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a b s t r a c t

The structures of Gly3·X−, Ala3·X− and Leu3·X− (X = Cl, Br and I) are investigated with computational
chemistry and infrared multiple-photon dissociation (IRMPD) spectroscopy. Low-energy structures cal-
culated at the B3LYP/6-31+G** level of theory (or with the CRENBL basis set and effective core potential
implemented for Br and I) for these complexes have similar structural motifs in which the halide anion
binds to the peptide via hydrogen bonds at amide, amine, and/or carboxylic acid H atoms. The IRMPD
spectra do not depend significantly on anion identity. Comparisons between measured spectra and those
calculated for low-energy structures of each of the chloridated complexes indicate that all three com-
plexes have similar binding motifs. These results suggest that the size of the alkyl side chain does not
significantly influence how halide anions bind to these peptides. The coordination geometries of Gly3·X−

and Ala3·X− are “inverted” compared to those for the Na+ cationized peptides, where the peptides coordi-
nate to Na+ via lone pair electrons of O and N atoms. The “inversion” in structures between Ala3·Na+ and
Ala3·X− results in greater steric hindrance for some geometries of the latter. There is a subtle blue shift in
the C-terminal C O stretch frequency with increasing halide anion size for each peptide, consistent with
contributions from Stark and charge transfer effects. In contrast, the N H bends red shift with increasing
halide anion size, which can only be attributed to the charge transfer effect. This is the first report of IR
spectra of peptides complexed with anions, and these results provide insights into anion-peptide binding
interactions.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Ions and their interactions with amino acids, peptides and
proteins are important in many biological processes, such as pH
regulation [1,2], protein structure and complex assembly [3,4],
uptake of amino acids by bacteria [5] and neuron signaling [6].
For example, Ca2+-gated Cl− channels regulate the conductance
of olfactory receptors [7–10]. Investigating how ions interact with
biomolecules in solution can be difficult because of the complex
environment consisting of the biomolecules and ions of interest
as well as ubiquitous counter ions, solvent molecules and impuri-
ties. In the gas phase, specific ion-biomolecule complexes can be
isolated by mass spectrometry and probed using a wide variety of
structurally informative techniques.

∗ Corresponding author. Tel.: +1 510 643 7161; fax: +1 510 742 8369.
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Information about ion-biomolecule interactions can be
obtained from fragmentation [11–16], ion-mobility [17–20]
and spectroscopy experiments [21–43]. Infrared multiple-photon
dissociation (IRMPD) spectroscopy studies have provided detailed
information about structures of many amino acids and peptides
as well as their complexes with ion adducts [22–43]. The size of
the cation adducts can influence how the amino acid coordinates
to the ion as well as the relative stabilities between zwitterionic
and nonzwitterionic forms of amino acids [30–37]. These types of
studies provide a fundamental understanding of how ions interact
with amino acids and affect their structures in the absence of
competing effects from counterions or solvent molecules.

The interactions between anions and amino acids have been
the subject of fewer studies [42–47], in contrast to the more
widely investigated interactions of cations with amino acids or
peptides. A zwitterionic form of Arg can be stabilized by the
attachment of an excess electron [45,46] or by complexation with
halide anions [42–44]. The zwitterionic form of Gly was calcu-
lated to be metastable when the dianion of oxalic or malonic
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acid is adducted [47]. IRMPD studies of anions and amino acids
have been reported [42,43] and provide valuable insights into
the spectroscopy of these complexes. However, more complicated
interactions between anions and peptides have yet to be charac-
terized spectroscopically.

Here, we report the first IRMPD spectra of Gly3·X−, Ala3·X− and
Leu3·X−, X = Cl, Br and I, in combination with calculated low-energy
structures and their relative Gibbs free energies (298 K). The rela-
tive energies as well as comparisons between the IRMPD spectra
and the simulated spectra of low-energy structures are used to
determine the most stable conformers. These results provide useful
insight into how the size of alkyl side-chains affect the structure of
peptides with anion adducts and are the first reported spectra of
anions bound to peptides.

