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Abstract: The vibrational spectra of the gaseous sodium complexes of glycine (Gly-Na+) and proline (Pro-
Na+) have been recorded in the spectral range 1150-2000 cm-1. The complexes were formed by matrix-
assisted laser desorption-ionization, introduced in the cell of a Fourier transform ion cyclotron resonance
mass spectrometer, and their infrared spectra were recorded using photons of variable energy emitted by
a free electron laser. Photon absorption was probed by the diminished intensity of the parent ion, due to
its infrared-induced dissociation into bare sodium cation and the free amino acid and the appearance of
Na+. The observed absorption bands are assigned using ab initio computations of the IR spectra of the
lowest energy isomers in each case. They provide the first experimental evidence that the salt bridge isomer
is formed in the case of Pro-Na+. In contrast, charge solvation by chelation of Na+ between nitrogen and
the carbonyl oxygen seems to be most favorable for Gly-Na+, but a mixture of isomers cannot be ruled
out in this case.

I. Introduction

R-Amino acids (AA) are known to be in their zwitterionic
form in solution over a wide range of pH values.1 In this isomer,
acidic groups are deprotonated and the basic groups protonated.
In the gas phase, however, all available evidence points to non-
zwitterionic isomers being more favorable. Extensive studies
on gaseous Gly have shown that the zwitterion is not even a
local minimum on the potential energy surface.2 There are how-
ever strong indications that the arginine zwitterion with a pro-
tonated side chain and deprotonated carboxyl group is of similar
energy as its neutral counterpart without any charged sites.3

Two different ways may be envisioned to induce the neutral
to zwitterion transition in the gas phase: either microsolvate
the AA until a cluster of solvent molecules mimics the effects
of a dilute solution4 or else favor the zwitterion by attaching a
charged species, such as an atomic metal cation, to the AA. In
the latter case, the strong electrostatic interaction between the
metal charge and the large dipole of the zwitterion may be

enough to offset the intrinsic preference of the AA for the neutral
isomer. The second approach is used in this work.

Several studies5-15 have established that when a metal cation
such as Na+ is attached to an AA, several low-energy isomers
can be formed, which fall into two broad categories: (i) charge
solvation (CS), in which the metal charge is stabilized by
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interaction with one, two, or more electron-rich site(s) of the
AA in its neutral form, and (ii) salt bridges (SB), in which the
metal charge interacts directly with the carboxylate group of
the AA in its zwitterionic form (Scheme 1). The specificities
of metal-AA interactions will determine whether CS or SB is
most favorable in each case.

Several factors may influence the relative energies of CS and
SB isomers:

(a) in a rough picture, the neutralf zwitterion transformation
in the free AA may be viewed as a proton transfer from the
carboxyl to a basic group (either theR-amino or a more basic
side chain group if any, depending on the AA). The more basic
the latter, the more favored the zwitterion will be. This reasoning
was used to predict that Arg, the most basic of all 20 common
AAs of living systems, might be more stable as a zwitterion.3a

Further studies showed that this is not the case.3b However the
lowest energy lying neutral and zwitterionic conformers were
found to be close in energy.3c In such a case, attachment of a
cation might well lead to a SB isomer that is more stable than
the CS, and there exists indirect but compelling evidence that
this is the case for Arg attached to heavy alkali metal ions.5

(b) The structural details of the best SB conformer may also
be influential. For an optimum electrostatic stabilization, the
protonated group should be able to approach the carboxylate in
such a way as to make a quasi-linear array of charges with the
metal ion. For long side chains with strongly basic groups, such
as lysine and arginine, folding of the chain will allow the
protonated end to approach the carboxylate but the arrangement
of charges relative to the metal ion is not optimum. Computa-
tional studies on complexes of glycine with alkali cations reveal
that protonation of theR-amino group is nearly ideal for such
a purpose.6 Therefore, the best candidate for a salt bridge might
be the AA bearing the most basicR-amino group, that is, proline.
It is indeed the case that Pro-Na+ has been predicted, on the
basis ofab initio calculations, to be most stable as a salt bridge,
with a significant energy gap of ca. 6 kcal/mol with the most
stable charge solvation isomer.7 These results were recently
confirmed by further, more detailed computations.8

(c) The electronic properties of the metal ion are also
important. The above results for Pro-Na+ have been extended
to the closely related Pro-Li+ and Pro-K+ complexes, and
again the SB was found to be most favorable.8 Other compu-
tational studies have provided similar results for Pro-Ag+;9

however, Pro-Cu+ 10 and Pro-Au+ 11 are predicted to be
different, with a CS isomer being the most stable.

