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The formation of ions from amino acids (glycine and alanine) and dipeptides (glycylglycine,
alanylalanine, and glycylalanine) under the resonant electron capture conditions was studied
by negative ion resonant electron capture mass spectrometry. The isobaric ions were found,
their effective yield curves were experimentally separated, and the elemental composition was
determined. The thermochemical aspect of ion formation was considered, and probable disso�
ciative channels of fragmentation ion formation and their structures were established on the
basis of this aspect. Bond cleavage reactions only and H�shift processes were revealed. The
rearrangements occur presumably through the stage of formation of intramolecular hydrogen
bonds. The cross�sections of formation of ions [M – Н]– were measured in the energy range
1.1—1.3 eV. The metastable decay channels of ions [M – Н]– and [M – СООН]– were found
in the energy range 4.5—7.5 eV for dipeptides, which enabled establishing the genetic relation�
ship between the parental and daughter ions and revealing hidden fragmentation pathways.

Key words: mass spectrometry, resonant electron capture, negative ions, glycine, alanine,
glycylglycine, alanylalanine, glycylalanine.

Recent studies in the field of radiation biology showed1

that biomolecules can decompose in electron�molecular
reactions upon the interactions with electrons having an
energy considerably lower than the ionization potentials
of the molecules. In this case, the molecules dissociate
due to processes of resonant electron capture,2 which
usually occurs in the region of electron energies ≤15 eV.
This is related to the formation of the short�lived nega�
tively charged molecular ions that further decay in the
accessible dissociative channels or due to the ejection
of the captured electron (autoneutralization). This dis�
covery has earlier initiated studies of resonant electron
capture by various chemical compounds of biological
significance (amino acids, nucleic bases, etc.) and related
compounds (organic acids, five�membered heterocycles,
etc.). The mechanisms of electron capture by molecules
of some amino acids (glycine,3—6 alanine,5,7 valine,8

proline,9 tryptophane,10 and phenylalanine5) have been
established and their fragmentation processes were stud�
ied to date. The next stage is the study of electron�
molecular reactions involving peptides.

In the present work, we studied processes of resonant
capture of energy�controlled electrons by dipeptide mol�
ecules: glycylglycine (Gly�Gly), glycylalanine (Gly�Ala),
and alanylalanine (Ala�Ala). The study of larger peptides
by the resonant electron capture method is prevented by

their decomposition upon thermal sublimation in vacuo.
The process of electron capture by glycine (Gly) and
alanine (Ala) are also considered for comparison.

Experimental

Mass spectra were recorded on an MI�1201 magnetic mass
spectrometer (Sumy, Ukraine) modified for the detection of
negative ions (NI)11; the possible detection of positive ions
conserved as well. The scheme of the apparatus is presented in
Ref. 12. The fast switch from one mode to another was carried
out by changing the polarity of the electrode potentials of the
ion�optical system and the current polarity of the analyzing
electromagnet. The mass spectrometer is equipped with two ion
sources, where one of them contains a trochoidal electron
monochromator. The electron beam emitted from the Th/W
cathode passed through the trochoidal electron monochromator
decreasing the electron scatter with respect to kinetic energies.
The electron energy scale was calibrated by maxima in the
effective yield curves (EYC) of the ions SF6

–/SF6 (~0 eV) and
[M – H]–/CH3COOH (~1.55 eV, see Ref. 13). The appearance
energy (AE) of the negative ions was determined relative to the
beginning of the yield maxima of the ions SF6

–/SF6 (~0 eV).
The mass resolution of the instrument was ~2000 with the narrow
open slits of the ion receiver, which was used for the separation
of the EYC of isobaric ions. Since the intensity of the ion signals
is decreased in the case, the main work was carried out with the
widely open receiver slit, which made it possible to detect reliably
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low�intensity ions. The procedure of determination of the cross�
section of the fragment NI formation has been described
previously.14

Commercial samples of the studied compounds (Sigma/
Aldrich Chemical Co.) were used. The sample under study was
placed on the bottom of the ionization chamber from which it
was thermally evaporated. Unlike the use of the tube of direct
inlet of solid samples, this procedure made it possible to obtain
the necessary vapor pressure in the chamber at comparatively

low heating temperatures, which is very important for the work
with peptides. The effective yield curves of the NI from Gly
(86 °C) and Ala (85 °C) as functions of the electron energy were
obtained using a monochromator, ΔE1/2 = 0.30—0.32 eV; the
yield curves of the NI from Gly�Gly (175 °C), Ala�Ala (139 °C),
and Gly�Ala (141 °C) were obtained without a monochromator,
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Fig. 2. Effective yield curves for the NI from Ala (an ion source
with an electron monochromator, ΔE1/2 = 0.3 eV). The total
EYC and individual curves recorded with the broad and narrow
slit of the ion receiver, respectively, are presented for the iso�
baric ions С3О2Н4
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– (m/z 72) and С2NН4
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Fig. 1. Effective yield curves (EYC) for the NI from Gly (an ion
source with an electron monochromator, ΔE1/2 = 0.32 eV). The
total EYC and individual curves recorded with the broad and
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ΔE1/2 = 0.52—0.58 eV. The yield curves of the [M – H]– ions
with ΔE1/2 = 0.11—0.12 eV from amino acids (85—86 °C)
and with ΔE1/2 = 0.12—0.13 eV from peptides (110—128 °C)
were obtained in additional experiments.

The pressure in the region of the ion source was monitored
by a magnetic ionization sensor; in experiments it did not exceed
8•10–5 Pa, the residual pressure being 5•10–5 Pa.

Results and Discussion

Resonant electron capture by molecules of the studied
amino acids and peptides occurs at the energies ≤12 eV
and produces various fragmentation NI (Figs 1—5). The
whole energy range in which the resonance NI peaks were
detected was arbitrarily divided into three regions with
low energy (0—4.5 eV), medium energy (4.5—7.5 eV),
and high energy (>7.5 eV). The main criterion for the
elucidation of the structures of molecular ion dissociation
products is the energy of the processes (the thermochemi�

cal parameters of ions and neutral species necessary for
calculations are given below).

The principle of least structural changes during reac�
tions is the next in significance: the processes of just the
bond cleavage rather than rearrangements were preferred.
The mass numbers of ions that can be formed due to the
simple cleavage of this or another bond in dipeptides are
shown in Fig. 6. The classification of ion formation pro�
cesses from peptides is shown in Fig. 7.

