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Abstract
In the present study we performed dissociative electron attachment (DEA)
measurements with the tripeptide trialanine, C9H17N3O4, utilizing a crossed electronmolecular beam experiment with high electron energy resolution (~100 meV). Anion
efficiency yields as a function of the incident electron energy are obtained for the most
abundant anions up to electron energies of ~4 eV. Quantum chemical calculations are
performed to determine the thermochemical thresholds for the anions observed in the
measurements. There is no evidence of a molecular anion with lifetime of mass spectrometric
timescales. The dehydrogenated closed shell anion (M–H)– is one of the fragment anions
observed for which the calculations show that H-loss is energetically possible from carboxyl
as well as amide groups. In contrast to the dipeptide dialanine and monomer alanine the
cleavage of the N–Cα bond in the peptide chain is already possible by attachment of electrons
at ~0eV.
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1. Introduction
The degradation of biological matter due to the interaction with ionizing radiation
includes an early physical stage where a large amount of secondary species is formed [1].
Among these species are secondary electrons, formed abundantly by direct ionization
processes with removal of valence or inner shell electron(s) as well as indirect ionization
processes like interatomic Coulombic decay where inner valence shell ionization leads to
subsequent ionization of a neighbouring molecule due to transfer of excitation energy by
means of a virtual photon [2]. The energy distribution of secondary electrons yields peaks
typically below 100 eV with an abundant amount below sub-ionization energies [3]. At such
low energies dissociative electron attachment may lead to an efficient subsequent degradation
of biological compounds by entering the chemical stage of radiation damage [4]. Therefore an
extended amount of experimental and theoretical studies on electron induced damage in
biomolecules have been carried out over the last recent years. These studies have been
initiated by a pioneering investigation of the damage of a plasmid DNA induced by low
energy electrons [4]. The damaging effect was ascribed to transient negative ion formation
which triggered dissociation processes in the molecular DNA network which could lead to
strand breaks.
In addition to the study of DNA and related molecules, attention has been also paid to the
degradation of amino acids and peptides by low energy electrons either. Being the subunits of
proteins which form the spool for packing DNA as histone, their role in radiation damage is
still not fully understood yet. Some of the protein components intercalate within the DNA
grooves, i.e. they may directly interact with the DNA building blocks. As a consequence,
fragmentation of proteins may result in the formation of reactive species in the vicinity of
DNA which may induce structural (irreversible) damage. In contrast, it was also suggested
that the presence of proteins could buffer more severe damage of DNA. Peptides are
characterized by OC–NH bonds formed from adjacent amino acids. Investigations with
peptides may provide information relevant for the decomposition of proteins due to ionizing
radiation and subsequently formed low-energy electrons. In contrast to single amino acid
molecules [5-14] only few electron attachment studies on neutral peptides [15-22] have been
carried out so far, where, to the best of our knowledge, resonant ion yields as the function of
the electron energy were only determined for few dipeptides. Since neutral targets are used in
the present and earlier [15-22] studies, we note in this context that the process is different
from electron capture dissociation (ECD) of deprotonated peptides or multiply charged
peptide cations generated by electrospray ionization. ECD became popular as a technique for
2

ion activation in tandem mass spectrometry, where, for example, dianions were recently
detected that had been rarely observed before [23].
In electron attachment to neutral amino acids the dehydrogenated closed shell anion is
formed as the most abundant anion at subexcitation energies. The site of hydrogen loss was
identified to be the carboxyl group shown in experimental as well as theoretical studies. The
captured electron occupied the repulsive σ* (OH) orbital, where only the lower energy tail (up
to ~2 eV) of the broad resonance (5.8 eV broad and centred at 5.3 eV) appears in the DEA
cross section due to effective autodetachment including vibrational excitation of the
remaining neutral molecule at higher energies [9,24]. A second resonance was formed at ~5.5
eV, where other sites of hydrogen loss are accessible by this resonance.
Recently we carried out a detailed low-energy electron attachment study to the dipeptide
dialanine [15,16]. This molecule decomposes strongly upon capture of a low-energy electron
which leads to a number of fragment anions and corresponding neutrals. The formation of the
dehydrogenated parent anion, (M–H)–, turned out to be a particularly intense reaction channel
and highly site selective as a function of the initial electron energy. Resonant peaks in the (M–
H)– yield were assigned to hydrogen loss from both the amide and carboxyl groups [16]. In
the present work we investigate the negative ion formation for the tripeptide trialanine
(C9H17N3O4). Low energy DEA in the electron energy range from ~0 up to 4 eV is
investigated by recording the ion efficiency curves of fragment anions as a function of the
initial electron energy. The measured resonances are compared with the thermochemical
thresholds for the dissociation channels derived by quantum chemical calculations.

