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ABSTRACT: The structures of three proton-bound dimers (Met2H
+, MetTrpH+,

and Trp2H
+) are investigated in the gas phase with infrared multiple photon

disassociation (IRMPD) spectroscopy in combination with quantum chemical
calculations. Their IRMPD spectra in the range of 600−1850 cm−1 are obtained
experimentally using an FT-ICR mass spectrometer and the CLIO free electron
laser as an IR light source. The most abundant conformers are elucidated by
comparing the IRMPD spectra with harmonic frequencies obtained at the B3LYP-
GD3BJ/6-311++G** level of theory. Discrepancies between the experimental and
theoretical data in the region of 1500−1700 cm−1 are attributed to the
anharmonicity of the amino bending modes. We confirm the result of a previous
IRMPD study that the structure of gas-phase Trp2H

+ is charge-solvated but find that there are more stable structures than originally
reported (Feng, R.; Yin, H.; Kong, X. Rapid Commun. Mass Spectrom. 2016, 30, 24−28). In addition, gas-phase Met2H

+ and
MetTrpH+ have been revealed to have charge-solvated structures. For all three dimers, the most stable conformer is found to be of
type A. The spectrum of Met2H

+, however, cannot be explained without some abundance of type B charge-solvated conformers as
well as salt-bridged structures.

■ INTRODUCTION

Amino acids are ubiquitous building blocks for life. They
consist of an amino group, a carboxyl group, and a side chain
which determines the properties of the specific amino acid. In
solution, interactions with the solvent molecules cause amino
acids to take on a zwitterionic form, meaning that a proton has
moved from the carboxyl to the amino functional group. In the
context of gas-phase studies of isolated and microsolvated
amino acids, the question of when and how amino acids
become zwitterions has been studied widely.1−29 In many of
these studies, infrared multiple photon disassociation
(IRMPD) spectroscopy has been used as an experimental
tool for molecular structure elucidation.
Protonated α-amino acid dimers in the gas phase are of

interest because they capture the essence of amino acid
interaction while being of a relatively small size. They exhibit
many conformers, commonly classified as charge-solvated
(CS) or salt-bridge (SB) structures. The CS implies the
binding of the monomers through an intermolecular hydrogen
bond (H-bond) between the protonated amino group of one
amino acid and the amino group (type A) or carboxyl group
(type B) of another amino acid. In the SB structures, one
monomer adopts a zwitterionic (type Z) form.
The stability of SB structures is related to the stability of a

monomer’s zwitterionic form, which in turn has been
attributed to various factors. Wyttenbach et al.2 found a

positive correlation between the stability of the zwitterionic
form of alkali metal-cationized amino acid monomers and the
proton affinity (PA) of the amino acid. Bush et al.3 found this
correlation to be weaker for alkali metal-cationized lysine with
additional methyl groups and argued that PA is not a reliable
indication of zwitterionic stability whereas side chain effects are
more important. By contrast, studies of proton-bound amino
acid homodimers have shown that the zwitterionic stability is
well predicted by PA.4−11 High PA amino acids, e.g., arginine,
lysine, and proline, have been shown to form SB dimers.4−6 On
the other hand, low PA amino acids, e.g., glycine, threonine,
phenylalanine, and tyrosine, form CS dimers.7−10 With a mid-
PA, glutamic acid has been shown to adopt CS structures at 15
K but SB dimer structure at 300 K.11 A recent study by Feng et
al.1 of tryptophan dimers has shown it to favor CS over SB,
even though its PA is similar to that of proline.
In this article, we report the results of IRMPD studies

performed for Met2H
+, MetTrpH+, and Trp2H

+ in the
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frequency range of 600−1850 cm−1. The tryptophan (Trp, W)
homodimer is studied with the aim of revealing its IRMPD
spectrum in a previously unexplored frequency range.1 Studies
of the methionine (Met, M) homodimer are motivated by the
fact that its PA lies in the frontier of amino acids that are
known to form CS structures.10,30 An additional reason to
study Met is its side chain. Dimers of amino acids tend to
stabilize their geometry through intermolecular interaction,
e.g., H-bonding between side chains, in addition to the CS or
SB binding. Methionine has no N, O, or F on its side chain,
only S, which forms significantly weaker H-bonds.31,32 It is
therefore of interest to study how methionine dimers stabilize.
It is also of interest to study Met heterodimers, where the
second monomer is prone to intermolecular interactions. For
this purpose, the MetTrpH+ dimer is studied, which has only
the Trp side chain capable of significant intermolecular
interaction, presumably N−H···N and N−H···π to the indole
ring.

