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Finite temperature Car-Parrinello molecular dynamics simulations are performed for the protonated dialanine
peptide in vacuo, in relation to infrared multiphoton dissociation experiments. The simulations emphasize the
flexibility of the different torsional angles at room temperature and the dynamical exchange between different
conformers which were previously identified as stable at 0 K. A proton transfer occurring spontaneously at
the N-terminal side is also observed and characterized. The theoretical infrared absorption spectrum is computed
from the dipole time correlation function, and, in contrast to traditional static electronic structure calculations,
it accounts directly for anharmonic and finite temperature effects. The comparison to the experimental infrared
multiphoton dissociation spectrum turns out very good in terms of both band positions and band shapes. It
does help the identification of a predominant conformer and the attribution of the different bands. The synergy
shown between the experimental and theoretical approaches opens the door to the study of the vibrational
properties of complex and floppy biomolecules in the gas phase at finite temperature.

1. Introduction

In the past few years, mass spectrometry has become a
valuable and essential tool for the formation and characterization
of peptides and proteins in the gas phase. This is partly due to
the development of ‘soft’ ionization methods such as matrix-
assisted laser desorption ionization (MALDI)1 and electrospray
ionization (ESI),2-4 which allow a controlled formation of singly
or multiply charged peptides and proteins in the gas phase. On
the other hand, vibrational spectroscopy (infrared and Raman)
has been recognized for a long time as an important tool for
the characterization and understanding of molecular structures
and dynamics. It is in particular commonly applied for the
characterization of secondary structures of peptides and proteins
in solution or membranes.5-8 As an illustration, structural motifs
such as helices or beta sheets can be identified by changes in
positions, shapes, and intensities of linear infrared or Raman
bands.6,9,10

Gas-phase mass spectrometry and infrared vibrational spec-
troscopy can be gathered in a setup which couples mass
spectrometry (MS) with infrared multiphoton dissociation (IR-
MPD), as devised at FELIX11 or CLIO12 in Europe. At CLIO,
the ions either produced by MALDI or ESI are first stored and
mass selected in a FT-ICR-MS device (Fourier transform ion
cyclotron resonance MS). They are further submitted to IR-
MPD, and the fragment ion yields are recorded as a function of
the IR excitation energy. Note that as gas-phase ions are
produced in much too small quantities to measure the direct
absorption of IR photons, the absorption must be probed by a

‘messenger method’ (or ‘secondary process’), namely, in these
experiments, ion fragmentation. Conditions necessary for IR-
MPD of gas phase molecules are fulfilled by using an infrared
free electron laser (FEL). Thermalization of the produced ions
is an important aspect of these experiments. Though the ions
are initially produced at high internal energies, their trapping
in the ICR cell during a few seconds before exposure to the IR
radiation ensures their relaxation and thermalization at room
temperature. This device therefore gives the IR spectroscopy
of trapped gas-phase ions at room temperature, close enough
to relevant physiological temperatures of biomolecules.

Using this experimental setup, investigations of structural and
dynamical properties of biomimetic molecules have been
recently undertaken by different groups.13-18 In particular, some
of us have presented results on the protonated alanine dipeptide
Ala-Ala-H+.15 One goal was to give information on the
protonation site of the peptide using IR signatures. Note that
intramolecular proton transfer in ionized peptides has received
a lot of attention recently. The majority of the studies have
examined the role of the ‘mobile proton’ in explaining peptide
fragmentation patterns observed in mass spectrometry experi-
ments.19-24 In particular, it is necessary to assume that the proton
is not sequestered at basic sites but is free to migrate over
different sites of the peptide before its fragmentation. Different
experiments19,25,26can be performed in order to investigate the
proton localization and proton transfer in peptides. Use of IR
signatures is just another route to tackle the same problem.

Infrared measurements are generally complemented with
theoretical calculations. These are usually done using quantum
chemistry calculations where equilibrium conformations of
lowest energies are calculated. In such a scheme, geometry
optimizations at 0 K are performed, and vibrational analyses in
the harmonic approximation are subsequently done for each
equilibrium conformation. A match between experimental and
calculated IR patterns obtained for the different conformers is

* Corresponding authors. E-mail: gaigeot@ccr.jussieu.fr; daniel.borgis@
univ-evry.fr.

§ Permanent address: LPTMC, Universite´ Pierre et Marie Curie-Paris6,
UMR-CNRS 7600, 4 Place Jussieu, Case courrier 121, F-75052 Paris,
France.
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generally checked in terms of positions and relative intensities
of IR bands. The bottleneck of such theoretical calculations is
thus the determination of all the representative equilibrium
conformations of the molecule. This is a tremendous amount
of work for flexible and floppy molecules. A small dipeptide
already possesses several conformers (representative of those
encountered in larger peptides) which are generally lying within
a small energy range. As illustrative examples, we refer the
reader to previous works on diglycine and dialanine peptides.27-30

At room temperature, which is the typical temperature of peptide
ions before IR absorption in IR-MPD experiments, one can thus
expect conformational isomerization dynamics to take place.
In other words, the peptide does possess enough internal energy
to explore different zones of its potential energy surface (PES).
Therefore, different isomeric conformations of the molecule can
be accessible at that temperature and will most likely play a
role on the peptide properties, i.e., its IR spectroscopy and mass
spectrometry fragmentation.

