
Conformation-Specific Pathways of �-Alanine: A Vacuum Ultraviolet Photoionization and
Theoretical Study

Lidong Zhang, Yang Pan, Huijun Guo, Taichang Zhang, Liusi Sheng, and Fei Qi*
National Synchrotron Radiation Laboratory, UniVersity of Science and Technology of China,
Hefei, Anhui230029, P. R. China

Po-Kam Lo and Kai-Chung Lau*
Department of Biology and Chemistry, City UniVersity of Hong Kong, Tat Chee AVenue, Kowloon,
Hong Kong, P. R. China

ReceiVed: January 11, 2009; ReVised Manuscript ReceiVed: April 7, 2009

We report a photoionization and dissociative photoionization study of �-alanine using IR laser desorption
combined with synchrotron vacuum ultraviolet (VUV) photoionization mass spectrometry. Fragments at m/z
) 45, 44, 43, and 30 yielded from photoionization are assigned to NH3CH2CH2

+, NH2CHCH3
+, NH2CHCH2

+,
and NH2CH2

+, respectively. Some new conformation-specific dissociation channels and corresponding
dissociation energies for the observed fragments are established and determined with the help of ab initio
G3B3 calculations and measurements of photoionization efficiency (PIE) spectra. The theoretical values are
in fair agreement with the experimental results. Three low-lying conformers of the �-alanine cation, including
two gauche conformers G1+, G2+ and one anti conformer A+ are investigated by G3B3 calculations. The
conformer G1+ (intramolecular hydrogen bonding N-H · · ·OdC) is found to be another precursor in forming
the NH3CH2CH2

+ ion, which is complementary to the previously reported formation pathway that only occurs
with the conformer G2+ (intramolecular hydrogen bonding O-H · · ·N). Species NH2CHCH2

+ may come
from the contributions of G1+, G2+, and A+ via different dissociation pathways. The most abundant fragment
ion, NH2CH2

+, is formed from a direct C-C bond cleavage. Intramolecular hydrogen transfer processes
dominate most of the fragmentation pathways of the �-alanine cation.

1. Introduction

Various conformers can coexist under ambient conditions for
most amino acids. Interconversions among these conformers
occur easily even at low temperatures due to the low energetic
barriers. Conformation-specific reaction mechanisms have been
established before,1 but direct verification of them is difficult
because of the quick interconversion processes, especially with
thermal activation.2 Recent studies demonstrate that the different
photodissociation channels and chemical reactivity of various
conformers for a given molecule can be understood by selective
laser control of chemical reactions.2-6 Park et al. have reported
the selective generation of gauche-1-iodopropane and anti-1-
iodopropane using mass-analyzed threshold ionization (MATI)
and direct observation of conformation-specific pathways in the
photodissociation of 1-iodopropane ions.4 Another experiment
has shown that the photodissociation of trans and cis forms of
formic acid in solid Ar yields products H2O + CO and H2 +
CO2, respectively.5 These results demonstrate that a chemical
reaction may be controlled by selectively preparing a particular
conformer of the reactants. In addition, direct measurement of
energy thresholds to conformational isomerization in tryptamine
has also been achieved via a vibrational excitation scheme
named stimulated emission thresholds (SEP).7

Amino acids, among the most important building blocks of
life, are believed to play key roles in space chemistry and the
origin of life on the earth.8,9 Photoionization and dissociative

photoionization investigations of amino acids, especially in the
vacuum ultraviolet (VUV) range in the gas phase, also appear
to be worthwhile.10-13 As the simplest �-amino acid, �-alanine
is found to be the most abundant amino acids existing in CI
chondrites, a type of carbonaceous meteorite.14 Because of the
flexibility in the molecular backbone of �-alanine, a large
number of low-lying torsional conformers have been investigated
in the gas phase by experimental and computational methods.15-17