Ions [M – H]–. At the energy of 1.14 eV, peptides
form the ions [M – H]– with high efficiency due to H
atom elimination from the carboxy group, which is char�
acteristic of organic acids15—18 and amino acids studied
earlier.3—10 We determined the cross�section of dissocia�
tive electron capture for these ions as 2.8•10–18 (m/z 131,
Gly�Gly and m/z 159, Ala�Ala) and 3.1•10–18 cm2

(m/z 145, Gly�Ala). These values are approximately twice
as large as analogous values for the [M – H]– ions
from amino acids in the energy region 1.3 eV: 1.3•10–18
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(m/z 74, Gly) and 1.6•10–18 cm2 (m/z 88, Ala). The
latter values agree well with the values 3.9•10–19 and
4.4•10–19 cm2 (Ref. 19). However, they considerably
differ with the values 5•10–16 (see Ref. 4) and 10–16 cm2

(see Ref. 3). It is mentioned19 that the discrepancy with
the published3,4 values of measured cross�sections of the
[M – H]– ions are probably due to the incorrect determi�
nation of the vapor pressure of the sample. According to
the literature data,20 the [M – H]– ions in the energy
region 1.3 eV are formed from amino acids due to the decay
of the dipole�bound state of molecular ions. It is most

likely that the discussed ions formed from peptides in the
energy region 1.14 eV have the same origin.

The effective yield curve of ions from Gly exhibits a
shoulder at 3 eV and a peak at E = 5.2 eV. As mentioned
earlier,5,20 the origin of the both varieties is caused by
H atom elimination from the Сα atoms. Similar processes
occur in Ala but with a lower efficiency, perhaps, due to
the deficient of the hydrogen atoms at the Сα atom. At
2 eV, the EYC of ions from peptides exhibit explicit
inflections caused by the abstraction of the carboxylic H
atom with a small contribution of the loss of the H atom
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at the peptide nitrogen atom.13 The low�intensity peak for
Gly�Ala and Ala�Ala was detected at 5 eV. Perhaps, it has
the same origin as that in amino acids. For Gly�Gly no
similar peak was observed in the medium�energy region
against the background of intense secondary processes,
and it remains unclear whether long�lived ions are formed
or not (the term “long�lived” means that the ions can be

detected mass spectrometrically). This question is clari�
fied to a greater extent by the EYC of the neutrals due to
the loss of electrons by ions in the field�free region (marked
as 74n, 88n, 131n, 145n, and 159n, see Figs 1—5). In the
low�energy region, they match completely the yield curves
of ions but with the intensity two orders of magnitude
lower. In this case, ions are formed near the threshold
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and, hence, the electron loss is possible only as a result of
the collision of ions with molecules of the own or residual
atmospheric gas. In the medium�energy region, the ratio
of intensities of peaks of ions and peaks of their neutrals
differs from that in the low�energy region and indicates
that the spontaneous electron ejection by ions of all dis�
cussed compounds, except for Gly�Gly, occurs along with
the collision process. Thus, neutrals act as indicators of
the formation of long�lived NI in the high�energy region.
For instance, the neutrals in Ala�Ala show that the long�
lived ions are also formed in the region 8 eV; however,
this is not evident from the yield curve of ions. The
absence of the resonance peak in the yield curve of
the [M – H]– ions and their neutrals from Gly�Gly in the
medium�energy region does not mean that these ions are
not formed in this case. It is most likely that these decom�
pose rapidly to smaller fragments, whose short lifetime
prevents their detection.

Experiments with the electron beam monochromator
reveal additional specific features in the EYC of the dis�
cussed ions in the low�energy region (Fig. 8). A shoulder
at 1.65 eV along with a sharp maximum is observed for
Gly. A similar result has been obtained earlier.5,20 These
specific features were identified20 as a fine structure cor�

Fig. 6. Mass numbers of ions that can be formed due to the
cleavage of a particular bond only in the dipeptides under study.

Fig. 7. Classification of process of ion formation from the pep�
tides under study.

Fig. 8. Effective yield curves for the [M – H]– ions from amino
acids (ΔE1/2 = 0.11—0.12 eV) and dipeptides (ΔE1/2 = 0.12—
0.14 eV) obtained using an ion source with an electron mono�
chromator.
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responding to the excitation of vibrations of the O—H
bond in the molecular ion. Perhaps, the specific feature
(a peak in the implicit form) at 2 eV is related to this
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fine structure and continues the vibrational progression.
However, this specific feature can be related to another
resonance state of molecular ions, which are identified20

as the π00*�resonance of the form.
It was expected that a similar vibrational progression

will be observed in the case of peptides. However, the
broad smooth peak extending to ~3 eV does not allow one
to reveal the fine structure. The origin of this peak is
related, most likely, to the π00*�resonance of the form as
in amino acids, but the efficiency of fragmentation ion
formation in peptides is higher. Another distinction of the
EYC of ions from peptides from the EYC of ions from
amino acids is the sharp peak at 0.8 eV. We believe that
this peak is temperature�dependent and continues the
vibrational progression of the O—H bond extension. The
appearance of such peaks below the threshold dissocia�
tion energy at elevated temperatures has been discussed in
detail earlier21 for the OH�containing compounds. Gly�
cine and alanine were studied at a higher temperature
than in the present case,4,7 but no similar temperature�
dependent peak was observed. It is most likely that the
reason for the anomalously high intensity of the peak of
ions at 0.8 eV in peptides is the pre�dissociation mecha�
nism of the process. According to Ref. 21, no stretching
vibrations of the O—H bond appear directly upon the
formation of molecular ions. Excitation occurs due to
the interaction with active vibrations, which appear at the
moment of electron capture. The efficiency of this inter�
action depends on several factors, one of which is the
value of the overlapping integral of the corresponding
vibrational wave functions. Another important factor is
time. A substantial difference in the processes that occur
above and below the energy threshold is that the latter
require additional time to concentrate an excess of the
internal ion energy on the vibrational mode responsible
for dissociation. Since the cross section of the fragment
NI formation depends exponentially on the lifetime of
molecular ions relative to the autodetachment of an elec�
tron, an insignificant change in the latter can result in a
substantial change in the cross section. Probably, the life�
time of molecular ions in peptides is longer than that in
amino acids, because its value increases with an increase
in the number of degrees of freedom of the NI. In addi�
tion, the additional acceptor group in dipeptides com�
pared to amino acids also favors the more prolonged
containment of the captured electron.

