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bstract

The gas-phase structures of a series of monomeric, homo- and heterodimeric sodium adduct ions of structurally related synthetic
n [Gua+–NH–(CH2)n–COO−] with n = 1, 2, 3, 5 and Gua = guanidiniocarbonyl pyrrole were investigated by various MS techniqu

ompounds Mn are zwitterions in solution and have a strong tendency to aggregate in polar solvents.
First, quadrupole ion trap (QIT) collision induced dissociation (CID) product ion experiments with [Mn + Na]+ ions (n = 1, 2, 3, 5) and

arginine + Na]+ were conducted. The fragmentation behavior of the sodium adduct ions provides indirect evidence for a change in
arying from predominantly charge-solvation of non-ionic molecules (M1, M2 and arginine), to salt-bridge interactions of zwitterio
tructures of Mn for n = 3, 5.
Second, the sodium affinities (�HNa+ ) of the compounds Mn were related to the known literature value of arginine by examination o

ID fragmentation behavior of heterodimer ions [Mn + arginine + Na]+ and [Mn + Mm + Na]+ (n �= m andn, m = 2, 3, 5) in a QIT. The
elative ordering of sodium affinities (�HNa+ ): M5 ≥ arginine > M3 > M2 can be deduced from the relative abundances of [Mn,m + Na]+ and
arg + Na]+ product ions. The maximum sodium affinity of M5 relative to the reference value of arginine strongly supports the assump
gas-phase zwitterionic structure.
Third, the dimeric sodium adduct ions [2Mn + Na]+ of M2, M3 and M5 dissociate upon IR activation in FT-ICR MS exclusively into

espective monomeric sodium adduct ion [Mn + Na]+. Hence, the establishment of a relative ordering of the gas-phase dissociation
arriersElaser

a for the disruption of the non-covalent bond of the complexes by IRMPD-FT-ICR MS was conducted. We find the
omplex ion [2M3 + Na]+ more stable than the respective complexes of M2 and M5. Hence, the stability of the examined complex ions [2n
Na]+ is obviously strongly determined by the various possible non-covalent interactions between the two respective molecules Mn. The MS

tudy supports the assumption that Mn molecules withn≥ 3 are able to conserve zwitterionic structures in the gas phase.
2004 Elsevier B.V. All rights reserved.
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1. Introduction

Electrospray ionization mass spectrometry (ESI-MS
perfectly suited to the study of weakly bound, non-cova
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complexes, through the sensitive examination of conforma-
tional changes[1–3]. The measurement of absolute and rel-
ative dissociation constants[4–7] and the determination of
the accurate mass and the stoichiometry of labile complexes
are also possible[1,8,9]. There are numerous examples of
the successful ESI-MS examination of non-covalently bound
species. These range from low mass complexes comprising
small organic molecules[10,11], amino acids or peptides[12]
to high mass supramolecular assemblies[13–15], protein
complexes with inhibitors, cofactors, metal ions and other
peptides and enzyme–substrate pairings[16–18]. In addition,
the character and strength of the non-covalent interaction can
be probed and quantified in the gas phase[19]. However,
the question on the comparability of solution- and gas-phase
properties of non-covalent complexes is still an issue of con-
stant scientific debate[20–22]. Still unclear is the extent of
structural changes as a result of solvent removal and the in-
teractions that govern stability of the desolvated species in
the gas phase[21,23]. Correct predictions or a quantification
of the magnitude of the changes are difficult or impossible.
What is known is that hydrophobic interactions in contrast to
van der Waals interactions, that are identical in solution and
the gas phase, can be strong in the solution-phase but seem
to play a minor role in the gas phase, since such interactions
are mainly attributed to the role of solvent[24,25]. Conse-
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In principle, the stability of a zwitterion in the gas phase
is determined by the basicity and acidity of the functional
groups involved: the more basic the base, and the more acidic
the acid, the more stable the zwitterion[37]. Consequently,
arginine with its extremely basic guanidine group should be
the most likely amino acid to be able to generate zwitterionic
structures in the gas phase. Theoretical calculations and
experiments expect the arginine zwitterion in the gas phase to
be intrinsically equal to or a little less stable than the neutral
form [44,54,32]. However, gas-phase zwitterions should be
stabilized to some extent by the presence of an additional
charge (e.g., an ion), thereby forming a salt bridge, or by spe-
cific non-covalent interactions with nearby molecules[55].
Theory and QIT experiments suggest that arginine dimers
and oligomers are held together by salt bridges between the
guanidinium and carboxylate groups of arginine zwitterions
[52,51]. The protonated arginine dimer [(arginine)2 + H]+
is proposed to comprise a zwitterion and a neutral arginine
molecule[44,50]. Even the exceptional stability of the pro-
tonated serine octamer [(serine)8 + H]+ gas-phase cluster,
discussed in the context of homochirality, was explained
by electrostatic interactions of eight serine zwitterions[53].
Theoretical calculations suggest that the stabilizing contri-
bution of only two water molecules is sufficient to make
the zwitterionic structure of glycine more favorable than
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uently, hydrophobic interactions are rarely considered
esponsible for non-covalent complex stabilization in vac
26,1]. Contrarily, electrostatic forces (ion–ion, ion–dipo
ipole–dipole interactions), decreased in solution by th
lectric constant of the solvent, are greatly strengthen
solvent-free environment. Hence, complexes held tog
y electrostatic interactions are extremely tightly boun