■ METHODS
Experiment. All experimental data was collected at Centre

Laser Infrarouge d’Orsay (CLIO) in Orsay, France. Three
amino acid dimers were studied: Met2H

+, MetTrpH+, and
Trp2H

+. The Trp used for Trp2H
+ was an isotopologue;

specifically, five deuterium atoms were substituted on the
indole ring. The dimer solutions were prepared as a 1 mM
monomer concentration in a 49:49:2 mixture of water,
methanol, and formic acid. Ions were delivered to the gas
phase by electrospray ionization (ESI) of the solution and
subsequently stored and accumulated in a linear ion trap of a
mass spectrometer (MS) of model 7 T Bruker Apex Qe. While
trapped, ions were subsequently pulse extracted toward the ion
cyclotron resonance (ICR) ion trap, where they were
irradiated with pulses of the CLIO free electron laser (FEL),
which scanned the 600−1850 cm−1 frequency range. The FEL
beam had a power of 20−30 mW and a pulse rate 25 Hz. The
irradiation time of the ions was controlled by a mechanical
shutter placed between the FEL beam and the ICR ion trap. It
is typically chosen to be around 500 ms. The measurements
were performed at high, mid, and low irradiation energies,
meaning that the summed energy of the FEL pulses over the
irradiation time was above, in, and below the range of 8−16
mJ, respectively. Finally, the abundance of dimers and their
fragments were analyzed using Fourier transform ICR (FT-
ICR) in the MS.
For a given FEL frequency, the IRMPD intensity was

calculated as
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where I⟨species⟩ is the integrated MS intensity of that species and
its isotopologues. Dimers Met2H

+, MetTrpH+, and Trp2H
+

fragment into MetH+, TrpH+, and TrpH+, respectively. Under
high irradiation, these may fragment further. In that case,
Ifragment is replaced by the sum of all of the fragments’
intensities.
Calculations. A conformational search was performed

using several molecular dynamics (MD) simulations with
different initial geometries in order to cover a large
conformation space. The MD calculations were carried out
in the microcanonical ensemble employing the density
functional-based tight binding method33 as implemented in

the DFTB+ software package.34 The initial velocities were
considered to correspond to a Maxwell−Boltzmann distribu-
tion at 298 K, and a velocity Verlet algorithm with a time step
of 1 fs was implemented. For amino acid heterodimer
MetTrpH+, we considered two sets of structures with either
the Met or Trp moiety being protonated.
The most stable structures obtained with the MD

simulations were optimized with DFT using the B3LYP
functional and the 6-311++G** basis set including the GD3BJ
empirical dispersion. Harmonic frequency analysis was
performed at the same level of theory. For the optimized
structures, single-point energies were calculated with the CBS-
4M composite method. To obtain the corresponding Gibbs
energies, the CBS-4M calculations were combined with
vibrational analyses performed with the B3LYP-GD3BJ/6-
311++G** method. For Met2H

+ dimers, we additionally
performed VPT2 anharmonic vibrational analysis as well as
single-point energy calculations at the G4MP2 level of theory.
To reduce computational costs, the VPT2 analysis was
performed with the N07D basis set, which has been shown
to perform well under similar circumstances.35 We note that
for MetTrpH+ and Trp2H

+ dimers, which have more complex
structures, neither G4MP2 calculations nor the VPT2 analysis
was undertaken due to limitations in computational time. All of
these calculations were carried out with the Gaussian 16
program.36

