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Abstract: Infrared spectra of the protonated monomers of glycine, alanine, valine, and leucine methyl esters
are presented. These protonated species are generated in the gas phase via matrix assisted laser desorption
ionization (MALDI) within the cell of a Fourier transform ion cyclotron resonance spectrometer (FTICR)
where they are subsequently mass selected as the only species trapped in the FTICR cell. Alternatively,
they have also been generated by electrospray ionization and transferred to a Paul ion-trap mass
spectrometer where they are similarly isolated. In both cases IR spectra are then derived from the frequency
dependence of the infrared multiple photon dissociation (IRMPD) in the mid-infrared region (1000—2200
cm™1), using the free electron laser facility Centre de Laser Infrarouge d’Orsay (CLIO). IR bands are assigned
by comparison with the calculated vibrational spectra of the lowest energy isomers using density functional
theory (DFT) calculations. There is in general good agreement between experimental IRMPD spectra and
calculated IR absorption spectra for the lowest energy conformer which provides evidence for conformational
preferences. The two different approaches to ion generation and trapping yield IRMPD spectra that are in
excellent agreement.

Introduction biological species have been studied in the gas phase. With the
use of soft ionization techniques, such as electrospray ionization
(ESIY° and matrix assisted laser desorption ionization (MAL-
DI),%0 large biological complexes, with masses ranging up to
tens of kDa, can be transferred from either solution or solid
state into the gas phase. A broad arsenal of mass spectrometric
techniques can then be used to study these biological’tons.

£ UMRS8000 CNRS-Universit®aris Sud. The recent development of mid-infrared spectroscopy of mass-
8 CLIO-LCP, UniversiteParis Sud. selected ions using different ion traps is of particular interest

! Current address: CESR, 9 avenue du Colonel Roche, 31028 Toulousegjnce it offers the possibility of direct structural characterization

Gas-phase experiments now allow isolated biologically active
molecules to be characterized and fundamental biological
processéssuch as protein folding and enzyme substrate binding,
to be probed.In this context, both neutr&l® and ioni@11-18
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of the ions. Gas-phase infrared spectra of small ionic systems
such as protonated organic molecules first appeared more than
two decades ag¥,2* but these early spectra were limited to
the 925-1090 cnT! wavelength range of a Gaser. Because

of the low number density of ionic species in mass spectrom-
eters, direct measurement of the infrared absorption is not
possible, and, instead, “action spectroscopy” is employed to
probe the consequences of infrared absorption. A common
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current technique is to monitor the photofragmentation yield A question of particular interest has been under what conditions
of the mass-selected ion as a function of the IR laser frequency.gas-phase zwitterionic species might exist and attempts have
Since the required energy for dissociating the ion is usually been made to elucidate the factors influencing the stabilization
larger than the energy of a single infrared photon, the dissocia- of the zwitterionic form of amino acid%*®-5°Recently, IRMPD

tion of interest usually requires the absorption of several photons. spectroscopy has been used to demonstrate that the complex of
Thus, the action spectrum is the result of infrared multiple sodium ion, N&, with proline in the gas-phase exists predomi-
photon dissociation (IRMPD). Currently, IRMPD experiments nantly in the zwitterionic form, whereas the complex of glycine

employing a fixed frequency CQaser are frequently used to

with Na* exhibits a neutral, so-called charge solvated struéture.

sequence biopolymers together with other ion activation methodsThe coordination of the aromatic amino acid phenylalanine to
such as collision induced dissociation (CID) or electron capture the transition metal ions Agand Z#+ has also been probed

dissociation (ECD¥>26

recently by IRMPD spectroscopy, and monocationic'[Rbe]"

Free electron lasers (FEL), such as those at the Centre deand deprotonated [ZAPhe-H]™ complexes have been studiéd.

Laser Infrarouge d'Orsay (CLIO) faciliy in Orsay, France,

The comparison with DFT calculations shows that a tridentate

and at the Free Electron Laser For Infrared Experiments charge solvated structure is formed in the case of [Ag-Phe]

(FELIX) facility28in Nieuwegein, Netherlands, provide excellent

whereas a tetrahedral-type core structure is formed in the case

sources of high-intensity tunable infrared radiation that can be of [Zn-Phe-H]2*. The latter result is interesting as a mimic of
used to obtain spectra of mass-selected molecular ions in thethe reactive centers in proteins since it is well-known that the

mid-infrared region using this action spectrum appro&éi.

coordination of ZA" in proteins is predominantly tetrahedral.

In particular FTICR spectrometers have been employed at both|RMPD spectroscopy has also been shown to be valuable in

CLIO?%31 and FELIX®2-34 facilities to generate IR spectra of
mass-selected biological ioA%:4° It should also be noted that
McLafferty and co-workers have shotrthat IRMPD spectra
can also be obtained using an OPO laser in the 3@000
cmt region which provides a valuable extension to the

determining the protonation sites of dipeptidésnd a very
recent IRMPD spectroscopic study by McLafferty and co-
workers on a large variety of proton-bound dimers of amino
acids and polymeP$ has demonstrated the utility of IR
spectroscopy for determining the characteristic spectral red-shifts

wavelength range accessible with the FEL facilities. However, ag5ociated with protonation of a variety of systems from amino
the lower intensity of OPO lasers does not allow for as efficient 5igs 1o peptides in the 3053080 cnr! range.

an IRMPD process, particularly if the dissociation energy is

too large, as in the case of some amino acid proton-bound

dimers#

In the present work, IRMPD spectra are presented for the
protonated methyl esters of glycine (GlyMéKl L-alanine
(AlaMeH™), L-valine (ValMeH"), andL-leucine (LeuMeH)

lonic species derived from amino acids have been the subjectObtained at the CLIO FEL facility in the 106@200 cnrange.

of extensive mass spectrometric investigations, and important
gas phase thermochemical quantities, such as proton affinitie

and bond dissociation energies, have been determpi€d? 48
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These spectra have been obtained using two different ionization
techniques in two different mass spectrometers. In one case, a
FTICR spectrometer was used for ion storage with MALDI
generation of the species of interest and, in the other, a modified
Paul-type ion-trap mass spectrometer was used with electrospray
ion generation. The two experimental spectra are also compared
to the IR absorption spectra of the lowest energy structures
calculated at the density functional level of theory (DFTYhe
comparison between experimental and theoretical results il-
lustrates the power of the method to provide IR fingerprints of
biologically relevant molecules in the gas phase and to
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conformation of ions derived from small amino acids and other 03 -
biologically relevant molecules in the gas phase. Frag

