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Abstract

The dissociation mechanisms of various types of cluster ions are elucidated by direct detection and characterization
the neutral products evaporated from the cluster ions upon collisionally activated dissociation. The cluster ions investigat
include proton- or sodium ion-bound oligomers of ionic and protic molecules. The experiments are complemented by quantu
chemistry methods at the semiempirical PM3 level for insight on the geometries and energetics of the cluster ions and t
neutral oligomers evaporated from them. The combined experimental and computational data reveal that the structure of
decomposing cluster ion determines whether complete (neutral) oligomers are eliminated from the cluster ion or whether t
cluster ion “shrinks” by sequential monomer losses. An intact oligomer is eliminated only if its components already interac
with each other in the cluster ion, for example, through hydrogen bonds or ion pairs (salt bridges). From the cluster ions th
allow for such interligand interactions, complete oligomer and consecutive monomer evaporation are competitive, the yield
intact oligomer (dimer, trimer, etc.) loss increasing with the binding energy of oligomer in respect to the separated monomet
lonic interactions (salt bridges) in the neutral clusters generally bring upon higher binding energies than hydrogen bondin
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Clusters; Cluster evaporation; Neutral fragment reionization; Amino acid clusters; Salt bridges

1. Introduction trometry, have been an intense area of research. These
studies have aimed at a better understanding, at the
Clusters are considered as an intermediate state inmolecular level, of the transformations of matter dur-
the transition between the gas phase and condensedng phase changd4-3]. Similarly, ion—molecule re-
phased1,2]. Consequently, the mechanisms, energet- actions of cluster ions have been used to probe solvent
ics and dynamics of the formation and dissociation effects on the outcome and rates of chemical reactions.
of cluster ions, which can be studied by mass spec- A subject of particular interest has been the evap-
oration mechanism of proton- and metal ion-bound
* Corresponding author. Tek:1-330-9727699; clusters, specifically whether their dissociation in-
fax: +1-330-9727370. o volves the sequential elimination of individual neutral
E-mail address: wesdemiotis@uakron.edu (C. Wesdemiotis). .. . .
1Present address: Waters Corporation, 34 Maple St., Milford, molecules (monomers) or the elimination of dimers
MA 01757, USA. and other complete oligomef4]. Beam experiments
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with proton-bound clusters of simple molecules, such
as (HO),H* and (NH),HT, have revealed that
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acids and sulfuric acid; a number of larger cluster ions
of the same molecule (tetra- to heptamers) are also

metastable cluster ions tend to lose one monomer examined. The cluster ions selected for study contain

in the microsecond time windoy4]. Collisionally
activated dissociation (CAD) generally increases the
number of eliminated monomer molecules by promot-
ing consecutive evaporation evef$. An exception

to this reactivity was found by Lifshitz and Feng
for proton-bound formic and acetic acid clusters,
(RCOOH),HT, which also lose dimers both in the
metastable time frame and upon CAB,6]. Dimer

monomers that can potentially interact with each other
via hydrogen bonding and/or ion pair formation. The
neutral dissociation products from these clusters are
elucidated by NRMS in order to determine whether
the complex constituents are evaporated individually
or in the form of dimers, trimers, etc. The structures
of selected trimeric cluster ions and neutral dimers are
additionally evaluated by empirical and semiempirical

evaporation becomes the favored decomposition pathmolecular orbital (MO) calculations. The main goal

atn > 6 with formic (R = H) [5] andn > 8 with
acetic acid (R= CHj3) [6], as determined from com-
parison of the kinetic energy release distributions
(KERDs) for monomer vs. dimer loss from metastable

precursor ions and the corresponding branching ratios

in metastable ion (MI) and CAD spectfa,6]; for
formic acid clusters, the one-step evaporation of an
intact dimer was also confirmed by reionization of the
neutral [5]. The elimination of a (RCOOH)dimer
was also observed from mixed (RCOQKH,0),,H™
clusters past a certain critical valuemf+ m [5,6].
Similar dissociation dynamics had been reported
earlier by El-Sayed and co-workers for metastable
(Csl),Cst ions [7,8]; the kinetic energy release dis-
tributions resulting from the loss of one and two
Csl molecules were consistent with the elimination
of (Csl)y dimers starting with = 5. More recent
experiments in our laboratory characterized directly
the molecules evaporated from collisionally activated
(Csl),Cs" and (Nal),Na* via neutral fragment reion-
ization mass spectrometry {RMS) [9]. It was found
that dimers and larger oligomers are eliminated dur-
ing CAD. The largest neutral loss corresponded to
the complete “solvent shell”, i.e. (Cslpr (Nal),, for
n < 4 and to (Csh for (Csl)l™ precursorg9].

of this study is to ascertain the structural determinants
leading to the evaporation of whole oligomers from
collisionally activated cluster ions.

2. Methods
2.1. Mass spectrometry

All experiments were performed with a modified
Micromass AutoSpec tandem mass spectrometer of
EBE geometry (E, electric sector; B, magnetic sector),
which has been described in detail elsewhgr@].

The instrument contains two collision cells (CC-1
and CC-2) and an intermediate ion deflector in the
field-free region between the magnet and the second
electric sector. This configuration allows for both con-
ventional CAD as well as NRMS experiment$9].

The cluster ions studied were produced by fast atom
bombardment (FAB) ionization using a 12 keV™Cs
beam as bombarding particles. The secondary ions
formed upon this process were accelerated to 8.0 keV,
and the desired cluster ion was mass selected by EB
and subjected to CAD in CC-1. Scanning the second
electric sector yielded the corresponding CAD spec-

The present study investigates the evaporation trum, which shows the ionic fragments generated upon

mechanism upon CAD of several types of small clus-
ter ions composed of identical or different molecules.
The investigated species include ™Naound dimers

and trimers of sodium acetate and sodium succinate,

H*-bound trimers of cytosine, glycerol and amino
acids, as well as mixed Hbound trimers of amino

collisional activation. For assessment of the comple-
mentary neutral fragments, all ions exiting CC-1 were
deflected and the remaining beam of neutral fragments
was collisionally reionized in CC-2 to afford the cor-
responding WR spectrum. He and ©Oserved as the
CAD and reionization target gases, respectively; their
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pressure was adjusted for ca. 20% main beam attenu-ligands of N& also takes place in all cases albeit
ation with each gas. Collisions of neutral species with with markedly lower relative abundance. Are the
O, cause collisionally induced dissociative ionization CH3zCOONa ligands eliminated consecutively or as

(CIDI) to cations[11-14] In a few cases, ©was re-
placed by Xe in order to reionize to aniofi]. For

intact oligomers $cheme }? To answer this ques-
tion, the NR spectra of (CHCOONa),Nat were

spectra with an adequate signal/noise ratio, ca. 100 acquired and are displayed Kigs. 1 and 2next to

CAD and 300—-1000 NR scans were summed, leading
to a reproducibility in relative abundances of better
than+10% in CAD and+20% in N(R spectra.

