 
energy will somehow affect radiativerates. In any case, further 
discussions would only be speculative at this point. It would 
be useful to know whether radiative association is size 
dependent. 

The results generally suggest the effectiveness of various 
cations and the charge state for analyses. Protons coordinate 
strongly but produce only one type of cleavage and often weakly 
abundant pseudomolecular ions. Fragmentation reactions, 
both during ionization and under CAD conditions, occur more 
commonly with protonated species. Alkali metal coordinated 
species produce cross ring cleavage but are limited in 
effectiveness by the relatively weaker binding energy. When 
the results presented here are combined with those from other 
studies involving rare earths and transition metals, it is apparent 
that lithium and possibly sodium are best for a n a l y ~ e s . ~ ~ J ~  
These metals coordinate to produce abundant pseudomolecular 
ions which dissociate to yield structurally important fragment 
ions. Larger alkali metals are not as useful because the 
coordinated species primarily lose the metal cations during 
fragmentation. 
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