Recently, two new conformers were identified using Fourier
transform microwave spectroscopy,16 in addition to the known
gauche conformers, named G1 and G2.17 For the two new
conformers, a gauche conformer G3 with an intramolecular
hydrogen bond between the amino group and carbonyl oxygen
(N-H · · ·OdC) is established, while another anti conformer A
stabilized by an n-π* hyperconjugative interaction between
the nucleophile N: of the amino group and the π* orbital at the
carbonyl group has also been presented. Ionization of �-alanine
gives rise to a series of fragments. It is noted that comprehensive
investigations of �-alanine, especially on conformation-specific
ionization and dissociation processes in the gas phase, are still
rare. To the best of our knowledge, there have been only three
photoionization studies of �-alanine.18-20 Jochims et al. studied
the photoionization characters of �-alanine in the 6-22 eV
photon energy range, but the assignments of the fragments at
m/z ) 44 (NH2CH2CH2

+) and 45 (COOH+) at low photon
energy (<11.8 eV) are controversial.18,20 Choi et al. thought that
the fragment ion at m/z ) 45 (NH3CH2CH2

+) is formed via a
highly conformation-specific decarboxylation pathway of �-ala-
nine. Unfortunately, they did not observe the signal of m/z )
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30 (NH2CH2
+) in the mass spectrum obtained at the photon

energy of 9.35 eV, a predominant fragment ion that can be
produced easily under such photon energy.19 Moreover, the
reported appearance energy of NH3CH2CH2

+ is too low, which
is just a little higher than the ionization energy (8.93 eV) of
�-alanine. More recently, Bari et al. reported the fragmentation
of R- and �-alanine induced by multiply charged ions at Bragg-
peak energies. A series of fragments are formed in double
ionization.21

Recently, we have used IR laser desorption/tunable synchro-
tron VUV photoionization mass spectrometry (IR LD/VUV
PIMS) technique to investigate the fragmentation pathways of
R-alanine.22 The dissociation reactions of the R-alanine and
�-alanine cation radicals have a large difference.18,19 In this
work, we present the photoionization and dissociative photo-
ionization studies of �-alanine, an isomer of R-alanine. Photo-
ionization mass spectra of �-alanine at different photon energies
are obtained. Ionization energy (IE) of the parent and appearance
energies (AEs) of some fragments are determined by measure-
ments of photoionization efficiency (PIE) spectra. Complemen-
tary ab initio calculations at the G3B3 level have been
performed. The theoretical results are used to discuss and explain
the conformation-specific photodissociation pathways for the
fragments NH3CH2CH2

+, NH2CHCH3
+, NH2CHCH2

+, and
NH2CH2

+, with m/z ratios 45, 44, 43, and 30, respectively.

2. Experimental and Theoretical Methods

2.1. Experimental Method. The IR LD/VUV PIMS instru-
ment has been reported elsewhere.22-25 Hence, only a short
description is given here. Synchrotron radiation from an
undulator beamline of the 800 MeV electron storage ring of
National Synchrotron Radiation Laboratory at Hefei, China is
monochromatized with a 1 m Seya-Namioka monochromator
equipped with a laminar grating (1500 grooves/mm, Horiba
Jobin Yvon, France). This grating covers the photon energy from
7.8 to 24 eV. The monochromator is calibrated with the known
ionization energies of the inert gases. The energy resolving
power (E/∆E) is about 1000. A gas filter filled with argon is
used to eliminate higher order harmonic radiation in this study.
The average photon flux can reach the magnitude of 1013

photons/s. A silicon photodiode (SXUV-100, International
Radiation Detectors, Inc., USA) is used to monitor the photon
flux for normalizing ion signals.

The experiments utilize 1064 nm output of a pulsed Nd:YAG
laser (Surelite I-20, Continuum, USA) for IR laser desorption.
Laser power at the surface of substrate is controlled at 10 mJ/
pulse to generate intact neutral molecules for near-threshold
VUV photoionization. The VUV light beam is perpendicular
and overlapping to the IR laser beam in the photoionization
region. VUV photoionization takes place at a distance of 2-4
mm from the substrate surface, where the plume of molecules
formed from the desorption process travels back and is ionized
by VUV light. Ions produced by VUV light are analyzed by a
reflectron time-of-flight (TOF) mass spectrometer. A pulsed
voltage of 260 V applied to the repeller plates is used to propel
ions into the flight tube. The pulsed voltage with the frequency
of 10 kHz works with a delay of 150 µs after the laser fires
with the frequency of 10 Hz, which is controlled by a homemade
pulse/delay generator.