The FAB matrices used were concentrated sulfuric
acid for the proton-bound clusters containing3®y
and glycerol for all other cluster ions. The proper clus-
ter constituents were mixed with the matrix to form
a saturated solution and a few microliters of the final
mixture were applied onto the sample holder and in-
troduced into the vacuum system. Matrices were pur-
chased from Fisher Scientific (Pittsburgh, PA) and the
other compounds were purchased from Aldrich (Mil-
waukee, WI); all chemicals were used as received from
the manufacturers.

2.2. Calculations

The structures of selected trimer precursor ions and

neutral dimers were optimized by MO calculations.

the respective CAD spectra.

The NR spectra contain the reionization products
of all neutral fragments from CAD of (C4COONa),
Na™ [9]. If the CHsCOONa units are eliminated
sequentially, only ions up to thevz value of CH;
COONa™ (mvz 82) should be observed in thesRI
spectra $cheme 2 On the other hand, if intact
(CH3COONa). oligomers are eliminated, the;R
spectra should contain ions heavier than3CBO
Na**. Collisional reionization of (CHCOONa), is
expected to produce (EOONa)_iNat signature
ions that contairthe same number of Na atoms as the
neutral cluster$cheme B[9]. The (CHCOONa).*+
molecular ions are unlikely to survive intact the
reionizing collision, because of a low binding en-
ergy compared to the internal energy deposited upon
collisional ionization at keV kinetic energi¢$9].

In addition to the (CHCOONa)._;Na" signature
ion, reionization of (CHCOONa) will also gener-

Low-energy geometries were searched by molecular ate smaller fragment ions, viz. (GBOONa)_,Na*

mechanics/dynamicgl6], using the MM2 program
available in Chem3D Pro (version 4[@)7]. The most

(y < x), which correspond to signature ions of smaller
clusters (CHCOONa)._,. Due to this overlap, NR

stable conformers found were subsequently optimized spectra are most useful for the identification of the

fully at the semiempirical PM3 levdll8] using the
MOPAC algorithm included in Chem3D Pro.

3. Results and discussion

3.1. Na'-bound sodium acetate and sodium
succinate clusters

The major collision-induced fragmentations of
Na*-bound sodium acetate clusters, (§{tHOONa),
Na" (n = 2-7), involve cleavages of one or more
CH3COONa units (cf. CAD spectra iRigs. 1 and 2
The losses of up ton(— 1) CH3COONa molecules
proceed with considerable yield. The loss of all

largest neutral loss, whose signature ion cannot origi-
nate but from this loss.

Upon CAD, (CHCOONa}Na™ dissociates chiefly
by elimination of one CHCOONa moleculeKig. 19.
The signature ions of the latter molecule, vin/z
82, 43 and 23 $cheme P are detected in the
NtR spectrum offFig. la (m/z 82 just above noise
level), confirming the presence of GEOONa
in the beam of neutral CAD fragments generated
from (CHsCOONajNa™. The NR spectrum of
(CH3COONayNa™ also displays a relatively abun-
dant (CHRCOONa)Na product atmv/z 105 which,
according to the arguments presented above, is char-
acteristic of intact (CHCOONa) dimers. Hence,
the NNR data provide evidence that the dissociation
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Fig. 1. CAD (right) and NR (left) mass spectra of Nabound sodium acetate clusters, §3OONa),Na". CH3COONa is abbreviated
as NaAc: (a)n = 2 (m/z 187); (b)n = 3 (M/'z 269); (c)n = 4 (m/'z 351). The numbers on top of CAD peaks indicate the number of
NaAc units lost to form the corresponding ions. The compositions andfpvalues of important NR ions are marked on top of the

corresponding peaks.

x- CHzCOONa
CAD
(CHsCOONa),Na* —— =  (CHzCOONa),,Na* + or
(CH3COONa),

Scheme 1. Evaporation mechanisms of"N#und sodium acetate clusters.

(CH3COON3g,Na™ — NaT liberates, at least in part,
whole (CHCOONa) dimers.

Similarly, cluster ion (CHCOONaxNat+ shows
a small, but nonetheless clearly detectable {CH

CH4CO*

reionization / m/z43
CH;COONa —— CH3000N3+'

m/z82 \ Na*

m/z23

Scheme 2. \R signature ions for CECOONa monomer.

COONayNat (m/z 187) ion in its NR spec-
trum (Fig. 1b), revealing that the CAD process
(CH3COONagzNa"™ — Na' partly proceeds via
cleavage of an intact (G4#€OONa) trimer. Basepeak
in the NR spectrum ofig. 1bis (CH;COONa)Na"
(m/z 105); this ion may result by C4#€OONa loss
from (CHsCOONa)»Na* (m/z 187). Because of
the large relative abundance aofiz 105, we rea-
son that this ion is coproduced by reionization of
(CH3COONa} dimers eliminated in the dissocia-
tion (CH3COONag3Na® — (CH3COONgNa’™ +
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Fig. 2. CAD (right) and NR (left) mass spectra of Nabound sodium acetate clusters, (§IHOONa),Na". CH3COONa is abbreviated
as NaAc: (a)n =5 (m/z 433); (b)n = 6 (M/z 515); (c)n = 7 (m/z 597). The numbers on top of CAD peaks indicate the number of
NaAc units lost to form the corresponding ions. The compositions amdfpvalues of important NR ions are marked on top of the

corresponding peaks.

(CH3COON33, (elimination of two CHHCOONa units
is the major CAD channel of (C4(€OONajNa™).

An analogous situation is encountered for @CH
COONayNa" cluster ions. Their NR spectrum
(Fig. 19 contains (CHCOONa}Na"™ (m/z 269), i.e.,
the signature ion of (CECOONa), tetramers. This

reionization
(CH3COONa)y — >

result provides evidence that Nacan be formed
from (CHsCOONa)}Na" in one step, by elimina-
tion of a whole (CHCOONa), tetramer. A sizable
(CH3COONapNar (nvz 187) ion is also present
in the NR spectrum ofFig. 1¢ and the basepeak
again is (CHCOONa)Nd (m/z 105). The two

[(CH;COONa),*| *

l

(CH3COONa),.{Na* + CH5COO’
m/z82(x-1) + 23

Scheme 3. NR signature ion for (CEICOONa). oligomer.
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latter NNR products most probably originate from
reionization of intact (CHCOONa} trimers and
(CH3COONa) dimers, respectively, cleaved directly
from the (CH,COONa)jNa™ precursor ion upon
CAD; of course, these ions may also arise from con-
secutive fragmentation of the signature ion of the
largest neutral loss, viz. (GECOONa},.

