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a b s t r a c t

The influence of the physical environment on the structures of biomolecules is considered here for the
dipeptide model H+AlaPhe cation, by making use of infrared multiple-photon dissociation (IRMPD) spec-
troscopy complemented by DFT calculations. The gas-phase structures of this peptide are also compared
to the related peptide cations H+PheAla and H+AlaAla. The gas-phase IRMPD spectra of the Phe-containing
cations are compared to previous studies, including the X-ray-crystallographic crystal structure for the
H+AlaPheCl−·2H2O salt, a recent IRMPD spectrum of H+AlaAla, and a recent determination of the IR absorp-
tion spectrum of the H+AlaPheCl− salt in a liquid-crystal host matrix, as well as recent cryogenic ion trap
results for H+TyrAla and H+AlaTyr. Between the gas-phase H+AlaPhe ion and the H+AlaPheCl−·2H2O crys-
tal a conformational switch is observed, induced by hydrogen bonding with a water of crystallization,
involving a 180◦ rotation of the COOH group. The hoped-for comparison of the gas-phase IR spectra with
the liquid-crystal matrix IR spectrum was frustrated, because the literature matrix spectrum seems most
likely to be that of a protonated homodimer of the dipeptide rather than the protonated monomer. The

+ +
as-phase ion
R spectroscopy
ree electron laser

IRMPD spectra of H AlaPhe and H PheAla are very similar, with only minor peak shifts suggesting small
differences in local interactions within a similar overall architecture. The H+AlaAla spectrum was also
similar, and no significant reorganization of the structure seems to result from the presence or position of
the aromatic ring. The spectra give highly satisfactory matches to the predicted IR spectra computed for
the most stable conformers of the protonated dipeptides. It is suggested that the NH3

+ proton is shared
through hydrogen bonding to the amide C O, giving a distinctive broadening of the associated H-bending

mode.

. Introduction

Recent advances in laser technology have made possible the
xploration of the gas-phase infrared spectroscopy of a variety of
onic species, including the use of sources based on non-linear fre-
uency down-conversion in the 2000–4000 cm−1 region, and the
se of free electron lasers usually between 400 and 2500 cm−1.
uch attention has been given to protonated and metal-cationized

mino acids and related species, and larger ions, such as dipep-
ides and small oligopeptides, are now being increasingly addressed

1–7]. Complementary data from different techniques happen to be
vailable for one particular protonated dipeptide, H+AlaPhe, that
akes it a particularly interesting target for expanding our under-

tanding of the effect of the physical environment on structure.
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Several studies have been published on this cation, including an
X-ray crystallographic structure of the H+AlaPheCl−·2H2O salt [8],
a solid matrix IR spectrum of the HCl·AlaPhe complex [9], a gas-
phase free electron laser infrared multiple-photon dissociation (FEL
IRMPD) spectrum of the aliphatic analog H+AlaAla [1], and gas-
phase FEL IRMPD spectra of alkali-cationized PheAla and AlaPhe
[10]. (All except the first of these publications are accompanied
by ab initio and/or DFT calculations.) This wealth of data gives an
exceptionally broad context for consideration and interpretation of
the gas-phase IRMPD spectroscopy of the H+AlaPhe ion, which we
present here along with its sequence-reversed analogue H+PheAla.
A further useful point of comparison is the recent study of H+AlaTyr
and H+TyrAla, denoted here as H+[Ala,Tyr], which used ultravio-
let spectroscopy and IRMPD in the hydrogen-stretching region to

establish conformations at 6 K [11].

Several noteworthy points are addressed within this context,
based on our IRMPD spectra. (1) We can ask whether the posi-
tion of the aromatic residue (PheAla vs. AlaPhe) has any observable
consequences for the IR spectroscopy or for the architecture of the

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:rcd@po.cwru.edu
mailto:J.D.Steill@Rijnhuizen.nl
mailto:polfer@chem.ufl.edu
mailto:J.Oomens@rijnhuizen.nl
dx.doi.org/10.1016/j.ijms.2009.02.001
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Table 1
Calculated relative thermochemistry of various low-energy conformations of the protonated dipeptides (B3LYP/6-31+G(d,p), kJ mol−1, �G at 298 K). The columns labeled
“Ref. [11]” give the structure labels of those conformers of H+AlaTyr and H+TyrAla calculated in Ref. [11] that correspond to structures calculated in the present study.