he gas phase after loss of the solvate shell[26–29]. Con-
equently, the nature of interaction stabilizing non-cova
omplexes can differ substantially in the gas and solu
hases.

In this context, the obvious question arises whe
ompounds (e.g., peptides or�-amino acids) that are pr
ominantly zwitterions in aqueous solution (at least at t

soelectric points) can conserve salt-bridge structures i
as phase. The solution-phase preference of amino

or zwitterionic structures is mainly the result of sign
ant solvation effects of polar or protic media that are
o stabilize charges. The lack of this stabilization by
ent in the vacuum supports the common assumption
witterions, or salt-bridge structures are rarely found in
as phase where the corresponding nonionic, neutral

ures should be predominantly present[30–32]. However
his issue has been addressed recently by different e
ental strategies, such as H/D exchange[33–36], ion mobil-

ty [37,38], the kinetic method[39–41], high-pressure ma
pectrometry[42], BIRD [43–47]and theoretical approach
ith density functional theory (DFT)[48–53] and ab ini-

io calculations[42,54]. The results of these studies h
ometimes been contradictory, and remain the subje
ebate.
ts nonionic form in the respective gaseous glycine clu
56]. In another study on cationized hydrated valine ad
ons, experimental and theoretical results led to a sim
onclusion that valine in [valine + Li + (H2O)3]+ is bes
epresented by a zwitterionic form[57]. Also, intramolecula
harge solvation in proteins and peptides has been sho
rovide enough stabilization for gas-phase salt-bridge s

ures[58,50,34,59,60]. Further studies indicated that the s
f the additional ion[37,38,61,40]as well as the character

he functionalized amino acid side chain strongly influe
he gas-phase structure of the amino acid in the respe
ationized adduct ion[39,48,49,42]. It was shown that charg
tabilization of nonionic amino acid molecules predomin
n protonated and sodiated adduct ions, whereas salt-br
tructures of amino acid zwitterions are postulated
dducts with alkali ions such as potassium, rubidium
esium. These conclusions were deduced from cation af
tudies by Cooks’ kinetic method[62–64], DFT calculation
40], low-energy CID and BIRD experiments[61].

We present data from the investigation of a series of s
urally related synthetic carboxylate receptor moleculesn
Gua+–NH–(CH2)n–COO−] with n = 1, 2, 3, 5 and Gua
uanidinio-carbonyl pyrrole (seeFig. 1). These compound

ig. 1. Solution-phase zwitterionic structures of the compounds Mn (n = 1,
, 3, 5).
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are zwitterions in solution and have a strong tendency to ag-
gregate in polar solvents. The stability, and even more impor-
tant, the structure of these aggregates depends upon the length
and therefore flexibility of the spacer connecting the two com-
plementary binding groups. We have shown by NMR dilution
experiments and ESI-MS studies in combination with molec-
ular modeling that M1 forms highly stable helical aggregates
with nanometer sized dimensions. For the more flexible sys-
tems of M3 and M5, the aggregation is much weaker leading
also to linear oligomers. In contrast, the zwitterion M2 forms
discrete 1:1 head to tail dimers and no oligomers[65]. It is
now interesting to investigate the extent to which these differ-
ences in solution-phase aggregation are reflected by the cor-
responding gas-phase behavior of the different zwitterions.
Indeed, protonated and sodiated dimeric and also oligomeric
complex ions can easily be generated and examined in the
gas phase by electrospray MS, showing that this class of
zwitterions also aggregates in the gas phase. The question
was whether these aggregates are equivalent to those found
in solution, and therefore also formed by the self-association
of the charged zwitterions, or if within these aggregates in the
gas-phase the molecules tend to exist in their neutral form?
Furthermore, we wanted to find out whether the relative sta-
bility of these aggregates also depends upon the flexibility
of the molecules. We therefore investigated the monomer
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2. Methods

2.1. Experimental

10−4 M solutions (DMSO/methanol) of the compounds
Mn [Gua+–NH–(CH2)n–COO−] with n = 1, 2, 3, 5 and
Gua = guanidinio-carbonyl pyrrole were used for all MS
experiments[65]. ESI-MSn measurements were performed
in the quadrupole ion trap (QIT) of a Finnigan MAT 900S
double-focusing sector field mass spectrometer with an EB-
QIT configuration (Thermo Finnigan, Bremen, Germany). A
conventional electrospray ion source was used with a flow
rate of 3�L/min and +3.7 kV voltage applied to the stainless
steel tip of the ESI capillary.

