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Abstract

Resonant electron capture by Gly, Ala and Phe esters have shown that the most efficient negative ion (NI) fragmentations are associated with the
C-termini. A new mechanism for the negative ion-forming processes at energies lower than those associated with the 7, shape resonance involves
coupling between dipole-bound and valence negative ion states of the same symmetry for amino acid conformers with high permanent dipoles.
The interaction avoids crossing of the NI states and instead leads to formation of two adiabatic potential energy surfaces. Underivatized amino
acids most effectively fragment from the bottom adiabatic surface via generation of [M—H]~ carboxylate anions by hydrogen-atom tunneling
through the barrier; fragmentation of the their esters with formation of analogues [M—X]~ NIs occurs through the upper adiabatic state without
penetration of the barrier in which the energy of the valence o*(OX) resonance exceeds the bond dissociation energy of the neutral molecule. Low
and high temperature resonant electron capture experiments point to the importance of conformational preferences of the amino acids for optimum

dissociation of the parent NIs in the gas phase.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Low-energy gas phase resonant reactions of free electrons
and biologically relevant molecules that result in the genera-
tion of negatively charged species have attracted a great deal
of interest in the last several years [1]. This notwithstanding,
similar investigations of amino acids and peptides are still not
very intensively studied subjects. In fact, only resonant elec-
tron capture by glycine [2—4], alanine [5], cysteine [6], proline
[7], tryptophan [8], N-acetyl tryptophan [9], and valine [10] has
been reported in an effort to elucidate the general tendencies of
these elementary gas phase reactions. The main problem with
such investigations is that it is difficult to introduce peptides and
amino acids into the gas phase without them thermally break-
ing down during volatilization. Esterification of amino acids is a
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well-established method [11] for overcoming the volatility prob-
lems associated with the parent compounds. Based on previous
efforts [12,13] to study resonant electron capture of some amino
acids and their methyl (Me) esters, we have performed addi-
tional studies with ethyl (Et), isopropyl (i-Pr), and #-butyl (z-Bu)
esters of glycine (Gly), alanine (Ala), and phenylalanine (Phe).
These experiments have been conducted to shed more light on
the effects that esterification of the amino acids have on negative
ion (NI) formation and decay mechanisms resulting from low-
energy resonant electron capture. Another important issue has
been the possible changes of the relative populations of different
conformers of the amino acids in the gas phase due to esterifica-
tion. This question has previously been considered in the case of
Gly conformers [14]. Resonant electron capture mass spectrom-
etry was used in the present work to probe the question further
since this method has proven to be a very sensitive and powerful
tool with respect to the change of both geometric and electronic
structures of the compounds under study. Moreover, conformers
of the simplest amino acid, Gly, are known to possess different
magnitudes and directions of their dipole moments within the
molecular framework [15]; other amino acids, having structures
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that are even more complex are supposed to possess similar fea-
tures. Such molecular species having dipole moments larger than
the critical magnitudes (2-2.5D [16,17]) are able to create so-
called dipole-bound or dipole-supported NIs that are different
from “chemical” or valence NI states. Dipole-bound NIs were
very intensively studied both theoretically and experimentally
and recently [18] the topic gained added significance in light
of the interactions of valence and dipole-supported anion states
and the influence on NI fragmentation channels of the combined
NI states in DNA and RNA bases. Experimental proof for the
existence of such species in Gly—water clusters [19] and even
bare Gly molecules [20] have also been reported. The present
analysis of [M—H] ™ NI formation in amino acids via resonant
electron capture at 1.2—1.3 eV showed that these ions have both
appearance energies and peak maxima that are lower than the
putative thresholds and resonance centers associated with the
5o “acidic orbitals” as determined from electron transmission
spectra [21]. That means that 7, shape resonances cannot be
considered as the parent states for the generation of [M—H]™
fragment NIS as considered earlier [3-10,12], at least not for
the energy range in which the electron transmission and reso-
nant electron capture data do not match. Questions concerning
the real mechanism of [M—H]~ NI production, i.e., how the 7
orbital fits into the picture, and whether dipole-bound NI states
are involved in the mechanism need to be answered. A varia-
tion in the spatial requirements and masses of departing neutral
particles that result in the formation of carboxylate anions via
resonant electron capture by different amino acid esters has
been used in the present work to shed some light on these
questions.

2. Computational methods

The starting geometry of the amino acids and their esters
was based on results from semi-empirical calculations at the
PM3 level of theory. The data were further used for calculations
of the electronic and geometric structures of neutral molecules
and their molecular and fragment NIs using Hartree—Fock
SCF (6-31G¥*) theory. PM3 calculations also were used for
the estimations of some resonant electron capture reaction
enthalpies.

3. Experimental

A custom-made [22] gas chromatograph/resonant electron
capture-TOF mass spectrometer incorporating a trochoidal elec-
tron monochromator (electron current 5-100 nA; energy spread
60-200 meV, FWHM, energy from 0 to 12eV) was used for
the study of resonant electron attachment reactions of Gly, Ala,
and Phe methyl (Me), ethyl (Et), isopropyl (i-Pr), and z-butyl
(-Bu) esters. Samples of amino acids and their esters were ini-
tially loaded into two glass capillaries that were inserted one
inside the other in order to prevent contact with the metal walls
of the inlet system and thus to eliminate or minimize ther-
mal degradation of the compounds. The capillaries were then
placed into a homemade direct insertion probe that was inserted
into the ionization chamber through a vapor lock. The ioniza-

tion chamber and direct insertion probe were heated separately.
Since the results from previous experiments with amino acids
and their esters were reported [12], the instrument underwent
modifications to increase its sensitivity that allowed for con-
fident ion signal registration with lower temperatures in both
the inlet system and the ionization chamber. The ionization
chamber was kept at ca. 40-120°C to prevent possible influ-
ence from ambient conditions. The temperature of the inlet
system was set depending on the compound studied: 140°C
(Gly), 125°C (Ala), 180 °C (Phe), whereas the temperatures for
the esters ranged from 90 to 120 °C depending on their sizes.
i-Pr esters of Gly and Phe were available in limited amounts
and their resonant electron capture spectra were conducted only
once at the same time as experiments in Ref. [12] and there-
fore at higher temperature conditions. The electron beam and
sample vapor that effuse from the direct insertion probe inter-
act in the ionization chamber. The NIs formed after electron
attachment are drawn in a direction orthogonal to the electron
beam and into the time-of-flight analyzer by an electric field
created by application of a voltage with respect to the ioniza-
tion chamber of ca. +15V and <—0.1eV to an extraction and
a repeller electrode, respectively. The mass and energy scales
were calibrated using CCly and low pressure (<10~ Torr) SFg-
gas. As in previous studies [12], CCly was used only at the
initial stage of the experiments with the esters; after achieving
the inlet system temperature for effective sample vaporization,
CCly effusion was shut off and Cl1~ from HCI associated with
salts of the ester were used for further calibration. The pressure
measured with an external ion gage near the ionization chamber
did not exceed 5 x 10~ Torr thereby providing single-collision
conditions throughout the experiment.

Amino acids were purchased from Sigma—Aldrich Chemical
Co. (St. Louis, MO) with stated purity of 99% or better. Amino
acid esters also were purchased from Sigma—Aldrich (Milwau-
kee, WI) with stated purities of 98% or better. These compounds
were used without further purification.