Taking into account the dynamics of the molecule and its
consequences on the measured properties can only be achieved
through molecular dynamics simulations. In particular, DFT-
based molecular dynamics simulations using the Car-Parrinello
(CPMD) scheme31 can be performed. The CPMD approach
combines plane-wave/pseudopotential methods for the deter-
mination of the electronic structure of extended systems within
the DFT generalized gradient approximation (GGA) developed
for treating molecules. A special feature distinguishing the
CPMD method from other ab initio MD methods is the
dynamical scheme adopted for the optimization of the electronic
states which is based on a fictitious (classical) dynamics of the
electronic degrees of freedom (for a technical introduction to
CPMD techniques see ref 32). The electronic degrees of freedom
are therefore propagated simultaneously to the nuclear degrees
of freedom. Based on first principles, CPMD simulations are
hence capable of accounting for the many-body interactions and
treat in a natural way bond breaking/making such as proton
transfers.

In previous works, we have shown that DFT-based Car-
Parrinello molecular dynamics simulations yield very accurate
infrared spectra of biomimetic molecules in the gas phase or
immersed in aqueous solvent at room temperature in terms of
band positions, band shapes, and band intensities.33,34 The
present investigation of the gas-phase protonated Ala-Ala-H+

peptide is aimed at demonstrating that CPMD simulations are
the proper tool to calculate IR absorption spectra of gas-phase
molecules undergoing multiple isomeric conformations at room
temperature. We want to show that these simulations provide
more information than 0 K geometry optimizations for the
determination of IR spectra and comparison to experiments.
Moreover, as we will see below, CPMD simulations give us
the opportunity to follow the dynamics of the excess proton
which is of special interest for the protonated Ala-Ala-H+

peptide ion investigated here.
The paper is organized as follows. The CPMD method as

well as the way infrared spectra are extracted from the dynamics
is presented briefly in section 2. Section 3.1 presents our findings
on the conformational dynamics of Ala-Ala-H+ at room
temperature and especially emphasizes the transfer dynamics
of the excess proton. Section 3.2 reports our calculated infrared
absorption spectrum of Ala-Ala-H+ at room temperature and
its interpretation in terms of intramolecular motions. Comparison
is made with IR-MPD spectra. Discussion and perspectives are
finally presented in section 4.

2. Computational Method

The DFT-based Car-Parrinello simulations performed in this
work follow the general setup of our previous ab initio molecular
dynamics simulations.33-35 We used the Becke, Lee, Yang, and
Parr (BLYP) gradient-corrected functional36,37for the exchange
and correlation terms. The one-electron orbitals are expanded
in a plane-wave basis set with a kinetic energy cutoff of 70 Ry
restricted to theΓ point of the Brillouin zone. Medium soft
norm-conserving pseudopotentials of the Martins-Trouillier
type38 are used. The core-valence interaction of C, N, and O is
treated bys and p potentials with pseudization radii of 1.23,
1.12, and 1.05 au, respectively (taking the same radius fors
andp), while H atoms are treated as ans potential with a 0.5
au radius. Energy expectations are calculated in reciprocal space
using the Kleinman-Bylander transformation.39

The value of 70 Ry for the energy cutoff of the plane wave
expansion of the wave function has been checked with the
following scheme. We have taken the geometries of the four
conformers of least energy of Ala-Ala-H+ optimized at the DFT/
B3LYP/6-31G* level of calculation by Lucas et al.15 and
reoptimized them at the DFT/BLYP/6-31G* level with the
Gaussian98 package.40 The four optimized geometries are
schematically represented in Figure 1 where the adopted
nomenclature is also reported (namely transA1, transA2,
transO1, and cisA3). The trans/cis nomenclature corresponds
to the isomerization state of the NH-CO internal peptide bond
in the dipeptide. TransA1/A2 are connected to each other by
mere rotation around the N-C3 bond. TransO1 is obtained from
transA1 by transferring a proton from the terminal NH3

+ to the
adjacent CdO bond. TransA1 is the conformer of least energy,
while transO1, transA2, and cisA3 appear at the BLYP level
with higher energies of+1.76, +2.15, and+2.45 kcal/mol,
respectively (these energies include the zero point vibrational
energy correction, as in ref 15). We have subsequently made
single point electronic calculations on the BLYP optimized
conformations using the plane-waves CPMD code, with two
different energy cutoff values for the plane wave expansion,
70 and 140 Ry. We have compared the energetical order and
the energy difference for the four conformations. Both plane-
wave calculations give the same energetical order, i.e., transA1,
transA2, transO1, cisA3, with the following energy gaps with
respect to transA1 (values from the 140 Ry cutoff reported in
parentheses):+1.83(+1.75),+2.13(+2.03),+3.21(+2.99), in
kcal/mol. There is thus a very slight and meaningless 0.1-0.3
kcal/mol decrease in energy when going from a 70 to a 140 Ry
cutoff. Using a cutoff of 70 Ry appears therefore sufficient to
treat the interactions in Ala-Ala-H+ peptide. The plane-wave
BLYP single point calculations give an inversion between
transO1 and transA2 energies in comparison to the BLYP/6-
31G* optimizations.