2. Computational and experimental methods

2.1. Computational

Separate conformational searches for Gly3·Cl− and Ala3·Cl−

were performed using Macromodel v. 9.8 with MMFFs to generate
at least 6000 low-energy structures. These initial geometries were
grouped into families based on similar backbone and hydrogen-
bonding motifs, and a representative structure from each family
was selected for quantum mechanical optimization using Q-Chem
v. 4.0 [48] at the B3LYP/6-31+G** level of theory. Zero-point
energies and 298 K enthalpies and entropies were computed
using unscaled harmonic oscillator vibrational frequencies calcu-
lated at the same level of theory. Initial geometries for Leu3·Cl−

were generated by side chain substitution for the three lowest-
energy structures of Ala3·Cl−. Quantum mechanical optimization
for Leu3·Cl− was also done at the B3LYP/6-31+G** level of the-
ory. Low-energy structures for Gly3·Cl−, Ala3·Cl− and Leu3·Cl−

were used to generate starting structures for the brominated and
iodated peptide complexes by replacing the Cl atom with Br or
I, respectively. Quantum-chemical calculations for each peptide
with Br− and I− adducted were performed with the B3LYP den-
sity functional and the 6-31+G** basis set for each atom except
Br and I, for which the CRENBL basis set and effective core poten-
tial were used. Simulated spectra were generated using harmonic
frequencies scaled by a factor of 0.975 and convolved with a
full width half maximum (fwhm) Gaussian profile of 40 cm−1

[40,42].

2.2. Experimental

All experimental spectra were measured using a 4.7 T Fourier-
transform ion cyclotron resonance (FT/ICR) mass spectrometer
coupled with a free electron laser (FELIX), which generates tunable
infrared radiation between 900 and 1900 cm−1 [49]. A description
of the instrument and experimental parameters is given elsewhere
[50]. The halidated peptide complexes were generated by electro-
spray ionization with methanol/water (∼85/15) solvent and flow
rates of 5–10 �L min−1. Solutions of peptides with sodium halide
salts were prepared at 1–2 mM concentrations for both compo-
nents. Ions are accumulated for ∼5 s in a hexapole linear trap
for collisional and radiative cooling prior to injection into the
mass spectrometer. Ions that are trapped in the ion cell of the
mass spectrometer are isolated with a stored waveform inverse
Fourier-transform before they are irradiated by photons from FELIX
(typically for ∼3 s). First order rate constants are calculated from the
precursor and product abundances and are corrected for frequency
dependent variations in laser power [51].

Fig. 1. Low-energy structures for Gly3·Cl− (top) and lowest-energy structures of the
endo carboxylic acid and zwitterionic forms (bottom) calculated at the B3LYP/6-
31+G** level of theory (relative 298 K Gibbs free energy in kJ mol−1).

3. Results and discussion

3.1. Calculated structures and relative Gibbs free energies (298 K)

3.1.1. Gly3·Cl−

The binding motifs of model aliphatic tripeptides to Cl− were
investigated at the B3LYP/6-31+G** level of theory. The three
lowest-energy structures for Gly3·Cl− are shown at the top of Fig. 1
(Gly3A–C). The anion can coordinate to Gly3 through hydrogen
bonds (HBs) with the amides, carboxylic acid or the N-terminus.
In the lowest-energy structure, Gly3C, Cl− hydrogen bonds to the
two amide H atoms as well as the carboxylic acid, and the N-
terminus forms a HB to the adjacent amide carbonyl O atom. In
Gly3B (+7 kJ mol−1 in Gibbs free energy at 298 K), a HB with an
amide H atom is displaced by a HB with the N-terminus. A fourth
HB to Cl− (Gly3A, +5 kJ mol−1) does not result in additional stabi-
lization. These results indicate that Gly3 forms at least three HBs
to Cl−, and that any energy gained by forming a fourth HB to the
anion is similar to that of forming an intramolecular HB.

The carboxylic acid groups in Gly3A–C are in an exo conforma-
tion, where the acidic H atom is trans relative to the carbonyl O
atom. The lowest-energy structure with an endo carboxylic acid,
Gly3D, in which the acidic H atom is cis relative to the carbonyl
O atom, has only two HBs to Cl− via the N- and C-termini. This
structure is 23 kJ mol−1 higher in Gibbs free energy compared to
the lowest-energy exo structure. Endo structures with a greater
number of HBs to Cl− were even higher in energy, and these results
suggest that it is unfavorable for Gly3·Cl− to adopt a structure with
an endo carboxylic acid.

