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Shape resonances of electron-molecule system formed in the low-energy electron attachment
to four low-lying conformers of serine (serine 1, serine 2, serine 3, and serine 4) in gas
phase are investigated using the quantum scattering method with the non-empirical model
potentials in single-center expansion. In the attachment energy range of 0−10 eV, three
shape resonances for serine 1, serine 2, and serine 4 and four shape resonances for serine
3 are predicted. The one-dimensional potential energy curves of the temporary negative
ions of electron-serine are calculated to explore the correlations between the shape resonance
and the bond cleavage. The bond-cleavage selectivity of the different resonant states for a
certain conformer is demonstrated, and the recent experimental results about the dissociative
electron attachment to serine are interpreted on the basis of present calculations.
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proteins have been performed in the last decades [14–
24]. Theoretical approaches of low-energy electron scattering of uracil [13, 25, 26], formic acid [27, 28], and
glycine [27, 29–31] were made by using quantum scattering methods, such as the non-empirical model potentials in a symmetry-adapted, single-center expansion (SCE) and the R-matrix method. In addition, the
Schwinger multichannel method was applied by Winstead and McKoy for nucleobases and other DNA constituents [32–34]. The possible mechanisms of DNAstrand breaks induced by low-energy electrons were also
discussed by Simons et al. using electronic structure
theory [5, 6]. Recently, the dissociative dynamics simulations of the sugar backbones [35], formamide [36],
and amino acids [37] were carried out by Gianturco et
al. using quantum scattering method together with onedimensional (1D) modeling for the dissociative dynamics. It should be noted that most theoretical studies
focused on the lowest-energy conformers, except for the
glycine conformers [29] and the tautomers of nucleic
acid bases [38]. In the gas-phase experiments, several
low-lying stable conformers or tautomers usually coexist
[39–46]. Therefore, it is important to reveal whether or
how the conformers or tautomers influence the electronmolecule resonant states and the subsequent dissociation dynamics. In our previous work [38], the tautomeric effect on the shape resonances of nuclear acid
bases was observed clearly.
In the present work, the shape resonances formed in
the low-energy electron attachment to four low-lying

I. INTRODUCTION

Low-energy electrons produced in the ionization radiation can lead to fragmentation of the surrounding
molecules in biological tissues via electron resonant attachment [1]. The highly reactive radicals and anionic fragment could cause further chemical reactions
or damages to system [1–8]. This electron-induced fragmentation process is known as dissociative electron attachment (DEA), in which the temporary negative ion
(TNI) formed in the electron resonant attachment, as
the predissociative short-lived intermediates, is theoretically classified into electron-molecule shape and Feshbach resonances [9]. Shape resonance as the simplest
case is formed by trapping the excess electron in a potential well of the neutral molecule, in which the potential barrier is the combined effect of the attractive
polarization potential and the repulsive centrifugal potential. Shape resonances were frequently observed in
the electron attachment to nucleic acid bases and amino
acids. These shape resonances are believed to play very
important roles in the DEA to biomolecules, particularly in the lower attachment energy range (i.e., less
than 10 eV) [1, 6, 10–13].
Lots of experimental studies on the DEAs to isolated
biomolecules and the building blocks of DNA/RNA and
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conformers of serine (serine 1, serine 2, serine 3, and serine 4, as depicted in Fig.1) and the subsequent dissociation dynamics are investigated with the non-empirical
model potentials in SCE. It has been confirmed that the
four conformers could coexist in the gas phase [45, 46].
Recently, the DEA to the gas-phase serine was also
studied by using the electron-molecule cross beam technique [24]. Here we not only focus on the conformer
effects on the DEA to serine, but also explore the bondcleavage selectivity of the different resonant states for
a certain conformer. The later mechanism has been
demonstrated in our previous studies on the resonant
DEAs to the lowest-lying conformers of cysteine and
cystine [47].
II. THEORETICAL METHODS