Overall, the NR data of Fig. 1 present strong
evidence that (CEHCOONa),Nat cluster ions with
n = 2—4 can lose their entire “solvent shell”, i.e.,
all ligands, in one piece during CAD. A different
behavior is found for (CEICOONa),Na* clusters
with n = 5—7. Now, the largest neutral loss detected

D. Ren et al./International Journal of Mass Spectrometry 228 (2003) 933-954

above noise level in the corresponding RNspec-
tra (Fig. 2) is (CH3COONa), (its signature ion is
(CH3COONa}Nat atm/z 269). The losses of overall
5, 6, and 7 CHCOONa units are, however, detected
in the CAD spectraKig. 2). Evidently, these reactions
involve consecutive eliminations of two (or more) neu-
tral molecules, for examplgCH;COONa7Na™ —
Na® + (CH3COONa4 + (CH3COON3g3, presum-
ably because the elimination of the smaller neutral
clusters is more readily feasible from the structures
of the larger cluster ions.

In principle, the neutral species evaporated can
also be characterized by reionization into negative

Ac™
59
(NaAc)Ac™
141
Mptaptmt et s aadating, ‘M Myaben .MA[A.n.f, rrfipepanptfpa i oy
20 40 60 80 100 120 140 160 180 m/z

Fig. 3. NR~ spectrum of (CHCOONa}»Na" (m/z 187). CHCOO~ and CHCOONa are abbreviated as Acand NaAc, respectively.
The compositions andvz values of the NR™ products are indicated on top of the corresponding peaks.
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ions (NR™). Such a process is, however, associated In the corresponding iR spectra, ions heavier than

with a substantially lower yield than the alternative
reionization to positive iong9]. For this reason,
a useable NR™ spectrum could only be obtained
from (CH3COONa}yNat clusters, which are formed
with the highest intensity upon FAB ionization.
This spectrum is shown ifig. 3 and includes two
clearly discernable products, GHOO™ (m/z59) and
(CH3COONa)CHCOO™ (m/z 141). The latter anion

contains two acetate units and, thus, diagnoses that

the (CHCOONa}pNa™ precursor ion must have lost
an intact (CHCOONa)» dimer upon CAD, in agree-
ment with the NR data from reionization to cations
(Fig. 19.

Sodium ion-bound sodium succinate clusters with
2—4 monomer units, (NaOOCGRBH,COONa),Na*+
(n 2-4), were also studied. For brevity, these
species will be named (N&uc),Na". These clusters
mainly lose 1 ton NaxSuc (sodium succinate) units,

the ionized NaSuc monomer are observed, indicating
that complete NgSuc oligomers are eliminated dur-
ing the collision-induced evaporation process. Such
evaporation behavior is identical with that found for
(CH3COONa}—4Na™ clusters (vide supra).

3.2. Proton-bound clusters of glycerol and cytosine

Proton-bound clusters of glycerol, {8g03),H™,

and cytosine, (gHsN30),H™, composed ofi = 3-5
monomers are readily and abundantly formed in the
FAB ion source. Upon CAD, these cluster ions pri-
marily lose one or more (up t@— 1) monomer units,

as shown irFigs. 4 and Ftop right part) for the pro-
tonated pentamers. The question raised before for the
Na'-bound clusters can also be asked in this case:
are the molecules eliminated sequentially or as large
oligomers? The answer is found in the corresponding

in analogy to the sodium acetate clusters discussed.N;R spectraFigs. 4 and 5left part).

CAD _,
-3
N -2
(Glycerol)sH
-4
_-‘I'(\_I/LAI'\AILIIIJLIIIY |l|\(~‘
100 200 360 m/Z
43 31 43 61
Reference spectrum
61 of glycerol monomer
4'1\4
20 40 60 do’ 100 120 T m/z
74
T T T I T T T T T i T 1 Ll T T T LI T T T T T 1 T T T T T T T T 1 U 1 T T 1
100 150 200 250 300 350 4b0  m/z

Fig. 4. CAD (top right) and AR (bottom left) mass spectra of (glycemH)™ (m/z 461). The numbers on top of CAD peaks indicate the
number of glycerol units lost to form the corresponding ions. fifevalues of important AR ions are marked on top of the corresponding
peaks. The AR spectra of (glycerofH* and (glycero)H™ are similar to the spectrum of (glycerslj™. The middle inset shows the

N¢R spectrum of (glycerofH*, which represents a reference spectrum of glycerol monomer because the proton-bound dimer only lose:

one glycerol molecule upon CACS¢heme %
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(Cytosine)sH*
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100 280 300 4bom/z

NeR

111

Reference spectrum
of cytosine monomer

‘.,,5,....6...isé...é..,éso

ll!)

VIY!IIII

350

LI I I N B A

200 450 500 m/z

Fig. 5. CAD (top right) and AR (bottom left) mass spectra of (cytosigl)" (m/z 556). The numbers on top of CAD peaks indicate the
number of cytosine units lost to form the corresponding ions. Mirevalues of important AR ions are marked on top of the corresponding
peaks. The AR spectra of (cytosing™ and (cytosing)H* are similar to the spectrum of (cytosige). The middle inset shows the

NfR spectrum of (cytosingH™*, which represents a reference spectrum of cytosine monomer because the proton-bound dimer only loses

one cytosine molecule upon CAD.

The NiR spectra of (glycerofjH™ (n = 3-5) are
practically indistinguishable, containing abundariz
31, 43, and 61 ions as well as a detectable 74 ion
(Fig. 4). The masses of thesg R products lie below
that of glycerol (92 u). A reference collisional ioniza-

using H-bound dimers, whose CAD releases only
one GHgOs3 unit. This spectrum is shown as aninsetin
Fig. 4and its products are accounted fordnheme 4
Collisional ionization is a hard ionization method,
compared to electron impa¢i9]; further, ionized

tion spectrum of glycerol molecules was obtained by alkanols and glycols have very low dissociation

CAD
(CaHgOg)H" ——

-H,0
2

_ .CHZCV

.