Structures in which Gly3 is zwitterionic were also investigated,
and the lowest-energy zwitterionic structure (Gly3E) is cyclic,
where both Cl− and the carboxylate interact with the proton-
ated N-terminus. Gly3E is 44 kJ mol−1 higher in Gibbs free energy
than Gly3C, indicating that zwitterionic structures are unfavorable
compared to charge-solvated structures. Based on the calculated
energies, Gly3·Cl− is likely to adopt a charge-solvated exo struc-
ture. The energy differences between Gly3A–C are relatively small,
indicating all three structures may exist at room temperature.
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Fig. 2. Low-energy structures for Ala3·Cl− (top), lowest-energy structures of the
endo carboxylic acid and zwitterionic forms (middle) as well as diastereoisomers
of low-energy structures (bottom) calculated at the B3LYP/6-31+G** level of theory
(relative 298 K Gibbs free energy in kJ mol−1).

Low-energy structures reported for Gly3·Na+ [39,40] are similar
to those found for Gly3·Cl−, but the coordination of the peptide to
the corresponding ion is “inverted.” The peptide coordinates to Cl−

via HBs, whereas Na+ coordinates to the lone pairs of the carbonyl
O atoms and the N-terminus. In this respect, Gly3A and Gly3C are
“inversions” of low-energy structures GGG-Na+1 and GGG-Na+3,
respectively, previously reported by Balaj et al. [39]. As is the case
for Gly3Cl−, three-coordinate structures for Gly3·Na+ are lower in
energy than those that are four-coordinate.

3.1.2. Ala3·Cl−

To determine the effect of side chain size on anion coordina-
tion, low-energy structures for Ala3·Cl− and their relative Gibbs
free energies at 298 K (Fig. 2, top) were calculated. The hydrogen-
bonding motifs and relative energies for Ala3A–C are similar to
those for Gly3A–C, respectively. Ala3C is lowest in energy, but Ala3A
and Ala3B are energetically competitive (within 4 kJ mol−1). Ala3D,
the lowest-energy endo structure, and Ala3E, the lowest-energy
zwitterionic structure, (Fig. 2, middle) are 20 and 40 kJ mol−1,
respectively, higher in Gibbs free energy than Ala3C. Based on
the calculated relative energies for Ala3·Cl− and Gly3·Cl−, both
complexes adopt similar structures, indicating that the larger side
chain has little effect on anion coordination to Ala3. As was the
case for Gly3·Cl−, low-energy structures for Ala3·Cl− are “inverted”

Fig. 3. Structures for Leu3·Cl− calculated at the B3LYP/6-31+G** level of theory (rel-
ative 298 K Gibbs free energy in kJ mol−1). Initial geometries for Leu3·Cl− were
generated by side chain substitution for the three lowest-energy structures of
Ala3·Cl− .

compared to those for Ala3 with Na+ and other alkali ion adducts
[39,40].

The anion in Ala3·Cl− is a stereocenter, where the HBs between
Cl− and the peptide are analogous to covalent bonds. Initial geome-
tries for diastereoisomers of Ala3A–C were formed by changing the
chirality of the anion. Geometry optimizations were performed,
resulting in structures Ala3Ad–Cd (Fig. 2, bottom). Ala3Ad is only
11 kJ mol−1 higher in energy compared to the lowest-energy struc-
ture (Ala3C), whereas Ala3Bd and Ala3Cd are >30 kJ mol−1 higher
in energy compared to Ala3C. Thus, it is unlikely that Ala3Bd and
Ala3Cd have significant contributions to the ion population. The
relative enthalpies of low-energy structures for Ala3·Na+ and their
diastereoisomers are within ≤10 kJ mol−1 of each other [39]. The
high relative Gibbs free energies for Ala3Bd and Ala3Cd are due
to the steric interactions between the methyl side chains and the
amide O atoms. In contrast, the analogous steric effect for Ala3·Na+

is between the methyl groups and the relatively small amide H
atoms.