Car-Parrinello molecular dynamics simulations were per-
formed at constant volume (microcanonical ensemble) using a
fictitious electron mass of 500 au and a time step of 5 au (0.12
fs). The Car-Parrinello technique is based on the use of an
extended Lagrangian for the description of the coupled motion
of nuclei and electrons, where a fictitious electronic mass is
assigned to the electronic degrees of freedom. The chosen value
of 500 au provides a correct separation of time scales between
the nuclei and fictitious electron dynamics. Gas-phase simula-
tions were carried out with the decoupling technique of Martyna
and Tuckerman41 in order to eliminate the effect of the periodic
images of the charge density. A cubic box of length 20 Å was
selected after performing a series of wave function optimizations
of Ala-Ala-H+ conformers in boxes of increasing length. We
found that from 20 Å on, the electronic energy of the isolated
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molecule is converged within a criterion of 10-4 au, which
ensures that the wave function of the isolated molecule is all
contained in the cell box. Car-Parrinello molecular dynamics
simulations reported here consist of two steps: an equilibration
phase of 1-3 ps with a control of temperature through velocity
rescaling, followed by data collection over trajectories of either
3.5 or 7.0 ps. In that step, molecular dynamics are strictly
microcanonical. We have performed nine different Car-
Parrinello molecular dynamics simulations, from which eight
simulations were begun from trans Ala-Ala-H+ conformations
(transA1, transA2, or transO1) and one from cisA3 Ala-Ala-
H+ conformation. Initial velocities were chosen in a Boltzmann
distribution centered at 300 K. The average ionic temperature
obtained over all simulations was 279( 13 K. Equipartition of
energy over all degrees of freedom is globally respected as we
obtained the following averaged temperatures per atomic type:
270( 6 K for nitrogen atoms, 270( 11 K for hydrogen atoms,
280 ( 17 K for carbon atoms, and 296( 17 K for oxygen
atoms. Hydrogen atoms were treated as classical particles with
their true mass (1836 au). All simulations were carried out with
version 3.7 of the CPMD ab initio molecular dynamics
package.42 Since the simulations are performed in the micro-
canonical ensemble, and molecular vibrational energy transfers
are rather slow, performing several short-time independent
dynamics starting from canonical velocities instead of a single
long trajectory improves the phase space sampling.

The calculation of the infrared (IR) absorption coefficient
R(ω) makes use of a relation (derived from linear response
theory) involving the Fourier transform of the dipole time
correlation function or equivalently its time derivative (current)
M4 ) dM /dt with43

whereâ ) 1/kBT, n(ω) is the refractive index,c is the speed of

light in vacuum, andV is the volume. The angular brackets in
formula (1) indicate a statistical average over all the generated
trajectories. Note that in this formula we have taken into account
a quantum correction factor (multiplying the classical line shape)
of the formâpω/(1 - exp(- âpω)), which was shown to give
the most accurate results for IR intensities.33,34,44For a complete
discussion on quantum corrections, we refer the reader to refs
45 and 46. The IR spectrum is defined as the productR(ω)-
n(ω), ω in cm-1. Derivatives dM /dt have been calculated
numerically.M is the total dipole moment of the system, which
is the sum of the ionic and electronic contribution. The dipole
moment of the box cell is calculated with the Berry phase
representation, as implemented in the Car-Parrinello frame-
work.47-49 Briefly, in the limit where theΓ point approximation
applies, the electronic contribution to the cell dipole moment
MR

el (whereR ) x, y, z) is given by50

where Im lnzN is the imaginary part of the logarithm of the
dimensionless complex numberzN ) 〈Ψ|e-iGR.R̂|Ψ〉, GR is a
reciprocal lattice vector of the simple cubic supercell of length
L (G1 ) 2π/L(1,0,0), G2 ) 2π/L(0,1,0), G3 ) 2π/L(0,0,1)),
andR̂ ) ∑i)1

N r̂ i denotes the collective position operator of the
N electrons (or in other words the center of the electronic charge
distribution).Ψ is the ground-state wave function. The quantity
Im lnzN is the Berry phase, which in terms of a set of occupied
Kohn-Sham orbitalsψk(r) is computed as Im lnzN ) 2Im lndetS
with elements of the matrixS given bySkl ) 〈ψk| e-iGR.r̂|ψl〉.50

The final spectra presented in section 3.2 was obtained by
Fourier transform of an averaged correlation function computed
from all trajectories corresponding to a given conformer (cis or
trans). A final smoothing of the spectrum was achieved through

Figure 1. Schematic representation of the four main structures of lower energy of gas-phase Ala-Ala-H+ peptide optimized in ref 15 and in this
work: top, transA1 (left) and transA2 (right) and bottom, transO1 (left) and cisA3 (right). The lower part of the figure displays the atom numbering
adopted in this work. Carbon atoms are represented in dark blue, nitrogen atoms in light blue, oxygen atoms in red, and hydrogen atoms in gray.