-—

C3HgOgH* +

HO—CH,—GH—CH,~OH
OH

l reionization

nkad :
HO—CHZ—(le—CHg—OH
OH

m/z92

- 'CHzo:y l

H,0
-

*CH,O0H
m/z 31

Scheme 4. Collisional ionization products of glycerol molecules, formed via CAD of (glygkirol)



D. Ren et al./International Journal of Mass Spectrometry 228 (2003) 933-954

thresholdg[20,21]. It is therefore not surprising that
no glycerol molecular ion (nonz 92) is observed

in the reference spectrum; however, the spectrum in-

941

step. This scenario is unlikely; Feng and Lifshitz
detected (CHCOOH)H" signature ions in the reion-
ization spectrum of (CEHCOOH), dimers, which are

cludes several fragment ions that are diagnostic of the bound via hydrogen bond$], similar to (glycerol)

glycerol connectivity, such asvz 74, 61, 43, and 31
(Scheme %

The reference spectrum of glycerol monomer
is strikingly similar with the NR spectra of
(glycerol),Ht (n = 3-5) (cf. Fig. 4, bottom left
side). Based on this fact, it is concluded that the

and (cytosine). Moreover, evidence will be presented

below that other hydrogen-bonded neutral clusters
indeed yield upon reionization diagnostic ions that
confirm their evaporation (from larger proton-bound

clusters).

proton-bound glycerol clusters studied dissociate via 3.3. Proton-bound trimers of amino acids and
consecutive cleavages of monomer units. If intact sulfuric acid

dimers or larger oligomers had been evaporated, an

NfR signature ion above thevz value of glycerol
should have been observed, suclhmé=93 (protonated
glycerol), which is a particularly stable ida1,22].

A completely analogous evaporation reactivity is
found for (cytosing)H' (n = 3-5) clusters. Their
N; R spectraig. 5 contain ions only up ton/z 111,
which is the mass-to-charge ratio of ionized cyto-
sine. All NiR ions observed are present in the refer-
ence reionization spectrum of cytosinestgN30O),
which is depicted as an inset ifg. 5. In contrast to
glycerol, cytosine gives rise to a sizable*™Mupon
collisional ionization, as it also does upon electron
impact[23,24] The similarity of the NR spectra of
(cytosine)H™ (n = 3-5) with the collisional ioniza-

Sulfuric acid binds easily with amino acids to
form cluster ions under FAB ionization conditions.
Proton-bound trimers composed of one sulfuric acid
and two amino acid (AA) units, F8Oy(AA)HT,
are particularly abundant. The evaporation behavior
of such cluster ions with AA= aspartic acid (Asp),
histidine (His), lysine (Lys), arginine (Arg) and be-
taine (Bet) has been studied; the selected amino
acids carry acidic (Asp), basic (His, Lys) or zwitte-
rionic (Arg, Bet) substituents. The CAD spectra of
these clusters have very similar dissociation patterns
(Figs. 6-8 right part). All cluster ions undergo elimi-
nation of HSOy and SO, + AA. The HoSOy + AA
units could be cleaved in one piece, as the dimer

tion spectrum of cytosine molecule attests that the HxSOseeeAA, or consecutively $cheme h The
proton-bound cytosine clusters investigated undergo N¢R spectra Eigs. 6-8 left part) provide evidence

sequential monomer losses during CAD.

Neutral cytosine dimers have been observed in su-

that both these pathways take place.
The loss of HSO, from the collisionally activated

personic beams and must therefore be bound specieH2SO4(AA) 2HT cluster ions is affirmed by theR

[25]. Bonding interactions should also exist between
glycerol molecules, which are capable of forming in-

spectra, in which signature ions of sulfuric acid (see
inset ofFig. 6) are detected, either as distinct peaks or

termolecular hydrogen bonds. The fact that the losses as shoulders of more abundantfproducts resulting

of (glycerol)y, (cytosine) or larger oligomers do not

from other losses. A common, important characteristic

take place from evaporating proton-bound clusters in the N R spectra is the presence of AAHons. The

with up to five glycerol or cytosine units consequently

means that the monomers in these cluster ions cannot

interact efficiently with each other so that they are
eliminated in one piecgb,6].

Alternatively, it is conceivable that oligomers are
detached from (glycerg/H* or (cytosine)H™ but

(AA)H*

loss of y loss of AA
HoSO4(AA),H* loss of H,SO4 " AA AAH

yield no detectable signature ions in the reionization Scheme 5. Evaporation pathways of$04(AA)oH™ cluster ions.
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Reference spectrum of

64 sulfuric acid molecule
80
48
N¢R 64 98 CAD M+
80 40 80 120  m/z
43
H2S04(Asp),HY
28
88
+ M*-H2SO4Asp M*-H2804
15 98 AspH
50 100 150 200 250 300 350 m/z 100 200 300 m/z

Fig. 6. CAD (right) and NR (left) mass spectra of Hbound trimer HSOy(AsppH* (nm/z 365). The inset shows the;R spectrum
of (H,SOy)3HT, which is used as reference spectrum fgrSE, molecules; the corresponding proton-bound dimerS@4),H*, also
undergoes S@loss and, thus, provides a less suitable reference spectrum.

appearance of such products, whose mass lies abovel12, 87 and 70Kig. 89; and for Bet,m/z 101, 73
those of AA and HSOy, confirms the elimination of  and 58 Fig. 8b).

complete HSOqeeeAA clusters from collisionally Overall, the NR data point out that 5804 (AA) oH™
activated HSOy(AA) oH (Scheme h cluster ions evaporate 430, plus AA both in one
Sequential eliminations of $#50, and AA would piece as well as sequentialls¢gheme h A quan-
yield the same fragment ion generated directly via titative analysis of the two pathways is impossible
the evaporation of pB5OeeeAA (Scheme h Pre- from the NR data, as the relative abundances of

vious studies from our group have shown that the N;R signature ions depend on several unknown or
most prominent signature ions produced upon the uncontrollable variables, such as the reionization
collisional reionization of amino acids are the corre- cross-section of the respective neutral fragment and
sponding immonium ions and, with side-chain func- transmission/collection efficienci¢3].