In contrast to the anionic biomolecules in solutions
where the solute-solvent interaction can stabilize the excess electron, the gas-phase TNI formed by the electron
attachment is short-lived because its resonant states
strongly couple with the electron continuum. Several
quantum scattering methods [26, 34, 48, 49] can properly elucidate the formation of TNIs in gas phase. Here
we use the SCE method which has been successfully
applied in the studies of the DEAs both to DNA bases
[13, 25, 38] and amino acids [28–30, 47]. Since the theoretical details of SCE scattering method are available
[49], we only review some main points.
The equilibrium structures of the four low-lying
energy serine conformers are optimized at MP2/6311++G(d,p) level. The electron wave function of
molecular orbital (MO) is given in the self-consistent
field approximation with a single-determinant description (static exchange approximation). Then the wave
functions of both the bound and the continuum electrons are expanded at the center of mass of the target (i.e., SCE) by employing symmetry-adapted angular functions with their corresponding radial coefficients
represented on a numerical grid [49]. Any arbitrary
three-dimensional single-electron function F (r) is determined with the scattering equation,
[
]
∫
1 2
∇ + (E − ε) F (r) = V (r, r′ )F (r′ )dr′
(1)
2
where E=k 2 /2 is the collision energy and ε is the electronic eigenvalue of the target. The integral operator
V includes the electrostatic (V st ) interaction and exact nonlocal exchange interaction for a single state, as
well as a supplementary term V cp for the electron correlation and long-distance polarization effects. V cp can
be introduced both with the Perdew-Zunger correlation
V corr [50] and the polarizability tensor function V pol ,
V

pol

3
3
1 ∑∑
qi qj αij
=− 6
2r i=1 j=1
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(2)

where αij are six terms of the polarizability tensor and
qi,j =x, y, z. All of the molecular properties and equilibrium structures used in the scattering calculations are
predicted with Gaussian 09 program [51]. Furthermore,
the exact nonlocal bound-continuum exchange interaction considered in Eq.(1) is replaced with free-electrongas exchange (FEGE) potential as proposed by Hara
[52, 53],
(
)
2
1 1 − η2
1+η
VFEGE = kF (r)
+
ln
(3)
π
2
4η
1−η
where kF is the Fermi momentum and η is the neutral’s
ionization potential. Thus the scattering Eq.(1) can
be rewritten in the static model exchange correlation
polarization approximation,
[
]
1 2 1 2
st
cp
FEGE
− ∇ − k + V̂ + V̂ + V̂
F (r) = 0 (4)
2
2
The local formulation can be cast in terms of the usual
partial wave expansion. After integrating over the angular, K-matrix elements can be derived. Then a set
of partial wave phase-shifts δl (k) for S-matrix elements
Sl =Sl (k)=e2iδl(k) are obtained for all the contributing
angular momenta. The position Eres and width Γres of a
resonant state can be determined in the search for poles
of the S-matrix [49]. In this work, the poles of the Smatrix are calculated using more than 200 radial regions
for the four lowest energy serine conformers, including
the piecewise diabatic potential terms up to l=12. The
radial integrations are carried out in the 18.0 Å regions.
The D95∗∗ basis set is employed to generate the target
wave functions. The calculations of the potential are
carried out up to l=80 for the initial multipolar expansion and the scattering wave functions included partial
waves up to lmax =40. The scattering calculations are
performed with the ePolyScat.E2 program [54, 55].
In the electron attachments, the surplus energy after
attachment must be dissipated, e.g., via intramolecular
vibration redistribution (IVR). The redistribution processes can be simply simulated with 1D calculations,
i.e. inspecting the shifts of the calculated Eres and Γres
values along a certain bond stretching [35–37],
Etot (R) = Eres (R) + EN (R) − EN (Req )

(5)

where EN (R) is the electron energy of the neutral
molecule (N -electron target) at a set of geometries (here
a scanning step is 0.2 Å) and EN (Req ), as a reference, is the energy at the equilibrium geometry. The
1D complex potential energy modeling mimics whether
the bond stretching at a certain state is directly responsible for the decompositions of TNI. The resonant
state [(N +1)-electron system] at each stretching geometry has,
complex
Eres
(R) = Eres (R) − i

Γres (R)
2

(6)
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FIG. 1 Equilibrium structures of the four low-lying energy serine conformers.