3.1.3. Leu3·Cl−

Low-energy structures for Ala3·Cl− (Ala3A–C) were modified to
create initial geometries for Leu3·Cl− by changing the side chain.
The resulting structures for Leu3·Cl− only change slightly upon
geometry optimization (Leu3A–C, Fig. 3) and maintain the same
structural motifs as Gly3·Cl− and Ala3·Cl−. Leu3A and Leu3C are
essentially isoenergetic, and Leu3B is 8 kJ mol−1 higher in Gibbs
free energy (298 K). In summary, these results indicate that increas-
ing steric hindrance of the alkyl side chains does not significantly
change the relative energies or hydrogen-bonding motifs of low-
energy structures for these complexes.

3.2. Spectroscopy of chloridated tripeptides

IR photodissociation of Gly3·Cl−, Ala3·Cl− and Leu3·Cl− results in
the formation of the deprotonated tripeptide by loss of HCl as well
as fragmentation to form the deprotonated amino acid. The IRMPD
spectrum of each complex was measured from 1000 to 1850 cm−1

(Fig. 4). There are four features in the region between 1500 and
1800 cm−1 at ∼1520, ∼1625, ∼1690, and ∼1760 cm−1 with fre-
quencies close to bands reported for Li+, Na+, K+ and Cs+ adducted
to Gly3 and Ala3 [39–41]. The band near 1760 cm−1 corresponds
to the carbonyl stretch of the C-terminus [28,31,32,37,39–42,52].
The bands that occur near 1520 and 1690 cm−1 correspond to the
amide II (N H bends) and I (carbonyl C O stretch) vibrational
modes, respectively [39–41]. The absence of an asymmetric stretch
of a carboxylate group near 1650 cm−1 indicates that there is not
a significant zwitterionic population [26–28,31–38,42], consistent
with a ∼40 kJ mol−1 higher Gibbs free energy calculated for the
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Fig. 4. IRMPD spectra of Gly3·Cl− , Ala3·Cl− , and Leu3·Cl− at 298 K. Arrows indicate
features corresponding to the amide II (N H bends), N-terminal NH2 scissor, amide
I (C O stretch), and C-terminal C O stretch vibrational modes near 1520, 1625,
1690, and 1760 cm−1, respectively. Horizontal dashed lines indicate a vertical offset.
Vertical dashed lines serve as a guide for the eye.

zwitterionic forms of Gly3·Cl− and Ala3·Cl−. The amide I band as
well as the NH2 scissor mode at ∼1625 cm−1 could overlap with the
carboxylate asymmetric stretch and obscure contributions from a
minor population of zwitterionic structures.

Spectra of Glu·X− (X = Cl, Br, I) [42] have relatively strong absorp-
tions near 1375 cm−1 corresponding to the hydroxyl O H bends
of the carboxylic acid of the side chain and the C-terminus. For
Ala3·Cl− and Leu3·Cl−, the only band of comparable intensity in this
region of the spectrum is at ∼1325 cm−1, indicating that this feature
corresponds to the hydroxyl O H bend of the C-terminal carboxylic
acid. Although there is a band at 1329 cm−1 in the spectrum of
Gly3·Cl−, there are also bands of comparable intensity at 1243 and
1285 cm−1. For Gly3·Na+, a broad feature was observed by Balaj
et al. at 1160 cm−1 that corresponds to the C-terminal carboxylic
acid O H bend, whereas bands for N H and CH2 bends occur from
1210 to 1290 cm−1 [39]. A large shift in the hydroxyl O H bend
is expected between the spectra of Gly3·Cl− and Gly3·Na+ due to
the difference in frequency of this mode for an exo vs. endo car-
boxylic acid whereas the N H and CH2 bends are expected to shift
only slightly. Thus, the band for Gly3·Cl− at 1329 cm−1 is likely the
hydroxyl in-plane O H bend, and the bands at 1243 and 1285 cm−1

are attributed to N H and CH2 bending modes.

3.3. Comparisons between experimental and calculated spectra

3.3.1. Gly3·Cl−

The IRMPD spectrum and calculated spectra for low-energy
structures of Gly3·Cl− are shown in Fig. 5. The carbonyl C O
stretches of the C-terminus occur near 1750 cm−1 for Gly3A–D,
in good agreement with the band at 1754 cm−1 in the IRMPD
spectrum. In contrast, the calculated spectrum of Gly3E has a
carboxylate asymmetric stretch that occurs near 1650 cm−1. The
hydroxyl O H bend is calculated to occur at ∼1325 cm−1 for struc-
tures with an exo carboxylic acid (Gly3A–C), in good agreement
with the band in the IRMPD spectrum at 1329 cm−1. This vibra-
tional mode for an endo carboxylic acid (Gly3D) is at ∼1160 cm−1,
a region where no significant dissociation occurs. Neither spectra
for Gly3D nor Gly3E are a good match to the IRMPD spectrum.