tionalized AA, fragment ions from the side chains It is evident from the CAD spectra dfigs. 6-8
[26]. The presence of AA molecules among the neu- that the stepwise evaporation of amino acid and sul-
tral fragments released from collisionally excited furic acid molecules commences with the elimination
HoSOy(AA) HT clusters is indicated by the follow-  of H,SQy, which is followed by the elimination of
ing signature ions: for AspyVz 88 (immonium ion) AA (there is barely any amino acid loss directly from
and 70 Fig. 6); for His, m/z 110 (immonium ion) and  H>SO4(AA)-H™T). It is also noticed that the relative
82 (Fig. 79; for Lys, m/z 129, 101 (immonium ion)  abundance of AAF in the NR spectra decreases
and 84 Fig. 7b); for Arg, m/z 129 (immonium ion), in the order HSO4(Arg),H' > HoSOy(Bet)oHY >
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82 NfR Spectra CAD Spectra M*
(@)
H2$O4(HiS)2H+
1l 110
29 54 M*-H:SO4His
a2 93 M*—-H2804
HisH* A
A
A ———— e S
30 8%4 M+
64
57 L/
45
72 (b)
H2$O4(LYS)2H+
129 M*-H2804Lys
983 01/| LysH" M*—H2S0s
" "'so 100 150 200 250 3060 350 m/Z "7 7160 T 200 300 m/z

Fig. 7. CAD (right) and NR (left) mass spectra of Hbound trimers: (a) BSOy(His),H* (m/z 409); and (b) HSOy(Lys),H* (m/z 391).

HaSOu(Lys)2H'  ~ HaSOy(His)oHT ~ HaSO
(Asp)2H™T. Since the AAH ion diagnoses the evap-
oration of intact HSOyeeeAA clusters, the observed
trend suggests that the proportion 0fF0 eeeAA

Table 1
Proton transfer energetics o, HO; and AA (kJ/mol}

loss vs. the sequential elimination 0b8I0s + AA is Molecule  AHZg" MG’ PA® GB*
substantially larger from cluster ions containing Arg H2SO: 1282 1251 699 667
anq Bet than from cluster ions containing other amino Qissp 138% 1356 ggg 98573
acids. Lys 1412 138F 996 951

The binding interaction in the 3$0O4e00AA clus- Bet 1003 974
ters could involve a hydrogen bond or an ion pair A" 138¢ 1360 1051 1007
(salt bridge[27,28). In either case, the strength of All values from Ref.[22] unless noted otherwise.

: . - b AH° and AG® change of reaction M~ [M — H]~ + H*
the interaction depends on the gas phase acidity of M = HaSQy Or AA).

the H-donor and gas phase basicity of the H-acceptor. * cpyoton affinity; AH® change of reaction MH — M + H*

Relevant thermochemical data are listedTable 1 (M = H2S0Oy4 or AA).

[22,29,30]and show that sulfuric acid is significantly ¢ Gas phase basicitysG* change of reaction MH — M+H*
e . . (M =HS0y or AA).

more acidic than the AA molecules investigated, while e Ref. [29].

AA are the more basic species. HenceS@), is the f Ref. [30].
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44 ArgH' M+
NfR Spectra CAD Spectra
(a)
HgSO4(Arg)2H+
M*-H2SOs4Arg
M*—I—{zSO-l
260 250 300 350  abo 100 200 300 ado
80 M*
58
BetH*
(b)
73 HzSO4(Bet)2H+
u 101 M+-H2804
98 L M*-H2SO04Bet A
Ill'lrrv T T T vrr T T 1 v||r|1177 T oTr |||l||IllIIAIVVIIVVII1V1IIVYFIIIIll
50 100 150 200 250 300 m/z 50 150 250 'm/z

Fig. 8. CAD (right) and NR (left) mass spectra of Hbound trimers: (a) HSOy(Arg),H* (mM/z 447); and (b) HSO4(BetpH* (m/z 333).

acid (H-donor) and AA the base (H-acceptor) in the the elimination of whole AAeeAA dimers, because
H2SOueeeAA clusters. The strongest 33O eee AA the corresponding R spectra ig. 9, left) include
interaction is expected with the most basic amino acids ions that are higher in mass than monomeric Arg
Bet and Arg. The particularly high thermodynamic (174u) or Bet (117 u). Specifically, the signature ion
stability of H,SOseeeBet and HSOyeeeArg provides observed for ArgesArg is ArgH™ (m/z 175; Fig. 93

a plausible rationale for the larger extent observed for left). Similarly, BebeeBet produces BetH (nvz 118)
the evaporation of intact ¥50,eeeAA clusters from upon collisional reionizationHig. 9k left). The latter

precursor ions carrying Bet and Arg (vide supra). dimer also forms an ion afvz 174, which nominally
arises from the incipient reionized [B@WBet]** by
3.4. Proton-bound trimers of arginine and betaine loss of a 60-u neutral (e.g., acetic acid, methyl formate

or CO; and CHy); the mechanism of this process,
The neutral fragments liberated from collisionally which is unique to BateeBet, is difficult to discern.

activated proton-bound trimers of arginine (Agdj)" It is noticed that the abundances of AAHAA =
and betaine (BetH™ were also investigated. The Arg, Bet) in the NR spectra of (AA}H (Fig. 9
CAD spectra of these (ABH™ clusters Fig. 9, right) are lower than the abundances of these ions in the

contain only two major fragment ions, stemming from N;R spectra of HSO4(AA)2H™T (Fig. 8§). This differ-
the losses of one and two AA units. The loss of two ence is ascribed to the lower proportion of one-step
AA units proceeds, at least in part, in one step through elimination of AAeeeAA from (AA)3H™, compared
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44 M+
NrfR Spectra CAD Spectra
70
(a)
27|\ | |87 (Arginine)sH*
M*-2Arg
28 or M*-(Arqg), Mé—A
112 ArgH* rg
50 100 150 200 250 300 350 400 m/z 100 260 360 4b0 w/z
58 M+
73 (b)
(Betaine)zH*
I *10 B
M*-Bet
42 M*-2Bet
101 BetH* 174 or M*—(BEt)z
50 100 150 200 250 300 m/z 100 200 360 m/z

Fig. 9. CAD (right) and NR (left) mass spectra of Hbound trimers of (a) arginine, (Arghi™ (m/z 523); and (b) betaine, (Bebi™ (m/z

352).

to the one-step elimination of 3$0,eeeAA from
H2SOu(AA) 2HT. This supposition is supported by the
abundance ratio of the two major fragments in the
CAD spectra ofFigs. 8 and 9Specifically, the abun-
dance of AAH" (loss of HSOs+AA or AA +AAn
one step or sequentially) relative to that of (&R
(loss of SOy or AA) is consistently lower in the
CAD spectra of (AAYHT (Fig. 9 than in the CAD
spectra of HSO4(AA) 2H™ (Fig. 8), in agreement with

a lower extent of intact neutral cluster evaporation
from the (AA)3H™ precursor ions.

