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Abstract

The mass spectrum and the appearance energies of the positive ions formed via electron impact ionization of L-alanine have been measured for
the first time in a crossed electron-molecule beam experiment with a high-resolution electron beam. The ionization energy of the molecule and
the appearance energies of the fragment ions were obtained from ion efficiency curves. Additionally, high-level quantum chemical calculations of
the reaction enthalpies for dissociative ionization into positive ions and neutral radicals were performed and the results were compared with the
experiment. On the basis of the calculations possible ionic structures for the measured ions were assigned. The value of the ionization energy for
the parent ion with m/z =89 was determined experimentally to be 9.12 4= 0.1 eV. For the principal positive fragment ions with m/z of 74, 44 and 28
the experimental values of the appearance energies are 10.74 £0.1, 9.10 & 0.05 and 10.85 £ 0.1 eV, respectively.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

L-alanine belongs to the simplest group of the a-amino acids
and is often considered as a model system for properties of more
complex systems, particularly in case of ionizing radiation. The
formation of radicals in single crystals of L-alanine exposed to
energetic radiation has been subject of investigation during the
past four decades [1]. Alanine has attracted attention due to its
radiation dosimetric properties and has been formally accepted
as a secondary standard for high-dose and transfer dosimetry
[2-5]. The interaction of ionizing radiation with matter produces
secondary reactive species along the track of the high-energy
projectile. These secondary species may undergo subsequent
reactions with the medium. Secondary electrons with kinetic
energies below 20eV [6] belong to the most abundant sec-
ondary particles with a yield of 5 x 10* electrons formed per
MeV [7] of deposited energy. The kinetic energy of some of
these secondary electrons is sufficient to induce electron impact
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ionization and dissociative electron impact ionization. These
reactions are responsible for formation of positive and nega-
tive ions and radicals in the medium and may play important
role in the radical formation of alanine. Gas phase studies may
contribute to the understanding of the intrinsic mechanism of
the radical formation on a molecular level.

This paper reports the results of an experimental and theoret-
ical study of the electron impact ionization (EII) to L-alanine
further only alanine, Ala — CH3CH(NH,)COOH in the gas
phase. This work is an extension of our previous experimental
study of dissociative electron attachment (DEA) to this molecule
in the gas phase [8] where the formation of the negative ions and
corresponding radicals was investigated. Appearance energies of
the ions formed upon EII and dissociative electron impact ion-
ization (DEII) to alanine in the gas phase are determined from
the threshold regions of measured ion efficiency curves:

e + Ala — (Ala™)* — fragmentiont 4 neutralfragment(s)
(D

In order to elucidate the studied reactions we have carried
out high-level ab initio calculations of the reaction enthalpies


mailto:matejcik@fmph.uniba.sk
dx.doi.org/10.1016/j.ijms.2006.03.009

L Ipolyi et al. / International Journal of Mass Spectrometry 252 (2006) 228-233 229

for particular reaction channels. These calculations proved to be
valuable for the interpretation of the measured results and for the
assignment of the measured ions to particular ionic structures.
As the size of an ionic product increases, several fragment ions
may have the same mass to charge ratio and mass spectroscopic
techniques often cannot identify the nature of the ion unambigu-
ously. In this case the comparison of the measured appearance
energy with the calculated ab initio reaction enthalpies gives an
indication about the nature of the ion.

So far there exist only a few ionization studies for alanine in
the gas phase and none of them utilizes EII. The first experiments
were photoelectron spectroscopy studies (PES) where alanine
was ionized with He I photons and the resulting photoelectron
spectra were recorded [9-11]. Using this technique the vertical
and adiabatic ionization energies of alanine have been measured,
however, no information on the fragmentation of alanine has
been obtained. Ion beam desorbed photo-ionization of aliphatic
and aromatic amino acids has been reported by Vorsa et al. [12].
Recent experiments with synchrotron radiation were performed
to measure PES of alanine [13] and to study mass selected photo-
ionization (PI) [14]. In the PI experiment of Jochims et al. [14]
mass spectra of a-alanine, a mixture of the L- and D-form of
alanine, were obtained and the appearance energies of some
selected fragment ions were determined. The present results are
discussed in detail and compared with the previous gas phase
photo-ionization studies of alanine.