Fig. 5. Comparison of the IRMPD and calculated spectra for Gly3·Cl− . All calculations
were performed at the B3LYP/6-31+G** level of theory and differences in Gibbs free
energies (at 298 K) are in kJ mol−1.

The calculated spectra for Gly3A–C are similar, having only sub-
tle differences that reflect only slight changes in the coordination
of Cl− to the peptide. For Gly3A and Gly3C, the amide N H bends
couple, resulting in a relatively intense band near 1550 cm−1 and a
weaker band near 1575 cm−1. In contrast, the coupled N H bends
for Gly3B are calculated to be between 1500 and 1550 cm−1 and
have similar intensities. The relative intensities for Gly3A and Gly3C
are more similar to the peak at 1523 cm−1 in the measured spec-
trum, which has a shoulder at ∼1560 cm−1, but the calculated bands
are at slightly higher frequency compared to both Gly3B and the
measured spectrum. The calculated spectra for Gly3A–C also have
bands corresponding to backbone CH2 twists and scissor modes
near the same frequencies as the bands at 1243 and 1421 cm−1,
respectively, in the IRMPD spectrum. There are several coupled
backbone vibrations with calculated frequencies near 1300 cm−1,
which overlap well with the feature at ∼1285 cm−1 in the mea-
sured spectrum. The calculated spectra for Gly3A and Gly3C are
most consistent with the IRMPD spectrum, but contributions from
Gly3B cannot be ruled out. These results indicate that it is likely
that all three structures are present in the ion population.
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Fig. 6. Comparison of the IRMPD and calculated spectra for Ala3·Cl− . All calculations
were performed at the B3LYP/6-31+G** level of theory and differences in Gibbs free
energies (at 298 K) are in kJ mol−1.

3.3.2. Ala3·Cl−

As was the case with Gly3·Cl−, the C-terminal carbonyl C O
stretches of charge-solvated structures for Ala3·Cl− are calculated
to occur near 1750 cm−1, in good agreement with the band at
1759 cm−1 in the IRMPD spectrum (Fig. 6). In contrast, there is
no feature near 1650 cm−1 of comparable intensity to the car-
boxylate asymmetric stretch calculated for Ala3E. The hydroxyl
O H bend of the C-terminus is calculated for Ala3A and Ala3C to
be at 1315 and 1324 cm−1, respectively, in good agreement with
the band at 1322 cm−1 in the IRMPD spectrum. The correspond-
ing band in Ala3B (1344 cm−1) is slightly higher in frequency. The
observed band at 1153 cm−1 is assigned to the methyl rocking
motions, which are calculated to occur near 1150 cm−1. This fea-
ture potentially overlaps with the O H bend of an endo carboxylic
acid calculated to be at ∼1170 cm−1 for Ala3D, obscuring poten-
tial contributions from this structure. Methyl umbrella and scissor
motions also occur near 1375 and 1425 cm−1, respectively, for each
structure, and are in good agreement with the bands that appear
near these frequencies in the IRMPD spectrum. The spectra of Ala3A
and Ala3C most closely match the measured spectrum, although

contributions from Ala3B cannot be ruled out. In contrast, Ala3D
and Ala3E are unlikely to have significant populations based on
both calculated energies and poor match to the IRMPD spectrum.

3.3.3. Leu3·Cl−

Calculated spectra for Leu3A–C (Fig. 7) each contain relatively
intense bands corresponding to the hydroxyl O H bend, the amide
N H bends, amide C O stretch, and the C-terminal C O stretch
near 1300, 1550, 1675 and 1750 cm−1, respectively. These calcu-
lated frequencies are in good agreement with the bands in the
IRMPD spectrum (Fig. 7), but Leu3A and Leu3C are in better agree-
ment than Leu3B. The relative energies of Leu3A and Leu3C are
nearly the same, indicating that both structures likely contribute
to the ion population, but contributions from Leu3B cannot be
ruled out. The calculated vibrational modes of the side chain methyl
groups are near 1375 and 1425 cm−1. The IRMPD spectrum has two
bands at∼1375 and another two centered at∼1425 cm−1, and these
are likely due to the coupling between the two methyl groups of
each side chain.