There have been a number of experimental studies of
cationized AAs using a variety of mass spectrometric techniques.
Most have aimed at determining the metal ionsAA binding
enthalpy and/or free energy. Successful results were obtained
using the kinetic method,12 dissociation kinetics induced by
blackbody radiation,13 ion mobility,14 guided ion beam,15 and

metal ion exchange equilibrium16 experiments. Assignment of
the data to specific structures mostly relied on quantum chemical
calculations, since none of the above methods can provide direct
structural information. Several attempts were made to obtain
indirect structural correlations, with some notable success.

(a) The kinetic method was used to compare the metal ion
affinity of AAs and their methyl ester.12b,c Due to the methyl
inductive effect, the ester has a larger metal ion affinity than
the corresponding acid if both have similar structures. This is
often the case if the acid leads to a CS isomer. However, when
it is an SB, the analogous structure cannot be formed with the
ester and the affinity order is reversed. This provides valuable
clues as to the CS or SB structure of the metal-AA complex;
however, it is rather indirect, and it may fail if the acid and the
ester bear two different CS structures.

(b) Blackbody infrared radiation dissociation experiments
were used to study the dissociation kinetics of metal-AA
complexes into the bare metal ion and AA and to compare it to
related cases which are known to have either CS or SB
structures. Dissociation kinetics were shown to fall into two
categories, which could be assigned to CS and SB types of
isomers.13 This indirect approach requires that structurally
similar species with known structures exist, to which the species
of interest must be compared.

However large the body of information already gathered, it
is clear that a direct experimental characterization of the structure
of cationized AA complexes is still lacking. It is the purpose
of this paper to propose a new approach toward this goal,
infrared spectroscopy of gaseous ions over a selected but wide
spectral range. This technique has been made possible by the
coupling of a radio frequency trap associated to a time-of-flight
mass spectrometer and a free electron laser (FEL).17 The FEL
has two advantages over commercial tunable IR lasers: it has
a much wider spectral range, and it provides a high peak power.
Using this technique has provided a wealth of structural
information on a broad variety of ion types, including ionized
polycyclic aromatic hydrocarbons (PAHs) and metal clusters.18

The technique has been made much more flexible and powerful
recently by the coupling of a Fourier transform ion cyclotron
resonance (FT-ICR) mass spectrometer to a FEL.19 It provides
the added value of trapping the ions for long times, which makes
cooling possible and allows the gas-phase synthesis of new ions
via gas-phase ion-molecule chemistry. This experimental setup
has already been used to record the infrared spectra of
organometallic complexes such as alkene-Fe+ 19a and to
characterize the structure of reactive intermediates involved in
the activation of methane by Ta+ 20 and also of organic ions
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suchas protonated benzene.21 This experimental setup is used
here to probe the structures of gaseous sodium complexes of
AAs. As representative cases, we studied Gly-Na+ and Pro-
Na+, which are expected to form CS and SB isomers,
respectively.

Gas-phase ions are produced in much too small quantities to
measure the absorption of IR photons directly. Therefore, the
absorption must be probed by a process induced by the
absorption. Taking advantage of the capabilities of the mass
spectrometer, a readily observable process is ion fragmentation,
leading to a decreased intensity of the parent ion signal and the
appearance of a fragment ion signal. In the present case, we
monitored the fragmentation reaction shown in eq 1 as a function
of photon energy:

On the basis of computed AA-Na+ binding energies, a single
IR photon carries too small an energy to induce this fragmenta-
tion for any AA: the weakest binder is Gly, for which
computations indicate that the binding enthalpy is ca. 37 kcal/
mol. Therefore, we probe an InfraRed MultiPhoton Dissociation
(IRMPD) process. It has been shown that IR-FEL are
particularly well suited for this particular IR spectroscopy, since
its fluence is so high that an ion can absorb several photons
until it acquires enough internal energy to dissociate, via reaction
1 in the present case.