4. Results and discussion

All amino acid esters, from Me to -Bu showed remark-
able similarity in their resonant electron capture spectra. As
previously observed for underivatized amino acids [12], none
of them formed long-lived (lifetime exceeding microseconds)
molecular NIs of the valence type in the explored energy range.
However, in contrast to underivatized amino acids, none of
the esters studied showed efficient formation of carboxylate
anion, [M—X]~ (X stands for Me, Et, i-Pr, or -Bu) in the
1 eV region. This fact was also noted earlier [12] in the case
of Me-esters of amino acids and the explanation offered at the
time was related to the specificity of the ion formation mecha-
nism in this energy range that involved tunneling through the
energy barrier of the departing particle. For this reason, the
vast majority of the ion formation processes in the amino acid
esters studied occur at higher energies. Below, Gly, Ala, and
Phe and their esters are considered separately in an effort to
emphasize this similarity while at the same time showing some
differences in the spectra when present. Only the most charac-
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teristic and efficient ion fragmentation pathways for both the
amino acids and their esters are discussed. For this reason, a
discussion of lower mass NIs that were considered in detail pre-
viously [12] are omitted here because their origin often needs
special proof which is beyond the main aim of the present
work.

4.1. Glycine esters

To facilitate interpretation, ion production processes were
normalized to the yield of OX™ NIs in the energy range 5.5-6 eV
for all Gly-based compounds (Table 1). This was done because
generation of the [M—H]™ NIs in underivatized amino acids at
1.2-1.3 eV is the dominant ion-forming process and it was feared
that taking it as a benchmark for the rest of the compounds could
conceal the general spectral trend. Separate columns were also
shown for all compounds with integrated yield, iy, of a partic-
ular ion over the explored energy range, again in comparison
to that of OX™ NIs (Table 1). All fragment NIs (Table 1) are
associated with the C-terminus, except [M—NH;]~, the for-
mation of which involves bond cleavage directly associated
with the N-terminus. Complementary NH, ™ NIs are not con-
sidered here since they could be confused with other NIs of
the same nominal mass, the origins of which were impossi-
ble to determine precisely in the course of the present work.
As already mentioned, experiments with Gly i-Pr ester were
conducted at higher temperatures of the ionization chamber
and the inlet system and some results for this compound may
deviate slightly from the trends found for the rest of the com-
pounds.

In addition to the 5.5-6 eV energy range, OX~ NIs are also
produced from two other resonances near 3 and 7 eV (Table 1).
Relative intensities of these NIs from the low-energy resonance
increase with size of the esters, whereas the yields of these ions
near 7 eV vary only slightly relative to their peak magnitude at
5.5-6eV. Complementary [M—OX]~ ions displayed the same
behavior in the energy range 5-5.6 eV, but yields were low and
almost invariable. Interestingly, dissociation processes for the
esters that supposedly occur via hydrogen-atom loss and elim-
ination of the respective alcohol (water in underivatized amino
acids [12]), [M—H-HOX] ™, proceed in the same energy range
as that of the internal standard, OX~ NIs, and show almost no
indication of a relative intensity change. [M—H]~ NIs show
behavior similar to OX™ ions in the energy range near 5.5 eV,
but near 3 eV, their signals gradually lower as the substitution
proceeds from Me to #-Bu ester. A reversed trend was observed
for the [M—NH, ]~ NIs. The ion intensities are practically con-
stant for all four esters at 1.7-2 eV but decrease in intensity at
5-5.5eV going from Me to #-Bu ester.

[M—X]~ NIs were generated at nearly all of the resonant
energies discussed above for the four esters studied and showed
gradual increase in intensity at all resonances as substitution pro-
ceeded through the series from Me to -Bu. Generation of these
ions near 1 eV is the dominant process in dissociative electron
capture spectra of underivatized amino acids [12]. Therefore,
even very low amounts of amino acids present in the sam-
ples due to, for instance, incomplete esterification reaction is
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Fig. 1. Effective yield curves of [M—X]~ NIs from Gly and its esters. The
vertical bars indicate positions of 7, shape resonances determined either from
calculations (esters; see also Table 2) or taken from Ref. [21] (Gly).

expected to cause appearance of the ion signal near 1 eV from the
underivatized compound; this possibility was noted previously
[12]. Fortunately, esterified amino acids require lower tempera-
tures to vaporize in comparison to the underivatized compounds
and therefore, lower temperatures used in the present experi-
ments resulted in much lower abundances of [M—H] ™ near 1 eV
(Table 1). Another advantage of the low temperatures used is the
observation of an additional resonance state near 2 eV that pro-
duces [M—X]~ NIs, which were very difficult to discern in the
earlier experiments [12], but are clearly apparent here (Fig. 1;
Table 1).

Thus, from the preceding experimental analyses, it was
observed that there were at least five energy ranges with NI res-
onances that decay into different fragment NIs. These were near
1eV (1), 2eV (1), 2.5-3.5eV (III), 5.5-6eV (IV), and higher
7 eV (V). Quantum chemical calculations on electronic and geo-
metric structures of Gly-based compounds were used to help
rationalize these observations.

It is now well established [14,15] that the most stable Gly
conformer is I, (Fig. 2; nomenclature by Csészar [23] is used
throughout this work for identification of the Gly conformers,
where p stands for the structure that has planar, Cs, symmetry).
According to the most sophisticated calculations [14,23] per-
formed on Gly conformers, II,,, (n means that the structure is
non-planar and has no element of symmetry) is the second sta-
ble structure of Gly and, depending on the level of theory, II,, is
0.5-3 kcal/mol higher in energy than I,. The present calculations
performed by HF 6-31G* theory (Fig. 2; Table 2) predict ener-



Table 1

Resonant electron capture mass spectra of glycine, HyNCH,C(O)OX, (X =H) and its methyl (X =Me), ethyl (X =Et), isopropyl (X =i-Pr), and #-butyl (X =-Bu) esters

Tons X=H X=Me X=Et X=i-Pr* X=tBu
mlz 1, % (Ep, eV) Tint milz I, % (Ep, eV) Lint mlz I, % (Ep, eV) Tint miz I, % (Epn, eV) Lint mlz I, % (Ep, eV) Tint
[M—H]~ 74 128(5.5) 142 88 13(~2.8) 16 102 3(~3) 12 116 2.5 (R2.5-3)° 8 130 ~1.5 (R2.5-3)° 27
25(=5.3) 19 (x5.5) 11(5.2) 37(~5.3)
M—X]~ 74 2263 (1.28) 2756 74 10(&1.3)¢ 11 74 10(=1.3)¢ 69 74 8(~1.3)¢ 200 74 10 (&2)sh. 208
3(1.8) 5(~2)sh. 15(=2.1) sh. 63(3.6)
<1(2.5-3) sh. 19(~3.5) 95 (~3.6)4 51(5.4)
11(=9.7) 15(=5.5) 45 (~8.5-9.5)" 116(9.5)
39(x9.5)
[M—NH;]~ 59 10(=~2) 11 73 ~2.5 (R2) 5.9 87 2(~1.7) 1.7 101 7(~1.6) 54 115 3.5(=1.7) 1.5
9(5.2) ~7.7 (5) 2(~5.5) 4.5 (r5) 1.5 (&5.5)
[M—-0X]~ 58 9(1.5)¢ 10 58 ~3.8 (*5.6) 21 58 2.3(5.5) 3 58 4.5 (=5) 4.6 58 ~5(5.2) 4.8
13(5) 21(~17.6)
9.2 (~9)
[M—H-HOX]~ 56 61(5.5) 37 56 58(~5.9) 39 56 35(~6.3) 37 556 60 (~5.5) 62 56 58(=5.9) 65
COOX~ 45 6(2.8) 91 59 164(5.6) 111 73 41(&5.7) 28 87 11(=5.5) 9.2 101 1.5 (&5.5) 2.5
175(5.6) 33(~1.5) 4.5 (=7)
OX~ 17 100 (6) 100 31 ~1.5 (=3) 100 45 2.3 (x3.3) 100 59 9(~3) 100 73 9(~2.8) 100
44(10) 100 (~5.9) 100 (~5.9) 100 (~5.5) 100 (~5.6)
50(~7.4) 37 (=7)sh. 45 (~7)sh.