H+AlaPhe H+PheAla

Ref. [11] �H �G Ref. [11] �H �G

TransA1 III 0 1 TransA1 I (A)a 0 0
TransA1′ I 0 0 TransA1′ I (G)a 4 5
TransA1′′ 7 6 TransA1′′ 13 13
TransA2 II 0 1 TransA2 II 5 4
TransA2′ IV 3 1 TransA2′ 7 8
TransO1 1 3 TransA2′′ III 12 13
TransO1′ 3 4 TransO1 13 14
TransO1′′ 8 9 TransA1R 16 14
TransA2R 9 5 TransO2′′R 26 27
TransA1′R 13 10 TransA2′′R 26 24
TransA1′′R 22 19 TransO1R 35 32
TransO2R 12 14 CisA3 21 24
TransO1′R 15 17 CisA3R 82 82
T ′′
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isA3 14 15

a The (A) and (G) designations denote respectively the anti and gauche orientatio

ost stable conformation of the protonated ion. (2) We can see
hether the presence of the aromatic residue has any consequences

n comparison with the aliphatic H+AlaAla, whose IRMPD spec-
rum and most stable conformation have been reported by Lucas
t al. [1]. (3) This spectrum may offer a first opportunity for the
irect comparison of the IR spectroscopy of a protonated dipep-
ide in the gas phase versus the non-aqueous condensed phase,
ince a spectrum was recently reported [9] that was believed to be
hat of H+AlaPhe·Cl− in a solid matrix. (4) We can look at the effect
f crystal-packing and included-water interactions on the cation
tructure, taking advantage of the X-ray crystallographic structure
f H+AlaPheCl−·2H2O determined by Cortrait and Barrans [8]. (5)
he IRMPD spectra are sufficiently well resolved to allow us to point
ut the likely presence of a mobile proton in the ions whose pres-
nce apparently correlates with a characteristic peak broadening of
he associated H-bending mode.

. Experimental and computational

.1. Mass spectrometry and infrared spectroscopy

IRMPD spectra have been obtained using the free electron laser
ELIX coupled to a home-built Fourier transform ion cyclotron res-
nance (FTICR) mass spectrometer described in detail elsewhere
12,13]. Briefly, protonated dipeptides are generated by electrospray
onization (ESI) using a commercial Z-Spray source (Micromass,

anchester, UK). Ions are accumulated in a linear hexapole rf trap
nd pulse injected into the ICR cell via a 1-m long rf octopole ion
uide. In the ICR cell, the ions are mass-selectively isolated using a
WIFT pulse and subsequently irradiated with 10–20 macro-pulses
rom FELIX. A 5-�s macro-pulse consists of a train of ∼1-ps micro-
ulses spaced by 1 ns and has a pulse-energy of about 35 mJ. For this
xperiment, the laser frequency was tuned between 600 (or 900)
nd 1900 cm−1. After the irradiation, the intensities of the remain-
ng parent ions and of the IR-induced fragment ions are determined
y a standard excite/detect sequence and the yield is calculated as
he summed fragment intensities divided by the total ion inten-
ity (i.e., parent plus fragments). The fragment yield is normalized
or laser intensity, and then plotted versus the laser wavelength to

roduce an IRMPD spectrum.

Dipeptide samples were obtained from Sigma–Aldrich (St. Louis,
O) and dissolved in a 70/30 methanol/water mixture. Under

ur irradiation conditions, the protonated dipeptide (m/z 237) is
bserved to fragment mainly into m/z 166, which results from
he corresponding H+TyrAla structures described in Ref. [11].

cleavage of the amide bond giving a protonated phenylalanine as
fragment.

2.2. Computational protocol

The conformation space of the two H+[Ala,Phe] species was ini-
tially searched using Hyperchem 7.5. Usage-directed searching of
torsional angles was used, with variation of all backbone torsions
plus the hydroxyl torsion. No computational level more economi-
cal than Hartree-Fock was found adequate to treat the interactions
of the phenyl ring, so initial searches were made at the HF STO-3G
level, inspecting about 400 trial structures for H+AlaPhe and 200 for
H+PheAla. In addition the structural families found by Lucas et al.
[1] in their comprehensive search of H+AlaAla were drawn on as the
basis for generating additional candidate structures. A set of struc-
tures with preliminary low-level energies within 20 kcal mol−1 of
the most stable were fully optimized at the DFT B3LYP/6-31+g(d,p)
level as displayed in Table 1, and vibrational spectra were calcu-
lated for the low-energy conformers. A scaling factor of 0.975 for
the IR frequencies was used, which has been found satisfactory for
IRMPD spectra of the mid-IR spectra of various similar systems at
this computational level [10,14]. Free energies were calculated using
rigid-rotor harmonic-oscillator entropies. As Table 1 shows, the free
energy corrections did not result in many significant changes in the
relative energies of the conformers.

Several apparent clerical errors in the coordinate list for the
X-ray structure of H+AlaPheCl−·2H2O (Table 2 of Ref. [8]) were cor-
rected: evident sign errors for C8 and H26 and nonsensical values
for H25 were corrected with values giving a sensible structure.