TABLE I Energies (Eres ) and widths (Γres ) of the resonant states in the low-energy electron attachment to the four low-lying
serine conformers.
Serine 1
Serine 2
Serine 3
Serine 4
State
Eres /eV
Γres /eV
Eres /eV
Γres /eV
Eres /eV
Γres /eV
Eres /eV
Γres /eV
1
2.68
0.15
3.28
0.31
3.04
0.28
3.16
0.40
2
8.88
1.09
8.23
2.53
8.62
2.44
7.74
1.05
3
9.88
1.28
8.26
1.47
8.97
2.51
9.49
2.83
4
9.88
2.18

III. RESULTS AND DISCUSSIONS
A. Shape resonances

The equilibrium structures of the four low-lying conformers (serine 1, serine 2, serine 3, and serine 4) are
depicted in Fig.1. According to the present calculations, the relative energies with respect to serine 1
are 0.17, 1.47, and 4.04 kJ/mol for serine 2, serine 3, and serine 4, respectively. The relative stability predicted in the present work is consistent with
that proposed by Alonso et al. [45] at the MP4/6311++G(d,p)//MP2/6-311++G(d,p) level, but the relative energies are slightly different. The stability order
predicted here is different from that proposed by Maes
et al. [46] at the B3LYP/6-311++G(d,p) level. This
difference should be due to the different levels of theory used in the calculations. In the present work, we
do not pay more attention to the relative stabilities of
the serine conformers, since these conformers have been
proven to coexist in the gas-phase experiments [45, 46].
In Table I, the shape resonant energies together with
the respective widths are listed. For serine 1, serine 2,
and serine 4, three resonant states are predicted at the
electron attachment energies less than 10 eV, while four
states for serine 3. In the experimental studies [11, 56],
π ∗ and σ ∗ were frequently employed in the assignments
to the resonant states for the TNIs of amino acids. In
the present work, these states are renamed according to
their energetic sequence, because there are no molecular symmetric planes. However, the localized character
of the resonant wave function still needs to be emphasized, for instance, a pseudo-π ∗ state can be formed
DOI:10.1063/1674-0068/30/cjcp1612228

in the electron attachment to serine due to the significantly local π ∗ (COOH) orbital character of the resonant wave function (see the resonant wave functions of
states 1 for the four conformers in Fig.2). To the best
of our knowledge, there are no theoretical studies prior
to this work about the positions of shape resonances
of serine. For the first resonant states of the four conformers, the resonant wave functions show the similar
characters (see Fig.2), belong to pseudo-π ∗ state. However, state 1 for serine 1 is predicted at 2.68 eV with
width of 0.15 eV, while, for serine 2, serine 3, and serine
4, the resonant energies of states 1 shift to more than
3 eV and the widths become larger. This implies that
the excess electron may be more easily captured by serine 1. The differences in the energies and widths of the
first resonant states indicate that the conformational
effect exists for the four serine conformers. For the resonant states at the higher energies, the conformational
effect in resonant energies and widths is more distinct
(as shown in Table I). Such as, the resonant energy of
state 2 for serine 4 is 7.74 eV, while the resonant energies of states 2 for the other three conformers are higher
than 8.0 eV.
The conformational effect is also shown clearly in the
resonant wave functions. As depicted in Fig.2, the wave
functions of states 2 for serine 1, serine 2, and serine
4 and of state 3 for serine 3 show similar characters.
Their anti-bond characters in the Cα −N and Cβ −OH
bonds are clearly visualized as the nodal planes. For
state 3 of serine 1, there are nodal planes perpendicular
to the Cα −C, C−OH, Cα −NH2 , and Cβ −OH bonds.
For state 3 of serine 2, there are nodal planes perpenc
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FIG. 3 Total electronic energy changes of the neutral and
shape resonances along the Cα −C stretching coordinate for
serine 1, serine 2, serine 3, and serine 4.