II. Experimental and Computational Section

1. Sample Preparation.Gaseous AA-Na+ ions were produced just
outside the ICR cell by matrix-assisted laser desorption ionization
(MALDI) with a pulsed Nd:YAG laser at tripled frequency, delivering
355 nm photons. The best AA-Na+ signal was obtained with a layered
sample prepared following the sandwich technique.22 The first layer
contained 15µL of the matrix, dissolved at a 3.75× 10-2 mol L-1

concentration (see below). The second layer contained 5µL of an
aqueous solution of NaCl at a concentration of 2.5× 10-2 mol.L-1.
The AA of interest was deposited as a third layer in the same conditions
as NaCl, and a final layer of matrix identical to the bottom layer was
added on top. Each new layer was let dry before the next was added;
however, it is likely that some dissolution occurred. The matrix:NaCl:
AA:matrix relative molar fractions in the sample were 4.5:1:2:4.5. Both
2,5-dihydroxy benzoic acid (DHB) in water and 4-hydroxy-R-cyano
cinammic acid (HCCA) in a 1:3 v/v water-acetone solution were used
as matrices. This choice was based on the relative sodium affinities of
matrix molecules23 and the AA of interest.12d The best spectra were
obtained with HCCA for Pro-Na+ and with DHB for Gly-Na+.

2. Infrared Free Electron Laser Parameters.The FEL CLIO26 is
based on a 10-50 MeV electron linear accelerator followed by an
ondulator placed in an optical cavity. The broadly tunable output (3-
120 µm) and the high peak power makes it well suited for IR
multiphoton dissociation studies. In our case the long-wavelength cutoff

was ca. 19µm due to the absorption of the ZnSe entrance window.
The FEL output consists of 8µs long macropulses fired at a repetition
rate of 25 Hz. Each macropulse contains 500 micropulses, each a few
picoseconds long. The mean IR power was about 500 mW, corre-
sponding to micropulse and macropulse energies of 40µJ and 20 mJ,
respectively, and to a peak power of ca. 20 MW.

For a given electron energy, continuous tunability over a large
spectral range (∆λ/λ ) 2.5) is obtained by scanning the ondulator gap.
The FEL bandwidth can be adjusted by tuning the length of the optical
cavity. The laser wavelength profile was monitored while recording
the spectra with a monochromator associated with a spiricon. In our
case, the relative laser bandwidth was less than 0.5% of the central
wavelength.

3. Operating Conditions.The experimental setup has been described
in detail previously.19b It features an easily transportable FT-ICR-MS,
MICRA,28 which owes its compactness to the use of a 1.24 T permanent
magnet made of an assemblage of Halbach cylinders.29 The ICR cell
is cubic like (2× 2 × 2 cm), where each excitation electrode has been
replaced by a set of four interconnected electrodes to provide optical
access to the IR FEL.

The MALDI sample was deposited on a metallic holder (Cu/Ni
alloy), which was mounted just outside the ICR cell, 6 mm away from
the middle of the nearest trapping plate. The ions formed by the MALDI
process enter the ICR cell, collinearly with the magnetic field, through
a 5 mm diameter hole. A 3.5 V potential was applied to the trapping
plates, and the target holder was maintained to a static potential, tuned
to 1.8 V, so as to optimize the AA-Na+ ion signal. Furthermore, the
voltage of the entrance trapping plate was pulsed down to 0 V for 25
µs just after the laser pulse in order to favor ion entrance into the cell
and then back to 3.5 V for trapping.

The infrared laser beam, perpendicular to the magnetic field, is
focused in the middle of the ICR cell with a 1 mfocal length spherical
mirror. The laser beam waist at the focal point is probably smaller
than the ion cloud dimensions. Nevertheless, provided that an irradiation
time of 1s or more is used, photofragmentation ratios as high as 80%
indicate that all ions eventually interact with the IR beam. The
irradiation time is set by a fast electromechanical shutter, synchronized
with the FEL, that allows for the selection of a given number of
macropulses.

In the present study, AA-Na+ ions of interest were mass selected
600-800 ms after their formation, then irradiated with the IR beam
for 3 s (Pro-Na+) or 1 s (Gly-Na+), and the resulting ion signal was
detected after the end of IR irradiation. Such a sequence followed by
a quench was repeated 25 times, and the mass spectrum was the Fourier
transform of the accumulated ion signal. In the case of Pro-Na+, the
IR laser wavenumber was increased by 10 cm-1 between two
consecutive points. Due to difficulties to produce Gly-Na+ ion, the
corresponding IRMPD spectrum is the result of a multiple scans, with
a smaller wavenumber spacing (10 cm-1) near the IRMPD bands.