2. Experiment

The present work is carried out using the crossed elec-
tron/molecular beam apparatus in the Bratislava laboratory. The
apparatus has been described in detail previously [15]. Thus
only a brief description is given here. A schematic view of the
apparatus is shown in Fig. 1. The electron beam is formed in
a trochoidal electron monochromator (TEM) with an electron
energy resolution in the present experiment of about 140 meV.
The calibration of the electron energy scale is performed by
measurement of the Ar* ion efficiency curve for the reaction:

e” +Ar —> Art 42e” )

Fig. 1. The schematic view of the crossed beams experiment, TEM: trochoidal
electron monochromator, MBS: molecular beams source, QMS: quadrupole
mass spectrometer.

that has an established value of the ionization energy of
15.759 £0.001 eV [16].

The molecular beam is produced in a temperature controlled
effusive molecular beam source (EMBS). The beam is formed
via effusion of gas phase alanine through a capillary (0.5 mm
diameter and 4 mm long) and an external aperture. The alanine
which is solid at room temperature is placed directly into the
stainless steel container of the EMBS. The oven is heated to
150°C in order to achieve a sufficiently high pressure of the
alanine.

The ions formed in the intersection between the electron and
the molecular beams are extracted by a weak electric field into a
quadrupole mass spectrometer (QMS). The mass spectrometri-
cally analyzed ion signal is detected as a function of the electron
energy. The measured signal is accumulated for a very long time
(typically a day) in order to achieve high sensitivity and accu-
racy and to detect reactions with very low cross sections. The
stability of the experimental conditions (e.g., drift of the power
supplies) was checked by the measurements of the reaction (2)
at the beginning and the end of the experiment. The stability
was typically about 10 meV per day. The measured ionization
efficiency curves are analyzed using the data analysis described
in our previous paper devoted to the measurement of appearance
energies [15]. This method takes into account the finite width
of the kinetic energy distribution function of the electrons in
the electron beam and enables the determination of appearance
energies of the ions with high accuracy. The accuracy of the
experimental values of the appearance energies results from the
nonlinear least square fitting procedure.

3. Theory

There exist several theoretical studies of amino acids which
cover the structure and energies of individual products of frag-
mentation of ionized amino acids, particularly the alanine and
glycine [17-23]. In all cases standard quantum chemical meth-
ods have been utilized with inclusion of correlation (MP2(FC)
and CCSD(T)) and density functional methods (B3LYP func-
tional) using basis sets 6-31G* up to the 6-311++G(2df,2pd)
quality. The geometrical parameters have been obtained at the
MP2 or DFT levels of the theory and energy differences have
been calculated by using CCSD(T) or MP2 methods, respec-
tively. Some contributions [24-26] are focused to the study of
the behaviour of individual radicals during fragmentation.

In this paper, our theoretical results are based on the
high-level ab initio MO calculations of the possible molecular
structures occurring in the fragmentation. To obtain more
reliable relative energies for studied molecules, calculations of
the Gaussian-3 (G3MP2) [27] and G3MP2B3 [28] have been
carried out. These methods are complex energy computations,
involving several pre-defined calculations on the specified
molecular system. They arose from the observation that certain
ab initio methods tended to show a systematic error for pre-
dicting the energies of the ground states of organic molecules.
This observation resulted in a correction equation that uses
the energies from several different ab initio calculations in
order to extrapolate to a very-high-accuracy result [29]. All
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Table 1
List of calculated ionic and neutral structures considered in the present G3MP2
and G3MP2B3 calculations of the reaction enthalpies

CH;-CH(NH,)-COOH NH,=C=CH,*
CH;-CH(NH,)-COOH* CH,=N=CH,*
NH,—C(CH;3)-C(OH),* CH;-C=NH*
NH3-C(CH3)-COOH* OH
CH;-CH-NH,* NH;
CH3-CH-NH,* NH*