The IR LD/VUV PIMS setup permits the laser irradiating
onto the substrate coated with a layer of �-alanine, which was
purchased from Fluka with the purity of g99.0% and used
without further purification. To improve the signal intensity and
decrease the background noise, stainless steel is selected as an

ideal substrate without any organic matrix. The pressure of the
photoionization chamber is around 1.0 × 10-4 Pa.

2.2. Computational Method. Some computational studies
have been conducted on �-alanine previously; over 20 conform-
ers in the gas phase have been reported.17 At least three gauche
conformers (G1, G2 and G3) and one anti conformer (A) are
found to coexist in the gas phase.15 In this work, the G3B3
calculations26 were carried out with the Gaussian 03 program
package.27 It involves single-point calculations at the levels of
QCISD(T,E4T)/6-31G(d), MP4/6-31+G(d), MP4/6-31G(2df,p),
and MP2(Full)/G3large, based on the structures optimized at
the B3LYP/6-31G(d) level. The B3LYP/6-31G(d) harmonic
vibrational frequencies, scaled by 0.96, were used for the
correction of zero-point vibrational energies (ZPVE). A semiem-
pirical correction was also applied to account for the high level
correlation effect. The correction is E (HLC, higher level
correction) ) -An� - B(nR - n�) in the G3B3 theory, where
nR and n� are the numbers of R and � valence electrons with nR
g n�. A ) 10.041 mhartrees and B ) 4.995 mhartrees for
molecules; A ) 10.188 mhartrees and B ) 2.323 mhartrees for
atoms.26 A large number of molecules have been calculated
using this method, and good correlation between the G3B3
method and experimental results has been found.28,29 Optimized
geometries of three typical low-lying conformers of �-alanine
and corresponding cations are shown in Figure 1, including the
gauche conformers G1 and G2 and the anti conformer A.15

Conformer G3 has a configuration similar to that of G1, which
is not shown here. The optimized geometries of the ions,
transition states, and intermediates for the formation of
NH2CH2

+, NH3CH2CH2
+, NH2CHCH3

+, and NH2CHCH2
+ at

the B3LYP/6-31G(d) level are displayed in Figures 2-3. The
calculated energies E0, and H298 (in hartrees) of various species
involved in the dissociation of �-alanine at the G3B3 level are
listed in Table 1. Adiabatic and vertical ionization energies were
calculated to compare with our experimental results. The G3B3
vertical IEs are determined to be 9.75 and 11.1 eV for G1 and
G2, respectively. The large energy discrepancy implies that the
ejected electrons come from different function groups of G1
and G2. The highest occupied molecular orbital (HOMO) of
G1 is the lone-pair orbital of the N atom (nN), while the HOMO
of G2 has strongly mixing nN + nO characteristic.15

Figure 1. Optimized geometries of neutral molecules and ions of
�-alanine at the B3LYP/6-31G(d) level (all distances in Å and all angles
in degrees).
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3. Results and Discussion

3.1. Photoionization Mass spectra and Photoionization
Efficiency Spectra. Figure 4a exhibits the photoionization mass
spectra of �-alanine at the photon energies of 9.0 and 12.0 eV,
respectively. A 10 mJ/pulse laser power was used in this study
in order to avoid dissociation and ionization of �-alanine from
the IR laser desorption process. Only exclusive parent ion at
m/z ) 89 is observed at the photon energy of 9.0 eV due to the
near-threshold soft ionization. A variety of fragments are formed
at higher photon energy, which was also found in previous
studies.18,30 Similar to the photoionization mass spectrum of
glycine,30 the most intense peak in the mass spectrum of
�-alanine is observed at m/z ) 30. Correspondingly, the intensity
of the parent ion is very low, indicating that the dissociation of
the parent cation requires only a small amount of internal
energy.18 Fragments at m/z ) 45, 44, and 43 are also observed
at higher photon energies of 9.5, 10.0, 11.0, and 12.0 eV with
relative weak intensities, as shown in Figure 4b.