2 Experimental conditions similar to that of Ref. [12] (high temperature) have been used to record spectra of this compound.
b Precise determination of resonance maxima was impossible.
¢ The ions at low (1.2-1.3 eV) energy are supposed to be [M—H] ™ ions from underivatized glycine that may be present as an impurity.

d The effective yield curve of these ions is very wide and determinations of possible contributions from resonance states near 5.5 eV not possible.
¢ Comparison with C,-D>—Gly showed that these NIs at 1.7 eV are more likely [M—NH3]~ than [M—OX] .
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Table 2
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Results of quantum chemical calculations of conformers of Gly (X=H) and its esters (X =Me, Et, i-Pr, and 7-Bu) on the base of HF 6-31G* level of theory; Ey
is the total energy for different conformers with respect to that of I, conformer; u dipole moment; E[m, ], Elox], Elo¢_ox], E[O‘éa_HJ, E[o-éu_NJ, E[o}_y] are
energies of corresponding vacant molecular orbitals scaled according to equations from Ref. [21] (7* orbitals) and from Ref. [18] (o* orbitals; scaling on the base
of Ref. [21] is given for o* orbitals in brackets for comparison)®

Conformers
I, 11, 11, IV, \'A
X=H
E.¢ (kcal/mol) 0 2.93 1.91 2.07 3.06
n (D) 1.3 5.69 2.04 2.3 2.74
E[m50] (V) 1.897 1.703 1.863 1.912 1.863
E[o(] (eV) 2.97 (2.6) 4.59 (3.91) 2.6 (2.31) 3.04 (2.66) 2.83 (2.49)
E[o¢_ox] (eV) 6.09 (5.12) 6.78 (5.68) 6.12 (5.15) 7.43 (6.3) 7.51(6.27)
E[UZ‘:&_H] V) 434 (3.71) 3.93 (3.38) 4.29 (3.67) 434 (3.71) 4.38 (3.74)
E[O‘EH_N] V) 4.71 (4.0) 5.92 (4.99) 4.64 (3.95) 5.25 (4.44) 4.67 (3.98)
Eloy_y4l (V) 3.05 (2.67) 2.6 (2.31) 3.45(2.99) 3.2(2.79) 3.65 (3.15)
Conformers
I, 1,° 111, IV, Vo
X=Me
E.¢ (kcal/mol) 0 11.87 1.91 2.03 2.97
n (D) 1.92 4.74 2.55 24 2.83
E[mg6] (eV) 1.973 1.593 1.93 1.981 1.95
Elogx] (eV) 3.8 (3.27) 3.04 (2.66) 3.72 (3.21) 3.84 (3.3) 3.79 (3.26)
E[o¢_ox] (eV) 6.36 (5.34) 6.12 (5.15) 6.26 (5.26) 5.94 (5.0) 5.96 (5.01)
E[oérH] (eV) 434 (3.71) 448 (3.82) 4.35(3.72) 433 (3.7) 4.47 (3.81)
E[(rérN] (eV) 4.75 (4.04) 4.68 (3.98) 4.71 (4.0) 491 (4.17) 4.77 (4.06)
E[o{_y] (eV) 3.05 (2.67) 3.71 (3.2) 2.93 (2.57) 3.25(2.83) 3.24 (2.82)
X=Et
E.e (kcal/mol) 0 12.67 1.93 2.03 2.97
n (D) 2.09 4.72 2.73 2.52 2.93
E[m50] (eV) 2.01 1.61 1.97 2.01 1.98
E[o(x] (V) 3.42 (2.96) 3.76 (3.24) 3.38 (2.93) 3.46 (3.0) 3.43 (2.97)
E[o¢_ox] (eV) 6.42 (5.39) 6.32 (5.31) 6.34 (5.32) 6.13 (5.16) 5.57 (4.7)
E[O’ém_H] V) 4.36 (3.73) 4.63 (3.95) 4.26 (3.65) 4.36 (3.73) 4.35(3.72)
E[aéa_N] eV) 4.69 (3.99) 5.09 (4.32) 4.59 (3.91) 5.36 (4.53) 4.83 (4.11)
E[o}_y] (eV) 3.05 (2.67) 3.17 2.77) 2.9 (2.55) 3.24 (2.82) 3.24 (2.82)
X=i-Pr
Ee (kcal/mol) 0 14.62 2.0 2.04 2.96
n (D) 2.12 4.82 2.69 2.38 2.74
E[m55] (eV) 1.999 1.897 1.968 2.0 1.97
Elo] (eV) 3.37 (2.93) 2.64 (2.33) 3.3 (2.87) 3.1(2.71) 3.15(2.75)
E[o¢_ox] (eV) 6.38 (5.36) 6.2 (5.21) 6.36 (5.34) 6.44 (5.4) 6.46 (5.42)
E[o-a_H] (eV) 4.46 (3.81) 4.76 (4.05) 4.35(3.72) 4.48 (3.82) 4.42 (3.77)
E[O‘EH_N] eV) 4.8 (4.08) 5.37 (4.54) 4.68 (3.99) 5.21 (4.41) 4.8 (4.08)
E[o}_y] (eV) 2.98 (2.61) 3.2(2.79) 2.9 (2.55) 3.49 (3.02) 3.43 (2.97)
X=t-Bu
E.¢ (kcal/mol) 0 14.92 2.04 2.05 2.97
n (D) 2.2 4.64 2.8 247 2.82
E[mg6] (eV) 2.028 1.89 1.999 2.03 1.993
E[ogx] (V) 3.82(3.29) 2.56 (2.27) 3.28 (2.86) 2.91 (2.55) 2.9 (2.55)
E[o¢_ox] (eV) 6.2 (5.21) 6.87 (5.75) 6.27 (5.27) 6.86 (5.75) 6.94 (5.81)
E[oa_HJ (eV) 4.47 (3.815) 4.37 (3.74) 4.396 (3.76) 4.47 (3.82) 4.4 (3.76)
E[o-é(rN] (eV) 4.94 (4.19) 5.31 (4.49) 5.04 (4.27) 5.43 (4.59) 5.4 (4.57)
E[o{_y] (eV) 3.29 (2.86) 3.22(2.81) 2.65 (2.35) 3.42 (2.97) 3.41(2.96)

2 Energies of these normally unoccupied 7* and o* orbitals can be associated with energy maxima of corresponding shape resonances via a scaling procedure,
however, these negative ion states are temporary states (resonances) and the resonance widths, another important characteristics of the resonances, cannot be
determined from these calculations.

b Because of the non-planar structures, many orbitals mutually mixed and it was difficult to identify some of them.
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Fig. 2. Five of the most stable conformers of Gly determined on the basis of
HF 6-31G* level of theory. Energies of the conformers are given in relation to
the most stable conformer I,. Dipole moments (directions within the molecular
frame are represented by arrows) are given in Debyes (D).

gies for three other conformers of Gly, IIl,, IVy, and V, that
are relatively close to these results [14,23] except for the fact
that the III, and IV,, conformers are predicted to be more stable
in comparison to the II;,. This controversy concerning 6-31G*
based-results is known and rather well understood [14]. Using
the same 6-31G* level of theory, the dipole moments for the Gly
conformers were calculated and compared with published data
for the I, and II, conformers [15] that were based on a higher
level of theory. Comparisons showed very good agreement with
the known data for I, and II,,. Csaszar’s [23] calculations based
on MP2 level of theory predicted the following mole fractions
for the Gly confomers in the gas phase at 473 K: 71.1, 12.5, 3.4,
9.9, 2.8% for I, Iy, I, IVy, Vi, respectively. Nguyen et al.
[14], using ACM/DZVP theory, predicted gas phase concentra-
tions for these conformers to be 62.1, 12.3, 10.0, 11.4, and 3.3%,
respectively. Since temperatures in our experiments were lower
than 473 K, the gas phase mole fraction of the I, conformer
could probably be even larger in comparison to other conform-
ers than would be expected from these theoretical predictions.
However, although the mole fraction of II; is lower in com-
parison to I, under conditions of the present experiments, the

higher dipole moment of II, can in principle enhance electron
attachment cross-section and the ions originating from the II,
conformer can have comparable or even higher signals than that
arising from I,,. It is also important to note that directions of the
permanent dipoles in these two conformers are practically oppo-
site to one another (Fig. 2) and therefore, dipole-bound anions
will interact more effectively with different NI valence states of
Gly. As noted by Gutowski et al. [15], only the dipole moment of
the IIn conformer is able to create a bound NI state, whereas the
dipole moment of I, does not exceed the critical value ~2-2.5D
[16,17]. According to the present calculations, dipole moments
of the IIl,, IVy, and V,, conformers are also close to the critical
value, however, only gas phase concentrations of the IIl, and IV,
conformers according to Nguyen et al. [14] could contribute to
resonant electron capture at the temperatures used in the present
experiments.