R(ω)n(ω) ) 2πâ
3cV∫-∞

+∞
〈M4 (0)M4 (t)〉eiωtdt (1)

MR
el ) e

|GR|
Im lnzN (2)
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a window filtering applied in the time domain which corresponds
roughly to the convolution of the bare spectrum by a 8 cm-1

width Gaussian function. This is comparable to the apparatus
function inferred for IR-MPD spectra.15

3. Results

3.1. Conformational Dynamics of Ala-Ala-H+ at 300 K.
A. Isomerization Dynamics between transA1 and transA2.All
trajectories concerning trans type conformations of Ala-Ala-
H+ showed a continuous isomerization dynamics between
transA1 and transA2 conformers (except for a short 3-ps
trajectory where the dynamics remained confined in the transA1
basin). This can be appreciated by following the time evolution
of the dihedral angleΦ ) C2-N-C3-C4 (see Figure 1 for atom
labeling): the value of this angle is indeed a signature
distinguishing a geometry typical of transA1 (Φ)198.1°) versus
transA2 (Φ)284.2°) in reference to our BLYP/6-31G* 0 K
geometry optimizations. Note that we express here all angles
in the 0-360° range, which was not the convention taken in
ref 15. Figure 2a illustrates this conformational isomerization
dynamics for one typical CPMD trajectory at 300 K. The
continuous evolution ofΦ between roughly 180° and 300°
reveals the exploration of the two basins associated to transA1
and transA2 on the potential energy surface (PES) at room
temperature. In other words, the internal energy of the peptide
at 300 K is sufficient to overcome the energy barrier separating
the transA1 and transA2 basins on the PES. This observation
can be substantiated by plotting the free-energy curve,G(Φ) )
-kBT ln(P(φ)), whereP(φ) is the probability of occurrence of
a certain angleφ in the course of the dynamics; see Figure 2b.
The free energy curve presents a primary minimum correspond-
ing to the transA1 conformation around 200° and a shallow
metastable secondary minimum around 270° associated to
transA2. It is not clear if the superimposed little wiggles, e.g.
at 195 and 280°, have any statistical relevance. It is noteworthy
however that the potential is going uphill rather smoothly from
transA1 to transA2, with no evident barrier, and yielding an
overall free energy difference of 0.3 kcal/mol between the two
structures. This value is quite far from the 2 kcal/mol energy
difference between the two conformers and from the∼2.5 kcal/

mol (at the B3LYP level15) energy difference between transA1
and the transA1-transA2 transition state, computed at 0 K. These
findings clearly illustrate the importance of entropic contribu-
tions in structural equilibria.

Meanwhile, as illustrated in Figure 3 for a typical trajectory,
the dihedral angleΨ1 ) NNH3-C1-C2-N (see Figure 1 for
the atom labeling) roughly evolves between 130° and 220°, with
an average value of 175( 16°. This reveals dynamical
deformations of∼50-60° from optimized trans geometries,
whereΨ1 ) 165-180° depending on the trans conformation
(see Table 1). This reflects more or less the amplitude of the
NH3

+ group rotation with respect to the C1-C2-N peptide
backbone. In particular, the NH3+ group oscillates from one
side of the C1-C2-N plane (Ψ1 e 180°) to the other side (Ψ1

g 180°). The NH3
+ rotation is accompanied by the adjacent

methyl group rotation, also attached to the backbone C1 atom.
Along the same lines, the dihedral angleΨ2 ) N-C3-C4-
O4H roughly evolves from 120° to 230° along the trajectories,
with an average value of 168( 19° (curve not displayed).
Again, this corresponds to an internal rotation of the hydroxyl
OH group back and forth away from the N-C3-C4 plane with
an amplitude up to∼40-50°. Note also that there is no
hydrogen bond between O4 and the H atoms of the carboxylic
C-terminal group of the peptide, as they are always found 2.2-
2.3 Å apart from each other in all trajectories.

The trajectory obtained for a cis type peptide (curve not
displayed) shows thatΨ1 evolves between 110° and 200°; we

Figure 2. Top: Time evolution of the dihedral angleΦ ) C2-N-
C3-C4 for a typical CPMD trajectory of the trans isomer at 300 K.
See Figure 1 for atomic labeling. Time in picoseconds and angles in
degrees. Bottom: Free energy profile along theΦ dihedral angle
averaged over all trans trajectories. See text for explanations.

Figure 3. Time evolution of the dihedral angleΨ1 ) NNH3-C1-C2-N
for a typical CPMD trajectory of the trans isomer at 300 K. See Figure
1 for the atom labeling. Time in picoseconds, angles in degrees.

TABLE 1: Structural and Energetic Characteristics of the
Four Main Structures of Lower Energy of Gas-Phase
Ala-Ala-H + Peptide Optimized at the DFT/BLYP/6-31G*
Level of Calculation in This Work a

conformer Ψ1 ω Φ Ψ2 ∆Eb ∆Ec ∆Ed

transA1 176.2 177.2 198.1 173.1 0.00 0.00(0.00) 0.00
trans O1 179.4 179.2 195.6 172.8+1.76 +2.13(2.03) +1.73
transA2 167.1 162.2 284.2 177.8+2.15 +1.83(1.75) +1.73
cisA3 127.2 333.9 304.4 209.7+2.45 +3.21(2.99) +1.63