Medium�mass ions from dipeptides. The effective yield
curves of the [M – 45]– ions (m/z 87, Gly�Gly; m/z 101,
Gly�Ala; m/z 115, Ala�Ala), which are formed due to the
C—Сα bond cleavage (see Fig. 6), are characterized by a
sharp peak in the medium�energy region*

M + e → NH2CH(R1)C(O)NHCH(R2)– + •COOH (1)
(AEGly�Ala = 3.17 eV).

An analog of this process in amino acids should be the
formation of the NH2CH2

– and NH2CH(CH3)– ions.
However, no peak of ions with m/z 30 was observed in the
mass spectrum of the NI of Gly, and the ions with m/z 44
in the mass spectrum of Ala have another elemental com�
position, although the peaks of the ions with m/z 30
(NH2CH2

+) or 44 (NH2CH(CH3)+) predominate in
the mass spectra of positive ions of these amino acids.
Evidently, the absence of these NI is related to the
negative electron affinity of the radicals NH2CH2

• and
NH2CH•(CH3).

The metastable peaks with apparent m/z 83.18 and
70.35 in the mass spectra of Ala�Ala and Gly�Ala, respec�
tively, indicate that the ions [M – 45]– in these peptides
are formed also by the consecutive decay through the
intermediate ion [M – H]–

M + e → NH2CH(R1)C(O)NHCH(CH3)COO– + H →
→ NH2CH(R1)C(O)NHCH(CH3)– + CO2 (2)

(AEGly�Ala = 3.40 eV).

The metastable peaks found are very important be�
cause they directly suggest the formation of the ions
[M – H]– with the structure of the carboxyl anion in the
medium�energy region, which, according to the published
data,5 is not characteristic of amino acids. An analogous
metastable decay of carboxylate anions with the elimina�
tion of the CO2 molecule has been observed previously in
benzylacridone acetate22 and in derivatives of di� and
tetrafluorocinnamic acids.23

In Gly�Gly, another structure of the ions [M – 45]–

corresponds to the low�intensity peak in the energy
region 2.8 eV. These ions are formed due to the rear�
rangement in the molecular ion

M + e → NH2CH2C(O)=NCH3
– + •COOH (3)

(AEGly�Gly = 1.61 eV).

The both varieties of the ions [M – 45]– are ions of the
series A (see Fig. 7). The group of ions with low�intensity
peaks with m/z 86—83 in the mass spectrum of Gly�Gly
includes ions of the series A with the elemental composi�
tion different from the composition of the ions [M – 45]–

by 1—4 hydrogen atoms. This is inferred from the similar�
ity of the EYC of these ions with the EYC of the ions with
m/z 100—97 from Gly�Ala.

The ions with m/z 74 in Gly�Gly and the ions with
m/z 88 in Gly�Ala and Ala�Ala are most intense in the
medium�energy region. They are formed due to the cleav�
age of the peptide bond only and are similar to the ions
[M – H]– in the corresponding amino acids

M + e → NH2CH(R1)C•(O) + NHCH(R2)COOH– (4)
(AEGly�Ala = 2.84 eV).

The metastable peaks with apparent m/z 48.7 and 53.4
in the mass spectra of Ala�Ala and Gly�Ala indicate, cor�
respondingly, that in these peptides the ions with m/z 88

* Hereinafter R1 = R2 = H (Gly�Gly); R1 = R2 = Me (Ala�Ala);
R1 = H, R2 = Me (Gly�Ala).
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can be formed by the consecutive decay through the in�
termediate ions [M – H]– due to the cleavage of the
peptide bond only

M + e → NH2C(R1)=C(O)NHCH(CH3)COOH– + H• →
→ NH2C(R1)=C=O + NHCH(CH3)COOH– (5)

(AEGly�Ala = 4.43 eV).

However, one cannot exclude a possibility of the
H�shift in the intermediate ion, due to which ions with
m/z 88 with a more stable structure are formed

M + e → NH2C(R1)=C(O)NHCH(CH3)COOH– + H• →
→ NH2C(R1)=C=O + NH2CH(CH3)COO– (6)

(AEGly�Ala = 2.49 eV).

This assumption is based on the fact that in the low�
energy region only the structure of the carboxylate anion
corresponds to the discussed ions with m/z 74 and 88.
These ions are formed due to the H�shift in the mole�
cular ion

M + e → NH2CH(R1)C•(O) + NH2CH(R2)COO– (7)
(AEGly�Ala = 0.90 eV).

The both varieties of the ions discussed belong to the
series Y (see Fig. 7).

The effective yield curve of the ions with m/z 73 from
Gly�Gly in the low� and medium�energy regions re�
sembles the EYC of the ions with m/z 73 from Gly�Ala
and the EYC of the ions with m/z 87 from Ala�Ala, but
the latter has no common features with the EYC of the
ions with m/z 87 from Gly�Ala. This suggests that the ions
discussed are formed due to the cleavage of the N—Сα
bond only and represent ions of the series C (see Fig. 7)

M + e → NH2CH(R1)C(O)NH– + •CH(R2)COOH (8)
(AEGly�Gly = 1.04 eV).

It should be mentioned that the EYC of the discussed
ions from Gly�Ala contains a large contribution from the
isotope peak of ions with m/z 72 in the low�energy region.

Ions [M – 16]–, [M – 17]–, [M – 18]–, and [M – 19]–

in amino acids and their analogs in dipeptides. The ions
[M – 16]–, [M – 17]–, [M – 18]–, and [M – 19]– in
amino acids are formed due to the ejection of the terminal
NH2 and OH groups and the H atoms in various combi�
nations.3—7 Therefore, the listed ions in peptides have the
same origin. The ions with m/z 59, 58, 57, 56 (from
Gly�Gly), 73, 72, 71, 70 (from Ala�Ala), and 73, 72, 71,
58, 56 (from Gly�Ala) are of greater interest, because they
are formed due to the cleavages of the central bonds in
peptides.