The IE value can be measured by scanning photoionization
efficiency spectra, as that obtained from electron impact
ionization (EI) studies. However, EI induced phenomena tend
to be more complex, causing some difficulties in the interpreta-
tion of experimental data.31 The PIE spectrum of �-alanine is
obtained by plotting the integrated mass peak versus corre-
sponding photon energy. The ion signals of parent ion (m/z )
89) increase monotonically with the photon energy, as shown
in Figure 5a. In our experiments, desorbates from the laser
desorption process are vibrationally hot and will cause a gradual
onset at threshold. This so-called thermal tail may make it
difficult to determine the onset accurately. Some methods have
been employed for analyzing PIE spectra of polyatomic
molecules.32,33 Generally, the IE is determined by extrapolating
the first linear rise in the PIE spectra. Although this baseline
intercept method is somewhat rough, at least it is relatively
straightforward. The IE of �-alanine is measured to be 8.86 (

0.08 eV, which is similar to the previously reported experimental
value (8.80 ( 0.1 eV)18 and in good agreement with the G3B3
result (8.78 eV) for the ionization transition from �-alanine to
gauche conformer G1+. On the potential energy surface of
the �-alanine cation, we note that the lowest-energy cation has
the form of NH3CHCH2COOH+. Thus, the adiabatic IE of
�-alanine should correspond to the ionization transition from
�-alanine to NH3CHCH2COOH+. At the G3B3 level, the
adiabatic IE value of �-alanine is 8.51 eV. Nevertheless, the
ionization threshold for �-alanine f NH3CHCH2COOH+ may
not be obvious in the PIE spectrum because of the poor
Franck-Condon factor near the ionization threshold. The IE
values for the ionization transitions from �-alanine to the G1+,
G2+ and A+ conformers are listed in Table 2. The IE value
from G2 to G2+ is 9.15 eV. The geometry has an obvious
change from neutral to cation radical structure for G2. The G2
conformer has an OH---N hydrogen bond in the neutral form,
but a NH---O hydrogen bond in the ionized form (Figure 1).15

The AEs of major fragment ions at m/z ) 45, 43, and 30,
obtained by extrapolating the first linear rise from baseline in
the PIE spectra (Figure 5b-d) together with the calculated G3B3
results, are also given in Table 2.

Figure 2. Optimized geometries of ions, transition states, and
intermediates for the formation of NH2CH2

+ and NH3CH2CH2
+ at the

B3LYP/6-31G(d) level (all distances in Å and all angles in degrees).

Figure 3. Optimized geometries of ions, transition states, and
intermediates for the formation of NH2CHCH2

+ and NH2CHCH3
+ at

the B3LYP/6-31G(d) level (all distances in Å and all angles in degrees).
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3.2. Fragmentation Pathways. 3.2.1. Fragment at m/z )
45 (NH3CH2CH2

+). In a previous photoionization study per-
formed in the photon energy range of 6-22 eV by Jochims et
al.,18 the authors proposed to assign the fragment at m/z ) 45
to COOH+. However, based on our G3B3 calculation, the
formation of COOH+ from a direct C2-C3 bond cleavage of
the G1+ conformer is found to proceed via a transition structure
with a barrier of 11.8 eV. Actually the fragment at m/z ) 45 is
attributed to both COOH+ and NH3CH2CH2

+. But their appear-
ance energies are different. According to calculation results,
COOH+ should be formed at a higher photon energy (>11.8
eV). Hence, we believe that the m/z ) 45 ion formed from the
dissociative photoionization of �-alanine at a photon energy
below 11.8 eV should be assigned to NH3CH2CH2

+.
If the fragment of m/z ) 45 is assigned to NH3CH2CH2

+,
the fragment will be formed by decarboxylation of the G2+

conformer because the conformer has the strongest intermo-
lecular hydrogen bond. As depicted in Scheme 1, the decar-
boxylation of G2+ involves a C2-C3 bond cleavage and forms
the NH3CH2CH2

+ cation and carbon dioxide via a transition
state (TS4):

NH3CH2CH2COO+(G2+ )fNH3CH2CH2
++

CO2, AE) 9.20 (1)