Experimental Methods 025

Two different mass spectrometric techniques employing two different
ionization methods were used to carry out the present work. The first
of these was based on a home-built portable FTICR instrument, MICRA
(for mobile ICR analyzer), described in detail previouSlyysing 0.15
MALDI ionization, and the second involved a Bruker Esquire3600
Paul-type ion-trap instrument suitably modified to provide optical access
for the FEL beam. The CLIO FEL facili#y is based on emission from 01
a 10-50 MeV electron beam. Once the electron energy is fixed, the
photon energy can be tuned by adjusting the gap of the undulator which
is placed in the optical cavity. In the present work, the electron energy
was set to either 42 MeV or 45 MeV to continuously scan the photon
energy in the 9561850 or 1200-2400 cm* energy ranges, respec- 0 L 1 1
tively. The IR-FEL output consists of macropulsegs3in length with 0 100 200 300 400 500
a repetition rate of 25 Hz. Each macropulse consists of approximately rigure 1. IRMPD efficiency as a function of laser power recorded at 1732
500 micropulses, each of a few picoseconds duration. For a typical cm™ for the protonated monomer ofleucine methylester (LeuMeH.
average IR power of 500 mW, the corresponding micropulse and
macropulse energies are 40 and 20 mJ, respectively. The mean IR The protonated amino acid ester ions thus generated were mass
power was stable and about 70800 mW when recording the IRMPD selected 100 ms after the Nd:YAG pulse, allowed to relax for 100 ms
spectrum with the Paul trap in the 860900 cnt® energy range. It through collisions with a background inert gas, and subsequently
was slightly lower and about400 mW when recording the IRMPD irradiated with the IR beam for 1s (i.e., 25 IR-FEL macropulses).
spectrum with the FTICR in the 126@400 cm! energy range. The Detection was effected 50 ms after the end of the irradiation period.
laser wavelength profile was monitored while recording the spectra This duty cycle, ending with a quench pulse, was repeated eight times
using a monochromator whose output led to a pyroelectric detector for €ach photon energy used and the mass spectrum obtained was the
array (spiricon). The IR-FEL spectral width can be adjusted through a Fourier transform of the accumulated time domain signal.
tuning of the optical cavity length, and the laser spectral width (fwhm) ~ The experimental spectra in the 950900 cni* energy range were
was typically less than 0.5% of the central wavelength. For both mass fécorded using a modified Bruker Esquire 3000 Paul ion-trap mass
spectrometers, the sani m focal length spherical mirror was used to ~ SPectrometer. This experimental configuration has been described in

mildly focus the IR-FEL beam at the center of the ion trap, and its detail previously* The protonated amino acid ester ions were sprayed
position was then fine-tuned so as to maximize the fragmentation from a 10°5 M solution of the hydrochloride salts of the esters in water.

efficiency. A conical hole was drilled in the ring electrode of the Paul ion trap in
order to allow optical access to the center of the trap. The IR-FEL
beam enters through a ZnSe window oriented near the Brewster angle
to allow the maximum transmission. Multistage mass spectrometry was
carried out using the standard Bruker Esquire software. Within the MS1
step, a single isotope was mass-selected in a window of 1 Da for the

02

Laser Power (mW)
L 1

The experimental spectra in the 12400 cnT! energy range were
recorded using the portable FTICR, MICRA. This experimental
configuration has been described in detail previo@s#>*MICRA is
based on a 1.24 T permanent magnet with the magnetic field
erpendicular to the bore of the magnet which has two important . S . .
perp 9 P jons of interest. The control of the irradiation time of the ions was

consequences for the experiment. First, the IR beam enters perpendicula ) s .
to the magnetic field and, owing to ion motion in the electric field performed using the MS2 step where the excitation amplitude was set

along the magnetic field axis, this may result in a time dependent to zero, and the associated output trigger was used to control the optical

overlap of the IR beam with the ion cloud. Second, this arrangement shutter, \I’Vhwhl was t?en opened for ? ﬂtxzd. number O.f tTﬁ tIRdFEtLh
does not allow for the use of external ion generation which restricts macropulses. In most cases, mass selected lons were Irradiated with a

ionization to either in-cell or near-cell methods. Use of MALDI ion single IR-FEL macropulse. Mass spectra were recorded after accumula-

generation in this apparatus has been described previtudlBriefly, t?on of ten such sequences, and rgplicate ;pectra were acquired seven
a sample MALDI target is made from a solid solution of the 'grr:rarilfor each photon energy, which was increased in stepstab
hydrochloride salt of the amino acid ester of interest mixed with ) .
a-cyano-4-hydroxycinamic acid (CHCA) in a 1:1 mass ratio which is The IRMPD spectra reported here are expressed as the fragmentation

then compressed iota 1 mmthick pellet. A 4x 4 mm piece of this efflf:iencforag defined by eq 1, as a function of the photon energy, in
pellet was glued on a metallic holder which was then mounted just cm
outside the ICR cell~6 mm away from the middle of the nearest P =]
= —In(l | + 3 1
trapping plate. Desorption and ionization were then performed using frag (Nparenf (I parent ™ Zliragmend) @
:gfmtzgdbgal\r/lrg?_glc S]f; rt‘r:“e) I(gRa (E):IllssglIEZ;SGW:;STQJQZ;?;?QS In each of the four cases examined, a single ionic photofragment was
observed, the (R)CHNH," immonium ion where R= H, CHs,
field throudh a 5 mmdiameter aperture. The ion signal was optimized i-propyl, or i-but(yl) correszponding to the loss of CO and<OHi.
bhy applylnghalg.S V potential to the t_ralppflniCJSpI{a/tell_\;]vhlle :nalntalplrllqg Equation 1 assumes that the dissociation through IRMPD is a first-
Lnir;i?::rap?pisgr; Sltaia \SAt/:tslcpSI(;f;tclizw?ﬁ)tV.for éSﬂs(aju\;(t);?t?a?tﬁet € order process. As has been reported for other systems presenting large
| 1 - - IR absorption cross-sectioA$saturation could occur in the FTICR
laser pulse in order to pptlmlze the ion transfer into the cell and then experiments when the laser was in resonance with the most strongly
back to 3.5 V for trapping. active IR modes. Conversely, when the IRMPD spectra were recorded
with a laser beam attenuated by a factor of 3, no significant IRMPD
(53) '{\A/Iauclgire, F-Hbggﬁ:ii%, i.E:’SBoissel, P.; Bellec, G.; Heninger M. J. signal was detectable associated with the weak IR absorption bands,
ass Spectro A . . . . . . . .
(54) Mac Aleese, L.; Simon, A.; McMahon, T. B.; Ortega, J.-M.; Scuderi, D.; Y‘”th Intens.lty .Iess than 40 km mol Th'_s nonlinear behavior is
Lemaire, J.; Mare, P.Int. Mass J. Spectron2006,14, 249-250. illustrated in Figure 1 for protonated leucine methyl ester where the
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IRMPD efficiency has been monitored as a function of the laser power, lowest energy structures the proton is found to be bound to the
when the IR-FEL was in resonance with the CO stretch (1732km  most basic site in the molecule, the amino group. The corre-
As can be seen from Figure 1, the IRMPD efficiency scales linearly sponding structures for the analogous esters species have also
with the laser power from 130 through 400 mW, but a laser power paan found to be the lowest energy structures in each of the
threshold is observed at130 mW in this case. Since the laser power ¢\ - cac examined. In the around-state structure. a further
threshold strongly depends on the infrared absorption cross-section, e . 9 . '

stabilizing interaction results from an intramolecular hydrogen

no fluence correction has been applied to the fragmentation efficiency . .
and only the raw IRMPD spectra, with intensities as defined by eq 1, Pond between a hydrogen of this protonated amino group and

are provided and compared to the calculated absorption spectra. ~ the carbonyl oxygen of the carboxylate ester group. A second
Computational Methods. The potential energy surfaces of each of  Structure, slightly higher in energy, has also been located in
the protonated amino acid esters were explored at the B3LYP&31  each case in which one of the hydrogens of the protonated amino
(d,p) level of theory using the Gaussian 98 packd&de. each case, group also interacts instead with the methoxy oxygen of the
vibrational spectra of the two lowest energy isomers were then carboxylate ester functionality. These two structures exhibit
calculated within the harmonic approximation. With the use of gyfficiently different vibrational features that they should, in
appropriate scaling factors, hybrid DFT methods such as B3LYP have principle, be distinguishable from the experimental IRMPD