Analogs of ions [M – 17]–. In Gly�Gly the ions with
m/z 58 are the most intense in this group. Their EYC
demonstrate resonance peaks in the low� and medium�
energy regions as in the case of the ions [M – 17]–

with m/z 58 in Gly. Two possible structures were pro�

posed3 for the latter: H2NCH2C•O– (i.e., [M – OH]–)
and •CHCOOH– (i.e., [M – NH3]–). From experiments
with glycine with deuterium labels and amino acid esters,
it was suggested5 that elimination of ammonia occurs in
the low�energy resonance (1—2 eV), whereas the loss of
the OH fragments takes place for resonances in the region
of high energies (>5 eV). To prove this hypothesis, we
carried out an experiment with a narrow open slit of the
ion receiver and with better mass resolution than that in
Refs 3—6 and detected separately the yield curves of the
isobaric NI (see Fig. 1). The instrument resolution higher
than 2400 is required for the complete separation of the
mass peaks of ions with the nominal mass m/z 58. In the
present work, the resolution was lower (the use of better
resolution considerably decreases the instrument sensi�
tivity). However, when separating the effective yield curves
of the NI, we used the following advantage of mass spec�
trometry of resonant electron capture: the ions C2H4NO–

and C2H2O2
– are formed at different energies of electrons.

Assuming that, as in Gly, the peak with m/z 58 in Gly�
Gly represents two isobaric ions, we carried out a similar
experiment: its results are shown in Fig. 3. It follows that
in the low�energy region the resonance peak is caused
only by the ions C2H2O2

–. By analogy to the process
in Gly, they are formed upon the rearrangement in the
molecular ion

M + e → NH2CH2C(O)NH2 + CH2COO•– (9)
(AE = 1.15 eV).

In the medium�energy region, the ions C2H2O2
– and

C2H4NO– contribute to the resonance peak, and the
latter ion derives upon the bond cleavage only

M + e → NH2CH2C(O)– + •NHCH2COOH (10)
(AE = 3.36 eV).

The ions with m/z 72 from Ala�Ala are analogs of the
ions [M – 17]– with m/z 72 in Ala and are similar to
the ions with m/z 58 from Gly�Gly. As for the ions with
m/z 58 from Gly�Gly, we separated the yield curves of
the isobaric ions with m/z 72 for Ala and Ala�Ala (see
Figs 2 and 4). However, the experimental result turned
out to be somewhat worse than that in the previous case,
because the complete separation of the yield curves of
these ions requires a higher mass resolution (>3000) than
that for the ions with m/z 58 (>2400). In the obtained
yield curve of the ions C3H6NO– for Ala�Ala, only two
broad peaks in the energy region >4 eV are directly related
to these ions, whereas the peak in the low�energy region is
caused by the ions C3H4O2

–. The yield curve of the latter
represents an intense peak with a maximum at 1.9 eV,
while in the energy region >4 eV the curve is structureless
and caused by secondary processes.

Based on the data obtained for peptides Ala�Ala and
Gly�Gly, one can assume that each ion with m/z 72
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and 58 in the mass spectrum of Gly�Ala has the only
possible elemental composition. However, in the experi�
ment with the narrow receiver slit we found that these
peaks corresponded to pairs of the isobaric ions: C3H4O2

–

/C3H6NO– (m/z 72) and C2H2O2
–/C2H4NO– (m/z 58)

(see Fig. 5). The origin of the ions C2H2O2
– at the energy

of 1.3 eV is related to either a possible impurity of Ala�Gly
in the sample under study or (which is most likely) the
rearrangement of the molecular ion with methyl group
migration to the peptide nitrogen atom

M + e → NH2CH2C(O)NH(CH3) + C2H2O2
–. (11)

The relatively high effective yield of the ions C3H6NO–

in the energy region 5.5 eV cannot be explained by an
impurity of Ala�Gly or the complex rearrangement of the
molecular ion. Based on the metastable peak with appar�
ent m/z 51.33 found in the mass spectrum, we assumed
three possible variants of formation of isomeric ions
C3H6NO– from the ions [M – 45]–.

M + e → NH2CH2C(O)NHCHCH3
– +

These ions are assigned to the so�called internal ions
and can be formed only due to the hydrogen atom shift in
the intermediate ion. From the data obtained it seems
impossible to reveal which of three listed processes occurs
really. From the viewpoint of energy of the process, the
latter reaction is more preferable. However, the double
H�shift is necessary for this reaction to occur, unlike two
former reactions.

Up to now we considered the ions with m/z 72 and
the elemental compositions C3H4O2

– and C3H6NO– in
Ala�Ala and Gly�Ala ignoring possible ions with the
elemental composition C2H4N2O–. This was a conse�
quence of the analogy with the processes in Ala, whose
molecule contains only one nitrogen atom. Dipeptides
contain two nitrogen atoms, and the ions with the
elemental composition C2H4N2O– can be possible can�
didates for this ion in Gly�Ala. Hypothetically, this ion
can be formed directly from the molecular ion due to the
H�shift and the N—Сα bond cleavage

M + e → NH2CH2C(O)N•– + CH3CH2COOH (15)

or upon the successive decay from the intermediate ion
[M – 45]–

M + e → NH2CH2C(O)NHCH(CH3)– + •COOH →
→ NH2CH2C(O)N•– + •CH2CH3. (16)

However, two facts reject the hypothesis about the
formation of ions NH2CH2C(O)N•–. The first fact is that

we found no ions with m/z 72 in Gly�Gly and the as�
sumed candidate with m/z 86 in Ala�Ala has more com�
mon features with the ion m/z 86 rather than with the ions
m/z 72 in Gly�Ala. The second fact is that in the experi�
ment with the narrow receiver slit we should detect in the
yield curve of the ions C2H4N2O– a considerably greater
contribution from the ions C3H4O2

– in the low�energy
region, because the mass resolution >6400 is necessary for
their complete resolution.

Analogs of ions [M – 16]– and [M – 19]–. We did not
detect the EYC of the ions with m/z 59 and 56 from Gly�
Gly with the narrow receiver slit because of their low
intensity. Based on the available data on Gly, it can be
assumed that in Gly�Gly the ions with m/z 59 in the
medium�energy region are formed due to the cleavage of
the N—Сα bond only

M + e → NH2CH2C(O•)=NH + CH2COOH– (17)
(AE = 1.85 eV).

