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The proton- and the sodium ion-bound glycine homodimers are studied by a combination of infrared multiple
photon dissociation (IRMPD) spectroscopy in the N—H and O—H stretching region and electronic structure
calculations. For the proton-bound glycine dimer, in the region above 3100 cm™!, the present spectrum agrees
well with one recorded previously. The present work also reveals a weak, broad absorption spanning the
region from 2650 to 3300 cm™!. This feature is assigned to the strongly hydrogen-bonded and anharmonic
N—H and O—H stretching modes. As well, the shared proton stretch is observed at 2440 cm™!. The IRMPD
spectra for the proton-bound glycine dimer confirms that the lowest energy structure is an ion—dipole complex
between N-protonated glycine and the carboxyl group of the second glycine. This spectrum also helps to
eliminate the existence of any of the higher-energy structures considered. The IRMPD spectrum for the sodium
ion-bound dimer is a much simpler spectrum consisting of three bands assigned to the O—H stretch and the
asymmetric and symmetric NH, stretching modes. The positions of these bands are very similar to those
observed for the proton-bound glycine dimer. Numerous structures were considered and the experimental
spectrum agrees with the B3ALYP/6-31+G(d,p) predicted spectrum for the lowest energy structure, two bidentate
glycine molecules bound to Na™. Though some of the structures cannot be completely ruled out by comparing

the experimental and theoretical spectra, they are energetically disfavored by at least 20 kJ mol~".

1. Introduction

It has been well documented that neutral amino acids in the
condensed phase are zwitterionic! whereas in matrix isolation
experiments? or in the gas phase,>™> the nonzwitterionic form
is dominant. Previous work on gaseous neutral glycine has
shown that its zwitterion is not even a local minimum on its
potential energy surface.® However, recent studies have inves-
tigated ways to induce the isomerization of gas phase amino
acids from their neutral nonzwitterionic form to their zwitterionic
state. Jensen et al.” introduced an approach whereby the addition
of water molecules to such systems could aid the transition,
and they demonstrated that a local minimum for the glycine
zwitterion is created through interactions with two water
molecules. From this success, further attempts were made to
mimic an aqueous solution with the intention of favoring the
zwitterionic form. This concept of microsolvation®~!° continues
to remain a prominent interest for the hydration chemistry of
various gas phase systems.

Protonation reactions, shown to be vital for biological
processes such as enzyme catalysis,'! can occur in aqueous
solutions containing amino acids and alter the system’s con-
formational structure. Gaseous protonated amino acids (includ-
ing protonated clusters),!>”16 those which are metal-cation
associated, 019 or radical cations?® have received much attention
recently from the viewpoint of structure and thermochemistry.
Such information is important for a clear understanding of a
variety of biological processes. Comparing ab initio and/or
density functional theory (DFT) calculations with experimental
results obtained through infrared multiple-photon dissociation
(IRMPD) can provide information such that structures can be
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determined and evaluated. IRMPD spectroscopy has also been
used very recently to investigate the effect of alkali cation size
on producing a stable salt bridge (zwitterionic) form as opposed
to a charge solvated (canonical) version.?!=2* The preference
for charge solvation is believed to be reduced by a strong
electrostatic interaction created between the metal cation and
the dipole of the zwitterion. Earlier blackbody induced radiative
dissociation (BIRD) studies have indicated that the addition of
smaller cations to arginine favors charge solvated conformations,
whereas the addition of larger metals stabilizes the salt bridge
conformer.?’ BIRD studies also showed that only a few water
molecules were necessary for alkali metal ion-bound valine6-27
to adopt the zwitterionic structure. In a similar fashion, Bush
et al.?® most recently discovered that when lithiated arginine
cation complexes with a single water molecule the zwitterion
is the favored structure. Although these examples have
revolved around the addition of alkali cations, it has
previously been demonstrated that the study of proton-bound
dimers can also provide interesting insight into this amino
acid isomerization. Rajabi and Fridgen? found that the
homogeneous proton-bound dimers of glycine, alanine and
valine, as well as the mixed glycine/alanine proton bound
dimer were nonzwitterionic. Furthermore, they demonstrated
through IRMPD and DFT calculations that the structures most
resembled an ion—dipole complex where the protonated amino
acid interacts with the carbonyl end of the neutral amino acid,
as was previously shown by a combination of thermochemical
studies and DFT calculations.'> Wu and McMahon* similarly
demonstrated that the glycine molecules in the homogeneous
proton-bound dimer were not zwitterionic, but they did provide
results that presented the proline proton-bound dimer as being
zwitterionic.
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IRMPD of Glycine Dimers