COOH* NH*

COOH* CoH3*
NH,-CH-COOH* HCNH*

CH3* NH,*

CH;* NH*
CH,-CH-NH,* CH,NH,*
HCOOH NH,-CH=C=0*
CH;3-CH-COOH?* CH,=C=0*
CH,=CH-C(OH),* CH=CH-COOH*
NH,* CH3CH,COOH
NH,-C(CH3)-COOH* Cco,*
NH,=C=CH,* Co,
CH,=CH-C=0"* CH;CCNH,*
CH,=CH-C*=0 cot
CH,=CH-NH;* HOOH

C,H, CH3COOH
CH;CH,NH, CH,NH,*

HCO* NH,-CH*-COOH
CH,CN* C=C=0"*

our calculations have been performed by using the Gaussian 98
program [30].

Structure and energy of the calculated molecules, are given
in Table 1. The reaction enthalpies for the formation of the ions
in the gas phase were calculated for the gas temperature 300 K
(Table 2). Only one value for each product is presented because
the results obtained on the G3MP2 and G3MP2B3 differ only
in hundredths of eV. Generally, it is not easy to establish the
precision of the quantum chemical method. But according to
the authors of G3MP2 method [28] the average error for this

Table 2

Appearance energies of product ions upon electron impact ionization of gas
phase alanine, determined from the measured ion efficiency curves, and compar-
ison with calculated reaction enthalpies and published values of the appearance
energies obtained via photo-ionization

ml/z  Ions Abinitio  Experimental PI AE
AE (eV) AE (eV) (eV) [14]
89 NH,CH3CHCOOH* 9.07 9.1£0.1 8.75+0.05
74 NH,CHCOOH* 10.07 9.9+0.1 93+0.2
55 CH3C=CNH,* 11.34 11.34£0.1 -
13.68 13.1+£0.2 -
45 COOH* 11.82 - -
44 NH,CH3;CH* 9.51 9.1£0.05 9.05
COy* 13.49 - -
43 NH,CHCH,* 9.47
42 NH,CH,C* 10.87 9.87+0.1 9.02
28 HCNH* 12.0 10.9,12.8£0.1 12.35
c=0"* 18.83
18 NH4* 10.26 12.55+0.1 12.00
H,O* 12.55
15 CHs* 12.92 9.7,13.50£0.1 -
NH* 16.81

method (based on the test for the collection of molecules) for
ionization energies has a value of 0.06 and 0.056 eV for all types
of reaction energies.

4. Results and discussion

The electron impact ionization of alanine in the gas phase
leads to the formation of a large number of positive ions. Fig. 2
shows a positive ion mass spectrum upon electron impact ion-
ization with electrons having a kinetic energy of 70 eV. The mass
spectrum is similar to the mass spectrum published in the NIST
database [16]. In the present work we measure the appearance
energies of the major ions in the mass spectrum with mass to
charge ratios (m/z) 89, 74, 55, 44, 42, 28, 18 and 15. The values
of the appearance energies are summarized in Table 2.

The parent ion Ala* is detected with a very weak intensity
(less then 0.6% of the strongest peak in the mass spectrum with
miz 44). The weak intensity of the molecular ion is due to its
low stability against dissociation. The appearance energy of the
Ala* ion is according to present experimental data 9.10 £ 0.1 eV
(Fig. 3). This value exceeds the recently measured adiabatic
ionization energies of alanine determined: (i) in a synchrotron
radiation photo-ionization experiment by Jochims et al. [14] of
8.75eV and (ii) in the PES experiments by Debies and Rabalais
[9], Klasinc [10] of 8.8 and 8.88 eV, respectively. Cannington
and Ham [11] determined in their PES experiment the vertical
ionization energy of alanine to be 9.85 eV. The present ab initio
calculations of the reaction enthalpy (which is closely related to
the adiabatic ionization energy and which includes the effect of
the gas temperature) of alanine yield for the adiabatic ionization
energy a value of 9.07 eV, which corresponds very well with the
present experimental value.