The ions with m/z 56, most likely, have the elemental
composition C2H2NO– and are formed due to the H�shift
in the intermediate ion [M – H]–

M + e → H• + NHCHC(O)– + NH2CH2COOH (18)
(AE = 4.23 eV).

Modeling this reaction, we based on the results of
detailed analysis of a similar process in deuterium�substi�
tuted glycine (NH2CD2COOH)5

NH2CH2COOH + e → NHCHC(O)– + H• + H2O
(AE = 3.94 eV).

The yield curve of the ions with m/z 73 from Ala�Ala
exactly coincides with the yield curve of the ions with
m/z 72 in a certain scale (see Fig. 4). It follows from this
that the peak with m/z 73 in the whole energy range is
the isotope peak from the peak with m/z 72, possibly, with
an insignificant contribution of the ions C3H5O2

–. Based
on the available data on Ala, we assume that in Ala�Ala
the ions with m/z 70 have the elemental composition
C3H4NO–. Probably, they are formed due to the H�shift
in the intermediate ion [M – H]–, as the ions C2H2NO–

in Gly�Gly and Gly�Ala.
The yield curves of the ions [M – 19]– in peptides

differ from those in amino acids by the resonance peak
with a maximum about 1.8 eV, whose origin is unclear. In
this case, the formation of ions [M – H – H2O]– with the
structure NH=C(R1)C(O)NHCH(R2)CO– according to
Eq. (18) is impossible because of the high threshold. The
threshold energy of other assumed reactions with the for�
mation of linear ions is also high. For instance, for the
reaction of isolation of ions with the minimum enthalpy
of formation

M + e → NH=C(R1)C(O)=NCH(R2)C(O)H– + H• + H2O (19)
(AEGly�Ala = 3.06 eV)
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the estimated AE value exceeds 3 eV. Another hypothesis
concerning the peak discussed is based on the formation
of the cyclic ion. In Gly�Gly this ion can have the struc�
ture of the ion [M – H]– from piperazine�2,5�dione

M + e →  + H• + H2O (20)

(AE = 1.39 eV).

According to the third assumption, the peak under
discussion can correspond to the ion [M – NH3 – H2]–

formed in the reaction

M + e → CH(R1)=C(O)N=C(R2)COO•– + NH3 + H2 (21)
(AEGly�Gly = 1.74 eV).

It is impossible to experimentally check this assump�
tion, because for the complete separation of the isobaric
ions [M – H – H2O]– an [M – NH3 – H2]–, for example,
in Gly�Gly, the mass resolution should be ~5500.

Analogs of ions [M – 18]–. The effective yield curves
of the ions with m/z 71 in Ala�Ala, Gly�Ala, and Ala are
very similar; in amino acid the single elemental composi�
tion C3H3O2

– corresponds to the ions [M – 18]–. By
analogy to Ala, let us assume that in peptides in the high�
energy the C3H3O2

– ions are formed due to the bond
cleavage only

M + e → NH2CH(R1)C(O•)=NH + 2 H• +
+ CH2=CHCOO– (22)

(AEGly�Ala = 6.13 eV).

This process is caused by the presence of the methyl
group in the molecules and, hence, it is impossible in Gly
and Gly�Gly. This conclusion is confirmed by the char�
acteristic shape of the yield curve of the ions [M – 18]–

from Ala�Ala and the absence of peaks of the ions
[M – 18]– in the mass spectra of two other dipeptides. For
Ala�Ala, the broad peak in the high�energy region reflects
the formation of the ions [M – NH2 – 2 H]–, as in Ala

M + e → CH2=CHC(O)NHCH(CH3)COO– +
+ •NH2 + 2 H• (23)

(AE = 6.21 eV).

In the experiment with the narrow receiver slit, along
with the contribution of the ions C3H3O2

–, an insignifi�
cant contribution of the ions C3H5NO– was observed
(see Fig. 4). The effective yield of the latter in Gly�Ala
(it is omitted in Fig. 5) is almost an order of magnitude
lower than that in Ala�Ala. In Gly no ions [M – 18]– with
m/z 57 were observed. In order to identify the elemental
composition of the ions with m/z 57 from Gly�Gly, we
recorded the region of the mass spectrum in the range of
55—60 amu at the fixed energy equal to 5.5 eV with the

narrow receiver slit. In this case, the peaks of the ions
with m/z 58 and 56 were used as the internal standard. It
turned out that the ion considered has the composition
C2H3NO–. We assume that the discussed ions from pep�
tides are analogs of hypothetical ions [M – H2O]– from
amino acids. In Gly�Gly and Ala�Ala they are possibly
formed due to the H�shift reaction and the peptide bond
cleavage in the molecular ion

M + e → NHCH(R1)C•(O)– + NH2CH(R2)COOH. (24)

In Gly�Ala, we found no ions with m/z 57, and the
low�intensity ions C3ONH5

– with m/z 71 can appear due
to the skeletal rearrangement in the molecular ion

M + e → NH2CH2COOH + NHCH(CH3)C•(O)–. (25)

The above discussed ions with the elemental composi�
tion C2HnO2

–/C3Hn+2O2
– are formed upon the cleavage

of the N—Сα bond. They are ascribed to ions of the series
Z (see Fig. 7), whereas the ions with the elemental com�
position C2HmNO–/C3Hm+2NO– are formed due to pep�
tide bond dissociation and represent ion of the series B.