2.3. Conformations and labelling

Three torsional angle parameters can be varied to produce con-
formational variations of reasonable stability for H+AlaPhe: these
are the orientation of the COOH group around the C–C bond (angle
 2 of Refs. [1,15]); the rotation around the skeletal N–C bond (angle
� of Ref. [1]); and the orientation of the side chain of the Phe
residue. The conformational searches yielded structural motifs for
the most stable conformations similar to those found by Lucas et
al. [1] for H+AlaAla and by Paisz et al. [15] for H+GlyGly. Accord-

ingly, we have used the same labeling conventions as they assigned.
Within these structural motifs, the presence of the Phe side chain
introduces three conformational variations with comparable ener-
gies, corresponding to different orientations of the side chain. We
have distinguished these by appending primes and double primes
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o the labels of rotational conformers. Also, as noted below, a suffix
R” has been attached to the structure designations to indicate a
otated COOH orientation.

. Results and discussion

.1. H+AlaPhe structures

Several conformations of the H+AlaPhe ion have particular
nterest in the later discussion, and are shown in Scheme 1. The
tructures illustrated in Scheme 1 include the X-ray diffraction
tructure of H+AlaPheCl−·(H2O)2 [8] (I), the computed minimized
tructure of H+AlaPhe of Koleva et al. [9] (II), the most stable side
hain rotational conformer of the TransA2 isomer of H+AlaPhe (III),
nd the most stable side chain rotational conformer of the TransA1
somer (IV) determined in the present study.

Structures for a number of other conformations of H+AlaPhe as
ell as H+PheAla are displayed in the Supplementary Material.

The most stable calculated structure reported by Lucas et al. [1]
or H+AlaAla was TransA1, which was also the most stable struc-
ure we found for H+AlaPhe (Scheme 1, IV). Given these values
f  2 and �, two orientations of the side chain gave very similar
nergies, and these are designated here respectively as unprimed
nd singly primed labels, TransA1 and TransA1′. Structure IV of
cheme 1 shows the second of these, while structure I of Scheme 1,
lthough it differs from the TransA1 motif, can be referred to as
llustrating the unprimed side chain orientation. The third possi-
le orientation of the Phe side chain is designated with a double
rime, and was found consistently to give structures less stable by

mounts on the order of 10 kJ mol−1 compared to the unprimed and
ingly primed structures.

As will be laid out below, the X-ray structure of the crystalline
omplex differs from these most stable gas-phase structures in that
he carboxyl group is reoriented (i.e., the angle 2 is 180◦ rotated),
as shown in Scheme 1, I. Here we will use the shorthand “R” to
designate the class of conformations having this carboxyl orienta-
tion. Thus, the X-ray structure I can be designated systematically as
TransA1R. Note that the amide H is hydrogen bonded to the C O in
the TransA1 class of conformations, while it is hydrogen bonded to
the OH group in the TransA1R class.

The structure that was optimized and reported by Koleva et al.
[9] is similar to the X-ray structure, but differs in the side chain
orientation. It is shown as II in Scheme 1, and has the system-
atic designation TransA1′R. As discussed below, we do not believe
that this species was actually the species observed in their IR spec-
tra.

Lucas et al. [1] found another class of low-energy structures,
TransA2, differing from TransA1 in having a different � value. This
will be seen to be a very favorable conformation for H+AlaPhe, and
is shown as III in Scheme 1. Lucas et al. [1] also found a favor-
able cis conformation for H+AlaAla, which they designated CisA3,
but we found the cis skeletal conformation to be less favorable for
H+AlaPhe.

Finally, an interesting possibility for all the dipeptides in the
TransA1 and TransA2 geometries (among others) is transfer of the
proton from the NH3

+ group to the amide C O to which it is hydro-
gen bonded. This transfer often gives a distinct new local minimum
on the potential energy surface, and requires only a short move of
the proton with a barrier typically below the zero-point energy of
the corresponding mode. The possibility that this double-well situ-
ation represents an observable shared proton is mentioned below.
Following Refs. [1,15] these proton-transferred classes of conforma-
tions are designated with “O”, as in TransO1′ for example.
3.2. Thermochemistry

The relative energies and free energies of the calculated confor-
mations of both H+AlaPhe and H+PheAla are given in Table 1.
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ig. 1. IRMPD spectra of the two protonated dipeptide isomers, showing the effect
f reversing the sequence of residues.

For H+AlaPhe, a number of conformations is seen to be ther-
ally accessible at room temperature (that is, lying within about
kJ mol−1 of the most stable one). There is very little difference
n the energies of the TransA1 and TransA2 classes of conforma-
ions, representing rotation around angle �. Indeed, within the “R”
ariants, we did not even find double potential energy wells with
espect to this angle, and distinct A1 and A2 variants were not dif-
erentiated within this R class. The proton transfer represented by

ig. 2. Comparison of the IRMPD spectrum of H+AlaPhe with computed spectra of
everal conformers. (Comparisons with other candidate structures are shown in the
upplementary Material.)
Fig. 3. Comparison of the H+PheAla spectrum with calculated spectra of several
low-energy conformers.

the A-to-O transition yielded two separate potential energy wells,
separated by a barrier of around 8 kJ mol−1. The mobility of this
proton is discussed further below. The unprimed and primed ori-
entations of the Phe side chain are not very different in energy, but
the double-primed orientation is distinctly less favorable.