nances should be considered. In the present work, the
electron excitations of the target molecule are not included, therefore, Feshbach resonances are not considered. Here a remarkable relationship between the shape
resonant state and the bond cleavage will be established
by analyzing the 1D potential energy curves.
B. One-dimensional dissociation dynamics

FIG. 2 The resonant electron wave functions of the resonant
states for serine 1, serine 2, serine 3, and serine 4 at the
equilibrium structures.

dicular to the Cα −C, C−OH, and Cα −NH2 bonds. For
state 2 of serine 3, the nodal planes localize at the Cα −C
and Cα −NH2 bonds. For state 3 of serine 4, there is
only one nodal plane perpendicular to the Cα −C bond.
For state 4 of serine 3, the anti-bond character clearly
shows for the Cα −Cβ bond. Therefore, the conformational effect is very remarkable in low electron attachment energy range.
Since the TNIs are usually regarded as the precursors of DEA, the subsequent DEA channels could be
deduced preliminary according to the characters of the
resonant wave functions. However, caution must be
exercised to derive conclusions because this involves
a certain degree of speculation. On the other hand,
one needs to be circumspect about the shape resonant
states at the higher energies. For the energy higher
than electron excitation or ionization thresholds, Feshbach resonances and their couplings with shape resoDOI:10.1063/1674-0068/30/cjcp1612228

The 1D complex potential energy modeling will be
used to simulate the dissociation of the TNIs at each
resonant state and the dissociation mechanism about
the DEA experimental observations [24] could be elucidated. Although the full-dimensions complex potential
surface could explain the dissociation processes comprehensively, the calculations are more computationally expensive. In the present work, the 1D potential
energy curves along Cα −C, Cα −Cβ , Cα −N, Cβ −OH,
and C−OH bonds will be calculated. The conformational effects on the dissociative dynamics will also be
emphasized.
1. 1D dissociation dynamics along Cα −C bond stretching

The 1D potential energy curves of the shape resonances for the four conformers along the Cα −C stretching coordinate (Fig.3) are predicted with Eq.(5), where
the Cα −C bond is elongated gradually in the plane of
Cα −C−OH while the residual parts are fixed at the
equilibrium geometries. During the Cα −C bond elongations, the total electronic energy curves of states 3
for serine 1, serine 2, and serine 4 and state 2 for serine 3 gradually decrease and cross with the curves of
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FIG. 4 Resonant energy changes of the shape resonances along the Cα −C stretching coordinate for serine 1, serine 2, serine
3, and serine 4. The insets indicate the resonant electron wave functions of the associated resonant state. The error bars
report the widths of the associated resonant states. Wave functions are plotted with contour values of ±0.15 a.u.

states 1 for the four serine conformers. The crossing
points imply that there may be conical intersections of
the potential energy surface between these two states.
The total energies of the other resonant states are found
increasing along the Cα −C bond stretching.
In Fig.4, the complex potential energies at each resonant state are plotted in terms of the selected bond elongations (using Eq.(6)). When the Cα −C bond is elongated, both the resonant energies Eres and widths Γres
of states 3 for serine 1, serine 2 and serine 4 and state 2
for serine 3 dramatically decrease. The decrease of Γres
means that the TNIs at these resonant states become
more and more stable with the Cα −C bond stretching.
In the resonant wave function maps, the nodal plane
DOI:10.1063/1674-0068/30/cjcp1612228