The evaporation behavior of proton-bound trimers
of glycine, histidine, aspartic acid, and lysine has also
been studied. Only the elimination of monomers is
observed from these cluster ions.

slightly higher in energy than canonical Arg, the
corresponding energy difference being 11-12 kJ/mol
[31,32] In contrast, the most stable form of the Arg
dimer contains both arginines in the zwitterionic state
(TArg—eee™Arg™). This dimer has a head-to-tail ge-
ometry, in which the guanidinium groups interact with
the carboxylate groups through cation/anion attractive
forces and hydrogen bondSArg—eeetArg™ is pre-
dicted to lie 42 kJ/mol lower in energy than the most
stable nonionic dimef32]. Other quantum chem-
istry studies have found that the proton-bound dimer
of Arg, viz. (Arg)H™, contains an ion—zwitterion
in its most stable structurg83]; it is reasonable to
assume that such salt bridges are also present in
ion (Arg)sH™* [34]. Thus, the elimination of intact

Recent computational studies have shown that dimers from (Arg}H™ could be promoted by the fact

the Arg zwitterion (designated here a#\rg™) lies

that TArg—eeeTArg~ is particularly stable and that
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zwitterionic arrangements are already present in the
(Arg)sH™ precursor ions. Betaine-containing cluster
ions show a similar reactivity, as this amino acid is
naturally zwitterionic and has no stable free acid tau-

tomer. On the other hand, the absence of detectable

AAeeeAA dimers among the neutral fragments re-
leased from proton-bound trimers of other amino acids
could be the result of these (A& cluster ions car-
rying canonical AA units, which do not develop the
strong interligand (i.e., AA/AA) interactions needed
for the evaporation of intact AdeeAA clusters.

3.5. Calculated structures of sodium acetate
clusters

Semiempirical calculations at the PM3 level were
performed on (CHCOONa), (CH3COONa} and
(CH3COONa}Na' in order to appraise the structure
and binding energy of the neutral dimer and trimer
and the structure of the sodium ion-bound trimer from
which these oligomers (and the monomer) are evapo-
rated. The energy-minimized structures of the neutral
and ionic clusters are shown Kig. 10 The binding
energies of the neutral dimer and trimer are consid-
erable (128 and 223 kJ/mol, respectively, Tdble 2,
owing to the ionic interactions possible between the
associated monomers. It is interesting to note that
the optimized geometries of (GEOONa} and
(CH3COONa} have cyclic structures, in which the
Na' cations are coordinated by two acetate ligands.
In (CH3COONaXxNat, the extra N ion is located in
the center of the (CECOONa} ring, interacting with
six O sites to achieve a favorable multidentate coor-
dination. Dimer (CHCOONa} can be formed with
minimal rearrangement from (GEOONajNat
by elimination of one (CHCOONa)Na& segment
from the periphery. Similarly, detachment of the
central Nd& from the Na-bound trimer read-
ily yields (CH3COONa}. All these factors justify
the experimentally observed occurrence of intact
(CH3COONa} dimer and (CHCOONa} trimer (the
complete ligand shell) evaporation from collisionally
activated (CHCOONajNa" (see Section 3.1and
Fig. D.
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Fig. 10. PM3-optimized structures of (a) (GEIOONap; (b)
(CH3zCOONay}; and (c) (CHCOONa}Na'. Binding interactions

are shown with dotted lines and the corresponding bond lengths
are given in A.

c)

3.6. Calculated structures of cytosine clusters

Cytosine has two essentially isoenergetic tau-
tomers, viz. a keto and an enol forf85-38]
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Table 2
Heats of formation AH;) and binding energies of neutral clusters at the PM3 level of theory (kJ/mol at 298 K)

Species Calculated H¢ Binding energy of neutral cluster
Neutral monomers
CH3COONa —849
Cytosine (keto) —59
Cytosine (enol) —67
Gly —402
Bet -221
H2SOy —787
Neutral clusters
(CHzCOONa) —1826 128
(CH3COONa} —2770 223
(cytosine) (keto/keto) —164 46
(cytosine) (enol/enol) —168 34
(Gly)2 -840 37
(Bety —559 117
(Arg),P 189
GlyeeeH2S0Oy —1223 34
GlyHT e0eHSO, ¢ —1148 —41
BeteeoH,SOy —1083 75
BetH"e0eHSO ™ —1109 101
lonic clusters
(CH3COONa}Na™ —2823
(cytosine}H* (all keto) 276
(Gly)sHt —648
(BetgHT —439
GlyeeeGlyH" e0eH2SOy —1048
GlyHT e0eHSO, " e0eGlyH™ —986
BetesoH>SOse0eBetH™ —-931
BetH" eeeHSOy " eeeBetH" —950

a2Energy needed for dissociation of the cluster to the monomers.
b Density functional theory value from Ref32].
€ This zwitterion is 41 kJ/mol less stable than GiyH>SOy.

The PM3-optimized structures of the keto/keto and pete with the much simpler consecutive cleavages of
enol/enol dimers are shown kig. 11 In either case,  cytosine monomers which, hence, is the only evapo-
two intermolecular N—ldeeO hydrogen bonds bring  ration process observed experimentally upon CAD of
upon binding energies of 46 and 34 kJ/mol, respec- (cytosine}H™ (vide supra).

tively (Table 2. Thus, cytosine dimers are bound No calculations were performed for glycerol
much more weakly than sodium acetate dimers. The cluster ions, for which a multitude of isomeric
most stable conformer of the proton-bound cytosine structures exists. Experimentally, (glycegbl)"
trimer found at the PM3 level has a linear structure and (cytosinggH™ were found to undergo only
and contains keto tautomers, with the central molecule monomer evaporation (vide supra). In analogy to the
being protonated and the two neutral units attached proton-bound cytosine trimers, the evaporation re-
at opposite sides via N-¢de¢O hydrogen bonds (cf.  activity of HT-bound glycerol trimers is ascribed to
Fig. 11). Sequential loss of cytosine monomers from (1) a low binding energy of neutral (glycersland
this structure should be facile. In contrast, the loss of (2) the substantial reorientation necessary for the dis-
a (cytosine) dimer necessitates rearrangement. We sociating (glyceroBH* ions to lose an intact dimer
reason that this latter process is too slow to com- in its most stable (and, hence, most strongly bound)
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1.782..