The current study involves an investigation of the proton-
bound glycine homodimer by IRMPD spectroscopy in the
~2400—3600 cm™~! spectral region, which is rich with N—H
and O—H stretching modes. Complexes with the sodium ion
and amino acids?' 3¢ are important in biological systems and
have received much attention. A recent IRMPD study of
oligoglycines and oligoalanines®’ bound to sodium ions showed
that the presence of the sodium ion greatly affects the structure
of the peptides and that sodium ion typically binds to three basic
sites. Here, we also present the spectra of the sodium ion-bound
dimer of glycine and thoroughly investigate possible structures
for this ion with density functional calculations.

2. Methods

2.1. Experimental Methods. The details of the combination
of the Bruker Apex Qe 7T Fourier transform ion cyclotron
resonance mass spectrometer (FT-ICR-MS) with the Laser
Vision infrared optical parametric oscillator/amplifier (OPO/
OPA) has been described previously?® and will not be repeated
here. Proton-bound dimers of glycine were electrosprayed from
a 0.1 mM solution of glycine in 18 MQ (Millipore) water. The
sodium ion-bound dimers were electrosprayed from the same
solution to which a few drops of 1 mM NaCl were added.
Following isolation in the ICR cell, ions were irradiated for
1—4 s with the OPO/OPA. If the wavelength of the IR laser
radiation is in resonance with a vibrational mode, several
photons are absorbed, leading to fragmentation of the proton-
or sodium ion-bound dimer. The fragmentation pathways for
both the proton- and sodium ion-bound dimers were solely loss
of neutral glycine. After each irradiation event, a mass spectrum
is recorded. The spectral width of the laser is estimated to be
<5 cm™!. The IRMPD efficiency is the negative logarithm of
the fragment ion intensity divided by the sum of the fragment
and precursor ion intensity.

2.2. Computational Methods. The Gaussian 03% program
package was used. Structures were geometrically optimized
using B3LYP hybrid density functional theory with a 6-314+G(d.,p)
basis set. Frequency calculations were also completed using this
level of theory, which is notorious for providing excellent
experimentally comparable infrared spectra combined with
computational speed.*® Because the raw harmonic vibrational
frequencies produced at this level of theory are on average
overestimated, various scaling factors have been proposed which
are dependent upon the level of theory and the selected IR
range.*! The calculated frequencies used in this study were
scaled by a factor of 0.955. They were furthermore convoluted
with a Lorentzian profile having a 5 cm™! full width at half-
maximum for presentation. A diverse selection of structures were
evaluated and the lowest energy results, containing no imaginary
vibrational frequencies, were considered. When attempting to
match calculated one-photon spectra to experimental multipho-
ton spectra, minor deficiencies may arise which have been
discussed elsewhere.*?