As mentioned above, a direct comparison of [M—H] ™ effec-
tive yield curve from Gly resonant electron capture spectrum
with Gly electron transmission spectrum, i.e., with the total elec-
tron attachment cross-section, raises doubts about the earlier
suggested mechanism that a 7, shape resonance decays into
[M—H]™ NIs, at least at electron energies <1.5eV. The shapes
of these my, “acidic orbitals” (Fig. 3; Table 2) were found to
be practically identical both for conformers of underivatized
Gly and that of its esters, whereas the energies of the orbitals
vary slightly depending on the conformers and esterifying alkyl
groups. Since the ), shape resonance is the lowest possible
valence NI state within the Franck—Condon region of a neu-
tral molecule for all conformers of Gly that could be present
in the gas phase at the temperatures used in the present experi-
ments, the origin of these [M—H]™ Nls is not associated with the
valence type Nls at energies lower than 1.5 eV. This is remark-
able because these ions, not directly originating from valence
type resonances, possess the highest yield over the entire energy
range for all underivatized amino acids studied thus far. It was
suggested earlier [ 12] that the amino acid NIs could be associated
with the generation of dipole-supported NIs under low-pressure
plasma conditions [24]. Photoelectron spectroscopy of nega-
tively charged Gly [20] unambiguously proved the existence
of these types of ions and the authors associated them with the
II, conformer of Gly. An unusual vibrational structure that was
identical with the infrared vibration of neutral II;, Gly conformer
was observed in the photoelectron spectrum [20]. Since the pos-
itive end of the dipole is located proximate to the amino-group
of the II;, conformer (Fig. 2), it was very surprising to observe
excitation of the OH-stretching mode. However, a red-shift of
the OH-stretching mode in comparison to the free OH-group
was certainly indicative of intramolecular hydrogen bonding
(Fig. 2) between the amino-group nitrogen and the hydroxyl-
hydrogen [25]. In another words, a dipole-supported state of
II,, can interact with the valence o*(OH) state because of this
internal hydrogen bond. This interaction precludes crossing of
the two states and creates a barrier through which a hydrogen
atom from the OH-group can tunnel (Fig. 4A) analogous to that
proposed for DNA and RNA bases [18] and other OH-group
containing molecules [26]. Mérk and coworkers who used the
highest electron energy resolving power known thus far to inves-
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Gly-l,
¢=1.897 eV
[5.161 eV]

Gly-Il,,
£=1.703 eV
[4.895 eV]

Gly-lll,
e=1.863 eV
[5.115eV]

Gly-1V,,
e=1.912 eV
[5.182 eV]

Gly-V,
£=1.863 eV
[6.114 eV]

Fig. 3. m “acidic orbital” for five main Gly conformers in two projections determined on the basis of HF 6-31G* level of theory. Energies of the orbitals have
been scaled according to the equation derived in Ref. [21]; unscaled orbital energies are indicated in brackets.

tigate NIs of amino acids, observed vibrational fine structure
in the [M—H]™ effective yield curve of Gly [4] and Ala [5].
Although not very well resolved, the vibrational fine structure,
indicative of vibrational Feshbach resonances, was certainly evi-
dent as shoulders in the effective yield curves of these [M—H]~
NIs. Moreover, based on the calculated heats of formation for
these reactions, appearance energies for the [M—H]~ NIs are
1.094 eV for the II;, conformer and 1.235 eV for the I, conformer.
The experimental appearance energy value 1.10 £0.05eV [12]
matches that for the II, conformer better than for I,. The for-
mation of [M—H]~ NIs associated with the loss of hydrogen
atoms from Gly in the energy range 1.2-1.3eV [12] cannot
occur from anywhere else except the OH group. Overall the
results, point to the decisive role of the dipole-bound NIs in the
Gly II;, conformer for the production of [M—H]™ NIs at ener-
gies <1.5eV. Participation of the earlier suggested 7, shape

resonance in the effective yield curve of [M—H]~ probably
starts at energies >1.5eV. However, even in this case interac-
tion via vibrations with the repulsive o*(OH) state is required
to complete the fragmentation and in principle it can occur
for all Gly conformers (Fig. 4) if they are present in the gas
phase under conditions of the present experiments. The g,
shape resonance in this case serves as a “doorway” state [18]
for the fragmentation and in this sense it is analogous to the
above discussed dipole-bound NI state. For underivatized Gly,
this process is difficult to recognize because the resonance is
hidden by much more intense fragmentations associated with
the dipole-bound NI state. The tunneling mechanism cannot
occur for esters (Fig. 4D) because of the heavier masses of the
departing alkyl radical, which results in much clearer ), shape
resonance peaks associated with fragmentations in the effective
yield curves for [M—X]~ NIs near ca. 2eV (Fig. 1, Table 1).
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Fig. 4. Cut through the potential energy surface of the Gly II, (A), I, (B), III; (C), and Gly Et ester III,, (D) conformers along the O-H stretching mode. The
neutral molecule curves and their vibrational levels are shown as dashed lines; the dipole-bound and ogH NI diabatic states as solid lines; the adiabatic states as
colored solid lines (bottom state in red and upper state in blue); ¢, state as green short dashed line. The vertical arrows show energy transitions from the neutral
molecule to the oéH state; two horizontal arrows in A indicate positions of the vibrational Feshbach resonances (see Fig. 5 and Ref. [4]); dashed horizontal lines
show [M—H] bond dissociation energies (BDE) of neutral molecules (upper line), [M—X]~ NI appearance energies (AE, middle lines for A—C, and bottom line for
D), and zero-point energy level for the neutral molecule. The curves have been calculated using Morse potentials (bound states) and anti-Morse potentials (repulsive
states) on the basis of calculated or literature data of the shape resonance energies, appearance energies, BDEs, AE, electron affinities, vibrational energies (second
order of unharmonicity was included). Perturbation theory was used to calculate the avoided crossing model and the off diagonal coupling element has been taken
close to the energy difference between the neutral molecule and the dipole-bound NI states at relaxed geometries.

However, even in this case, the lower energy range overlaps
with possible contributions from underivatized Gly that may be
present. This situation is somewhat similar to two processes that
produce [M—H]™ NIs from acetic acid in which less intensive
fragmentations became ill-defined in the presence of the much
more abundant dissociation of the OH-bond, which, inciden-
tally, was also accompanied by excitation of the v(OH) stretch
[2].

Additional experiments to support the hypothesis described
here have been carried out using high-energy resolving power.
The energy spread of the electron beam before introducing
the Gly sample into the instrument was ca. 60 meV and dur-
ing the experiments the energy spread gradually increased to
100-110 meV. These experimental results have been carefully
analyzed via the Voigt function fitting procedure (Fig. 5). Voigt
function fitting showed that the effective yield curve of [M—H]™
NIs consists of three resonance peaks, two of which are believed
to be vibrational Feshbach resonances (blue curves in Fig. 5) and
the third, a (), shape resonance (green curve).