When comparing the harmonic frequency analysis of
conformers with an experimental spectrum, three modifica-
tions are made. First, all frequencies are multiplied by 0.980 to
account for anharmonicity. This frequency scaling constant
was found by least-squares fitting of harmonic theory to all
experimental spectra and is consistent with B3LYP frequency
scaling for other molecules.37 Second, for every conformer, its
vibrational frequencies are broadened into a continuous
spectrum by convolution with a Gaussian function with
parameter σ = 8 cm−1 or equivalently with a full width at half-
maximum of 18.8 cm−1. This broadening was required in order
to take into account the FEL pulse line width. Finally, the
spectra of conformers are scaled in proportion to their relative
abundances at room temperature and summed. The relative
abundances pi were found to be
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where Gi represents the Gibbs energies of the conformers, kB =
8.314 J mol−1K−1 is the Boltzmann constant, and T is the
temperature.
With the goal of understanding and classifying the

intermolecular and weak intramolecular interactions, non-
covalent interaction (NCI) analyses were performed for the
most abundant conformers of Met2H

+, MetTrpH+, and
Trp2H

+. The NCI method introduced by Johnson et al.38

uses the electron density ρ, its gradient, and the second largest
eigen value λ2 of its Hessian, to classify real-space regions as
van der Waals interactions, H-bonds, or steric repulsions. The
sign(λ2)ρ index assigned by the NCI method can also be
related to the binding energy of H-bonds.39

■ RESULTS AND DISCUSSION
Methionine−Methionine Dimers. The four most abun-

dant structures of Met2H
+ at T = 300 K are shown in Figure

1a. As inferred from our NCI analyses (Figure S4 in SI), in all
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four, the S on the protonated moiety forms an intramolecular
H-bond with the protonated amino group, causing the side
chain to bend. In MM-A1 and MM-B2, the other S weakly
interacts with the protonated amino group, stabilizing the
dimer further. In MM-B1, MM-B2, and MM-Z2, an H-bond is
formed between the amino and carboxyl groups of the
unprotonated moiety.
The single-point energies of Met2H

+ were calculated at three
levels of theory. In order of increasing accuracy and
computational expense, they are B3LYP, CBS-4M, and
G4MP2. An energy comparison of the methods is made in
Figure 2. Compared to the composite methods (CBS-4M and

G4MP2), B3LYP greatly underestimates the energy of SB
conformers. A similar tendency was previously reported in
studies of serine dimers.20 The CBS-4M electronic energy
calculations of Met2H

+ conformers give results consistent with
G4MP2 while having the advantage of being less time-
consuming. In light of this agreement, CBS-4M is assumed to
be suitable for energy calculations for the two other proton-
bound dimers studied in this article. The Gibbs energies of
Met2H

+ conformers were therefore calculated with CBS-4M,

and the corresponding relative abundances are shown in Figure
3a.
The IRMPD spectra of Met2H

+ with different irradiation
energies are shown in Figure 4, together with harmonic
frequency analyses for the four most abundant conformers.
The Gibbs energy analysis based on eq 1 predicts the MM-A1
conformer to be the most abundant species, though its relative
population constitutes less than 40%. This is consistent with
the experimental data; by comparing the IRMPD spectrum
near 1405 cm−1 and 1725 cm−1 to the harmonic frequency
analyses, MM-A1 can be ruled out to be the only populated
conformer. Predictions for MM-Z2 lack the second peak in
1700−1800 cm−1 region of the experimental spectrum and,
therefore, it can also be ruled one as the only populated
conformer. The peaks in this region are associated with
carboxyl group stretching and, since the type-Z conformer
possesses one carboxyl group, it exhibits one peak. The
observed peak at 1725 cm−1, being unmatched by MM-A1 and
MM-Z2, leads us to believe that there is a substantial
abundance of MM-B2 or MM-B1, which both agree well
with the experimental IRMPD spectrum. This is again
consistent with the Gibbs energy population analysis, which
predicts their relative populations to be 11 and 10%,
respectively. All conformers except for MM-B1 are predicted
to have large peaks in the region of 1500−1700 cm−1, but the
IRMPD intensity in this region is constrastingly low and flat.
The frequencies in this region correspond to bending modes of
the amino group. Because the amino group participates in the
H-bonding of the dimer and the potential along the proton
transfer coordinate is quite flat, we believe these modes to be
strongly anharmonic and harmonic analyses to be insufficient.
This anharmonicity is known to play a significant role in H-
bonding amino stretching in Lys2H