For H+PheAla, the TransA1 conformation emerged as the most
stable conformation by a substantial margin, and hence, based on
these calculations, one would expect that this single conformation
would dominate the room temperature equilibrium population.
However, realistically the uncertainty in calculated relative ener-
gies is certainly not less than several kJ mol−1, so that such a
prediction should be taken with caution. It appears that the pro-
ton transfer to the “O” conformations is substantially uphill for
H+PheAla, in contrast to H+AlaPhe where it is nearly thermoneutral.

3.3. IRMPD spectra, comparison of the two dipeptides and the
possible effect of residue sequence

The spectra of the two protonated dipeptides are juxtaposed in
Fig. 1, and are clearly very similar. If there are sequence-dependent
effects, they are not revealed by the present spectra. (However, as
discussed at the end of this section, the mid-IR spectral region
viewed here is not very sensitive to some features of hydrogen
bonding architecture, which might be more clearly revealed in
the hydrogen-stretching region between 2500 and 3800 cm−1.) In
Figs. 2 and 3, the spectra are compared with calculations of some of
the most interesting candidate conformations. As a guide to discus-
sion, Fig. 2 notes the mode characters of the prominent vibrational
features for the TransA1 conformation.
The spectra of the two ions have in common a strong peak near
1150 cm−1. In the case of H+AlaPhe, this band is unambiguously
assigned as the COH bending vibration, as previously observed in
the IRMPD spectra of other protonated dipeptides and metalated
mono- and dipeptides [3,4], as well as in the IR absorption spectra
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f neutral gas-phase amino acids. Although the calculations pre-
ict this peak reasonably well, the IRMPD intensity of this band
ppears to be underestimated. This intensity is also apparently
nderestimated in the calculations of H+AlaAla, etc. [3] where the
ssigned conformation also includes a similar free carboxyl OH in-
lane bend. We are less certain about the interpretation of the
orresponding band for H+PheAla. The strongest peak is at about
115 cm−1, which may be the same mode (strongly red-shifted) as
hat seen at 1150 cm−1 in H+AlaPhe, or, more likely, one of the two

odes (NH3
+ bend and C–N stretch) predicted in this region by the

alculations. It appears that the harmonic DFT calculations have
ome difficulty reproducing the positions and/or intensities of the
odes in this region for all these dipeptides.
Many features of the spectra can be correlated with sim-

ler known systems. The gas-phase spectra of neutral amino
cids reported by Linder et al. [16] show two prominent peaks
ommon to all the spectra for the –COOH group (C O stretch
t 1775–1780 cm−1, OH in-plane bending 1110–1113 cm−1), and
ne somewhat less intense feature that is at least partly
ttributed to hydrogen bending modes in the amino acid skeleton
1362–1368 cm−1, CH/NH bend). The C O stretch appears similar
n our dipeptide spectra, and the OH bend is comparable, but blue-
hifted in the protonated dipeptides. However, the 1300–1400 cm−1

egion seems to provide no useful correlation between neutral
mino acids and the present protonated dipeptides, which are
ominated in this region by the NH3

+ group. The other strong fea-
ures in the present spectra are the Amide I and Amide II bands,
hich are obviously not present in the amino acid spectra of

inder et al.
The question often comes up whether a different spectral region,

n particular the hydrogen-stretching region in the vicinity of
000 cm−1, would be more informative with respect to conforma-
ional and structural differences than the mid-IR region currently
panned by most free electron laser studies. While this question was
ot studied in detail here, two examples of computational expec-
ations for the present systems over a wider wavelength range are
hown as figures in the Supplementary Materials. Fig. S9 displays
he same four candidate structures for H+AlaPhe that were consid-
red in Fig. 2. It can be seen that there are no dramatically better
istinctions of the similar conformations to be drawn from the addi-
ional wavelengths. However, a better differentiation of TransA1
nd TransA2 might be possible, based on the shift of the small peak
or the NH2–H+ stretch from 3454 to 3509 cm−1. Moreover, the dis-
inction of TransA1′R (the X-ray structure) from the other TransA
amily members could be strengthened by observing the shift of
he strong amide N–H stretch from about 2690 to 2732 cm−1. The
nteresting TransO1 conformation is actually not well identified
y short-wavelength features, and is much better characterized by
he mid-IR wavelengths as shown in Fig. 2. The short-wavelength
xtension of the spectrum thus does not appear to be much more
seful than the mid-IR spectrum in differentiating the various con-
ormations of H+AlaPhe.