[M—NH;]|~ NIs were also observed from a resonance state
near 2 eV (Table 1). It is assumed that the ¢, shape resonance
proceeds via 1 orbital electron capture followed by orbital mix-
ing with the neighboring ox_y; state (Table 2) through excitation

Electron Energy (eV)

Fig. 5. Effective yield curve of [M—H]™ negative ions for Gly recorded with
high energy-resolving power and deconvolution by Voigt function peak fitting
(two blue curves are vibrationally excited Feshbach resonances decaying via tun-
neling into [M—H]~ NIs and correspond to two horizontal arrows in Fig. 4(A);
the green curve is the contribution from a 7* shape resonances; the magenta
curve is background and the red curve is the sum of these four curves).
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of appropriate symmetry vibrational modes. The o¥_y; state is
repulsive along C,—N bond and as a result, [M—NH,]~ are
formed. Since only m(,, orbitals of Gly conformers with non-
planar structures have significant contribution at the NH»-group,
it is reasonable to conclude that these ions are predominantly
formed from the conformers. Indeed, because of the higher tem-
peratures that must result in a higher mole fraction of non-planar
conformers for the i-Pr ester, an increase in the cross-section of
the NIs near 2eV was observed compared to the other esters
studied at lower temperatures.

In the case of formic acid, Allan [27], who investigated vibra-
tional excitations in the electron impact experiments, discussed
possible direct electron capture into the o*(OH) orbital result-
ing in a shape resonance, which being very broad could affect
vibrational excitations at energies well below that of the nominal
energy of the resonance. The o* shape resonances of compounds
consisting of second row-elements have very short lifetimes
making them very difficult to isolate and identify experimen-
tally [21]. In principle, the mechanism [27] can be realized
during generation of [M—H]™ NIs in Gly and very fast elec-
tron autodetachment at higher energies could be responsible for
the formation of a much narrower (compared to the parent o*
resonance) resonance-like shapes of the effective yield curves
of [M—H]~ NIs with maxima at 1.2-1.3eV. However, there
are issues that cast doubt on such a fragmentation mechanism
for Gly and its esters. If it were the case, the yield curves of
[M—H]™ NIs from Gly and [M—X]™ NIs from esters should be
identical because the calculated energies for the o*(OX) orbitals
(Table 2) varied less than 1 eV around the mean value of 3.5eV.
Instead, dramatic differences in the shapes of the effective yield
curves for [M—X]~ NIs of esters and underivatized Gly have
been observed. The [M—X]™ NIs effective yield curves from
the -Bu ester (Fig. 1) showed no resonance peaks at 1.2-1.3eV
since this ester sample contained less underivatized Gly than did
the samples of other Gly esters. It is also noted that the o*(0OX)
orbital energy of the II, conformers deviates more than 1eV
about the mean of 3.5eV (Table 2). Such deviations are caused
by changes in conformers upon esterification that result in large
increases in both the total and the orbital energies (Table 2).
Because of their high total energy, these Gly ester conform-
ers should not be present in the gas phase in any significant
amount, at least not under the conditions of the present experi-
ments.

In the energy range ~3-3.5eV where [M—H] ™, [M—X]",
and OX™ NIs were observed, it is unclear whether there is just
one or several superimposed resonances each possessing its own
fragmentation channels that result in the generation of these NIs.
In the case of [M—X]~ NIs, one of them could be the o*(0X)
shape resonance. However, this conclusion would completely
cancel a previously proposed mechanism [27] for the forma-
tion of [M—X]~ NIs at 1.2-1.3eV via a broad ¢*(0X) shape
resonance since the same resonance cannot decay twice at two
different energies into the same type of fragment ions. In order to
confirm the suggestion that a 0*(0OX) shape resonance appears
only at ca. 3eV to produce the [M—X]™ NIs, it is necessary to
prove that other possible mechanisms, i.e., electronically excited
Feshbach resonances are not involved.

The energy range 3—4.5¢eV is typical for the lowest triplet
and singlet excited states of simple compounds comprising car-
bonyl groups, C=0, such as formaldehyde [28] and acetone
[29]. Within the framework of molecular orbital theory, these
transitions are associated with excitation of an electron from
the lone-pair of the carbonyl oxygen to an antibonding ¢
orbital. These excitations in compounds having the carboxyl
group, C(O)OH, like formic and acetic acids undergo signifi-
cant blue-shifts with energies ranging to ~6eV for the vertical
and ~5eV for the adiabatic transitions [30]. Remarkably for
methyl formate, the energy for the lowest singlet excitation
is not much, if different at all [30]. A quick analysis of the
singlet—triplet splitting for different carbonyl and carboxyl group
compounds shows that it varies within several tenths of electron
volts for both adiabatic and vertical transitions: formaldehyde
(0.4-0.5eV) [28a]; acetaldehyde (0.18-0.25eV) [31]; formic
acid(ca.0.17eV) [32]. We are not aware of similar gas phase data
on amino acids having been reported. Direct comparison with
available condensed-phase absorption spectra is hardly valid
since interactions with the surrounding medium can affect both
the energy and the order of transitions. Accordingly, high-quality
calculations of the gas phase singlet transitions in amino acids
were performed using a hierarchy of coupled cluster methods
[33]. In those studies excellent agreement with experimental
data considered reliable was reported. The lowest no — ¢
singlet transitions were predicted to require 5.88 eV energy in
the case of Gly and 5.96 eV in the case of Ala, i.e., both being
very close to that of carboxylic acids. Unfortunately, Osted
et al. [33] did not report on the energies of the correspond-
ing triplet transitions, but since singlet—triplet energy splitting
for the related carboxylic acids does not exceed ~0.5¢V, it is
hardly likely that triplet states in amino acids are much lower
in energy than the singlet transitions. These facts taken together
argue against the resonances near 3 eV being a result of elec-
tronically excited Feshbach resonances with the triplet state of
the neutral molecules as parent states. Furthermore, the electron
affinity for such a scenario would be ~2 eV which when recall-
ing that the Gly ground state has a negative electron affinity
and a dipole-bound state that provides positive electron affinity
but not greater than 100 meV [20], makes this concept wholly
untenable.

Therefore, it is proposed that the three types of NIs observed
in Gly and its esters near 3—3.5 eV are generated from o* shape
resonance(s). [M—X]~ NIs associated with the o*(OX) shape
resonances have already been discussed in part above; the only
issue not considered so far is the increasing intensity of these
ions near 3eV for esters proceeding from Met to #-Bu. It is
interesting that the only Gly conformer dipole moment that
steadily increases with increasing size of the alkyl group of the
ester functionality, is the III, conformer (Table 2). The positive
end of the dipole in III, is directed towards the OX-group of
the molecule and therefore, one may expect coupling between
dipole-supported and valence o*(OX) NI states as they both have
A’ symmetry. As already noted, such an interaction precludes
crossing of two states of the same symmetry with the result that
two adiabatic states above and below the crossing points of the
diabatic states are generated (Fig. 4). However, because of the
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massiveness of the alkyl radicals (X) of the esters, tunneling
from the dipole-bound part of the lower adiabatic surface to the
repulsive valence state is not possible in contrast to that that is
observed for the hydrogen atom in Gly. On the other hand, the
upper adiabatic surface is bounding at some O-X distances and
since the energy of the 0*(OX) near 3eV in Gly is lower than
the thermochemical O—X bond dissociation energy (BDE), these
NIs can only decay through electron autodetachment. For Gly
Me-ester, the energy of o*(0OX) resonance is close to or even
slightly higher than the BDE for OX and as the ester function-
ality increases in size, the BDE (OX) becomes lower than the
energy of the o*(0OX) shape resonance and fragmentation with
formation of [M—X]™ in Gly esters near 3 eV becomes possible.
The relative intensity of [M—X]™ at 3.5eV for the i-Pr ester is
greater than for the -Bu ester, because of the higher temperature
used in the earlier experiments in which the molar concentration
of the I, conformer was higher. To stress the importance of the
proposed coupling mechanism of two NI states, it is noted that
the energy of the o*(OX) shape resonance is higher than the ther-
mochemical threshold for the production of [M—X] ™ in both Gly
and its esters. However, fragmentation becomes possible only
when fast electron autodetachment is suppressed by creation
of a temporal bound NI state thereby providing an opportunity
for rearrangement to occur (see below), or when the resonance
energy is higher than the BDE of the neutral molecule. Suppres-
sion of electron autodetachment in these NIs presumes effective
energy exchange between vibrational modes; a situation that is
more complex than in the case of the one-dimensional model
described for the Gly-base compounds (Fig. 4) and some other
molecules [18c,d].