1780

(b)

(c)

Fig. 11. PM3-optimized structures of (a, b) (cytosindimers con-
taining two (a) keto or (b) enol tautomers and (c) (cytosjkhe)
cluster ions containing keto tautomers. The lengths of intermolec-
ular H-bonds are marked in A.
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configuration. These two reasons are also invoked to
explain the lack of elimination of whole oligomers
from the larger (cytosingH™ and (glycerol)H™
clusters examined.

3.7. Calculated structures of glycine clusters

In the most stable structure of the (Glydlimer,
the monomers are bound to each other through two
O—HeeeO hydrogen bonds between the carboxyl
groups Fig. 12. On the other hand, the (GBHI™
cluster ion has a distinct geometry, consisting of
an N-protonated glycine that is charge-solvated in-
termolecularly by the other two glycine units via
N—-HeeeN hydrogen bonds; the three COOH groups
are far apart from each othd¥i@y. 12). The latter struc-
ture would impede the elimination of intact (Gly)
dimers, while readily permitting sequential Gly losses,
as indeed observed in the experiment Seetion 3.4.

The proton-bound trimers of Asp, His, and Lys dis-
sociate via sequential monomer eliminations, too. Also
in these cluster ions, the monomer units are most likely
arranged in geometries that differ significantly from
those present in the respective neutral (Ad)mers.

3.8. Calculated structures of betaine and arginine
clusters

The dimer of betaine has the two monomers inter-
acting head-to-tail (cfrig. 13. The positive charge of
the quaternary ammonium sites is mainly distributed
onto the H atoms of the methyl groups, as revealed
by the corresponding Mulliken charges. This allows
for strong attractive interactions between hydrogens
in close proximity to the carboxylate groups and the
O~ sites of the latter groups. In each Bet unit, one
of the methyl H atoms is only 1.778 A apart from
a carboxylate oxygen. This distance is comparable
to those found in hydrogen bonds (&figs. 11-13.
Additionally, the dimer is bound by the attractive
forces in the two salt bridges formed at the termini of
the monomers. The combined stabilizing interactions
lead to a binding energy of 117 kJ/morable 2,
which is similar to that found in the ionically bound
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Fig. 12. PM3-optimized structures of (a) dimer (Glyand (b) cluster ion (GlyH™. The lengths of intermolecular H-bonds are marked in A.

(CH3COONa} dimer and significantly higher than the
binding energy of neutral hydrogen-bonded dimers,
such as (cytosing)and (Gly) (Table 2.

The energy-minimized structure of (Bgi* is in-
cluded inFig. 13 One Bet unit is protonated (at left),
while the other two interact with each other and with
the protonated monomer in a cyclical structure, involv-
ing salt bridges and H-bonds. Detachment of BetH
from (BetkH™ leaves two already interacting neutral
units, which with some rotation can easily attain the
most stable head-to-tail conformation of (Befyhese
structural and binding characteristics account for the
observation of intact (Bet)loss from collisionally ex-
cited (BetyH™ cluster ions.

Experimentally, (BegH™ and (ArgsH™* show par-
allel evaporation reactivities, both losing intact dimers
upon CAD. Recent density functional theory calcula-

tions by Goddard and co-workers indicated that (Arg)
contains zwitterionic arginines arranged head-to-tail
and held together by 189 kJ/mol via salt bridges and
H-bonds[32]; this structure is completely analogous
to the (Bet) structure shown irFig. 13 The guani-
dinium terminus of zwitterionic Arg can develop more
H-bonds with an adjacent carboxylate group than the
guaternary ammonium terminus of Bet; this and the
closer proximity of the ion pairs in (Arg)vs. (Bet)
provide a rationale for the larger binding energy of the
former dimer {able 2.

There are no computational data about (AkyY.
The neutral trimer, (Arg), is predicted by Goddard
and co-workers to contain a cyclic array of salt bridges
[32]. Most likely, (ArgH™ has a similar structure,
with binding interactions between the neutral Arg
units, so that an intact (Argdimer can be eliminated.
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(b)

Fig. 13. PM3-optimized structures of (a) dimer (Befind (b) cluster ion (BefH*. The lengths of intermolecular H-bonds are marked in A.

3.9. Calculated structures of mixed amino with sufficient intensity to give a useable Rl spec-
acid—sulfuric acid clusters trum. We, however, employed the,B8OseeeGly and
H,SOy(Gly),HT clusters as models of non-zwitter-

All H,SOy(AA)2HT cluster ions investigated (AA  ionic complexes in the semiempirical calculations,

= Asp, His, Lys, Bet, Arg) eliminate whole 1504 as the larger systems proved to be computationally

eeeAA heterodimers upon CAD (se8ection 3.3. intractable.

The Gly system was not probed experimentally, be- The lowest-energy structure of the>$0O4/Gly

cause the corresponding cluster ion is not formed cluster contains the neutral forms of these molecules
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1.771

(a)

(b)

Fig. 14. PM3-optimized structures of (a) the hydrogen-bonded
GlyeeeH>SO; complex; and (b) the GlyHeeeHSOy~ ion pair.
The lengths of hydrogen bonds are given in A.

connected through two O-ddeO hydrogen bonds
between the HSO, unit and the carboxyl group of
glycine (Fig. 149. This structure is strikingly simi-
lar to that of the (Glyj dimer (cf. Fig. 123, which

is reflected by the corresponding very similar bind-
ing energies of 34 and 37 kJ/mol, respectively. The
GlyHT eeeHSO;~ ion pair (Fig. 14 lies 75kJ/mol
above the nonionic complex and is not bound relative
to HoSOy + Gly (Table 2.

The most stable isomer of the,BOy(Gly),HT
cluster ion at the PM3 level is the cyclic, charge-
solvated species depicted ig. 153 this cluster
ion can be viewed as a N-HeeeN proton-bound
dimer of Gly, with the two Gly monomers bridged by
the HbSO4 molecule via N—HeeeO and O—eeO
hydrogen bonds. In the most stable ion—zwitterion
configuration  GlyH eeeHSO; eeeGlyHt, the
+ —+ charges are arranged linearly to maxi-
mize attractive and minimize repulsive forces
(Fig. 158. Even though this structure is stabi-
lized by additional O—ldeeO H-bonds, it is signif-

951

1769! 1766

(b)

Fig. 15. PM3-optimized structures obBOy(Gly)2H™ cluster ions:
(a) charge solvated isomer; and (b) salt-bridged isomer. The lengths
of hydrogen bonds are given in A.

icantly less stable than the charge-solvated complex
(Table 2.