across the Cα −C bond becomes much clearer. All of
above imply that the direct cleavage of Cα −C bond is
favorable both in energy and in dynamics for TNIs at
these resonant states.
When the Cα −C bond length increases by 0.8 Å,
the resonant electron wave functions of the resonant
states with the decreasing Eres values are mainly distributed on the Cα −C bond. The nodal plane across the
Cα −C bond gradually becomes clearer (see the insets in
Fig.4). All of the above indicate that TNIs at these resonant states could play important roles in production
of COOH− or (serine-COOH)− anionic fragments by
the Cα −C bond cleavage. In recent DEA experiments
on serine [24], COOH− negative ions were detected in
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the electron energy range of 4−10 eV, and the peak
value appears to be at around 5.5 eV in the anionic
yield curves. However, in the present work, the resonant energies of states 3 for serine 1 (9.88 eV), serine 2
(8.26 eV) and serine 4 (9.49 eV) and state 2 for serine 3
(8.62 eV) are higher than 5.5 eV. In the present calculation, the model searches for the resonances as initially
being shape resonances and employs a model treatment
of exchange and polarization interactions [25, 49–53].
Although there are no empirical parameters in our calculations, the above forces are certainly approximate
and therefore they will shift the resonances from their
exact positions. The previous theoretical results also
show about 1−2 eV energy shifts to higher values for
the low-energy shape resonances, especially for the π ∗
or pseudo-π ∗ resonances [12, 38]. For high-energy resonances, the mismatch will become larger. Therefore,
the resonant states could be possible as precursor states
to COOH− fragments observed in the energy region of
4−10 eV, and the peak value appears to be at around
5.5 eV in the DEA experiment [24]. Moreover, the
(serine-COOH)− negative ion with mass of 60 amu was
not detected in the DEA experiment. In our calculations, we could not exclude the formation of (serineCOOH)− ions.
In Fig.4, the flat curves of states 1 and 2 for serine 1,
serine 2, and serine 4 and states 1, 3, and 4 for serine 3 indicate that the Cα −C bond cannot be spontaneously broken at these states. But the crossing points
observed in Fig.3 indicate that the Cα −C bond could
be potentially broken after the resonant state transition through the conical intersection. It is noted that
there are nodal planes in the Cα −C bonds in the wave
functions of state 4 for serine 3 and state 2 for serine
4 (see Fig.2), however, the total electronic energies of
the two states increase and the resonant energies and
widths do not decline when the Cα −C bond is elongated (see Fig.3 and Fig.4), which indicate that Cα −C
bond will not be broken when the TNIs at these resonant states. Therefore, caution must be exercised to
derive DEA conclusions using the nodal planes in the
resonant wave functions.
2. 1D dissociation dynamics along Cα −Cβ bond stretching

Serine is an aliphatic amino acid and contains a
CH2 OH group in the side chain. In the present
work, the 1D dissociation dynamics along Cα −Cβ bond
stretching is calculated to investigate the dissociation
process of the side chain. Total electronic energy
changes of the neutral and shape resonant states along
the Cα −Cβ stretching coordinate for serine 1, serine
2, serine 3, and serine 4 are shown in Fig.5. The total electronic energy of state 4 for serine 3 decreases
dramatically. As the Cα −Cβ bond length increases by
0.2 Å, some new resonant states (named state 4) appear for serine 1, serine 2, and serine 4 whose total
DOI:10.1063/1674-0068/30/cjcp1612228
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FIG. 5 Total electronic energy changes of the neutral and
the shape resonances along the Cα −Cβ stretching coordinate for serine 1, serine 2, serine 3, and serine 4.

