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bstract

The structures of the sodium complexes of oligoglycines (GG–Na+, GGG–Na+) and oligoalanines (AA–Na+, AAA–Na+) have been studied by
nfrared spectroscopy in the gas phase. Two different experimental set-ups have been used to generate, trap and analyze the ions. In the first, the
omplexes were generated by MALDI and analyzed in the cell of a home built FT-ICR mass spectrometer. In the second an external electrospray
ource was coupled to a Paul type ion trap. Following their trapping, the ions are irradiated in both cases with intense, tunable infrared light in the
000–2000 cm−1 range, leading to sodium ion detachment and ion fragmentation via the absorption of multiple photons. The resulting experimental
pectra are compared to theoretical linear absorption spectra to assign structures. In agreement with calculations, peptide attachment to Na+ is

ound to have a strong structuring effect: the lowest energy structures involve binding of all carbonyl oxygens to the cation. Detailed comparison of
xperimental and computed spectra shows that the IRMPD spectroscopy of such gaseous ions allows the differentiation between structures which
o not have the same number of carbonyl oxygens bound to Na+, and structures in which the peptide is either wrapped around the ion or capped
y it.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Mass spectrometry has been shown over the years to be able
o detect and analyze molecules of virtually all types, with high
electivity and sensitivity. While the information on ion mass
s extremely reliable, only limited information on the struc-
ure of gaseous ions can be obtained. Many approaches have
een developed in order to infer structural features, including
ow- and high-energy collision-activated dissociation, specific
on–molecule reactions and ion mobility among others. Yet none
s of general use and and they provide limited direct information
n the three-dimensional structures, including functional group

dentification to distinguish between isomers, hydrogen bonding
atterns, and local interactions of charged sites.

∗ Corresponding author at: Laboratoire des Mécanismes Réactionnels - UMR
NRS 7651, Département de Chimie - Ecole Polytechnique, 91128 Palaiseau
edex, France. Tel.: +33 1 69 33 35 03; fax: +33 1 69 33 30 41.

E-mail address: gilles.ohanessian@polytechnique.fr (G. Ohanessian).

i
U
i
t
I
v
s

t

387-3806/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2007.10.004
Another approach started to be recently explored with the
oupling of infrared spectroscopy to mass spectrometry. The
anipulation of ions in the gas phase is easy, ions can be selected

n mass before being spectroscopically characterized, however
he ion densities are small. As a result classical absorption spec-
roscopy through the measurement of the photon attenuation
annot be achieved. A kind of action spectroscopy has to be used,
robing the photon absorption by monitoring its consequence
n the mass spectrum. The absorption of photons increases the
nternal energy of the ions and it may lead to ion fragmenta-
ion if the number of absorbed photons is sufficient. Detecting
uch fragment ions, even when present in very small quantities,
s made possible by the high sensitivity of mass spectrometry.
sing ion trap devices such as RF traps or Fourier transform-

on cyclotron resonance (FT-ICR) traps it has been shown that
he multiple photons absorption spectra of gaseous ions in the
R can be obtained and yields structural information in a way

ery similar to the more traditional one photon IR absorption
pectroscopy.

As the energy required for dissociation is often much higher
han the energy of a single photon, the ions must absorb up to

mailto:gilles.ohanessian@polytechnique.fr
dx.doi.org/10.1016/j.ijms.2007.10.004
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everal tens of IR photons in order to fragment. This is made
ossible when using intense laser sources allowing for infrared
ultiple-photon dissociation (IRMPD). Although IRMPD was

videnced as early as 1978 [1], subsequent studies were severely
imited by the wavelength range and tunability of the available
aser sources. With the advent of infrared free electron lasers (IR
EL) in 1981, sources offering both wide tunability and high
eak power became available. The free electron laser facilities
LIO [2] and FELIX [3] offer an output in the 500–2500 cm−1

ange, making them very well suited for IRMPD experiments.
The first IRMPD spectra of gaseous ions using a FEL were

btained for polyaromatic ions at FELIX [4]. In the follow-
ng years, a rapidly growing number of studies on organic,
rganometallic and biological molecular ions showed that the
RMPD technique using a FEL is a powerful tool yielding struc-
ural information, allowing to distinguish between isomers and
ometimes also conformers for a wide range of ion types [5–28].

Due to their biological relevance as models of structural or
atalytic sites in proteins, the structure of cationized amino acids
nd peptides have been studied before using other mass spectro-
etric techniques [29–44], but there was limited and sometimes

ontradictory evidence on the gas phase structures (or the cation
tructuring effect). Recently several IRMPD studies focused on
uch species, in order to get a direct structural identification from
heir vibrational fingerprints. The working strategy consists in
omparing the recorded experimental “action” spectrum and the
bsorption spectrum predicted by ab initio or DFT calculations.