Additional support for more than a one-dimensional rep-
resentation of these complex NI states is provided by the
observation of one more fragmentation channel from the upper
adiabatic potential energy surface that results in the formation
of OX™ near 3 eV. Intensity changes for these ions for the four
esters were similar to that of the [M—X]~ NIs. The o*(0X)
orbital that is associated with the corresponding shape resonance
and that is involved in coupling with the dipole-bound NI state,
has a contribution on the OX-group as well as on the C—OX
bond, only to a much lower extent. That is why OX™ NIs were
observed with lower intensity than the [M—X]™ NIs. It is also
noted that OX~ from Gly is not observed in the energy range
near 3 eV although the thermochemical threshold for the process
is estimated to be 2.74 eV for I, and 2.8 eV for III, conform-
ers. Here again the resonance energy is lower than the BDE for
C-OX and since the upper adiabatic state is bound in the vicinity
of the crossing point, fragmentation is suppressed.

The only NIs that were probably generated from the Gly
upper adiabatic state were COOX ™. Thermochemical estimates
indicate that the structure of these NIs at these electron energies
is HCOO™, not COOH™. This means that generation of the ions
requires rearrangement of the molecular structure and a bound
adiabatic upper state serves as an effective mechanism against
electron autodetachment. In esters, the restricted mobility of
the heavier X-group prevents rearrangement and these ions are
thus observed only at higher energies for the COOX™ structure
(Table 1).

[M—H] ™ NIs observed in esters slightly below 3 eV (Table 1)
are probably associated with hydrogen-atom loss from the
C,-carbon. Indeed, taking into account the experimentally deter-
mined appearance energy (1.10£0.05eV) for the carboxylate
anion [12] and the calculated energy differences between car-
boxylate, enolate and amide anions [34], the appearance energies
should be 2.64 eV and 3.44 eV for the enolate and amide struc-
tures, respectively. The absence of these [M—H]™ NIs in the
energy range near 3 eV in Ala and Phe also favors this assign-
ment. The [M—H]™ NIs in this energy range are presumably
formed from o* shape resonances as suggested by the calcu-
lated o{_yy virtual orbital energy (Table 2). With increasing ester
group size, the wave function contribution to the C,—H bond
decreases and so does the relative intensity of the associated
[M—H]™ ion. The higher temperature did not affect the yield
of these ions and therefore, these ions at this energy are mainly
produced from the I, conformer. It is probably the peculiarity of
this shape resonance for the ion to survive electron autodetach-
ment and instead to fragment. The relatively low energy of the
process favors its survival.

The main significance of the resonances near 5-6¢eV is that
they produce all major NIs generated from Gly and its esters
(Table 1). This energy range in amino acids according to Osted
et al. [33] corresponds to two types of excitations, which are
no = Mo (~5.9eV) and ny — 3s (~6.3-6.4eV). These neu-
tral excited states could be parent states for the corresponding
NIs that are formed via electronically excited Feshbach reso-
nances. There are several o* NI states in this energy range, one
of which is o¢,_gyx (Table 2). These o* NI states are repulsive
along some bonds and interaction of Feshbach resonances with
these a* states results in fragment NIs. Good spatial overlap
of the o¢_x orbital and the excited no — w¢, state supports
effective mixing for the corresponding shape and Feshbach res-
onances and the high yields of the OX™ NIs at 5.5-6 eV. Another
consequence of the interaction between shape and Feshbach res-
onances is that the most characteristic NIs (Table 2) in Gly-based
compounds are generated at 5-6eV and these are associated
with the carboxyl group. On the other hand, it is unclear why
COOX™ NIs in Gly and the Me ester are even more intense
than the OX™ NIs, while the COOX™ NIs become less intense
the larger the ester group. The only transition that has noth-
ing to do with the carboxyl group is the ny — 3s transition
associated with the amino group. The corresponding core-
excited Feshbach resonance can be involved in the production of
[M—NH,]™ at5-5.5 eV. Feshbach resonances act as “doorways”
[18] for repulsive NI states associated with o* shape resonances.
The o* resonances themselves are probably very short-lived
at these energies and without involvement of Feshbach reso-
nances they can hardly support fragmentation of NIs of Gly and
its esters.

The lowest Rydberg state in Gly is that involving the ny — 3s
transition. Other Rydberg states, associated with electron exci-
tation from nitrogen and oxygen lone-pairs and mc=p, can
be considered as parent states for the high-energy resonances
(=7¢eV) of Gly and its esters. Of the valence state transitions,
m—m* excitation also occurs in this energy range. Osted et al.
[33] predicted that these transitions in Gly require energy of



Table 3
Resonant electron capture mass spectra of alanine, H;NCHRC(0)OX?, (X =H) and its methyl (X =Me), ethyl (X =Et), and #-butyl (X =#-Bu) esters
Tons X=H X=Me X=Et X=t-Bu
mlz I, % (Ep, eV) Tint mlz I, % (Ep, eV) Tint miz 1, % (Em, eV) Tint miz I, % (Ep, eV) Tint
[M—H]~ 88 56 (5-7)° 90 103 5(~5.5) 2 116 4.5 (&5.5) 3.9 144 14(=5.1) 4.8
[M—X]~ 88 4375(1.2) 3867 88 20(~1.2-1.3)¢ 9 88 121 (~3.3)4 217 88 213 (r3.5)¢ 400
6(~1.8-2.5) 125(~9) 185(~9.3)
10(~9.5)
[M—NH;]™ 73 100(1.55) 45 87 7(~2) 3 101 6.3 (R2) 4.3 129 10(~1.8) 4.4
6(~5) 4.5 (~5.4) 2(4-7)°
2(8-10)°
[M—0X]~ 72 56(1.5)f 47 72 2(7-9)° 2 72 1.8 (4-6)° 35 72 3.6 (4-6)° 4
10(5) 2.5 (7-10)° 2(7-10)°
20(9)
[M—H-HOX]~ 70 23(~5.5) 22 70 16 (~5.5) 25 70 18(~5.5) 43 70 26 (x5.5) 48
40(8.5) 46 (~8.5) 50(~8.8) 49 (~8.8)
COOX~ 45 58(2.3) 120 59 85(5.5) 55 73 40 (~5.6) 24 101 1.3 (4-8)° 0.6
125(5.7) 46 (~27.5) 18(x17.5)
50(9)
OX~ 17 100(5.5) 100 31 10(=x3) 100 45 7(=3.1) 100 73 <2 (x3) 100
90(6.7) 100 (~25.6) 100 (=5.6) 100 (r25.5)¢
71(8.5) 78 (~1.3) 45(~7.2) 30(~9)
65 (~9) 30(x9.5)
@ R=CHj;.

b Precise determination of resonance maxima was not possible.
¢ These ions at low (1.2-1.3 eV) energy are supposed to be [M—H] ™ ions from underivatized alanine that may be present as an impurity.