Ions with small masses. Processes of formation of ions
with small masses from amino acids have earlier been
discussed to certain extent. In particular, it was assumed5

that in Gly and Ala the ions with m/z 46 can have the
elemental composition CH2O2

–/CH4NO–, the ions with
m/z 44 are CO2

–, and three composition varieties were
ascribed to the ions with m/z 42, namely, C2H4N–,
C2H2O–, and CNO–. Experiments with the narrow
receiver slit made it possible to answer these questions.
The mass spectral regions recorded at two fixed energies
in the range 40—46 amu for all studied compounds are
shown in Fig. 9, and the ions CHO2

– (m/z 45) and C2HO–

(m/z 41) were used as the internal standards. The ions
with m/z 45 in the medium�energy region are formed
due to the cleavage of the C—Сα bond only. In the low�
energy regionm they are probably the reaction products
of the H�shift in the molecular ion. The both structural
isomers, viz., COOH– and HCOO–, are ions of the series
X (see Fig. 7). In Gly and Gly�Gly the ions with m/z 46
have the elemental composition CH4NO– with an insig�
nificant contribution of the isotope peak from ions with
m/z 45. No ions with m/z 46 were recorded in other ob�
jects. The CO2

– ions are characterized by the low inten�
sity, and the high�quality EYC was obtained for them
only in the case of Ala due to the absence of other isobaric
ions. In Glym the ions CH2NO– were found along with
the ions CO2

–, whereas in Gly�Gly the both isobaric ions
equally contribute to the peak with m/z 44. In two other
peptides, the peak with m/z 44 is mainly presented by the
ion C2H6N– with a small contribution of the ions CH2NO–

(see Figs 4 and 5) and, possibly, the ions CO2
–. No ions

with m/z 42 were observed in Gly, while in Gly�Gly they
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were identified as CNO–. In other objects, the ions
C2NH4

– were observed along with the ions CNO– (see
Figs 2, 4, and 5).

The ions with m/z 28 from Gly were identified6 as
CH2N–; we found them for all compounds studied. The
ions with m/z 27 were detected only in Ala, Gly�Ala, and
Ala�Ala, i.e., in the objects containing the lateral Me
group. The assumption that they have the elemental com�
position C2H3

– was confirmed in the experiment with the
narrow receiver slit. The ions CN– (m/z 26) and CH2N–

(m/z 28), as well as the isotope peak from the ions CN–,
were used as the internal standards when recording the
mass spectra in the range 25—29 amu.

The ions with m/z 41, 40 (C2H2N–), 39 (C2HN–), 15
(CH3

–), and 14 (CH2
–) are characterized by the low ef�

fective yield.
Scheme of rearrangement processes. According to the

rules of NI formation under the conditions of resonant
electron capture,24 the autodetachment of an electron
prevents rearrangement processes in molecular ions and,
therefore, predominantly fast reactions of simple bond
cleavage can occur in the latter. These rules were formu�
lated about thirty years ago and are based in the results of
studies of simple molecules with a small number of atoms.
Numerous examples of rearrangement processes in mo�
lecular NI with the relatively short lifetime are presently
known. It can be inferred whether one or another process
occurs from the formation of dissociation products with
the corresponding structures. An analysis of the experi�
mental data and the calculation of the thermodynamic
parameters suggested that the rearrangement reactions in
the low�energy region occur in the molecular ions of
dipeptides (see Eqs (3), (7), (9), and (20)). A possibility
of other isomerization processes in the fragmentation
or molecular ions (see Eqs (6), (11)—(14), (18), (24),
and (25)) can only be assumed because of the absence
of reliable proofs. Reactions (7) and (9) occur in the same
energy region (~1—2.5 eV) and are due to the migra�
tion of the H atom of the carboxyl group to the peptide
nitrogen atom to form ions NH2CH(R2)COO•– and
CH(R2)COO•–, respectively. Reaction (9) is an analog of
the formation of ions [M – NH3]– in amino acids in the
energy range ~1.5—2.5 eV, but in dipeptides this reaction
occurs with much higher efficiency: the relative intensi�
ties of ions CH2COO–/CH(CH3)COO– in the mass
spectra of amino acids and peptides differ by almost three
orders of magnitude. This fact needs to be explained.

The rearrangement with the migration of the H atom
of the carboxyl group to the nitrogen atom can occur
more efficiently if these atoms are maximally brought
together. In amino acids this situation takes place in con�
former IIn (see Refs 25 and 26). Owing to the closeness
of these atoms, an intramolecular hydrogen bond appears
between them (due to a lone electron pair of the N atom).
This conclusion was drawn as a result of the study of Ala
by gas electron diffraction.27 Upon capture of an electron
with the energy ~1.5—2.5 eV, the resonance state 2[π00*]
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Fig. 9. Regions of the mass spectra of the NI from amino acids and
dipeptides in the range m/z 40—46 at the fixed electron energies
with the closed slit of the ion receiver (i is the ionic current).
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is formed28 in amino acids and decays following several
channels (see Figs 1 and 2). The most intense channel is
related to the formation of the ions [M – H]– of the
carboxyl group. According to the published data,20 they
are formed due to the over�barrier predissociation from
all conformers, including IIn, thus creating the competi�
tion for the isomerization process. The assumed mecha�
nism of rearrangement is shown in Scheme 1 (reaction
(A)). The concentration of the internal energy of the mo�
lecular ion Gly on the О—Н bond elongates this bond,
and the H atom approaches the N atom. If the О—Н
bond cleavage does not involve the hydrogen bond, the
cluster ion with the elemental composition of the mo�
lecular ion is formed, i.e., the H�shift occurs. The low
intensity of the ions [M – NH3]– in amino acids indicates

that the hydrogen bond is very weak. Unlike amino acids,
in peptides the carboxylic H atom interacts with the whole
peptide fragment rather than with the particular N atom,
which is due to the conjugation effect of the lone electron
pair of the nitrogen atom with the neighboring double
bond. Thus, the hydrogen bond in peptides involving the
carboxylic H atom should be stronger than that in amino
acids, and the probability of rearrangement should be
high (see Scheme 1, reaction (B)). The isomerized
molecular ion decomposes in the channels described by
Eqs (7) and (9), whose intensity ratio is determined by the
stability of the corresponding fragments. The intensity of
the ions CH(R2)COO– in Gly�Ala and Ala�Ala is four� to
fivefold higher than the intensity in Gly�Gly. We explain
this by the lateral methyl group: it cannot be excluded

Scheme 1

R1 = R2 = H (Gly�Gly); R1 = R2 = Me (Ala�Ala); R1 = H, R2 = Me (Gly�Ala)
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that its presence insignificantly distorts the molecular
geometry, thus favoring the greater approach of the
H atom of the carboxyl group and the peptide N atom.
Perhaps, due to this, the molecules have more stable
conformers with an appropriate geometry or their molar
fraction is large.