In the case of sodiated amino acids, the remarkable agree-
ent between the two, allowed for a clear identification of the

alt-bridge (SB) isomer in the case P–Na+ [6]. In contrast, for
–Na+ the charge solvation (CS) structure is favored [6]. Anal-
gous conclusions in favor of charge solvation structures were
eached for F–K+ and Y–K+ in the fingerprint range [9], and
or W cationized with all five alkali cations [7]. For W–Na+,
t was further shown that H/D exchange via ion–molecule reac-
ion with a neutral molecule such as CH3OH or NH3 may induce
somerization between CS and SB isomers [8]. A CS-type struc-
ure has also been determined for V–Li+, however in this latter
ase experiments were carried out in the N–H/O–H stretch range
45]. The stepwise hydration of the V–Li+ was shown to occur
referentially at the lithium ion for addition of the first three
ater molecules [45]. Even more recently, a SB structure was

nferred for R–Na+ in the same frequency range [46].
Experiments were also carried out on the potassiated pep-

ides bradykinin fragments 1–5 (RPPGF) and [l]-enkephalin
YGGFL) [9]. Although spectral congestion was larger than for
mino acid complexes, charge solvation vs. salt bridge structures
ppeared to remain distinguishable. While for the potassium
agged bradykinin fragments 1–5 the IRMPD spectrum sug-
ests a SB structure, there is evidence that the potassium tagged
l]-enkephalin seems to favor a CS although the presence of
ome SB ions could not be excluded. Even for the large (104
mino acids) K+-tagged multi-charged cytochrome c protein,

he IRMPD spectrum displays clear bands in the amide I and
I regions [11]. The spectra clearly showed a structural change
s a function of the protein charge state. Deconvolution of the
mide I band, as is usually done for absorption spectra recorded
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n solution, was found to be compatible with the existence of a
elical portion [11].

In the present study we describe the IRMPD results
btained for small sodiated oligopeptides (GG–Na+, GGG–Na+,
A–Na+ and AAA–Na+) using two different experimental

etups. We also explore the capabilities of IRMPD to differ-
ntiate between three-dimensional structures of these ions.

. Experimental and computational methods

.1. Infrared free electron laser (IR FEL) and mass
pectrometer (MS) operation parameters

The ions have been generated and analyzed using two experi-
ental setups, a transportable FT-ICR mass spectrometer called
ICRA [48,49] and a modified Bruker Esquire 3000+ ion trap
ass spectrometer [25] coupled to the FEL.
The IR FEL CLIO is based on a linear electron accelerator

elivering electron kinetic energies in the 10–50 MeV range,
nd an undulator placed in an optical cavity. Electrons gener-
te IR light in the cavity, and continuous tunability over a large
pectral range (�λ/λ = 2.5) is obtained by scanning the ondu-
ator gap. By tuning the length of the optical cavity, the FEL
andwidth can be adjusted. The laser wavelength profile was
onitored, at each reading while recording the spectra, with
monochromator associated with a pyroelectric array detector

SpiriconTM). The accessible wavelength range goes from 3 to
20 �m and has a high peak power (20 MW per micropulse,
kW per macropulse), well suited for IR multiple photon disso-
iation studies. In the present experiments, the long-wavelength
utoff was ca. 19 �m due to the absorption of the ZnSe entrance
indow. The light is delivered in 8 �s long macropulses fired

t a repetition rate of 25 Hz. Each macropulse contains 500 ps
ong micropulses. The mean IR power was about 500 mW cor-
esponding to micropulse and macropulse energies of 40 �J and
0 mJ, respectively. For the experiments described herein, we
ave used an electron energy of 45 MeV which allows access to
avelengths in the 1000–1900 cm−1 range.
The first experimental set-up, MICRA, is a FT-ICR mass

pectrometer based on a modified cubic cell situated in a 1.24 T
ermanent magnet. With the magnet geometry used the ions
ust be generated either in the cell or near the cell. The MALDI

ample was deposited on a stainless steel holder, which was
ounted 6 mm away from the middle of one of the trapping

late. The ions formed by laser vaporization of the MALDI
ample with a non-focalized Nd:YAG laser enter the ICR cell,
re stored with a background gas pressure of ca. 10−9 mbar for
bout 1 s, mass selected and then exposed to the FEL light. The
nfrared laser beam is focused in the middle of the ICR cell with

1 m focal length spherical mirror. Although the laser beam
imension in the middle of the cell is smaller than the ion cloud,
hen irradiating ions for more than 1 s photo-fragmentation

atios as high as 80% can be observed, indicating that most

ons eventually interact with the IR beam. The irradiation time
s controlled by a fast electromechanical shutter, synchronized
ith the FEL. In the present study, peptide–Na+ ions were mass

elected 600–800 ms after their formation, irradiated with the
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R beam for one to a few seconds, the resulting ions were then
etected and the cell emptied by applying a quench pulse on the
rapping plates. Such a sequence was repeated 25 times, and the

ass spectrum was the Fourier transform of the accumulated
on signal. Due to difficulties in producing the ions for a long
ime by MALDI, the IRMPD spectrum is the result of multiple
cans, using smaller scan steps (10 cm−1) in the region of the
RMPD bands.