a Definition of angles (see Figure 1):Ψ1 ) NNH3-C1-C2-N, ω )
C1-C2-N-C3, Φ ) C2-N-C3-C4, and Ψ2 ) N-C3-C4-O4H.
b Relative energies in kcal/mol obtained from geometry optimizations
at the DFT/BLYP/6-31G* level of calculation done in this work.
Energies include ZPE corrections.c Relative energies in kcal/mol
obtained from single point calculations at the DFT/BLYP level using
a 70 Ryd energy cutoff plane-waves basis set and Martins-Trouillier
pseudopotentials. In parentheses, energies obtained with a 140 Ryd
energy cutoff.d Relative energies in kcal/mol obtained from geometry
optimizations at the DFT/B3LYP/6-31G* level of calculation from ref
15. Energies include ZPE corrections.
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even observed an angle of∼50° during a very short period of
time (200 fs). On average,Ψ1 ) 149° ( 29°. The dynamics
therefore involves strong deformations from the 127° obtained
for the cisA3 optimized geometry. In the same spirit,Ψ2-
fluctuations show that the C-terminal part of the cis peptide
undergoes strong deformations at 300 K. Overall, N- and
C-terminal parts of the Ala-Ala-H+ peptide seem equivalently
free to rotate around the peptide backbone in trans and cis
conformations.

On the other hand, deformation of the backbone structure
can be followed through the time evolution of the dihedral angle
ω ) C1-C2-N-C3. This angle evolves between 150° and 220°
for the trans conformations (average of∼176° ( 11) and
between-60° and+40° (average of∼ -13.0° ( 22.0) for the
cis ones. Comparison with the optimized geometry values (Table
1) shows that the dipeptide backbone undergoes small but finite
deformations, of the order of 10-20°.

As expected, we did not observe any isomerization between
the trans and cis conformers in our simulations. The cis/trans
peptide bond isomerization barrier is generally estimated as a
few tens of kcal/mol.52,53 The transA1 to cisA3 peptide bond
isomerization barrier has been calculated at 24 kcal/mol15

(B3LYP level of theory). It is much too high to be observed
spontaneously at room temperature.

B. Proton Transfers along the Dynamics.We address here
the fundamental question of the location and dynamics of the
excess proton of the ionized Ala-Ala-H+ dipeptide. Is this proton
always located on the N-terminal side of the dipeptide, thus
giving rise to a NH3

+ terminal group, or can it be located on
other sites thus leaving a NH2 group? For Ala-Ala-H+, the only
other energetically favorable protonation site is the C2 dO2

carbonyl group located at the N-terminal side. Quantum
calculations done in ref 15 and here do identify a hydrogen
bond between C2dO2 and one hydrogen atom attached to NH3

+

in the optimized transA conformations. The question of
localization and dynamics of the excess proton is a fundamental
question to address, particularly in the context of the ‘mobile
proton’ model, evoked for certain fragmentation patterns
observed in mass spectrometry experiments.19-24 These experi-
ments can only be interpreted by assuming that the proton is
not sequestered at basic sites but is free to migrate over different
sites of the peptide before fragmentation. We here investigate
such a dynamics using our Car-Parrinello molecular dynamics
approach. To that end, we study the time evolution of O2‚‚‚H
distances where H is one of the three hydrogen atoms of the
terminal NH3

+ group.
Proton motions are illustrated in Figure 4 for two selected

trajectories. For further comparisons, we recall the bond lengths
pertinent to the optimized geometries of the three isomers of
trans Ala-Ala-H+: O2‚‚‚H ) 1.70 Å and N-H ) 1.07 Å for
transA1, O2‚‚‚H ) 1.75 Å and N-H ) 1.06 Å for transA2,
and O2-H ) 1.04 Å for transO1.

Indeed, it appears that transA1/A2 are more stable structures
than transO1. Most of the time, the excess proton remains
located on NH3+. At times however, a proton transfer to C2-
O2-H+ occurs. Three such events were recorded over the eight
monitored trans trajectories. Two of them can be distinguished
on the same trajectory on Figure 4a, one for 600 fs, and a
subsequent one for 100 fs. This indicates that transO1 is a
metastable state which is thermally accessible at 300 K. Indeed,
when the trajectory was initiated from transO1, a rapid conver-
sion to transA1 could be observed. The proton-transfer free
energy curveG(dO2H) ) -kBT ln(P(dO2H)) is displayed in Figure
5; dO2H is the distance of the O2 to the closest proton (there can

be interchanges, see below), andP(dO2H) is the associated
probability histogram. Clearly, a sharp metastable well corre-
sponding to the O-H+ form is present. The ratio of thermal
population of the two wells yields an overall free-energy
difference of 2 kcal/mol (to be compared with the∼2 kcal/mol
difference between the well minima). Note that inclusion of
nuclear quantum effects, yielding a zero-point-energy of 3-4
kcal/mol for a proton in O-H bonds, might well wipe the
metastable well out.

Figure 4b illustrates a nonreactive isomerization in A-form
in which the proton involved in the H‚‚‚O2 bond is inter-
changed, i.e., a thermally activated rotation of the NH3

+ group
occurs. A single successful event of this sort was recorded,
meaning that the interchange barrier is rather high with respect
to kBT.

Last to mention, no proton transfer was observed along the
7 ps long trajectory generated for cisA3.

3.2. Infrared Spectroscopy and Comparison to IRMPD
Experiments. 3.2.1. Dipole Moments.The time evolution of
the norm of the dipole moment of Ala-Ala-H+ obtained along
three typical Car-Parrinello molecular dynamics simulations
is presented in Figure 6. For comparison, we recall the values
calculated for the four optimized geometries at the BLYP level

Figure 4. Time evolution of the O2‚‚‚H distances for two different
trajectories. In the first one (top) two proton-transfer events yielding
the transO1 isomer are detected, whereas in the second trajectory
(bottom) the proton of NH3+ H-bonded to O2 is interchanged by
hindered rotation (see solid and dashed lines). See the text for details.