The IRMPD spectra presented in this paper are not corrected for
variation of the laser fluence (F). The dependence of the IRMPD
dissociation rate with the laser fluence is not a simple function.
Approximation by a power lawFn has been used with values ofn
ranging between 119a and 2.18b However,n may depend on the range
of fluence, the nature of the ion, and probably also upon the IR-active
mode which is resonantly excited. Therefore, no corrections were
applied here, but one should keep in mind that the IRMPD process is
probably favored by a higher fluence on the long wavelength side,
considering that the monitored average FEL power was remarkably
stable during these experiments.

4. Computational Details. The potential energy surfaces of
Gly-Na+ and Pro-Na+ were computed at the MP2/6-31G* and
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B3LYP/6-31G* levels. Optimized geometries and relative energies
obtained at identical or similar levels for the low-lying energy minima
have been reported previously for Gly-Na+ 6 and Pro-Na+ 7,8 and are
not repeated here. The vibrational spectra obtained at the same levels
were used to interpret the recorded spectra. All calculations used the
Gaussian98 package.24 The calculated band intensities were convoluted
assuming a Lorentzian profile with a 50 cm-1 full-width at half-
maximum.

Hybrid DFT methods such as B3LYP have been shown to outper-
form local or gradient-corrected DFT, as well as MP2, in predicting
the infrared intensities,30 and an average absolute difference of 20-25
km mol-1 with the highest levelab initio method can be expected using
B3LYP. Calculated frequencies are in general blue-shifted compared
to the experimental ones. Provided the use of an appropriate scaling,
hybrid DFT methods have been shown to be very efficient in producing
the observed fundamental frequencies, and an average absolute differ-
ence of 33 cm-1 can be expected using B3LYP.31 Sophisticated schemes
for scaling the force constants rather than the frequencies have been
developed, but their use is delicate since they strongly rely on the choice
of internal coordinates. To account for the larger anharmonicity of the
high-frequency modes, Schlegel and co-workers proposed a “dual-
scaling”: one scaling factor low- energy modes (<1800 cm-1) and the
other for the high-energy ones, essentially involving H stretches. This
dual-scaling approach suggests that the low-energy modes are intrinsi-
cally better described than the high-energy ones: at the B3LYP level
and provided the use of a large basis set, the scaling of the frequencies
lower (higher) than 1800 cm-1 is 0.9927 (0.9659) while the uniform
scaling factor is 0.9726. Similar conclusions were drawn at other levels
of theory including MP2. Considering, in addition, that uniform scaling
factors of 0.943 (0.9614) have been proposed for MP2 (B3LYP) using
the 6-31G* basis set,32 scaling factors of 0.96 and 0.98 were applied
in the present work (1000-2000 cm-1) to MP2/6-31G* and B3LYP/
6-31G* frequencies, respectively. After applying these scalings, both
sets of frequencies and intensities were very similar. It should be noted
that the same scaling factor (0.98) was derived from the comparison
of experimental and B3LYP/6-31G* frequencies in the 800-1800 cm-1

range of the IRMPD spectra of Fe(I) complexes.19

5. Other Accessible Spectral Ranges.The 1000-2000 cm-1 range
has been chosen because it is in this region that calculations predict
the most intense and well-separated bands. Indeed, in the 100-1000
cm-1 region there are numerous and less intense bands, making it
difficult to interpret the spectrum. The 2000-3300 cm-1 region
corresponds to the OH and NH stretching modes, so it seems structurally
specific and therefore worth probing. However, there is always
coincidence of several bands, for example, in the case of Gly-Na+

the N-H stretching band of the SB isomer is in resonance with the
O-H stretching band of CS2. Thus, the study of these regions would
probably not bring any supplementary information.

6. IR Spectra of Deuterated Species.The spectra of some
deuterated isotopomers of Gly-Na+ and Pro-Na+ have been simulated.
We have only considered amino acids deuterated at nonexchangeable
positions (CH2), since it would be impossible to produce gaseous ions
deuterated at exchangeable positions without the use of deuterated
solvents and matrices. Thus, onlyd2-Gly-Na+ andd7-Pro-Na+ spectra
were computed. The intensities of CD2 (or CH2) bending and stretching
modes are weak, because of the small electronegativity difference
between carbon and hydrogen. In conclusion, it appears that the study
of deuterated species cannot be a complement to the assignment of
spectra in these cases.