The second experimental set-up is based on a modified Bruker
squire 3000+ ion trap mass spectrometer. The modification
onsists in a 0.7 mm hole drilled in the ring electrode to allow
he irradiation of the ions with the focalized CLIO beam. The
ons are generated by an electrospray ion source, transferred
rom atmospheric pressure to the trap by two octopoles. Upon
ntering the trap the ions are stabilized by collisions with the He
ath gas at a pressure of 10−3 mbar. After a rapid thermalization
he ions are confined in a very small volume in the center of the
rap. Following a 0.5 s relaxation time, they are mass selected and
ragmented by one to five macropulses of IR light. As a direct
onsequence, there is a better overlap of the ion cloud with the
R FEL light than in the ICR cell, resulting in increased frag-
entation efficiency. The 1000–1900 cm−1 wavenumber range
as obtained using an electron energy of 45 MeV.
In the case of the FT-ICR experiments, the IRMPD spec-

ra are plotted using the fragmentation yield R defined as:
= −log[IParent/(IParent + �IFragment)]. In the case of the ion trap

xperiments this was not possible as we were not able to observe
he primary fragment and parent depletion spectra are presented.
epletion IRMPD spectra are intrinsically more noisy than frag-
entation IRMPD spectra since ion signal fluctuations appear

irectly in the absolute, rather than relative intensities used. This
s why the spectra derived from the ion trap experiments are of
ower quality than those from FT-ICR experiments in the present
ase.

.2. Sample preparation

The samples used for MICRA experiments were prepared as
escribed in detail elsewhere [6]. For those experiments the ions
ere produced internally by MALDI using a pulsed Nd:YAG

aser at tripled frequency of 355 nm. The best signals were
btained using a four-layer sample prepared using the sandwich
echnique [47]. The first and fourth layers were deposited from
he solution of a matrix dissolved to 3.75 × 10−2 mol/L. We
ave mainly used as matrix the 4-hydroxy-�-cyano cinnamic
cid (4-HCCA) in 1/3 water/acetone solvent. In the case of
GG–Na+ the 2,5-dihydroxy benzoic acid (DHB) in water was
referred, due to the mass similarity of 4-HCCA–Na+ and the
odiated peptide molecular ion. The NaCl was deposited in the
econd layer from a 10−2 mol/L aqueous solution while the pep-
ides were deposited in the third layer in the same conditions as
aCl. Each new layer was allowed to dry before the next was

dded.

In the case of ion trap experiments, the ions were obtained by

lectrospray of diluted sample solutions. First, 10 mL peptide
tock solutions were prepared using 1 mL 10% formic acid and
mL H2O/MeOH 50:50 in order to dissolve the 10 mg of solid

t
d
n
t
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eptide. Ten to 50 �L of stock solution (10−3 M) were mixed
:1 with NaCl solution (10−3 M) and diluted to 1.0 mL with
2O/MeOH 50:50 with 2% formic acid. This protocol produced

amples with concentrations of peptide in the �M range, leading
o the formation of the sodiated peptide ion as the dominant
pecies in the gas phase.

.3. Computational details

The structures of all sodiated peptides considered herein
ave been studied previously [37,50–54]. In our previous work
52–55], preliminary Monte Carlo searches using the Amber94
orce field were used to explore the potential energy surfaces,
eading to a large number of structures. A subset of these struc-
ures was then subjected to geometry optimization at the Hartree
ock level with the 6-31G(d) basis set, and final energetics
ere obtained at the MP2(full)/6-311+G(2d,2p)//HF/6-31G(d))

evel. Geometry optimization at the MP2/6-31G(d) level was
sed as well. In that work our focus was on the sodium–peptide
nteraction energies, while here calculations are used to assign
RMPD spectra. Hybrid DFT methods such as B3LYP have
een shown to outperform HF and MP2, as well as local or
radient-corrected DFT, in predicting infrared intensities [56].
hus we have used B3LYP calculations to re-optimize geome-

ries and obtain vibrational spectra, at the B3LYP/6-31G(d)
evel. Although not of direct interest, refined energetics were cal-
ulated at the B3LYP/6-311+G(2d,2p)//B3LYP/6-31G(d) level.
here are some differences found between the various lev-
ls used, for instance relative energies may differ by up to
–7 kJ mol−1. However the features that are relevant to the
resent study remain unchanged, i.e., that the lowest energy
tructures have all carbonyl groups interacting with Na+, and
he assignment of the experimental bands are the same. All
alculations used the Gaussian03 package [57].