Previous research has shown that for systems similar to those
under study, there is a very minor effect on the relative energies
when variations on the theoretical approaches are applied. In
other words, relative B3LYP energies obtained from this
calculation approach would be reasonably well converged with
values from larger basis sets. The 298 K free energy differences
are reported in comparison to the reported lowest-energy
structure. Single point energy calculations were performed on
each structure at the MP2(full)/6-311++G(2d,2p) level of
theory. Thermochemical data and entropies were extracted from
the initial DFT frequency calculation. This complete calculation
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Figure 1. IRMPD spectrum of proton-bound glycine dimer in the
2400—3600 cm™! region. Also shown are the B3LYP/6-31+G(d,p)
theoretical structures and corresponding infrared spectra for the three
lowest energy structures. Labels A, B and C correspond to those in
Figure 2.

approach was performed on all structures for both the proton-
and sodium-bound glycine homodimers to determine the relative
enthalpies and free energies. These energies are hence denoted
as MP2(full)/6-311++G(2d,2p)//B3LYP/6-31+G(d,p).

3. Results and Discussion

3.1. Glycine Proton-Bound Dimer. The IRMPD spectrum
of the proton-bound glycine dimer in the ~2400—3650 cm™! region
is shown in Figure 1. The B3LYP/6-31+G(d,p) predicted spectra
for the three lowest-energy structures as determined by the
optimizations are shown as well. Also in Figure 1 is the experi-
mental spectrum determined by Oh et al.** over the 3100—3700
cm™! range. The spectra agree well, but the free O—H stretch
is observed at ~3555 cm™!, whereas in the Oh et al.* spectrum
it is observed to be at about 3590 cm™!. Although we have no
explanation for the discrepancy, we note that the free O—H
stretch for neutral glycine is observed at 3564 cm™! in an argon
matrix.”d Via a long-range through bond induction effect, the
positive charge within the dimer would be expected to deplete
electron density from the free O—H bond and red shift the
position of the stretching vibration compared to the neutral and
this shift is also predicted by the electronic calculations.

Before comparing the experimental and predicted spectra, it
is interesting to compare the three lowest energy structures to
which these spectra belong. Depicted in Figure 2 are the
corresponding three lowest energy structures. The present
energetic ordering agrees with that of previous studies.'3?° The
MP2/6-311++G(2d,2p)//B3LYP/6-314+G(d,p) enthalpies and
free energies provided in Figure 2 are at 298 K and relative to
structure A, which is found to be the most thermodynamically
stable conformer. As determined previously,'>? the structure
of the lowest energy conformer resembles an ion—dipole
complex? involving N-protonated glycine bound to the carbonyl
oxygen of the neutral amino acid. The binding proton resides
closer to the amine N, a feature consistent with the most
probable structure for protonated glycine.** There are also
stabilizing intramolecular N—H+++O and O—H-*++N hydrogen
bonds within each amino acid moiety that are important aspects
of the structure and show up in the infrared spectrum discussed
below. Structure B was previously determined to be the lowest
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Figure 2. B3LYP/6-31+G(d,p) structures for the three lowest energy
isomers of the glycine proton-bound dimer. Structure labels A, B, and
C correspond to the predicted spectra in Figure 1. Bond lengths are in
angstroms and the relative thermochemistries were calculated using
MP2(full)/6-3114++G(2d,2p)//B3LYP/6-31+G(d,p).

TABLE 1: Table of Observed and Predicted Wavenumber
Positions (Structure A) for the Glycine Proton-Bound Dimer

predicted”

observed position/cm™! assignment position (A)/cm™!
3555 free OH str 3562
3450 free NH;, asym str 3438
3390 shoulder free NH; sym str 3387
3360 non H-bonded N—H str 3355
2650—3300 very broad H-bonded NH str/ 3165/

H-bonded OH str 3022
2440 shared proton str 2503

¢ B3LYP/6-31+G(d,p) scaled by 0.955.

energy conformer*>*> where the proton binds the amino acids
via the amino groups. This binding proton is significantly closer
to one of the amino groups. There is also a N—H+++O hydrogen
bond between a carbonyl oxygen of one amino acid and the
amino group of the other amino acid. This structure is higher
in free energy by 9.4 kJ mol~!. Structure C, which is higher in
free energy by 10.9 kJ mol ™, is similar to structure A; however,
the hydroxyl hydrogen has been transferred to the amino group,
resulting in a zwitterionic structure. In this case the binding
proton shifts closer to the carboxyl oxygen than what is seen
for structure A.