III. Results

1. Experimental Results. The absorption of multiple IR
photons by the AA-Na+ complexes is probed by their disap-

pearance as a function of photon energy, due to the fragmenta-
tion reaction to form AA and Na+ (eq 1). Monitoring the
intensity of Na+ relative to the total ion signal due to Na+ and
Pro-Na+ leads to the IR spectrum shown in Figure 1a. Two
main features are apparent: a broad signal between 1300 and
1430 cm-1 and another intense signal, with two partly resolved
bands, between 1600 and 1750 cm-1. Monitoring eq 1 for the
Gly-Na+ complex yielded an IR spectrum of lower quality than
for Pro-Na+ (Figure 2a). It may be seen that an intense feature
exists between 1670 and 1800 cm-1. A series of points showing
one or several absorptions between 1150 and 1400 cm-1 is also
apparent in the experimental spectrum. There is also a small
feature in the 1400-1500 cm-1 range.

2. Low-Energy Isomers of Gly-Na+ and Pro-Na+. The
low-energy isomers of both Gly-Na+ and Pro-Na+ have been
studied previously, together with the transition states for some
of their interconversions.6-8 In both cases, the most favorable
modes of attachment of the sodium ion to the AA are the same,
although their energetic order is different. For Gly-Na+, all
computational levels indicate that the most stable isomer is CS1,
in which the ion chelates Gly between nitrogen and the carbonyl
oxygen. The SB and CS2 isomers lie 2-2.5 kcal/mol higher in
energy, and other isomers are less stable. Pro-Na+ differs from

(30) Halls, M. D.; Schlegel, H. B.J. Chem. Phys.1998, 109, 10587.
(31) Halls, M. D.; Velkovski, J.; Schlegel, H. B.Theor. Chem. Acc. 2001, 105,

413.
(32) Scott, A. P.; Radom, L.J. Phys. Chem.1996, 100, 16502.

Figure 1. IRMPD spectrum of Pro-Na+ (a). IR spectra and structures of
the lowest energy Pro-Na+ isomers, computed at the B3LYP/6-31G* level
(b-e).
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Gly-Na+ in several significant ways. First, the SB isomer is
the most stable, followed by CS1, which lies ca. 5 kcal/mol
higher in energy. Second, as shown by Russoet al.,8 each isomer
exists as a pair of conformers differing by the puckering
orientation of the five-membered ring. For each isomer, the
energy difference between the two conformers is less than 1
kcal/mol, and they are connected by transition states with energy
barriers of less than 3 kcal/mol. Third, the CS2 isomer exists
as a very shallow minimum. It was impossible to locate CS2
on the MP2/6-31G* potential surface. Russoet al.8 found it at
the B3LYP/6-311++G** level; however, attempts to localize
the transition state for proton transfer leading to SB were
unsuccessful. We were able to locate both CS2 and this TS at
the B3LYP/6-31G* level, and the TS was found to lie 0.3 kcal/
mol higher than CS2 at the B3LYP/6-311+G(2d,2p)//B3LYP/
6-31G* level. However, when thermal corrections at 298 K are
included, it is found to lie 1.2 kcal/molbelowCS2. This clearly
indicates that CS2 lies on a rather flat portion of the potential
surface and corresponds to a very shallow minimum at best.
As for Gly-Na+, other minima exist at higher energies, typically
more than 10 kcal/mol higher than SB.

3. Assignment of the Computed IR Absorption Spectra
of Pro-Na+ Isomers.The simulated IR spectra and structures
of the low-lying isomers of Pro-Na+ are presented in Figure
1. Those for the two conformers of SB are shown in Figure 1b
and 1c; those for CS1 and CS2 are shown in Figure 1d and 1e,
respectively. The spectra of the second conformers of CS1 and
CS2, corresponding to puckering inversion of the five-membered

ring, are omitted for clarity. As mentioned in the Experimental
and Computational Section, these IR absorption spectra are
derived from a convolution of the calculated band intensities.
The positions and intensities of the main bands are given in
Table 1. The spectra of both CS isomers have two common
bands. The strongest around 1740 cm-1 corresponds to the
CdO stretch, while the second corresponds to the COH bend
near 1450 cm-1. The latter is much more intense for CS2 than
for CS1. The CS1 spectrum presents another strong band at
1197 cm-1 due to the C-OH stretch. In the case of CS2, that
absorption is much less intense. In comparison with the CS
spectra, those for the conformers of SB are very different. In
the 1600-1750 cm-1 range, two bands are predicted for SB
instead of one for CS1 and CS2. A normal-mode analysis reveals
that the two bands of SB display components on both the NH2