Unlike the (GlygH™ geometry, where the outer,
uncharged monomers do not interact with each other
(Fig. 12B, the uncharged cluster constituents of
HoSOy(Gly),H™ have bonding interactions both with
the charge site as well as with one anotiég(153.

The latter feature facilitates the elimination of intact
HoSOyeeeGly clusters from HSOu(Gly),HT. All
HoSOy4(AA) ,H precursor ions studied lose,BOy
but not AA, suggesting that bonds to,80, are
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loosened first upon collisional activation. Cleavage of
the N*—HeeeO hydrogen bond in bBO4(Gly),HT

(cf. Fig. 159 leaves the detachingad3Oy moiety still
bound to the neutral Gly molecule via a Oe4$0O
hydrogen bond. BSO; may detach completely or
rotate to form a second O-sdleO hydrogen bond to
the neutral Gly unit, thereby enabling the loss of a
complete HSOyeeeGly cluster.

The computational data on (Gland (GlygH™
vis-a-vis HhSOyeeeGly and HSOy(Gly),HT reveal
that the precursor ion structure plays a critical role
in the ensuing evaporation mechanism. Note that the
binding energies of GleeGly and HSOyeeeGly
clusters are practically identicallgble 2 but that
only the latter is eliminated in one piece, because its
components already interact in the precursor ion.

The evaporation behavior ofd304(AA) 2H™ clus-
ter ions with AA = Asp, His, and Lys is readily
rationalized by cyclic structures analogous to that pre-
dicted for the Gly analog. The basic site protonated
and participating in hydrogen bonds presumably is
the N-terminal NH group in Asp (as in Gly) but
the side chain substituents in His and Lys clusters
[22]. In either case, the unique characteristic leading
to intact HSOyeeeAA heterodimer loss should be
the existence of intermolecular interactions between
the bSO, and AA units in the HSO4(AA)HT
precursor ions.

The clusters of betaine, a naturally zwitteri-
onic amino acid were calculated separately. In its

most stable geometry, the charge-solvated complex

between HSO, and the betaine zwitterion, i.e.,
H,SOueee ™ Bet™ (also designated asy80,eeeBet),
contains two hydrogen bonds, connecting the car-
boxylate group to a S—OH group and one of thesCH
protons to a §O group Fig. 163. As mentioned
previously Section 3.8, the quaternary ammonium
charge is mainly distributed onto the methyl hydro-
gens, which allows them to form hydrogen bonds
with nearby negatively charged centers. The bind-
ing energy of the described heterodimer is 75 kJ/mol
(Table 2. A dimer of substantially lower energy
is generated by intermolecular proton transfer from
HoSO4 to Bet. In the resulting BettHeeoHSOy™

D. Ren et al./International Journal of Mass Spectrometry 228 (2003) 933-954

(a)

(b)

Fig. 16. PM3-optimized structures of (a) Be#H>SOy; and (b)
BetH"eeeHSO;~ clusters. The lengths of hydrogen bonds are
given in A.

ion pair (Fig. 16B, three hydrogen bonds can
evolve, leading to a binding energy of 101kJ/mol
(Table 2.

The most stable isomer of 3304(Bet,H* arises
by combining two protonated betaine units with depro-
tonated sulfuric acid, BetHeeeHSO, eeeBetH™,
which is illustrated in Fig. 17b This structure
is 19kJ/mol lower in energy than the alternative
combination BeieeH,SOyeeeBetH™ (Fig. 173.
The higher stability of the salt-bridged isomer is
attributed to the larger separation of the methyl
groups of its Bet units, which reduces repelling
forces. An important aspect is the similarity of
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Fig. 17. PM3-optimized structures of ,BOy(BetpH* cluster
ions: (a) charge solvated isomer Be§H,SOeeeBetH"; and (b)
salt-bridged isomer BetFoeeHSO, eeeBetH". The lengths of
hydrogen bonds are given in A.

bonding interactions in the BetibeeHSO;~ ion
pair (Fig. 160 and the BetHeeeHSO,~ por-
tion of the BetH eeeHSOs eeeBetH cluster ion

His or Lys systemsKigs. 6, 7a and Yo On the other
hand, the NR characteristics of FBOy(Arg)H*
and HSO4(BetpH' are quite similar (cf. AAH
abundances irFig. 8 vs. Figs. 6—J. We therefore
conclude that Bet and Arg form structurally com-
parable HSOseeeAA clusters and HSOy(AA) HT
cluster ions, the most stable structures of the Arg
complexes being the ArgFeeeHSO,~ ion pair and
the ArgH" eeeHSO, " eeeArgH™ double salt bridge,
respectively. In fact, the tendency to abstract a pro-
ton from bSO, in order to generate ion pairs (salt
bridges) should be more pronounced for Arg than
Bet owing to the higher proton affinity of the former
molecule Table J.

4. Conclusions

NfR spectra provide conclusive information on
whether intact neutral clusters are evaporated from
dissociating larger cluster ions. Semiempirical calcu-
lations about the structures of the evaporated clusters
and their precursor ions and about the binding en-
ergetics of the neutral clusters reveal that the major
requirement for the liberation of complete clusters
vis-a-vis sequential monomer loss is a suitable struc-
ture of the precursor cluster ion. Precursor ions with
interactions between the components to be elimi-
nated as a neutral cluster do release such clusters
upon CAD. In contrast, if these components are not
near each other to interact, they are cleaved consecu-
tively. Cluster ions with cyclic or ring-like structures,
in which multiple binding interactions can develop
among the cluster ion constituents, generally undergo

(Fig. 17H. Based on these structural features, the intact dimer (or larger oligomer) evaporation.

elimination of intact BetHeeeHSOs~ clusters
from BetH'eeeHSO; eeeBetHt is a kinetically

The neutral clusters evaporated from dissociating
cluster ions are bound through electrostatic interac-

favorable process and releases a particularly sta-tions. In the cases studied, these interactions involve
ble cluster. The convolution of these factors ex- hydrogen bonds and/or ion pairs (salt bridges). When-

plains the high yield of Bet/bi50O, cluster loss from

ever the most stable form of an overall neutral cluster

HoSOy(BethH™, which was attested by the much contains salt bridge(s), the binding energy is particu-

higher relative abundance of BetHin the corre-
sponding MR spectrum ig. 8 as compared to the
AAH™T abundances in the R spectra of the Asp,

larly high (cf. Table 2. A high binding energy in the
neutral cluster increases the yield of its evaporation
as an intact unit.
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