The efficiency of other rearrangement processes in
peptides is low. The assumed reaction described by Eq.
(24) in the molecular ion can be initiated by the migration
of the H atom of the amino group to the peptide fragment
(see Scheme 1, reaction (C)). The H�shift follows the
same scheme in the fragment ion [M – H]–, which was
formed due to the elimination of the hydrogen atom bound
to the Сα atom at the terminal amino group (see Eq.
(18)). As mentioned above, this process in peptides is
analogous to the formation of the ions [M – H – H2O]–

in amino acids with the only difference that in the latter
the H atom of the amino group migrates to the OH group.5

In the ion [M – H]– the H�shift can follow Scheme 1,
reaction (A) (see Eq. (6)). In Gly�Ala the ions C3H6NO–

are formed not only from the molecular ions but also from

the fragment ions [M – COOH]– due to the H�shift. The
simplest variant of rearrangement is shown in Scheme 1,
reaction (D) (see Eq. (12)): here the H atom of the amino
group migrates to the Сα atom. In the above considered
reactions, first the rearrangement and then the fragmen�
tation occur. In the reactions described by Eqs (3), (13),
(14), and (20) it is difficult to represent the intermediate
ion due to the stepped character of the process. There�
fore, the concerted mechanism seems more probable, i.e.,
the H�shift occurs simultaneously with fragmentation. For
example, during reaction (3) in the molecular ion the
Сα—C and N—H bonds are cleaved and the new bond
Сα—H is formed. Thus, the elimination of the COOH
group is accompanied by the migration of the H atom
bound to the peptide nitrogen atom to the Сα atom. The
fragmentation of the molecular ion in the reaction de�
scribed by Eq. (20) proceeds in a more complicated
manner and is initiated, most likely, by the migration of
the H atom of the amino group to the OH group with the
intermediate formation of an intramolecular hydrogen
bond (see Scheme 1, reaction (E)). The products of this

Table 1. The ΔHf°, ΔHacid, and EA values for various species according to Ref. 33 used for the
calculation of the energy balance of NI fragmentation from amino acids and peptides

Species A ΔHacid(AH) ΔHf°(AH) ΔHf°(A) EA(A) ΔHf°(A–)

kJ mol–1 /eV /kJ mol–1

NH2CH2COO• 1433 –391 –165 3.35 –488
NH2CH(CH3)COO• 1425 –414 –188 3.42 –519
CH2=CHCOO• — –331a –107 3.57a —
•CH2COOH — –432 –243b — —
CH3COO• 1459 –432 –504 3.07 –504
•CH2COO• — — — — –256a

HCOO• 1444 –379 –153 3.23 –464
•COOH — –379 –198b — —
NH=CH2 — — 109a — —
CH3C•O — — –23b — —
CH2CO — — –88b — —
CO2 — — –394b — —
HO• — –242b 39b — —
•NH2 — –46b 193b — —
H• — — 218 — —
HC(O•)=NH 1506 –186 — — –210
NH=CO•OCH3 1514 –425a — — —
NH=CO•OC2H5 1514 –447a — — —
CH2=CO•OCH3 1556 –410 –210 1.80c –384
CH2=C(O•)CH3 1544 –217 –24 1.758c –203
CH2=C(O•)N(CH3)2 1569 –255a — — —
HC(O)N(CH3)CH2

• 1670 –192 — — –52

Note. Here and in Table 2, A is the neutral species (molecule or radical), A– is the negative ion of
species A, AH is species A + atoms H, and ΔHacid(AH) is the proton affinity (acidity) of species A;
ΔHf°(A), ΔHf°(AH), and ΔHf°(A–) are the standard enthalpies of formation of species A, AH, and A–,
respectively; EA(A) is the electron affinity of species A.
a According to Ref. 34.
b According to Ref. 32.
c According to Ref. 35.



Fragmentation of dipeptides by slow electrons Russ.Chem.Bull., Int.Ed., Vol. 59, No. 5, May, 2010 909

concerted reaction is the ion with the geometry of a six�
membered ring, the water molecule, and the hydrogen
atom. It is not excluded that the molecular ion with the
structure of piperazine�2,5�dione in Gly�Gly or its
C�methyl derivatives in Gly�Ala and Ala�Ala is formed in
the intermediate step of this reaction.

Although in the most part of the rearrangement reac�
tions considered the enthalpies of formation of the decay
products correspond to the experimental energy of the
appearance of ions, the isomerization barrier can be higher
than the internal energy of the decaying ion. In these
cases, the H�shift can occur due to the tunneling mecha�
nism by analogy to the formation of the ions [M – H]–

from amino acids in the region of 1.3 eV. However, the
efficiency of skeletal rearrangements that follow the
mechanism of skeletal rearrangements should be very low
because of the large mass of the tunneling particle.

Thermochemical aspect. For the calculation of the en�
ergy balance of the processes of NI fragmentation, we
used the standard enthalpies of formation (ΔHf°) and the
electron affinities (EA) of neutral species, as well as the
ΔHf° values of ions taken from Refs 29—32 (Table 1). The
thermochemical parameters calculated in the present work

are given in Table 2. The enthalpies of formation of neu�
tral species were calculated by the additive schemes using
the known increments of groups and bonds29 and the ΔHf°
values of the starting molecules and radicals.29,30 For in�
stance, the enthalpy of formation of the Gly�Gly mol�
ecule was calculated by the Benson scheme33 using the
enthalpy of formation of the starting Gly molecule

ΔHf°(NH2CH2C(O)NHCH2COOH) ≈ ΔHf°(NH2CH2COOH) –
– ΔHf°(N(C)(H)2) + ΔHf°(N(C)(CO)(H)) +
+ ΔHf°(CO(N)(C)) + ΔHf°(C(CO)(N)(H)2) +
+ ΔHf°(N(C)(H)2) = (–391) – (20.1) + (–18.4) +
+ (–137.3) + (–21.3) + (20.1) = –568 kJ mol–1.

The enthalpy of formation of the Gly�Ala molecule
was calculated by the Rosenstock scheme34 from the en�
thalpies of formation of the starting molecules Gly�Gly,
Gly, and Ala

ΔHf°(NH2CH2C(O)NHCH(CH3)COOH) ≈
≈ ΔHf°(NH2CH2C(O)NHCH2COOH) –
– ΔHf°(NH2CH2COOH) + ΔHf°(NH2CH(CH3)COOH) =
= (–568) – (–391) + (–414) = –591 kJ mol–1.