+,40,41 so it is plausible that
bending is also affected.
In order to shed more light on the discrepancies in the

region of 1500−1700 cm−1, a VPT2 anharmonic vibrational

Figure 1. Conformers of (a) Met2H
+, (b) MetTrpH+, and (c) Trp2H

+ with the lowest Gibbs energies at T = 300 K. The distances in angstroms of
possible H-bonds (blue dotted lines) and cation−π interactions (dotted green lines) are shown. The strength of these interactions is investigated in
our NCI analysis (Figures S4−S6 in the SI). The shorthand XY-SN denotes a dimer structure. X and Y are one-letter amino acid codes of the
protonated and unprotonated moieties, respectively. S is the structure type, which can be A, B, or Z. N is the index when sorted among structures of
the same type, with respect to electronic energy at the CBS-4M level of theory.

Figure 2. Electronic energy for Met2H
+ conformers relative to MM-

A1, calculated at three levels of theory. The geometries of all Met2H
+

conformers are available as Supporting Information (Figure S1 in the
SI).
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analysis was performed. The resulting spectra are shown as
dashed magenta lines in Figure 4. The anharmonic analysis of
MM-Z2 did not produce a sensible result. For abundant
conformers of types A and B, the anharmonic analyses indeed
predict flatter and less intense IRMPD spectra in the region of
1500−1700 cm−1. Furthermore, the VPT2 bands are red-
shifted compared to those predicted by the harmonic analysis.
Overall, the anharmonic treatment improves agreement with
the experiment.

It is interesting that the VPT2 bands of MM-B2 fit the
experimental spectra better than those of MM-A1, calling into
question whether MM-A1 is truly the most abundant. This can
point to the nonthermal population of conformers produced
upon ESI. Although this phenomenon was observed in
previous studies performed with other experimental setups,42

this scenario is very unlikely in our case. When the ions
accumulate in the linear ion trap of the ICR, multiple low-
energy collisions with the Ar buffer gas atoms occur, leading to
a thermalization of the ions. On the other hand, a relatively low
predicted abundance for the MM-B2 conformer might point to
deficiencies of the theoretical calculations.

Methionine−Tryptophan Dimers. The four most
abundant structures of MetTrpH+ at T = 300 K are shown
in Figure 1b. All structures shown are type A and, according to
our NCI analyses (Figure S5 in SI), are additionally stabilized
by a cation−π interaction between the amino group of the Met
moiety and the indole ring. A weak intermolecular interaction
exists between either the amino group (MW-A1, WM-A5) or
the α-H (MW-A2, MW-A3) of the protonated moiety and
carboxyl group. For the case when the Met moiety is
protonated, its side chain bends due to an H-bond between
the S and the amino group, similar to the Met2H

+ case. In
MW-A1, there is an additional cation−π interaction between
Met α-H and the phenyl part of the indole ring, making MW-
A1 the most stable structure by far.
Following the conclusion drawn from the Met2H

+ results,
the electronic energies of MetTrpH+ were calculated with
CBS-4M and are shown in Table 1. The Gibbs energies of
MetTrpH+ conformers were calculated, and the corresponding
relative abundances are shown in Figure 3b. As follows from
the figure, the MW-A1 conformer is the most abundant species
over a broad temperature range.
The IRMPD spectra of MetTrpH+ for different irradiation

energies are shown in Figure 5, together with harmonic
frequency analyses for the four most abundant conformers and
the most abundant conformers of types B and Z. The
experimental IRMPD spectra show that there is a large peak at
750 cm−1, substantially larger than the one at 995 cm−1.
According to the harmonic frequency analysis, all conformers
are predicted to have a peak near 750 cm−1, but only the three
most abundant conformers are predicted to have a peak near
995 cm−1, though of magnitude similar to that of the 750 cm−1

Figure 3. Temperature-dependent relative abundances for the eight most abundant (at 300 K) conformers of (a) Met2H
+, (b) MetTrpH+, and (c)

Trp2H
+, obtained with eq 1 by employing the CBS-4M method for calculating Gibbs energies. The relative abundances do not sum to exactly 1

because additional conformers were considered when calculating the thermodynamic partition function. Note that because conformers are indexed
by type and electronic energies, not by type and Gibbs energies, some low-index conformers, e.g., WM-A1, are not among the eight most abundant
conformers.