At the G3B3 level, the TS4 has an energy barrier of 0.03 eV
above the G2+ conformer. The G3B3 IE for the photoionization
transition from the G2 conformer of �-alanine to G2+ is 9.15
eV. Thus, the total energy required for the formation of the
NH3CH2CH2

+ cation and CO2 fragments from the photodisso-
ciative ionization of �-alanine is 9.20 eV (relative to G1). From
our experiment, the AE for forming the m/z ) 45 ion is
measured to be 9.33 ( 0.08 eV, which is consistent with the
G3B3 predicted value of 9.20 eV after taking into account the
uncertainty of our experimental measurement.

However, it is interesting to note that G2+ is not the only
conformer that can produce NH3CH2CH2

+. Our G3B3 calcula-

TABLE 1: G3B3 Energies E0 and H298 (in hartrees) of
Various Species Involved in the Dissociation of �-Alanine

species E0 (in hartrees) H298 (in hartrees)

G1 -323.53041 -323.52268
G2 -323.52957 -323.52225
A -323.52670 -323.51870
G1+ -323.20769 -323.20017
G2+ -323.19339 -323.18565
A+ -323.19120 -323.18297
TS1 -323.18038 -323.17218
TS2 -323.19077 -323.18338
TS3 -323.17456 -323.16698
TS4 -323.19224 -323.18466
TS5 -323.19555 -323.18823
TS6 -323.13533 -323.12779
TS7 -323.15807 -323.15013
TS8 -323.12859 -323.12061
TS9 -246.78984 -246.78282
TS10 -134.59538 -134.58981
TS11 -323.16755 -323.15860
TS12 -323.12756 -323.11879
INT1 -323.20947 -323.19999
INT2 -323.19479 -323.18656
INT3 -323.19791 -323.19005
INT4 -323.17267 -323.16504
INT5 -323.20049 -323.19218
INT6 -323.20258 -323.19282
NH2CH2

+ -94.88630 -94.88234
CH2COOH -228.28873 -228.28346
NH3CH2CH2

+ -134.71894 -134.71302
NH2CHCH2CO2

+ -321.97184 -321.96430
NH2CHCH2CO+ -246.79097 -246.78398
NH2CHCH2

+ -133.53296 -133.52816
NH2CHCH3

+ -134.18211 -134.17702
COOH -189.00211 -188.99795
CO2 -188.50435 -188.50073
H2O -76.38373 -76.37995
H2 -1.16748 -1.16417

TABLE 2: Theoretical and Experimental IEs of Three
Conformers of �-Alanine and AEs of Corresponding
Fragments

IEs/AEs (eV)

m/z ion assignments G3B3 expt. ref.

89 G1+ 8.78 8.86 ( 0.08 8.8 ( 0.1a

G2+ 9.15
A+ 9.13

45 NH3CH2CH2
+ 9.20 9.33 ( 0.08 ∼8.95b

44 NH2CHCH3
+ 10.96 10.20 ( 0.3

43 NH2CHCH2
+ 9.77 9.32 ( 0.08 9.5 ( 0.2a

30 NH2CH2
+ 9.57 9.28 ( 0.08 9.3 ( 0.1a

a Ref 18. b Ref 19.

SCHEME 1: G3B3 Potential Energy Surface for the
Formation of NH2CH2

+ and NH3CH2CH2
+ from the

Conformers G1+ and G2+a

a The energy is relative to the ground state G1 conformer of
�-alanine.

Figure 4. (a) Photoionization mass spectra of �-alanine at photon
energies of 9.0 and 12.0 eV. (b) Photoionization mass spectra of
�-alanine at photon energies of 9.5, 10.0, 11.0, and 12.0 eV.
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tions indicate that G1+ may also be a possible precursor for
the NH3CH2CH2

+ ion and the CO2 molecule. In Scheme 1, the
hydroxyl group of G1+ can undergo an internal rotation about
the C2-C3 bond via transition state TS2 to produce intermediate
INT2 (0.35 eV above G1+). Then, INT2 proceeds to form G2+
by overcoming a barrier of 0.55 eV (relative to INT2) via TS3.
The formation of the NH3CH2CH2