Table 2. Calculated thermochemical parameters (ΔHf° and EA) of the studied species

Species A ΔHf°(AH) ΔHf°(A) EA(A) ΔHf°(A–)

kJ mol–1 /eV /kJ mol–1

NH2CH2C(O)NHCH2COO• –568 — — –682
NH2CH2C(O)NHCH(CH3)COO• –591 –365 — –709
•NHCH2C(O)NHCH(CH3)COOH –591 –392 — –510
NH2CH=C(O•)NHCH(CH3)COOH –591 — — –552
NH2CH2C(O•)=NCH(CH3)COOH –591 — — –607
NH=CHC(O•)=NCH(CH3)C(O)H –256 — — –272
CH2=CHC(O)NHCH(CH3)COO• –526 –307 — –644
NH2CH(CH3)C(O)NHCH(CH3)COO• –614 — — –732
CH2C(O•)N=CHCOO• — — — –354
NH2CH2C(O)NHCH•CH3 –227 –33 0.40 –87
•NHCH2C(O)NHCH2CH3 –227 –28 — –146
NH2CH2C(O•)=NCH2CH3 –227 –9 2.57 –243
HC(O)NHCH•CH3 –212 –18 0.49 –72
HC(O•)=NCH2CH3 –212 6 2.60 –236
C•(O)NHCH2CH3 –212 –31 0.72 —
•NHCH2COOH — –192 1.22 —
•NHCH(CH3)COOH — –214 — –333
NH2CH2C(O•)=NCH3 –199 15 2.71 –215
NH2CH2C(O)NHCH2

• –199 –7 0.52 –59
NH2CH2C(O•)=NH –201 16 — –225
NH2CH2C•O –123 15 0.69 —
NH=CHC•O — 94 0.84 —
NH2CH=C=O — –50 — —
•CH2COOH — — — –406

–342 –128 2.92 —
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The ΔHf° value for gaseous piperazine�2,5�dione was
calculated from the enthalpy of formation for the crystal�
line form (–446 kJ mol–1) and the heat of sublimation
(103.8 kJ mol–1).34

The electron affinity of molecules and radicals were
estimated from the calculated enthalpies of formation
of ions and the corresponding neutral species by the den�
sity functional theory in the B3LYP/6�311++G(3df,3p)
basis set.

The enthalpies of formation of some NI were deter�
mined by the proton affinity values (ΔHacid) similar in
structures of molecules and ions. For the calculation of
ΔHf° of the HC(O)NHCH(CH3)– ion, we used the value
ΔHacid = 1670 kJ mol–1 obtained30 in the reaction

HC(O)N(CH3)CH2
– + H+ → HC(O)N(CH3)2.

* * *

The resonant electron capture by molecules of the
compounds studied generates short�lived molecular NI
that undergo fragmentation predominantly by the bond
cleavage only because of the competition with the process
of autodetachment of an electron. The dissociation of
“central” bonds in dipeptides gives rise to ions similar in
structure and elemental composition to the ions from
amino acids that are formed by the elimination of termi�
nal groups and hydrogen atoms. The mass spectra of the
NI of two groups contain peaks of the same�type ions
[M – Н]–, [M – NН2]

–, [M – OН]–, CHO2
–, OН–, etc. No

long�lived molecular NI were detected; however, experi�
ments on capturing low�energy electrons indicate that
their lifetime is sufficient for relatively slow predissociation
and rearrangement reactions to occur. In the high�energy
region, the fragment ions that are stable with respect to
electron autodetachment undergo isomerization. Almost
all revealed rearrangements are reactions of H�shift and
can be due to intramolecular hydrogen bonds, which
are initially present in some conformers of molecules or
appear at the stage of NI formation.

The intense ions [M – Н]– of the carboxyl structure
characteristic of carboxylic acids, for which relative cross�
sections were measured, were detected in the low�energy
region. Experiments with the high energy resolution of
the electron beam revealed the fine vibrational structure
on the yield curves of these ions, indicating the pre�
dissociation mechanism of their formation. The highly
efficient channel for the decay of molecular NI, which
is due to the migration of the hydrogen atom of the
carboxyl group to the peptide group followed by the
N—Сα bond cleavage and the formation of radical anions
CH(R1)COO•– (R1 = H, Me) observed also for amino
acids but with considerably lower intensity, was found in
dipeptides.

In the region of high energies of captured electrons,
the ions [M – Н]– in dipeptides represent a mixture of

various structures and the efficiency of their yield is lower
than that in the low�energy region. They undergo frag�
mentation due to the bond cleavage only or rearrange�
ments, as in the case of amino acids. Metastable decays of
these ions were observed for Gly�Ala and Ala�Ala, which
are not characteristic of amino acids (only the fragmenta�
tion in the mass spectrometric time interval of the ions
[M – Н]– from valine is known35). The efficiency of these
processes depends on several factors36; in the presented
examples, it is determined, most likely, by the number
of active vibrational degrees of freedom of the decaying
ion capable of accumulating its internal energy, if other
conditions are approximately equivalent.

Two specific fragmentation channels caused by the
presence of the methyl group were found for alanine and
its derivatives. In addition, its presence affected the effi�
ciency of some reactions.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 08�03�91101�a),
the CRDF (Grant RUC1�2908�UF�07), and the Russian
Science Assistance Foundation.

References

1. B. Boudaiffa, P. Cloutier, D. Hunting, M. A. Huels,
L. Sanche, Science, 2000, 287, 1658.

2. H. Massey, Negative Ions, Cambridge University Press,
Cambridge, 1976.

3. S. Gohlke, A. Rosa, E. Illenberger, F. Brüning, M. A. Huels,
J. Chem. Phys., 2002, 116, 10164.

4. S. Ptasinska, S. Denifl, A. Abedi, P. Scheier, T. D. Märk,
Anal. Bioanal. Chem., 2003, 377, 1115.

5. Y. V. Vasil´ev, B. J. Figard, V. G. Voinov, D. F. Barofsky,
M. L. Deinzer, J. Am. Chem. Soc., 2006, 128, 5506.

6. A. Mauracher, S. Denifl, A. Aleem, N. Wendt, F. Zappa,
P. Cicman, M. Probst, T. D. Märk, P. Scheier, H. D.
Flosadóttir, O. Ingólfsson, E. Illenberger, Phys. Chem. Chem.
Phys., 2007, 9, 5680.
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