All FT-ICR experiments were conducted with a homebuilt,
passively shielded, 9.4 T ESI Q FT-ICR instrument[71,72]
configured for mass selective external ion accumulation. The
samples were infused at a flow rate of 300 nL/min through
a 50�m i.d. fused-silica microelectrospray emitter which
had been mechanically ground to a uniform thin-walled tip
[73]. The electrosprayed ions were transferred into the mass
spectrometer through a Chait-style atmosphere-to-vacuum
interface[74]. Ions were externally accumulated in a linear
rf-only octopole ion trap for 1–30 s[75]. After accumulation,
ions were transferred through multipole ion guides and cap-
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odium adduct ions [Mn + Na] by low-energy CID in a
IT to find evidence for either one of the possible isom
tructures (zwitterionic or non-ionic structures) of Mn on the
asis of characteristic fragmentation pathways and varia
f fragment abundances[61,66–68].

To determine a relative ordering of sodium affinities of
ompounds Mn related to the known affinity of arginine (ar
e examined low energy collisionally induced dissocia

CID) behavior of heterodimer ions of the general struc
arg + Mn + Na]+ and [Mn + Mm + Na]+ (n �= m andn,

= 2, 3, 5) in a QIT[69,39,40]. The relative ordering o
odium affinity (�HNa+ ) can be deduced from the relat
bundances of the respective product ions, [Mn + Na]+ and

arg + Na]+ [62–64].
Finally, the dimeric complexes [2Mn + Na]+were selecte

s precursor ions for IRMPD tandem FT-ICR MS/MS ex
ments to determine the stability of these aggregates. Th
ected non-covalent complexes dissociate exclusively to
he respective monomeric sodium adduct ion [Mn + Na]+.
he analogous IRMPD behavior of the structurally clos

elated complexes establishes a relative ordering of the
hase dissociation energy barriersElaser

a for the disruption o
he respective non-covalent interaction (Elaser

a is determined
y measurement of first order dissociation rate constant

unction of infrared CO2 laser power density)[70]. The pre
equisites for the application of IRMPD for the determina
f relative stability ordering are assumed to be fulfi
hen closely related ions of moderate size (≥550 Da)
re activated, and the observed analogous fragmen
eactions are governed by energy exchange of compa
scillators.
ured by gated trapping in an open cylindrical cell[76]. The
sotopic distribution for the dimeric non-covalent complex
2Mn + Na]+, was isolated by a combination of ma
elective external ion accumulation and stored wave
nverse Fourier transform (SWIFT) excitation[77,78]. The
elected ions were then heated by infrared irradiation w
ynrad (Model 48-2, Mukilteo, WA) 40 W continuous-wa
O2 laser (λ= 10−6 �m) for 1–120 s. The factory-determin

aser beam diameter is 3.5 mm. A 2.5× beam expander (
ield a beam diameter of∼9 mm) was installed to ensure th
he IR beam intercepted all of the stored ions in the ICR

Ions were frequency-sweep (“chirp”)[79,80] excited
72–720 kHz at 150 Hz/�s) and detected in direct mode (5
word time-domain data). Five time-domain data sets w
o-added, Hanning apodized, zero-filled once and subj
o fast Fourier transform followed by magnitude calculat
he experimental event sequence was controlled by a
lar ICR data acquisition system (MIDAS)[81]. Because a

ndirectly-heated electron emitter for electron capture
ociation (ECD) is aligned along the central magnetic
xis of the FT-ICR spectrometer, the CO2 laser is angled 2.5◦
ff-axis through a BaF2 window.

.2. Kinetic method

The kinetic method is an approximate procedure for
etermination of thermochemical properties such as so
ffinities (�HNa+ ) based on the rates of competitive dis
iations of mass-selected cluster ions[62,82,63]. It should
e noted that kinetic methods provide information abou

ransition state of the activated precursor species. How
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transition states often (but not necessarily) mirror equilib-
rium structures of the ground state[38]. To determine sodium
affinities of the molecules Mn relative to arginine, we selected
the sodium-bound clusters [Mn + Mm + Na]+ and [Mn + arg
+ Na]+ with n �= m andn, m = 2, 3, 5 for kinetic analysis.
In general, affinities are much less dependent on temperature
than free energies (i.e., gas-phase basicities) and are therefore
more suitable for establishing correlations between intrinsic
thermochemistry and specific structural features. This point
is especially important in kinetic method studies in which the
actual temperature (Teff ) of the activated ions is often poorly
defined[39].