The experimental spectra are compared to the predicted
spectra for structures A, B and C in Figure 1 and Table 1. Within
the 3300—3650 c¢cm™! region, the predicted spectrum for
structure A clearly agrees best with the experimental spectrum.
The free OH stretch observed at 3555 cm™! is fairly sharp and
intense. The NH, asymmetric stretch for the free NH; group is
observed at 3450 cm™!. The other fully resolved feature in this
region is the non-hydrogen bonded N—H stretch (the left
glycine) at 3360 cm™!. The shoulder on the high frequency side
of this feature, at 3390 cm™!, is the free NH, symmetric stretch.

The band at 2440 cm™! is assigned to the shared proton
asymmetric stretch. The predicted absorption is significantly to
the blue of the observed feature. Harmonic calculations are not
expected to adequately predict strongly anharmonic vibrations
such as the shared proton asymmetric stretch. It has been seen
in the past that shared proton stretches for heterogeneous proton
bound dimers are observed at significantly lower frequency than
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in the predicted spectra.*6=*® The glycine proton-bound dimer
is expected to be transparent in this region of the infrared except
for the shared-proton stretch, and this assignment is made with
confidence. It would still be beneficial to observe the spectrum
of the deuterium-labeled ion for confirmation of this assignment.

There are two bands predicted to occur at 3165 and 3022
cm™! corresponding to the hydrogen bonded N—H and O—H
stretches, respectively. Although the experimental spectrum in
this region may resemble noise, there is in fact an authentic
broad absorption observed between ~2650 and 3300 cm ™. This
is confirmed by blocking the laser radiation from the ICR cell,
resulting in dissociation ceasing to occur. For neutral species
which have strong intramolecular hydrogen bonds such as
acetylacetone and malonaldehyde, for which the enol isomer is
dominant, the strongly hydrogen bonded OH stretch is also
observed to be very broad, occurring between 1800 and 3400
cm™! and lacking the intensity that harmonic calculations
predict.**>% The broadness of this feature has been associated
with the double-minimum type potential energy surface along
the O—H—O stretching coordinate, strong anharmonicity, and
strong coupling to low-frequency modes.”*>! Progress has been
made in attempts to model this anharmonic vibration by means
of molecular dynamics calculations.”® The broad bands in the
present experimental spectrum between 2650 and 3300 cm™!
are assigned to the hydrogen bonded N—H and O—H stretching
modes.

It is worthwhile to compare the hydrogen bonded O—H
stretch to that observed for the neutral in the similar conforma-
tion (see Figure 2), which has been observed to occur at 3200
cm™~! in an argon matrix.?¢ Unscaled harmonic calculations place
this vibrations at 3462 cm™! using MP2/aug-cc-pVDZ,3 3451
cm™! using B3LYP/aug-cc-pVDZ,> and 3466 cm™! using
B3LYP/6-314+G(d,p) for neutral glycine, as shown in Figure
2. Therefore, these calculations are all in agreement and would
require a more extreme scaling factor (about 0.92) compared
to the typical 0.96 for the “less anharmonic” vibrations. The
B3LYP/6-31+G(d,p) structures of the proton-bound dimer and
for neutral glycine, in Figure 2, reveal that the O—H--N
hydrogen bond in the proton-bound dimer is significantly
stronger, resulting in a longer O—H bond and would be expected
to have an absorption that is red-shifted with respect to the
neutral. In fact, the anharmonic vibration (B3LYP/6-31+G(d,p)
is predicted to occur at 3164 cm™! and, when scaled by a similarly
extreme scaling factor would be 2910 c¢cm™!, in reasonable
agreement with the broad band observed in Figure 1.