Figure 5. Free-energy profile along the O2‚‚‚H distance averaged over
all trans trajectories.
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(plane-wave calculation): 8.9 D for transA1, 8.8 D for transA2,
4.9 D for transO1, and 4.9 D for cisA3. Thus the transA1 and
transA2 isomers cannot be distinguished through their dipole
norm. On the contrary, transO1 has a dipole which is half that
of transA conformers. The dynamics presented in Figure 6a
again illustrates the conformational dynamics between transA1
and transA2. The dipole norm oscillates between 6.7 and 11.5
D, with an average value of 9.2 D. The average value is
characteristic of transA isomers, whereas the fluctuation am-
plitude of about 2 D nicely illustrates the conformational
flexibility between the two forms. Figure 6b concerns the same
trajectory as Figure 4a, and proton-transfer events between NH3

+

and C2dO2 are easily recognizable at times∼1 and 3 ps. When
the proton has transferred from NH3

+ to C2dO2, the dipole
decreases to values around 4-5 D. Otherwise, the dipole norm
oscillates between∼6 and∼12 D as typical for the transA form.
Dynamical outputs for the cis conformer are presented in Figure
6c. Evidently very large oscillations of the dipole take place,
with values between 3.1 and 10.4 D yielding an average value
of 6.5 D. Low dipole values of∼4-5 D typical of the cisA3
optimized geometry are only observed for transient periods of
time (see for instance times between 1 and 2 ps or 3.2-4.8 ps).
The majority of the time, distorted cis geometries with much
higher dipole moments are generated. This is again a nice
illustration of the conformational changes that can occur at room
temperature.

3.2.2. Infrared Spectroscopy.The calculated infrared spectra
of gas-phase Ala-Ala-H+ in cis and trans forms are presented
in Figures7 and 8. Our calculations are superimposed with the
IR-MPD experiment taken from ref 15. Note immediately that
more statistics have been collected for the trans isomers for
reasons which will appear clear below. As the experimental
spectrum has been recorded in the 1000-2000 cm-1 wave-
number domain, the calculated spectrum is displayed in the same
domain. Since the BLYP DFT functional is known to systemati-
cally underestimate experimental frequencies, a conventional
practice is to apply a constant correction factor to the theoretical
results. We have adjusted exactly the position of the theoretical
trans band at 1010 cm-1 to the band located at∼1130 cm-1 in
the experiment and have applied the corresponding 120 cm-1

blue shift to the whole spectrum. This single shift factor gave
a complete alignment of the calculated infrared spectrum with
respect to the experimental one in the 1000-2000 cm-1 spectral

domain. Note that this blue-shift value is very close to the one
used in our previous calculations on gas-phase NMA (N-methyl-
acetamide).34 Furthermore, for easier comparison, the intensities
of the theoretical spectra have been normalized so as to
reproduce the absolute intensity of the 1130 cm-1 IR-MPD
experimental band.

It appears immediately from the comparison of the cis
spectrum to the experimental IR-MPD one that the experimental
band located between 1500 and 1600 cm-1 has no theoretical
counterpart. On the other hand, all bands seem to match for
trans conformers. As in ref 15, it can therefore be concluded
that the experimental signal is mainly due to trans conformers.
This is clearly compatible with the fact that the cis optimized
conformation is found 2-3 kcal/mol higher in energy than the
trans one (although, as illustrated earlier for transA1/A2, this
is not equivalent to a free-energy difference). Notwithstanding,
we have supposed that the main contributing isomer is the trans
form, and sufficient statistics have been collected for that isomer.

Interpretation of the calculated infrared active bands into
individual atomic displacements is realized using the vibrational
density of states (VDOS) of the peptide. The VDOS is obtained
by Fourier transformation of the atomic velocity autocorrelation
functions

wherei runs over all atoms of the system. In addition, we have
decomposed the VDOS according to each atom type in order
to get an interpretation of the vibrational bands in terms of
individual atomic motions. This is done by restraining the sum
over i in eq 3 to the atoms of interest only. This decomposition
technique follows the general setup used in our previous
publications.33,34 Regarding the 1000-2000 cm-1 frequency
domain which is of particular interest in experiments on peptides
and proteins, and specifically related to the amide stretching
and bending modes used for the characterization of helices and
sheets structures, this simple decomposition proves sufficient
to properly assign each vibrational peak of Ala-Ala-H+ to
specific atomic motions. The overall spectrum in the 1000-
2000 cm-1 region can be discussed in terms of coupled
stretching (ν) and bending (δ) motions, more specificallyν-
(CdO) (amide I) andδ(N-H) (amide II) for the peptide linkage,
ν(C-C) andν(C-N) for the peptide backbone,δ(NH3

+) for
the N-terminal region of the peptide, andδ(CdO) andδ(C-
O-H) for the C-terminal region. In the present work, VDOS
and its decomposition in terms of individual atomic contributions
have been calculated on each trajectory, and the results have
been subsequently averaged over all trajectories, again reflecting

Figure 6. Time evolution of the dipole norm of Ala-Ala-H+ extracted
from three CPMD trajectories at 300 K corresponding to (a) the trans
isomer with transA1-transA2 conformational dynamics, (b) the trans
isomer with two proton-transfer events from NH3

+ to H+-O2, and (c)
the cis isomer. Dipoles are in Debye, time in picoseconds.