electronic energies, resonant energies, and widths also
decrease during the Cα −Cβ stretching. From the resonant wave functions of states 4 for the four serine conformers (see the insets in Fig.6), one could find that as
the Cα −Cβ bond length increases by 0.8 Å, the charge
is mainly localized at (serine-CH2 OH)− part. All of the
above imply that TNI at state 4 for serine 3 could induce the Cα −Cβ cleavage directly, thereby leading to
(serine-CH2 OH)− fragments but not the CH2 OH− . In
the recent DEA experimental study [24], a large number of (serine-CH2 OH)− fragments were detected in the
energy range of 4−8 eV, and the CH2 OH− fragment
was not found. The present results are generally in
agreement with DEA experiments. Since state 4 is not
predicted in the energy range of 0−10 eV for serine 1,
serine 2, and serine 4 at equilibrium structures, we suspect that the (serine-CH2 OH)− fragments detected in
DEA experiment possibly come only from serine 3.
3. 1D dissociation dynamics along Cα −N, Cβ −OH, and
C−OH bond stretching

In recent DEA experiment, the negative fragment
with mass of 16 amu was found [24]. The masses of
O− and NH2 − are very close to 16 amu, thereby it is
difficult to distinguish these two fragments in experiment. The O− fragment likely comes from -OH group
rather than via the C=O bond breakage, because the
C=O bond strength is relatively high. For serine, the
Cβ −OH and C−OH bonds breakage could produce OH
group and the Cα −N bond breakage could produce NH2
group. Therefore, in the present work, the 1D dissociations along Cα −N, Cβ −OH, and C−OH bond stretching are simulated in order to identify the possible source
of the fragment with mass of 16 amu, in particular, the
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FIG. 6 Resonant energy changes of the shape resonances along the Cα −Cβ stretching coordinate for serine 1, serine 2, serine
3, and serine 4. The insets indicate the resonant electron wave functions of the associated resonant states. The error bars
report the widths of the associated resonant states. Wave functions are plotted with contour values of ±0.15 a.u.

role of the side -OH chain of serine.
The total electronic energies, resonant energies, and
widths of states 2 for serine 1, serine 3, and serine 4
and state 3 for serine 2 are found to decrease when
the Cα −N bond is elongated (see Fig.7 and Fig.8).
Moreover, as shown in Fig.7, the total electronic energy
curves of these resonant states cross with the curves of
states 1 for the four serine conformers. According to the
changes of the resonant wave functions, one could find
that as the Cα −N bond length increases by 0.8 Å, the
negative charge is mainly localized at Cα −N bond and
the nodal plane on Cα −N bond becomes clear. Therefore, states 2 for serine 1, serine 3, and serine 4 and
state 3 for serine 2 could induce the direct cleavage of
DOI:10.1063/1674-0068/30/cjcp1612228

Cα −N bond, thereby forming NH2 − or (serine-NH2 )−
fragments. Moreover, the TNIs at states 1 for the four
serine conformers could also induce the Cα −N bond
cleavage indirectly through the conical intersections.
The total electronic energies of states 2 for serine 1,
serine 2, and serine 4 and state 3 for serine 3 are found
to decrease with the elongation of the Cβ −OH bond.
The energy curves of these resonant states also cross
with that of states 1 (see Fig.9). Furthermore, as depicted in Fig.10, the energies and widths of states 2 for
serine 1, serine 2, and serine 4 and state 3 for serine 3
also decreasing along Cβ −OH bond stretching, which
indicates that direct cleavage of Cβ −OH bond is favorable both in energy and in dynamics for TNIs at these
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FIG. 7 Total electronic energy changes of the neutral and shape resonances along the Cα −N stretching coordinate for serine
1, serine 2, serine 3, and serine 4.