2. Experimental Setup
Electron attachment to trialanine was investigated by means of a crossed electronmolecular beam set-up which has been described in detail elsewhere [25]. Briefly, an electron
beam with a full width at half maximum (FWHM) of about 100 meV was formed in a
hemispherical electron monochromator with typical currents of ~5 nA. The trialanine sample
was purchased from Sigma Aldrich, Vienna, Austria, and had a stated purity of >98%. The
sample is solid at room temperature and had to be heated in an oven installed in the
monochromator chamber. An effusive molecular beam emerged through a capillary attached
to the heated oven which was operated at a temperature of around 420 K. The negative ions
formed in the interaction region were extracted by a weak electric field and were mass
analyzed in a quadrupole mass filter. We note that the mass analyzer has a considerable
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discrimination of heavy anionic species and thus the measured relative abundance of the
dehydrogenated parent anion will not reflect its true abundance. The mass analysed anions
were finally detected by a channeltron type secondary electron multiplier operated in single
pulse counting mode. The yields of mass-selected anions were obtained as a function of the
electron energy. The electron energy scale was calibrated with the s-wave DEA reaction of
CCl4 which leads to resonant formation of Cl– at about 0 eV [26]. The FWHM of this
resonance was also used to determine the energy resolution of the electron beam.

3. Computational Details
Thermochemical reaction thresholds were calculated employing the G4(MP2) method
[27], which is the most recent of the Gx extrapolation schemes. This approach yields an
average deviation of about 0.05 eV from experiment for the 454 energies compiled in the
G3/05 test set [27]. As trialanine and its fragments are organic molecules with features (such
as C-C, C-N bonds, etc.) well described in that test set, the G4(MP2) method is estimated to
be accurate within at least 0.1-0.15 eV for our cases. In particular, the ground state energies of
reactants, E(R), and products, E(P), were calculated and subsequently the reaction threshold,
E(PR), was calculated as E(P→R) = E(R) - E(P). The temperature in these calculations was
set to room temperature as well as to 460 K (slightly higher than the temperature in the
experiment) in order to explore any effect of the elevated temperature on the reaction
energetics. We found that the effect on the resulting reaction thresholds is of the order of a
few tens of meV and is thus rather negligible for the cases studied here. For that reason, we
report only the energies obtained using the elevated temperature of 460 K. The results are
summarized in Table 1. All calculations have been performed using the Gaussian 09 suite of
programs [28].
As initial geometries of the parent molecule two different conformers have been used.
These are depicted in Fig. 1. Conformer I exhibits a H-O-C-C-N-C-O ring structure (Fig. 1a)
and is by about 0.05 eV more stable than the ‘linear’ conformer II shown in Fig. 1b. Given a
temperature of 460 K and assuming a Boltzmann distribution for the amount of molecules
resembling these configurations, we find that the ratio of populations according to the
conformers (a) and (b) shown in Fig. 1 is about 1/3. Hence, we expect that under the
experimental conditions both conformers are present in the gas phase which shall be reflected
in the recorded ion efficiency curves. This is taken into account in the following discussion.
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4. Results and Discussion
Electron attachment to trialanine was studied in the electron energy range from about
zero up to 4 eV. Within the detection limit of the apparatus no parent anion was observable on
mass spectrometric time scales analogously to the electron attachment studies of dialanine and
alanine. The heaviest fragment anion observed in the present DEA experiment is assigned to
the dehydrogenated parent anion, (M–H)–, formed in the DEA reaction
C9H17N3O4 + e- →C9H16N3O4– + H