3.4. IRMPD spectra and calculations for Gly3·X−, Ala3·X−, and
Leu3·X− (X = Cl, Br, and I)

The coordination of an ion adduct to an amino acid [30–37]
or peptide [22,23,38] can depend on ion size. IRMPD spectra for
Gly3·X−, where X = Cl, Br, and I, are nearly identical in the region
from 1200 to 1400 cm−1, and each spectrum has analogous bands
between 1400 and 1900 cm−1, albeit with slight shifts in frequency
with changing halide anion size (Fig. 8, left). The NH2 scissor and
C-terminal carbonyl C O bands appear at 1631 and 1768 cm−1,
respectively, for Gly3·I− and are shifted to the blue by ∼20 and
∼15 cm−1, respectively, compared to the corresponding band fre-
quencies measured for Gly3·Cl−. In contrast, the amide N H bends
are red shifted by ∼5 cm−1 from Gly3Cl− (1520 cm−1) to Gly3·I−
(1515 cm−1). This change in frequency is subtle, but it is also
observed for Ala3·X− and Leu3·X− (Fig. 8, middle and right). In addi-
tion, there is a red shift in the corresponding feature for Ala3·M+

with increasing ion adduct size [40], though the change in fre-
quency is greater for cationized vs. anionized Ala3. The amide
carbonyl C O stretch (1691 cm−1) and the backbone CH2 bends
(1421 cm−1) for Gly3·X− do not change with anion size.

There are subtle shifts in the N H bends and the C-terminal car-
bonyl C O stretch frequencies in the calculated spectra of Gly3A–C
with the different anions (Fig. S1), in good agreement with the
IRMPD spectra. In contrast, the NH2 scissor mode is calculated
to red shift with increasing halide anion size whereas this band
blue shifts in the measured spectra, and this discrepancy is not
clearly understood. The similarities between the IRMPD spectra
for Gly3·X− indicate that all three complexes adopt similar con-
formations, and that the anion size does not significantly affect the
structure of the complex. Gly3A–C have similar Gibbs free energies
for each of the different anions (Table 1), and the calculated spec-
tra of Gly3A and Gly3C are most consistent with the corresponding
measured spectra, although all three structures could likely exist
for Gly3·X−.

As was the case for Gly3·X−, the spectra for Ala3·X− and Leu3·X−

for the same peptide are similar, indicating that conformations
adopted by Ala3 and Leu3 do not change substantially with the
size of the anion adduct. The calculated spectra of structures A
and C for Ala3 and Leu3 with the different anions (Figs. S2 and S3,
respectively) are in best agreement with the corresponding IRMPD
spectrum, although contributions from structure B cannot be ruled
out. There are only minor shifts in band frequencies (<30 cm−1)
with anion size in the measured spectra. The N-terminal NH2 scis-
sor motion and the C-terminal C O stretch features shift to higher
frequencies going from Cl− to I− whereas the amide N H bends
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Fig. 7. Comparison of the IRMPD and calculated spectra for Leu3·Cl− . All calculations were performed at the B3LYP/6-31+G** level of theory and differences in Gibbs free
energies (at 298 K) are in kJ mol−1.

move to lower frequencies as the anion size increases. Similar shifts
with increasing halide anion size occur in the calculated spectra
for Ala3A–C and Leu3A–C for the amide N H bends and the C-
terminal C O stretch, but the opposite trends occur for the NH2
scissor modes between the calculated and the measured spectra.

Shifts in band frequencies with anion size can be attributed to
either a charge transfer or Stark effect. Charge transfer can occur
because the anion donates electron density to a nearby bond, which
results in a change in bond strength. The vibrational frequencies
of these bonds can either blue or red shift from an unperturbed
oscillator depending on the orbital into which the electron density
is donated [53–55], and the extent of charge transfer depends on the
anion size. The electric field of an ion can extend to long distances

and can also change the vibrational frequencies of functional groups
remote from the ion, i.e., a Stark shift. This effect has been observed
for the O H oscillators of water molecules at the surface of hydrated
ions [56,57] as well as the carbonyl C O stretch for halidated Glu
[42].