The parent molecular ion dissociates on the microsecond
time scale in a number of positively charged fragment ions and
radicals which indicates presence of a low barrier against dis-
sociation. The ion with m/z of 74 is most probably formed via
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Fig. 2. Mass spectrum of the L-alanine measured at an electron energy of 70 eV.
Note the weak molecular peak of alanine and that m/z=40 is enhanced due to
the presence of Ar that is used for calibration purposes.



L Ipolyi et al. / International Journal of Mass Spectrometry 252 (2006) 228-233 231

Ala'/Ala
MCR89

] (Ala-CH,)"IAla
MCR74

P B |

lon yield (arb. units)

1 (Ala-COOH)"/Ala

- MCR44 x50

8 9 10 11 12
Electron energy (eV)

Fig. 3. Ion efficiency curves for the ions with m/z=89, 74 and 44 close to the
respective thresholds. The solid lines indicate the fits and the arrows the estimated
thresholds.

reaction:
Ala™* — NH,CHCOOH™ + CH3* 3)

where NH,CHCOOH?™ is the glycyl radical cation. The appear-
ance energy for this reaction is determined from the present
experiment with 9.9 + 0.1 eV. Jochims et al. [14] observed in
the PI experiment the formation of a fragment ion with m/z of
74 already at 9.3 eV. The presently performed ab initio calcula-
tions give a reaction enthalpy for reaction (3) of 10.07eV and
thus support the experimental value obtained here. The differ-
ence between the PI value of the appearance energy and the
present value is significant and it is difficult to explain it with-
out knowing all experimental conditions, however, a possible
explanation could be associated with the resolution of the mass
spectrometer. The mass 73 associated with the formation of CHy
and the ion with m/z="73 could have lower appearance energy
then the ion with m/z="74.

For the next major fragment ion having an m/z of 55 two
thresholds are observed in the ion yield at 11.34 +0.1 and at
13.1 £ 0.2 eV, respectively (Fig. 4). Jochims et al. [14] suggested
that the ion with this m/z could be the propargylamine cation
CH3C=CNH,". Present calculations indicate that the formation
of CH3C=CNH,* and HOOH (reaction enthalpy of 11.34¢eV)
can be associated with the first threshold (11.34eV) of the ion

[ ]
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Fig. 4. Ion efficiency curves for the ions with m/z=55, 42 and 28 close to the
respective thresholds. The solid lines indicate the fits and the arrows the estimated
thresholds.

yield and the energy of the second threshold corresponds very
well to the reaction enthalpy of a process where two OH radicals
are formed:

Ala** — CH3-C=C-NH, " +HOOH (42)
Ala*t* — CH3-C=C-NH," +20H* (4b)

The mass spectrum of the alanine is dominated by the ion
having an m/z of 44 (Fig. 3). This ion was assigned by Jochims
et al. [14] to the immonium ion NH,CHCH3" which is most
probably formed via

Ala™ — NH,CHCH3" + COOH (3)

The present experimental appearance energy of 9.10£0.04 eV
is identical within the error bars with the thermo-chemical value
for the reaction threshold for this ion, being 9.12eV [31]. It is
important to note, that this ion has an appearance energy, which
corresponds within the error bars with the present experimental
value of the appearance energy of the molecular ion Ala*. This
indicates the instability of the C—COOH bond in the molecular
ion Ala* formed upon electron impact ionization. The calcu-
lated enthalpy of the formation for this ion with 9.51 eV is high
in comparison with the experimental appearance energy. The
difference between the experimental and the calculated value is
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about 0.4 eV which is much larger then the error bars for both,
the experiment and the theory.