FIG. 8 Resonant energy changes of the shape resonant states along the Cα −N stretching coordinate for serine 1, serine 2,
serine 3, and serine 4. The insets indicate the resonant electron wave functions of the associated resonant states. The error
bars report the widths of the associated resonant states. Wave functions are plotted with contour values of ±0.15 a.u.
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FIG. 9 Total electronic energy changes of the neutral and shape resonances along the Cβ −OH stretching coordinate for
serine 1, serine 2, serine 3, and serine 4.

resonant states. Moreover, because the existence of conical intersections, TNIs at states 1 for the four conformers could decay through the Cβ −OH cleavage indirectly if these TNIs overcome the potential barrier. The
wave functions of these resonant states show that along
the Cβ −OH bond stretching the charge is localized on
the Cβ −OH bond gradually. When the Cβ −OH bond
length increases by 0.8 Å the distribution of negative
charge is both on Cβ atom and OH group. Therefore
one could guess that the OH− (O− ) or (serine-OH)−
fragments could be produced during the dissociation of
TNIs. In the DEA experiment [24], the two fragments
were detected, but they were mainly found in the energy range of 0−2 eV. Firstly, other types of resonance
may play more important role in the energy range of
0−2 eV, such as the vibrational Feshbach resonance.
Secondly, the first resonant states (pseudo-π ∗ resonant
state) may induce the Cβ −OH bond cleavage indirectly
through the conical intersections. Some approximate
methods are used in the present calculations, therefore
the energies of the pseudo-π ∗ resonant states are larger
than 2 eV. Therefore, we guess that vibrational Feshbach resonance and the first shape resonance may play
very important roles for the fragments observed in the
energy range of 0−2 eV. Moreover, it should be noted
that there is a nodal plane on the Cβ −OH bond in wave
function of state 3 for serine 1, but the 1D dissociation
dynamics calculation indicates that the TNI at state 3
for serine 1 will not decay through the Cβ −OH bond
cleavage directly.
For C−OH bond in the carboxyl group, the total
electronic energies, the resonant energies, and widths
for the shape resonant states along the C−OH bond
stretching coordinate (as shown in Fig.11 and Fig.12)
all indicate that TNIs at states 3 for serine 1 and serine 2 and at state 2 for serine 4 will decay by breaking the C−OH bonds directly. When the C−OH bond
length increases by 0.8 Å, the distribution of charge on
the (serine-OH) group becomes more than that on the
OH group, which means that the probability of forming
(serine-OH)− fragments is larger than that of forming
OH− anions.
Comparing Cβ −OH and C−OH bonds, we could find
that the two bonds could be broken directly when the
DOI:10.1063/1674-0068/30/cjcp1612228

TNIs are at some special resonant states, thereby forming OH− or (serine-OH)− fragments. The results of the
present calculations indicate that the OH− fragments
mainly come from the side chain (Cβ −OH bond), because of the following reasons: (i) when the C−OH bond
is broken, the probability of forming (serine-OH)− fragments is larger that of forming OH− anions; (ii) the
TNIs for serine 3 will not induce the cleavage of C−OH
bond directly; (iii) the TNIs at state 1 for the four serine conformers could decay by breaking the Cβ −OH
bond through the conical intersections indirectly, however, the conical intersection has not been found in the
total electronic energies along C−OH stretching coordinate. Therefore, we guess that OH− fragments observed in the DEA experiment mainly come from the
side chain.
About the fragments with mass of 16 amu observed
in the DEA experiment [24], from the calculations of
1D dissociation dynamics along Cα −N, Cβ −OH, and
C−OH bond stretching, it is possible to produce NH2 −
or OH− anions through the shape resonances calculated in the present work. Since O− fragment likely
comes from -OH group, it is possible to produce NH2 −
or O− anions through the shape resonances. Therefore, we guess that the two anions could coexist in the
DEA experiment. The fragments with mass of 16 amu
were mainly observed in the energy regions of 0−2 and
6−9 eV in the DEA experiment [24]. Considering the
approximation used in the present model, these shape
resonant states could possible be as precursors to NH2 −
or O− anions produced in the energy regions of 0−2 and
6−9 eV.
From the above analysis, one could find that conformational effect on the dissociation dynamics is also very
clear. Such as, for the production of COOH− fragments,
the resonances which could decay and form COOH−
fragment are around 8.5 eV for serine 2 and serine 3.
While for serine 1 and serine 4, the resonances which
could decay and form COOH− fragment are around
9.5 eV. This means that in the DEA experiment, the
COOH− fragments observed in lower energy range come
from serine 2 and serine 3 and in higher energy range
come from serine 1 and serine 4. Moreover, for serine
3, the TNIs could not decay through the C−OH bond
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FIG. 10 Resonant energy changes of the shape resonant states along the Cβ −OH stretching coordinate for serine 1, serine
2, serine 3, and serine 4. The insets indicate the resonant electron wave functions of the associated resonant states. The
error bars report the widths of the associated resonant states. Wave functions are plotted with contour values of ±0.15 a.u.