scissoring (δNH2) and the antisymmetric combination of CdO
stretches (νasCO2), the less intense at 1637 cm-1 presenting a
larger component onδNH2, the most intense at 1696 cm-1

corresponding toνasCO2 mode. A group of peaks exists between
1300 and 1450 cm-1, the most intense of which is associated
with the symmetric combination of CdO stretches with the
others being combinations of ring CH2, CH, and NH2 bendings.

4. Assignment of the Computed IR Absorption Spectra
of Gly-Na+ Isomers.The simulated IR spectra and structures
of the low-lying CS1, CS2, and SB isomers of Gly-Na+ are
displayed in Figure 2b, c, and d, respectively, and the positions
of the most intense calculated IR bands are given in Table 2,
along with their corresponding intensities.

As for Pro-Na+, CS1 and CS2 share some common bands:
the C-OH stretch near 1200 cm-1, COH bend near 1440 cm-1,
NH2 scissoring near 1670 cm-1, and CdO stretch near 1760
cm-1. The CS1 and CS2 spectra remain easily distinguishable
because of the very different relative band intensities, especially

Figure 2. IRMPD spectrum of Gly-Na+ (a). IR spectra and structures of
the lowest energy Pro-Na+ isomers, computed at the B3LYP/6-31G* level
(b-d).

Table 1: Measured (left column) and Calculated Vibrational
Spectra for Pro-Na+ a

a Mode mainly localized on the five-membered ring, i.e., combination
of τNH2, τCH2, ωCH2, andτCH.
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in the 1300-1400 cm-1 region. The spectrum of isomer SB
presents three characteristic bands, one at 1720 cm-1 corre-
sponding to the antisymmetric combination of C-O stretches
and two overlapping bands at 1446 and 1373 cm-1 correspond-
ing to the NH3 umbrella mode and the symmetric combination
of C-O stretches, respectively. Contrary to the case of Pro-
Na+, distinguishing between SB and CS cannot be based on
the 1650-1800 cm-1 zone since there are now two bands for
all isomers, corresponding to NH2 scissoring and combination
of CO stretches.

IV. Discussion

A satisfactory agreement between the IRMPD and IR linear
absorption spectra has been observed for a large variety of
ions.17-19,21 Thus, despite the multiple photon character of the
IRMPD process, it is generally believed that the relative
intensities of the bands in the IRMPD spectrum are governed
by the absorption of the few first photons. This early stage of
the IRMPD which occurs within the discrete regime25 is critical,
and no fragmentation occurs unless the first photon is resonant
with a vibrational transition of the ion. Subsequent excitation
occurs within the quasi-continuum regime in which the density
of states is so high that the vibrational energy is rapidly
randomized among all the modes of the molecule. Nevertheless,
deviations from the linear absorption spectrum may be observed
depending on the transition between these two regimes. Such
deviation is expected for small ions for which the density of
vibrational states is too low to allow for a fast energy
redistribution. Vibrational couplings are also important, and it
has been shown, for instance, that heavy atoms27 may severely
increase the lifetime of excited vibrational states, thereby
decreasing the IRMPD efficiency. Furthermore, as cross-
anharmonicities increase as a function of the internal energy,
each vibrational transition is expected to be more and more red-
shifted and broadened. As a result, the position of the peak
maximum on the IRMPD spectrum is generally slightly red-
shifted with respect to the corresponding maximum of the linear
absorption spectrum.

1. Assignment of the Experimental IR Absorption Spec-
trum of Pro -Na+. The assignment of the IRMPD spectrum
of Pro-Na+ is based on its comparison to the spectra computed

for the various isomers described above. To make the compari-
son easier, the absorption cross-section is represented in Figure
1, assuming a Lorentzian profile for each calculated infrared
band. As long as one considers only the relative positions of
the two IRMPD broad bands, they are in better agreement with
the two SB conformers (Figure 1b and c) than with the two CS
isomers. Thus, a tentative assignment of the observed bands is
proposed in Table 1 based on the calculated IR spectra of the
SB isomers. As recalled above, the multiple photon character
of the IRMPD process is expected to lead to some deviations
from the relative intensities of the linear absorption spectrum
(see discussion below), and this might be the case in the 1600-
1750 cm-1 region.