been shown to be capable of outperforming other DFT methods as well ¢ 14 and, as will be seen below, this indeed appears to be
as traditionahb initio post-Hartree-Fock approaches in describing both the case

the position® and relative intensiti€of IR bands. This is particularly
true if instead of a uniform scaling factor, dual scaling factors are tsed, 2. Assignment of the IRMPD Spectrum of GlyMeH". The

one for the X-H stretching modes and the other, closer to 1, for the IRMPD spectra of GlyMeH recorded in the FTICR and the
vibrational modes below 1800 crh A scaling factor of 0.98, previously ~ Paul ion traps are reported in Figure 2, spectra a and b,
shown to be optimal for metal cation complexes of amino &eids respectively, together with the IR absorption spectra of the two
well as protonated methyl esters of amino aéftis, this wavelength lowest energy structurddGlyl andMGly2 (Figure 2c¢,d). For
range, has been applied to all calculated frequencies reported in thepqin of these structures protonation occurs on the most basic

present work. It must be also noted that, in the case of induced ;o the amino group, which is also hydrogen bonded to either
fragmentations such as those examined here, the absorption of the ﬁrStcarbon | oxygen of the carboxylate ester groMGly1) or to
photons may be followed by multiple absorption within a quasi- Yl oxyg y 9 y

continuum wherein vibrational transitions may be slightly red-shifted th_e methoxy OX)_/gen of the ester fu_nctnMQlyZ). In agree_ment )
and broadened owing to anharmonic coupliffgEhis possible effect ~ With the extensive structural studies of protonated amino acids
will be discussed below in conjunction with comparison of the FTICR  derivatives;?*8 67 the structure corresponding to the ammonium
and Paul-trap spectra. group interacting with the carbonyGly1, was found to be
the most stable. In the present case, the strudil®ty2 was
found to be 5.4 kcal mot higher in energy.

1. Overview.The IRMPD spectra observed for the protonated  As can be seen readily in Figure 2, there is a good agreement
amino acid esters in the present work can be usefully divided between the two observed IRMPD spectra of GlyMegéner-
into three spectral regions for purposes of discussion. Theseated within two different experimental conditions, either by
regions are (i) the region from 800 to 1100 thwhich was ~ MALDI and trapped into the ICR cell (Figure 2a) or by ESI
examined only using the Paul trap with electrospray ionization, and trapped into a Paul ion-trap (Figure 2b). Significantly, each
and which can be mainly attributed to coupled rocking, bending, of the four strongest bands observed is slightly red-shifted in
and deformation modes of the GHNHs, and CH groups; (ii) the FTICR spectra relative to those observed in the Paul ion-
two or more relatively intense and well structured bands in the trap spectra, by an average of 20 @mAs discussed below, it
1200-1500 cn1! corresponding to umbrella or deformation s probable that the IRMPD spectra recorded under FTICR
modes of the methoxy GHand NH; groups; and (jii) a strong  conditions are more prone to being red-shifted as compared to
feature near 1750 cm associated with the carbonyl stretching  the calculated IR absorption spectra than are the corresponding
vibration. IRMPD spectra obtained with the Paul trap. We will see that

Extensive searches of possible energetically favorable con-this effect is less pronounced in the case of protonated esters
formers on the potential energy surfaces of various protonatedof amino acids presenting a larger alkyl chain than glycine.
amino acids have been performed recefft§? 6" and in the  Nevertheless, the comparison of the two IRMPD spectra of each
protonated ester of amino acid reveals that the IRMPD spectrum

Results

(55) Frisch, M. J.; et alGaussian 98revision A.6; Gaussian, Inc.: Pittsburgh,

PA., 1998. recorded using the Paul trap systematically presents the best
(56) r]%l’ls, M. D.; Velkovski, J.; Schlegel, H. Bheor. Chem. Ac001, 105, resolution. In the present case of G|yM‘é,|—the bandwidth
(57) Halls, M. D.; Schlegel, H. BJ. Chem. PhysL99§ 109, 10587. (fwhm) is typically 46-45 cnttin the FTICR infrared spectrum

(58) Hoyau, S.; Pelicier, J. P.; Rogalewicz, F.; Hoppilliard, Y.; Ohanessian, G. i 1 H i
Eur ). Mass Spectron2001. 7 303, (Figure 2a), and 2530 cnt? in the corresponding Paul ion

(59) Jockusch, R. A.; Lemoff, A. S.; Williams, E. R. Phys. Chem. 2001, trap spectrum (Figure 2b). While the positions of the IRMPD
105, 10929. ; ; ;

(60) Jockusch, R. A.; Lemoff, A. S.; Williams, E. . Am., Chem. So@001, bands are tabulated, we will essentially discuss the IRMPD
123 12255. _ _ spectrum obtained using the Paul trap and compare it to the

(61) S a1 SomogyL, A Wysocki, V. Hnt. J. Mass Spectron2005 corresponding calculated IR absorption spectra.
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(63) Rodgers, M. T.; Armentrout, P. B. Am. Chem. So@002 124, 2678. There is a good agreement between the observed IRMPD

(64) Rogalewicz, F.; Hoppiliard, Yint. J. Mass Spectron200Q 199, 235. spectra of GlyMeF and the calculated IR spectrum of the most

(65) zRooogqalfs\;gcéésF + Hoppilliard, Y.; Ohanessian, 8t. J. Mass Spectrom.  stable conformefyiGly1, having the intramolecular hydrogen-

(66) Rogalewicz, F.; Hoppilliard, Y.; Ohanessian, i&t. J. Mass Spectrom.  bond interaction with the carbonyl oxygen (Figure 2c). The two

67) ZT%ﬁ’lzyzzf,\j,‘?%erda B. A.: Ohanessian, G.: Wesdemioti€i@m—Eur. calculated structures have markedly different carbonyl stretching
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Figure 2. IR spectra of protonated glycine methyl ester GlyMelExperimental IRMPD spectrum recorded using 25 IR-FEL macropulses with the FTICR
(a) and only one IR-FEL macropulse with the Paul ion trap (b) compared to the DFT calculated IR absorption spectra of the lowest energy conformer MGly1

(c) and a higher energy conformer MGly2 (d). The optimized structures of the two lowest energy conformers MGlyl and MGly2 are represented beside the
spectra. The indicated distances are expressed in A
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Figure 3. IR spectra of protonated alanine methyl ester AlaMeBxperimental IRMPD spectrum recorded using 25 IR-FEL macropulses with the FTICR
(a) and only one IR-FEL macropulse with the Paul ion trap (b) compared to the DFT calculated IR absorption spectra of the lowest energy conformer MAlal

(c) and a higher energy conformer MAla2 (d). The optimized structures of the two lowest energy conformers MAlal and MAIla2 are represented beside the
spectra. The indicated distances are expressed in A.

cm~t which is less red-shifted than MGly1 (1758 cntl), in in this spectral range also support the virtually exclusive
which the carbonyl strongly interacts with the protonated amino presence oMGlyl under our experimental conditions.