Fig. S10 compares the TransA1 conformations of H+AlaPhe and
+PheAla. While the mid-IR spectra are very similar, as seen above

n Fig. 1, it is found that the hydrogen-stretching spectral regions are
ery different. In particular, the hydrogen-stretching modes involv-
ng the NH3

+ group show large sequence-dependent frequency
ifferences. Apparently these effects are related to subtle differ-
nces in the hydrogen bonding interaction of NH3

+ with the amide
O group. A red shift and broadening (of the order of 20 cm−1

eak widths) of the hydrogen-stretching peak of strongly H-bonded

rotons is a recognized characteristic of such bonding (see, for

nstance, Refs. [17,18]). This is an interesting topic for future work
n these systems. It looks as though recording the spectra of these
ons at shorter wavelengths would be an incisive way to probe the
ffect of the sequence order on the vibrational properties, and the
Fig. 4. Comparison of IRMPD spectra of H+AlaPhe (present results) with H+AlaAla
(Ref. [1]).

spectroscopy in this region will be interesting to explore further
in conjunction with the observation of the H-bending peaks near
1400 cm−1.

3.4. The possible effect of the aromatic Phe residue and
comparison with H+AlaAla

The present spectra of H+AlaPhe and H+PheAla are very simi-
lar to the IRMPD spectrum of H+AlaAla [1], as displayed in Fig. 4,
in terms of the band positions. The five major peaks in the present
H+AlaPhe spectrum between 900 and 1900 cm−1 match nicely with
major peaks in the H+AlaAla spectrum; the smaller peak near
1450 cm−1, and the apparent peak or shoulder near 1200 cm−1,
are also matched. The peak at 700 cm−1 for H+AlaPhe (Fig. 2) is a
characteristic phenyl-ring mode that appears in numerous spec-
tra of Phe-containing ions. This feature would not be expected
for H+AlaAla, but the wavelength range of the presently available
H+AlaAla spectrum does not allow us to verify this prediction. Aside
from this last possibility, there is no sign that the presence of the
Phe side chain gives any significant spectroscopic characteristics
compared with the Ala side chain in this wavelength range. There
is an apparent small blue shift of the peaks near 1150 and 1790 cm−1

in H+AlaPhe, which has no obvious relation to any perturbation by
the Phe side chain. The smaller features in the present spectrum
near 1100, 1300 and 1600 are probably too weak to be discerned
in the H+AlaAla spectrum, but in any case, according to the assign-
ments based on the calculated TransA1 configuration, none of these
features correspond to modes that are distinctively related to the
Phe side chain. Furthermore, in contrast to the obvious appearance
of cation–pi interactions in the calculated structures of metal–ion
complexes of aromatic amino acid-containing molecules, the struc-
tures calculated for conformations of the protonated dipeptides
show no indication of specific interactions of the proton with the
aromatic ring. Thus the present work does not point toward any
interesting effects attributable to the presence or absence of the

aromatic side chain in the protonated dipeptides.

There is a notable contrast between protonated and metalated
AlaPhe [10]. In the case of metalation (Na+ and K+) the metal ion
participates in a strong cation–pi interaction with the phenyl ring,
which plays a central role in structuring the conformation of the
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Fig. 6. Comparison of the experimental spectrum of H+AlaPhe (gray) to (A)
the calculated spectrum of TransA1R (which is the favorable conformation of
ig. 5. Comparison of the gas-phase IRMPD spectrum of H+AlaPhe with the spec-
rum of HClAlaPhe in a liquid-crystal matrix (Ref. [9]), both at room temperature. The
ntense feature near 1470 cm−1 in the matrix spectrum shown here with a broken
urve is a matrix interference.

onic complex. However, in the case of protonation, there is no
pparently important interaction of the proton with the phenyl
ing. The conformation is governed by hydrogen bonding interac-
ions involving the Lewis-basic atoms, and the orientation of the
henyl side chain is largely unconstrained in its position relative to
he charge site.

. Comparison with the solid matrix spectrum reported for
ClAlaPhe

One of the goals of the present study was to compare the
as-phase spectrum with the recently published solid matrix IR
pectrum of H+AlaPhe·Cl [9]. The spectra are compared in Fig. 5. At
rst sight the correlation is poor, showing little resemblance. One
ajor discrepancy is the large peak in the matrix spectrum near