[Mn + Na]+ k1←− [Mn +Mm + Na]+ k2−→ [Mm + Na]+ (1a)

[Mn + Na]+
k′1←− [Mn + arg+ Na]+ k3−→ [arg+ Na]+ (1b)

Here,k1, k′1, k2 andk3 are the rate constants for the com-
petitive dissociations of a chosen precursor cluster ion to
yield [Mn + Na]+, [Mm + Na]+ and [arg + Na]+, respec-
tively. The experimental protocol is in accordance with the
prerequisites for application of the simplest form of the ki-
netic method, because we compare competitive dissociation
reactions of weakly bound complexes having no other de-
composition channels. Hence, it is reasonable to assume that
there is no reverse activation barrier to the dissociation in-
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method, an increase of the collision energy leads only to a
change in the effective temperature (Teff ) of the activated
ions, and should not influence the sodium affinity (�HNa+ )
order (data not shown)[69].

2.3. IRMPD

The current models used to describe ion activation by
IRMPD[84,85]are inadequate for the calculation ofabsolute
activation energy values because of inaccurate estimation of
the number and the character of the oscillators involved in en-
ergy exchange[70,86,85]. Nevertheless, IRMPD has proven
its applicability to arrange closely related ions in relative sta-
bility order provided that structurally related ions of mod-
erate molecular size (≥550 Da) are activated and analogous
fragmentation channels are examined[87–90]. To identify
relativeactivation energiesElaser

a of first order gas-phase dis-
sociation reactions by IRMPD, the corresponding rate con-
stants of the fragmentation reactions have to be determined.
The rate constants (kdiss) and laser power densities (Plaser)
are applied to Eq. (3) as proposed by Dunbar[84].

Elaser
a = qhν

d lnkdiss

d lnPlaser
(3)

In Eq. (3),Elaser
a , is the activation energy (in eV) of the
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olved. Second, we observe and examine dissociatio
hemically very similar species so that the differences in
ntropy requirements for the competing channels are n
ible [83,82]. Consequently, the experimentally determi
atio of fragment ion abundances is directly related to the+
ffinity (�HNa+ ) difference of the two compared molecu
see Eq. (1a) and (1b)).

n

(
k1

k2

)
= ln

(
[Mn + Na+]

[Mm + Na+]

)

≈ ∆HNa+(Mn)−∆HNa+(Mm)

RTeff
(2)

The heterodimer cluster ions [Mn + Mm + Na]+ and
Mn + arg + Na]+ were mass selected and isolated w
n isolation window width sufficiently narrow to exclude
ut the monoisotopic (i.e., all-12C) ion. Following isolation
he precursor ions were subjected to very low energy c
ional activation in the QIT (qz = 0.250, activation time
0 ms) by choosing a very weak resonant excitation am

ude (0.2–0.5 V). The MS2 experiments for the [Mn + arg
Na]+ precursor ions suffered from medium to low sig

o noise ratios of the product ions. All experiments were
eated three to five times.

By comparing the respective abundances of the pro
ons ([Mn + Na]+, [Mm + Na]+ and [arg + Na]+), we de-
uced the relative ordering of sodium affinities (�HNa+ )
seeFig. 6). The validity of the sodium affinity compariso
as verified by performing analogous CID measurement
er variable excitation conditions. According to the kin
as-phase dissociation reaction,q is the partition function fo
he vibrational mode that absorbs the incoming radiatioh
s Planck’s constant,ν is the laser frequency,kdiss is the first-
rder dissociation rate constant, andPlaser is the laser powe
ensity (W cm−2). Becauseq varies slightly with tempera

ure between 1.01 and 1.1, an average value of 1.05 wa
en for the maximum expected range of internal temper
280–580 K)[84,86,87].

The rate constants of the unimolecular dissociatio
2Mn + Na]+ precursor ions were determined for five la
ower densities in the range between 4.5 and 10.3 W c−2.
he measurement of the relative precursor-to-produc

able 1
ow energy QIT CID MS2 experiments for [Mn + Na]+ (n = 1, 2, 3, 5) and

arg + Na]+ precursor ions

recursor ion MS2 product ion experiments: characteristic
neutral loss reactions (% relative abundance)

arg + Na]+ –H2O (100)
–NH3 (10)

M1 + Na]+ –HO2CCH2NH2 ≡ 75 u (100)
–HN=C(NH2)2 ≡ 59 u (20)

M2 + Na]+ –HO2C(CH2)2NH2 ≡ 89 u (60)
–HN=C(NH2)2 ≡ 59 u (100)
–NH3 (10)

M3 + Na]+ –HO2C(CH2)3NH2 ≡ 103 u (10)
–HN=C(NH2)2 ≡ 59 u (100)
–NH3 (10)

M5 + Na]+ –HO2C(CH2)5NH2 ≡ 131 u (5)
–HN=C(NH2)2 ≡ 59 u (100)
–NH3 (5)
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abundance ([2Mn + Na]+/[Mn + Na]+) was repeated five
to seven times after each of four to six irradiation periods
ranging from 150 ms to 60 s.