group. In the IRMPD spectrum obtained using the Paul trap, The IRMPD spectrum in the 86a1200 cnT! energy range
this band occurs at 1771 cf in good agreement with the value  was only recorded for GlyMeHformed by electrospray in the
calculated forMGIlyl. The significant IRMPD intensity ob-  Paul ion trap (Figure 2b). Three bands were observed at 871,
served at 1471 cnt in the Paul trap can be assigned to the 992, and 1070 cnt. The positions as well as the relative
NHs* umbrella motion. This vibration is calculated to occur at intensities of these bands nicely match with the ones of the
1439 cnt! in MGlyl and at 1498 cmt in MGly2. Thus this calculated spectrum of the most stable isomM&ly1 (868, 981,
-NH3z™ umbrella motion is also found to be quite sensitive to and 1081 cm?), and the average difference is 8 thin the

its environment, and since the two different conformations case ofMGlyl. The calculated IR spectrum &Gly2 also
represent quite different hydrogen bond environments for the displays IR active vibration in the 86200 cnT! energy range,
ammonium group this mode can again be taken to be diagnosticand this isomer presents in particular a vibrational transition at
of the presence dfiGlyl in these experiments. There is also 825 cnt! while no IRMPD signal was observed below 868
a good match between the positions of the IRMPD bands cm™2. It thus seems that the 86200 cn1?! region provides
observed and those calculated for the other two strong bandsan additional proof that the most stable isonBlyl is the

in the 1100-1500 cnt! range. Experimentally, two maxima  only isomer present in the Paul ion trap.

are observed at 1297 and 1386 ¢nn the Paul trap. For the 3. Assignment of the IRMPD Spectrum of AlaMeH". The
strongly absorbing bands calculated to occur in this region of IRMPD spectra of AlaMeH recorded using the FTICR and
the spectrum, onlWMGlyl exhibits a vibration in the 1350 the Paul ion trap are reported in Figure 3, spectra a and b. Once
1400 cmt range, at 1372 cnt thus close to the experimental  again, there is good agreement between the two sets of
value at 1386 cm’. Furthermore, the observed band at 1297 experimental data. However, the observed FTICR absorptions
cmt agrees well with the calculated 1287 thwalue for for the six most intense vibrations are consistently red-shifted
MGlIy1l. The calculated IR spectrum bfGly2 exhibits a strong relative to the Paul ion-trap data, again by an average of 16
IR mode (1254 cm?) in this region but significantly lower in cm~L As in the case of GlyMeH it is also noteworthy that
energy than the observed band at 1297 trfiherefore, results  the AlaMeH™ Paul ion-trap data exhibit a better resolution. The
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calculated IR absorption spectra of the two lowest energy
structures of AlaMeH are given in Figure 3c,d adAlal and
MAla2. As was found for GlyMeH, in both MAlal and
MAla2, protonation occurs on the amino group which is either
coordinated to the carbonyl oxygeMAlal) or to the methoxy
oxygen of the carboxylate ester functioMAla2). As in the
case of GlyMeH, the former structure was found to be the
more stable, with the latter lying 4.8 kcal méhigher in energy.

As in the case of protonated glycine methyl ester there are
several key features in the spectraMlal and MAla2 that

permit them to be distinguished, and the experimental spectra

clearly fit better with the spectrum calculated for the lower
energyMAlal isomer. The most prominent difference between
the spectra oMAlal andMAla2 is once again associated with
the IR signature of the stretching mode of the carbonyl group
in the high-energy region of the IR spectrum.NMAlal, the
vibrational frequency associated with the carbonyl group stretch
of 1748 cnt! is significantly lower in energy (66 cm) as
compared to the position at 1814 thin MAla2 where the
intramolecular hydrogen bond is weaker. The maximum in the
Paul ion-trap IRMPD spectrum in this region was observed at
1764 cn1l, only 16 cnt? to the blue of the calculated position
for the G=0 stretch inMAlal. Since no IRMPD signal was
observed above 1800 crhusing either method and considering
that the G=0O stretch is calculated to have a very high integrated
IR absorption intensity, this would strongly suggest tatdal

is the only species formed in significant amount under the
present conditions.

A second band significantly affected by the hydrogen-bonding
environment is the strongly IR active band attributed to the
umbrella mode of the protonated amino group. This mode is
calculated to be located at 1438 thin MAlal which matches
well with the intense IRMPD feature observed at 1456 tm
while less so with that calculated fdAla2 which is located
at 1482 cm™. A further argument against the presencé/éfia2
is the fact that a significant IRMPD signal is observed near
1350 cnt?, whereas th#1Ala2 species is not calculated to have
a significant IR cross-section in this region. In contrad$lal
is predicted to display a significant IR absorption intensity at
1357 cnTl. It is also significant that the calculatedAlal
spectrum predicts two absorptions in this region at 1325 and
1357 cnt?, and the experimental spectrum does indeed reveal
a bimodal structure to the feature observed.

The remaining five features observed in the IRMPD spectrum

is also predicted by calculations to occur at 1188 trand
corresponds to a combination of @Hand NH™ rocking
motions.

Three bands are observed in the 82A50 cnt! energy range
using the Paul ion trap. Unfortunately, the calculated IR
absorption spectra of thdAlal and MAla2 species are very
similar in this energy range. For instance, the IRMPD band at
1104 cnt! can be assigned as ammonium and methyl group
rocking motions coupled to a CCH wagging motion, calculated
to occur at 1103 and 1097 crhfor MAlal and MAla2,
respectively. Similarly, the peak observed at 868 Eiwan be
assigned as a rocking mode of the ammonium and the two
methyl groups with simultaneous-€C—0 and G—H bending
modes based on the calculated frequency of such a normal mode
for MAlal (859 cntl) andMAla2 (855 cntl).

The conclusion that the experimental IRMPD spectrum
corresponds essentially exclusivelyM#lal, the lowest energy
isomer of AlaMeH, would suggest that, even though a
potentially energetic mode of ion formation such as MALDI
would permit access to the higher energy conformer, apparently
sufficient relaxation can occur within the time scale of the
experiment that all such species which might be formed have
rearranged to the energetic minimum. In addition to the very
good agreement between the experimental and calculated
positions of the bands in the IRMPD spectrum of AlaMeH
and the calculated spectrum bfAlal, it should be noted as
well that there is a very good correspondence between the
predicted and observed relative intensities.

4. Assignment of the IRMPD Spectrum of ValMeH". The
IRMPD spectrum of ValMeH recorded using the FTICR and
Paul ion trap are reported in Figure 4, spectra a and b,
respectively. In this case, the positions of the band maxima in
the two spectra are in excellent agreement with, once again,
the Paul ion-trap spectra exhibiting somewhat better resolution.
The two lowest energy structurddVall and MVal2 of the
protonated monomer ValMeHare also given in Figure 4,
spectra ¢ and d, respectively, along with the corresponding IR
absorption spectraMVall is the lowest energy isomer with
MVal2 lying 4.1 kcal mot? higher in energy.