470 cm−1 which has no counterpart in the gas-phase spectrum.
omparison with other spectra reported in the same solid matrix
19] indicates that this is a matrix absorption band. Accordingly, this
egion of the spectrum is plotted with a dashed line in Fig. 5. Even
gnoring this feature, there are significant discrepancies between
oth spectra, and we suggest that the condensed-phase spectrum
ctually corresponds primarily to an H-bonded cyclic dimer form
f the carboxylic acid group: several features correspond well to
xpected features in typical (neutral) carboxylic acid dimers, but
oorly to features of the vapor-phase spectra that are normally
ssigned to the monomers of the acids. Three features of the spec-
rum suggest the dimer: (1) for the monomer the C O stretch of
he carboxyl group is expected at 1750–1780 cm−1 in the gas phase
20], and somewhat lower, ∼1760 cm−1, in condensed-phase. How-
ver, it shifts down closer to 1700 for the condensed-phase dimer
21,22] (near 1710 cm−1 in the gas phase [20]), in agreement with
he highest-energy peak (1715 cm−1) in the matrix spectrum shown
ere. (2) The strong peak at ∼1220 cm−1 in the matrix spectrum is

n a region where no condensed-phase monomer carboxylic acid

r amide peak is expected, no strong peak is predicted from the
alculations for this molecule, and no strong peak is observed in gas-
hase amino acids, protonated amino acids, protonated dialanine
r the present protonated AlaPhe spectrum. However, this is a rea-
onable place for a C–O stretching mode of a carboxylic acid dimer
H+AlaPheCl−·2H2O, as determined by X-ray crystallography), and (B) an overlay of
equally weighted spectra of the two most stable gas-phase conformations, TransA1
and TransA2. Note that the differences are pronounced for the pair of peaks between
1700 and 1800 cm−1.

(1218 cm−1 in formic acid [21]). (3) The strong peak at 900 cm−1

in the matrix spectrum is in a region characteristic of the out-of-
plane OH bend of carboxylic acid dimers (∼930 cm−1) [21–23], but
does not correspond to any expected strong peak of the monomer.
It is also fully expected that the molecule would form the cyclic
dimer as its principal condensed-phase form [22], which is the nor-
mal situation for molecules with free carboxyl groups. This means
that the comparison of gas-phase and condensed-phase spectra
in Fig. 5 is not a direct comparison, but is rather a comparison of
the protonated monomer (gas phase) versus the protonated dimer
(condensed phase).

The amide II band (N–H bend) appears near 1530 cm−1 in both
spectra. The amide I band (amide C O stretch) at 1705 cm−1 (gas)
is red-shifted to 1660 cm−1 (solid).

4.1. The crystal-state structure of H+AlaPheCl−·2H2O in
comparison with the gas-phase cation structure

As noted above, the X-ray structure [8] of the H+AlaPhe moi-
ety of the H+AlaPheCl−·2H2O crystal clearly showed the TransA1R
structure, in contrast to the TransA1 and TransA2 structures that
we assigned to the gas-phase ion. Our arguments for rejecting the
TransA1R structure in the gas phase are both spectroscopic and
computational. Spectroscopically, we focus on this specific ques-
tion in Fig. 6, which compares the TransA1R conformation with
an equal mixture of TransA1 and TransA2 conformations. It is
seen that the only clear distinction is in the splitting of the two
peaks in the 1720–1800 cm−1 region, which is predicted to be con-
siderably smaller for TransA1 and TransA2 than TransA1R. (This

splitting reflects the differential in the interaction of the amide H
with the C O group of the carboxyl (TransA1 and TransA2) ver-
sus the COH group (TransA1R), which affects the position of the
1750 cm−1 vibration (carboxyl C O stretch) while having no effect
on the 1720 cm−1 vibration (amide C O).) The splitting predicted
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or TransA1 and TransA2 is clearly in better agreement with the
RMPD spectrum than that predicted for TransA1R.

Considering this assignment computationally, Table 1 shows
hat TransA1 and TransA2 are preferred over TransA1R by about
0 kJ mol−1 (free energies), which is a significant difference for rel-
tive determinations of the stabilities of similar conformations by
his computational approach. These conformations are expected to
e interconvertible at room temperature, since only rotation around
single bond is needed, so equilibrium favoring the more stable

ransA1 and TransA2 structures over TransA1R should be read-
ly achieved in the ICR cell. This conformational switch between
rystalline and gas-phase environments is understandable: In the
rystal the position of the OH group is stabilized by a strong
ydrogen bond to one of the water molecules of crystallization
Scheme 1), which is not present in the gas phase.

There is some confusion in Ref. [9] about their computational
esults. The structure shown in their Scheme 2, which is close to
he X-ray crystal structure, is described as their minimized struc-
ure and is similar to TransA1′R. However, their Table 1 describes

different structure, apparently close to TransA2, which would
e more likely to be their actual minimum-energy result (see our
able 1). Our results shown in Table 1 confirm that the carboxyl-
otated TransA1R family of structures, which includes the X-ray
tructure TransA1R, is significantly higher in energy than the most
table structures in gas phase.