(1)

The corresponding ion yield shows a low-energy feature with a threshold at ~0.6 eV
which extends up to 3eV. The ion yield is shown in Fig. 2a and consists of a sharp peak
located at about 0.77 eV superposed on a broad feature with a maximum at about 1.15 eV. In
previous studies with single amino acids (e.g., [6,7,9,24,31]) a pronounced site selectivity of
the H-loss was observed, where low energy features (<3eV) have been ascribed to exclusive
loss of the hydrogen from the carboxyl group. This was suggested for amino acids using three
different approaches, (i) thermochemical calculations [29] which indicated that the threshold
for (M–H)– formation with H-removal from the carboxyl group is the lowest one amongst all
sites, (ii) experiments with partially labelled molecules [6,7,9] and (iii) scattering calculations
which are based on the occupation of the repulsive σ*-orbital of the carboxyl group by the
excess charge [9,24].
The (M–H)– thresholds from the present thermochemical calculations are presented in
Section 3 and summarized in Table 1. Thresholds for H-loss from carboxyl, amino and the
two amide groups have been calculated for the two different conformers shown in Fig. 1; the
thresholds accompanied by H-loss from carbon sites were not determined since it can be
expected that those are higher. The values for both conformers indicate that the H-loss from
carboxyl group is energetically most favourable (threshold value of 0.40 eV for conformer I
and 0.36 eV for conformer II, respectively). However, for the two amide groups the
thresholds are considerably different for the two conformers. For conformer II threshold
values of 1.02 and 1.13 eV are derived, while for conformer I the values are considerably
lower (0.50 eV and 0.72 eV, respectively). Since both conformers are expected to be present
in the molecular beam at the temperatures used, we cannot exclude that H-loss from amide
groups contribute to H-loss from the carboxyl group. The present data do not allow an
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unambiguous assignment but we may refer to a MS/MS study combined with MD-simulations
for the dipeptide dialanine where the (M–H)– ion yield was assigned to abstraction of a
hydrogen atom from the carboxyl group and amide group, contributing with two distinct
resonances at 0.81 and 1.17 eV, respectively.
The (M–H)– yield in DEA to alanine showed only one asymmetric peak (with a steep
onset at the low energy side) with a maximum located at 1.25 eV [29]. The thermochemical
threshold in the case of the single amino acid was determined to be 1.2 eV, i.e. substantially
higher compared to the tripeptide. Thus the ion yield shape on the low energy side seems
mostly determined by the threshold value which will lead to the cut-off of the resonant yield
like in the case of alanine causing the steep onset. In a recent DEA study with isomers of
aminobutanoic acid the same tendency has been observed [9]. The threshold value (slightly
different for the three studied isomers) strongly influenced the ion yield shape for H-loss from
the carboxyl group. However, R-matrix scattering calculations for the isomers of
aminobutanoic acid also showed that the effective ion yield is strongly dependent on the short
range electron-molecule interaction in addition to the long range potentials (polarization and
dipolar interaction) which are usually associated with threshold structures [9].
The second heaviest fragment anion observed in the present DEA experiments is
observed at mass 158 u and ascribed to C6H12N3O2– formed in the reaction
C9H17N3O4 + e- →C6H12N3O2– +

C3H5O2

(2)