As in the cases of GlyMeHand AlaMeH, there is a good
agreement between the experimental IRMPD spectrum and the
calculated IR absorption spectrum of the most stable conformer
MVall (Figure 4c). As in the previous cases, the 170850
cm! region clearly favors the assignment of the species present
asMVall since the carbonyl stretch, calculated to occur at 1745
cm1is in excellent agreement with the observed bands at 1747

have thus been assigned on the basis of a good correspondencg-1 in the FTICR and 1749 cn# in the Paul ion trap. In

presumed with the calculated IR absorption frequencies for
MAlal. The weakest band observed in the IRMPD spectrum
is located near 1600 cmtand disappears completely when the

laser power is decreased to 100 mW in the FTICR spectrum.
The calculations attribute this band to the resonance of two

contrast, the weaker intramolecular hydrogen bond present in
MVal2 structure is calculated to exhibit a carbonyl stretch at
1809 cnm! and no IRMPD signal was observed above 1780
cm L,

A broad but structured absorption feature was observed in

moderately IR active modes, but the near-degeneracy (1612 andpe 1200-1500 cnr? range. In both experimental spectra, four

1636 cnt! in MAlal) of the asymmetric deformation modes
of NH3* is likely to be favorable for the multiple photon
absorption process. The intense peak observed at 1285 cm
corresponds well to that predicted to occur at 1279 and
can be attributed to a combination of-€l bending, CH, and
NHs" rocking and G-O stretching modes. Another weak, but
well resolved, feature in the Paul trap spectrum at 1220'cm
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maxima were located at 1247, 1284, 1334, and 1435'dm

the Paul ion-trap infrared spectrum. Of these, a second IR
structural diagnostic can be found in the NHimbrella mode,
which is predicted to occur at 1438 chin MVall and at 1493
cm! in MVal2 where the intramolecular hydrogen bond
between an ammonium ion and the methoxy oxygen is weaker
than that inMVall. The position of the maximum in this
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Figure 4. IR spectra of protonated valine methyl ester ValMelExperimental IRMPD spectrum recorded using 25 IR-FEL macropulses with the FTICR

(a) and only one IR-FEL macropulse with the Paul ion-trap (b) compared to the DFT calculated IR absorption spectra of the lowest energy conformer MVall
(c) and a higher energy conformer MVal2 (d). The optimized structures of the two lowest energy conformers MVall and MVal2 are represented beside the

spectra. The indicated distances are expressed in A.
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Figure 5. IR spectra of protonated leucine methyl ester LeuMeExperimental IRMPD spectrum recorded using 25 IR-FEL macropulses with the FTICR

(a) and only one IR-FEL macropulse with the Paul ion trap (b) compared to the DFT calculated IR absorption spectra of the lowest energy conformer MLeul
(c) and a higher energy conformer MLeu2 (d). The optimized structures of the two lowest energy conformers MLeul and MLeu2 are represented beside the

spectra. The indicated distances are expressed in A.

structured band observed in the IRMPD spectrum (1434'cm the multiphoton nature of the IRMPD process as speculated
with the ion trap) is in excellent agreement with the position previously by Kapota et &F In essence, as the internal energy
(1438 cn1?) in the calculatedVall IR spectrum. This band  rises, the vibrational transitions are red-shifted and this red-
is also the most intense observed in both IRMPD spectra andshift might be of the order of magnitude of the energy difference
is also calculated to be the most intense in the calculated IR between the two bands of interest (43din Nevertheless, the
absorption spectrum dflVall. The corresponding mode in  fact that a significant IRMPD rate is observed between 1300
MVal2 has a calculated band intensity which is 39% of the and 1400 cm?, whereas théVal2 isomer does not present a
most intense band of the spectrum at 1236 triThe experi- significant IR absorption cross-section in this region, serves as
mental positions and intensities of this broad feature are in an additional argument to exclude the existence of a significant
excellent agreement with the corresponding modes found for population of this structure in our experimental conditions.
GlyMeH' and AlaMeH™ with a slight decrease in frequency A broad feature is also observed in the 16a@00 cn?
of each peak accompanying the increase in amino acid basicityregion for ValMeH" with two maxima at 1054 and 1125 ¢t
as the alkyl group size increases. assigned in the Paul trap. This is in good agreement with the
On the basis of the calculated IR absorption bandd\¢all low-energy part of the calculated spectrumM¥all where
at 1258, 1303, and 1365 cry the IRMPD bands observed at bands are predicted to occur at 1084 and 1122'crithe
1243, 1287, and 1363 crh can be assigned as bending and calculated relative intensities are also similar to the experimental
deformation modes of the ammonium, methyl, and isopropyl observation, again in contrast to those kval2.
groups. An apparent discrepancy between experiment and theory 5. Assignment of the IRMPD Spectrum of LeuMeH". The
appears in the relative intensity of the lowest energy maximum IRMPD spectra of LeuMeH have been presented previously
located at 1243 cmt (Figure 4a) where the experimental as a test case for comparison of spectra generated in a FTICR
intensity is substantially higher than that calculated (0.79 vs spectrometer relative to those obtained in a Paul-type iorftrap.
0.16). This might be because the two modes calculated to occurFor completeness, the important features of the LeuMeH
at 1258 and 1303 cni correspond to normal modes displaying spectra are presented here as well as a more general discussion
a large component on the bending motions of alkyHCgroups. of FTICR vs Paul ion-trap IRMPD spectra below.
Their calculated relative intensities are therefore likely to be  The IRMPD spectra of LeuMeH reported in Figure 5a,b,
very sensitive to the method of calculation. This slight discrep- exhibit a situation analogous to that observed for ValVekhce
ancy associated to the relative intensities could also be due tothe FTICR and ion trap spectra yield very similar frequencies
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Table 1. Wavenumber Differences (in cm~1) between Paul lon-Trap Experiment and Calculation (Paul Trap—MAAL), FTICR and Paul
lon-Trap Experiments (ICR—Paul Trap), and Wavenumber Shifts (in cm~!) Owing to the Two Possible NH*---O Intramolecular Interactions
(MAA1—-MAAZ2) for the Protonated Amino Acid Esters of Glycine, Alanine, Valine, and Leucine

00 -C=0 stretch [1745-1771 cm™* 00-NHz umb [1435-1471 cm Y] 00-C—H bend [1247-1297 cm™1]
(cm™) cm™Y (cm™)

Paul trap— ICR- MAA1- Paul trap— ICR- MAA1- Paul trap— ICR- MAA1-

MAAL Paul trap MAA2 MAAI Paul trap MAA2 MAAL Paul trap MAA2

GlyMeH* +13 —26 —65 +32 —14 —59 +10 —-25 +33
AlaMeH" +16 —-19 —66 +18 -19 —44 +7 —-21 +42
ValMeH" +4 -2 —64 -3 +16 —55 —-11 —4 +22
LeuMeH" +5 -8 —63 +14 +1 —43 —4 —23 +33