.2. Comparison with H+AlaTyr and H+TyrAla

In a recent related study, Stearns et al. [11] used a cryogenic
2-pole trap (∼6 K) to trap and characterize the two protonated
ipeptides H+[Ala,Tyr]. Using ultraviolet (UV) photodissociation
nd UV/IR double resonance experiments, the population of con-
ormers could be mapped, and the conformer-specific IR spectra in
he H-stretching region could be observed. Using B3LYP and a scal-
ng factor of 0.954, relative conformer energies were calculated for
amilies of conformers, and excellent fits were obtained between
he IR spectra of the assigned conformers and their corresponding
alculated IR spectra.

Comparing our computational results with theirs confirms that
he H+[Ala,Phe] and H+[Ala,Tyr] systems are very similar, with few
hermochemical effects attributable to the tyrosine hydroxyl versus
henylalanine. Table 1 correlates the labeling of those conform-
rs that were calculated in both studies. The relative energies are
he same in all cases within better than 2 kJ mol−1. H+AlaPhe and
+AlaTyr are both predicted to have several low-lying conformers
ithin about 1 kJ mol−1 of the ground state, while both H+PheAla

nd H+TyrAla are predicted to have a unique ground state confor-
ation lying about 4 kJ mol−1 below the next higher conformer.

or H+AlaTyr at 6 K their experimental results indicated only one
onformer with observable abundance (Family I anti/anti, corre-
ponding to our TransA1). Our room temperature results could
ot distinguish between the two nearly isoenergetic conformers
ransA1 and TransA2, and any combination of these would fit our
esults, although the presence of both conformers can be weakly
nferred from the fit to the peak near 1150 cm−1 (see Fig. 6). For

+TyrAla their experiments indicated at least two conformers (not
ounting the syn/anti-distinction), assigned as Family I anti and
auche. This corresponds nicely to our room temperature result
or H+PheAla that the lowest energy TransA1 conformer fits the
pectrum well, without ruling out admixtures of other higher-
nergy TransA type conformers on the basis of our spectrum. Thus

hese two studies are entirely compatible in their conclusions about
he conformer preferences of these systems. Since the IR spec-
ra from their study are in a different wavelength region from
he present study, no direct spectroscopic comparisons are possi-
le.
ass Spectrometry 283 (2009) 77–84 83

The results of Stearns et al. suggest that a degree of cau-
tion is needed in predicting conformer populations based on
computational differences of a few kJ mol−1: For H+TyrAla their
experimental results indicate multiple conformers, compared to
a computational suggestion of a single uniquely favorable con-
formation; while for H+AlaTyr, experiment indicates a single
conformation, although the computations point to the possibility
of multiple isoenergetic conformations.

4.3. Spectroscopy of the delocalized proton

There is an interesting conformational ambiguity in the B3LYP
results for H+AlaPhe. In the TransA1 conformation (calculated to
be the most stable) the proton on NH3

+ is hydrogen bonded to
the amide C O oxygen atom, but the proton can shift its position
to give a local potential energy minimum forming a COH+ moiety
hydrogen bonded to NH2; this structure is only 1 kJ mol−1 higher
in energy (structure TransO1). Observationally, the IR peak near
1400 cm−1, which is assigned to an H-bending mode related to
this proton transfer, appears to be significantly broadened com-
pared with other peaks in the spectra of both H+AlaPhe (Fig. 2)
and H+PheAla (Fig. 3). Based on the calculated energetics, either of
these two conformers could be populated, or both, or the actual
conformation could involve an intermediate proton position or a
shared proton sharing both sites. The calculated barrier to trans-
fer the proton is 8 kJ mol−1, whereas the zero-point energy for the
hydrogen-stretching mode (fundamental at 2700 cm−1) that cor-
responds to the proton transfer is 16 kJ mol−1. Thus, it is quite
possible to conceive of this as a shared or delocalized proton, or
a distributed or “strong” hydrogen bond [24]. The presence of a
broadened vibrational peak has often been associated with an ion
conformation containing a delocalized proton, and both theoretical
and observational aspects of such hydrogen bonding situations have
been extensively studied in both gas phase [25–32] and condensed
phases [33].

The predicted spectra for these two conformations are signif-
icantly different (Fig. 2, compare TransA1 and TransO1). Notably,
structure TransO1 is predicted to have little intensity at the char-
acteristic frequency of the NH3

+ group slightly below 1400 cm−1.
If this were a simple situation with one of these conformations
dominating, it should thus be easy to identify spectroscopically
whether the proton is located predominantly near the nitrogen
or near the oxygen, and indeed the observed spectrum indicates a
predominant nitrogen-bound character for this proton in H+AlaPhe
(see Fig. 2). In view of the interest of this conformation, the rela-
tive energies of TransA1 and TransO1 were also compared with a
DFT/MPW1PW91 calculation, which indicated a difference in favor
of TransA1 of less than 1 kJ mol−1. Thus these two functionals agree
in showing a double-well potential energy surface with a differ-
ence in energy of the two wells equal to zero within computational
uncertainty, and a barrier less than the zero-point energy. It is sug-
gested that a spectroscopic signature of this “strong” hydrogen bond
is an exceptionally broadened and strong IR peak near 1400 cm−1.