The corresponding reaction scheme for the formation of this fragment anion upon DEA is
shown in Fig. 3a and the ion yield is shown in Fig. 2b. The anion is formed in a single
symmetric resonance at 1.91 eV. The peak onset as well the maximum are above the
calculated thermodynamic threshold of 0.44 for conformer I (0.42 eV for conformer II) and
thus we ascribe the resonance yield to the simple bond cleavage reaction shown in Reaction
(2). Using the well-known nomenclature for peptide fragmentation by Roepstorff and
Fohlman [30] the fragment anion formed is the c2 anion formed by the cleavage of the N–Cα
bond. Concerning the molecular orbitals involved in the DEA process we refer to a previous
computational study on the orbitals energies of dialanine which supported the previous
experimental observation of the c anion at energies below 2.5 eV. Sobczyk et al. [31]
suggested an indirect mechanism, where the incoming electron is first captured into the *orbital of the central CO carbonyl group before electronic coupling with the repulsive σ* N–
Cα orbital occurs which leads to the dissociation of the molecule. The same molecular groups
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involved are also present for trialanine and thus we suggest the same mechanism in the c2
anion formation like earlier for dialanine [18]. By this mechanism the formation of the c2
anion in the low electron energy range is energetically possible.
Another fragment anion formed by cleavage of the trialanine chain which can be
observed in the present experiment is C6H9NO3– with mass 143 u. One possible reaction
scheme is
C9H17N3O4 + e- → C6H9NO3– + C3H7N2O + H

(3)

Using the notation for peptide cleavage reaction (3) is hence accompanied by formation
of the z2-1 anion. The ion yield is shown in Fig. 2c and is characterized by two features, (i) a
sharp zero eV resonance which is (ii) followed a comparable broad resonance located at about
1.20 eV. We calculated the thermochemical thresholds for reaction (3) assuming additional Hloss from the z anion from either the carboxyl group or amide group and obtained for
conformer II threshold values of 4.45 eV or 5.37 eV, respectively. For conformer I the
threshold are also found to be > 4.5 eV. The experimentally observed resonances are few eV
lower than the calculated thresholds and thus the anion yield cannot form via reaction (3).
However, the thermochemical calculations indicate that C6H9NO3– may form in a
rearrangement reaction as shown in Fig. 3b, i.e. via the reaction
C9H17N3O4 + e- → C6H9NO3– + C3H8N2O

(4)

In this case the second N–C bond is broken in the DEA reaction after the incoming
electron is first captured into the *-orbital of the CO carbonyl group close to the amino
group, i.e. a negatively charged c1 and a neutral z2 fragment is formed. However, in contrast
to the c2 anion, where the excess charge remains at the amide group, a proton transfer from
the neutral z2 counterpart may occur. The initially formed c1 anion becomes neutralized in this
reaction step, and the z2-1 anion is hence formed as proposed in reaction (4). Such a proton
transfer reaction was previously suggested to be present in DEA to polypeptides [18]. We
further investigated the thermochemistry of the DEA reaction (4) by assuming different
protons to be transferred from the z2 fragment. While for proton transfer from the amide
group the threshold for reaction (4) is 0.59 eV, the threshold is considerable lower for proton
transfer from the carboxyl group. In the latter case the DEA reaction becomes exothermic by 0.33 eV. The values mentioned refer to conformer II. For conformer I both reactions become
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exothermic (see Table 1). Thus, we ascribe the zero-eV-threshold peak to the formation of z21 anion by a proton transfer from the carboxyl group while the broad resonance is formed by
proton transfer from the amide group of the z2 fragment.
Within the detection limit of the apparatus we were able to observe a fourth fragment
anion, which was found at mass 88 u (y1 anion). Assuming DEA, the ion yield may be
ascribed to the following reaction where a peptide bond is broken,
C9H17N3O4 + e- → C3H6NO2– + C6H11N2O2

(5)