of the band maxima with the ion-trap infrared spectrum showing the infrared spectrum can be used to establish a conformational
slightly better resolution and a slight blue-shift relative to the diagnosis of protonated amino acid derivatives. This work in
FTICR infrared spectrum for certain bands. The two lowest particular shows that the comparison between experimental
energy structuresMLeul and MLeu2 of the protonated IRMPD spectra of mass-selected ions derived from methyl esters
monomer of LeuMeH are also shown in Figure 5 together with  of amino acids and IR absorption spectra calculated by ab initio
their associated vibrational spectra given in spectra ¢ and d,methods can provide a clear indication that the conformer found
respectively.MLeul is the lowest energy isomer while the to be the most stable by calculations is that formed in greatest
MLeu2 conformer lies 4.1 kcal mot higher in energy. abundance under the experimental conditions of both MALDI
Both the G=0O stretch of the carbonyl group, and the NH ionization in a ICR cell and electrospray ionization in a Paul-
umbrella mode represent a clear-cut signature of the exclusivetype ion trap. The 17081850 cnt! energy region is a clear-
presence of thé/Leul structure in both experimental condi-  cut diagnostic for the presence of the most stable isomer, which
tions. As discussed above in the case of glycine, alanine, andexhibits a G0---H* intramolecular hydrogen-bonding interac-
valine, these two normal modes are very sensitive to the tion between the protonated amino group and the methoxy
hydrogen-bonding scheme in protonated monomer of LeuMeH  oxygen. Relative to the free carbonyl stretching frequency
This bond is stronger foMLeul than forMLeu2 and, as @  calculated for the second lowest energy conformer, characterized
result, the NH" umbrella mode is red-shifted MLeul (1438 by a C—(CHz)O---HT intramolecular hydrogen bond, the CO
cm™) as compared tdMLeu2 (1481 cnt!). The observed  stretching mode is systematically red-shifted by#64 cni.
IRMPD band at 1452 crt in the Paul trap spectrum is closer  The red-shift of the N umbrella mode in the 14301500
to the calculated position iMLeul. The band observed at 1751 ¢m-1 region also constitutes an infrared probe of the strength
cm™*in the Paul-trap spectrum is in very good agreement with of the intramolecular hydrogen bond where the calculated red-
the calculated position of the red-shifted carbonyl stretching ghit is larger by 51+ 8 cnr! in the lowest energy isomer
mode forMLeul of 1746 cnt. _ ~ displaying the &0-+-H* intramolecular hydrogen bond. The
As for the three other systems discussed above, a third agreement between the experimental and calculated positions
structural diagnosis can be found in the 120800 cnT*energy  of these bands is excellent. These results are summarized in
range. Indeed, the Paul ion-trap infrared spectrum displays antaple 1. The position of the band corresponding to theQC
IRMPD band at 1372 crﬁ, that is very close to the positiqn of stretching mode differs by-416 cnT® between that observed
a calculated IR absorption bandMd.eul (1367 cn), while i the paul jon-trap spectra and that calculated for MAAL. The
no peak of any significant intensity is predicted in this region location of the NH* umbrella mode in the spectrum recorded

for Mleu2. This is again arguing for the dominant presence of j, the payl trap differs by less than 18 chirom the calculated
MLeul, the lowest energy isomer of protonated leucine methyl | 2116 for MAAL. with the exception of the spectrum of
ester, under both experimental conditions. The higher intensity GlyMeH" for Whi(,:h it is 32 cnTl.

of the two bands is somewhat bimodal with local maxima at
1291 and 1305 cmt in the Paul ion-trap spectrum. The
calculated spectrum d¥iLeul predicts peaks at 1230, 1260,

Using a similar experimental protocol, IRMPD spectroscopy
has similarly been used to probe the protonation site of alanine

and 1295 cm?, whereas that foMLeu2 predicts a single peak dipeptide by Lucas et &. These authors found that the recorded

at 1232 cm?! providing further support for the predominance IRMPD spectrum_ was con5|stept with either of Erhe tW(.) most

of MLeul. stable conformations characterized by a=@--H NH; in-
Finally, the 806-1100 cnT? energy range, only explored tramolecular hydrogen bond between the amide carbonyl group

using the Paul trap, also provides an additional clear-cut infrared and the amino group. The carbonyl-stretch region provided a
diagnostic in the present case. Indeed, the observed band at 87§°°4 structurlal diagnostic. Two peaks were observed at 1700
cm nicely matches the position (875 ci) of the IR and 1760 cm correspondmg to the red-shl_fted amide carbonyl
absorption associated with the NHrocking mode of the ~ @nd to the free terminal carbonyl, respectively.
MLeul structure. On the contrary, no IRMPD signal was  Similarly, the carbonyl stretch of glycine coordinated to a
observed when scanning the photon energy around 1089 cm sodium cation has been shown by Kapota éfalt CLIO to
which corresponds to the resonance of thesNkbcking mode exhibit an absorption at 1727 crhcorresponding to a structure
of the MLeu?2 structure. in which the sodium cation is “solvated” by the neutral glycine
via both the carbonyl and amino groups. These studies are thus
very encouraging and suggest that IRMPD spectroscopy can
1. IRMPD Spectra as a Diagnostic of lon Structure.The be a powerful technique for elucidating the conformational
present IRMPD results show that the 8@8000 cnv? range of preferences in ionic species of biological interest in the gas

Discussion
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Figure 6. IR spectra of protonated glycine methyl ester GlyMeHhigher energy isomers. Experimental IRMPD spectrum recorded in the FTICR (a) and

in the Paul ion trap (b) compared to the DFT calculated IR absorption spectra of energy conformers MGly3 (c) and MGly4 (d) located 7.2 and 37.0 kcal/mol
above the ground state MGlyl. The optimized structures of MGly3 and MGly4 are represented beside the spectra. The indicated distances are expressed i
A

Table 2. Line Positions (in cm~1) and (Relative Intensities) of the Main Maxima of the Experimental IRMPD Spectra Recorded in the Paul
lon Trap and Calculated IR Absorption Spectra Maxima for the Protonated Methyl Esters of Glycine, Alanine, Valine, and Leucine

GlyMeH* AlaMeH* ValMeH* LeuMeH*
IRMPD IR calcd IRMPD IR calcd IRMPD IR calcd IRMPD IR calcd
vib mode (Paul trap) (MGly1) (Paul trap) (MAlal) (Paul trap) (Mvall) (Paul trap) (MLeul)
C—H bend 1297 (1) 1287 (0.66) 1286 (0.92) 1279 (0.54) 1247 (0.63) 1258 (0.16) 1291 (0.48) 1295 (0.30)

1386 (0.32)  1372(0.97) 1342 (0.40) 1357 (0.62) 1284 (0.79) 1303 (0.53)  1305(0.64) 1295 (0.30)
1372(0.26) 1367 (0.54)

NH; umb 1471 (0.77) 1439 (0.61) 1456 (1) 1438 (1) 1435 (1) 1438 (1.0) 1452 (1) 1438 (1)

C=Ostretch  1771(0.35) 1758 (1) 1764 (0.24)  1748(0.90) 1749 (0.26)  1745(0.97)  1751(0.63) 1746 (0.83)

phase. Furthermore, the systematic agreement between the Isomers of the protonated methyl ester of glycine, in which
experimental positions of the IRMPD bands and those calculatedthe proton is bound either to the oxygen of the carbonyl group
for the IR absorption of the lowest energy isomer shows that or of the methoxy group, were shown to be local minima on
the most stable conformation is formed both in the MALDI the potential energy surface. The optimized geometries and the
process under FTICR conditions and in the electrospray processassociated calculated IR spectra of two representative cases are
under Paul ion-trap conditions. reported in Figure 6, spectra ¢ and d, respectivelyValy3,

Finally, from the point of view of diagnostics, it is of interest ~ which is calculated to lie 7.2 kcal mdi higher in energy than
to note the relative invariability of the frequencies of the three MGly1, the proton is bound to the oxygen of the carbonyl group
modes consistently observed to be the strongest in the experi-but also interacts with the nitrogen lone pair of the amino group.
mental spectra, that is, the-& bend, the NHumbrella motion, This MGly3 structure can be regarded as the result of a proton
and the G=O stretch. A comparison of the Paul ion-trap values transfer from nitrogen to oxygen starting from #&ly1 lowest
observed for each of these modes, as well as those calculate@nergy structure. Conversely, if the proton is bound to the
for the most stable conformer, is summarized in Table 2. In the oxygen of the methoxy group, as MGly4, the resulting
case of the €0 stretch there is a general slight decrease in structure is found to lie 37 kcal mol higher in energy than
the frequency of this mode with increasing size of the alkyl MGIlyl. As is to be expected from the fact that these species
group which is accompanied by a similar but less pronounced are very high in energy, none of the characteristic features of
change in the Nkt umbrella-mode frequency. These two trends these spectra can be found in the experimental IRMPD spectrum
may indicate a slight increase in the intramolecular hydrogen- of GlyMeH™. The principal IR signature d¥iGly4 is an intense
bond strength with increasing alkyl group size leading to a band at 2125 crrit corresponding primarily to the=€0 stretch.
weakening of the carbonyl €0 bond and a corresponding  All other bands located below 1700 cinrepresent relative
decrease in frequency. Because of the increasing number andntensities lower than 20% of the maximum and might have
complexity of the G-H bending modes as the alkyl group size been difficult to distinguish if they had been present, as noted
increases a clear trend is not evident in these modes; howeverabove. In contrast, the IR spectrum MiGly3 features very
it does appear that a slight decrease in frequency also takesntense bands between 1000 and 1700 tmith the most
place. intense peak being located at 1632¢éntorresponding to the