The spectrum in Figure 1, along with the spectra in the 700—
2000 cm™! region?>3 represent a complete and assigned IR
spectrum for the glycine proton-bound homodimer. These
experiments, along with the thermochemical experiments!? and
the calculated thermochemistries, support the exclusive existence
of structure A in the gas phase at 298 K. As mentioned
previously, deuterium substitution experiments would be ben-
eficial for this system.

3.2. Sodium Ion-Bound Glycine Dimer. The experimental
IRMPD spectrum for the sodium ion-bound dimer of glycine
from 3000 to 3700 cm™! is shown in Figure 3 along with the
B3LYP/6-31+G(d,p) predicted spectra for the five lowest-
energy structures as determined by the MP2/6-311++G(2d,2p)//
B3LYP/6-31+G(d,p) energy calculations. The inset in Figure
3 is simply a repeat of the experiment in the NH; region
with a slower scanning rate of the infrared laser. The
predicted spectra for five isomers are also shown in Figure
3. The corresponding structures are depicted in Figure 4,
along with the rest of the structures that have been deter-
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Figure 3. IRMPD spectrum of sodium ion-bound glycine dimer in
the 3000—3700 cm™! region. Also shown are the B3LYP/6-31+G(d,p)
theoretical structures and corresponding infrared spectra for the five
lowest energy structures. Labels I—V correspond to those in Figure 4
and Table 3.

mined. The predicted thermochemistries associated with these
structures are provided in Table 3.

Structure I is predicted to be the lowest in enthalpy and free
energy by 20.8 and 20.0 kJ mol~!, respectively, over structure
II. Structure I is symmetric and composed of two bidentate
glycine ligands. This is consistent with the lowest energy
glycine—Na™ monomeric complex determined in previous
studies. 6324454 Structure I1 is similar to structure I in that each
amino acid is bidentate, bound to Na* through the amine and
carbonyl group. However, one of the OCOH dihedrals is rotated
from 0° to about 180° such that the hydroxy hydrogen is
sterically congesting a hydrodgen on the CH, group, probably
accounting for most of the 20 kJ mol™! thermodynamic
instability compared with structure I. Structure III differs from
structure I in that there is a 180° rotation about the C—C bond
so that the hydroxy oxygen on one amino acid is interacting
with Na™ rather than the carbonyl oxygen. There also exist two
structures related to II and III (ITa and Ila, also shown in Figure
4) that are the symmetric versions and are significantly higher
in energy than II and III. Structure IV is similar to the lowest
energy glycine proton-bound dimer that was discussed above.
The zwitterionic structure, V, is the next highest in energy,
nearly 40 kJ mol~! higher than I. The rest of the structures are
presented (as well as I—V) in Figure 4 and their relative
enthalpies and free energies in Table 3.

The IRMPD spectrum for the sodium ion-bound dimer of
glycine (Figure 3) is not as rich as that for the proton-bound
dimer, consisting of three main features. The O—H stretch is
observed at 3560 cm™! and the asymmetric and symmetric NH,
stretching absorptions are observed at 3450 and 3390 cm™!,
respectively (see also Table 2). These bands are, of course,
doubly degenerate, and the band positions are virtually identical
to those observed for the proton-bound glycine dimer.

The predicted spectrum for structure I compares more
favorably with the experimental IRMPD spectrum than any of
the higher energy isomers. It should be noted, however, that
we cannot rule out the other structures solely on the basis of
the IRMPD spectrum. For example, structure III (or even Illa)
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Figure 4. B3LYP/6-31+G(d,p) structures for isomers of the glycine
sodium ion-bound dimer. Structure labels I—V correspond to the
predicted spectra in Figure 3. The relative thermochemistries of all
structures, calculated using MP2(full)/6-311++G(2d,2p)//B3LYP/6-
314+G(d,p), are provided in Table 3.