The corresponding ion yield on the latter mass is shown in Fig. 2d. In the low electron
energy regime the anion is formed in a single resonance located at about 1.2 eV. Previously, it
was suggested in [18] that a peak at 88u in the low-energy negative ion mass spectrum of
trialanine may be assigned to the single amino acid alanine. Here the ion yield shape is
characterized by an asymmetric peak shape with a steep onset on the low energy tail which is
indeed very reminiscent of the (M–H)– ion yield of the single amino acid alanine. In addition,
the calculated thermochemical threshold for reaction (5) is 2.76 eV. Hence we cannot ascribe
the observed ion yield to reaction (5). Instead we assume the previously tentative assignment
that this anion yield is caused by DEA to alanine which is present as impurity in the sample or
is formed by thermal decomposition of the alanine sample.
The previous negative ion mass spectrum mentioned has been determined by Deinzer and
co-workers [18] at the electron energy of 1.5 ± 0.5 eV. They utilized a double focusing mass
spectrometer and observed the most intense signals in their mass spectrum for (M–H)–, z2-1
anion, c2 anion and (M–H2)– (listed in the order of decreasing intensity). In the present
experiment we were not able to detect (M–H2)– due to the low cross section of its formation
combined with the reduced transmission of the quadrupole analyzer for heavier anions.
Otherwise the present results are in good agreement with the previous ones concerning the
anions detected. However, it should be noted that previously the formation of (M–H)– in
polypeptides has also been associated with the carboxylate anions structure involving dipole
bound states [32]. Though there is no direct proof by the present study that H-loss from
another site may contribute to the measured ion yield, it should be mentioned that H-loss from
the amide group at energies < 3 eV is also possible from a thermodynamic point of view.

5. Conclusion
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In the present DEA study on the tripeptide trialanine we investigated resonant formation
of fragment anions in the electron energy range from about 0 eV to 4 eV and determined the
ion yields as a function of the electron energy. Four fragment anions ((M–H)–, c2, z2-1 and y1
anions) have been detected within the detection limit of the apparatus. The thermochemistry
of these anions has been investigated using quantum chemical calculations. The thresholds
have turned out to be strongly dependent on the structure of the tripeptide which was derived
when including internal hydrogen bonding of the carboxyl hydrogen with the oxygen of the
neighboring amide group. The present results show that trialanine is susceptible to low energy
electrons <3 eV like it was found for the subunit alanine and for the dipeptide dialanine.
However, we show that in contrast to the smaller species also zero eV electrons are able to
break the chain of the peptide. This is energetically only possible via a more complex reaction
including a subsequent proton transfer from the neutral z2 fragment after the initial DEA
process. The negative mass spectra at 1.5 eV for alanine polypeptides (up to the hexapeptide)
measured by Deinzer and co-workers [18] indicated that the z-1 anions become the dominant
anions in the low energy fragmentation patterns with increasing peptide size. Hence, it can be
expected in DEA to polypeptides that subsequent proton transfer reactions will determine the
final localization of excess charge after initial DEA.
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Table 1. Thermochemical threshold energies of possible fragmentation channels in
DEA to trialanine. Conformer I and II correspond to the structures shown in Fig. 1a
and 1b, respectively. All values correspond to a temperature of 460 K except those
indicated by an asterisk which were determined for ambient temperature.

Reaction e- + M…

Threshold energy (in eV)

Conformer I

Conformer II

(M–H)– + H [H from carboxyl group]

0.40

0.36

(M–H)– + H [H from amide group 1 (close to carboxyl)]

0.50

1.02

(M–H)– + H [H from amide group 2 (close to amino)]

0.72

1.13*

(M–H) + H [H from amino group]

2.24

2.65*

C6H12N3O2– + C3H5O2

0.44

0.40

C6H9NO3– + C3H7N2O + H [H from carboxyl group]

4.49

4.45

C6H9NO3– + C3H7N2O + H [H from amide group 1]

4.66

5.37

C6H9NO3– + C3H8N2O [H+ transfer from carboxyl group]

-0.29

-0.33

C6H9NO3– + C3H8N2O [H+ transfer from amide group 1]

-0.12

0.59

C3H6NO2– + C6H11N2O2

2.76

2.71

–
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Figure 1. Structure of two possible conformers of trialanine. Conformer I (a) is about 0.05 eV
more stable than isomer II (b) (see text). The structures were obtained at the B3LYP/631G(2df,p) level of theory which is used for the geometry optimization in the G4(MP2)
extrapolation scheme.
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Figure 2. Ion yields of fragment anions observed in the present DEA study of trialalanine (see
text).

15

Figure 3. Possible reaction schemes for the fragment anions observed in DEA to trialanine.
Using common nomenclature for peptide fragmentation the negatively charged fragment
formed in a) is the c2 fragment. In b) the negatively charged z2-1and neutral c1 fragments are
formed as final reaction products (see text).
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