4 The effective yield curve of these ions is very wide and a determination of contributions from the resonance states near 2 and 5 eV is not possible.

¢ The effective yield curve of these ions is very wide and determination of possible contribution from the resonance state near 7 eV is impossible.
f By analogy with glycine, these NIs at 1.5eV are supposed to be [M—NH3]~ rather than [M—OX] .
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7.2-8.8 eV. Weiss and Krauss [35] showed that many Rydberg
states possess positive electron affinity in the Franck—Condon
region. Corresponding core-excited Feshbach resonances can
be described as two electrons in the field of a positive ion,
which in turn is formed by removing an electron from the highest
occupied molecular orbital ny, np, or mc=p. Positive electron
affinities of Rydberg states prevent core-excited Feshbach res-
onances from undergoing fast electron autodetachment, thus
allowing survival of the NIs until fragmentation via mixing with
a repulsive NI state can take place.

4.2. Alanine esters

The electronic structures of the two simplest amino acids are
very similar and therefore, dramatic differences in gas phase
resonance electron capture reaction between Ala and Gly are
expected to be unlikely. Indeed, resonant electron capture spectra
of Ala and its esters (Table 3; Fig. 6) and that of Gly both carried
out under the same conditions are practically identical. Quan-
tum chemical calculations (Table 4) of Ala conformers and that
of its esters also showed similar results with Gly-based species.
The only apparent difference was the absence of [M—H]™ NIs
in the energy range near 3 eV in the Ala spectra in comparison
to that of Gly. As suggested above, formation of these NIs in
Gly is most likely associated with hydrogen-atom loss from the

Table 4

Cq-carbon. Substitution of one of the hydrogen atoms at the Cq-
carbon with the methyl group in Ala affected this fragmentation
channel dramatically. Quantum chemical calculations predicted
that the o}{_y; molecular orbital in Ala has only a small contri-
bution on the C,-carbon in contrast to that in Gly. Since the rest
of the fragmentation channels showed no apparent changes, all
mechanistic considerations apply equally well to Gly and Ala
and their esters.

4.3. Phenylalanine esters

The main difference in resonant electron capture spectra of
Phe and its esters with respect to the aliphatic counterparts is the
observation of fragmentations associated with the side chain,
R (Table 5). R™ ions were observed in underivatized Phe both
at low (1.4eV) and high (6.4eV) energies, whereas [M—R]™
were evident only at low energies. For the Phe esters, R™ ions
were registered only at high energies and the [M—R]™ ions only
at low energies. Observation of [M—R]™ at high energies with
very low intensity in the case of i-Pr ester is probably associated
with some conformers that were not sufficiently abundant at low
temperatures. It was suggested earlier [12] that 7* shape reso-
nances associated with the phenyl ring of Phe produce these ions
at low energies (Table 6). Since Phe requires a higher tempera-
ture for volatilization in comparison to Gly and Ala, contribution

Results of quantum chemical calculations of conformers of Ala (X =H) and its esters (X =Me, Et, and 7-Bu) on the base of HF 6-31G* level of theory; E, is the total
energy for different conformers with respect to that of I, conformer; . dipole moment; E[¢,] is energy of corresponding vacant molecular orbital scaled according

to equations from Ref. [21]*

Conformers
I, 11, 1, IV, Vi
X=H
E.¢ (kcal/mol) 0 2.54 2.58 1.87 1.48
n (D) 14 5.55 1.67 2.33 1.79
E[mg] (V) 1.83 1.94 1.78 1.91 1.82
Conformers
I, 1I,° 111, IV, Vi
X=Me
E.e (kcal/mol) 0 14.44 2.05 1.79 1.48
n (D) 1.96 4.79 1.88 2.34 2.27
E[m56] (eV) 1.91 1.80 2.27 1.98 1.9
X=Et
E.e (kcal/mol) 0 14.26 2.63 1.79 1.49
w (D) 2.14 4.67 243 2.44 2.44
E[T5o] (V) 1.94 1.83 1.87 2.02 1.93
Conformers
I, I, ¢ ne IV, Vi
X=t-Bu
Ere1 (kcal/mol) 0 34.12¢ 2.33 2.03 1.5
n (D) 2.24 6.05 2.5 2.48 2.49
E[m50] (eV) 1.96 1.80 1.93 1.91 1.95

2 See the footnote (a) to Table 2.

b Because of the non-planar structures, many orbitals mutually mixed and it was difficult to identify some of them.
¢ Geometry of this conformer was taken from the PM3 calculations, since optimization on the basis of HF 6-31G* resulted in geometry of the IV conformer.



Table 5

Resonant electron capture mass spectra of phenylalanine, HNCHRC(O)OX?, (X =H) and its methyl (X =Me), ethyl (X =Et), isopropyl (X =i-Pr), and ¢-butyl (X =¢-Bu) esters

Tons X=HP X=Me X =Et X =i-Pr¢ X =¢Bu
miz 1% (Em, eV) Lt milz I, % (En, €V) Lint milz I, % (En, €V) Lint mlz I, % (Em, eV) Tint mlz I, % (Em, eV) Tint
[M—H]~ 164 6(5-7)¢ 63 178 28(x5.5) 22 192 28 (x5.5) 22 206 ~8(5-6)4 4 220 23(~5.5) 22
16 (~8.4) 10(~8.5) <10 (7-9)4
M—X]~ 164 1060(1.16) 1065 164 <5(~1.2)° 9 164 128 (~3.2)f 204 164 277 (x3.5) 370 164 130(3.6) 222
5.3 (~1.9) 119(~9.2) 86 (8-10)9 154 (~9.3)
7.4 (=10)
[M—NH,]~ 149 43(1.71) 29 163 6(~1.9) 7 177 10(~1.8) 12 191 11(1=2)4 11 205 <7 (1-2)d 6
14(5.5) 8.5 (~5.5) 15(~5.5) <1 (5-6)4 <7 (4-10)¢
[M—0X]~ 148 14(5.3) 15 148 2.6 (5-7)9 3 148 5(8-10)4 6 148 10 (6-10)9 11 148 <7 (4-10)4 9
4.7 (8-10)4
[M—H-HOX]~ 146 7(6) 8 146 45(~5.9) 39 146 42 (~5.9) 39 146 14(5.5) 15 146 54 (~5.8) 47
23 (x8) 28(x8.5) ~25 (8-9)¢
COOX~ 45 21(6.5) 17 59 34 (~17.6) 28 73 23(7-9)4 16 87 <1 (7-8)¢ 7 101 <7 (7-10)4 3
26(~8.8)
0X~ 17 100 (6) 100 31 100 (6.5)8 100 45 100 (~6.5) 100 59 100 (~6.5) 100 73 100 (~6.3) 100
28 (~8-9)4 ~30 (7-9)4 ~30 (7-9)4
R™ 91 14(1.4) 26 91 50 (~6.4)" 59 91 36 (~6.5)" 44 91 40 (~6.5)" 37 91 38(5-7)¢ 44
36(6.4)
[M—R]~ 74 143(1.45) 130 88 11(~1.8) 9 102 19(1.5-1.7)4 8 116 39 (1-2)4 30 130 23(1-2)4 13
<1 (5-6)¢
4 R =CH,-CgHs.

b These data have been taken from Ref. [12].

¢ Experimental conditions similar to that of Ref. [12] (high temperature) have been used to record spectra of this compound.

d Precise determination of resonance maxima was not possible.

¢ Tons at low (~1.2eV) energy are supposed to be [M—H]~ ions from underivatized phenylalanine that may present as impurity.
f The effective yield curve of these ions is very wide and determination of possible contribution from the resonance state in the vicinity of 2 eV is impossible.

& The effective yield curve of these ions is very wide and a determination of their contribution from the resonance states at energy lower than 5 eV and higher than 8 eV was not possible.