Figure 7. Infrared spectrum of gas-phase Ala-Ala-H+ in cis form:
squares, IR-MPD experiment taken from ref 15 and solid curve,
calculation from Car-Parrinello molecular dynamics at∼300 K.

VDOS(ω) ) ∑
i)1,N

∫-∞

∞
dt 〈Wi(t)·Wi(0)〉 exp(iωt) (3)
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the conformational diversity and dynamics at 300 K. The
resulting band assignment for the trans isomer is represented
schematically on top of the computed absorption spectrum in
Figure 8 and can be commented as follows.

Both experiment and calculation display three separate
absorption domains. The first domain is composed of two peaks
located at 1130 and 1150 cm-1 which are related to stretching
and bending movements of the N- and C-terminal parts of the
peptide. Namely, the VDOS decomposition shows that these
bands mainly correspond to a superposition ofν(NNH3

+ - C1),
ν(C3-C4), δ(C4dO4), andδ(C4-O4-H) motions. The second
infrared active domain is roughly located between 1300 and
1600 cm-1 and can be divided into two subdomains. The rather
large band between 1340 and 1500 cm-1 corresponds to
vibrations on the N-terminal side of the peptide, namelyδ(N-
H) bending motions of the NH3+ group coupled with skeletal
ν(C-C) stretchings. The narrow band extending between 1500
and 1600 cm-1 is composed of theδ(N-H) amide II motion
coupled withν(N-C2) stretching of the backbone. The final
infrared active domain extends roughly between 1620 and 1800
cm-1 and is composed of three separate peaks in our calculation
(two distinct peaks in the experiment). The peak located at 1670
cm-1 comes from the amide I movement of the C2dO2 carbonyl
group. The peak at 1720 cm-1 is related to a superposition of
the two amide I motions, i.e.,ν(C2dO2) and ν(C4dO4)
stretchings, whereas the peak at 1770 cm-1 involves the
C4dO4 carbonyl group only.

As stated at the beginning of the discussion with the
comparison of Figures 7 and 8, the 1500-1800 cm-1 features
clearly allow discrimination between trans and cis conformers.
In fact, in this domain, the trans IR spectrum displays two bands
related to the carbonyl stretches (1600-1800 cm-1) and one
band related to the amide N-H bending (∼1500 cm-1), while
the cis IR spectrum is composed of only one band roughly
located between these two bands. Most remarkably, interpreta-
tion of this band shows the coupling ofν(C2dO2) andδ(N-

H) of the cis peptide bond, which was not present in the case
of trans conformers.ν(C2dO2) and δ(N-H) movements
therefore merge in one common active IR band when the peptide
bond of the dipeptide adopts a cis orientation.

In Figure 8 we compare the theoretical IR absorption
spectrum of protonated trans dialanine, computed according to
eq 1, to the IR multiphoton dissociation spectrum obtained in a
previous work.15 Note immediately that, although they do reflect
the same underlying vibrational properties, stationary IR absorp-
tion and IR-MPD experiments are by no means equivalent. The
former measures the Fourier transform of the equilibrium dipole
time correlations (eq 1), whereas the latter provides a nonequi-
librium ionic dissociation yield as a function of IR excitation
frequency. We think however that comparing band positions
and band shapes makes sense, and this assertion is substantiated
by the results below. Regarding intensities, although it is
commonly believed that in IR-MPD the relative intensities are
governed by the absorption of the few first photons, the direct
comparison is much more subject to caution. That stated, the
agreement between calculations and experiments appears quite
satisfactory. This is revealed by the three separate IR active
domains which are reproduced with a very good accuracy by
the calculations, in terms of both band relative positions and
bandwidths. The relative positions of the different bands as well
as fine details such as the two sub-bands of the 1100-1200
cm-1 domain or the two distinct IR active bands of the 1300-
1600 cm-1 domain are very well reproduced too. The amide I
domain is clearly composed of three bands of high intensity in
our calculation, while the experiment offers only two such bands,
although a third subpeak of far lower intensity may be
distinguished in the 1660 cm-1 tail of this domain. Overall, the
theoretical band shapes and bandwidths are in satisfactory
agreement with the ones experimentally observed. Considering
band intensities, and keeping the above restrictions in mind,
we remark the relative intensities of the sub-bands in either the
1000-1200 cm-1 or 1300-1600 cm-1 domain are well

Figure 8. Infrared spectrum of gas-phase Ala-Ala-H+ in trans form: squares, IR-MPD experiment taken from ref 15 and solid curve, calculation
from Car-Parrinello molecular dynamics at∼300 K. The band assignment deduced from the vibrational density of state (VDOS) analysis is
illustrated on top.
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respected with respect to the experimental ones, although the
relative intensity of the two domains is clearly different. The
same consideration is not at all clear in the 1600-1800 cm-1

due to the presence of three sub-bands instead of two.
It is important to stress again here that the only manipulation

allowed for the theoretical spectrum in Figure 8 was the
convolution by a 8 cm-1 Gaussian (comparable to the experi-
mental apparatus function) smoothing a bit the bare results. All
pertinent band shaping effects, such as anharmonicity and
temperature, were incorporated ab initio via the CPMD meth-
odology. This is to be contrasted with traditional theoretical
calculations in which a normal mode spectrum for different
frozen structures is convoluted by an arbitrary Lorentzian
function to best fit the experimental bandwidths and accom-
modate a posteriori for temperature and anharmonic effects.