A scaling factor of 0.96 was applied to B3LYP/6-31G*
requencies as is commonly done in the 1000–2000 cm−1

egion. The same scaling factor was derived from the com-
arison of experimental and B3LYP/6-31G* frequencies in the
00–1800 cm−1 range in the IRMPD spectra of Fe(I) complexes
48,49].

. Results and discussion

.1. Calculated structures

.1.1. GG–Na+

The sodium cation favors electrostatic interactions therefore
inding to the polar carbonyl groups is most favorable. Binding
o the terminal amine is also possible. Three conformers of low
nergy were identified in our calculations and their structures are
resented in Fig. 1 following the nomenclature used in Ref. [52].
he conformer Gly2–Na+ I has a coordination of sodium with
he two oxygens and with the terminal amine. Since the coor-
ination of sodium is pyramidal, it is a stereogenic center. A
umber of structures thus exist as pairs of enantiomers. In struc-
ure II the sodium ion is coordinated only to the two oxygens
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ig. 1. Computed structures for the most stable structures of GG–Na+ at the B
alculated at the B3LYP/6-311+G(2d,2p)//B3LYP/6-31G* level. Bonds distanc

O1O2), while the N atom of the terminal amine interacts with
he hydrogen of the peptide amide forming a five-membered

5 motif (N2H → N1). Finally, in conformer IV, the sodium is
oordinated only to one residue by the terminal amine and the
eptidic carbonyl (O1N1). The structure is analogous to structure
S1 of G–Na+ [6] with the second residue bearing a hydrogen
ond between the amide hydrogen and the carbonyl oxygen of
he acid forming a C5 cycle (N2H → O2).

The energetics were calculated at the B3LYP/6-
11+G(2d,2p)//B3LYP/6-31G* level. The two lowest energy
onformers are I and II, with II slightly more stable while the
everse ordering was obtained at the MP2 level. At both levels,
tructure IV is higher in energy. In conclusion the most stable
tructure has both carbonyl oxygens bound to sodium, and the
onformation at the N terminus leads to two conformations of
imilar energies.

.1.2. AA–Na+

The three most stable structures of AA–Na+ are very similar
o those of GG–Na+. In most cases these conformers exist as
airs, because the sodium is a stereogenic center. Structures and
elative energies of the most stable of each pair of stereoisomers
re presented in Fig. 2. All methods indicate that as for GG–Na+,

and II have similar energies, however I is found to be more

table in the present case. Again IV has the highest energy.
Although the structures of AA–Na+ and GG–Na+ are very

imilar, the metal–ligand distances are slightly shorter (0.01 Å)

t

y
a

ig. 2. Computed structures for the most stable diastereoisomers of AA–Na+ at the B3
s calculated at the B3LYP/6-311+G(2d,2p)//B3LYP/6-31G* level. Bonds distances
/6-31G* level. The enthalpies (relative to that of structure 1) are in kJ/mol, as
given in Å.

n the case of AA–Na+. This effect could be due to donor char-
cter of the methyl groups, slightly increasing the nucleophilic
haracter of the oxygens and to the higher polarizability of the
ethyls compared to hydrogen atoms.

.1.3. GGG–Na+

The structure of the most stable conformers of GGG–Na+

ave been published recently [54], yet there is no compre-
ensive picture available to date. Therefore, we have explored
xtensively the cationization modes of GGG, involving various
ombinations of the carbonyl oxygens and the terminal amine
itrogen. The results are shown in Fig. 3. Conformers 1–3 max-
mize the peptide-cation electrostatic interactions with all three
arbonyls coordinated to sodium. In addition, the terminal amine
s bound to Na+ in 1. The difference between 2 and 3 lies in the
rientation of the central C O bond interacting with the cation,
elative to the other two. In both cases the carbonyls are oriented
owards Na+, but the difference in conformation leads to a more
ompact structure for 2. The distance between the oxygen of the
arbonyls of first and last glycine residue is 3.53 Å while it is
.05 Å in 3. In agreement with previous work [54], structures
–3 are the lowest in energy, as confirmed here at the B3LYP/6-
11+G(2d,2p)//B3LYP/6-31G* level (see Fig. 3). Among the

hree, 1 is the least stable.

Conformer 4 also bears three carbonyl-sodium interactions,
et it has a more compact structure since the terminal acid is
hydrogen bond donor towards the terminal amine. The three

LYP/6-31G* level. The enthalpies (relative to that of structure 1) are in kJ/mol,
are given in Å.
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ig. 3. Computed structures for GGG–Na+ at B3LYP/6-31G* level. The enth
11+G(2d,2p)//B3LYP/6-31G* level. Bonds distances are given in Å.

arbonyls are roughly parallel and oriented towards the metal.

his structure is significantly higher in energy than 1–3. Transfer
f the acidic proton in 4 to the amine would lead to a zwitte-
ion, which was identified at the HF/PB1 level, but could not
e optimized with B3LYP/6-31G*, since it collapses towards 4.