Comparison of energies required for fragmentation of pre-
cursor ions such as [2Mn + Na]+ complexes, requires that the

size of the complexes be considered[11,91,92]. The complex
of M5 has more atomsna and thus more degrees of freedom
N with which to distribute energy relative to the complexes
of M3 and of M2, meaning it requires more energy to break
the non-covalent bond in the former complex than it requires
Fig. 2. (a) QIT MS2 spectra of the precursor ion [M2 + Na]+ (m/z290).
 (b) QIT MS2 spectra of the precursor ion [M5 + Na]+ (m/z332).
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for the equivalent non-covalent bond in the latter complexes,
within the same time frame.

(Elaser
a )corrected= Elaser

a

(
Nreference

Ncomplex

)
(4)

This kinetic shift problem is compensated by correcting the
relative activation energy barriers for the number of degrees
of freedom (n= 3na− 6) in the complexes (see Eq. (4))[11].
The number of degrees of freedom of the complex [2M3 +
Na]+ was chosen asNreferencefor the scaling of the other two
complexes (seeTable 1. Supplementary material).

3. Results and discussion

3.1. Quadrupole ion trap low energy CID of [Mn +
Na]+ and [arg + Na]+ precursor ions

In Table 1andFig. 2, three characteristic fragmentation
reactions of [Mn + Na]+ precursor ions in the QIT MS2 ex-
periments are documented. All sodium adduct ions of Mn

derivatives lose guanidine (59 u), aminoalkylcarboxylic acid
NH2(CH2)nCOOH, or ammonia (17 u). The product ion sig-
nals for these three fragmentation reactions vary in abundance
and are sensitive indicators for the structures of Mn in the pre-
c

ide
c ch-

F
i

anism based on non-ionic structures of Mn in [Mn + Na]+
ions. A feature of this mechanism is that the sodium ion is
associated with the amide carbonyl having a very high cation
affinity [67,93]. The attachment of the sodium cation (Lewis
acid) to the amide carbonyl leads to a significant withdrawal
of electron density at the respective carbon supporting the
shift of the free electron pair of the amide nitrogen and estab-
lishing an increase in double bond character of the respective
amide bond. The subsequent proton transfer sets the stage for
the separation of the neutral aminocarbonic acid side chain
(NH2(CH2)nCOOH:�m for M1 ≡ 75 u, M2 ≡ 89 u, M3 ≡
103 u and M5≡ 131 u) by cleaving the adjacent amide bond.
The high abundance of the product ions resulting from the
side chain loss (75 u for M1 and 89 u for M2) points strongly
toward non-ionic structures of these Mn derivatives with short
side chains (seeTable 1).

The precursor ions M1 and M2 show an abundant neu-
tral loss of 59 u, i.e., guanidine, HNC(NH2)2. Because
M1 and M2 have side chains of limited length we assume
that intramolecular salt-bridge interactions of zwitterionic
structures should be substantially hindered and are there-
fore unlikely. Thus, we propose a fragmentation mecha-
nism for M1 and M2 featuring non-ionic structures shown in
Fig. 4a.

Fig. 4b shows a mechanism for the characteristic neutral
l i-
o r
s ted
ursor ions.
The neutral loss of the aminoalkylcarboxylic acid s