If one considers the IRMPD experimental feature between
1100 and 1500 cm-1, it does not show the principal signature
of the CS1 isomer. Indeed, the intense C-OH stretch band at
1197 cm-1 of isomer CS1 (Figure 1d) is not observed
experimentally. Isomer CS2 presents a strong absorption at 1450
cm-1; however, there is only one mode with significant intensity
in this region, which would lead to a much narrower feature
than that experimentally observed. Furthermore, it has been
found that CS2 is at best a very shallow minimum on the
potential surface; therefore, it is unlikely to be observable in
significant intensity. On the other hand, the computed spectra
for the two conformers of SB are in fair agreement with the
broad experimental feature. The broad character of the experi-
mental signal between 1300 and 1450 cm-1 could be the result
of the excitation of Pro-Na+ through the various ring deforma-
tions of SB structures, and the maximum of the IRMPD rate
could be attributed to the contribution of theνsCO2 at 1404
cm-1, which are predicted to be intense for both SB isomers
(see Table 1).

The comparison of the position of the experimental and
calculated bands between 1600 and 1750 cm-1 further supports
the preference for the two SB conformers. Indeed, in these two
structures, NH2 scissoring and the antisymmetric combination
of CdO stretches lead to two absorption bands whose calculated
positions are in very good agreement with experiment. The
broad experimental band presents two maxima at 1656 and 1698
cm-1, very close to the calculated position of the NH2 scissoring
(1637) and CdO stretches (1692-1696), respectively. On the
other hand, both CS isomers only have one IR-active mode in
this region (the CdO stretch), which should lead to a single
maximum in the IRMPD spectrum. Furthermore, the computed
position of this mode in CS1 and CS2 is at 1747 cm-1, a
frequency at which the experimental signal tends to vanish.

On the basis of this analysis of the relative positions of the
experimental and calculated bands, it seems that the two SB
conformers, which are computed to be the lowest energy
structures for Pro-Na+, are the best candidates for the
interpretation of the experimental spectrum. On the other hand,
the difference in relative intensities between the experimental
and theoretical spectra (parts a, b, and c in Figure 1, respectively)
in the 1600 and 1750 cm-1 region might seem large. Considering
the proximity of the two normal modes calculated at 1637 and
1696 cm-1, in the case of SB-a, for example, and the strong
coupling between the NH2 scissoring and the antisymmetric CO2

stretch (νasCO2), it is conceivable that the relative contributions
of these two local modes to the normal modes are incorrectly
described at the present computational level.

Table 2: Measured (left column) and Calculated Vibrational
Spectra for Gly-Na+

wavenumber (cm-1) calculated intensity (Km/mol)

experimental calculated CS1 CS2 SB vibrational mode

1189 30 τNH2 + τCH2

1204 1195 154 νC-ÃΗ
1211 44
1306 24 ωNH2 + ωCH2

1318 13 ωNH2 + ωCH2

1339 23 ωCH2

1351 1359 18 τNH2 + τCH2

1373 199 νsCO2

1439 469 δC-OH
1466 1446 56

1446 348 NH3 umbrella
1474 63 δCH2

1662 39 NH3 bending
1667 48 δNH2

1672 46
1721 309 νasCO2

1727 1759 370 νCdO
1778 426

Sodiated Amino Acids in the Gas Phase A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 126, NO. 6, 2004 1841



It is also conceivable that this apparent discrepancy is due to
the multiple photon nature of the IRMPD process. Indeed, as
the internal energy increases, the two vibrational transitions are
red-shifted to an amount which in this small ion could be of
the order of magnitude of the difference between the two
frequencies of interest (1637 and 1696 cm-1). As a result, the
IRMPD band corresponding to the high-energy mode would
be simply red-shifted as compared to the calculated value. On
the contrary, a more subtle absorption process could be expected
in the case of the low-energy mode. Indeed, as the internal
energy increases, the red-shift effect could bring the higher
energy mode into resonance with the FEL, thereby enhancing
the global multiphoton absorption. As a result, this multiple
photon effect will increase the intensity of the lowest energy
mode with respect to the highest energy one, as compared to
the relative intensities of the linear absorption spectrum
calculated assuming that the ion has no internal energy. One
could also expect a blue shift of the lowest energy mode and
therefore two IRMPD bands closer to each other than the two
calculated positions. Such an effect can be observed (see Table
1), but its extent is too small to be meaningfully discussed.