t
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c

(relative to that of structure 1) are in kJ/mol, as calculated at the B3LYP/6-

tructures 5 and 6 are very similar, with two carbonyls and the

erminal amide interacting with Na+. The difference in energy
s due to the stabilizing effect of the hydrogen bond between
he C-terminus acid and the next peptidic N–H in 5. All other
onformers found are higher in energy, probably due to a lower
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oordination number to the metal ion. For example, the struc-
ure of conformer 9 is a salt-bridge in which the sodium interacts
nly with the two oxygens of the carboxylate, and where a H-
ond is formed between the ammonium and the oxygen of the
entral C O bond. It is 93.3 kJ/mol higher in enthalpy than 1.
ther salt-bridge structures with a folded chain to allow a direct

nteraction of ammonium with one of the oxygen atoms of the
arboxylate are even less stable.
In conclusion, conformers 1–3 are the most stable for
GG–Na+ and in all three structures, Na+ interacts with the three

arbonyl oxygens. Changing the conformation at the N-terminus
eads to small energy changes.

s
m
t
2

ig. 4. Most stable structures of AAA–Na+, including diastereoisomers. The enthalp
11+G(2d,2p)//B3LYP/6-31G* level. Bonds distances are given in Å.
ass Spectrometry 269 (2008) 196–209 201

.1.4. AAA–Na+

The most stable structures of AAA–Na+, including pairs of
iastereoisomers, are shown in Fig. 4. As for GGG–Na+, struc-
ures involving chelation of Na+ to all three carbonyl oxygens
re much more stable than all others, which are therefore not
hown. There are slight differences in energy ordering between
GG–Na+ and AAA–Na+. This is due to the fact that when two

onsecutive carbonyls with parallel dipoles are coordinated to

odium the geometry is close to a �-turn (C7). There is an opti-
al equatorial position for the methyl group which minimizes

he steric interactions. This is illustrated in Fig. 4 for conformer
and 2-diast whose methyl groups are in equatorial and axial

ies (relative to that of structure 1) are in kJ/mol, as calculated at the B3LYP/6-



2 l of Mass Spectrometry 269 (2008) 196–209

p
o
d
s
C
t
f
m
s

3
e

a
a
w
i
t
a
o
d
w
o
s
t
a
f
d

t
t
m
m
o

I
l
t
t
o
o
s
o
e
c
T
H
p
W
m
t
n
i
a
a
s

F
e
I

o
u
i
r
t
w
g
r
w
M
d

3

02 O.-P. Balaj et al. / International Journa

osition, respectively. In the case of the two diastereoisomers
f 1, the carbonyls interacting with the cation have non-parallel
ipole moments, the C7 cycle is deformed and there is no clearly
tabilizing or destabilizing position for the methyls (see Fig. 4).
onformer 4 is also shown. Its relative energy is very similar

o its analogue for GGG–Na+. However here again, the more
avorable axial positions of the methyls make its diastereoiso-
er 4-diast much more stable, although it is still 20 kJ/mol less

table than 2-diast.

.2. IRMPD spectra obtained in FT-ICR and RF trap
xperiments

Under irradiation with IR photons, elimination of Na+ is
fragmentation that is common to all peptide–Na+ ions. The

ppearance of bare Na+ is clear in the spectra taken with MICRA,
here it is the only fragmentation process of GG–Na+ as shown

n Fig. 5. Despite our best efforts, there is no Na+ peak visible in
he spectra recorded with the ion trap. However, under irradiation
clear decrease in the intensity of the parent ion occurs. More-
ver there are no other significant peaks concomitant with the
epletion of the parent signal. Although IRMPD is not plagued
ith the problems of classical CID experiments (mass cutoff at
ne third of the molecular ion mass [58–60]), the low mass of
odium ion, m/z = 23, places it near the lower detection limit of
he machine, making it undetectable using our ion trap setup. As
consequence, the fragmentation ratio R cannot be calculated

rom the ion trap data for GG–Na+ and AA–Na+ thus parent
epletion spectra are used.

For the larger GGG–Na+ and AAA–Na+, mass spectra show
hat although the loss of Na+ is still the main fragmenta-
ion process, fragments corresponding to the loss of one H2O

olecule are present. Sequential loss of one and two amino acid
olecules is also visible, leading to easily identifiable GG–Na+

r AA–Na+, and G–Na+ or A–Na+, respectively.
Despite the multiphotonic character and complexity of the

RMPD process, a satisfactory agreement with the computed
inear absorption IR spectra has been observed for all four pep-
ides presented here, as in most cases described previously in
he literature. We have compared the parent depletion spectra
f the four peptides with the computed IR absorption spectra
f the lowest energy structures. The resolution of the IRMPD
pectrum depends on the experimental conditions. A number
f contributing causes, like the variation of the number of par-
nt ions generated by the electrospray source and subsequently
aptured inside the ion trap, lowered the quality of the spectra.
herefore, only the most intense bands are taken into account.
owever one should note that the most valuable information is
rovided by the band positions rather than by their intensities.
e used a rather high intensity of the IR laser, thus depleting
ore than 50% of the parent ions on the more intense bands,

o ensure that depletion bands are visible, intense and could
ot be mistaken for a decrease in the intensity of the parent

ons due to signal instability. This choice is likely to induce

broadening effect of the bands due to the high laser power
nd therefore to decrease the quality of the ion trap depletion
pectra.

r
f
s

ig. 5. Mass spectra of mass-selected GG–Na+ under IR irradiation in both
xperimental setups. (Top) RF-trap Esquire, no Na+ fragment detected. (Bottom)
CR trap MICRA, Na+ is the only fragment ion detected.