Figure 4. IRMPD spectra of Met2H
+. (a) The experimental IRMPD

spectra measured at different irradiation energies (black/wine/red
solid lines), with local maxima highlighted (green triangles) and
traced. The sum of predicted spectra of conformers weighted by
relative abundances from Figure 3a (blue line) is included for
comparison and offset to ease viewing. (b−e) Scaled harmonic
frequencies (solid blue lines) of individual conformers and their
relative abundance (blue text) obtained from eq 1. Predicted spectra
(solid black lines) were obtained by convoluting with a Gaussian
function with fwhm = 18.8 cm−1. The anharmonic VPT2 alternative
(dashed magenta lines) is included for comparison.
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peak. The experimental scan with high irradiation energy
revealed a peak at 1085 cm−1, which is present only for the
conformers of type A. As was the case for Met2H

+, the type-Z
conformer is predicted to have only a single peak in the region
of 1700−1800 cm−1. Therefore, it is unlikely to be significantly
populated, which is in line with the population analysis based
on eq 1. Again, we observe low and flat IRMPD intensity in the
region of 1500−1700 cm−1, but harmonic analyses predict
relatively intense peaks there. Anharmonic analyses were not

undertaken due to limitations on computational time, but we
hypothesize that the peaks in the region of 1500−1700 cm−1

would have become less intense, as they did for Met2H
+. The

harmonic analyses for the three most abundant conformers all
fit the experimental spectra adequately, which is consistent
with the populations obtained from the Gibbs energies using
eq 1.
It is interesting that despite the fact that in the most

abundant MetTrpH+ conformers the proton is located on the
Met moiety, as seen in Figure 1b, the IRMPD mass spectra of
MetTrpH+ do not show MetH+ fragments, only TrpH+. A
plausible explanation can be suggested on the basis of the
multiphoton nature of the IRMPD process. The successive
photon absorption is not instantaneous since it is determined
by the intramolecular vibrational energy redistribution time
scale. This implies that the dimer can undergo conformational
conversion such that the proton might migrate from Met to the
Trp moiety. Another explanation for this observation could be
that the TrpH+ + Met fragmentation channel is more
energetically favorable than MetH+ + Trp. In order to justify
this explanation, we calculated the energies of these channels as
the difference between the enthalpies at T = 300 K of the
corresponding fragments and the parent dimer assuming the
lowest-energy conformer, MW-A1. The enthalpies for MetH+,
TrpH+, Met, and Trp were found with the CBS-4M method
(single-point energy calculation) for which the geometries
were optimized at the B3LYP-GD3BJ/6-311++G** level of
theory. According to our calculations, the energies of the
TrpH+ + Met and MetH+ + Trp channels are 158 and 160 kJ
mol−1, respectively. Although the TrpH+ + Met channel is
indeed energetically more favorable, it is not likely that the
difference of only 200 J mol−1 explains the predominance of
the TrpH+ + Met fragmentation channel. Therefore, we believe
that the absence of the MetH+ fragment in the mass spectra
provides evidence for isomerization occurring during the
IRMPD process. Isomerization has been observed in the
IRMPD process for other ions,43,44 and thus it is not very
surprising that it also occurs for proton-bound dimers, which
have almost no barrier to proton transfer.45

Tryptophan−Tryptophan Dimers. The four most stable
structures of Trp2H

+ at T = 300 K are shown in Figure 1c.
They are all type A and are additionally stabilized by cation−π
as well as intermolecular H interaction, as is inferred from the
NCI analyses (Figure S6 in SI). In addition to the
characteristic H-bond of the type A structures, every structure
has a stabilizing weak interaction between either the amino
group (WW-A1, WW-A3, WW-A4) or the α-H (WW-A2) of
the protonated moiety and the carboxyl group. WW-A1 is set
apart from the rest by having three relatively strong stabilizing
cation−π interactions from each amino group to the indole N
on the other moiety.
The electronic energies of Trp2H