Finally, in light of the above discussion on the relative
intensities in the 1600 and 1750 cm-1 region, it is interesting
to consider the possible contribution of the CS1 isomer to the
IRMPD spectrum. As said above, DFT calculations predict that
this isomer displays only one band in this region, and it is
predicted to be higher in energy than the two vibrational
transitions of the SB conformers. As a result, any contribution
of CS1 isomer to the IRMPD spectrum would enhance the
IRMPD intensity on the blue side of the 1600-1750 cm-1 band,
which is not observed experimentally.

2. Assignment of the Experimental IR Absorption Spec-
trum of Gly -Na+. The IR spectrum of Gly-Na+ shown in
Figure 2a is of somewhat lower quality than that for Pro-Na+.
Still, comparison with the spectra computed for the low-energy
isomers of Gly-Na+ (Figure 2b-d) does provide structural
information on the experimentally probed ions. It may be seen
that an intense feature exists in the experimental spectrum
between 1680 and 1800 cm-1 and that all isomers display
intense absorption bands in this area, corresponding to CdO
stretches. The experimental resolution is too low to permit
assignment of this feature to a specific isomer. Absorption
between 1150 and 1250 cm-1 is also apparent in the experi-
mental spectrum, and the only isomer for which an absorption
band exists in this region is CS1 (CS2 only has a weak band,
while SB has none). Another clear dichotomy between CS1 on
the one hand and CS2 and SB on the other is that absorption
intensity in the 1400-1500 cm-1 range is weak in the former,
in good agreement with experimental results, while it is stronger
in the latter two. On the basis of these observations, an
assignment of the experimental bands is proposed in Table 2.
The most intense observed band may owe its origin to the
intense absorption band ofνCdO in CS1 at 1759 cm-1, but
theνasCO2 mode at 1721 cm-1 of SB cannot be excluded. The

observed band at 1204 cm-1 could be assigned to theνC-OH
stretch calculated at 1195 cm-1 in CS1. Finally, the experimental
band with a maximum at 1351 cm-1 may be attributed to the
superposition ofτNH2 + τCH2 (calculated at 1359 cm-1) and
of ωNH2 + ωCH2 (at 1318 cm-1) of CS1. It is clear overall
that the observed bands are only consistent with a dominant
population of the CS1 isomer, although a mixture involving SB
cannot be ruled out.

V. Conclusions

The coupling of a free electron laser with an FT-ICR mass
spectrometer enables recording the infrared spectra of gaseous
ions. Although the ion density in the ICR cell is small, the
unusually high brightness of the FEL and the temporal structure
of its pulses make possible the absorption of multiple IR photons
by a large fraction of trapped ions. The broad range of tunability
of the FEL offers the possibility of recording IR spectra, thereby
obtaining vibrational fingerprints of gaseous ions selectively
prepared in an ICR cell. Photon absorption is probed by
unimolecular fragmentation processes which are triggered by
the accumulation of many vibrational quanta. In this work, we
characterized the structural types of Gly-Na+ and Pro-Na+

for which all other mass spectrometric methods have failed to
date to provide direct and unambiguous structural information.
The unimolecular process that reveals absorption is the dis-
sociation of each AA-Na+ complex into its constituents AA
and Na+. It is remarkable that for both Pro-Na+ and Gly-
Na+ the IRMPD spectrum is in good agreement with the
absorption spectrum predicted by DFT calculations, that is,
despite the complicated nature of the IRMPD process, the
present approach yields an IR spectrum in close agreement with
the absorption features. Furthermore, the method appears to
provide access to the lowest energy isomer in each case. The
positions of the recorded absorption bands show that the
experimental spectrum is consistent with the formation of the
salt bridge isomer for Pro-Na+. In contrast, the experimental
spectrum of Gly-Na+ is consistent with the charge solvation
isomer CS1. In this case, however, some population of another
isomer cannot be excluded. These results provide the first direct
answer to the long-standing question of charge solvation vs salt
bridge structure of cationized amino acids. Extending this work
to complexes of metal ions with other amino acids and
oligopeptides should be relatively straightforward. Therefore,
this technique holds great promise for the structural identification
of biological molecules by their vibrational fingerprints.
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