hain (seeFig. 3) can be reasonably explained by a me
ig. 3. . Fragmentation mechanism for the neutral loss of NH2(CH2)nCOOH in Q
on atm/z276 loses NH2CH2COOH (�m= 75 u).
oss of guanidine, HNC(NH2)2 (59 u), based on zwitter
nic structures of the respective Mn molecules with longe
ide chains (n = 3, 5). The alkali metal cation is coordina
IT MS2 experiments for [Mn + Na]+ (n = 1, 2, 3, 5): [M1 + Na]+ precursor
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Fig. 4. (a) Fragmentation mechanism for the neutral loss of guanidine in QIT MS2 experiments for [Mn + Na]+ (n = 1, 2): [M1 + Na]+ precursor ion atm/z
276 loses guanidine (HN=C(NH2)2; �m= 59 u). (b) Fragmentation mechanism for the neutral loss of guanidine in QIT MS2 experiments for [Mn + Na]+ (n
= 3, 5). The formation of an intramolecular salt bridge (i.e., Coulombic interaction of the sodium ion with the carboxylate and the guanidinium functionality)
stabilizing the zwitterionic structure is not depicted for reasons of clarity: [M5 + Na]+ precursor ion atm/z332 loses guanidine (HN=C(NH2)2; �m= 59 u).
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to the carboxylate at the end of the aliphatic side chain and a
positive charge (i.e., the proton) is located at the basic guani-
dinium group of the molecule. The zwitterionic structures
of Mn rely on the ability of the acylguanidinium function-
ality to deprotonate the carbonic acid side chain, the stabi-
lization of the gas-phase structures by intramolecular salt-
bridge interactions and the stabilizing contribution arising
from the presence of the sodium cation. Peptide structures of
this type have been implicated recently in other fragmenta-
tion processes[67,94,95]. Numerous tandem MS studies of
arginine-containing peptides have shown that arginine is pref-
erentially protonated due to its high basicity, and that these
protons are nearly immobile[96,66,94]. However, once the
positively charged acylguanidinium group is formed, a cleav-
age of the adjacent amide bond is facilitated, and neutral
guanidine (59 u) is expelled (seeFig. 4b). The loss of guani-
dine gains importance with increasing length of the aliphatic
side-chain of the Mn molecules (Table 1). We assume that the
increased flexibility of the side-chain of M3 and M5 enables
intramolecular salt-bridge interactions with substantial stabi-
lization of zwitterionic structures. Consequently, for M3 and
M5 we favor a mechanism for the neutral loss of guanidine
involving zwitterionic structures for the prominent fragmen-
tation reaction.

The sodium adduct ion of arginine [arg + Na]+ loses pre-
d see
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Fig. 5. Fragmentation mechanism for the neutral loss of ammonia NH3 in
QIT MS2 experiments for [Mn + Na]+ (n = 2, 3, 5): [M3 + Na]+ precursor
ion atm/z304 loses NH3 (�m= 17 u)[61].

ligand in the electrostatic coordination of the metal ion. For
proline, the high Na+ affinity is attributed to the zwitterionic
character of the pro-Na+ bond. Besides the high proton affin-
ity of the secondary amine in proline, the nearly linear geom-
etry of the +− + charges of the salt bridge is assumed to be
crucial[40,42]. Hence, the sodium affinities of the molecules
Mn related to the respective value of arginine serve as a sen-
sitive measure of the electrostatic interactions in the [Mn +
Na]+ ions.

Heterodimers of the compounds Mn (n= 2, 3, 5) could be
prepared by ESI-MS from mixed solutions of the respective
molecules Mn and arginine. The precursor ions [Mn + Mm

+ Na]+ and [Mn + arg + Na]+ with n �= m andn, m = 2,
3, 5 were subjected to MS2 low energy CID experiments

Table 2
Low energy CID MS2 QIT experiments for sodium-bound cluster [Mn +
Mm + Na]+ and [Mn + arg + Na]+ precursor ions withn �=mandn, m= 2,
3, 5

Precursor ion Abundances of MS2 product ions

[M2 + arg + Na]+ [arg + Na]+
[M3 + arg + Na]+ [arg + Na]+ � [M3 + Na]+
[M5 + arg + Na]+ [arg + Na]+ ≤ [M5 + Na]+
[M2 + M3 + Na]+ [M2 + Na]+ < [M3 + Na]+
[M2 + M5 + Na]+ [M2 + Na]+ � [M5 + Na]+
[M + M +Na]+ [M + Na]+ < [M + Na]+

T order
o

ominantly H2O and with minor abundance ammonia (
able 1). Jockusch et al. proposed fragmentation mechan
or both characteristic neutral losses (H2O and NH3) and ex-
lained the high abundance of the [arg + Na− H2O]+ sig-
al as strong support for a non-ionic structure of argi

n the respective sodium adduct ion. With increasing
f alkali ions, salt-bridged structures of zwitterionic argin
ere postulated for the alkali ion adducts [arg + AM]+ (alkali
etal cation AM: K+, Rb+, Cs+) indicated by increasing im
ortance of the loss of ammonia[61]. Except for [M1 + Na]+
ll examined precursor ions (i.e., sodium adduct ions of2,
3 and M5) loose ammonia in QIT MS2 product ion experi
ents but the respective product ions are of minor abund

seeTable 1). Although for arginine the low abundance of
roduct ion referring to the loss of ammonia is taken as a

or a non-ionic gas-phase structure of the amino acid we
fragmentation mechanism involving zwitterionic gas-ph
tructures at least for the molecules with longer side ch
i.e., M3 and M5) to be more appropriate as a stabilization
ntramolecular salt bridges seems to be possible (seeFig. 5).