2. Other Conformations of the Protonated Amino Acid symmetric deformation of the NHgroup (NH s-def). Very
Esters. In the results presented above only the isomers where close in energy at 1645 crh the mode corresponding to a
protonation has taken place on the most basic site, i.e., the aminamixture of C=0 stretch and NHand OH bends, should also
group, have been considered. Although these two isomers arebe prominent. The third very intense peak is located at 1522
calculated to be the most stable, the possible existence of othecm™t and corresponds to a mixture of-C stretch and OH
isomers in which protonation occurs at other basic sites has alsobends. The in-phase out-of-plane and in-plane bending modes
been investigated. of CH, (CH, wagging and scissoring) are respectively located
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at 1324 and 1429 cm, and the CH symmetric deformation by a single 8us long macropulse. Allowing for a longer
mode (umbrella) is at 1421 crh Finally, the vibrational mode irradiation time, virtually all ions will transect the infrared beam.
corresponding to the in-plane OH bend occurs at 12561cm  Second, large amplitude-@ to 4 mm) oscillations of the ions
and a combination of this mode with the in-plane &8icking along the magnetic axis, due to the motion in the field created
mode should occur at 1156 ¢ Thus, in addition to the lack by the trapping voltages, limit the overlap of a given ion with
of correspondence to the=€D stretching mode, these additional a macropulse since the period of these oscillations is typically
features foMGly4 andMGly3 add further justification to rule  of the order ofus. As a result, multiple photon absorption may
out the presence of both isomers under either of the presentoccur but will not necessary induce fragmentation for all of the
experimental conditions. irradiated ions. It is thus conceivable that, for a fraction of the
3. Comparison of FTICR and Paul lon-Trap IRMPD ions, the number of absorbed photons within a macropulse might

Spectra. The IRMPD spectra obtained using the two different Not be sufficient to induce the fragmentation.
experimental approaches display the same IRMPD features. The combined effects of this potentially slow heating by the
Nevertheless, as noted above, the dominant IRMPD bandsFEL and the absence of collisional cooling owing to the low
observed using the FTICR are slightly red-shifted relative to Pressures in the FTICR cell could be at the origin of the red-
the ana|ogous bands in the Pau|_trap Spectra_ This Systemaué;hlft of the bands observed under FTICR conditions. |ndeed,
shift is illustrated by the comparisons outlined in Table 1 for as the irradiation time increases, the internal energy of an
the key structurally diagnostic vibrational modes in the spectra. increasing fraction of the ion population will be raised, but not
In general, it can be seen that as the size of the alkyl group Sufficiently to dissociate. As a function of the irradiation time,
increases for this set of four amino acid esters, the difference the internal energy distribution of the ion cloud would thus
between the positions observed in the FTICR and Paul ion_trapincrease, and the net result would be a red-shift of the infrared
spectra diminishes. The resolution of the IRMPD spectroscopy cross-section associated with the vibrational mode in the-000
is also affected by the experimental conditions. While the full 2000 cn* energy range, because of the cross-anharmonicity
width at half-maximum (fwhm) of the bands of the IRMPD couplings with the vibrationally excited low-energy modes. This
spectra recorded using the FTICR are of the order of 40'cm red-shift of the infrared cross-section associated with the
a better resolution (20 cm) is obtained using the Paul trap. multiple photon absorption process has been used to rationalize
This relatively consistent behavior then leads to some specula-the red-shift of the IRMPD bands as compared to the calculated
tion concerning the reason or reasons leading to these observalinéar absorption spectrum.
tions. In this context, it is useful to analyze the differences  In contrast, ions in the Paul trap are continuously collisionally
between the experimental conditions for the two sets of spectra.cooled by the high pressure of He present in the trap. One could
The overlap between the ion cloud and the infrared beam is thus expect a Boltzmann distribution of the internal energy of
a critical parameter. It is generally believed that the ion € ions prior to their irradiation by a macropulse, with a
confinement in a Paul ion-trap device is further enhanced by ©€MPerature of the ion in a Paul trap of the order of 31A0
the collisions with helium buffer gas. On the other hand, the K, as es’umated_ by Groneﬁ‘%.Th|s should then result in a
ensemble of ions trapped in the FTICR executes relatively narrower peak with a maximum at a photon energy close to the

complex motions resulting from the combination of the cyclotron calculgted maximum of the 0 K cross-section. This s, in essence,
motion with two large amplitude motions. As noted in the what is observed in the present case where the Paul ion-trap

Experimental Methods section, the mass-selected molecular ions’.Deaks are both narrower and at higher energy that those in the

trapped in the ICR cell were irradiated for 1 s, which constitutes _FTICR spectra. As noted above however, as the molecular size

25 macropulses, while a single FEL macropulse was used undeﬂncre?ses the dlffere|r|10es_rrt1)_et\Neerl1) FTltC.;R zll_nddPauI ;o:-;rapl
Paul ion-trap conditions. Considering that the resulting frag- spectra become smaller. This can be rationalized on statistica

mentation efficiencies are of the same order of magnitude, this grounds. For a given amount of internal energy and/or given

suggests that the overlap between the ion cloud and the infraredq]?atmg the foc: twoﬂ? opul_atlor:s of ions \éwtg_lc_itlff?rr:ntgtﬂun;bers
beam is more efficient in the Paul trap than in the ICR cell of normal modes, there 1S a lower probabrity that the farger

where the two large amplitude motions of the ions limit their species will have modes other thar= 0 populated. Thus less

overlap with the infrared beam. Using a single FEL macropulse, of a rgd-shn‘t would be anticipated for the ions in the FTICR.
100% fragmentation yield can be observed using the Paul ion experiment and the peaks would be more nearly comparable in

trap, which clearly shows that the multiple photon absorption width. Once again, this is what is observed experimentally. On

process inducing the fragmentation of the ions may occur within this basis, it is likely that the Paul ion-trap spectra more closely

. . . resemble the true thermal situation.
a single macropulse in the Paul trap. Under FTICR conditions, AF tation Path Understanding the di i
the overlap between the laser beam and the ion cloud is limited ™ ragmentation Fathways.Linderstanding the dissociation

by the large amplitude motions of the ions. As a resul, chemistry of protonated peptides, whether induced via photo

optimizing the fragmentation yield by tuning the focalization Ebsorptlon,_ collisional actr:vatlon, or eleﬁtr?r:h captur_e, has
of the infrared beam in the ICR cell is the result of a °ccOME aVgorous research area as aresull ol the growing mass-

compromise. The optimized beam waist at the center of the ICR spectrometric activity associated with p.roteforﬁﬁtﬁhe ‘mobile

cell was measured to bel.5 mm at 1000 cmi and~0.7 mm proton’j model assumes thgt, upon activation, the excess proton
at 2000 cn?, thus significantly smaller than the estimated size may migrate from one basic site .to. another such that.the system
of the ion cloud which is controlled by two large amplitude samples many different Iocal_ minima on the po_tenﬂal energy
motions. First, the relatively slow, typically with a ms period, surface. As a result many different fragmentations, resulting

and large gmpl_nugief{s to 4 mm) ma_lgnetron motlon_ abqut (68) Gronert, SJ. Am. Soc. Mass Spectro998 9, 845.
the magnetic axis limits the number of ions that can be irradiated (69) Paizs, B.; Suhai, ass Spectrom. Re2005 24, 508.