In order to verify the reliability of parent depletion spectra
btained with the RF trap we have repeated the experiments
sing MICRA, which has the capability to detect low mass ions
ncluding Na+, enabling the generation of parent fragmentation,
ather than depletion spectra, which are usually less noisy. On
he other hand, the ions were internally generated by MALDI,
hich requires constant vaporization of sample material and ion
eneration by the YAG laser, making it technically difficult to
ecord a complete scan of the fingerprint region. In conclusion,
e use the experimental fragmentation ratio spectra taken with
ICRA to validate, confirm and detail the experimental parent

epletion spectra obtained with the ESQUIRE ion trap.

.2.1. GG–Na+
The comparison of the depletion spectrum of GG–Na+

ecorded in the ion trap with the IR absorption spectra computed
or the lowest energy structures is done in Fig. 6. The IRMPD
pectrum is well consistent with the calculated IR spectra of
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Fig. 6. (a) Depletion spectrum of GG–Na+ in the ion trap, as processed using a
binomial smooth. (b)–(d) Computed absorption spectra for structures I, II, and
IV, respectively, at the B3LYP/6-31G* level using a scaling factor of 0.96. The
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do not allow us to differentiate between the structures. However,
ICRA-IRMPD (ICR trap) fragmentation spectrum in the 1600–1800 cm−1

ange is shown as an insert in (b).

he lowest energy structures I and II (see Fig. 6 and Table 1,
n which the full MICRA fragmentation spectrum is described).
lthough the resolution of the parent depletion spectrum is not

xcellent (around 60 cm−1), its major characteristics are eas-
ly identifiable: an intense and large band at 1120–1280 cm−1

hich appears to correspond to unresolved intense bands at 1180
nd 1260 cm−1, and a second intense band at 1640–1780 cm−1

hich we also believe to be the convolution of two bands at 1660
nd 1730 cm−1. Probably due to the high laser power used, the
learly separated bands (as seen in the MICRA spectrum) have

uffered a broadening effect and overlapped, the result being
he large band seen in Fig. 6(a). The 1300–1600 cm−1 region is
elatively noisy. It is not obvious that there are any real bands

a
1
1
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n this range although it is tempting to associate the “feature” at
510–1550 cm−1 with the intense lines computed at 1516, 1523
nd 1529 cm−1 for I, II and IV, respectively. Thus none of the
ands in the 1000–1600 cm−1 range can be structurally diagnos-
ic. The only clear difference among the most intense lines in
b)–(d) lies in their position and intensity in the 1600–1800 cm−1

egion. These bands can be assigned to the C O stretch, encom-
assing the amide I band typical of peptides, and the analogous
ode of the C-terminal acid. The amide I band is computed

t 1656 for II and 1666 for I and IV, respectively. In all three
tructures, the amide C O interacts with Na+ in fairly simi-
ar ways, leading here again to similar intensities. However the
cidic C O is bound to Na+ in I and II but not in IV, lead-
ng to a blue-shift of ca. 50 cm−1 in the latter case (1775 cm−1

s. 1731 cm−1 and 1726 cm−1 for I and II, respectively). The
RMPD spectrum obtained with MICRA has better resolution
n this area and allows us to conclude that structure IV is not
resent, since there is no experimental peak visible around the
heoretically intense 1775 cm−1, as can be seen in Fig. 6. Any
eak in that region would be easily seen in the fragmentation
pectrum as it would lead to a greater separation between the
wo intense bands. The C O stretching frequency difference
nduced by coordination to sodium thus provides an easy tool
o distinguish between structures that have either one or both
arbonyls bound to the ion.

On the other hand there is no possibility to clearly distinguish
etween conformers I and II on the basis of their IRMPD spectra.
ne could argue that only conformer I is present since the rela-

ive intensities of the theoretical peaks at 1665 and 1730 cm−1

t rather well with those of experimental IRMPD peaks at 1663
nd 1732 cm−1. However there is precedent [5,6] showing that
RMPD intensities cannot be directly compared to computed
bsorption intensities, especially for nearby peaks.