.2. Determination of relative sodium affinities (�HNa+ )
y the kinetic method

Kish et al.[39] applied the kinetic method to determ
on affinities of�-amino acids and determined a maxim
odium affinity (>225 kJ mol−1) for arginine. In that exten
ive study, increased sodium affinities are found for�-amino
cids with functionalized side chains, especially when am
nd electron-rich aromatic groups are available. Obvio

he side chain substituent participates as additional bin
3 5 3 5

he MS2 product ion abundances are compared to establish a relative
f sodium affinities (�HNa+ ).
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Fig. 6. QIT MS2 spectrum of the hetero-dimeric ion [M2 + M3 + Na]+.

in a QIT and were systematically studied by measuring and
relating the abundances of the product ions [Mn + Na]+, [Mm

+ Na]+ and [arg + Na]+, respectively. The results of these
experiments are shown inTable 2(see alsoFig. 6).

F CO2 las arked
w ns of high mass clusters that are not completely ejected by quadupole and SWIFT mass
s tion of precursor/product ion abundance ratios.

A qualitative sodium affinity (�HNa+ ) order for the
molecules Mn may be inferred from the relative abundances
(M2 < M3 < arginine≤ M5) of the product ions shown in
Table 2. Because the sodium affinity of Mn increases with
ig. 7. IRMPD of the precursor ion [2M5 + Na]+ (m/z641) at 8.9 W cm−2

ith an asterisk (*) probably result from IRMPD fragmentation reactio
election; the signals are generally weak and do not affect the evalua
er power, 1500ms irradiation period, detected by FT-ICR MS. Ions m
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increasing length of the side chain, it is reasonable to as-
sume that at least M5 with a sodium affinity in the range of
arginine is very likely able to establish zwitterionic structures
with electrostatic salt-bridge interactions to the sodium ion in
the complex ion [M5 + Na]+. Obviously, the length and flex-
ibility of the aliphatic side chain determines the conforma-
tional orientations possible, thereby limiting the magnitude
of stabilization of zwitterionic structures by intramolecular
salt bridges.

3.3. IRMPD of [2Mn + Na]+ precursor ions in an
FT-ICR mass spectrometer: determination of the relative
energy of activation

Dimeric sodium adduct ions [2Mn + Na]+ were selected
and their dissociation behavior upon infrared laser activation
was examined. All of the precursor ion complexes dissociate
exclusively into the respective monomeric sodium adduct ion
[Mn + Na]+ (see, e.g.,Fig. 7) and are therefore chosen for
comparative study. The homologous IRMPD behavior of the
complexes allows the establishment of a relative ordering
of the gas-phase dissociation energy barriersElaser

a for the
specific disruption of the respective non-covalent interaction
[86,87,90,88].

Fig. 8 shows the plots of experimental data to determine
t r ion
[ M
+ rial.
T tituted
i uld
b ust
b t
o
e log of
t tiva-

F ]+ (m/z
2 r densi

tion energyElaser
a for the dissociation of the three precursor

ions was calculated from the slope of each line inFig. 9. The
inherent kinetic shift, due to differing number of degrees of
freedom in the three activated complexes [2Mn + Na]+ of
M2, M3 and M5 was corrected according to Eq. (4)[11]. The
(Elaser

a )correctedfor the dissociation of the [2Mn + Na]+ com-
plexes, calculated from Eq. (4), was 0.69 eV (67 kJ mol−1) for
M2, 0.84 eV (81 kJ mol−1) for M3 and 0.49 eV (47 kJ mol−1)
for M5.

The data forn = 3 and the corresponding linear fit (R2 =
0.9628) inFig. 9 require close and careful evaluation. Here,
the dissociation rate constant ofn= 3 at the laser power den-
sity of 4.5 W cm−2 is crucial because the fit is very much de-
termined by that data point. The profiles of natural logarithm
of the relative precursor ion abundances vs. time for the three
complexes at the same laser power density of 4.5 W cm−2

are compared inFig. 10. Obviously, [2M3 + Na]+ is sub-
stantially more stable than the respective complexes of M2
and M5, which is generally true for all laser power densities
applied. Thus, the questioned linear fit forn = 3 in Fig. 9,
having an acceptable coefficient of determination of 0.9628,
correctly reflects the experimentally determined superior sta-
bility of the complex [2M3 +Na]+ because the steepest slope
of the fit consequently leads to the highest value ofElaser

a for
M3 relative to M2 and M5.

ho-
t lar
w
i as-
s ible
f large
m ely
t en-
e Con-
s rs for
he rate constants for the dissociation of the precurso
2M2 + Na]+. Analogous figures for the precursor ions [2n
Na]+ (n= 3, 5) are provided in the supplementary mate
he rate constants and laser power densities are subs

nto Eq. (3) to determine the energy of activation. It sho
e noted that theElaser

a in Eq. (3) is not an absolute and m
e used only as a relative value[90,88]. Fig. 9 shows a plo
f the natural log of the dissociation rate constantkdiss for
ach respective laser power density versus the natural

he laser power density in watts per area. The relative ac

ig. 8. Natural logarithm of the abundance of the precursor ion [2M2 + Na
90), vs. laser irradiation period, for each of five indicated laser powe
557) relative to the abundance of the primary fragment [M2 + Na]+ (m/z
ties.