+ ion and CO2 fragments from
the G1+ cation requires an overall barrier of 0.9 eV relative to
the G1+ (or 9.68 eV relative to G1). As found by Tian, the G1
conformer has the highest abundance among 10 possible low-
lying conformers of �-alanine.15 Thus, the formation of the
NH3CH2CH2

+ ion (m/z ) 45) may be mainly originating from
the G1+ conformer. Shown in Figure 5b is the PIE spectrum
for the m/z ) 45 ion, in which there is a sharp increase of the
ion signal at the photon energy of 9.70 eV and onward. This
energy threshold at which the ion signal increases is in
coincidence with the overall energy barrier of 9.68 eV for the
formation of m/z ) 45 ion from the G1+ conformer.

3.2.2. Fragment at m/z ) 43 (NH2CHCH2
+). On the basis

of the computational results, we suggest that the fragment at
m/z ) 43 may have the chemical formula of NH2CHCH2

+

because this cation is the most stable isomer on the C2NH5
+

cationic surface. Our calculations indicate that the NH2CHCH2
+

ion (m/z ) 43) and its cofragments may be formed via several
pathways beginning with the G1+, G2+, and A+ conformers.
For example, starting from the G1+ conformer, two pathways
for the formation of NH2CHCH2

+ ion and cofragments are
found, and the corresponding energy profiles are shown in
Schemes 2 and 3. In Scheme 2, the G1+ conformer first
transfers a hydrogen atom from the C1 to the carboxylic oxygen
to form the NH2CHCH2COHOH+ cation (a diol cation, INT3)
via TS5. The barrier of this hydrogen transfer is 0.33 eV above
G1+. Then, NH2CHCH2COHOH+ (INT3) proceeds to undergo
another hydrogen transfer to yield NH2CHCH2C(H)OOH+

(INT4) via TS6 (1.97 eV above G1+). Then INT4 undergoes
a C2-C3 bond cleavage to yield the NH2CHCH2

+ ion and

formic acid (HCOOH). The barrier of the bond cleavage step
is 1.35 eV above G1+. The overall barrier for the formation of
the NH2CHCH2

+ ion and HCOOH from the G1+ conformer is
1.97 eV (relative to G1+) or 10.75 eV (relative to G1). Shown
in Scheme 3 is the alternative pathway for the formation of the
NH2CHCH2

+ ion: INT3 may convert into INT5 (through an
internal rotation of the -OH group), and the INT5 then undergoes
a hydrogen transfer between the two -OH groups via TS8. The
barrier of this hydrogen transfer is 2.15 eV above that of the
G1+ conformer. This hydrogen transfer process, accompanied
by the departure of a water molecule from the TS8, yields the
NH2CHCH2CO+ ion. This ion may then undergo a direct bond
cleavage to form the NH2CHCH2

+ ion and CO2 via TS9 with a
miniscule barrier of 0.03 eV (relative to NH2CHCH2CO+ +

Figure 5. Photoionization efficiency spectra of �-alanine and its fragments.

SCHEME 2: Pathway 1: The G3B3 Potential Energy
Surface for the Formation of NH2CHCH2

+ from the
Conformer G1+a

a The energy is relative to the ground state G1 conformer of
�-alanine.
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H2O). The overall barrier for the formation of the NH2CHCH2
+

ion and CO + H2O from the G1+ conformer is 2.15 eV (relative
to G1+) or 10.93 eV (relative to G1), which is higher than the
overall barrier for the formation of the NH2CHCH2

+ ion and
HCOOH by 0.18 eV.

As mentioned previously, the NH2CHCH2
+ cation may also

originate from the G2+ (NH3CH2CH2COO+) conformer through
two successive elimination processes. As shown in Scheme 4,
the G2+ conformer can first decarboxylate to yield
NH3CH2CH2

+ and CO2 via TS4; the dissociated NH3CH2CH2
+

ion then yields NH2CHCH2
+ and H2 by a hydrogen elimination

via TS10. The overall barrier for the formation of the
NH2CHCH2

+ ion and CO2 + H2 from the G2+ conformer is
2.55 eV (relative to G2+) or 11.72 eV (relative to G1).