.2.2. AA–Na+

AA–Na+ was analyzed exclusively by IRMPD in MICRA.
he resulting spectrum, rather similar to that of GG–Na+ dis-
ussed above, is presented in Fig. 7 and described in Table 1. It
isplays four intense bands. The first large and intense band at
100–1200 with the maximum intensity at 1161 cm−1 may be
ssociated with the C–O–H bend mode for all conformers. How-
ver in the case of structure IV, another band of high intensity
xists at 1113 cm−1, which together with the band at 1164 cm−1

ields a double profile characteristic for IV. It is identified as
ne collective intense ω NH2 + υ C–N + τ NH mode (other com-
inations of these local modes are much less intense). Similar
ollective modes were also present for structure IV of GG–Na+

ut less intense (75 km/mol vs. 136 km/mol). The absence of this
and from the experimental spectrum argues against a signifi-
ant population of IV, thus indicating a predominant presence
f I and II. The bands at 1511 and 1660 cm−1 correspond to
mides II and I modes, respectively. The theoretical bands of
he three conformers are close enough in value that these bands
s discussed above for GG–Na+, the acidic C O stretch band at
730 cm−1 is compatible with the bands of I and II at 1721 and
726 cm−1 but not with the one of IV at 1765 cm−1. In conclu-
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Table 1
Experimental and computed vibrational band intensities for GG–Na+ and AA–Na+
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he wavenumbers in parentheses correspond to the maximum(a) of the experim
nd in italics the bands of spectrum obtained with the ion trap (Bruker Esquire)

ion, the IRMPD spectrum allows excluding the formation of
onformer IV, but cannot differentiate between the lowest two
onformers.

.2.3. GGG–Na+

There is a strong resemblance between the theoretical
R spectra of conformers 1–3 in the case of GGG–Na+.
hey are characterized by four intense absorption bands:

he C–O–H bend from 1158 to 1163 cm−1, the amide II
and from 1499–1532 cm−1, the amide I band between 1652
nd 1687 cm−1, and the carboxylic acid C O stretch in the
740–1776 cm−1 range. The main structural difference between
he three conformers is the position of the terminal NH2–CH2
hose associated vibrations are weak. This results in very sim-

lar theoretical IR spectra. Due to the limited resolution of
RMPD at room temperature it would be difficult to make a
ifference between these three conformers. Thus, out of three,

nly the spectrum computed for conformer 2 is shown in Fig. 8.
he spectrum computed for conformer 4 was added, as a repre-
entative of a higher energy structure, which also has all three
arbonyl oxygens bound to sodium.

i
N
e
t

bands. In bold, the bands of the spectrum obtained with the ICR trap (MICRA)

The experimental depletion and fragmentation IRMPD spec-
ra and the calculated IR spectra for two of the GGG–Na+

onformers are shown in Fig. 8. The signal to noise ratio of
he fragmentation spectrum is worse than that of the parent
epletion spectrum however this may be due to the conges-
ion of the absorption bands. In the region between 800 and
000 cm−1 about 30 theoretical absorption bands for each con-
ormer can be counted. Those having intensities larger than
0 km/mol and their assignment are detailed in Table 2. The
xperimental IRMPD and ion depletion spectra are very similar
nd display four intense absorption bands having their maxima
round 1160, 1520, 1690 and 1760 cm−1.

The band at 1160 cm−1 is assigned to the C–O–H bend for
onformers 1–3 and 5 giving an excellent concordance between
he theoretical and experimental frequencies. Conformer 4 does
ot have any calculated band in this region.

Just next to it, a band of lower intensity at 1210–1290 cm−1
s assigned to the bending vibration of the neighbouring peptide
H and CH2 (see Table 2). Unfortunately all the conform-

rs have theoretical bands in this region and the width of
he band may suggest the presence of more than one con-
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Table 2
Experimental and computed vibrational band intensities for GGG–Na+

The wavenumbers in parentheses correspond to the maximum(a) of the experimental bands. The same positions were observed with the ICR trap (MICRA) and with
the RF trap (Bruker Esquire). The latter are given in italics.
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Fig. 7. (a) IRMPD fragmentation spectrum of AA–Na+ recorded in the ICR trap
(
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Fig. 8. (a) IRMPD depletion spectrum of GGG–Na+ recorded in the ion trap.
(b) IRMPD fragmentation spectrum of GGG–Na+ recorded in the ICR trap. (c)
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b)–(d) Computed IR absorption spectra for structures I, II and IV of AA–Na+

t the B3LYP/6-31G* level using a scaling factor of 0.96. The fragmentation
pectrum was processed using a binomial smooth.

ormer. The band with the maximum at 1510 cm−1 in the
ragmentation spectrum and 1520 cm−1 for the parent depletion
pectrum, corresponding to a coupling of the angular defor-
ation between the peptide NH, the neighbouring CH2 and

f C–OH, is common to all conformers and therefore is not
pecific.