The ion with m/z 42 has an experimental appearance energy
of 9.87+£0.1eV (Fig. 4). This value disagrees with the very
low value obtained in the photo-ionization study by Jochims
et al. [14] of 9.05eV. Jochims et al. suggested that this ion
has the structure NH,CH,=C". Present calculations, however,
indicate that the most stable structure for this stoichiometry is
CH3C=NH?*, which is formed via the following reaction pro-
cess:

Ala** — CH3C=NHT +HCO™ +H,0 (©)

The present calculations give a rather high value of the reaction
enthalpy of 10.87eV which exceeds the present experimental
value by 1eV. We calculated also further possible structures
for this stoichiometry (see Table 1), however, for all of them
the reaction threshold is higher. The low experimental value
of the appearance energy for the ion with m/z=42 of 9.87eV
could originate from the neighbouring ion NH,CHCH,* with
an m/z of 43. This ion has according to present calculations
appearance energy of 9.47 eV. In the present experiment we are
not able to exclude an overlap between the masses 42 and 43.
The appearance energy of the ion with m/z=43 has not been
measured in present study.

The ion with m/z 28 belongs also to the principal ions formed
via DEII to alanine. The ion was identified by Jochims et al.
[14] as HCNH* and this assignment is also supported by the
present calculations. This ion can be formed via dissociation of
the glycyl radical cation:

Ala™ — (NH,CHCOOH) ™ + fragments,
(NH,CHCOOH)™* — HCNH™' + HCOOH (7

The reaction enthalpy for HCNH™ is according to present cal-
culations 12.00 eV. The ion efficiency curve for this mass of 28
shows two distinct thresholds, i.e., a first one at 10.85 +£0.1eV
and a second one at 12.8 £0.2 eV, m/z =28 is also the mass per
charge ratio of the CO* ion. The enthalpy of formation of this
ion is in the energetically most favourable case via reaction:

Alat* — (COOH)™™ + fragments,
(COOH)™ — CO' +OH (8)

according to present calculations 18.83 eV. This high threshold
energy suggests that both experimentally measured thresholds
correspond to the formation of the HCNH* ion with different
neutral fragments.

For the ion with m/z=18 the NH4* and H,O" are the two
possible compositions. The ab initio calculation for the produc-
tion of an NHy4* ion and HC=CHCOOH (these products were
suggested by Jochims et al. [14]) gives for the reaction thresh-
old a value of 10.26 eV. However, the measured ion yield at
miz=18 (Fig. 5) has a threshold at 12.55+ 0.1 eV. This value
corresponds within the error bars to the ionization energy of
water (12.62 +0.002eV [32]). On the basis of these facts we
believe that this ion yield results from the ionization of water
released from the alanine sample at elevated temperatures and
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Fig. 5. Ton efficiency curves for the ions with m/z=18 and 15 close to the
respective thresholds. The solid lines indicate the fits and the arrows the estimated
thresholds.

that the formation of the NH4™" ion is not observed in the present
experiment, most probably due to fact that the cross section for
this reaction is very low.

The ion yield for the smallest recorded ion (m/z=15) is pre-
sented in Fig. 5. Two thresholds are present in the ion yield the
firstone at 9.7 £ 0.1 eV and the second one at 13.5 +0.1eV. We
assign the 13.5¢V threshold to the CH3* ion. The calculated
reaction enthalpy for formation of CH3* from the alanine cation
via:

Ala™ — CH3" +NH,CHCOOH

has a value of 12.92eV. The m/z=15 can also be interpreted as
the NH* ion. However, the formation of this ion from alanine is
energetically less favourable. According to present calculations
the reaction enthalpy is 16.81 eV. We are not sure about the origin
of the first threshold at 9.7 eV, however, as the ionization energy
of the CH3 is 9.84 £0.01 eV [16] and the intensity of this ion
very low, we assume that the first threshold is due to electron
impact ionization of the CHj3 radical, which is formed in trace
amounts in the molecular beam source.

5. Conclusions

Electron impact ionization of alanine in the gas phase results
in strong fragmentation. The reason for this phenomenon is the
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instability of the alanine molecular ion against dissociation. The
dominant reaction channel is the formation of the immonium ion
NH,CHCH3* and a COOH radical at electron energies close to
the ionization threshold of the parent ion. Further fragment ions
formed via electron impact ionization to alanine are interpreted
on the basis of quantum chemical calculations. For a large num-
ber of neutral and ionized fragments the most probable structures
are assigned based on the calculated reaction enthalpies for pos-
sible pathways and the experimentally determined appearance
energies.
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