No intramolecular hydrogen bond is found in conformer A+.
The formation pathway for the NH2CHCH2

+ ion and CO +
H2O from the A+ conformer is displayed in Scheme 5. The
A+ conformer first undergoes an intramolecular hydrogen
transfer from C1 to the hydroxyl oxygen via TS11 to yield
the NH2CHCH2CO+ · · ·H2O intermediate complex (INT6). Then
INT6 becomes fully dissociated, and the dissociated

NH2CHCH2CO+ ion undergoes CO elimination via TS9 to form
NH2CHCH2

+ and CO. The overall barrier for the dissociation
pathway from the A+ conformer yielding the NH2CHCH2

+ ion
and CO + H2O is 0.64 eV (relative to A+) or 9.87 eV (relative
to G1). All four formation pathways of NH2CHCH2

+ ion and
cofragments from the conformers G1+, G2+, and A+ and the
corresponding AEs for NH2CHCH2

+ are listed in eqs 2-5:

NH2CH2CH2COOH+(G1+ )fNH2CHCH2
++

HCOOH, AE) 10.75 (2)

NH2CH2CH2COOH+(G1+ )fNH2CHCH2
++CO+

H2O, AE) 10.93 (3)

NH3CH2CH2COO+(G2+ )fNH2CHCH2
++H2 +

CO2, AE) 11.72 (4)

NH2CH2CH2COOH+(A+ )fNH2CHCH2
++CO+

H2O AE) 9.87 (5)

The PIE spectrum of NH2CHCH2
+, presented in Figure 5c,

exhibits an onset of ion signals at the photon energy of 9.32 (
0.08 eV. The G3B3 AE values for the NH2CHCH2

+ ion from
different fragmentation pathways range from 9.87 to 11.72 eV,
which are obviously much higher than the experimental result.
The large discrepancy between the calculated values and
experimental measurement may be due to temperature effects
and numerous possible conformations of the �-alanine. The
numerous possible conformations of the �-alanine would make
it more difficult to find a reaction pathway with lower activation
energy. However, there is another AE value (9.5 ( 0.2 eV)
obtained from the photoionization mass spectrometric experi-
ment by Jochims et al.16 Although the uncertainty of the previous
AE measurements for m/z ) 45 is larger than our current one
((0.08 eV), this AE value still agrees well with our experimental
AE and the (lowest) G3B3 AE values, after taking the error
bars into account.

3.2.3. Fragment at m/z ) 30 (NH2CH2
+). The fragment at

m/z ) 30 corresponds to NH2CH2
+, which is produced via the

direct loss of a CH2COOH radical from NH2CH2CH2COOH+

(G1+). The formaldehyde cation (H2CO+) has the same m/z )
30 as the NH2CH2

+. However, the formation of formaldehyde
should involve H migration in the parent cation followed by
the C-O and C-C bond cleavages. Thus, we expect that the

SCHEME 3: Pathway 2: The G3B3 Potential Energy
Surface for the Formation of NH2CHCH2

+ from the
Conformer G1+a

a The energy is relative to the ground state G1 conformer of
�-alanine.

SCHEME 4: G3B3 Potential Energy Surface for the
Formation of NH2CHCH2

+ from the Conformer G2+a

a The energy is relative to the ground state G1 conformer of
�-alanine.

SCHEME 5: G3B3 Potential Energy Surface for the
Formation of NH2CHCH2

+ and NH2CH2
+ from the

Conformer A+a

a The energy is relative to the ground state G1 conformer of
�-alanine.
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energy required for the formation of the H2CO+ cation is
relatively high. At a lower photon energy, the formation for a
fragment ion at m/z ) 30 as NH2CH2

+ should be energetically
more favorable. As shown in the photoionization mass spectra
of �-alanine, the NH2CH2

+ ion has the strongest ion intensity,
which is mainly due to the delocalization of lone-pair electrons
along the C-N bond, making this fragment extremely stable.
This observation is similar to the previous results using
photoionization14 and EI methods.30 Most of the conformers
except G2+ contribute directly to the formation of the NH2CH2