The possibility of the proton occupying this delocalized region
of the potential energy surface exists for several common situa-
tions that have been studied in gas-phase systems, including the
following: (1) polypeptides protonated at the alpha nitrogen of
the N-terminus with a hydrogen bond to the amide carbonyl oxy-
gen, as in the present work; (2) protonated monomeric amino acid
derivatives which protonate the alpha nitrogen at the N-terminus
with a hydrogen bond to the carbonyl oxygen [34]; (3) cationized

amino acids in a zwitterionic conformation where the NH3

+ group
is hydrogen bonded to one of the carboxylate oxygens [14,35,36];
(4) proton-bound dimer ions, which have been studied exten-
sively [25–32]. With regard to situation (4), in their study of the
symmetrical dimethyl-ether proton-bound complex, Li et al. [29]
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[34] A. Simon, L. MacAleese, P. Maître, J. Lemaire, T.B. McMahon, J. Am. Chem. Soc.
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oncluded that the peak broadening in the IRMPD spectrum could
e accounted for by conformational sampling effects.

Possible examples of situation (3) are seen in spectra of some
mino acids cationized with Cs+, Rb+ and perhaps K+. Examples are
ryptophan [14], serine [35] and threonine [36], all of which show a
trong, broad peak at about 1400 cm−1 attributed to the COH hydro-
en which has the hydrogen bond to the NH2 group (and can thus
ndergo the internal proton transfer to the NH3

+ zwitterionic con-
ormation). It is believed that the COH configuration is the ground
tate in all of these cases, but the NH3

+ zwitterion configuration is
robably accessible, resulting in the type of double potential energy
ell that we are considering. Armentrout et al. [35] consider that

or Cs+Serine a fraction of the complexes actually has this hydro-
en transferred to give the zwitterion configuration. Rodgers et al.
36], considering serine and threonine, discuss the nature of the

odes in terms of interconversion of the proton between the CS
nd ZW configurations. This proton sits in a double well closely
nalogous to the proton under consideration in H+AlaPhe, and we
an speculate that the appearance of a broad H-bending peak in
ll of these spectra reflects a similar delocalized-proton situation.
he postulated broadening of the 1400 cm−1 feature in ions char-
cterized by situation (1), which we suggest here, is a variation of
he delocalized-proton spectroscopy that deserves further study. A
imilar situation in protonated AlaAla has been given a convincing
nalysis based on Car-Parrinello dynamics simulation [3], which
hould offer a powerful approach for the present case as well.

. Conclusions

IRMPD spectra have been recorded for the protonated dipeptides
laPhe and PheAla and compared to DFT calculated spectra. Result-

ng low-energy structures have been compared to those determined
y matrix isolation infrared spectroscopy and by X-ray crystallog-
aphy, and for H+AlaAla and H+[Ala,Tyr] by IR spectroscopy. Both
he spectroscopy and the computed thermochemistry indicate that
he gas-phase structure of H+AlaPhe differs from the crystal struc-
ure with respect to the orientation of the COOH group. Evidently,
ydrogen bonding of the hydroxyl hydrogen to one of the water
olecules of crystallization stabilizes the less-favored COOH ori-

ntation when the cation is embedded in the crystal lattice. It is
otable that comparison of X-ray and IRMPD data is able to uncover
his subtle conformational switch.

Comparison with the gas-phase spectrum of H+AlaAla indicates
hat the presence of the aromatic Phe residue has little effect on the
pectroscopy or the conformation of the peptide backbone, other
han introducing additional phenyl-ring features around 700 cm−1.
his is in contrast with metalated cations, where cation–pi inter-
ction between the ring and the metal ion has profound effects on
he conformation and spectroscopy. Also, no major spectroscopic
r structural differences were found upon reversing the sequence
f the residues.

A good comparison between the present spectrum of H+AlaPhe
pectrum and that of the same ion in a solid matrix environment
as unfortunately not possible. Although it was possible to corre-

ate some features attributed to the amide modes, the prominent
ibrational modes of the C-terminus did not correlate well, and
e concluded that the matrix spectrum is most likely that of the
imerized form of the protonated peptide.

Correlation with the low-temperature study of the similar
+AlaTyr and H+TyrAla systems in the 22-pole rf trap showed
ehavior of the corresponding dipeptides that was the same within

he scope of the possible comparisons.

It is suggested that the peak near 1400 cm−1 is broadened in
he present spectra, as well as in various other gas-phase spectra of
imilar ions protonated on NH2 with H-bonding to carbonyl. These
rotonated dipeptides should provide an interesting set of cases for

[

[

ass Spectrometry 283 (2009) 77–84

study of the H-stretch/bend interaction and the mode anharmonic-
ities in this delocalized-proton geometry.
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