2838 J. AM. CHEM. SOC. = VOL. 129, NO. 10, 2007



Fingerprint Vibrational Spectra of Methyl Esters ARTICLES

+
NH,:CH, + HOCH; + CO
E

(+30.9)
+ +
NH,;-CH,—C=0 + HOCH; H(CH;)O- -HNH-CH, + CO

D D'
(+26.8) +17.9)
TS C-D
(+30.4)
*H-OCH
o0 A | +
NH.» C~ - . —-C=
H,N c — HN Com. — i _C=g —= H(CH;)0- -HNH:CH,~C=0
NN =0 N
\CHE OCH; \CHZ CH,
A TSA-B B TS B-C C TS C-C' c
(0.0) #+7.6) (+4.3) (+36.6) (+29.2) (+29.9) (+9.6)

Figure 7. Suggested mechanisms for the photofragmentation of the methyl ester of glycine. The intermediates of the two pathways leading to sequential
loss of carbon monoxyde and methanol are represented. The numbers in parenthesis are the relative drifalpfebecorresponding intermediates for

the fragmentation of protonated glycine, with respect to its most stable isomer, calculated by Rogalewicz and Hoppiliard at the MP2 levefcf tieeory.
values are expressed in kcal/mol.

from these minima, may occur in a structurally revealing way. hydroxy carbene (:C(OH)(OGC#H or (iv) methanol and carbon
However, this model is generally limited to qualitative inter- monoxide (CHOH + CO). A detailed ab initio study of the
pretations, and a deeper understanding of the relationshipspotential-energy surface for the fragmentation of protonated
between conformation and fragmentation patterns is definitely glycine, leading to the analogous four products, has been carried
warrantecf® The IRMPD fragments observed in the present out by Rogalewicz and Hoppiliafi,which confirms that the
work can provide some insight into these dissociation dynamics lowest energy pathway is the sequential loss of CO agd,H
and pathways. in agreement with the commonly presumed mechanism sug-
As noted above, the IRMPD spectra have been obtained bygested by low-energy CID experimefitdn the case of IRMPD
monitoring the appearance of the immonium cation fragment experiments, the energy of the system increases by sequential
ions, (R)CH=NH,". Such ions were also found to be the major absorption of several isoenergetic low-energy photons. Therefore
fragment ions resulting from CID oéi-amino acid methyl it is to be expected that the major fragmentation pathway will
esterd® and are commonly observed as major fragment ions be that with the lowest energy threshold, as long as absorption
resulting from CID experiments on amino acids without is allowed. By analogy to the results of Rogalewicz and
functional group® 7t and small peptide&. Under low-energy ~ Hoppiliard54 this should correspond to the formation of
CID conditions, peptide fragmentation has also been found to methanol and carbon monoxide for the protonated methyl esters
lead to a minor acylium fragment ion, the so-called b 1&F of the amino acids studied here. The two possible pathways
which is associated with the loss ob® from the protonated leading to these products suggested by Rogalewicz and Hop-
peptide. In the case of protonated glycine, a theoretical study piliard® adapted to the methyl ester of glycine, are shown
of the fragmentation pathwaffshas suggested that under low- schematically in Figure 7.
energy CID, fragmentation occurs through a consecutive 10ss 1o rate-limiting step for the sequential loss of CO andyCH

of H,O leading to an acylium ion, which in turn spontaneously OH would thus be expected to be proton migration from the

loses CO leading to an immonium ion. It should be noted that, nitrogen to the oxygen of the ester functioFS(B—C) which

in the present_ case, acylium fragments were not_obser\{ed unde(Nould require 36.6 kcal mof, corresponding roughly to the

_IRMPD conditions and that the (GCH=NH," immonium absorption of 13 photons at 1000 cinThis is entirely feasible

lon was alsc_) Ithe_ onIy_ frag;nent observed for IRMPD O.f given the magnitude of laser powers used in this study. The

E;g;czgftigtgg;nme using the same MALDI/FTICR experi- first intermediate on the pathway for the ultimate formation of
P ) the immonium ionE via loss of CO and CkDH is isomerB,

In the caslf or:‘_tr}e methyl esters of amino ?Cids studied in the \hich requires a rotation about the-C bond from the most
present work, this fragment corresponds to a loss of@@inits, stable structuré\. This step is endothermic by only 7.6 kcal

that is, [2C,20,4H]. By analogy to protonated glycfiehis mol~* for the analogous system examined by Rogalewicz and
composition could correspond to (i) methyl formate, (HCOQCH 5 5jiard64 IntermediateC results from the endothermic

(ii) carbon dioxide and methane (GO CHy); (iii) methoxy— intramolecular proton transfer fro, and fromC two possible
pathways can be considered. The first of these involves direct

(70) Bouchoux, G.; Bourcier, S.; Hoppiliard, Y.; Mauriac, Org. Mass

Spectrom1993 28, 1064. loss of methanol leading to the acylium ién 26.8 kcal mot?
(71) Klassen, J. S.; Kebarle, B. Am. Chem. S0d.997, 119, 6552. higher in ener h whil h n r Vi
(72) Poppe-Schriemer, N.; Ens, W.; O’Neil, J. D.; Spicer, V.; Standing, K. G.; ghe . energy tham, X e the .seco d p oceeds a

Westmore, J. B.; Yee, A. Ant. J. Mass Spectrom. lon. Prot995 143 formation of another stable intermedida®, located 9.6 kcal

63. 1o : e L
(73) Yalcin, T.; Khoum, C.; Csizmadia, |. G.; Peterson, M. R.; Harrison, A. G. mol hlgher In energy tha. Somewhat surprlsmegC IS

J. Am. Soc. Mass Spectrod995 6, 1164. more energetically favorable th& presumably as a result of
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stabilization by the intermolecular hydrogen bond in this ion- most stable structure. A comparison of the IR absorption spectra

neutral complex. Elimination of carbon monoxide fro8i of the two most stable calculated conformers reveals a systematic
would lead toD' via a barrierless bond cleavage. Loss ofscH  red-shift of —64 & 1 cnv! for the carbonyl stretch and ef51
OH from D or CO fromD’ would lead to the immonium iok, + 8 cnr ! for the NH; umbrella mode when the carbonyl group

30.9 kcal mot? higher in energy thar. Interestingly, it has s involved in the hydrogen bond. A similar study is currently
been previously shown that protonation of the methyl esters of heing performed for the proton-bound dimers of the methyl

carboxylic acids leads to substantial elimination of O to esters of the amino acids studied here and will be presented in
form stable acylium ion&¥~77 which would be in agreement 3 future contribution.

with the mechanism involvin@ suggested here.
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