+

ion. For example, as shown in Scheme 1, the G1+ conformer
may undergo a direct C1-C2 bond cleavage to yield an ion
complex intermediate NH2CH2

+ · · ·HOOCCH2 (INT1) via TS1.
Then INT1 may dissociate into NH2CH2

+ and CH2COOH. The
AE energy (eq 6) for the formation of NH2CH2

+ + CH2COOH
from the G1+ conformer is 0.89 eV (relative to G1+) or 9.67
eV (relative to G1). The calculated AE value (9.67 eV) is higher
than our experimental value of 9.28 ( 0.08 eV. The AE for the
formation of NH2CH2

+ + CH2COOH from the A+ conformer
(eq 7 and Scheme 5) is 9.57 eV (relative to that of A), which
is about 0.29 eV higher than the experimental measurement.
Nevertheless, the measurement is consistent with the results
reported previously.18,20 The PIE spectrum of the NH2CH2

+ ion
shows a relative gradual increase from onset (9.28 eV) and
afterward rises sharply at around 9.56 eV. This behavior is also
observed in similar studies on other amino acids.12 Jochims et
al. attributed this long tail with low intensity to the ion pair
formation process NH2CH2CH2COOH f NH2CH2

+ +
CH2COOH-.18

NH2CH2CH2COOH+(G1+ )fNH2CH2
++

CH2COOH AE) 9.67 (6)

NH2CH2CH2COOH+(A+ )fNH2CH2
++

CH2COOH AE) 9.57 (7)

3.2.4. Fragments at m/z ) 44 (NH2CHCH3
+). At first sight,

fragment at m/z ) 44 is assigned to NH2CH2CH2
+ as it can be

readily produced from a simple C2-C3 bond cleavage.18

However, our G3B3 results predict that the NH2CHCH3
+ ion

is more stable than the NH2CH2CH2
+ isomer by 2.6 eV. As a

result, we believe that the m/z ) 44 fragment should be assigned

to the NH2CHCH3
+ ion (eq 8). The formation process for the

NH2CHCH3
+ ion and cofragment is predicted to be the

following. First, the G1+ conformer undergoes a 1,2-hydrogen
transfer forming NH2CHCH3COOH+ (via TS12); this hydrogen
transfer is immediately followed by the rupture of the C2-C3
bond yielding the NH2CHCH3

+ ion and COOH radical (the
NH2CHCH3COOH+ is an unstable species). The reaction profile
is depicted in Scheme 6, and the G3B3 AE value is calculated
to be 10.96 eV. The experimental AE value of NH2CHCH3

+ is
estimated to be 10.2 ( 0.3 eV with a relatively large error bar.

NH2CH2CH2COOH+(G1+ )fNH2CHCH3
++

COOH AE) 10.96 (8)

4. Conclusions

The photoionization mass spectra and PIE spectra of �-alanine
are obtained using IR laser desorption combined with tunable
synchrotron VUV photoionization mass spectrometry. Fragments
at m/z ) 45, 44, 43, and 30 are attributed to the NH3CH2CH2

+,
NH2CHCH3

+, NH2CHCH2
+, and NH2CH2

+ cations, respectively.
The IE of �-alanine and AEs of fragment ions are obtained
from the PIE measurements, and the photodissociation pathways
for the formation of fragments ions are then compared with the
G3B3 theoretical predictions.

Conformation-specific dissociation channels of �-alanine
cation are established. In addition to the direct decarboxylation
process of G2+, the conformer G1+ is found to be a more
dominant precursor in forming NH3CH2CH2

+ with the photon
energy below 11.8 eV. Cation NH2CHCH2

+ may be produced
from the dissociations of the conformers G1+, G2+, and A+
via different pathways. As the most abundant fragment,
NH2CH2

+ is resulted via a direct loss of the neutral CH2COOH
fragment from NH2CH2CH2COOH+, which may be produced
by the ion pair formation of the parent molecule prior to
ionization. Cation NH2CHCH3

+ (m/z ) 44) is produced from
C2-C3 bond cleavage after the hydrogen transfer process from
C1 to C2, instead of from a simple C2-C3 bond cleavage.
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