Dunbar originally derived Eq. (3) to describe the p
odissociation of styrene ions of relatively low molecu
eight and demonstrated its successful application[84]. For

ons containing relatively few atoms, it is reasonable to
ume that only one vibrational mode is mainly respons
or the energy exchange with the laser photons. Since
olecules provide many more oscillators it is very lik

hat many available vibrational modes are involved in
rgy absorption at or near the applied laser frequency.
equently, Eq. (3) tends to underestimate energy barrie
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Fig. 9. Natural logarithm of the first-order dissociation rate constant,kdiss [s−1], for each respective laser power density vs. the natural logarithm of the laser
power density, (Plaser) [W cm−2] for the precursor ions [2Mn + Na]+ with n = 2, 3, 5. The slope of each line yields the relative activation energy for the
unimolecular dissociation of the respective dimeric sodium adduct ion (see Eq. (3)).

the photodissociation of larger molecules[87,70]. However,
for a series of structurally related precursor ion derivatives
with similar vibrational frequencies, it appears reasonable to
assume that the IRMPD-determinedElaser

a values provide a
reliable ladder ofrelative activation energies for a chosen
fragmentation reaction[87]. The experimentally determined
activation energy for the dissociation of the non-covalent in-
teraction of the [2M3 + Na]+ precursor ion is substantially
higher than that of the respective complex ions of M2 and
M5. The molecules M2, M3 and M5 have very closely re-
lated structures. Hence, the basicity of the guanidio-carbonyl
pyrrole functionality is expected to be very similar. Obvi-
ously, the difference in relative activation energy observed
for the dissociation of the cationized dimeric complexes is

-1

-0,5

0

0 10000 20000 30000 40000 50000 60000 70000
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]+
 / 

[M
 +

 N
a]

+)

Laser power density 4.5 Wcm-2

F sor ion ary
f er den

related to different conformations of the complexes limited
or determined by the flexibility and the length of the side
chain. The short M2 side chain probably limits the variety
of conformations able to stabilize the complex by hydrogen
bonds of non-ionic structures or by electrostatic interactions
of zwitterionic structures. For the complex of M5, a sub-
stantial entropic contribution of the long and highly flexi-
ble side chain must be considered, possibly the reason for
the reduced complex stability of the [2M5 + Na]+ ion. The
maximum stability of the three examined complexes was
found for the M3 complex. Here, the M3 molecules com-
bine the ability to generate zwitterionic structures with a
sufficient flexibility and length of the side chain that pro-
vides the conformational prerequisites for a strong stabi-
-2,5

-2

-1,5

ln
 ([

2M
 +

 N
a

ig. 10. Natural logarithm of the abundance for each of three precur
ragment [Mn + Na]+, vs. irradiation period of the laser at 4.5 W cm−2 pow
n = 2
n = 3
n = 5

s [2Mn + Na]+ (n = 2, 3, 5) relative to the abundance of the respective prim
sity.
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lization of the [2M3 + Na]+ complex by formation of salt
bridges.

4. Conclusion

The gas-phase structures of the structurally related com-
pounds Mn [Gua+–NH–(CH2)n–COO−] with n = 1, 2, 3, 5
and Gua = guanidiniocarbonyl pyrrole have been determined
from a series of MS/MS experiments. The strong tendency
of these species to aggregate in polar solvents and the forma-
tion of zwitterionic structures was analogously found in the
gas phase, at least for the compounds M3 and M5. In partic-
ular, the QIT MS2 fragmentation behavior of sodium adduct
ions [Mn + Na]+ ions (n = 1, 2, 3, 5) provides evidence for
the change in structure varying from predominantly charge
solvation of non-ionic molecules (M1, M2 and arginine) to
salt-bridge interactions of zwitterionic structures of M3 and
M5. This assumption was additionally confirmed by the de-
termination of a maximum sodium affinity for M5 relative to
the reference value of arginine.

Dimeric sodium adduct ions [2Mn + Na]+ of M2, M3 and
M5 dissociate upon IR activation in an FT-ICR mass spec-
trometer exclusively into the respective monomeric sodium
adduct ion [Mn + Na]+. Hence, a relative ordering of the
g laser
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Appendix A. Supplementary material

Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/j.ijims.
2004.07.001.

Appendix B. Supplementary material
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