4. Conclusions and Perspectives

We have presented DFT-based Car-Parrinello molecular
dynamics simulations at 300 K of the gas-phase ionized Ala-
Ala-H+ peptide, in both trans and cis form, in relation to a
previous IR-MPD experimental study. For the trans structure,
which is the energetically favored one, our simulations showed
a continual and repeated isomerization dynamics between two
conformers, transA1 and transA2. One important result is the
observation of spontaneous proton-transfer events between NH3

+

and the adjacent CdO group at the N-terminal side of the
peptide. Overall, the simulations showed that the peptide is on
average preferentially protonated at its N-terminal side yielding
NH3

+, but H+-O-C is a thermally accessible metastable state.
The infrared absorption spectrum of Ala-Ala-H+ has been
computed by average on all available trans trajectories. This
average allowed to account correctly for the influence of the
conformational dynamics of the peptide at 300 K on the infrared
properties. We found an excellent agreement with the experi-
mental IR-MPD spectrum in terms of band positions, band
shapes, and bandwidths. This agreement is superior to that
obtained previously with static ab initio calculations. The success
of our dynamic approach can be explained by the following
arguments.

(i) Room-temperature dynamics showed a continual confor-
mational dynamics between the two major isomers named
transA1 and transA2: all conformations populated when going
from one basin to the other on the potential energy surface are
thus taken into account in the calculation of the infrared
spectrum. This population dynamics gives rise to a natural
broadening of the calculated IR active bands, which is essential
for the comparison to the experimental spectra.

(ii) When calculating IR spectra from the dipole time
correlation function all anharmonic effects are naturally de-
scribed. This is to be opposed to the two successive harmonic
approximations usually adopted for the determination of IR
spectra from static ab initio calculations (harmonic approxima-
tion of the potential energy surface at the optimized geometries
and mechanical harmonic approximation for the transition dipole
moments). Both approximations are released in ab initio
molecular dynamics, simply because they are not needed. In
fact, the finite temperature dynamics takes place on all accessible
parts of the potential energy surface, be they harmonic or
anharmonic. The quality of the potential energy surface is
entirely contained in the “ab initio” force field, calculated at
the DFT/BLYP level in this work. The good reproduction of
the relative positions of the different active bands in this study
is yet another demonstration that this level of theory is correct,
as emphasized in our previous works on similar molecular

systems.33,34 Moreover, the calculation of IR spectra with
molecular dynamics is related only to the time-dependent dipole
moment of the molecule, and it does not require any harmonic
expansion of the transition dipole moments. Therefore, if the
dipole moments and their fluctuations are accurately calculated
along the trajectory, the resulting IR spectrum should be reliable
too, as demonstrated earlier.

As mentioned before, comparison of IR absorption intensities
to the ones obtained in IR-MPD experiments is certainly not
well understood. Equation 1 for the IR signal relies on linear
response theory and is valid for one-photon linear-IR absorption
spectroscopy. IR-MPD, on the other hand, is a multiphotonic
IR absorption process leading to the fragmentation of the
molecule. The recorded signal is the fragmentation yield with
respect to each excitation IR wavelength. It is thus an indirect
measurement of IR absorption in contrast to the usual linear-
IR spectroscopy. Calculations and experiments are therefore not
directly comparable for band intensities, giving rise to the
observed discrepancies. The direct simulation of IR-MPD
spectra, with a clear theoretical expression of the signal in terms
of dynamical quantities, remains a totally open question.

Beyond protonated dialanine which can be considered as an
interesting test case, the main purpose of the present work was
to demonstrate the usefulness of finite temperature ab initio
Car-Parrinello molecular dynamics simulations for the calcula-
tion of the infrared spectrum of complex flexible molecules in
the gas phase, including larger peptides and biomolecules. This
method goes beyond ab initio static calculations applied
currently in the domain. Complex molecular systems display
numerous energetically equivalent conformations which are
difficult to be characterized with geometry optimization searches.
Dynamics does release this difficulty. Moreover, the only
ingredient needed for the calculation of IR spectra is the
monitoring of the dipole moment at each timet.

We thus hope that our results open up a new door for the
calculation, understanding, and interpretation of IR spectra of
gas-phase molecules for which the conformational dynamics is
fundamental. Note that only a few independent trajectories were
needed in the present study to give a statistically meaningful
IR spectrum. One can indeed anticipate an increase of the
number of isomeric conformations accessible at room temper-
ature for peptides composed of an increasing number of peptide
units. In that case, an enhanced statistics will be required in
order to capture the representative conformational dynamics.
On the other hand, things may be simplified with larger peptides
for which one can expect organized structures, such as helices
or sheets, to be energetically predominant. Even in that case,
however, structural coherent deformations may occur (in
particular in the sub-1000 cm-1 frequency domain) which are
to be sampled properly in order to relate to infrared spectra.
That is where our molecular dynamics approach to complex
molecules vibrational spectroscopy is going to.
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