TABLE 2: Table of Observed and Predicted Wavenumber
Positions (Structure I) for the Glycine Sodium Ion-Bound
Dimer

observed predicted®
position/cm™! assignment position (I)’/cm™!
3560 OH str 3569
3450 NH; asym str 3419
3390 NH, sym str 3347

@B3LYP/6-31+G(d,p) scaled by 0.955. ”Note that these
predicted bands are doubly degenerate due to the symmetry of the
sodium ion-bound dimer.

cannot be completely ruled out by comparison of its predicted
infrared spectrum with the experimental work; however, it is
predicted to be higher in energy by 30.1 kJ mol ™!, which would
mean that its contribution to a mixture would be minimal.
Structures II and Ila can be ruled out on the basis of the
predicted position of the free OH stretching vibration(s) that
would occur at significantly higher energy than that observed.
Structure IV can probably be ruled out on the basis of the
number of bands observed because the predicted spectrum is
significantly more complicated in this region. Although the
predicted spectrum for the zwitterionic structure V does not
agree with the experimental spectrum because an O—H stretch
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TABLE 3: 298 K Thermochemistries’? of Sodium Ion-Bound
Dimers of Glycine®

structure relative enthalpy”/kJ mol™! relative free energy”/kJ mol™!

1 0 0

1I 20.8 20.0
IIa 41.4 39.8
1 30.0 30.1
1Ia 60.6 60.6
v 49.5 38.1
\% 37.0 38.4
VI 51.5 38.6
VII 55.1 47.3
VIII 61.6 51.1
IX 122.8 104.7

@Labels I-IX correspond to those in Figures 3 and 4. » MP2-
(full)/6-311++G(2d,2p)//B3LYP/6-31+G(d.p).

is observed, the observation of the O—H stretch in the
experimental spectrum does not preclude V from existing in
the mixture because the NH; stretching vibrations still occur at
roughly the same position as in the lowest energy isomer.
However, all the higher energy structures we have reported are
significantly higher in enthalpy and free energy by between 20
and 105 kJ mol™! than the lowest energy structure and are not
likely important. Thermochemical studies would be beneficial
and might provided further evidence for one or a mixture of
structures. The IRMPD spectrum presented agrees with that
predicted for the lowest energy structure, which is consistent
with and confirms the results of the thermochemical calculations.

4. Conclusions

The IRMPD spectrum of the proton bound dimer of glycine
was extended to 2400 cm™! from a previously published
spectrum® whose low energy limit was ~3100 cm™!. This
extension allowed for the observation and assignment of the
shared proton stretch at 2440 cm™! and the hydrogen bonded
O—H and N—H stretching vibrations, which is a weak and very
broad feature spanning ~2650—3300 cm™!. The fragmentation
was confirmed to as being dissociation induced by the OPO
laser because it ceased to occur when the laser radiation was
blocked. The present spectrum also allowed the assignment of
the free O—H stretch, the NH, symmetric and asymmetric
stretching vibrations, and the N—H stretch corresponding to non-
hydrogen bonded NH. The experimental IRMPD spectrum
clearly allows the assignment of the structure of the glycine
proton-bound dimer to the ion—dipole complex and rules out
any of the higher energy structures. The calculated region below
3300 cm™! cannot easily be accurately modeled due to the
anharmonic nature of these hydrogen bonded modes.

The IRMPD spectrum for the sodium ion-bound dimer of
glycine is a much simpler spectrum, consisting of three bands
that coincide very well with the positions of the same modes
for the proton-bound dimer. Unlike the glycine proton-bound
dimer, where agreement between the experimental and theoreti-
cal spectra provided a more definite assignment of structure,
the IRMPD spectrum alone cannot be used to rule out all
structures. However, the electronic structure calculations show
that the lowest energy structure is such by some 20 kJ mol™".
The experimental spectrum is consistent with the predicted
spectrum for the lowest energy structure. This leads to the
conclusion that the sodium ion-bound dimer is composed of
two glycine molecules bound in a bidentate fashion through
the carbonyl oxygen and the amino nitrogen and that glycine
monomers are non-zwitterionic.
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