" There is substantial contribution to the effective yield curve in the energy range 711 eV but strong interference of different resonance states producing these ions makes it impossible to resolve these states.
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of [M—H]™ NIs from underivatized Phe in the resonant electron
capture spectra of Phe esters was minimal (Fig. 7). Indeed, only
Phe Me ester showed ions with m/z 164 at 1.2 eV and that with
only relatively low abundance. In analogy with Ala, Phe, and its
esters did not form [M—H]~ NIs near 3 eV because one of the
hydrogen atoms on the C,-carbon was replaced by the side chain.
As in the case of Ala, such substitution resulted in a dramatic
decrease in the contribution of the o_;; molecular orbital on the
Cq-carbon. OX~ NIs from Phe and its esters were not observed
from resonances near 3 eV in contrast to those observed from

Table 6

Gly and Ala. The problem may be due to the changing character
of the wave function in ojy orbital. Indeed, calculations using
HF 6-31G* level of theory predicted a decreased contribution
of this orbital on the C—OX bond in favor of the OX-bond as
the ester groups increased in size. For Phe this was already the
case for the underivatized amino acid; the esters did not change
this scenario. The rest of the resonant electron capture spectra of
Phe and its esters were similar to that of the Gly based materials.
Therefore, all mechanistic considerations apply equally well to
both Gly and Phe and their esters.

Results of quantum chemical calculations of conformers of Phe (X =H) and its esters (X = Me, Et, i-Pr, and #-Bu) on the base of HF 6-31G* level of theory: Ey is the
total energy for different conformers with respect to that of T, conformer; u dipole moment; E[m¢ 1, E[m*(Ph(az))] E[m*(Ph(b;))]* are energies of corresponding

vacant molecular orbitals scaled according to equations from Ref. [21]°

Conformers
I, 11, I, 1V, Vi
X=H
Ee1 (kcal/mol) 0 1.37 0.85 2.85 3.19
(D) 1.32 5.18 1.76 2.44 2.37
E[m*(Ph(by))] (eV) 0.96 0.83 0.97 0.9 0.87
E[m*(Ph(ay))] (eV) 0.94 0.85 0.97 0.91 0.88
E[o8] (eV) 1.91 1.7 1.82 1.97 1.95
Conformers
I, 1L, I, IV, Vi
X=Me
E.¢ (kcal/mol) 0 12.74 0.77 2.85 6.27
n (D) 1.85 4.32 2.29 248 2.18
E[w*(Ph(by))] (V) 0.99 0.98 0.99 0.92 0.88
E[m*(Ph(ay))] (eV) 0.97 1.05 0.99 0.94 0.92
E[o(o] (€V) 1.96 1.66 1.91 2.03 1.88
X =Et
E.e (kcal/mol) 0 13.65 0.75 2.85 2.87
n (D) 2.02 4.18 2.46 2.57 2.52
E[w*(Ph(by))] (V) 0.98 0.99 0.99 0.93 0.88
E[m*(Ph(az))] (eV) 0.99 1.06 1.00 0.95 0.91
E[o(o] (€V) 2.01 1.65 1.95 2.07 2.07
X =i-Pr
E.e (kcal/mol) 0 12.67 3.31 2.72 5.63
(D) 2.01 4.14 2.42 2.45 2.2
E[m*(Ph(by))] (eV) 0.99 0.98 1.00 0.94 0.9
E[m*(Ph(ay))] (eV) 1.00 1.06 1.01 0.96 0.92
E[08] (eV) 2.02 1.66 1.92 2.06 2.02
Conformers
I, 10,4 11, IV, Vi
X=t-Bu
Ee1 (kcal/mol) 0 38.11 0.47 2.83 2.71
n (D) 2.11 4.28 2.52 2.32 2.29
E[m*(Ph(by))] (eV) 1.00 0.86 1.0 0.97 0.9
E[m*(Ph(ay))] (eV) 1.01 0.87 1.0 0.99 0.92
E[080] (eV) 1.99 1.38 1.95 2.05 2.05

2 Ph means that these orbitals are mainly located on the phenyl group of the side chain.

b See the footnote (a) to Table 2.

¢ Because of the non-planar structures, many orbitals mutually mixed and it was difficult to identify some of them.
4 Geometry of this conformer was taken from the PM3 calculations, since optimization on the basis of HF 6-31G* resulted into geometry of the IV conformer.
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Fig. 6. Effective yield curves of [M—X]~ NIs from Ala and its esters. The
vertical bars indicate positions of 7, shape resonances determined either from
calculations (esters; see also Table 4) or taken from Ref. [21] (Ala). Effective
yield curves of [M—X]~ negative ions from #-Bu ester have been recorded at
two different temperatures.
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Fig. 7. Effective yield curves of [M—X]~ NIs from Phe and its esters. The
vertical bars indicate positions of 7, shape resonances determined either from
calculations (esters; see also Table 6) or taken from Ref. [21] (Phe).

5. Conclusions

The most efficient and characteristic decay channels of the
ester NI resonances are those associated with the production
of the C-terminal fragment NIs, namely [M—X]~, COOX™,
and OX™ (X is Me, Et, i-Pr, or -Bu). Although slight varia-
tions in resonance electron energies and relative intensities were
observed, the effective yield curves for COOX™ and OX™ NIs as
functions of electron energy appear at 5.5-6 and 7-10 eV and are
similar in most respects for all three amino acids and their esters.
Some Gly and Alaesters form OX™ NIsat3-3.3 eV as well albeit
with low efficiency. In contrast, generation of [M—X]™ NIs has
been found to be very efficient in the low-energy range achiev-
ing maximum intensity for i-Pr and #-Bu esters for all amino
acids studied here. Generation of these NIs is easily rational-
ized by a model that involve coupling of two NI states one of
which is a common “chemical” or valence state and the other
a dipole-supported or dipole-bound state of the same symme-
try. This coupling precludes crossing of these two states and
instead the creation of two adiabatic states. The upper state is
bound within some values of a reaction coordinate and therefore,
fragmentation occurs when the resonance energy exceeds the
thermochemical BDE for the neutral molecule. Other ions, like
[M—H]~ ions can be generated at the lower adiabatic state via
tunneling through the barrier that separates a dipole-supported
minimum and repulsive valence state. The present data do not
support the earlier proposed mechanism for generation of these
[M—H]~ NIs at energies <1.5eV through 7§, shape reso-
nances. This mechanism applies when resonant energies are
>1.5eV. States decaying into fragment NIs in the energy range
5-6¢eV are supposed to be electronically excited Feshbach res-
onances associated with n—* singlet excited and n—3s Rydberg
excited states of the corresponding neutral molecules. Since the
carboxylate group is involved in such electronic excitations, the
C-terminal ions are the most abundant species observed. NIs
produced at energies >7 eV involve core-excited Feshbach res-
onances. Comparison of high and low temperature experiments
revealed the difference in amino acid conformer concentra-
tions in the gas phase is a function of temperature. The II,
conformers, played a very important role in the resonance elec-
tron capture spectrum for the underivatized amino acids, but
these contributed little if any in the case of resonant electron
capture spectra of the esters. In general, quantum chemical cal-
culations showed that esterification of amino acids had only a
limited influence on their electronic structures. However, the dif-
ferences in the thermochemical characteristics of underivatized
amino acids and their esters resulting from different masses of
the departing particles, had a major impact on the fragmenta-
tion mechanisms in both cases. Methylation in comparison to
esterification by larger alkyl groups caused the least change in
fragmentation behavior. During preparation of this manuscript,
it was learned that Burrow and coworkers [36] have also noted
the difference between the electron transmission and dissocia-
tive electron attachment spectra of amino acids in the low energy
range 1.2-1.3 eV which indicated to these authors as well that
o shape resonances apparently are not involved in fragmen-
tation of these compounds to produce [M—H] ™ NIs.
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