As for the dipeptides, the amide and acid C O stretching fre-
uencies are in the 1600–1800 cm−1 region. The experimental
ouble band profile is characteristic for conformers 1–3 and 5.
owever in the case of 5 the terminal acid is not interacting with

he cation. Thus its stretching is shifted towards higher frequen-

ies leading to a bigger band separation than for the other three
onformers. Thus if formed, it would lead to an experimental
and that would be either much larger than it is, or separated
nto two bands. Since there is no absorption at 1776 cm−1 in

r
s
r
a

nd (d) Computed IR absorption spectra for structures 2 and 4 of GGG–Na+

t the B3LYP/6-31G* level using a scaling factor of 0.96. The depletion and
ragmentation spectra were processed using a binomial smooth.

ither experimental spectra, formation of 5 can be excluded. In
his wavelength range, the experimental results cannot exclude
he presence of conformer 4. The latter has all three C O bonds
early parallel, therefore their stretches are strongly coupled,
ontrary to the other conformers in which the acid carbonyl
tretch remains uncoupled with those of the amides. In this
arallel arrangement, there is only one amide I mode of large
ntensity, that in which the three C O stretches are coupled
n phase. Any out of phase component corresponds to a much

educed dipole moment variation and therefore a small IR inten-
ity. The presence of conformer 4 to a significant extent can be
uled out because the experimental spectrum shows no feature
t 1083 cm−1 (amine umbrella motion coupled to a COOH tor-
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Table 3
Experimental and computed vibrational band intensities for AAA–Na+

The wavenumbers in parentheses correspond to the maxima of the experimental bands obtained with the ion trap (Bruker Esquire).
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ion), where it is predicted to have significant absorption, while
–3 do not.

As a result, although we can eliminate conformers 4 and
ossibly 5, we cannot differentiate between conformers 1–3.
he high energy of 5 makes its presence rather unlikely,
owever.

.2.4. AAA–Na+

As for GGG–Na+, the IR theoretical spectra of 1–3 conform-
rs are remarkably similar as can be seen in Table 3. There
re four most intense absorption bands common to all three

onformers: the C–O–H bend in the 1162–1176 cm−1 region,
he amide II mode from 1498 to 1529 cm−1, the amide I mode
etween 1643 and 1680 cm−1 and the acidic C O stretch from
727 to 1742 cm−1 (see Table 3). There are small differences

ig. 9. (a) IRMPD depletion spectrum of AAA–Na+. (b) and (c) Computed IR
bsorption spectra computed for structures 2 and 4 of AAA–Na+ at the B3LYP/6-
1G* level using a scaling factor of 0.96. The depletion spectrum was processed
sing a binomial smooth.
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n the frequencies and intensities of the theoretical bands in
he 1000–1300 cm−1 region, which correspond to delocalized

odes with significant components of the angular deformations
f the methyl groups. Due to the very small difference between
he three conformers and the accessible resolution in the IRMPD
pectra, it is impossible to identify any diagnostic difference
etween the three structures. Therefore, as for GGG–Na+, we
hose to show only the computed spectrum of conformer 2 as
epresentative for all three (see Fig. 9). The experimental parent
epletion spectrum consists of four bands, at 1120–1200 cm−1

ith a maximum at 1180, 1460–1570 cm−1 with a maximum
t 1510 cm−1 and a feature in the 1640–1790 cm−1 region with
wo components of equal intensity having their maxima at 1680
nd 1755 cm−1, respectively. The double band is a major feature
f the spectrum and by itself allows to rule out the formation of
onformers 4 and 5. Both of them have only one band in that
egion, at 1716 cm−1 for 4 and 1767 cm−1 for 5. The result is that
he profile of this band and the frequency difference in the C O
tretch region is compatible with conformers 1–3 only. More-
ver, the absence of parent depletion around 1050–1060 cm−1

hows that conformer 4 is absent. Again, due to the strong
esemblance between the computed vibrational features of con-
ormers 1–3, the present IRMPD results do not allow for single
onformer identification.

. Conclusion

We have recorded depletion and fragmentation IRMPD spec-
ra for sodiated di- and tripeptides of glycine and alanine
n the fingerprint region. Based on computed IR absorp-
ion spectra band assignment was straightforward in most
ases.

The present work shows that IRMPD spectroscopy is an effi-
ient method to distinguish between conformers which differ
y their numbers of carbonyls interacting with the cation. It is
lso easy to distinguish structures in which the C-terminus is
-bonded to the N-terminus. However the present method can-
ot distinguish between the conformers of the same class, such
s I and II for AA–Na+ or GG–Na+ or 1–3 for AAA–Na+ and
GG–Na+.
Identification of each single conformer may be possible with

igher resolution spectra, which could be achieved by cooling
ons in the trap. This experimental extension is currently under-
ay. Another possibility may be to probe ion absorptions in the
000–4000 cm−1 region, using an OPO laser rather than a FEL.
uch a device is now in operation at CLIO.
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