+ were calculated with
CBS-4M and are listed in Table 1. Two structures previously
reported,1 WW-CS1 and WW-CS4, are included among those
found by our conformational search. The Gibbs energies of
Trp2H

+ conformers were calculated, and the corresponding
relative abundances are shown in Figure 3c. It is interesting
that even though WW-A1 is the most stable at low
temperatures, WW-A2 becomes slightly more abundant at T
= 300 K. Such behavior can be explained in terms of entropy.
The many cation−π interactions in WW-A1 constrain the side
chains and limit the entropy, while the relative floppiness of
WW-A2 allows for a higher entropy. Our calculations show

Table 1. Relative Electronic Energies (EE) of the Most
Stable MetTrpH+ and Labeled Trp2H

+ Conformers,
Calculated with CBS-4Ma

conf. EE (kJ mol−1) conf. EE (kJ mol−1)

MW-A1 0.00 WW-A1 0.00
MW-A2 4.67 WW-A2 1.14
MW-A3 7.06 WW-A3 5.87
WM-A1 10.55 WW-A4 6.89
WM-Z1 14.98 WW-A5 15.10
WM-A2 15.76 WW-CS4b 21.26
WM-A3 15.77 WW-CS1b 21.49
WM-Z2 15.93 WW-A6 29.68
WM-A4 16.44 WW-Z1 31.33
WM-A5 17.41 WW-B1 40.43

aThe first letter in the dimer notation is the name of the amino acid
where the proton is located. The geometries of all MetTrpH+ and
Trp2H

+ conformers are available as Supporting Information (Figures
S2 and S3, respectively). bThese conformer structures were originally
found by Feng et al.1 and later provided to us upon request. They are
both type A, but we use their original name.

Figure 5. The same as for Figure 4, but for MetTrpH+ and without
VPT2. WM-Z1 and WM-B1 are ranked 5 and 16 in abundance,
respectively.
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that the entropy of WW-A1 is indeed 0.6kB (5 J mol−1 K−1)
lower than that of WW-A2.
For Trp2H

+, the seven most abundant conformers are type
A. Feng et al.1 have already asserted that the most abundant
conformers of Trp2H

+ are type A. The most stable conformer
found in the current article has electronic energy and Gibbs
energy 21.26 and 17.96 kJ mol−1 lower than those for WW-
CS4, which we find to be the most stable conformer among
those previously reported. To rule out the possibility that the
discrepancy between the findings of Feng et al. and our
findings is caused by using different numerical methods, we
also calculated electronic energies at the same level of theory.
Employing the M062X functional as used in ref 1, the
electronic and Gibbs energies of WW-A1 are still lower, by
22.97 and 20.29 kJ mol−1, respectively, than those of WW-CS1.
The IRMPD spectra of Trp2H

+ in the region of 950−1850
cm−1 for different irradiation energies are shown in Figure 6,

together with harmonic frequency analyses for the four most
abundant conformers. Due to issues arising from a
contaminant in the MS, IRMPD spectra below 950 cm−1

could not be obtained. Similar to the Met2H
+ and MetTrpH+

cases, there is reasonable agreement between observations and
theoretical predictions outside the region of 1500−1700 cm−1

for conformers of type A. WW-B1 can be ruled out because of
its predicted peak near 1700 cm−1 not seen in experimental
IRMPD spectra. WW-Z1 has only one peak in the carboxyl
region, i.e., 1700−1800 cm−1, while two peaks are actually
observed. We thus conclude that the structure of Trp2H

+ is
type A in the gas phase. Because the most stable structures are

all type A, their predicted IRMPD spectra are quite similar
(Figure 6b−e) and their relative abundances cannot be
inferred from the experimental IRMPD spectra unambigu-
ously. Nonetheless, employing abundances based on the Gibbs
energy analysis (eq 1), the combined theoretical spectrum
(blue line in Figure 6a) agrees reasonably well with the
experimental IRMPD spectrum.