For Gly3, Ala3, and Leu3 bound to Cl−, the C-terminal C O stretch
frequency is red shifted from the corresponding band for neutral
acetic acid (∼1780 cm−1) [58]. Anions coordinated to amino acids
and peptides are closer to the carbonyl C atom than the O atom, and
this arrangement results in the favorable alignment of the dipole
moment of the carbonyl C O bond and the anion’s electric field.
This favorable alignment causes a Stark shift in the C O stretch
frequency, which results in a red shift compared to the frequency

Fig. 8. IRMPD spectra (298 K) of Gly3·X− , Ala3·X− , and Leu3·X− , where X = Cl, Br, and I. Horizontal dashed lines indicate a vertical offset.
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Table 1
Calculated relative Gibbs free energies (298 K) in kJ mol−1 for low-energy structures
of Gly3·X− , Ala3·X− , and Leu3·X− , where X = Cl, Br, and I. All calculations were per-
formed with the B3LYP functional. The CRENBL effective core potential and basis set
were used for Br and I, and the 6-31+G** basis was used for all other elements.

Cl− Br− I−

Gly3A +5 +3 0
Gly3B +7 +5 +3
Gly3C 0 0 +2

Ala3A +3 +4 +3
Ala3B +4 +7 +3
Ala3C 0 0 0

Leu3A 0 +6 +6
Leu3B +8 +5 +5
Leu3C +0.5 0 0

of an unperturbed oscillator [42,56,57]. As the size of the anion
adduct increases, contributions from the Stark effect diminish and
the frequency of the C O stretch approaches that of neutral acetic
acid, i.e., there is a blue shift with increasing anion size. The extent
to which a charge transfer or Stark effect contribute to these shifts
is unknown.

The N-terminus in structures A and B for Gly3, Ala3, and Leu3
donates a HB to the anion adduct such that there is favorable align-
ment between the dipole of the amine N H bonds and the anion’s
electric field. A Stark effect would result in a blue shift in the fre-
quency of the NH2 scissor mode with increasing ion size for these
structures, consistent with experimental spectra. In contrast, the
N-terminus in Gly3C, Ala3C, and Leu3C is oriented such that the
dipole of the amine N H bonds and the anion’s electric field are
unfavorably aligned, which would result in a red shift with increas-
ing ion size. Because structures A and C are both likely to be present,
the shift in the NH2 scissor normal mode is likely due to a charge
transfer effect.

The dipoles of the amide N H bonds are favorably aligned with
the anion’s electric field for Gly3A–C, Ala3A–C, and Leu3A–C. The
features corresponding to the amide N H bends shift to lower fre-
quencies with increasing ion size, but this trend opposite to what
would be expected for a Stark shift. Thus, the change in frequency
of these vibrational modes can only be attributed to the charge
transfer effect.

4. Conclusion

IRMPD spectra were measured for Gly3·X−, Ala3·X− and Leu3·X−

(where X = Cl, Br and I). For each peptide, spectra appear nearly
identical, albeit with slight differences in frequency for some
spectral features, indicating that each peptide adopts similar con-
formations that do not depend significantly on anion size. These
results are also supported by theory. Comparisons between mea-
sured spectra and those calculated for low-energy structures of
Cl− adducted to Gly3, Ala3 and Leu3 indicate that all three com-
plexes adopt the same binding motifs and that the size of the
alkyl size chain has little influence on coordination patterns. Low-
energy structures for Gly3·X− and Ala3·X− are “inverted” compared
to those for Gly3·Na+ and Ala3·M+ (M = Li, Na, K, Cs), respectively
[39,40]. The “inversion” in coordination between Ala3·M+ and
Ala3·X− results in greater steric hindrance for some structures for
the latter. The bands for the C-terminal C O stretch blue shift with
increasing size of the anion adduct whereas the amide N H bend
features red shift as the size of the ion adduct increases. The former
is consistent with contributions from both Stark and charge trans-
fer effects whereas the latter can only be explained by the charge
transfer effect. These results provide insight into anion-peptide
interactions and whether or not steric effects due to the alkyl groups
of aliphatic amino acids influence halide coordination.

Supporting information

Calculated spectra for low-energy structures for Gly3·X−, Ala3X−

and Leu3X− (X = Cl, Br and I), can be found in supporting informa-
tion.
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