cleavage, however, for serine 1, serine 2, and serine 4,
the TNIs could decay through the C−OH bond cleavage
at some specific resonances. Therefore the conformational effects are very important in the DEA process,
which need to be considered in experimental and theoretical studies.

IV. CONCLUSION

In the present work, shape resonances of low-energy
electron attachment to the four low-lying energy serine
DOI:10.1063/1674-0068/30/cjcp1612228

conformers and the subsequent dissociation dynamics
have been studied by using quantum scattering method
with the non-empirical model potentials in SCE. In the
energy range of 0−10 eV, there are three shape resonances for serine 1, serine 2, and serine 4, and four
shape resonances for serine 3. The resonant electron
wave functions of the first resonant states for the four
serine conformers are mainly localized on the COOH
group with π ∗ anti-bonding character, renamed pseudoπ ∗ resonant states. The 1D dissociation dynamics along
the Cα −C, Cα −Cβ , Cα −N, Cβ −OH, and C−OH bonds
stretching are investigated by calculating the total elecc
⃝2017
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FIG. 11 Total electronic energy changes of the neutral and shape resonant states along the C−OH stretching coordinate for
serine 1, serine 2, serine 3, and serine 4.

FIG. 12 Resonant energy changes of the shape resonant states along the C−OH stretching coordinate for serine 1, serine 2,
serine 3, and serine 4. The insets indicate the resonant electron wave functions of the associated resonant states. The error
bars report the widths of the associated resonant states. Wave functions are plotted with contour values of ±0.15 a.u.
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tronic energies and the resonant complex energies. The
possible dissociation channels of partial fragments observed in recent DEA experiment [24] have been explained in the present work. The results of the 1D dissociation dynamics calculations indicate that the NH2 −
and O− fragments with mass of 16 amu observed in the
DEA experiment could coexist and the O− fragment
possibly comes from the side chain of serine. On the
other hand, from the results of 1D dissociation dynamics calculation, a remarkable correlation between the
different resonances and the specific bond cleavage were
also found. For serine 1, the Cα −N or Cβ −OH bonds
could be broken when the TNIs at resonant state 2,
the Cα −C or C−OH bonds could be broken when the
TNIs at resonant state 3. For serine 2, the Cβ −OH
bond could be broken when the TNIs at resonant state
2, the Cα −N, Cα −C, or C−OH bonds could be broken when the TNIs at resonant state 3. For serine 3,
the Cα −C or Cα −N bonds could be broken when the
TNIs at resonant state 2, the Cβ −OH bond could be
broken when the TNIs at resonant 3, the Cα − Cβ bond
could be broken when the TNIs at state 4. For serine 4,
the Cα −N, Cβ −OH, or C−OH bonds could be broken
when the TNIs at state 2, the Cα −C could be broken
when the TNIs at state 3. The bond-cleavage selectivity
of the different resonant states for a certain conformer
was also found in our former work on cysteine and cystine [47]. Moreover, conformational effect of serine on
shape resonances and dissociative dynamics are found
in present calculations. Therefore, the conformational
effect may play very important roles in the ETS and
DEA experiments on serine, since four low-lying conformers of serine coexist in the gas phase [45, 46].
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