■ CONCLUSIONS
In this article, we investigated the structure of Met2H

+,
MetTrpH+, and Trp2H

+ dimers. For this purpose, we
employed IRMPD spectroscopy in combination with theoreti-
cal calculations. On the basis of the comparison of the
observed IRMPD spectra with harmonic frequencies of low-
energy conformers, scaled by 0.980 to compensate for
anharmonicity, it is concluded for all three dimers that the
most abundant conformer is CS. For MetTrpH+ and Trp2H

+,
we further conclude that the most abundant conformers are
type A, but we cannot differentiate the most stable type A
conformers because their predicted spectra were quite similar.
In the absence of distinct conformer-specific spectral features,
the relative abundances of conformers calculated with eq 1
were used, where Gibbs energies are input parameters. The
conformer abundances obtained in such a way provide
reasonable agreement of the experimental IRMPD spectra
with the combined theoretical IR spectra.
To calculate the Gibbs energy, three methods were used for

the B3LYP-GD3BJ/6-311++G** optimized geometries:
B3LYP, CBS-4M, and G4MP2. It was found that CBS-4M
behaved similarly to G4MP2 for Met2H

+ while being
significantly cheaper and was therefore utilized for all energy
calculations. It was also found that B3LYP underestimates the
energies of the type-Z conformers.
Trp2H

+ was studied previously by Feng et al.1 Our results for
Trp2H

+ confirm that the most stable structure of Trp2H
+ is

type A but includes five more stable structures, of which the
most stable has electronic energy and Gibbs energy that are
21.26 and 17.96 kJ mol−1 lower than the most stable among
those previously reported.
The harmonic frequency analyses adequately describe most

of the observed IRMPD features with the exception of those in
the region of 1500−1700 cm−1, where the experimental
IRMPD features are rather weak and flat. The harmonic
analyses assign these peaks to amino bending vibrational
modes and overestimate their intensities. We believe these
modes to be anharmonic because they involve hydrogen bonds
between amino groups, and the potential for proton hopping
between the two moieties is rather flat. Anharmonic analyses
using VPT2 improves the agreement with the experimental
data in the region of 1500−1700 cm−1, with the notable
exception of MM-Z2, for which VPT2 does not produce a
sensible result.
As mentioned in the Introduction, the aim of this study was

to understand how the side chains stabilize. The cation−π
interaction is seen for Trp2H

+ between the indole ring and any
sufficiently positive hydrogen, e.g., those adjacent to N and α-
H, though the latter is rather uncommon. S···H bonding in
Met2H

+ is concluded to occur between S and protonated
amino groups. For the MetTrpH+ heterodimer, side chain
stabilization occurs through both. If the Met moiety amino
group is protonated, then it interacts with (in order of
decreasing NCI index ρ) the Trp amino group, S, and the
indole ring. Otherwise, in many structures including the most

Figure 6. The same as for Figure 4, but for Trp2H
+ and without

VPT2. WW-Z1 and WW-B1 are ranked 8 and 9 in abundance,
respectively.
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abundant, the protonated Trp amino group interacts only with
the Met amino and carboxyl group, and the S does not
participate in a significant interaction.
Tryptophan and proline may be remarkable counter-

examples to the empirical rule which states that the stability
of SB structures of homodimers increases with the PA of the
monomer.8 The uncertainty lies in which of those amino acids
have the greatest PA because they are not consistently ranked
across works. (See ref 30 and references therein.) The same
can be said for methionine and proline. We speculate that
while the PA of an amino acid is a mostly reliable indicator for
whether the homodimer structure is SB, other properties, e.g.,
side chains, affect the structure type when the PA is “on the
fence”. This seems to be the case for amino acids which lie
near proline on the PA scale.10

In the future, we plan to investigate diastereomer-specific IR
features of homo- and heterochiral amino acid dimers. Such
studies are essential to developing analytical tools for
characterizing the sample enantiomeric purity. The very recent
studies on proton-bound glutamic acid dimers have demon-
strated the experimental evidence for the chiral recognition of
amino acid dimers from their IR spectra.11 Furthermore, we
have recently reported similar studies on different amino acid
dimers from theoretical perspectives, which has also verified
the potential of this approach.46 The results presented in this
article were obtained for homochiral dimers, and thus they can
readily complement our envisioned studies.
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